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Computing dynamical response functions in interacting lattice models is a long-standing challenge in
condensed matter physics. In view of recent results, the dc resistivity pg. in the weak-coupling regime of the
Hubbard model is of great interest, yet it is not fully understood. The challenge lies in having to work with
large lattices while avoiding analytical continuation. The weak-coupling p. results were so far computed at
the level of the Boltzmann theory and at the level of the Kubo bubble approximation, which neglects vertex
corrections. Neither theory was so far rigorously proven to give exact results even at infinitesimal coupling,
and the respective dc resistivity results differ greatly. In this Letter we develop, cross-check and apply two
state-of-the-art methods for obtaining dynamical response functions. We compute the optical conductivity
at weak coupling in the Hubbard model in a fully controlled way, in the thermodynamic limit, and without
analytical continuation. We show that vertex corrections persist to infinitesimal coupling, with a constant
ratio to the Kubo bubble. We connect our methods with the Boltzmann theory, and show that the latter
applies additional approximations that lead to quantitatively incorrect scaling of py. with respect to the

coupling constant.
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Strongly correlated electronic systems often display rich,
yet remarkably universal phase diagrams [1-10]. One of the
most puzzling universal phenomena is the strange-metallic
linear-in-temperature dc resistivity [9,11-19]. It appears in
unconventional and high-temperature superconductors, in
the regime where their critical temperature 7', is the highest
[1,11,12,16,19]. In other cases, strange metals are asso-
ciated with quantum critical points [9,17,20-22]. This
raises the question of whether there is an intimate con-
nection between criticality, transport properties, and the
magnitude of the superconducting 7'... To make sense of the
vast experimental data, one must be able to compute the
conductivity in interacting lattice models, which is a
difficult, long-standing task. The main challenge is to find
a way to obtain controlled results on the real frequency axis
and, at the same time, avoid finite lattice-size effects. Exact
diagonalization based methods [finite-temperature Lanczos
(FTLM) [23-25] ], linked cluster expansions [26-28], and
the density-matrix renormalization group [29] are all
inherently limited to small lattice sizes. Quantum
Monte Carlo methods, on the other hand, either require
analytical continuation [30-32] or are effectively limited to
atomic problems [33-37]. In the special case of Hall
resistivity, expansions in terms of thermodynamic quan-
tities allow for progress [38,39]. In this Letter, however, we
formulate a general and systematic way forward.

0031-9007/25/135(1)/016502(7)

016502-1

The workhorse model for the description of the cuprates
(and many other classes of correlated systems) is the
Hubbard model [2,7,10,14,21,40-43]. Early works [21]
have shown that the infinite-dimensional Bethe-lattice
Hubbard model roughly describes the normal phase resis-
tivity in LSCO at moderate to high temperature. However,
the physics at low temperature is expected to be dominated
by the dimensionality of the model, and thus of primary
interest is the Hubbard model on the 2D square lattice. At
very strong coupling and high temperature, small 2D
lattices become representative of the thermodynamic limit,
and FTLM was used to obtain numerically exact results
[23,24]. However, to address the questions of strange-
metallic behavior and its connection to quantum critical
points [1,12,13,16,18,20,22], one must be able to perform
computations at lower temperature and, perhaps, lower
coupling, a regime where small-cluster methods fail.

Recent works [32,44] have indicated that the ground-
state phase diagram of the (nearest-neighbor hopping)
square-lattice Hubbard model features a quantum critical
line, delineating an ordered stripe ground state. The
quantum critical line passes through zero coupling at zero
doping (i.e., half-filling). At this point, charge and spin
susceptibility diverge [45], and both the Boltzmann theory
[46,47] and the Kubo bubble [45] predict a linear-in-
temperature resistivity down to the lowest accessible
temperature. This finding is in line with numerous
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observations of linear resistivity in the vicinity of quan-
tum critical points [12,13,16,18,20,22]. Kiely and Muller
[46] have argued that the linear-resistivity strange metal
observed at half-filling and weak coupling is connec-
ted to the strange metal in the cuprates, corresponding to
the strong coupling and finite doping regime of the
Hubbard model.

However, our recent results [45] have shown a strong
quantitative disagreement between Boltzmann theory and
the Kubo bubble, casting doubt on whether either of the
theories captures correctly even the qualitative behavior of
resistivity. To resolve the phenomenology at weak cou-
pling, better methods are needed.

In this Letter, we address the conductivity in the square
lattice Hubbard model. We develop two state-of-the-art
methodologies and fully avoid finite-size effects and the
uncontrolled analytical continuation [24,31,48].

First, we make use of the real-frequency diagrammatic
Monte Carlo (RFDiagMC) [49-52], which relies on con-
structing a power-series expansion for a given physical
quantity; the resulting Feynman diagrams are computed up
to a given order and then the series is (re)summed. The
imaginary-time integrals in Feynman diagrams are solved
analytically (which circumvents analytical continuation),
while spatial degrees of freedom are summed over using
(quasi) Monte Carlo [36,53,54]. The thermodynamic limit
is treated directly.

Next, we devise three different nonequilibrium proto-
cols, where we perturb the system with small external fields
and compute the current response as a function of time; we
then use the results to reconstruct the optical and dc
conductivity in a manner of “inverse linear response
theory.” In practice, we solve the Kadanoff-Baym equations
to obtain the Green’s function, given an approximation for
the self-energy as input. We do this calculation for lattices
as large as 60 x 60 and confirm convergence of the results
with lattice size.

Our diagrammatic series expansion and the correspond-
ing non-equilibrium results are in excellent agreement,
which confirms the validity of both implementations. As
the coupling constant approaches zero, we observe that
vertex corrections to dc conductivity do not vanish, but
rather diverge with the same power-law scaling as the Kubo
bubble contribution, meaning that they remain quantita-
tively important even at infinitesimal coupling. Vertex
corrections are, however, not very big relative to the
Kubo bubble. Nevertheless, neither the Kubo bubble
approximation nor the Boltzmann equation yield quanti-
tatively correct results, even at infinitesimal coupling.

Model—We are treating the square lattice Hubbard
model. The Hamiltonian reads

H ==Y clicos =13 g + U mnyse (1
(ij).o o)k i

where i,j enumerate lattice sites, ¢'/c are creation or
annihilation operators, ¢ = 1, denotes spin, ¢ is the
nearest-neighbor hopping amplitude, set to t = 0.25. The
particle-number operator is denoted n,,; = cZ_ica,», and p is
the chemical potential, which is used to tune the average
occupancy of the sites. The coupling constant is denoted U.
In practice, we absorb the Hartree shift in the chemical
potential, i = u — U(n, ), and thus ji = 0 corresponds to
half-filling. We assume 7 = ¢ = 1.

Nonequilibrium approach—We consider the time evo-
lution of the Hubbard model, which was in a thermal state
at times ¢t <0, and was then subjected to an external
perturbation starting from time ¢ = 0. Given an approxi-
mation for the self-energy, the Green’s function can be
computed by solving the Kadanoff-Baym equations [we
use the code package NESsi [55] and cross-check with our
own implementation; see Supplemental Material (SM) [56]
for details]. Kadanoff-Baym equations are formulated on
the three-piece time contour as [57]

Gt,0)=iT, — h(t')] - L diG(1, DS 0) = 6e. (2)

Here, G is the full Green’s function, X is the self-energy, and &
is the single-particle Hamiltonian, which introduces an
external electric field through the vector potential A, namely
E = —0,A. We restrict ourselves to fields along the x
direction [assuming site positions to be r; = (x;,y;), with
X;, y; € Z] and the corresponding longitudinal response [58].
The time-diagonal elements in the lesser component of
the Green’s function contain information about the uni-
form current, ie., (j(¢)) = —(i/N)> ,x Vk-a()Gax(t.1)
[57,59], and vy is the x component of the velocity of an
electron in the plane-wave state k.

On the other hand, the time evolution of the current
following application of a weak electric field can be
computed based on the knowledge of the retarded cur-
rent-current correlation function in equilibrium [60], A, as

(G0) = / CAA( - DA - KA. (3)

(S

with K = —(Ey;,)/2, i.e., minus the average kinetic energy
per site per spatial dimension. The first term is the para-
magnetic part of the current; the second term is the
diamagnetic part (see SM for details). Alternatively, if
one knows the optical conductivity o, the current response
is computed as

t
o) = [ atate=nE@). )
-0

The current-current correlation function is related to the
optical conductivity through o(7) = K6(r) — [{d'A('), or
d,0 = —A (for ¢t > 0). The optical conductivities in time
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FIG. 1. Example of nonequilibrium, inverse linear response theory. Plots show current response vs time in three different nonequilibrium

protocols: (a) constant electric field E, (b) short pulse of electric field, and (c) short pulse of vector potential A. Protocol (a) allows to extract
04c; (b) and (c) yield the full 6(¢) [and thus o(w)]. Different curves correspond to different self-energy approximations, namely X[G| and
¥[G)]. The red dashed lines in panels (a) and (c) are comparisons with the protocol (b). In protocol (c), we show the paramagnetic part of the
current j? as only this part is relevant. All three protocols yield consistent results. In the £[G,y] approximation, we observe a finite charge
stiffness D. The inset in panel (b) enlarges the long-time tail, showing clearly that ¢(z — o) = D.

and frequency domains are connected via Fourier trans-
formation o(w) = [*_ dte’'o(t), and the dc conductivity
is simply 64, = 6(w = 0).

We devise nonequilibrium protocols that will allow us to
invert the linear response [Egs. (3) and (4)] for A(z) and
o(t), compute them based on the current response, and
reconstruct o(w). The three protocols are (a) constant
electric field, (b) short pulse of electric field and (c) short
pulse of vector potential. The corresponding expressions
for the vector potential A(¢) are given in Fig. 1. We use
weak fields and make sure we probe the linear response
regime (see SM for details).

Self-energy approximation—We compute the self-
energy perturbatively in powers of U, and truncate at
second order. The first-order self-energy in the Hubbard
model is instantaneous (the Hartree shift) and can be
absorbed in the single-particle Hamiltonian 4. What
remains to be computed is a single Feynman diagram,

5,(t.0)[G] = UGy (1. )Gy (1. 0)G(1.1).  (5)
However, one may still choose to compute the diagram self-
consistently or not, i.e., the propagator appearing in the
self-energy diagram can be considered to be the fully
dressed propagator (G) or the bare propagator (Gg). The
self-consistent approximation corresponds to an approxi-
mation of the Luttinger-Ward functional and is guaranteed
to respect charge and energy conservation laws. The two
approximations for the self-energy must become indistin-
guishable as U — 0, but at any finite U, they may yield
different results.

Results—Our nonequilibrium theory is illustrated in an
example in Fig. 1. We find that the three protocols yield
perfectly consistent results [e.g., in Figs. 1(a) and 1(c) we
show in red the comparison to the protocol (b) result].
However, the two self-energy approximations lead to
drastically different results. Most importantly, the X[Gy)]
approximation yields infinite conductivity. This manifests

differently in the three different protocols. In the case of
constant electric field, this means there is no stationary state
and the current keeps growing with time. In the short
electric field pulse case, the current does not decay to zero,
but to a finite constant instead [as shown on Fig. 1(a), the
constant is in perfect agreement with the slope of the linear
growth of the current in the protocol (a)]. This indicates that
the infinite conductivity is due to a finite charge stiffness D,
which is when the optical conductivity can be separated in
two parts as o(1) = 6™¢(t) + DO(r), with the regular part
6"¢(t) decaying to zero at long times [60,61]. In frequency
domain this means Rec(w) = 7D5(w) + Reo™8(w). In the
short vector potential pulse case, the current does decay
to zero, but the charge stiffness can be deduced from
the obtained current-current correlation function based
on the relation [§°drA(r) = K — D. Regardless of the £
approximation, the optical sum rule o(r=0") =K =
(1/x) [ dwRes(w) is satisfied [Fig. 1(b), SM]. To confirm
that our results indicate charge stiffness, rather than a large
conductivity, we have studied how o(w) changes in the
presence of a small fermionic bath (see SM).
Cross-checking with RFDiagMC—To cross-check the
nonequilibrium results, we employ our new implementa-
tion of the RFDiagMC method for the computation of
correlation functions in equilibrium. To do this, we first
need to determine the diagrammatic content of the current-
current correlation function that we effectively compute in
our nonequilibrium calculations (in principle, in neither the
2[Gy] nor the X[G] case will the diagrammatic content
correspond to the bold perturbation theory for the current-
current correlation function). Given an approximation for
the self-energy, one can express the generalized two-
particle susceptibility y as a functional derivative of the
Green’s function with respect to an applied external field,
x = (6G/8¢) [62]. In the case of the X[G] approximation,
this yields the self-consistent Bethe-Salpeter equation,
with y appearing on both sides of the equation. In the
case of X[Gy], one finds a closed expression where the
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FIG. 2. Diagrammatic content of the current-current correlation
function effectively computed in our nonequilibrium theory
based on different diagrammatic approximations for the self-
energy.

noninteracting y, = G(G, appears on the rhs instead. The
current-current correlation function A is obtained by
connecting the legs of the generalized susceptibility y to
two current vertices v. We see that in the case of Z[G], A
effectively contains infinitely many skeleton diagrams of
all even orders with all propagators being the full Green’s
functions. Up to second order, all nonzero bold-skeleton
diagrams are captured. However, odd orders are not
captured, and at order 4 and above not all skeleton diagrams
are captured. In the X[G] case, one obtains only three
second-order diagrams, which are skeleton, but all propa-
gators except two are bare. See Fig. 2 and SM for details.

The A diagrams from Fig. 2 can be computed using
RFDiagMC, and we denote these theories as X[G] and
2[Gy]. The comparison with nonequilibrium results is then

made by comparing ¢™¢(w) and D. Both can be computed
from A, namely Res™ (w #0) = ImA(w)/w, o5 =
[0ImA(w)/dw]|,o and D =K —ReA(w =0). The
results are presented in Fig. 3(a). We see excellent agree-
ment. In the case of X[G] effective A diagrams, it was
enough to do only second-order vertex correction diagrams
to reach agreement, which means that fourth and higher
order diagrams are all negligible. In the case of X[G], the
charge stiffness was found to be below statistical error. In
the case of X£[Gy], the charge stiffness entirely comes from
vertex corrections.

Perturbation theory for A—Now that we have estab-
lished the validity of our implementation, we can also use
RFDiagMC to solve the perturbation theory for the current-
current correlation function. We take a given self-energy
approximation, construct the dressed Green’s function, and
then compute all the bold-skeleton diagrams, up to a given
order (including the odd orders). We denote such theories
as A-pert. with a given X approximation. We find that third-
order diagrams are practically negligible at U = 0.1 (see
SM), and the series is most likely converged already at
second order. Therefore, our A-pert. Z[G| theory gives the
same result as the noneq. X[G] theory. However, the A-pert.
X[G,| approximation is different from the nonequilibrium
2[Gy)] theory because the vertex correction diagrams we
compute are different. The results for all three distinct
theories (as well as the Boltzmann theory) are compared in
Fig. 3(b).

Discussion and prospects for future work—We observe a
clear trend that A-pert. £[G,] and Z[G] results become the
same as U — 0 [Fig. 3(b)]. This indicates that the A-pert.

lj =0.T=1 --- Bubble Z[Gp] —— Eq 2[Go] -eo- Noneg. Z[Go] —-— VC2 A-pert Z[Go] —o— A-pert Z[Go]
! -—- Bubble Z[G] —e— Eq 3[G] -e- Noneq. 2[G] —— Boltzmann
(a) EIC) (b) (c)
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—
o 0.5 1.0 o
] ]
5 0"*(w) 5 104
0.4 1 U=05 .
N ~
—— Boltzmann 0.206/(TU?) '~
1072 5 U~ 0 bubble: 2 ~.
0.2 —==- U-0 bubble: 0.072/(TU?) \.
_, ] — Fitto total: 0.098/(TU2) N
0.0 T T N 107y VC2 inferred: 0.026/(TU?)
10-14-00__02 04 , , 107" 4 , , , , ; . .
025 0.5 075 1 0.0 0.2 0.4 0.6 0.8 1.0 107 10°
u V) V)
FIG. 3. Main results showing the comparison between different theories and the divergence of vertex corrections in the U — 0 limit.

(a) Cross-check between equilibrium and the corresponding nonequilibrium theories showing perfect agreement in terms of the regular
part of the dc conductivity " (main panel), optical conductivity Rec™¢ (w) (lower inset), and the charge stiffness D (upper inset). The
lower inset also shows the contribution of the vertex corrections to Res™(w) (positive in X[G| approximation, negative in X[G]
approximation, vanishing at high frequency). (b) Comparison between two possible A-perturbation (A-pert.) theories (brown and
green), the theory consistent with nonequilibrium (noneq.) £[G,] approximation (blue), and the Boltzmann theory(red), showing that
different A-pert. theories become indistinguishable as U — 0, while the noneq. £[G] and the Boltzmann remain different. (¢) Small-U
scaling of the results. Gray lines display the strict U — 0 scaling: the dashed gray line denotes the bubble computed in this limit, using
the approach explained in [45]; the full gray line is a fit to the total result (full green line); the dash-dotted line is inferred from the
previous two; the scaling of Boltzman results is taken from [46].
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series is not sensitive to the precise choice of the X
approximation—as our second-order X[G] and X[G]
converge in the weak-coupling limit, so do the correspond-
ing low-order bold-skeleton perturbation theories for A.
However, we observe that (non)eq. X[G,| and Boltzmann
theory results remain different as U — 0.

To understand this, it is important to note that the A
diagrams that are effectively being computed in our noneq.
¥[Gy] theory do not form a proper low-order perturbation
theory. Even though X[G| becomes exact as U — 0 (and is
even expected to perform best at low but finite coupling
[63,64]; see also SM), the current response one gets from it
is most likely never exact, no matter how low the value of
U. The vertex corrections introduced this way subtract from
oy, which is opposite to what is found in noneq. £[G] and
the previous work with FTLM [24]. The failure of £[G] is
relevant for Ref. [48] where in a similar theory, at low
doping and high temperature, vertex corrections are also
found to suppress dc conductivity instead of enhance it
(see SM).

On the other hand, the Boltzmann theory is equivalent to
our noneq. X[G] theory, plus additional approximations.
Most importantly, the Green’s function appearing in the
collision integral and the second-order self-energy is
simplified by the quasiparticle approximation (leading to
expressions formally similar to our X[Gy]; see SM for
details). Therefore, the Boltzmann theory cannot be more
accurate than our noneq. X[G] theory, and the additional
approximations likely lead to the quantitatively wrong
scaling we observe at U — 0.

Our main finding is that the vertex corrections to dc
conductivity do not vanish, even as U — 0. It appears that
both the bubble and the vertex corrections diverge at small
U as 1/U?, but with a different prefactor, meaning that, as
U is reduced, the ratio between the bubble and the vertex
corrections remains fixed. This happens despite the U?
prefactor in second-order vertex correction diagrams
(VC2). The reason is that the frequency dependence
Im AV®?(w)/U? becomes singular at @ =0 as U — 0
(we have checked this by computing A diagrams with
the bare propagators; see SM). It is possible that a similar
scenario happens at higher orders as well, and that all
orders of perturbation contribute to o4, even at infinitesimal
coupling. Our results, however, suggest that third-order
vertex corrections to o4, at U = 0.1 are at least 2 orders of
magnitude smaller than second order. At U = 0.1-0.25, the
difference between A-pert. X[G] and A-pert. Z[Gy] results
appears to be only due to the difference in the self-energy,
not due to lack of convergence of the A series.

Our findings show that neither the Boltzmann theory nor
the Kubo bubble are exact in the weak-coupling limit. To
fully confirm the strange-metal phenomenology that these
two theories predict at U — 0 and half-filling [45], we need
to be able to do calculations at temperatures of order 0.001—
0.1. This will require further optimization in both our

RFDiagMC and noneq. X[G] theories, which are currently
limited to about T > 0.05. Our nonequilibrium approach
can be pushed to lower temperatures by using compression
methods [65,66], and the preliminary results are encour-
aging. With additional optimization outside of the scope of
the current Letter, we should also be able to push
RFDiagMC to lower temperatures and stronger coupling.
The path forward is clear, at least in principle: one should
attempt to converge the bare series for the equilibrium
2[Go), then use it to dress the Green’s function, and then try
to converge the bold-skeleton series for A.

Computations were performed on the PARADOX super-
computing facility (Scientific Computing Laboratory,
Center for the Study of Complex Systems, Institute of
Physics Belgrade).
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I. KADANOFF-BAYM EQUATIONS Im#
Here, we briefly discuss Kadanoff-Baym (KB) equations > ¢ Ret
and their numerical solution. to b >
In order to calculate the non-equilibrium Green’s function < — timax
Gk in a given self-energy approximation X we solve the
Dyson equation on the L-shaped contour C (Fig. 1) in the com-
plex time plane
Gx = Gok + Gok * X * Gk ¢y —if3

where * represents contour convolution, and Gy is the bare
Green’s function given by

Gyl = [z‘at - 5k(t)} S 2)

where e (¢) is the time dependent dispersion relation, and d¢
is the delta function on the contour C. We assume that the
eigenstates of the non-interacting Hamiltonian do not change
with time. By writing the Dyson equation in terms of contour
components of G one obtains Kadanoff-Baym equations "

B
-0, — (0 )IGH() — / ar S (7 — )G (7) = 8(r)

3)
t
00~ au(OIGR(.Y) - [ SR OGUEY) = (e~ 1)
t/
“4)
t
90~ a®)Ga(t, )~ [ PSR DG(ET) = Qut.)
to
)
t
00~ 2u(O)GE (1) - [APER(DGE (R Y) = Q5 (1)
to
(6)
with
l ﬁ l
Qult.) = [ ATyt TG (7. 7) )
0

’

t B8
Qe (t,t) :/delf(t,i)Gﬁ(f, ') — z/ dr¥, (t, 7)Gi (T, 1).
to 0

®)

The complex contour C describes a physical setup where at the
initial time ¢ the system is in a thermal equilibrium state. Af-
ter the initial time, external fields may be applied to drive the

Figure 1. L-shaped contour C in the complex time plane.

system out of equilibrium. The evolution of the system after
the initial time is described by the real parts of the contour.

Every KB equation Eq. 3 - Eq. 6 has a conjugate version,
derived from the conjugate Dyson equation

Gk = Gok + Gk * Xk * Gok. 9

Finding the solution of the KB equations amounts to solv-
ing a system of coupled Volterra integral equations of the
second kind' . To do this calculation we use the NESSi
package', and in some special cases we crosscheck the results
with our own implementation. NESSi implements a version
of the implicit Runge-Kuta method for solving Volterra equa-
tions where the global error scales as O(At®) with size of
the time step At. The complexity of these methods scales as
O(N}) with the number of time points N; and as O(Ny) with
the number of k-points Ny due to translational invariance.

II. SELF-ENERGY

We will now discuss the calculation of the self-energy ap-
proximations used in this paper. As mentioned in the main
text, we use two different self-energy approximations both
represented by the expression

S Gl 1) = UPGyj(t,t) Gy (t,t)Gja(t 1) (10

and differentiate between bold YL[G] and bare X[Gy] ap-
proximation depending on whether the propagator used is
fully dressed or bare. The fully dressed propagator is G
which solves the Dyson equation, while the bare propagator
is G given by Eq. 2. Since X[G] is calculated using the



fully dressed propagator GG this makes the KB equations self-
consistent and we apply an iterative procedure to solve them.

The self-consistent calculation of the bold ¥.[G] approxima-
tion can be done in two different ways. In the first approach,
for one time step (¢;,t;) a loop Xk[G] — Gk[X[G]] —
Gy — %;[G] — Xk is iterated over until convergence is
reached. In this case convergence is determined by the con-
dition AG(t;,t;) = ||G(l) — G(I — 1)|| < €, where [ is the
iteration index and € is a small number. For different time
steps (t;,t;) and (t}, ) a different number of iterations might
be needed to reach the same level of convergence. At least
in principle, this allows one to reduce the overall number of
computational steps.

The other possible approach, that we use in this paper, is to
simply, in each iteration [, calculate Xx[G] — Gx[X[G]] —
Gy — X:|G] — Xk on the entire contour, until conver-
gence is reached. In this way, the convergence criterion can
be changed to reflect physically relevant quantities: in our
case we are primarily interested in the current j, so we take
Aj = |l7(1) = 7(I — 1)|| < e as the condition.

For a given propagator G;; the calculation of the expres-
sion Eq. 10 obviously scales as O(N?) with the number of
discrete time points N;, and as O(N?2) with the number of

J

sites NVy. In order to obtain Xx from X, and G, from Gy,
we use fast Fourier transforms which scale as O(N, log Ny).
This is faster than using a k-space expression equivalent to
Eq. 10, because it scales as O(Ng).

III. DERIVATION OF THE BOLTZMANN EQUATION FOR
LATTICE MODELS

In this section we present a derivation of the Boltzmann
equation starting from Kadanoff-Baym equations for lattice
models coupled to external electromagnetic fields.

Coupling (discrete) lattice models to electromagnetic fields
described by gauge potentials (¢, A) is done by the Peierls

substitution. This introduces a change in the one-particle
Hamiltonian
H(t) =Y hij()clycio (11)
13,0
hij(t) = tize 2D i) 45 1 o(ry) (12)

where ?;; is a non-local hopping amplitude and where the vec-
tor potential the vector potential A is assumed to be slowly
varying in space.

We start from the KB equation for the lesser component of the Green’s function and its conjugate version in site space

Z 7/6”3
> Gt t)]
l
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Z/dtejtz)z( t) =

St (13)

)5 (t,t) (14)

t’ B
Q5(t,t) = Z/defl(t,f)G{;‘-(t_, t) —ZZ/O drs;(t, 7)Gyy (1, )
l

5
)5t t) Z/dtG (OS5 E ) —22/ drGjy(t, )5 (7, t).
1 0

Subtracting Eq. 14 from Eq. 13 we get
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We focus on the first term on the right-hand side and introduce

Sij(t,t)

+thl

where t;;(t) = t;;e"A0) (ri=rs),

Now we perform the Fourier transform Sy =
Nirzij S, (t,t")e™ =) and depending on the gauge
we obtain different expressions. In the ¢-gauge defined by
¢(r;) =—-E-r;, A =0weget

SP(t,t') = iE - Vi Gy (t,t') (18)
In the A-gauge, defined by ¢ = 0, A(t) = —tE we get
S (t.) = (eraw — exram)CGr () (19

The two choices of the gauge are physically equivalent. The
J

O (t) — E - Viny () =

to

thl G (t,t)

= (¢(1‘i) — ¢(r;

— G (t, )y (t) (16)
-)) ( t)
— Gy (6, )t (17)

(

standard Boltzmann equation is derived in the ¢-gauge.
Since we are interested in finding the Boltzmann equation,

i.e. the equation of motion for the non-equilibrium distribu-

tion function (ny) we concentrate on equal times ¢’ = ¢ where

(BuGis(t. 1) + DuiGE(t.1))| = ~dufml®)  20)
and
Sk(t,t) = —E - Vic(ni(1)). @1
Putting this back into the equation Eq. 15 we get
t
- [ (=06 @0 - GReDEE @)
+ DGR (ED - G DT (D) 22)

ﬁ ! r ! r
n / dr(SL (1) G (1) — Gr(t, TS5 (7, 1).
0

where we have dropped the average brackets (..) for the sake
of brevity. In order to further simplify this expression we con-
centrate on the limit of long times, i.e. times long after the
initial state, by taking ty — —oo. In this limit, the mixed
terms vanish. Applying this and the relations

GR(tt) = 0(t— 1) (G (1Y) — G(t,1))  @3)

GAt, ) = 0(t' —1) (G<(t, t') — G~ (¢, t’)) (24)
in equation Eq. 22 we get the Boltzmann equation
O (t)

— E . ank(t) = —Ik(t) (25)

Le(t) = / t df(z;(t,i)ag(f,w+G;(t,az;(ﬂt)

- DG () — GR (DY)
(26)

is the collision integral.

(

A. Quasi-particle approximation for the collision integral in
the Hubbard model

Under the assumption of a stationary state, real time com-
ponents of the Green’s function and the self-energy depend
only on the time difference ¢ —¢'. The collision integral Eq. 26
becomes independent of time and can be further simplified

h= [ ai(GEOR-D - G @%ECD) @

— 00

where the integration variable in equation Eq. 26 has first been
shifted £ — ¢ — t and then for the first and third term a change
of variables ¢ — —t was also made.

The quasi-particle approximation now assumes that the



spectral function is a delta peak at w = €. Therefore,

Git) = [ Gre ' GEw) o9
= / Z—je*mn(w)Akw) (29)
~ / ;li;e*iwt%mk)a(w—sk) (30)
= e oKt 31)
Similarly
Gy (1) = (1 — my)e "oxt, (32)

Furthermore, if the self-energy is assumed to be given by the
second order diagram X[G] (as we assume in our calculations)
it can be expressed in momentum space as

< U? <
k=73 Y Gigl®)
k’,q

k’+q( )G (). (33)

Plugging this back in the collision integral Eq. 27, and apply-
ing the QP approximation we get

27TU 25

x [nku — Mieq) (1~ e q) ke

1P =

— Ek'+q T 5k')

— (1 — nx)nk—qnk/+q(l — nk’):| (34)

which is also known as the Fermi golden rule. The equation
Eq. 25 together with Eq. 34 is the starting point of the calcu-
lations in Ref.

IV. DIAGRAMMATIC CONTENT OF NON-EQUILIBRIUM
THEORIES

Here we derive the diagrammatic content for the current-
current correlation function that we effectively compute in our
non-equilibrium theories based on a diagrammatic approxi-
mation for the self-energy. Linear response of the system to

J

external fields ¢ is obtained by considering a general four-
point correlation function x~. For convenience, we introduce
a general source field ¢oz(t, t") which can later be easily mod-
ified to represent a scalar or a vector potential.

All correlation functions of an interacting theory coupled to
the source filed ¢ can be obtained from the generating func-
tional

Z[4] = Tr Toe~iJe dtH(®) =i [f dtydtach (t1)ds 5 (t1,t2)cs(t2)

(35)
through its functional derivatives with respect to the source
field ¢. Green’s function is then defined as

0lnZ
GYi(t1, ) = —m = —i(Teci(t)e}(t2))o. (36)
ji )

On the other hand, the Green’s function can be obtained from

the knowledge of the self-energy 3, using the Dyson equation

G (t1,ta) = Gop(t, 1) — ¢y (t1, t2) — X0, (11, 12). (37)

The four-point correlation function y is defined with the sec-
ond functional derivative of Z[¢]

(tla t?)
5¢zk(t4, t3)
= —iGP)(t3, 1) G, (t1, 12)

+ile] (ta)ex(ts)ei(ty)cl(t2))  (39)

Xijkl(t17t27t47t3) (38)

Using a representation of the unit operator
G (1, 82) G (1, 1) = 8i6(ts —ta)  (40)
we can write

Xijki(t1:t2, ta, t3)
6G¢ St ts) 10 .
:7G’ttG,,tt 41
26¢kl(t4,t3) (57 6) ng(67 2) 41
dri(ta,t3)
71G (tl,t4)G¢,(t3’t2)

5Zmn (t57 tG)
Oki(ta,t3)

=G (1, T5) Go (fo,t2)  (42)

ZG¢ (tl, t5)

m

G2 .(te,t2).  (43)

For bold X[G] approximation Eq. 43 is transformed by the chain rule to

Xijki(t1,t2,ta,t3) = —iG?k(tl,M)G;@(t?ntz)

+G¢ (t1,t5)

632 - (ts, t6) _ _ (44)
§Gﬁq(t7a ts)

Xpatk (7, ts, ta, t3)G£j(t6> t2)

which is the Bethe-Salpeter equation. The diagrammatic content of y is then determined by the diagrammatic content of the
functional derivative 63 /G, which is also known as the irreducible vertex in the particle-hole channel, TPk The diagrammatic
content of I'P" can be obtained straightforwardly if the self-energy is approximated in terms of Feynman diagrams.



In the case of a bare X.[G] approximation using the chain rule in Eq. 43 we get a different equation

Xijki(t1,t2,ta, t3) =

—iGY(t1,ta) G (s, t2)
658 - (s, 16) _ (45)

¢ ¢
+ Gy (tlat5)5(;0__(t7’t8);qulk(t7at87t4at3)(;ﬁj(t67t2)
where
8Gy - (t7,ts)
0 _ 0p. ) _ [ ¢
X;‘)qlk(t7at8=t4ut3) = —1 5¢kl(t4,t3) —ZGopq(t7,tg)GOﬁq—(tntg). (46)

Equation Eq. 45 represents a closed expression for calculating the correlation function .

A. Connection between o, A, D, K and the f-sum rule

In order to obtain the optical conductivity o we are in-
terested in computing the retared current-current correlation
function

At =) =i ([(#), 5()]) O(t — ¥, 47)
where j(t) is the current density along the arbitrarily chosen
z direction

1
=% > alr,t). (48)

If the four-particle correlation function x is known, the
current-current correlation function can be obtained by con-
necting the legs of x to the current vertex v. For example, if
the coupling of the system to the electric field is described by
an additional term

> ok(t)vijcle; (49)
k

in the Hamiltonian, then we can calculate the dynamical re-
sponse correlation function as

13 t17t2 Z Vi i it X! i 57 ”(tlat1at25t2 )Ujj'j”
AR 1 1

(50)

For the explicit expression for the current vertex see Refs.
and 7.

The current-current correlation function determines the lin-
ear response to an applied field through the relation

£) = /_OO At—#)A

where A(t) is the vector potential and K = , with
(Exin) the average kinetic energy per site. With the knowl-
edge of A, the optical conductivity is obtained from

(t)dt' — KA(t),  (51)

_ {Pxin)
2

o(w) = —iW (52)
_p (W) — (W) [A(w =0) — K] (53)

(

If we focus on the real part, we have

ImA(w)

Reo(w) =P ( ) —7mé(w) [Alw=0) — K] (54)

Here we have used the fact that A(w = 0) is purely real.

From Eq. 54, we see that we can express the optical conduc-
tivity as the sum of a regular part and a Drude peak at w = 0
(due to charge-stifness, D)

Reo(w) = Rec™8(w) + D7d(w), (55)

where
Ureg(w) =P (Im[:}w)) (56)
D=K - Aw=0). (57)

This is compatible with a real-time expression for o (t) read-
ing

o(t) = a™8(t) + DO(t). (58)

Note that o (t) is purely real.

The optical conductivity obeys the f-sum rule

/OO d—wRea(w) = g = 7@ (59)

but this also implies the value of o(t = 07). This is because it
is sufficient to consider only the real part of o (w) in its Fourier



transformation. Namely

T ow—uw

dw
+i/we“"t77<
2w
dw
:/ﬁe_mReo(w)
. dw’ iy [ dw e i@
+Z7)(/7TRQJ(W )e gﬁ
dw
:/—weﬂ“’tRea(w)

dw’ Rea(w’))

27
+ sgn(t (/ —Rea Z“’/t>
= 20(t)F ' [Reo(w)]

(60)

where F denotes the Fourier transform. Therefore, the f-sum
rule Eq.59 implies

o(t=0") =2 / ;l” ~i0" Rog(w)
Y3

=2 d—wRea() 61

=K

where we have used the fact that Reo(w) decays faster than
w L.

Let us finally note that in the non-interacting case U = 0,
we have A = 0. The conductivity has no regular part, and it
reads

(62)

which means that D = K.

V. STUDY OF THE EFFECTS OF THE FERMIONIC BATH
ON Pdc

In this appendix we explore the effect on pq. of coupling
our model to an external fermionic bath.

We take the bath to be an infinite non-interacting system
in equilibrium at temperature 7". The full Hamiltonian of the
system coupled to a fermionic bath reads

H= Hsys + Huix + Hpatn (63)

— Re
0104 — Im

0.05 -

0.00 -

AEath(w)

A
T

—0.05 -

—0.10 -

Figure 2. Our choice of the hybridization function Apaen(w) as de-
fined in Eq. 69.

where
Hyie = V'Y (clbiy + cib] ) (64)
i,p

describes the hybridization between the system and the bath,
and

Hpaon = Y epbl bip (65)
i,p

is the bath Hamiltonian. With this, the Green’s function of the
bath is

Ghatn(t —t') ——zZTc 0o (OB, (#)batn.  (66)

As the bath is in thermal equilibrium, the Green’s function
is fully defined from the knowledge of the retarded Green’s
function, which we choose as

1
Gbath( )= W [hl

The bare Green’s function with the additional bath is

Goe (t, 1) = Gt (1, 1) — Aparn(t — 1) (68)

where the hybridization function is

Abath(t — t/) = VQGbath(t — t/). (69)
For convenience we introduce a coupling constant I' = VW2

and keep W constant. Retarded component of the hybridiza-
tion function is presented in the Fig. 2.

We calculate p,. for different values of I" using the constant
electric field protocol A = —Et6(t). For different self-energy
approximations the system behavior is drastically different,
see Fig. 3.

In the case of the bold X[G] approximation we can calculate
the I' = 0 point because the system reaches a stationary state,
as illustrated in the main text.
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Figure 3. a) pqc vs. the bath coupling I for different theories; b) Reo (w) for different couplings I in the 3[Go] approximation.

On the other hand, if we use the bare X[G] approximation,
we cannot calculate pg. for I' = 0 because the current grows
indefinitely. Due to this, we compute the results at several
small values of I" and then extrapolate to I' = 0. The results fit
to a power law form, indicating pq.(I' = 0) = 0, see Fig. 3a.
This is in stark contrast with the X[G] approximation where
pdc has a finite value at T" = 0.

U=0.5u=0
—— NESSi '=0.005 et
2.5 -
our implementation = 0.005 /,—
NESSi ['=0.01 ~

—@- our implementation F=0.01 -~

T T T T T
0.2 0.4 0.6 0.8 1.0

Figure 4. Comparison of pqc(7") for different implementations of
Kadanoff-Baym equations.

In Fig. 3b the optical conductivity Reo(w) in the bare ap-
proximation is presented. We explore the I' — 0 limit and we
see that o develops a delta peak at w = 0 for I' = 0, elucidat-
ing the presence of charge stiffness in this approximation.

As an additional check, we created our own implementation
of the Kadanoff-Baym equations for this setup and compared
it to the NESSi implementation (Fig. 4) and the results are in
excellent agreement. In our implementation the initial thermal
state is at 7' = oo. This approach is possible because the
system gets cooled down to temperature 7" due to the coupling
with the bath, and indeed we observe a stationary state in our
results.

In practice, because the initial state is at infinite tempera-
ture, 5 = 0, the imaginary part of the contour drops out, as
well as all the mixed terms. This leaves us with only two KB
equations, one for G< and the other one for G~. The sys-
tem then evolves to a stationary state at temperature 7' due to
the coupling with the bath. We solved KB equations using
the implicit Runge-Kutta method of the 4-th order where the
global error scales as O(At*). NESSi has better error scaling

O(At), this did not make a difference in the final results.

VI. INVERSE LINEAR RESPONSE THEORY

In this appendix we will discuss our approach to using non-
equilibrium protocols for calculating pqc.

As mentioned in the main text, we use three different non-
equilibrium protocols for calculating pq.. They are presented
in Table I.

Table I. Non-equilibrium protocols to extract o (w

a) |Constant electric field [A = —FEt 0(t)|cac = (j(t = ©))/E
b) | Short pulse of elec. field| A = —af(t) a(t) = (@) /a
¢) | Short pulse of vec. pot. |A = ad(¢) A(t) = (j(t))/a

We consider two equivalent linear response equations for
the uniform current™

) = [ ;
o) = [ ;

(Exin)

dt'o(t —t')E(t') (70)

dA(t —t)A{H) — KA(t),  (T1)

where K = with (F\i,) the average kinetic energy
per site and E(t) the electric field. If we apply protocol b) to
Eq. 70 and protocol c¢) to Eq. 71 we get

(3(8)) = ao(t)
(1(1)) = aA(D).

After solving KB Eqgs. 3-6 in a given protocol we get the
current j(t), which we then use in Eqs. 72 and 73 to obtain
the correlation functions. In this way, we have inverted the
linear response Eqs. 70 and 71.

In the case of the constant electric field protocol a) we as-
sume a stationary state, and we can write

Ut = 00)) = E/_OO dt'o(t —t)

= EUdC.

(72)
(73)

(74)

(75)



A. Diamagnetic response in the protocol c)

In the Fig. 5 we present the paramagnetic and diamagnetic
parts of the current calculated in the protocol c¢). The para-
magnetic part is used in the calculation of the current-current
correlation function A (see Fig.1 in the main text). The dia-
magnetic part is non-zero only during the initial pulse of the
vector potential. In our calculations we use the duration of the
pulse Atpuise as the control parameter and show that there is
no dependence of the obtained results on Atp,se, see Section
VII.

T=1,U=1, =0, A=ab(t)

\ 0.015
\ 0.010

N 0.005

0.000 &

75 10.0 12.5 15.0 175
t

00 25 50

Figure 5. Diamagnetic j° and paramagnetic j¥ parts of the current
in the protocol c).

VII. BENCHMARKS

Here we will discuss the dependence of the results on the
numerical parameters.

Fig. 6 shows the dependence of the calculated current (j(¢))
on the linear lattice size L and temperature 7' in different ap-
proximations in the b) protocol. We see the current displays
large finite size effects for both approximations.

In the X[Gj] approximation, at a higher temperature T = 1
in Fig. 6a we can see that the current is strictly positive for all
lattice sizes, while this is not necessarily the case for the lower
temperature 7' = 0.1 (Fig. 6¢). Also, it can be seen that the
charge stiffness does not decrease with increasing lattice size.

In the X[G] approximation the current changes sign due to
finite size effects regardless of the temperature, see Figs. 6b
and 6d. We see that in this case charge stiffness decreases with
linear lattice size L. In the insets of Fig.6 we show ¢;;* which
is obtained as 1 ['dt((j(t)) — D). One can see that finite size
effects are not strong in terms of oy.°, even though o (t) — D
does appear noticeably different; the reason is that there is a
cancellation of difference between shorter and longer times.

In the X:[G] approximation we also see “revivals” occuring
for a long time after the field pulse, while in the X[G] approx-
imation no revivals are observed at any lattice size L.

Fig. 7a shows the current (j(¢)) in the bare X[G¢] approxi-
mation calculated using the b) protocol for different time steps
At.

0.06 2[Gol Z[G]
: a) — =4 b) a'9(L)
0.05 L=8 |1 de
0.1550
0.04 1 1 4=20]]
— 1=48

0.1545 -

S o] iy /\/U\,m |l

0.15 1

0.10 1

0.05 1

jla

0.00

—0.05 A

T T T
0 75 100

Figure 6. j/a in the b) protocol as a function of the linear lattice size
L in different self-energy approximations and at different tempera-
tures.

Fig. 7b and 7c present (j(t)) in X[G] approximation cal-
culated using the b) and a) protocol for two different values
of the parameters a and E, respectively. Fig. 7d shows (j(t))
in the c) protocol for different durations of the applied pulse
Atpuise. Note that in the b protocol we do not have a finite du-
ration of the applied field, but rather exactly At,y1sc = 0; this
means we have no additional numerical parameter to control
the results with respect to.

In conclusion, the calculated currents do not depend signif-
icantly on the numerical parameters and we have reached a
linear regime.

VIII. LOCAL SELF-ENERGY

In the case of local approximations of the Luttinger-Ward
functional, the irreducible vertex ¢6X/dG featured in the
Bethe-Salpeter equation Eq. 44 is fully local. On lattices that
preserve inversion symmetry this ensures that the vertex cor-
rections for the uniform current-current correlation function A
cancel out™'”. Therefore, as an additional check, we compare
non-equilibrium and Kubo bubble values of p4. in the local
self-energy X[G'°°] approximation in Fig. 8. We see excellent
agreement between these theories.

IX. CHARGE STIFFNESS IN X[Go] APPROXIMATION

In this section we discuss the charge stiffness D that is
present in the non-equilibrium X[G] approximation.

Charge stiffness develops at all the temperatures and at all
the couplings we examined, Fig. 9. We see that the charge
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Figure 8. Comparison of pac(T") for the non-equilibrium S[G°]
approximation and the bubble approximation.

stiffness increases with smaller couplings, and at U = 0 we
have D = K. This is clearly understood, by taking into ac-
count that at U = 0, A(w) = 0 (see Section XIII), and there-
fore the entire optical conductivity o(w) is contained in the
charge stiffness peak at w = 0. We confirm that, at U = 0,
D = K, by looking at results of protocol b) with ¥ = 0, and
comparing to K computed as

(Bxin(U = 0))

K=———""= _ZnF(5k)5k~

5 (76)
K

In the b) protocol, charge stiffness manifests as a non-

f=0
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V)

Figure 9. Charge stiffness D in the X[Go] approximation. The U =
0 point is calculated using the short pulse of electric field protocol.
K is calculated according to Eq. 76. Colors on the plot indicate the
temperature 7.

physical stationary state with constant current. In our X[Gy]
approximation, we observe such a stationary state. The den-
sity distribution in the Brillouin zone (ny) in this state is
different from the initial equilibrium one, as can be seen in
Fig. 10. One can see that it does not have the full symmetry of
the lattice. Due to this, the contribution to the uniform current
of different k-points does not cancel out.

X. Y[G](w) AND £[Go](w) COMPARISON

Here we compare two different self-energy approximations
used in the paper. We focus on thermal equilibrium state and
compute X[Gy] using a separate well-optimized code imple-
mented in frequency domain''. We compute %[G] by solv-
ing the self-consistent KB equations, but without any external
fields. The resulting X is then Fourier transformed from time
domain to frequency domain. In Fig. 11 a comparison of the
bare 3[Gy] and the bold X[G] approximations is presented for
two different temperatures. In Fig. 12 we compare two dif-
ferent approximations for different values of U. In the limit
U — 0 we see that X[G] — X[Gy]. We also see that X[G]
has in general a smoother frequency dependence and longer
high-frequency tails.

XI. LIMITATIONS OF SELF-ENERGY
APPROXIMATIONS

In this section we will discuss some limitations of self-
energy approximations that we used.

We expect both X[G] and £[G] approximations to be valid
only for weak couplings. In Ref. 12 and Ref. 13 authors show
how for moderate couplings, our second order ¥[G)] is found
to be in better agreement with numerically exact results than
the second order X[G]. However, we document here that there
is a hard cutoff value of U beyond which X[Gy] starts giving
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Figure 11. Comparison of different self-energy approximations for two different temperatures.

unphysical results for the Green’s function. By contrast, the
¥[G] approximation does not have such a limitation, albeit the
convergence of the iterative X[G] solution is not guaranteed at
strong couplings.

The limitation of the X[G] approximation comes from the
fact that Im¥:(w) always goes to exactly zero at some finite
(and not very large) frequency. At large U > Uy ax this leads
to the appearance of unphysical coherent states at certain wave
vectors. To understand this, we need to look at the expression
for the Green’s function

1
WA — e — UPReSy (w) — iU2ImEy (w)

G(w) (77

where we have pulled the U? factor out of the self-energy
¥ = X /U?. We see that the real part of the denominator can
have zeros w* such that Im¥(w*) = 0, yielding a delta peak
structure in the Green’s function, which would correspond to
an infinitely long lived state. This can lead to infinite conduc-
tivity, even if there is no charge stiffness. Fig. 13b illustrates
on one example the real part of the denominator of G and its
root w*. In can be seen that the root w* is at a frequency where
ImY(w*) = 0. This is in contrast with the smaller value of U,
see Fig. 13a, where there are no roots w* for which Im¥(w*)
vanishes. In Fig. 13c Uy,ax is presented as a function of tem-
perature for different chemical potentials ji. We conclude that,
regardless of the accuracy of the second order X[G)] approx-
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imation in terms of describing the correct X at low frequency,
it cannot be safely used for the computation of spectral and
transport properties beyond about U ~ 1.3.

XII. REAL-FREQUENCY DIAGRAMMATIC MONTE
CARLO (RFDIAGMC)

The basis for our RFDiagMC calculations is explained in
Ref. 14. The idea is that imaginary-time integrals in a general
Feynman diagram D can be solved analytically, to arrive at a
general expression of the form:

‘ A
Pied =L@ gy ™

P

This is a sum of poles of various orders p, with amplitude A
at energy £. The analytical continuation is then trivially per-
formed, by replacing the Matsubara frequency by the com-
plex frequency iw,, — z. We can then take z = w + i0% to
retrieve the contribution of the diagram to the retarded corre-
lation function, D®(w). By binning the pole amplitudes on
a uniform real-frequency grid, we can ultimately avoid using
any broadening. The only numerical parameter in the calcula-
tion is the frequency resolution with which we accumulate the
results.

In this paper, we have performed two important generaliza-
tions of the algorithm, compared to our work in Ref. 14. First,
our algorithm is now general for an arbitrary physical quantity,
which allows us to compute both the self-energy diagrams and
the current-current correlation function diagrams. Second, the
propagators in the diagram can now be the dressed Green’s
functions, as is necessary for computation of bold skeleton
diagrams. Our algorithm can work with fully general propa-
gators of the form:

G(r) = nsr [ dupllmy(~s,)e™ (19

where n = =1 for bosons/fermions, s, is the sign of
T € [-0, 8], with § the inverse temperature, and p(w) =

11
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Figure 13. a) Real part of the denominator of G and imaginary part
of the self-energy for U < Umax; b) Real part of the denominator of
G and imaginary part of the self-energy for U > Upax; €) Umax at
different temperatures and chemical potentials. On all plots Im3: is
given in arbitrary units (a.u.).

- %ImGR(w) is the corresponding spectral function, obtained
from the retarded Green’s function G®. In practice, this
means that in the expressions that are being evaluated, now we
have additional frequency integrals to be solved numerically.
At this point, one must consider whether it is better to solve
the diagrams directly on the three-piece contour. When solv-
ing bold skeleton diagrams using our approach, one essen-
tially replaces a smaller number of time-integrals by a larger
number of frequency integrals. However, the frequency inte-
grals appear much easier to solve. The real-time integrands
are highly oscillatory, and the integration domain is infinite.
Real-time integrations are a difficult problem that has not yet
been solved in the lattice context. By contrast, the frequency
integrals do not contribute to the sign problem as p(w) is pos-
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Figure 14. Benchmark of our algorithm for identifying the minimal set of diagrams: The results shown are the third order vertex corrections,
computed for a small lattice, using the bare propagator and the full momentum summation to eliminate any statistical errors. The results are
computed with and without making use of the particle-hole symmetry which reduces the number of diagrams from 7 to 2, and they show

perfect agreement.

itive definite (as long as we work in momentum basis) and the
integration domain is very restricted (p(w) is sharply peaked
if the self-energy used to dress the propagator is small; the
problem thus becomes easier at weaker coupling). By using
the product of spectral functions p(w) of all the propagators
in a diagram as Monte Carlo weight, we can successfully per-
form the frequency integration.

A. Specifics of numerical integration in the case of A diagrams

We start from the general expression for a A diagram
that we solve. At present, we restrict ourselves to the zx-
component of the uniform current-current correlation func-
tion. The diagram topology we denote Y, and the order of the
diagram N. For the sake of simplicity of the presentation, we
assume there are no instantaneous self-energy insertions and
that the lattice is two-dimensional, but our code is not limited
in either sense. We label the diagram in imaginary time and
momentum space. Therefore, our starting point is the follow-
ing:

N—-1 B
Ax(r) = (=)Mo ()Y T] / dr; x (80)
i=2 /0
dkl de 2N+2 _ ) .
T r k: 7 — #
X/BZ (271_)2 (27T)2’Uk1’Uk2 jl;[l G( s Tj T])

We have N different imaginary times 7 enumerated by ¢, but
71 and 7y are the outer times. We can always set 7;—; to zero,
and then 7y = 7 is the external time appearing on the Lh.s.

We have as many internal momenta as the interacting vertices

(N), and 2N +2 propagators (G, at momenta f(j = Zfil cjik;

and attached to times 7;,7; € {71,..,7n } (dependent on the
topology T). The overall sign of the diagram is determined
by the number of fermionic loops, N,X .. When propagators
are dressed with dynamical self-energy, each propagator then
brings an additional integral over frequency, w;. At any k, the
propagator is of the general form Eq. 79. The time integrals

(including over the external time to perform the Fourier trans-
form to Matsubara frequency) we perform analytically using
a symbolic algebra algorithm. This we can do on-the-fly, but
we have also devised an optimization procedure that relies on
performing the analytical integration in advance (we simplify
and store the resulting expressions in the form of highly opti-
mized, algorithmically generated code). The resulting analyt-
ical expression Z is analytically continued by iw,, — z. We
finally arrive at the expression that is numerically evaluated

2N+2

Ar(z) = (D)Mo (0N ] /dwj x (81)

dk dky ,
8 /BZ ﬁ.nkalvk2pfq (wj)IT({wj}’T; Z)

It turns out that it is very important that the momentum in-
tegrations are performed in a continuous BZ, i.e. in the true
thermodynamic limit. We have shown in our previous work
that finite-size lattice calculations lead to noisy structures in
frequency spectra. We have observed similar behavior also
in the context of our current-current correlation function cal-
culations - yet, here we are here interested in the derivative
of ImA(w) at w = 0, where this function is nearly singular,
and rapidly changes slope in a very narrow frequency win-
dow. Any noise coming from finite lattice size could easily
affect our oy, estimates.

The propagator in our main RFDiagMC calculations is
dressed by the second order self-energy, either X[G] or X[Go].
The self-energy is computed in advance, on a large lattice.
During the Monte Carlo sampling, we interpolate X linearly
on-the-fly, as needed to construct the dressed propagator G
that enters the diagram. In the case of the X[G] approxima-
tion, we have computed the self-consistent self-energy in real
time (in absence of any field, with the lattice size 48 x48), and
then performed the Fourier transform to real frequency. In the
case of the X[Gy], we have performed the calculation in fre-
quency using a separate, highly accurate and efficient code we
had developed previously ' (with the lattice size 64 x64).

We use Sobol sequence'” quasi Monte Carlo for the sum-
mation over inner momenta k, and for each given choice of



momenta, we perform a weighted Monte Carlo over frequen-
cies (the integration over frequency is the inner loop; at or-
der 2 we have 6 propagataros, and therefore 6-dimensional
continuous-frequency-space to integrate over). The weighting
function here, as already indicated, is the product of the spec-
tral functions [, Pi, (w;) corresponding to each of the prop-
agators, at the corresponding momenta (set in the outer loop).
The “update” step in the weighted Monte Carlo over frequen-
cies is a shift in one randomly selected frequency. The shift is
chosen randomly from the interval [—Awmax, Awmax). The
Markov chain is thus trivially balanced.

The initial values of frequencies w; for a given choice of
inner momenta k; are chosen to be the quasiparticle (qp) en-
ergies (i.e. the solution to w; ini; — i, — Rer(]_ (Wj,init) =0
for each of the propagators; note that here we have absorbed
the Hartree shift and the chemical potential in the dispersion
€xk). In the case of lower U the maximal shift Acw,,,, must be
taken smaller to avoid high rejection rates, because the spec-
tral weight is more concentrated around the qp energy. We
usually take 2'® k-samples, and as many frequency samples
for each choice of momenta. This means we are in total taking
236 2 6.8 x 109 samples.

B. Use of symmetries

The calculation of vertex correction diagrams is expensive.
We have used symmetries to reduce the overall number of dia-
grams to be computed. In general, the current-vertex symme-
try vx = —v_xk will make contributions of certain diagrams
zero. Due to this symmetry all first order vertex correction
diagrams drop out. The bosonic symmetry of the correlation
function itself A(7) = A(—7) means that diagrams which are
topologically the same up to the exchange of terminals (cur-
rent vertices) will yield the same contribution, and it is suffi-
cient to compute only one of them. Finally, at half-filling, one
can use particle-hole symmetry to further reduce the number
of diagrams'®. However, this will only hold for fully dressed
diagrams (not possible in the case of partially dressed dia-
grams one effectively obtains in our non-eq. X[Gy] theory).
At half-filling, in total, we need to compute a single diagram
at order 2 (out of 4 possible diagrams), and 2 diagrams at order
3 (out of 11 possible diagrams).

To check the validity of our simplifications, we have per-
formed calculations of all diagrams and compared to the re-
sults obtained using the minimal set of diagrams, on examples
which are not numerically expensive. In Fig. 14 we show the
calculation of 3rd order vertex correction diagrams with the
bare-propagators, on a small 4 x4 lattice, with and without the
use of ph-symmetry, and show how the results agree perfectly.
The momentum summations are here performed fully.

C. Accumulation of the results

We accumulate the pole amplitudes .A; , on a dense uni-
form frequency grid w; = [Aw. After the calculation is done,
we resample the amplitudes by merging adjacent bins, until
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Figure 15. Raw current-current correlation function results for dif-
ferent values of U. First row: Kubo bubble contribution, second and
third rows: second-order vertex corrections computed with the prop-
agator dressed with two different self-energy approximations. In the
left column, frequency axis has been rescaled by U? for easier in-
spection. The o4, contribution is the angle at w = 0, indicated by
the dashed line, and shown as a function of U in the insets.
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Figure 16. Vertex corrections to the current-current correlation func-
tion at second and third order, computed using bare propagators.
There is a discontinuity (jump) at w = 0, which yields an infinite
contribution to oq4c. This indicates that the bare series for A(w = 0)
is not convergent.
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Figure 18. Results at 7' = 0.1, showing that all of our conclusions
stand even at lower temperature. The agreement between A-pert
3[Go] and non-eq. 3[G] at low U is excellent. It is interesting that
the Boltzman theory becomes worse at low temperature, and that the
vertex corrections become relatively smaller.

we get smooth curves. The imaginary part without any broad-
ening is obtained using the expression

1" .
A +10°) ~ 5= 30 (ol A, (6

14

and the real part ReA(w;) is reconstructed using Kramers-
Kronig relations (in particular we need ReA(w = 0) for the
estimate of charge stiffness).

XIII. VERTEX CORRECTIONS

In this section we discuss and show the raw results for
the bubble and vertex correction contributions to the current-
current correlation function A (w).

In Fig. 15 we show our main ImA(w) results. It is clear
that as U is reduced, the bubble vanishes, but at the same time
the slope at w = 0 diverges. Ultimately, if we take exactly
U = 0 and compute the bubble with the bare propagators, we
get A(w) = 0, as already mentioned in Appendix IX.

Similarly, the vertex correction diagrams become more and
more singular around w = 0 as U — 0. We have checked
that, when vertex correction diagrams are computed with the
bare propagator, one observes a true discontinuity (jump) in
ImA(w) at w = 0, see Fig. 16,which means that contributions
of individual diagrams to o4, become of the form 0 X oo as
U — 0. If for diagrams at order k, the divergence is 1/U**+2
or faster, these vertex correction diagrams will contribute even
at infinitesimal coupling. Of course, there is an overall pref-
actor which is expected to decrease with increasing k, and the
contribution of high orders may be small and even negligible.

The calculation of 3rd order vertex corrections to high
enough precision to extract oq. is currently not possible. We
find that ImAY-¢-3(w) is overall 2 orders of magnitude smaller
than ImAY-°2(w) (see Fig. 17). We believe it is highly un-
likely that v.c. of 3rd order (and higher) contribute signifi-
cantly. Further optimizations in our code will be necessary to
fully resolve this question.

We have checked that all the phenomenology we have ob-
served is qualitatively the same also at lower temperature (see
Fig. 18).

A. Sign of the vertex corrections

The common wisdom is that vertex corrections ought to in-
crease conductivity, because they account for scattering pro-
cesses which reduce the lifetime of quasiparticles (and thus
reduce the bubble contribution), but do not reduce the cur-
rent. However, these processes are mostly relevant in the dc
context. Indeed we see that the vertex corrections to optical
conductivity are positive at low frequency, become smaller
and change sign at intermediate frequency, and then vanish
at high frequency (see Fig.19, left panels). The same behav-
ior was observed in the previous publication of one of us'’ at
strong coupling and high temperature. It is interesting that in
the Bose-Hubbard model, the w-dependence of v.c. is very
similar, but with an overall opposite sign'®. In our X[G] the-
ory, the sign is also the opposite at low frequency, but we do
not observe the change of sign at intermediate frequency (see
Fig. 19, right panels).
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Quantum simulations are quickly becoming an indispensable tool for studying particle transport in correlated
lattice models. One of the central topics in the study of transport is bad-metal behavior, characterized by
the direct-current resistivity linear in temperature. In the fermionic Hubbard model, optical conductivity has
been studied extensively, and a recent optical lattice experiment demonstrated bad-metal behavior in qualitative
agreement with theory. Far less is known about transport in the bosonic Hubbard model. We investigate the
conductivity in the Bose-Hubbard model and focus on the regime of strong interactions and high temperatures.
We use numerically exact calculations for small lattice sizes. At weak tunneling, we find multiple peaks in
the optical conductivity that stem from the Hubbard bands present in the many-body spectrum. This feature
slowly washes out as the tunneling rate gets stronger. At high temperature, we identify a regime of T'-linear
resistivity, as expected. When the interactions are very strong, the leading inverse-temperature coefficient in
conductivity is proportional to the tunneling amplitude. As the tunneling becomes stronger, this dependence
takes quadratic form. At very strong coupling and half filling, we identify a separate linear resistivity regime at
lower temperature, corresponding to the hard-core boson regime. Additionally, we unexpectedly observe that at
half filling, in a big part of the phase diagram, conductivity is an increasing function of the coupling constant
before it saturates at the hard-core-boson result. We explain this feature based on the analysis of the many-body

energy spectrum and the contributions to conductivity of individual eigenstates of the system.

DOI: 10.1103/PhysRevB.110.064501

I. INTRODUCTION

Cold atoms in optical lattices have provided a clean and
tunable realization of the Hubbard model [1]. The focus of
early experiments was on studying phase transitions within
the model, but various aspects of nonequilibrium dynamics
have also been explored in this setup. In particular, a lot of
effort has been invested in performing transport measurements
with cold atoms [2—4]. Transport measurements in optical
lattices are of great interest as they allow us to isolate the
effects of strong correlations from the effects of phonons and
disorder in a way that is not possible in real materials.

Particular attention is paid to linear-in-temperature resis-
tivity, which is believed to be related to the superconducting
phase and/or quantum critical points in cuprates and more
general strongly correlated systems [5—10]. This phenomenon
has been studied theoretically in different versions of the
Fermi-Hubbard model and in different parameter regimes
[11-17]. The onset of resistivity linear in temperature was
addressed in more general terms from the theoretical side in
Refs. [18-20]. In experiment with fermionic cold atoms in
optical lattices, the T -linear resistivity has also been observed
to span a large range of temperature, in qualitative agreement
with theory [4]. However, transport in bosonic lattice models
has been less studied from both theoretical and experimental
perspectives.

Bosonic transport in the strongly interacting regime of the
Bose-Hubbard model was addressed in a cold-atom setup by
investigating expansion dynamics induced by harmonic-trap
removal [21,22] and by studying center-of-mass oscillations
induced by trap displacement [23,24]. However these studies

2469-9950/2024/110(6)/064501(12)
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did not focus on optical conductivity. Optical conductivity of
bosons at zero and low temperature was calculated in early pa-
pers [25-27]. The conductivity of two-dimensional hard-core
bosons was addressed in Refs. [28,29], and a large tempera-
ture range with linearly increasing resistivity was found. The
conductivity of strongly correlated bosons in optical lattices
in a synthetic magnetic field was obtained in Ref. [30]. The
regime of resistivity linear in temperature was recently investi-
gated for the Bose-Hubbard model at weak coupling [31]. The
dynamical response within the scaling regime of the quan-
tum critical point and universal conductivity at the quantum
phase transition were investigated theoretically in an attempt
to establish a clear connection with ADS-CFT mapping
[32,33]. In addition to cold-atom studies, bosonic transport
properties have been studied in the context of an emergent
Bose liquid [34-36]. Transport properties of nanopatterned
film arrays have been analyzed in terms of bosonic strange
metal featuring resistivity linear in temperature down to low
temperatures [37].

In this paper, we study conductivity in the Bose-Hubbard
model [1,25] in relation to optical lattice experiments with
bosonic atoms. We consider the strongly interacting regime
and focus on high temperatures, away from any ordering
instabilities. We consider small lattice sizes of up to 4 x 4
lattice sites and employ averaging over twisted boundary con-
ditions to lessen the finite-size effects. We control our results
by comparing different lattice sizes, as well as by checking
sum rules to make sure that charge stiffness is negligible. We
also use both the canonical and grand-canonical ensembles
and compare the results. To solve the model, we use exact
diagonalization and finite-temperature Lanczos method [38].

©2024 American Physical Society
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We compute and analyze the probability distribution of the
eigenenergies (the many-body density of states), the spectral
function, and the optical and the direct-current (DC) conduc-
tivities, as well as some thermodynamic quantities. Where
applicable, we compare results to the hard-core limit and
the classical limit, as well as to the results obtained with
the bubble-diagram approximation. Our results show several
expected features. First, the many-body density of states,
spectral function, and optical conductivity all simultaneously
develop gaps and corresponding Hubbard bands as the cou-
pling is increased. Next, we clearly identify the linear DC
resistivity regime at high temperature and find the connection
between the slope and the tunneling amplitude, along the lines
of Ref. [20]. Furthermore, at lower temperatures and high
coupling, we identify a separate linear resistivity regime cor-
responding to hard-core-like behavior, which can be expected
on general grounds. We also find some unexpected features:
we observe nonmonotonic behavior in the DC conductivity
as a function of the coupling constant, which we map out
throughout the phase diagram.

This paper is organized as follows: In Sec. II, we briefly
describe our method of choice. In Sec. IIl we present our
results: In Sec. III A we address the many-body density of
states, and in Sec. III B we show some thermodynamic prop-
erties of the Bose-Hubbard model in the high-temperature
regime. In Sec. III C we calculate th optical conductivity for
finite interaction strength, and in Sec. III D we investigate the
dependence of the direct-current conductivity on microscopic
parameters of the Bose-Hubbard model and temperature. In
Sec. IIIE we explain the observed features using an analy-
sis of the Kubo formula from Ref. [20]. Then in Sec. IITF
we compare our results for half filling with the results for
hard-core bosons [28]. We discuss the finite-size effects in
Sec. III G and compare the results obtained with the canonical
ensemble with the results obtained with the grand-canonical
ensemble in Sec. IIIH. In Sec. III] we compare our results
obtained for small lattices with the result of the often used
bubble-diagram approximation. Finally, we summarize our
findings in Sec. I'V.

II. MODEL AND METHODS

Cold bosonic atoms in optical lattices are realistically de-
scribed by the Bose-Hubbard model [1]:

H=-J Z(b}b,» +He )+ % Zn[(n[ -,
(i) i

where J is the tunneling amplitude between nearest-neighbor
sites of a square lattice and U is the on-site density-density
interaction. Unless stated differently, our units are set with the
choice U = 1. Throughout this paper, we set lattice constant
a=1,h=1, and kg = 1. We also assume that the effective
charge of particles is ¢ = 1.

The quantitative finite-temperature phase diagram of the
model on a square lattice was obtained in Ref. [39]. At integer
filling, a quantum phase transition between a Mott insulator
state and a superfluid is found [in particular, for filling n = 1
boson per site, the transition occurs at (J/U). =~ 0.0597]. At
finite temperature a Berezinskii-Kosterlitz-Thouless (BKT)

transition describes the loss of superfluidity [40]. In this
paper we work in the high-temperature regime, where we
expect only normal (noncondensed) states and short-range
correlations.

The Bose-Hubbard model represents only a low-energy
effective description of the full continuum Hamiltonian for
bosonic particles in a periodic potential [1]. For this rea-
son, the practicality of the high-temperature limit considered
throughout the paper is provisional. We assume that temper-
atures are high in comparison with the effective parameters J
and U but that they are small enough to keep all the higher
single-particle bands of the full model unoccupied. The appli-
cability of this condition will depend on actual experimental
parameters, such as the lattice constant and lattice depth.

In the cold-atom realization of Bose-Hubbard models, the
constituent particles are charge neutral. However, the current
can be induced and the conductivity can be probed either by
implementing a linear potential or by using artificial gauge
fields to introduce a time-dependent vector potential, which
would correspond to a constant electric field [41,42]. We
consider the retarded current-current correlation function at
finite temperature 7 = 1/,

Cox(t) = —i0 (@ ){[J: (1), ]x]>ﬂs (2)
where the current operator is given by
Jo=—il Y (b[b; —H.c.), 3)

(ij)x
with the summation only over nearest neighbors along the

x direction. The partition function is Z(B8) = Tr(e #H), and
averaging is performed as

(X)p Tr(e P X). 4)

1
-~ Z(B)
In the linear response regime, the conductivity is given by the
Kubo formula [43,44]:

oue(@) = L[~ L) + Cu(@)]. )
w B

where Cix(0) = [ dte Cy(t) and (E};,)p is the average
kinetic energy along the x direction. Note that for the real
conductivity from Eq. (§), we need the imaginary part of
the correlation function Im C,,(®@). The DC conductivity is
obtained as opc = Re o (w — 0).

In the following we rely on numerically exact approaches
for small lattice sizes. We use exact diagonalization to obtain
the eigenenergies E, and eigenstates |n) of the Hamiltonian H
and calculate

Reoy(w) =

7T - —
Z(B)w > lnlelm)* (e PEr — e7PEn)

n,m

X 8((9 + En - Em) (6)

For larger lattice sizes, we apply the finite-temperature Lanc-
zos method [38]. We employ averaging over twisted boundary
conditions to lessen the finite-size effects [45,46]. This is done
by introducing in the model an external homogeneous gauge
field (vector potential). Formally, this amounts to setting the
same complex phase for each of the hopping amplitudes
in a given direction. In particular, for the hopping along
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the x direction to the first neighbor on the right we use
Jij = Jexp(i6,/L;), and for the hopping to the left we use
Jij = Jexp(—i6,/L;). The same is done for the y direction.
Physically, this corresponds to switching to a moving (iner-
tial) reference frame. Note that the expression for the current
operator from Eq. (3) in this case reads [47]

Jo=—iY (Jibibj —H.c.). 7
(if)x
We randomly sample values of 6, and 6, in the range (0, 27)
and perform averaging over the obtained eigenstates for these
different values of total flux in Eq. (6).

Due to the expected onset of charge stiffness in finite
systems and, more generally, longer-range correlations at low
temperature, we expect our method to be limited to the regime
of high temperature and relatively strong interactions (cor-
responding to a smaller ratio J/U). For a crosscheck of the
validity of our numerical approaches, we rely on a comparison
of different lattice sizes (Sec. III G) and the sum rule [48]

b4

/0 doRe oy (w) = 5 (—E;;n)ﬁ. 8)

Indeed, we find that the sum rule is satisfied at temperatures
T/U > 1 and tunneling J/U < 0.2. In this regime we find
that the results no longer significantly change with increasing
lattice size (Sec. III G); thus, our results are expected to be
reasonably representative of the thermodynamic limit.

Finally, we control the results with respect to the choice of
the statistical ensemble. A comparison of the results obtained
with the grand-canonical and canonical ensembles is given
in Sec. I[ITH. We do not find a substantial difference in the
results between the two statistical ensembles; thus, we choose
to work in the canonical ensemble, as it allows us to consider
larger lattices. Unless stated differently, the results presented
in this paper are for the canonical ensemble.

III. RESULTS
A. Eigenstate spectrum

We first consider the many-body density of states of the
model (1) defined by

8(E) =) _8(E — Ep). ©)

We show our numerical results for fillings n = 1/2 and n = 1
in Fig. 1(a).

The classical limit J =0 is simple to understand.
The many-body spectrum features energies E/=" = nU,n =
0, 1, ..., with huge degeneracies. The Hilbert space dimen-
sion is dim H = (L+,1\V,Z ~ "), where L is the number of lattice
sites and N, is the number of particles. For N, < L, there are
(%) states with zero energy, ()(5_") states (a single site
occupied by two bosons) with energy E, = U, and so on.
The number of different energy levels is set by the system
size that we consider. As the ratio J/U increases from zero,
these macroscopic degeneracies are slowly resolved, and the
bands obtain a finite width. This is precisely what we observe
in the numerical data, as shown in Fig. 1(a), but we find
that separate many-body bands do persist up to a finite value
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~
g}
~

Normalized g(E)

£

FIG. 1. The normalized many-body density of states defined in
Eq. 9) for (a) n=0.5,L, =4,L,=3,and N, =6 and (b) n = 1,
L.=3,L,=3, and N, =9. The black solid line in (a) gives the
corresponding density of states for the case of hard-core bosons. We
use 100 random realizations of the twisted boundary conditions. In
(c) we plot the height of the peak at energies E = 2U (for half filling)
and £ = 4U (for unit filling). The black solid lines give the fitted
(J/U)~! dependence.

of J/U = 0.05, regardless of filling. Around this value, the
peaks in g(E) (found around E = nU) have heights roughly
proportional to 1/J [see Fig. 1(c)]. As J increases further,
the density of states turns into a wide, bell-shaped curve, as
shown in Fig. 1(b) for unit filling at J/U = 0.2. This particular
feature of the spectrum has been considered for a related
one-dimensional model in Ref. [49]. We also observe that
for n = 1/2, the lowest many-body band can be reasonably
approximated by hard-core bosons.

B. Thermodynamic properties

We investigate thermodynamic properties for 7 /U > 1,
as this regime has not been discussed in much detail in the
literature. Our numerical results indicate that in this regime,

064501-3



VASIC AND VUCICEVIC PHYSICAL REVIEW B 110, 064501 (2024)
0.7 - 0.009 ‘ : ‘ ‘
@ 65 A 1 @ goos | /U =004
=06 N . 0.007 T/U =10
Z L PR S ~cooe 0 T =5 aeea-
D, 0'052 B e J/JU=02,N,=12 o 5 0.006
T o[ g JJU=01,N,=12 + 3 0005
) 0.4 ,on’ J/U =0.04,N, = 12 N b: 0.004 a
035 ¢ J/U =0,N, =12 e Q 0.003 1
0.3 ! ! ! ! ! . ! ! ~ 0.002 |
12 3 4 5 6 71 8 9 10 0.001 i
T[U] 0
4
(b) 0 T T T T T T T s
— -0.05 A"?MMWW"““"'
< @ | 0.025
2 001'; L ®
Ey L J/U =02,N, =12, FTLM o 002
g 0279 J/U =0.2,N, =9, ED o] =
-0.25 f —C(N, = 12)J%/T § 5 0015
_03 | | | | | | | | \‘g
1 2 3 4 5 6 7 8 9 10 & 0.01 e
Q
oot
[l 0.005 B
7.5 )
© 945 | ° 0
74 | ° .
= 735 . 4
& 73 | .
= [}
3 725 1 0.09
72+ o ] ,
7.15 - R © 0.08 |
71 | | | | | | N 0 07 i
8 9 10 11 12 13 14 15 i 0.06 |
Ny 3 005 ]
. . g 0.04 _
FIG. 2. (a) Interaction energy, Eq. (10), as a function of tem- 5 003 |
perature. (b) Kinetic energy, Eq. (15), as a function of temperature. ~ 0.02 _
(c) The coefficient «(N,,) from Eq. (15) as a function of system size. 0.01 _
System size L, = 4, L, = 3; number of particles N, = 12. 0
4

thermodynamic quantities approach the results of the atomic
limit J = 0. In particular, the interaction energy

U
(Ein)p = 5<Zni<n,~ - 1)> (10)

B

is very weakly dependent on the tunneling J/U, as shown
in Fig. 2(a), for the tunneling range that we consider 0 <
J/U < 0.2 and close to the single-site J = 0 value. From the
numerical results, we find that the average value of the kinetic
energy

(Exin)p = <—Jijbj+H.c.> (11)
B

(i)

can be reasonably approximated by the leading order in the
high-temperature expansion

_ Tr(l = BH)Ein

(Exin)p ~ Te(l — BH) (12)
TrEk2in
~ =P Gm (13
= —a(N,)N,J*/T, (14)
1
a(N,) = T ZTrni(nj +1), (15)
(i)

FIG. 3. Optical conductivity Reo,(w) as a function of fre-
quency. Parameters are (a) J/U = 0.04, (b) J/U = 0.1, and (c)
J/U=02;L, xL,=4x3;and N, = 6.

where N, is the number of particles in the system and dim#
is the dimension of the Hilbert space. The coefficient «(N,) is
size dependent [see Fig. 2(c)].

C. Optical conductivity

We present numerical results for the optical conductivity
in Fig. 3 for bosons with J/U = 0.04,0.1, 0.2 and temper-
atures T/U = 2,5, 10. We check that within this range of
physical parameters the sum rule given in Eq. (8) is satisfied
with accuracy better than 1%. For the weak tunneling am-
plitude J/U = 0.04 we observe that the conductivity exhibits
multiple peaks at w ~ nU,n = 1,2, 3, ... that stem from the
energy bands of the Hubbard model, as shown in Fig. 1.
As temperature is lowered, the higher-energy peaks become
smaller relative to the low-energy peaks, which is clearly
expected. However, in absolute terms, the optical conductivity
gets smaller with increasing temperature at all frequencies. As
the tunneling gets stronger the peaks merge, but the multipeak
structure is still visible at intermediate hopping J/U = 0.1.
Finally, for J/U = 0.2 the conductivity takes a simpler form
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FIG. 4. Imaginary part of the current-current correlation function
Im C,,(w) multiplied by temperature T for a better comparison as a
function of frequency w. Parameters are (a) N, = 6 and (b) N, = 12,
J/U=0.1,and L, x L, =4 x 3.

[see Fig. 3(c)]. In Fig. 4 we show that at low frequency, the
current-current correlation function scales with temperature in
a simple way, but the behavior is more complicated at higher
frequencies.

D. DC limit and T -linear resistivity

We now focus on the range of small w. We have seen that
the strong interaction U introduces gaps in the many-body
spectrum that translate into peaks in the optical conductivity.
In order to address the role of tunneling J in more detail,
we replot numerical data in Fig. 5 by showing the current-
current correlation ImCxx(a))/J2 as a function of w/J. The
rescaling by J? is motivated by the basic definition of the
current-current correlation function from Eq. (2). We find that
for up to J/U = 0.08 numerical data overlap near v = 0 and
are very weakly dependent on J/U. We further analyze and
explain this feature in Sec. IITE.

In order to extract the DC conductivity opc from the
current-current correlation function, we consider small but
finite @ and perform a linear fit, limy,_oImCy(0)(T) =~
opc(T) x w. For numerical purposes we perform the fitting
in the range w € (0, J).

In Fig. 6 we plot the DC conductivity as a function of
inverse temperature 8. Overall, we find that the normalized
conductivity opc/N, decreases with filling from n = 1/2 to
n = 1 in this strongly interacting regime. This is easily under-
stood because, at integer fillings, the model is expected to have
maximal resistivity (at integer filling, low temperature, and
strong enough coupling, the model is in the Mott insulating
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FIG. 5. Imaginary part of the current-current correlation function
ImC,,(w) as a function of frequency, 7 /U = 10. Parameters are
(@ LixL,=4x3 and N,=6 and (b) L, xL,=3x3

and N, =9.
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FIG. 6. DC conductivity opc as a function of inverse temperature
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L, x Ly =4 x 3. The solid lines give fits according to Eq. (16), and
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FIG. 7. The coefficient c; introduced in Eq. (16) versus tunneling
amplitude J/U. The solid lines give linear fits, and the dashed lines
present quadratic functions.

phase). More importantly, we observe at high temperature a
clear linear regime opc ~ B,1.e., oppc ~ T.

In general, it is expected that a finite-size system with a
bounded spectrum exhibits resistivity linear in temperature in
the limit 7 — oo (or opc linear in the inverse temperature
B) [18,20]. When working within the canonical ensemble in
the strongly interacting limit, the upper bound of the Bose-
Hubbard model is close to N,(N, — 1)U /2, where N, is the
number of particles, and all the bosons occupy the same site.
Within the grand-canonical ensemble we control the average
density by reducing the chemical potential u, and in this way
we effectively limit the highest-energy state.

The key question is how far down in the temperature range
resistivity linear in temperature persists. In particular, for
hard-core bosons it has been shown that higher-order correc-
tions become strong only at low temperatures in the vicinity of
the BKT phase transition [28]. To determine where quadratic
corrections to opc ~ f start to play a role, we fit our result to

opc(B) ~ c1f + c2f? (16)

in the range BU € (0.1, 0.2). We find that this approximation
works well even for a wider range BU € (0.1, 0.5). For weak
hopping J/U < 0.1, in agreement with the observation from
Fig. 5, we find that ¢; ~ J, or

opc ~ J/T. (17)

A closely related result for the fermionic model was de-
rived using a high-temperature expansion in Ref. [13]. For
stronger hopping it holds that ¢; ~ J?, as shown in Fig. 7.
The subleading term ¢, becomes more prominent as the ratio
J/U gets stronger.

E. The analysis of the Kubo formula

We explain the numerically identified features of the
conductivity using the framework introduced in Ref. [20].
Starting from the Kubo formula, Eq. (6), we consider small
enough w — 0. Following the previous numerical analysis,
in the following we use small but finite w. We approximate
the Dirac delta function from Eq. (6) as §(x) ~ 6(Aw/2 —
|x|)/ Aw, where 0 is the Heaviside function and the bin width
Aw is chosen to accommodate a reasonably large number of
energy levels of our finite-size system. By rewriting Eq. (6)

and taking the limit w — 0, we obtain

ool —e P
opc=lim ——=

—Ep— 2,~BE,
=0 wZ(B) Z‘S(En E, — w)l(n|JIm)|"e

n,m

B -
Z(ﬁﬂ»émmw ) ALIR:

n,m:|E,—E,—owl<Aw/2

Z(ﬁ) Z lim f,(w)e” BEy (18)

where

Ja(@) [(nllm) > (19)

T
= lim — >
©>0,40-0 Aw m:|E,—Ep—ow|<Aw/2
Using the high-temperature expansion in Eq. (18), we find
approximate results for the coefficients c¢; and ¢, introduced
in Eq. (16),

R (@ = 5 D fa(@), (20)

)

2 X (fu(@))n(En)n — (fa(@)Ep)n, 2

where (A,), = ﬁ >, A, By a numerical inspection, we
find that estimates for the coefficients ¢; and ¢, obtained in
this way do match numerical data. Based on the approxima-
tion in Eq. (20), we infer that c¢; ~ J behavior is related to
the presence of bands in the many-body spectrum. The bands’
density of states is inversely proportional to J (see Fig. 1),
and consequently, the number of available states within a
frequency bin Aw in Eq. (19) is inversely proportional to
the tunneling J. For stronger J a quadratic dependence c¢; ~
(J/U)? appears as the band structure is washed out (Fig. 7).
Following Ref. [20], we perform coarse graining of the coef-
ficients f,(w) from Eq. (19)

f(E, (E) ZS(E — E)fu(w), (22)

where g(E) is the many-body density of states, Eq. (9). An
almost flat line, an indicator of the invariance of f(E, w) with
energy E, ensures resistivity linear in temperature far down in
T, as shown in Ref. [20]. In Fig. 8(a) we present the coarse-
grained coefficients f(E, w)forJ =0.1andU =2 and U =
4. In both cases the many-body spectrum consists of bands
centered around 0, U, 2U, . ... Within each band f(E, w) is
roughly constant and weakly dependent on U. As U gets
weaker, the gaps between bands are closed, and the function
f(E, ®) acquires more features; see Fig. 8(b) for U = 1.
Because the function f(E, w) deviates from an averaged flat
line throughout the spectrum, at first glance resistivity linear
in temperature is found only at high temperatures. This obser-
vation is in agreement with the data presented in Fig. 6, where
the regime of linear resistivity is found roughly at 7 > 5U
(B < 0.2). However, in the next section we discuss another
regime of linear resistivity found at lower temperatures when
the hard-core description becomes relevant.

F. Comparison with hard-core bosons

Conductivity of hard-core bosons at half filling was inves-
tigated in Ref. [28]. It was found that a Gaussian function

064501-6



CONDUCTIVITY IN THE BOSE-HUBBARD MODEL AT ...

PHYSICAL REVIEW B 110, 064501 (2024)

5

(b) 100
5 80 |
=
= 60
w40 - -
= 20F T

0 "

2 -1 4 5
(©)
N
>
3
)
“—

FIG. 8. The function f(E, w) as defined in Eq. (22) for J = 0.1
and U =4and (a) J =0.1and U =2, (b) J/U =0.1 and U =1,
and (c) hard-core bosons with J = 0.1. Parameters are L, x L, =
4x3,N,=6,w/J =0.35,and Aw/U = 0.01. The horizontal lines
show averaged values of f(E, w) over the full spectrum.

approximates well optical conductivity as a function of fre-
quency. In order to reach the limit of hard-core bosons here
we consider bosons at half filling (n = 1/2 bosons per lattice
site). We keep fixed hopping rate / = 0.1 and change the
value of local interaction U. In Fig. 9(a) we show that for a
low enough ratio 7 /U, for example, for U =4 and T =1,
our results for the optical conductivity at half filling approach
the result for hard-core bosons for w/U < 1 as expected.
The contribution of higher Hubbard bands is absent in the
hard-core model.

The same applies to the DC conductivity, as shown in
Fig. 9(b). Reference [28] showed that the resistivity of hard-
core bosons is linear in temperature down to very low
temperatures close to the BKT transition. Our considerations
from the previous section are in line with this conclusion, as
we find that the hard-core bosons exhibit a nearly constant
function f(E, w) [see Fig. 8(c)], which closely corresponds
to the function f(E, w) of the lowest band of the full model.
As expected, when the temperature is low enough with respect
to U, only the lowest band of the full model is occupied, and
bosons can be described as hard-core particles. Consequently,
the DC conductivity starts off as a linear function of the
inverse temperature §, exhibits a transitional behavior for a
range of intermediate S values, and changes into a linear

@ 035z
0.3
0.25
0.2
0.15
0.1
0.05

Re oy (w)

(b) 035
0.3

0.25

oDC

FIG. 9. (a) The conductivity Re o,,(w) vs frequency w for half
filling at T = 1 for hard-core bosons, U =2 and U = 4. (b) The
DC conductivity as a function of inverse temperature . The dot-
dashed lines give the leading-order high-temperature result opc &
¢y x BforU =4andU = 2. ParametersareJ = 0.1,L, x L, =4 x
3,and N, = 6.

function corresponding to hard-core-boson behavior at large
B (low T).

Now we investigate in more detail how the DC conduc-
tivity of hard-core bosons is reached by varying parameter
U of the full model and temperature 7. We present data
for the DC conductivity as a function of temperature 7 and
interaction U in Fig. 10. As we plot the DC conductivity
multiplied by temperature 7', for hard-core bosons we find
an almost perfect constant within the considered temperature
range [see Fig. 10(a)]. This constant is reached for U = 8§
at T =2 and for U =4 at T = 1. What we find surprising
is the U dependence of the conductivity: we find that opcT
exhibits a minimum at some finite U before reaching the
hard-core-boson result [see Fig. 10(b)].

This behavior can be traced back to the result from
Fig. 8(c), where we saw that the average value of f(E, w —
0) of hard-core bosons overestimates the result of the full
model. We rewrite Eq. (18) as

IRE

and consider the strongly interacting limit where the function
Jfu(@w — 0) can be approximated by a sum of rectangular func-
tions centered around 0, U, 2U,, .. ., as presented in Fig. 8(a).
From Fig. 8(a) we observe that from the several lowest Hub-
bard bands, it is the lowest band that has the highest value
of f(E,w — 0). From Eq. (23) we infer that at fixed tem-
perature, as we increase the interaction strength U, both the
numerator and the denominator of the last expression are

1 . -
opcT = = D lim fu@)e P (23)
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FIG. 10. The DC conductivity multiplied by temperature 7" as a
function of (a) temperature 7, (b) interaction U, and (c) the ratio
T /U. The large blue circles in (b) give the value of the coefficient c;
introduced in Eq. (20) as a function of U. (d) The color map gives the
DC conductivity multiplied by temperature 7. The limit of hard-core
bosons is reached in the bottom right corner of the plot. The yellow
circles in (d) give the location of minima in opc7T as a function of
U. The solid line is a guide to the eye. Parameters are J = 0.1, L, X
L,=4x3,and N, =6.

reduced. Yet the partition function Z(8) decays faster because
each term e #% ~ ¢=#"U in the numerator is multiplied by a
factor f, < 1 (and gets smaller with increasing n), while in
the denominator it is multiplied by 1. Therefore, the conduc-
tivity increases with increasing U, and we reach the limit of
hard-core-boson conductivity from below. This is a striking
and highly counterintuitive observation. We have checked that

grand-canonical ensemble and when the size of the lattice is
changed, but it still might be an artifact of the finite size of the
system.

G. Finite-size effects

While that lattice sizes that we consider are too small
to quantitatively predict results in the thermodynamic limit,
we expect that the main features of the optical con-
ductivity that we observe remain valid. For example, at
high temperature we do expect DC conductivity to take
the form af)hc ~ J/T, yet the exact values of the tun-
neling J and temperature 7 where this behavior changes
into a more complex dependence are possibly system size
dependent.

In Fig. 11 we compare the current-current correlation
functions for three different lattice sizes at several values
of temperatures. Overall, the results show good agreement,
and the main discrepancies are found close to w — 0. By
comparing the results for the two largest available lattice sizes
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FIG. 12. The current-current correlation function ImC,,(w) vs
frequency o for half filling and J/U = 0.04 (Ieft column) and J/U =
0.2 (right column). Parameters are (a) and (b) 7 /U = 10, (c) and (d)
T/U =5, and (e) and (f) T/U = 2. Lattice size L, x Ly, =4 x 3,
and N, = 6. The thin lines give results for each of the 100 boundary
conditions separately. The thick line is the averaged value.

and assuming that finite-size results approach the thermody-
namic limit as opc(N,) ~ Glt)hc + const/N,, we estimate the
relative errors of opc with respect to the result in the ther-
modynamic limit o} to be roughly of the order of 10%. In
particular, for N, = 8 and L, x L, =4 x 4, Aopc/opc ~ 3%
at J/U =0.04 and T/U = 10, Aopc/opc = 12% at J/U =
0.04 and T/U = 1, and Aopc/opc ~ 15% at J/U = 0.2 and
T/U = 10. Another way to claim that finite-size effects are
under control is to explore in more detail the role of boundary
conditions. In our study we implement the so-called twisted
boundary conditions, as introduced in [45,46]. We emphasize
that the dependence of the results on the choice of the gauge
is a measure of finite-size effects. The variance of the results
with respect to a random choice of the gauge field being small
is a good indication that the results are well representative of
the thermodynamic limit.

As we typically implement 100 twisted boundary con-
ditions [45,46,50], in Fig. 12 we plot the results for the
imaginary part of the current-current correlation function for
all the different boundary conditions separately, together with
their averaged value. At high T we find very weak dependence
on the boundary conditions already for lattice size Ly x L, =
4 x 3, as can be seen in the top row of Fig. 12. However,
the dependence gets stronger with decreasing temperature, as
shown in the bottom row of Fig. 12, and it increases with the
ratio J/U .
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FIG. 13. (a) The partition function in different particle sec-
tors, Zy = Trexp[—B(H — uN)]. The chemical potential is set by
the requirement (N)/(L, x Ly,) = 1. The imaginary part of the
current-current correlation function for J/U = 0.04 at (b) T /U = 2,
(¢0)T/U =5,and (d) T/U = 10. Lattice size L, x L, = 4 x 2, with
no twisted boundary conditions.

H. The grand-canonical ensemble

Here we consider the grand-canonical ensemble and intro-
duce chemical potential p,

Hy, = H — N, (24)

where N is the number of particles. The value of the chemical
potential v is set as usual by requiring a certain filling. In
Fig. 13 we compare the results obtained in this way with the
results within the fixed particle-number sector. We consider
a small lattice Ly x Ly =4 x 2 and up to 20 particles. We
find that there are some quantitative differences, while the
main qualitative features of the correlation function remain
unchanged. The contribution of conductivity peaks found at
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FIG. 14. Spectral functions for (a) J/U = 0.04 and (c) J/U = 0.1. Optical conductivity Re o,,(w) as a function of frequency w for
(b) J/U = 0.04 and (d) J/U = 0.1. Parameters are L, x L, =3 x 2, BU = 0.2, and u/U ~= —1.97, such that (N) = 1.

w = nU is stronger at high temperatures when we take into ac-
count particle-number fluctuations within the grand-canonical
ensemble.

I. Comparison with the bubble-diagram approximation

Here we use the bubble-diagram approximation, which has
been extensively used for the calculation of the conductivity
within the Fermi-Hubbard model [11,12,14,15,17,47,51-54].
We find that for small lattices the bubble-diagram approxima-
tion works well only at high frequencies. A similar relation
between the full result and the bubble-diagram approximation
was observed in the fermionic Hubbard model [14] and, more
recently, even in the context of the Holstein model [55]. By
contrast, however, here vertex corrections appear to reduce
conductivity, rather than increase it.

Within the grand-canonical ensemble we first calculate the
single-particle Green’s function,

1 e BE—uN) _ o—B(En—1Nn)

e BUH—1N) an: w0+ i8+E,—E,+ 1

Gx(w +i6) = T

X (n|by|m)(m|bf n), (25)

1
L.L,
sites. The eigenenergies E, and E,,, and eigenstates |n) and |m)
are obtained in two different particle sectors with N, and N,,, =
N, + 1 particles. From here we obtain the spectral function:

where by = Zr *p,. and r are vectors labeling lattice

Ax(w) = —%ImGk(a) + i6). (26)
The current operator from Eq. (3) is given by J, =
>k . exbibi/ JLL,, where g = —2J(cosk, + cosk,) is
the noninteracting dispersion relation on a two-dimensional
lattice. The current-current correlation function used in Eq. (5)
involves four bosonic operators. By using the imaginary time
T and Matsubara frequencies w, = 2mwn/B, where n is an

integer, we find [43]

1 1 Z 9 9 /ﬂ d (1014
— k €k 0g, & Te
LiLy o 4= 4

x (by (T)bi(T)bby).

Gxx(iw) =
(27)

To estimate the last expectation value we decouple the four-
particle operator by using the Wick theorem. In this way, we
obtain an approximate expression for the conductivity:

1 1
bubble  ; 2 ;
0 (iw) = L _,3 Ek (Ok, &x) wE Gy (iwp)

X Gx(iw, + iw). (28)
By using the spectral representation Gg(iw,) =
[d 0 1—wAk (w) and by performing a summation over w, we

arrive at the bubble-diagram approximation for conductivity:
1

LL, Zk:/ dw; (akxgk)zAk(wl)

ng(wy) — np(w; + w)

Re U;;bble (w)=m

X Ax(@) + o) . (29
where ng(x) = 1/[exp(Bx) — 1] is the Bose-Einstein distribu-
tion. The same approach has often been used in the study of
the conductivity of the Fermi-Hubbard model. All the details
can be found in Ref. [47]. A closely related calculation for
bosons is given in Ref. [30]. In comparison with Ref. [30],
here we work at finite temperature and use exact numerical
results for the single-particle Green’s function in Eq. (29).
We perform a numerical test of the accuracy of this approx-
imation by comparing results obtained from Eq. (29) with the
full result from Eq. (5). We find that for small system sizes the
approximation works well at higher frequencies w, but it fails
to reproduce numerical data in the limit @ — 0, as shown in
Fig. 14. For J/U = 0.04 we find that the spectral function fea-
tures separate peaks closetow, ~ —u +nU,n=0,1,2,....
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From Eq. (29) it follows that the peaks in optical conductiv-
ity emerge when the two peaks in A(k, w;) and A(k, w; +
w) overlap, as for w =0,U,2U, ..., as discussed in
Sec. ITIIC.

IV. CONCLUSION AND DISCUSSION

In this paper we investigated the optical conductivity of the
Bose-Hubbard model in the high-temperature regime. Based
on the numerically exact calculation for small lattice sizes,
we identified multiple peaks in optical conductivity stem-
ming from the Hubbard bands at weak tunneling J/U. As
the tunneling rate gets stronger, these peaks merge, and the
conductivity takes a simpler form. We analyzed the regime
with resistivity linear in temperature and found that the pro-
portionality constant is inversely proportional to the tunneling
rate J in the limit J/U — 0. Additionally, in some cases we
observed two separate linear regimes with different slopes:
one at lower temperature corresponding to hard-core-boson
behavior and one at high temperature corresponding to the
leading order in the 8 expansion. Finally, we found a strik-
ing and unexpected nonmonotonic dependence of opc on the
coupling constant. At half filling and fixed temperature 7,
above some value of U, opc grows with increasing U, and
eventually, it approaches the hard-core-boson conductivity.
Further work is necessary to confirm that this feature of our
results survives in the thermodynamic limit.

We expect that these results can be probed in cold-atom
experiments, along the lines of Ref. [4]. Because the Bose-
Hubbard model is only the low-energy effective description
of lattice bosons, the regime of intermediate temperature
T/U ~ 1 may be the most realistic for making quantitative
comparisons with experiments. For this purpose, it may turn
out that additional Hamiltonian terms describing bosons in
optical lattices should be taken into account in addition to
the Bose-Hubbard model. Moreover, processes beyond the
linear-response regime may play a role [42]. In order to extend
these calculations to larger system sizes, beyond-mean-field
approximations [56—60] could be considered.
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At optimal doping, different cuprate compounds can exhibit vastly different critical temperatures for super-
conductivity (7.), ranging from about 20 to about 135 K. The precise properties of the lattice that determine the
magnitude of the 7, are currently unknown. In this paper, we investigate the dependence of the optimal doping 7.
on the parameters of the Emery (d-p) model for the CuO, planes in the cuprates. We show that the best scaling
is obtained not with the parameters of the model written in the real (d/p-orbital) space but rather written in
the space of effective Wannier orbitals. In this basis, one obtains a model of three sublattices coupled through
all possible four-point interactions. We identify multiple predictor variables that fit the experimental 7. to about
44-5 K and that remarkably depend on the leading attractive coupling constants in the transformed Hamiltonian.

DOI: 10.1103/PhysRevB.109.L081115

Finding ways to increase the superconducting critical tem-
perature in cuprate compounds is one of the central goals in
condensed matter physics [1-4]. The record 7. remains at
about 135 K for already more than two decades [5,6] (if we
only consider systems at atmospheric pressure [7,8]). One of
the reasons for the lack of progress is that there is no clear
understanding of what to look for in a crystal structure, if one
is to identify a high-7; candidate. Many works focused on how
T. correlates with the tight-binding parameters [9-26]. The
role of phonons [27-31] and disorder [32—-34] have been con-
sidered as well. In more recent machine learning approaches
[35-38], a large number of different quantities was consid-
ered systematically. Even though the Coulomb interaction is
widely believed to be responsible for superconductivity in
the cuprates, no works to our knowledge have attempted to
systematically link ab initio computed coupling constants to
the experimentally measured 7, for multiple compounds.

Studies so far have mostly looked at correlations between
the 7, and the parameters of two kinds of models: single-band
and three-band. In the single-band picture, the main idea was
that longer range hopping (¢') frustrates the antiferromagnetic
(AFM) correlations, which are believed to act as the pairing
glue in the cuprates [22,39-44]. However, the experimen-
tally observed trend in 7;.(¢'/t) [11,13,18] was not reproduced
in single-band calculations [12,14,16,19,24-26,45], thus sug-
gesting that the single-band models (both Hubbard and #¢'J)
do not capture all the mechanisms that determine the 7; in
the cuprates. In the three-band d-p (Emery) model picture,
some works considered the charge-transfer gap (CTG, the
difference in energy between copper d and oxygen p orbitals
[18,44,46], or defined by the gap in the local spectral func-
tion [44,47]) as the relevant energy scale that determines the
strength of the effective AFM coupling, and thus the 7;. At
least some trends of how the experimental 7. depends on
the tight-binding parameters computed for the Emery model

2469-9950/2024/109(8)/L081115(6)
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can be reproduced by many-body calculations (see Ref. [18]
and compare to Ref. [15]). More recently, experimentally ob-
served trends of how 7, depends on the density of holes on the
copper and oxygen sites separately [48] was also reproduced
in calculations for the d-p model [47]. These findings seem to
indicate that the Emery model is more relevant for the descrip-
tion of the T, magnitude in the cuprates. However, the attempt
[18] to quantitatively correlate the tight-binding parameters of
the Emery model to the experimentally measured 7, yielded
only poor fits, with large standard deviation of about 30 K.
This still leaves open the question of the practical relevance
of the CTG and the Emery model.

In this paper, we show that the experimentally measured
T, can indeed be described by a simple function of three
Emery-model tight-binding parameters (computed for each
compound using ab initio methods), with a small standard
deviation of about 7 K. Furthermore, we show that the in-
terplay between interaction and geometry plays an essential
role, and that even better fits can be obtained if one considers
not only the tight-binding parameters, but also the coupling
constants. The effective onsite repulsion on copper sites Uy,
is unlikely to depend strongly on the specifics of the lattice
structure; However, if one transforms the Hamiltonian in such
a way that the e-e coupling and the kinetic energy become
entangled, the resulting coupling constants can be strongly
material dependent. By using one such (exact) transformation,
we formally obtain a model of three separate square lattices,
coupled through all possible four-point interactions between
two electrons. Among the coupling constants, some are pos-
itive (repulsive), and some are negative (attractive). We find
that the experimentally measured 7, can be fit to within about
5 K, by using a linear function of only two parameters of
our transformed Hamiltonian, one of them being the leading
attractive interaction. We explore the correlations of T, with
the parameters of our transformed model in a systematic and

©2024 American Physical Society
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FIG. 1. Illustration of the Hamiltonian transformation. A lattice
model of d and p orbitals with only local density-density interactions
on the d orbitals is exactly transformed into a model of three square
lattices with longer range hoppings and a zoo of four-point interac-
tions, some of which are attractive.

unbiased way. Our results indicate the presence of additional
pairing (or pair-breaking) mechanisms in the cuprates, which
might strongly affect the magnitude of 7;.. These mechanisms
do not have a simple interpretation in terms of the d and p
orbitals, but are apparently related to density-assisted hop-
ping processes between certain spatially extended states, as
captured by the Hamiltonian terms in our transformed model.
This is particularly interesting in the view of the recent pub-
lication of Jiang et al. [49] which showed in a many-body
calculation that such coupling terms can indeed strongly affect
the T..

Model. The Emery model [18,47,50] (illustrated on Fig. 1)
has a unit cell that contains a copper d orbital and two oxy-
gen p orbitals (denoted with [ =0,1,2 =d, py, py). The d
orbitals form a square lattice, and the p orbitals are found in
between the neighboring d orbitals. The hopping amplitude
between d and p orbitals is &7,;, depending on the direction,
and, similarly, between the p, and p, orbitals the hopping
amplitude is +¢,,. The hopping between the nearest p. (p,)
orbitals is t, .

The noninteracting part of the Hamiltonian can be diago-
nalized by switching to the basis of appropriate Bloch waves
d; , 10) (see Ref. [51])

Hy= )" Euxd) , oo ()

o,a,k

where @ = 0, 1, 2 enumerates the eigenbands in the order of
ascending energy, and Kk is a wave-vector in the first Brillouin
zone. The spin projection (1, | ) is denoted o.

In terms of the original local orbitals (denoted /), the inter-
acting part of the Hamiltonian, as considered in Refs. [18,47]
can be written in two spin-symmetric ways

1 .
N § .
Hip = 3 E Uic) 5 1CloxCl 5 :Clox ()
l,o,r
_ 1 Uel § U
=3 E 1€ 5.xCloxCl o1 xClo'x — E ?Cl,g,rcl,o,r
l,oo’,r lo,r
3)

with Uy = U0, and & denotes the spin projection opposite
of o. The real-space position of the unit cell is denoted r.
The expressions (2) and (3) are equivalent. However, the
choice of one or the other will make a difference for the
final form of the Hamiltonian that we reach, following our
(exact) transformation: the values of the constants in front of
different Hamiltonian terms that we obtain, as well as their
physical meaning, will depend on how we initially formulate
the interacting part. The quadratic term in Eq. (3) will be
absorbed in the noninteracting part, and will amount to a shift
eq — €4 — U/2. More importantly, only the choice Eq. (3)
will yield a formulation with a spin-rotational symmetry. We
will refer to the formulation based on Eq. (2) [Eq. (3)] as
model A (model B).

We now rewrite the entire Hamiltonian in the eigenbasis of
the noninteracting part and then further perform the (inverse)
Fourier transformation: we express the Hamiltonian in terms

of the operators d , . = \/LN > e ®Td] . Thereis aphase

ambiguity associated with the definition of the operators d ;U’k
[52] which we discuss in more detail in Ref. [51]. The choice
of the phase we make ensures that, in the final form of the
Hamiltonian, all hopping amplitudes and coupling constants
are purely real and are consistent with the symmetries of the
original lattice. We obtain

H = Z ta,dd;,gyrda,a,ﬂrd

o,a,rd

1 ) .
2 : Bys gt f
+ E Vdd’u dot,o*,rdﬁqffvl‘erdy,a/,r+u—d’d5v0/vr+“’
oo’ ,afys
rdd’'u

“

where 1, g4 is the inverse Fourier transform of E, i, and it has
full square-lattice symmetry. For the precise definition of the
coupling constants Vib7® see Ref. [51].

The transition from Eqgs. (1) and (3) to Eq. (4) is exact, and
is illustrated in Fig. 1. Starting from Eqgs. (1) and (2) instead,
the only formal difference is the absence of the 0 = ¢’ terms
in the interacting part in Eq. (4), but 7,4 and V£7’ values
will also be different (due to the absence of the shift ¢; —
Ed — U / 2)

Dataset. We revisit the dataset compiled by Weber et al.
[18,53], where Emery model parameters were evaluated from
density functional theory (DFT) band-structures for 16 dif-
ferent cuprates (stoichiometric, parent compounds). For two
three-layer compounds, parameters were computed separately
for the inner and outer layers, which makes the total number
of data points in the dataset 18. The data includes the four
parameters of the quadratic part of the Hamiltonian written
in real-space (onsite energies and hopping amplitudes), as
well as the ratio of the next-nearest and the nearest neighbor
hoppings #'/t in an effective single-band model that We-
ber et al. derived based on the d-p model parameters. The
density-density interaction was only assumed to exist on the
d-orbitals, and was considered to be the same for all com-
pounds, 8 eV.

Weber et al. only fitted T, to individual model parameters.
The fits were rather poor [see Ref. [51] and Fig. 2(a)]. The T
was found to correlate with & — ¢, (the CTG) in the expected
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FIG. 2. Test of different predictors of 7;. The standard deviation
of each fit is denoted o. The black line is the linear fit, the width of
the gray shading corresponds to 0.

way, but only weakly. In our opinion, one should not expect
that a single Hamiltonian term controls the 7 in its entirety.
One should rather expect a competition (or cooperation) be-
tween different processes encoded in the Hamiltonian. Most
generally, if the Emery model is correct for the cuprates, the
T. should in general be a single-valued function of all the
parameters, T..(€4 — €p, tpa» tpps t;,p). This was not checked in
Weber et al., and based on their analyses, one cannot give a
clear assessment of the relevance of the Emery model for the
cuprates. We provide such a check on Fig. 2(e) (see also Ref.
[51]). We demonstrate that a linear combination of three of
the Emery model parameters, namely €; — €, t,,,, and t];p is a

solid predictor of T, to within +7.4 K in the whole range of
T., except for three apparent outliers (see the explanations in
the next section). The remaining variance of our fit could be
attributed to 7,4, but we find that adding this parameter to the
linear combination does not bring much improvement: 7; is
not a linear function of #,;. The remaining variance could also
be due to parameters not included in the Emery model. How-
ever, T. does fit linearly and with an even smaller standard
deviation to the parameters of our transformed Hamiltonian,
as we show in the following: this presents strong evidence
that the Emery model indeed captures the mechanisms that
dominantly determine the 7.

Strategy and results. For each entry in the Weber et al.
dataset (given in Ref. [51]), we evaluate the dispersions and all
the parameters of the Hamiltonian in Eq. (4). We then compute
from these values about 50 variables that we expect might cor-
relate with 7, (these include the bandwidths of each band D,,
short-distance hoppings fy = ty,d=(1,0)> 1, = la.d=(1,1)> Ly =
Iy.d=(2,0), as well as various short-distance components and
extremal values of Vdoél’?lf )

We first look at the correlation with the 7, of each in-
dividual variable, by doing a linear fit and estimating the
standard deviation, o. We find that the best predictor is #,_,
(in model B formulation), yielding a fit with o = 26.2 K. This
is slightly better than the ¢’ /¢ for the effective single band put
forward by Weber et al., but t'/t is, indeed, a close second
with 0 = 27.5K (see Fig. 2 top row). We readily see that
the data points (1), (6), and (11b) are outliers for both of the
best predictors. In our other attempts at fitting the T, these
three points were consistently presenting a limiting factor in
obtaining a small o. Both points (1) and (6) have a very low
T.—the point (6) has even the lowest T, (it was also found
to be an outlier in Ref. [9]), while the point (1) is extreme in
terms of many of the model parameters, so we exclude both
points from further analysis. The point (11b) represents the
parameters for the inner layer of a three-layer material, and it
may be that the outer layer paramaters, given by the data point
(11a), are more relevant, so we exclude the point (11b), as
well. In total, we are left with 15 data points, for 14 different
compounds. We then redo the fits with respect to individual
parameters, and we see that o for the ¢/t fit has dropped to
about 25 K, while the o for the ¢, _, fit has dropped to 16.7 K.
In our subset of data which excludes the apparent outliers, #,,_,
is by far the best single-parameter predictor of 7. This holds
even in the case of model A.

We now construct all possible linear combinations of
any two and three variables, P(pi, pal, p3]) =cip1 + ¢
p2l+c3psl, and we keep fixed ) cl-2 = 1. For each of the
~1200 pairs (p1, p2) and ~40000 triplets (p1, p2, p3), we
pinpoint the minimum in o ({p;}; {c;}) using the Nelder-Mead
algorithm. We then rank different pairs and triplets accord-
ing to the minimum standard deviation that we can obtain,
miny., o ({p;}; {¢;}). Finally, we count the number of times
each variable appears in the top 100 triplets, to gain insight
into which parameters might be most relevant. Our results are
summarized in Table I (see also Ref. [51]).

We observe a general trend in our results, regardless of
the choice of the formulation of the interaction part [Eq. (2)
or (3)]—good predictors are the linear combinations of a
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TABLE 1. Summary of the best predictors of 7,. In the first column, we restrict to only the original 4 parameters of the model and the ¢’ /¢
for the effective single-band model computed in Weber et al. In the second and third columns, we include the parameters of models A and B,

respectively, and variables computed from those parameters.

category Original parameters and ¢’ /¢ o (K) Model A o (K) Model B o (K)

one-param. best '/t 24.97 t_, 21.70 t_» 16.72
two-param. best Ea — Eps lpp 12.67 t_,, minVghr? 5.42 L VI i 5.74
three-param. best €d = Epslpps b, 7.37 Doy, t]_,t,_, 4.47 o iéj Voo 4.01
tree-param. second best Ea — Eps tpp, 1 /1 974 Do—1,1)_1, Vidh 4.55 1, o> minV %, Vi, o 4.03

hopping amplitude and one or two coupling constants, in
many cases the attractive ones, and in most cases those acting
within or between the bands o = 0 and 2, which are precisely
the bands having an appreciable amount of d character.

The best two-parameter predictor we find is the linear com-
bination of the overall most attractive component of V(ﬁf?l’l’ % and
the hopping amplitude #/_, (obtained in the model A formu-
lation), yielding o = 5.4 K. The most attractive component in
both model A and B formulations is the local density-assisted
hybridization from band « = 0 to band @ = 2, V0% .

The best result that we have obtained in our unbiased
search is given in Fig. 2(f). A linear combination of ‘/(21?12)2,0,0’
t._o and t/_,/ty—o, obtained in model B, yields a fit of T.
with ¢ = 4.01 K. The coupling constant \/(21212)200 is negative
and corresponds to an assisted hopping term in the o =2
band, say naymd;’“du,,iyrﬂlyl) (similar to the terms consid-
ered in Jiang et al.). The parameters ‘/(21?12)2,0,0’ 1, _, appear the
most times in the top 100 three-parameter predictors based
on model B, in total 65 times. It is interesting that #_ /f4=0
correlates closely with V%" o, which is, at the same time,
the most attractive interaction in the @ = 0 band. Indeed, the
linear combination of V(21,212)2,0,0’ t,_oand mian(if,?lo is our close
second best result, with o = 4.03.

Finally, we find that the local density-density interaction
in the @ = 2 band, V0202022, might be very relevant. In model
A, it appears the most times in the top 100 three-parameter
predictors, and in model B it is in this sense ranked sixth. In
all linear combinations in which it appears, V2> enters with
a negative coefficient. Intuitively, a weaker local repulsion
could mean a higher 7,. The best single-parameter predictor,
1! _,, indeed, highly (anti)correlates with Vg (see Table I
and Ref. [51] for details).

Discussion and prospects for future work. Our results
provide strong evidence that the Emery model well cap-
tures the mechanisms that determine the magnitude of 7; in
the cuprates. We identify multiple terms in the Hamiltonian
which appear particularly relevant for the 7., and propose

that these correspond to additional pairing and pair-breaking

mechanisms that are in competition. These processes can be
understood only in terms of the spatially extended, effective
Wannier orbitals in the Emery model, which were not consid-
ered in earlier works.

In addition, we obtain a large set of predictor variables
that can be computed cheaply, and thus used practically in
high-throughput [54-56] searches for novel high-T, candidate
structures. For practical use, the main question is whether the
simple relation between T, and our predictor variables holds
outside the region of the parameter-space that is covered by
the Weber et al. data points. The best strategy is then to look
at crystal structures inside or close to that region, and focus on
points for which multiple predictors agree. We have scanned
the parameter space, and we find a case where each of the four
parameters of the Emery model is inside the range of values
for the existing cuprates, and for which our top 100 predictor
variables (based on model B) predict 7. &~ 195 & 5 K. Going
only slightly away from the range of Emery model parameters
covered by the data points, we find cases which correspond to
T, of even more than 250 K (see Ref. [51] for details).

As was the case with previous similar works, the main
limitation of our approach lies in the ambiguity of the DFT
calculations [57,58] and the downfolding procedures [49,59],
especially when it comes to the choice and computation of
Coulomb tensor elements; our work ultimately highlights the
necessity of a careful and systematic work in that direction.
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I. MODEL HAMILTONIAN, TRANSFORMATION TO WANNIER SPACE, AND SYMMETRIES
A. Non-interacting part

We start from the Hamiltonian written in the basis of d, p;, p,-orbitals (denoted by [ = 0, 1, 2, respectively). For the sake of
convenience, we define a row-vector of creation operators

_ (A F T T
‘I’J(l;',r - (Cl:O,J,r7 cl:l,a,r’ cl:2,o’,r) (])

where r denotes the position of the unit cell (set to the position of the d-orbital within the unit cell) and o is the spin projection.
The non-interacting part of the Hamiltonian reads

H=> W h,¥,, )
o,rr’
where
Eddrr’ tpd(érr’ - 6r+ez,r’) tpd((srr’ - 5r—i—ey,r’)
hrr’ = tpd((srr’ - 5r—e1,r’) Ep(srr/ + t;p(5r+e$,r/ + 51‘—e1,r/) tpp(§rr’ - 6r+ey,r’ - 5r—ew,r/ + 5r—em+ey,r’)
tpd((srr’ - 5rfey,r’> tpp((srr’ - 6rfey,r’ - 6r+e$,r’ + 6r+ew7ey7r’) Ep(srr’ + t;p(6r+ey7r’ + 5r7ey,r’)
3)

and we define the unit vectors e, = (1,0) and e, = (0, 1), in units of the lattice spacing (distance between neigboring Cu
nuclei). We can now apply the Fourer fransform over the unit cells to bring the Hamiltonian into a block-diagonal form. This
can be done in multiple ways, as there is a gauge freedom of choosing a k-dependent phase in front of c} o~k Operators. We take
the following convention: o

*
t Pk Z ikr t Lk Z —iker
c == "¢ Clok=—"F=) ¢ Clor €]
1,0,k / l,o,r’ 0, ST ,0,
N r N r

1 , 1 )
T _ * —ikr t _ ik

Clor = \/N Ek Prx€ ’ I‘cl,o',k’ Cloyr = \/N Ek (phkeT rcl7o',k )
with

1, =0
. - o
O = 1exp (_271@) , =1 (6)
—iexp <7171’> , =2

This choice corresponds to doing the sum over the actual real-space positions of the given d, p, or p, orbitals, which are found
atr,r —e,/2 and r — e, /2, respectively. The Fourier transformation Eq. 5 of each operator a priori leads to the following form

H="Y" Tl e T, 0. (7)
o,kk’



Note that the sums over r,r’ have been absorbed into the matrix hyy, so that it only depends on k, k', corresponding to the
momenta of the creation and annihilation operators to the left and to the right of the matrix. Let’s evaluate each of the matrix
elements of hyy.

€d P0.kP0 k/ der ik
[hi x]i=0r=0 = —N E Sppre KTk T
rr’/
1 > !’
E k—k')r
= &d— ez(
N
r
= €alkk’ (8)
tpd P0,kP] , .
pd POkP1 K Kor —ik' o
i li—or=1 = N E e TeT T by — Optey r')

rr/
N a1 e 1.
— tpd 901}1('(1 —e Lkm)N Eel(k k')r

_ tpd (72‘)(62’1%/2 . 67ik1/2)5kk/

k
= 2tpqsin fékk/ )
@171(@;{’1(/ e, S
[hk,k’]l:Ll’:1 = Epékk’ + t;pT Z CZk re ikir ((Srfez,r’ + (5r+ez’r/)
rr/
_ ' ks ik PLEPL W i(k—k')-
= £pdkk —|—tpp(e’ +e" )T e’ r

= (€p + Qt;p Ccos kzm)ékk/

*
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N y y
rr’

* —ik, ikg ik —iky
= tpp P1.k @2,1((1 —e v —e +e '/)6kk’

= tpp ie_ikl'/Qieikym(l — e_““y)(l — eikw)ékk/

i li=1r=2 = tpp

€T

k,
= —4t,, sin 5 sin ?J(Skk/ (10)

The rest of the terms can be obtained completely analogously. As all of the terms are proportional to dyy’, we can drop the
second index in hyy/, so we get

Hy=Y" Ul W, an
o,k

T t t
with O} = (¢]_g 5 10: Cl=1 5.k Cl=2,0.1)» and We have

eq 2tpgsin’y —2t,qsin 2
hie = | Hec. e, +2t), cosk, —Atp,sin e sin %y . (12)
H.c. H.c. €p + 2, cosky

We can now diagonalize each block of the non-interacting Hamiltonian, to arrive at Eq.1 from the main text:
Hy= " Boxd, , ook (13)
o,a,k

where o denotes the eigenbands, and the connection with previously defined operators is given in terms of the (transposed)
basis-change matrix Ay

dl,a,k = Z[Ak](’(vlcj70',k’ CI,O’,k = Z[Alzlhvadl,mk (14)
l «

Here note that we use the transpose of the basis change matrix P = Ay only for the sake of convenience. The basis change is
in general performed by \I';khk'llg’k — ('Il;kPk)(P;lhkPk)(Pgl'Ilg’k), but it must hold P,.* = (PT); because one must

have do ok = (dl v k)T, and we check that it does.
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Figure 1. An example of the basis-transformation matrix Ax. Note that on this plot we discretize the Brillouin zone with only 3030 points,
so that the edge cases are more easily inspected. To compute the hopping amplitudes we have used 360 x 360 points.

There is a gauge freedom associated with the definition of dL -k - cigenstates are defined only up to an overall phase. We
make sure that all elements of [Ag],; are purely real, by subtracting any phase from the result we obtain in the following way:

[Akla = [Ax]q e 2relAklai=o (15)
where the labelling o = 0, 1,2 is ordered by increasing E, k. In our implementation, special care to ensure smoothness of
[Ak]a, was only needed for k,, = 0 components, where [Ay|q ;—o = 0 and arg[Ay], ;= is undefined. Additionally, the point
k = (0,0) is special because the eigenstates « = 1 and o« = 2 are degenerate there - then any linear combination of these

eigenstates is also an eigenstate. We resolve this by imposing that [Ax],; is smooth passing through k = (0,0) along the
ks = k, direction. This gives us

—1)0.261,1
[Ak—(0,0)]a = ()\/5 (16)

Finally, we can Fourier tranform the operators acting on the eigenbands, and express the entire Hamiltonian in terms of

—1 r 1 kr
dl,g,r \/7 Z ke L o,k da,o,r - ﬁ Z (& k da,a,k (17)
k

with the inverse transformation being

7 r 1 —ik-r
dl,a,k \/> Z e Lmrv daﬁ,k = ﬁ Ze k da,o,r (18)



data point (11a), hopping matrix t; ¢=o
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Figure 2. An example of the the hopping amplitudes for the 3 bands, computed with 360 x 360 points in the Brillouin zone (Model A
formulation).

The non-interacting part now becomes:

A 1 . /
_ t - —ik-(r'—r)
Hy = Y dlpplaorr: D e Eox (19)
a,o,rr! k
= Z ta,dd:rl,g,rda,o,r—i-d
a,o,rd
where
toa = Z "B,k (20)
k

is the hopping matrix corresponding to the band «. The term d = 0 has the physical meaning of the onsite energy of the Wannier
orbital a.

The connection between the original d, p, p, orbitals (|I, o, r) = cf7a7r|0>) and the Wannier orbitals (|ov, o,r) = df, , .|0)) is
the following

a,0,T) = —— e "Tla, o,k 21
ja, 0, 1) ﬁZk: j, 0, k) @1
1 i
= — e T Axlai|l, ok 22
\/Nzk: zz:[ Kl il ) (22)
1 ik Pk ik
= — e T [Ax]a iker! l,o,1") 23
W; ; Klai 7= Z | (23)
1 . /
=) (NZe—“"“—’ >[Ak]a,m,k> 1, 0,r") (24)
'l k
=Y Farrrllor) (25)
r’l

where Fy, ;  is the inverse Fourier transform of the quantity [Ax]a,1¢1 k-
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Figure 3. An example of the the Wannier orbitals corresponding to the 3 bands, given in terms of the d, p., p, orbitals (Model A formulation).
The area of the point is the amplitude of F,, ; _,, the color is the phase (F, ; s is purely real, so the color here denotes the sign).

B. Interacting part

Let’s consider the interacting part (density-density interaction on each orbital [):

N 1
Hie = 5 Y Ui€] 4 Cloxc] g 1Clos (26)
lo,r
_ o —i(ki —kotks—ky)-r
= - E U E <Plklwlkzﬁﬁlkd@lmclgklczakg 1.5 ks lok4N2 E (ki —kz+ks—ka) 27
la k 4
_ U * * i i _ (28)
= 2N l PLk+qPLkPLKk PLK +dC] 5 k+qClLokC 5 k Cl,o .k +q
lo kk'q

We now introduce Fik'q,l = ¢} x4qPLk¥] kPl +q and transform into the eigenbasis of the non-interacting part:

Hing Z Dl rrq@8oxd 5 jedsoxta ZUI Ao AT A A A s Fiacar (29)
o,af3v6 kk’q

The above expression is fully general, but we remind the reader that in our case [A 1} is purely real. Also, in the case that is

relevant to us, U; = §; oU, and the corresponding Fik’q,1=0 = 1.
We can now introduce

Viahe = ZUl A glial AT [AG A AR s Fiacq, (30)

and finally we Fourier transform to real (i.e. Wannier) space

2 5
T = sk 3 SV s asond pesoncr o
o,afv6 kk’q
1 . —ik- ik’ - —i(k’ . )
= 2N3 Z Z da o.r1 dB,U,rzdlL/ﬁ,rgdti&,m Z eilkta) T g—ikrs ik’ s —i(k'+q) r4Vk0¢k/f’(Yl (32)
o,affydr1..rg kk’q
1 ;- -1,/ .
= Z Z da arldﬁ,mrzdi/,&,rgdéﬁxmm Z e_Zk'(T2—l‘1)e_7/k '(1‘4—1‘3)6_1131'(1‘4—1‘1)V'k(f‘(kfa;g(S (33)
o,af3ydr1..rg kk’q

We introduce the coupling constant in real space

afyd _ 1 —ik-d —ik’-d’ —'Lq uy afvyo
Vada = N3 Z ¢ e Vik'q (34)
kk'q



with the identificationd = res —r;, d =rgy — r3, and u = r4 — r; and finally write
N 1 5
Hiny = 9 Z Z Vdadﬁi?l dl,o,rdﬂ,G,r+ddjry,6,r+u—d'd&&-,rJru (35)
o,afvy0 rdd’u

The interactions in Eq. 35 are all possible 4-point interactions between two electrons of opposing spins. We list below the
physical meaning of some couplings:

. VO%%'Y‘S local coupling.

* Voo™~ local density-density coupling in the band o.

* Vida< intraband coupling.

* Vdadofi’y assisted interband hybridization (assisted by an operator in a-band; hybridization is from ~ to 3 band).

. Oofgflﬁ density-density coupling

. Vd‘fgf)ﬂ density-assisted hopping in the a band (assisted by the density in the S band).

* V{q'd (intraband) pair-hopping

* —Vi%&o y-plane spin-spin interaction. This can be wunderstood by commuting the operators

T _ U — - - ¢t —

ZO’ dL7g)rda,U,r+dda’5}r+dda,6,r - Za dlc,o’,rda757rda,5,r+dda70ar+d - _(S;L_,I‘Sa,r+d + Sa,rsa,rer) -
—2(S% . orra T Sg’rSZ7r+d), where S* = %(S+ + 57 )and SY = %(SJr —-57).

C. Symmetries

The first sanity check for the coupling constant comes from the requirement that the Hamiltonian is Hermitan. The coupling
constant must satisfy:
aBys _ y 0B
Vadga = Vod'—d,—u (36)
and we check that it does.

We now restrict to U; = d;,oU. Under this assumption, with the shift e, — €4 — U/2, we can fully equivalently rewrite the
interacting term as

N 1 )
Hu = 5 >, D Vaaw dhordsorradl o o adsoriu (37)
oo’,afvd rdd’u

Because of the shift in ¢4, the coupling constant Vdaflé (as well as t, q) will be different. However, this rewriting of the
Hamiltonian is manifestly spin-rotationally invariant. The rotation of the reference frame for the spin projection is in general

performed by the following transformation

ch =D (2 lo el = agtnoct +bornoc], o = agppoct + 5, 0cs (38)

o’

where o are the Pauli matrices, = z, v, z is the axis of rotation, and 6 is the angle of rotation. We have checked numerically
that a Hamiltonian term of the form

> el ejach o (39)

oo’

is invariant under transformations of the form Eq. 38, regardless of the orbital indices i, 7, k,l. Similar can be shown for the
hopping terms of the form

> el i (40)
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Figure 4. Tllustration of the effect of the e4 — £4 — U/2 shift on the non-interacting Hamiltonian and the effective Wannier orbitals, data
point (11a). Left: Model A, no shift, corresponding to Eq. 35 formulation of the interacting part; Right: Model B, with the shift, corresponding
to Eq. 37 formulation of the interacting part.

Therefore, the Hamiltonian written as Eq.37 (with the corresponding shift ¢4 — &4 — U/2 in the non-interacting part) is
rotationally invariant, term by term. This cannot be said for the writing in terms of Eq.35 and the original €4. The original
Hamiltonian is spin-rotationally invariant (when rotation is applied to c;fo » and ¢; 5 ), but, because of the non-local nature

of the interaction Eq.35, when rotations are applied to dL’U,r and d, s r, this might yield same-spin interaction terms: the
Hamiltonian written as Eq.35 is not spin-rotationally invariant. We refer to the non-spin-symmetric Hamiltonian as the Model
A, and to the spin-symmetric Hamiltonian as the Model B.

We finally look at the spatial symmetries of the coupling constant. We check how the coupling constant V;dﬂ,l‘; changes when
square-lattice symmetry operations are applied to the arguments dd’u. There are 8 symmetry operations for the square lattice,
that we denote R,,(r). The symmetry operations are x — —x, y — —y, & <> y and any combination of these. We find that

Vi = FVilla) ru@), i) @D
The minus sign only appears in off-diagonal interactions involving the band oz = 1, more precisely the assisted hybridizations
into or from the band o = 1. It turns out that the coupling constants Vdadﬁ/?f with (8a,1 + 98,1 + 64,1 + 05,1) mod 2 = 1 exhibit
d-wave symmetry, i.e. they change sign upon 7 /2 rotation (around the z-axis) of the spatial indicies d,d’, u. The change of
sign upon rotation or swapping axes can be formulated as
Vdaffld _ (—1)6a'1+6ﬂ’1+6“+65’1V(Oﬁzfidx),(id;,id;),(iuyiuz)' (42)
The absence of full square-lattice symmetry in our coupling constant is not surprising. The original model also does not have
full lattice symmetry. This is already clear from the Hamiltonian Eq.3. This has an effect on correlators of the form py/ v =
(clTU €l o). Indeed, the single-particle density matrix has full square-lattice symmetry only for I = I’. With[ = 1,1’ = 2,
pu; r has d-wave symmetry. This is reflected in the coupling constants in our rewriting of the Emery model. However, the
non-interacting part (i.e. t,,q) in our rewriting has full square-lattice symmetry, and so do all the intraband interactions V{{/a*.
It is only a particular subset of the coupling constants that exhibits d-wave symmetry.
Finally, we observe numerically that

acaa __ o . Yoo
Vd,—d,O - VO,O,d — Vd,dd - (43)

Some examples of spatial dependence of the interaction are given in Figures 5 and 6.

II. RESULTS

We start from the Table 1 published in the Supplemental Material of Ref. | (i.e. Ref. 2) where Emery model parameters are
summarized for 16 different compounds. For two 3-layer compounds, the parameters are given separately for the inner and outer
layer. We list the parameters in Table I.

For the diagonalization of the non-interacting part and our rewriting of the Hamiltonian, only the difference ¢4 — €, matters,
not the two parameters independently. However, the values of €; must be additionally shifted to avoid double counting of
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Figure 5. Illustration of the symmetry of Vdo‘dﬁ,l’f, in Model A formulation. Most of the components have full square lattice-symmetry. The

components representing assisted hybridization into and out of the band o = 1 have d-wave symmetry. All interactions are computed on a
12 x 12 lattice. Some interactions have a longer range than is the size of the lattice, and in our analyses, we only focus on the short-distance
components. Throughout the work, Vdad’Bfl*l‘s is expressed in the units of U.

Table 1. The Table with Emery model parameters for different compounds that is the basis for this work (taken from Ref.2).

correlation effects. We follow the prescription from Ref. |, where a fixed double-counting shift Fq. = 3.12 eV was subtracted

index Compound €d — €p [eV]|tpa [eV]|tpp [eV] t;p [eV]|T. [K]
@) LasCuOy4 2.61 1.39 0.64 0.103 38
2) PbaSr2YCusOs 2.32 1.3 0.673 0.16 70
3) CazCuO2Cl2 2.21 1.27 0.623 | 0.132 26
4) La>CaCu20g 2.2 1.31 0.644 | 0.152 45
) SraNd2NbCu2010 2.1 1.25 0.612 | 0.144 28
6) Bi2Sr2CuOs 2.06 1.36 0.677 | 0.153 24
@) YBazCusOr 2.05 1.28 0.673 0.15 93
®) HgBa>CaCu20¢ 1.93 1.28 0.663 | 0.187 127
9 HgBa>CuOy4 1.93 1.25 0.649 | 0.161 90
10) SraCuO2Cly 1.87 1.15 0.59 0.14 30
(11a) | HgBasCasCusOsg(outer) 1.87 1.29 0.674 | 0.184 135
(11b) | HgBazCazCusOg(inner) 1.94 1.29 0.656 | 0.167 135
(12) Tl3BazCuOg 1.79 1.27 0.63 0.15 90
(13) LaBazCu3Or 1.77 1.13 0.62 0.188 79
(14) Bi2Sr2CaCuzOg 1.64 1.34 0.647 | 0.133 95
(15) Tl2BazCaCuzOg 1.27 1.29 0.638 0.14 110
(16a) | BioSraCasCusO1¢(outer) 1.24 1.32 0.617 | 0.159 108
(16b) | Bi2Sr2CazCuzO1p(inner) 2.24 1.32 0.678 | 0.198 108

from €4, independently of compound (and, in their calculations, independently of doping).

Based on the model parameters from the Table I, we compute the following, for each of the compounds:

* the total bandwidth D = maxy o Fo x — ming o Fo k

* the bandwiths of each band D, = maxy E, i — miny E, i

* the overlap/gap between the bottom two bands O = maxy E,—g x — ming Fo—1 k
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Figure 6. Illustration of the spatial dependence of relevant interaction components (Model A formulation).

* the gap between o = 0 and o = 1 bands at k-points (0, 0) and (7, 7)

* the gap between @« = 1 and o = 2 bands at k = (0, 7)

» the short-distance hoppings to = tq.a—(1,0)» t = ta,d=(1,1)» ta = ta,d=(2,0)

o the ratios ¢, /t, and t7) /t,

- _ 1 2
* the total amount of d-character in the o = 2 band, + > |[Ak]a=2,1—0]

+ the total amount of p-character in the v = 0 band, + >°;_; o > |[[Ak]a=o0,/?

* the maximum and the minimum value in V

afyd
d’u

* the minimum intraband coupling constant for each band, mingq:u Vig o™

the local density-density interaction in each band Vg™

the nearest (d = (1, 0)) and the next-nearest neighbor (d = (1, 1)) assisted hopping V{55 and the spin-spin interaction
Vd"fi“a‘% in each of the bands

Throughout the paper, we give Viﬁl‘s in units of U (the estimate is U = 8 eV for all compounds), while the rest of the parameters

are given in units of eV.

After computing the above parameters, we do a linear fit of 7. to each of the parameters individually, and compute the std.
deviation. The results are summarized in Table II. We compare the results for the non-spin-symmetric (Model A, corresponding
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to Eq. 35; see Table I1.A) and spin-symmetric Hamiltonians (Model B, corresponding to Eq. 37 and a shift e — £4 — U/2; see
Table I1.B). We also show the difference in results depending on whether points (1),(6) and (11b) are excluded or not (Table II.A.1
vs. Table II.A.2, and Table I1.B.1 vs. Table I1.B.2).

Table II. Top list of best single-parameter predictors of 7.

Table II.A. Model A (non spin-rotationally symmetric Hamiltonian).

Table I.A.1. All data points included. Table II.A.2. Points (1),(6) and (11b) excluded.
rank parameter std. dev. o rank| parameter |std. dev. o
1 t'/t 27.4927 1 t o2 21.7034
2 t a=2 27.5412 2 t =2 23.3602
3 ta=1 29.5241 3 ta=1 23.6241
4 VAo (=100 29.6248 4 " a=1 24.0605
5 t" a=1 29.9415 5 D=1 24.8676
6 Do=1 30.2950 6 t'/t 249718

’ 0000
D, (R e e
(1,0),0,0 . pp .
9 t =2 /ta=2 31.4597 9 | Vi%Woo | 275327
10 Efjj(loﬁo) — Eﬁf(ooyo) 31.7394 10 thp 28.1611
Table II.B. Model B (spin-rotationally symmetric Hamiltonian).

Table I1.B.1. All data points included. Table I1.B.2. Points (1),(6) and (11b) excluded.
rank parameter std. dev. o rank | parameter |std. dev. o
1 t a2 26.1661 1 t a=2 16.7233
2 t'/t 27.4927 2 Do=1 24.8676
3 Do—1 30.2950 3 ta=1 24.8911
4 ta=1 30.4133 4 t'/t 249718
5 thp 30.5228 5 D 26.6340
6 |ExZlo.0) — EZ(b.0)| 31.7394 6 | t"a=2 | 26.7989
7 t" a=2/ta=2 32.8284 7 ta=1 | 26.9456
8 " a=1 33.0235 8 tpp 27.0259
9 t" a0 33.0360 9 op 28.1611
10 €4 — €p 33.1773 10 | t'a=1 28.2256

Next, we look at all possible linear combinations of two parameters, P(p1,p2) = ¢1p1 + cap2, with ¢? + ¢3 = 1. For each
pair (p1, p2) we minimize the std. deviation o w.r.t. ¢; and cg, and sort the pairs according to the minimal o. The results are
given in Table III.

Finally, we look at all possible linear combinations of three parameters, P(py, pa, p3) = c1p1+capa+caps, with ¢3+c3+c3 =
1, and repeat the optimization procedure. The top lists of best 3-parameter predictors, based on the models A and B, are given
in Table IV. We note that there are about 30 3-parameter predictors based on model B parameters that are better than the best
3-parameter predictor based on model A parameters. Finally, we identify the parameters which appear the most in the linear
combinations which constitute the top 100 predictors. The results for model A and B, separately, are given in the Table V.

The results are illustrated in Fig. 7. We note that the two best 3-parameter predictors (in both Model A and Model B) differ
by only one parameter, and yield a very similar o. The parameters that differ, therefore, must correlate well, which we check in
the bottom row.

We now restrict to the original parameters of the Emery model, i.e. €4 — €p, tpd, tpp and ¢7,,, and the '/t discussed in Weber
et al.. We show corresponding fits in Fig. 8. The two best 2-parameter predictors and the best 3-parameter predictor are given
in the bottom row. In the panel g, we show how the std. deviation depends on the choice of coefficients c;_ 3, for the linear
combination of 4 — &y, tp, and t;p, which yields the best fit of T;.. The collapse of the data points that we can obtain this way
is noticeably worse than what we can do with the parameters of the models A or B.

In the end, we want to estimate the probability that the scaling with T, we get for some parameters and their linear combina-
tions is due to pure chance. We repeat the entire procedure with all parameters and variables (except 7.) replaced by random
numbers between 0 and 1. We also exclude the points (1),(6) and (11b). We get the following results:

* best single-parameter predictor: o ~ 27K
* best two-parameter linear-combination: o ~ 19K = 27/ V2

* best three-parameter linear-combination: ¢ ~ 15K = 27/ V3
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Table III. Best linear combinations of two parameters.

Table III.A. Model A.

rank P1 P2 c1 Co std. dev. o
1 [ minVyi7o = Vgoos a1 -0.422894 0.906179 | 5.4231
2 mlnvd“§75 = V5% tom1 -0.894717 0.446634 | 5.7230
3 Da—1 manda§76 = V5'0°0| 0.060565 [-0.998164| 5.7304
4 ViEe s -0.178606|-0.983921| 6.1861
5 top fogﬁoo 0.012569 |-0.999921| 6.2400
6 Vi ' a=0 -0.668412( 0.743791 | 6.5120
7 %Zk\[Ak]Q_Q,ZZOF ' oo -0.101612|-0.994824| 6.8141
8 }Vzk\[Ak]a=2,l=0|2 t' =0 -0.452919| 0.891552 | 7.2931
9 man§§7u =V50.0 t' a1 -0.774502 |-0.632572| 7.4161
10 t ot Jtam1 t =2 0.346422 [-0.938079| 7.4191
Table II1.B. Model B.
rank P1 P2 c1 Co std. dev. o
1 {;0?5’ 110 t et -0.999998[-0.001861| 5.7407
2 r ﬂg Eg=le A 0.006267 | 0.999980 | 6.2854
3 (1 0.0 - -0.997331(-0.073015| 6.4198
4 v(1 D110 - -0.999992(-0.004007 | 6.4207
5 Visy o110 t =1 -0.999994| 0.003484 | 6.8968
6 i 1)700 t e -0.987743|-0.156088 | 6.8977
7 V% o0 t”a:1 -0.990743| 0.135753 | 7.3100
8 €d — €p maxFEL=% — min B2~ |-0.799401 | 0.600798 | 7.5377
9 €4 — Ep t a2 -0.007130{ 0.999975 | 8.0288
10 €4 — Ep to=1 -0.054257(0.998527 | 8.1007
Table IV. Top lists of 3-parameter predictors.
Table IV.A. Model A.
rank P1 D2 P3 c1 Ca c3 std. dev. o
I Doz a1 t'a—2 |-0.027127[0.997861 | 0.059480 | 4.4696
2 Do Vise t"a=1  [-0.024756|-0.034964 | 0.999082 | 4.5503
3 Docs t' =0 ta=z  |-0.103772|0.355220 |-0.929005| 4.5828
4 Do t =2 " a—2 /ta=2|-0.014299|-0.942122|-0.334964 | 4.6311
5 D=1 t' =0 t" =1 |-0.024244[-0.043401| 0.998764 | 4.6446
6 Vooo ta=1 " a=1/ta=1|-0.070622| 0.051866 | 0.996154 | 4.6573
7 Vooo t a1 t” a=1/ta=1-0.076054| 0.243175 | 0.966996 | 4.6784
8 |ming a’ u Vd%fF =V 00| t"a=0/ta=o t'a=z  [-0.9960190.031442 | 0.083417 | 4.7134
9 Vek ming a/uViaru| ta=1 [-0.021006]0.999127 |-0.036103| 4.7267
10 v&%%?, t =1 t' a=2/ta=2 |-0.335834| 0.930401 | 0.146868 | 4.7306
Table IV.B. Model B.
rank P1 D2 p3 c1 c2 c3 std. dev. o
1 VitGoo t'a=o t" a=0/ta=0]0.999856 | 0.016821 | 0.002042 | 4.0065
2 | ming,a, Vdd/,u V(foioo t'a—o |0.115210 | 0.993193 | 0.017135 | 4.0265
3 \/(1115)100 v(1 0.0 t'a=0 | 0.999946 | 0.010371 | 0.000194 | 4.0770
4 V11 0.0 vV W (-1-1.0 t'a=o | 0.313155 [-0.949673 | 0.007395 | 4.0836
5 V(Ql T t' =0 "’ a=2 /ta=2[-0.999999 | 0.001642 |-0.000130| 4.0942
6 |ExZtom — Eelion v(’ffi%_ly_l)’o t'a=0  |0.000010 [-0.999999 | 0.001553 | 4.1090
7 tpa Vooo v(0000 0.004709 |-0.368569 | 0.929589 | 4.1152
8 Da—s Vi (1 10| ta=o |0.000009 |-0.999999|0.001444 | 4.1644
9 VOQ%Z(% ta=o t' 0=0/ta=0 |-0.994567 | 0.093453 | 0.045869 | 4.1822
10| VEF 1 1o t' a0 tazz  |-0.999999|0.001434 [-0.000071| 4.2076

Comparing to our best results (0 = 16K, o0 = 5.4K and 0 = 4.0K in the three categories, respectively), we conclude that our
results are highly unlikely to be obtained by pure chance, and that the quality of scaling we obtain must be indicative of actual
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Figure 7. Top row: best 2-parameter predictors. Middle two rows: best and second best 3-parameter predictors. In both cases, only one
parameter is different between the best and the second best. We check in the bottom row that these parameters correlate well. The best
single parameter predictor ¢/,_, correlates closely with Va2, which, on the other hand, appears most times in the top 100 best 3-parameter
predictors based on Model A. Note that AT throughout the paper given in units of U, while the rest of the parameters are given in units

dd’u
of eV.
correlations between T, and variables that we study.

III. SCAN OF THE PARAMETER SPACE - IDENTIFYING HIGH-T.. CANDIDATES

In this section we scan the parameter-space of the Emery model. For each parameter we cover the range of values spanned by
the data points (1)-(16b), expanded by 33% in both directions. We discretize each parameter by 6 equidistant points, which gives
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Table V. Top list of parameters, ranked by the number of times they appear in the top 100 3-parameter predictors (Nappear.)-

Table V.A. Model A. Table V.B. Model B.
rank parameter Nappear. rank| parameter | Nappear.
7
1 Vo oo 40 1 tazo 37
!
2 t/,a:o 30 2 \/(1’1)’070 28
3 =1 23 3 VA 1 -10| 26
4 t a=1 21 4 |y/0000 25
5 o . 17 (1,1),(~1,-1),0
a=1/ta=1 5 t" 1 19
6 ta=1 15 6 2222 18
. aBys 0020 7
7 |minViy/'\ =Vo00| 15 7 Da—o 15
8 Da=1 15 8 tpa 14
9 | minga uViary 12 9 t a2 11
10 t" a—o 11 10 ta=0 11
140 0=30.82 140 o=31.57 140 0=27.03 .
0 ¢ o)
2 |a x g2 |b) X 29 x 2|2 +  (2) PbySK,YCus0g
Q Q o o
81051 ¢ | Sios | oo |§ S +  (3) CayCu0,Cl,
= o X = o X = = + (4) LayCaCu,0¢
g (=] § o § E X (5) SraNd>NbCu,019
570+ + 5704 + = =] X (7) YBayCu30;
% % . % g P X (8) HgBa,CaCu,0s
o351 o x. |g3®1 o %4 o 2351, ox 0 (9) HgBa,CuO,
= = = = 0 (10) Sr,Cu0,Cl,
= 0 . . = 0 . . = 0 . . . . = 0 . . . . O (11la) HgBa,Ca,CuzOg(outer)
15 2.0 1.2 1.3 0.600 0.625 0.650 0.675 0.14 016 018 0.20 O (12) ThBa,CuOs
Ed—&p tod top t'op O (13) LaBayCu30Oy
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Ped — €pr top) Pltyp, t'/) ¢ P(ed — €pr top, tpp)

Figure 8. a)-d) The fit of 7. to original parameters of the model. e)-f) the two best 2-parameter predictors based on the original parameters
and t' /t from Weber et al.. g)-h) The best 3-parameter fit based on the original parameters and t' /¢. g) shows how the quality of the fit depends
on the coefficients of the linear combination.

us in total 6* = 1296 points to work with. Then, for each point we evaluate the 7 -prediction, given by the top 100 3-parameter
predictors based on parameters of model B (the 100th best has ¢ = 5.02 K). We then compute the average 7.-prediction,
(T.) = > p Te(P)/Np, and the std. deviation, o = /> p(T.(P) — (I))?/Np, where different predictors are denoted P, and
Np = 100.

On Fig. 9 we plot (T.) vs. o. We see that, in general, different predictors are correlated in a large portion of the parameter
space that we study. There is plenty of cases where different predictors agree to within £10 K. We also see that there are points
inside the 4D box spanned by the Weber et al. dataset, where T is predicted to be very large. In particular, if we take the
minimal £4 — ¢, and the maximal ¢4, ¢, and t,,, from the Weber et al. dataset, the T is predicted to be 194.944.5 K. This is
in sharp contrast with the analysis presented in Weber et al., where one could only conclude that 7. for this choice of parameters
would be around 105£30 K. In the Table VI we list 10 high-7 . candidates, where 7, > 150 K, and all parameters are inside the
range spanned by the data points in the Weber et al. dataset.
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Figure 9. The scan of the parameter space spanned by the data points, enlarged by 33% in both directions, for each parameter. On the plot
we show the average T as predicted by the top 100 3-parameter predictors based on Model B, vs. the corresponding standard deviation. The
gray rectangle denotes the window of opportunity: where different predictors agree well and the predicted 7% is high.

Table VI. List of high-T¢. candidates in the parameter space spanned by the data points in the Weber et al. dataset. The T estimate (T¢) is
obtained by averaging predictions of the top 100 3-parameter predictors based on the parameters of the (spin-symmetric) model B, and o is
the corresponding std. deviation. Note that the convention for 4 — €, is the same as in the original table in Weber et al., i.e. we do not include
here the Eyq. shift of €4 that is, nevertheless, used in our calculation.
ed — €p [eV]|tpa [eV]|tpp [eV]]| 1y, [eV]]|[(T) K| o [K]

1.240 1.390 | 0.678 | 0.135 154.1 3.1

1.240 1.390 | 0.678 | 0.166 174.7 3.1

1.240 1.390 | 0.678 | 0.198 194.9 4.5

1.697 1.217 | 0.678 | 0.198 151.1 4.5

1.240 1.303 | 0.649 | 0.198 158.2 5.0

1.697 1.390 | 0.678 | 0.198 162.8 49

1.240 1.303 | 0.678 | 0.166 165.0 7.7

1.240 1.303 | 0.678 | 0.198 182.9 7.2

1.697 1.303 | 0.678 | 0.198 160.2 2.1

1.240 1.390 | 0.649 | 0.198 169.2 55

IV. RELATIONSHIP TO SUPERCONDUCTIVITY IN THE ORIGINAL MODEL

Let us assume a d-wave superconductivity living on the copper d-orbitals, and let’s assume that the instantaneous anomalous
correlator has the following form

(€] 1wl x0) = D001 0(Ge—xr0, + Grrr o, — Or1r.0, — Do, -a,) (44)

In terms of our Wannier orbitals, the anomalous propagator is then given by

(Ao y o) = D FatwrFopwlcl el | o) (45)
ll‘”,lll‘/”
= Z Foé,l,r—r”Fﬁ,l/,r’—r”—d<C;,T,r”czr’7¢7r“+d> (46)
Ir” l'de{*e,,te,}
= Y FagrwFpomomea(=1)Me e A (47)

r’ . de{te,,*e,}

We compute <dL,T,rd27,L7O> (Figure 10) and see that the dominant values are for o, 4 = 0,2, r = (0, 1), and they have d-
wave symmetry. There is also a weak s-wave component in the pairing between o = 1 and o = 0,2 bands. Overall, the
superconductivity of d-orbitals is not very different from the superconductivity in the o = 0 and o = 2 orbitals. This provides
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some understanding of why it is mostly the interactions acting inside or between the bands av = 0 and o = 2 that correlate with
T..

a=0B=0 a=1B=0 a=2B=0
o
° @@
 J
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Figure 10. The correlator <dl,¢,rdg, ¢,0> under the assumption of the standard, nearest-neighbor d-wave pairing on the d-orbitals, given by

Eq. 44, with A = 1. The example is data point (4). Area of points is the amplitude, color is the phase.
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Recent experimental results suggest that a particular hydrodynamic theory describes charge fluctuations at
long wavelengths in the square-lattice Hubbard model. Due to the continuity equation, the correlation functions
for the charge and the current are directly connected: the parameters of the effective hydrodynamic model thus
determine the optical conductivity. Here we investigate the validity of the proposed hydrodynamic theory in the
full range of parameters of the Hubbard model. In the noninteracting case, there is no effective hydrodynamics,
and the charge fluctuations present a rich variety of nonuniversal behaviors. At weak coupling, the optical
conductivity is consistent with the hydrodynamic theory: at low frequency one observes a Lorentzian-shaped
Drude peak, but the high-frequency asymptotics is necessarily different; the high-temperature limit for the
product of the two hydrodynamic model parameters is also in agreement with numerical data. At strong coupling,
we find that a generalization of the proposed hydrodynamic law is consistent with our quantum Monte Carlo,
as well as the finite-temperature Lanczos results from literature. Most importantly, the temperature dependence
of the hydrodynamic parameters as well as the dc resistivity are found to be very similar in the weak- and the

strong-coupling regimes.

DOI: 10.1103/PhysRevB.107.155140

I. INTRODUCTION

Strange metallic behavior is one of the central subjects for
the theory of strong electronic correlations [1]. It appears to be
a universal phenomenon, observed in many different systems,
often in close proximity to a superconducting phase [2-5], or
quantum critical points [6—8]. In this regime, the dc resistivity
is linear in temperature, in a very broad range of tempera-
ture. The origin of this behavior is unclear, but numerical
investigations converge to the conclusion that the Hubbard
model captures the underlying mechanisms [9—15]. Very re-
cently, a variational solution of the semiclassical Boltzmann
equation revealed a T '-linear dc resistivity regime at high tem-
perature, extending towards zero temperature as half-filling is
approached [16]. This finding of Kiely and Mueller bares an
important implication that strange metallicity is not necessar-
ily a strong correlation phenomenon, even in cases when it
extends to very low temperature (see also Ref. [17] highlight-
ing the role of van Hove singularities at the Fermi level).

In the high-temperature limit, a simple and quite universal
understanding of the linear resistivity was proposed in terms
of the effective hydrodynamics that is expected to arise at long
wavelengths in interacting systems. Diffusive transport should
under very general circumstances lead to o4 = x.D, where
oy4c 18 the dc conductivity, . is the charge compressibility,
and D is the diffusion constant. In Refs. [11,12], it was argued
that, at high temperature, D approaches a constant, while
quite generally x. ~ 1/7, which thus leads to pgc ~ 7. In a
subsequent optical lattice simulation of the Hubbard model by
Brown et al. [18], the assumption of hydrodynamic behavior
was exploited to extract values for the dc resistivity and the
width of the Drude peak. In almost quantitative agreement

2469-9950/2023/107(15)/155140(24)
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with the best available numerical method (finite-temperature
Lanczos, FTLM [19,20]), the experiment found linear resistiv-
ity in a broad range of temperature. However, the width of the
Drude peak I' was greatly overestimated in the experiment,
which brings into question the quality of the p4. estimates
and the underlying assumptions. The interpretation of exper-
imental results relied on a specific hydrodynamic ansatz for
the charge-charge correlation function, proposed to be valid
in the long-wavelength limit. On the other hand, the fits to the
direct measurement data were performed at relatively short
wavelengths: Any discrepancy between the ansatz and the
actual behavior at these wavelengths (and correspondingly
higher frequencies) could have led to the apparent bias in the
estimates of I, but perhaps even in the estimates of pgc.

In this paper we investigate the validity of the hydro-
dynamic theory proposed in Ref. [18]. We first discuss
its analytical properties and find that the high-frequency
asymptotics is manifestly nonphysical. We propose a mod-
ified hydrodynamic law, which corrects the high-frequency
behavior, and ultimately allows for a comparison with
Matsubara-axis data we obtain from quantum Monte Carlo.
We derive the equation of motion for the current, which must
present a microscopic basis for the hydrodynamic theory. We
are unable to rigorously connect the hydrodynamic param-
eters to Hubbard model parameters, but we find evidence
that DI" & 2¢* (here t is the hopping amplitude), which is
consistent with numerical results at both weak and strong cou-
pling. Moreover, at weak coupling, DI" = 2¢> can be derived
rigorously as the high-temperature limit of the hydrodynamic
theory, only based on the knowledge of the exact asymptotics
of the charge-charge correlation function.

©2023 American Physical Society
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We perform numerical calculations for the square-lattice
Hubbard model and cover a wide range of parameters. We
start with the noninteracting limit where the hydrodynamic
theory is not expected to hold and find multiple interesting
examples of charge-fluctuation spectra. At weak coupling we
use second-order perturbation theory for the self-energy, and
compute optical conductivity and the charge-charge correla-
tion function from the bubble approximation. We confirm the
recent findings of Kiely and Mueller [16] that the dc resistivity
is linear at half-filling and, more generally, at high temper-
ature. At stronger couplings, we use the numerically exact
continuous-time quantum Monte Carlo (CTINT [21,22]) on
a finite 10 x 10 lattice, and control for the lattice size. We
show that a modified hydrodynamic law is consistent with
the Matsubara-axis results for the charge-charge and current-
current correlation functions, as well as with the FTLM result
for optical conductivity. The hydrodynamic model parameters
extracted from FTLM at strong coupling display strikingly
similar behavior to what we find from the bubble approxima-
tion at weak coupling.

The paper is organized as follows. In Sec. II we introduce
the two-dimensional (2D) Hubbard model and the hydro-
dynamic theory proposed to govern its charge and current
fluctuations at long wavelengths. In Sec. III we show our
numerical results, separated in three subsections based on the
coupling strength. In Sec. IV we discuss our findings in the
context of existing literature and give concluding remarks in
Sec. V. In Appendixes A—-E we give detailed derivations of
equations used in this paper, and outline the fast algorithm
we used for computing the second-order self-energy. In Ap-
pendix F we show and discuss static charge susceptibility data
in the noninteracting limit.

II. MODELS

A. Square-lattice Hubbard model
We solve the Hubbard model given by the Hamiltonian

H=—t Z C;ic(f’j +U ZVMJY%J — MZ}’!U’Z‘, (1)
o.(i,J) i o,i

where o € {1, |}, i, j enumerate lattice sites, ¢ is the hopping
amplitude between the nearest-neighbor sites (i, j), U is the
onsite coupling constant, and p is the chemical potential. We
absorb the chemical potential in the bare dispersion, which is
thus given by

k = —2t(cosk, + cosky) — p. 2)

We will switch between the site notation and real-space no-
tation whenever convenient (A; = A,, with r = r;, which is
the real-space position of the site i). The density operator
is denoted n,,; = ¢ ;¢, ;. Throughout the paper we use the
half-bandwidth 4¢ as the unit of energy. We only consider
paramagnetic solutions. In equilibrium we assume full lattice
symmetry.

B. Hydrodynamic model

In Ref. [18] it was proposed that a hydrodynamic model
describes the fluctuations of current and charge at long wave-

lengths in the Hubbard model. The hydrodynamic model reads
as

on=-V.j, 3)

oj=—-T'(DVn+j), )

where n and j are scalar and vector fields, respectively, depen-
dent on time and space. The parameters of the model are the
momentum-relaxation rate I and the diffusion constant D.

The first equation [Eq. (3)] is the continuity equation, and it
is certainly valid in the Hubbard model for the time-dependent
operators in the Heisenberg picture. However, on the square
lattice, the spatial derivatives must be discretized, and the
actual continuity equation reads as

- > U= )

nefx,y}

ony =

which simply means that any increase in the particle density
at a site r must be due to a disbalance between the currents
entering and exiting the given site. The current operator is

given by
P=it ) (Clie,0Cro
o

where e, denotes the lattice vector in the direction 1. A deriva-
tion of Eq. (5) is presented in Appendix A, but can be found
elsewhere [23]. Since the operators are connected instanta-
neously, the charge and current fluctuate synchronously. The
corresponding charge-charge and current-current correlation
functions must be connected directly, as well. Following the
derivation presented in Appendix B, one obtains in the entire
complex plane

— €] s Crte,o)s ©6)

Zr@= ) Z Dy (1icq) — (m))
nefx,y}
+ Z (1 e—iqn’ + el'(qn_qn’))A:;-n/(Z)’
1,1 €{x,y}
(7N
where CD” = —2t[cos(k, + g,) — coskyl,and ng = Y c;k
Co k- We deﬁne in imaginary time and site space
Xij(T) = (mi(t)n;(0)) — (n)? (®)
and
Al (2) = (I ()7 (0) ©)

the charge-charge and current-current correlation functions,
respectively, calculated in thermodynamic equilibrium. The
standard Fourier transform to Matsubara frequencies gives
x(z) and A(z) at a discrete set of points along the imagi-
nary axis; a spatial Fourier transform gives the corresponding
quantities in reciprocal space. We are ultimately interested in
retarded quantities which correspond to taking z = v + 0"
and we denote them as xq(v) and Ag",(v). Here, v is real
frequency and q is momentum. We have checked numerically
that Eq. (7) holds in the noninteracting limit, for any q and
in any parameter regime of the model (data not shown). In
general, the transversal components A7 #" play a role in
Eq. (7). However, the expression greatly simplifies for the
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imaginary part on the real axis at small q in the x direction,

2
. q
;li% Imxgq=,0(v) = ;ImAﬁx:(q_o)(V)» (10)

which is the same expression one obtains in the continuum
limit, directly from Eq. (3).

The second equation [Eq. (4)] is the so-called constitutive
equation [24] of a hydrodynamic theory, needed to close the
system of equations, as the continuity equation itself does not
fully fix n and j. In the stationary regime, Eq. (4) reduces to
Fick’s law of diffusion j = —DVn. Equation (4) is not nec-

J

0l = 1> {2Morte, = 2Mox+ Y
o

essarily satisfied in the Hubbard model, and is an underlying
assumption of the work presented in Ref. [18]. It is precisely
the aim of this work to investigate whether the hydrodynamics
encoded in Eq. (4) truly emerges in the Hubbard model at the
longest wavelengths and. if yes, under which conditions.

1. Microscopic constitutive equation for the hydrodynamics
in the Hubbard model

We start by deriving a microscopic expression for the time
derivative of the current operator. The derivation presented in
Appendix C yields

T t
(Cg,r+uC(T,I‘+e” — C5.rCorte,—u +H.c.)

ue{—e,.e;,—e;}

—tU Z(nz‘r,rJre,, - n&,r)(C;rca.rJre,, + C;rJre,]C(r,r)v (1D

[

where we used & =1 if o =], and vice versa; similarly
n =y if n =x, etc. We immediately recognize the lattice
version of the local gradient of charge in the direction of
the current Mg rve, — Nor- If we are interested in the time-
dependent averages, we can split the terms in the second row
in the disconnected and connected parts (nc'c) = (n)(c'c) +
(ncTe)eom. Assuming that we are close to and approaching
equilibrium, one can further split the averages in the equilib-
rium value and the time-dependent part. Taking into account
the lattice symmetries satisfied in equilibrium, the constant
appearing in front of the gradient of charge has the terms
212 +2tU (cj,.r +e,Co.r)eq, and will therefore decay towards 212
as T — oo or U — 0. Identifying this with the term DI'Vn
in the hydrodynamic theory [Eq. (4)], one could expect that at
high temperature D" ~ 2¢2. In Sec. 111 B, we analyze numer-
ical data and indeed find such behavior. However, in Eq. (11)
there are also time-dependent factors that multiply the gradi-
ent of charge, and other terms which correspond to neither Vn
or j. It is unclear under which conditions the remaining terms
conspire to give rise to the effective Eq. (4), even if only in the
long-wavelength, low-frequency, and linear-response limit. In
Appendix C, we present Eq. (11) also in momentum space, but
find no clear simplifications in the q — O limit (the Fourier
transform to the frequency domain would be analogous).

2. Experimental quench setup and CDW amplitude evolution:
The ballistic and diffusive regimes

One can combine Egs. (3) and (4) to obtain a differential
equation governing the time evolution of the amplitude of a
charge density wave nq (on the lattice, this field corresponds

to the operator ng = ) C;k+qu +H.c.):
3 nq + Tding + 'Dg*ng = 0. (12)

Consider a setup where a charge density wave was first ther-
malized by applying an external density-modulating field V
[H—>H+V fdr sinxn(r)] for a long time, and was then
let to evolve after abruptly switching off V. This time evolu-

(

tion is the solution of Eq. (12) with the boundary condition
ong(t =0) =0, ng(t = 0) = np. If ng is small, this behavior
should also be described by the linear-response theory

nq(t):/ Xq(t —1)0(—t")dt’

= / Xq(t)dt', (13)

assuming the knowledge of the charge-charge correlation
function in real time, obtained as the Fourier transform
from the retarded xq(v) as xq(t) = [ dve " xq(v). One can
show [18] that the solution of Eq. (12) is equal to Eq. (13) with
the retarded charge-charge correlation function of the form

Xc

L
¢*D ¢*DT

Xq(v) = , (14)

where x. is the charge compressibility, which connects ng
with the strength of the density modulating field at r < O,
but does not affect the dynamics of Eq. (12). This correlation
function has the important property x,_.o(v # 0) = 0. This
indicates the conservation of the total number of particles,
which is a prerequisite for the continuity equation. This is easy
to understand as nq—o equals the total number of particles Ny,
and therefore Im x,_.o(v) describes the fluctuations of N.
At any given q, one can rewrite the frequency-dependent
part of Eq. (14) in a more revealing way. In the upper
half-plane, the dynamic charge susceptibility (14) can be rep-
resented as a sum of two poles in the lower half-plane:

1 1
PPty —
xP@ETH)=A — (15)
-z t-2
. 1 i —i
with AZ.—Xc/”, r=+/4b — a2, a= 25, b= o5, u="34,
72 = =5, It is clear that there are two distinct regimes:
one where r is purely real, hence the two poles appear at
Rez; = —Rez; and Imz; = Imz, = —a; the other one is when

r is purely imaginary, and the two poles appear at Rez; =
Rez, =0, Imz; = Imz, + 2Imr. The latter is the “diffusive
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regime,” which is realized whenever 4b < a,ie.,

r

=./—. 16
q <4p 1D (16)

To understand why 4b < a? represents the diffusive behavior,
and 4b > a? ballistic behavior, we investigate the correspond-
ing solutions of Eq. (12). The linear-response theory (13) can
be solved analytically in the case when x = x'P. One has

ti(t) ~ e—itzl _ e—itzz (17)

and, therefore, under the assumption that neither z; or z, are
purely real, one gets

e—tlzl e—thz

ng(t) ~ - (18)

21 22

We see that nq () will be zero whenever
Z_2 = o i) (19)

21

In the ballistic regime, z; = E — in and z, = —E — in, and
the condition (19) means

1 < —E —in )
2iE E —in

At a fixed n and a finite E, there are infinitely many solutions
to the above equation: the amplitude of the CDW presents
damped oscillations after turning off the external field V.
In the other case (4b < a?), the poles are placed along the
imaginary axis, say z; = —iny, and zp = —inp, n, > n; and r
is purely imaginary. One thus has ng(t) ~ e;:” — e;nz which
can never be zero if ; # 1,. This means that the amplitude of
the CDW will “crawl” towards zero, signaling an overdamped,
or diffusive, regime. The correlator xq(v) [Eq. (14)] and the
corresponding solutions for ng(z) [Eq. (12) or, equivalently,
Eq. (13)] are illustrated in Fig. 1.

3. Asymptotic behavior and the connection
between hydrodynamics and transport

The hydrodynamic form for the charge-charge correlation
function [Eq. (14)] directly implies the form of the current-
current correlation function. Inverting Eq. (10) (which is a
direct consequence of the continuity equation) one obtains

XD
42 .
LF+1(1-248) + &

3

2n

ImA 0 (V) =

At any finite ¢, the behavior at small v goes as ~v3. At
precisely g = 0 one gets

xcD

Iy v
v ' T2

ImAGLy(v) = (22)

which at small v goes as ~v. Having in mind that the conduc-
tivity is obtained as [14,25]

’ 1 a
ol (v) = ~ImAL" (v), (23)
V

this model clearly predicts that o3 . = O for any finite q in the
x direction, which is precisely what is expected on physical

Imxhve(v) = Im[1 — iv/(g?D) — v?/(q?Dr)] ™
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FIG. 1. Illustration of the hydrodynamic theory from Ref. [18],
defined by Egs. (3) and (4), with parameters taken to be D = 0.8,
I' = 0.3, x. = 1. Top: the imaginary part of the charge-charge corre-
lation function as a function of momentum and frequency [Eq. (14)].
Middle: the time evolution of relaxing charge density waves at wave
vectors denoted by matching-color x ticks in the top panel; (ny(t))
[computed through Eq. (18)] is normalized to the initial amplitude
(nq(t = 0)). Bottom: frequency dependence of the imaginary part of
the charge-charge correlation function at the same wave vectors.

grounds. At q = 0, which is the most relevant case, one gets a
Lorentzian-shaped Drude peak

XD

1+ (3)°

o o) = 24)
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indicating o4’y = 04Z(v = 0) = xcD, which is the well-
known Nernst-Einstein equation.

It is important to note that, a priori, the forms (21), (22)
and (24) of A and o are unphysical. The scaling with high
frequency

1
ImAg_o(v — 00) ~ — (25)
V

cannot be obtained from a correlation function in imagi-
nary time Ag—o(7) that has the correct symmetries. The
Lorentzian Drude peak o ~ Uiz must be restricted to some fi-
nite frequency. In general, one expects that at high-frequency,
Imy(v) and ImA(v) decay exponentially. In the noninter-
acting case, there is even a sharp cutoff: both charge and
current fluctuations are bounded in frequency from above,
with a bound that depends on q (see Sec. III A). In any case,
on the Matsubara axis one must have x(iv — ico) ~ l/v2
and A(iv — ioo) ~ 1/v2. The hydrodynamic ansatz for the
charge fluctuations [Eq. (14)] does not violate this, as on the
upper half of the Matsubara axis

Xc

2
v v
1+ ¢*D + ¢*Dr

Xq (iv) = s (26)

but, through the continuity equation, it does imply a nonphys-
ical asymptotic behavior Ag—o(iv — ico) ~ % To be able to
compare the hydrodynamic theory with Matsubara-frequency
results for the charge-charge and current-current correlation
functions, we thus propose a modified hydrodynamic form.
The details are given in Sec. III C.

The imaginary-axis form (26) may still be useful in the
U — 0 limit. The high-frequency asymptotics on the imag-
inary axis is determined by the entirety of the function on the
real axis. As the coupling constant is decreased, the weight
of the function x40 on the real axis will be contained in
an increasingly small range of low frequencies. If we assume
that the hydrodynamic theory holds in some low-frequency
range, say |®| < |wmax|, and that wp,x saturates to a finite
constant as U — 0, then we can conclude that the imaginary-
axis asymptotics of xq—o will tend to Eq. (26) as U — 0.
Clearly, nonuniversal features at high real frequencies will
still be there, but they will not contribute significantly to the
imaginary-axis asymptotics. Other scenarios are also possible,
but in the following we work out the consequences of our
expectation that the hydrodynamic law holds in a finite range
of frequency in the U — 0 limit. We start with Eq. (7), which
implies the long-wavelength asymptotics of the charge-charge
correlation function of the form (see Appendix B for details)

. : 2t .
Rexq—o(iv — io0) = -0 X{: | Xk:qn sink,q - V(n).
n={xy

27
This form is not necessarily isotropic. Nevertheless, one can
take q = (g, 0) and, then, assuming a finite wy,x and U — 0,
equate the right-hand side of Eq. (27) with the iv — ioco limit
of Eq. (26) to obtain

1
DI = - > vy, ) (28)
c Kk

with vy = 2f sink,. Under the current assumption of the
weak-coupling limit, we can write further

1
Dr=-—-- 3 () 2np ). (29)
¢k

At high temperature 7 =1/ — oo, the first derivative
of the Fermi distribution np(w) ~ —p/4, and x. = %’? =
— [de p(e)2n(e) ~ £ [de p(e) = B/2. We also have
ﬁ [ dk sink, = % We conclude that in the weak-coupling
limit and high temperature, the effective hydrodynamic theory
formulated by Eqs. (3) and (4) for the square-lattice Hubbard
model [Eq. (1)], if valid in a finite range of real frequency,
must satisfy

lim DI = 2¢>. (30)
U—0

T—o0

Thus, the equation of motion (11) provides some microscopic
support for the effective hydrodynamic theory. As already
mentioned, Eq. (30) indeed coincides with numerical results,
and is roughly satisfied in a broad range of temperatures,
even at strong coupling (see Sec. IIIB). Finally, we note
that the imaginary-axis asymptotics [Eq. (27)] combined with
odc = XD [Eq. (24)] reveals that the hydrodynamic theory
[Eq. (26)], taken to be valid at any frequency, is consistent
with the Boltzmann expression for the dc conductivity

1
0o =—7 ;vﬁab (). (31)

III. RESULTS

A. Noninteracting limit

We are interested in calculating two-particle correlation
functions, in particular for the charge and current. In the non-
interacting limit, these can be obtained numerically exactly, to
a high accuracy, from the general (Kubo) bubble formula

Qule. $1(1) =2 prqGox()Gokta(—T)Pkiq.—q- (32)
k

The factor 2 in front is due to summation over o. We denote
Gy the bare propagator, which is, at a finite temperature 7 =
%, defined in the imaginary-time window 7 € [—8, ] as

“*"np[—sign(7)ex] (33)

with ng(w) = ﬁ the Fermi-Dirac distribution function.

The “vertex factors” ¢ and ¢ correspond to the operators
for which the correlation function is calculated (in gen-
eral, Og = > gok,qc;“qcmk). We then simply have xq =
Oglp =1,¢ =1], and Ag’”/ =0yl =", ¢ = v"'], with
Vg q = it(e7 "t m) — ¢ In the entire complex frequency
plane, one can then write

Gox(t) = —sign(t)e

nE(Ektq) — nE(8K)
7 — (&k — &k1q)

Qql9. 1) =2 prqta—a e
k

We now consider the long-wavelength limit for the charge-
charge correlation function x. At small enough q, one can
write further: exyq = ek + q - Vex and ng(extq) = nr(ex) +
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2.0 1 100 84 g=0.628 —— g=0.097
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FIG. 2. Noninteracting case, half-filling. Left: imaginary part of the charge-charge correlation function along a high-symmetry path in the
BZ. Right: frequency dependence in the long-wavelength limit, for waves in the x direction. The spectral weight drops off abruptly at v/g = 5
the apparent finite slope comes from the finite-frequency resolution in our numerics.

(q - Vex)ngp(ex). These yield

(q - Ve)ng(ex)
= =2 . 35
Xq—0(2) Ek “Tq Ve (35)

We see that at small g = |q, the frequency dependence
no longer depends on g. In the denominator, ¢ multiplies the
number which determines the position of a pole on the energy
axis. Therefore, g sets the energy scale, which means that with
a proper rescaling of the v axis, x results for different small q
along a given direction can be collapsed onto a single curve.
In the special case q = (g, 0), the gradient of the dispersion
will simply yield the velocity vy = vi ,_o = 27 sink,, and
one arrives at

Jim Xa=(4.0/(2) = 22

Ukn}:(gk)

TR GO

On the most general physical grounds, it is not expected
that in the noninteracting limit an effective hydrodynamics
governs the charge fluctuations at however long the wave-
lengths. The diffusive motion of carriers at length scales
A > 2m /gp ultimately comes from a finite-lasting memory the
electrons have of momentum; in the noninteracting case, the
momentum eigenstates are infinitely long lived. It is clear that
no identification between Egs. (36) and (14) is possible. In
fact, the noninteracting case presents strongly nonuniversal,
parameter-dependent, and even anisotropic behavior that we
illustrate in the following.

We obtain the xq(v) along a high-symmetry path in the
Brillouin zone (BZ) using a 6000x6000 site lattice, and
adaptive frequency grids to ensure sufficient frequency res-
olution at all q vectors. We color plot Imy4(v) and show the
frequency-dependent part at small q in Figs. 2-5.

In Fig. 2 we show results for the half-filled case u =0,
T = 0.02. In the long-wavelength limit, we observe a sharp
peak at the edge of the spectrum, at v ~ g. The peak is highly
asymmetric, as the spectral weight drops off abruptly on the
higher-frequency side. The single-peak structure at v ~ ¢ is
the expected linear zero-sound mode [23].

As the system is doped away from half-filling, we start to
observe a two-peak structure at long wavelengths (Fig. 3).
This can be understood by analyzing Eq. (36). In Fig. 3 we
illustrate how the contributions to Imxq—(4,0)(v) at a given

energy v comes from a line in the Brillouin zone (BZ) where
—vy = v/q. The amplitude of a contribution at a given Kk is
given by ving(ex), which roughly selects the Fermi surface.
Therefore, one gets a peak at frequencies where vy is maxi-
mal, but also where the Fermi surface is parallel to the k, axis.
This calculation resembles a histogram of a one-dimensional
(1D) function, and thus the spectrum resembles a typical den-
sity of states of a 1D tight-binding chain.

On Fig. 4 we illustrate the great level of anisotropy, by
comparing the ¢ — 0 limit for q = (¢, 0) and q = %(q, q).
It is interesting that, as the temperature is increased, the
anisotropy at low frequency becomes somewhat reduced.

Doping all the way to the near-empty limit, one observes a
completely different behavior (see Fig. 5). The charge fluctu-
ation spectrum closely resembles the electron dispersion. This
indicates that in the single-particle limit, due to the irrelevance
of the Fermi-Dirac statistics, the charge and the electron be-
come the same.

1. CDW amplitude evolution

It is of interest to understand these xq(v) results in the
context of the quench setup studied in Ref. [18] and already
mentioned in Sec. II B. Namely, we wish to investigate the
time evolution of the amplitude of a relaxing charge density
wave (CDW). If the initial CDW is weak, we can work within
the linear-response theory, which can be solved numerically,
by plugging Eq. (34) with ¢, ¢ = 1 in Eq. (13). The Fourier
transform needed for this step is performed analogously to
Eq. (17). Then, to perform the integral in Eq. (13) analytically,
it is necessary to regularize the integrand function, first. As
is always done when working with retarded quantities, we
take that the poles are located slightly below the real axis. We

obtain
- Z nr(Ektq)
X €k — €k+4q

— B ) irer—erq)

(ng(1)) (37

We show several examples of this calculation in Fig. 6. We
find numerous categories of solutions, and we illustrate some
of them on the panels of Fig. 6, left to right:

(i) power-law damped oscillations,

(i) power-law damped oscillations with a breathing
amplitude,
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U=0,T=0.002

H= =

.05 u=-0.1

u= —0.02

0.5 1
0.0 4

—0.51
2n

u=-0.2 =-0.3

T T T
I

T O

(g—0,0)(V) + const

IMmxq =

[vin'e(&x)|

FIG. 3. Noninteracting case, various moderate dopings. Left: frequency dependence of the imaginary part of the charge-charge correlation
function in the long-wavelength limit, for waves in the x direction. Vertical blue and red dashed lines denote frequencies of two apparent
peaks. Right: explanation for the appearance of two peaks. Top row: the electron velocity. Blue and red dashed lines denote the momenta
where v = —v/q, where v is the frequency of the two peaks in the spectra on the left. Bottom row: the intensity plots (black and white scale)
of the amplitude of the contribution to the charge-charge correlation function coming from different k vectors in the BZ. The blue and red
dashed lines denote the contributions to the two peaks in the spectra on the left.

(iii)) power-law damped oscillations with a decaying
nonoscillatory component,

(iv) power-law decaying nonoscillatory behavior.

The behavior at q = (7, ) is drastically different from
the behavior at long wavelengths. At (7, ) there is no
clear peak in the spectrum, i.e., no characteristic frequency
to produce oscillatory behavior. In particular, as T — 0, the

30

U=0,u= -

0

1

a=(q,0)

q:

=

v

N

(9.9)

25 1

20 A

0.2

0.1

0.05

IMxYq-o0(v) + const

101 0.02

0.01

| 0.005

e e
0.002 /
|

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

FIG. 4. Noninteracting case, moderate doping, various tempera-
tures. Blue and red curves correspond to the long-wavelength limit
of the imaginary part of the charge-charge correlation function for
waves in the x and x = y directions.

charge-charge correlation function (which is in the nonin-
teracting limit equal to the spin-spin correlation function)
approaches the form of a second-order pole ~1/z2, which
signals the instability towards order. One therefore finds only
a nonoscillatory decay of the initial CDW amplitude, some-
what reminiscent of the diffusive regime of the hydrodynamic
theory.

2. Beyond linear response

To cross-check these results and to be able to access the
regime beyond the linear response (corresponding to ini-
tial density wave of a bigger amplitude) we perform the
corresponding Kadanoff-Baym three-piece contour calcula-
tion [26].

The external field couples to the density wave at the wave
vector q = (g, 0),

H[V]=Hy—V ) cos(q- g,

o,r
v T

=Hy— > Xk:(%,uqcmk +H.c.) (38)
1%

= Hy — E(nq + n—q)7 (39)

where V is the strength of the field. We assume the field
was turned on slowly at = —o0, and that by the time ¢ = 0,
the system is already thermalized. Then, at = 0, the field is
turned off abruptly. Therefore,

H(t <0)=H[V], H( > 0)=H,. (40)

In general, the expectation value of an operator O at time ¢
following the quench of the field V is given by

Tr[e~PHIV1iHot =it ]
Tr[e*lsH[V]]

After the quench, the Hamiltonian has the diagonal form

s
Hy = E €kCy kCo ko>
ko

(Om) =

(41)

(42)
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U=0, u=-1,T=0.02
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= 0.25
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= 10+ - i 025 I 0.15 == q-0
S —— x'P(v) damped
E 0.10 - X?1v) damp
0.5 - k=
0.05
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FIG. 5. Noninteracting case, nearly empty limit. Left and right: same as Fig. 2. Cyan line on the left: electron dispersion. Red line on the
right: fit to the frequency-dependent part of the hydrodynamic theory x ' as defined in Eq. (15); best fit corresponds to the damped oscillations

(or ballistic) regime (r purely real).

whereas before the quench, the diagonal form is

H[V]= Z ZE(Eka,v)f’CZIEka)aC(/Eka)U' (43)

k&Vk, ©

Because of the symmetry-breaking field, there is a reduction
of the Brillouin zone, i.e., IEX € 0,27 /1), where A =27 /q
is the wavelength, or the number of sites in the unit cell; the
additional quantum number arising due to the reduction of the
BZis V.

The time evolution of density at a given point in space r =
(x, 0) [the translational symmetry is not broken along the y
axis: nothing changes if we take a more general r = (x, y)] is
given by

(ne(1)) = <Zc1;, (t)crs (r)>

u=0,T=0.2, (gx qy)=(0,0.12)1

pu=-0.5,T=0.005, (9x q,)=(0.12,0.12)n

ky,kyeRBZ ¢.¢'€[0.2) 'V

X (ky Vky |k;/cky> (kyky |kkay>nF(5/}Xka ), (44)
where we take k, = k, + cq, k. = k, + ¢'q. The eigenstates of
Hy are denoted |k.k,), and the eigenstates of H[V] are denoted
|I€kay). The amplitude of the charge density wave nq is given
by the deviation of n, from the lattice-averaged density, at the
antinode of the wave, say r = (0, 0).

We find perfect agreement between the results of Eq. (44)
with V taken small and Eq. (37) which is in the strict V. — 0
limit. The full Kadanoff-Baym calculation is clearly more
computationally expensive, but it allows us to set V to stronger
values and investigate the behavior starting from CDWs of
finite amplitude. This is shown in Fig. 7. In the two panels on
the right, we see that regular damped oscillations are replaced
by a superposition of multiple waves as V — oo. This can

u=-0.5,T=0.2, (gx q,)=(0.5,0.5)1 u=0, T=0.005, (gx, q,)=(1, 1)mt

AtYcos(wt + c) AtY(sin2(Qt + b) + B)cos(wt + ¢) AtYcos(wt + ¢) + dt? dt®
1.04 |Y=-05w=02 ly=-153,0=0.02,w=033 |{| [y=-0.97, w=1.41,6= -1 | 6=-1.35
0.8 - 6x 1071 \.\ i = i i
> 4x1071 N + 10-1 4
< 3x107 '~ 302 %
0.6 1 2x1071 N + 1 1 1 © 1072 N\
5 | B
T 4 \-".A'.\.__,; 1 10! 102 102
£ 0 250 500 t
< t 4 i
! \ ~—
bf\v,am Ao
0 100 200 300 400 O 50 100 150 200 O 25 50 0 200 400 600 800 1000
Time t Time t Time t Time t

FIG. 6. Noninteracting case, various dopings, and temperatures. CDW amplitude vs time at various wave vectors, calculated within linear-
response theory, normalized to the initial amplitude of the CDW. Text boxes show the fitting function and its main parameters. The insets in
the two plots on the left show the amplitude of damped oscillations vs time, and the corresponding fit. The insets in the two plots on the right
show the background, i.e., nonoscillatory components and the corresponding fits. Full lines are data, dotted-dashed lines are fits.
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FIG. 7. Noninteracting case, half-filling, moderate temperature. CDW amplitude vs time at various wave vectors along the x axis, calculated
within linear-response theory and from the full Kadanoff-Baym three-piece contour formalism, assuming different amplitudes of the density-
modulating field V at t < 0. CDW amplitude is normalized to the initial amplitude of the CDW. Insets: density profile of the initial CDW at

different strengths of the field V. See text for details.

be understood by looking at the density profile n, at r < 0
(shown in the insets of Fig. 7). One cannot place more than
two electrons on a single site, which means that at strong
values of V, the CDW is no longer harmonic; as V — oo
it becomes similar to the step function. This density profile
corresponds to having multiple CDWs at the same time, at g,
3q, 5¢q, etc. All these CDWs will oscillate at different frequen-
cies, but one also expects interactions between the waves. It
is not easy to explain the detailed structure of nq(¢) beyond
the linear-response regime. Howeyver, in the long-wavelength
limit, the characteristic frequency of CDWs is proportional
to g, and we are able to roughly fit the resulting (nq(7)) to a
superposition of waves ~ Y ,_ 55 1% cos(lwt + C;). This is
shown in Fig. 8. However, the two panels on the left in Fig. 7

u=0,T=0.2, V=10, (qx, qy) =(0,0.1)nt

1.0 1 At?cos(wt + ¢) + A1t?rcos(3wt + ¢1) + Ay t%2cos(5wt + ¢;)
a=-0.51,w=0.16,a,= —1.78, a,= —3.47
i (EEYY
i [ Aad
M WA AN ) /\/
009 \\;:‘;‘ ”UV“*J\" / J‘\ \ \;/\/‘\N.\MJV\/
= i ViV
\E_ —0.5 A
£ |
_10.
~1.5
—— data
_2,0-J fi
0 2(')0 4(')0 6(')0 8(')0 1000

Time t

FIG. 8. Noninteracting case, half-filling, moderate temperature.
Fit to the CDW amplitude vs time, starting from a saturated CDW
with a short wave vector.

show that at shortest wavelengths, one observes no change in
behavior as V is increased. This is because the density profile
ny(t < 0) cannot change: there are no shorter waves to be
excited by the increasing field.

B. Weak-coupling theory
1. Self-energy

We start by calculating the self-energy up to the second
order in the coupling constant:

k(2) = Ulns) + U*Ek(2), (45)

~ o Np(—SE€x )NF(SEK NE(SEK—
Ek(z)zzzj,il F( k)F( k+q) F( k q). (46)
2 — €k—q — Ek'+q T €K

K'.q

The first term is the instantaneous Hartree shift, and the sec-
ond term is the dynamic part, described by the second-order
Feynman diagram illustrated in Fig. 9. The calculation of
is expensive. In Appendix E we describe a fast algorithm we
used for this calculation, which allowed us to scan the phase
diagram in considerable detail.

U© P> ¢
Co G

FIG. 9. Illustration of our weak-coupling theory. Left: second-
order self-energy diagram comprising the dynamical part of the
self-energy, formulated in terms of the bare fermionic propagator
[Eq. (33)]. Right: generalized (Kubo) bubble approximation for two-
particle correlation functions, formulated in terms of the “dressed”
Green'’s function [Eq. (47)].
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FIG. 10. Moderate coupling, moderate doping, various temperatures. Self-energy at the level of second-order perturbation theory, and the
corresponding Green’s functions. Third column: blue line is the local self-energy; blue shading is the k spread, i.e., the range of values of Im ¥
at the given real frequency w; red line DMFT (NRG) result for local self-energy; gray shading is the thermal window, denoting w € [-T, T].

Rightmost column: the local density of states.

As we will see, for the practical calculations of conduc-
tivity in the limit U — 0, the Hartree shift vanishes. At a
finite U, we absorb the Hartree shift in the chemical poten-
tial, i.e., 4 — u — U {(ny). This means that at a finite U, we
compute the second-order self-energy diagram with Hartree-
shifted propagators. Therefore, the frequency dependence of
the dynamical part of the self-energy does not change with
increasing U, if i = u — U {n,) is kept fixed. In practice, we
compute the occupancy a posteriori, and infer u from U (n, )
and fi. The other possibility is to compute the self-energy
diagram using bare propagators. The difference between the
two approaches disappears when higher-order diagrams are
also computed (under the condition that both series converge),
as well as in the U — 0 limit.

We show examples of the self-energy results in Fig. 10. Itis
interesting that at low temperature, the frequency dependence
of the self-energy generally features two peaks, while at high
temperature, it features a single peak. At the highest tempera-
tures, the peak follows the shape of the electron dispersion.

In Fig. 11 we zoom in on the low-frequency part, along a
high-symmetry path in the BZ. We see that the scaling with
o around w = 0 takes different forms depending on k and
parameters of the model. The most interesting is the half-
filling case, where we see that k = (7,0) and k = (3, 5
are special points where in the 7 — 0 limit one approaches
ImE(w — 0) ~ |w|* with a ~ ‘51 and o = 1, respectively.
More precisely, the linear scaling « = 1 is observed along the
path connecting (0, ) and (i, 0), but is modified abruptly
to o &~ ‘5—‘ at those points. The linear scaling has been noted

before [27]. However, the apparent 7 — O limit of our
second-order self-energy should only apply in the strict U —
0 limit. At any finite coupling and low enough temperature,
higher perturbation orders will play a role, and produce an
insulating state [28-31].

We also note a large number of kinks in the frequency
dependence of Im%.. The prominent peaks that appear at high
temperature are not smooth: at the maximum no derivatives
appear to be well defined.

2. Green’s function and compressibility

Once we have the self-energy, we can plug it in the expres-
sion for the Green’s function

1

0 — ek — Tk(w) “n

Gk(w) =
Examples of the Green’s function are shown in Fig. 10, as well
as for the local density of states —% >k ImGy(w). We observe
that the sharp structures in the self-energy at intermediate
temperature lead to a splitting of the peak in the single-particle
spectrum at k =& (m, ).

Ultimately, from the Green’s function we get the average
density (n) = —% [dw Y, ImGx(w)np(w), and from it, the
charge compressibility x. = %, which will be needed to
estimate the diffusion constant. At finite U, in practice, what
enters the calculation is &t = u — U (n,). It is then easiest to
compute the quantity ¥, = %}' To get to the physical charge

compressibility, one uses x. = (%' +U/2)7".
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FIG. 11. Half-filling, various temperatures. Second-order self-energy along a high-symmetry path in the BZ; zoom in on low frequencies.

3. Bubble approximation for two-particle correlation functions

Itis of great interest to see how the long-wavelength behav-
ior of the charge-charge (or equivalently the current-current)
correlation functions changes due to weak interactions. The
simplest approach is to just calculate the bubble approxima-
tion for y or A (illustrated in Fig. 9). The bubble expression
is simply the real-frequency formulation of Eq. (34), with
the replacement Gp — G. One obtains (under assumption that

¥k, qPk+q,—q 1S purely real)

ImQq[p, ¢1(v)

2
= ; Xk:¢k,q¢k+q,—q/dw

x ImGy (0)ImGyyq (w0 +v)[np(w) —ng(w+v)],  (48)

where 2 in front comes from the summation over spin, and
1

o= #n comes from the double Hilbert transform, and tak-
ing the delta-peak part of the integral (for detailed derivation
in a more general case see Ref. [32]). We have implemented
this calculation and show results below.

However, the bubble approximation is not sufficient to
properly address the question of whether the hydrodynamic
form for x [Eq. (14)] or A [Eq. (21)] is valid at small q.
By construction, the bubble does not satisfy the continuity
equation. The reason for this is simple: the bubble expression
is formally an exact solution for a noninteracting system cou-
pled to an external fermionic bath, the hybridization being the
dynamical part of the self-energy. The bubble approximation
for xq(v) will therefore be manifestly wrong at q = 0, as one
will get xq—o(v # 0) # 0. Similarly, the bubble approxima-
tion for ImA4(v) will be manifestly wrong at q # 0, v — 0,
as it will scale as ~v, and thus signal a finite conductivity.
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Clearly, if the system is open, a static wave of the electric
field will scatter the incoming particles and maintain a current
wave. The bubble approximations for x and A do not satisfy
Eq. (7), and are not connected in a simple way. To restore
physical properties, one needs to include vertex corrections,
even at tiny couplings.

On the other hand, the bubble approximation for
ImAGL,(v) will not be a priori unphysical, and can be con-
sidered a reasonable approximation for this object at low
couplings. The parameters of the hydrodynamic model are
encoded in ImAj‘l": o(v) or, equivalently, in aé‘io(v). One can
check whether ImAj;": o(v) satisfies Eq. (22). However, one
has to keep in mind that different theories may reduce to
the same form of A*™ at q = 0. Even if ImA¢Z,(v) satisfies
Eq. (22) to a good degree, this cannot serve as proof that
the hydrodynamic theory is valid. Nevertheless, assuming that
the hydrodynamic theory is valid, one could use ImAgZ,(v)
[or o4Zy(v)] to extract the parameters for the hydrodynamic
model, and investigate how they change with the microscopic
parameters, which is what we will present in the following.

4. Optical conductivity in the weak-coupling limit

We distinguish here between the general weak-coupling
regime (say U < 1) and the strict U — 0 regime, i.e., the
weak-coupling limit. To have a finite conductivity it is nec-
essary to have scattering, so one cannot simply take U = 0,
but must rather consider an infinitesimal U. In the weak-
coupling limit, the bubble calculation for 0%, (v) simplifies.
In this way, one obtains the scaling of quantities in terms of
U in the U — O limit. In the following, we will distinguish
between the simplified, weak-coupling bubble, and the full
bubble calculations. The latter is computed for a finite U,
using Eq. (48). The weak-coupling bubble is inexpensive and
we use it to cover the entire phase diagram. We also perform
some full bubble calculations at U = 0.75 and 1.0 and show
results below.

The weak-coupling limit simplification of the bubble can
be understood as follows. If U is sufficiently small, then the
peaks in the spectral function start to resemble Lorentzians
centered at w = gy:

1

G, ~ e, U 0) = .
k(o™ e =0 w —eg — i ImXg(eg)

(49)

The shifts coming from ReXk(w) can be neglected, and
ImXg(w) can be considered to be constant at the scale of the
width of the peak. Away from w = g, ImG(w) can be consid-
ered zero. Furthermore, the optical conductivity is expected
to be nonzero only at tiny frequencies, which also simplifies
the Fermi-Dirac factor. We are ultimately able to employ the
integral

1 1 1
/dxlm —Im _ = 5 (50
xtiy xEAZxiy 2y(2é) +1
y

which in the limit A = 0 reduces to g—y In total we obtain

I ) /2 GOl N S
0q=O(V)_Xk: Im Xy (k) <2Im2k(8k)) "

-1

(D

It is important to compare this expression to the Boltzmann
expression for the dc conductivity (31). The two expressions
do coincide, but only under the assumption that Im X (&)
does not depend on k, in which case one would have I' =
—2ImXy (ex). However, Im Xy (&) retains considerable k de-
pendence even at infinite temperature as limy_, Im3k (ex) =
—% Kq 8(ex — €k+q — Ek+q T+ &). The expression (51)
presents a sum of Lorentzians of different heights and widths,
and the end result might not fit well to the Lorentzian shape.
Our weak-coupling theory does not a priori reduce to Eq. (31)
or the hydrodynamic equation (24). At infinite temperature,
the D and I' we might extract from our results are a priori
separate objects: their product DI" will depend on the precise
form of the self-energy.

We now pull the U? factor out of the self-energy to obtain

-1

N N NG VLAY
P =2 S ) <2lmik(ek)) N

k

with the definitions
)
vz’
At low frequency, we can now equate the hydrodynamic
form (24) with the above equation, to reach the following:
53500 = 0) b

D= b D=_, 54
Xe U? oY

_1
. 6.5, =0 : -
I = 5(1 - L)) ., T=TU% (55

o(v =9U% =

(53)

NCED)

where we take § small.

This result gives us the estimate of how I" and D behave as
functions of U2, at low coupling. Additionally, one can con-
clude that the diffusive regime extends to shorter wavelengths
as coupling is increased, i.e.,

r | T 2
qp = E:U EEUQD- (56)

The coefficients D and I" depend on the microscopic parame-
ters, and we extract them from 6(;‘;0(13), calculated by Eq. (52).

Even though &(9) might not have the shape of a
Lorentzian, the property & (¥ — 0) ~ &4.(1 — D?) is guaran-
teed. Therefore, the form (24) is bound to hold at least at the
lowest frequencies, and one can certainly extract the effective
I" via Eq. (55). It is interesting to see in what range of frequen-
cies will the hydrodynamic equation (24) be valid.

5. Results for dc resistivity

We first focus on the pg. = 1/64. results. The color plot of
Pdc as a function of doping and temperature is given in Fig. 12.
We show the T dependence at different dopings in the upper
part of Fig. 13. We see the following trends. At half-filling one
observes pqc ~ T in the full range of accessible temperatures.
The high-temperature limit of Eq. (52) can be easily com-
puted for the half-filled case based on the high-temperature
asymptotic form of Sk(ex). One obtains pg(7) = 13.08T.
This appears to be the high-temperature asymptotic behavior
at least at moderate dopings, as well. As one dopes away from
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FIG. 12. Summary of weak-coupling results: doping-
temperature phase diagram. Color plots of dc resistivity,

diffusion constant, momentum-relaxation rate in the U — 0
limit, extracted from the weak-coupling bubble calculation (52), and
the corresponding noninteracting compressibility.

half-filling, a pg. ~ T? (Fermi liquid, FL) regime emerges
at ever higher temperatures, while the pg. ~ T is pushed to
higher T'. Starting from around (n,) = 0.3, the low-T regime
transforms into pg. ~ T'°. At (n,) = 0.15 we no longer ob-
serve pgc ~ T in the accessible range of temperature, but
further doping continuously reduces the exponent in the FL-
like regime. At very low fillings, we again see py. ~ T in the
full range of T. The effective exponent « of the 7 dependence

of resistivity can be obtained as o = %hn) [33] and is
color coded in the bottom part of Fig. 13.
It is interesting to inspect the case of fixed u = —1: this

means that strictly kr = 0 and all occupancy comes from
thermal excitations. There we observe roughly pg. — 0.4 as
T — 0 (see Fig. 14). This can be understood as follows: at
low temperature, the contribution will come from an increas-
ingly small vicinity of k = 0. We observe that ImXx_(w =
0) ~ T. On the other hand, the velocity of electrons will
decrease as temperature is lower. Ultimately, the amplitude
of contributions will reduce to the integral [ dk ke #* ~
[ dkk*e=P¥ ~ T. This means that the increased coherence
of the electrons will be canceled exactly by their decreasing
velocity, and the resistivity will converge to a constant as
T — 0. At u slightly above —1 one expects the resistivity to
go to 0, whereas for u slightly below, one expects it to go to
infinity.

6. Results for hydrodynamic parameters

The results for D and T are summarized on Fig. 12. It
is apparent that roughly D ~ 1/I". This can be understood
intuitively: the more coherent the quasiparticles, the bigger the

1004 (ng)=0.04 (ny) =0.07
100 4 ’,/’/
NQ /
S 1071 4
Q -~
w2
,,,,,,, 71 . Tl4
103
1004 (ng)=0.1 (ngs) =0.15
100 4
B
S 10714
Q

10-2 4

1073 5
101 4

100 4

10-1 4

pdc/U2

10-2 4

1073
101 4

100 4

pdc/U2

100 4

10—1 4

1072

{no)

FIG. 13. Weak-coupling bubble dc resistivity results. Upper pan-
els: temperature dependence at different dopings. Lower panel:
effective exponent of the temperature dependence, color plotted in
the doping-temperature plane; black crosses are actual data points:
the rest are obtained by interpolation.

dc conductivity and the narrower the Drude peak. However,
the inverse proportionality coefficient, i.e., DI" value is a
priori unclear. We plot DI" in Fig. 15 and find that results
approach 22 at high temperature. This is in agreement with
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bubble, U~ 0

T

FIG. 14. Weak-coupling bubble (U — 0 limit) dc resistivity re-
sults at a fixed chemical potential. Horizontal line denotes 0.4, which
is the value pq. apparently converges to at u = —1 and T — O.

the loose expectation based on Eq. (11), but also in agreement
with the hydrodynamic theory [Eq. (30)]. We also plot the
corresponding result from FTLM computed at a moderate
and a strong value of coupling (strong-coupling data were
reconstructed from Ref. [18]), and find a similar result. It is
striking that DT is within ~20% of 2t in a large range of
temperature and even at strong coupling.

In Fig. 16 we cross-check our weak-coupling p4. result
based on Eq. (51) with the corresponding full bubble cal-
culation [Eq. (48)] at U = 1. As expected, the agreement
is better at lower temperature and lower coupling (for the
latter, the data are not shown), i.e., in cases where scatter-
ing rates Im%y (e ) are smaller. We also compare our full
bubble result to dynamical mean field theory (DMFT) [34]
calculation at U =1 (implemented with the numerical
renormalization group, NRG, real-frequency impurity solver
[14,15,32,35-38]) and surprisingly, find excellent agreee-
ment. Our second-order self-energy ¥ is clearly nonlocal (and
remains nonlocal up to infinite temperature; see Fig. 10), yet
the nonlocal part does not seem to play a big role in the value
of dc resistivity. We check this explicitly by computing the
bubble with only the local part of our self-energy: we find
a very similar result. Moreover, the agreement with DMFT
suggests that the local part of our second-order self-energy
agrees well with DMFT. We confirm this in Fig. 10, espe-
cially in the thermal window w € [—T, T], which is the range
of frequencies relevant for the conductivity calculation. We
also compute the full bubble on a small 4x4 lattice. In the
previous work of some of us [14], it was shown that finite-size
effects subside at high temperature, and that the (4 x4)-lattice
FTLM calculation was correct at 7 = 0.3. However, this was
at the value of coupling U = 2.5; we now see similar lack
of finite-size effects even at U = 1, which is somewhat unex-
pected (at a lower U the relevant correlation lengths should
be greater, and the systematic errors due to finite system size
more pronounced). Comparing our full bubble result for pq.
at U = 1 with the FTLM result at U = 1.25 we can conclude
that the vertex corrections are still sizable, and affect the result
in a similar fashion as at U = 2.5, i.e., the vertex corrections
present a roughly constant shift towards lower resistivity.

We compare D and I' obtained from the weak-coupling
bubble at U = 0.65 [Eqgs. (54) and (55)] to the FTLM result
at U = 1.875 and 1.25 and find surprising similarity (see
Fig. 17). As was already apparent from Refs. [14,18], the
bubble approximation tends to overestimate pq. (i.e., under-
estimate D) and overestimate I'. This explains the apparent
agreement between the weak-coupling bubble approximation
and the numerically exact result at strong coupling. However,
up to a prefactor, even our weak-coupling bubble results for
D(T) and ['(T) display a shape very similar to the FTLM
result at U = 1.875. The behavior of the hydrodynamic pa-
rameters does not seem to change drastically going from
weak to rather strong coupling. At a fixed temperature T =
0.5, the weak-coupling I' ~ U? and D ~ 1/U? trends slow
down at stronger coupling, so that the difference in I" and
D between U = 1.25 and 1.875 results is rather small. The
full bubble computed at U = 0.75 improves the result of the
weak-coupling bubble. It appears that in the strong-coupling
limit, D — 2¢, and roughly I" — ¢, which is consistent with
limy oo DI & 2¢2.

7. Deviations from the Lorentzian Drude peak

As for the frequency range of the validity of Eq. (24),
i.e., the hydrodynamic form for the current-current correlation
function (22): it strongly depends on the microscopic param-
eters. At high temperature the agreement is excellent up to
the peak of ImA (v), but, as expected, the high-frequency tail
has a different scaling. This is shown in Fig. 18 where we
compare a fitted equation (22) with the result of the full bubble
calculation (48).

8. Critical wavelength for diffusive behavior

Finally, we go back to the simple prediction (56) that the
characteristic wavelength for diffusive behavior will become
shorter with increasing coupling. We check this directly in
our xq(v) results. As already mentioned, the bubble approx-
imation is unsuitable for the investigation of y at very long
wavelengths, but one might still want to inspect the results at
somewhat bigger q. In Fig. 19 we show the Imyq(v) results
at a fixed q = (0.159, 0)rr, and vary the coupling. The corre-
sponding (ng(¢)) results calculated via Eq. (13)are presented
on the panel on the right. For the occupancy (n,) ~ 0.4125
and T = 0.2, our weak-coupling bubble calculation yields

gp = \/;L; ~ 0.157, which means that the behavior should
become diffusive at wave vector q =~ (0.157, 0) at around
U = 1. This is in excellent agreement with the result we
obtain directly from the full bubble approximation for yx,
as evidenced by Fig. 19, panel on the right. Here we have
plugged the full bubble result for x4(v) in the linear-response
theory expression for the CDW amplitude nq(¢) [Eq. (13)].

C. Strong coupling

We focus now on quantum Monte Carlo (QMC) results for
the charge-charge and current-current correlation functions.
We make use of the continuous-time interaction-expansion
QMC, CTINT [21]. This method is numerically exact for a
given lattice size. We calculate the intersite x;;(iv) on the
Matsubara frequency axis for a cyclic lattice of size Lx L and
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FIG. 15. Weak-coupling bubble (U — 0 limit) in comparison with moderate and strong coupling. At weak coupling, D and I are computed
using Egs. (55) and (54) at various dopings. At moderate and strong coupling, FTLM result is the best available result. At strong coupling,

data are reconstructed from Ref. [18], but only for a single doping.

then perform a periodization procedure, where we promote
the intersite components to the real-space components of an
infinite lattice, and thus obtain y,(iv) of a finite range (com-
ponents at r : r, > L/2 are considered 0). We then Fourier
transform to obtain xq(iv) with arbitrary resolution in the BZ.
However, very short q vectors corresponding to wavelengths
much greater than L remain inaccessible. Nevertheless, we are
able to obtain solid results for wavelengths up to 20 lattice
spacings and that way cover the range of wavelengths studied
in the cold-atom experiment by Brown ez al. [18]. We perform
the exact same procedure for A™ as well.

U=1, (n,) =0.4125
7

—— DMFT(NRG)
bubble 4x4 latt.
FTLM U=1.25

0.6 0.8 1.0 1.2

FIG. 16. Moderate coupling U = 1, moderate doping, results for
dc resistivity. Dashed blue: weak coupling bubble. Blue line and
dots: full bubble calculation. Orange dashed and squares: full bubble
calculated with only the local component of self-energy. Red with
crosses: full bubble with the local DMFT(NRG) self-energy result.
Lime dotted with diamonds: full bubble computed on a 4 x4 lattice
with the full k-dependent second-order self-energy. Green stripe:
FTLM 4 x4 result at a larger coupling U = 1.25 (including the vertex
corrections).

We perform a finite-size scaling analysis and observe that
no obvious trends with L are apparent in the results already
between L = 4 and 10 (data not shown). This is consistent
with the estimates from the recent Ref. [39] where it was
shown in a thermodynamic limit DiagMC calculation that the
charge correlations are short ranged, with values becoming
very small already at distances of about 5 lattice spacings. In
our calculations, we consider the statistical errors to be the
leading uncertainty, and use the L = 10 results to perform
analyses.

As already mentioned, it would make no sense to compare
the hydrodynamic law to imaginary-axis data because the hy-
drodynamic law predicts an unphysical asymptotic behavior
of the current-current correlation function. To be able to com-
pare the hydrodynamic theory with our Matsubara-frequency
results, we propose a modified hydrodynamic form

Im ™ (v) = Imyxg (W[ + L(v; a, b, ©)ne(v — C; Bur),
(57)

where x™¢ denotes the form in Eq. (14), L(v;a, b, ¢) =

==+ PacU? a exp[—(nv — b)z/cz] is the log-normal distribution, and

=@~ full bubble ne(w; B) = -=— is the Fermi-Dirac distribution function.
efo+1

bubble w. £, The 1 + L part here is necessary to introduce high-frequency

excitations to and from the upper Hubbard band, which are
expected in the doped Mott insulator regime. The Fermi-Dirac
distribution function facilitates the exponential cutoff at high
frequency. This modified hydrodynamic form thus has five
additional parameters: a, b, ¢ are the amplitude, position, and
width of the Hubbard peak, respectively, and C and B, are the
cutoff frequency and the artificial temperature determining the
rate at which the spectral weight is exponentially suppressed
at cutoff. We make sure that B, is small enough so that
nr(—C, Bat) =~ 1. Our choice of Imx(‘l“h(v) ensures ~1/v?
Matsubara-axis asymptotic behavior for A™*. The prefactor
of the asymptotic behavior will in general depend on the
parameters a, b, ¢, C, Bar-

We now check whether the modified hydrodynamic form
(57) is consistent with the available CTINT and FTLM data.
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FIG. 17. Left panel: Temperature dependence of D and I' in the weak-, moderate-, and strong-coupling regimes. Right panel: Coupling
dependence of I" and D, as obtained from the weak-coupling bubble, full bubble, and FTLM. The orange lines are guides for the eye, a possible
scenario connecting results in the weak- and moderate- to strong-coupling regimes.

We first hand-pick the parameters so that the FTLM result for
the optical conductivity is reproduced. It is noteworthy that
we can get a very good fit to FTLM data, and that the shape of
the high-frequency peak is roughly a log-normal distribution.
We then compare the resulting X(‘l“h(i v) and the corresponding
A**mh Tobtained via Eq. (10)] to CTINT data. We find solid
agreement, as shown in the upper part of Fig. 20.

In the lower part of Fig. 20 we illustrate how fitting the
Matsubara data to a hydrodynamic law without the high-
frequency peak will yield wrong results for D and I', even if a

(ng) = 0.4125
T=0.1 7T=0.2 T=03 T=05 T=1
T
0'04{ —— full bubble
U=0.75
& N\

---- hyd. fitatv-0

0 1 0 i 0 i 0 i 0 i
v/U? v/U? v/U? v/U?

v/U?

FIG. 18. Moderate coupling, moderate doping. Full lines: full
bubble result [Eq. (48)] for the uniform (q = 0) longitudinal current-
current correlation function. Dashed lines: hydrodynamic form (22)
fitted at v — 0.

proper high-frequency cutoff is used. We do a fully unbiased
fit of xflnh(iv) (witha, b, c = 0 and B,y fixedt0 0.3, D, T ., C
free), to reproduce at the same time y and A CTINT results at
five small q vectors. We get an excellent fit, but we get com-
pletely wrong values for D and I'. The optical conductivity
contains two peaks, and fitting with only a single peak will
compensate by making this one peak wider and shorter, thus
underestimating D and overestimating I'. Figure 20 nicely
illustrates the difficulty of analytical continuation: the fit func-
tion on the imaginary axis is almost indistinguishable between
the top and bottom rows, yet corresponds to drastically differ-
ent optical conductivity.

In Fig. 21 we show the (nq(t)) curves, corresponding to
x™" parameters from the upper part of Fig. 20. Comparing to
the corresponding pure hydrodynamic law x™9 [Eq. (21)], we
find no visible difference: the inability of the hydrodynamic
law to describe high-frequency features of x are unlikely to
have affected the fitting procedure in Ref. [18].

IV. DISCUSSION AND PROSPECTS

Our work builds on the milestone study of charge fluctua-
tions in the Hubbard model by Hafermann ef al. [23]. In that
work, the noninteracting charge-charge correlation function
was calculated, but only at half-filling, and with a relatively
low resolution: the striking two-linear-modes feature that we
observe at finite doping was, therefore, overlooked. More
importantly, the Matsubara data were fitted to a law which
only allows for a linear mode at long wavelengths, which
may not be appropriate. In light of more recent experimental
evidence, and on general physical grounds, the emergence
of diffusive behavior and a quadratic mode around q =0
is expected. Furthermore, in the work by Hafermann et al.,
vertex corrections had unlimited range, but were calculated
as a diagrammatic extension of DMFT [40], which introduces
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FIG. 19. Weak to moderate coupling, moderate doping, moderate temperature. Left: full bubble calculation [Eq. (48)] for the charge-charge
correlation function at a fixed wave vector at different values of coupling. Right: corresponding CDW amplitude vs time curves [Eq. (13)].
Prediction based on Eq. (56) for this doping and temperature is that g, (U = 1) &~ 0.157, in agreement with the data in the plot on the right.

systematic errors. By using CTINT at 10x 10 lattice size, we
capture complete vertex corrections up to a medium range,
yet the finite-size effects in our theory are unlikely to have
introduced significant systematic error. Finally, Hafermann
et al. have derived numerous useful identities relevant for
charge-charge and current-current correlation function. How-
ever, the fully general equation (7) may have been overlooked
so far.

Our weak-coupling calculation is complementary to the
semiclassical Boltzmann equation approach of Kiely and
Mueller [16]. It is not clear that either of the two approaches
yield exact results, even in the U — 0 limit, thus it is im-
portant to cross-check the results and look for robust, shared
features. Indeed, our results at low dopings are in excellent
qualitative agreement with the Boltzmann equation: we ob-
serve linear resistivity at half-filling and an emerging 72 at
low temperature as one dopes away from half-filling. How-
ever, there is a significant quantitative difference in the values
of pq.. The Boltzmann equation predicts the high-temperature
asymptotic behavior pg. = 0.076(T /t) = 0.304(T /4¢) while
our Kubo bubble theory yields pg. = 13.08(7 /4¢t). The dif-
ference is nearly two orders of magnitude. Comparing to
numerically exact FTLM result at U = 1.25, it is clear that
our extrapolated U — O theory strongly overestimates pq. at
high temperature (see Fig. 16). However, the coefficient for
the linear high-7T asymptotics is overestimated by a factor of
2-3, at most. Furthermore, we can compute the bubble result
at a finite coupling to obtain much better results, the relative
error unlikely being more than 30%—40% in the relevant range
of temperature. The Boltzmann theory result extrapolated to
U = 1.25, on the other hand, would be barely visible on the
scale of Fig. 16. Our bubble theory appears to give results
in significantly better agreement with the reference FTLM
solution. There is also a striking qualitative difference in the
pac(T) at large doping. At (n,) = 0.1 Kiely and Mueller ob-
serve an exponential drop of resistivity at low temperature, in
sharp contrast to our observations. Their finding was argued
to be due to frustration of umklapp scattering. It is possible

that, in our approach, vertex corrections are needed to observe
this phenomenon. Further work is necessary to fully resolve
the origin of this discrepancy. Finally, our approach allows
us to compute the full optical conductivity, and estimate D and
I" as separate objects, which, to the best of our understanding,
could not have been done in their work. To our understanding,
I' was extracted from D, assuming the validity of the Boltz-
mann expression for conductivity [Eq. (31)]. The analysis
based on the asymptotic behavior of xq_.o(iv) that shows that
the hydrodynamic theory [Egs. (3) and (4)] is consistent with
Eq. (31) may have been previously overlooked.

Our analysis of the equation of motion for the current
[Eq. (11)], as well as our numerical results displaying DI" =
2t? at weak coupling and high temperature (Fig. 15) provide
some microscopic evidence for the validity of the hydrody-
namic theory proposed in Ref. [18]. Also, our Fig. 19 provides
some support for gp = /' /4D which is a specific property
of the hydrodynamic theory [Egs. (3) and (4)]. However, the
definite answer to the questions raised in this paper will have
to come from more sophisticated methods. It is essential to
formulate the theory in real frequency and at the same time
treat the thermodynamic limit and the vertex corrections. The
recently developed real-frequency diagrammatic Monte Carlo
(RFDiagMC) [41-45] is a clear candidate, and our Kubo bub-
ble and second-order self-energy theory is the first step in this
approach. Very recently, RFDiagMC was used to calculate
the charge-charge correlation function in a slightly different
model, at very weak coupling [46]. Pushing RFDiagMC to
stronger coupling [45,47-50] and higher resolution necessary
to investigate the hydrodynamic behavior in the regime rele-
vant for cold-atom experiments is a difficult task that we leave
for future work.

Finally, it is important to view our T -linear-resistivity re-
sult in the U — O limit in light of the very recent work by Xu
et al. [51]. In this work, a quantum critical line is observed
to pass through U =0, (n,) = 0.5, separating two distinct
ordered phases in the ground-state (8, U) phase diagram of
the Hubbard model. This is in line with our observation that
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FIG. 20. Strong coupling, moderate doping, and temperature. Upper panels: modified hydrodynamic law with parameters hand-picked to
reproduce FTLM result for optical conductivity (rightmost panel, gray stripe, and black dot); two panels on the left: comparison of the modified
hydrodynamic law the with corresponding CTINT results for the Matsubara-axis charge-charge and current-current correlation functions; third
panel: corresponding real-frequency charge-charge correlation function. Lower panels: unbiased fit of the modified hydrodynamic law without
the high-frequency peak to the CTINT charge-charge and current-current correlation functions, simultaneously. The result has a strong bias for

the values of D and I.

1.07 —— q=(0.25,0)
0.8 q=(0.15625, 0)n
' —— q=(0.125,0)n
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=) s —— from xMd(v)
o 7] --- from y™"(v
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021
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0.2 \/
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FIG. 21. CDW amplitude vs time curves, corresponding to the
modified hydrodynamic law from the upper panels of Fig. 20, com-

pared to the original hydrodynamic law [Eq. (14)] with the same D
and I".

the charge-charge and spin-spin susceptibilities diverge at
q=(r,m)asT — 0atU =0, u = 0 (see Appendix F). The
hypothesis considered in many works [8] is that linear resis-
tivity is expected above quantum critical points. The linear
resistivity that we observe may, indeed, be intimately linked to
instability towards order, i.e., a degeneracy of the ground state
atU — 0 at half-filling. The van Hove singularity at the Fermi
level perhaps does not play the essential role here, in contrast
to the conclusions in Ref. [17]. Whether resistivity remains

linear all the way down to zero temperature when Fermi level

is at a van Hove singularity in the density of states, regardless

of any ordering instabilities, is currently unclear.

V. CONCLUSIONS

We have studied charge fluctuations and transport in the
Hubbard model. In the noninteracting limit, charge fluctua-
tions are anisotropic, and can have multiple linear modes at
long wavelengths. Near the empty limit, the charge spectral
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function resembles that of the electron. At weak coupling, the
self-energy presents several peculiar behaviors, including an
abundance of kinks in the frequency dependence. At low tem-
perature we generally find two peaks in Im Xk (w) at any k. At
half-filling and T — 0, we find ImXg_(9,»)(®w) ~ |w|*> and,
along the Fermi surface, ImXg—(0, 7)o (r,0)(@) ~ |o], the latter
being in agreement with previous work [27]. As temperature
is raised, a sharp peak in ImXk(w) rises at low frequency,
splitting the quasiparticle peak in ImGyg(w) at around k =
(m, ). At high temperature, we find that self-energy has a
single peak as a function of frequency at around w = gk, and
it is not smooth. We observe that the dc resistivity is linear at
half-filling and at high temperature, in agreement with recent
findings [16]. Surprisingly, nonlocal self-energy components
are found to have little effect on dc resistivity. Precisely at the
band insulator transition, our bubble approximation predicts
a finite resistivity at 7 — 0, coming as a consequence of
perfect cancellation of the reducing velocity and scattering
rate, both scaling as 7. We observe that the hydrodynamic pa-
rameters (diffusion constant and momentum relaxation rate)
are roughly inversely proportional, in the bubble approxima-
tion at weak coupling, as well as in the numerically exact
FTLM result at strong coupling. Their product appears to be
DT = 2¢?, which coincides with one term in the microscopic
equation of motion for the current, indicating that other terms
might play less of a role. This supports the hydrodynamic
theory, for which we show that it must satisfy DI" = 2¢> at
weak coupling and high temperature. Finally, we propose a
modified hydrodynamic law that has correct behavior at high
frequency, and find that it is consistent with both the numer-
ically exact FTLM and the numerically exact CTINT. Our
results provide some evidence that the hydrodynamic theory
is correct, but further work with better methods is needed to
fully resolve this issue.
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APPENDIX A: CONTINUITY EQUATION
ON THE LATTICE

We start by noting the general expression for the time
derivative of a bosonic operator O in the Heisenberg picture

3,0(t) = 8,e"™ Ot

=i[H, O]. (A1)
We will also need the general expression for commutators
of the following general form, with a', b, ¢, d fermionic cre-
ation and annihilation operators
a'b, ¢Td] = Spea’d — 8,4¢7h. (A2)
This can be proven simply by using [AB, C] = A[B,C] +
[A,C]B, [A,BC]=B[A,C]+]A,B]C, and therefore
[AB,CD] = A(C[B, D] + [B, C]D) + (C[A, D] + [A, C]D)B.
Using these we can then show

i +
Cor /Co’ X +seys CsrCor
o

([c] Cortsey ChrCorl +1Ch e o Cors € Coxl)

(A3)

nefx,y

with the definition ji =it Y (c} . te,Cor — ¢l rCorte,). The expression Y . (jf — ji_ ) is the lattice version of the

divergence of current.

We can express the continuity equation in momentum
space by Fourier transform of both sides

dng = ilH,ngl = — Y (1 =),

nefx,y}

(A4)

(

where ng =, 4T, = Y, chck. Notice that we distin-

guish between nx = click and ng solely by the choice of the
symbol in the subscript.
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APPENDIX B: CONNECTION BETWEEN THE =3 Y o (okiq — o), (B4)
CHARGE-CHARGE AND CURRENT-CURRENT 4 '
CORRELATION FUNCTIONS
Here we make use of the general equation of motion where vlr(’q = it(e”"ti) — ). The overall prefactor is
5 purely real for each k:
z7({A; B)), =—z([A, B]) —([[A, H], Bl)+ {{[A, H]; [H, B])):,
(Bl) lzt(l _ eiq,7 )(efi(kr,+q,7) _ eiku)

. i milkytay) _ ik, =ik i(ky+4r)
where we denote with ({(A; B)), the correlator of operators A = —t(e T — e — e )

and B as a function of complex frequency z. The full deriva- = —2t[cos(k, + g,) — cosk,]
tion of Eq. (B1) is given in Appendix D. _ o BS
If we replace A =nq and B =n_g, and using [A, H] = = Uk (BS)

—[H,Aland 1/i = —i t . i
[ Jand 1/i L wege This leads us to the fully general expression (7), and here we

Z2<(nq; n_q)). = —z{[ng, n_ql) +i Z (1 - ei‘ln)<[jg’ n_ql) write it separately for the real and imaginary parts:
nefx,y}
+ Z (1 — ¢t — e7ir 4 oi@r—ar))

0. €fx.y) Z Z(Dkq (nk1q) — (nk))

7*Rexq(2) (B6)

e k
X ((igs J gz (B2) v
i —ig,y i(qn—qyy) v
Let us work out the two commutators + Re Z (1 — e — e " 4 )AZ " (2),
n.1'€fx.y}
f g 22Imyq(z)
[ng, n_ql = Z Z Co kqCokos chyk/cg,k%q q
o Lk K =Im Z (1 — ¢ — ™' 4 =0 ATT (7). (BT)
= Z Z[C;kﬁ_qca,ka C;kca,kqu] .1 €{x.y}
k
’ Notice that the constant shift in Eq. (B6) is crucial to allow
= Z Z(na,kJrq — Ng k) that both x and A scale as 1/v? at high Matsubara frequency,
which is expected on grounds of symmetry of these correlators
in 1mag1nary time. At large v we get for the real part v? <5 =
= Z(”a r=0 — No,r=0)

const 4+ 1/v? which reduces to const = const as v goes to in-
finity. This expression also reveals the high-frequency scaling
=0. (B3) " Which must hold in general:
Therefore, the first term drops out.
For the second term one gets

Re yq(iv — i00) = — Z > 0] (i) — ().

+ . =y} k
L nql = | Y v g€l wrqCoko D€l wCokita (B8)
k
|

K

APPENDIX C: CONSTITUTIVE EQUATION

In the following we derive the time derivative of current operator in the Heisenberg picture. The derivation boils down to
working out the following commutators:

O Jjy = ilH, j{1 = i([Hxin, {1+ [Hine, j{ 1+ [Hehem, jy' D- (ChH

The commutator with kinetic energy reads as

' o N . 2 : T ¥
i[Hyin, .];]] =1|—t § CorpCo’,r'+se, 5 i (CaerrevCa’r a Ca‘rca’wre”)
r,o’,se{l,—1},n e{x,y} o

2 Z t t
= —t Co, r+e Co,ry CG rCo.r+te, 1 - [Cg,rca,r-&-ena Cg,r.g_e,yca,r]

i i
+ E ([Ca r+uCo.rs Co rCorte,] + [c] Co.rte,Corte,~w Co rCorte,]
uc{—e,.e;,—e;}

i T i i
(¢ rCortus Corpe,Corx] = [Corie,—uCorte,s Corie,Corl)
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2 ] +
= —t¢ Z {ZC;Heﬂcg,Hen — 2cz;,rc(,,r + Z (CoriuCorte, — c;rcgqrﬂu,u + H.C)}. (C2)
o

ue{—e,,e;,—e;}

The first two terms comprise the lattice version of the gradient of charge in the direction of current. The other terms are longer-
range hoppings.

The commutator of the current with the total number of particles has to be zero, and we leave out the explicit derivation of
[Hchem, jr 1. The commutator with the local Hubbard interaction, on the other hand, is nontrivial:

i[Hin, j11 = i|:U Zc;,r,c“rclr,ci,rg —it Z(c;rca,r%n — c:r,’r+enc(,,r):|
r o
=1U ) {nsr(c] : 1—1[c] S rie,Coxl)
= g r CU’rCU,r, CU’rCG,rJ,_e” CU’rCa,r» Cg,r-‘-enCG',I‘
(o2

T i) T
+ nz?.r+e,,([Cg,r+encu,r+e,,a C;rca,r+en] - [C(r.r+eﬂco,r+eﬂa C(x,r.t,_eﬂco'.r])}

_ § i T i T
=tU {n&,r(cg,rca,r-&-en + Cg,r.t,_enca,r) — N r+e, (C(,,rca,r-k—e,, + Ca'.r+enc(7,l')}
o

= —tU 2:(”l(r,r+e,7 - nfr.r)(cl,rca,ﬂ-en + C;H.enca,r)- (C3)
o

The terms we get are all assisted hopping terms.
The final expression reads as

. D) X
at]:-7 = -1 Z 2”0,r+en - 2na,r + Z (cjy,r+uca,r+e,] - C;rco,l%e”fu +H.c)
o

ue{—e,,e;,—e;}
—tU Y (5 rre, — M.0)(Ch Corte, T € rie Cor)- (C4)
o

A straightforward Fourier transformation of both sides yields

atjq = —[2 Z Z(Eiqu — l)na,q + Z ((eiq-u — 1) Z gik(en*u)cl’k_’_qc(y’k + HC)
o k

ue{—e,.e;,—e;}
H1U Y D (e e ETaT ) (1 — ey el o g Coke (C5)
o Kk,q
It is interesting to consider the limit q = 0,

‘ i o —d! iy
O jgeo =1U Z Z(e K 4 =) )(1 — e )n[—,,qrc;k_q/cg,k
o k,q

=iUY Y (g = Vs g€l y g Coks (C6)

o k,q

which clearly shows that scattering events that do not transfer momentum do not contribute to the decay of current; more
precisely, only the scattering events that change the velocity of an electron in the direction of the current contribute to the decay
of the current. In principle, this expression can be used to express the optical conductivity via higher-order correlation functions
using Eq. (B1).

APPENDIX D: EQUATION OF MOTION The equations of motion are obtained by taking time

Here we derive Eq. (B1). We start with the standard defini- derivatives. The first derivative yields

tion of the correlator in real time d '
—({A;B)), = i0(){[A(), B(0)]) + i6(t){[A, B]). (D2)

dt
A;B)), = i0@)([A(2), B(O)]), D1
WA B OIA®, BOW b We now perform the Laplace transform with respect to #:
where A and B are bosonic operators, thus we adopt the ) I S
definition without the minus sign in front. ((A;B)), = /0+ dt e ((A; B)),. (D3)
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Now for f(t) = ({A; B));, we integrate per parts

/ Caret Ly = e pag — i / dr e f(1)
0 dt

-+

= —i([A, B]) — iz{(A; B)).. (D4)

Note that the § is not included in the integration domain.
The second term comes directly from the definition of the
Laplace transform (D3). Equating this result with the Laplace
transform of the right-hand side of Eq. (D8) we get

—i([A, B]) — iz{(A; B)), = ((i[H, A]; B)), (D5)

which, up to the factor i, is the equation of motion in its usual
form.

We will want the second derivative to apply to the operator
B, thus, we first perform a time shift

d .
77 (A B = i0(1)([A0), B(=D)]) + i(t)(IA, BI) (Do)

and only then apply the second time derivative

d? . .
T2 (A B = i0(t)([A(0), —=B(—1)])

+ i8(t)([A, B) +i8'()([A, B]). (D7)
For convenience, we shift back in time

d? . .
72 (A B)) = —i0)([AQ), BO)])

+i8(1)([A, B]) + i8'(t)([A, B]). (D8)
The integration by parts once more leads to

[} ) dZ
\/0 dt elztﬁf(t)

+

= %(@"Z’f(t))law —iz / dr e””%f'(t)
= —i([A, B]) — iz(—i([A, B]) — iz({A; B)).)
= —i([A, B]) — z([A, B]) — Z*({4; B))., (D9)

where the second and third terms come directly from Eq. (D5).
Equating this result with the Laplace transform of the right-
hand side of Eq. (D8) (there note the minus sign in front of
the first term, and note that AB = —[H, Al[H, B)):

—i([A, B]) — z([A, Bl) — 2 ((A; B)). = (([H, Al; [H, B)):..
(D10)
We rearrange the result

Z((A; B)). = —i([A, B]) — z([A, B) — ({[H, Al; [H, BI)):

(D11)
and finally obtain
(A B)),
= —([[A, H], B]) — z([A, B]) + ((A, H]; [H, B])):
(D12)

which is the expression used in the derivation in Appendix B.

U=0

Rexq(v=10)
% |
=

} ] ]
o

0 T T T 1
(0,0) (0, m) (r, 0) (rt, m) (0,0)

q

FIG. 22. Static susceptibility in the noninteracting limit as a
function of momentum, at different fillings and temperatures.

APPENDIX E: CALCULATION OF SECOND-ORDER
SELF-ENERGY

The optimal way to compute the second-order self-energy
(46) it is to first evaluate the “triple density of states” by a
three-dimensional (3D) histogram on a dense energy grid

1
pS,k(Slv £, €3) = m Z aal,sk,qasz,squas;,sk/ , (ED)
k',q

where Aw is the step in the energy grid. This calculation only
needs to be performed once, for u = 0, and it does not depend

U=0,u=0

—_——

12 A (T[, T[)

q =
q=(n/2,n/2)
q=(m,0)

10 A
—_——

Reyq(v=0)

0 T T
102 107!

T

FIG. 23. Static susceptibilities in the noninteracting limit, at half-
filling, as a function of temperature. The values at q = (;r, 7) and
q = (7 /2, w/2) appear to diverge as T — 0.
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on T. Then for a given (1, T') we accumulate pole amplitudes
for the self-energy on the same energy grid as

Im3g (w)
i
= —— | deiderdes p3x(€1, €2, €3)8wtu—s —sr+es
Aw

x Y nplser — wlnpls(es — wlnrl—s(es — ).

s==%1

(E2)

The real part of the self-energy can then be obtained via the
standard Kramers-Kronig relation.

In our calculations we consider lattices LxL, up to L =
256. When calculating histograms, the optimal number of bins
is the square root of the number of the data points. Therefore,
in Eq. (E1) the number of energy bins per axis should be equal

to VN2 = 12/ 3, but for the sake of numerical simplicity, we
take the number of energy bins (per axis) to be L. This means
that, up to the overhead of evaluating Eq. (E1) once, we have
reduced the complexity of the calculation from L* [Eq. (46)]
to L3 [Eq. (E2)], which is a huge speedup.

APPENDIX F: DIVERGENCE OF STATIC
SUSCEPTIBILITY ATU =0,T — 0

In this Appendix we show results for the static suscepti-
bility Reyq(v = 0), in the noninteracting limit. The results
are obtained by setting ¢, ¢ =1, z =0 in Eq. (34) and us-
ing a 6000x 6000 lattice. In Fig. 22 we observe that there
are peaks atq = (0,0),q = (7w, w), and q = (;r /2, 7 /2), but
the highest peak is at q = (;r, ). As one dopes away from
half-filling, the peaks split. At u = —0.5, the peaks are at
q = (0, ) and the symmetry related q = (7, 0). In the nearly
empty limit, the only peak is at q = (0, 0). As expected, the
peaks become less pronounced as one increases temperature.
In Fig. 23 we further observe that the value at q = (7, )
and q = (7 /2,  /2) appears to diverge as T — 0, indicating
competing instabilities towards charge order. It is important to
note that in the noninteracting limit, spin and charge suscep-
tibilities are equal. Therefore, any instability towards charge
order is accompanied by instability towards spin order. As
soon as interaction is turned on, the degeneracy between
charge and spin order is lifted.
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We have identified two bugs in the code that affected some of the results shown in Figs. 12—18 of the original publication.
The results affected were the U — 0 bubble pg4. and the quantities extracted from it, as well as the frequency-dependent current-
current correlation function at high frequency. We have corrected the code and reproduced the results. The changes in the results
are only quantitative, and do not affect any conclusions in the paper. On the contrary, the corrected Fig. 15 better confirms that
at weak coupling, DI ~ 2¢2, which is one of the main results of our paper. The correct versions of the original Figs. 12—18 are
shown in Figs. 1-7 of this Erratum.

A quantitative difference is present in Fig. 14, where pq4. saturates to 0.65 (instead of 0.4) as T — 0, but the overall behavior
is not qualitatively different.

Also, the high-temperature asymptotic behavior in Fig. 13 is pg ~ 13.8 UT (rather than pg. ~ 13.08 U>T). We also note
that in the corrected results, there is a more pronounced “knee” in the pg.(7") curve at half-filling, leading to two separate linear
regimes—one at low and one at high temperature, with slightly different prefactors.

In addition, we have made a mistake in converting the units when comparing our results to the Boltzmann theory results from
Ref. [1]. The correct conversion is pg. = 0.076(T /t)(U/t)> = 4.864(T /D)(U/D)?. Our conclusion that there is a significant
difference between Boltzmann theory and the Kubo bubble results remains correct, but the difference is half an order of
magnitude, rather than two orders of magnitude as stated in the original publication.
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FIG. 1. Correct version of Fig. 12 in original publication. The yx. results were not affected.
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FIG. 2. Correct version of Fig. 13 in the original publication. The red dashed line in the upper panels is the high-temperature asymptotic
behavior at half-filling, p4. ~ 13.8U 2T, not shown in the original publication.
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bubble, U-0

FIG. 3. Correct version of Fig. 14 in the original publication. As T — 0, pq4. saturates at around 0.65 (rather than 0.4, as was stated in the

original publication).
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expectation that DI & 2¢2.
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ABSTRACT

Ultracold-atom simulations of the Hubbard model provide insights into the character of charge and spin correlations in and out of equi-
librium. The corresponding numerical simulations, on the other hand, remain a significant challenge. We build on recent progress in the
quantum Monte Carlo (QMC) simulation of electrons in continuous space and apply similar ideas to the square-lattice Hubbard model. We
devise and benchmark two discrete-time QMC methods, namely the fermionic-propagator QMC (FPQMC) and the alternating-basis QMC
(ABQMC). In FPQMC, the time evolution is represented by snapshots in real space, whereas the snapshots in ABQMC alternate between
real and reciprocal space. The methods may be applied to study equilibrium properties within the grand-canonical or canonical ensemble,
external field quenches, and even the evolution of pure states. Various real-space/reciprocal-space correlation functions are also within their
reach. Both methods deal with matrices of size equal to the number of particles (thus independent of the number of orbitals or time slices),
which allows for cheap updates. We benchmark the methods in relevant setups. In equilibrium, the FPQMC method is found to have an excel-
lent average sign and, in some cases, yields correct results even with poor imaginary-time discretization. ABQMC has a significantly worse
average sign, but also produces good results. Out of equilibrium, FPQMC suffers from a strong dynamical sign problem. On the contrary,
in ABQMC, the sign problem is not time-dependent. Using ABQMC, we compute survival probabilities for several experimentally relevant
pure states.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0133597

. INTRODUCTION

The last two decades have witnessed remarkable develop-
ments in laser and ultracold-atom technologies that have enabled
experimental studies of strongly correlated electrons in and out
of equilibrium."” Ultracold atoms in optical lattices™” and opti-
cal tweezers arrays' ° have been used as quantum simulators for
paradigmatic models of condensed-matter physics, such as the Hub-
bard model.”" Recent experiments with fermionic ultracold atoms
have probed the equation of state,” charge, and spin correlation
functions,'” " as well as transport properties (by monitoring charge
and spin diffusion'*"").

These experimental achievements pose a significant challenge
for the theory. The level of difficulty, however, greatly depends
on whether one computes instantaneous (equal-time) correlations

or the full time/frequency dependence of dynamical correlators.
The other factor is whether one considers thermal equilibrium or
out-of-equilibrium setups.

Instantaneous correlators in equilibrium are the best-case
scenario. The average density, double occupancy, and correla-
tions between particle or spin densities on adjacent sites are still
very important. They serve as a thermometer: the temperature in
cold-atom experiments cannot be measured directly and is often
gauged in comparison with numerical simulations.'""* For this
kind of application, current state-of-the-art methods'* " are often
sufficient. Equal-time multipoint density correlations are also of
interest, as they hold information, e.g., about the emergence of
string patterns' " or the effect of holes on antiferromagnetic
correlations.”” " However, measuring density at a larger number
of points simultaneously is more difficult in many algorithms. For
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example, in the Hirsch-Fye (HF) algorithm,”*"’ one cannot do
this straight-forwardly, as the auxiliary Ising spins only distinguish
between singly occupied and doubly occupied/empty sites.

Of even greater interest and much greater difficulty are the
time-dependent correlations in equilibrium. These pertain to stud-
ies of transport and hydrodynamics at the level of linear response
theory.”” ** The limitations of current state-of-the-art methods here
become starkly apparent. If one is interested in long-wavelength
behavior (as is precisely the case in the study of hydrodynamic
properties™), the lattices treated in the simulation need to be suffi-
ciently large. The finite-temperature Lanczos method™* can only
treat up to 20 lattice sites’””’ and is unsuitable for such appli-
cations. Quantum Monte Carlo (QMC) methods can treat up to
300 sites,””” but only under certain conditions: doping away from
half-filling leads to a significant sign problem, which becomes
more severe as the lattice size, inverse temperature, and coupling
constant are increased. Moreover, QMC methods are formulated
in imaginary time and require ill-defined analytical continuation
to reconstruct optical conductivity or any other real-frequency
spectrum.”!

Direct real-time calculations, regardless of proximity to the
equilibrium, are the most difficult.”"***’ These present an alterna-
tive to analytical continuation in equilibrium calculations but are
necessary to describe non-equilibrium regimes, e.g., in external field
quenches.’® In the corresponding Kadanoff-Baym-Keldysh three-
or two-piece contour formalism, QMC computations are plagued
by the dynamical sign problem, which has so far been overcome
in only the smallest systems.®" The time-dependent density matrix
renormalization group’’”’” produces practically exact results, how-
ever, only in one-dimensional’** or ladder systems.”” Simulations
based on the nonequilibrium Green’s functions formalism’* are also
possible but not numerically exact. They can, however, treat much
larger systems over much longer time scales than other real-time
approaches.”"””""’

The main goal of this work is to construct a numerically exact
way to compute spatially resolved densities in setups relevant for
optical lattice experiments. This includes general multipoint corre-
lators in real space and momentum space, and we focus on densities
of charge and spin. We are interested in both the equilibrium
expectation values and their time dependence in transient regimes.
(The latter can formally be used to access temporal correlations in
equilibrium as well.)

We take a largely unexplored QMC route’® ™ toward the com-
putation of correlation functions in the square-lattice Hubbard
model. Current state-of-the-art methods, such as the continuous-
time interaction-expansion (CT-INT),H’” the continuous-time
auxiliary field (CT-AUX),””* and HF,”*" rely on the computa-
tion of large matrix determinants, which, in many cases, presents
the bottleneck of the algorithm. In CT-INT and CT-AUX, the size
of the matrices generally grows with coupling, inverse temperature,
and lattice size. In the HF, which is based on the Suzuki-Trotter
decomposition (STD), the matrix size is fixed, yet presents a mea-
sure of the systematic error: the size of the matrix scales with
both the number of time slices and the number of lattice sites. A
rather separate approach is possible, where the size of the matri-
ces scales only with the total number of electrons. This approach
builds on the path-integral MC (PIMC).*"* In PIMC, the trajecto-
ries of individual electrons are tracked. In continuous-space models,

8-80

ARTICLE scitation.org/journalljcp

PIMC was used successfully even in the calculation of dynamical
response functions.””*" The downside is that the antisymmetry of
electrons feeds into the overall sign of a given configuration, thus
contributing to the sign problem. A more sophisticated idea was
put forward in Refs. 85-87. Namely, the propagation between two
time slices can be described by a single many-fermion propagator,
which groups (blocks) all possible ways the electrons can go from
one set of positions to another—including all possible exchanges.
The many-fermion propagator is evaluated as a determinant of a
matrix of size equal to the total number of electrons. This scheme
automatically eliminates one important source of the sign problem
and improves the average sign drastically. Such permutation blocking
algorithms have been utilized with great success to compute ther-
modynamic quantities in continuous-space fermionic models.”*
Here, we investigate and test analogous formulations in the lattice
models of interest and try generalizing the approach to real-time
dynamics.

We develop and test two slightly different QMC methods. The
Fermionic-propagator QMC (FPQMC) is a real-space method sim-
ilar to the permutation-blocking and fermionic-propagator PIMC,
respectively, developed by Dornheim et al.”’ and Filinov et al.”® for
continuous models. On the other hand, the alternating-basis QMC
(ABQMC) method is formulated simultaneously in both real and
reciprocal space, which makes measuring distance- and momentum-
resolved quantities equally simple. The motion of electrons and their
interactions are treated on an equal footing. Both methods are based
on the STD and are straight-forwardly formulated along any part
of or the entire Kadanoff-Baym-Keldysh three-piece contour. This
allows access to both real- and imaginary-time correlation functions
in and out of equilibrium. Unlike CT-INT, CT-AUX, and HF, our
methods can also be used to treat canonical ensembles as well as
the time evolution of pure states. Our formulation ensures that the
measurement of an arbitrary multipoint charge or spin correlation
function is algorithmically trivial and cheap.

We perform benchmarks on several examples where numeri-
cally exact results are available.

In calculations of instantaneous correlators for the 2D Hub-
bard model in equilibrium, our main finding is that the FPQMC
method has a rather manageable sign problem. The average sign is
anti-correlated with coupling strength, which is in sharp contrast
with some of the standard QMC methods. More importantly, we
find that the average sign drops off relatively slowly with the lattice
size and the number of time slices—we have been able to con-
verge results with as many as eight time slices, or as many as 80
lattice sites. At strong coupling and at half-filling, we find the aver-
age sign to be very close to 1. In the temperature range relevant
for optical-lattice experiments, we find that the average occupancy
can be computed to a high accuracy with as few as two time slices;
the double occupancy and the instantaneous spin-spin correlations
require somewhat finer time discretization, but often not more than
six time-slices in total. We also document that FPQMC appears to
be sign-problem-free for Hubbard chains.

However, in calculations of the time-evolving and spatially
resolved density, we find that the FPQMC sign problem is
mostly prohibitive of obtaining results. Nevertheless, employing the
ABQMC algorithm, we are able to compute survival probabilities of
various pure states on 4 x 4 clusters—in the ABQMC formulation,
the sign-problem is manifestly independent of time and interaction
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strength, and one can scan the entire time evolution for multiple
strengths of interaction in a single run. The numerical results reveal
several interesting trends. Similarly to observations made in Ref. 97,
we find in general that the survival probability decays over longer
times when interactions are stronger. At shorter times, we observe
that the behavior depends strongly on the type of the initial state,
likely related to the average density.

The paper is organized as follows: The FPQMC and ABQMC
methods are developed in Sec. IT and applied to equilibrium and
out-of-equilibrium setups in Sec. III. Section IV discusses the
FPQMC and ABQMC methods in light of other widely used QMC
algorithms. Section V summarizes our main findings and their
implications, and discusses prospects for further work.

1. MODEL AND METHOD
A. Hubbard Hamiltonian

We study the Hubbard model on a square-lattice cluster con-
taining N = NN}, sites under periodic boundary conditions (PBC).
The Hamiltonian reads as

H = Hy + Hine. (1)

The noninteracting (single-particle) part Hy of the Hamiltonian
describes a band of itinerant electrons

Hyo=-J Z CI(T Cr'g = Zsk Nko» (2)
( ko

rr')o

where ] is the hopping amplitude between the nearest-neighboring
lattice sites r and r’, while the operators cl, (cro) create (destroy) an
electron of spin ¢ on lattice site r. Under PBC, H is diagonal in the
momentum representation; the wave vector k may assume any of the
N, allowed values in the first Brillouin zone of the lattice. The free-
electron dispersion is given by e = —2J(cos kx + cos ky ). The density
operator is 1y, = clta ko With s = 3, (k|r)crs. The Hamiltonian of
the on-site Hubbard interaction (two-particle part) reads as

Hint = UZ Nrt Ny (3)
r

where U is the interaction strength, while #,, = ch Cro-

If the number of particles is not fixed, Eq. (1) additionally
features the chemical-potential term —u Y —nre = —p 3, nie that
can be added to either Hy or Hin. Here, since we develop a
coordinate-space QMC method, we add it to Hin.

B. FPQMC method

Finding viable approximations to the exponential of the form
e is crucial to many QMC methods. With = 1/T (T denotes
temperature), this is the Boltzmann operator, which will play a role
whenever the system is in thermal equilibrium. In the formulation
of dynamical responses, the time-evolution operator will also have
this form, with « = it, where ¢ is the (real) time. One possible way to
deal with these is the lowest-order STD*

N,
—aH —AaHy —AaHiy \Ne
ey (e *Hogm0a ‘"‘) , (4)
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where the interval of length || is divided into N, subintervals of
length |Aa| each, where Aa = a/N,. The error of the approximation
is of the order of |Aa?|[Ho, Hint] |, where the norm || [ Ho, Hint ]| may
be defined as the largest (in modulus) eigenvalue of the commutator
[Ho, Hin].*" The error can in principle be made arbitrarily small by
choosing N, large enough. However, the situation is complicated by
the fact that the RHS of Eq. (4) contains both single-particle and
two-particle contributions. The latter are diagonal in the coordinate
representation, so that the spectral decomposition of e™**" js per-
formed in terms of totally antisymmetric states in the coordinate
representation, aka the Fock states,

No
%) = [TTT<5.,19) (5)

g j=1

that contain N, electrons of spin ¢ whose positions r7,. ..,r}'%
are ordered according to a certain rule. We define &in(¥)
= (¥|Hine[¥;). On the other hand, the matrix element of e "%
between many-body states |¥;) and |¥;) can be expressed in terms
of determinants of single-electron propagators

(wile ;) = T detS(¥;, ¥i, Aa, 0), (6)

[SC¥0, ¥ A 0)], = (xj7]e " |e]). %)
We provide a formal proof of Egs. (6) and (7) in Appendix A. The
same equations lie at the crux of conceptually similar permutation-
blocking™ and fermionic-propagator”® PIMC methods, which are
formulated for continuous-space models. When A« is purely real
(purely imaginary), the quantity on the right-hand side of Eq. (7)
is the imaginary-time (real-time) lattice propagator of a free particle
in the coordinate representation.®’ Its explicit expressions are given
in Appendix B.

Further developments of the method somewhat depend on
the physical situation of interest. We formulate the method first
in equilibrium and then in out-of-equilibrium situations. To facil-
itate discussion, in Figs. 1(a)-1(d), we summarize the contours
appropriate for the different situations we consider.

1. FPQMC method for thermodynamic quantities

The equilibrium properties at temperature T =" follow
from the partition function Z = Tre ", which may be computed
by dividing the imaginary-time interval [0,] into N; slices of
length At = /N;, employing Eq. (4), and inserting the spectral

decompositions of e ™, The corresponding approximant for Z
reads as
7~ 3 Dy(C Ar)e (), (8)
3
The configuration
C={l¥i1),...|¥in,)} &)

resides on the contour depicted in Fig. 1(a) and consists of N; Fock
states |¥;;) in the coordinate representation. Dg(C,Ar) depends
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FIG. 1. Contours appropriate for computing (a) thermodynamic quantities at tem-
perature T = 1/B, (b) time-dependent quantities after quantum quench in which
the Hamiltonian is suddenly changed from H(0) att <0to H at t > 0, (c) time-
dependent quantities during evolution from a pure state |y(0)) = |¥i4), (d) the
survival probability of the initial pure state |y(0)) = [¥;1). In (a) and (b), the ver-
tical part is divided into N identical slices of length Az. In (b)—(d), each horizontal
line is divided into N; identical slices of length At. Within the FPQMC method, a
many-body state in the coordinate representation |¥,) [Eq. (5)] is associated with
each slice /. Within the ABQMC method, in addition to |¥;;), each slice / features
a many-body state in the momentum representation [¥,) [Eq. (29)].

on the temperature and imaginary-time discretization through the
imaginary-time step At

z

T

Dﬁ(c,AT) = <\P,‘,l@1|€_ATHD|\yi‘]>

=T

H det S(¥; 101, Vi AT, 0) (10)

1

and is a product of 2N; determinants of imaginary-time single-
particle propagators on a lattice (this is emphasized by adding
the subscript ). The cyclic addition in Eq. (10) is the standard
addition for I =1,...,N; — 1, while N; @ 1 = 1. The symbol &n(C)
stands for

N
ent(C) = Z &int (Wip)- (11)
=1

By virtue of the cyclic invariance under trace, the ther-
modynamic expectation value of an observable A can be
expressed as

1 Nl

()= 5 IZ A (CRD MG by (12)

The FPQMC method is particularly suitable for observables diago-
nal in the coordinate representation (e.g., the interaction energy Hin
or the real-space charge density 7). Such observables will be dis-
tinguished by adding the subscript i. Equation (12), combined with
the lowest-order STD [Eq. (4)], produces the following approximant
for (A;) :
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i 5. Ds(C, A7) e~ ArEm () N% Z;\fl Ai(¥5)

(Ai) > Dp(C, A7) ebrem(©) o (13
where
Ai(¥ir) = (YilAil¥y). (14)
Defining the weight w(C, AT) of configuration C as
w(C, At) = [Dg(C, Ar)[e (), (15)
Eq. (13) is rewritten as
(sen(C) i 2% Aw) ”

" (sgn(C)),, ’

where (- - -),, denotes the weighted average over all C with respect
to the weight w(C); sgn(C) = Dp(C, A1) /|Dg(C, At)| is the sign of
configuration C, while [(sgn}| = |(sgn(C))w| is the average sign of the
QMC simulation.

By construction, our FPQMC approach yields exact results for
the noninteracting electrons (ideal gas, U = 0) and in the atomic
limit (J =0). In both limits, due to [Ho,Hint] = 0, the FPQMC
method with arbitrary N should recover the exact results. How-
ever, the performance of the method, quantified through the average
sign of the simulation, deteriorates with increasing N.. For N; = 1,
the FPQMC algorithm is sign-problem-free because it sums only
diagonal elements (¥;,|e P |¥;;) of the positive operator e F™.
The sign problem is absent also for N = 2 because Dg(C, 3/2) is a
square of a real number.

An important feature of the above-presented methodology
is its direct applicability in both the grand-canonical and canon-
ical ensemble. The grand-canonical formulation is essential to
current state-of-the-art approaches’’ (e.g., CT-INT or CT-AUX)
relying on the thermal Wick’s theorem, which is not valid in
the canonical ensemble.”” In the auxiliary-field QMC,””****"*
the Hubbard-Stratonovich transformation'’’ decouples many-body
propagators into sums (or integrals) over one-body operators
whether the particle number is fixed or not. Working in the grand-
canonical ensemble is then analytically and computationally more
convenient because the traces over all possible fermion occupations
result in determinants.”*'’" In the canonical ensemble, the compu-
tation of traces over constrained fermion occupations is facilitated
by observing that the Hubbard-Stratonovich decoupling produces
an ensemble of noninteracting systems'’! to which theories devel-
oped for noninteracting systems in the canonical ensemble, such as
particle projection'>'"” or recursive methods,**'"” can be applied.
While such procedures may be numerically costly and/or unsta-
ble,'" a very recent combination of the auxiliary-field QMC with
the recursive auxiliary partition function formalism'’ is reported
to be stable and scale favorably with the numbers of particles and
available orbitals.!’® In contrast to all these approaches, the for-
mulation of the FPQMC method does not depend on whether the
electron number is fixed or not. However, the selection of MC
updates does depend on the ensemble we work with. In the canonical
ensemble, the updates should conserve the number of electrons; in
the grand-canonical ensemble, we also need to include the updates
that insert/remove electrons. Our MC updates, together with the
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procedure used to extract MC results and estimate their statistical
error, are presented in great detail in Sec. SI of the supplementary
material.

2. FPQMC method for time-dependent quantities

Ideally, numerical simulations of quench experiments such as
those from Refs. 14, 16, and 17 should provide the time-dependent
expectation value (A(t)) of an observable A at times ¢ > 0 after the
Hamiltonian undergoes a sudden change from H(0) for t < 0 to H
for t > 0. Again, in many instances,'*'” the experimentally measur-
able observable A is diagonal in the coordinate representation, which
will be emphasized by the subscript i. The computation proceeds
along the three-piece Kadanoff-Baym-Keldysh contour’

Tr(efﬂH(o) oHt A e’th)

(Ai(t)> = Tr(e—ﬁH(O) eiHt e—th) > (17)

where one may employ the above-outlined fermionic-propagator
approach after dividing the whole contour into a number of slices,
see Fig. 1(b). While H is the Hubbard Hamiltonian given in
Egs. (1)-(3), H(0) describes correlated electrons whose charge (or
spin) density is spatially modulated by external fields.

The immediate complication (compared to the equilibrium
case) is that there are now three operators (instead of one) that need
to be decomposed via the STD. A preset accuracy determined by the
size of both At and At will, therefore, require a larger number of
time-slices. In turn, this will enlarge the configuration space to be
sampled and potentially worsen the sign problem in the MC summa-
tion. Even worse, the individual terms in the denominator depend
on time, so that the sign problem becomes time-dependent (dynam-
ical). The problem is expected to become worse at long times ¢, yet
vanishes in the t — 0 limit.

To simplify the task and yet keep it relevant, we consider the
evolution from a pure state |y(0)) that is an eigenstate of real-
space density operators iy, S0 that its most general form is given by
Eq. (5). Such a setup has been experimentally realized.””'*'” Replac-
ing e P"®  |y(0))(y(0)| in Eq. (17) leads to the expression for the
time-dependent expectation value of the observable A;

(y(0)[e™ Ai e ™|y (0))
(y(0)e e=Hly(0))

Here, the STD should be applied to both the forward and backward
evolution operators, see Fig. 1(c), which requires a larger number of
time-slices to reach the desired accuracy (in terms of the systematic
error). Nevertheless, Eq. (18) is the simplest example in which the
applicability of the real-time FPQMC method to follow the evolution
of real-space observables may be examined.

Generally speaking, the symmetries of the model should be
exploited to enable as efficient as possible MC evaluation of Eq. (18).
Recent experimental'® and theoretical'”’ studies have discussed the
dynamical symmetry of the Hubbard model, according to which the
temporal evolution of certain observables is identical for repulsive
and attractive interactions of the same magnitude. The symmetry
relies on specific transformation laws of the Hamiltonian H, the

(18)

(4i(0)) =
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initial state |/(0)), and the observable of interest A; under the com-
bined action of two symmetry operations. The first is the bipartite
lattice symmetry, or the m-boost'® operation, which exploits the
symmetry & = —&k4(n,m) Of the free-electron dispersion and is rep-
resented by the unitary operator B. The second is the time reversal
symmetry represented by the antiunitary operator T (TiT = —i)
that reverses electron spin and momentum according to T T
=(- 1)6‘”6(” and Tc(T)T (- 1)6"1c(t) In Appendix C, we formu-
late our FPQMC method to evaluate Eq. (18) in a way that manifestly
respects the dynamical symmetry of the model (each contribution to
the MC sums respects the symmetry). Here, we only cite the final
expression for the time-dependent expectation value of an observ-
able A; that satisfies TBA;BT = A; when the evolution starts from a
state |(0)) satisfying TB|y(0)) = e*|y(0))

Yo Ai(Yin+1) Re{Dy(C, At) } cos[ Aeint (C) At]

(4i(6)) = 5. Re{ D (C, At)} cos[Aem (C)A] (19)

Here, the configuration resides on the contour depicted in Fig. 1(c),
which is divided into 2N; slices in total, and contains 2N; — 1
independent states. We assume that states |¥;;) for I=1,...,N;

(I=N¢+1,...,2N;) lie on the forward (backward) branch of the
contour, while [¥;1) = |y(0)). Ai(¥in,+1) is defined as in Eq. (14),
while

N,
Agint(C) = Z Leint(Wisrn,) — e (Wig) ] (20)

I=1

The symbol Dy (C,At) stands for the following combination
of forward and backward fermionic propagators (which is also
emphasized by the subscript 2¢):

2N, N, ;
D (C, At) = H (Vi 1|€ Hol |\Ili,l>n<\I’i,l@1|e_lH0N‘\Yi,l)- (21)
I=N;+1 I=1
The bipartite lattice symmetry guarantees that Dy (C,At)

=Dy (C,—At), see Eq. (C9). The numerator and denominator of the
RHS of Eq. (19) are term-by-term invariant under the transforma-
tions At - —At and Agin(C) — —Acin(C) that respectively reflect
the transformation properties under the time reversal symmetry and
the fact that the dynamics of (A;(t)) are identical in the repulsive
and the attractive model. Defining w(C) = [Re{Dx(C,At)}| and
sgn(C) = Re{Dy(C, At) }/|Re{ D2 (C, At)}|, Eq. (19) is recast as

(Ai(¥in,+1) sgn(C) cos[Agint(C)At])w
(sgn(C) cos[A¢int (C)At])w

(22)

(Ai(1)) =~

The sign problem in the MC evaluation of Eq. (22) is dynam-
ical. It generally becomes more serious with increasing time ¢ and
interaction strength |U|. Moreover, w(C) also depends on both ¢
and U, meaning that MC evaluations for different ¢s and Us should
be performed separately, using different Markov chains. It is thus
highly desirable to employ further symmetries in order to improve
the performance of the method. Particularly relevant initial states
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[(0)), from both an experimental'“'” and theoretical'* viewpoint,
are pure density-wave-like states. Such states correspond to extreme
spin-density wave (SDW) and charge-density wave (CDW) patterns,
which one obtains by applying strong external density-modulating
fields. The SDW-like state can be written as

lwsow(9)) =Tcl s TT <, 19), (23)

116G reu\g

where G denotes the multitude of sites on which the electron spins
are polarized up, while set I/ contains all sites of the cluster stud-
ied. The electron spins on sites belonging to ¢/\G are thus polarized
down. Such states have been experimentally realized in Ref. 17. The
CDW-like states have also been realized in experiment,'* and they
read as

lycow (G)) = HCITCLM). (24)

reg

The sites belonging to G are doubly occupied, while the remain-
ing sites are empty. The state |ycpw(G)) can be obtained from the
corresponding |yspw (G)) state by applying the partial particle-hole
transformation that acts on spin-down electrons only

lysow(9)) = TT (e, (1= 1) + ey ) weow (9)), (25)

reud

see also Refs. 109 and 110. By combining the partial particle-hole,
time-reversal, and bipartite lattice symmetries, the authors of
Ref. 108 have shown that the time evolution of spatially resolved
charge and spin densities starting from states |ycpw(G)) and
|wspw (G)), respectively, obey

(yeow (9)|e™ (ner + ney — 1) Jycpw ()
= (ysow (9)[e" (1ey — ey )e ™ [yspw (). (26)

Equation (26) may be used to acquire additional statistics by com-
bining the Markov chains for the two symmetry-related evolutions.
The procedure is briefly described in Appendix C and applied to all
corresponding computations presented in Sec. 111 B.

3. ABQMC method for time-dependent quantities

In this section, we develop the so-called alternating-basis QMC
method, which is aimed at removing the dynamical character of the
sign problem in real-time FPQMC simulations. Moreover, using the
ABQMC method, the results for different real times t and different
interactions U may be obtained using just a single Markov chain, in
contrast to the FPQMC method, which employs separate chains for
each tand U.

Possible advantages of the ABQMC over the FPQMC method
are most easily appreciated on the example of the survival probability
of the initial state |y/(0))

P(t) = [y (0)e ™y ()], (27)
which is the probability of finding the system in its initial state after
a time ¢ has passed. Evaluating Eq. (27) by any discrete-time QMC
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method necessitates only one STD, see Fig. 1(d). The survival prob-
ability is thus the simplest example on which the applicability of
any QMC method to out-of-equilibrium setups can be systematically
studied.

The FPQMC computation of P(t) may proceed via the ratio

W)™ y(0))
RO = @)y (0)) @8

of the survival-probability amplitudes in the presence and absence
of electron-electron interactions. However, the average sign of the
MC simulation of Eq. (28) is proportional to the survival-probability
amplitude of the noninteracting system, which generally decays very
quickly to zero, especially for large clusters.” This means that the
dynamical sign problem in the FPQMC evaluation of Eq. (28) may
become very severe already at relatively short times ¢.

Instead of expressing the many-body free propagator
(¥]e ™A |W;) as a determinant of single-particle free propagators
[Egs. (6) and (7)], we could have introduced the spectral decom-
position of e”™4" in terms of Fock states |¥;) in the momentum

representation. In analogy with Eq. (5), such states are defined as

Ny
i) = TTTT cleol)- (29)
o j=1 '

The state |¥;) contains N, electrons of spin ¢ whose momenta

1>-.-,ki are ordered according to a certain rule and we define
e0(¥Yx) = (Yx|Ho|¥). In this case, the final expression for the sur-
vival probability of state |y(0)) that satisfies TB|y(0)) = e*|y(0))

reads as

Y. Re{D(C)} cos[eo(C)At] cos[em: (C)AL]|*
¥ Re{D(C)} '

P(t) ~ (30)

A derivation of Eq. (30) is provided in Appendix D. The MC eval-
uation of Eq. (30) should sample a much larger configuration space
than the MC evaluation of Eq. (28). The configuration C in Eq. (30)
also resides on the contour depicted in Fig. 1(d), but comprises
2N; — 1 states in total: N Fock states [¥,;) (I=1,...,N;)and N; - 1
Fock states [¥;;) (I=2,...,N;) (again, |[¥i1) = [¢(0))). D(C) is the
product of 2N; Slater determinants

N;
D(C) = [T (¥ise1 Vi) (Wi Wis) (31)
=1

that stem from the sequence of basis alternations between the
momentum and coordinate eigenbasis. Using the notation of
Egs. (5) and (29), the most general Slater determinant (W¥;|¥y)
entering Eq. (10) is given as

(¥i¥y) = ][] detS(¥:, ¥, 0), (32)
~ oo, exp(ik -1y
[S(\Ili)\yk) 0)]j1j2 = <rj1 ‘ka> = #) (33)

where 1 <j;,j, < N,. The symbol & (C) stands for [cf. Eq. (11)]
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N;
EQ(C) = ZSO(\I/k,l)- (34)
=1

We note that each term in Eq. (30) is invariant under transfor-
mations &(C) - —&(C) and At - —At, which reflect the action
of the bipartite lattice symmetry and the time reversal symmetry,
respectively. Being term-by-term invariant under the transforma-
tion &int(C) — —&int(C), Eq. (30) explicitly satisfies the requirement
that the dynamics of P(t) for repulsive and attractive interactions of
the same magnitude are identical. Defining w(C) = [Re{D(C) }| and
sgn(C) = Re{D(C)}/|Re{D(C)}|, Eq. (30) is recast as

(sgn(C) cos[eo(C)At] cos[ent(C)AL]),, 2‘

PO~ (sgn(C)),,

(35)

This choice for w is optimal in the sense that it minimizes the vari-
ance of (sgn(C))w,'' whose modulus is the average sign of the
ABQMC simulation. The sign problem encountered in the MC eval-
uation of Eq. (35) does not depend on either time ¢ or interaction
strength U, i.e., it is not dynamical. The weight w(C) in Eq. (35)
does not depend on either At or any other property of configuration
C (&0, €int). Therefore, the MC evaluation of Eq. (35) may be per-
formed simultaneously (using a single Markov chain) for any U and
any t. This presents a technical advantage over the FPQMC method,
which may be outweighed by the huge increase in configuration
space when going from FPQMC to ABQMC. To somewhat reduce
the dimension of the ABQMC configuration space and improve
the sampling efficiency, we design the MC updates so as to respect
the momentum conservation law throughout the real-time evolu-
tion. The momentum conservation poses the restriction that all the
momentum-space states |¥y;) have the same total electron momen-
tum K = ¥, k(Y| |¥ry) [modulo (27,2m7)]. The MC updates
in the ABQMC method for the evaluation of the survival proba-
bility are presented in great detail in Sec. SII of the supplementary
material.

By relying on the partial particle-hole and bipartite lattice
symmetries, in Appendix D we demonstrate that the dynamics of
the survival probabilities of states |yspw(G)) and |ycow(G)) are
identical, i.e.,

|(1//SDW(Q)\e’iH‘|1p5DW(g))|2 = |(WCDW(9)\efth|WCDW(g)>|2-
(36)

Evaluating Eq. (35), additional statistics can be acquired by
combining the Markov chains for the P(t) calculations starting from
the two symmetry-related states |ycow(G)) and |yspw(G)). The
procedure is similar to that described in Appendix C, and we apply
it to all corresponding computations presented in Sec. I1I C.

I1l. NUMERICAL RESULTS

We first apply the FPQMC method to equilibrium situations
(the particle number is not fixed), see Sec. III A, and then to time-
dependent local densities during the evolution of pure states, see
Sec. 11 B. Section III C presents our ABQMC results for the sur-
vival probability of pure states. Our implementation of the ABQMC
method on the full Kadanoff-Baym-Keldysh contour [Eq. (17)] is
benchmarked in Sec. SVII of the supplementary material.
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A. Equilibrium results: Equation of state

We start by considering the Hubbard dimer, the minimal
model capturing the subtle interplay between electron delocalization
and electron-electron interaction.''” We opt for moderate temper-
ature T/] = 1 and interaction U/] = 4, so that the expected num-
ber of imaginary-time slices needed to obtain convergent FPQMC
results is not very large. Figure 2 presents the equation of state
(i.e., the dependence of the electron density p. = (NT +N l) /N: on
the chemical potential y) for a range of y below the half-filling.
Here, Ny and N, are the operators of the total number of spin-
up and spin-down electrons, respectively. Figure 2 suggests that
already N, =2 imaginary-time slices suffice to obtain very good
results in the considered range of y, while increasing N, from 2
to 4 somewhat improves the accuracy of the FPQMC results. It
is interesting that, irrespective of the value of N;, FPQMC sim-
ulations on the dimer are manifestly sign-problem-free. First, the
one-dimensional imaginary-time propagator defined in Eq. (B2) is
positive, Z(JAt,1) = [e]AT + (—l)le_m’]/2 for both I = 0 and 1. Sec-
ond, the conﬁguration containing two electrons of the same spin is
of weight cosh’ (JAT) — sinh?(JAT) = 1, implying that the weights of
all configurations are positive. Furthermore, our results on longer
chains suggest that FPQMC simulations of one-dimensional lattice
fermions do not display a sign problem. While similar statements
have been repeated for continuum one-dimensional models of both
noninteracting‘%‘xh and interacting fermions,” there is, to the best
of our knowledge, no rigorous proof that the sign problem is
absent from coordinate-space QMC simulations of one-dimensional
fermionic systems. While we do not provide such a proof either,
Fig. 3 is an illustrative example showing how the FPQMC results
for the double occupancy Y (#4 ney ) /N, of the Hubbard chain at
half-filling approach the reference result (taken from Ref. 113) as the
imaginary-time discretization becomes finer. For all N.s considered,
the average sign of FPQMC simulations is |(sgn)| = 1.

We now apply the FPQMC method to evaluate the equation
of state on larger clusters. We focus on a 4 x 4 cluster, which may
already be representative of the thermodynamic limit at T/J 2 1.”
We compare our p,(u) results with the results of the numerical
linked-cluster expansion (NLCE) method.”"*” The NLCE results
are numerically exact and converged with respect to the control
parameter, i.e., the maximal cluster-size used. NLCE is commonly

u/J

FIG. 2. Equation of state p, () for the Hubbard dimer with T/J =1, U/J = 4.
Full red circles (green squares) are the results of FPQMC simulations employing
N; =2 (N, = 4) imaginary-time slices, while the solid black line is computed
using the exact diagonalization. The estimated statistical error of the FPQMC data
is in all cases smaller than the symbol size.
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FIG. 3. Double occupancy of the N; = 20-site Hubbard chain at half-filling
(u=U/2, p, =1) as a function of the number N of imaginary-time slices. The
remaining parameters are U/J = 3 and T/J = 1. The dotted line connecting full
symbols (FPQMC results) serves as a guide to the eye. The reference result is
taken from Ref. 113. The relative deviation of the FPQMC result with N, = 6 from
the reference result is around 2%. The statistical error bars of the FPQMC results
are smaller than the symbol size.

used to benchmark methods and understand experimental data.”"’
Again, we keep U/J = 4, but we take T/J = 1.0408 to be able to
compare results to the data of Ref. 41. Figure 4(a) reveals that the
FPQMC results with only N; = 2 imaginary-time slices agree very
well (within a couple of percent) with the NLCE results over a wide
range of chemical potentials. This is a highly striking observation,
especially keeping in mind that the FPQMC method with N; =2 is
sign-problem-free, see Fig. 4(b). It is unclear whether other STD-
based methods would reach here the same level of accuracy with
only two imaginary-time slices (and without the sign problem). This
may be a specific property of the FPQMC method. Finer imaginary-
time discretization introduces the sign problem, see Fig. 4(b), which
becomes more pronounced as the density is increased and reaches
a plateau for p, > 0.8. Still, the sign problem remains manageable.
Increasing N; for 2 to 6 somewhat improves the agreement of the
density p, [the inset of Fig. 4(a)] and considerably improves the
agreement of the double occupancy [Fig. 4(c)] with the referent
NLCE results. Still, comparing the insets of Figs. 4(a) and 4(c), we
observe that the agreement between FPQMC (N- = 6) and NLCE
results for p, is significantly better than for the double occupancy.
The systematic error in FPQMC comes from the time-discretization
and the finite size of the system. At N; = 6, it is not a priori clear
which error contributes more, but it appears most likely that the
time-discretization error is dominant. In any case, the reason why
systematic error is greater for the double occupancy than for the
average density could be that the double occupancy contains more
detailed information about the correlations in the system. This
might be an indication that measurement of multipoint density cor-
relations will generally be more difficult—it may require a finer time
resolution and/or greater lattice size.

The average sign above the half-filling, p, = 1, mirrors that
below the half-filling. The particle-hole symmetry ensures that
p, (1) =2 - p,(U — u), but that it also governs the average sign is not
immediately obvious from the construction of the method. A formal
demonstration of the electron-doping-hole-doping symmetry of the
average sign is, however, possible (see Appendix E). Note that we
restrict our density calculations to p, <1 because, in this case, the
numerical effort to manipulate the determinants [Eqs. (7) and (10)]
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FIG. 4. (a) Equation of state p,(u) for the Hubbard model on a 4 x 4 cluster
with the following values of model parameters: U/J = 4, T/J = 1.0408. (b) The
average sign as a function of the FPQMC estimate p, oy Of the electron density
for different values of N;. The dashed lines are guides for the eye. (c) The double
occupancy ¥{r Ny )/Ne @s a function of the FPQMC estimate p, ooy Of the
electron density for different values of N;. In (a) and (c), full symbols represent
FPQMC results, the solid line shows the NLCE data taken from Ref. 41, while
the insets show the relative deviation of FPQMC results from the reference NLCE
results. The estimated statistical error of the FPQMC data is in all cases smaller
than the symbol size.

is lower (size of the corresponding matrices is given by the num-
ber of particles of a given spin). The performance of the FPQMC
algorithm to compute p,(u) (average time needed to propose/accept
an MC update and acceptance rates of individual MC updates) is
discussed in Sec. SIII of the supplementary material.

We further benchmark our method in the case of very strong
coupling, U/J =24 and, again, T/J=1.0408. Figure 5(a) com-
pares the FPQMC results on a 4 x 4 cluster using N; = 2,4, and 6
imaginary-time slices with the NLCE results. At extremely low fill-
ings p, < 0.1, the relative importance of the interaction term with
respect to the kinetic term is quite small, and taking only N = 2 suf-
fices to reach a very good agreement between the FPQMC and NLCE
results, see the inset of Fig. 5(a). As the filling is increased, the inter-
action effects become increasingly important, and it is necessary to
increase N in order to accurately describe the competition between

J. Chem. Phys. 158, 044108 (2023); doi: 10.1063/5.0133597
Published under an exclusive license by AIP Publishing

158, 044108-8


https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0133597

The Journal
ARTICLE scitation.org/journalljcp

of Chemical Physics

@ 1 At this strong coupling, the dependence of the average sign on
08 B the density is somewhat modified, see Fig. 5(b). The minimal sign is

L no longer reached around half-filling but at quarter-filling, p, ~ 0.5,

0.6 around which |(sgn}| appears to be symmetric. Comparing Fig. 5(b)

< 04 r to Fig. 4(b), we see that the average sign does not become smaller

with increasing interaction, in sharp contrast with interaction-
expansion-based methods, such as CT-INT’** or configuration
PIMC.*

To better understand the relation between the average sign and
the interaction, in Fig. 6(a) we plot |(sgn)| as a function of the
ratio U/(4]) of the typical interaction and kinetic energy. We
take N; = 6 and adjust the chemical potential using the data from

Ref. 41 so that p, ~ 0.5. We see that |(sgn)| monotonically increases
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agreement between FPQMC and NLCE results over a broad range of 0218 00af” L
fillings. At very high fillings p, 2 0.9 and for N, = 6, our MC updates o2 RN i
that insert/remove particles have very low acceptance rates, which 2 4\ 6 8
may lead to a slow sampling of the configuration space. It is for this i
reason that FPQMC results with N; = 6 do not significantly improve FIG. 6. (a) The average sign as a function of the ratio between the typical interac-
over N; = 4in this parameter regime. For N; = 6, an inefficient sam- tion and kinetic energies. Full symbols are results of FPQMC computations on a

4 x 4 cluster with N, = 6, the temperature is fixed to T/J = 1.0408, and the chem-
ical potential at each U is chosen such that p, ~ 0.5. (b) The average sign as a
function of the cluster size N; for the values of model parameters summarized in

pling near the half-filling also renders the corresponding results for
the nearest-neighbor spin correlations Y ,5(S:S%,s)/Nc inaccurate,

so that they are not d.isplaye(.i in Zl—‘ig. 5(c). Here, vector 8 connects the figure. The FPQMC results (full symbols) are obtained using N, = 4 and 6. (c)
nearest-neighboring sites, while S; = (7 — 1r) /2 is the operator of Average sign as a function of N;. The FPQMC results (full symbols) are obtained
z projection of the local spin. At lower fillings, p, < 0.8, the agree- on a 4 x 4 cluster for the values of model parameters summarized in the main

ment between our FPQMC results with N, = 6 and the NLCE results part of the figure. The inset shows how the FPQMC result for double occupancy
is good, while decreasing N, from 6 to 4 severely deteriorates the approaches the referent NLCE result as the imaginary-time discretization becomes

quality of the FPQMC resullts. finer.
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increased. Moreover, for weak interactions, the performance of the
FPQMC method deteriorates at high densities, see Fig. 4(b), while
methods such as CT-INT become problematic at low densities. The
FPQMC method could thus become a method of choice to study the
regimes of moderate coupling and temperature, which are highly rel-
evant for optical lattice experiments. Figure 6(b) shows the decrease
of the average sign with the cluster size N, in the weak-coupling and
moderate-temperature regime at filling p, ~ 0.8. We observe that for
both N; = 4 and N, = 6, the average sign decreases linearly with N.
For N, = 6, we observe that the decrease for N, < 40 is somewhat
faster than the decrease for N, > 40. We, however, note that the
acceptance rates of our MC updates strongly decrease with N. and
that this decrease is more pronounced for finer imaginary-time dis-
cretizations. That is why we were not able to obtain any meaningful
result for the 10 x 10 cluster with N; = 6. At fixed cluster size and
filling, the average sign decreases linearly with N, see the main part
of Fig. 6(c), while the double occupancy tends to the referent NLCE
value, see the inset of Fig. 6(c).

In Sec. SIV of the supplementary material, we provide an
implementation of the ABQMC method in the equilibrium setup.
Figures 7(a) and 7(b), which deal with the same parameter regimes
as Figs. 4 and 5, respectively, clearly illustrate the advantages of the
fermionic-propagator approach with respect to the alternating-basis
approach in equilibrium. The average sign of ABQMC simula-
tions with only two imaginary-time slices is orders of magnitude
smaller than the sign of FPQMC simulations with three times
finer imaginary-time discretization. Since the FPQMC and ABQMC
methods are related by an exact transformation, they should produce
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FIG. 7. Average sign as a function of the electron density in ABQMC simulations
with N; = 2 (open circles) and FPQMC simulations with N = 6 (full squares) for
T/J =1.0408 and (a) U/J = 4 and (b) U/J = 24. The inset in panel (a) compares
ABQMC (open circles) and FPQMC (full circles) results for the double occupancy
as a function of p, (both methods employ N. = 2). The inset in panel (b) shows
the average sign of ABQMC simulations with N, = 2 as a function of cluster size
N¢ at low density (p, ~ 0.06, y/J = =5).

the same results for thermodynamic quantities (assuming that N is
the same in both methods). This is shown in the inset of Fig. 7(a) on
the example of the double occupancy. The inset of Fig. 7(b) suggests
that the average sign decreases exponentially with the cluster size
N.. Overall, our current implementation of the ABQMC method in
equilibrium cannot be used to simulate larger clusters with a finer
imaginary-time discretization.

B. Time-dependent results using FPQMC method:
Local charge and spin densities

1. Benchmarks on small clusters

In Figs. 8(a) and 8(b), we benchmark our FPQMC method for
time-dependent local densities on the example of the CDW state of
the Hubbard tetramer, see the inset of Fig. 8(b). We follow the evolu-
tion of local charge densities on initially occupied sites for different
ratios U/D, where D is the half-bandwidth of the free-electron band
(D = 2] for the tetramer). For all the interaction strengths consid-
ered, taking N; = 2 real-time slices on each branch (four slices in
total) is sufficient to accurately describe the evolution of local densi-
ties up to times Dt ~ 2, see full symbols in Fig. 8(a). At longer times,
2 < Dt < 4, taking N; = 3 improves results obtained using N; =2,
compare empty to full symbols in Fig. 8(a). Nevertheless, for the
strongest interaction considered (U/D = 1), 6 real-time slices are
not sufficient to bring the FPQMC result closer to the exact result
at times 3 < Dt < 4. The average sign strongly depends on time, and
it drops by an order of magnitude upon increasing N; from 2 to 3,
see Fig. 8(b). Despite this, the discrepancy between the N; = 3 result
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FIG. 8. (a) Time-dependent population of sites occupied in the initial CDW state
of a tetramer for different interaction strengths. Solid lines represent exact results,
full symbols connected by dashed lines are FPQMC results using N; = 2 real-time
slices, while empty symbols connected by dotted lines are FPQMC results using
N¢ = 3 real-time slices. The initial CDW state is schematically depicted in panel
(b). (b) Time-dependent average sign of the FPQMC simulation using N; = 2 (full
symbols connected by dashed lines) and N; = 3 (empty symbols connected by
dotted lines) for different interaction strengths. In (a) and (b), FPQMC simulations
using N; = 3 real-time slices are carried out only for 2 < Dt < 4.
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and the exact result for U/D =1 cannot be ascribed to statistical
errors but rather to the systematic error of the FPQMC method (the
minimum N; needed to obtain results with certain systematic error
increases with both time and interaction strength).

2. Results on larger clusters

Figure 9(a) summarizes the evolution of local charge den-
sities on initially occupied sites of a half-filled 4 x 4 cluster, on
which the electrons are initially arranged as depicted in the inset of
Fig. 9(b). This state is representative of a CDW pattern formed by
applying strong external density-modulating fields with wave vec-
tor q = (71,0). The FPQMC method employs four real-time slices
in total, i.e., the forward and backward branches are divided into
N; = 2 identical slices each. On the basis of the N; = 2 results in
Fig. 8(a), we present the FPQMC dynamics up to the maximum
time Dtmax = 2. The extent of the dynamical sign problem is shown
in Fig. 9(b).

At the shortest times, Dt < 1, the results for all the interactions
considered do not significantly differ from the noninteracting result.
The same also holds for the average sign. As expected, the decrease
of |(sgn)| with time becomes more rapid as the interaction U and
time discretization At = t/N; are increased. The oscillatory nature of
(sgn) as a function of time [see Eq. (22)] is correlated with the dis-
continuities in time-dependent populations observed in Fig. 9(a) for
U/D > 0.5. Namely, at the shortest times and for all the interactions
considered, (sgn) is positive, while for sufficiently strong interac-
tions, it becomes negative at longer times. This change is indicated
in Fig. 9(b) by placing the symbols “+” and “~” next to each relevant
point. We now see that the discontinuities in populations occur pre-
cisely around instants at which (sgn) turns from positive to negative
values. Focusing on U/D = 1, in Figs. 9(c1)-9(c3) we show the MC
series for the population of initially occupied sites at instants before

ARTICLE scitation.org/journalljcp

TABLE 1. Schematic representations of the initial states of small systems on which
the ABQMC method for P(t) is benchmarked.

system | Yepw ) |V/SDW )
Dimer ‘ l
Tetramer * * * ¢

[(c1)] and after [(c2), (c3)] (sgn) passes through zero. The corre-
sponding series for (sgn) are presented in Figs. 9(d1)-9(d3). Well
before [Figs. 9(c1) and 9(d1)] and after [Figs. 9(c3) and 9(d3)] (sgn)
changes sign, the convergence with the number of MC steps is excel-
lent, while it is somewhat slower close to the positive-to-negative
transition point, see Figs. 9(c2) and 9(d2). Still, the convergence at
Dt = 1.4 cannot be denied, albeit the statistical error of the popu-
lation is larger than at Dt = 1.2 and 1.6. At longer times Dt > 1.5,
when (sgn) is negative and of appreciable magnitude, the popula-
tion again falls in the physical range [0, 2]. Nevertheless, at such long
times, the systematic error may be large due to the coarse real-time
discretization.

In Sec. SV of the supplementary material, we discuss FPQMC
results for the dynamics of local charge densities starting from some
other initial states.

C. Time-dependent results using ABQMC method:
Survival probability

1. Benchmarks on small clusters

We first benchmark our ABQMC method for the survival
probability on Hubbard dimers and tetramers. The initial states

FIG. 9. (a) Time-dependent population of

sites occupied in the initial CDW state

of a 4 x4 cluster, which is schemati-
cally depicted in the inset of panel (b).
FPQMC results using N; = 2 real-time
slices (four slices in total) are shown for

five different interaction strengths (sym-
bols) and compared with the noninter-
acting result (solid line). (b) Magnitude
of the average sign as a function of

time for different interaction strengths.

The color code is the same as in panel
(a). For U/D =0.5,0.75, and 1 and Dt
> 1.2, symbols “+” and “~" next to each

point specify whether (sgn) is positive

or negative. (c) MC series for the pop-
ulation of initially occupied sites for U/D
=1and(c1) Dt = 1.2,(c2) Dt = 1.4, and
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are schematically summarized in Table 1. In both cases, we are at
half-filling.

Figures 10(al)-10(e2) present the time evolution of the survival
probability of the initial CDW-like and SDW-like states depicted in
Table I for the dimer (left panels, D = J) and tetramer (right pan-
els, D = 2J) for different values of U/D starting from the limit of a
weakly nonideal gas (U/D = 0.05) and approaching the atomic limit
(U/D = 20). The results are obtained using N; = 2 (full red circles)
and N¢ = 4 (blue stars) real-time slices and contrasted with the exact
result (solid black lines). The ABQMC results with N; = 2 agree
both qualitatively (oscillatory behavior) and quantitatively with the
exact result up to fmax ~ 1/U. Increasing N¢ from 2 to 4 may help
decrease the deviation of the ABQMC data from the exact result
at later times. Even when finer real-time discretization does not
lead to better quantitative agreement, it may still help the ABQMC
method qualitatively reproduce the gross features of the exact
result. The converged values of |(sgn}| for the dimer and tetramer

ARTICLE scitation.org/journalljcp

TABLE II. Modulus of the average sign for ABQMC simulations of P(¢) on dimer and
tetramer with Ny = 2,3, and 4.

System N;=2 N;=3 Ny =4
Dimer 1/2 1/4 1/8
Tetramer 1/8 24x1072 3x1073

for Ny =2,3,and 4 are summarized in Table II. For the dimer,
increasing N; by one reduces |(sgn)| by a factor of 2. In contrast,
in the case of the tetramer, increasing N; by one reduces |{sgn)| by
almost an order of magnitude.

2. Results on larger clusters

We move on to discuss the survival probability dynam-
ics of different 16-electron and eight-electron states on a 4 x 4
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cluster. Figures 11(a) and 11(b) present P(t) for 16-electron states
schematically depicted in their respective insets. These states are rep-
resentative of CDW patterns formed by applying strong external
density-modulating fields with wave vectors q = (7,0) in Figs. 11(a)
and q = (7, 7r) in Fig. 11(b). Figures 11(c) and 11(d) present P(t) for
eight-electron states schematically depicted in their respective insets.
The ABQMC method employs N; = 2 real-time slices. The results
are shown up to the maximum time Dtpax = 2.5, which we chose on
the basis of the results presented in Fig. 10(c2).

As a sensibility check of our ABQMC results, we first com-
pare the exact result in the noninteracting limit, see solid lines
in Figs. 11(a)-11(d), with the corresponding ABQMC prediction,
see full circles in Figs. 11(a)-11(d). While the exact and ABQMC
results agree quite well in Figs. 11(b) and 11(c), the agreement in
Figs. 11(a) and 11(d) is not perfect. Since no systematic errors are
expected in ABQMC at U = 0, the discrepancy must be due to sta-
tistical error. We confirm this expectation in Fig. 12 where we see
that the obtained curve tends to the exact one with the increasing
number of MC steps. The average sign cited in Fig. 11(d) suggests
that more MC steps are needed to obtain fully converged results.
Even though the converged average sign in Figs. 11(a)-11(c) is
of the same order of magnitude, we find that the rate of conver-
gence depends on both the number and the initial configuration of
electrons.

In Figs. 11(a)-11(d), we observe that weak interactions (U/D
$0.5) do not cause any significant departure of P(t) from the cor-
responding noninteracting result. On the other hand, the effect of
somewhat stronger interactions on P(t) depends crucially on the
filling. In the 16-electron case, the increasing interactions speed up
the initial decay of P, see Figs. 11(a) and 11(b), while in the eight-
electron case interactions have little effect at Dt < 1, see Figs. 11(c)
and 11(d). This we attribute to the essential difference in the over-
all electron density and the relative role of the interaction term
in the Hamiltonian. In the 16-electron case, starting from the
moderate coupling U/D ~ 1, there is a clear revival of the initial
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FIG. 12. (a) Average sign as a function of the number of MC steps in the
ABQMC simulation of P(t) for the 16-electron initial state schematically depicted
in Fig. 11(a). (b) Time dependence of the survival probability for U = 0 extracted
using the first 1/30 of the total number of MC steps completed (1.29 x 10°
steps, full red circles), the first 1/3 of the total number of MC steps completed
(1.29 x 1017 steps, full blue squares), and all the MC steps completed (3.87 x 10
steps, full green up-triangles). These results are compared to the exact result in
the noninteracting limit, which is represented by the solid line. The vertical lines in
(a), whose colors match the colors of the symbols in (b), denote the ending points
of the simulations.

state in Fig. 11(a), while no such a revival is observed in Fig. 11(b).
Furthermore, the memory loss of the initial density-wave pattern is
more rapid in Fig. 11(a) than in Fig. 11(b), even at U = 0. The revival
of the initial state is observed in the eight-electron case as well: at
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t < 1/D there is barely any effect of the interaction, yet at longer
times it boosts P. However, in contrast to the 16-electron case, the
results in Figs. 11(c) and 11(d) exhibit a weaker dependence of the
survival-probability dynamics on the initial density-wave pattern.
Indeed, the exact results in the noninteracting case are identical for
both patterns in Figs. 11(c) and 11(d). Except in the case of the (7, 7)
wave, the interactions lead to a persistence of the initial pattern at
longer times, ¢ > 1/D. The precise form of temporal correlations that
develop due to interactions apparently depends on the initial spatial
arrangement of the electrons.

Section SVI of the supplementary material presents additional
ABQMC results for the time-dependent survival probability.

IV. RELATION TO OTHER ALGORITHMS

As mentioned in the introduction, a variant of the FPQMC
method was first proposed by De Raedt and Lagendijk in the
1980s.”"* They, however, explicitly retain permutation operators
appearing in Eq. (A5) in their final expression for Z, see, e.g., Eq. (3)
in Ref. 78 or Egs. (4.13) and (4.14) in Ref. 80. On the other hand,
we analytically perform summation over permutation operators,
thus grouping individual contributions into determinants. This is
much more efficient [as the factorial number of terms is captured in
only O(N?) steps, or even faster] and greatly improves the average
sign (cancellations between different permutations are already con-
tained in the determinant, see Fig. 7). The approach followed by De
Raedt and Lagendijk later became known as permutation-sampling
QMC, and the route followed by us is known as antisymmetric-
propagator QMC,”*° permutation-blocking QMC,” or fermionic-
propagator QMC.”® The analytical summation over permutation
operators entering Eq. (A5) was first performed by Takahashi and
Imada.*

Our FPQMC method employs the lowest-order STD [Eq. (4)],
which was also used in the permutation-sampling QMC method of
De Raedt and Lagendijk.”* "’ The maximum number of imaginary-
time slices N they could use was limited by the acceptance rates
of MC updates, which decrease quickly with increasing N; and
the cluster size N.. In our present implementation of FPQMC,
we encounter the same issue, and our sampling becomes pro-
hibitively inefficient when the total number of time slices is greater
than 6-8, depending on the cluster size. To circumvent this issue,
the fermionic-propagator idea was combined with higher-order
STDs’®''*"''® and more advanced sampling techniques''”'"* to sim-
ulate the equilibrium properties of continuum models of interacting
fermions in the canonical’””* and grand-canonical®® ensembles.
More recent algorithmic developments enabled simulations with as
much as 2000 imaginary-time slices,''” which is a great improve-
ment. Whether similar ideas can be applied to lattice systems to
improve the efficiency of sampling is currently unclear. Generally,
more sophisticated STD schemes have been regarded as not use-
ful in lattice-model applications.'”’ It is important to note that
the success of the antisymmetric-propagator algorithms in con-
tinuous systems relies on weak degeneracy. This corresponds to
an extremely low occupancy regime in lattice models, and it is
precisely in this regime that our FPQMC method has an aver-
age sign close to 1 [see Figs. 4(b) and 5(b)], and the sampling is
most efficient [see Sec. SIIT of the supplementary material]. Near
half-filling, lattice models present a fundamentally different physics,
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which may ultimately require a substantially different algorithmic
approach.

We further emphasize that the low acceptance rates and the
resulting inefficiency of sampling that we encounter are directly
related to the discrete nature of space in our model. Some strategies
for treating the analogous problem in continuous-space models may
not be applicable here. For example, in continuous-space models,
acceptance rates of individual updates can be adjusted by mov-
ing electrons over shorter distances, so that the new configuration
weight is less likely to be substantially different from the old one.
In contrast, in lattice models, electronic coordinates are discrete,
and the minimum distance the electrons may cover is set by the
lattice constant; in most cases, moving a single electron by a sin-
gle lattice spacing in a single time slice is sufficient to drastically
reduce the configuration weight. There is no general rule on how
electrons should be moved to ensure that the new configuration
weight is close to the original one. This is particularly true for the
updates that insert/remove a particle, and the problem becomes
more pronounced with increasing N;. When each of the N states
[¥i,) [see Eq. (9)] is changed to [¥],), the chances that at least one
of (W!,p;]e ™ |¥!,) is much smaller than (¥, e ¥;;) [see
Eq. (10)] increase with N,. Our configuration weight is appreciable
only in small, mutually disconnected regions of the configuration
space, the movement between which is difficult. In Sec. V, we touch
upon possible strategies to improve sampling of such a structured
configuration space.

It is also important to compare our methods to the HF QMC
method,”*"” which is a well-established STD-based method for the
treatment of the Hubbard model. The HF method is manifestly sign-
problem-free but only at particle-hole symmetry. The sign problem
can become severe away from half-filling, or on lattices other than
the simple square lattice with no longer-range hoppings. On the
other hand, our FPQMC method is nearly sign-problem-free at
low occupancy, but also near half-filling, albeit only at strong cou-
pling [see Figs. 4(b) and 5(b)]. The other important difference is
that matrices manipulated in HF are of the size N.N;, while in
FPQMC, the matrices are of the size <2N,, i.e., given by the num-
ber of particles. Algorithmic complexity of the individual MC step
in FPQMC scales only linearly with N, while in HF, the MC step
may go as O(N?) [determinant is O(N*), but fast updates O(N?)
are possible when the determinant is not calculated from scratch*’].
Low cost of individual steps in FPQMC has allowed us to perform
as many as ~10' MC steps in some calculations. This advantage,
however, weighs against an increased configuration space to be sam-
pled. In HF the number of possible configurations is 2™ (space is
spanned by NcN; auxiliary Ising spins), while in FPQMC it is 4™ ""
(although, symmetries can be used to significantly reduce the num-
ber of possible configurations). The ABQMC method manipulates
matrices of the same size as does FPQMC, but with twice the num-
ber, and the configuration space is a priori even bigger (16™*). Our
methods also have the technical advantage that the measurements
of multipoint charge and spin correlation functions are algorithmi-
cally trivial and cheap. Especially in ABQMC, the densities in both
coordinate and momentum space can be simply read off the configu-
ration. This is not possible in HF, where the auxiliary Ising spin only
distinguishes between singly occupied and doubly-occupied/empty
sites. Most importantly, the ABQMC/FPQMC methods can be
readily applied to canonical ensembles and pure states, which may
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not be possible with the HF method. However, the HF is commonly
used with tens of time slices for lattice sizes of order N, = 100-200; in
FPQMC, algorithmic developments related to configuration updates
are necessary before it can become a viable alternative to the HF in a
wide range of applications.

Finally, we are unaware of any numerically exact method for
large lattice systems, which can treat the full Kadanoff-Baym-
Keldysh contour, and yield real-time correlation functions. Our
ABQMC method represents an interesting example of a real-time
QMC method with manifestly no dynamical sign problem. How-
ever, the average sign is generally poor. To push ABQMC to larger
number of time slices (as needed for calculation of the time-
dependence of observables) and lattices larger than 4 x 4 will require
further work, and most likely, conceptually new ideas.

V. SUMMARY AND OUTLOOK

We revisit one of the earliest proposals for a QMC treat-
ment of the Hubbard model, namely the permutation-sampling
QMC method developed in Refs. 78-80. Motivated by recent
progress in the analogous approach to continuous space models, we
group all permutations into a determinant, which is known as the
antisymmetric-propagator,” permutation-blocking,” or fermionic-
propagator’® idea. We devise and implement two slightly different
QMC methods. Depending on the details of the STD scheme, we
distinguish between (1) the FPQMC method, where snapshots are
given by real-space Fock states and determinants represent anti-
symmetric propagators between those states, and (2) the ABQMC
method, where slices alternate between real and reciprocal space rep-
resentation and determinants are simple Slater determinants. We
thoroughly benchmark both methods against the available numer-
ically exact data and then use ABQMC to obtain some new results in
the real-time domain.

The FPQMC method exhibits several promising properties.
The average sign can be close to 1 and does not drop off rapidly with
either the size of the system or the number of time slices. In 1D,
the method appears to be sign-problem-free. At present, the lim-
iting factor is not the average sign but rather the ability to sample
the large configuration space. At discretizations finer than N, = 6-8,
further algorithmic developments are necessary. Nevertheless, our
calculations show that excellent results for instantaneous correlators
can be obtained with very few time slices and efficiently. Average
density, double occupancy, and antiferromagnetic correlations can
already be computed with high accuracy at temperatures and cou-
pling strengths relevant for optical-lattice experiments. The FPQMC
method is promising for further applications in equilibrium setups.
In real-time applications, however, the sign problem in FPQMC is
severe.

On the other hand, the ABQMC method has a significant
sign problem in equilibrium applications but has some advantages
in real-time applications. In ABQMC, the sign problem is manifestly
time-independent, and calculations can be performed for multiple
times and coupling strengths with a single Markov chain. We use
this method to compute time-dependent survival probabilities of
different density-modulated states and identify several trends. The
relevant transient regime is short, and based on benchmarks, we esti-
mate the systematic error due to the time discretization here to be
small. Our results reveal that interactions speed up the initial decay
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of the survival probability but facilitate the persistence of the initial
charge pattern at longer times. Additionally, we observe a charac-
teristic value of the coupling constant, U ~ 0.5D, below which the
interaction has no visible effect on time evolution. These findings
bare qualitative predictions for future ultracold-atom experiments,
but are limited to dynamics at the shortest wave-lengths, as dictated
by the maximal size of the lattice that we can treat. We finally note
that, within the ABQMC method, uniform currents, which are diag-
onal in the momentum representation, may be straightforwardly
treated.

There is room for improvement in both the ABQMC and
FPQMC methods. We already utilize several symmetries of the
Hubbard model to improve efficiency and enforce some physi-
cal properties of solutions, but more symmetries can certainly be
uncovered in the configuration spaces. Further grouping of con-
figurations connected by symmetries can be used to alleviate some
of the sign problem or improve efficiency. Also, sampling schemes
may be improved along the lines of the recently proposed many-
configuration Markov chain MC, which visits an arbitrary number
of configurations at every MC step.'”! Moreover, a better insight into
the symmetries of the configuration space may make deterministic,
structured sampling (along the lines of quasi-MC methods'** '**)
superior to the standard pseudo-random sampling.

SUPPLEMENTARY MATERIAL

See the supplementary material for (i) a detailed description
of MC updates within the FPQMC method, (ii) a detailed descrip-
tion of MC updates within the ABQMC method for time-dependent
survival probability, (iii) details on the performance of the FPQMC
method in equilibrium calculations, (iv) discussion on the applica-
bility of the ABQMC method in equilibrium calculations, (v) addi-
tional FPQMC calculations of time-dependent local densities, (vi)
additional ABQMC calculations of time-dependent survival prob-
ability, and (vii) formulation and benchmarks of ABQMC method
in quench setups (on the full three-piece Kadanoff-Baym-Keldysh
contour).
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APPENDIX A: MANY-BODY PROPAGATOR
AS A DETERMINANT OF SINGLE-PARTICLE
PROPAGATORS

The demonstration of Eqs. (6) and (7) can be conducted for
each spin component separately. We thus fix the spin index ¢ and
further omit it from the definition of the many-fermion state |¥;)
[Eq. (5)]. Since Hy is diagonal in the momentum representation, we
express the state |¥;) in the momentum representation

LOEDY (H (k1|rl)ch)|ﬂ) (A1)

{3 \i=1

and similarly for |‘I’,’) While the positions ri, ...,y are ordered
according to a certain rule, the wave vectors ky,...,ky entering
Eq. (A1) are not ordered, and there is no restriction on the sum over
them. We have

(\P”e—Aszg'\{_,i) _ Z Z e—Aocskl o e—AocskN
{kHk}
x (rilky) .. (1K) (ko )k o)
x(Plag, - ac Ck, Ckw|ﬂ> (A2)

The sums over {k; } are eliminated by employing the identity™

(mfk'

oY Ck, CkV |7)

= sgn(P) 8Kkl kp(ry) - - (K, Koy ), (A3)
P

where the permutation operator P acts on the set of indices
{1,...,N}, while sgn(P) = +1 is the permutation parity. We then
observe that

N

[T {xilkeqry)

N
= [T (5 lk), (A4)

1=1 1=1

which permits us to perform the sums over individual k;s indepen-

dently. Combining Eqs. (A2)-(A4) and changing the permutation

variable P’ = P~ we eventually obtain
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N
—AaH, —AaH,
(ile ™ 1¥i) = 3 sgn(POT{rprpyle ™ r)
=1

P

= det S(¥}, ¥;, Aat), (A5)

where matrix S(¥, ¥;, Aa) (here without the spin index) is defined
in Eq. (7).

APPENDIX B: PROPAGATOR OF A FREE PARTICLE
ON THE SQUARE LATTICE

Here, we provide the expressions for the propagator of a free
particle on the square lattice in imaginary [Aa = At in Eq. (7)] and
real [Aa = iAt in Eq. (7)] time. In imaginary time,

(r'|e7ATH°|r) = Z(2]JAr, rh— re) Z(2]JAt, r}', -1) (B1)
where the one-dimensional imaginary-time propagator (I is an
integer)

I(z1) = %Nijl cos(%ﬂ) exp(z cos(%)) (B2)

j=0

is related to the modified Bessel function of the first kind I;(z) via
lim Z(z1) = l/ d6 cos(10) & = I(2). (B3)
N—oo mJo

In real time,

(rl‘efiAtHo |l'> —

T (2JAt 1, — 1) T (2] At 1y — 1), (B4)

where the one-dimensional real-time propagator (I is an integer)

J(z1) = %N*I cos(%ﬂ) exp(iz cos(%ﬂj)) (B5)

j=0

is related to the Bessel function of the first kind J;(z) via
1 m .
lim J(z0) = - f d6 cos(10) € = i1, (z).  (Be)
N—-oo T Jo

For finite N, J(z,2I) is purely real, while 7 (z,2]+ 1) is purely
imaginary.

APPENDIX C: DERIVATION OF THE FPQMC
FORMULAE THAT MANIFESTLY RESPECT
THE DYNAMICAL SYMMETRY

OF THE HUBBARD MODEL

Here, we derive the FPQMC expression for the time-dependent
expectation value of a local observable [Eq. (18)] that manifestly
respects the dynamical symmetry of the Hubbard model.

We start by defining the operation of the bipartite lattice sym-
metry, which is represented by a unitary, hermitean, and involutive
operator B (BT =B= B_l) whose action on electron creation and
annihilation operators in the real space is given as
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BB = (1) P (@)
In the momentum space, B is actually the so-called 7-boost'”

BB =) ()

that increases the electronic momentum by Q = (7, 7). The time
reversal operator T is an antiunitary (unitary and antilinear), involu-

tive, and hermitean operator whose action on electron creation and
annihilation operators in the real space is given as

TCS)T = cff), chf)T =- ETT), (C3)

while the corresponding relations in the momentum space read as

TCI((T) T = ()

=Cp TC}EI)T = —CEJ;()T. (C4)

Using Egs. (C1)-(C4), consequently

BH()B = —HO; BHintB = Hint)

THimT = Hint.

THyT = Hy,
0 0 (C5)

In Sec. II B 2, we assumed that the initial state |y(0)) is an eigen-
state of local density operators ngs, which means that B|y(0))
= e%|y(0)), see Eq. (C1).

The denominator of Eq. (18)

Aden(1) = ((0)]e™ e |y(0)) (Co)

is purely real, Agen () = Agen(t)”, so that

1 N; _ _
Aden(f)~*< (0)‘ zHDAtetH,mAt) (e iHAt zH,mAz) ‘ (0)>

1 iHine 1Hy — 1 in —i1g
+E<W(O)‘ eH ot it At) (e iHidt HAt) V/(O)>~
(C7)

We thus obtain

Aden(t) # Y, {Re{Dx(C, At)} cos[Aeint (C)At]

—Im{Dy(C, At) } sin[ Aeint (C) At]}, (C8)

where configuration C consists of 2N;—1 independent states
[Wiz), ..o [Yian, ) [Win) = [w(0)), while Dy (C, At) and Agine(C) are
defined in Egs. (21) and (20), respectively. The denominator is also
invariant under time reversal, Agen(#) = Agen(—t), which is not a
consequence of a specific behavior of the initial state under time
reversal but rather follows from Age,(#) = (¥(0)|y(0)). In other
words, Eq. (C8) should contain only contributions invariant under
the transformation At — —At. Using the bipartite lattice symmetry,
under which B|¥;;) = ¢¥|¥;,), we obtain
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2N, ‘
Dy(C—At) = [ (¥ise1|BBe "' BB|Y,;)
I=N;+1

N, .
x [T (¥ie1|BBe ™" BB|¥;))

w iHyA 2 —iHyAt

= H (Yise 1|el ! |‘I/i,l>H<\Pi,l®l|e e |\Pi,l>
I=N;+1 I=1

=Dy (C, At). (C9)

Equation (C8) then reduces to

Aden(t) = " Re{Dx(C, At)} cos[ Aeint (C)At]. (C10)
C
We now turn to the numerator of Eq. (18)
Anum (1) = (w(0)|e"™ As ™y (0)), (C11)

which is also purely real, Anum (t) = Anum(t)”, so that
Anum (1) & " Ai(¥in,+1){Re{D2(C, At)} cos[ Aeini (C) At]
13

—Im{Dy(C, At)} sin[ A¢int (C)At]}. (C12)

In the following discussion, we assume that the time reversal oper-
ation changes |y(0)) by a phase factor, T|y(0)) = e*[y(0)). This,
combined with B|y(0)) = €*#|y/(0)), gives the assumption on |y(0))
that is mentioned before Eq. (19). We further assume that TBA;BT
= A;. Under these assumptions, the numerator is invariant under
time reversal, Anum(—t) = Anum (), meaning that Eq. (C12) should
contain only contributions invariant under the transformation
At — —At. Using Eq. (C9), Eq. (C12) reduces to

Anum (t) » 3" Ai(¥in,+1) Re{Dy(C, At)} cos[Aeint(C)At], (C13)
C

and Eq. (22) follows immediately.

An example of the initial state |y(0)) and the observable A; that
satisfy TB|y(0)) = ¥|y(0)) and TBA;BT = A; are the CDW state
[¥cpw) [Eq. (24)] and the local charge density A; = 3, niro. While the
time-reversal operation may change a general SDW state [Eq. (23)]
by more than a phase factor, Eq. (C13) is still applicable when the
observable of interest is the local spin density A; = n¢4 — #yy. This fol-
lows from the transformation law T(ns — 1y, ) T = 1y, — 1y and the
fact that the roles of spin-up and spin-down electrons in the state
T|ygpy) are exchanged with respect to the state [y, ).-

We now explain how we use Eq. (26) to enlarge statistics
in computations of time-dependent local spin (charge) den-
sities when the evolution starts from state |y, ) in Eq. (23)

(l¥epw) in Eq. (24)]. Let us limit the discussion to the spin
(charge) density at fixed position r. Supgose that we obtained
Markov chains (of length Ncpw) {NPW(¢),.. I&Ey(t)}
and {DPV,. .. Dﬁg‘x} for the numerator and denomlnator.
Suppose also that we obtained Markov chains (of length Nspw)
{NPPY(E), . NREPY ()} and {D{PY,.L DROV) for  the
numerator and denominator. Using these Markov chains, we
found that the best result for the time-dependent local spin
(charge) densit ‘A}I is obtained by joinin %Nthem into one Markov
chain  { NPV (8), .., NREW (), NPV (8), . NEEW ()} of

length Nspw + Ncow for the numerator, and another Markov chain
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{'DISDW, . ,Dﬁ;g)‘x,DICDW, RN I\(f:(?)‘\/«\zl} of length Nspw + Ncpw
for the denominator. If individual chain lengths Ncpw and Nspw
are sufficiently large, the manner in which the chains are joined is
immaterial; here, we append the CDW chain to the SDW chain, and
we note that other joining possibilities lead to the same final result
(within the statistical error bars). To further reduce statistical error
bars, we also combine SDW + CDW chains at all positions r that
have the same spin (charge) density by the symmetry of the initial
state.

WO () = 3 (@) (¢ e )

V. Wiy, I=1

Ni

Re Y. y ¥, . e—iso(c)At e—ieim(c)At
Llel| Tkl kIl Xl

I=1

Yoo Win, Yer - Yan,
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APPENDIX D: DERIVATION OF THE ABQMC FORMULA
FOR THE SURVIVAL PROBABILITY

We start from the survival-probability amplitude

()l ly(0))
A0 = o) oy

whose numerator can be expressed as

v©) + 5 {v@)| (e ) y(o0))

N, ‘ -
Z Re{n <\Pi,l@1|€_lH0At\I/i’l>}e_’€mx(t At

= S {Re{D(C)} cos[eo (C)At] + Im{D(C)} sin[eo (C)At] }e (™, (D2)

In going from the second to the third line of Eq. (D2), we
introduced spectral decompositions of Ny factors e” %', The con-
figuration C entering the last line of Eq. (D2) consists of N;—1
independent states [¥;2),...,|%in,) in the coordinate representa-
tion and N; independent states [¥x;),...,|¥ky,) in the momentum
representation, while [¥;;) = |w(0)). D(C) and &(C) are defined in
Egs. (31) and (34), respectively. By virtue of the bipartite lattice sym-
metry, under which D(C) remains invariant, while &(C) changes
sign, the summand containing sin[ey(C)At] in Eq. (D2) vanishes, so
that

(w(0)]e” ™y (0)) ~ ; Re{D(C)} cos[eo(C)At] e (A (D3)

This form should be used, e.g., when |y/(0)) is the SDW state defined
in Eq. (23). When the initial state is the CDW state defined in

Eq. (24, T[y(0)) = ey (0), {y(0)|e™ [y (0)) is purely real, so
that

(¥ (0)]e™[y(0)) ~ ZC: Re{D(C)} cos[en(C)At] COS[&m(C)A(fl]ﬂ)

Equation (30) then follows by combining Eq. (D4) with
(¥(0)[y(0)) = L Re{D(C)}.

We now provide a formal demonstration of Eq. (36). The
partial particle-hole transformation is represented by a unitary, her-
mitean, and involutive operator P (P! = P = P!), whose action
on electron creation and annihilation operators in real space is
given aslr)‘),lm

PcyP=ct,  PhP=cly, (D5)

PP = (-1)"* Pcl P = (-1)""¢,. (D6)

(

The interaction Hamiltonian Hiy thus transforms under the par-
tial particle-hole transformation as PHinP = UN4 — Hint. The action
of the partial particle-hole transformation in the momentum space

reads as [Q = (7, )]

PeyP =cq,  Pe,P=cl,, (D7)

_
Pey P = CQ-k)’

Pcl,P = cqiy. (D8)
The kinetic energy, therefore, remains invariant under the par-
tial particle-hole transformation, i.e., PHoP = Hy. Equations (D5)
and (D6) imply that P|@) = HréMCLM). We then find that P|yp,,)
= |Wgpw)> 1-e., the partial particle-hole transformation transforms
the CDW state defined in Eq. (24) into the SDW state defined
in Eq. (23) and vice versa.'”” The states |y.pw) and |wepuw)
have the same number of spin-up electrons, while their num-
bers of spin-down electrons add to N.. Using the combination of
the partial particle-hole transformation P and the bipartite lattice
transformation B defined in Appendix C, one obtains

’Ht|

(veowle™ —iN; (v) Ut<

Ycepw) = e WSDW|€7,Ht|V/SDW>*> (D9)
where Ni(y) = (yeow|Ni|ycow) = (ysow|Nilysow) is the total
number of spin-up electrons in CDW and SDW states. Equation (36)
then follows immediately from Eq. (D9).

A similar procedure to that described in Appendix C is used
to combine Markov chains for the survival probabilities of the
CDW and SDW states related by the dynamical symmetry in
Eq. (D9).
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APPENDIX E: USING THE PARTICLE-HOLE SYMMETRY
TO DISCUSS THE AVERAGE SIGN OF THE FPQMC
METHOD FOR CHEMICAL POTENTIALS y AND U - pu

The (full) particle-hole transformation is represented by a uni-
tary, hermitean, and involutive operator Py (P} =Pr= P}l) whose

action on electron creation and annihilation operators in real space
. 9 )
is defined as'"' "

Pfewo Py = (-1)*"cl, (E1)

The corresponding formula in the momentum space reads as
Pfeio Py =ch o (E2)
Let us fix J, U, T, and N, and compute the equation of state P, (n)
using Eq. (13) in which A;(¥;;) = [N;(C) + N, (C)]/N.. 1t is con-

venient to make the y-dependence in €int (G pt) explicit. In the sums
entering Eq. (13) we make the substitution

C—C ={|®y) = Pf¥;)[I=1,...,N:} (E3)
under which
Dy(C, A1) = Dy(C’, AT), (E4)
sint(C»[/l) :5int(C’:U_,u) + (U_2 H)NTNC) (E5)
Ny(C") = Ne = No(C). (E6)
It then follows that

T Dp(C, Ar) e 2 SO INL(C) + N, (C)] /N,
Zc D/;(C, AT) e‘ATSim(CM)
~ ZC’ Dﬁ(C’, AT) e_ATS"“(C',U—M) [NT(C,) 4 NL (C’)]/NE
S Dp(C', A7) e been @0 :

=2
(E7)

The FPQMC simulations of the ratios in the last equation are
performed for chemical potentials  and U — y, which are symmet-
ric with respect to the chemical potential U/2 at the half-filling. Since
eint(Gu) and eine(C', U — ) differ by a constant additive factor, the
corresponding configuration weights differ by a constant multiplica-
tive factor, and the average signs of the two FPQMC simulations are
thus mutually equal.
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SI. FPQMC METHOD: MONTE CARLO UPDATES

Here, we present the Monte Carlo updates we use to move through the configuration space of our FPQMC method.

The configuration space is sampled through Markov chains starting from an, in principle arbitrary, configuration
Cp. The Metropolis—Hastings algorithm is used to determine the probability of transferring from configuration C,
at Monte Carlo step n to configuration C, 11 at the subsequent Monte Carlo step n + 1. The transition probability
Wn—>n+1 is

__ yy/brop acc
Whont1 = Wn—>n+1 n—n+1 (Sl)

where WP 1 is the probability of proposing the update from configuration C,, to configuration C,, 1, while W3S,
determines the probability with which such a proposal is accepted. The Metropolis—Hastings acceptance rate reads

as
Wi = min{l, Ryynia } (52)

where the acceptance ratio R, _,+1 = 1/Ry,41-, depends on the weights of the configurations involved, as well as
on the proposal probabilities in both directions C,, <+ C,,+1 in the following manner

W(Co 1 JWEEL
Rn n = ;Lo = S3
o w (Cn) rFL)ﬁEL+ 1 ( )

A. Updates that conserve the number of particles

1. change_r_local
We randomly choose one real-space state |\I/?JO> [in all the time-dependent computations we perform, ly # 1 due
to [W7;) = |(0)) at each Monte Carlo step n] and move an arbitrarily chosen electron (spin o, position r7) to
a new position s§ under the condition that the state (o,s7) is unoccupied in [W7, ).
prop

n+l—n

The inverse move proceeds in the same manner as described above. The ratio of proposal weights is —=s5— = 1.

n—n+1

This move ensures that we sample configurations with different real-space electron patterns.

2. change._r_global
We randomly choose one real-space state \\Il;fl(J) [in all the time-dependent computations we perform, Iy # 1
due to [¥7,) = [(0)) at each Monte Carlo step n] and replace it by a new state |\I/fltl> # [7,,). While the
effects of this “global” move can be mimicked by multiple applications of its “local” version change r_local, we
found this move very useful in evenly sampling the configuration space, especially in time-dependent FPQMC
simulations.

3. spin_flip—used only in equilibrium FPQMC simulations because it does not separately conserve the number of
spin-up and spin-down electrons, yet it conserves the total electron number
We randomly choose spin o and attempt to increase/decrease the number of electrons of spin ¢ /7 by one.
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In each imaginary-time slice [ = 1,..., N, we choose an electron of spin ¢ at position r from the real-
space state \\I/”> and construct the real—space state |\I/"+1> by changing the electron’s position r — s
and spin ¢ — &. The ratio of the proposal probablhtles in the real space can be directly computed as

(nglgn) - N,(N. — Ny)
l

J7Prop T+ No)(N.— N, £1)’ where N, and N5 are numbers of electrons of spin o and @ in [¥7).

n—n+1

This move is very useful once the FPQMC starts sampling configurations whose total electron number (the
sum of the numbers of spin-up and spin-down electrons) fluctuates around the value predicted by the fixed
temperature and chemical potential. One value of the total electron number may be realized via many different
combinations of numbers of spin-up and spin-down electrons, and it is precisely this move that enables efficient
sampling through all these combinations.

B. Updates that do not conserve the number of particles

The updates add_particle and remove_particle are used only in equilibrium FPQMC simulations, when the
number of particles fluctuates according to the fixed chemical potential and temperature.

The move add_particle/remove_particle adds/removes one electron from the configuration. These two moves are
inverses of one another and their acceptance rates are mutually equal. The spin o of the electron added to/removed
from the imaginary-time slice [ = 1 fixes that an electron added to/removed from the remaining imaginary-time slices
l=2,..., N, must have the same spin o.

Let N denote the number of electrons of spin o in state [¥7;) (before the update). In the first imaginary-time slice
[ =1, an electron can be added to any of N, — Ny + N, — V| empty single-particle states, while an electron can be
removed from any of N4+ N} occupied single-particle states. Concerning the inverse move, an electron can be removed
from any of N4+ 4+ NN 41 occupied single-particle states, while an electron can be added to any of 2N, — Ny — N, +1
empty single-particle states. We thus have

ro dd TO rmv
(W5+11;n>a _ 2N, — Ny — N, (WTFL)Jrlp—)n) _ Ny + N, . (S4)
W J=1 Ny +Np+1 W J=1 2N, — Ny =N, +1
In all other imaginary-time slices | = 2,..., N, we have
Wprop add N.— N i/ Prop rmv N
(W) _ c o , ( nJrrol—VrL ) _ 70. (85)
W"EL)‘}Z+1 >2 No +1 W542+1 1>2 N, — N, +1

C. Fast determinant updates

The determinant Dg(C, A7) is a product of 2N, determinants of imaginary-time single-particle propagators on a
lattice. Since all the updates can be seen as a single row/column change or addition/removal of a single row/column,
changes in individual determinants may be efficiently computed using the formulae for fast determinant updates.
These formulae, which provide the determinant ratio before and after the update, deal with the inverses of the
corresponding matrices. We store these inverses in memory and recompute them from scratch each time a Monte
Carlo update is accepted.

D. Extraction of Monte Carlo results

The average sign of FPQMC simulations is relatively large, so that, after the initial equilibration phase, the physical
quantities we compute depend quite weakly on the number of Monte Carlo steps completed. All relevant quantities
are measured at every Monte Carlo step, and the individual-step data are grouped into bins of length L;, where
Ly ~ 10* — 10°, depending on the total number of steps completed. To provide the best possible estimate of a
quantity, we discard the first 80% of the simulation. The average of the binned data in the last 20% of the simulation
is taken as the Monte Carlo estimate of the quantity of interest. The statistical error is estimated as the root-mean-
square deviation of the binned data in the final 20% of the simulation from the above-computed average value. Such
an estimate of the error is appropriate for statistically independent data. While we have not performed a systematic
binning analysis, we may expect that the bin length we chose is sufficiently large that the data from different bins
may be considered as statistically independent.



SIl. ABQMC METHOD IN REAL TIME: MONTE CARLO UPDATES

Here, we present the Monte Carlo updates we use to move through the configuration space of our real-time ABQMC
method to compute the survival probability of an initial (pure) state. We only need updates that conserve the number
of particles of each spin orientation.

Within the alternating-basis method, which employs both coordinate-space and momentum-space many-body states,
we perform individual Monte Carlo updates on one of the two sets of states. The updates changing coordinate-space
states are the updates change r_local and change_r_global that we present in Sec. [SII The updates that change
momentum-space states are designed so as to respect the momentum-conservation law. While the proposal proba-
bilities WPP 41 for coordinate-space updates can be determined relatively straightforwardly (even analytically), see
Sec. [S]} their determination for the momentum-space updates may be quite challenging due to the explicit momentum
conservation. For all such moves, we can give no analytical expression for WP 11, and we have to devise computer
algorithms capable of precisely enumerating all possible propositions that comply with the momentum (and also

particle-number) conservation.

1. add_q
The momentum K of each of the states |\I/Z7l>, I =1,...,N;, is increased by a randomly chosen momentum

q # 0, thereby obtaining new states |\I/Z4l'1>, I =1,...,N;, with momentum K + q. The real-space states
are not changed, i.e., [U})) = \\Il”H) In each momentum-space state, momentum q is added to an electron of
spin ¢ that carries momentum k" ', under the condition that the state (o,k{; + q) is unoccupied in |V} ;). All
poss1b1e momentum-accepting states (o, k7 ) have to be explicitly enumerated and their number is denoted as
pl

The inverse move starts from states |\IIZJ{1>, I=1,...,N;;, with momentum K + ¢, and adds momentum —q
to each of them. All possible momentum-accepting states in |\IJZ‘}'1) have to be explicitly enumerated and their

number is denoted as p; *

prop pHd
The ratio of the proposal probabilities is then W%jolr?n = lfq.
n—n+1 . P

This move ensures that we sample configurations from sectors featuring different electronic momenta.

2. exchange_q
We randomly choose one momentum-space state |\IIZJO> in which we select two electrons of spins o7 and o9
and momenta k;’ll and k;’;, which are ordered so that k; , + Nykj, » > kj, 4 + Nykj, .. The momenta are
subsequently changed using k7' — k7' +q, kj? — k7’ —q (q # 0). As a consequence, the net momentum
of |‘I’2,zo> remains unchanged. Obviously, the move may be realized only when the states (al,kcr1 + q) and
(02,k7? — q) are both unoccupied in [¥}; ).

We note that enumerating all possible momenta g # 0 that may be transferred between the electrons is relatively
simple for o1 # o2 (02 = 77), when the two electrons can be distinguished by their spins. It is then enough
to go through all empty states (o1,k’) to which the electron (o1,k7') can be moved and to determine the

corresponding momentum transfer q = k’ — k;’ll. We then ask if the state (o7, k;il — q) is empty; in the
affirmative case, we memorize the current q as one possible momentum transfer. The inverse move proceeds in

a completely analogous manner by explicitly enumerating possible back-transfers.

On the other hand, two electrons of the same spin are indistinguishable, and special care should be exercised
to avoid double counting. For given kj, and kj, (we now omit o; = 02), possible values of q follow from the
construction that is schematically summarized in Fig. We make use of the periodic boundary conditions to
construct a new unit cell (in the momentum space) such that the electron of momentum k;, is in its “center”,
while its vertices are at k;, and its periodic copies k;, +27(1,0), k;, +27(0,1), and k;, +27(1,1). The “central
point” and the four vertices partition the unit cell into four rectangular regions that are colored yellow (bottom
left), green (top left), cyan (top right), and magenta (bottom right). The vectors g that may be added to k;, and
subtracted from k;, are to be selected so that the final states k;, +q and k;, —q belong to just one half of each of
the regions, the two halves being separated by the line connecting the “central” point and the vertices. The halves
from which possible final states k;, +q, and thus possible momentum transfers q, are selected is shaded. Choosing
the momentum transfer such that the final state k;, + q belongs to the other (unshaded) half is equivalent to
assigning momentum k;, to the blue electron and k;, to the red electron, i.e., to exchanging momentum labels
k;, and k;,, which produces the setup equivalent to that presented in Fig. The momentum transfer q



Figure S1. Construction used to correctly enumerate all possible momenta q 7 0 that can be exchanged between two electrons
of equal spins that carry momenta k;, and kj,. The momenta q that may be added to k;; (and subtracted from k;,) are such
that the final state k;; + q is found in one of the four shaded triangles, while k;, — q is found in one of the four unshaded
triangles.

along the edges of the four shaded triangles should be counted only once because of the periodic boundary
conditions. For example, if we enumerate possible gs along the vertical edge of the green shaded triangle, then
we should not enumerate possible gs along the vertical edge of the cyan shaded triangle. Moreover, if any of
the lines connecting the “center” and the four edges contains any other lattice point, possible gs along that
line are subjected to the condition |q| < |k;, — k;, — 27m(ag, ay)|/2, where (a.,a,) € {(0,0),(1,0),(0,1),(1,1)}.
While this construction is appropriate for kj, , # kj, . and kj, , # kj,,y, further discussion is needed when
either kj, » = kj, » or kj, y = kj, 4. In the inverse move, we start from the two electrons carrying momenta
k= kj;, +q and kj, = kj, — q, we order them so that K}, , + Nyk} . >k} 4+ Nyk’ ., and repeat the
above-described procedure.

This move ensures that we sample configurations belonging to the sector of the chosen total electron momentum.



SlIl. DETAILED PERFORMANCE OF THE FPQMC METHOD APPLIED TO EVALUATE THE EQUATION OF STATE
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Figure S2. Acceptance rates of individual moves as a function of the chemical potential. FPQMC simulations are performed on
a 4 x 4 square-lattice cluster using (a) N = 2, (b) N. =4, and (¢) N; = 6 imaginary-time slices. The remaining parameters
are: U/J =4, T/J = 1.0408. Acceptance rates generally decrease with N, and with the filling (chemical potential).
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4 x 4 square-lattice cluster with different numbers of imaginary-time slices N;. The remaining parameters are: U/J = 4,
T/J = 1.0408.
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are: U/J =24, T/J = 1.0408. Acceptance rates generally decrease with N; and with the filling (chemical potential).
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SIVv. ABQMC METHOD APPLIED TO EQUILIBRIUM SITUATIONS

Here, we derive the ABQMC method in equilibrium situations (Sec. and present our implementation of the
method (Sec. [SIV B)). Since the ABQMC method is equally adept at calculating quantities in real and momentum
space, we complement the results presented in Fig. 7 of the main text by presenting the momentum distribution at
different fillings (Sec. . We conclude in Sec. by discussing acceptance rates and proposal/acceptance
times of MC updates introduced in Sec.

A. ABQMC method in equilibrium: Basic equations

Dividing the imaginary-time interval [0, 5] into N slices of length A7 = /N, employing the lowest-order STD,
and inserting the spectral decompositions of Hy and Hjy,, we find the following ABQMC approximant for the partition
function at temperature T'=1/4:

Z~ ZD e A7), (S6)

The configuration

C={%r1)s s [Ven, ) [Win), - [Win,)} (S7)

resides on the contour depicted in Fig. 1(a) of the main text and consists of N, Fock states |¥;) (I=1,...,N;) in
the momentum representation and N, Fock states |¥; ;) in the coordinate representation. D(C) is the product of 2N
Slater determinants

N,

EH Vig1,0| Vi) (Y| Viier) (S8)
=1

that stem from the sequence of basis alternations between the momentum and coordinate eigenbasis. The symbol

e(C) stands for

N
€(C) = [Eo(\PkJ) =+ 5int(\pi,l)] . (89)

~

The equilibrium expectation value an observable A, diagonal in either coordinate (a = 4) or momentum (a = k)
representation reads as

1 1
Ay m 2 Y DO AO S Au(Wa), (510)
C

3

where
Ao(Tot) = (PailAa|Par). (S11)

The evaluation of Eq. using the importance-sampling MC procedure is complicated by the fact that D(C) is a
complex number defined by its modulus and phase. While the modulus can be included in the weight of configuration
C, the phase gives rise to the so-called phase problem, which is generally much harder to curb than the ordinary sign
problem. However, since the STD preserves the equality Z = Z* Y Eq. can be replaced by

Z =Y Re{D(C)}e 27, (S12)

and we remain with the ordinary sign problem. Equation (S10) should then be replaced by

e Re{D(C)} e 270 2 SN Ay (Wa)
> ¢ Re{D(C)} e=47(©) '

(Aa) = (S13)
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Defining the weight w(C) of configuration C as
w(C) = [Re{D(C)}|e~27(©), (s14)
Eq. (S13)) is rewritten as
(sen(@) 3 Y Aa(Wa))
(sgn(C)),,

where (...),, denotes the weighted average over all C with respect to the weight w(C); sgn(C) = Re{D(C)}/|Re{D(C)}|
is the sign of configuration C, while |(sgn)| = |(sgn(C)).| is the average sign of the ABQMC simulation.

(Aa) ~ (S15)

B. ABQMC method in equilibrium: Monte Carlo updates

Apart from previously introduced updates change r_local and change r_global in real space (Sec. and add_q
and exchange_q in momentum space (Sec. , we need updates that insert/remove a particle, which are different
from their counterparts in Sec. [SI}

The ABQMC move add_particle/remove particle adds/removes one electron from the configuration. These
two moves are inverses of one another. While analogous moves are relatively simply implemented in the FPQMC
algorithm, here, special care is to be exercised because of the particlee-number and momentum conservation. In more
detail, the spin o of the electron added to/removed from the imaginary-time slice [ = 1 fixes that an electron added

to/removed from the remaining imaginary-time slices [ = 2,..., N, must have the same spin o. Furthermore, the
momentum g of the electron added to/removed from the imaginary-time slice [ = 1 fixes that momentum change
upon addition/removal of an electron in the remaining imaginary-time slices [ = 2,..., N, must be precisely q. This

requirement may be realized in many different ways. One trivial possibility is to add/remove the electron to/from
the state (o, q) if this state is empty/occupied. On the other hand, we may add/remove the electron to/from state
(0,k), in which case we should find another electron (0¢omp, kcomp) (0f arbitrary spin gcomp) to compensate for the
difference in the momentum change from +q, where +/— sign is for electron addition/removal. The electron in the
state (Ocomp, Keomp) that may receive the momentum difference +(q — k) will be termed the compensating electron.
The situation is relatively simple when the spin of the compensating electron is @ because the added electron and the
compensating electron may be distinguished by their spins. When the spins of the added and compensating electrons
are both equal to o, these two electrons cannot be distinguished in the sense that their roles (added/compensating)
may be reverted. Special care should thus be taken to avoid double counting. An elaborate analysis reveals that the
double counting is avoided by ordering the momenta of:

(add) the added electron k and the compensating electron keomp + q — k after the compensation;
(rmv) the removed electron k and the compensating electron keom, before the compensation.
The ordering is the same as in the update exchange_g.

While the above discussion regards the momentum-space states [ ;) — |\I/Z‘IH), the situation with the real-space
states [V})) — \\Ilﬁrl) is far less complicated because only the particle-number conservation should be satisfied. The
spin of the electron to be added to/removed from from each |\I/;‘l> is determined by the spin of the electron added

to/removed from [U} ;). The ratio of the backward and forward proposal probabilities for the real-space parts of the
configuration may be directly computed as:

(add) (Wr};iolpﬁn) — NC_NO'
il

1 1+ N’
(rmv) (VM> N,
ro )
Wsaiﬂ i, Nc - Na’ +1

where N, is the number of electrons of spin ¢ in all the states |\I/?/k,l> (before the update).

There are also some differences in the move spin_flip, in which we randomly choose spin ¢ and attempt to
increase/decrease the number of electrons of spin ¢/ by one.

In each imaginary-time slice [ = 1,..., N, we explicitly enumerate the momentum states (o,k) € [¥};) such
that (o,k) ¢ [¥y,). This is the simplest possible update that changes the spin of an electron and yet keeps the
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total momentum of the configuration fixed. The state |U} ') is then obtained from the state |¥% ) by removing the

electron in the state (0,k) and adding the electron in the state (7,k). The inverse move proceeds in an analogous
manner: we explicitly enumerate momentum the states (7,k’) € |U} 1) such that (o,k’) ¢ |U}T1).

In each imaginary-time slice [ = 1,..., N, we choose an electron of spin ¢ at position r from the real-space state
|\If?l> and construct the real-space state |\I/Z’l+1> by changing the electron’s position r — s and spin ¢ — &. The ratio

wheb Ny(N. — Nz
of the proposal probabilities in the real space can be directly computed as ("'H_m>l l = i+ NUS N.— Nj 1)

prop
n—n—+1

where N, and Nz are numbers of electrons of spin o and @ in [¥7), ;).

C. ABQMC method in equilibrium: Numerical results

Within the ABQMC method, coordinate and momentum bases are treated symmetrically, meaning that the method
should be equally adept at calculating quantities diagonal in these two bases. As an example applications in the
momentum space, in Fig. we show the momentum distribution, % > o (nke), in the same setup as in Fig. 4 of the
main text (U/J =4, T/J = 1.0408).

T T T I T T T

)

1 () 1,000 4
P

Sw oo

0.0 @0 ° 0534 §

0.235

LR v .0.130.]
R - .0.0623

Momentum distribution
®

(%,0) (m/2,m/2) .(n,n) (J'E,;'Cb) . (m,0) (/2,0) (0,0)

Figure S6. Momentum distribution, %Zamko), for different fillings pe (half filling is p. = 1) computed using the equilibrium
ABQMC approach on a 4 x 4 square-lattice cluster. Model parameters are U/J = 4, T'/J = 1.0408, while u/J is varied from
2 to —5. The pathway through the irreducible Brillouin zone is summarized in the inset. Cited values of p. are from Ref. [2l
Dotted lines serve as guides to the eye. Statistical error bars are generally smaller than symbol size.
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ABQMC method in equilibrium: Acceptance rates and proposal/acceptance times
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Figure S7. Average time needed to propose (black circles) and accept (red squares) one Monte Carlo update as a function
of the ABQMC electron density. The averaging is performed over all updates used in ABQMC simulations to evaluate the
equation of state: add_particle, remove_particle, spin flip, add_q, exchange_qg, change_r_local, and change_r_global.
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Figure S8. Acceptance rates of individual Monte Carlo updates as a function of the ABQMC electron density. Being inverses
of one another, the acceptance rates of moves add_particle and remove_particle are mutually equal. The acceptance rates of
moves add_particle, remove_particle, spin_flip, add_q, and exchange_q exhibit weak dependence on the filling, while moves
involving changes in the real-space part of configurations tend to be accepted less frequently as the filling is increased.
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Figure S9. Average time needed to propose (black circles) and accept (red squares) one Monte Carlo update as a function
of the ABQMC electron density. The averaging is performed over all updates used in ABQMC simulations to evaluate the
equation of state: add_particle, remove_particle, spin_flip, add_q, exchange_q, change_r_local, and change_r_global.
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SV. FPQMC METHOD FOR TIME-DEPENDENT DENSITIES: ADDITIONAL RESULTS

Figure a) summarizes the evolution of charge densities on initially unoccupied sites of a half-filled 4 x 4 cluster,
on which the electrons are initially arranged as summarized in the inset of Fig. [SII|(b) [the so-called (7, 7) density
wave]. Figure (b) summarizes the extent of the dynamical sign problem, which appears to be somewhat more
severe than in the case of the (m,0) density wave discussed in Figs. 8(a) and 8(b) of the main text.
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Figure S11. (a) Time-dependent population of sites occupied in the initial CDW state of a 4 X 4 cluster, which is schematically
depicted in the inset of panel (b). FPQMC results using N; = 2 real-time slices (4 slices in total) are shown for five different
interaction strengths (symbols) and compared with the noninteracting result (solid line). (b) Magnitude of the average sign as
a function of time for different interaction strengths. Color code is the same as in panel (a).
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In equilibrium and in the weak-interaction regime, we concluded that the sign problem becomes more pronounced
with the filling, see Fig. 4(b) of the main text. Motivated by this finding, we finally study the dynamics of local
densities at a smaller filling, see Figs. al) b2), which permits us to perform FPQMC simulations on an 8 x 4
cluster. While the average sign displayed in Fig. a2) is somewhat enhanced with respect to the values reported
in Fig. [S11|(b) and Fig. 8(b) of the main text, the simulated dynamics retains the above-described problems. The
average sign decreases with the cluster size, compare the average signs for the noninteracting electrons in Figs. a2)

and [512(b2).
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Figure S12. (al) and (b1) Time-dependent population of sites occupied in the initial state of a 4 x 4 (al) and 8 x 4 (b1) cluster,
which is schematically depicted in the inset of panels (a2) and (b2), respectively. FPQMC results using Ny = 2 real-time slices
(4 slices in total) are shown for five different interaction strengths (symbols) and compared with the noninteracting result (solid
line). (a2) and (b2) Time-dependent average sign of the FPQMC simulation for different interaction strengths. Color code is
the same as in (al) and (bl), respectively. Statistical errors are generally smaller than the symbol size.



16
Svi. ABQMC METHOD FOR TIME-DEPENDENT SURVIVAL PROBABILITY: ADDITIONAL RESULTS

A. Applicability of the ABQMC method to a 4 x 4 cluster with N; = 4 real-time slices

This section addresses the applicability of the ABQMC method to compute the survival probability of the 16-
electron CDW-like/SDW-like state depicted in Fig. 10(a) of the main text when the number of real-time slices is
increased from Ny = 2 to N; = 4. In Fig. we compare the behavior of the average sign for N; = 2, when we make
3.87 x 1010 steps, and N; = 4, when we make 1.16 x 10'° steps. Increasing the number of real-time slices from 2 to
4 decreases |(sgn)| after 10'° MC steps by an order of magnitude. With N; = 4, the stabilization of the average sign
takes much more than 10'° MC steps, and its overall decrease as the simulation proceeds may be very well described
by a power law with the exponent of —1/2, see the dashed line in Fig.

/

— Nt=4
— Nt=2

|<sgn>|
T 1T III|

11 IIIII| 1 11 IIIII|
10° 10° 10"
Number of MC steps

10’

Figure S13. Magnitude of the average sign as a function of the number of MC steps during the ABQMC simulation of the
survival probability of the 16-electron CDW/SDW state on a 4 x 4 square-lattice cluster using Ny = 2 and N; = 4 real-time
slices. The overall behavior of |(sgn)| for N; = 4 may be fitted very well by the function 5/v/Nmc that is shown by the dashed
line.
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B. Applicability of the ABQMC method to an 8 x 4 cluster with N; = 2 real-time slices

This section addresses the applicability of the ABQMC method to compute the survival probability of a 16-electron
initial state on an 8 x 4 cluster with N; = 2 real-time slices. The initial CDW-like state is schematically depicted in
Fig. a), while Fig. b) shows the evolution of the average sign during the MC simulation. We perform 10'°
MC steps, during which the magnitude of the average sign shows no signals of stabilization, but steadily decreases in a
power-law fashion with the exponent —1/2, see the dashed line in Fig. b). Even though the final stages of our MC
simulation may suggest that |(sgn)| stabilizes on the level of ~ 4x 10>, a very noisy behavior of |(sgn)| throughout the
simulation casts doubts on such a conclusion. We observe in Fig,. b) that |(sgn)| displays pronounced dips whose
duration may be as long as a couple of billions of steps, which is in stark contrast with the rather smooth decrease
of |(sgn)| observed, e.g., in Fig. [S13] These dips suggest that there may be problems with the configuration-space
sampling. The dimension of the configuration space of our ABQMC method is much larger than the dimension of
the Hilbert space of the model, which is astronomically large for the Hubbard model on an 8 x 4 cluster. To further
illustrate the last point, in Fig. c) we present the survival probability of the initial state in the noninteracting
case. In contrast to the 4 x 4 cluster, for which perfect collapses and revivals in P(t) are observed already on relatively
short time scales, there is no such a regular behavior on the 8 x 4 cluster, see Fig. [S14{c). On general grounds, the
noninteracting system is bound to display perfect collapses and revivals in P(t), while the time scale on which the
pattern in P(t) repeats itself is inversely proportional to the dimension of the system’s Hilbert space.
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Figure S14. (a) Schematic view of the 16-electron initial state on an 8 x 4 square-lattice cluster whose survival probability is
computed. (b) Magnitude of the average sign as a function of the number of MC steps during the ABQMC simulation of the
survival probability of the initial state depicted in (a). N¢ = 2 real-time slices are used. The overall behavior of |(sgn)| may be
fitted very well by the function 2/+/Nuc that is shown by the dashed line. (¢) Time dependence of the survival probability of
the initial state depicted in (a) in the noninteracting case U = 0. The dimensionality of the system’s Hilbert space is so large
that no perfect revival in P(t) (which is bound to occur since U = 0) is observed up to Dt = 250.
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C. ABQMC results for the survival probability near the atomic limit

Figure shows P(t) for the 16-electron initial state schematically depicted in Fig. 10(a) of the main text in
regimes that are close to the atomic limit. In these regimes, the natural energy unit is U, so that the time is measured
in units 1/U. The time range is chosen on the basis of the results in Figs. (d1)—(e2), which suggest that the ABQMC
method with N; = 2 real-time slices produces a qualitatively correct behavior of P(t) up to times Ut ~ 6. P(t)
exhibits oscillations whose amplitude decreases in time. There is almost no difference between P(t) for D/U = 0.05
and 0.1 during the first oscillation, while P(t) for D/U = 0.2 is at all times below P(¢) for stronger U. While for
the strongest U the maxima reached by P(t) are always close to 1, the maxima for weaker U are smaller than 1 and
decrease with time. All these observations can be rationalized by an increased importance of the kinetic over the
interaction term as U/D is decreased.
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Figure S15. (Color online) Survival-probability dynamics of the 16-electron initial state schematically depicted in Fig. (a) for
three values of the interaction strength that are close to the atomic limit.
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Svil. ABQMC METHOD TO EVALUATE TIME-DEPENDENT EXPECTATION VALUES ALONG THE
KELDYSH-KADANOFF-BAYM CONTOUR

We start from

Tr (efﬁH(O) eiHt A e’th)

(Aa(t)) = Tr (6_5}1(0))

(S16)

where H is the Hubbard Hamiltonian, while H(0) additionally contains terms that modulate charge or spin density.
For example, to simulate the response recorded in Ref. 3] the following H(0) may be appropriate:

HO0) =Y o +U Y neyhe, — > Vehrg (S17)
ko r ro

H

where v, is the external harmonic potential that modulates electron density, e.g.,
vy = Vpcos(q - r). (S18)

Inspired by Ref. 3| we assume that q = ge,, i.e., we assume that the electron density is modulated along one direction
with the wavelength A = 27/q. We also assume that A < N, and that N;modX = 0, i.e., the cluster’s linear dimension
along x axis is spanned by an integer number of wavelengths.

There are at least two manners in which the ABQMC method in the presence of external density-modulating
potential (at ¢ < 0) can be formulated. They differ by the choice of the contributions that are diagonal in the
coordinate and momentum representations.

1. The part diagonal in the momentum representation is

[H(O)]mom = ngnkaa
k

while the part diagonal in the coordinate representation
[H(O)}coord =U Z NpepNyr| — Z HrNro
r ro

contains position-dependent chemical potential p, = g + ve. Such a decomposition provides exact results in
the atomic limit (J = 0) and is expected to provide reasonable results when the electron—electron interaction
dominates over the electronic hopping.

2. The part diagonal in some momentum representation is

- Vo ' t
[H(O)}mom = Z €k Nko — ? Z (Cgkm+%ky)ac(k’“ky)a + c(kmf(%ky)gc(km’ky)o.)
ko ko

while the part diagonal in the coordinate representation is

[H(O)]coord =U Z NNy -

Such a decomposition provides exact results in the noninteracting limit (U = 0) and is expected to provide
reasonable results when the electronic hopping dominates over the electron—electron interaction. Our further
developments will be focused on this decomposition.

The external harmonic potential introduces the coupling between different k states which results in a reduction of the
Brillouin zone along z axis by a factor of A. The wave vector k in the full Brillouin zone [0, 27) x [0, 27) is not a good

quantum number anymore. Its role is taken by the wave vector k in the reduced Brillouin zone [0,27/X) x [0, 2m),
whose z projection ka may assume any of the n, = N, div A allowed values in the interval [0,27/)) (p X 27/Ny,
where p = 0,...,n4 — 1) and whose y projection %y may assume any of the N, allowed values in the interval [0, 27)
(p x 27 /N, where p =0,..., N, —1). In addition to E, there is another degree of freedom that will be denoted by
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v, and that may assume values 0,...,A — 1. The Hamiltonian H.y has a block-diagonal structure and the blocks
defined by the wave vector k can be diagonalized separately. There are ny/N, such blocks and the dimension of each
of them is A x A.

The Hubbard Hamiltonian H appears in combination e**.. e~ H! meaning that the chemical-potential term
— Zm Nyoe = —N Zka Nk, is not effective (we assume that A, conserves the total particle number, which is a
reasonable assumption) and there is no ambiguity regarding the part Hyom 0r Heoora to which it should be associated.
Therefore, the partition of the Hubbard Hamiltonian in parts that are diagonal in the momentum and coordinate
representation is the same as in the main body of the paper

Hmom = § EkNko, Hcoord =U § N Ty -
ko r

Let us now exploit symmetries to develop as efficient as possible ABQMC algorithm to evaluate Eq. . Since
H(0) is not invariant under the bipartite lattice symmetry, we use only the time-reversal symmetry, according to
which (A,(—t)) = (A4(¢t)). Furthermore, we note that both the numerator and the denominator of Eq. (S16) are
purely real. Using the strategy described in the main text, one may derive the ABQMC counterpart of Eq. (S16))

(Ay(t)) = S e Re{D(C)} e 27O cos {[Acg(C) + Acins (C)] AL} Aq(Pyy,)
’ > cRe{D(C)} e=ATem(C)

(S19)

The configuration C consists of 2N; + N, many-body states |Uy ;) (I =1,...,2N; + N;) composed of single-particle
momentum eigenstates and 2N, + N, many-body states |¥;,;) composed of single-particle coordinate eigenstates.
While momenta of states |¥y 1),...,|¥s2n,) are defined in the full Brillouin zone, states |Ux on,+1);- -, Yk 2N, +N, )
have their momenta defined in the reduced Brillouin zone. The symbols D(C), Aeo(C), and Aciy(C) are defined as in
the main text, while e3(C) is the sum of energies of 2N, states along the Matsubara part of the contour, i.e.,

2N¢+N-

em(C) = Z [e0(Wk,t) + €int (Pi)] - (520)

{=2N,+1

The slice on which the expectation value Aq (Vo) = (Ya,, |Aa|¥a,,) is evaluated depends on the representation
a = 1,k in which the observable A, is diagonal, so that I; = Ny + 1 and I = N;.

The structure of Eq. is intuitively clear as it is a combination of the ABQMC formula for thermodynamic
quantities [Eq. (17) of the main text] and the ABQMC formula for the time-dependent expectation value along
the Keldysh contour [Eq. (26) of the main text]. However, since we cannot exploit the bipartite lattice symme-
try in this setup, the time-dependent part of the numerator in Eq. is cos {[Aeg(C) + Acint(C)]At} instead of
cos[Aeg(C)At] cos[Acin: (C)At]. Configuration weight may be chosen as w(C) = [Re{D(C)}| e~ 27M(C) and Eq.
is recast as

~ (sgn(C) cos {[Ago(C) + Acint(C)]AL} Au(Var,)),,
(Aa(t) = ). ~ (521

Markov-chain MC evaluation of Eq. suffers from the sign problem that does not depend on time ¢ (it is
not dynamical). Still, it becomes more pronounced when the cluster size N, or the number of slices (/V; and N;)
are increased. Similarly to equilibrium ABQMC calculations, the weight w(C) depends on all model parameters
(U, T, u, Vo, t). Therefore, the calculations for different values of these parameters have to be performed using
different Markov chains, which is different from the computation of P(t) or (A4(t)) starting from a pure state [¢(0)).

The application of conservation laws on the Kadanoff-Baym contour is somewhat more involved than on simpler
contours studied in the main body of the paper. The particle-number conservation demands that all the many-body
states constituting configuration C have the same number of spin-up and spin-down electrons. We discuss the mo-
mentum conservation under the assumption that the observable A4, is diagonal in the coordinate representation (e.g.,
A; =) Nro). From the main text, we know that the momentum conservation along the horizontal parts of the con-
tour (Keldysh branch) is broken into two conservation laws that are satisfied separately on the forward and backward
branch. In other words, the momenta (in the full Brillouin zone!) of N; momentum-space states U 1), ..., ¥k n,) on
the forward branch are all equal to Kgyq, while the momenta of N; momentum-space states |¥x n,11),-- -, |Vk.2n,)
on the backward branch are all equal to Kywq. In contrast to the situation encountered in the main text, Kgyq and
Kpwa are not completely independent because states |Ug 1) and [Py on,) are “in contact” with states |Ug on,+n.)
and | on,+1) on the Matsubara branch. Therefore, the relation between Kygyq and Kywg is determined by the
momentum-conservation law along the Matsubara branch, which is formulated in the reduced Brillouin zone. Namely,
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the momenta (in the reduced Brillouin zone!) of N, momentum-space states ¥ on,+1), - - -, |Vk,2n,+n. ) are all equal
to Ky;. The momenta Kyyq, Kpwa, and Ky are related as follows:

Kiwa - €y = Kpwa - €y = Ky - €y,

wad'exmod&:RM'ex wad'exmod&:KM'ex
27 /N, A 27 /N, 27 /N, A 27 /N,

Due to the more complicated momentum-conservation law, MC updates presented in Sec. [S]] have to be amply
modified. Instead of describing modified MC updates in detail, we demonstrate the correctness of our implementation
by benchmarking it on small clusters. Motivated by Ref. 3 we limit the discussion to the electron occupation dynamics
on individual sites.

We start from the noninteracting electrons, where already N, = 1 imaginary-time slice and 2/NV; = 2 real-time slices
(2N; + N, = 3 slices in total) are expected to reproduce the exact result. Trivial as they may seem, the benchmarks
on the noninteracting case are quite important, because densities of individual sites are expected to display nontrivial
oscillatory behavior. The fact that our ABQMC results reproduce these oscillations quite accurately strongly suggests
that our implementation is correct. In Fig. we present results for the Hubbard dimer initially subjected to the
external density-modulating field v,, = Vjcos(nr,) with r, = 0,1. Figure displays results for the Hubbard
tetramer initially subjected to the external density-modulating field of wavelength A = 4, v, = Vjcos(wr,/2), with
ry, = 0, 1, 2, 3. Figure displays results for the Hubbard tetramer initially subjected to the external density-
modulating field of wavelength A\ = 2, v, = Vg cos(nr,), with r, =0, 1, 2, 3.

«  r=0, ABQMC
] rX=1, ABQMC

— — r,=0, exact

2 T T T T T T C— rX=1,exact
1 o~ - ]
j.\*. LA PN o]
N A ? \ s ]
151 v 7 A \«\ i .
e [ Y/ Vs v A ]
g ‘,{ 74 }' |
% 1__ "* ’ﬂ' 8 —_
s [ I\ PR /3 _
I A F A Y ]
ooroy X\ I} b d X ]
__ xl I. \\v‘f_
0.5 / \-..-‘, A u y
- —

Time (1/D)

Figure S16. Time-dependent site populations of the Hubbard dimer with the following values of model parameters: u/D =
1.3, Vo/D =2, U =0,T/D = 0.57. The external potential at ¢t < 0 is v,, = Vj cos(nrs) with r =0, 1.
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site populations of the Hubbard tetramer with the following values of model parameters: u/D =
0.65, Vo/D =1, U =0, T/D = 0.285. The external potential at ¢ < 0 is v, = Vo cos(nry/2) with r, =0, 1, 2, 3.

Figure S18. Time-dependent site populations of the Hubbard teteramer with the following values of model parameters: p/D =

0.65, Vo/D =1, U =0, T/D = 0.285. The external potential at t < 0 is v, = V cos(nrz) with r, =0, 1, 2, 3.

We conclude this section by applying the ABQMC algorithm to interacting electrons. We first discuss the Hubbard
dimer in the canonical ensemble, where we can obtain converged results with as many as 2/N; + N = 12 slices in total
at half-filling (N4 = Ny = 1). The results are presented in Fig. We observe that ABQMC results qualitatively
reproduce the exact result in the whole time window considered. The quantitative agreement is reasonable up to
Dt =~ 2. Figure [S20] presents results for the Hubbard tetramer in the grand-canonical ensemble, where we obtain
converged results using only Ny = 1 and N, = 2. Further increase in N; reduces the average sign by orders of
magnitude: for N; = 1, N, = 2 we obtain |(sgn)| = 1.2 x 1072, while for N; = 2, N, = 2 we find |(sgn)| ~ 10~%.
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While N, = 2 is enough to reproduce equilibrium populations in the external field at ¢ = 0, a single real-time slice
leads to the quantitative agreement between the ABQMC and exact results only at shortest times.

2

Electron population
- o

o
k)

Electron population

Time (1/D)

Figure S19. Dynamics of electron populations on individual sites of the Hubbard dimer that at ¢ < 0 is subjected to the
density-modulating potential v,, = Vj cos(nrz) with r, = 0, 1. We work in the canonical ensemble with Ny = Ny = 1. The
model parameters assume the following values: Vo/D =1, U/D = 0.6, T'/D = 0.45.
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Figure S20. Dynamics of electron populations on individual sites of the Hubbard tetramer that at ¢ < 0 is subjected to the
density-modulating potential v,, = Vo cos(mry) with r, = 0, 1, 2, 3. We work in the grand-canonical ensemble with N; = 1,
N. =2 (2Nt + N, = 4 slices in total), and the following values of model parameters: n/D = —0.325, Vo /D = 0.5, U/D = 0.5,

T/D = 0.5.
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Most Mott systems display a low-temperature phase coexistence region around the metal-insulator transition.
The domain walls separating the respective phases have very recently been observed displaying unusual
properties both in simulations and in experiments. First, they often cover a significant volume fraction, thus

cannot be neglected. Second, they resemble neither a typical metal nor a standard insulator, displaying unfamiliar
temperature dependence of (local) transport properties. Here we take a closer look at such domain wall matter
by examining an appropriate unstable solution of the Hubbard model. We show that transport in this regime is
dominated by the emergence of “resilient quasiparticles” displaying strong non-Fermi liquid features, reflecting
the quantum-critical fluctuations in the vicinity of the Mott point.

DOI: 10.1103/PhysRevB.106.L161102

Introduction. The Mott metal-insulator transition [1,2]
remains a subject of much controversy and debate, with dis-
agreement even concerning the physical mechanism [3] that
dominates its vicinity. One popular viewpoint [4] regards it
as a (strictly) second-order phase transition at T = 0, where
the dominant degrees of freedom are the intersite spin singlets
(e.g. the “spinon” excitations) arising in the vicinity of the
Mott insulating state. A complementary dynamical mean-field
theory (DMFT) perspective [5] builds on the seminal ideas of
Hubbard and Mott, focusing on local Kondo-like processes
that govern the condensation [6] of the strongly correlated
Fermi liquid on the metallic side. The latter viewpoint predicts
that the “evaporation” of the electron liquid at the transition
bears some analogy to conventional liquid-gas transitions,
with a phase coexistence region arising at low temperatures
[5]. While many experiments [7,8] indeed reported the pre-
dicted first-order transition within the paramagnetic phase,
other experiments [9,10] reported behavior consistent with
quantum criticality, which sometimes has been interpreted in
terms of the former picture [4].

Resolving this important issue in the context of real ma-
terials is further complicated by the emergence of various
magnetic, charge, or orbital orders in the vicinity of the Mott
point [2], which can often mask the basic underlying mech-
anism. Recent experimental work, however, has successfully
identified [11] a simpler class of model systems, where no
broken symmetry phases have been observed anywhere in the
phase diagram. This situation is best documented in “spin-
liquid” organic materials [12], where careful and precise
experiments are starting to paint a clearer picture of the gen-
uine Mott point. Most remarkably, experiments here provided
[13] clear evidence for quantum critical scaling [14] of the
resistivity curves at intermediate temperatures, with some evi-
dence for a resistivity jump at T < T, ~ 30K, consistent with

2469-9950/2022/106(16)/L161102(5)
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the DMFT prediction of a weekly first-order transition [15].
Still, direct evidence of the phase coexistence has emerged
only in the recent reports of a colossal enhancement of the
dielectric response [16] and the previous near-field infrared
imaging [17].

In parallel with the experimental progress, recent theo-
retical work provided complementary insight into the nature
of the metal-insulator coexistence region [18]. Surprisingly
“thick” domain walls were observed [19], which are likely
to play a central role in governing the observable response
in experiments. Indeed, the local transport properties of such
domain walls were found [18,19] to display a variety of un-
usual features, with properties not akin to either those of the
conventional metal nor of the insulator. To obtain clear and
precise insight into the physical nature of such domain wall
matter (DWM), we present in this paper model calculations
within the framework of the DMFT picture. We argue that,
similarly to conventional Landau theories for domain walls,
the central region of a domain wall corresponds to a “saddle
point” (unstable solution) of the spatially uniform DMFT
equations, at the top of the free-energy barrier separating the
two competing phases [20,21]. In dramatic contrast to the
conventional Landau theory (e.g., for the Ising model), here
the two solutions are not related by symmetry and display very
different physical behavior [22-24]. One is a Fermi liquid
metal with coherent quasiparicles (QP) and T2 resistivity,
whereas the other is a Mott insulator with completely inco-
herent activated transport. What, then, should be the physical
properties of the unstable solution separating them? Should it
resemble more closely a metal or a Mott insulator? What are
the thermal properties of transport in this unfamiliar regime?
As a matter of fact, it is almost impossible to guess. Previous
studies of the unstable solution were restricted only to the near
vicinity of the critical end point (7" ~ T;) [25-27], but they did

©2022 American Physical Society
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not provide clear insight as to what happens through the phase
coexistence region.

In this paper we present a clear and yet somewhat sur-
prising answer to all these important questions, in a setup
which can be considered as a (numerically) exact solution of
one of the simplest toy models of strong correlations. Based
on a reliable numerical solution of the corresponding DMFT
equations we establish that (1) transport in DWM assumes
resilient quasiparticle (RQP) character [28,29] throughout the
coexistence region; and (2) the relevant RQPs display sur-
prising non-Fermi liquid T -dependence of the QP parameters
(see below). These results firmly establish that DWM is a
qualitatively different form of matter, which we associate with
quantum critical fluctuations around the Mott point.

Model calculations. To describe the Mott metal-insulator
transition (MIT), while suppressing all forms of magnetic
orders, we focus on the maximally frustrated Hubbard model
[5,14,30], given by the Hamiltonian,

H=— tij(chcio+He)+UY nyny, (1)
(i,j)o i

where CL and c;, are the electron creation and annihilation

operators, n,, = cfﬂc,-o, t;; are the hopping elements with
zero average and variance (tizj) = t2/ \/]V ,and U is the onsite
Coulomb potential. The energy unit is set to the half band
width, D = 2¢. Similarly to the popular Sachdev-Ye-Kitaev
(SYK) model [31], such an infinite-range model can be ex-
actly solved in the limit where the number of sites N — c0. In
this case, this is performed through self-consistently solving
an Anderson impurity model using the DMFT framework
[5]. To solve the impurity problem, we utilize well-known
continuous time quantum Monte Carlo (CTQMC) methods as
well as iterative perturbation theory (IPT) as impurity solvers
[32,33]. The analytical continuation to the real-frequency
axis is done using the maximum entropy method (MEM),
the fifth-order polynomial fitting for CTQMC, and the Padé
approximant for IPT [34,35]. The use of an appropriate N-
dimensional optimizer [26] is essential for the convergence to
the local saddle point of the free-energy functional (the unsta-
ble solution). In addition, an appropriate free-energy analysis
[23,36] allows us to identify the first-order transition line, as
well as the location of the unstable solution.

The DMFT phase diagram (obtained from IPT), Fig. 1(a),
features a second-order critical end point at T = T, ~ 0.045.
Below T, there emerges a phase coexistence region confined
by two spinodal lines U, (T) and U, (T), marking the re-
spective instabilities of the Mott insulator and the metallic
solutions. At T = 0, the first-order transition line merges with
the spinodal line U, (T), and the insulating solution becomes
marginally unstable exactly at T = 0 [36]. Above T, U.1(T)
and U (T) merge to form a single Widom line, determined
from the minimum of the Landau free energy [14].

Finding the unstable solution. In order to understand the
behavior of all three solutions of our DMFT theory (metal,
insulator, and unstable), we employ the Landau free-energy
functional method [23,36], which provides information about
the form of the free-energy landscape. Within DMFT, the
free energy can be considered as a functional of the local
Green function, G(iw,), which for our model assumes the
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FIG. 1. (a) DMFT phase diagram for the half-filled Hubbard
model and the trajectories studied (see text). (b) Evolution of the
free-energy functional [36] as T varies for the fixed-U trajectory
(U =2.83). Here [ =0 and / = 1 correspond to the insulating and
metallic solutions, respectively. The arrows mark the position of the
unstable solutions.

form F[G] = FmplGl — 1°T Y, G*(iw,), where FimplG] is
the free-energy functional of the associated impurity problem.
When solving the DMFT equations by the standard iteration
method, one finds convergence [36] to a given local minimum
of the free-energy functional, depending on the initial guess
for G(iw,). Within the coexistence region, two stable solutions
separated by the unstable solution (saddle point) are found. To
illustrate this, we follow a “phase space path” [36] connecting
the two solutions, which can be parameterized as G(/) =
(1 = DGins(iw) + | Getar (iw) with a parameter [ € [0, 1]. The
corresponding variation of the free energy can be calculated
[36] by evaluating the line integral AF(l) = t*T fol dle; -
8G[G(I")], where ¢; = (Gips — Gmet)/|Gins — Gmet| and 6G =
Gimp(G) — G. Here, the dot product denotes a trace over Mat-
subara frequencies and Giyp is the impurity Green function
dependent on the initial condition of G.

The unstable solution we seek exists anywhere within the
phase coexistence region. To be concrete, however, we exam-
ine its evolution following two specific trajectories: (1) along
the first-order transition line (where the two stable solutions

L161102-2
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have the same free energy); and (2) a trajectory where we
vary T at constant U, Fig. 1(a). For illustration, in Fig. 1(b)
we follow Ref. [36] and plot the free energy along trajectory
(2) (constant U). Here we observe how the unstable solution
shifts towards the insulating solution as we lower the temper-
ature and finally merges with the insulating solution at 7 = 0.
This confirms that the insulating solution becomes unstable
precisely at T = 0 throughout the phase coexistence region.

To be able to precisely converge to the desired unstable
solution, we should keep in mind that the standard iterative
method (essentially a “steepest descent” method) can only
find local minima of the free energy, i.e., only the stable
solutions. Instead, we use the Broyden method, which can
converge to any extremum of a given functional (including
saddle points) [26], if the initial guess is sufficiently close
to the given extremum. Indeed, we find that this method can
efficiently converge even to the unstable solution within only
a moderate number of iterations. We should stress that the
unstable solution found in this way is generally not restricted
to lie exactly on the phase space path connecting the two
stable solutions, except very close to T = T,. Still, Broyden-
converging to the proper unstable solution is greatly facilitated
by using the phase space path to estimate an appropriate initial
guess for the root search.

Resistivity calculations and quasiparticle transport. To
study the transport properties, we utilize the Kubo formula
[29] for the DMFT-based DC conductivity,

o =aofd@(w)/dw(—@)fx(e,w)z, )

w

where the spectral function A(e, w) = —(1/7m)Im[w + © —
€ —Z()]', ®(w)=0)1— (/D)) o =2me*/h,
and f(w) is the Fermi distribution function. Here X(w) is ob-
tained on the real axis using standard MEM for CTQMC and
the Padé approximant for IPT. The resistivity is p = 1/0. To
normalize the resistivity, we use the Mott-Ioffe-Regel (MIR)
limit pyr = AD/e*®(0), which represents the scale where
the scattering process becomes incoherent and the mean free
path is comparable to the Fermi wavelength.

The resistivity calculation, based on Eq. (2), dramat-
ically simplifies in the quasiparticle regime [28], where
transport is dominated by only the leading low-energy ex-
citations. Here the Green function can be approximated as

G(w,e) ~ (LFZGZTQP’ with the quasiparticle weight Z = (1 —
IReZ(w)

o );io and scattering rate I'gp = —ZImXE(w =0). A
further Sommerfeld approximation can be performed in sit-
uations where I'pp < T and T < ZD, and the conductivity
can be expressed in terms of only two parameters: Z and

I' = FQP/Z, ViZ.,

1 zZ

7~ tanh [ — ). 3)
OMIR r 2T

We explicitly checked that these conditions are indeed obeyed
throughout the coexistence region, not only by our metallic
solution, but also by the unstable solution. As we explicitly
show below, the results obtained from numerically evaluating
the conductivity using our full DMFT solution and Eq. (2)
demonstrate remarkable qualitative and even semiquantita-
tive agreement with our QP approximation. This important
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FIG. 2. The resistivity for the metallic (black circles), insulat-
ing (red squares), and unstable (green squares) solutions along the
first-order transition line in a logarithmic p scale for (a) CTQMC
and (b) IPT. The Sommerfeld approximations to the resistivities
[Eq. (3)] are shown in the corresponding dashed and dotted lines with
different analytic continuation methods (MEM for CTQMC and Padé
approximant for IPT). (c) The quasiparticle weight Z for the metallic
and unstable solutions analytic continued by MEM (black and green
symbols). (d) The scattering rate I', for the metallic and the unstable
solutions, obtained from MEM (black and green symbols).

result demonstrates the resilient quasiparticle character [29]
of transport even for our unstable solution, despite the very
unusual behavior of the QP parameters in question.

Following the first-order transition line. To investigate
how our three solutions evolve when approaching the
zero-temperature critical point U, (7T = 0), we study the
transport properties along the first-order transition line con-
necting the two critical points, U.(T = T;) and U, (T =
0). In Figs. 2(a) and 2(b) we show the results ob-
tained from CTQMC and IPT, respectively. At the critical
end point T =T, the three solutions merge as expected,
and the resistivity is of the order of the MIR limit. Below
T., the three solutions trifurcate into different trajectories. The
unstable solution (green diamonds) displays higher resistivity
than the metallic solution (black circles), with values of the or-
der of the MIR limit, p ~ pmir, indicating bad metal behavior
[37]. The insulating solution has much higher resistivity due
to standard activated transport.

Close to the zero-temperature critical point U, (T = 0)
the three solutions do not merge, in contrast to the situation
around the critical end point (T ~ T.). Instead, while the
resistivity of the metallic solution drops at low temperatures,
that of the unstable solution remains comparable to the MIR
limit, suggesting incoherent transport, despite these trends
being well captured by the QP approximation [see Figs. 2(a)
and 2(b)]. To better understand this behavior, in Fig. 2(c)
we show the quasiparticle weight Z for the unstable (green
diamonds) and metallic (black circles) solutions. The unstable
solution has significantly lower Z than the metal, displaying
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a more pronounced decrease at low temperatures, reminis-
cent of resilient quasiparticles [29]. Note that the increase
followed by the decrease of Z in the metallic solution may
be attributed to the position of the first-order transition line
in the coexistence region, which shifts towards the insulating
phase with lowering the temperature. Similar behavior is seen
in Fig. 2(d), where we display the behavior of the scattering
rate I, which for the unstable solution (green diamonds)
remains appreciable down to the lowest temperatures, again
signaling poorly developed (resilient) quasiparticles. Remark-
ably, such non-Fermi Liquid (NFL) behavior here persists
down to the lowest temperatures, in contrast to previously
identified examples of RQPs [29], which emerged only at
temperatures intermediate between the conventional Fermi
liquid metal at the lowest T and a fully incoherent conductor
athigh T

Constant U trajectory. In order to further understand the
behavior of the unstable solution in the entire coexistence
regime, we also study the resistivity as a function of T
along a constant U trajectory. From the free-energy analysis,
Fig. 1(b), we anticipate that the unstable solution gradually
shifts towards the insulator as 7 is reduced at fixed U, even-
tually merging with it at 7 = 0. In contrast, in Figs. 3(a)
and 3(b), we observe the metallic and insulating solutions
displaying conventional Fermi liquid and activated behaviors,
respectively. On the other hand, for the unstable solution,
we find that the resistivity (green diamonds) increases as
the temperature decreases, reaching values as much as two
orders of magnitude larger than the MIR limit. Nevertheless,
as shown in Figs. 3(c) and 3(d), we observe that the unstable
solution’s density of states (DOS) at the lowest temperature
still features a very small quasiparticle peak at the Fermi
level. This suggests that the unstable solution still retains
some metallic character, even though the resistivity is much
larger than the MIR limit. In some sense, this situation could
be characterized as an extreme example of bad metal (BM)
behavior [37], albeit in a setup which is dramatically different
than the familiar high-7 BM behavior in correlated matter.
And indeed, the standard RQP-Sommerfeld approximation
again captures remarkably well all the transport trends, even
in this extreme high-resistivity regime.

To even more precisely characterize such RQP-NFL be-
havior, we next examine the corresponding QP parameters
and their evolution as a function of 7. In Fig. 3(e) we show
the quasiparticle weight for Z for metallic (black circles)
and unstable (green diamonds) solutions. The metal has a
normal behavior with Z saturating at low temperatures, con-
sistent with the expected FL behavior. In dramatic contrast,
Z corresponding to the unstable solution decreases rapidly
with temperature, displaying power-law behavior Z ~ T?2. Re-
markably, a similar but much weaker decrease of the form
Z ~ 1/|log T|, dubbed a ‘marginal Fermi liquid” (MFL) [38],
was proposed as the key signature of the breakdown of Fermi
liquid theory in optimally doped cuprates. The behavior found
here is not even marginal. By analogy, it can be described as
“fully developed NFL” behavior, the like of which is seldom
seen in correlated matter. Analogously, the unstable solution’s
scattering rate increases at low temperatures [Fig. 3(f)], again
in power-law fashion I' ~ 1/72, well exceeding the MIR limit
and consistent with transport.
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FIG. 3. The resistivity for the metallic (black circles), insulating
(red squares), and unstable (green diamonds) solutions along the
constant U trajectory in logarithmic p scale for (a) CTQMC and
(b) IPT. The Sommerfeld approximations to the resistivities [Eq. (3)]
are shown in the corresponding dashed and dotted lines with differ-
ent analytic continuation methods (MEM and polynomial fitting for
CTQMC and Pad¢ approximant for IPT). The density of states at low
temperatures (c) 7 = 0.01 and (d) T = 0.019 near the spinodal line
U,, computed from the CTQMC impurity solver and MEM analytic
continuation. (e) The quasiparticle weightZ for the metallic and the
unstable solutions. (f) The scattering rate I' for the metallic and the
unstable solutions.

Conclusions. In this paper, we identified what may be
a new state of correlated electronic matter, characteriz-
ing the domain walls within the metal-insulator coexistence
region around the Mott point. We showed that its low-
energy excitations display a number of unusual properties
which qualitatively differ from either a conventional metal
or an insulator. This paints a physical picture of ex-
otic quasiparticles barely persisting at the brink of an
insulating state. Conceptually, such non-Fermi liquid be-
havior can be viewed as reflecting the quantum critical
fluctuations associated with the metal-insulator transition
region.

Our solution was obtained within the framework of single-
sitt. DMFT theory, which physically represents the limit
of large frustration, where all possible symmetry-breaking
fluctuations are suppressed. The MIT coexistence region,
however, is presently known [16] to persist in real physical
systems such as quasi-two-dimensional Mott organics, where
intersite spin correlations could also play a role [39]. The
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effects of such perturbations can be systematically studied
within cluster-DMFT theories [36,40], with indications that
the phase coexistence region can be significantly influenced.
Nevertheless, we expect the short-range correlation effects
will only modify quantitatively the behavior of the unstable
solutions revealed in this work. Interesting modifications can
also arise by introducing extrinsic disorder due to impurities
and defects, which in some cases can significantly reduce
the size of the entire coexistence region [41,42]. How these
perturbations will affect the stability and the relevance of the
domain wall matter we discussed here is a fascinating open
problem which remains a challenge for future experiments as
well as theory.
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Supplemental Material: Mott domain walls: a (strongly) non-Fermi liquid state of matter
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In this Supplemental Material, we review, in Sec. I, the Ginzburg-Landau theory and the ¢* theory for dynamical mean-
field theory (DMFT) following Refs. [1-3] and the domain-wall solutions in the inhomogeneous Ginzburg-Landau theory. In
Sec. II, we provide a detailed comparison of different analytic continuation results for the quasiparticle parameters and transport
properties.

I. GINZBURG-LANDAU THEORY FOR DYNAMICAL MEAN-FIELD THEORY

We start from the Ginzburg-Landau free energy functional for DMFT [1]
T ..
FGL[G] :Flmp[G] *TZG (lwn) (D
n

Then, we expand the free energy functional around the critical point G = G — G¢; leading to
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k = (k,i®,) is the momentum and frequency index, and FélL) = 0 from the DMFT self-consistency condition.

A. ¢*-model for dynamical mean-field theory
The DMFT Ginzburg-Landau functional can be mapped to a ¢*-model around the critical point [2, 3]. We write

(2) _ (2)
kZFklkz [Ger] ¥ kop = ¥ty Nps ()
2

where ¥ ,, and . ) is the eigenbasis and the eigenvalues of F,(( ,)( , respectively, and A labels the eigenmodes. We then
introduce the ¢, , deﬁﬁled by

8Gr =Y Wi rp®p; (7)
A.p



such that the Ginzburg-Landau free energy can be written in the eigenbasis as

F = Zyp |9p|? ©)
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As pointed out in Refs. [1-3], the critical behavior is dominated by the soft eigenmode so we can project the free energy
functional to this specific eigenbasis. Focusing on the static and uniform part of the free energy function, we can write down the
¢*-model for DMFT

FoL

1
Y ZY (Pp + g Z 7<3 Op, Pp, Ops + 4 Z ’)/<4) Op, Opr Ops Ppy - (12)
P1p2pP3 P1P2P3P4

B. Domain-wall solution

To interpret the domain-wall solution, we write the Ginzburg-Landau free energy in the real space

Fo[¢] :/dx{g( ) 1 Y(z )/(4 )}, (13)

T

where the cubic term in Eq. 12 can be eliminated by properly shifting the field ¢ [2, 3]. The Euler-Lagrange equation of Fgy is
129 (x) +7Y9(x)* — k2 (x) = 0. (14)

For simplicity we consider the domain-wall forms along the x-direction, so the Euler-Lagrange equation becomes
129 ()+ 19 (x) — 19" (x) =0. (15)

with the boundary condition ¢ (x — —o0) = —@ and ¢ (x — o) = @ and ¢y = /—2) /¥4). Note that the uniform saddle-point
solution ¢ can be related to the double occupancy or the density of states at the Fermi level, where the positive and negative
values of @y correspond to the metallic and the insulating solutions, respectively [2]. One can show that the inhomogeneous
domain-wall solution is [4]

o(x) = ¢otanh[%2§}, (16)

where & = \/—k/y?) is the correlation length. We can see that the domain-wall solution at ¢ (x) = 0 corresponds to the local
maximum of the uniform Landau free energy

1 )2 r 4
=797+ 70 (17)

shown schematically in Fig. 1.
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FIG. 1. (a) Schematic Landau free energy f[¢] as a function of ¢. (b) Schematic domain-wall solution profile ¢ (x) as a function of x.

II. COMPARISON OF MAXIMUM ENTROPY METHOD AND POLYNOMIAL FITTING ANALYTIC CONTINUATION

In this section, we compare the quasiparticle and transport properties obtained from two analytic continuation approaches:
maximum entropy method (MEM) and fifth-order polynomial fitting.
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FIG. 2. The resistivity for the metallic (black circles), insulating (red squares), and unstable (green squares) solutions along the first-order
transition line in a logarithmic p scale for (a) CTQMC and (b) IPT. The Sommerfeld approximations to the resistivities (Eq. (3)) are shown
in the corresponding dashed and dotted lines with different analytic continuation methods (MEM and polynomial fitting for CTQMC and
Padé approximation for IPT). (c) The quasiparticle weight, Z, for the metallic and unstable solutions analytic continued by MEM (black and
green symbols) and by polynomial fitting (black and green dashed lines). (d) The scattering rate I, for the metallic and the unstable solutions,
obtained from MEM (black and green symbols) and from polynomial fitting (black and green dashed lines).

First, we discuss the results along the first-order transition line. Figure 2(a) shows the resistivities computed from the Som-



merfeld approximation (Eq. (3) in the main text) using MEM and polynomial fitting analytic continuations. We see that the two
analytic continuations agree at low temperatures. However, around 7, the two methods show significant differences. This be-
havior is also observed in the quasiparticle weight Z (Fig. 2(c)) and the scattering rate I" ((Fig. 2(d)). The difference between the
two analytic continuation methods stems from the breakdown of the polynomial fitting around 7, where the polynomial fitting
of the first few Matsubara points of the self-energy does not yield reliable quasiparticle parameters Z and I'. Therefore, around
T¢, one should trust the MEM results. On the other hand, the polynomial fitting should be more reliable at low temperatures,
where the first few Matsubara points are enough to determine the quasiparticle parameters, whereas the MEM is noisier.

We now discuss the results of different analytic continuation approaches along a constant U trajectory. In Fig. 3(a), we show
the resistivity calculated from the Sommerfeld approximation (Eq. (3) in the main text) using MEM and polynomial fitting
analytic continuation. We observe that the two analytic continuation approaches give semi-quantitatively similar behavior. In
Fig. 3(c), we show the quasiparticle weight Z calculated from the two analytic continuation approaches. We observe that the
two analytic continuations give the same behavior for the metallic solutions quantitatively. Note that the polynomial fitting is
expected to give a more reliable analytic continued Z at low temperature. On the other hand, for the unstable solutions, we see
that the two analytic continuation approaches yield different powers where the polynomial fitting gives Z ~ 7> and MEM gives
Z ~ T?. Both differ significantly from the Fermi-liquid saturation behavior shown in the metallic solutions. Finally, in Fig. 3(d),
we show the scattering rate I" calculated from the two analytic continuation approaches. We observed that the two approaches
give semi-quantitatively the same behavior with similar power, I ~ T? for the metallic solutions and I" ~ T~2 for the unstable
solutions. We note that the polynomial fitting is expected to yield more reliable analytic continued I" for the metallic solutions
at low temperatures.
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FIG. 3. The resistivity for the metallic (black circles), insulating (red squares), and unstable (green diamonds) solutions along the constant U
trajectory in logarithmic p scale for (a) CTQMC and (b) IPT. The Sommerfeld approximations to the resistivities are shown in the correspond-
ing dashed and dotted lines with different analytic continuation methods (MEM and polynomial fitting for CTQMC and Padé approximation
for IPT). (c) The quasiparticle weight, Z, for the metallic and the unstable solutions. (d) The scattering rate I" for the metallic and the unstable
solutions.
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Using the dynamical mean field theory we investigate the magnetic field dependence of dc conductivity
in the Hubbard model on the square lattice, fully taking into account the orbital effects of the field

introduced via the Peierls substitution. In addition to the conventional Shubnikov—de Haas quantum
oscillations, associated with the coherent cyclotron motion of quasiparticles and the presence of a well-
defined Fermi surface, we find an additional oscillatory component with a higher frequency that
corresponds to the total area of the Brillouin zone. These paradigm-breaking oscillations appear at
elevated temperature. This finding is in excellent qualitative agreement with the recent experiments on
graphene superlattices. We elucidate the key roles of the off-diagonal elements of the current vertex and the
incoherence of electronic states, and explain the trends with respect to temperature and doping.

DOI: 10.1103/PhysRevLett.127.196601

Quantum oscillations (QOs) are a fundamental phe-
nomenon in solid state physics. The Lorentz force affects
electrons in such a way that all the system properties vary
periodically with the inverse of the magnetic field [1].
Conventionally, QOs are observable at low temperatures T
and in absence of strong incoherence, and provide detailed
information about the topology and shape of the Fermi
surface [1,2]. Yet, QOs are surprisingly ubiquitous. They
also appear in non-Fermi liquids [3-5] and even in gapped
systems such as Kondo insulators [6]. They were observed
in graphite [7,8], graphene [9,10], organics [11], cuprates
[12—14], perovskite heterostructures [15,16], iron-pnictide
superconductors [17], and moiré systems [18].

In moiré systems, huge superlattice spacing allows
access to regime of large flux per unit cell ®. Precisely
in this regime, recent experiments [19—22] have uncovered
a new, peculiar type of QOs of conductivity: peaks at @
equal to simple fractions of the flux quantum, i.e., ® =
@, p/q with p, g coprime integers, and p and ¢ small [21].
These Brown-Zak (BZ) oscillations are clearly distinct
from the conventional Shubnikov—de Haas (SdH) oscilla-
tions: BZ QOs appear at elevated temperatures [20], and
their frequency does not depend on the electron density n
(in 2D, SdH QOs have a frequency proportional to n).
Some understanding of this phenomenon was reached by
noting that the conductivity is high whenever the non-
interacting density of states consists of a small number (g)
of wide energy bands (magnetic “minibands”) [20,21].
States in wider bands should have a higher velocity, and
therefore conduct better. However, this heuristic picture
cannot explain the totality of experimental observations. In
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this Letter we present a microscopic theory of conductivity
in the Hubbard model and unexpectedly recover a phe-
nomenology strikingly similar to that observed in the
experiments of Refs. [20] and [21]. Our analysis elucidates
the essential role of incoherence for the BZ oscillations, and
explains the temperature, doping and interaction trends in a
systematic manner.

We employ the recently developed extension of the
dynamical mean field theory (DMFT) [23] to finite
magnetic fields [24-26]. In absence of the magnetic field,
the DMFT solution of the Hubbard model was previously
shown to describe the transport properties of various
materials [27-31] and cold atoms in optical lattices
[32,33]. The DMFT approximates the self-energy by a
local quantity, and becomes exact in the limit of infinite
coordination number. In a separate accompanying publi-
cation Ref. [26], we prove that the vertex corrections for the
longitudinal conductivity cancel at the level of DMFT,
regardless of the magnetic field (see also Refs. [34] and
[25]); this makes it possible to calculate conductivity by the
Kubo bubble without any additional approximations. Our
approach fully takes into account local correlations due to
electron-electron (e-e) interaction, and is formally appli-
cable at any 7, coupling strength U and field B.

Our conductivity results exhibit oscillations that clearly
correspond to the BZ QOs observed in experiment. The
oscillations have a frequency p/q = 1 (corresponding to
maxima at p/q = 1/qg) and appear at relatively high T
where the SdH oscillations are getting thermally washed
out. BZ either coexist with the SdH oscillations or appear as
the sole oscillatory component. As T is lowered, higher

© 2021 American Physical Society
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DMEFT results for conductivity in the Hubbard model for U = 1D. (a) Conductivity as a function of temperature and field at

band filling n, = 0.4. Color code is logarithmic: black means log, o3; &~ —7.95, white means log,, o3; ~ 2.12. White line: onset points
of the nonmonotonic behavior of o} (B)|;. (b) Conductivity as a function of inverse magnetic field. Bottom to top:

T = 0.0012,0.0049,0.0109, 0.024D; lines are plotted on the log

scale, and offset for the sake of clarity. (c) Frequency spectrum

of conductivity in the range p/q € [0.03,0.15] at different temperatures. Bottom to top: 7 = 0.001,0.009, 0.016, 0.029, 0.064D. Each
spectrum is normalized to 1 and shifted for the sake of clarity. (b),(c) Vertical lines: peaks due to SdH oscillations (red), and BZ
oscillations (blue). (d)—(f) Conductivity with respect to band filling and field at 7 = 0.005, 0.03, 0.1D, respectively. Color code: white
means —8.22, —3.57, —3.12, black means 2.14, 1.77, 1.03, respectively.

harmonics of BZ oscillations become more pronounced
(peaks become sharper, and additional maxima at p/q =
2/q.3/q, ... appear). Ultimately, at very low T, regular BZ
oscillations give way to fractal behavior which does not
yield any pronounced peaks in the Fourier spectrum. It
turns out that the essential ingredient for the regular
(sinusoidal) BZ oscillations are the incoherent electronic
states. Incoherence allows for conduction processes that
involve tunneling between two eigenstates of the
Hamiltonian, and it is precisely the contribution of those
processes that oscillates at frequency p/g = 1. Our numeri-
cal data suggest that in strongly correlated regimes, regular
BZ oscillations should appear at very low temperature.

Model and method.—We consider the Hubbard model
on the square lattice with nearest-neighbor hopping ¢,
coupling U, and band filling per spin n,, with n =
> . n,. We use D =4t as the unit of energy. The field
is included through Peierls phases for rational flux values
®/d, = p/q to obtain commensurate magnetic cell [35].
‘We do not include the Zeeman term [36,37], as it does not
affect the QO frequencies, only their amplitudes [1]. We
solve the problem within the DMFT with numerical
renormalization group solver. Full details of our calcula-
tions are given in Ref. [26].

Results.—Figure 1(a) shows the conductivity for mod-
erate doping and interaction (n, = 0.4, U =1) over a
broad range of temperature and field (flux). At low 7, we
clearly see prominent oscillations. The onset of nonmono-
tonic behavior is marked with the white line: it indicates the
value of B where the first extremum in ¢} is encountered
for a given T. In Fig. 1(b) we close in on a narrow field
range and plot ¢} as a function of 1/B at several T. At low
T, we see large dips in conductivity for p/q = n,/i (red
lines; i is integer), corresponding to occurrences of a large

gap in the density of states at the Fermi level. These are the
SdH oscillations with a frequency related to the area of the
Fermi sea Agg by the Onsager relation F = @/ (27)?Ags,
Ags = (27)*n,,. In between the sharp SdH dips, one can
observe a weak but highly nonmonotonic behavior of &
with high-frequency oscillatory features exceeding the
resolution of our calculations. With increasing T, the
amplitude of the SdH oscillations is reduced in line with
the Lifshitz-Kosevitch theory [2,26], and the behavior in
between the SdH dips becomes simpler: one gets spikes
coinciding with small-p moderate-q values of flux (denoted
with blue lines: full line is p = 1, dashed line is p = 2).
Ultimately, only regular sinusoidal oscillations of period 1
remain, with maxima at p/g = 1/q. Increasing T further
erases all nonmonotonic behavior.

Figure 1(c) shows the oscillation spectra obtained by
Fourier transforming o3 (B~'~¢q/p) on the range
p/q € [0.03,0.15]. At the lowest temperature we see strong
peaks at p/q = n,, and its higher harmonics, corresponding
to (sharp) SdH oscillations. The fractal behavior in between
the SdH dips seen in Fig. 1(b) does not produce a clear
oscillatory signal [26]. As T is increased, the peaks at
p/q = 1 and p/q = 2 appear, while at the highest T one is
left only with the peak at p/q = 1.

In Figs. 1(d)-1(f) we plot the conductivity in the (n,, B)
plane. At low T, the SdH oscillation fans out from the (0,0)
point, clearly indicating the n, dependence of the oscil-
lation frequency. At a higher 7', SdH oscillations become
weaker; horizontal (i.e., n,-independent) stripes corre-
sponding to fractal BZ oscillations become visible, and
are particularly pronounced at small p values. At the
highest 7" shown, only the BZ oscillations remain.

We summarize our observations by presenting in
Figs. 2(a) and 2(b) the two relevant Hubbard model phase
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diagrams, showing the dominant type of (regular) oscil-
lations, based on the Fourier spectrum of ¢}}(g/p) in the
field range p/q € [0.03,0.15]. We also indicate the onset
field for the nonmonotonic behavior (gray scale color
coding and the black contours). Clearly, the onset field
depends strongly on U and n; the nonmonotonic behavior
is stronger and requires less strong fields in more coherent
regimes (lower U and/or higher doping away from half-
filling 6 = 1 — n). Another notable trend is that the BZ
oscillations start at a lower temperature in less coherent
regimes (lower ¢ at fixed U; stronger U at fixed 9).

To elucidate the role of incoherence we perform calcu-
lations within the finite-lifetime approximation (FLA) [26],
where a lifetime of electronic states is set by hand by fixing
the (local) self-energy to X(w) = —il". We determine the
phase diagram of FLA with respect to the two parameters of
this toy model, the scattering rate I', and temperature 7T
[Fig. 2(c)]. There appears to be a well-defined upper cutoff
value of I' for the observation of any QOs. For the
observation of SdH oscillations, there is a relatively
well-defined upper cutoff 7. The region of dominant
regular BZ oscillations is additionally limited by lower
cutoff T and 7. Below I' x5 x 1075, fractal behavior is
observed, with or without the SdH oscillations, depending
on temperature. At moderate I', increasing the temperature
alone does not wash out the BZ oscillations, and they
persist up to infinite temperature.

We superimpose on the FLA phase diagram the DMFT
results by identifying I' = —ImZ(w = 0). In DMFT the
self-energy has frequency dependence and depends on both
U and T. The gray scale lines represent the DMFT result for
['(T) for different U values. The upper cutoff I" for QOs
(lime points) holds in good agreement with FLA results, as

well as the upper cutoff 7" for SAH oscillations (blue
diamonds). At low U, the lower cutoff T for BZ oscillations
is also in agreement with FLA. However, at high U, the
discrepancy from FLA is significant: the sinusoidal BZ
oscillations appear at much lower 7' than one would expect
based on a simple FLA toy model where X has no
frequency dependence. At very strong U, there rather
seems to be a well-defined lower cutoff I" for regular BZ
QOs extending to very low T (this lower I" cutoff being a bit
higher than the one at high 7). The observation of BZ
oscillations at very low T is therefore a clear indication of
strong electronic correlations that go beyond simple inco-
herence effects.

Discussion.—The trends related to incoherence and
temperature can be understood from the linear-response
transport theory underlying our calculations. The Kubo
bubble for conductivity is illustrated in Fig. 3(a). At
the level of the DMFT where the self-energy does not
depend on the momentum, the product of two velocities
VR o' VR €20 beE rewritten as a single factor with two
kinetic-energy arguments, v(e, ¢’). Depending on temper-
ature, effective scattering rate, and chemical potential,
different (e,€¢’) domains play a role [26]. In particular,
only (e,€') such that |e—¢/| <T and €) —p < T give
significant contributions. At low 7, we observe that the
SdH effect is already contained in »(e, ¢’). The oscillation
spectrum for v(e, €’ ~ € ~ u), exhibits a peak that moves
with y and coincides with n,. As the thermal window
becomes larger, a wider range of wv(e,€’ ~¢€) enter the
calculation, yet oscillate with different frequencies, depend-
ing on e. This leads to dephasing and washing out of the
SdH oscillations. By contrast, the BZ oscillation is mild
at any given ¢, but it always has the same frequency
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respect to temperature. (¢) Trend with respect to the scattering
rate. (d) Field dependence of conductivity and the contributions
of interband (e # ¢’) and intraband (e ~ €’) processes in FLA in
four different parameter regimes.

(p/q = 1), thus its contribution accumulates with increas-
ing T and can become the dominant effect, as illustrated in
Fig. 3(b). The domain of v that turns out to oscillate with
the BZ frequency is found at moderate |e¢ — ¢'|. Therefore,
as the scattering rate I is increased, those values enter the
calculation and the BZ oscillations become visible in

¥(q/p). The values of v(e,€’) at large |e¢ —¢€'| do not
oscillate with any particular frequency. As those get
included at large I', all oscillations are ultimately overcome

by the nonoscillatory contributions, as illustrated in
Fig. 3(c). The velocity v is the only source of BZ
oscillations in the Kubo bubble, as Green’s function and
the self-energy do not have an oscillatory component at the
frequency of BZ oscillations [26].

In previous works [20,21], the BZ oscillations were
connected with the velocity of the magnetic minibands,
calculated as v = e,/ Ok,. Nevertheless, it is important
to note that the eigenstates of the noninteracting
Hamiltonian do not have a well-defined velocity in the
presence of the field. Rather, the velocity v,/ 18 a matrix
in the miniband space m, m’. In previous works this was not
taken into account and the results were interpreted in terms
of only the intraband processes (diagonal elements of v).
This would be well justified only in the limit of coherent,
long-lived quasiparticle states. However, increasing 7" even
at weak coupling leads to decoherence of electron states,
which activates the contribution of off-diagonal velocity
components and even makes them fully dominant [26].
This corresponds to m # m’ (or & # ¢) terms in the Kubo
bubble in Fig. 3(a). For these interband processes, the
amplitude is determined by the probability of tunneling
between two minibands upon measurement of velocity. We
illustrate the relative contributions of interband and intra-
band processes to overall dc conductivity in Fig. 3(d) in five
different regions of parameters of the FLA toy model.
These plots reveal that the diagonal components of the
velocity cannot account for the regular sinusoidal BZ
oscillations, but only for the fractal behavior that is
observed at low I'. It is interesting to note that even at
very high I', the intraband processes still exhibit strong
fractal behavior, while the overall conductivity is already
devoid of any apparent QOs. This indicates that the regular
BZ oscillations are not a simple “smoothing” of the fractal
behavior due to widened peaks in the (fractal) spectral
function. Rather, this is a separate phenomenon, ultimately
due to oscillations in the tunneling amplitudes vg ,, .2,

Relation to experiment.—Both the fractal behavior
(peaks in o} up to p/q=4/q) and the regular BZ
oscillations have been observed in experiment [20,21].
The T-trend observed in Figs. 1(d)-1(f) is in qualitative
agreement with the experimental findings of Ref. [20].
Note that the lattice in this moiré system is different from
that in our model, and that the dominant interaction in
graphene at high 7 is likely of the electron-phonon (e-ph)
type, while our Hamiltonian only includes e-e repulsion.
The agreement despite such differences indicates a signifi-
cant level of universality in these phenomena.
Notwithstanding, the doping trend at the highest temper-
ature is in apparent contrast to the measurements in
Ref. [20]. In our Fig. 1(f), BZ oscillations are regular
(sinusoidal) close to half-filling; closer to the empty band
limit a stronger fractal behavior remains in place. In the
corresponding high-7" experimental result in Ref. [20]
[Figs. 2(b) and 2(c)], only the regular oscillations are
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observed, and no oscillations at all are observed close
to the “neutrality point” (corresponding to the empty band
limit in our calculations). This discrepancy appears to be
due to the difference in the scattering mechanism: the e-e
scattering rate goes to zero as the band empties, but the
e-ph scattering rate does not. The FLA calculation [26]
where I' is fixed regardless of the doping clearly reproduces
the doping trend observed in the experiment. Similarly,
at low temperature in the Hubbard model, one observes
both the SdH oscillations and fractal behavior [Fig. 1(b)].
In experiment, there are cases where only SdH oscilla-
tions are observed at low temperature. This discrepancy is,
again, likely due to the difference in scattering mecha-
nisms. In the Hubbard model the scattering rate goes down
with temperature [Fig. 2(c)]. If the scattering rate is
kept fixed at a moderate value (as in FLA), at low T
one only observes the SdH effect [see bottom panel in
Fig. 3(d)].

Conclusion—We have studied the magnetic quantum
oscillations of longitudinal dc conductivity in the 2D
Hubbard model. We observe three types of nonmonotonic
behavior in &}}: (1) Shubnikov—de Haas oscillations with
frequency p/g = n, (and higher harmonics), at low tem-
perature; (2) fractal behavior of conductivity with peaks
at ®/®,=1/q,2/q,3/q, ..., in the coherent regimes;
(3) sinusoidal p/q = 1-frequency oscillations, in moder-
ately incoherent regimes (the Brown-Zak oscillations, BZ).
Our findings are in striking agreement with recent experi-
ments on graphene superlattices. The discrepancies from
experiment can be traced back to a difference in inter-
actions present in the system. The oscillation phenomenol-
ogy crucially depends on the scattering rate, and can thus be
used in experiment as a characterization tool for scattering
mechanisms. The fractal behavior is ultimately a manifes-
tation of the Hofstadter butterfly, and is an indication of a
low scattering rate; in contrast, the BZ oscillations indicate
a higher scattering rate, and when observed at very low
temperature are an indication of a strong e-e coupling. Our
results present clear predictions for future experiments
where the dependence on coupling strength and doping
might be investigated.
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Calculation of conductivity in the Hubbard model is a challenging task. Recent years have seen much progress
in this respect and numerically exact solutions are now possible in certain regimes. In this paper we discuss the
calculation of conductivity for the square-lattice Hubbard model in the presence of a perpendicular magnetic
field, focusing on orbital effects. We present the relevant formalism in all detail and in full generality, and then
discuss the simplifications that arise at the level of the dynamical mean field theory (DMFT). We prove that the
Kubo bubble preserves gauge and translational invariance, and that in the DMFT the vertex corrections cancel
regardless of the magnetic field. We present the DMFT results for the spectral function and both the longitudinal
and Hall conductivities in several regimes of parameters. We analyze thoroughly the quantum oscillations of the
longitudinal conductivity and identify a high-frequency oscillation component, arising as a combined effect of
scattering and temperature, in line with recent experimental observations in moiré systems.
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I. INTRODUCTION

Strong correlations in electronic systems have a profound
effect on conductivity, and lead to a range of unconventional
behaviors which are at the center of interest in condensed
matter theory. One such behavior is the linear temperature
dependence of resistivity, observed in the cuprate supercon-
ductors [1-3]. The linear resistivity has been reproduced by
numerical simulation of the Hubbard model [4-13], as well
as with ultra-cold-atom simulations [14]. It is viewed as an
effect of proximity to the Mott transition [8,15,16] or quantum
critical points [6,17—-19], as well as a generic high-temperature
feature of correlated materials which are well approximated
by a single-band model [9].

External magnetic fields are also known to affect the
transport properties of electronic systems [20], sometimes
drastically: in the context of the two-dimensional electron gas,
magnetic field leads to the well-known quantum Hall effect
(QHE), where conductivity displays intricate dependence on
the magnetic field [21-24]. The effect of the Coulomb inter-
action is here essential for the understanding of the fractional
QHE [25,26]. In conventional metals, resistivity is an oscilla-
tory function of the magnetic field, which is the well-known
Shubnikov—de Haas effect (SdH) [27,28]. However, the SdH
effect is often observed even in states which are assumed to be
correlated and are not yet fully understood [29-31]. In such
cases, an effective Fermi-liquid description of the material is
often invoked to analyze the experimental data, and to map
out the geometry of the Fermi surface. It is, therefore, of great
importance to understand the interplay of strong coupling and
magnetic fields in lattice systems. The study of magnetore-
sistance in correlated lattice models has been so far limited

2469-9950/2021/104(20)/205101(28)
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to perturbative approaches, either for weak fields [32-34] or
weak interactions [22,35,36]. To the best of our knowledge,
the only nonperturbative calculations of magnetotransport
were limited to the transversal conductivity [37-39]. Nonper-
turbative calculations were also performed for the effective
Fermi-liquid parameters (quasiparticle weight, scattering rate,
and density of states at the Fermi level) [38,40,41], which can
be considered relevant for longitudinal conductivity.

In this paper we study the effect of magnetic field on both
the longitudinal and transversal conductivity in the square-
lattice Hubbard model in several parameter regimes: from
weak to strong coupling, low to high temperature, and in the
full range of the magnetic field.

We first lay out the general formalism for the calculation
of conductivity in the presence of the magnetic field and
then describe the simplifications that arise at the level of the
dynamical mean field theory (DMFT), as previously imple-
mented in Refs. [38,41]. Most importantly, we show that the
Kubo bubble is gauge invariant and that the vertex corrections
to the current-current correlation function cancel, analogously
to the zero-field case. The latter is done by rederiving the
well-known zero-field proof from Ref. [42] in real space, and
then generalizing it to the case of external magnetic fields.
Cancellation of vertex corrections at the level of DMFT was
previously shown only for the transversal conductivity [38],
and here we give a different, fully general proof.

We perform extensive DMFT calculations to cover a large
part of the phase diagram. Our numerical results show that
the oscillatory behavior of conductivity is restricted to a fi-
nite range of temperature which is mainly determined by
the amount of dynamic correlations (which are promoted
by interactions, yet hindered by doping). The amplitude of

©2021 American Physical Society
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oscillations decays exponentially with temperature, as ex-
pected from the Lifshitz-Kosewich theory [43]. Above a
certain characteristic temperature, no nonmonotonic behav-
ior can be induced no matter how strong the magnetic field
is. We also observe that in a big range of magnetic fields
and interaction strengths, the conductivity follows a scaling
law, with the temperature scale set by the coupling strength.
Most importantly, the T'-linear dependence of resistivity in the
high-temperature regime is not qualitatively modified by the
magnetic field.

We investigate transverse conductivity in the noninter-
acting limit, and observe exponential decay of o™ with
temperature, and a power-law divergence as B, — 0. The
analytic behavior at B, = 0 is restored by interactions, which
led to a smooth decay of o as the magnetic field is gradually
turned off.

Finally, we investigate the oscillatory behavior of conduc-
tivity in weak-to-moderate magnetic fields. In all the cases
we studied, the longitudinal conductivity turns out to be
dominated by the current-vertex factors, rather than the local
density of states at the Fermi level or the effective scatter-
ing rate. This leads to an important simplification: one can
reliably calculate conductivity at an arbitrary field by us-
ing the zero-field DMFT calculation for the self-energy. We
further observe that at high temperature, moderate-to-high
interactions, and moderate fields, the oscillation occurs at two
separate frequencies: one that corresponds to the area of the
Fermi sea, as in the Shubnikov—de Haas effect, and the other
which corresponds to the full area of the two-dimensional
Brillouin zone (BZ), and is therefore of higher frequency and
independent of the doping level. This finding is in excellent
qualitative agreement with the recent experimental observa-
tions in graphene superlattices [44—47]. The full discussion
of the observed phenomenology of quantum oscillations of
conductivity in the Hubbard model is presented in a separate
publication, Ref. [48], while here we present the raw data
and describe the basic mechanism behind the onset of the
high-frequency oscillations.

The paper is organized as follows. We first describe the for-
malism: the Hamiltonian, the gauge choice, reciprocal-space
formulation, gauge-invariant Green’s function, current opera-
tors and the correlation function, DMFT approach, calculation
of the conductivity tensor, and vertex factors. We then present
and discuss the results. For the benefit of the reader and for
easy rederivation and validation of the results presented in
this work, we provide very detailed proofs of all steps in the
derivations in the Appendices. For reasons of clarity and to
facilitate dimensional analysis we maintain all constants (e, 7,
kg, and lattice constants a in ¢) in the equations.

II. FORMALISM

A. Model

We study the Hubbard model on the square lattice with
lattice constant a, defined by the Hamiltonian

H = Hy + Hiy, 1

where the noninteracting part Hy is the tight-binding (TB)
model that we discuss in the following sections, while the
interacting part Hy, is the local density-density coupling, i.e.,

the Hubbard interaction

Hypy =U Zni,Tni,¢, 2)
i

where i indexes the lattice sites, n; , are the density operators,
and U is the coupling constant. The electron spin is denoted

o="%1.

1. Orbital space

The lattice sites are assumed to lie in the z = 0 plane;
where convenient, we will treat the system as a three-
dimensional stack of such planes separated by the lattice
constant ¢ in the perpendicular direction.

The effect of the external magnetic field B in the TB model
is twofold: it couples to the electrons’ spin degree of freedom
(Zeeman term), as well as the momentum. The latter is ap-
proximated on the lattice by means of the Peierls substitution
[49,50]. The resulting Hamiltonian is

Hy = —p an + 8uB ZB(I‘I‘) -S; — Ztijeiﬁjczocjm
i,o i

i,j,0
(3)

where p is the chemical potential, g is the gyromagnetic
factor, up is the Bohr magneton, the position vector of site
i is r;, and the operator of the electron SU(2) spin is

1 . ¢
N Z(pT Foyanf it

Si = 2(CivT’ Ci,l)o’ (Ci,¢>’ “@
where 67 are the Pauli matrices, and 1 enumerates the spatial
directions x, y, z. The #;; is the hopping amplitude between the
sites i and j. The Peierls substitution introduces a phase shift
fij that is picked up by an electron on the path from site i to
site j:

m=%[fmndn 5)

Here A is the vector potential, e the elementary charge, and
i the reduced Planck’s constant. In matrix notation in site
space, the effect of the gauge field corresponds to element-
wise multiplication of the bare Hamiltonian:

Ho[A] = Hy[A = 0] o ", ©6)

where ¢ is simply a matrix constructed out of ¢'/ii elements.
We are interested in the effects of a uniform magnetic
field perpendicular to the two-dimensional (2D) lattice: B =
(0, 0, B;). The vector potential A is not uniquely determined

by B. There are two obvious choices: the Landau gauge

A(r) = (0,xB;, 0), @)
and the symmetric gauge
Yy X
Ar)=| —%B,, =B;,0]. 8
(r) ( 5B 5B ) ®)

Throughout this paper, we work in the Landau gauge.

In the rest of the paper, we define lattice site coordinates
x; and y; as integers, and define r; = (x;, y;, 0). The physical
position vector of the lattice site i is then ar; and we give
spatial indices in terms of r as, e.g., A, = A(ar).

205101-2
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Plugging the Landau gauge field A [Eq. (7)] in the expres-
sion for the Peierls phase [Eq. (5)] one obtains [41,48] (see
Appendix A for proof)

fi.i = fl"i,l‘/
_ f(Bzag)()’j — ¥ +xj)
h 2
_ oy @O — ) +xj)
=2 o 2 9

where ®( = h/e is the unit flux, and ® = B.a? is the flux per
lattice plaquette.

To be able to define a finite-sized (commensurate) mag-
netic unit cell, the values of B, must satisfy

B> =277, (10)
h q

where p and g are coprime integers. ¢ is then the size of the
unit cell in the x direction (for proof see Appendix B). In the
other direction the size of the unit cell is 1, as the translational
invariance is not broken along the y axis; this is obvious as f;;
depends only on the difference y; — y;.

The effect of B, on the kinetic energy term is periodic.
As B, enters the Kinetic energy through ¢>™'¢(i™0itx)/2,
if (yj —yi)(x; +x;)/2 is an integer for all (i, j) connected
by hopping (as is the case with nearest-neighbor hopping),
increasing p/q by an integer makes no difference. Therefore,
the effect of § is the same as that of ”f%, with m integer.
The inversion symmetry of the lattice implies that the effect
of ’5’ is the same as that of 22, When it comes to the kinetic
energy term, all physically discernible magnetic fields [that
satisfy Eq. (10)] can be mapped onto the range 0 < p/qg < %
The field p/q = 1 is then a characteristic value of the field, the
lowest one (other than zero) that does not couple with electron
motion.

In numerics, we will consider a finite L x L cyclic lattice,
which must fit an integer number of magnetic unit cells of size
g x 1. We can rewrite the condition (10) as

e p n
—(B,a*) =2n— = 21— 11
h( a’) 7 I (1n
with the size of magnetic unit cell being L or smaller, as given
by L/gcd(L, n), where “gcd” denotes the greatest common
divisor, and n is an arbitrary integer. In fact, the relation
between the finite and infinite lattice is simply

q=L/ged(L,n), p=n/gcd(L,n).
The size of the lattice L determines the resolution of p/q that
one can achieve in scanning the strength of the field in the
model.

Under the assumption of only the nearest-neighbor hop-
ping, we now rewrite the full Hamiltonian as

1
HO =M Zni,a + EgMBBZ . Z (_l)aa"ini.a
i,o i,o=1,1

- ea?
“_x;B;u-e,
—t E el it ‘cqugcriﬂ,,o + H.c.

i,ucie,.e,},0

12)

Numeric scales. The importance of the Zeeman splitting
depends on the ratio of the Zeeman energy over the band-
width. Both g and the bandwidth are material specific. A quick

estimate for cuprate compounds, under the assumption of g =
2 and half-bandwidth of around 10° K, gives that B, of about
50 T corresponds to a Zeeman energy of about &3 x 1073D,
where D = 4¢ is the half-bandwidth. While the effect of Zee-
man splitting is interesting to study on its own, throughout this
paper we restrict to only the gauge-field effects and set g = 0.

The effect of the gauge field is determined by the lattice
spacing. Assuming a ~ 5 x 1071 m which is relevant for
cuprates, we see that the characteristic p/q = % field corre-

sponds to B, = Zlh ~ 8 x 10° T. At B, = 50 T, we therefore
have p/q ~ ﬁ, and we need at least the lattice size L = 300
to describe this regime. Clearly, the bigger the lattice spacing,
the bigger the phase picked up upon traveling between the
lattice sites, and the bigger the effect of the coupling to the
gauge field. The regime of large p/q is therefore relevant for
systems with a larger lattice spacing (as in moiré heterostruc-
tures [51]), or where high gauge fields can be introduced
artificially (as in optical lattices [52,53]).

2. Momentum space

Rewriting the kinetic energy in momentum space leads
to the Harper equation [54,55]. By applying to the kinetic
energy term the Fourier transformation of the creation and
annihilation operators,

. 1 . 3 1 .
i —iker; .t iKk-r;

C; = —— e 'Cp, Ci=——= e 'ck, 13
i /N ; k t /N ; k ( )

where N = L? is the number of sites in the lattice, one obtains

P27 L xu-ey
E et -‘cqugcriﬂ,,g + H.c.

i,ucie,.e },0

—— E coskyng o —t E e’k"c;ack_zﬂ{ex,(, +H.c.
k,o k,o

Hyjn = —t

(14)

For a detailed proof see Appendix C.

There is a coupling between the different k states which
results in a reduction of the Brillouin zone (BZ) by a factor
of g = L/gcd(L, n), where g is the size of the magnetic unit
cell. We define k as k within the reduced BZ (RBZ). Now,
k. € [0, 27 /q), while k, € [0, 27r). k is a good quantum num-
ber, but there is now an additional degree of freedom that we
denote [ such that [ € [0, g). A single-particle state is fully
determined by a triplet (k, [, o), with ¢ ; , = ¢, gy, Ze o

On a finite cyclic lattice, the momentum space is discrete,
with a step of the size 2w /L. If ged(L, n) = 1 there is only
one k, value in the RBZ (equal to 0), and for each momentum
there are g = L different values of /.

The Hamiltonian has a block-diagonal structure. For a
given (k, o), the Hamiltonian in the space of [ is given by
the Harper equation

- 2
(Hy kol = (-Ma — 2t cos (kx + 17))51,1'

— 1™ 8 15y + €81 1),
where @ denotes the cyclic addition modulo ¢ defined as

lol'=1+1 —qdivl +1', ),

5)

(16)
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and p=n/gcd(L,n). We also introduced wu, =pu —
(=1 gupB./2.

Each block of the Hamiltonian can be diagonalized to yield
the eigenenergies &, ,,, with m € [0, g). The basis change

matrix elements are defined by

Clz,l‘,a = Z[aka]l’mcl;z,m,a' (17)

m

Note that throughout this work, we distinguish between dif-
ferent operators (¢; s = Cr,,05 Ck,o» C.1.02 Ck.m.o» €IC-) ONly by
the choice of the symbols in the subscript (e.g., ¢ ; , is not
equal cg ,,, , even if [ = m), and similarly for other functions.

The blocks of the Hamiltonian have several symmetries.
One can invert the x axis

*
[Ho.t o )0 = [Ho.iyolgorg1 (18)

which means that

*

= [“(fﬁx,lé,\»,a]q_l,m 19)

and that the eigenenergies remain the same upon inverting the
X axis.
One can also invert the y axis

[Hot, 0.0 1 = [Hoio 0 ] (20)

Again, inverting k, does not affect the eigenenergies, but
merely flips the chirality of the eigenstates

[O‘<12X,1€y>,a]z,m

*
[a(i,w];v)va]l,m = [a(];x,—/%.),a][,m' (21)
Inverting both axes at the same time therefore means
[HO,(IZXJE,\‘),G]LI/ = [HO,(—IEX,—IE;»),U]q—z,q—zf (22)
and
[a]},g]l,m = [a_f(,g]q—l,m- (23)

There is an additional periodicity along the y axis

Sﬁ,a,m = 8R+(2nC/q)ev,a,m (24)

and

iC2 ]
[Olf(,g]lp mod g, m = e [aﬁ-‘r(zﬁc/(j)ey,o']lp mod g, m (25)

with C integer. This symmetry is important on a finite lattice,
where k, takes values of the form C2z /L. If L =gq [i.e,
ged(n, L) = 1], this means that the density of states and other
relevant quantities can be obtained by considering only the
block k = (0, 0). Otherwise, ky values up to 27 /g need to be
considered. For a proof see Appendix D.

B. Gauge-invariant Green’s function

A uniform magnetic field does not break physical transla-
tional invariance. However, at the formal level, the inclusion
of the appropriate vector potential means that all correlators
connecting two or more points in space depend not only on the
relative positions, but also on the absolute positions. The spa-
tial dependence of correlators can depend on the gauge choice.
Nevertheless, physical observables preserve both translational
and gauge invariance.

The quantity of primary interest is the Green’s function. It
is defined as a function of imaginary time

Gijo(t) = =(Trci 0 (T)ch , (0)). (26)

As a function of complex frequency z, and as a matrix in the
site space, one can always write

G, (z) = [zl —Ho — ()], 27)

where X(z) is the self-energy. The diagonal elements of the
Green’s function with z = w + /0" determine the local spec-
tral function which is a physical observable. As such, the
local Green’s function is uniform in space. Nevertheless, the
off-diagonal elements do not exhibit translational invariance
Gij = Gr,—y,, but rather this equality is satisfied only up to a
phase.
It can be shown that the quantity

Gijo(2) = e 1G4 (2) (28)

is gauge invariant, and preserves the full symmetry of the
lattice. We reproduce here a proof from Ref. [56] which is
valid in the noninteracting case, but is completely analogous
in the case of a fully local and spatially uniform self-energy.
In orbital space we have

G = [Ihiz — Ho[A] — IZ(2)] ",
G = [Ihiz — Hyo e —IX(2)],
I = [Iiz — Hyo ¢ — IZ(2)]G. (29)
It is also easy to verify that I o ¢/f = I so we can further write
Ioet = ([Ihz — Hy — IZ(2)] 0 DG,
Lo = (Thiz —Ho — I5(@)] 0 eNH)(G o). (30)
We now write the scalar form

(S,‘jeiﬁj = Z[IFIZ - H() — IZ(Z)]ikeiﬁkajeif“,
k

8ij = Z[Ihz —Hy — IZ(2)]4 Gy e e e =i,
k

§ij = Y _[hz — Hy — IZ(@)]aGrje el (31)
k

The expression e'/ie'fiielfii is simply the magnetic flux pass-
ing through the triangle defined by the lattice sites i, j, and k.
This quantity is gauge invariant. As Eq. (31) is a defining rela-
tion for G;;, it means that G;; is gauge invariant. Furthermore,
the quantity [I14z — Hy — IX(2)];x has full lattice symmetry,
thus G;; does as well.

However, it is interesting to consider the case of a general
(possibly nonlocal and nonuniform) self-energy X. In that
case, the step performed between Eqgs. (29) and (30) reads as

[I7z — Ho o " — %(z)] = [Tz — Hy — Z(z) o e "o €™
(32)
The proof can proceed from there completely analogously, but
only if the quantity X(z) = X(z) o e~ is gauge invariant and
preserves the full lattice symmetry.
A proof for the gauge invariance and lattice symmetry

of ¥ can be given in terms of Feynman diagrams for a
special case of local density-density interactions, as follows.
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Each diagram’s contribution is a product of a certain number
of fermionic loops. In case of local density-density interac-
tions, a single Green’s function loop is just the density, and
this quantity is gauge invariant. Then, we have a loop of
arbitrary size N:
G0,y G0.izis - - -+ Goivis = G0,i1i Gy - -

x ¢lfuis gifiis

- Go.iyiy
cefwin ) (33)
which is gauge invariant for the same reason as we had above
[note that for the bare propagator Gy, gauge invariance and
symmetries have already been proven by Eq. (31)]. The closed
fermionic loops are multiplied with the fermionic line con-
necting the terminals of the self-energy. Say, in case of %;, ;,,,

G0,i1i, G, inis - - - G0,y iy = G0,11i G0,iniy - - - Go,iy_yiy

x efinellai | elfviin, (34)
Clearly, if we multiply now both sides with e i, we get on

one side %;, ;,, and on the other

GO,iliZGO,i2i3 - GO’iNiliNe’ffliz efoin | efivaiiv g~ Uinin
. eifiN—]’N eifizv«"l

(35)

= GO,ilizGO,izlé e G()ﬁ,‘NiliNe‘lf’l"Z 6lfi2"3 ..

and again the right-hand side is gauge invariant. This proves
that the contribution to ;; of each Feynman diagram individ-
ually is gauge invariant. Moreover, ¥ is expressed solely in
terms of objects with full lattice symmetry, thus, it must itself
exhibit full lattice symmetry.

Efficient calculation of G

A straightforward calculation of G performed in site space
would involve an inverse of the N x N matrix

G(z) = e o [hzl — Hy[A] — Z(2)] . (36)

[Note that here the Peierls phase needs to be taken as Eq. (A2),
see Appendix A]. This operation scales as O(N?) and the size
of the lattice one can treat this way is limited to N ~ 1000. A
more efficient approach can be formulated, and especially so
in the noninteracting case, and the case when the self-energy
is fully local, i.e., whenever the Green’s function is fully diag-
onal in the eigenbasis of Ho, i.e., G(g ) & .m) = Ok i Smm Gk -
This is precisely the case relevant for our DMFT calculations.
We will make use of the basis change matrix elements to go
from eigenbasis |k, m, o) to orbital basis |i, o'):

li,o) = % Xk: e ®TK, o)
— % %ei(l}+1217e*)'ri|l~(, 1, o)
= ﬁ Z TN o Jwlk, m o). (37)
k,/ m
Therefore,

1 *
Grro@) = kZ W eoWemroGima @ (38)

with

—i(k+12Z o)
Wf(,m,r,a = Z e . v ) r[aﬁ,g]l,m- 39
!

Calculation of [og ] scales as 0(g*). As there is N/q
different Kk to consider, the first step scales as O(qu), with
g < L, ie., at most O(N?). Then the calculation of Winr.o
scales as O(q) but there is N different Kk, m to consider, and
we need N different r, which is in total O(qu), i.e., at
most O(N?L), which is the bottleneck in the calculation. The
calculation of each Gy (z) then scales as O(N), but only if
G is diagonal in l~(, m; if it is only diagonal in Kk but not in
m, this scales as O(Ngq). As Gy = Gy_y, we only need to
calculate N different elements of the G matrix rather than all
N? of them:

Gr = e r=0Gr . (40)

In total, this scales as O(N?). Again, if G is diagonal in Kk (as
we expect it to be in the absence of translational symmetry
breaking), but not in m, then the scaling is O(N 2q), which is
still better than the direct matrix inverse. When there is no
translational symmetry (e.g., there is disorder), then the scal-
ing is O(N*), which is worse than the direct matrix inverse.
In that case G is still gauge invariant, but is not translationally
invariant, and all N2 r, 1’/ components need to be calculated.
Finally, we are interested in the spatial Fourier transform

Gk = Z eik-r(‘;r,
r

which will be discussed in Sec. IIT A 2.

We note that other approaches might be possible for the
efficient calculation of G, e.g., the recursive scheme from
Ref. [57].

(41)

C. Current density operator and the current-current
correlation function

1. Orbital space

We will be interested in the direct current conductivity
with respect to an infinitesimal uniform electric field. Such
electric field E = 9,A®** can be introduced with an additional
vector potential A" pointing uniformly in a given direc-
tion, and growing linearly with time. For the purposes of a
linear-response calculation, the current couples to such vec-
tor potential instantaneously through — [ j(r) - A (r)d’r =
—Veell D_; Jr: * Aﬁj“, where v = a2c is the volume of the unit
cell. The additional Peierls phase coming from a A®' can
therefore be safely rewritten within the slowly varying field
approximation

arj
¢ f A e DA ). @)
al

In the case when we have just the nearest-neighbor hoppings
[as in Eq. (12)], the kinetic term in the Hamiltonian can be
rewritten as

iucfe,. e },0

i ea pext,
Hyin = —t el(fri'ri+“+ w A u)CI,- o Cri+u,o + H.c.
(43)

without any additional approximation.
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We can now derive the expression for the current density operator (with units of A/m?) in the absence of electric field, by

employing
. 1 0H
b= (44)
Ucell aAr Aext_5()
1e
=it—= Y wetinel oo +He. (45)
ac uciey.ey},0
The vector component 7 can be written as
) . le
=it D Yyl pere,0 + He. (46)
o

with p(r) = (1, &5 B:¥),

The current is an observable and it should be zero even in the presence of a magnetic field. Commonly, one separates the
current into the paramagnetic and diamagnetic parts. In magnetic field they may be nonzero even in thermal equilibrium, but

they must cancel. See Appendix E for details.

For the sake of generality, we define the current-current correlation function without assuming zero persistent currents:

A (D)

( '"(r)j;'/ ©O) = (7ir)

0,0’ b,b'e{0,1)}

X (1 ey (Tt -016,.0 (e, o (0 )ex (121600 (0)

where CJ..
c’=1.

We are interested in calculating the Kubo bubble, i.e., the
disconnected part. The disconnected part will have a static and
a dynamic term. The static one cancels the persistent current
part, and the dynamic term can be expressed in terms of the
Green’s function as

.] is the operator of complex conjugation, and

A:m/,disc(_c)

r,r
= azcz hzZ Y Dy Ty ()]
o bbe(0.1)
X Gy (1-b)e, r+be,,0 (—T)Gri(1-bje, v +be, 0 (T). (48)

We can now rewrite this expression in terms of G. In the case
of the longitudinal component

di
Afxr/ lSC( )
5 1 e’ _ _
=1 @ﬁ Z Gl"*l'Jrex,G(_T)Gl‘*l‘urex,G (7)
o

+ Gr’—r—ex,a (_T )Gr—r/—ex,a (f)

(eazBZ
—2 cos
h

: (y - y,)> Gr’—r,u(_f)cr—rﬁa(f)}-
49)

We see that the expression only depends on the distance which
means that it preserves translational symmetry, and is only
expressed in terms of gauge-invariant quantities. We have
checked explicitly that exactly the same expression is also
obtained in the symmetric gauge. Furthermore, this expres-
sion has all the expected spatial symmetries. A completely

- azcz hzZ > D I [y (1)

— (1), (47)

[
analogous calculation for AY*(z) yields the expression
with x, y — y, x. A general proof of the gauge invariance of

Al '7 d“C(t) is given in Appendix F.

2. Momentum space

As we have shown that the current-current correlation
function satisfies all the desired spatial symmetries, we can
proceed to discuss the uniform current-current correlation
function in a straightforward manner by performing the spatial
Fourier transform. We have

ANH(E) = Vean ) Arw=o(7). (50)
r

This is followed by the Fourier transform in imaginary time to
finally obtain

A””()(w)—vceuZ% / dT e Appo(t).  (51)

We can rewrite this expression more conveniently using the
uniform current operator as

. y B
AgLo(iv) = 7 f_ dr(j q_o(f)Jq 0(0), (52)
where V is the total volume V = Nvg. and
1
I in
o= (53)
Note that we have here defined the uniform current operator as

the average current (density) operator, rather than the spatial
Fourier transform of the current operator. Using the creation
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and annihilation operators in the eigenbasis of the noninter-
acting Hamiltonian, we can write

; it 1e o
]q=0 = Nachz Z kmm Ned l:l l~(.m’,(r (54)

o Kmm
with
Uﬁ,m,mgg _ Z[aﬁ,a]l,zn[“kg]}k,m/ [eﬁ;,eiz{—,” R ,l-n]
(55)
and

y _ - ikyr . 7* —ikyp o x
vf(,m,m’,o’ - Z[ak,g]l,m [6 ’ [ak,U]IGP,Wl’ —e [ak,(r]léBP,m/]'
l

(56)

The proof for the above expressions is given in Appendix G.
Assuming no persistent currents, the uniform current-current
correlation function is therefore

'777 (l\})

1?e* 1 (I
=——62—Z—/ dte'’”
Ch No’ o Zh 7/5/5

"
x 2. X u
k1 my,m,o kzmzmz(rz

ki,mi, m ky,my iy

(0+)Cl~(2,m;_,(72 (O))
(57)

f +
X (CR| mp,o (T )Ckl m 01 (T)ckz nmp,op

The disconnected part written as a function of bosonic
Matsubara frequency reads as (see Appendix H for proof)

Y Y

o Kk,m, mj,my,m)

Arm dlSC

n "
X Vs J
Uk,ml,m’l,a k,my,m},0

1
x 2 D Gy om0 (10)Gi .y o (10 + V).

iw

(58)

D. Method
1. DMFT
In dynamical mean field theory (DMFT), the lattice prob-

lem is mapped onto a set of self-consistent local impurity
problems on each lattice site 7, defined by the action [58-61]

‘mp Z/dr dt'c (r) g(;,-l](f —1)cio ()

U/d‘l,' cl%(t)c,-,T(t)c;’Ll(r)cw(t). (59)

The bare propagator Gy ; in the impurity problem i is deter-
mined self-consistently, so that the Green’s function in each
impurity problem is equal to the local Green’s function on the
site of the impurity problem, assuming that the self-energy on
the lattice is local and on each site equal to the self-energy

of the corresponding impurity problem. This self-consistency
condition can be written as

Go.i(2) = 1/(IG (@) + =™ (2)), (60)

where $™(z) is the self-energy calculated in the impurity
problem at site i, and the lattice Green’s function is calculated
as a matrix in the site space as

G(z) = [Ihiz — Ho[A] — diag(Z™(z))] ", (61)

where diag(Z'™) is a diagonal matrix, with £;""(z) entries
on the diagonal. This construction is general and can be used
in the presence of translational symmetry breaking fields,
disorder, and even used to probe spatially ordered phases. The
DMEFT approximation notably becomes exact in the limit of
infinite coordination number, where the self-energy can be
shown to be fully local [58], at least in the absence of magnetic
fields.

We see that in the calculation of the bare propagator for
the impurity problems, only the local Green’s function plays
a role, and this quantity is gauge invariant and spatially uni-
form. Therefore, even in the presence of the uniform magnetic
field, all impurity problems are equivalent, and we may solve
only one impurity problem and calculate the lattice Green’s
function as

G(z) = [Ihz — Hy[A] — IZ™ ()] (62)

This leads to further simplifications. First, a local and spatially
uniform self-energy is diagonal in the noninteracting eigenba-
sis (Zq,ij = 85 = (k, 0, m|ZIK, 0, m') = 8¢ S T
see Appendix I for proof) which means that the lattice Green’s
function is diagonal as well:

Gl-(,m,m/,a (Z) = 5mm'GR,ml71,6 (Z)’ (63)

thus, we can drop the second eigenstate index and simply
calculate the lattice Green’s function as

1
Gimo(@) = . 64
o, ( ) hz — glz,m,o* - EU(Z) ( )
The local Green’s function can then be obtained at low nu-
merical cost from the knowledge of the local density of states
po(e) as (see Appendix J for proof)

_ po(€)
Giio(2) = /dg—hz e T.@) (65)

Therefore, the DMFT calculation for the Hubbard model in
the magnetic field proceeds as the standard DMFT, and all
the effects of the gauge field are contained in the noninteract-
ing density of states [41]. In all our calculations we employ
the numerical renormalization group (NRG) impurity solver
[62—65] which works directly in real-frequency space, so no
analytical continuation is needed to perform calculations of
conductivity. The NRG solver has been previously thoroughly
cross checked in Refs. [7,11,13].

2. Calculation of conductivity in DMFT

The fact that the Green’s function is diagonal in the non-
interacting eigenbasis leads to a simplification in the Kubo
bubble [Eq. (57)]. One is left with only two summations over
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eigenstates m:

Armdlsc _ﬁl
=552 23 Z

9 Kk,mm'

n n’
X V- ~
k,m,m',oc "k,m',m,o

Gﬁ,m,a(iw + iU)Gf(,m’,a (iw).
(66)
Furthermore, because the self-energy is local, the Green’s

function only depends on the energy of the eigenstate, so we
can define G(¢g ,, » iw) = G ,,, , (iw) and rewrite

" t
Jdisc /.
Azn:() (iv) =

z—ejznzé%:/de?/ds/

x vy (e, €)G(e, iw+)G(E, iw) (67)
with
n.n N l (S -
vl (e, &) = N ~Z (& = €kmo)
k,m,m’
/Al n n
x 8(e 8k,m’,(r)U]},m,m’,ovﬁ,nz’,m,a' (68)
In Landau gauge, one has the symmetry vkmm o=
— X *
UR!I71/$m’U) (see  Appendix G), and therefore
. X _ x 2 . XX /
vﬁ,m,m’,avﬁ,)n’,m,a - km mo'| > which  means Vs (8’ 8)

is purely real. On the contrary, as already noted in Ref. [38],
vy (g, &') is purely imaginary.

The sheet conductance is related to the current-current
correlation function through

A (v) — A (v = 0)
C .

o™ (v) = :
LV

(69)

The z-axis lattice constant ¢ cancels out ¢ from vee = a?c and
its value is irrelevant. In the following we will discard the dif-
ference between the sheet conductance and the conductivity,
and refer to o as conductivity, even though it is actually sheet
conductance and the units of the two quantities are different
[(Qm)~! vs Q71, respectively]; this is common practice in the
field.

After several lines of algebra aimed at the analytical contin-
uation to the real-axis frequency (see Appendix K), we obtain

Ream dlﬂc(v _0) =t __Z/dé‘/dg/vxx(g g)/d(,()

x ImG(e, w)ImG(g’, a))nF(a)), (70)

where np(w) = — BheP™ /(1 + eP)? is the derivative of the
Fermi function.

For Hall conductivity one obtains [38]

Reo_xy dlsc(v — O)

= ——ZZfdefdsImvxy(s 8)/dw/dw

np(w) — np(w')

x ImG(e, 0)ImG(e', ') @ _ o)

(71)

An additional simplification is possible in the case of Hall
conductivity when U = 0. In that case we have [22]

Reo g™ (v = 0;U = 0)

. ng(e) — ne(e’)
_—t—E /ds/dslmv)(ee)l:( 51;2 .
(72)

Finally, the resistivity is obtained as a matrix inverse

pxx pxy o*x oy -1
e p ) T \e ow)

3. Vertex corrections in DMFT

(73)

Finally, to calculate the full current-current correlation
function, one should in principle also compute the vertex
corrections. At the level of the DMFT, in the absence of an
external magnetic field, the vertex corrections cancel due to
the well-known argument due to Khurana [42]. As we show
in the following, a generalized Khurana argument holds even
in the presence of the magnetic field. In the following we
first derive the Khurana argument in real space, and then
generalize it to the case of nonzero magnetic fields.

We start first by writing the vertex corrections in orbital
space, in the most general way:

AZT]_,COI]H(T _ T/)

= czhzZ 2 o

o,0' bbe

XWZ@MMWWM]

r,r’

< )

ry,r,r3,rg

d‘L’ld‘L'zd‘L'3d‘L'4

X Gy rtpe,.0(T1 — T)Gri(1-b)e, 1y.0 (T — T2)
x F((ry, 71), (12, 12), (r3, 13), (14, 74))

'[S)Gm,r/-&-b’eu,,a’('fz; — ‘L',),
(74)

I
X Gr’-&-(l—b’)eu/ 3,0’ (r' =

as illustrated in Fig. 1(a). In the absence of external magnetic
field or spontaneous symmetry breaking, G, » has full lattice
symmetry and depends only on the difference G,_,. However,
there is no symmetry operation which guarantees cancellation
of all terms. There is only one symmetry operation that leaves
the Green’s functions intact and flips the overall sign, but it
does change the full vertex. It can be formulated either for
internal variables ry, rp, b or for r3, r4, &', and we illustrate the
latter case in Fig. 1(b). The transformation can be formulated
as follows:

r'—> —r'+4+r+r—e;,, bV—>1-V,

(r3, 73) < (14, 74). (75)

The flip of &' changes the overall sign, but the exchange of
terminals of the full vertex function changes its value in no
obvious way, and there is no cancellation in the general case.
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generic DMFT
(a) (c)
1/
r'r! r7
rqT. V=0 V=0
| HND) rlTlTQ
T Y2737y
rs73
17
rT s rT

transformation

(b) (d)

Irs73
I'sTo - r17-17'2
77 Y2737y
AL 4Ty =1
- r'nn '’
ro— 4=l rT

FIG. 1. Real-space diagrammatic representation of a contribu-
tion to the connected part of the current-current correlation function.
F is the full vertex, red segments indicate a term in the current
operator connecting two nearest-neighbor sites in the x direction;
swapping the direction of the red arrow changes its sign. Top panels:
for generic case [left, Eq. (74)] and DMFT [right, Eq. (76)]. Bottom
panels: after the transformation in Egs. (75) (left) and (77) (right).

However, in DMFT there is an additional simplification
that the full vertex F' depends on only two spatial indices:

A ,conn(r _ ‘L'/)

q=0
= M DR e
- 2,252
arcth = o
1 / /
x 33 L CmIC )1 Y [ dndrdrdr
r,r' ry,r,

X Gy, rybe,,0 (Tl — T)Grr1-bye,.r,0 (T — T2)
x F((ry, 1), (ry, ), (r2, 73), (12, 74))
X Gr1(1-t)e, 10,0 (T = 13)Gry wie, 0 (Ta — T').
(76)
In that case, a transformation
b—-1-V 77)

! !
r — —r —e, +2r,

keeps both the Green’s functions and the full vertex intact,
while changing the overall sign. Then the two symmetry-
connected terms together read as (up to a prefactor)

Gr’+(l—b/)en,,r2,a’(7—', - "53)Gr2,r’+b/en,,a’(f4 - T/)
- Gfr’+2r27(lfb’)e”r,rz,o’(f/ - 13)

X Grz,—r’+2r2—b’e,7r,a’(f4 - T/)' (78)

When the lattice preserves inversion symmetry, one has
Gyy = Gr_y = Gy_y, and the above two terms always
cancel. This is the real-space version of the Khurana
argument.

However, when there is magnetic field, there are additional
complications. Nevertheless, the full vertex is a gauge-
invariant quantity, as the irreducible vertex in the particle-hole
channel I'P" is fully local and therefore gauge invariant and
spatially uniform Ff;}d = 8;;8,x8i, I'P". This comes as DMFT
is the local approximation of the Luttinger-Ward functional

ph _ 0’9[G] ~ 02PPMT(Gi)i)
[58,66], and Ui = 9G;;0G |6=Genee ¥ 3G;;j0G l6=Gowrr-

Therefore, we have

Fyijj = 8T + T°"G;; G, TP
+ Z thGﬂGlinhGleleph —+ -
l

= (Sijl”"h + thGijGjinh
+ Z thG[[G]inhG]jGjlrph —+ - (79)
!

and F is clearly expressed entirely with gauge-invariant quan-
tities. Here we have omitted spin and temporal arguments and
the corresponding sums and integrals for the sake of brevity,
as they do not play a role in the proof.

In the presence of the magnetic field, the Green’s function
does not satisfy Gy = Gy_p = Gy, and it is not a priori
clear that the terms in Eq. (78) cancel. We can, however,
rewrite them in terms of G:

ifer =
e (1=t )e, 1 Gr’+(l—b/)en/,r2,a’(‘[/ _ 1,3)

o e =
x e ey Grz,r’+b’e,]/,zr/(f4 - f,)

(f et 20— (e 0y
— ¢ Gortar—(1-beymao (T = T3)

ifr —r/42ry—be ; /A

x e sty Grz,—r’+2r2—b’en/,a’(f4 - T/)- (80)
As G satisfies Gy = Gr_p = Gp_y, the products of G are
the same in both terms, thus, what determines whether there
is cancellation or not is

elfr’Jr(]—I/)en/.rz e’frz.r’w’en, _ e‘f—r’+2r2—(]—b/)e”, ’frz‘—rurlrz—h’ev/ )

e
@81)

In Landau gauge and for, say, n’ = x, we get

2B ’ . ea?B;
o G (=Y I 2+ (1=6)] i 5 (0 =32 (2 +)
cea®Br 3 (- cea®By _p43
— et e )Bra—x'=(1=00)] i =55 (=¥ +y2) (=2 =b'+3x2)
. ea?B; (a—y)(1—2b' »sz;B >V Y (— 1425
— 012 _ i B (v (= 1428
=0. (82)

This means that the vertex corrections cancel. This proof is
immediately valid for both A™ and A**. Having in mind a
completely analogous transformation of r and b, this proof
holds also for A* (a different proof was given for A* in
Ref. [38]). However, we also want to check what happens
with n’ =y, which is relevant for A*. In that case, the
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transformation affects also C? [yy(r")] so we need to take that into account:

. 2 . .
el(l —Zb’)%B:X’ elfr’+(l—b’)eﬂ/ ) elfr2,r’+b’e”/

=e

=e¢

=e

2 ) )
_ o i1-20) S Bo(—x +21) elf—r’+2r2—(l—b’)eﬂ/,r2 elfrz.—rurlrsz’e”/

. / (’02 ’ »(‘Ilz 7 -4‘4’2 7 / ’ . Saz J
i(1=26) 4 B! i3 [y =y —(1=b)](02+x) i <5 (0B —y2) (') _ =i(1=26) % B (—'+2x3)

. 2 .
i(1-20') =B’ é

2
ea?B;

'(,42 Z ! ! / !
i B (2128 ) —(1-26) (2 +x)]

2
i< Be (' b/ X' —x2+2b'x2)

:gl 2h

—e

i

-ea’B;

2 ¥4 ’ ’
% o S A (1=DBr—x) i

i (=Y +y2 =) (—=x'+3x2)

. ea’B;
— e

2
(1260 +) _ (120 % B~ +21) i “SE [(1 =2 (3o =)

[2(1=28 )" —4(1—28 )r +(1—2 ) (3xp —x')]

ea® B,
B (' —2b' X —xy+ 26 x)

=0.

Indeed, the vertex corrections for AYY cancel as well. As we
have shown that the Kubo bubble is gauge invariant (see
Appendix F), and having that the full correlation function
needs to be gauge invariant as it relates to observables, the
proof given here is fully general, even though it is formulated
in Landau gauge. The proof also does not depend on whether
there is Zeeman term in the Hamiltonian or not.

III. RESULTS

A. Density of states and spectral function
1. Noninteracting density of states

In the DMFT, the magnetic field enters through the
noninteracting density of states pg(w). The magnetic field
dependence of pg(w) (the famous Hofstadter butterfly [55])
is shown in Fig. 2. This result was obtained with lattice size
L = 1999, and about 4000 energy bins, which sets the res-
olution and the minimal size of an energy gap that one can
observe.

2. Translation-invariant spectral function

As we have already proven, on a finite lattice L x L
and L = ¢, there is no dependence of the Hamiltonian on

lo (w)
. J10P0
0.75 - \ s
Sk = ! = 2.0
0.50 N et
0.25 1 15
a 0.00 A
3 1.0
—0.25 1
/ o I ?
—0.50 / g,
// == : 0.5
—0.75 1 /
~1.00 . ; . . 0.0
0.0 0.1 0.2 0.3 0.4 0.5

p/q~Bz

FIG. 2. Noninteracting density of states, as a function of fre-
quency and magnetic field (the Hofstadter butterfly [55]).

(83)

(

ky. A straightforward basis change of the Green’s function
to the original k states in the full BZ yields a meaning-
less result for the spectral function with no k, dependence
whatsoever. Moreover, this result is gauge dependent, as
the choice of a slightly different gauge A ~ (—y, 0) would
yield a spectral function result with no k, dependence
instead.

One is therefore interested in the translationally invariant
G, as it has all the lattice symmetries, and can ultimately
be Fourier transformed into momentum space. We show this
result in the noninteracting case in Fig. 3. We have used a
small broadening X(z) = —isgn(Imz)n, n = 0.02, to regular-
ize the results. We observe that the result for the imaginary
part of G is not necessarily negative, which is a signature of
a breaking of causality, and thus the result is not a proper
physical spectral function. As expected, the nonphysical fea-
tures subside as the magnetic field is taken to zero. Note
also that G = Gioc, S0 the causality of the resulting lo-
cal Green’s function is restored upon the summation over
momenta.

3. Local spectra from DMFT

In Fig. 4 we present the DMFT(NRG) results for
ImGjo.(w), at different values of magnetic field, and fixed
U =2.5D,n=0.85and T = 0.025D, which corresponds to
the regime of the doped Mott insulator. On the left panel we
show the full frequency range, while on the right panel we
focus on the quasiparticle part of the spectrum. Increasing
the magnetic field appears to affect an ever growing range
of frequencies around w = 0, but up to the highest fields the
effect is restricted to the quasiparticle peak and no significant
change is observed in the Hubbard bands, apart from the
lower Hubbard band getting flatter. No apparent change at
all is observed below p/q = 0.1 for these values of model
parameters.

B. Conductivity
1. Longitudinal dc conductivity o™ (v = 0)

We start by inspecting the effect of the magnetic-field de-
pendence of the self-energy on the conductivity. In the upper
panel of Fig. 5 we show 1/0™(v = 0) calculated with the
self-energy obtained from the DMFT(NRG) calculation for
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FIG. 3. Spectrum of the translation-invariant Green’s function
ImGy(w). The examples are given for U = 0 with a broadening
n = 0.02D, and at three different values of p/q, as indicated in panel
titles. The spectrum is not negative definite, and is therefore not
indicative of the physical spectral function.

the given B, (black curve), and compare it to the one obtained
with the self-energy obtained in the B, = 0 calculation; in that
case the magnetic-field enters the calculation only through
the current vertex vi{),(m,m’,a' Here, we can choose to fix the
chemical potential to the one corresponding to the B, =0
calculation, which will lead to some density variation as the
magnetic field is increased (red curve); otherwise, we can
correct the chemical potential for each given B, so that the
overall occupancy is fixed (lime curve).

We see that there is excellent agreement between all three
curves. The parts of the black curve that are missing are
due to our inability to properly converge the DMFT(NRG)
calculation at those values of B,. As finite-B, DMFT(NRG)
calculations are difficult and require significant computational
time, it is a very important observation that we can obtain
solid finite B, results by using the self-energy from the B, = 0
calculation. This way, the bottleneck of our calculation be-
comes the calculation of the conductivity, rather than the
DMEFT solver. In the regime of the main interest, this does not
present a significant additional approximation. Therefore, in
the remainder of the paper we fix ¥ = ¥ (B, = 0) and correct
w at each B, so that the overall density is fixed, unless stated
otherwise.

In the bottom panel of Fig. 5 we present the density of
states at the Fermi level [~ImG(w = 0], as well as the effec-
tive scattering rate [~ImX(w = 0)]. The oscillations in these
two quantities as functions of the magnetic field appear syn-
chronous. However, the oscillations in the conductivity follow
a completely different pattern. The oscillations in the density
of states and the scattering rate can be readily connected
with the Shubnikov—de Haas effect, where the period of os-
cillations in the space of inverse magnetic field is inversely
proportional to the surface area of the Fermi sea (roughly the
density (n,)), while the oscillations of the conductivity appear
to correspond to the full area of the BZ. This mismatch in the
oscillation frequencies of the spectral and transport properties
is, however, restricted to only certain parameter regimes. The
high-frequency oscillations have been previously identified
in the experiment [44—47] and dubbed the Brown-Zak (B-Z)
oscillations. We discuss this phenomenon in more detail in
Sec. III B 3, and in Ref. [48] which is devoted to this very
topic. In Appendix L we check that no p/q = 1 oscillations
are present in thermodynamic potentials.

We also cross-check the results of our finite B, calcu-
lation against the reference B, = 0 results, in the limit of
low field. As the results are obtained numerically in rather
different ways, this is a stringent test of our formalism and
implementations. In Fig. 6 we show the DMFT results at U =
2.5D, at four different levels of doping (n = 1 is half-filling),
at B, = 0 and at three smallest possible fields in a finite B,
calculation with L = g = 1999. At high temperatures, small
field does not significantly affect the result, and finite-field
results are on top of the zero-field result, thus validating our
numerics. At low temperature, the effect of the field becomes
observable, but the results do tend towards the B, = 0 result
as the field is decreased.

Next, we inspect the effect of the magnetic field on the
temperature dependence of o_'(v =0) on Fig. 7. At low
temperature, the behavior drastically depends on the precise
choice of the magnetic field. At high temperature the behav-
ior is weakly modified, and one still observes roughly linear
dependence. At very high fields, the values appear increased
by a constant prefactor, which means that the slope of the
linear dependence is also increased. This can be more easily
confirmed by looking at the linear scale plots in Fig. 8. The
effect of the magnetic field appears somewhat insensitive to
the strength of the interaction, and the overall trend appears
similar in all three panels on the left side of Fig. 7. We are able
to roughly collapse the curves at three different values of U by

205101-11



J. VUCICEVIC AND R. ZITKO

PHYSICAL REVIEW B 104, 205101 (2021)

T=0.025D/kg, U=2.5D, n=0.85

| p— |
;]
6 /qg=0.3
——
T
8
2
S, 7q =0.202
+
3
Q
E |
=
|
] 7qg=0.101
1.
0 /g =0.001 '
-2 -1 0 1 2 3
w [D/h]

T=0.025D/kg, U=2.5D, n=10.85

===
=

N

p/q=0.001 , ,
-0.4 -0.2 0.0 0.2 0.4

w [D/h]

FIG. 4. Local density of states as a function of magnetic field. Left: full frequency range. Right: quasiparticle part of the spectrum. The
result is obtained with the DMFT(NRG). The parameters are U = 2.5D, (n,) = 0.425, T = 0.025D/kg. The calculation was performed with

L=gq=997.

simply rescaling the temperature T — T /T*(U ), with T*(U)
roughly a linear function of U. The scaling appears partic-
ularly valid between U = 2.5 and U = 4, while the U =1
curves somewhat deviate.

Finally, in Fig. 9 we present the magnetic-field dependence
of the conductivity, at a fixed temperature and doping. At low
temperature one observes increasingly strong oscillations as
magnetic field is increased. At low fields, the oscillations are
relatively small and regular, which corresponds to the SdH
regime, while at strong fields the oscillations cover multi-
ple orders of magnitude, and exhibit no simple pattern as
a function of the magnetic field. (This is the quantum limit
dominated by the lowest Landau levels).

2. Hall conductivity and resistivity

In Fig. 10 we show results for direct current o™, 1/ as
well as p* and p**. We see that 6™ exhibits a nonmonotonic
dependence on the magnetic field, and also some oscillation,
similar to o**. The difference appears to be that when o™ has

a local maximum, o has a local extremum in the value of its
first derivative. The results presented in this plot correspond
to the high-frequency oscillation regime, where the maxima
in o™ coincide with p/q = 1/q. This behavior is in line with
the experimental observations in Ref. [45]. We also see that, as
expected, o™ tends to zero as magnetic field is decreased. The
effect of o™ on p™ is not negligible, and one clearly has p** #
1/0**. Nevertheless, the oscillatory behavior of p** appears
very similar to that of 1/0** and in phase with it.

We further study the behavior of ¢ in the limit of U = 0
where the calculation can be performed at low numerical cost.
The results are presented in Fig. 11. First we look at the
temperature dependence (upper panel). We see that o falls
off exponentially with increasing temperature. At T = 0 the
result corresponds to the Chern number of the topological
insulator, whenever the chemical potential falls in an energy
gap. We see that decreasing field produces gaps with ever
larger Chern numbers. On the middle panel we look at this
dependence more closely, and see that at a given chemical
potential, the Chern number grows in a power-law fashion
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FIG. 5. Upper panel: conductivity obtained with the full
DMFT(NRG) calculation (black line), and the simplified calculation
where the self-energy is taken from the zero-field DMFT(NRG)
calculation, and the chemical potential is either corrected to fix the
overall density (lime line) or not (red line). Vertical lines indicate
p/q = 1/i with i integer, which coincides with the dips in the inverse
conductivity. Lower panel: dependence on the magnetic field of the
density of states at the Fermi level (lime line) and the scattering
rate (black line). Vertical lines indicate p/q = (n,)/i, which roughly
coincides with the dips in both the scattering rate and the density of
states at the Fermi level.
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FIG. 7. Left panels: the T dependence of the inverse conductivity
at different values of the field and fixed coupling and density. Right
panel: the same results with rescaled temperature T — T /T*(U).
T*(U) is given in the inset.

with 1/B,. It is clear that this law does not have a well-defined
limiting behavior at B, = 0, as in the absence of magnetic field
there are no gaps and strictly 6 = 0. This is an indication
of the fractal structure of the density of states at low fields:
the gaps become smaller and smaller, but more and more nu-
merous, and fully disappear only strictly at B, = 0. However,
this ill-defined behavior is corrected at finite values of the
interaction (Fig. 10), and one observes a downturn of o™ at
a finite value of the field, and o tends to zero smoothly as
B, — 0.

Finally, we study the dependence of ¢ on the chemical
potential, at several different values of the field and 7 = 0,
in the bottom panel of Fig. 11. One has 6™ () = —o™(—pn).
The plateaus in the value of Hall conductivity are indications
of gaps in the density of states and are always found at integer
values. We benchmark our implementation with the data in
Ref. [38] in Appendix M.

3. Quantum oscillations of 1/**

As already noted in Sec. III B 1, the conductivity dis-
plays oscillatory behavior as a function of magnetic field. We
start by inspecting the region of the phase diagram where
notable oscillatory behavior is present. We define a charac-
teristic (p/q)*(T;n, U) (denoted by shaded circles in Fig. 9)
as the value of magnetic field at which the first extremum in
1/o™(B, ~ p/q) occurs (1/o™* initially grows, so the first
extremum is always a maximum). Oscillations in the slope
of 1/6™ (B, ~ p/q) might survive even below this character-
istic value of the field [or inversely at temperatures higher
than 7' ((p/q)*)]; the amplitude of oscillations dies out with
temperature exponentially, as in Lifshitz-Kosewich law [43]
(see Fig. 12; the oscillatory part of 1/0™(p/q) is extracted
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FIG. 9. Magnetic-field dependence of the inverse conductivity at
two values of coupling constant, and various temperatures. Shaded
circles correspond to the first extremum (p/q)* (see text).

by subtracting from the full result the average value in the
range [p/q — f(p/q). p/q+ f(p/@)], where f ~ p®7). The
quantity 7 ((p/q)*) is presented in Fig. 13. We denote the
doping withé = 1 — n.

We see that there is always roughly a plateau in 7' ((p/q)*),
followed by a kink and a near saturation of (p/q)*(T) at
high temperature. This is because above a certain temperature,
no oscillations are present at any value of magnetic field,

U=1D, n=0.85, T=0.05D/kg, L =997
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FIG. 10. Different components of the conductivity and resistivity
tensors, showing the effect of the Hall component on the relation
between the longitudinal resistivity o™ and the inverse longitudinal
conductivity 1/o**.
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FIG. 11. Hall conductivity at U = 0. Top: temperature depen-
dence of the Hall conductivity for a selection of magnetic fields. Gray
lines indicate the value at 7 = 0, which is the Chern number for the
corresponding topological insulator. Center: field dependence of the
Hall conductivity at zero temperature. Bottom: chemical potential
dependence of the Hall conductivity for a selection of magnetic
fields.

and there remains at most a single maximum below p/q =
0.5. The maximum can persist at a roughly fixed p/gq up to
some temperature, and then ultimately moves to p/q = % The
shape of (p/q)*(T) appears nearly universal for all §, U. We
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FIG. 12. Zoom-in on the oscillatory part of the magnetic-field
dependence of inverse conductivity, in a range of weak fields. Differ-
ent curves are different temperatures. Lime and black points denote
the apparent antinodes of the wave, i.e., the amplitude of oscillation,
up to a sign. Inset: dependence of the amplitude of oscillation vs
temperature, on the logarithm scale, revealing exponential decay
with T'.

are able to roughly collapse all the curves on the left panel in
Fig. 13 by rescaling the temperature as T — T x U® (right
panel), with c(§) given in the inset. It is clear that the bigger
the doping and the lower the interaction, the oscillations will
persist up to a higher temperature, and start at a lower value
of the field. It is interesting that roughly (p/q)* ~ T?/ in the
regime where multiple oscillation periods are observed.

The oscillations have a fixed period when o** is plotted
as a function of inverse magnetic field. When this period is
inversely proportional to the surface area of the Fermi sea,
this corresponds to the well-known Shubnikov—de Haas ef-
fect. However, in our results, we observe in some regimes of
parameters an additional oscillation frequency. This is docu-
mented in Fig. 14 where we present the Fourier transform of
(cf)"‘)’l(BZ’l = q/p). The presented part of each oscillation
spectrum is normalized to 1. In the left panel we show the tem-
perature dependence of the oscillation spectrum as a function
of temperature, at fixed doping and coupling constant. At low
temperature one observes peaks at roughly integer multiples
of the density (n,) which corresponds to the SdH effect.
However, at intermediate temperature, there is an additional
frequency corresponding to the full area of the BZ, and its
higher harmonics [48]. At even higher temperature, before the
oscillatory behavior is erased by thermal effects, the p/q = 1
peak in the spectrum becomes dominant. In the right panel we
inspect the effect of doping on the oscillation spectrum, at a
fixed temperature. The SdH peak is present at all dopings, and
is always found at p/q =~ (n,). The doping appears to reduce
the p/q = 1 peak, which is no longer the dominant peak at
8 > 0.2. At very low doping, it is not possible to distinguish
between the p/q = 1 peak and the second harmonic of the
SdH peak, as (n,) approaches 0.5. However, it is unexpected
in the SdH effect that the second harmonic is stronger than the
first harmonic (fundamental), which indicates a presence of a
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results showing reasonable overlap.

separate mechanism which contributes to the amplitude of the
peak at p/q = 1. In the next section, we are able to trace the
origin of these high-frequency oscillations; the full descrip-
tion of the observed phenomenology and its relationship to
experiments is presented in a separate publication (Ref. [48]).

4. Oscillations of the current vertex

At the level of the DMFT, the magnetic field enters the
calculation of conductivity through the self-energy and the
current vertex v. As we have concluded in Sec. III B 1, the
dependence of conductivity on the self-energy is of secondary
importance, and cannot possibly account for the observed
p/q = 1 frequency oscillations, as the self-energy oscillates
with the frequency p/q = (n,). The p/q = 1 oscillations then
must come from the current vertex. This was already sug-
gested in previous experimental works [45,46], where the

osc. spectrum, a.u.
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oscC. freq., pl/q ~ B
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p/q = 1 frequency oscillations have been linked to periodic
changes in the velocity of magnetic minibands, featuring
spikes at p/q = 1/q.

We first discuss which part of v**(¢, ¢’) plays a role at
a given choice of parameters. First, by inspecting Eq. (70)
we see that the o integrand will generally have two
peaks, centered around o*/w* such that *?) 4+ u — &) —
ReX(w*") = 0. The width of those peaks is roughly propor-
tional to ImX(w*”’). When the two peaks are further apart
than is their width, the contribution of the integral will be
very small. Additionally, if they fall outside of the thermal
window, they will not contribute. Assuming in a most simple
way w*") = 1 — ¢, and that the contribution is negligible if
le — ¢&’| > T, with " playing the role of the width of the peaks
[say roughly I' &~ —ImX(w = 0)], and taking that the thermal
window is a hard cutoff |w*’| < T, we can isolate the relevant
values of v**(g, &’), which determine the value of the overall

U=1,T7T=0.0196728

1
i

osc. spectrum, a.u.

0.5 1.0 15 2.0 2.5

osc. freq., p/q ~B,

FIG. 14. Fourier spectra of the oscillatory component of the inverse dc conductivity. All spectra are normalized to 1. Left: temperature
dependence at fixed electron density. Right: density dependence at fixed temperature. Both panels: vertical red dashed lines correspond to
SdH frequency p/q = (n,) and its higher harmonics; vertical blue dashed lines correspond to p/q = 1 oscillation frequency and its higher

harmonics.
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FIG. 15. Oscillation spectra of the current vertex (as quantified by Y') at various I', T'. Spectra are colored gray where no pronounced peaks
are observed, red where the standard SdH p/q = (n,) peaks and its higher harmonics are observed, purple where we also observe the p/q = 1
peaks, but the SAH peaks are dominant, and blue where p/q = 1 peak is stronger than p/q = (n,) peak.

integral. We define a quantity

Y(u,T,T;B,) = /ds / de'v™(e,e';B)O( — |e —€'|)

x[0(T — |e — ul) + 0(T — [&" — uD)]
(84)

and inspect its oscillation spectrum as a function of BZ_]. The
results are presented in Fig. 15. We see that at low T and
low I', the oscillations resemble the SdH effect. However,
increasing I" leads to an onset of p/q = 1 oscillations, which,
with an increase of T, eventually become dominant. To better
understand this behavior, in Fig. 16 we show the spectrum
as a function of u, at a fixed low temperature. We see how
p/q = (ny) peak and its harmonics move with changing u, as
expected. On the contrary, the p/q = 1,2, 3 ... peaks (when
present in the spectrum), do not move with changing w. The
main insight is that roughly Y (u, T +6T)~ Y (u,T,...) +
Y(u+ou, T,..)+Y(—38u,T,...). At high temperature,

the contributions from different p will interfere destructively,
and the p/q = (n,) peak will wash out. On the other hand,
the p/q = 1 will accumulate, and become the dominant peak,
which is precisely what we find.

5. Conductivity in the finite-lifetime approximation (FLA)

In the previous sections we have concluded that the
high-frequency (Brown-Zak, B-Z) oscillations of conductivity
originate from the current vertex. Therefore, it is expected that
B-Z oscillations are observed even in the most simple models
that feature no variability in the self-energy whatsoever. In
this section we calculate conductivity in the finite-lifetime ap-
proximation (FLA), where the self-energy is assumed to be a
local, frequency-independent, and purely imaginary quantity,
ie.,

i@+ i07) = —iT's;;, (85)

where I' is the scattering rate. At a fixed u = —0.1D,
we construct the Green’s function, and evaluate the Kubo

osc. spectrum of Y(u, T,T; B;t), T=0.003

u [D]

1.0

osc. freq. p/q

0.5 1.5 2.0 2.5

u [D]

1.0

u 0.0
2.0

1.0

osc. freq. p/q

0.0 0.5 15 2.5

FIG. 16. Evolution of the oscillation spectrum of the current vertex (as quantified by Y) with chemical potential, for two values of I'.
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FIG. 17. Longitudinal dc conductivity within FLA: the total result and the contributions from interband and intraband processes. Left:
different plots correspond to different temperatures at a fixed scattering rate. Right: different plots correspond to different I''s at a fixed

temperature.

bubble (70). We are in particular interested in the trends
with respect to temperature and scattering rate, and we wish
to inspect the relative contributions of ¢ ~ ¢’ and ¢ # ¢’
terms in the double integral. We split the contributions by
d = |e — ¢&|: the contributions with d > 0.0003 we consider
“interband” contributions, where the particle and the hole of
the particle-hole pair reside in different bands; the contribu-
tions with d < 0.0003 we consider “intraband” contributions,
where the particle and the hole reside either in the same
band, or two different bands which are very close in energy.
The choice for the threshold value 0.0003 is made based
on the finite-energy resolution that we can achieve and the
systematic error made in energy levels due to finite lattice
size.

The results are shown in Fig. 17 as a function of inverse
magnetic field, i.e., g/p. On the plots on the left, we take a
small value for the scattering rate I' ~ 3 x 1073, and show
the two contributions to conductivity as well as the total result
at several different temperatures. At low temperature, the dips
in conductivity roughly coincide with g/p = 0.407/i, with i
integer (denoted with vertical gray dashed lines). This clearly
corresponds to SAdH oscillations, and signals that the occu-
pancy at © = —0.1D is about (n,) = 0.407. It is immediately
clear that with increasing temperature, the SdH oscillations
subside, and what is left is apparently a fractal-like behavior
which cannot be fully resolved with our current resolution.

At low temperature, both intraband and interband processes
contribute, while at high temperature, the intraband processes
are dominant.

On the plots on the right in Fig. 17, we take a high
temperature 7 = 0.215 and show results for different values
of I'. As I' is increased, the interband processes contribute
increasingly, and ultimately become fully dominant; the frac-
tal behavior is replaced by regular oscillations, with maxima
coinciding with ¢/p = q/1. These are the high-frequency (or
B-Z) oscillations, which appear only when the scattering rate
is sufficiently high.

We illustrate the trends with respect to temperature and
the scattering rate on Fig. 18(a) where we plot the oscillation
spectra obtained by the Fourier transform of the data in the
range of the field p/q € [0.03, 0.15]. The results show clearly
that at low I', high-frequency oscillations are never observed,
but that at sufficiently high I', they are observed above some
threshold temperature, but up to indefinite temperature: note
that the highest temperature that we show is 10 in units of half-
bandwidth, with no sign of weakening of the high-frequency
oscillations. In contrast, the SdH oscillations subside sim-
ply due to increasing temperature. All oscillations disappear
at very high scattering rate, and there seems to be a well-
defined upper cutoff I" for the observation of any oscillations.
These findings are summarized in the rough phase diagram of
the FLA model in Fig. 18(b).
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FIG. 18. (a) Oscillation spectra of longitudinal dc conductivity obtained within the FLA, at different I' and 7. Coloring is analogous to
Fig. 15. (b) The phase diagram of the FLA toy model. Grayscale color coding in the background and the black contours correspond to the

onset field for the nonmonotonous behavior (p/q)*.

It is also interesting to compare the doping dependence of
the quantum oscillation phenomenology in FLA and DMFT.
On Fig. 19 we show the color plot of log;, o™ (v = 0) in the
doping-field plane, at a high temperature where SdH oscilla-
tions are already thermally washed out. We see opposite trends
in the two plots: in FLA, the oscillations are the strongest
close to half-filling (u = 0), while in DMFT, the oscillatory
features become stronger in the empty-band limit ({(n,) — 0).
The difference must be due to the fact that in the Hubbard
model, the scattering rate is maximal at half-filling and van-
ishes as the number of electrons goes to zero. In FLA, the
scattering rate is simply held fixed at all dopings. The FLA
result on Fig. 19 is in solid agreement with the experimental
results in Ref. [45]. This indicates that the scattering rate
in experiment is not vanishing with doping, as one would
have in the pure Hubbard model. The additional scattering in
experiment probably comes from phonons, or even impurities.

IV. CONCLUSIONS AND PROSPECTS

In this paper we have identified several important features
of the DMFT results for conductivity in the square-lattice
Hubbard model in a perpendicular magnetic field. First, the
T -linear resistivity at high temperature is not strongly affected
by magnetic field. At high temperature, varying the interaction

also does not strongly affect the resistivity, but rather sets
the temperature scale in a linear fashion. Next, we observe
that the effect of the magnetic field comes mainly through
the current-vertex factor (which only contains kinetic effects),
and not the self-energy (which involves dynamic effects and
defines the energy and momentum windows with significant
contribution in the integration). We are able to reproduce the
SdH effect and observe quantum oscillations in 1/0*(B~!)
with the expected frequency B, ~ p/q = (n,). However, we
also observe oscillations on a different, higher frequency
B. ~ p/q = 1, independently of doping. For this behavior, the
prerequisites appear to be moderate scattering rate, moderate
temperature and relatively high magnetic field flux per unit
cell. Our observations are in line with the experimental results
of recent experiments on moiré (graphene superlattice) sys-
tems [44—46].

For the future work it will be necessary to investigate
how much of the observed phenomenology is representative
of the exact solution, and how much is an artifact of the
DMEFT approximation. At the level of DMFT the two im-
portant simplifications are (1) the self-energy is fully local
(which means that the Green’s function is diagonal in the
eigenbasis of the noninteracting Hamiltonian), and (2) the
vertex corrections cancel. This question can in principle be
addressed with cluster DMFT calculations [67], but these may
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FIG. 19. The doping-field dependence of longitudinal dc con-
ductivity within FLA and DMFT. Color code is logarithmic: white is
—2.40 and —3.12, respectively; black is 0.98 and 1.03, respectively.

not be trivial to formulate or execute. Additionally, analytical
continuation of self-energy data might be difficult [or an exact
diagonalization (ED) solver might be used, which introduces
additional systematic error]. Finally, calculation of vertex
corrections in cluster DMFT schemes is notoriously difficult
[68—72]. Another possibility is to use recently developed Di-
agMC technique which requires no analytical continuation
[73-77], and can access the thermodynamic limit directly. As
the observed phenomena are not restricted to very high values
of the coupling and can already be observed atU = 0.5 — 1D,
a DiagMC calculation with only several orders could be suffi-
cient to work out the generic effect of self-energy nonlocality
and vertex corrections.
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APPENDIX A: PEIERLS PHASE IN LANDAU GAUGE
[PROOF OF EQ. (9)]

For the following derivation, we introduce r(o)=
a(x(a), y(a)) = alr; + a(r; — r))]and dr = ad do, withd =
r; —r;, while keeping r; = (x;, y;) dimensionless and x;, y;
integers. The Peierls phase for the uniform magnetic field per-

pendicular to the lattice B = (0, 0, B,), in the Landau gauge
(7) can be expressed as

m:%/jA(r)-dr

i

1
=@/ da A(r(a))-d
hJo

6(12

1
= —Bz/ dax(a)e, -d
h " Jo

ea® 1
= 7Bz(yj _yi)[ da(x; + ady)
0

o I
= 732(}’] _yi)|:xi +dx/ da Olj|
0

1

2 2

ea o
= 73z()’j —y)| xi +dx7 .
0
We finally have
ea® Xj—X;
fij = = B0 —yi)[xi + = 5 l]

2
ea- B

= TTZO’/‘ — y)(xi + x;). (A1)

When doing real-space calculations on a finite cyclic lattice,

it is necessary to always consider the shortest distance be-

tween the sites and take instead the following periodicized

expression:

2
fin. latt. €4 X; © X

ﬁ] Fl

B.(y; © i) |:xi + i| (A2)

where & denotes the shortest distance on a finite cyclic lattice.

APPENDIX B: PROOF OF UNIT-CELL SIZE

We prove now that in the Landau gauge, the size of the
unit cell in the x direction is g. Consider that we shift both
r; and r; by ge, = (g, 0) [we remind the reader that we use
dimensionless r; = (x;, y;) as arguments of f]. We must show
that the additional phase shift must be an integer number times
2m:

ea’ B,
fr,-Jrqex,errqex = 77(}’] —y)xi+gq +xj +4q)

ea* B
= fror, T — = (yj —y)2q. (B1)
h 2
We now apply B, = 2n§(%)‘1:
27r§
fri+qex,rj+qe,( = fri,rj + T(yj - Yi)2q
=fl',',l'j +2]Tp(y] _yl)‘ (B2)

As p(y; — y;) is an integer, the condition (10) indeed satisfies
periodicity along the x direction.
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APPENDIX C: PROOF OF EQ. (14)
Here we rewrite in momentum space the kinetic term in the Hamiltonian (12) to reach Eq. (14):

1 nn - .
Hkin,a — _t]v § : § : elZﬂ Zx,u-eye—zk-r,cl’i o'elk <(r,+u)ck,’0 +H.ec.

kK’ i,uc{e, e}

1 2 n.. o -+ B .
_2¢ 2 :COS kxnk,a _ tﬁ § : 2 :ezZUZx,efzk.r,Cl:1 O'elk .(r,+ey)ck,ﬁ +He.
k,o Kk i

1 o n T s
- _ 2 :COS kehic.o — tﬁ § : 2 :elznzr"exeﬂk‘r’cl; O'elk .(r,+ey)ck,ﬁ +He.
k,o Kk i

1 1 — n
= -2t Z cos kyng o — tﬁ Z e'* ‘e«“c;ack/,a Z e —kt2mpe) 4 ¢

k,o k. kK

i,o

—2t E cos kxi’lk’(, —1 E elk"Clt’UCk/’(,(sk/'k_zﬂ%ex + H.c.

k,o k.k’
"
= -2 coskg, —1 ) _ €Ml ckarre.s +He. (C1)
k,o k,o

APPENDIX D: PERIODICITY WITH k,

We prove here the periodicity of the noninteracting eigen-
problem along the k, axis, as stated in Egs. (24) and (25).
We start by reordering rows and columns of the Hamilto-
nian (15): one can achieve that by redefining |k, [, o) = |k +
2712, 0), or simply |k, /pmod ¢q,0) — |k,[,0). In that
case, the Hamiltonian reads as

(Hyi ol = (—MU — 2t cos (k + 2nz§))3,,,,

—1(e™8) pa1 + e P 81g1.1). (D1)

This transformation does not affect the eigenvectors and
eigenvalues.

Now, we apply a unitary transformation defined by
[Uglir = 8y~ and apply it to the Hamiltonian as

Hyg, = UgHyi , Uf. (D2)

The transformed Hamiltonian ﬁO,f(,a‘ has the same eigenvalues
as Hy ., and the original eigenvectors can be obtained from

the eigenvectors of Hy g, as [m, k, o) = U£|n“1, k, o). As U
is diagonal, the element-wise equation for Hg , reads as

[Ho k.o i = [UglulHy g o L (U5 (D3)

The diagonal elements remain unchanged, and we must con-
sider two special cases for the off-diagonal elements: (a) |/ —
I’ =qg—1,and (b) |l — I'| = 1. The two cases correspond to
whether the hopping between momenta winds around the BZ
or not. In the latter case, we have for

oilky i(1— 1k,

y i,
[Hogolistr=1-1 = ee

_ (1D yilI= 1k,
=1
= [Hy g o li<q—1.r=141- (D4)

(

But in the case when there is winding around the BZ, we get
[HVO’R’U]I:(I—I,I/:() — e*i(qfl)kvefik‘.
— e*iqk‘v

= [HO,R,U]T:O,I/:q—l' (D5)

These are the only elements of the matrix that depend on k,,
which means that the blocks of the Hamiltonian are invariant
under a transformation

k — (ki k, +27C/q), (D6)
where C € Z.

For the basis-change matrix elements, this periodicity
means

HO,f(,o > [ak,d]lp mod g,m

permute -~
HO,R,J? [ak,a]l,m
unitary tr. —ik,l
HO,f(.a’ e [ak,a]lm
translate - ikl
Hy iyorc/ge,or € [kolim
inv. unit. tr. =~

i ikl i(k,+27C /)l
Hy it orc/gre,or € [0k lime™

i(2 [
= el( ©C/4) [ak,a]lm

permute back irCla)l
eemCl [ak,a]lp mod g, m-

D7)

HO,k+(2n~C/q)ey,a ’

APPENDIX E: DECOMPOSITION INTO DIAMAGNETIC
AND PARAMAGNETIC CURRENTS

The current operator can be divided into the paramagnetic
and diamagnetic parts

jr = jr,P +jr,D7 (El)
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where we use Eq. (46) with
},r,P = (15 1)7 (EZ)

YrD = ¥r — Vrp- (E3)

Because the inversion symmetry is preserved along the x axis,
the diamagnetic part of j* is going to be zero. This does not
hold along the y axis, so there will be nonzero paramagnetic
and diamagnetic parts in j*, but (jr p) = —(jr.p) so that the
total current is zero. This must hold as the total current is
a physical observable, and thus a gauge-invariant quantity.
Using the gauge-invariant Green’s function, this can be easily
proven: up to the constant prefactor, the thermal average of
the paramagnetic part is simply

(Jrp) = iGr+ey,r(T =07)— iGr,r+ey(T =07)

= i(eif”e»‘”' — e_if”e»"")Gr,rJrev(T =07)

e’

_ i(e—i%B;x L B:X)Gr’r+ey(f =07), (E4
and similarly

i ea®

- ea® = _ .
<jr,D> = i(elTBzx —e ' Bzx)Gr,r-key(T =07)= _<.]r.P>-

(ES)

APPENDIX F: PROOF OF GAUGE INVARIANCE OF THE
KUBO BUBBLE

We start with the expression for the site-space matrix (op-
erator) for the current coupled to a vanishing external gauge
field A, and in the presence of a rotary gauge field A de-
scribing a perpendicular magnetic field. The total gauge field
is A = A*' + A. The corresponding contributions to the
Peierls phase (which is additive as well) yield f'* = fext 4 f:

P
r AT | yex g
_ (€™ o Hyn[A™ = 0])
AT A0
ael'fl()‘
= —— o Hyjn[A™ = 0]
AT |y
afext .
= —iW oef o Hyp[A® =0].  (F1)
r At

Expressed in terms of second-quantized operators, for the
general TB Hamiltonian

afext

o r,r+u

]r - Ztr,r+u ext
" YA

A —0

X (ieifr.r+u CICI'-Q-H _ l‘e_ifr.H»u C:+ucl‘)7 (Fz)

where the sum over u goes over all sites, and we have omitted
the spin indices and the sum over spin for the sake of brevity.
The current-current correlation function is then

.’
Ay (1)
S SRNIANL 1 s 2
- r.r+u‘r’,r'+u’ ext,n ext.n
s 1
wa 8Ar At () 8Ar, A0

X Z (_])b+17'+1ei(—l)”.fr.r+uei(—l)" Jrrtu Z

b,b'e{0,1} 0,0’

X 0Ly p o (Dt (1o (D)0 o (0)Cr 41—t ro(0)).

(F3)
The dynamic and disconnected part is
AL
ext ext
PRy G i
- OAr " a0 AT | oo
x 3 (i D ferru pi (=D for i
bbe(0,1)

X Z[—Gr+(1—b)u,r'+b/u/,n(T)]Gr/+(1—b/>u/,r+bu,a(—T),
(F4)

where the Green’s functions are obtained with A" = 0. We
now rewrite in terms of the gauge-invariant Green’s function

a ext a ext
A”’"/(r) _ § t t r,r+u r,r'+u
r.r == r,r+ulr r+u’ aAeX['n aAeXt’ﬂ/
u,u r A =0 r A0

;o b ; 4
x Z (_1)b+b &V frrvu pi (=D for i
b,b'e{0,1}

X e’fr+(l—b)u.r’+b’u’ et bur (-6 !

X Z Grt(1-byu,r+bw,0 (T Gr(1—p ' r+bu,o (—T).
(o2

(F5)

The sum over b, b’ yields four terms with exponential prefac-
tors,

b= 0’ b/ =0: eifr'rﬂl eifr/,r’ﬂl/ eifrJru.r’eifr’Jru’.r’
b= O’ b/ =1: eiff,r+“eifr/+ﬂ/<r/ ferur 1 eifr’.r’
b — 1’ b/ — 0 : eifr+u,reifr’,r’+u’eifr,r’ eifr/+u’.r+u’
b — 1’ b/ — 1 : eif;'+u,reifr’+u’,r’eif;-,r’+u’ eifrﬁr+u (F6)

and each factor above is gauge invariant. Therefore, what
determines whether the Kubo bubble is gauge invariant are the
frreu
3 Aéxtﬂ
on the choice of the gauge for A. A vanishing uniform electric
field E = 9,A®*, can be achieved by letting A**'(r, 1) — A™,
i.e., by having a constant and uniform vector potential. The
only gauge freedom for the external electric field then cor-
responds to choosing the inertial reference frame, which is a
trivial transformation that our calculation is certainly invariant
to; the slowly varying field approximation holds, and we have

ad

AN

factors of the type

|aex— o Which clearly do not depend

r+u . 9 .
A (E) - dit = —— (AT -u) =u" F7
/r (F) Py ) (F7)

which clearly does not depend on the precise choice of the
uniform A®X'. We therefore conclude that for the calculation
of the linear response to a spatially uniform q = 0 electric
field, the Kubo bubble (47) is gauge invariant.

We also emphasize that the bubble for the charge-charge
correlation function is trivially gauge invariant because
GijGji = G,’jGj,‘.
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APPENDIX G: CURRENT OPERATOR IN MOMENTUM SPACE

Here we derive the current operator in momentum space. The general form is

.0 .
]qzo_N(,lCFlZ Z kmmo kma Ckom' o (G
o kmm'
The goal of this section is to get expressions for the vertex factors vlg o . We start with the current along the x direction. The

local contribution is given in Eq. (46). After plugging this in Eq. (53) and applying the basis transformation from Eq. (37), we
obtain

ox 71(k+12lel)r z(k’+l’7ex)(r+ex)
]=— E E ke E[a ];ma/], E + H.c.
q=0 Nach k.m0 K.m'o k,o k lmN

o kmK.,m LU

i(K 41" e,)-e,
= C Civr 1 E [ Timlog 15 €' q Sk ko1 +H.c.
N ach mo k',m',o , k,oll, kK, ,odl',m
o k.mK,m L1

_ - - ik e))er
- N ClCFl Z Z Ck m, Uck m,o Z[ak,o]l,m[ak,a]:m’e + H.c.

o kmm l

_ ik, x  ilE
=v— Z Yo d o Cint 0 > e o limleg o 1 e @ + He.
1

o kmm!

ik iz —ik, —il =
= N ach Z Z ko€ Z[agg]z,m[aﬁ,g]}ﬁm/e ‘ —cgm S Ckmo® ’“Z[aﬁ,g]ﬁm[agg]z,m/(f Tl (G2)
1 1

o kmm!

We are free to swap m and m’ in the last term:

x . ik i ~ —ik, B ok milE
Ja=0 = Nachz 2 [ Z[“ka]’m[“kvll e’ ~ om0 € A;[ak’a]lwm[ak’a]we q]

o kmm
it e T w [k il ik =il
= Nach 2 2= o DLk ool [ee! T —ehe ], (@3)
o Kmm' !

and we can simply read off Eq. (55).
Along the y direction, similarly we have

ach . 2iz L1, —1(k+l Te,)r z(k/+l’2lel)(r+e)
N—Jqozztz Z c ck,m(,Z[akd]lmak/ ],/mNZe "> 4+ H.c.

e - ~
o Kk,mK . m Lr
1 -f(/ 121 27 ’ 12
4+ 7o —k—12Z eﬂr —e r ik I—ex -e
= it Z Z k m, O‘ Z[akﬁ]lvm[al}/,a]}k’vmﬁ Z el( ! P ’ l( ey + H.c.
o k m, k/ ’ INA r
v
=it Z Z e C~ .o SR o Z[aka]l,m[aﬁ,’a]f,,méﬁk,&gle,, + H.c.
o KK LI
=it Z Z é l o Ckom' o Z[akg]zﬁm[akg];‘ep,m/ +H.c.
o Kmm i
_ T . . R —iky T B ERT 5
=it Z Z |: l} O-Ck,m’,(f Z[ak.a]lqM[ak,(r]lep,m’ —e )cﬁﬁmr,gck,m,(f Z[ak,(r]l,m[akﬁ(r]lepam']
o k.mm l 1
_ T . iky . T _
=1u Z Z Cl},m,ack»m,ﬂ e Z[akqa][~m[akﬁ]19p,m’ Z O[k U]l m ak a]leBp m (G4)
o kmm I 1

and we can immediately recognize Eq. (56).
We can use the property of the basis change matrix elements (23) to work out a symmetry of v* with respect to momentum
inversion:

R L
Viomms = Z[a_k{,]l,m[a_ﬁﬂ]im,[e hee s — e (G5)
a2 a2
= (0o lg-tmlog 1y e %e" T — e 7). (G6)
1

205101-23



J. VUCICEVIC AND R. ZITKO PHYSICAL REVIEW B 104, 205101 (2021)

We now make a change of variables, I’ = ¢ — 1,1 =qg— 1"

—ik, i(g—1)E ik, —i(g—1")*= —ik, —il'E ik, il' %
vif(,m.m/,(r = Z[al},n]l',Wl[al}.a]T’,m’[e ' el(q )q —ee ia )(]]:Z[al},o’]l/,m[aﬁyg];ﬂ”m’[e e S —é el "]. (G7)

4 4

Therefore,
Vo = ~Vkmm,o (G8)
Furthermore, by noting that v can be more simply written as
VF e = =20 Y [0 o Jrmlog o1, sin (%x + 1%”), (G9)
1
we can easily prove
Vet =~ Cmna) (G10)

The matrix [vy , | is hence anti-Hermitian, which also implies Revg = 0. Also, by using Eq. (21), it is easily proven that

= . (G11)

v -
(ky,—ky),m,m’ .0 ky,ky),m',m,o

APPENDIX H: DERIVATION FOR Az;”(’,’di“ @iv)
The disconnected part of Eq. (57) reads as
AL Gy = LA ’ 1 Iy oy 7 G —0)G; H1
(iv) = : Fz ch2 Ul},ml.m’l,avl},mz,m’z,a k,mg,mla( ) kvm/lvav“(t)' (HI)
o k,mI,ml,mz,m’2

We now apply inverse Fourier transform to the Green’s functions

1 .
G(r) = 5 > e Gliw), (H2)
to obtain
AT i) Z S / 3 G ()Gt e i )L o L Ot (1)
- k,my,m o kmzngﬂZ k,m),myo k,m},my,o 2% ,
o k,my, ml,ny,m) iw,iw

where [7}, d ¢!te=)" = 2B15, ,,,_,, which immediately yields Eq. (58).
APPENDIX I: PROOF THAT DMFT SELF-ENERGY IS DIAGONAL IN THE NONINTERACTING EIGENBASIS

The following shows that a local self-energy is also diagonal in the basis of |k, 7, o) states. We have

[Sio @l = (K L o|Zo K 1 0) = > [wo T ) ol Sie@ = 5o@ Y [wal , [welgr; = o @3, (A1)

where w,, is the basis change matrix, for the transformation from site space to Kk, ! space. We can, therefore, write

[Sieo @l = (kom0 1Tk, m' o) = [ L] [o ! ], Zine (@) = Zo (@8, (12)
!

which immediately yields Eq. (63).

APPENDIX J: CALCULATION OF LOCAL GREEN’S FUNCTION IN DMFT USING THE NONINTERACTING
DENSITY OF STATES

Here we prove Eq. (65):
Giio(2) = (i, 0|Go (2)]i, 0)

k 12l i, k 17 )L - -
= —ZZ S e I N g Yy mletg 15 (K m, 0] G (2)IK, m, o)
km LU

= —ZZ ST g ot o 15 (K, . 0|Go ()[R, m, 0). an

km LU
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Because we know that G;;(z) must be uniform, we can define

1
Gioc,o (2) = N Z Giis(2)
—i((I=1N2Z e )r: 5 ~
= 2 Yok nlo T DR o, 016, @ . )
kom LU

1 . -
=7 O le o lmlog 17, N (K, m, 0|Go (2) |k, m, o)

km LU

1 - -
= 5 2K m, 01Go )l m, 7)Y [t g Ll
k,m 1

1 - _
=3 &m0 1Go @)K, m, o). (12)
k,m
Therefore, we can identify
1 1 po(€)
Gio(z) = — = fds—. J3
(@) N;hz—eg,mﬁ—za(z) 2t — 5,0) )
,m
APPENDIX K: CONDUCTIVITY EXPRESSION IN DMFT: PROOF OF EQS. (70) AND (71)
Starting from Eq. (67), we first perform the Hilbert transform of the Green’s function
1 ImG ot
G(iw) = ——/d M (K1)
iw—¢
where ¢ and iw have the units of frequency. We obtain
ImG(e, ) ImG(¢', ')
nn dlSC _ n ’
AN i) = hznzz Z/de/dsv (ee)/dw/d P (K2)
Now we apply the partial fraction expansion la L = ;= %(% — Z_Lb):
A"”dlsc /de/dev"”ee /dw/demGe o)ImG(e', w
=03 o) e G, o)
1 1 1
X — — — - . (K3)
—WHo—o|iv+iv-—w iv—o
We apply 3 >, m = np(2):
A"" dise — Z/de/da v (g, € )/da)/dw ImG(s, ®)ImG(e', ) ———— — (=i + ) — np(@)].
(K4)
The bosonic frequency does nothing in the argument of np so we can rewrite
A”" dise h — Z / de / de' v (¢, ) / dw / dw'TmG(e, ©)ImG(e', ©)——— — () —np(@)].  (KS)
Formal continuation to the real axis is performed by replacing iv — v:
Agibd‘sc de | de'v (e, ¢ )/da)/da/lmG(s )ImG(e', o) ———— [nF(a)) —np(@)].  (K6)
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As we are interested in the real part of the conductivity, and having in mind ImA™" (v = 0) = 0, we get

. Tm A7 :455¢(y))
AT =0
Reaé’lédm(v) =c—3= -

t2 2 , 1 _ ’
- h—;zg:lm/dsjds’vg” (a,s’)/dw/dw’ImG(s, )IMG(E, o) [nr(w) V”F(w 1
(K7)
For the longitudinal conductivity specifically, v is purely real, so the imaginary part comes from the delta-peak part of the
w, @' integrals through fdxx_y# = Pfdxx%v + iné(x — y). In the limit v — 0 we get Eq. (70).

For Hall conductivity the imaginary part comes from the principal part of the integral, and one can estimate it through [38]

71 1
P fdwf dw Y Svfo—o v (—vto—w'): T

:Pfdwfdw/lm__fda)fdw/m_i_fdwfdw/l w—ao

vm. In the limit v — 0

the second term cancels exactly due to the antisymmetry of the integrand with respect to the exchange w <> @', and we get

Eq. (71).

APPENDIX L: OSCILLATIONS IN THERMODYNAMIC
PROPERTIES

With the NRG impurity solver, it is possible to directly
calculate the thermodynamic properties of the lattice problem
(i.e., without any integrations over parameters such as 7 or
i, which is error prone). This is based on Eq. (46) from
Ref. [58], which relates the lattice grand potential (Landau
free energy) Q2 = F — uNyy = E — TS — uNyot (Nyo¢ s total
number of particles) and the impurity grand potential ®;p,, =
Emp — MPimp:

Q oo
N Qimp_kBTZ /;OO de po(€)

iw,o

X In{[iwh 4+ u — Xy (iw) — €]G, (ia))}), (L1)

-0.675 .

-0.68

imp

-0.685

att

S 2 g
B A
=
N

LB L e

0 0.05 0.1 0.15
p/q

FIG. 20. Dependence of total free energy and its components on
the magnetic field.

(

where G, is the local Green’s function. This may be analyti-
cally continued to the real axis to give [78,79]

Q 1 —+00 +o0
N=Qamp+;;/_w depo(é)/_oo dw
x ImIn {[fiw + u — Zo (@) — €]Gy(w)}np(w), (L2)

with the Fermi-Dirac distribution np(w)=1/(1+
explfiw/Tkg]). The impurity free energy can be directly
calculated in the NRG using the full-density-matrix approach.

We consider the case shown in Fig. 5 which exhibited
significant transport oscillations at the high frequency, while
the self-energy and the Green’s function showed instead os-
cillations at the SdH frequency. In fact, at this temperature,
the Fourier transform of the oscillatory part of the inverse
conductivity shows no component at the SdH frequency, it is
already thermally washed out. Indeed, we find no remnants
of the SdH/dHVA oscillations in the thermodynamic proper-
ties either. In Fig. 20 we plot three elements that enter the
full thermodynamic potental: impurity free energy Finp, the
chemical potential v (which enters as —pnim, with constant
Nimp = n = 0.85), and the lattice contribution from the double
integration ®y,uice. None of these show any clear oscillations;

U=3D, T=0.025D/kg

2.0
1.5

1.0 - \
0.5 / \

—— our result
reference

Oy [e?/h]

p [D]

FIG. 21. Benchmark with the data from Markov et al. [38]. Our
data: DMFT(NRG solver). Reference data: DMFT(exact diagonal-
ization solver with five bath sites)+Padé analytical continuation used
to obtain continuous spectra.
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if they exist, they are below the numerical uncertainty. We
only observe a weak quadratic dependence on the magnetic
field in all three contributions. This confirms yet again that
the high-frequency quantum oscillations show up exclusively
in the transport properties through the vertex factors, thus they
are, in this sense, a purely kinetic effect.

APPENDIX M: BENCHMARK

To benchmark our formalism and implementation, we
cross-check our o™ (v = 0) results with the data from
Ref. [38]. We perform a chemical potential scan ata fixed U =

3D and T = 0.025D/kg, which corresponds to the (doped)
Mott insulator regime. The results are shown in Fig. 21.
The agreement is solid. Neither of the curves fully satisfy
(v =0;u) = —0(v = 0; —), which reveals the extent
of the systematic error bars. The biggest difference is the
position of the two peaks in the curves, which can be attributed
to the difference in the impurity solvers used (we have used
NRG [62-65], directly on the real axis; in Ref. [38] they used
exact diagonalization with five bath sites, and Padé¢ analytical
continuation to obtain continuous spectra). We reproduce the
change of sign of o (v = 0) as chemical potential crosses the
edge of the Hubbard band into the Mott gap (at around u = 1
and 2), which appears to be a robust feature of the solution.
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Recent years have seen a revived interest in the diagrammatic Monte Carlo (DiagMC) methods for interacting
fermions on a lattice. A promising recent development allows one to now circumvent the analytical continuation
of dynamic observables in DiagMC calculations within the Matsubara formalism. This is made possible by sym-
bolic algebra algorithms, which can be used to analytically solve the internal Matsubara frequency summations
of Feynman diagrams. In this paper, we take a different approach and show that it yields improved results. We
present a closed-form analytical solution of imaginary-time integrals that appear in the time-domain formulation
of Feynman diagrams. We implement and test a DiagMC algorithm based on this analytical solution and show
that it has numerous significant advantages. Most importantly, the algorithm is general enough for any kind
of single-time correlation function series, involving any single-particle vertex insertions. Therefore, it readily
allows for the use of action-shifted schemes, aimed at improving the convergence properties of the series. By
performing a frequency-resolved action-shift tuning, we are able to further improve the method and converge the
self-energy in a nontrivial regime, with only 3—4 perturbation orders. Finally, we identify time integrals of the
same general form in many commonly used Monte Carlo algorithms and therefore expect a broader usage of our

analytical solution.

DOI: 10.1103/PhysRevResearch.3.023082

I. INTRODUCTION

Finding controlled solutions of the Hubbard model is
one of the central challenges in condensed matter physics
[1-4]. Many common approaches to this problem rely on the
stochastic (Monte Carlo) summation of various expansions
and decompositions of relevant physical quantities. How-
ever, Monte Carlo (MC) algorithms are often plagued by
two notorious problems: the fermionic sign problem and the
analytical continuation of frequency-dependent quantities in
calculations based on the Matsubara formalism [5-8] (alter-
natively, the dynamical sign problem in the Kadanoff-Baym
and Keldysh formalism calculations [9-23]). In diagrammatic
Monte Carlo (DiagMC) methods [24-38] (as opposed to
determinantal methods such as continuous-time interaction-
expansion quantum Monte Carlo (CTINT) or, auxiliary-field
quantum Monte Carlo (CTAUX) [39—42]), an additional prob-
lem is often the slow (or absence of) convergence of the series
with respect to the perturbation order. In recent years, sev-
eral works have started to address the problems of obtaining
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real-frequency quantities [43-51] and series convergence in
DiagMC [52-57].

In Refs. [43,52], it has been shown that a convenient trans-
formation of the interaction-expansion series can be used to
significantly improve its convergence and sometimes allows
one to converge the electronic self-energy with only a few
perturbation orders where it would have otherwise been im-
possible. The method relies on a transformation of the action
which affects the bare propagator at the cost of an additional
expansion, i.e., more diagram topologies need to be taken into
account. Alternatively, this transformation can be viewed as a
Maclaurin expansion of the bare propagator with respect to
a small chemical potential shift. The resulting convergence
speedup comes from an increased convergence radius of the
transformed series.

In a separate line of work, DiagMC methods have been
proposed that are based on the Matsubara formalism that do
not require an ill-defined analytical continuation [47]. Such
methods have so far been implemented for the calculation
of the self-energy [48,49] and the dynamical spin suscep-
tibility [50]. The algorithms differ in some aspects, but all
rely on the symbolic algebra solution of the internal Matsub-
ara frequency summations appearing in Feynman diagrams.
However, this approach has some downsides. First, numeri-
cal regulators are needed to properly evaluate Bose-Einstein
distribution functions and diverging ratios that appear in the
analytical expressions, and also poles on the real axis (effec-

Published by the American Physical Society
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tive broadening of the real-frequency results). In the case of
finite cyclic lattice calculations, multiple precision algebra is
needed in order to cancel divergences even with relatively
large regulators [48]. Most importantly, in the Matsubara
summation algorithm, applying the series transformation from
Refs. [43,52] would require a separate analytical solution for
each of the additional diagram topologies, which are very
numerous, and the calculation would become rather imprac-
tical. More generally, treating any distinct diagram requires
that the Matsubara frequency summations be performed algo-
rithmically beforehand. This makes it difficult to devise MC
sampling algorithms that go to indefinite perturbation orders,
unless the Matsubara summation part is sufficiently optimized
so that it no longer presents a prohibitive performance penalty
if performed at the time of the Monte Carlo sampling.

In this paper, we show that it can be advantageous to start
from the imaginary-time domain formulation of Feynman
diagrams. A diagram contribution then features a multiple
imaginary-time integral, rather than sums over Matsubara
frequencies. The multiple integral can be solved analytically
and we present a general solution. This analytical solution,
although equivalent to the analytical Matsubara summation,
has a simpler and more convenient form that does not feature
Bose-Einstein distribution functions or diverging ratios. As
a result, numerical regulators are not needed and the need
for multiple precision arithmetic may arise only at very high
perturbation orders. The numerical evaluation yields a sum of
poles of various orders on a uniform grid on the real axis. The
ability to separate contributions of poles of different orders
allows one to formally extract the real-frequency result with-
out any numerical broadening. Finally, the analytical solution
is general and applies to all diagram topologies that would
appear in the transformed series proposed in Refs. [43,52]
or any other diagrammatic series for single-time correlation
functions. This paves the way for real-frequency diagram-
matic algorithms formulated in real space that are not a priori
limited to small perturbation orders (similarly to CTINT or
CTAUX [42]).

In this work, we apply the analytical time integral to the
momentum-space DiagMC for the calculation of the self-
energy, and implement and thoroughly test the method. We
reproduce the self-energy results from Ref. [52] and sup-
plement them with real-axis results, free of the uncontrolled
systematic error that would otherwise come from the ana-
Iytical continuation. Furthermore, we show that even if a
full convergence is not possible with a single choice of the
action-tuning parameter, one can choose the optimal tuning
parameter for each frequency independently [46]. Such a
frequency-resolved resummation can be used to improve the
solution and in some cases systematically eliminate the non-
physical features that appear in the result due to the truncation
of the series at a finite order.

The paper is organized as follows. In Sec. II, we define
the model and the basic assumptions of our calculations. In
Sec. III, we introduce our method in detail. First, in Sec. III A,
we present the analytical solution of the general multiple-time
integral that appears in the time-domain formulation of Feyn-
man diagrams and discuss the numerical evaluation of the
final expression. Then, in Sec. III B, we show the analytical
solution for the Fourier transform of the Maclaurin expansion

of the bare propagator, which is essential for our DiagMC al-
gorithm. In Sec. III C, we discuss in detail how our analytical
solutions can be applied in the context of DiagMC for the self-
energy. In Sec. IV, we discuss our results and benchmarks and
then give closing remarks in Sec. V. Additional details of the
analytical derivations and further benchmarks and examples
of the calculations can be found in the appendices.

II. MODEL

We solve the Hubbard model given by the Hamiltonian

H=-— Ztijcj;,ica.j +U Z”m’m,i — K Zna,i, (D
o,i

.ij i

where o € {1, |}, i, j enumerate lattice sites, #; is the hop-
ping amplitude between the sites i and j, U is the on-site
coupling constant, and w is the chemical potential. We only
consider the Hubbard model on the square lattice with the
nearest-neighbor hopping ¢ and next-nearest-neighbor hop-
ping ¢’. The bare dispersion is given by

ex = —2t(cosk, + cosk,) — 4¢' cos ky cos ky. 2)

We define D = 4¢, which will be used as the unit of energy
unless stated otherwise. We restrict to thermal equilibrium and
paramagnetic phases with full lattice symmetry.

III. METHODS

The idea of DiagMC algorithms is to stochastically com-
pute the coefficients of a perturbation series describing some
physical quantity. We will focus on expansions in the cou-
pling constant U and a shift in the chemical potential 5.
The calculation of each coefficient involves the evaluation
of many Feynman diagrams expressed in terms of the bare
propagator, in our case taken as a function of momentum
and two imaginary times. The evaluation of a diagram then
boils down to a sum over multiple momentum variables and a
multiple imaginary-time integral that is always of the same
generic form. The goal of this section is to find a general
analytical solution for these time integrals and reformulate the
perturbation series as a function of a complex frequency z.

A. Analytical solution of time integrals

We are interested in analytically solving (N — 1)-fold inte-
grals over {7, y} of the form

N )
T (i) = T,+1d4 L, 7i(i2,8,i+w;) 3
x (i r])—ll T, T € s (3)
+ > Jo
=2

where the parameters of the integrand are given by
X = {h...In}, {wr...0n)). 4

The argument r is an integer and determines which of the
times 7; is multiplied by the external Matsubara frequency
i€2, in the exponential. The frequency i€2, can be any Mat-
subara frequency, either fermionic or bosonic, depending on
n; Q=1 = iw =i2m+ )T and Q= =iv = 2imn T,
with m € Z. The integer powers of t; outside of the exponent
are given by /; > 0, and the parameters w; may be complex.
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The limit of the outermost integration is the inverse tempera-
ture T4 = B. We denote by 4, , the Kronecker delta (it will
be used throughout this paper, also in the shortened version
8y = 8x.0). The reason for our choice to label times starting
from 2 will become clear later.

The main insight is that upon applying the innermost inte-
gral, one gets a number of terms, but each new integrand has
the same general form ~t"e™. The solution therefore boils
down to a recursive application of

n+l nA-1=k=Bu o Bzt

T !
fo Y e

with B, =1 — 8k,n+l and Cy, =
see Appendix D), and

!
(s J:‘S'kw)! (for the proof,

T .L.n+1
lim "etidr = ——. (6)
=0 Jy n+1

The number of terms obtained after each integration is ap-
parently 1 + (1 — §;)(n + 1), and we can enumerate all terms
obtained after the full integration by a set of integers, {k;—>._ n},
where k; > 0 denotes the choice of the term of the integral i
(over dt;).

For a given choice of {k;}, the propagation of exponents
[# and z in Egs. (5) and (6)] across successive integrals can
be fully described by a simple set of auxiliary quantities. We
denote the exponent of e in the integration i as Z;, and it is
given by

Zi=zi+biZic, =2, @)

zi = 6,12, + wj, (®)

where we introduced b; = By, ;,. The meaning of b; can be
understood by looking at Eq. (5): The exponent of e that
enters the integral on the left-hand side survives in all but
the last term (k = n + 1) on the right-hand side. Therefore,
b; = 1 means that the exponent propagates from integration i
to integration i + 1, while b; = 0 means it does not, and the
calculation of the recursive Z; is reset with each b; = 0. The
auxiliary quantity n; are the exponents of r; and is specified
below.

We will need to obtain a more convenient expression for
the exponent Z;, where i€2, appears explicitly. Straightfor-
wardly, we can write

Zi = iQr;hi + (D[v (9)
with auxiliary quantities
W =w; + bi_1wi—1, @© = wa, (10)
and
0, i<r
hi = 1, i=r (11)
b,;lh,',l, i>r.

To be able to determine whether the exponent in the integrand,
Z;, is zero and then employ Eq. (6) if needed, we can now use
5. — I, hh=0Ad,=0

i 0

otherwise. 12)

It is important to note that at the time of integration, i2,
is unspecified and whether Z; is zero cannot be tested by
numerical means, unless i€2, does not appear in Z;. With the
convenient rewriting of Eq. (7) as Eq. (9), one can tell whether
i€2, appears in Z; by looking at h;. If i€2, does appear in Z;
(i.e., h; = 1), we cannot use Eq. (6) even if one can find such
iS2, that cancels @;. This is because we are working towards
an analytical expression which ought to be general for all
possible i€2,,.

The exponent of t that will be carried over from integration
i to integration i + 1 depends on the choice of the term from
the integral i, and is given by Pos(n; — k;), where Pos denotes
the positive part of the number [Pos(x) = (x + |x])/2]. n;
denotes the maximum exponent that can be carried over from
integration i, and is obtained as

m:{%+h+Pmm4—h4L i>2 (13)

8 +1i, i=2.

In the case of Eq. (5), the maximal exponent that can be
carried over to the next integration coincides with the expo-
nent that entered the integral [the integral given by Eq. (5)
does not raise the power of 7], so the definition of n; coincides
with the meaning of n in Eq. (5). In the case of the integral
given by Eq. (6), n; rather denotes the exponent after the
integration, i.e., n + 1.

After the last integration, it can happen that i$2, appears
in the exponent of e (this is signaled by hyby = 1). We can
then use the property e”*# = (—1)-1 to eliminate it from
this exponent. Then, the solution for the integral can be con-
tinued to the whole of the complex plane i€2, — z, and can
be written as (introducing the additional superscript  because
the fermionic/bosonic nature of the expression can no longer
be inferred from the external Matsubara frequency)

Ra= 3 & 3

{bieldz; 1}iz=a..v {ki€l0,(1=8z )ni1}ip;=1
X

11 5

i:65=1

x(—1 )bNhN‘Sn,—IJFZ?,:z

« 1_[ Gk Gk (14)
~ ki+b; = Vkit+bi
ihi=0n@i£0 Pi =1 (@ + @)

ki x ﬁnN+l—bN_kN

Note that we have expressed the sum over {k;} as a sum over
{b;} and a partial (inner) sum over {k;}. This is not necessary,
being that b; is a function of k;. Each b; is fully determined by
k;, but not the other way around, so the inner sum over k; in
Eq. (14) goes over values that are allowed by the correspond-
ing b;. We present this form of Eq. (14) to emphasize that the
factor ¢?¥#@v depends only on {b;}, and can thus be pulled out
of the inner {k;} sum. The notation “i : b; = 1” means that we
only consider indices i such that b; = 1. We therefore only
sum over those k; for which the corresponding b; = 1. The
remaining k; are fixed to n; 4+ 1, which is the only possibility if
b; = 0. The notation is applied analogously in other products
over i.
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TABLE 1. Illustration of the calculation of a single term in Eq. (14). Rows correspond to successive integrations over dt;. The second to
fourth columns are parameters of the integrand. The choice of the term is colored red. The remaining columns are auxiliary quantities, the
integrand before and after each integration. The prefactors that are “collected” after each integration are written in blue. The full contribution
is written in the last column and then simplified to the form of a term in Eq. (16).

i 8y I w; ki b; n; @; h; 8, Integrand Integral Total

2 0 0 1 0 1 0 1 0 0 en! 1en! — 11

3 0 1 2 | 1 1 3 0 0 T3eB@HD Iye™ — Lewd 4 51

4 ! 0 ! 0 0 4 ! 0 gHSniey ﬁefs(iﬂnﬂ) - ;Sznl+41 %(_%)(_iﬂjﬂ %%:33/54
5 0 0 0 0 1 1 0 0 1 ™0 1z [ffi’iﬁ?l

6 0 0 4 0 1 1 4 0 0 g™ 1geft — Left 4 L1

The only remaining step is to expand the product of poles
in Eq. (14) into a sum of poles (see Ref. [48] for more details),

1 i 1
1:[ (Z _Zy)my = ;; (Z _Zy)r

EICID>
C{py/#/eNn}:Zy,#V pyr=m,—r
/ =) 1
Xl_[(my+py ) —
Y'Y pytmyr = D (zy = 2,)"™ P
(15)
and the final expression has the form
A;
Iy = — . 16
(2) Z(Z_Zj),, (16)

Jj.reN

In order to illustrate our solution, we present in tabular
form (Table I) a summary of all intermediate steps, integrand
parameters, and auxiliary quantities that are used in calculat-
ing the contribution for a single choice of {k;}, in an example
with N = 6 and r = 4.

Also note that if r ¢ [2, N] (no Matsubara frequency ap-
pearing in any exponent), the result of the integral is a number,
rather than a frequency-dependent quantity. In that case, the
integral can be straightforwardly generalized to the case of
real time, where integrations go to some externally given time
t (instead of B), and the resulting expression is a function of
that time. The step given by Eq. (15) is then not needed. See
Appendix A for details.

Numerical evaluation of the analytical expression
and relation to other algorithms

The implementation of Eq. (14) is rather straightforward
and much simpler than the algorithmic Matsubara sum-
mations in our previous work [48]. Indeed, most of the
calculations just require the numerical evaluation of an an-
alytical expression and it is not necessary to implement a
dedicated symbolic algebra to manipulate the expressions.
The only exception is the last step, Eq. (15). This transfor-
mation was the centerpiece of the algorithm in Ref. [48]
and was applied recursively many times, leading to com-
plex bookkeeping and data structures. Ultimately, the result
was a symbolic expression that was stored, and a separate

implementation was needed for the comprehension and nu-
merical evaluation of such a general symbolic expression. In
the present context, however, Eq. (15) is applied only once to
produce numbers, and is simple to implement.

The other important point is that we analytically treat
cases with 8;, = 1 by employing Eq. (6). With the frequency-
summation algorithms [48,49], one cannot take into account
possible cancellations of the w; terms in Eq. (10) without
computing a large number of separate analytical solutions.
When untreated, these cancellations yield diverging ratios in
the final expressions, which need to be regularized. On the
contrary, in Eq. (14), the ratio 1 /5)5‘"“’" cannot have a van-
ishing denominator and its size will, in practice, be limited
by the energy resolution. This will also allow us to have the
final result in the form of a sum of poles on an equidistant
grid on the real axis, and extract the real-axis results with-
out any numerical pole broadening (see Sec. III C 2 and
Appendix B).

It is interesting to compare the computational effort for the
numerical evaluation of our analytical solution to the straight-
forward numerical integration. In the most straightforward
integration algorithm, one would discretize the imaginary-
time interval [0, 8] with N; times, and then perform the
summation which has the complexity O(NN~!) for each ex-
ternal 7, so that overall O(Nﬁv ). With our algorithm, we do not
have to go through all of the configurations of internal times,
but we do need to go through all of the possible permutations
of the internal times, and for each permutation there is at least
2¥=! terms to be summed over. So the number of terms one
has to sum grows at least as O[(N — 1)!12V~1]. At sufficiently
high N, this number is bound to outgrow the exponential NV,
whatever the N;. This will happen, however, only at very large
N. For example, if N; = 30, the analytical solution becomes
slower at around N = 40. Moreover, one actually needs a
much larger N;, especially at low temperature. In any case, the
additional computational effort can be understood as coming
from the difference in the information content of the result,
which is a lot more substantial in the case of the analytical
solution.

At orders N < 6 (within context of DiagMC), we find that
the implementation of our algorithm is significantly more
efficient than our current implementation of the Matsubara
summations from Ref. [48], and at N = 6, they are about
equally efficient. However, we anticipate that further opti-
mizations will be possible at the level of Eq. (14).
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B. Expansion of the bare propagator
The central quantity is the Green’s function defined in
Matsubara formalism as
Gok(t = ©) = —(Trcok(T)ef, (7))

_ {—<cgk<r>cf,k(r’>>,
(el (T cor(T)),
where t, 7’ € [0, B]. The noninteracting Green’s function (or

the bare propagator) in the eigenbasis of the noninteracting
Hamiltonian has a very simple general form,

1

iw—¢

r/> T a7
/> 1,

Go(s, iw) =

, (18)

and for the plane wave k, the propagator is Gy k(iw) =
Go(ex — U, iw).

As we will discuss below, the diagrammatic series for
the self-energy will, in general, be constructed from different
powers of the bare propagator,

G, iv) = ——. 19
i) = s (19)
Indeed, these powers naturally arise after expanding the bare
. . ; 1 _ 00 (=x)"
propagator in a Maclaurin series, -~ = >, _ "5+, around a

small chemical potential shift,

Go(e.iw) = Y (=)' Gy(e + 8. iw).  (20)
=1

This series converges (for all iw) if §u is smaller in amplitude
than the first Matsubara frequency: |6u| < mT. Nevertheless,
this expression will become a part of a larger series with addi-
tional expansion parameters, which may result in a modified
convergence radius of the overall series with respect to d .

We anticipate that the Feynman diagrams will be formu-
lated in the imaginary-time domain, so it is essential to work
out the Fourier transform of Gf)(e, iw). We present the full
derivation in Appendix E and here only write the final solu-
tion,

Gh(e, T —1')
=1 1-¢—1

p— —7 ‘Y‘[,r'
= sroe T np(sepe) Y epl(e) TS, (21)

¢=0 ¢=0

with s, = sgn(t’ — 7). In our notation, / in Gf) is a su-
perscript index, rather than the power of Gy [although these
meanings coincide in the case of Gé(e, iw)]. The Fermi func-
tion is defined as np(e) = 1/(e?® + 1) and the coefficients that
go with the T°t’S terms are

l—¢—¢—1 1\ +s—17_ ngl—¢—¢—1
- _ n!l(=1) ™ [—np(e)]"B¢
€le.s(8) = ; (I—¢—¢—Dlis+20)!

X{l—§—§—1}<§+z>’ 22)
n ¢

and ¢, _(¢) = (=Dt ¢/.c..(—¢). Here we make use of bino-

_ n!
= Hn—k)!

second kind, {}} = S, (_k—})i(k)(k =i

i

mial coefficients (Z) and the Stirling number of the

C. Application to DiagMC

In the following, we apply the analytic time integral and the
expansion of the bare propagator in the context of DiagMC.
We discuss two kinds of self-energy series (Hartree shifted
and bare) and the corresponding implementation details. Note
that some symbols will be redefined with respect to previous
sections.

1. Hartree-shifted series

In this section, we discuss the construction of the self-
energy series, where all tadpolelike insertions are omitted in
the topologies of the diagrams. Rather, the full Hartree shift
is absorbed in the bare propagator. The diagrams are therefore
expressed in terms of the Hartree-shifted bare propagator,

Gy (i®) = Go(&, io), 23)
with the Hartree-shifted dispersion defined as
&k =¢ex —n+Ung), (24)

where (n5) is the average site occupation per spin.

After constructing the tadpoleless topologies, we are free to
expand all propagators that appear in the diagrams according
to Eq. (20):

o0
Gyl (iw) = Z(—(SM)HGS(ék +8u,iw).  (25)
=1

In the frequency domain, this step can be viewed as in-
troducing new topologies: we now have diagrams with any
number of single-particle-vertex (6x) insertions on any of
the propagator lines. Each arrangement of these additional
single-particle vertices on the diagram does require a separate
solution by the symbolic algebra algorithm, as presented in
Refs. [48,49]. Nevertheless, as a §iu vertex cannot carry any
momentum or energy, the formal effect of it is that it just raises
the power [ of the propagator that passes through it. In the
imaginary-time domain, it turns out that the contribution of
the §u-dressed diagrams is readily treatable by the analytical
expression (14) and we no longer have to view the §u inser-
tions as changes to topology, but rather as additional internal
degrees of freedom to be summed over. This is illustrated in
Fig. 1.

Up to the Hartree shift, the self-energy expansion can
now be made in powers of the interaction U and the small
chemical-potential shift §u,

Zl((HF)(T) — Z(_U)N
N

o0
X Z (—8p)=i=h ZDTN,k,{I,»},SM(T),
Iyl =1 Ty

(26)

where j enumerates the propagators, of which there are
Nprop = 2N — 1, N is the perturbation order in U, each [;
goes from 1 to oo, Y enumerates distinct topologies of the
diagram at order N (without any §  or Hartree insertions), and
D is the contribution of the diagram. The general form of the

023082-5



J. VUCICEVIC et al.

PHYSICAL REVIEW RESEARCH 3, 023082 (2021)

k' —q I3
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FIG. 1. Illustration of the use of the G} (¢, T — t’) propagator. The entire series of diagrams with all possible § insertions can be captured

by a single diagram with additional degrees of freedom.

diagram contribution is

Dy k111,81 (T)

N—1 B 2N—1
:(_1)Nbub]—[fo dt; Z ]—[ Gﬁ;‘(zf(i,fj—f;), (27)
i=2 k.. ky j=1

with & = &k + du. We denote Ny, as the number of closed
fermion loops in the diagram; t;...ty_; are internal times,
and we fix 1;,—; = 0; 7 is the external time, Kk is the external
momentum, K;...ky are the independent internal momenta,
j indexes the propagator lines, and k are the corresponding

J

N B
. i li (= ~ ~
DTN’k’[[j},(;M(la)) = (—I)Nb”b | | / d'[ig’wTN E | | Goj (Skj, Tj — TJ/)
=270 k

linear combinations of the momenta l~(.,- = le\;o 5.k, where
§» € {—=1,0, 1}, and we index with O the external momentum
ko =k. T; and fj/. are the outgoing and incoming times for the
propagator j, and take values in {7)...7y}, where we denote
with index N the external time Ty = 7. The coefficients §,,
times %;, f]’», and the number Ny, are implicit functions of the
topology Y. Throughout the paper, we assume normalized k
sums, ) ) = Nl > k> Where N is the number of lattice sites.

We can perfkorm the Fourier transform of the external time
to obtain the contribution of the diagram in the Matsubara-
frequency domain,

2N—1
(28)
1Ky j=1

The Green’s function Gf)(e, T — 7’) is discontinuous at T = 7, so to be able to perform the t integrations analytically, we

first need to split the integrals into ordered parts,

B B
f drz.../ dty =
0 0

2

(1:,,2 Ty JEP({T2 Ty

B TN Tpy Tp3
/ drI,N/ drpN_l.../ dl'm/ dtp,,
170 0 0 0

(29)

where P denotes all (N — 1)! permutations of the time indices. p labels the permutation and p; is the permuted index of vertex i.
Let us rewrite the contribution of the diagram, with propagators written explicitly using the expression (21),

D"fzv,k,{l,),au(iw) = (_I)Nbub Z Z

Ki..Ky (7, .75 JEP((T2.. 7))

B Tpn Tpy Tp3 .
LWOTN
x/ drpN/ drprl.../ drm/ dtye
0 0 0 0

(-1 )wad » 1_[ ng (S
J

L—11—¢—1

5o J
-/Sk;)Z Z Cl,ﬁlj,s‘j

{j=0 g,'=0

(Efw) H 8¢ H 8
jeJii=1) JjeTo(i=1)

N

1—[ l_iz,-ejim $iFT2 e Tot) g’efi(zjeﬂom B~ Ljedion él-(j), (30)

=2

where J;/,(i) is the set of incoming/outgoing propagators j of the vertex i, which depends on the topology Yy. We also
introduced shorthand notation s; = 8%, Practically, s; depends on whether p(i(j)) > p(i'(j)) or the other way around, where
i(j)/i'(j) is the outgoing/incoming vertex of propagator j in the given permutation p. The total number of forward-facing
propagators is Newa(p) = > j0-1.5;» which depends on the permutation and the topology. The products of §;; and 5, are there to
ensure that the time t; = 0 is not raised to any power other than 0, as such terms do not contribute.

Now we can apply the analytic solution for the time integrals [Eq. (14)] to arrive at the final expression:

2. 2 X

{[;201Y; ;=L Ki--Ky (Tp, .. Tpy JEP (T2t ])

DTN,k.L,Su(Z) = (—1)Nb”b (_1)wad(p)

I =g
= S = n=—1
Tem) XX ey ) TT 5 T 8o,
J ¢j=0¢;=0 JjeJi(i=1) JE€TH(i=1)
X=|py X G+ ) g X o) & : 3D
JeTii(pi)) IENAUCTDI I WENVAUCD) JeTiipy)) i—2. N
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where i(p; ) is the vertex index i of the permuted index p; and
we have introduced a new expansion variable L = j(l i—=1)

and a convenient variable /; = [; — 1, so that
oo K K-N
2@ =Y 3 Y (U (=sw) ZDTN kLan(@),
K=2N=2 L=0

(32)

which is the series that we implement and use in practice.
The meaning of K is the number of all independent (internal
and external) times in the diagram. Note that in D, we per-
form only N — 1 integrations over time. Those are the times
associated with N interaction vertices, minus the one that is
fixed to zero. The integrations of the times associated with
S insertions have already been performed in Eq. (21), and
there are L such integrals. Overall, the number of independent
times is K = N + L. Ultimately, we group contributions by
the expansion order K and look for convergence with respect
to this parameter.

2. Numerical implementation of DiagMC and relation to other
algorithms

The expression (31) is very convenient for numerical eval-
uation. First, we restrict the values of & to a uniform grid on
the real axis with the step Aw (8x = jAw). These appear in
s, ..., wg as terms with integer coefficients, which means that
{w;} entering Zx will also be restricted to the same uniform
grid. The final result therefore has the form

A
D (2) = — 33
This form allows us to reinterpret the finite-lattice results as
that of the thermodynamic limit and extract D, x 1,5, (@ +
i0") without any numerical broadening (see Appendix B for
details).

In our present implementation, we perform a flat-weight
(uniform) MC sampling over internal momenta {k;}, do
a full summation of all the other sums, and accumulate
the amplitudes A;,. There are, however, other options.
For example, one may sample {k;}, {p;}, {b;} and use P =
[T, neGs;, )ePNBON ag the weighting function. We have thor-
oughly checked that the factor P closely correlates with
the contribution to A;, coming from a given choice of the
{k;}, {pi}, {b;} variables (with other variables summed over),
and thus P could be a good choice for a weighting function.
However, this requires additional operations related to move
proposals and trials, and we have not yet been able to make
such an algorithm more efficient than the flat-weight MC.
Nevertheless, it is apparent that our approach offers more flex-
ibility than the algorithmic Matsubara summations (AMS). In
AMS, no convenient weighting function can be defined for the
Monte Carlo, so one either does the flat-weight summation
[48] or uses the whole contribution to the result as the weight,
which comes at the price of having to repeat the calculation for
each frequency of interest [49] (on the contrary, in Ref. [48],
as well as in this paper, the entire frequency dependence of
the self-energy is obtained in a single MC run). At present, it
is unclear which scheme is best—whether one should evaluate

D(z) one z at a time or capture all z at once as we do here. This
choice, as well as the choice of the weighting function, likely
needs to be made on a case-by-case basis, as it is probable
that in different regimes, different approaches will be optimal.
In that sense, the added flexibility of our time-integration
approach in terms of the choice of the weighting function may
prove valuable in the future.

Concerning floating-point arithmetic, it is important that
the factor e®¥#®¥ stemming from Zx can always be absorbed
into the product of g functions in the second row of Eq. (31).
This can be understood as follows. A given ‘-‘_312, can, at most,
appear twice as a term in @y, once with sign +1 and once
with sign —1, corresponding to the incoming %J’- and outgoing
%; ends of the propagator j. In that case, the exponent cancels.
The other possibility is that it appears only once, in which case
it must correspond to the later time in the given permutation.
If the later time is the outgoing end of the propagator, then the
propagator is forward facing and the sign in frontis s = —1; if
it is the incoming end, then the propagator is backward facing
and the sign in front is s = 1. In both cases, we can make use
of

e Penp(se) = np(—se). (34)

Therefore, no exponentials will appear in the final expression.
A product of ng functions is, at most, 1 and the coeffi-
cients ¢ are not particularly big. Then, the size of the pole
amplitudes that come out of Eq. (14) is determined by the
energy resolution (1/Aw) and temperature (B"+!1=ov—kv),
In our calculations so far, the amplitudes remain relatively
small. Our approach ensures that we do not have very large
canceling terms, such as we had in Ref. [48]. Indeed, we
have successfully implemented Eq. (31) without the need for
multiple-precision floating-point types.

Compared to the Matsubara-frequency summation algo-
rithm [47-49], Eq. (31) presents an improved generality.
Equation (31) is valid for any number and arrangement of in-
stantaneous (i.e., frequency-independent) insertions, i.e., any
choice of {I i} In contrast, the algorithmic Matsubara summa-
tion has to be performed for each choice of {/ i} independently,
and the resulting symbolic expressions need to be stored. For
example, at N = 4, we have 12 Yy topologies. Therefore, at
L = 0, the number of analytical solutions to prepare is 12.
However, at L = 2, this number is 336, i.e., 28-fold bigger (we
can place L = 2 insertions on 2N — 1 = 7 fermionic lines in
7 x 6/2+ 7 = 28 ways, times 12 Ty topologies, i.e., 336).

3. Bare series

We are also interested in constructing a bare series where
tadpole insertions are present in diagram topologies. Tadpole
(or Hartree) insertions are instantaneous and an evaluation
of their amplitudes can be done relatively simply by vari-
ous means. At the level of the Hubbard model, the Hartree
insertions factor out: For each Hartree diagram, the internal
momentum summations and time integrations can be per-
formed beforehand and only once, leading to a significant
speedup.

In the expression (31), there is no difference between a
Hartree insertion and a chemical-potential vertex insertion.
Therefore, the inclusion of the Hartree insertions can be en-
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FIG. 2. Top: Illustration of possible Hartree diagrams, without
any du insertions. Middle: Amplitude of a Hartree diagram with a
single S insertion. Bottom: An example of a diagram dressed with
both Hartree and du insertions, and the values of the parameters
N, L, {MF}, K that it falls under (with M/}' = 0).

tirely accounted for in the resummation of the D, x 1,5.(2)
contributions from the previous section, with the replacement

Note that the expansion of the propagators in §u is per-
formed in Hartree insertions as well, so we need to account for
possible additional §u insertions inside the Hartree diagrams.
As before, our expansion order will be K, which is the total
number of independent times, with each time associated to
a single interaction or a éu vertex, including those within
Hartree insertions.

We will for now focus on the series up to K = 5. As the
number of interactions in Yy is at least two, we can have, at
most, three interaction vertices in a Hartree insertion. There
are only five such Hartree diagrams (Fig. 2). We can evaluate
these five amplitudes with very little effort by making use of
spatial and temporal Fourier transforms.

Before we proceed with the calculation of the amplitudes
D of possible Hartree insertions relevant for the series up to
K = 5, we define some auxiliary quantities. We first define the
bare density,

= G @t =07), (36)
k
and the real-space propagator,
Gt =) e G @, T = 07). (37)
k
We will also need the polarization bubble diagram,
Xk () = G ()G R (—1), (38)
Xl v =0) = Z / drxbit (o), (39)

and the second-order self-energy diagram (up to the constant
prefactor),

shhh(e) = G (xh o), (40)

which can be Fourier transformed to yield El‘ b1y (iw).
We can now calculate the amplitudes of the possible

gk=ex—pu+96 35
K k=K " (33) Hartree insertions with a number L of §u insertions on them,
(i.e., full Hartree shift excluded). in any arrangement
J
D} = (—)ng, (41
Di=(=? Y myxiv=0), (42)
h,h.h
I+ Zz +h=L
Di=(-y Y ng DX (v = 0) (el (iv = 0), (43)
I is
il
I AN
=" X ( 2 ) (44)
I, ..k
A
Dé — _)2 Z T Z e*in’ Z GZ 1+11( )212 13 14( )Gl l+15 (l(!)). (45)

As we are restricting to K <

5 calculations, the D% . insertions can only be added once, and only with L = 0. We now define

MF as the number of insertions of D¥ tadpoles, and we define N; as the number of interaction vertices contained in the tadpole

D; (regardless of L, we have Ny = 1, N, =2, N3 = Ny

= N5 = 3).
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Hartree shifted series, 6u =0

bare series, 6u=0.15D

bare series, 6u=0.3825D
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FIG. 3. DiagMC solution for the Hubbard model on a square lattice. Parameters of the model are t’ = —0.3¢t, u =0, U = 1D, and T =
0.125D, which corresponds to (n,) &~ 0.3625. Top row: Imaginary part of self-energy at k = (st /4, w) on the real axis (with broadening
n = 0.3D) obtained with three different series, up to perturbation order K. Bottom row: Illustration of convergence with respect to perturbation
order K, using values of the imaginary part of the self-energy at the lowest four Matsubara frequencies, iw,—o._3. Full lines are our result,
dash-dotted lines with crosses are the analogous result with a numerical t-integration algorithm from Ref. [52], and horizontal dashed lines

are the determinantal QMC result on a 16 x 16 lattice from Ref. [52].

The series can now be resummed as

o K K-N K—N—-L
@ =222, 2.
K=2N=2 L=0 My =0

N+L+ Y, M N+ L) =K

x ZDTN,k,LJrZW ' (@),
Tn

where Q(L, {MiL'}) is the combinatorial prefactor which
counts all the possible ways the selected single-particle ver-
tices Su, {D;} can be arranged. This corresponds to the
number of permutations of the multisets,

(L+ 2 M)
LT, o M7

We emphasize that Eq. (46) is fully general, but at orders K >
5, additional Hartree insertions D [compared to Egs. (41)—
(45)] need to be considered.

Finally, we stress that our analytical time-integral solution
and action-shift tuning scheme in DiagMC are not restricted
to the treatment of the Hubbard Hamiltonian. See Appendix F
for a discussion of DiagMC in the case of a general Hamilto-
nian with two-body interactions.

QL. (M) = @)

IV. RESULTS

A. Convergence speedup with §u expansion in the bare series

Here we focus on supplementing the results from Ref. [52]
with real-frequency self-energies calculated without any nu-
merically ill-defined analytical continuation.

(_U)N+Zi,L’ M,'L,Ni(_SM)L+Zi,L’ MiL/L, 1_[ (D?)M"L, Q(L’ {ML/ })

i
i,

(46)

The model parameters are t' = —0.3r, u =0, U = 1.0D,
T =0.125D, and (n,) = 0.3625. In Ref. [52], the calculation
was performed with the Hartree-shifted series with §u = 0,
as well as with the bare series, with two values of § 1, namely,
0.15D and 0.3825D. We repeat these calculations with our
method. We use lattice size 32 x 32, and project the disper-
sion onto a uniform energy grid, as described in Ref. [48] and
discussed in Sec. III C 2. In Fig. 3, we show our results and
compare them with the results of Ref. [52].

In the upper row of Fig. 3 are the real-frequency self-
energies calculated up to order K < 5. We are keeping a finite
broadening n = 0.3D to smoothen the curves. As discussed in
Appendix B, in our method, numerical pole broadening is not
a formal necessity. However, there is still a significant amount
of statistical noise in our real-frequency result (although the
imaginary-frequency result is already very well converged).
It is important to note that some of the noisy features in our
real-frequency result may be artifacts of the finite-lattice size
that would not vanish with increasing number of MC steps.
However, by comparing the result with a 256 x 256 lattice
calculation (Appendix C), we check that already at n = 0.2D,
no such artifact should be visible. It appears that for the given
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external k and broadening n = 0.2D, increasing the lattice
size further from 32 x 32 brings no new information, but it
also does not present an additional cost: at n = 0.2D, our
256 x 256 lattice calculation appears equally well converged
as the 32 x 32 lattice calculation, with the equal number of
MC steps and a similar runtime, and yields a result that is on
top of the 32 x 32 calculation.

In the bottom row of Fig. 3, we show the change in the
imaginary part of the self-energy at the first four Matsubara
frequencies, as a function of the maximal order K. Full-line
and dots are the result of our calculations. The dash-dotted
lines with crosses are data points taken from Ref. [52]. The
horizontal dashed lines are the 16 x 16-lattice determinantal
QMC result, also from Ref. [52].

The excellent agreement with the results from Ref. [52]
serves as a stringent test of our implementation. In the §u =
0.3825D calculation, even on the real axis, the self-energy
does appear well converged by order K = 5, although there
is some discrepancy between K =4 and K =5 at around
w = 1.5D.

B. w-resolved resummation

We can now go one step further by resumming the series
presented in Figs. 3(a) and 3(c) for each w individually, using
an w-dependent optimal shift §u*(w). The results are shown
in Figs. 4 and 5.

We determine the optimal §u*(w) by minimizing the
spread of the ImX(w + in) results between orders K =3
and K = 5. This spread as a function of w and §u is color
plotted in Figs. 4 and 5. We have results for a discrete set of
S € {8}, so the optimal §u*(w) is a priori a discontinuous
curve. As this is clearly nonsatisfactory, we smoothen the
curve (shown with the blue line on the top panels in Figs. 4 and
5). However, we do not have results for each precise value of
this optimal § *(@). One could take, for each w, the available
du; that is closest to §uu*(w), but this would, again, result in
a discontinuous curve. To avoid this, we average the available
results as

D Adpi B (w; Spw (St (@), Spi)
Do Adpw (S (w), S1ui)
where ASu; is the size of the éu step in the available results at

the ith value (allows for nonuniform grids). We use a narrow
Gaussian weighting kernel,

Y(w)

; (48)

WO (), ) = & CHOH T, (49)

The width of the kernel W is chosen such that it is as narrow
as possible, while still encompassing at least 3—4 §u; points,
so that the final result is reasonably smooth as a function of w;
W is therefore determined according to the resolution in du.
Weuse W = 0.05 and Adu; ~ 0.02 and have checked that the
results are insensitive to the precise choice of this numerical
parameter.

The results of the averaging around the optimal 6 u*(w) are
shown in the middle and bottom panels of Figs. 4 and 5. In
both cases, the w-resolved resummation helps to converge the
result. In the case of the bare series, the convergence is now
almost perfect, and already order K = 3 is on top of the exact
result. In the case of the Hartree-shifted series, the results are

Hartree shifted series

o
v =
03 0.789 ,593\
0.138
0.2 o
£ X
01 -0514 €
w
& 00 -11es
2
-01 -1.816
>
T 3
-02 —2468 - 5
xR
- —
03 -3.119 =,
-4 -2 0 2 4 o
w
0.00
—~ —0.051
£
+ _0.101
3
VI -0.15 1
= — k=2
£ K=3
~0.20 ke
— =5 (b)
-0.25 .
-4 -2 0 2 4
w
~0.06 1
—~ —0.08
o
3
X -0.10
W
E
~0.121
-0.141 .
2 4 6 8
K

FIG. 4. Results of the Hartree-shifted series with w-resolved re-
summation, to be compared to Figs. 3(a) and 3(d) (all parameters
are the same). Top panel: Color plot of the spread of the imaginary
part of the self-energy at a given w + in between orders K = 3 and
5, in a calculation with a given §u. The blue line smoothly connects
the minima of the spread (at each w), and defines the w-dependent
optimal shift §4*(w) used in the resummation. Middle and bottom
panels are analogous to Figs. 3(a) and 3(d). In the bottom panel, the
dash-dotted and dashed lines are the same as in Fig. 3(d).

not perfectly converged at w < 0, yet the K = 5 calculation
is practically on top of the exact result on the imaginary axis,
and presents an improvement to the .« = 0 series in Fig. 3(a).
Note that the improvement in convergence is seen on the
imaginary axis, as well.

C. Removing nonphysical features

In this section, we focus on the parameters case dis-
cussed in Ref. [48]. We calculate the Hartree-shifted series
with parameters of the model ' =0, u — U(n,) = —0.1D,
T = 0.1D, and employ various 6u shifts. The lattice size is
again 32 x 32 and we focus on the self-energy at k = (0, 7).
Note that in Hartree-shifted series, the quantity that enters the
calculation is u — U (n, ), rather than w. If (n) is calculated,
i can be estimated a posteriori. In our calculation, we fix
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bare series
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FIG. 5. Results of the bare series with w-resolved resummation,
to be compared to Figs. 3(c) and 3(f) (all parameters are the same).
The top panel is analogous to Fig. 4(a). The horizontal orange dashed
line denotes the value of §u used in Figs. 3(c) and 3(f) to best con-
verge the imaginary-axis result. The middle and bottom panels are
analogous to Figs. 3(c) and 3(f). In the bottom panel, the dash-dotted
and dashed lines are the same as in Fig. 3(f).

uw —U{ny), and (n,) is then U dependent. Roughly, as given
in Ref. [48], at U = 1, we have (n,) ~ 0.455.

Hartree shifted series, K=5

61
[ 111g by + m)izwi]
Jujw — S° ¥ =dxew)0Tho|

(S"V

FIG. 7. Analogous to Fig. 4(a), for the parameters of the model
corresponding to Fig. 6. The blue line is the optimal §u*, to be used
in Fig. 8.

The results are presented in Fig. 6 for three values of U.
At low U, the series is well converged by K =5, and the
result is entirely insensitive to the choice of §u, as expected.
At intermediate and high U, the result can be strongly §u
sensitive. The §u dependence of the result, however, strongly
varies with w. It appears that for a given w, there are ranges of
the §u value where the result (at fixed order K) is insensitive
to the precise choice of §u. This presents an alternative way
of choosing an optimal §u (a similar idea was employed in a
different context in Ref. [58]).

The striking feature at large U is the causality violations at
|w| ~ 2 that were previously discussed in Ref. [48] (note that
the broadening somewhat masks the extent of the problem).
The dips in the self-energy spectrum appear to happen only
at certain values of §u: at w = —2, the problem is present at
S large and negative, and at w = 2, at §u large and positive.
In particular, at w = 2, the result appears to vary uniformly
with §u, and one cannot select an optimal §u based on the
sensitivity of the result to the . value. We therefore repeat
the procedure from the previous section and select the optimal
du* (w) based on the level of convergence between orders K =
4 and K = 5. The spread of the results and a smooth choice of
du*(w) are presented in Fig. 7.

In Fig. 8, the results of the averaging are shown and
compared to the Su = 0 results at the highest available
orders K =4 and K = 5, at three values of U. The conver-
gence is visibly better around our §u* than with . = 0 at
problematic frequencies |w| ~ 2. More importantly, the non-
physical features are clearly absent. At U = 1, in the u = 0

U=05D 000 U=0.8D
—0.01 -0.02
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-0.02
-0.06

), n=0.2

—0.03 —0.08

-0.10
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-0.12
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005 -0.14
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6u= —0.135
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2
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FIG. 6. Imaginary part of the self-energy on the real axis (with broadening 7), at different values of coupling constant U, obtained with
our method at K = 5 using different chemical-potential shifts .. The parameters of the calculation are the same as in Ref. [48], i.e.,t’ =0,
uw—U(n,) =—0.1D, T = 0.1D. The self-energy is calculated at k = (0, 7). Passing of the curves above the gray dashed line indicates

breaking of causality.
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FIG. 8. Imaginary part of self-energy, real-frequency results
(with broadening 7). Right column: obtained with the w-resolved
resummation for the model parameters from Fig. 6, using the op-
timal 6*(w) from Fig. 7; to be compared to the standard s = 0
calculation in the left column. Purple dashed lines in the top row are
the K = 6 calculation with §u = 0.

calculation, the causality is not yet violated, but the dip at
w = 2 is already starting to appear, which is clearly an artifact
of the series truncation which should be removed systemati-
cally. It is important that the intermediate frequency behavior
that we obtained by averaging results around the optimal §u
is indeed the correct one, and it will not change much further
with increasing orders. We show in the top panels the K = 6,
the §u = 0 result of which has been benchmarked against a
fully converged imaginary-axis result in Fig. 9 (the converged
result was obtained with the ¥ Det method [59,60] at order

Hartree shifted series, 6u=0

0.00
x  real
0021 +  imag
-0.04 ---- 2Det, N=8
E ~0.06 | — K=2
~< -0.08 K=3
W _
~0.10 K=4
— K=5
-0.12
— K=6
-0.14 1
0 1 2 3 4 5 6
Wn

FIG. 9. Matsubara-frequency self-energy result, with model pa-
rameters as in Fig. 6. Crosses are the real part, pluses are the
imaginary part, and lines are eye guides. Solid lines are the Hartree-
shifted series with §u = 0 at different maximal K. The same result
was obtained with both the algorithm presented in this work and the
algorithmic Matsubara summation method from Ref. [48] (the two
methods were compared diagram by diagram). Black dashed lines
are the X Det result at maximal order N = 8.

8). Clearly, the improved convergence between orders 4 and
5 that we have achieved by choosing §u appropriately does
indeed mean an improved final result. However, our proce-
dure does not improve the result at around w = 0, where the
optimal 4 does appear to be close to 0. The K = 6, u =0
result shown in the upper panels of Fig. 8 is still a bit different
from the K = 5, u ~ §u*(w) results around w = 0.

In the case of U = 1D, it is interesting that a large negative
o does bring the w & 0 result at order K = 5 much closer to
the exact value. This can be anticipated from Fig. 6, where we
show the corresponding results for U = 0.8D and U = 1.2D.
Also, by looking at the color plot in Fig. 7, we see that at
o = 0, there is indeed a local minimum in the spread at around
du = —0.2, which could be used as the optimal §u*. This
minimum, however, cannot be continuously connected with
the other minima that we observe at w < 0, so we chose a dif-
ferent trajectory in the (w, §iu) space. It would be interesting
for future work to inspect the behavior at even more negative
3, where another continuous trajectory Su*(w) might be
found.

V. DISCUSSION, CONCLUSIONS, AND PROSPECTS

In this paper, we have derived an analytical solution for
the multiple-time integral that appears in the imaginary-time
Feynman diagrams of an interaction series expansion. The
solution is general for any diagram with a single external
time or no external times. We find this generality to be a
great advantage compared to the recently proposed algo-
rithmic solutions of the corresponding Matsubara-frequency
summations. Our analytical solution allowed us to develop
a very flexible DiagMC algorithm that can make use of the
possibility to optimize the series with shifted actions. As
a result, we were able to almost perfectly converge a real-
frequency self-energy in just 3—4 orders of perturbation, in
a nontrivial regime and practically in the thermodynamic
limit.

More importantly, the fact that one does not have to prepare
a solution for each diagram topology individually opens the
possibility to develop algorithms more akin to CTINT and
allow the MC sampling to go to indefinite perturbation orders.
In fact, upon a simple inspection of CTINT and continuous-
time hybridization-expansion quantum Monte Carlo in the
segment picture (segment-CTHYB) equations [42], it be-
comes clear that our solution can, in principle, be applied
there, so as to reformulate these methods in real frequency.
This would, however, come at the price of having to break
into individual terms the determinant that captures all the
contributions to the partition function at a given perturbation
order. In turn, this may lead to a more significant sign prob-
lem, and an effective cap on the perturbation orders that can
be handled in practice. On the other hand, it is not entirely
clear how much of the sign problem comes from summing
the individual terms and how much from the integration of
the internal times, and we leave such considerations for future
work. In any case, DiagMC algorithms based on hybridization
expansion have been proposed before (see Refs. [23,28,61]),
where our analytical solution may be applied.

Our solution also trivially generalizes to real-time inte-
grals and may have use in Keldysh and Kadanoff-Baym [9]
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calculations, where the infamous dynamical sign problem
arises precisely due to oscillating time integrands. There have
been recent works [62,63] with imaginary-time propagation
of randomized walkers where our solution may also find ap-
plication.

Finally, we emphasize that avoiding analytical continuation
could be beneficial at high temperature where the Matsub-
ara frequencies become distant from the real axis, and thus
noisy imaginary-axis correlators contain little information
[64,65]. The high-temperature regime is particularly relevant
for optical lattice simulations of the Hubbard model [66].
In that context, we anticipate our method will find appli-
cation in the calculation of conductivity and other response
functions.
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APPENDIX A: REAL-TIME INTEGRATION

Let us consider the following special case of the integral
given by Eq. (3), which is relevant for real-time integrations
featuring integrands of the form e£:

N tit1

7 i LitiE;

ity i B Ex) () = | |/0 dt; ' "t (A1)
i=2

with ty41 =t¢. This corresponds to the~ case r ¢ [2, N] in
Eq. (3), and w; = iE;, and we will define E; analogously to &;.
The result is then obtained straightforwardly from Eq. (14),

eitEN by 2 :

{ki€[0,(1=8z n;1}im;=1

Lity.. ) B B} () = Z

{bieldz iz v

x (_I)Z,N:zkz l_[ 1

n:
=1 "

s prHl=by—ky 1—[ G i

(iE)k+bi® (A2)
iEA0

which has the following general form:

Ity = Y Z,tle".
J:p€Ny

(A3)

APPENDIX B: EXTRACTING REAL-AXIS RESULTS
WITHOUT POLE BROADENING

In this section, we show how the results on the real axis can
be extracted without any numerical broadening of the poles.
Rather, we make use of the pole amplitudes by interpreting
the result as being representative of the thermodynamic limit,
where poles on the real axis merge into a branch cut, and thus
we consider that the pole amplitude is a continuous function
of the real frequency. We extract the imaginary part of the
contribution [ImD(w)], and then the Hilbert transform can be
used to reconstruct the real part.

The procedure relies on the following construction: A func-
tion f(z) which is analytic everywhere in the upper half of the
complex plane (zt = x + iy with y > 0) and decays to zero
with |z satisfies the relation

Fe) = —ifdx/
T

After applying the pth derivative with respect to x (i.e., the
real part of z*) on both sides of the equation, one obtains
Imf(x' +i0%)

zF—x

Imf(x' + i0")

7r—x B

1
st =~ [avay
T

Imf(x' +i0")

(zt — x/)p+1 :
We can now move the constant prefactors to the left-hand side
and rename p 4+ 1 — p. Just above the real axis, we have

—Drm 4 . / Imf(x' +i0")
AR oY= | dx———— —~ 7
! P f(x +i07) -x(x_x/+i0+)p

We can now discretize the expression on a uniform x grid with
the step Ax, say, x; = jAx, and we see that the right-hand side
has the form of a sum of poles of order p, equidistant along
the real axis, and with amplitudes A; = Imf(x; + i0™),

(—1)Pr Ay

A Iy Ax—
I Z Yo —xp 0ty

1 /
=—;/dx(—1)”(17+1)! (B2)

. (B3)

(B4)
J

where 3 is the finite-difference approximation for the deriva-
tive along the x axis. Clearly, the imaginary part of the entire
sum of p-order poles at a certain point x; can be estimated by
looking only at the (p — 1)th derivative of the amplitudes of
these poles at x;, as given in the above expression.

The expression (B4) can be readily applied in our case
[Eq. (33)] where the real axis is the frequency axis w, with step
Aw and w; = jAw, and the sum of the poles determines our
diagram contribution D. In general we have poles of various
orders, but we can group the poles by order and treat their
contributions separately. We therefore have

T —1?
ImD(w; +i07) ~ — > —=d (B5)
P
In the case of simple poles only, the contribution at any w; is
simply proportional to the amplitude of the pole A; ;. Other-
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IMmDy, k1, 5u(w +in)

order 1 poles

order 3 poles

total

FIG. 10. Tllustration of a n = 0% result obtained from Eq. (31)
without any numerical broadening, based only on pole amplitudes.
The diagram used is the second-order diagram (illustrated in the top
panel), with L = 2. In the propagators, we take é+ = 0. The rest of
the parameters are © — U (n,) = —0.1D, T = 0.1D, and the external
momentum is k = (0, 7). The top three panels are contributions
from first-, second-, and third-order poles, respectively. The bottom
panel is the total result. Lines with > 0 are obtained with numerical
broadening. The crosses on the n = 0 result denote the available
frequencies (in between, we assume linear interpolation).

wise, the procedure requires that the pole amplitudes form a
reasonably smooth function of the real frequency. Addition-
ally, the energy resolution is a measure of the systematic error
made in this procedure.

To avoid statistical noise and noisy features coming from
the finite size of the lattice (see next section), we test our
method on the example of a N = 2, L = 2 diagram, which
we can solve with the full summation of Eq. (31), on a lattice

0.08 1

0.06 1

0.04 1

0.02 1

IMDy,, k1, su(w + in) + const

0.00 s

—0.02 4

256 X 256

-4 -3 -2 -1 0 1 2 3 4

FIG. 11. Comparison of the real-frequency imaginary self-
energy result for a single fifth-order diagram (illustrated in the
bottom-left corner), for the lattice sizes 32 x 32 and 256 x 256,
at three different levels of broadening. The calculation is in both
cases performed with the same number of MC steps and took sim-
ilar time. The parameters are L = 0, 6 =0, u — U (n,) = —0.1D,
T = 0.1D, and the external momentum is k = (0, 7).

of the size 96 x 96. This diagram produces poles up to order
3. The result is shown in Fig. 10. In the first three panels, we
show the contribution from the poles of each order, and in the
bottom panel, we show the total result.

APPENDIX C: CONVERGENCE WITH LATTICE SIZE

In this section we discuss the convergence of the result with
respect to the lattice size. In Fig. 11, we compare the results
for a single N = 5, L = 0 diagram on the lattices of size 32 x
32 and 256 x 256. We observe that the result is almost exactly
the same at broadening level n = 0.2, which brings further
confidence in the results in the main part of the paper.

In Fig. 12, we illustrate how the size of the lattice de-
termines the highest energy resolution that one can have,
under requirement that the results form a continuous curve
on the real axis and are, therefore, representative of the ther-
modynamic limit. We perform the full summation for the
second-order diagram with L = 0, with various sizes of the
lattice and various resolutions. Clearly, the bigger the lattice,
the higher the energy resolution one can set without affecting
the smoothness of the results.

The numerical parameters of the calculation are there-
fore the size of the lattice, the energy resolution, and the
broadening (the resolution and the broadening can be tuned
a posteriori), and one can tune them to get the optimal ratio
between performance and the error bar. If the pole amplitudes
Aj, are a relatively smooth function of j, no broadening is
then needed at all.
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FIG. 12. Real-frequency result (n = O%) for the contribution of the lowest-order diagram (illustrated in the rightmost panel) at various
lattice sizes and frequency resolutions, obtained with full summation (gray code). The step of the uniform energy grid is denoted Aw. The

parameters are L = 0,8 =0, u — U(n,) = —0.1D, T = 0.1D, and the external momentum is k =

0, ).

APPENDIX D: DERIVATION OF EQ. (5)

After applying n times the partial integration over the integral from the left-hand side of Eq. (5), we get

Tf Ty
/ e dt / t"e"dt
0 0

(D)

Zn-ﬁ-l
- _e”’(fo)"—ne”f(zrf)"‘l+ S (=1 / K Toe’df:|
ZnJrl i . . o
LT n! T n— n 2T n— n n! o T
= ol _m(_l)oe "(zzy) 0‘*‘(_1)1(’1_—1)!6 fer) 4+ (=D —(n—n)!/o 7% dr:|
1 i T n— n. 7T n— n l’l' .
= ntl _m(—l)°e~f(sz) 0+(—1)1m€ M)t (=) m(zrf)o(e r— 1)i|
B Zn+1 e Z( D) k( - k)! — (= n4;19

which can be readily identified with the right-hand side of Eq. (5).

(
APPENDIX E: DERIVATION OF EQ. (21)

We are looking for a solution of the Fourier transform

e~ it

1
Gh(e, 1) = — —_—. El
L(e, 7) ﬂ%j(mn_g), (E1)

C,’f“ = nC,’f + 77nC,’f_1

rewritten

For any 7, we can express the sum above as a contour integral,
and we find

Gf)(e, 7) = —Res,_;

If we define S" =

n—1

n_nck-‘rl i
n! " (n—1)!

n" _x k
= I’ZECH + Cn—l

By deriving this expression on both sides, one obtains a recur-
sion for the coefficients C,’f,

(E4)

with holds for k > —1 and n > 0 with CJ = 1. That can be

(E5)

I .
"—Ck we have the recursion S**! = nSk +

3 )
_ T)L"J d=t e (E2) Sk_,, which is the recursion for the Stirling numbers of the
(=D dz'=1 1 —ne b Z=E’ second kind. This allows one to have the following important
result:
where |...| denotes the integer part (floor function), and {x} =
x — x| denotes the fractional part. d* 1 k k ()"
We see that it will be useful to have an expression for =T = Z n"n!{n} prv
derivatives of (1 — ne?)~!. They have the general form dz" 1 —ne (1 —ne)
k
k ny )k e
de 1 _ nez nez)n+1 ( ) n=0 € n
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With this, one obtains the following expression:

Gé(s, 7) = _esﬂ(l—{;})nL;JH(_'B)z—l

! n! l—m—1
Xzz(l—m—l)!m!{ n }

1 n+1 T m
X | —— -t E7
(=) {5l =)
which already satisfies the (anti)periodicity properties of the
Green’s function.

To make use of the result given by Eq. (E7), we need to
express Gf)(s, 7) as a function of two times Gf)(s, 7,7) =
Gf)(s, t —1'), with 7, t’ € [0, B]. We first consider T > 7.
By substituting (v — /)" = 37_o(=1)"(})rf "¢ into
Eq. (E7) and substituting m — ¢ with ¢, we get

-1 1-¢—1
Ghe, 1 —1')= ne‘S(T’_T)nn(—e)Z Z cl_,zﬁg(s)t{r’g,
=0 ¢=0
(E8)
with Cz_.;, g(s) as defined in Eq. (22). The result for T < 7’ can
then be easily obtained by proving the property Gé(s, T) =
(—1)'Gj(—¢, —1),

Sl eiQ,]I

1
l —_ —_ — —_—_—
Gy(e, —1) = B E (iS2, e)!

n=—00

1 0 e*iQnr
N E,;oo (i€, — &)
1 o e—[Q,,r
=CD'2 ) ——
B Z (i, + &)

n=—0oo

= (=1)Gp(—¢, 1),
which implies that in the definition (21), we must have

e (&)= (=1 (). (E9)

APPENDIX F: GENERAL HAMILTONIAN CASE

It is important to show that our method is not restricted
to a specific choice of Hamiltonian. The local density-density
interaction and the single band of the Hubbard Hamiltonian
bring many simplifications, but none of them are necessary for
our imaginary-time integral solution or the chemical-potential
tuning scheme.

Consider the general Hamiltonian

H= Z(sa - /'L) + Z Ualaza3a4cllca26;3ca4- (Fl)
o o030y

The o are the eigenstates of the noninteracting Hamil-

tonian, e.g., a combined momentum, band, and spin

index. The self-energy can be now expressed as a

series,

2N—1 oo li—1

S =22 112 2 11X

N Ty j=1 li=laj1.aj; n=1V;,

N
X IV jdasasin | [ e rasy s s 0

i=1
N-IHE, (=1 g

<1

m=1

dtm G()(éam, :Ejv” - f}v")'
0

(F2)

Similarly as before, Ty enumerates topologies without any
instantaneous insertions (Hartree or chemical potential) at
perturbation order N (the number of interaction vertices).
The fermionic lines in the Yy topology are enumerated with
J. On each fermionic line, we make any number /; — 1 of
instantaneous insertions with amplitudes V; , (interaction am-
plitudes in Hartree insertions are included in V; n enumerates
the insertions at the fermionic line j). In general, Hartree
insertions may contain off-diagonal terms in the « basis and
are therefore a matrix in the o space. However, it is necessary
that chemical-potential shifts are diagonal in this basis, as
we want to have the bare propagator diagonal in this basis
as well. Otherwise, the form of Gy from Eq. (18) would
no longer hold. Nevertheless, one may still have a separate
chemical-potential shift for each state, du,. After making
insertions, the number of fermionic lines increases to » ; l;.
The fermionic lines are now enumerated with j, n, and the
corresponding states are o ,. The index i enumerates the in-
teraction vertices outside of any Hartree insertions. We denote
aj, (i) as the single-particle states at four terminals of each
interaction vertex. The interaction vertices at incoming (i = 1)
and outgoing (i = N) terminals of the self-energy diagram
are o;,(i = N) =, a;,(i = 1) = o’. With m, we enumerate
all times to be integrated over. With each interaction vertex
i > 1, we associate one time, and there is a time associated to
each instantaneous insertion of which there are »  (/; — 1).
We assume that the incoming time corresponding to the vertex
i =1 1is 0. The times on the terminals of each bare propa-
gator j, n are %;, and :E]/',n and they take on values from the
set {rm}m=0...N—l+Z/(lj—l)’ with the external incoming time
fixed, 7o = 0. %, f,;,n’ and «;, ,(i) are implicit functions of
topology Yy. Finally, &,,, = &, — i + 8i4y,,. We can now
focus only on the time-integral part and proceed completely
analogously to Egs. (27)—(31).

It is worth noting that with general interactions, pulling
the coupling constant in front of the diagram contribution is
impossible, as the frequency dependence of the contribution
of each diagram will depend on the precise form of Uy, ,¢;q,-
In the most general case, one must set specific values for
Uy, aras0, and 811 before performing the Monte Carlo summa-
tion. One can then choose the variables that will be sampled
stochastically and the ones that will be fully summed over.
In the end, the contributions can be easily grouped by total
number of independent times (K), including those in Hartree
insertions. The integration of times in Hartree insertions can
always be performed beforehand. Therefore, in the fully
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general case, the number of integrations to be performed at
the time of Monte Carlo sampling is N — 1+ .(/; — 1).
In the case of purely density-density interactions (as is the
case in the Hubbard model) or spin-spin interactions in the
absence of external magnetic fields, this simplifies further
because instantaneous insertions lead to expressions of the
type m for which we can work out the temporal Fourier
transform analytically [Eq. (21)] and the remaining number of
integrations to perform is N — 1 [as we do in Eq. (31)]. In the
general case, when Hartree insertions are not diagonal in the o«

basis, one has expressions of the type ————... 1 In
Iw—E| lw—E& w—¢&;

principle, one could prepare the analytical Fourier transforms
for a general function of this form, but it might be increasingly
involved at large /, so we assume one would do these integra-
tions at the level of the Monte Carlo, when &, ; are already
specified.

We finally emphasize that even more general construc-
tions are possible, even in bases other than the noninteracting
eigenbasis. In such cases, the Gy’s are nondiagonal and
may have a continuous real-frequency dependence, instead
of being a single pole. We leave such considerations for
future work.
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