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ABSTRACT: We study numerically and analytically the time dependence and saturation
of out-of-time ordered correlators (OTOC) in chaotic few-body quantum-mechanical sys-
tems: quantum Henon-Heiles system (weakly chaotic), BMN matrix quantum mechanics
(strongly chaotic) and Gaussian random matrix ensembles. The growth pattern of quantum-
mechanical OTOC is complex and nonuniversal, with no clear exponential regime at relevant
timescales in any of the examples studied (which is not in contradiction to the exponential
growth found in the literature for many-body systems, i.e. fields). On the other hand, the
plateau (saturated) value of OTOC reached at long times decreases with temperature in a
simple and universal way: exp(const./7?) for strong chaos (including random matrices) and
exp(const./T') for weak chaos. For small matrices and sufficiently complex operators, there is
also another, high-temperature regime where the saturated OTOC grows with temperature.
Therefore, the plateau OTOC value is a meaningful indicator of few-body quantum chaos.
We also discuss some general consequences of our findings for the AdS/CFT duality.
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1 Introduction

Recent years have seen a renewed interest in classical and quantum chaos in the context
of high-energy physics, black holes and AdS/CFT, thanks to the relation of chaos to
quantum information theory and the information problems of black holes. Sharp and
reasonably rigorous results such as the celebrated MSS chaos bound [1] and its subsequent
refinements [2, 3] establish a connection between chaos and the fundamental properties of
gravity and black holes [4, 5]. Maximal chaos, with the Lyapunov exponent \ = 277" at
temperature 7', is reached for strongly coupled field theories in the large N limit, which
have a classical gravity dual with a black hole. In [2] and other works it is explicitly shown
how the Lyapunov exponent changes with finite IV effects.

However, it has been pointed out many times, also in the pioneering MSS paper [1],
that the multiple notions of quantum chaos in the literature mean different things. The
out-of-time ordered correlation function (OTOC), given by the expectation value of the
commutator of some operators A and B at times 0 and t:

C(t) = (| [A(1), B0)] [*), (1.1)



is a natural quantity in quantum field theories, i.e. many-body systems, and defines the
quantum Lyapunov exponent A as the exponent of the time growth of OTOC. However,
the classical limit of this exponent does not necessarily have much to do with the classical
Lyapunov exponent Acass, obtained by solving the variational equations [6-8]. The reason is
the noncommutation of the three limits to be taken: the classical limit A — 0, the long-time
limit ¢ — oo, and the small initial variation limit dz(0) — 0. The crucial insight of [7, 8]
is that the mechanism of scrambling may be the chaotic dynamics, in which case A¢jags is
related though still not identical to the OTOC exponent (quantum Lyapunov exponent) A,
or it may originate in local instability (hyperbolicity), in which case even regular systems
may have a nonzero A\ exponent and likewise chaotic systems may have A which is completely
unrelated to the classical counterpart.

This mismatch between the classical and quantum Lyapunov exponent is just the tip
of the iceberg. The problem is twofold: not only what is the relation between the quantum
(OTOC) exponent and classical chaos, but also what is the relation between the quantum
Lyapunov exponent A and other indicators of quantum chaos such as, first and foremost,
level statistics. The bread and butter of quantum chaos is the famous Dyson threefold
way leading to the Wigner surmise, the level repulsion statistics determined solely by the
time reversal properties of the Hamiltonian [10], which follows from the random matrix
approximation of chaotic Hamiltonian operators [11]. It is no secret for several years already
that the black hole quasinormal mode spectra follow the random matrix statistics [12], and
the OTOC of a Gaussian unitary ensemble (GUE) has been computed analytically in terms
of Bessel functions in [13, 14]; the outcome is close to the expected behavior of large- N
field theories only at long timescales, longer than the scrambling time; at shorter timescales
there are important differences. The authors of [13] have reached a deep conclusion in
this respect: random matrices have no notion of locality as the correlation of any pair of
eigenvalues is described by the same universal function. This is why the OTOC of a GUE
system deviates from that of a local field theory at early times, when the perturbation
in field theory has not had time to spread yet (i.e. when it is still localized). Therefore,
the level repulsion does not imply the usual picture of the chaotic (exponential) OTOC
behavior. However, we do not know yet how this correlates to the behavior of few-body or
more precisely few-degrees-of-freedom quantum systems as opposed to the large-N field
theories with a gravity dual. In few-body systems the notion of locality (and a classical
gravity dual) does not exist anyway and the main problem found by [13] is irrelevant; at
the same time, such systems are often very well described by random matrix statistics, i.e.
Wigner-Dyson statistics [10]. In this paper we aim to understand the behavior of OTOC
in such systems. Running a bit forward, we can say that the growth of OTOC is rather
unremarkable: we find no universal trend, and little connection to level statistics. This
confirms the results found for specific examples in [8, 15].

The relation of OTOC, level statistics and the classical Lyapunov exponent was studied
for few-body systems (quantum mechanics) in [8, 15-18] and the picture is inconclusive. One
can have a nonzero growth exponent in integrable systems,! whereas fast scrambling with

!This actually correlates with the classical variational equations in hyperbolic systems, which show
exponential growth even in absence of chaos.



the exponent close to 27T or at least growing linearly in 7" has not been found even in some
clearly chaotic systems [8, 9]. Arguments for many-body systems such as spin chains even
suggest that quantum-chaotic systems with Gaussian spectral statistics generically never
show fast scrambling [19], but no claims of such generality have been tested or formulated
for few-body quantum chaos.

Various indicators of chaos relevant also for small systems, and their relation to OTOC
and scrambling were studied by [20-27] among others. In particular, in [26] some important
insights can be found: even in small systems devoid of the locality notion, OTOC can be
interpreted as a measure of delocalization of a state in phase space, and the oscillatory
component of the OTOC dynamics has to do with the power spectrum of the system. This
last insight provokes a more general question: can we learn something from the quasi-
stationary regime of OTOC, where no systematic growth is present but only oscillations? In
this paper we provide a partial answer from a detailed study of this saturated (asymptotic,
plateau) OTOC regime: the magnitude of the OTOC average at the plateau has a simple
temperature dependence, and apparently can differentiate between weak chaos (dominantly
Poissonian level distribution with some admixture of the Wigner-Dyson statistics) and
strong chaos (clear Wigner-Dyson level repulsion). We will demonstrate this on three
representative systems: the quantum Henon-Heiles Hamiltonian, whose classical limit has
mixed (regular/chaotic) phase space and thus we expect on average weak chaos, a simplified
BMN matrix model (at small V) exhibiting strong chaos for most initial conditions, and
Gaussian random matrices, the prototype of strong quantum chaos. The long-time limit of
OTOC behaves in subtly different ways in each case.

Before we start, one caveat is in order (we will consider this issue in more detail
later on): one might think that the saturated OTOC value is always trivially determined
by the system size. We typically assume that the OTOC function C' as defined in (1.1)
behaves roughly as C(t) ~ ¢/N? x exp(At) with ¢ of order unity, so when t ~ t, = log N2/
the growth of C(t) stops and OTOC approximately reaches unity (when appropriately
normalized). But the twist is precisely that c is system-specific and in general poorly known.
The leading N? behavior indeed determines the OTOC values for N large, but when N
and c are comparable within an order of magnitude the effects of fluctuations and finite N
corrections are significant. This is at the root of our observations in this work.

The plan of the paper is as follows. In section 2 we recapitulate and generalize some
results on computing OTOC in quantum mechanics, and show how OTOC sensitively
depends on both the Hamiltonian and the operators A, B from the definition (1.1). In
section 3 we apply the general formalism to random matrix ensembles and show that the
OTOC growth is a complicated and nonuniversal function but that its asymptotic value
behaves in a rather simple way. Section 4 discusses the behavior of OTOC for deterministic
quantum-chaotic Hamiltonians. Section 5 sums up the conclusions.

2 OTOC in quantum-mechanical systems

Consider a four-point time-disordered correlation function for a quantum-mechanical system
in 0+ 1 dimensions at temperature 7" = 1//. Starting from the usual definition (1.1) as the



squared module of the commutator of the two operators A and B, we can write it out as

1 1 _
C(t) = (AWM, BO)] ) = 2 > ™7 (nl[ [A(t), B(O)] [*|n), (2.1)
where the averaging is both thermal and quantum mechanical: (...) = tre 7 (vac|. .. |vac).

We can pick a basis of states and express the above defining expression in terms of matrix
elements of the operators (this closely follows the derivation in [8, 16]):

Clt) = 7 e (nl [AE), BOlm) ][40, BO ) = 7 S Prlenn(®), (22

where we have inserted the completeness relation 1 = )", |m)(m|. For a single element
Cmn(t) one gets:

emn(t) = (n] [ Ae™ 1!, B] |m) =

>

n|ethAe—’LHt|k.><k;|B|m> — <n|B|k‘><k|€ZHtA€_ZHt|m>> =

(
k
= 5 ((nleot A B k[ Blm) — Gl Bk (Kl B Ao ) ) =
k
= Z (ankbkme_zEknt - bnkakme_ZEmkt> ) (23)
k

where in the second line we have again inserted a completeness relation and in the third line
we have used the fact that we work in the energy eigenbasis. The outcome is expressed in
terms of the matrix elements @y, by Of the operators in the energy basis. In practice, it
may or may not be possible to compute these analytically. Specifically, for A = z, B = p, we
get the analogue of the classical Lyapunov exponent. From now on we call this the kinematic
OTOC as it is directly related to the classical trajectory. Let us now see what general
bounds can be put on (2.3) from the properties of quantum-mechanical Hamiltonians.

2.1 An upper bound on OTOC saturation

We begin with a very general and very formal result, which immediately makes it clear
that in a generic quantum-mechanical system (integrable or nonintegrable) OTOC can be
bounded from above by a quantity which solely depends on the energy spectrum of the
Hamiltonian and the choice of the operators A and B. This upper bound remains valid no
matter what is the time dependence of OTOC, even if it does not have a nonzero growth
exponent at all (which is quite generic in quantum mechanics). Starting from the basic
equations (2.2)—(2.3), let us denote Cpmi = @nkbm 1 Dpmk = —bnkagm, and estimate a
single coefficient ¢,y (t) in the sum. We clearly have

‘Cmn(t” = ‘ Z OnmkeiiE’mt + DnmkeiiEmkq < Z ’CnmkeiiEknt + DnmkeiiEmkq =

k k
2
’cmn(t)’2 < <Z ‘CnmkeiiEk"t + DnmkeiEmkt> < Z ’CnmkeiiEknt + DnmkeiiEmkt’ <
k k
< Z <|Cnmk|2 + |Dnmk|2 + 2’Cnmk||Dnmk‘ COs (Emk - Elm) t) 5 (2~4)
k



where N is the matrix size. In the second and third line we have used the inequality between
the arithmetic and harmonic mean. Now we can bound the value of C(t):

1
0<CM < 3 e (IComtl? + | Damail? + 2 Coumi || D] €08 (Enie = Ein)t)  (2.5)

nmk

This means that C(t) is bounded at all times by an oscillatory function of time, whose
frequencies are linear combinations of three eigenenergies (FE,,x — Exy, = Ep, + Eyn — 2Ey).
Such a combination is generically always nonzero for a chaotic system except when the
energies coincide, e.g. E,,, = E,, = E}, (according to the non-resonance condition). Therefore,
since OTOC is typically a non-decreasing function of time, the behavior of C(t) for ¢ large is
roughly its maximum value and is likely close to the right-hand side in (2.5). This suggests
that the OTOC dynamics after saturation likely consists of a very complex oscillatory
pattern (with ~ N3 frequencies if the Hilbert space has dimension N) superimposed on a
plateau. The numerics will indeed confirm such behavior.

Another estimate, which is time-independent and relevant for our main result — the
magnitude of the saturation (plateau) OTOC value, is obtained from the triangle and mean

inequalities:
lemn () < 1D Cmre™ ™ 413 Dumre™ 52 < | Comiel* + 1D Dumie|* =
k k k k
1 _ 2 _
nm nm

(2.6)

where we have used the obvious relations Y, Crunk = (A B)nm and > Dy = (B A)pm =
(A-B)},, = (A B)ym, assuming also the hermiticity of the operators. For some models
(e.g. random matrices, Henon-Heiles), this sum can be estimated in a controlled way and
provides an approximation for the plateau of OTOC. These estimates are obviously very
simple and very weak (in the mathematical sense) but provide us with a framework into
which we can insert specific A, B and H (the Hamiltonian with energies F,) and perform
back-of-the-envelope calculations which explain the numerical findings.

3 OTOC for random matrix ensembles

Random matrix theory [10, 11] provides a highly detailed and rigorous (within its starting
assumptions) stochastic effective description of the few-body quantum chaos, and allows an
analytic calculation of OTOC along the lines of (2.3). Let us focus on Gaussian ortohogonal
ensembles of size N x N, appropriate when there is full time reversal invariance. It is
known [10] that the joint distribution all the elements of all eigenvectors is obtained simply
from the statistical independence of the eigenvectors from each other and of the elements in
each eigenvector (and the orthogonality of the eigenvectors):

P({c}) = (ﬁ[f (Z (cf)? ~ 1)) (H 0 (Z C?C%")) : (3.1)

7 n<m



where i = 1... N is the component of the eigenvector and 1 < n,m < N count the eigen-
vectors themselves, i.e. the energy levels; so the n-th eigenvector |n) is represented by the
column vector 1™ with the elements (cf, ... cR;). Special cases like the probability distribu-
tion for the p-tuple of elements of a single eigenvector are obtained from (3.1) by integrating
out all the other elements [10]. We will also need the probability distribution of the energy
levels {E} = E1, Es, ... En, the celebrated Wigner-Dyson distribution function [10]:

2
P ({E}) = const. x H |E,, — Em|bexp <— Z Ek) ; (3.2)

2
n<m k g

where o is the standard deviation, fixing the unit of energy, and b = 1, 2 or 4 for orthogonal,
unitary and symplectic ensembles respectively. Most of our work is independent of the
symmetry class, however our default class will be the Gaussian orthogonal ensemble (GOE)
with b = 1 when not specified otherwise.

3.1 Estimate of the OTOC and its plateau

The idea is to use the results recapitulated in the previous section to find the ensemble expec-
tation value of OTOC from the “master formulas” (2.2)—(2.3). Representing the eigenvectors
and the operators as matrices in some (arbitrary) basis we can obviously write out

ank = S0 A = (agr) = / N ™ / dNyp® P (p), p0) My 4 (33)

]

and similarly for b,;. Inserting the above expression for the matrix elements into (2.3),
multiplying ¢, (t) by its complex conjugate taking into account the reality of the eigenvec-
tors and relabelling the indices in the sums where convenient we find (denoting the average
over the random matrix ensemble by (C(t))):

(1)) = / P! / A EYPENP )Y S S S S el e e cmeme 0

n.m 1 ; ) )
kK 1,2 J1,2 127012

Ay Be s B e BB LA A, B B e Ee— Byt
x <A1122A2’11/QBJ1JQB]1156 +A22]2A1/2J§BZU131’1]16

L L W(Ey+E,. —FEn—FEp)t o o W(Em+En—FEr—FE, 1)t
*AzzjzAi’liéBn]lBjijée ( k= Hm=En) *AuzzAi’QjéB]UzBi’ljie (Eom+-En 2 )

(3.4)

where {c} determines the whole set of N? random elements an) with jyn=1...N and
likewise {E,} is the whole set of eigenenergies. All the sums run from 1 to N. The
integral over the eigenvector elements {c} in (3.4) produces only an overall constant as
these coefficients do not couple to the other quantities (in fact the integral dv ’ {c} is a
textbook Jeans integral, but we do not need its value as it only produces an N-dependent,
T-independent constant). The remaining integral, over the eigenenergies, is again a sum of
products of Jeans-type integrals but with an additional linear term —SE in the exponent.
Notice that the imaginary (sine) terms in (3.4) cancel out when the sum is performed; this



is a consequence of the module squared in |, |?, i.e. of the reality of OTOC. Now we see
that (3.4) becomes a sum where each term is a product of factors of the form

pi(Ei)e*Ezz/‘l"Q*ﬁEi cos(sE;t), s e {0,1},

where p; is some polynomial and s may be zero or unity, i.e. some terms have this factor and
some do not. Every such term is a Jeans-type integral. The number of terms in P ({E})
equals the number of partitions of N(N — 1)b/2, and the sums over the coefficients {c}
bring alltogether N2 terms. When everything is said and done (for details see appendix A),
the final outcome, ignoring the multiplicative constant factors, reads:

4 2, a=N(N—-1)b/2

14+a% 1 o2 2)
Ot)) = F (Bt
CUR | S o Y G AT

af,..af
2+a% 3 o? 9 1+a% 1 o2 9
— F - . F -
+(ﬁ Zt)l 1( 9 "9y (B Zt)>+1 1( 9 "9 Y (/3+Zt)
2+a% 3 o2
+<ﬁ+zt)1F1< . ,2,2(6+zt)2>, (3.5)

where 1 F is the confluent hypergeometric function. The sum runs over all partitions of
N(N —1)b/2, and the product has four terms as each factor |c,,|? has four matrix elements
of A and B.

3.1.1 Kinematic OTOC

In order to move further we need to specify at least to some extent the operators A and B.
We will consider (1) the kinematic OTOC, with A =z, B = p (2) generic sparse operators,
with O(N) nonzero elements in the matrices a,, and by, and (3) dense operators A
and B, with O(N?) nonzero elements, in particular the case when the operators A, B are
themselves represented by Gaussian random matrices. Let us estimate OTOC for each case.

For the kinematic OTOC, A;; = z;0;; is diagonal and in the large-N limit B can
be approximated as B;; ~ 6;j/z;. The Kronecker deltas reduce the number of terms in
the sums over {c} to N*, the number of partitions >_j@j = n can be approximated as
p(n) ~ exp(m\/2n/3)/\/n, and the general expression (3.4) becomes?

2

(1))~ eIV N (WO (08)+@n ( "f) W (08)+ Qs <sm ”zft> ", (06)> ,

(3.6)
where Wy 12 are polynomials in o of degree N(N — 1)b/2 ~ N?b/2, Q1 is an even

polynomial (with only even powers) of the same degree, and Q2 is an odd polynomial
of the same degree. Each coefficient in the polynomials W 12 comes from ~ N 2 terms
(appendix A), therefore the size of the coefficients scales approximately with N2. Eq. (3.6)

20ne might be surprised by the unusual dependence on N. This happens because we have not normalized
C(t) by the product (AA){AA) as it is usually done. With appropriate normalization, C(t) would of course
be of order unity.



is a very complicated oscillating function as many terms are involved. But if we are only
interested in the average value of C(t) at long times, we may simply ignore the oscillations
(which in the first approximation average out to some value of order unity) and write the
estimate for the long-term, saturated or plateau OTOC value that we denote by Cu:

Coo ~ (C(t = 00)) ~ ew\/gNNge%WO (cB) (3.7)
We deliberately do not write lim;_,, in the above definition as the limit in the strict sense
does not exist because of the oscillatory functions, and in addition our derivation is obviously
nothing but a crude estimate. A similarly rough estimate of the temperature dependence of
Cs can be obtained in the following way. For sufficiently large o3, roughly o3/N? > 1,
the polynomial W} is dominated by the highest-degree term and we have, from (3.7):

N2 o252 2
2

Coo~ (0B) T €77 +...;~veit? 4 ..., (3.8)

where in the second step we have assumed 3 > 1 so that the power-law prefactor 3V *b/2
becomes negligible compared to the exponential. We deliberately emphasize that there are
other terms in the expansion (...), including also a constant term (from the zeroth-order
term in Wy). This is important as it tells us that the scaling is in general of the form
Coo =~ const. +exp(02/4T?), i.e. the temperature dependence is superimposed to a constant.
This is also expected as the (appropriately normalized) saturated value Cs should always
be of order unity, and the temperature dependence will only account for the relatively small
differences between the plateau values of C(t), as we will see later in figures 1 and 2.

On the other hand, for sufficiently small o3, the polynomial Wy can be estimated as a
geometric sum of monomials in —o3N? (remember the terms in Wy have alternating signs):

+252

e 4
“ 1+ oBN2
We have now reached an important point: the plateau OTOC falls off exponentially with

Coo ~1-0BN?+0 (). (3.9)

1/T? at low temperatures® and grows as a function of 1/T" at high temperatures (we are not
sure which function, as there are higher order terms in addition to the one written in (3.9),
and there is no clearly dominant term like the exponential at large ), with the crossover
temperature:4

T, ~ oN2. (3.10)
If we consider a pair of arbitrary sparse operators A and B, the whole above reasoning
B Byt g,
remain as arbitrary constants. Therefore we get the same qualitative behavior with two

remains in place, except that the products of matrix elements such as A;,;, Aii i,
regimes and a crossover between them. The crossover temperature is very high for typical
N > 1 (otherwise the random matrix formalism makes little sense) and finite o (again,
o — 0 makes little sense). In particular, in the N — oo limit the crossover temperature
becomes infinite and the only regime is the exponential decay.

3 Actually, the falloff rate equals const./T? with some system-specific constant, but for brevity we will
denote it schematically as the 1/ T? regime throughout the paper.

4The crossover temperature is determined simply as 8.0 N? = 1, i.e. whether the terms in Wy grow or
decay at higher and higher order.



3.1.2 OTOC for dense and/or random operators

Now consider the case when the matrix elements in (3.5) are generically all nonzero (and
for now nonrandom, i.e. we fix the operators and do not average over them). The large-¢
limit yields the expression

(1)) ~ eV ENN () (4o (1) wo (08) + a1 (o) wi (08 +1at, 0B —at)],  (3.11)

where go 1 and wy are polynomials of degree N(N —1)b/2 ~ N2b/2, and w; is the polynomial
of the same total degree of two variables, o3 + 1t and o8 — 1t. The coefficients of wg ; are
proportional to products of matrix elements A;, ;, By,i, ... Aigjs Brgig, Which are roughly
proportional to |A[®|B|®. The long-time limit yields

Coo ~ —75— (AlIB])" e wo(of)wi (a3, 08), (3.12)
but now a typical coefficient of the polynomials wg; behaves as N2 (|A||B|)®. Therefore,
the scaling in the low-temperature regime remains the same as (3.8): Cy ~ exp(c?/T?).

But the high-temperature regime yields
Coo ~ 1= aBN? (|4][B))* + 0 (), (3.13)

therefore the crossover now happens at
T, ~ oN?(|A||B|)® (3.14)

and therefore may be lower than the very high value (3.10), depending on the norm of the
operators A and B.

Finally, if the operators A and B are both random Hermitian matrices (for concreteness,
from the Gaussian unitary ensemble with the distribution function II and the standard
deviation &), we need to average also over the distribution functions for A and B and work
with the double average ((C(¢))):

(e = [d¥a) [ @I TEY CW) ~ 7). 3.15)

This estimate is very crude, based simply on the fact that the distribution functions II have
~ N?/2 pairs of the form (a; — aj)?%. The important point is that the scaling from (3.13)
that behaves essentially as ~ ¢'6 now becomes ~ ¢V 2, therefore the crossover temperature
is significantly reduced compared to (3.14) and behaves as T, ~ o N2\N *. So for random
operators the crossover may happen at temperatures that are not very high and thus can
be clearly visible in the numerics and experiment.

3.2 Numerical checks

Now we demonstrate numerically that the crude estimates from the previous subsection
indeed make sense and describe the characteristic behavior of OTOC. Our chief goal is to
understand the behavior of Cy,, however it is instructive to start from the time dependence
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Figure 1. Numerically computed and averaged kinematic OTOC C(t) for an ensemble of [ = 1000
Gaussian orthogonal matrices of size N = 20 for the deviation ¢ = 0.02 (A, C) and ¢ = 0.05 (B,
D), at temperatures 0.67 (black), 1.00 (blue), 1.25 (green), 2.50 (magenta), 5 (red). The plots (A,
B) show the linear scale and the plots (C, D) the log-log scale. Crucially, the growth regime is not
exponential and is actually closer to a power law. The growth ends on a plateau with superimposed
oscillations. The plateaus differ slightly for different temperatures — the main effect we look at in
this paper. Times is in units 1/ in all plots.

of the kinematic OTOC (figure 1). We find the expected pattern of early growth followed by
a plateau, however the growth is closer to a power law than to an exponential; this follows
from the polynomial terms in (3.6), although the power law is not perfect either, as we see
in the panels (A, C). This is in line with the prediction of [13], where the authors find

(C(t)) = JL2t) /th +t(t/2 — 1), (3.16)

for a slightly different ensemble of random matrices (J; is the Bessel function of the first
kind). This function is also neither an exponential nor a power law but at early times it is
best approximated by a power law at leading order (at long times it falls off exponentially
but the saturation is reached already prior to that epoch). In figure 2 we focus on the
plateau behavior. It has the form of a constant function with superimposed aperiodic
oscillations, and the differences of the plateau values are the subject of our theoretical
predictions. These are relatively small and become important only when N is finite and
not very large. In figure 2 we plot again the time dependence of the kinematic OTOC but
now we focus on long timescales, to confirm that the plateau is indeed stable, and to show
the very complex oscillation pattern superimposed on the plateau.

~10 -
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Figure 2. Numerically computed and averaged kinematic OTOC C(t) for an ensemble of [ = 1000
Gaussian orthogonal matrices of size N = 60 for the deviation o = 0.1, at temperatures 0.67 (black),
1.00 (blue), 1.25 (green), 2.50 (magenta), 5 (red), 10 (orange), 20 (yellow) and 100 gray. In (B) we
plot the same as in (A) but over a longer timescale, showing that the plateau remains stable for
long times, i.e. represents true asymptotic behavior.
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Figure 3. (A) The logarithm of the amplitude of the plateau Cx of the kinematic OTOC for the
deviations o = 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 (blue to red) as a function of temperature for 3 values.
The linear dependence is nearly perfect, in accordance with the predicted scaling log Cs, oc 1/72.
The matrix size is N = 20. (B) Same as (A) but for the deviation o = 0.4 and varying matrix size
N =10, 20, 40, 60, 80, 100 and 120 (blue to red). In (C) we bring the zoom-in of the plot (B) for
high temperatures. Appart from a slight deviation near 8 = 0, the behavior for larger matrices is
still fully consistent with the analytical prediction. The solid lines are just to guide the eye.

Figure 3 confirms our main prediction for the low-temperature regime (again for
the kinematic OTOC) — clear linear scaling of log Cs, with 1/T2 in a broad range of
temperatures. At small inverse temperatures there is some deviation from the linear scaling
law but this we also expect. Looking now at the OTOC for a pair of random Hermitian
operators in figure 4, we detect also the other regime at small enough temperatures —
log Co, decays with the inverse temperature. This regime is likely present also in figure 3,
but only at extremely high temperatures (which we have not computed in that figure).

4 OTOC for weakly and strongly chaotic Hamiltonians

For quasi-integrable few-degrees-of-freedom Hamiltonians one would naively expect that
OTOC closely resembles the Lyapunov exponent, at least for high quantum numbers,
approaching the classical regime. As we have already commented in the Introduction, it

- 11 -



log Co,
log Co

0.0 0.2 0.4 0.6 0.8 1.0

Figure 4. The saturated OTOC C4(T) of a pair of dense random operators A and B for the
Gaussian orthogonal random Hamiltonian with o = 0.01, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 (blue to red).
In (A), looking at the full range of C values, it is obvious that the dominant regime is still the
exp(c/T?) scaling. However, focusing on the low-o ensembles (B), we notice the high-temperature
growing behavior of the OTOC plateau which is absent for sparse operators.

is known that this is not true in general [6, 8, 9, 16, 17] and that both chaotic systems
with zero quantum Lyapunov exponent and regular systems with a nonzero exponent exist.
We will now try to find some common denominator of OTOC dynamics in (deterministic)
quantum-mechanical systems. It will quickly become clear from our general analysis of
the master formula (2.3) that the function C(¢) is as complicated as for random matrices
(indeed, even more so). But we will again construct an upper bound for the saturated
OTOC value and arrive at a rough scaling estimate.

4.1 Weak chaos: perturbation theory

As an example of a quasi-integrable system (of the form H = Hy + ¢V where Hy is
integrable and the perturbation V' makes it nonintegrable for € # 0) consider the Henon-
Heiles Hamiltonian

H = L (p2 —|—p2) + 1 <w2:c2 + w2y2) + € (ny — 1y3) (4.1)

2 \"r Y 2 \7 Y 3 ’ ’

a well-known paradigm for classical chaos with applications in galactic dynamics and
condensed matter. For ¢ = 0 it obviously reduces to a 2D linear harmonic oscillator and
becomes integrable. As we know, nonintegrability does not always imply chaos; indeed, this
is a typical system with mixed phase space, with both chaotic and regular orbits. Chaotic
orbits proliferate only when the perturbation is larger than some finite €.; they are almost
absent at low energies, numerous at intermediate energies and again absent at very high
energies when the potential energy is negligible compared to the kinetic energy [28, 29].
For such a quasi-integrable system our idea is to apply elementary perturbation theory in
the occupation number basis to estimate OTOC starting from (3.4). We will present the
perturbation theory in a fully general way, for an arbitrary Hamiltonian Hy 4+ €V, and some
of the conclusions will also turn out to be quite general. Only at the end we will show the
quantitative results for the Henon-Heiles system (4.1).
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Let us write the perturbative expression for OTOC. Replacing the initial basis states
In) with the first-order® perturbatively corrected states |n-+dén) and introducing likewise the
perturbative corrections @y, 0by,y, for the matrix elements of A and B, the equation (2.3)
becomes

N — o+ Z (8mbin + Qi Obgy, ) € Frmt — Z (6brmk@n + D Oagy, ) e Ervt =

k k
=Cmn + Z ((5mlalkblm + 5Zlazkmbkn + 5klblnamk + 5Zlbzkkamk) e_ZEkmt =+ (CL — b) G_ZE"kt =
kl
=+ (6-A-B+ AT B+ A5 B+ A-B61) e Bl (A B),,, e Et,
mn

(4.2)

Now we insert this result into (2.2) and apply the Cauchy-Schwarz-Bunyakovski inequality:
1
()= 5 e P <
1
<> et (lemn[?+15-A-B+ AT 6" B+ 4-6-B+A-B 612, + (Ao B)) =

1
_ 2 toat.st.52.5. 4. tos.A.52. 4t 5t
—C(t)+Z(4Tr(B AT-0"-p 5AB>+4T1"<B 60-A-p7-Al-4 B))g
gCoo+—2]ﬁ|2|A|2|B]2|6\2ECOO+6COO, (4.3)

where p = diag(exp(—SE,)) is the non-normalized density matrix. In the above derivation,
we have also used the definition of trace and the definition of thermal expectation values
(A) = Tr(p- A). The norm of a matrix is defined as usual by [A|?> = TrATA. This estimate
manifestly replaces C(t) by its asymptotic (maximum) value, as we have replaced the terms
containing the time-dependent phase factors by their time-independent norms.

In order to move further, notice first that |p|*> = 3, exp(—28E,) = Z(28) for a
canonical ensemble with the diagonal density matrix that we consider here. This means,
from (4.3), that the temperature dependence is encapsulated in the ratio Z(28)/Z(8). The
prefactor will again differ between dense and sparse A, B and V. For sparse matrices, we can
write |A|? ~ Na? whereas for dense matrices we have |A|?> ~ N2a?, assuming that all matrix
elements have some characteristic magnitude a. Obviously, if this is not true the outcome
will be more complicated, but it seems this does not influence the temperature dependence.
For concreteness we assume sparse A and B. For sparse V' with nonzero elements of order
v concentrated near the diagonal (this is true for the Henon-Heiles Hamiltonian and in
general for perturbations expressed as low-degree polynomials in coordinates and momenta),
we can estimate |6|? ~ Nv?/w?. Here we assume an approximately equidistant spectrum of
Hy with frequency (neighboring level spacing) w. This yields:

Z(2p)

2
1 3 .22V

5The whole argument works the same way also for higher-order perturbation theory; we assume first

order just for simplicity.
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Figure 5. The thermal dependence factor of log C, for weak perturbative chaotic systems, given
by Z(28)/Z(8) with 8 = 1/T the inverse temperature, here given for a 2D linear harmonic oscillator
with the frequencies w, = w, = 0.1, with N = 20 levels (blue) and with N = 150 levels (red). We
also plot the sum over N = oo levels (black). In (A) we zoom in at high §/low temperatures, and
in (B) we focus on smaller 3/larger T. The N = 150 plot is aready quite close to the monotonic
N = oo dependence but at high temperatures there is always a region decaying with 3, before the
approximately linear log R(1/T) dependence sets in, just like in the numerical results. At very low
temperatures the ratio saturates, as we see in the panel (A). This ensures that our estimate for the
saturated OTOC has a finite limite at zero temperature. The overall scale is arbitrary as the R
factor is always multiplied by various other factors.

For a dense perturbation V, the only factor that changes is |0|. Assuming again the
utterly simple situation where all matrix elements of V' are roughly equal v, we have
Omn ~ V/Epmn ~ v/(w(m — n)), which yields a series that can be summed analytically.
However, we will not pursue this further as the temperature dependence is universal in all
cases, given by the simple ratio of the partition functions:

_Z(28)  Xie e e
Coo X R(ﬂ) = Z(IB) — ‘7;‘\7:1 e_ﬂw — T e/BUJ . (45)

The first simplification holds when Hj is a 1D harmonic oscillator, and the second one
when N — oo. But the basic result (the ratio of partition functions) always holds. We
are in fact more interested in the 2D harmonic oscillator, which is the integrable part of
the Henon-Heiles Hamiltonian. For that case, we plot the sum (for finite V) in figure 5.
Of course, the analysis of the function R([) is trivial — we plot it in the figure merely to

emphasize the qualitative agreement with the numerics.

As a final remark, what we have found is the correction of the OTOC plateau §Cx.
There is still the unperturbed value of C, for the integrable Hamiltonian Hy. We know
that this can be nonzero and even quite large because of local instability [6, 7, 9]. We are
mainly interested in the opposite situation, when the scrambling chiefly comes from chaos
so that OTOC does not grow when H = Hy. In this case CW ~ §Cy and the temperature
dependence is primarily determined by (4.4). In the next subsection we will look both at
the Henon-Heiles system where this holds, and a perturbed inverse chaotic oscillator where
Hy is unstable.
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4.2 Weak chaos: examples and numerics

As our main example we can now study the Henon-Heiles system of eq. (4.1). Starting
from the nonperturbed Hamiltonian (2D harmonic oscillator), we will express the nonzero
elements of ¢, (t) exactly, i.e. we will not use the estimates (4.3) as the perturbation is
quite simple and amenable to analytic treatment. Denoting a basis state by the quantum
number n = (ng,ny), we can write the amplitudes Cngnyn)n!, 88 products of amplitudes of
the two decoupled subsystems ¢, pn,n, ny = Chont, gl with

Cron, = —MgWy COST

an,nz—Q = %\/Tlx -1 (\/nx + le Wwal _ mezwzt>
Crmoz = Ve 1 (Vi = Tets! = iy =27, (4.6)

and all other elements are zero; for the y quantum numbers the coefficients are the same
with (ng,wz) = (ny,wy). For nonzero €, the off-diagonal matrix elements can be represented
exactly as

Crgnynyny, (1) = €0, —nt,|~20)ny —nt | -1 \/mm(mw - 1)\/my +1, mgy =min(ngy,n,,).
(4.7)
The state vectors are now easily calculated in textbook perturbation theory. We have
compared the analytic calculation to the numerics and find that they agree within a relative
error < 0.04; therefore, one may safely use (4.6)—(4.7) in order to speed up the computations
and avoid numerical diagonalization of large matrices.

The magnitude of the plateau value of C(t), computed by long-time averaging similarly
to the random matrix calculations in section 3, are given in figure 6. At large T values,
Coo decays with 1/T, at intermediate values it shows an exponential growth with 1/7 just
like R(1/T) in figure 5, and as the temperature goes to zero it reaches a finite value. In
figure 7 we consider a system with much reduced state space, with N = 25. We expect
that for small NV the existence of two regimes is more clearly visible, and that the crossover
temperature is higher. This is indeed what happens, although the exact form of the function
C(1/T) is not very well described by the analytical result. As we have made many crude
approximations, this is not surprising: our analytical result still explains the existence
of two regimes and the crossover between them.® One unexpected finding is that the
high-temperature regime is apparently universal for all perturbation strengths and scales
as Coo ox exp(—4n/T). This is probably specific for the Henon-Heiles system; we do not
understand it at present.

It is instructive to look at the energy level statistics of the Henon-Heiles system for
the same parameters that we have used for the OTOC calculation, in order to understand
the relation of OTOC to chaos. In figure 8 we plot the histograms of the neighboring level

50One might regard such truncation of the state space as artificial and unphysical. It is clearly just a
technical step in order to show the effect we seek for more clearly, however in principle it can be realized
by introducing an additional external potential. In other contexts, e.g. finite spin systems, a finite Hilbert
space is perfectly natural.
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Figure 6. (A) The saturated kinematic OTOC value Cy, for a range of inverse temperatures
B =10"%, 1073, 5 x 1073, 0.01, 0.02, 0.05 and a range of perturbation strengths ¢ = 1, 2, 5, 10,
15, 20 (black, blue, green, magenta, red, orange). Here we see the scaling Co o exp(c/T), with ¢
growing with e. In the (B) panel we zoom in the high-temperature region, to show that for € < 5
there is also the other regime where Cy, grows with 7T'. Since the number of points in this interval is
small it is not easy to judge the form of T-dependence. In (C) we focus on the opposite regime, at
very low temperature, showing that C, saturates as T'— 0. This is again in accordance with the
B — oo limit of Z(28)/Z (). The system is truncated to N = 144 levels.

300

250 -

200 -

8 1 g

@} i &)

on 150 - en

1°) 1 )

kel 1 2
100 [ -
e
e e
% R -
go—8—F 2 o

oh ! b | d 4 N —e o . . . . .
0.0 0.2 04 0.6 0.8 1.0 1.2 14 0.0 02 04 0.6 0.8 1.0
1/T? 1/T?

Figure 7. The saturated kinematic OTOC value Co(T) for the truncated Henon-Heiles model
with N = 25 levels. The perturbation strength is e = 0.1, 0.3, 0.5, 0.7, 0.9, 1.5, 3.0 (black, blue,
green, magenta, red, orange, cyan). Already in (A) we see that for e < 0.5 there is a finite crossover
temperature T, so that C, grows wth temperature for 7' > T,.. Since T, goes down when the
Hilbert space is reduced, we can observe the high-temperature regime very clearly and see that it
collapses to a universal law Cy, ~ exp(—4m/T). This is seen in the panel (B) where we zoom in at
the interesting region.

spacing. Even for large ¢, the regular (Poisson) component is dominant over the chaotic
(Wigner-Dyson) component. In other words, the classically mixed phase space, with the
increasing chaotic component, is almost completely regular in the quantum regime; quantum
chaos is “weaker”, as is often found in the literature [33]. For us, the fact that the system
is outside the Wigner-Dyson regime means that indeed the behavior of Cy, is a good litmus
test of quantum dynamics, behaving (at low temperatures) as exp(1/7?) or exp(1/T) for
strong or weak chaos respectively.” Indeed, we would not expect that a system which is
well described by perturbation theory shows strong level repulsion.

"In fact, this is only true provided that the scrambling is chaos-related, i.e. that the integrable limit with
e =0 and H = Hy does not scramble significantly. We will come to this issue in the next paragraph.
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Figure 8. Distribution of neighboring energy level spacings N (s) for the Henon-Heiles Hamiltonian
with e = 0.1 (A) and € = 1.5 (B). In each plot we compare the level distribution to the Poisson law
(exp(—s)) and the Wigner-Dyson law for orthogonal matrices (sexp(—ms?/4)). The distribution
is dominantly Poissonian even for large perturbations, although there is a small admixture of
Wignerian statistics. The perturbative dynamics of the Henon-Heiles system is always weakly chaotic
in quantum mechanics (despite being classically strongly chaotic for large enough ).
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Figure 9. Temperature dependence of the asymptotic OTOC C, for the inverse Henon-Heiles
Hamiltonian, with w? = 4w§ = —1, and perturbation strength e = 0, 0.1, 0.5, 0.9, 1.5 (blue, green,
magenta, red, orange). The curves are more or less flat and without a clear trend, as the scrambling
is rooted in local instability, not chaos.

)~

—wfj), so that Hy is the inverse harmonic oscillator. As already found in the literature,

Finally, it is instructive to look at the inverse Henon-Heiles system, with (w2, w

2
T

scrambling is significant already at ¢ = 0, and this contribution dominates even at high e,

(—w

at all temperatures. In other words, neither the perturbation nor the temperature have
a significant influence over C,. This is fully in accordance with the result (4.3) and the
morale is that OTOC directly describes scrambling, and chaos only indirectly, through
the scrambling, if the scrambling originates mainly from chaos; if not, OTOC is largely
insensitive to chaos. Therefore, the temperature dependence of the OTOC value, derived
from the assumptions about the dynamics (perturbative chaos or strong, random-matrix
chaos) cannot be seen when there is a strong non-chaotic component to scrambling (figure 9).
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4.3 Strong chaos: numerics and the return to random matrices

As a final stroke, we will now examine a strongly chaotic system which is also relevant for
black hole scrambling and related problems in high energy physics. This is the bosonic
sector of the D0 brane matrix model known as the BMN (Berenstein-Maldacena-Nastase)
model [30], obtained as a deformation of the BFSS (Banks-Fischler-Shenker-Susskind)
model [31] by a mass term and a Chern-Simons term. This model has been studied in
detail in the context of non-perturbative string and M theory. It is known to describe the
dynamics of M theory on pp-waves and is also related to the type ITA string theory at high
energies; for details one can look at the original papers or the review [32]. Following [33-36],
we focus solely on the bosonic sector which is enough to have strongly chaotic dynamics with
equations of motion that are not too complicated. The quantum-mechanical Hamiltonian
of the BMN bosonic sector reads:®

1 . . 1 . S 1 1
H=Tr <2HZH’ -3 [XZ, Xﬂ} [XZ, XJ} 1 5u?XaXa 1 §u2XaXa + weachaXch)
i€{l...9}, abce{1,2,3}, ac{d...9}, (4.8)

where IT* are the canonical momenta, X* the canonical variables, ¢4 is the Levi-Civitta
tensor, and % > 0 is the mass deformation which also determines the size of the Chern-
Simons deformation (the last term in (4.8)). Following [35], we will study the “mini-BMN”
model with X% = 0, so we effectively only have three degrees of freedom. The matrices
X123 and P23 are N x N matrices. For this example we have to abandon the master
formulas for OTOC (2.2)—(2.3) as it is very difficult to find the quantities ¢;,,, — for this
we would have to perform exact diagonalization of the Hamiltonian (4.8). Instead, we
follow [36] and write a truncated system of equations directly for the expectation values
(X?) and (P?) and the two-point correlators (X¢X?), (I1*X?%) and (II°II®), where the
expectation value is obtained through the trace over the density matrix: (X?) = Tr(pX?).
The equations read (for their derivation see [36]):

2(X) = (1T
SO = (XV (X0 X) 2 XX (X + (X (X (X 402X bweane X)X+

+ (X“(XbXb) —(X XY x4 X (XX~ (X“Xb>Xb+wsabC<XbXC)) ., (4.9)

where the last line contains the leading quantum corrections: all possible terms with a
single contraction of the classical equation of motion, and the summation over repeated
indices is understood. The equations of motion for the two-point correlators are obtained
again by writing the classical equations of motion for the bilinears IT°II?, TI*X?® and X°®X?

¥Do not confuse with the classical action considered in [33, 35].
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Figure 10. (A) Time dynamics C(¢) for the truncated quantum-mechanical mini-BMN model,
with v = 0.1, 0.3, 0.5, 1.0 (red, black, blue, red), shows the expected pattern of growth followed by
an oscillating plateau. (B) Temperature dependence of the saturated value Coo(T') for the same
values of v (blue to red) has the same exp(1/7?) scaling as the random matrix ensembles. The level
spacing statistics, shown in (C) for v = 0.5, is indeed quite close to the Gaussian unitary ensemble
(full red curve) and clearly at odds with the Poisson statistics (full black curve), confirming that
this system is within the scope of our random matrix calculation.

and taking all possible single contractions in each term. This yields:

O (X*XP) = % ((HaXb> + (X“Hb)) (4.10)
(I X ) = %@I“Hb) + N(X*X")(X°XC) — N(X X)X X + N(X X)(XX°)—
— N(X2X)NX X + 2 (XXP) (4.11)
OH(ITTI®) = N (X XP)(XXC) — N(X X (XX + N(XPX) (XX~
— N(X°X)XX) + 12X X% + (a 5 b). (4.12)

As explained in [36], this truncated system is obtained by assuming a Gaussian approximation
for the wavefunctions. Therefore, we solve the truncated quantum dynamics of the mini-
BMN model — essentially a toy model, but it will serve our purpose. Now that we have set
the stage, we can express the kinematic OTOC as C(t) = (X°II?) — (II°X?) and study its
dynamics. The outcome is given in figure 10. We are essentially back to the random matrix
regime of section 3 — there is a clear scaling Cs, ~ exp(1/7?) (we do not see the other
regime, but again it may well be there for sufficiently high temperatures), and the level
distribution is a near-perfect fit to the Wigner-Dyson curve. Therefore, if a Hamiltonian is
strongly chaotic, then both the level distribution and the OTOC plateau are well described
by the random matrix theory.

5 Discussion and conclusions

In this paper we have formulated a somewhat unexpected indicator of quantum chaos,
useful mainly in few-body (few-degrees-of-freedom) systems. While OTOC has become
the quintessential object in the studies of quantum chaos and information transport,
characterized mainly by its growth rate — the (quantum) Lyapunov exponent, in our
examples its growth pattern tends to be quite nonuniversal and “noisy” (in the sense that
it depends sensitively on the system at hand and the operators we look at). Our analytic
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treatment of OTOC dynamics is quite sketchy, however both analytical and numerical
results strongly suggest there is no clear exponential growth. At first glance, one might
think that this finding is completely at odds with the established wisdom, however this is
not true. In the literature, exponential growth is mainly characteristic for systems with a
classical gravity dual (and reaches its maximum when the dual contains a thermal black
hole horizon). There are abundant examples of quantum chaotic systems which do not have
an exponentially growing OTOC (we especially like [19] but there are many other published
examples). The exponential growth follows, in the AdS/CFT picture, from the shock wave
dynamics in a classical gravity background, and need not exist when the background is
not classical or when the gravity dual does not exist at all. This is precisely what happens
here: the Henon-Heiles Hamiltonian is certainly nothing like a strongly coupled large N
field theory, while the truncated mini-BMN model comes closer (it is actually related to
discretized Yang-Mills) but we tackle it at finite N and thus away from the fast scrambling
dual. For random matrices, our findings for C(¢) are in line with the rigorous results of [13].
As pointed out in that work, the crucial difference between random matrices and strongly
coupled field theories is that the former have no notion of locality neither in time nor in
space. In our small systems, the spatial locality is irrelevant anyway but if the system is
not sufficiently chaotic there will still be long-term temporal correlations in dynamics (this
indeed gives rise to different scaling regimes for strong and weak chaos).

On the other hand, what we have found is that the long-time OTOC behavior, when it
becomes essentially stationary, with a complex oscillation pattern, is surprisingly regular —
behaving as exp(1/72) and exp(1/T) respectively in strong and weak chaos. This indicator
seems to have a stronger connection to quantum chaos in the sense of level statistics than
the Lyapunov exponent; in all examples we have studied the exp(1/7?) regime and the
Wigner-Dyson level distribution go hand in hand. At very high temperatures we detect also
a different regime, when the OTOC plateau grows with temperature. This regime seems
less universal, and we do not understand it very well. One might think that the plateau
value should not carry any useful information; it is often laconically stated that OTOC
reaches saturation when the initial perturbation has spread all over the system and that
this saturation value is unity when OTOC is appropriately normalized. This is roughly
true, however “spreading all over the system” is not a rigorous notion — depending on the
system and the operators A, B in OTOC, the perturbation may never spread completely
due to symmetry constraints, specific initial conditions, quasi-integrals of motion etc. Such
factors are particularly important in finite systems (quantum mechanics as opposed to
quantum field theory) that we study. Looking at the figures, one sees that differences in
the asymptotic OTOC value C tend to be small, and Cy, tends to be about the same to
an order of magnitude in all cases. We conjecture that such differences would dwindle to
zero in the field limit.

A simple intuitive explanation for the falloff of asymptotic OTOC with temperature is
the following: we expect that higher temperatures lead to faster information spreading and
quicker equilibration. Therefore, it is logical that the plateau value will be lower, so that
the system needs less time to reach it, i.e. it needs less time to equilibrate.
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We note in passing that we have confirmed that scrambling can originate from at
least two distinct mechanisms: local instability and chaos, so in the former case the
relation of OTOC to chaos is largeley lost. This is a known fact in many examples
already [6, 7, 9, 16, 26] and we emphasize it here merely as a reminder to the reader that
the OTOC-chaos connection is really a relation of three elements: OTOC-scrambling-chaos,
and if the second link is missing no attempt should be made to understand chaotic dynamics
from OTOC.

We conclude with some speculations. The OTOC plateau value, as we found, is a
rather universal function of temperature, and it is essentially a finite-size fluctuation of the
correlation function, when the system is small enough that the relative size of fluctuations
does not go to zero. We may then look for universality and the connections to chaotic
dynamics in other similar quantities, e.g. the average fluctuation of the expectation value of
some operator during thermalization. Such a quantity remains nonzero also in AdS/CFT at
large N, and may relate our results to the more familiar fast scrambling, strongly correlated
holographic systems.
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A Detailed structure and calculation of OTOC for Gaussian orthogonal
ensembles

In this appendix we consider the calculation of OTOC for random matrix systems in some
more detail, and describe the detailed structure of the correlation function C(t). Let us
first denote, for the sake of brevity:

ZEZZZZZZ, CEC?I...C;Z.

tot n,m k,k/ 11,12 j17j2 111’212 J{)]é

Denote also the products of matrix elements of the operators A, B entering the expres-
sion (3.4) by x1, x2, X3, x4- Now the expression for (C(t)) can be written as:

€)=Y [ PUend () [ PUBN BePre

% (Xlei(EszEk)t +.4 X4ei(Em+EnfEk/fEk)t) (A.1)

As we have noticed in the main text, the integral over C yields just a numerical constant. Let
us therefore evaluate the energy integral I = [ dN{E}P({E})e PEny e Fr—Er)t We have:

I - //.../dEn/dEk/dEk,P({E})e—ﬁEn %y BB (A.2)
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The absolute values of the differences can be written out in the obvious way:

[T 1E: — Enl =Y (-1)" D E EY> . B, (A.3)
n<m %
where all ; j are some (positive) integer exponents and (%) is the appropriate sign factor
0 or 1. Therefore, I1 can be reorganized as:

L= x1 ]I /E?i’je_E?dEz‘/dEne_BE"e_E’%/dEkeiEk’te_Ei’/dEke_iEkte_Ei,
J i#n,k,k’

(A.4)
Note that the part [], ., |En — Em|, is not essential for the general behavior, since the
singular integral [ Eza “e~EdE; is either some constant (if v is even), or zero if « is odd.
Otherwise for 7 # j
H EiefEﬂszj = const. x H E;. (A.5)
1<i<t’ 1<i<t’
Therefore, we only focus on calculating integrals of the form

/dEn/dEk/dEk/e_ﬁE" X e_E’QL_E'%_Ez’xlei(Ek’_Ek)t, (A.6)
which yields the closed-form expression for the temperature dependence of I;:
Il ~ 5]@]4652/4 + (1 - 5k,k’) €B2/46_t2/2., (A7)

where 0y, 5 is the Kronecker delta, reminding us that the main contribution comes from the
terms with Fj = Ej which generically means k = k’. It is clear that a similar calculation
holds for the other parts of (C(¢)). This produces the temperature scaling found in the
main text for random matrices, of the form (C(t)) ~ ¢'/47*. But the time dependence is
more complicated. In order to see this, we look at the structure of the polynomial factors
in I; in some more detail. We see immediately that (C(t)) will also have dependence on
t2n g™, Start from

/E?ie_iEite_Engi _ e—t2/4 /(u . it/z)aie—u2du7 (AS)

where F; = u — it/2. Let us look at two cases: «; even and «; odd. For any «; the
polynomial will have the form:

@i
(u—it/2)% = Z fyjuj(it/Z)ai’j. (A.9)
j=0
Assume first that a; is even. This means that j and a; — j are of same parity. For even
j the Gaussian integral evaluates to some constant, but we will also have the prefactor
of (it/2)%~J, for all even j < ;. The odd powers (j odd) will disappear because of the
symmetric domain of integration. For «; odd, j and «; — j will be of different parity so
again, only even j give a nonzero integral. In conclusion, the integral (A.6) with polynomial
prefactors included will have the form:

/Eiaie—iEite—Edei _ 6—152/46;)(752”)7 (AlO)
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where Q(t2") is a real polynomial depending on even powers of ¢, and 2n < a;. Alternatively,
for a; odd, we get:

/Eiaie*iEite*EiQdEi — ze*t2/4R(t2”+1), (A.11)

where R(t?"*1) is a real polynomial depending on odd powers of ¢, and 2n + 1 < a;.
Analogous logic holds for the 8 dependence. Now we look back at I;:

I, = const. / E“dE, / EC*dE, / B dBe PEn x e BamBi-Ely B =Bt (A 12)

When we write out the products of energies, we have the following types of monomials in
the resulting polynomial:

1. QQU
2. QRU
3. QQV
4. QRV,

with the prefactor (Sk’k/e_tz/QeﬂZ/‘l. Here, @, R are polynomials of ¢ and are U/V are
polynomials of even/odd powers of 3 respectively. Note however that QR and RQ give the
same structure after integration.

The other integral appearing when writing out the master formula for OTOC is
K, = /Egne_ﬁE"e_iE"te_E’%dEn. (A.13)

According to the same logic as for I1, it is not hard to get the equivalent form of K,, (leaving
out the exponentially decaying terms):

K, = eﬁ2/4elﬁt/2/2’yjuj(ﬁ/2 + it/Q)Q"_je_zﬂdu. (A.14)
J

Now we will use the fact that OTOC is a real function, as we can see also from the
definition (2.2). Therefore, all imaginary parts must vanish. From this fact we reach a few
important conclusions:

1. In the structure of I, the combination QR is impossible, thus we will only have
polynomials of ¢ with an even exponent, and no restriction for polynomials of g8 as it
is a real integral, and no term has to vanish.

2. In the structure of K,,, when we have the factor cos(f8t/2), only even powers of ¢ and
arbitrary powers of 5 can survive.

3. In the structure of K, when we have the factor sin(8t/2), only odd powers of ¢ and
arbitrary powers of 8 can survive.
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The conclusion of the above analysis gives us a rough idea of what the (C(t)) looks like:

(C(1) = X Wo(08) + % (cos (5;) Q (") Wi(o8) + sin (ﬁ;) R (121) W, (5?1)) ,

(A.15)
where Wy, Wi, Wy are arbitrary polynomials of 5. This is the form found also in the main
text, with the exception that in the main text we have rescaled the combination ft as 5t/c?
in order to have a dimensionless expression.

A.1 The large matrix limit

In the limit N — oo we can say more on the structure of OTOC. We can first schematically
rewrite (A.15) together with any exponentially suppressed corrections as

(Ct) =50 (") W(oB) (Ly + Loe™/?) . (A.16)

Here we have first absorbed all time and 5 dependence of (A.15) into the functions @ and
W respectively, and then we have included the exponentially suppressed correction coming
from the k # k' terms in the integrals I; and K,,. By L;, Ly we denote the constant (time-
and temperature-independent) factors. In general one can write L; as

j=11=0

We can easily estimate the second sum. Namely,

(50) = (59 (56))

by the Cauchy-Schwarz-Bunyakovski inequality. Next, the well known formula ZLO (Z)2 =
(2]3) yields

(A.19)
To get rid of the binomial coefficient we will use the Stirling’s formula and get
( j) = £ const. X ——. (A.20)
J | 7 g
Finally we reach the result:
N 97 2N+1
L; =~ const. x Z ~i73 & const. X N (A.21)
j=1

for N — oo. Exactly the same logic goes for Ls.
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In the large matrix limit it is possible to show explicitly what we know has to happen:
OTOC reaches a plateau. Looking at (A.16), the condition to reach the plateau for times
longer than some scale tg is

42
e Q") (L1 + L26_t2/2> = const. t > tp. (A.22)

It is more convenient to look at the forms given in (A.15). First let us look at the condition
Q(t*") = const. x et’/2. The exponential term can be represented as a series; equating it

with Q(t*") we get
A 27
2]
2 a;t™ = const. x E 251 (A.23)
J j

thus, we need o ~ which we know is the case from (A.9). For the second term the

1
251
situation is similar:

, 27
Z Bjt* = const. x Z T (A.24)
J i

so we need to have 3; ~ %, this is true by cos(8t/2) = Q(t*")W (5%") and sin(pt/2) =

Q)W (B2 +1)] since the terms in the Taylor expansions of the left-hand sides behave

aSN%.

We can also look at the opposite limit in which ¢ — 0. Let us rearrange (A.16):
(C(1) = LLQ(E*™)e /2 + LHQt*™)e ™. (A.25)

Now, simply using the definition of ) and expanding into a series we get:

(@) =L} (1 - t; +o (t4)> (a0+art?) + Ly (1= +0(t!)) (a0 + @rt?) . (A26)
After some algebra we get:

(C(1) = Qo+ Qi + Qst" + 0 (t1) = P(1). (A.27)

We see now that OTOC behaves in a very simple way for early times; this expansion is also
consistent with the result (3.16) of [13].

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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ABSTRACT: We perform a systematic study of the maximum Lyapunov exponent values
A for the motion of classical closed strings in Anti-de Sitter black hole geometries with
spherical, planar and hyperbolic horizons. Analytical estimates from the linearized varia-
tional equations together with numerical integrations predict the bulk Lyapunov exponent
value as A = 2nTn, where n is the winding number of the string. The celebrated bound
on chaos stating that A < 27T is thus systematically modified for winding strings in the
bulk. Within gauge/string duality, such strings apparently correspond to complicated op-
erators which either do not move on Regge trajectories, or move on subleading trajectories
with an unusual slope. Depending on the energy scale, the out-of-time-ordered correlation
functions of these operators may still obey the bound 277, or they may violate it like the
bulk exponent. We do not know exactly why the bound on chaos can be modified but the
indication from the gauge/string dual viewpoint is that the correlation functions of the
dual gauge operators never factorize and thus the original derivation of the bound on chaos
does not apply.
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1 Introduction

Sharp results like inequalities and no-go theorems are often the cornerstones of our under-

standing of physical phenomena. Besides being appealing and captivating, they are easy to

test as they provide a sharp prediction on a certain quantity, and we can often learn a lot

by understanding the cases when such bounds need to be generalized or abandoned. The

upper bound on the Lyapunov exponent (the rate of the growth of chaos), derived in [1]

inspired by hints found in several earlier works [2-7], is an example of such a result, which

is related to the dynamics of nonstationary correlation functions and provides insight into

the deep and important problem of thermalization and mixing in strongly coupled systems.



It is clear, as discussed also in the original paper [1], that there are cases when the bound
does not apply: mainly systems in which the correlation functions do not factorize even at
arbitrarily long times, and also systems without a clear separation of short timescales (or
collision times) and long timescales (or scrambling times). A concrete example of bound
violation was found in [8] for a semiclassical system with a conserved angular momentum
(inspired by the Sachdev-Ye-Kitaev (SYK) model [9-12]) and in [13], again for a SYK-
inspired system. In the former case, the reason is clear: the orbits that violate the bound
are precisely those that cannot be treated semiclassically, so the violation just signals that
the model used becomes inaccurate; in the latter case things are more complicated and the
exact reason is not known. Finally, in [14] systematic higher-order quantum corrections to
the bound are considered. The bound is in any case a very useful benchmark, which can
tell us something on long-term dynamics of the system at hand, i.e. if some bound-violating
mechanisms are at work or not.

Although the bound on chaos is mainly formulated for field theories in flat spacetime,
it has an intimate connection to gravity: the prediction is that fields with gravity duals
saturate the bound. This makes dynamics in asymptotically anti-de Sitter (AdS) space-
times with a black hole particularly interesting: they have a field theory dual,’ and black
holes are conjectured to be the fastest scramblers in nature [2, 3|, i.e., they minimize the
time for the overlap between the initial and current state to drop by an order of magni-
tude. Some tests of the bound for the motion of particles in the backgrounds of AdS black
holes and an additional external potential were already made [15]; the authors find that
the bound is systematically modified for particles hovering at the horizon and interacting
with higher spin external fields. When the external field becomes scalar, the exact bound
by Maldacena, Shenker and Stanford is recovered (as shown also in [16]).

The idea of this paper is to study the bound on chaos in the context of motion of
strings in AdS black hole geometries. Asymptotically AdS geometry is helpful not only
because of the gauge/gravity duality, but also for another reason: AdS asymptotics pro-
vide a regulator, i.e., put the system in a box, making its dynamics more interesting (in
asymptotically flat space, most orbits immediately escape to infinity with no opportunity
to develop chaos). Now why consider strings instead of geodesics? Because geodesics are
not the best way to probe the chaos generated by black holes: we know that geodesics
in AdS-Schwarzschild, AdS-Reissner-Nordstrom and AdS-Kerr backgrounds (and also in
all axially symmetric and static black hole geometries) are integrable, and yet, since the
horizon in all these cases has a finite Hawking temperature, there should be some ther-
malization and chaos going on. The logical decision is therefore to go for string dynamics,
which is practically always nonintegrable in the presence of a black hole. We look mainly
at the Lyapunov exponents and how they depend on the Hawking temperature. We will
see that the bound of [1] is surprisingly relevant here, even though the bound was formu-
lated for field theories with a classical gravity dual, whereas we look at the bulk dynamics
of strings, which go beyond the realm of Einstein gravity. At first glance, their Lyapunov
exponents should not saturate (let alone violate) the bound; in fact, at first glance, it is not

LOf course, one should be careful when it comes to details; it is known that for some field contents in
the bulk the boundary theory does not exist.



obvious at all how to relate the Lyapunov exponent of classical bulk orbits to the result [1],
which defines the Lyapunov exponent in terms of the out-of-time ordered correlation func-
tions (OTOC).?2 An important discovery in relation to this issue was made in [17], where
the authors consider a holographically more realistic string (open string dual to a quark in
Brownian motion in a heath bath), compute the Lyapunov exponent in dual field theory,
and find that it exactly saturates the bound. However, their world-sheet theory, i.e., their
induced metric itself looks somewhat like gravity on AdSs; therefore, close connection to
the Einstein gravity result is understandable. Our situation is different not only because
the ring string configurations have worldsheet actions very different from Einstein gravity
but also because we look mainly at the Lyapunov exponents of the bulk orbits.? We will
eventually look also at the OTOC in dual field theory and find that the “quantum” Lya-
punov exponents do not in general coincide with the classical bulk values. However, the
subject of OTOC functions is more complicated as it requires one to consider the backre-
action on the background, and studying the behavior of the ring string in such backreacted
geometry is in general more difficult than for the open string od [17]. Therefore, we mostly
leave the OTOC and quantum Lyapunov exponent for future work.

At this point we come to another question, distinct but certainly related to the chaos
bound: the story of (non)integrability in various curved spacetimes. For point particles (i.e.,
motion on geodesics) it is usually not so difficult to check for integrability, and symmetries
of the problem usually make the answer relatively easy. However, integrability in string
theory remains a difficult topic. Most systematic work was done for top-down backgrounds,
usually based on the differential Galois theory whose application for string integrability
was pioneered in [19]. Systematic study for various top-down configurations was continued
in [20-22]; [21] in particular provides the results for strings in a broad class of brane
backgrounds, including Dp-brane, NS1 and NS5 brane configurations. The bottom line is
that integrable systems are few and far apart, as could be expected. Certainly, AdSs X
S® is an integrable geometry, as could be expected from its duality to the (integrable)
supersymmetric Yang-Mills field theory. In fact, direct product of AdS space and a sphere
is integrable in any dimension, which is obvious from the separability of the coordinates.
But already a marginal deformation destroys integrability; a specific example was found
analytically and numerically in [23], for the [-deformation of super-Yang-Mills and its
top-down dual. More information can be found, e.g., in the review [24].

The first study of integrability in a black hole background was [25], where the
nonintegrability of string motion in asymptotically flat Schwarzschild black hole back-
ground was shown. In [26] the first study for an AdS black hole background (AdS-
Schwarzschild) was performed, putting the problem also in the context of AdS/CFT corre-
spondence. In [27] the work on top-down backgrounds was started, considering the strings

2In addition, the scrambling concept of [2, 4-7] is more complex; it is about the equilibration of the black
hole and its environment after something falls in. In other words, it necessarily includes the perturbation of
the black hole itself. We do not take into account any backreaction so we cannot compute the scrambling
time, only the Lyapunov exponent.

3 Another example where the bound is modified (by a factor of 2) in a theory that goes beyond Einstein
gravity is [18].



on the AdSxT!! geometry generated in a self-consistent top-down way. For the top-
down AdS-Sasaki-Einstein background the nonintegrability was proven analytically [19].
Finally, AdS-soliton and AdS-Reissner-Nordstrom were also found to be nonintegrable
in [28, 29]. So most well-known in AdS/CFT have nonintegrable string dynamics: AdS-
Schwarzschild, AdS-Reissner-Nordstrom, AdS soliton and AdS-Sasaki-Einstein.* Other
results on (non)integrability can be found in [30-33]; the list is not exhaustive.

Apart from the usual spherical static black holes (neutral and charged), we consider also
non-spherical horizons with constant curvature. Among them are also the zero-curvature
black branes, with infinite planar horizons, which are most popular in applied holography.
But it is known that more general horizons can be embedded in AdS space (in general
not in Minkowski space). Such black holes are usually called topological black holes, first
constructed in [34-37] and generalized in [38]. The term topological is in fact partly mis-
leading, as the backgrounds considered in some of the original papers [35] and also in our
paper are not necessarily of higher topological genus: besides spherical and planar hori-
zons, we mainly consider an infinite, topologically trivial hyperbolic horizon with constant
negative curvature (pseudosphere).’

The reader might wonder how important the non-spherical black holes are from the
physical viewpoint. In fact, as shown in the aforementioned references, they arise naturally
in spaces with negative cosmological constant, i.e., in AdS spaces, for example in the col-
lapse of dust [39], and the topological versions are easily obtained through suitable gluings
(identifications of points on the orbit of some discrete subgroup of the total symmetry
group) of the planar or pseudospherical horizon. Another mechanism is considered in [34],
where topological black holes are pair-created from instanton solutions of the cosmolog-
ical C-metric (describing a pair of black holes moving with uniform acceleration). More
modern work on constant-curvature black holes and some generalizations can be found
in [40-42], and AdS/CFT correspondence was applied to topological black holes in [43].
But our main motivation for considering non-spherical black holes is methodological, to
maximally stretch the testing ground for the chaos bound and to gain insight into various
chaos-generating mechanisms. In hindsight, we find that hyperbolic are roughly speaking
most chaotic, because moving on a manifold of negative curvature provides an additional
chaos-generating mechanism, in addition to the black hole.

The plan of the paper is the following. In the next section we write down the equations
of motion for a closed string in static black hole background, inspect the system analyti-
cally and numerically and show that dynamics is generically non-integrable. In the third
section we compute the Lyapunov exponents numerically and estimate them analytically,
formulating a generalized bound in terms of the local temperature and the string winding
number. The fourth section is a rather speculative attempt to put our results in the context
of the dual field theory and the derivation of the original bound from [1]; we will also try
to clarify the relation of the bulk classical Lyapunov exponent to the decay rates of OTOC
functions in dual field theory. The last section sums up the conclusions.

4n [26, 29] it was shown that Reissner-Nordstrom black holes in asymptotically flat space are also
nonintegrable.
5In fact, constant-curvature black holes would be a more suitable term than topological black holes.



2 String dynamics in static black hole backgrounds

A constant curvature black hole in IV + 1 spacetime dimensions is a geometry of constant
curvature with the metric [34-36]

dr?

ds* = —f(r)dt* + o) +r2do?_,
2m q°
flr)=1"+k— FN—2 + r2N—4° (2.1)

where da?\,_l is the horizon manifold, which has curvature k, and m and ¢ define the
mass and charge of the black hole. It is a vacuum solution of the Einstein equations with
constant negative cosmological constant and thus interpolates to AdS space with radius
1. From now on let us stick to N = 3 unless specified otherwise. For £ = 1 we have the
familiar spherical black hole. For k = 0 we get the planar horizon (black brane) popular
in AdS/CFT applications.® Finally, for K = —1 the horizon is an infinite hyperbolic sheet
(pseudosphere), with the symmetry group SO(2, 1).” Notice that k can always be rescaled
together with the coordinates on o9 thus we only consider £k = —1,0,1. The metric of the
horizon surface takes the form

do = dé? + sink?¢de3, (2.2)

with sink(z) = sinx for k = 1, sink(z) = = for kK = 0 and sink(x) = sinh(x) for k = —1.
A closed string with tension 1/a’ on the worldsheet (7,0) with target space X* and
the metric G, is described by the Polyakov action:

1

2ma!

S:

/ drdov/—hh®G , (X)0, X 0p X" + € By (X)0, X 0 X", (2.3)

In our black hole backgrounds we always have B, = 0 so we can pick the gauge hob =
n® = diag(—1,1). This gives the Virasoro constraints

G (X“X” + X’“X”’) —0, GuX'X" =0, (2.4)

where we introduce the notation X = 0;X,X' = 0,X. The first constraint is the Hamil-
tonian constraint H = 0. We consider closed strings, so 0 < ¢ < 2w. From the second
constraint the following ansatz is consistent (of course, it is not the only one possible):

T=T(1), R=R(1), ®1 = ®1(7), P2 = no. (2.5)

We denote the (dynamical) target-space coordinates X, (7, o) by capital letters T, R, ®1, ®a,
to differentiate them from the notation for spacetime coordinates t,r, ¢1, ¢2 in the met-
ric (2.1). The form (2.5) was tried in most papers exploring the integrability and chaos

SWith periodic identifications on oo one gets instead a toroidal horizon.

TIf we identify the points along the orbits of the little group of SO(2,1), we get a genus g surface with
g < 2, and the horizon becomes compact and topologically nontrivial, hence the term topological black
holes for this case.



of strings [19, 25-29]. It is not an arbitrary ansatz: the winding of ®5 follows from the
equations of motion, i.e., from the fact that ®5 is a cyclic coordinate, leading to the solution
<i>2 = 0. Since ®5 has trivial dynamics, from now on we will denote ® = ®,. The equations
of motion follow from (2.3):

Or (f’T) =0= E = fT = const. (2.6)
; " pe 222 128

Bt 55 (B fR)+fR<<I> —nsmk@)—O (2.7)
¢+ E(I) + ?Smk@@) =0. (2.8)

Clearly, the stationarity of the metric yields the first integral £ with the informal meaning
of mechanical energy for the motion along the R and ® coordinates (it is not the total
energy in the strict sense). The system is more transparent in Hamiltonian form, with the
canonical momenta Pr = —E = —fT, Pp = R/ f, Py = R?®:3

f 1 E?

2
H=Lpiy_—p24 %R%ink?@ - 57 =0 (2.9)

2 2R?

the second equality being the Virasoro constraint. We thus have a 2-degrees-of-freedom
system (due to the integral of motion FE, i.e., the cyclic coordinate 7), with a constraint,
effectively giving a 1.5-degrees-of-freedom system, moving on a three-dimensional manifold
in the phase space (R, Pr,®, Pp). Notice that the motion along a geodesic is obtained
for n = 0; in this case, the system is trivially separable and becomes just motion in a
central potential. For nonzero n, the Hamiltonian (2.9) is not separable and the system is
nonintegrable.” On the other hand, for a point particle all constant-curvature black holes
have a full set of integrals of motion leading to the integrability of geodesics: for the sphere,
the additional integrals (besides E) are L? and L, from SO(3), and for the pseudosphere
these are K2 and K, from SO(2,1). For the planar black hole we obviously have Py,
the momenta, as the integrals of motion. Of course, if we consider compactified surfaces,
the symmetries become discrete and do not yield integrals of motion anymore. Therefore,

truly topological black holes are in general nonintegrable even for geodesics.'”

8In this and the next section we put o = 1/, as we only consider classical equations of motion, which
are independent of o’. In section 4, when calculating the quantities of the dual gauge theory, we restore o’
as it is related to the 't Hooft coupling, a physical quantity.

90ne can prove within Picard-Vessiot theory that no canonical transformation exists that would yield
a separable Hamiltonian, so the system is nonintegrable. We will not derive the proof here, as it is not
very instructive; the nonintegrability of the spherical case was already proven in [26, 29], and the existence
of nonzero Lyapunov exponents will de facto prove the nonintegrability for the other cases. One extra
caveat is in order for the planar case. For kK = 0 and sink® = ®, the Hamiltonian is still not separable,
and dynamics is nonintegrable. One could change variables in the metric (2.1) as (¢1,¢2) — (¢ =
@108 P2, Py = ¢1sin@2), and the string with the wrapping ®; = no would provide an integrable system,
with the separable Hamiltonian H' = éPI% + ﬁPg), + %2R2 — g—; But that is a different system from (2.9):
even though a change of variables is clearly of no physical significance, the wrapping ®, = no is physically
different from ®2 = no. Integrability clearly depends on the specific string configuration.

10For special, fine-tuned topologies and parameters, one finds integrable cases (even for string motion!)
but these are special and fine-tuned; we will consider these cases elsewhere as they seem peripheral for our
main story on the chaos bound.
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Figure 1. Poincare section (R, Pr) for orbits starting at the apparent horizon (removed for a
distance of 1074 from the event horizon), at increasing temperatures 7 = 0.00,0.05,0.10, for a
planar black hole with m = 1 and charge parameter ¢ determined by the temperature. The
coordinate and momentum are in units of AdS radius.

2.1 Fixed points and near-horizon dynamics

For a better overall understanding of chaos in string motion, let us sketch the general trends
in dynamics first. For spherical black holes, this job was largely done in [26, 29, 44] and for
similar geometries also in [27, 28]. We will emphasize mainly the properties of near-horizon
dynamics that we find important for the main story.

Typical situation can be grasped from figure 1, where the Poincare sections of orbits
starting near the horizon are shown for increasing temperatures of the horizon, as well as
figures 2 and 3 where we show typical orbits in the x — y plane for different temperatures
and initial conditions.

1. Higher temperatures generally increase chaos, with lower and lower numbers of peri-
odic orbits (continuous lines in the Poincare section in figure 1) and increasing areas
covered with chaotic (area-filling) orbits. This is also obvious from the figure 2.

2. Orbits closer to the horizon are more chaotic than those further away; this will be
quantified by the analysis of the Lyapunov exponents. This is logical, since the
equations of motion for strings in pure AdS space are integrable, and far away from
the horizon the spacetime probed by the string becomes closer and closer to pure
AdS. An example of this behavior is seen in figure 3(A).

3. The previous two trends justify the picture of the thermal horizon as the generator
of chaos. However, for an extremal or near-extremal hyperbolic horizon there is a
slight discrepancy — in this case, moving away from the horizon increases the chaos.
In other words, there is yet another mechanism of chaos generation, independent of
the temperature and not located precisely at the horizon, which is subleading and
not very prominent, except when it is (almost) the only one, i.e., when the horizon
is (near-)extremal. This is demonstrated in figure 3(B).

When we come to the consideration of the Lyapunov exponents, we will identify the horizon-
induced scrambling and the chaotic scattering as the chaos-inducing mechanisms at work
for r — 7 and for intermediate r, respectively.

Consider now the radial motion from the Hamiltonian (2.9). Radial motion exhibits an
effective attractive potential £2/2f which diverges at the horizon. The ®-dependent terms
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Figure 2. Thermal horizon as the generator of chaos. We show the orbits in the vicinity of the
spherical (A) and hyperbolic (B) horizon, at T' = 0.01 (left) and 7" = 0.10 (right); obviously, hot
horizons generate more chaos than cold ones. The light blue dot is the initial condition of the orbit
(the position of the point on the string with ® =0 at 7 = 0).
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Figure 3. Thermal horizon and hyperbolic scattering as generators of chaos. In (A) and (B), we
show the orbits in the vicinity of the spherical and hyperbolic horizon, respectively, at the small
temperature 7' = 0.01 and starting at increasing distances from the horizon. In (A), the further
from the horizon, the more regular the orbit becomes. But in the hyperbolic geometry (B), the
thermally-generated chaos is negligible; instead, the orbit becomes chaotic as it explores larger and
larger area of the hyperbolic manifold. Hence for hyperbolic horizons, an additional, non-thermal
generator of chaos exists: it is the hyperbolic scattering. Light blue dots are again the initial
positions of the string origin (® = 0).



proportional to R? and 1/R? are repulsive and balance out the gravitational attraction to
some extent but they remain finite for all distances. For R large, the repulsion proportional
to n? dominates so for large enough distances the string will escape to infinity. For inter-
mediate distances more complex behavior is possible: the string might escape after some
number of bounces from the black hole, or it might escape after completing some (non-
periodic, in general) orbits around the black hole. The phase space has invariant planes
given by (R, Pr,®,Py) = (Ro + ET, E/fy, Nm,0), with Ry = const. and fy = f(Rp) and
N an integer. It is easy to verify this solution by first plugging in ® = 0 into (2.8) to find
®; eq. (2.7) and the constraint (2.9) then reduce to one and the same condition R? = E2,
We discard the solution with the minus sign (with R = Ry — E7) as R is bounded from
below. Pictorially, this solution means that a string with a certain orientation just moves
uniformly toward the black hole and falls in, or escapes to infinity at uniform speed, all
the while keeping the same orientation. Besides, there is a trivial fixed point at infinity,
(R, Pr,®, Pp) = (00,0, N7, 0), found also in [26, 29].

We are particularly interested if a string can hover at a fixed radial slice R = rg =
const.. Let us start from the spherical case. Inserting R = ro, R = 0 into eq. (2.8) leads
to the solution in terms of the incomplete Jacobi sine integral sn (Jacobi elliptic function
of the first kind, Jacobi E-function), and two integration constants to be determined. The
other equation, (2.7), is a first-order relation for ® acting as a constraint. Solving it gives
a Jacobi elliptic function again, with one undetermined constant, and we can match the
constants to obtain a consistent solution:

sin®(7) = sn (E o 2n2rof§> . (2.10)

T7
V2rofo T E2|f

The value of rg is found from the need to satisfy also the Hamiltonian constraint. The
constraint produces a Jacobi elliptic function with a different argument, and the matching
to (2.10) reads

2f(ro) +rof'(ro) = 0. (2.11)

This turns out to be a cubic equation independent of the black hole charge, as the terms
proportional to ¢ cancel out. It has one real solution, which is never above the horizon.
The solution approaches the horizon as f/(rg), approaches zero, and r = 7, is obviously a
solution of (2.11) for f'(ry) = 0. However, the r — 7y, limit is subtle in the coordinates we
use because some terms in equations of motion diverge, so we need to plug in f(r) = 0 from
the beginning. Eqs. (2.6), (2.8) then imply R = E, i.e., there is no solution at constant R
except for £ = 0. This is simply because the energy is infinitely red-shifted at the horizon,
i.e., F scales with f (eq. (2.6)), thus indeed unless 7 — oo, which is unphysical, we need
E = 0. Now solving eq. (2.7) gives the same solution as before, of the form sn(Cy7,C5),
with undetermined constants C 2, which are chosen so as to establish continuity with the

solution (2.10). For an extremal horizon of the from f ~ a(r —r}) = ae?

, a smooth and
finite limit is obtained by rescaling E — Ee2. Now expanding the sn function in € produces

simply a linear function at first order in e:

®(r) = Bt/\/arg + O (). (2.12)



Therefore, a string can hover at the extremal horizon, at strict zero temperature, when
its motion (angular rotation) becomes a simple linear winding with a single frequency.
Such an orbit is expected to be linearly stable, and in the next section we show it is also
stable according to Lyapunov and thus has zero Lyapunov exponent. Finally, from (2.7)
and (2.11) the radial velocity R in the vicinity of a non-extremal horizon behaves as:

R? ~ E% 4 4xTr,(r — m4)?, (2.13)

meaning that R grows quadratically as the distance from the horizon increases. This will
allow us to consider near-horizon dynamics at not very high temperatures as happening at
nearly constant radius: the string only slowly runs away.

For a hyperbolic horizon the calculation is similar, changing sin — sinh in the solu-
tion (2.10). The constraint (2.11) is also unchanged (save for the sign of k in the redshift
function), and the final conclusion is the same: the string can only balance at the zero
temperature horizon (but now such a horizon need not be charged, as we mentioned previ-
ously). The zero temperature limit is the same linear function (2.12). For a planar horizon
things are different. For R = 0, we get simply harmonic motion ® = C} cosnt 4+ Cy sinnr,
which is consistent with the constraint H = 0. But eq. (2.7) implies exponential motion
instead, D sinhnt + Dy coshnr. Obviously, there is no way to make these two forms
consistent. Accordingly, no hovering on the horizon (nor at any other fixed radial slice)
is possible for a planar black hole. But the same logic that lead to (2.13) now predicts
oscillating behavior:

R(7) = E? + 4nTry(r — ry)? (n cos® nt — sin® nr) . (2.14)

Therefore, even though there are no orbits at all which stay at exactly constant R, we
now have orbits which oscillate in the vicinity of the horizon forever. Averaging over long
times now again allows us to talk of a string that probes some definite local temperature,
determined by the average distance from the horizon.

The point of this (perhaps tedious and boring) qualitative analysis of possible orbits
is the following. No orbits at fixed distance from the horizon are possible, but at low
temperatures a string that starts near the horizon will spend a long time in the near-
horizon area. Therefore, we can study the influence of the low-temperature horizon as the
main chaos-generating mechanism by expanding the variational equations for the Lyapunov
exponents in the vicinity of the horizon, This we shall do in the next section.

3 Lyapunov exponents and the bound on chaos

In general, Lyapunov exponents are defined as the coefficients A of the asymptotic ex-
ponential divergence of initially close orbits; in other words, of the variation X of a
coordinate X:

1, 16X(@)

A= 1i Ii —log —% 3.1
005X (00 2 |5X(0)] (3.1)

and the variation is expected to behave as 60X ~ dX(0)exp(At) for ¢ large and X (0)
small enough in practice. This definition makes sense for classical systems; in quantum
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mechanics, the linearity of the state vector evolution guarantees zero exponent but the
intuition that initially small perturbations eventually grow large in a strongly coupled
system remains when we look at appropriately defined correlation functions, like the OTOC
used in [1]. We should first make the following point clear. In a classical nonlinear system,
the presence of deterministic chaos leads to positive Lyapunov exponents even in absence
of temperature or noise. Quantum mechanically, as we explained, the linearity of evolution
means that exponential divergence is only possible in a thermal state, and this situation
leads to the temperature bound on the Lyapunov exponents. This is easy to see upon
restoring dimensionful constants, when the bound from [1] takes the form A < 27kgT/h,
and indeed in a classical system where i — 0 no bound exists. In the context of our work,
which effectively reduces to the classical Hamiltonian (2.9) which has no gravitational
degrees of freedom, it is not a priori clear if one should expect any connection to the
bound on chaos: instead of a QF'T correlation function or its gravity dual, we have classical
dynamics, and the Hawking temperature of the black hole is not the local temperature
probed by the string. But we will soon see that analytical and numerical estimates of A
nevertheless have a form similar to the chaos bound of [1].

Before we proceed one final clarification is in order. One might worry that the Lya-
punov exponents are gauge-dependent, as we consider equations of motion in terms of the
worldsheet coordinate 7, and for different worldsheet coordinates the variational equations
would be manifestly different; in other words, the definition (3.1) depends on the choice of
the time coordinate (denoted schematically by ¢ in (3.1)). Indeed, the value of A clearly
changes with coordinate transformations, however it has been proven that the positivity
of the largest exponent (the indicator of chaos) is gauge-invariant; the proof was derived
for classical general relativity [45] and carries over directly to the worldsheet coordinate
transformations. This is all we need, because we will eventually express the 7-exponent in
terms of proper time for an inertial observer, making use of the relation 7 = —E /f. This
could fail if a coordinate change could translate an exponential solution into an oscillating
one (because then A drops to zero and it does not make sense to re-express it units of
proper time); but since we know that cannot happen we are safe.

3.1 Variational equations and analytical estimates of Lyapunov exponents

3.1.1 Thermal horizon

Consider first a thermal black hole horizon at temperature 7', with the redshift func-
tion behaving as f = 47T(r — ) + O ((7“ - rh)2>. Variational equations easily follow
from (2.6)—(2.7):

.. E2 . 9 . 1o ..
L L) (<I> — n2sink <1>) SR — 87T (R — 2ry) RPID
+47n*T Rsink(20)6® = 0 (3.2)
.. 2 . .
6 + n’sink(2®) + —®3R =0, (3.3)
h

with on-shell solutions R(7), ®(7). This system looks hopeless, but it is not hard to extract
the leading terms near the horizon which, as we explained, makes sense at low temperatures.

- 11 -



Therefore, we start from the solutions (2.10), (2.12), (2.14), adding a small correction
(ro,® (7)) = (ro + AR (7),®(7) + A® (7)). Then we expand in inverse powers of 79 — 7,
and express the angular combinations 2 +sink?® making use of the constraint (2.9). When
the dust settles, the leading-order equations simplify to:

3} 2 C
5F — (16 (xT)? %(ro —rp) — 32 (aT)? EZZO (ro — rh)2> SR=0 (3.4)
5 + n?(cosk?(2®))6® = 0, (3.5)

where C = C(k, E) is a subleading (at low temperature) correction whose form differs for
spherical, planar and hyperbolic horizons. From the above we read off that angular motion
has zero Lyapunov exponent (the variational equation is oscillatory, because (cosk?(2®)) >
0) but the radial component has an exponent scaling as

NT) ~ 4/ (xT)3(ro — rh)% (1 —(r—rp) ¢00n> . (3.6)
Now we have calculated the Lyapunov exponent in worldsheet time 7. The gauge-invariant
quantity, natural also within the black hole scrambling paradigm, is the proper Lyapunov
exponent A, so that 1/\ is the proper Lyapunov time for an asymptotic observer. To relate
A to A, we remember first that the Poincare time ¢ is related to the worldsheet time 7
through (2.6) as |dt| ~ E/f x dr. Then we obtain the proper time as t, = t/—goo = t/7,

where near the thermal horizon we can write f ~ 47T (r — 7). This gives!!

MT) ~ 20Tn (1 - e(f> . (3.7)

on

At leading order, we get the estimate 27nT'n, with the winding number n acting as correction
to the original bound.

3.1.2 Away from the horizon

At intermediate radii we can do a similar linear stability analysis starting from f ~ r? 4
k + A/r where A is computed by series expansion (with just the AdS term r2 + k in f,
without the leading black hole contribution A/r, we would trivially have integral motion
and zero A; but this approximation applies at large, not at intermediate distances). In
this case the equations of motion yield R ~ 7v/E2? — 1, and the variational equations, after
some algebra, take the form

3kR?

_z( 3kRT
R2+k

OR— % k+R2)5¢>+E< +1> SR = 0. (3.8)

One can show again that 6d is always bounded in absolute value, thus the third term
determines the Lyapunov exponent. The exponent vanishes for k > —1/3 (because the
equations becomes oscillatory) and for £ < —1/3 we get

A~+/—Bk+1)E. (3.9)

'We introduce the notation € = r — rp,.
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Since the curvature only takes the values —1,0, 1, the prediction (3.9) always holds for
hyperbolic horizons. Notice that this same term (the third term in (3.8)) appears as
subleading in the near-horizon expansion, so we can identify it with C(k, E') and write (3.7)
as AN(T') ~ 2nTn (1 —¢€|(3k + 1)E|/ (¢on)). This holds for any k, and we see that C' < 0;
thus the bound is only approached from below as it should be.

In absence of negative curvature, i.e., for £ > 0, we have vanishing C' at leading or-
der in 1/R but subleading contributions still exist, so both the slight non-saturation of
the limit 277n near-horizon (for small €) and a parametrically small non-zero Lyapunov
exponent at intermediate distances will likely appear, which we see also in the numerics.
That the motion is chaotic on a pseudosphere (negative curvature) is of course no sur-
prise; it is long known that both particles and waves have chaotic scattering dynamics on
pseudospheres [46]. We dub this contribution the scattering contribution to the Lyapunov
exponent, as opposed to the scrambling contribution. It is largely independent of temper-
ature and largely determined by the geometry of the spacetime away from the horizon.

3.1.3 Extremal horizon

For an extremal horizon we replace f by f ~ a(r — 74)? = ae?, and plug in this form into
the variational equations. Now the result is (for concreteness, for the spherical horizon)

. a2etr2n?
SR—[——L— _J6R=0 3.10
<2aerh — 2a62> (3.10)

6 + n?(cosk(29))d® = 0, (3.11)
leading to a vanishing exponent value:

XNT) ~ \/ar/2ne*? = 0. (3.12)

Obviously, this also means A = 0 — there is no chaos at the extremal horizon. This is
despite the fact that the string motion in this case is still nonintegrable, which is seen
from the fact that no new symmetries or integrals of motion arise in the Hamiltonian in
this case. The horizon scrambling is proportional to temperature and does not happen at
T = 0, but the system is still nonintegrable and the chaos from other (scattering) origins
is still present. In particular, the estimate (3.8)—(3.9) remains unchanged.

The estimates (3.7), (3.9), (3.12) are the central sharp results of the paper. We can
understand the following physics from them:

1. At leading order, we reproduce (and saturate) the factor 27T of the Maldacena-
Shenker-Stanford bound, despite considering classical dynamics only.

2. The bound is however multiplied by the winding number n of the ring string. The
spirit of the bound is thus preserved but an extra factor — the winding number —
enters the story.

3. Taking into account also the scattering chaos described by (3.9), the results are in
striking accordance with the idea of [2]: there are two contributions to chaos, one
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proportional to the black hole temperature and solely determined by the scrambling
on the horizon, with the universal factor 27T expected from the concept of black
holes as the fastest scramblers in nature, and another determined by the (slower)
propagation of signals from the horizon toward the AdS boundary, which we call the
scattering term, as it is determined also by dynamics at large distances.

4. For a particle (n = 0), we correctly get A = 0, as the geodesics are integrable.

5. The temperature appearing in (3.7) is always the Hawking temperature of the black
hole T.

In the next section, when we consider the AdS/CFT interpretation, we will try to shed
some more light on where the modification of the bound 27T — 27Tn comes from.

3.1.4 Lyapunov time versus event time

In the above derivations we have left one point unfinished. We have essentially assumed
that R(7) ~ const. = r and treated the difference € = r — 7, as a fixed small parameter.
This is only justified if the local Lyapunov time 1/ A is much shorter than the time to
escape far away from r;, and the horizon, or to fall into the black hole. In other words, it
is assumed that the Lyapunov time is much shorter than the “lifetime” of the string (let
us call it event time tg). Now we will show that this is indeed so. For the spherical black
hole, upon averaging over the angle ®, we are left with a one-dimensional system

: E2f'(R)
R’ 4+ R?f(R)—2%-—> = E? 3.13
which predicts the event time as
Th,00 dR Ty 1 Ty AT

~ —— X

e B EPRRAR)] V2 irTe - V2

In other words, the event times are roughly by a factor 1/e longer than Lyapunov times,

(3.14)

" ‘

therefore our estimate for A should be valid. In (3.14), we have considered both the
infalling orbits ending at rj, and the escaping orbits going to infinity (for the latter, we
really integrate to some ro, > 79 and then expand over 1/r« ). An orbit will be infalling or
escaping depending on the sign of the combination under the square root, and to leading
order both cases yield a time independent of ¢ (and the cutoff ro, for the escaping case).
The hyperbolic case works exactly the same way, and in the planar case since R(7) oscillates
the event time is even longer (as there is no uniform inward or outward motion). For
extremal horizons, there is no issue either as r = rj is now the fixed point.

3.1.5 Dimensionful constants

One might wonder what happens when dimensionful constants are restored in our results
for the Lyapunov exponents like (3.7) or (3.9): the original chaos bound really states
A < 27kpT/h, and we have no £ in our system so far. The resolution is simple: the role
of h is played by the inverse string tension 27a’, which is obvious from the standard form
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of the string action (2.3); the classical string dynamics is obtained for o/ — 0. Therefore,
the dimensionful bound on chaos for our system reads A\ = 27kpTn/2ra’ = kgTn/d .
Another way to see that o takes over the role of A in the field-theory derivation [1] is
that the weight in computing the correlation functions for a quantum field is given by the
factor exp (—1 /h[ E), whereas for a string the amplitudes are computed with the weight
exp (—1/27ro/f£). In the next section, we will also look for the interpretation in the
framework of dual field theory. In this context, o/ is related to the number of degrees of
freedom in the gauge dual of the string, just like the Newton’s constant G is related to
the square of the number of colors N? in the gauge dual of a pure gravity theory. But the
issues of gauge/string correspondence deserve more attention and we treat them in detail
in section 4.

3.2 Numerical checks

We will now inspect the results (3.7), (3.9), (3.12) numerically. Figure 4 tests the basic pre-
diction for the horizon scrambling, A\ ~ 27 T'n at low temperatures: both the n-dependence
at fixed temperature (A), and the T-dependence at fixed n (B) are consistent with the
analytical prediction. All calculations were done for the initial condition R(0) = 0, and
with energy E chosen to ensure a long period of hovering near the horizon. The tempera-
tures are low enough that the scattering contribution is almost negligible. In figure 5 we
look at the scattering term in more detail. First we demonstrate that at zero temperature,
the orbits in non-hyperbolic geometries are regular (A): the scattering term vanishes at
leading order, and the scrambling vanishes at 7' = 0. In the (B) panel, scattering in hy-
perbolic space at intermediate radial distances gives rise to chaos which is independent of
the winding number, in accordance to (3.7). To further confirm the logic of (3.7), one can
look also at the radial dependence of the Lyapunov exponent: at zero temperature, there
is no chaos near-horizon (scrambling is proportional to 7" and thus equals zero; scattering
only occurs at finite r —r},), scattering yields a nonzero A at intermediate distances and the
approach to pure AdS at still larger distances brings it to zero again; at finite temperature,
we start from A\ = 2nT'n near-horizon, observe a growth due to scattering and fall to zero
approaching pure AdS.

4 Toward a physical interpretation of the modified bound

4.1 Dual gauge theory interpretation

The ring string wrapped along the o coordinate is a very intuitive geometry from the
viewpoint of bulk dynamics. However it has no obvious interpretation in terms of the
gauge/gravity duality, and the Hamiltonian (2.9) itself, while simple-looking, is rather
featureless at first glance: essentially a forced nonlinear oscillator, it does not ring a bell
on why to expect the systematic modification of the Maldacena-Shenker-Stanford bound
and what the factor n means. Thus it makes sense to do two simple exercises: first, to
estimate the energy and spin of the operators corresponding to (2.5) to understand if it has
to do with some Regge trajectory; second, to consider some other string configurations,
with a more straightforward connection to the operators in gauge theory. Of course, finite
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Figure 4. (A) Logarithm of the relative variation of the coordinate R, for a spherical AdS-Reissner-
Nordstrom black hole, for a fixed temperature T' = 0.04 and increasing winding numbers n =
1,2,3,4,5,6 (black, blue, green, red, magenta, orange). Full lines are the numerical computational
of the function log (6 X (7) /06X (0)) = A7, so their slopes equal the Lyapunov exponents A. Dashed
lines show the analytically predicted bound logdéX = 27Tn7 + log Xo. Numerically computed
variations almost saturate the bounds denoted by the dashed lines. The calculation for n = 1 is
stopped earlier because in this case the orbit falls in into the black hole earlier than for higher n.
(B) Same as (A) but for a hyperbolic AdS-Schwarzschild black hole, at fixed n = 1 and increasing
temperature T = 0.050,0.075,0.100,0.125,0.150 (black, blue, green, red, magenta), again with
analytically predicted bounds shown by the dashed lines. For the two highest temperatures (red,
magenta) the computed slopes are slightly above the bound probably because the near-horizon
approximation does not work perfectly well. The short-timescale oscillations superimposed on
the linear growth, as well as the nonlinear regime before the linear growth starts in the panel
(A) are both expected and typical features of the variation R (Lyapunov exponents are defined
asymptotically, for infinite times).

temperature horizons are crucial for our work on chaos, and saying anything precise about
the gauge theory dual of a string in the black hole background is extremely difficult; we
will only build some qualitative intuition on what our chaotic strings do in field theory,
with no rigorous results at all.

Let us note in passing that the ring string configurations considered so far are almost
insensitive to spacetime dimension. Even if we uplift from the four-dimensional spacetime
described by (¢, 7, ¢1, ¢2) to a higher-dimensional spacetime (¢, 7, ¢1, P2, ... ¢nN—_2), with the
horizon being an N — 2-dimensional sphere/plane/pseudosphere, the form of the equations
of motion does not change if we keep the same ring configuration, with ®1 = ®1(7,0), Py =
no, &3 = const., ... Pn_o = const. — this is a solution of the same egs. (2.6)—(2.8) with the
same constraint (2.9). The difference lies in the redshift function f(r) which depends on
dimensionality. This, however, does not change the main story. We can redo the calculation
of the radial fixed point from the second section, to find a similar result — a string can
oscillate or run away/fall slowly in the vicinity of a horizon, and the variational equations
yield the same result for the Lyapunov exponent as before. It is really different embeddings,
i.e., different Polyakov actions, that might yield different results.

4.1.1 Operators dual to a ring string?

We largely follow the strategy of [47] in calculating the energy and the spin of the string
and relating them to the dual Yang-Mills theory. In fact, the ring string is quite close to
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Figure 5. (A) Logarithm of the radial variation 6 R for near-horizon orbits with n = 1,2,3,4,5,6
(black, blue, green, red, magenta, orange) in a planar extremal Reissner-Nordstrom geometry. All
curved asymptote to a constant, i.e., (almost) zero slope, resulting in A ~ 0. (B) Same as previ-
ous for an extremal hyperbolic black hole. Now the Lyapunov exponent is nonzero, and equal for
all winding numbers: in absence of thermal scrambling, the chaos originates solely from scatter-
ing, which is independent of n. (C) The Lyapunov exponent in zero-temperature hyperbolic black
hole background for n = 1 and r = ry,, 1.1r, 1.2rp,, 137y, (black, blue, green, red) starts at zero (no
scrambling, no scattering), grows to a clear nonzero value for larger radii due to scattering, and again
falls to zero for still larger distances, as the geometry approaches pure AdS (D) Lyapunov exponent
in T = 0.02 hyperbolic black hole background for n = 1 and r = ry, 1.1rp, 1.2rp, 1.3rp, 1.4rh, 1.57p
(black, blue, green, red, magenta, orange) starts at the scrambling value (black), reaches its max-
imum when both scrambling and scattering are present (blue, green) and then falls to zero when
AdS is approached (red, magenta, orange).

what the authors of [47] call the oscillating string, ezcept that we allow one more angle to
fluctuate independently (thus making the system nonintegrable) and, less crucially, that
in [47] only the winding number n = 1 is considered.

Starting from the action for the ring string (2.3), we write down the expressions for
energy and momentum:

E [% d®

d dP_— = 4.1

=g | 47 [ doPr & (4.1)
¢2dq)

d dP_— 2()d 4.2

S = goar [ 0 [oRa= 5 [ TR @) (42)

where the second worldsheet integral gives simply f do = 2w as R, ® do not depend on o,
and we have expressed dr = d®/ P; finally, the canonical momentum is conserved, Pr = FE,
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and in the expression for the spin we need to invert the solution ®(7) into 7(®) in order to
obtain the function R(®). We are forced to approximate the integrals. Expressing ® from
the Hamiltonian constraint (2.4), we can study the energy in two regimes: small amplitude
¢o < 7 which translates to E/T < 1, and large amplitude ¢g ~ =, i.e., E/T ~ 1. For
these two extreme cases, we get:

g~ oV i) o AE (4.3)

o/ o = an’ o LT
TE
S am Go ~ (4.4)
For the spin similar logic gives
8roE 8E? 1 SE? 1
o B ~ 4.5
T wn oo S wnmre O <T (45)

4E* |2f 8E? /2
S~ f(ro)ro s T , ¢y ~ . (4.6)
an '\l f3(ro) a/n 4nTe

The bottom line is that in both extreme regimes (and then presumably also in the inter-
mediate parameter range) we have £ oc E/a'n and S oc E?/a/nTe; as before € = r — 1y,
and it should be understood as a physical IR cutoff (formally, for  — 7, the spin at finite
temperature diverges; but we know from section 2 that in fact no exact fixed point at con-
stant r exists, and the average radial distance is always at some small but finite distance €).
Therefore, we have £2 x S/a'nTe.

The presence of temperature in the above calculation makes it hard to compare the
slope to the familiar Regge trajectories. But in absence of the black hole, when f(r) =1,
we get

E=4F/d'n, S =8E*/d/n = £* = 2S/d/n. (4.7)

For n = 1, this is precisely the leading Regge trajectory. For higher n the slope changes, and
we get a different trajectory. Therefore, the canonical Lyapunov exponent value A = 27T
precisely corresponds to the leading Regge trajectory. We can tentatively conclude that
the winding string at finite temperature describes complicated thermal mixing of large-
dimension operators of different dimensions and spins, and these might well be sufficiently
nonlocal that the OTOC never factorizes and the bound from [1] does not apply.

4.1.2 Planetoid string

In this subsubsection we consider so-called planetoid string configurations, also studied
in [47] in the zero-temperature global AdS spacetime and shown to reproduce the leading
Regge trajectory in gauge theory. This is again a closed string in the same black hole

background (2.1) but now the solution is of the form!?

T:eT, R:R(O'), cbl :@1(7'), (1)2:(1)2<0'), (48)

2The authors of [47] work mostly with the Nambu-Goto action but consider also the Polyakov formulation
in the conformal gauge; we will stick to the Polyakov action from the beginning for notational uniformity
with the previous section. For the same reason we keep the same coordinate system as in (2.1).

~ 18 —



where the auxiliary field e is picked so as to satisfy the conformal gauge, and any additional
coordinates @3, ®,4,... and @1, O, ... are fixed. The Lagrangian
R? ~

L= _ﬁ (R)* - —f + (—cbf + sin? <1>1<1>’22) (4.9)
has the invariant submanifold ®; = wr, 5 = const. when the dynamics becomes effectively
one-dimensional, the system is trivially integrable and, in absence of the black hole, it is
possible to calculate exactly the energy and spin of the dual field theory operator. This is
the integrable case studied in [47, 48], and allowing ®2 to depend on ¢ seems to be the only
meaningful generalization, because it leads to another submanifold of integrable dynamics
with R = rg = const., ®2 = no and the pendulum solution for ®1:

n2
sin®;(7) =sn <£T, £2> (4.10)
where (2 = <I>1 — n?sin® ®; is the adiabatic invariant on this submanifold. With two

integrable submanifolds, a generic orbit will wander between them and exhibit chaos. The
variational equations can be analyzed in a similar fashion as in the previous section. Here,
the chaotic degree of freedom is ®(7), with the variational equation

6&; — ®F cos(2d1) = 0, (4.11)
which in the near-horizon regime yields the Lyapunov exponent
A =2nTn, (4.12)

in the vicinity of the submanifold (4.10). In the vicinity of the other solution (®; =
wt, Py = const.), we get A = 0. Chaos only occurs in the vicinity of the winding string
solution, and the winding number again jumps in front of the universal 27T factor.

Now let us see if this kind of string reproduces a Regge trajectory. In the presence of
the black hole the calculation results in very complicated special functions, but we are only
interested in the leading scaling behavior of the function £2(S). Repeating the calculations
from (4.1)—(4.2), we first reproduce the results of [47] in the vicinity of the solution &1 = wr:
for short strings, we get & ~ 2/wT,S ~ 2/w?T? and thus £2? « 28, precisely the result for
the leading Regge trajectory. Now the Regge slope does not depend on the temperature
(in the short string approximation!). This case, as we found, trivially satisfies the original
chaos bound (A = 0, hence for sure A < 27T'). In the vicinity of the other solution, with
R = rp, things are different. Energy has the following behavior:

8t T

E~vTZ <l (4.13)
o n’
82T

En~ > 1. 4.14
7 > (4.14)

For the spin, the outcome is

2r§ ¢

S~ 7’,0 L i< (4.15)
o' n
2 2

S~Z0 s, (4.16)
o
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so in this case there is no Regge trajectory at all, i.e., no simple relation for £2(S) because
the scale 79 and the quantity ¢ show up in the £2(S) dependence even at zero temperature.

In conclusion, the strings that can violate the chaos bound have a strange Regge
behavior in the gauge/string duality, in this case in a more extreme way than for the ring
strings (even for n = 1 no Regge trajectory is observed). The strings which have A = 0
and thus trivially satisfy the bound on the other hand obey the leading Regge trajectory.

4.2 The limits of quasiclassicality

One more thing needs to be taken into account when considering the modification of the
chaos bound. Following [8], one can suspect that the violating cases are not self-consistent
in the sense that they belong to the deep quantum regime when semiclassical equations
(in our case for the string) cease to be valid and quantum effects kill the chaos. For a ring
string this seems not to be the case. To check the consistency of the semiclassical limit,
consider the energy-time uncertainty relation AEAt > 1. The energy uncertainty is of the
order of E/a/n as we found in (4.3)—(4.4), and the time uncertainty is precisely of the order
of the Lyapunov time 1/27Tn; the uncertainty relation then gives E > 2rTn?a’. On the
other hand, we require that the spin S should be large in the classical regime: & > 1. This
implies E? > 4nTena’ or, combining with the uncertainty relation, Tn3a’ > €. Roughly
speaking, we need to satisfy simultaneously Tn? < 1/a’ and Tn? >> €/a’, which is perfectly
possible: first, we need to have small enough o’ (compared to Tn?), as could be expected for
the validity of the semiclassical regime; second, we need to have sufficiently large n/e > 1,
which can be true even for n = 1 for small ¢, and for sure is satisfied for sufficiently large n
even for € ~ 1. In conclusion, there is a large window when the dynamics is well-described
by the classical equations (and this window even grows when n > 1 and the violation of
the chaos bound grows).

4.3 Ring string scattering amplitude and the relation to OTOC

So far our efforts to establish a field theory interpretation of a ring string in black hole
background have not been very conclusive, which is not a surprise knowing how hard it is in
general to establish a gauge/string correspondence in finite-temperature backgrounds and
for complicated string geometries. Now we will try a more roundabout route and follow
the logic of [4-6], constructing a gravity dual of the OTOC correlation function, which
has a direct interpretation in field theory; it defines the correlation decay rate and the
scrambling time of some boundary operator. In [17] this formalism was already applied to
study the OTOC of field theory operators (heavy quarks) dual to an open string in BTZ
black hole background, hanging from infinity to infinity through the horizon in eikonal
approximation. That case has a clear interpretation: the endpoints of the string describe
the Brownian motion of a heavy quark in a heath bath. As we already admitted, we do not
have such a clear view of what our case means in field theory, but we can still construct the
out-of-time ordered correlator corresponding to whatever complicated boundary operator
our string describes.

We will be delibarately sketchy in describing the basic framework of the calculation
as it is already given in great detail in [4-6]. The idea is to look at the correlation func-
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tion ((Vi, (t1)Way (t2) Vs (t3) Wi, (t4))) of some operators V, W at finite temperature (hence
the expectation value ({(...))) includes both quantum-mechanical and thermal ensemble
averaging). The time moments need not be ordered; we are often interested in the case
Rt; = Rtz = 0, Rty = Rty = t.'2 This correlation function corresponds to the scattering
amplitude between the in and out states of a perturbation sourced from the boundary. The
propagation of the perturbation is described by the bulk-to-boundary propagators K. The
perturbation has the highest energy at the horizon since the propagation in Schwarzschild
time becomes a boost in Kruskal coordinates, and the pertubation, however small at the
boundary, is boosted to high energy in the vicinity of the horizon. In the Kruskal coordi-
nates defined the usual way:
t—Tx t+rs ©  dr

U:_e 2ry, s V:e%"h , Ty = -, 417
. o) e

the scattering amplitude becomes

4
D= H/d2pi/d21’iK*(p3§-T3)K*(p4§-T4)K(p1§xl)K(p2;$2)out<p3UapX§x37x4‘p[1]»p¥;371;1'2>in-
i=1

(4.18)
The propagators are expressed in terms of the Kruskal momenta p; = (pg-],pY) and the
coordinates z; = (z},2?) in the transverse directions. The in-state is defined by (p¥,z?)
at U = 0, and by (py,z*) at V = 0, and analogously for the out-state. The form of the
propagators is only known in the closed form for a BTZ black hole (in 2+1 dimensions), but
we are happy enough with the asymptotic form near the horizon. For simplicity, consider a
scalar probe of zero bulk mass, i.e., the conformal dimension A = D, and at zero black hole
charge, i.e., for a Schwarzschild black hole. The propagator then behaves as (0 = w/47T):
r doem e v g

K0~ g (F) T (=) T () (p0) 4% 4 (V)=

The task is thus to calculate the amplitude (4.18) with the propagators (4.19). In the
eikonal approximation used in most of the literature so far, the problem boils down to
evaluating the classical action at the solution. However, it is not trivial to justify the
eikonal approximation for a ring string. Let us first suppose that the eikonal aproximation
works and then we will see how things change if it doesn’t.

4.3.1 Eikonal approximation

If the energy in the local frame near the horizon is high enough, then we have approximately
pY ~ pY = p,py =~ py = qsothat p ~ pY¥ ~ p} ~ p{ ~ 0, and for a short enough
scattering event (again satisfied if the energy and thus the velocity is high enough) the
coordinates are also roughly conserved, therefore the amplitude (out|in) is diagonal and

can be written as a phase shift exp(zd). The point of the eikonal approximation is that the

13In the Schwinger-Keldysh finite-temperature formalism the time is complex, with the imaginary time
axis compactified to the radius of the inverse temperature.

- 21 —



shift § equals the classical action. The action of the ring configuration is

dr

do ( <I’2 — n?sin @1> i ng) (4.20)
~ ora’ 2f
We will consider again the string falling slowly in the vicinity of the horizon (see egs. (2.10)—
(2.14)) and put R — 0, R(7) ~ ro,79 — rp < 5. Now we need to pass to the Kruskal
coordinates and then introduce the new variables T = (V +U)/2, X = (V —U)/2. In these
coordinates the near-horizon geometry in the first approximation is Minkowskian and we
can easily expand around it as required for the eikonal approximation. The action and the
energy (to quartic order in the fluctuations) are now

dr

]‘ m2 2 2 2 T? — X
- do | = —T + X2 47292 4 r2n sm<I>) —i—T (4.21)

£ =

(4.22)

2ma’ T? T X2)2

As a sanity check, for n = 0 the fluctuations of the (T, X') variables in the action (4.21) are
the same as in [17], although we use a different worldsheet parametrization. The dynamics
of the angle ® crucially depends on the winding number. One consequence is that the
on-shell action is nontrivial already at quadratic order. For the solution (2.10) — the
slowly-moving near-horizon string — we can assume T, X < Cb, so the equations of motion
yield as approximate on-shell solutions

T = Toe™07/V2 X = Xpe mrom/V2, (4.23)

so that, as the perturbation dies out, the string approaches the locus To =0=U = -V =
t — oo. Inserting (4.23) into (4.21), we obtain, after regularizing the action:

nro

SO = 20 — T2+ (4.24)
2

g0 = *af,?ro I (4.25)

Therefore, S = (8(0))2 x nrpa’ /4 (where we have plugged in 79 ~ rp,): the action is
proportional to the square of energy, which equals £2 = pg in the center-of-mass frame.
This is perfectly in line with the fast scrambling hypothesis. Plugging in § = S into the
amplitude in (4.18) and rescaling

Tig = 27Tl _ 2785y, — =277t _ =2nTtz (4.26)
u_P 1 v_4 1

= 4.27

1 T13 b 1 T24 ( )

we obtain:

w 2 ?

D— N4 (627th1 B eznTt;;>2 ( —onTt; 727TTt2 /dp dqe—p g1 Bl 20T (4.28)
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with IV, containing the first two factors in (4.19) which only depend on w and T'. Introduc-
ing the change of variables p = @ sin~y, ¢ = @ cos~y, we can reduce (4.28) to an exponential
integral. With the usual contour choice for OTOC St; = —e¢;, Rt; = Rtz = 0, Rto = RNty = ¢,
we end up at leading order with

1/

1
= A ~2nT, b~ =] : 4.29
OTOC L, 2T og nry, ( )

D ~ 1+ 21/ nrpe®™

Therefore, the Lyapunov time as defined by the OTOC in field theory precisely saturates
the predicted bound 277", and in the eikonal approximation is not influenced by the winding
number n. On the other hand, the scrambling time ¢, is multipled by a factor of log(1/a’'n)
(the horizon radius can be rescaled to an arbitrary value by rescaling the AdS radius, thus
we can ignore the factor of 7). The factor 1/a’ appears also in [17] and plays the role of
a large parameter, analogous to the large N2 factor in large-N field theories: the entropy
of the string (the number of degrees of freedom to be scrambled) certainly grows with
1/d’. For a ring string, this factor is however divided by n, as the number of excitations
is reduced by the implementation of the periodic winding boundary condition. Therefore,
the winding of the ring string indeed speeds up the chaotic diffusion, by speeding up the
scrambling. However, the faster scrambling is not seen in the timescale of local divergence
which, unlike the classical Lyapunov exponent, remains equal to 277T’; it is only seen in the
timescale on which the perturbation permeates the whole system.

In conclusion, the wviolation of the Maldacena-Shenker-Stanford limit for the bulk Lya-
punov exponent in AdS space in the eikonal approzimation likely corresponds to a decrease
of scrambling time in dual field theory, originating from reduction in the number of degrees
of freedom.

4.3.2 Beyond the eikonal approximation: waves on the string

What is the reason to worry? Even if the scattering is still elastic and happens at high
energies and momenta (therefore the overlap of the initial and final state is diagonal in the
momenta), it might not be diagonal in the coordinates if the string ocillations are excited
during the scattering. These excitations might be relevant for the outcome.'* However, the
quantum mechanics of the string in a non-stationary background is no easy matter and we
plan to address it in a separate work. In short, one should write the amplitude (4.18) in the
worldsheet theory and then evaluate it in a controlled diagrammatic expansion. For the
black hole scrambling scenario, the leading-order stringy corrections are considered in [6];
the Regge (flat-space) limit is the pure gravity black hole scrambling with the Lyapunov
exponent 27T and scrambling time determined by the large N. We need to do the same
for the string action (4.21) but, as we said, we can only give a rough sketch now.

1VWWith an open string hanging from the boundary to the horizon as in [17] this is not the case, since
it stretches along the radial direction and the scattering event — which is mostly limited to near-horizon
dynamics because this is where the energy is boosted to the highest values — remains confined to a small
segment of the string, whereas any oscillations propagate from end to end. However, a ring string near the
horizon is wholly in the near-horizon region all the time, and the string excitations may happilly propagate
along it when the perturbation reaches the area UV = 0.
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The amplitude (4.18) is given by the worldsheet expectation value

A

A= H/dQZiW(Zlazl)W(z%52)‘7(23753)‘4/(24,24)) (4.30)

with the action (4.20), or (4.21) in the target-space coordinates (T,X) accommodated
to the shock-wave perturbation. Here, we have introduced the usual complex worldsheet
coordinates z = 7 4+ 10,z = T —10. We thus need to compute a closed string scattering
amplitude for the tachyon of the Virasoro-Shapiro type, but with nontrivial target-space
metric and consequently with the vertex operators more complicated than the usual plane-
wave form. This requires some drastic approximations. We must first expand the non-
Gaussian functional integral over the fields T(z,z), X(z,Z), ®(z,2) perturbatively, and
then we can follow [6] and [49] and use the operator-product expansion (OPE) to simplify
the vertex operators and decouple the functional integral over the target-space coordinates
from the worldsheet integration. First we can use the worldsheet reparametrization to fix
as usual z1 = 00, 29 = 2z, 23 = 1, 24 = 0. The most relevant regime is that of the highly
boosted pertrubation near the horizon, with |z| ~ 1/s. At leading order in the expansion
over T, X, the action (4.21) decouples the Gaussian functional integral over the (T, X)
coordinates from the pendulum dynamics of the ® coordinate. We can just as easily use
the (U, V) dynamics, with 1/2(T? — X?) — —20UV; this is just a linear transformation and
the functional integral remains Gaussian. The states in U and V coordinates are just the
plane waves with p; = p3 = p,p2 = p4 = ¢q, but the ® states are given by some nontrivial
wavefunctions 1 (®). Alltogether we get

1 . . N
A:/sz/DUDVDQexp _ /d2z’ (—2Uv+r,% (<I>2—|—n281n2<1>>) NATAATA
2ma!
Vig=g(U13)eTP1 T (R13), Wau=g(Vau)eT 1247 (9g), (4.31)

where we denote by the index ¢ = 1,2, 3,4 the coordinates depending on z; and the coordi-
nates in the worldsheet action in the first line depend on z’ which is not explicitly written
out to save space. The higher-order metric corrections in U and V give rise to the weak non-
plane-wave dependence of the vertices on U and V, encapsulated in the functions g above.
We will disregard them completely, in line with considering the decoupled approximation
of the metric as written explicitly in the action in (4.31). The functional integral over U, V/
is easily performed but the ®-integral is formidable. However, for small |z|, we can expand
the ground state solution (2.10) in z, Z, which corresponds to the linearized oscillatory be-
havior and the functional integral becomes Gaussian: ®2 4+ n2sin® ® — ®2 + n2®2. With
the effective potential for the tachyon Vig(®) = n?®2, the worldsheet propagator takes
the form

nlz — 22

G*(2,2,7,7) = Ko(n|z — 2|) ~ log 5

(4.32)

For the plane wave states we take the ansatz ¢ (®) = e"® where ¢ = |—w, with | € Z being
the angular momentum and 0 < v < 1 the correction from the interactions (fortunately
we will not need the value of v). The worldhseet propagator for the flat (U, V') coordinates
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has the standard logarithmic form. Now we use the fact that 1/|z| ~ s = pq to expand the
vertices for W2 and W4 in OPE. The OPE reads

.. _ _ —2- 210" (12_p2)9)
: WoWy i~ exp (zquVQ + zqi@VQ) exp (zEzBCI)Q + 2628@2) |z "h , (4.33)

“® This finally gives

which follow from the action of the Laplace operator on the state e

o o o

A = const. x/dQZ :WolWy texp <—7T2pqlog\1—z|2> exp [WQEQ (G<I> (2)+G* (1—2))] .
r

h
(4.34)
The above integral results in a complicated ratio of the 1 F7 hypergeometric functions and
gamma functions. We still have three possible poles, as in the Virasoro-Shapiro amplitude.
In the stringy regime at large pq, the dominant contribution must come from ¢ ~ [ = 0,
for the other pole brings us back to the purely gravitational scattering, with S o pg,
whereby the local scrambling rate remains insensitive to n, as we have shown in the eikonal

approximation. The stringy pole yields the momentum-integrated amplitude

)

d d 1+7% ,
D~ / pi; / q% exp [—p —g— (pge= 2T | o1+ comst. x 27T (1)
Xotoc ~ 27T (1 + ma/n?), (4.35)

showing that the Lyapunov scale 27T is modified (we again take r, = 1 for simplicity).
We conclude that in the strong stringy regime the Lyapunov exponent in dual field theory
behaves as 2m(1 + wa/n?)T, differing from the expected chaos bound for nonzero winding
numbers n. Thus, if the classical gravity eikonal approximation does not hold, the mod-
ification of the bulk Lyapunov exponent also has an effect on the OTOC decay rate in
field theory.

Once again, the above reasoning has several potential loopholes: (1) we completely
disregard the higher-order terms in the metric, which couple that radial and transverse
dynamics (2) we assume only small oscillations in ® (3) we disregard the corrections to
vertex operators (4) we disregard the corrections to the OPE coefficients. These issues
remain for future work.

5 Discussion and conclusions

Our study has brought us to a sharp formal result with somewhat mystifying physical
meaning. We have studied classical chaos in the motion of closed strings in black hole
backgrounds, and we have arrived, analytically and numerically, at the estimate A\ = 2nTn
for the Lyapunov exponent, with n being the winding number of the string. This is a
correction by the factor of n of the celebrated chaos bound A < 27T. However, one
should think twice before connecting these things. From the bulk perspective, what we
have is different from classical gravity — it includes string degrees of freedom, and no
gravity degrees of freedom. Therefore, the fast scrambler hypothesis that the black holes
in Einstein gravity exactly saturate the bound is not expected to be relevant for our system
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anyway, but the question remains why the bound is modified upwards instead of simply
being unsaturated (in other words, we would simply expect to get A < 27T"). The twist
is that the Lyapunov exponent in the bulk is related to but in general distinct from the
Lyapunov exponent in field theory, usually defined in terms of OTOC. Apparently, one just
should not uncritically apply the chaos bound proven for the correlation function decay
rates in flat-space quantum fields to worldsheet classical string dynamics.

Therefore, it might be that the field theory Lyapunov time does not violate the bound
at all. The timescale of OTOC decay for a field theory dual to the fluctuating string is
calculated in [17]: OTOC equals the expectation value of the scattering operator for bulk
strings with appropriate boundary conditions. The field-theory Lyapunov time is then
determined by the phase shift of the collision. In particular, [17] finds the saturated bound
A = 27T as following from the fact that the phase shift is proportional to the square of
the center-of-mass energy. On the other hand, [6] predicts that the Lyapunov exponent is
lower than the bound when stringy effects are considered. We have done first a completely
classical calculation of OTOC and have found, expectedly perhaps, that the 277 bound
is exactly obeyed. Then we have followed the approximate scheme of [49] to include the
one-loop closed string tachyon amplitude as the simplest (and hopefully representative
enough?!) stringy process. For a ring string background, this gives an increased value for
the field-theory Lyapunov rate, yielding some credit to the interpretation that complicated
string configurations encode for strongly nonlocal operators, which might indeed violate
the bound. But as we have explained, the approximations we took are rather drastic. We
regard a more systematic study of loop effects in string chaos as one of the primary tasks
for future work.

To gain some more feeling on the dual field theory, we have looked also at the Regge
trajectories. In one configuration, the strings that violate the bound n times are precisely
those whose Regge trajectory has the slope n times smaller than the leading one (and thus
for n = 1 the original bound is obeyed and at the same time we are back to the leading Regge
trajectory). In another configuration, the strings that violate the bound describe no Regge
trajectory at all. However, it is very hard to say anything precise about the gauge theory
operators at finite temperature. Deciphering which operators correspond to our strings
is an important but very ambitious task; we can only dream of moving toward this goal
in very small steps. What we found so far makes it probable that complicated, strongly
non-local operators correspond to the bound-violating strings, so that (as explained in
the original paper [1]) their OTOC cannot be factorized and the bound is not expected
to hold.??

'51n relation to the gauge/string duality it is useful to look also at the gauge theories with Ny flavors
added, which corresponds to the geometry deformed by Ny additional D-branes in the bulk. In [50] it was
found that the system becomes nonintegrable in the presence of the flavor branes (expectedly, as it becomes
non-separable), but the Lyapunov exponent does not grow infinitely with the number of flavors, saturating
instead when the number of colors N. and the number of flavors become comparable. This is expected, as
the D3-D7 brane background of [50] formally becomes separable again when Ny /N, — oo (although in fact
this regime cannot be captured, the calculation of the background ceases to be valid in this case). In our
case the winding number n is a property of the string solution, not geometry, and the Hamiltonian (2.9)
seems to have no useful limit for n — oo, thus we do not expect the estimate 27Tn will saturate.
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Preparing the final version of the paper, we have learned also of the work [52] where
the n-point OTOCs are studied following closely the logic of [1] and the outcome is a factor
of n enlargement, formally the same as our result. This is very interesting but, in the light
of the previous paragraph, we have no proof that this result is directly related to ours. It
certainly makes sense to investigate if the winding strings are obtained as some limit of
the gravity dual for the n-point correlations functions. We know that n-point functions
in AdS/CFT are a complicated business. The Witten diagrams include bulk propagators
carrying higher spin fields that might in turn be obtained as string excitations. Just how
far can one go in making all this precise we do not know for now.

In relation to [15, 16] one more clarifying remark should be given. In these works,
particles in the vicinity of the horizon are found to exhibit chaos (either saturating the
bound or violating it, depending on the spin of the background field). At first glance, this
might look inconsistent with our finding that for n = 0, when the string degenerates to
a particle, no chaos occurs; after all, we know that geodesic motion in the background of
spherically symmetric black holes is integrable, having a full set of the integrals of motion.
But in fact there is no problem, because in [15, 16] an additional external potential (scalar,
vector, or higher-spin) is introduced that keeps the particle at the horizon, balancing out
the gravitational attraction. Such a system is of course not integrable anymore, so the
appearance of chaos is expected. The modification of the bound in the presence of higher-
spin fields might have to do with the findings [51] that theories with higher-spin fields can
only have gravity duals in very restricted situations (in particular, higher spin CFTs with
a sparse spectrum and large central charge or, roughly speaking, massive higher spin fields,
are problematic).

Another task on the to-do list, entirely doable although probably demanding in terms
of calculations, is the (necessarily approximate) calculation of the black hole scattering
matrix, i.e., the backreactrion of the black hole upon scattering or absorbing a string,
along the lines of [7]. In this paper we have worked in the probe limit (no backreaction),
whereas the true scrambling is really the relaxation time of the black hole (the time it
needs to become hairless again), which cannot be read off solely from the Lyapunov time;
this is the issue we also mentioned in the Introduction, that local measures of chaos like the
Lyapunov exponent do not tell the whole story of scrambling. Maybe even a leading-order
(tree-level) backreaction calculation can shed some light on this question.
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Figure 6. Check of the Hamiltonian constraint H = 0 during an integration for the spherical,
planar and hyperbolic black hole (black, blue, red respectively), at temperature 7" = 0.01 (left)
and T = 0.10 (right). The accuracy of the constraint is a good indicator of the overall integration
accuracy, it is never above 107% and has no trend of growth but oscillates.

A Summary of the numerics

We feel it necessary to give a short account of the numerical methods used. The string
equations of motion (2.6)—(2.8) present us with a system of two ordinary second-order
differential equations with a constraint. This numerical calculation is not very difficult, and
it would be trivial if it were not for two complicating factors. First, the constraint itself
is the main complication; it is non-holonomic and cannot be easily eliminated. Second,
the system is rather stiff, with R in particular varying for several orders of magnitude.
We did the integration in the Mathematica package, using mostly the NDSolve routine,
and controlling both the relative and the absolute error during the calculations. The
constraint problem is solved serendipitously by ensuring that the initial conditions satisfy
the constraint and then adjusting the required absolute and relative error tolerance so that
the constraint remains satisfied. A priori, this is a rather unlikely way to succeed but we
find it works in most cases. Only in a few integrations we needed to write a routine which
shoots for the condition H = 0 at every timestep, using the NDSolve routine in the solver;
the shooting itself we wrote using the tangent method which is handier for this problem
than the built-in routines. The usual analytic way, making use of the Lagrange multipliers,
seems completely unsuitable for numerical implementation in this problem. In figure 6 we
show the evolution of the constraint for a few examples, demonstrating the stability of the
integration. We have also checked that the functions R(7),®(7) converge toward definite
values as the precision and accuracy (relative and absolute error per step) are varied.
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We explore numerically and analytically the pattern formation and symmetry breaking of beams propagating
through left-handed (negative) nonlinear metamaterials. When the input beam is a vortex with topological charge
(winding number) Q, the initially circular (isotropic) beam acquires the symmetry of a polygon with Q, 20, or
30 sides, depending on the details of the response functions of the material. Within an effective field-theory
model, this phenomenon turns out to be a case of spontaneous dynamical symmetry breaking described by a
Landau-Ginzburg functional. Complex nonlinear dependence of the magnetic permittivity on the magnetic field
of the beam plays a central role, as it introduces branch cuts in the mean-field solution, and permutations among
different branches give rise to discrete symmetries of the patterns. By considering loop corrections in the effective
Landau-Ginzburg field theory we obtain reasonably accurate predictions of the numerical results.

DOI: 10.1103/PhysRevA.100.053853

I. INTRODUCTION

The idea of a material with negative refraction index was
first considered long before it could be realized in experiment,
in the now famous paper by Veselago [1], in 1968. He con-
sidered a material with negative electric permeability € and
magnetic permittivity , and predicted a number of interesting
properties in such systems, among them negative refraction.
Only much later did it become possible to combine elements
with negative € and negative © at a microscopic level, as a
composite metamaterial. First experimental realizations were
reported in [2,3]. Negativity, or left-handedness, is typically
only achieved in a narrow frequency range, close to the
resonant frequency of the conductive elements of the metama-
terial. This was the original motivation for studying nonlinear
effects in these systems. Nonlinearities can be strengthened
by appropriate design at the microscopic level. The study
of nonlinear phenomena in metamaterials started with [4].
This has become a broad and important field in metamate-
rials research [5]. Nonlinear phenomena like solitons [6,7],
nonlinear surface waves [8], modulational instability [9,10],
and ultrashort pulses [11] were observed. Other work in left-
handed metamaterials relevant for our paper includes, among
others, [12-20]. We have no intention of being exhaustive
in this short review of the literature; we merely mention the
results we have directly used or found particularly inspiring.

The focus of our paper is the dynamics of symmetry
breaking in intensity patterns of electromagnetic waves propa-
gating through a left-handed nonlinear metamaterial. Numer-
ical solutions of the equations of motion reveal that circular
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(usually Gaussian) input beams turn into polygonal patterns,
with some discrete symmetry. This fits the textbook notion of
symmetry breaking, more specifically dynamical symmetry
breaking. The general theory of dynamical criticality is by
now well developed [21] and has been applied to numer-
ous systems [22]. In [22], a systematic theory of isotropy-
breaking transition is presented, though mainly for periodic
and quasiperiodic structures (convection in fluids, fluctuations
in quasicrystals). The basic mechanism is that the system
develops momentum eigenmodes of a fixed module but with
multiple discrete directions on the sphere |k| = const in mo-
mentum space. In nonlinear negative materials, the situation
is complicated by the strong frequency dependence of the
magnetic permittivity but the same basic logic remains. At
a fundamental level, this situation can be understood from
the viewpoint of a spatially nonuniform Landau-Ginzburg
theory. Quantitative accuracy is, however, hard to achieve; this
requires cumbersome perturbative calculations. Ultimately,
numerical work is the best way to describe the patterns in
detail; they look like polygons or, occasionally, necklaces,
with C39, Cyp, or Cp symmetry, depending on the parameter
regime; here, Q is the topological charge of the beam, a
property we will discuss in detail in the next paragraph.
The paper [10] is very important in this context: it starts
from the model derived in [9] and studies mainly necklace
configurations, which consist of discrete beads (spots of high
intensity) distributed more or less uniformly along a circle.
The authors find the same C3p symmetry that we see. Our
goal is to gain a detailed understanding of the phenomenon,
and move beyond single beams toward collective behavior and
interactions.

We have chosen to study this phenomenon on vortices,
topologically nontrivial solutions where the phase of the

©2019 American Physical Society
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complex electric and magnetic field winds one or more times
along a closed line encircling the vortex core. Vortices appear
in many systems described by a complex field, i.e., a field
with U(1) phase invariance [23,24]. In optics, this is just the
complex beam envelope of the electric and magnetic field.
The phase of any complex wave function or field can wind
along some closed line around a defect, forming a vortex.
Famously, vortices may coexist with the superconducting
order [U(1) symmetry breaking] in type-II superconductors
or they may exist only in the normal phase, upon destroying
the superconductivity (type I). Pattern-forming systems like
fluids and soft matter often have rich vortex dynamics [22].
Other examples of vortex matter in nature arise in liquid
helium [25], Bose-Einstein condensates [26], and magnetic
systems [27]. In two spatial dimensions, interactions among
the vortices lead to a vortex unbinding phase transition of
infinite order found by Berezinsky, Kosterlitz, and Thouless
for the planar XY model [28]. We study a three-dimensional
metamaterial but with an elongated geometry, so we treat it
as a 2 + 1-dimensional system (the x and y coordinates are
spatial dimensions and the z direction has the formal role
of time). We therefore have a similar situation to the XY
model but with different equations of motion and different
phenomena.

In addition to direct numerical and analytical study of
the equations of motion, we also propose an effective field-
theory Lagrangian which gives slightly different equations but
captures the key properties of the system. The Lagrangian
form makes it easier to understand some of the phenomenol-
ogy we find in numerical simulations; the foundations of
the symmetry breaking are obtained from this model in a
natural way. Numerical work is done with original equations
of motion, as they are directly grounded in the microscopic
physics. The Lagrangian is just a phenomenological tool to
facilitate the theoretical understanding. It is difficult (and
perhaps impossible) to package the exact original equations
in a Lagrangian form because the system is strongly nonlinear
and dissipative. Dissipative systems can be encapsulated in
a Lagrangian (our Lagrangian is also dissipative) but with
some limitations, and there is certainly no general method
to write down a Lagrangian for a broad class of dissipative
systems.

The structure of the paper is the following. In the next
section we describe the model of a nonlinear left-handed
metamaterial, following closely the wave propagation equa-
tions used in previous research, e.g., in [4,6,7] and oth-
ers, which correspond to a specific experimentally realizable
metamaterial. We also formulate and motivate the field-theory
model of the system. In the third section, we describe our
numerical findings, above all the anisotropy of the intensity
patterns. The fourth section offers the theoretical explanation
for the patterns: first by a direct approximate solution of
the propagation equations, and then also from field theory,
which makes the physics of the symmetry breaking partic-
ularly clear. In the fifth section we briefly discuss how to
check our predictions in experiment and how prominent the
effects of symmetry breaking are compared to other possible
instabilities in realistic metamaterials. The last section sums
up the conclusions. We have included some long calculations
in the Appendices.

II. WAVE EQUATIONS IN A NONLINEAR
LEFT-HANDED METAMATERIAL

We adopt the model of [4,7] to describe a left-handed
metamaterial with a nonlinear response. Microscopically, the
material is realized as a lattice of split-ring resonators and
wires. In the terahertz range, this is an experimentally well-
studied system [3]. In [6], a detailed microscopic derivation
is given, starting from the current transport equations in the
resonator-wire system. The outcome is a nonlinearity similar
to that postulated phenomenologically in [4]. We adopt essen-
tially the same model, described by the electric permeability
€ and the magnetic permittivity u:

0)2
e(E,ET)ze(|E|2>=(eDo+a|E|2)<1——0 ) (1)
o(w+1y)

Fo?

HH)=w(H*) =1+ ,
u( ) = wn(H|%) ot (HP) = T iTw

2

with o = 1 or —1 for self-focusing or self-defocusing non-
linearity, respectively. Frequency is denoted by w and epy is
the linear part of the permittivity. By F, y, and I" we denote
the filling factor of the material and the electric and magnetic
damping coefficients. Equations (1) and (2) allow us to model
also the real (lossless) dielectric response by putting y = 0.
For the magnetic field, the permittivity will in general stay
complex even for [' = 0, as the nonlinear frequency of the
resonator rings wonr, can always have a nonzero imaginary
part. This frequency is related to the magnetic field through
the relation (X = woni/wo):
2 2 22 2,2

424 = XX XGQ) +Q7/]’ 3)

where Q2 = w/wy, wy is the eigenfrequency of the rings,
and A is a parameter which can be derived microscopically
[4,6,7]; for our purposes, it can be treated just as a phe-
nomenological parameter. This cubic equation yields three
branches for wly; . All these branches are physical and cor-
respond to different possible nonlinear oscillations [7]. Now
the equations of motion are just the Maxwell equations in a
medium described by (1) and (2), in the approximation of
slowly changing beam envelopes. We assume an elongated
(cylindrical or parallelepipedal) slab of metamaterial, so we
can employ the paraxial beam approximation (e.g., [29]). The
beam is initially collimated along the longitudinal axis z and
focuses or defocuses slowly in the transverse x-y plane due
to the nonlinearity of the material. The electric and magnetic
field £(t;x, y, z) and H (¢; x, y, z) are directed along the 7 axis.
From now on, the speed of light is put to unity, ¢ = 1. All the
steps in deriving the nonlinear Schrédinger-like equation are
well known so we merely state the final result here, which is
quite close to the equations used in [13] in 1 4 1 dimension,
or the equations found in [9—-11]. Full derivation can be found
in Appendix A. The equations of motion turn out to be

HI> =«

—’BazE = V2E + [0*e(|EP)p(HP) — KE

Vo u(HP) 0. 1u(1H %)
v E 2 @
Wi T e B @

—;—)azH = ViH + [0’e(|EP)n(H*) —K’1H.  (5)
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Here, V| = (9,, dy) is the nabla operator in the transverse
plane, k is the wave vector along the z direction, and b is the
characteristic propagation length along the z axis. Equations
of motion (4) and (5) together with the equations (1) and (3)
for the permittivities contain the following five parameters:
€po, F, I, y, and wy. Realistic values for all the parameters
are discussed in [7]. The natural length scale of the model
is dominated by the 1/wy scale. Dimensional analysis of the
terms on the right-hand side of (4) determines the length
scale b in (4) and (5) as b ~ 1/wy. Both in analytical and in
numerical calculations, we express the transverse coordinates
(x, y) in millimeters but the longitudinal coordinate z is often
stated in units of b. This is because the length scales of
all patterns in the transverse plane are similar whereas the
propagation lengths along z can vary by an order of magnitude
as y and 2 are varied, so it is more natural to express them in
terms of the characteristic distance b.

A. field-theoretical model

For some theoretical considerations it is useful to formulate
a Lagrangian (gradient) model which captures the essential
features of the equations of motion (4) and (5). As it often hap-
pens in studies of complex nonlinear pattern-forming systems,
we cannot easily write the original equations in such a form.
Instead, we construct a field theory which yields equations of
motion somewhat different from the original ones but which
still give the same phenomenology, and are able to explain
the results of numerical calculations with the equations (4)
and (5).

Let us think what such a field theory would look like. The
terms with the gradient of magnetic permittivity obviously
introduce dissipation, which physically originates from the
losses in the inductive rings of the metamaterial. In general,
dissipative systems do not have a Lagrangian, although a
number of generalized Lagrangian approaches exist for dis-
sipative systems: either with more general functional forms of
the Lagrangian, or with a dissipative function in addition to
the Lagrangian, or with extra degrees of freedom [30,31]. We
will take the first, most conventional of the three approaches:
we will consider a conventional Lagrangian (no dissipative
function, no extra degrees of freedom) which gives slightly
generalized equations of motion compared to (4) and (5),
with dissipative terms for both electric and magnetic fields
coming from the complex terms in the effective potential. The
effective action reads

L=Lg+ Ly,
l . %

L =———¥—"EJdE"—E'0E

£ Suaam )
|VLE|2 k2|E|2 2 2 2
wqiD T ey T e UEDIEER
1 r

Ly =——(HOL,H —HO.H

"= aeEm M )
/LI IY
c(EP) " e(ER) “ )y Y

;
The last term in £ equals —w? fOEE dxe(x), analogously to
the corresponding term in Ly, but since € is polynomial in

E'E the integral can be solved explicitly. Now (6) gives the
equations of motion:

—;;azE = V2E + [e(EP)u(H ) — K*E

W u(HP) . Vip(H?)

VIE =@y, (7)

W(HP) W(HP)
—;;azH = V2H + [e(EP)u(H) — K*1H
1.c(EP) . Vie(EP)
— — V . H — &g, 8
<(EP) cGep) AP B

where ®p p are related to the fluxes of the electric and
magnetic field (prime denotes the derivative of € and u with
respect to their arguments E'E and H'H):

€(EP) <

l
—~— (- (Hy,H —H'3.H
2qem\2 1% )

H = )

+ |V H|* + k2|H|2>, ©)

CWHP) (o
O = W<§(EBZE —EY3.E)

+ |V, E)? +k2|E|2). (10)

These are the extra terms compared to the physical equations
(4) and (5)." Inserting 3,E* from the equations of motion (7)
and (8) into the above we derive

! EV,ET—E'V E
CDE:MVJ_< 1 1 >’
i jz

and analogously for @y, with € <> u, E <> H. This term is
proportional to a total derivative, and is therefore related to the
flux (EV L E" — ETVE)/u. For slowly changing € and 1,
which is often the case in our system (i.e., for €/, u’ < €, p),
this term is small, which partly justifies the choice (6) for
the Lagrangian. But the ultimate justification, as it frequently
happens, is that a posteriori we will find that this model is able
to explain the features observed in the numerics. Therefore we
will not try to interpret the term (11) in detail.

(1)

III. GEOMETRY AND STABILITY OF VORTICES

We will now sum up our numerical results which demon-
strate the breaking of the circular symmetry of the vortex
beams and their decay during the propagation. We always start
from a Gaussian input beam with a topological charge Q, of
the form E(r, ¢;z = 0) = Ey x e " /2" ¢19% and analogously
for the magnetic field, with amplitude H, but with the same
vortex charge Q. Therefore, we always give an exact vortex as
an input. The parameters of the model were chosen so that the
permittivities € and p, given by (1) and (2), respectively, are of
order unity. This serves to limit the dissipative effects, so that
the propagation along the longitudinal direction can be clearly
observed. Same phenomena are found for arbitrary values of

'The dissipative term proportional to V| H in (8) is also absent in
the original equations, but that one is easy to interpret: we make both
L and Ly complex, so both fields have dissipative dynamics.
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FIG. 1. The radial profile of p for a left-handed medium (a) and a right-handed medium (b), for a vortex of charge Q = 1. The profiles
are radially symmetric in accordance with the fact that u depends strictly on the magnitude of the magnetic-field vector |H |?. The real (blue)
and imaginary (red) values of the complex permeability i vs the frequency of the beam w are displayed in (c). For frequencies higher than the
eigenfrequency of the resonator rings wy, the real part of the permeability is negative, essentially yielding a left-handed medium. The figure is

made for dissipative €; for lossless € the behavior is similar.

€ and p but on a different length scale. We do not aim at
a stamp-collecting exhaustive description of patterns for all
possible parameter values, so we will focus on just a few rel-
evant cases. We are mainly interested in left-handed materials
(e, n < 0) and how they compare to right-handed ones, so for
the dielectric constant we always choose the self-defocusing
Kerr nonlinearity (o = —1) with a linear part epy = 12.8,
which has both a left-handed and a right-handed regime. To
check the effects of dissipation, we either adopt y = 0 in (1),
i.e., the lossless case, or we tune y so that a)%/(a)2 +i1yw) =
1/2. In other words, we impose either Ime = 0 or Ime = Ree.
This is for simplicity and to avoid probing a huge parameter
space for all possible y values; from now on we will call these
cases simply lossless € and dissipative €. The filling factor is
F = 0.4 and the magnetic dampening coefficient is I' = 10°
Hz; these values are kept fixed in all calculations. Numerical
calculations are performed with an operator split algorithm
described in detail in the Appendices of [32].

The nonlinear frequency of the oscillator rings is obtained
as a solution to (3). Of the three branches of the solution,
we take the one that yields a negative real value of u for
w > wo (Fig. 1). We have freely taken o = 9.8 x 10° Hz to
represent a left-handed medium, and w = 7.0 x 10°Hz to
represent a right-handed medium. The transverse profiles are
displayed in Fig. 1. We see there is a well-defined left-handed
regime.

Now we discuss the transverse intensity profile for differ-
ent initial beam configurations, with vortex input beams as
explained in the beginning. We observe the following features.

(1) Circular symmetry of the vortex input always breaks
down to a discrete group.

(a) In a dissipative left-handed medium, the discrete sym-
metry group for a vortex of charge Q is C3¢p, before break-
ing down to simple C, axial symmetry at longer distances
[Fig. 2(a)].

(b) In a dissipative right-handed medium, the discrete sym-
metry group for a vortex of charge Q is C,¢, before breaking
to Cp and then to C, axial symmetry at longer distances
[Fig. 2(b)].

(c) In alossless left-handed medium, the discrete symmetry
group for a vortex of charge Q is C3p for very short distances,
before quickly breaking down to Cy and finally C, [Fig. 2(c)].

(d) In a lossless right-handed medium, the discrete symme-
try group for a vortex of charge Q is Cyp, before breaking to
simple C, axial symmetry at longer distances [Fig. 2(d)].

(2) Vortices decay approximately exponentially as they
propagate along the longitudinal axis. Figure 4 shows the
intensity of the beam across the z axis, for various regimes. At
early z values, total intensity may behave nonmonotonically
and nonuniversally but on longer scales it decays exponen-
tially. For different charges, the intensity curves collapse to a
unique exponential function at large z. As could be expected,
lossless and dissipative cases differ somewhat and collapse to
different curves.

The bottom line is that there is a vocabulary of patterns
with Cp, Cy9, and C3gp symmetries. One of them dominates in
each case (left and right handed, dissipative and lossless) but
at longer propagation distances the symmetry can change, be-
fore the intensity drops to near zero from dissipation. The final
stadium of C, symmetry is only seen at very low intensities,
so it might be practically unobservable in experiment; that is
why we say the vocabulary only has three possible patterns,
excluding C;.

The findings above are further corroborated by Fig. 3,
which shows the vortices with different charges Q =
1, 2, and 3 in the same regime [dissipative left handed (a) and
lossless left handed (b)]. As claimed above, the symmetry is
Csp in panel (a), and (except at small z values) Cp in panel (b).
Finally, it is obvious that there is some mixing of patterns:
the polygons are never exactly regular, so the groups C, are
certainly not exact symmetries; we use the C, nomenclature
merely for convenience.

One interesting phenomenon in Fig. 2(c) is that the pat-
tern rotates along the z axis. This can be understood as
excitation of multiple angular modes (of the form ¢'/* with
various / numbers) as the beam travels along the sam-
ple. This is a well-known consequence of nonlinear terms
[5,29] and typically depends on the relative strength of
nonlinear mode interactions compared to energy density
|E|> + |H|?> and dissipation y. We will not explore it in
quantitative detail in this paper as it is only tangential to
our main topic of radial symmetry breaking; as one can
see, the structure remains the same; just the orientation
changes.
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FIG. 2. The patterns for a Q = 1 vortex, in a left- and right-handed dissipative medium [(a) and (b), respectively], and in a left- and
right-handed lossless medium [(c) and (d), respectively], at longitudinal slices z = 2b, 4b, 6b, and 8b, showing the Csp, Cyp, C39/Cp, and Cyg
regimes. The remaining parameters are defined in the text at the beginning of this section.

One might rightly worry that the initial conditions which
contain a vortex in both electric and magnetic field are not
very realistic, as in most materials the electric field dominates
the optical response. Therefore, in experimental practice, one
typically prepares a vortex in the electric field making use of
phase masks or some other method, and the initial magnetic-
field distribution is completely analytic. In Appendix B we
repeat the calculations from Fig. 3 and show that the outcome
is the same, including the vocabulary of patterns and their
C, shapes. Therefore, the E-H symmetric ansatz is merely a
matter of convenience, and the realistic regime where |H| <
|E| is in fact covered by our paper.

Figure 4 shows that at long times the decay of intensity is
universal for given dielectric dampening coefficient y, which
suggests the main mechanism of dissipation is in fact the
radiative loss. This is because we deliberately chose € and u
with small imaginary parts (for € it can also be zero), so the
losses in the medium are not so important when it comes to
total energy (they are still important for being nonlinear and
influencing the patterns). One important difference between
the lossless medium (black and blue symbols in Fig. 4) and
the dissipative medium (red, magenta) is that the former has
a short interval of growing intensity, before reaching the
universal regime of radiative decay. The physical reason is
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FIG. 3. The patterns for Q = 1, 2, and 3 vortices (left to right), in a dissipative (a) and lossless (b) left-handed metamaterial. The behavior
for three different charges confirms the previous conclusions for the type of symmetry encountered. All parameters except for the vortex charge
are the same as for Fig. 2. The propagation distance is z = 5b in (a) and z = 8b in (b).

that the polarization, i.e., the rearrangement of charges in the
self-defocusing metamaterial, reduces the overall electrostatic
potential energy of the medium, and this energy becomes
available to the beam, increasing its intensity. Clearly, once
the radiative losses overcome the total potential energy avail-
able, the intensity decays. The growth is clearly a transient
effect which cannot persist for long z intervals. A formal way
to understand this is that the nonconservation of energy is
encoded by the last term in (4), which can have a positive or

60

o ° Q=1 lossless
* Q=2 lossless

50 [ gf®
i 2 Q=1 dissipative

JA0] < Q=2 dissipative
.“é
&30 1
£

20+ 1

107 - 1

0 ‘ ‘ ‘ ‘
5 10 15 20
z/b

FIG. 4. Decay of the total intensity I = [dx [ dy(E*+ H?) in
computational units for Q = 1 and 2, for a lossless (blue circles,
black stars) and dissipative (red squares, magenta triangles) left-
handed material. At early times the behavior is complicated and
nonuniversal but at late times it collapses to an exponential curve.
This is expected when loss through radiation dominates. The oscilla-
tory features of the Q = 2 lossless case (black) are likely due to finite
numerical resolution.

negative imaginary part depending on the sign of d,u /. At
large values of z, we expect to enter a universal regime where
this sign is constant, because the radiation loss dominates over
nonlinearities and the exchange of energy between the beam
and the medium; this is the universal decay regime in the
figure.

IV. THE THEORY OF VORTEX EVOLUTION

The phenomenology described in the previous section can
be understood on several levels. At the crudest level, we
can introduce a variable-separation ansatz in the equations of
motion and then linearize them in the amplitude (but not in
the phase). This picture explains the C,¢ patterns, but not the
C3p and Cp regimes. It also does not explain the instabilities,
that is, the changes and disappearance of patterns during the z
propagation. For the full picture it is necessary to take into
account the nonlinear effects through the loop corrections,
i.e., to move perturbatively beyond the amplitude-linearized
solution. A qualitative insight of the symmetry breaking can,
however, be obtained also in a simpler and more elegant way,
directly from the symmetry analysis of the model Lagrangian
(6). Therefore, after finishing the amplitude-linearized analy-
sis and the loop corrections from nonlinearity, we will obtain
the same results from a unified mean-field treatment of the
(nonlinear) model Lagrangian.

A note on terminology is in order. The solutions we find
are not the textbook type of vortex with phase dependence
solely of the type ¢'2?; rather, the dependence on the phase
is more complicated, i.e., the phase is doing more than just
the winding, but it is still true that the circulation of the
phase around some point (the location of the vortex core)
is an integer—the topological charge of the vortex. Such
solutions are sometimes called spirals [22] whereas the term
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“vortex” is reserved for the simple winding-phase solutions.
We nevertheless stick to the widespread term “vortex” for any
topologically charged solution under the fundamental group
of the U(1) phase symmetry.

A. Amplitude-linearized solution

We will separate variables in the equations of motion (4)
and (5) [or the Lagrangian equations (7) and (8), which do not
differ from the original equations at the amplitude-linearized
level] and then plug in the vortex ansatz. The vortex ansatz is
a solution which has a winding phase ® with some winding
number Q, for a constant (averaged) value of the permittivity
e = const, because we ignore the nonlinear dependence of
won |H|. The vortex solution of winding number (topological
charge) Q in cylindrical coordinates (r, ¢, z) can be separated
into regular and vortex parts:

E = Ereg + Eyort. (12)
We represent the vortex part as
Evor(r, ¢, 2) = Zg (2)Re (r)e! 2071 @), 13)

and analogously for the magnetic field. Along the z axis we
get Z(z) = €' as expected, and the eigenvalue A is arbitrary
for now, i.e., it is determined by the boundary conditions along
the z axis. Upon inserting (13) into (4), the equation separates
into the angular part and the radial part. The former reads

" — (D) + 2100 +11> =0, (14)

where [ is the eigenvalue of the angular part. This is the crucial
equation—the phase dynamics is nonlinear because p is in
general complex and the terms with V ; i contain nonlinear
dependence on the phase. The equation is easily solved by
first introducing w = @’ and then reducing it to quadratures.
The outcome is

@(p) = cos(v Q> + I?¢ + C)). (15)
In other words, we still stay with a winding solution but
various winding numbers (equal to /Q? + [2) are possible
when multiple modes are excited. Clearly, only the solutions
with integer windings are physical, otherwise they would not
be single valued. The most general solution is thus a su-
perposition of solutions Zg (X, I; 2)Pg (X, I; ¢)Re (A, [; r) with
different / modes so as to result in a single-valued function.
Now the radial part acquires the form
~2
Rg + %R:g + <% -+ 600(7)2>RE + ot,tgza)

c

3
R} =0,

(16)
with @ = o[l — a)(z)/(a)2 + 1wy)]. If we disregard the cubic
term (amplitude-linearized approximation),” the well-known
solution in terms of Bessel functions is obtained:

Re(r) ~ ¢ (x, DJg,(ar) + ¢ (1, DY, (ar),

0 =JO+P a= \/A — epotted/wER — k2. (17)

This is justified at least in some interval of z values, as the
system is dissipative and loses power [(E* + H?), so the amplitude
progressively decreases along z.

1.0/ e = 1.0f;
0.5 05
E 0.0/ é 0.0
= [ =
-0.5/ -05
~1.0/4 —  — — — 1.0 - ——|
-1.0 -05 00 05 1.0 -1.0 -05 00 05 1.0
(a) x(mm) (b) x(mm)

FIG. 5. Polygonal pattern |E|> for a vortex of charge Q = 2,
fork =2, epp = 12.8, and p. = 1.004 (values of all parameters and
constants in the main text), at radial slice z = 1, for a single vortex
mode / =0 (a), and for a linear combination of modes with [ =
0,1, and 2 decaying at infinity (b). The symmetry is Cyp = C4,
which does not explain the Cy and C3( regimes. Obviously, the crude
picture of breaking the radial symmetry works but full explanation is
lacking. It will come from the loop corrections.

Here, J and Y are the Bessel functions of first and second
kind, respectively. Similar solutions Zy (z), ®(¢), and Ry (r)
are obtained for the magnetic field. The angular equation is
identical for both fields: for this reason we have one solu-
tion ® for both £ and H. The eigenvalues A and / and the
values of the constants cg ’31) are determined by the boundary
conditions. Obviously, (15') imposes the Cyp symmetry, if
I = 0. This simplest case is not necessarily the stable solution.
We might have a sum over many [ values. In principle,
such sums may yield more complicated patterns, however we
will see that when the physically reasonable boundary con-
ditions are implemented (decay at infinity, single valuedness
everywhere) one typically always has the robust C,¢ pattern.
One important consequence of the fact that multiple / modes
are possible is that due to nonlinear effects a new / mode
can be created during the propagation along the z axis. We
have already seen an example in Fig. 2(c). A quantitative
analysis of this phenomenon requires a full nonlinear model
and so can only be studied within the formalism of the next
section.

This solution is not very satisfying but reproduces some of
the features from the numerics, summarized at the start of the
previous section: (1) the reduction of the full O(2) symmetry
down to a discrete symmetry C, for some n € N, i.e., the
polygonal form of the vortex, and (2) the value n = 2Q is
true in some but not in all situations. We show the solutions
for a single angular mode from (15) and (17) in Fig. 5(a). In
Fig. 5(b), we show a linear combination of angular modes with
[ =0, 1, and 2, with the coefficients cg’é) in (17) chosen so
that the total intensity still decays sufﬁciently fast at infinity.
The symmetry is still Cop. Apparently, the regimes with the Cp
and C3p symmetries require loop corrections from nonlinear
1 to be taken into account.

B. Loop corrections

The origin of the breaking of radial symmetry is the fact
that a discrete set of modes in Fourier space is selected.
This is best seen from the Fourier transform of the solutions
(15) and (17). We will calculate the propagator G(u) at
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constant z, i.e., the Fourier transform r — u of the solution
with a Dirac delta source. This source imposes the boundary
condition Rg(0) — oo, [ drrcos pRg(r) = 1, giving ¢\ =

J

Gpu(u) =

0, ¢ = 27 /T(Q/2) in (17). Fourier transforming (x, y) >
(ux, uy) we get for a single mode (17), making use of the
Bessel and Lommel integrals:

rQ/2) au

2w Q0T /2+0) <sin[(u —a)A]  cosl(u+a)A — nQ])
u+a

u—a

u—a

dr e—10w/2+¢) (COS[(M — @A +7Q]  cos[(u+a)A]

+ rQ/2) au

Here, A is the ultraviolet (UV) small-length and high-
momentum cutoff, i.e., the Fourier transform is performed by
integrating flo/oA dr 02” d¢. The cutoff has a clear physical
meaning: 1/A is the size of the vortex core (where the
vortex ansatz stops working because the gradient of the field
becomes too high). We clearly do not get anything new by
just Fourier transforming. The goal is to move beyond the
amplitude-linearized approximation of the previous section by
considering the effects of nonconstant permittivity p instead
of constant (averaged) .. This calculation is essentially ele-
mentary but might be tedious and boring for readers who are
not fond of perturbative field theory. Most of the integrations
are in Appendix C. Even the rest of this subsection can be
skipped until the the equation (22), where we discuss the final
result.

Putting u from (3) in place of u. requires the solutions
for wonr in terms of the magnetic field. The solutions are
readily found from the Cardan formulas (we do not give them
explicitly as they are cumbersome and not very illustrative).
But the form of the H dependence of woni is seen already
from the Viete formula:

(1) 2 @ \2 @2 14297
(won)” + (@onr)” + (@oa)” = W’ (19)

so the solutions depend on |H |? only, with no higher powers of
the magnetic field. Inserting this into £, we get the nonlinear
correction of the form

8L = £200|VLEI® + 8020lEI* + g022|EI|H|?
+ g202|VLIEPIHI. (20)

We thus have two quartic interaction terms and two quadratic
terms. We do not intend to calculate the loop corrections
in full detail; it is not worth the effort as we only want to
capture the symmetry, i.e., the form of the angular depen-
dence. First of all, the quadratic corrections g;0,0 and go 2.0
trivially renormalize the parameters in the bare propagator
and do not change its functional form. Lowest-order non-
trivial loop corrections to the self-energy come from go 2.2
and g7,0.2. The electric field receives the correction GE' —

G + = + 227" with
= = 8022 / du' Gy (u) ~ go22¢"/ sin(x Q) In A,

3 ! " ! " ! 4
= = Se0aa [ dul [ du'Gu(w)Gaw')Getw —w' —u')

~ const x [a*? cos(30¢/2) — 21Q* Inal]. (1)

Wt a ) (18)

(

We will write all equations for E, because this field receives
interesting corrections from the gradient of i [Egs. (4) and
(7)]. The magnetic field does not couple to the permeability
€ in the same way in the original equation (5), and in the
Lagrangian form (8) it does but € does not contain such
strong (nonpolynomial) nonlinearities as p. One- and two-
loop corrections appear not only in the self-energy but also
in the vertex operators. However, the vertex corrections only
have a weak momentum dependence and consequently the
coordinate dependence (geometric patterns) of the solution is
not significantly affected by them. For that reason we will not
discuss them in detail.

The correction Eg) is the Hartree correction with a sin-
gle vacuum bubble which is not very interesting: it merely
introduces an additional mass term and does not influence the
momentum dependence and thus the geometry of the patterns.
As could be expected from power counting, it is logarithmi-
cally divergent in the UV cutoff A. Of course, this is not a
problem in an effective theory; we have already explained
the physical meaning of A. The watermelon diagram EEZ)H
is crucial: it is momentum dependent. Its calculation is found
in Appendix C. An informal way to estimate its effect is the
following: the leading contribution comes from the region
where u ~ u’ — u” because this is a pole of the self-energy
correction. Then we are left with angular integrals only, and
they reduce to integrals of products of three rational functions
[for the three propagators in (21)] of the half angle—this gives
rise to 3¢ /2 in the argument of the cosine. Now the dressed

propagator (GE}H + 2)71 needs to be Fourier transformed
back to real space. We will only do this approximately (it is
likely impossible to do exactly in closed form). The outcome
is

e(z)ﬁZQz Ina)z cos(Q¢)

Jr

(27 )¥ g0,
x [c;;)(x, ”(HWZ(;;Z cos(3Q¢/2)>
(27)*%g0 2.2
(Q/2)3

Evort(ra ¢» Z) =

+ P, 1)<1+ sin(3Q¢/2)>].

(22)

No doubt the reader sees that the terms
cos(30¢/2) and sin(3Q¢/2) give a pattern |E,o|> with
30 branches, in addition to the 2Q polygons obtained from
the term cos(Q¢). The interference between the two patterns
might (1) break the symmetry completely and (2) lead to Cyp
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symmetry if the relative phase between the leading term and
the corrections is approximately 2 /Q. Both cases are seen
in numerical work: Csp appears in all left-handed materials
[Figs. 2(a) and 2(c)], and elements of Cp symmetry are
present in almost all cases at long propagation distances z
[Figs. 2(a)-2(c) and 3].

The self-energy has an imaginary part [equivalently, the
solution (22) exhibits exponential decay in z], meaning that
these configurations are not stable—they are only seen up
to some propagation distance z. The exact order (along z)
and stability of each of the patterns depend on the details
of the permeability €. One important and universal lesson is,
however, that the decay rate [the real part of the exponent in
(22)] is proportional to Q?, therefore the higher the value of
|Q| the faster it decays. This supports the general intuition
that vortices with high winding numbers are not stable. But
unlike the simplest case of the XY model or a superfluid
where the stability only allows Q = 41 we can in principle
have arbitrarily high Q as we have seen also in the numerics;
their lifetimes are smaller and smaller as Q grows, but still
finite. The exponential decay itself is also confirmed by the
numerics, as seen from Fig. 4.

C. Isotropy breaking: The look from the action

The basic mechanism leading to the symmetry breaking
O(2) = C3p = Cyp — Cp is seen already from the model
Lagrangian (6). The symmetry breaking is essentially the
consequence of the interplay of the nonlinear-sigma-model
form of the kinetic term and the complex nonlinearity of
the magnetic permittivity p. Therefore, we can take a static
approximation of the z dynamics, ignoring the z dependence;
clearly, in that framework we can only obtain the vocabulary
of patterns, not the relative stability of Cgp, Cp, and C3Q.3
The separation of variables remains a natural ansatz, and the
vortex nature of the solution implies Eyorx = Eo(r)e'®?) with
35 d¢p®(¢) = 2nQ and analogously for the magnetic field.
The Lagrangian (6) then becomes

_ B+ G RE | + S+ RH
% € '

L (23)
The fact that 4 contains wly; (|H|*), which is in turn the
solution of the cubic equation, introduces a branch cut in H
because of the cubic roots. This is the simplest explanation
of the origin of the C3p symmetry. More quantitatively, the
story follows exactly the Landau-Ginzburg paradigm: while
the initial Lagrangian only depends on |E|? and |H|? and thus
preserves isotropy, the saddle-point solution is given by the
equation

e(V2 —H)E —€'V,E -V, H
62

'u/
+ E'H'_m =0, (24

where we have used that u = u(a)(z)NL) and wéNL =
i (H*3, [H|*?) (from the Cardan formulas). With the

ansatz adopted above, the amplitude equation for Ey(r) is the

3We could take the ansatz ¢'** instead; it would merely modify
Kk — A

nonlinear amplitude equation (16). The equation for the phase
part ® is more interesting. It reads

O©)P(1-S3)—k 2
U=em) =k, =0 ©25)
3u

€

The cubic root carries a branch cut, and the last term
really evaluates to 2u'/3u? x H(;l/3e”®/3+2"”’/3 with n =
—1,0, and 1. The solution ®( which satisfies the phase wind-
ing condition is obtained in implicit form as

k(l - %%) 2 0
1(®g +27n/3) = K, In [W sec (345) ,

(26)

where K, is a constant determined by the amplitude solution
and depending also on n = —1,0, and 1; its exact value is
hard to find analytically as we do not know the solution
to the amplitude equation in the nonlinear regime. But that
is not crucial for our general argument. The point is that
the system can choose a solution with any of the values
n=—1,0, and 1; i.e., even though the equations of motion
(and the Lagrangian) are isotropic, the solution is not. Each n
branch behaves as A1/ cos’(Q¢/2), only they are rotated by
+27 /3 with respect to each other, and each of them has a Cp
symmetry. Put together, the three branches give Cs¢ patterns.
But all that holds if two of the cubic roots are complex. If all
cubic roots are real, the phase remains single valued, and we
only have Cy symmetry, coming directly from (26) if we fix
n =0, i.e., if we only keep a single branch.*

What is the regime in which cubic roots are real and the
symmetry is Cp, as opposed to the complex roots and Csp
patterns? The easiest way is to look at the cubic equation (3)
for the magnetic permeability (and the nonlinear frequency
woNL). For u > 0 (right-handed regime), the roots are all real
and C3¢ patterns cannot occur. Indeed, the Cs3p phase is only
present in Figs. 2(a) and 2(c), in left-handed media.

This approach is much more physical and elegant than the
tour-de-force calculations of the previous two sections but it
does not give explicit solutions for E and H it only classifies
the symmetries of the solution. This is why we we still needed
the perturbative linear and two-loop analysis, to arrive at more
quantitative results.

The saddle-point solution (26) is nonlinear, unlike the
linearized solution found in the first subsection (15). It is not
a vacuum in the usual field-theory sense, however, as it is
not constant. We are dealing with dynamical criticality of the
kind discussed in [21]. In the vicinity of this solution, the La-
grangian describes the fluctuations of amplitude §E and §H,
and the fluctuations of phase §®. Similar to the O(3)-type spin
models [23] and multibeam optical systems [32], and unlike
simple XY-type models, the phase and amplitude fluctuations
mix. By analyzing the fluctuation equations, it should be
possible to understand analytically also the transition from the
left-handed to the right-handed regime as the parameters are
varied, i.e., what are the instabilities that drive it. We will not

“We use the fact that a cubic equation has either one or all three
solutions real.
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FIG. 6. (a) Frequency dependence of the typical propagation length scale for the dissipation of the vortex a2 (blue dashed line) and for
the evolution of the symmetry-breaking C, patterns (red dotted line). The symmetry breaking is detectable as long as the pattern evolution is
faster than the dissipation, i.e., as long as the red curve is below the blue one. This is obviously the case for most of the frequency range. We
also plot the frequency dependence of the negative permittivity —u (black full line; because of the minus sign large positive values in the plot
are really large negative values of ). The left-handed regime is most prominent at intermediate frequencies, which are also inside the regime
of the symmetry breaking. (b) Frequency dependence of the relative strength of nonlinear interactions woni /@ (blue dashed line) together with
negative permittivity —u as in (a) (black full line). Our calculations, based on a pair of nonlinear Schrodinger-like equations, are reliable as
long as the nonlinearity is not too strong. This is again the case for all but very small frequencies, and again includes the left-handed regime.

attempt that here; it is a long subject that deserves separate
work.

V. TOWARD EXPERIMENTAL VERIFICATION
AND APPLICATIONS

We will now briefly discuss what an experimentalist can
learn from our results and what to look for in practical
work. Wave propagation through the metamaterial can be
observed by measuring the transmission coefficients §;;. From
these coefficients, one can also reconstruct the electric-field
intensity |E|?, which can be directly compared to our intensity
maps like Figs. 2 and 3 [33]. Another quantity which can
be measured is the voltage waveform, which can be used to
construct amplitude envelopes [34].

Therefore, the predicted symmetry breaking is in principle
directly observable. But the question remains how widespread
it will be for realistic values of the parameters. From a more
applied viewpoint, this question is reversed: how to make a
vortex transmission through a left-handed waveguide stable.
In other words, how not to observe the symmetry breaking. It
is true that the phenomenon disappears as soon as the vortex
charge is zero, i.e., when the beam is not a vortex. However,
the vortex patterns are likely important in applications. First,
as a topologically protected object with conserved charge, a
vortex is among the natural candidates for computational de-
vices and information transmission (for the same reasons that
solitons are also interesting in that regard: they are robust to
noise, carry a discrete “quantum’ number, i.e., charge, and are
stable to small local perturbations). Second, in the presence
of impurities in the sample, vortices can form in a nonlinear
metamaterial from the initially nonvortexing beam [23].

Let us focus on the left-handed regime, which is the most
interesting and the most relevant for applications. The first
condition is therefore to be in the frequency regime with
uw(w) < 0. This can be checked directly from Eq. (2) as
we did in Fig. 1(c). The second issue is that the symmetry
breaking takes some finite time, i.e., some finite propagation
length, which is of order b; as can be seen from Fig. 3 and

directly from Egs. (4) and (5), this is the length scale over
which the patterns change. On the other hand, the one-loop
calculation (22) shows that the intensity decays with the
rate ~a 22", As long as this is less than the characteristic
length b, one will likely not see the symmetry breaking but
just eventual dissipation of the beam. Therefore, these two
scales should be compared for some reasonable parameter
values. We show this in Fig. 6(a) for F = 0.4, epy = 12.8,
y = 1 GHz, and wy = 10 GHz. Apparently, the length scale of
the C, pattern development (red dotted line) is nearly always
shorter than the dissipation scale (blue dashed line), so we
expect that the effect predicted in the paper is readily seen in
experiment, at least for Q = £1. For larger vortex charges,
the dissipation grows quickly and high Q values are probably
not easily observed. Conversely, if the goal is to keep a stable
radially symmetric vortex pattern, one should remain at small
frequencies, although for @ < wp the material is not strongly
left handed, as can be seen from the —u(w) dependence, also
given in the figure.

There is still one remaining issue. Our theoretical ap-
proach, based on a pair of nonlinear Schrédinger-like equa-
tions, inherently disregards some effects. It describes a quasi-
monochromatic wave without wave mixing or dissipation due
to higher harmonic generation [5]. Such phenomena become
significant for strong nonlinearities, so we should compare the
nonlinearities in € and w to the typical energy (frequency)
scale of the vortex. In Egs. (1) and (2) the approximate ratios
of the nonlinear to linear terms are given by |E|?/epo and
woxL/wo ~ (A/H)'3. The first scale is frequency indepen-
dent and solely depends on the beam intensity. The second
scale depends on frequency and needs to be inspected more
closely. In Fig. 6(b) we plot the nonlinearity ratio for the
magnetic field for a range of frequencies w, again together
with the permittivity to make sure we are at the same time
in the left-handed regime. The relative nonlinearity strength
quickly saturates around a value 0.06 < 1, so we are rather
confident that our equations of motion still make sense.

Altogether, the conclusion is that the breaking of radial
symmetry is observable by standard means (measuring the
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transport coefficients and reconstructing the intensity map at
the exit face of the metamaterial), as long as the frequency
of the wave is not too low. This kind of instability kicks in
at shorter propagation lengths [of order 0.1 mm in Fig. 6(a)]
than the nonlinear diffraction effects studied for breathers in
[35], suggesting that vortex signals are more fragile and less
convenient for information transmission.

VI. DISCUSSION AND CONCLUSIONS

Our main result is contained already in the title—left-
handedness and nonlinearity together create the breaking of
the O(2) symmetry down to a discrete group, with the pattern
vocabulary consisting of the Csp, Cop, and Cy patterns. In the
right-handed system with the same nonlinearity the isotropy
is broken again, but the pattern vocabulary only has Co
and Cy stages. How exactly the patterns evolve into each
other and through which instabilities is not universal, and it
depends on the exact form of € and w. In our model, the €
dependence is mainly encapsulated in the dissipation y: the
left-handed nondissipative case is usually dominated by Cp
after a much shorter C3¢ phase, whereas the dissipative left-
handed metamaterials most prominently show Csp patterns.
For the right-handed materials, nondissipative and dissipative
dynamics show mainly C,¢ and Cy patterns, respectively.

A detailed account of the pattern dynamics was only
possible through numerical work. But the vocabulary itself—
the existence of symmetries C3p, C59, and Co—we were able
to understand analytically. The dynamic Landau-Ginzburg
picture reveals this as a consequence of the cubic root non-
linearity in the magnetic permittivity, and the fact that the
cubic equation has either two complex roots in the left-handed
regime or all three real roots in the right-handed regime,
and the presence or absence of dissipation in the electric
permeability. In the framework of our field theory model,
the second derivative of the free energy (on-shell Lagrangian,
Landau-Ginzburg functional) likely has a jump when the
symmetry changes. This is a strong encouragement that the
phenomena we observe here, and in general the walk through
the pattern vocabulary, can be understood from the viewpoint
of order and disorder transitions.

Similar phenomena were studied also in [15,18] and above
all [10], where C3¢ necklaces were found, within a model of
left-handed metamaterials given in [15] and similar to ours.
Clearly, we have not exhausted this subject; more research
is still needed to fully understand the transition between
different symmetries and their instabilities. Vortices in meta-
materials seem to be a promising arena, as in a metamaterial
the nonlinearity and the frequency band where the material
is left-handed can to some extent be tuned at will. Therefore,
the phase diagram of collective vortex interactions can also be
studied, and is an obvious topic for future work.
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APPENDIX A: DERIVATION OF THE EQUATIONS
OF MOTION FROM THE MAXWELL EQUATIONS

Start from the definitions D = ¢E£ and B = uH and the
Maxwell equations in the absence of external charges and
currents (p = j = 0):

N

V.-D=p=0, V-B=0,
V xH =4nj+ 8D =29.D.

V x E =—§,B,
(AD)

We make the following assumptions.

(1) We assume small gradients of the permittivities € and
1, so their second and higher derivatives are disregarded.
Since w  k, it means that mixed derivatives of the form 0, Ve
are also disregarded. In other words, the characteristic length
scale [ along the z axis on which € and p change is assumed to
be large compared to the characteristic scale b of the changes
inE and H.

(2) We assume that the time dependence is harmonic so
0, = —1w.

Acting on the last equation by V x and making use of the
identity V x V x H = —V2H + V(V - H), one gets for the
left-hand side

N

- B
—-V°H4+V|V.—
m

VxVxH

A 1 A Vu 4
— VA+V(-V-B) V(4B
n n
. 1 . Vi -
——V2H+V(—V B>—V~<—l;>B
n n
v ) .
~ V. B=—V2 A +0+ 001/ +0
n
=-V’H, (A2)

where we used V - B = 0 and disregarded the second deriva-
tive of w. The right-hand side yields

VxVxH=Vx(@®3D)=—-wVxD=—10V x (¢E)
= —la)(Ve)E —1weV x E
= —1w(Ve)E — w?epnH = 0(1/1%) + w’euH,
(A3)
SO we obtain
V’H + w’euH = 0. (A4)

For the E field we start from the third Maxwell equation, act
by V x, and find for the left-hand side

A

. . . . D
VxVxE:—V2E+V(V~E):—V2E—V<V-—)

€
vt vty p) s v(Y s
=V‘E -V V-D)|+V 17
€ €?

Ve A 24 2
+—5V-D=-VE+0+0(1/)+0
€
=-V’E, (A5)
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and for the right-hand side we get
VxVxE=-9(VxB)=-9(V xB)

—[V x (uH)] = —0,[(Vi)H + puV x H]
—(8ViH — V- 8,H — 3,(ud,D)

Vi . )
— 0(1/1%) — TMVE + oeuk, (A6)

o)
25 2o VRO
V°E + weuE — —VE = 0. (A7)
n

For our geometry we take the paraxial beam approximation,
with the ansatz £ = E (x, y)e'®=) H = H(x, y)e'®*=D 50
the nabla acts as

VE = (V,E, 8.E +1kE)e'“"), (A8)
and the Laplacian operator acts as
V2E = (VAE +2kd.E — K*E)e' ™", (A9)

and analogously for the magnetic field. Now to write the equa-
tions motion in the final form we rescale E — E x 2kb, H —
H x 2kb, and z — z x 2kb, where b is some characteristic
length scale along the z axis, and divide the equations by
bk?* to obtain the equations (4) and (5), reprinted here for
convenience:

—’EBZE = V2E + [0Pe(EP)u(HP) — KE

Von(H?) apu(|H|?)
- —=——__F, A10
w(HPY 7T 2u(HP) (A1O)
—;-)azH = ViH + [o’c(|E/)n(HI*) — K*1H.  (All)

For comparison to the equations given in [4,7,12], one needs
(1) to rescale H — w?/c’H to get the term —y’H = —k*/w’
in (A11) and (2) to absorb the factor —k? in (A10) in the
definition of €p. This is possible as € and u have a constant
term (equal €po and 1, respectively) so the product e also
has a constant term proportional to €pg, and the contribution
k2E can be absorbed as epg — €po — k2. We thus arrive at a
system identical to that from [4], except for the extra terms for
the propagation along the z axis.

APPENDIX B: CONFIGURATIONS WITH NO VORTICITY
IN THE MAGNETIC FIELD

Here we show that our results stay valid also when only
the electric field has vortex patterns whereas the magnetic
field starts analytic everywhere. As we discuss in the main
text, this situation is experimentally more relevant than the
one assumed in most calculations in the paper (that both the

J

a _ 47 sin t Q 302

P Qr(Q/2)

%{yg +1In A 4 (=1)%a[cos(aA)Ci(aA) + sin(aA)Si(aA)]}.

electric and the magnetic field have a vortex as they enter
the material). The electric field is typically a few orders of
magnitude more intense than the magnetic field, as seen in
[4]. Therefore, one typically controls the electric field directly,
imposing a given boundary condition at the front end of the
material. Despite this fact, the magnetic field remains very
important: the coupled equations of motion (4) and (5) require
both E and H to be nonzero. Indeed, as explained in [4], the
left handedness comes as a consequence of the hysteresis-type
dependence of the magnetic permittivity on H. So while it
is crucial that £ and H are both nonzero, it is also true that
the results should remain valid for |H| < |E|, and for the
boundary condition that only has a vortex in E at the front of
the metamaterial, not for H. With such boundary conditions
and the same parameter values as before, Fig. 7 repeats the
calculations of Fig. 3. Obviously, the symmetries remain the
same and the similarity of the results for the two cases is
striking. Obviously, the |E|*> map is insensitive to the details
of the initial magnetic-field pattern, as one expects from
experiments and common wisdom in nonlinear optics. We are
thus content that the numerically simplifying assumption of
identical z = 0 boundary conditions for £ and H does not put
into question the findings of our paper.

APPENDIX C: THE CALCULATION
OF THE SELF-ENERGY DIAGRAMS

We discuss here in some more detail the equations (21)
from the main text. First we give the expressions for the
couplings £2.0.0, £0.2.0, 82.0.2, and go 2.2, which come from
the expansion over the magnetic field H of the nonlinear
dependence w(H) in (20):

aEtwf — (0 —1T)waE?

= , Cl1
82,00 Hy + otE;‘[a)é —(w — lF)wozEf] D
8020 = (kK* —2*)g2.0.0, (C2)
2 a)g — (v — ll")a)otEC4
82,02 = 2aE Hy 5, (C3)
{HO + aE;‘[w(z) — (v — ll")a)otEf]}
8022 = (K = 2%)g202- (C4)

For simplicity, we will treat the case when A = k and thus
80.2.0 = 8o.2.2 = 0. This simplifies the calculations substan-
tially while it does not change the symmetry of the solution.
It is possible to evaluate the diagram % exactly in terms of
sine and cosine integrals Si and Ci. The angular integration
is straightforward; the integration over u results in four com-
binations of the trigonometric integrals, for the four terms in
(18). Three of the four integrals are finite and therefore they
just shift the mass term. The third term of the propagator is
logarithmically divergent:

(C5)

To judge the effect of this term, we should extract the mass squared r,, of the bare propagator, writing it out for small u:

21 1

O =>0= 02w =)

(TP cos(ah — 7 Q) — sin(aA)] + e 2T/ 24P [cos(aA + Q) — cos(aA)]).

(C6)
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FIG. 7. The patterns for Q = 1, 2, and 3 vortices (left to right), in a dissipative (a) and lossless (b) left-handed metamaterial. All parameters
are the same as in Fig. 3 but the boundary condition at z = 0 is now a vortex for the electric field £ and a homogenous background for H. The
symmetries and the whole qualitative picture are the same as before, confirming that the predictions of the paper do not require preparing a
vortex in magnetic field at the entry.

Since G™'(u — 0) o u = 0, the bare propagator is massless. The one-loop correction X! therefore gives a cutoff-dependent
mass ry ~ In A, which could be absorbed in the overall normalization of the propagator. As we declared in the main text, the
one-loop self-energy does not do much.

The crucial diagram X, the popular watermelon diagram, cannot be calculated exactly. It can be evaluated in the regime
of small external momentum u, i.e, when u < u’, u”; more precisely, we can look at the regime when u < uy < 1/, u” for some
(arbitrary) scale uy and expand in a series in u/uy. Let us denote such an entity by X® (u;u): it contains enough information
for our purposes: we are interested mainly in angular integrations which determine the symmetry, and these can be done exactly
as they separate from the integrations over the module u in the small-u limit. For u = 0 the watermelon diagram reads (with

[ =)y ae [y de" [du [ du”)

GG Iy Y
»® ~ / G)G) ){e’Q[”/2+(¢_"’ “Ncos(a — w Q) — sin(aA)] 4 e QT /2HE=¢ =D [cos(aA + Q) — cos(aA)]},
v

v =W+ @) - 2uu cos(¢ — ¢’ — ¢). (C7)

One angular integration is performed by taking ¢’ — ¢’ + ¢”, which makes the ¢” integral completely trivial, and the ¢’ integral
is evaluated in terms of the elliptic integrals E and K. The outcome is finite, hence it is observable (not only at the cutoff scale)
and reads

o)\ (W) = @' P) + uE (5
@ (0: gy — 3072 2 [ aw | au —
=00 = (rigrsy) " eos6or [ [ e S s
3
- <aF(27QT/2)> 2% cos(304 /272 — 1/AY2) + O(1/A2). (©8)

In particular, this means that a nontrivial mass term is acquired, of the order *2. This mass is anisotropic, and the factor
cos(3Qm /2)? is all we need for the 3Q polygon. The leading correction in u/uy is in fact inessential for the symmetry, but it is

053853-13



TRIVKO KUKOLJ AND MIHAILO CUBROVIC

PHYSICAL REVIEW A 100, 053853 (2019)

important as it contains a nonzero imaginary part, introducing a finite lifetime for such patterns. It reads

2P up) = / %{e,gn/uwuwn [cos(aA — Q) — sin(aA)] + e /2= [cos(aA + Q) — cos(aA)]}
1 21\ opnfd? 2032
= H(TQ/D) 30/ (T sin(30¢/2) + - cos(3Q¢/2)>,
w= VWY + @'Y —2uu cos(d — ") — 2ulu cos(d — @) + u” cos(¢ — ¢ (C9)

At leading order, this tedious expression behaves like 1/r3, falling off much quicker than the bare propagator (18), which goes
as 1/.,/r (most obvious from the Bessel-function form of the real-space solution), suggesting that the shape of the vortex, which
is mainly determined by long-distance behavior, is not much influenced by the finite-u correction to £®.
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We study vortex patterns in a prototype nonlinear optical system: counterpropagating laser beams in a
photorefractive crystal, with or without the background photonic lattice. The vortices are effectively planar and
have two “flavors” because there are two opposite directions of beam propagation. In a certain parameter range,
the vortices form stable equilibrium configurations which we study using the methods of statistical field theory and
generalize the Berezinsky-Kosterlitz-Thouless transition of the XY model to the “two-flavor” case. In addition to
the familiar conductor and insulator phases, we also have the perfect conductor (vortex proliferation in both beams
or “flavors”) and the frustrated insulator (energy costs of vortex proliferation and vortex annihilation balance each
other). In the presence of disorder in the background lattice, a phase appears which shows long-range correlations
and absence of long-range order, thus being analogous to glasses. An important benefit of this approach is that
qualitative behavior of patterns can be known without intensive numerical work over large areas of the parameter
space. The observed phases are analogous to those in magnetic systems, and make (classical) photorefractive
optics a fruitful testing ground for (quantum) condensed matter systems. As an example, we map our system to

a doped O(3) antiferromagnet with Z, defects, which has the same structure of the phase diagram.

DOI: 10.1103/PhysRevA.96.053824

I. INTRODUCTION

Nonlinear and pattern-forming systems [1-3] have numer-
ous analogies with strongly correlated systems encountered
in condensed matter physics [4,5], and on the methodological
level they are both united through the language of field theory,
which has become the standard language to describe strongly
correlated electrons [6,7] as well as nonlinear dynamical
systems [8]. In the field of pattern formation, some connections
to condensed matter systems have been observed; see, e.g.,
Ref. [4]. More recently, extensive field-theoretical studies of
laser systems were performed, e.g., Refs. [9-12], and also
compared to experiment [13]. However, this topic is far from
exhausted and we feel many analogies between quantum
many-body systems and pattern-formation dynamics remain
unexplored and unexploited. In particular, nonlinear optical
systems and photonic lattices are flexible and relatively cheap
to build [3] and they can be used to “simulate” a broad spectrum
of phenomena concerning band structure, spin ordering, and
conduction in strongly correlated electron systems; some of
the work in this direction can be found in Refs. [14,15].

Our goal is to broaden the connections between the strongly
correlated systems and nonlinear optics and to put to work
the mighty apparatus of field theory to study the patterns in a
nonlinear optical system from the viewpoint of phase transition
theory: Pattern dynamics in certain cases shows critical
behavior which is analogous to phenomena seen in magnetic
systems. To that end, we use the formalism of perturbative field
theory and renormalization group analysis but we also perform
numerical simulations from the first principles, i.e., directly
integrating the equations of motion to provide an independent
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check of our main conclusions. We also establish a connection
to an O(3) antiferromagnetic model which is encountered in
the study of strongly correlated electron systems. The analogy
is not just qualitative: We construct the phase diagrams of both
systems and find they have the same structure. Introducing
disorder into the system further enriches the physics, and it
is physically motivated: In optics, disorder is rooted in the
imperfections of the photonic lattice, and in magnetic systems
it comes from the quenched spin impurities which are regularly
found in realistic samples. It turns out that in both cases a glassy
phase arises. This is another important research topic and it is
again appealing to realize glasses in photonic lattice systems,
where the parameters are easy to tune.

A. On topology and vortices

The key phenomenon which governs the phenomenology of
the systems studied is the existence of topologically nontrivial
solutions or fopological solitons [16]: These are the solutions
which map the physical boundary of the system to the whole
configuration space of the field, so one explores all field
configurations by “going around the system.” For example,
in a two-dimensional system (in the x-y plane) with U(1)
phase symmetry, the configuration space is a circle (the phase
lies between 0 and 27) and the boundary of the physical
space (i.e., the two-dimensional plane) is again a circle, the
“boundary” of the plane at infinity. The topological soliton is a
pattern of the U (1) field which spans the whole phase circle (its
phase goes from O to 2rr), as one moves around the far-away
circle in the x-y plane. Of course, this is the vortex—the most
famous and best studied topological configuration. Similar
logic leads to the classification of topological defects of other,
more complicated symmetry groups. A potential source of
confusion is that in nonlinear dynamics and theory of partial

©2017 American Physical Society
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differential equations, the “integrable” solutions, i.e., linearly
(often also nonlinearly) stable solutions which can be obtained
by inverse scattering or similar methods and which propagate
through each other without interacting, are also called solitons,
or more precisely dynamical solitons. In optics, they are often
called spatial solitons. Dynamical solitons in nonlinear optics
are a celebrated and well-studied topic [17-22]; they show an
amazing variety of patterns and phenomena like localization,
Floquet states [14], etc. But in general they do not have a
topological charge. In contrast, topological solitons carry a
topological charge (winding number for vortices) and their
stability is rooted in topological protection (conservation of
topological charge).

The phenomenon of vortices is perhaps best known in
three spatial dimensions. The phase of the wave function can
wind, forming a vortex line. These vortices are stable when
the phase symmetry is broken by magnetic field. Famously,
vortices may coexist with the superconducting order (U(1)
symmetry breaking) in type-II superconductors or exist only
in the normal phase, upon destroying the superconductivity
(type I). The primary example in two spatial dimensions is the
vortex unbinding phase transition of infinite order found by
Berezinsky et al. for the planar XY model [23]. The formal
difference between the two- and three-dimensional vortices is
that the latter gives rise to an emergent gauge field; this does not
happen in the XY -like system in two dimensions [24]. While
the nonlinear optical system we study is three-dimensional, its
geometry and relaxational dynamics make it natural to treat it
as a (2 4+ 1)-dimensional system (the x and y coordinates are
spatial dimensions, the z direction has the formal role of time,
and physical time ¢ has the role of a parameter). We therefore
have a similar situation to the XY model: pointlike vortices in
the plane (and no gauge field).

Vortex matter is known to emerge in liquid helium [25],
Bose-Einstein condensates [26], and magnetic systems [27].
The basic mechanisms of vortex dynamics are thus well
known. However, unusual physics can arise if the system has
multiple components and each of them can form vortices which
mutually interact. This is precisely our situation: We have a
system of two laser beams propagating in opposite directions,
and we will compare it to a two-component antiferromagnet.
So far, such situations have been explored in multicomponent
superconductors [28] which have attracted some attention,
as they can be realized in magnesium diboride [29]. But
these are again bulk systems, not planar. Vortices in planar
multicomponent systems have not been very popular, an
important exception being the two-component Bose-Einstein
condensates of Ref. [30], which were found to exhibit complex
vortex dynamics; in these systems, contrary to our case, the
two components have an explicit attractive interaction, unlike
our case where they interact indirectly, by coupling to the total
light intensity (of both components).

B. The object of our study

In this paper, we study phases and critical behavior of topo-
logical configurations (vortices and vortex lattices) in a specific
and experimentally realizable nonlinear optical system: laser
beams counterpropagating (CP) through a photorefractive
(PR) crystal. This means we have an elongated PR crystal
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(with one longitudinal and two transverse dimensions) and
two laser beams shone onto each end. We thus effectively
have two fields, one forward propagating and one backward
propagating. The optical response of the crystal depends
nonlinearly on the fotal intensity of both beams, which means
the beams effectively interact with each other. This system
has been thoroughly investigated for phenomena such as
dynamical solitons [17,31,32], vortex stability on the photonic
lattice [18-20,33-36], and global rotation [37]. We will see
that the CP beams are an analog of the two-component planar
antiferromagnet, which can further be related to some realistic
strongly correlated materials [38—40]. The two beams are now
equivalent to two sublattices which interact through a lattice
deformation or external field. The PR crystal is elongated and
the axial propagation direction has the formal role of time,
which has a finite span, the length of the crystal. For the
antiferromagnet, the third axis is the usual imaginary time
compactified to the radius 1/ T, i.e., inverse temperature. Both
systems contain vortices as topological defects, i.e., solutions
with integer topological charge. In the PR optical system,
vortices arise as a consequence of the U(1) symmetry of the
electromagnetic field. In the antiferromagnets we consider, the
O(3) symmetry of the antiferromagnet gives rise to Z,-charged
defects, which exhibit the same interactions as the vortices.
The optical system is not subject to noise (i.e., it lives at
zero temperature), and thus the criticality we talk about is
obviously not the same as thermodynamic phase transitions.
Phase transitions happen upon varying the parameters, not
temperature, so they may be described as quantum critical
phenomena in the broad sense taken in Ref. [38]—any
critical behavior controlled not by thermal fluctuations but
by parameter dependence.

In the PR counterpropagating beam system, our focus
are the vortices but in order to study them we need to
do some preparational work. We first recast the system
in Lagrangian and then in Hamiltonian form so it can be
studied as a field theory, which depends parametrically on
the time 7. Then we consider the time dynamics of the
system and show that in a broad parameter range the patterns
relax to a static configuration which can be studied within
equilibrium field theory. Along the way, we also study the
stability of topologically trivial (vortex-free) configurations
and then consider the phases of the static vortex configurations.
The analytical insight we obtain also allows us to avoid
overextensive numerics—analytical construction of the phase
diagram tells us which patterns can in principle be expected in
different corners of the parameter space. By “blind” numerical
approach, this result could only be found through many runs
of the numerics.

In the antiferromagnetic spin system, the nontopological
excitations are simple: They are spin waves, perturbed away
from the noninteracting solution by the quartic terms in the
potential. There are no dynamical solitons. But we will see
that topological excitations lead to a phase diagram which,
after reasonable approximations, can be exactly mapped to
the phase diagram of the photorefractive crystal. The reason
is that both can be reduced to an effective Hamiltonian
for a two-component vortex system; i.e., every vortex has
two charges or two “flavors.” In the photorefractive crystal
it happens naturally, as there are two beams, forward and
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backward propagating. In the Heisenberg antiferromagnet it
is less obvious and is a crucial consequence of the collinearity
of the spin pattern. We will focus on common properties of the
two systems and map the phase diagrams onto each other. In
the antiferromagnetic system, different phases are separated
by quantum phase transitions—phase transitions driven by the
quantum fluctuations instead of temperature.

On disorder

It is known that impurities pin the vortices and stabilize
them. This leads to frozen dynamics even though no symmetry
is broken, the phenomenon usually associated with glasses. In
simple systems such as the Ising model with disorder, one
generically has two phases: The disordered (paramagnetic)
phase remains and the ordered (magnetic) phase is replaced
by a regime with algebraic correlations and no true order. In
many cases, such phases are called glasses. The exact definition
of a glass is lacking; normally, they show (i) long-range
correlations, (ii) absence of long-range order, i.e., of a nonzero
macroscopic order parameter, and (iii) “frozen dynamics,’
i.e., free energy landscape with numerous local minima in
which the system can spend a long time [41,42]. While the
most popular example are probably spin glasses in Ising-
like models such as Sherington-Kirkpatrick and Edwards-
Anderson models, glasses are also known to appear in the XY
model with disorder in two dimensions, the Cardy-Ostlund
model, which postulates both random couplings and a random
magnetic field [43-45]. Our model is essentially a two-flavor
generalization of the XY model, although in order to solve it
we need to simplify it. According to Refs. [43—45], the details
differ depending on how the disorder is implemented, but the
two-phase system (paramagnetic, i.e., disordered, and glass) is
ubiquitous. In the two-component version, the phase diagram
becomes richer, and on top of the glassy phase and the insulator
(disordered) phase we find a few other phases. In nonlinear
optics, the topic of random lasers has attracted considerable
attention [9-12,46]. Here one has a complex version of the XY
model, with the additional complication that not only phase but
also amplitude is free to vary, but only with random couplings
(no random field). On top of the glassy and the disordered
phase, one or two additional phases appear.

In the presence of disorder, the relation to magnetic systems
in condensed matter physics is very inspiring, since a number
of complex materials show different ordering mechanisms
(spin and charge density waves, superconductivity, etc.) in
parallel with significant influence of disorder. Just as in the
disorder-free case, we are particularly interested in possible
spin-glass phenomena in doped insulating O(3) antiferromag-
nets [39,40,47-49] and in the last section we will discuss also
the spin-glass phase in such systems.

C. The plan of the paper

The structure of the paper is as follows. In the next section,
we describe the dynamical system which lies at the core of
this paper: counterpropagating laser beams in a photorefractive
crystal. We give the equations of motion and repackage them in
the Lagrangian form. In Sec. I1I, we study the vortex dynamics:
We construct the vortex Hamiltonian and classify the order
parameters. Then we study the renormalization group (RG)
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flow and obtain the phase diagram. Finally, we discuss the
important question of how to recognize the various phases in
experiment: What do the light intensity patterns look like and
how do they depend on the tunable parameters? Section IV
brings the same study for the system with disorder. After
describing the disordered system, we perform the replica trick
for the disordered vortex Hamiltonian and solve the saddle-
point equations to identify the phases and order parameters,
again refining the results with RG calculations. The fifth
section takes a look at a doped collinear antiferromagnet, a
model encountered in the description of many strongly coupled
materials, and shows how the dynamics of topological solitons
is again described by a two-flavor vortex Hamiltonian. We
discuss the relation between the phase diagrams of the two
systems and the possibilities of modeling the condensed matter
systems experimentally by the means of photorefractive optics.
The last section sums up the conclusions. In Appendix A, we
describe the numerical algorithm we use to check the analytical
results for the phase diagram. In Appendix B, we show in detail
that the CP beams are capable of reaching equilibrium (i.e.,
stop changing in time)—if they would not, the application of
equilibrium field theory would not be justified. Appendix C
discusses the stability of nonvortex configurations—although
somewhat peripheral to the main topic of the paper, it is useful
to better understand the geometry of patterns. In Appendix D,
we give the (routine) algebra that yields the vortex interaction
Hamiltonian from the microscopic equations. Appendix E
contains an improved mean-field theory for the clean system,
which we do not use much throughout the paper but we
include it for completeness (we prefer either the simplest
single-vortex mean-field reasoning or the full RG analysis,
which are described in the main text). Appendix F discusses
an important technicality concerning the CP geometry, i.e., the
specific boundary conditions of the CP beam system where the
boundary conditions for one beam are given at the front face
and for the other at the back face of the crystal. Appendix G
contains some details on mean-field and RG calculations of
the phase diagram for the dirty system: The dirty case includes
some tedious algebra we feel appropriate to leave out from the
main text.

II. THE MODEL OF COUNTERPROPAGATING BEAMS IN
THE PHOTOREFRACTIVE CRYSTAL

We consider a photorefractive crystal of length L irradiated
by two laser beams. The beams are paraxial and propagate
head on from the opposite faces of the crystal in the z direction.
Photorefractive crystals induce self-focusing of the beams—
the vacuum (linear) wave equation is modified by the addition
of a frictionlike term, so the diffusion of the light intensity (the
broadening of the beam) is balanced out by the convergence
of the beam onto an “attractor region.” The net result is the
balance between the dissipative and scattering effects, allowing
for stable patterns to form. The physical ground for this is the
redistribution of the charges in the crystal due to the Kerr
effect. The nonlinearity, i.e., the response of the crystal to the
laser light, is contained in the change of the refraction index
which is determined by the local charge density. A sketch of
the system is given in Fig. 1. Before entering the crystal, the
laser beams can be given any desirable pattern of both intensity
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Z=0 Z=L

FIG. 1. Sketch of the experimental setup for the study of the CP
beams in the PR crystal. The crystal has the shape of a parallelepiped,
and the beams propagate along the longitudinal, z axis: the forward
(F)beam from z = 0 to z = L, and the backward (B) beam the other
way round. The intensity patterns are observed at the transverse faces
of the crystal, atz =0and z = L.

and phase. In particular, one can create vortices (winding of
the phase) making use of the phase masks [3] or other, more
modern ways.

Assuming the electromagnetic field of the form E =
el AT (Feikt 1 Be~ik?) we can write equations for the
so-called envelopes F' and B of the forward- and backward-
propagating beams along the z axis (the frequency, transverse,
and longitudinal momentum are denoted respectively by
,q,k). The wave equations for F and B are now

+id,Vi(z;x,y:t) + AVL(z;x,y;1)
=TE(z;x,y;HW(z;x,y;51), (D

where the plus and minus signs on the left-hand side stand
for the forward- and backward-propagating component of the
beam amplitude doublet ¥ = (W, W_) = (F,B), and I' is the
dimensionless PR coupling constant. The two beams (flavors
of the field W) will from now on be denoted either by F'/B or
more often by W.. We will use « as the general flavor index for
summation, e.g., W, Vo, = W1 Wsy + Wi_W;_. The charge
field E on the right-hand side of the equation is the electric
field sourced by the charges in the crystal (i.e., it does not
include the external electric field of the beams). Its evolution
is well represented by a relaxation-type equation [17]:

T
1+ I(z;x,y51)
_ Iy
14+ I(zx,y;0)

Here, I = Iy + I, is the total light intensity at a given point,
Iy = |F|? 4 |B|? is the beam intensity, and I, the intensity
of the fixed background. The meaning of I, is that the
crystal is all the time irradiated by some constant light source,
independent of the counterpropagating beams with envelopes
F,B. We will usually take a periodic lattice as the background,
allowing also for the defects (missing cells) in the lattice when
studying the effects of disorder. The relaxation time is 7. The
time derivative d,E is divided by 1 4 I, meaning that the
polarizability of the crystal depends on the total light intensity:
Strongly irradiated regions react faster. In the numerical
calculations, we solve Egs. (1) and (2) with no further as-
sumptions, as explained in Appendix A. For analytical results,
we will need to transform them further, assuming a vortex
pattern.

The equation for the charge field has no microscopic basis; it
is completely phenomenological, but it excellently represents

0, E(z;x,y;1) + E(z;x,y;1)

2
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the experimental results [3]. Notice that the derivative o, F
in (2) is strictly negative (since intensity is non-negative): It
thus has the form of a relaxation equation, and one expects
that a class of solutions exists where d, E(t — o0) — 0, i.e.,
the system relaxes to a time-independent configuration. We
show this in Appendix B; in the main text we will not discuss
this issue but will simply take the findings of Appendix B for
granted. Notice that there are also parameter values for which
no equilibrium is reached [37,50,51].

For slow time evolution (in the absence of pulses), we can
Laplace transform the equation (2) in time [E(t) — E(u) =
fooo dte " E(t)] to get the algebraic relation

Viw 4 I, — 1E,
4 tu+ I+ VW

l4+tu—+rtE
l+tu+I, +Wiw’

E(z;x,y;u) =

=—1+

3)
The original system (1) can now be described by the La-
grangian:
L=iVlie0. U — |VU>+Twiw
T+ tEy+ln(l +tu+ I + V'), (4)

where o3 is the Pauli matrix o3 = diag(l,—1). One can
introduce the effective potential

e\I/'\IJ

Ve (W1 W) = —T'1 ,
(V) Y ¥ tu+ L+ e

®)

so we can write the Lagrangian as £ = iWi039. W — |[VW|? —
Ve (WUT, W), This is the Lagrangian of a nonrelativistic field
theory (a nonlinear Schrodinger field equation) in 2+ 1
dimensions (x,y;z), where the role of time is played by the
longitudinal distance z and the physical time ¢ (or # upon the
Laplace transform) is a parameter. The span of the z coordi-
nate0 < z < L will influence the behavior of the system, while
the dimensions of the transverse plane are not important for
the effects we consider.

Our main story is now the nature and interactions of the
topologically nontrivial excitations in the system (4). A task
which is in a sense more basic, the analysis of the topologically
trivial vacua of (4) and perturbative calculation of their
stability, is not of our primary interest now, in part because this
was largely accomplished by other methods in Refs. [31,32].
We nevertheless give a quick account in Appendix C; first,
because some conclusions about the geometry of the pat-
terns can be carried over to vortices, and second, to give
another example of applying the field-theoretical formalism
whose power we wish to demonstrate and popularize in this

paper.

III. VORTICES AND MEAN FIELD THEORY
OF VORTEX INTERACTIONS

A. The classification of topological solutions and the vortex
Hamiltonian

Now we discuss the possible topological solitons in our
system. Remember once again that they differ from dynamical
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solitons such as those studied in Ref. [17] and references
therein. In order to classify the topologically nontrivial
solutions, consider first the symmetries of the Lagrangian
(4). It describes a doublet of two-dimensional (2D) complex
fields which interact solely through the phase-invariant total
intensity 7 = WIW (and the spatial derivative term |VW|?),
while in the kinetic term w033, W the two components have
opposite signs of the “time” derivative, so this term cannot be
reduced to a functional of /. The intensity / has the symmetry
group SU(2) (the isometry group of the three-dimensional
sphere in Euclidean space) and the kinetic term has the group
SU(1,1) (the transformations which leave the combination
|F|> — |B|? invariant, i.e., the isometry of the hyperboloid).
The intersection of these two is the product U(1)r @ U(1)p:
The forward- and backward-propagating doublet (F,B) has
phases Or p which can be transformed independently, as
Or.p — Orp + 86F 5.

The classification of possible topological solitons is
straightforward from the above discussion [52]. They can
be characterized in terms of homotopy groups. We remind
readers that the homotopy group =, of the group G is the
group of transformations which map the group manifold of G
onto the n-dimensional sphere S,. In D-dimensional space,
the group wp_; therefore classifies what a field configuration
looks like from far away (from infinity): It classifies the
mappings from the manifold of the internal symmetry group
of the system to the spherical “boundary shell” in physical
space at infinity. Since the beams in our PR crystal effectively
see a two-dimensional space (we regard z as time), we
need the first homotopy group 7; to classify the topological
solitons. Since w1 (U(1)) =m1(S;)=7Z and m(GR G) =
711(G) ® m1(G) for any group G, the topological solutions
are flavored vortices, and the topological charge is the pair of
integers {QF,Op}.

Let us now derive the effective interaction Hamiltonian for
the vortices and study the phase diagram. In principle, this story
is well known: For a vortex at ry, in the polar coordinates (r,¢),
we write W(r) = ¥ exp (i0(r)) for |r —rp|/|ro] < 1, and a
vortex of charge Q has 6(¢) = Q¢/2x. In general the phase
has a regular and a singular part, V& = ¢/(V§0 + V x Ce,),
where finally ¢ = Q In |r — ry|. The difference in the CP beam
system lies in the existence of two beam fields (flavors)
and the nonconstant amplitude field ¥ .(r), so the vortex
looks like

WoL(r) = K[fozt(r)eiagi(‘f’)"'i@()i((l?)‘ ©)

When we insert this solution into the equations of motion (or,
equivalently, the Lagrangian), it is just a matter of algebra to
obtain the vortex Hamiltonian, analogous to the well-known
one but with two components (flavors) and their interaction.
We refer the reader to the Appendix D for the full derivation.
The outcome is perhaps expected: We get the straightforward
generalization of the familiar Coulomb gas picture for the XY
model where all interactions of different flavors, F-F, B-B,
and F-B, are allowed. In order to write the Hamiltonian (and
further manipulations with it) in a concise way, it is handy
to introduce shorthand notation Q =(Q+,0-), Q1 - Q2 =
01+ 02+ + 01-02-, and Q1 x 02 = 01+ 02 + 01- 0o+

For the self-interaction within a vortex Q, wehave Q; - Q1 =
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%Jr + Qi but Q, X Ql = 014+ 0;- (i.e., there is a factor of
2 mismatch with the case of two different vortices). Now for
vortices at locations r;,i = 1, ...,N with charges {Q;;,0;_}
we get

Hyort = Z(gét . Qj +80; % Qj)lnrij

i<j

+ Z(goéi -0+ 810i x 00). (7

The meaning of the Hamiltonian (7) is obvious. The first
term is the Coulomb interaction of vortices; notice that only
like-flavored charges interact through this term (because the
kinetic term | VW|? is homogenous quadratic). The second term
is the forward-backward interaction, also with Coulomb-like
(logarithmic) radial dependence. This interaction comes from
the mixing of the F and B modes in the fourth term in Eq. (D2),
and it is generated, as we commented in Appendix D, when
the amplitude fluctuations 8, (r), which couple linearly to
the phase fluctuations, are integrated out. In a system without
amplitude fluctuations, i.e., classical spin system, this term
would not be generated. The third and fourth terms constitute
the energy of the vortex core. The self-interaction constants
80,81 are of course dependent on the vortex core size and
behave roughly as gIna/e,g’ Ina/e, where € is the UV cutoff.
The final results will not depend on €, as expected, since go, g1
can be absorbed in the fugacity y (see the next subsection).
Expressions for the coupling constants in terms of original
parameters are given in (D11).

In three space dimensions, vortices necessitate the introduc-
tion of a gauge field [24] which, in multicomponent systems,
also acquires the additional flavor index [28,53]. In our case,
there is no emergent gauge field and the whole calculation is
a rather basic exercise at the textbook level but the results
are still interesting in the context of nonlinear optics and
analogies to magnetic systems: They imply that the phase
structure (vortex dynamics) can be spotted by looking at the
intensity patterns (light intensity / or local magnetization M;
see the penultimate section).

B. The phase diagram
1. The mean-field theory for vortices

The phases of the system can be classified at the mean field
level, following, e.g., Refs. [24,41]. In order to do that, one
should construct the partition function, assuming that well-
defined time-independent configuration space exists. We have
already mentioned the question of equilibration and address
it in detail in Appendix B. Knowing that the system reaches
equilibrium (in some part of the parameter space), we can
count the ways in which a system of vortices can be placed in
the crystal—this is by definition the partition function Z. First,
the number of vortices N can be anything from 0 to infinity;
second, the vortex charges can be arbitrary; and finally, the
number of ways to place each vortex in the crystal is simply
the total surface section of the crystal divided by the size of the
vortex. Then, each vortex carries a Gibbs weight proportional
to the energy, i.e., the vortex Hamiltonian (7) for a single
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vortex.! Let us focus first on a single vortex. If the vortex
core has linear dimension a and the crystal cross section linear
dimension A, the vortex can be placed in any of the (A /a)?
cells (and in the mean-field approach we suppose the vortex
survives all the way along the crystal, from z =0to z = L,
so there is no additional freedom of placing it along some
subinterval of z). This gives

2
A A P S-S N\
_ —LH, _ 202 —1(g0-O+¢' Ox P)ln &

0..0- 04.0-
(®)

Remember that H is energy density along the z axis, so it
appears multiplied by L. The factor In(A /a) in the second term
of the exponent comes from the Coulomb potential of a single
vortex (in a plane of size A). The exponent can be written as
—LFD, with F = H, — (1/L)S), recovering the relation
between the free energy FV and entropy S of a single
vortex. The entropy comes from the number of ways to place a
vortex of core size a in the plane of size A > a: S ~ In(A /a)>.
Suppose for now that elementary excitations have Q1| < 1,
as higher values increase the energy but not the entropy, so they
are unlikely (when only a single vortex is present). Now we
can consider the case of single-charge vortices with possible
charges (1,0),(—1,0),(0,1),(0,—1), and the case of two-charge
vortices where F' and B charge may be of the same sign or
opposite signs, (1,1),(—1,—1),(1,—1),(—1,1):

W 2\. A = >
FP = §— 7 IHZ’ Q= (£1,000r Q =(0,£1), (9)

M ;2\, A
Fii=\2¢-g - In—, (Q4,0-) = (£1,F1),

a

(10)
FO = <2g +g - %)ln%, (0+.0-) = (£1,£1).
(1)

Now we identify four regimes, assuming that g,g’ > 0:°

(1) For L > 2/g, a vortex always has positive free energy
so vortices are unstable like in the low-temperature phase of
the textbook Berezinsky-Kosterlitz-Thouless (BKT) system.
This is the vortex-free phase where the phase U(1)r ® U(1)p
does not wind. This phase we logically call vortex insulator in
analogy with the single-flavor case.

(2) For 2/g > L > 1/(g — g'/2), a double-flavor vortex
always has positive free energy but single-flavor vortices are
stable; in éother words, th_e;re is proliferation of vortices of
the form Q = (Q+,0) or Q = (0,Q_). This phase is like the
conductor phase in a single-component XY model, and the

! Again, this is not generally true for out-of-equilibrium configura-
tions but if the system reaches equilibrium, i.e., stable fixed point,
this follows by usual statistical mechanics reasoning.

2One specificity of multicomponent vortices is that the coupling
constants may be negative, as can be seen from (D11). In that case,
the ordering of the four regimes (how they follow each other upon
dialing L) changes but the overall structure remains.
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topological excitations exist for the reduced symmetry group,
i.e., for a single U(1). We thus call it vortex conductor; it is
populated mainly by single-flavor vortices (Q,0), (0, Q).

(3) For 1/(g — ¢'/2) > L > 1/(g + g'/2), double-vortex
formation is only optimal if the vortex has O, + Q_ =0,
which corresponds to the topological excitations of the diago-
nal U(1), symmetry subgroup, the reduction of the total phase
symmetry to the special case (0f,0p) = (OF + 66,05 — 50).
In other words, vortices of the form (Q,,— Q) proliferate.
Here, higher charge vortices may be more energetically favor-
able than unit-charge ones, contrary to the initial simplistic
assumption, the reason being that the vortex core energy
proportional to gQi may be more than balanced out by the
intravortex interaction proportional to —g/Q?F (depending on
the ratio of g and g’). This further means that there may be
multiple ground states of equal energy (frustration). We thus
call this case frustrated vortex insulator (F1); it is populated
primarily with vortices of charge (Q,— Q).

(4) For1/(g + g'/2) > L vortex formation always reduces
the free energy, no matter what the relation between Q. and
Q_ is, and each phase can wind separately: (67,605) — (6F +
860F,0p + 60p). Vortices of both flavors proliferate freely
at no energy cost and for that reason we call this phase
vortex perfect conductor (PC). We deliberately avoid the term
superconductor to avoid the (wrong) association of this phase
with the vortex lines and type I or type II superconductors
familiar from the three-dimensional (3D) vortex systems:
Remember there is no emergent gauge field for the vortices in
two spatial dimensions, and we only have perfect conductivity
in the sense of zero resistance for transporting the (topological)
charge, but no superconductivity in the sense of breaking a
gauge symmetry.

A more systematic mean-field calculation will give the
phase diagram also for an arbitrary number of vortices. This
is not so interesting as it already does not require much less
work than the RG analysis, which is more rigorous and more
accurate for this problem. For completeness, we give the
multivortex mean-field calculation in Appendix E.

One might worry that the our whole approach approach
misses the CP geometry of the problem, i.e., the fact that the
W, field has a source at z = 0 and the W_ field at z = L.
In Appendix F, we show that nothing is missed at the level
of approximations taken in this paper, i.e., mean-field theory
in this subsubsection and the lowest-order perturbative RG in
the next one. Roughly speaking, it is because the sources are
irrelevant in the RG sense—the bulk configuration dominates
over the boundary terms. The appendix states this in much
more precise language.

2. RG analysis

We have classified the symmetries and thus the phases of
our system at the mean-field level. To describe quantitatively
the borders between the phases and the phase diagram, we
will perform the renormalization group (RG) analysis. Here
we follow closely the calculation for conventional vortex
systems [24]. We consider the fluctuation of the partition
function §Z upon the formation of a virtual vortex pair at
positions ry,r, with charges g,—g (with r; +r, = 2r and
r; — I, = ryp), in the background of a vortex pair at positions
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131,12_}2 (withR; + Ry = 2Rand R; — R, = Ry,) with charges
01,Q». This is a straightforward but lengthy calculation and
we state just the main steps. First, it is easy to show that
the creation of single-charge vortices is irrelevant for the
RG flow so we disregard it. Also, we can replace the core
self-interaction constants go; with the fugacity parameter
defined as y = exp [—B(go + g1) In€]. Here we introduce the
notation B8 = L in analogy with the inverse temperature
in standard statistical mechanics, in order to facilitate the
comparison with the literature on vortices in spin systems,
and also with antiferromagnetic systems in Sec. V.3

Now from the vortex Hamiltonian H,oy the fluctuation
equals (at the quadratic order in y and r)

8Z y4 o
= = 1+ T ;/drlzrfzegq at&qxq
+

X [/drrz(gél G+¢01 %9
X VIn|R, —r| +(g0>-4 + 8 0> x §)
2
len|R2—r|:| . (12)

Notice that V is taken with respect to r. The above result
is obtained by expanding the Coulomb potential in rj, (the
separation between the virtual vortices being small because
of their mutual interaction) and then expanding the whole
partition function (i.e., the exponent in it) in y around the
equilibrium value Z. The term depending on the separation
r12 is the mutual interaction energy of the virtual charges, and
the subsequent term proportional to r? is the interaction of the
virtual vortices with the external ones (the term linear in r
cancels out due to isotropy). Then by partial integration and
summation over g+ € {1,—1} we find
8Z

Z = 14 y*'[87g20; - 02 + 87(¢)? 01 - 02

+167gg' 01 x 02115 1n Ry

+y* [4mg(g + )01 x 01 + 02 x 02)

x I + 8(¢g")*I ] 1ne, (13)
with I, = [ 2“ drr"tet¢ Now, by taking into account the def-
inition of the fugacity y, rescaling A — A(1 + £), performing
the spatial integrals, and expanding over ¢, we can equate the

bare quantities g,g’,y in (7) with their corrected values in
Z + §Z to obtain the RG flow equations:

g 2 o4 08 r 4
—:—16 . —:—2 .

Y, (g™ + &)y Y, Tge'y

dy

— =27(l—g—g)y. 14
v, 7(l—g—g)y (14)

30f course, the physical meaning of 8 in our system is very different:
We have no thermodynamic temperature or thermal noise, and the
third law of thermodynamics is not satisfied for the “temperature”
1/B8 = 1/L. We merely use the 8 notation to emphasize the similarity
between free energies of different systems, not as a complete physical
analogy.
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Now let us consider the fixed points of the flow equations. If
one puts g’ = 0, they look very much like the textbook XY
model RG flow, except that the fugacity enters as y* instead
of y? (simply because every vortex contributes two charges).
They yield the same phases as the mean-field approach as
it has to be, but now we can numerically integrate the flow
equations to find exact phase borders. The fugacity y can
flow to zero (meaning that the vortex creation is suppressed
and the vortices tend to bind) or to infinity, meaning that
vortices can exist at finite density. At y = 0, there is a fixed
line g + g = 1. This line is attracting for the half-plane
g + &' > 1; otherwise, it is repelling. There are three more
attraction regions when g + g’ < 1. First, there is the point
y = 00,g = g’ = 0 which has no analog in single-component
vortex systems. Then, there are two regions when g — 0o
and g’ — £o0o (and again y — 00). Of course, the large
g,g' regime is strongly interacting and the perturbation theory
eventually breaks down, so in reality the coupling constants
grow to some finite values g.,g, and g...g,, rather than to
infinities. The situation is now the following:

(1) The attraction region of the fixed line is the vortex
insulator phase: The creation rate of the vortices is suppressed
to zero.

(2) The zero-coupling fixed point attracts the trajectories in
the vortex perfect conductor phase: Only the fugacity controls
the vortices and arbitrary charge configurations can form.
Numerical integration shows that this point also has a finite
extent in the parameter space.

(3) In the attraction region of the fixed point with g, <0
and g/, > O (formally they flow to —oo and +o0, respectively),
same-sign F' and B charges attract each other and those with
the opposite sign which repel each other. This is the frustrated
insulator.

(4) The fixed point with g.,,g., < 0 (formally both flow
to —o0) corresponds to the conductor phase.

The RG flows in the g-g’ plane are given in Fig. 2. Full
RG calculation is given in Fig. 2(b); for comparison, we
include also the mean-field phase diagram (following from the
previous subsubsection and Appendix E) in Fig. 2(a). In the
half-plane g + g’ > 1 every point evolves toward a different,
finite point (g, g") in the same half-plane. In the other half-plane
we see the regions of points moving toward the origin or
toward one of the two directions at infinity. The PC phase
(the attraction region of the point (0,0)) could not be obtained
from the mean field calculation (i.e., it corresponds to the
single point at the origin at the mean field level).

It may be surprising that the coupling constants can be
negative, with like charges repelling and opposite charges
attracting each other. However, this is perfectly allowed in our
system. In the usual XY model, the stiffness is proportional
to the kinetic energy coefficient and thus has to be positive.
Here, the coupling between the fluctuations of F and B
beams introduces other contributions to g,g’ and the resulting
expressions (D11) give bare values of g, g’ that can be negative,
and the stability analysis of the RG flow clearly shows that for
nonzero g’, the flow can go toward negative values even if
starting from a positive value in some parameter range. If
we fix ¢’ =0, the flow equations reproduce the ones from
the single-component XY model, and the phase diagram is
reduced to just the g’ = 0 line. If we additionally suppose that

053824-7



MIHAILO CUBROVIC AND MILAN S. PETROVIC

(a) mean-field

AN
1.5 \

AN
AN
N
AN
1.0 N Insulator
N
N
AN
“on 0.5 \\
Frustrated insulator "\
N
\
0.0 <
N\
Perfect conductor '\
N
N\

05 Conductor \

-0.5 0.0 0.5 1.0 1.5

g

PHYSICAL REVIEW A 96, 053824 (2017)

(b) 7 renorm group

15-’\\ . . - - - - “ » »

‘IN - » "

FIG. 2. Phase diagram for the clean system in the g-g’ plane, at the mean-field level (a) and with RG flows (b). We show the flows for a
grid of initial points, denoted by black dots; red lines are the flows. Four phases exist, whose boundaries are delineated by black dashed lines.
In the mean-field calculation (a) all phase boundaries are analytical. In the RG calculation, the straight line g + g’ = 1 is obtained analytically
whereas the other phase boundaries can only be found by numerical integration of the flow equations (14). The flows going to infinity are the
artifacts of the perturbative RG; they probably correspond to finite values which are beyond the scope of our analytical approach. Notice how

the flows in the g + g’ > 1 phase all terminate at different values.

the bare value of g is non-negative, than we are on the positive
g’ = 0 semiaxis in the phase diagram—here we see only
two phases, insulator (no vortices, g — const.) and perfect
conductor (g — 0). However, for g’ fixed to zero (that is, with
a single flavor only), the perfect conductor reduces to the usual
conductor phase of the single-component X Y model—in other
words, we reproduce the expected behavior.

Physically, it is preferable to give the phase diagram in
terms of the quantities I',7,7,I,,L that appear in the initial
equations of motion (1) and (2): The light intensities can be
directly measured and controlled, whereas the relaxation time
and the coupling cannot, but at least they have a clear physical
interpretation. The relations between these and the effective
Hamiltonian quantities y,g,g’ are found upon integrating out
the intensity fluctuations to obtain (7) and the explicit relations
are stated in (D11). Making use of these we can easily plot
the phase diagram in terms of the physical quantities for
comparison with experiment. However, for the qualitative
understanding we want to develop here, it is much more
convenient to use g,g’ as the phase structure is much simpler.

As an example, we plot the I'-g’ diagram in Fig. 3 (we
have kept g’ to keep the picture more informative; the I'-L
and I'-/ diagrams contain multiple disconnected regions for
each phase). The noninteracting fixed point g = g’ = 0is now
mapped to I' = 0. The tricritical point where the PC, the FI,
and the conductor phases meet is at R = 1. Therefore, the rule
of thumb is that low couplings I" produce stable vortices with
conserved charges—the perfect vortex conductor. Increasing
the coupling pumps the instability up, and the kind of
instability (and the resulting phase) is determined by the
relative strength of the photonic lattice compared to the
propagating beams. Obviously, such considerations are only
a rule of thumb and detailed structure of the diagram is more
complex. This is one of the main motives of this study—blind
numerical search for patterns without the theoretical approach

adopted here would require many runs of the numerics for a
good understanding of different phases.

C. Geometry of patterns

Now we discuss what the intensity pattern I(r) looks
like in various phases, for various boundary conditions. This
is very important as this is the only thing which can be
easily measured in experiment—phases 6, are not directly
observable, while the intensity distribution is the direct
outcome of the imaging of the crystal [31]. We shall consider
three situations. The first is a single Gaussian beam on zero

40
35+
30 r
25| frustrated
£, 20l insulator
15
Lo charge crystal |
5¢r .
insulator
0
0 0.5 1 1.5 2
g)

FIG. 3. Typical phase diagram for the system without disorder,
in the I'-g’ plane. There are two discrete fixed points and the critical
line at I = 0, which corresponds to the critical line g + ¢’ = 1 in the
previous figure. We also see two discrete fixed points, corresponding
1O 8x wx> &5 4 1€ advantage of physical parameters is that the location
of these fixed points in the I"-/ plane can be calculated directly from
the numerics (or measured from the experiment).
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background (I, = 0), with Gaussian initial intensity profile
|F(z=0,r)> = |B(z = L,r)|> = Nexp(—r?/2s?) and pos-
sibly nonzero vortex charges: argW. (r) ~ exp (Qr p¢), with
r = (rcos¢,r sing). The second case is a quadratic vortex
lattice of F and B beams, so the initial beam intensity is Iy =
> expl—(x —x:)*/2s5 — (v — yi)/2s53], with x4y —x; =
Yi+1 — ¥i = b = const., the situation particularly relevant for
analogies with condensed matter systems. In the third case,
we have again a quadratic vortex lattice but now on top
of the background photonic square lattice, which is either
coincident or off phase (shifted for half a lattice spacing) with
the beam lattice. The background intensity is thus of the form
Lo =Y, exp[—(x — x;)°/25* — (y — yi)/2s].

First of all, it is important to notice that there are two kinds
of instabilities that can arise in a vortex beam:*

(1) Thereis an instability which originates in the imbalance
between the diffusion and self-focusing (crystal response) in
favor of diffusion in high-gradient regions: If a pattern I(x,y)
has a large gradient V I, the kinetic term in the Lagrangian (4),
i.e., the diffusion term in (1) is large and the crystal charge
response is not fast enough to balance it as we travel along
the z axis, so the intensity rapidly dissipates and the pattern
changes. Obviously, the vortex core is a high-gradient region
so we expect it to be vulnerable to this kind of instability. This
is indeed the case: In the center of the vortex the intensity
diminishes, a dark region forms, and the intensity moves
toward the edges. We dub this the core or central instability
(CI), and in the effective theory it can be understood as the
decay of states with low fugacity y, i.e., high self-interaction
constants go,g;. This instability prevents the formation of
vortices in the insulator phase, or limits it in the frustrated
insulator and conductor phases.

(2) There is an instability stemming from the dominance
of diffusion over self-focusing in low-intensity regions of
sufficient size and/or convenient geometry. At low intensity,
the charge response is nearly proportional to I [from Eq. (2)],
so if I is small diffusion wins and the intensity dissipates.
If there is sufficient inflow of intensity from more strongly
illuminated regions, it may eventually balance the diffusion,
but if the pattern has along “boundary”, i.e., outer region of low
intensity, it will not happen and the pattern will dissipate out or
reshape itself to reduce the low-intensity region. We call this
case the edge instability (EI). For a vortex, it happens when
the positive and negative vortex charges tend to redistribute
due to Coulomb attraction and repulsion. In our field theory
Hamiltonian (7), this instability dominates in the conductor
and perfect conductor phases.

Let us first show how the CI and EI work for a single beam
with nonzero vortex charge. In Fig. 4, we show the intensity
patterns for a single vortex with charges (1,0) and (3,0) as the
Xx-y cross sections (transverse profiles) in the middle of the

4They are distinct from the bifurcations which happen also
in topologically trivial beam patterns and lead to the instability
which eventually destroys optical (nontopological) solitons. These
instabilities have been analyzed in Appendix C and in more detail in
Ref. [32], where the authors have found them to start from the edge
of the beam and result in the classical “walk through the dictionary
of patterns.”

PHYSICAL REVIEW A 96, 053824 (2017)

Q=(1,0)

O

conductor

Q=(3,0)

O

conductor

2.4mm

L:
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FIG. 4. Transverse profiles for a single Gaussian beam for two
different propagation distances, L = 2.4 mm (top) and L = 4.8 mm
(bottom), with vortex charges (1,0) [(a), (c)] and (3,0) [(b), (d)],
at the back face of the crystal (z = L). The regime on top [(a),
(b)] corresponds to the conductor phase, which has a single con-
served vortex charge Q. This vortex charge conservation prevents
significant instabilities; nevertheless, the multiquantum vortex (3,0)
shows the onset of CI; notice the reduced intensity and incoherent
distribution of the beam in the central region in the top right panel (the
CI is expected to grow roughly as Q% + Q2). The insulator phase
only preserves the F — B invariance but not the vortex charge, and
in the absence of topological protection the vortices can annihilate
into the vacuum. Here we see the EI taking over for both charges;
four unstable regions appear near the boundary, violating the circular
symmetry and dissipating away the intensity of the vortex. Parameter
values: FWHM 40 yum, I'ly = 41, t = 10r.

crystal, i.e., for z = L/2. The parameters chosen (I", [y, R, L)
correspond to the conductor phase (top) and the insulator phase
(bottom). In top panels, for Q% + Q% = 1, the core energy is
not so large and CI is almost invisible. For Qi + 0> =9,
we see the incoherence and the dissipation in the core region,
signifying the CI. The conductor phase allows the proliferation
of vortices but only those with Q4| < 1 are stable. In the
bottom panels, both vortices have almost dissipated away due
to EI, which starts from discrete poles near the boundary.’
Indeed, the insulator phase has no free vortices, no matter what
the charge. In Fig. 5, we see no instability even for a high-
charge vortex in the perfect conductor phase (top), whereas
the frustrated insulator phase (bottom) shows strong EI for the
like-charged vortex (3,3) since this fixed point has g, > 0, but
the (3,—3) vortex is stable. Notice that we could not expect

5As a rule, it follows the sequence (C9) found in Appendix C from
the pole structure of the propagator, though some of the steps can be
absent, e.g., for a single Gaussian vortex there is no C, stage.
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1,=40
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FIG. 5. Transverse profiles for a single Gaussian beam for two
different coupling strengths, "'y = 20 (top) and I"/, = 40 (bottom),
with vortex charges (3,—3) [(a), (¢)] and (3,3) [(b), (d)] at the back
face of the crystal (z = L). The regime on top corresponds to the
perfect conductor phase, where the vortices of all charges freely
proliferate—both vortices are reasonably stable. The bottom case
is in the frustrated insulator phase—the forward-backward coupling
makes the (3,3) vortex unstable from EI while the (3,—3) vortex
survives. Parameter values: FWHM 40 um, L = 2 mm, t = 10z.

CI for this case since the sum Qi + Q% =9 is the same in
both cases—if for Q_ = — Q. the vortex has no CI, then for
Q_ = Q4 it cannot have it either (since the value Q%r + 0%
is the same).

We have thus seen what patterns to expect from CI and
EI and also what kind of stable vortices to expect in different
phases: The perfect conductor phase allows free proliferation
of vortices of any charge, the conductor phase allows only
single-quantum vortices (or vortices with sufficiently low
Q% 4+ Q?) while others dissipate from CI, the frustrated
insulator supports the vortices with favorable charges (or
favorable charge distribution in multiple-vortex systems) while
others disintegrate from EI, and the insulator phase supports
no vortices—they all dissipate from CI or EI, whichever settles
first (depending on the vortex charges).

The case rich with analogies with condensed matter systems
is the square vortex lattice on the background photonic square
lattice, Fig. 6. Here we can also appreciate the transport
processes. The photonic lattice is coincident with the beam
lattice and equal in intensity, so I'(Iop + 1) = 2I'ly. In the
perfect conductor phase [Fig. 6(a)], the vortices are stable
and coherent and keep the uniform lattice structure. In the
conductor phase [Fig. 6(b)], the CI is visible but the lattice
structure survives. The bottom panels show the nonconducting
phases: frustrated insulator [Fig. 6(c)] and insulator [Fig. 6(d)].
The insulator loses both lattice periodicity and the Gaussian
profile of the vortices but the frustrated insulator keeps
the regular structure: From EI the intensity is inverted and
the resulting lattice is dual to the original one [compare
Fig. 6(c) to Fig. 6(a)]. The phase patterns 6p(x,y;z = L/2)

PHYSICAL REVIEW A 96, 053824 (2017)
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FIG. 6. Vortex lattice with Gaussian profile forI'/ = 5 [PC, panel
(a)], 'l = 15 [conductor, panel (b)], '/ = 20 [FI, panel (c)], and
I'l =60 [insulator, panel (d)]. The perfect conductor phase has
a coherent vortex lattice and no instabilities. Conductor exhibits
a deformation of the vortex lattice and the reduction of the full
O(2) symmetry, starting from the center, whereas the FI exhibits
the reduction of symmetry and the inversion of the lattice due
to edge effects. Notice how both phases have reduced symmetry
compared to PC but retain coherence. Only the insulator phase loses
not only symmetry but also coherence; i.e., the intensity diffuses
and the pattern is smeared out. Transverse size of the lattice is
512 x 512 in computational space; same lattice size, FWHM, and
lattice spacing are used for all subsequent figures unless specified
otherwise. Parameter values: L = 4.8 mm, t = 10t, FWHM 10 pum,
and lattice spacing equal to FWHM.

and Op(x,z; y = 320 pum) for the perfect conductor (top) and
the frustrated insulator phase (bottom) are shown in Fig. 7.
Here we see the vortex charge transport mechanism in a PC:
The vortices are connected in the sense that the phase 6 is
coherently traveling from one vortex to the next. In the FI
phase, the phase is initially frozen along the z axis, until the
transport starts at some z ~ L /2.

It may be instructive to take a closer look at the lattice
dynamics of the most interesting phase: the frustrated insulator.
In Fig. 8, we inspect square lattices on the photonic lattice
background for several charges of the form (Q = 3,0_). The
first row shows how the vortices lose stability and develop Cl as
the total square of the charge grows [from Fig. 8(a) to Fig. 8(c)].
Figures 8(d)-8(i) show how the g’ coupling favors the opposite
sign of O, and Q_ and how the optimal configuration is
found for Q_ = —3. This is easily seen by minimizing the free
energy over Q_: It leads to the conclusion that the forward-
backward coupling favors the “antiferromagnetic” ordering in
the sense that Q. + O_ = 0.
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K

FIG. 7. Same system as in panels (a) and (c) from the previous
figure (PC and FI phases) but now we plot the phase 6f, as
the transverse cross section Op(x,y;z = L/2) [(a), (b)] and as the
longitudinal section along the PR crystal 6(x,z;y = 320 um) [(c),
(d)]. The perfect conductor phase has well-defined vortices in contact
which allows the transport of the vortex charge through the lattice
and shows as the periodical modulation of the phase along the z axis
(vortex lines). The frustrated insulator keeps well-defined vorticity
even though the intensity map undergoes inversion [Fig. 6(c)] with
frozen phase along the z axis, so there is no vorticity transport until
some z &~ L/2 = 2.4 mm, when the phase stripes develop into vortex
lines. The unit on the x and y axisis 1 um (1 in computational space)
and on the z axis 0.12 mm (120 in computational space).

Finally, it is interesting to see how the FI phase at high
intensities and coupling strengths contains a seed of translation
symmetry breaking which will become important in the
presence of disorder. In Figs. 9 and 10, we give intensity
and phase transverse profiles across the PC-FI transition and
deep into the FI phase at large couplings. The intensity maps
show the familiar inverse square lattice but the phase maps
show stripelike ordering, i.e., translation symmetry breaking
along one direction in Figs. 10(c) and 10(d)—horizontal
and vertical lines with a repeating constant value of the
phase 6r on all lattice cells along the line. This is a new
instability, distinct from CI and EI. We cannot easily derive this
instability from the perturbation theory in Appendix C asitis a
collective phenomenon and cannot be understood from a single
beam.

IV. THE SYSTEM WITH DISORDER

Consider now the same system in the presence of quenched
disorder. This is a physically realistic situation: The disorder
corresponds to the holes in the photonic lattice which are
caused by the defects in the material. The defects are in
fixed positions, i.e., they are quenched, whereas the beam is
dynamical and can fluctuate. Now I, (r) — I,(r) + I,(r); i.e.,
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FIG. 8. Transverse profiles for vortex lattices with different
charges in the FI phase. In the first row [(a)-(c)], we see how the
CI gets stronger and stronger as the total vortex core energy grow
(with the square of the total charge). The second and third rows
show the growth of CI from (3,0) to (3,43) (notice the increasingly
reduced intensity in the center and the strong ringlike structure of
the beams) but also the forward-backward interaction which favors
the configurations (3,—3),(3,—2),(3,—1) over (3.3),(3,2),(3,1). In
particular, the (3,—3) lattice is the optimal configuration of all (3,0 _)
configurations even though it has greater CI than say (3,0) (notice the
small dark regions in the center), because the Zi_/ 88’ Qi+ Qi Inry;
term minimizes the EI—notice there is no “spilling” of intensity from
one vortex to the next. The parameters are I'/ = 20,L = 2.5 mm.

the quenched random part 7, (r) is superimposed to the regular
background (whose intensity is /). The disorder is given
by some probability distribution, assuming no correlations
between defects at different places. As in the disorder-free
case, the lattice is static and “hard”, i.e., does not backreact
due to the presence of the beams. One should, however,
bear in mind that the backreaction on the background lattice
can sometimes be important as disregarding it violates the
conservation of the angular momentum [37]. Disregarding
the backreaction becomes exact when I, + I, > |¥[?, ie.,
when the background irradiation is much stronger than the
propagating beams.

To treat the disorder, we use the well-known replica
formalism [54]. For vortex-free configurations, typical exper-
imental values of the parameters suggest that the influence of
disorderis small [31,33,35]. However, the influence of disorder
becomes dramatic when vortices are present. This is expected,
since holes in the lattice can change the topology of the phase
field 6. (the phase now must wind around the holes). Our
equations of motion are still given by the Lagrangian (4), but
with I, — I, + Ij,. In our analytical calculations, we assume
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FIG. 9. Intensity maps for the quadratic vortex lattice with
charges (1,1), for increasing values of I'/ = I'(/y + I,). The tran-
sition from the PC phase [(a), (b)] into the FI phase [(c), (d)]

happens at about I'/ =~ 12. The edge instability sets in progressively,
in accordance with what we saw in the previous figure, leading
eventually to an inverse square lattice. Propagation length L = 5 mm.

that a defect in the photonic lattice changes the lattice intensity
from I, to I, + I, with Gaussian distribution of “holes” in 1j,,
which translates to the approximately Gaussian distribution of
the couplings g,g’,g0,&1. In the numerics, however, we do a
further simplification and model the defects in a discrete way;
i.e., at a given spot either there is a lattice cell of intensity I;
(with probability &), or there is not (the intensity is zero, with
probability 1 — ). This correspondsto I, = 1,/2,1;, = £1;/2
so the disorder is discrete. Due to the central limit theorem,
we expect that the Gaussian analytics should be applicable to
our numerics.

A. The replica formalism at the mean-field level

To study the system with quenched disorder in the photonic
lattice, we need to perform the replica calculation of the free
energy of the vortex Hamiltonian (7). We refer the reader
to the literature [41,42] for an in-depth explanation of the
replica trick. In short, one needs to average over the various
realizations of the disorder prior to calculating the partition
function, i.e., prior to averaging over the dynamical degrees
of freedom (vortices in our case). This means that we need
to perform the disorder average of the free energy, i.e., the
logarithm of the original partition function —InZ, and not the
partition function Z itself. The final twist is the identity InZ =
lim, o (2" — 1)/n: We study the Hamiltonian consisting of
n copies (replicas) of the original system and then carefully

PHYSICAL REVIEW A 96, 053824 (2017)

(a) T'I=3 - perfect conductor
2N\ NN Y

FIG. 10. Transverse phase maps for the F' beam for the same
cases as in Fig. 9. As the coupling strength I'/ grows toward very large
values (d), the violation of translation symmetry becomes obvious:
Notice the vertical and horizontal phase stripes. This instability gives
rise to the charge density wave ordering in the presence of disorder.

take the n — 0 limit.® The partition function of the replicated
Hamiltonian reads

=Y Hr(@®) |, (15)

pn=1

Z= lin}) Trexp

where Q™ are the vortex charges in the uth replica of the
system. In the original Hamiltonian (7), the disorder turns
the interaction constants into quenched random quantities
8ij» glfj, 80:ij>&1;ij» SO we can compactly write our interaction

term as
Huon =Y Qia i’ Qjp (16)
ij op
with J++ .]__ = gij(l 8,])lnrl] + gosl], Jlj_ = Jz;+ =
gi;(1— 8, | )lnr, ; + g18;;. Now we again make the mean-field

approximation for the long-ranged logarithmic interaction.
Similar to the clean case, for i # j we approximate glnr;; ~
g'lnr;j ~1InA, knowing that g,g’ ~ 1 and assuming that
average intervortex distance is of the same order of magnitude
as the system size A, and for the core energy we likewise get
80,81 ~ Ina/e ~ —Ine ~ InA. The result is that all terms in

“" both for i # j and i = j, are on average of the order
InA > 1, and the mean-field approach is justified. We will
sometimes denote the 2 x 2 matrices in the flavor space by
hats (e.g., J = J°P).

SCare is needed as the n — 0 limit does not in general commute
with the thermodynamic limit.
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The final Hamiltonian (16) has the form of the random-
coupling and random-field Ising-like model: Random cou-
plings stem from the stochasticity of J;; values and random
field from the fact that (J;;) # Ointroduces terms linearin Q;q,
i.e., an effective external field coupling to the “spins.” We have
arrived at this model through three steps of simplification: our
microscopic model is a type of the XY -glass model (Cardy-
Ostlund model [55]), a well-known toy model for disorder. At
this stage, our model is similar to the work of Refs. [9,10], only
with two components instead of one. Then we have written the
effective vortex Hamiltonian with Coulomb-like interaction,
disregarding the topologically trivial configurations. This is
a rather extreme approximation but a necessary one as it is
very complicated to consider the full model with vortices.
Finally, we have approximated the logarithmic potential with
a constant all-to-all vortex coupling. Such an approximation

J

The Gaussian distribution of defects reads p(]l.‘;f’3 ) =exp [—(Jl,‘;f/3 —

contained in the matrix o,g, Witho_ =o0_,

l]_

We can now integrate out the couplings Ji‘;ﬂ in (17) and get

PHYSICAL REVIEW A 96, 053824 (2017)

(essentially the infinite dimension limit) is frequently taken
and lies at the heart of the solvable Sherington-Kirkpatrick
Ising random coupling model [41]. Our case differs from
the Sherington-Kirkpatrick model as it (i) has also a random
field, (ii) has two flavors, and (iii) has the Ising spins taking
arbitrary integer values. From the random XY model it differs
by (i) and (ii) above, and also by considering only vortices and
no nontopological spin configurations. The additional phases
we get in comparison to Refs. [9,10] and its generalization
in Refs. [11,12,46] come from the interactions between the
forward and backward flavors. But bearing in mind the drastic
approximations we take, we stress that we cannot aspire to
solve either the XY model or the resulting Ising-like model
in any rigorous way (certainly not at the level of rigor of
mathematical physics). We merely try to obtain a crude
understanding.

Jgﬂ)((?’z)aﬂ(Jg.ﬁ - J(‘fﬂ)], where the second moments are

. In this case, we get the replicated partition function

fpggg?/ [72]exp --zz(aﬂ_Jgﬂ) o2 (12

JO‘IB) Z Z ZIBJWS Q(M) Q(M) . (17)

pn=lij=1 a,p

" = const f D[}y ]exp ﬁ > Z 3 0086000 — Y Z Yufowow | as

nov=1ij=1 a,p

Integrating out the disorder has generated the nonlocal quartic
term proportional to the elements of 055. The additional
scale given by the average disorder concentration means we
cannot scale out 8 = L anymore, and it becomes an additional
independent parameter. The partition function can be rewritten
in the following way, usual in the spin-glass literature [42,54].
We can introduce the nonlocal order parameter fields

N
() ( ) ) H)
pE,’”—NZQlZ, 3= Z o'oY, (19

i=1 ij=1

which have the meaning of overlap between different
metastable states. The rest is just algebra, although rather
tedious: One rewrites the Hamiltonian in terms of new order
parameters, and then one can solve the saddle-point equations
for p, and gyp, or do an RG analysis. The calculation is found
in Appendix G.

The mean-field analysis yields six phases:

(1) One phase violates both the replica symmetry and
the flavor symmetry, breaking it down to identity. We dub
this phase vortex charge density wave (CDW), as it implies
spatial modulation of the vortex charge, leading to nonzero
net charge density ), Q?’;) in some parts of the system even if
the boundary conditions are electrically neutral (the tofal net
charge density must still be zero due to charge conservation).
Vortices take their charges from Z ® Z.

(2) The second phase violates the replica symmetry in both
flavors and reduces the flavor symmetry but does not break it
down to identity. Instead, it reduces it to the diagonal subgroup

pn=1ij=1 a,p

(

U ®U(1)g — U(l)y, so it has nonzero density of the
vortex charge in a given replica ) Q(“) — Y, 0", Again,
the charge density is locally nonzero but now with an additional
constraint resulting in frustration (multiple equivalent free
energy minima). This is thus the dirty equivalent of the
frustrated insulator phase and we dub it vortex glass, as
it has long-range correlations (because of the logarithmic
interactions between charged areas), does not break spatial
symmetry, and exhibits frustration; its charges are from
mUMy]l =2

(3) The remaining phases have no nonzero vortex charge
density fluctuation and are similar to the phases in the clean
system. Vortex perfect conductor violates the replica symmetry
of all three fields g™+, ~,¢%~ and allows free proliferation
of vortices with charges (Q1,0_) € Z ® Z.

(4) Frustrated vortex insulator preserves the replica sym-
metry of ¢g** but has nonzero value, with broken replica
symmetry, of the mixed ¢~ field, which gives U (1), vortices,
with charges Q. = —Q_ € Z.

(5) Vortex conductor preserves the replica symmetry of the
mixed g+~ order parameter but violates it in g**, resulting in
the proliferation of single-flavor vortices with Z charge.

(6) Vortex insulator fully preserves the replica symmetry,
all order parameters are zero, and vortices cannot proliferate.
RG analysis will show that insulator surivives only at zero
disorder; otherwise it generically becomes CDW.

The phase diagram (given in Fig. 11 in the next sub-
section) now contains six phases (only five are visible for
the parameters chosen in the figure): CDW, insulator, FI,
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FIG. 11. Phase diagram for the system with lattice disorder in the g-g’ plane together with RG flows, with red lines denoting the flows
starting at the initial conditions denoted by black points. The dashed black lines are approximate phase boundaries from mean-field theory,
for 02 = 0.4 (a) and 02 = 1.2 (b). In panel (a), the area where g + g’ + 820 > 1 is inhabited by the flows toward nonuniversal values of
(g,g") which belong to the CDW phase and the opposite region is divided between the attraction regions of (0,0), (g. — 00,8, — 00), and
(g4 — 00,8., — —o0)—the familiar PC, FI, and conductor phases. In panel (b), for 2 = 1.2, the disorder becomes relevant in the glass phase
(denoted by “GL”), whose RG flows end on the half-line of fixed points g + g’ + 820> = 1,g’ < 0. For our parameter values, this line happens
to pass almost through the origin; in general, this is not necessarily the case. The nondisordered phases (flowing to o> = 0) FI, conductor, and

PC have survived. Propagating length is L = 3.0 mm.

conductor, PC, and the glassy phase. The insulator phase is
now of measure zero in the (g,g’,az) plane, existing only for
the points at 0> = 0; for generic nonzero values we have a
CDW. For simplicity, we have plotted the phase diagram for

2 _ 2 _ o2
0y, =0-_=0;_=o0".

B. RG analysis and the phase diagram

To study the RG flow, we can start from the replicated
partition function (18), inserting the definition of the couplings

Jﬁﬁ and keeping the vortex charges Q;Z) as the degrees of

J
freedom (without introducing the quantities pg,qé’g”)). The

basic idea is the same: We consider the fluctuation §(Z") upon

the creation of a vortex pair at r;, with charges 7", —g",

in the background of the vortices Qﬁ”; at positions Ry .

Likewise, we introduce the fugacity parameter y*) to account
for the vortex core energy. However, this problem is much
harder than the clean problem and one has to resort to many
approximations to perform the calculation. In its most general
form, the problem is still open, in the sense that all known
solutions suppose a certain form of replica symmetry breaking
or truncate the RG equations [42]. The RG analysis is thus
less useful in the disordered case but at least the numerical
integration of the flow equations is supposed to give a more
precise rendering of the phase diagram compared to the mean
field theory. We again describe the calculation in Appendix G
and jump to the results.

The fixed point of the flow equations lies either at infinite y
or at y = 0 like in the clean case. This is again controlled
by the the equation for dy/d¢ but now depending on the
combination g + g’ + B20? instead of g + g’ in the clean case
(for simplicity, we consider the case where ajﬂ are all equal).
The following cases appear:

(1) When the fugacity flows toward infinity, we reproduce
the phases and the fixed point values (g,g’,0%) from the clean
case: The PC flows toward (0,0,0), the FI toward (g..g,,0),
and the conductor toward (gx,g.,,0) with g, > —o0,g, —
—00,g., — oo. Notice that all these phases flow to o2 =0;
i.e., disorder is irrelevant.

(2) When the fixed point lies at y = 0, one possibility is
that all parameters (g,g’,0%) flow toward some nonuniversal
nonzero values. The attraction region of this point is the CDW
phase: The disorder term stays finite as well as the couplings.
In particular, the points on the half-plane g + g’ > 0,62 =0
stay at 0> = 0 (with constant coupling values) and this is the
insulator phase from the clean case. Notice that 0> > 0 now;
i.e., disorder is relevant. For o2 < 1, this are the only fixed
points when y = 0.

(3) However, for sufficiently strong disorder (¢ > 1),
there is a new line of fixed points at y = 0 with a finite
attraction region, corresponding to a new phase. For 8 > 1,
the right-hand side of the second RG equation in (G19) has
a zero at nonzero g’ and there are trajectories flowing toward
(v,8.8",0%) =[0,g,8'(g),0%(g)] and not toward an arbitrary
nonuniversal value of 2. This is precisely the glass phase,
where disorder is again relevant. At the lowest order, the
relation between g,g’,0? at the fixed point line is given by
the relation g + g’ + B%02 = 1.

Now we have made contact between the mean-field classi-
fication of phases and the fixed points and regions of the RG
flow. The flows in the (g,g’) plane are given in Fig. 11. The
parameter space is four-dimensional so the phase structure is
different at different disorder concentrations o2. In Fig. 11(a)
for 0> = 0.4, the phase structure is similar to the clean case;
we see the same four phases except that insulator (no stable
vortices) is replaced by the CDW phase with localized vortices.
In Fig. 11(b) for 0> = 1.2, the CDW phase is replaced by
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FIG. 12. Transverse profile for the PC phase in a Gaussian
beam lattice on a background lattice, for four different propagation
distances. The vortex charge is (1, 1), which is sufficiently low that the
CI does not destroy the vortices. We see some Cl-induced symmetry
reduction from O(2) to C, but the overall lattice structure is preserved.
Parameter values are 02 = 0.1,I'] = 20,L = 2 mm, FWHM for the
CP beams is 9 um and for the photonic lattice 6 um.

another disordered phase, the glasslike regime. Importantly,
the glass phase does not cross the g’ = 0 axis, meaning that
a single-flavor system even with disorder could not support a
glass. We thus conjecture that the transition at 0> = 1 is of first
order, as the change is the structure of the (g,g’) phase diagram
is discontinuous, and we do not see how this could happen if
the first derivative 0. /0p4 (the derivative of the free energy
with respect to vortex charge density) is continuous. However,
we have not checked the order of this transition by explicit
calculation. The phase structure is further seen in the o> — g’
diagram, where we see the glass phase emerge at some value
of the disorder. This is discussed further in the next section,
where we study the equivalent antiferromagnetic system (with
the same structure of the phase diagram, Fig. 16).

C. Geometry of patterns

The two previously considered mechanisms of instability—
central instability and edge instability—remain active also in
the presence of disorder. However, in the presence of disorder
there is a third, inherently collective effect that we dub domain
instability (D). It follows from the fact that the self-focusing
term I'E grows with intensity /: More illuminated regions
react faster [Egs. (1) and (2)]. In the presence of background
lattice, there will be regions of initially zero beam intensity
Iy where the regular lattice cells have some nonzero intensity
I,. Approximating I = Iy + I, = I, = const., our equations
in the vicinity of the defect (hole) in the background lattice

PHYSICAL REVIEW A 96, 053824 (2017)
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FIG. 13. Transverse profile for the FI phase, present in the same
system as in Fig. 12 but for I'/ = 40. Now both the CI [low-intensity
regions in the beam center in panels (a) and (b)] and the EI [lattice
inversion in panels (c) and (d)] are present. The net result is the lattice
inversion, and the vortex charge dissipates along the inverse lattice.

becomes the Schrodinger equation in a step potential (equal to
I, in the regular parts of the photonic lattice, and equal to zero
where a hole is found), so the z-dependent part of the solution is
of the form )", ¢'*** and the eigenenergies along z are gapped
by the inverse length: A, > 1/L. For small eigenenergies, the
transmission coefficient is very low, whereas for large energies
it approaches unity. Thus for 1/L large (i.e., there are few A;’s
which are larger than 1/L), most of the intensity remains
confined by the borders of the defect and the intensity does
not spill but for small 1/L the beam profile is deformed by
the “spilling” into the hole regions. For vortices, there is an
additional Coulomb interaction in the x-y plane, meaning the
effective potential is not piecewise constant anymore (even
in the simplest approximation) but the qualitative conclusion
remains: Large L brings global reshaping of the intensity
profile.

The other phases are analogous to the ones in the clean
case, though with a general trend that the presence of disorder
decreases the stability of vortex patterns. The PC and FI phases
are shown in Figs. 12 and 13. In this section, we only look at the
lattices, as the notion of disorder is inapplicable for a single
beam. Consider first the patterns in the PC phase (Fig. 12).
Compared to the clean case [Fig. 6(a)], the symmetry is much
reduced, from O(2) to C4, but the vortices are conserved and the
original lattice structure (outside the holes) is clearly visible.
The FI (Fig. 13) shows mainly EI (and to a smaller extent CI),
which together lead to the lattice inversion. The rule of thumb
for differentiating the conductor and PC on one side from the
CDW and FI on the other side is precisely the presence of
the lattice inversion. The absence of the charge transport is
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lass phase

A

FIG. 14. Transverse profiles for the charge density wave [panels
(a) and (c)] and the glass phase [panels (b) and (d)]: intensity maps
(top) and vortex charge density maps (down). The telltale difference is
that the CDW loses the regular lattice as the intensity “flows” between
the regular and the defect regions and we see the DI at work. Glass,
on the other hand, consists of domains with coherent (well-defined)
vortices though with reduced symmetry (C,) mostly due to EI. The
charge density forms a connected network in the glass phase and
transport is possible, whereas in a frustrated insulator the charge is
stuck in isolated points.

best appreciated in the phase images: The charge pins to the
defects and localizes toward the end of the crystal (i.e., for z
near L). Only near the edges we see high vorticity, somewhat
analogous to topological insulators, which only have nonzero
conductivity along the edges of the system.

The CDW versus the glass phase is given in Fig. 14. The
charge density wave [Figs. 14(a) and 14(c), L = 240 pum)]
exhibits the diffusion of intensity due to DI, and the vortex
beams are in general asymmetric and not clearly delineated.
In Figs. 14(b) and 14(d), where L = 120 um with all other
parameters the same, there is a clear border between defects
and the regular parts of the lattice and the intensity is
concentrated in the vortex cores. We give also the vortex charge
density map in Figs. 14(c) and 14(d) in addition to the intensity
maps in Figs. 14(a) and 14(b)] as the charge density shows
why the CDW is insulating: Even though individual beams
diffuse and smear out in intensity, the regions of nonzero vortex
charge are disjoint and no global conduction can occur. Glass
is divided into ordered domains in intensity but the vortex
charges form a connected network which supports transport.
This is analogous to the percolation transition in a disordered
Ising model [56,57] and we may expect that the CDW-glass
transition follows the same scaling laws near the critical point.
However, we have not checked this explicitly and we leave it
for further work.

PHYSICAL REVIEW A 96, 053824 (2017)

V. THE CONDENSED MATTER ANALOGY: COLLINEAR
DOPED HEISENBERG ANTIFERROMAGNET

The two-beam photorefractive system can serve as a good
model for quantum magnetic systems. The most obvious
connection is to multicomponent XY antiferromagnets (i.e.,
two-dimensional Heisenberg model): Planar spins are nothing
but complex scalars, and the vortex Hamiltonian remains
identical (;r;[SO(2)] = m;[U(1)] = Z). The nonlinearity in
the spin system is different and usually much simpler, but
that typically does not influence the phase diagram (the
symmetry structure remains the same). Such connection is so
obvious it does not require further explanations. Our point
is that the CP beams in a PR crystal can also describe
more general magnetic systems in the presence of topological
solutions described by homotopy groups different from Z.
In particular, we want to point out to a connection with a
two-sublattice antiferromagnetic system which has some time
ago enjoyed considerable popularity as a possible description
of magnetic ordering in numerous planar strongly coupled
electron systems, including cuprate high-7, superconductors
[5,38,58]. This is the collinear doped antiferromagnet defined
on two sublattices. When coupled to a charge density wave
(speaking about the usual U(1) electromagnetic charge) and a
superconducting order parameter, it becomes a toy model of
cuprate materials (one variant is given in Ref. [58]). In the light
of what we know today, the ability of this model to realistically
describe the cuprate physics is quite questionable; but even so
it is an interesting magnetic system on its own, and it was
already found in Refs. [39,47] to exhibit a spin-glass phase,
though in a slightly different variant (in particular, with spiral
instead of collinear ordering).

Let us formulate the model. While the material is a lattice
on the microscopic level, here we are talking about an effective
field theory model. The order parameter is the staggered
magnetization

M(r)= ) My(r)cos(n -r), (20)

a=1,2

where « € {1,2} is the sublattice “flavor” index (analogous to
the « index for the F and B beam in the previous sections)’
and each component M,, is a three-component spin, describing
the internal, i.e., spin degree of freedom (we label the spin
axes as X, Y, Z). The total spin is thus the sum of the spins
of the two components, and n is the modulation vector. The
modulation gives rows of alternating staggered magnetization
in opposite directions as in Fig. 15(a). This stands in contrast
with the spiral order, where the modulation vectors become
n,, i.e., differ for the two sublattices, and are themselves space
dependent [39]. The ordered phase of the collinear system has
the nonzero expectation value of the staggered magnetization
along one direction, which can be chosen as the Z axis (“easy
axis”), where the spin fluctuations about the easy axis remain
massless, and the symmetry is broken from O(3) to O(3)/0(2).
The spiral order, on the other hand, breaks the symmetry down
to identity, as the order parameter is a dreibein [39].

7Sometimes we will denote the sublattices by =+ instead of 1,2 for
compactness of notation.
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FIG. 15. Numerical realization of the spin pattern (staggered magnetization M) in the collinear O(3) antiferromagnet. Magnetization is
three dimensional and we give the projection in the XY plane, M, - nyy = M, . In panel (a), we show the characteristic collinear spin pattern

(vort)

in absence of vortices. In panel (b), we plot M;

vortex from panel (b) shown as the difference M(lvm)

, a Z,-charged point vortex defect with O = 1. In panel (c), we give an enlargement of the
— M, to show more clearly the structure of the vortex—now the regular periodic pattern

is absent and we appreciate the pointlike structure of the vortex. The parameters are u = r = 1 and v = 0.5.

The symmetry conditions (isotropy in absence of external
magnetic field) determine the Hamiltonian up to fourth order,
as discussed in Ref. [58]:

1 1 2 R
Haf = 5 _arMaz + |VMa| + _lMa|
2gm | \cum 2

u
-+§m@ﬁ—UMMu%HMﬂ¥. 1)

The antiferromagnetic coupling is gy, the spin stiffness is ¢y,
and the effective mass of spin wave excitations is r. The fourth-
order coupling uy comes from the “soft” implementation of
the constraint [M, | = 1® and vy is the anisotropy between the
two sublattices, justified by the microscopic physics [5,58].
The Hamiltonian can be transformed by rescaling T and x,y,
together with the couplings ug — u and v > vy to set gy =
cy = 1 so that the kinetic term becomes isotropic, giving

1 1 r u
o= =0, MP? + =|VMP? + = |M> + =(|M|>)?
Har = 5@ M)* + SIVMP + ZIMI* + Z(IMI)
—v|M; P [Ma[?, (22)

where we have also rewritten the quartic terms for convenience.
Without anisotropy, the energy of the system is a function of
IM;|? 4+ |M;|? only and the symmetry group is the full O(6).
With v # 0, the symmetry is reduced to O(3); ® O(3),: The
internal spin symmetry in each sublattice remains unbroken
but the spatial rotation symmetry between the layers is broken
down to just the discrete flip. Compare this to the U(1) ® U(1)
symmetry in the PR system: There, it is the internal phase
symmetry that remains unbroken.

80ne could also enforce the constraint exactly, through the nonlinear
o model, as was done in Ref. [39]. While the leading term of
the “vortex” Hamiltonian would remain the same in that case, the
amplitude fluctuations have different dynamics which influences
some terms of the Hamiltonian and thus its RG flow (though probably
not the very existence of the glass phase).

A. Z, vortices

Remember that topological solitons are classified by homo-
topy groups and that we work in a two-dimensional plane. The
relevant group is again the first homotopy group, 7;[O(3)] =
Z,. For simplicity, we will call these excitations “vortices,”
bearing in mind that the only possible charges are Q, = %1
and not all integers. A realization of the vortex with Q =1
is shown in Fig. 15(b). Since the spins are three-dimensional
(the figure shows the projection in the XY plane), it becomes
clear that vortex charge is only defined modulo 2; i.e., it makes
no sense to talk about charges |Q| > 1. For example, winding
around twice in the XY plane can be done along a closed line
in the XY Z space which can be contracted to a point. That
could not happen for the two-dimensional phase U(1) precisely
because there is no extra dimension. In Fig. 15(b), the vortex is
superimposed onto the regular configuration: It is recognizable
as a contact point between two lines of alternating staggered
magnetization. In Fig. 15(c) we have subtracted the regular
part and only the vortexing spin pattern is shown: Here we see
the vortex interpolates between two opposite spin orientations
in two opposite directions in the plane.

Now let us derive the effective Hamiltonian of the vortices.
For the Z, vortex, a loop in real space is mapped onto a 7 arc
in the internal space, so the vortex can be represented as

me=fwﬁww%% (23)

giving (the matrices £; » 3 represent the so(3) algebra)

cos¢ Fsing O Mmig
M, = | £sing cos¢p O may |, 24)
0 0 1 msy

where m,, is the magnetization amplitude, analogous to the
beam amplitude ¥, in the optical system. The leading-order,
noninteracting term in (22) gives the following for the energy
of a single vortex of charge Q:

E, = 27(lmy x ez|> + |my x ez|*)In A

=27m |’ InA, (25)
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which is in fact independent of the sign of Q (as could be
expected, as it is in general proportional to Q . Q which is a
constant for parity vortices). The vortex singles out an easy
axis (Z axis) around which the staggered magnetization winds
(¢ being the winding angle). This allows one to 1ntroduce
my = (Mxy,Myy,0). A vortex pair with charges Q, and Q j
has the binding energy

0,(jm; x ez|> + [m; x ez} Inr;
Q;lnr;. (26)

Now we should integrate out the amplitude fluctuations as
we did in Appendix D for the CP beams. This again leads
to the coupling between different flavors, giving a vortex
Hamiltonian analogous to (7):

Ey =270 -

52
= 27T|mJ_ot| Qi :

vorl—Z(th Qj +g Qz X Q )lnr11+ZM Ql

i<j

27)

Two obvious differences with respect to the optical system
are (i) the charges are now limited to the values £1, and
(ii) there is a term linear in charge density, which acts as a
chemical potential. The latter arises from the coupling of the
three-dimensional spin waves (i.e., the topologically trivial
excitations of the amplitude m,,) to the vortices. Remember
that in the CP system, the amplitude fluctuations also couple to
the vortices, but there is no third, Z axis of the order parameter
so no linear term appears. The microscopic expressions for the
effective parameters g,g’, i, read

2 4r + 6um?
=m k)
8 + (2v + 3um3 + Im?)(2r 4+ Jum? — Lm?)
(28)
;L 4vm? (29)
§ T T o+ Jumd 1 2m3) (2r + Jum’ — Sml)’
1
Mo = Zm oz, (30)

assuming mi; =my; =m, . Now the RG calculation is
similar to the optical case but the nonzero chemical potential
introduces two differences. First, there is obviously the
additional term proportional to the total charge of the virtual
pair of vortices, Uy(q1e + g2o). Second, there is no charge
conservation as the expectation value of the total vortex charge
s now (é) = 0F /01 # 0. Thus we need to take into account
not only the fluctuations with zero net charge (virtual vortex
pairs with charges g1 = g and g = —g) but also the situations
with arbitrary pairs g;,g,.° This modifies the variation of the

°In the CP beam system, the total vortex charge can be nonzero if the
boundary conditions at z = 0, L have nonzero total vorticity. But there
we had no bulk chemical potential so the total vorticity in the crystal
could not change during the propagation along z. Here, we have a
bulk term in the Hamiltonian which violates charge conservation.

PHYSICAL REVIEW A 96, 053824 (2017)

partition function from (12) and (13) to

8Z y* 3 erE ' F X
= =1+_Z/d”12”12€ 841-G2-8'G1 ¥ G2—ii-

Gi2

x [/drrz(gél +G+8 01 x PV In|sRy|
. . 2
+(802-G+8'Q2%x4¢)Vin |3R2|}

Z/dl’lzr e —8G1-G2—8'q1 XGa— -G

q1.2

) [/W(gél -Go+ &' 01 X Go)In |5R |

2
+(802-qo+ & Q2 x go)In |3R2|:| ,

where we have introduced 2§ = §; — ¢»,4o = q1 + g» and
SR, = R;; — r. The mixed term which includes both g and
go vanishes due to isotropy. By matching the terms in the
resulting expression with the original Hamiltonian, we find
the recursion relations:

/7

g ) g

2 —_16 4, 2 / , 2 —_16 4 /’

Y, Ty (g +&7) Y, Ty 88

o dy

= =0, =(- - )y 31
Y, 37 =(1—-g—g —py—ny 3D

Crucially, the chemical potential does not run which could
be guessed from dimensional analysis (it couples to dimen-
sionless charge). This is the same system as (14) up to the
trivial rescaling of the coupling constants and the shift of
the critical line g+ ¢ =1 in the PR system to the line
g+ g +puy+pu_=1. It becomes obvious that the phase
diagrams are equivalent and can be mapped onto each other.

B. Influence of disorder

The disorder in a doped antiferromagnet comes from
electrically neutral metallic grains quenched in the bipartite
lattice. Being metallic and neutral, they are naturally modeled
as magnetic dipoles X quenched in the bipartite lattice. This
picture stems from the microscopic considerations in Ref. [48].
We again assume the Gaussian distribution of the disorder as
p(X) o exp(—|X|?/203). The disorder dipoles are one and
the same for both sublattices, so X has no flavor (sublattice)
index. The minimal coupling of the dipoles to the lattice spins
8,‘ = 8,’ — lélX, giVSS

Ha > Hais = Har + VMo - (X x M) + M?X?. (32)
Now the replica calculation requires the multiplication of the
M field into n copies and performing the Gaussian integral
over the disorder. The initial distribution of the disorder p(X)
gives rise to two independent Gaussian distributions: for the
couplings Ji‘;ﬁ with dispersion matrix crjﬁ and for the chemical
potential pf with the dispersion vector g2. The resulting
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Hamiltonian is

Hais = Z (%‘BTMEJ‘)}Z + %‘VM((#)

u=0

| 2

= 5IM = P )

2 n
F 20T (MU M) - (VMY 5 M), (33)
w,v=0
where we have disregarded the subleading logarithmic term
(~In|]M%). Now making use of the representation (23) and

plugging itininto (33) gives the disordered vortex Hamiltonian

n N 2
B =3 3 [%Q;mygygggg

nov=1i,j=1

_ ﬂQfZ)J:ﬁ le;;) + ﬁZ QL(Z)SZ QE:)}

n N
=33 petug ol (34)

n=1 i=1

Of course, we could have arrived at the same effective
action starting from the vortex Hamiltonian (27), taking the
infinite-range approximation and identifying J;;* = g;; Inr;;
and similarly for other components of Jf;ﬂ as we demonstrated
for the PR system. The final result has to be same at leading
order.

The next step is to rewrite the Hamiltonian in terms of
the order parameters pgj‘),q;’g”) defined in (19). Compared to
the effective action for the photonic lattice with disorder in
Eq. (G4), there are two extra terms in the resulting action Seg:
One is proportional to the dispersion £2 and the other to the
mean chemical potential jig. The former term just introduces
the shift J;' s Jo b _ 52/2p and the latter term, linear in
the vortex charges and proportional to the chemical potential,
introduces solutions with nonzero net vortex charge density.
Looking back at the results of the saddle-point calculation in
Egs. (19) and (G14), this tells us that the relation between the
phase diagrams is the following. The phases with no net vortex
charge density—insulator, conductor, frustrated insulator, and
perfect conductor—remain the same as in the PR system, since
both the average coupling value J: b (which gets shifted) and
the term proportional to the chemical potential p, couple only
to ]3("). For brevity, denote Joii = Joi and notice that J;; T =
Jo ~. The structure of phases with nonzero 5 depends on
the zeros of the saddle-point equation

Jo B _
Jop*+ <OT - Efi)lﬁ + (p*)~!
G R e

B

analogous to (G13), where the one-step replica symmetry
breaking implies p(i;) = (p*,...,p%). Now the equation is
cubic and the structure of solutions is different from (G14).
We could not find the solution in the closed form but it
is clear that a pair of cubic equations will have either a

=0, (35)
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single solution (p*, p~) or nine combinations (p™, p~), not
necessarily all different. Numerical analysis of (35) reveals
only two inequivalent solutions, analogous to (G14), i.e., one
of them has a single free energy minimum and the other one
a pair of degenerate minima. Therefore, we again have two
disordered solutions, one of which is glassy (frustrated).
Now we can write down also the RG equations for the
effective action (34). In this calculation, we put £ = cr(fﬂ =

o? for simplicity. Following the same logic as earlier, the
equations are found to be!?

3
% = —87(g + &)’y* cosh(28c?)
x cosh(2B%0?) — 8n(g — g')*y*,
8 /
% = —7(g + g)*y* cosh(2p%5?)
x cosh(2B%0?) — (g — g')*y*,
8y /
g =2 —g =g — e —u_—po)y.
o
= 8,
Y, T
a 2
a;‘g = —2nptotyt. (36)

Like in the clean case, the chemical potential is irrelevant
and the solutions for fixed point are the same as for the PR
beams, including the spin-glass fixed point. We conclude that
the phase structure of the optical system is repeated in strongly
correlated doped antiferromagnets, which also exhibit the spin-
glass phase and have the phase diagram sketched in Fig. 16.
In this context, it is more interesting to plot the phase diagram
in the 02 — 1/g’ plane, mimicking the x — T phase diagram
of quantum critical systems [38] (remember that the coupling
constants g,g’ behave roughly as inverse temperature in XY -
like models). Bear in mind that all phases shown are about
vortex dynamics; i.e., one should not compare Fig. 16 to the
textbook phase diagram of high-temperature superconductors,
which accounts also for the charge or stripe order and the
superconducting order. All vortex phases would be located
inside the pseudogap regime of the superconductor, where
various exotic orders can coexist (assuming, of course, that
our model is an adequate approximation of the magnetic order
in a cuprate or similar material, which is a complex question).
Crucially, the spin-glass phase (blue curves) flows toward finite
disorder %, whereas the remaining two phases end up at zero
disorder, either at infinite 1/g" (PC, red flows) or at zero 1/g’
(conductor, green flows). The RG flows in the conductor phase
are almost invisible in the figure, as the flows are much slower
than in the remaining two phases.

Discussion

Early papers which found and explored the spin-glass
phase in a very similar model are Refs. [39,40,47,49]. The

"%For the most general case of different and nonscalar o, and &7,
the flow equations for them complicate significantly and we will not
consider them.
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FIG. 16. The phase diagram of the two-sublattice-doped Heisen-
berg antiferromagnet model in the ¢2-T plane (we have rescaled
o2+ 1202). Since T ~ 1/g’, we can alternatively understand
the vertical axis as 1/g’. Black dashed curves are approximate
phase boundaries. RG flows (starting from black dots) are colored
differently according to the phase they belong to: spin glass (blue),
PC (red), and conductor (green). At high temperatures, the vortex
conductor becomes either a perfect vortex conductor or a spin glass.
Spin glass (blue) is recognized by the fact that the RG equations flow
to nonzero disorder at finite and large g’ (low temperatures). The PC
phase (red) flows toward zero disorder and zero coupling (infinite
T), collapsing practically to a single trajectory. The flows for the
conductor (green) end up at T = o> = 0 but are not shown to scale
in the figure. Parameter values are u = r = 1 with varying v so as to
have g = —0.5 for all trajectories.

main difference is that the papers cited consider the spiral
(noncollinear) spin order. These works are all inspired by
the cuprate materials, the most celebrated brand of high-
temperature superconductors. While Refs. [40,47] explore in
detail the transport properties, we have no pretension either
to provide a realistic model of cuprates or to explore in detail
all the properties of the spin-glass phase. We are content to
see that the PR system of Z vortices reproduces the phase
structure of a certain kind of dirty Heisenberg antiferromagnets
(with O(3) spins and Z, vortices), besides the more obvious
connection to systems which directly reproduce the Z vortices
in multicomponent U(1) systems like multicomponent Bose-
Einstein condensates and type-1.5 superconductors.

VI. CONCLUSIONS

We have investigated the light intensity patterns in a nonlin-
ear optical system consisting of a pair of counterpropagating
laser beams in a photorefractive crystal. We have studied
this system as a strongly interacting field theory and have
focused mostly on the formation and dynamics of vortices.
The vortices show a remarkable collective behavior and their
patterns are naturally classified in the framework of statistical
field theory: The effective action shows several different
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phases with appropriate order parameters, and the system is
essentially an XY model with two flavors, i.e., two kinds of
vortex charge, for the two beams. The interaction between
the flavors is the central reason that the total energy of the
Coulombic interactions between the vortices in general cannot
be locally minimized at every point. In the presence of disorder,
a phase with multiple free energy minima arises, where the
absence of long-range order is complemented by the local
islands of ordered vortex structure, and which resembles spin
glasses.

The phase diagram is simple in terms of the effective
parameters—vortex coupling constants—and quite complex
when expressed in terms of the experimentally controllable
quantities—the intensity of the laser beams, the intensity of the
background photonic lattice, and the properties of the photore-
fractive crystal (the last is not controllable but can be estimated
reasonably well [3]). The lesson is that the approach we adopt
can save us from demanding numerical work if the space of
original parameters is blindly explored. Our phase diagrams
can serve as a starting point for guided numerical simulations,
suggesting what phenomena one should specifically look
for. So far the field-theoretical and statistical approach was
not much used in nonlinear optics (important exceptions are
Refs. [9-12,14,15,50,51,59,60]). We hope to stimulate work in
this direction, which is promising also because of the potential
of the photorefractive systems to serve as models of strongly
correlated condensed matter systems. They make an excellent
testing ground for various models because of the availability
and relatively low cost of experiments.

In this work, we have focused on the relation of the
photorefractive counterpropagating system to the model of an
0(3) doped antiferromagnet with two sublattices. The authors
of previous works on this model [40,47,48,58] were motivated
mainly by the ubiquitous problem of understanding the
pseudogap phase in cuprate superconductors. The applicability
of the model to this particular problem is still an open
question; it may well be that cuprate physics goes far beyond.
Nevertheless, it is an important quantum magnetic system in its
own right and serves as an illustration of how one can simulate
condensed matter systems in photorefractive optics.

Another field where vortices are found as solutions of
a nonlinear Schrodinger equation are cold atom systems
and Bose-Einstein condensates [26]. Notice, however, that
Bose-Einstein condensates in optical traps are usually (but not
always; see Ref. [30]) three-dimensional systems with vortex
lines (rather than XY -type systems with point vortices) and our
formalism would be more complicated there: In three spatial
dimensions, vortices give rise to emergent gauge fields. The
multicomponent systems of this kind give rise to so-called
type-1.5 superconductors [53], which are a natural goal of
further study.

A more complete characterization of the glasslike phase
is also left for further work. The reader will notice we
have devoted very little attention to the correlation functions
in various parameter regimes or the scaling properties of
susceptibility, which should further corroborate the glassy
character of the system. This is quite difficult in general but
very exciting as it offers an opportunity to tune the parameters
(e.g., disorder strength) freely in the optical system and study
the glasslike phase and its dynamics.

053824-20



QUANTUM CRITICALITY IN PHOTOREFRACTIVE ...

ACKNOWLEDGMENTS

We are grateful to Mariya Medvedyeva and Vladimir Juricié
for careful reading of the manuscript. Work at the Institute
of Physics is funded by Ministry of Education, Science and
Technological Development, under Grants No. OI171033 and
No. OI171017. M.P. is also supported by the NPRP 7-665-1-
125 project of the Qatar National Research Fund (a member
of the Qatar Foundation).

APPENDIX A: NUMERICAL ALGORITHM

In order to solve numerically the system [(1) and (2)], we
employ a variation on the method of Refs. [61,62]. The method
does not make use of any analytical ansatz: It is an ab initio
numerical procedure which integrates the equations of motion.
The system has four independent variables: the transverse
coordinates (x,y), the longitudinal coordinate (formal time) z,
and the (physical) time 7. That means we have essentially three
nested loops: (i) At every z slice we integrate the transverse
Laplacian and the interaction terms for the whole z axis, (ii)
we advance the time 7, and (iii) we repeat the whole procedure
until reaching some time ¢, which certainly should be much
longer than the relaxation time t.

The important point is the very different natures of the
initial and boundary conditions for various coordinates. The
boundary conditions in the (x,y) plane, i.e., at the crystal edge
are not crucial: We have either just one or a few Gaussian beams
whose intensity drops exponentially away from the center and
is practically zero at the crystal edge, or we have a large lattice
consisting of many (of the order of 50—100) Gaussian beams so
the edge effects only affect a small portion of the whole lattice.
Therefore, imposing periodic boundary conditions (stemming
naturally from the integration in Fourier space, see the next
paragraph) are perfectly satisfying. Crucially, however, the CP
geometry means that F(t;z = 0;x,y) = Fo(x,y)and B(t;z =
L;x,y) = Bo(x,y) are given functions, fixed for all times. We
thus have a two-point boundary value problem along z and
have to iterate the z integration several times until we reach the
right solution. Finally, the initial condition for the relaxation
equation (2) is that the crystal is initially at equilibrium,
meaning that E(t = 0) = —1,./(1 + I,); specifically, for zero
background lattice, E(t = 0) =

The algorithm now has the following structure:

(1) The innermost loop integrates in the x-y plane. This
is a Poison-type (elliptic) equation, thus we employ the
operator-split method, integrating the Laplacian operator in the
Fourier space and the interaction term (the E F' and E B terms)
in real space, in the second-order leapfrog scheme. Thus, at
every time instant ; = i At, we start from z = 0 where we set
the condition F(iAt;z = 0;x,y) = Fy(x,y), divide the z axis
into N steps of size Az = L/N, and at every slice z = jAz
perform the frog’s leap: We do the fast Fourier transform
(FFT) to turn the (x,y) dependence into (gy,q,) dependence,”
then we advance the Laplacian for Az/2 as F(i At; jAz;q) =
F«)) F(l) = exp(—tquz/Z)F( ). and then we do the in-
Verse FFT and advance the 1nteract10n in real space as

""We denote the fields in Fourier space with a tilde, e.g., F.
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F?) = expliT E(iAt; jAz; x,y)]F; ). Finally we do the FFT
again and advance the Laplacian for the remaining half-step,
Fi j11 =exp (—zquz/Z)F(Z) Once we reach j = N, the
integration goes backward, along the same lines, updating
now the B field [starting from By(x,y)], where all signs in
the exponents of the above formulas are to be reversed. When
we reach z = 0 again, we are done. In this loop, we use the
field £ ; as already known for all j.

(2) The above loop will, in general, produce results
inconsistent with the charge field E; ; because the equation for
E couples F and B and we have ignored that by integrating
the two fields one after the other instead of simultaneously.
This is, of course, commonplace in two-point boundary value
problems: Either only one boundary condition can be imposed
exactly and the other is shot for or, as in our case, both
are imposed exactly but at the cost of the solution being
inconsistent with the equations, so we have to iterate the
system to arrive at the correct solution everywhere. The second
loop thus iterates the first loop A times, at each step updat-
ing the charge field as E(“j Vs E@ = E;_ Lj— t[E(“ Dy

ij
170 /(A + 197)1/(1 + 17 D). The number of iterations A
1s not fixed: We stop 1terat10ns when the intensity pattern
stabilizes, ;> (] @ _ L (” V) < e, for some tolerance e.

Here, I; ; refers to total 1nten51ty, ie., |F|*>+|B|* + I..

(3) Finally, the outermost loop integrates in time ¢, from
t =0, with the initial condition E(t =0)=—1,/(1+ L)
given above. The integration time f; is divided into M =
tr/At intervals, and at the end of each step we update
(Ft ijz ]’El ]) = (Fi+l,j’Bi+l,j9Ei+l,j)~ Only the Charge
field is directly integrated (as written above), in the first-order,
Euler scheme. The beam envelopes depend on time only
parametrically, through E(¢), and they evolve by using an
updated E; ; in the first two loops at every time step.

This procedure is very close to that in Ref. [61]; the main
difference is that we use a second-order (leapfrog) scheme,
while on the other hand our time integration is of the lowest,
linear order instead of second order as in Ref. [61].

APPENDIX B: TIME-DEPENDENT PERTURBATION
THEORY AND THE EXISTENCE OF EQUILIBRIUM
CONFIGURATIONS

1. Stability analysis: fixed points and limit cycles

In this appendix, we consider the time evolution of the CP
beams and show the existence of a stable equilibrium point
with nonzero intensity. This means that the system reaches a
stationary state for long times, justifying the basic assumption
of the paper that one can study the vortex configurations within
equilibrium statistical mechanics. Not all patterns are stable:
Depending on the boundary conditions and parameter values,
the system may or may not have a stable equilibrium, and
nonequilibrium solutions in photorefractive optics are well
known [37,50]. For our purposes, however, it is enough to
identify the region of parameter space where the equilibrium
exists; other cases are not the topic of this paper.

The time evolution of the beams W, and the charge field
E in (k,q) space is obtained by differentiating Eqgs. (1) with
respect to time and plugging in d E/dt from the relaxation
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equation (2):

Wy  T[1+DE+I] .
3¢  tak—q?—TE
oE 1 (B1)
— ==+ DE+1].
ot T
This system has three equilibrium points. One is the 0 point,

Iy
(WEWEE) = 0,0,~ ,
1+ 1,
and the remaining two are related by a discrete symmetry
W, — W, so we denote them as “£” points, with the “4”
point being

E(1+ I, I, .
(Vi vt E) = ,/—( )+ ~ei® 0,E |,
1+ E

and the “—” point has instead W, =0 and WV_ =
V(E(1 + 1)+ 1,)/(1 + E) exp(i¢_). Notice that the phase
¢+ remains free to vary, so this solution supports vortices.
The O point is the trivial vacuum, i.e., the zero-intensity
configuration with only background lattice. The fluctuation
equations about this point to quadratic order read

X = —|: — [+ X1 X5, — [+ X0 X5, — - X3X5,— [ X4 X5,

1
T XX X)) - (s,
(B2)
where we have introduced the real variables X3 =
RC(S‘-IJi,XzA = Im8\IJi,X5 = J6FE and
I(1 + I,)?
S (B3)

TTLF(+ L)k Eqg)

The system (B2) is degenerate at linear order; thus, we need
a quadratic order expansion to analyze stability. The simplest
approach is to construct a Lyapunov function for Eq. (B2). The
function V(X) = X? is positive for and only for X # 0, and
its derivative is

dv

oo = "2 (X + X3)Xs =21 (X5 + XD)Xs

(XT+ X5+ X5+ X3)Xs — (1 + I5)X3,
1+ 1,

(B4)

which is strictly negative for X nonzero if fi > 0 and X5 > 0.
However, we always have X5 > 0 because d X5/dt in the full
relaxation equations (B1) has a strictly negative right-hand
side and E grows monotonically from zero to —1, /(1 + I),
and at any finite r we have E(t) — E(t = o0) = X5 > 0. Thus
the trivial equilibrium point is locally stable for f > 0, f_ >
0, i.e., k > g2. It is much harder to construct the Lyapunov
function for the global equations (B1): In this case, there are no
additional symmetries and the stability of higher dimensional
systems is in general an extremely difficult topic. Thus there
may well be regions far away from the O point which do not
flow toward it.
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The “#£” pair is quite hard to study. All hope of expanding
the system to second order and understanding the resulting
complicated five-variable system is lost. This time, however,
we can do a nontrivial first-order analysis as the system is
nondegenerate and nicely reduces to the (X, Xs) subsystem.
Rescaling X| — (14 Eo)7/*[I, + Eo(1 + I,)]"? and  —
t{(1 + Eo)/[L + Eo(1 + L)1}, the equation of motion for
the & point reads

- S— -1
3 <X1> _ TEoth+q? <X1>
as
Xs L ~ TR ) \X5
+ O(X] + X3 X2, X3, X4), (BS)

with a4 being some (known) positive functions of T, Eg, I,
(independent of k,g). This is precisely the normal form for
the Andronov-Hopf bifurcation [63], and the bifurcation point
liesatk = —I"Ey — ¢*. As areminder, the bifurcation happens
when the off-diagonal element in the linear term changes sign:
The fixed point is stable when a.. /(T Ey + k + ¢?) is positive.
The sign of the nonlinear term determines the supercritical or
subcritical nature of the bifurcation. A negative sign means
the fixed point is stable everywhere before the bifurcation
and is replaced by a stable limit cycle after the bifurcation
(supercritical). A positive sign means the fixed point coexists
with the stable limit cycle before the bifurcation and the
(X1,X5) plane is divided among their attraction regions; after
the bifurcation there is no stable solution at all (subcritical).'?

In conclusion, stable + equilibrium exists for k > —I"Ey —
g? where Ej is best found numerically. Exactly the same
condition holds for the — point. For k < —T'Eq + ¢, dynam-
ics depends on the sign of the nonlinear term in (B5): For
the positive sign, we expect periodically changing patterns.
If the term is negative and the bifurcation is subcritical,
various possibilities arise: The system may wander chaotically
between the + and the — point, or it may end up in the attraction
region of the 0 point and fall onto the trivial solution with zero
intensity. Naively, the attraction regions of the two fixed points
(£ and 0) are separated by the condition —I'Ey — ¢? = ¢°,i.e.,
q. = ~—T Eo(I',7)/2, where we have emphasized that Ey is
in general nonuniversal. The actual boundary may be more
complex, however, as our analysis is based on finite-order
expansion around the fixed points, which is not valid far away
from them.

The outcome is that the system generically has stable trivial
and nontrivial (nonzero intensity) equilibria, in addition to
time-dependent, periodic, or aperiodic solutions. Numerical
integration gives a similar picture of the stability diagram
in Fig. 17. Numerically we find that the stability limit is
k>T —q? ie., Ey~ —1. The region of applicability of our
formalism lies in the top right corner of the diagram (nontrivial
equilibrium), above k ~ 1/L. Formally, both k£ and g can be
any real numbers. In practice, however, k is discrete and its
minimal value is of the order 1/L. The spatial momentum g

120ne should not take the stability in the whole (X, Xs) plane in
the supercritical case too seriously. We have expand the equations of
motion in the vicinity of the fixed points and the expansion ceases to
be valid far away from the origin.

053824-22



QUANTUM CRITICALITY IN PHOTOREFRACTIVE ...

4 |
. . | .
trivial | nontrivial
sl equilibrium | equilibrium ]
I
I
A2 : ]
|
I
10 ]
oscillations/chaos
0 ‘ . ‘
0 0.5 1.0 1.5 2.0
q

FIG. 17. Stability diagram in the g-k plane. The onset of insta-
bility for k < k.(g) is found numerically for a range of ¢ values. The
solid lines are the analytical prediction for the stability of the O point
(k. = q*, magenta) and of the + point (k. = TEy — ¢> ~ T — ¢?,
red). The black dashed line at ¢ = g. &~ 1 separates the stability
regions of the two points. The domain of applicability of our
main results is the top left corner (nontrivial equilibrium), above
k > kmin ~ 1/L and for not very large g values. Parameter values:
r=21=0.

lies between the inverse of the transverse length of the crystal
(which is typically an order of magnitude smaller than L, i.e.,
minimal g can be assumed equal to zero) and some typical
small-scale cutoff which in our case is the vortex core size.
We made no attempt to study the nonequilibrium behavior in
detail or to delineate the boundary between the oscillatory and
the chaotic regime since it is irrelevant for the main story of
the paper.
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From a practical viewpoint, the I'-/, plane can be divided
into two regions. One of them has a single stable “+” or
“—” equilibrium or a + +— — limit cycle whose amplitude
vanishes in the thermodynamic limit at all scales, i.e., for all
(k,q). This region can be legitimately described within the
formalism of partition functions and equilibrium field theory.
The second region flows toward the trivial fixed point and does
not support vortices—this can also (trivially) be described
by our formalism, as it always corresponds to the insulator
regime, with no stable vortices. Thus the consistency check
is that our method predicts no other phases in this region but
insulator. In the third regime, long-term dynamics is either a
limit cycle with amplitude of order unity or chaos. This regime
was studied in detail in some earlier publications (e.g., Ref. [3]
and references therein), and it cannot be reached within our
present formalism.

2. Numerical checks

Now we complement the analytical considerations with
numerical evidence that the phases described in the main
text exist as long-term stable configurations. In Fig. 18,
we show the time evolution of a vortex lattice in three
different phases, where a visual inspection clearly suggests
the system approaches equilibrium. In contrast, in Fig. 19 we
see first a pattern that oscillates forever, i.e., follows a limit
cycle [Fig. 19(a)], becomes incoherent [wandering chaotically
over the unstable manifold, Fig. 19(b)], or dissipates away
(reaching the 0-fixed point), in Fig. 19(c). The loss of stability
corresponds to an Andronov-Hopf bifurcation, as found earlier
for nonvortex patterns in Ref. [32].

T 207
o CoCeC?
00000 pPOO0O0DOOOO
coo0oo00O0O@ENO0O0O00O00O0O
0000O0O@ENO0O0000O000O
00000 pPOOOOOOO
00000 pO0OOOOCOO
00000 pPOO0ODOOOO
00000 pPOO0O0COOOO
00000 pPOOOOOOO
coo0o0o00 pOOOOOCOO
00000 pPOO0ODOOOO
coo0oo0o00

pPOOOOOOO
aa aa o

FIG. 18. Time evolution of patterns at five different times: (a) perfect conductor phase, (b) frustrated insulator phase, and (c) insulator
phase. In all cases, the approach to equilibrium is obvious, and we expect that for long times a thermodynamic description is justified. The

parameters are the same as in Fig. 6, for the corresponding phases.
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FIG. 19. Time evolution of nonequilibrium patterns. In panel (a), the limit cycle leads to permanent oscillatory behavior, in panel (b)
wandering along the unstable manifold between the equilibrium points gives rise to chaos, and in panel (c) dissipation wins and dynamics dies
out. The parameters are the same as in the previous figure, except that the length L is increased three times.

Dynamics can be most easily traced by looking at the
numerically computed relaxation rate

1dx Doy [ X(jx,y) — X(t;x,y)?
X dt Doy 1 X5,

. (BO)

FIG. 20. Time evolution of the relaxation rate r for the various
situations from Figs. 18 and 19, illustrating the relaxation to nontrivial
(non-zero-intensity) equilibrium, i.e., “+”-fixed points [Figs. 18(a),
18(c), hollow black circles], limit cycle [Fig. 19(a), full blue circles],
chaos [Fig. 19(b), full red romboids], and the relaxation to trivial
(zero-intensity) equilibrium, i.e., O fixed point [Fig. 19(c), full green
squares]. In the main text, we study the cases like the black curves,
where time-independent stable configurations are seen. The symbols
are data points from numerics and the lines are just to guide the eye.

which is expected to reach zero for a generical relaxation
process, where in the vicinity of an asymptotically stable
fixed point X ~ X.q 4+ xe™"" will be generically nonzero for
a limit cycle or chaos and will asymptote to a constant for
the 0 point, where Xeq =0, so we get (1/X)dX/dt ~r.
Figure 20 summarizes these possibilities. The black curves,
corresponding to Figs. 18(a) and 18(c), show the situation
which is in the focus of this work—the approach toward static
equilibrium. The blue curve shows the limit cycle leading
to periodic oscillations. The green curve corresponds to the
chaotic regime with aperiodic dynamics and no relaxation, as
in Fig. 19(b). Finally, the red curve corresponding to the pattern
which radiates away in Fig. 19(b) reaches a constant value of
r. In conclusion, the system shows roughly four classes of
dynamics: fixed point, limit cycle, chaos, and incoherence.
Our work only covers the first of the four, but the bifurcation
diagrams in the previous subsection give a good hint of the
part of the parameter space which contains them, facilitating
experimental or numerical verification.

APPENDIX C: PERTURBATION THEORY AND
STABILITY ANALYSIS

In this appendix, we develop the perturbation theory of the
photorefractive beam system starting from the Lagrangian (4).
The perturbation theory yields the criterion for the stability of
the intensity patterns as they propagate along the z axis. For-
mally, it is just the perturbative diagrammatic calculation of the
propagator. This calculation explicitly excludes topologically
nontrivial patterns and thus is somewhat peripheral for our
main goal, understanding the vortex dynamics. But the general
ways by which an envelope W_. can evolve along the z axis and
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become unstable remain valid also for vortices. In particular,
we will end up with a classification of geometrical symmetries
of the intensity pattern W W; the same symmetries are seen in
vortex patterns and are an important guide for numerical and
experimental work—how to recognize instabilities and also
phases of the system.

Our system is strongly nonlinear, thus a naive perturbation
theory about the trivial vacuum, i.e., constant beam intensity
is out of question. The right way is to perturb about a
nontrivial solution, which approximates a stable pattern. This
means we treat the light intensity as constant in time z
but nonconstant in space (x,y). This is the hallmark of
spatial dynamical solitons: They propagate with a constant
profile along the z axis and to a good approximation do
not interact with each other and do not radiate [3]. We thus
write W = W + §W, giving WiIw = [ + FO(S\DL +6W,) +
Bo(8W! 4+ 8W_) + sWisWw + 0(|6W|?) with F}+ B = I.
The lowest-order Lagrangian for W, now reads

Lo = \I’ A\L’0+FI()—F(1+‘EM+‘L'E())
X In(1 +tu+ I, + Ip), (C1)

which determines the shape of the solution Wy(x,y) in the
first approximation. The dynamical term with 9, ¥ drops out
(it is proportional to the equation of motion for W). Nontrivial
propagation in time z is obtained from second-order expansion
of the potential which is given in the next appendix in Eq. (D1)
and we will not copy it here. Varying the quadratic expansion
with respect to the fluctuation § W gives the linearized equation
of motion for §W:

[+io30, — ¢°> + T — (1 + tu + T Eg)|8WT
1 +tu + 'CE()
A+ tu+ I, + Ip)?

St =0, (C2)

where SW* = §W §W~ = §W. In homogenous spacetime
(z,x,y), we can transform to momentum space in both
transverse and longitudinal directions. In the transverse plane,
we get (x,y) = (¢x,qy) and A+ —g*. The longitudinal
coordinate or time z transforms as z — k,, where k, = 7n/L,
so the time maps to discrete frequencies. The reason is, of
course. that its domain is finite, corresponding to the crystal
length L.

Now we can derive the bare propagator (Green’s function)
of the fluctuating dynamical field § W by inserting the appropri-
ate source S(z) on the right-hand side of Eq. (C2). Normally,
the source in the equation for the Green’s function is just
the Dirac § function but the counterpropagating nature of our
beams imposes a two-sided source:

8(z2) 0
S(z) = . C3
@) (0 S(Z_L)> (C3)
With this source (also Fourier-transformed in z), Eq. (C2) gives

the bare propagator Ggg for the fields § \Ilaiﬁ:

G Y knq) = [—iknSay (kn) + Als Sy (kn) — BusSsy (k)]

* * -1
BysBjs + [A*,Blg]
(C4)

x [_kn + A;BA(W -
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The auxiliary matrices A, B are defined as follows:

.<P0+P1 —q° Py )
Aaﬂ =1 2]
—Py —Ph—Pi+gq
{ Po Py
B.s = , C5
4 l(—Po —P0> )

where P, = (1/4)I,T(1 + tu + 1Eo) /(1 + tu + I, + Ip)?,
Po=T—-TU+tu+7tE)/(A +1u+ I+ Iy, and
S(k,) = diag(1,e*:L).

Now we have the basic ingredient of the perturbation
theory: the bare propagator. The self-energy correction ¥ of
the propagator from the potential V. can be expanded in a
power series over W, which gives an infinite tower of vertices.
Simple combinatorial considerations give the expansion

5 - Z (=D)HRFBGE+ o + 3 — 1!
Jilja!j3!

Jjij2.j3€N
I'(l +tu + tEp)
(1 4+ tu + Iy + L) tititl

X (WodWhH2(5W;sW)%, (C6)

(Wlsw)h

and the contraction over the internal indices of W+, W is
understood. Now we can formulate the diagrammatic rules.
We have two kinds of propagators, G'® and its Hermitian
conjugate. The mean-field values \IJ(T are external sources.
The term of order (i, j»,j3) contains j; + j; propagator lines
GO ]1 of them ending with the source lIlo) and j, + j3 lines

(GO (j, of them ending with a source \I/O) altogether, there
are j = j; + j» + 2j3 lines. The expansion has to be truncated
at some j. Since the mass dimension of W is 1, the (ji, j», j3)
diagram has the scaling dimension 2 — 2(j; + jo + 2j3) < O,
so all diagrams are irrelevant in the IR. This means we can
make a truncation at small j.'3 The leading terms are those
where the order of the perturbation in §W*, which equals j; +
J2 + 23, is the smallest. This gives two classes of diagrams,
one with j; = 1,j, = j3 =0 and another with j, =0,/ =
j3 = 0. They contain a single external source and introduce
the wave-function renormalization, G© — ZG©, which does
not influence the stability analysis. The four quadratic terms
[with (ji, j2, /3) = (2,0,0),(0,2,0),(1,1,0),(0,0,1)] introduce a
mass operator. Only the terms (1,1,0) and (0,0,2) are trivial
(noninteracting); the other two are interacting as they contain
(3W*)? and require the calculation of an internal loop, giving
the dressed propagator

G oy Ukn.q) =[GV (k@)1 + (M), (C7)

where the mass squared is a positive matrix, because the
corresponding coefficients in (C6) have positive signs [from
the term (—1)/' /2% with j; + j, + j; = 2] and the integral
of the bare propagator is also positive. Explicitly, it reads

(1 + tu + 1 Ey) /oo o
d G kil? )
(1+ru+10+1x)2; ) 996 opkn.q)

(m*)ep =

(C8)

3We do not worry about the UV divergences: We have an effective
field theory and the UV cutoff is physical and finite.
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FIG. 21. Dispersion relation (position of the poles of the propagator) k(q), where & is the continuous approximation of the discrete effective
momentum k, = wnL, for I, =0 [(a), (b)] and I, = 1 [(c), (d)]. The plots (b) and (d) are enlargements of the plots (a) and (c). Blue lines
denote Rek and red lines show Imk. Notice that the propagator contains only k2 and g2, so the pole has two copies with opposite signs and is
either real or pure imaginary. Dashed lines are the corrected relations, with dressed propagator instead of the bare one. In the top panels, the
region of instability, with Imk, # 0, is cured by the nonlinear corrections, whereas in the bottom panels the instability remains. This generically
happens at finite ¢ and corresponds to the edge instability. Parameter values: o = 1, " = 15, L = 10 mm.

where the discrete “frequency” k,, is summed in steps of /L.
Other than the mass renormalization, the dressed propagator
has the same structure as the bare one. Now we will consider
what this means for the stability of the patterns.

1. The pole structure, stability, and dispersion relations

Consider the poles of the propagator defined by the zeros
of the eigenvalues of the matrix G;ﬂl (k.,q). The stable solution
corresponds to the situation where the perturbation W dies
out along z, so the stability of the solution is determined by
the condition that the pole in ¢ should have a nonpositive
imaginary part, i.e., that a small perturbation decays. The
denominator depends on k,,q solely through k2,g%; it is
linear in k> and quadratic in g2. Therefore, each of the
two eigenvalues Ay defines two pairs of opposite poles,
+qst,£Ge—, EGurt, £Gus—. Out of these, two pairs are positive
for all parameter values, so no imaginary part can arise, and we
have either two pairs of centrally symmetric imaginary poles,
or one such pair, or none at all. We thus expect the sequence
of symmetry-breaking transitions:

0Q2) — C4y — C,. (C9)
Full circular symmetry is expected when there is no instability.
With a single pair of unstable eigenvalues, we expect a square-
like pattern with C4 symmetry, and with two pairs only a single
reflection symmetry axis remains, yielding the group C,. Only
in the presence of disorder in the background lattice intensity
pattern I, can we expect the full breaking of the symmetry

group down to unity, but this is an explicit breaking and is not
captured by this analysis.

The dispersion relation for a typical choice of parameter
values is represented in Fig. 21, where we plot the location of
the pole k(q) in the continuous approximation (interpolating
between the k, values), with real parts of the pole in blue
and imaginary in red. Since we have two pairs of opposite
eigenvalues, the dispersion is P symmetric in x,y, and z
(remember that time is really another spatial dimension), and
any dispersion relation with a nonzero imaginary part will
have a branch in the upper half-plane, i.e., an unstable branch.
The only way out of instability is that the pole is purely
real, i.e., infinitely sharp—this quasiparticle-like excitation
signifies a solitonic solution. In Fig. 21, the dashed lines are
drawn with the bare propagator G© and the full lines with the
dressed propagator G, for the sets of parameter values. The
perturbation always reduces the instability, i.e., the magnitude
of the imaginary part of the poles—in Figs. 21(a) and 21(b)
completely, resulting in zero imaginary part, and in Figs. 21(c)
and 21(d) only partially. This reduction of instability likely
explains the fact that linear stability analysis works extremely
well for hyper-Gaussian beams (which have most power at
small values of g), as found in Ref. [32].

The fact that the imaginary region always lies at finite g
implies that the instability always starts at a finite scale, which
corresponds to the behavior seen in the edge instability, which
is shown, e.g., in Fig. 4. In order to understand the central
instability, which starts from a single point, corresponding to
q — 00, one needs to take into account also the higher order
corrections from the potential (C6) which, as we discussed,
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FIG. 22. The movement of the poles in the complex momentum
plane in the case of central instability, for four different values of
the PR coupling constant I' = 5,7,9,11. The complex momentum k
is denoted by w. Starting from the C,-symmetric situation with two
pairs of complex-conjugate poles, we first break the symmetry down
to C, and eventually lose all geometric symmetry as the two pairs
merge into two real poles. Parameter values Ip = I, = 1,L = 10 mm.

diverge at ¢ — oo. While we always have a natural UV
cutoff, it may happen that the corrections become large (though
finite) before that UV scale is reached. We postpone a detailed
account for the subsequent publication, and content ourselves
to give only the diagram of the movement of the poles in
the complex plane. Higher order terms bring g-dependent
corrections and break the inversion symmetry, resulting in the
evolution of poles, as in Fig. 22. The instability corresponds to
the situations where at least one pole has a positive imaginary
part, i.e., the first three situations in the figure. The last pattern,
with no symmetry at all and two real poles, is stable (but not
asymptotically stable, as there is no pole with nonzero negative
imaginary part).

The analysis performed here is obviously incomplete, and
we have contented ourselves merely to give a sketch of how
the instabilities considered in the main text arise, as well
as to formulate a perturbation scheme which allows one
to study such phenomena. Further work along the lines of
Refs. [20,32,36] is possible by making use of our formalism,
and we plan to address this topic in the future.

APPENDIX D: DERIVATION OF THE VORTEX
HAMILTONIAN FROM THE MICROSCOPIC
LAGRANGIAN

Starting from the vortex solution (6), we want to obtain an
effective Hamiltonian for the vortex-vortex interaction. The
task is to separate the kinetic term of the winding phase (with
VOoe =Y. O In|r —r;|) from (i) the intensity fluctuations
S¥4 about some background value v+ and (ii) the nonvortex
phase fluctuations (66+) in (6). The first task requires us

PHYSICAL REVIEW A 96, 053824 (2017)

to integrate out the amplitude fluctuations in the quadratic
approximation. We first write W = W, + §W and expand the
Lagrangian to quadratic order:

L=Ly+ Lo,

1, Iy
Lo = =00, — V6o, |,
0= Yo 0o + 2r2| et |

1
Lo = Ea,wga,awa

1 ,
+ 570U Vloa|*8We + Verr (8 W),

14+ tu+ ‘EE()
21 + tu + I, + Ip)?
X [(WosWh? + (Wisw)? —2(1 + tu + I, + Iy)

(D)

Ver(8WF) = —Iswisw — T

x SWisW — (Weon 8 Wh(Wiamsw)].

The zeroth-order (nonfluctuating) term L, determines the in-
tensity Iy = 1//3 Yo and produces the kinetic term for the vortex
phase 6,, which gives just two decoupled copies of the
conventional XY vortex gas. The quadratic part £, becomes
quite involved when we separate the amplitude 5§y and the
phase 86. Inserting (6) into (D1), one gets a quadratic action
for §¢, and 86,. The rest gives a coupled quadratic action
for the amplitude and phase fluctuations. Altogether, the
Lagrangian is

1 1
L= OUE 4802+ S5 (6v +6y2)|Veu ]

+ 8o Rapdp + SV g VO, VS0, + Hee) + - -,
(D2)

where (---) denote all terms of cubic or higher order in
amplitude or phase fluctuations év,,66,, and we have left
out the constant terms independent of all field values. Primes
denote the derivatives with respect to r. The first term
defines the intensity fluctuations through ,(r), and the
second term (transformed through partial integration) yields
the aforementioned conventional Coulomb gas of vortices
after inserting the vortex solution from (6) for 6,. The third
term has the meaning of stiffness or mass matrix for intensity
fluctuations and the last term gives rise to the coupling between
the flavors, upon integrating out 8. The matrix K is

R 1 b+
K= ,
e\ o bed)
1+7Ep
b=T—"% (2421, +3I).
2(1+tE0)2( 2L+ 3h)

The action is quadratic in 81; therefore, we know how to
integrate it out and obtain an effective action depending only on
phase fluctuations. To do that, we need to solve the eigenvalue
equation for §y obtained from (D2), which reads

Vo
00 — Kopdp = | ——— + A+ |8V,

272 B
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and is solved by diagonalizing the system §y, = §xo =
Uypdg and reducing it to the Bessel equation:

Sx+(r) = \/;{C:l:]u[\/z(Kll F Ko — Ay)r]
+ DoY,[V2(K11 F Kia — A)rl},

with v = \/1/4 + |V0|2, where J,,Y, are Bessel functions
of the first and second kinds, respectively. For well-defined
behavior close to the vortex core (for r ~ a), we have Dy = 0,
and C are arbitrary as the equation is linear. The eigenvalues
Ant,nn = 0,1, ... are obtained by requiring that the fluctuation
decays to zero at the crystal edge r = A:

V2Ki1 F K2 — hzx A = jiu(V),

where j, is the nth zero of the Bessel function J,,. The values
Aq+ are impossible to express analytically in closed form:;
however, it is not necessary for our purposes as A > a. The
functional determinant obtained after integrating out x is now
expressed in terms of the eigenvalues:

—1/2
K:aﬂ =1In (1_[ )\naknﬂ)
LR < P R T Y
= —5 ; n o + B + A2

A(K/+K/)+O :
2 e T A)

(D5)

(D6)

(D7)

where K/, = 2K F K|,. Now we are left with a solely phase-
dependent quadratic Lagrangian:

3 I
L = Y0u V0o V36, K ap o5 V5 V865 + 2—:2|V9a|2. (D8)

The final task is to integrate out the phase fluctuations, which
is a trivial Gaussian integration, yielding
£=20196,p + 1,v8.K;1 V0 (D9)
22 o 0 alNop B-
The resulting Lagrangian now depends only on the vortexing
phases 6,. The first term is carried from the original La-
grangian, and it does not mix the flavors. But the second term,
stemming from the fluctuations, has nonzero mixed =+ cross
terms. The quadratic derivative terms can be transformed by
partial integration to the familiar Coulomb gas form of the XY
model, with the same-flavor coupling which is already present
in absence of fluctuations, and the coupling between the
vortices of different flavors. Thus the existence of two beams
together with the fact that amplitude and phase fluctuations do
not decouple give us a richer system, with interaction between
two vortex flavors. For future use, it is more convenient to
look at the vortex Hamiltonian H,,—the difference from
the Lagrangian lies just in the sign of the term Veg. This
finally yields the Hamiltonian [for Eq. (7), repeated here for
convenience]:

Hyort = Z(géi . Qj +gléi X éj)lnrij

i<j

+ ) (800i- 0i +810: x 0)),  (DI0)
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with r;; = |r; —rj|, and the indices 1 <i,j < N sum over
all the vortices. The coupling constants g,g’,g0,¢1 are the
result of integrating out the intensity fluctuations and in general
are given by rather cumbersome (and not very illustrative)
functions of I', Iy, t. We give the expressions at leading order
just for comparison with numerics:

4b + 21,
g=1I+ ,
(2b + 310)(2b — o)
, 4],
8

Qb+ 310)2b—Ip)’

T _ lo+1,
1+ -7

b=T Lot (2 25 1o+ 310>.
T Io+1, \2 x
2(1+Z _TlflJOrHX) L
(DI11)

These expressions are used later to redraw the phase diagram
in the space of physical parameters I, Iy, I, L.

APPENDIX E: MULTIVORTEX MEAN-FIELD THEORY

For a mean-field treatment of a system with multiple
vortices, we start from the Hamiltonian (7) and introduce
the order parameter fields in the following way. Denote the
number of vortices with charge (1,1) by o, and the number of
vortices (1,—1) by p,_; due to charge conservation, this means
we also have p,; vortices of type (—1,—1) and p,_ vortices
with charge (—1,1). The number of single-charge vortices of
type (1,0) and (0,1) is denoted by p;+ and p;_, respectively.
Denote also p; = py4 + p2— and 8p; = pp4 — p2— (notice that
—p2 < 8p2 < p2), and finally p; = p14 + pi—. We insert this
into the vortex Hamiltonian H,, and assume that the long-
ranged logarithmic interaction Inr;; justifies the mean-field
approximation: For i # j, we can approximate Inr;; ~ InA,
assuming that average intervortex distance is of the same order
of magnitude as the system size. For the core energy, we know
that go,g1 ~ In(a/e) ~ —Ine ~ InA, where in the last equality
we have assumed that the UV cutoff € is of similar order
of magnitude as the inverse of the IR cutoff 1/A, which is
natural.'* Thus all terms are proportional to LlnA and we can
write

A ,
Ft = ﬂln;[Z(g — 12 +2g6p2 + (g — Dp1]

B
= APZ+BSP2+ E,O]. (El)

We use the notation 8 = L to emphasize the analogy with the
free energy of spin vortices, where B is the inverse temperature.
The analogy is purely formal as our system is not subject
to thermal noise. Now the ground state is determined by
minimizing the free energy, i.e., the effective action of the
system. Notice that F, is linear in the fields p,,802,01 so the
optimal configurations have either F,s = 0 or Fyy — —00,
and the mean-field densities p;, are either zero or arbitrary

“Nevertheless, this is clearly not a rigorous argument. Our mean-
field calculation is somewhat sketchy and merely assumes that the
long-range interactions can safely be modeled as a uniform vortex
charge field.
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(formally infinite). This is a well-known property of the 2D
Coulomb gas and has to do with the fact that (assuming
the cutoff dependence has been eliminated) this system is
conformal invariant in the insulator phase, so all finite densities
o are equivalent: There is no other scale to compare p to.
Likewise, the prefactor 8 can be absorbed into the definition
of the coupling constants g,g’ and thus is not an independent
parameter (this is well known also from the single-flavor case).
Minimizing (E1) is an elementary exercise and we find again
four regimes, corresponding to the four phases we guessed
based on the single-vortex free energy FV:

(1) For A > 0,A > |B]|, the minimum is reached for p, =
6p» = p1 = 0. In the ground state, there are no vortices at
all—the system is a vortex insulator.

(2) For B>0,A+ B <0, giving g + g < 1,¢’ > 0, the
free energy has its minimum for p, > 0 and 80, = —p»
(notice that —p, < 80y < p2). This means py = 0,0, > 0,
so opposite-charged vortices (Q,—Q) proliferate, and the
system is dominated by the interactions between the charges.
This is the frustrated vortex insulator regime. Since g’ < 0, the
single-charge vortices (density p;) are suppressed.

(3) For B<0,A+B <0, ie., g+¢g <1, <0, the
minimum is reached for p, = §p, > 0, i.e., po_ = 0, so the
vortices (Q, Q) can proliferate. However, since g’ < 0, there
is also nonzero single-flavor density p; and the proliferation
of vortices (Q,0) and (0, Q) which generically dominate over
two-flavor vortices. This is the conductor phase, with mostly
single-flavor vortices (as in the standard XY model).

(4) The point A = B = 0 is special: Naively, from (El),
arbitrary nonzero pi,p;,8p; are allowed. Of course, higher
order corrections will change, this but the energy cost of vortex
formation will generically be smaller than in previous phases.
This is the vortex perfect conductor phase. In the mean-field
approach, it looks like a single point, but that will turn out to
be an artifact of the mean-field approach: For small nonzero
A, B the system still remains in this phase.

In terms of the original parameters g,g’, one sees the
insulator phase is given by g + g’ > 1, and the conductor and
the FI are separated by the line g’ = 0. We can now sketch
the phase diagram, which is given in Fig. 2(a), side by side
with the more rigorous diagram obtained by the RG flow, in
Sec. III B 2.

APPENDIX F: COUNTERPROPAGATING BOUNDARY
CONDITIONS

In the derivation of the vortex Hamiltonian and its RG
analysis, we have pulled under the rug the treatment of
the CP boundary conditions: The effective Hamiltonian (and
consequently the partition function and the phase diagram)
depends solely on the bulk configuration, and nowhere can one
see the fact that W, (z = 0;r,7) and W_(z = L;r,¢) are fixed.
Now we will explicitly show that these boundary conditions
are irrelevant in the RG sense; i.e., they contribute additional,
boundary terms to the effective Hamiltonian, but these terms
do not change the fixed points to which the solution flows.

The full Hamiltonian with correct CP boundary conditions
is obtained by adding the F source at z = 0 and the B source
at z = L to the Lagrangian £ from (4) or, equivalently, to the
equations of motion. The sources impose the conditions F(z =

PHYSICAL REVIEW A 96, 053824 (2017)

0;x,y;t) = Fo(x,y) and B(z = L;x,y;t) = Bo(x,y) so they
equal

Jy = Fo(x,y)8(2), J- = Bo(x,y)é(z — L), (F1)
and the full Lagrangian is

Lep =LA+ TV +J V> L+ Folx,y)Vi(z;x,y;1)
+ €™ Bo(x, ))W_(z; x,y3 1). (F2)

Unlike the Dirac § source (C3) for the Green’s function,
now the source has nontrivial dependence on transverse
coordinates. Now we can insert the vortex solution (6) in
both W, and Fy, By and repeat the steps from the subsequent
derivation. The vortex charges in Fy can be denoted by
PP = (Py,,0) and P = (0,Py_); by definition, the +
component of By as well as the — component of F are zero and
thus carry no vorticity. The primed indices refer to the vortices
in the input beams, and the nonprimed, like before, to the bulk
vortices. Notice the source term changes sign upon performing
the Legendre transform, appearing as —J; W, — J_W_ in the
Hamiltonian.

Now we will check if the RG flow of the Hamiltonian with
boundary terms is affected by the sources. In the notation
introduced above, the total vortex Hamiltonian is

Hep = Z(géi . éj +80; x éj)lnrij
i,j
+ ) 8Py (gQ)1 +8' Qi) Inry;

P
r,]

+ ) 8z —L)Py(gQi- + ¢ Qi)Inry.  (F3)
ij’

Notice there is no source-source interaction: Same-flavor
interaction cannot exist as Py_ = P, = 0, and cross-flavor
interaction does not exist as J; and J_ exist at different
z values, i.e., the cross term would be proportional to
8(z)8(z — L) and thus vanishes. The presence of sources breaks
the spatial homogeneity, complicating the traces (integrals over
the positions of virtual vortex-antivortex pairs), but does not
change the main line of the calculation. The fluctuation of the
partition function due to vortex pair creation is now

8Z y*
=14+ d*r
el 93]
q

y /dzrlzefcui.,r];fé,mfz,-,[D;(é,rl)fD;(é,rzn

x [eCQrRIGIFC(01R1:=G.r2)+C(02, RoiG.r)+C(02 Rai=G.r2)

—1]. (F4)
We  have denoted  C(Q1,Ri;; 02, R =(g01- 0>+
g'01 x 02)InRy, and the coupling to the sources is

encapsulated in the function

DE(G.r) = 8z — 22)(8=G - Py + 844 x Py)Infr —rjs],
(F5)
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with z; =0,z_ = L. The coupling constants gy,g/, are
obtained from g, g’ in (F4) by replacing

10 = Ioli, (F6)

with I, = |Fy|,I- = |By|. Now the exponential of the extra
term with sources also needs to be expanded in rip, as
the combinations 2r = r| + r,,r|; = r; — r; do not decouple
anymore and exact integration is impossible. After writing
D(G.r12) = Dji,(q,r) +r12- VD3(q.r) + - - - and similarly
for C, we notice first that the zeroth-order terms from
Dy cancel out: Di(q,r) + Di( g.r) = 0. Then we get (at
quadratic order in 1, in the 1ntegrand)

= 1+—Zfd2 /d2r126 €@ 24,0

X {rlz [VC(Q1.R;4.1) + VC(02,R; —4,1)]
2 2}

+2|vC(01.R; .1 + VC(02.R: ~G.1)

x [ri2 - [1 = VDE(G.1) + VD (G.1)]

+{r2 - [VD}(G.p) + VD5 (G0l 1+ -
y 4 3

=1+ Z[l10 + Lo — I+ O(r}y)]- (F7)
The integral 1,,, is the term with the contribution of order r{}
from the second line in the integrand and with the contribution
of order r{, from the third line. The integrands in I,,, are thus
of order m + n inrj,, m coming from the expansion of D and
n from the expansion of C. By homogeneity, Ip; = 0 and 1o
is the same integral that appears in absence of sources, whose
calculation was used in obtaining (13) and which gives the
right-hand side of the RG flow (14). The remaining integral
I,; is the new ingredient, and the only one which depends on
the sources. Representing it as

I ——ZZ Y 3z —z)

j a=to=1.2
X(gaQa' a+gaQaXP]a)
|
V—olju, (F8)
Rio|  Irjel ™’

we compute the integral [ '« in polar coordinates:

_ 1 2 A

Io = 3 /o do;In (rf, — 2riorjy cosf; + r_?,a) A?,

(F9)

where 6 is the angle between r, and ry,. Assuming the RG

scale changes as A; = A,A, = A(1 4 £), for small £ we can
expand the integrand, getting

[ /2” 50, A? — Arjiy cosb;
. =
! o VA2 2Arpacos6; + P

=27l + O(£?).

L4+ 0%

(F10)
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The complicated dependence on the positions of the sources
disappears completely in the first order in £.!5 Altogether, by
comparing the outcome of (F7) to the original Hamiltonian
(F3), we see that the renormalization of the bulk interaction
between Q; and Q) is unaffacted by the sources, given
as before by the Iy term, and the source-bulk coupling
renormalizes with a strictly negative shift (as / o =21 > 0).
The flow equations for g,g¢’ couplings are unchanged, being
the same as in (14). The bulk-to-boundary couplings g.,g’.
have the flow equations
/ 3
%8s _ _ang, B _ T,
ol al 2
where N =3, >, 11is the total vorticity of the sources. This
obviously flows to g1,g}, = 0.

Intuitively, one may wonder how come such an important
thing as the CP geometry has no bearing on the vortex
dynamics; surely the behavior of a copropagating system
would be expected to differ from a counterpropagating
system. The answer is that the CP geometry does enter our
calculations—the B beam has an extra minus sign in the
equations of motion (1) (alternatively, in the Lagrangian in
Eq. (4)); equivalently, the symmetry group of the effective
potential in the Lagrangian is SU(1,1), not SU(2) as it would
be for two copropagating beams. Finally, let us emphasize
again that in the numerical simulations we directly solve the
propagation equations (1) together with (2); i.e., we directly
take into account the CP boundary conditions—no analytical
approximations whatsoever are used in the numerics, and no
use is made of the effective vortex Hamiltonian.

(F11)

APPENDIX G: ORDER PARAMETERS AND RG ANALYSIS
OF THE CP VORTICES IN THE PRESENCE OF DISORDER

1. Saddle-point solutions

_ We start by rewriting the replicated partition function
Z" in terms of py,ges and inserting the constraints which
encapsulate their definition in Eq. (19):

N
1
o o () ()
l—~ /D[)‘(u)] exp |:)L(M) (pa“ -5 E o )i|, (G1)

i=1

(uv) () AH(v)
e /D (/W)] eXp )‘(/W) qa’é Z QtZ Q !
lj 1
(G2)
—— a4 + 5+ 5
We have five constraints, )\(M),)\(W),A(W) A(MU),A(M),A(M),
for the corresponding five order parameters in (19). We can

denote
++ +- +
K= )\(Iw) A(MU) , A= )L(_") .
Ay Ao A
(nv) () "
We will also sometimes leave out the replica indices u,v to
avoid cramming the notation too much. Now we can first

integrate out the vortex degrees of freedom QEZ) from (18)

(G3)

5The additional assumption is that A > rj, so the integrand
contains no poles; this is clearly justified as A is the length cutoff.
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to get the effective action

Sett = —— Z [02, (@7 + 207 (g + 02 _(q")1 -

;,Lvl

n
| ()
4 - Z Aonaiy +2

1 PO R
+§1ndetK——kK_k

wn,v=1

The saddle-point equations for the constraints give the con-
straints in terms of the expectation values ¢, p. Luckily,
the equation for X is easy:

(G5)

so we immediately solve A=K p. Now plugging this into the
equations for the three remaining constraints yields

3Ser 1 Xrzh 1,
= - - - =0, G6
e 2XE_y? 9 + 4(1&) (Go)
3 Ser vazh 1
= —qi_+ =psip_=0. G7
. X _1? 4+—+ 5pp (G7)

We have denoted X = detA; = detA__,Y = detA,_ (these
have a well-defined limit for n — 0). It is trivial to write
At+t,Ay_ from the above expressions, and we can feed the
solutions for all the constraints into the effective action and
then solve the saddle-point equations for the order parameters
P+,4++,9——,q+—. Full equations are too complex to be
solved, even approximately. We will simplify the problem with
the following reasoning. The sums over single-replica order

2
parameters generically scale as )_, p ~ > (P ~n,

whereas the double-replica parameters have Z W qé’;'}) ~n?

This means thatin the limitn — 0, the p. terms dommate over
qap terms. Therefore, if p4 # 0 we can disregard the quantities
gap Or expand in a series over them, simplifying the equations
significantly. Only if the replica symmetry breaking imposes
p+ = 0 (not every replica-symmetry-breaking configuration
does so) are the g,g order parameters significant, and the
saddle-point equations with p, = 0 are again approachable.

Consider first the case py = 0. After some algebra, the
effective action is now

Setf = —— Z [G++(q(;w)) + 20.;,__(4(}“;))
wn,v=1
ln(X2|q++|71

+o? (gl 1+ g1

—4r2g T, (G8)
Consider first the ansatz when the ¢** fields are nonzero,
whereas the mixed-flavor field gt~ is zero. In this case,
the second term in (G8), coming from the determinant K,
simplifies further and we get the saddle-point equation

B’ 2 4+
— 50119

5 (G9)

1
_ E(qii)71 — 0’

n
(nv) (v) Y =
G4+ hma?™ =Y R - P
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ﬁz J+(p(ll))2+2‘l+*p(lf-) (M)+J (p(ll))Z]

n=1

(G4)

(

which is the same as for the infinite-range spin-glass Ising
model [42,54]. One obvious solution is qjEi =gt =0, the
completely disordered system with no vortex proliferation—
the familiar insulator phase. It is easy to check that this is
indeed a minimum of the effective action Sesr. There is also a
replica-symmetric but nontrivial solution

+ (1 = Q7).

which yields the solution Qii =1—1/(Bo**). However,
this solution is unstable and is not observable. A stable
nontrivial solution is obtained if the replica symmetry is
broken. The ansatz is well known from the spin-glass literature
(e.g., Ref. [42]) and has a p x p matrix O** on the block-
diagonal and the constant zero elsewhere, with

O =9 +(1 - Q)8 v =1,...,p. (GI1)

Equation (G9) suggests that in > 0 for sufficiently large B,
i.e., small L. However, no analytical solution for the elements
in exists and they have to be solved for numerically,
by plugging in the solution into the effective action and
minimizing it. This is an easy task (for chosen values of
the parameters and disorder statistics) but we will not do it
here as we do not aim at quantitative accuracy anyway; we
merely want to sketch the phase diagram. Now if the third
field g7~ is nonzero, it satisfies the same equation as (G9)
just with a_% L 20_%_. The three combinations of nonzero
order parameters correspond to the three familiar phases:
* £ 0 is the conductor, g*~ # 0 is the frustrated insulator,
and g**,g1~ # 0 is the perfect conductor.
The solutions with p # 0 yield new physics. In this case, we
have at leading order A1y = —2X/(X?> — Y3)(pH) 21, =
—2Y/(X* = Y»)(p*Tp7)7!, so the effective action is

s = QFF (G10)

Ser = =B Y g (il + 205 plypoy + Jo (g’

n=1
—Inp*p~ + 0(g” ) + 0(||q |2|) (G12)
giving the saddle-point equation
Jo
Jo Py + 5 =Py + (P! (G13)
which easily gives
+ 1
P =5 (G14)

b
+ I Iy
Jo 5275/ 3¢

with s1, € {£1}. The solution is the same for every u and
p(j;) = (p*.p*, ..., p%). Now, depending on the sign of the
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glass phase

(a) charge density wave (b)

_4\

0pt2 4 4 2

4 2 0p+2 4

FIG. 23. Free energy (effective action S(“ )) in a given replica
subsystem in a photonic lattice with quenched disorder, for the case
when the order parameter p* = ", 0, has a nonzero saddle-point
solution for the action in a given subsystem (replica). Darker (blue)
tones are lower values. The ground states of the system are the
local minima. In panel (a) for J* = —J~ =1, there is a single
local minimum. In case (b), for J* = —J~ = 1, we see two distinct
minima of equal height, for two different nonzero values of p*. Such
potential energy landscape fits the description of glassy systems.

. - _2 : .
determinant J;"J; — (J;"7)", the solutions for different s ,
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may be minima or saddle points. In either case, we have a phase
with nonzero local charge density, which is the meaning of p. If
there are multiple minima, we call this phase vortex glass. The
reader may argue that true glass should satisfy more stringent
conditions and that our phase is not a true glass. Depending
on the viewpoint this may well be accepted, and we use the
term “glass phase” merely as shorter and more convenient
than “phase with power-law correlation decay, no long-range
order, and frustrated free energy landscape.” The phase with a
single minimum will be called charge density wave, as it has
a unique ground-state configuration yielding macroscopically
nonzero charge density; i.e., it has a true long-range order.
On the other had, with multiple minima the replica-averaged
charge density sums to zero. The landscape, i.e., the effective
action of the system for given replica (1) as a function of
p(j;), is given in Fig. 23 as the density map of the function
Seit(p*, p~) dependence for JF = —Jy, = 1(glass phase, A)
and J;" = J; =1 (charge density wave, B). We see that the
glassy phase shows two inequivalent minima in each replica,
with s; = —s, = £1 in Eq. (G14), so the total action, the
sum of actions of all replica subsystems, can have one and
the same value for many configurations, the definition of a
highly frustrated system, one of the reasons we dub this phase
glass. The charge density wave only has a single minimum for
S1 =8 = 1.

2. RG flow equations

The starting Hamiltonian is the same as in (18). Now we will write it out more explicitly, keeping the distance-dependent
parts:

,BHeff — '3 ZZ gCQ(M) Q(M) + gCQ(M) X Q(M) In rlj

u=11ij

Z Z Qfg)Q(v) 2 Q(]l;)Q(U)

/,Lvllj

(G15)

We have denoted the elements of Jo by J;" = J; ™ = g..J;~ = J; 7 = g. (the bars over the letter remind us that these are
disorder-averaged values). The fluctuation of the partition function is completely analogous to the clean case, only it has the
additional nonlocal quartic term. It can again be expanded over ry, as in (12) but the quartic term contains no small parameter for
the power series expansion and has to be kept in the exponential form. Starting from the expression for the fluctuation analogous
to the clean case (12), we get

% — 1 + y_4 Z e,i(q(/z) *(a) [j(ﬂ) ,‘(ﬂ))+§(é(ll)7q(ﬂ)’Q(V)’q(ﬂ)) / dr12r3 gq“’) q(ﬂ)+g’q(ﬂ)xq(ﬂ>

§»,G@
- - - - 2
x [ / drr* (g0 -G + g 0V x G )\VIn R, —r| + (§0¥” -G + ¢ 0 x §)VIn|R; — r|i| . (G16)

‘We have used the notation

(§1:G2:G3-G4) = 04 141193+ G2 Ga+ + 05 (@403 G2+ Gs— + Q13+ G2-Gar) + 0~ _q1-G3-G2-qa-. (G17)
Now we trace out the fluctuations first by integrating over r and doing some simple algebra:
Z _ [1+16y*(g + g)? cosh(B202, + 202 )cosh(B2o2_ + B2 )(0V” - 0 + OV x 0F) In Ry
Z
x [1+ 16y*(g — g')* cosh(B*0}, — %o} )cosh(B’c?_ — B i_)(é(lm . Q(ZU) - Q(l‘“ X é(zv)) In Ry, |
% |:1 _ 271,))467g(orir(qﬂ”qﬁ’))zﬂv+ (q(‘” (v))2+0'+ (q(“) ))+af,(q(,“)q9’))2)[drrlfﬂ(gﬁ(“)ﬁ("”rg q(“)xq(")):| (G18)

The next step is the summation over all possible &1 charges of virtual vortices §*,g" (the two replica indices mean two
summations from 1 to n), which requires quite some algebra. The renormalized partition function Z” finally gives the RG flow
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equations:
2—‘5 = —87(g + g)*y* cosh(B0?2, + B?07_)cosh(B*c?_ + pol.)
—8m(g — &)’y*cosh(B®0}, — B0} )cosh(B’o?_ — B0} ),
aa—ge, = —7n(g + g)*y* cosh(B?c}, + B0} _)cosh(B’o?_ + p*ol)
— (g — )y cosh(B%02, — B0 _)cosh(BPa>_ — f202.),
g—z = 2n|:1 —g—¢ — %z(ai+ +202_+ 02):|y, agfﬂ = —2n oy, (G19)

As discussed in the main text, the fixed point must lie either at y = 0 or y — oo, depending on the magnitude of g + g’ + %02
For y — 0, three clean fixed points remain, which flow to zero disorder: These correspond to PC, FI, and conductor. The
disordered fixed point also has y — 0 but the disorder is nonzero: This is the CDW phase from the mean-field analysis, the dirty
analog of the insulator. Finally, when y — oo and nonzero o at the fixed point, we expect glassy behavior.
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Abstract

We study vortex patterns of counterpropagating laser beams in a photorefractive crystal,
with or without the background photonic lattice. The vortices are effectively planar and
have two “flavors” because there are two opposite directions of beam propagation. In a
certain parameter range, the vortices form stable equilibrium configurations which we
study using the methods of statistical field theory and generalize the Berezinsky—Koster-
litz—Thouless transition of the XY model to the “two-flavor” case. In the nonequilibrium
regime, the patterns exhibit an Andronov—Hopf bifurcation which may lead to oscillations
(limit cycle), chaos or decay to zero intensity due to radiation losses. We show how to iden-
tify various pathways toward instability from intensity patterns, i.e. from experiment.

Keywords Vortex - BKT transition - Photorefractive optics - Statistical field theory

1 Introduction

Nonlinear optical systems are a rich arena for studies of various fundamental physi-
cal phenomena. The strong response of the nonlinear optical medium to the propagation
of light makes it a typical strongly correlated system, with many phenomena similar to
those in other strongly interacting systems in areas such as condensed matter. Their com-
plex dynamics offers an opportunity to study spatiotemporal chaos and optical turbulence
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(Cross and Hohenberg 1993; Rabinovich et al. 2000). On the other hand, they often also
exhibit stable, equilibrium confgurations in a certain parameter range, which are nau-
trally studied by statistical physics methods. Vortices and other topological configurations
(Alexander et al. 2007; Anderson 2007; Fetter 2009), long-range order (Anderson 2007),
quenched disorder and glassy behavior (Antenucci et al. 2015a, b; Ghofraniha 2015; Per-
ret et al. 2012) are universal in a broad range of systems such as cold atoms (Bagnato et al.
2015; Malomed et al. 2016) and magnetic systems, and the relative simplicity of experi-
ments in optics makes it an excellent testing ground for strongly coupled models.

In this paper we study a specific and experimentally realizable nonlinear optical system:
laser beams counterpropagating (CP) through a photorefractive (PR) crystal. This means
we have an elongated PR crystal (with one longitudinal and two transverse dimensions)
and two laser beams shone onto each end. We thus effectively have two fields, one forward-
propagating and one backward-propagating. The optical response of the crystal depends
nonlinearly on the fotal intensity of both beams, which means the beams effectively inter-
act with each other. This system has been thoroughly investigated for phenomena such as
dynamical solitons (Denz et al. 2003; Petrovic et al. 2011, 2005; Jovi¢ et al. 2008), vortex
stability on the photonic lattice (Alexander et al. 2007; Terhalle et al. 2008; Cubrovié and
Petrovi¢ 2017) and topological invariants (Rechtsman et al. 2013).

We first recast the system in Lagrangian and then in Hamiltonian form so it can be stud-
ied as a field theory, which depends parametrically on the time ¢. Then we consider the
time dynamics of the system and show that in a broad parameter range the patterns relax to
a static configuration which can be studied within equilibrium field theory. By renormali-
zation group (RG) analysis, we obtain the phase diagram of static vortex configurations.
The phase diagram is obviously closely related to the famous Berezinsky—Kosterlitz—Thou-
less (BKT) vortex unbinding transition in the XY model (Berezinsky 1971; Kosterlitz and
Thouless 1973) except that having two components of the field produces additional phases
and phase transitions, due to forward—backward beam interaction. The analytical insight
we obtain also allows us to avoid overextensive numerics — analytical construction of the
phase diagram tells us which patterns can in principle be expected in different corners of
the parameter space.

Next we focus on the nonequilibrium regime, classify the fixed points and study pos-
sible routes of instability. We emphasize the pictorial and “rule-of-thumb” criteria to rec-
ognize various instabilities, in order to facilitate experimental checks. At the end we will
discuss the perspective of studying dynamical criticality, i.e. instablities which consist in
moving from one vortex phase to another in real time, a phenomenon which is intimately
connected to the difficult questions of quench dynamics and thermalization in many-body
systems.

2 Counterpropagating beams in photorefractive medium: equations
of motion

Consider a photorefractive crystal of length L irradiated by two paraxial head-on laser
beams which propagate from the opposite faces of the crystal in the z-direction. Photore-
fractive crystals induce self-focusing of the beams—the vacuum (linear) wave equation is
modified by the addition of a friction-like term, so the diffusion of the light intensity (the
broadening of the beam) is balanced out by the self-focusing of the beam. The physical
ground for this is the redistribution of the charges in the crystal due to the Kerr effect.
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PHOTOREFRACTIVE MEDIUM

F B
> 4>

N

Z=0 Z=L

Fig. 1 Experimental setup for the study of the CP beams in the PR crystal. The crystal has the shape of a
parallelepiped, and the beams propagate along the longitudinal, z-axis: the forward (F)-beam from z = 0 to
z = L, and the backward (B)-beam the other way round. The intensity patterns can be observed at the trans-
verse faces of the crystal, atz=0andz =L

The nonlinearity is contained in the change of the refraction index which is determined by
the induced charge density. A sketch of the system is given in Fig. 1. Before entering the
crystal, the laser beams can be given any desirable pattern of both intensity and phase. In
particular, one can create vortices (winding of the phase) making use of the phase masks
(Denz et al. 2003).

Assuming the electromagnetic field of the form E = e'*'dr (Fe”‘z +Be‘”‘z), we can
write equations for the so-called envelopes F and B of the forward- and backward-prop-
agating beams along the z-axis (the frequency, transverse and longitudinal momentum are
denoted respectively by w, q, k). The wave equations for F and B are now:

+10 ¥, (z:x, ;1) + AW, (z;x, y;t) = TE(z:x, y;H)¥P, (2%, y30), (1)
where the plus and minus signs on the left-hand side stand for the forward- and backward-
propagating component of the beam amplitude doublet ¥ = (¥, ,¥_) = (F,B), and I is
the dimensionless PR coupling constant. From now on we will use & € {+, —} to denote
the two beams (F and B) and call it a flavor index, in analogy with field theory. The vorti-
city (winding number of the phase) will be called vortex charge as usual. The charge field
E on the right-hand side of the equation is the electric field sourced by the charges in the
crystal (i.e., it does not include the external electric field of the beams). Its evolution is well
represented by a relaxation-type equation (notice that the derivative dj, is strictly negative)
(Petrovic et al. 2011):

T I(z;x, y1)
— DV EGEx,vi)+E@x,yif) = — —22
1+ I(zx, yit) * (@, yit) + B@x yi) 1+ I(z;x, y;t)

2
Here, I = I, + I, is the total light intensity at a given point, Iy, = |F|*> + |B|? is the beam
intensity and I, the intensity of the fixed background. The meaning of I, is that the crys-
tal is all the time irradiated by some constant light source, independent of the counter-
propagating beams with envelopes F, B. The relaxation time is z. The form of the non-
linearity accounts for the saturation of the crystal; notice that a simple quartic non-linear
Schrodinger equation would not account for the saturation.! In the numerical calculations,

! One might also worry that a realistic crystal is anisotropic, while our equation is isotropic. Nevertheless,
comparison to experiment (Neshev et al. 2004; Fleischer et al. 2004; Dreischuh et al. 2002) shows that this
model is able to describe actual measurements rather well. Also, the effects of anisotropy can be suppressed
in experiment by illuminating the crystal by uniform light for very long times before starting the experiment
(Cohen et al. 2002).
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we solve Egs. (1), (2) with no further assumptions, using a slightly modified version of the
beam propagation method (Sandfuchs et al. 2001). For analytical results we will need to
transform them further assuming a vortex pattern. The Eq. (2) is completely phenomeno-
logical, but it excellently represents the experimental results (Denz et al. 2003). We will
first consider the equilibrium regime, and then the nonequilibrium dynamics.

For slow time evolution (in absence of pulses), we can Laplace-transform the Eq. (2) in
time (E(t) —» E(u) = f0°° dte ™ E(1)) to get the algebraic relation

Yy + 1, —TE, 1+ tu+7E,

E(zx,y;u) = — =—-1+ .
(. yu) l+zu+l +¥P7W l+zu+l +¥P7W ®)

The original system (1) can now be described by the Lagrangian:

L= —|VFI*+ TPV —T(1+7Ey+tulog(l + tu+ 1. +¥'P), (4
where o5 is the Pauli matrix o5 =diag(l,—1). This has the form
L= 1?’70362?’ - |V¥’|2 - Vqﬁ('I”,T), i.e. the Lagrangian of a non-relativistic field the-
ory (a two-component nonlinear Schrodinger field equation) in 2 + 1 dimensions (x, y; z),
where the role of time is played by the longitudinal distance z, and the physical time ¢ (or u
upon the Laplace transform) is a parameter.

3 Stable vortex configurations and the phase diagram

Following the same steps as for the textbook XY model we can arrive at an effective Ham-
iltonian for stable vortex configurations. For details we refer the reader to Cubrovié¢ and
Petrovi¢ (2017). Assuming the vortex solution of the form

T()i (r)= u/oi(r)elwt(@ﬂ%i((ﬁ)’ )

where 6_(¢) is the singular part of the phase and 6, (¢) the regular part, we want to inte-
grate out both the amplitude fluctuations and the regular part of the phase and arrive at a
description of the systems solely in terms of vortex charges. This is done by expanding the
Lagrangian (4) to quadratic order in both amplitude and phase fluctuations and integrating
them out. Then the usual Legendre transform yields the vortex Hamiltonian:

Hyore = Z (gQiana + 800 % Qjﬂ) logr; + Z (gOQiaQia +810; X Qiﬂ)' (6)

i<j

We denote the flavor + by Greek indices, and the summation convention is understood.?
Furthermore, we denote Q, X Oy = 0,,0;_ + 0,_0;,. The first term is the expected Cou-
lomb interaction of vortices from the XY model (Berezinsky 1971; Kosterlitz and Thouless
1973); notice that only like-flavored charges interact through this term (because the kinetic
term |V¥|? is homogenous quadratic). The second term is the forward—backward interac-
tion, also with Coulomb-like (logarithmic) radial dependence. This interaction is gener-
ated by the coupling of amplitude fluctuations 6y, (r) to the phase fluctuations. In a system
without amplitude fluctuations, i.e. classical spin system, this term would not be generated.
The third and fourth term constitute the energy of the vortex core. The self-interaction

2 There is no difference between upper and lower indices as both flavors always enter the sum with positive
sign.
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constants g, g; are of course dependent on the vortex core size and behave roughly as
gloga/e, g’ loga/e, where ¢ is the UV cutoff. The final results will not depend on e, as
expected, since g, g; can be absorbed in the fugacity y (see the next subsection). Expres-
sions for the coupling constants in terms of original parameters are given in Cubrovi¢ and
Petrovi¢ (2017); they can be used to relate the theoretical phase diagram to experiment.

To describe the phase diagram, we will perform the renormalization group (RG) analy-
sis. Here we follow closely the calculation for conventional vortex systems. We consider
the fluctuation of the partition function 6Z upon the formation of a virtual vortex pair at
positions r,,r,’ with charges ¢,, —q,, (with r; +r, = 2r and r; — r, = r,), in the back-
ground of a vortex pair at positions R, R, (with R; + R, = 2R and R, — R, = R,,) with
charges Qy,, Q,,- It is also convenient to replace the core self-interaction constants g, | with
the fugacity parameter defined as y = exp [— p (go +g 1) log e]. We also introduce the nota-
tion § = L in analogy with the inverse temperature f in standard statistical mechanics but
of course the physical meaning of f in our system is very different: we have no thermody-
namic temperature or thermal noise, and the third law of thermodynamics is not satisfied
for the “temperature” 1/f. We merely use the f-notation for reasons of formal similarity,
not as a complete physical analogy.

This is a straightforward but lengthy calculation and we state just the resulting flow
equations:

/ ay

0g
= —167(g* + g )", — =" 2mgg'y*, 57 = 2rl—g—gy. (7

og
FY

Notice that if one puts g’ = 0, they look very much like the textbook XY model RG flow,
except that the fugacity enters as y* instead of y? (simply because every vortex contrib-
utes two charges). We can find fixed points analytically and then numerically integrate
the flow equations to find exact phase borders. The fugacity y can flow to zero (meaning
that the vortex creation is suppressed and the vortices tend to bind) or to infinity, meaning
that vortices can exist at finite density. At y = 0 there is a fixed line g + ¢’ = 1. This line
is attracting for the half-plane g + g’ > 1; otherwise, it is repelling. There are three more
attraction regions when g + g’ < 1. First, there is the point y — o0, g = ¢’ = 0 which has
no analogue in single-component vortex systems. Then, there are two regions when g — oo
and g’ — +oo (and again y — o0). Of course, the large g, g’ regime is strongly interacting
and the perturbation theory eventually breaks down. What happens when g, g’ flow toward
very large values is that the intensity at the vortex core becomes very large, so the lowest-
order, quadratic Hamiltonian needs to be supplemented by higher-order terms in intensity
fluctuations. To integrate them out, one needs to perform a diagrammatic expansion which
leads to quartic- and higher-order terms in vortex charges Q, in the effective vortex Ham-
iltonian [Eq. (6)], ultimately correcting the flow at large g, g’ to flow toward finite values
8. g.andg,,. g .

The RG flows in the g — g’ plane are given in Fig. 2. The situation is now the following:

1. The attraction region of the fixed line is the vortex insulator phase (INS): the creation
rate of the vortices is suppressed to zero. There is no vortex charge conservation.

3 The boldface vectors are the coordinate vectors in the plane.
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Fig.2 Phase diagram for the clean system in the g—g’ plane, at the mean-field level with RG flows. We
show the flows for a grid of initial points, denoted by black dots; red lines are the flows. Four phases exist,
whose boundaries are delineated by black dashed lines: conductor (COND), insulator (INS), frustrated insu-
lator (FI) and perfect conductor (PC). The straight line g + g’ = 1 is obtained analytically whereas the other
phase boundaries can only be found by numerical integration of the flow Eq. (7). The flows going to infinity
are the artifacts of the perturbative RG; they correspond to finite values which are beyond the scope of our
analytical approach. Notice how the flows in the g + g’ > 1 phase all terminate at different values

2. The zero-coupling fixed point attracts the trajectories in the vortex perfect conductor
phase (PC): only the fugacity controls the vortices and arbitrary charge configurations
can form. Each vortex charge, O, and Q_, is separately conserved.

3. In the attraction region of the fixed point with g, < 0 and g’ > 0 (formally they flow
to —oo and +o0, respectively), same-sign F- and B-charges attract each other and those
with the opposite sign which repel each other. This is the frustrated insulator (FI): it
conserves only the combination Q, + Q_, and only vortices with charge (Q,,—0, ) are
stable.

4. The fixed point with g, g < 0 (formally both flow to —oo) corresponds to the con-
ductor phase (COND). This phase preserves one of the charges, Q, or Q_, i.e. either
(Q,.,0)- or (0, Q_)-vortices proliferate.

In the half-plane g + g’ > 1 every point evolves toward a different, finite point (g, g’) in
the same half-plane. In the other half-plane we see the regions of points moving toward
the origin or toward one of the two directions at infinity. In the future we plan to apply
this formalism also to multi-component vortices in Bose-Einstein condensates (Ma et al.
2016) and in particular in type-1.5 superconductors (Silaev and Babev 2012), where even
more complex phenomena, including frustration, are observed as a consequence of multi-
component interaction.
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An interesting line of research consists in adding disorder to the above system. We con-
sider this problem in Cubrovi¢ and Petrovié¢ (2017) and find that the system can be approxi-
mated by a random-coupling and random-field two-component XY-like model, related to the
Cardy—Ostlund model (1982). The replica formalism (Castellana and Parisi 2015) then pre-
dicts a glassy phase with slow dynamics, strong correlations and no long-range order. This is
however a separate story and we will leave it out here. Interested readers can consult (Cubrovié
and Petrovi¢ 2017) and look at related work in Antenucci et al. (2015a, b).

4 Time-dependent regime

Here our goal is twofols. First, we have to show that at least for some boundary conditions and
parameter values there is a stable fixed point of the time evolution, so that the system reaches a
time-independent, equilibrium pattern. The reason is that the whole formalism of the previous
chapter is only valid for such configurations, as it departs from equilibrium statistical mechan-
ics. Second, we want to check other, non-static behaviors as they are interesting in their own
right and experimentally relevant (but one should not expect them to be described by an equi-
librium phase diagram like Fig. 2).

Time dynamics can be studied in a straightforward way, making use of the relaxation
Eq. (2) to write down the first-order evolution equations for ¥,

+

ko __TWU+DE+D,,. OE _

= T

1
——((1+DE+1D.
ot Tak—qg*—TE “ T(( +DHE+D ®)

s

This system has three equilibrium points. One is the trivial equilibrium with zero intensity
(“0” point):

+ + — _ Ix
(T+,'}’_,E)—<0,0, 1+1x>’

and the remaining two are related by a discrete symmetry ¥, +— ¥, (“£” points). The “+”

point is
EQ+1)+1
(P W5 E) = (ﬁ%e’%,o,E),

and the “—” point has instead ¥, =0 and ¥_ =+/(E(1 +1)+1)/(1 + E)exp(¢_).
Notice that the phase ¢, remains free to vary so the “+” solutions support vortices. We
first ask what is the stability criterion for a nontrivial solution, i.e. one of the “+” points,
as this is the main criterion for the applicability of the equilibrium statistical mechanics
methods in the previous section. Introducing the amplitudes of the fluctuations from equi-
librium as X, ; = Ro¥,,X,, = I6¥,, X5 = 6E, we can do a first-order stability analysis
as the system is non-degenerate. Rescaling X, — (1 + E)/*(I, + Ey(1+1,)) ? and
tet((1+Ey) /(I +Ey(1+1,))) '/ the equation of motion for the “+” point reads

a.
[ S, -1
, X, _ TEy+k+q? . X, + 0(X12 + X?;XZ,X3,X4), ©)]
X; 1 Xs

T TEgtkt+q
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Fig.3 Stability diagram in the g—k plane. The onset of instability for k < k.(g) is found numerically for
a range of ¢ values. The solid lines are the analytical prediction for the stability of the “0” point (k, = ¢,
magenta) and of the “+” point (k, = I'E, — ¢* ~ T’ — ¢*, red). The black dashed line at ¢ = ¢, ~ 1 sep-
arates the stability regions of the two points. The domain of applicability of our main results is the top
right corner (nontrivial equilibrium), above k > k,;, ~ 1/L and for not too large g values. Parameter values:
r=21=0

with a, being some (known) positive functions of I', E, I, (independent of k, g). This is
precisely the normal form for the Andronov—Hopf bifurcation (Arnol’d et al. 1994), and
the bifurcation point lies at k = — I'E, — ¢>. To remind, the bifurcation happens when
the off-diagonal element in the linear term changes sign: the fixed point is stable when
a,/(FEy + k + ¢*) is positive. The sign of the nonlinear term determines the supercritical/
subcritical nature of the bifurcation.*

Now the textbook analysis of the Andronov—Hopf bifurcation tells us that stable “+”
equilibrium exists for k > —I'E, — g* where E, is best found numerically. Exactly the same
condition holds for the “—" point. For k < —T'E, + ¢°, dynamics depends on the sign of the
nonlinear term in Eq. (9). For the positive sign we expect periodically changing patterns
and for the negative sign (subcritical bifurcation), various possibilities arise: the system
may wander chaotically between the “+” and the “—” points, or it may end up in the attrac-
tion region of the “0” point and fall onto the trivial solution with zero intensity. Naively,
the attraction regions of the two fixed points (“+” and “0”) are separated by the condition
-TE,-q*=¢* ie. q. = \/-TEy(I',7)/2, where we have emphasized that E, is in gen-
eral non-universal. The actual boundary may be more complex however, as our analysis is
based on finite-order expansion around the fixed points, which is not valid far away from
them.

The numerical stability diagram is given in Fig. 3. The stability limit turns out to
be k> I' — ¢%, i.e. E, ~ —1. The curves separating the attraction regions of the three
equilibrium points follow exactly the quadratic scaling in g as predicted by the analyti-
cal stability analysis. The equilibrium region lies in the top right corner of the diagram
(nontrivial equilibrium), above k ~ 1/L. This is where the patterns evolve towards static

4 Negative sign means the fixed point is stable everywhere before the bifurcation and is replaced by a stable
limit cycle after the bifurcation (supercritical). Positive sign means the fixed point coexists with the stable
limit cycle before the bifurcation and the (X, Xs) plane is divided among their attraction regions; after the
bifurcation there is no stable solution at all (subcritical). However, one should not take the stability in the
whole (X, X5) plane in the supercritical case too seriously. We have expand the equations of motion in the
vicinity of the fixed points and the expansion ceases to be valid far away from the origin.
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Fig.4 Time evolution of the 1.4 T T
relaxation rate r for the various
situations from Figs. 5 and 6, 12| |

illustrating the relaxation to

non-trivial (non-zero intensity)
equilibrium, i.e. “+” fixed points 1
(Fig. 5a, c, black), limit cycle

(6a, blue), chaos (6b, red) and the 0.8
relaxation to trivial (zero inten-
sity) equilibrium, i.e. “0” fixed
point (6¢c, green). In the main text 0.6
we mainly study the cases like

the black curves, where time- 04+
independent stable configurations
are seen. The circles are data
points from numerics and the
lines are just to guide the eye

—~

0.2

long-time configurations. The top left corner describes “boring” situations, when all
light ultimately radiates away from the crystal and intensity drops to zero. The bottom
region contains nontrivial dynamics: depending on parameters, it may contain a limit
cycle (correspinding to oscillating patterns) or aperiodic wandering among an alphabet
of unstable patterns (chaos).

Formally, both k and g can be any real numbers. In practice, however, k is discrete
and its minimal value is of the order 1 / L. The spatial momentum ¢ lies between the
inverse of the transverse length of the crystal (which is typically an order of magnitude
smaller than L, i.e. minimal ¢ can be assumed equal to zero) and some typical small-
scale cutoff which in our case is the vortex core size.

Now we test our conclusions numerically. A convenient quantity to differentiate
between different stability regimes is the relaxation rate

X _ Loy IX(tj+1;x’}’) _X(f,-;x,y)|2 “
dt Zx’y |X(tj;x,y)|2 s

\
1]
< | —

which is expected to reach zero for a generic relaxation process, where in the vicinity of
an asymptotically stable fixed point X ~ X, + xe™"" will be generically nonzero for a limit
cycle or chaos, and will asymptote to a constant for the “0” point, where X, = 0 so we get
(1/X)dX/dt ~ r.

Figure 4 summarizes these possibilities in terms of the relaxation rate r, whereas
Figs. 5 and 6 show how the patterns evolve in some representative cases. The black
curves in Fig. 4 show the situation which is in the focus of this work — the approach
toward static equilibrium. This corresponds to the phases from Fig. 2. In Fig. 5 we see
how the equilibrium configurations are reached (for three phases). In each case we start
with a regular lattice of circular vortices. In the PC phase (Fig. 5a) the vortices expand
somewhat but in principle retain the original configuration (and charges). The other two
phases (Fig. 5b, c) have nontrivial transient dynamics and undergo the lattice inversion,
but eventually (for times about # & 20 — 257) they stabilize and form a static inverse lat-
tice (with charges (3, —3) in the FI case and with zero charge in the INS case).
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). (I

(¢) INS
000000000
5000000000

Fig.5 Time evolution of patterns at five different times: a perfect conductor phase, b frustrated insulator
phase and c insulator phase. In all cases the approach to equilibrium is obvious, and we expect that for long
times a thermodynamic description is justified

(a) limit cycle

00000000000
00000000000

(b) chaos

(¢) dissipation

Fig.6 Time evolution of non-equilibrium patterns. In a the limit cycle leads to permanent oscillatory
behavior, in b wandering along the unstable manifold between the equilibrium points gives rise to chaos
and in c dissipation wins and dynamics dies out. The parameters are the same as in the previous figure,
except that the length L is increased thrice
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Qbulk( t)/ Qtot
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Fig.7 Same systems as in Fig. 6 but now for the time dependence of the F-vortex charge in the bulk (full
lines) and the vortex current flow through ther boundary (dashed lines). While the limit cycle (blue) and
chaos (red) keep all vortex charge in the bulk, dissipation toward the trivial equilibrium (green) has a sys-
tematic vortex flow toward the edges. This is a finite-size effect which would not happen in an infinite field
(but it does happen in real-world PR crystals which are, of course, finite)

The other curves in Fig. 4 describe dynamics which does not result in a nontrivial static
pattern. The blue curve shows a limit cycle leading to periodic oscillations of the pat-
tern, with half-period about 10z. The corresponding patterns are seen in Fig. 6a, where
we see how the vortex lattice keeps coming back to the original configuration at times
~ 57,107, 157. The red curve corresponds to the chaotic regime with aperiodic dynamics
and no relaxation, as in Fig. 6b. Here the pattern keeps changing, wandering among the
original lattice (for t = 57,207), the inverse lattice (for t = 107) and more or less incoher-
ent patterns (for t = 157,257). Finally, the green curve in Fig. 4 reaches a constant value of
r. This corresponds to the pattern which radiates away in Fig. 6¢, with total intensity being
almost zero for ¢ > 20z. Here one might wonder what happens to the vortex charge when
the initially regular vortex lattice ends up as an incoherent, low-intensity configuration
which obviously does not support vortices. The explanation is that the vortex charge flows
outward, eventually reaching the edges of the crystal. The finite-size effects then invalidate
the vortex charge conservation, as the usual proof that the winding number of the phase
is a topological invariant crucially depends on considering the winding at infinity. Vortex
charge thus dissipates at the edges. This is demonstrated in Fig. 7, which presents the same
systems as in Fig. 6a—c but shows the ratio of the total bulk vortex charge Qy . (?) to the
total initial vortex charge Q. Total initial charge is calculated by definition, as the inte-
grated vorticity of the F-beam, Q, = [ dx [ dy|®g|, with

oy = (c0s 070,07, 5in 00,6, (11

and all the quantities are taken at t = 0. The integral / dx f dy|®y| equals precisely the
total F-vortex charge summed over all vortices. The bulk charge is computed by subtract-
ing the integrated vorticity flow along the boundary:

Ouuik(®) = Oy — / dr 7{ dl - @p(1). (12)
0
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Figure 7 shows that the sum of the bulk charge and the vortex current through the bound-
ary is preserved in all cases, including when chaos or dissipation makes the pattern inco-
herent. In the last case, however, all the vortex charge flows toward the boundaries — this is
a finite-size effect which would be absent in infinite field but is observable in realistic PR-
crystals which are of finite dimensions. In practice, the matters are even more complicated
as the boundary surface carries also new physics (surface polarization etc.), so the starting
equations of motion would have to be modified. We believe, however, that the basic picture
of vortex charge dissipating at the boundary still remains, because the mapping from the
internal U(1) phase onto the loop in the coordinate plane is explicitly broken by the bound-
ary (whatever its detailed physics might be), and the vortex charge nonconservation at the
boundary follows from this breaking.

The next task is to consider in more detail the decay of an ordered phase, either to chaos
or to a limit cycle (radiating away all intensity is likely a trivial process, fully described by
the approximately constant decay rate). We plan to address this problem in further work,
and to relate the results to the question of quench dynamics in vortex systems.
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Fermions, hairy blackholes and hairy wormbholes
in anti-de Sitter spaces®

Mihailo Cubroviéf
Center for the Study of Complex Systems,
Institute of Physics Belgrade, Serbia

ABSTRACT

We discuss the existence, properties and construction (analytical and numer-
ical) of hairy black holes with fermionic matter in asymptotically anti-de-Sitter
space. The negative cosmological constant makes hairy black holes stable, and the
nucleation mechanism can make the formation of hair at the horizon energetically
and entropically preferable to conventional black holes. The difficulties intrinsic to
fermions at finite density — the Pauli principle and exchange interactions — require
some drastic approximations in calculating the stress-energy tensor and geome-
try. We will consider several methods on the market — Hartree-Fock, WKB, and
fluid-mechanical methods, and consider the dual field theories of these construc-
tions. Then we will apply the same methods to the construction of wormholes;
fermions are a natural candidate for wormhole source matter as they have a Dirac
sea of negative energies, and negative energy-momentum density is the condition
for wormhole formation. The field theory interpretation of wormholes is still open
but has to do with strongly entangled systems. The paper combines a pedagogical
introduction to the basic methods and results (obtained in the last 10+ years)
with an account of fresh research results, mainly on the wormhole applications
and non-planar black holes.

1. Introduction

AdS black holes are a favorite topic, not only in relation to holography but
also in general: AdS space behaves like a potential box, the cosmological
constant provides an effective repulsive force at large distances and the ex-
istence of a boundary at spatial infinity makes bound states possible. All of

*The author acknowledges funding provided by the Institute of Physics Belgrade
through the grant by the Ministry of Education, Science and Technological Develop-
ment. The author acknowledges the use of the Sci-Hub service. The results described here
would never have been possible without the teaching, help and collaboration from Jan Za-
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Vladan Djuki¢ and Nicolas Chagnet.
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this brings about the famous result that hairy black holes are indisputably
possible, and well-studied. In full (global) AdS space, one may have small
black holes, which barely see the boundary and radiate like in asymptot-
ically flat space, and large black holes, which reach an equilibrium state
with the Hawking radiation at given temperature and remain stable for-
ever (eternal AdS black holes). We will focus on the latter, as they can be
treated as (semi)classical stationary systems. Clearly, just like the Hawk-
ing radiation, matter and gauge fields can likewise equilibrate between the
black hole horizon and AdS boundary, possibly forming hair — by definition,
it means nonzero density of some field (and possibly nonzero expectation
values of other operators, like charge density, spin, etc) at the horizon itself.
This in turn means that the geometry changes as opposed to the no-hair
case: the hair itself enters the stress-energy tensor, and the outcome is a
hairy black hole geometry, where a horizon still exists but with a different
metric. At zero temperature, hair tends to remove extremal black holes in
favor of zero-area horizons, with zero Bekenstein-Hawking entropy. We will
soon discuss several explicit examples of this phenomenon.

The above story acquires an additional dimension thanks primarily to
the AdS/CFT correspondence (gauge/gravity duality) [1, 2, 3] — the fact
that the bulk gravity physics is equivalent to a quantum field theory in flat
space in one dimension less, whose operators act as boundary sources of

the AdS (bulk) fields. The actions in AdS (with field ®) and in CFT (with
field O, which acts as a boundary source to ®) are equal:

Sads = Scrr

SAdS = /D(I) exp <—/ dD+1£C\/ —gﬁAdS ((D, 8M<I>) + f de\/ —hO@)
AdS )

Scrr = /DOexp </de£cm (0)), (1)

where we have denoted by 0 the boundary of the AdS space, g, is the
AdS metric and hy, is the induced metric at the boundary. From now
on, integrals over the bulk of AdS will be dnoted just by [, understanding
that the integral is over the whole space. At this place we do not intend
to explain AdS/CFT and its applications in any detail; suffice to say that
one can obtain thermodynamic potentials and correlation functions in field
theory, which has found important applications in condensed matter theory,
quantum chromodynamics and conformal field theory. Interested readers
can consult [4, 5, 6] for reviews. In this work we deal with the gravity side
of the correspondence — the formation of a hairy black hole with fermionic
matter, which corresponds to a finite electron density phase in field theory.
We assume the familiarity with the basic notions of AdS space and quantum
field theory in curved spacetime, for example at the level of [7] and [§],
respectively.

Mathematically, the topic of this review is the solution of the coupled
Einstein-Maxwell-Dirac system with the total action Saqs = Spulk + Sa.
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The bulk action reads:
Spuik = SE + Sm + Spir
Sg = /d4x\/—g (R+6)

2
SM = _/d4$\/ _gz
1 1- -
Spir = — /d4a:\/—g (2\11Dueéfl“’\lf + 5\11651”\11 + m\Il\I!) . (2

Here, F) w = Oy Ay —0, A, is the electromagnetic (EM) field strength tensor,
and the the cosmological constant in AdSy is 6/L%, where the AdS radius
L =1 is set to unity, as we will mainly work on the Poincare patch of
AdS space, so all other dimensionful quantities can be expressed in terms
of L. The Dirac bispinor ¥ has mass m and charge ¢, and the covariant
derivative .
8
depends on the spin connection w!; and the gauge field A,,, and the gamma

Dy = €Dy = 9, — < [, 1] wli, — g4, (3)

matrices satisfy the usual relations [I‘“,I’b} = 27 with the Minkowski

metric n. We will be using the mostly plus convention. Obviously, ¥ = 0 is
a solution, and in this case we get a Schwarzschild black hole if the EM field
is also zero, or a charged Reissner-Nordstrom (RN) black hole for nonzero
field strength. The question is, are there other solutions, with nonzero pro-
file ¥? Such solutions describe hairy black holes at finite temperature: the
horizon is typically still there, but the geometry is changed. At zero tem-
perature, the black hole might disappear. Since AdS space has a boundary,
there is also a boundary contribution to the action, as in (1), depending on
extrinsic curvature K, boundary cosmological constant A and the boundary
values of the fields:

1 . 1_
Sy = 7( d3xz/—h {K = A= g A FR = DU (4)
0

The classical equations of motion do not depend on the boundary action.
However, Sy is still important (1) to make sure there is a good action
principle, i.e., that the on-shell solutions are indeed minima of the action®
(2) to regularize any UV divergences (3) to get correct thermodynamics.
The last point will be particularly important: one way to see that the hairy
black hole and not the bald black hole is the true vacuum will be the fact
that the action on the hairy solution is lower.

Solving the system (2) is a problem in quantum field theory at finite
density. We work with classical general relativity (GR) and classical EM

'Remember that the (bulk) Euler-Lagrange equations are only a necessary condition
for the minimum of the action.
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field, but fermions are never classical; this is the first important lesson.
The Pauli principle always introduces nonlocal correlations which show as
the exchange interaction. Another way of saying this is that the pressure of
a fermionic gas or fluid always includes the quantum contribution which is
absent in both classical and bosonic gas; that is the reason that organized
matter such as stars, planets, chairs and notebooks has rigidity and does
not collapse onto itself. Therefore, even though we do gravity at A = 0, the
fermions even at leading order need to be tackled quantum-mechanically.
This means calculating the fermionic determinant:

Zpir = / DUDTe P » =7 [det (D,elT® + etTD,, +m))/2. (5)

We have put the equality sign under quotation marks because the determi-
nant is actually the product of the eigenenergies of all the modes (an infinity
of them), which is not only badly divergent (that could be regulated) but
is also impossible to calculate because of the fermion sign problem, the
fact that the fermionic modes enter the path integral with a sign that can
be plus or minus. This makes the measure in the path integral (5) non-
probabilistic and makes it impossible to expand around a classical solution
in a controlled way. Fortunately, the AdS metric turns out to simplify the
problem enough that it can be tackled in a way which is tractable and,
while of course not exact, can be systematically improved in a perturba-
tive way. This is in fact the motivation behind AdS/CFT modelling of
strongly correlated electron systems: the fermion sign problem is fatal for
strongly coupled field theories in flat space, but in GR with AdS boundary
conditions it transforms into a difficult but doable task.

Is the journey worthwhile? In line with the broad scope of the Belgrade
Mathematical Physics Meetings, we have anticipated a broad readership of
this paper and thus we have decided to give a very general and perhaps
rather dry introduction to the topic of fermionic hairy black holes. This
necessarily means that we will not touch upon the many interesting appli-
cations: AdS/CFT and its applications to quantum chromodynamics and
condensed matter physics, the black hole information problem, the critical
phenomena in gravitational collapse and the black hole solutions in string
theory. We do discuss one special topic that we currently find very inter-
esting: hairy wormholes generated by fermion matter, where many of the
methods used for hairy black holes can be successfully applied. The main
task of the paper is to provide a tutorial on the basic methodology and
calculation techniques, bringing the reader to the point that he can under-
stand and repeat the calculations from the literature and start doing his
own. The existing literature is rather heterogenuous and there is no single
text to recommend. We will give the references we deem particularly use-
ful throughout the paper, without the pretention of being exhaustive; the
choice of references is certainly dictated also by our prejudices and tastes.

Plan of the paper. In Section 2 we first explain the instabilities of AdS
space and AdS black holes to a nonzero density profile of fermions, and in-



FERMIONS, HAIRY BLACKHOLES AND HAIRY WORMHOLES IN ANTI-DE SITTER SPACES 63

troduce the basic concepts that will keep appearing throughout the paper:
effective potential and the bound states of the fermionic wavefunctions. In
Section 3 we first treat the problem in the consistent one-loop (Hartree-
Fock) approximation, calculating the determinant (5) by definition, from
the individual wavefunctions for different states. We find this job surpris-
ingly difficult — it is still an active research area. But we are able to give a
qualitative picture of the outcome and sketch the phase diagram, depend-
ing on the chemical potential ;1 and fermion mass and charge m,q. As
we move toward the high-fermion-density corner of the phase diagram, the
things simplify. The simplest and ”most classical” limit of the problem is
the limit of large density. It is a rule of thumb that for fermions, the role of
interactions diminishes as the density grows. At high density, WKB approx-
imation works very well. At highest densities, we find semiclassical fluid
with an equation of state that takes into account the fermionic pressure,
similar in spirit to the Oppenheimer-Volkov equations for neutron stars.
In section 4 we apply these methods to a different topic — hairy worm-
holes instead of black holes. This problem has recently gained notoriety
and might carry some important messages for the black hole information
problem. The final section sums up the conclusions.

2. Planar AdS black holes and fermion nucleation

In this and the next section we will focus on large planar black holes on the
Poincare patch of AdS space. Large black holes can reach equilibrium with
the AdS boundary so they do not emit Hawking radiation and can exist
eternally. The Poincare patch of AdS4 space is a coordinate chart with a
single boundary on one end and interior on the other end. It does not cover
the whole AdS space but is simpler to work with than global AdS and is
good enough to desribe the instability at the horizon. The metric of pure
AdS space witout a black hole is given by

ds? =r? (=di* + di®) + Cif = % (—d? + da? + d=?) (6)

where 7 = 1/z is the radial coordinate, ¢ is time and & = (x,y) are the
transverse coordinates. The AdS boundary is at » = oo (z = 0), and the
interior is at r = 0 (2 = 00). From now on we will mainly use the z
coordinate; we will always specify explicitly if a different radial coordinate
is used. In AdS/CFT, the radial coordinate corresponds to the energy scale
in field theory: the near-boundary region encodes for the physics at high
energies, in the ultraviolet (UV), and the deep interior, with z large, is the
infrared (IR). Even though we do not consider the CFT dual here, we will
still adopt the UV/IR terminology.

In the presence of a point electric charge e we get a Reissner-Nordstrom
(RN) black hole with the horizon at z, = 1, with charge e, mass M and
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temperature 7"

1 dz?

2 _ 1 [_ 2 g2 A a3 2.4
ds _z2< f(z)dt” + dx +f(z)>7 f(z)=1—Mz"+e°z
M=z4e A= apd, 7= (1 ¢ (7)

— ~h ’ _2\/77_ h ) - An

For e = 0 we get the Schwarzschild AdS black hole, and for e = \/gz}%
the black hole becomes extremal, with temperature 7' = 0. To see this,
remember that the black hole temperature is given by f(z — zy) = 47T (2—
zp)+ ..., so plugging in f from above we indeed get the correct expression
for T'. Importantly, the near-horizon region of a black hole is an AdS space
[7]. This IR AdS space (near z = zp,) has a priori nothing to do with the
AdS asymptotics in the UV (near z = 0); it is there also for black holes in
flat or dS space. At T = 0, rescaling z — e/v/3 + 1/6¢£ and expanding in
€ to lowest order gives the metric

T 9.4
3z

1
N3 (8)

The is AdSy x R? geometry, a direct product of AdS with a plane. At finite
temperature, a similar rescaling can be worked out, yielding again an AdSs
throat. Since the throat describes the near-horizon region, instabilities of
the black hole can be figured out from possible instabilities of this IR AdS
space. Once again, this is not the whole AdS4, which is always stable far
from the horizon, in the UV (otherwise our whole classical gravity approach
crumbles down), it is just a region near the horizon, in IR.

In order to write the equations of motion, we have to choose a basis for
the gamma matrices and the form of the Dirac bispinor (remember that
only two out of four components are really independent degrees of freedom).
A convenient representation is

2 _ 1

2
ds 6(—dt2+d§2)+%df2, A =

M =0l®iy, MN=0'®o,MP=0¢l®d I"=c*®1. 9)

so that the Dirac equation in a spherically symmetric metric defined as
diag(gut, Giis Giiy 922) gives two equivalent decoupled pairs of equations. Tak-
ing the Dirac bispinor in the form ¥ = (11, x1, 2x2,22)7, the equations for
1,2 read [9, 10]:2

0.1 20 £y 2 — (:FE + fﬁ) o1 =0 (10)
1

m=myga i= | 2 A, E=qu+ B Z k= [k (1)
—Gtt —Gtt Gii

2Since only two components of the Dirac bispinor are independent, the system for
X1,2 yields no new information.
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We have Fourier-transformed the derivatives over time and transverse spa-
tial dimensions as 0y = —w,d, = 1k;, 0y = 1k, and we have exploited

the spherical symmetry to set k, = k,k, = 0. The quantities F, k, fi can
be informally interpreted as "local” values of the energy, momentum and
chemical potential, respectively. The "local” values equal E, k, i at the
AdS boundary, grow monotonously toward the horizon and diverge there, a
consequence of the infinite redshift seen by a faraway observer. An impor-
tant idea is to consider the Schrédinger form of the Dirac equation instead,
differentiating (10) once with respect to z, decoupling the equations for
1,2, and elliminating the first derivatives 1%72 by introducing the tortoise
coordinate s instead of z. The resulting picture is that of a zero-energy
Schrédinger equation, of the form 0§¢1,2 — Ve (s)th12 = 0, in an effective
potential Veg(s).® Near the horizon, the potential is constant at leading
order [11]:

m? + 12k% /% — 2¢°

(q/V2 + k)2

It is true that the Schrodinger form is only a consequence of the Dirac
equation, not equivalent to it: extra conditions must be imposed on the
Schrodinger solution to make it satisfy the Dirac equation. But the effective
potential is great for qualitative insights and it contains the basic idea of
the black hole instability in a very transparent way. The near-horizon
potential can contain bound states if it is negative, hence the instability
criterion for a fermionic mode with momentum k is that the numerator of
(12) is negative. Fermions fill up the potential well starting from k£ = 0 up
to some maximum k for which (12) reaches zero. Therefore, the instability
first sets in when Vig is negative for £k — 0, so we get our first rule-of-
thumb prediction: the black hole will be surrounded by a gas of fermions
and become hairy when

Vet (s = —o0) = (12)

m < Q\/i- (13)

But this is just one end of the potential well; what happens at the other
end? Plugging in the pure AdS metric (6) into (12) we get

mZ2+m+k21

VAds(S—>0): (k‘—l—,u,)Q 82+...,

(14)

which is always non-negative, and grows to infinity. This is good — there is
never an instability in the far UV, and the fermionic hair can never come
arbitrarily close to the AdS boundary. It also means that bound states
in the interior will indeed exist whenever (13) is negative. The physical
picture is the following: in the presence of EM and gravitational field of
the black hole, fermions are pair-created. These pairs are virtual, and

3This is a simple exercise that we will do many times; the reader should be able to do
the necessary (straightforward) calculations leading to the expression for s(z) and Veg(s).
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they only have a finite probability of becoming long-living if the external
potential energy is large enough. In that case, bound states form, and there
is a solution of (2) with nonzero fermion density. In the literature, this is
sometimes called fermion nucleation. For scalars, similar logic leads to the
Breitenlohner-Freedman bound, which puts a constraint on the scalar mass
for the stability of the UV (with fermions, as we have seen, UV is always
stable), and in IR it similarly gives a criterion for forming hair [5]. We also
see from (14) and Fig. 1 that the potential well becomes shallower as k
grows, so the bound states only exist up to some maximum k& = kr which
is really the Fermi momentum of the bulk Fermi sea.

From (12,14) we can understand the behavior of the effective potential.
In Fig. 1, we give the function V'(s) in the whole space, from z =0 (s = 0),
to z = zp (s = —o0). The fermionic modes fill the potential well until
they reach the energy E = 0. From (12), higher modes correspond to
higher momentum k. The fermionic density is thus given by a sum over
these bound states. The easiest case is in fact an extremely deep well: the
energy levels are so dense and so numerous that they can be approximated
by a continuum; this is called electron star limit. But the most interesting
regime is the one with only a few wavefunctions, which really describes the
transition to a hairy solution. This is a much harder nut to crack.

V(s)
230 V(s) 150
N 120
110 4100
\/ 0 \I/SO
1-10
120 ~— °
e A \Jso
-14 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 12 _10 -8 -6 41 =2 0
(A) s B) s

Figure 1: Effective potential V.g, as a function of the tortoise coordinate
s = [5 dzg.-(z), in the RN metric (A), and in the Lifshitz metric (B),
forq =1, m = 0.4, p = 1, and three momentum values increasing from
violet to blue to red: &k = 1,2,3 (A) and k = 0,5,10 (B). In both cases,
the negative potential well becomes shallower and shallower and eventually
disappears as k grows, so we fill the bulk Fermi sea up from k£ = 0 to
some maximal k = kp. In the black hole background, the potential is
flat for s — —oo, which corresponds to the AdSy near-horizon region and
signifies an instability as the bound states extend all the way to the horizon
(s = —o0). In the backreacted Lifshitz metric the potential grows for
s — —oo, suggesting that deep IR is stable: the true vacuum is the Lifshitz
geometry, not RN. Taken over from [14].
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3. Fermionic hair

Now that we have convinced ourselves that hairy solutions, with finite
fermion density, have to exist, we need to solve the full system of Einstein,
Maxwell and Dirac equations to find them. Clearly, a more general ansatz
for the metric than (7) is needed now, and we will write it as

ds® = —F(zf(z)dﬂ + %de + 5 B dz?, (15)
leading to Einstein-Maxwell equations
1—F+2F /3 -T'FG/32* =0 (16)
G+ (T JF? + T'G) = 0 (17)
A — G'J2G A, + qnVGVF2? =0, (18)

where Tfu‘jt is the total stress-energy tensor, both from the electric field
(which is easy to find) and from the fermions (which is our big problem).
A typical situation in hairy problems is that formulating the physically
meaningful boundary conditions is not so easy. Notice the Einstein equa-
tions are first-order, so we need one boundary condition for each function
(F' and G), whereas the Maxwell equation is second-order and requires two
boundary conditions. Let us now summarize what boundary behavior we
expect on physical grounds.

1. The AdS asymptotics for the metric and gauge field require F(z —
0),G(z —0) =1, Ai(z — 0) = p. So far it’s all simple.

2. The main puzzle for the IR geometry is — does the horizon disappear
or not? At T = 0 we do not expect that the degenerate RN hori-
zon can survive. So we do not expect zeros in F, G but we do expect
their derivatives to vanish in order to have a smooth solution (finite
derivatives at z — oo would likely give divergent curvature). Thus at
T = 0 we need F'(z — o0) = G'(z — o0) = 0 or, in other words,
F(z — o0) = const. + O(1/z) and likewise for G. At finite tempera-
ture, general GR arguments suggest there is a horizon at some z = zp,
satisfying F'(z — zp,) = 4nT.

3. The IR behavior of the gauge field is related to the question: is all
the charge carried by the fermions, or the charge is shared between the
fermions and the horizon? The Gauss-Ostrogradsky theorem for the
AdS space, with a UV boundary and either a horizon or a smooth
far-away IR takes the form [12]:

f PovThlox P = [ dtoy=gan+ § oyl + P (19)
0 IR

Here, +F' is the coordinate-invariant flux of the 2-form F', and hig is
the induced metric on the surface normal to the radial direction at
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ZIR = 2zp or zig = 00, depending on whether there is a horizon or
not. In principle, the IR charge might be shared between the horizon
and the fermions. However, we will find that in the semiclassical
calculation there are no solutions where the charge is shared — any
backreaction will always expell all the charge from the IR.

4. The boundary conditions for the Dirac equation present no problems
and are pretty standard in AdS space [13]. In the UV, out of the two
branches, we want the subleading one, with the motivation to preserve
the AdS asymptotics, i.e., to perturb the space as little as possible in
the UV. In particular, the near-boundary expansion of (11) gives

E —k
@ZJ1(Z — 0) = &AQZWQ_W + Blz3/2+m =+ ...
2m —1
_ E+pg+k

0) = Apz3/2-m 4 ZTEE TR oS/24m (20
¢2(Z—> ) 22 + om + 1 12 + , ( )
so we pick As = 0, as the leading contribution for z — 0 comes
from the z%/2 term. In the IR, the metric determines the boundary

conditions: if there is a horizon, we need ¥(z = z;,) — 0 for stability, if
not, then to avoid infinite energy density at large z we require 0, ¥ (z —
o0) = 0, for otherwise a nonconstant density profile would give rise
to a diverging curvature. The attentive reader should be alarmed:
this means two boundary conditions for each component (one in UV
and one in IR), but the equations are only first-order. The resolution
is that for given momenta, the energy is not arbitrary but fixed by
the dispersion relation F(k); thus solving the Dirac equation in an
effective potential well introducs energy quantization, as one would
expect.

What remains is to find the fermionic stress tensor. Since spinors couple
to the spin connection e# and not directly to the metric, the stress tensor
is expressed as

1
T = <4eua\1/rap,,qu + o y)> , (21)

and the expectation value (...) reminds us that the fermions are never
classical. At zero temperature, the state is pure and can be represented as
the sum of (appropriately normalized) radial modes with energies Fy, where
¢ is the radial quantum number, and the energies Ey are all < 0. At finite
temperature, the state is mixed and gets a contribution from both positive
and negative energies Fy, with thermal weights wy = exp (—8Ey) /Z, the
partition sum being Z = >, exp(—SEy). With this in mind, we can wrote
out (21) as

ke kdk

N
_ T T
Ty = e ; we/o (o) (wl;gi/h;e + %;Wz;e) (Ee+qAy)
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Ti = e Zwe/o ISE (wl;wl;e - %;31/12;@) k

—~

/=1
N ke kdk

T = e wy /O 5y (], Db — VDt (22)
/=1

For brevity, we write ¥y 2.0 = 11,2(EY, k; z). We will consider in detail just
the T = 0 case, when the weights wy effectively just pick the ground state
and cut off all the others, but we will later discuss the results (without
details of the calculations) also at finite 7. The spectrum is discrete and
gapped in the radial direction, so the integral [dFE/2m becomes a sum,
however in the transverse directions the system remains gapless, filling the
whole (spherical) Fermi sea in the k—momentum space, as long as the
dispersion relation E(k) = E;, < 0 is satisfied for some ¢. The highest
such k, for which E;, = 0, is the Fermi momentum kg, and the possible
momenta are 0 < k < kp. It is this continuous quantum number k& that
makes our life difficult. Here, indeed, our easy path comes to an end,
because a self-consistent calculation of the wavefunctions certainly cannot
be done in a closed form. Here we must resort to approximations. The
number of occupied levels N is a good guide on the kind of approximation
one needs to make. One can rephrase it as the ratio Q/q, where @ is the
total fermion charge [ d4m\/qu\IlT\I/. The thermodynamic limit, where the
number of particles goes to infinity and the charge of an individual fermion
to zero so that N — oco,q — 0,Q) = Nq = const., is at one extreme. We
expect that the problem approaches the classical regime in this case, and it
will turn out to be true. The opposite limit is /¢ = 1, with just a single
excitation, the hairy black hole at birth. We expect this to be likewise a
simple limit, however it will turn out not to be quite true. In-between we
dial between the quantum mechanics of N = 1 and the classical field theory
of N — oo [14].

Phase diagram. Before doing that, we can sum up our qualitative knowl-
edge on a phase diagram (Fig. 2). From (12-14), bound states form for small
enough m values (panel (A)); if (13) is valid beyond the probe approxima-
tion, the borderline is m = ¢v/2. Left of this line there is a hairy solution,
to the right of it the AdSy near-horizon region (and the whole RN black
hole) remain. The hairy solutions are best described in different ways de-
pending on the number of filled levels (N = @/q); this is the topic od the
rest of this section. One can also plot the situation at finite temperature
(panel (B)). The phases remain the same; more precisely, the extremal black
hole becomes a finite-temperature black hole, and the hairy solutions also
smoothly develop a hairy horizon (thermal horizon with nonzero fermion
density n(zp)). What changes is the order of the phase transition: at 7' = 0
it is continuous, and at finite temperature it is discontinuous.
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Figure 2: (A) Phase diagram as a function of the total-to-fermion-charge
ratio Q/q (y-axis), and the fermion mass (in units of AdS radius L) over
charge ratio mL/q (z-axis). For large masses, the effective potential is pos-
itive and the ground state is the bald RN black hole, with quantum critical
dual field theory. For smaller masses, hair develops, which corresponds to
a Fermi liquid in dual field theory. For @ ~ ¢ (few wavefunctions), the
single-wavefunction Dirac hair approximation works; for Q/q — oo we ap-
proach the semiclassical fluid (electron star) limit; between them there is
a smooth crossover with unclear properties, both in AdS and in the holo-
graphic dual. Notice different notational conventions for the total charge
from the main text (e vs. @). Taken over from [15]. (B) Adding nonzero
temperature as the third axis, we obtain also the thermal phase transitions
between the black hole and the hairy solution, which are generically first
order, smoothing out to an infinite order (BKT) transition at 7'= 0 — the
red line in (B) is the bold black line between the RN and hairy (blue) region
in (A).

3.1. Quantum hairy black holes

A controlled approximation is to solve the problem perturbatively, at one-
loop order in fermionic fields. This is nothing but the textbook Hartree-
Fock (HF) method, but in curved space. Dynamical spacetime makes a big
difference: it introduces an additional strongly nonlinear component of the
system, making the solution landscape larger and less predictable, and the
UV and IR divergences can appear also in the Einstein equations and need
explicit regulators. In fact, this is still an open problem — nobody has yet
classified the solutions of the Einstein-Maxwell-Dirac system even in the
Hartree-Fock approximation, and we do not know what surprises might
lurk in this corner of the phase diagram. The HF electrodynamics contains
two diagrams, a vacuum bubble that renormalizes the chemical potential
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~

as [i(z) — [(z) + dfu(z) (the Hartree term):

o & rkdk ;
5”(2) = QZ/g (1/11(E€7 k32)¢1(E£a ka Z) + ¢2(E€7 ka Z)’QbQ(Eg,k;Z))
/=1

(23)
and the exchange interaction (the Fock term). The explicit z-dependence
of the Hartree correction is a gory reminder that the problem is solved
in inhomogenous background. This is also the reason why already the
Hartree correction is nontrivial: unlike the textbook situation where the
shift du merely changes the numbers, here it is a radial function du(z) and
its influence is also qualitative. So far, nobody even tried to do the whole
HF calculation, and even just the Hartree term is not easy. We are plagued
(1) by the UV divergences introduced by the modes close to k = kr which,
as we have seen, peak most sharply near the boundary and can shatter the
AdS space into pieces if not properly renormalized (2) by the IR divergences
introduced by the modes with k close to zero, which extend far into large
z values and can make the system unstable to forming a naked singularity.

Hard-wall Fermi liquid. The only case which is under good control is
the hard-wall model of [12]: the UV divergences are resolved simply by not
backreacting on the metric, i.e. solving just the Maxwell-Dirac system in
fixed AdS metric (6) even without a black hole, and the IR divergences
disappear by cutting off the space at some arbitrary zg, so that we simply
elliminate the IR region. The approximations are rather drastic, but they
allow a complete solution. In pure AdS space, the solutions 112 can be
found analytically in terms of Bessel functions, the states form discrete
and gapped bands, and we only have to solve the Maxwell equation (18).
The outcome is given in Fig. 3. Hard wall acts as an infinite potential
barrier, so the wavefunctions should die on it, and the condition 11 2(z) = 0
determines the dispersion relation. The wall should not be charged, so in
(19) the second term on the right-hand side equals zero, meaning that
Aj(z9) = 0. The picture is that of a Fermi liquid, nicely filling the Fermi
sea at momenta k < kr and having long-living quasiparticles. This model
is an important starting point for more complicated setups, and has the
advantage of being intuitive, but by itself is too simplistic. Indeed, we
want to talk about hairy black holes, and here we don’t even have one, as
it is hidden behind the hard wall!

An attempt to study a simple setup but with a black hole was made
in [16]. In this approach, we are limited to a single energy level, ¢ = 1.
This is justified only when the hair is just starting to form, right at the
transition point. There is again no backreaction on metric, but the (fixed)
metric is now taken to be the RN black hole. This is actually a big jump
in difficulty: the wavefunctions oscillate near the horizon at any nonzero
energy (Fig. 4(A)), so they can satisfy the IR boundary condition at any
energy and momentum (we can always pick the phase so that ¢'(zp) = 0),
and the spectrum is continuous as there is no wall to create a gap. This
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is what forces us to consider the single-mode case: with the gapped hard-
wall model we could add a finite number of modes, but now there is a
continuum of them, N going to infinity even for arbitrarily small @/q. The
only way out is to assume there one mode only and solve the resulting Dirac-
Maxwell system. This setup is convenient for understanding the transition
itself, which turns out to be discontinuous (first-order) at finite temperature
(Fig. 4(B), and likely infinite-order (Berezinskii-Kosterlitz-Thouless, BKT)
at zero temperature, as we shall soon see.
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Figure 3: (A) Dispersion relation Ey(k) for the first two electron bands
¢ = 1,2 in hard-wall AdS space, for p = 1,m = 1, = 2. The first band
from bottom is the hole band, not an an electron band — its contribution can
be absorbed in the redefinition of the parameters and it does not contribute
to hair. The colormap shows the resolvent of the Dirac operator, (D,I'* +

D-T—m-— E)~!, thus the bright white regions show the places where the
resolvent diverges and a discrete bound state is formed. The horizontal axis
is the momentum and the vertical axis the energy, both in computational
units. (B) Wavefunctions ;2 (here for £ = 1 and k = 1) are smooth
everywhere - what happen exactly at the horizon we do not know in this
model, as the space is cut off at z = 3.

Quantum electron star. The single-mode approach has taught us a les-
son: already at the level of the gauge field only, the changes from the finite
fermion density are drastic, and the resulting stress tensor is large at the
horizon, so a change of the black hole metric is certainly expected. How-
ever, when we try to solve the Einstein equatioons, things become almost
intractable. Both UV and IR divergences appear: the former because the
currents diverge in continuous space, and the latter because the discrete
bands fuse into a continuum in IR. The latter issue is most easily regu-
larized by a hard wall, but a hard wall does not make much sense if we
want to backreact on geometry. The regularization of the UV divergences
is systematically discussed in [17, 18] and the bottom line is that there is
a logarithmic short-distance divergence which can be regularized by point
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Figure 4: (A) Wavefunctions t; 2in RN background, for £ =1 and k = 1,
always oscillate and approach an essential singularity at the horizon, which
indicates an instability: the metric changes and the degenerate horizon
disappears. (B) The bulk action (or free energy F, from AdS/CFT cor-
respondence) of the Maxwell (electric field), in blue, consists of the bulk
and boundary contribution (dark green and red), the former practically
identical to the contribution from fermions. All these are computed from
the action (2-4). While the total free energy is continuous, it has a cusp,
made manifest by the slight jump in density (black), a sign of first-order
hair-forming transition.

splitting; in this procedure the cosmological constant becomes renormal-
ized. This is not a drastic change: it will just change the numbers but
not qualitative behavior. The IR problem is still unsolved. The approach
of [18] is to put the system in global AdS space* whose radial slices are
spheres, not planes, so the AdS radius provides a regulator. A perhaps
more physical approach, motivated by consistent truncations from string
theory, is to introduce a non-minimally coupled scalar, i.e., a dilaton that
introduces a soft wall and suppresses the IR degrees of freedom in a con-
tinuous way, without an abrupt cutoff at some zg, so the total bulk action
is now

Sbullc = /d‘*w\/?g [R ~V(®) - % (09)2 — Zf)p?} _
- /d4$\/TQ‘I’ <;DaF“e‘b + %e‘DDaF“ + m) 0, (24)

where the dilaton potential reproduces the AdS cosmological constant near
the boundary, i.e., ®(2 - 0) =0 and V(® — 0) =6,Z(® — 0) = 1. It
is not clear if one can ever remove the IR regulator. That is precisely the

4Dual field theory then lives on a sphere instad of a plane.
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reason that we regard the dilaton regulator as more physical, since string
theory constructions as a rule contain non-minimally coupled scalars, and
the action (24) can be obtained by consistent truncation; whereas global
AdS is essentially an ad hoc solution, though a very interesting one, with
possible applications in AdS/condensed matter duality, where systems that
live on surfaces (such as a sphere) appear naturally.

While this is still very much a work in progress,® preliminary results
suggest that the RN-to-hairy-black-hole transition at zero temperature is
an infinite-order (BKT) transition, where all derivatives of S remain smooth
(Fig. 5). This is the point where the potential just starts deviating very
slightly from the flat IR behavior in Fig. 1(A). At the end of this section we
will try to understand this (still conjectural) numerical finding analytically.
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Figure 5: The bulk action (here denoted as free energy F', from AdS/CFT
correspondence) as a function of the fermion mass (here denoted as A =
3/2 + m) is very well fit by the BKT function exp(—c/v/A,— A). The
parameter c is determined by the chemical potential (we plot for three val-
ues mu = 1.0,1.5,2.0 in violet, blue, green). To the right of the transition
point the action is independent of m as there is no hair, fermion density is
zero, and so nothing depends on the fermion parameters. To the left of the
transition point, the fermions form hair of nonzero density. Nobody knows
yet how the near-horizon metric changes.

3.2. WKB star and electron star

WKB approach. We have followed the logical chain of reasoning from the
point where the hair starts growing, having @/q ~ 1 and deforming the
black hole just a slight bit, towards larger and larger hair, eventually reach-
ing the regime @)/q > 1. But this last regime is the easiest to approach,
as the fermions become as close to classical as they can possibly be. A
good starting point is the controlled expansion in h, where we solve the

5With N. Chagnet, V. Djukié¢ and K. Schalm.
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Dirac equation in the eikonal approximation or, in other words, the WKB
approach [15]. We express the wavefunction as

Y12 = e/ \/p, p=\E2—m? — k2, (25)

where p has the role of the canonical momentum. The wavefunction is
nonzero between the turning points z4, determined by the equation p(z+) =
0. The explicit from of the phase 6+ as well as higher-order corrections to
the phase can be found in [15], but the reader should in fact have no diffi-
culty in deriving them, following the usual WKB procedure (though for the
Dirac equation instead of the Schrodinger equation). Now the density and
pressure are found by inserting the solution (25) into (22). The procedure
can be iterated to obtain self-consistent solutions, but now we solve the
whole system including the Einstein equations. It is instructive to plot the
total on-shell action (2) as a function of temperature (remember that finite
temperature is imposed through the corresponding boundary condition for
the metric function F).® Fig. 6 plots the dependence F(T') in the vicinity
of the transition value T,: the derivative 0F /0T undergoes a jump which is
nothing but the entropy S = 0F/0T. We thus find a first-order phase tran-
sition at the point when Fermi hair starts forming. Of course, don’t forget
that the WKB approach is in fact not to be trusted very near the transition
point: at the transition N changes from 0 to 1, which is far from the regime
N < 1. But the qualitative insight that at finite temperature the system
undergoes a non-symmetry-breaking transition is likely robust and we ex-
pect to prove it also within the more rigorous fully quantum-mechanical
approach of the previous subsection. It is a hairy version of the celebrated
Hawking-Page transition [19], and confirms the intuition that the high-
tmeperature phase is always a black hole; but now, the low-temperature
phase is not simply a gas, but a dense fluid in AdS.

Ploting the density and pressure in Fig. 7(A), one finds that for high
values of IV they tend to a constant value in deep interior. This motivates
the fluid ansatz taken in the electron star limit, now to be considered.

Electron star. Electron star is a charged, AdS version of the neutron
stars, described as perfect fluid by the Oppenheimer-Volkov equations. The
idea is to assume that the fermionic matter is a perfect fluid, and then ex-
press the energy density p, pressure p and charge density n in terms of
integrals over energy and momenta (i.e., assume that the bound states are
infinitely close, and the gaps between them vanish). The fluid approxi-
mation thus becomes exact in the limit of N — oo, as we expect from a
semiclassical approximation. Anticipating the current and stress tensor of
the form

T = (p+ p)upty + pguv, Ny = nuy, (26)

%In AdS/CFT, the bulk on-shell action S precisely equals the free energy F of the
CFT side. But even without considering the details of the CFT, we can still make use
of this interpretation to detect a phase transition in the system.
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Figure 6: (A) The on-shell action or free energy as a function of tempera-
ture, in the presence of fermions. For low temperatures, the fermion density
is finite and the derivative 0F /0T jumps at T' = T,, a sign of first-order
transition with the development of the hair. This is in line with the Dirac
hair result in the previous figure, and indeed for the lowest number of levels
Nw i p the transition is the sharpest. In (B) we zoom in into the transition
region.

we can write the density starting from (22) and making use the optical
theorem to relate it to the imaginary part of the Feynmann propagator
G . This spells out as

B~k qF [kr Bk .
= — ESTrl’Gr(E, k
P /0 271'/0 (2m)3 STl Gr(EF)

= /()Ez_kz dE/ K2dk 1 (1 — tanh (SE)> Tr(°)20 (B = Vi + m?)

473 2
1 i
= = / dEE*\/E? —m2. (27)

We similarly find the number density n, whereas the pressure need not be
computed explicitly: since we work with an isotropic free Fermi fluid, its
equation of state has to be p = p — gnji. It is here that the approximate
nature of the electron star with respect to the WKB star becomes obvious
(Fig. 7): in WKB star there is an extra term in the pressure, coming from
the nodes of the WKB wavefunction. One can check that the integral in
(27) indeed approaches a constant as we go into deep interior. On the other
hand, at some z, when [i(z,) = m the density falls to zero: the star is a
classical object and has a sharp border. So for 0 < z < z, we continue the
metric to the RN metric (the metric outside a charged isotropic object).
Since we can express n, p,p explicitly, we get a nice system of local
ordinary differential equations in F, G, A;, with all quantum expectation
values pulled under the rug. This completes the circle, and brings another
universal message: due to Pauli principle, fermionic operators are never
local, except in two extreme cases: when only one state is occupied (so the
format of the Slater determinant is 1 X 1, i.e., it contains a single state), or
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when infinitely many states are occupied, so the Slater determinant turns
ito a classical, continuous probability density. In Fig. 7 we can see how
the WKB solution captures the quantum ”tails” near the turning points,
which the electron star does not have. It is also instructive to compare this
solution to the Oppenheimer-Volkov equations in flat space: in the latter
case, 1 ~ 1/v/F is always larger than ji ~ 1/F+/G, unlike in AdS where
m o~ 1/ 2VF and for z > z, it becomes smaller than the local chemical
potential, so the integral in (27) has a nonzero range. This is because
AdS acts like a potential box that can hold the charged fermions together
against electrostatic repulsion. In flat space that does not happen, and we
have only neutron stars, not electron stars.

0.015

f(2), h(2), (2, n(2), p(2)

(A)

Figure 7: (A) Density of the finite temperature WKB star at various fillings
Nwip; besides the classically allowed region, there are also exponentially
decaying tails in the classically forbidden region, where Veg > 0. (B) In
the electron star (fluid limit), there are no such tails and the star has a
sharp border. Taken over from [15]. (B) Comparison of the WKB solution
(full lines) and the electron star solution (dashed lines) at the same chemical
potential, fermion charge and mass. We plot the metric functions f, h (F, G
in the main text) in red and violet, the gauge field ® (A4; in the main text)
in green, and density and pressure n, p in blue and dark green. The metric
solutions do not differ much, despite the long quantum WKB tails, absent
in the electron star.

3.3. Lifshitz metric, BKT transition and the missing pieces

In the framework of the electron star model, the Einstein-Maxwell equations
can be solved analytically, thanks to the fact that, in deep IR, n,p,p =
const. and we can employ a scaling ansatz for the metric. The idea is to
match the IR expansion around the scaling solution to the UV expansion
around pure AdS. With ansatz of the form gy o< —1/2%, gi o 1/2° and
g.» = 1/2% (one metric component we can fix at will as it amounts to
picking the gauge for the metric), equations of motion give the IR solution

1 1 1
2 Lo Lo o 1o
ds® = z2<dt +z2dl' +szZ
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1 2
Ar=—, L

ZC’ =ﬁ+6—8zAf—nAt2—pL, (28)

where in the expression for the total Lagrangian density in the second
line, we have inserted in the action (2) the solutions for the metric and
the gauge field, as well as the constant (z-independent) solution obtained
for p in (27) and similarly for n,p. Three important conclusions can be
drawn: (1) the IR metric is scale-invariant, with anisotropic scaling of time
and space, so that the scaling transformation has the form ¢t — \t, ¥ —
ZA/C (2) the on-shell Lagrangian density effectively describes a massive
vector field, with mass squared equal to fermion density n (3) the fermionic
contribution to the action equals the pressure. The second point agrees
with the known result that Lifshitz black holes are generated by Proca
fields [21], and what happens is the Abelian-Higgs mechanism: fermion
density acquires a finite expectation value which in turn breaks the U(1)
symmetry, giving the photon a mass. The third point is expected within
a fluid model, since the action of an ideal Lorentz-invariant (semi)classical
fluid equals its pressure [7]. In the fluid limit we can also understand the
first-order transition at finite temperature, because it is just a van der
Waals-type liquid-gas transition.

We have seen that the thermal transition from RN to a Lifshitz black
hole is of first order, and that the 7" = 0 transition is apparently a BKT
(infinite order) transition. The latter is not quite clear yet because, as
we have emphasized, nobody has yet managed to peek into the deep IR,
it remains hidden behind the hard wall. But if we tentatively accept the
numerical evidence for the infinite-order transition, can we understand it
theoretically? The key lies in understanding how the AdSs throat dis-
appears. The conformality-breaking mechanism of [22, 23| gives an idea,
though the details are still missing. The crucial moment is that the near-
horizon geometry is AdSy. Right at the horizon (s — —o0) the potential
is approximately constant. In the UV of the AdS, throat, which is around
some finite value sg, the potential behaves as —c/(s — s9)?. This inverse-
square potential is known to describe conformal quantum mechanics when
¢ > —1/4. For ¢ = —1/4 the conformal invariance breaks. discrete states
appear and the effective potential is not consistent unless regularized as

C

Vet = —vd(s — sp), (29)

(s — s0)2

and the solution of the effective Schrodinger equation is
a o 1 1
Y(r) = cils = 50)™ +e-(s = 50)%, ax =5+ et g, (30)
and the ratio cy /c_ is given in terms of Bessel functions J; /5 and J_o:

e _ a-agdto- o J12(V)

B J_1/2(v/v) B

C_ ’Y+O[+7
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The solution (30) diverges at s = sp unless we introduce a cutoff at some
distance € from sp. Imposing the renormalization condition that cy /c_
remains independent of €, we get the [S-function of the renormalization
group as (¢ being the RG scale):

d

== (c+1/4) - (7 +1/2) (32)
And we’re done: the fixed points of the above flow equation are easily found
to be —a=. For v = —ax we get the solution for ¢ from (30) with ¢4+ =0
respectively. The free energy scaling is obtained as Son_shen = F o [ dl/f,
which gives just the form found in Fig. 5. However, the presence of both a
hard-wall cutoff in z and the soft-wall dilaton, completely unaccounted for
in the above analysis, clearly suggest more work is needed for everything
to click together.

4. Wormbholes with fermion hair

The lengthy review we have given so far is meant to be self-contained and
helpful for those interested in understanding and contributing to the prob-
lem of black hole instabilities with fermionic matter. As we have seen, it
contains some puzzling questions and is of more than technical interest (af-
ter all, the whole field has been active mostly for the last fifteen years or so).
But we also want to point out that with the methodological powerhouse of
the HF, WKB and fluid methods, one can tackle new problems. A recent
issue where fermions at finite density seem very relevant is the search for
traversable wormholes.

The motivation for this story lies mainly in the celebrated black hole
information paradox: as far as we know, the Hawking radiation is ther-
malized, meaning that the information content of the matter falling into
the black hole is lost. A possible way out or, at least, a way to better un-
derstand the issue, is to consider the maximally extended Carter-Penrose
diagram of a black hole, which contains two horizons and two spacetimes. If
transport between the two were possible, one could imagine that the infor-
mation is not lost because the matter falling into one horizon is entangled
with the matter on the opposite side. This is the idea of the ER=EPR
conjecture [24]. In order to build a traversable wormhole, one needs neg-
ative that the stress-energy tensor averaged over a geodesic be negative,
thus violating the so-called averaged negative energy condition (ANEC)
[25, 26]. This will never happen with conventional classical matter. One
needs either exotic fields or quantum corrections. Recently however, a few
traversable wormholes have been realized with only standard-model matter.
The most ”conservative” is the setup of [27] which creates negative energy
by considering a particle-hole symmetric spectrum of massless fermions in
a mangetic monopole field: because of the negative Landau levels, the net
energy is negative. The starting point is thus a pair of magnetically charged
RN black holes with magnetic charges H and —H, with the hope that the
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negative energy Landau levels will push the averaged stress tensor to large
enough absolute values to open up a wormhole. In this way, [27] constructs
a quasi-stationary (long-living) wormhole in assymptotically flat space. In
AdS, negative energy density can easily be constructed by coupling the two
boundaries nonlocally: in this way temporary wormholes, opening up for
the finite duration of the pertrubation, can be constructed [28], and even
eternal wormholes are possible but at the cost of much more exotic bound-
ary CFTs and their couplings [29, 30, 31]. Here we are interested in making
a wormhole in a more ”down-to-earth” manner, by growing negative-energy
fermion levels as in [27]. The task is to make such wormholes more stable,
and to see if they survive at higher fermion density rather than just a single
wavefunction as in [27]. Here the previously develped methods can help us.

Magnetic electron star. The crucial consequence of the magnetic field is
the Landau quantization. The motion along the z-coordinate is quantized
into discrete levels, whereas the motion along ¥ is not quantized and intro-
duces degeneracy. The quantization along z-axis makes our life somewhat
easier — even without any IR cutoff the ground state wavefunction now
has a discrete quantum number, the Landau level m;. The magnetic field
breaks the spherical symmetry of the wavefunctions down to cylindrical, so
it is convenient to introduce the polar angles 6, ¢:

ds? = —A(2)dt? + B(2)dz* + C(2) (d0? + sin® 0dg?) (33)

and to pick a different gamma matrix basis: TV = 10y ® 1, I'! = 09 ® 1,
I'? =03 ® 01, I'® = 03 ® 09. Separating the variables and representing the
wavefunction as
J
U= > (¢4 (my;2), 9= (my;2)) @ (m (my;0) 03 (my3 0)) €792, (34)

mj=—j

where j is the total number of Landau levels j = (H — 1)/2, we get the
fully spin-polarized solution (72 = 0) for zero fermion mass:

4 (my; 2) = exp (:l:zE(mj) /OZ dz'y/ igj;) : (35)

eszin@/Z 9\ ™
m;; ) = —— [ tan = )
m(m;36) sin 6 ( 2)

For nonzero mass, we can perform a Foldy-Wouthuysen transform starting
from the above solution. Unlike the massless case considered in [27], the
resulting stress-energy tensor will not be traceless, but that is precisely
what will guve us extra stability. The reason this is consistent is the Landau
quantization: the levels for different m; are gapped from each other and
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each Landau level can be treated as a single-particle solution which does
not mix with other Landau levels. This results in the stress tensor

(T,) = (1_?;2)2 (sin2« — cos2cr), tana =—m/E(m;).  (36)
Fig. 8(A) shows the radial pressure 7T}, as a function of energy, the outcome
being that positive stress energy tensor is produced for 0 > F > —m. In
order to avoid this positive contribution, the Landau level spacing has to
be large enough, i.e., larger than the mass gap (at zero mass this condition
is trivially satisfied, as it simply means that any finite £ (m; = 1) will do;
this is the case studied in [27]). The simplest gapping mechanism we can
think of is the chemical potential, i.e. an electrostatic field in addition to
the magnetostatic one. The black hole thus has to become dyonic, with
magnetic charge H and electric charge e. Assuming we have ensured the
negativity of (36), we can write it in the form T,, = —7/(1 + 2%)?, with
T a positive constant. Its magnitude roughly determines the size of the
wormbhole opening.

(A) e 1) " r

Figure 8: (A) Radial component of the stress-energy tensor (7,,) as a
function of the (discrete) fermion energy E. Positive contribution only
comes when > E(m;) > —m. In order to avoid this range of energies we
need a nonzero chemical potential (i.e., electric field, resulting in a dyonic
black hole) to stabilize the wormhole with massive fermionic hair. (B)
The solution for the metric component g, in the intermediate region, as
a function of the radial coordinate r, for 7 = 0,0.05,0.10 (black, blue,
red). Wormbhole solutions (blue, red) are quantitatively very close to the
unperturbed black hole (black) but qualitativrly different as there is no
Zero anymore.

Wormhole solution and matching. Having computed the stress-energy
tensor (36), we can solve the Einstein equations. The strategy is again
matching the expansions, but now we have three regions: the far region
which is asymptotically AdS or even flat (we have mentioned that in the
presence of magnetic field discrete bound states can form even in absence of
AdS boundary), the intemediate region is a slightly perturbed near-horizon
AdS, region of our magnetic RN geometry, and the inner region, the worm-
hole throat that opens up, turns out to be a global AdS, at leading order,
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so it has a spherical boundary continuing onto the intermediate regions.
The inner, near-global-AdSs metric in the form (33) at leading order reads

A(z) = R? {1 + 22 — 87 (22 + (Sz + 23) arctan z — log (1 + z2))}

B(z) = R3/A(z), C(z) = R3[1+ 8n7 (1 + zarctanz)]. (37)
This solution is to be matched to the intermediate-region solution. Now
large z corresponds to the wormhole mouth, i.e., the matching is to be

done at large z, where small z is the ”center” of the wormhole throat. The
solution to match onto is the RN black hole metric:

ds> = —IPf(r)dt® + art + 72 (d92 + sin® 9d¢2>
f(r)
_ 2 H?2
- Ry  R= r—/mve? + ' (38)
om2r om2r

The solution thus exists for any choice of e and H. But for large e (in
other words, for a large chemical potential), the density of the hair will
increase significantly and we should repeat the WKB star or electron star
approach. in AdS this is a simple matter, proving the stability of the
configuration even at high densities. The interesting question is, can it
work also in assymptotically flat space? In absence of magnetic field, the
answer is certainly no — without an AdS boundary, there is nothing to
equilibrate the electrostatic repulsion of electrons. But in the presence of
magnetic field, one might obtain a stable charged hairy wormbhole if the
change in the near-horizon geometry is sufficient to effectively decrease the
electrostatic energy density. This is the logical immediate task for future
work.

We finish this short review of our work in progress on hairy wormholes
with a somewhat more ambitious task. The dyonic wormhole model consid-
ered here is obviously quite simplistic and artificial. A much more realistic
model is to start from a pair of Kerr black holes and see if these can open
up a wormhole in a manner analogous to the scenario we have considered.
In this case the magnetic field would be generated self-consistently by the
(rotating) fermionic hair, removing the need for the magnetic monopole
charge. Such an object would come much closer to realistic astrophysical
matter.

5. Instead of a conclusion

We have given a crack and practical review of the insights and technolo-
gies needed to describe and understand hairy black holes in anti-de Sitter
space. The phase diagram in the presence of nonzero fermion density is
quite rich, and it involves two deep and universal phenomena. First, the
finite-temperature hairy black holes develop through a discontinuous phase
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transition akin to the Hawking-Page transition (indeed, it is precisely the
Hawking-Page transition but at finite density). The standard lore that at
high enough temperatures black holes will always form is confirmed. Notice
this is true at any fermion mass and charge, and thus at any occupation
number, from a single wavefunction to the fluid limit, so the finding is
definitely robust. Second, at zero temperature the transition is driven by
the fermionic charge and/or chemical potential, i.e., electric charge of the
black hole. In this case the black hole vanishes infinitely slowly, in a BKT
transition that can be understood as the breaking of the one-dimensional
conformal symmetry of the wavefunctions in the effectve inverse-square po-
tential well. This is solely the consequence of the near-horizon physics,
independent of the AdS boundary. Similar conformality-breaking infinite-
order transitions are known in various backgrounds in string theory. Maybe
one could relate the case described here to some consistent top-down model.

As mentioned in the Introduction, we have deliberately left out exten-
sions and applications of the formalism described, for reasons of space and
also generality of discussion. The field of applications closest to our expe-
rience is the AdS/CFT correspondence. Electrically charged black holes
are dual to field theories at finite U(1) density. The transition from a bald
black hole to a hairy black hole is thus a transition between two phases at
equal chemical potential. How do they differ then? We know that a black
hole is dual to the Coulomb (deconfined) phase of some non-Abelian finite-
temperature gauge theory [1, 4]; in the simplest setup coming from type
IIB string theory, it is the A' = 4 supersymmetric SU(N) theory. Coulomb
phase means that the U(1) charge is carried by SU(N)-gauge-charged op-
erators, in our case fermions (”mesinos”) and thus not visible to low-energy
probes, since at low energies all operators are likely SU (IV)-gauge-neutral.
The hairy phase describes a dual field theory where the charge is carried
by gauge-neutral operators ("baryons”) and thus visible to probes such as
a photon. This viewpoint was tried and confirmed in [11, 12, 15, 23]. It
has realizations in condensed matter systems such as strange metals and
heavy fermion materials. In this case, the gauge fields are emergent and
arise from the spin-charge separation, and the transition between a black
hole and a hairy geometry is a transition between a non-Fermi liquid, where
most of the charge is carried by complicated excitatons that are nor directly
seen in the spectrum, and a Fermi liquid where the fundamental degrees
of freedom are just renormalized electrons. In QCD, this picture describes
the phase diagram at intermediate energy scales and finite densities, where
a black hole describes quark-gluon plasma, and a hairy solution describes
either the color condensate or conventional barionic matter depending on
the details of the model. One can learn a lot on AdS/condensed matter
and AdS/QCD from [5, 6].

Finally, the search for wormhole solutions and how fermionic hair might
stabilize them is likely to become very important in the future, in connec-
tion to the quantum information theory and the firewall, ER=EPR and
other approaches to the black hole information problem. One can use much
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of the formalism developed for hairy black holes, but the interpretation is
still challanging. It is also unclear how realistic the wormhole proposal is
if we work with only conventional, standard model matter, i.e. is it just an
important proof of concept or a realistic model?
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Kitaev models ("left" and "right" sub The gravity calculation of OTOC involves perturbative equations more involved than for a black
hole, as the perturbation has complex kinematics and can bounce back and forth through the wormhole many times. The outcome is a phase
diagram with three regions. One is black-hole like with uniform exponential growth and the Lyapunov exponent A = 27T ("the chaos
bound"). The intermediate phase has OTOCs with a spectrum of different exponents for different operator modes, all below the maximal
chaos bound. The third phase has exponentially small Lyapunov exponents, behaving as exp(—1/T'), in accordance with a recent field-
theory calculation in the literature. The Lyapunov spectrum carries more information than just the maximum exponent: it can be related e.g.
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Qutreach colloquium on the discovery of a supermassive compact object at the centre of our galaxy.

Black Holes are among the most mysterious objects in the Universe. They are so massive and compact that nothing - not even light - can
escape their gravity. The 2020 Nobel Prize in Physics was awarded to Roger Penrose for showing that these exotic objects are a direct
consequence of Einstein's general theory of relativity, and to Reinhard Genzel and Andrea Ghez for the discovery of such a monster in the
center of our Galaxy. Our presentation will portrait the 40 year journey from the first indications to the overwhelming observaticonal evidence
for a extremely heavy and compact object in the Galactic Center, for which a supermassive black hole is the only known explanation. Using the
world's largest and most optics can now follow the stars orbiting the central object, precisely
measure its mass, and detect the stunning effects of general lelat\vlly In our talk we will present both the spectacular observations and the
technology behind.
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We re-derive the first law of black hole mechanics in the context of the Heterotic Superstring effective action compactified on a torus to
leading order in o, using Wald's formalism, covariant Lie derivatives and momentum maps. The Kalb-Ramond field strength of this theary has
Abelian Chern-Simons terms which induce Nicolai-Townsend transformations of the Kalb-Ramond field. We show how to deal with all these
gauge symmetries deriving the first law in terms of manifestly gauge-invariant quantities. In the presence of Chern-Simons terms, several
definitions of the conserved charges exist, but the formalism picks up only one of them to play a role in the first law. The derivation of a first
law is a necessary step towards the derivation of a manifestly gauge-invariant entropy formula which is still lacking in the literature. In its turn,
this entropy formula is needed to compare unambiguously macroscopic and microscopic black hole entropies.
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Mihailo Cubrovic Belgrade Chaos and replica wormholes in the IIB matrix model

We study the dynamics and statistics of the Ishibashi-Kawai-Kitazawa-Tsuchiya (IKKT) IIB matrix model.
We first consider the spectrum and detect signs of level repulsion and quantum chaos. Then we expand
perturbatively the partition function of the quenched model and find that, with an appropriately chosen
quenching, the expansion contains wormhole terms akin to those in the time-frozen SYK model. We
conjecture that such terms are crucial in describing the chaotic aspects of the [IB model.
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