Hayuynom Behy UncTuryra 3a pusuky y beorpaay

beorpan, 28. 11.2018.
IIpeamer: Ilokperame noctynka 3a u360p y 3Bame HCTPAXKHUBAY CAPATHHK

Moaum Hayurno sehe Mucrutyra 3a ¢usuky y beorpamy ma nokpene mocrtynak 3a mMoj u3bop y 3Barbe

MCTpaXkKMBay CapaHHUK.
Y npuiory aoctaBbam:

1. MULLTbEHE PYKOBOJMOL MPOJEKTA Ca MPEIOrOM KOMUCH]e 3a H300p Yy 3Bambe;

2. cTpyuHy O6uorpadujy;

3. mpersie]] Hay4yHe aKTUBHOCTH;

4. cnucak W Konuje 00jaB/beHUX HAYYHHUX PaJoBa U APYruX myOiuKaluja;

5. yBEpetbe 0 MOCIIE/IHEM OBEPEHOM H YITMCAHOM CEMECTPY Ha JIOKTOPCKHM CTy/IMjama;

6. hoTokoNMjy AMMIOMA ca OCHOBHHUX M MacTep CTy/uja;

7. nOTBpAY O MpUXBATaky MpPeUIora TeMe JOKTOPCKe AUCepTallHje.

C noToBameMm,

AHa Xynoman
UCTpaXkuBay NpPUNpPaBHUK

JM& Hur(oum[



Hayunom Behy UHcTHTYTa 3a pusuky y Beorpany

beorpan, 20. HoBemOap 2018. roaune

IlIpeamer: Mum/beme pyKoBOAHOLA NPOjeKTa 0 H300py AHe Xy10MaJl y 3Bam-€
HCTPA’KMBAY CapaJHUK

Ana Xynoman je 3amocieHa y JlaGopaTopuju 3a npuMeHy padyHapa y HaylH, y OKBUDY
HanmoHasHOr LEHTpa M3Y3€THUX BPEAHOCTH 3a H3y4aBambe KOMIUICKCHHX CHCTEMaA
MuctutyTa 3a Qusuky y beorpagy u aHraxkoBaHa je Ha NMPOJEeKTy OCHOBHUX HMCTPaKMBaH-a
MuHucTapcTBa IpocBeTe, HayKe U TEXHOJIOWKOr pa3Boja Pemybmke Cpouje OH171017, nox
Ha3uBoM "Mozenupame U HyMEpUYKe CHMYyJIAlMje CIIOKEHUX BUIICYECTHUHHX (DU3MUYKUX
cucrema". Ha nmoMeHyTOM IpojeKkTy paay Ha TemMama U3 (GU3MKe YITpaxjaAHMX KBAHTHUX
racoBa y NpHCYCTBY jaKMX CHHTETUYKHMX MAarHeTHHUX I10Jba TOJ PYKOBOJACTBOM Jp MBane
Bacuh. C o63upom na ucnymwasa cBe mnpeaBuhiene ycioBe y ckiaay ca IIpaBuiHMKOM O
NIOCTYIIKY, HaYyWHy BpEIHOBAalba M KBAHTUTATUBHOM HCKa3UBamky HAYYHOMCTPAKUBAYKUX
pesynrara uctpaxuBada MITHTP, carnmacan cam ca mokperameM IOCTynka 3a u30op AHe
Xynomain y 3Bambe UCTPaXKUBay capaIHHK.

3a cactaB KomucHje 3a u300p AHe XyoMall y 3Bame UCTPAKUBAY CAPAJHUK TTPEIAKEM:

(1) np ViBana Bacuh, Bumu HayuHu capaguuk, MHCTUTYT 32 usuky y beorpany,
(2) ap AntyH banax, Hay4Hu caBeTHUK, MIHCTHTYT 3a ¢usuky y beorpany,
(3) mou. ap boxunap Hukonuh, nonent ®usnykor dakynrera Yausepsutera y beorpany.

7 np Aurtyn banax
HAy4YHU CaBETHUK
pykoBoauial npojekta OH171017



buorpaduja Ane Xynoman

Ana Xymoman je pohjena 8. 3. 1991. rogune y Beorpaay, rje je 3aBpiiv/jia OCHOBHY LIKOMY U MaTeMaTHUKy
rumMHasvjy. OCHOBHe akajieMCKe cTyauje Ha PusuukoMm ¢akynTeTy YHuBep3uTeTa y beorpaay, cmep
Teopujcka U ekcriepuMeHTanHa ¢u3vka, 3arouena je 2010. roguHe u 3aBpumsia jyaa 2014. roguHe ca
npoceyHoM oneHoMm 10,0. Macrep akageMcke cTyguje Ha HcCToM ¢akyntetry, cmep Teopujcka o
ekcreprMeHTa/Ha (r3uKa, 3aBpinwia je okrodpa 2015. roauHe ca mpoceudom oreHoMm 10,0, ogbpaHuBIM
Macrep paj Ha Temy ,,New Periodic Solutions to the Three-Body Problem and Gravitational Waves” (,,HoBa
MepyvofnyHa pellietba TpobseMa TPU Tejla W IpaBUTALMOHM Tanacu™). Macrep pazg je ypahjen mog

pykoBozcTBoM Zip Besbka JmutpaimHoBuha, HayuHor caBeTHUKa VIHCTUTYTa 3a $usuky y beorpagy.

Og 2007. mo 2011. rogune Ana Xynomarn je dbusa crunengucra Perybnvuke doHzanuje 3a pa3Boj HayqHOT U
YMETHUUKOT mogmJjaTka, 3atuM of, 2011. go 2013. crunenaucra rpaga beorpaga, nok je o 2013. go 2015.
buna crunengucra ®doHzma 3a mmage TaneHte Pemybsmuke Cpbuje. AHa Xymoman je TOKOM aKafieMCKe
2014/2015. roguHe yuecTBOBaja y u3Bolewy HacTaBe Ha ®u3nukoM (akyaTeTy YHUBep3uTera y beorpany,
Kao capaZiHMK y HacTaBH Ha npeAMeTy KBaHTHa Teopujcka u3uka (TIpeAMeTHH HacTaBHUK JoL. Ap JyLiko

JlaTac).

Hoeembpa 2015. roguHe yrivcana je ZJOKTOPCKe akaJieMCKe cTyavje Ha Pu3nukoM (akynTeTy YHUBep3UTeTa y
Beorpagy, y>ka HayuHa obsiacT (u3rKa KoHZleH30BaHe Matepuje. Ilog pykoBogcTBoM fip MBane Bacuh pagu Ha
TeMama Be3aHUM 3a y/ATpax/jaJHe KBaHTHE racoBe y ONTUYKMM pelleTKama Ca CHUHTETUYKMM MarHeTHUM
MOJbKMa, Ca LW/beM pa3yMeBama yjiore aTOMCKUX MHTepakiuja y oBUM cuctemuma. Ox mapta 2016. rogune
Ana Xygoman je 3amocieHa y MHctutyTy 3a ¢usuky y bBeorpagy kao uCTpakuBad IPUIIPaBHUK Yy
JlabopaTopuju 3a TpuMeHy padyHapa y HayLy, y OKBUpY HaljMoHa/jHOT LieHTpa W3y3eTHUX BpPEJHOCTH 3a
H3yJaBame KOMILIEKCHUX CHCTeMa, Ha IPOjeKTy OCHOBHMX WCTpakuMBama ,Mogeauparwe u Hymepuuke
cumynayuje caoxceHux euweueciiuyHux cuctiema” (OH171017) MuHucTapcTBa IpOCBeTe, Hayke U
TexHosI0KOr pasBoja Penybnvike Cpbuje, kojum pykoBogu np AnTyH Banax. Ilopes Tora, yuecTBoBana je u
Ha bunarepanmuuM TipojektuMa ca Hemaukom (Tete yHuBep3uteT y PpaHkdypTy) U ca XpBaTcKOM
(YuuBepsutet y 3arpedy), nog pykoBogctsoM Jp VBane Bacuh. o caza je moxafjana HekonMko 1Likosa 3a
nmokropasze, Mel)y kojuma cy International School on Thermal, Quantum, and Topological Phase Transitions
— Bad Endorf, Germany (2016), Winter School on Topological Matter in Artificial Gauge Fields — Dresden,
Germany (2018), ICAP2018 Summer School — Barcelona, Spain (2018).

o canga, Ana Xymoman umMa jenaH paj o0jaBibeH y dacomnmcy kareropuje M2la, nsa paaa o0jaBibeHa y

yaconucuma kareropuje M21, kao u 5 caomnirema ca Mel)yHapOAHUX CKYIOBa IITaMIaHuX y u3Boay (M34).



IIperyien HaydyHe aKTUBHOCTH AHe XyaoMaJl

Tokom Mactep cryauja, UcTpaxkuBambe AHe Xymoman Owio je (okycupaHo Ha TpOHaJaKeme U
KapakTepr3anujy TepUOIUYHHUX pellera 3a KiIachudaH HpobieM TpH Teia Koja melycobHo wHTeparyjy
TpaBUTAIMOHOM CHJIOM. tbyTHOB mpo0JieM TpH Teja je jenaH oj HajcTapujux HEepelIeHuX npodiaema usmke
u Mmaremaruke, popmynucan y 17. Beky, a 0 IPBHX pellieka 3a nepuoguyHe opoure nouum cy Ojiep u
Jlarpanmx y 18. Beky. Y nocienmuM AeleHHjaMa yoTpeda MOIepHUX padyHapa je omoryhuia HHTeH3UBaH
HYMEpUYKH MPHCTYNl M CHCTEMaTH3alljy HOBUX Kiaca pelema. Y capaimu ca Jp Besbkom
Omurtpamuaosuhem u gp Munosanom llyBakoBom ca MucTuTyTa 32 hmsuky y beorpany, Ana Xynoman je
WCTIIMTHBAJIa TPaBUTALMOHE Tajace Koje OM eMHTOBaja TpH Tesa Koja ce Kpehy Mo HOBOOTKPHBEHUM
opburama M Mokaszana Aa OM OBaKBH CHCTEMH MOIJIM OWTH M3BOPM JeTeKTaOuiaHux curHaina. [lopex Tora,
AHa je paguiia Ha IpOHAJaKEHhY HOBHUX MEPUOJUYHUX OpOHTa, Kao M Ha MOTBPAU H 00jalllbely JIMHEapHE
Bese m3mel)y nepuona opbure u O6poja cumbona y anrebapckoM Onucy HBeHe TONOJIOTHje, Koja IpeiCcTaBba

yomreny Bep3ujy tpeher Kemneposor 3akoHa.

Ha gokropckum ctyaujama, moja pykoBoacTBom Ap MBane Bacuh ca UncturyTa 3a ¢pusuky y berpany, Ana
Xynoman ce y CBOM HaydyHOM paay 0aBH OCOOMHaMa YNTPaxJaJHUX KBAaHTHUX racoBa Y MPUCYCTBY jaKUX
CHUHTETHUYKUX MarHeTHUX moJba. [IpoydaBame ynTpaxjagHUX KBaHTHUX racoBa je BakHa TeMa CaBpPEMEHe
¢usuke. Hactanak oBe 001aCcTH je MOACTAKHYT MOTparoM 3a bose-AjHINTajH KOHICH3aTOM - CTalEM KOje je
npeaBuheHo MoCTylaTuMa KBaHTHE CTaTUCTHUYKE (H3MKE YBEJCHMM IIOYETKOM JBajaeceTor Beka. lIpBu
Bo3ze-AjHIITajH KOHACH3aTH y CUCTEMUMa YITpaxJjaJHUX aToMa cy ocTBapeHHu 1995. roaune u oBaj ycmex je
Harpahen HoGenoBom Harpagom 3a ¢usuxy 2001. ronuHe. Y paHUM eKCliepUMEHTUMa KOpHUIINeHH Cy ci1abo
uHTeparyjyhn 0030HCKM aToMu, LITO je oAroBapajyhm pekuMm 3a MOCTH3ame KoHAeH3aTa. JlaHac ce y
CHCTEMHUMa YITPaxJaJHUX aroMa NpoydaBajy pa3iMyUTU (PU3WYKK PEXUMH, LITO OBE CHUCTEME YUHH
NpaBUM KBaHTHUM cuMyiaropuma. [loceOHO je MHTEpecaHTHO IITO C€ Y OBHM CHCTEMHMMAa jaudHa U THII
MeljyaTOMCKUX MHTEpaKIfja MOTy KOHTPOJIFCATH, 1A HHTEPaKIMje MOTy OWTH ciabe WiH jake, KpaTKo- HITH
ayrogoMeTHe. YBohemeM crojehnX CBETIOCHHX Tajlaca Peaju30BaHH Cy MEPUONUYHU MOTCHLHWjand 32
aTomMe, mMTO je omoryhmio mnpoydaBamke Mojella HaJIMK MojaennMa (H3WKe YBPCTOT cTama. Wmak,
KOMITOHEHTa Koja je Iyro Omiia HeJOCTYITHA je jako CHHTETHYKO MarHeTHO I0Jbe, KOje MOXe Ja Jelyje Ha
HeyTpaimHe atoMe kpo3 JlopenmoBy cmimy. IloueB om 2013. rommue, jaka CHHTETHYKAa MarHeTHa IOJba CE
YCIIELIHO pean3yjy y HepHOANIHO BO)EHUM ONTHUYKUM pemieTkaMa. Ha oBaj HaUMH MOXKe ce pean30BaTH
jemaH o OCHOBHHX Mojeia (U3WKe KOHIASH30BaHOT CTama, Xaprep-Xodmrerep Moxaen. Baxkna
KapaKTepHUCTHKa OBOT MOJEJa Cy TOITOJIOIIKE MHBApHjaHTe EHEPreTCKUX 30Ha, T3B. UepHOBU OpojeBH, KOjU

Cy Y OCHOBH KBAaHTHOT XOJIOBOT €(eKTa.

HenaBno Mepeme UepHoBor Opoja je MpeKpeTHUIA KOja je O3HAuMIIa pealn3alijy TOIMOJOMIKE EHepreTCKe
30HE y CHCTeMHMa XJIagHuX atoma. [loxcTakHyTa OBHM ekcrepruMeHTOM, AHa XyIoMall je MCTpakuBalia
OZIrOBOP HEKOXEPEHTHHX 0030Ha Ha CHOJBALIY CHIY y BO)EHMM ONTHYKMM penietkama. IIpumeHom
alPOKCHMATHBHOT aHAJUTHYKOT pa3Boja 10 MHBEP3HO] (DPEKBEHITHjH Bohema, KaHIUIATKUILA j€ ToKa3aja

IPUCYCTBO JOJATHUX YIaHOBA y €()eKTUBHOM XaMUITOHMjaHY M HMCIHMTAaja HHUXOB YTHIQ] HAa TOIOJIOLIKE



KapaKTepUCTUKE e(PeKTUBHOT XaMWITOHUjaHa. [ TaBHU (OKYC OBOT MCTpa)KHBama je OMO Ha yJo3u ciabux
aTOMCKUX HHTEpaKIfja, Koje Cy YKJbY4YeHe y OmHc ynorpeboMm Teopuje cpemamer mnoJsba. Kopucrehu
HYMEpUYKe CHMYJalje W aHAIUTHYKe yBHJE, KaHIUAATKHbA je YTBpAWJA J1a MHTEpaKnuje AONpUHOCE
aTOMCKHMM TIpeniasuMa u3Mel)y pasiMuuTHUX eHEepreTCKUX 30Ha e(EeKTUBHOT MOJENia, YAME CE YCJIOKHaBa
eKCIIepIMEHTANHa Mpoleypa Y CKiIany ca ouekuBamuma. MehyTum, 1oOujeHn pe3ynraTu Takohe moxasyjy
Jla cabe aTOMCKe HHTepaKIlvje oJaKIaBajy Mepeme UepHoBor Opoja Ha Hekonmuko HaunHa. Kako ce odekyje
na Mepeme YepHoBor Opoja moctaHe pyTHHCKH anaT y OmMckoj OymyNHOCTH - MpBH KOpaK y MPUIPEMHU
3aHUMJBHBH]UX TOIIOJNIOMIKKNX (pasza - mocama moOWjeHn pe3yiTaTi Be3aH! 3a eeKkTe CIaduX HHTEpaKIHja Cy

o[ 3Ha4aja u 3a Oyxmyhe ekcriepuMeHTe.
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Three bodies moving in a periodic orbit under the influence of Newtonian gravity ought to emit
gravitational waves. We have calculated the gravitational radiation quadrupolar waveforms and the
corresponding luminosities for the 13 + 11 recently discovered three-body periodic orbits in Newtonian
gravity. These waves clearly allow one to distinguish between their sources: all 13 + 11 orbits have
different waveforms and their luminosities (evaluated at the same orbit energy and body mass) vary by up to
13 orders of magnitude in the mean, and up to 20 orders of magnitude for the peak values.

DOI: 10.1103/PhysRevLett.113.101102

Direct detection of gravitational waves [1,2] ought to
come about in the foreseeable future, due to the substantial
effort made at the operational and/or pending detectors. One
of the most promising candidates for astrophysical sources
of gravitational waves are the coalescing, i.e., inspiraling
and finally merging binary compact stars [3,4]. Binary
coalescence is the only source for which there is a clear
prediction of the signal and an estimate of the detection
distance limit, as general relativists have completed numeri-
cal simulations of mergers of compact binaries, such as
neutron stars and/or black holes, Refs. [5-7].

Slowly changing, quasiperiodic two-body orbits are
weak sources of gravitational radiation, Refs. [8,9]—only
accelerated collapse leads to an increase in energy loss. The
major part of the emitted energy in a binary coalescence
comes from the final merger of two neutron stars, or black
holes, that produces an intense burst of gravitational
radiation. Of course, such mergers are one-off events,
never to be repeated in the same system, so their detection
is subject to their (poorly known) distribution in our
Galaxy. It is therefore interesting to look for periodic
sources of intense gravitational radiation.

There is now a growing interest in three-body systems as
astrophysical sources of gravitational waves, Refs. [10-12].
These early works did not find a substantial increase in the
luminosity (emitted power) from representative three-body
orbits belonging to three families that were known at the
time, Refs. [13-22], over the luminosity from a comparable
periodic two-body system [23]. The luminosity of a
(quadrupolar) gravitational wave is proportional to the
square of the third time derivative of the quadrupole
moment, see Refs. [8,9], which, in turn, is sensitive to
close approaches of two bodies in a periodic orbit [24].
Thus, getting as close as possible to a two-body collision
without actually being involved in one, is a desirable
property of the radiating system.

0031-9007/14/113(10)/101102(5)
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Recently 13 new distinct periodic orbits belonging to 12
(new) families have been discovered in Ref. [25], as well as
11 “satellite orbits” in the figure-eight family [26]. Some of
these three-body orbits pass very close to binary collisions
and yet avoid them, so they are natural candidates for
periodic sources of intense gravitational radiation.

In this Letter we present our calculations of quadrupolar
waveforms, Fig. 1, and of luminosities, see Table I and
Fig. 2 of gravitational radiation emitted by the 13 4 11
recently discovered periodic three-body gravitating orbits,
Refs. [25,26]. We have also calculated waveforms of all
published Broucke-Hadjidemetriou-Henon (BHH) orbits
[14-20], which we omit from this Letter for the sake of
brevity, and because they are closely related to Henon’s
“criss-cross” one, studied in Ref. [10]. The waves of the
13+ 11 new orbits show clear distinctions in form and
luminosity, thus ensuring that they would be distinguishable
(provided their signals are strong enough to be detected).

We consider systems of three equal massive particles
moving periodically in a plane under the influence of
Newtonian gravity. The quadrupole moment /;; of three
bodies with equal masses m, =m, (n=1,2,3) is
expressed as I;; = > 3| mxi x}, where x' is the location
of nth body, and the spatial dimension indices i and j run
from 1 to 3 (with x! = x, x> =y, x* = 2). The reduced
quadrupole Q;; is defined as Q;; =I;; —36; > i_; I

The gravitational waveforms denoted by A" are,
asymptotically,
2G d*Q; 1
= TO\R) @

where r is the distance from the source, Refs. [8,9]. Here,
TT means (i) transverse (Y 7, hi'A' = 0) and (ii) trace-
less (323, hIT = 0), where 7; denotes the unit vector of
the gravitational wave’s direction of propagation. The two

© 2014 American Physical Society
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TABLE 1

Initial conditions and periods of three-body orbits. x;(0), y,(0) are the first particle’s initial velocities in the x and y

directions, respectively, T is the period of the (rescaled) orbit to normalized energy E = —1/2, © is the rotation angle (in radians)
and (P) is the mean luminosity (power) of the waves emitted during one period. Other two particles’ initial conditions are specified by
these two parameters, as follows: x;(0) = —x,(0) = =4, x3(0) =0, y;(0) = y,(0) = y3(0) =0, x,(0) = x,(0), x3(0) = —2x,(0),
¥2(0) = ,(0), y3(0) = —2y,(0). The Newtonian coupling constant G is taken as G = 1 and the masses are equal m; 3 = 1.

Name x,(0) 1(0) p) T O(rad) (P)
Moore’s figure eight 0.216 343 0.332029 2.57429 26.128 0.245 57 1.35 x 10°
Simo’s figure eight 0.211 139 0.333 568 2.583 87 26.127 0.277 32 1.36 x 10°
(M8)’ 0.147 262 0.297 709 3.008 60 182.873 0.269 21 2.46 x 10°
L.A.1 butterfly I 0.147 307 0.060 243 4.34039 56.378 0.034 78 1.35 x 10°
I.A.2 butterfly II 0.196 076 0.048 690 4.016 39 56.375 0.066 21 5.52 x 10°
[.LA.3 bumblebee 0.111 581 0.355 545 2.72751 286.192 —-1.0904 1.01 x 10°
I.B.1 moth I 0.279 332 0.238203 2.764 56 68.464 0.899 49 5.25 x 10?
[.B.2 moth II 0.271 747 0.280 288 2.61172 121.006 1.13878 1.87 x 10°
[.B.3 butterfly III 0.211210 0.119761 3.693 54 98.435 0.17035 3.53 x 10°
[.B.4 moth IIT 0.212 259 0.208 893 3.263 41 152.330 0.503 01 7.48 x 10
I.B.5 goggles 0.037 785 0.058 010 4.86023 112.129 —0.406 17 1.33 x 10*
L.B.6 butterfly IV 0.170 296 0.038 591 4.22676 690.632 0.038 484 1.23 x 1013
L.B.7 dragonfly 0.047 479 0.346 935 2.880 67 104.005 —0.406 199 1.25 x 108
II.B.1 yarn 0.361 396 0.225 728 2.393 07 205.469 —-1.01561 2.33 x 109
II.C.2a yin-yang | 0.304 003 0.180257 2.858 02 83.727 0.659 242 1.31 x 10°
II.C.2b yin-yang I 0.143 554 0.166 156 3.878 10 83.727 —0.020 338 1.31 x 10
II.C.3a yin-yang II 0.229 355 0.181 764 3.302 84 334.877 0.472 891 7.19 x 10'°
I.C.3b yin-yang II 0.227 451 0.170 639 3.366 76 334.872 0.254 995 7.19 x 10'°

independent waveforms &, , of a quadrupolar gravita-
tional wave propagating along the z axis, Refs. [8,9] can
be expressed as

26 & . . .
hy === mi(xf + x5 — ¥ — yiyi). (2)
ctrés
26 < .
hy === > m(X;y; + 2% ; +x57), (3)

cri4
where r denotes the distance from the source to the
observer. We set the units of G = ¢ = m = 1 throughout
this Letter.

Here the coordinate axes x and y are chosen so that they
coincide with the orbits’ two (reflection) symmetry axes,
when they exist, i.e., when the orbits are from class I, as
defined in Ref. [25]. Otherwise, e.g., when only a single
point reflection symmetry exists, as in class II orbits, the x,
y axes are taken to be the eigenvectors of the moment-of-
inertia tensor. The rotation angle necessary for each orbit to
be aligned with these two axes is given in Table I [27].

The first gravitational radiation waveforms for periodic
three-body systems were studied in Refs. [10—12]. They
calculated the quadrupole radiation waveforms for three
periodic orbits of the following three-equal-mass systems:
(i) of the Lagrange “equilateral triangle” orbit [13], (ii) of
Henon’s “criss cross” [19], and (iii) of Moore’s “figure
eight” [21]. These three orbits are characteristic

representatives of the (only) three families of periodic
three-body orbits known at the time. Reference [10] found
distinct gravitational waveforms for each of the three
families, thus suggesting that one might be able to
distinguish between different three-body systems as
sources of gravity waves by looking at their wave-
forms [28].

In the meantime 13 + 11 new orbits belonging to 12 new
families have been found, Refs. [25,26]. The families of
three-body orbits can be characterized by their topological
properties viz. the conjugacy classes of the fundamental
group, in this case, the free group on two letters (a, b),
Ref. [29]. The free group element tells us the number of
times the system’s trajectory on the shape sphere passes
around one or another (prechosen) two-body collision point
within one period. Every time the system is close to a two-
body collision the (relative) velocities, accelerations, and
the third derivatives of relative coordinates increase, so that
the luminosity of gravitational radiation also increases; i.e.,
there is a burst of gravitational radiation. This argument can
be made more quantitative by appealing to two-body results
of Ref. [8], as is shown in footnote [30].

We show the gravitational radiation waveforms A, , in
Fig. 1, emitted by three massive bodies moving according
to the orbits from Refs. [25,26] belonging to these families,
where Egs. (2) and (3) are used as the definitions of the two
waveforms.

First, we note that all of the calculated three-body orbits’
waveforms are distinct [31], thus answering (in the
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FIG. 1 (color online). The gravitational radiation quadrupolar
waveforms s, X r as functions of the elapsed time ¢ in units of
the period 7, for two periodic three-body orbits (in units of
Gm/ 2 wehavesetG=m=c =1 throughout this Letter) and
r is the radial distance from the source to the observer. Dotted
(blue) and solid (red) curves denote the + and x modes,
respectively. Top: Simo’s figure eight, Ref. [22]; and bottom:
orbit .B.1 Moth I. Note the symmetry of these two graphs under
the (time-)reflection about the orbits’ midpoint 7/2 during one
period T.

positive) the question about their distinguishability posed in
Ref. [10]. In Fig. 1 we also show the gravitational wave-
form of one “old” orbit: Simo’s figure eight, (discovered in
2002) belonging to the figure-eight family. Simo’s figure
eight is an important example, as it is virtually

indistinguishable from Moore’s one, and yet the two have
distinct gravitational waveforms, see our Fig. 1, and Fig. 2
in Ref. [10]. That is so because these two figure-eight
solutions have distinct time dependences of the hyperradius
R, where R* ~ (1/m);; >3_, It so that the two orbits
have different quadrupolar waveforms.

Note, moreover, the symmetry of the waveforms in
Fig. 1 with respect to reflections of time about the midpoint
of the period T/2: this is a consequence of the special
subset of initial conditions (vanishing angular momentum
and passage through the Euler point on the shape sphere)
that we used. There are periodic three-body orbits,
such as those from the BHH family, that do not have this
symmetry.

The gravitational waveforms’ maxima range from 20 to
50000 in our units, with the energy fixed at £ = —1/2.
This large range of maximal amplitudes is due to the
differences in the proximity of the approach to two-body
collisions in the corresponding orbits. One can explicitly
check that the bursts of gravitational radiation during one
period correspond to close two-body approaches.

As stated above, the (negative) mean power loss (dE/dt)
of the three-body system, or the (positive) mean luminosity
(emitted power) of quadrupolar gravitational radiation (P),
averaged over one period, is proportional to the square of the
third time derivative of the (reduced) quadrupole moment

3 5)
Q;‘k)’ (dE/dt) = —(P) = —5(G/¢) ?.k=1 <Q§‘k)ij> =
—3(G/) X0 <Q§i) Qﬁ)) (for an original derivation
see Refs. [8,9], for pedagogical ones, see Refs. [1,2]). But,

0 T/8 T/4 3T/8 T2

FIG. 2 (color online).

3T7/8 T2

0 T/8 T/4

The instantaneous (time unaveraged) luminosity P of quadrupolar gravitational radiation emitted from

periodic three-body orbits as a function of the elapsed time 7 in units of the period 7. Note the logarithmic scale for the luminosity
P (y axis). Top left: Moore’s figure eight; second from top left: I.A.2 butterfly II; third from top left: I.B.7 dragonfly; bottom left: [.B.1
moth I; top right: (M8)7, second from top right: .A.3 bumblebee; second from bottom right: 1.B.5 goggles; bottom right: IL.B.6
butterfly IV.
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Q;? are proportional to the first time derivatives of the
gravitational waveforms QE-}Z) = (d/dt) Qﬁ) « (d/dt)h .
The peak amplitudes of gravitational waveforms £, ., in
turn, grow in the vicinity of two-body collisions [30], which
explains the burst of gravitational radiation as one approaches
a two-body collision point.

The mean and instantaneous luminosities, expressed in
our units, of these orbits, normalized to E = —1/2, are
shown in Table I and Fig. 2, respectively. Note that in
Table I we show only three orbits belonging to the figure-
eight family: Moore’s, Simo’s, and the stable choreography
(M8)7; they have all the same order of magnitude of the
mean luminosity [32], whereas the butterfly I and butterfly
IT orbits, which belong to the same topological family, have
mean luminosities that differ by more than a factor of 40.

Generally, the mean luminosities of these orbits cover 13
orders of magnitude, ranging from 1.35 (Moore’s figure
eight) to 1.23 x 103 (I.LB.6 butterfly IV) in our units; see
Table I. The peak instantaneous luminosities have an even
larger range: 20 orders of magnitude; see Fig. 2. Here, the
symmetric form of the instantaneous (time unaveraged)
power P =5 (G/c>) >3, Qﬁ) Qﬁ) was used. This gives
us hope that at least some of these three-body periodic
orbits can, perhaps, lead to detectable gravitational radia-
tion signals.

It is a different question if some or all of these sources of
gravitational radiation would be observable by the present-
day and the soon-to-be-built gravitational wave detectors:
that strongly depends on the absolute values of the masses,
velocities, and the average distances between the three
celestial bodies involved, as well as on the distribution of
such sources in our Galaxy.

Moreover, note that all of the newly found and analyzed
three-body orbits have zero angular momentum, and many
of them are unstable. It is well known [16-20] that by
changing the angular momentum within the same family
of three-body orbits, the stability of an orbit changes as
well. So, it may happen that a previously stable orbit turns
into an unstable one, and vice versa. For this reason it
should be clear that a careful study of gravitational-
radiation-induced energy- and angular-momentum dissi-
pation is necessary for these orbits [33]. Moreover, if
realistic results are to be obtained, post-Newtonian
approximations will have to be applied in the future.
Such relativistic corrections are most important at large
velocities, i.e., precisely near close approaches that are so
crucial for large gravitational radiation. Thus, the present
Letter is meant only to highlight the possibilities in this
field, and should be viewed as an invitation to join in the
more realistic future studies.
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Realization of strong synthetic magnetic fields in driven optical lattices has enabled implementation of
topological bands in cold-atom setups. A milestone has been reached by a recent measurement of a finite Chern
number based on the dynamics of incoherent bosonic atoms. The measurements of the quantum Hall effect in
semiconductors are related to the Chern-number measurement in a cold-atom setup; however, the design and
complexity of the two types of measurements are quite different. Motivated by these recent developments, we
investigate the dynamics of weakly interacting incoherent bosons in a two-dimensional driven optical lattice
exposed to an external force, which provides a direct probe of the Chern number. We consider a realistic driving
protocol in the regime of high driving frequency and focus on the role of weak repulsive interactions. We find that
interactions lead to the redistribution of atoms over topological bands both through the conversion of interaction
energy into kinetic energy during the expansion of the atomic cloud and due to an additional heating. Remarkably,
we observe that the moderate atomic repulsion facilitates the measurement by flattening the distribution of atoms
in the quasimomentum space. Our results also show that weak interactions can suppress the contribution of some

higher-order nontopological terms in favor of the topological part of the effective model.

DOI: 10.1103/PhysRevA.98.053625

I. INTRODUCTION

Ultracold atoms in optical lattices provide a perfect plat-
form for quantum simulations of various condensed-matter
phenomena [1]. Yet, since charge-neutral atoms do not feel the
Lorentz force, a big challenge in this field was realization of
synthetic magnetic fields. After years of effort, artificial gauge
potentials for neutral atoms were implemented by exploiting
atomic coupling to a suitable configuration of external lasers
[2,3]. These techniques were further extended to optical lat-
tices, leading to the realization of strong, synthetic, magnetic
fields. As a result, important condensed-matter models—the
Harper-Hofstadter [4] and the Haldane model [S]—are nowa-
days available in cold-atom setups [6-9]. The key property
of these models is their nontrivial topological content. In the
seminal TKNN paper [10] it was shown that the quantization
of the Hall conductivity observed in the integer Hall effect can
be directly related to the topological index of the microscopic
model—the Chern number.

Cold-atom realizations of topological models exploit peri-
odic driving, either through laser-assisted tunneling [6,7] or
by lattice shaking [8]. Using Floquet theory [11,12], a period-
ically driven system can be related to the time-independent ef-
fective Hamiltonian that corresponds to a relevant condensed-
matter system. The mapping is known as Floquet engineering
and its important features in the context of optical lattices are
discussed in Refs. [13-20]. Because of important differences
of cold-atom setups and their condensed-matter counterparts,
new quench protocols for probing topological features were
proposed [21-25]. Following up on these studies, the de-
flection of an atomic cloud as a response to external force
was used to experimentally measure the Chern number in a
nonelectronic system for the first time [26].

2469-9926/2018/98(5)/053625(16)
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While Floquet engineering is a highly flexible and pow-
erful technique, it poses several concerns. One of the main
open questions is related to the interplay of driving and
interactions which can heat up the system to a featureless,
infinite-temperature regime according to general considera-
tions [27,28]. In particular, it is shown that an initial Bose-
Einstein condensate in a periodically driven optical lattice
may become unstable due to two-body collisions [29] or
through the mechanism of parametric resonance [28,30-36].
The preparation protocol, stability and a lifetime of strongly
correlated phases, expected in the regime of strong interac-
tions under driving is a highly debated topic at the moment
[28,37,38].

In order to further explore the role of weak atomic inter-
actions in probing topological features, here we consider the
dynamics of weakly interacting incoherent bosons in a driven
optical lattice exposed to an external force. The setup that we
consider includes all basic ingredients for the Chern-number
measurement [22,26]—the Chern number of the topological
band can be extracted from the center-of-mass motion of
atomic cloud in the direction transverse to the applied force.
We assume an ideal initial state where the lowest topological
band of the effective model is almost uniformly populated.
The optimal loading sequence necessary to reach this state is
considered in Refs. [39,40]. Following the recent experimen-
tal study [26], we assume that atoms are suddenly released
from the trap and exposed to a uniform force. We perform nu-
merical simulations for the full time-dependent Hamiltonian
and take into account the effects of weak repulsive interac-
tions between atoms within the mean-field approximation. We
make a comparison between the dynamics governed by the
effective and time-dependent Hamiltonian and delineate the

©2018 American Physical Society
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contribution of interactions to the center-of-mass response and
to the overall cloud expansion dynamics. Our results show that
interactions lead to the undesirable atomic transitions between
topological bands [41], but we also find that a weak atomic
repulsion can facilitate the Chern-number measurements in
several ways.

The paper is organized as follows. In Sec. II we describe
the model and introduce a method that we apply for the
description of incoherent bosons. In Sec. III we address the
dynamics of noninteracting incoherent bosons, and then in
Sec. IV we address the regime of weak repulsive interactions.
Finally, we summarize our results in Sec. V. Appendixes A
to F provide further details.

II. MODEL AND METHOD

In this section, we first present the driven model introduced
in Ref. [26], and then derive the corresponding effective model
and discuss its basic characteristics. At the end, we explain our
choice of the initial state and outline the method that we use
to treat the dynamics of weakly interacting incoherent bosons.

A. Effective Floquet Hamiltonian

Interacting bosons in a two-dimensional optical lattice can
be described by the Bose-Hubbard Hamiltonian

A At A At A
Hpy = —J; E (al_;_],mal,m +a[_1’mal,m)

I,m
— Iy D@ 1@t + 8 1)
I,m
U, -
+ 3 an,m(nl,m - 1)9 (l)
l,m

where al . and &; ,, are creation and annihilation operators
that create and annihilate a particle at the lattice site (I, m) =
lae, + mae, (a is the lattice constant), 7; ,, = a;[’malym is the
number operator, J, and J, are the hopping amplitudes along
e, and ey, and U is the on-site interaction. In the derivation
of the model (1) we use the single-band tight-binding approx-
imation [1]. Although the experimental setup [26] is actually
three dimensional, with an additional confinement in the third
direction, our study is simplified to a two-dimensional lattice.

In order to engineer artificial gauge field in the experiment
[26], hopping along e, was at first inhibited by an additional
staggered potential

Z( D g, )

l,m

and then restored using resonant laser light. The experimental
setup can be described by a time-dependent Hamiltonian

H(t)= Hgu + V(t) + W, 3)
where V (¢) is a time-dependent modulation
5 l
V)=« ;ﬁl,m[cos (; - %) cos (a)t — % +¢0>
+ cos l7T+7t cos( t m7‘[+n+¢>
Z 4z LT ’
2 4 2 2 0
4)

k is the driving amplitude, and w = A is the resonant driving
frequency. We set the relative phase ¢y between the optical-
lattice potential and the running waves used for laser-assisted
tunneling to ¢g = /4.

Using Floquet theory, the time-evolution operator corre-
sponding to the Hamiltonian (3) can be represented as

U(t, fo) = efiWtefik(z)efi(tfto)l:lerreik(to)eiWto’ (5)

where ﬁeff is the full time-independent effective Hamiltonian
that describes slow motion and K (¢) is the time-periodic kick
operator that describes micromotion [13,14].

For the moment, in this subsection we first consider the
noninteracting model U = 0. We also assume that the driving
frequency w is the highest energy scale, but that it is still low
enough that the lowest-band approximation used in deriving
Eq. (1) is still valid. In the leading order of the high-frequency
expansion, the effective Hamiltonian I:Ieff is given by

Heff,O — J): Z[ei((m—l—l)n/Z—n/4)&lT+l

N

— )Y @] @+ A 1), 6)

I,m

!mfl/,m + H.c.]

e
V2o T
%g). A schematic representation of this
model is presented in Fig. 1(a). The unit cell is shaded
and the full lattice is spanned by the vectors R; = (4, 0)
and R, = (1, 1). Particle hopping around a plaquette in the
counterclockwise direction acquires a complex phase —7 and
the model is equivalent to the Harper-Hofstadter Hamiltonian
[4] for the case o = 1/4 [4]. The explicit form of the kick
operator K (¢) from Eq. (3) is given in Appendix A.
Following Refs. [13,14], we find that additional corrections
of the order J?/w contribute to the system’s dynamics and we
introduce another approximation for the effective Hamiltonian

where the renormalized hopping amplitudes are J, =
Jyand J; = Jy(1 -

. o o
Hegr 1 = Hegr o + i Z(—l)l@a},maz,m
Jm

a1 i + 8] 1. (7

The derivation of Hamiltonian (7) is given in Appendix A and
its schematic representation is given in Fig. 1(b). The J2/w
correction introduces next-nearest-neighbor hopping along x
direction with opposite signs for lattice sites with either even
or odd x-coordinate /. This term does not change the total
complex phase per plaquette, but the unit cell is now doubled
and thus the first Brillouin zone is halved. A similar term
was engineered on purpose in order to implement the Haldane
model [8].

In the next subsection we investigate properties of energy
bands of both effective Hamiltonians, Heff o and Heff 1. We
use the units where /i = 1 and a = 1. Unless otherwise stated,
we set the parameters to the following values: lattice size
100 x 100 sites, hopping amplitudes J, = J, =1=J, and
the driving amplitude ¥ = 0.58w. This value of the driving
amplitude was chosen to be the same as in the experiment
[26]. In order to set the renormalized hopping amplitude
along e, to J, = 1, the initial hopping amplitude has to be
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FIG. 1. Schematic representation of the model. The unit cells
are shaded. (a) Effective Hamiltonian without correction, I:Iefr,o (6).
Vertical links correspond to real hopping amplitudes (along e, direc-
tion), while the horizontal links to the right of lattice sites labeled
A, B, C, and D correspond to complex hopping amplitudes with
phases 37”, T, —7>and —37”, respectively (when hopping from left
to right). (b) Effective Hamiltonian with correction, I:Iefm (7). Red
lines represent positive next-nearest-neighbor hopping amplitudes
(connecting uppercase letters), while the blue lines represent negative
next-nearest-neighbor hopping amplitudes (connecting lowercase
letters). Nearest-neighbor hopping amplitudes are the same as in (a).

J, = V2w /k = 2.44, and the correction term is therefore pro-
portional to J2/w = 5.95/w, so it cannot be safely neglected
unless the driving frequency is very high.

B. Band structure

Momentum-space representations of the effective Hamil-
tonians ﬁeff,() and ﬁeff_], denoted by /}:leff’()(k) and Igeffyl(k),
respectively, are derived in Appendix B. Band structures for
the effective Hamiltonian /Ifleff,() without the J x2 /w correction,
Eq. (B1), as well as for the effective Hamiltonian ﬁeff’l

including the correction term, Eq. (B2), are shown in Fig. 2
for the two values of driving frequencies w = 20 and w = 10.

The Hamiltonian I:Ieff’() is the Harper-Hofstadter Hamilto-
nian for the flux o = 1/4. It has four energy bands, where
the middle two bands touch at £ = 0 and can therefore be
regarded as a single band; see Fig. 2(a). The topological
content of these bands is characterized by the topological
index called the Chern number. The Chern number is the
integral of the Berry curvature [42] over the first Brillouin
zone divided by 27,

1

= — Q,(k) - ds, (8)
27 JrBz

Cn
where n denotes the band number and the Berry curvature
is R,(k) =iVx x (u,(K)|Vklu,(k)), expressed in terms of
eigenstates of the effective Hamiltonian |u,(k)). The Chern
numbers of the three well-separated bands are ¢; = 1, ¢; =
—2,and ¢c3 = 1.

Because the correction from Eq. (7) includes next-nearest-
neighbor hopping terms, the elementary cell in real space
is doubled [see Fig. 1(b)] and, as a consequence, the first
Brillouin zone for the Hamiltonian ”;q,eff,l is reduced by a
factor of 2 compared to ﬁeff’(). There are now eight lattice
sites in the unit cell and eight energy bands, but the number
of gaps depends on the driving frequency. The new bands
touch in pairs, in such a way that there are always maximally
three well-separated bands. When the driving frequency is
high enough, the correction is small and the gaps between
the three bands remain open; see Fig. 2(b). The original band
structure of ?—Aleff,() is recovered in the limit w — oo. The
Berry curvature and the Chern number can be calculated using
the efficient method presented in Ref. [43]. Our calculations
confirm that the Chern numbers of ’;ftef“ are equal to those
of r}:[eff!() (c1 =1, ¢ = -2, and c3 = 1), as long as the gaps
between the energy bands are open. The gaps close when the
driving frequency is too low, see Fig. 2(c), and the Chern
numbers of the subbands can no longer be properly defined.

C. Dynamics of incoherent bosons

We need to take into account a contribution of weak, repul-
sive interactions. Full numerical simulations of an interacting
many-body problem are computationally demanding, so we
need a reasonable, numerically tractable approximation. To
this end we will use the classical field method [44], which

5 T T T
4| 4
3L s
2 I 4
1k -
2ok
Mg
-2
3k
-4
-5
0 w/2 m 3m/2 2m 0 /4 w/2  3m/4 ™ 0 w/4 /2 3m/4 m
(a) Ky (b) w=20 ky () w=10 Ky

FIG. 2. Energy bands of the effective Hamiltonians. (a) ﬁerr,o(k) Eq. (B1), which is without the Jf /w correction term. (b) /}:\leﬂ"](k)
Eq. (B2), which includes the correction term. Driving frequency w = 20; gaps are open. (c) Same as (b), but with w = 10. Gaps are closed.
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belongs to a broader class of truncated Wigner approaches
[45]. This method is similar to the approach used to treat
incoherent light in instantaneous media [46,47], known in
optics as the modal theory.

The underlying idea of the method is to represent the
initial state as an incoherent mixture of coherent states |y),
arm|¥) = Yrm|¥) [44]. This is explained in more detail in
Appendix C. In our study, we sample initial configurations of
these coherent states with

N
(e =0) =) k), ©)
k=1

where ¢, € [0, 27) are random phases and the states |k)
correspond closely to the lowest-band eigenstates of Hgy.
Each of Ngmples initial states is time evolved and physical
variables can be extracted by averaging over an ensemble of
different initial conditions.

The time evolution of each of these coherent states is
governed by

i dWI,m (t)

o = A H/m,ij(t)lﬁi,j(l‘) — Fm iy ()

ij
+ U1m (O Y1 (1), (10)

where Hpp, ;;(t) = {1, m|H )i, J) are matrix elements of
H (1) from Eq. (3), F is the external force, and interactions
U contribute with the last, nonlinear term. Formally, Eq. (10)
takes the form of the Gross-Pitaevskii equation [48-50]. The
performances and limitations of the method are discussed and
reviewed in Ref. [51].

For comparison, we also consider the related time evolu-
tion governed by the effective Hamiltonian

A (1) 5
! wldt :thg,ij%,j(t)—Fm Vi (1)

ij
+ U1 m (O Y1 (1), (11)

where hlefnf” = (l,mlfzeff|i,j), with Aeff being either I:Iefﬂ()
from Eq. (6), or I:Ieff_] from Eq. (7). Equation (11) should
be considered only as a tentative description of the sys-
tem: the mapping between H (1) and H is strictly valid only
in the noninteracting regime and the interaction term may
introduce complex, nonlocal, higher-order corrections [27].
However, we expect their contribution to be small in the limit
U — 0, and for time scales which are not too long [52-55].
In the following we use N,, = 300 modes and accom-
modate N, =300 particles per mode, so in total in the
simulations we have N = N,,N, = 90000 bosons. Typical
densities in real space are up to 100 particles per site and
we choose the values of U in the range U € [0, 0.05]. Other
parameters: J, = J, = 1, kx/w = 0.58, = 10, 20, and F =
0.25J/a. The correction terms are non-negligible in this
frequency range. In practice, we first numerically diagonalize
the Hamiltonian (C2) from Appendix C and set our parameters
in such a way that the lowest N,, modes have high overlap
with the lowest band of the effective model. In the next step,
we sample initial configurations (9). For each of Ngmples =
1000 sets of initial conditions we then time evolve Eq. (10)
and extract quantities of interest by averaging over resulting

TABLE 1. Four different cases: the same effective Hamiltonian
is always used for the initial state and band definitions, either with
or without the correction. The evolution is governed either by the
time-dependent Hamiltonian or by the same effective Hamiltonian
as the one that was used for the initial state and calculation of band
populations.

Case Initial state Band populations Evolution
1 Her Her 1 Her 1
2 Heg, 1 Heg 1 H(t)
3 Her o Her o He o
4 Her o He o H(t)

trajectories. This value of Ngamples is chosen to be high enough,
so that the fluctuations are weak. We present and discuss
results of our numerical simulations in the following sections.

III. NONINTERACTING CASE

We start by addressing the dynamics of noninteracting
bosons. In this case we set U = 0 in Eq. (10) and numerically
solve the single-particle Schrodinger equation without further
approximations. Our aim is to numerically validate and com-
pare the two approximations, Egs. (6) and (7), for the effective
Hamiltonian. To this purpose, we juxtapose results of the
two approximative schemes with the numerically exact results
obtained by considering the full time evolution governed
by H(r). For clarity, the four different time evolutions that
we consider in this section are summarized in Table I. We
calculate the center-of-mass position x(¢) and plot the results
in Fig. 3. In this way we also find the regime of microscopic

55 I,\ T T T |A T T T b
54 H(@) - - - @4 L H(t) - - - (b) ]
53 L Heo —— | Hego ——
Sl Veff,0(t) ----- 1L Yett,0(t) ----: §
8 .
51 - -
50 w =20 7 w =10 N
49 1 1 1 1 1 1 1 1
55 T T T T T T T T
sa b Aw --- O L A --- @
53 L Heff1 —— =2 L off,1 — i
Spg | Vet 1(t) ooz | Yett,1(t) ===+ g
51 i
50 w =20 7

0 10 20 30 40 500 10
t (ms)

20 30 40 50
t (ms)

FIG. 3. Anomalous drift x(z). Dashed purple lines: numerical
simulations using the time-dependent Hamiltonian H (1) (cases 2 and
4 from Table I). Solid green lines: effective Hamiltonians ﬂeﬁ‘_l (©)
and (d) and ﬂeff‘() (a) and (b) (cases 1 and 3). Dotted black lines:
theoretical prediction (14) from yegr 1 (t) OF Ver.o(?). (a) Initial states
and band populations obtained using the effective Hamiltonian Heg o
without the correction (cases 3 and 4). Driving frequency w = 20.
(b) w = 10. (c) Hamiltonian ﬁeﬂ"] with the Jf /w correction (cases 1
and 2). Driving frequency o = 20. (d) w = 10.
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parameters where the Chern-number measurement can be
optimally performed.

First, we consider the basic Harper-Hofstadter Hamiltonian
(6) and select the occupied modes |k) of the initial state (C1)
as eigenstates of the model from Eq. (9) for fzeff = I:Ieff,o. As
explained in the previous section, at the initial moment fy =
0, the confinement is turned off and the force F = —Fe, is
turned on. As a consequence of the applied external force and
the nonzero Chern number of the lowest band of the model
(6), the particles exhibit an anomalous velocity in the direction
perpendicular to the force [56]. In the ideal case, when the
lowest band is fully populated, the theoretical prediction for
the center-of-mass position in the e, direction is [26]

2

2Fa
x(t) = x(to) + ¢y t (12)
wh

where ¢; = 1 is the Chern number (8) of the lowest band.
However, even in the ideal case, due to the sudden quench
of the linear potential, a fraction of particles is transferred to
the higher bands. To take this effect into account, the authors
of Ref. [26] introduced a filling factor y (¢)

y(0) = mi(t) = m(t) + n3(1), 13)

where 1, (¢) are populations of different bands of Hamiltionian
(6) from Eq. (C4) in Appendix C and the plus and minus signs
in Eq. (13) are defined according to the Chern numbers c; =
1, ¢ = —2, and ¢3 = 1. The final theoretical prediction is
then [26]

2Fa* (',
x(1) = x(to) + 1 / y(t)dt'. (14
wh 0

In Fig. 3(a) we consider the anomalous drift for a high
value of the driving frequency w = 20, where we expect
the expansion in 1/w to be reliable. We find an excellent
agreement between the prediction (14) (dotted black line)
and numerical calculation based on I?eff,o (solid green line).
Howeyver, some deviations between the full numerical results
(dashed purple line) and the results of the approximation
scheme (solid green line) are clearly visible. These deviations
are even more pronounced for w = 10, Fig. 3(b).

Now we turn to the effective model (7). In this case we
select the modes of the initial state as eigenstates of Eq. (9)
for hegr = I:Ieff, 1. Moreover, we also consider band populations
(C4) of the same model. In the case when w = 20, Fig. 3(c),
the anomalous drift obtained using the effective Hamiltonian
(7) (solid green line) closely follows the theoretical prediction
(14). Moreover, from the same figure we can see that the
effective Hamiltonian FIeff,] reproduces the behavior of the
time-dependent Hamiltonian very well. All three curves al-
most overlap for intermediate times (5—40 ms); see Fig. 3(c).
We attribute the long-time (>45 ms) deviations to the finite-
size effects introduced by the next-nearest-neighbor hopping
terms, which cause the atomic cloud to reach the edge of
the lattice faster. This effect is explained in more detail in
Sec. IVB.

For a lower driving frequency @ = 10, the effective and the
time-dependent Hamiltonians do not agree so well anymore;
see Fig. 3(d). The finite-size effects can be observed even
earlier in this case (around 25 ms). This happens because the
next-nearest-hopping terms are inversely proportional to the

1
0.8
0.6
-
0.4
0.2 Yeft,0(t) = = = A Veft,1(t) = = =
0 ’Veff,o(t)l— const ----- 'Yef—‘Ll(t)l— const -----
0 10 20 30 40 500 10 20 30 40 50
t (ms) t (ms)

FIG. 4. Time evolution of the filling factor y(¢) for driving
frequency w = 20. Solid purple lines: evolution governed by the
time-dependent Hamiltonian H(t) (cases 2 and 4 from Table I).
Dashed green lines: evolution governed by the effective Hamiltonian
ﬁeffJ or ﬁefﬂ() (cases 1 and 3). Dotted black lines: green lines shifted
in order to compare them with purple lines. Shift is chosen so
that the two lines approximately overlap. (a) Initial states and band
populations obtained using the effective Hamiltonian He o, which is
without the sz /w correction term (cases 3 and 4). (b) Hamiltonian

N

Hr,y which is with the correction term (cases 1 and 2).

driving frequency. It is interesting to note that the prediction
(14) is close to numerical data for short times even in this case
when the gaps of the effective model are closed, see Fig. 2(c),
and the Chern number of the lowest band is not well defined.
In fact, it is surprising that the anomalous drift even exists in
this case, as all subbands are now merged into a single band.
We attribute this effect to our choice of the initial state. When
the gaps are closed, it is hard to set the parameters in such
a way that the lowest band is completely filled. The top of
this band usually remains empty and the particles thus do not
“see” that the gap is closed.

Time evolution of the filling factor y () is plotted in Fig. 4
for four different cases from Table [—evolution using the
effective Hamiltonian without correction I:Ieffy() [Vesr.0(t), case
3, dashed green line in Fig. 4(a)], the effective Hamiltonian
with correction Heff’l [Vefr.1(¢), case 1, dashed green line in
Fig. 4(b)], or the time-dependent Hamiltonian H @) [y@),
cases 2 and 4, solid purple lines]. At the initial moment y (t) =
0) < 1, because the initial state was multiplied by the operator
e 'KO_ This introduces a shift between y(¢) and yes.;(2).
Apart from the shift, these two curves behave similarly, unlike
the yefr,0(#) curve that exhibits completely different behavior.
Because of this, we use only yegr,1(¢) to estimate the value of
the prediction (14).

We find that the values of e 1(¢) for @ = 20 are high:
>0.95; see Fig. 4. For this reason, up to 50 ms the center-of-
mass position x(¢) exhibits roughly linear behavior with some
additional oscillations. Interestingly, the anomalous drift x(¢)
exhibits quadratic behavior on short time scales in all cases
from Fig. 3. In Appendix D, we explain this feature using the
time-dependent perturbation theory and Fermi’s golden rule.

IV. INTERACTING CASE

We now investigate the effects of weak repulsive interac-
tions. We work in the high-frequency regime and set w = 20.
As shown in Sec. II B, for U = 0 the effective Hamiltonian
with correction, ﬁeff,] , is in this case equivalent to the Harper-
Hofstadter Hamiltonian with flux o = 1/4. Moreover, the
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FIG. 5. Effects of interactions. (a) Anomalous drift x(¢) for several different values of the interaction coefficient U. U is given in units
where J = 1. Thick lines: numerical simulations using the time-dependent Hamiltonian H (¢). Thin lines: theoretical prediction (14) from
Yetr,1 (). (b) Corresponding yegr 1 (t) = n1(t) — n2(¢) + n3(t), obtained from simulations using the effective Hamiltonian ﬁeff_].

same approximative form of the full effective model accu-
rately reproduces the behavior of the time-dependent Hamil-
tonian up to 50 ms and thus provides a good starting point for
the study of weakly interacting particles. We first consider the
anomalous drift of the center of mass of the atomic cloud and
then we inspect the expansion dynamics more closely in terms
of atomic density distributions in real and momentum space.

A. Anomalous drift and dynamics of band populations

To simulate the dynamics of many incoherent bosons, we
use the classical field method presented in Sec. IIC and
propagate Eq. (10) in time. We assume that at #; = 0 atoms are
uniformly distributed over the lowest band of ﬁeff’]. For this
reason, the initial state is the same as the one that we use in the
noninteracting regime. In this way, the dynamics is initiated
by an effective triple quench: at 7y = O the confining potential
is turned off, atoms are exposed to the force F = —Fe,, and
also the interactions between particles are introduced. The
total number of particles is set to N = 90 000, which amounts
to approximately 100 particles per lattice site in the central
region of the atomic cloud. We consider only weak repulsion
U <0.05.

The anomalous drift x(¢#) obtained using the full time-
dependent Hamiltonian is shown in Fig. 5(a) for several
different values of the interaction strength U. In comparison
to the noninteracting regime, we find that the weak repulsive
interactions inhibit the response of the center of mass to the
external force. In particular, at + = 50 ms the drift is reduced
by about 15% for U = 0.005 and it is further lowered by an
increase in U. Finally, at U = 0.05, the anomalous drift is
barely discernible. Interestingly, for weak U € (0.001, 0.01)
we find that the drift x(¢) in the range of ¢ € (10, 50) ms
looks “more linear” as a function of time in comparison to
the noninteracting result.

We now analyze the anomalous drift in terms of the filling
factor y(¢) and compare the results of Eq. (10) with the
description based on Eq. (11). By solving Eq. (11) we obtain
the filling factor y.s 1(¢f) following Eq. (C4) and present

our results in Fig. 5(b). Whenever the results of Eq. (10)
reasonably agree with the results obtained from Eq. (11), we
are close to a steady-state regime with only small fluctuations
in the total energy, as Eq. (11) preserves the total energy of
the system. In this regime, during the expansion dynamics
the interaction energy is converted into the kinetic energy and
atoms are transferred to higher bands of the effective model.
Consequently, the filling factor yes 1(¢) is reduced. Typically,
we find three different stages in the decrease of yefr (7).

In an early stage, t < f; = 5 ms, a fast redistribution of
particles over the bands of the effective model sets in due to
the sudden quench of U. The factor y.,1(¢) decays quadrat-
ically as a function of time down to yes () =~ 0.75 for
U = 0.01, and yeg 1 (1) =~ 0.25 for U = 0.05. In this process
the interaction energy of the system is quickly lowered as
described in Appendix E. At later times ¢ > 5 ms, we observe
a linear decay of the filling factor yes 1(f) as a function of
time, that finally turns into an exponential decay at even later
times (¢ > 10 ms). Similar regimes are observed in other dy-
namical systems. For example, a decay rate of an initial state
suddenly coupled to a bath of additional degrees of freedom
exhibits these three stages [57]. The initial quadratic decay is
often denoted as “the Zeno regime.” For longer propagation
times, Fermi’s golden rule predicts the linear decay. At even
longer time scales, when the repopulation of the initial state
is taken into account, the time-dependent perturbation theory
yields the exponential regime, known under the name of the
Wigner-Weisskopf theory [57].

We now investigate this last regime in more detail. For
the population of the lowest band 7, (), an exponential decay
function f(t) = a + be " provides high quality fits for ¢ €
(10, 50) ms; see Fig. 6(a) for an example. Similarly, the pop-
ulations of two higher bands can also be fitted to exponential
functions. The obtained exponential decay coefficients ¢ for
the lowest band population are plotted as a function of the
interaction strength U in Fig. 6(b). The resulting dependence
is approximately quadratic: ¢(U) = ag + a;U + ayU?. For
small values of U, the exponents c(U) obtained for the
dynamics governed by H () and ﬁef“ agree very well and
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FIG. 6. (a) Evolution of the band populations n; (¢). Dashed lines:
numerical results obtained using the time-dependent Hamiltonian
H (1). Solid black lines: exponential fit using f(t) =a + be . The
coefficient a was fixed to a; = 0.25, a, = 0.50, and a; = 0.25 for
the first, second, and third band, respectively. (b) Dependence of the
exponential decay coefficients for the lowest band population 7, ()
on the interaction strength. U is given in units where J = 1.

exhibit linear behavior. At stronger interaction strengths U >
0.03, the approximation of Eq. (11) becomes less accurate as
it omits the quadratic contribution in ¢(U) found in the full
time evolution. In addition, the values of the exponents ¢ are
affected by the force strength F' and driving frequency w.

As we now understand some basic features of yes 1(¢), we
make an explicit comparison between the numerical results
for the anomalous drift and the expectation (14). The dashed
lines in Fig. 5(a) correspond to the theoretical prediction
(14) calculated from yes 1 (¢). For the intermediate interaction
strengths U < 0.01, we find a very good agreement between
the two. From this we conclude that the interaction-induced
transitions of atoms to higher bands are the main cause of the
reduced anomalous drift x(¢) as a function of U. When the
interactions become strong enough (U ~ 0.02), the numerical
results start to deviate from the theoretical prediction (14) with
Vet,1(¢). In this regime, Eq. (11) does not provide a reliable
description of the dynamics, as higher-order corrections need
to be taken into account.

B. Real and momentum-space dynamics

So far we have considered the averaged response of the
whole atomic cloud. We now inspect the expansion dynamics
in a spatially resolved manner. The real-space probability
densities at the initial moment and after 50 ms (75 driving
periods) are shown in Figs. 7 and 8, and the corresponding
momentum-space probability densities in Appendix F.

At the initial moment, the atomic cloud is localized in
the center of the lattice. By setting rp = 20 in the confining
potential of Eq. (C2) and populating the lowest-lying states,
we fix the cloud radius to » = 20, Fig. 7(a). The cloud density
is of the order of 100 atoms per lattice site and a weak density
modulation is visible along x direction. After the confining
potential is turned off, and the external force in the —e,
direction is turned on, the cloud starts to expand and move
in the +e, direction. As shown in the previous subsection,
the band populations and therefore the anomalous drift are
significantly altered by the interaction strength, and this is also
the case with the expansion dynamics; see Figs. 7 and 8.

In the noninteracting case, Fig. 7(b), the atomic cloud
nearly separates into two parts moving in opposite directions

120

(a) t/T =0

H(t)
U=0

0 20 40 60 80 100 0 20 40 60 80 100
z/a z/a

FIG. 7. Real-space density distribution, noninteracting case U =
0. (a) Initial state. (b) After 50 ms (75 driving periods), evolution
using the time-dependent Hamiltonian HA(t). (c) Evolution using
effective Hamiltonian without correction He . (d) Evolution using
effective Hamiltonian with correction ﬁeff, 1.

along x axes (while the center of mass still moves in the +e,
direction). By comparing Fig. 7(c) and Fig. 7(d), we conclude
that this effect stems from the next-nearest-neighbor hopping
along x present in the effective Hamiltonian (7), as it does
not happen in the effective model without the correction term
(6). This type of separation was already observed in Ref. [22],
where the next-nearest-neighbor hopping terms were also
present. When the interactions between particles are included,

H(t)
U =0.01

Heff‘l

U =0.01

0 20 40 60 80 100 0 20 40 60 80 100
z/a z/a

FIG. 8. Real-space density distribution after 50 ms (75 driving
periods), interacting case. U is given in units where J = 1. (a) Evo-
lution using the time-dependent Hamiltonian H(), U =0.01. (b)
Same with U = 0.05. (c) Evolution using the effective Hamiltonian

N

A1, U = 0.01. (d) Same with U = 0.05.
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FIG. 9. Atomic cloud width for different interaction strengths,
evolution using the time-dependent Hamiltonian A (¢). U is given in

units where J = 1. (a) d, = /(x2) — (x)2. (b) d, = /(y?) — (y)2.

this separation is not so prominent [Fig. 8(a), U = 0.01],
and it almost completely disappears when the interactions are
strong enough [Fig. 8(b), U = 0.05]. This is also the case
when the evolution is governed by the effective Hamiltonian

A

Hegr.1; see Figs. 8(c) and 8(d). Atomic cloud widths dy =

Vv (x%) — (x)? during the expansion are plotted in Fig. 9. We
observe a slow expansion of the cloud in y direction, Fig. 9(b),

and much faster expansion along x direction, Fig. 9(a), which
comes about as a consequence of the cloud separation. On top
of this, we observe that the interactions enhance expansion
along y. Surprisingly, the opposite is true for the dynamics
along x. This counterintuitive effect is often labeled as self-
trapping and its basic realization is known for the double-
well potential [58,59]. In brief, strong repulsive interactions
can preserve the density imbalance between the two wells,
as the system cannot release an excess of the interaction
energy. In our case, the situation is slightly more involved
as the cloud splitting is inherent (induced by the corrections
of the ideal effective Hamiltonian). Apart from this, due to
the driving the total energy is not conserved. However, our
numerical results indicate that the interaction energy is slowly
released in the second expansion stage, Fig. 14. Effectively,
in this way the interactions cancel out the contribution of the
next-nearest-neighbor hopping and favor the measurement of
the properties of the model (6). In Fig. 10(a) we show that
deviations between different approximations based on H (1),

I:Ieff’], and [:Ieff’() in the anomalous drift x(¢) nearly vanish at
U =0.01.

Another desirable effect might be that the interactions
make the momentum-space probability density more ho-
mogeneous, see Appendix F, so that the real-space prob-
ability density becomes more localized. We can quantify
momentum-space homogeneity using the inverse participation
ratio R(t) = m, where P;(t) = |;()|? is the probability
that the state ;/f,f is occupied at time ¢f. Minimal value of
the inverse participation ratio (IPR) is 1 and it corresponds
to a completely localized state, while the maximal value is
equal to the total number of states (in our case 10000) and
corresponds to the completely delocalized state, where the
particles have the same probability of being at any quasi-
momentum K. As stated before, the first Brillouin zone of
the lowest band has to be as homogeneously populated as
possible in order to properly measure the lowest band Chern
number. From Fig. 10(b), we see that IPR increases in time
when the interaction coefficient U is large enough, so we
can conclude that the interactions are actually beneficial for
measuring the Chern number, as they can “smooth out” the
momentum-space probability density. In Fig. 10(c) we give
estimates for the Chern number that can be extracted from
our numerical data for different values of U. We find the best
estimate c¢; ~ 0.99 for the intermediate interaction strength
U ~0.01.

C. Staggered detuning
Here we briefly consider the effects of staggered detuning
that was introduced in the experimental study [26] during the
loading and band mapping sequences. This detuning can be
described by an additional term

8
5 2L+ D T (15)
I,m

in the Hamiltonians H (t) and ﬁeff’]. We will ignore the
higher-order [at most O(a%)] corrections that this term intro-
duces to the effective Hamiltonian. Staggered detuning does
not break the symmetry of the effective Hamiltonian I:Ieffyl,
but if é is large enough, it can cause a topological phase

53 — 10000 1.1 : : :
(a) 9980 - (c)
52 b 9960 - D
U =0.01 9940 1 g
51 | . 4 9920 1
N 0 ] % om0\ v L) S
50 Hero = = =4 9880 U =0.000 —— U =0.030 b U = 0.010
Hegg,y wooeee 9860 U=0.005 —— U =0.050 4 08r U = 0.015 1
49 1 1 1 1 9840 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 10 20 30 40 50 60 70 10 20 30 40 50
t (ms) t (ms)

FIG. 10. (a) Comparison of anomalous drifts obtained from evolution using the time-dependent Hamiltonian H(t) (solid purple line),
effective Hamiltonian without correction I:Ieffv() (dashed green line) and effective Hamiltonian with correction ﬁeff_. (dotted black line).
Intermediate interaction strength U = 0.01. U is given in units where J = 1. (b) Time evolution of the inverse participation ratio in momentum
space for several different values of U. Evolution is performed using the time-dependent Hamiltonian A (¢). When the interactions are strong
enough, IPR approaches the maximal possible value (10000 in this case), which is equal to the total number of states and corresponds to the
completely delocalized state. U is given in units where J = 1. (c) Chern number of the lowest band obtained for different interaction strengths

as the ratio of the theoretical prediction for the anomalous drift and numerical results: ¢,(¢) = % fot Verr1 (t)dt")/[x(t) — x(8p)].
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FIG. 11. Lowest band Chern numbers extracted from numerical
data for several different values of detuning 8. Purple circles: non-
interacting case, U = 0. Green triangles: U = 0.01. Blue squares:
theoretical values of the lowest band Chern number ¢]. A topological
phase transition is visible at §, &~ 1.38. The lines between points are
only a guide to the eye.

transition and make all bands topologically trivial. By numer-
ically calculating the Berry curvature and Chern numbers ¢},
we find that this transition occurs at §. ~ 1.38 J; see Fig. 11.
This value is lower than the one for the ordinary Harper-
Hofstadter Hamiltonian for « = 1/4, which is §. = 2 J [26],
due to the different hopping amplitudes J; and Jy’,, and due to

the additional J?/w correction that we consider.

We now investigate how this topological transition can be
probed through the dynamical protocol used in the exper-
iment. We again numerically calculate the anomalous drift
and the evolution of the filling factor, but now with staggered
detuning (15) included in the Hamiltonian ﬁmmal (C2) used
to obtain the initial state, in the equations of motion (10) and
(11), and in the definitions of the band populations #;(¢) (C4).
Using these results, we repeat the procedure for the extraction
of the lowest band Chern number from numerical data that
was carried out in the previous section. The Chern number
obtained by comparing the anomalous drift to the prediction
calculated from the filling factor is then averaged over the
time interval ¢t € (20,40) ms. This interval was chosen in
order to avoid the initial quadratic regime and the finite-
size effects at later times. The resulting lowest band Chern
numbers for several different values of detuning § in both the
noninteracting case and the case of intermediate interaction
strength U = 0.01 are presented in Fig. 11.

We can see that the calculated value of the Chern number
decreases from ¢; =1 to ¢; =0 with increasing detuning
6. The obtained value of the Chern number is lower than 1
even before the phase transition occurs. This is due to our
choice of the initial state, which is not perfectly homogeneous
in momentum space. Close to the phase transition, both the
energy bands and the Berry curvature have pronounced peaks
at the same regions of the first Brillouin zone, and these
regions are initially less populated. Because of this, the Berry
curvature at these regions contributes less to the anomalous
drift, which lowers the measured Chern number. This effect is

somewhat reduced by the interactions, as they smooth out the
momentum-space probability density, and might also cancel
out the detuning term. Similar interplay of interactions and
staggering was observed in the fermionic Hofstadter-Hubbard
model [60]. The obtained results are in line with experimental
measurements [26].

V. CONCLUSIONS

Motivated by the recent experimental results reporting the
Chern numbers of topological bands in cold-atom setups,
we studied numerically bosonic transport in a driven optical
lattice. The considered driving scheme and the range of micro-
scopic parameters were chosen to be close to those in a recent
experimental study [26]. The driving frequency was set to be
high enough in order to avoid strong energy absorption for the
relevant time scales. Additionally, the system was restricted to
a two-dimensional lattice, even though the actual experimen-
tal setup had continuous transverse degrees of freedom. This
restriction stabilizes the system [29,31,41] and leads to lower
heating rates than those in the experiment. It corresponds to
the case of strongly confined third dimension.

We investigated bosonic dynamics for the full time-
dependent Hamiltonian, the effective Floquet Hamiltonian,
and included the effects of weak repulsive interactions be-
tween atoms using the mean-field approximation. In the non-
interacting case, we found that the effective Hamiltonian and
its band structure depend on the frequency of the drive w
through an additional J?/w correction term. The initial state
was set as a mixture of incoherent bosons homogeneously
populating the lowest band, but a possible direction of future
research could be to simulate the full loading sequence of an
initial Bose-Einstein condensate and to try to obtain the inco-
herent state through driving, as it was done in the experiment.

The main focus of this work is on the effects of weak in-
teractions. For a weak atomic repulsion, atomic transitions to
higher effective bands obtained in our simulations mainly oc-
cur due to a release of the initial interaction energy during the
atomic-cloud expansion. Although the effect is undesirable,
it can be properly taken into account in the extraction of the
Chern number. At larger interaction strengths, the transitions
are more pronounced as the system absorbs energy from the
drive. In this regime the good agreement between the full and
effective description is lost and the measurement should be-
come more complicated. In addition to causing redistribution
of atoms over bands, our results show that weak interactions
can also be beneficial in measuring the Chern number. Their
desirable effect comes about due to smoothening the atomic
distribution over the topological band and due to canceling
out the contribution of some less relevant terms to the bosonic
dynamics.
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APPENDIX A: EFFECTIVE MODEL

After a unitary transformation into the rotating frame V=
e~ Wiy where ¥ and ¢ are the old and the new wave
functions, and W is the staggered potential, the new time-
dependent Hamiltonian that describes the experimental setup
is given by [26]

- N R U
) = 1y Y@ i + 8 1)+ VD VDT 2Ny G 1), (A1)
I,m I,m
where
VD = k/2> g Uom) = Jo > @y lim +al_y am). (A2)
Im loddsm
VD = k/2> mg Uom) = Je D (@l lim + 8]y y1m), (A3)
Lm Leven»m
g(l,m) = cos(Im /2 — 1w /4)e! @72 L cos(Im /2 + 1 /4)e T /2 b=/ (A4)
The kick operator is given by
N | . ‘ 1
K(t) = —(VEDelr — yhemion) 4 0(—2> (AS)
LW w
and the effective Hamiltonian by
. N T . 1. NI . NI 1
Hyr = Hy +—[VHD, VOV 4+ —— VY, Hol, VEPT+IVED, Hol, VDY) +0(—3). (A6)
—_ W 2w W

7y (0)
Her am
eff

o)
Heff

If we assume that the driving frequency is high and interactions are weak, the interaction term and almost all O(ﬁ) terms
can be neglected. After substituting Egs. (A1), (A2), and (A3) into Eq. (A6) we obtain

7y (0 N . 4 )
He(ff) =" Jy Z(a;,mJﬁlal*m + all,mflal,m), (A7)
l,m
A 1|«
¥ = ol a g A
Hy = > |:§ ;ﬂ:al!maz,mg(l, m)— J, lz;n(alﬂ’mal’m + a171,mal,m),
’ odd»
(A8)
£ 7 a a a A ~ ’y e A A
_ Za;mal,mg*(l, m) - Jx Z ([llT_H mm + CllT_l mal'm)i| = Hl + [{2 + I_[3 + H4.
2 ’ ; :
Lm Leven,m
We will now separately calculate each term:
N JiK " A 4 R G
H =-— % Z g, m/)[al+],ma1,m + )y w4y
loga,m,l’,m’
Jik R R ) )
- 2" Z (g™ m) — g™ + 1, m))alT+1,mal-,m +(g"U,m)—g"(l -1, m))alj[q,mal,m], (A9)
@ loda,m
~ Jik o A X o A
H2 = — 2o I ;/ y g(l/, m’)[al,’m,al/’m/, a1+1,mal,m =+ alfl,mal,m]
Jik . R A )
=5 D M@Um) = g+ Lm)afy, i+ (@U.m) = g = Lm)a]_, 1,0 (A10)
Leven .
R L L ) ) )
H3 = = Z [a11—+1,malam + a;—lymal,ms a;+1,mlal’,m’ + a;_lym,al,’m,]
@ lodd s, Lo 1
J? . ) . X R R L p ) ) )
= Z (Zaltr]-mal""]’m + alTwLB,mal‘me + alel,mal-H,m - 2alJr,mal,m - al|+2,mal.m - a[T—Z,mal,m)
@ logd,m
S Looat & AT A AT A
= ;x Z(—l) (24 ,01m + Q)1 o i + 8y 5 Q1m),s (Al1)

I,m
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2
N K P
o=t 3 gomg @Al i 8] ) = 0. (A12)
Lm,l'\m'
Using trigonometric identities and
g(l,m)—g(l £1,m) =+ 2(sin[(2] £ 1 — /41! T4/ 4 sin[(21 + 1 + 1) /4)e' "7 /23719, (A13)
we can rewrite the sum of terms (A9) and (A10) in a more convenient form:
N A Je . . .
Hl —+ H2 :_K Z(el[(,7171)71/27”/4]&I.r’m&lfl,m + e*l[(mflf1)ﬂ/27ﬂ/4]&im&l+l’m)' (A14)
I,m
The only 0(%) (Fle(fzf)) term that cannot be neglected in the parameter range that we use is [26]
J, k? o . . .
S 2 @@ + 0 ). (A15)
l,m

Finally, the effective Hamiltonian becomes

A Jk i[(m—1—1)7/2—7 /4] A A —ilm=Dr2—m/8 AT A 1«2 P BN JS BN
Her1 = _\/Xiw Z(ez[(m I-Dr/2—m/ ]a;+1’l71a17’n + e ilm=bm/2=m/ ]azj_],mal,m) —J(1- 33 Z(a[j’mﬁ-]al,m + all,m—lal,m)
I I,m

(A16)

sz linat ~ AT N AT 5
+ D =0 Q@af a8 im + &y 1), (A17)

I,m

Jik

with the renormalized nearest-neighbor hopping amplitudes J; = N

J, and J)’, =J,(1- %'Q‘Tz ), and a next-nearest-neighbor

along e, hopping term proportional to % in (A17).

APPENDIX B: EFFECTIVE HAMILTONIAN IN MOMENTUM SPACE

If we choose the unit cell as in Fig. 1(a) [lattice sites A = (1, 0),B=(2,0),C=3,0), and D = (4, 0)], the momentum-space
representation of the effective Hamiltonian without correction Heg o (6) is given by a 4 x 4 matrix

0 J;efi%” _ J§efik~Rz 0 J;e—i%”fik-R] _ J.‘/veik-(szkl)
. J;ei% - J)/,e“"R2 0 J;e_i% — J;,e_“"R2 0
Fmol) = 0 1T — Tk 0 st = g TPV
J;ei%Jrik-R] _ J){eik-(RI—Rz) 0 J;eﬂ% _ Jy/eik-Rz 0

where R; and R, are the lattice vectors R; = (4, 0) and R, = (1, 1) and Kk is in the first Brillouin zone, which is given by the

reciprocal lattice vectors by = 7(1, —1) and by = 27 (0, 1).

When the § correction is included in the effective Hamiltonian, I:Ieﬁ;l (7), the unit cell is doubled, see Fig. 1(b), and the first

Brillouin zone is therefore halved. If we now choose the lattice sites a = (1,0), B=(2,0),c =(3,0),D=(4,0), A = (2, 1),
b=(3,1),C=(4,1),and d = (5, 1) for the unit cell, the momentum-space representation of the effective Hamiltonian will be

an 8 x 8 matrix

2 ;3 2 . (3 . .
25 ;=i Ji ik-R 1 ,—i(7F —k-Rp) 7 ,ik-R / ,ikR
- Jied =240y Jlehd 0 —Jje R 0 —J e R
3 2 oz 2 . .
e 2J5 7 =i Ji ik-R; . _ g/ ,ikRy
Jie'd = Je'4 “(l+e ) J5 0 Jie 0
J2 _ikR s 22 s / /iR
—=(l+e 1) Jie'x -k Joe'4 0 -J; 0 —Je' R
7 e CE—kR)) !3(1+ ik Ry ) Je i % 27} _ J/ o—ikR|—Rp) 0 _J 0
N x€ ® ¢ x€ w )‘e ¥
Hetr,1 (k) = R s s s
_ 7/ ,ik-(R|—Ry) 2J; s =i J. ik-R 7 ,—i(ZE—k-Rp)
0 0 0 Jye® 1R == Jie 4 (14 ™R Jie "4
3 2 2 -
_ 7/ ,—ikRy o /i _2¢ ;=i _ i ik-R
Jye 2 0 J5 0 Jie' T =x Je'4 (1451
) 2 . T 2 T
/ ,—ik-R ’ I3 —ikR 1o 2y 1o
0 —Je 2 0 —J S (+e 1) Jie'd = Jie'd
L3 2 . x 2
1/ —ikR gy —ikR /i —k-R)) _ Ui —ik-R 1, E _ Wy
Jye 1 0 Jye 2 0 Jiea ~(1+e 1) Je ' % -
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FIG. 12. Eight energy subbands of 7:[eff,1 (k) for the driving frequency w = 20. Subbands 1 and 2 form the lowest band with Chern number

¢y = 1, subbands 3, 4, 5, and 6 form the middle band with ¢, =

with the lattice vectors Ry = (4,0) and R, = (2,2). The
reciprocal lattice vectors are then by = Z(1, —1) and b, =
(0, 1).

The energy bands of ﬁeff’ 1 (k) are shown in Figs. 2 and 12.

APPENDIX C: DESCRIPTION OF INCOHERENT BOSONS

In a typical condensed-matter system constituent particles
are electrons. Due to their fermionic statistics, at low enough
temperatures, and with Fermi energy above the lowest band,
that band of the topological model is uniformly occupied,
and consequently the transverse Hall conductivity can be
expressed in terms of the Chern number (8) [10]. In con-
trast, weakly interacting bosons in equilibrium form a Bose-
Einstein condensate in the band minima and only probe the
local Berry curvature [21].

Yet in the experiment [26] the Chern number was suc-
cessfully measured using bosonic atoms of 8’Rb. This was
possible because in the process of ramping up the drive (4),
the initial Bose-Einstein condensate was transferred into an
incoherent bosonic mixture. Conveniently, it turned out that
the bosonic distribution over the states of the lowest band
of the effective Floquet Hamiltonian was nearly uniform.
Motivated by the experimental procedure, we model the initial

—2, and subbands 7 and 8 form the highest band with ¢ = 1.

bosonic state by a statistical matrix

p(t =0) (ChH

Nm
=[] 1k Np)tk, N, I,
k=1

where the states |k) = a}ilO) approximately correspond to the
lowest-band eigenstates of H. and each of these N,, states is
occupied by N, atoms |k, N,) = J\/(a,i)Nﬁ |0).

A procedure for selecting the states |k) is described in
Refs. [22,26]. In order to probe the Chern number of the low-
est band, the states |k) should correspond closely to the
lowest-band eigenstates of FIeff. At the same time, in the
experiment in the initial moment the atomic cloud is spatially
localized. According to Refs. [22,26] the optimal approach is
to consider a steep confining potential and to use the low-lying

eigenstates of
¢
N ~off r
Hinitial = h*" + (—) ,
ro

where in our calculations h is either H.o from Eq. (6)
or Heg from Eq. (7) and the parameters of the confining
potential are set to ryp = 20, ¢ = 20.

(C2)
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FIG. 13. Population in higher bands, comparison of numerical results (solid line) with the Fermi’s golden rule in the first and second
approximation (dashed lines). Band populations are calculated for an initial BEC in an eigenstate of the effective Hamiltonian and then
averaged over (approximately) all states in the first band. (a) Initial state and evolution from the effective Hamiltonian with correction [-Aleffil,

Eq. (7). (b) Without the correction, Fleffy(), Eq. (6).

The dynamics of the initial state (C1) is induced by a
double quench: at #y = 0 the atomic cloud is released from
the confining potential and exposed to a uniform force of
intensity F along the y direction. During the whole procedure
the driving providing the laser-assisted tunneling, defined in
Eq. (4), is running.

The main observables of interest are the center-of-mass
position along x direction

Mm=<2waaW> (C3)
I,m
and the population of the ith band of the effective model
2
m0)=< > }:aﬁwmu>>, (C4)
lkyeith band | 1,m

where the states [k) = >, , af |1, m) correspond to the eigen-
states of the effective model. Here, angle brackets () denote
averaging over Ngmples Sets of initial conditions.

In the case of noninteracting particles, these and other
quantities can be numerically accessed by solving the single-
particle time-dependent Schrédinger equation for N, differ-
ent initial states |k). This is equivalent to sampling the initial
state according to Eq. (9).

In the end, we give two technical remarks. First, all our
calculations are done in the rotating frame; see Eq. (Al) in
Appendix A. The staggered potential (2) is removed in this
way. Second, in the case when the evolution is governed by
the time-dependent Hamiltqnian (10), the initial state is mul-
tiplied by the operator e~'%(® in order to properly compare
these results to the ones obtained from the evolution governed
by the effective Hamiltonian (11); see Eq. (5).

APPENDIX D: INITIAL QUADRATIC REGIME

For simplicity, we will consider only the case without
the confining potential and with very weak force F = 0.01.

The initial state is a Bose-Einstein condensate in one of the
eigenstates of the effective Hamiltonian. The results are later
averaged over all first band eigenstates.

Fermi’s golden rule predicts that the probability for transi-
tion from an initial state ¥; to a final state ¥, induced by
a perturbation AH, is proportional to the square of matrix
elements |(w,-|AI-AI |1pf)|2. In this case, the perturbation is
AH = F$.1If we assume that the probability of a particle be-
ing in the initial state is always P;(¢) = |y;(¢)|> ~ 1, Fermi’s
golden rule predicts [61]

PFGRi

i~ f

1 Y 2.2
(1) = ﬁl(lﬁilAHllﬁf)l . (D)

If we now also consider transitions from the other states to
the initial state, but keep the assumption that the populations
in other states are small P;;(t) = hﬁj;ﬁ[(f”z « 1, the time-
dependent perturbation theory then predicts [61]

_r E—E _r
1 —2e 2! cos (th) + e Rt

(Ef —E*+ 5

PO (1) = || AR | f)?

(D2)

where I" = 27”|(i|AI-AI|f)|2 and E; (Ey) is the energy of the
initial (final) state.

We plot the numerical results and both theoretical predic-
tions from Fermi’s golden rule in Fig. 13. Here we can see
that all three curves agree well for short times, the second
approximation longer remains close to the numerical results,
and that the initial quadratic regime is reproduced by theory.
This is the so-called quantum Zeno regime [57].

APPENDIX E: ENERGY

Time evolution of kinetic and interaction energy per par-
ticle for different interaction strengths is plotted in Fig. 14.
Here we define the kinetic energy per particle as the expec-
tation value of the time-dependent Hamiltonian (A1) divided
by the total number of particles Ey,(¢) = %(Zl’m,i’j 1o (1)
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FIG. 14. (a) Kinetic energy per particle (expectation value of the time-dependent Hamiltonian Ey,(¢) = %(Zz,m,i, ; Y (@)
Hyyy i ()Y (1)) divided by the total number of particles N) for several different interaction strengths. (b) Interaction energy per particle

Einc(t) = 50> 0 W1m O FP 1w (@) — 11). U is given in units where J = 1.

Hip,ij (1), j(¢)), while the interaction energy per particle

is Ein(t) = % 520 [Wim OPI¥1m(0]> — 11). Both ener-
gies grow with increasing interaction coefficient U.

When the interactions are strong enough and after long
enough time, the atoms become equally distributed between
the eigenstates of the Hamiltonian H(¢). As the energy
spectrum of H () is symmetric around zero, the expectation
value of H () (kinetic energy) should be zero when all
bands are equally populated. We can see this in Fig. 14(a),
where the kinetic energy approaches zero at  ~ 50 ms for the
case U = 0.05.

The interaction energy at first rapidly decreases, as the
cloud rapidly expands after turning off the confinement

/2

§7ﬂ4

0
/2

0
—7/2 0

3m/2

2 —m/2

potential Vconf, and after that continues to slowly decrease as
the cloud slowly expands; see Fig. 14(b).

These considerations also provide a possibility to discuss
the applicability of the approximative method introduced in
Sec. IV. As we work in the regime of high frequency w =
20, we find that for weak interaction, at short enough times
of propagation, the energy is approximately conserved. At
stronger values of U > 0.01 we observe a slow increase in
the total energy on the considered time scales. In both cases
we do not find the onset of parametric instabilities [31]. If
present, these instabilities are signaled by an order of magni-
tude increase in energy on a short time scale, that we do not
find.
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FIG. 15. Momentum-space density distribution in all bands, 7, (k) 4+ 17,(k) 4+ n3(k). U is given in units where J = 1. Left: evolution using
the time-dependent Hamiltonian ﬁeff,]. Right: evolution using the time-dependent Hamiltonian H(1). (a), (b) Initial state. (c), (d) Final state
after 50 ms (75 driving periods), noninteracting case U = 0. (e), (f) U = 0.01. (g), (h) U = 0.05.
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In addition, the two-body interaction can deplete the occu-
pancies of initial coherent modes [29,41] and limit the validity
of our approach. In principle, these types of processes can be
addressed by including quantum fluctuations along the lines
of the full truncated Wigner approach [45]. Yet, we set our
parameters in such a way that these additional contributions
are small.

APPENDIX F: MOMENTUM-SPACE DENSITY
DISTRIBUTION

The momentum-space probability densities at the initial
moment and after 75 driving periods (50 ms) are shown in
Fig. 15. The interactions deplete the lowest band, but also
smooth out the density distribution.
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Abstract

We test numerically the recently proposed linear relationship between the
scale-invariant period Ts; = T|E |3/ 2, and the topology of an orbit, on several
hundred planar Newtonian periodic three-body orbits. Here T is the period of
an orbit, E'is its energy, so that T is the scale-invariant period, or, equivalently,
the period at unit energy |E| = 1. All of these orbits have vanishing angular
momentum and pass through a linear, equidistant configuration at least once.
Such orbits are classified in ten algebraically well-defined sequences. Orbits
in each sequence follow an approximate linear dependence of T; , albeit with
slightly different slopes and intercepts. The orbit with the shortest period in
its sequence is called the ‘progenitor’: six distinct orbits are the progenitors of
these ten sequences. We have studied linear stability of these orbits, with the
result that 21 orbits are linearly stable, which includes all of the progenitors.
This is consistent with the Birkhoff—Lewis theorem, which implies existence
of infinitely many periodic orbits for each stable progenitor, and in this way
explains the existence and ensures infinite extension of each sequence.

> Author to whom any correspondence should be addressed.

1751-8121/18/315101+20$33.00 © 2018 IOP Publishing Ltd Printed in the UK 1


https://orcid.org/0000-0003-0192-921X
mailto:dmitrasin@ipb.ac.rs
http://crossmark.crossref.org/dialog/?doi=10.1088/1751-8121/aaca41&domain=pdf&date_stamp=2018-06-22
publisher-id
doi
https://doi.org/10.1088/1751-8121/aaca41

J. Phys. A: Math. Theor. 51 (2018) 315101 V DmitraSinovic¢ et al

Keywords: celestial mechanics, three-body systems in Newtonian gravity,
nonlinear dynamics and chaos

Supplementary material for this article is available online

(Some figures may appear in colour only in the online journal)

1. Introduction

There is no general solution to the Newtonian three-body problem [1], so particular solutions,
such as periodic orbits, are of special interest. Up until five years ago, only three topologically
distinct families of periodic orbits were known [2-5], with the latest two discoveries being
received with some fanfare. No theorem guaranteeing the existence of further periodic solu-
tions was known at the time. Indeed contradictory claims [6], and counterclaims [7] in the
1950s and 1960s led to some confusion, which was (only partially) resolved by subsequent
numerical discoveries—the corresponding formal existence proofs for these orbits are still
being sought, and only in a few rare examples, have been supplied—for a brief history of this
problem up to mid 1970’s see section 1° in Broucke [8], and for subsequent developments,
see section [ in [9].

The questions of existence, density and distribution of stable orbits is of some importance
for astronomy: stable orbits have at least a fighting chance of being produced in astrophysi-
cal processes and, therefore, of being subsequently observed. These questions can only be
addressed by explicit discovery, or construction of new stable orbits’. Therefore any reliable
new source of information about periodic orbits, even if it is (only) empirical and incomplete,
ought to be welcomed by the community and subjected to further tests.

Several hundred demonstrably distinct families of periodic orbits have been found by
numerical means over the past few years [9—14]. This progress in numerical studies has led to a
new, wholly unexpected insight into the distribution of periodic orbits, that was, at first, rather
tentative: soon after the papers [5, 10] appeared a relationship between an orbit’s period and its
topology was observed—at first just in one class of orbits [10], and then more generally [15].
The initial set of orbits was fairly ‘sparse’, consisting of only about 45 orbits, so the observed
regularities had large gulfs yet to be filled. In the meantime we have continued our search for
new orbits, as well as tests of their stability, amounting to more than 200 orbits, this time with a
clear indication that their number grows without bounds as the scale-invariant period increases,
and still following the linear dependence of an orbit’s period on its topology [9].

Here we present a new, detailed numerical test of the previously observed regularities,
based on more than 200 orbits, as well as several new regularities regarding (probably) infi-
nite sequences of orbits. Moreover, we present a semi-empirical observation about the rela-
tion between stability of certain orbits and the existence of infinite sets of periodic orbits, as

% ‘However, the existence of periodic solutions for the general three-body problem has been considered a somewhat
controversial question in the last few years. Verni¢ (1953) has published a detailed study containing a mathemati-
cal proof of the non-existence of periodic solutions other than the Lagrange solutions. Later it is seen that Merman
(1956) and Leimanis (1958) have questioned Verni¢’s non-existence proof. More recently Arenstorf (1967) has pub-
lished a new existence proof for periodic solutions of the general problem, although his work contains no examples,
whereas Kolenkiewicz and Carpenter have numerically computed a periodic solution with masses and configuration
of the Sun—Earth—-Moon system. Jefferys and Moser (1966) have also published existence proofs for almost periodic
solutions in the three-dimensional case. However, the most convincing explicit examples of periodic solutions

have recently been obtained numerically by Szebehely and Standish (1969), and Peters (1967). Their publications
definitely settle the question of whether the general problem has non-trivial periodic solutions, although all of their
examples are rather specialized; i.e. collision orbits or zero total angular momentum orbits’.

7 Only roughly one out of ten of the newly discovered orbits are linearly stable [9, 14].
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related by the Birkhoff-Lewis theorem [16], as well as some analytic arguments about the
causes of the linear relation between the period and topology, that still remain without rigor-
ous proofs. These arguments have evolved from the study [44] of the three-body system in
the so-called strong Jacobi—Poincaré potential, which system is simpler than the Newtonian
one, and therefore allows certain theorems about the existence of solutions to be proven and
analytical arguments to be made. The extension of these analytic arguments to the Newtonian
three-body system may seem straightforward at first, but a closer inspection might prove more
complicated. We have tried and pointed out lacunae in our arguments, in the hope that experts
will either complete the proofs, or definitely disprove the conjectures.

If our numerical and empirical arguments withstand a more rigorous mathematical scru-
tiny, they should have: (1) significant implications for the distribution of periodic three-body
orbits in all homogeneous potentials with singularities at the two-body collision points: at
least one such potential (the Coulomb one) is of direct physical interest; and (2) ready gener-
alizations for 4-, 5-, ... n-body periodic orbits in the Newtonian potential.

Inthis paper, after the present Introduction, in section 2 we provide the necessary preliminaries
for our work. Then in section 3 we provide more than 200 periodic zero-angular-momentum
orbits and identify their topologies using two integers, n,, and #,,, defined in section 2. There
we test their T; versus (n,, + 7, ) relationship(s) and refine the quasi-linear rule, equation (2),
by classifying the new orbits into ten algebraically well-defined sequences. In section 4 we
study the linear stability of three-body orbits, which leads us to the identification of six orbits
as progenitors of ten sequences of orbits. There, we offer a possible explanation for the exist-
ence of infinitely many orbits in each sequence, in terms of the Birkhoff-Lewis theorem,
which we do not prove in this case, however. In section 5 we offer a possible explanation of the
observed linear regularities, using the virial theorem and the analyticity of the action. Finally,
in section 6 we summarize and discuss our results, as well as present some open questions.
Appendices A-E are devoted to various necessary technical topics, that would distract the flow
of our arguments, if they were kept in the main text.

2. Preliminaries: topology and period of periodic three-body orbits

For a quantitative relationship between topology and period to be possible one has to have an
algebraic method for the description of an orbit’s topology. There are several such methods in
the literature, variously based on the braid group B, [2], on the free group F, on two elements
[17], and on three symbols [18], see appendices B and C.

The original discovery of the linear relationship between period and topology was based on
Montgomery’s free group method [17], which was used to identify and label periodic orbits.

The topology of a periodic three-body orbit O can be algebraically described by a finite
sequence of symbols, e.g. letters (a,b) and (A, B), that we shall call ‘word’ wo®, as defined in
[17], and presented in detail in [19], and briefly reviewed in appendix B. For an alternative
method of assigning symbols to a topology, see appendix C.

With such an algebraic description one could, for the first time, search for relations between
topological and dynamical properties of orbits. At first, the curious approximate linear func-
tional relation

Tsi (

TS.].(

wh) _ TORIEWP?
ws) — T(wg)|E(wg)]¥/2 k=123,. |, (1)

8 More precisely, the conjugacy class of the free group element.
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was noticed between the periods 7, energies E and the free-group elements wg = (ab)(AB)
for the figure-eight orbit [3] and their topological-power satellite orbits with topologies
wk = [(ab)(AB))", (k =1,2,3,---). We define ‘topological-power satellite’ orbits as those
whose topologies can be described as k times repeated topology, i.e. integer powers w* of
the simplest (‘progenitor’) orbit described by the word w [10]. Here ~ means equality within
the estimated numerical precision of [10]. In the meantime, with improved numerics, several
cases have been found where this relation breaks down at higher decimal places.

Initially, only the ‘topological-power satellites’ of the figure-eight orbit were known’, but,
in the meantime new examples of topological-power satellites'? have been found to obey equa-
tion (1) within their respective numerical errors. This naturally raises the question: why do
only some orbits have topological-power satellites and not others? We shall argue below that
the linear stability of the shortest-period (‘progenitor’) orbit plays a crucial role in this regard.

Following this observation, [15] investigated all of the 45 orbits known at the time and not
just the topological-power satellites, and observed the following more general'! quasi-linear
relation

Ts.i. (W) ~ Nw o ny + ﬁw

Ti(wp) ~ Nu, oy, + 0y, @)

for three-body orbits with zero angular momentum. Here N,, = n,, + 7,, is one half of the
minimal total number of letters'?, in the free group element w = w(Q) characterizing the
(family of) orbit O, and similarly for w, = w(progenitor), the word describing the progeni-
tor orbit in a sequence, where n,, is the number n,, = %
My = %(nA + np) is the number of capital letters A, or B.

Equation (2) suggested ‘at least four and at most six’ distinct sequences among the 45
orbits considered in [15]. Precise algebraic definitions of these sequences, analogous to the
definition w* of the topological-power satellites, were not known at the time, again due to the
dearth of distinct orbits!3. This clearly demanded further, finer searches to be made.

Equation (2) predicts (infinitely) many new, as yet unobserved orbits together with their
periods; if true, even approximately, equation (2) would be a spectacular new and unexpected
property of three-body orbits, that would open new insights into the Newtonian three-body
problem, as well as provide help in practical searches to find new orbits. Therefore equa-
tion (2) merits a thorough investigation, which we shall attempt below. The scope, of course,
is limited by the number and type of available orbits.

(na + ny), of small letters a, or b, and

3. Classification of orbits in sequences

Using equation (2) we predicted the periods and numbers of letters of new orbits, and then
searched for them, with the results first reported in [9]. We did so by first identifying the
linearly stable orbits among the original 13 orbits, and then by ‘zooming in’ our search on

smaller windows around the stable orbits. Thus we found new periodic orbits that have ‘filled’
° With one exception: the yarn orbit Wyam = (babABabaBA)® = wfnolh » Where wiom 1 = babABabaBA in [5].

1OE.g. of the ‘moth I” orbit, as well as several topological-power satellites of three other orbits, see [9, 20, 39].

1 Equation (1) is manifestly a special case of equation (2).

12 Here, by ‘minimal total number of letters’ we mean the number of letters after all pairs of adjacent identical small
and capital letters, such as aA, have been eliminated, as explained in [9].

13 Many distinct satellite orbits’ points almost overlapped on the Ty; — N,, graph, due to identical values of N,, and
similar periods, which further reduced the number of distinct data points. Moreover, there were significant ‘gaps’
between the data points, as well as one ‘outlier point’ (orbit), in figure 1 in [15], that was roughly 8% off the conjec-
tured straight line.
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Figure 1. (a) Left panel: the scale-invariant periods IEP*?T(w) of more than 200
presently known zero-angular-momentum three-body orbits versus one half of the
number of all letters in the free-group word w describing the orbit, N,, = n,, + 7,
where n,, is the number of small letters a, or b, and 7,, is the number of capital letters
A, or B in the word w. (b) Right panel: same as (a), only in terms of the number of
symbols n153 in the sequence of symbols (1,2,3) describing the topology of the orbit,
see appendix C. Color code: (1) red = sequence I—butterfly I; (2) green = sequence
II—dragonfly; (3) dark blue = sequence III—yin-yang; (4) pink = sequence IVa—
moth I; (5) light blue = sequence [Vb—butterfly III; (6) yellow = sequence IVc—
moth III; (7) black = sequence V—figure-eight; (8) orange = sequence VI—yarn; (9)
grey = sequence VII—moth; (10) empty circles = other.
Table 1. Typical (non-minimal) free group elements’ w structure for orbits in various
sequences, their progenitors, the line parameters cy, ¢;, where the T; (N,,) dependence
is fitted as f(x) = ci1x + ¢2. Not all words w(n;) in any particular sequence need have
the presented structure, however, see supplementary notes.
Sequence
number and
name Free group elementw(n) progenitor ¢ 1)
Ibutterfly I (n,n) (AB)?(abaBAB)"(ab)?(ABAbab)" Schubart 9.957 +0.011 —02+02
IT dragonfly bA(baBA)"aB(abAB)" isosceles 9.194 + 0.004 0.04 £ 0.06
(n,n)
I yin-yang (abaBAB)"a(babABA)"A S-orbit 9.8667 + 0.0003  0.002 £ 0.004
(n.n)
IVamoth I (abAB)"A(baBA)"B moth | 9.34 + 0.06 0.7£0.7
(n,n+1)
IVDb butterfly IIl  [(ab)?(AB)?)"b[(ba)?(BA)*]"a butterfly Il 9.967 £+ 0.012 —-03+03
(n,n+1)
IVc moth IIT (babABA)"A(abaBAB)"B Schubart 9.94 £0.04 -12+0.7
(n,n+1)
V figure-eight (abAB)" figure-8 9.2377 +£0.0014 —0.03 £0.02
(n.n)
VImoth [—yarn [(abAB)A(baBA)B]" moth I 9.683 + 0.002 0.01 +0.02
(2n,3n)
Vlla moth (n,n)  (abAB) D a(baBA)"b Schubart 9.61 +0.07 —-02+0.7
VIIb moth (n,n)  (abaBAB)"+)b(babABA)"a Schubart 9.88 +0.04 —0.7+0.5

many of the ‘gaps’ in the older versions of the Ty; — N,, graph, see figure 1(a), the website
[20] and the supplementary notes (stacks.iop.org/JPhysA/51/315101/mmedia). The ‘outlier’
point, in figure 1 in [15], has become just another orbit in a new sequence with a slightly

steeper slope o

n the same graph. The totality of the 7;; — N,, points is shown in figure 1.
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Figure 2. The scale-invariant periods |EI*>T(w) of zero-angular-momentum three-body
orbits versus one half of the number of all letters in the free-group word w describing
the orbit, N,, = n,, + n,, where n,, is defined as in figure 1. (a) Top left: sequence [—
butterfly I, ; (b) top right: sequence II—dragonfly; (c) center left: sequence III—yin-
yang; (d) center right: sequence IVa—moth [; (e) bottom left: sequence [Vb—butterfly
IIT; (f) bottom right: sequence IVc—moth III. The blue points at the lower ends of
sequences are the progenitors of the respective sequences, see the text. Progenitors of
sequences II, III and IVc, that involve collisions were not used in the fitting procedure,
so the validity of the linear Ansatz for these sequences can be evaluated by inspection.

It is clear that the scale-invariant periods T; do not lie on one straight line, but rather on
several lines with slightly different slopes, emerging from a small ‘vertex’ area, forming a
(thin) wedge-like structure in figure 1. All the newly found orbits passing through an Euler
configuration, see supplementary notes, fit into one of ten sequences, where the fourth (‘moth
I') sequence in [15] has now been divided into three: (a) ‘moth I (n,n+ 1)’; (b) ‘butterfly
HI-1V (n,n+ 1)’; (¢) ‘moth LI (n,n + 1)’. Moreover, we found two entirely new sequences:
(1) “VIIa moth (n,n)’ and (2) “VIIb moth (n, n)’, and one sequence of pure ‘topological-power
satellites’ of the moth I orbit.

Each of these ten sequences has an algebraic pattern of free-group elements, see table 1,
associated with it. Here we use the sequence label (n,m) to denote the general form of
(nw, ) in that sequence: for example (n,n) means that n, and 7, are equal integers:
n=n, =n,=1,2,3,.... Then, n can be used to label orbits within the sequence, see supple-
mentary notes. By setting n = 0, or n = 1, in the second column of table 1, in each sequence,
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Figure 3. Same as in figure 2, except for the following sequences: (a) top left: sequence
V—figure-eight; (b) top right: sequence VI—yarn; (c) bottom left: sequence VIla—
moth IIT (n,n); (d) bottom right: sequence VIIb—moth III (n,n). The progenitors of
sequence VIla and VIIb were not used in the fitting procedure.

we can read off the topology of their respective progenitor, which is shown in the third column
of table 1.

The individual T; — N,, graphs are shown in figures 2 and 3, and their free-group patterns
are in table 1. The agreement of separate sequences with the linear functional Ansatz, equa-
tion (2), see figures 1(b)—(d), is much better than for the aggregate of all orbits, Figure 1, but
the (root-mean-square) variations of line parameters (c;, ¢;) reported in table 1 are generally
larger than the estimates numerical errors, thus indicating that equation (2) is still approximate,
and not exact, even in these sequences.

Whereas the approximate empirical rule equation (2) now appears established, and its
extension to ever-longer periods just a technical difficulty, some deeper questions remain
open. For example, the raison d’étre of so many periodic orbits remains obscure, let alone the
linear relation among their periods.

4. Linear stability and progenitor orbits

Perhaps the first hint at a solution to this puzzle was given in [39], where it was noticed that the
topological satellite orbits in the Broucke—Hadjidemetriou—Hénon (BHH), [8, 35, 36, 40-43],
family of orbits with non-zero angular momentum, exist only when their progenitor is linearly
stable. There is a theorem, due to Birkhoff and Lewis [16], see also section 3.3 (by Jiirgen
Moser) in [25], which holds for systems with three degrees-of-freedom and implies the exis-
tence of infinitely many periodic orbits'*. So, whereas the Birkhoff-Lewis theorem might solve

'4In [12], it was conjectured that the topological-power satellites of the figure-eight orbit are a consequence of the
Poincaré-Birkhoff theorem [22], see also section 24 in [23] and section 2.7 in [24], as applied to the figure-eight
orbit. That conjecture is incorrect, however, because the Poincaré—Birkhoff theorem applies only to systems with
two degrees-of-freedom, to which class the planar three-body problem does not belong.
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Table 2. The Floquet exponents v, where \; = exp(£27iy;) define the linear stability
coefficients of linearly stable periodic three-body orbits.

Label Vi 123

S-orbit 0.131093 0.470591
Moore 8 0.298 093 0.00842275
NCI1 (8%) 0.27216 0.158544
V.17.H (013 = 8'7) 0.31573 0.0002988
V.17.1(014 = 8'7) 0.0435411 0.00262681
V.17.J (015 = 8') 0.0435411 0.00262681
II.11.A (bumblebee) 0.137149 0.0325135
IVa.2.A (moth I) 0.159013 0.491881
IVa.4.A (moth IT) 0.108451 0.0886311
1Vb.3.A (butterfly III) 0.378728 0.00173642
15.A 0.170764 0.001476
L14.A 0.443 006 0.000121435
1I.17.B 0.138698 0.0335924
I.13.A.5 0.175816 0.000655417
IVb.9.A 0.194 186 0.000561819
1Vc.12.B 0.0863933 0.00394 124
IVc.17.A 0.0442047 0.00206416
VIa.l1.A 0.416228 0.0088735
VIIb.7.A 0.27753 0.0360425
VIIb.9.A 0.216455 0.0584 561
VIIb.13.A 0.0621421 0.0141894

one part of the puzzle, it does not say anything about the relation of topologies and periods.
There is, however, another (the so-called ‘twist’) condition underlying this theorem, which
we shall not try to check here—we simply conjecture that the Birkhoff-Lewis theorem holds
for the linearly stable periodic three-body orbits. Linear stability of periodic orbits is tested
numerically, see below, and thus the conjecture of Birkhoff-Lewis theorem can be falsifed.

We have analyzed linear stability of all zero-angular-momentum three-body orbits and
tabulated the linearly stable ones in table 2. The Floquet exponents v, and the linear stability
coefficients \; = exp(:tZwiuj), are the standard ones, as defined in [9]. We note that two orbits,
‘butterfly III’ and ‘moth I, lie at the origins of two ‘linear sequences'> of ‘non-topological-
power satellite’ orbits observed among the original 13 orbits [15].

Thus, the manifest candidates for progenitors are: (1) ‘figure-eight’ for the sequence V
‘figure-eight (n,n)’; (2) ‘butterfly III” for the sequence IVb ‘butterfly III (r,n + 1)’; and (3)
‘moth I’ for the sequences IVa ‘moth I (n,n + 1)’ and VI ‘moth I—yarn (2n, 3n)’. These three
progenitors are collisionless orbits with three degrees-of-freedom, that are linearly stable.

Next we extend this reasoning to sequences of periodic three-body orbits with collisional
progenitors.

(1) The parent orbit of sequence II ‘dragonfly (n,n) is Broucke’s isosceles triangle orbit
[37, 38], that involves two-body collisions. This orbit always stays in an isosceles triangle
configuration, thus eliminating one degree-of-freedom, and is linearly stable [37, 38], so
it also satisfies the Poincaré—Birkhoff theorem.

(2) The parent orbit of the ‘yin-yang’ sequence is the collisional ‘S-orbit> of [4, 11]'°.

15 The orbits ‘moth I’ and ‘moth II" have different topologies, but belong to the same sequence.
16 See the initial condition #20 in table I in [11].
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(3) The Schubart orbit [34] is the progenitor of four sequences: I, IVc, VIIa and VIIb, see
table 1 and supplementary notes. The Schubart orbit is linearly stable in three spatial
dimensions, [35, 36], but due to its collinear nature, it has only two degrees-of-freedom.
As it has two degrees-of-freedom, it satisfies the Poincaré—Birkhoff theorem [22-24],
which also predicts the existence of infinitely many orbits'”.

Thus, we have shown a definite correlation between the sequences in table 1 and linear
stability of the progenitor orbit in each sequence.

5. Virial theorem and analyticity of the action

The remaining mysteries are: (i) why are the T (N,,) graphs linear, and (ii) why are the slopes
of different sequences so close to each other?

Our answers to these questions are still not proven in a sufficiently rigorous way. Therefore,
we shall present them here in the same, or similar way, as they were discovered; otherwise the
motivation, and the weak points of our arguments might be lost.

It should be clear that the mere formulation of Ts; = T|E |3/ 2 depends crucially on the
homogeneity of the Newtonian potential: the exponent 3/2 follows from the Newtonian poten-
tial’s degree of homogeneity a = 1, see [15, 19]. So, one may ask if the same, or similar behav-
iour occurs in other homogeneous potentials? A (partial) answer to this question was provided
in [44], where periodic three-body orbits in the so-called strong potential Vo=2(r) ~ —1/r2
and their relation to topology were studied, which has led to our proposed answer to question
(i). The strong potential V*=2(r) ~ —1/r2, is also homogeneous, see appendix D.

It was shown in [44] that the periodic solutions to the three-body problem in the strong
potential form sequences, very much like those in the Newtonian potential shown in section 3,
but their periods do not increase linearly with the topological complexity N,, of the orbit.
Rather, it is the action integral, Spin ~ N, that rises linearly with N,,, which fact can be under-
stood using Cauchy’s residue theorem, which is based on the analyticity of the action integral,

T
S0 — ) / Vo=2(r(1))dt,
0

where r(¢) is a periodic solution to the equations-of-motion (e.o.m.) at fixed energy E = 0,
see appendix E.

But, in the Newtonian potential the action of (any) periodic orbit is proportional to its
period S%-1(T) = 3|E|T, see equation (D.5), derived in appendix D.2. So, the scale-invariant
period Tg; must depend in the same way on the topological complexity N,, of the orbit as the
corresponding action S2-!(T). The question now arises if the same argument as in [44], about
the analyticity of the action S2!(T) can be extended to the Newtonian potential?

In the Newtonian potential this argument becomes more complicated because the hyper-
radius R = |Z|is not constant in Newtonian three-body orbits, and the problem becomes one in
the calculus of two complex variables, see appendices A and E. This leads to new possibilities
that have not been considered thus far. Indeed, the second complex variable in the Newtonian
potential immediately leads to the possibility that there is a pole in the second complex vari-
able Z, which could lead to non-zero contributions to the integral, and thus change the T; (N,,)
functional dependence, under right conditions.

Assuming that the variation of periodic orbits in the second complex variable Z is limited

such that no new poles arise in the action integral, see appendix E, we may conclude that
17We see that one colliding orbit is the progenitor of more than one sequence of collisonless orbits.
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a+2
o = (a 2)ET:NW.

This cannot be true in general, however: a moment’s thought shows that the linear depend-
ence cannot hold in the harmonic oscillator, as all harmonic oscillatory motions have the

same period there. More formally, equation Sg,,, = (g—f%) E T, implies that the action of a

periodic orbit in the harmonic oscillator always vanishes Sﬁg*z = 0. Moreover, we note that
the action integral equation (D.4) must have (at least one) pole if the residue theorem should
hold. Consequently, there is an upper bound on the exponent: o > 0, for which this kind of
action-topology dependence can exist.

These arguments provide also a (possible) answer to question (ii) above, as the slope of of
the T ;. (N,,) graph depends on the residue(s) at the same poles in all sequences, the main dif-
ference being the ordering of circles around the poles, i.e. of the Riemann sheet(s) one is on
(‘crossings of branch cuts’), see appendix E.

Of course, the foregoing arguments do not constitute a mathematical proof—the miss-
ing dots on the i’s and crosses on the t’s, or, perhaps more interestingly, counter-arguments/
proofs—ought to be supplied by the interested reader.

6. Summary, discussion and outlook

‘We have shown that:

(1) The presently known periodic three-body orbits with vanishing angular momentum and
passing through an Euler configuration, can be classified into 10 sequences according to
their topologies. Each sequence probably extends to infinitely long periods, and emerges
from one of six linearly stable (shortest-period) progenitor orbits.

(2) Numerically, the scale-invariant periods of orbits in each sequence obey linear depend-
ences on the number of symbols in the algebraic description of the orbit’s topology.

(3) There is a possible explanation for the existence of this infinity of periodic orbits, in the
form of Birkhoff-Lewis theorem, provided that each progenitor orbit also satisfies the
‘twist’ condition [16].

(4) Some of the longer-period orbits are linearly stable: (a) the seventh satellite of ‘figure-eight’
orbit'8; (b) moth II, which lies in, but is not the progenitor of the ‘moth I’ sequence; and (c)
the ‘bumblebee’ orbit, which lies in, but is not the progenitor of the ‘dragonfly’ sequence.

We note that in 1976 [35], Hénon established the linear stability of many orbits with non-
vanishing angular momenta (L # 0) in the Broucke-Hadjidemetriou—Hénon family. The top-
ological-power satellites of these linearly stable BHH orbits were discovered only recently
[39], where an L # O version of the period-topology linear dependence equation (2) was
checked numerically, as well. The agreement there is also (only) approximate, as a small, but
numerically significant discrepancy exists.

Furthermore, [44] indicates that a linear dependence of the action, but not of the period,
on the topology exists also in the case of periodic three-body orbits in the so-called strong
Jacobi—Poincaré potential, which is in agreement with the virial theorem, see appendix D. The
argument in [44] can be extended to the Newtonian potential, but it becomes a complicated
question in the calculus of two complex variables'®.

18 The stability of ‘figure-eight” orbit was established in [32, 33].

19 Indeed, the second complex variable in the Newtonian potential immediately leads to new possibilities: there is
a pole in the second variable, which could lead to non-zero contributions, and thus change the T; (N,,) function,
under right conditions.

10
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Our results are generic, so they imply that similar linear relations may be expected to hold
for 3-body orbits in the Coulombian®, and in all other homogeneous potentials containing
poles.

Moreover, similar functional dependences might also hold for 4-, 5-, 6-body etc orbits in
the Newtonian potential.

Our results also raise new questions:

(1) Each of the six progenitors generates a family of orbits, at different masses and non-
vanishing angular momenta, e.g. the Schubart colliding orbit [34], generates the BHH
family of collisionless orbits with non-zero angular momenta, that describe the majority
of presently known triple-star systems. The remaining five progenitors may now be
viewed as credible candidates for astronomically observable three-body orbits, provided
that their stability persists under changes of mass ratios and of the angular momentum.
Those dependences need to be explored in detail.

(2) Checking the ‘twist’ condition of the Birkhoff-Lewis theorem, for each progenitor orbit,
is a task for mathematicians, as is the explanation of the topologies of the so-predicted
orbits: why do these sequences exist and not some others?

(3) The question of existence of other stable two-dimensional colliding orbits, and of new
sequences of periodic orbits that they (may) generate. Rose’s new linearly stable colliding
orbits [13] are particularly interesting in this regard. Turning the foregoing argument
around, one can use any newly observed sequence of orbits to argue for the the existence
of its, perhaps as yet unknown, progenitor.

(4) A remaining mystery is why are the slopes of different sequences so close to each other?
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Appendix A. Three-body variables

The graphical representation of the three-body system can be simplified with the use of trans-
lational and rotational invariance—by changing the coordinates to the Jacobi ones [30]. Jacobi
or relative coordinates are defined by two relative coordinate vectors, see figure Al:

20 Several such periodic orbits have been found in [45, 46], but their topological classification was not considered.
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I'o

Figure A1. The two three-body Jacobi coordinates p, A.

Figure A2. The shape-space sphere: the figure-eight orbit (solid black curve); three
two-body collision points (red), singularities of the potential, lie on the equator.

1 1
ry—r), A= —(r; +r, —2r3). (A.1)

p= %( /6
Three independent scalar variables can be constructed from Jacobi coordinates: pz, A% and
p - . The overall size of the orbit is characterized by the hyperradius R = 1/ p? + A?. These
scalar variables are connected to the unit vector with Cartesian components [17]:

) <2p-)\ A p? 2(p><)\)-ez>
n= , , .
R R R

(A.2)

Therefore, every configuration of three bodies (shape of the triangle formed by them, inde-
pendent of size) can be represented by a point on a unit sphere. This sphere is called the
shape-sphere.

Every relatively periodic orbit of a three-body system is therefore represented on the shape-
sphere by a closed curve (collisionless solutions), a finite open section of a curve (free-fall
and colliding solutions), or a point (Lagrange—Euler solutions). One example, the figure-eight
orbit, is illustrated in figure A2.
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b a

Figure B1. The two elements (a, b) of the free group.

N

Figure B2. Stereographic projection of a sphere onto a plane. Three two-body collision
points (solid red) lie on a meridian (dashed circle), with one of them being at the north
pole (denoted by the letter N).

The north and the south pole of the shape-sphere correspond to equilateral triangles, while
the equator corresponds to degenerate triangles, where the bodies are in collinear configura-
tions (syzygies). There are three points on the equator that correspond to two-body collision
points—the singularities of the potential, see figure A2.

Two orbits with identical representations on the shape-sphere are considered to be the
same solution. For example, periodic orbits subjected to symmetry transformations, such as
translations, rotations, dilations, reflections of space and time, all have identical curves on the
shape-sphere and are counted as one.

Size or energy scaling, r — ar, and the equations of motion imply ¢ — o’/%¢ [31].
Therefore, the velocity scales as v — v/+/a, the total energy scales as E — a~'E, and the
period T as T — /2T . Consequently, the combination |EI**T is invariant under scale trans-
formations and we call it scale invariant period Ty; = |E |3/ 2T 1tis always possible to remove

one of the three scalar variables by changing the hyper-radius to the desired value by means
of these scaling rules.

Appendix B. Montgomery’s topological identification method

A curve corresponding to a collisionless periodic orbit can not pass through any one of the
three two-body collision points. Stretching this curve across a collision point would there-
fore change its topology. The classification problem of closed curves on a sphere with three

13
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punctures is given by the conjugacy classes of the fundamental group, which is in this case the
free group on two letters (a, b), see figure B1.

This abstract notation has a simple geometric interpretation: it classifies closed curves in
a plane with two punctures according to their topologies. The shape sphere can be mapped
onto a plane by a stereographic projection using one of the punctures as the north pole, see
figure B2. The selected puncture is thusly removed to infinity, which leaves two punctures in
the (finite) plane. Any closed curve on the shape sphere (corresponding to a periodic orbit) can
now be classified according to the topology of its projection in the plane with two punctures.
Topology of a curve can be algebraically described by a ‘word’—a sequence of letters a, b, A
and B—which is, more formally, an element of the free group F,. Here a denotes a clockwise
full turn around the right-hand-side puncture, b the counter-clockwise full turn around the
left-hand-side puncture (see figure B1), and the upper case letters denote their inverse ele-
ments a~'=Aand b~ ! = B.

A specific periodic orbit can be equally well described by several different sequences of
letters. As there is no preferred starting point of a closed curve, any other word that can be
obtained by a cyclic permutation of the letters in the original word represents the same curve.

The conjugacy class of a free group element (word) contains all cyclical permutations of
the letters in the original word. For example, the conjugacy class of the free group element aB
also contains the cyclically permuted word Ba. The class of topologically equivalent periodic
orbits therefore corresponds not merely to one specific free group element, but to the whole
conjugacy class.

Time-reversed orbits are represented by the inverse elements of the original free group ele-
ments. Naturally, they correspond to physically identical solutions, but they generally form
different words (free group elements) with different conjugacy classes.

Another ambiguity is related to the choice of the puncture to be used as the north pole of
the stereographic projection (of the sphere onto the plane). A single loop around any one of the
three punctures on the original shape sphere (denoted by a or b) must be equivalent to the loop
around either of the two remaining punctures. But as can be seen in figure B2, a simple loop
around the third (‘infinite’) puncture on the shape sphere corresponds to aB, a loop around
both poles in the plane. Therefore, aB must be equivalent to a and b.

Some periodic solutions have free group elements that can be written as w* = wk(a, b,
A, B), where w = w(a, b, A, B) is a word that describes some solution, and k is an integer.
Such orbits will be called topological-power satellites. For example, the orbits with free group
element (abAB)* are called figure-eight (k) satellites, and are all free from the stereographic
projection ambiguity.

Appendix C. Tanikawa and Mikkola’s (syzygy) method of topological
identification

There is an alternative method of assigning a sequence of three symbols, in this case three
digits (1,2,3), to any given ‘word’ in the free group F5. It has been proposed for collisionless
orbits, by [18], see also [21], to use the sequence of syzygies (collinear configurations) as a
symbolic dynamics for the 3-body problem.

The rules for converting ‘words’ consisting of letters a, b, A, B into ‘numbers’ con-
sisting of three digits—(1, 2, 3)—are as follows: (i) make the substitutiona = 12, A =21,
b =32, B=23;(ii) 11 =22 =33 = empty sequence (‘cancellation in pairs rule’). So, for
example:

14
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(1) The symbolic sequence corresponding to the BHH family of orbits, aB = 1223 =13
is equivalent, by way of cyclic permutations, to: a =12 and to B= 23, as one
would expect intuitively. Thus we see that the ‘lengths’ N,, i.e. the number of sym-
bols in a sequence are identical for all three symbolic sequences representing the
BHH family, N,(13) = N,(12) = N,(23), unlike the Montgomery’s method, where
N,,(aB) # N,,(a) = N,,(B). This indicates that the ‘lengths’ N,(w) are good algebraic
descriptors of the complexity of an orbit’s topology.

(2) The symbolic sequence abAB = (12) (32) (21) (23) = 12322123 =123123=
(123) ? corresponding to the figure-eight orbit is now manifestly invariant under cyclic
permutations, 1 — 2 — 3 and 1 — 3 — 2, whereas it is so only in a non-manifest way in
the two-letter scheme. Here, also, the ‘length’ N,(w) is also a good algebraic descriptor of
the complexity of an orbit’s topology.

Note that:

1. As stated above, the numbers 1, 2, and 3 can be viewed as denoting syzygies, i.e. crossings
of the equator on the shape sphere, in one of three corresponding segments on the said
equator, where the index of the body passing between the other two is used as a symbol.

2. Each symbol is its own inverse, which accounts for the ‘cancellation in pairs’ rule?!.
This circumstance leads to the reduction (by a factor of two) of the number of symbolic
sequences denoting one topology, as the time-reversed orbit has an identical symbolic
sequence to the original one (which is not the case in the two-letter scheme); and

3. That the cyclic permutation symmetry indicates irrelevance of which syzygy is denoted
by which digit.

In this way, we have restored the three-body permutation symmetry of the problem into the
algebraic notation describing the topology of a periodic three-body orbit, albeit at the price of
having three symbols, rather than two. This restoration of permutation symmetry also implies
an absence of the ‘automorphism ambiguity’ [15]. Such three-symbol sequences have been
used e.g. in [18, 21] to identify the topology of periodic three-body orbits.

The length of a sequence of symbols necessary to describe any given topology generally
increases by a factor close to 1.5 as one switches from two letters N,, to three digits N, as
symbols used, i.e. Ny ~ 1.5N,,. The precise value of this proportionality factor (=~ 1.5) is not
important for our purposes, as we shall be concerned with the length(s) of symbolic sequences
with a well-defined algebraic form, such as wy (wy)™w3(ws)®, where n = 1,2,3,---. In such a
case, the following relation holds N[wq(wy)*w3(wa)®] ~ N[wiws] + nN[wows] using either set
of symbols for w;. Only the value of the slope parameter changes as one switches from one set
to another. Of course, it is an additional mystery if and when the slopes of different sequences
happen to coincide.

Appendix D. Virial theorem and the action of periodic orbits in homogeneous
potentials

D.1. The Lagrange—Jacobi identity and the virial theorem

We know that the Lagrange—Jacobi identity [30],

21 This is only possible for periodic orbits that form closed loops on the shape sphere; otherwise one would have to
define one symbol for crossing the equator from above and another one for crossing from below.
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1dG

EE = 2I(tota] + antal, (Dl)

where G = Zf\;l q, - pi is the so-called virial, gives a relation between kinetic Kioa = ) ; K;
and potential energy V%, for homogeneous potentials with homogeneity degree —a. One
example of such a homogeneous potential is the sum of two-body terms } 7, i Vo (rix), where
Va(ri) >~ —1/rg is a power-law interaction . Here ry is the distance between two particles,
and « is a positive real number.

For periodic motions, with period 7, this identity can be integrated to yield

%/O @ty =5 (G(1) ~ G(0)) =0

T
:/0 (2K iotal + Vg )dt (D.2)

which tells us that the time integral of the kinetic energy is related to the time integral of the
potential energy:

T a T
/ dthotal = _E / dthlal'
0 0

Energy conservation

E= Klotal + Vta

otal

implies

I N 1 (7 o, N
E= ? ) (Kmtal + Vtotal)dt = ? o (7§Vtola1 + Vtotal)dt

which leads to the equipartition of energy (or ‘virial’) theorem:

E- (0‘__22) ; /0 "y (o)) = (0‘__22> Vo () (D.3)

p- ()1 " K(o)ar = (222) i (D.4)

which holds exactly for periodic orbits. This, in turn, reduces the action S to one or another
time integral.

D.2. The action for three-body orbits in a homogeneous potential

The (minimized) action of a periodic n-body orbit in a homogeneous potential V<(r) ~ —1/r®
is

Smin = /OTL(q(t),éI(t))dt— /OT (T(r(2)) = V(r(1))) dz,

leads to

min (1) = (Zji)ET (D.5)
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which depends only on the energy E and period T of the orbit. Note the singularity on the
right-hand-side of equation (D.5) at & = 2, which demands that £ = 0 in that case. For the
Newtonian case, a = 1, equation (D.5) leads to

Sr?nn]( ) = —3ET = 3|E|T’

as claimed in [15].

Appendix E. Complex variables and analytic properties of the action

Here we follow closely appendix C in [44]. The minimized action S, = fo ))dt of

a periodic orbit ¢() in the homogeneous (power) potential V< (r), written as a t1me 1ntegral of
twice the kinetic energy K over period 7,

3 i(T)
a+2 p? a+2 ri(
Smin(T) = < )Z/ 5 -dr= <Q>Z/() pi - dr; (E.D)
i=1 /10

where m = 1, can be expressed as a closed-contour integral of two complex variables. After
shifting to the relative-motion variables, (p, A), one finds

2 p(T) A(T)
SI?]IH( ): ot / pP'dp+/ p)\dA .
o p(0) )

The real Jacobi two-vectors p and A may be replaced with two complex variables

Zp = Px Fipy, 2 = A 1A,

so that the action S, ,
variables:

a+2 ) 2 (T) .
Sr?nn( ): < ) / Zdep+/ Z)\dZ)\ .
«a Z(0) zx (0)

Note that the periodicity of motion p(0) = p(T), A(0) = X(T) implies z,(T) = z,(0) and
20 (T) = zx(0), which makes this integral a closed contour one

+2 - ok
Stain = ars f zpdzp—kf Z3dzy | -
a c, Cx

If there were only one complex variable, then the so-defined function would be analytic.
Indeed, the action of two-body elliptic motion in the Newtonian potential has been evaluated
using Cauchy’s residue theorem in section 18.16 of [26], and in section 11.8 in [27]. With two
complex variables, there is no such guarantee, however. Moreover, the residue theorem for
functions of two complex variables is a more complicated matter, see [48-51].

The existence and positions of poles in this (double) contour integral are not mani-
fest in its present form; the same integral is given by equation (D.3) in appendix D.2,

can be rewritten as a (double) closed contour integral in two complex

Se (1) = (’”2) fo Ve(r(z))dt, due to the virial theorem, however, where the potential
V*(r(r)) is known to have three singularities (simple poles) at three binary collisions and the
time-evolution dependence r(t) of the periodic orbit, which parametrizes the contour. For the
Newtonian potential & = 1 the binary collisions are regularizable, and this integral has been

studied by Sundman [28] with the result that the functions ry(«), 1 < k < 3, are holomorphic
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in a strip |Im u| < 0 of the complex plane u € C which contains the real axis, see section 2.3
in [29]. Since S21(T) = S(T) = — (3) u(T), we know that the trajectories r(S),1 < k < 3
are holomorphic functions of the action S in a strip |Im S| < § of the complex plane S € C
which contains the real axis.

Note the following implications of this result: (1) for non-singular potentials (o < 0) there
are no poles in the potential, and consequently no poles encircled by the contour, so the resi-
due vanishes; (2) for singular potentials (2 > o > 0) there are poles in the potential, but the
residue depends on the integration contour, i.e. on the trajectory on the shape sphere and its
topology w; (3) if the integration contour, i.e. the trajectory on the shape sphere repeats k times
the topologically equivalent path, then, for singular potentials (2 > « > 0), the residue equals
k times the single path residue.

Next, we switch from the real (p, A), or complex (zp,z,\) Cartesian Jacobi variables to
the curvilinear hyper-spherical variables: the real hyper-radius R and the overall rota-
tion angle ® = %(gop + @), and the two angles parametrizing the shape-sphere, e.g.
(0= (pp—@r),x = 2Tan_1(§)). Here (¢,, ) are the angles subtended by the vectors
(p, A) and the x-axis. Equivalently, we may use the complex variables Z, defined by (R, ®) and
z, defined by way of a stereographic projection from the shape-sphere parametrized by (6, x).

The variable Z has limited (bounded) variation for all periodic orbits (with zero angular
momentum) studied in this paper. Indeed, the value of R = |Z| = 0 occurs only in the ‘tri-
ple collision’ (‘der Dreierstoss’) orbits, which does not happen in our case. The condition
® = const. is trickier, however, because there are ‘relatively periodic’ solutions with vanish-
ing angular momentum (L = 0) and a non-zero change A® # 0 of angle ® over one period.
All of the orbits considered in this paper are absolutely periodic, i.e. they have A® = 0 over
one period, so this caveat does not apply. Therefore one may eliminate the complex variable
Z from further consideration, at least for the orbits considered here, and the problem becomes
(much) simpler.

Thus, we see that the complex integration contour C, relevant to Cauchy’s theorem,
Smin = 2i7 Y, Res, for the considered periodic orbits, is determined solely by the orbit’s tra-
jectory on the shape sphere: the only poles relevant to this contour integral are the two-body
collision points on the shape sphere. Consequently, the periodic orbits’ minimized action
(integral) is determined (predominantly) by the topology of the closed contour on the shape
sphere, i.e. by the homotopy group element of the periodic orbit, unless there is a closed con-
tour in the Z = (R, ®) variable, as well.

Repeated k-fold loops of the contour lead to k times the initial integral, i.e.
Simin(WX) = 2kim > Res = kSpin(w), or, equivalently T; (w*) = kTy; (w), as observed in
topological satellite orbits in section 3. Crossings of branch cuts?? provide for the change of
residue(s) of the pole(s) at different values of k, which may account for the different values of
Res, i.e. for different slopes of T;; (N,,) graphs in different sequences.

Detailed study of analytic properties of the action should be a subject of interest to pure
mathematicians, however, [47].

ORCID iDs
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22We have shown in [44] that in the strong potential each of the three poles is also a logarithmic branch cut, which
implies a complicated structure of branch cuts and different residues. Similar situation ought to be expected in the
Newtonian potential as well.
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(Providence, RI: American Mathematical Society)
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Functions, Higher Modular Functions (Heidelberg: Springer)
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Transport in optical lattices with flux

A. Hudomal', I. Vasié', H. Buljan?, W. Hofstetter?, and A. Balaz'
L Scientific Computing Laboratory, Center for the Study of Complex Systems,
Institute of Physics Belgrade, University of Belgrade, Serbia
2 Department of Physics, University of Zagreb, Croatia
3 Institut fiir Theoretische Physik, Johann Wolfgang Goethe-Universitit, Frankfurt am Main, Germany
e-mail: hudomal@ipb.ac.rs

Different condensed matter systems, such as elec-
trons in a crystal lattice, can be simulated using ul-
tracold atoms in optical lattices. Unlike electrons,
atoms are electrically neutral and therefore do not
feel the effects of magnetic field. Artificial gauge
potentials have been recently realized in cold-atom
experiments with periodically driven optical lattices
[1, 2]. In such systems, atoms subjected to a constant
external force gain an anomalous velocity in the direc-
tion transverse to the direction of the applied force.

Taking into consideration realistic experimental
conditions, we perform numerical simulations in or-
der to investigate the dynamics of atomic clouds and
relate it to the Chern number of the effective model.
We consider incoherent bosons and the full time-
dependent Hamiltonian. The effects of weak repulsive
interactions between atoms are taken into account us-
ing the mean-field approximation.

Our results show that driving, external force and
interactions all cause heating and transitions to
higher bands, which have significant effects on the
dynamics. It turns out that weak interactions can be
beneficial, because they make the momentum-space
probability density more homogeneous. In the future,
we also plan to study the details of the atomic-cloud
expansion dynamics, and to simulate the full loading
sequence of an initial Bose-Einstein condensate, as it
was done in the experiment [2].
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Figure 1: Density profile of an atomic cloud during ex-
pansion dynamics after release from a trap in the presence
of an artificial gauge field and external force.

[1] G. Jotzu, M. Messer, R. Desbuquois, M. Lebrat,
T. Uehlinger, D. Greif, and T. Esslinger, Nature
515, 237 (2014).

[2] M. Aidelsburger, M. Lohse, C. Schweizer, M.
Atala, J. T. Barreiro, S. Nascimbene, N. R.
Cooper, 1. Bloch, and N. Goldman, Nat. Phys.
11, 162 (2015).
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Talk Q 35.1 Tue 14:00 K 1.022
Artificial gauge potentials in periodically driven optical lat-
tices: numerical simulations of atomic transport — eANA
HupomaL!, ITvaNa Vasi¢!, Hrvose BuLiaN?2, WALTER HOFSTETTERS,
and ANTUN BALaz! — !Scientific Computing Laboratory, Center for
the Study of Complex Systems, Institute of Physics Belgrade, Uni-
versity of Belgrade, Serbia — 2Department of Physics, University of
Zagreb, Croatia — 3Institut fiir Theoretische Physik, Johann Wolf-
gang Goethe-Universitéat, Frankfurt am Main, Germany

Artificial gauge potentials have been recently realized in cold-atom
experiments with periodically driven optical lattices [1,2]. In such sys-
tems, atoms subjected to a constant external force gain an anomalous
velocity in the direction transverse to the direction of the applied force.
Taking into consideration realistic experimental conditions, we perform
numerical simulations in order to investigate the dynamics of atomic
clouds and relate it to the Chern number of the effective model. We
use the full time-dependent Hamiltonian and take into account the
effects of weak repulsive interactions between atoms. The results are
compared to the semiclassical approximation.

[1] G. Jotzu et al., Nature 515, 237 (2014).

[2] M. Aidelsburger et al., Nature Phys. 11, 162 (2015).

Talk Q 35.2 Tue 14:15 K 1.022
Experimental characterization and control of Floquet states
in a periodically driven two-body quantum system — eKILIAN
SANDHOLZER, REMI DESBUQUOIS, MICHAEL MESSER, FREDERIK GORG,
JOAQUIN MINGUZZI, GREGOR JOTZU, and TILMAN ESSLINGER — Insti-
tute for Quantum Electronics, ETH Ziirich, Ziirich, Switzerland

Floquet engineering is a powerful tool to modify properties of a static
system such as opening topological gaps or controlling magnetic or-
der. The versatility of cold atom experiments offers the possibility to
implement many of these schemes. Nonetheless, preparing a certain
Floquet state that has the desired properties in this out-of-equilibrium
situation is a more difficult task, especially when the driving frequency
is close to a characteristic energy scale of the system. In this work, we
prepare fermionic atoms in a driven optical lattice such that the system
can be described by two interacting particles on a double well poten-
tial with a periodically modulated tilt. In the case of near-resonant
driving we achieve to enter adiabatically individual Floquet states by
using a two-step ramping protocol. In addition, the fast coherent dy-
namics inherently connected to the drive are studied in detail. Finally,
an analytical derivation of the effective time-independent Hamiltonian
of the realized system is presented and then compared to numerical
studies and experimental data.

Talk Q 35.3 Tue 14:30 K 1.022
Dynamics of driven interacting many-body systems —
eMICHAEL MESSER, FREDERIK GORG, KILIAN SANDHOLZER, JOAQUIN
Mincuzzi, REMI DESBUQUOIS, and TILMAN ESSLINGER — Institute for
Quantum Electronics, ETH Zurich, 8093 Zurich, Switzerland

Periodic driving can be used to coherently control the properties of
a many-body state and to engineer new phases which are not acces-
sible in static systems. The successful implementation of a periodi-
cally driven Fermi-Hubbard model on a 3D hexagonal lattice offers the
possibility to explore the intriguing dynamics of Floquet many-body
systems. A theoretical analysis of driven many-body Hamiltonians is
inherently challenging, however, in combination with our experiments
a deeper understanding seems feasible.

By controlling the detuning between shaking frequency and interac-
tions, and setting a variable strength of the periodic drive, we achieve
independent control over the single particle tunneling and the magnetic
exchange energy. This control allows us to investigate the dynamics
and build-up of nearest-neighbor spin-spin correlations. Furthermore,
we explore possible mechanisms behind the formation of correlations in
interacting Floquet systems. In addition, we can analyze the creation
of double occupancies, as one mechanism to form excitations.

Talk Q 354 Tue 14:45 K 1.022
Enhancement and sign change of magnetic correlations in
a driven quantum many-body system — eFREDERIK GORG!,
MICHAEL MESSER!, KILIAN SANDHOLZER', JOAQUIN MiNcuzzI', GRE-
Gor Jorzul:2, Rim1 DesBuqQuois!, and TILMAN ESSLINGER! —
Hnstitute for Quantum Electronics, ETH Zurich, 8093 Zurich, Switzer-
land — ?Max Planck Institute for the Structure and Dynamics of Mat-

K 1.022

ter, 22761 Hamburg, Germany

Strong periodic driving can be used to control the properties of inter-
acting quantum systems. In solid state experiments, ultrashort laser
pulses are employed to tune the charge order as well as magnetic and
superconducting properties of materials. At the same time, continuous
driving has been used in cold atom experiments to engineer novel ef-
fective Floquet-Hamiltonians which feature for example a topological
bandstructure. We realize a strongly interacting Fermi gas in a peri-
odically driven hexagonal optical lattice and investigate its charge and
magnetic properties. We first demonstrate that in the high-frequency
regime, the effective description of the many-body system by a renor-
malized tunnelling amplitude remains valid by comparing our results to
an equivalent static system. When driving at a frequency close to the
interaction energy, we show that anti-ferromagnetic correlations can
be enhanced or even switched to ferromagnetic ordering. Our observa-
tions can be explained by a microscopic model, in which the particle
tunnelling and magnetic exchange energies can be controlled indepen-
dently. Therefore, Floquet engineering constitutes an alternative route
to experimentally investigate unconventional pairing.

Talk Q 35.5 Tue 15:00 K 1.022
Manipulating and probing excitations of a Chern insulator by
Floquet engineering an optical solenoid — eBotao WANG, NUR
UNAL, and ANDRE ECKARDT — Max Planck Institute for the Physics
of Complex Systems, Dresden, Germany

The realization of artificial gauge fields in optical lattice systems has
paved a way to the experimental investigation of various topological
quantum effects. Here we propose a realistic scheme for realizing tun-
able local (solenoid type) artificial magnetic fields by means of Floquet
engineering. We show that such an optical solenoid field can be used
to coherently manipulate and probe Chern insulator states of the Hof-
stadter Hamiltonian. In particular, we investigate the possibility to
create local quasiparticle and quasihole excitations, to coherently pop-
ulated edge modes, and to achieve quantized charge pumping. All
these effects are manifested on the spatial density distributions, which
can be measured directly in quantum-gas microscopes.

Talk Q 35.6 Tue 15:15 K 1.022
Characterizing topology by dynamics: Chern number
from linking number — eMaTTHIAS TARNOWSKI}2, NUR UNAL3,
Nick FLAscHNER':2, BeENNO REMY2, ANDRE ECKARDT?, KLAUS
SENGSTOCKY2:4 and CHRISTOF WEITENBERG!2 — 1Institut fiir Laser-
physik, Universitit Hamburg, 22761 Hamburg, Germany — 2The
Hamburg Centre for Ultrafast Imaging, 22761 Hamburg, Germany
— 3Max-Planck-Institut fiir Physik komplexer Systeme, N&thnitzer
StraBe 38, 01187 Dresden, Germany — “Zentrum fiir Optische Quan-
tentechnologien, Universitat Hamburg, 22761 Hamburg, Germany

Topology plays an important role in modern solid state physics de-
scribing intriguing quantum states such as topological insulators. It is
an intrinsically non-local property and therefore challenging to access,
often studied only via the resulting edge states. Here, we report on
a new approach by connecting the Chern number with the dynamical
evolution of highly excited states of the system and demonstrate it ex-
perimentally with cold atoms in hexagonal optical lattices. We study
the contour of dynamically created vortex pairs in momentum space
following a sudden quench into the system of interest and infer the
Chern number of the post-quench Hamiltonian from the topology of
the contour, quantified by the linking number with the static vortices.
Our work exploits a direct mapping between two topological indices
and allows detecting topology by the naked eye.

Talk Q 35.7 Tue 15:30 K 1.022
1D fermionic Floquet topological insulators with Hubbard in-
teraction — eHAIXIN QIu! and JoHaNN Krona®:2 — 'Physikalisches
Institut and Bethe Center for Theoretical Physics, Universitdt Bonn,
Nussallee 12, 53115 Bonn, Germany — 2Center for Correlated Matter,
Zhejiang University, Hangzhou, Zhejiang 310058, China

The fermionic Rice-Mele model is a standard model for quantum
ratchet transport in periodically driven, one-dimensional, bipartite
chains. In the adiabatic limit, this model exhibits quantized transport
(Thouless pump), while in the limit of fast drive quasistatic approxi-
mations with effective hopping parameters are possible. Here we study
the Rice-Mele model with periodic drive of both, the hopping ampli-
tudes and the onsite energy modulation,in the intermediate regime
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Transport dynamics in optical lattices with flux
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2Department of Physics, University of Zagreb, Croatia
3Institut fiir Theoretische Physik, Johann Wolfgang Goethe-Universitiit,
Frankfurt am Main, Germany
e-mail:ana.hudomal@ipb.ac.rs

Recent cold atom experiments have realized artificial gauge fields in periodically modulated optical lattices
[1,2]. We study the dynamics of atomic clouds in such systems by performing numerical simulations using the
full time-dependent Hamiltonian and compare results with the semiclassical approximation. Under constant
external force, atoms in optical lattices with flux exhibit an anomalous velocity in the transverse direction. We
investigate in detail how this transverse drift is related to the Berry curvature and Chern number, taking into
account realistic experimental conditions.

REFERENCES

[1] G. Jotzu, M. Messer, R. Desbuquois, M. Lebrat, T. Uehlinger, D. Greif, T. Esslinger, Nature 515, 237
(2014).

[2] M. Aidelsburger, M. Lohse, C. Schweizer, M. Atala, J. T. Barreiro, S. Nascimbéne, N. R. Cooper, 1. Bloch,
N. Goldman, Nat. Phys. 11, 162 (2015).
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Poster Q 53.10 Thu 17:00 P OG2
Spin and Charge Correlation Measurements in the 2D
Hubbard Model — JaN Drewgks!, Luke MILLERYZ, EUGENIO
Coccuit2, CHUN Far CHAN!, NicoLa WURz!, eMARCELL GALL!,
DANIEL PERTOT!, FERDINAND BRENNECKE!, and MICHAEL KOHL! —
I Physikalisches Institut, University of Bonn, Wegelerstrasse 8, 53115
Bonn, Germany — 2Cavendish Laboratory, University of Cambridge,
JJ Thomson Avenue, Cambridge CB3 OHE, United Kingdom

We experimentally study the emergence of correlations in an ultracold,
fermionic 2D lattice system, representing a realisation of the Hubbard
model. Our ability to precisely tune the system parameters over a
large range and the possibility to simultaneously detect the density
distribution of both spin components in-situ enables us to examine the
emergence of density and spin correlations as a function of doping in-
teraction strength and temperature. In addition we gain from the mea-
surement of the equation of state insight into the full thermodynamics
of the 2D Hubbard model. To improve our preparation and detection
capabilities, we use a spin spiral technique which allows us to detect
the spin structure factor at arbitrary wave vectors. Further we employ
a spatial light modulator to reshape the underlying trapping potential
of the optical lattice to realize the homogeneous Hubbard model and
reach lower temperatures by redistributing entropy between different
spatial regions.

Poster Q 53.11 Thu 17:00 P OG2
BEC of 4K in a Fermi Sea of SLi — RIANNE S. Lous!:2, Is-
ABELLA FRITSCHED2, eFABIAN LEHMANN!:2, MICHAEL Jacl:2, EmiL
KiriLov!:2, Bo HuanG!, and RupoLr GriMmb2 — 1TQOQI, Austrian
Academy of Science, Innsbruck, Austria — 2Inst. for Experimental
Physics, University of Innsbruck, Innsbruck, Austria

We report on the production of a double-degenerate Fermi-Bose mix-
ture of 9Li and 41 K. In our experimental sequence the potassium atoms
are sympathetically cooled by the lithium atoms, which are evapora-
tively cooled in an optical dipole trap. We obtain 10 41K atoms with
a BEC fraction close to 1 and a T/Tr =~ 0.05 with 10° %Li atoms in
each spin state. To measure the temperature of our fermionic sample
we use the 41K BEC as a tool for thermometry. As the system is
in thermal equilibrium we evaluate the condensed fraction of our 4'K
atoms and extract the temperature of the atoms. To investigate the
properties of the °Li-#1 K mixture near the inter-species Feshbach res-
onance at 335.8 G we use another scheme of evaporation around 300 G
which enables us to achieve similar temperatures. We explore both
the repulsive side and attractive side of the Feshbach resonance and
observe phase separation for strong repulsive interactions and collapse
for attractive interactions. This work is supported by the Austrian
Science Fund FWF within the SFB FoQuS.

Poster Q 53.12 Thu 17:00 P OG2
Probing Many-body physics with an ultra-narrow clock tran-
sition in an Ytterbium quantum gas — eBODHADITYA SANTRA!,
BENJAMIN ABELN!, BASTIAN HUNDT!, ANDRE KOCHANKE!, THOMAS
PoNATH!, ANNA SKOTTKE!, KLAUS SENGSTOCK'2, and CHRISTOPH
BrCKERY? — Zentrum fiir Optische Quantentechnologien, Univer-
sitdat Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany —
2Institut fiir Laserphysik, Universitit Hamburg, Luruper Chaussee
149, 22761 Hamburg, Germany

During the last decade ultracold fermionic alkaline earth quantum gas
attracted a lot of attention due to their unique properties such as long-
lived meta-stable state, an ultra-narrow optical clock transition, SU(N)
symmetric interactions as well as the existence of an interorbital Fes-
hbach resonance. In particular fermionic Yb quantum gas allow for
quantum simulation of lattice systems with orbital degrees of freedom,
like the Kugel-Khomskii model or the Kondo lattice model (KLM).

We will present recent progress of the Hamburg Yb experiment to-
wards realizing the KLM and correlated KLM, including measurements
on spin polarized as well as on interacting Fermi gases with an im-
proved clock laser setup.

This work is supported by the DFG within the SFB 925 and the
Marie Curie Initial Training Network QTea.

Poster Q 53.13 Thu 17:00 P OG2
Local control of transport in an atomic quantum wire: from
one scanning gate to a finite size lattice — eSAMUEL HAUSLER!,
MARTIN LEBRAT!, DoMINIK HUsMANN!, LAURA CORMAN!, SEBAS-
TIAN KRINNER!, SHUTA NAKAJIMAZ, JEAN-PHILIPPE BraNTUT!, and
TILMAN EsSLINGER! — !Institute for Quantum Electronics, ETH

Ziirich, 8093 Ziirich, Switzerland — 2Department of Physics, Grad-
uate School of Science, Kyoto University, Kyoto 606-8502, Japan

Building on the holographic shaping of optical potentials and a high-
resolution microscope, we demonstrate the local control of fermionic
lithium atoms flowing through a one-dimensional structure. We first
image the transport through a quantum wire, in a way similar to the
scanning gate technique applied to solid state devices. By scanning
the position of a sharp, repulsive optical gate over the wire and mea-
suring the subsequent variations of conductance, we spatially map the
transport at a resolution close to the transverse wavefunction inside
the wire. The control of the gate at the scale of the Fermi wavelength
makes it sensitive to quantum tunnelling. Furthermore, our knowledge
of the optical potential allows a direct comparison of the experimental
maps with a numerical and an analytical model for non-interacting
particles.

The flexibility offered by our setup makes it relatively simple to
imprint more complex structures. By projecting several consecutive
scatterers, a lattice of variable length can be built inside the quantum
wire. This opens the path to study metal-insulator physics with strong
attractive interactions.

Poster Q 53.14 Thu 17:00 P OG2
Interacting Anyons in a One-Dimensional Optical Lattice —
oMARTIN BONKHOFF, KEVIN JAGERING, SEBASTIAN EGGERT, and AXEL
PELSTER — State Research Center OPTIMAS and Fachbereich Physik,
Technische Universitat Kaiserslautern, 67663 Kaiserslautern, Germany

We analyze in detail the properties of the one-dimensional Anyon-
Hubbard model, which can be mapped to a corresponding Bose-
Hubbard model with a density-dependent Peierls phase via a gener-
alized Jordan-Wigner transformation [1]. At first we extend the mod-
ified version of the classical Gutzwiller-mean-field ansatz of Ref. [2] in
order to obtain the pair-correlation function for both the bosonic and
the anyonic system. A comparison of the resulting quasi-momentum
distributions with high-precision DMRG calculations reveals in general
a parity breaking, which is due to anyonic statistics. Afterwards, we
determine how the boundary of the superfluid-Mott quantum phase
transition changes with the statistical parameter. We find in accor-
dance with Ref. [1] that the statistical interaction has the tendency to
destroy superfluid coherence.

[1] T. Keilmann, S. Lanzmich, L. McCulloch, and M. Roncaglia,
Nat. Commun. 2, 361 (2011)

[2] G. Tang, S. Eggert, and A. Pelster, New J. Phys. 17, 123016
(2015)

Poster Q 53.15 Thu 17:00 P OG2
Creating topological interfaces and detecting chiral edge
modes in a two-dimensional optical lattice — eFREDERIK
GORGY, NATHAN GOLDMANZ, GREGOR JOTzZU!, MICHAEL MESSER!,
KILIAN SANDHOLZER', REMI DEsBuqQuois!, and TILMAN ESSLINGER!
— lnstitute for Quantum Electronics, ETH Zurich, Zurich, Switzer-
land — 2CENOLI, Université Libre de Bruxelles, Brussels, Belgium

The appearance of topological properties in lattice systems caused by
a non-trivial topological band structure in the bulk is closely related to
the existence of chiral edge modes via the bulk-edge correspondence.
These edge states appear at the interface of two spatial regions with a
distinct topology, which for example naturally arise at the boundaries
of a sample surrounded by vacuum. In cold atom systems, these edge
modes are difficult to detect, since the underlying harmonic trapping
potential does not feature sharp boundaries. Therefore, we propose a
different method to design topological interfaces within the bulk of the
system. We illustrate this scheme by an optical lattice realization of
the Haldane model, where a spatially varying lattice beam leads to the
appearance of distinct topological phases in separated regions of space.
The versatility of the method allows to tune the position, the localiza-
tion length and the chirality of the edge modes. We numerically study
the propagation of wave packets in such a system and demonstrate
the feasibility to experimentally detect chiral edge states. Finally, we
show that the edge modes, unlike the bulk states, are topologically pro-
tected against the effects of disorder, which makes a random potential
a powerful tool to detect edge states in cold atom setups.

Poster Q 53.16 Thu 17:00 P OG2
Transport dynamics in optical lattices with flux — eANA
HupomaLl, Ivana Vasi¢!, WALTER HOFSTETTERZ, and ANTUN
Baraz! — !Scientific Computing Laboratory, Center for the Study
of Complex Systems, Institute of Physics Belgrade, University of Bel-
grade, Serbia — 2Institut fiir Theoretische Physik, Johann Wolfgang
Goethe-Universitat, Frankfurt am Main, Germany
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Recent cold atom experiments have realized artificial gauge fields in
periodically modulated optical lattices [1,2]. We study the dynamics
of atomic clouds in these systems by performing numerical simula-
tions using the full time-dependent Hamiltonian and comparing these
results to the semiclassical approximation. Under constant external
force, atoms in optical lattices with flux exhibit an anomalous velocity
in the transverse direction. We investigate in detail how this transverse
drift is related to the Berry curvature and Chern number, taking into
account realistic experimental conditions.

[1] G. Jotzu et al., Nature 515, 237 (2014).

[2] M. Aidelsburger et al., Nature Phys. 11, 162 (2015).

Poster Q 53.17 Thu 17:00 P OG2
Towards the investigation of collective scattering in
nanofiber-trapped atomic ensembles — eADARSH S. PRASAD,
JakoB HINNEY, SAMUEL RIND, PHILIPP SCHNEEWEISS, JURGEN VOLZ,
CHRISTOPH CLAUSEN, and ARNO RAUSCHENBEUTEL — TU Wien -
Atominstitut, Stadionallee 2, 1020 Wien, Austria

We realize an efficient optical interface between guided light and laser-
cooled atoms which are arranged in two linear arrays in a two-color
evanescent-field dipole trap created around an optical nanofiber [1]. In
this configuration, the probability of a nanofiber-guided photon being
absorbed and then re-emitted into free space by a trapped atom is as
high as 10%. For a periodic array of atoms, interference of the fields
scattered by different atoms result in a collective emission into a cone
with a well-defined angle with respect to the fiber axis. We plan to
study this collective emission and its dependence on various experimen-
tal parameters. The next step will be to adjust the periodicity of the
atomic array to fulfill the Bragg condition such that fiber-guided light
is strongly back-reflected [2]. Here, the interaction between the atomic
array and the fiber-guided light depends strongly on the polarization
of the light field. In particular, light that is polarized in (orthogonal
to) the plane of atoms will be weakly (strongly) reflected. We want
to implement such highly reflecting atomic arrays, which could then
be used to implement cavity quantum electrodynamics experiments in
which the resonator itself is made of quantum emitters.

[1] E. Vetsch et al., Phys. Rev. Lett. 104, 203603 (2010).

[2] Fam Le Kien et. al., Phys. Rev. A 90, 063816 (2014).

Poster Q 53.18 Thu 17:00 P OG2
Setup of a new micro-structured linear Paul trap with in-
tegrated solenoids and reduced axial micromotion — eH.
SIEBENEICH, D. KAUFMANN, T. GLOGER, P. KAUFMANN, M. JOHAN-
NING, and CH. WUNDERLICH — Department Physik, Universitiat
Siegen, 57068 Siegen, Germany

We present the status of a new 3d segmented ion trap setup with
integrated solenoids, in which an improved design allows for a sub-
stantial reduction of axial micromotion and for an increased magnetic
gradients. Our trap consists of three layers of gold plated alumina,
where the segmented outer layers provide the trapping potentials [1],
and the middle layer contains solenoids that are used to create a mag-
netic field gradient [2]. The gradient gives rise to coupling between
the ions’ internal and motional states. The trap is mounted on a ce-
ramic chip carrier that, at the same time, acts as an ultra-high vacuum
interface, featuring about 100 thick-film printed current and voltage
feedthroughs. The thick film interface has been improved by replacing
previously used Ag-Pd layers by Au layers which reduced their resis-
tivity by a factor of eight. The previously high resistivity used to be a
a bottleneck for achieving high solenoid currents and thus a magnetic
gradient. The shape of the solenoids was redesigned, leading to an
expected reduction of axial micromotion by four orders of magnitudes.
[1] S.A. Schulz et al.: Sideband cooling and coherent dynamics in a
microchip multi-segmented ion trap, New Journal of Physics, Volume
10, April 2008 [2] D. Kaufmann et al.: Thick-film technology for ultra
high vacuum interfaces of micro-structured traps, Appl Phys B (2012)
107:935-943

Poster Q 53.19 Thu 17:00 P OG2
Design and construction of a Perpetual Atom Laser Machine
— oCHUN-CHIA CHEN, SHAYNE BENNETTS, BENJAMIN PAsQuIOU, and
FLORIAN SCHRECK — Institute of Physics, University of Amsterdam,
Amsterdam, The Netherlands

We have developed a machine aimed at producing a perpetual atom
laser, a long standing goal within atomic physics. Continuous pro-
duction of Bose-Einstein condensate (BEC) or an atom laser requires
two incompatible cooling processes, laser cooling a gas sample, then
cooling evaporatively until degeneracy is reached. In order to produce
a perpetual output these stages take place simultaneously in different

parts of our machine. To protect the condensate from scattered pho-
ton heating we use a combination of physical separation, baffles and a
?transparency” beam. Our machine has now demonstrated a perpet-
ual MOT of 2 x 10° 88Sr atoms with temperatures as low as 20uK on
a 7.4-kHz wide laser cooling transition with a continuous loading rate
of 7x 108 atoms/s. Using a different set of parameters and location we
have also demonstrated a perpetual MOT of 2 x 108 88Sr at 2uK with
a loading rate of 9 x 107 atoms/s which we have successfully loaded
into a dipole trap. By switching to the 0.5% abundance 84Sr isotope
we are able to evaporate to BECs of 3 x 105 84Sr atoms. Critically, for
the second location we have validated the effectiveness of our architec-
ture in protecting a BEC from scattered broad-linewidth laser cooling
light, which is used in the first cooling stages. We will describe our
design and the performance demonstrated so far.

Poster Q 53.20 Thu 17:00 P OG2
Optical trapping of neutral mercury — eHOLGER JOHN and
THOMAS WALTHER — Technische Universitdt Darmstadt, Institut fiir
Angewandte Physik, Schlossgartenstrafle 7, 64289 Darmstadt

Laser-cooled mercury constitutes an interesting starting point for var-
ious experiments, in particular in light of the existence of bosonic and
fermionic isotopes. On the one hand the fermionic isotopes could be
used to develop a new time standard based on an optical lattice clock
employing the 1Sy - 3Py transition. Another interesting venue is the
formation of ultra cold Hg-dimers employing photo-association and
achieving vibrational cooling by employing a special scheme.

The laser system is based on an interference-filter stabilized external
cavity diode laser with excellent spectral properties combined with a
home built non-cryogenic fiber amplifier for the 1015nm fundamental
wavelength with a slope-efficiency of more than 35 % delivering up to
4W of pump limited output power. The fundamental wavelength is fre-
quency doubled twice to reach the cooling transition at 253.7 nm. The
challenging requirements meeting the natural linewidth of 1.27 MHz
are mastered by use of a ULE reference resonator.

After integrating a 2D-MOT as an atom source to the vacuum sys-
tem the first measurements of ultra-cold atoms with the new laser
system will be reported.

Poster Q 53.21 Thu 17:00 P OG2
Diffusion of Single Atoms in Bath — eDANIEL ADAM, Fa-
RINA KINDERMANN, TOBIAS LAUSCH, DANIEL MAYER, FELIX SCHMIDT,
STEVE HAUPT, MICHAEL HOHMANN, NICOLAS SPETHMANN, and ARTUR
WIDERA — TU Kaiserslautern, Department of Physics, Kaiserslautern,
Germany

Diffusion is an essential phenomenon occurring in various systems such
as biological cells, traffic models or stock markets. While most systems
are well described by standard Brownian motion, anomalous diffusion
can lead to markedly different dynamical properties.

Experimentally, we study the diffusion of individual atoms illumi-
nated by near-resonant light and trapped in a periodic potential. All
relevant parameters such as damping coefficient and potential hight
can be controlled in order to realize different diffusive regimes.

We explore the amount of information contained in the Kramers
rate, i. e. the rate at which a diffusing atom can escape from a po-
tential well. Furthermore we exploit the excellent control over the
optical trapping potential and study the diffusion of the atom in a
time-varying periodic trap, complemented by numerical simulations of
the dynamics.

Poster Q 53.22 Thu 17:00 P OG2
Kinetic Monte Carlo simulation of percolation in driven-
dissipative Rydberg gases — oSTEPHAN HELMRICH, PHILIPP FAB-
RITIUS, GRAHAM LOCHEAD, and SHANNON WHITLOCK — Physikalisches
Institut, Universitat Heidelberg, Im Neuenheimer Feld 226, 69120 Hei-
delberg

Directed percolation is perhaps the most prominent example of a
unique class of phenomena which exhibit genuine non-equilibrium
phase transitions and non-trivial critical behaviour. We explore
whether highly tunable gases of ultracold atoms excited to long-range
interacting Rydberg states can serve as a clean experimental realisation
of percolation phenomena in two and three dimensions. The mecha-
nism investigated is the cooperative excitation of Rydberg atoms trig-
gered when the excitation laser is resonant for atoms within a charac-
teristic distance of another Rydberg atom (facilitated excitation). To
simulate the dynamics of this system we use a kinetic Monte Carlo al-
gorithm which is able to reproduce many of the experimental features
of laser excited Rydberg gases. We investigate the scaling behavior
for the fraction of Rydberg excitations (active sites) and their spa-



S

. /\ ? /.\,‘,;
26th INTERNATIONAL | 22 -
CONFERENCE | 27 7‘>1/
ON ATOMIC PHYSICS | JULY
‘\.,/”’.\.

CERTIFICATE

This document certifies that:

Ana Hudomal

has presented the poster entitled
Transport in optical lattices with flux

and authored by

Ana Hudomal; Ana Hudomal; lvana Vasic; Hrvoje Buljan; Walter Hofstetter; Antun Balaz

at the 26 International Conference on Atomic Physics,
held at the Barcelona Conference Center from July 22" to July 27%, 2018.

Barcelona, July 27*, 2018

W 57

Prof. Veronica Ahufinger Prof. Maciej Lewenstein Prof. Bruno Julia-Diaz
(Vice-chair) (Chair) (Vice-chair)

e XAIXIXE
""" AXIXE
DXAXIXE

Y
T

W0 B AN BN

l:: i
el M| |aeanndins

[@] o


http://www.tcpdf.org

SUMMER | 16-20
SCHOOL | JULY

Barcelona, Spain

CERTIFICATE
This document certifies that:

Ana Hudomal

has attended and participated with the Poster entitled

Transport in optical lattices with flux

at the ICAP 2018 Summer school, held at the University of Barcelona, Faculty of
Physics & Chemistry from July 16 to July 20* 2018.

Barcelona, 20" July, 2018

Modoree W™ 52

Prof. Veronica Ahufinger Prof. Maciej Lewenstein Prof. Bruno Julia-Diaz
(Vice-chair) (Chair) (Vice-chair)

EXDIXE [—
EXIXIXE
HXXIXE

IV
\EBERRERER

.| 5
......: |; b i
il fftaniiny * BN

R EZ7] UNIVERSITATox
ifd BARCELONA


http://www.tcpdf.org

(0, —SO) PenyGnuka Cpouja
/0w mn I »_ VuusepaureT y beorpany
STULEIEE ) Ousuaku dakynTer
JI1.bp.2015/8006

Gansil Iag
] Jatym: 29.10.2018. roauHe
Ha ocHoBy uiaHa 161 3akoHa 0 OMTeM YNPaBHOM MOCTYNKY H ciryx0OeHe eBUACHLM]E U3aaje ce

VYBEPEIbE

Xymoman (®panu) Aua, Gp. ungekca 2015/8006, pohena 08.03.1991. roaune, beorpan, beorpan-
Cp6uja, ynucana wkoncke 2018/2019. roamne, y cratycy:

CaBckn Benan, PenyOnuka
camodUHAHCHpae; TUT CTyaMja: JAOKTOPCKE aKaaeMCKe cTyauje; cTyaujcku mporpam: dusnka

Ipema CtatyTy dakyirera cTyauje Tpajy (6poj roauHa): TpH.
Pok 3a 3aBpILIETaK CTy/Hja: y ABOCTPYKOM Tpajarby CTyuja.

‘..’%!i a O
D‘.\

OBO ce yBepete MOXKe YNOTPeOUTH 3a peryincarme BOjHE 00aBe3e, M3/1aBatbe BU3E, NPaBa Ha [e4HjH J0JaTakK, MOPOAUIHE

neH3uje, HHBAIMACKOT 101aTKa, 1100ujarba 3paBCTBEHE KibHKHLE, nermuma‘l’xy_lj;_ga nosnauheHy BOXKbY W CTUIEHIM]E.
et

A ol




HEEE

Peﬂy&/zuka Cpduja

; Yuusep3uiueid y beoipagy
Yb DQusuuku paxynimeil, beoipag

Ocnusau: Peirydnuka Cpduja
Jlossony 3a pag dpoj 612-00-02666/2010-04 og 10. geyemdpa 2010.

iogume je usgano Munucimiapcio upocseitie u Hayke Peiydnuxe Cpduje

/Bl
a7

AH&L Opany, Xygomarl

pohena 8. mapiia 1991. iogune y Beoipagy, Cascku seHay, Peiydnuxa Cpouja, yiaucana
wixoncke 2010/2011. iogune, a gana 23. jyna 2014. iogure 3aspuiusia je 0CHOBHE akagemcKe
ciliyguje, UpBoi ciieileHd, Ha ciygujckom tipoipamy Teopujcka u ekciepumeHimlanta pusuKa,
oduma 240 (gsecitia ueitipgecein) Sogosa ECIIE ca tipoceurom oyerom 10,00 (gecedt u 0/100).
, o
Ha ocHoBy fioia usgaje joj ce 0Ba guiinoma o cilie4eHOM BUCOKOM 00pasoBarwy U CIpy4HOM HA3UBY

L | N
GUUTOMUPAHU Pudu4ap
/

bBpoj: 5401600
Y Beoipagy, 27. maja 2016. iogure

Hexan Pexitiop
Ipodp. gp Jadnan [ojuunosuh Ipodp. gp Brnagumup Bymbauiupesuh



/ST

Peitydnuxa Cpduja

YHusepauitieini y beoipagy
Yb Qusuuku gpaxynideitd, beoipag

Ocnusau: Peitydnuxa Cpduja \
Hoszsozny 3a pag dépoj 612-00-02666/2010-04 og 10. geuemdpa 2010,

iogune je usgano Munucitiapciiso ipocseitie u Hayke Petiydnuke Cpduje

72
G

" Ana, Opany, Xygomarn

pohena 8. mapinia 1991. iogune y Beoipagy, Cascku senay, Peiydnuxa Cpduja, yiucara
wikoncke 2014/2015. iogunme, a gana 12. okiiodpa 2015. ioguHe 3aspuiusia je maciiep
akagemcke ciliyguje, gpyioi citielieHa, Ha Ciutygujckom ipoipamy Teopujcka u excliepuMeHillanta
¢/u3um, oduma 60 (wesgeceiti) 5ogosa ECIIB ca apoceyrom oyerom 10,00 (geceiit u 0/100).
= )
Ha ocHoBy ioia usgaje joj ce 08a guiinoma o cilie4eHoM BUCOKOM 00pa30Barwy u akagemcKom HA3usy

Maciiep pusuap

Bpoj: 5401500
Y Beoipagy, 27. maja 2016. iogune

Lekan Pexitiop
Tpodp. gp Jadnan Jojuunosuh Tpogh. gp Bnagumup bymbawupesuh

\7%/“(/(/(/1/%/&/‘—/

00054416



[IOKTOPCKE CTYAMJE

NPEANOT TEME AOKTOPCKE IMCEPTALIMIE
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LWKoAncKa roanHa
2018/2019

Ume AHa
HayuHa obnact guceptauuje
Mpe3ume Xyaoman
dW3MKa KOHAEH30BaHe maTepuje 1
Bpoj uHaekca | 8006/2015 cTaTUCTUYKa PU3KKa

Hay4Ha obnact
Une MBaHa
3Barbe
Mpe3ume Bacuh
UHcTUTYUMja

Hacnos

du3MKa KOHAEH30BaHe maTepuje
W CTAaTUCTUYKA dU3MKa

BULWMW HAYYHU CapaaHUK

WHCTMTYT 3a du3nKy y beorpaay

Numerical study of quantum gases in optical lattices with flux

(HyMepuuKo Npoy4aBarbe KBaHTHWX racoBa y ONTUUKNAM pelleTkama ca bnykcom)

cnepeha AOKyMeHTa:

1. CemwuHapcku pag (ayxuHe go 10 cTpaHuua)
2. KpaTky cTpy4Hy 6uorpadujy nucany y Tpehem nuuy jeaHUHe
3. ®DOTOKOMNUjy MHAEKCA Ca AOKTOPCKUX cTyamja

Y3 npujaBy Teme AOKTOPCKe nucepTaumje Konernjymy JOKTOPCKUX cTyamja, noTpebHo je NpuaoKUTH
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