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Hayuynom Behy UncTuTyTa 32 pusuky y beorpany
Mpenyor 3a Crynentcky Harpaagy UHcTutyTta 3a ¢pusuky y beorpany
[TomrroBanu,

3a CtyneHTcky Harpany MHctutyTa 3a ¢pusuky y beorpany npemiaxkem ap Any Xyaomad 3a
JOKTOPCKY auceptanujy “Numerical study of quantum gases in optical lattices and in
synthetic magnetic fields” (“Hymepuuxo npoyuasarbe K8AHMHUX 2AC084 ) ONMUUKUM
peutemkama u y CUHMEemU4YKuUM MacHemHum nosmuma’), Koja je omOpameHa 1. meremOpa
2020. ronune Ha @uznukoM (akynTery YHuBep3urera y beorpany.

JlokTopcka nucepranuja 1p Ane XyjaoMman npunaaa oonactu Gpu3rke KOHACH30BaHOT CTamba,
a (pu3MUYKKM CUCTEMHU KOjuMa ce 0aBH Cy yITpaxjaJHU TaCOBU OO30HCKUX aTOMa Y ONTHIKUM
pemieTkama. VHTEH3MBHO MpoyyaBame YITPaXJaJHUX aToOMa 3alo4yeTo je ca IUIJbeM
eKCTIepUMEHTATHE peanu3anuje bo3e-AjHINTajH KOHAEH3aTa, IMTO je M ocTBapeHo 1995.
roguue. O Tazma je obnacT ynTpaxjaJHMX aTOMa BEOMa aKTHUBHA W JaHAC YITpaxyaJHu
aTOMM TMpPEeACTaB/bajy jeJaH OJf Haj3HAYajHUJUX EKCHEpUMEHTAJHUX CHUCTeMa 3a
UMIUIEMEHTAIIN]y KBAHTHUX CHMYJaTopa, Koje je kao koHuent yBeo ®ajuman 1982. roaune.
VYBohewe onThuke pemerke (MePUOAMYHOT CBETJIOCHOT TOTEHIMjaja 3a aTome) je
npuOIKUIIO OBE CHUCTEME MOJENIMMa KOjU C€ MpOoyyaBajy y (U3MIM YBPCTOT CTamka U
oMOTyhmJIO je HEeMmoCpeaHO HCTpaxkuBame ¢Gu3uke XabapaoBor mojena. Y akTyeIHUM
UCTpakuBambUMa (DOKyC je Ha pasyMeBamy HEPaBHOTEKHE JMHAMUKE KBAHTHUX CHCTEMA,
Ka0 M Ha yOINTeHY (QU3HIKHX MOJIENa KOjU C€ MOTY IIPOYyYaBaTH y ONTHYKUM PEIIEeTKaMa.
CreuujanHo, jeaHa OJ BeOMa BaXKHUX W aKTYeITHUX TeMa je€ pealu3allija TOIOJOIIKU
HETPUBUJATHUX MOJEJIa y ONTUYKUM pemeTkama. [IpekpeTHuna koja je nedunucana Beoma
paHO U Ha KOjy C€ W Jajbe ueKa je peanus3anuja (pakiuoHOT XOJOBOT CTamka y CHCTEMY
ynrpaxiagaux atoma. OBO Cy BeoMa akTyeJdHa OTBOpPEHA MUTama HAa YHJUM OJrOBOpHUMA
pane Boaehe nctpaxkuBauke rpymne y cBeTy. TeopHujcKu omuc HajHOBHjUX €KCIIepUMEHaTa je
U3y3€THO CIIOKEH M Ha CaMOj TPAaHHUIIM W3BOJJPHBOCTH HA JAHAIIHIM CyleppadyyHapHMa.

Y OKBHpY JIOKTOPCKHX CTyauja, Ap AHa XyJaoMan je pajuia yrnpaBo Ha OBUM KJbYYHHM
NUTamkUMa U W3Y3CTHUM 3ajlaralkbeM JIONIA JI0 BaXXHUX oaroBopa. [Ipobmemu koje je AHa
pelaBaia 3aXTeBaIN Cy MOJPOOHO pa3yMeBame (PU3UUKE CIIMKE M BEJIIUKY CHAIAXJBHBOCT Y
UMIUICMEHTALUjH HYMEPUYKHX ajropuramMa y KoOjUMa Cy TIIOCTUTHYTe mepdopMaHce
yIoOpeauBe ca HajMoJepHUjuM mpuctynuma. Jlokropcka aucepranuja ap AHe Xymomam
3ampaBo pa3MaTpa JBE€ OININTE TeMe KOjeé MOJIEpHU EKCHEPUMEHTH ca YJITpaxjaJHuM
aTomMuma Oiucko moBe3yjy. [IpBa Tema je pasymeBame HEPaBHOTE)KHE JTHHAMUKE Y
M30JI0BAaHOM U TIEPHOJUYHO BO))CHOM KBAaHTHOM CHCTEMY, a pyTa TemMa ce OaBH MPUIPEMOM
U MEPEHEM TOTIOJIONIKUX CTama y OBaKBUM MocTtaBkaMa. O0e TeMe 3aXTeBajy pa3yMeBambe U
Kopuntheme HanpeAHUX (PU3MUKUX KOHIIETaTa, Ma je o BEJMKOT 3Havaja 3a JOKTOPCKH paj
KaHIUJATKUEe OMI0 W ydemhe Ha MPECTHKHUM Mel)yHapOJHUM IIKOJaMa 3a JTIOKTOPaH/IE,
Kao MITO je HaBEIEHO Yy MpWIokeHo] Ouorpaduju. ONCEKHUM MpoydaBamkeM OO030HCKE
JMHAMHUKE Y ONTHYKUM pelIeTkaMa, Koje je 0Oa3upaHo Ha HYMEPHYKHM CHMYJIalldjama
u3BpmaBanuM Ha PARADOX cyneppadyHapy W CeMHaHAIUTHYKAM MeTojama, AHa je
yTBpIWJIA T0jaBy peXHMMa HECTaHJapJHE CIope TepMmanu3aiuje y Kome je wmoryhe
NPUIPEMUTH M HUCIUTATH TOMOJIOIIKA HETPUBHjAJIHA CTamkba y CHCTEMY YJITPaxJIaJIHUX
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atoma. OHa je 0Ba UCTPaKUBamka JIETAJbHO M CUCTEMATHYHO MPUKA3alia Y CBOjO] JOKTOPCKO]
nuceptaunju “Numerical study of quantum gases in optical lattices and in synthetic
magnetic fields”, xoja je HamMcaHa Ha CHIJIECKOM JE€3UKYy M CAQApXKU S5 ToriaBka u 7
nonataka. [ maBHU pe3ynTaTv UCTpaKUBama MPUKA3aHU Cy Yy MorjaBbuMa 2-4 Tese.

Hajuemrhe HenHTEerpaOMIIHM CUCTEMHU ce BeoMa Op30 TepManu3yjy. MehyTuMm, y ckopanimsum
eKCIIEpUMEHTIMA U3BEJICHUM Ha KBAHTHOM CHMYJIATOPY YATpaxiagHux PunbeproBux atoma
npuMeheHa je HeOUYeKMBaHO cropa TepMaiu3anuja onpeheHnx movyetHux crama. Ca nuibemMm
NpoHaNaXekha M pa3yMeBama peXHMa CIOope TepMaiu3aluje, y IOrjIaBjby 2 CBOje
JIUcepTalje, KaHIUIaTKUba je pa3MaTpalia yoriTeHe 0030HCKe XaMIJITOHHjaHe Y KOjuMa
aMIUTATYJa TyHelnpama u3 Meh)y 1Ba cyceqHa 4Bopa ONTHYKE PEIICTKE 3aBUCH O] FbHXOBE
HACEJbEHOCTU. AHAIIM30M KOpEIaMOHUX (YHKIIMja U EHTPOIIHjE YBE3aHOCTH MOKa3alia je Ja
ce onpehene mouerHe koH(pHUTypalrje BeoMa cropo Tepmanusyjy. OBa mojasa je objammena
M10jaBOM CIICIMjaTHUX CBOJCTBEHHUX CTarma T3B. KBAHTHUX O0KHJbaKa, YMje OCOOMHE CYy IMTOTOM
JETa/bHO aHATU3UPAHE CEMHAHATTUTUYKOM alPOKCUMAITH]OM.

Y npyrom genmy Te3e, KaHAWIATKUEbA je pa3Mmarpalia TOTOJIOMIKE KapaKTePUCTHKE
yITpaxJIafHUX 0030Ha y CHHTETHYKMM MarHeTHuM noseuma. [loueB ox 2013. roaune, jaka
CHHTETHYKA MAarHeTHa I0Jba CE€ YCIENIHO peain3yjy Ha TOoCpeNaH Ha4dlH, y MEePHOAHMIHO
Boh)eHHM onTHYkuM pemieTkama. KopumrhemeM OBOT NMpUCTyIa, HEJABHO j€ MO MPBU IMYT
m3mepeH YepHoB Opoj (TOMOJIONIKA WHBApHjaHTA EHEPIeTCKE 30HE) y HEEJIECKTPOHCKOM
CUCTEMY, Tj. Y CUCTEMY XJIaJHUX aToMa. MelyTuM, 3a yCIelIHy HHTepIpeTalujy pe3yiraTa
OMJIO je HEOINXOIHO U3BPUIUTH J10laTHA Mepema Kako Ou eeKTH UHTepaKlrja O y3eTH y
003wup.

[logcrakHyTa OBUM EKCHEPHUMEHTATHUM HampeTkoM, AHa XyJIoMaln je y TOrjaBiby 3 Te3e
UCTpaXMBajla yJOry cjabuxX aTOMCKMX MHTEpakinHja mpu Mepemy YepHoBor Opoja y
BO)CHMM ONTHYKUM pemieTkama. [IppMEeHOM anmpOKCHMAaTHBHOT aHAIMTHYKOT pa3Boja Mo
MHBEP3HO) (PEKBEHIMjU BOhema, KaHIUAATKUIbA j€ TPBO IMOKasaja MPUCYCTBO JOJATHHUX
YjaHoBa y €(QEeKTHBHOM XaMWITOHWjaHy W HWCHHTaNa MHHUXOB YTHIA] HA TOIOJOIIKE
KapakTepuCTHKe eQeKTHBHOI XamuiaToHHjaHa. [loTOM Cy JONpUHOCH HWHTEpakija
ypadyHaTH YHOTpeOOM Teopuje cpeamer moJsba. KaHnupaTkuma je yTBpAWiIa Jia
UHTEpaKIfje TONPHUHOCE aTOMCKHM Npejasuma u3Mel)y pa3iuuuTHX EHEPreTCKUX 30Ha
e(EeKTHBHOT MoOJIe/la, YHME C€ YCIOXKHIaBa EKCIepHUMEHTallHa MNpoleaypa y CKiIaxy ca
ouekuBamuMa. MehyTtum, no0ujeHH pesynratu Takohe mMokasyjy na ciabe aTOMCKe
MHTEpaKIlfje oJlakiliaBajy Mepeme UepHoBor Opoja Ha HeKoJIMKO HaunHa. Kako ce odekyje
na Mepeme UepHoBor Opoja moctaHe pyTHHCKH anaT y Onmckoj OymyhHOCTH - IpBH KOpak y
NPUNPEMH 3aHUMJBMBHJUX TOMOJOIIKHX (a3a - pe3yiaTaTH KaHAWAATKUEE O edeKkTHMa
ciabux MHTEpaKiyja cy oJ] 3Hauaja u 3a Oynyhe excriepumenre.

VY mnornasky 4, KaHAWJATKHbA j€ pa3MaTpana CindaH MOJCIN, alld Yy PEeKUMY jaKux
MHTEpaKIfja Mpu ryCTHHaMa Ha KOjUMa MOKEMO OYEKMBATH I10jaBy (paKIMOHUX XOJIOBUX
crama. Hajmpe je ompenuna peanuctuune (pekBeHIMje Bohema MPU KOjUMa je 3arpeBame
cucreMa Ha OECKOHAuyHy TeMmIlepatypy IoBoJbHO cmopo. ITopex Tora, 3a JOBOJBHO Mane
cucTeMe, HyMEpHYKH je KOHCTpyHcalla CTPOOOCKOIICKH €BOJIYIIIOHU OIEpaTop W YTBPAWIA
IpY KOJUM HajHWKMM (ppeKBEHIIMjaMa Bol)era HeKa 0J CBOJCTBEHUX CTama OBOT OIepaTopa
oAroBapajy ¢pakuuoHuM XOJOoBUM cTamuMa. O HajBeher excriepuMeHTaTHOT 3Hadvaja je
pealucTHYHA TMpUIIpeMa OBUX cTama. KaHaupaTkuma je mokasaja aa ce monasehu on
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JETHOMMEH3HOHAIHUX HH30Ba, IIOCTENEHUM YKJ/bYUHMBaWeM TYyHElIHpama U Bohema,
¢pakurona XoyioBa CTamba MOTY MPHUIPEMHTH U MEPUTH Ha PEIEBAHTHUM BPEMEHCKUM
CKajaMa peja 1eCeTHHA MIJINCEKYHIH.

Haj3nauajuuju pesynraté JOKTOpcke aucepranuje AHe Xyaoman 00jaBJbeHH Cy Kao TpHU
M21 ny6nukaruje:

¢ A.Hudomal, I. Vasi¢, H. Buljan, W. Hofstetter, and A. Balaz,
Dynamics of weakly interacting bosons in optical lattices with flux,
Phys. Rev. A 98, 053625 (2018).
DOI: 10.1103/PhysRevA.98.053625; ISSN 2469-9926; IF(2018)=2.907

e A.Hudomal, N. Regnault, and I. Vasi¢,
Bosonic fractional quantum Hall states in driven optical lattices,
Phys. Rev. A 100, 053624 (2019).
DOI: 10.1103/PhysRevA.100.053624; ISSN 2469-9926; 1F(2019)=2.777

¢ A.Hudomal, I. Vasi¢, N. Regnault, and Z. Papic¢,
Quantum scars of bosons with correlated hopping,
Commun. Phys. 3, 99 (2020).
DOI: 10.1038/542005-020-0364-9; ISSN 2399-3650; 1F(2019)=4.684

VYkynan umnakr ¢pakrop oBux pajnona je 10,368. [Ipema 6a3u Web of Science oBu pagosu
cy uutupanu 13 nmyra (6e3 ayrouurara), 10K Cy UCTU panoBu npema 6a3u Google Scholar
Beh nutupanm 30 nmyra. [lo akTyeaHOCTH M LIMTHPAHOCTU ce mocedHo uctuue paxy Com-
mun. Phys. u3 nperxoane rogune, koju no Google Scholar -y uma npeko 20 murata. ¥
MIPUJIOTY j€ JaT KOMIUIETaH CIUCAaK MyOJMKalrja KanauaaTkame. Jlo cama, ap Ana Xymgoman
uma 11 caommrema ca Me)yHapoIHUX CKYyNOBa IITaMIaHUX y u3Boay (M34), uetupu paga
o0jaBibeHa y MehyHapoJHUM Yaconucuma kateropuje M21 u jenan pan kareropuje M21a.

Ha ocHOBY cBera HaBeJeHOT M HA OCHOBY Hallle yCIellIHe capajime, CMaTpaM Ja je ap
AHa XyaoMaJl NoKa3ajia BeJIMKH €HTy3Hja3aM, TaJeHAT U CIIOCOOHOCT 3a paJ HAa BPJIO
AKTYeJIHOj W 3aXTE€BHOj MCTPA)KUBAYKO] TEMH, IITO je Pe3yTOBAJI0 BPXYHCKOM
AOKTOPCKOM JHMCepTAlUjoM. 3aTO ca M3Y3eTHHM 3aJ0BO/bCTBOM IpeMIakeM AP AHY
Xynomaa 3a Crynenrcky Harpaay Mucrutyra 3a ¢usuky y Beorpany 3a Hajoosby
AOKTOPCKY Te3y oadpameny TokoM 2020. rogune.

VY Beorpany, 29. 04. 2021. rogune

M. Boots

np Wsana Bacuh,
BUILIM HAYYHU CapaJHUK,
HNucturyT 3a pusuky y beorpany


https://doi.org/10.1038/s42005-020-0364-9
https://doi.org/10.1103/PhysRevA.100.053624
https://doi.org/10.1103/PhysRevA.98.053625

Bbuorpaduja np Ane Xynomau

Ana Xymoman je pohena 8. 3. 1991. romune y beorpanmy, re je 3aBpmiwiia OCHOBHY IIKOIY U
Maremarnuky rumHasujy. OcHOBHe akazeMcke ctyauje Ha Pu3nukoM (akyireTy YHUBEp3UTETa y
beorpany, cmep Teopujcka m ekcriepuMeHTanHa Qu3uka, 3amodena je 2010. roguHe W 3aBprimia
jyna 2014. rogune ca npoceuynoM orieHoMm 10,0. MacTep akagemcke cTyAuje Ha UCTOM (haKynTeTy,
cmep Teopujcka u ekcriepuMeHTamHa (U3KKa, 3aBpIIwiIa je okrodpa 2015. romuHe ca MPOCEIHOM
oueHoM 10,0, onOpaHuBIIM MacTep pad Ha TeMy ,,New Periodic Solutions to the Three-Body
Problem and Gravitational Waves” (HacioB Ha cprckoM: ,,HoBa nepuonuuHa periewma npodiaema
TpU Tela W TpaBUTALMOHU Tajacu”). Mactep pax je ypaheH mon pykoBoiacTBoM Jp Besbka
JmutpamuHoBuha, HaydHor caBeTHWka MuctmTyTa 3a (msumky y beorpamy. HosemOpa 2015.
roAuHe ymnucajga je JOKTOpCKe akajeMmcke cryauje Ha DuszndkoM QaxkynTery YHHUBEp3UTETa y
Beorpany, yxa HaydHa oOmacT ¢u3MKa KOHIEH30BaHE Marepuje. JIOKTOpCKy aucepTanujy IO
HaCIOBOM ,,Numerical study of quantum gases in optical lattices and in synthetic magnetic fields”
(HacmoB Ha cprckoM: ,,Hymepndko mpoyuaBame KBAaHTHHX IacoBa Yy ONTHYKHM peEIIeTKaMa U Y
CHUHTETUYKMM MAarHeTHUM IOJbMMA”) ypaauia je mox MeHTopcTBoM np MBane Bacuh, Bumer
HayyHOT capagHuka MHctutyTa 3a pusuky y beorpany, n onbpanuina neuemopa 2020. roguse.

On mapra 2016. ronune Ana Xynoman je 3amociieHa y MHctutyty 3a ¢usuky y beorpagy kao
UCTpaXKuBau MpunpaBHuK y Jlaboparopuju 3a nmpumMeHy padyHapa y Hayld, y okBupy HarponaiaHor
LIEHTPa M3Y3€THUX BPEIHOCTH 3a M3ydaBame KOMIUIEKCHMX cuctema. Anpuna 2019. romune
n3zabpaHa je y 3Bame uctpaxkusau capaauk. Ox mapra 2016. no aenemoOpa 2019. roqune 6una je
aHTra)XOBaHa Ha TNPOJeKTy OCHOBHUX HCTpakuBama ,Mooemupare u Hymepuyke cumyrayuje
cnooicenux  euweyecmuunux cucmema” (OH171017) MunucrapcTtBa mpocBeTe, Hayke H
TeXHOJOMKOr pa3Boja Pemybmmuke CpOuje, kojum je pykoBoauo Ap AHTyH banmax, a ox janyapa
2020. je aHraxxoBaHa WHCTUTyIHOHanmHO. [lopem Tora, ydecTBoBajia je W Ha OWJIaTepaTHUM
npojektuma ca Hemaukom (I'ere ynuBepsurer y ®@pankdpypry) u ca XpBarckoM (YHHBEP3UTET Y
3arpeOy), mon pykoBoiactBoM ap MBane Bacuh. Jlo cama je moxahana HEKoOJWKO IIKoda 3a
nokropaHne, mehy xojuma 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),
International School and Workshop Anyon Physics of Ultracold Atomic Gases — Kaiserslautern,
Germany (2018), New Developments in Topological Condensed Matter — Les Houches, France
(2019), Virtual Winter School on Strongly Correlated Quantum Matter (2020).

On 2007. oo 2011. roquae Ana Xymoman je 6una cruneHaucta Pemybnuuke dhonmanuje 3a pa3Boj
HAy4YHOT ¥ YMETHHYKOT Toamiarka, 3atuM o 2011. mo 2013. ctunenaucra rpaga beorpana, mox je
on 2013. mo 2015. 6una crunenaucra donma 3a miane taneHte Pemybmuke CpOuje. Toxom
akagemcke 2014/2015. rogune ydectBoBajia je y u3Bohewmy HacTaBe Ha DPU3MUKOM (akynTery
YuuBep3uteta y beorpany, kao capaJHUK y HacTaBu Ha mpeamery KBaHTHa TeopHjcka (usmka
(mpenmeTHU HAacTaBHUK foil. ap ymko Jlarac).

Ho camga, Ana Xynmoman uMa jenaH pan o0jaBibeH y yacomucy kareropwje M2la, wetupu pana
o0jaBibeHa y 4Yaconmucuma kareropuje M21, kao um 11 caommrema ca Mel)yHapOAHHX CKyIlOBa
mramMnanux y usBoay (kareropuje M34). U3 teme mokropara, AHa Xymoman je o0jaBuina 3 paga
kareropuje M21 u 11 caommrema kareropuje M34.
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(*pe3ynraTu TOKTOPCKE AUCEPTAIIH]e)

PanoBu y mel)yHapogHuM yaconucuma u3y3eTHuX BpeaHoctu (M21a):

1. V. Dmitraginovié, M. Suvakov, and A. Hudomal:

Gravitational Waves from Periodic Three-Body Systems,
Phys. Rev. Lett. 113, 101102 (2014).
DOI: 10.1103/PhysRevlLett.113.101102; ISSN 1079-7114; IF(2014)=7.512

PanoBu y BpxyHckuM MehyHapoaHum yaconucuma (M21):

1. V. DmitraSinovi¢, A. Hudomal, M. Shibayama, and A. Sugita:

Linear Stability of Periodic Three-body Orbits with Zero Angular Momentum and Topologi-
cal Dependence of Kepler’s Third Law: a Numerical Test,

J. Phys. A: Math. Theor. 51, 315101 (2018).

DOI: 10.1088/1751-8121/aaca41; ISSN 1751-8121; IF(2014)=2.110

*A. Hudomal, 1. Vasi¢, H. Buljan, W. Hofstetter, and A. Balaz,
Dynamics of weakly interacting bosons in optical lattices with flux,
Phys. Rev. A 98, 053625 (2018).

DOI: 10.1103/PhysRevA.98.053625; ISSN 2469-9926; 1F(2018)=2.907

*A Hudomal, N. Regnault, and 1. Vasi¢,

Bosonic fractional quantum Hall states in driven optical lattices,

Phys. Rev. A 100, 053624 (2019).

DOI: 10.1103/PhysRevA.100.053624; ISSN 2469-9926; 1F(2019)=2.777

*A. Hudomal, I. Vasi¢, N. Regnault, and Z. Papic¢,

Quantum scars of bosons with correlated hopping,

Commun. Phys. 3, 99 (2020).

DOI: 10.1038/542005-020-0364-9; ISSN 2399-3650; 1F(2019)=4.684

Caomniurema ca Mel)yHapoaHOT cKyna Imtammnasa y uzsony (M34):

1.

A. Hudomal, I. Vasi¢, H. Buljan, W. Hofstetter, and A. Balaz,
Transport dynamics in optical lattices with flux,
DPG Spring Meeting 2017, Mainz, Germany, 6-10 Mar 2017.

A. Hudomal, I. Vasi¢, H. Buljan, W. Hofstetter, and A. Balaz,
Transport dynamics in optical lattices with flux,

6th International School and Conference on Photonics, Belgrade, Serbia, 28 Aug -1 Sep
2017.

A. Hudomal, I. Vasi¢, H. Buljan, W. Hofstetter, and A. Balaz,
Transport in optical lattices with flux,Winter School on Topological Matter in Artificial
Gauge Fields, Dresden, Germany, 26 Feb - 2 Mar 2018

A. Hudomal, I. Vasi¢, H. Buljan, W. Hofstetter, and A. Balaz,
Artificial gauge potentials in periodically driven optical lattices: numerical simulations of


http://dx.doi.org/10.1038/s42005-020-0364-9
http://dx.doi.org/10.1088/1751-8121/aaca41
http://dx.doi.org/10.1103/PhysRevA.100.053624
http://dx.doi.org/10.1103/PhysRevA.98.053625
http://dx.doi.org/10.1103/PhysRevLett.113.101102

10.

11.

atomic transport,
DPG Spring Meeting 2018, Erlangen, Germany, 4-9 Mar 2018.

A. Hudomal, I. Vasi¢, H. Buljan, W. Hofstetter, and A. Balaz,
Transport in optical lattices with flux,

The 26th International Conference on Atomic Physics, ICAP 2018, Barcelona, Spain, 22-27
Jul 2018.

A. Hudomal, 1. Vasi¢, H. Buljan, W. Hofstetter, and A. Balaz,
Transport in optical lattices with flux,
Research Frontiers in Ultracold Quantum Gases, Bad Honnef, Germany, 17-21 Dec 2018.

A. Hudomal, I. Vasi¢, H. Buljan, W. Hofstetter, and A. Balaz,
Dynamics of weakly interacting bosons in optical lattices with flux,
DPG Spring Meeting 2019, Rostock, Germany, 10-15 Mar 2019.

A. Hudomal, I. Vasi¢, N. Regnault, and Z. Papic,
Searching for quantum scars in constrained bosonic models,
7th International School and Conference on Photonics, Belgrade, Serbia, 26-30 Aug 2019.

A. Hudomal, N. Regnault, and 1. Vasic¢,
Probing fractional Hall states in driven optical lattices,
7th International School and Conference on Photonics, Belgrade, Serbia, 26-30 Aug 2019.

A. Hudomal, 1. Vasi¢, N. Regnault, and Z. Papic,
Searching for quantum scars in constrained bosonic models,
Symposium on Condensed Matter Physics, Belgrade, Serbia, 7-11 Oct 2019.

A. Hudomal, 1. Vasi¢, N. Regnault, and Z. Papic,
Quantum scars of bosons with correlated hopping,
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Quantum scars of bosons with correlated hopping
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Recent experiments on Rydberg atom arrays have found evidence of anomalously slow
thermalization and persistent density oscillations, which have been interpreted as a many-
body analog of the phenomenon of quantum scars. Periodic dynamics and atypical scarred
eigenstates originate from a “hard” kinetic constraint: the neighboring Rydberg atoms cannot
be simultaneously excited. Here we propose a realization of quantum many-body scars in a
1D bosonic lattice model with a “soft” constraint in the form of density-assisted hopping. We
discuss the relation of this model to the standard Bose-Hubbard model and possible
experimental realizations using ultracold atoms. We find that this model exhibits similar
phenomenology to the Rydberg atom chain, including weakly entangled eigenstates at high
energy densities and the presence of a large number of exact zero energy states, with distinct
algebraic structure.
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emiclassical studies of chaotic stadium billiards have

revealed the existence of remarkable non-chaotic eigenfuc-

tions called “quantum scars”!. Scarred eigenfunctions dis-
play anomalous enhancement in regions of the billiard that are
traversed by one of the periodic orbits in the classical limit when
h — 0. It was shown that quantum scars lead to striking
experimental signatures in a variety of systems, including
microwave cavities?, quantum dots3, and semiconductor quan-
tum wells*.

A recent experiment on a quantum simulator®, and subsequent
theoretical work®’, have shown that quantum many-body scars
can occur in strongly interacting quantum systems. The experi-
ment used a one-dimensional Rydberg atom platform in the
regime of the Rydberg blockade>®°, where nearest-neighbor
excitations of the atoms were energetically prohibited. The
experiment observed persistent many-body revivals of local
observables after a “global quench”1? from a certain initial state.
In contrast, when the experiment was repeated for other initial
configurations, drawn from the same type of “infinite” tempera-
ture ensemble, the system displayed fast equilibration and no
revivals. These observations pointed to a different kind of out-of-
equilibrium behavior compared to previous studies of quantum
thermalization in various experimental platforms!1-12,

In both single-particle and many-body quantum scars, the
dynamics from certain initial states leads to periodic revivals of
the wave function. In the former case, this happens when the
particle is prepared in a Gaussian wave packet initialized along a
periodic orbit!, while in the latter case the revivals can be inter-
preted as a nearly-free precession of a large emergent su(2) spin
degree of freedom!®17. Another similarity between single- and
many-body quantum scars is the existence of non-ergodic
eigenstates. In the single-particle case, such eigenstates are
easily identified by their non-uniform probability density that
sharply concentrates along classical periodic orbits. In the many-
body case, non-ergodic eigenstates are broadly defined as those
that violate eigenstate thermalization hypothesis (ETH)!819.
Scarred eigenstates violate the ETH in a number of ways: for
example, they appear at evenly spaced energies throughout the
spectrum®20:21, they have anomalous expectation values of local
observables compared to other eigenstates at the same energy
density, and their entanglement entropy obeys a sub-volume law
scaling?0.

In recent works, the existence of atypical eigenstates has been
taken as a more general definition of quantum many-body
scaring. For example, highly excited eigenstates with low entan-
glement have previously been analytically constructed in the non-
integrable AKLT model?>23. A few of such exact eigenstates are
now also available for the Rydberg atom chain model?. The
collection of models that feature atypical eigenstates is rapidly
expanding, including perturbations of the Rydberg atom
chain20:2>26, theories with confinement?’-2%, Fermi-Hubbard
model beyond one dimension3031, driven systems®?, quantum
spin systems3334, fractional quantum Hall effect in a one-
dimensional limit3>, and models with fracton-like dynamics36-3°.
In a related development, it was proposed that atypical eigenstates
of one Hamiltonian can be “embedded” into the spectrum of
another, thermalizing Hamiltonian?, causing a violation of a
“strong” version of the ETH#142, This approach allows to engi-
neer scarred eigenstates in models of topological phases in arbi-
trary dimensions*3. From a dynamical point of view, it has been
shown that models with scarred dynamics can be systematically
constructed by embedding periodic on-site unitary dynamics into
a many-body system*4.

A feature shared by many scarred models is the presence of
some form of a kinetic constraint. In the Rydberg atom chain,
the constraint results from strong van der Waals forces, which

project out the neighboring Rydberg excitations®®. Such Hilbert
spaces occur, for example, in models describing anyon excitations
in topological phases of matter*®->0 and in lattice gauge
theories®! >3, including the Rydberg atom system®*°>. Recent
works on periodically driven optical lattices have started to
explore such physics®>>7. On the other hand, kinetic constraints
have been investigated as a possible pathway to many-body
localization without disorder®. In classical systems, non-
thermalizing behavior without disorder is well known in the
context of structural glasses®®-%1. The mechanism of this type of
behavior is the excluded volume interactions that impose kinetic
constraints on the dynamics®>%3. Similar type of physics has
recently been explored in quantum systems where a “quasi many-
body localized" behavior was proposed to occur in the absence of
disorder®4-74,

In this paper, we investigate the relation between kinetic con-
straints, slow dynamics and quantum many-body scars. In con-
trast to previous work, which focused on models of spins and
fermions that are closely related in one dimension due to the
Jordan-Wigner mapping, here we study one-dimensional models
of bosons with density-assisted hoppings, which realize both
“hard” and “soft” kinetic constraints, whilst being non-integrable.
Depending on the form of the hopping term, we demonstrate that
the models encompass a rich phenomenology, including regimes
of fast thermalization, the existence of periodic revivals and
many-body scars, as well as the Hilbert space fragmentation that
has been found in recent studies of fractonic models3°-3%. Unlike
the experimentally realized Rydberg atom system, we find evi-
dence of many-body scars in a bosonic model without a hard
kinetic constraint, i.e., with a fully connected Hilbert space. We
identify initial states that give rise to periodic many-body revivals
in the quantum dynamics, and we introduce a “cluster approx-
imation” that captures the scarred eigenstates that are responsible
for periodic revivals. We discuss possible experimental realiza-
tions of these models using ultracold atoms.

Results
Models and their Hilbert spaces. A fundamental ingredient of
kinetically constrained models is “correlated hopping”: a particle
can hop depending on the state of its neighbors. In this paper we
consider a system of N}, bosons on a one-dimensional lattice with
L sites. We consider models where the total filling factor, v = N,/
L, is conserved, and we will mainly present results in the dense
regime, v = 1. We have studied models with v < 1 and v > 1, but
we found them to be either too constrained or not constrained
enough, and therefore less interesting. We emphasize that the
bosons in our study are not hard-core, i.e., the occupancy of any
lattice site can take any value from 0 to N;,.

We study three different models, defined by the Hamiltonians:

L

Hy = =13 (blbyam + mo1blb,,), (1)
j=1

L A

Hy = 1Y (mbjbs + 0B am; ), @

=1
L ; )
H, = —]2<nj+lbj biyn; + nj—lb}bj—lnj)‘ (3)
=

All three models contain a free-boson hopping term, b;bj 12

which is dressed in various ways by density operators, n; = bjbj.
We will show that the position of the density operator n;
completely changes the behavior of these models, ranging from

fast thermalization to the breakup of the Hamiltonian into
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disconnected, exactly solvable sectors. For example, note that H;
and H, are related to each other via free-boson hopping,

H,=H, — Jz(b}bjﬂ + bjbj_l), @)
J

which can be easily proven using bosonic commutation relations.
We will see below that this innocuous free-boson hopping leads
to surprisingly different dynamical properties of the two models.

The motivation behind introducing three different models in
Egs. (1)-(3) can be summarized as follows. Hamiltonian H,;
describes a model where a particle cannot hop to the left if that
site is not already occupied by at least one particle, and cannot
hop to the right if it is the only particle left on its initial site. This
introduces constraints to the system. Conversely, there are no
such constraints in the case of H, Indeed, the hopping
coefficients are only modified in intensity by the particle-
number operator. Hamiltonian Hj introduces additional con-
straints compared to H;. The number of unoccupied sites and
their positions remain constant under the action of this
Hamiltonian. This leads to different connectivity of the Hilbert
space in each of the models, as we explain in the next Section.

We consider periodic boundary conditions (L + 1 = 1) and set
h = ] = 1. With periodic boundary conditions, all three
Hamiltonians H;, H, and H; have translation symmetry, thus
their eigenstates can be labeled by momentum quantum number,
k, quantized in units of 27/L. In addition, H; has inversion
symmetry. We denote by I = 0 and I = 1 the sectors that are even
and odd under inversion, respectively.

Without restrictions on the boson occupancy, the Hilbert space
of Hy, H, and Hj grows very rapidly. For L = N, = 12, the
Hilbert space size of the k = 0 sector is 112720 (the largest one we
will consider for H, and H,). As previously mentioned (see also
the next Section), the Hilbert space of Hj splits into many
disconnected components, thus it is possible to consider only one
connected component at a time and disregard the unoccupied
sites whose positions do not change. This is more relevant when

111

looking at properties such as thermalization, than fixing the filling
factor. However, the boundary conditions are in that case no
longer periodic, and the system does not have translation
symmetry. Considering only a system with the size L/2, filling
factor v = 2, open boundary conditions and minimal number of
particles per site equal to 1 is completely equivalent to
considering the largest component of the full system which has
the size L, filling factor v = 1, periodic boundary conditions and
no restrictions on the occupancies. The Hilbert space size of the
symmetric invariant sector of the largest connected component of
L = N, = 22 is 176484 and this is the largest sector that we will
consider for Hs.

Graph structure of the models. Since we will be interested in the
dynamical properties, it is convenient to first build some intuition
about the structure of the Hamiltonians of the three models in
Egs. (1)-(3). A Hamiltonian can be viewed as the adjancency
matrix of a graph whose vertices are Fock states of bosons,
|ny, 1y, ... ,n;). If the Hamiltonian induces a transition between
two Fock states, the corresponding vertices of the graph are
connected by a link. The graphs that show how the configuration
space is connected have very different structure for the three
Hamiltonians H;, H,, and Hj, as can be observed in Fig. 1.

The entire graph of H, is well connected and it has the same
structure as the graph of the standard Bose-Hubbard model: the
particle-number operators in H, do not introduce any con-
straints, but only affect the magnitude of the hopping coefficients.
In contrast, the H; graph shows several clusters of configurations
that are weakly connected to the rest of the graph. “Weakly
connected” means that there is a small number of connections
leading outside the cluster and that their respective hopping
coefficients are smaller in magnitude than those of the
surrounding connections within the cluster. A state that is
initially located inside a cluster is therefore more likely to stay
inside during an initial stage of the time evolution, which
increases the probability of revivals and slows down the growth of

Fig. 1 Connectivity of the Hilbert space. Adjacency graph for a H;, b H, ¢ Hs, all for L = N, = 3. d-f same as a, b and ¢ but for L = N, = 6. To avoid clutter,
we do not label the vertices in d-f. All graphs are weighted, i.e., the line thickness is proportional to the magnitude of the corresponding hopping coefficient.
Several different clusters of configurations are visible in the case of H;. The clusters start to form already for L = 3 (for example, the configurations 012-
021-003 in @) and become more prominent for L = 6 d. In the case of Hy, almost all configurations are well connected to the rest of the graph. The graphs
for Hs show that the Hilbert space is highly reducible: its graph splits into many disconnected components.

COMMUNICATIONS PHYSICS | (2020)3:99 | https://doi.org/10.1038/s42005-020-0364-9 | www.nature.com/commsphys 3


www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-020-0364-9

entanglement entropy. We will provide a more quantitative
description and examples that illustrate this in Section “Quantum
scars in H; and H; models”. Finally, the graph of Hj, due to even
stronger constraints, is actually disconnected, which is an
example of Hilbert space fragmentation that was previously
shown to cause non-ergodic behavior in fracton-like models®”-38.
This predicts that thermalization and dynamics in the three
models will be very different, which we will confirm in the
following Section. However, we note that the number of
connections and the topology of the graph is not the only
relevant factor for the dynamics. The magnitude of the hopping
coefficients between different configurations is also important
(Supplementary Note 1).

We note that the relation between H; and Hj is reminiscent of
the relation between the quantum East model’> and the “PXP”
model describing the atoms in the Rydberg blockade
regime®204> Like Hj, the PXP model is doubly constrained
and inversion symmetric, while H; and the quantum East model
are asymmetric versions of those two models with only a single
constraint. The graph of the quantum East model is similar to
that of Hy, in that it contains bottlenecks which slow down the
growth of entanglement entropy’>.

Dynamics and entanglement properties. We now investigate the
phenomenology of the models introduced in Eqgs. (1)-(3). We use
exact diagonalization to obtain the complete set of energy
eigenvalues and eigenvectors, from which we evaluate the level
statistics and the distribution of entanglement entropies for the
three models. Furthermore, we probe dynamical properties of the
models by studying a global quench, simulated via Krylov
iteration.

The energy level statistics is a standard test for thermalization
of models that cannot be solved exactly. A convenient way to

probe the level statistics is to examine the probability distribution
P(r)76 of ratios between consecutive energy gaps s, = E,.1 — Ep,

)

;= min(s, s,

: ()

B max(s,, 5n+1)

The advantage of studying P(r), instead of P(s,,), is that there is
no need to perform the spectrum unfolding procedure—see
ref. 77. For standard random matrix theory ensembles, both P(r)
and the mean (r) are well known’8. When computing the same
quantities in a microscopic physical model, it is crucial to resolve
all the symmetries of the model.

The probability distribution P(r) of the ratios of two
consecutive energy gaps is shown in Fig. 2a-c for the three
Hamiltonians H;, H,, and Hj respectively, and two momentum
or inversion sectors. In all three cases, the energy levels repel, i.e.,
the distribution tends to zero as r — 0. For H,, the distribution is
particularly close to the Wigner-Dyson (non-integrable) line. For
H,, the distribution is also consistent with Wigner-Dyson when
we restrict to the middle 1/3 of the spectrum (and after removing
special states with E = 0). We exclude the edges of the spectrum
because they contain degeneracies which are not symmetry-
related. However, such states do not appear to have a major effect
on the level statistics distribution, which is still closer to the
Wigner-Dyson than the Poisson distribution even if they are
included. The level statistics of H; within the largest connected
component of the Hilbert space is shown in Fig. 2c and is also
consistent with the Wigner-Dyson distribution without restrict-
ing the spectrum. However, we will demonstrate below that the
dynamics in some smaller connected components of H; can be
exactly solved.

As a complementary diagnostic of thermalization, we next
compute the entanglement entropy of all eigenstates. We divide
the lattice into two sublattices, A and B, of lengths L, and

2 g T T
038 --- k=0, (r) 0.386

k= ()

. Poisson, (r) = ~‘Poisson7‘ (r)
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Fig. 2 Level statistics and entanglement. a-c Probability distribution of the

ratios of two consecutive energy gaps. a H; (middle third of the spectrum

without E = O states, L = N, =12), b H, (full spectrum, L = N, =12) and ¢ H3 (largest connected component of L = N, = 22). The black dashed line shows
the Poisson distribution, which corresponds to the integrable case, while the red dashed line is the distribution of the Gaussian orthogonal ensemble, which
corresponds to the thermalizing case. d-f Entanglement entropies S, , of all eigenstates plotted as a function of the eigenstate energy per particle, E/N,. d
Hy (L= Np,=12,La=6,k=0), e H, (same) and f Hs in the largest connected component of L = N, = 20, Ly =10, | = 0. The inset shows all connected

components for L = N, =12, L, = 6, k = 0.
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Fig. 3 Dynamics of quantum fidelity and entanglement entropy for initial configurations in Eq. (9). a Time evolution of fidelity F(t) in Eq. (8) for system
sizes L = 3n. The evolution is governed by the Hamiltonian H;, different colors represent different system sizes L. b Fidelity evolution F(t) for the
Hamiltonians H;, H, and Hs and system size L = 15. ¢ Entanglement entropy evolution S, (t) for the same cases as in b.

Ly = L — Lu. For a given pure state |y), the entanglement
entropy is defined as

Sa = —tralpplnp,), (6)

where p, = trg|y)(y| is the reduced density matrix of the
subsystem A. The scatter plots, showing entanglement entropy of
all eigenstates |E,) as a function of their energy E,, are displayed
in Fig. 2d-f. Here we take into account the translation symmetry
of the system and work in the momentum sector k = 0 for H; and
H,, and consider only the largest connected component and the
inversion sector I = 0 for Hs. The results for other sectors are
qualitatively similar.

Entanglement entropy distribution in Fig. 2d, e reveals a
striking difference between the Hamiltonians H; and H,, even
though they only differ by a free-boson hopping term, Eq. (4).
The model H; is constrained, which leads to a large spread of the
entropy distribution and many low-entropy eigenstates including
in the bulk of the spectrum. From this perspective, H; is
reminiscent of PXP model?>?>, By contrast, H, has no such
constraints and in this case the entanglement entropy is
approximately a smooth function of the eigenstate energy. The
Hamiltonian Hj is doubly constrained, and this is reflected in its
entanglement distribution, which also shows a large spread and
several disconnected bands, reminiscent of an integrable system
like the XY model”?.

Global quenches. The constraints in the models in Egs. (1), (2),
and (3) have significant effects on the dynamics governed by
these Hamiltonians. We probe the dynamics by performing a
global quench on the system. We assume the system is isolated
and prepared in one of the Fock states, |y, ), at time t = 0. We
restrict to |1//0> being product states which are not necessarily
translation-invariant, as such states are easier to prepare in
experiment. However, our results remain qualitatively the same if
we consider translation-invariant |1//0>. After preparing the sys-
tem in the state |1//0>, which is not an eigenstate of the Hamil-
tonian, the system is let to evolve under unitary dynamics,

6 = exp((— e o) o)

where H is one of the Hamiltonians of interest. From the time-
evolved state, we evaluate the quantum fidelity,

E(t) = (yoly )1, (8)

i.e., the probability for the wave function to return to the initial
state. In a general many-body system, fidelity is expected to decay
as F(t) ~ exp(—L(Jt)*). It thus becomes exponentially sup-
pressed in the system size for any fixed time t, ie.,
F(t*) ~ exp(—cL), where ¢ is a constant. In scarred models, such

as the Rydberg atom chain, fidelity at the first revival peak
occurring at a time T still decays exponentially, but exponentially
slower, i.e., F(T) ~ exp(—c'L), with ¢ < c. In ref. 20, for a finite
system with L < 32 atoms, the fidelity at the first revival can be as
high as ~70%, and several additional peaks at times nT are also
clearly visible.

We first consider the Hamiltonian H;. Several configurations
exhibit periodic revivals of the fidelity F(t), which can in some
cases be higher than 90%. Most of these configurations involve a
very dense cluster of bosons such as |...0N10...). In contrast, a
completely uniform configuration |...111...) thermalizes very
quickly. Here we focus on periodically-reviving configurations
with density being as uniform as possible. One family of such
reviving configurations involves n unit cells made of three lattice
sites:

210210... 210) = |(210)"). (9)
Time evolution of the fidelity for the initial state |(210)") for
different system sizes L = 3n is shown in Fig. 3a. The initial state
is assumed to be the product state, e.g., |y,) = [210) for L = 3.
The frequency of the revivals in Fig. 3 is approximately the same
for all system sizes. We emphasize that similar results are
obtained for a translation-symmetric initial state, e.g.,
lyy) = %(|210> +]021) + |102)). Both cases converge in the

large system limit, and the differences are only significant for
L = 3 when the revival frequency of the initial state with
transition symmetry differs from the frequencies of other system
sizes.

In Fig. 3b we compare the fidelity for the initial state in Eq. (9)
when it is evolved by all three Hamiltonians in Egs. (1)-(3). The
initial state is fixed to be |(210)5>. We observe that the dynamics
with Hj has very prominent revivals; in fact as we will later show,
these revivals are perfect and their period is approximately twice
the revival period for H;. In contrast, for H, the fidelity quickly
drops to zero without any subsequent revivals.

Finally, in Fig. 3c we plot the time evolution of entanglement
entropy. As expected from the fast decay of the fidelity, the
entropy for H, rapidly saturates to its maximal value. Moreover,
as expected from the perfect revivals in Hj, the entropy in that
case oscillates around a constant value close to zero. For H;, we
observe a relatively slow growth of entropy, with oscillations
superposed on top of that growth, again similar to PXP model®.
For the initial state that is not translation-invariant, it is
important how we cut the system, e.g., |...210]|210...) versus
|...2102|10...). In the first case, the entanglement entropy remains
zero for H; because no particle can hop from one subsystem to
the other, while in the second case the entropy oscillates around a
constant value, which is the case in Fig. 3c.
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Fig. 4 Evolution of local observables for the Hamiltonian H,. a
Correlations between adjacent sites {(mn,(t)) for different system sizes and
the initial state |(210)"). b Density on one site {m(t)).

In Fig. 4 we show the H; evolution of two local observables,
density correlations between two adjacent sites (n;n,(f)) and
density on the first site (n,(f)), starting from the initial state
[(210)"). Unlike fidelity and entanglement entropy, these
observables can be easily measured in experiment. Both
observables robustly oscillate with approximately the same
frequency as the fidelity. The heights of the first few revival
peaks are approximately converged for the system sizes ranging
from L = 6 to L = 15, which suggests that revivals in such local
observables can be observed in the thermodynamic limit. In the
following Section, we will show that the oscillations observed in
the dynamics from |(210)") state in Eq. (9) and their frequency
can be explained using a tractable model that involves only a
small subset of all configurations in the Hilbert space, thus
providing a realization of quantum scars in a correlated bosonic
system. Our starting point will be the model H;, whose graph
explicitly separates into disconnected subsets which makes the toy
model exact, hence we can analytically calculate the revival
frequency. Based on these results, we then introduce an
approximation scheme that describes the dynamics from the
same initial state under the H, Hamiltonian.

Quantum scars in H; and H; models. The quench dynamics of
fidelity and entanglement entropy in Fig. 3 suggest that H; and
H; models are candidate hosts for many-body scarred eigenstates
that can be probed by initializing the system in product states
[(210)"). We now analyze the structure of these states using our
approach called “cluster approximation” that is introduced in
detail in Methods.

The dynamics of H; within the sector containing the state
[(210)") can be solved exactly, as shown in Methods. The
connected component of the state |(210)") consists of all possible
combinations of patterns 210 and 120. This means that triplets of
sites evolve independently, and dynamically the system behaves
as a collection of independent two level systems (spins-1/2). From
this observation, it can be shown that revivals will be perfect with
a period T5 = 71/2. The same period is obtained for initial product
state |(210)") and its translation-invariant version; if the initial
state is both translation-invariant and inversion-symmetric, the
period is doubled.

In contrast to the free dynamics in Hs, the H; model exhibits
decaying revivals and does not admit an exact description. In
order to approximate the quench dynamics and scarred
eigenstates in H;, we project the Hamiltonian to smaller
subspaces of the full Hilbert space. These subspaces contain
clusters of states which are poorly connected to the rest of the
Hilbert space and thereby cause dynamical bottlenecks. As
explained in Methods, the clusters can be progressively expanded
to yield an increasingly accurate description of the dynamics from
a given initial state.

[(210)®) full — cluster 1 cluster 2 —
1 T T T
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0.6 i
&
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Fig. 5 Comparison of the full dynamics against the minimal cluster (1)
and extended cluster (2) approximation schemes. \We consider the
system size L = 15 with the initial state \(210)5>. a Time evolution of the
fidelity. The frequency of revivals is approximately the same in both cases,
but the results for the extended cluster show better agreement with the
results for the full Hilbert space. b Time evolution of the entanglement
entropy.

For our initial state |(210)"), the minimal cluster is defined as
one that contains all the states given by tensor products of 210,
120 and 300 patterns. Similar to the Hj; case, within this
approximation, triplets of sites again evolve independently, and
the dimension of the reduced Hilbert space is dim H¢ = 3%/3, The
time-evolved state within the cluster is given by

|Y5(1)) = cos™(41)|(210)") + ...,
where the dots denote other configurations. The fidelity is

F3 (1) = [{y, (0)l ()" = | cos(41)|". (11)

As in the case of Hj, this result is also valid for the translation-
invariant initial state. We see that the period of revivals is T} = n/
4, which is the same as for H; with a translation and inversion
symmetric initial state.

The result of the cluster approximation is compared against the
exact result for system size L = 15 in Fig. 5. The frequency of the
fidelity revival, shown by the blue line in Fig. 5a, is accurately
reproduced in this approximation, however the approximation
does not capture the reduction in the magnitude of F(¢). Similarly,
the dynamics of entanglement entropy, blue line in Fig. 5b, is only
captured at very short times. In particular, we observe that the
maximum entanglement within the cluster remains bounded even
at long times t ~ 10, while the exact entropy continues to increase
and reaches values that are several times larger.

To obtain a more accurate approximation, we can expand the
minimal cluster with several neighboring configurations on the
graph. We define the extended cluster as a set of all states which
can be obtained using tensor products of the configurations 210,
120, 300, and 111. The enlarged cluster clearly contains the
minimal cluster studied above, but it also includes additional
configurations, resulting in a much better prediction for the first
revival peak height, while still allowing for analytical treatment.

(10)
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Fig. 6 Cluster approximations. a Fidelity F(t), for the Hamiltonian H; and
initial states |(210)"), in the extended cluster approximation for various
system sizes. b Eigenstate overlap with the initial state |(210)®) plotted on a
log scale, for both cluster approximations. In the case of degenerate
eigenstates the sum of their overlaps is shown.

The dimension of the extended cluster grows as dim H¢ = 4L/3,
and is thus exponentially larger than the minimal cluster
approximation. Nevertheless, the extended cluster dimension is
still exponentially smaller compared to the full Hilbert space, and
within this approximation it is possible to numerically simulate
the dynamics of larger systems, L < 30—see Fig. 6a. The revivals
are no longer perfect, while their frequency is independent of the
system size and closer to the frequency of revivals for the full
Hilbert space compared to to the minimal cluster approximation
in Fig. 5. The overlap between the eigenstates of the Hamiltonian
H; reduced to both the minimal and extended cluster and the
state ‘(210)8> is given in Fig. 6b. The eigenstates that correspond
to the minimal cluster approximately survive in the extended
cluster, where they form a band with the highest overlap.

For the initial product state (210)", it is possible to analytically
obtain the fidelity within the improved approximation for
arbitrary system size. Similar to the previous methods, it can be
shown (see Supplementary Note 2)

FS_,, (t) = 4"|b? cos(at) + d* cos(Bt)[*", (12)

where a = /9 + /57 ~ 4.06815, B = /9 — /57 ~ 1.20423,
b =0.694113 and d =~ 0.134933. Eq. (12) is in excellent agreement
with the numerical results in Fig. 6a. It was also found to be a very
good approximation for the translation-invariant initial state
when L >9 (data not shown).

Figure 7a shows that the logarithm of the fidelity per site,
log (F(T))/L, at the first peak, saturates at a finite value for large
L. In the improved cluster approximation, the first peak height
decays as e 094l (Supplementary Note 2). For a completely
random state, the fidelity would be F ~ 1/dim,,. In the case v =1
and large L, the Hilbert space dimension grows with the system
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Fig. 7 First peak height. a Logarithm (base 10) of the first revival peak
divided by the system size, log (F(T))/L, seems to saturate at a finite value
in the thermodynamic limit. b Comparison of the logarithm of the first
revival peak height for the full dynamics and the improved cluster
approximation. The approximation serves as a lower bound.
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Fig. 8 Evolution of the probability to remain inside the minimal cluster.
Ocpusters 3s defined in Eq. (14). Initial configurations are indicated in the
legend. Solid lines: configurations initially inside the cluster. Dashed lines:
configurations initially outside the cluster (all except |(111)*) are randomly
chosen). Similar results are obtained for the extended cluster (not shown).
System size L = 12.
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This back-of-the-envelope estimate suggests the fidelity of a
random state is F ~ e~139L, which decays considerably faster than
the first peak height in Fig. 7. The improved cluster approxima-
tion correctly reproduces the short-time dynamics, including the
first revival peak, and sets a lower bound for the first peak height
— see Figs. 5 and 7b.

The evolution of the entanglement entropy for the extended
cluster approximation is shown in Fig. 5b. Inside the cluster,
entropy remains approximately constant with periodic oscilla-
tions that have the same frequency as the wave function revivals.
Any further growth of the entanglement entropy can be
attributed to the spreading of the wave function outside the
cluster. To illustrate the “leakage” of the wave function outside
the cluster, in Fig. 8 we compute the time evolution of the overlap
with a cluster, i.e., the probability to remain inside a cluster at

time ¢,
> Naly(e)l*

acCluster

size as

(13)

OCluster = (14)

We consider several initial configurations that lie inside or
outside the cluster. The configurations initially inside the cluster
mostly stay there, and the configuration ’(210)4> that has the
highest revivals also has the highest overlap. Similarly, config-
urations initially outside the cluster continue to have negligible
overlaps. The overlap starting from the configuration |(210)4>
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approximately predicts the revival peak heights for the full
dynamics.

We now summarize the relation between H; and H; from the
point of view of the cluster approximation. For the initial state
[(210)"), the two models yield similar dynamics, compare Eq.
(23) and Eq. (12). The only difference is that the revival frequency
is doubled in the latter case, which can be easily explained by the
symmetry of the initial state and that of the Hamiltonian.
Hamiltonian Hj is inversion-symmetric. If the initial state is also
chosen to be inversion-symmetric, the frequency of the revivals
doubles. The period is then T2 = 7/4, which is equal to the
period of revivals T; of H; in the cluster approximation. This is
also proven analytically in Methods, see Eq. (27). For comparison,
the revival period for the full Hilbert space is approximately 0.77,
which is slightly less than 77/4 = 0.79. The Hamiltonian H, is not
inversion-symmetric, so the frequency does not double for an
inversion-symmetric initial state, but the revivals are lower in that
case. This shows that it is important for the symmetry of the
initial state to match the symmetry of the Hamiltonian.

Finally, the eigenstates of Hj, projected to the subspace of the
minimal cluster approximation, form several degenerate bands
whose eigenenergies are equally spaced in integer multiples of 4.
Interestingly, some of these eigenstates approximately survive in
the full H; model, and they are precisely the eigenstates that have
the highest overlap with the configurations |(210)"), see Fig. 9a.
In small system sizes, such as L = 6, the surviving eigenstates are
also the lowest entropy eigenstates in the middle of the spectrum,
which is reminiscent of quantum scars in the PXP model?0. In
larger systems, e.g., L = 12, the surviving eigenstates are slightly
lower in entropy than their neighbors, but are far from being the
lowest entropy eigenstates, as can be seen in Fig. 9. The lowest
entropy eigenstates have high overlaps with other configurations,
such as |(3100)3>, as shown in Fig. 9b, c. In the case of [(210)"),
the eigenstates surviving in the full system belong to every other
band of eigenstates in the cluster approximation and the number
of the surviving eigenstates is n + 1. For even system sizes this
counting includes a zero-energy eigenstate. In Methods we
discuss in more details the generalization of the cluster
approximations to the states of the form [(N10...0)"), which
were also found to have robust revivals and high overlaps with
some low-entropy eigenstates.

Discussion

In this paper, we have introduced three models of bosons with
“soft” kinetic constraints, ie., density-dependent hopping. We
have demonstrated that some of these models exhibit similar
phenomenology to other realizations of quantum many-body

scars, for example the Rydberg atom system®. We have studied
quantum dynamics of these systems by performing global
quenches from tensor-product initial states. We have shown that
both the connectivity of the Hilbert space and the relative mag-
nitude of the hopping coefficients have dramatic effects on the
dynamics. For certain initial configurations, the constraints can
lead to slow thermalization and revivals in the quantum fidelity.
The revival frequency can be predicted by considering an expo-
nentially reduced subset of the Hilbert space. For a family of
initial configurations of the form |[(210)"), we have derived
analytical expressions for the evolution of quantum fidelity within
this approximation, which accurately capture the revival fre-
quency obtained from exact numerical data. One notable differ-
ence between scarred dynamics in the present bosonic models
and the PXP model is that the revivals exist in the absence of a
hard kinetic constraint, i.e., in the fully connected Hilbert space.
Our cluster approximation also explains the structure of some
low-entropy eigenstates in the middle of the many-body spec-
trum. In addition, we have calculated the evolution of two local
observables which are experimentally measurable, density corre-
lations between two neighboring sites and density on a single site,
and both of them show robust oscillations over a range of system
sizes. We have also shown that the introduced models contain
additional special properties, like the exponentially large zero-
energy degeneracy which is related to the bipartite structure of
the model.

We now comment on the possible experimental realizations of
the models we studied. The implementation of a correlated
hopping term (nkbjbj) in optical lattices has attracted lot of
attention due to a possible onset of quantum phases related to
high-Tc superconductivity3). An early theoretical proposal
exploits asymmetric interactions between the two atomic states in
the presence of a state-dependent optical lattice®0. As a result, the
obtained effective model corresponds to the inversion-symmetric
form of H;. In addition, the same term has been found to feature
as a higher-order correction of the standard Bose-Hubbard
model81-84, Although in this case the term typically represents a
modification of the regular hopping term of the order of several
percent, its contribution was directly measured>8°. More
recently, the set of quantum models accessible in cold-atom
experiments has been enriched through the technique of Floquet
engineering®”. As a notable example, a suitable driving scheme
can renormalize or fully suppress the bare tunneling rate38. On
top of that, by modulating local interactions an effective model
with the density-dependent tunneling term has been engi-
neered®®. For the models considered in this paper the most
promising is a more recent driving scheme exploiting a double
modulation of a local potential and on-site interactions®?. Related
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sophisticated driving schemes have already enabled a realization
of dynamical gauge fields”®>71 where both the amplitude and
the phase of the effective tunneling are density-dependent.
Although these experimental proposals explain how to realize
some of the correlated hopping terms present in our models using
ultracold atoms in optical lattices, finding a scheme that exactly
realizes our models requires further study. We emphasize that
other models which would exhibit non-ergodic dynamics and
scarred eigenstates as a result of the same mechanism that was
explained in this work could be built, for example a linear
combination of H, and H,.

Note added: During the completion of this work, we became
aware of ref. 92 which identified non-thermal eigenstates and slow
dynamics in the quantum East model. Moreover, a recent study®>
proposed a Floquet scheme for a bosonic model with density-
assisted hopping, finding signatures of quantum many-
body scars.

Methods

In order to more efficiently describe the dynamics of our models, we introduce a
method—"cluster approximation", that is based on Hilbert space truncation
inspired by the bipartite graph structure of H;. Before providing details about the
cluster approximation for H; and its generalizations, we present an exact solution
for the perfect revivals in H; model, which serves as a motivation for the more
complicated case of H;.

Bipartite lattice and zero modes. The graph of H; is bipartite, i.e. all the basis
configurations can be divided into two disjoint sets, and the action of the
Hamiltonian connects configurations in one set only to the configurations in the
other and vice-versa (the Hamiltonian is off-diagonal). One way to sort config-
urations into these two sets is by parity of the quantity

A = Ineven — Noad + C‘

.=

2
where C = 0if L is even and C = 1 if L is odd. We define 1y, and n,44 as the total
numbers of particles at even and odd sites, respectively,

L Ly
Meyen = E M1y Modd = E 115
=1 =1

where L, = L, = L/2 if Lis even,and L, = (L — 1)/2, L, = (L + 1)/2 if L is odd. If
only nearest-neighbor hoppings are allowed and if no two odd sites are coupled (if
the system has open boundary conditions for any L or periodic boundary condi-
tions for L-even), each hopping either increases #ieye, by one and decreases n,44 by
one, or vice-versa. This means that each hopping can change A, only by =*I.

In special cases, like H, at filling factor v = 1, it is also possible to define
quantities like A, for odd system sizes and periodic boundary conditions. This is a
consequence of the constraints imposed by Hj, i.e., the fact that a particle cannot
hop to an empty site to its left (Supplementary Note 3). Note that H, in the same
geometry is not bipartite.

Another way to sort configurations into two sets is by parity of the distance
from the configuration |111...111), which we define as

d, = min, {(111...111|H} |a) # 0}.

(15)

(16)

(17)

In this case, the two sets are the configurations with even and with odd distances
d,. One hopping can change d, only by *1 or 0. Changes by other values are not
possible by definition if the Hamiltonian is Hermitian (all hoppings are reversible).
Both d, and A, have the same parity, thus d, must always change after one hopping
in even system sizes or in systems with open boundary conditions. As a
consequence, d, cannot change by 0 if A, can only change by =*1.

The graphs of bipartite systems do not contain any loops of odd dimension
(triangles, pentagons, heptagons and so on). Moreover, the energy spectra of
bipartite systems are symmetric around zero. Their Hamiltonians anticommute
with the operator (—1)*. The presence of such an operator in a bipartite lattice
leads to exact zero energy states in the spectrum®®%5. It can be shown that the
exponentially growing number of zero modes of H; is related to the difference
between the numbers of elements in the two sets of its bipartite graph
(Supplementary Note 4). Additionally, the algebraic structure of zero energy
eigenstates can be explained by the structure of the graph — such eigenstates can be
constructed as superpositions of configurations from only one of the sets. Similar
properties are found for H, for even L, as its graph is also bipartite in that case. The
properties of the zero-energy manifold are discussed in more detail in
Supplementary Note 4.

Perfect revivals in the H; model. We start with a warmup calculation for H;
acting on L = 3 sites. The connected subspace of 210 contains only two

configurations, 120 and 210. The Hamiltonian reduced to this subspace is

, 0 2
H, = - ,
20
where the basis vectors are

(;) = |210), (?) = |120).

The eigenvalues of H} are E, = —2 and E, = 2. The initial state |y, (t = 0)) =
|210) evolves as

[, (1)) = cos(2£)[210) — isin(2¢)[120), (20)
and the state |y, (t = 0)) = [120) evolves as
[y, (1)) = —isin(2£)[210) + cos(2¢)[120). (21)

Previous results can be straightforwardly generalized to larger systems. Let the
length of the system be L = 3n for simplicity. The connected component of the
state |(210)") consists only of combinations of patterns 210 and 120, which means
that triplets of sites evolve independently. From Eq. (20), the initial state
[y, (t = 0)) = ](210)") evolves as

[V3a(1)) = cos” (21)](210)")

A n (22)
+ (—i)"sin"(2t)|(120)") + ...

where “. .. ” denotes contributions of the basis configurations other than |(210)")
or |(120)"). The fidelity is

Fr(8) = [0, (0)]w, ()" = [ cos 21" (23)

It follows that the revivals are perfect, with a period T; = 7/2. This result is also
valid for the translation-invariant initial state |(210)" ),

n p— 1 n n n
1(210)") :7(\(210) ) +1(021)") +(102)")), (24)
3
as the connected subspaces of 210, 021 and 102 do not overlap and therefore evolve
independently.

However, an initial state that is both translation symmetric and inversion
symmetric has different dynamics. The inverse of the configuration |(210)") is the
configuration |(012)"), which is a translation of the state |(120)") that belongs to
the connected subspace of [(210)"). The initial state

inv ., _ _ L n L n
|y (f70)>fﬂl(210) >T+ﬂ\(120) )t (25)
evolves as
[y (£)) = (cos™2t + (—i)"sin"2t) [y (t = 0)) + ... (26)
and the fidelity is
E (0 = O 0) -

= |cos"2t + (—i)"sin" 2t

The frequency of the revivals is now doubled, so the period is TI" = 7/4.

Cluster approximations for the H, model. Here we introduce a scheme for
approximating the dynamics from initial states (210)” in the H; model. As can be
observed in Fig. 3, the revival periods are approximately the same for different
system sizes. We first focus on the non-trivial case L = 6. Figure 10 shows part of
the graph that contains the initial state, |210210). Configurations labeled inside the
ellipses denote representatives of an orbit of translation symmetry, i.e., the con-
figurations are translation-invariant such as the one in Eq. (24).

The minimal subcluster of the graph is highlighted in blue color in Fig. 10. This
cluster is indeed weakly connected to the rest of the configuration space, as it has
only 3 connections that lead outside this cluster (dashed lines) and their hopping
coefficients are slightly lower in magnitude than those inside the cluster, meaning
that the probability is higher to stay inside the cluster than to leave. The hopping
coefficients leading outside are not significantly smaller than the coefficients
staying inside, but in combination with the relatively small number of connections
this has significant effects on the dynamics. This effect is even more pronounced
when the difference in magnitudes is further increased by squaring the particle-
number operators (see Supplementary Note 1).

The minimal cluster from Fig. 10 contains all the states given by tensor products
of 210, 120 and 300 configurations. The set of configurations belonging to this
cluster could have been chosen differently, but this particular choice has at least
two advantages. Firstly, inside this cluster, the evolution of the configuration
|210210) can be thought of as two subsystems 210 evolving separately. The
evolution of all such configurations at different system sizes can be reduced to the
evolution of L = 3 subsystems 210, similar to the case of Hs in the connected
subspace of (210)". Secondly, this definition allows easy generalization to different
system sizes L = 3n with initial states (210)". We would like to emphasize that the
cluster was not chosen arbitrarily. The calculations of the probability density
distribution starting from the initial configuration |210210) and evolving with H,
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Fig. 10 Minimal and extended clusters. Hamiltonian H; and system size L = N, = 6. Configurations labeled inside the ellipses are representatives of an
orbit of translation symmetry. The minimal cluster is defined by the blue configurations, while green configurations represent the additional components of
the extended cluster. Gray arrows connect to configurations outside the extended cluster. The numbers bellow the graph show the distance d, from the

configuration 111111 evaluated using Eq. (17).

have shown that the probability density stays high in this region of the Hilbert
space as long as the revivals in fidelity are visible. The configurations important for
the dynamics were then identified by analyzing the structure of the graph around
the initial configuration.

As an example, consider system size L = 3. The reduced Hilbert space of the
cluster H¢ is spanned by the (non-translation-invariant) configurations

1 0 0
0| =1300), | 1| =210, [ 0] =]120). (28)
0 0 1

The Hamiltonian reduced to this subspace is

0 23 0

Hi=—-|2v3 0 2], (29)
0 2 0
and its eigenvalues are E; = —4, E, = 4, E; = 0. The initial configuration |210)

evolves according to

() = — %sin(4t) (V31300) + [120))
+ cos(4t)|210).

By generalizing this result to larger systems, it is easy to prove Egs. (10) and (11).

The minimal clusters can be expanded by adding several neighboring
configurations. For similar reasons as in the case of minimal clusters, the extended
clusters are defined as sets of all states which can be obtained using tensor products
of the configurations 210, 120, 300 and 111. In the case of L = 6, the enlarged
cluster can be observed in Fig. 10. It contains the minimal cluster studied
previously, but it also includes additional configurations shown in green ellipses.
Again, the approximation could be improved by including more configurations,
but this particular choice is well suited for analytical treatment (Supplementary
Note 2) and, as shown above, it gives a good prediction for the first revival peak
height.

(30)

Generalization to other clusters. Building on the previous observation that some
of the low-entropy eigenstates have large weight on ‘(3100)3> product state, we
have investigated periodic revivals from such a larger class of initial states. We find
that robust revivals are associated with initial product states of the form

(N = 1)1&--/0)">7 (1)

where N is the length of the unit cell (L = Nn). For example, some of these
configurations are |(3100)"), [(41000)") and |(510000)"). Combinations of those
patterns such as [310041000) also exhibit similar properties, but we will restrict
ourselves to the simpler former cases.

We can construct a generalization of the cluster approximation for
configurations of the form in Eq. (31). As in the case of [(210)"), the dynamics
inside one unit cell explains the dynamics of the full system. The generalized
clusters can be chosen in such a way that their Hilbert spaces are spanned by N
configurations

N~
N-2

iy = |[(N+1—-i)(i— 1)0...0)">, (32)

where i takes values 1, 2, ...N. If we consider only one unit cell (# = 1), the graph
that connects these configurations has a linear structure without any loops, i.e.,

each configuration |i) is solely connected to the configurations i+ 1), except the
two configurations at the edges, |1) and |N), which are only connected to |2) and
|N — 1), respectively.

The projection of the Hamiltonian H, to this cluster, which we denote by Hf,
has a very simple structure: it has the form of a tight-binding chain with the only
nonzero matrix elements on the upper and lower diagonals:

Hiji =Hi; = (N—i)ViN+1-i). (33)

The dynamics within a single unit cell under Hf corresponds to density
fluctuations between the first and the second site. Following the same procedure as
previously, we can now diagonalize H{ and compute the fidelity time series for the
initial configuration |(N — 1)10...0). This result can be directly generalized to
configurations of the form |((N — 1)10...0)"). The derivation is valid for both
translation-invariant and non-translation-invariant initial configurations, as the
cluster in Eq. (32) is disconnected from its translated copies. We stress that this
disconnection, namely the absence of a hopping term between |1(N — 1)0...0) and
|ONO...0), is a consequence of the constraints imposed by H; and it would not hold
for H,. In this way, we have calculated the time evolution of the fidelity starting
from the configurations |(3100)") (for n = 1, 2, 3, 4), |(41000)") (n = 1, 2, 3) and
[(510000)") (n = 1, 2), and compared it with the exact numerical results for the full
H;. The cluster approximation captures both the revival frequency and the height
of the first peak. Similar to the |(210)") case, the approximation can be improved
by adding further configurations to the clusters. Moreover, if we want to consider
translation-invariant initial states, we can follow the same recipe for [(210)") by
summing translated patterns with the required phase factors given in terms of
momenta in multiples of 277/N. We have checked that revivals appear in these
momentum sectors, with roughly the same frequency.

We note that the configurations with larger units cells thermalize more quickly
on shorter timescales, but slower at long times. Initially, the states starting from
configurations with smaller N have lower entanglement entropies than those with
larger N. The Hilbert spaces of large N unit cells are larger, so the entanglement
entropy starting from these configurations rapidly grows to the maximal value for
that unit cell. However, the only way for the wave function to spread through the
entire Hilbert space is that a unit cell reaches a state close to 111. .. 111, so that
particles can hop to the other unit cells. This is less likely for large N, and therefore
such configurations need long times to fully thermalize. As a result, smaller N
entanglement entropies grow faster and after long enough time they overtake those
for larger N. For example, in the case of L = 12 and translation-invariant initial
states, (210)* overtakes (3100)3 and (510000)2 around f ~ 2, and (3100)3 overtakes
(510000)2 around ¢ ~ 80 (Supplementary Fig. 3).

Finally, we note that non-thermal behavior reminiscent of the one studied here
was previously observed in an unconstrained Bose-Hubbard model, for example in
the context of “arrested expansion”®%7 and quenches from superfluid to Mott
insulator phase®®%. In these cases, the main ingredient is the strong on-site
interaction, which causes the energy spectrum to split into several bands. Due to
the large energy differences between bands, the dynamics of an initial state from a
particular band is at first limited only to the eigenstates that belong to the same
band. Additionally, these energy bands are approximately equally spaced, which
can lead to revivals in fidelity if several bands are populated. In contrast, our
models do not feature on-site interaction, and the mechanism which slows down
the spread of the wave function is correlated hopping, which suppresses
connections between certain configurations and modifies the hopping amplitudes
between others, thus creating bottlenecks that separate different clusters of states.

Data availability
The data that support the plots within this paper and other findings of this study are
available at https://doi.org/10.5518/810100.
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Strong synthetic magnetic fields have been successfully implemented in periodically driven optical lattices.
However, the interplay of the driving and interactions introduces detrimental heating, and for this reason it is
still challenging to reach a fractional quantum Hall state in cold-atom setup. By performing a numerical study,
we investigate stability of a bosonic Laughlin state in a small atomic sample exposed to driving. We identify
an optimal regime of microscopic parameters, in particular interaction strength U and the driving frequency
w, such that the stroboscopic dynamics supports the basic v = 1/2 Laughlin state. Moreover, we explore slow
ramping of a driving term and show that the considered protocol allows for the preparation of the Laughlin state

on experimentally realistic time-scales.
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I. INTRODUCTION

Cold atoms in optical lattices provide a highly tunable
platform for quantum simulations of relevant many-body
Hamiltonians [1,2]. Since early experiments with quantum
gases, there has been a strong interest in the realization of
fractional quantum Hall (FQH) states in these setups [3—17].
Despite numerous experimental achievements and a variety of
theoretical proposals, FQH physics has still not been reached
in cold-atom experiments.

A milestone in the field has been recently achieved by the
realization of artificial gauge potentials [18—28]. In particular,
the topological index of a resulting energy band of an optical
lattice featuring a strong synthetic magnetic field has been
directly probed [22]. At first glance, both key requirements for
the emergence of FQH states—atomic interactions and strong
synthetic magnetic fields—are now experimentally available.
However, there are several specific details in the implemen-
tation of strong synthetic magnetic fields for cold atoms that
make the realization of FQH states still challenging.

The most advanced recent realizations of artificial gauge
potentials exploit periodically driven optical lattices [19-28].
Using Floquet theory, the stroboscopic dynamics of a nonin-
teracting driven system can be related to an effective time-
independent Hamiltonian [29-32]. This approach, Floquet
engineering, enriches the set of quantum models that can be
simulated in cold-atom experiments. However, general argu-
ments and numerical studies [33—35] suggest that the interplay
of interactions and driving in a thermodynamically large
system introduces heating, leading to a featureless infinite-
temperature state in the long-time limit.

Although this general result might sound discouraging,
the heating process can be very slow in some driven sys-
tems for specific regime of microscopic parameters. There,
the system can be described by a physically interesting
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“prethermal” Floquet state on experimentally relevant time-
scales [36—42]. Moreover, the onset of thermalization in a
finite-size interacting system may exhibit unexpected features,
not found in the thermodynamic limit [43,44]. Heating rates
and resulting instabilities have been recently investigated both
theoretically and experimentally for the driven Bose-Hubbard
model in the weakly interacting regime [38,45-47]. Moreover,
experimental studies of the driven Fermi-Hubbard model in a
honeycomb lattice have established a timescale of the order of
100 tunneling times for the regime where the effective-model
description applies [48,49].

In this paper, we consider small systems of several inter-
acting bosonic atoms in a periodically driven optical lattice
featuring synthetic magnetic flux. The focus of our study is
on finding optimal microscopic parameters that would allow
to prepare and probe the basic bosonic Laughlin state in this
setup. To this end, we employ exact numerical simulations of
the driven Bose-Hubbard model [50] for small system sizes.

From one point of view, it is expected that a small driven
system exhibits low heating rates for a driving frequency set
above a finite bandwidth of an effective model [33]. However,
driving a system with such a high frequency may lead to
undesirable effects, such as coupling of the lowest band to
higher bands of the underlying optical lattice, thus making the
initial description based on the lowest-band Hubbard model
inapplicable. These effects have been addressed in a recent
study [51] where an optimal intermediate frequency window
for Floquet engineering has been established.

In our study, we go a step further in the search for the
optimal regime that might allow for the bosonic Laughlin
states under driving. In particular, for a realistic, intermediate
value of a driving frequency, the interaction term complicates
the effective model by introducing several higher-order terms.
Their effect on the topological states has been addressed only
recently [52,53] and it has been found that typically these
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terms work against the topological state. For this reason,
the stability of the Laughlin state at intermediate driving
frequency requires a separate study, that we perform here.
Moreover, we numerically investigate an experimentally rel-
evant preparation protocol for the Laughlin state in a driven
system [54]. For a reference, we note that a simpler but closely
related question concerning the static (undriven systems) has
gained lot of attention [6,7,15,55].

The paper is organized as follows: in Sec. II we introduce
the model under study and briefly review key features of
the particle-entanglement spectra that we will exploit in the
identification of the Laughlin-like state. Then, in Sec. IIT A we
investigate general heating effects of interacting bosons ex-
posed to the driving. By extending this approach, in Sec. III B
we construct the stroboscopic time-evolution operator and
inspect its eigenstates in order to identify possible FQH states.
Finally, in Sec. IV we address the possibility of accessing
these states in an experiment through a slow ramp of the
driving term.

II. MODEL AND METHOD

In this section we first introduce the driven model and
explain the basis of Floquet engineering. Then we summarize
several key features of the particle-entanglement spectra that
we use to characterize the bosonic Laughlin states.

A. Driven model

Properties of bosonic atoms in a deep optical lattice can
be realistically described within the framework of the Bose-
Hubbard model [1]. We consider a basic driving scheme
[50] that introduces a uniform, synthetic magnetic flux into
a square optical lattice here spanned by the two vectors ey
and ey. The corresponding Hamiltonian is given by the driven
Bose-Hubbard model

H(t) = —J, Z(a; 1 pmn + He)
—Jy Y (€"a} . ma +He)
m,n
+ g mXﬂ:sin [wf — (m+n—1/2)PlAmn

U, 4
+ E an,n(nm,n - 1)9 (l)
m,n

where operators &, (a],,) annihilate (create) a boson at
lattice position (m, n), and local density operators are 1, , =
&L’n&m,n. Jy and J, are tunneling amplitudes and U is the
on-site local repulsive interaction. We use the units where
B =1 and the lattice constant @ = 1. The driving scheme is
defined by the driving frequency w, the driving amplitude
k and by a phase ¢. In the following we set ¢ = 7w /2 and
k/w = 0.5. These values were recently used in an experi-
mental realization of the Harper-Hofstadter model [22]. The
derivation of this model is briefly reviewed in Appendix. We
assume periodic boundary conditions implemented using the
vectors Ry = 4e,, R, = —e, + e, as presented in Fig. 1. This
choice is compatible with the driving term and it allows us
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FIG. 1. Lattice geometry used throughout the paper. The paral-
lelogram gives the exemplary lattice size (L., L,) = (4, 8). The color
scale is defined by mod (m + n, 4), in accordance with the driving
term from Eq. (1). The vectors R; = 4., R, = —e, + e, are used to
implement periodic boundary conditions. The small rectangle gives
the magnetic unit cell for the effective model in Eq. (3).

to exploit translational symmetry by working in the fixed
quasimomentum basis.

Formally, by using the Floquet theory [29,30,56], it can be
shown that the full time-evolution operator corresponding to
this model is given by

U, tg) = e KO pilt—t0) et ik (t0) )

where K (1) is a periodic “kick” operator K (1) = K (t + 27 /w)
and ﬁeff is a time-independent effective Hamiltonian. The
full-time evolution operator is periodic as well and conse-
quently the (quasi)eigenenergies of Fl are defined up to
modulo . The last equation gives formal mapping of a
periodically driven system to an effective model that captures
the stroboscopic time evolution of the model.

In the noninteracting regime, U = 0, there are several well
controlled approximations to obtain the effective Hamilto-
nian. These techniques are the essence of Floquet engineering,
an approach where the driving scheme is implemented in
such a way to yield a sought-after effective model. How-
ever, according to general analytical arguments and numer-
ical insights, the corresponding effective model of a driven
interacting many-body system in the thermodynamic limit
exhibits nonphysical features [33,34]. In particular, the system
thermalizes and in the long-time limit its steady state is
a featureless, infinite-temperature state, independent of the
initial state.

Here we consider small samples of several bosonic atoms.
Due to a finite spectrum bandwidth, we expect the high-
frequency expansion to be relevant for a finite range of the
driving frequency. Within these assumptions, the leading-
order (in 1/w) effective Hamiltonian is

Heff =—J; Z(&;_‘_]’n&m,n + HC)
m,n

=T, (@, + Heel)

m,n

U, .
+5 mZ Fosn (i — 1). 3)
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FIG. 2. (a) The energy spectrum E, of the model from Eq. (3) in the k, = 0, k, = O sector for N, = 4 and different values of interaction
U/J, =1,10,40 and U/J; = oo (hard-core bosons). The top part of the spectrum is at ~(U/J,)N,(N, — 1)/2. (Not shown for U/J, = 40.)
For a high ratio U/J, the spectrum splits into bands. The lowest band corresponds to hard-core bosons. (b) The low-lying part of the particle-
entanglement spectrum — In &, of the ground-state incoherent superposition, Eq. (6), in the region A momentum sectors k;,‘ = 0and kf‘ = /6,
and for N, = 6, U/J, = 2.5. (c) The particle-entanglement gap A of the incoherent superposition Eq. (6) as a function of interaction strength

U forN,=4,5,6.

The Hamiltonian (3) features complex hopping phases
/"9 that result in a uniform synthetic magnetic flux ¢ per
lattice plaquette. Due to the driving, the renormalized hopping
amplitude along the y direction turns into

,_K
J=—

| % sin(¢p/2) Jy.

“4)

For the values ¢ = 2, where the flux density « issetto o =
1/4, and k /o = 0.5, the tunneling amplitude along y direction
in the effective model is J{ ~ J, x 0.1768.

In a certain regime of microscopic parameters, the ground
state of the model defined in Eq. (3) is given by the lattice
version of the Laughlin state [7,9,57-59]. The Laughlin state
is stabilized for the filling factor v = N,/Ny = 1/2, where
Ny = aL, x L, is the total number of fluxes (N, being an
integer) and N, is the number of bosons, and for a strong-
enough repulsion U. Another important requirement for the
Laughlin state is to avoid the strong hopping anisotropy and to
keep J, & Jy/, so we set J, = 0.2J,. We consider system sizes
N, =4, 5, 6 and the respective lattices sizes (Ly, L,) = (4, 8),
(4, 10), and (4, 12), see Fig. 1, where we expect the ground
state to correspond to the v = 1/2 Laughlin state. The Hilbert
space sizes for k, = k, = 0 are dimH = 6564, 108 604, and
1913 364 respectively. For this choice of microscopic param-
eters, the model ground state of Eq. (3) is approximately
twofold degenerate. The two ground-states are found in the
sectors ky = 0, k, =0 and k, = 0, k, = 7. We denote them
by [Wign) and ¥y Gy)-

As we are mainly interested in the driven regime, not only
the ground state, but the full spectrum of the model from
Eq. (3) plays arole. A rough argument is that the system does
not absorb energy provided that the driving frequency w is set
above the bandwidth of the effective model. Several spectra
of the model from Eq. (3) for k, =0, k, = 0 are presented
in Fig. 2(a). It can be seen that the ground-state energy is
weakly affected by the value of U > J,, while the top part of
the spectrum with few states is found at UN,(N, — 1)/2. For
higher values of U the spectrum splits into bands where the
lowest band corresponds to the hard-core bosons and higher
bands include double and higher occupancies.

B. Particle-entanglement spectra

There are several ways to characterize the ground states
of the model from Eq. (3) as the Laughlin states. Usually,
the starting point in this direction is the identification of
the twofold degeneracy expected in the implemented torus
geometry for v = 1/2. Another relevant quantity is the over-
lap of the numerically obtained state with the Laughlin an-
alytical wave function in the torus geometry [9,59]. More
direct evidence can be obtained through the calculation of the
relevant topological index (Chern number) or the quantized
Hall conductance. An additional convincing approach, that
we pursue here, is based on the analysis of the entanglement
spectra of the relevant states.

In the following we will use the particle-entanglement
spectrum (PES) [59,60] to distinguish possible topologically
nontrivial states. In order to obtain this type of entanglement
spectrum, we partition N, particles into two sets of N, and
Np = N, — Ny particles. For a given mixed state p, we con-
struct a reduced density matrix p4 = trgp by performing a
partial trace over Np particles. The resulting PES is given by
—Iné§,, where &, are eigenvalues of p4. The related particle-
entanglement entropy is given by [61,62]

(&)

By partitioning particles, we keep the geometry of the
system unchanged. For this reason, we will inspect the PES
for the different momentum sectors kj,‘ of the remaining Ny
particles. An example of a PES is presented in Fig. 2(b). As
proposed in Refs. [59,60], we have considered the incoherent
superposition of the almost twofold degenerate ground state
of Eq. (3) as the density matrix

pos = SIS + WaNEED. ©

For simplicity, we only present the PES for the two mo-
menta k! =0 and k! = /6. We observe a clear particle-
entanglement gap A. In addition, the counting of low-lying
modes below this gap (ten modes for k;‘ = 0 and nine modes
for kf =m /6, at Ny =3, N, = 6) corresponds to the Laugh-
lin state [59,60]. In this way the PES encodes topological
features of the state p in the form of well defined number
of excitations per momentum sector k;‘ [59,60]. This type of

Sa = —tr(pa In py).
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TABLE I. Counting of modes N}, (kf‘) in the PES of the Laughlin
state for several system sizes and particle partitions. The last column
lists the AV, (k}!) values for each momentum sector k! = 27i/Ly, i =
0,....,L,—1.

Np (va L)) NA PES: NL (kc)

4 4,8) 2 3,2,3,2,3,2,3,2

5 (4, 10) 2 4,3,4,3,4,3,4,3,4,3

6 4, 12) 3 10,9,9,10,9,9,10,9,9, 10,9, 9

analysis is useful as it can identify topological features even
without model states, as done for the case of fractional Chern
insulators [63,64].

In the following we will consider specific particle partitions
Ny=2,N, =4, Ny =2, N,=5; and Ny =3, N, = 6. For
these cases the counting of excitations NL(k;‘) per momentum
sector k;‘ is well established and given in Table 1. In Fig. 2(c)
we show the particle-entanglement gap of the mixtures,
Eq. (6), obtained at different values of U. Numerical results
for the obtained PES indicate that a reasonably large gap is
found starting at U ~ 0.5J, and the characteristic features of
the Laughlin state persist with a further increase in U. We note
that at lower values of the flux density, o < 1/4, the Laughlin
state can be found at even lower values of the repulsion U
[9,59].

By analyzing the effective model from Eq. (1), we have
obtained a guidance for the regime of microscopic parameters
and for the geometry of the small system that can give rise to
Laughlin states. In the next sections our aim is to go beyond
the effective model from Eq. (3) and to identify topological
states supported by the full driven dynamics as captured by
the model given in Eq. (1).

III. DRIVEN DYNAMICS

In this section we discuss the full driven dynamics as
captured by the model given in Eq. (1).

A. Heating

First we address the onset of heating following the standard
procedure discussed in Refs. [42,65]. The initial state of the
system is prepared using the ground state of the effective
model

V(= 0) = e K yg) @)

and we monitor the stroboscopic time-evolution t =N T,
T =27 /w governed by the full driven model defined in
Eq. (1). In our numerical simulations, we approximate the
micromotion operator K (f = 0) using the leading-order high-
frequency expansion; see Eq. (A12). The quantity of interest
is the expectation value of the effective Hamiltonian (3):

(Hes(t = NT))g = (Y (0)le K= 5 =01y 1)), (8)

We expect this quantity to reasonably correspond to the
ground-state energy of the effective model Ej in the regime
of very high frequency. On the other hand, for a “low”
driving frequency we expect the system to quickly reach the

infinite-temperature § — 0 regime defined by

lim (Hefr) tr(Hefr).- )

B—0 - dimH

For this reason we monitor the normalized total energy

(Her(t = NT))x — Eo
limg_.(Hetr) — Eo

Ot =NT) = (10)
and we present it in Fig. 3(a), for U/J, = 10. In agreement
with the known results [65], we find that the thermalization is
quick for both a “high” driving frequency w/J; > 20 and for
a “low” driving frequency w/J, < 10. For the intermediate
values of w, the heating process is slow [65] and the total
energy exhibits a slow exponential growth captured by Q(¢t =
NT)=1—bexp(—ct), t > 1. An example of this behavior
is given for w/J, = 15 in Fig. 3(a). The heating process can
also be monitored through the particle-entanglement entropy
S4 as a function of time. In Fig. 3(b) for N, =5 and low
driving frequency we find that this quantity quickly saturates
to its maximal value. Indeed, for a thermal state at infinite
temperature, Sy is given by

(1)

S~ In <Lx L, +N* - 1>

NA
marked by the horizontal, dot-dashed line in Fig. 3(b). Except
for the highest frequency considered (w/J, = 50), we find
that, in the process of heating, the particle-entanglement gap
of the initial state quickly closes (not shown in the plots).

Here we briefly discuss finite-size effects by comparing
numerical results for the normalized total energy for N, = 4,
N, =5,and N, = 6. In line with the known results [33,34,38],
the “high-frequency” regime with low heating rates moves
toward higher w as the system size increases. However, we
find that the estimates obtained in this section (w/J, > 20 for
the high- and w/J, < 10 for the low-frequency regime, for
U/J: = 10) apply to all the three sizes N, =4, 5, 6, at least
for the time-scales that we consider. A comprehensive study of
the leading finite-size effects in driven systems can be found
in Refs. [33,42,65].

B. The stroboscopic time-evolution operator

In order to better understand the limitations of the effective
model, here we time evolve all relevant basis states for a sin-
gle driving period T = 27 /w and construct the stroboscopic
time-evolution operator

Ur=U(ty+T, tg=0) (12)

such that UNT +1y) = Ufpv . In the next step, for a system
size N, =4, (Lx, L,) = (4, 8) we fully diagonalize this oper-
ator and inspect its eigenstates |n). Following the described
procedure, we obtain the long-time limit

Jim (Hea(NT))x = 3 [(nlyr (t = 0) (nl Hegtln)ie. (13)

where we define
(n|Hegtln)x = (nle” =V Hgre™ =), (14)

Results for Q(t = NT) from Eq. (10) obtained in this way
are summarized in Fig. 3(c), where we make a comparison

053624-4



BOSONIC FRACTIONAL QUANTUM HALL STATES IN ...

PHYSICAL REVIEW A 100, 053624 (2019)

@ 2 O o] © 12
Ly e e 6.5 |- , '-__._---- ------ = g | @@=
08 |- P i 4 W/ Jy =50 sexenss i ;
’ o W/ Ty =50 senanan _ ss e W/ Ty =20 1 = os
< 06 L w/J, =20 - S i W/Jy =15 mmmmm i S 06
S 04 nf. W/ Jy =15 ammm= . Jf r w/J, =10 % .
0.2 | w/Jm =10 4.5 W =z 0.4
. ‘Fon»—ww— 4| i z
| g
(O Perermsstrbasnniannnnabunsariasaanas o 35 fsstrasrsarararsnmnsapmnsnnesansmnas = 0.2
_()2 | | | | 3 | | | | 0
0 100 200 300 400 500 0 100 200 300 400 500
t/T t/T

FIG. 3. (a) The normalized total energy Q(+ = NT) from Eq. (10), and the (b) particle-entanglement entropy S4(t = NT), Eq. (5), during
the time evolution governed by Eq. (1) for several driving frequencies w/J, = 50, 20, 15, 10. Parameters: N, = 5, U/J; = 10. Note that the
asymptotic value of S, for w/J, = 10 and w/J, = 15 matches the one given in Eq. (11), as presented by the horizontal, dot-dashed line. (c) The
long-time limit limy_, o, Q(NT') for N, = 4 and the on-site interactions U/J, = 1, 10 and U/J; = oo (hard-core bosons). The lines are only

guides to the eye.

between the long-time energies for the case of hard-core
bosons (U — o0) and soft-core bosons (finite values of U).
The obtained results indicate that heating rates of hard-core
bosons are closer to the case of U/J, = 1 in comparison to
U/J, = 10, which is expected from the bandwidths shown
in Fig. 2(a). Overall we observe that the “high-frequency
regime” is wider for lower ratios U/J,.

In Fig. 4, we make a comparison between the exact driven
model captured by Ur and H.. In Figs. 4(a) and 4(b) we
inspect the distribution of expectation values (n|Heg|n)g. By
comparing these values to the eigenenergies of the effective
model, Eq. (3), we get an insight into the pertinence of the
effective description [33,34]. In particular, for an interacting
system in the thermodynamic limit, the distribution is flat
and the effective description is useless. We state again that
we consider only small atomic samples. For this reason, it
is expected that for high values of w the full stroboscopic
description nicely matches to the effective model values. Such
an example is given in Fig. 4(a) for U/J, = 1 and /J, = 20.
As the value of w gets lower the distribution becomes flatter,
as can be seen in Fig. 4(b) for U /J, = 10 by comparing results
for w/J, = 50 and w/J, = 10.

The intermediate regime of frequencies, e.g., w/J, = 20
for U/J, = 10, is of the main experimental relevance [51].
We now investigate whether the driven stroboscopic dynamics
supports some Laughlin-like states, by calculating the PES of

the mixture
PF = %(Ino(O, 0)) (n0(0, 0)| + |no(0, 7)) (no(0, )I), (15)

where |ng(ky, ky)) is the state from the k., k, sector with the
lowest expectation value (n|He|n) g . The results are presented
in Fig. 4(c). We find that the states with a well defined gap
and the Laughlin-like PES can be found down to w/J, > 10
forU/J, = 1, and down to w/J, > 20 for U/J, = 10. Having
established existence of these states for small samples of N, =
4 particles, in the next section we discuss dynamical protocol
which can be exploited to prepare these states.

IV. SLOW RAMP

The question about an optimal adiabatic protocol that can
be used to prepare the Laughlin state in a cold-atom setup
has gained lot of attention [6,7,15,55]. The situation becomes
even more complex once the full driving process is taken
into account. A general wisdom is that, by starting from a
topologically trivial state, the topological index of a thermo-
dynamically large system cannot be changed adiabatically.
We consider a small atomic sample and follow the proposal
of Ref. [15]. Our main contribution is that we extend this
protocol to the case of the driven, interacting Bose-Hubbard
model.

15 T 15 T 5
a b c
@ U/J: =1 ®) UlJ, =10 © 45
< 0T < ; ]
~ ~ 3.5
/E ,E 51 - W 3
S S o e v
= =0 /Ty =50 miaef T2
] = w/Jy =20 s
= = S w/Jy =15 1L U/Je=1 o |]
-10 w/Jy =10 == | -10 w/Jy =10 = = | 0.5 UfJe =10 % |
! ! L 0
0 2000 4000 6000 0 2000 4000 6000 5 10 15 20 25 30 35 40 45 50

n

n w/Jy

FIG. 4. Properties of the eigenstates |n) of the stroboscopic time-evolution operator Uy, Eq. (12), in the k, = 0, ky, = 0 sector for N, = 4.
Expectation values (n|H.g|n)g defined in Eq. 14 for (@) U/J, = 1, w/J, = 10,20 and (b) U/J, = 10, w/J, = 10, 15, 20, 50. The black solid
lines mark eigenenergies of A, Eq. (3). Note that in (b) we do not include few states from the top of the spectrum of H., Eq. (3), for clarity.
(c) The particle-entanglement gap A of the incoherent superposition pr, Eq. (15), for U/J, =1 and U/J, = 10, N, = 4. The lines are only

guides to the eye.
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FIG. 5. (a) The expectation value E(¢) defined in Eq. (19) and (b) the particle-entanglement gap A(z) of p(¢), Eq. (18), during the time
evolution governed by Eq. (17) for several driving frequencies w/J, = 25, 20, 15, 10. Parameters: N, = 5, U/J, = 10, n/J, = 0.05. (c) The
overlap tr [p(?)pr] of the time evolved state with the target eigenstates of Uy for w/J, =25, 20. Parameters: N, = 4, U/J, = 10, /J, = 0.05.

A. Model

Following results of Ref. [15], we consider a slow ramp
of the tunneling amplitude along y direction, J,(¢), as well as
a slow ramp of the driving amplitude «(¢). Namely, we start
from a series of decoupled wires along the x direction and start
coupling them. More precisely, initial states are selected as the
ground states of Hpi:

Hip = —J, Z(&;H,n&%" +H.c.)

m,n

U
+ 5 Zﬁm,n(ﬁm,n - 1) (16)

m,n

For the filling factors that we consider, the ground states of
the Hiy; are simple noninteracting states with the ground state
energy Epin = —2J,N,,. Out of the several degenerate ground
states, we select those where atoms occupy every second wire.
There are two such states and we label them as |,) (even
wires occupied) and |[¢_) (odd wires occupied). These states
have finite projections only onto the sectors k, =0, k, =0
and k, = 0, k, = 7 of the driven model from Eq. (1). There-
fore we may expect the two initial states |{L(tf = 0)) to be
transformed into the two Laughlin states during the ramp.

Having prepared the initial state, we slowly restore the
tunneling amplitude along the y direction, J,(¢), and slowly
ramp up the driving amplitude «(¢). The time-evolution is
governed by

Hsr(t) =—J; Z(&jn-}—l,n&m’n + HC)

m,n

—Jy(£) > (€ a, ,, mn + Hoc.)

m,n

+ % nZ sin[wf — (m 41— 1/2) ¢lAn.n
U PR
+ 3 ;nm,n(nm,n - 1)’ (17)

where Jy(t) = J,tanh(nt), k(t) = « tanh(nt), n being the
ramping rate. In the long-time limit, we recover the original
Hamiltonian from Eq. (1). During the ensuing time evolution
we construct the mixture

p(t) = 3V O PO + Y- ONP- @] (18)

We monitor stroboscopically the energy expectation value
E(t) = tr(p(t)Herr) (19)
and the PES of p(?).

B. Results

In Fig. 5(a) we present the energy expectation value
from Eq. (19) for U/J, = 10 and several driving frequencies
w/J, =25, 20, 15, 10. Our numerical results indicate that
ramps with the rates up to /J, ~ 0.1 work reasonably well.
Slower ramps give better results, but are less practical [15]. By
construction, the initial state is a noninteracting state with par-
ticles delocalized along the x direction and therefore the initial
energy is E(t = 0) = —2 N, J;. During the ramp with the rate
n/J. = 0.05, for the regime of high driving frequencies, down
to approximately w/J, = 20, we find that the energy initially
decreases and reaches an almost constant value at around
tJy ~ 20. On the other hand, for w/J, = 15, the system slowly
heats up during the ramping process, and for w/J, = 10 the
system quickly reaches the infinite-temperature state.

One of our main results is summarized in Fig. 5(b), where
we plot the particle-entanglement gap of p(t), from Eq. (18),
as a function of time. In the high-frequency regime w/J, >
20, starting around tJ, ~ 20 we find a persistent particle-
entanglement gap, marking the onset of a topologically non-
trivial state. It is even more interesting that, even for w/J, ~
15, the state seems to exhibit a finite gap on intermediate
time-scales. This is not the case for w/J; < 10, where the
gap quickly vanishes. In Fig. 5(c), we present the value of
the overlap tr [p(¢)pr], of the time-evolved mixed state with
the relevant state from Eq. (15) for N, = 4. Clearly, the slow
ramp of the type given in Eq. (17) allows for the preparation
of the relevant eigenstates of Ur with high fidelity (better than
1%).

In Figs. 6(a) and 6(b) we show the time evolution of the
PES in the two momentum sectors k4 = 0 and k4 = 7 /6 for
N, =6,U/J. =5, and n/J, = 0.05. The PES of the initial
state is easy to understand. As the L,/2 wires are occupied
by single atoms, the reduced density matrix is proportional
to the identity matrix with the proportionality factor yielding
—Ing, =In (2(L1{,£2)) ~ 3.69. During the ramp we find that
additional modes in PES are gaining weight and moving down
in the spectrum. Finally, the state p(¢) reached around ¢ =~
50T exhibits a well defined gap and the correct counting of the
low-lying modes: there are ten low-lying modes for k% = 0
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FIG. 6. The low-lying part of the particle-entanglement spectra
—1In§, of p(t), Eq. (18), during the time evolution governed by
Eq. (17) in the (a) k! = 0 and (b) k! = 7 /6 momentum sectors. The
low-lying part of the PES in the sectors (¢) k# = 0 and (d) k' = 7 /6,
at two instances of time r = 0 and #/7 = 100. Parameters: N, =
6, U/J, =5, w/], =15, n/J, = 0.05.

and nine low-lying modes for k;‘ = 1 /6; see Figs. 6(c) and
6(d) and also Table I.

In Fig. 7 we discuss a satisfactory range of ramping rates
n for a given interaction strength U and a given driving
frequency w that we fix at w/J, = 15. The obtained numerical
results suggest that at weaker interaction strengths U/J, < 2,
slower ramping rates are needed. One way to explain this
behavior is by using the effective model and arguing that the
gap protecting the Laughlin state is smaller at weaker U. On
the other hand, for stronger interaction strengths U /J, > 8 the
particle-entanglement gap closes at later stages as the heating
process becomes dominant. Finally, in the intermediate range
U/J, ~ 5, faster ramps with n/J; = 0.1 lead to the sought-
after state p(fr) from Eq. (18), with persistent features in
the PES up to r = 5007. These results indicate that, when
optimizing the ramping protocol in an actual experiment, there
will be a tradeoff between the unfavorable heating and a faster
ramping into the desired state, as both of these processes are
promoted by interactions.

V. CONCLUSIONS

The technique of Floquet engineering has been success-
fully exploited for the implementation of synthetic magnetic
fields in driven optical lattices. Following up on these achieve-
ments and on a long-standing pursuit for the FQH states in
cold-atom setups, in this paper we have addressed possible
realization of the bosonic Laughlin state in a small atomic
sample in a periodically driven optical lattice. While a thermo-
dynamically large interacting system generally heats up into
an infinite-temperature state under driving, the heating pro-
cess can be controlled to some extent in a few-particle system.

We have assumed a realistic driving protocol and finite on-
site interactions, and we have identified the FQH state based

<
0 100 200 300 400 500
t/T
6
5 et
. 4
l<‘]> 3 n/Jy = 0.025 o -
2 n/Jz = 0.05 x |1
1) U/Jy=5 n/Jy =0.1 A |
0 & | | I I
0 100 200 300 400 500
a
0 100 200 300 400 500
t/T

FIG. 7. The particle-entanglement gap A(z) as a function of time
during the time evolution governed by Eq. (17), for several inter-
action strengths (a) U/J, = 1.25 (b) U/J, =5 and (c) U/J, = 10,
and several ramping rates n/J, = 0.025, 0.05, 0.1. Other parameters:
N, =5, w/J, =15.

on analysis of its particle-entanglement spectra. Results of our
numerical simulations show that the stroboscopic dynamics
of N, =4,5,6 particles supports the topological v =1/2
Laughlin state down to w/J, = 20 for U/J, = 10, and down
to w/J, = 15 for U/J, = 1, for the driving amplitude x /v =
0.5. These results are in reasonable agreement with the recent
estimates of the optimal heating times [51] that take into
account the contribution of the higher bands of the under-
lying optical lattice. In addition, we have investigated slow
ramping of the driving term and found that it allows for the
preparation of the Laughlin state on experimentally realistic
time-scales of the order of 20 /i/J,, where /i/J, is the tunneling
time. Interestingly, we find that some topological features per-
sist during an intermediate stage even in the regime where the
system exhibits a slow transition into the infinite-temperature
state (e.g., w/J, = 15 for U/J, = 10).

In the future, we plan to address the preparation scheme for
the relevant correlated states in a driven honeycomb lattice,
which exhibits lower heating rates in comparison to a cubic
lattice according to the recent experiments [48,49]. Another
highly relevant question, that we have not tackled and that we
postpone to future investigation, concerns suitable experimen-
tal probes of topological features. The recent progress in the
field has led to the development of several detection protocols
specially suited for the cold-atom systems [66—71]. For the
type of systems considered in this paper, the most promising
are results of the recent study [71] showing that fractional
excitations can be probed even in small systems of several
bosons.
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APPENDIX: DRIVEN OPTICAL LATTICES

In this Appendix we review the derivation of the model
given in Eq. (1). The system is described by

Hiap(t) = Hpy + Hurive (1) + 0V, (A1)
where we start with the Bose-Hubbard model
Ay = =1, ) (@}, yomn +Hee)
— Iy Y (@), ey lmn + Hee)
U JUR
+ 5 mz Ao i — 1), (A2)
and we introduce an offset wV:
(A3)

V = E Ny p.
m,n

This shifted Bose-Hubbard model is exposed to a suitable
resonant driving scheme:

ﬁdrive(f)=—2sm<wt Pinn + ¢>nmn,

¢m,n =(m+n)¢.

We assume periodic boundary conditions compatible with the
driving term (A4) in the laboratory frame. To this purpose
we use vectors R = 4 e, and R, = —e, + e, as presented in
Fig. 1. For simplicity, we work in the rotating frame

[Wror(1)) = €7 |91 (0))

(A4)

(AS5)

and derive the Schrédinger equation

d rot
AWear(®)) Wl D) Bl ), (A6)
t
where
Heoi(1) = (€ Hip(1)e ™7 — V). (A7)

Now we calculate Hy (¢ ) explicitly. The only nontrivial action
of this rotation on Hy, comes from the nearest-neighbor
hopping along y direction. Indeed, we have

tth T A~ —iwtV —

. A
- eza)t(n n')at

al, amy.  (A8)

In total we obtaln

Bro(t)=—J Y (@}, ,amn+He) + =

ann(nmn
m,n

+elle 4 e—w)lH 4 e—la)t(L —])HL .

+eETVH L, (A9)
with
OBC
_J Z( mn+1amn — ZKel( ¢m"+ ) ,n)y
A A, (A10)
ﬁ‘Lr“ = 7 yZ&L,o@m—Ly,L}-—l’ HL,v—l = ﬁiL}""l'
m
(A11)

In the terms H_ L,+1 and HL _1 we take into account periodic
boundary conditions along the direction parallel to R as im-
posed in the laboratory frame. In order to limit the complexity
of the numerical calculation, we keep translational invariance
and impose the periodic boundary conditions in both direc-
tions in the rotating frame. This implies that we will neglect
“phasors” e~ /Ly~ and (=1 Under these assumptions,
we can recast Eq. (A9) into the time-dependent Hamiltonian
given in Eq. (1). In practice, this would require engineering
additional non-trivial terms in the laboratory frame.
The leading order of the kick operator is given by
_% mzﬂ COS(¢m,n - ¢/2)ﬁmn

K@t =0)~ (A12)
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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


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.98.053625&domain=pdf&date_stamp=2018-11-26
https://doi.org/10.1103/PhysRevA.98.053625

ANA HUDOMAL et al.

PHYSICAL REVIEW A 98, 053625 (2018)

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) ----z | 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.
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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.
5


stacks.iop.org/JPhysA/51/315101/mmedia

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

250 ‘ : ‘ ‘ 160 ‘ ‘ ‘ ‘
f(x) = 9.957x - 0.2 P f(x) = 9.194x + 0.04
o 140 "
200 | o 1 -
. 120 :
o 150 ¢ . | 100
e L 80
" 100 |- o 1 el
40 |
50 f .
20
0 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 o 2 4 6 8 10 12 14 16 18
220 —_— 160 ‘ ‘ ‘
() = 9.8667x + 0.002 f(x) = 9.34x + 0.7
200 | A N
180 | . | Mor v
160 o 1 120} e
140 | - 1 .
S 120} - 1 ooy -
w
& 100 |- } 80 s
80 f ) 1
60 - . i 601 -
dor . 1 40t o
20 | .
0 : 20
0 2 4 6 8 10 12 14 16 18 20 22 2 4 6 8 10 12 14 16 18
300 ‘ : 250 ‘ ‘
f(x) = 9.967x - 0.3 f(x) = 9.94x - 1.2
250 1 7 1 200 .
- of o
200 |- - | o
o - 150 -
I 150 - .
= 100 t
100 .
0| 50
0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 0 5 10 15 20 25
(n+7)/2 (n+7)/2

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,

6
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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.

9
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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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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.
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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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Spin and Charge Correlation Measurements in the 2D
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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.
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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.
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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-
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Transport dynamics in optical lattices with flux

A. Hudomal, I. Vasi¢!, H. Buljan?, W. Hofstetter®, and A. Balaz!
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2Department of Physics, University of Zagreb, Croatia
3Institut fiir Theoretische Physik, Johann Wolfgang Goethe-Universitiit,
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 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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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



Transport in optical lattices with flux
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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].

120

100

X

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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Different condensed matter systems, such as electrons in a crystal lattice, can be
simulated using ultracold 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 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 [3]. We
consider incoherent bosons and the full time-dependent Hamiltonian. The effects of
weak repulsive interactions between atoms are taken into account using 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.
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Fig. 1: Density profile of an atomic cloud during expansion dynamics after release
from a trap in the presence of an artificial gauge field and external force.
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Q 25.1 Tue 16:30 S Atrium Informatik
Unequal-time correlations in Bose-Einstein condensates —
eLinpA SHEN'? and MARTIN GARTTNER? — !Institut fiir Theo-
retische Physik, Philosophenweg 16, 69120 Heidelberg, Germany —
2Kirchhoff-Institut fiir Physik, Im Neuenheimer Feld 227, 69120 Hei-
delberg, Germany

We develop measurement schemes for unequal-time correlation func-
tions in a Bose-Einstein condensate (BEC). Both the spectral and
statistical components of the two-point correlation function are in-
vestigated out of equilibrium. Thereby, the time-evolution of a BEC
is computed numerically using classical-statistical simulation methods
based on the Gross-Pitaevskii equation.

The spectral correlation function is approached by linear response
methods, which are in principle applicable to both numerical computa-
tions as well as experimental measurements. The statistical correlation
function can be computed directly in the classical-statistical approx-
imation. Extracting the unequal-time statistical function experimen-
tally, however, requires involved techniques in order to avoid quantum
back action effects. We propose to use a non-invasive measurement
protocol where the system is weakly coupled to an ancillary system.

In thermal equilibrium, the spectral and statistical components are
related by the fluctuation-dissipation theorem. Measuring both will al-
low a better understanding of how the fluctuation-dissipation theorem
builds up as the system approaches equilibrium.

Q 25.2 Tue 16:30 S Atrium Informatik

Quantum Droplets with Tilted Dipoles — eMANUEL ScHMITT!,

VLADIMIR VELJIGZ, ANTUN BarLaz?, and AxeL PELSTER! —
IResearch Center OPTIMAS and Department of Physics, Technische
Universitit Kaiserslautern, Germany — 2Scientific Computing Labo-
ratory, Center for the Study of Complex Systems, Institute of Physics

Belgrade, University of Belgrade, Serbia

Since 2005 there have been many striking advancements in Bose-
Einstein condensates (BECs) with dipolar interactions, the most re-
cent one being the discovery of quantum droplets, which are stabilized
due to quantum fluctuations [1, 2]. With a variational approach we
investigate the influence of a tilted dipole axis on quantum droplets
in a wave guide-like setup [3]. At first we generalize for one quantum
droplet the energy functional for the extended Gross-Pitaevskii theory
to tilted dipoles and determine the resulting deformation of the cloud
as well as its stability as a function of the tilting angle. Furthermore,
we consider two quantum droplets in a trap and calculate how their
equilibrium distance depends on the tilting of the dipole axis. With
this we gain new insight into the emergence of filaments of dipolar
BECs.

[1] M. Schmitt et al., Nature 539, 259 (2016)

[2] L. Chomaz et al., Phys. Rev. X 6, 041039 (2016)

[3] I. Ferrier-Barbut et al., Phys. Rev. Lett. 116, 215301 (2016)

Q 25.3 Tue 16:30 S Atrium Informatik

Many-body Multifractality in Fock space for Interact-
ing Bosons — JAkOB LINDINGER, ANDREAS BUCHLEITNER, and
e ALBERTO RODRIGUEZ — Physikalisches Institut, Albert-Ludwigs-

Universitat Freiburg, Hermann-Herder-Strafe 3, D-79104 Freiburg,
Germany

We analyse the many-body multifractality of the Bose-Hubbard Hamil-
tonian’s eigenstates in Fock space, for arbitrary values of the interpar-
ticle interaction. For the ground state, generalized fractal dimensions
unambiguously signal, even for small system sizes, the emergence of
a Mott insulator. We show that the scaling of the derivative of any
generalised fractal dimension with respect to the interaction strength
encodes the critical point of the superfluid to Mott insulator transition,
and we establish that the transition can be quantitatively character-
ized by one single wavefunction amplitude from the exponentially large
Fock space [1|. Furthermore, multifractality of the excited eigenstates
is investigated and the possible existence of localization in Fock space
is thoroughly studied.

[1] J. Lindinger, A. Buchleitner, A. Rodriguez, arXiv:1810.06369
Q 25.4 Tue 16:30 S Atrium Informatik

Dynamics in multi-species bosonic systems — ToBias BRUN-
NER, ®GABRIEL DUFOUR, ALBERTO RODRIGUEzZ, and ANDREAS

Location: S Atrium Informatik

BucHLEITNER — Physikalisches Institut, Albert-Ludwigs-Universitét
Freiburg, Hermann-Herder-Strafe 3, D-79104 Freiburg, Germany

The dynamics of bosons in multimode systems is determined by an in-
volved interplay between interactions and indistinguishability-induced
many-particle interference. We construct a formalism to investigate
systematically the dynamics of multiple bosonic species, distinguish-
able by an internal degree of freedom which is insensitive to the time
evolution. We unveil how interparticle interactions lead to a hierar-
chy of interaction-induced interference processes, such that even the
dynamics of single-particle observables is influenced by the degree of
indistinguishability (DOI). Time-averaged expectation values of ob-
servables dominated by two-particle interference are shown to correlate
with a measure of the DOI for initial Fock states [1]. Time-resolved fea-
tures of the dynamics, such as the frequency content of the signals, are
also influenced by the DOI and reveal the interacting or non-interacting
nature of the system. We show that this can be understood from the
symmetry properties of the Hamiltonian based on group-theoretical
arguments [2].

[1] T. Briinmer, G. Dufour, A. Rodriguez,
Phys. Rev. Lett. 120, 210401 (2018)

[2] T. Briinner, PhD Thesis, Albert-Ludwigs-Universitit Freiburg
(2018). https://doi.org/10.6094/UNIFR /16683

A. Buchleitner,

Q 25.5 Tue 16:30 S Atrium Informatik
Rotational cooling of molecules in a BEC — eMarTIN WILL,
ToBias LauscH, and MicHAEL FLEISCHHAUER — University of Kaiser-
slautern, 67663 Kaiserslautern, Germany

We discuss the rotational cooling of homonuclear diatomic molecules
in a Bose-Einstein-condensate (BEC) . For typical molecules there is
no frictionless rotation since the dominant cooling occurs via emission
of particle-like phonons. Only for macro-dimers, whose size becomes
larger than the condensate healing length, a Landau-like, critical angu-
lar momentum exists below which phonon emission is suppressed. We
find that the phonon-induced angular momentum relaxation is much
faster than the cooling of linear motion of impurities in a BEC. This
also leads to a finite lifetime of angulons, quasi-particles of rotating
molecules coupled to orbital angular-momentum phonons. The life-
times are however still smaller than typical angulon binding energies.
We analyze the dynamics of rotational cooling for homo-nuclear di-
atomic molecules based on a quantum Boltzmann equation including
single- and two-phonon scattering and discuss the effect of thermal
phonons. For typical molecules two-phonon scattering becomes rele-
vant at finite temperature.

Q 25.6 Tue 16:30 S Atrium Informatik
Coexistence of phase transitions and hysteresis near the
onset of Bose-Einstein condensation — MicHAEL MAENNEL?
and eKraus MorawgeTz!?2 Miinster University of Ap-
plied Sciences,Stegerwaldstrasse 39, 48565 Steinfurt, Germany —
2International Institute of Physicss UFRN,Campus Universitario
Lagoa nova,59078-970 Natal, Brazil — S3Informatik DV,Petersstr.
14,04109 Leipzig, Germany

Multiple phases occurring in a Bose gas with finite-range interaction
are investigated [2]. In the vicinity of the onset of Bose-Einstein con-
densation (BEC), the chemical potential and the pressure show a van
der Waals-like behavior indicating a first-order phase transition for
weak interactions like Hartree-Fock or Popov approximation. How-
ever, for strong interactions there remains a multivalued region for the
T-matrix approximation even after the Maxwell construction, which is
interpreted as a density hysteresis [1]. This unified treatment of nor-
mal and condensed phases becomes possible due to the recently found
scheme to eliminate self-interactions in the T-matrix approximation,
which allows one to calculate properties below and above the critical
temperature [3,4]. [1] Phys. Rev. A 87 (2013) 053617, [2] New J.
Phys. 12 (2010) 033013, [3] J. Stat. Phys. 143 (2011) 482, [4] Phys.
Rev. B 84 (2011) 094529

Q 25.7 Tue 16:30 S Atrium Informatik
Dynamics of weakly interacting bosons in optical lattices with
flux — eANa HubpomaLl, Ivana Vasié!, Hrvose BuLian2, WALTER
HorsTETTER?, and ANTUN BaLaz! — 1Scientific Computing Labo-
ratory, Center for the Study of Complex Systems, Institute of Physics
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Belgrade, University of Belgrade, Serbia — ?Department of Physics,
Faculty of Science, University of Zagreb, Croatia — 3Institut fiir The-
oretische Physik, Johann Wolfgang Goethe-Universitat, Frankfurt am
Main, Germany

Realization of strong synthetic magnetic fields in driven optical lattices
has enabled implementation of topological bands in cold-atom setups
[1,2]. A milestone has been reached by a recent measurement of a finite
Chern number based on the dynamics of incoherent bosonic atoms [2].
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 [3]. We find that interactions lead to the
redistribution of atoms over topological bands both through the con-
version 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 measure-
ment by flattening the distribution of atoms in the quasimomentum
space.

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

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

[3] A. Hudomal et al., Phys. Rev. A 98, 053625 (2018).

Q 25.8 Tue 16:30 S Atrium Informatik
Quench dynamics and boundary condition dependence of the
one-dimensional extended Bose Hubbard model — eSEBASTIAN
STUMPER, JUNIcHI OkaMoTO, and MICHAEL THoss — Insitute of
Physics, University of Freiburg, Freiburg, Germany

The one-dimensional extended Bose Hubbard model exhibits a variety
of quantum phases due to its competing interactions. For large on-site
interactions, a Mott insulating (MI) phase exists, while a charge den-
sity wave (CDW) phase becomes dominant for large nearest-neighbour
interactions. In between these phases, there exists a topologically non-
trivial phase of a Haldane insulator (HI), which is characterized by a
non-local string order (Phys. Rev. Lett. 97, 260401 (2006)). Ground
state properties and low energy spectra are, however, very sensitive to
the treatment of boundary conditions (arXiv:1403.2315 (2014)). We
study an open chain of the extended Bose Hubbard model for various
configurations of chemical potentials applied at the edges using the
density matrix renormalization group method (Comput. Phys. Com-
mun. 225, 59 (2018)). Without edge potentials, the CDW and HI
phases show a non-degenerate ground state, and the order parameters
change signs in the middle of the chain. This feature is robust against
finite size scaling and is explained by a simple effective picture for
the low energy states. On the other hand, with large edge potentials,
the sign change of the order parameters disappears, and we recover
uniform bulk ground states. Furthermore, we simulate quenched dy-
namics with initial states from MI, HI and CDW phases and discuss
the results in terms of our findings on the equilibrium cases.

Q 25.9 Tue 16:30 S Atrium Informatik
Staggered-immersion cooling of a quantum gas in optical lat-
tices — eBincg Yanc!23 Hur Sunb?23, Cuun-sione Huang?3,
Han-y1 Wanel23 You-syin DeENGZ3, HaN-NING Dar'+2:3, ZHEN-
sHENG YUan»23 ) and Jian-wer Pan':23 — 1Physikalisches Insti-
tut, Ruprecht-Karls-Universitat Heidelberg, Im Neuenheimer Feld 226,
69120 Heidelberg, Germany — 2Hefei National Laboratory for Physi-
cal Sciences at Microscale and Department of Modern Physics, Univer-
sity of Science and Technology of China, Hefei, Anhui 230026, China
— 3CAS Centre for Excellence and Synergetic Innovation Centre in
Quantum Information and Quantum Physics, University of Science
and Technology of China, Hefei, Anhui 230026, China

Here we realize efficient cooling of ten thousand ultracold bosons in
staggered optical lattices. By immersing Mott-insulator samples into
removable superfluid reservoirs, thermal entropy is extracted from the
system. Losing less than half of the atoms, we lower the entropy of a
Mott insulator by 65-fold, achieving a record-low entropy per particle
of 0.0019 kp (kp is the Boltzmann constant). We further engineer the
sample to a defect-free array of isolated single atoms and successfully
transfer it into a coherent many-body state. The present staggered-
immersion cooling opens up an avenue for exploring novel quantum
matters and promises practical applications in quantum information
science.

Q 25.10 Tue 16:30 S Atrium Informatik
Simulation of the Quantum Rabi Model with Ultracold Ru-
bidium Atoms in the Deep Strong Coupling Regime —
oGERAM Hunanvan!, Jonannes Kocu!, MARTIN LEDER!, ENRIQUE

R1co?3, CarLos SaBIN%, ENRIQUE SoLANO23, and MARTIN WEITZ!

— Mnstitut fiir Angewandte Physik Bonn, Wegelerstr. 8, D-53115
Bonn, Germany — 2Department of Physical Chemistry, University of
the Basque Country UPV/EHU, Apartado 644, E-48080 Bilbao, Spain
— 3IKERBASQUE, Basque Foundation for Science, Maria Diaz de
Haro 3, E-48013 Bilbao, Spain — *Instituto de Fisica Fundamental,
CSIC, Serrano 113-bis, E-28006 Madrid, Spain

The Quantum Rabi Model (QRM) has been applied to describe the dy-
namics of a two-level quantum system interacting with a single bosonic
mode. Although a fair quantity of experiments explore the strong
coupling regime of the QRM, where due to the still limited coupling
strength the system can be transformed to the widely known Jaynes-
Cummings Model, researchers are just beginning to exploit the regime
where the full QRM must be considered. Our experimental imple-
mentation to simulate the QRM uses ultracold rubidium atoms in an
optical lattice potential, with the effective two-level quantum system
being simulated by different Bloch bands in the first Brillouin zone.
The bosonic mode is represented by the oscillations of the atoms in
an optical dipole trapping potential. We experimentally observe the
atomic dynamics in the deep strong coupling regime. The present
status of results will be presented.

Q 25.11 Tue 16:30 S Atrium Informatik
Probing the mott-insulator state in optical lattices with pho-
toassociation collisions — eHur SuN, BiNG YANG, ZHEN-SHENG
Yuan, and JiaN-wEl PAN — Physikalisches Institut, Ruprecht-Karls-
Universitat Heidelberg, Im Neuenheimer Feld 226, 69120 Heidelberg,
Germany

The photoassociation collision is a process two colliding atoms form
an excited molecular state after absorbing a photon, which can be
used to remove doublons in optical lattices. In this work, we present
the detection of a bosonic Mott-insulator state in optical lattices via
photoassociation collisions. The photoassociation frequency and colli-
sion strength in the O, molecular channel are calibrated in ultracold
quantum gases of RbS%. Then we measure the density distributions of
two-dimensional Mott-insulator states in optical lattices after illumi-
nated by a photoassociation light, which is 13.6 cm~! red detuned to
the D2 line. From the density profiles, we extract the temperatures
of the Mott-insulators and demonstrate an improvement of the mea-
surement precision. This new method extends our ability to probe this
ultracold strongly correlated systems.

Q 25.12 Tue 16:30 S Atrium Informatik
Probing Equilibration of Isolated Quantum Systems in a
Spinor Bose-Einstein Condensate — eSTEFAN LANNIG, RODRIGO
Rosa-MEDINA PIMENTEL, MAXIMILIAN PRUFER, PHiLiPP KUNKEL,
Arexis BonniN, HELMUT STROBEL, and MaArKuUs K. OBERTHALER
— Kirchhoff-Institut fiir Physik, Im Neuenheimer Feld 227, 69120 Hei-
delberg

If and how isolated quantum systems eventually reach thermal equi-
librium is still an open question. To address this we experimentally
investigate the spin dynamics of a Bose-Einstein condensate of 87Rb.
In particular, we focus on the long-time dynamics in the F' = 1 hyper-
fine manifold, which realises a spin-1 system. We prepare the system in
different out-of-equilibrium states and probe its subsequent evolution
by applying a new readout technique which allows to simultaneously
extract multiple spin projections. We observe that the kinetic temper-
ature, leading to a finite non-condensed fraction, impacts the coherent
evolution and relaxation of the spin observables.

Using local control of the spin orientation and atomic density we
aim at further exploring and understanding the relaxation processes
involved in the temporal evolution of a 1-d spinor system. We in-
vestigate the response of the system to controlled local perturbations
which can be connected to spatial and temporal correlations offering
new observables for characterisation of general many-particle quantum
dynamics.

Q 25.13 Tue 16:30 S Atrium Informatik
Non-equilibrium dynamics of interacting Bosons in an opti-
cal lattice — eJENs BENARY!, CHRISTIAN BaarLs!:2, Jian Jianc?,
and HErwic OTT! — !Department of Physics and OPTIMAS re-
search center, Technische Universitdt Kaiserslautern, 67663 Kaiser-
slautern, Germany — 2Graduate School Materials Science in Mainz,

55128 Mainz, Germany

We study the non-equilibrium dynamics of ultracold Bose gases using
a scanning electron microscope. In our latest setup an optical system
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Searching for quantum scars in constrained bosonic models

A. Hudomal', I. Vasi¢!, N. Regnault? and Z. Papié?
1S cientific Computing Laboratory, Center for the Study of Complex: Systens,
Institute of Physics Belgrade, University of Belgrade, Serbia
2L aboratoire de Physigue de I'Ecole Normale Supérieure, ENS, Université PSL,
CNRS, Sorbonne Université, Université Paris-Diderot,
Sorbonne Paris Cité, Paris, France
38chool of Physics and Astronomy, University of Leeds, United Kingdom
e-mail: hudomal@ipb.ac.ts

Recent experiments on arrays of Rydberg atoms have shown that preparing a system in a certain
initial state can lead to unusually slow thermalization and persistent density oscillations [1]. This
type of non-ergodic behavior has been attributed to the existence of “quantum many-body
scars”, i.e., atypical, weakly-entangled eigenstates of the system that have high overlaps with a
small subset of vectors in the Hilbert space. Periodic dynamics and many-body scars are believed
to originate from a “hard” kinetic constraint: due to strong interactions, no two neighbouring
atoms are both allowed to be in an excited Rydberg state. Here we investigate quantum many-
body scars in a 1D bosonic lattice model with a “soft” constraint: there are no restrictions on the
allowed boson states and the particles can hop freely, but the amplitude of a hop depends on the
occupancy of the hopping site. We find that this model exhibits similar phenomenology to the
Rydberg atom chain, including weakly entangled eigenstates at high energy densities and the
presence of a large number of exact zero energy states, with distinct algebraic structure. We
discuss the relation of this model to the standard Bose-Hubbard model and possible
experimental realizations using ultracold atoms.

REFERENCES
[1] H. Bernien et al., Nature 551, 579 (2017).
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Probing fractional Hall states in driven optical lattices

L. Vasi¢!, A. Hudomal' and N. Regnault?
1S cientific Computing Laboratory, Center for the Study of Complex Systens,
Institute of Physics Belgrade, University of Belgrade, Serbia
2[aboratoire de Physigue de I'Eicole Normale Supérienre, ENS, Université PSL,
CNRS, Sorbonne Université, Université Paris-Diderot,
Sorbonne Paris Cité, Paris, France
e-mail: ivana.vasic@ipb.ac.rs

Driven optical lattices enrich the set of quantum models that can be simulated in cold-atom
experiments [1, 2]. General arguments suggest that the interplay of strong interactions and
driving in a thermodynamically large system introduces heating, leading to a featureless infinite-
temperature state in the long-time limit [3, 4]. Recently, several papers have focused on a
possibility of prethermalization, arguing that some strongly correlated states can be probed on
experimentally relevant timescales, before reaching the infinite-temperature limit [5, 6]. We
investigate ways to prepare and probe fractional Hall states in a few-particle bosonic sample in a
driven optical lattice.

REFERENCES

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

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

[3] L. D’Alessio, M. Rigol, Phys. Rev. X 4, 041048 (2014).

[4] A. Lazarides, A. Das, R. Moessner, Phys. Rev. E 90, 012110 (2014).
[5] T. Mori, T. Kuwahara, K. Saito, Phys. Rev. Lett. 116, 120401 (2016).
[6] D. A. Abanin et al,, Phys. Rev. B 95, 014112 (2017).
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Abstract. Recent experiments on arrays of Rydberg atoms have shown that preparing a system in
a certain initial state can lead to unusually slow thermalization and persistent density oscillations
[1]. This type of non-ergodic behavior has been attributed to the existence of “quantum many-body
scars”, i.e., atypical, weakly-entangled eigenstates of the system that have high overlaps with a
small subset of vectors in the Hilbert space. Periodic dynamics and many-body scars are believed
to originate from a “hard” kinetic constraint: due to strong interactions, no two neighbouring atoms
are both allowed to be in an excited Rydberg state. Here we investigate quantum many-body scars
in a 1D bosonic lattice model with a “soft” constraint: there are no restrictions on the allowed boson
states and the particles can hop freely, but the amplitude of a hop depends on the occupancy of the
hopping site. We find that this model exhibits similar phenomenology to the Rydberg atom chain,
including weakly entangled eigenstates at high energy densities and the presence of a large number
of exact zero energy states, with distinct algebraic structure. We discuss the relation of this model
to the standard Bose-Hubbard model and possible experimental realizations using ultracold atoms.

REFERENCES

1. H. Bernien, S. Schwartz, A. Keesling, H. Levine, A. Omran, H. Pichler, S. Choi, A. S. Zibrov, M.
Endres, M. Greiner, V. Vuleti¢, and M. D. Lukin, Nature 551, 579-584 (2017).
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Quantum scars of bosons with correlated hopping
Hudomal, Ana

Recent experiments on Rydberg atom arrays have found evidence of anomalously slow thermalization and persistent density
oscillations, which have been interpreted as a many-body analog of the phenomenon of quantum scars. Periodic dynamics and
atypical scarred eigenstates originate from a "hard" kinetic constraint: the neighboring Rydberg atoms cannot be simultaneously
excited. Here we propose a realization of quantum many-body scars in a 1D bosonic lattice model with a “soft" constraint in the
form of density-assisted hopping. We discuss the relation of this model to the standard Bose-Hubbard model and possible
experimental realizations using ultracold atoms. We find that this model exhibits similar phenomenology to the Rydberg atom
chain, including weakly entangled eigenstates at high energy densities and the presence of a large number of exact zero energy
states, with distinct algebraic structure.
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Numerical study of quantum gases in

optical lattices and in synthetic magnetic
fields

Abstract

Theoretical and experimental advances in the past few decades have resulted in the development
of a new research field — quantum simulations with ultracold atoms. The main idea is to create
a clean and precisely controllable quantum system which can then be used to simulate another
system of interest — one that is not as easy to study experimentally. Although there are
several different experimental platforms for quantum simulations, ultracold atoms are often
used because they are especially well suited for this role. Progress in cooling and trapping
techniques has enabled experimentalists to cool down atomic gases to quantum degeneracy and
to easily manipulate them. These systems are well isolated from their environment and do
not contain any impurities or defects. In particular, cold atoms in optical lattices — periodic
potentials made by interference of laser beams — have shown to be an excellent platform for the
study of various condensed matter systems. It is possible to realize different lattice geometries
in the desired number of dimensions. The lattice size, number of atoms, temperature of the
system and even the strength of interactions between atoms can be precisely tuned. Some
of these parameters would be impossible to change in a real condensed matter system. The
set of models which can be realized with ultracold atoms can be further extended by the use
of Floquet engineering. In this approach, the system is exposed to a suitable time-periodic
modulation. The resulting stroboscopic dynamics of this driven system can be related to a
corresponding static model through Floquet theory. In particular, Floquet engineering was

used to realize synthetic magnetic fields in systems of neutral cold atoms.

In this thesis we use numerical simulations and analytical insights to study dynamics of
several relevant systems which have been the focus of recent experiments with ultracold atoms
in optical lattices. One of the fundamental open questions that has gained lot of attention
recently is related to the thermalization of a general isolated quantum system. Such systems
are typically shown to thermalize in experiments, meaning that they lose all memory of their
initial state. However, there are several notable counterexamples. In particular, a new class
of systems which exhibit unusual thermaization has been recently discovered — the systems

with special eigenstates called quantum many-body scars. Another long-standing problem is




realization of topologically nontrivial models with ultracold atoms. These systems usually
require magnetic fields, whose effects can be mimicked by driving in a cold atom system.
However, interactions between atoms are always present in a realistic system. The interplay of
driving and interactions typically leads to the thermalization and additional considerations are
necessary in order to identify regimes where this process is slow and allows for the preparation
and measurement of an interesting topological state.

Recent experiments on Rydberg atom arrays have found evidence of anomalously slow ther-
malization and persistent density oscillations, which have been interpreted as a many-body
analog of the phenomenon of quantum scars. Periodic dynamics and atypical scarred eigen-
states have been obtained in a model with a “hard” kinetic constraint: the neighboring Rydberg
atoms cannot be simultaneously excited. In the first part of this thesis we propose a realization
of quantum many-body scars in a one-dimensional bosonic lattice model with a “soft” con-
straint in the form of density-assisted hopping. We discuss the relation of this model to the
standard Bose-Hubbard model and possible experimental realizations using ultracold atoms.
We find that this model exhibits similar phenomenology to the Rydberg atom chain, including
weakly entangled eigenstates at high energy densities and the presence of a large number of
exact zero energy states, with distinct algebraic structure.

Realization of strong synthetic magnetic fields in driven optical lattices has enabled imple-
mentation 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, in the second part
of this thesis 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 measure-
ment 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.

Strong interactions and strong synthetic magnetic fields, the main ingredients for the realiza-
tion of fractional quantum Hall states, are already available in experiments on cold atom gases
in periodically driven optical lattices. However, the interplay of the driving and interactions
introduces detrimental heating, and for this reason it is still challenging to reach a fractional

quantum Hall state in cold-atom setup. By performing a numerical study, in the third part of

vi



this thesis we investigate stability of a bosonic Laughlin state in a small atomic sample exposed
to driving. We identify an optimal regime of microscopic parameters, in particular interaction
strength U and the driving frequency w, such that the stroboscopic dynamics supports the
basic v = 1/2 Laughlin state. Moreover, we explore slow ramping of a driving term and show
that the considered protocol allows for the preparation of the Laughlin state on experimentally

realistic time-scales.

Keywords: ultracold gases, quantum simulations, nonequilibrium dynamics, quantum scars,
topological phases of matter, synthetic gauge fields, Floquet systems, exact diagonalization
Research field: Physics

Research subfield: Condensed matter physics
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Numericko proucavanje kvantnih gasova u
optickim resetkama i u sintetickim

magnetnim poljima

Sazetak

Teorijski i eksperimentalni napredak u poslednjih nekoliko decenija doveo je do razvoja nove
oblasti istrazivanja — kvantnih simulacija sa ultrahladnim atomima. Osnovna ideja je da se
napravi ¢ist i precizno podesiv kvantni sistem koji se zatim moze koristiti za simuliranje nekog
drugog sistema od intresa koji nije tako jednostavan za eksperimentalno ispitivanje. Iako pos-
toji nekoliko razlicitih platformi za kvantne simulacije, ultrahladni atomi se Cesto koriste jer
su izuzetno pogodni za ovu ulogu. Napredak u tehnikama za hladenje i zarobljavanje atoma
omogucio je eksperimentalnim fizicarima da ohlade atomske gasove do kvantne degeneracije i
lako manipulisu njima. Ovi sistemi su dobro izolovani od svog okruzenja i ne sadrze nikakve
necistoce ili defekte. Hladni atomi u optickim resetkama, periodi¢nim potencijalima nastalim
interferencijom laserskih zraka, pokazali su se kao odli¢na platforma za prouc¢avanje raznovrsnih
sistema kondenzovane materije. Moguce je realizovati razli¢ite geometrije resetke u zeljenom
broju dimenzija. Velicina resetke, broj atoma, temperatura sistema, c¢ak i jac¢ina interakcija
izmedu atoma mogu se precizno podesavati. Neke od ovih parametara ne bi bilo moguce
promeniti u sistemu kondenzovane materije. Skup modela koji se mogu realizovati pomocu
ultrahladnih atoma moze se dalje prosiriti koriS¢enjem Floke inZenjeringa. U ovom pristupu,
sistem je izlozen pogodnoj vremenski periodi¢noj modulaciji. Rezultirajuc¢a stroboskopska di-
namika ovog vodenog sistema moze se povezati sa odgovaraju¢im statickim modelom putem
Floke teorije. Floke inzenjering je koris¢en i za realizaciju sintetickih magnetnih polja u sis-

temima neutralnih hladnih atoma.

U ovoj tezi koristicemo numericke simulacije i analiticke metode u cilju proucavanja di-
namike nekoliko relevantnih sistema koji su bili u fokusu skorasnjih eksperimenata sa ultrahlad-
nim atomima u optickim resetkama. Jedno od osnovnih otvorenih pitanja koje je nedavno
privuklo dosta paznje povezano je sa termalizacijom izolovanog kvantnog sistema u opstem
slucaju. Takvi sistemi se u eksperimentima tipicno termalizuju, Sto znac¢i da gube svu mem-
oriju o svom pocetnom stanju. Ipak, postoji nekoliko znacajnih kontraprimera. Jedna nova
klasa sistema sa atipicnom termalizacijom je nedavno otkrivena — to su sistemi sa posebnim

svojstvenim stanjima nazvanim kvantni viSecesti¢ni oziljci. JoS jedan dugogodisnji problem
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predstavlja realizacija topoloski netrivijalnih modela sa ultrahladnim atomima. Takvi sistemi
obi¢no zahtevaju magnetna polja, ¢iji efekti mogu da se oponasaju vodenjem u sistemu hladnih
atoma. Medutim, interakcije izmedu atoma su uvek prisutne u realisticnim sistemima. Uza-
jamno dejstvo dejstvo vodenja i interakcija dovodi do termalizacije, pa su dodatna razmatranja
neophodna da bi se identifikovali rezimi u kojima je ovaj proces spor i dozvoljava pripremu i
merenje interesantnih topoloskih stanja.

Nedavni eksperimenti na nizovima Ridbergovih atoma pronasli su dokaze o anomalno sporoj
termalizaciji i dugotrajnim oscilacijama gustine, sto je bilo interpretirano kao visecesti¢ni anal-
ogon fenomena kvantnih oziljaka. Periodi¢na dinamika i atipicna svojstvena stanja sa oziljcima
dobijeni su u modelu sa “jakim” kinetickim ograni¢enjem: susedni Ridbergovi atomi ne mogu
da budu istovremeno pobudeni. U prvom delu ove teze predstavljena je realizacija kvant-
nih visecesti¢nih oziljaka u jednodimenzionalnom bozonskom modelu na resetki sa “slabim”
ograni¢enjem u formi tunelovanja potpomognutim gustinom. Diskutovana je veza ovog mod-
ela sa standardnim Boze-Habard modelom i mogucénost njegove eksperimentalne realizacije sa
ultrahladnim atomima. Ovaj model ispoljava slicnu fenomenologiju kao i lanac Ridbergovih
atoma, ukljucujué¢i slabo kvantno uvezana svojstvena stanja na velikim gustinama energije,
kao i prisustvo velikog broja egzaktnih nultih energetskih stanja sa posebnom algebarskom
strukturom.

Realizacija jakih sintetickih magnetnih polja u vodenim optickim resetkama je omogucila
implementaciju topoloskih energetskih zona u sistemima hladnih atoma. Znacajno postignuce
predstavlja skorasnje merenje nenultog éernovog broja bazirano na dinamici nekoherentnih be-
zonskih atoma. Merenja kvantnog Holovog efekta u poluprovodnicima povezana su sa merenjem
éernovog broja u eksperimentima sa hladnim atomima, ali se dizajn i kompleksnost ove dve
vrste eksperimenata dosta razlikuju. Motivisani skorasnjim eksperimentima, u drugom delu
ove teze ispitujemo dinamiku slabo interagujuc¢ih nekoherentnih bozona u dvodimenzionalnoj
vodenoj optickoj resetki pod dejstvom spoljasnje sile, Sto omogucava direktno merenje éernovog
broja. Razmaramo realistican protokol vodenja u rezimu visoke frekvencije i fokusiramo se na
ulogu slabih odbojnih interakcija. Pokazujemo da interakcije dovode do redistribucije atoma
na topoloske energetske zone kroz konverziju interakcione energije u kineticku energiju u toku
sirenja atomskog oblaka, kao i zbog dodatnog zagrevanja. Primecujemo da umereno odbi-
janje izmedu atoma olaksava merenje putem poravnanja distribucije atoma u kvazi-impulsnom
prostoru. Nasi rezultati takode pokazuju da slabe interakcije mogu da poniste doprinos nekih
netopoloskih ¢lanova viseg reda u korist topoloskog dela efektivnog modela.

Jake interakcije i jaka sinteticka magnetna polja, glavni sastojci za realizaciju frakcionog
kvantnog Holovog efekta, ve¢ su dostupni u eksperimentima sa hladnim atomskim gasovima
u periodicno vodenim optickim resetkama. Medutim, uzajamno dejstvo vodenja i interakcija
izaziva nezeljeno zagrevanje, pa je iz tog razloga ostvarivanje frakcionog kvantnog Holovog

stanja u sistemu hladnih atoma i dalje veliki izazov. Uz pomo¢ numerickih simulacija, u tre¢cem




delu ove teze istrazujemo stabilnost bozonskih Laflinovih stanja u malom atomskom uzorku
pod dejstvom periodi¢nog vodenja. Pronalazimo optimalan rezim mikroskopskih parametara,
jacinu interakcija U i frekvenciju vodenja w, takvih da stroboskopska dinamika podrzava os-
novno v = 1/2 Laflinovo stanje. Pored toga, istrazujemo postepeno uklju¢ivanje ¢lana koji
opisuje vodenje i pokazujemo da razmatrani protokol dozvoljava pripremu Lafinovog stanja na

eksperimentalno relevantnim vremenskim skalama.

Kljucéne reci: ultrahladni gasovi, kvantne simulacije, neravnotezna dinamika, kvantni oziljci,
topoloske faze materije, sinteticka gejdz polja, Floke sistemi, egzaktna dijagonalizacija
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Chapter

Introduction

When atoms are cooled down to sufficiently low temperatures, their quantum statistics starts
to play an important role and the differences between bosons and fermions become apparent. In
the case of bosons, cooling leads to macroscopic occupation of a single quantum state — the Bose-
Einstein condensate (BEC). More than 70 years after its first theoretical prediction in 1924,
BEC was finally experimentally achieved in 1995, when the atoms were cooled down to 170 nK
[1]. This was made possible by advances in laser and evaporative cooling techniques during the
previous decades, as well as magnetic and optical trapping. These techniques were later also
applied to fermionic atoms, molecules, and mixtures of different atomic species, successfully
cooling down these systems to quantum degeneracy. During the last two decades since BEC
was first attained, significant progress has been made in both theoretical and experimental
research on quantum gases. There are many possible applications of ultracold quantum gases.
They can be used for precision measurements, and can also serve as a platform for quantum

computing and quantum simulations.

1.1 Quantum simulations

Quantum simulators were first envisioned by Feynman in 1982 [2, 3]. The idea was to create
a clean and highly controllable quantum system that can be used to simulate another complex
quantum system described by an equivalent Hamiltonian. The need for quantum computing
and quantum simulations has arisen due to computational limits of classical computers. While
it is theoretically possible to find the exact eigenvalues and eigenstates for any finite-dimensional
interacting quantum many-body system, the Hilbert space dimensions of such systems grow
exponentially with the system size, which quickly makes it impossible to store the necessary
data in the memory of even the most advanced modern supercomputers. Exact numerical cal-

culations are therefore limited to the smallest systems consisting only of tens of particles and
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lattice sites, which sometimes makes it very hard to extrapolate the results to the thermody-
namic limit. Feynman’s proposal was to use a computer which operates on quantum-mechanical
laws to solve quantum-mechanical problems. Unlike a classical computer, in this case the num-
ber of necessary computer elements — quantum bits — scales linearly with the size of the system
of interest. Additionally, a quantum computer is probabilistic — there is no unique output for
each input. Instead, such a computer returns several outputs with different probabilities, which
is expected as it is actually performing a quantum measurement.

Quantum simulators are a similar yet distinct concept. Unlike universal quantum computers,
which could in theory be programmed to execute any possible algorithm, but are still years
or even decades away from practical applications [4], quantum simulators are designed for a
specific task and are therefore easier to build. There is already a variety of their experimental
realizations on different platforms, for example using neutral cold atoms [5, 6], trapped ions
[7], superconducting circuits [8], photonic systems [9] or nitrogen-vacancy centers in diamond
[10, 11]. Some of the phenomena simulated in this way are quantum magnetism [12], strange
metal phase of high-temperature superconductors [13, 14], decay of a Higgs particle [15], black-
hole radiation [16] and photosynthesis [17]. Quantum simulations have shown to be useful
in a wide range of different research fields, including condensed-matter physics, high-energy
physics, cosmology and quantum chemistry. They could also be applied to classical problems
which require large computing power. While universal quantum computers are very prone to
computation errors, as each particle needs to be set to a precisely defined quantum state, this
is not the case for quantum simulators where the resulting quantity is typically an average over
the whole system and thus less sensitive to the exact state of an individual particle.

In particular, ultracold atoms in optical lattices provide a perfect platform for quantum sim-
ulations of various condensed-matter phenomena [5, 18]. Here, the optical lattice plays the role
of the crystal lattice in solid-state systems, while the atoms play the role of the electrons. Op-
tical lattice is a spatially periodic potential created by interference of two counter-propagating
laser beams. Schematic representations of two-dimensional and three-dimensional optical lat-
tices are shown in Fig. 1.1. Cold atoms can be trapped inside the lattice by the optical dipole
force. Various optical-lattice geometries can be realized depending on the intensity and relative
angles between interfering laser beams. The strength of interactions between the atoms can be
tuned using Feshbach resonances. The possibility to precisely adjust all microscopic parameters
of the system can be used to create exotic phases of matter that are not observed in nature,
or to experimentally probe quantities that are otherwise not accessible in condensed-matter
systems.

Two seminal condensed-matter models which were realized with ultracold atoms are the
Bose-Hubbard and the Fermi-Hubbard model. The experimental setup is similar in both cases;
a dilute atomic gas, typically consisting of alkali atoms (Li, Na, K, Rb, Cs), is placed inside a

magneto-optical trap, cooled down to low temperatures and exposed to an optical lattice po-
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Figure 1.1: Schematic of a two-dimensional (a) and three-dimensional (b) square optical
lattice. Adapted from Ref. [5].

tential. The exact model which is realized, Bose- or Fermi-Hubbard, depends on the bosonic or
fermionic nature of the atomic species which is used. Bosonic atoms are used more often as they
are easier to cool down to quantum degeneracy, given that their ground state is a Bose-Einstein
condensate. Early experiments have studied quantum phase transitions and characterized dif-
ferent phases of matter in these two models. Another topic that was experimentally explored
with these models is their nonequilibrium dynamics. In recent experiments, Bose-Hubbard and

Fermi-Hubbard models serve as a foundation for the realization of other generalized and more

complex models.

1.2 Bose-Hubbard model

Interacting spinless bosons in a periodical potential are described by the Bose-Hubbard Hamil-
tonian [19]. This model has only two parameters; hopping amplitude J which determines the
probability for a particle to tunnel to a neighbouring site, and the strength of interactions U
between two particles on the same site which can be either repulsive (U > 0) or attractive

(U < 0). The Bose-Hubbard Hamiltonian can be written as

. U
Hpp=—J Y (a}&erH. c.)—i—EZﬁz (y — 1), (1.1)
(L) l

where le and @; are creation and annihilation operators that create and annihilate a particle
at the lattice site with index [, 7y = a @, is the particle number operator, and the label (I, m)

stands for nearest neighbors. This model was derived using the single-band tight-binding ap-
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proximation [5]. The Hamilatonian shown here is given by a general expression for an arbitrary
number of dimensions. The equation for a specific number of dimensions can be written in
a similar manner, with potentially different hopping amplitudes in different directions. The
Bose-Hubbard Hamiltonian has a global U(1) gauge symmetry and all the symmetries of the
underlying lattice. As the occupancy of a single lattice site is not limited for bosonic particles,
the Hilbert space dimension grows with the system size as

(1.2)

N+L-1
dimHz( + ),

N

where N is the number of particles and L is the number of lattice sites.

Although the Bose-Hubbard Hamiltonian [19] was first formulated for solid state systems as
generalization of the (Fermi-)Hubbard model [20], the closest experimental realization of this
model is provided by ultracold bosonic atoms in an optical lattice. The necessary conditions for
the approximation to be valid are that the atoms are cooled down to a low enough temperature,
so that only the lowest energy band is significantly occupied, and that the lattice is deep enough,
thus making the Wannier functions sufficiently localized at each lattice site. As the atoms
interact by short-range Van der Waals forces and there are no long-range Coulomb interactions
between neutral atoms, the onsite interaction term is sufficient to describe the interactions in
this system. Long-range dipolar interactions can be avoided by choosing an atomic species
without a dipolar moment.

The phase diagram of the Bose-Hubbard model consists of the superfluid phase and the
Mott insulator phase, depending on the ratio J/U and the filling factor v = N/L [19]. In the
superfliuid phase where the hopping term is dominant over the interaction term, the particles are
completely delocalized across all lattice sites. The ground state in this phase is a BEC and can
be described by a single Bloch wavefunction. It is characterized by long-range phase coherence.
This state can be described by the Gross-Pitaevskii equation — a nonlinear Schrodinger-like
equation. In contrast, the interaction term is dominant in the Mott insulator phase and in the
ground state an integer number of particles is localized at each lattice site. This is a strongly-
correlated quantum many-body state. In the limit U — 0, it is a product of local Fock states
at each site. Unlike the superfluid state, the Mott insulator state is incompressible, as particle
number fluctuations are energetically very costly. There is no more phase coherence in the
Mott insulating phase. Instead, there are long-range particle number correlations.

The phase transition between these two phases has been experimentally observed in an
ultracold quantum gas [21]. In this experiment, the ratio J/U was varied by increasing the
lattice potential depth, which resulted in decreased hopping amplitude J and increased onsite
interaction strength U. After setting the desired ratio, the confining potential was turned off
and the atomic cloud was left to expand freely in the optical lattice potential. The phase

coherence between different lattice sites was visible in the resulting interference pattern. The
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absence of interference maxima marked the onset of the Mott insulating phase. A schematic of
the two states and the corresponding interference patterns are given in Fig. 1.2. Experiments
like this one and their excellent agreement with theoretical predictions have confirmed that the

Bose-Hubbard model is indeed realized with cold atoms in optical lattices.

(a) Superfluid (b) Mott insulator

Figure 1.2: Schematic of a superfluid state (a) and a Mott insulator state (b) in an optical
lattice and corresponding interference patterns after expansion. Adapted from Ref. [21].

There are several generalizations of this model which include additional potentials, long-
range density-density or dipolar interactions, next-nearest-neighbour and other hopping terms,
interaction- or density-induced hopping terms, particles with spin, as well as the Bose-Fermi-
Hubbard which describes a mixture of bosonic and fermionic particles. The Bose-Hubbard
Hamiltonian will be the starting model for all the studies in this thesis. We will be interested
in systems with density-dependent hopping terms and systems with additional time-dependent

potentials — the so-called driven systems.

1.3 Nonequilibrium dynamics

While the properties of quantum systems in equilibrium are generally well understood, nonequi-
librium dynamics of such systems is still an active field of research. A system can be taken
out of equilibrium by changing its Hamiltonian, either by a sudden quench or by continuously
ramping one or more parameters. Systems in contact with a thermal reservoir are generally
expected to thermalize, but it is not clear whether a general isolated quantum system should
ever reach thermal equilibrium. Ultracold atoms provide an excellent experimental platform for
the study of quantum many-body physics out of equilibrium, as they are both precisely tunable
and well isolated from their environment [22]. In such experiments, the system is typically first
prepared in the ground state [¢)y) of some initial Hamiltonian H,y and then evolved under a
different Hamiltonian H, which may or may not be time-dependent.

The main question is through which mechanism and under which conditions isolated quan-

tum systems initially out of equilibrium evolve towards a state in thermal equilibrium. This
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question has been studied in a variety of experiments on quantum gases [23-29]. Complete
thermalization has been observed in some of these experiments [24, 28]. The final thermalized
state is independent of the initial state — all memory is lost during the process of thermaliza-
tion. However, this loss of information is somewhat surprising because of the fact that the
time-evolution operator U (t) = eift g unitary and therefore preserves the system in a pure
quantum state. A potential answer is provided by the eigenstate thermalization hypothesis
(ETH) [30-33]. ETH states that thermalization happens already at the eigenstate level and
that this becomes visible in the expectation values of certain observables during time evolution,
due to dephasing between eigenstates which constitute the initial state. In other words, even
though the system stays in a pure quantum state indefinitely, the results of measurements will

appear thermalized after long enough time.

Let the initial state be a superposition of eigenstates of the Hamiltonian H from an energy
range Foi < E < E,.. If ETH is obeyed for a certain observable @, its diagonal matrix
elements in the basis of H, O;; = <z|(§|z>, will be approximately a smooth function of energy
O;i(E) over the energy range of interest. ETH then predicts that the expectation value of the
observable O after thermalization will be equal to the value predicted by the microcanonical
ensemble over the same energy range. A single eigenstate is sufficient to predict the thermal
expectation value, as all the eigenstates from the energy range in question would lead to the
same prediction. ETH typically holds for few-body observables, both local and nonlocal, which
are the ones usually measured in experiments. Although ETH has not been analytically proven
for a general interacting quantum system, it was shown to be valid in a number of numerical

studies [33]. Analytical proofs exist for several specific cases.

However, there are several types of systems which do not obey ETH. Some of them com-
pletely avoid thermalization. Two well known examples are integrable systems [34] and systems
which exhibit many-body localization [35]. Integrable systems typically have a large num-
ber of conserved quantities which constrain their evolution and prevent them from eventually
thermalizing. Many-body localization (MBL) requires random disorder in the system and is
characterized by the emergence of local integrals of motion. These local integrals of motion
preserve the information about the initial state. MBL was shown to be robust with respect to

perturbations. Signatures of MBL have been observed in multiple experiments [36-39].

An useful diagnostic of thermalization is the bipartite entanglement entropy [40, 41], a
quantity which measures the degree of entanglement between two complementary subsystems

labeled A and B:
Sa = =Tr(palnpy) . (1.3)

The entanglement entropy is defined for a certain pure state |[¢)). In the preceding equation,
pa = Trg|) (] is the reduced density matrix of the subsystem A. In contrast to thermalizing

systems where the entanglement entropy of highly excited eigenstates typically scales as the
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volume of the subsystem A, in the MBL phase it obeys the so-called “area law” — it is propor-
tional to the area of the boundary between the subsystems [35, 41, 42]. Additionally, during the
nonequilibrium dynamics the entanglement entropy grows logarithmically with time, instead of

the usual linear or power-law growth [43-45].

Another type of systems with unusually slow thermalization has emerged in recent years —
quantum many-body scarred systems. It was shown that these systems are neither integrable
nor many-body localized. This phenomenon was first observed experimentally in a quantum
simulator with an array of Rydberg atoms [46]. While the system exhibited the expected
thermalizing behavior for most initial states, preparing it in certain initial states surprisingly
resulted in persistent density oscillations — the system kept returning to its initial state. Theo-
retical explanation for such behavior has followed soon after the experimental results [47, 48].
It was shown that the states with unusual dynamics are superpositions of atypical eigenstates
dubbed “qunatum many-body scars”. These eigenstates have significantly smaller entangle-
ment entropies than the other eigenstates at the same energy scale. Their name was inspired
by the phenomenon of quantum scars in noninteracting systems, where some eigenstates of a
quantum system have enhanced probability density in vicinity of unstable periodic orbits of the
corresponding classical system [49]. In the case of quantum many-body scars, the eigenstates
are concentrated in certain regions of the Hilbert space instead of real space. Such atypical
eigenstates have been subsequently found in a variety of different systems [50-67]. It is however
still not completely clear what are the necessary conditions for their existence. A particular
realization of quantum many-body scars in a one-dimensional model of bosons with correlated

hopping will be the topic of the first part of this thesis.

Systems which slowly thermalize or do not thermalize at all could have several practical
applications. Most importantly, they could be useful for quantum computing, where it is of
crucial importance to preserve the system in a particular quantum state. Another application
would be to extend the available timescales in experiments on exotic quantum phases which

are currently hindered by rapid thermalization.

1.4 Synthetic magnetic fields

Strong magnetic fields are required for many phenomena in condensed matter physics, such
as integer and fractional quantum Hall effects. The Harper-Hofstadter model [68] is a two-
dimensional model which describes a charged particle in a periodic potential and perpendicular

magnetic field. Its Hamiltonian can be written as

F[HH = —JZ <e72i7rma&;r+l7m&l7m + CAer’erl&l,m -+ H. c. ) s (14)
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Figure 1.3: Schematic representation of the Harper-Hofstadter model.

where the parameter « is the magnetic flux through one plaquette in the units of flux quanta
h/q. The effects of magnetic field are encoded in the position-dependent complex hopping
coefficients e A particle hopping in counterclockwise direction along the smallest closed
loop acquires a phase 27, as shown in Fig. 1.3, in analogy to a charged particle in magnetic
field which would acquire the Aharonov-Bohm phase. The energy spectrum of the Harper-
Hofstadter model has an interesting fractal structure, as can be seen in Fig. 1.4. The number
of energy bands depends on «; when « is a rational number the number of bands is equal to
its denominator. For example, there are three energy bands for « = 1/3, see Fig. 1.4(a), as
well as for a« = 2/3. The plot of energy versus a shown in Fig. 1.4(b) is called the “Hofstadter
butterfly”.
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Figure 1.4: (a) Energy spectrum for o = 1/3. (b) “Hofstadter butterfly” [68] — energy
spectrum of the Harper-Hofstadter model.

In the seminal TKNN paper [69] it was shown that the quantization of the Hall conductivity
observed in the integer Hall effects can be directly related to the topological index of the
microscopic model (1.4) — the Chern number. The Chern number is defined for a single energy
band and is always an integer. It is also a topological invariant, which means that it is insensitive
to local deformations and disorder, and changes only when the global topological properties of
the system change, i.e. when the band gap closes. The Chern numbers for the three energy
bands of the Harper-Hofstadter model with v = 1/3 are shown in Fig. 1.4(a). Topological

concepts in physics have become an increasingly important field of research in the last few
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decades. In 2015, the deflection of an atomic cloud in an optical lattice with synthetic magnetic
field as a response to external force was used to experimentally measure the Chern number in
a non-electronic system for the first time [70].

The Chern number is closely related to the Berry curvature and Berry phase [71]. It is
defined as the integral of the Berry curvature [72] over the first Brillouin zone divided by 27,

1

Cp = —
27

/FBZ Q,(k) - dS, (1.5)

where n denotes the band number and the Berry curvature is €,,(k) = iV x (u, (k)| Vi |un(k)),
expressed in terms of eigenstates |u,(k)). The Berry phase is a geometric phase that a particle
acquires when it makes a closed loop in some parameter space and can be thought of as the
analogue of the Aharonov-Bohm phase, while the Berry curvature is then analogous to the
magnetic field.

If one wants to simulate systems with magnetic fields using cold atoms, the problem arises
from the fact that atoms are charge-neutral and therefore do not feel the Lorentz force. These
effects have to be included in some artificial way, by engineering the so-called synthetic magnetic
fields. One of the first ideas was to take advantage of the similarity between the Lorentz force
and the Coriolis force. This was experimentally realized in 2000 using rotating quantum gases
[73], where the appearance of quantized vortices was observed, which is a property of superfluids
and superconductors in magnetic field. However, this experimental realization poses several
difficulties. Maximal rotation velocity achievable in the experiment is technically limited and
it is difficult to realize a stable rotating optical lattice. All of this has made it impossible
to obtain strong synthetic magnetic fields required for quantum Hall effects using rotational
approach. In 2009, after years of efforts, synthetic magnetic potentials for neutral atoms were
implemented by exploiting atomic coupling to a suitable configuration of external lasers [74, 75].
These techniques were further extended to optical lattices, leading to the realization of strong,
synthetic, magnetic fields. As a result, important condensed-matter models — the Harper-
Hofstadter (1.4) and the Haldane model [76] — are nowadays available in cold-atom setups

[77-80]. The key property of these models is their non-trivial topological content.

1.5 Floquet engineering

One way to enrich the set of models which can be realized using cold atoms in optical lattices is
by adding time-periodic perturbations to the system. Such systems are called driven systems.
This can be done either by lattice shaking — periodic modulation of the lattice position, or
through laser-assisted tunneling, which results in a periodic modulation of the lattice potential.
Both methods have been used in present-day cold-atom realizations of important topological

models [77-79], where they were necessary in order to engineer synthetic magnetic fields. A
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schematic representation of the experimental setup [77] which realized the famous Harper-
Hofstadter model [68] given by Eq. (1.4) can be seen in Fig. 1.5. In this thesis we will mostly
consider laser-assisted tunneling. The resulting time-dependent Hamiltonian can in that case

be written as
H(t) = Hy+ V(1) (1.6)

where Hy is typically the underlying Bose-Hubbard Hamiltonian Hpgy and V(t) is a time-

periodic modulation of the lattice potential with frequency w and amplitude &
V() = Y aVilt). (1.7)

Here 7 is the lattice site index and 7; is the particle number operator for that lattice site.

k2, (0} )]
dx

N e e, e S

Figure 1.5: Schematic of the experimental setup which implements the Harper-Hofstadter
model using ultracold atoms in an optical lattice. Synthetic magnetic field is realized through
Floquet engineering. Hopping along the z-axis is first inhibited by a magnetic field gradient B’
which generates an offset A between neighboring sites. The hopping is then restored using two
additional pairs of laser beams with wave vectors ki, ko and frequencies wq, wo. Laser-assisted
tunneling adds a complex phase to the hopping coefficients. The bare hopping amplitude is
denoted by J and the complex hopping amplitude by K. This setup mimics the complex phase
acquired by a charged particle moving in a magnetic field. In this model, a particle hopping
in counterclockwise direction around a single plaquette acquires a phase 7/2, which makes it
equivalent to the Harper-Hofstadter model with a@ = 1/4. Adapted from Ref. [77].

Using Floquet theory [81], a periodically driven system can be related to a time-independent
effective Hamiltonian. A properly chosen periodic modulation can result in an effective Hami-
latonian which 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
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Refs. [82-88]. The basis of this mapping is Floquet’s theorem [89], which is applicable to time-
periodic Hamiltonians, analogously to the more famous Bloch’s theorem for systems periodic in
space. Ultracold quantum gases provide an optimal platform for Floquet engineering, as these
systems are usually isolated from their environment, which inhibits dissipative processes, and

the highly-controllable parameters of the system can be easily periodically modulated.

Analogously to the Bloch wave states in spatially periodic systems, Floquet states can be

written as

[P (1)) = ™" un(t)), (1.8)

where €, are the quasienergies and |u,(t)) = |u,(t + 1)) are the time-periodic Floquet modes
which have the same period T = 27 /w as the Hamiltonian H(t). As in the rest of this thesis,
here we work in the units where 2 = 1. Quasienergies €, are only defined up to integer multiples
of the driving frequency w, similarly to the quasimomenta which are only defined inside the
first Brillouin zone. The Floquet states are the eigenstates of the evolution operator over one
driving period U(T,0). When a system governed by a time-periodic Hamiltonian is observed
stroboscopically — at times that are integer multiples of the period, it behaves as if it was
governed by some time-independent effective Hamiltonian. The dynamics during one period —
micromotion — is described by another periodic operator, the so-called kick operator that has
the same periodicity as the original time-dependent Hamiltonian. The time-evolution operator

corresponding to the Hamiltonian (1.6) can be represented as
0(t,t0) — efif((t)ef’i(tfto)f‘\[effeif{(to)7 (19)

where _Heﬁ‘ is the full time-independent effective Hamiltonian that describes slow motion and

K (t) is the time-periodic kick-operator that describes micromotion [82, 83).

The effective Hamiltonian corresponding to a certain time-dependent Hamiltonian always
exists, but in the general case it cannot be analytically calculated. However, there are several
approximation schemes that allow computation of the leading terms of the effective Hamiltonian
and the kick-operator. In cases where the driving frequency w is large enough compared to the
matrix elements of the Hamiltonian, two most often used approximations are the high-frequency
expansion [82, 83, 90] and the Magnus expansion [91-93], which is in terms of the driving period
T = 27 /w. The advantage of the former method over the latter is that the effective Hamiltonian
does not depend on the initial driving phase. For this reason, we will only use the high-frequency
expansion in this work. A general time-periodic modulating potential can be written in the
form o

V(t) =3 (VWet 4 V(eiier) (1.10)
j=1

In the high-frequency expansion, the first few terms of the effective Hamilatonian corresponding

11
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to the time-dependent Hamilatonian (1.6) are then [82]

Ha = Hy+ i]il j 79, 7] + ;2]12 ([0, A1), 79 + e
3;2;.2; ([f/(])’ {f/(l)’ V(—a—l)” - {f/(a), [f/(—l)’ V(l—j)“ i H.c.)
+0(5). (1.11)

This is a general equation that can be applied to a variety of different setups.

Floquet engineering provides a powerful tool for modern cold-atom experiments. However,
the interactions between atoms can never be completely avoided and the combination of in-
teractions and driving leads to unwanted heating. Thermalization to infinite temperature in
the long-time and thermodynamic limit is practically unavoidable in such systems [94, 95].
Nevertheless, it might still be possible to find some parameter regime where thermalization is
slow enough, for example if the system stays in the prethermalized state [96-98] on experimen-
tally relevant timescales. This would allow experimental measurements in driven systems to be

performed before full thermalization occurs.

1.6 This thesis

Throughout this thesis, we will use numerical simulations to study several interesting models
which can be realized using ultracold bosonic atoms in optical lattices. In particular, we will be
interested in systems which exhibit unusual nonergodic dynamics and systems with nontrivial
topological properties. Both of these topics represent very active fields of research which have
rapidly developed in recent years.

In Chapter 2 we will present a realization of quantum many-body scars in a bosonic model
with density-dependent hopping. Since the first experimental observation in a Rydberg atom
quantum simulator [46] and the subsequent theoretical explanation using the PXP model [47,
48], quantum many-body scars have been shown to exist in a variety of different systems [50—
67]. However, most of the previous realizations have relied on the presence of “hard” kinetic
constraints which restrict the available Hilbert space. For example, in the original PXP model
this constraint arises from the fact that two neighbouring atoms cannot be simultaneously
excited into Rydberg states due to an infinite energy penalty. Another question that was raised
in the literature is proximity of quantum-scarred models to integrability, as adding certain
perturbations to the PXP model can make it integrable. The main goal of Chapter 2 will be
to show that quantum many-body scars can exist in manifestly nonintegrable systems with
“soft” constraints only. To this end we will compare several similar models with different

types of constraints. We will also formulate an analytically tractable approximation which
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can explain and qualitatively predict revivals of quantum fidelity in the model which exhibits
quantum many-body scars. An advantage of this model is that it could be easily realized in an
optical lattice under a suitable Floquet scheme, thus providing a new experimental platform
for quantum many-body scars. This would also allow future probes of this phenomenon to go
beyond one-dimensional systems.

The main objective of the second part of this doctoral dissertation will be to study the
interplay of topological features and interactions by investigating the dynamics of bosons in
driven optical lattices. The approximations necessary for the computation of the effective
Hamiltonian in a Floquet engineering scheme are mostly applied to noninteracting systems
in the high-frequency limit, even though interactions usually cannot be realistically neglected
and the interplay of driving and interactions can heat up the system to a featureless, infinite-
temperature regime according to general considerations [94, 95]. One of the main open questions
is whether it is possible to find some parameter regimes where the system is in the so-called
prethermalized state [96-98] on intermediate timescales and can be described by some model
of interest.

In Chapter 3 we will examine the effects of weak on-site interactions in relation to the
recent Chern number measurement [70]. We take into account a realistic driving scheme and
experimental parameters. Although the interactions are generally thought to complicate the
experimental procedure, we will show that weak repulsive interactions can be beneficial for the
measurement in at least two ways. Firstly, the interactions make the probability distribution in
momentum space more homogeneous, which is important because the Chern number captures
the contributions of Berry curvature from the whole Brillouin zone. Secondly and somewhat
surprisingly, the interactions can cancel-out some unwanted higher-order therms which are a
result of the driving protocol but are not related to the topological model of interest.

In Chapter 4 we will study a similar system as in Chapter 3, but now focusing on strong
interactions. We will investigate the possibility of realizing a strongly correlated phase — frac-
tional quantum Hall state — in driven systems on experimentally relevant timescales. Two
main ingredients for the realization of fractional quantum Hall states, strong interactions and
strong synthetic magnetic fields, are already available in present-day cold-atom experiments.
However, even after years of experimental progress and numerous theoretical proposals, these
states have still not been achieved, mainly due to problems related to heating caused by driving
in the strongly interacting regime. Experimental realization of fractional quantum Hall states
in cold-atom setups would be of particular interest due to their anyonic excitations, which
could be of use for topological quantum computing [99]. Here we identify an optimal regime of
microscopical parameters for the preparation of these highly sought-after states.

Finally, we will summarize all the results from this doctoral dissertation in Chapter 5.

Additional derivations and technical details are provided in Appendices A-G.
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Chapter

Quantum scars of bosons with correlated
hopping

Semiclassical studies of chaotic stadium billiards have revealed the existence of remarkable
non-chaotic eigenfuctions called “quantum scars” [49]. Scarred eigenfunctions display anoma-
lous enhancement in regions of the billiard that are traversed by one of the periodic orbits in
the classical limit when A — 0. It was shown that quantum scars lead to striking experimental
signatures in a variety of systems, including microwave cavities [100], quantum dots [101], and
semiconductor quantum wells [102].

A recent experiment on a quantum simulator [46], and subsequent theoretical work [47, 103],
have shown that quantum many-body scars can occur in strongly interacting quantum systems.
The experiment used a one-dimensional Rydberg atom platform in the regime of the Rydberg
blockade [46, 104, 105], where nearest-neighbour excitations of the atoms were energetically
prohibited. The experiment observed persistent many-body revivals of local observables after
a “global quench” [106] from a certain initial state. In contrast, when the experiment was
repeated for other initial configurations, drawn from the same type of “infinite” temperature
ensemble, the system displayed fast equilibration and no revivals. These observations pointed
to a different kind of out-of-equilibrium behavior compared to previous studies of quantum
thermalization in various experimental platforms [23, 28, 36, 38, 107].

In both single-particle and many-body quantum scars, the dynamics from certain initial
states leads to periodic revivals of the wave function. In the former case, this happens when
the particle is prepared in a Gaussian wave packet initialized along a periodic orbit [49], while
in the latter case the revivals can be interpreted as a nearly-free precession of a large emergent
SU(2) spin degree of freedom [108, 109]. Another similarity between single- and many-body
quantum scars is the existence of non-ergodic eigenstates. In the single-particle case, such eigen-
states are easily identified by their non-uniform probability density that sharply concentrates

along classical periodic orbits. In the many-body case, non-ergodic eigenstates are broadly
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defined as those that violate Eigenstate Thermalization Hypothesis (ETH) [30, 31]. Scarred
eigenstates violate the ETH in a number of ways: for example, they appear at evenly spaced
energies throughout the spectrum [47, 48, 60], they have anomalous expectation values of local
observables compared to other eigenstates at the same energy density, and their entanglement
entropy obeys a sub-volume law scaling [48].

In recent works, the existence of atypical eigenstates has been taken as a more general defini-
tion of quantum many-body scaring. For example, highly-excited eigenstates with low entangle-
ment have previously been analytically constructed in the non-integrable AKLT model [50, 51].
A few of such exact eigenstates are now also available for the Rydberg atom chain model [52].
The collection of models that feature atypical eigenstates is rapidly expanding, including per-
turbations of the Rydberg atom chain [48, 53, 54], theories with confinement [55, 56, 110],
Fermi-Hubbard model beyond one dimension [57, 111], driven systems [58], quantum spin
systems [59, 61], fractional quantum Hall effect in a one-dimensional limit [62], and models
with fracton-like dynamics [63-65]. In a related development, it was proposed that atypical
eigenstates of one Hamiltonian can be “embedded” into the spectrum of another, thermaliz-
ing Hamiltonian [112], causing a violation of a “strong” version of the ETH [33, 41]. This
approach allows to engineer scarred eigenstates in models of topological phases in arbitrary
dimensions [66]. From a dynamical point of view, it has been shown that models with scarred
dynamics can be systematically constructed by embedding periodic on-site unitary dynamics
into a many-body system [67].

A feature shared by many scarred models is the presence of some form of a kinetic con-
straint. In the Rydberg atom chain, the constraint results from strong van der Waals forces,
which project out the neighboring Rydberg excitations [113]. Such Hilbert spaces occur, for
example, in models describing anyon excitations in topological phases of matter [114-118] and
in lattice gauge theories [119-121], including the Rydberg atom system [122, 123]. Recent works
on periodically driven optical lattices have started to explore such physics [124, 125]. On the
other hand, kinetic constraints have been investigated as a possible pathway to many-body
localization without disorder [35]. In classical systems, non-thermalizing behavior without dis-
order is well-known in the context of structural glasses [126-128]. The mechanism of this type
of behavior is the excluded volume interactions that impose kinetic constraints on the dynam-
ics [129, 130]. Similar type of physics has recently been explored in quantum systems where a
“quasi many-body localized” behavior was proposed to occur in the absence of disorder [131-
141].

In this Chapter we investigate the relation between kinetic constraints, slow dynamics and
quantum many-body scars. In contrast to previous work, which focused on models of spins
and fermions that are closely related in one dimension due to the Jordan-Wigner mapping,
here we study one-dimensional models of bosons with density-assisted hoppings, which realize

both “hard” and “soft” kinetic constraints, whilst being non-integrable. In Section 2.1 we
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introduce the models and discuss properties of their Hamiltonians when viewed as adjacency
matrices of graphs in the Fock space. In Section 2.2 we investigate thermalization properties of
these models by studying their energy level statistics, entanglement entropy of eigenstates, and
dynamics under global quench. Depending on the form of the hopping term, we demonstrate
that the models encompass a rich phenomenology, including regimes of fast thermalization, the
existence of periodic revivals and many-body scars, as well as the Hilbert space fragmentation
that has been found in recent studies of fractonic models [63-65]. Unlike the experimentally
realized Rydberg atom system, we find evidence of many-body scars in a bosonic model without
a hard kinetic constraint, i.e., with a fully connected Hilbert space. In Section 2.3 we identify
initial states that give rise to periodic many-body revivals in the quantum dynamics, and we
introduce a “cluster approximation” that captures the scarred eigenstates that are responsible
for periodic revivals. In Section 2.4 we discuss zero-energy eigenstates of our models and their
algebraic structure. Finally, in Section 2.5 we present our conclusions and discuss possible

experimental realizations of these models using ultracold atoms.

2.1 Models and their Hilbert spaces

A fundamental ingredient of kinetically constrained models is “correlated hopping”: a particle
can hop depending on the state of its neighbors. In this Chapter we consider a system of N,
bosons on a one-dimensional lattice with L sites. We consider models where the total filling
factor, v = N, /L, is conserved, and we will mainly present results in the dense regime, v = 1.
We have studied models with v < 1 and v > 1, but we found them to be either too constrained
or not constrained enough, and therefore less interesting. We emphasize that the bosons in our

study are not hard-core, i.e., the occupancy of any lattice site can take any value from 0 to N,.

2.1.1 Models

We study three different models, defined by the Hamiltonians:

L

H1 == —JZ (b;[b]+1ﬁ] + ﬁj—lb;[‘bj—l) 5 (21)
j=1

A L ALA ALA

Hy = —JY (Ablbjsr + Bl 10 1), (2.2)
j=1

A L ALA ALA

Hy = =T (fjaabibjpainy + njoabib; ;) (2.3)

<.
Il
-

All three models contain a free-boson hopping term, lA);-EjH, which is dressed in various ways
by density operators, ii; = ZA);ZA)J We will show that the position of the density operator 7; com-

pletely changes the behavior of these models, ranging from fast thermalization to the breakup
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of the Hamiltonian into disconnected, exactly solvable sectors. For example, note that H, and

H, are related to each other via free boson hopping,
= B =T (B + 8l ). (2.4
J

which can be easily proven using bosonic commutation relations. We will see below that this
innocuous free-boson hopping leads to surprisingly different dynamical properties of the two

models.

The motivation behind introducing three different models in Egs. (2.1)-(2.3) can be sum-
marized as follows. Hamiltonian H; describes a model where a particle cannot hop to the left if
that site is not already occupied by at least one particle, and cannot hop to the right if it is the
only particle left on its initial site. This introduces constraints to the system. Conversely, there
are no such constraints in the case of Hs. Indeed, the hopping coefficients are only modified in
intensity by the particle-number operator. Hamiltonian H; introduces additional constraints
compared to H,. The number of unoccupied sites and their positions remain constant under
the action of this Hamiltonian. This leads to different connectivity of the Hilbert space in each

of the models, as we explain in the next Section.

We consider periodic boundary conditions (L + 1 = 1) and set A = J = 1. With periodic
boundary conditions, all three Hamiltonians H,, H, and H; have translation symmetry, thus
their eigenstates can be labelled by momentum quantum number, k, quantized in units of 27 /L.
In addition, Hj has inversion symmetry. We denote by I = 0 and I = 1 the sectors that are

even and odd under inversion, respectively.

Without restrictions on the boson occupancy, the Hilbert space of H 1, H, and Hy grows
very rapidly. For L = N, = 12, the Hilbert space size of the k = 0 sector is 112720 (the largest
one we will consider for f[l and f]g) As previously mentioned (see also the next Section), the
Hilbert space of H, splits into many disconnected components, thus it is possible to consider
only one connected component at a time and disregard the unoccupied sites whose positions
do not change. This is more relevant when looking at properties such as thermalization, than
fixing the filling factor. However, the boundary conditions are in that case no longer periodic,
and the system does not have translation symmetry. Considering only a system with the size
L/2, filling factor v = 2, open boundary conditions and minimal number of particles per site
equal to 1 is completely equivalent to considering the largest component of the full system which
has the size L, filling factor v = 1, periodic boundary conditions and no restrictions on the
occupancies. The Hilbert space size of the symmetric invariant sector of the largest connected

component of L = N, = 22 is 176484 and this is the largest sector that we will consider for H.
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2.1.2 Graph structure and bipartite lattice

Since we will be interested in the dynamical properties, it is convenient to first build some
intuition about the structure of the Hamiltonians of the three models in Eqs. (2.1)-(2.3). A
Hamiltonian can be viewed as the adjancency matrix of a graph whose vertices are Fock states
of bosons, |ny,ng,...,nr). If the Hamiltonian induces a transition between two Fock states,
the corresponding vertices of the graph are connected by a link. The graphs that show how the
configuration space is connected have very different structure for the three Hamiltonians H,

H, and Hj, as can be observed in Fig. 2.1.

111

003
021 012
2 120 201 e °
201 102
(o 0
210 120
021 210 102 @
003 030 111 300
(o] (o] (o] (o]
(a) 9030 0300 ,003 (C)

9

i

Figure 2.1: Connectivity of the Hilbert space. Adjacency graph for (a) Hy, (b) Hy, (¢) Hs, all
for L = N, = 3. (d), (e) and (f): same as (a), (b) and (c) but for L = N, = 6. To avoid clutter,
we do not label the vertices in (d), (e) and (f). All graphs are weighted, i.e., the line thickness
is proportional to the magnitude of the corresponding hopping coefficient. Several different
clusters of configurations are visible in the case of H;. The clusters start to form already for
L = 3 (for example, the configurations 012-021-003 in (a)) and become more prominent for
L =6 (d). In the case of H,, almost all configurations are well-connected to the rest of the
graph. The graphs for H; show that the Hilbert space is highly reducible: its graph splits into
many disconnected components.

The entire graph of H, is well-connected and it has the same structure as the graph of
the standard Bose-Hubbard model: the particle-number operators in H, do not introduce any
constraints, but only affect the magnitude of the hopping coefficients. In contrast, the H,

graph shows several clusters of configurations that are weakly connected to the rest of the
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graph. “Weakly connected” means that there is a small number of connections leading outside
the cluster and that their respective hopping coefficients are smaller in magnitude than those
of the surrounding connections within the cluster. A state that is initially located inside a
cluster is therefore more likely to stay inside during an initial stage of the time evolution, which
increases the probability of revivals and slows down the growth of entanglement entropy. We
will provide a more quantitative description and examples that illustrate this in Section 2.3.
Finally, the graph of H;, due to even stronger constraints, is actually disconnected, which is
an example of Hilbert space fragmentation that was previously shown to cause non-ergodic
behavior in fracton-like models [64, 65]. This predicts that thermalization and dynamics in the
three models will be very different, which we will confirm in the following Section. However, we
note that the number of connections and the topology of the graph is not the only relevant factor
for the dynamics. The magnitude of the hopping coefficients between different configurations

is also important, see Appendix A.

We note that the relation between I:_fl and ]:13 is reminiscent of the relation between the
quantum East model [142] and the “PXP” model describing the atoms in the Rydberg blockade
regime [47, 48, 113]. Like Hj;, the PXP model is doubly constrained and inversion symmetric,
while H; and the quantum East model are asymmetric versions of those two models with only
a single constraint. The graph of the quantum East model is similar to that of H,, in that it

contains bottlenecks which slow down the growth of entanglement entropy [142].

The graph of H is bipartite, i.e. all the basis configurations can be divided into two dis-
joint sets, and the action of the Hamiltonian connects configurations in one set only to the
configurations in the other and vice-versa (the Hamiltonian is off-diagonal). One way to sort

configurations into these two sets is by parity of the quantity

_ |neven — TModd + Cl

Aq )
2

(2.5)

where C' =0 if Liseven and C =1 if L is odd. We define neyven, and neqq as the total numbers

of particles at even and odd sites, respectively,

L1 L2
Neven = Zn2la Nodd = ZnQZ—la (26)
=1 =1

where Ly = Ly = L/2 if L is even, and Ly = (L —1)/2, Ly = (L 4+ 1)/2 if L is odd. If only
nearest neighbor hoppings are allowed and if no two odd sites are coupled (if the system has
open boundary conditions for any L or periodic boundary conditions for L-even), each hopping
either increases newen by one and decreases n,qq by one, or vice-versa. This means that each

hopping can change A, only by +1.

Another way to sort configurations into two sets is by parity of the distance from the
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configuration |111...111), which we define as
dy = min, {(111..111|H|a) # 0}. (2.7)

In this case, the two sets are the configurations with even and with odd distances d,. One
hopping can change d, only by £1 or 0. Changes by other values are not possible by definition
if the Hamiltonian is Hermitian (all hoppings are reversible). Both d, and A, have the same
parity, thus d, must always change after one hopping in even system sizes or in systems with
open boundary conditions. As a consequence, d, cannot change by 0 if A, can only change by
+1.

We have shown above that the H; model is bipartite for open boundary conditions irre-
spective of the system size L parity or for periodic boundary conditions when L is even. Now
we prove that this property of H, holds true when L is odd and filling factor v = 1. Due
to the constraints imposed by Ifll, a particle cannot hop to an empty site to its left. At the
filling factor v = 1, all configurations except 111...111 contain at least one empty site. These
configurations can be connected to 111...111 by hoppings only to the right, which is also the
shortest possible path d,, defined in Eq. (2.7). The empty sites can be filled only with particles
that come from the site on their left, as hopping from the other side is forbidden. This implies
that at least for one pair of adjacent sites (an empty site and the filled one on its right) there
will be no particles hopping between them on the path to 111...111. We can then redefine the
numbering of sites to start from the filled site in this pair. This is equivalent to setting the
right (filled) site as the first and the left (empty) site as the last site in the chain and imposing
open boundary conditions. In this way, no two odd sites will be coupled and the argument that
the absolute difference between the numbers of particles on even and odd sites can only change
by £1 will still be valid.

Unlike H;, H, in the same geometry is not bipartite. The reason for this is that there are
no constraints in the case of ﬁg, so the shortest path to 111...111 can include hoppings both to
the right and to the left, which means that it is not always possible to choose the numbering in
such a way that no two odd sites are coupled. Because of the open boundary conditions, the

Hamiltonian Hj in its largest connected component is also bipartite for all system sizes.

The graphs of bipartite systems do not contain any loops of odd dimension (triangles, pen-
tagons, heptagons and so on). Moreover, the energy spectra of bipartite systems are symmetric
around zero. Their Hamiltonians anticommute with the operator (—1)<. The presence of such
an operator in a bipartite lattice leads to exact zero-energy states in the spectrum [143, 144].
It can be shown that the exponentially growing number of zero modes of H, is related to the
difference between the numbers of elements in the two sets of its bipartite graph, as explained
in Section 2.4. Additionally, the algebraic structure of zero-energy eigenstates can be explained

by the structure of the graph — such eigenstates can be constructed as superpositions of config-
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urations from only one of the sets. Similar properties are found for H, for even L, as its graph
is also bipartite in that case. The properties of the zero-energy manifold are discussed in more

detail in Section 2.4.

2.2 Dynamics and entanglement properties

We now investigate the phenomenology of the models introduced in Egs. (2.1)-(2.3). We use
exact diagonalization to obtain the complete set of energy eigenvalues and eigenvectors, from
which we evaluate the level statistics and the distribution of entanglement entropies for the
three models. Furthermore, we probe dynamical properties of the models by studying a global

quench, simulated via Krylov iteration.

2.2.1 Level statistics and entanglement entropy

The energy level statistics is a standard test for thermalization of models that cannot be solved
exactly. A convenient way to probe the level statistics is to examine the probability distribution

P(r) [145] of ratios between consecutive energy gaps s, = F,11 — E,,

min(s,, Sp+1)

r= )
max (Sp, Spt1)

(2.8)
The advantage of studying P(r), instead of P(s,), is that there is no need to perform the
spectrum unfolding procedure — see Ref. [94]. For standard random matrix theory ensembles,
both P(r) and the mean (r) are well-known [146]. When computing the same quantities in a
microscopic physical model, it is crucial to resolve all the symmetries of the model.

The probability distribution P(r) of the ratios of two consecutive energy gaps is shown
in Figs. 2.2(a), (b) and (c) for the three Hamiltonians Hy, H, and Hj respectively, and two
momentum or inversion sectors. In all three cases, the energy levels repel, i.e., the distribution
tends to zero as r — 0. For Hy, the distribution is particularly close to the Wigner-Dyson (non-
integrable) line. For H,, the distribution is also consistent with Wigner-Dyson when we restrict
to the middle 1/3 of the spectrum (and after removing special states with £ = 0). We exclude
the edges of the spectrum because they contain degeneracies which are not symmetry-related.
However, such states do not appear to have a major effect on the level statistics distribution,
which is still closer to the Wigner-Dyson than the Poisson distribution even if they are included.
The level statistics of H 3 within the largest connected component of the Hilbert space is shown
in Fig. 2.2(c) and is also consistent with the Wigner-Dyson distribution without restricting the
spectrum. However, we will demonstrate below that the dynamics in some smaller connected
components of H; can be exactly solved.

As a complementary diagnostic of thermalization, we next compute the entanglement en-
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Figure 2.2: Level statistics and entanglement. (a), (b) and (c): Probability distribution
of the ratios of two consecutive energy gaps. (a) H, (middle third of the spectrum without
E = 0 states, L = N, = 12), (b) H, (full spectrum, L = N, = 12) and (c¢) Hs (largest
connected component of L = N, = 22). The black dashed line shows the Poisson distribution,
which corresponds to the integrable case, while the red dashed line is the distribution of the
Gaussian orthogonal ensemble, which corresponds to the thermalizing case. (d), (e) and (f):
Entanglement entropies Sy /o of all eigenstates plotted as a function of the eigenstate energy
per particle, E/N,. (d) H, (L=N, =12, Ly =6, k=0), (e) H, (same) and (f) H; in the
largest connected component of L = N, = 20, Ly = 10, I = 0. The inset shows all connected
components for L = N, =12, Ly =6, k = 0.

tropy of all eigenstates. We divide the lattice into two sublattices, A and B, of lengths L, and

Ly = L — Lu. For a given pure state |¢), the entanglement entropy is defined as

SA = —TI‘A(pA lnpA), (29)

where py = Trg|¢) (1| is the reduced density matrix of the subsystem A. The scatter plots,
showing entanglement entropy of all eigenstates |FE,) as a function of their energy F,, are
displayed in Figs. 2.2(d), (e) and (f). Here we take into account the translation symmetry of
the system and work in the momentum sector k = 0 for H, and H,, and consider only the
largest connected component and the inversion sector I = 0 for H;. The results for other
sectors are qualitatively similar.

Entanglement entropy distribution in Figs. 2.2(d) and (e) reveals a striking difference be-
tween the Hamiltonians H; and H,, even though they only differ by a free-boson hopping term,
Eq. (2.4). The model H, is constrained, which leads to a large spread of the entropy distri-
bution and many low-entropy eigenstates including in the bulk of the spectrum. From this

perspective, H, is reminiscent of PXP model [48, 53]. By contrast, H, has no such constraints
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and in this case the entanglement entropy is approximately a smooth function of the eigenstate
energy. The Hamiltonian H; is doubly constrained, and this is reflected in its entanglement
distribution, which also shows a large spread and several disconnected bands, reminiscent of an

integrable system like the XY model [147].

2.2.2 (Global quenches

The constraints in the models in Eqs. (2.1), (2.2) and (2.3) have significant effects on the
dynamics governed by these Hamiltonians. We probe the dynamics by performing a global
quench on the system. We assume the system is isolated and prepared in one of the Fock
states, [1o), at time t = 0. We restrict to |¢)y) being product states which are not necessarily
translation-invariant, as such states are easier to prepare in experiment. However, our results
remain qualitatively the same if we consider translation-invariant [¢y). After preparing the
system in the state [1)g), which is not an eigenstate of the Hamiltonian, the system is let to

evolve under unitary dynamics,
i
|1(t)) = exp <—th) |4bo)- (2.10)

where H is one of the Hamiltonians of interest. From the time-evolved state, we evaluate the

quantum fidelity,

F(t) = |{¢olv (1), (2.11)

i.e., the probability for the wave function to return to the initial state. In a general many-body
system, fidelity is expected to decay as F(t) ~ exp(—L(Jt)?). It thus becomes exponentially
suppressed in the system size for any fixed time t*, i.e., F'(t*) ~ exp(—cL), where c is a constant.
In scarred models, such as the Rydberg atom chain, fidelity at the first revival peak occurring
at a time T still decays exponentially, but exponentially slower, i.e., F(T) ~ exp(—c' L), with
¢ < c. In Ref. [48], for a finite system with L < 32 atoms, the fidelity at the first revival can

be as high as ~ 70%, and several additional peaks at times nT" are also clearly visible.

We first consider the Hamiltonian H;. Several configurations exhibit periodic revivals of the
fidelity F'(t), which can in some cases be higher than 90%. Most of these configurations involve a
very dense cluster of bosons such as |...0N10...). In contrast, a completely uniform configuration
|...111...) thermalizes very quickly. Here we focus on periodically-reviving configurations with
density being as uniform as possible. One family of such reviving configurations involves n unit

cells made of 3 lattice sites:

1210210. .. 210) = |(210)™). (2.12)
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Figure 2.3: Dynamics of quantum fidelity and entanglement entropy for initial configurations
in Eq. (2.12). (a) Time evolution of fidelity F'(¢) in Eq. (2.11) for system sizes L = 3n. The
evolution is governed by the Hamiltonian H,, different colors represent different system sizes
L. (b) Fidelity evolution F(t) for the Hamiltonians Hy, H, and Hs and system size L = 15.
(c) Entanglement entropy evolution Sy, (t) for the same cases as in (b).

Time evolution of the fidelity for the initial state |(210)") for different system sizes L = 3n is
shown in Fig. 2.3(a). The initial state is assumed to be the product state, e.g., |¢9) = [210)
for L = 3. The frequency of the revivals in Fig. 2.3 is approximately the same for all system
sizes. We emphasize that similar results are obtained for a translation-symmetric initial state,
e.g., [o) = % (]210) + [021) + |102)). Both cases converge in the large system limit, and the
differences are only significant for L = 3 when the revival frequency of the initial state with

transition symmetry differs from the frequencies of other system sizes.

In Fig. 2.3(b) we compare the fidelity for the initial state in Eq. (2.12) when it is evolved
by all three Hamiltonians in Eqgs. (2.1)-(2.3). The initial state is fixed to be [(210)). We
observe that the dynamics with Hj has very prominent revivals; in fact as we will later show,
these revivals are perfect and their period is approximately twice the revival period for H,. In

contrast, for H, the fidelity quickly drops to zero without any subsequent revivals.

Finally, in Fig. 2.3(c) we plot the time evolution of entanglement entropy. As expected
from the fast decay of the fidelity, the entropy for H, rapidly saturates to its maximal value.
Moreover, as expected from the perfect revivals in H. 3, the entropy in that case oscillates around
a constant value close to zero. For Hi, we observe a relatively slow growth of entropy, with
oscillations superposed on top of that growth, again similar to PXP model [47]. For the initial
state that is not translation-invariant, it is important how we cut the system, e.g., |...210|210...)
versus |...2102[10...). In the first case, the entanglement entropy remains zero for Hj because
no particle can hop from one subsystem to the other, while in the second case the entropy

oscillates around a constant value, which is the case in Fig. 2.3(c).

In Fig. 2.4 we show the H, evolution of two local observables, density correlations between
two adjacent sites (fi172(t)) and density on the first site (71(t)), starting from the initial state
|(210)™). Unlike fidelity and entanglement entropy, these observables can be easily measured in
experiment. Both observables robustly oscillate with approximately the same frequency as the

fidelity. The heights of the first few revival peaks are approximately converged for the system
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Figure 2.4: Evolution of local observables for the Hamiltonian Hj. (a) Correlations between
adjacent sites (f17y(t)) for different system sizes and the initial state [(210)™). (b) Density on
one site (71(t)).

sizes ranging from L = 6 to L = 15, which suggests that revivals in such local observables
can be observed in the thermodynamic limit. In the following Section, we will show that the
oscillations observed in the dynamics from [(210)") state in Eq. (2.12) and their frequency can
be explained using a tractable model that involves only a small subset of all configurations in the
Hilbert space, thus providing a realization of quantum scars in a correlated bosonic system. Our
starting point will be the model H;, whose graph explicitly separates into disconnected subsets
which makes the toy model exact, hence we can analytically calculate the revival frequency.
Based on these results, we then introduce an approximation scheme that describes the dynamics

from the same initial state under the H 1 Hamiltonian.

2.3 Quantum scars in H, and ﬁg models

The quench dynamics of fidelity and entanglement entropy in Fig. 2.3 suggest that H, and H,
models are candidate hosts for many-body scarred eigenstates that can be probed by initializing
the system in product states |(210)™). We now analyze the structure of these states using our

approach called “cluster approximation”.

2.3.1 Perfect revivals in the Flg model

The dynamics of Hs within the sector containing the state |(210)") can be solved exactly. We
start with a warmup calculation for H, acting on L = 3 sites. The connected subspace of 210

contains only two configurations, 120 and 210. The Hamiltonian reduced to this subspace is

A 0 2
() s
1 0
(O) = [210), (1) = [120). (2.14)
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The eigenvalues of Hy are Ey = —2 and E, = 2. The initial state |1, (¢t = 0)) = |210) evolves as
|11 (t)) = cos(2t)]210) — 7 sin(2t)|120), (2.15)
and the state |1)9(t = 0)) = [120) evolves as

|1ho(t)) = —isin(2t)]|210) + cos(2t)[120). (2.16)

Previous results can be straightforwardly generalized to larger systems. Let the length of the
system be L = 3n for simplicity. The connected component of the state [(210)") consists only of
combinations of patterns 210 and 120, which means that triplets of sites evolve independently;,
and dynamically the system behaves as a collection of independent two level systems (spins-
1/2). From Eq. (2.15), the initial state [i,(t = 0)) = [(210)™) evolves as

|r=3n(t)) = cos™(2t)[(210)™) 4+ (—4)™ sin"(2¢)](120)™) + ... (2.17)
where “...” denotes contributions of the basis configurations other than [(210)™) or |(120)™).
The fidelity is

Frsn(t) = |(¢n(0)[¢n(1))[*= |cos 2t[*". (2.18)

It follows that the revivals are perfect, with a period T3 = 7/2. This result is also valid for the

translation-invariant initial state |(210)")r,

(210)")r = \}5 (1(210)") + (021)") + [(102)")) , (2.19)

as the connected subspaces of 210, 021 and 102 do not overlap and therefore evolve indepen-

dently.

However, an initial state that is both translation symmetric and inversion symmetric has
different dynamics. The inverse of the configuration |(210)") is the configuration |(012)"), which
is a translation of the state |(120)") that belongs to the connected subspace of [(210)"). The

initial state

inv _ _ i n L n
[ (t=0)) = ﬂl(210> )t + ﬁl(120) )T (2.20)
evolves as
[V (1)) = (cos™ 2t + (—i)™sin™ 2t) Y™ (t = 0)) + ... (2.21)
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and the fidelity is
Fim(6) = (i O) i (D)= eos™ 2t + (~i)" sin® 21 (2.22)

The frequency of the revivals is now doubled, so the period is T3 = /4.

2.3.2 Cluster approximations for the H, model

In contrast to the free dynamics in ﬁg, the H; model exhibits decaying revivals and does
not admit an exact description. In order to approximate the quench dynamics and scarred
eigenstates in I:Ih we project the Hamiltonian to smaller subspaces of the full Hilbert space.
These subspaces contain clusters of states which are poorly connected to the rest of the Hilbert
space and thereby cause dynamical bottlenecks. The clusters can be progressively expanded to
yield an increasingly accurate description of the dynamics from a given initial state.

Here we introduce a scheme for approximating the dynamics from initial states (210)" in
the H; model. As can be observed in Fig. 2.3, the revival periods are approximately the
same for different system sizes. We first focus on the non-trivial case L = 6. Fig. 2.5 shows
part of the graph that contains the initial state, |210210). Configurations labelled inside the
ellipses denote representatives of an orbit of translation symmetry, i.e., the configurations are

translation-invariant such as the one in Eq. (2.19).

<—(300300
2V6

dy : 0 1 2 3 -4 5 6

Figure 2.5: Minimal and extended clusters. Hamiltonian H; and system size L = N, = 6.
Configurations labelled inside the ellipses are representatives of an orbit of translation sym-
metry. The minimal cluster is defined by the blue configurations, while green configurations
represent the additional components of the extended cluster. Grey arrows connect to configu-
rations outside the extended cluster. The numbers bellow the graph show the distance d, from
the configuration 111111 evaluated using Eq. (2.7).

The minimal subcluster of the graph is highlighted in blue color in Fig. 2.5. This cluster
is indeed weakly connected to the rest of the configuration space, as it has only 3 connections
that lead outside this cluster (dashed lines) and their hopping coefficients are slightly lower in
magnitude than those inside the cluster, meaning that the probability is higher to stay inside

the cluster than to leave. The hopping coefficients leading outside are not significantly smaller
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than the coefficients staying inside, but in combination with the relatively small number of con-
nections this has significant effects on the dynamics. This effect is even more pronounced when
the difference in magnitudes is further increased by squaring the particle number operators, as

shown in Appendix A.

The minimal cluster from Fig. 2.5 contains all the states given by tensor products of 210,
120 and 300 configurations. The set of configurations belonging to this cluster could have been
chosen differently, but this particular choice has at least two advantages. Firstly, inside this
cluster, the evolution of the configuration |210210) can be thought of as two subsystems 210
evolving separately. The evolution of all such configurations at different system sizes can be
reduced to the evolution of L = 3 subsystems 210, similar to the case of H; in the connected
subspace of (210)". Secondly, this definition allows easy generalization to different system
sizes L = 3n with initial states (210)". The dimension of the reduced Hilbert space grows
with the system size as dimH® = 3". We would like to emphasize that the cluster was not
chosen arbitrarily. The calculations of the probability density distribution starting from the
initial configuration [210210) and evolving with H, have shown that the probability density
stays high in this region of the Hilbert space as long as the revivals in fidelity are visible. The
configurations important for the dynamics were then identified by analyzing the structure of

the graph around the initial configuration.

As an example, consider system size L = 3. The reduced Hilbert space of the cluster H¢ is

spanned by the (non-translation-invariant) configurations

1 0 0
0] =1300), [1[=1210), |0| =|120). (2.23)
0 0 1
The Hamiltonian reduced to this subspace is
0 23 0
H=-|2y3 0 2|, (2.24)
0 2 0
and its eigenvalues are Ey = —4, Fy = 4, F3 = 0. The initial configuration |210) evolves
according to
WS(t)) = —% sin(4t) (v/3]300) + [120)) + cos(4¢)[210). (2.25)

By generalizing this result to larger systems, it is easy to prove that the time-evolved state
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within the cluster is given by
|5 (1)) = cos™(4¢)[(210)") + .. ., (2.26)
where the dots denote other configurations, and the fidelity is

Fr(t) = (45, (0) [y, (£)) "= [cos(4t) ™. (2.27)

As in the case of _[:.,3, this result is also valid for the translation-invariant initial state. We see
that the period of revivals is 7} = m/4, which is the same as for H; with a translation and
inversion symmetric initial state.

The minimal clusters can be expanded by adding several neighboring configurations. For
similar reasons as in the case of minimal clusters, the extended clusters are defined as sets of
all states which can be obtained using tensor products of the configurations 210, 120, 300 and
111. In the case of L = 6, the enlarged cluster can be observed in Fig. 2.5. It contains the
minimal cluster studied previously, but it also includes additional configurations shown in green
ellipses. Again, the approximation could be improved by including more configurations, but
this particular choice is well suited for analytical treatment (see Appendix B) and, as shown

above, it gives a good prediction for the first revival peak height.

[(210)%) full — cluster 1 cluster 2 — 4.5 ‘
1
‘ | | 4L @) ]
3.5 - *
0.8 f 4
3k i
0.6 I ” 1 s25 ) full i
= Q 9 cluster 1
Ry t;)q cluster 2
0.4 N N 1.5
1
0.2
0.5
0 L 0 | | L L
0 2 4 6 8 10 (b) O 2 4 6 8 10

(a) ¢ t

Figure 2.6: Comparison of the full dynamics against the minimal cluster (1) and extended
cluster (2) approximation schemes. We consider the system size L = 15 with the initial state
|(210)°). (a) Time evolution of the fidelity. The frequency of revivals is approximately the same
in both cases, but the results for the extended cluster show better agreement with the results
for the full Hilbert space. (b) Time evolution of the entanglement entropy.

The result of the cluster approximation is compared against the exact result for system size
L =15 in Fig. 2.6. The frequency of the fidelity revival, shown by the blue line in Fig. 2.6(a),
is accurately reproduced in this approximation, however the approximation does not capture
the reduction in the magnitude of F'(¢). Similarly, the dynamics of entanglement entropy, blue
line in Fig. 2.6(b), is only captured at very short times. In particular, we observe that the

maximum entanglement within the cluster remains bounded even at long times ¢ ~ 10, while
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the exact entropy continues to increase and reaches values that are several times larger.

To obtain a more accurate approximation, we can expand the minimal cluster with several
neighboring configurations on the graph. We define the extended cluster as a set of all states
which can be obtained using tensor products of the configurations 210, 120, 300 and 111.
The enlarged cluster clearly contains the minimal cluster studied above, but it also includes
additional configurations, resulting in a much better prediction for the first revival peak height,
while still allowing for analytical treatment. The dimension of the extended cluster grows
as dimH® = 423, and is thus exponentially larger than the minimal cluster approximation.
Nevertheless, the extended cluster dimension is still exponentially smaller compared to the
full Hilbert space, and within this approximation it is possible to numerically simulate the
dynamics of larger systems, L < 30 — see Fig. 2.7(a). The revivals are no longer perfect, while
their frequency is independent of the system size and closer to the frequency of revivals for the
full Hilbert space compared to to the minimal cluster approximation in Fig. 2.6. The overlap
between the eigenstates of the Hamiltonian H, reduced to both the minimal and extended
cluster and the state [(210)®) is given in Fig. 2.7(b). The eigenstates that correspond to the
minimal cluster approximately survive in the extended cluster, where they form a band with

the highest overlap.
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Figure 2.7: Cluster approximations. (a) Fidelity F'(¢), for the Hamiltonian H, and initial
states [(210)™), in the extended cluster approximation for various system sizes. (b) Eigenstate
overlap with the initial state [(210)®) plotted on a log scale, for both cluster approximations.
In the case of degenerate eigenstates the sum of their overlaps is shown.

For the initial product state (210)", it is possible to analytically obtain the fidelity within
the improved approximation for arbitrary system size. Similar to the previous methods, it can

be shown (see Appendix B)
Ff_s.(t) = 4™|b* cos(at) + d* cos(Bt)|*", (2.28)

where a@ = /9 + /57 = 4.06815, f = /9 — /b7 ~ 1.20423, b ~ 0.694113 and d ~ 0.134933.

Eq. (2.28) is in excellent agreement with the numerical results in Fig. 2.7(a). It was also found
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to be a very good approximation for the translation-invariant initial state when L > 9 (data

not shown).
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Figure 2.8: First peak height. (a) Logarithm (base 10) of the first revival peak divided by
the system size, log(F'(T'))/L, seems to saturate at a finite value in the thermodynamic limit.
(b) Comparison of the logarithm of the first revival peak height for the full dynamics and the
improved cluster approximation. The approximation serves as a lower bound.

Fig. 2.8(a) shows that the logarithm of the fidelity per site, log(F(T"))/L, at the first peak,
saturates at a finite value for large L. In the improved cluster approximation, the first peak
height decays as e %%% as shown in Appendix B. For a completely random state, the fidelity

would be F' ~ 1/dimH. In the case v = 1 and large L, the Hilbert space dimension grows with

: 2L -1 2L 4F
- (1)< () 2 o9

This back-of-the-envelope estimate suggests the fidelity of a random state is F ~ e 139,

the system size as

which decays considerably faster than the first peak height in Fig. 2.8. The improved cluster
approximation correctly reproduces the short-time dynamics, including the first revival peak,
and sets a lower bound for the first peak height — see Figs. 2.6 and 2.8(b).

The evolution of the entanglement entropy for the extended cluster approximation is shown
in Fig. 2.6(b). Inside the cluster, entropy remains approximately constant with periodic os-
cillations that have the same frequency as the wave function revivals. Any further growth of
the entanglement entropy can be attributed to the spreading of the wave-function outside the
cluster. To illustrate the “leakage” of the wave function outside the cluster, in Fig. 2.9 we
compute the time evolution of the overlap with a cluster, i.e., the probability to remain inside

a cluster at time ¢,

Octuster = Y |{alpo(t))]*. (2.30)

a€Cluster

We consider several initial configurations that lie inside or outside the cluster. The configura-
tions initially inside the cluster mostly stay there, and the configuration |(210)?) that has the
highest revivals also has the highest overlap. Similarly, configurations initially outside the clus-

ter continue to have negligible overlaps. The overlap starting from the configuration |(210)*)

32



Chapter 2 Quantum scars of bosons with correlated hopping

approximately predicts the revival peak heights for the full dynamics.
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Figure 2.9: Evolution of the probability to remain inside the minimal cluster. Ocuster, as
defined in Eq. (2.30). Initial configurations are indicated in the legend. Solid lines: configura-
tions initially inside the cluster. Dashed lines: configurations initially outside the cluster (all
except |(111)*) are randomly chosen). Similar results are obtained for the extended cluster (not
shown). System size L = 12.

We now summarize the relation between f[g and H 1 from the point of view of the cluster
approximation. For the initial state |(210)"), the two models yield similar dynamics, compare
Egs. (2.18) and Eq. (2.28). The only difference is that the revival frequency is doubled in the
latter case, which can be easily explained by the symmetry of the initial state and that of the
Hamiltonian. Hamiltonian Hj is inversion-symmetric. If the initial state is also chosen to be
inversion-symmetric, the frequency of the revivals doubles. The period is then Ti" = 7 /4,
which is equal to the period of revivals T} of H, in the cluster approximation. This was proven
analytically in Section 2.3.1, see Eq. (2.22). For comparison, the revival period for the full
Hilbert space is approximately 0.77, which is slightly less than 7/4 ~ 0.79. The Hamiltonian
H, is not inversion-symmetric, so the frequency does not double for an inversion-symmetric
initial state, but the revivals are lower in that case. This shows that it is important for the
symmetry of the initial state to match the symmetry of the Hamiltonian.

Finally, the eigenstates of H 1, projected to the subspace of the minimal cluster approxima-
tion, form several degenerate bands whose eigenenergies are equally spaced in integer multiples
of 4. Interestingly, some of these eigenstates approximately survive in the full H; model, and
they are precisely the eigenstates that have the highest overlap with the configurations |(210)™),
see Fig. 2.10(a). In small system sizes, such as L = 6, the surviving eigenstates are also the
lowest entropy eigenstates in the middle of the spectrum, which is reminiscent of quantum scars
in the PXP model [48]. In larger systems, e.g., L = 12, the surviving eigenstates are slightly
lower in entropy than their neighbors, but are far from being the lowest entropy eigenstates, as
can be seen in Fig. 2.10. The lowest entropy eigenstates have high overlaps with other config-
urations, such as [(3100)3), as shown in Figs. 2.10(b) and 2.10(c). In the case of |(210)"), the
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Figure 2.10: Non-ergodic eigenstates. (a) Overlap of the configuration |(210)*) with all the
eigenstates of H, ﬁf and H ¢ versus the eigenstate energy for sector k = 0 and system size
L = N, = 12. (b) Same for |[(3100)%). (c) Entanglement entropy, eigenstates which have the
highest overlap with some product states are marked in different colors.

eigenstates surviving in the full system belong to every other band of eigenstates in the cluster
approximation and the number of the surviving eigenstates is n + 1. For even system sizes
this counting includes a zero-energy eigenstate. In Section 2.3.3 we discuss in more details the
generalization of the cluster approximations to the states of the form |(N10...0)™), which were

also found to have robust revivals and high overlaps with some low-entropy eigenstates.

2.3.3 Generalization to other clusters

Building on the previous observation that some of the low-entropy eigenstates have large weight
on [(3100)3) product state, we have investigated periodic revivals from such a larger class of

initial states. We find that robust revivals are associated with initial product states of the form

(N =1) )"); (2.31)

10...0
——
N-2

where N is the length of the unit cell (L = Nn). For example, some of these configurations
are [(3100)™), [(41000)™) and |[(510000)™). Combinations of those patterns such as |310041000)
also exhibit similar properties, but we will restrict ourselves to the simpler former cases.

We can construct a generalization of the cluster approximation for configurations of the
form in Eq. (2.31). As in the case of |(210)"), the dynamics inside one unit cell explains the
dynamics of the full system. The generalized clusters can be chosen in such a way that their
Hilbert spaces are spanned by N configurations

i) = (N +1—=14)(i—1)0...0)"), (2.32)

——
N-2

where i takes values 1,2,...N. If we consider only one unit cell (n = 1), the graph that
connects these configurations has a linear structure without any loops, i.e., each configuration

i) is solely connected to the configurations |i + 1), except the two configurations at the edges,
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|1) and |V), which are only connected to |2) and |N — 1), respectively.

The projection of the Hamiltonian H, to this cluster, which we denote by f]lc, has a very
simple structure: it has the form of a tight-binding chain with the only nonzero matrix elements

on the upper and lower diagonals:

Hf;i,zurl = Hf;i+1,i = (N - Z‘)\/7;(N +1- Z) (2-33)

The dynamics within a single unit cell under H { corresponds to density fluctuations between the
first and the second site. Following the same procedure as previously, we can now diagonalize H b
and compute the fidelity time series for the initial configuration |(N —1)10...0). This result can
be directly generalized to configurations of the form |((N—1)10...0)"). The derivation is valid for
both translation-invariant and non-translation-invariant initial configurations, as the cluster in
Eq. (2.32) is disconnected from its translated copies. We stress that this disconnection, namely
the absence of a hopping term between |1(N — 1)0...0) and |0NO0...0), is a consequence of the
constraints imposed by H, and it would not hold for Hs. In this way, we have calculated the time
evolution of the fidelity starting from the configurations |(3100)") (for n = 1,2,3,4), [(41000)™)
(n =1,2,3) and [(510000)™) (n = 1,2), and compared it with the exact numerical results for
the full H,. The cluster approximation captures both the revival frequency and the height
of the first peak. Similar to the [(210)"™) case, the approximation can be improved by adding
further configurations to the clusters. Moreover, if we want to consider translation-invariant
initial states, we can follow the same recipe for |(210)") by summing translated patterns with
the required phase factors given in terms of momenta in multiples of 2w /N. We have checked

that revivals appear in these momentum sectors, with roughly the same frequency.

We note that the configurations with larger units cells thermalize more quickly on shorter
timescales, but slower at long times. Initially, the states starting from configurations with
smaller N have lower entanglement entropies than those with larger N. The Hilbert spaces of
large N unit cells are larger, so the entanglement entropy starting from these configurations
rapidly grows to the maximal value for that unit cell. However, the only way for the wave-
function to spread through the entire Hilbert space is that a unit cell reaches a state close
to 111...111, so that particles can hop to the other unit cells. This is less likely for large N,
and therefore such configurations need long times to fully thermalize. As a result, smaller N
entanglement entropies grow faster and after long enough time they overtake those for larger
N. For example, in the case of L = 12 and translation-invariant initial states, (210)* overtakes
(3100)% and (510000)% around ¢ ~ 2, and (3100)® overtakes (510000)% around ¢ ~ 80, as shown
in Fig. 2.11.

Finally, we note that non-thermal behavior reminiscent of the one studied here was previ-
ously observed in an unconstrained Bose-Hubbard model, for example in the context of “arrested

expansion” [148, 149] and quenches from superfluid to Mott insulator phase [150, 151]. In these
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Figure 2.11: Time evolution of entanglement entropy for three different translation-invariant
initial states which exhibit slow thermalization. (a) Short timescale. (b) Long timescale.
System size L = 12. Configurations with larger unit cells (such as [(510000)?)), thermalize
more quickly than those with smaller unit cells (such as [(210)%)) on shorter timescales, but
slower at longer times.

cases, the main ingredient is the strong on-site interaction, which causes the energy spectrum
to split into several bands. Due to the large energy differences between bands, the dynamics of
an initial state from a particular band is at first limited only to the eigenstates that belong to
the same band. Additionally, these energy bands are approximately equally spaced, which can
lead to revivals in fidelity if several bands are populated. In contrast, our models do not feature
on-site interaction, and the mechanism which slows down the spread of the wave function is cor-
related hopping, which suppresses connections between certain configurations and modifies the
hopping amplitudes between others, thus creating bottlenecks that separate different clusters

of states.

2.4 Zero modes

An interesting feature of H, model is the large number of zero-energy states in the middle of
its spectrum. The number of these zero modes, found by brute force diagonalization, is listed
in Table 2.1 for different system sizes and momentum sectors. Similar property is found for Hy
— see Table 2.2, with the notable difference that there are no zero modes when the number of
sites L is odd.

The origin of the zero modes is the underlying bipartite structure of the Hamiltonian [143,
144]. As explained in Section 2.1.2, all the basis configurations of the H, model can be separated
into two disjoint classes, and the action of the Hamiltonian H; only connects configurations
in one class to the configurations in the other class, while H, does not connect configurations
within the same class. For example, a graph that shows how the configurations for L = N, =4
are connected is displayed in Fig. 2.12. Here we will refer to the two classes as the “green”

(even) and the “red” (odd) configurations. Fach basis configuration can be uniquely assigned a
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Table 2.1: The number of zero-energy states for the Hamiltonian H, and different system
sizes. The number of states is resolved per momentum sectors, denoted by their momentum

indices ¢ that parametrize the momenta k; = 2%2
il
I=N, [0 [ 12345678010 total
2 01 1
3 0|11 2
4 210 11]0 3
5 2 (1] 1]1]1 6
6 213,104,013 12
7 213133 |13]3]3 20
8 0080190810 35
9 8| 88| 7|88 | 7|88 70
10 25| 2 125 2 |26 2 | 25| 2 |25 138
11 22123123123 |23(23(23]23|23|23]23]| 252

Table 2.2: The number of zero-energy states for the Hamiltonian H, and different system
sizes. The columns are the same as in Table 2.1.

ki L
L=N, |0 T[2[3 4] 5]6] 7 [8]9 [10] towl
2 o1 1
5 0,00 0
I [ 2[01]0 3
5 1 0,0(0[0]0 0
6 0|30/ 403 10
7 00 0[00[0]0 0
8 0] 0(8[09/0][8]0 35
9 000/ 0]0[0][0]0]0 0
10 | 0/25]0/26]0]26 0260 % 128
1 | 0/0]0/0]0[0]0[0/0/0][0] 0

green or a red label according to the parity of its distance d, from the configuration |[111...111),
Eq. (2.7). If this number is even, the configuration is green, and if it is odd, the configuration

is red.

This separation into two classes is a consequence of the constraints present in the Hamilto-
nian H;. Hamiltonians without such constraints, for example H, or the standard Bose-Hubbard
model, do not exhibit this bipartite structure for odd system sizes, see Section 2.1.2. for more
details. In these cases, it is not possible to uniquely determine whether a particular configura-
tion is green or red. The lack of bipartite structure is the reason for the absence of zero-energy
eigenstates of H, in odd dimensions, which was observed in Table 2.2. However, the configu-
ration space of H, is still bipartite in even dimensions, allowing for the existence of some zero

modes in those cases.

Low-entropy zero-energy states can be constructed as superpositions of either only green or
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Figure 2.12: Bipartite graph for H; and L = N, = 4. The two classes of configurations are
shown in green (even) and red (odd) ellipses. The configurations are written in the translation-
invariant basis. The arrows represent the action of the Hamiltonian H, and the numbers above
the arrows are the magnitudes of the corresponding hopping coefficients. The numbers bellow
the graph show the distance d, from the configuration 1111, as defined in Eq. (2.7).

only red configurations. For example, in the case of L = N, = 4, the simplest and therefore the
lowest-entropy zero mode can be constructed using only two green product states (encircled by
a dashed line in Fig. 2.12)

1 2
o) = 5 I1111) - \[3|2020>T, (2.34)

where | ...)7 was defined in Eq. (2.19). There is another zero mode in this case, and it can be
formed by adding more green configurations to the superposition. The number of zero-energy
eigenstates is related to the difference between the numbers of green and red configurations [143],

as we will now explain.

As the Hamiltonian H, only connects green configurations to red configurations and red to

green, we can rewrite it in the following way:
By = 3 ey )G+ X0 |G (R (2.35)
2y} 1,7

where |R;) are the red product states and |G;) are green. Its square, H?, connects green
configurations to green and red to red, and it is therefore block diagonal. The blocks are slell
and CTC , where C' is a matrix with the elements ¢;j. The dimensions of C are r x g, where r
is the number of red configurations and g of green. C and C' can be factorized using singular
value decomposition. From this structure we can see that the energy spectrum is symmetric
around zero and that the minimal number of zero-energy states is |g — r|. The zero-energy
eigenvectors can also be obtained as the ground states of H 2. Similar analysis and counting of

the zero modes in PXP model was performed in Ref. [47, 152].
Table 2.3 shows the difference between the numbers of red and green states g—r for different

system sizes and the number of zero-energy states Ny in those systems. The number of zero-

energy states, found by exact diagonalization, in all cases satisfies the anticipated inequality
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Table 2.3: The difference between the number of green and red configurations g — r and the
number of zero-energy states Ny (determined by exact diagonalization) for different system
sizes. Overall, the derived bound for the number of zero modes is found to be very tight
in finite systems where it can be independently confirmed by explicit diagonalization (“NA”
denotes cases where this was not possible).

all sectors E=0
L=N,| g—r | No|g—71| Ny
2 —1 1 0 0
3 -2 0 0
4 3 3 2 2
) 6 6 2 2
6 —10 12 0 2
7 —20 20 -2 2
8 35 35 10 10
9 70 70 8
10 —126 | 138 0
11 —252 | 252 | =22 | 22
12 462 | NA | 80 80
13 924 | NA | 72 | NA
14 —1716 | NA 0 NA
15 —3432 | NA | —228 | NA
16 6435 | NA | 810 | NA
No > |g — r|- In fact, the bound is almost always saturated, Ny = |g — r|, except when

L = N, = 4n + 2, n € Z. Interestingly, the minimal number of zero modes |g — 7| for
L = N, = 4n is equal to the Hilbert space dimension for L = N, = 2n (both total and for
k = 0 sector only). This leads to the conclusion that the number of zero-energy states grows
exponentially with the system size. It can also be noticed that the total difference g — r for

L = N, = 2n + 1 is always twice the difference for L = IV, = 2n.

2.5 Conclusions

In this Chapter, we have introduced three models of bosons with “soft” kinetic constraints, i.e.,
density-dependent hopping. We have demonstrated that some of these models exhibit similar
phenomenology to other realizations of quantum many-body scars, for example the Rydberg
atom system [46]. We have studied quantum dynamics of these systems by performing global
quenches from tensor-product initial states. We have shown that both the connectivity of the
Hilbert space and the relative magnitude of the hopping coefficients have dramatic effects on
the dynamics. For certain initial configurations, the constraints can lead to slow thermalization
and revivals in the quantum fidelity. The revival frequency can be predicted by considering
an exponentially reduced subset of the Hilbert space. For a family of initial configurations of

the form [(210)"), we have derived analytical expressions for the evolution of quantum fidelity
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within this approximation, which accurately capture the revival frequency obtained from exact
numerical data. One notable difference between scarred dynamics in the present bosonic models
and the PXP model is that the revivals exist in the absence of a hard kinetic constraint, i.e.,
in the fully connected Hilbert space. Our cluster approximation also explains the structure of
some low-entropy eigenstates in the middle of the many-body spectrum. In addition, we have
calculated the evolution of two local observables which are experimentally measurable, density
correlations between two neighboring sites and density on a single site, and both of them show
robust oscillations over a range of system sizes. We have also shown that the introduced models
contain additional special properties, like the exponentially large zero-energy degeneracy which
is related to the bipartite structure of the model.

We now comment on the possible experimental realizations of the models we studied. The
implementation of a correlated hopping term (ﬁkl;j 13]) in optical lattices has attracted lot of
attention due to a possible onset of quantum phases related to high-Te superconductivity [153].
An early theoretical proposal exploits asymmetric interactions between the two atomic states
in the presence of a state-dependent optical lattice [153]. As a result, the obtained effective
model corresponds to the inversion-symmetric form of H,. In addition, the same term has
been found to feature as a higher-order correction of the standard Bose-Hubbard model [154-
157]. Although in this case the term typically represents a modification of the regular hopping
term of the order of several percent, its contribution was directly measured [158, 159]. More
recently, the set of quantum models accessible in cold-atom experiments has been enriched
through the technique of Floquet engineering [86]. As a notable example, a suitable driving
scheme can renormalize or fully suppress the bare tunneling rate [160]. On top of that, by
modulating local interactions an effective model with the density-dependent tunneling term
has been engineered [161]. For the models considered in this Chapter the most promising is
a more recent driving scheme exploiting a double modulation of a local potential and on-site
interactions [162]. Related sophisticated driving schemes have already enabled a realization of
dynamical gauge fields [124, 125, 163] where both the amplitude and the phase of the effective
tunneling are density-dependent. Although these experimental proposals explain how to realize
some of the correlated hopping terms present in our models using ultracold atoms in optical
lattices, finding a scheme that exactly realizes our models requires further study. We emphasize
that other models which would exhibit non-ergodic dynamics and scarred eigenstates as a result
of the same mechanism that was explained in this work could be built, for example a linear
combination of H, and Hs.

During the completion of this work, we became aware of Ref. [164] which identified non-
thermal eigenstates and slow dynamics in the quantum East model. Moreover, a recent
study [165] proposed a Floquet scheme for a bosonic model with density-assisted hopping,

finding signatures of quantum many-body scars.
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Chapter

Dynamics of weakly interacting bosons in

optical lattices with flux

As already discussed in Section 1.4, a big challenge in the field of ultracold atoms was
realization of synthetic magnetic fields, due to the fact that charge-neutral atoms do not feel
the Lorentz force. Magnetic field is a key ingredient in various condensed-matter models with
nontrivial topological content, such as the the Harper-Hofstadter [68] and the Haldane model
[76]. In recent years, the implementation of artificial gauge potentials for neutral atoms [74, 75]
has finally enabled the realization of these important models using ultracold atoms in optical
lattices [77-80].

Cold-atom realizations of topological models exploit periodic driving, either through laser-
assisted tunneling [77, 78] or by lattice shaking [79]. Using Floquet theory [81, 89], a periodically
driven system can be related to the time-independent effective Hamiltonian that describes a
condensed-matter system of interest. The mapping is known as Floquet engineering and its
important features in the context of optical lattices are discussed in Section 1.5 and Refs. [82—
88, 166]. Because of important differences of cold-atom setups and their condensed-matter
counterparts, new quench protocols for probing topological features were proposed [167-171].
Following up on these studies, a novel experimental protocol was developed which allowed for
the first-ever measurement of the Chern number (1.5) in a nonelectronic system by investigating
the anomalous deflection of an atomic cloud as a response to external force [70]. The Chern
number is a topological invariant which was directly related to the quantization of the Hall
conductivity in the integer Hall effect [69].

While Floquet engineering is a highly flexible and powerful technique, it poses several con-
cerns. One of the main open questions is related to the interplay of driving and interactions
which causes heating and can quickly lead the system to a featureless, infinite-temperature
regime [94, 96]. In particular, it is shown that an initial Bose-Einstein condensate in a period-

ically driven optical lattice may become unstable due to two-body collisions [172] or through
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the mechanism of parametric resonance [96, 173-179]. The preparation protocol, stability and
a lifetime of strongly correlated phases, expected in the regime of strong interactions under

driving is a highly debated topic at the moment [96, 180, 181].

In order to further explore the role of weak atomic interactions 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 [70, 168] — 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. [182, 183]. Following the recent experimental study
[70], we assume that atoms are suddenly released from the trap and exposed to a uniform
force. We perform numerical simulations for the full time-dependent Hamiltonian and take
into account the effects of weak repulsive interactions 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 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 [184], but we also find

that a weak atomic repulsion can facilitate the Chern-number measurements in several ways.

This Chapter is organized as follows. In Section 3.1 we describe the model and introduce a
method that we apply for the description of incoherent bosons. In Section 3.2 we address the
dynamics of noninteracting incoherent bosons, and then in Section 3.3 we address the regime
of weak repulsive interactions. Finally, we summarize our results in Section 3.4. Appendixes C

to F provide further details.

3.1 Model and method

In this section, we first present the driven model introduced in Ref. [70], 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.
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3.1.1 Effective Floquet Hamiltonian

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

Hamiltonian
Hegn = —J.) (&Ll,mdl,m + d;—l,m&lvm) P> (dlﬁmﬂ&lvm - &;ﬁm—ldl’m)
Ilym lym
U, s
+ 5 Z Nym (nl,m - 1) ) (31)
lym
where &IT,m and dy,,, are creation and annihilation operators that create and annihilate a particle

at the lattice site ([,m) = lae, + mae, (a is the lattice constant), A, = d;,mal,m is the
number operator, J, and J, are the hopping amplitudes along e, and e,, and U is the on-
site interaction. In the derivation of the model (3.1) we use the single-band tight-binding
approximation [5]. Although the experimental setup [70] 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 [70], hopping along e, was at

first inhibited by an additional staggered potential

A A I

W“=5§]—Dmm, (3.2)
I,m

and then restored using resonant laser light. For more details, see Fig. 1.5 in Chapter 1. The

experimental setup can be described by a time-dependent Hamiltonian

H(t) = Hgu + V() + W, (3.3)

where V(t) is a time-dependent modulation

: [
V(t) = “Z m [COS (;T — Z) cos (wt — % + (250)

Im

Im « mm T
+ cos (2 + 4> cos <—wt - + 5t ¢0) ], (3.4)

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 ¢y = 7 /4.

Using Floquet theory, see Eq. (1.9), the time-evolution operator corresponding to the Hamil-

tonian (3.3) can be represented as

U(t, t(}) _ e—the—ik(t)e—i(t—to)ﬁegeik(to)eiv{/to’ (3'5)
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Figure 3.1: Schematic representation of the model. The unit cells are shaded. (a) Effective
Hamiltonian without correction, Heg o (3.6). Vertical links correspond to real hopping ampli-
tudes (along e, direction), while the horizontal links to the right of lattice sites labeled A, B,

C, and D correspond to complex hopping amplitudes with phases %, T —1, and —=F, respec-

tively (when hopping from left to right). (b) Effective Hamiltonian with correctlon, Heﬂ‘J (3.7).
Red lines represent positive next-nearest-neighbor hopping amplitudes (connecting uppercase
letters), while the blue lines represent negative next-nearest-neighbor hopping amplitudes (con-
necting lowercase letters). Nearest-neighbor hopping amplitudes are the same as in (a).

where _Heﬁ is the full time-independent effective Hamiltonian that describes slow motion and

K (t) is the time-periodic kick operator that describes micromotion [82, 83).

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. (3.1) is still valid. In the

leading order of the high-frequency expansion, the effective Hamiltonian Heg is given by

o= . Z { i(tm—t-tym2mya) af 1 miim + H. c] Ty yrem + @y ytim) . (3.6)

lym

where the renormalized hopping amplitudes are J, = \‘%" Jy and J, = J, (1 — ”2) A
schematic representation of this model is presented in Fig. 3.1(a). The unit cell is shaded and
the full lattice is spanned by the vectors R; = (4,0) and Ry = (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 [68] for the case a = 1/4 [68]. The explicit

form of the kick operator K'(t) from Eq. (3.3) is given in Appendix C.

Following Refs. [82, 83], we find that additional corrections of the order JZ?/w contribute to

the system’s dynamics and we introduce another approximation for the effective Hamiltonian

A A 2

JCC A A A A
Heg1 = Hero + o Z( 1) (Qal mim + allzmal,m + alT_Q’malvm) (3.7)
I,m
The derivation of Hamiltonian (3.7) is given in Appendix C and its schematic representation
is given in Fig. 3.1(b). The J2/w correction introduces next-nearest-neighbor hopping along x

direction with opposite signs for lattice sites with either even or odd z-coordinate [. This term
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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 [79].

In the next subsection we investigate properties of energy bands of both effective Hamil-
tonians, ﬁefm and F[efhl. We use the units where = 1 and @ = 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 x = 0.58 w. This value of the driving amplitude
was chosen to be the same as in the experiment [70]. In order to set the renormalized hopping
amplitude along e, to J/, = 1, the initial hopping amplitude has to be .J, = v/2w/k = 2.44, and
the correction term is therefore proportional to J?/w = 5.95/w, so it cannot be safely neglected

unless the driving frequency is very high.

3.1.2 Band structure

Momentum-space representations of the effective Hamiltonians F[emo and ﬁeff’l, denoted by
ﬁeg,o(k) and 7:[6571(1(), respectively, are derived in Appendix C. Band structures for the effec-
tive Hamiltonian Hego without the J2/w correction, Eq. (C.20), as well as for the effective
Hamiltonian 7:[,3&71 including the correction term, Eq. (C.21), are shown in Fig. 3.2 for the two

values of driving frequencies w = 20 and w = 10.

4
3|
2
- 1
~ 0
2 -1
2 ke
-3 E
-4 [ I
0 w/2 ™ 3m/2 27 0 /4 m/2  3m/4 b 0 w/4 m/2  3w/4 ™
(a) ky (b) w =20 ky (¢) w=10 ky

A

Figure 3.2: Energy bands of the effective Hamiltonians. (a) Heso(k) Eq. (C.20), which is
without the .J2/w correction term. (b) Heg1(k) Eq. (C.21), which includes the correction term.
Driving frequency w = 20; gaps are open. (c¢) Same as (b), but with w = 10. Gaps are closed.

The Hamiltonian _F_leﬁ‘70 is the Harper-Hofstadter Hamiltonian (1.4) 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. 3.2(a). The topological content of these bands is characterized
by the topological index called the Chern number (1.5). The Chern numbers of the three well-
separated bands are ¢; = 1, co = —2, and c3 = 1.

Because the correction from Eq. (3.7) includes next-nearest-neighbor hopping terms, the
elementary cell in real space is doubled [see Fig. 3.1(b)] and, as a consequence, the first Brillouin
zone for the Hamiltonian 7:163,1 is reduced by a factor of 2 compared to 7—26370. There are now

eight lattice sites in the unit cell and eight energy bands, but the number of gaps depends on the
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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. 3.2(b). The original band structure
of 7—26370 is recovered in the limit w — oo. The Berry curvature and the Chern number can be
calculated using the efficient method presented in Ref. [185]. Our calculations confirm that the
Chern numbers of ﬁeﬁ‘J are equal to those of ?:leff’o (1 =1, g = =2, and ¢3 = 1), as long as
the gaps between the energy bands are open. The gaps close when the driving frequency is too

low, see Fig. 3.2(c), and the Chern numbers of the subbands can no longer be properly defined.

3.1.3 Dynamics of incoherent bosons

We need to take into account a contribution of weak, repulsive 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 [186], which belongs to a broader class of truncated Wigner approaches [187]. This
method is similar to the approach used to treat incoherent light in instantaneous media [188,
189], known in optics as the modal theory.

The underlying idea of the method is to represent the initial state as an incoherent mixture
> —

In our study, we sample initial configurations of these coherent states with

of coherent states [¢), a ) [186]. This is explained in more detail in Appendix D.

—0)) = ;’fewkm, (3.8)

where ¢, € [0,27) are random phases and the states |k) correspond closely to the lowest-band
eigenstates of ﬁeﬂc. Each of Ngamples 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

dwl m Z Hlm ’U wl,] ) Fm wl,m(t) + U‘wl,m(t)‘zwl,m (t)a (39)

where Hy,y, i;(t) = (I, m|H(t)|i, ) are matrix elements of H(t) from Eq. (3.3), F is the external
force, and interactions U contribute with the last, nonlinear term. Formally, Eq. (3.9) takes
the form of the Gross-Pitaevskii equation [1, 190, 191]. The performances and limitations of
the method are discussed and reviewed in Ref. [192].

For comparison, we also consider the related time evolution governed by the effective Hamil-

tonian

Z-dwl,m<t)

= 2 b i (8) = Fm () + Ul ()Pt (®), (3.10)

ij
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where h;}ivij = (I, m|iLeﬁ|z',j), with heff being either ﬁeﬁ;g from Eq. (3.6), or }A[efﬁl from Eq. (3.7).
Equation (3.10) should be considered only as a tentative description of the system: the mapping
between H (t) and Hg is strictly valid only in the noninteracting regime and the interaction
term may introduce complex, nonlocal, higher-order corrections [94]. However, we expect their
contribution to be small in the limit U — 0, and for time scales which are not too long

(97, 98, 193, 194].

In the following we use N,, = 300 modes and accommodate N, = 300 particles per mode,
so in total in the simulations we have N = N, N, = 90,000 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, k/w = 0.58, w = 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 (D.2) from Appendix D 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 (3.8). For each of Ngmples = 1,000 sets of initial conditions
we then time evolve Eq. (3.9) and extract quantities of interest by averaging over resulting
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.

3.2 Noninteracting case

We start by addressing the dynamics of noninteracting bosons. In this case we set U = 0
in Eq. (3.9) and numerically solve the single-particle Schrodinger equation without further
approximations. Our aim is to numerically validate and compare the two approximations,
Egs. (3.6) and (3.7), 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 (t). For clarity, the four different time evolutions that we consider
in this section are summarized in Table 3.1. We calculate the center-of-mass position z(t) and

plot the results in Fig. 3.3. In this way we also find the regime of microscopic parameters where

the Chern-number measurement can be optimally performed.

First, we consider the basic Harper-Hofstadter Hamiltonian (3.6) and select the occupied
modes |k) of the initial state (D.1) as eigenstates of the model from Eq. (3.8) for heg = Hego.
As explained in the previous section, at the initial moment ¢, = 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 (3.6), the particles exhibit an
anomalous velocity in the direction perpendicular to the force [71]. In the ideal case, when the

lowest band is fully populated, the theoretical prediction for the center-of-mass position in the
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Table 3.1: 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 I:Ieff,l [:[eff,l P{eff,1
2 {{eff,l ];Ieff,l {{(t)
3 {Ieff,o [:[ off,0 P{ off,0
4 Hog o Heo H(t)

e, direction is [70]
2Fa?
mh

where ¢; = 1 is the Chern number (1.5) of the lowest band. However, even in the ideal case, due

z(t) = x(to) + &1 t, (3.11)

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. [70] introduced a filling factor ~(¢)

Y(t) = m(t) — na(t) + ns(t), (3.12)

where 7;(t) are populations of different bands of Hamiltionian (3.6) from Eq. (D.4) in Appendix
D and the plus and minus signs in Eq. (3.12) are defined according to the Chern numbers ¢; = 1,
¢ = —2, and ¢3 = 1. The final theoretical prediction is then [70]

2Fa? [t

z(t) = x(to) + a1 ) ~y(t)dt'. (3.13)

In Fig. 3.3(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 (3.13) (dotted black line) and numerical calculation based on Heg
(solid green line). However, 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. 3.3(b).

Now we turn to the effective model (3.7). In this case we select the modes of the initial state
as eigenstates of Eq. (3.8) for heg = Heg1. Moreover, we also consider band populations (D.4)
of the same model. In the case when w = 20, Fig. 3.3(c), the anomalous drift obtained using the
effective Hamiltonian (3.7) (solid green line) closely follows the theoretical prediction (3.13).
Moreover, from the same figure we can see that the effective Hamiltonian f]efM reproduces
the behavior of the time-dependent Hamiltonian very well. All three curves almost overlap for
intermediate times (5—40 ms); see Fig. 3.3(c). We attribute the long-time (> 45 ms) deviations

to the finite-size effects introduced by the next-nearest-neighbor hopping terms, which cause
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Figure 3.3: Anomalous drift z(¢). Dashed purple lines: numerical simulations using the
time-dependent Hamiltonian H(t) (cases 2 and 4 from Table 3.1). Solid green lines: effective
Hamiltonians Heg (c) and (d) and Hego (a) and (b) (cases 1 and 3). Dotted black lines:
theoretical prediction (3.13) from Yeg1(t) or e o(t). (a) Initial states and band populations
obtained using the effective Hamiltonian ]‘Tleﬁ,(] without the correction (cases 3 and 4). Driving
frequency w = 20. (b) w = 10. (c¢) Hamiltonian Heg; with the J2/w correction (cases 1 and 2).
Driving frequency w = 20. (d) w = 10.

the atomic cloud to reach the edge of the lattice faster. This effect is explained in more detail
in Section 3.3.2.

For a lower driving frequency w = 10, the effective and the time-dependent Hamiltonians do
not agree so well anymore; see Fig. 3.3(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 driving frequency. It is interesting to note that the prediction (3.13) is close
to numerical data for short times even in this case when the gaps of the effective model are
closed, see Fig. 3.2(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 v(¢) is plotted in Fig. 3.4 for four different cases from
Table 3.1 — evolution using the effective Hamiltonian without correction IA{eH‘70 [Yefr0(t), case 3,
dashed green line in Fig. 3.4(a)], the effective Hamiltonian with correction Hegq [Yew1(t), case 1,
dashed green line in Fig. 3.4(b)], or the time-dependent Hamiltonian H () [y(t), cases 2 and 4,
solid purple lines]. At the initial moment ~y(¢o = 0) < 1, because the initial state was multiplied
by the operator e () This introduces a shift between ~(¢) and ~eg 1 (¢). Apart from the shift,
these two curves behave similarly, unlike the 7eg o(f) curve that exhibits completely different
behavior. Because of this, we use only 7eg1(t) to estimate the value of the prediction (3.13).

We find that the values of g 1(t) for w = 20 are high: > 0.95; see Fig. 3.4. For this
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Figure 3.4: 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
3.1). Dashed green lines: evolution governed by the effective Hamiltonian _F_leﬂ‘J or ﬁeﬁ‘70 (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 ﬁeff@, which is without the J2/w correction term
(cases 3 and 4). (b) Hamiltonian Heg; which is with the correction term (cases 1 and 2).

reason, up to 50 ms the center-of-mass position x(t) exhibits roughly linear behavior with some
additional oscillations. Interestingly, the anomalous drift z(t) exhibits quadratic behavior on
short time scales in all cases from Fig. 3.3. In Appendix E, we explain this feature using the

time-dependent perturbation theory and Fermi’s golden rule.

3.3 Interacting case

We now investigate the effects of weak repulsive interactions. We work in the high-frequency
regime and set w = 20. As shown in Section 3.1.2, for U = 0 the effective Hamiltonian
with correction, ]fleml, is in this case equivalent to the Harper-Hofstadter Hamiltonian with
flux @ = 1/4. Moreover, the same approximative form of the full effective model accurately
reproduces the behavior of the time-dependent Hamiltonian up to 50ms 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.

3.3.1 Anomalous drift and dynamics of band populations

To simulate the dynamics of many incoherent bosons, we use the classical field method presented
in Section 3.1.3 and propagate Eq. (3.9) in time. We assume that at t; = 0 atoms are uniformly
distributed over the lowest band of ﬁefm. 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 ty = 0 the confining potential is turned off, atoms are exposed to the
force F = —F'e,, 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.
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Figure 3.5: Effects of interactions. (a) Anomalous drift x(t) 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(t). Thin lines: theoretical prediction (3.13) from
Yeft,1(t). (b) Corresponding e 1(t) = m1(t) — n2(t) + n3(t), obtained from simulations using the
effective Hamiltonian f[eml.

The anomalous drift z(¢) obtained using the full time-dependent Hamiltonian is shown in
Fig. 3.5(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 2(¢) in the range of ¢t € (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 (¢) and compare the
results of Eq. (3.9) with the description based on Eq. (3.10). By solving Eq. (3.10) we obtain
the filling factor veg1(t) following Eq. (D.4) and present our results in Fig. 3.5(b). Whenever
the results of Eq. (3.9) reasonably agree with the results obtained from Eq. (3.10), we are close
to a steady-state regime with only small fluctuations in the total energy, as Eq. (3.10) 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 g 1(t) is reduced. Typically, we find three
different stages in the decrease of e 1(%).

In an early stage, t < t; = 5ms, a fast redistribution of particles over the bands of the
effective model sets in due to the sudden quench of U. The factor veg1(t) decays quadratically
as a function of time down to ves1(t1) = 0.75 for U = 0.01, and veg1(t1) ~ 0.25 for U = 0.05.
In this process the interaction energy of the system is quickly lowered as described in Appendix
F. At later times ¢ > 5ms, we observe a linear decay of the filling factor ves1(t) as a function
of time, that finally turns into an exponential decay at even later times (£ > 10 ms). Similar

regimes are observed in other dynamical systems. For example, a decay rate of an initial state
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suddenly coupled to a bath of additional degrees of freedom exhibits these three stages [195].
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 [195].

We now investigate this last regime in more detail. For the population of the lowest band
n1(t), an exponential decay function f(t) = a+be~ provides high quality fits for ¢ € (10, 50) ms;
see Fig. 3.6(a) for an example. Similarly, the populations 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. 3.6(b). The resulting
dependence is approximately quadratic: c¢(U) = ag + oy U + ag U2 For small values of U,
the exponents ¢(U) obtained for the dynamics governed by H(t) and Heg | agree very well
and exhibit linear behavior. At stronger interaction strengths U > 0.03, the approximation of
Eq. (3.10) 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 ves1(f), we make an explicit comparison
between the numerical results for the anomalous drift and the expectation (3.13). The dashed
lines in Fig. 3.5(a) correspond to the theoretical prediction (3.13) calculated from ~yeg1(t). 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(t) as a function of U. When the interactions
become strong enough (U ~ 0.02), the numerical results start to deviate from the theoretical
prediction (3.13) with veg1(¢). In this regime, Eq. (3.10) does not provide a reliable description

of the dynamics, as higher-order corrections need to be taken into account.
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Figure 3.6: (a) Evolution of the band populations 7;(¢). Dashed lines: numerical results
obtained using the time-dependent Hamiltonian H(t). Solid black lines: exponential fit using
f(t) = a+be . The coefficient a was fixed to a; = 0.25, ay = 0.50 and az = 0.25 for the first,
second and third band respectively. (b) Dependence of the exponential decay coefficients for
the lowest band population 7;(t) on the interaction strength. U is given in units where J = 1.
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Figure 3.7: Real-space density distribution, noninteracting case U = 0. (a) Initial state. (b)
After 50 ms (75 driving periods), evolution using the time-dependent Hamiltonian H(t). (c)
Evolution using effective Hamiltonian without correction [_A[ef-f’o. (d) Evolution using effective
Hamiltonian with correction ]—ileg,l.

3.3.2 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. 3.7 and 3.8, 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
ro = 20 in the confining potential of Eq. (D.2) and populating the lowest-lying states, we fix the
cloud radius to r = 20, Fig. 3.7(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 4+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. 3.7 and 3.8.

In the noninteracting case, Fig. 3.7(b), the atomic cloud nearly separates into two parts
moving in opposite directions along x axes (while the center of mass still moves in the +e,
direction). By comparing Fig. 3.7(c) and Fig. 3.7(d), we conclude that this effect stems from
the next-nearest-neighbor hopping along x present in the effective Hamiltonian (3.7), as it does
not happen in the effective model without the correction term (3.6). This type of separation
was already observed in Ref. [168], where the next-nearest-neighbor hopping terms were also
present.

When the interactions between particles are included, this separation is not so prominent

[Fig. 3.8(a), U = 0.01], and it almost completely disappears when the interactions are strong
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Figure 3.8: Real-space density distribution after 50 ms (75 driving periods), interacting case.
U is given in units where J = 1. (a) Evolution using the time-dependent Hamiltonian H(t),
U = 0.01. (b) Same with U = 0.05. (c) Evolution using the effective Hamiltonian Heg ,,
U =0.01. (d) Same with U = 0.05.

enough [Fig. 3.8(b), U = 0.05]. This is also the case when the evolution is governed by the
effective Hamiltonian Heg 1; see Figs. 3.8(c) and 3.8(d). Atomic cloud widths d, = /(22) — (z)?
during the expansion are plotted in Fig. 3.9. We observe a slow expansion of the cloud in y
direction, Fig. 3.9(b), and much faster expansion along z direction, Fig. 3.9(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 [196, 197]. In brief, strong repulsive interactions can preserve the density
imbalance between the two wells, as the system can not 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. F.1. Effectively, in this
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Figure 3.9: Atomic cloud width for different interaction strengths, evolution using the time-
dependent Hamiltonian H(t). U is given in units where J = 1. (a) d, = \/(22) — (z)2. (b)

dy =/ (y?) — ()2
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Figure 3.10: (a) Comparison of anomalous drifts obtained from evolution using the time-
dependent Hamiltonian H (¢) (solid purple line), effective Hamiltonian without correction Heg o
(dashed green line) and effective Hamiltonian with correction Heg (dotted black line). Inter-
mediate 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 H (t). When the interactions are strong
enough, IPR approaches the maximal possible value (10,000 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. (¢) 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:

er(t) = (222 [lepa (t)dt!) / (x(t) — a(to)).

way the interactions cancel out the contribution of the next-nearest-neighbor hopping and favor
the measurement of the properties of the model (3.6). In Fig. 3.10(a) we show that deviations
between different approximations based on H (1), ]:Ieﬁ 1, and ]A{eﬁ" o in the anomalous drift x(¢)

nearly vanish at U = 0.01.

Another desirable effect might be that the interactions make the momentum-space proba-
bility density more homogeneous, see Appendix F, so that the real-space probability density
becomes more localized. We can quantify momentum-space homogeneity using the inverse par-
ticipation ratio R(t) = ﬁ, where P;(t) = [1;(t)|* is the probability that the state v; is
occupied at time ¢. Minimal value of the inverse participation ratio (IPR) is 1 and it corre-
sponds to a completely localized state, while the maximal value is equal to the total number
of states (in our case 10,000) and corresponds to the completely delocalized state, where the
particles have the same probability of being at any quasimomentum 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. 3.10(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. 3.10(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 ¢; ~ 0.99 for the intermediate interaction strength U ~ 0.01.
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3.3.3 Staggered detuning

Here we briefly consider the effects of staggered detuning that was introduced in the experimen-
tal study [70] during the loading and band mapping sequences. This detuning can be described

by an additional term

S0 (314

in the Hamiltonians H (t) and HA—eff’l. We will ignore the higher-order [at most O (ﬁ)] correc-
tions that this term introduces to the effective Hamiltonian. Staggered detuning does not break
the symmetry of the effective Hamiltonian _[A{effJ, but if 0 is large enough, it can cause a topo-
logical phase transition and make all bands topologically trivial. By numerically calculating
the Berry curvature and Chern numbers ¢, we find that this transition occurs at §, ~ 1.38 J;
see Fig. 3.11. This value is lower than the one for the ordinary Harper-Hofstadter Hamiltonian
for o = 1/4, which is 6. = 2 J [70], due to the different hopping amplitudes J;, and J, 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 experiment. We again numerically calculate the anomalous drift and
the evolution of the filling factor, but now with staggered detuning (3.14) included in the
Hamiltonian ﬁinitial (D.2) used to obtain the initial state, in the equations of motion (3.9) and
(3.10), and in the definitions of the band populations 7;(¢) (D.4). 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 3.11.

We can see that the calculated value of the Chern number decreases from ¢ = 1to ¢y =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 [198]. The obtained results

are in line with experimental measurements [70].
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Figure 3.11: Lowest band Chern numbers extracted from numerical data for several different
values of detuning §. Purple circles: noninteracting case, U = 0. Green triangles: U = 0.01.
Blue squares: Theoretical values of the lowest band Chern number ¢j. A topological phase
transition is visible at d. ~ 1.38. The lines between points are only a guide to the eye.

3.4 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 microscopic parameters were chosen to be close to
those in a recent experimental study [70]. 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 experimental setup had
continuous transverse degrees of freedom. This restriction stabilizes the system [172, 174, 184]
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 between atoms
using the mean-field approximation. In the noninteracting case, we found that the effective
Hamiltonian and its band structure depend on the frequency of the drive w through an ad-
ditional J2/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 incoherent state through driving, as it was done in the experiment.

The main focus of this work is on the effects of weak interactions. For a weak atomic re-
pulsion, atomic transitions to higher effective bands obtained in our simulations mainly occur
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
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absorbs energy from the drive. In this regime the good agreement between the full and ef-
fective description is lost and the measurement should become 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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Chapter

Bosonic fractional quantum Hall states in

driven optical lattices

Since early experiments with quantum gases, there has been a strong interest in the real-
ization of fractional quantum Hall (FQH) states in these setups [199-213]. Despite numerous
experimental achievements and a variety of theoretical proposals, FQH physics has still not been
reached in cold-atom experiments. At first glance, both key requirements for the emergence of
FQH states - atomic interactions and strong synthetic magnetic fields - are now experimentally
available. However, there are several specific details in the implementation of strong synthetic
magnetic fields for cold atoms that make the realization of FQH states still challenging.

The most advanced recent realizations of artificial gauge potentials exploit periodically
driven optical lattices [70, 75, 77-80, 86, 87, 173, 214]. However, general arguments and nu-
merical studies [94, 95, 215] suggest that the interplay of interactions and driving in a ther-
modynamically large system introduces heating, leading to a featureless infinite-temperature
state in the long-time limit. Although this general result might sound discouraging, the heating
process can be very slow in some driven systems for specific regime of microscopic parameters.
There, the system can be described by a physically interesting “prethermal” Floquet state on
experimentally relevant time-scales [96-98, 193, 194, 216, 217]. Moreover, the onset of ther-
malization in a finite-size interacting system may exhibit unexpected features, not found in the
thermodynamic limit [218, 219]. Heating rates and resulting instabilities have been recently
investigated both theoretically and experimentally for the driven Bose-Hubbard model in the
weakly interacting regime [96, 174, 178, 179]. Moreover, experimental studies of the driven
Fermi-Hubbard model in a honeycomb lattice have established a timescale of the order of 100
tunneling times for the regime where the effective-model description applies [124, 220)].

In this Chapter, we consider small systems of several interacting bosonic atoms in a pe-
riodically driven optical lattice featuring synthetic magnetic flux. The focus of our study is

on finding optimal microscopic parameters that would allow to prepare and probe the basic
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Chapter 4 Bosonic fractional quantum Hall states in driven optical lattices

bosonic Laughlin state in this setup. To this end, we employ exact numerical simulations of
the driven Bose-Hubbard model [169] for small system sizes.

From one point of view, it is expected that a small driven system exhibits low heating rates
for a driving frequency set above a finite bandwidth of an effective model [94]. However, driving
a system with such a high frequency may lead to undesirable effects, such as coupling of the
lowest band to higher bands of the underlying optical lattice, thus making the initial description
based on the lowest-band Hubbard model inapplicable. These effects have been addressed in a
recent study [88] where an optimal intermediate frequency window for Floquet engineering has
been established.

In our study, we go a step further in the search for the optimal regime that might allow for
the bosonic Laughlin states under driving. In particular, for a realistic, intermediate value of a
driving frequency, the interaction term complicates the effective model by introducing several
higher-order terms. Their effect on the topological states has been addressed only recently
[221, 222] and it has been found that typically these terms work against the topological state.
For this reason, the stability of the Laughlin state at intermediate driving frequency requires a
separate study, that we perform here. Moreover, we numerically investigate an experimentally
relevant preparation protocol for the Laughlin state in a driven system [183]. For a reference,
we note that a simpler but closely related question concerning the static (undriven systems)
has gained lot of attention [181, 202, 203, 211].

This Chapter is organized as follows: in Section 4.1 we introduce the model under study
and briefly review key features of the particle-entanglement spectra that we will exploit in the
identification of the Laughlin-like state. Then, in Section 4.2.1 we investigate general heating
effects of interacting bosons exposed to the driving. By extending this approach, in Section 4.2.2
we construct the stroboscopic time-evolution operator and inspect its eigenstates in order to
identify possible FQH states. Finally, in Section 4.3 we address the possibility of accessing

these states in an experiment through a slow ramp of the driving term.

4.1 Model and method

In this section we first introduce the driven model and explain the basis of Floquet engineering.
Then we summarize several key features of the particle-entanglement spectra that we use to

characterize the bosonic Laughlin states.

4.1.1 Driven model

Properties of bosonic atoms in a deep optical lattice can be realistically described within the
framework of the Bose-Hubbard model given by Eq. (1.1) [5]. We consider a basic driving

scheme [169] that introduces a uniform, synthetic magnetic flux into a square optical lattice

60



Chapter 4 Bosonic fractional quantum Hall states in driven optical lattices

7 3
6 25
3 2
4
N 1.5
3
1
2
1 0.5
0 0

8 6 4 2 0 2 4
m

Figure 4.1: Lattice geometry used throughout this Chapter. The parallelogram gives the
exemplary lattice size (L, L,) = (4,8). The color scale is defined by mod (m + n,4), in
accordance with the driving term from Eq. (4.1). The vectors Ry = 4e,,Ry; = —e, + €, are
used to implement periodic boundary conditions. The small rectangle gives the magnetic unit
cell for the effective model in Eq. (4.2).

here spanned by the two vectors e, and ey. The corresponding Hamiltonian is given by the
driven Bose-Hubbard model

Ht) = —Jo > (@hainGmn +H e ) = Jy 3 (€4'a], i1@mn + H. c.)
+ g S sin (wt — (m+n — 1/2) @) A + [2] S A (i — 1), (4.1)

where operators G, (a},,) annihilate (create) a boson at lattice position (m,n), and local
density operators are 7, , = &In,n&m,n- J, and J,, are tunneling amplitudes and U is the on-site
local repulsive interaction. We use the units where A = 1 and the lattice constant a = 1. The
driving scheme is defined by the driving frequency w, the driving amplitude x and by a phase
¢. In the following we set ¢ = 7/2 and k/w = 0.5. These values were recently used in an
experimental realization of the Harper-Hofstadter model [70]. The derivation of this model is
briefly reviewed in Appendix G. We assume periodic boundary conditions implemented using
the vectors Ry = 4e,, Ry = —e, + e, as presented in Fig. 4.1. This choice is compatible with
the driving term and it allows us to exploit translational symmetry by working in the fixed
quasimomentum basis.

Formally, by using the Floquet theory [81-83], it can be shown that the full time-evolution
operator corresponding to this model is given by Eq. (1.9). The full-time evolution operator
is periodic as well and consequently the (quasi)eigenenergies of the time-independent effective
Hamiltonian H.g are defined up to modulo w. Eq. (1.9) gives formal mapping of a periodically
driven system to an effective model that captures the stroboscopic time evolution of the model.
However, according to general analytical arguments and numerical insights, the corresponding
effective model of a driven interacting many-body system in the thermodynamic limit exhibits
nonphysical features [94, 95]. In particular, the system thermalizes and in the long-time limit

its steady state is a featureless, infinite-temperature state, independent of the initial state.
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Here we consider small samples of several bosonic atoms. Due to a finite spectrum band-
width, we expect the high-frequency expansion to be relevant for a finite range of the driving

frequency. Within these assumptions, the leading-order (in 1/w) effective Hamiltonian is

Ho = —Jo > (@hsrnlmn +H oo ) = J) 3 (0%, + H. c. )

m,n

U

The Hamiltonian (4.2) features complex hopping phases €% that result in a uniform syn-
thetic magnetic flux ¢ per lattice plaquette. Due to the driving, the renormalized hopping

amplitude along the y direction turns into
K.
Jy, = % sin(¢/2) J,. (4.3)

For the values ¢ = 2wa, where the flux density « is set to o = 1/4, and k/w = 0.5, the tunneling

amplitude along y direction in the effective model is J;, ~ J,, x 0.1768.

In a certain regime of microscopic parameters, the ground state of the model defined in
Eq. (4.2) is given by the lattice version of the Laughlin state [203, 205, 223-225]. The Laughlin
state is stabilized for the filling factor v = N,/Ny = 1/2, where N, = aL, x L, is the total
number of fluxes (N, being an integer) and N, is the number of bosons, and for a strong-
enough repulsion U. Another important requirement for the Laughlin state is to avoid the
strong hopping anisotropy and to keep J, =~ J;, so we set J, = 0.2J,. We consider system sizes
N, = 4,5,6 and the respective lattices sizes (L., L,) = (4,8), (4, 10), and (4, 12), see Fig. 4.1,
where we expect the ground state to correspond to the v = 1/2 Laughlin state. The Hilbert
space sizes for k, = k, = 0 are dim’H = 6564, 108604, and 1913364 respectively. For this
choice of microscopic parameters, the model ground state of Eq. (4.2) is approximately twofold
degenerate. The two ground-states are found in the sectors k, = 0,k, = 0 and k, = 0,k, = 7.
We denote them by |¢ray) and |1y agy).

As we are mainly interested in the driven regime, not only the ground state, but the full
spectrum of the model from Eq. (4.2) plays a role. A rough argument is that the system does
not absorb energy provided that the driving frequency w is set above the bandwidth of the
effective model. Several spectra of the model from Eq. (4.2) for k, = 0,k, = 0 are presented
in Fig. 4.2(a). It can be seen that the ground-state energy is weakly affected by the value of
U > J,, while the top part of the spectrum with few states is found at UN,(N, — 1)/2. For
higher values of U the spectrum splits into bands where the lowest band corresponds to the

hard-core bosons and higher bands include double and higher occupancies.
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Figure 4.2: (a) The energy spectrum FE,, of the model from Eq. (4.2) in the k, = 0,k, =0
sector for N, = 4 and different values of interaction U/J, = 1,10,40 and U/J, = oo (hard-
core bosons). The top part of the spectrum is at ~ (U/J,)N, (N, — 1) /2. (Not shown for
U/J, = 40.) For a high ratio U/J, the spectrum splits into bands. The lowest band corresponds
to hard-core bosons. (b) The low-lying part of the particle-entanglement spectrum — In &, of the
ground-state incoherent superposition, Eq. (4.5), in the region A momentum sectors k;‘ = (0 and
k! = /6, and for N, = 6,U/J, = 2.5. (c) The particle-entanglement gap A of the incoherent
superposition Eq. (4.5) as a function of interaction strength U for N, = 4,5,6.

4.1.2 Particle-entanglement spectra

There are several ways to characterize the ground states of the model from Eq. (4.2) as the
Laughlin states. Usually, the starting point in this direction is the identification of the twofold
degeneracy expected in the implemented torus geometry for v = 1/2. Another relevant quantity
is the overlap of the numerically obtained state with the Laughlin analytical wave function in the
torus geometry [205, 225]. More direct evidence can be obtained through the calculation of the
relevant topological index (Chern number) or the quantized Hall conductance. An additional
convincing approach, that we pursue here, is based on the analysis of the entanglement spectra

of the relevant states.

In the following we will use the particle-entanglement spectrum (PES) [225, 226] to dis-
tinguish possible topologically nontrivial states. In order to obtain this type of entanglement
spectrum, we partition N, particles into two sets of Ny and Ng = N, — N4 particles. For a
given mixed state p, we construct a reduced density matrix p4 = trgp by performing a partial
trace over Np particles. The resulting PES is given by —1In¢,,, where &, are eigenvalues of py.

The related particle-entanglement entropy is given by [227, 228]

Sa=—tr(palnpa). (4.4)

By partitioning particles, we keep the geometry of the system unchanged. For this reason, we
will inspect the PES for the different momentum sectors k;/“ of the remaining N4 particles. An
example of a PES is presented in Fig. 4.2(b). As proposed in Refs. [225, 226], we have considered

the incoherent superposition of the almost twofold degenerate ground state of Eq. (4.2) as the
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density matrix
1 ™ ™
pas =5 (|¢EgH><¢ggH| + [0 Gm) (VL ) : (4.5)

For simplicity, we only present the PES for the two momenta k:; =0 and k;;‘ = m/6. We observe
a clear particle-entanglement gap A. In addition, the counting of low-lying modes below this
gap (ten modes for k;' = 0 and nine modes for k;' = 7/6, at Ny = 3, N, = 6) corresponds to
the Laughlin state [225, 226]. In this way the PES encodes topological features of the state
p in the form of well defined number of excitations per momentum sector k' [225, 226]. This
type of analysis is useful as it can identify topological features even without model states, as

done for the case of fractional Chern insulators [229, 230].

In the following we will consider specific particle partitions Ny = 2, N, = 4; Ny = 2, N, = 5;
and N, = 3, N, = 6. For these cases the counting of excitations N, L(/fj) per momentum sector
k:yA is well established and given in Table 4.1. In Fig. 4.2(c) we show the particle-entanglement
gap of the mixtures, Eq. (4.5), obtained at different values of U. Numerical results for the
obtained PES indicate that a reasonably large gap is found starting at U ~ 0.5J, and the
characteristic features of the Laughlin state persist with a further increase in U. We note that
at lower values of the flux density, & < 1/4, the Laughlin state can be found at even lower
values of the repulsion U [205, 225].

Table 4.1: Counting of modes N, (k:;f) in the PES of the Laughlin state for several system

sizes and particle partitions. The last column lists the N, L(k:z’f) values for each momentum sector
ki =2mi/L,,i=0,...,L,— 1.

| Np | (Lo Ly) [ Na | PES: N (k) |
1] (48 | 2 3,2,3,2,3,2,3,2
5 1 (410) | 2 1,3.43,4,3,4.3,4,3
6 | (4,12) | 3 |10,9,9,10,9,9,10,9,9,10,9,9

By analyzing the effective model from Eq. (4.1), we have obtained a guidance for the regime
of microscopic parameters and for the geometry of the small system that can give rise to
Laughlin states. In the next sections our aim is to go beyond the effective model from Eq. (4.2)
and to identify topological states supported by the full driven dynamics as captured by the
model given in Eq. (4.1).

4.2 Driven dynamics

In this section we discuss the full driven dynamics as captured by the model given in Eq. (4.1).
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4.2.1 Heating

First we address the onset of heating following the standard procedure discussed in Refs. [217,

231]. The initial state of the system is prepared using the ground state of the effective model

[t = 0)) = e FE=0 20 ) (4.6)

and we monitor the stroboscopic time-evolution t = N T', T' = 27 /w governed by the full driven
model defined in Eq. (4.1). In our numerical simulations, we approximate the micromotion
operator K (t = 0) using the leading-order high-frequency expansion; see Eq. (G.12). The

quantity of interest is the expectation value of the effective Hamiltonian: (4.2)
(Hep(t = NT)) g = (1o(t)|e™ 5 =) Hqe =0 (1)), (4.7)

We expect this quantity to reasonably correspond to the ground-state energy of the effective
model Fj in the regime of very high frequency. On the other hand, for a “low” driving frequency

we expect the system to quickly reach the infinite-temperature 5 — 0 regime defined by

A

o 1
lim (o) = ot (Her) - (4.8)

For this reason we monitor the normalized total energy

B _ (Hea(t =NT))x — B
Q(t=NT) = imoe(Ba) — B (4.9)

and we present it in Fig. 4.3(a), for U/J, = 10. In agreement with the known results [231], we
find that the thermalization is quick for both a “high” driving frequency w/J, > 20 and for a
“low” driving frequency w/J, < 10. For the intermediate values of w, the heating process is
slow [231] and the total energy exhibits a slow exponential growth captured by Q(t = NT) ~
1 — bexp(—ct),t > 1. An example of this behavior is given for w/J, = 15 in Fig. 4.3(a).
The heating process can also be monitored through the particle-entanglement entropy S, as a
function of time. In Fig. 4.3(b) for N, = 5 and low driving frequency we find that this quantity
quickly saturates to its maximal value. Indeed, for a thermal state at infinite temperature, Sy
is given by

L,L NA -1
Sglax%ln< vt ),

A (4.10)
marked by the horizontal, dot-dashed line in Fig. 4.3(b). Except for the highest frequency
considered (w/J, = 50), we find that, in the process of heating, the particle-entanglement gap

of the initial state quickly closes (not shown in the plots).

Here we briefly discuss finite-size effects by comparing numerical results for the normalized
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Figure 4.3: (a) The normalized total energy Q(t = NT) from Eq. (4.9), and the (b) particle-
entanglement entropy S4(t = NT), Eq. (4.4), during the time evolution governed by Eq. (4.1)
for several driving frequencies w/J, = 50, 20, 15, 10. Parameters: N, = 5,U/J, = 10.
Note that the asymptotic value of Sy for w/J, = 10 and w/J, = 15 matches the one
given in Eq. (4.10), as presented by the horizontal, dot-dashed line. (c) The long-time limit
limy_o Q(NT) for N, = 4 and the on-site interactions U/J, = 1,10 and U/J, = oo (hard-core
bosons). The lines are only guides to the eye.

total energy for N, = 4, N, = 5, and N, = 6. In line with the known results [94-96], the
“high-frequency” regime with low heating rates moves toward higher w as the system size
increases. However, we find that the estimates obtained in this section (w/J, > 20 for the
high- and w/J, < 10 for the low-frequency regime, for U/.J, = 10) apply to all the three sizes
N, =4,5,6, at least for the time-scales that we consider. A comprehensive study of the leading

finite-size effects in driven systems can be found in Refs. [94, 217, 231].

4.2.2 The stroboscopic time-evolution operator

In order to better understand the limitations of the effective model, here we time evolve all
relevant basis states for a single driving period 7' = 27/w and construct the stroboscopic

time-evolution operator

such that U(NT+to) = UY. In the next step, for a system size N, = 4, (L,, L,) = (4, 8) we fully
diagonalize this operator and inspect its eigenstates |n). Following the described procedure, we

obtain the long-time limit

dim (Hea(NT)) e = 3 [(n]e(t = 0))*(n] Heln) s (4.12)
where we define
(n|Heg|n) i = (n]e K 0=0) f gt K0=0)|p). (4.13)

Results for Q(t = NT) from Eq. (4.9) obtained in this way are summarized in Fig. 4.3(c),
where we make a comparison between the long-time energies for the case of hard-core bosons
(U — o0) and soft-core bosons (finite values of U). The obtained results indicate that heating

rates of hard-core bosons are closer to the case of U/J, = 1 in comparison to U/J, = 10,
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Figure 4.4: Properties of the eigenstates |n) of the stroboscopic time-evolution operator U,
Eq. (4.11), in the k, = 0, k, = 0 sector for N, = 4. Expectation values (n|Heg|n)x defined in
Bq. (4.13) for (a) U/J, = 1, w/J, = 10,20 and (b) U/J, = 10, w/J, = 10, 15,20, 50. The black
solid lines mark eigenenergies of Hog, Eq. (4.2). Note that in (b) we do not include few states
from the top of the spectrum of Hyg, Eq. (4.2), for clarity. (c) The particle-entanglement gap
A of the incoherent superposition pp, Eq. (4.14), for U/J, = 1 and U/J, = 10, N, = 4. The
lines are only guides to the eye.

which is expected from the bandwidths shown in Fig. 4.2(a). Overall we observe that the

“high-frequency regime” is wider for lower ratios U/J,.

In Fig. 4.4, we make a comparison between the exact driven model captured by Up and
H.g. In Figs. 4.4(a) and 4.4(b) we inspect the distribution of expectation values (n|H.g|n) k. By
comparing these values to the eigenenergies of the effective model, Eq. (4.2), we get an insight
into the pertinence of the effective description [94, 95]. In particular, for an interacting system
in the thermodynamic limit, the distribution is flat and the effective description is useless. We
state again that we consider only small atomic samples. For this reason, it is expected that for
high values of w the full stroboscopic description nicely matches to the effective model values.
Such an example is given in Fig. 4.4(a) for U/J, = 1 and w/J, = 20. As the value of w gets
lower the distribution becomes flatter, as can be seen in Fig. 4.4(b) for U/J, = 10 by comparing
results for w/J, = 50 and w/J, = 10.

The intermediate regime of frequencies, e. g., w/J, = 20 for U/J, = 10, is of the main
experimental relevance [88]. We now investigate whether the driven stroboscopic dynamics

supports some Laughlin-like states, by calculating the PES of the mixture
1
pr = 5 (110(0,0))(10(0,0)| + |no(0, ) (o (0, )] ) (4.14)

where |n(k,, k,)) is the state from the k,, k, sector with the lowest expectation value (n|Hog|n) .
The results are presented in Fig. 4.4(c). We find that the states with a well defined gap and
the Laughlin-like PES can be found down to w/J, > 10 for U/J, = 1, and down to w/.J, > 20
for U/J, = 10. Having established existence of these states for small samples of N, = 4 parti-
cles, in the next section we discuss dynamical protocol which can be exploited to prepare these

states.

67



Chapter 4 Bosonic fractional quantum Hall states in driven optical lattices

4.3 Slow ramp

The question about an optimal adiabatic protocol that can be used to prepare the Laughlin
state in a cold-atom setup has gained lot of attention [181, 202, 203, 211]. The situation becomes
even more complex once the full driving process is taken into account. A general wisdom is
that, by starting from a topologically trivial state, the topological index of a thermodynamically
large system cannot be changed adiabatically. We consider a small atomic sample and follow
the proposal of Ref. [211]. Our main contribution is that we extend this protocol to the case

of the driven, interacting Bose-Hubbard model.

4.3.1 Model

Following results of Ref. [211], we consider a slow ramp of the tunneling amplitude along y
direction, J,(t), as well as a slow ramp of the driving amplitude x(¢). Namely, we start from a
series of decoupled wires along the x direction and start coupling them. More precisely, initial

states are selected as the ground states of ﬁini:
. 4. Ues. .
Hyi=—J, Z (am+17nam,n +H. c. ) + 3 ann(nmn —-1). (4.15)

For the filling factors that we consider, the ground states of the H,,; are simple noninteracting
states with the ground state energy Fyin = —2J,/N,. Out of the several degenerate ground
states, we select those where atoms occupy every second wire. There are two such states and
we label them as |10, ) (even wires occupied) and [¢)_) (odd wires occupied). These states have
finite projections only onto the sectors k, = 0,k, = 0 and k, = 0, %, = 7 of the driven model
from Eq. (4.1). Therefore we may expect the two initial states [)+(t = 0)) to be transformed

into the two Laughlin states during the ramp.

Having prepared the initial state, we slowly restore the tunneling amplitude along the y
direction, J,(t), and slowly ramp up the driving amplitude x(¢). The time-evolution is governed
by

Ha(t) = —Jo > (ahrnlimn + e ) = Ty (1) 3 (4], pi1imn + H. c. )
+ R(zt) Z sin (wt — (m+mn —1/2) @) N + [2] Z N (P — 1), (4.16)

where J,,(t) = J, tanh(nt), x(t) = xtanh(nt), n being the ramping rate. In the long-time limit,

we recover the original Hamiltonian from Eq. (4.1). During the ensuing time evolution we
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Figure 4.5: (a) The expectation value E(t) defined in Eq. (4.18) and (b) the particle-
entanglement gap A(t) of p(t), Eq. (4.17), during the time evolution governed by Eq. (4.16) for
several driving frequencies w/J, = 25, 20, 15, 10. Parameters: N, =5,U/J, = 10,n/J, = 0.05.
(¢) The overlap tr (p(t)pr) of the time evolved state with the target eigenstates of Up for
w/J, = 25, 20. Parameters: N, =4,U/.J, =10,n/.J, = 0.05.

construct the mixture

1
plt) = 5 ([0 ) (O] + - () (- (1)]). (4.17)
We monitor stroboscopically the energy expectation value
E(t) = tr (p(t) Hen) (4.18)

and the PES of p(t).

4.3.2 Results

In Fig. 4.5(a) we present the energy expectation value from Eq. (4.18) for U/J, = 10 and
several driving frequencies w/J, = 25, 20, 15, 10. Our numerical results indicate that ramps
with the rates up to n/J, ~ 0.1 work reasonably well. Slower ramps give better results, but are
less practical [211]. By construction, the initial state is a noninteracting state with particles
—2N, J,.
During the ramp with the rate n/J, = 0.05, for the regime of high driving frequencies, down

delocalized along the x direction and therefore the initial energy is E(t = 0) =

to approximately w/J, = 20, we find that the energy initially decreases and reaches an almost
constant value at around t.J, ~ 20. On the other hand, for w/.J, = 15, the system slowly heats
up during the ramping process, and for w/J, = 10 the system quickly reaches the infinite-
temperature state.

One of our main results is summarized in Fig. 4.5(b), where we plot the particle-entanglement
gap of p(t), from Eq. (4.17), as a function of time. In the high-frequency regime w/J, > 20,
starting around tJ, ~ 20 we find a persistent particle-entanglement gap, marking the onset of
a topologically nontrivial state. It is even more interesting that, even for w/.J, ~ 15, the state
seems to exhibit a finite gap on intermediate time-scales. This is not the case for w/J, < 10,

where the gap quickly vanishes. In Fig. 4.5(c), we present the value of the overlap tr (p(t)pr),
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Figure 4.6: The low-lying part of the particle-entanglement spectra —In &, of p(t), Eq. (4.17),
during the time evolution governed by Eq. (4.16) in the (a) k;' = 0 and (b) k;' = 7/6 momentum
sectors. The low-lying part of the PES in the sectors (c¢) k;! = 0 and (d) k' = 7/6, at two
instances of time ¢ = 0 and t/T" = 100. Parameters: N, =6,U/J, = 5,w/J, = 15,n/J, = 0.05.

of the time-evolved mixed state with the relevant state from Eq. (4.14) for N, = 4. Clearly, the
slow ramp of the type given in Eq. (4.16) allows for the preparation of the relevant eigenstates

of Up with high fidelity (better than 1%).

In Figs. 4.6(a) and 4.6(b) we show the time evolution of the PES in the two momentum
sectors k! = 0 and k! = 7/6 for N, = 6, U/J, = 5, and n/J, = 0.05. The PES of the
initial state is easy to understand. As the L, /2 wires are occupied by single atoms, the reduced
density matrix is proportional to the identity matrix with the proportionality factor yielding
—In¢, = In (2 (L]\y,z 2)) ~ 3.69. During the ramp we find that additional modes in PES are
gaining weight and moving down in the spectrum. Finally, the state p(t) reached around
t =~ 50T exhibits a well defined gap and the correct counting of the low-lying modes: there are
ten low-lying modes for k! = 0 and nine low-lying modes for k;' = m/6; see Figs. 4.6(c) and

4.6(d) and also Table 4.1.

In Fig. 4.7 we discuss a satisfactory range of ramping rates n for a given interaction strength
U and a given driving frequency w that we fix at w/.J, = 15. The obtained numerical results
suggest that at weaker interaction strengths U/J, < 2, slower ramping rates are needed. One
way to explain this behavior is by using the effective model and arguing that the gap protecting
the Laughlin state is smaller at weaker U. On the other hand, for stronger interaction strengths
U/J, > 8 the particle-entanglement gap closes at later stages as the heating process becomes
dominant. Finally, in the intermediate range U/.J, ~ 5, faster ramps with n/J, = 0.1 lead to
the sought-after state p(t) from Eq. (4.17), with persistent features in the PES up to ¢t = 5007".

These results indicate that, when optimizing the ramping protocol in an actual experiment,
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Figure 4.7: The particle-entanglement gap A(t) as a function of time during the time evolution
governed by Eq. (4.16), for several interaction strengths (a) U/J, = 1.25 (b) U/J, = 5 and
(¢) U/J, = 10, and several ramping rates n/J, = 0.025,0.05,0.1. Other parameters: N, =
5,w/J, = 15.

there will be a tradeoff between the unfavorable heating and a faster ramping into the desired

state, as both of these processes are promoted by interactions.

4.4 Conclusions

The technique of Floquet engineering has been successfully exploited for the implementation of
synthetic magnetic fields in driven optical lattices. Following up on these achievements and on a
long-standing pursuit for the FQH states in cold-atom setups, in this Chapter we have addressed
possible realization of the bosonic Laughlin state in a small atomic sample in a periodically
driven optical lattice. While a thermodynamically large interacting system generally heats up
into an infinite-temperature state under driving, the heating process can be controlled to some
extent in a few-particle system.

We have assumed a realistic driving protocol and finite on-site interactions, and we have
identified the FQH state based on analysis of its particle-entanglement spectra. Results of our
numerical simulations show that the stroboscopic dynamics of N, = 4,5,6 particles supports
the topological v = 1/2 Laughlin state down to w/J, = 20 for U/J, = 10, and down to
w/J, =15 for U/J, = 1, for the driving amplitude x/w = 0.5. These results are in reasonable
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agreement with the recent estimates of the optimal heating times [88] that take into account
the contribution of the higher bands of the underlying optical lattice. In addition, we have
investigated slow ramping of the driving term and found that it allows for the preparation of
the Laughlin state on experimentally realistic time-scales of the order of 20 h/J,, where h/J,
is the tunneling time. Interestingly, we find that some topological features persist during an
intermediate stage even in the regime where the system exhibits a slow transition into the
infinite-temperature state (e. g., w/J, = 15 for U/J, = 10).

In the future, we plan to address the preparation scheme for the relevant correlated states in
a driven honeycomb lattice, which exhibits lower heating rates in comparison to a cubic lattice
according to the recent experiments [124, 220]. Another highly relevant question, that we have
not tackled and that we postpone to future investigation, concerns suitable experimental probes
of topological features. The recent progress in the field has led to the development of several
detection protocols specially suited for the cold-atom systems [167, 168, 232-235]. For the type
of systems considered in this Chapter, the most promising are results of the recent study [235]

showing that fractional excitations can be probed even in small systems of several bosons.
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Conclusions

The study of ultracold quantum gases is an important topic in modern physics. The pos-
sibility of using ultracold atoms to build versatile quantum simulators is especially promising.
These are highly-controllable macroscopic many-particle systems that obey the laws of quan-
tum mechanics and can be used to simulate and study other complex quantum systems, such

as those relevant for condensed-matter physics.

Quantum many-body scars have recently been introduced as new paradigm of weak ergod-
icity breaking in interacting quantum systems. This phenomenon has been first observed in
the form of persistent oscillations in the quench dynamics probed in experiments on a Rydberg
atom quantum simulator [46]. As a weak form of ergodicity breaking, many-body scars are
believed to constitute a new universality class of systems that are distinct from other types
of strong ergodicity breaking, such as in integrable models and many-body localized systems.
Currently, major efforts are under way to understand the origins of quantum many-body scars.
Similar properties have been found in other physical systems, including lattice gauge theories

and topological phases of matter.

In Chapter 2 we proposed a realization of quantum many-body scars in a one-dimensional
bosonic lattice with kinetically-constrained hopping. This model could be experimentally re-
alized in ultracold atoms under a suitable Floquet engineering scheme. An important open
question in this field was the necessity of hard kinetic constraints for the realization of scars.
The standard “PXP” model of Rydberg atoms exhibits hard kinetic constraints, while some
theoretical works on certain spin models suggested that constraints may not be necessary. Our
bosonic models with density-dependent hopping provided a way to tunably control the kinetic
constraints and study both limits on an equal footing. Using this approach we demonstrated
that scars can occur in the absence of hard kinetic constraints. Another open problem was the
relation between scars and integrability, following the observation that certain perturbations

can enhance scarring while at the same time making the system non-ergodic. From this point
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of view, our bosonic models are important because they demonstrate the presence of scars in
a robustly non-integrable regime. Finally, our work points to an experimental platform that
could realize quantum many-body scars and potentially allow new probes of this complex phe-
nomenon. To this day there is only a single experiment on a system of Rydberg atoms, in
contrast to the wealth of theoretical results. Given the large body of work on bosonic ultracold
atoms and the variety of available experimental probes, such systems are the prime candidates
for further experimental progress on many-body scars.

The effects of both strong local and long-range interactions have been studied in recent cold-
atom experiments, as they can lead to rich phase diagrams. In order to observe topological
phases of matter, the effects of magnetic field were also included in some recent experiments.
Using periodic driving, synthetic magnetic fields have been experimentally realized in cold-
atom systems, which has enabled the realization of seminal condensed-matter models such as
the Harper-Hofstedter and Haldane model in cold-atom setups. However the interplay of driving
and interactions introduces heating that may preclude the study of relevant topological states.
A possibility of finding optimized parameter regimes with slow heating rates is still open and it
was the main research topic in the second part of this thesis. These results could contribute to
implementing new, even more advanced simulations, which could reveal new quantum phases.

The recent Chern-number measurement [70] was a milestone marking a realization of a
topological band in a cold-atom setup. Motivated by the this experiment, in Chapter 3 we
investigated the response of incoherent bosons to an external force in driven optical lattices
featuring topological bands. The focus of this study was on the role of weak atomic interac-
tions. Using numerical simulations based on a classical-field method, we found that interactions
contribute to atomic transitions between different bands, thus complicating the experimental
procedure in line with expectations. However, it was also shown that the weak atomic repulsion
makes the Chern-number measurement easier in several ways. As this experimental approach
is expected to become a routine tool in the near future, a first step in the preparation of more
interesting topological phases, the so-far obtained results on the effects of weak interactions are
of relevance for the future experiments.

Nowadays, cold-atom setups provide access to both strong synthetic magnetic fields and
strong interactions. These ingredients are in principle enough to realize fractional Hall states
and address their excitations. The complexity arises when using the driving protocol in the
strongly interacting regime, due to heating. A solution for this problem would be to find
some optimal parameter regime where the system stays in the prethermalized state for long
enough time. At the moment, the possibility of finding fractional quantum Hall states in cold-
atom setups is still open and the questions about how to prepare and manipulate these states
using cold atoms prompt further theoretical studies. Our work on the stability and lifetime
of bosonic fractional quantum Hall states presented in Chapter 4 should provide guidelines in

this direction. In our study we took into account important experimental features, such as
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a realistic driving scheme and finite on-site interactions. We used the particle-entanglement
spectra in order to confirm that the state prepared in our driven model for a high enough
driving frequency is indeed a bosonic Laughlin state. By performing numerical simulations, we
identified an optimal regime of microscopic parameters for the preparation of these interesting
strongly correlated states.

There are many possibilities to further extend the research presented in this thesis. Potential
directions of future research are discussed at the ends of Chapters 2-4. It would be particularly
exciting to explore whether it is possible to realize quantum many-body scars in topologically-
nontrivial driven systems, as this would be a way to slow down the thermalization and increase

the lifetimes of interesting topological states.
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Appendix

Relative magnitude of the hopping
coefficients

Constraints are not the only factor that slows down the dynamics and leads to weakly-
entangled eigenstates in spectrum of the Hamiltonian H; (2.1) from Chapter 2. The relative
magnitude of the hopping coefficients between different configurations mapped to each other
under the action of the Hamiltonian also has important effects. In order to show this, we

introduce two additional Hamiltonians

ffla = —JZ (bTbJ+1n + TL l;;l;j_l) s (Al)

b, = _JZ(bjb]-H — Oy 0) (1= 0n,_,0)Bb; 1) - (A.2)
J

These two Hamiltonians have the same constraints as the Hamiltonian ]:11 and therefore the
same graphs as in Fig. 2.1. However, the particle number operators n; are squared in H,, and
replaced with delta functions (1 — (5%0) in i 1b- This makes the minimal and extended clusters
even less connected to the rest of the configurations in the case of H,, and more connected in
the case of Hyp.

As anticipated, the revivals become more prominent for Hi,, with fidelity peaks reaching
more than 95%, while the peaks almost disappear for ﬁlb, as illustrated in Fig. A.1(a). In
addition, the entanglement entropy quickly saturates in the case H,,, while the growth is
significantly suppressed in the case of Hi,, as can be observed in Fig. A.1(b). The distribution
of entanglement entropy across all eigenstates is also affected by the change of coefficients (not
shown). Hi, has a spectrum with many low-entropy eigenstates, while the spectrum of Hy,
is almost thermal and resembles that of H,. The probability distribution of consecutive gaps
in the energy spectrum of H,, is close to the Poisson distribution, which implies that H,, is

almost integrable. On the other hand, the distribution for ﬁlb is Wigner-Dyson, like in ﬁl.
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Appendix

Derivation of fidelity in the extended

cluster approximation

Here we derive Eq. (2.28) from Chapter 2. For system size L = 3, the Hilbert space of the

extended cluster is spanned by only four configurations:

1 0 0 0
0 1 0 0
= [300), = [210), = [120), = |111). (B.1)
0 0 1 0
0 0 0 1
The Hamiltonian reduced to this subspace is
0 2v3 0 0
. 2v3 0 2 0
Hf = — V3 : (B.2)
0 2 0 V2
0 0 V2 0
Its eigenvalues are
El = —qQ, E2 = Q, E3 _67 E4 - 67 (B 3)
and its eigenvectors
a —a —c c
b b —d —d
|1> - ) |2> = ) ’3> = ) |4> = ) (B 4)
c —c a —a
d d b b
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where a@ = /9 + /b7 = 4.06815, = /9 — /57 =~ 1.20423, a ~ 0.591050, b ~ 0.694113,
¢~ 0.388150 and d ~ 0.134933. There are no simple analytical expressions for the coefficients
a, b, c and d.

The configuration |210) evolves as

[0S(t)) = —2i(absinat + cdsin Bt) [300)
+2 (b2 cos at + d? cos ﬂt) |210)
—2i (besin at — adsin ft) [120)
+2bd ( cosat — cos ft) [111), (B.5)

which can also be generalized to larger systems
W5 (1)) = [(210)"(t)) = 2" (b cos at + d? cos Bt) " [(210)") + .. (B.6)
Finally, the fidelity evolves as
FE(t) = (W (0)|WE (1)) 2= 4"|b* cos at + d* cos Bt[*". (B.7)

The period of revivals is approximately T' ~ m/a &~ 0.772241, and the first peak height expo-

nentially decreases as

Ff_y (T) = 4™|d? cos 7;5 — 0"~ 0.887017" ms @ 01198910~y o =0.039964L, (B.8)
Egs. (B.6) and (B.7) are exact for non-translation-invariant initial states, but just an approx-
imation for the translation symmetric case. This is due to the fact that different translations
of 300, 210 and 120 no longer evolve independently in that case, as they are connected to
each other through the configuration 111. However, this approximation becomes better with
increasing the system size, as the configuration (111)" becomes further away from the initial

state (210)™ and the probability that this configuration will be reached decreases.
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Appendix

The effective model from Chapter 3

In this Appendix we derive the effective Hamiltonian Flefm (3.7) which corresponds to the

time-dependent Hamiltonian (3.3) from Chapter 3. We also show the explicit form of its

momentum-space representation ’Heml(k).

C.1 Real space

After a unitary transformation into the rotating frame 1) = e_m’%, where 1 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 [70]

; v

Ht) =71, (a}7m+1a,,m + alﬁm,lal,m) + VDt (et : S g (g — 1), (C.1)

lm lym

where
VO = k/23 imglm) — T, > (leJeralvm + &ZT—lvm&lvm)

Lym lodd,m

VEY = /23 fumg (Lm) = Ju Y (dzT+1,m&lvm t &;—lvmdl’m)
lym

leven,m

g(l,m) = cos(Im /2 — m[4)e@0=m™/2) L cos(Im /2 + 7 /4)e!mm/2=do=m/2),

The kick operator is given by

1

K()= iw

(f/(ﬂ)em . V(fl)efiwt> +0 <1> :

w?

(C.5)
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Appendix C The effective model from Chapter 3

and the effective Hamiltonian by

Heog :f[f/JrUlJ [V(“), V(*l)}
iy p
g ([0 ] v [P 7 so (B). o

If we assume that the driving frequency is high and interactions are weak, the interaction
term and almost all O ( ) terms can be neglected. After substituting Eqs. (C.1), (C.2) and
(C.3) into Eq. (C.6) we obtain:

Ae(?f) =—Jy Z (a;mﬂal,m + d;[,m—l&l,m> (C.7)
lm
éflf)— [ Zalmalm —Jo Z (al+1malm+al lmalm>’
0dd7
—Zalmalmg (Lm)—Jy > (al+1malm+al lmalm)] (C.8)
leven,m

= H, + Hy, + Hy + Hy.

We will now separately calculate each term:

I:.fl _ oK Z g*(ll, m/)

A A A A AT A
g1 Qm T Qg1 Qlims Apr oy A1 !

2w load,m,l",m’
_ “(I,m) — g*(1+1,m))al,, ,,a “(I,m) — g*(I — 1,m))a}_, .a
2% g , M g 7m) al+1,mal,m+ g ( 7m) g ( 7m) al—l,ma’l,m
lodaa,m
(C.9)
N Jok A
Hg = — g(l’, m ) [al, 1y CLZrJrl maAlm + a;_ 1., m}
2w leven,m,l’,m’
JoK A
=205 [ (gttm) = g0+ 1,m)) ey it + (900m) = 900 = 1,m))aly yinm| (C:10)
2(&) leven,m 7
N J? . . . .. . . .
Hy =—=% Z [alTJrl’mal,m + aLLmal,m, azr,H,m,al/,m/ + a;,l,m,al/,m/}

/ ’
loddvmﬂlevenvm

A A At A A A At A A A A A
Z <2al+1,mal+1,m + A3 mi+1,m + a1 m@®+1m — 2a’l,ma’lm”b = QppomAm — Ao Alm

odd7

Z ( al mdl,m + d;+2,m&l,m + &;—Q,mdl,m) (Cll)
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The effective model from Chapter 3

A /{2 R
=5 % gty (m)a]

ity @ Gt | = 0 (C.12)
IL,m,l’m’
Using trigonometric identities and
g(l,m) — gl £1,m) = + \/§<sin((2l 41— 1) /4)ei /)
+sin((20 + 1 + 1)7T/4)ei(m”/23”/4)), (C.13)

we can rewrite the sum of terms (C.9) and (C.10) in a more convenient form

JoK

Ho+Hy = NGR 3 (ei((ml)w/QTrM) &im&l_l’m n efi<(mflfl)7r/277r/4)
lym

alﬁmam?m). (C.14)

The only O (é) ([:Ié?f)) term that cannot be neglected in the parameter range that we use is
[70]

J, K* . N N N
Eyﬁ Z (a;,m-‘rlahm + a;,m—lalnyL) : (015)
lm
Finally, the effective Hamiltonian becomes
A SR i((m—l—l)ﬂ/?—ﬂ/4) t —i((m—l)ﬂ/?—ﬂ/4) t
ff,1 \/§w % I+1,m", 1-1,m",
1k At N At N
—Jy (1 - 2w2> ) (al,m-&-la’lﬂn + az,m—lal,m) (C.16)
I,m
Jir ot A aAt A At A
+ - Z( 1) 20y 1,1 + )9 G + Qg 1, G1m (C.17)
lym
with the renormalized nearest-neighbor hopping amplitudes
JoK
J =" _J C.18
x \/iw Y ( )
and )
1k
!
J = Jy(l - 2&)2), (C.19)

and a next-nearest-neighbor along e, hopping term proportional to Jg in (C.17)

C.2 Momentum space

If we choose the unit cell as in Fig. 3.1(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
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lf]eﬂm (3.6) is given by a 4 x 4 matrix

;37 . .3 . .
0 The U4 ) eTikR2 0 e T T TIRRL gy ik(Ry —R1)
i 3T . i )

> Jhe'Td —g] okR2 0 Jhe VA —gj e ikR2 0

Hegro(k) = < e , . . (C.20)
) 0 Jl "4 — g/ oikRo 0 Jl ' d — gl o—ikR2
x y x y
37 ;i
10 HikR1 5/ ik(R1 —R, 1 oTVE _ g oikR
Jle'd — gy etk(R1—R2) 0 Jhe T — g otkR2 0

where Ry and Ry are the lattice vectors Ry = (4,0) and Ry = (1,1), and k is in the first
Brillouin zone, which is given by the reciprocal lattice vectors by = (1, —1) and by = 27(0, 1).

When the %3 correction is included in the effective Hamiltonian, ﬁeﬂf,l (3.7), the unit cell is
doubled, see Fig. 3.1(b), and the first Brillouin zone is therefore halved. If we now choose the
lattice sites a = (1,0), B = (2,0), ¢ = (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 ;( 31
2J, — ST J. ; —i(2F — kR . .
-== Jle ' — & (14etkR1) gle i 1) 0 —J) etkR2 0 — gy etkR1
i 3m 22 iz J2 ; ;
R z ’ =i z ikR. / / kR
Jhe'd == Jle 1 T(1+e 1) —Jy 0 —Jye 2 0
2 ) i 22 o )
z —ikR % z K ' / ikR.
—E (1+e 1) Jhe'd - Jhe 4 0 —Jy 0 —Jye 2
(37 2 . I 2 .
. Tt CT TRRY) T —ikRyy 70 27z — 7 e ik(R1—Rg) 0 - 0
— o w C w
Heft,1 ()= / Jik(Rq —Rg) 272 , —i3E iz ikRyy ;/ —i(3F—kR1)
0 0 0 —Jge == Jle ' T (14e ) Jle i
; i 37 272 i J2 ;
/ o—ikR. / /i z ’ =i z ikR
—Jye 2 0 —Jy 0 Jye 4 -—* Jye 4 —7(1+e 1)
2 ) 2 )
i J s iz 27 i
0 —Jy e ikR2 0 -7y 2T (14 kR Jhe'd =z Jhe'd
.37 2 T 2
/ o—ikR / o—ikR 1 (5 —kR1) Tz —ikR s 273
—JyeT R 0 —JyeTteR2 0 Jle 4 =L (e Ry Jie 4 -

with the lattice vectors R; = (4,0) and Ry = (2,2). The reciprocal lattice vectors are then

b, = 7(1,—1) and by = 7(0,1).

The energy bands of ﬂeﬁ71(k) are shown in Figs. 3.2 and C.1.
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Figure C.1: Eight energy subbands of ﬁeg,l(k) for the driving frequency w = 20. Subbands
1 and 2 form the lowest band with Chern number ¢; = 1, subbands 3, 4, 5, and 6 form the
middle band with c; = —2, and subbands 7 and 8 form the highest band with c3 = 1.
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Appendix

Description of incoherent bosons

Here we explain in more details the method which we use to treat weakly interacting bosons
in Chapter 3. 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 (1.5) [69]. In contrast, weakly
interacting bosons in equilibrium form a Bose-Einstein condensate in the band minima and only

probe the local Berry curvature [167].

Yet in the experiment [70] the Chern number was successfully measured using bosonic atoms
of 8Rb. This was possible because in the process of ramping up the drive (3.4), 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 bosonic state by a statistical matrix

Nim
p(t=0) = kHl [ Np) (K, Np| (D.1)
where the states |k) = al|0) approximately correspond to the lowest-band eigenstates of Heg
and each of these N,, states is occupied by N, atoms |k, N,) = N (a})"|0).

A procedure for selecting the states |k) is described in Refs. [70, 168]. In order to probe the
Chern number of the lowest band, the states |k) should correspond closely to the lowest-band
eigenstates of H.g. At the same time, in the experiment in the initial moment the atomic cloud
is spatially localized. According to Refs. [70, 168] the optimal approach is to consider a steep

confining potential and to use the low-lying eigenstates of

N ~ ¢
Hinitial = heﬂ + <:) ) (DQ)
0
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where in our calculations h°T is either ﬁeﬂp from Eq. (3.6) or }A[efﬂl from Eq. (3.7) and the
parameters of the confining potential are set to ro = 20, { = 20.

The dynamics of the initial state (D.1) is induced by a double quench: at ¢ty = 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. (3.4), is running.

The main observables of interest are the center-of-mass position along x direction
= (S m®P), D3
Im
and the population of the ith band of the effective model

ZO{ ¢lm

lm

mi(t) = < >

|k)€i-th band

>, (D.4)

where the states |k) = 3, af,|l, m) correspond to the eigenstates of the effective model. Here,
angle brackets () denote averaging over Ngmpies Sets of initial conditions.

In the case of non-interacting particles, these and other quantities can be numerically ac-
cessed by solving the single-particle time-dependent Schrédinger equation for N, different
initial states |k). This is equivalent to sampling the initial state according to Eq. (3.8).

In the end, we give two technical remarks. First, all our calculations are done in the
rotating frame; see Eq. (C.1) in Appendix C. The staggered potential (3.2) is removed in this
way. Second, in the case when the evolution is governed by the time-dependent Hamiltonian
(3.9), the initial state is multiplied by the operator e~iK©) iy order to properly compare these
results to the ones obtained from the evolution governed by the effective Hamiltonian (3.10);

see Eq. (3.5).
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Appendix

Initial quadratic regime

In this Appendix we explain the initial quadratic behavior exhibited by several observables
in Chapter 3. 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.
0.0014 . : : S— 0.0014 . . . .
(a) I Heg 1 (b) !
0.0012 |+ ' FGR1 = = - 1 00012 | ! -
! FGR2
- I - -
0.001 | .01 | 0.001 1
~ 0.0008 | w=20 ! 4o 00008 | w=
= ! T‘
[
= 0.0006 - = 0.0006 k-
0.0004 | 0.0004 |
’f". ﬁuff._fl
0.0002 |+ 0.0002 |+ 7 FGRy = = - 7
/’ FGRa
0 = 1 1 1 1 0 - 1 1 1 1
0 1 2 4 5 0 1 2 3 4 5

3
t (ms) t (ms)

Figure E.1: 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 Heg 1, Eq. (3.7). (b) Without the correction, Heg o, Eq. (3.6).

Fermi’s golden rule predicts that the probability for transition from an initial state 1; to a
final state ¢, induced by a perturbation AH , is proportional to the square of matrix elements
(45| AH|ps)|?. In this case, the perturbation is AH = F7. If we assume that the probability
of a particle being in the initial state is always P;(t) = |1;(t)|*~ 1, Fermi’s golden rule predicts
[236]

PRSI (1) = 5 (i AR ) P2 (1)

i—f
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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 Pj4;(t) = [1;(t)]?< 1, the time-
dependent perturbation theory then predicts [236]

1 —2e 2t cos (ZEi4) 4 et
AR 7
) = A P é)z+2 , (5.2
i 1

where I' = 2%\(7,|Aﬁ]f>\2 and E; (Ey) is the energy of the initial (final) state.

We plot the numerical results and both theoretical predictions from Fermi’s golden rule
in Fig. E.1. 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 [195].
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Appendix

Effects of interactions

Here we provide further details about the effects of interactions on the dynamics of weakly
interacting incoherent bosons described in Chapter 3. In particular, we consider the evolution of
the kinetic and interaction energy, as well as the probability density distribution in momentum

space.

F.1 Energy

Time evolution of kinetic and interaction energy per particle for different interaction strengths
is plotted in Fig. F.1. Here we define the kinetic energy per particle as the expectation value

of the time-dependent Hamiltonian (C.1) divided by the total number of particles

Bunlt) = {3 Vi Huns(0005(0)). (©.1)

l7m7i7j

1 t N 2 l l,m l, t ]' N :[ '2

Both energies 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 (t). As the energy spectrum
of H(t) is symmetric around zero, the expectation value of H(t) (kinetic energy) should be zero
when all bands are equally populated. We can see this in Fig. F.1(a), where the kinetic energy
approaches zero at t ~ 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 potential %Onﬁ and after that continues to slowly decrease as the cloud
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Figure F.1: (a) Kinetic energy per particle (expectation value of the time-dependent Hamil-
tonian Fy,(t) = ]1,<Zl’m’m- ¢;‘7m(t)Hlm7ij(t)¢i,j(t)> divided by the total number of particles
N) for several different interaction strengths. (b) Interaction energy per particle Fi(t) =
}Vg< Sl (B2 (e (8)2 — 1) > U is given in units where J = 1.

slowly expands; see Fig. F.1(b).

These considerations also provide a possibility to discuss the applicability of the approxi-
mative method introduced in Section 3.3. 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 approxi-
mately 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
[174]. If present, these instabilities are signaled by an order of magnitude increase in energy on
a short time scale, that we do not find.

In addition, the two-body interaction can deplete the occupancies of initial coherent modes
[172, 184] 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 [187]. Yet, we set our parameters in such a way that these additional contributions

are small.

F.2 Momentum-space density distribution

The momentum-space probability densities at the initial moment and after 75 driving periods
(50 ms) are shown in Fig. F.2. The interactions deplete the lowest band, but also smooth out

the density distribution.
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Figure F.2: Momentum-space density distribution in all bands, 1, (k) + n2(k) + n3(k). U
is given in units where J = 1. Left: evolution using the time-dependent Hamiltonian f\{eﬁ‘J.
Right: evolution using the time-dependent Hamiltonian H(t). (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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Appendix

The effective model from Chapter 4

In this appendix we review the derivation of the model given in Eq. (4.1) from Chapter 4.

The system is described by

A

Hiaw(t) = Hpp + Have(t) + w V, (G.1)

where we start with the Bose-Hubbard model

A

Hpr == Jo > (@hspfimn + Hoc ) = Jy > (@h, prfimn + He c. )

and we introduce an offset wV:

V= > nfunn. (G.3)

m,n

This shifted Bose-Hubbard model is exposed to a suitable resonant driving scheme:

Hagive(t) = g > sin (wt — Gmn + 2) Nomny  Pmn = (M +n) @. (G.4)

We assume periodic boundary conditions compatible with the driving term (G.4) in the labo-
ratory frame. To this purpose we use vectors R; = 4e, and Ry = —e, + e, as presented in

Fig. 4.1. For simplicity, we work in the rotating frame

[rot()) = €™V [thnap (£)) (G.5)

and derive the Schrodinger equation

(A0 _ 0 ), (G.6)
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where

A

Hon(t) = (¢ By (e —wV). (G.7)

Now we calculate f[mt(t) explicitly. The only nontrivial action of this rotation on f[lab comes

from the nearest-neighbor hopping along y direction. Indeed, we have

GMV@I,L,ndm,nfe_in —_ eiwt(n_n/)&;rn,n&m’n/. (GS)
In total we obtain
. G Uee. .
Hyoi(t) = —J, Z (am+17nam7n +H. c. ) + 3 Z N (T — 1)
+ eiwtﬁl + e—iwtﬁ_l + e_iwt(Ly_l)];[Ly—l + eimt(Ly—l)f{_Ly_H7 (Gg)
with
A OBC i . A A
o = -7y (ain,nﬂam,n — 4&6’(_¢"W+2)ﬁm7n> . H_,=H], (C.10)
[A{,Ly+1 - —Jy Z &L7O&m,Ly,Ly,1, I:\[Lyfl = ]f[iLy—i—l' (Gll)

In the terms H_ L,+1 and H L,~1 we take into account periodic boundary conditions along the
direction parallel to Ry as imposed in the laboratory frame. In order to limit the complexity of
the numerical calculation, we keep translational invariance and impose the periodic boundary

conditions in both directions in the rotating frame. This implies that we will neglect “phasors”

—iwt(Ly—1 twt(Ly—1)

e ) and e Under these assumptions, we can recast Eq. (G.9) into the time-
dependent Hamiltonian given in Eq. (4.1). In practice, this would require engineering additional
non-trivial terms in the laboratory frame.

The leading order of the kick operator is given by

K(t=0)~ —% 3 co8(bmn — 6/2) . (G.12)
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1. AyTtopcTtBo. [lo3BosbaBaTte yMHOXaBake, AUCTPUOYuMjy W jaBHO caonwTaBakwe Aena, u
npepage, ako Ce HaBege MMe ayTtopa Ha HauvH ogpefeH o4 cTpaHe ayTtopa wnu pasaoua
nuueHue, Yak n 'y komepuumjanHe cepxe. OBo je HajcrniobogHuja o CBUX NNLEHLN.

2. AyTtopcTtBO - HekomepuujanHo. [lo3BorbaBate yMHOXaBake, OUCTPUbyuunjy u jaBHO
caonwTaBane gena, v npepage, ako ce HaBefe MMe ayTopa Ha HauvH ogpeheH oa cTpaHe ayTopa
unu gasaoua nuueHue. OBa nuueHua He 403BOMbaBa KomepuujanHy ynotpeby gena.

3. AyTopCcTBO — HeKoMepumjanHo — 6e3 npepapna. [lo3BorbaBarte yMHOXaBahe, ANCTpUbyLujy 1
jaBHO caonwTaBawe gerna, 6e3 npomeHa, npeobnmkoBawa nnu ynotpebe gena y cesom gerny, ako
ce HaBede MMe ayTopa Ha HauvH ogpeheH op cTpaHe ayTopa unu gasaoua nuvueHue. Osa
nvueHua He [o3BOrbaBa KoMepuujanHdy ynotpeby aena. Y ogHocy Ha cBe ocTane nuvueHLe, OBOM
NMUEHLOM Ce orpaHmnyaBa Hajeehn obum npaea kopuwhewa gena.

4. AyTOpCTBO — HeKomMmepuujariHO — AenuTu noa MUCTUM YycrnoBuma. [lo3BosbaBarte
yMHOXaBane, oucTpmnbyumjy n jaBHO caonwiTaBawe Aena, u npepaje, ako ce HaBege ume aytopa
Ha HauuMH odpefeH of cTpaHe ayTopa unu Aasaoua NUueHLe 1 ako ce npepaga auctpubyupa noa
MCTOM MnNun cnuyHoM nuueHuom. OBa nuvueHua He 403BOrbaBa KoMepuujanHy ynotpeby gena u
npepaga.

5. AytopcTtBo — 6e3 npepaaa. [lo3BorbaBaTe yMHOXaBake, ANCTpnbyuunjy 1 jaBHO caorniiTaBare
Aaena, 6e3 npomeHa, npeobnukoBara unu ynotpebe gena y cBoM geny, ako ce HaBee MMe ayTtopa
Ha HayuH ofpefeH of cTpaHe ayTopa unu pasaoua nuueHue. OBa nuvueHua [Ao3BOrbasa
KomepuujanHy ynotpeby aena.

6. AyTOpCTBO — OenuUTU Noa UCTUM ycrioBuMa. [Jo3BorbaBaTe yMHOXaBawe, ANCTPUBYLMjY U
jaBHO caonwTaBawe Aena, u npepage, ako ce HaBede MMe ayTopa Ha HauvH ogpefheH oa cTpaHe
ayTopa wnu faBaoua nuvueHLe W ako ce npepaga guctpubympa nog UCTOM WU CAUYHOM
nuueHuyom. OBa nuueHua Oo3BoSfbaBa KomepuwujanHy ynotpeby gena u npepaga. CnvyHa je
COPTBEPCKUM NMLeHLama, OAHOCHO nyueHLamMma OTBOPEHOr Koaa.
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