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Hayunom Behy
NucTuryTa 3a pusuky y beorpaay

IIpeamer:
ITokperame nocrynka 3a U380p y 3Bam-e Hay4YHH CapaJHUK
MOJIBA
Momum Hayuno Behe MncturyTa 3a ¢usuxy y Beorpajy ha mokpene mocrynak 3a moj
1300p y 3Barbe HayUHH CapajiHHK.
Y npusory gocTaB/baM:
1. Muibeme pyKoBO/HOLIA [TPOjEKTa;
2. Ctpyuny duorpadujy;
3. Ilpersies HayuHe aKTUBHOCTH;
4. EnemenTe 3a KBaJIMTaTHBHY M KBAHTUTATHBHY OLIEHY HAay4HOT JONPUHOCA Ca J0Ka3uMma
5. Cri1cak ¥ Konuje odjaB/beHUX PajjoBa 4 APYTHX My S/IHKalja;
6. [logaTtke 0 UTHUPAHOCTH;

7. YBepeme 0 0A0park-eHOj AOKTOPCKOj IUCEePTaLUjH.
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Hayuynom Behy UHcTuTyTa 32 huisuky y Beorpany

IIpeaver: Mumubeme pykoBoanona npojekra o uzdopy ap Biagumupa Besbuha y 3Bame
HAaY4YHH CapaJHHK

Hp Brnagumup Besbuh je 3anocien y Jlabopatopuju 3a npiuMeHy pauyHapa y HayLl, y OKBUPY
HarnoHamHor neHTpa u3y3eTHUX BPEJIHOCTH 3a M3yYaBame KOMIUIEKCHUX cucTeMa MHcTHTYyTa
3a (u3uKy y beorpaay u aHraxoBaH je Ha MPOjEeKTy OCHOBHUX MCTPakMBama MHHMCTApCTBA
NPOCBETe, HAayKe W TEXHOJOMKOr pa3Boja PemyOmuke CpbOuje OHI171017, nmox Ha3uBoM
"Mozienparme 1 HyMepuuKe CUMYJIAlije CIOKEHUX BUIEYeCTHYHUX (Pu3nukux cuctema”. Ha
MOMEHYTOM TPOjeKTy PaJu Ha TeMaMa U3 (U3UKe YJITPaXJIaJHUX AUMOIHUX (PEPMHUOHCKUX
racosa. C 003upoM 1a uchymaBa cBe npejaBuheHe ycioBe y ckiaay ca IlpaBuiHMKOM O
NOCTYNKY, HAYWHY BPEIHOBAKa W KBAaHTUTATUBHOM HCKa3WMBamby HAYYHOMCTPAXKMBAYKUX
pesynrtata uctpaxusaya MIIHTP, carmacan cam ca mokpeTameM MOCTyIKa 3a W300p ap
Bnagumupa Besbuha y 3Bame HayYHU capaHHK.

3a cacra komuchje 3a u360p 1p Braaumupa Besbuha y 3Batbe HayuHH capaJHUK HpeUIakKeM:

(1) ap Auryn banax, HayuHu caBeTHUK, IHCTUTYT 3a ¢usuky y beorpany,

(2) np VMBana Bacuh, Bumm HayuHu capagHuk, MHCTUTYT 3a dusuky y beorpany,

(3) mpod. ap Munan Jlammanosuh, penosuau npodpecop @uznukor pakysirera Y HUBep3UTETa
y beorpany.

PykoBoaunal npojexra

Ayt ool

Ap AHTYH banax
Hay4HU CaBETHUK



buorpadnuja Baagnmupa Bespsuha

Buragumup Bessuh poben je 30. 12. 1987. ronune y Bpycy. OcnoBny mikosy ,Josan Josa-
nosuh 3Mmaj” 3aBpmmo je y bpycy kao hak renepanuje. 'mvmuazujy ,,9. maj* y Hurny, onesbeme
crenujan3oBano 3a Gusnky, Takohe je 3aBpimno Kao hak rereparnuje. OCHOBHE CTy/IUje Ha
Yuupepsurety y Beorpay noxahao je mapasnenno na @usmakom dakysnrery Ha cmepy Teo-
pujcKa u ekcuepuMeHnTaiHa ¢pusuka y nepuosy o 2007. o 2011. rogure n na MarmuHckoM
dakynrery y nepuomy oz 2007. g0 2010. roguae. Ha @uznvukom dakyaTeTy JUILIOMHPAO je
Kao CTYJIEHT reHeparimje ca rmpocedraom orenoM 9,90, a va MarmnacKoM daKkyaTeTy je JUILIio-
MEpao ca mmpocedHom oreHom 9,97. Macrep cryamje Ha Mammuackom dakyiarery mmoxahao je
y nepuosay on 2010. mo 2012. rojmHe 1 3aBpIHO ca ITpocedHoM orieHoM 9,90, 1ok je macrtep
crymuje na Puznurom daxynrery rnoxahao y mepuosy om 2011. 1o 2012. rogune u 3aBpImo
ca mpocegnoM orieHoM 10,00.

Tokom crynuja 6opasuo je Ha jBoMecedHUM cryaeHTcKuM npakcama y [TEPH-y, Tokom
seta 2011. ropune, u y Kiapenaon jnaboparopuju na Oxcdopiay, TokoMm jeta 2012. rogune.
[Mkosacke 2008/2009 romuue Biagmvup Bessuh je 6uo crunengucra Cprickor mocJoBHOTD
kiayoa [Ipuspemnnuk, a ox 2009. mo 2012. rojgune 6uo je crunengucta PoHjga 3a MIaje Ta-
sente Penyonuke Cpbuje.

HokTropcke cryauje na @usnukom dakynrery YHauBepsurera y beorpasy ymucao je 2013.
roJinHe, OJIydyjyhu ce 3a yxKy HaydHy o0JIacT - (DU3MKa KOHJEH30BAHE MaTepuje U CTa-
TrcTHdKa dusnka. JJoKTopcKy mmceprarmjy moj HacaoBoM ,Quantum kinetic theory for
ultracold dipolar Fermi gases* (,KBanTHa KuHeTmuka Teopuja 3a yATpaxjajHe JUIOJHE
®epmu racose”) ypabeny mon menTopctBoM ap Antyna Banaxka, ogbpanuo je 4. okTobOpa
2019. romune.

Bnamgumup Bemuh je zanocien y Uncrturyry 3a ¢pusuky y Beorpajly Kao mcrpazkuBad
capaJHuK y Jlaboparopuju 3a npuMeHy padyHapa y Haylu, y okBupy HarmonasiHOr 1ieH-
Tpa M3y3eTHUX BPEIHOCTHU 3a U3ydaBarbhe KOMILIEKCHUX cucteMa. [lope/i mpojekTa ocHOBHIX
uctpaxkubamba OH171017 kojum pykoBoju jp Autyn Banaxk, ydecrByje u Ha Omiarepal-
oM tipojekty QDDB ca Hemaukom. [lo caja je nmoxahao Buiiie 1mkosa 3a JOKTOpAHTE, HIIP.
Anyon Physics of Ultracold Atomic Gases - Freie Universitdt Berlin (2013), International
Conference on Atomic Physics Summer School -The College of William and Mary (2014),
International School Probing Macrosopic Quantum Phenomena-Konigstein (2014), Cold-
Atoms PreDoc School Exploring new quantum gases - Les Houches (2015), Okinawa School
in Physics: Coherent Quantum Dynamics - Okinawa (2015).

Y roky mkosicke 2012/13. ropune, kao u Tokom 2015/16 u 2016/17. roaune, yuecTByje
y pajry JlpkaBHe KoMucHje 3a TaKMUYCHa YICHUKa CPEIIbUX TTKOJIa U3 (PU3NKE Kao ayTop
3ajlaTaka HAa CBUM HUBOMMa TakKMHUYerma, a oj 2017. rogune jeman je o opranmsaropa Typ-
HUpa MJIInX usmdapa, HOBOr popMaTa CpeIbOIIKOICKOT TakMudeha y Cpbuju. Buo je
Boha tuma Cpbuje na MHTepannuuaanoMm TypHUDPY MIaaux dusudapa jaBa myrta, y Cunra-
nypy y jyay 2017. rogune, n y Kunn y jyny 2018. rogune, Kao U CTPYYHU Cy/Hja Ha TOM
MIPECTUKHOM TaKMu4ery oipxkanoMm y Bapmasu 2019. rogune.

Ho cana, Braguvmup Bessuh uma 20 caomimrema ca Mel)yHApOIHUX CKYIIOBa MITAMIAHUX
y U3BOJy U 3 pajia objaB/beHa y Meh)yHAPOIHUM YACOITHCHMA.



Kparak nperJsies HaydyHe aKTUBHOCTH

Baaanvupa Bessuha

Buiagumup Bespuh je 3amoueo cBoj mcrpazkuaduku paj 2013. rognne na MucTuTyTy 33
dusuky Beorpaj y Jlaboparopuju 3a npuMeHy padyHapa y HayI, 0] MEHTOPCTBOM JIp
Anryna Basaxka. Y cBoM HaydHOM paJiy 6aBU ce TeMaMa BE3aHUM 3a YITpa XJia/He KBaHTHEe
racoBe ca JUIIOJTHOM WHTEPAKITNjOM.

N3 Teopujckor, 0JIHOCHO aHAJUTHYKOr U HYMEPHIKOr yIJia, OCOOMHE YITPax/IaHuX JU-
nosianx Pepmu racoBa MOry Jla ce MpoydaBajy KOPUCTEhW HEKOJIMKO MPUCTYIIA, O KOjUX
cBaku uMa ojipehenu O6poj mpegHOCTH M MaHa. Y CBOM HaydHOM pajy Biamuvmup passuja
U YOIIITaBa KBAaHTHY KMHETHYKY Teopujy (ogHocHo nocrojehu Bosvan-Biacos dopmartu-
3aM), 32 KOjy je paHHje MOKa3aHO Ja YCIIEIIHO OIKCYje OCHOBHE KaPAKTEPUCTUKE DeasTHe
quHaMuke PepMmu racoBa ca jakoM JTUIOJTHOM wHTepakimjoM. [lopes Tora, oBaj npuctyn je
YCIIEITHO KOopHITheH 3a Teopujcku onuc jedpopmaimje PepMu MOBPINH KOja je eKCIiepuMeH-
TaJTHO U3Mepena 3a dhepmuoncku rac. OBa Teopuja 6uiia je pa3BujeHa u MOIJIa Jia ¢e IIPUMeHH
caMo y y cJIydajy Kajia Cy JUIIOJIM OPUjeHTUCAHU JIY2K jeJIHe OJ1 0ca 3aMKe U TO Y JiBa IoceOHa,
rpaHnuvHa CyJapHa peKuMa: y PeKUMy KaJjia cy cyjiapu usMehy aroma 3aneMap/bUBU U KaJla
ce CHCTeM HaJIa3W y XUJAPOJNHAMIYIKOM PEKUMYy, y KOjeM Cy cyJapu JOMUHAHTHU. Biraan-
Mup Bespuh je Ty mocrojehy Teopujy TOKOM CBOT JOCA IAINHEr HAY YHO-UCTPAYKUBAYKOT Pajia
MPOIIUPUO Y BUIIE PA3JIMIUTUX [IPABAIA.

Y upBoj dhasum ucrpazkuama Biragumup Bessuh je nmpomumpuo nocrojehy Teopujy npu-
Merbyjynu anpoKCuMallfjy pejaKCaMoHOr BpeMeHa Koja oMoryhaBa Jia ce CHCTEM OITHIIe
y Pa3IMYUTUM CYJapHUM DEKUMEMa, OJHOCHO Y CBUM peXKMMHMa m3Mel)y /1Ba mpeTxo/iHO
[IOMEHYTa I'PaHUYHA ciydaja. Takobhe, pejakcanoHo BpeMe je MOJIeJIMPAHO Ha caMoycaria-
IIICH HAYUH, 32 PA3JIUKY O/l IIPETXO/IHUX PaJoBa IJe je OHO TPETUPAHO KA0 (heHOMEHOJIOIIKH
napamerap. Baxkno je ucrahu 1a je nopeherme Teopujckux npeisuhama ca MepemuMa 6a3u-
panunM Ha BpeMeny Jieta (time-of-flight) omoryhasa nposepy taksor mojena. Pesyararu cy
PEJICTAB/LEHN Y DALy

e V. Veljié, A. Balaz, and A. Pelster, Time-of-flight expansion of trapped dipolar Fermi
gases: From the collisionless to the hydrodynamic regime, Phys. Rev. A 95, 053635
(2017)

VY ekcriepuMeHTy ca epOujymMoBuM aroMmuMa je npuMeheno ja jieopmarja Pepmvu cde-
pe mpaTu NpPOMEHY TpaBIla CIOJHAIbel MarHeTHO IoJba, ojHocHO Ja ce Mepmu cdepa
YBEK HM3/Iy2Kyje Yy IpaBIly aTOMCKUX JIUIIOJHAX MOMEHATa, KOjU Ce OPUJEHTHIIY Yy ITPaBILY
CIIOJBAIIIIHLET MAarHeTHOT ToJba. Y JIpyroj has3m mcrpaKkKmpBarba, ca aHAJMUTUYKE CTpPaHe, pa-
HUje pa3BHjeHa KBAaHTHA KWMHETUYKa TEOPHja je YOIIIITEeHA TaKOo Jla MOYKe Jia OITHIIe OUJIO
KOjy T€OMEeTPHjy CHUCTEMa, OJHOCHO NPOU3BOJ/bHY OPHUjEHTAIH]Y JUIOJA, ITO je TOoCeOHO O
3HaYaja 3a MHTEPIpeTaInjy eKClepuMeHTaJIHnX pedysaTara. [lomasna Tadka oBor padyHa je
obsmuk Burnepose dyHKIIje KOjOM ce CUCTEM ONHCYje y IVI0DATHO] PABHOTEXKU, JIOK je Tac



3apobsben y 3amiu. C o03upoM Ha TO Jia je Teopuja pa3BHjeHa 3a Y/ATpaxJajHe KBAHTHE
racoe (1" = 0 K), npernocraska je na ce Burueposa dbyHkImja Moxe 100po ommcatn Xe-
BHCAj/IOBOM cTell (DYHKITNjOM, KOja 3a apryMeHT UMa 301D €JTUICOUIA Yy PEATHOM ITPOCTOPY
U eJIMIICOUJIa Y MOMEHTHOM IIPOCTOPY, IPU YeMy TIJIaBHA OCa OBOI' €JIMIICOUJIa MUMa ITPABAIL
qutiosia. PasBoj oBor HOBOT IMpHCTyIa oMoryhasa Jia ce NpoydaBajy edeKkTH IPOU3BOJHHE
OpHUjeHTallnje JIUI0JIa Ha CBOjCTBA OCHOBHOI cTamba cucrema. OJ1 moceOHOr 3HAYAja je pesyJI-
TaT YHUBEP3AJIHOCTH CTAOMIHOCTH 3apO0J/beHUX JUIOJIHUX (PEePMHUOHA, 38 KOjy je IOKa3aHO
Jla, 3aBUCU caMO OJT OjTHOCa (ppEeKBEHIINja 3aMKe U opujeHTaryje aumosa. lambe, ys3umajyhu y
003Up TeOMETPHUjy CUCTeMa, TOKa3aHo je Jia ce eaurcouana gedpopmarnja PII moxke pekon-
CTPYHCATH U3 €KCIIEPUMEHTATHO MEPJ/HUBOT OJIHOCA ACUMTPUIHOCTH ObOJIaKa raca y PeaHOM
[IPOCTOPY, y3 IPETIOCTaBKY dajimcTuike ekcrian3uje. 1o je omoryhusio mopeheme gooujernx
TEOPUjCKUX pe3y/ITaTa ca eKCIePUMEHTATHUM ITOJIAIIIMa KOjU Cy M3MEPEHU 32 PA3/IMIUTe Ia-
paMeTpe 3aMKe W OpUjeHTallfje JUIojIa y aTOMCKOM racy epbujyma. [IlTasurme, 3a cucreme
ca jOI jauuM JIUTIOJTHEM MOMEHTOM, TeopHuja mpejBuha jgojaTnn HeodeKuBanu edexat: PII
HE caMo Ja PUTHJIHO IIPaTU OpHUjeHTAIU]jy IUIoja, Beh Mema 1 ¢BOjy 3allpeMUuHy U JIyKIHE
oca eJINICOUJIA Y 3aBUCHOCTU O] OpPHjeHTallije JIUIO0JIa Y OJHOCY Ha NeOMeTPHUjy 3aMKe, Kao
U caMe aHU30TpoIuje 3aMKe. Pe3ysitaru cy mpeJicTaB/beHn y pajloBuMa

e V. Veljié, A. R. P. Lima, S. Baier, M. J. Mark, L. Chomaz, F. Ferlaino, A. Pelster,
and A. Balaz, Ground state of an wultracold Fermi gas of tilted dipoles in elongated
traps, New J. Phys. 20, 093016 (2018)

e V. Velji¢, A. Balaz, and A. Pelster, Stability of quantum degenerate Fermi gases of
tilted polar molecules, Phys. Rev. Research 1, 012009(R) (2019)



EjleMeHTH 32 KBAJMTATUBHY OlleHY HAYYHOT JONPUHOCA

1. KBajiureT Hay4YHHMX pe3yJiTara
1.1 3nauaj nayunux pezyimama

Kanmunar ap Bragumup Bessuh yonmTHo je KBaHTHY KMHETUYKY T€OpHjy (OJHOCHO mocTojehu
Bbonmman-BnacoB ¢opmanmzam), 3a KOjy je paHHje TOKa3aHO Jia YCIICNIHO OIKMCyje OCHOBHE
KapakTepucTuke peanHe nuHamuke depmu racoBa ca aumosHoM HHTepakuujoM. ITopen tora, oBaj
NPUCTYN j€ YCHemHo KkopuliheH 3a Teopujcku onuc aepopmanuje DepMu MOBpIIM Koja je
eKCTIIepUMEHTAIHO U3MepeHa 3a pepmuoHcku rac. OBa Teopuja Ounia je pa3BujeHa U Moria je aa Oynae
NpUMEHEHA CaMo y y CIIydajy Kaja Cy TUIONN OPHjEHTHCAHU Iy jeHE O 0ca 3aMKe W TO Yy JiBa
noceOHa rpaHUYHA CyJapHa peXXUMa: y pexuMy Kaja cy cyaapu usmely aroma 3aHeMapJbUBH U Kajia ce
CHCTEM HaJla3W y XUAPOAMHAMUYKOM PEXHUMY, Y KOjeM cy cymapu nomuHaHTHHU. [p Bragnmup Bessuh
je Ty mocrojehy Teopujy yomImTHO NpuMemYjyhu ampokcuMalyjy peiakcallmoOHOT BpeMeHa Koja
oMoryhaBa 5a ce cuCTeM OIUIIE Y Pa3IMYUTHM CYJapHUM PEKHUMHMA, OMHOCHO y CBUM PEKUMHMA
u3Mel)y /1Ba MpeTxoaHO MOMEHYyTa rpaHuyHa ciiy4daja. Takole, penakcalioHO BpeMe je MOAETHpPaHO Ha
camoycaranieH HauylH, 3a Pa3JIuKy O/l IPETXOAHUX PaJIoBa TJe jeé OHO TPETHPAHO Kao (PeHOMEHOIIOIIKA
napamerap. Y Jpyroj ¢a3su HUCTpaXuBama, Cca aHAJUTUYKE CTpaHe, paHHje pa3BUjeHy KBaHTHY
KUHETUYKY T€OpU]y KaHIUAAT j€ YOIIITHO TaKo Ja MOXKE Ja OmuIle OWiIo KOjy TeOMEeTpHjy cucrema,
OJTHOCHO MPOU3BOJbHY OpHjeHTanujy aumnona. Ox moceOHOr 3Hayaja je pe3yaTaT YHUBEP3aJHOCTHU
CTa0MITHOCTH 3ap0o0JheHUX IUNOMHUX (pepMHOHA, 32 KOJy je TMOKa3aHO Ja 3aBHUCH CaMO Off OHOCA
(bpekBeHIrja 3aMKe U OpHjeHTalllje AUIO0NA, IITO je BeoMa Ba)KHO 3a JM3ajH HOBHX EKCIIepHUMEHaTa XK,
QJIM ¥ 32 MHTEPIIPETAIN]y eKCTIEPIMEHTAITHAX PEe3yIITaTa.

1.2 I[lapamempu keanumema yaconuca

Kanaunar np Bragumup Bessuh je 06jaBuo ykymHO Tpu paga y MehyHapogHuM yacomucuma u
TO:
* 1 pan y BpxyHckoM MehyHapogHom uacomucy Physical Review A (IF2016=2,925,
SNIP2015=1,06),
* 1 pax y BpxyHckoM MehyHapomnom dvacomucy New Journal of Physics (IF2016=3,789,
SNIP2016=1,21),
* 1 pax y HoBoopMmupaHoM MelyHapoHOM yaconucy Physical Review Research

bubnmomerpujcku mokaszaresbu Cy CyMUpaHu y HapeaHo] Tabemnu.

IF M SNIP
YkynHo 6,682 16 2,15
VYepenmweHo o ujaaHkKy 3,357 8 1,135
VYepenmweHno o aytopy 1,449 3,667 0,505




1.3 Ilo3umuena yumupanocm HaAy4Hux paoosa

[Ipema nogaruma u3 6aze Web of Knowledge, panosu np Bragumupa Bessuha mutupann
Cy YKYyIHO 5 myTa, of 4yera 4 myTta uzy3umajyhu aytorurare. XupiioB HHIEKC je 1.

1.4 Mehynapoona capaora

Mehynaponue aktuBHOCTH ap Brnagumupa Bersuha oOyxBarajy:
* yuemhe Ha OunarepamuuMm mpoejktuma CpoOuje m Hemauke, (QDDB, IBEC, BEC-L) y

nepuony oxa 2013. o 2019. ronune,
* yuemhe Ha GuarepaniHoM npojexty Cpouje u Aycrpuje DUDFG y nepuoay ox 2016. 1o
2018. ronune

2. Hopmupame Opoja KkoayTOPCKHUX PajioBa, MATEHATA U TEXHUYHUX pellemha

OkocHHIIa CBUX pajioBa KaHAMJIAaTa j€ pa3BOj TEOPUJCKUX MOJeNIa M UHTEpIIpeTaIija pe3yirara
HyYMEpHUYKHUX npopadyHa. Mimajyhu y Buny na 2 o6jaBibeHa paja KaHIuaTa UMajy 2 KoayTopa, OHU ce
padyHajy ca IyHOM TeXXHHOM, JI0K ce 1 00jaBbeH paj ca 8 koayTopa padyHa ca TexuHom 1/1,2.

3. Yuemhe y npojekTrMa, NOTHPOjeKTUMA U NMPOjeKTHUM 3aJallHMa

Kannguaar je ygaectBoBao Ha cienehum mpojekTuma:

* mpojekar MUHHCTapCTBa MPOCBETE, HAYKE M TEXHOJIOUIKOT pa3Boja Pemybnuke CpOuje
OH171017 “Monenupame 1 HyMepUUKe CUMYJIAIHje CIOKEHUX BUILICUECTHUYHUX cUcTeMa’
(roBembOap 2012-),

Kanguaar je unan LleHTpa u3y3eTHUX BPEJHOCTH 33 U3y4aBame KOMIJIEKCHUX CUCTEMa, TTIE je
aHTa)XOBaH Ha MOTNPOjeKTy JIMHaMUKa yATpaxJIaJHuX aToMa, KOjuM pykoBoau jap MBana

Bacuh.

4. AKTHBHOCT y HAQYYHUM H HAYYHO-CTPYYHHUM JPYLITBHMA

4.1 Peyensuje nayunux paoosa

Kanmgunaar je 6uo pernieH3eHT jenHor pana y yaconucy Physical Review Letters.

4.2 Opeanuzayuja Hay4yHux cKynoea

Hp Bmamumup Bespuh Owo je wian opranusanwoHor onbopa koHdepenmmje “The 19th

Symposium on Condensed Matter Physics”, koja je oapxkana 2015. rommue y beorpany, kao u
koH(pepenmuje “VI International School and Conference on Photonics” koja je ogpkana 2017. ronune

y beorpany.
4.3 I[leoazouku pao

VY toky mkoncke 2012/13. roqune, kao u TokoMm 2015/16 u 2016/17. rogune, y4ecTByje Y pamgy



JpxaBHe KOMHUCH]€ 32 TAKMHUYEHA YUCHUKA CPEIbUX LIKOJA U3 (HU3MKE Kao ayTop 3aJaTaka Ha CBUM
HUBOMMA TaKMUYeHa, a o1 2017. roguHe jenad je ox opranuzaropa TypHHUpa miiaaux Gusndapa, HOBOT
¢dopmara cpeamoIKoiIckor TakMuuewa y Cpouju. buo je Boha tuma CpOuje Ha MHTEepaHUUHATHOM
TypHUpY Milagux ¢usuuapa asa myrta, y Cunramypy y jyay 2017. ronune, u y Kunu y jymy 2018.
TOJIMHE, Ka0 U CTPYYHH Cy/IHja Ha TOM NMPECTHKHOM TaKMHUUemy ofpxaHoM y Bapriasu 2019. ronune.

5. YTunaj HayuyHux pesyJitara

VYTunaj HaydyHuX pesyiTara KaHIuaara ce oriesia y Opojy uuTaTa Koju cy HaBe/IeH! y TaukH 1.
OBOT IIPUJIOTa, KA0 U Y IPUWIOTY O LIUTUPAHOCTH. 3Hauaj pe3yirara KaHuaaTa je Takohe onucan y
Ta4yku 1.

6. KoHkpeTaH J0npUHOC KAHAWAATA Y peaju3aluji paoBa y HAyYHUM LEHTPpUMA y
3eMJ/bU U HHOCTPAHCTBY

Kanmumar je cBe cBOje MCTpaKMBAaYKe AKTUBHOCTU peasm3oBao y MHcTUTHTY 3a QU3MKY Yy
beorpany. Kanaunar je 1ao kJby4HH TOMPUHOC Y CBUM 00jaBJbEHUM paloBUMa M y CBUM PaJOBHMa je
npBU ayTop. Hberos mompuHOC ce oriena y u3paad NOTPEOHUX HYMEPHUKHX CHUMYJaldja, 100ujamy,
WHTEpIIPETAMj ¥ TPE3CHTAMjH HYMEPHUYKHX pe3yiTara, MUcamy pajoBa M KOMYHUKALHJH ca
YpEIHUIIUMA U PEICH3EHTHMA YacOITUCa.



EnxemenTn 3a KBAHTUTATHBHY OIICHY HAYYHOI' JOTIPUHOCA

OcTBapenu M-0010BM 110 KaTeropujama nmyoJuKanmja

Kareropuja M-6010Ba no Bpoj Ykynno M-6o10Ba
nyoIMKanuju nyoMKanmja (HOpMuPpaHo)
M21 8 2 16 (14.67)
M34 0.5 20 10 (9.92)
M70 6 1 6 (6)

IHopeheme ocTBapenor 6poja M-0010Ba ca MUHMMAJIHMM YCJIOBHMA MOTPeOHUM 32 M300p
y 3Bame HayYHOI CapajHuKa

ITorpedno OcTtBapeno

(HopMupaHo)
Ykynno 16 32 (30.59)
M10+M20+M31+M32+M33+M41+M42 10 16 (14.67)
M11+M12+M21+M22+M23 6 16 (14.67)
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Ha ocHoBy YnaHa 29 3akoHa 0 onwTem ynpaBHOM nocTynky («Cayx6eHun rnacHuk
PC» 6poj 18/2016 1 95/2018), 1 unaHa 149 CraTyTa YHusep3uteta y beorpagy - ®usuykor
¢akynTera, no 3axtesy BIAOUMMUPA BE/bURA, mactep ¢u3nuapa, usgaje ce cnegehe

YBEPEHWE

BNAOUMMUP BE/bUFR, mactep dusmnyap, gana 4. OKTO6pa 2019. roguHe, oa6paHuo
j€e IOKTOPCKy AucepTaumjy nos Hasusom

»QUANTUM KINETIC THEORY FOR ULTRACOLD DIPOLAR FERMI GASES*
(KBaHTHa kuHeTWuKa Teopuja 3a ynTpaxnagHe aunonte Gepmu racose)

npes Komucujom YHusepsuteta y beorpagy - ®usnukor dakyntera, u Tume MCNYHWUO cBe
ycnose 3a npomoumjy y JOKTOPA HAYKA — ®U3IUNYKE HAYKE.

YBeperbe ce M3jiaje Ha IMYHM 3aXTeB, a CIYXKN Pajy peryucarba npasa u3 pagHor
0AHOCa U Baxu A0 NpoMoLyje, OAHOCHO AobBujarba LOKTOPCKe AUNNOMe.

YBepeme je ocnoboheHo nnaharba Takce.
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AYTOPCKHU YI'OBOP

3ak/byueH usmely:

JPYIHITBA ®U3NYAPA CPBMJE, [apa dymana 13, ITMBb 107450409, kora 3acTymna
nipefcesHuK Jpymrea npod. [p WBan [dojurHoBuh (y farbeM TeKCTy: Hapyuusal 1oc/a) C jefHe
CTpaHe

u

BJIAJUMUPA BE/BURA, 3anocsieHor Ha MHcTUTyTy 3a hrsuky, JIMBI' _ , ca
craHoM y beorpagy, _, omuTtuHa HoBu beorpaz (y famem Tekcry:
V3BpILIMJIAL] 110CJIa), Ca Apyre CTpaHe.

YTOBOpEeHe CTpaHe Cy Ce carjacusie aa:

I
WM3Bpiuuary nocsia npeysme odasese:

- CacraB/bame 33/laTaka 3a OMIITUHCKO TaKMUUere U3 (Pr3rKe YUeHUKa CpebUX IIKOJIa

- CacraB/bame 3a/jaTaka 3a perMOHa/IHO TaKMUYeHe U3 (PU3UKe YUeHUKa CpeilbUX LIKO0JIa

- CacraB/mame U Iper/iefjame 3a/laTaka Ha Penmyd/IMukoM TakMUueme 13 (U3MKe yueHUKa
CpejmbuX LIKOoJIa

- CacraBbame U nperJesiame 3aaTaka Ha Cprickoj ¢U3MUKOj OJMMITHjaju YUeHUKa Cpe/ilbrX
1IKOJIa

II

Hapyuwunar nocna ce odaBe3syje /ia U3BPIIMOLy 110C/IA y CKJIaJy Ca CTeIeHOM rOTOBOCTH, peanv3aliyje
TJIaHUPAHUX aKTUBHOCTH, OJJHOCHO BPEMEHOM aHTra)kKOBaka Ha HbMXO0BOj peanun3alyjy, UCIIJIaTH 3apaie
3a M3BpILIeH 110Cao 13 Tauke | oBOr yroBopa v To HETO _ [un. Vcninata he ce u3BpLumTH ca
cpefcraBa [pyiuTBa ¢usnuapa Cpduje Ha pauyH

|
I :<oji: rpiria/ja M3BPLLIMOLLY TTOCTA.

11
Y cnyuajy criopa 1o oBom YroBopy npezBuljeHa je HagyexxHocT cyja y beorpagy.
v
Ogaj yroBop je cauriheH y 3 (Tpy) UCTOBeTHa MpUMepKa, 0J KOjuUX Ce je/laH Hajla3u Ko/l W3BPIIMOL[a
T0CJIa, a /jBa KOJ, Hapy4MoLia rocsa
Beorpag, 9.12.2016.
MN3BPIHINJIALL ITOCJTA HAPYUWJIALL ITOCJTA

[Tpod. ap Vian [ojunHoBuA,
[Mpencennuk dpymtBa dusuuapa Cpouje
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3ak/byueH usmelyy:
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[MNBb 106669090, xora 3actyma mipefceAnuiia /lpyiitBa AsekcaHzpa Asopuh (y [Ja/beéM TeKCTy:
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u

BJIAﬂI/IMI/IPA BE/BITRA, 3anocineHor Ha WHctutyTy 3a ¢usuky y beorpagy, -

, ca craHoM y beorpaay, ymuua OmnaguHckux opuraga 26/17, omutuHa HoBu
Bbeorpap (y fa/pem TeKCTy: M3BpLIMIaL] 1I0C/1a), ca Apyre CTpaHe.

YroBopeHe cTpaHe Cy ce carJjiacuse ja:
I
W3Bpiuunar) noca npeysme odapese:
- Pap Ha ynpaB/pamy npojektoM TypHUp Maaiux ¢pusryapa
- OcwmulubaBawe, OpraHusalyja M KOOpJAWHALMja aKTUBHOCTU Yy OKBUPY Iiporpama TypHuUp
MIaaux pusnuapa
- Yuemthe y cTpyyHOM XUpHjy Ha PUHATHOM TakMuuery TypHHpa miaZiux du3nuapa
- EBanyauuja npeseHTanuja TuiMoBa Ha PrHAMHOM TakMudewy TypHUpa Miagux (pusuuapa
- Cenekiuja Hajbo/bux yueHHKa 3a TUM Cpduje
- CacraBpamwe CMepHHULIA 3a [la/bU UCTPAXXKUBAUYKW paj] y TOKY IpuripemMa 3a VHTepHalMoHa Hu
TYPHUD MJIafiux dhr3nyapa
- Pa3Boj ekcrnepuMeHTasHe amnapatype U MeTOZd 3a UCTPaKMBAuKW pafi y TOKY MpUIipeMa 3a
VHTepHaI[MOHATHU TYPHUP MIa[iuX (hrsnuapa
- MeHTOpPCTBO y4YeHMUKMX WCTPOKMBAUYKUX DPaJloBa y TOKy Ipurpema 3a VHTepHalMOHa/HU
TYPHUD MJafinx dhr3nKapa
II

Hapyuunary nocsia ce odaBe3yje /ja M3BPIIMOLYY 10C/Ia y CK/IaJy Ca CTelleHOM FOTOBOCTH, peanv3aljyje
TJIaHUPaHUX aKTHBHOCTH, OJJHOCHO BPeMeHOM aHra)kKOBakha Ha HbUXO0BOj peanu3alivjy, UCIJIaTH 3apajfie
3a M3BpIIIeH 10Ccao 13 Tauke I oBOr yroBopa u TO HETO H (OIHOCHO, SpYTO TVH).

Vcnnara he ce u3BpmuTy ca cpeficraBa iiiiUJTBa 3a HiOMOL]I/Iir Y TIOMyJIapu3aliljy HayKe Ha pauyH
>

I :<oji: npiria/ja M3BPLLIMOLLY TTOCTA.

111

Y ciyudajy criopa 1o oBoM YTOBOPY npeBuljeHa je Ha/IeXkKHOCT cyza y beorpany.
v

Ogaj yroBop je cauumeH y 3 (TpM) UCTOBETHa MpPUMepKa, O] KOjUX ce jefjaH Hasja3u KO/ W3BpIIMOLa
T0CJIa, a /jBa KOJ, Hapy4MolLia 1ocsa

beorpaz, 24.09.2018.

N3BPILIWJIALL TTOCJTA HAPYUMJIALL TTOCJTA
Anexkcanzpa Asopuh,
[Tpencenuuiia [IpyiiTBa 3a MPOMOLIUjY U
TI0Ty/1apy3aLyjy HaykKe
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Stability of quantum degenerate Fermi gases of tilted polar molecules
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A recent experimental realization of a quantum degenerate gas of “°K ’Rb molecules opens up prospects

of exploring strong dipolar Fermi gases and many-body phenomena arising in that regime. Here, we derive a
mean-field variational approach based on the Wigner function for the description of the ground-state properties
of such systems. We show that the stability of dipolar fermions in a general harmonic trap is universal as it only
depends on the trap aspect ratios and the dipoles’ orientation. We calculate the species-independent stability

diagram and the deformation of the Fermi surface (FS) for polarized molecules, whose electric dipoles are
oriented along a preferential direction. Compared to atomic magnetic species, the stability of a molecular electric
system turns out to strongly depend on its geometry and the FS deformation significantly increases.

DOI: 10.1103/PhysRevResearch.1.012009

The Fermi surface (FS) is one of the fundamental pillars of
modern condensed matter physics [1]. It represents the surface
in reciprocal space, which separates occupied from unoc-
cupied fermionic states at zero temperature, and is a direct
consequence of the Pauli exclusion principle. For instance,
interacting electrons in a normal metal can be described
within the Landau Fermi-liquid theory [2] as noninteracting
fermionic quasiparticles with an effective mass, whose ground
state forms such a FS. Due to the isotropy of the Coulomb re-
pulsion between electrons in a uniform space, the FS turns out
to be a sphere, whose radius is given by the Fermi momentum.
The concept of the FS is crucial for understanding transport
processes in metals [3] and the Cooper pairing in supercon-
ductors [4,5]. However, in the case of complex interactions
the FS can get modified. For example, in strongly correlated
electron systems the Fermi-liquid picture breaks down, giving
rise to a spontaneous breaking of rotational invariance, which
manifests itself in a deformation of the FS [6].

Studying Fermi surfaces has now also become accessible
within the realm of ultracold quantum gases [7-11] due to
their high degree of tunability. In Fermi gases consisting of
atoms or molecules with a permanent or induced magnetic or
electric dipole moment the anisotropic and long-range dipole-
dipole interaction (DDI) competes with the large kinetic en-
ergy close to the FS [12]. As a consequence, many theoretical
papers predicted an anisotropic version of the Landau Fermi-
liquid theory [13-15], which involves a deformation of the
Fermi sphere [16-21]. A recent experiment [22,23] measured
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that for a fermionic gas of magnetic dipolar erbium atoms an
ellipsoidal deformation of the Fermi sphere occurs, which is
of the order of 2%. This is expected to lead to novel many-
body phenomena, in particular, in connection with fermionic
superfluidity [24-29]. In a polarized one-component Fermi
gas an intriguing interplay between an anisotropic order
parameter with odd partial waves and the FS deformation
enhances superfluid pairing via modifying the density of states
[26]. In contrast to that, the more conventional type of Cooper
pairing is predicted in a two-component dipolar Fermi gas,
where the usual BCS theory together with the deformed FS
leads to both spin-singlet even partial wave or spin-triplet odd
partial wave Cooper pairs [27]. And it is suggested to obtain
and observe a topological p-wave superfluid of microwave-
dressed polar fermionic molecules in two-dimensional (2D)
lattices at temperatures of the order of tens of nK [30].

Since the first experimental realization of a quantum de-
generate dipolar Fermi gas of ''Dy in 2012 [31], several
more fermionic species, such as 167Er [32] and >3Cr [33],
were successfully cooled down to quantum degeneracy, which
enabled studies of the effects of weak- to medium-range DDI
strength. However, the study of the strongly dipolar regime
is still in its infancy, and awaits experimental availability
of ultracold heteronuclear polar molecules with large dipole
moments. In the last decade, significant efforts to produce
chemically stable cold polar molecules [34,35] were based on
photoassociation or the stimulated Raman adiabatic passage
(STIRAP) [36]. As a result, samples of fermionic “’K 8’Rb
[37], ®Na*K [38-41], #*Na°Li [42], and bosonic "Li '**Cs
[43,44], ¥Rb 'Cs [45,46], and **Na *Rb [47] were obtained
in deeply bound molecular states. However, the quantum de-
generacy was still not reached. Only very recently a quantum
degenerate dipolar Fermi gas of “°K #’Rb has been realized at
JILA [48]. This experimental protocol enabled the production
of tens of thousands of unpolarized molecules at a temperature
as low as 50 nK, which are well described by the Fermi-Dirac

Published by the American Physical Society
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distribution. However, the molecules’ dipoles can be straight-
forwardly polarized in a preferential direction by an external
electric field [48], such that the DDI dominates the behavior
of the system. This would be a long-awaited significant step
forward, which would open up the realm for experimentally
investigating strong dipolar Fermi gases.

The stability of quantum degenerate dipolar Fermi gases
against mechanical collapse is defined by the positivity of the
compressibility due to the Pomeranchuk criterion, which is a
special case of the well-known criterion of thermodynamic
stability [2,49]. It was previously considered in harmonic
traps, where the dipoles are oriented along one of the trap
axes [16-21], as well as in homogeneous systems [50]. Here,
we study the ground-state stability of ultracold Fermi gases
with tilted dipoles in triaxial harmonic traps and reveal a
universal behavior of the critical DDI strength. In particular,
we investigate the stability of a polarized *°’K 8’Rb gas in an
experimentally realistic parameter regime and calculate criti-
cal values of the electric dipole moment and the corresponding
FS deformation. Note that, in contrast to nondipolar systems,
the three-body recombination of dipolar atoms presumably
does not play an important role in determining the stability
of the system in the parameter range of current experiments
[48]. Finally, we demonstrate the effects of the strong DDI
on the time-of-flight expansion and show that a nonballistic

N RK?2 Mw?RER? 6Nco
Eot = o Z -, Tt -
~ M 4 2 R.R,R.

Here, the angles (6, ¢) determine the dipoles’ orientation,
(0, ¢') describe the orientation of the molecular cloud, and
(8”7, ¢") determine the FS orientation, as illustrated in Fig. 1.
We stress that the molecular cloud orientation does not have
to coincide with the trap orientation, due to the DDI effects,
and R’ stands for the corresponding rotation matrix, while w;
denote the trap frequencies and F} is a generalized anisotropy
function (see Supplemental Material [55] for further details).
Note that with this our theory not only allows a quantitative
analysis of current experimental data, in addition, it also
provides a framework for disentangling reliably the rigid
rotation of the Fermi ellipsoid, which occurs for the weak
DDI in magnetic dipolar atoms in Innsbruck [22,23], from its
deformation in the case of the strong DDI in electric dipolar
molecules investigated at JILA [48].

By extremizing the above energy with respect to the
variational parameters (R;, K;,0’, ¢’, 0", ¢"), we obtain the
corresponding equations for the ground state, which can be
rewritten in a dimensionless, species-independent form [55]
such that, for a given orientation of the dipoles, they only
depend on three parameters: the two trap aspect ratios w,/wy
and w,/wy, and the relative DDI strength,

2 3
sa = —— 1M (),
dmeg | B

expansion theory is essential in understanding the dynamical
behavior of strongly dipolar Fermi gases.

To achieve this, we use a variational phase-space approach
[23,51,52] for the Wigner function v(r,k)= [d*r e~*¥
o(r + %r/, r— %r/), which relies on the Hartree-Fock mean-
field approximation. Here, p(r,r’) = (@T(r)@(r’)) repre-
sents the one-body density matrix. Note that the second-
order terms in the DDI in the theory beyond Hartree-Fock
[53,54] yield only a small correction even for polar molecules,
although the geometry may have an impact (see Supplemental
Material [55] for more details). Furthermore, this beyond-
mean-field correction turns out to destabilize the system
[53,54], so our results on the stability represent proper upper
boundaries. This is in stark contrast to bosonic systems, where
the quantum fluctuations have turned out to stabilize the
system and lead, for instance, to the formation of quantum
droplets [56-62] and supersolids [63—-68] in Bose-Einstein
condensates of dysprosium and erbium in the Stuttgart, Inns-
bruck, and Pisa experiments.

We consider the dipolar Fermi system to be at zero temper-
ature. This is justified as the temperature in the experiments
[48] is about T /Tr ~ 0.3 and as thermal corrections to the to-
tal energy are proportional to (7' /Tf )2 [69]. Thus, we assume
a Heaviside-shaped Wigner function in the ground state and
obtain the total energy of N identical fermions of mass M in
terms of the Thomas-Fermi (TF) momenta K; and radii R;,

R. R, K. K
F, ’_999 99/7 ' —F _Z’_Z,G, 76”7 " .
|:A<Rz R Y q0) A(Kx K 0T

where d denotes the electric dipole moment. This remark-
able result reveals a universality governing the ground-state

VT

Ideal Fermi Gas (d = 0)

Tz i {Qy
Dipolar Fermi Gas (d # 0)

FIG. 1. (a) Shape of the molecular cloud and the FS of an ideal
Fermi gas. (b) Schematic illustration of the ansatz for the shape of the
molecular cloud and the FS of a dipolar Fermi gas. The inset shows
the orientation of dipoles.
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FIG. 2. (a) A universal stability diagram for harmonically trapped ultracold dipolar Fermi gases at quantum degeneracy: Critical value of
the relative dipole-dipole interaction strength sfj[,“ for & = ¢ = 0. The system has a stable ground state for g49 < 832‘. (b), (c) Critical value of
the electric dipole moment d°™ for a stable ground state of N = 3 x 10 ultracold molecules of *°K ’Rb for 6 = ¢ = 0: (b) w, = 27 x50 Hz;
(c) w, = 2w x200 Hz. White dots in (a), (c) correspond to the parameters of experiment [48], while black lines in (b), (c) correspond to the

permanent dipole moment d = 0.574 D of “°K #Rb molecules.

properties of dipolar Fermi gases. Furthermore, it allows us
to determine the stability diagram of the system, shown in
Fig. 2(a) for the case 8 = ¢ = 0, in terms of the maximal
DDI strength sgfii‘ for which the ground state exists. We
see that large aspect ratios significantly increase the critical
DDI strength, thus stabilizing the system in a much broader
parameter range. As an immediate consequence we read off
from Fig. 2(a), for instance, that a dipolar Fermi gas can be
stabilized against mechanical collapse, which arises in 3D
for a sufficiently strong interaction, by confining the polar
molecules to 2D, i.e., to a monolayer. Note that using the
tilting angle of the dipole orientation relative to the monolayer
and the DDI as control parameters, one can find, apart from
the normal Fermi liquid and the collapse, also a superfluid
phase and a density-wave phase [14,15].

We also note that &5t turns out to be a symmetric function
of its arguments w,/w, and w,/w, [55]. If we consider the
experimentally available species “°K 8Rb, the stability dia-
gram from Fig. 2(a) can be used to obtain a species-specific
stability diagram for a particular value of one of the trap
frequencies, as shown in Figs. 2(b) and 2(c). Here, we see
how the critical value of the dipole moment d°** depends on
w, and w, for a fixed value of w.. If we take into account
that the permanent electric dipole moment of “°K 8’Rb has
the value d = 0.574 D, denoted by black lines in Figs. 2(b)
and 2(c), we read off that for w, = 27 x50 Hz the instability
can kick in already for frequencies wy, w, of that order or
larger. In the experiment of Ref. [48] the frequencies used are
(wy, wy, w;) = 2w x(63,36,200) Hz, and Fig. 2(c) reveals
that the system may easily become unstable for slightly larger
frequencies if the dipoles would be polarized along z axis.

The most striking effect that can be demonstrated in the
strong DDI regime is the FS deformation A = K, /K, — 1,
defined in terms of the TF momenta aspect ratio. It was
experimentally observed for the first time for magnetic dipolar
167Er atoms [22], where A is of the order of a few percent.
This effect is much larger in gases of polar molecules, as
can be seen for “°K ¥’Rb in Fig. 3(a), obtained by solving
the equations presented in the Supplemental Material [55].
Here, it is assumed that the electric dipole moment is tuned
down to d = 0.22 D, such that it is below the minimal value
of dt = 0.24 D obtained in Fig. 2(c). For realistic values of

the trapping frequencies we obtain that A varies between 5%
and 30%.

Furthermore, the theory presented here makes it possible to
calculate the stability properties for experimentally relevant
dipolar Fermi systems, where even relatively small changes
in the dipolar moment strength can significantly affect the
system’s stability. This is demonstrated in Fig. 3(b), where
for a slightly larger value of d = 0.26 D we read off that the
FS deformation becomes significantly larger than in Fig. 3(a),

(a)d=022D

1000 29.62
24.68

19.75

A (%)

14.81

, (2T Hz)

9.88

4.94
10 200 400 600
®, (27 Hz)

800 1000

(b)d=0.26D

45.12

unstable 3745

29.78

A (%)

22.10

14.43

6.76

10200 400 600
o, (27 Hz)

800 1000

FIG. 3. FS deformation A as a function of w, and w, for a
K 8"Rb system with N = 3x10*, w, =27 x200 Hz, § = ¢ =0,
and electric dipole moments: (a) d = 0.22 D; (b) d = 0.26 D. White
dots correspond to the parameters of Ref. [48]. The black region in
(b) does not yield stable solutions.
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(b)

0 45 90

0 (deg)

0 (deg)

(c)

11.85 360 26.08
11.66 25.14
1147 - 2419

1S3 1S3
128 < 2324 <
11.09 2229
10.89 2135

135 180 0 45 90 135 180

0 (deg)

FIG. 4. (a) Angular stability diagram of “°K 8’Rb: d** as a function of the dipoles’ orientation. The black line corresponds to the permanent
electric dipole moment d = 0.574 D of “*K ¥’Rb, and the trap frequencies are as in Ref. [48], with N = 3x 10* molecules. (b), (c) Angular
dependence of A for a fixed value d = 0.25 D and the trap frequencies: (b) As in Ref. [48]; (¢) (wy, wy, w;) = 27 x(50, 500, 900) Hz.

namely, up to 45%, and that an unstable region appears, which
does not support a stable ground state of the system.

Previously it was always assumed [16-21,23,51,52] that
the cloud shape in real space follows the trap orientation,
which is a reasonable approximation for a weak DDI and an
elongated trap. However, here we provide a theory capable of
describing dipolar Fermi systems in a general trap geometry
for all DDI strengths. Therefore, we leave the orientation
angles (0’, ¢') of the TF ellipsoid in real space as free vari-
ational parameters, together with the TF radii R;, as illustrated
in Fig. 1(b). It was previously experimentally verified and
theoretically always assumed [22,23] that the FS stretches
into an ellipsoid along the orientation of the dipoles, as can
be expected due to symmetry reasons. Here, we use a more
general ansatz, where the FS orientation angles (8”7, ¢”) are
also taken as free variational parameters, together with the TF
momenta K; [Fig. 1(b)]. However, we show here [55] that the
principle of minimizing the energy leads to the solution 6”=6,
¢” = ¢ [55], i.e., that our theory confirms the notion that
the FS follows the dipoles’ orientation and properly captures
the physical behavior of the system. This result also allows
us to reduce the number of variational parameters to eight
(R, K;, 0, ¢'), as well as the number of equations [55].

The cloud orientation obtained within our theory strongly
depends on both the DDI strength and the elongation of
the trap. In the special case of a spherical trap the cloud is
elongated along the dipoles’ direction, as the FS, but in a
general case the cloud orientation can only be determined
numerically. Figure 4(a) shows the angular stability diagram
for a ““K¥Rb system in terms of the critical dipole mo-
ment dt, where all variational parameters (R;, K;, 6', ¢') are
numerically calculated for each configuration. If one would
assume that the molecular cloud follows the trap shape, i.e.,
0" = ¢’ = 0, the obtained values of d*"* would be significantly
different from those calculated in Fig. 4(a) (for a comparison,
see Supplemental Material [55]). This demonstrates that the
theory developed here is important for an accurate qualitative
and quantitative description of dipolar Fermi systems with
moderate to strong DDI. Figures 4(b) and 4(c) illustrate that
the trap geometry also strongly affects the system’s behavior,
and that the FS deformation and its angular distribution can
be tuned by changing the trap frequencies. Not only the range
of the FS deformation values can be increased or decreased
this way, but also its minima and maxima can be freely
modified. The observed strong angular dependence of the
FS deformation has an important consequence, namely, that

the FS does not only follow the dipoles’ orientation, but its
shape gets modified as well. This is a qualitatively different
behavior compared to atomic magnetic species, where the
angular dependence of the FS deformation is quite weak [23],
thus the FS just rigidly follows the dipoles’ orientation.
Effects of the DDI and its interplay with the geometry also
quite strongly influence the dynamics of the system, which is
of particular importance for interpreting experimental time-
of-flight (TOF) imaging data [23,52]. For polar molecules
with a strong DDI the difference between the usually assumed
ballistic and the actual nonballistic expansion can be huge,
which we show here. The TOF expansion imaging is com-
monly used for experimental measurements of the properties
of ultracold Fermi gases, and the deformation of the cloud
shape is described in terms of the cloud aspect ratio Ag(¢),
which is defined by the ratio of the average sizes of the cloud

in the vertical /(r2) and horizontal v/ (rﬁ) direction in the
imaging plane. Since the imaging axis in the experiment of
Ref. [48] lies in the xy plane and forms an angle y = 22.5°
with respect to the x axis, according to Ref. [23,52] the aspect
ratio is given by

R, (1)

2
ay = |1 — ,
ri) \/R)zcb)%(t)sm y + R2b%(t) cos? y

where the scaling parameters b;(t) represent variations from
the global equilibrium values of the TF radii and momenta
[70]. A detailed derivation of the equations of motion for
the scaling parameters based on the quantum Boltzmann
equation within the self-consistent relaxation-time approach
for 6 = ¢ =0 is given in Ref. [52]. Here, we numerically
solve these equations for the general triaxial trap geometry
and the parameters corresponding to the polar molecules of
Ref. [48].

It was previously shown that, even for magnetic atomic
species such as erbium, the DDI effects could be experimen-
tally observed in the TOF dynamics, and that a nonballistic
expansion has to be used in order to properly describe the
system’s behavior [23,52]. For polar molecules with a strong
DDI we expect that nonballistic effects are more pronounced,
as can be read off from Fig. 5. Even more significant are
large variations of nonballistic effects, which can be as small
as 8% or as large as 60% for quite similar configurations,
as is illustrated for the two examples in Fig. 5(a). Although
the trap geometry plays a role here, Fig. 5(b) reveals that the
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FIG. 5. (a) Real-space aspect ratio A of the “°’K ¥’Rb molec-
ular cloud as a function of time ¢ during the TOF expansion
from the ground state, after the trap is switched off. Top (red)
solid and dashed lines are obtained for d = 0.5 D and frequencies
27 x (63, 36, 500) Hz, bottom (blue) solid and dashed lines for d =
0.22 D and 2w x (63, 36,200) Hz, and inset for d = 0.35 D and
27 x (250, 150, 100) Hz. (b) Ag (30 ms) after the TOF expansion
for + = 30 ms as a function of d. Trap frequencies corresponding
to all line types are the same as in (a). In both plots solid lines
correspond to a nonballistic expansion, where the DDI is taken into
account, while the dashed lines represent calculated results for a free
(ballistic) expansion, N = 3x 10%,6 = ¢ = 0. Ag is calculated using
the imaging angle 22.5° of Ref. [48], in the geometry of Ref. [23].

ballistic behavior is roughly the same, as is expected based
on the system parameters, while the DDI strength gives a
major contribution. Furthermore, the inset in Fig. 5(a) shows

that even the qualitative behavior of the system can be incor-
rectly predicted (monotonous versus nonmonotonous behav-
ior) when nonballistic effects are neglected. This demonstrates
that the DDI has to be taken into account even during the TOF
expansion, and that the interpretations of experimental data
are hugely affected by the model used. Therefore, the general
theory presented here also enables an accurate modeling of
the dynamics of strongly interacting dipolar Fermi systems.

In conclusion, we have presented a general mean-field
theory for the ground state of polarized, harmonically trapped
dipolar Fermi gases at zero temperature, with an arbitrary ori-
entation of the dipoles. We have derived a universal, species-
independent set of equations for the ground state and inves-
tigated the stability of systems of polar molecules. We have
shown that the molecular cloud shape and the FS deformation
strongly depend on the dipoles’ orientation. Our results are
important for the study of the interplay between the FS defor-
mation and superfluid pairing [24-27], in particular, to address
the open question of how the anisotropic order parameter
of the emergent superfluidity and its critical temperature are
tunable by both the trap geometry and the dipoles’ orientation.
The presented theory paves the way towards different methods
for quantum engineering of properties of dipolar Fermi gases
that depend on the FS shape, such as the emergence of su-
perfluidity. In the outlook we mention that possible fermionic
analogs of the already observed bosonic quantum droplets
may exist. Although the leading beyond-mean-field correction
seems to destabilize fermionic systems, further studies might
reveal an alternative stabilization mechanism.
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Abstract

Many-body dipolar effects in Fermi gases are quite subtle as they energetically compete with the large
kinetic energy at and below the Fermi surface (ES). Recently it was experimentally observed in a sample
of erbium atoms that its FS is deformed from a sphere to an ellipsoid due to the presence of the
anisotropic and long-range dipole—dipole interaction Aikawa et al (2014 Science 345 1484). Moreover,
it was suggested that, when the dipoles are rotated by means of an external field, the FS follows their
rotation, thereby keeping the major axis of the momentum-space ellipsoid parallel to the dipoles. Here
we generalise a previous Hartree—Fock mean-field theory to systems confined in an elongated triaxial
trap with an arbitrary orientation of the dipoles relative to the trap. With this we study for the first time
the effects of the dipoles’ arbitrary orientation on the ground-state properties of the system.
Furthermore, taking into account the geometry of the system, we show how the ellipsoidal FS
deformation can be reconstructed, assuming ballistic expansion, from the experimentally measurable
real-space aspect ratio after a free expansion. We compare our theoretical results with new
experimental data measured with erbium Fermi gas for various trap parameters and dipole
orientations. The observed remarkable agreement demonstrates the ability of our model to capture
the full angular dependence of the FS deformation. Moreover, for systems with even higher dipole
moment, our theory predicts an additional unexpected effect: the FS does not simply follow rigidly the
orientation of the dipoles, but softens showing a change in the aspect ratio depending on the dipoles’
orientation relative to the trap geometry, as well as on the trap anisotropy itself. Our theory provides
the basis for understanding and interpreting phenomena in which the investigated physics depends on
the underlying structure of the FS, such as fermionic pairing and superfluidity.

1. Introduction

Since the first experimental realisation of a dipolar Bose-Einstein condensate (BEC) of chromium atoms [1] and
the subsequent demonstration of the presence of the anisotropic and long-range dipole—dipole interaction
(DDI) in the laboratory [2], dipolar quantum gases have developed into a vast and fast-growing research field.
Indeed, the interplay of the DDI and the isotropic and short-range contact interaction between the particles in
these systems makes them particularly intriguing from both the experimental and the theoretical point of view
[3-5].

More recently, BECs of even more magnetic species, i.e., dysprosium (i = 10p5) [6] and erbium
(m = 7p) [7] have been created. Here, p1; denotes the Bohr magneton. Such species exhibit fascinating
phenomena, such as the Rosensweig instability [8], the emergence of quantum-stabilised droplets [9—11] and
roton quasiparticles [12]. Correspondingly, all these developments triggered much theoretical work, including,
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but not limited to, the numerical effort to simulate dipolar quantum gases in fully anisotropic traps [13—17], the
roton instability in pancake-shaped condensates [ 18—20], the investigation of beyond-mean-field effects in one-
component [21, 22] and two-component [23] gases, the formation of the previously observed droplets [24-26],
their ground-state properties and elementary excitations [27-29], the role of three-body interactions [30], and
the self-bounded nature of the droplets [26].

In parallel, quantum-degenerate dipolar Fermi gases of dysprosium [31], erbium [32] and chromium [33]
became also available in experiments. Remarkably, identical fermions of dipolar character do interact even in the
low-energy limit because of the peculiar form of dipolar scattering [34]. Few-body scattering experiments have
indeed confirmed universal scaling in dipolar scattering among fermions [32, 35, 36]. Many-body dipolar effects
in Fermi gases are much more subtle to observe because of the competition with the large kinetic energy stored
in the Fermi sphere, which leads to the Fermi pressure. Recently, the key observation of the Fermi surface (FS)
deformation was made [37], confirming previous theoretical predictions [38].

Itis well known that in the case of a single-component Fermi gas, the isotropic and short-range contact
interaction is suppressed by the Pauli exclusion principle. Also, we know that the FS is a sphere, as a consequence
of the symmetry of the Pauli pressure. Theoretical predictions which take the DDI into account, however, have
shown that the antisymmetry of the wave function leads to the deformation of the FS into an ellipsoid [38]. The
ground-state [39, 40] and the dynamic properties of such systems have been systematically investigated
theoretically and numerically in the collisionless regime [41—43], in the hydrodynamic regime [44, 45], as well as
in the whole collisional range from one limiting case to the other [46, 47]. The FS deformation was also recently
theoretically studied in mixtures of dipolar and non-dipolar fermions [48], as well as in the presence of a weak
lattice confinement [49].

Within the Hartree—Fock mean-field theory for a many-body system, the interaction energy of the system is
expressed by means of the Hartree direct term, which gives rise to a deformation of the atomic cloud in real space
[50], and the Fock exchange term, which leads to a deformation of the FS in momentum space [38]. The
Hartree—Fock mean-field approximation, which includes energy terms up to first-order in the DDI, is
sufficiently accurate to qualitatively explain and quantitatively describe results of ongoing experiments.
However, up to now, existing theories are limited to a fixed orientation of the dipoles, which has to coincide with
one of the trap axes [38, 46, 47, 50]. Such a restriction greatly simplified theoretical considerations, but, on the
other hand, limited their scope since the anisotropy of the DDI is best controlled by the dipoles’ orientation with
respect to the trap axes.

Motivated by this, we develop a general theory to describe the ground state of a dipolar Fermi gas for an
arbitrary orientation of the dipoles and trap geometry. Our full theoretical description provides a substantial
advance in understanding dipolar phenomena and in describing experimental observations in a very broad
parameter range, see e.g. [37]. Our theory captures both the cloud shape in real space and the FS in momentum
space. To test our theory, we have performed new measurements of the FS deformation in an erbium Fermi gas
for various traps and dipole orientations. The comparison between the theory and the experiment shows a
remarkable agreement, demonstrating the predictive power of our newly developed theory to calculate the
system’s behaviour. Moreover, whereas in the Er case the deformed FS rigidly rotates with the dipole orientation,
our theory also predicts a softening of the FS in systems with larger DDI. There the degree of deformation also
changes depending on the dipoles’ orientation.

The approach presented here is very general and can be applied to both fermionic atoms and molecules with
electric [51-54] or magnetic [55] dipole moments, and any triaxial trap geometry. Our calculation provides a
starting point to address more complex dipolar phenomena. Indeed, many physical properties depend on the
shape of the FS and on its deformation, as the FS is directly connected to the density distribution in momentum
space. For instance, one can revisit a pairing problem within a one-component dipolar Fermi gas, whereina
previous work by Baranov et al [56] it was assumed that the FS is spherically symmetric. A relevant question for
future investigations is whether one can instead have both a deformation of the Fermi sphere and a pairing of
fermions at the same time, and if a critical deformation exists for which the pairing mechanism breaks down.

The paper is structured as follows. In section 2 we introduce our theoretical model and several suitable
ansitze for the form of the system’s Wigner function. Considering the Hartree—Fock total energy of the system,
we identify the ansatz that yields minimal energy for the ground state and use it for all further calculations. In
section 3 we present the generalised theory and our main results for the FS deformation and real-space
magnetostriction. In particular, we discuss the behaviour of the variational parameters and their impact upon
the Hartree—Fock total energy for the considered system. We also study in detail the ground-state properties for
an arbitrary orientation of the dipoles, as well as for different parameters of the system, e.g., trap frequencies,
number of particles, and dipolar species. Afterwards, in section 4 we directly compare our theoretical
predictions with the novel experimental data. Finally, section 5 gathers our concluding remarks and gives an
outlook for future research.
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2. Theoretical model

We consider an ultracold quantum-degenerate dipolar gas at zero temperature consisting of N identical spin-
polarised fermions of mass M. The fermions have a strong dipolar character, arising from either a large magnetic
or an electric dipole moment m. Moreover, as is usual in the experiments, we assume that all dipoles are
polarised along a single direction, as their orientation can be controlled by an external field, see, e.g.,
[10,37,53,57]. To account for the influence of the dipoles’ orientation, we will consider the most general
possible orientation of an external field, as depicted in figure 1, where, e.g., the magnetic field B = Be is oriented
along the unit vector e. The trap axes set the reference frame. Additionally, we account for a possible off-axis
imaging and consider the case of an imaging beam forming an angle o with the y axis, as shown in figure 1.

Since the Pauli exclusion principle inhibits short-range contact interaction, the long-range DDI between the
particles dominates the interaction behaviour of the system. If the polarisation direction of the dipoles is defined
by a unit vector e, the DDI is described by

_Caa3(r-e)? —r?

Vaa(r) = — &)

41 r

where r denotes the relative position of two dipoles and Cyq4 is the dipolar interaction strength. For electric
dipoles, itis given by Cyqy = m?/ g, with € being the vacuum permittivity, while for magnetic dipoles

Caa = f1ym?*, where 1 is the vacuum permeability. In this context, an important role is played by the Fourier
transform of the DDI potential [58]

- - k)?
Vaa () = %[3“ - 1], @

as it simplifies the evaluation of the Hartree—Fock mean-field energy of the system. We also assume that the
system is trapped by a triaxial anisotropic harmonic potential given by

M
Virap (1) = 7(wix2 + wiy? + wizd), 3)

where w; withi = x, y, zdenote the respective trap frequencies.

2.1. Wigner function in equilibrium

The physical properties of the above described system can be captured by means of the semiclassical Wigner
function [50]. Indeed, the quantum-mechanical expectation values of the system observables, which are
required for the calculation of the properties of nonrelativistic quantum systems based on exact diagonalization,
can be obtained as their phase-space averages, weighted by the Wigner function. In the case where the dipolar
orientation axis lies along one of the trapping axes, an accurate ansatz for the Wigner function takes the simple
form [38—47]

riZ ki2

1

where O represents the Heaviside step function, while the variational parameters R; and K; stand for the
Thomas—Fermi radius and the Fermi momentum in the direction i = x, y, z, respectively. This ansatz is
motivated by the Fermi—Dirac distribution of a noninteracting Fermi gas at zero temperature, whose Wigner
function has the above form. A theory based on the above ansatz [38, 47] was successfully used to determine the
deformation of the FS, while its extension [46] enabled a detailed analysis of the ground state and the time-of-
flight (TOF) expansion dynamics of the system for different collisional regimes. Furthermore, numerical
comparisons [59, 60] have confirmed that, even in the case of polar molecules with masses of the order of 100
atomic units and an electric dipole moment as large as 1D, the above variational ansatz yields highly accurate
results, within a fraction of per mille. This indicates that the general ansatz (4), first introduced in a slightly
different manner in [38], is indeed very well suited to describe dipolar Fermi gases.

However, the experiment of [37] was performed for an arbitrary angle 6, and therefore the comparison of the
theory [46, 47] was only possible for the special case of dipoles oriented along the zaxis, i.e., for § = 0°.
Therefore, in order to model the global equilibrium distribution of the dipolar Fermi gas for arbitrarily oriented
dipoles and to provide an accurate description of the experiment, it is necessary to generalise the ansatz (4). This
is done in the present paper, where we apply an analogous reasoning and introduce the following ansatz for the
Wigner distribution
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zZ A

Figure 1. Schematic illustration of the most general arbitrary geometry of a dipolar Fermi gas, which corresponds to the one used in
the Innsbruck experiment with erbium atoms, see later and also [37]. Axes x, y, zindicate the harmonic trap axes. The external
magnetic field B = Be defines the orientation of the atomic dipoles, which is given by the spherical coordinates § and . Earth’s
gravitational field is parallel to the z axis. The imaging axis, denoted by y’, lies in the xy plane, and forms an angle a with the y axis.

v, ky=06]1 - Z riAyr — Z kiBiik; |, &)
i,j i.j

where A and B;; are matrix elements that account for the generalised geometry of the system and determine the
shape of the cloud in real space and of the FS in momentum space, respectively.

The particle density distribution in real space is determined by the trapping potential and the Hartree direct
energy. Therefore, one expects that the matrix A can be well approximated by a diagonal matrix in the
coordinate system S, which is defined by the harmonic trap axes

1/R? 0 0
A= o 1/R; 0 [ (6)
0 0 1/R?

In this way, we neglect off-diagonal elements, which may arise due to the dipoles’ arbitrary orientation.
However, this is certainly justified for elongated traps, for which the cloud shape in the ground state is well
determined by the trap. Therefore, we will consider here trap configurations that satisfy this condition.

On the other side, the momentum distribution is dominated by the interplay between the Pauli pressure,
which is isotropic, and the Fock exchange energy, which is responsible for the deformation of the FS [38]. The
experiment of [37] suggested that the FS follows the rotation of the external field, keeping the major axis of the FS
always parallel to the direction of the maximum attraction of the DDI. Motivated by this, we will consider several
possible scenarios for a detailed theoretical description, in order to verify the above hypothesis.

For the sake of completeness, we start with a simple spherical scenario, in which the FS remains a sphere, as
displayed in figure 2(a). In that case all Fermi momenta are equal (K; = Kf) and the matrix B is given by
B, =1/ KFZ, where [ isthe3 x 3 identity matrix. We also consider a second, on-axis scenario, which includes
the FS deformation such that it is an ellipsoid with fixed major axes coinciding with the trap axes, as shown in
figure 2(b). Here the matrix B has a diagonal form

1/KZ 0 0
B,=| 0o 1/K; o0 | 7)
0 0 1/K?

in a similar way as the matrix A, which recovers the old ansatz given by (4). We note that the first, spherically-
symmetric scenario is a special case of the second ansatz, obtained by restricting the Fermi momenta to be equal.
Finally, as a third and more general possibility, we consider the off-axis hypothesis of [37] and assume that the
matrix B has a diagonal form B} in a rotated coordinate system S’, which is defined by the axes q,, g, and q.,
where the g, axis remains parallel to the dipole moments, as depicted in figure 2(c)

4
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(a) s (b)

K E KF T

k:z' kzc

Figure 2. Schematic illustration of possible FS configurations in the presence of an external field B, described by spherical coordinates
B = (B, 6, v).(a) Spherical scenario: FS remains spherical. (b) On-axis scenario: FS is deformed into an ellipsoid whose axes coincide
with the trap axes. (¢) Off-axis scenario: FS is deformed into an ellipsoid stretched in the direction of B.

1/K* 0 0
B,=| o 1/kK? o [ (8)
0 0 1/K

Here the parameters K/ represent the Fermi momenta in the rotated coordinate system S’. In order to describe
the rotation from Sto S’, we introduce a rotation matrix R,

cosfcosp —sing sinf cosp
R =|cosfsinpy cosp sinfsing |, 9
—sinf 0 cos @

such that B, = R'B;R and q = R'k, where the angles § and ¢ are defined in figure 1. We again note that the
on-axis scenario is a special case of the off-axis one when the dipoles are parallel to one of the trap axes. For
example, for § = ¢ = 0° the matrix B; is already diagonal, i.e., K/ = K;. We also note that, for all considered
ansitze, the normalisation of the Wigner distribution v (r, k) is given by

dBrd’k R3K"3
—ff O (10)

where the bar denotes the geometric averaging: R = (R.R,R;)"/?and K’ = (K;K,K])'/°.

To determine the values of the variational parameters for each scenario, as usual, we require that they
minimise the total Hartree—Fock energy of the system. This leads, together with the particle number
conservation (10), to algebraically self-consistent equations that determine the Thomas—Fermi radii and
momenta. In section 2.2 we calculate the total energy of the system for each of the outlined scenarios and then in
section 3.1 we proceed to determine the one that yields a minimal energy and that will be used in the rest of the
paper. We note that one can certainly consider even more general ansitze, however, as we will see from the
comparison with the experimental data, the proposed approach is fully suitable for describing our system not
only qualitatively, but also quantitatively.

2.2. Total energy

Now that we have identified several relevant ansitze for describing the Wigner function of a dipolar Fermi gas of
tilted dipoles, we proceed to determine the optimal values of the variational parameters. In order to do so, we
have to minimise the total energy of the many-body Fermi system, which is in the Hartree—Fock mean-field
theory given by the sum of the kinetic energy Ey,, the trapping energy Ey,p,, the Hartree direct energy Egy, and
the Fock exchange energy E};. Within a semiclassical theory, they can be written in terms of the Wigner function
according to [50]

Brdik 72k?
_ff o T v(r, k), (11)
3 3
Euap = ff“itwmwnu (12)
3 3 1331-431/
%m—zjjjyﬂ i;?dk Vaa(r — ¥)u(r, W, K), (13)
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d31’d3 /d3kd3k/ N nitk—k')r! /
gh=— [[[[=5 Gy V@@ v e, ), (14)

and have already been calculated before with an ansatz (4) for the case when the dipoles are parallel to one of the
trap axes [38, 44—47]. Whereas both the kinetic energy (11) and the trapping energy (12) yield simple integrals,
the computation of the integrals in the Hartree term (13) and the Fock term (14) is nontrivial and is therefore
presented for the most general case in appendices A and B, respectively.

In the spherical scenario, depicted in figure 2(a), the total energy of the system can be calculated using
K; = Kginansatz (5), where the Fock exchange term turns out to give no contribution, yielding

22 Mw?R?
Es;z:g[m +r— ]

or (R 20, (15)
2M =2 MR, R,
Here ¢y = 2!%C4q/(3* - 5 - 7 - w¥)isa constant related to the dipolar strength, while the features of the DDI are

embodied into the generalised anisotropy function f, (x, y, 0, ¢), which includes explicitly the angular
dependence of the DDI. It is defined as

fa(xp, 0, ©) = sinzﬁcoschf(z, l) + sinzﬁsinzgof(f, l) + cos?0 f(x, y), (16)
X x y y

where f(x, y) stands for the well-known anisotropy function derived, at first, for dipolar BECs [61]. Note that
f(x, y) = f,(x, y, 0, 0). This function has been encountered also in previous studies of fermionic dipolar
systems [45] in the hydrodynamic collisional regime, as well as in the transition from the collisionless to the
hydrodynamic regime in both the TOF expansion dynamics [46] and collective excitations [47]. More details on
the anisotropy and the generalised anisotropy function are given in appendix C.

In the on-axis scenario, the FS is deformed to an ellipsoid whose axes are taken to be parallel to the trap axes,
asshown in figure 2(b). This ansatz leads to the total energy of the system given by

N [ 7°K?  Mw3R? R R K. K
E(Z) = - ! + I _) 0) - _Z) _Z) 9’ .
ot o Ej:( o, 5 A r e fa rae v (17)

Note that (17) reduces, indeed, to (15) for the special case of K = K, = K, since f, (1, 1, 0, ¢) = 0.

Finally, in the most-general considered off-axis scenario displayed in figure 2(c), we allow for both the FS
deformation and its rotation so that one of its axes is parallel to the external field. In this case, the total energy of
the system reads as

K72 2R2 'K
EO — ﬁz 7*K; N MwiR; 6N co X R 0, 0| - f &)& ' (18)
8 T\ 2M 2 R, R K, K,

J

Note that the above form of the Fock energy in the last term is not surprising if we bear in mind the form of
equation (16). Namely, in the rotated coordinate system S’, the axis q, coincides with the direction of the external
field, so the generalised anisotropy function f, reduces to the standard anisotropy function f, just with the
arguments K/ from the rotated system.

3. Ground-state properties

Having obtained the total energy for all three scenarios, we now determine which configuration minimises the
system’s total energy for a fixed particle number and, hence, can be considered as the most physically suitable
ansatz for the ground state of the system of dipolar fermions. Afterwards, we use it to numerically calculate the
FS and atomic cloud deformation, and discuss the obtained results.

In practical terms, we start from (15), (17) and (18), and minimise the energy of the system for each scenario
under the constraint (10) that the particle number N is fixed to a given value. Therefore, the corresponding
equations are obtained by extremizing the grand-canonical potential Q® = E® — 4N fork = 1,2, 3 with
respect to the variational parameters, where (4 is the chemical potential of the system, and the particle number N
in the last term is replaced by the expression (10) when Q® is evaluated. In this way, the chemical potential acts
asa Lagrange multiplier and fixes the particle number through the condition N = —9Q® /9.

In the spherical scenario, there are five variational parameters, (K, R;, 1), where i = x, y,z. The
corresponding five equations are obtained by setting the first derivatives of Q" with respect to Ky and R; to zero,
plus the particle-number fixing equation, i.e., N = —9Q® /9. In both the on-axis and the off-axis scenario we
have seven variational parameters: (K;, R;, 1) and (K7, R;, 1), respectively. The sets of seven equations for both
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15 30 45 60 75 90 0 15 30 45 60 75 90
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Figure 3. Relative total energy shift (19) for experimental parameters of [37] as a function of: (a) angle 6, for fixed . = 14°;(b) angle ¢
for fixed § = 10°. The three curves, correspond to 6E @ (black dotted line, spherical scenario), 0E @ (blue dashed line, on-axis
scenario), and 6E @ (red solid line, off-axis scenario).

cases are obtained similarly as in the previous case. The complete sets of equations for the respective variational
parameters for all cases are given in appendix D.

3.1. Minimisation of total energy
In order to compare the three ansitze, we solve the corresponding sets of equations and calculate the total energy
of the system in each case. As a model system, we consider the case of a dipolar Fermi gas of atomic '*’Er, using
the typical values from the Innsbruck experiments (see below and also [37]), N = 6.6 x 10%, (wy, Wy, w,) =
(579,91,611) x 27 Hz, unless otherwise specified. The underlying geometry of the experimental setup is
depicted in figure 1.

In figure 3 we compare the total energy of the system as a function of angles # and ¢ for all three different
scenarios. The comparison is done in terms of the relative total energy shift

— EtOt
Ey

OE

-1, (19)

where E, = %NEF stands for the total energy of the ideal Fermi gas confined into a harmonic trap (3), and

Ep = 7Zw(6N)!/? denotes its Fermi energy, where @ = (w, Wy W, )'/3. Figure 3(a) presents the relative total energy
shifts as functions of the angle 6 for a fixed value of the angle ¢ = 14°, corresponding to the typical experimental
configuration (see below). The three curves, from top to bottom, correspond to 6E M SEP and SE®,
respectively. As a cross-check, we note that the total energies E% and E£) coincide for § = 0°. This is expected,
since the on-axis scenario is a special case of the off-axis one for § = 0°. From this figure we immediately see that
there are no intersections between the curves, and that it always holds E{)) > E&) > EQ). Asa consequence, we
conclude that the off-axis scenario, in which the FS is deformed into an ellipsoid that follows the orientation of
the dipoles, is favoured among the considered cases as it has the minimal energy. The same conclusion is
obtained if we consider the p-dependence of the relative total energy shifts, depicted in figure 3(b) for a fixed
value of the angle # = 10°. More exhaustive numerical calculations show that this remains to be true even for
arbitrary values of the angles # and ¢.

Comparing figures 3(a) and (b) we see that the relative total energy shift always remains small, of the order of
0.4%-0.7%, due to a relatively weak DDI between the erbium atoms compared to the energy scale set by the
Fermi energy. We also see that the §-dependence of the total energy is much stronger than the corresponding (-
dependence. We note that the shift would certainly be more significant for atomic and molecular species with a
stronger DDI.

The above conclusion is valid not only for the parameters used in figure 3, but, in fact, we have numerically
verified that the off-axis scenario for the ansatz (5) for the Wigner function in global equilibrium always yields a
minimal energy given by (18) and, thus, we will use it throughout the rest of the paper. The corresponding
equations determining all seven variational parameters are given in appendix D as (D.13)—(D.19). A closer
examination of those equations reveals that the FS is always a cylindrically symmetric ellipsoid, where K = K;
holds. This is expected, since the orientation of the dipoles in the rotated coordinate system coincides with the g,
axis and singles this particular direction out, leaving the perpendicular plane perfectly symmetric in momentum
space. Therefore, as shown in appendix D, the equations for the seven variational parameters can be rewritten in
amore convenient form as (D.16)—(D.22).




10P Publishing

NewJ. Phys. 20 (2018) 093016 V Velji¢etal

Figure 4. FS deformation A for '*’Er atoms with magnetic dipole moment m = 7, as a function of: (a) dipoles’ orientation angles 6
and ¢, for parameters of [37]; (b) particle number N and angle 6, for ¢ = 90° and trap frequencies of [37]; (c) particle number Nand
trap anisotropy A, for § = ¢ = 90°; (d) angle f and trap anisotropy ), for ¢ = 90°and N = 6.6 x 10* Trap anisotropy \in (c) and
(d) was varied by changing the frequencies w, = w,and w,, while keeping the mean frequency @ = 300 x 27 Hz constant.

3.2.FS deformation
Now that we have shown that the FS is, indeed, deformed by the DDI into an ellipsoid, which follows the
orientation of the dipoles, we study the angular dependence of this deformation in more detail. To that end, and
taking into account the cylindrical symmetry of the FS, we define the FS deformation as the difference between
the momentum-space aspect ratio for the dipolar and the noninteracting Fermi gas in the rotated system S’
according to
!
A = E, ~ 1L (20)

K,
This quantity measures the degree of deformation, which emerges purely due to the DDI. In particular, we
investigate how the deformation A depends on the trap geometry, the orientation of the dipoles, the DDI
strength, and the number of particles. The DDI strength is usually expressed in terms of a dimensionless relative
strength £44, defined as

7@ M@

it @
7

€dd

which gives a rough estimate of the ratio between the mean dipolar interaction energy and the Fermi energy. We
will use it to characterise the strength of the DDI when comparing its effects for different species.

We now calculate the FS deformation of '*’Er for the parameters of [37], yielding the relative interaction
strength £49 = 0.15. In figure 4(a) we present the angular dependence of A on 6 and ¢, whose values turn out to
be around 2.6%, consistent with earlier experimental results [37]. We observe that there is a maximum
deformation of the FSatf = ¢ = 90°, which corresponds to the direction of the smallest trapping frequency w,
(y axis). This can be understood heuristically, if one recalls that the DDI is attractive for dipoles oriented head-to-
tail. Thus, a weaker trapping frequency favours the stretching of the gas in that direction so that, in turn, this
cigar-shaped configuration enhances the relative contribution of the DDI to the total energy.

Another aspect relevant for experiments is the influence of the particle number N and the trap geometry on
the deformation of the FS. Tuning these parameters and the direction of the dipoles might lead to an
enhancement of the DDI effects, and therefore to a stronger deformation of the FS. This is investigated in
figures 4(b)—(d), where the FS deformation is given as a function of parameters N, 6 and the trap anisotropy
A = Jwyw; Jw, for afixed value of the angle p = 90°. Figures 4(c) and (d) explore the FS deformation as a
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Figure 5. Angular dependence of FS deformation A for polar molecules with electric dipole moment m = 0.25 D and relative DDI
strength eqq = 1.51 for parameters of [37].

function of the trap anisotropy A, which was varied by changing the frequencies w, = w,and w,, while keeping
the mean frequency @ = 300 x 27 Hz constant. From all these figures we conclude that the increase in the
particle number yields a dominant increase in A compared to all other parameters. We note that, in fact, A also
depends on @, which we do not show here, since it can be directly connected to the particle number dependence.
Indeed, the FS deformation depends on €44 [37], yielding a dependence of A on N'/6%!/2, As the trap
frequencies can be more easily tuned than the particle number, @ can be considered as a predominant control
knob in the experiment. However, a precise control of the angles and the anisotropy, which is experimentally
easy to realise, may help to achieve an even larger increase in the deformation of the FS. We also note that the A-
dependence is the weakest one, and therefore the formalism for calculating the angular dependence presented
here is significant for a systematic study of the influence of the relevant parameters.

Finally, we study the role of the DDI strength and explore whether qualitative changes of the system’s
behaviour emerge by increasing the value of the dipole moment. To this aim, we compare the erbium case with a
molecular Fermi gas of “’K® Rb, assuming that the same gas characteristics can be achieved in the same trap with
this species [54]. The latter possesses an electric dipole moment of strength m = 0.56 D, yielding a much larger
relative interaction strength €44 = 7.76 for the same parameters. Since the critical value of £44, for which the
system is stable, amounts to €51 = 2.5 [46], the molecular **K*’Rb gas in such a geometry and with the maximal
strength of the DDI would in fact not be stable and would collapse under the attractive action of the DDI. For the
sake of simplicity and comparison between the systems, we consider a molecular sample of similar geometry and
atom number but in which the dipole moment has been tuned to m = 0.25 D by means of an external field [34].
This leads to the relative DDI strength e44 = 1.51, which we use in the following.

Aswe see, the FS deformation A has a much stronger angular dependence in figure 5 than in figure 4(a) for
the erbium case. Furthermore, in figure 5 we see that A has alocal minimum for ¢ = 0°around § = 40°, while
no such minimum exists in figure 4(a). Only a detailed numerical study based on the formalism developed here
can provide a precise landscape of the FS deformation behaviour for a concrete experimental setup.

Although the shapes of both angular dependencies in figures 4(a) and 5 are quite similar, the main difference
is that the deformation of the FS for polar molecules is an order of magnitude larger than for erbium and has a
value of around 30%. However, we also observe that the variation in the values of A for different angles § and ¢ is
around 0.03% in the case of an atomic erbium gas, while for the molecules it amounts to around 5%, i.e., the
variations of A are two orders of magnitude larger for the molecular case. The reason for this increase in both the
maximal FS deformation and its angular variation is the same, namely the increase in the relative DDI strength
£4a> Which is one order of magnitude larger for our molecules compared to '*’Er. While the FS deformation is
proportional to £44, as expected [46] and as evidenced by our results above, our findings suggest that its maximal
angular variation is proportional to £3g.

The calculated angular dependence of the FS deformation on the DDI strength has the following important
physical consequence. For erbium atoms, where 44 is small, the angular variation of the FS deformation is even
smaller, since it is proportional to €34, and it would be difficult to observe in experiments. Therefore, one could
say that the FS behaves as a rigid ellipsoid, which just rotates following the orientation of the dipoles, without
changing its shape [37], as illustrated in figure 6(a). This also implies that the atomic cloud shape in real space is
practically disentangled from the FS, and is mainly determined by the trap shape. On the other hand, when 44 is
large enough, as in the case of “*’K*’Rb, the FS not only rotates, but also significantly changes its shape, since the
angular variation can be as high as 5%, which is experimentally observable. This is schematically shown in
figure 6(b), where the FS behaves as a soft ellipsoid, whose axes are stretched as it rotates. Although we know that
the phase-space volume is preserved, according to the particle number conservation (10), figure 6(b) illustrates
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Figure 6. Illustration of the angular dependence of the FS deformation in momentum space for system in an anisotropic trap
elongated along the horizontal y axis (see figure 1): (a) for weak DDI, when the FS ellipsoid just rotates like a rigid object; (b) for strong
DDI, when the FS ellipsoid stretches in all directions and its deformation strongly depends on the dipoles’ orientation.

that the FS, i.e., the momentum-space volume increases (K/ increase), while in real space the volume of the
cloud shape decreases (R; decrease). From this we see that the real-space atomic cloud shape is indeed coupled to
the FS, and this effect can become measurable in future dipolar fermion experiments, with sufficiently large
values of £44.

3.3.Real-space magnetostriction

The presence of the DDI in both bosonic [62] and fermionic [50] quantum gases has been predicted and
evidenced in experiment by detailed TOF expansion measurements [63] to induce magnetostriction in real
space, i.e., a stretching of the gas cloud along the direction of the dipoles. In this section we investigate the
dependence of this effect on the orientation of the dipoles for the fermionic case. To this end, we first define real-
space aspect ratios A = R;/R; of the corresponding Thomas—Fermi radii, as well as their noninteracting
counterparts A} = R/ /R} = w; /w;. The magnetostriction can now be studied in terms of the relative cloud
deformations:

b =Ax /A, — 1, b8, =A,/A) — L (22)

Here the anisotropies due to the harmonic trap are already taken into account and eliminated, so that only effects
of the DDI contribute to the nontrivial value of é,, and 6. This is in close analogy to the definition of the relative
total energy shift of the system in (19), or the FS deformation in (20).

In figure 7 we present the angular dependence of the relative cloud deformations for the Fermi gas of erbium
with the same parameters as in figure 4(a). We see that both deformations for a fixed angle § > 0 turn out to
possess a minimum for ¢ = 90°, while along the ¢ direction the FS deformation monotonously increases. If we
compare this to the behaviour in momentum space, see figure 4(b), we see that along the ¢ direction we have
qualitatively the same type of increasing dependence, while the behaviour in the 6 direction is markedly
different. Indeed, in momentum space it exhibits a maximum for ¢ = 90°, while in real space we observe a
minimum value in that direction for ¢ = 90°. A related effect has been previously found, showing that the Bose
gas momentum becomes distorted in the opposite sense to that of the Fermi gas [40]. There, the effect can be
traced back to the differences in the statistical nature of bosons and fermions. Here, however, the different
behaviour is due to the anisotropic nature of the DDI and its interplay with the direction of the dipoles and the
trap geometry.

4. Comparison with the experiment

Having developed a general theoretical framework and having numerically studied the ground-state properties
of dipolar Fermi gases with arbitrary oriented dipoles in the two previous sections, we now compare those results
with experimental data obtained in our experimental setup in Innsbruck, producing degenerate Fermi gases of
erbium [32]. The FS deformation was first observed with this setup and reported in reference [37]. Here we
performed additional measurements, using different trapping configurations to test our theoretical
understanding developed above. In these experiments the FS deformation is probed by the TOF expansion
measurements. Starting from a degenerate Fermi gas with N ~ 6-7 x 10* atoms and at the temperature

T /Ty ~ 0.2, we slowly set the cloud geometry and dipole orientation to the one of interest, let the cloud
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Figure 7. Angular dependence of relative cloud deformation (22) for 167Er, with parameters as in figure 4(a): (a) Oxz; (b) 6.

equilibrate for several hundreds of milliseconds and then suddenly remove the trapping potential. After a free
expansion of duration t, we perform standard absorption imaging along a fixed direction, see figure 1.

Before we compare theory and experiment, let us note again that our theoretical results are only valid for
T = 0. For finite temperatures the isotropic thermal fluctuations have already been shown to work against any
directional dependence stemming from either the harmonic confinement or the DDI, thus they diminish the FS
deformation. The thermal corrections to the total energy are known to be proportional to (T /T;)? atlow T [64].
The corresponding effect on the FS deformation was also previously theoretically [65] and experimentally [37]
investigated, showing similar scalings. However, for the low temperatures of our experiments, this would yield
only a few percent correction to the zero-temperature results, which lies within the experimental error bars.
Therefore, we can neglect the thermal corrections here. Generally speaking, the value of (T /T;)? can be used to
estimate the relevance of the finite-temperature effects for T/ Ty < 0.5, while (T'/T;)~>/2 should be considered
for larger temperatures [65].

4.1. Aspect ratios and FS deformation

The TOF images are taken in the plane perpendicular to the imaging axis and the deformation of the atomic
cloud is described in terms of the time-dependent cloud aspect ratio Ag, which is defined as a ratio of vertical
and horizontal radii of the cloud in the imaging plane. As depicted in figure 1, the imaging axis y’ is in the xy
plane, rotated by an angle « to the y axis, and the aspect ratio Ay is given by [46]

(ri®)cos?a + (r; (1)) sin® o ’
where (r7(t)) is the average size of the cloud in the direction i = x, , zafter TOF. These quantities are directly

measurable in the experiment, and we use them to extract the value of the deformation of the FS, which is
connected to the aspect ratio in momentum space. It is defined similarly as A [46], according to

(23)

k 2
Ak = 3 (k:) e ) (24)
(ky) cos*a + (kj) sin®
where (k?) is the average size of the FS in the direction i = x, y, zin global equilibrium, before the trap is released.

Using the definition (24), a straightforward but lengthy calculation yields the following expression for the aspect
ratio in momentum space in terms of the Fermi momenta K; in the rotated coordinate system:

K!*sin26 + K!* cos?

Ak = 2 : 2 2 2 : 2 : 2 12 ;2 2 2 22 22 - (25
K [1 — sin®6(cos* ¢ cos* @ + sin” p sin* )] + K~ sin* #(cos* ¢ cos* o + sin* ¢ sin” o)

Please note that only for § = 0°, when the dipoles are parallel to the z axis, the above momentum-space
aspect ratio coincides with the ratio between the Fermi momenta, Ax = K, /K = 1 + A, where A denotes the
previously introduced deformation of the FS. In general, however, the relation between A and A is nonlinear
and can be obtained from (25), as follows:

211 _ <2 2 2 S 2 a2 i
A \/AK[I sin” f(cos* ¢ cos* o + sin” @ sin” )] — sin* 6 _1L 26)

cos? 0 — A¢ sin? 0 (cos? ¢ cos? a + sin® o sin’ @)
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Table 1. Number of atoms N, trap frequencies w;, mean frequencies & and anisotropies A for three
sets of experimental parameters used throughout this paper. Case 1 corresponds to [37], while Case 2
and Case 3 are new results.

'Er N (x10% wy (Hz) wy (Hz) w, (Hz) @ (Hz) A

Case 1 6.6 579 x 27w 91 X 2w 611 x 27 318 x 27w 6.54
Case 2 6.3 428 x 27 91 x 2w 459 x 27 261 x 2w 4.87
Case 3 6.1 408 x 27 212 x 2w 349 x 27 311 x 2w 1.78

In order to extract the value of the deformation of the FS from the experimental data using the above
equation, we still need to calculate the momentum-space aspect ratio Ag. This is done by using the fact that the
long-time expansion is mainly dominated by the velocity distribution right after the release from the trap. Here
we rely on the ballistic approximation, which assumes that the TOF images, that show the shape of the atomic
cloud in real space, purely reflect the momentum distribution in the global equilibrium, i.e.

Ax ~ lim AR (). (27)
t—0o0

In principle, this is true just in the case of ballistic expansion, when the effects of the DDI can safely be neglected
during the TOF. However, since the DDI is long-range, it should be taken into account, rendering the TOF
results always non-ballistic. A general theory that would allow such a treatment is not yet available and is beyond
the scope of the present ground-state study. Nevertheless, if the DDI is weak enough, as in the case of erbium
atomic gases, the difference between the ballistic (free) and non-ballistic expansion is small, as already shown in
[46]. Thus, (27) can approximately be used in our case and the value of Ak in global equilibrium can be extracted
from the long-time limit of Ag, which is available from the experimental data. We highlight that in some limiting
cases it is still possible to take into account a non-ballistic expansion by using the previously developed
dynamical theory [46]. This is expected to yield a more precise value of the aspect ratio, as will be illustrated in
the next section.

With those cautionary remarks in mind, we complete the algorithm for analysing our experimental data by
calculating the FS deformation from the extracted aspect ratio using (26), which enables its comparison with our
numerical results.

4.2. Experimental and theoretical results

Here we consider three different datasets corresponding to the experimental parameters listed in table 1. Case 1
corresponds to the experimental results published in [37], while Case 2 and Case 3 are new results reported here.
Table 1 also gives the mean frequency of the trap @ and the trap anisotropy A for each case. While Cases 1 and 2
represent cigar-shaped traps, Case 2 is selected so that it has the same value of w, as Case 1, but a smaller
anisotropy A. On the other hand, Case 3 is chosen so that its mean frequency @ is approximately the same as for
Case 1, butits anisotropy A is much reduced. For each dataset, we probe the FS deformation for various angles 6
and a fixed angle ¢ = 14°. The measurement for each experimental configuration is repeated a large number of
times, typically twenty, so that the mean value can be reliably estimated and the statistical error is reduced

below 0.2%.

Figure 8 shows a direct comparison between our experimental and theoretical results without any free
parameters. Experimentally we measure the mean value of the aspect ratio Ap in free expansion using the TOF
t = 12 ms, which is taken to be sufficiently long so that the approximation (27) can be used, and yet not too long
so that the cloud does not get too dilute and a reliable fit of the density distribution from the absorption images is
possible. In figure 8(a) we show the 8 dependence of the measured quantity Ag (12 ms) for the parameters of
Case 1 (red circles), Case 2 (blue squares) and Case 3 (black triangles), as well as the corresponding theoretical
curves (solid red, dashed blue and dotted black line, respectively) for Ak at global equilibrium, calculated
according to (25). We see that the agreement is generally very good, and that the experimental data are closely
matched by the shape predicted by theory. At the same time, this figure also presents an a posteriori justification
for using the ballistic approximation in those three cases.

The discrepancies observed in the figure can be accredited to the effects of the DDI, which are neglected
during the TOF by using the ballistic approximation. Even better agreement between the experiment and the
theory can be expected if a non-ballistic expansion would be taken into account. Although a theory for this is not
yet available for an arbitrary orientation of the dipoles, [46] allows us to perform a non-ballistic expansion
calculation for the special case # = 0° in the collisionless regime. The comparison of the results is given in
table 2, where we see that accounting for the DDI during the TOF yields theoretical values of the TOF real-space
aspect ratio equal to the experimental ones, within the error bars of the order of 0.1%. Table 2 also shows that
non-ballistic effects amount to 0.7% for Case 1, which has the largest anisotropy, and becomes smaller as the
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Figure 8. Comparison of our results for f dependence of: (a) theoretical value of aspect ratio Ax and its experimental estimate

AR (r = 12 ms) according to (27); (b) theoretical value of the FS deformation A and its experimental estimate (see main text). Red
solid lines and circles correspond to Case 1, blue dashed lines and squares correspond to Case 2, and black dotted lines and triangles
correspond to Case 3. Vertical bars for experimental results correspond to statistical errors. Angle ¢ = 14° was kept constant during
the experiment. Intersection point of three curves in panel (a) corresponds to (8%, A;) = (49.16°, 1), while shaded area in panel (b) is
excluded due to a pole in (28); see main text for further details.

Table 2. Comparison of theoretical values of aspect ratios in momentum space Ay in
global equilibrium and TOF aspect ratios in real space: theoretical value of AE** and
experimental value of Ag™ , with corresponding statistical errors AAR™? . Real-space
aspect ratios correspond to TOF of t = 12 msand 6 = 0°. Last two columns give trap

mean frequency & and anisotropy A for each case.

167y Ag Apbal AR® AAR® @ (Hz) A

Case 1 1.0258 1.0324 1.0321 0.0012 318 x 21 6.54
Case 2 1.0232 1.0282 1.0292 0.0015 261 x 27 4.87
Case 3 1.0253 1.0270 1.0258 0.0020 311 x 2w 1.78

trap is closer to a spherical shape, i.e., as the trap anisotropy approaches the value of 1. Therefore, we conclude
that the agreement of experimental data and theoretical results in figure 8(a) can be further improved by
developing a theory for a non-ballistic expansion for a general experiment geometry, which is out of the scope of
the present study.

Figure 8(b) shows a comparison of our theoretical and experimental results for the deformation A of the FS
for the three considered cases, where the experimental values are calculated according to (26), assuming ballistic
expansion (27) and using the real-space aspect ratios shown in figure 8(a). Although the statistical error bars
AAR™ for the experimentally measured values of the real-space aspect ratios are small and almost constant, the
corresponding errors for the FS deformation, calculated as

0A

AAS®
DAk

(28)

b
— AP
Ag=Af

show a strong angular dependence, due to the presence of a pole in the function A /9A. For the parameters of
figure 8, the pole emerges ataround § = 50°. Therefore, the error bars appear significantly larger in the
neighbouring region, which justifies to drop the data points around # = 50° (shaded area in the graph).

As can be seen in figure 8(b), for all three cases the deformation of the FS is almost constant for all angles 6.
Therefore, from the experimental point of view, it would be enough just to measure the aspect ratio for one value
of 6, e.g., 0 = 0°in order to determine the deformation of the FS. However, this is only true for a weak enough
DDI. Nevertheless, even if this is the case, the measurement of the angular dependence of Ay, is an indispensable
tool for a full verification of the developed theory, as demonstrated in figures 8(a) and (b).

4.3. Universal consequences of geometry

As already observed in figure 8(a), the A curves for all three considered cases intersect at a special point (6,

Ag = 1).Figure 9 reveals that this is not just a coincidence. It shows the #-dependence of the momentum-space
aspect ratio Ak for several trapping geometries for erbium atomic gases, ranging from a cigar-shaped trap,
through a spherical, to a pancake-shaped trap. The azimuthal angle is kept constant at the value ¢ = 0°, as well
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Figure 9. 0 dependence of aspect ratio Ay for '’Er for ¢ = 0°, ¢ = 28°,N = 7 x 10*andw, = w, = 500 x 27 Hz. Different curves
correspond to varying w, = n x 100 x 27w Hz, where n € {1, 2, 3, 5, 7, 9}, bottom to top on the left hand side of the intersection,
respectively. Intersection point s at (6%, Ag) = (48.56°, 1).
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Figure 10. Relation between intersection angles 0" and ¢* for « = 28°, determined by (29): red solid line corresponds to Af = 1,
region below to Ax > 1, and region above to Ax < 1.Black dots correspond to intersection points identified in figures 9 and 8(a) for
¢ = 0°and 14°, respectively.

as the trapping frequencies w, = w, = 500 X 27 Hz, while the frequency w, = n x 100 x 27 Hzis varied by
changingthevalue n € {1, 2, 3, 5, 7, 9}, which corresponds to the trap anisotropy A = 5/#. The number of
particles was fixedat N = 7 x 10* We observe again that all curves intersect for A;f = 1, which suggests that
this is a general rule. Indeed, if we take into account that Kz' > K; > 0, for Af<’< = 1 wecan show from (25) that
the following relation holds, which connects the intersection angles 6 and ™

1

1 + cos? p*cos? a + sin? p*sin

sin® 0* = (29)

20
This result is universal, i.e., it is independent on other system parameters as the trap geometry, the number of
particles, and the DDI strength. In other words, this intersection point is purely a consequence of the geometry,
and for any orientation of the dipoles there exists an imaging angle such that the aspect ratio is given by Ax = 1,
while the FS deformation A can be nontrivial and even can have a significant value. We note that for larger €44
values additional parameter-specific intersection points may appear for some geometries, but the intersection
point for Ax = 1isuniversal and always present.

To further illustrate this, in figure 10 we plot a diagram in the (6*, ©*)-plane for & = 28°, where the regions
with Ax > 1and Ax < 1 are delineated by a solid line defined by (29). The two black dots correspond to
intersection points from figure 9 for ¢ = 0°and from figure 8(a) for ¢ = 14°, respectively.

5. Conclusions

In conclusion, we have explored the ground-state properties of dipolar Fermi gases in elongated traps at zero
temperature for an arbitrary orientation of the dipoles. By means of a Hartree—Fock mean-field theory with an
appropriate ansatz for the Wigner function, we have shown that the ground-state FS is deformed into an
ellipsoid, the main axis of which coincides with the orientation of the dipoles. We have then used this theory to

14



10P Publishing

NewJ. Phys. 20 (2018) 093016 V Velji¢etal

study effects of the dipoles’ orientation, the particle number and the trap anisotropy on the deformation of the
FS. We have found that the FS deformation is maximal when the dipoles point along the axis with the smallest
trapping frequency and demonstrated this for two samples of different dipolar strengths, values of which are
achievable with atomic erbium in one case and with polar molecules in the other case. Furthermore, for the
erbium case we have observed that the angular dependence of the FS deformation is larger than the
corresponding dependence on the trap anisotropy, and that both are less pronounced than the corresponding
effect when the number of particles is varied. Note, however, that a stronger DDI may modify this behaviour.

We have established a relationship between the FS deformation and the momentum-space aspect ratio for a
general system geometry, which is experimentally accessible by measuring the real-space aspect ratio during the
TOF, if we assume ballistic expansion. We have performed new measurements on degenerate gases of atomic
'7Fr in different trap geometries and found very good agreement, without any free fitting parameters. As an
extension, using pure geometric considerations, we have shown that the FS deformation can have a nontrivial
value even when the measured TOF real-space aspect ratio equals one. Furthermore, we have derived a relation
between the orientation of the dipoles and the imaging direction for which the aspect ratio is always equal to one.

The theory for the ground-state properties of trapped Fermi gases of tilted dipoles presented here may be
relevant for a precise calculation of the critical temperature for BCS pairing of dipolar fermions [56].
Furthermore, it can also serve as a basis for a further study of the system’s dynamics, such as the TOF analysis and
the low-lying excitations. Indeed, a proper comparison between theory and experiment for the finite-time real-
space aspect ratio, to the best of our knowledge, is still lacking for an arbitrary geometry. These aspects of dipolar
Fermi gases, whose understanding is highly relevant for current and future experiments, will be studied in a
forthcoming publication.
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Appendix A. Hartree energy

The Hartree term (13) can be written in terms of the Fourier transform of the potential according to

b d3k// _ 43k’ _
k" K,k K, K. .
Eh= 5 o )f( KR [ K (A1)

Defining h(k) = 1 — i k;B;;k; as a suitable abbreviation for the momentum part of the argument of the
Wigner function (5), the Fourier-transformed distribution function yields

Bhao! 1 1
O K Oy h 0! (7 R2 + KR} + KPR, (A2)

&~ v —
(=K', k) = (KR? + k}/’/zRyz n kzﬂszz)‘% 3

where ], represents the Bessel function of the first kind. Then, after an algebraic substitution and switching into
spherical coordinates, the integral yields
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Subsequently, we apply [66, (6.574.2)] for the radial integral and make use of the anisotropy function described
in appendix C, equations (C.3)—(C.5), so that the Hartree energy EJ) yields

6N2c, , R, R,
E)=— = [1 3sin® 6 cos cpfAl(R—Z, R
R, R R, R
— 3sin? 6 sin? =X 2~ 3c0820f,. | =, 2. A4
SDfAz(RZ Rz) fAs(Rz R, (A4)
Finally, the identities (C.9) lead to
6N2C0 R R
gD = 2V == 29, o, A5
dd B fA(RZ R, <P) (A.5)
with the definition (16) for the generalised anisotropy function.
Appendix B. Fock energy
The Fock term can be rewritten in the following form
(B.1)

E __ _l 3./ &K’ K" N NS <\ 1 ix"k’
Bli= =5 [ [ 55 [t 0m K, ) T,

where 7 (k/, k) and 7(x, x’) denote the Fourier transforms of v/ (x, k) with respect to the first and second
variable, respectively. The first step is to calculate these two Fourier transforms of the Wigner function. The first

of these two transforms has already been obtained in (A.2). Using this result, one gets

3 3
l:/(—k”, X):f &’k eik'XD(—k”, k):f dq 1q(]RTx)V( k// RQ)

@my’ @r)’
RO 1—2,‘1_1'2)4 N\ N
P4 ige ( ik q, |' 4, | 1
:f ) e g (k") [1 - ; EI/Z) 3 [1 - FJ gz |, (B.2)

k”?R?and ¢ = R'x. The three g-integrals will be treated separately, yet all

where g(K") = k/*R} + k*R; +
in the same way. Hence, it is only necessary to compute one of them. With the use of the substitution

I qx T .
q, =K, — KEZ cos ¥, one can rewrite (B.2) as
5
- 2 2 2 2 \a
(=K', x) = K — 7 f q,dq, 19540 . _ L R K2
(27T) g(k)” X K;/c2 )//2 K;Z K)/,Z
_ 2 2
3 q
sz do sinz 9K, cos| c,K. |1 — & cosV
0 K2 72
x y
2 qZ %
x Jilgk":[1— =5 — | sinv |- (B.3)
X K}/

After this substitution, the ¥-integral can be calculated using [66, (6.688.2)]. The other two k-integrals can be

treated in the same way. Then, the Fourier transform reads
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R3 1@3

[g(K") + c2K* + 2[(/2 + 2K (g k") + 7K + CZK/Z + K1 (B.4)
g c; c

P(—K', x) =

Itis clear that  (k”, x) is an even function, which further simplifies the calculations. The next step is to calculate
the x’-integral in (B.1). To avoid a quadratic Bessel function, one can use the integral representation [66,
(6.519.2.2)], which leads to an integral over a Bessel function

]32{[C2K/2+ CZK/2+ CZKIZ"_g(k”)]%}

] f dife{2sin t[c2K]> + K[> + 2K + g(K)]E ). (B.5)

With this the x’-integral becomes

f d3x/5(k”, x/)Zeik’-x’ — f d3x”1:/(k”, Rx//)zeik/-(Rx”) — f d3x”1:/(k”, Rx//)zei(RTk’)T-x”

= & RKeinx" 2 (12K 2 n2 g2 n2g'2 KN
_f b 2K 1 y”zK/Z + Z"2K? 4 g(k”)]3]3 {[x"°K," +y y T 20K+ gk}
X y z
:f P R61€/6ein~x”
[xIIZK)/CZ 4 y”zK}/,Z + Z//ZKZ/2 =+ g(k”)]3

XEIZ dtfe {2sint[x"2K > + y”zK;2 + 2K + gk},
7 Jo

where k = RTK’. We treat the three integrals separately, starting with the z”-integral. After the substitution
u, = z"K/, we can use [66, (6.726.2)] to evaluate the integral over z”

2 % 2
_ (4 sin’t — K’Z) @(2 sint — 1:’22 )
d # #

R6K,6fdx//dy//e1hxx +ikyy" T 4 \f7 t
7K Jo  @sint) [x"2K2 + y"2K)? + g(W)]T

\/7 Ju (451n - ) ("KL + y"K + (K] . (B.6)

The other two integrals will be calculated in the same way. The solution of the x’-integral reads

9
2 2 2 \4
Rz h}' Ry
(4sm t— P i K,z)

L s
fd%c’ﬁ(k” X/)zeik/.x/ _ (1)2R6K_'/3f? dr g ] 7
7 0 sint g (k”)%
1
: Ky 4l 2 K2 2
Kz K}/ Kx KZ Ky Kx

The next step is to integrate the k”-integral. Using the underlying spherical symmetry, the calculation of this
integral becomes relatively short. Indeed, substituting #; = k;”R; and then transforming these new integration
variables into spherical coordinates, one can use [66, (6.561.17)], which leads to

2531713 z
I(k/) — dek//f d3x’1:/(k”, X/)zeik/.xr TR°K j(‘) dt

192 sin® ¢
3
2 2 2 2 2 2
4sin2t—%—K—f2—I:fz] @25int—\/;f2+K—f2+I’Zf2 . (B.8)
z y X z y X

Thelast step of the calculation of the Fock term is to solve the k’-integral, and therefore we will again switch to
another coordinate system k/ = Rq and use the Fourier transform of the interaction potential
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EE —— fd3k’1k’V K) = — fd3IRVR
5 2(2 : ) Via (&) 2(2 5 [ @ ey
3
_ uymRK? ) @ 4 q
737287 f fo sind ¢ sin®t = K? K? K2
z y X
2 2 2 2
q 3
x Of2sine — | L 2y I q; : (B.9)
k2 Kk k)4

Using the substitution u; = g, /K/ and afterwards switching to spherical coordinates we get

E 2R3K/ 2 49 2sint dus® 5 -
E; = f f f f uu“(4sin“t — u
ad 7372877 o 9 sinf ¢ )

cos? ¥ sin ¥y
” —sin?|. B.10
l (K. /K.})? cos? ¢ sin*¥ + (K /Kz)2 Sin?  sin ¥ + cos? ¥ sin } ( )

The - and ¢-integrals will lead to the anisotropy function, which is defined by (C.5) and (C.6), and the u-
integral and t-integral can be solved without any difficulties. The solution of the Fock term reads

6N K! K! 6N%, [ K! K!
Ecllad . — 3fys i» _i == Of —7, —f . (B.11)
R3 K, K, R K, K,

Appendix C. Anisotropy function

Here we recall the definition of the usual anisotropy function [47]

1 p2m w ] 3x%y? cos? ¥
,Y) = —— d d? sin -1
feoy) Am f ¢f - [(y2 cos? ¢ + x2sin? @) sin? 9 + x2y? cos? ¥ ]
E(y, k) — F(Jy, K)
(1 —y)J1 — x? ’

where ¢, = arccosx, 1), = arccosy, k* = (1 — y%) /(1 — x?) areabbreviations and, F (¢, k) is the elliptic
integral of first kind and E (¢, k) is the elliptic integral of second kind. Notice that

fx x) = f,(x) (C.2)

denotes the cylindrically symmetric anisotropy function [62, 67-69]. We, then, introduce some auxiliary
functions

=1+ 3xy €D

27 ™ 25in3 ) 2
y*sin’ ¢ cos” ¢
dnfute = [ do [ av
fa ) 0 ¢ 0 y?cos? psin? 9 + x?sin? ¢ sin?9 + x2y? cos?V

y? x E(Wy, K)
=4 1 — = C3
" 2[ Y1 — x? ] (€

yo =X

2 ™ x?sin® ¥ sin? ¢
47 X, y) = f d f dv
Taz (%5 ) 0 ¢ 0 y? cos? ¢ sin® ¥ + x?sin? ¢ sin? 9 + x%y? cos® V)

2 E(®,, )
SRy S PR S ciaria | (C4)
x2 _ y2 x 1 — yz

2w ™ x%y? cos? ¥ sin
4 x, = d d'l.9

Tfa3 (% ) f (bfo y?cos? ¢ sin® ¥ + x? sin? ¢ sin® ¥ + x%y? cos? V)
E(’l9x, ,‘{) - F(ﬁm K)

T e “
At this point, the following identities can be derived
fGoy) =1 = 3fs(x p), (C.6)
fa 6 9) = fi(y/x, 1/x), (C.7)
faa (6 y) = fus(x/y, 1y, (C.9)
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Z faitey) =1 (C.9)
i=1,2,3
Thus, finally, taking (C.6)—(C.8) into account, we have

faG p, 0, @) =1 — 3sin*6 cos>  f,,(x, ) — 3sin* O sin® ¢ f,,(x, ) — 3cos?0 f,5(x, y)

= sin29cosztpf(z, l) + sinzﬁsinzgof(f, l) + cos? 8 f(x, y). (C.10)
X x y ¥

Appendix D. Equations for variational parameters in momentum and real space

Here we present the respective equations for the variational parameters of the Wigner function ansitze, i.e.,
Thomas—Fermi radii and momenta, for all three considered scenarios in section 2, see figure 2.

D.1. Spherical scenario
The five variational parameters (K, R;, 1) are determined by minimising the grand-canonical potential QW

which leads to the following set of algebraic equations:

K D.1)
8M ’
4 [ R R ]
AR B A N | B (D2)
48Nco[ . (R, R R, R 1 s
sz’RJ% + MRC;) fA R_) R_y) 6: Pl — R}/aRyfA R_’ R_y’ 0’ ' - MM =0, (D3)
| z z z Z |
- . . _
wiR? + 4;\;0 fa %, R—y) 0, o| — R.0x. £, %, R—y, 0, o|| - Sﬁ“ =0, (D.4)
1 -
N = —RK3. D.5
15 NF (D.5)

Note that (D.5) represents the particle-number conservation constraint, which is the special case of (10)
for K, = K, = K, = K.

D.2. On-axis scenario
The seven variational parameters (K;, R;, /1) are determined by minimising the grand-canonical potential 2,

which leads to the following set of algebraic equations:

/K2 24Nc,

K, K
+ = Kxa _Z) _Z: 0) - 4 - 0) D6
oM B Okl k' F) 0O
7°K;  24Nc K, K
) 0 z z
+ ——K, 0, = =0, — 44 =0, D.7
M A\ P k' 7)) B
72K? 24Nc, K, K
L+ —K,0 ==, =0, — 44 =0, D.8
M B Oh k' F) B8
wir g BN o (Re By g ) g [ K K o) - R s [ R 00| |- B =0, )
xRy MR3 A RZ; RZ) > P A Kx) Ky’ > @ xUR: A RZ, RZ) > P M > .
w2R2+48_NC0f &&9 _f&&g —Raf&&ﬁ _8d (D.10)
y By MR3 A RZ’RZ’ >SO A Kx:Kyr >80 y RyA RZ,RZ) )QO M > .
wir? 4 BNeof e (R By g n N e K Ky o) R R B e o) |- B 20, 0
z4 MR3 A RZ’ RZ) > P A Kx, Ky’ > P zUR, JA Z) RZ) > P M > .
1 P33
— —RR°, (D.12)
48

Similarly as in the spherical scenario, (D.12) coincides with the particle-number conservation equation (10).
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The seven variational parameters (K/, R;, ) are determined by minimising the grand-canonical potential 2,

which leads to the following set of algebraic equations:

/2K!*  24Nc ., K! K!
Zx 4 ORI 22, 22— 4 =0,
2M p w0t k)"
7K)? 24N, K K
y Co -/ z z
+ =K =2, 22— 4u =0,
2M e o0l k' k)"
A2K* 24Nc K! K!
+ =Ko fl ==, =2 —4p =0,
2M p ol KK
48NC_RR K! K! R, R ] 8
2p2 0 X y z z x y 1%
WR—’_ = _)_>0> - 7 .7 _Rax _>_>01 - =
xt\x MR3 fA Rz Rz 90 f K,/C K}l, X RfA Rz Rz QO M
48Neo| . (R, R K! K! R, R 1 s
2p2 0 X 4 z z X Y 14
WR+ — —,—,6, - 7 _Ra _3_)0) - =
T MRS _fA R'R Y f K.’ K, rOr fa R, R, 80_ M
48Nc—RR K! K! R, R ] 8
2p2 0 x y z z x y 13
WR +—_ _)_)01 - 7 _Raz _>_>01 - =
z7 vz MR3 fA Rz Rz 14 f K,IC K}l, Z RfA Rz Rz ® M
N= LRKn,
48

Asbefore, (D.19) coincides with the particle-number conservation equation (10).

(D.13)

(D.14)

(D.15)

(D.16)

(D.17)

(D.18)

(D.19)

Due to the symmetry of the anisotropy function f(x, y) = f(y, x), it follows from (D.13) and (D.14) that
K. = K}’,, i.e., that the FSis cylindrically symmetric with respect to the dipoles’ orientation. Additionally, in close

analogy with the special case when the dipoles are aligned with one of the trapping axes [44—47], the three

equations (D.13)—(D.15) can be rewritten in the following form:

K; =K,
(2K/2 + K/2 )f(ﬁz,/)
K/2 - K/2 _ 144MNCO x z S\ K i
£ 7R 2(K2 — K
_ Ly K
=10 oM
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A recent time-of-flight (TOF) expansion experiment with polarized fermionic erbium atoms measured a Fermi
surface deformation from a sphere to an ellipsoid due to dipole-dipole interaction, thus confirming previous
theoretical predictions. Here we perform a systematic study of the ground-state properties and TOF dynamics
for trapped dipolar Fermi gases from the collisionless to the hydrodynamic regime at zero temperature. To this
end, we solve analytically the underlying Boltzmann-Vlasov equation within the relaxation-time approximation
in the vicinity of equilibrium by using a suitable rescaling of the equilibrium distribution. The resulting ordinary
differential equations for the respective scaling parameters are then solved numerically for experimentally realistic
parameters and relaxation times that correspond to the collisionless, collisional, and hydrodynamic regimes. The
equations for the collisional regime are first solved in the approximation of a fixed relaxation time, and then this
approach is extended to include a self-consistent determination of the relaxation time. The presented analytical
and numerical results are relevant for a detailed quantitative understanding of ongoing experiments and the design
of future experiments with ultracold fermionic dipolar atoms and molecules. In particular, the obtained results
are relevant for systems with strong dipole-dipole interaction, which turn out to affect significantly the aspect

ratios during the TOF expansion.

DOI: 10.1103/PhysRevA.95.053635

I. INTRODUCTION

Atomic and molecular ultracold gases offer many advan-
tages for studying quantum phenomena, especially within the
realm of many-body physics, due to the high degree of tun-
ability of interatomic interactions [1,2]. In particular, dipolar
quantum gases of atoms and molecules have received much
attention in recent years, as the anisotropic and long-range
nature of the magnetic or electric dipole-dipole interaction
(DDI) gives rise to a rich spectrum of properties in such
systems [3—15]. Such systems include those made up of
ultracold atoms, as well as those consisting of heteronuclear
molecules with large dipole-dipole interactions. Furthermore,
in the recent theoretical and experimental research [16]
an interesting kind of strongly dipolar quantum gas was
introduced. These are weakly bound polar molecules produced
from atoms with large magnetic dipole moments, such as
erbium and other lanthanides. These molecules can have a
very large magnetic moment, which amounts to twice that of
its individual atoms [17].

In 2005, an anisotropic deformation of the expanding dipo-
lar bosonic chromium condensate due to DDI was observed
[18]. In the recent experiment [19], also the Rosensweig
instability was detected in a '**Dy Bose-Einstein condensate,
which represents a quantum ferrofluid due to the large atomic
magnetic dipole moments. Namely, after a sudden decrease
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of the scattering length, the dipolar quantum gas creates
self-ordered surface structures in the form of droplet crystals,
which can only be understood by taking into account DDI
[20-25] and the corresponding quantum fluctuations [26-37].

For dipolar Fermi gases, it was predicted that the long-range
and anisotropic DDI leads in equilibrium to an anisotropic
deformation of the Fermi surface from a sphere to an ellipsoid
[38]. A recent time-of-flight (TOF) expansion experiment
has now unambiguously detected such an ellipsoidal Fermi
surface (FS) deformation in a dipolar quantum gas of fermionic
erbium atoms, which turns out to be of the order of a few
percent [39]. Within the Hartree-Fock mean-field theory for
a many-body system, first-order contributions of DDI to the
total energy of the system taken into account are in terms
of both the Hartree direct interaction and the Fock exchange
interaction [38,40—46]. In the case of a Fermi gas with isotropic
interaction, the Hartree and the Fock interactions cancel out
[38], thus leading to a spherically symmetric FS. But in the
case of a Fermi gas with anisotropic DDI, the Hartree term
gives rise to a distortion in real space [47], whereas the Fock
term gives rise to a distortion in momentum space, i.e., to
an ellipsoidal deformation of the Fermi sphere. Note in this
context that the Fock exchange term in dipolar Fermi gases is
the consequence of a combined effect of the DDI and the Pauli
exclusion principle. In the current experimentally relevant
range of dipolar interactions, the theory beyond Hartree-Fock,
where the total energy is determined up to second order in
the DDI, yields only small differences, which cannot yet be
resolved experimentally. Thus, the Hartree-Fock mean-field
approximation yields already quantitatively accurate results
for present-day experiments [48-50].

©2017 American Physical Society
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The investigations of collective oscillations and TOF
dynamics of dipolar Fermi gases have so far focused on either
the collisionless (CL) regime [40-42], where collisions can
be neglected, or on the hydrodynamic (HD) regime [44,45],
where collisions occur so often that local equilibrium can
be assumed. Wichtler ef al. [46] recently studied even the
behavior of collective oscillations when the system undergoes
a crossover from one regime to the other.

Motivated by the experimental observation of the ellip-
soidal FS deformation in the TOF experiment [39], we
continue here the analytical analysis along the lines of Ref. [46]
and investigate in detail the expansion dynamics for the col-
lisional regime, which represents the transition zone between
the limiting CL and HD regimes. We also extend previous
approaches based on the relaxation-time approximation by
introducing a self-consistently determined relaxation time, and
study how this quantitatively affects the TOF dynamics.

The paper is structured as follows. In Sec. II, we introduce
our notation and summarize recent experiments on atomic
and molecular dipolar Fermi gases. In Sec. III, we analyze
the global equilibrium of the system by minimizing the
Hartree-Fock total energy in order to obtain the Thomas-
Fermi radii and momenta. Afterwards, in order to study the
dynamics, in Sec. IV we follow Ref. [46] and introduce the
Boltzmann-Vlasov equation for dipolar Fermi gases as well
as an approximative solution, which is based on a suitable
rescaling ansatz for the equilibrium Wigner function. In Sec. V,
we study in detail the TOF expansion dynamics of an initially
trapped Fermi gas. To this end, we present our analytical and
numerical results of the TOF analysis all the way from the
collisionless to the hydrodynamic regime and reveal how the
expanding cloud bears the signature of the underlying DDI.
Finally, Sec. VI gathers our concluding remarks and gives an
outlook for future research.

II. ATOMIC AND MOLECULAR DIPOLAR FERMI GASES

We consider a trapped ultracold quantum degenerate dipolar
gas of single-component fermions of mass M and magnetic
dipole moment m or electric dipole moment d at zero
temperature. The system is then described by the second-
quantized Hamiltonian

2
H = /dr @T(r)[—;—Mvz + V(r):|\i/(r)

+ % / / dr dr' Wi )W () Vi (r =) @) & (). (1)

Since the Pauli exclusion principle inhibits contact interaction,
the long-range DDI between the polarized fermionic point
dipoles is dominant. It is described by

Cu

Vin(r) = (1 —3cos’ ), 2)

47 r|?
where r denotes the relative position between the dipoles,
stands for the angle between r and the polarization axis of the
dipoles, and Cq4q represents the dipolar interaction strength,
which depends on the nature of the dipoles. Namely, for
electric dipoles it is defined as C§; = d?/sy, where g is the
vacuum permittivity, while for magnetic dipoles one has C3; =

pom?, where /1 is the vacuum permeability. Magnetic dipolar
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FIG. 1. Schematic illustration of the geometry in the Innsbruck
experiment with '%’Er [39]. Axes x, y, z correspond to trap axes,
while the orientation of the magnetic field B and the atomic dipoles
is determined by spherical coordinates B8 and y. Earth’s gravitational
field is parallel to the z axis, while the imaging axis is denoted by y’,
lies in the xy plane, and forms an angle « with y axis.

moments are usually measured in units of Bohr magneton
(ug = 9.27401x10~2* JT~"), and electric dipolar moments in
units of debye (D = 3.33564 x 1073% cm). Note that the DDI of
polar molecules is about 10* times stronger than that of dipolar
atoms, as C$;/C™ ~ ag?, with ag = 7.297x 103 being the
Sommerfeld fine-structure constant.

Due to the anisotropy in the dipolar interaction potential (2),
dipolar Fermi gases tend to be stretched along the polarization
direction, since this leads to a lower total energy. Here, we
consider the parameters of a recent Innsbruck experiment
[39] performed with the fermionic erbium atoms 167Er in
the collisionless regime, which are confined into a three-
dimensional optical dipole trap with frequencies (wy,w,,w;) =
(579,91, 611)x 2w Hz. It contained N = 7x10* atoms at a
temperature 7 of 0.18 Ty, with the Fermi temperature being
Tr = 1.1 uK. The underlying geometry of the experiment is
depicted in Fig. 1. Gravity is oriented along the z direction. The
atomic cloud is imaged along the y’ axis, which forms an angle
o = 28° with respect to the y axis. The magnetic field B forms
an angle B with the z axis and lies in the x”z plane, which is
rotated for an angle y = 14° with respect to the xz plane. In the
following, we restrict ourselves to the general geometry of the
anisotropic trap, where the dipoles are oriented in the direction
of one of the trap axes, which reflects the experimental
situation at the two limiting cases 8 = 0° and 8 = 90°.

Previous theoretical works have predicted that the degree
of deformation of the FS depends on the Fermi energy and
the strength of the dipole moment [38,44-46]; therefore, we
use a relative interaction strength of the DDI when comparing
its effect on different species of ultracold Fermi gases. The
relative interaction strength is given by

Cu [M3a
L ey LN 3
€=\ 73 3)

where @ = (a)xa)ywz)l/ 3 denotes the geometric mean of the
trap frequencies.

The available dipolar Fermi gases in current ultracold
experiments are listed in Table I, together with the maximal
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TABLE I. Maximal values of dipole moments (m for species with a magnetic dipole and d for species with an electric dipole) and relative
interaction strengths of fermionic atoms and molecules currently used in ultracold experiments, calculated according to Eq. (3) using the trap
parameters and particle number given in the text. Note that the electric dipole moments d of molecular species 2*Na“’K and “°K ¥’Rb can be

tuned to smaller values by using an external electric field.

Gas 3¢r [51] 167Er [52] 161Dy [53] 167E; 18Er [16] BNa*K [54] YK ¥Rb [55]
m/d 6 up 7 up 10 up 14 up 0.8D 0.566 D
€ad 0.02 0.15 0.30 1.76 5.44 7.77

values of their dipole moments and relative interaction
strengths, considering the trap parameters and particle number
given above. A quantum degenerate Fermi gas of the strongly
magnetic atoms of dysprosium was produced in 2012 [53].
Later on, a degenerate Fermi gas of erbium atoms [52] and
molecules [16] was also realized. A dipolar Fermi sea of
degenerate > Cr, together with a BEC of >>Cr, was produced in
2015[51]. A few years ago, a molecular dipolar gas of **K 8’Rb
was realized using a single step of STIRAP [56] (stimulated
Raman adiabatic passage) with two-frequency laser irradiation
[55], and with the same technique an ultracold dipolar gas
of fermionic molecules of 2*Na“*’K was created in a recent
experiment [54,57]. The same technique can be also used
for thermal [58] and ultracold dipolar Bose gases [59] of
heteronuclear molecules.

We will consider the experimentally available range of
relative strengths of the DDI and atom or molecule species
given in Table I in the following sections. Therefore, the
presented results are directly applicable to current and future
experiments.

III. GLOBAL EQUILIBRIUM

A quantum many-body system can be described in terms of
a Wigner function v = v(r,k,?), as it represents the Wigner-
Weyl transform of the density matrix of the system and is
equivalent to a quantum-mechanical wave function [60]. The
Wigner function is a quasiprobability distribution function, and
integrating it over the space or the momentum variables leads to
the respective probability distribution functions. The quantum-

(a)

1.1

mechanical expectation values of observables [61-65]
can be obtained as their phase-space averages, weighted by
the Wigner function.

Considering a trapped ultracold dipolar Fermi gas, the
equilibrium distribution function in the phase space will
rapidly decrease to zero outside a certain closed surface, due
to a combined effect of the Pauli exclusion principle, which is
responsible for a formation of the FS in the momentum space
and the trapping in real space. Therefore, in order to model
the global equilibrium distribution of the dipolar Fermi gas,
we use an ansatz for the semiclassical Wigner function, which
resembles the form of the Wigner-transformed Fermi-Dirac
distribution of a noninteracting Fermi gas. Note that the
temperature of the dipolar Fermi gas in the experiment [39] is
low enough that thermal fluctuations are expected to be of the
order of (T/Tg)> ~ 3% due to the Sommerfeld expansion.
This justifies to use the zero-temperature approximation
for the Wigner-transformed Fermi-Dirac distribution of a
noninteracting Fermi gas:

v%rk):@(l—Zﬁ—Zk—iZ).
| R K

Here ® is the Heaviside step function. The variational
parameters R; and K; represent the Thomas-Fermi (TF) radius
and the Fermi momentum in the ith direction, respectively,
and describe the extension of the equilibrium Fermi surface in
both coordinate and momentum space. With this ansatz, the
normalization of the distribution v°(r,Kk) to N fermions leads

“4)

(©

1.0F 4
1.0
6.5
0.9F 0.9r
0.8f R, 6.0} .
i I Be o5
= 0.7F # #
5.5
0.6F 0.7
0.5F 5.0f i
0.0 1.0 1.5 2.0 2.5 0.0 0. 1.0 15 2.0 25 0.0 0.5 1.0 15 2.0 2.5
€dd €dd €dd

FIG. 2. Aspect ratios in real and momentum space as functions of relative dipolar interaction strength €49 for Fermi gases in global
equilibrium for considered trap geometry with dipoles parallel to z axis: (a) R, /R., (b) R,/R_, and (c) K /K. Black upward-pointing triangles
represent aspect ratios for the limiting case of a noninteracting Fermi gas: in real space R./R, = w./w, and R,/R, = w,/w,, while in
momentum space K, /K, = 1 (Fermi sphere). Other symbols represent aspect ratios for dipolar atoms and molecules from Table II: **Cr (gray
downward-pointing triangles), 7By (red circles), 161Dy (blue diamonds), “*K ) (purple squares), and 107E 18 (green stars). Red vertical
line corresponds to a critical value of the relative dipolar interaction strength €5 & 2.52 for considered trap geometry; for €44 > €Sht no stable

stationary solution exists for a system of Egs. (10)—(14), together with Eq. (5).
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to the condition

N= /dr/(z B

where R = (R, R,R;)"/* and K = (K. K,K)!/* denote the geom

Vo(r.k) =
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R 33, 5

etric means of the respective TF radii and momenta. The total

energy of the system in the Hartree-Fock approximation for dipoles oriented along the z axis, i.e., B = 0°, is given by

R2K?
J
2M

NM 48N?

82

2 p2
Wik

E:EZ
J

8

10 . . . . . .
where ¢p = ﬁ, while the function f and its derivatives with re

are anisotropy functions defined in Refs. [44—46]. Note that the

8R3

R. R
R.' R

48N2C()
8R3

Co Kz K

Z
- |
y

K. K

(6)

) S

spect to the first and second arguments, f; and f>, respectively,
corresponding expression for the Hartree-Fock energy of the

second considered case of dipoles oriented along the x axis, i.e., 8 = 90° is obtained by a simple cyclic permutation of indices
x — y — z — x in Eq. (6). The same applies to all other equations throughout the paper.
The TF radii and momenta R; and K; are determined by minimizing the energy (6) with respect to them, which leads to the

following set of algebraic equations:

R2K? h’K? _ 48Noy K., (K. K.
——Z —— = h =0, (7)
oM oM R k. '\k. K,
R2K? RK? _ 48Nop K. (K. K.
.»__Z k., o, (8)
oM oM R k,°\k, K,
h2K?2 RK}  48Nco[ K K. K. K K. K
—Z——Z —— | Zhl =)+ E ) | =0 ©)
oM oM B |k 7\k.k,) " k,7\k, K,
1« 7*K?  48Nc¢o[ (K. K R, R, R R, R
2 p2 J 0 z z X y X X y
R - 5 - T A2 T R - e - [R— =07 10
ot 3; M MR _f<1<x Ky) f(Rz Rz)+sz‘(Rz R)} 1o
R*K}?  48Nco[ (K. K R, R R R, R
2 p2 0 z z x Ay y x Rty
R — — B Y (e S e B IR N (e | ey} 11
“r%y Z MR _f<1<x Ky) f(Rz Rz)+sz2(Rz Rﬂ (v
WK} 48Nco[ (K. K R, R, R R. R R, (R, R
ngz__Z - _CO f _Z,_Z _f xv 4 __Xfl _X»_y - =2 2 _X’_V =O (12)
< M2 MR "\ K, K, R. R, R."”'\ R, R. R."*\ R, R.

Note that Egs. (7)—(9) are linearly dependent, and due to the
symmetry of the anisotropy function f(x,y) = f(y,x) can be
reduced to two independent equations [44-46],

K.=K,,

(13)
2K2 + K2 f, (X
1_( x+ z)f(K,() , (14)
2(K? - K?)

where f;(x) = f(x,x) denotes the diagonal part of the
anisotropy function. This implies that the momentum distri-
bution of a dipolar Fermi gas in global equilibrium remains
cylindrically symmetric despite a general triaxial harmonic
confinement [44,45]. Due to the anisotropy of the dipo-
lar interaction potential, dipolar quantum gases tend to be
stretched along the polarization direction, i.e., the direction of
an external magnetic or electric field, since this leads to a lower
total energy. We note that this is valid not only for fermions
but for bosons as well [18,26,27]. Equations (10)-(14),
together with Eq. (5), represent a closed set of six algebraic
equations, which fix all variational parameters R; and K; in
global equilibrium.

For sufficiently weak interactions, a local minimum might
exist to which the system would return after a small perturba-
tion. The regions of system parameters satisfying this property
are called stable and the mathematical criterion behind this

144M N ¢y
K2R3

K*—K

z x

classification is given by positive eigenvalues of the Hessian
matrix of the energy functional [45]. Figure 2 depicts aspect
ratios of stable solutions, i.e., the deformation of the Fermi
surface in real and momentum space in global equilibrium for
the dipolar Fermi gases given in Table II. These results are
obtained for the dipoles oriented in the direction of the z axis,
i.e., for the angle 8 = 0° (see Fig. 1). For the limiting case of
a noninteracting Fermi gas, we know that the aspect ratios in
real space are R, /R, = w;/w, and R, /R, = w,/w,, while in
momentum space the Fermi surface becomes the Fermi sphere
and therefore we have K, /K, = 1.

Red vertical lines in Fig. 2 represent a critical value of the
relative interaction strength ecfj“ ~ 2.52 for the considered trap
geometry. Namely, for €44 > €Si' stable stationary solutions

TABLEIIL. Dipole moments (m for species with a magnetic dipole
and d for species with an electric dipole) and relative interaction
strengths of fermionic atoms and molecules to be used throughout
the paper, calculated using the trap parameters and particle number
given in the text.

Gas 3Cr[51] 'Er [52] '9'Dy [53] “°K ¥ Rb [55] '"Er '*®Er [16]

m/d
€dd

02D
0.97

14 ug
1.76

10 up
0.30

Tus
0.15

6 up
0.02
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for Egs. (10)—(14), together with Eq. (5), do not exist [45,66]
for system parameters from the Innsbruck experiment [39].
Note that the value of €' does not depend on the mass of the
species and is universal for a given trap geometry, as can be
shown by rewriting Eqgs. (10)—(14) in the dimensionless form.

From Table I we see that electric dipolar molecules >*Na “°K
and ““K¥Rb with the largest values of relative dipolar
interaction strength €44 are unstable for the considered system
parameters if their maximal values of electric dipole moments
are used, since in both cases €4q > egfiit. However, by using
an external electric field, their dipole moments can be tuned
to smaller values, and therefore we will consider the case of
40K 37Rb with the value of electric dipole moment tuned down
to d = 0.2D [67], for which one obtains €44 = 0.97 < eggt.
Table II gives the corresponding parameters of the five atomic
and molecular dipolar species we will consider in the rest of
this paper.

In Fig. 2, corresponding aspect ratios for the noninteracting
case are shown as black upward-pointing triangles in compar-
ison with aspect ratios for interacting Fermi gases. For atomic
gases of 3 Cr, 167Er, and '6'Dy the DDI is not that strong, and
their aspect ratios in momentum space deviate less than 5%
from unity; see Fig. 2(c). Actually, for >*Cr (gray downward-
pointing triangles), the aspect ratio in momentum space is just
1% smaller than 1, which is quite challenging to be observable
in an experiment. Nevertheless, for 7B (red circles) the
aspect ratio in momentum space turns out to be about 3%
less than 1 and has already been experimentally observed
in Ref. [39], meaning that the 5% deformation for '®'Dy
(blue diamonds) should also be observable. For the considered
parameters for “°K #Rb (purple squares) with egq = 0.97 we
obtain an even larger value of the FS deformation of about
15%. Furthermore, a molecule of '**Er '*"Er (green stars) with
€4a = 1.76 would yield a FS deformation of nearly 25%.

Note that the critical value egfji‘ strongly depends on the
trap geometry, as can be seen in Fig. 3, where we show its
dependence on the frequency w, for fixed values (w,,w;) =
(91,611)x2m Hz from the Innsbruck experiment [39]. For

40K87Rb

(23
T

100 200 300 400 500 600
wy /27 (Hz)

FIG. 3. Critical value of relative dipolar interaction strength
€1 (red solid line) as function of trap frequency w, for fixed
values (wy,w;) = (91,611)x27 Hz and particle number N =7x 104,
Blue cross corresponds to experimental value of frequency w, =
579x 27 Hz from the Innsbruck experiment [39], for which €t ~
2.52. Black dashed lines depict relative dipolar interaction strength
€aa for dipolar molecular species *Na“’K and “°K ¥’Rb according
to Eq. (3), for the same parameters and for maximal values of their
electric dipole moments from Table 1.

PHYSICAL REVIEW A 95, 053635 (2017)

the corresponding experimental value w, = 579x2m Hz we
obtain €' &~ 2.52 (blue cross), the same value that can be
deduced from Fig. 2. In Fig. 3, we also show relative dipolar
interaction strength €4y for molecular species *Na“*’K and
40K 37Rb for maximal values of their electric dipole moments
from Table I. Note that the relative interaction strengths
also depend on the trap geometry according to Eq. (3). As
already pointed out, for the cigar-shaped trap geometry of
the Innsbruck experiment [39], both molecular species turn
out to be unstable. However, for the pancake-shaped trap
with sufficiently small value of the frequency wy, i.e., w, <
210x 27 Hz for *Na*K and o, < 155x 27 Hz for **K *'Rb,
both species can be made stable even if their maximal electric
dipole moments are used.

IV. SCALING ANSATZ FOR THE
BOLTZMANN-VLASOV EQUATION

The dynamics of a trapped ultracold dipolar degenerate
Fermi gas can be described in terms of the Botzmann-Vlasov
(BV) equation, which was previously prominently used in the
realm of nuclear [68,69] and plasma [70,71] physics. It was
already used to study the TOF dynamics of ultracold fermions
with the contact interaction [72,73], as well as their collective
modes [74,75]. The BV equation determines the time evolution
of the Wigner function v [46] and for a dipolar Fermi gas it
reads:

ov(r,k,t) hk

1
8[‘ + ﬁvrv + EVkU(rskvl)Vl‘U(rskst)

—%VrU(r,k,t)Vkv(r,k,t) = Lon[vl(r,k,t). (15)
Here U(r,K,1) = Uew(r) + [ dr'Vig(r — ¥)n(c',1) — [ s
Vie(k — K)v(r,K',7) denotes the mean-field potential, which
includes external trap potential, as well as the respective
Hartree and Fock terms, where Vi, (r) represents the DDI
potential (2) and Vie(K) its Fourier transform. Note that
this Hartree-Fock dynamic mean-field description is self-
consistent and is of the first order in the interaction potential.
On the right-hand side of Eq. (15), we have the collision
integral I.o[v](r,k,?), which is of second order of the
interaction potential and describes collisions between two
particles [76]. Instead of using a full expression for the
collision integral, which would require a detailed modeling
of scattering processes between atoms or molecules, we apply
here the relaxation-time approximation [1,77] in the form
v(r,Kk,7) — ve(r,Kk)

" .
Here t© denotes the relaxation time, which is related to
the average time between collisions, and V'€ stands for the
distribution function corresponding to local equilibrium. The
physical idea is that the particles interact via collisions and
exchange energy and momentum, which eventually leads to a
relaxation of the system into a local equilibrium state in which
the collisions will no longer change the distribution function. In
contrast to that, the local velocity field or the density can still be
spatially dependent. The local thermodynamical equilibrium
of a dipolar Fermi gas is defined by I.on[v'®] = 0. If the
time-dependent distribution function v(r,K,?) is close to the
global equilibrium v°(r,K), it can be approximately expressed

ICOH[U(I',k,t)] = -

(16)
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by a suitable rescaling of the equilibrium distribution [77]:

v(r,k,t) = WO [R@x,1),K(r Kk, 1)], 17)
with the rescaled variables defined by
Ri = 18
(rn) = D) ( ) (18)
and
. o MB,‘([)?’,‘

where b; (¢) and 6;(¢) are time-dependent dimensionless scaling
parameters. The normalization factor I'(¢) is given by [77]

]_[ bi(H)V/0;(1). (20)

J

r@)™!

. 5 h* K26,
b,‘ + ; b,‘ —
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The second term in the bracket of Eq. (19) is proportional to
the local velocity. Namely, taking the derivative with respect
to time in Eq. (18) we get R;(r,t) ~ k; — Ml}i(t)ri/[ﬁbi(t)]
with k; = Mr;/h [42,78]. By subtracting the drift velocity
b;(t)r; /b;(t) in the ansatz (19), it is ensured that the momentum
KC(r,k,t) is not affected by the time dependence of the ansatz
for R(r,?).

The time dependence of the distribution function is gov-
erned by the scaling parameters b;(¢) and 6;(¢), which denote
the time-dependent deformations of the spatial and momentum
variables, respectively. By inserting the above ansatz into
the Boltzmann-Vlasov equation (15), one obtains coupled
ordinary differential equations of motion for the respective
scaling parameters [46]:

M2b,;R?

1 1
48Nc, 02K, 62K,

N

1 1
02K, 6K,

b;
6; +2—6; + —

_ pley _
) (9 61) = 0.

Note that in the case of the global equilibrium, Eqs. (21) with
the initial conditions b;(0) = 6;(0) = 1 and b;(0) = 6;(0) =

0 at + = 0 reduce to Eqs. (10)—(12), as expected. Also, we
remark that the initial conditions correspond to v(r,k,t = 0) =
vo(r,K).

V. TIME-OF-FLIGHT EXPANSION

The most ubiquitous method to study the physics of trapped
ultracold gases is their absorption imaging after the release
of the atomic or molecular cloud from the trap. Turning off
the trap potential allows the ultracold gas cloud to expand
for tens of milliseconds and an absorption image is taken
afterward, when the cloud is large enough for the image to
be recorded by a CCD camera. This technique, known as the
TOF imaging, is one of the most important probes of ultracold
quantum systems and TOF expansion experiments are a key
diagnostic tool to study their properties. From the size of the
expanded cloud and the known time of flight one can directly
obtain, for instance, the Fermi energy for a noninteracting
degenerate Fermi gas. In the case of free ballistic expansion,
which is generically applied to theoretically model TOF, the
ellipsoidal FS deformation due to DDI is taken into account
before TOF, while all interactions between atoms during TOF
are neglected. In contrast to that, a nonballistic expansion
model takes into account interactions for calculating both
global equilibrium before TOF and the subsequent expansion.
In this section, we show how quantitative information about
the ellipsoidal FS deformation relevant for the current
experiments can be determined from solving the BV equation
for a TOF expansion of the dipolar Fermi gas.

48NC‘Q
+ 5 S
Mb;R?T]; b;R;

R

bR DR o 0 (bR DR
b.R. b.R. ab;R;* \ b.R. b.R.

1 1
9 02K, 62K,
—f| T =0, 2D
067K, \6:K, 67K,

K;

(22)

Bearing in mind that the trap potential is turned off during
TOF, Egs. (21) and (22) can be used to describe the TOF
dynamics if we remove the terms w?b; which stem from the
harmonic trap potential. Within this formalism, the average
sizes of the Fermi gas cloud in real space are given by (see
Appendix A for more details)

2 _ L/d_k/ 2_ 19
(r2) = v | o drv(r.k 1) = g Ri bi(t). (23)

The deformation of the cloud shape is described in terms of
the cloud aspect ratio Ag(¢), which is defined by the ratio of
the root mean square of the transverse and longitudinal cloud
radii, i.e., the average sizes of the cloud in vertical ,/ (rvz) and

horizontal +/(r) direction in the imaging plane. Since the
imaging axis in the Innsbruck experiment [39] has an angle of
o = 28° with respect to the y axis, according to Eq. (A6) from
Appendix A this leads to
Ag(t) = R:b.(1) .4
BB o8 o + R sin

This aspect ratio in real space Ag(t) represents a directly
measurable quantity in the TOF dynamics experiments. In
order to describe the influence of DDI on the FS we also use a
corresponding aspect ratio in momentum space. In analogy to
ARg(t), the average sizes of the Fermi gas cloud in momentum
space read (see Appendix B for more details)

2\ 2
(k7) = N/ /(2 )3v(rkt)k
2 p27.2
- (s~ 5. e
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and the corresponding aspect ratio in momentum space is given
by

Ax(t) = k) . (26)
(k2) cos? a + (k2) sin?

The relaxation time 7 in Egs. (22) determines the regime of
the dipolar Fermi gas and, therefore, by solving the appropriate
equations for varying values of t, we are able to describe
dynamic properties of the Fermi gas all the way from the
collisionless (@t > 1) to the hydrodynamic (@t < 1) regime.
Here, as before, @ represents the geometric mean of the
trap frequencies. In Sec. V A, we will study the collisionless
regime; in Sec. VB, we examine the hydrodynamic regime;
while in Sec. VC, we will investigate the system behavior
in the intermediate, collisional regime. In Sec. VD, we will
improve the relaxation-time approximation in the collisional
regime even further by determining the relaxation time in a
self-consistent way.

A. Collisionless regime

The value of the relaxation time 7 determines the regime of
the Fermi gas during the expansion. In the low-density or colli-
sionless regime, which is determined by the condition ot > 1,
the relaxation time 7 can be taken to be infinite. In the limit
T — o0, the differential Eqs. (22) for the scaling parameters
0; decouple and the dynamic behavior in each direction is in-
dependent from the others. Due to this, Egs. (22) can be solved
analytically. With the respective initial conditions b;(0) =
6;(0) = 1 and b;(0) = 6;(0) = 0, we obtain 6;(¢) = b;(t)"2.
Inserting this solution in Eqgs. (21) for the scaling parameters
b;(t) yields the equations of motion in the collisionless regime
[40—42]. We numerically solve them for a general system
geometry, where the trap frequencies in the three directions
are different and correspond to the values of the Innsbruck
experiment [39], and the magnetic field is oriented either in
z direction (B = 0°) or in x direction (8 = 90°). Although at
B = 90° the dipoles’ orientation forms an angle of y = 14°
(see Fig. 1) with respect to the x axis, we assume for simplicity
in our calculations that the dipoles are parallel to the x axis.

Graphs in the left-hand side column of Fig. 4 show aspect
2/, |
Ag in real space during TOF in the collisionless regime. The
black dotted line in the middle corresponds to the case of a
noninteracting Fermi gas, i.e., co = 0, where the differential
equations for the scaling parameters b;(#) can be solved
analytically, yielding

ratios [(r2)/(r?), as well the cloud aspect ratio

o \?
b= |1+ —i5 ) 2 (27)
MR

with R;O) and K l.(o) denoting the global equilibrium radius and
momentum in the ith direction, respectively. These scaling
parameters are solutions of Eqs. (10)—(14), together with
Eq. (5), for the case of a noninteracting Fermi gas with

2E [2ME
ngo) = |=ZF Ki(O) — _2F’ (28)
Mw; h
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where Er = (6N)'/*li@ denotes the Fermi energy. All aspect
ratios for a noninteracting Fermi gas in real space asymptot-
ically approach one in the long TOF limit. This shows that
a cloud of noninteracting fermions becomes spherical after a
sufficiently long expansion, reflecting its isotropic momentum
distribution even in the triaxial harmonic trap. As DDIis absent
here, the orientation of the magnetic or the electric field, i.e., of
the dipole moments of atoms or molecules, has no influence on
the FS deformation [79]. Graphs in the right-hand side column
of Fig. 4 show the corresponding aspect ratios in momentum
space. As expected, the black dotted line is constant and equal
to one, and as for the noninteracting fermions the FS is not
deformed.

Furthermore, Fig. 4 also depicts the time dependence of the
aspect ratios when the DDI is taken into account. Dashed
lines correspond to the ballistic expansion, when DDI is
assumed to affect the initial ground state, but not later during
the expansion. Mathematically, this means that the ballistic
expansion is also determined by Egs. (27), but now with the
parameters R; and K; instead of Ri(o) and K i(())’ respectively:

K \?
b (1) = 1+<W> 2. (29)

Solid lines in Fig. 4 represent results for the nonballistic
expansion, when we take DDI into account for calculating
both the initial ground state and the subsequent expansion.
To obtain these results, one has to solve numerically the
coupled differential Eqs. (21) together with 6;(t) = b;(¢)~>.
In Figs. 4(a) to 4(d), top red solid and dashed lines correspond
to the orientation of dipoles in the x direction, and bottom blue
solid and dashed lines correspond to dipoles’ orientation in the
z direction, while in Figs. 4(e) and 4(f) the position of lines
turns out to be reversed: Top blue lines give results for dipoles
in the z direction, and bottom red lines show them for dipoles
in the x direction.

From the graphs in the right-hand column of Fig. 4, we read
off that the aspect ratios in momentum space are constant if
ballistic expansion approximation is used (all dashed lines).
This is not surprising, since here DDI is neglected during
the expansion. This can also be shown mathematically if we
insert the solution for b?al(t) from Eq. (29) into expression
(25) for (kiz), using 6;(t) = b;(t)~2, which is valid for the
collisionless regime. With this we obtain (k?)** = K?; thus
the momentum space aspect ratios ,/(k7)%!/(k3)* = K; /K ;
for the ballistic expansion are clearly time independent and are
therefore determined by the initial ground-state distribution.

From Fig. 4, we see that the cloud aspect ratios in real
space reach their corresponding plateaus after several tens
of milliseconds. The asymptotic value of Ag for 8 = 0° for
ballistic expansion is 1.025, whereas for nonballistic expansion
it is 1.035, thus resulting in a 1% difference due to DDI. For
B = 90°, the asymptotic value of Ay for ballistic expansion is
0.98, while for nonballistic expansion it is 0.97, representing
again a 1% difference. We also note that for 8 = 0° the usual
inversion of the cloud shape occurs, while for 8 = 90° this
is not the case. All these results are in excellent quantitative
agreement with the experimental values reported in Ref. [39].
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FIG. 4. Aspectratios in real and momentum space in the collisionless regime during TOF expansion of ultracold gas of 167Er (@) /(r2)/ (rf),

(b) /(r)z,)/ (r2), () Ag, (d) /(k2)/(k2), (e) /(kﬁ)/ (k2), (f) Ag. Black dotted lines represent aspect ratios for noninteracting case, dashed lines
represent ballistic expansion, and solid lines represent nonballistic expansion. As indicated in the graphs (a)—(d), two lower blue solid and
dashed lines correspond to B = 0°, and two upper red solid and dashed lines correspond to § = 90°, while in graphs (e) and (f) the position of
lines is reversed: two upper blue solid and dashed lines are for 8 = 0°, and two lower red solid and dashed lines are for 8 = 90°.

Aspect ratios in momentum space behave similarly, and
again a difference of around 0.5-1% between their asymptotic
values in a ballistic and nonballistic expansion are observed.
But one important difference is that here they are reached much
faster, after several milliseconds. A more detailed analysis
reveals that the two terms in Eq. (25) compete with each other
during TOF, but the second term becomes dominant quite
fast. Although the corresponding term in Eq. (23) has the
same asymptotic behavior, the initial value of Agx is much
closer to its asymptotic value than in the case of Ag and, as
a consequence, all aspect ratios in momentum space converge
faster.

Note that the aspect ratio in momentum space at the initial
time ¢ = 0 coincides with the asymptotic aspect ratio in real
space for ballistic expansion:

AR0) = lim ARt (30)

The ballistic expansion aspect ratio in momentum space at
t =0 can be calculated from Eq. (26) by using the initial
conditions for the scaling parameters to yield
. K
A%(0) = < ) (31)
\/Kfcosza + K3 sin

On the other hand, the asymptotic value of the ballistic
expansion aspect ratio in real space can be obtained if we
insert the approximate expressions for the long-time behavior
of the scaling parameters b* (1) ~ /iK;t /(M R;) from Eq. (29)
into Eq. (24), which yields the same value as A%(0) in
Eq. (31). This fact was used in Ref. [39] in order to observe
the ellipsoidal deformation of the FS, as the real space aspect
ratios can be readily measured during TOF. However, this is
only correct within the ballistic approximation, as for the truly
nonballistic expansion such a relationship is no longer valid.
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FIG. 5. Aspectratios in real and momentum space in the collisionless regime converge to the same asymptotic values during TOF expansion
of ultracold gas of '®"Er: (a) g = 0°, (b) B = 90°. Solid (dashed) lines represent aspect ratios for nonballistic (ballistic) expansion of '’Er.
The initially lower branch of blue lines corresponds to real space aspect ratios Ag, while the initially upper branch of red lines corresponds to

momentum space aspect ratios Ag.

But from Fig. 5 we read off that both for ballistic (dashed
lines) and nonballistic (solid lines) expansion another relation-
ship seems to hold. Namely, the aspect ratios in momentum
space and the corresponding aspect ratios in real space turn
out to have the same asymptotic values:

lim Ag(t) = lim Ag(t). (32)
11— 00 11— 00

The above is true for both considered orientations of dipoles,
ie.,, B =0° and B = 90°. A similar conclusion was reached
in Ref. [38] for a dipolar Fermi gas that was initially in a
cylindrically symmetric harmonic trap, but we see here that
this is true even for a fully anisotropic harmonic trapping
potential. Note that this finding cannot be directly used to
determine the aspect ratio in momentum space at t = 0 and
the corresponding initial deformation of the FS, as for the
ballistic expansion according to Eq. (30). But this observation
still allows us to theoretically extract information on the mo-
mentum space distribution from experimental data. However,
this requires that the corresponding equations are propagated
backwards in time, so that the initial distribution in momentum
space is calculated starting from the experimentally measured
distribution in real space. Here, the numerical challenge is that
this backward propagation has to be calculated for an infinitely
long expansion time.

B. Hydrodynamic regime

In contrast to the previously considered collisionless
regime, where collisions are completely neglected, we now
turn to the hydrodynamic regime, where the system is supposed
to have such a high density and, therefore, such a high
collision rate, that it is always in local equilibrium. Although
realistic systems, even if initially in the hydrodynamic regime,
eventually become collisionless during the expansion, we
follow Refs. [44,45] and consider this theoretical limiting case
for the sake of completeness.

In the hydrodynamic regime, the scaling parameters Ql.hd
always coincide with the local equilibrium values; i.e., we
have 61 = 0. However, since the limit T — 0 holds, the
last terms in the left-hand side of Egs. (22) are undetermined.
Therefore, instead of Eqs. (22), the hydrodynamic regime is

defined via the condition [77]
o=t = ]_[ bM(1),/6M () = 1. (33)

Using this condition, minimizing the Hartree-Fock energy (6)
in the local equilibrium leads to the equations [44,45]

034 =01, (34)
RPOMKZ  R*OMK?2
oM oM
hd g2 hd -2 01K
72N (200K 6 KZ)fY( 0;«*10)
I, bR 2(6MK2 — OMK?)

(35)

Equations (21), together with the identifications b;(t) = b:.‘d(t)
and 6;(t) = 0(z), with Eqs. (34) and (35), and the normal-
ization condition (33) represent a closed set of six equations
for the six respective scaling parameters in the hydrodynamic
regime. These equations are solved numerically during the
nonballistic TOF expansion. For comparison, we have also
solved the corresponding equations for the ballistic expansion,
although the hydrodynamic regime implies that DDI cannot be
neglected at any point.

Figure 6 shows the corresponding aspect ratios in real and
momentum space for '®’Er. As expected, we see that there is a
significant difference between the ballistic and the nonballistic
expansion, in contrast to the collisionless regime in Fig. 4.
From the graphs in the left column of Fig. 6, we observe
that the real space aspect ratios for B = 0° behave generally
similarly to those in the collisionless regime, including the
cloud shape inversion, although the asymptotic values differ
more from their initial values for nonballistic expansion. On
the other hand, for B = 90° we see a qualitatively different
behavior in Fig. 6(a), where the aspect ratio /(r2)/(r?)
increases, while in Fig. 4(a) it decreases. In Fig. 6(c) for
B = 90°, weread off that the aspect ratio A g even behaves non-
monotonously, with a local maximum at around 1 ms, while in
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FIG. 6. Aspect ratios in real and momentum space in the hydrodynamic regime during TOF expansion of ultracold gas of '*’Er: (a)

VA2 /2, (0) [ J(r2)/(r2), (¢) A, (d) /(k2)/(k2), (e) \/ (k2)/{kZ), () Ak. Dashed lines represent ballistic expansion and solid lines represent
nonballistic expansion. As indicated in graphs (a)—(d), the lower blue solid and the upper blue dashed line correspond to g = 0°, while the
upper red solid and the lower red dashed line correspond to 8 = 90°. In graphs (e) and (f), the position of lines is reversed: The upper blue
solid and the lower blue dashed line are for 8 = 0°; the lower red solid and the upper red dashed line are for 8 = 90°.

the collisionless regime it only increases monotonously until
it reaches its asymptotic value. However, again the inversion
of the cloud shape is not present for = 90°, unlike for
B = 0°. We also note that the positions of ballistic expansion
curves are reversed in all graphs compared to the collision-
less regime, including those for momentum space aspect
ratios.

The behavior of momentum space aspect ratios in the
right column of Fig. 6 is generally the same as in Fig. 4 for
the collisionless regime, just with larger differences between
initial and asymptotic values, for both cases 8 = 0° and
B =90°.

The final cloud aspect ratio in real space for nonballistic
expansion is twice as large as the corresponding collisionless
value for 8 = 0°, while for 8 = 90° the asymptotic value of

the aspect ratio is around 0.65, which amounts to a decrease
of around 35% compared to the collisionless value. For
the ballistic expansion, which we know to be unrealistic in
the hydrodynamic regime, the corresponding increase and
decrease amounts are both around 12%. Similar numbers are
also obtained for the momentum space aspect ratio Ag, as
can be seen from the graphs on the right-hand side in Fig. 6.
Since the corresponding values in the collisionless regime are
all close to one, the above percentages also apply here and
represent the results for the ellipsoidal deformation of the FS
in the hydrodynamic regime.

The same conclusion can be also obtained from Fig. 7,
where we compare aspect ratios in real and momentum space.
Furthermore, with these graphs we confirm that the asymptotic
values of the aspect ratios Ag and Ak also coincide in the
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FIG. 7. Aspect ratios in real and momentum space in the hydrodynamic regime converge to the same asymptotic values during TOF
expansion of ultracold gas of '*’Er: (a) 8 = 0°, (b) B = 90°. Solid lines give aspect ratios for nonballistic expansion, while dashed lines in the
insets show the corresponding ballistic results. Blue lower lines in panel (a) and blue upper lines in panel (b) correspond to A g, while red upper

lines in panel (a) and red lower lines in panel (b) correspond to Ag.

hydrodynamic regime for both cases § = 0° and 8 = 90°, as
stated by Eq. (32) for the collisionless regime. If we compare
the convergence of aspect ratios to their asymptotic values in
Figs. 5 and 7, we see that in the hydrodynamic regime typical
times to reach the plateau are similar in real and in momentum
space, and have the value of several tens of milliseconds. This
coincides with the corresponding convergence times for real
space aspect ratios in the collisionless regime, where also a
significant difference between the initial and the asymptotic
values of aspect ratios occurred. Only in the case of momentum
space aspect ratios in the collisionless regime, where the
deformation of the FS is small during the whole expansion,
can asymptotic values be reached faster, namely in just few
milliseconds.

However, as already emphasized, even if initially in the
hydrodynamic regime, the dipolar Fermi gas becomes more
dilute during the TOF expansion, and the hydrodynamic
regime continuously goes over into the collisional regime, and,
finally, into the collisionless regime. Therefore, we model the
collisional regime in the remainder of this section, since it is
relevant for experiments where the density of the Fermi gas
is high enough so that we can assume it is initially in the
collisional or in the hydrodynamic regime.
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C. Collisional regime with constant relaxation time

Here we start considering the collisional regime and assume
that the relaxation-time approximation (16) can be applied.
Furthermore, in this section we presume that the relaxation
time 7 remains constant during the TOF. The latter assumption
is only valid for short times of flight, before the density
of the gas decreases significantly. We will improve upon
this approximation in Sec. VD, where the relaxation time
is determined self-consistently.

However, provided that the relaxation time is constant, the
TOF dynamics can be obtained by directly solving Egs. (21)
and (22) for a given value of 7. Note that the values of
the scaling parameters 91.1e in local equilibrium are obtained
according to Sec. V B; i.e., they represent the solutions of the
equations for the hydrodynamic regime /.

The physical meaning of Egs. (22) is that dissipation occurs
when the system is outside of a local equilibrium as long
as there are collisions, i.e., as long as the relaxation time t
remains finite. Effects of collisions are therefore described
through Eqgs. (22), whereas Egs. (21) for the scaling parameters
b; do not directly contain such terms. However, effects of
collisions enter indirectly into Eqgs. (21) through the scaling
parameters 6;.

Aspect ratio

FIG. 8. Aspect ratios in real (solid lines) and momentum space (dashed lines) in the collisional regime during TOF expansion of ultracold
gas of 1$7Er: (a) B = 0°, (b) B = 90°. The pairs of curves in panel (a) from top to bottom and in panel (b) from bottom to top correspond to
hydrodynamic regime (HD, red), collisional regime (black) for fixed relaxation times T = 1/® and T = 5/@, and collisionless regime (CL,

blue).
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FIG. 9. Aspectratios in real space after # = 10 ms TOF as function of fixed relaxation time 7 for different ultracold Fermi gases: (a) § = 0°,
(b) B = 90°. The curves in panel (a) from bottom to top and in panel (b) from top to bottom correspond to **Cr (gray), '’Er (red), '*' Dy (blue),

YK 8Rb (purple), and '*"Er '**Er (green).

Here we numerically solve the coupled system of Egs. (21)
and (22) during the nonballistic expansion for a fixed value
of the relaxation time t. Varying the value of the relaxation
time we are able to describe all regimes, from the collisionless,
obtained in the limit T — oo, to the hydrodynamic, obtained
in the limit t — 0. In particular, although the approximation
of a fixed relaxation time is not realistic for longer expansion
times, it allows us to understand and describe in more detail
different collisional regimes, for finite values of 7, when the
system undergoes a crossover from one limiting regime to the
other.

Figure 8 shows the obtained aspect ratios for '*’Er in real
and momentum space for the two limiting cases considered
previously, the collisionless and the hydrodynamic regime, as
well as for the collisional regime with the fixed relaxation
times T = 1 /@ and T = 5/&, where & represents a geometric
mean of the trap frequencies. Depending on the respective
geometry, asymptotic values of aspect ratios either decrease
with increasing relaxation time [see Fig. 8(a) for g = 0°]
or vice versa [see Fig. 8(b) for = 90°]. We also read off
from these figures that the corresponding asymptotic values
of aspect ratios in real and momentum space in the collisional
regime are again equal according to relation (32).

Motivated by the experiment reported in Ref. [39], in
Fig. 9 we plot the aspect ratio in real space Ay obtained after
t = 10 ms TOF as a function of a fixed relaxation time t for
two different orientations of dipoles for the respective ultracold
Fermi gases given in Table II. If the dipoles are oriented
along the z axis, i.e., Fig. 9(a), the corresponding aspect
ratios for any fixed value of the relaxation time t increase
monotonously with the relative dipolar interaction strength €44,
while for the dipoles along x axis, i.e., Fig. 9(b), the situation
is opposite, as expected. Note that the corresponding curves
for the noninteracting case €3 = 0 would be quite close to
those for 3Cr, as can already be expected according to Fig. 2.

Plots like those in Fig. 9 represent powerful diagnostic
tools for estimating the relaxation time 7 from experimentally
measured values of aspect ratios A g for sufficiently short TOF,
when the fixed relaxation-time approximation is still applica-
ble. Furthermore, these graphs can be used for estimating the
time scale ¢ to approach the asymptotic values of the aspect
ratios from experimentally available TOF expansion data.
Provided that it turns out for a TOF ¢ that the corresponding
relaxation time t satisfies the condition @t 3> 1, one has

already reached the collisionless regime. This means that for
longer times ¢ no further change of the aspect ratio is expected
as one is already quite close to its asymptotic value.

D. Collisional regime with self-consistently
determined relaxation time

Whereas in Sec. V C we assumed that the relaxation time
is constant, now we model the TOF expansion of ultracold
dipolar Fermi gases more realistically and take into account
that the relaxation time is also time dependent. Namely, during
TOF the gas rapidly expands, the distance between atoms
grows, and as a consequence the relaxation time increases, thus
eventually leading the system into the collisionless regime,
even if initially it was in the hydrodynamic or in the collisional
regime.

In order to quantify this physical notion, one would have
to calculate the collision integral on the right-hand side of
Eq. (15), which requires a detailed modeling of scattering
processes in the system, i.e., the elastic collisions of fermionic
atoms or molecules that arise purely from universal dipolar
scattering. The standard approach for the case of a system close
to local equilibrium is to use the relaxation-time approximation
[1,77], which is given by Eq. (16). In Ref. [80], it was derived
that the characteristic relaxation time for a classical gas can be
expressed as

= Qcoll (36)

fioev

where the parameter oo denotes a geometry-dependent av-
erage number of collisions which is necessary to rethermalize
the system after a collision, 7 represents the mean number
density, o is the total elastic cross section, and v is the mean
relative velocity. In Ref. [81], it was heuristically argued and
experimentally confirmed that for quantum degenerate dipolar
fermionic systems at low temperatures and parameter regimes
considered here, the relaxation time can be modeled by a

modified expression
‘[SC = -, (37)

which allows us to calculate it self-consistently; hence the
subscript SC. In the above equation, 1 stands for a Pauli
suppression factor, which represents the reduction of the
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FIG. 10. Aspect ratios in real (solid lines) and momentum space (dashed lines) in the collisional regime during TOF expansion for § = 0°:
(a) '9Er, (b) “*K ¥"Rb. Red upper solid and dashed lines correspond to expansion dynamics with self-consistently determined relaxation time
Tsc. For comparison, blue lower solid and dashed lines give the corresponding aspect ratios for the collisionless regime (CL).

rethermalization rate in a degenerate Fermi gas due to Pauli
blocking, and amounts to n = 1 for nondegenerate gases.
The Pauli suppression factor depends on the degeneration
level of fermions and is usually expressed as a function
of the dimensionless temperature 7/Tg, where T denotes
the temperature and Ty is the Fermi temperature for the
corresponding system.

In the considered case, the mean number density is given
by 7 = N/V(t), where the volume V(¢) of the Fermi gas
increases during the TOF expansion according to

V)= 47” [T R (38)

The total elastic cross section oy is universally related to the
dipole moment of fermions [67] according to

Og = 32—7Ta2 39)
15 4

where agqg = CqaM/ 87 h? represents a characteristic dipole
length. The mean relative velocity v is given by

16ks T
v=,— (40)
M

For the parameters of the experiment [39] with atomic '*’Er
used throughout this paper, the universal dipolar scattering
theory [81] predicts the total elastic cross section value
o = 1.8x107!2 cm?, which agrees with the value measured
in Ref. [16]. The temperature of the system was setto T/ Ty =
0.18, with Tz = 1.1 uK, which yields the Pauli suppression
factor n = 0.3 [81], as well as the mean relative velocity
v according to Eq. (40). To completely fix all parameters
which are necessary for a self-consistent determination of
the relaxation time with Eq. (37), we still need to take the
appropriate value of the number of collisions ¢y for the given
geometry, i.e., for the given angle § from Ref. [81].

Figure 10(a) shows the corresponding aspect ratios in real
and momentum space for '’ Er during TOF expansion for 8 =
0°, for which the average number of collisions to rethermalize
is oeon = 3.2 [81]. The red upper solid and dashed lines in
Fig. 10(a) are obtained by numerically solving Eqs. (21) and
(22), with the relaxation time determined self-consistently
through Eq. (37). In the same plot, we also see for the sake of
comparison the results for the collisionless regime in terms of
the blue lower solid and dashed lines. The difference between

the corresponding lines is less than 0.1%, which is certainly
within the experimental error bars, and confirms that the
system is indeed very close to the collisionless regime, as
assumed in Ref. [39].

However, systems with a stronger DDI can easily reach
the collisional regime, where a finite value for the relaxation
time has to be taken into account. In order to demonstrate
this, we analyze the TOF expansion of a “°K®"Rb dipolar
Fermi gas [55], whose relative dipolar interaction strength is
€qa = 0.97, compared to €49 = 0.15 for 167Er (see Table II).
Polar molecules have generically stronger electric dipole
moments in comparison with the magnetic dipole moments
of atoms, which is expected to yield a sensible difference in
the respective aspect ratios.

In Fig. 10(b), we show the TOF expansion dynamics for
40K 37RbD for the same number of fermions and trap frequencies
as in Ref. [39]. The temperature of the system is assumed to be
T = 350nK = 0.3 T, as in Ref. [55], which yields the Pauli
suppression factor n = 0.5 [81]. The total elastic cross section
according to Eq. (39) in this case is 0¢ = 9.6x 107! cm?, in
agreement with the results of Ref. [67]. The average number
of collisions to rethermalize is again taken to be a oy = 3.2
for B =0° [81]. The difference between the aspect ratios
calculated using the self-consistently determined relaxation
time and those calculated assuming that the system is in
the collisionless regime is here around 10%, which could be
clearly observed in future experiments. Furthermore, for polar

108
10°
10*

05 1.0 20 5.0 10.0

t (ms)

0.1 02

FIG. 11. Self-consistently determined relaxation time (37) as
function of TOF ¢ for ultracold Fermi gas of 17Er (red dashed line)
and “°K ¥Rb (blue solid line) for 8 = 0°. The collisionless regime is
achieved for wtgc > 1.

053635-13



VELJIC, BALAZ, AND PELSTER

1.6

0.8 ]

0.6 : ‘ ‘ ‘
0
t (ms)

FIG. 12. Aspect ratios in real space during TOF expansion in
the collisional regime with self-consistently determined relaxation
time for different ultracold Fermi gases for 8 = 0°. The curves from
bottom to top correspond to 3Cr (gray), 17 Ep (red), 161Dy (blue),
YK ¥Rb (purple), and 7B 18y (green).

molecules with a stronger DDI, the differences are expected
to be even more pronounced. Thus, in experiments with such
systems, the relaxation time must be taken into account, for
instance through the self-consistent approach presented here.
We also note that the asymptotic values of aspect ratios in real
and momentum space turn out to be again the same, as was
already the case in the collisionless and in the hydrodynamic
regimes.

Figure 11 shows the resulting time dependence of the self-
consistently determined relaxation time during TOF expansion
for both analyzed species, i.e., 167y (red dashed line) and
YK 37Rb (blue solid line). As we can see, for an atomic gas
of '7Er the relaxation time satisfies the condition @tsc > 1
right from the beginning, which further justifies the previous
conclusion that the system is always in the collisionless
regime [39]. For a molecular gas of *°K 8’Rb, however, this
condition is satisfied only after 1-2 ms, so initially the system
is in the collisional regime. Furthermore, we recognize that
the relaxation time increases quite fast, namely faster than
exponential, as we can see from the log-log plot of Fig. 11.
Thus, the approximation of Sec. V C with a fixed relaxation
time would clearly not be suitable, and a self-consistent
approach as presented here is indispensable.

To summarize our results for the aspect ratios during the
TOF expansion in the collisional regime with self-consistently
determined relaxation time, in Fig. 12 we combine our results
for the time dependence of aspect ratios in real space A for
B = 0° for '’Er from Fig. 10(a) and “°K *’Rb from Fig. 10(b)
with the results for three other considered dipolar fermionic
species from Table II. We see that increasing relative dipolar
interaction strength leads to increasing aspect ratios after long
TOF. While for >*Cr, '’Er, and '®' Dy, asymptotic values of
Ap are just few percent over 1, for “°K 8’Rb we obtain a value
of about 1.26 and for '*’Er '®Er a value of about 1.48.

VI. CONCLUSIONS

In conclusion, we have explored the properties of trapped
dipolar Fermi gases at zero temperature in global equilibrium,
as well as their dynamics during TOF expansion by using
the Boltzmann-Vlasov formalism in the relaxation-time ap-

PHYSICAL REVIEW A 95, 053635 (2017)

proximation for the collision integral. We have studied the
aspect ratios of the fermionic cloud in real and momentum
space, including the deformation of the Fermi sphere due to the
presence of the dipole-dipole interaction. In particular, we have
extended the existing theoretical models such that we could
describe all experimentally relevant regimes: collisionless,
collisional, and hydrodynamic.

The obtained results for the global equilibrium and the
TOF expansion aspect ratios in the collisionless regime are
in excellent agreement with experimental results of Ref. [39].
In the collisional regime, we have introduced an approach
for self-consistently determining the relaxation time, which
allows a detailed modeling of the global equilibrium and the
TOF expansion in cases when the collision integral cannot
be neglected. We have also shown that a strong dipole-dipole
interaction, available for some experimentally accessible ultra-
cold Fermi species, could place the system into the collisional
regime, which requires using a self-consistent determination
of the relaxation time presented here. Furthermore, we find
that in the collisional regime the TOF dynamics can be
accurately studied only if the nonballistic expansion is used,
and the dipole-dipole interaction is properly taken into account
not only to calculate the ground state, but also during the
whole TOFE. Therefore, the obtained theoretical results are
relevant for designing future experiments with strongly dipolar
Fermi gases, for identifying results of the corresponding TOF
measurements, and for identifying effects of dipole-dipole
interaction in general.

For future work, it would be of interest to go beyond
Refs. [80,81] and derive more accurate results for the re-
laxation time from first principles. This would amount to
linearizing the BV equation and treating the linearization with
the rescaling technique introduced in Ref. [77]. Furthermore,
the approach developed here, based on the relaxation-time
approximation for the Boltzmann-Vlasov equation, can also
be applied to other fields of physics. The examples include
nuclear physics, such as a study of viscosity of the quark-gluon
plasma [82,83] and ultrarelativistic heavy-ion collisions [84],
as well as plasma physics [85], where, e.g., transient regimes of
degenerate electrons can be studied using the relaxation-time
approximation [86].
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APPENDIX A: ASPECT RATIO IN REAL SPACE

To calculate aspect ratios in real space, we use the same
geometry as in Ref. [39]; see Fig. 1. The imaging plane is x'z;

053635-14



TIME-OF-FLIGHT EXPANSION OF TRAPPED DIPOLAR ...

i.e., the imaging is performed along the y’ axis, which is rotated
counterclockwise for an angle « with respect to the y axis. The
TOF absorption images correspond to density profiles of the
system, so we first calculate the particle density n(r,?) from
the Wigner quasiprobability-distribution function,

1= dk (r,k,1)
n(r, _/(271)3U r,Kk,

[ dk .
B / (271)3F(t)v [R(r,1),K(r.k,1)]

[ dk RA(r,1) Ki(r k1)
_/(27)31“([)®<1—Z 7 _ZT’

i t i t

where expressions for R;(r,t) and IC;(r,k,t) are given by
Egs. (18) and (19), respectively. Changing the momentum

_ Mbo
(ki hib; (1)

: _ 1
variables k; to u; = X700
spherical coordinates yields

_ [ Ki ri2
e =g 0 (1 > R?bf(z))

i

G
@(1 —Zm) (A1)

i

r;) and switching to

3
2

The expectation value of a quantity Q(r) in real space is
given by

1
(Q) = ﬁ/drn(r,t)Q(r), (A2)

so we immediately obtain that the expectation values of the
coordinates vanish: (r;) = 0. Therefore, the size in the ith
direction of an atomic or molecular cloud in real space is
described in terms of the root mean squares v/ (r?). Using
the expression (A1) for the particle density, the corresponding
expectation values are found to be

(r?) = %/‘drn(r,t)r[2 = %R,-zbi(f)- (A3)

L

Since the imaging is performed in the x’z plane, the aspect
ratio in real space is defined by

(r2)
(r2)

so we also need to calculate the expectation value (r)’cz),

where (r)’(,r}/,,rz) = (rycosa + ry sin a,r; cosa — ry sina,r,).
After a straightforward but tedious calculation, we get

Ap(t) = (A4)

(r?) = §[Rib3(1) cos® a + Ryb3 (1) sin* ], (A5)
and finally the aspect ratio (A4) is given by
R:b(1)

Agr(t) = . (A6)
\/be}((t) cos? o + R%bg(r) sin? o

Note that in the Innsbruck experiment [39] the angle « had the
value o = 28°.
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APPENDIX B: ASPECT RATIO IN MOMENTUM SPACE

In order to describe effects of the DDI on the Fermi surface,
we use an aspect ratio in momentum space, which is defined
similarly as the aspect ratio in real space. First, we calculate the
particle density in momentum space n(k,z) from the Wigner
quasiprobability-distribution function,

nk,t) = /dr v(r,Kk,1)

_ / dr TV [R(.0). I K.0)]

. 2 ) 2
=[drF(t)®(1—ZR'§:2’t) _ZKl(r[;l;t) )

i i l

where again expressions for R;(r,t) and KC;(r,k,7) are given
by Eqgs. (18) and (19), respectively. After a change of spatial
Di(@®)r;

variables r; according to u; = Rb @ % with D;(t) =

M2R2D2(t) . . . .
1+ Koam Ve switch to spherical coordinates and obtain

(SIS

_ 4 [1; Ri K
) = ?W(l i ZW)

i

k?
© (1 -2 K}@i(z)Df(r))‘ B

i

The expectation value of a variable Q(k) in momentum space
is given by

_ ! dk k,n))O(k B2
(0 =3 [ o nk00M). (B2)

so we get (k;) = 0 and the cloud sizes in momentum space are

also defined by root mean squares v/ (k). The corresponding
expectation values can be explicitly calculated and yield

GRS
=N ] @n)3

1 M?R?b2(t
n(k,H)k? = 3 <Ki29i(t) + —2()>

(B3)

where we have used the same variable change as above, as well
as Eq. (5). The aspect ratio in momentum space is defined as

(k2)

Ax) =[5

(B4)

where (k;,k;,kz) = (ky cosa + ky sin a,k; cosa — k, sina,
k.). After a lengthy calculation we get

(k?) = §[DiK}60,(t)cos® @ + DK 6,(1)sin* ],  (BS)

X
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and finally the momentum space aspect ratio (B4) reduces to

PHYSICAL REVIEW A 95, 053635 (2017)

Ak (1) =

; :
R2K26,(t) + M2 R2b2(t)

(B6)

[A*K26:(1) + M?R2b2(1)] cos® o + [R*K26,(1) + M?>R2b3(1)] sin® e~
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Stability of quantum degenerate Fermi gases of tilted polar molecules

V. Velji¢', A. Pelster’, and Antun Balaz'
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A recent breakthrough experiment with ultracold polar molecules of KRb [1]
demonstrates that an almost a decade-long pursuit to realize a strongly interacting
regime of dipolar Fermi gases at quantum degeneracy is close to completion. This opens
up prospects of exploring not only the strong dipolar Fermi gases, but also a variety of
many-body phenomena arising in that regime. Here we derive a mean-field variational
approach [2] based on the Wigner function for the description of ground-state properties
of such systems [3, 4]. We show that the stability of dipolar fermions in a general
harmonic trap is universal as it only depends on the trap aspect ratios and the dipoles'
orientation. We calculate the species-independent stability diagram and the deformation
of the Fermi surface (FS) for polarized molecules, whose electric dipoles are oriented
along a preferential direction. Compared to atomic magnetic species, the stability of a
molecular electric system turns out to strongly depend on its geometry and the FS
deformation significantly increases.
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Ground state and collective modes of dipolar BECs
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We study the effects of the dipole-dipole interaction on the ground state and collective modes of
quasi-one-dimensional dipolar Bose-Einstein condensates of atomic gases of chromium 32Cr,
erbium 1Er, and dysprosium !%Dy. Through extensive numerical simulations and detailed
variational treatment, we analyze the dependence of condensate widths on the dipole-dipole
interaction strength, as well as the interaction-induced frequency shifts of collective oscillation
modes. Furthermore, we show that the Gaussian variational approach gives a good qualitative
description of the system's ground state, and an excellent quantitative description of the
condensates' low-lying excitation modes.
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Degenerate Fermi gases of polar molecules with tilted dipoles
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A recent experimental realization of an ultracold quantum degenerate gas of “K8’Rb molecules
[1] opens up a new chapter in exploring strongly dipolar Fermi gases and many-body phenomena
arising in that regime. This includes the deformation of the Fermi surface (FS) for polarized
systems, where the electric dipoles have a preferential orientation, which can be achieved using
an external field. Compared to atomic magnetic species [2, 3], this effect is significantly increased
in ultracold Fermi gases of polar molecules, and the stability of the system is expected to strongly
depend on its geometry. Here we generalize a previous Hartree-Fock mean-field theory [2] for
the Wigner function, which now takes into account that the cloud shape in the ground state is
determined not only by the trap frequencies, but also by the dipoles' otientation. In the special
case of a spherically symmetric trap, the cloud is elongated in the direction of the dipoles, similar
to the FS. We report here [4] a universal stability diagram for dipolar fermions and calculate the
corresponding FS deformation for an arbitrary orientation of the dipoles, demonstrating the
great promise for the exploration of quantum degenerate molecules in electric fields, where the
strong dipole-dipole interaction dominates. These results are important for designing future
experiments with polar molecules, as well as for the interpretation of measured data, including
the dynamics and the time-of-flight expansion.
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Stability diagrams and dynamics of quantum degenerate Fermi
gases of polar molecules’ ANTUN BALAZ, VLADIMIR VELJIC, Institute of
Physics Belgrade, Serbia, AXEL PELSTER, Physics Department and Research Cen-
ter OPTIMAS, Technical University of Kaiserslautern, Germany — A recent exper-
imental realization of ultracold quantum degenerate gas of “° K8 Rb molecules opens
up a new chapter in exploring strongly dipolar Fermi gases and many-body phenom-
ena arising in that regime. This includes the deformation of the Fermi surface for
polarized systems, where the electric dipoles have a preferential orientation, which
can be achieved using an external field. Compared to atomic magnetic species, this
effect will be significantly increased in ultracold gases of polar molecules, and the
stability of the system is expected to strongly depend on its geometry. Using a
mean-field variational approach based on the Wigner function, we show here that
the stability of dipolar fermions depends only on the trap aspect ratios and orienta-
tion of the dipoles, thus exhibiting a universal behavior. We calculate the stability
diagrams and the Fermi surface deformation, which is experimentally probed by
time-of-flight expansions. Furthermore, we demonstrate how to take into account
the dipole-dipole interaction in the system dynamics and that nonballistic effects
during the time-of-flight expansion have to be considered for polar molecules. Our
results are important for designing future experiments with dipolar fermions and for
interpreting measurement data.

1ON171017 and QDDB by Serbian Ministry of Education, Science and Technological
Development; QDDB by DAAD; SFB/TR49 and SFB/TR185 by DFG
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Beyond particle transport at an atomic quantum point con-
tact: thermoelectric effects and spin control — MARTIN LE-
BRAT, ePHILIPP FABRITIUS, SAMUEL HAUSLER, DOMINIK HUSMANN,
JEFF MoHAN, TiLMAN ESSLINGER, and LAurRA CorRMAN — Depart-
men of Physics, ETH Zurich, 8093 Zurich, Switzerland

In this talk, we report on a few remarkable transport properties of
lithium-6 atoms through a quantum point contact (QPC) precisely
defined by a set of optical potentials. The versatility of cold-atom
techniques allows us to directly measure heat or spin currents and to
tune interatomic interactions.

In a first experiment performed with a unitary Fermi gas close to
the superfluid transition, we probe the thermoelectric effects induced
by a temperature difference accross the QPC. We show that the sys-
tem evolves towards a non-equilibrium steady state, associated with
a reduced heat diffusion and a strong violation of the Wiedemann-
Franz law. In a second experiment performed with weakly interacting
atoms, we locally lift the spin degeneracy of atoms inside the QPC
using an optical tweezer tuned very close to atomic resonance. We ob-
serve quantized, spin-polarized transport that is robust to dissipation
and sensitive to interaction effects on the scale of the Fermi length.

These results open the way to the quantum simulation of efficient
thermoelectric and spintronic devices with cold atoms.

Q 35.2 Wed 14:30 S HS 037 Informatik
Transverse magnetization effect of the spin-imbalanced
Hofstadter-Hubbard model — eBERNHARD IRSIGLER, JUN-Huil
ZHENG, MoHSEN HAFrFEz-TorBATI, and WALTER HOFSTETTER — In-
stitut fiir Theoretische Physik, Frankfurt am Main, Germany

We spin-imbalance the fermionic, time-reversal invariant Hofstadter-
Hubbard model through a population difference between two spin
states. In the strongly interacting regime, where the system can be
described by an effective spin model, we find an exotic spin structure
by means of classical Monte-Carlo calculations. Remarkably, this spin
structure exhibits a finite transverse net magnetization perpendicular
to the magnetization induced by the population imbalance. We fur-
ther investigate effects of quantum fluctuations within the dynamical
mean-field approximation and obtain a rich phase diagram including
ferromagnetic, anti-ferromagnetic, and ferrimagnetic phases, where the
latter emerges from strong interaction induced quantum entanglement.

Q 35.3 Wed 14:45 S HS 037 Informatik
Degenerate Fermi gases of polar molecules with tilted dipoles
— eVrapmMIR VELJIG!, AxEL PrLSTER?, and ANTUN Barnaz! —
IScientific Computing Laboratory, Center for the Study of Complex
Systems, Institute of Physics Belgrade, University of Belgrade, Serbia
— 2Research Center OPTIMAS and Department of Physics, Technis-
che Universitdt Kaiserslautern, Germany

A recent experimental realization of an ultracold quantum degener-
ate gas of “CK87Rb molecules [1] opens up a new chapter in exploring
strongly dipolar Fermi gases. This includes the deformation of the
Fermi surface (FS) for polarized systems, where the electric dipoles
have a preferential orientation. Compared to atomic magnetic species
[2,3], this effect is significantly increased in ultracold Fermi gases of
polar molecules, and the stability of the system is expected to strongly
depend on its geometry. Here we generalize a previous Hartree-Fock
mean-field theory [2] for the Wigner function, which now takes into ac-
count that the cloud shape in the ground state is determined not only
by the trap frequencies, but also by the dipoles’ orientation. We cal-
culate the corresponding FS deformation for an arbitrary orientation
of the dipoles, demonstrating the great promise for the exploration of
polarized degenerate molecules.

[1] L. De Marco, G. Valtolina, K. Matsuda, W. G. Tobias, J. P. Covey,
and J. Ye, arXiv:1808.00028 (2018).

[2] V. Velji¢, A. R. P. Lima, L. Chomaz, S. Baier, M. J. Mark, F.
Ferlaino, A. Pelster, and A. Balaz, New J. Phys. 20, 093016 (2018).
[3] V. Velji¢, A. Balaz, and A. Pelster, Phys. Rev. A 95, 053635
(2017).

Q 35.4 Wed 15:00 S HS 037 Informatik
A few-body approach to pairing correlations in a two-
dimensional Fermi gas — eRALF KLEMT, JAN HENDRIK BECHER,

Location: S HS 037 Informatik

Ram-Janik PEtzorp, PuiLipp M. Preiss, and SELiM JocHIM —
Physikalisches Institut der Universitdt Heidelberg, Im Neuenheimer
Feld 226, 69120 Heidelberg

Strong pairing correlations are, in combination with a shell structure,
the central mechanism leading to the structure of atomic and nuclear
matter but are also key to understanding the nature of strongly cor-
related fermionic many-body-phases as seen for example in the frame-
work of the BEC-BCS crossover.

In this talk, I present recent experimental efforts on realizing and
probing deterministic few-body states of fermionic ®Li in a two-
dimensional geometry. In the presence of strong interactions, it was
theoretically shown [1] that such a system features signatures which
can be interpreted as the few-body precursor of a normal to superfluid
transition. As a consequence, in this superfluid phase strong pairing
correlations at the “Fermi-surface”, reminiscent of Cooper-pairing in
many-body systems, are present.

We will characterize such few-body systems by probing the exci-
tation spectrum of the pairing mode as well as by directly observ-
ing single particle resolved spin-spin correlations in momentum space.
However, the unique opportunity to directly observe all relevant cor-
relations will also help bridging the gap toward the understanding of
strongly interacting fermionic 2D systems in the many-body limit.

[1] J. Bjerlin et al., PRL. 116, 155302 (2016)

Q 35.5 Wed 15:15 S HS 037 Informatik
Diverging exchange force for ultracold fermionic atoms —
oCHRISTIAN ScHILLING! and Rorr ScuiLLing? — !Clarendon Lab-
oratory, University of Oxford — Z?Institut fiir Physik, Johannes
Gutenberg-Universitdt Mainz

The Pauli exclusion principle 0 < nj < 1 is a kinematical constraint
on fermionic occupation numbers which strongly shapes the behav-
ior and the properties of fermionic quantum systems on all length
scales. We demonstrate that this fundamental restriction can also be
interpreted dynamically: the fermionic exchange symmetry manifests
itself in the one-fermion picture in the form of an “exchange force”
which repulsively diverges on the boundary of the allowed region, pre-
venting fermionic occupation numbers nj from leaving their domain
0 < ng < 1. Moreover, for translationally invariant one-band lattice
models (e.g. ultracold atoms in an optical lattice), we exploit the ab
initio knowledge of the natural orbitals (momentum states) and dis-
cover the exact one-matrix functional F(7) for smaller cluster systems
(such as the Hubbard square). Remarkably, F(7) turns out to be
strongly shaped by Pauli’s exclusion principle and its recently found
generalization.

Q 35.6 Wed 15:30 S HS 037 Informatik
High-Contrast Interference of Ultracold Fermions — eJaN
HenDRIK BECHER, PHiLipp M. Preiss, RaLr KLEMT, VINCENT
KLINKHAMER, ANDREA BERGSCHNEIDER, and SELIM JOCHIM —
Physics Institute, Heidelberg University, Germany

Many-body interference between indistinguishable particles induces
strong correlations rooted in quantum statistic. Such correlations have
been studied with few photons but are thus limited to massless, non-
interacting systems. Using deterministically prepared fermionic atoms
in optical tweezers, such experiments can be extended to a higher par-
ticle number and further correlations can be induced by tuning the
interactions over a wide range.

In our experiment we assemble mesoscopic fermionic quantum sys-
tems from independently prepared optical tweezers. We combine the
full control of the system with a single-atom, spin-resolved imaging
scheme that allows us to extract momentum correlation functions up
to third order.

I will present recent measurements on momentum correlations be-
tween three independently prepared, identical fermions. The observed
correlations are purely induced by quantum statistics and are a conse-
quence of the particles’ indistinguishability. We measure and analyze
two and three-body density correlations after time-of-flight and find
that even non-interacting, identical fermions exhibit intrinsic three-
body correlations that cannot be predicted from measured two-body
correlation functions.

Q 35.7 Wed 15:45 S HS 037 Informatik



Stability diagram of degenerate Fermi gases of polar
molecules with tilted dipoles

V. Velji¢', A. Pelster?, and A. Balaz'

'Scientific Computing Laboratory, Center for the Study of Complex Systems,
Institute of Physics Belgrade, University of Belgrade, Serbia
? Physics Department and Research Center OPTIMAS, Technical University of
Kaiserslautern, Germany

A recent experimental realization of an ultracold quantum degenerate gas of “°K®’Rb
molecules [1] opens up a new chapter in exploring strongly dipolar Fermi gases and
many-body phenomena arising in that regime. This includes the deformation of the
Fermi surface (FS) for polarized systems, where the electric dipoles have a
preferential orientation, which can be achieved using an external field. Compared to
atomic magnetic species [2,3], this effect is significantly increased in ultracold Fermi
gases of polar molecules, and the stability of the system is expected to strongly
depend on its geometry. Here we generalize a previous Hartree-Fock mean-field
theory [2] for the Wigner function, which now takes into account that the cloud shape
in the ground state is determined not only by the trap frequencies, but also by the
dipoles' orientation. In the special case of a spherically symmetric trap, the cloud is
elongated in the direction of the dipoles, similar to the FS. We obtain here a universal
stability diagram for dipolar fermions and calculate the corresponding FS deformation
for an arbitrary orientation of the dipoles, demonstrating the great promise for the
exploration of degenerate molecules in electric fields, where the strong dipole-dipole
interaction dominates. These results are important for designing future experiments
with polar molecules, as well as for the interpretation of measured data, including the
dynamics and the time-of-flight expansion.

References

[1] L. De Marco, G. Valtolina, K. Matsuda, W. G. Tobias, J. P. Covey, and J. Ye,
arXiv:1808.00028 (2018).

[2] V. Velji¢c, A. R. P. Lima, L. Chomaz, S. Baier, M. J. Mark, F. Ferlaino, A.
Pelster, and A. Balaz, New J. Phys. 20, 093016 (2018).

[3] V. Veljic, A. Balaz, and A. Pelster, Phys. Rev. A 95, 053635 (2017).



Ground state of an ultracold Fermi gas of tilted dipoles

V. Velji¢!, A. R. P. Lima?, L. Chomaz?, S. Baier®, M. J. Mark™*,
F. Ferlaino®*, A. Pelster’, and Antun BalaZ!
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Campus das Auroras, Acarape-Ceard, Brazil
3Institute for Experimental Physics, University of Innsbruck, Innsbruck, Austria
*Institute for Quantum Optics and Quantum Information,

Austrian Academy of Sciences, Innsbruck, Austria
SPhysics Department and Research Center OPTIMAS, TU Kaiserslautern, Germany

Many-body dipolar effects in Fermi gases are quite subtle as they energetically
compete with the large kinetic energy at and below the Fermi surface (FS). Recently it
was experimentally observed in a sample of erbium atoms that its FS is deformed from
a sphere to an ellipsoid due to the presence of the anisotropic and long-range dipole-
dipole interaction [1]. Moreover, it was suggested that, when the dipoles are rotated by
means of an external field, the Fermi surface follows their rotation, thereby keeping
the major axis of the momentum-space ellipsoid parallel to the dipoles. Here we
generalize a previous Hartree-Fock mean-field theory [2] to systems confined in an
elongated triaxial trap with an arbitrary orientation of the dipoles relative to the trap.
With this we study for the first time the effects of the dipoles' arbitrary orientation on
the ground-state properties of the system [3]. Furthermore, taking into account the
geometry of the system, we show how the ellipsoidal FS deformation can be
reconstructed, assuming ballistic expansion, from the experimentally measurable real-
space aspect ratio after a free expansion. We compare our theoretical results with new
experimental data measured with erbium Fermi gas for various trap parameters and
dipole orientations. The observed remarkable agreement demonstrates the ability of
our model to capture the full angular dependence of the FS deformation. Moreover, for
systems with even higher dipole moment, our theory predicts an additional unexpected
effect: the FS does not simply follow rigidly the orientation of the dipoles, but softens
showing a change in the aspect ratio depending on the dipoles' orientation relative to
the trap geometry, as well as on the trap anisotropy itself. Our theory provides the basis
for understanding and interpreting phenomena in which the investigated physics
depends on the underlying structure of the FS, such as fermionic pairing and
superfluidity.

References

[11 K. Aikawa, et al., Science 345, 1484 (2014).

[2] V. Velji¢, A. Balaz, and A. Pelster, Phys. Rev. A 95, 053635 (2017).

[31 V. Velji¢, et al., arXiv:1806.05672 (2018).
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Ground state of an ultracold Fermi gas of tilted dipoles
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Many-body dipolar effects in Fermi gases are quite subtle as they energetically compete with the
large kinetic energy at and below the Fermi surface (FS). Recently it was experimentally observed
in a sample of erbium atoms that its FS is deformed from a sphere to an ellipsoid due to the
presence of the anisotropic and long-range dipole-dipole interaction [1]. Moreover, it was suggested
that, when the dipoles are rotated by means of an external field, the Fermi surface follows their
rotation, thereby keeping the major axis of the momentum space ellipsoid parallel to the dipoles.
Here we generalise a previous Hartree-Fock mean-field theory [2, 3] to systems confined in an
elongated triaxial trap with an arbitrary orientation of the dipoles relative to the trap. With
this we study for the first time the effects of the dipoles’ arbitrary orientation on the ground-
state properties of the system. Furthermore, taking into account the geometry of the system,
we show how the ellipsoidal FS deformation can be reconstructed, assuming ballistic expansion,
from the experimentally measurable real-space aspect ratio after a free expansion. We perform
new and extensive measurements for various parameters to study the full angular dependence of
the FS deformation and show that the FS does not simply follow rigidly the orientation of the
dipoles, but depends additionally on the dipoles’ orientation relative to the trap geometry, as well
as on the trap anisotropy itself, see the illustration in Fig. 1. The presented direct comparison of
the obtained analytical and numerical results with our experimental observations shows very good

agreement. The developed theory is relevant for understanding and interpreting future experiments

*

axel.pelster@physik.uni-kl.de



with ultracold fermionic dipolar quantum gases, where the investigated physics depends on the

underlying structure of the FS.

e
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Fig. 1: Illustration of angular dependence of FS deformation in momentum space for system in

anisotropic trap: (a) for weak DDI, when F'S ellipsoid just rotates like a rigid object; (b) for strong

DDI, when FS deformation strongly depends on dipoles’ orientation.

[1] K. Aikawa, S. Baier, A. Frisch, M. Mark, C. Ravensbergen, and F. Ferlaino, Science 345, 1484 (2014).
[2] F. Wachtler, A.R.P. Lima, and A. Pelster, Phys. Rev. A 96, 043608 (2017).
[3] V. Velji¢, A. Balaz, and A. Pelster, Phys. Rev. A 95, 053635 (2017).
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Ground state of a Fermi gas with tilted dipoles’ ANTUN BALAZ,
VLADIMIR VELJIC, Institute of Physics Belgrade, Serbia, ARISTEU R. P.
LIMA, University for International Integration of the Afro-Brazilian Lusophony,
Brazil, SIMON BAIER, LAURIANE CHOMAZ, University of Innsbruck, Aus-
tria, FRANCESCA FERLAINO, University of Innsbruck and IQOQI of Austrian
Academy of Sciences, Innsbruck, Austria, AXEL PELSTER, Physics Department
and Research Center OPTIMAS, Technical University of Kaiserslautern, Germany
— In the presence of an anisotropic and long-range dipole-dipole interaction, the
Fermi sphere of an ultracold Fermi gas deforms into an ellipsoid. Recently, it was
experimentally observed in such systems that the shape of the Fermi surface fol-
lows the rotation of the dipoles when they are tilted [1]. Here we generalize the
Hartree-Fock mean-field theory of Refs. [2, 3], where the dipoles were assumed to
be parallel to one of the trap axes, to an arbitrary orientation of the dipoles and
obtain the ground-state Thomas-Fermi radii and momenta. The calculated angular
dependence of the Fermi surface deformation shows good agreement with experi-
mental observations. We also find that the angular dependence of the aspect ratio
turns out to be a direct consequence of the dipole tilting.

[1] K. Aikawa, et al., Science 345, 1484 (2014).
[2] F. Wiéchtler, et al., Phys. Rev. A 96, 043608 (2017).
[3] V. Velji¢, et al., Phys. Rev. A 95, 053635 (2017).
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Q 25.1 Mon 16:15 K 1.022
Probing homogeneous two-dimensional Fermi gases in mo-
mentum space — eLENNART SoOBIREY, NicrLas Luick, Kraus
Hueck, FyNN FORGER, JoNAs SIEGL, THOMAS LoMPE, and HENNING
Moritz — Institut fiir Laserphysik, Universitdit Hamburg, Luruper
Chaussee 149, 22761 Hamburg, Germany

Ultracold two-dimensional Fermi gases are uniquely suited to investi-
gate the interplay of reduced dimensionality and strong interactions
in quantum many-body systems. Here, we report on our realization
of an ultracold 2D Fermi gas trapped in a homogeneous disk-shaped
potential. This system is ideally suited to measure non-local quan-
tities such as correlation functions and the momentum distribution.
Furthermore, homogeneous systems simplify the creation of quantum
phases which exist only in narrow regions of the phase diagram. To
confine the homogeneous gas, we radially confine it by a ring-shaped
blue-detuned beam with steep walls. We perform matter wave focus-
ing to extract its momentum distribution and directly observe Pauli
blocking in a near unity occupation of momentum states.

Q 25.2 Mon 16:30 K 1.022
Ground State of a Fermi Gas with Tilted Dipoles — eVLADIMIR
VELJGY, ArisTEU R. P. LiMaZ2, SiMoN Baler3, LAURIANE CHOMAZS,
FraNcesca FErRLaINO®®, AxeL PELSTER®, and ANTUN BarLaz!l —
LCenter for the Study of Complex Systems, Institute of Physics Bel-
grade, University of Belgrade, Serbia — 2University for International
Integration of the Afro-Brazilian Lusophony, Brazil — 3Institute for
Experimental Physics, University of Innsbruck, Austria — *Institute
for Quantum Optics and Quantum Information, Austrian Academy of
Sciences, Innsbruck, Austria — ?Physics Department and Research
Center OPTIMAS, Technical University of Kaiserslautern, Germany

In the presence of an anisotropic and long-range dipole-dipole interac-
tion, the Fermi sphere of an ultracold Fermi gas deforms into an el-
lipsoid. Recently, it was experimentally observed in such systems that
the shape of the Fermi surface follows the rotation of the dipoles when
they are tilted [1]. Here we generalize the Hartree-Fock mean-field
theory of Refs. [2, 3], where the dipoles were assumed to be parallel
to one of the trap axes, to an arbitrary orientation of the dipoles and
obtain the ground-state Thomas-Fermi radii and momenta. The cal-
culated angular dependence of the Fermi surface deformation shows
good agreement with experimental observations. We also find that
the angular dependence of the aspect ratio turns out to be a direct
consequence of the dipole tilting.

[1] K. Aikawa, et al., Science 345, 1484 (2014).

[2] F. Wichtler, et al., Phys. Rev. A 96, 043608 (2017).

[3] V. Velji¢, et al., Phys. Rev. A 95, 053635 (2017).

Q 25.3 Mon 16:45 K 1.022
High temperature pairing in a strongly interacting two-

dimensional Fermi gas — eLuca Bavual, Puneer MURTHY!,

Matnias Nemic!, RaLr KrLemT!, Icor BorTTCHER?, TILMAN
Enss®, MarviN Houren!, GERHARD ZOURN', PuiLipp Preiss!, and
SeLM JocHiM! — !Physikalisches Institut, Universitit Heidelberg —
2Department of Physics, Simon Fraser University — 3Institut fiir The-

oretische Physik, Universitat Heidelberg

Understanding the nature of the normal phase of strongly correlated
Fermi systems is a fascinating open question in many-body physics.
In this talk I will present recent measurements, where we observe
many-body pairing in a strongly interacting quasi two-dimensional
ultracold Fermi gas at temperatures far above critical temperature
for superfluidity. We employ spatially resolved radio-frequency spec-
troscopy to probe the pairing energy in the system. We identify and
study a regime in the normal phase, where the pairing gap shows a
clear density dependence and significantly exceeds the intrinsic two-
body binding energy. This implies that pairing in this regime is driven
by many-body correlations, rather than two-body physics. These cor-
relations are remarkably robust against thermal fluctuations, as the
effects persist up to temperatures close to the Fermi-temperature.

Q 25.4 Mon 17:00 K 1.022
Anomalous breaking of scale invariance in a two-dimensional
Fermi gas — eMAaRvIN HoLTEN, Luca BavHA, ANTONIA KLEIN,
PuNeeT MURTHY, PHILIPP PREISS, and SELIM JocHIM — Physikalis-

Location: K 1.022

ches Institut, University of Heidelberg, Germany

The frequency of the breathing mode of a classical, two-dimensional
Fermi gas in a harmonic confinement is fixed by the scale invariance of
the Hamiltonian. On the quantum mechanical level, however, scale in-
variance is broken by introducing the two dimensional scattering length
aop as a regulator. This is an example for a quantum anomaly in the
field of ultracold atoms and leads to a shift of the frequency of the
collective breathing mode of the cloud. In this talk, I present our ex-
perimental study of this frequency shift for a two component Fermi
gas in the strongly interacting regime. We observe a significant shift
away from the scale invariant result that depends on both interactions
and temperature. A careful consideration of all the additional terms
that may lead to explicit breaking of scale invariance is required to
distinguish those from the effects caused by the anomaly.

Q 25.5 Mon 17:15 K 1.022
Violation of the Wiedemann-Franz law in a unitary Fermi gas
— oSAMUEL HAUSLER, DomINIK HUSMANN, MARTIN LEBRAT, PHILIPP
FaBriTius, LAURA CorMAN, JEAN-PHILIPPE BrRANTUT, and TILMAN
EssLINGER — Institute for Quantum Electronics, ETH Zurich, 8093
Ziirich, Switzerland

In materials heat and particle transport are often coupled, leading
to thermoelectric effects. A temperature gradient may cause particle
transport (Seebeck effect) and a variation in chemical potential can
induce heat currents (Peltier effect). These phenomena are suited to
probe the fundamental excitations that are challenging to identify in
strongly correlated matter.

To study these phenomena, we prepare a system consisting of two
reservoirs of fermionic lithium atoms at unitarity close to the super-
fluid transition. After heating one of the reservoirs they may exchange
particles and heat through a quantum point contact. We observe a
violent initial particle current from cold to hot that brings the system
to a non-equilibrium steady state where currents vanish in the pres-
ence of finite temperature difference and chemical potential bias. The
steady state reveals a finite particle and suppressed thermal conduc-
tance strongly violating the Wiedemann-Franz law, which relates the
two conductances by a universal number in the limit of low temper-
atures. This violation signals a breakdown of Fermi liquid behaviour
and remains for wider channel geometries, where the system relaxes
back to equilibrium. These findings are related to the celebrated foun-
tain effect in bosonic helium II.

Q 25.6 Mon 17:30 K 1.022
Observation of the Higgs mode in the superfluid BEC-BCS
crossover in Fermi gases — eJoHANNES KOMBE, JEAN-SEBASTIEN
BERNIER, and CoRINNA KoLLATH — Uni Bonn, Nussallee 14-16, 53115
Bonn

Thanks to recent advances, investigating the non-equilibrium dynamics
of interacting systems is now possible. Using time-dependent pertur-
bations, one can probe from a different angle the mechanisms responsi-
ble for the collective phenomena present in correlated systems. Taking
advantage of this progress, we investigate both theoretically and ex-
perimentally the evolution of a three-dimensional Fermi gas while the
interaction strength is effectively modified. Our study, carried out on
the BCS side, reveals various collective excitations. Interestingly, this
approach highlights the presence of the Higgs mode.

Q 25.7 Mon 17:45 K 1.022
Spinor Gases of Fermionic Erbium Atoms — eJaNn HEN-
prIK BecHERD3, SimMon Baler!, LauriaNe Cuomaz!:2, GABRIELE
NaraLe!, DanieL PerTeEr!, MANFRED MAaRK!'2, and FRANCESCA
FerLaINO':2 — lInstitut fiir Experimentalphysik, Universitét Inns-
bruck, Austria — 2Institut fiir Quantenoptik und Quanteninformation,
Innsbruck, Austria — 3Physikalisches Institut, Heidelberg University,
Germany

Over the last decade, dipolar quantum gases have become an ideal
system to study novel phenomena in ultracold quantum physics. In
particular, strongly magnetic atomic species, such as erbium, open
fascinating possibilities to investigate dipole-dipole interaction (DDI)
and its impact on few- and many-body effects in ultracold spinor gases.

Here we report on first experimental investigations of spin physics in
fermionic erbium, %7Er. Due to its large quantum numbers, fermionic
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erbium has a remarkably large number of spin states in the lowest level
manifold, F' = 19/2. The 20 different mp states interact via both con-
tact and DDI. The DDI is violating spin conservation and effects the
dynamics of out-of-equilibrium spin systems.

In the experiment, we create a spin polarized, degenerate Fermi gas
in the absolute lowest Zeeman sublevel. We then load the atomic sam-

ple into a 3D optical lattice and start spin preparation by applying a
radio frequency pulse. In this setting, we study the interaction in the
proximity of homonuclear p-wave Feshbach resonances and discover
new interspin Feshbach resonances. Furthermore we investigate the
dynamics of spin excitations in the frozen-particle regime.
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In the presence of an isotropic interactions, the Fermi surface of an ultracold Fermi
gas is spherical. Introducing anisotropic and long-range dipole-dipole interaction to
the system deforms the Fermi surface to an ellipsoid. Recently, it was experimentally
observed in a degenerate dipolar Fermi gas of erbium atoms that the shape of the
atomic cloud follows the rotation of the dipoles when they are tilted [1]. Here we
generalize the Hartree-Fock mean-field theory of Refs. [2, 3], where the magnetic
field was assumed to be parallel to one of the axes of the harmonic trap. To this end,
we extend the calculations for an arbitrary orientation of the dipoles and obtain the
ground state by minimizing the total energy of the system, which allows to determine
its Thomas-Fermi radii and momenta. The angle dependence of the Fermi surface
deformation, presented in Fig. 1(a), shows that it is almost constant, in good
agreement with experimental observation. Contrary to that, the angle dependence of
the aspect ratio, presented in Fig. 1(b) together with the experimental data of Ref.
[1]. tumns out to be a direct consequence of tilting of the dipoles. These analytical and
numerical calculations agree quantitatively well with experimental observations from
the Innsbruck experiment [1] and are relevant for understanding similar ongoing
experiments with ultracold fermionic dipolar atoms.
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Deformation of the Fermi Surface
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In the presence of isotropic interactions, the Fermi surface of an ultracold Fermi gas is spherical. Introducing
anisotropic and long-range dipole-dipole interaction (DDI) to the system deforms the Fermi surface to an
ellipsoid, as was experimentally observed in a degenerate dipolar Fermi gas of erbium atoms [1]. The
deformation is caused by the interplay between the strong magnetic DDI and the Pauli exclusion principle. It
was also observed that the atomic cloud follows the rotation of the dipoles when the direction of the external
magnetic field is changed, keeping the major axis always parallel to the direction of the maximum attraction of
the DDI. Here we present a generalization of the previous Hartree-Fock mean-field theory [2, 3], where the
magnetic field was assumed to be parallel to one of the harmonic trap axes. We now extend our calculations
for an arbitrary orientation of the magnetic field. In order to obtain the ground state and analyze the resulting
deformation of the Fermi surface, we minimize the total energy of the system, which enables us to determine
its Thomas-Fermi radii and momenta. These analytical and numerical calculations are in agreement with
observations from the Innsbruck experiment [1] and are relevant for understanding similar ongoing
experiments with ultracold fermionic dipolar atoms.
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We study the dynamics of an F=1 spinor Bose-Einstein condensate
in one spatial dimension out of equilibrium by means of semi-classical
simulations. Our main focus lies on sudden quenches within the para-
magnetic phase, where the system is quenched near the critical point
of a phase transition by varying an external magnetic field. The time
evolution of the resulting non-equilibrium state including quantum ef-
fects is studied within the framework of the truncated Wigner ap-
proximation. To this end, the coupled Gross-Pitaevskii equations for
the fundamental fields are solved numerically using higher-order time-
splitting Fourier pseudospectral methods. We observe the formation of
soliton-like excitations and study their link to the build-up of correla-
tions in the system. By continuously tuning the interaction away from
an integrable point of the system, we further investigate the effects
of non-integrability on the observed dynamics. Our results are put
into relation with the concept of non-thermal fixed points and critical
phenomena.

Q 31.8 Tue 17:00 P OGs
Dynamics of a one-dimensional two-component Bose gas
quenched to criticality. — eMAaRTIN RABEL, MARKUS KARL, and
THoMAs GAsENZER — Kirchhoff-Institut fiir Physik, Im Neuenheimer
Feld 227, 69120 Heidelberg, Germany

We study the dynamics of a two-component Bose gas after a param-
eter quench into the proximity of a quantum critical point using an-
alytical, real-time effective-action techniques. The relative degrees of
freedom within the system can be described by a quasi-spin 1/2 model.
This model is subject to a mean-field paramagnetic to ferromagnetic
quantum phase transition. For the full model this corresponds to a
transition from a miscible to an immiscible phase. The transition is
investigated in a dynamical setup: The initial state is the ground-state
configuration far away from criticality. Following a sudden quench
to criticality the time evolution of the emerging spin fluctuations is
analysed. In the one-dimensional system under investigation, the non-
vanishing energy introduced by the quench leads to a finite correlation
length during the induced time evolution. The finite critical correla-
tion length is determined within a leading-order 1/N approximation.
The obtained analytical results are compared with Truncated-Wigner
numerical simulations.

Q 31.9 Tue 17:00 P OGs
Goldstone mode in the quench dynamics of an ultracold
BCS Fermi gas: A full Bogoliubov-de Gennes approach —
ePrTER KETTMANN!, SIMON HaNNIBAL!, MiuAIL CROITORUZ, VOLL-
RATH MARTIN AxT3, and TiLMAaNN Kunn! — !nstitute of Solid State
Theory, University of Miinster — 2Condensed Matter Theory, Univer-
sity of Antwerp — 3Theoretical Physics III, University of Bayreuth

Ultracold Fermi gases are a convenient system to probe and study the
properties of phases like the BEC and the BCS phase and the crossover
in between those regimes. In particular, ultracold Fermi gases can be
used as a test bed to study the two fundamental dynamical modes
—the Higgs and the Goldstone mode— which result from spontaneous
symmetry breaking in these phases.

We investigate the Goldstone mode in the dynamics of a cigar-
shaped cloud of ultracold YLi after an interaction quench on the BCS
side of the BCS-BEC crossover. To this end, we numerically solve
Heisenberg’s equations of motion for the Bogoliubov single-particle
excitations in the framework of the Bogoliubov-de Gennes (BdG) for-
malism. Extending previous studies, we use a full BAG approach in-
stead of the truncated Anderson solution. This improves the validity
in the strong-coupling regime and ensures a correct coupling of the
Goldstone mode to the trapping potential.

We study the impact of this extension on the dynamics of the single-
particle excitations and find an overall good qualitative agreement of
both solutions. However, some significant deviations occur predomi-
nantly in the case of strong coupling.

Q 31.10 Tue 17:00 P OGs

Universal scaling and non-thermal fixed points in spin sys-
tems — oSTEFANIE CziscHEK!, HALIL CAkirR!, Markus Karr!,
MicHAEL KasTnNER2, Markus K. OBERTHALER', and THOMAS
GaseNzER! — 1Kirchhoff-Institut fiir Physik, Im Neuenheimer Feld
227, 69120 Heidelberg, Germany — 2Institute of Theoretical Physics,

University of Stellenbosch, Stellenbosch 7600, South Africa

We study the dynamical build-up of correlations after sudden quenches
in spin systems using the discrete truncated Wigner approximation.

In particular, we consider quenches from large external fields into the
vicinity of a quantum critical point within the paramagnetic phase.
We calculate correlation lengths and study their time evolution at dif-
ferent distances from the critical point. For the transverse-field Ising
chain, we find that the discrete truncated Wigner approximation is in
good agreement with exact analytical and numerical results. Our ex-
act results show that the correlation function takes the form given by a
generalized Gibbs ensemble already after short times and small relative
distances, which is also found in the discrete truncated Wigner approx-
imation. The agreement of both results for quenches into the vicinity
of the critical point suggests that the discrete truncated Wigner ap-
proximation may be used to determine the correlation dynamics after
quenches for spin systems which are not exactly solvable, in one and
higher dimensions.

Q 31.11 Tue 17:00 P OGs
Probing Relaxation at the Many-Body Localization Transi-
tion with Ultracold Fermions in Optical Lattices — eSEBASTIAN
Scuerc!2, Henrik LoscHEN'2, PranjaL Borpial?, ULricH
ScunepERY23 and IMMANUEL Brocu!? — !'Ludwig-Maximilians-
Universitit, Schellingstr. 4, 80799 Miinchen, Germany — 2Max-
Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Str. 1, 85748
Garching, Germany — 3Cavendish Laboratory, University of Cam-
bridge, J. J. Thomson Avenue, Cambridge CB3 OHE, United Kingdom

The phenomenon of Many-Body Localization (MBL) describes a
generic non-thermalizing phase in which quantum information can
persist locally up to infinite times. This phase is separated from a
phase obeying the Eigenstate Thermalization Hypothesis via a disor-
der driven, dynamical phase transition, which happens not only in the
ground state but over an extended range of excited states. While the
dynamical structure deep in the MBL phase is arguably well under-
stood in one dimension, there is a paucity of results close to the critical
point and in higher dimensions.

In this work, we report on the observation of MBL in one and two
dimensions. We directly probe the transition points finding critically
slow relaxation below the critical disorder strength in both 1D and 2D.
The slow dynamics in 1D can be attributed to Griffiths type effects.
‘We highlight the importance of interactions, which strongly govern the
behavior around the critical point.

Q 31.12 Tue 17:00 P OGs
Sub-Doppler laser cooling of fermionic 40K atoms in gray op-
tical molasses — eMax HacHMANN, ROBERT BUCHNER, RAPHAEL
EICHBERGER, and ANDREAS HEMMERICH — Institut fiir Laser-Physik,
Universitdt Hamburg

Most experiments on quantum degenerate gases begin with a laser
cooling phase that is followed by evaporative cooling in a conservative
trap. The final quantum degeneracy strongly depends on the temper-
ature at the end of the laser cooling phase and sub-Doppler cooling is
often a key ingredient for initiating efficient evaporation. In our ex-
periment for fermionic 40K a cooling cycle on the D2 transition for a
bright optical molasses has been used. However, 40 K features a nar-
row hyperfine structure in the excited state of the D2 transition that
hinders efficient sub-Doppler cooling by cooling to the red of this tran-
sition. The same is true for other isotopes of potassium and lithium.
To overcome this limitation a gray molasses cooling scheme on the D1
transition at 770 nm can be implemented to produce cold and dense
atomic samples. Here we report on the current progress of the experi-
mental implementation.

Q 31.13 Tue 17:00 P OGs
Fermi Surface Deformation in Dipolar Fermi Gases —
eVLADIMIR VELJIG!, AnTUN Baraz!, and AxeL PELSTER? —
IScientific Computing Laboratory, Center for the Study of Complex
Systems, Institute of Physics Belgrade, University of Belgrade, Serbia
— 2Physics Department and Research center OPTIMAS, Technical
University of Kaiserslautern, Germany

In a recent time-of-flight (TOF) expansion experiment with ultracold
polarized fermionic erbium atoms, TOF images show that the atomic
cloud has an ellipsoidal shape, with an elongation in the direction of
atomic dipoles [1]. The Hartree-Fock mean-field theory presented in
Refs. [2,3], which was restricted to the orientation of dipoles along one
of the harmonic trap axes, is generalized here for an arbitrary orienta-
tion of dipoles. Afterwards, using this approach we analyze the result-
ing Fermi surface deformation, calculate TOF dynamics, and solve the
corresponding Boltzmann-Vlasov equation within the relaxation-time
approximation in the vicinity of a new equilibrium configuration by
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using a suitable rescaling of the equilibrium distribution. The result-
ing ordinary differential equations of motion for the scaling parameters
are solved numerically for experimentally relevant parameters at zero
temperature. A comparison of our analytical and numerical results
with the Innsbruck experimental results [1] is also presented.

[1] K. Aikawa, et al., Science 345, 1484 (2014).

[2] F. Wéchtler, A.R.P. Lima, and A. Pelster, arXiv:1311.5100 (2013).
[3] V. Velji¢, A. Balaz, and A. Pelster, arXiv:1608.06448 (2016).

Q 31.14 Tue 17:00 P OGs
Towards second sound in a quasi two dimensional Fermi gas
— eoDANIEL HoFFMANN, THOMAS PAINTNER, WOLFGANG LIMMER,
and JoHANNES HECkER DENSCHLAG — Universitdt Ulm, Institut fiir
Quantenmaterie, Deutschland

Excitations in ultracold quantum gases have become a versatile tool
to unveil fundamental thermodynamics. Especially the properties of
superfluidity have been investigated extensively using local or global
excitations. One phenomena which has recently been demonstrated in
a quantum gas experiment is second sound excitation (see [1]). In this
experiment entropy waves were excited in a suprafluid/normal fluid
mixture and were detected by means of density modulation.

In the project presented here, we extend the work on second sound
to quasi two dimensional gases. We use a degenerate Fermi gas of
SLi loaded into a highly anisotropic trap, where the conditions of a
quasi 2D Fermi gas can be fulfilled. To excite second sound, we use an
intensity-modulated laser beam focused on the trap center to generate
entropy waves. Detecting density modulations in the Fermi gas enables
us to extract the second sound excitation. Our presentation shows first
results towards second sound in a quasi 2D interacting Fermi gas.

[1]: Sidorenkov et al., Nature 498, 78-81 (2013)

Q 31.15 Tue 17:00 P OGs
Quench dynamics and equilibrium behavior in a spinless
Fermi-Hubbard ladder with dipolar interactions — ePHILIPP
FaBriTius and SHANNON WHITLOCK — Physikalisches Institut, Uni-
versitdt Heidelberg, Im Neuenheimer Feld 226, 69120 Heidelberg

We report on theoretical simulations of a spinless Fermi-Hubbard
model on a two-leg ladder with anisotropic long-range dipolar inter-
actions. Using a density-matrix renormalization group approach we
obtain the quantum phase diagram. We also present results on the
dynamical evolution of the system following a quantum quench from
an insulating to an interlayer superfluid phase. These results have rele-
vance for future experiments which aim to use quantum gas microscopy
to reveal exotic superfluid and magnetic phases with ultracold atoms.

Q 31.16 Tue 17:00 P OGs
An experiment to initialize and study the Fermi-Hubbard
model atom by atom — ePuiLLiIP WIEBURG, KAl MORGENER,
Tuomas LoMmPE, and HENNING MoriTz — Institut fiir Laserphysik,
Universitat Hamburg, Luruper Chaussee 149, 22761 Hamburg, Ger-
many

Investigating the Fermi-Hubbard model with cold atoms is typically
done by evaporatively cooling an ultracold Fermi gas and loading it
into a large optical lattice. In contrast, we plan to build up a Fermi-
Hubbard system site by site using optical microtraps. Each microtrap
will contain a single atom cooled to the vibrational ground state by
Raman-sideband cooling. This technique combines fast experimen-
tal cycle times with single site addressability and detection and al-
lows studying the fundamental processes governing the Fermi-Hubbard
model in a bottom-up approach.

Here we report upon the commissioning of this new experiment,
which is going to be able to cool a gas of 40K to quantum degeneracy
as well as to directly lasercool single atoms into optical microtraps.
We have already lasercooled 39K and 40K atoms and trapped them
magnetically. Further cooling of the atoms will be performed using
Raman-sideband cooling [1,2]. In order to image and to manipulate
the atoms with high spatial resolution, our setup is equipped with
a novel type achromatic imaging system located inside the vacuum
chamber.

[1] A.M. Kaufman et al., Physical Review X 2 041014 (2012).

[2] L. W. Cheuk et al., Phys. Rev. Lett. 114, 193001 (2015).

Q 31.17 Tue 17:00 P OGs
Anomalous heating in ion traps: where does the noise orig-
inate? — eCarsTEN HENkEL!, HENNING KaUFMANNZ, and Ut-
RICH PoscHINGER? — ! Universitit Potsdam — 2Johannes-Gutenberg-
Universitat Mainz

Trapped ions that are laser-cooled to the ground state of a Paul trap
provide a promising platform for quantum information processing and
surface analysis. The ions are subject to fluctuating electric fields em-
anating from the surrounding electrodes which lead to a finite heating
rate whose detailed behaviour is not yet fully understood (patch poten-
tials, surface adsorbates, temperature and distance dependence ...)[1].
Building on a recent model with metallic electrodes covered by a thin
lossy dielectric [2], we investigate the spatial distribution of the charge
fluctuations that generate the electric field noise. We analyze for ex-
ample the interference that is at the origin of the maximum of noise for
films with a certain thickness [3, 4]. The aim is to mitigate anomalous
heating with suitably coated electrodes that screen the dominant noise
sources.

[1] M. Brownnutt, M. Kumph, P. Rabl, and R. Blatt, Rev. Mod.
Phys. 87 (2015) 1419

[2] M. Kumph, C. Henkel, P. Rabl, M. Brownnutt, and R. Blatt,
New J. Phys. 18 (2016) 023020

[3] S. Bauer, Am. J. Phys. 60 (1992) 257

[4] S. A. Biehs, D. Reddig, and M. Holthaus, Eur. Phys. J. B 55
(2007) 237; S. A. Biehs, Eur. Phys. J. B 58 (2007) 423

Q 31.18 Tue 17:00 P OGs
A hybrid atom-ion trap for ultracold Li and YbT — eJaNnNIs
Joger!, HENNING FURsT!, NorMAN EwaLD!, THOMAS SECKERZ,
Traomas FELDKER!, and RENE GERRITsSMA! — lInstitute of Physics,
University of Amsterdam, Netherlands — 2Institute for Coherence and

Quantum Technology, TU Eindhoven, Netherlands

Our setup for realising a hybrid system of ultra-cold atoms and ions
is presented. This setup allows studying the quantum dynamics of
mixtures of fermionic atoms and ions. Recent experiments have shown
that the time-dependent trapping field of the ions can cause heating in
hybrid atom-ion systems [1]. One way to mitigate this problem is to
employ ion-atom combinations with a large mass ratio [2]. The highest
convenient mass ratio - for species that still allow for straightforward
laser cooling - is achieved by using the combination 171Yb* and 6Li.

Combining ion trapping technology with ultra-cold lithium poses
particular challenges that we address on this poster. We present nu-
merical simulations showing that the s-wave limit may be reached in
our setup, opening up the possibility of studying atom-ion Feshbach
resonances [3| and show our first experimental results of atom-ion in-
teractions.

[1] Z. Meir et al., arXiv:1603.01810 (2016)

[2] M. Cetina et al., Phys. Rev. Lett. 109, 253201 (2012).

[3] M. Tomza, C.P. Koch and R. Moszynski, Phys. Rev. A 91,
042706 (2015).

Q 31.19 Tue 17:00 P OGs

Laser cooling of Dysprosium — eNIELs PETERSEN, FLORIAN
MUHLBAUER, CARINA BAUMGARTNER, LENA MASKE, and PATRICK
WINDPASSINGER — QUANTUM, Institut fiir Physik, Johannes

Gutenberg-Universitdt Mainz, Staudingerweg 7, 55128 Mainz, Ger-
many

Ultra-cold dipolar quantum gases enable the study of many-body
physics with long-range, inhomogeneous interaction effects due to the
anisotropic character of the dipole-dipole interaction. These systems
are expected to show novel exotic quantum phases and phase tran-
sitions which can be studied with dysprosium atoms. Dysprosium is
a rare-earth element with one of the largest ground-state magnetic
moments (10 Bohr magnetons) in the periodic table. Therefore, the
dipole-dipole interaction is not a small perturbation but becomes com-
parable in strength to the s-wave scattering. This influences signifi-
cantly the physical properties of the trapped atomic sample, such as
its shape and stability.

This poster presents the current status of our experimental setup to
generate dysprosium quantum gases. We discuss the relevant proper-
ties of dysprosium and present our laser system and vacuum design.
We present spectroscopic measurements of the relevant cooling transi-
tions and show our progress towards laser cooling of dysprosium atoms
in a magneto optical trap.

Q 31.20 Tue 17:00 P OGs
The role of particle (in-)distinguishability for many-particle
dynamics in optical lattices — eToBias BRUNNER, GABRIEL
Durour, ALBERTO RODRIGUEZ, and ANDREAS BUCHLEITNER —
Physikalisches Institut, Universitat Freiburg, Hermann-Herder-Str. 3,
D-79104 Freiburg, Germany

Much attention has been dedicated so far to the dynamical impact of
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Cloud Shape of Dipolar Fermi Gases
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In a recent time-of-flight (TOF) expansion experiment for ultracold polarized fermionic
erbium atoms it was shown that the Fermi surface has an ellipsoidal shape [1]. It was
also observed that the Fermi surface follows a rotation of the dipoles, which is
induced by changing the direction of the external magnetic field, keeping the major
axis always parallel to the direction of maximal attraction of the dipole-dipole
interaction. Here we present a theory for determining the cloud shape in both real
and momentum space by extending the work of Ref. [2], where the magnetic field is
oriented along one of the harmonic trap axes, to an arbitrary orientation of the
magnetic field. In order to analyze the cloud shape within TOF dynamics, we solve
analytically the corresponding Boltzmann-Viasov equation by using a suitable
rescaling of the equilibrium distribution [3]. The resulting ordinary differential
equations of motion for the scaling parameters are solved numerically in the
collisionless regime at zero temperature and turn out to agree with the observations
in the Innsbruck experiment [1].
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We study the excitation spectrum of the ionic Hubbard model. The
ionic Hubbard model consists of three terms: a nearest-neighbor tun-
neling, an onsite interaction and an alternating energy offset between
even and odd sites. It was originally introduced for the description
of condensed matter systems, e.g. mixed stacked organic compounds,
and can be cleanly realized by ultracold fermionic atoms confined to
an optical superlattice. Its phase diagram in one dimension has at-
tracted considerable theoretical interest. In the limits of predominat-
ing energy offset or onsite interaction strength, the ground state is a
band insulator or Mott insulator, respectively. In between a narrow
so-called bond-ordered wave phase has been predicted which sponta-
neously breaks site-inversion symmetry. The excitation spectrum of
the ionic Hubbard model has attracted much less attention so far. We
exert a time-periodic modulation of the superlattice amplitude and
study the exact time-dependence within the time-dependent density
matrix renormalization group method. Our study is motivated by the
possibilities of experimental probing in cold atomic gas experiments
where our choice of perturbation corresponds to lattice amplitude mod-
ulation spectroscopy of superlattice geometry.

Q 58.82 Thu 16:30 Empore Lichthof
A Laser System for Cooling of Yb Atoms — eBENJAMIN
NAGLER, ToBias Eur, CARSTEN LiPPE, BENJAMIN GANGER, JAN
PHIELER, THOMAS PINNEL, CHRISTINA WEIRICH, and ARTUR WIDERA
— Technische Universitdt Kaiserslautern, Fachbereich Physik und
Landesforschungszentrum Optimas, Erwin-Schrédinger-Str. 46, 67663
Kaiserslautern, Germany

Quantum gases have proven useful tools to gain insight into fundamen-
tal phenomena of quantum physics. The working horse for preparation
of these systems is laser cooling of dilute atomic gases. Here we report
on the current state of preparing an ultracold gas of Ytterbium atoms,
focusing on the laser system developed. This features blue light gener-
ation by second harmonic generation several hundreds of MHz detuned
from the atomic transition for operating a Zeeman slower, stabilized
onto an atomic resonance. We will show key features of the laser sys-
tem and present measurements of the system characteristics.

Q 58.83 Thu 16:30 Empore Lichthof
Fermionic many-body states under the microscope — eDANIEL
GRreIF!, MaxweLL F. Parsons!, ANTON MazurRENKO!, CHRISTIE S.
Cuiu!, SEBasTiaN BrarT!h2, FLorRIAN HUBER!, GEOFFREY J1!, and
MaRrKUS GREINER! IDepartment of Physics, Harvard University,
Cambridge, Massachusetts 02138, USA — 2Max-Planck-Institut fiir
Quantenoptik, 85748 Garching, Germany

We report on site-resolved imaging of various fermionic many-body
states of ultracold Li-6 in a square optical lattice, including metal-
lic, Mott-insulating and band-insulating phases. The insulating states
show a suppression in the single-site occupation variance and a spa-
tially constant filling fraction. A comparison to theory shows that the
system is in global thermal equilibrium with fitted global entropies of
1.0kp. We also report on our most recent progress towards probing
magnetically ordered quantum states with the quantum gas micro-
scope.

Q 58.84 Thu 16:30 Empore Lichthof
Cloud Shape of Dipolar Fermi Gases — eVLADIMIR VELJIG!,
ANTUN Baraz!, Aristeu R. P. LiMa2, and AXeEL PELSTER® —
IScientific Computing Laboratory, Institute of Physics Belgrade, Uni-
versity of Belgrade, Serbia — 2UNILAB, Brazil — 3Physics Depart-
ment and Research Center OPTIMAS, Technical Ulniversity of Kaiser-
slautern, Germany

In a recent time-of-flight (TOF) expansion experiment for ultracold
polarized fermionic erbium atoms it was shown that the Fermi surface
has an ellipsoidal shape [1]. It was also observed that the Fermi sur-
face follows a rotation of the dipoles, which is induced by changing the
direction of the external magnetic field, keeping the major axis always
parallel to the direction of maximal attraction of the dipole-dipole in-
teraction. Here we present a theory for determining the cloud shape
in both real and momentum space by extending the work of Ref. [2],
where the magnetic field is oriented along one of the harmonic trap
axes, to an arbitrary orientation of the magnetic field. In order to an-
alyze the cloud shape within TOF dynamics, we solve analytically the
corresponding Boltzmann-Vlasov equation by using a suitable rescaling
of the equilibrium distribution [3|. The resulting ordinary differential
equations of motion for the scaling parameters are solved numerically
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in the collisionless regime at zero temperature and turn out to agree
with the observations in the Innsbruck experiment [1].

[1] K. Aikawa, et al., Science 345, 1484 (2014).

[2] F. Wichtler, A. R. P. Lima, and A. Pelster, arXiv:1311.5100.

[3] P. Pedri, et al., Phys. Rev. A 68, 043608 (2003).

Q 58.85 Thu 16:30 Empore Lichthof
Development of a digital phase lock for optical lattices —
eDoMINIK VOGEL, Nick FLASCHNER, MATTHIAS TARNOWSKI, BENNO
REM, CHRISTOF WEITENBERG, and KLAUS SENGSTOCK — Universitat
Hamburg, Germany

Non-separable optical lattices feature new physics as for example Dirac
cones and Berry phases in the case of the hexagonal lattice, which is
formed by three interfering beams. Usually, the lattice beams pass
through optical fibers for optimal beam profiles and therefore pick
up independent phases, which translate the lattice potential and thus
couple acoustic noise to the ensemble of ultra cold atoms, leading to
heating.

In this poster, we present a digital phase locked loop that fixes those
phases by controlling the laser frequencies via AOMs. The loop fea-
tures a 800 kS/s bipolar analog to digital converter, a real time pro-
cessor and a DDS frequency source. Our setup enables a total feeback
signal delay under 2 micro seconds, while providing the high linewidth
quality of a DDS-source, which is superior to conventional analog phase
locks. In closed loop, we achieve a significant reduction of the phase
noise, which is expected to increase the atomic life time in the optical
lattice and thus provides access to new temperature regimes.

Q 58.86 Thu 16:30 Empore Lichthof
Towards quantum gas microscopy of ultracold potassium
atoms — eToBiAs WINTERMANTEL, EMIL PaviLov, ALDA ARIAs,
STEPHAN HELMRICH, and SHANNON WHITLOCK — Physikalisches In-
stitut, Universitat Heidelberg, Im Neuenheimer Feld 226, 69120 Hei-
delberg

Ultracold quantum gases in optical lattices are a versatile model system
for engineering many-body quantum systems. Additionally, the advent
of single-atom-resolution imaging techniques enables one to extract an
unprecedented degree of information on the spatial correlations.

‘We are constructing a new experiment featuring fermionic or bosonic
potassium atoms in optical lattices with reduced dimensional confine-
ment. A special aspect will be the ability to introduce and control
long-range interactions between the atoms via optical dressing of Ry-
dberg states. A high-resolution imaging setup for probing these quan-
tum gases, mainly consisting of an in-vacuum high-NA objective lens
and a high quantum efficiency EMCCD camera, is currently under con-
struction. The expected imaging quality depends, on the one hand, on
the constraints of the imaging system (numerical aperture, aberrations
and detector noise) and on the other hand, on physical constraints such
as the number of photons which can be scattered before the atoms are
heated and lost out of the microtraps. We present our progress in
quantifying these effects for imaging Rydberg-dressed quantum fluids.

Q 58.87 Thu 16:30 Empore Lichthof
Density dependent synthetic magnetism ®SEBASTIAN
GRESCHNER!, DaNIEL HueErGA?, GaovoNG Sun!, Dario PoLETTIS,
and Luis SanTos! — !Institut fiir Theoretische Physik, Leibniz Uni-
versitdt Hannover, Germany — 2Institut fur Theoretische Physik III,
Stuttgart — 3Engineering Product Development, Singapore University
of Technology and Design

Raman-assisted hopping can allow for the creation of density-
dependent synthetic magnetism for ultracold neutral gases in optical
lattices. In 1D the density-dependent Peierls phases can be mapped
the anyon Hubbard model which exhibits a rich groundstate physics
including unconventional two-component superfluid phases and statis-
tically driven phase transitions [1]. In 2D square lattices we observe a
non-trivial interplay between density modulations and effective mag-
netic fluxes as well as intriguing dynamical properties [2].

[1] S. Greschner and L. Santos, Phys. Rev. Lett. 115, 053002, 2015

[2] S. Greschner, D. Huerga, G. Sun, D. Poletti, and L. Santos, Phys.
Rev. B 92, 115120, 2015

Q 58.88 Thu 16:30 Empore Lichthof
Heteronuclear Spin-Changing-Collisions in Li-Na mixtures —
e ARNO TRAUTMANN, FABIAN OLIVARES, MARCELL GALL, FRED JEN-
DRzZEJEWSKI, and MARKUS K. OBERTHALER — Kirchhoff-Institut fiir
Physik, Im Neuenheimer Feld 227, 69120 Heidelberg
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Q 61.1 Fri 11:00 €001
Realizing state-dependent optical lattices for ultracold
fermions by periodic driving — eFREDERIK GOrc!, GREGOR
JoTzul, MicHAEL MEssEr!, DaNniEL Grerrb2, REM1 DEsBUQuUOIS!,
and TiLMAN EssLiNGerR! — !Institute for Quantum Electronics, ETH
Zurich, 8093 Zurich, Switzerland — 2Department of Physics, Harvard

University, Cambridge, Massachusetts 02138, USA

Ultracold atoms in optical lattices offer the possibility to engineer
specific Hamiltonians with widely tunable properties. Recently, time-
modulated optical lattices have been used to dynamically control the
atomic tunnelling and to realize effective Floquet lattice Hamiltonians
with a non-trivial topological band structure. While previous imple-
mentations relied on the physical motion of the lattice potential, this
effect can also be realized by a periodic modulation of a magnetic field
gradient. As the coupling of an atom to this magnetic field gradient
depends on its magnetic moment and therefore its internal state, the
effective Hamiltonian is spin-dependent.

We realize a state-dependent lattice for fermionic potassium atoms
and characterize the different band structures for each internal state
by measuring the expansion rate of an atomic cloud in the lattice and
the effective mass through dipole oscillations. Furthermore, we study
the heating caused by the periodic driving in an interacting fermionic
spin mixture and how it can be suppressed. This method of creating
spin-dependent optical lattices can be used to create novel situations,
such as systems where one fermionic spin state is pinned to the lattice,
while the other remains itinerant.

Q 61.2 Fri 11:15 001
Experimental reconstruction of the Berry curvature in a
topological Bloch band — eNick FLASCHNER, BENNO REM,
MarTHIAS TARNOWSKI, DOMINIK VOGEL, DIRK-SOREN LUHMANN,
Kraus SENnagsTOCK, and CHRISTOF WEITENBERG — Institut fiir Laser-
physik, Universitdt Hamburg, Luruper Chaussee 149, 22761 Hamburg,
Germany

Topological properties lie at the heart of many fascinating phenomena
in solid state systems such as quantum Hall systems or Chern insu-
lators. The topology can be captured by the distribution of Berry
curvature, which describes the geometry of the eigenstates across the
Brillouin zone. Employing fermionic ultracold atoms in a hexagonal
optical lattice, we generate topological bands using resonant driving
and show a full momentum-resolved measurement of the ensuing Berry
curvature. Our results pave the way to explore intriguing phases of
matter with interactions in topological band structures.

Q 61.3 Fri 11:30 €001

Detecting the BCS order parameter in the dephasing of col-
lective oscillations after a sudden ramp of the lattice depth
in a honeycomb lattice — eMarLON Nuskr!, EiTE TIESINGAZ,
and Lubpwic MATHEY! — 1Zentrum fiir Optische Quantentechnolo-
gien and Institut fiir Laserphysik, Universitdt Hamburg, 22761 Ham-
burg, Germany — 2Joint Quantum Institute and Center for Quantum
Information and Computer Science, National Institute of Standards
and Technology and University of Maryland, Gaithersburg, Maryland
20899, USA

We obtain the excact time evolution for a mean-field Bardeen-Cooper-
Schrieffer (BCS) state after a sudden quench to a large lattice depth,
where the dynamics is dominated by interactions between atoms. The
quench initiates collective oscillations with frequency Uy /(27) of the
momentum occupation numbers and imprints a phase oscillating with
the same frequency on the order parameter. Finite hopping after the
quench leads to dephasing of the different momentum modes and a
subsequent damping of the oscillations. Even for finite temperatures
this occurs for a mean-field BCS state, but not for a non-interacting
Fermi gas. Measuring the dephasing of collective oscillations of oc-
cupation numbers may therefore be used as a signature to detect the
BCS order parameter A. Finally, we investigate the time evolution of
the density-density correlations.

Q 61.4 Fri1l:45 €001
Floquet-Boltzmann equation for periodically driven Fermi
systems — eMAXIMILIAN GENSKE and AcHiM RoscH — Institut fiir
Theoretische Physik, Universitdt zu Kéln, D-50937 Cologne, Germany

Location: e001

Periodically driven quantum systems can be used to realize quantum
pumps, ratchets, artificial gauge fields and novel topological states of
matter. Starting from the Keldysh approach, we develop a formalism,
the Floquet-Boltzmann equation, to describe the dynamics and the
scattering of quasiparticles in such systems. The theory builds on a
separation of time-scales. Rapid, periodic oscillations occurring on a
time scale Ty = 27 /S, are treated using the Floquet formalism and
quasiparticles are defined as eigenstates of a non-interacting Floquet
Hamiltonian. The dynamics on much longer time scales, however, is
modeled by a Boltzmann equation which describes the semiclassical
dynamics of the Floquet-quasiparticles and their scattering processes.
As the energy is conserved only modulo %€2, the interacting system
heats up in the long-time limit. As a first application of this approach,
we compute the heating rate for a cold-atom system, where a period-
ical shaking of the lattice was used to realize the Haldane model [G.
Jotzu et al., Nature 515, 237 (2014)].

Q 61.5 Fri 12:00 €001
Dynamics of Trapped Dipolar Fermi Gases: From Colli-
sionless to Hydrodynamic Regime — eVLADIMIR VELJIG!, AN-
TUN Baraz!, and AxeL PeLsTER? — !Scientific Computing Labo-
ratory, Institute of Physics Belgrade, University of Belgrade, Serbia
— 2Physics Department and Research Center OPTIMAS, Technical

Ulniversity of Kaiserslautern, Germany

A recent time-of-flight expansion experiment has now unambiguously
detected a Fermi surface deformation in a dipolar quantum gas of
fermionic erbium atoms in the collisionless regime [1|. Here we follow
Ref. [2] and perform a systematic study of a time-of-flight expansion
for trapped dipolar Fermi gases ranging from the collisionless to the
hydrodynamic regime at zero temperature. To this end we solve ana-
lytically the underlying Boltzmann-Vlasov equation in the vicinity of
equilibrium by using a suitable rescaling of the equilibrium distribution
[3], where the collision integral is simplified within a relaxation time
approximation. We also analyze the quench dynamics, which is in-
duced by a sudden rotation of the polarization of the atomic magnetic
moments and show that it can be understood in terms of a superpo-
sition of the low-lying collective modes. All presented analytical and
numerical calculations are relevant for understanding quantitatively
ongoing experiments with ultracold fermionic dipolar atoms.

[1] K. Aikawa, et al., Science 345, 1484 (2014).

[2] F. Wachtler, A. R. P. Lima, and A. Pelster, arXiv:1311.5100.

[3] P. Pedri, D. Guery-Odelin, and S. Stringari, Phys. Rev. A 68,
043608 (2003).

Q 61.6 Fri 12:15 €001
Emergence of orthogonality in the Fermi impurity prob-
lem — e ANDREA BERGSCHNEIDER, MICHAEL DEHABE, JAN HENDRIK
BECHER, VINCENT M. KLINKHAMER, SIMON MURMANN, GERHARD
ZURN, and SELIM JocHIM — Physikalisches Institut der Universitét
Heidelberg, Im Neuenheimer Feld 226, 69120 Heidelberg, Germany

In quasi-one-dimensional systems, the ground-state wave function of
an impurity particle interacting with a Fermi sea is orthogonal to the
wave function of the non-interacting system. In this case the squared
overlap between the interacting and the non-interacting systems, which
is defined as the quasiparticle residue, is zero.

Here, we report on measurements of the residue of a single fermionic
impurity particle interacting with an increasing number of majority
particles. To probe the system, we flip the spin of the impurity par-
ticle by driving a radio frequency (RF) transition. In a previous ex-
periment we used RF spectroscopy to measure the interaction energy
in this system while increasing the number of majority particles one
atom at a time and thereby observed the crossover from few to many-
body physics [1]. Now, we measure how the wave function overlap
between initial and final states changes both as a function of inter-
action strength and the number of majority particles. Our goal is to
extend these measurements into the crossover region between few and
many-body physics by increasing the number of majority particles and
thereby observe the emergence of the orthogonality catastrophe.

[1] Wenz et al. Science 342, 457 (2013)

Q 61.7 Fri 12:30 001

Many-body localization in the presence of photon scat-
tering — eHENRIK Lurscuenb2, PranjaL Borpial2, Sgan
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Collective Modes of Dipolar Fermi Gas from
Collisionless to Hydrodynamic Regime

Vladimir Velji¢?, Antun BalaZz* and Axel Pelster”

“Scientific Computing Laboratory, Institute of Physics Belgrade, University of Belgrade,
Pregrevica 118, 11080 Belgrade, Serbia
bDepartment of Physics and Research Center OPTIMAS, Technical University of Kaiserslautern,
Erwin-Schrodinger Strafle, Gebdude 46, 67663 Kaiserslautern, Germany

Abstract. We study the low-lying collective excitations of a Fermi gas at zero temperature confined
to a triaxial harmonic trap, featuring the anisotropic long-range dipole-dipole interaction. In order
to analyze the collective modes of this system, we follow Ref. [1] and solve analytically the under-
lying Boltzmann-Vlasov equation by using the relaxation-time approximation and by performing a
suitable rescaling of the equilibrium distribution [2]. The resulting ordinary differential equations
for the dynamics of the scaling parameters are linearized around equilibrium in order to determine
both eigenvectors and eigenfrequencies of the collective modes. Due to the smallness of the dipolar
interaction strength, the collisionless regime corresponds to the case of a noninteracting Fermi gas,
i.e., the three low-lying modes represent one-dimensional cloud elongations along only one of the
respective trap directions [3, 4]. In contrast to that, we get in the hydrodynamic regime the usual
breathing, quadrupole, and radial quadrupole mode, where the cloud elongations are truly three- and
two-dimensional, respectivley [5, 6]. We investigate in detail how the eigenvectors change when de-
creasing the relaxation time all the way from the collisionless to the hydrodynamic regime. We
also analyze the quench dynamics, which is induced by a sudden rotation of the polarization of
the atomic magnetic moments by 90°, and show that it can be understood by a superposition of the
low-lying collective modes. These analytical and numerical calculations are relevant for understand-
ing quantitatively the current Innsbruck experiment with ultracold fermionic erbium atoms, which
interact via their magnetic dipole moments [7].

REFERENCES

F. Wichtler, A. R. P. Lima, and A. Pelster, arXiv:1311.5100 (2013).

P. Pedri, D. Guery-Odelin, and S. Stringari, Phys. Rev. A 68, 043608 (2003).

T. Sogo, L. He, T. Miyakawa, S. Yi, H. Lu, and H. Pu, New J. Phys. 11, 055017 (2009).
J.-N. Zhang, R.-Z. Qiu, L. He, and S. Yi, Phys. Rev. A 83, 053628 (2011).

A. R. P. Lima and A. Pelster, Phys. Rev. A 84, 041604(R) (2011).

A.R. P. Lima and A. Pelster, Phys. Rev. A 86, 063609 (2012).

K. Aikawa, S. Baier, A. Frisch, M. Mark, C. Ravensbergen, and F. Ferlaino, Science 345, 1484

(2014).
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Quench Dynamics for Trapped Dipolar Fermi Gases

V. Velji¢', A. Balaz' and A. Pelster”

'Scientific Computing Laboratory, | nstitute of Physics Belgrade,
University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
*Physics Department and Research center OPTIMAS,
Technical University of Kaiserdlautern, 67663 Kaiserdautern, Germany
e-mail: vveljic@ipb.ac.rs

A recent time-of-flight expansion experiment for polarized fermionic erbium atoms
managed to detect a Fermi surface deformation which is due to the dipolar interaction [1].
Here we perform a systematic study of quench dynamics of trapped dipolar Fermi gases
at zero temperature, which are induced by a sudden change of the magnetic field, which
enforces the polarization of the magnetic moments of the erbium atoms. As this modifies
the equilibrium configuration, oscillations of the fermionic erbium cloud emerge around
the new equilibrium, which are characteristic for the presence of the dipole-dipole
interaction. In order to analyze the emergent dynamics we follow Ref. [2] and solve
analytically the underlying Boltzmann-Vlasov equation wihtin the relaxation
approximation in the vicinity of the new equilibrium configuration by using a suitable
rescaling of the equilibrium distribution [3]. The resulting ordinary differential equations
of motion for the scaling parameters are solved numerically for experimentally relevant
parameters all the way from the collisionless to the hydrodynamic regime. A comparison
with a corresponding linear stability analysis reveals that the resulting quench dynamics
can be understood in terms of the low-lying collective modes due to the smallness of the
dipolar interaction strength. All our theoretical and numerical calculations can be tested in
current experiments with ultracold dipolar fermionic atoms.

REFERENCES

[1] K. Aikawa et al., Science 345, 1484 (2014).

[2] F. Wichtler, A. R. P. Lima, A. Pelster, arXiv: 1311.5100 (2013).

[3] P. Pedri, D. Guery-Odelin, S. Stringari, Phys. Rev. A 68, 043608 (2003).

Trapped Bose-Einstein Condensates with Strong Disorder

V. Longar', A. Balaz' and A. Pelster?

'Scientific Computing Laboratory, | nstitute of Physics Belgrade,
University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
*Physics Department and Research center OPTIMAS,
Technical University of Kaiserslautern, 67663 Kaiserslautern, Germany
e-mail: vloncar@ipb.ac.rs

We work out a non-perturbative approach towards the dirty boson problem at zero
temperature that is based on a Gaussian approximation for correlation functions of the
disorder problem and the condensate wave function solving the Gross-Pitaevskii problem.
For harmonically trapped Bose-Einstein condensates we apply, in addition, the
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density of these defects lead to a characteristic exponential momen-
tum distribution as well as stability of the condensate towards exterior
pertubations. Experimental and numerical results are compared to
analytical predictions drawn from our model of randomly distributed
defects. Complete thermalization of the system is observed through
measurements of the momentum distribution, exhibiting a transition
from the random defect to a modifed Yang-Yang model.

Q 15.36 Mon 17:00 C/Foyer
Universal dynamics and non-thermal fixed points in spinor
Bose-Einstein condensates — eANseLM KLENNERD'Z3, MARKUS
Karp'23 and Tuomas Gasenzer!:?3 — IKirchhoff-Institut fiir
Physik, Ruprecht-Karls-Universitidt Heidelberg, Im Neuenheimer Feld
227, 69120 Heidelberg, Germany — 2Institut fiir Theoretische Physik,
Ruprecht-Karls-Universitat Heidelberg, Philosophenweg 16, 69120
Heidelberg, Germany — S5ExtreMe Matter Institute EMMI, GSI
Helmholtzzentrum fiir Schwerionenforschung GmbH, Planckstrafie 1,
64291 Darmstadt, Germany

Using numerical simulations we investigate second order phase transi-
tions of spin-1 spinor Bose-Einstein condensates. For the simulations
we use the truncated Wigner method which is a statistical approach
and uses classical field equations. The spinor condensates provide us
with a rich variety of phases and topological defects such as domain
walls, spin textures and spin vortices. The types of defects which
are created depend on the properties of the critical point. In these
simulations we can reach states with quasi-stationary, non-equilibrium
momentum distributions, which indicate the vicinity of a non-thermal
fixed point. Spinor Bose gases provide ideal means to study such uni-
versal critical dynamics far from equilibrium, which is expected to be
relevant for a wide range of phenomena far beyond ultracold gases.

Q 15.37 Mon 17:00 C/Foyer
Dynamical universal properties of one-dimensional split con-
densates — oSEBASTIAN ErNED24, VALENTIN KAspeEr!, JURGEN
BerGEs!, TaHomMmas Gasenzer!'?3 and JORG SCHMIEDMAYER* —
Hnstitut fiir Theoretische Physik, Ruprecht-Karls-Universitit Heidel-
berg, Philosophenweg 16, 69120 Heidelberg, Germany — 2ExtreMe
Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionen-
forschung GmbH, Planckstrafie 1, 64291 Darmstadt, Germany —
3Kirchhoff-Institut fiir Physik, INF 227, 69120 Heidelberg, Germany
— 4Vienna Center for Quantum Science and Technology (VCQ),
Atominstitut, TU Wien, Vienna, Austria

The recent measurement of higher-order phase correlation functions
enables a precise examination of non-Gaussian correlations in the rel-
ative phase of two one-dimensional quasicondensates. This shows the
necessity of refined non-pertubative theoretical descriptions of split
condensates. For these systems the early time evolution of squeezed
states is well described by a quadratic theory. In this work we investi-
gate how the linear coupling between two one-dimensional Bose gases
controls the non-Gaussian contributions. The subsequent quench of
this control parameter can proceed in two directions: Increasing or de-
creasing the non-gaussianity of the systems as compared to the initial
state. Finally we report on universal properties of the dynamics of
higher-order correlation functions.

Q 15.38 Mon 17:00 C/Foyer
Nonthermal fixed points and superfluid turbulence in 2D
ultracold Bose gases — eFaBiaN Brock!:2, Simon SaiLerb:?2,
Markus Karrs?2, and TromAs Gasenzer''?2 — 1Kirchhoff-
Institut fiir Physik, Im Neuenheimer Feld 227, 69120 Heidelberg —
2Institut fiir Theoretische Physik, Ruprecht-Karls-Universitit Heidel-

berg, Philosophenweg 16, 69120 Heidelberg

The behavior of turbulent one-component Bose-Einstein condensates is
studied by simulations of the driven-dissipative Gross-Pitaevskii equa-
tion and free expansion dynamics. The aspect ratio during free expan-
sion is studied using the GPE and a hydrodynamic model based on
Eulers equations. By comparison to non-turbulent systems, this gives
insight into the influence of vorticity on the expansion dynamics. The
results aim to help the study of superfluid turbulence in experiment by
measuring the gas after some given expansion time and drawing infer-
ences on its initial state. In the driven-dissipative case, non-thermal
fixed points far away from equilibrium are studied. Power laws in the
occupation number are numerically determined by vortex statistics and
compared to analytical results.

Q 15.39 Mon 17:00 C/Foyer

Towards a degenerate quasi 2D gas of fermions near the BEC-

BCS crossover — eTHOMAS PAINTNER, DANIEL HOFFMANN, STE-
FAN HAUSLER, WLADIMIR ScHOCH, WOLFGANG LIMMER, BENJAMIN
DEissLER, and JOHANNES HECKER-DENSCcHLAG — Universitdat Ulm,
Institut fiir Quantenmaterie, Deutschland

Here, we present the creation of a two-dimensional gas of ultracold
fermions near the BEC-BCS crossover.

We prepared a sample of ultracold ®Li atoms in the lowest two hy-
perfine states in a strong single beam optical dipole trap. For imple-
menting a quasi 2D degenerate gas we focus a blue detuned TEMg1
beam on our atoms [1].

To create the TEMgp1, we illuminate a w-phase plate with a high
power laser at 532nm. In the far field a TEMg; profile is created. We
can change the size of the TEMp; mode by changing the laser beam
waist. Strong enough confinement of the atoms in the TEMg; laser
field will freeze out the atomic motion in this direction, leading to a
quasi 2D gas.

Reducing the dimension of the system is another major step towards
the realization of an all optical 2D honeycomb lattice.

[1] Opt.Express 13, 2843-2851 (2005)

Q 15.40 Mon 17:00 C/Foyer
Time-of-Flight Expansion for Trapped Dipolar Fermi Gases:
From Collisionless to Hydrodynamic Regime — eVLADIMIR
VELJIG!, ANTUN BavLaz!, and AXeL PeLsTER? — 1Scientific Comput-
ing Laboratory, Institute of Physics Belgrade, University of Belgrade,
Serbia — 2Physics Department and Research Center OPTIMAS, Tech-
nical University of Kaiserslautern, Germany

Some time ago it was predicted that the momentum distribution of a
Fermi gas is deformed from spherical to cyclindrical provided a dipole-
dipole interaction is present. A recent time-of-flight (TOF) expansion
experiment has now unambiguously detected such a Fermi surface de-
formation in a dipolar quantum gas of fermionic erbium atoms in the
collisionless regime [1]. Here we follow Ref. [2] and perform a system-
atic study of TOF expansions for trapped dipolar Fermi gases ranging
from the collisionless to the hydrodynamic regime at zero temperature.
To this end we solve analytically the underlying Boltzmann-Vlasov
equation in the vicinity of equilibrium by using a suitable rescaling of
the equilibrium distribution, where the collision integral is simplified
within a relaxation-time approximation. The resulting ordinary differ-
ential equations for the scaling parameters are then solved numerically
for experimentally realistic parameters for increasing relaxation times.
Our analysis is, thus, useful for future TOF experiments in order to
determine the value of the underlying relaxation time from expansion
data.

[1] K. Aikawa et al., Science 345, 1484 (2014)

[2] F. Wachtler, A. R. P. Lima, and A. Pelster, arXiv:1311.5100

Q 1541 Mon 17:00 C/Foyer
Bogoliubov Theory of Dipolar Bose Gas in Weak Random Po-
tential — eMauMoUD GHABOUR! and AXEL PELsTER? — !Physics
Department, Freie Universitiat Berlin, Germany — 2Physics Depart-
ment and Research Center OPTIMAS, Technische Universitat Kaiser-
slautern, Germany

We consider a dilute homogeneous Bose gas with both an isotropic
short-range contact interaction and an anisotropic long-range dipole-
dipole interaction in a weak random potential at low temperature in
three dimensions. Within the realm of Bogoliubov theory we ana-
lyze how both condensate and superfluid density are depleted due to
quantum and thermal fluctuations as well as disorder fluctuations. Af-
terwards, we calculate with this the resulting velocities of first and sec-
ond sound within an anisotropic extension of the Landau-Khalatinikov
two-fluid model.

[1] K. Huang and H. F. Meng, Phys. Rev. Lett. 69, 644 (1992)

[2] C. Krumnow and A. Pelster, Phys. Rev. A 84, 021608(R) (2011)

[3] B. Nikolic, A. Balaz, and A. Pelster, Phys. Rev. A 88, 013624
(2013)

[4] M. Ghabour and A. Pelster, arXiv:1410.3070

Q 15.42 Mon 17:00 C/Foyer
Analytical and Numerical Study of Bose-Einstein Condensate
with Localized Impurity — eJaveEp Akram! and AXEL PELSTER?
— 1Physics Department, Freie Universitit Berlin Germany — 2Physics
Department and Research Center OPTIMAS, Technische Universitét
Kaiserslautern Germany

Motivated by the recent experimental work of Refs. [1, 2], we in-
vestigate a localized 133Cs impurity in the center of a trapped 37Rb
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ZNG - Theory for Dipolar Quantum Gases

Vladimir Velji¢!, Antun Balaz!, Axel Pelster?

1. Scientific Computing Laboratory, Institute of Physics Belgrade, University of Belgrade, Serbia
2. Department of Physics and Research Center Optimas, Technical University of Kaiserslautern, Germany

We study harmonically trapped three-dimensional ultracold Bose and Fermi gases in the
presence of the short-range isotropic contact and the long-range anisotropic dipole-dipole
interaction (DDI). The Hartree-Fock mean-field dynamics of such quantum systems can be
described within the framework of the Zaremba-Nikuni-Griffin (ZNG) theory. Usually, the
underlying Boltzmann-Vlasov (BV) equation is solved by the relaxation-time approximation for
the collision integral, where the relaxation time is treated as a phenomenological parameter.
We develop a formalism to determine the relaxation time microscopically for ultracold quantum
gases at finite temperature, which allows us to include collision effects self-consistently in the
BV formalism.

Bose Gases Tu-010

Dynamics of spinor condensates in a microwave
dressing field

Lichao Zhao!, JieJiang!, Tao Tang!, Micah Webb!, Yingmei Liu!

1. Department of Physics, Oklahoma State University

We experimentally study dynamics in a sodium antiferromagnetic spinor condensate as a result
of spin-dependent interactions ¢ and microwave dressing field interactions characterized by the
net quadratic Zeeman effect g,;. In contrast to magnetic fields, microwave dressing fields
enable us to access both negative and positive values of g,¢;. We find an experimental
signature to determine the sign of g,.t, and observe harmonic spin population oscillations at
every et except near each separatrix in phase space where spin oscillation period diverges.
Our data in the negative g, region exactly resembles what is predicted to occur in a
ferromagnetic spinor condensate in the positive g, region. This observation agrees with an
important prediction derived from the mean-field theory: spin dynamics in spin-1 condensates
substantially depends on the sign of gpet/c. This work may be the first to use only one atomic
species to reveal mean-field spin dynamics, especially the remarkably different relationship
between each separatrix and the magnetization, of spin-1 antiferromagnetic and ferromagnetic
spinor condensates.
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