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Abstract

BERRICNZYTENLERHNRFREE, BYBNTA—R2HBITZENTERRBOAL
ETYETHY . EFZARROFAEZEBENLBRETTARNDIENTEDRTH S, HBICE
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RETICAIBZZMML cRZER, EEMESICEFESEOMREZERNICHEMTL 12,
FEEHBTOEETRFIT RETHSTORBEA-—OZEZBBEFHERERTENHASNT
Wi, BFESEOVMRZER) ANSDET, HERNFMBICETHISZOEEICKRESEEZh
PEEHSHICLE, SEMEICEL TR, F1T- RETHSOBEOEIRILF—mEN,
BRYVRLAENEMHEERAZAVTVAT—IILTBIETEHRITHEVSHEKRVERXZREL -
o T, RTBNEFHNBAEVETMEL . ROBFD (510 ) OEETREET (RFIT) BB
DFZEICBEVTZHD N KRB BAE>TWVWBIEERLE, ChiF, KYRBBOETFKR—
LEBCSVWTESHF U RELEBEREEMENICER TS, AT —IBHOR—AREESE
LU IR, BEAECSVWTER NS, TOHlE LT, RIEPNRILRY A NMIEBLEZ, 2O
MER, RANEERFLTREY RAUMMEEEERAI BREITZ7TANL—NEMETHY)
. BEBRSFREAKNIEZRNICBEIAE ATV, B2, 1387 N—HIASOREVEE
FEITSCET, COYBEOHMERT /U SEEBRD SERIICHTL 2. Dzyaloshinskii-Mori
VatHEEROMRERY AND ZET, XT /2 OBlochRENR) —hRZRBEBEITZZEL, 2O
BRELTREENfMr TS hBIBFR—II MRS BEDEERLE,

Laser-cooled atomic gasses trapped in vacuum are ideal synthetic quantum matter with a variety of|
tunable parameters, which allows us to explore essential features of quantum many-body
phenomena. In recent years, in particular, techniques for inducing synthetic gauge fields in neutral
atoms by using lasers have rapidly been developed; such techniques can mimic the effects of
electromagnetic fields for charged particles. In a way similar to superconductors in type-Il
superconductors, a Bose-Einstein condensates (BEC) in a synthetic magnetic field exhibits a
lattice of quantized vortices. In the present project, we have considered a system of two-
component BECs in mutually parallel or antiparallel synthetic magnetic fields, and theoretically
analyzed collective modes and effects of quantum fluctuations. Within the mean-field theory, the
systems in parallel and antiparallel fields are known to exhibit the same phase diagram that
consists of a variety of vortex lattices. By taking account of quantum fluctuations, we have shown
that the phase boundaries shift appreciably, particularly for parallel fields. We have also shown that
the low-energy spectra for parallel and antiparallel fields are related to each other by suitable
rescaling using renormalized coupling constants. By calculating the intercomponent entanglement
entropy, we have found that for an intercomponent repulsion (attraction), the two components are
more strongly entangled in the case of parallel (antiparallel) fields. This result is in qualitative
agreement with our previous results in the quantum Hall regime for high magnetic fields. A
situation analogous to Bose gases in synthetic gauge fields is also found in magnetic materials.
We have studied the natural mineral volborthite as an example. Volborthite is an example of a
highly frustrated quantum magnet with competing ferromagnetic and antiferromagnetic
interactions, and a rich variety of field-induced phenomena have been observed experimentally.
We have performed a spin-wave analysis starting from the 1/3-plateau phase, and analyzed the
magnetic properties on the basis of a magnon Bose gas picture. By taking account of the effects of
Dyaloshinskii-Moriya interactions, we have shown that the magnon Bloch states acquire a finite
Berry curvature, giving rise to a thermal Hall effect, i.e., bending of a thermal current.
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Theoretical study of many-body effects in Bose—Einstein condensates in synthetic gauge fields

1. HIREBRFROBE

BERICMSYTENEARBRFRIKIE, BRGNS A—FEHETEIEDTELIRBOAIEFMETHY . EFSARERDAE
FEENBRET CHARIIEDTELIRTHS, FITIHF,. EXMICTHHELZRFRAICH LT, EHIGLRFOMNRENLFEMIZEE
BIDAIF—CHBRTORENEEFTLV, ST OE_BBEERLRAHIC. ATHMBROR—R-7A21 812 8iEHE
BECIZBEWTIEEFILBOEBREFISEHEINS, AT TIX. ZH4%H BEC ITETHVLWLRFTICAIEBEHNMNLI-2ZZ . £H
ESIVEFESETDOMERFERMICENL -, THIERETOILLETEIET - RETHSETORIIFE— D EEHBERFHERETR
FIEAHMON TR, EFELEOMEEMYANSZET, HERIMFICETHIEDIGEEICKEERTINDIILEHLMIZL
t=. EFBREICELTIE., FT - RETHBOBEDEIAILFT—EEN. BYAFNEHEERAZRAWVTIRY—ILTBIETER
FHEWSEKEVERRZERB L=, £f-. RO BOEFHRAEVWEZIEML. HoBFH (BIH) DHLETEHET(RET)HED
BEICBWTZHA D KYEIRAE DTS EERLIz, I, KYBHIBDEFHR—ILEEICSWWTHR AN LUGIRBE LR
EEMMIZERT D, ALSF—CHBROR—RAREEBBULKR I, BHEERIZCBLWTEENS, ZOHIELT, SFASEMRILARS A+
ICEEL. COMEIT. EFMWEEHRFLE TR REHEREERIRE T I2ISAN — MERETHY . SH LIS FRE
ENEBRMICEASN TS, BERIX 1/3EIETSF—ENODRAEV RBRREZTSICET. COYMEDHMEE<T /oS EBEMNDS
RS fEAT L=, Dzyaloshinskii-Moriya e E{E DR EIYANSZET, 5 /2D Bloch IREENR ) —phRAEBTBHE. F
DERELTRREN T ONDIBR—IILHRENEESZEERLE,

2. MIREBRRAEEOBE R

Laser—cooled atomic gasses trapped in vacuum are ideal synthetic quantum matter with a variety of tunable parameters, which allows
us to explore essential features of quantum many—body phenomena. In recent years, in particular, techniques for inducing synthetic
gauge fields in neutral atoms by using lasers have rapidly been developed; such techniques can mimic the effects of electromagnetic
fields for charged particles. In a way similar to superconductors in type—Il superconductors, a Bose—Einstein condensates (BEC) in a
synthetic magnetic field exhibits a lattice of quantized vortices. In the present project, we have considered a system of two—
component BECs in mutually parallel or antiparallel synthetic magnetic fields, and theoretically analyzed collective modes and effects
of quantum fluctuations. Within the mean—field theory, the systems in parallel and antiparallel fields are known to exhibit the same
phase diagram that consists of a variety of vortex lattices. By taking account of quantum fluctuations, we have shown that the phase
boundaries shift appreciably, particularly for parallel fields. We have also shown that the low—energy spectra for parallel and
antiparallel fields are related to each other by suitable rescaling using renormalized coupling constants. By calculating the
intercomponent entanglement entropy, we have found that for an intercomponent repulsion (attraction), the two components are
more strongly entangled in the case of parallel (antiparallel) fields. This result is in qualitative agreement with our previous results in
the quantum Hall regime for high magnetic fields. A situation analogous to Bose gases in synthetic gauge fields is also found in
magnetic materials. We have studied the natural mineral volborthite as an example. Volborthite is an example of a highly frustrated
guantum magnet with competing ferromagnetic and antiferromagnetic interactions, and a rich variety of field-induced phenomena have
been observed experimentally. We have performed a spin-wave analysis starting from the 1/3-plateau phase, and analyzed the
magnetic properties on the basis of a magnon Bose gas picture. By taking account of the effects of Dyaloshinskii—-Moriya interactions,
we have shown that the magnon Bloch states acquire a finite Berry curvature, giving rise to a thermal Hall effect, i.e., bending of a
thermal current.
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