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APPLICATION OF GEOMETROTHERMODYNAMICS TO THE SYSTEM WITH ZERO SOUND DESCRIBED BY
THE METHOD OF HOLOGRAPHIC DUALITY

In the framework of the method of geometrothermodynamics, in present work, we studied the properties
of equilibrium manifold of the system with zero-sound predicted by the holographic duality method. The
results are invariant under the Legendre transformations, i.e. independent of the choice of thermodynamic
potential. For the systems under consideration, the corresponding metrics, determinants of metrics and scalar
curvatures are calculated, and their properties are also described. Using the holographic approach, a new type
of quantum liquid was discovered. The heat capacity of the liquid obtained in this work at low temperatures
depends on the temperature ~ T°. Entropy, which depends on temperature and baryom density, was taken as
the thermodynamic potential. 3-dimensional obtained that clearly show at which values of thermodynamic
variables scalar curvatures tend to infinity or to zero, which indicates possible phase transitions and possible
compensation of interactions by quantum effects, respectively. It is shown that both variants of metrics in this
case lead to the same conclusion regarding the location of possible phase transition lines in the considered
holographic system with zero sound.

Keywords: geometrothermodynamics, Legendre transformations, metric tensor, scalar curvature,
holographic duality, zero sound.
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Fonorpaduansik Ayanbajik saaicneH cunatTanfaH Hengik Aplbbickl 6ap Kyere reomeTpuanbik,
TepMOAMHAMMUKaHbI KONAaHY

Byn yCbiHbINFAH KYMbICTa TEPMOAMHAMMKA TEOMETPMACHI 3AicCi aAacbiHAa ronorpadusanbiK Ayanbaik
aaicneH 6oskaHFaH Henaik Ablbbicbl Bap KyMeHiH, Tene-TeHAIK KyWaeri anyaH TypAiniriHiH KacueTTepi
3eptrenai. JleaHap  Typ/eHAIpy/aepiHe  KaTbICTbl  WMHBAPWAHTTbl  HITWXKENep  afiblHAObl,  AFHU
TepMOAMHAMMKaANbIK NOTEHLMaNAbl TaHAaYyFa Tayencis ecenteniHai. Ocbl KapacTblpbabIN OTbIPFaH XKyke YyuiH
TUICTI METpUKaNap MEH CKanap/bl KUCbIKTap ecenTeniHin, ofapasliH KacMetTepi cunattanabl. fonorpadusanbik
TOCiN KemerimeH 6i3 OCbl KYMbICTA KBAHTTbIK, CYMbIKTbIKTbIH, aHa TYPiH TabbiN KaHEe CYMbIKTbIKTbIH, Xblay
CbIMbIMABINbIFBI TOMEH TemnepaTypada KapacTblpAblK. byn KymbicTa TemeH TemnepaTypafa a/fblHfaH
CYMBIKTBIKTBIH,  KbIJly  CbIMbIMAbINbIFLI  WAMaMeH ~ T° TemnepaTypafa Tayeni eKeHi KepceTiareH.
TepmoaAnHaMMKaNbIK NOTeHUMan peTiHAe TemnepaTypa MeH 6apMOoHAbIK TbifbI3AblKkKa 6alinaHbICTbl SHTPONMA
anblHAbl aHe fAe onapablH, 3-enwemai rpadukTepi TypFbi3binabl. AnbiHFAH rpaduMKTep apKplabl OHAara
TePMOAMHAMMKaAbIK aHbIMasbl CKAaNAP KUCbIKTAPbl LIEKCI3AiKKe HeMece He/re YyMTbINaTbiHbl KepiHeai, by
AereHimis MymMKiH 60/1aTbiH dhas3asblk aybiCyapadbl *KaHe CalMKeciHle KBaHTTbIK 9CepMeH 83apa ipekeTrecyaiH,
MYMKIH 60onaTbiHAbIFbIH KepceTeai. by Kafaanaa MeTPUKaHbIH eKi HYCKachl Aa HeAiK Ablbbicbl Hap KapanfaH
ronorpaduanblk Kyreae biIkTMMan ©as3anblK  aybiCyaap CbI3bIKTApPbIHbIH - OpHanacybl Typanbl bGipaen
KOPbITbIHAbIFA SKENETIHAIT KepCeTiNreH.

TyliH ce3nep: reomeTpoTeEPMOAMHAMMKA, JlexaHap TYPAeHAipyAepi, METPUKAbIK TEH30P, CKaNAP/bIK,
KMCbIK, FONOrPadUANbIK eKi SKaKTbINbIK, TON0rpadUANbIK eKi KaKTbIbIK.
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MprMeHeHe reoMeTpOTEPMOAMHAMMKM K CUCTEME C HYNEBBIM 3BYKOM OMMCAHHON METOAOM
ronorpaduyeckunx ayanbHocTen

B HacToAwen paboTe B pamkax MeToda [eoMeTpoTeEPMOAMHAMMKM  MCCNefoBaHbl  CBOWMCTBA
PaBHOBECHOrO MHOroobpasms CUCTEMbI C HYyAEBbIM 3BYKOM, MpeAcKasaHHOW MEeToA0M ronorpaduyeckmnx
ayanbHocTel. TlofyyeHbl pesynbTaTbl MHBApPWaHTHblE OTHOCUTENbHO MpeobpasoBaHMiA JlexaHapa, T. e.
He3aBMCMMble OT BblIBOpa TeEpMOAMHAMMYECKOro noTeHumana. s paccMaTpMBaEMOn CUCTEMbI PACCYMTaHbI
COOTBETCTBYIOLIME METPUKM U CKaNAPHble KPWBU3HbLI, @ TaK¥e OonucaHbl KX cBoWcTBa. C MOMOLLbIO
ronorpaduyeckoro noaxoaa B pabore Hamm 6bls1 0OHAPYKEH HOBbIM TUM KBAHTOBOW XKUAKOCTU. [1OKa3aHO, YTo
noay4YyeHHas B 3ToM paboTe TENI0eMKOCTb XUAKOCTU MPU HU3KUX TemnepaTypax 3aBMUCUT OT TemnepaTypbl
~ T°. B KayecTBe TEPMOIMHAMMYECKOro moTeHumana bpanacb SHTPOMNWA, 3aBUCALLAA OT TemnepaTtypsl U
H6apMOHHOW NAOTHOCTU. Moay4YeHbl 3-MepHble TPadUMKKM, Ha KOTOPbIX XOPOLIO BMAHO, MPU KaKMX 3HAYEHUAX
TEPMOANHAMMYECKUX MEePEMEHHbIX CKaNAPHbIE KPUBU3HbI CTPEMATCA K BECKOHEYHOCTM WAU K HYJIO, YTO
YKa3blBAaeT Ha BO3MOXHble ¢a30Bble NEepexodbl M Ha BO3MONKHYID KOMMEHCaUMo B3aUMOAENCTBUM
KBAHTOBbIMM 3bdEKTamM, COOTBETCTBEHHO. [ToKa3aHo, 4To 0ba BapMaHTa METPUK B AaHHOM C/lyYae NpuMBoAAT
K OAHOMY U TOMY € BblBOZY OTHOCUTENbHO PACMONOMKEHUA JIMHUI BO3MOMKHbLIX $a30BbIX Nepexonos B
PAaCCMOTPEHHOW ronorpadnYeckomn CUCTEME C HY/IEBbIM 3BYKOM.

KntoueBble c/i0Ba: reoMeTpoTepMOanHaMMKa, NpeobpasoBaHma JlexkaHapa, MeTPUYECKUn TEH30p, CKanapHasn

KpWBM3Ha, ronorpaduyeckme oyanbHOCTU, HYNEBOM 3BYK.

Introduction

The method of holographic dualities describes
guantum systems in the strong coupling mode [1].
Holographic models lead to a number of predictions
that are in good agreement with experimental data.
Moreover, new types of quantum systems are
predicted using the holographic method. For
example, in [2], a system was found that at low
temperatures has a zero sound more like a Fermi
liquid, but this system has a completely different
temperature dependence of the heat capacity.
Therefore, the task of studying the thermodynamic
properties of new quantum systems by the predicted
method of holographic dualities becomes urgent.

In this work, the thermodynamic properties of a
holographic system with zero sound were
investigated. Geometrical thermodynamics was used
as a research method [3], and entropy depending on
temperature and density of baryons was used as a
thermodynamic potential.

Methods

Geometrothermodynamica

In geometrothermodynamics (GTD) proposed
by E. Quevedo [3], interactions in thermodynamic
systems are described using the curvature of an
equilibrium manifold invariant with respect to
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Legendre transformations. In thermodynamics, too,
the physical properties of a system do not depend on
the choice of thermodynamic potentials by which this
system is described. The transition from one set of
thermodynamic potentials to another is carried out
using Legendre transformations, and in this sense,
thermodynamics is invariant with respect to Legendre
transformations. In GTE, for example, as it was
shown in [3], an ideal gas whose particles do not
interact with each other corresponds to a manifold
with zero curvature. In the case of interacting systems
with a non-trivial structure of phase transitions, the
GTD reproduces the behavior of the system near the
points where phase transitions occur. As was shown
by the example of Van der Waals gases, Bose-
Einstein gases, thermodynamics of various black
holes, etc. [4], near phase transitions, the scalar
curvature of the corresponding equilibrium manifolds
tends to infinity. This fact is convenient for searching
for unknown phase transitions in poorly studied
thermodynamic systems.

In this paper, to study thermodynamic systems,
we calculated metric tensors of the corresponding
equilibrium manifolds, determinants of metric tensors
and corresponding scalar curvatures. As formulas for
calculating metrics and corresponding metric tensors,
we used [3]:
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1% is the square of the thermodynamic length,
@ =®(E?) is the thermodynamic potential, which
clearly depends on other thermodynamic potentials -
E?, (a=1, ..., n), nis the number of thermodynamic
potentials on which it  depends D,
O, =diag(L1,...1) u n,, =diag(l,-1....,-1). Both

al
relations (1) and (2) are invariant with respect to
Legendre transformations [3].

The expression for the curvature tensor has the
usual form:
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Where 9"(9.4) is metric tensor,
"= L gomf B ag”;; ~ % | are Christoffel
2 OE® OE” OE"
symbols.

Further, the scalar curvature is calculated by the

formulaR = g*°g"'R,,,- Since in the future we will

deal with systems that depend only on two
thermodynamic potentials, the expression for scalar
curvature is simplified to:

_ 2P1212

~ det(g)’ @

where det(g) is the determinant of a two-dimensional
metric tensor.

Results and Discussion

A system with zero sound from a holographic
description

Using the holographic approach, a new type of
guantum liquid was discovered in [2]. The heat
capacity of the liquid obtained in this work at low
temperatures depends on the temperature ~ T,
Despite the unusual behavior of the heat capacity for
Fermi liquids, the system has a zero sound mode at
low temperatures. In [2], an expression for the

entropy of this liquid is given in the approximation
1

TdfE <=<1:

S(T,d)=So+Nq(4—ﬂJ TTM]- (5)

p+1 2d

Where T is temperature, d is baryon density, p is
dimension of space (we took 3), in which this liquid
is considered, s, is entropy at zero temperature and

N, is some constant. Figure 1 shows the graph (5) for

2p+l
& A =1 and some range of parameters T
2\ p+1

and d.

Zero sound holographic fluld

T « ferpernshore ' 0

d - baryon densdy

Figure 1. Entropy (5) as a function of temperature
and density of baryons for a holographic system
with zero sound [2].

Applying to expression (5) the formula for

2\ p+1
one, we get the metric tensor:

2p+l
metric (1) and, to simplify NQ[“”) , taking as

180T 15T™

d? d® . (6)
T,d)=
g(T.d) 15T 2T™

e T

Next , the determinant of this tensor:

T 22
det(g) = — 582 — ()
And scalar curvature (4):
__ 985d° . (8)
135T*
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Applying the same formula (2) to expression (5) and

2p+l
also taking Nq( 4z ) per unit, we get a metric

2 p+1
tensor:
187" 2aTH
d? d?
T,d)= : ©)
o(T.d) 21T 2T*
Ta
The determinant of this tensor:
81T %
det(g) = ST (10)

and scalar curvature:
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Formulas (8) and (11) show that the scalar
curvature tends to minus and plus infinities when the
temperature tends to zero and when the baryon
density increases, which indicates a possible phase
transition in this region. It can also be seen that scalar
curvatures tend to zero when the baryon charge
density tends to zero and when the temperature
increases, which indicates a weakening of the
interaction between the particles in the system. The
results obtained for a certain range of parameters T
and d are shown in figures 2a and 2b. For this system,
both metrics (1) and (2) lead to the same General
result regarding the location of singularities for the
corresponding curvatures.

Zero sound holographic flukd
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Figure 2. Dependence of scalar curvature on temperature and density of baryons: a) - metric was
calculated by formula (1), b) - metric was calculated by formula (2).

Conclusion

In this paper, the equilibrium variety of a
strongly interacting quantum system with zero sound
predicted by the method of holographic dualities is
considered within the framework of the GTD, metric
tensors and scalar curvatures are calculated for two
possible metric variants. Entropy, which depends on
temperature and baryon density, was taken as the
thermodynamic potential. 3-dimensional graphs are

obtained, which clearly show at which values of
thermodynamic variables scalar curvatures tend to
infinity or to zero, which indicates possible phase
transitions and possible compensation of interactions
by quantum effects, respectively. It is shown that both
variants of metrics (1) and (2) in this case lead to the
same conclusion regarding the location of the lines of
possible phase transitions in the considered
holographic system with zero sound.
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