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ABSTRACT

ABSTRACT

One-dimensional cold atomic gases have attracted intensive studies both
experimentally and theoretically, mixtures of ultracold bosonic and fermionic
atoms have also attracted much attention. By loading cold atoms in
one-dimensional (1D) potential well and tuning the effective interactions by
Feshbach resonance, it is possible to simulate striking quantum many-body
phenomena in 1D strongly correlated systems in the whole regime of
interaction strength. The exquisite tunability with ultracold atoms confined to
low dimensions has provided unprecedented opportunities for investigating
and testing the theory of exactly solvable many-body systems. These include
remarkable experimental progress in the realization of Tonks-Girardeau (TG)
gas, super-Tonks-Girardeau gas, Yang-Yang thermodynamics for ultracold
atoms. Of particular interest is the Bose-Fermi mixture system, which is rare
in nature and has been made experimentally possible with the development of
laser cooling and light capture techniques. In view of the experimental
progress, it is necessary to study the thermodynamic properties of 1D

Bose-Fermi mixture theoretically.

Quantum criticality is among the most challenging of problems in
condensed-matter physics. In order to extract correct universal scaling
functions, which control proper thermal and quantum fluctuations at quantum
criticality, a high precision of the finite-temperature thermodynamics is
desirable. Based on the experimental and theoretical research progress on the
Griineisen parameters (GP) of heavy Fermion materials, in order to describe
the different phases of the system, in this thesis, the phase transition of 1D
integrable systems and the properties of quantum critical points are studied
by using GP. We obtain the thermodynamic Bethe Ansatz (TBA) equation by
numerical iteration method, and obtain the pressure by numerical integration.
Finally, we get the GP expressed by pressure. In this thesis, the GP in
Lieb-Liniger model is introduced, firstly. It is found that there are ideal Bose

gas and Fermi gas in the strong and weak interaction region, which makes the

I
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parameter tend to be constant 2. Next, we study the properties of GP and
magnetized GP in a Bose-Fermi mixture system. It is found that both of them
change dramatically near the transition points of bose-mixture phase and
Fermi-mixture phase, but have different behavior characteristics. Therefore,
they can be used as a powerful tool for experimental and theoretical study of
phase transition. Finally, the behavior of the second derivative of
thermodynamic quantities (such as compressibility, susceptibility, etc.) at the
quantum critical point is studied, and it is found that the compressibility and
magnetization have divergent behaviors when the temperature approaches
zero, and they all intersect at the phase transition point at different
temperatures, which is caused by the change of phase transition temporal
density. The universal scaling behavior of thermodynamic properties

describes primely quantum critical phenomena.

Key words: Bose-Fermi mixture; Griineisen parameters; Phase transition;

Quantum criticality
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e, RDERIR R BSR4k B e T AT RSP T R S n

y=3 AP ), (1.1)

0

He, NRZARR R THRE, B, P, BaXT 1,2, N FI—A0fE s, A
DR I% R AU NS TG BN, k,x, 2 BRI IE R FALNR, Bethe I BHRH
KIg, FERIIBRKIRE, BHF 30 24 )5, H. Lieb H1 W. Liniger | A Bethe Ansatz
(BA) 58— VRS HSRAR T — 4k o AH ELAE F A3 SR — 4 5 A B IR 38 (< A
WIkEWaAR, RH—RIIWE BA TIRMBELG =1, 2, ..., N) &, ZITERN
Lieb-Liniger J7f2. &7 B ) E EEAAIE, BA J7 2B T # B AT RS i
B2 RGEHEZWENER, WETFH, #1%, B1FRE, B7FRBAET
I LG SE5E . AR RSB oR AR B AR R ALHE B e sE, M EAER &AM, R
KEKHLT R4, Kondo Z%)5 M8, Gaudin BiVERESESE .

5T H. Lieb f1 W. Liniger 7E 1963 F1 TAE, kT HHIRFT 1969 F KL fiE
e T IZBE AT BRIR BE R 5 R 8, B kG T Lieb-Liniger BA7EFH A T I EIE
MGt P EEIA, J#A7 ) Yang-Yang #4157, XRH —IRE IERE X L& KAE T —
MEMEAERBZERERHRIIF RS, BABERS, FEAREHEL T, R
DAERZ A, @SN, JER &AM A B B RES R S8 2 1)
Yang-Yang J7#E, BJ#J7%% BA (TBA)Ji#2. H Yang-Yang #7277 FE 5t vl 15 2
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Lieb-Linger BRI AH a0 LR, %, AR, WiE, Sprgiozal, xu
FEA R AT 2 Yang-Yang #2077

TAER, BUETTEMIa 3] TBA J7 R KA, Bty 75 & 5- A BLAE I 3k (0
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TEARE N R E IR A AR E TR . 2012 55, FHAHESE NH polylog PR HGHT I Fe T 5 14

KEHISRAR T Bt 3 RIRE Y RS 98 AH HAE FI MR S Yang-Yang #4277 #20,

T JLAE, 213, Batchelor %8 ] Yang-Yang #1230 EE R & IR AR,
BTOKRH, Luttinger AR 27 H#R M H T S ME R Tkl
1. 3WBHERESVIN AR

ARFTE RN, E AR TR T 42 B E e AN R o i 1 PR ML E e h B B R

RLg(s=n/2,30/2,51/ 2, )i B EON T3 AN KL i A2 SORARIF, - flan,  HLFs
JR 5 BT o IREERL T IR DK IR hL T oA, BRRO PR T FLE RN h U
RLT (s = 0,7, 20, ) RO TS AN RL T BRI, Wx 7. Jar, XIh
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KT "Li WAETERLP 3T 28R4, A TR TA AR TKIREE T, 1 0.21
100 R, BT BT L BOAEAE, AT DA S T B B IR A A
A

B 13 BAZEKET Liff AT LiEEIA ., FREMFTHEATATNGER.
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G4t ey TLL: ()% & B R ARE RIS FRME/ A HIBAMRXF, XZi=n|a,|/2 £
TERKE R BONSERINGE/ R, FEA TBA HAFE M RMALEE,
1.6 AXAR
ARSI AR EER AT -
F—i: FEFUR T — =TS ARN sH 5L 50 1 e ) Bethe Ansatz (BA)/77%, 3
ORI G DL GPRI K J&E, IF HAE T ARAS K &I s R A i 3
BF: FENYT GP g XA AE Lieb-Liniger B 7H FiZ S50 147 A5 5

B BFENG TEWROTCKIREY RS GP ML GP 94T, LT
R N SR E TR A R AT R AE



— PG OIKIR AP Y Griineisen 2%

FVUE: XS HOSCHI AR A Z R AT 45, DURC AR N B AE AR SR B K e 7 Tl AF
T,
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# "% Lieb-Liniger B % H1] Griineisen Z:4{

%8 _E Lieb-Liniger f2Z! ] Griineisen &%{

IR, NMIFMMA DT Bk 5. Gt 15507150 GP 3T T K
B, WA OWEIS AR, GP A AR K E P, (HEATHE R A H F R
. BT #E R V2 BN R B BN K RN E T R R), GP IFEZ A
R RFEA R, BT XS X VE2 A FEMEIEF R . ARMBR TR i GP
AT AR A LIS 5625 i R o 7 S8 5 T, AT TR R A P W R AR . R B AR
PUE I AR EF B T S50 T 7 KRET .

AEE ) B H )R AE A AR R A SR T B AR A BAE R RS I GP. B4 T GP
ANFE g SN T, X EAR S ARFYE /8 L /R Wi(van der Waals) =S AR 45, DLRAE
Lieb-Liniger 1584 o 1) P4 57 FHIL A
2.1 Griineisen S¥BIE X

[ A 2 v 2 R i ) 2 ) o T PR AR 2 2 DR T IR, NGO SR, o) T )i
AE X (1.2)2, RARIE N NEAHFEIIZR o, 175 7R M0R BAR A REoR, 50653,
EAEEH N N EERENE, =(n+1/2)hae, IS IEIR T MR (n 2 RAETR T 112 301k

ARRE R R TH0 ™, IRAERC 2 s A X
s, o)

ZZe

ﬁ’(lxlq), HRQDFHE T e BIEx, FHR

2.1)

ﬂ\ﬁtﬂﬂﬂl+x+x2 ok x40
log Z = Nf (o, B), (2.2)

Hrt, B=1/(kyT), ky RBURZESWEH, TG, MHTEREL S (x )=—x log(e"~1),
15

i

S=k, (1og2—ﬁ61°gzj

op
= Nk, |/ (ho )~ haS [ (hayB) ]

(2.3)

*ETE@E%E:—%IogZ, 15 A
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2
CV:a_E: ia g logZ

oT op’ , (2.4)

= Nk, | (h@,8)" /" (n@, ) |

os -
@ 5o =Ny [(ne,B)’ 1" (n@,B) |, 2.5)

%ii,ﬁmﬂﬁq:whg,ﬁﬁﬁ?%ﬁ%ﬂ&?ﬁ%%ﬁ¢,ﬁmﬁ
C, =y 5 =2 (V OS] : 2.6)

0w, V ow,\ oV
mEHiE X r=-2 " e ke, @5
V Ow,

F:?, (27)

XANE SCRIE T E. Griineisen (1R AGHE 7T,  BIREA] R G 5 T RO RAIR I, T
PR E, EQ.7D)IGEARHERRN, KAt E S A2 ER AR
K, VLBH a, M1V 22 18] (56 28 AT RES 2E L8 mT LI () 98 0 22 8 oK

Blhn, FEX s R Aa B AR BT S, GPBE SO

_y[ dp
r V(dEjV , (2.8)

Hrh, prEi, EMREBRAMINEE. # FRBARER I RAES T ERA. X
WAV T,V NEAER, WIEHRSIZERAZVFAF =-SdT — pdV , HEARMIFER
sy EAT R T,V 153,

dp=Lar+ P qy

or oV

dE:a—EdT+8—EdV,
oT oV

i—'lVEI’\]éﬁ?ﬁéj‘dV=O, F‘ﬁu’ dp :a_pV7 dE:a_EV’ ﬂ?%‘l‘y
dT  oT dT oT
ap @4
_y(dr) _,|dr | _,or”
r V(dEjV y| 4| -y, (2.9)

dr ), or"
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# "% Lieb-Liniger B % H1] Griineisen Z:4{

B e H AR ARG, AT, n BEREAESARI YIS TTRE N pV =nRT ,

%%ﬁa%mn,mﬁ@wm*%ﬁ%oﬁ%iwﬁwmﬁﬁﬁm%ﬁﬁﬁ
an’® , 3 V
— (V —nb)=nRT, 2.8 5 I==—

(p-i— i ]( nb)=n R (2.8) 2 (7= )

2.2 Lieb-Liniger #2587}

AR EMANA T KREKENL, NNRCTIREAR & BefilAH B AEF 1 — 438 0S4k
[] Lieb-Liniger #4Y, 1ZAAIS S & 1 k&= TN (Bh=2m=1)

H= dea;{” (x)o.¥(x)+ cj dx¥" (x) W' (x) W (x)¥(x), (2.10)

o, m BRI TR, AT BRI . IE B G2 B W () 2 LR 3 5
e

[P0, ¥ (») |=6(x—p), [¥@,¥YW]=[¥' . ¥ (]=0. @11
MU — YR T RN

H=—Z%+2cz5(xl.—xj), (2.12)
i<j

i=1 xl'

FTUNZHREIT,  x, 25 MRLT IR, 2R ORI A AR RE. ¢ Rk T
I EAE SR, c=mg/h*, Zc NIEER, Ry RIMEEHARF, o NUErR, Ry
MEWSG . RGEAMTTREN

N 62
_Z§+2c25(x,- —xj)}w(xl,xz,...,x]v) = Ey (%%, Xy ) » (2.13)
i=1 ¥ i<j

FC g (0ot ) FEAAE BB, ESRAMLAER . P /NR TR AR, 900 HUR i
S0, R R S R, — W R, DU I R, Tl
LIRS N AR T BA T,

N k. —k +ic

lk/-L_ j s

e = - . . 5, j=L12,...,N. 2.14
Hk—k —ic J=1 ( )

S#_]' J s

o ke TR . FEMSIZERBR(N — 00, L — o) HARIERL T EE n=N/LZHH, LA
MABRIREE T N Al 1521348 )75 BA(TBA) /772, NAHEFRA Yang-Yang #1225, PASE
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ﬁ\p:
T +00
e(k):kz—u—gj;dqaz (k—q)ln[lvtexp(—g(q)/T)}, (2.15)
T L
pZZ.([dkln[l+exp(—g(k)/T)}, (2.16)
Sk, RACES, TRIRIE, BUSNERIEN 6 (x) =
C X

MR 58 p (SRR R AR T A, Qi A T, 5.

_o
ou

n c,T?

2. 3 Lieb-Liniger 28! Y Griineisen &
AATPE Lieb-Liniger A1) GP. BATCLMIE GP /EHAR K, B MO
GUENEE & SaRE NIy £l

o’

==, 2.17)

fARGHIHSE, BRGUE 4R, T=2. Z)LIATHE XKQ2.7)

aS|
‘A7 TN
r=2or (2.18)

T fiS‘ ’
or'"¥
M TBA JFREQR.15)2CAT %0, JE5RM 4, T,c R3E, JE5E p 2 fE B IEN K2R 1, 1 GP
[R5 X (2.18) & E S RL T2 N 8] 5E (1) IR J 45, BRIk, FRATTIRE R B Maxwell 5
RUL RS w2 AN

o, NEREHRQHR, BRERARTV, T, u =DM AD 8RR L HE i
BT VS R T V, T, u KR E . X T35 248, Y Gibbs-Duhem J51%,

SdT —Vdp+» Ndp, =0, (2.19)

Hrb i oAARKA 7y, BRFERAR, BN
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% "% Lieb-Liniger # %! H1 (1] Griineisen 24}

SAT —Vdp+ Ndu =0, (2.20)
Nd y=—-SdT +Vdp 2.21)
CARTE AT W BE I 2 T XN dG = —SdT + Vdp + udN , 1845(2.21) 75

dG=Nd p+udN
Rk, 75+

G=uN,
NEFEBEENRZH BRI ZHE LN Q=F - uN , R4 L5
Q=F-G=—p(T,u)V, (2.22)

EMAZH QKT VT, u MR N

a0 =20y X yr X, (2.23)
oV or  u

A,
dQ=—pdV —SdT — Nd u » (2.24)

te(2.24)50F1(2.23)5, PLEFIH2.22)5, 15

N(a_ﬂj :V(a_pj , (2.25)
O Jyr  \OH)yz

S:_(G_Qj :V(é_pj , (2.26)
or),,” \er),,

XIANRLFHN A S KTV, T, u KA nT LV

aN =y N ar s Ny, 2.27)
oV or  du

as = v+ B ar . B 4, (2.28)
oV or ou

15
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M@K T A LIFHIdN =0,dT =0, RIEQ2.27)LL L (2.25) 15

PO PN
oV orT du

:a_NdV+a_Ndﬂ
oV ou
=a—pdV+Vi P du
ou ou\ ou
=0
.'.a—pde—Vi P du, (2.29)
ou ou\ ou

FRARA S B0 A0y, LURRI2.29) R

ds=Sar + B ar + B 4,
ov' oT  ou

=a—SdV+a—Sd,u
oV ou

9 & gpdV

=P gy yy S L K (2.30)
oT ouoT _V6 )4

o’

Ppop p op
_Ou’ OT  opdT du v
82p
ou’

aZPGl_ 62pal

0S  out 0T oudT 0
|y = SR 2.31)
oV o' p
ou’

X T.18) B, IATAT LAKIE A 5 dN =0,dV =0, [FBLAT1S,

Fpotp (@pY
oS o’ oT? | udT
A |N,V: V 2
oT o' p

ou’

(2.32)

2
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r_V &l _ 1 ou’ o ouoT ou (2.33)

T &y Tazpﬁzp_ o’p g
ou’ or* |\ ouoT

HBIAWHE 1, T,c ZANSH, WRYE TBA J7AEQ.1S)BUEIEACAT LIS H IR 58 p B —Fr 4
TS, I 1 AT AR AN B RS O R i Y. & 2.1 O GP AEIA ELAE
M (e — 0) RS EAFFH (¢ — oo ) XKL, FEIFH BAET (¢ — 0 B Bt R
it A AR (c > 0)fE TG AUk, BA B 9K TRI%FE, FTRUE H GP fEg9MH EAE
M (e — 0)MEAAHBAEH (¢ — oo )X T H % 2.

"

o
o

=1
t=2
¥1=3
0t=4
t=5
0t=6

| tasest®
2 -1 0 1 2 3

/8 2.1 Lieb-Liniger B b — 45k & A0k 4040 ZLAF M 3% AL A 33484 I 513548 & K
GP ¥ %, t R FWARR &R A",

FEsRA BAE MR, ka2 TG Ak, 7EAR R TRISEPRSEER , WELEHE & X IR
B RIF AR AT, - SR WS AT DLE R JoAH A F 2 oK (1R R HOR 22 i 35
ARSI . ERWE 2.2 B, TG AMEAMUERS, 1 HAEA REE MR
P E PR AT N, Fs2 b, polylogarithm i JTZ: I a] DUAR 7 BRARX — 45 5 . ALK
Ha] DA AR SRR AR T X4, A B AR RME R, BEE A BAE B R T {HE T 2,
H g &5 RABUEWI & W EL T
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1.95¢
191
1.85F 7 gt — p=1 Analytic
> #=11th order
., 18 * ui1 Numeric ‘
Y 1=0.75 Analytic
17504 /7 41=0.75 1th order
v 41=0.75 Numeric
177/ 1=0.5 Analytic
/! ---p=0.5 1th order
1657 + ;i=0.5 Numeric
1.6

4 6 8 10 12 14 16 18 20
c
B 2.2 Lieb-Liniger A & I &% £ T < < ¢ oY 38 25 R AR 4745 B o9 3 1LY,
R, ARG RE T H RN EAR ) ZE LSRR ENZRE KR, Wk
2.1 fiizie

& 2.1 ENARLZFREENREZFORATE

7E X NSRS HA R ENUERZS H AR &
NEE | U=w+0 dU =TdS—pdV | (S,V) | dU=TdS—pdV + udN | (S,V,N)

%Hﬂ F=U-TS dF ==SdT —pdV | (T,V) | dF ==SdT — pdV + udN | (T,V,N)
H

—+=

;}%E G=U-TS+pV | dG=-SdT+Vdp | (T,p) | dG=-SdT +Vdp+ udN | (T,p,N)
1 He

B

1% Q=F—-uN / / dF ==SdT —pdV —Ndu | (T,V,u)
&

2.4 NG

BT GP 7E &N RIS A |32 B FH DA 580 RIANIR], R A 1R 22 AN [ (1 5
X, RBERATE X GP MAEE XM T — M REWHS, EW T AREREE
TSN YE. SRS/ 40 T Lieb-Liniger #2834 DL R AE1ZAE A GP 5T, R ILAEAH BAE
FHRRFEAR KEIR/NET, GP T4 2, @ it 2 AT Jord /R A BAR 3% (5 S pR a3 A8
PORSRMIPERT, JF BUi B T 725 BAE R X33, H polylogarithm bR % I A1 2 1)
figEtT 4 RAKFAE R T E
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FE=T PWOTKIESY TR Grineisen %

F-EF WEBXEEMPH Griineisen 23

RIET ARG A BRI R — BT, Bt HEA R RR TR
AR, PRI E TR A S (Quantum critical point, & FR QCP) T 18— H & B 1S AN SLIG A 7T
]2 RIER — AN A . £ Lieb-Liniger A8 N AFE— QCP: ME A F Luttinger Jit
&4, Guan 1 Batchelor M polylogarithm B& 3 () £ & % JLbAT TR A MW 724, 48770
BT GP A2 FELRUERE T2 N AN B IE W AR 2R € S, PRIAE 525 - FFLO B & 1 Im 7
X GP AT IR R E T — R E L. B0, Sk B ET R4 GP AT
JERR ARG R, IR GP A N2 QCP AAFEM —AMEA JIER, Kitk, Sef %
7E BA PIHEZE R i5Hi8 GP 7E QCPs B iA1= o

N TR E TR S A GP, AT m BA s HEAEH AT KRGV RS,
A BA AR B A3 BRI A, TR TRe NS SE L T 75 56 2 i T 2 AR R 1)
P AN O AR I o
3.1 WEHRKESTWIEILERE

BNBEMERFKENL, WM&, HEA S HE/ERM 1D # Pk
KIREY), ZEMRSE G E ) —KE B

H = [ dx Ui o.Wio W, + U
2

0 2m, m,

1 :
6x‘I’}8x‘I’f+5gbb‘I’},‘PZ‘Pb‘Pb+ g, VIV, | (3.1

Forf, Wl W MW, W A BRSO T R BOR T A R R S m, B m, 5
WO TR T MR, g, il g, 30 60T FIB T DA R 6 TR K T2 1 AR T A
PSR . WU 3. A TSR B0 AT, PR T . A 17508 55 4 ek
MBORT TR AR, S0k T 5 2K T2 9 AT B R4 A T (R PR R, DRt
g, =00 WHSm =m =mBg, =g, =g, B, 4P TAIKTIFREMSE, B
s R (5 2 D RO I P 3 25 B 5 TR0 K -2 1 AR L TSR T, 00
ARMEWTTIRN . AT 78, RAOMEHA h=2m=1. B —KETHARY

N 2

0
H:—;§f+2c;5(xi—xj), (3.2)

W TUNZHREIT,  x, 25 MRLT IR, 28 ORI A AR RE. ¢ Rk ¥
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WA EAEFISREE, c=mg/n*, e IR, KRBT, o hRUER, kT
MERS . SKTHN=N,+N,, N, REOTHRRTH, N ZIKTRRNTH. £
Tk B BB IZ R R K T i= {12, N, ) (B ) RS e Bk, B K
i={N, +1,N, +2,... N} (BKT) A TR -

16 JE WL 46444 T, Imambekov A1 Demler 35 T Bethe ansatz /7 F£(BAEs)! %)

Mk —A,+ic/2

ik ;L Jj B .
=[S o1, N,
gkj—/\ﬁ—ic/z g

Nk —A +ic/2
= | ——) a=12,..., M . 33
l_[k—AO[—ic/Z G3:3)

=1

Horf, WR k. ky e — RIIAHERLE, ESHA,,L A, B BRFIRM & X
CAEJTREROS $, w45 BB ELUK) BAEs -

k,L=2xl, +ie(2kj ~2A,),
p=1

N
2ml,=Y 0(2k -2A,); (3.4)
i=1

Hrp, 0(x)=-2arctan(x/c), 1M, 2PAHREE R BERE T4
FEFSTFIR (N >0, L >0, HN/LEZE—NEHRE) FHFHE2EREET, Xt
T ARG AT PSR, KREWR LKW, FR, RgzRpArKENRFEE
FIRERAE L0, B 5 A5 3 Bt AE IR 26k 8 T R GRS o SR SCHR o e S 2%
RASAE AW H HEEIN A NE, EEEPESWAEL MR 7R, B TBA H#E:

5(k):k2—(y+%j—%ij?dmzl(k—A)ln[1+exp(—(p(A)/T)}

go(A)=H—%Tdkal(A—k)ln[l+exp(—g(k)/T)], (3.5)

ey, Q03 1 RO R SR B H AT ZR R o=ty + 1, ) 2RV H = g, =y 5, B g, 53
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4c

AR HOK FRNBE 7 W13, TRARE . BP0, (2) = TR . H
AT, ISR p N:
T L
p:Z.([dkln[l+exp(—£(k)/T)}, (3.6)

HeERIa, Bt MK 7 b o8 NS AE R 00 n, , n, M, «,, W
R 4 25,

n,=N,/L=0p/ou,i=b,f,

k=0p>/ou’, i=b,f,

y=0"p/oH". 3.7
3.2 WEEANKIEESHFH Griineisen S

B, WAINARE T EOTCKIREVIRAHE . 300 KR A& A E TR E(3.8)

AR, MEG. DR, BEESSHEH=E TR, ke, ik
FH, PARBETORIBRAE, BT KISR0, DT % B n, = 0 5L
KT EE n, =0 € WA BHIZRE H RS 1 v B FAE, B2t X4
H<O0H u>H/20 Zaiga M, H>0 B2 &GO NREEMH, H>0LLK
w>-H /2 R8KM, NEZSBIFRMMATL RN u=-H /2, NFKMENREAAHIIAHE
el A AF 2,

L B N R e S
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5.0 r I T I
]
|
| bosons+fermions
|
|
251 : i
|
W bosons :
= |
: fermions
00 - -
vacuum S
25 : ' : ' : ' N
-5.0 -25 0.0 25 50

Hle,
B30 ek ARSMGME, Kb e =c.
3.2.1 Griineisen &%

T HOETOKIRED RS GP, ERAMB ARG —FEMLER,

62p op 62p ap

1 G or T qwr au

_Tz 2 2 2’
o°p O°p (6]))

I (3.9)

ou* or?

FATRT LUd S B v AR B [F A 7 T GP. tHEEBR AT X iR
B ERBRLL * (& ey=c®) , ARNJEFIHEUAIER I M 5% AP 133] TBA J5f2
HESMfE e (k) Fp(A)/ ¢, SRFEE A RG.6)MEUEMR SR E 5 p, i 2
KB10)FE] GP. N T HUNMIHERE, ARG10)F 1w T E8E A KHBEEZE 517
2, TR AR AR L R FEOILBR S B) B ISR AR I .

20 1 ' g
Bosons | Mixture ' Fermions
or ' ;
y ' —1=0.03
o L : - - 1=0.04 | |
20 ‘ —1=0.05
: --—-1=0.06
~ -40r : ]
60}
-80 T i
-100 ! ' : :
-1 0] 1 2 3 4

H/Eo

B 32 =ATRAME GP, Xv % ul/e, =2.
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K 3.2 25 T GP BEA R H A8 . SO S E AN 1/ 6, =2 I FR
fENTRBIRMAL R, ARG TEIS, BEE A R 9 AR, RGNS EAR AL 2
BOFOKREM, HEIFORM . Ema ISR X, GP JLP Ry —MEE 1 4L,
MAEAAL B, GP RIZIARM, HBL T — D AEF IR RS (BRARMED - RN
BEAR, AR MR AR R « IR A T4 Xt 2 I, GP AEAHAS riUR . AT S8 H
AR T G = ANANFEAE, R R DU E AR 5 R B AR — A 3 T A .

3. 2.2 #i1t Griineisen &%

K, X—FRININB R DT ENNSE, R GP R v FIRis H AR
B, MONBIALE GP(MGP)™, HI A
H |N T,V
mag ~ T m’ (310)

WS E IR S S, BT IR ARG, ] DURGF I RR A AL . Sebs |,
MGP SRSV S o, Koy 7 SHEEARA K, TR A2 AT LA
B, FERGVEADRNRE I B B R X

FIFER), BAINER S Q ik, ERRX TN MALALEY,T, u, H HIRHE 5L,
AN

a0=2ar+ X X2 4, Xy 3.11)
o e T o

Heidy s ] XA AL AR B R

aN =y + N ar s N v N (3.12)
oV or  u OH

as =2 v+ S ar v 95 4 S (3.13)
v T OH

ou
CA, BN E A ETRE G M H HEE F 405008
G=U-TS+pV -mH,
F=U-TS-mH ,

M(2.19)=043 %0, P51 Gibbs-Duhem /584
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ST ~Vdp+N,du, + Nydu, =0, (3.14)
XﬁﬁNzNﬁNV;F%;M,Hzm—M,miM_M,Wtﬁﬁﬁiﬁﬁ,%
SAT —Vdp + Nd yi+ mdH =0, (3.15)
Nd p=-8dT +Vdp —mdH (3.16)

RN B W R 2R R A e ) 35 AT B B e N
dG =—SdT +Vdp + pdN — mdH , (3.17)

WX (B.16)MBANEFHE dG = Ndu+ udN , FITbL G = uN, X B 5t BE# T %31
EXRNQ=F-G-mH , JiLA

Q:—p(T,,u,H)V, (3.18)
X ERMEIEN RGP AN ER 125 2 0y
dQ=—pdV —SdT — Nd u—mdH , (3.19)

XEE@BADEA3.19)2, PLRFIH3.18) ] #3

T, u,H
L N= _[O_Qj = V(M] , (3.20)
O )y 1.1 O oy
oQ op (T, H)
S :_(8_TJ :V(é—T , (3.21)
V.u,H V,u,H

MG AFFATITFA, XT3 T ARG AN =0,dT = 0,dV =0, fR4E(3.12)LL K (3.20)
EWRCIE;

av =Ly N i N G N
oV oT ou | oH

_ Vi(a—pjdywi(a—p]dlf ,

ou\ ou OH \ ou
=0

0’ p 0’ p
So= du= dH
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R AR (3.13) L k3.2, 75

ds =8—SdV+8—SdT+6—de+a—SdH
oV oT OH

ou
ou oH
o’p
2 2
_y Zpdlon Ly 0P gy
ouoT  J'p OHOoT

o’
o’p 0°p B o’p °p
2
:Vau OHOoT zauaT OHOou JH
op
ou’

W%, BTN

82p 82p ﬁzp 82p

2
a_SlNTV:Vau OHOoT 28,uaT OHou dH (3.23)
OH ap
ou’
X (3.1 U 4 B BRI 2% A
dNZO,dHZO,dVZO, (324)
WRYE 7R R RIS, AT
2 A2 2 2
Opdp | Op
N oy’ oT* \ ouoT
..8—T|N,V’H: al , (3.25)
ou’
Rltt, & n1
?p & ?*p
=£ = lvry zﬁaﬂ*}z} GHeT Quf;[ 8,116};
mag T g% |N,V,H T azpazp_( 62p )2 (3.26)
ou or? ouoT

BeJa, PATRYEAES TR P AR AR 2B 88/ HENZ KR, Wk

3.1 Fizmo
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(31 ENAZZAEENZEPHBHEGRY FS

E X BN 45 HAZ & EIEN 5 45 HAZ &
WEs | U=W+Q | dU=TdS—pdV +Hdm | (S,V dU =TdS = pdV
[ p + m ( ) 5m) (S,V,m,N)
+Hdm + udN
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