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Motivation: two kinds of
Inhomogeneous phases

Pictorial description of the LOFF pairing,
Which carries the nonzero total momentum

Ax(z) = =2Gp (¥ iysmaAav) , A%(z) = —2Gp (ViysTara¥)
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Phase diagram for the NJL model, allowing for chiral density wave
(CDW)-type modulations

o(r)=—Mcosq-T, Tmg(x)=—M0ds3sing-7.
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The NJL Lagrangian

Lnit+a = Ly + La,

Ly = ¥(iv"0u + o)V + Gs [(V)? + (insTv)?)

EA = GD ('lf_r?cl"“r'aTQ/\A'ul-‘) ('III"ZT?ST‘ZAA 'l.f"{?) ’

Au(z) = —2Gp (VCipmAay) , Al(z) = —2Gp (VinsTaAayC)
Under the mean field approximation

1 o o
Log = 5 |9 + o + 0 + ivs7-F) + Ve(id — o + 0 + i 77 )

) o _ o2+ AP
n AA(CC) (1,D6275T2)\A¢) + AA($) (wl’}%'f—z/\ch) - 2GS - |2é'4,l

o(r)=—Mcosq-Z, Tmg(x)=—M0ds3sing-7T.
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Making the chiral field transformation
¥'(2) = exp(5357sd - B)¥(a),

| i ERr
Ve(z) = exp(57573d - T)ve(z),

T T 1 - =
V'(z) = P(z) exp(575737 - T),

. . J e
Ve(x) = Po(@) exp(ssmad - 7),



iIntroduce the auxiliary quark fields

x(z) = ¢’ (z)e %, xC(z) = Pi(x)e 7,

The partition function can be obtained by integrating over the fermionic fields

M? A
—0\1)[ /(—165 LGL) :lnd(*tS ]




ta+ 107 - B+ T) + 21957 T+ M ir%7sA
Hing = 2 B )
iy A —pu +7°7 - (F—¢) — 5";”%"? -G+ MR
0= — 7 1 0 - — 0 . 0
—pu +77-(P+q) — 577 - T+ My i s A
Hong = 2 B )
A Ha+9"7- (=) + 57" - T+ M

&; are the 16 eigenvalues of Hing and Haong.

16
1
InZ15,24 = SInDet(BG155,) = In[DetSy 'DetSy | =3 T Infiwn +&).

TZln (%) = % + T In (1 —I—e_gi/T) :



1
M2 A2 B [&
(T, .6, M, A, q,q) = — _‘Zf— & oo (14 e&IT
(T 1,00 4:4) 4Gs+4GD o (2%)3[2+ n( 8 )

S a5 e eesm)

A=0,q"=0,for blue quarks

subtract the unphysical divergence term proportional to A 2g?

(T, p, 6, M, A, G, )

M?2 A2 M?Fi’ A dp
= +‘ -) __Z 3 A=0.4=0, 7= —0.for blue quarks
4G 4GD M2 (2r) £.a=0.4-04 q
16

A d3p S!' _8 T A d3
_Z/ (271—) [2 +Th (1 ! :|+Z/ [2 i,A=0,g"=0,for bluequarks:|
£/T
Zf 2)3[1"111 (1+e )]

A:ﬂ.c?:(],for blue quarks



* «MEEESNSEE
For LOFF part, we apply He’s subtraction scheme

—_—

Qeun (T, 1, 00, M A G, q) = QUT, p, 6, M,A, G, q) — AT, pu, 6, M = 0,A =0,7=0,¢)
+Q(T, p, 6, M =0,A =0,§=0,q =0).

e The chiral symmetry-restored phase (R): M =0,¢=0, A=0,¢"=0.

e The homogeneous chiral symmetry-broken phase (Ch): M #0,¢q=0, A =0,¢ =0.
e The inhomogeneous chiral phase (NCh): M #0,¢# 0, A=0.,4" = 0.

e The 2SC phase (2SC): M =0, ¢=0, A #0,¢' = 0.

e The coexistence phase (SNCh): M #0,q#0, A#0,4" =0.

e The HC phase denotes the phase with M # 0,A #0,¢=0, ¢ =0.

e The LOFF phase denotes the phase with M =0,.A #0,¢=0, ¢ # 0.
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phase transition order(G =1.2G,)
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Phase Diagram(G =1 2Gg,6p=50MeV)
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The v — 6 p phase diagram

Phase Diagram(GD=0.6GS)
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05 - phase transition order(GD:O.GGS) phase transition order(GD=0.GGS)
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The transition between SNCh and 2SC phase is first order
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phase transition order(G=0.6Gg) phase transition order(G,=0.6G)
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phase transition order(GD=O.6GS)
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Phase Diagram(GD=0.7GS)
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summary

We have studied the competition between the CDW and LOFF phases in
the framework of two flavor NJL model in chiral limit at finite temperature
and density. We find the HP phase with M ~0,A £0,7q=0, g’ =0 will
occur between the chiral phase and SNCh phase if GD is large enough.

A first order phase transition connects the chiral density wave and LOFF
phase if the ratio of GD/GS is less than 0.68, which is independent of the
relative direction of chiral wave vector "q and LOFF pair momentum ~q’ .
There are two tricritical points in which chiral density wave, LOFF, 2SC and
restored phase coincide, respectively.

When G,/Ggq is approximately larger than 0.68, the inhomogeneous chiral
condensate is separated with the LOFF by 2SC and restored phase. There is no
physical tetracritical pointinthe 1 — 6 p phase diagram
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Outlook

n Other regularization schemes

For example: Pauli-Villars schemes, proper-
time scheme, four momentum cutoff

Thank you !
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