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¢ Early Universe The PhaseS Of QCD
LHC Experiments °

; ~ RHIC Experiments

« Goal: Develop a SK effective action for QCD matter

near the chiral phase transition

Temperature

| (@

« Background: QCD matter with 2 flavor quarks at finite

Quark-Gluon Plasma

temperature but with vanishing baryon density, Future FAIRINICA

Experiments

slightly above phase transition point.

« Focus: We basically focus on 2 flavors quarks in chiral limit! Superconductor

Nuclear /
Matter Neutron Stars
-

We mainly stand the perspective of SU(2); X SU(2)r
B;\r/yon Chemical Potential

flavor symmetry!
Figure 1 QCD phase diagram
Nayak T K. Journal of Physics: Conference Series,
\_ 2020, 1602(1) : 012003.
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¢ Early Universe The PhaseS Of QCD
LHC Experiments °

; RHIC Experiments

[arXiv:2411.08016, M. Hongo, N. Sogabe, M.A. Stephanov,

and H.-U. Yee.]
[arXiv:2005.02885, E. Grossi, A. Soloviev, D. Teaney, F. Yan.]

Temperature

>
670

We both consider flavor currents and order parameter!
[arXiv:2304.06008, A. Donos, P. Kailidis]

Quark-Gluon Plasma

Future FAIR/NICA
Experiments

Nearly critical U(1) superfluid: Relation and difference?

« Facts: In the low-energy regime of QCD in vacuum, hadrons

are basic degree of freedom. Superconductor
- - - uciear /
Methods: EFT construction and holographic calculation. atlr_Nouron Srs _

900 MeV
Baryon Chemical Potential

Figure 1 QCD phase diagram J

Nayak T K. Journal of Physics: Conference Series,
2020, 1602(1) : 012003.
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[arXiv:1805.09331, P. Glorioso, H. Liu]

[arXiv:2007.13753, P. Glorioso, L. V. Delacré&az, X. Chen, R. M. Nandkishore, A. Lucas]

[arXiv:2205.00195, Y. Bu, X. Sun, B. Zhang]

» Degrees of freedom: order parameter O(u,d quarks pairing condensation)

and chiral conserved charge p; and pg
« Schwinger-Keldysh formalism: O— 0,, O, < O,, O,
 Variables Definition:
B,=U(p) (A, +10,)U'(p), C.=U(p)(V,+10,)U"(¢),
S=U(p)OU (9).

Where A, ,and V, are background gauge fields, U(p) =™ @" U(p) =’ @",

« Chemical potentials and conserved charges: B, ~ p,, Co~ pg
- J
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€ Symmetries:
The constraints implied by the unitarity of time evolution

Global SU(2); x SU(2)z gauge symmetry,

Chemical shift symmetry,
o >t +0o2(Z), ¢ = > +0i(Z), others unchanged,

D,,=0,—1ilB,,"], Dr=0,—1ilC,,"], D,=0,—iB,-+i-C,.
Dynamic KMS symmetry, Onsager relation......

€ Building Blocks:
Ba,uy Ca,ua DiBa,ua DiCa,ua Br’uy Crva DiBrfua DicmnavBm')avCri

gy 2ir, f)iza, f)izm F.;=0,B,—0,;B,—1i|B,,B,]

€ Organized by number of fields and derivatives, by order of space and time derivatives
\_ Y
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£diff QUOBaUBaU+ ulBazBaz+lu23av(D 8 Baz) —I_aoBavB —|_a’1-Bcw8 B +a2Ba16 Bm+a’3Bav(D 6 Bm) —|_a’4Baz(D 8 Brv)

+asB,,D;(D,B,,) +asB.D,(D,(D,B,,)) + ugcwcw + u4cmcm +iusC,, (D;0,C.) + a,C,,C., + asC,,d,C,,
+a9C,.0,Ci + a10C,, (D,8,C,;) + a1 C. (DiBUCm,) +a12C,, D;(D,C,,) + a15C.. D, (D;(D,C,.))
Ls=i00DiE, + 0, 5]0,5, +iv(D.2]) (Di%,) + b8, + b Bi S,
+6,5,0,50 +b29,5, + b, (D,2,) (D.2,) + b5 (D:%,) (D2,
Ly=co5, 2B, +do S8, Cop + 0,5, 81 By +di S8, Cry + ¢/ 5,81 B, + di 21,0,y 4+ ,0,8, - S B, + do 10,5, - C,,
+63%, - 0,51 Bpy+ d3 0,50 - 8,C, + ¢30,%, - DL By, + dsT10, 5, - Coy +ics (DS, ) S B, +id, X} (D5, ),
-i¢;3,(D,%,) B,y —1di(D,2,) 'S, Cos + @1 B, Bui(D:B,,) + @, B,,Buid, By + w3C,,Coi (D, Cy) + 0,C,,Coi,C

£4 — Xlzlzrzizr —|_ Xl*zizazizr + C5Erle7’vBav —|_ d52127’0m0av —|_ CGETZZ,BT'I}BT’U + dGEJcrLZrCmCrv
+nga2;r‘BmBm —|— dgzizacmcm —|— XZEIBmErCav —l_ X321Bav2r0m —|_ X4E;[Brv2a0rv + XZEILB’I”UZT‘CT’U
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Definition of currents:
6Seff b — 6Seff

n —
JE= 6A, T 6V,
« Here, A,V are external gauge fields, and O, P are diffusion fields.

« Variation pnggples 50

&;jf =0= 9,J}=0, 6¢ef =0= 0,J:=0,

« Redefinition of order parameter and its covariant derivative:
Er — ir — Z/{}/ETZ/{R, 25227' — ,ZA)zir — 8127' T iAL;Tiir —|_ iErAR;ri

« Stochastic equations

6Seff _ _
53 =0 = 0 ¢

_@ T do ¢ ( d§> S o
903, e (DZ)—I—bl OpLz t pra Dbt g i+ =2 +a7 55
dg X4 ~
;bl* o ++b* 7 pRpR; wgwn PR Y
Oopr= g, V2L =~z 24 VE(S,51) —ics(V2S, - Bl - V5L -5,
_,8’(1,4 2 w3—|—w4 ,6U4d1 2 t 2 . 2\t
Oopr= "5,V pr— =g 7V’ pi+ 27V(22)—1d4(V2 DIEVE D
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 HH’s model F:
oY oF . OF Model Designation System
-, =20 —= —igop—— + 90,
ot oY om
A Kinetic Ising
a_M — )\S”V2 B_F —|—2g01m < ¢* (5F* ) 4+ C’ anisotropic magnets
ot om o Relaxational B Kinetic Ising
d iaxial f
Fli,m] =F,— / d {h,, (x,tym+ Re[h(x,0)*]}, | DR STTomaene
C Anisotropic magnets
d 1. 1 . 1 structural transition
Foz/d 37{57"0"9“2—'_ §|V'¢|2+UO|¢|4 + §Colm2+70m|¢|2}’ Fluid H Gas-liquid
) . . binary fluid
» Rewrite the stochastic equations: Bommieteicrnlanan E Easy-plane magnet, h,=0
magnet
- OF ) ~ OF ~ OF Asymmetric planar F Easy-plane magnet, h, = 0
81,2, - - QFO = —1gor Zr a 1Gor Zr (5— + 6 magnet superfluid helium
Py r g i Isotropic G Heisenberg
SF - S§F antiferromagnet antiferromagnet
Oopr=d§*V?— +2¢o, Im| I — | + & Isotropic J Heisenberg
Pr Fo) E;[ ferromagnet ferromagnet
PR 2 6F ~_l_ 6F . ' . . .
Oopr =dy"V o + 2¢g0rIm| X — T + & Figure 2 Hohenburg's classification of some dynamical models
Pr 02, after treatment with the renormalization group method

[Hohenberg P C, Halperin B I. Reviews of Modern Physics, 1977, 49(3) : 435.]
/
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(. AdS/QCD is an excellent method for studying strong coupling QCD systems in the low energy region h

[arXiv:hep-ph/0501128, J. Erlich, E. Katz, D. T. Son, M. A. Stephanov]
[arXiv:hep-ph/0602229, A. Karch, E. Katz, D. T. Son, M. A. Stephanov]
[arXiv:1810.07019, Jianwei Chen, Song He, Mei Huang, Danning Li]
[arXiv:2210.09088, X. Cao, M. Baggioli, H. Liu, D. Li]
[arXiv:1511.02721, K. Chelabi, Z. Fang, M. Huang, D. Li, Y. Wu]

» Consider a modified AdS/QCD model:

2
SO:/d5:1:\/—gTr{—|DX|2—|— (m@—%>|X|2—|—a|X|4— 4;2 (F§+F§)}
)

» Modify the effective mass, to adjust the system to the critical point:

s
mé — mZ=mi — —5
-
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X is 5d dual field of {qq), A;, Ay are chiral gauge fields. Their boundary behaviors are:

Ay, (r=o0,, %) =B,,+ -, Ag,(r=o00,, %) =C,, + ...,

T ET
ms o LANT

T T

X(r=o0,, %) = TZS + i)f + -, XN (r=o00,, %) =

The partition function in bulk

Zsas= | [DApy] [DAgy] [DX][DX']e 150 [ Arar Apar X X1 418y
The partition function on boundary

Zbdy :/[DBM] [DCM] [DZ] [DZT] 15|, [BM’CM’Z’ZT}_Fidey

The partition function on EFT side

Loy = / [D¢,][D.] [D$,] [DG,] [DS,] (DB, Je! P i o

~
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» Read the effective action on boundary:

Seff: SOlp.o.S [B,ua C,LHE) ET] _|_ dey — Seff I:Br/m CTM7ET;BGM7 Ca,u7 Ea:l

N Im(r)
" o0
™ ® . S p :-r " >
h 001 Re(r)

Figure 3 Left: complex double AdS contour; Right: holographic SK contour
[Glorioso P, Crossley M, Liu H. arXiv preprint arXiv:1812.08785, 2018.]

* Next, solve the EOM of bulk fields X, A;, Ar on holographic SK contour:

2 2
DMD, X + <m3— ‘:;>X+2a(XTX)X:0, (D™D, X) 't + <m§— %)X*Jrza(xxf)xfzo

1 . 1 :
?[_VN (FL) NM‘|‘Z[A£\I,(FL>NM]] —I-JLM:O, _g[_vN(FR)NM+@[Ai]%v7(FR) NM” —|—JRM:O
5
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« The numerical integration method is used for numerical solution for scalar field X

 Eventually, we can obtain the boundary effective action and the coefficients.

Uy =u3 =0, u1=u4=—%, ao=a;,=-2, vo=0.220, v;=0, v,=0.05791,

bo=0b,=0, by=b;=-0.348, b,=b,=-0.121, ¢o=dy,=0, ¢,=0.121, d,=-0.121,

w1 = w3 =1log(2), w,=w,=1log(2),

x1= (-0.00730 — 0.0113i)a,cs =c; =0.0672, cs=cs =0.0336, ds=ds =0.0336,
=-0.1340, x3=-0.1340, x4 =x1+=-0.0672
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* We have constructed a Wilsonian EFT of QCD matter near the chiral phase transition.
« The set of stochastic equations resemble the model F of Hohenberg-Halperin classification
« \We have confirmed the EFT construction by deriving the boundary effective action for a modified

AdS/QCD model, which naturally incorporates spontaneous chiral symmetry breaking.

Several future directions:

» physical consequences of higher-order terms in stochastic equations

> explicit breaking of chiral symmetry

» Color superconductivity (EFT of electromagnetic superconductivity has been constructed.

Based on this, we will extend this method to color superconductivity )
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Thank you for listening

arXiv:2412.08882(PRD)
ZexinYang@stu.hit.edu.cn and yzx1239762127@gmail.com
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