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Introduction

@ Quantum Chromodynamics (QCD) is the theory of the strong nuclear interactions.

Ny
1 v -
L= ~37 Tr F,, F" + ;wi Dp;
@ Decompose the fermionic kinetic terms into into left-handed and right-handed
parts:

Gr=U(Ny), xU (Ng)g =>SU (Ny);, x SU(Ns)p x U(l)y, xU(1),.
@ The quark condensate — also known as a chiral condensate —is a vacuum
expectation value of the composite operators

(-itbas) = =08 — (b-itrss) > o (L'R)

ij

@ At low temperatures chiral condensate spontaneously breaks chiral symmetry
while at high temperatures the interactions among the quarks and anti-quarks are
weak, no such condensate exists, and chiral symmetry is manifest (Collins, Perry
PRL 75).
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Introduction

@ Investigating the thermal QCD phase transition is an important subject for
understanding the hot environment relevant to the initial stage of heavy-ion
collisions.

@ The order of the chiral phase transition depends on the number of quark flavors
(NNy) and the current quark masses (my).

@ Universality, 3D sigma models: 1st order for Ny > 3 with massless quarks
(Pisarski, Wilczek PRD 84).

@ According to the recent lattice simulation, the
chiral phase transition is estimated to be of the %y
second order with Ny < 6 after extrapolation to
the massless limit (JHEP11(2021)141). /

@ We address the thermal chiral phase transition in such a multi-flavor system,
specifically focusing on the four-quark flavor system, by using the holographic
QCD approach.
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AdS/CFT Correspondence

@ AdS/CFT Correspondence (Adv.Theor.Math.Phys.2,231 (1998))

Type IIB string theory on N = 4 Super Yang-Mills theory
AdSs x S° in low-energy A on AdS boundary in the limit
approximation A=g%N.>>1

@ The parameters on the field theory side, i.e., gv » and N., are mapped to the
parameters gs and I on the string theory side by

gya =2mgs and  2X\ = 25, N. = L*/I,

@ GKP-Witten relation (hep-th/9802109,
hepth/ 9802150):
The partition function of a gauge
theory with scale invariance
(conformal invariance) is equivalent to
the partition function of string theory
on the AdSs spacetime.

what

to compute

v
ZcorT = ZAdSs . o
1908.02667v2 [hep-th]

Hiwa A. Ahmed Gauge Gravity Duality 2024 TSIMF Sanya 5/15



Soft-wall model with multi-quark flavors

@ The temperature is introduced through the geometries with black holes. We take
the solution of the simple AdS-Schwarzschild (AdS-SW) black hole

1
f(2)

L2

ds® = (— f(z)dt* + dz* + da;idx’) ,

flz)y=1- Z—j, with  f(zh) =0
Zp,

@ The temperature of the hot QCD system defined from the Hawking temperature:

df (2)
dz

@ Conformal invariance broken by a background dilaton field in the bulk: ¢(z)

1

T Arw

1
TTZh

z—rzp

- At IR region ¢(z — oo) ~ +2? is necessary to get the linear confinement (arcn et a.
2006)

- At UV ¢(z — 0) =~ —2z? is required to describe the spontaneous symmetry
breaking in the chiral limit (chetabi et al. 2015)

2 2 2 2\ 2 2.2
@(z) = —piz” + (u1 + po)z tanh(uzz")
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Soft-wall model with multi-quark flavors

@ Operators/fields correspondence:

4D :O(z) 5D:é(x,z) p A (Ms)
qrytqr A%u 1 3 0
qrY"t%qr A(}l{u 1 3 0
qnds (2/2)X*? 0 3 -3

@ The 5D action:

_ T 1
SM = —/d5x\/—g€ ® {TI‘ |:<D1MX) (D]\/jX) + @ (L]MNLMN + RMNR]\/[N):|
5

+VI(X)}
@ V(X)) represents the scalar potential which takes the polynomial form of X:
V(X) = Vo(X) + Vaer = M2Tr [XTx] + ATE [|X]*] + yRe [det(X)]
M2 =(A—-p)(A+p—4)=-3(p=0and A =3), X =" Xoe'™, g2 = 1272 /N..,

3 Xu(2) xa(2) xs(2) xc(2)
Xo—dlag(\/57 d\/i, o=, \/5)
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Soft-wall model with multi-quark flavors

@ Since we are concerned with the chiral phase transition, we set the bulk gauge
fields Las and Ry to zero.

5 — zz 1 1
S [Xts Xss Xel = — /d zy/—ge™* {g (X22 +oXE Ex'f)
1 1
+ [—3 (Xl2 + §xf + 5xf) +us (2x + xE X0 + 3'UdetX12XSXc:| }
@ The equations of motion for x ¢ (f =1, s, ¢) read

3 !
Xt + (f; -0+ f7) Xi+ 5 f (3x1 = BvaetXiXsXe — 4vaxi) =0,

|
&
+
—|=

)X' =T (3Xs — BuaetXi Xe — 4vaxs) =0,

! 1
! ) Xe+ = 77 (3Xe — BvactXixs — dvaxe) =0,
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Soft-wall model with multi-quark flavors

@ The UV solutions of x ¢ near the boundary z = 0:

3
X; = a;z — (ﬁ —afvy — ;asacvdet> ayz> log(z) + by 2> +

3
2 2
Xs = asz — (Mlas - a:;’uz; - ;al U/Cvdgt) 23 log(z) + bszs +

3
2 3 2 3 3
Xc = acz — (p,lac—acv4— gal asvd6t>z log(z) + bez” +

ay correspond to the current quark masses:

ar=mil, as=ms(, ac=mc.

bs correspond to the quark condensates:

@ Avoid the singularity at the horizon z = zj:

1t 1 3
ixi+ — <3Xl — 3vqet X[ XsXe — 4“4xl) lz=zp,—e =0,
z
11 1 ; 2 . 3 —
fixs + = (BXS — 3VdetX] Xc — 4U4xs) ‘Z:thﬁ =0,

1
1! 2 3
#'xt+ =5 (3xe = 3vaetxPxs — 4vaxy) lz=z), —c = 0.
. .
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Chiral Phase Transition
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Three-flavor first order phase transition
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Four-flavor Phase Diagram
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Critical Exponents

x(t, my) = mll/s_lfx (t/mll/(sﬂ)) , formg ~ mlcri
6 5
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The value of the critical exponents in the case of m

four quark flavor, mlCri
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cri

1

=0, m§" =93.4 MeV, mc =3 GeVare3 = 0.47and § = 3.3. For the case of

=0, mgri = 93.4 MeV, m. = 1.27 GeV, the critical exponents are evaluated-as 8 =.0.50 and § = 3.0.
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Summary

@ In the massless limit of the two-quark (three-quark) flavor system, the order
phase transition is second (first) order phase transition.

@ Applying our framework to the three-quark flavor system for various values of
quark masses, we have illustrated the chiral phase diagram on the plane of the
light quark mass m,; and the strange quark mass ms, which is a part of the
Columbia plot.

@ Given the phase transition order observed in the massless four-quark flavor
system, we have proposed the new phase diagram with the four-quark flavors,
which is described on the m;—,-m. plane.

@ Our estimated critical temperatures are comparable to those of FRG method in
the massless systems within the systematic uncertainty.

@ Finally, we estimate the critical exponents for two-, three-, and four-quark flavor
system.
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Thanks for your attention!
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