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An ultimate purpose of QCD studies

To obtain the QCD phase diagram

Jo challenge It

Focus on neutron stars



- K. Fukushima and T. Hatsuda,
QCD phase diagram Rep. Prog. Phys. 74 014001 (2011)
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- K. Fukushi d T. Hatsuda,
QCD phase diagram Rep. Prog. Phys, 74 014001 (2011)
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Neutron Star for QCD

Effective model

gEi\c/)eSs l T gives

constraints

g 2.0
O1. Equation i 5 3
observations @ g
of state B
] —_—
02. TOV equation Caleulations o5}
03. Energy conservation -

M-R plot

P. Demorest, et al.,, Nature 467, 1081 (2010)
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Which model is better?

Holographic QCD
@ Finite density

@ Strong coupling
@8 Chiral transition



HOlcgraphiC QCD Note: Large N. limit, 1 = g°N. is fixed




Previous study

Hard-wall model

Lorenzo Bartolini, et al., Phys. Rev. D
105, 126014 (2022)

Massless quarks

v

Introducing
the qguark mass

An advantage of bottom-up models,
It 1s hard for the D4-D8 model
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Hard-wall model J. Erlich, et al., PRL 95, 261602 (2005)

L2
Cut-off AdS 42 = = (y,dvidr* — d2?). 0<z <3

(Confined phase) z°

Cut-off

@N (Hard-wall)
\
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Procedure J. Erlich, et al., PRL 95, 261602 (2005)

L2
Cut-off AdS 40 = = (ydxtar — d2?). 0<z<z

(Confined phase) -




O1. Action of matters

U(2) Flavor gauge fields

5y =

SCS —

(Left&Right)

Chern-Simons term

N,

1672

S_\S + Sce + 5
— Vg CS @
/

N, | l .
4 = MN T MN
1:Lﬂézu[6i.x1tz [__rrr(lﬂwmvlJ ) 4_'a?ldwﬁvl; 4_{13‘69’1;}]

| A Ly &
‘[(14)adk:€h4AhDQH? [ﬁa?lqur(iirr[lawquZZR] 4"E;ILAHDI;QHQ:) — {1? f—),ll}] ’

N.
Se = lzﬂz[d4xdz,/7 {Tr (D, @)DV D] +3Tr[c1>‘fc1>]}

Bi-fundamental
Scalar fields

Ly, R, :SUR2) gauge field
L., R,,:U(1) gauge field

® :scalar field
M,N,--- =0,1,2,3,7

Ly = 0yLy — OnLayys — ilLy, Ly,
Lijy = OyLiy = OyLiy + Ly L,
Dy ® = 0,,® — 1L, D+ PR,
Ly = L;fa + LMI2
2 2

(z¢ :Pauli matrix, a = 1,2,3),
N.=3,L=1.

Z, =R, =0 (gauge hixing)
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Ansatz

HOMOgeneous Ansatz

"Mean-tield approximation”

I Current quark mass
®= a)o(z)E "7 Chiral condensate
NN Baryon chemical potential
o=~ Ho = aO(Z)E 7 Baryon number density
P = — B = — Hz)— - Axial vector potential

i i o Axial vector meson condensate
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ACtiOn Wlth Ansa'l:Z Bi-fundamental

Scalar fields
U(2) Flavor gauge fields

(Left&Right) .
S=38,+ 8¢+ 35
g CS 0
/

Chern-Simons term

N,
Sg = 1272 Jd4xdz — {3H4(Z) +3[0,H(2) 1° — [ 0,4(2) ]2}
3N,
Scq = = Jd4xdz 4y(z) H*(2) 0,H(2),

¢ o Ne [ V30 o Lo 5 31,
O — 1272 A ZZ_3 5 (Z)O)o(Z)'FE[ za)O] —5?0)0(2)
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More two terms

Potential on the hard-wall —\ e Counterterm

S:Sg_I_SCS_I_S(I)_I_SIR_I_SC

N | 31
S = —[ d*x —= (—a)g(e) + L €cog(e) H*(e) + 3 1og €H4(€))
=€
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Our proposal

finite Density

wgonic IR b.c

finite | €MPEerature

Hard-wall




02. IR b.c.

Mesonic IR b.c. (z = zr) Baryonic IR b.c. (z = z)

Pq()t6¥ JR — 1

Dirichlet

2 A
3kH *wy + miwy + —ay |,
N, 4

éiO(:ﬁI{) ==.f1 - 41,
-li(;ﬁ}{) ::.l;.
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03. UV b.c.

Values of bulk fields External fields
on the UV boundary in dual QFT
UV b.c. (z =0)
0,w(0) =m=3MeV <«  Current quark mass
ay(0) = u < Baryon chemical potential

HO)=¢ =8B <—  Axial vector potential
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Gauge independent external fields

The physical chemical potential

MpB

H

Gauge independence gives

<]

R
//tB°</"—A=J' dz Iy,

0
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Gauge independent external fields

/\
¢ The physical axial vector potential
¢ \ \AB Hedgehog structure gives

<IR
PT « (¢—B)T' = [ dz I,
0

To exclude the axial external field

1 =B
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_ S. S. Gubser, et al., Phys. Lett. B 428 (1998) 105-114
GKP W methOd . Witten, Adv. Theor. Math. Phys. 2 (1998)

Gradients of bulk fields Expectation values
nhear the UV boundary of observables
ay, My, Wy

Gubser-Klebanov-Polyakov-Witten method

. C C 2 .
o= oWt oo «<—  Chiral condensate
2 =
dp= =75 <—  Baryon number density

2 .
7 ﬂhz MRAL y (’”’”‘_ N ¢z) - 3Ncﬂ¢2 <> Axial vector meson
s~ 2z \ 4 3 condensate
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Parameters

| attice result

of chiral condensate
v H. Fukaya, et al., PRL 98, 172001 (2007)

AdS radius v
& Chiral condensate
place of the hard-wall IN the mesonic phage

L' =z =323 MeV £y = (251 MeV)’

@ Meson mass spectrum

@ Critical chemical potential

v
Parameter k, In S & IR b.C. H(zg) = B

(k,, B) = (15, 0.4/L)
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Results




Grand potential density Q/V
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Baryon number denstly #,

Viesonic Baryonic
(—)l(—)
.-y i i |
Critical baryon density |
| |
n.~ 3.5n, < 10; :
(g =0.17 fm™) >
5_— |
Increasing linearly 0()—;234
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Chiral condensate ¢

Baryonic
oozoEQ
_Chlral symmetry o) 0
IS almost restored — 0.018" O
% 0.017 H =
_ _ 0.016 ¢ o
Decreasing function 0015, S
0014- -
23 4 5
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Axial vector condensate J

AXxial vector mesons -0.0030Q 5
condense Y oo
O | N -
2 ~0.0040 1 - o
~ | 0 O
It has a lower bound 00045 ° 6000

at pp~ 6 GeV uy [GeV]

27/ 31



Equation of state

Baryonic
Almost linear 5 O
cn O

with gradient ~ 1 q\é ° S

i ®

v ?’5 4: o

Speed of sound =0 L

ﬁ - O

orO —

o dp(¢) ~ 1 2 4 6 8
ae e [GeV/fm?]




Speed of sound

Speed of sound

7 dp(¢)
C; = ~
de
It has a peak

.
c;/c
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Mass-Radius plot

Maximal mass ~ 2.2 M

0.5

Acceptable result O' |

2.0¢

Maximal radius ~9km 15

0

Pressure & density
at the center of NS

>




Summary

elVigelols{sMN - Studying the QCD EoS from holographic QCD

Method . Hard-wall model + Switching IR b.c.

- Baryonic matter appears with first transition
» Acceptable M-R curve iIs obtained

Result

Outlook . Introducing strange quark

Fin.



