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. Introduction

QCD phase diagram:

One of the most interesting and fundamental challenges of high energy physics!
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It involves strongly interacting matter under extreme conditions.
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1. Introduction

QCD phase diagram:

One of the most interesting and fundamental challenges of high energy physics!

It involves strongly interacting matter
under extreme conditions.

Only little is known about the phase
structures in low-T and high-ug regions.
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1. Introduction

QCD phase diagram:

One of the most interesting and fundamental challenges of high energy physics!
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It involves strongly interacting matter
under extreme conditions.
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It has not been possible to obtain QCD phase diagram directly from QCD!

Lattice QCD: the update algorithm solves the path integral of discretized QCD.

It can give reliable information from the first principle at zero density,
but fails at finite density due to the famous sign problem
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It has not been possible to obtain QCD phase diagram directly from QCD!

Lattice QCD: the update algorithm solves the path integral of discretized QCD.

It can give reliable information from the first principle at zero density,
but fails at finite density due to the famous sign problem

Wolfgang Unger
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Challenges of lattice QCD - costs

Today, 1000 configurations on a 64> x 16 lattice cost about 1 million core

hours.
Traditional supercomputer: 1 million core hours = cca 30 k€, 15 tons CO
GPU based supercomputer: 1 million core hours = cca 10 k€, 6 tons CO»

[S. Borsanyi, 2018]



It has not been possible to obtain QCD phase diagram directly from QCD!

Lattice QCD: the update algorithm solves the path integral of discretized QCD.

It can give reliable information from the first principle at zero density,
but fails at finite density due to the famous sign problem
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Searching CEP from EFT

The exact location of CEP is still under dispute, and the lattice-QCD results
disfavors the existence of the QCD Ciritical Point for ug /T < 3, ug < 300MeV.
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Holography as a Theoretical Laboratory

Non gravitational system

at strong coupling . '

Gravitational theory
at weak coupling
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Applied holography:

hole doping

QGP and QCD (drag force, jet quenching, confinement/deconfinement,... ),
Condensed matter (Qquantum criticality, strange metal, superconductivity,...),
Quantum Entanglement, Non-equilibrium dynamics...
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Holography as a Theoretical Laboratory

Non gravitational system
at strong coupling
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Gravitational theory
at weak coupling

Using holography to tackle non-perturbative QCD problems




< Top-Down approach: D-brane construction, from superstring

Witten-Sakair Sugimoto model [hep-th/0412141, hep-th/0507073]
D3-D7 model [hep-th/0306018]

D4-D6 model [hep-th/0311270]

Limited ability to characterize QCD properties as its rigidity

Far from real QCD



< Top-Down approach: D-brane construction, from superstring

Witten-Sakair Sugimoto model [hep-th/0412141, hep-th/0507073]
D3-D7 model [hep-th/0306018]

D4-D6 model [hep-th/0311270]

Limited ability to characterize QCD properties as its rigidity

Far from real QCD

< Bottom-up approach: phenomenology

Effective models (more freedom), no clear string origin

However, low energy QCD properties are easier to incorporate

Remarkably, these models yield consistent results of low energy hadron physics
with experiments.



Holographic QGP

A fully dynamical simulation:

from far-from-equilibrium to viscous
hydrodynamics, to a hadronic gas cascade,
to the final (measured) particle spectra.

good agreement with head-on
collisions performed at the LHC
accelerator.

Wilke van der Schee, 1407.1849
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QCD equation of state at zero u;
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A strong indication that holography can make quantitative predictions
for the properties of QCD in non-perturbative regime.



Two recent reviews: Bottom-up approach

The dynamical holographic QCD method for hadron physics and QCD matter
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2. Holographic QCD Model

. . ] Rong-Gen Cai, Song He, Li Li, Yuan-Xu Wang,
Einstein-Maxwell-Dilaton theory: Phys. Rev. D 106 no.12, L121902 (2022)
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2. Holographic QCD Model

Einstein-Maxwell-Dilaton theory:

1
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2. Holographic QCD Model

Rong-Gen Cai, Song He, Li Li, Yuan-Xu Wang,

Einstein-Maxwell-Dilaton theory: Phys. Rev. D 106 no.12, L121902 (2022)
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Non-perturbative effects are effectively adopted into Z(¢), V(¢)!



2. Holographic QCD Model

1
To fix Z(¢)and V(@) is very challenging!  |° = 3.2 Pav/=g|R - —Vu¢V”¢
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Equation of state in (2 4 1)-flavor QCD
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Black hole thermodynamics

2
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Black hole thermodynamics
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Black hole thermodynamics

Black hole ansatz: ds? =

Temperature and entropy
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Thermodynamics of AdS Black Holes with Scalar Hair
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Thermodynamics of AdS Black Holes with Scalar Hair
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Fix model parameters by thermodynamics

Equations of state at u; = 0:

entropy, trace anomaly, pressure
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Lattice data for (2+1)-flavor QCD
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Fix model parameters by thermodynamics

Transport coefficients at uz; = 0:

specific heat, sound speed, baryon susceptibility
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3. QCD Phase diagram and GWs

Predictions at finite chemical potential

More challenging to fit pg B T
“% 06 us/T=3.5 |.
S. Borsanyi, et al., Phys. Rev. Lett. 126 T
(2021) no.23, 232001 oal A |
extrapolate lattice QCD data to finite g "l
T [MeV]




3. QCD Phase diagram and GWs

Predictions at finite chemical potential

More challenging to fit pg »

S. Borsanyi, et al., Phys. Rev. Lett. 126 |
(2021) no.23, 232001 %
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The chiral condensation:
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Generalized susceptibilities

Xf(Tv “B) — (9(
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closely related to various cumulants of the baryon number distribution measured in
heavy-ion collision experiments
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Compare with STAR data of net-proton distributions T
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QCD phase diagram from our holographic model
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QCD phase diagram from our holographic model - :: Zﬂﬁi
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QCD phase diagram from our holographic model
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QCD phase diagram from our holographic model
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The predicted location of CEP is within the coverage of future (FAIR, JPARC-HI,
and NICA) experimental facilities.



Our location of CEP (T, u.) = (105,555)Mev has been supported by recent

studies.

M. Hippert, et al, Bayesian location of the QCD

critical point from a holographic perspective,
[arXiv:2309.00579 [nucl-th]].
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Our location of CEP (T, u.) = (105,555)Mev has been supported by recent

studies.

M. Hippert, et al, Bayesian location of the QCD

critical point from a holographic perspective,
[arXiv:2309.00579 [nucl-th]].
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hQCD model for 2+1 flavors
with B field

Rong-Gen Cai, Song He, Li Li, Hong-An Zeng, 2406.12772
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Our model algorithm
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Target: To find a Zg-function that matches the

thermodynamic quantities from Lattice QCD
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Rong-Gen Cai, Song He, Li Li, Hong-An Zeng, 2406.12772
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3D Phase diagram Rong-Gen Cai, Song He, Li Li, Hong-An Zeng, 2406.12772

B=0:
T.=105Mev,
U.= 555Mev

u=0:
T.=—89.6Mev,
B, = 1.6Gev*




Rich phase structure

Rong-Gen Cai, Song He, Li Li, Hong-An Zeng, 2406.12772
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Rich phase structure
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Induced gravitational wave

Strong first order phase transition will result 1n the
production of GWs: shell

bubble collision + sound wave + MHD turbulence V=0 V>0 V=0

fluid velocity

quantum
tunnelling
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Induced gravitational wave

bubble
wall
. : : v, C,
Strong first order phase transition will result 1n the >—) |
. sound
production of GWs: shell
bubble collision + sound wave + MHD turbulence V=0 V>0 V=0
fluid velocity

GWSs are dominated by sound waves with the
energy spectrum

100 hig KO 2
2Q) —=85x 1076 —/—
B2 Qew (f) = 8.5 x 10 (g) (Ha)

Y (%) vuwSsw (f) .

a: phase transition strength parameter
v,, . bubble wall terminal velocity

Hﬁ: the inverse time duration of the phase transition

H..: Hubble rate at the nucleation temperature T,
Jn: the number of degrees of freedom

k: the fraction of bulk kinetic energy relative to the
available vacuum energy.

Weir David J. R. Soc. A.376: 20170126(2018)



Induced gravitational wave

Spectral shape and peak frequency
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Induced gravitational wave
Kai Schmitz, JHEP 01 (2021) 097
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The GW energy spectrum is within the projected sensitivity of IPTA and SKA



Standard cosmology: from microwave background radiation (CMB) and big bang

nucleosynthesis (BBN)
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Standard cosmology: from microwave background radiation (CMB) and big bang

nucleosynthesis (BBN)
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Is it possible to have a 1st phase transition without contradiction with present data?
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Is it possible to have a 1st phase transition without contradiction with present data?

Start with n; ~ O(0.1) generated by Affleck-Dine baryogenesis
[hep-ph/0303065]

The upper limit for the Affleck-Dine baryogenesis: ng ~ O(1)
[Linde, PLB, 1985]
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Our model provides a scenario for phase transition GWs within the Standard

Model of particle physics.
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GWs from sound wave _ _
Kai Schmitz, JHEP 01 (2021) 097
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Recently, independent evidence for detecting a GW background around the nano-Hz
band has been reported by different PTA observations.
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The parameter space of the FOPT predicted by our QCD model can be constrained by
NANOGrav data by assuming that it produces the dominant contribution to the signals.



Recently, independent evidence for detecting a GW background around the nano-Hz
band has been reported by different PTA observations.
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bubble collision + sound wave + MHD turbulence



Posteriors of the four independent model parameters inferred from
the NANOGrav 15-year data release

and kg, = 0.627025 at 68% confidence level.

logy(6/H.) = 0401033, vy = 0.761032, kg = 0.1275:35,

K¢ : the efficiency factor of converting the
vacuum energy into the bubble wall motion,

K, .the efficiency factor of converting the
released vacuum energy into the fluid motions

10810(5/H*)
©c o o ©
N [InN (@)) (0.0)

Ll :- l T L} T I T Ll T I

S. He, Li Li, S. Wang and S. J. Wang,
[arXiv:2308.07257 [hep-ph]].

-
=
A ——— - -

1 I T T Ll I

) A A NS L1 L v 0o .
0.2 0.4 0.6 0.8 0.1 0.4 0.7 0.1 0.5 0.9 0.1 0.5 0.9
v log 1o (8/Hx) R Ko




—— vy =0.75, log10(B/Hx) = 0.40, ks = 0.60, Ky = 0.10

vw = 1.00, log10(B/Hx) = 0.18, ks = 0.90, Ky = 0.38
1076 F — vi=0.61,10010(/Hs) = 0.55, ks = 0.41, Ky = 0.00 =

Energy-density spectra with three different sets of values for the four independent
model parameters. Violin data points stand for the NANOGrav 15yr observations.

S. He, Li Li, S. Wang and S. J. Wang, [arXiv:2308.07257 [hep-ph]].
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Is it possible to have a 1st phase transition without contradiction with present data?

Little inflation scenario
at cosmological QCD phase transition

A strong mechanism for baryogenesis + A quasistable QCD-medium state that triggers a

short inflationary period of inflation diluting the baryon asymmetry to the value observed
today.

[Linde, 1985; Kampfer et al., 1986, Borghini et al., 2000]



A little inflation in QCD phase diagram

a few e-folds are enough (standard inflation
needs N ~ 50)
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1. Introduction
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3. Phase diagram and GWs

4. Summary and discussion



4. Summary

>Build a hQCD model to describe real QCD dynamics.

> Find good quantitative agreement with lattice data at zero/non-zero
chemical potential.

> Predict the QCD CEP that agrees qualitatively with effective field results.

> The predicted location of CEP is within the coverage of future
(FAIR, JPARC-HI, and NICA) experimental facilities.

> Compute the stochastic GW spectrum

Holography is a useful approach to study real hot and dense QCD
matter in non-perturbative regime.



4. Discussion

It is desirable to further study the non-perturbative features of QCD

dynamics using this holographic model.
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Columbia plot of QCD at ugz = 0
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To build effective models to capture the main feature of QCD matter;

Non-perturbative effects are effectively adopted into the model parameters.



QCD at zero chemical potential

Einstein-Dilaton theory:

S=— [ dzy=g [R——vmvw V(9)

ZK,N
To match lattice QCD simulation
_ 2 3. o 6
V(@) = —12coshler] + (65 — 5)¢* + ez

Non-perturbative effects are effectively adopted into the model parameters
by matching with up-to-date lattice QCD data.



Pure Gluon at zero chemical potential

Much simpler than (2+1)-flavor QCD!
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There is a first-order confinement/deconfinement PT at Tc=276.5 Mev !

Song He, Li Li, Zhibin Li, Shao-Jiang Wang,
Sci.China Phys.Mech.Astron. 67 (2024) 240411



2-favor QCD at zero chemical potential
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Baryon number density and second-order baryon susceptibility
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2-flavor QCD phase diagram
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2-flavor QCD phase diagram
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2-flavor QCD critical exponents
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a+28+v=2, a+p(1+6 =2
Experiment 3D Ising Mean field | DGR model Ours
o 0.110-0.116 0.110(5) 0 0 0.113
B 0.316-0.327 0.325+0.0015 1/2 0.482 0.322
Y 1.23-1.25 1.2405+0.0015 1 0.942 1.243
4) 4.6-4.9 4.82(4) 3 3.035 4.854
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