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Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter
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Heavy liquid interior
Mostly neutrons,
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Purpose: Understand phase structure and effective degrees of
freedom at finite temperature and baryon density

Finite-Temperature

Chiral pseudo-critical temperature [~-! 160 MeV

Pure-glue deconfinement 1" 28o5MeV
What is the intermediate state of QCD matter?

M Chiral spin symmetry? ciozman (015)
o stringy fluid.




Large-N picture

't Hooft ('74) Witten (79

Degrees of freedom

quarks gluons mesons glueball Baryons




Our Model

Meson: #
Goldstones+open string

—— Open string
Closed string

Hagedorn temperature Glueballs #
Bl Glueballs E < 2Mgp) #
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gluon contributions are small We ChOOse
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Temperature T [GeV]

Hagedorn deconbned
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Intermediate region
When entropy S N, ' N,

Contribution of interaction of mesons #
to the pressure ! N,

1
g°n=, | W|\|§ | N.
C
The degrees freedom will look like quarks.

Still gluons are decoupled so it’s “confined”
Quark Spaghetti with Glue Balls (SQGB)
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Entropy vs Temperature

There are three regimes

Low-T: Goldstone + open string

Intermediate region T. < T < T,

== Lattice QCD (HotQCD) : Quark+ Glueball + closed string
- ratfios 469 (Wuppertal Sudapesh Quark Spaghetti with Glue Balls (SQGB)

- NG mesons (T, K, n) + Open strings
Quarks + Glueballs + Closed strings

T Quarks + Massive gluons (0.8 GeV)

—aheasasaamnEE High-T: Quark-gluon plasma

Temperature T [GeV]



Chiral symmetry

Chiral condensate
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NG mesons + Open strings
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é-g For the contribution of mass M

8p(M) _ &p(M) !y

&y &M m,

: . Sigma term: !y, = mqﬂ ol
T el e S

We choose = 30 MeV

Chiral symmetry is restored.



Large-N.to N, = 2

Large-N.. limit

MclLerran, Pisarski ('O7)
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Three phases
based on degrees of freedom

Baryon contribution iIs suppressed
exp(YaMg/T) I exp(%aN.,)
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~ 923 MeV

N, = 3 SQGB

T.! 160MeV < T< I,! 285MeV

cf. partial deconfinment Hanada, Holden, Watanabe, 2509.0467 1


https://arxiv.org/abs/2509.04671

Dense QCD matter




Quark hadron continuity

Hatsuda, Tachibana, Yamamoto, Baym (O06)

Hadronic superfluid Color flavor locked phase (CFL phase)

Tamagaki (70), Ho$berg et al (G70) Alford, Rajagopal, Wilczek (099)




ldeal dual Quarkyonlc (IdylllQ) model

Kojo ('21), McLerran, Reddy ('19), Fujimoto, Kojo, McLerran (

fo(@,ng) =, Ta(Ps; nB)O/‘g(QB; Pg)
™

Figure is taken from KQ]O 241 2.20442 i el ek

"saturation” quark

forbidden by 1 forbidden by

confinement saturation

forbidden
N3


https://arxiv.org/abs/2412.20442

Study from (1+1)d

Numerical calculations
can be done by using tensor network technique

(Bosonization tequnique also useful.)
Kojo (O11), Lajer, Konik, Pisarski, Tsvelik (021)

Finite box simulation
talk by Kentaro Nishimura

Infinite Volume calculation
work In progress with Yohel Fujikura


https://doi.org/10.1016/j.nuclphysa.2011.12.002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.054035
https://indico.cern.ch/event/1339154/contributions/6688728/

QCD, Hamiltonian Lattice simulation
with density matrix renormalization technique

Tomoya Hayata, YH, Nishimura (’23)

Two color QCD N; = 1

dim(_ = 2320 dim(_= 2%

o SU2): m=1.0
x Free: m=1.0

Free quark . °




QCD, Hamiltonian Lattice simulation
with density matrix renormalization technique

Tomoya Hayata, YH, Nishimura (’23)

Three color QCD, N; = 1 dim( = 2144

Pressure Quark distribution
SU3): m=1.0 X
Free quark: m=1.0

Free Baryon: mpg =3.58

Free quark -

" Free bary




Inhomogeneous phase in QCD;
corresponding to ‘quarkyonic chiral spirals’ r«r )iesie p-Fssso 1378sTLS
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Infinite volume

Using Variational Uniform Matrix Product State | Fujikura, YH (work in progress)

Zauner-Stauber, Vanderstraeten, Fishman, Verstraete, Haegeman ('18)

No continuous symmetry breaking occurs in (1+1)d

Translation symmetry Is restored”
<z Tomonaga-Luttinger liquid

Hadronic to quark Luttinger liquid cross over

Correlation function of baryons has oscillation”
<zconsistent with Quarkyonic picture kg



https://doi.org/10.1103/PhysRevB.97.045145

Summary

Finite-temperature QCD:
We have proposed

Low-T: Hadron Resonance gas
1. < | < 14 Quark Spaghetti with Glue Balls

High-T: Quark-gluon plasma
Finite-density QCD:

We discussed crossover between Hadronic and quark matter

We examined QCD in (1+1)d using tensor network technique.
<zZHadronic to quark Luttinger liquid cross over



