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QCD at finite density

Fukushima, Hatsuda (’11)

Quark-Gluon Plasma

eWhat is the equation of state for QCD at finite density?

eHow does the quark distribution function change
from baryonic matter to quark matter?

e What kind of phase is realized?
An inhomogenous phase?
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Properties of (1+1) dimensions

e Gauge fields are nondynamical

eHilbert space is finite dimensional
in Open Boundary Condition(OBC)



(dimensionless )QCD, Hamiltonian
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As a variational ansatz of wave function

o We employ a matrix product state
W) = ) |ny)- [ myyeM - My
;)
[M"],;: D X D matrix

eOptimize the wave function by
density matrix renormalization group technique

E = min(y | H | y)
W

We employ iTensor



Numerical results




SU(2) QCD with Nf =al




Color SU(2), 1 flavor, vacuum
single baryon state dim% =2’ J=1/20 w=135 volumeV = I5

Baryon number density Quark distribution function

. SU(2): m=1.0
——  0.09exp(—(x —7.56)%/(2-0.89%)) .

Baryon size ~ |



Color SU(2), 1 flavor, vacuum
J=1/8 w=2 V=40 dim¥ = 2°%

Pressure Energy density

SUR2): m=1.0 " 47 o SUR2):m=1.0
Free: m=1.0

Free: m=1.0




Color SU(2), 1 flavor, vacuum
J=1/8 w=2 V=40 dim¥ = 2°%

Chemical potential Sound velocity

SU(2): m=0.5
Free: m=0.5
SU2): m=1.0

Free: m=1.0

SU(2): m=0.5
Free: m=0.5
SU(2): m=1.0
Free:m=1.0




Inhomogeneous phase (density wave)
I -1 w=2 VA dm¥ -

m=1.0

— SU(2):ng=0.10
Free:ng=0.10

— SU(2):ng=0.20
Free:ng =0.20




Wave number dependence
I 18w=2 V=40 dim#¥ — 2"

Wave number dependence




Wave number dependence
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Wave number dependence

Hadronic picture

If hadron interactions are repulsive

1/ng

distance 1/n; = k = 2an,




Wave number dependence
I 18w=2 V=40 dim#¥ — 2"

Wave number dependence

Hadronic picture

If hadron interactions are repulsive

1/ng

distance 1/n; = k = 2an,

Quark picture

If Interactions between quarks
Fermi surface is unstable

—density wave k = 2p. = 2ang



Quark distribution function
J=1/8 w=2 V=60 dim¥ = 2+

oL ow density
No Fermi sea

eHigh density
Fermi-sea
+BCS like pairing
(density wave)

baryon quark transition around rn, ~ (.2



SU(3) QCD with Nf ol




Color SU(3), 1 flavor
J=1/8 w=2 V=12 dim¥ = 2!

Pressure Energy density

SU@3): m=1.0 . e SU@B):m=1.0

Free quark: m=1.0 Free: m=1.0

Free Baryon: mpg =3.58




Color SU(3), 1 flavor, vacuum
J=1/8 w=2 V=12 dim¥ =2

Chemical potential Sound velocit

SU3): m=1.0
Free: m=1.0

SU3): m=1.0
Free: m=1.0




Color SU(3), 1 flavor
J=1/8 w=2 V=12 dim¥ =2*

density wave Wave number dependence Quark distribution

— SU@3):ng=0.17
Free:ng=0.17

— SUQ@):ng=0.33
Free:ng=0.33

Baryon quark transition around n; = 0.3?



Summary

eWe study QCD, at finite density with one flavor
for two and three colors.

e We employ Hamiltonian formalism
and density matrix renormalization group techniques

e We find inhomogeneous phases both
two and three colors.




