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It is always with the best intentions 
that the worst work is done

O. Wilde
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Can we understand  this process?
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Quantum Chromodynamics

Interaction between quarks Interaction between gluons

u d̄

⇡+

Non-Abelian gauge theory

interactions mediated 
by gauge bosons (gluons)

gluons interact with gluons



Modeling the strong interaction

Any description of QCD should have confinement and asymptotic freedom

Kaczmarek and Zantow
Physical Review D 71(11):114510

n ≃ 40 n0

https://www.researchgate.net/profile/Olaf_Kaczmarek
https://www.researchgate.net/journal/1550-7998_Physical_Review_D
https://www.researchgate.net/journal/1550-7998_Physical_Review_D
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Asymptotic freedom (perturbation theory)

Confinement

Modeling the strong interaction

Any description of QCD should have confinement and asymptotic freedom
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interacting
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Thermodynamics of hadrons

R. Hagedorn (1964/65) “statistical bootstrap”:  Exponential growth of 
states with temperature. 

Roughly: close to Tc, putting energy into the system increases the 
number of particles, not the temperature

 A limiting temperature, Tc, for hadronic matter 
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Quark liberation

"We suggest that the “observed” exponential spectrum is connected 
to the existence of a different phase of the vacuum in which quarks 

are not confined."

N. Cabibbo and G.Parisi PLB 59, Issue 1, 13 October 1975 

In the  limit the exponential
spectrum is typical of 

second order phase transitions  

V → ∞

Close to the phase transition there is a kind of “critical opalescence” of hadrons
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Hydrogen/He
atmosphere

R ~ 10 km

n,p,e, µ

neutron star with
pion condensate

quark⌧hybrid
star

hyperon 
star

g/cm 310 11
g/cm 310 6

g/cm 310 14

Fe

−π

K−

s u
e r c n d c t

gp
o

ni
u

pr o t o
n

s

color−superconducting
strange quark matter
(u,d,s quarks)

CFL−K+
CFL−K0
CFL− 0π

n,p,e, µ
quarks

u,d,s

2SC
CSL
gCFL
LOFF

crust

N+e

H

traditional neutron star

strange star

N+e+n

Σ,
Λ
,Ξ
,∆

n superfluid

nucleon star

CFL

CFL

2SC

The squeezer: Compact Star
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Compressed nuclear matter 

Isotope Z/A ⇢t(g/cm3) µe (MeV)
56Fe 0.464 7.96⇥ 106 0.95
62Ni 0.452 2.71⇥ 108 2.61
64Ni 0.437 1.3⇥ 109 4.31
66Ni 0.424 1.48⇥ 109 4.45
86Kr 0.419 3.12⇥ 109 5.66
84Se 0.405 1.10⇥ 1010 8.49
82Ge 0.390 2.80⇥ 1010 11.4
80Zn 0.375 5.44⇥ 1010 14.1
78Ni 0.359 9.64⇥ 1010 16.8
126Ru 0.350 1.29⇥ 1011 18.3
124Mo 0.339 1.88⇥ 1011 20.6
122Zr 0.328 2.67⇥ 1011 22.9
120Sr 0.317 3.79⇥ 1011 25.4
118Kr 0.305 4.31⇥ 1011 26.2

The weak equilibrium in Neutron Stars has all the time to work. 

Neutron rich 
matter

Haensel and Pichon 
Astron.Astrophys. 283 (1994) 313
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120Sr 0.317 3.79⇥ 1011 25.4
118Kr 0.305 4.31⇥ 1011 26.2

The weak equilibrium in Neutron Stars has all the time to work. 

Neutron rich 
matter

many electrons

neutron drip

Haensel and Pichon 
Astron.Astrophys. 283 (1994) 313
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Quantum simulations: Supersolid inner crust

Ultracold atom systems emulate some properties of Neutron Stars

Neutron Star Atomic Supersolid

Poli, Bland, White, Mark, Ferlaino, Trabucco, Mannarelli 
Phys.Rev.Lett. 131 (2023) 22, 223401 
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Increasing the density: deconfined quark pairs
quark

point-like

baryon

~1 fm

diquark

~10 fm

attractive channel
�p

p
p�

�p�

Attractive interaction (perturbative)

3⇥ 3 = 3̄A + 6S

p, p0 ' pF

Very high density (Compact Star inner core)

Liquid of quarks with
correlated diquarks

} . 1fm
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CFL pairing  

(Alford, Rajagopal, Wilczek hep-ph/9804403)

quarks of all flavors and colors form Cooper pairs

Symmetry breaking { {SU(3)c ⇥ SU(3)L ⇥ SU(3)R ⇥ U(1)B ! SU(3)c+L+R ⇥ Z2

� U(1)Q � U(1)Q̃

Color-flavor locking



R. Anglani, MM et al. “Crystalline color superconductors”
Review of Modern Physics  86, 509 (2014) 

Supersolid quark matter 
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Bulk quark matter in compact stars

sizable strange quark mass 
+

weak equilibrium
+ 

electric neutrality 

mismatched  
Fermi momenta 

u
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Fermi spheres of
u,d, s quarks

No pairing case 

electric neutrality

weak interactions

2

3
Nu � 1

3
Nd �

1

3
Ns �Ne = 0

µu = µd � µe

µd = µs
u+ d $ u+ s
u ! s+ ē+ ⌫e
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Crystalline structures

•  Complicated structures can be obtained 
combining plane waves

•  “no-overlap” condition between ribbons

Rajagopal and Sharma Phys.Rev. D74 (2006) 094019

MM, Rajagopal and Sharma Phys.Rev. D76 (2007) 074026

20 to 1000 times more rigid than the crust of neutron stars
⌫CCSC ⇠ 2.47MeV/fm3

Rigidity
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Meson condensation
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Altering matter composition

Tc

T

µI
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quark-gluon
plasma
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confined
hadrons

pion condensation

color
superconductors

Heavy-Ion  
Collisions
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Pion condensation
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Stabilization 
⇡±

W±

`±

⌫`
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Energy spectrum splitting 
Stark-like effect  
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p
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⇡ + p2
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p
m2

⇡ + p2
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Kogut and Toublan PhysRevD.64.034007 

MM, Particles 2, no.3, 411-443 (2019) 

Dashed: first order
Solid: second order

At asymptotic  matter should be deconfined in a rather unusual way μI and/or μS
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 𝟀PT gives an ANALYTIC expression for the peak position

µpeak
I,LQCD = {1.20, 1.25, 1.275}m⇡ µpeak
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p
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NPLQCD Collaboration  
Phys.Rev.D 108 (2023) 11, 114506 
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different BCs can be easily implemented



Supersolid of pions
We can define a topological charge, , which depends on the boundary conditions.Bm

Bm = 1 Bm = 2

F. Canfora, S. Carignano, M. Lagos, MM, A. Vera   
Phys.Rev.D 103 (2021) 7, 076003 



Supersolid of pions
We can define a topological charge, , which depends on the boundary conditions.Bm

Periodic structure of baryons in a superfluid of charged pions. 

Bm = 1 Bm = 2

F. Canfora, S. Carignano, M. Lagos, MM, A. Vera   
Phys.Rev.D 103 (2021) 7, 076003 
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Second order

Combination of LQCD  by Brandt et al, PRD 97, 054514 (2018) with effective field methods.

T-  phase diagramμI



µI

µB

T

m⇡

h C�5 i 6= 0

h ̄ i 6= 0
h ̄�2�5 i 6= 0

h ̄ i 6= 0

Tc

quark-gluon

plasma

pion condensed

phase

color

superconductor

hadron

gas

Revisiting the QCD phase diagram 

??

??

crossover

M.M. Particles 2 (2019) no.3, 411-443 

Second order



Conclusions

Nucleons can be thought as bubbles of trapped (confined) 
energy   

Extreme conditions help to understand quark matter 

There is a richness of phases 

We expect critical temperatures and chemical potentials for 
confined hadronic matter
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Thanks for your attention!



Back up
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Identify the hadronic phases by quark condensates 

In each phase different quark condensates are realized

Each quark condensate breaks or locks the symmetries of QCD
 in a different way

Hadron gas

h ̄ i

chiral condensate

Color

superconductors


h C�5 i
diquark condensate

Meson superfluid
pion condensate
h ̄�2�5 i

Quark-gluon plasma


no condensate



Effective field theories



Effective field theories

If we do not use QCD we want theories that  preserve (part of) its symmetries
and that are capable of describing the symmetry breaking patterns

Lattice QCD

Discretization on a lattice. 
Does not work at large baryonic densities

Effective field theories

Describe global symmetries of QCD
Lack the gauge field dynamics 
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Qualitative picture
Any effective theory can be characterized by 

1) separation scale
2) particle content
3) matching condition
4) method of regularization/cancelation of divergencies  

QCD is a renormalizable theory: any divergency can be removed.

This results in a theory which has been very successfully compared to experiments.
No UV scale has appeared so far. In other words, if QCD is the low energy EFT 
of a more fundamental one, we still have not found the breaking scale. 

When dealing with EFT of QCD, we always have to keep in mind that there 
exists a breaking scale.  The scale is associated to a change of degrees of freedom
or to an internal inconsistency of the EFT. 
Example: chiral perturbation theory is a low-energy theory with breaking scale 

<latexit sha1_base64="wKYtjCP9gz1NYuy6lMCy7j3BJV8=">AAACEnicbVC7TgJBFJ3FF+ILtTQxE4mJFdklRixJLLSwwEQeCUvI3eECE2YfmblrJBs6P8GvsNXKztj6Axb+iwtSKHiqk3POzb33eJGShmz708osLa+srmXXcxubW9s7+d29ugljLbAmQhXqpgcGlQywRpIUNiON4HsKG97wYuI37lAbGQa3NIqw7UM/kD0pgFKpkz90r9NwFzquGEjuGulzl/CeEodfYn3cyRfsoj0FXyTOjBTYDNVO/svthiL2MSChwJiWY0fUTkCTFArHOTc2GIEYQh9bKQ3AR9NOpn+M+XFsgEIeoeZS8amIvycS8I0Z+V6a9IEGZt6biP95rZh65+1EBlFMGIjJIpIKp4uM0DItCHlXaiSCyeXIZcAFaCBCLTkIkYpx2lgu7cOZ/36R1EtF56xYujktVMqzZrLsgB2xE+awMquwK1ZlNSbYA3tiz+zFerRerTfr/SeasWYz++wPrI9vBjadNQ==</latexit>

⇤� ⇠ 1 GeV

Beyond this point one has to consider the mesonic resonances, baryons and then 
quarks and gluons. Which means changing the degrees of freedom, of interaction etc. This 
is not impossible, it is only extremely hard and does not seem to be simpler than solving 
QCD itself. 
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The QCD phase diagram

Tc

T

µI

m⇡

quark-gluon
plasma

µB

confined
hadrons

pion condensed
phase

color
superconductors

Heavy-Ion  
Collisions

Compact Stars

h ̄ i 6= 0

h ̄ i 6= 0
h ̄�2�5 i 6= 0

h C�5 i 6= 0
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Hard thermal loop (HTL)

Resummed perturbation theory



Pion condensation
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• The             Lorentz invariant chiral 
Lagrangian density for pions
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Pion condensation
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Static Lagrangian

L0(↵, µI , n3) = F 2
0m

2
⇡ cos↵+

F 2
0

2
µ2
I sin

2 ↵(1� n2
3)

<latexit sha1_base64="ovDbrqoiwbbPlJgl+ODZbyiJRBY="></latexit>

⌃̄ = 12 cos↵± in · � sin↵

Variational approach



44

Static Lagrangian

L0(↵, µI , n3) = F 2
0m

2
⇡ cos↵+

F 2
0

2
µ2
I sin

2 ↵(1� n2
3)

cos↵ = 1
cos↵⇡ = m2

⇡/µ
2
I

for µI < m⇡
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L0 independent of n

n3 = 0 residual O(2) symmetry

Maximising the Lagrangian
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Static Lagrangian

L0(↵, µI , n3) = F 2
0m

2
⇡ cos↵+

F 2
0

2
µ2
I sin

2 ↵(1� n2
3)

cos↵ = 1
cos↵⇡ = m2

⇡/µ
2
I

for µI < m⇡

for µI > m⇡

L0 independent of n

n3 = 0 residual O(2) symmetry

Maximising the Lagrangian

The vacuum has been tilt in some direction in isospin space 

We now look for solutions in which the rotation is local

<latexit sha1_base64="ovDbrqoiwbbPlJgl+ODZbyiJRBY="></latexit>
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Variational approach



More about the leading order Lagrangian 

The            Lorentz invariant Lagrangian density for pionsO(p2)

Trick for introducing the isospin. We define the covariant derivative

45

Gasser and  Leutwyler,  
Annals Phys. 158, 142 (1984)

 Formally preserving the Lorentz invariance

Dµ⌃ = @µ⌃� i

2
[vµ,⌃]

Then we take vµ = µI �3 �
µ0

L =
F 2
0

4
Tr(D⌫⌃D

⌫⌃†) +
F 2
0m

2
⇡

2
Tr(⌃)
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hūui = hd̄di / cos↵

hd̄�5u+ h.c.i / sin↵

BEC of pions!

Ground state 
occupation number 

Pressure

Rotated condensates

P =
f2
⇡m

2
⇡

2
�2

✓
1� 1

�2

◆2

nI = f2
⇡m⇡�

✓
1� 1

�4

◆

� =
µI

m⇡
Control parameter



Pion fluctuations
Mass splitting
proportional to the isospin charge

m⇡0 = m⇡

m⇡� = m⇡ + µI

m⇡+ = m⇡ � µI

47

The meson mass  vanishes at the phase transition

m2
⇡+

⇠ @2V

@⇡2
+ V

⇡+

stable vacuum

⇡+

Vunstable vacuum



Leptonic decays

1 2 3 4

Μi

mΠ

2

4

6

8

10

#

#0

#Μ$ ΝΜ!#0Μ
#Μ& ΝΜ!#0Μ
#e$ Νe!#0e
#e& Νe!#0e

⇡̃� ! `±⌫` ⇡̃+ ! `±⌫`Processes                          and 

N ⇡ condensation

` = µ solid line

` = e dashed line

m⇡+ = mµ
m⇡+ = me

48 A. Mammarella and M.M. Phys.Rev. D92 (2015) 8, 085025
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Q Q

Color screening

VACUUM
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548RBC-Bielefeld Collaboration

Pioneering work by Matsui and Satz
Charmonia melting by Debye Screening
Phys.Lett. B178 (1986) 416-422

One can use quarkonia melting as a 
“thermometer” of the QGP temperature

Landau damping is a competitive phenomenon

Anti-screening

Q Q

QGP
Screening

See Thursday talks

M. Laine et al. JHEP 0703, 054 (2007) 

https://arxiv.org/find/hep-lat/1/au:+Collaboration_RBC_Bielefeld/0/1/0/all/0/1


Modeling the strong interaction
Any description of QCD should 
1) reproduce confinement and asymptotic freedom
2) have the right particle content

s u

s

s

u

u d

d

d

colored quarks8 Gluons 

Gluons are responsible for confinement and asymptotic freedom
  

exchange color and glue quarks inside baryons 



UV freedom, IR confinement

↵,� = 1, 2, 3 color indices

flavor indices

 ↵,iquark fields: gluon gauge fields: Aa

a = 1, . . . , 8 adjoint color index

LQCD =  ̄(i�µDµ + µ�0 �M) � 1

4
Fµ⌫
a F a

µ⌫

QCD non-Abelian gauge theory,  non-perturbative at energy scales below 
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i, j = 1, . . . , 6
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m = 0
<latexit sha1_base64="R1yvX2MOFikmv8J6fNRFwpMRNd0=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIjRCgj0VAGiTwk24rOl0045Xy27tZIkRXxFbRQ0SFavoWCf8E2LiBhqtHMrmZ3glgKg7b9aVXW1jc2t6rbtZ3dvf2D+uFR30SJ5tDjkYz0MGAGpFDQQ4EShrEGFgYSBsHsOvcHD6CNiNQdzmPwQzZVYiI4w0xyQw8j6gk1wfmo3rCbdgG6SpySNEiJ7qj+5Y0jnoSgkEtmjOvYMfop0yi4hEXNSwzEjM/YFNyMKhaC8dPi5AU9SwzLomPQVEhaiPB7I2WhMfMwyCZDhvdm2cvF/zw3wcmVnwoVJwiK50EoJBRBhmuRdQF0LDQgsvxyoEJRzjRDBC0o4zwTk6ycWtaHs/z9Kum3ms5ls3V70ei0y2aq5IScknPikDbpkBvSJT3CSUSeyDN5sR6tV+vNev8ZrVjlzjH5A+vjGw1Tlbs=</latexit>

m ! 1

<latexit sha1_base64="udHKL0Ef9A3zRUidyP2cxk24Xkc="></latexit>

L = P exp

"
i

Z �

0
dx4A4

#Polyakov loop

Gauge invariant, but sensitive to the
center symmetry: 

<latexit sha1_base64="EDEPaf0Amt+lHEzpChv0aeC67dk=">AAACF3icbVA9SwNBEN3z2/gVtbRZDIKN4U5EbQRBEAsLBaOBXAxzm0lc3Ns7d+cEOfID/An+Clut7MTW0sL/4l5ModGpHu+9Yea9KFXSku9/eCOjY+MTk1PTpZnZufmF8uLSuU0yI7AmEpWYegQWldRYI0kK66lBiCOFF9H1QaFf3KKxMtFndJdiM4aulh0pgBzVKlfwMt/gYYQE/LB10+N7PFSguwr5MQ9NHzmXX/X7w/+CYAAqbDAnrfJn2E5EFqMmocDaRuCn1MzBkBQKe6Uws5iCuIYuNhzUEKNt5v0wPb6WWaCEp2i4VLxP4s+NHGJr7+LIOWOgKzusFeR/WiOjzm4zlzrNCLUoDpF0MYtDVhjpWkLelgaJoPgcudRcgAEiNJKDEI7MXG0l10cwnP4vON+sBtvVzdOtyv7OoJkptsJW2ToL2A7bZ0fshNWYYPfskT2xZ+/Be/Fevbdv64g32Flmv8Z7/wJ/4Z5t</latexit>

e��Fq = hLiremarkably

These rotations can be locked by the
 condensate⟨ψ̄ ψ⟩

Chiral symmetry amounts to rotate 
independently the left- and right-handed 

quark fields



Symmetries
Three flavor massless quark matter

gauge group global chiral 
symmetry

global baryonic 
number

SU(3)c ⇥ SU(3)L ⇥ SU(3)R| {z }
� [U(1)e.m.]

⇥U(1)B

Quenched QCD (pure Yang-Mills)

<latexit sha1_base64="exVr2K+B4kptEARdR23K8EljQ/I=">AAAB9nicbVC7SgNBFJ2NrxhfUUubwSBYhd0gxkYI2FhGMA9IljA7uUmGzMwuM3fFsOQXbLWyE1t/x8J/cTduoYmnOpxzL/fcE0RSWHTdT6ewtr6xuVXcLu3s7u0flA+P2jaMDYcWD2VougGzIIWGFgqU0I0MMBVI6ATTm8zvPICxItT3OIvAV2ysxUhwhpmkrl06KFfcqrsAXSVeTiokR3NQ/uoPQx4r0Mgls7bnuRH6CTMouIR5qR9biBifsjH0UqqZAusni6xzehZbhiGNwFAh6UKE3xsJU9bOVJBOKoYTu+xl4n9eL8bRlZ8IHcUImmeHUEhYHLLciLQEoENhAJFlyYEKTTkzDBGMoIzzVIzTVkppH97y96ukXat6l9Xa3UWlUc+bKZITckrOiUfqpEFuSZO0CCcT8kSeyYvz6Lw6b877z2jByXeOyR84H9/A9ZId</latexit>

m = 0
<latexit sha1_base64="R1yvX2MOFikmv8J6fNRFwpMRNd0=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIjRCgj0VAGiTwk24rOl0045Xy27tZIkRXxFbRQ0SFavoWCf8E2LiBhqtHMrmZ3glgKg7b9aVXW1jc2t6rbtZ3dvf2D+uFR30SJ5tDjkYz0MGAGpFDQQ4EShrEGFgYSBsHsOvcHD6CNiNQdzmPwQzZVYiI4w0xyQw8j6gk1wfmo3rCbdgG6SpySNEiJ7qj+5Y0jnoSgkEtmjOvYMfop0yi4hEXNSwzEjM/YFNyMKhaC8dPi5AU9SwzLomPQVEhaiPB7I2WhMfMwyCZDhvdm2cvF/zw3wcmVnwoVJwiK50EoJBRBhmuRdQF0LDQgsvxyoEJRzjRDBC0o4zwTk6ycWtaHs/z9Kum3ms5ls3V70ei0y2aq5IScknPikDbpkBvSJT3CSUSeyDN5sR6tV+vNev8ZrVjlzjH5A+vjGw1Tlbs=</latexit>

m ! 1

<latexit sha1_base64="udHKL0Ef9A3zRUidyP2cxk24Xkc="></latexit>

L = P exp

"
i

Z �

0
dx4A4

#Polyakov loop

Gauge invariant, but sensitive to the
center symmetry: 

<latexit sha1_base64="JL1/768bdpHoZBJXHMYVfAHCz8g=">AAACBHicbVC7TsNAEDyHVwgvAyXNiQhBFdkRIjRIkWgoUgSJPKTEss6XTTjl/NDdOlKI0vIVtFDRIVr+g4J/wTYuIGGq0cyuZne8SAqNlvVpFFZW19Y3ipulre2d3T1z/6Ctw1hxaPFQhqrrMQ1SBNBCgRK6kQLmexI63vg69TsTUFqEwR1OI3B8NgrEUHCGieSaZoP2MaSNU3pFH9wxbbhm2apYGegysXNSJjmarvnVH4Q89iFALpnWPduK0JkxhYJLmJf6sYaI8TEbQS+hAfNBO7Ps8jk9iTVL4iNQVEiaifB7Y8Z8rae+l0z6DO/1opeK/3m9GIeXzkwEUYwQ8DQIhYQsSHMlkkqADoQCRJZeDlQElDPFEEEJyjhPxDjpqJT0YS9+v0za1Yp9UanenpfrtbyZIjkix+SM2KRG6uSGNEmLcDIhT+SZvBiPxqvxZrz/jBaMfOeQ/IHx8Q1y5pY3</latexit>

L ! L0 = zkL

<latexit sha1_base64="pSTh4D0FsAbjyqPYEAig/5qJh30=">AAACC3icbVC7TsNAEDyHVwivAAUFzYkIiSrYESI0SJFoqFCQyENKjHW+bMIp54fu1kjByifwFbRQ0SFaPoKCf8E2LiBhqtHMrnZn3FAKjab5aRQWFpeWV4qrpbX1jc2t8vZOWweR4tDigQxU12UapPChhQIldEMFzHMldNzxRep37kFpEfg3OAnB9tjIF0PBGSaSU957cMb0nMJtXKP9UFBBx8dXDp865YpZNTPQeWLlpEJyNJ3yV38Q8MgDH7lkWvcsM0Q7ZgoFlzAt9SMNIeNjNoJeQn3mgbbjLMCUHkaaYUBDUFRImonweyNmntYTz00mPYZ3etZLxf+8XoTDMzsWfhgh+Dw9hEJCdkhzJZJmgA6EAkSWfg5U+JQzxRBBCco4T8QoqaqU9GHNpp8n7VrVOq3Wrk8qjXreTJHskwNyRCxSJw1ySZqkRTiZkifyTF6MR+PVeDPef0YLRr6zS/7A+PgGMkaZaA==</latexit>

zk = e2⇡ik/Ncwith

<latexit sha1_base64="EDEPaf0Amt+lHEzpChv0aeC67dk=">AAACF3icbVA9SwNBEN3z2/gVtbRZDIKN4U5EbQRBEAsLBaOBXAxzm0lc3Ns7d+cEOfID/An+Clut7MTW0sL/4l5ModGpHu+9Yea9KFXSku9/eCOjY+MTk1PTpZnZufmF8uLSuU0yI7AmEpWYegQWldRYI0kK66lBiCOFF9H1QaFf3KKxMtFndJdiM4aulh0pgBzVKlfwMt/gYYQE/LB10+N7PFSguwr5MQ9NHzmXX/X7w/+CYAAqbDAnrfJn2E5EFqMmocDaRuCn1MzBkBQKe6Uws5iCuIYuNhzUEKNt5v0wPb6WWaCEp2i4VLxP4s+NHGJr7+LIOWOgKzusFeR/WiOjzm4zlzrNCLUoDpF0MYtDVhjpWkLelgaJoPgcudRcgAEiNJKDEI7MXG0l10cwnP4vON+sBtvVzdOtyv7OoJkptsJW2ToL2A7bZ0fshNWYYPfskT2xZ+/Be/Fevbdv64g32Flmv8Z7/wJ/4Z5t</latexit>

e��Fq = hLiremarkably

These rotations can be locked by the
 condensate⟨ψ̄ ψ⟩

Chiral symmetry amounts to rotate 
independently the left- and right-handed 

quark fields



Symmetries
Three flavor massless quark matter

gauge group global chiral 
symmetry

global baryonic 
number

SU(3)c ⇥ SU(3)L ⇥ SU(3)R| {z }
� [U(1)e.m.]

⇥U(1)B

Quenched QCD (pure Yang-Mills)

<latexit sha1_base64="exVr2K+B4kptEARdR23K8EljQ/I=">AAAB9nicbVC7SgNBFJ2NrxhfUUubwSBYhd0gxkYI2FhGMA9IljA7uUmGzMwuM3fFsOQXbLWyE1t/x8J/cTduoYmnOpxzL/fcE0RSWHTdT6ewtr6xuVXcLu3s7u0flA+P2jaMDYcWD2VougGzIIWGFgqU0I0MMBVI6ATTm8zvPICxItT3OIvAV2ysxUhwhpmkrl06KFfcqrsAXSVeTiokR3NQ/uoPQx4r0Mgls7bnuRH6CTMouIR5qR9biBifsjH0UqqZAusni6xzehZbhiGNwFAh6UKE3xsJU9bOVJBOKoYTu+xl4n9eL8bRlZ8IHcUImmeHUEhYHLLciLQEoENhAJFlyYEKTTkzDBGMoIzzVIzTVkppH97y96ukXat6l9Xa3UWlUc+bKZITckrOiUfqpEFuSZO0CCcT8kSeyYvz6Lw6b877z2jByXeOyR84H9/A9ZId</latexit>

m = 0
<latexit sha1_base64="R1yvX2MOFikmv8J6fNRFwpMRNd0=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIjRCgj0VAGiTwk24rOl0045Xy27tZIkRXxFbRQ0SFavoWCf8E2LiBhqtHMrmZ3glgKg7b9aVXW1jc2t6rbtZ3dvf2D+uFR30SJ5tDjkYz0MGAGpFDQQ4EShrEGFgYSBsHsOvcHD6CNiNQdzmPwQzZVYiI4w0xyQw8j6gk1wfmo3rCbdgG6SpySNEiJ7qj+5Y0jnoSgkEtmjOvYMfop0yi4hEXNSwzEjM/YFNyMKhaC8dPi5AU9SwzLomPQVEhaiPB7I2WhMfMwyCZDhvdm2cvF/zw3wcmVnwoVJwiK50EoJBRBhmuRdQF0LDQgsvxyoEJRzjRDBC0o4zwTk6ycWtaHs/z9Kum3ms5ls3V70ei0y2aq5IScknPikDbpkBvSJT3CSUSeyDN5sR6tV+vNev8ZrVjlzjH5A+vjGw1Tlbs=</latexit>

m ! 1

<latexit sha1_base64="udHKL0Ef9A3zRUidyP2cxk24Xkc="></latexit>

L = P exp

"
i

Z �

0
dx4A4

#Polyakov loop

Gauge invariant, but sensitive to the
center symmetry: 

<latexit sha1_base64="JL1/768bdpHoZBJXHMYVfAHCz8g=">AAACBHicbVC7TsNAEDyHVwgvAyXNiQhBFdkRIjRIkWgoUgSJPKTEss6XTTjl/NDdOlKI0vIVtFDRIVr+g4J/wTYuIGGq0cyuZne8SAqNlvVpFFZW19Y3ipulre2d3T1z/6Ctw1hxaPFQhqrrMQ1SBNBCgRK6kQLmexI63vg69TsTUFqEwR1OI3B8NgrEUHCGieSaZoP2MaSNU3pFH9wxbbhm2apYGegysXNSJjmarvnVH4Q89iFALpnWPduK0JkxhYJLmJf6sYaI8TEbQS+hAfNBO7Ps8jk9iTVL4iNQVEiaifB7Y8Z8rae+l0z6DO/1opeK/3m9GIeXzkwEUYwQ8DQIhYQsSHMlkkqADoQCRJZeDlQElDPFEEEJyjhPxDjpqJT0YS9+v0za1Yp9UanenpfrtbyZIjkix+SM2KRG6uSGNEmLcDIhT+SZvBiPxqvxZrz/jBaMfOeQ/IHx8Q1y5pY3</latexit>

L ! L0 = zkL

<latexit sha1_base64="pSTh4D0FsAbjyqPYEAig/5qJh30=">AAACC3icbVC7TsNAEDyHVwivAAUFzYkIiSrYESI0SJFoqFCQyENKjHW+bMIp54fu1kjByifwFbRQ0SFaPoKCf8E2LiBhqtHMrnZn3FAKjab5aRQWFpeWV4qrpbX1jc2t8vZOWweR4tDigQxU12UapPChhQIldEMFzHMldNzxRep37kFpEfg3OAnB9tjIF0PBGSaSU957cMb0nMJtXKP9UFBBx8dXDp865YpZNTPQeWLlpEJyNJ3yV38Q8MgDH7lkWvcsM0Q7ZgoFlzAt9SMNIeNjNoJeQn3mgbbjLMCUHkaaYUBDUFRImonweyNmntYTz00mPYZ3etZLxf+8XoTDMzsWfhgh+Dw9hEJCdkhzJZJmgA6EAkSWfg5U+JQzxRBBCco4T8QoqaqU9GHNpp8n7VrVOq3Wrk8qjXreTJHskwNyRCxSJw1ySZqkRTiZkifyTF6MR+PVeDPef0YLRr6zS/7A+PgGMkaZaA==</latexit>

zk = e2⇡ik/Ncwith

<latexit sha1_base64="EDEPaf0Amt+lHEzpChv0aeC67dk=">AAACF3icbVA9SwNBEN3z2/gVtbRZDIKN4U5EbQRBEAsLBaOBXAxzm0lc3Ns7d+cEOfID/An+Clut7MTW0sL/4l5ModGpHu+9Yea9KFXSku9/eCOjY+MTk1PTpZnZufmF8uLSuU0yI7AmEpWYegQWldRYI0kK66lBiCOFF9H1QaFf3KKxMtFndJdiM4aulh0pgBzVKlfwMt/gYYQE/LB10+N7PFSguwr5MQ9NHzmXX/X7w/+CYAAqbDAnrfJn2E5EFqMmocDaRuCn1MzBkBQKe6Uws5iCuIYuNhzUEKNt5v0wPb6WWaCEp2i4VLxP4s+NHGJr7+LIOWOgKzusFeR/WiOjzm4zlzrNCLUoDpF0MYtDVhjpWkLelgaJoPgcudRcgAEiNJKDEI7MXG0l10cwnP4vON+sBtvVzdOtyv7OoJkptsJW2ToL2A7bZ0fshNWYYPfskT2xZ+/Be/Fevbdv64g32Flmv8Z7/wJ/4Z5t</latexit>

e��Fq = hLiremarkably

These rotations can be locked by the
 condensate⟨ψ̄ ψ⟩

Low T: chiral symmetry broken
⟨ψ̄ ψ⟩ ≠ 0

High T: chiral symmetry holds 
⟨ψ̄ ψ⟩ = 0

Chiral symmetry amounts to rotate 
independently the left- and right-handed 

quark fields



Symmetries
Three flavor massless quark matter

gauge group global chiral 
symmetry

global baryonic 
number

SU(3)c ⇥ SU(3)L ⇥ SU(3)R| {z }
� [U(1)e.m.]

⇥U(1)B

Quenched QCD (pure Yang-Mills)

<latexit sha1_base64="exVr2K+B4kptEARdR23K8EljQ/I=">AAAB9nicbVC7SgNBFJ2NrxhfUUubwSBYhd0gxkYI2FhGMA9IljA7uUmGzMwuM3fFsOQXbLWyE1t/x8J/cTduoYmnOpxzL/fcE0RSWHTdT6ewtr6xuVXcLu3s7u0flA+P2jaMDYcWD2VougGzIIWGFgqU0I0MMBVI6ATTm8zvPICxItT3OIvAV2ysxUhwhpmkrl06KFfcqrsAXSVeTiokR3NQ/uoPQx4r0Mgls7bnuRH6CTMouIR5qR9biBifsjH0UqqZAusni6xzehZbhiGNwFAh6UKE3xsJU9bOVJBOKoYTu+xl4n9eL8bRlZ8IHcUImmeHUEhYHLLciLQEoENhAJFlyYEKTTkzDBGMoIzzVIzTVkppH97y96ukXat6l9Xa3UWlUc+bKZITckrOiUfqpEFuSZO0CCcT8kSeyYvz6Lw6b877z2jByXeOyR84H9/A9ZId</latexit>

m = 0
<latexit sha1_base64="R1yvX2MOFikmv8J6fNRFwpMRNd0=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIjRCgj0VAGiTwk24rOl0045Xy27tZIkRXxFbRQ0SFavoWCf8E2LiBhqtHMrmZ3glgKg7b9aVXW1jc2t6rbtZ3dvf2D+uFR30SJ5tDjkYz0MGAGpFDQQ4EShrEGFgYSBsHsOvcHD6CNiNQdzmPwQzZVYiI4w0xyQw8j6gk1wfmo3rCbdgG6SpySNEiJ7qj+5Y0jnoSgkEtmjOvYMfop0yi4hEXNSwzEjM/YFNyMKhaC8dPi5AU9SwzLomPQVEhaiPB7I2WhMfMwyCZDhvdm2cvF/zw3wcmVnwoVJwiK50EoJBRBhmuRdQF0LDQgsvxyoEJRzjRDBC0o4zwTk6ycWtaHs/z9Kum3ms5ls3V70ei0y2aq5IScknPikDbpkBvSJT3CSUSeyDN5sR6tV+vNev8ZrVjlzjH5A+vjGw1Tlbs=</latexit>

m ! 1

<latexit sha1_base64="udHKL0Ef9A3zRUidyP2cxk24Xkc="></latexit>

L = P exp

"
i

Z �

0
dx4A4

#Polyakov loop

Gauge invariant, but sensitive to the
center symmetry: 

<latexit sha1_base64="JL1/768bdpHoZBJXHMYVfAHCz8g=">AAACBHicbVC7TsNAEDyHVwgvAyXNiQhBFdkRIjRIkWgoUgSJPKTEss6XTTjl/NDdOlKI0vIVtFDRIVr+g4J/wTYuIGGq0cyuZne8SAqNlvVpFFZW19Y3ipulre2d3T1z/6Ctw1hxaPFQhqrrMQ1SBNBCgRK6kQLmexI63vg69TsTUFqEwR1OI3B8NgrEUHCGieSaZoP2MaSNU3pFH9wxbbhm2apYGegysXNSJjmarvnVH4Q89iFALpnWPduK0JkxhYJLmJf6sYaI8TEbQS+hAfNBO7Ps8jk9iTVL4iNQVEiaifB7Y8Z8rae+l0z6DO/1opeK/3m9GIeXzkwEUYwQ8DQIhYQsSHMlkkqADoQCRJZeDlQElDPFEEEJyjhPxDjpqJT0YS9+v0za1Yp9UanenpfrtbyZIjkix+SM2KRG6uSGNEmLcDIhT+SZvBiPxqvxZrz/jBaMfOeQ/IHx8Q1y5pY3</latexit>

L ! L0 = zkL

<latexit sha1_base64="pSTh4D0FsAbjyqPYEAig/5qJh30=">AAACC3icbVC7TsNAEDyHVwivAAUFzYkIiSrYESI0SJFoqFCQyENKjHW+bMIp54fu1kjByifwFbRQ0SFaPoKCf8E2LiBhqtHMrnZn3FAKjab5aRQWFpeWV4qrpbX1jc2t8vZOWweR4tDigQxU12UapPChhQIldEMFzHMldNzxRep37kFpEfg3OAnB9tjIF0PBGSaSU957cMb0nMJtXKP9UFBBx8dXDp865YpZNTPQeWLlpEJyNJ3yV38Q8MgDH7lkWvcsM0Q7ZgoFlzAt9SMNIeNjNoJeQn3mgbbjLMCUHkaaYUBDUFRImonweyNmntYTz00mPYZ3etZLxf+8XoTDMzsWfhgh+Dw9hEJCdkhzJZJmgA6EAkSWfg5U+JQzxRBBCco4T8QoqaqU9GHNpp8n7VrVOq3Wrk8qjXreTJHskwNyRCxSJw1ySZqkRTiZkifyTF6MR+PVeDPef0YLRr6zS/7A+PgGMkaZaA==</latexit>

zk = e2⇡ik/Ncwith

<latexit sha1_base64="EDEPaf0Amt+lHEzpChv0aeC67dk=">AAACF3icbVA9SwNBEN3z2/gVtbRZDIKN4U5EbQRBEAsLBaOBXAxzm0lc3Ns7d+cEOfID/An+Clut7MTW0sL/4l5ModGpHu+9Yea9KFXSku9/eCOjY+MTk1PTpZnZufmF8uLSuU0yI7AmEpWYegQWldRYI0kK66lBiCOFF9H1QaFf3KKxMtFndJdiM4aulh0pgBzVKlfwMt/gYYQE/LB10+N7PFSguwr5MQ9NHzmXX/X7w/+CYAAqbDAnrfJn2E5EFqMmocDaRuCn1MzBkBQKe6Uws5iCuIYuNhzUEKNt5v0wPb6WWaCEp2i4VLxP4s+NHGJr7+LIOWOgKzusFeR/WiOjzm4zlzrNCLUoDpF0MYtDVhjpWkLelgaJoPgcudRcgAEiNJKDEI7MXG0l10cwnP4vON+sBtvVzdOtyv7OoJkptsJW2ToL2A7bZ0fshNWYYPfskT2xZ+/Be/Fevbdv64g32Flmv8Z7/wJ/4Z5t</latexit>

e��Fq = hLiremarkably

These rotations can be locked by the
 condensate⟨ψ̄ ψ⟩

Low T: chiral symmetry broken
⟨ψ̄ ψ⟩ ≠ 0

High T: chiral symmetry holds 
⟨ψ̄ ψ⟩ = 0

Chiral symmetry amounts to rotate 
independently the left- and right-handed 

quark fields

Low T: the center symmetry holds 

High T: The center symmetry is broken 

<latexit sha1_base64="aB3JwBt+4sJ6nBim8p6soVTPk2c=">AAACCHicbVC7TgJBFJ31ifjCR2czkZhYkV1ixMaExMbCAhN5JEDI3eGCE2ZnNzN3TZDwA36FrVZ2xta/sPBf3AUKBU91cs69ueceP1LSkut+OUvLK6tr65mN7ObW9s5ubm+/ZsPYCKyKUIWm4YNFJTVWSZLCRmQQAl9h3R9cpX79AY2Vob6jYYTtAPpa9qQASqRO7rClQPcV8hveMlN26XZyebfgTsAXiTcjeTZDpZP7bnVDEQeoSSiwtum5EbVHYEgKheNsK7YYgRhAH5sJ1RCgbY8m6cf8JLZAIY/QcKn4RMTfGyMIrB0GfjIZAN3beS8V//OaMfUu2iOpo5hQi/QQyeS/9JAVRia1IO9Kg0SQJkcuNRdggAiN5CBEIsZJT9mkD2/++0VSKxa880Lx9ixfLs2aybAjdsxOmcdKrMyuWYVVmWCP7Jm9sFfnyXlz3p2P6eiSM9s5YH/gfP4AyMOYsQ==</latexit>
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the confinement of quarks.
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To keep in mind

2) There is no fundamental reason why   and  should be the same. 
However, in QCD there is  only one relevant scale, and it is natural to expect that
these pseudo-critical temperatures are similar

TD Tχ

1) The Polyakov loop is related to quark confinement, not to gluon confinement.

Weird thing: In a theory with no dynamical quarks, the <Polyakov loop> is related to 
the confinement of quarks.

3) Apart from these theory group arguments, it is important to have a 
phenomenological description of confinement (and chiral symmetry breaking) 
 as associated to a change of degrees of freedom.
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Various approaches use results from  LQCD simulation in effective field theories. 

LQCD
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Effective field theory: two perspectives

1) Understanding the (astro)physical phenomena related to high chemical potential 
and temperature

2) Understanding QCD in a region in which the  correct degrees of freedom are 
quarks and gluons

Schematically, two approaches to matter in extreme conditions 

The two perspectives are not mutually exclusive. 

However, for those who are interested in (astro)physical phenomena, it is enough
to have an effective theory which mimics/reproduces the strong interaction in a 
sufficiently  accurate way.

Who is interested to understand QCD wants an effective theory that in a well defined
limit is QCD
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Replacing the light quark with a heavy quark, one has quarkonia generation Thews et al. (2001)  
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A symmetry breaking  path  (two flavor quark matter)

 L ! UL L

 R ! UR R

Spontaneous chiral
symmetry breaking

h ̄ i 6= 0

Pions are the (pseudo) NGBs
invariant under         UL = UR = ei�·✓

SU(2)L ⇥ SU(2)R ⇥ U(1)B| {z }
� [U(1)e.m.]

m⇡ ± µI

Pions have effective  
mass 

L = µI( 
†
L�3 L +  †

R�3 R)

invariant under         ei�3·✓

µI = mu,d = 0

Tc

T

µI

m⇡

µB

SU(2)V ⇥ U(1)B| {z }
� [U(1)e.m.]

reduce T  
below Tc

Increase 
Explicit symmetry 
breaking

U(1)⇥ U(1)B| {z }
� [U(1)e.m.]
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One NGB

Spontaneous 
symmetry breaking
(meson condensation)
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Baryon masses

Protons and neutrons are made 
of quarks u, d and gluons 

A nucleon is not a bound state of 
quarks and gluons

mu ' 2.3 MeV

md ' 4.8 MeV

mg = 0

mp ' mn ' 1 GeV

The sum of the quark masses is about  1% 
of the proton mass. Gluons are massless…
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The interaction model
We have to use a model for QCD at densities reachable in compact stars. 

One possibility is a NJL-like model with the same global symmetries of QCD 

Contact interaction

Free Lagrangian

+

M = diag(m,m,mS)ij
µ ⌘ µij,↵�

coupling constant

Lint = �g  ̄�µ�
A  ̄�µ�A 

L0 =  ̄(i�µ@µ �M + µ�0) 

spin, color, flavor 
structure



detector
Gentle probe

Heavy ion collisions



detector
Gentle probe

Heavy ion collisions



𝛾

detector
Gentle probe

Heavy ion collisions



detector
Gentle probe

Heavy ion collisions



detector
Gentle probe

Heavy ion collisions



detector
Gentle probe

Heavy ion collisions



detector
Gentle probe

Heavy ion collisions



?????

10 g cm-3

Density

H

He

.....

Fe

neutron
drip

nucleons

quarks and gluons

Elements

light nuclei

heavy nuclei

quarks, gluons and 
nuclei 

.....

10 11 g cm-3

......

??
quark
and 

 nuclei soup

quark
soup

nucleon 
soup

10 14 g cm-3

}
}



?????

10 g cm-3

Density

H

He

.....

Fe

neutron
drip

nucleons

quarks and gluons

Elements

light nuclei

heavy nuclei

quarks, gluons and 
nuclei 

.....

10 11 g cm-3

......

??
quark
and 

 nuclei soup

quark
soup

nucleon 
soup

10 14 g cm-3

}
}



 Diquark Condensate
↵,� = 1, 2, 3 color indices

i, j = 1, 2, 3 flavor indices

64

Mixture of 9 different fermions. Six of them are relativistic, three are non relativistic 
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↵,� = 1, 2, 3 color indices

i, j = 1, 2, 3 flavor indices

64

Mixture of 9 different fermions. Six of them are relativistic, three are non relativistic 
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 ↵iQuark fields

General color 
superconducting condensate

It has a color charge It has a flavor charge It has a baryonic charge

The corresponding symmetries are broken, locked or mixed

gap parameters

h ↵iC�5 �ji /
3X

I=1

�I"
↵�I✏ijI

color structure

flavor structure
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Quark-gluon plasma

Q̄

Q

Q

Q̄

Q̄

Q
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Q Q

Heavy quarkonia as probes

VACUUM

It is a bound state
Potential models can be used

V (r) ⇥ ⇥r � �

rAnti-screening

Increasing T and/or  they can dissociate by the combination of different effectsμB

Medium effects

Debye screening Landau damping



Tc

Q̄Q

V (r) ⇥ ⇥r � �

r

r � 0.5 fm
Debye Screening
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Expect similar effect by :  Kakade and Patra, (2015), Carignano and Soto, (2020).μB

baryons
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Analogous to photodissociation of molecules like

O2 + � � 2O
in a heat bath.

Landau damping
In a thermal medium, no strictly stationary bound state exists. 
Medium interactions imply a finite lifetime for all states. 

In a Schroedinger equation this corresponds to an imaginary part of the potential.

M. Laine et al. JHEP 0703, 054 (2007) 
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The FFLO-phase analog
Inhomogeneous superconductor with a spatially modulated condensate

For two flavors in weak coupling

�µ1 ' �0p
2 �µ2 ' 0.75�0
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Important lessons:

1)  Close to Tc   hadronic resonances play a crucial role

2)  There exists a limiting temperature, Tc, for hadronic matter. We cannot 
insist to describe matter ONLY with baryons and mesons above  Tc.

3) The critical temperature  is of order mπ

See  Redlich and Satz,  e-Print: 1501.07523 [hep-ph] 
for more on Hagedorn’s work.
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Improved GL expansion S.Carignano, MM, O.Benhar and F.Anzuini Phys.Rev.D 97 (2018) 3, 036009
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