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SQM in compact stars: one or two families?
One family scenario

• Quarks d.o.f. expected in massive compact stars 

• Hybrid stars: SQM in the core and hadrons in the outer part


• 1st order phase transition, crossover, quarkyonic, …

PSR J0740+6620 (Fonseca et al. 2021)
PSR J0952-0607 (Romani et al. 2022)
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SQM in compact stars: one or two families?

• Based on the strange matter hypothesis  [Witten (1984)] 

 

• Quark stars (QSs) and Neutron stars (NSs) coexists 

• Once reached deconfinement conditions, NS converts to QS

[see e.g. Drago et al. (2016)]
Two families scenario

GW 190814 (Abbott et al. 2020)

PSR J0740+6620 (Fonseca et al. 2021)

PSR J0952-0607 (Romani et al. 2022)
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One family scenario
• Quarks d.o.f. expected in massive compact stars 

• Hybrid stars: SQM in the core and hadrons in the outer part


• 1st order phase transition, crossover, quarkyonic, …

PSR J0740+6620 (Fonseca et al. 2021)
PSR J0952-0607 (Romani et al. 2022)
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Massive stars 

are QSs

NS with

 low radii and masses  

56FeSQM
E /A ≃ 930 MeV

E /A < 930 MeV

p,n
938 MeV

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.30.272
https://link.springer.com/article/10.1140/epja/i2016-16040-3


Nucleation 
first droplet of 
quark matter

droplet expanding 
and/or merging with 

others
Turbulent regime 
rapid combustion 
of the inner part

Hadronic object

Quark matterHadronic matter

[e.g. Pagliara et al. (2013)]

Diffusive regime 
slow conversion of 

the outer part
[e.g. Drago et al. (2015)]

Conversion into a Quark Star

Where can that happen? 
- CCSN (could be the mechanism leading to the explosion)

- evolution of a PNS

- matter accretion from a companion

- BNSM or in the remnant  
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This work

Conversion into a Quark Star
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metastable 

hadronic phase

saddle point:

critical droplet of SQM

stable

SQM phase

energy 

barrierfluctuations W*

3

Nucleation 

H

H

Q*

W = −
4
3

πR3(PQ* − PH) + 4πσR2

bulk energy gain

(negative if H is metastable) 

surface effect

(always positive)  

VQ

E

Q

Q Q

 Γ ∝ e− W
T

    Γ ∝ e− A(W)
ℏ

Thermal nucleation   [Langer (1969)]

Quantum nucleation [Iida (1997)]

energy barrier

1st order phase transition  surface tension


Small droplets are disfavoured

⇒

Distribution probability

of a droplet with 

at given conditions

R ≤ R*

V*VQ = 0
Critical volume

https://www.sciencedirect.com/science/article/abs/pii/0003491669901535
https://doi.org/10.1143/PTP.98.277


Compact 
object

no fluctuations

of the composition

P,T  const.∼

 everywhereY*i = ⟨YH
i ⟩

only configurations 
with the same 


flavor composition 
can be explored

H

Q*

{YQ*
i } = {Y*i }

H

Flavor composition can fluctuate
Which configurations can the system explore?

Nucleation is due to strong interactions 
strong timescale  weak timescale ≪

Conserved flavors 
…locally?
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Compact 
object

no fluctuations

of the composition

thermal fluctuations 

of the composition

P,T  const.∼

locally   Y*i ≠ ⟨YH
i ⟩

 everywhereY*i = ⟨YH
i ⟩

Key idea: 

at  the hadronic composition fluctuates around the average values 


the nucleation is a local process
T ≠ 0 ⟨YH

i ⟩

Nucleation could happen in a subsystem  H* in which  
the local composition  makes nucleation easierY*i ≠ ⟨YH

i ⟩

[Guerrini et al. (2024)]

only configurations 
with the same 


flavor composition 
can be explored

H

Q*

{YQ*
i } = {Y*i }

H

Γ ∝ exp [−
WH→H*

T ] exp [−
WH*→Q*

T ] nucleation probability 

in a subsystem H* 

H*

probability of a subsystem H* 

Flavor composition can fluctuate
Which configurations can the system explore?

Nucleation is due to strong interactions 
strong timescale  weak timescale ≪

Conserved flavors 
…locally?
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Role of color-superconductivity

5

[e.g. Amore at al. (2002) PRD]

to reach  we need 

superconducting quark matter (e.g. CFL) 

∼ (2.2 − 2.5) M⊙

Q bulk

R 


color-superconducting phase 
≳ 1/Δ

Coherence length of diquark pair ∼ 1/Δ ∼ (2 − 3) fm
droplet of Q


R   

unpaired phase

≲ 1/Δ

gaps could vanish in very small 

systems (as critical quark droplet is) [Alford at al. (2008)]

[e.g. Bombaci et al. (2021), Blaschke et al. (2023)] 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.65.074005
https://doi.org/10.1103/RevModPhys.80.1455
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.162702
https://doi.org/10.1103/PhysRevD.107.063034
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Role of color-superconductivity

 : unpaired matter  R < RΔ = 1/Δ(T)

 : CFL matterR > RΔ = 1/Δ(T)

non absolutely stable

absolutely stable
CFL RΔ

un
p+

CF
L

:  
no diquark pairs 
unpaired matter 

R < RΔ

:  
diquark pairs 
CFL matter 

R > RΔ

unpaired 
  R < RΔ

E/Aunp > E/A56Fe

CFL 
  R > RΔ

E/ACFL < E/A56Fe

hadrons

unpaired

[e.g. Amore at al. (2002) PRD]

to reach  we need 

superconducting quark matter (e.g. CFL) 

∼ (2.2 − 2.5) M⊙

Q bulk

R 


color-superconducting phase 
≳ 1/Δ

Coherence length of diquark pair ∼ 1/Δ ∼ (2 − 3) fm
droplet of Q


R   

unpaired phase

≲ 1/Δ
[Alford at al. (2008)]
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gaps could vanish in very small 

systems (as critical quark droplet is) 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.65.074005
https://doi.org/10.1103/RevModPhys.80.1455
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.162702
https://doi.org/10.1103/PhysRevD.107.063034


Evolution of PNSs
Constraints: 
i. EOS for SQM must have a maximum mass configuration 

ii. Some ordinary neutron stars must survive the evolution process (namely, nucleation only at large enough ,T) 

M ≳ (2.2 − 2.6) M⊙
nB

Progenitor star 

collapses

mass accretion 

bounce
t = 0 s

deconfinement 

(nucleation)

Quark star

t  1 s∼

CCSN 

explosion

t  10 s∼

heating

deleptonization

PNS






 

S ∼ 1.5 − 2
YL ∼ 0.25

cooling

deleptonization






 

S ∼ 1 − 1.5
YL ∼ 0.35

PNS

Neutron star






 

T ∼ 0
Yν ∼ 0

t  30 s∼

Only some progenitor 

stars should produce QS 

BH

NS

QScentral   depends

 on the progenitor mass

nB, T
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Nucleation in astrophysical systems 

Albino Perego et al.: Thermodynamics conditions of matter in neutron star mergers 15

Fig. 4. Same as in Fig. 2, but for simulation LS220 M135135V.

Astrophysical simulation

every 

cell

∑ ∑ Vcell Δt Γ(nH
B , Ye, T) ≥ 1

Simulation output: 

 in each space-cell and


in each time-step 

nB, Ye, T

every 

time

Nucleation rate

Δt
Small T and nB

High T and nB

Small critical droplet rate
∼

10
0 

m

Critical  
droplet! 

Figure from Perego et al.  (2019)

https://link.springer.com/article/10.1140/epja/i2019-12810-7
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Nucleation in astrophysical systems 

Albino Perego et al.: Thermodynamics conditions of matter in neutron star mergers 15

Fig. 4. Same as in Fig. 2, but for simulation LS220 M135135V.

Astrophysical simulation

Approximate approach

core 


PNS 


 t0 : S = 1.5, YH
L = 0.35

 tTmax : S = 2.0, YH
L = 0.25

 tT0
: T ≃ 0, YH

ν = 0

Focus on a certain region

In certain snapshots

every 

cell

∑ ∑ Vcell Δt Γ(nH
B , Ye, T) ≥ 1

Simulation output: 

 in each space-cell and


in each time-step 

nB, Ye, T

every 

time

Nucleation rate

Δt
Small T and nB

High T and nB

Small critical droplet rate

Typical time after which a 

critical droplet 


is statistically expected

[Vcore Γ(nH
B , Ye, T)]−1 ≡ τnuc ≤ τdyn

We have some snapshots with fixed YL, S
 fixed as central density of a given nB MPNS

High T and nB

Small T and nB

∼ 100 m

∼
10

0 
m

Critical  
droplet! 

Figure from Perego et al.  (2019)

https://link.springer.com/article/10.1140/epja/i2019-12810-7


Results

There exists a parameter space in which some PNSs will not 
convert into QSs but instead cool down into NS.
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PNS at t0 PNS at tTmax Remnant
Parameters M

PNS [M→] M
PNS
B [M→] n

H

B,c [n0] Y
H

S,c M
PNS [M→] n

H

B,c [n0] Y
H

S,c remnant M [M→] Econv [→1053erg]

B
1/4
unp182-!80-ω30 1.40 1.48 2.85 0.02 1.39 2.87 0.04 NS 1.34 -

B
1/4
unp182-!80-ω30 1.60 1.72 3.53 0.05 1.59 3.70 0.11 QS 1.32 4.98

B
1/4
unp182-!80-ω30 1.80 1.97 5.40 0.31 - - - QS 1.49 7.22

B
1/4
unp185-!80-ω30 1.60 1.72 3.53 0.05 1.59 3.70 0.11 NS 1.53 -

B
1/4
unp185-!80-ω30 1.70 1.84 4.08 0.10 1.69 4.48 0.20 BH - -

B
1/4
unp185-!80-ω30 1.75 1.90 4.52 0.16 1.74 5.31 0.33 QS 1.45 5.32

B
1/4
unp185-!80-ω30 1.80 1.97 5.40 0.31 - - - BH - -

TABLE I. Some possible outcomes of the PNS evolution given the parameters and the initial PNS mass at t0 (Y H

L = 0.35, SH =
1.5). The mass, baryonic mass, central baryon density and central strangeness fraction are shown for the PNS at t0. If the PNS
remains a PNS until tTmax (Y H

L = 0.25, SH = 2.0), its mass, central baryon density and central strangeness fraction in this
stage are shown. Finally the outcome object type, its mass and the conversion liberated by the possible conversion are reported.
In case of conversion the mass of the QS will be computed using the parametrization Q1. The result with the parametrization
Q2 is reported in the text and can be deduce from Fig. 1.
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FIG. 4. Parameter space in terms of B1/4
unp and ω for two gap values, !0 = 80 MeV (blue) and 120 MeV (orange), at which

the nucleation conditions are satisfied in the center of a PNS. Dotted, dashed, and solid curves correspond to the cases where
the nucleation line passes through M

PNS(MNS = 1.0M→), M
PNS(MNS = 1.4M→), and M

PNS(MNS = M
NS
max = 1.62M→),

respectively. The dot-dashed curves mark the case where nucleation occurs in the PNS maximum-mass configuration, M̃ =
M

PNS
max . Panel (a) corresponds to Y

H

L = 0.35, SH = 1.5 (the snapshot t0) (b) corresponds to Y
H

L = 0.25, SH = 2 (the snapshot
tTmax, i.e. maximum central temperature), while panel . Since the tTmax snapshot is the most favorable for nucleation, some

general constraints follow: at fixed ω, if B1/4
unp lies below the dotted line, no NSs with M

NS
> 1.0M→ can survive PNS evolution

(all convert into QSs), while if it lies above the dot-dashed line, no QSs can be generated from hadronic PNSs. See the text
for a complete discussion. The gray (green) dot-dashed curves indicate the stability boundaries for two-flavor (three-flavor)
unpaired quark matter, corresponding to E/AQunp

= E/A56Fe. In both panels we fix Y
H

L = 0.3, as variations in Y
H

L do not
qualitatively a”ect the results.

inside a droplet becomes superconducting only if its size
exceeds the coherence length of diquark pairs. Using this
approach, we asked whether nucleation can occur under
the thermodynamic conditions encountered during PNS
evolution.

Since simulations for our hadronic EOS model
parametrization are not available, we relied on existing
simulations to estimate the PNS thermodynamic con-
ditions at di!erent stages. We focused on the central
region, which attains the highest densities, and on the
snapshot of maximum core temperature, since these rep-

resent the most favorable conditions for nucleation and
thus the most stringent test for NS–QS coexistence.
We first analyzed the impact of color superconductiv-

ity on nucleation, focusing on the energy barrier W→, the
critical radius R→, and the nucleation time ω . The be-
havior of these quantities depends strongly on the rela-
tion between the unpaired critical radius R

unp

→ and the
diquark coherence length R! = 1/”(T ):

• At low densities and temperatures, R
unp

→ > R!.
Since nucleation in the CFL phase is always very
favorable (RCFL

→ small), nucleation occurs as soon

nucleating conditions at YH
L = 0.25

S=2

S=1.5

S=1

Coexistence of QS-NS

Conversion energy 
GRB after CCSN? 

other phenomenology?

1.0 M⊙
1.4 M⊙

MPNS
max

MNS
max

Nucleation conditions reached for  
PNS that would cool into >  NS   1.4 M⊙

Conversion for all the  > nucleating linenH
B



Background 
- Two families of compact objects may exist if the Witten hypothesis is correct (absolute stability of SQM in bulk)

- Nucleation is key for understanding under which conditions ordinary NS can convert into QS 

Method 
- We added the contribution of thermal fluctuations of the composition in computing the nucleation time

- We propose a framework for color-superconductivity in nucleation:  

1. CFL is absolutely stable; unpaired matter is not

2. diquark pairs form only in systems large enough (unpaired in  , CFL in ) 

Goal: testing the possible coexistence of NSs and QSs: Can at least some NSs survive the PNS evolution? 
Results: a parameters space for the two-families scenario exists 

Outlooks 
- Use more sophisticated EOSs for the quark phase and estimate surface tension

- How to include those finite-size effects in simulations? 

- Complete study of related phenomenology  (e.g., deconfinement-driven CCSN with two families scenario? Accretion?)

R < 1/Δ R > 1/Δ

Summary and conclusions Any other questions 

or suggestions? 


mirco.guerrini@unife.it
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Fluctuations and nucleation

E

Y*S

3D representation of a N-D 

plot of the energy of the system 

as a function of all the variables  

H

Local minimum:

The entire system is in the H phase ( ) 

with  the composition locally equal everywhere
VQ = 0

VQ

Q
Q*

Q

VQ

Y*S

VQ

Q*

E

the system explores

configurations with 

the same flavors 


Global minimum of the

 accessible configurations

old approach:

composition locally

equal everywhere


Opti
mize

d fl
uc

tua
tio

n  

fro
m th

e s
ad

dle 
point

 ∝ e− W
T

Configurations with high W are negligible    
min

nQ*
B ,{Y*i },TQ*

[W(R, nQ*
B , {Y*i }, TQ*, nH

B , {YH
i }, T)]

H

W*

→ W(R, nH
B , {Yi}, T)

max
R [W (R, nH

B , {YH
i }, T)] = W(R*, nH

B , {YH
i }, T) ≡ W*

old approach:

composition locally

equal everywhere


Opti
mize

d fl
uc

tua
tio

n  

fro
m th

e s
ad

dle 
point



QCD phase diagram

Hadrons

Quark-Gluon Plasma

CFL
other 

quark phases 
?



MeV

∼ 150

µ

T Heavy-ion collisions
Lattice QCD

Perturbative QCDNuclei

the high-density regime is poorly known 


quarks d.o.f. expected at few 


extreme densities are reached in astrophysical 
phenomena related to compact objects


nB ∼ n0

Astrophysical  
systems

Deconfinement in astrophysical systems

• Quarks d.o.f. expected at nB ⇠ few n0

• Extreme densities reached in high density
astrophysical systems

• Deconfinement could play a key role in
astrophysical phenomena
(e.g. BSGs CCSNe, see Fischer et al. 2018)

nB/n0 T [MeV] Ye

Isolated NS 10�8 � 8 ⇠ 0 0.01-0.3
Core Collapse Supernovae (CCSN) 10�8 � 8 0� 50 0.25-0.55

Proto NS (PNS) 10�8 � 8 0� 50 0.01-0.3
Binary NS Mergers (BNSM) 10�8 � 8 0� 100 0.01-0.6

2 / 12

Astrophysical systems
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Gibbs

PNS S=2

qt ββ
th ββ
qt β*
th β*

0 500 1000 1500 2000
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T
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Gibbs

Cold NS

PNS S=2 qt ββ
th ββ
qt β*
th β*
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T
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]

σ = 30 MeV fm-2

[Guerrini et al. (2024)]

Quantum 

nucleation

Thermal 

nucleation

PNS after deleptonization

P and T at which the typical nucleation time is ∼ 1 s

F

NF : 

nucleation at lower P than no fluc. (NF) case  

most massive PSNs could nucleate


T ≳ 10 MeV

Effect of thermal fluctuation (F) 
in the hadronic composition

:

nucleation at lower P than NF case  

PSNs can not nucleate

1 keV ≲ T ≲ 10 MeV

:

negligible contribution

T ≲ 1 keV

Results: two flavors case

Take home message:  
composition fluctuations lead to a much faster nucleation (i.e. deconfinement can start at lower P) 


in compact objects at intermediate and high temperature 

https://iopscience.iop.org/article/10.3847/1538-4357/ad67cc


One family scenario (hybrid stars) Two families scenario (neutron and quark stars)

Nucleation in compact stars

leads to a delay in the phase transition

with respect to the bulk mixed phase onset

is the only mechanism that prevents the 

decay of ordinary matter into SQM 
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overpressure 

quark phase is always more stable 

than hadronic phase in bulk

hadron phase metastable

quark phase  
more stable


in bulk

hadron phase 

more stable


in bulk

delay due to 

finite size effects delay due to 


finite size effects
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HβHβ

H* Q*

Hβ
NucleationComposition 

fluctuation

Q*

Hβ

Qβ

Conversion   
weak interaction

yH*
i = yHβ

i + Δyi yQ*
i = yH*

i

Compact 
object

P,T  const.∼

Nucleation: calculations setup

H* is an out-of-equilibrium hadronic phase in which  
the local composition is different wrt the average value


 yH*
f = yH

f + Δyf

Q* is an out-of-equilibrium quark phase with 

the same flavor composition as H*

Hβ

Q*

Hβ
Nucleation

Q*

Hβ

Qβ

Conversion   
weak interaction

yQ*
i = yHβ

i

Q* is an out-of-equilibrium quark phase where






yQ*
u = 2yH

p + yH
n + yH

Λ + . . .
yQ*

d = yH
p + 2yH

n + yH
Λ + . . .

yQ*
s = yH

Λ + . . .

The weak interaction modifies the quark composition 

minimizing the free energy into the β-equilibrium

fluctuations

no fluctuations



Backup: nucleation



Backup: CFL+unp

Schmitt (2010) Lec. Not. Phys



Backup: three flavors EOSs

Fischer et al. (2011) ApJ

Schmitt (2010) Lec. Not. Phys



Backup: more on three flavors
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Backup: more on two flavors



Backup: more on two flavors results
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SQM in compact stars: one or two families?
One family scenario

• deconfined quarks d.o.f. expected in massive compact stars 

• hybrid stars: SQM in the core and hadrons in the outer part


• 1st order phase transition, crossover, quarkyonic, …

[Constantinou et al. 2024]  

(soon at finite temperature)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.074013


56Fe

E/A ≃ 930 MeV

Nucleons

Λ

E/A ≃ 938 MeV

E/A ≃ 1115 MeV

E/A < 930 MeV

Bulk SQM

E/A

YS


