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Outline

Topics of this talk:

® What are twin stars and why do we care?
Strong, mass-radius indicators for phase transitions.

® Are twin stars possible?
Yes, but very only in very specific cases.

® Are twin stars possible from a proto-neutron stars perspective?
Still yes, but even more limited.
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Introduction
oe

Motivation

We know:

® | ow density from terrestrial
experiments and theory. 155 0

® Astrophysical constraints “
work at high density.

® A phase transition to QM
will take place at some point.

Quark-Gluon Pla!

Temperature (MeV)

® Where is the phase transition
and how can we tell from mass,
radius and tidal deformability [QCD phase diagram sketch, GSI]

constraints?

~923  Baryon Chemical Potential (MeV)
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Equation of State

Relativistic Mean Field Approach

QFT
(Nucleons interact via
meson exchange) o 0.16 fm 2
l E/A | -16.3MeV b
K 240Mev | 870 &
Lagrangian m*/m | 0.55-0.75
0 ) J 30 - 32MeV 2 A
p=(p) L 40 - 60 MeV o
0=(0)
y Tov - Values fixed at ng. Note:
EoS from energy .| Mass, radius and M* = Moucleon — £
stress tensor " |tidal deformability

We can vary J, L, m*/m.

Compare to chiral EFT

® Setup following: [Hornick et al. 2018, Phys. Rev. C].
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Equation of State

Mass-Radius Constraints

—m"/m = 0.55
2.54 === m’/m = 0.60
—m"/m = 0.65
— m"[m = 0.70
—m"/m =075
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[Christian 2023]
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Equation of State

Mass-Radius Constraints

25
PSR J0952-0607
J0740+6620
® Neutron stars with 2 M, are 20
known.
§°1.s
0
0
©
=
1.0
0.5 == m"/m=0.55
e m"/m = 0.60
—m"/m =065

— m’/m =070
— m’/m =075

8 9 10 n 0 13 14 15
Radius [km]

[Christian 2023] .



Equation of State

Mass-Radius Constraints

® Neutron stars with 2 M, are
known.

® N|CER measured radii between
11 — 16 km.

Jan-Erik Christian

PSR J0952-0607

0740+6620

Mass [Mo ]

770 Riley etal.
[0 Miller et al.

0.5 == m"/m =055
e m"/m = 0.60
—m"/m = 0.65
—m"/m =070
—m"/m =075

8 9 10 11 12

Radius [km]
[Christian 2023]
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Equation of State

Mass-Radius Constraints

® Neutron stars with 2 M, are
known.

® NICER measured radii between
11 — 16 km.

® Potential candidates after
NICER reanalysis
(Vinciguerra et al. 2023).

Jan-Erik Christian

J0740+6620

[ Riley etal
[ Miller et a
0.5 === m"Im=0
= m"/m =0,
=— m'/m=0.
—m’/m =0,
=— m*/m =0,

0.0

PSR J0952-0607

.

.55
.60
.65
.70
.75

8 9
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Equation of State

Mass-Radius Constraints

25

PSR J0952-0607

® Neutron stars with 2 M, are J740+6520

2.0
known.
® N|CER measured radii between _ 08143329
11 — 16 km. s
® Potential candidates after ;ﬁ

NICER reanalysis
(Vinciguerra et al. 2023). ,
e New NICER data similar to SE. E m;reezaii‘ss

= m*m = 0.60
—mim = 0.65

=
o

= m'/m =070
—m'/m =0.75

0.0

8 9 10 11 12 13 14 15
Radius [km]

[Christian 2023]
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Equation of State

Mass-Radius Constraints

25

PSR J0952-0607

® Neutron stars with 2 M, are J740+6520

known. .
® N|CER measured radii between _

11 — 16 km. s
® Potential candidates after ;ﬁ

=
o

NICER reanalysis
(Vinciguerra et al. 2023).
[0 Riley et al.

® New NICER data similar to SE. S Miller et al
0.5 == m'/m =055
e m*/m = 0.60
® Tidal deformability rules out — m'im =065
=— m*/m =070
m*/m > 0.65. —m"jm = 0.75

0.0

8 9 10 11 12 13 14 15
Radius [km]

[Christian 2023]
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Twin Stars
®00000

Constant Speed of Sound Quark Matter

1000

900 Quark Phase

800

Jump in Energy Density Ae

® First order phase transition at
critical pressure pirans.

600

500 Etrans

® Parameterization is well known.
[Alford et. al. 2013, Phys. Rev. D]

400

Energy Density [MeV/fm3]

300
® We use com = 1.

200 Hadronic Phase

Iptrans
o 50 100 150 200 250 300
Pressure [MeV/fm3]

[Christian 2023]

GHM(P)

e(p) = _
( ) GHM(ptrans) + Ae+ CQ/\Z//(p - ptrans)
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Twin Stars
O®0000

Twin Star Solutions

® Phase transition can lead to twin star solutions, where two stars
have the same mass, but different radii.

2 :‘llaxz "7 Stable —— 2[ " stable W/Ihx% 4
0' - - - - .
18l unstable i 18l unstable ,“ i
’ A )
B 16l B 16| A
@ ! o tes
= 4L = 4L i
- —_— = - —_ —_— =
S 12t 3 12t 1
@ o,
~ r ~ I -
@ os @ 08
s U c U b
= 06 = 06 ]
0.4 0.4t 1
02 L L L L L L L 02 L L L L
7 8 9 10 11 12 13 14 15 1 10 100 1000 1000010000
Radius [km] Central Pressure [MeV/fm~]

[Christian, Zacchi and Schaffner-Bielich (2018), Eur. Phys. J. A']
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Twin Stars
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Parameter Effects on MR Relation; Hybrid vs Twin

® Dirans determines the first branch’s maximum and the shape of the
second branch.

22 ©  Puans = 10 MeV/fm?*
®  Puans = 140 MeV/fm*

\

Mass/Solar Mass

il \

9 10 11 12 13 14
Radius [km]

[Christian 2023]
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Twin Stars
00e000

Parameter Effects on MR Relation; Hybrid vs Twin

® Dirans determines the first branch’s maximum and the shape of the
second branch.

® Ac strongly influences the second’s maximum by determining the
position of the second branch.

o A =200 MeV/fm?®

22 ©  Puans = 10 MeV/fm* 22
© Puans = 140 MeV/fm* i o A =400 MeV/fm?
20
18 2.0
Discontinuity

0 16 2 increases
s S1s8
514 5
S S
a &
2 2
8 3
212 216

1.0

08 14

0.6 \

12
9 10 1 12 13 14 9 10 1 12 13 14
Radius [km] Radius [km]

[Christian 2023]
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Twin Stars
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Constraints on Stiff Equation of State

® The GW170817 constraint can be met with a phase transition.

Constraints on m*/m = 0.55,L = 60 MeV, / = 32 MeV case

~Ntrans [No] ~Ntrans [No]
1.0 17 20 22 3.0 1.0 14 17 2.0 2.2 3.0
700 164
=21 Gw170817
=23 10740+6620 radius constraint
=3 Mass Constraint 14
600 g
12 5
500 }
- 10
E 400 2
s s
% wos
= w
— 300
™ <
< 06
200
0.4
100 02 // // /
0 0.0
50 100 150 200 250 0.05 0.10 0.15 0.20 0.25 0.30 035
Prrans [MeV/fm?3] Ptrans /€trans

[Christian, Schaffner-Bielich and Rosswog, Phys. Rev. D, 2023]
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Twin Stars
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Constraints on Stiff Equation of State

® The GW170817 constraint can be met with a phase transition.

Constraints on m*/m = 0.55,L = 60 MeV,/ = 32 MeV case

~Ntrans [No] T Mtrans [zr;o]

=21 Gw170817
=23 10740+6620 radius constraint

=3 Hypothetical small estimate (SE)
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[Christian, Schaffner-Bielich and Rosswog, Phys. Rev. D, 2023]
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Twin Stars
000e00

Constraints on Stiff Equation of State

® The GW170817 constraint can be met with a phase transition.

® A hypothetical well determined "small” star does not constrain a
stiff EoS further.

~Ntrans [No]

30 10 30

22

10
700 1

3 GW170817 —— Seidov limit

223 10740+6620 radius constraint
=1 Twin Star Categories 14
=3 Hypothetical small estimate (SE)
2% AR > 1km and My, > 1.2M
{54 Allowed by astrophysical data
[ Allowed and “detectable”
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[Christian, Schaffner-Bielich and Rosswog, Phys. Rev. D, 2023]
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Twin Stars
000080

Constraints on Softer Equation of State

® |arge parameter space allowed by constraints.

® No significant AR in allowed parameter space.
Constraints on m*/m = 0.65,L = 60 MeV, J = 32 MeV case

~Ntrans [No]
3.0

~Nirans [No]
3.0 35

=21 J0740+6620 radius constraint \ s —— Seidov limit
=3 Twin Star Categories

I3 Hypothetical large estimate (LE)
=53 Hypothetical small estimate (SE)
=1 AR > 1km and My,n>12Mg
550 Allowed by astrophysical data

600

%

£ K V//
3 L 05 (XN

= w o2
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4 06555

i
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b
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[Christian, Schaffner-Bielich and Rosswog, Phys. Rev. D, 2023]
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Twin Stars
00000e

traints on Even Softer Equation of State

® Even soft EoSs do not allow for 'real’ twin stars.

® Recent works find similar results (e.g. Blomqvist et al. 2025).

Constraints on m*/m=0.70, L = 60 MeV, / = 32 MeV case

~Ntrans [No] ~Nrans [No]
30 30 4.0
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RG-NJL model overview

For detailed description see: [Gholami et al. Phys. Rev. D, 2024].

® We can construct a Lagrangian:

1400 =
— " fm = 0.65 HM

— = 0.6, = 1.4, 8= 100 MeV/fm? QM /
1200

L=Ly+Lgg+ Lgg+ Lo

1000

Diquark- and vector-coupling
parameters np and ny are
needed.

p [MeV/fm3]

® Pressure is determined via the
grand potential per volume Q:

s [MeV]
p=(Q2-Q)-B . iy .
Determining transition point
with B as the bag constant.
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Twin Stars with the RG-NJL model

® Twin stars are possible, if one or more constraint is ignored.

® Tidal deformability is the biggest concern.

2000,

1500}
\

<1000

500

I T R o S W S WS ¥ ()
Mass (M)
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RG-NJL
ooe

Constraints on Microphysical Quarkphase

e Stiffer EoSs allow much easier to combine with a quark phase.

® Twin stars and allowed parameter sets are mutually exclusive.

1.8
=<1 m'/m= 0.65

174 = m'/m= 0.70
£— m'/m= 075
3 Twins

1.6 B =0MeV/fm?

' 0.0 0.2 0.4 0?6 ofa 1?0 1?2 1?4
nv
[Christian et al., A&A, 2025]
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Constraints on Microphysical Quarkphase

o Stiffer EoSs allow much easier to combine with a quark phase.
® Twin stars and allowed parameter sets are mutually exclusive.
® |ncreasing B increases all parameter spaces.

1.8 ~7
1.7
N/
1.6
~
1.5 /
\
1.4
Q
<
1.3
1.2
114 =1 m'/m= 0.65
1 m'/m= 0.70
=1 m'/m= 075
1.0 [0 Twins
B =100MeV/fm?
0.9 u f T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

nv
[Christian et al., A&A, 2025]
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e Stiffer EoSs allow much easier to combine with a quark phase.

® Twin stars and allowed parameter sets are mutually exclusive.

® Increasing B increases all parameter spaces.
1.8 7 >

A § -
AN VA [ m'/m= 0.65
1 m'/m= 070

1.7 K
—=Aa m/m= 075
3 Twins
1.6 1 B =200MeV/fm?
159
1.4
Q
<

.9 T T T T ™ ™ ™
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

nv
[Christian et al., A&A, 2025] o
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Proto-Neutron Stars
@0000

Approximating Thermal Evolution

Assumptions:

® Baryonic mass is constant during cooling.

® Proto-neutron star is isentropic.

® Charge fraction is constant. Al
Jannik Milthaler

3.0
25
94 ~ >, 26 25
/é —_ -
] = = 243 g
23 == Z 2.0
< == g
= === 22 8 £
= £ © o
A £ 15 =
© 2 >
£ 208 5
08 S
K 10¢
% 1.8
— 05
—] 1.6
1 12 13 14 15 16 17
radius [km]
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Proto-Neutron Stars
0@000

Unrealized Hybridstars

® Maximum masses are not reachable.
® Hybrid stars can start as purely hadronic proto-neutron stars.

PNS Traces ptrans = 100, Ae = 330

2.2 3.0
3 2.3
25
2.2
3 g
i = 20 &>
3 21°, 5
Qo
Z @ <
A £ 15 =
208
© z >
£ S S
e =]
198 1.0 S
H 1.8 0.5
17 H

10 11 12 13 14 15 16 17 18
radius [km]
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Proto-Neutron Stars
[e]e] le]e}

Twin Stars Come and Go

® The mass range of twin stars is dependent on the cooling stage.

® Note: We are assuming an instant conversion from hadronic to
quark matter.

Prrans = 100 MeV/fm?, Ae = 330 MeV/fm?

2.2
= 1% branch 2.40
== 2" branch 235
214 HE twins _
£ —— PNS traces < 230 B 1 branch
a " 2254 | =3 2" branch
£ 20 © . twins
s £2201| — pnstraces
2 § 215
g0 S
s 5
3 2210
o
18 2.05
2.00

0.0 0.5

1.0 15 2.0 0.0 0.5 1.0 15 2.0 2.5 3.0
entropy [kg/baryon] entropy [ks/baryon]
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Proto-Neutron Stars
[e]e]e] lo}

Behavior Based on Parameter Space

0.15 0.20

Ptrans / €trans
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Proto-Neutron Stars
[e]e]e]e] }

Ruled out Regions

® Based on thermal behavior category Il can be ruled out.

® Category | is still possible in some cases.

So/np = 3.0 kg/baryon

So/np = 1.5 kg/baryon
1.2 1.2
1.0 1.0
“os8 Sos8
4 4
0.6 0.6
= populated 2° branch
B populated, but below 2Mo mmm populated 2" branch
0.4 4 Em possible by 2 branch baryonic twin 0.4 | EEE populated, but below 2Mo
B not populated B not populated
0.30 005 010 015 020 025 030
Prrans / Etrans

0.15 0.20 0.25

0.05 0.10
Prrans / Etrans

19/20

rik Christi Impossible Twin Stars



Introduction Equation of State Twin Sta RG-NJL Proto-Neutron Stars Conclusion

Summary

What we discussed:

® What are twin stars and why do we care?
They are very strong indicators of phase transitions in neutron stars.
® Are twin stars even possible?
Considering mass, radius and tidal deformability: only for very few
EoS with extreme conditions.
® Are twin stars even possible (now with temperature)?
Considering proto-neutron star evolution: Even less EoSs allow twin
stars.

= Twin stars are unlikely, but a quark core is not.
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Conclusion

Lagrangian

® Relativistic mean field Lagrangian (Hornick et al. 2018):

_ /. 1
L= g (ma" — M5+ gr50 ~ BuBYu" — S EFBTT p“) Vs

B
1 1
+3 (8 coto — mio?) — L—lwww’“’ + §m2 ww”
1. 1, 1
ZP S > 2 - §bmn (gaa) (gtr )
. < 2
+ A (g/gpﬂﬁu) (gfzwﬂw“) + o | (gwwuw“)

4l

® At high baryon densities: @ = (w), @ = (¢°) and 5 = (p3) = mean
field theory.
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Conclusion

CSC Phase in Neutron Stars

B =0MeV/fm*
17 1 m'/m= 0.65 2.0
3 m'/m= 070
16 =1 m'm= 075
! W 25Cwith m'/m= 0.65 1.8
& 25Cwith m'/m = 0.70
15
16
1.4
Q Q
< <
13
14
12 B=100MeV/fm?
Ne e ) <1 m'/m= 0.65
. 12 0 m'/m= 070
: 1 m'm= 075
W 25Cwith m'/m = 0.65
10 10 & 25Cwith m'/m= 0.70
® 2SCwithm’/m= 0.75
0.9
0.0 14 0.0 0.2 0.4 0.6 08 1.0 1.2 14

nv
[Christian et al. (2025)]
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Conclusion

Hybrid stars NICER con

35 35
Hybrids  Hybrids
Riley et al. Riley et al.
Miller et al. Miller et al.
®  Prrans = 20 MeV/fm?, Ae = 340; 260; 0 MeV/fm? o Purans = 24 MeV/fm?, Ae = 340; 240; 0 MeV/fm?
309 4 pane = 100 MeV/im?, ae = 340; 260 Mev/fm? 301 4 pans = 140 MeViim?, 8¢ = 340; 240 MeV/im®
 Pure Hadronic Case Pure Hadronic Case
2,54 25

Mass/Solar Mass
N
o
Mass/Solar Mass
~
o

154 15
1.04 1.0
0.5 T T T T T 0.5 T T T T T
9 10 11 12 13 14 9 10 11 12 13 14
Radius [km] Radius [km]

[Christian and Schaffner-Bielich (2021), Phys. Rev. D]
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Conclusion

MR constraints for more RMF models

GW190814 GW190814
25 25
PSR J0952-0607 PSR 09520607
10740+6620 10740+6620
2.0 2.0
O1s °15
N R e
0 "
@ @
o] I}
= =
10 1.0
HESS J1731-347
== Riley etal e
[ Miller et al. HETCEED
05 e 0.5 ] 7 Mieretal
e Im = 0.60 — m"m=0.55,
—m'im =065 — m"/m=0.60,
—m"/m =070 : = m"/m=0.55, L=90 MeV, {= 0.00; 0.02
—m*/m =075 1 — m"/m=0.65, L=90 MeV, {= 0.00
00 L 0.0
9 10 1 12 13 14 15 9 10 11 12 13 14 15
Radius [km] Radius [km]

[Christian 2023]
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Conclusion

Influence of cgp and hadronic EoS on parameter space

HLPS & NL3 + CSS(2=1/3) HLPS & NL3 + CSS(c2=1)

0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Ptrans/€xrans Ptrans/ €trans

Alford et al. 2013, Phys. Rev. D

20/20

Jan-Erik Christian Impossible Twin Stars



Conclusion

Mass-Radius Change for L Variation

3 T
251
2 -
]
s 15| L=50MeV - -
= L=55MeV - - - -
9 L=60 MeV
05
0 L L L L
10 1 12 13 14 15

RIkm]
[Hornick et al. 2018, Phys. Rev. C]
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Conclusion

Relativistic Mean Field Approach

Nucleon interactions are modeled with o, w and p mesons

At high baryon densities: @ = (w), @ = (¢°) and p = (p3) = mean

field theory
® Fix coupling constants from experiments:
Saturation density no 0.16 fm =3
Binding Energy E/A -16.3MeV b
Compressibility K 240MeV | 80 8 P €
Effective mass m*/m | 0.55-0.75
Symmetry energy J 30 - 32 MeV A
Slope parameter L 40 - 60 MeV o o
® In this case J = 32MeV and L = 60 MeV via chiral effective field
theory
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Conclusion

Gravitational Wave Event GW170817

301
= PhenomPNRT
= PhenomDNRT
® In a binary system the 50 — Towm
companion's tidal field induces
a quadrupole moment: 2000
Qij — _)\5’] Z 1500
s o pact
® QObtain dimensionless form: ¥ e o
A
/\ = —
m5

® Upper limit for combined value:

600 800 1200 1400 1600

M

[Abbott et al. 2019, Phys. Rev. X]

1000

A = A(/\l, mq, /\27 m2) S 720
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Conclusion

Closer Look: Tidal Deformability Constraint

3.0 3000
— m*/m = 0.55 Ligo Limit 50
—m*/m = 0.60 Ligo Limit 90
w—m*/m = 0.65 m*/m = 0.55

2.5 ] = m¥m =0.70 2500 m*/m = 0.60

m*/m = 0.75 m*/m = 0.65
m*/m = 0.70
0 m#/m =0.75
w0 2.0 2000
©
=
.
© ~ LY
- 15 1500
o <
Qa 'h.
a iy
3
1. M
s 0 1000
~
-~
0.5
| " g
0.0 °
10 11 12 13 14 15 0 200 400 600 800 1000
Radius [km] A

[Christian and Schaffner-Bielich (2019), ApJL]

® Only EoSs with m*/m > 0.65 are soft enough to fit the data.
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Conclusion

Tidal Deformability of Hybrid Stars
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® Hybrid EoSs are more compatible with GW170817.
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Color Superconducting Phases

® Quark matter can be separated into two phases.

® Medium pu: Two-flavor supercolor conductive phase.

® High pu: color-flavor-locked phase.

25C
Intermediate u < M

1 finite gap parameter
Aud

Color-flavor-locking (CFL)

GsN

( Y

Large > M,
3 finite gap parameters
Aud: Ausa Ads

Conclusion
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Conclusion

Categories of Twin Stars
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stars can be observed.
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