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Focus of the talk

GR, Guerra, Ruiz & Font (2024)

GR, Rios, Cerda-Duran, Ruiz & Font (2026) Iz,
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BINARY NEUTRON STARS (BNS) MERGER
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Fourier Transform of Gravitational Wave
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BINARY NEUTRON STARS (BNS) MERGER

Rext - haz[km]

Post-Merger

Fourier Transform of Gravitational Wave
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BINARY NEUTRON STARS (BNS) MERGER

Tidal deformability Post-Merger
A

\ Gravitational Wave

Fourier Transform of Gravitational Wave
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Quasi-Universal Relation

A = Tidal deformability

(Measured pre-merger) 3.2
E 3.0
fpear =Characteristic Frequency -
post-merger kg
2.6 1
We can find a relation that is 2.41
EoS-independent (almost) -
Useful to constrain the EoS 2.0

All different EoSs

250

500 750 1000 1250 1500 1750 2000
N1.am,

G. Rivieccio et al. (2024) Phys. Rev. D 109, 064032



Quasi-Universal Relation including Phase Transition

3.754 —
An =0.121 >

_T_di An = 0.094

First order Phase transition softens

the EoS during the merger
Te4—— An=10.030

3.00
Shift in fpp,,,, is informative of a
possible phase transition 2.757
200 400 600 300

Ayss

Bauswein et al. 2019
Blacker et al. 2023,2025



Sound speed is non-monotonic

1.0 HS(TMA)
0.8F HS(TM1)
c2 = —| is non-monotonic 2 06 HSINL3)
delg 3
(@]
AN (5. Y,) = (05,0.3)
Because of the drop ' oi1 1j0 )
of the sound speed: n [fm™]

Aloy et al. (2019)
Phase Transition are in general

Nonconvex
R Menikoff and B. Plohr Rev. Mod. Phys. 61,75



Quasi-Universal Relation

A = Tidal deformability

(Measured pre-merger)

fpear =Characteristic Frequency
post-merger

EoS-independent (almost)

fpeak[kHZ]

2.4 1

2.2 1

All different EoSs

2.0

How does nonconvexity affect this relation?
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G. Rivieccio et al. (2024) Phys. Rev. D 109, 064032



Wave structure - Fundamental Derivative
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Fundamental Derivative

Menikoff and Plohr (1986), Ibafiez et al. (2013)




Wave structure - Fundamental Derivative
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G__‘V 9P
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Depends only on Eog

Fundamental Derivative

Menikoff and Plohr (1986), Ibafiez et al. (2013)

G >0 convex —

Colliding Slabs

Standard wave propagation




Density, p

Wave structure - Fundamental Derivative

62
V2

G__‘V 9P

6V

Depends only on Eog

2 Fundamental Derivative

Menikoff and Plohr (1986), Ibafiez et al. (2013)

Colliding Slabs

G >0 convex —

Standard wave propagation

G < 0 nonconvex!

. Composite waves
Rarefaction waves :
Rarefaction wave attached to a

(Lower density but entropy increase) shock front

Density, p

Split waves
(e.g. Phase Transition)




ASSUMING A T'-LAW EOS
P=T-1)pe

Adiabatic index '(p)

1.9
1.8 1
1.7
Q
L 1.6
1.5 EoS-A (nonconvex)
-—-— E0S5-B (mildly nonconvex) '\
------ EoS-C (convex control)
1.4
Ideal y=4/3
O.I(] (}15 1|0 1.|5 2.|0 2.|5 3.‘0

| Density, p

ldeal gas: I' = const

(p—p1)*
GGL: T =Ty + (I — Tp)e zo?
(Gaussian Gamma Law)

Fundamental derivative, ¢

T T T T T T T
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2D EXAMPLE : KEVIN-HELMHOLTZ INSTABILITY

Ideal gas EoS-C (convex twin of A) GGL E0S-A (non-convex)

o o o
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density-variance growth

{ == GGL E0S-A (non-convex)
=+ E0S-C (convex twin)
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GR et al. (2026) in prep.
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2D EXAMPLE : KEVIN-HELMHOLTZ INSTABILITY

Ideal gas EoS-C (convex twin of A) GGL EoS-A (non-convex)

y (azimuthal / flow)
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GR et al. (2026) in prep.



WHAT ABOUT BNS SIMULATIONS?

Take initial Configurations at 1.4 M,

3.5

3.0 1

== \VFF1 == APR3 = [S220 === HShen
== WFF2 == ENG == ALF2 == GNH3
=== APR4 === MPA1l == DD2 == MS1
== Sly4
\ PSR J0740+6620
= = —_—
W s =
ﬁ-l.
GWI1/Usl/ g
'_\-- - <
'*.r:_
6 8 10 12 14 16
Rcirc [km] GR et al. (2024)
LORENE

https://gitlab.in2p3.fr /lorene /Lorene

Run GRHD simulations:

Einstein Toolkit + lllinoisGRMHD

www.einsteintoolkit.org

Piecewise Politrope + I'-law
P=kp"+ (T, — Den

I, =18 and T, =GGL



RESULTS: NONCONVEX CORE AND NO SPIRAL ARM

- —10

- —20

=30

GR et al. (2024)



RESULTS: FREQUENCY PEAK SHIFT WITH STRONGER NONCONVEXITY

-20 ms up to 5 ms
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QUASI-UNIVERSAL RELATION

Shifted Quasi-Universal relation!

Stronger outliers for more
nonconvexity

4.00

e Constant-I EoS
3.75 1 e GGLEoST;=3.0
e GGLEoST; =35

3.50 1

3.251

3.00

fpeak[kHZ]

2.50 1

2.25 1

2.00 1

250 500 750 1000 1250 1500 1750 2000
N1.am,
G. Rivieccio et al. (2024) Phys. Rev. D 109, 064032



QUASI-UNIVERSAL RELATION

4.00
e Constant-I EoS
Shifted Quasi-Universal relation! 3751 . e Bauswein etal.
350 s e GGLE0ST; =3.0
' 0 . e GGLEoST; =35
_3.25-
Stronger outliers for more N
; T 3.001
nonconvexity =
0 2.75 1
H__D_
2.50
GGL EoS gives lower frequencies 2 95
while phase transition has higher 500
frequencies instead

250 500 750 1000 1250 1500 1750 2000
N1.am,
G. Rivieccio et al. (2024) Phys. Rev. D 109, 064032

We need to have a phase transition with controlled convexity!



Pressure, P (MeV/fm™3)

PARAMETRISED PHASE TRANSITION
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BaryonChemical Potential, pp (MeV)
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GR et al. (2026) in prep.
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PARAMETRISED PHASE TRANSITION

How do we build it?

Pressure (MeV/fm™3)
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GR et al. (2026) in prep.




PARAMETRISED PHASE TRANSITION

How do we build it?

The inverted function is a step!
We apply a sigmoid.

n = Nyyuco + Nore (1 —0)

where
1

A 1+ e~ a(@-pt)

a controls the sharpness
p: isthe transition pressure

(g-.,wy) Aysuaqg Jequiny uofieg

20T

Pressure (MeV/fm™3)
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GR et al. (2026) in prep.



PARAMETRISED PHASE TRANSITION

How do we build it?
We apply the conditions

Mechanical equilibrium:

Pruc(Mon) = Pork (noff)
Chemical equilibrium:

ﬂg,Nuc(non) = Ug,ork (noff)
where
Hg = tp + Yq * lig
or

Hg = Up + Yo * 1y

(if we do the transition with electrons)

Pressure (MeV/fm~™3)
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a 20
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a 50
o 60
a 70
a 100
a 200
a 300
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10"
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GR et al. (2026) in prep.




PARAMETRISED PHASE TRANSITION

We have the pressure!

How do we get everything else?

240
on
* From the free energy F we get

everything else!
(Typel et al 2015)

e |nvertP=n

To ensure thermodynamical concistency
Piecewise quintic Hermite polynomials

Pressure (MeV/fm~™3)
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GR et al. (2026) in prep.




Pressure, P (MeV/fm™3)

PARAMETRISED PHASE TRANSITION
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Parametrised Phase Transition

And the fundamental derivative?

We write

ng GCSZC 3 2
7=k 15] PR
2 CS? anb ZCS’R

(Cis Classical, R is Relativistic)

We will have a continous crossover with
still non-convex matter.

Fundamental Derivative, G

10000
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5000 ¢+ —

2500 A

O_

—2500 A

—5000 A

—7500 A

a=10

a =50

a =100

a =1000
a =10000

—10000
107!

Number Density, np [fm~3]

GR et al. (2026) in prep.
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Simulations are running!

rho at it 17536, time 7.288 ms

— 1013
' 104

_ 1013

1012

1011

1010

10°
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Simulations are running!

We expect to populate the high frequency side with both nonconvex crossover and first
order phase transition.
rho at it 17536, time 7.288 ms

400 —F 1015
e Constant-I EoS E
3.751 % e GGLEoST;=3.0 I
e GGLE0ST;=3.5 E 101
3.50 - ! 3
3.25 A - 1013
E C
~ 3.00 .
l_?'é 10
o 2.75 Q
W
2.50 10+
2.25 -
1010
® [ ]
2.00 ®
10°

250 500 750 1000 1250 1500 1750 2000
N1.am,

108



e Constant-I EoS
3.75 o GGLEoST;=3.0
e GGLEoST;=3.5

Take away message!

fpeaklkHz]
w
(=]
o

2.00

Convexity determines the wave structure and the evolution of the fluid

250 500 750 1000 1250 1500 1750 2000
N1.am,

Nonconvexity has an imprint in the gravitational wave!

rho at it 17536, time 7.288 ms
1015

Phase transitions and crossovers are nonconvex 10

1013

Simulation are running to determine the definitive 1=

contribution of nonconvexity in BNS merger

1011
1010

10°

108



Finite-Temperature Effects in Multi-Messenger Astrophysics

INT - Seattle - 14t June 2026

P. Cerda-Duran (UV)

THANKS!

[ giuseppe.rivieccio@uv.es

A. J. Font (UV)

o=
=9

Ayuda CPI-23-478 financiada por CIDEGENT/2021/046
and Prometeo CIPROM/2022/49
and PID2024-159689NB-C21

o & VNIVERSITAT
® VALENCIA

¢4
N

.//~

UNIVERSITAT oe
BARCELONA

{ GENERALITAT
VALENCIANA

elle )dlL
Jniversidad ‘H'r

e

T~ ®  MINISTERIO
f “i DE CIENCIA

E INNOVACION

+
//5 Y




Adiabatic index I'(p)

AN 2D EXAMPLE : DENSE DISK DIFFUSING

GGL EoS-A (non-convex) GGL EoS-A (non-convex) GGL EoS-A (non-convex) GGL EoS-A (non-convex)
t=10.066 t=0.111 t=0.156 t=0.200

EoS-A (nonconvex)

=== Eo0S-B (mildly nonconvex) '\\
- EoS-C (convex control)

Ideal y=4/3

1.0 15 2.0

Density, p

02 04 06 08 02 04 06 08 02 04 06 08 02 04 06 08

EoS-C (c;):\ggetgvln of A) EoS-C (c;):\(/fi(lt{vm of A) EoS-C (c;):\éé;st;vm of A) EoS-C (c;):\éﬁ:;&gm of A) CO nvex EOS A
- Smooth edge of
2.0 .
the disk

Nonconvex EoSs:
- Sharp edge, well
defined disk

02 04 06 08




Adiabatic index I'(p)

AN 2D EXAMPLE : DENSE DISK DIFFUSING

Nonconvex Eos: Convex EoS: o) e\
8 . - E05-C (convex contral)

- Sharp edge of the - Diffuse disk

- Rarefaction wave - Stronger “oensiy. p

Non-convex showcase t = 0.000

GGL EoS-A (non-convex) Ideal gas y=4/3 25 Bt = Digsl
1.5
2.0.8
1.0
| -0.5
1.9-6
Q 00 &
0.4
1.0 =0
+-1.0
0.2
0.5 -1.5
02 04 06 08 02 04 06 08
X



Density, p

An example : Colliding Slabs

- Smaller density and pressure

Convex GGL  w—pp

- Same overall behaviour

1.00 —— ldeal gas y=4/3
H ==+ E0S-C (convex)
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Density, p

An example : Colliding Slabs

EoS-B Mildly nonconvex GGL

Rarefaction wave!

ya
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Density, p

An example : Colliding Slabs

EoS-A Nonconvex GGL

Composite wave!

Rarefaction wave attached to shock front

1.00 —— lIdeal gas y=4/3
EoS-C (convex)
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Density, p

An example : Colliding Slabs

- Convex EoS: Simple wave structure

- Nonconvex EoSs: Composite waves and higher p for similar P

Ideal gas y=4/3

= EoS-C (convex)

E0S-B (mildly non-convex)
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Wave structure

The evolution equation for a compressible fluid

6ulaf(u)_0
e Jx.

0

The jacobian f' = of has eigenvalue A;, and eigenvector r
| o g k J k

Nonlinearity factor: v, = VA, ()1 (u)

o2p
B V4 . i
v, X G = =5 Urr; Fundamental Derivative
avis

Lax (1973), Menikoff and Plohr (1986)



Wave structure

The evolution equation for a compressible fluid

ou of (u)

dt dx

=0

0

The jacobian f' = a—f has eigenvalue A, and eigenvector 1,

u

Nonlinearity factor: v, = VA, ()1 (u)

92p
e AV2 |
oVl

Depends only on Egs

Fundamental Derivative

Lax (1973), Menikoff and Plohr (1986)




ASSUMING A I'-LAW EOS ldeal gas: I' = const
(p—p1)*

P=-1)pe
7 GGL: T =Ty + (I} — Ty)e 202

(Gaussian Gamma Law)

G®r)

\

145 15.0 155

140 145 15.0
log ( p/[gr ecm™])

13.0 135 140
log ( p/[gr cm™])

Aloy et al. (2019)
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