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The richness of merging binary neutron stars
GW spectroscopy: EOS from frequencies
GW1/7081/:a game changer

Signatures of quark-hadron phase transitions

On the sound speed In neutron stars



* For black holes the process Is very simple:

Hanford, Washington (H1) Jivirgston, Lovisiana (L1)
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* For NSs the question is more subtle: —Qé__
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HMNS phase can provide
clear information on EOS
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The two-body problem in GR

* For black holes the process is very simple:

BH + BH =3 BH + GWs

* For NSs the question is more subtle: the merger leads to an
hyper-massive neutron star (HMNS), ie a metastable equilibrium:

NS + NS wwgp HMNS+... ? wsgp BH+torus+... ? wwye BH + GWs

* ejected matter
undergoes
nucleosynthesis of
heavy elements




1
R, — o v R = 87T}, , (Einstein equations)

V, " =0, (cons. energy /momentum)
V. (pu*) =0, (cons. rest mass)
p=p(p,€e,Ye,...), (equation of state)
V,Fr =TF. VI F* =0, (Maxwell equations)

T, = Td 7" (energy — momentum tensor)
2 N 1 78% s gy



Animations: Breu, Radice, LR

A prototypical simulation with possibly
the best code looks like this...

merger AMNS 3 BH ¥ tqpus
15220 EOS



this 1s what normally happens:

merger 2 IMINN BH + torus
differences are produced by:
total (prompt vs delayed collapse)
mass (HMNS and torus)
soft/stiff (inspiral and post-merger, PT)

(equil. and EM emission)

losses (equil. and nucleosynthesis)



Anatomy of the GW signal
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In frequency space
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Read et al. (2013)
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M =1.375M

LR+ (2016)
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M =1.325M,

M =1
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M =1.300M- *x

Takami, LR, Baiotti (2014, 2015),

M =1.275M.

M =1.3
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This is GW spectroscopy!
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M =1.250M- *

There are “lines” in a spectrum
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A spectroscopic approach to the EOS

Oechslin+2007, Baiotti+2008, Bauswein+ 201 |, 2012, Stergioulas+ 201 |, Hotokezaka+ 201 3, Takami
2014, 2015, Bernuzzi 2014, 2015, Bauswein+ 2015, Clark+ 2016, LR+2016, de Pietri+ 2016, Feo+
2017, Bose+ 2017 .
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A spectroscopic approach to the EOS

Oechslin+2007/, Baiotti+2008, Bauswein+ 201 |, 2012, Stergioulas+ 201 |, Hotokezaka+ 201 3, Takami
2014, 2015, Bernuzzi 2014, 2015, Bauswein+ ZO|5 Clark+ 2016, LR+20|6 de Pietri+ 2016, Feo+
2017,Bose+ 2017 .




GW170817:a game changer

LR, Most, Welh, ApJL (201 8)
Most, Welh, LR, Schafiner-Bielich, PRL (2018)
Nathanall, Most, LR, ApJL (2021)




Normalized amplitude
4

| LIGO-Livingston

Unfortunately only the
signal was detected.

Frequency (Hz)

Fortunately this was
to set a number of
constraints on max. mass,
tidal deformabillity, radi, etc.

220 .10
Time (seconds)




The remnant of GW /0817 was a hypermassive star, I.e. a
differentially rotating object with Initial gravitational mass:

My + My = 2.74700] Mg

Sequences of equilibrium models
of nonrotating stars will have a
maximum mass: M.,




The remnant of GW /0817 was a hypermassive star, I.e. a
differentially rotating object with Initial gravitational mass:

My + My = 2.7470-04

£

stabilit line

Keplerian

M

Sequences of equilibrium models
of nonrotating stars will have a
maximum mass: M.,

This is true also for uniformly
rotating stars at mass shedding

imit: M.

Mmax simple and quasi-
universal function of M.,
(Breu & LR 2016)

0.02



The remnant of GW /0817 was a hypermassive star, I.e. a
differentially rotating object with Initial gravitational mass:

My + My = 2.74700] Mg

region Is for uniformly
rotating equilibrium models.

stability line

Salmon region Is for differentially
rotating equilibrium models.

s simply extended
in larger space (Welh+|3)




The remnant of GW /0817 was a hypermassive star, I.e. a
differentially rotating object with Initial gravitational mass:

My + My = 2.74700] Mg

region Is for uniformly
difl. rou, hy permassive NSs : - :
rotating equilibrium models.
Salmon region Is for differentially
rotating equilibrium models.

only diff. rot.
= L supramassive NSs

stars have:
‘.)lll_\ IIH stable M > MTOV

rot. NSs rot.\NSs

stars have:
M > M ax




GW /70817 produced object "X”; GRB implies a BH has been
formed: ”X” followed two possible tracks: clgle

[t rapidly produced a BH when
still differentially rotating

diff. rot. hypermassive NSs

[t lost differential rotation leading
to a uniformly rotating core

only diff. rot.
supramassive NSs

rot. supramassive NSs

s much more likely because
of large ejected mass (long lived).

only diff. stable
rot. NSs rot.NSs

Final mass Is near M, and we
know this Is universal




Consider

Use measured of GW /0817

Remove deduced from kilonova
emission (need conversion baryon/gravitational)

Use account for errors to
obtain

2.0155%04 < Mo /Mo < 216705



Nathanail, Most, LR (2021)

The recent detection of GW 1908 |4 has created a significant
tension on the maximum mass

M, =22.2 — 24.3 M

I secondary in GW 190814 was a NS, all previous results on
the maximum mass are incorrect.

No EM counterpart was observed with GW 908 4 and no
estimates possible for ejected matter or timescale for survival.



VWe can nevertheless explore impact of larger maximum mass,
.e., what changes In the previous picture If

MTOV/M® 2 2.0 7

In essence, this I1s a multi-dimensional parametric problem
satistying o clgle

Observations provide limrts on and
Numerical relativity simulations provide limits on

All the rest Is contained In that need to be varied
within surtable ranges.



A s used to sample through the parameter
space of the |0 free parameters.

The algorithm reflects genetic Mrov /Mo < 2167 15
adaptation: given a mutation Ressolla + (2019
(i.e. change of parameters) it e e
will be adopted If 1t provides a
better fit to data.

@p)

2-0 2-0
2.087 Mo 2.326 M

W

Consider first previous
estimate:

MTOV /MCD 5 2.5

()

g
S
+>

(&}

=
N

=
S
+
=
=

—
+
L
o

>
=
'-5

av]
O

o

—
Ay




NR upper limit
on M

/

M, < 2.326 M
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Total mass ejected is in perfect
with predictions
from kilonova signal

Total mass emrtted in GWs Is
N perfect
predictions from numerical
relativity
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NR upper limit

Total mass emitted in GWs Is
on ]\/fg;tv

L | lthan predicted
from simulations:

Mroy = 2.4 M,
—— Mrov = 2.5 Mg

Mismatch becomes worse with
larger masses
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Nathanall, Most, LR (2020)

Solution: secondary in GW 19084 was a at merger but
could have been a NS before



Phase transitions and their
signatures

Most, Papenfort, Dexheimer, Hanauske, Schramm, Stoecker; LR (2019)
Welh, Hanauske, LR (2020)
Tootle, Ecker, Topolski, Demircik, Jarvinen, LR (2022)




Isolated neutron stars probe a small fraction of phase diagram.

Neutron-star binary mergers reach temperatures up to
and probe regions complementary to experiments.

T
— hadronic

— 130Spin-symmetric matier ; : i
e cuark phase transition |

- IEULTON-sSLIr matier

(— o oo with mixed phiase

—

lattice QCD
and relativistic
heavy ion
collisions

\

3
neutron star
margars )

proto-
cl\ neulron stars
p.1

| _neutron stars |
1000
U, (MeV)

nu
€x

Considered EOS based on Chiral Mean Field (CMF) model,
based on a nonlinear SU(3) sigma model.

Appearance of guarks can be introduced naturally.



Animations: Weih, Most, LR
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Quarks appear at sufficiently large
and

When this happens the is
considerably and a BH produced.



Comparing with the

ny / Ngat

Phase diagram with quark fraction

bhase ¢

1% order
phase transition

|
2.0 3.0 4.0 5.0

)agram



Comparing with the phase diagram

1% order
phase transition

Phase diagram with quark fraction

Circles show the position in the diagram of the maximum
temperature as a function of time



Comparing with the phase diagram

1% order
phase transition

2.0 30 4.0 5.0
nb/nsa‘t

Reported are the evolution of the max. temperature and density.

Quarks appear a

Once sufficient @

ready early on, but only in small fractions.

ensity Is reached, a full phase transition takes place.



waveforms

—— hadronic

— with quarks

AR

GW frequencies

phase difference

After ~ 5 ms, quark fraction Is large enough to change quadrupole
moment and yield differences Iin the waveforms.

Sudden softening of the phase transition leads to collapse and large
difference in phase evolution.

Observing mismatch between inspiral (fully hadronic) and
post-merger (phase transition): clear of a




We have recently added another possible scenario for a
post-merger PT, which completes the picture of possible
scenarios (Weih, Hanauske, LR 2020).

no PT (NPT)




We have recently added another possible scenario for a

post-merger PT, which completes the picture of possible
scenarios (Welh+, 1912.09340).

no PT (NPT)

cf. Bauswein+ 2019




We have recently added another possible scenario for a

post-merger PT, which completes the picture of possible
scenarios (Welh+, 1912.09340).

PT-triggered collapse
(PTTC)

no PT (NPT)

cf. Most+ 2019




We have recently added another possible scenar

post-merger PT, which completes the picture of
scenarios (Welh+, 1912.09340).

PT-triggered collapse
(PTTC)

o for a

HOssIble

delayed PT (DPT)

cf.Weih+ 2020

no PT (NPT)



Best understood In terms of the evolution of the normalise
maximum rest-mass density: Pmax/ 0

—— M =268 M, PTTC

— M =264Mg, DPT
M = 2.68 My, NPT
M = 2.64 My, NPT

pure —quark phase

S
=
Q.
0
=

mixed phase

pure —hadron phase

5.0 75 10.0 125 15.0
- tmerg [mS]




Different signatures are also quite transparent when shown
in terms of the gravitational waves and their spectrograms.

_ tmerg [ms]

Importance of s that it leads to different “stable” f5

that are easily distinguishable in the PSD



Different signatures are also quite transparent when shown
in terms of the gravitational waves and their spectrograms.

SNR,, = 6.67 SNR,, = 6.94

SNR, ., = 2.31 SNR, .. = 2.43
M =2.64 M., NPT M =2.64 M., DPT

LIGO

Importance of s that 1t leads to different “stable” f5

that are easily distinguishable in the PSD



Another signatures Is appearance of anf = 2, m = 1 mode

M =264 Mg, NPT

hit /max(h3?) [100 Mpc]

M = 2.64 M., DPT
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The mode Is triggered by the P and the non-axisymmetric
deformations It produces.



On the sound speed in
neutron stars

Altiparmak; Ecker;, LR (2022)



The EOS of nuclear matter still remains an open question.
Some Information is available but freedom s still large

—— Monotonic (I)
Non — monotonic and subconformal (II)
Non — monotonic and subluminal (IIT)
— == Value of ¢ in CFT
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nuclear
theory

10°
e [MeV /fm’]

) monotonic and sub-conformal: ¢2 < 1/3;
i) nonmonotonic and sub-conformal: ¢; < 1/3;

- - 2
inonmonotonic and sub-luminal: ¢; <'1



Lacking stronger constraints, an agnostic approach Is viable and
followed by many (eg piecewise polytropes, Most+ 201 3)

Here, instead, we build an EOS starting from a piecewise
prescription of the sound speed (/ segments are sufficient)

Mass J0740 + 6620 NICER J074( + 6620
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103 )2 10°
e [MeV /fm?] e [MeV /fm?]

Once an EOS is produced, we check It satisfies astrophysical
constraints (max. mass, NICER limrts). We repeat |.5x 107 times...

In this way, ~ 10% of our EOSs survives and provides robust statistics
from which we compute PDFs.



PDF
107* 107 1072 0.02 0.04 0.06 0.08 0.1 0.5 1

10°
e [MeV /fm?]

Orange line marks region of sub-conformal EOSs (0.03%).
No monotonic sub-conformal EOS found.



PDF
107* 1072 1072 0.02 0.04 0.06 0.08 0.1 0.5

constrained

nuclear
theory

Orange line marks region of sub-conformal EOSs (0.03%).
Note that 997 confidence region is very thin.



M-const. sections: R1.4 = 12.427002km; Rp o = 12.127732 km

Lower bound on radii matches Koppel+ prediction from threshold mass.



800

~

Simple behaviour of binary tidal deformability: Apin (max) = @ +bM

C
chirp

Straightforward bounds once a detection i1s made.



.| unconstrained

. B constrained
1.5 x 107
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(No. of EOSs
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i) non-monotonic and sub-conformal in NSs:c? < 1/3;[0.03%]
il)nonmonotonic and sub-luminal: ¢2 < 1;[10%]



Much of the research presented Is Is part of ,an
Hessian Research Cluster with Frankfurt Darmstadt and Giessen
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Spectra of post-merger shows peaks, some

VWhen used together with tens of observations, they will set
tight constraints on EOS: radius known with precision.

has already provided new limits on

.04 0.17
2.0170705 < Moy /Mo < 216757

TOV

12.00 < Ri4/km < 13.45 A4 > 375

A after a BNS merger leaves GW
and opens a gate to access quark matter beyond accelerators.

N neutron stars cannot be sub-conformal and
monotonic; likely to be super-conformal somewhere In the interior.



