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First detection of a NS merger

/ = gravitational wave event on August 17, 2017

» GW170817 first unambiguously detected NS merger

» Multi-messenger observations: gravitational waves (GWs), gamma, X-rays, UV, optical,
IR, radio

Detection August 17, 2017 by
LIGO-Virgo network

— GW data analysis providing
approximate sky location

— follow-up observations -
triggered by GW signal providing
sky location starting immediately
after - in X-rays and radio even
years after

— settled many open/tentative/speculative ideas in the context of NS mergers !!!

- meanwhile a few more mergers with NSs but at larger distance (including NS-BH)



NS mergers as probes for fundamental physics

» Properties of NS and NS binary population, host galaxies

» Origin of short gamma-ray bursts (and related emission)

» Origin of heavy elements like gold, uranium, platinum

» Origin of electromagnetic transient (kilonova, marconova) GW170817
» Properties of nuclear matter / NS structure
» Occurrence of QCD phase in NS

» Independent constraint on Hubble constant

~~
N
an
N
>
Q
g
L
o
o
)
—
~

« GWs reveal masses and distances
e Roughly sky location
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Time-frequency map; Abbott et al 2017



NS mergers as probes for fundamental physics

» Properties of NS and NS binary population, host galaxies
» Origin of short gamma-ray bursts (and related emission)

» Origin of heavy elements like gold, uranium, platinum

» Origin of electromagnetic transient (kilonova, marconova)
» Properties of nuclear matter / NS structure

» Occurrence of QCD phase in NS

» Independent constraint on Hubble constant

 Intense flashes of gamma-rays with < 2s
e Produced by beamed relativistic outflow

(jet)

Short gamma-ray burst
(<2 seconds’ duration)

Stars* in \
a compact
binary system -

begin to spiral
inward....
L]

..eventually
colliding. g

The resulting torus
has at its center

a powerful

black hole.

*Possibly neutron stars.

Covino 2007



NS mergers as probes for fundamental physics

» Properties of NS and NS binary population, host galaxies

» Origin of short gamma-ray bursts (and related emission)

» Origin of heavy elements like gold, uranium, platinum Just et al. 2022
» Origin of electromagnetic transient (kilonova)

» Properties of nuclear matter / NS structure
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» Occurrence of QCD phase in NS

» Independent constraint on Hubble constant

DD2 1.25M, — 1.45M
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« First and only confirmed site of rapid
neutron-capture process
« Mej * rate = mergers compatible with

Mass fraction X

dominant source

Solar r-process

Kullmann et al. 2022
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Btw, similar results before 2017



NS mergers as probes for fundamental physics

» Properties of NS and NS binary population, host galaxies

» Origin of short gamma-ray bursts (and related emission)

» Origin of heavy elements like gold, uranium, platinum

» Origin of electromagnetic transient (kilonova, marconova)

» Properties of nuclear matter / NS structure Light curve — estimate of ejecta properties

Occurrence of QCD phase in NS — compatible with r-process heated outflow

» Independent constraint on Hubble constant

e Thermal emission in optical/IR
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« Targets of “time-domain” astronomy
(evolution on time scales of h/d)

15 20
MJD - 57982.529

Villar et al. 2017



NS mergers as probes for fundamental physics

» Properties of NS and NS binary population, host galaxies

» Origin of short gamma-ray bursts (and related emission) .
Spectroscopic idenitifcation of Sr

» Origin of heavy elements like gold, uranium, platinum Watson et al. 2019

» Origin of electromagnetic transient (kilonova)

e

i1 1 == Blackbody + Srn1

Sring
1

» Properties of nuclear matter / NS structure
» Occurrence of QCD phase in NS

» Independent constraint on Hubble constant

« First and only confirmed site of rapid
neutron-capture process

« Mej * rate = mergers compatible with
dominant source
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NS mergers as probes for fundamental physics

Hebeler & Schwenk 2014
a

» Properties of NS and NS binary population, host galaxies . Vir

» Origin of short gamma-ray bursts (and related emission)

» Origin of heavy elements like gold, uranium, platinum

2
log o P [dyne cm™ |

» Origin of electromagnetic transient (kilonova, marconova)
» Properties of nuclear matter / NS structure 3000

» Occurrence of QCD phase in NS ) = i T
log,op [g cm™?]

» Independent constraint on Hubble constant

2000
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» EoS affects dynamics and thus all
observables of merger

200 400 600 800 1000 1200 1400 1600

Finite-size effects during late inspiral
— R < 13.5km - Abbott et al. 2019



NS mergers as probes for fundamental physics

» Properties of NS and NS binary population, host galaxies
» Origin of short gamma-ray bursts (and related emission)

» Origin of heavy elements like gold, uranium, platinum

» Origin of electromagnetic transient (kilonova, marconova)
» Properties of nuclear matter / NS structure
» Occurrence of QCD phase in NS

) Quarks and Gluons
» Independent constraint on Hubble constant
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NS mergers as probes for fundamental physics

» Properties of NS and NS binary population, host galaxies
» Origin of short gamma-ray bursts (and related emission)

» Origin of heavy elements like gold, uranium, platinum

» Origin of electromagnetic transient (kilonova, marconova)
» Properties of nuclear matter / NS structure

» Occurrence of QCD phase in NS

. Abbott et al 2017
» Independent constraint on Hubble constant : _

» Distance from GW amplitude
 Plus redshift from host galaxy - HO




Outline

» Black hole formation in neutron star mergers

Mot > Min, BH
» Quark matter in neutron star mergers o * .
» Postmerger gravitational wave emission Mot <‘Mthr .

» Many interesting and important aspects of NSMs cannot be covered in great detail:

GRBs, element formation through rapid neutron capture process, kilonovae, binary
population, Hubble constant, ...



Collapse behavior - prompt black hole formation

Mot > Miny BH
© OO
@,
Mot <. My NS remnant
O

Understanding of BH formation in mergers [e.g. Shibata 2005, Baiotti et al.
2008, Hotokezaka et al. 2011, Bauswein et al. 2013, Bauswein et al 2017, Agathos et al.
2020, Bauswein et al. 2020, 2021]




Collapse behavior - motivation and context

» Merger outcome as most basic feature of a NS merger !

» BH formation leaves strong impact on observables:
- mass ejection = kilonova properties (dim for prompt collapse)
- presence of postmerger GW emission from oscillating NS remnant

- conditions for gamma-ray burst
*
— M, Measurable

» M, critical for the interpretation of merger events (e.g. to predict outcome and
adapt possible search strategies for em counterparts and postmerger GW)

» Constraints on M,,... = EoS of high-density matter (high-density regime)

Binary masses measurable from GW inspiral



Collapse behavior

A Total binary mass M

Prompt collapse to BH

Threshold binary
mass M

thres

Inspiral / —_—
\

No or delayed collapse to BH

+ strong postmerger
GW emission

+ bright kilonova

+ ...

M - EOS dependent !!!



Essence of ~ 400 relativistic

hydrodynamics simualtions

Relativistic hydrodynamics
simulations

Mostly T-dependent EoSs
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Simulation results \ / EoS/TOV properties

Mthres — Mthres <X7 Y) =aX +0Y +c

Mthres — Mthres(Mmaxa R1.6) — aMmaX + bR1.6 +c

Very clear dependence on stellar properties — several other relations discovered

(Maximum residual 0.04 M,,, on average 0.02 M., deviation!)



Example: NS radius constraint from GW170817

» If GW170817 did not directly form BH as indicated by relatively bright kilonova
» NSs cannot be too small/ EoS too soft because this resulted in a prompt collapse

» Relatively simple and robust: Quantitatively based on threshold binary mass for
prompt collapse

— better constraints in future, in particular on Mmax

L
GW170817 GW170817
DECam observation DECam observation
(0.5-1.5 days post merger) (>14 days post merger)

Figure 1. NGC4993 grz color composites (175 x 1/5). Left: composite of detection images, including the discovery z image taken on 2017 August 18 00:05:23 UT

and the g and r images taken 1 day later; the optical counterpart of GW170817 is at RA., decl. =197.450374, —33.381495. Right: the same area two weeks later.

Lbol X/ Mejecta

— Inferred ejecta mass 0.02-0.05 Msun

R |km]
Bauswein et al. 2017, 2020




Quark matter in NS mergers ?

— focus on postmerger phase (not yet detected)



Phase diagram of matter of strongly interacting matter
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Does the phase transition to quark-gluon plasma occur (already) in

neutron stars or only at higher densities?
(low T, high rho not accessible by experiments or ab-initio models)



Impact of quark matter on stellar structure

» Phase transition = strong softening of EoS

» Phase transition leads to a characteristic kink in M-R relation !!

— DD2F
—— DD2F-SF

10
p lg/cm’]

EoSs from Wroclaw group (Fischer et al. 2018, Bastian et al 2018, Bastian 2020)



t=12.36 ms

t=13.08 ms

t=22.58 ms

Bauswelin et al. 2019



Merger S EIR LS » GW spectrum 1.35-1.35 Msun

contact

inspiral e
without PT
postmerger T

Bauswein et al. 2019




Merger simulations with quark matter core
» GW spectrum 1.35-1.35 Msun

—— DD2F-SF
—— DD2F

A.B. et al. 2019

But: a high frequency on its own may not yet be characteristic for a phase transition

— unambiguous signature



Signature of 1°* order phase transition

An =0.121 > +
_"T_{— An = 0.094

T4—— An=0.030

from postmerger
200 400 600 800

A135
A.B. et al 2019

from the inspiral

» Characteristic increase of postmerger frequency compared to tidal deformability

— evidence of presence of quark matter core

— in any case constraint on onset density of hadron-quark phase transition



Constraining onset density of hadron-quark phase
transition

» Frequency shift can inform about presence of PT
» Universal relations link GW parameters with probed density

— constrains onset of phase transition

Mg

1.2-1.2 Mg
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QCD phase transition from collapse behavior

» Quark matter may lead to characteristic reduction of My,

» Already single events may indicate presence of quark matter

® hadronic

Evidence for A5( - e  hadronic Ay 37 > 800
guark matter , ® hybrid

[
25( ®
® hadronic and hybrid
Measurable 20( ® ]

from GW 2.8 3.0 3.2
|nsp|ral M, thres U\[]

A.B. et al 2020

Measurable from inspiral +
Athres = A(Minres/2) for q =1 information on merger product



Postmerger GW emission



Frequency deviations - purely hadronic EoSs

» Relations between GW frequency and NS parameter = EoS constraints

» Study f-mode in mergers and NSs (purely hadronic models) - Lioutas et al 2021
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Frequency deviations

» Remarkable similarity between oscillations of isolated NSs and merger remnants
— frequency deviations encode additional EOS information — tidal Love number

— in principle measurable - break degeneracy between R and A

» modeling approach complementary: perturbative vs dynamical calculation

— reliability of dynamical simulations Lioutas et al 2021

— new way to study oscillations
(robust and efficient)

|Isolated NSs

AM) = k(M) ( i )5

Scales perfectly
with A, i.e.
interchangable




Analytic models of postmerger GW emission

» GW data analysis can be performed with unmodeled searches or using templates

» Templates require analytic models which fit signal very well - otherwise loss of
detection rate / incorrect parameter estimation

— model subdominant frequency peaks and frequency evolution of main peak

— fps.;E;.:il\-:tm grarn{t ) — fpﬁ:rl_“aklyti-: ) Jeak 5o f;?-;rjl-:l_hti C (t) f5_olt)

2+ olt)

Mot = 2.50 Mg —s—————
= (Miot=2.50 M)

—_—

—
0
o
@
o
@
>
=
("4

o,

hz:n + {40 MpC}

Soultanis et al 2022



Analytic models of postmerger GW emission

» Model achieves very high “fitting factors’, i.e. suitale for GW data analysis

» Analysis reveals and explains additional features of GW spectrum

te[0,t«
== (fpea[k ]) === fr40 = fspiral+20

—— simulation fspiral === fspirai -0 —-= f2420

fpaenaaklytic(t)

s

——= f2_0

hett, + (40 Mpc)

Soultanis et al 2022




Summary

» Mergers linked with different aspects of fundamental physics

» Black hole formation important characteristic that affects observables
— EoS / NS constraints: EoS not too soft + future measurements

» Frequency deviations in universal relations follow systematic behavior
— encodes detailed EoS information

» Postmerger GW emission = EoS constraint
— phase transition yields characteristic frequency shift
— constraint on onset density of hadron-quark pahse transition

» Analytic model to describe postmerger GW signal

» GW spectra with many subdominat features
— understanding important for modeling to increase match
— additional EoS constraints

» Many new and better facilities will become operational for better and more data !
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