Binary neutron stars: tinstein’s
richest laboratory

Luciano Rezzolla

Institute for Theoretical Physics, Frankfurt

OETHE @K erc o Max Planck- Instltut fur Kernphy5|k
P Pal‘tlcle & Astropartlcle Phy5|cs i“

Heldelberg (Frankfurt) June 4th 2020

U N][YHRQTIAT

FRANKFURT &M MAIN REXXVIEEE




The richness of merging binary neutron stars
GW spectroscopy: EOS from frequencies
Magnetic fields and EM counterparts
Fjected mass and nucleosynthesis

GW I /0817:a game changer

Signatures of quark-hadron phase transitions



* For black holes the process Is very simple:

Hanford, Washington (H1) Livingston, Louisiana (L1)

— L1 observed
H1 observed (shifted, inverted)

* For NSs the question is more subtle:
hyper-massive neutron star (HMNS), ie

ve from Fermi/GBM (10 — 50 keV)

HMNS phase can provide
clear information on EOS
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The two-body problem in G

* For black holes the process Is very simple:

* For NSs the question is more subtle: the merger leads to an
hyper-massive neutron star (HMNS), 1e a metastable equilibrium:

S+ NS HMNS+...? H+torus+...!? H + GWs

* ejected matter
undergoes
nucleosynthesis of
heavy elements
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The disappears quickly when
implementing them in numerical codes...
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Animations: Breu, Radice, LR

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

merger AMNS 4 BH ¥ tqpus
15220 EOS



merger HMNS BH + torus

differences are produced by:

total (prompt vs delayed collapse)
mass (HMNS and torus)
soft/stiff (inspiral and post-merger)

(equil. and EM emission)

losses (equil. and nucleosynthesis)



GWV spectroscopy and how
to constrain the EOS

Baiottl, Bose, LR, Takami PRL, PRD (2015-2018)




Anatomy of the GWV signal
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Anatomy of the GW signal
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Chirp signal
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well approximated by PN/EOB; tidal effects important



Anatomy of the GWV signal

» transient
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GNH3, M =1.350M.,

highly nonlinear but analytic description possible



Anatomy of the GWV signal

_post-merger
/" (HMNS)
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GNH3. M =1.350M,

quasi-periodic emission of bar-deformed HMNS



Anatomy of the GW signal

black-hole
formation
(ringdown)
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GNH3, M =1.350M..

signal essentially shuts off



Anatomy of the GW S|gna\
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peculiar of binary NSs




In frequency space
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M =1.375

LR+ (2016)
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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+ 2015, Clark+ 2016, LR+2016, de Pietri+ 2016, Feo+
2017,Bose+ 2017 .
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A spectroscopic approach to the EOS

and analytic modelling of post-

merger relates position of these peaks with the EOS.

Observa:

lon of t

ne post-merger signal would constrain

significan’

ly the s

uniform distribution , _

Gaussian distribution

GNH3

ellar radius; given

discriminating stiff/soft EOSs possible
even with moderate

stiff EOSs: |AR/{(R)| < 10% for
soft EOSs: |[AR/(R)| ~ 10% for

golden binary: at 30 Mpc
AR/(R)| ~ 2% at 90% confidence

Baiotti, Bose, LR, Takami PRL, PRD (2015-2018)



Electromagnetic
counterparts




Since /0’'s we have observed flashes of gamma rays
with enormous energies |0-9-23 erg: gamma-ray bursts.

There are two families of bursts:“long” and “short".

The firs

" ones last tens or more of seconds and could

to be due to the collapse of very massive stars.

The second ones last less than a second.

Merging neutron stars most
reasonable explanation but

how do

you produce a jet!




Presence of a jet immediately implies presence
of large-scale magnetic fields

What happens when magnetised stars collide!?

Need to solve equations of
magnetohydrodynamics in addition to the
Einstein equations



M =15M, By = 10"% G

9 1.75 145 9.5 12 145
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Animations:, LR, Koppitz



What happens when magnetised stars collide!?

Magnetic fields

Neutron stars
Masses: 1.5 suns
Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins 7.4 milliseconds 13.8 milliseconds

Magnetic fields in the HMNS have complex
topology: dipolar fields are destroyed.




1.75 145

1g(rho) [g/cn? | E Ig(|B) |Gauss)




LR+ 201 |

Magnetic fields

Neutron stars
Masses: 1.5 suns
Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins 7.4 milliseconds 13.8 milliseconds

Kl
e l" Jet-llke

Tess magnetlc field

o “These simulations have shown that the merger ofa

Hor|

= Magnetised binary has all the basic features behind SGRBs

VI. RODDILZ & L rezzolla

J/M? = 0.83 Mo, = 0.063Mp  tacer ~ Myor /M ~ 0.3 s




With due differences, other groups confirm this picture

Kiuchi+ 2014

t/M = 1691

209 Ruizt+ 2016

26M

Dionysopoulou+ 2015

t = 18.537ms




Ejected matter and

nucleosynthesis
Bovard+ (2017/)




Already in the 50's, nuclear physicists had tracked the
production of elements in stars via nuclear fusion.

Heavy elements ( A>56) cannot be produced in stellar
interiors but can be synthesised during a supernova.

SN simulations have shown that temperatures/energies
not enough to produce “very heavy” elements (A>[20).

o produce such elements very high temperatureg
and “neutron-rich™ material is needed. (i

Neutron-star mergers seem perfect
candidates for this process!




x (M) C 0 y (M)

==l L. Bovard, LR



Mass ejection can erther be dynamical (shocks; 100 ms) or
secular (magnetic or neutrino-driven winds; |-10 s).

Fven tiny amounts of ejected matter (0.0 Me) sufficient to
explain observed abundances.

Abundances for A>120 good agreement with solar. robust for
different EOSs, masses, nuclear reactions and merger type
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Mass ejection can erther be dynamical (shocks; 100 ms) or
secular (magnetic or neutrino-driven winds; |-10 s).

Fven tiny amounts of ejected matter (0.0 Me) sufficient to
explain observed abundances.

Abundances for A>120 good agreement with solar. robust for
different EOSs, masses, nuclear reactions and merger type
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Mass ejection can erther be dynamical (shocks; 100 ms) or
secular (magnetic or neutrino-driven winds; |-10 s).

Fven tiny amounts of ejected matter (0.0 Me) sufficient to
explain observed abundances.

Abundances for A>120 good agreement with solar. robust for
different EOSs, masses, nuclear reactions and merger type

e no GW /70817 produced
—— DD2-M135 —— total of 16,000 times the
mass of the Earth In
heavy elements (10 Earth
masses In gold/platinum)

We are not only stellar
dust but also
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GWI70817, maximum mass,
radii and tidal deformabilities

LR, Most, Welh, Ap|L (2018)
Most, Welh, LR, Schafiner-Bielich, PRL (2018)
Képpel, Bovard, LR, ApJL (2018)

MR Gravitational-wave time-frequency map
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Unfortunately only the
signal was detected.
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Fortunately this was
to set a number of
constraints on max. mass,
tidal deformabillity, radi, etc.
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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 = 2.74700] Mg,

Sequences of equilibrium models

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

stabilit line

I.(ePIe‘ian . This is true also for uniformly
limit T rotating stars at mass shedding
imit: M0«

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
diff. rot. hypermassive NSs : - :
rotating equilibrium models.
Salmon region Is for differentially
rotating equilibrium models.

only diff. rot.

supramassive NSs

rot. supramassive NSs

stars have:
only diff. M > M TOV

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

is 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




The merger product of GW 7081/ was inttially differentially
rotating but collapsed as uniformly rotating object.

Use measured gravitational
mass of GW /70817

Remove rest mass deduced
from kilonova emission

Use universal relations and
account for errors to obtain

0.005 0.010

2.015570s < Moy /Mo < 2165555
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eformabillities

*Can new constraints be set on typical radius
and tidal deformabillity by using GW /081 /¢

*lgnorance can be
parameterised and
EOSs can be built
arbrtrarily as long as
they satisty specific
constraints on low
and high densities.




Construct most generic family of NS-matter EOSs
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polytropic fit of Drischler+ (2016) by matching 4
BPS (large impact on results) polytropes



We have produced 106 EOSs with about 107 stellar models.

Can impose
differential
constraints
from the

and
from the

from
GWl 708 | 7 ' 10 11 12

Radius (km)




Closer look at a mass of M = 1.40 M4

Can play with different | Ar1<so
constraints on -‘ Aug <800
Mmaximum mass and
tidal deformabillity.

< 800

< 1000
<M., <2.16; 400 < Aj4< 1000
< M, <2.16; 400 < A4 < 800

Overall distribution is
very robust

12.00 < R1,4/:_<m < 13.45
<R1.4> — 12.45 km | i : \k‘1.1
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Phase transitions and their
signatures

Most, Papenfort, Dexheimer, Hanauske, Schramm, Stoecker, LR (2019)




Isolated neutron stars probe a small fraction of phase diagram.

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

— hadronic

— isOspin-symmetric matter auark-phassizandition
— S siti

- neutron-star matter

[ +« -« with mixed phase

—

~

150 lattice QCD
and relativistic
heavy ion
collisions

low energy
heavy ion

collisions

neutron star
mergers

proto-
neutron stars

neutron stars

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



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.



“low-mass” binary
waveforms

— hadronic

—— with quarks

UV NN

GW frequencies

phase difference

In low-mass binary, after ~ 5 ms, quark fraction is large enough to
change quadrupole moment and yield differences in the waveforms.

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



“low-mass” binary “high-mass” binary

—— hadronic M =29 ]W'@,

— with quarks

|
L i

o

o,
-~
(@)
()
—
+~
<

&+
<

t _ Eimer (8]

In low-mass binary, after ~ 5 ms, quark fraction is large enough to
change quadrupole moment and yield differences in the waveforms.

In high-mass binary, phase transition takes place rapidly after ~ 5 ms.
Waveforms are similar but ringdown Is (free fall for PT).

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




Spectra of post-merger shows peaks, some

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

Merging binaries with magnetic fields can lead to the formation
o and match phenomenology of SGRBs.

has already provided new limits on

2.01%5704 < Mooy /Mo < 2167475

T

12.00 < Ry4/km < 13.45 A4 > 375
Mg /M., ~1.41 R_., >9.747003km

TOV

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



