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Abstract: With the detection of GW170817 we have observed the first multi messenger signal from two merging neutron stars. This signal carried a
multitude of information about the underlying equation of state (EOS) of nuclear matter, which so far is not known for densities above nuclear
saturation. In particular it is not known if exotic states or even a phase transition to quark matter can occur at densities so extreme that they can't be
probed by any current experiment.

I will show how the information carried in the gravitational wave signal of GW170817 can be used to constrain the EOS at densities above
saturation and what we can learn about the possible existence of phase transitions.& nbsp;! will

also comment on how we can improve on those limits with upcoming observations of the NICER mission.In the second part of the talk | will focus
on what we can learn about exotic states of matter from neutron star mergers.l will comment briefly on the impact of high spinsin mergers and the
importance of accurate numerical modelling in the context of these studies.Finally | will show how neutron star mergers can be used to study quark
phase transitions and the phase diagram of QCD.
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Overview

*Brief overview of neutron star mergers

*GW170817: implications on
matter under extreme conditions

*Unveiling first-order phase transitions
with gravitational waves

X Electromagnetic precursors from
neutron star mergers
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Neutron stars in a nutshell

Neutron stars are
formed in supernova
explosions
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Neutron stars in a nutshell

Neutron stars are
formed in supernova
explosions

-Feature some of the
strongest magnetic
fields in the universe
|B| ~ 10" - 10 G
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Neutron stars in a nutshell

Neutron stars are
formed in supernova
explosions

«Feature some of the
strongest magnetic

fields inthe universe RS I——"
|B| ~ 10" - 10" G |

*Neutron stars are
as heavy as the sun
but only have the size
of alarger city!
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Neutron stars in a nutshell

Iraditional neutron stae

-Neutron stars are
formed in supernova
explosions

neutron slar with
pion condensaie

-Feature some of the e

10" ufm'n3

strongest magnetic :

<¢—_ Hydrogen/He
atmosphere

flelds in the universe
|B| ~ 10" - 10" G = o

nucleon star

*Neutron stars are -Neutron stars have
as heavy as the sun extreme densities and
but only have the size potentially exotic states in
of alarger city! their cores
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Pirsa: 19110147 Page 8/97



The fate of a neutron star binary

black hole + torus (5

GkHz)

black hole (6 — TkHz)

—

High mass
M 2 1.8 M,

binary (< 1kHz)

Adapted from Baiotti+ (2018)

Elias R. Most Perimeter Strong Seminar

Pirsa: 19110147 Page 9/97



The fate of a neutron star binary

black hole + torus (5

GkHz)

black hole (6 — TkHz)

—

High mass
M 2 1.8 M,

binary (< 1kHz)

Adapted from Baiotti+ (2018)

Elias R. Most Perimeter Strong Gravity Seminar

Pirsa: 19110147 Page 10/97



The fate of a neutron star binary

black hole + torus (5 — 6kHz)

H black hole (6 — TkHz)
High mass

binary (< 1kHz)

\ supramassive NS (1 — 2kHz)
Low mass
M<12M,

Elias R. Most Perimeter Strong Seminar
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The fate of a neutron star binary

black hole + torus (5 — 6kHz)
B black hole (6 — TkHz)
High mass
M > 1.8 M@/ el g
binary (< 1kHz) HMNS (2 = 4kHz)

\ supramassive NS (1 — 2kHz) NS (2 — 4kHz)
Low mass —P> Q
M < 12M,

Adapted from Baiotti+ (2018)
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Modelling compact binary mergers
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Modelling compact binary mergers
G, = 8xT,

UU

Numerical relativity
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Modelling compact binary mergers

Numerical relativity

p=p(p.T.Y,)

i A Q0D

Elias R. Most . Seminar

Pirsa: 19110147 Page 15/97



Modelling compact binary mergers

Numerical relativity

P =D ([)’ 1, Yc) VHFW =4r "

AN Q0D

/

Elias R. Most
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Modelling compact binary mergers
G = 8xT V#T#V: 0

UL

Numerical relativity Hyd rodynamlcs
p=p(p,T.Y,) ph =T 2=

v

Electrodynamics Radiation transport

Perimeter Strong

Nuclear physics

Elias R. Most Gravity Seminar
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Animations: Breu, Radice, Rezzolla

M =2 x 1.35 Mg
1.5220 EOS
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Fundamental physics with neutron stars

NewCompStar

Quark-Gluon Plasma

- Late inspiral and post-merger
gravitational waves can reveal
densest states of matter.

ol -._l\
f

Temperature (MeV)

Net b.iryunl(. densily
8 (normal\sad didy)

HMNS (2" 4kHz)
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Wex 2016

binary (< 1kHz)

Takami et al 2013 7
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Fundamental physics with neutron stars

NewCompStar

Quark-Gluon Plasma

Prin “"“

universe (< 10°3) \ ~ -':' .
\ .- "y
f}“a R “ }

» /.“""

- Late inspiral and post-merger
gravitational waves can reveal
densest states of matter.
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Fundamental physics with neutron stars

black hole + torus (5 — GkHz)

2000 5000 10000 20000
T T T T

.| * Electromagnetic counterparts

10000K
+0.7d

w (kilonova, sGRBs) open additional

B6600K

(ergs s~! cm2 A1)

t/M = 4606
0.5¢

E
00 Fio

.. I |‘
BNV S W R R I
5000 10000 20000
Rest wavelength (A) AN

Drout et al 2017 Ruiz et al 2016
Elias R. Most Perimeter Strong Gravity Seminar

Pirsa: 19110147

window into properties of the system.

Page 22/97



Fundamental physics with neutron stars

HMNS (2= 4kHz) black hole + torus(5 — 6kHz)

Bovard (priv.comm.)

Dl | N 4 e

- Matter ejected on short (~1 ms) and
long (~500ms) timescales can produce
the heaviest elements in the universe
(r-process nucleosynthesis)

Elias R. Most Perimeter Strong Gravity Seminar
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Overview

*¥GW170817: implications on
matter under extreme conditions
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Equation of state constraints

from GW170817:
A Frankfurt perspective

12 - 14 km

Elias R. Most Perimeter Strong Gravity Seminar 12
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GW170817

Normalized amplitude
Y 4

LIGO-Hanford

LIGO-Livingston

Livingston Hanford

LIGO Lab MIT/Caltech : 20 10

Time (seconds)

Abbott et al 2017
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GW170817

Normalized amplitude
2 4

LIGO-Hanford

binary (< 1kHz) ~ HMNS/SMNS(2 4kHz)  black hole 4 torus (5 — 6kHz)
J_J_,;—.‘P—*—-\.

4 -

Baiotti, Rezzolla,

Livingston Hanford

LIGO Lab MIT/Caltech 20 10

Time (seconds)

Abbott et al 2017

Elias R. Most Perimeter Strong ity Seminar

Pirsa: 19110147 Page 27/97



GW170817

GW170817

binary (< 1kHz)
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How is BH-BH different from NS-NS?

Image credit: Breu, Rezzolla, Radice

Elias R. Most Perimeter Strong Gravity Seminar
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How is BH-BH different from NS-NS?

Combined

gravitational

pull of the Sun Low Tide
and the Moon

S ¢

Low Tide

timeanddate

Elias R. Most Perimeter Strong Gravity Seminar

Pirsa: 19110147 Page 30/97



How is BH-BH different from NS-NS?

Combined

gravitational

pull of the Sun Low Tide
and the Moon

S ¢

Low Tide

Tidal deformability
of an isolated
neutron star
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How is BH-BH different from NS-NS?

Combined

gravitational

pull of the Sun Low Tide
and the Moon

Sl ¢

Low Tide

time

Tidal deformability
of an isolated
neutron star
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GW170817:What do we know!

B (x| <005 ]\1_4 < 800

B x| <089 Abbott et al 2017
3000 1
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wess Compact
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M, = 1.17 — 1.36 M, | A
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ng ht curves Observations consistent
with two component model
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Maisk +

requires lower limit on

— 16 | (Mg + 12Mp)MAAYY \ 10!
A== _ AT Ao B,
13 (I‘l[A -+ f\-[”)‘r’ > { )

IBH ms]

Errors unclear
Might be as low as ~200

(Coughlin+ 2018,
Kiuchi+ 2019)

Elias R. Most
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Kilonova constraints on the
tidal deformability

- Consistency with kilonova 3 't
modelling (mass ejection) = |
103 F

tidal deformability o1}

] UU :

BHBA |
DD2
15220
SFHo

Perimeter Strong Gravity Seminar

Radice et al 2018




GRB170817A

2a00 4 , .
oo ) o Ferms fGEM (10— 50 keV)

2 o000
1760 03]

I
1500 4

Coincident detection
Of SG R B ; j:::: Aghtewrve Trom Fora /GHN (R0 300 keV)

1250

00 7, ol

Multimessenger astronomy for :

neutron stars now possible

2}
o 117600 4

11000 4
®

Most models of sGRBs
assume the formation of a
black hole!

Abbott et al 2017
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Limits on the maximum mass of neutron stars

Neutron star with
differential spin \ '

Assuming that GW170817 T
has collapsed to a black hole "
several groups have proposed
an upper limit for the mass of
isolated neutron stars

ol  Collapse
| Neutronstar
o spinning as
{» rigid body

b ]
£
[
T
=
o
&
£
w
@
b
=
2.

las;

Maximum

(Margalit+2017; Shibata+2017;
Rezzolla, ERM+2018; Ruiz+2018) Stabe nonvotatng

neutron star

Density at center

Cho, Bicknell, Science 2018

pulsar +0.04 _. ~4+0.17 Rezzolla, ERM,

Elias R. Most Perimeter Strong Gravity Seminar
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Limits on radi and deformabilities

*Constraining NS radii of neutron stars is an effort with
thousands of papers published over the last 40 years.

*Question Is deeply related with EOS of nuclear matter.
*Can new constraints be set by GW /081 /¢

Elias R. Most Perimeter Strong Gravity Seminar
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Limits on radi and deformabilities

*Constraining NS radii of neutron stars is an effort with
thousands of papers published over the last 40 years.

*Question Is deeply related with EOS of nuclear matter.

*Can new constraints be set by GW /081 7/¢

*lgnorance can be
parameterised and
EOSs can be built
arbitrarily as long as =
they satisfy specific ”
constraints on low
and high densities.

outer core

Elias R. Most Perimeter Strong Gravity Seminar
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Mass-radius relations

We have produced 106 EOSs with about 10 stellar models.

Can impose
differential _
constraints from 2 '

the maximum

mass and from
the tidal
deformability
from

GWI170817

ERM+ (PRL 2018)

Elias R. Most Perimeter Strong Gravity Seminar
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Mass-radius relations

We have produced 10 EOSs with about 10 stellar models.

Can impose
differential _
constraints from Z'¢

- S
o .

the maximum

mass and from
the tidal
deformability
from

GWI170817

ERM+ (PRL 2018)

Elias R. Most Perimeter Strong Gravity Seminar

Pirsa: 19110147 Page 41/97



Mass-radius relations

We have produced 10 EOSs with about 10 stellar models.

Can impose
differential _
constraints from '

the maximum
mass and from
the tidal
deformability

from
GWI70817

ERM+ (PRL 2018)
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Mass-radius relations

We have produced 10 EOSs with about 10 stellar models.

Can impose e T\ « ﬁ |
differential _ R |
constraints from Z'¢

the maximum
mass and from
the tidal
deformability

from
GWI70817

ERM+ (PRL 2018)

Elias R. Most
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Constraining tidal deformability

- Can explore statistics of all properties of our 109 models.

A~

« In particular can study PDF of tidal deformability: A

log,(PDF)

]

3
0 J"'.
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el
=
&
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~
—
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a0
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800 1000
ERM+ (PRL 2018)

Elias R. Most Perimeter Strong Gravity Seminar

Pirsa: 19110147 Page 44/97



Constraining tidal deformability

- Can explore statistics of all properties of our 109 models.

A~

« In particular can study PDF of tidal deformability: A

log,(PDF)
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Constraining tidal deformability

- Can explore statistics of all properties of our 109 models.

A~

« In particular can study PDF of tidal deformability: A

» LIGO has already
set upper limit:

A14 <800

]

lu:i]l_: FDF for pure hadronic EOSs)

- Our sample naturally ~ 14
sets alower limit:

800 1000
ERM+ (PRL 2018)

Elias R. Most
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Overview

*Unveiling first-order phase transitions
with gravitational waves

Elias R. Most Perimeter Strong Gravity Seminar
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Different states of QCD matter

Quarks and Gluons

Critical point?

«QCD matter comes
in different states

L]
—  3s13mun Ape3

-
-]
o

S
Q
2
r_
@
e
2
ot
)
h
Qv
Q
5
}_

- Different physical o
olor Super-
Systems prObe Neutronsia‘rs conductor?
0 1 4

dlffe rent parts Image credit: IF/A\IF‘\MdeI Net Baryon Density
 Neutron stars are at -Quarkgluon plasma

high densities formed at high

(chemical temperature /high density
potentials)
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What mergers can tell us

» Cold neutron
stars

(® 2017 Veronica Dexheimer)
T T T T T

Can Only prObe a | —— isospin-symmetric matter
tiny fraction of the ’ S

lattice QCD.
and relativistic

phase diagram | s

= slar matter

low energy
heavy ion
collisions

neutron star
margers

* Neutron star
mergers reach .
temperatures up A .zﬁ:@ﬁﬁﬁil L
to 80 MeV and t,, (MeV)
probe regions not
reached by any

experiment!

Elias R. Most Perimeter Strong Gravity Seminar
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Revealing phase transitions from
gravitational wave signals

Signals from the inspiral
ERM+ PRL 120,261103 (2018)

Elias R. Most Perimeter Strong Gravity Seminar

irsa: 19110147 Page 50/97



Mass-radius relations o o

T T f I
1\)!_;_1::? stable

unstable = - - -

1.8
1.6
1.4 : Max1
1.2
1
0.8
0.6
0.4

0.2
-

- Presence of a phase transition
leads to second stable branch
and "twin-star” models.

Mass / Solar Mass

8 9 10 1.1 12 13 14 15
Radius [km]
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Mass-radius relations

- Presence of a phase transition
leads to second stable branch
and "twin-star” models.

‘ | g} 100< A <800
CL201< M, <216

ERM+ (PRL 2018)

.......

.
- \\
twin

N
~
branch *
it

S T

11

12

R [km]

13

Ay <800
2.01< M, <216

1
! hadronic

]
! branch

YR
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Constraining tidal deformability: PTs

- Canrepeat considerations with EOSs having P Ts

.- P

=

for phase-transition EOSs)

'y ]

Elias R. Most
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Constraining tidal deformability: PTs

« Canrepeat considerations with EOSs having P Ts

- Lower limit much weaker: A; 4 > 35

- Large masses
have sharp cut-
off on upper limit:

Av7 S 460

.- P

by | — vy ]

for phase-transition EOSs)

GW d@tection
with A1_7 ~ 700
would rule out

twin stars!
Elias R. Most
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Revealing phase transitions from
gravitational wave signals

Signals from the post-merger
ERM+ PRL 122,061101 (2019)

Elias R. Most Perimeter Strong Gravity Seminar
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What mergers can tell us

» Cold neutron
stars

(® 2017 Veronica Dexheimer)
T T T T T

Can Only prObe a | —— isospin-symmetric matter
tiny fraction of the S

lattice QCD.
and relativistic

phase diagram | s

= slar matter

low energy
heavy ion
collisions

neutron star
maergers

* Neutron star
mergers reach -
temperatures up A .zﬂ:@ﬁﬁﬁil L
to 80 MeV and w, (MeV)
probe regions not
reached by any

experiment!
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Chiral Mean Field Model Pexhemer

& Schramm
*Includes hyperons
and quarks (Can be ) LA B A I A l T T T | T T T LI B I

—— quark phase transition — hadronic

turned off) N T =0

«Uses Polyakov loop o
to |mp|ement a — ‘ H]:‘T T |r\1||(|]| T 1 IIII1|1(|] T rmm
strong first order CLOE o

phase transition 5 f g

T VIO 1Tl TTom VT
I T T T e

1031

® — IJI\I\\JI'IIlI|LI\l‘IIIIIIII\
|n<:|ude5 d Cross 11.5 12.0 12.5 13.0 13.5 14.0 |

over transition at R [km]
high temperatures

5

1.
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Frankfurt/lllinoisGRMHD code

ERM+ (MNRAS 2019)
« GRMHD: Solve GRMHD eqguations using fully
fourth order flux update in space and time
High order methods such as J’[-i — i LAzf"
WENO-Z & MP5 available 24
compatible with staggered constraint transport
(ECHO scheme Del Zanna+ 2007)

- Microphysics : Support for finite temperature
EOS with approximate neutrino treatment in
terms of cooling (Leakage). Different primitive |
inversions. bivd Srcter I\

- Dynamical space-time: Implements Z4¢/BSSN
eqguations

Elias R. Most Perimeter Strong Gravity Seminar
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Importance of high order methods

—60 =40 =20 0 20 40 60 —60 —40 =20 0 200 40 60
v [km| x [km] ERM+(MNRAS 2019)

Insprial with finite temperature EOS and magnetic fields

Elias R. Most Perimeter Strong Gravity Seminar
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Quark phase transition in mergers
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Pirsa: 19110147 Page 60/97



Quark phase transition in mergers

Lt = 0.3 108
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Quark phase transition in mergers

L=t = 15.0 1ms
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Quark phase transition in mergers

* Small fraction of quarks is
present in hot regions at all
times (cross-over transition)

Elias R. Most g Seminar
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Quark phase transition in mergers

Elias R. Most

* Small fraction of quarks is
present in hot regions at all
times (cross-over transition)

* Hot quark core is formed as
soon as the phase transition
setsin

* Quark phaseis unstable and
triggers early collapse

Perimeter Strong Gravity Seminar
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Mergers in the phase diagram

|“!—'>.IH );|II-II|{

7"—‘111;\):/”'5-"Ht

1100 1200 1300

/.f./g “\]“W
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Can quarks be seen in gravitational waves?

i Low mass system
M =28 M., —— Thadronic )
— with quarks Wave strain

12

T

Instantaneous
frequency

Phase difference

t _ tier [lnh‘]

Continued presence of small quark fraction leads to
a de-phasing of the waveform in the post merger

Elias R. Most Perimeter Strong Gravity Seminar
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Can quarks be seen in gravitational waves?

High mass system

- 12

Wave strain

15 %10 2 | ;L|i};||l(‘(| l'in;f;nln\\'n

1.0

, Instantaneous
l"r"u_ru: n:l_-‘: n.l'.:] H‘!{': 100 ﬂ’equeﬂCy

Phase difference

t— e [ms]

When the hot quark core collapses to a black hole
the ringdown of the black hole is modified.

Elias R. Most Perimeter Strong Gravity Seminar
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Can quarks be seen in gravitational waves?

* A quark phase transition in the
inspiral is hard to spot. If quarks are
already present in the stars, they will
most likely have small A

* Large neutron stars at high masses
can rule out such hybrid solutions!

* Small amounts of quarks in the
merger already cause a de-phasing
of the waveform

* If the quark phase collapses to a
black hole the ringdown is modified

Elias R. Most Perimeter Strong Gravity Seminar
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Overview

X Electromagnetic precursors from
neutron star mergers

Elias R. Most Perimeter Strong Gravity Seminar
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Electromagnetic Precursors

ERM+ (in prep)
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Electromagnetic precursors

i'_ FLATIRON
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Electromagnetic precursors

J~ FLATIR ON
\ Conter for Computational
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binary (< 1kHz)

Electromagnetic precursors @

- Magnetospheric interaction W
can release of significant /

amounts of EM energy

«EM precursors can aid sky
localisation or constrain
~

binary parameters (e.g. spin) ;_ aN—

ERM+ (in prep)

) 3 Twisting of field
Piss =14 x10%¢, ( B. ( - Svaad lines can enhance
7\ 102G 30km N
emission (, > 1)

Lai (2012)

Elias R. Most Perimeter Strong Gravity Seminar

irsa: 19110147 Page 73/97



Pulsar magnetospheres

«Pulsars are equipped force- \\ /
free magnetospheres //////
consisting of a highly \\\ \e W /////
conductinge™ — e pair | @ N—=

(((@ED))))3

plasma Goldreich&Julian (1969) . H ! .
-Field lines beyond the light % il %
cylinder open up - / \\

ERM+ (in prep)
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Pulsar magnetospheres

«Pulsars are equipped force-
free magnetospheres
consisting of a highly
conductinge™ — e pair
plasma  GoldreichsJulian (1969)

ERM (|n prep)

- Field lines beyond the light
cylinder open up

- Strong current sheets are
present that might be
responsible for coherent
radio emission Phiippov+(2019)
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Elias R. Most Perimeter Strong

Pulsar magnetospheres
- Pulsars are equipped force- <
free magnetospheres
consisting of a highly
conductinge™ — e pair
plasma  GoldreichsJulian (1969)

ERM+ (in prep)

*Field lines beyond the light
cylinder open up

- Strong current sheets are

present that might be
responsible for coherent N\
radio emission Philippov+(2019) ‘ ) \ \

I‘appow( 019)
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GReX code [Most et al. (in prep)]

v I 872G
V#(Tﬂ + TI/;ZM) — () G = (

Uy Uy
hydro Hv (_.4 I + TEM )

hydro

*GRMHD with dynamical spacetime, |

Y

both fourth order accurate f'=f —ﬁA“f‘

*Solves GRMHD in local frame with
optional HLLD Riemann solver

*Dynamical space-time evolution
using Z4c

* Full dynamical AMR capabllity
through AMReX framework

* Recently extended to fully resistive Binary black holes in ambient gas
GRMHD with force-free coupling
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Kelvin-Helmholtz instability
In neutron star mergers

* At the time of merger a shear layer forms [ T8 [ | A

at the contact interface of the two stars T

=)

* Additional perpendicular compression due = o

to gravity between the two stars
Most+ (in prep)

i

[
T
L

35m resolution —
on 12,000 cores LT |
computed with GReX | {LLLET——
Most.+ (in prep)
*Kelvin-Helmholtz instability can amplify
the magnetic field strength by several
orders of magnitude

*No convergence observed in numerical
simulations. Need resolutions < [m.
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Electromagnetic precursors
Adding the right twist

A

s —J

]~ FLATIR ON
\ Conter for Computational
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Electromagnetic precursors
Adding the right twist

]~ FLATIR ON
\ Conter for Computational
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Electromagnetic precursors
Adding the right twist

—

™

J~ FLATIR ON
\ Conter for Computational
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Electromagnetic precursors
Adding the right twist g,

N5y

ERM+ (in prep)
Corotating frame
i_ FLATIRON

\ Center for Computational
Astrophysies
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Electromagnetic precursors
Adding the right twist g,

time (orbits) =  1.89 W\/’z’]?
Ty

ERM+ (in prep)
i'_ FLATIRON

corOta‘ting frame \ Center for Computational
trophysies
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Properties of the fireball

—— Force — free

——— Vacuum

[l

Lol

FTTTIN]

IRRLL

—

p—

p—
|

|

T

l
0 1

ERM+ (in prep)

Elias R.

Perimeter Strong

Gravity Seminar

Len/Lur

Enhance
luminosity by
&y =~ 100

<— FLATIRON
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Properties of the fireball %y,

*Fireball starts to expand on
large scales.

*Due to geometry of the :
problem, most energy along
the polar axis

*Fireball similar to magnetar

flares in the Maser modelseloborodov (2017)
ERM+ (in prep)

11.50

11.25
—_—
=1u]

.00 &
10,754

10.50 5
10.25

i_ FLATIRON

10,00
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How much energy can we dissipate?

* Estimate upper limit of the available energy by
computing dissipation in the current sheet

0 | ) 2 g P
a—t E(E -I-B) +V'(EXB):Jdiss

ERM+ (in prep)
i'_ FLATIRON
\ Center for Computational
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How much energy can we dissipate?

* Estimate upper limit of the available energy by
computing dissipation in the current sheet

0 | 2 ) - P
a—t E(E -I-B) +V'(EXB):Jdiss
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J~ FLATIR ON
\ Conter for Computational
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How much energy can we dissipate?
} _

* Estimate upper limit of the available energy by
computing dissipation in the current sheet

ERM+ (in prep)

\' = FLATIRON
\ Center for Computational
Astrophysies
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How much energy can we dissipate?

*Estimate upper limit of the available energy by
computing dissipation in the current sheet

ERM+ (in prep)

J~ FLATIR ON
\ Conter for Computational
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How much energy can we dissipate?

A, 2\4
@_41’}/

*Estimate upper limit of the available energy by
computing dissipation in the current sheet

0
ot

Elias R. Most Perimeter Strong Gravity Seminar

( (E~+B))+V (ExB)-*' L iss

ERM+ (in prep)

]~ FLATIRON
\ Ceonter for Computational
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* Estimate upper limit of the available energy by
computing dissipation in the current sheet

0 | 2 ) : P
d—t E(E -I-B) +V'(EXB)=Jdiss

AEnergy in shell [erg]

—— Total

Poynting

I | [ I
(0.5 1.0 1.5 2.0 2.0

t [orbit]

Elias R. Most Seminar
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How much energy can we dissipate?

ERM+ (in prep)
i'_ FLATIRON
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How much energy can we dissipate?

Dissipation
in current
sheet is 10x
less thanin
fireball

Lol

l

Ll

® Fireball ® Current sheet

| I | \ |
5 x 10! 6 x 10! 7Tx 100 8 x 10" 9 % 10!

a [km]
ERM+ (in prep)

*Caveat: Scaling at small separation J— FLATIRON
will be modified by inspiral
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Electromagnetic precursors

lowards the generic case
A

s —J

—7

™~ FLATIR ON
\ Conter for Computational
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Electromagnetic precursors
lowards the generic case

i N

——

l i'_ FLATIRON

\ Centaer for Camputational
Astrophysies
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Electromagnetic precursors
Towards the generic case“%y,

¥/

(7P
time (orbits) = 0.59 JJI)}

ERM+ (in prep)

i’ = FLATIRON
\ Center for Computational

Corotating frame
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Properties of the fireball 4 ng

J

*Fireball starts to expand on
large scales.

*Due to geometry of the
problem, most energy along
the polar axis

*Fireball similar to magnetar

flares in the Maser modelgeloborodov (2017)
ERM+ (in prep)

11.50

11.25
—

eD
.00 T

10,75 l“'] .

—

10. “L‘

.4

10.25

i'_ FLATIRON

10,00

ERM+ (in prep)
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Electromagnetic precursors
[Towards the generic case“y

¥

(d'z,]’??

time (orbits) = 1.44

ERM+ (in prep)

Corotating frame \ FLATIRON
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