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Gravitational waves
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what a gravitational wave detector sees...
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Gravitational waves Equation of state
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What effect can this have?

Livingston Hanford
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Tidal deformability
Putting this into context: °3§
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How does the family of EoS look like that
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Tidal deformability
Tidal deformability dopplergangers

What is a doppelganger? 20f 3 Not easy to
distinguish!

Image credit: Guardian | / K
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Low-density phase transitions

What produces Doppelgangers?
Studied a large sample drawn from > | Mio EoS models!
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Dopplergangers are the result of low density phase transitions!

Check out Raithel & ERM (PRL2023: PRD 2023) for more details.
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The final fate of a neutron star binary
M Gravitational waves shortGRB

2000 5000 10000 20000
A T L | T u
15.0 +0.5d
+0.7d
7600K
—~ —155 ] +1.0d
S -16.0 : g
T
] +3.5d -
S 3300K L3O se), o
o -165 Look N L
o
= ; os0f L = )
S —170[ é 0.00f \h ;"\ I;L
M -0.50F |: L/ b
-« 1
+8.5d 2—1‘00' f ’ﬂ bh'ﬁ Eu /\ﬁ \\‘
—17.5L . 2500K ; i \/\ [
w2m2w1 uUBgV r izYJ H K & -1.50f N W 1)
B =] \ |
M}( S| y.l
2000 5000 1 0000 20000
Rest wavelength (A)

Elias R. Most




The final fate of a neutron star bmary
Gravitational waves

Livingston Hanford
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Sourcing sGRBs in neutron star mergers
What'’s the engine behind sGRBs? S

Black hole!

Paschalidis et al 2015; Ruiz et al.
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Sourcing sGRBs in neutron star mergers
What’s the engine behind sGRBs? ooy, e

Black hole!

Mosta et al 2020

Paschalidis et al 2015; Ruiz et al.

Hypermassive neutron star?

Can we also get sGRBs from neutron
stars? What’s the expected fraction?
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Blue kilonova from jet-like outflows?

Stellar jet-like outflows might
contribute to blue kilonova L Piege  EEE Lo 10 apec
component of mergers
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Constraining the sGRB population

APR4

Potential constraints from the -

sGRB population require 2.0
reliable engine models — 18
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Salafia+ 2022
see also Sarin+ 2022

See Margalit & Metzger; Rezzolla, ERM+; Ruiz+;
Ry 4[km] Shibata+;... for constraints from GW170817
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Kilohertz QPOs in neutron star mergers?
sGRB

Small fraction of GRB recently reported

to have quasi-periodic oscillations!
> ~ Chirenti+(Nature 2023)
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Kilohertz QPOs in neutron star mergers?
sGR

Small fraction of GRB recently reported

to have quasi-periodic oscillations!
> ~ Chirenti+(Nature 2023)
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Could these QPOs be coming from a
neutron star? Chirenti+(2019)

HMNS has kHz QPOs!



Implications for nuclear physics?
Gravitational waves

oscillations ” MM W
15 20
© R E Different dense
E— ‘ matter models give
< rise to different
= frequency spectra.
Ej - Bauswein+ 2011, 2012, Stergioulas+ 2011,
e Bernuzzi+ 2015, Raithel & ERM 2022,...

° ' 2" ' ° Probing hot and dense matter!
Takami+ (2014, 2015)
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Implications for nuclear physics?
Gravitational waves

oscillations
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WWWMWW
29 f

burst QP0s

provide

additional _ il i
constraints? : -

— 2.6 kHz

120
Chirenti+(Nature 2023)

Elias R. Most



Implications for nuclear physics?
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Thinking about a model

Question: Can a hypermassive neutron star
inject kHz variability into a jet-like outflow?
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Thinking about a model

Question: Can a hypermassive neutron star
inject kHz variability into a jet-like outflow?

» Post-merger oscillations strongest
during and shortly after merger

e Likelyrequires production of ultra-
strong magnetic fields during merger

e Variability may correlate with
equation of state, but also with
magnetic field topology
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Why magnetic fields pose a challenge
Inspiral merger

B< 101 G B> 10'° G
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Why magnetic fields pose a challenge

Inspiral merger shear layer
B <107 G B> 10'°G ;
_ ring merdqger
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Kiuchi+(2015,17),
Palenzuela+(2021)
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Why magnetic fields pose a challenge
Inspiral merger shear layer

B<10° G B> 10'°G _
during merger

—4

c > 10 Price&Rosswog (2006),
Kiuchi+(2015,17),
Palenziiela+(2021)

* Ampflication of magnetic field due to small
scale turbulence in the merger

e Initial magnetic field topology seems to get |
washed out Aguilera-Miret+(2021)

Chabanov+(incl. ERM, ApJL ’23)
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Why magnetic fields pose a challenge
Inspiral merger shear layer

B<10° G B> 10'°G _
during merger

—4

c > 10 Price&Rosswog (2006),
Kiuchi+(2015,17),
Palenziiela+(2021)

* Ampflication of magnetic field due to small
scale turbulence in the merger

e Initial magnetic field topology seems to get 16 \
washed out Aguilera-Miret+(2021)

Magnetic field configuration after merger | _ )
remains uncertain... Chabanov-+(incl. ERM, ApJL ’23)
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Why magnetic fields pose a challenge
merger shear layer

Inspiral

B< 108 G B> 10'° G T
_4 Uuring merger
o > 10 Price&Rosswog (2006),
What's the impact of different initial fields? 1291517}, Palenzuela+(2021)
 see also Aqguilera-Miret+(2021) t—t,0 = —1.03 ms 1015

10g full (HR)
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What's the impact of different initial fields?

| t— ther = —.12 ms 0.52 ms | 3.0 ms 14.98 s
- full (HR)

- crust (HR)

~

—10 —5
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Chabanov+(incl. ERM, ApJL ’23)
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Small-scale effects?
tlme —>

Understand the local L | R B I
problem, and the the scales”, © & sy I
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What small-scale dynamo
processes operate during the
merger! Rayleigh-Taylor dynamo!

Meridional view of the remnant
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Small-scale effects?
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processes operate during the
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Meridional view of the remnant

Need a effective framework to model
dynamo effects in global merger simulations!
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Vastly different scales
> 1000 km
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Vastly different scales
> 1000 km

5
t=10tg

~ 50 km

Small-scales Shear layer Binary Jot

Need a multi-scale approach to capture (effects of) all scales!

2 Ab-initio modeling ? </ Effective models ?

Elias R. Most



Inspiration from nuclear physics

Non-equilibrium transport is critical to understand
momentum anisotropies in heavy-ion collisions.

e.g., Romatschke+(2008),
Denicol+(2012,2018,2019), Kovtun+(2019),
Bemfica+(2017,2022), and many others

Leverage advances made by the nuclear physics
community to study astrophysical systems!

Elias R. Most



Hydrodynamics as an effective theory

Hydrodynamics Kinetic theory
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Collisional (1 ~ 0) w Collisionless (1 ~ L)



Hydrodynamics as an effective theory

Perturbatively include corrections to hydrodynamics

uy __ | v 1, 2 Uy A

Dissipative

Hydrodynamics Hydrodynamics Kinetic theory
Vﬂ Tlﬁl}lfjdro =0 Vﬂ " =0 p”()ﬂf =6 [f]

Collisional (1 ~ 0) w Collisionless (1 ~ L)
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Dissipative Magnetohydrodynamics

First numerical scheme to handle !’Oessure
general viscosities in the presence of W7

magnetic fields for relativistic fluids.
ERM & Noronha (PRD 2021)

anisotropy

X

ERM & Noronha (PRD 2021)

u* VIl =—¢Vaul + ...
u’v, g = — kVAT — 17 1g" + ...
+Qrb" g, + ...

u®v o'’ = — ot — vt ln" + ...

+8 b<Hags>
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Dissipative Magnetohydrodynamics

First numerical scheme to handle !’Oressure anisotropy

general viscosities in the presence of 7

magnetic fields for relativistic fluids. <
ERM & Noronha (PRD 2021) <
_4_D

Leverages a |4-moment closure
derived from kinetic theory by (&
" 04 02 00 02 04

the nuclear physics community. -
DenlCO|+(2018,2019) ERM & Noronha (PRD 2021)

u* VIl =—¢Vaul + ...
u’v, g = — kVAT — 17 1g" + ...
+Qr-b"qg, + ...

u®v o'’ = — ot — vt ln" + ...
<uax __U>
+0g b~ 7. ..
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Dissipative Magnetohydrodynamics

First numerical scheme to handle !’Oessure anisotropy

general viscosities in the presence of 7

magnetic fields for relativistic fluids. ">\ \ o
ERM & Noronha (PRD 2021) o [l /)) -
_4_D
Leverages a |4-moment closure i, \_ E
derived from kinetic theory by 177
0T 02 00 02 04

the nuclear physics community. -
DenlCO|+(2018,2019) ERM & Noronha (PRD 2021)

u* VIl =—¢Vaul + ...

Novel fully flux conservative
u’v, g = — kVAT — 17 1g" + ...

approach with stiff relaxation.

+Qrb"qg, + ...
Well suited to handle highly uevV o = — pot — ¢t gt 4
turbulent astrophysical flows! +8, bHg>
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Applications to dynamo physics

Can use same philosophy to think
about mean-field dynamo theory.

Common in other contexts:

Accretion disk (Del Zanna, Bugli+,Sadowski+,...)
Galaxy dynamics (Teyssier+,...),

Supernova (White, Burrows+,...)
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Applications to dynamo physics

Can use same philosophy to think
about mean-field dynamo theory.

Common in other contexts:

Accretion disk (Del Zanna, Bugli+,Sadowski+,...)
Galaxy dynamics (Teyssier+,...),

Supernova (White, Burrows+,...)

For now, try a simple

al2 — dynamo in the near
ideal GRMHD regime.

TTTRAVN i * J# = cet + ab* + Pe B b (J,), + ...
L, E=-%XB+aB+pIxB
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Applications to dynamo physics

Amplification during merger

fa7

Can use same philosophy to think

about mean-field dynamo theory.

I

: F
Common in other contexts: sl e
Accretion disk (Del Zanna, Bugli+,Sadowski+,...) - 2
Galaxy dynamics (Teyssier+,...), = 3
Supernova (White, Burrows+,...) i 15
. 0

For now, try a simple g1

~ 10 (-
af2 — dynamo in the near ST S |
: : 93 ~20 —10 0 10 20 30
ideal GRMHD regime. ]

ERM+ (in prep)

TTTRAVN i * J# = cet + ab* + Pe B b (J,), + ...
L, E=—VvXB+aB +fJ/XB
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Thinking about a model

Question: Can a hypermassive neutron star
inject kHz variability into a jet-like outflow?

e Variability may correlate with
equation of state, but also with
magnetic field topology
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Simulation setup

ERM & Quataert (ApJL 2023)
*Need to perform full numerical

relativity GRMHD simulations
of merger and post-merger
to connect outflow and
oscillations
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Simulation setup

ERM & Quataert (ApJL 2023)
*Need to perform full numerical

relativity GRMHD simulations
of merger and post-merger
to connect outflow and
oscillations

Use DD2 and APRLDP.
(QPO frequency at zero
redshift consistent with
13km neutron stars)
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Simulation setup

ERM & Quataert (ApJL 2023)

*Need to perform full numerical . A7

relativity GRMHD simulations __ 2

of merger and post-merger .*Zig
N

to connect outflow and " &

oscillations 0 16%
*Use DD2 and APRLDP. E‘fg

(QPO frequency at zero 10

redshift consistent with 5 V N .

13km neutron stars) %30 -20 -0 0 10 20 30

z [km]
GW170817-like binary
* Initial field amplification

due to a-dynamo, then self-
consistent evolution

 Study two magnetic field
configurations, leading to

magnetizationc = 0.01; 0.001
close to the surface.
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Flares from hypermassive neutron stars

ERM & Quataert (ApJL 2023)
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Flares from hypermassive neutron stars

250 epplammdiie g 0 ms - A
i 2.0 i — LS220-M1.35, high res. |
- LS220-M1.35, high res., 7 —sym |
200 ik — LS220-M1.35, medium res. -
: — LS220-M1.35, low res. %
' 1.5 F =
. ol L&
= 2 £
ie ‘ & M
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=
; ] o0
0.5 ‘ ’ e
°uniform Keplerian

Buoyant instabilities cause
magnetic loops to rise up!

- differentia Llrotatiow
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Flares from hypermassive neutron stars

ERM & Quataert (ApJL 2023)
o7 = | .58 A

250 wmm camy by mag e h IS L
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o

Differential rotation twists the
loop, causing it to inflate.

differentia Llrotatiow
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Flares from hypermassive neutron stars
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Flares from hypermassive neutron stars
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Magnetically driven outbursts

: : : ERM & Quataert (ApJL 2023)
Flares and quasi-periodic outbursts can be

driven from ultra-magnetized mergers!
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Potential source of SGRBs or sGRB precursors
See also Kluzniak & Ruderman (1998); Beloborodov (2014)
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: : : ERM & Quataert (ApJL 2023)
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Properties of flares and outbursts
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Properties of flares and outbursts
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Implications for nuclear physics?
Gravitational waves
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Using GRBs to learn about dense matter?

ERM & Quataert (ApJL 2023)

N GRBQlO?llAZO

PSD

PSD

f [kH7

Association of frequencies depends on field strength, EQS,...



Summary

Ultra-strong magnetic fields
produced in the collision of
two neutron stars can give
rise to flaring, quasi-periodic
outbursts and jets.
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Flaring and outflow variability correlates
largely with magnetic shearing.
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