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Supernovae in Binary Systems

MS
MS
Significant fraction of
massive stars live in '
binary systems MSipost
- '9<°k MS J
(e.g., Sana et al. 2012) CO stripped star
Cle 0D
\ Gt
Interaction between Stripped Ms H‘ g
star @ ‘i N
stars leads to more S 8>
complex evolution and v ' z
' . SN MS op
interesting outcomes. e Co - & SN 5
‘0
$ @
" ‘ e o
Binary black holes and/or . ms S | =
neutron stars! T co »

MS - main-sequence star « RLOF - Roche-lobe overflow e«
SN - compact object formation « CO - compact object o
CEE - common envelope evolution  GW - gravitational waves

(e.q., Postnov & Yungelson 2014)
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Double Neutron Star Systems

We know of at least 12 SN B N
double NS (DNS) binary P sttt
systems in the Milky Way, 22510 0+ 07 (o) ()

with 3 more that could
also be WD-NS systems.

Faber & Rasio (2012)

LO T l T I T l T I T I T I T I T I T I T I T I T I

DNS systems -

Out of these, only 7 will
merge In less than a T

Hubble time due to GW
emission and orbital decay.

B non-recycled PSR
(second—born NS)

B rccycled PSR
(first—born NS)

Number
3

recycled PSR?
NS/WD ? |

The mass distribution is I
peaked around 1.35 Msun. 10 12 13 14 15 16 17 18 19 2 21 22

NS mass (Mg)

Tauris et al. (2017)
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Inspiral Phase: Gravitational Waves
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Inspiral Phase: Gravitational Waves

Ground-based interferometers are most sensitive to the
inspiral phase, where GW signal is in the 100-1000 Hz range.

model-informed
T T T T T T T

Key difference with BHBH waveform is : | likelihood

prior

the effects of tides due to the finite size : | posteror
of NSs: change in phase evolution.

e.g. Blanchet et al. (2006) Hinderer et al. (2016)

GW170817 yielded constraints on the
tidal deformability parameter A of
neutron stars, which constrains the
EOS of neutron star matter.

Abbott et al. [LVC] (2017)

Essick et al. (2020)
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Inspiral Phase:
EM Precursors

—2

5

—4 X
Magnetospheric interaction: =
emission due to magnetic 7 3
reconnection and/or particle -9
acceleration by induced electric NSe——=rZz "
fields. —300—200—1
Hansen & Lyutikov (2001), Lai (2012). Palenzuela et al. (2013) v lkm] et & Philippoy (2022)
Crust-shattering flares: tidal <“> rislconping N g

iINnteractions excite normal modes. If A)Orbit ~ breaking strain
mode amplitude is sufficiently large,
can cause deformation that

elastic limit

. . o shatt(m )
exceeds breaking strain of crust. C) Seismic Aes
Seismic energy transtferred to the o A/gplg_ D) Seismic

s 19n-
magnetosphere. Tsang et al (2012 Sy i

Isang (2013)

E) Flare
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Dynamical Phase: Numerical Relativity

Spacetime evolves non-linearly:
perturbative approach not
possible, must solve

numerically.

Nakamura et al. (1987), Shibata & Nakamura (1995),
Baumgarte & Shapiro (1999), Pretorius (2005)

Long-history of efforts to include
matter, focusing on GR with
simple fluids, or on the
microphysics with simple gravity.

Rezzolla+ (2010)

e.g. Ruffert & Janka (1996), Shibata & Uryu (2000)

State-of-the-art models focus on including GRMHD and neutrino
transport with good accuracy for mass ejection and
composition (GW emission not very sensitive to those effects).
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Dynamical Phase: Mass Ejection

30 14.5

14

Material ejected on the orbital time is 20
collectively called dynamical ejecta. 10

13.5

13
- {125
12

y [km]
o

For NSNS mergers, there are two
components:

- 111.5
r 11

1) Shock-heated material from the I
collision interface between stars % 20 0 0 10 20 0 °

12.6867 ms

I14.5

113
- 112.5

10.5
10

9.5

2) Colder material ejected in tidal
talls and remnant oscillations

14
13.5

Depends on: total binary mass, mass
ratio, initial spins, EOS, neutrino heating
& cooling, and magnetic stresses.

- 12

y [km]

- 1115

- 11

(e.g., Radice et al. 2018, Shibata & Hotokezaka 2019) 50 . 0 50 7

% [km] 14.4349 ms

Bauswein et al. (2013)


https://ui.adsabs.harvard.edu/abs/2018ApJ...869..130R/abstract
https://ui.adsabs.harvard.edu/abs/2019ARNPS..69...41S/abstract
https://ui.adsabs.harvard.edu/abs/2013ApJ...773...78B/abstract

Dynamical Phase: Mass Ejection

For BHNS models, there is only tidal
tail dynamical ejecta.
(e.g., Shibata & Taniguchi 2000)

In addition, for BHNS systems there
IS a finite range in mass ratios and
initial BH spins such that the NS is
tidally disrupted and not swallowed.

Foucart et al. (2018)

Foucart et al. (2014)

Semianalytic formulae for mass

ejection.
e.g., Kruger & Foucart (2020)

Additional complications include
misalignment between BH spin ——
and orbital spin (precession, etc.)

Foucart et al. (2017)
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Dynamical Phase: Mass Ejection

Composition of Ejecta

1 All MC

Not only the amount, but also the AlML {107
composition and velocity of the dynamical S
ejecta is important for EM counterpart "2
predictions and nucleosynthesis o
calculations. Ye definition. |

107"
The composition is very sensitive to the .

0.5

quality of the approximations used to treat © 01 02 03 04
°  Foucart et al. (2020)

neutrino transport. State-of-the art is
Monte Carlo approach.

Radice et al,. 2018 — BHBA¢
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Dynamical Phase;
Magnetic Field Amplitication

The shear interface in NSNS mergers is subject
to the Kelvin-Helmholtz instability, which can
efficiently convert turbulent kinetic energy into
small-scale magnetic fields.

Price & Rosswog (2006)

A current challenge is that numerical simulations
cannot reach spatial resolutions that allow
convergence and self-consistent production of
large-scale fields through dynamo action. Sulb-
grid models have been developed.

e.g., Miravet-Tenés et al. (2022)

(a4) t - tyre = 2.91 msLog ol p (g/ cm?) |
— 15

14.5

(c4) t - e =2.91 ms g,/

H 0.06

-1 0.05

— 0.04

12 8 4 0 4 8
x [km]

Kiuchi et al. (2015)
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Merger Remnant: Mass Limits

BHNS: remnant is always a BH, semianalytic formulate that
connect initial binary mass with remnant BH mass, calibrated

with Numerical Relativity simulations. o.q.. Pannarale (2014)

NSNS: depending on initial binary mass, remnant can be:

1) Promptly-formed BH (~ 1ms)
2) Hypermassive NS (HMNS): differential rotation, finite lifetime

3) Supermassive NS (SMNS): uniform rotation (low-mass cases)

Mass limit for prompt BH formation, and lifetime of HMNS
influenced by the EOS, as well as treatment of magnetic fields
(which regulates differential rotation support) and neutrino

transport (thermal support).
e.g., Anderson et al. (2008), Giacomazzo et al. (2011), Kaplan et al. (2014)
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Merger Remnant: Gravitational Waves
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