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Binary NS Merger Science:
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A Vogt-Russell Theorem for BNS mergers?
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A Vogt-Russell Theorem for BNS mergers?
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“merger outcome depends only on total mass”
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A Vogt-Russel Theorem for BNS mergers?

- Conjecture:

“merger outcome depends only on total mass”

> heglects:
o mass ratio
o spins
o eccentricity

- initial magnetic field
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[and multi-messenger astrophysics]

Merger Remnant:

schematics of a merger -
outcome dependent on:

GW loss
timescale

> binary mass
> NS EQOS
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[and multi-messenger astrophysics]

Merger Remnant:

........................................................................... Lo~ (13 — 16) MTOV

GW loss
timescale

.......................................................................... o ~ 1.2 Myoy
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Merger Remnant:

/reminder:

O Mytoy = maximum mass of
{ o
. non-rotating NS
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[and multi-messenger astrophysics]

Merger Remnant:

........................................................................... Lo~ (13 — 16) MTOV

GW loss
timescale
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[and multi-messenger astrophysics]

Merger Remnant:

fM
dynamical
Mtime
prompt
‘ collapse
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[and multi-messenger astrophysics]

Merger Remnant:

fM
prompt
‘ collapse
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Merger Remnant:
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[and multi-messenger astrophysics]

Merger Remnant:
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collapse
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[and multi-messenger astrophysics]

Multi-messenger EOS Constraints:

- how to use to constrain NS EQS?
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collapse
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-

merger outcome & M,/ Mtov

Multi-messenger EOS Constraints:

: ?
> how to use to constrain NS EQOS: \_ y
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merger outcome & M,/ Mtov

Multi-messenger EOS Constraints:

> GW signal = total binary mass, M

\_ J

o Mot = Mchirp q_3/5(1 + Q)6/5
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-

merger outcome © M.,/ Mrov

Multi-messenger EOS Constraints:

> GW signal = total binary mass, M

\_ J

o Mot = Mchirp q_3/5(1 + Q)6/5

(Biscoveanu+19)
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-

merger outcome © M.,/ Mrov

Multi-messenger EOS Constraints:

GW signal = total binary mass, M
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Frequency (Hz)

Multi-messenger EOS Constraints:

GW signal = total binary mass, M

Mot = Mchirp q_3/5(1 + CI)6/5
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Frequency (Hz)

Multi-messenger EOS Constraints:

GW signal = total binary mass, M

Mot = Mchirp q_3/5(1 + CI)6/5
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Multi-messenger EOS Constraints:

o justification for low-spin prior
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NS Merger Remnants and the nuclear EOS

Multi-messenger EOS Constraints:

o justification for low-spin prior
Zhao & Lattimer (2018)
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-

merger outcome & M,/ Mtov

Multi-messenger EOS Constraints:

\_ GW Y
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-

merger outcome & M,/ Mtov

Multi-messenger EOS Constraints:

> EM signature = remnant fate

(Bauswein+13; Metzger&Fernandez14; \ GW Yy
Metzger&Piro14; Kasen+15; ...)
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Multi-messenger EOS Constraints:

> EM signature = remnant fate

(Bauswein+13; Metzger&Fernandez14;
Metzger&Piro14; Kasen+15; ...)
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-

merger outcome & M,/ Mtov

\_ GW Y

BM & Metzger (2017)

Prompt Collapse

(Mostly) Red Disk Winds
M~103-10%M, v~0.1c¢c

Tidal Tail
Dynamical
M~ 104-102M,,
V~0.2-03c

HMNS or short-lived SMNS

Interface Dynamical
M~102M, v~0.2-03¢c

Blue Disk Winds (long-lived NS)
M~10%10*M, v~0.1¢

Tidal Tail
Dynamical
M ~104-102M,,
V~0.2-03c

Red Disk Winds (short-lived NS)
M~10%-10"M; v~0.1c¢

A\

Tidal Tail
Dynamical
M<102M,,

)

Interface Dynamical M~ 102M,, v~c
\ ue Disk Winds «onunm NS)

long-lived SMINS

M~10%10'M,,

magnetar
wind mbula

N




NS Merger Remnants and the nuclear EOS

Multi-messenger EOS Constraints:
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Multi-messenger EOS Constraints:
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Application to GW170817:

LIGO + (2017)

LIGO-Virgo Spectrogram Formi/GBM

Chandra X-ray
Observatory
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[and multi-messenger astrophysics]

Application to GW170817: (I) remnant fate

prompt
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Application to GW170817: (I) remnant fate

o rule out long-lived SMNS or stable NS remnant

- main argument: energetics fM
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collapse
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Application to GW170817: (ll) energetics

Jremnant ~ Jorbital = JK, max Radice+ (2018)
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Application to GW170817: (ll) energetics

] remnant "~ ] orbital =~ ] K max

Radice+ (2018)
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Application to GW170817: (ll) energetics

BM & Metzger (2017)
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Application to GW170817: (ll) energetics

E

1
rot = 5102 ~ 10> erg |

(Metzger,BM+15)

rotational energy (erg)

BM & Metzger (2017)

\ Ben Margalit

Einstein Fellow, Berkeley

10”3 }

NS

SMNS

P(*]\/ﬁz‘m ‘ O? EOS)

2.0

2.5

3.0 3.5 4.0
remnant mass (M)

#



NS Merger Remnants and the nuclear EOS \ Ben Margalit

Einstein Fellow, Berkeley

Application to GW170817: (ll) energetics

BM & Metzger (2017)
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Application to GW170817: (ll) energetics

BM & Metzger (2017)
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Application to GW170817: (ll) energetics

rule out NS or SMNS remnant

rotational energy (erg)

BM & Metzger (2017)
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Application to GW170817: (ll) energetics

BM + (2018b)

-~ rule out NS or SMNS remnant 10% _ _
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Application to GW170817: (lll) Moy constraints

o ruling out long-lived NS

= upper limit on Mgy

AM
BH
-------- - 15 MTOV
HMNS
-------- - 1.2 MTOV
-+ 2.7M@
SMNS
------ - Mtov
-1 2.2M
NS v
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Application to GW170817: (lll) Moy constraints

- ruling out long-lived NS N AM
T - 15M
= upper limit on Mgy rov
HMNS
- 12 MTOV
- Moy
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Application to GW170817: (lll) Moy constraints

o ruling out long-lived NS

= upper limit on Mgy
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Application to GW170817: (lll) Moy constraints BM & Metzger (2017)
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Application to GW170817: (lll) Mgy constraints BM & Metzger (2017)
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Application to GW170817: (lll) Moy constraints BM & Metzger (2017)
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Application to GW170817: (IV) R, constraints

prompt
collapse

.............................................................. Lo~ (13 o ]_6) MTOV
| =
GW lOSS B [N ~ 1.2 MTOV
timescale dynamical
— ti c
g . me .8 viscous
oy IME  tecccccccceNgecccoooc I eeccccocccccccoocoooccnsane oo
g %n g time g MTOV
€ © —~pin-down
o .
BM (2019) £ 5 time
k5 2 for GW170817
= f=
©
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Application to GW170817: (IV) R, constraints

o rule out prompt-collapse

o main argument: mass

- ~ (1.3 = 1.6) Moy

| =
GW loss e~ 1.2 MTOV
timescale dynamical
— time c
[ = 2 viscous
o on © TIME  tececccccceNgeecccoo B cccoccccccoossssssccnnnsss vee
2 E g a Mroy
© = pin-down
] .
BM (2019) 5 °
g &  for GW170817
Y or—
:6 —
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Application to GW170817: (IV) R, constraints

- GW170817 ejecta likely
dominated by disk outflows

(e.g. Siegel & Metzger 2017)
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Application to GW170817: (IV) R,s constraints ¢ . ————
GW170817 ejecta likely g 107 i___T_éIZ_O_lzg_fe____54_[;]_?.?__%_1 _________
dominated by disk outflows g 10_22_ 789 _

(e.g. Siegel & Metzger 2017) + i g ]
5 1073L % : ;
= _ 0
: : : - 0 :
disk mass increases sharply if 1074} — |
remnant survives = couple ms f 3@ #nut
) 10" 0 P E
£ : ; _
Tz O :AO O BHBA¢ ]
- : O DD2
10°F 0 W 18220 :
{ SFHo
102 11(')3

Radice + (2018) X
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Application to GW170817: (IV) R, constraints

GW170817 ejecta likely — 90l 0= Ho00 R o

dominated by disk outflows = [ ] HO10 i '

(e.g. Siegel & Metzger 2017) T - - 1 HO030 . ;
% N — H100 -

. . | = | 1 H300 :
disk mass increases sharply if 2 10k Hinf i
remnant survives = couple ms 20 I ;

= : :

. T 05 ! -

blue kilonova also suggests S j Qi | !! Z

remnant survived for some time = j Z
0.0 —

0.1 0.2 0.3 0.4 0.5
Lippuner + (2017) Electron fraction Y, sak

Ny —
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Application to GW170817: (IV) R, constraints

Bauswein + (2017)

prompt-collapse threshold:

3.29 GWIT70817

Mo Rig =12 km
Minres = f( - V) XMtovy I

Ri6
R =11 km
28_/1/ Mot = 27—1j88f Mg,

R =10.3 km
2.6'/ R{s =10 km

(Bauswein+13; Kiuchi+19) E

2.0 2.9 2.4 2.6 2.8
Mmax [M(D]
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Application to GW170817: (IV) R, constraints

Bauswein + (2017)

prompt-collapse threshold:
3.24 GWI70817

N Mtov
Mthres ~ f( Ry ¢ )XMTOV I

Rig =12 km

(Bauswein+13; Kiuchi+19)
R =11 km

S
—CJ.%
5 Moy = 2.7470% M
MthreS > MGW170817 = 2-74‘M® g 28-/1/ 0.01

+ causality Ris = 10.3 km

2.6'/ R{s =10 km

= Ry¢> 103 km

(Bauswein+17) T T

2.0 2.9 2.4 2.6 2.8
Mmax [M(D]
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Additional Multi-Messenger Constraints:

Coughlin, Dietrich, BM + (2019)

Bl
- additional constraints <1071 "Rl - s Lm0
from fitting kilonova = -2 's:.. SFlo
ejecta properties % .
21073} Y 36 A S,
o identify ejecta source © 10741 l + ]
(dynamical / disk winds) | i | ' |

0.8 0.9 1.0 1.1
total mass / threshold mass for prompt collapse

o ejecta mass & velocity
depend on binary

parameters and EOS
(see also Radice+18; Radice&Dai19)
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Additional Multi-Messenger Constraints:

Coughlin, Dietrich, BM + (2019)

I

: | l BHBA ]
oy . _1 =9 3 ®» .‘ -i® 9 ]
- additional constraints S0 PYIN- 4 Lm0
oy g . [ ® ]
from fitting kilonova = 10-2 ‘oo SFHo
ejecta properties B ‘

= - e
E'ﬁm:;? g0 At il St
- identify ejecta source O 104 1 } :
(dynamical / disk winds) | ' | .

0.8 0.9 1.0 1.1
total mass / threshold mass for prompt collapse

o ejecta mass & velocity — o l :
depend on binary GW EOS: Minr(Rns, Mtov)

parameters and EOS
(see also Radice+18; Radice&Dai19)
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Future Outlook:

> rich landscape
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Future Outlook:

prompt / HMNS

NS / SMNS "

for Galactic
distribution of

binary NSs
(Kiziltan+13) m
EOS learning
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Future Outlook: BM & Metzger (2019)
2.200
- for Galactic #1 upper limit
distribution of 2.150 -
binary NSs

(Kiziltan+13)

EOS learning

constraint on Mtoy
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Ozel & Freire (2016)

Summary of EOS Constraints:

multi-messenger methods
complementary to GW-only

constraints

Mass (M..)

future multi-messenger
observations can further
constrain EQOS

6 8 10 12 14 16 18

Radius (km)
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Summary of EOS Constraints:

multi-messenger methods
complementary to GW-only
constraints

future multi-messenger
observations can further
constrain EQOS

Ben Margalit
Einstein Fellow, Berkeley
Ozel & Freire (2016

)
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Other implications: 1.0 —
. . 0.8 -
o small R,; implies
BH-NS mergers may
not disrupt NS! 0.6
[unless high BH spin] =
0.4 -
0.2 -
Capano + (submitted)
c.f. Foucart+17 0.0 - ' '

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Mgy (M)
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Other implications: 1.0 ——
_23M°
M
o 0.8 - 4\,"““
o small R, implies e
BH-NS mergers may
not disrupt NS! 0.6 -
[unless high BH spin] =
0.4 -
- no kilonova / GRB
counterpart ?! 0.2
Capano + (submitted)
0.0 - .

c.f. Foucart+17 00 25 50 75 100 125 150 175  20.0

Mgy (M)
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Other implications:

- merger remnant also has implications to GRB models
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Other implications:

- merger remnant also has implications to GRB models
o magnetar models

- the ‘time reversal’ scenario
(Ciolfi&Siegel15; Rezzolla&Kumar15)

BM+15
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Other implications:

- merger remnant also has implications to GRB models
o magnetar models

- the ‘time reversal’ scenario
(Ciolfi&Siegel15; Rezzolla&Kumar15)

BM+15

o radio follow-up of GRBs already constrains scenarios
(Bower&Metzger14; Fong+16; Horesh+16)
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[and multi-messenger astrophysics]

FRBs from BNS mergers?

> new localizations in tension with standard magnetar models
Ravi + (2019)

A Bannister + (2019) c Zoomed g-band

|
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'.-"l:..'\ 000 § %
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FRBs from BNS mergers?

1
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FRBs from BNS mergers?

> can potentially form FRB-producing magnetars
in of BNS mergers
(BM+19)
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FRBs from BNS mergers?

> can potentially form FRB-producing magnetars
in of BNS mergers
(BM+19)

- could be most massive NSs
= direct-Urca cooled ?
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FRBs from BNS mergers?

> can potentially form FRB-producing magnetars
in of BNS mergers
(BM+19)

- could be most massive NSs
= direct-Urca cooled ?

- another potential probe of EQOS
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Application to GW170817: (IV) R, constraints

Ry =11.03*08 R, = 10.947}-22

0.56

Ben Margalit

Einstein Fellow, Berkeley

> Using chiral effective field
theory EOSs

6v'T = Tw

+

GT'T =W [z9

=+

ST'0
0T'0

Capano + (submitted)
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GW spin-down:

GW spindown unlikely:

requires unstable B, = 100By
(Braithwaite(09)

T.q ~ 100s, in tension with GRB

GW spindown not detected by
LIGO (though not constraining)

dipole B field

BM & Metzger (2017)
17.0 . . .

16.5F

16.0

140

135}

13.0

toroidal B field

I —
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Moy Upper Limit:

> analytic estimate of result:
o MP ~ M8+ 0.075(M?8)? (Timmes+96)

= Mremnant Mtot 3. O6M@
o MP s = erlI?OV, where & = 1.18 (Lassotta+98)

. b
o demand: Msmns < Mremnant

1
= Mfoy S =0 (\/1 +0.38"IMP, L — 1) < 2.2Mg

Ben Margalit

Einstein Fellow, Berkeley
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EOS Constraints using only GWs:

LIGO (2017)
o . 3000 -
traditional paradigm: | x| < 0.05
measure finite size corrections to GW 5500
waveform
2000 -
-5
. ope . _ z ﬂ Less Compact
tidal deformability: A=k, (Rcz) = 1500 -

1500 2000 2500 3000
Ay
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. .. 10°
FRB persistent emission:
104 -
T
nebular radio T 10
emission depends on £
ambient ej.e.cta and ¥ 100
engine activity S
>
~— 10~2 -
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