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A
round January 2017 

D
ealing w

ith a B
H

-B
H

 trigger …
 

From
:

D
aryl H

aggard
daryl.haggard@

m
cgill.ca

Subject:
Fw

d: R
e: Possible G

W
 trigger for Proposal 18400410

D
ate:

M
ay 17, 2018 at 6:19 PM

To:
Vicky Kalogera

vicky@
northw

estern.edu

Neil's thoughts about EM follow-up in early 2017...

-------- Forwarded Message --------
Subject: Re: Possible GW trigger for Proposal 18400410
Resent-From: daryl.haggard@mcgill.ca
Date: Sat, 7 Jan 2017 20:23:26 +0000
From: Gehrels, Neil (GSFC-6610) <neil.gehrels@nasa.gov>
To: Vicky Kalogera <vicky@northwestern.edu>
CC: Daryl Haggard <daryl.haggard@mcgill.ca>, Neil Gehrels 
<gehrels@milkyway.gsfc.nasa.gov>

Vicky,

I am happy to stay in the loop on this interesting object, but don’t 
have a strong opinion one way or the other.  I would hate to miss the 
big big detection.  However, the odds are so small for it if it is the 
BH-BH LIGO counterpart as you point out.  I am slightly opposed.

Neil

On Jan 7, 2017, at 1:00 PM, Vicky Kalogera <vicky@northwestern.edu> wrote:

Neil, any opinions? should we go ahead without your input ? 
do we want to trigger - it is definitely a BH-BH, so I am not sure whether I buy the validity of
the counterparts reported as LIGO source counterparts … 

On Jan 7, 2017, at 11:57 AM, Daryl Haggard <daryl.haggard@mcgill.ca> wrote:

Thanks Belinda,

The visibility looks good in ProVis, as do the roll and pitch angles -- 
I know your team will do a more thorough assessment. Coordinates are 
proprietary, so I'll wait to share those only if we officially trigger.

I am waiting to touch base with the Swift team, but will follow up soon,
-Daryl

On 1/7/17 12:48 PM, Wilkes, Belinda wrote:
Hi Daryl,
Thank you for the heads-up.
Did you already check the visibility with ProVis?
Are you awaiting a confirmation by Swift?

Your trigger window is 1-4 days.
We will need the coordinates to be able to tell you if there is a chance
we can observe this in the next 4 days. Fine to wait until you decide
whether/not to submit, if they are proprietary, just be aware that it
takes time to make the assessment.
Belinda

On Sat, Jan 7, 2017 at 12:16 PM, Daryl Haggard <daryl.haggard@mcgill.ca
<mailto:daryl.haggard@mcgill.ca>> wrote:

 Hello Belinda, Harvey, and Andrea,

Thanks to 
Daryl Haggard
for finding this.
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In
the

m
id-1960s,

gam
m
a-ray

bursts
(G

R
B
s)

w
ere

discovered
by

the
V
ela

satellites,and
theircosm

ic
origin

w
as

firstestablished
by

K
lebesadeletal.(1973).G

R
B
s
are

classified
as

long
or

short,
based

on
theirduration

and
spectralhardness(D

ezalay
etal.1992;

K
ouveliotou

et
al.

1993).
U
ncovering

the
progenitors

of
G
R
B
s

has
been

one
of

the
key

challenges
in

high-energy
astrophysics

ever
since(L

ee
&

R
am

irez-R
uiz

2007).
It

has
long

been
suggested

that
short

G
R
B
s
m
ight

be
related

to
neutron

star
m
ergers

(G
oodm

an
1986;

Paczynski
1986;

E
ichler

et
al.

1989;
N
arayan

et
al.1992).

In
2005,

the
field

of
short

gam
m
a-ray

burst
(sG

R
B
)
studies

experienced
a
breakthrough

(for
review

s
see

N
akar

2007;B
erger

2014)
w
ith

the
identification

of
the

first
host

galaxies
of

sG
R
B
s

and
m
ulti-w

avelength
observation

(from
X
-ray

to
optical

and
radio)

of
their

afterglow
s
(B
erger

et
al.

2005;
Fox

et
al.

2005;
G
ehrels

et
al.

2005;
H
jorth

et
al.

2005b;
V
illasenor

et
al.

2005).
These

observations
provided

strong
hints

that
sG

R
B
s
m
ight

be
associated

w
ith

m
ergers

of
neutron

stars
w
ith

other
neutron

stars
orw

ith
black

holes.These
hints

included:(i)theirassociation
w
ith

both
elliptical

and
star-form

ing
galaxies

(B
arthelm

y
et

al.2005;
Prochaska

etal.2006;B
erger

etal.2007;O
fek

etal.2007;T
roja

etal.2008;D
’A
vanzo

etal.2009;Fong
etal.2013),due

to
a
very

w
ide

range
of

delay
tim

es,as
predicted

theoretically(B
agotetal.

1998;
Fryer

et
al.

1999;
B
elczynski

et
al.

2002);
(ii)

a
broad

distribution
of

spatial
offsets

from
host-galaxy

centers(B
erger

2010;
Fong

&
B
erger

2013;
T
unnicliffe

et
al.2014),

w
hich

w
as

predicted
to

arise
from

supernova
kicks(N

arayan
et

al.
1992;

B
loom

et
al.

1999);
and

(iii)
the

absence
of

associated
supernovae(Fox

et
al.

2005;
H
jorth

et
al.

2005c,
2005a;

Soderberg
et

al.
2006;

K
ocevski

et
al.

2010;
B
erger

et
al.

2013a).
D
espite

these
strong

hints,
proof

that
sG

R
B
s

w
ere

pow
ered

by
neutron

star
m
ergers

rem
ained

elusive,
and

interest
intensified

in
follow

ing
up

gravitational-w
ave

detections
electro-

m
agnetically(M

etzger
&

B
erger

2012;
N
issanke

etal.2013).
E
vidence

of
beam

ing
in

som
e
sG

R
B
s
w
as

initially
found

by
Soderberg

etal.(2006)
and

B
urrow

s
etal.(2006)

and
con

firm
ed

by
subsequent

sG
R
B

discoveries
(see

the
com

pilation
and

analysis
by

Fong
etal.2015

and
also

T
roja

etal.2016).N
eutron

star
binary

m
ergers

are
also

expected,
how

ever,
to

produce
isotropic

electrom
agnetic

signals,
w
hich

include
(i)

early
optical

and
infrared

em
ission,a

so-called
kilonova/m

acronova
(hereafter

kilonova;
L
i
&

Paczyński
1998;

K
ulkarni

2005;
R
ossw

og
2005;

M
etzger

etal.2010;
R
oberts

et
al.2011;B

arnes
&

K
asen

2013;
K
asen

et
al.2013;

Tanaka
&

H
otokezaka

2013;
G
rossm

an
et

al.
2014;

B
arnes

et
al.

2016;
T
anaka

2016;
M
etzger

2017)
due

to
radioactive

decay
of

rapid
neutron-capture

process
(r-process)

nuclei(L
attim

er
&

Schram
m

1974,
1976)

synthesized
in

dynam
ical

and
accretion-disk-w

ind
ejecta

during
the

m
erger;

and
(ii)

delayed
radio

em
ission

from
the

interaction
of

the
m
erger

ejecta
w
ith

the
am

bientm
edium

(N
akar&

Piran
2011;Piran

etal.
2013;

H
otokezaka

&
Piran

2015;
H
otokezaka

et
al.

2016).
T
he

late-tim
e
infrared

excess
associated

w
ith

G
R
B

130603B
w
as

interpreted
as

the
signature

of
r-process

nucleosynthesis
(B
erger

et
al.

2013b;
T
anvir

et
al.

2013),
and

m
ore

candidates
w
ere

identified
later

(for
a
com

pilation
see

Jin
et

al.2016).
H
ere,w

e
reporton

the
globaleffort 958

thatled
to

the
firstjoint

detection
of

gravitational
and

electrom
agnetic

radiation
from

a
single

source.
A
n

∼
100

s
long

gravitational-w
ave

signal
(G

W
170817)

w
as

follow
ed

by
an

sG
R
B

(G
R
B
170817A

)
and

an
optical

transient
(SSS17a/A

T
2017gfo)

found
in

the
host

galaxy
N
G
C
4993.

T
he

source
w
as

detected
across

the
electrom

agnetic
spectrum

—
in

the
X
-ray,

ultraviolet,
optical,

infrared,and
radio

bands—
over

hours,days,and
w
eeks.T

hese
observations

support
the

hypothesis
that

G
W
170817

w
as

produced
by

the
m
erger

of
tw
o

neutron
stars

in
N
G
C
4993,

follow
ed

by
an

sG
R
B
and

a
kilonova

pow
ered

by
the

radioactive
decay

of
r-process

nucleisynthesized
in

the
ejecta.

F
igure

1.L
ocalization

of
the

gravitational-w
ave,gam

m
a-ray,and

opticalsignals.T
he

leftpanelshow
s
an

orthographic
projection

of
the

90%
credible

regions
from

L
IG

O
(190

deg
2;lightgreen),the

initialL
IG

O
-V

irgo
localization

(31
deg

2;dark
green),IPN

triangulation
from

the
tim

e
delay

betw
een

F
erm

iand
IN
TE

G
R
A
L
(light

blue),
and

F
erm

i-G
B
M

(dark
blue).

T
he

inset
show

s
the

location
of

the
apparent

host
galaxy

N
G
C
4993

in
the

Sw
ope

optical
discovery

im
age

at
10.9

hr
after

the
m
erger

(top
right)

and
the

D
L
T
40

pre-discovery
im

age
from

20.5
days

prior
to

m
erger

(bottom
right).T

he
reticle

m
arks

the
position

of
the

transientin
both

im
ages.

958
A

follow
-up

program
established

during
initial

L
IG

O
-V

irgo
observations

(A
badie

etal.2012)
w
as

greatly
expanded

in
preparation

for
A
dvanced

L
IG

O
-

V
irgo

observations.
Partners

have
follow

ed
up

binary
black

hole
detections,

starting
w
ith

G
W
150914

(A
bbott

et
al.

2016a),
but

have
discovered

no
firm

electrom
agnetic

counterparts
to

those
events.

2

T
h
e
A
stroph

ysical
Jou

rn
al

L
etters,

848:L
12

(59pp),
2017

O
ctober

20
A
bbott

et
al.

M
ulti-M

essenger Astronom
y paper, LVC

+All EM
 team

s, ApJ Letters, 2017

28 sq. deg!

O
nce G

W
170817 w

as localized…



1

T
im

eline of early EM
 follow

-up:
T

he first 72 hours

G
W

 
trigger

12 hr: 
Optical 

discovery

3

13.7 hr: 
First radio 

observations

2
3

1.5 days: 
First optical and 

near-infrared 
spectra

2.4 days: 
First, deep X

-ray 
observations

C
ourtesy M

argutti & Fong 



T
im

eline of early EM
 follow

-up:
T

he first tw
o w

eeks

G
W

 
trigger

9 days
20 days

30 days

9-15 days: 
X

-rays com
e 

into view
! 15 days

16 days: 
R

adio com
es 

into view
!

C
ourtesy M

argutti & Fong 



HUBBLE

GW
170817

COUNTERPART

CHANDRA
CHANDRA

Day 160
Day 109

Day 16
Day 260

C
ourtesy D

. H
aggard 



cocoon
 ou

tflow
 (G

ottlie
b
+ 2017)  

e
je

cta ou
tflow

 (M
oole

y+ 2017)  
cocoon

 ou
tflow

 (M
oole

y+ 2017)  
iso. fire

b
all (D

'Avan
zo+ 2018)  

stru
ctu

re
d
 je

t (Lazzati+ 2017)  
stru

ctu
re

d
 je

t 1 (M
argu

tti+ 2018) 
stru

ctu
re

d
 je

t 2 (M
argu

tti+ 2018) 
stru

ctu
re

d
 je

t (D
'Avan

zo+ 2018)  
stru

ctu
re

d
 je

t (Lym
an

+ 2018) 

SU
N
B
LO

C
K

[H
aggard+ 2017; R

uan+ 2018, N
ynka+ 2018]

[also Evans+2017; M
argutti+ 2017/2018; Troja+ 2017; K

asliw
al+ et al. 2017; M

ooley+ 2017, A
lexander+ 2018]

•
Jet and/or cocoon 
afterglow

s supported by 
recent data 

•
X

-ray and radio turn-over 
currently underw

ay…

•
C
handra non-det.  

~2 days; det. 9, 15, 
109,160, &

 260 days 
•

U
pper lim

its from
 

Sw
ift &

 N
uSTA

R
 

•
X

-ray and radio 
initially pointed to  
off-axis G

R
B



O
ff-axis Jet  predictions:

M
argutti et al. 2018

Ultra-relativistic jet view
ed from

 the side

20 deg



Alexander+2018



synchrotron

M
argutti+2018 

updated w
ith 

new
 data from

 
Alexander +2018

SAM
E spectrum

 (no spectral evolution)
Synchrotron Cooling frequency > X-rays at all tim

es



C
handra X-ray Spectral Fits

A
b
sorb

e
d
 p

ow
e
r-law

 sp
e
ctral m

od
e
ls w

/ 
N

H = 7.5 × 10
20 cm

−2 
•

109 d
ays: Γ

X  = 1.53
+0.24−0.23 

•
160 d

ays: Γ
X  = 1.58

+0.23−0.22 

•
260 d

ays: Γ
X  = 1.57

+0.38−0.39  

Lack of e
volu

tion
 in

 sp
e
ctral in

d
e
x 

d
is
f
a
v
o
r
s p

assin
g of syn

ch
rotron

 coolin
g 

b
re

ak.N
ynka, R

uan, H
aggard, et al. A

pJL subm
itted



[C
ourtesy: M

argutti, Fong, &
 H

aggard]

X-ray em
ission m

odels



H
ow

 m
any m

ore N
S m

ergers in O
3?

A
lw

ays looking into the future …
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Ṅ
h
ig
h

Ṅ
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d
irectly

from
th
e
relevan

t
p
ap

ers
w
ith

ou
t

con
version

.
S
ee

S
ection

III
for

m
ore

d
etails.

bR
ate

taken
from

th
e
estim

ate
of

B
H
-IM

B
H

IM
R
I
rates

q
u
oted

in
[19]

for
th
e
scen

ario
of

B
H
-IM

B
H

b
in
ary

h
ard

en
in
g

v
ia

3-b
o
d
y

in
teraction

s;
th
e
fraction

of
glob

u
lar

clu
sters

con
tain

in
g

su
itab

le
IM

B
H
s
is

taken
to

b
e
10%

,
an

d
n
o
in
terferom

eter
op

tim
ization

s
are

assu
m
ed

.
cR

ate
taken

from
th
e
op

tim
istic

u
p
p
er

lim
it

rate
q
u
oted

in
[19]

w
ith

th
e
assu

m
p
tion

th
at

all
glob

u
lar

clu
sters

con
tain

su
itab

le
IM

B
H
s;

for
th
e
A
d
van

ced
n
etw

ork
rate,

th
e
in
terferom

eter
is

assu
m
ed

to
b
e
op

tim
ized

for
IM

R
I
d
etection

s.
dR

ate
taken

from
th
e
estim

ate
of

IM
B
H
-IM

B
H

rin
gd

ow
n

rates
q
u
oted

in
[20]

assu
m
in
g
10%

of
all

you
n
g
star

clu
sters

h
ave

su
ffi
cien

t
m
ass,

a
su

ffi
cien

tly
h
igh

b
in
ary

fraction
,
an

d
a
sh

ort
en

ou
gh

core
collap

se
tim

e
to

form
a
p
air

of
IM

B
H
s.

eR
ate

taken
from

th
e
estim

ate
of

IM
B
H
-IM

B
H

rin
gd

ow
n

rates
q
u
oted

in
[20]

assu
m
in
g
all

you
n
g
star

clu
sters

h
ave

su
ffi
cien

t
m
ass,

a
su

ffi
cien

tly
h
igh

b
in
ary

fraction
,
an

d
a
sh

ort
en

ou
gh

core
collap

se
tim

e
to

form
a
p
air

of
IM

B
H
s.

III.
C
O
N
V
E
R
S
IO

N
F
R
O
M

M
E
R
G
E
R

R
A
T
E
S

T
O

D
E
T
E
C
T
IO

N
R
A
T
E
S

A
lth

ou
gh

som
e
p
u
b
lication

s
q
u
ote

d
etection

rates
for

In
itial

an
d

A
d
van

ced
L
IG

O
-V

irgo
n
etw

ork
s
d
irectly,

th
e

con
version

from
coalescen

ce
rates

p
er

galax
y
to

d
etection

rates
is

n
ot

con
sisten

t
across

all
p
u
b
lication

s.
T
h
erefore,

w
e
ch
o
ose

to
re-com

p
u
te

th
e
d
etection

rates
as

follow
s. 4

T
h
e
actu

al
d
etection

th
resh

old
for

a
n
etw

ork
of

in
terferom

eters
w
ill

d
ep

en
d
on

a
n
u
m
b
er

of
factors,

in
clu

d
in
g
th
e

n
etw

ork
con

fi
gu

ration
(th

e
relative

lo
cation

s,
orien

tation
s,

an
d
n
oise

p
ow

er
sp
ectral

d
en
sities

of
th
e
d
etectors),

th
e

ch
aracteristics

of
th
e
d
etector

n
oise

(its
G
au

ssian
ity

an
d
station

arity
),

an
d
th
e
search

strategy
u
sed

(coin
cid

en
t
v
s.

coh
eren

t
search

)
(see,

e.g.,
[24]).

A
fu
ll
treatm

en
t
of

th
ese

eff
ects

is
b
eyon

d
th
e
scop

e
of

th
is

p
ap

er.
In
stead

,
w
e

estim
ate

even
t
rates

d
etectab

le
b
y
th
e
L
IG

O
-V

irgo
n
etw

ork
b
y
scalin

g
to

an
average

volu
m
e
w
ith

in
w
h
ich

a
sin

gle
d
etector

is
sen

sitive
to

C
B
C
s
ab

ove
a
fi
d
u
cial

sign
al-to-n

oise
ratio

(S
N
R
)
th
resh

old
of

8.
T
h
is
is
a
con

servative
ch
oice

if
th
e
d
etector

n
oise

is
G
au

ssian
an

d
station

ary
an

d
if

th
ere

are
tw

o
or

m
ore

d
etectors

op
eratin

g
in

coin
cid

en
ce. 5

4
R
ates

of
IM

R
Is

in
to

IM
B
H
s
an

d
IM

B
H
-IM

B
H

coalescen
ces

are
an

ex
cep

tion
:
b
ecau

se
of

th
e
m
an

y
assu

m
p
tion

s
in
volved

in
con

vertin
g

rates
p
er

glob
u
lar

clu
ster

in
to

L
IG

O
-V

irgo
d
etection

rates,
w
e
q
u
ote

d
etection

rates
for

th
ese

sou
rces

d
irectly

as
th
ey

ap
p
ear

in
th
e

relevan
t
p
u
b
lication

s.
5
T
h
e
real

d
etection

ran
ge

of
th
e
n
etw

ork
is
a
fu
n
ction

of
th
e
d
ata

q
u
ality

an
d
th
e
d
etection

p
ip
elin

e,
an

d
can

on
ly

b
e
ob

tain
ed

em
p
irically.

H
ow

ever,
w
e
can

argu
e
th
at

ou
r
ch

oice
is

n
ot

u
n
reason

ab
le

as
follow

s.
W
e
com

p
u
te

b
elow

th
at

th
e
N
S
-N

S
h
orizon

d
istan

ce
for

th
e

In
itial-era

in
terferom

eters
is

D
h
o
r
iz
o
n
=

33
M
p
c.

A
ccord

in
g
to

E
q
.
(5),

th
is

corresp
on

d
s
to

an
accessib

le
volu

m
e
of

∼
150

M
W

E
G
s
or

∼
250

L
1
0 .

M
ean

w
h
ile,

th
e
90%

-con
fi
d
en

ce
u
p
p
er

lim
it

on
N
S
-N

S
rates

from
a
year

an
d
a
h
alf

of
d
ata

(in
clu

d
in
g
ap

p
rox

im
ately

h
alf

Rates Review
 paper, LVC

, C
Q

G
, 2010

G
W

 paper, LVC
, PRL, 2017

N
S-N

S Rate M
easurem

ent: 1.54 +3.2 -1.22   (0.3 - 5) per M
pc

3 per M
yr  

N
S-N

S Rate Predictions:
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osm
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oalescence Rates for D
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O
3 Event Rate 

Expectations
Take Aw

ays
 

BH
-BH

 ra
te

 w
ill dom

inate
, p

o
ssib

ly b
y m

o
re

 th
a
n
 a

n
 o

rd
e
r o

f m
a
g

n
itu

d
e
, u

p
 to

 ~few
/w

k.,  
at least ~few

/m
o. 

1-10
 N

S-N
S

, p
o

ssib
ly u

p
 to

 ~1/m
o. 

V
T

 h
a
s strong m

ass dependence
 b

u
t very m

ild dependence
 o

n
 a

ssu
m

e
d

 sp
in

 d
istrib

u
tio

n
 

N
S-BH

: N
=0 not ruled out in

 a
n
y sc

e
n
a
rio

, m
o

st g
ive

 ~50%
 N

>0

ρ
n
e
t  >

 1
2

 
T

o
b

s : 1
 yr w

ith
 5

0
%
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u
ty c

yc
le
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