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1:	
  Pre-­‐merger	
  
emission	
  

2:GRB	
  
High	
  energy	
  
emission	
  

3:	
  Kilonova	
  
R-­‐process	
  
nucleosynthesis	
  

4:	
  Interac2on	
  
with	
  ISM	
  



NS	
  +	
  NS	
  inspirals	
  
•  Pre-­‐merger	
  emission	
  ???	
  

•  Short-­‐Hard	
  Gamma-­‐Ray	
  Bursts	
  –	
  beamed	
  
» X-­‐rays,	
  bright	
  detec2on	
  if	
  on-­‐axis	
  

•  “Kilonova”	
  from	
  nucleosynthesis	
  in	
  disk	
  
» Op2cal	
  /	
  IR,	
  faint	
  (22	
  –	
  26	
  mag)	
  
»  Fast	
  (hours	
  –	
  days)	
  
» Rare	
  (One	
  tenta2ve	
  detec2on	
  so	
  far)	
  

•  Radio	
  emission	
  from	
  interac2on	
  with	
  
surroundings	
  (weeks	
  –	
  months)	
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Complementary	
  informa2on	
  
GW	
  

•  Masses	
  

•  Spins	
  
•  Geometric	
  proper2es	
  
»  Posi2on	
  
»  Distance	
  
»  Inclina2on	
  angle…	
  

EM	
  
•  Beaming	
  

•  Nucleosynthesis	
  
•  Ejecta	
  proper2es	
  
» Mass	
  
»  Velocity…	
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There	
  are	
  known	
  knowns.	
  These	
  are	
  things	
  
we	
  know	
  that	
  we	
  know.	
  	
  
There	
  are	
  known	
  unknowns.	
  That	
  is	
  to	
  say,	
  
there	
  are	
  things	
  that	
  we	
  know	
  we	
  don't	
  know.	
  	
  

But	
  there	
  are	
  also	
  unknown	
  
unknowns.	
  There	
  are	
  things	
  
we	
  don't	
  know	
  we	
  don't	
  
know.	
  

Donald	
  Rumsfeld,	
  	
  
US	
  secretary	
  of	
  defense	
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Day	
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  night!	
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1:	
  Pre-­‐merger	
  
emission:	
  ???	
  

2:GRB	
  
High	
  energy	
  	
  
(X-­‐rays)	
  

3:	
  Kilonova	
  
Op+cal,	
  
Infrared	
  

4:	
  ISM	
  Interac2on	
  
Radio	
  



Response	
  2mescales	
  

•  Gamma-­‐ray	
  /	
  X-­‐ray	
  :	
  Seconds	
  to	
  Minutes	
  

•  Op2cal	
  /	
  Infrared	
  :	
  Hours	
  

•  Radio:	
  Days	
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The	
  right	
  equipment	
  

Where/how	
  do	
  we	
  look?	
  



Localiza2on	
  
Triangulate	
  
from	
  arrival	
  
2mes	
  

LIGO-­‐India	
  
advantage:	
  

• 	
  Longer	
  
baselines	
  
• 	
  Bener	
  
localiza2on	
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How	
  large	
  is	
  the	
  search	
  region?	
  

6 Kasliwal & Nissanke
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(a) NS-NS mergers: Luminosity Distance
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(b) NS-NS mergers: Sky errors

Fig. 1.— Cumulative distribution in luminosity distance (top panel) and 95% confidence sky error (bottom panel) of NS-NS mergers.
Red lines denote a network of two GW interferometers. Gray lines denote Net 3–5 as presented in Paper I. We require an expected network
SNR>12 and normalize to each specific network.
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HLVI	
  

(Nissanke	
  et	
  al.,	
  2012)	
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4	
  det	
  	
  
10	
  deg2	
  

2	
  detectors	
  
250	
  deg2	
  

Typical	
  
telescope:

15’	
  

~	
  160
	
  images
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GW	
  &	
  India	
  
•  LIGO-­‐India	
  awaits	
  cabinet	
  approval	
  
•  First	
  detec2on	
  likely	
  before	
  it	
  is	
  func2onal	
  

•  Can	
  we	
  detect	
  electromagne2c	
  counterparts	
  for	
  
triggers	
  from	
  the	
  three	
  other	
  detectors?	
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Elsewhere	
  in	
  the	
  world	
  
14 Nissanke, Kasliwal & Georgieva

TABLE 3

Optical Telescopes

Telescope Aperture Field of View Exposure Overhead Sensitivity Reference
(m) (deg2) (sec) (Readout) (5σ mag in R band)

Zwicky Transient Facility 1.2 35 60 15 20.6 a

La Silla Quest 1.0 9.4 (80%) 60 30 20.5 b

Catalina Real-Time Transient Survey 0.7 8.0 30 18 19 c

Palomar Transient Factory 1.2 7.1 60 40 20.6 d

Pan-STARRS 1 1.8 7.0 60 3 22.0 e

Skymapper 1.35 5.62 110 20 21.5 f

CTIO-Dark Energy Camera 4.0 3.0 50 17 23.7 g

WIYN-One Degree Imager 3.5 1.0 60 30 23 h

CFHT-Megacam 3.6 0.9 60 40 23 i

Large Synoptic Survey Telescope 8.4 (6.7) 9.6 15 2 24.5 j

Subaru-HyperSuprimeCam 8.2 1.77 30 20 24.5 k

a Kulkarni 2012b
b Hadjiyska et al. 2011
c Drake et al. 2009
d Law et al. 2009
e see http://pan-starrs.ifa.hawaii.edu
f see http://rsaa.anu.edu.au/observatories/siding-spring-observatory/telescopes/skymapper/skymapper-instrument
g Bernstein et al. 2012
h see http://www.wiyn.org/ODI/Observe/wiynodioverview.html
i see http://www.cfht.hawaii.edu/Instruments/Imaging/Megacam/generalinformation.html
j LSST Science Collaborations et al. 2009
k see http://www.naoj.org/Projects/HSC/index.html and http://www.naoj.org/cgi-bin/img etc.cgi

82% for LSST, from 96% to 42% for HSC and 97% to

16% for DES.

Assuming the most optimal strategy is chosen for each

merger in this simulation, we can compute the fraction

of detectable optical counterparts by each telescope (Ta-

ble 4). As exemplars, the smallest and largest FoV cam-

era in each telescope aperture-class is chosen. Initially,

when there is a GW three-detector network, binaries

would be detected closer in and the localizations would

be poorer. The smaller telescopes with larger FoVs will

play an important role (Figure 8(a)). In the era of a

GW five-detector network, once localization is improved

and maximal detectable distance pushed further back,

the larger telescopes will be essential (Figure 8(b)).

Finally, we consider the case of NS-BH mergers. Given

that NS-BH mergers will on average be detected a factor

of two further away, but have predicted optical coun-

terparts 1.5 mag brighter, we get similar detectability

fractions as NS-NS mergers (Table 4).

We emphasize that the detectable fractions presented

in Table 4 are relative and subject to two caveats. First,

there would be tiling inefficiency and edge effects due to

the irregular shapes of GW localization and the rectan-

gular/circular fields of view of the EM cameras. Second,

all optical telescopes in this discussion are subject to cer-

tain reality checks — they cannot observe too close to the

sun or too close to the moon, if it is cloudy or raining,

or if the target is in the quadrant of sky not accessible

from a given location. Typically, these factors amount

to
1
2 × 2

3 × 3
4 =

1
4 of the targets being visible at a given

telescope on a given day respectively.

We conclude that a network of telescopes at different
longitudes, latitudes and mountain-tops would maximize

the odds of follow-up. Hence, the numbers presented here

should only be interpreted as illustrative of the relative

detectability by different telescopes.

5.3.2. Infrared Facilities

Recent theoretical calculations of kilonovae opacities

suggests that a significant fraction of the luminosity may

be emitted in the redder bands beyond 1 µm (Kasen

2012). Unfortunately, our current suite of near-infrared

facilities is not as wide-field as the optical with no camera

larger than a square degree.

Currently, the two widest field infrared facilities are the

0.594 deg
2
VIRCAM on the 4.1m VISTA telescope and

the 0.19 deg
2
WFCAM on the 3.8m UKIRT telescope.

Fortunately, efforts are underway to build a 6.5m SASIR

telescope with a 0.2–1 deg
2
camera (SASIR 2012). More-

over, unlike VIRCAM and WFCAM, SASIR is expected

to have a contiguous focal plane and simultaneously im-

age in YJHK-bands.

Efforts are also underway to build two wide-field in-

frared satellites — WFIRST (Green et al. 2012) and Eu-

clid (Amendola et al. 2012). A set of three WFIRST

fields is expected to cover 2 deg
2
and eighteen minutes

per field will give a 5-σ depth of H ∼ 25.9 mag for imag-

ing and H ∼ 23.5 mag for low-resolution prism spec-

troscopy. Euclid would need four fields to cover 2 deg
2

and achieve depths of H ∼ 25.6mag and H ∼ 21.4mag

in grism mode in the same time. Both missions are con-

strained to observe ∼ 90
◦
away from the Sun (Hirata

et al. 2012).

We remind the reader that the median-maximum lo-

calization of Net 3b is 55–180 deg
2
and Net 5a is 7–120

deg
2
(Table 2). Hence, the infrared follow-up will require

an extremely large number of pointings to tile the area

and will be limited to the best localized binaries.

6. IDENTIFYING EM COUNTERPARTS

Detection of candidate EM counterparts is only the

first step. The most pressing question for EM telescopes

looking at vast sky areas will be whether the transient

objects are true GW emitters or false-positive signals
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From	
  Nissanke,	
  Kasliwal	
  and	
  Georgiva,	
  2012,	
  arXiv:1210.6362	
  

Can	
  the	
  small	
  beat	
  the	
  big?	
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Opportunity	
  

Responsibility	
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10m	
  SALT	
  
(South	
  Africa)	
  

2m	
  HCT	
  
0.5m	
  

0.5m,	
  1m,	
  1.3m	
  	
  
3.6m	
  Coming	
  soon	
  
4m	
  LMT	
  planned	
  

2.3m	
  Vainu	
  Bappu	
  
1m	
  
1.3m	
  (Commissioning)	
  

2m	
  IGO	
  

0.5m	
  
1.2m	
  IR	
  

GMRT	
  

Astrosat	
  

ORT	
  

Gauribidanur	
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ASTROSAT	
  

A	
  Mul2-­‐Wavelength	
  Satellite	
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UVIT:	
  UltraViolet	
  	
  
Imaging	
  Telescope	
  

LAXPC:	
  Large	
  Area	
  
Xenon	
  Propor2onal	
  

Counter	
  
SXT:	
  Sos	
  X-­‐ray	
  Telescope	
  

CZTI:	
  Cadmium	
  Zinc	
  
Telluride	
  Imager	
  

SSM:	
  Scanning	
  
Sky	
  Monitor	
  

2	
  March	
  2015	
  

Astrosat	
  



• Energy	
  Range:	
  
o 10-­‐150	
  keV	
  

• Effec2ve	
  area:	
  
o ~	
  500	
  cm2	
  	
  
• Field	
  of	
  view:	
  
o FOV	
  5°	
  (FWHM)	
  

o Resolu2on	
  8’	
  

• Timing	
  resolu2on:	
  
o 20	
  μs	
  precision	
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Cadmium	
  Zinc	
  Telluride	
  Imager	
  

hnp://www.iucaa.ernet.in/~astrosat/cz2_specs.html	
  



Giant	
  Meterwave	
  Radio	
  Telescope	
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Op2cal	
  /	
  Infrared:	
  Big	
  guns	
  
•  1.3m	
  Devasthal	
  Fast	
  Op2cal	
  Telescope	
  

•  1.3m	
  Kavalur	
  Telescope	
  

•  2m	
  Himalayan	
  Chandra	
  Telescope	
  

•  2m	
  IUCAA	
  Girawali	
  Telescope	
  

•  1.2m	
  Mt.	
  Abu	
  IR	
  Telescope	
  

•  3.6m	
  ARIES	
  Telescope	
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Telescope	
   Aperture	
   FOV	
   Info	
  

DFOT	
   1.3m	
   1°	
  ×	
  1°	
   Img	
  

HCT	
   2m	
   10’	
  ×	
  10’	
   Img	
   Spec	
   IR	
  

IGO	
   2m	
   10’	
  ×	
  10’	
   Img	
   Spec	
   IR	
  

Mt.	
  Abu	
  IR	
   1.2m	
   8’	
  ×	
  8’	
   Spec	
   IR	
  

VBT	
   2.3m	
   –	
   Spec	
  

Baker	
  Nunn	
  
Camera	
  

0.5m	
   4°	
  ×	
  4°	
   Img	
  

Mt.	
  Abu	
  CDK	
   0.7m	
   51’	
  ×	
  51’	
   Img	
  



EM	
  observing	
  in	
  India	
  
•  Loca2on:	
  Exclusive	
  access	
  to	
  ~	
  1/3rd	
  of	
  the	
  sky	
  

•  Suite	
  of	
  telescopes	
  and	
  instruments	
  

•  Rapid	
  response	
  capabili2es	
  

•  Readiness:	
  sosware	
  and	
  manpower	
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GW	
  Sources	
  

EM	
  Counterparts	
  

Followup	
  requirements	
  

Indian	
  Capabili2es	
  

Transient	
  Hunt	
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Finding	
  the	
  transient	
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Trigger	
  

Observing	
  
plan	
  

Observa2ons	
  
Image	
  

processing	
  

Project	
  by	
  Sujay	
  Mate	
  for	
  
automa2ng	
  telescopes	
  

Projects	
  by	
  Javed	
  
Rana,	
  Akshat	
  

Singhal	
  to	
  create	
  
observing	
  plans	
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Data	
  from	
  Devasthal	
  Fast	
  Op>cal	
  Telescope,	
  PI:	
  Bhalerao	
  



Finding	
  the	
  transient	
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Trigger	
  

Observing	
  
plan	
  

Observa2ons	
  
Image	
  

processing	
  

Reference	
  
images	
  



Reference	
  images	
  
•  Bener	
  than	
  new	
  data	
  
» Deeper	
  
» Bener	
  seeing	
  

•  Example:	
  IGO	
  
»  Sky	
  visible:	
  δ	
  >	
  -­‐40°	
  =	
  36,000	
  sq	
  deg	
  (88%)	
  
»  IFOSC	
  FOV	
  =	
  10’.5	
  ×	
  10’.5	
  =	
  0.03	
  sq	
  deg	
  
»  Full	
  sky	
  coverage:	
  1.2	
  million	
  images	
  
»  Few	
  min	
  exp	
  =>	
  ~100	
  per	
  night	
  =>	
  ~	
  32	
  years	
  

•  ~	
  1	
  year	
  for	
  1	
  sq	
  deg	
  FOV	
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Public	
  reference	
  image	
  data?	
  
•  Reference	
  images	
  must	
  be	
  in	
  same	
  band	
  

•  SDSS:	
  ~1/3rd	
  sky	
  
•  USNO:	
  All	
  sky,	
  lower	
  quality	
  

•  CRTS:	
  All	
  sky,	
  unfiltered	
  
» Median	
  100	
  visits/sky	
  loca2on	
  
» Work	
  with	
  CRTS	
  group	
  (Ashish	
  Mahabal	
  et	
  al)	
  to	
  
create	
  reference	
  images	
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  the	
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Trigger	
  

Observing	
  
plan	
  

Observa2ons	
  
Image	
  

processing	
  

Reference	
  
images	
  

Transient	
  
detec2on	
  



Automa2c	
  transient	
  search	
  
•  Catalog	
  each	
  source,	
  find	
  new	
  ones	
  
»  Problem:	
  transients	
  osen	
  on	
  galaxies	
  

•  Image	
  subtrac2on	
  
»  Problem:	
  varying	
  observing	
  condi2ons	
  
»  Must	
  match	
  Point	
  Spread	
  Func2on	
  first	
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Individual	
  sources:	
  detec2on	
  easier	
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Original	
   3	
  pixel	
  Gaussian	
  
smoothed	
  



Point	
  Spread	
  Func2on	
  

2	
  March	
  2015	
  Electromagne2c	
  Counterparts	
  of	
  Gravita2onal	
  Wave	
  Sources	
  |	
  Varun	
  Bhalerao	
  (IUCAA)	
   52	
  



Sample:	
  bad	
  image	
  subtrac2on	
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Lots	
  of	
  sta2s2cally	
  significant	
  residuals!	
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Trigger	
  

Observing	
  
plan	
  

Observa2ons	
  
Image	
  

processing	
  

Reference	
  
images	
  

Transient	
  
detec2on	
  

Eliminate	
  	
  
false	
  posi2ves	
  



False	
  posi2ves	
  
•  Instrumental:	
  
» PSF	
  mismatch	
  

» CCD	
  defects	
  
» Diffrac2on	
  spikes	
  

•  Astrophysical:	
  
»  Asteroids	
  
»  Satellites	
  
»  Cosmic	
  rays	
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Detec2on	
  is	
  contextual!	
  
•  Run-­‐of-­‐the-­‐mill	
  transients	
  are	
  contaminants	
  
»  Flare	
  stars,	
  variables	
  

•  U2lize	
  expected	
  source	
  proper2es	
  
» GRB:	
  expect	
  fading	
  
» Use	
  mul2ple	
  exposures	
  

» Also	
  eliminates	
  asteroids	
  (move	
  tens	
  of	
  arcsec	
  per	
  
hour)	
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Human	
  “ve�ng”	
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Good	
  days,	
  Bad	
  days	
  

GRB	
  140808A	
  
•  19,853	
  detec2ons	
  >	
  5σ	
  
•  4,804	
  with	
  RB2	
  >	
  0.1	
  
•  2,349	
  not	
  stellar	
  
•  2,349	
  not	
  asteroids	
  
•  127	
  detected	
  twice	
  
•  12	
  saved	
  for	
  follow-­‐up	
  

GRB	
  140620A	
  
•  152,224	
  detec2ons	
  >	
  5σ	
  
•  50,930	
  with	
  RB2	
  >	
  0.1	
  
•  17,872	
  not	
  stellar	
  
•  17,872	
  not	
  asteroids	
  

•  34	
  saved	
  for	
  follow-­‐up	
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Fermi	
  GRB	
  followup	
  project,	
  iPTF	
  collabora2on	
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detec2on	
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false	
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Follow-­‐up	
  



Follow-­‐up	
  
•  Mul2-­‐wavelength,	
  mul2-­‐loca2on	
  

•  Op2cal:	
  
» HCT,	
  IGO	
  (mul2-­‐band	
  photometry/spectra)	
  

» Observe	
  before	
  candidate	
  fades	
  too	
  much	
  
» Keck,	
  Palomar,	
  Gemini	
  for	
  next	
  night	
  

•  Other	
  wavelengths:	
  
»  Swis,	
  CARMA	
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Example:	
  iPTF	
  &	
  Fremi	
  GRBs	
  
•  Error	
  boxes	
  for	
  Fermi	
  GBM	
  detec2ons	
  can	
  be	
  
100	
  –	
  150	
  deg2	
  

•  Observe	
  up	
  to	
  20	
  2les,	
  three	
  2mes	
  each	
  
» Helps	
  eliminate	
  new	
  asteroids,	
  spurious	
  events	
  

•  Up	
  to	
  105	
  sta2s2cally	
  significant	
  candidates	
  
•  10	
  –	
  100	
  aser	
  machine	
  classifica2on	
  
» 1000	
  on	
  bad	
  nights	
  

•  2	
  –	
  5	
  iden2fied	
  as	
  “real”	
  by	
  humans	
  

•  Further	
  follow-­‐up	
  iden2fies	
  aserglow	
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Summary	
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Trigger	
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plan	
  

Observa2ons	
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processing	
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Eliminate	
  	
  
false	
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Summary	
  
•  Iden2fying	
  and	
  studying	
  electromagne2c	
  
counterparts	
  to	
  gravita2onal	
  wave	
  sources	
  is	
  
crucial	
  for	
  complete	
  astrophysical	
  understanding	
  

•  Much	
  remains	
  unknown	
  about	
  possible	
  
counterparts	
  

•  Search	
  for	
  EM	
  counterparts	
  is	
  an	
  extremely	
  
challenging	
  problem…	
  

…	
  and	
  we	
  need	
  to	
  work	
  

very	
  hard	
  to	
  make	
  it	
  possible!	
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