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GWs	  as	  Astrophysical	  Probes	  

•  GWs	  trace	  the	  bulk	  
mo0on	  of	  their	  source	  
–  non-‐imaging	  

–  not	  scaGered	  /	  absorbed.	  
•  GW	  detectors	  are	  all-‐sky,	  
low	  bandwidth.	  
–  archival	  searches:	  easy.	  
–  source	  localiza0on:	  hard.	  

•  Complementary	  to	  
proper0es	  of	  photons.	  
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LIGO Livingston 2010-05-31
LIGO Hanford 2010-05-15

GW	  Detectors:	  2009-‐2010	  

•  LIGO’s	  maximum	  range	  
for	  binary	  coalescences:	  
–  neutron	  star	  –	  neutron	  

star:	  40	  Mpc	  	  

–  neutron	  star	  –	  black	  	  	  	  
hole:	  90	  Mpc	  	  

–  Virgo:	  about	  half	  that	  
•  Expected	  detec0on	  	  	  

rates	  <	  1	  yr-‐1.	  
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Abadie	  et	  al.,	  arXiv:1111.7314	  
Abadie	  et	  al.,	  arXiv:1003.2480	  



Gamma-‐Ray	  Bursts	  

•  Short	  GRBs:	  Binary	  mergers.	  
–  Very	  strong	  GW	  emission	  [1].	  

•  Long	  GRBs:	  Collapsars	  /	  
magnetar	  forma0on.	  
–  GW	  emission	  specula0ve,	  

possibly	  strong	  [2].	  

•  Use	  0me	  &	  sky	  posi0on	  
from	  GRB	  satellites	  for	  
focused,	  more	  sensi0ve	  
search	  for	  GWs.	  
–  Up	  to	  2	  x	  distance	  reach	  	  
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[1]	  Blanchet	  2006.	  	  [2]	  Davies	  et	  al.	  2002;	  Fryer	  et	  al.	  2002;	  Shibata	  et	  al.	  2003;	  Kobayashi	  	  
	  	  	  &	  Meszaros	  2003;	  Piro	  &	  Pfahl	  2007;	  Corsi	  &	  Meszaros	  2009;	  Romero	  et	  al.	  2010	  	  

NASA	  
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LIGO-‐Virgo:	  Short	  GRB	  Distance	  Limits	  
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Preliminary	  
2009-‐2010	  data	  
(Fairhurst,	  HE1)	   NS-‐NS	   NS-‐NS	  



GW	  Detectors:	  2015-‐2020	  

•  LIGO’s	  maximum	  
sensi0ve	  ranges:	  
–  NS-‐NS:	  450	  Mpc	  	  
–  NS-‐BH:	  930	  Mpc	  	  

•  Expected	  detec0on	  
rates:	  	  
–  NS-‐NS:	  0.4	  -‐	  400	  yr-‐1	  
–  NS-‐BH:	  0.2	  –	  300	  yr-‐1	  
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Abadie	  et	  al.,	  arXiv:1003.2480	  

ini0al	  LIGO	  
(design)	  

Advanced	  	  
LIGO	  (design)	  

LIGO	  
(2010)	  



Short	  Gamma-‐Ray	  Bursts,	  Redux	  

28	  March	  2012	   SuGon:	  NAM	  2012	  (Manchester)	   7	  

10	  x	  sensi0vity	  
5	  x	  #	  of	  GRBs	  

Extrapola9on	  
to	  2015-‐2020	  

Preliminary	  
2009-‐2010	  data	  
(Fairhurst,	  HE1)	   observed	  short	  

GRB	  redshiks	  



•  PaGern	  of	  chirp	  tells	  us	  
chirp	  mass	  (≈0.01%)	  

•  May	  measure	  BH	  spin.	  

•  Constrain	  beaming	  angle	  
from	  frac0on	  of	  GW	  
detec0ons	  coincident	  with	  
SGRBs.	  

What	  will	  advanced	  detectors	  tell	  us?	  

•  A	  characteris0c	  “chirp”	  GW	  
coincident	  with	  short	  GRB:	  

•  Smoking	  gun	  proof	  for	  a	  
binary	  progenitor!	  
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Finn	  &	  Chernoff,	  PRD	  	  47,	  2198	  (1993)	  

t

hHtL

J	  Read	  /	  YITP	  



GWs	  +	  GRBs	  =	  cosmology	  

•  Binaries	  are	  “standard	  
sirens”	  (candles)	  
–  GW	  amplitude	  gives	  

luminosity	  distance	  
(≈10%)	  if	  GRB	  observed.	  

•  Side-‐step	  cosmological	  
distance	  ladder.	  
–  Measure	  H0	  with	  to	  13%	  

(5%)	  with	  4	  (15)	  GW-‐GRB	  
detec0ons.	  
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Schutz,	  B.	  F.	  1986,	  Nature,	  323,	  310	  
Nissanke	  et	  al.,	  ApJ	  725	  496–514	  (2010)	  

inclina0on-‐distance	  degeneracy	  
from	  Nissanke	  et	  al.	  (2010)	  



•  Low-‐latency	  GW	  analysis	  for	  quick	  alert	  release.	  

•  BeGer	  modeling	  of	  effects	  of	  black-‐hole	  spin	  on	  GW	  signal.	  	  
•  BeGer	  modeling	  of	  possible	  GW	  emission	  from	  long	  GRBs,	  

including	  range	  of	  possible	  γ	  -‐	  GW	  –	  neutrino	  delays.	  

Challenges	  for	  GRB	  Science	  
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Swi5	  

•  Need	  satellites	  for	  GRB	  detec0on!	  	  	  
–  Short	  GRBs	  par0cularly	  hard	  to	  see	  in	  

EM:	  lower	  fluence,	  spectrum	  peaked	  
at	  higher	  energy	  than	  op0mal	  for	  
Swik-‐BAT,	  Fermi-‐GBM	  instruments.	  	  	  

–  Nearby	  low-‐luminosity	  GRB	  
popula0on	  especially	  interes0ng	  for	  
generic	  GW	  “burst”	  searches.	  



Sok	  Gamma	  Repeaters	  
&	  Anomalous	  X-‐ray	  Pulsars	  

•  Thought	  to	  be	  magnetars	  –	  isolated	  neutron	  	   	   	   	  
	  stars	  with	  enormous	  B	  fields	  (1015	  G).	  

•  Can	  emit	  hard	  X-‐ray	  flares	  	   	   	   	   	   	   	   	   	  
	  (1042	  erg)	  &	  giant	  flares	  (1046	  erg).	  	  

•  Energy	  available	  for	  GW	  emission:	  
–  Crust-‐cracking	  <	  1047	  –	  1050	  erg	  
–  Magne0c	  rearrangement	  <	  1045	  –	  1048	  erg	  

•  Best	  upper	  limits	  from	  LIGO-‐GEO-‐Virgo	  on	  GW	  f-‐mode	  
emission	  of	  1047	  erg	  (at	  1	  kHz).	  

•  Advanced	  LIGO/Virgo:	  improve	   	   	   	   	   	   	   	  
	  by	  factor	  102.	  
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AbboG	  et	  al.	  PRL	  101	  (2008)	  21110	  
AbboG	  et	  al.	  ApJ	  701	  (2009)	  L68	  
Abadie	  et	  al.	  Astrophys.	  J.	  734	  (2011)	  L35	  

Corsi	  &	  Owen,	  arXiv:1102.3421	  

Ioka,	  MNRAS	  327,	  639	  



Core-‐Collapse	  Supernovae	  

•  GW	  emission	  uncertain.	  
–  Robust:	  10-‐8	  M	  (kpc	  range)	  	  

–  Specula0ve:	  10-‐4	  M (Mpc)	  

•  Galac0c	  SN:	  (10-‐2	  yr-‐1)	  
–  Large	  low-‐energy	  ν	  flux	  in	  

Super-‐K,	  IceCube,	  etc.	  

–  ν	  &	  GWs:	  independent	  sky	  
posi0on	  and	  0ming,	  before	  
shock	  breakout.	  

–  GWs	  probe	  collapse	  physics	  .	  

•  Challenges:	  
–  Nightly	  scanning	  of	  nearest	  100	  galaxies	  to	  catch	  SNe.	  	  
–  BeGer	  modelling	  of	  SN	  GWs.	  
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OG	  2009,	  Logue	  talk	   Leonor	  et	  al.	  CQG	  27	  084019	  (2010)	  

•  SN	  at	  few	  Mpc:	  (≈1	  yr-‐1)	  
–  ≈0.2	  low-‐energy	  ν,	  possibly	  

marginally	  detectable	  GW.	  



Phase	  II:	  Looc	  Up!	  
Loca:ng	  &	  Observing	  Op:cal	  Counterparts	  to	  GW	  Bursts	  
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ROTSE	  IIIb,	  McDonald	  Observatory.	  Credit:	  ROTSE	  Collabora0on	  



Benefits	  of	  EM	  followups	  

Observa0on	  of	  an	  EM	  counterpart	  to	  a	  candidate	  GW	  could	  …	  

•  Help	  confirm	  the	  GW	  detec0on.	  
•  Provide	  precise	  source	  posi0on	  -‐>	  host	  galaxy	  -‐>	  redshik.	  

–  Also	  improves	  GW	  parameter	  es0ma0on.	  

•  Reveal	  progenitor	  of	  EM	  phenomena	  
–  Binary	  progenitor	  of	  short	  GRBs	  
–  Insights	  into	  central	  engine	  of	  long	  GRBs.	  
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Kanner	  et	  al	  (2008)	  
Bloom	  et	  al.	  0902.1527	  
Abadie	  et	  al.	  1109.3498	  (in	  press)	  



Joint	  EM	  –	  GW	  Emission	  Models	  

Neutron	  star	  /	  neutron	  star	  –	  black	  hole	  binaries	  

•  short	  GRB,	  with	  x-‐ray,	  op0cal,	  radio	  akerglow	  
–  m	  =	  12	  –	  20	  at	  1	  day,	  50	  Mpc	  

•  op0cal	  “kilonova”	  from	  radioac0ve	  decay	  of	  heavy	  
elements	  	  
–  m	  ≈	  18	  at	  1	  day,	  50	  Mpc	  

•  also	  various	  scenarios	  for	  radio	  emission	  before	  /	  
aker	  coalescence	  	  	  
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	  Li	  &	  Paczyński	  (1998),	  Metzger	  et	  al.	  (2010)	  

Predoi	  et	  al.	  (2010)	  



Short	  GRBs:	  Off-‐axis	  Emission	  
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6 Metzger & Berger

Fig. 3.— Optical rest-frame luminosity of existing SGRB afterglows (detections=red squares; upper limits=blue triangles; Berger 2010a;
Fong et al. 2011a). Solid lines are afterglow models from van Eerten & MacFadyen (2011) (see also van Eerten et al. 2010), calculated for
on-axis observers (θobs = θj = 0.2) for a range of jet energies (Ej) and circumburst densities (n). The existing afterglows define an upper

bound on a figure of merit, FOMopt,on ≡ E
4/3
j,50 n

1/2
0 ! 0.1. Also shown are a range of plausible kilonova models (gray shading). The 5σ

limiting magnitudes of various wide-field telescopes are marked by dashed lines; for PTF and Pan-STARRS we assume a maximum of 0.5
hr per pointing to cover a typical GW error region with a 1-day cadence, while for LSST we show both the normal survey depth and the
depth for 0.5 hr exposures.

Fig. 4.— Same as Figure 3 but for off-axis observers with
θobs ≈ 2θj . The kilonova emission (gray shading) is isotropic and
hence remains unchanged for both on- and off-axis observers. The
range of existing SGRB optical afterglows, covered by the yellow,
green, and brown lines, indicates that observations with LSST are
essential.

ure 7 where we plot contours of detection fraction in 3
and 5 epochs as a function of depth and cadence. We
find that in the case of Ej ∼ 1050 erg, the standard
LSST cadence and depth are sufficient for multiple de-
tections. However, for lower energies (which may be typ-

Fig. 5.— Same as Figure 4 but for off-axis observers with θobs ≈
4θj . The kilonova emission (gray shading) is isotropic and hence
remains unchanged for both on- and off-axis observers. The range
of existing SGRB optical afterglows, covered by the yellow, green,
and brown lines (well below the limit of the plot), indicates that no
existing or future telescope will be able to detect optical emission
at such large off-axis angles.

ical of most SGRBs), a faster cadence and greater depth
(∼ 26.5 mag) are required for multiple detections. To
achieve a detection fraction of 50% in 3(5) epochs for the
case of θobs = 2θj requires a depth of at least 23.5(26)
mag for a 1-day cadence.

lines:	  Short	  GRB	  akerglow	  
	  	  	  models	  (off	  axis)	  	  

grey:	  	  kilonova	  models	  

Metzger	  &	  Berger	  	  
ApJ	  746	  48	  (2012)	  



Other	  Joint	  EM	  –	  GW	  –	  ν	  Sources	  

Core-‐collapse	  Supernovae:	  	  
•  Op0cal	  emission	  beginning	  hours	  aker	  collapse,	  prompt	  neutrino	  

emission	  

GRBs	  &	  High-‐Energy	  Neutrinos:	  	  
•  choked	  GRBs	  
•  long	  GRBs:	  precursor,	  prompt, 	   	   	   	   	   	   	   	  	  

akerglow	  phases.	  

Cosmic	  string	  cusps:	  	  
•  photon,	  high-‐energy	  neutrinos.	  

Want	  to	  stay	  open	  to	  the	  unexpected.	  	  
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LIGO-‐H	  
(USA)	   Virgo	  

(Italy)	  
KAGRA	  
(Japan)	  

LIGO-‐L	  
(USA)	  

sharecg.com	  

The	  Global	  Network	  c.	  2020	  
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LIGO-‐H	  
(USA)	   Virgo	  

(Italy)	  
KAGRA	  
(Japan)	  

LIGO-‐L	  
(USA)	  

sharecg.com	  

The	  Global	  Network	  c.	  2020	  

	  	  	  	  	  Source	  localiza0on	  from	  0ming-‐based	  triangula0on.	  	  Near	  
threshold:	  

�⇥ ⇠ 1�
✓

100 Hz
�f

◆ ✓
10 ms

d

◆

�⇥ ⇠ 1�
✓

100 Hz
�f

◆ ✓
10 ms

d

◆ ✓
10

SNR

◆

0 / 0



March	  2012:	  The	  LSC	  &	  LIGO	  Lab	  have	  endorsed	  transferring	  
one	  of	  the	  three	  Advanced	  LIGO	  instruments	  to	  India!	  
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LIGO-‐	  
India	  

LIGO-‐H	  
(USA)	   Virgo	  

(Italy)	  
KAGRA	  
(Japan)	  

LIGO-‐L	  
(USA)	  

sharecg.com	  

The	  Global	  Network	  c.	  2020	  

Needs	  approval	  from	  NSF	  (US)	  &	  formal	  announcement	  of	  funding	  
(India);	  hopefully	  by	  May/June	  2012	  



Sky	  localiza0on	  with	  3	  sites	  …	  
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Typical	  90%	  error	  box	  areas	  for	  NS-‐NS	  binaries	  
–  median	  >	  20	  sq	  deg	   Fairhurst,	  CQG	  28	  105021	  (2011)	  



…	  and	  with	  5	  sites	  
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c.	  2020	  

Fairhurst	  	  (2011)	  



Case	  study:	  GW	  100916,	  “The	  Big	  Dog”	  
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Sky	  map	  reconstructed	  
by	  online	  processor	  
(>130	  sq	  deg)	  

Binary	  signal	  detected	  in	  
LIGO-‐Virgo	  network	  on	  
16	  Sept	  2010	  



The	  Big	  Dog:	  EM	  Follow-‐up	  
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Partner	  telescopes	  pointed	  at	  
nearby	  galaxies	  (<50	  Mpc)	  
	  -‐	  ROTSE,	  TAROT,	  QUEST,	  Zadko,	  	  	  
	  	  	  	  SkyMapper,	  Liverpool,	  Swi5	  

No	  significant	  EM	  transients	  seen	  
in	  preliminary	  analysis.	  

March	  2011:	  Big	  Dog	  revealed	  to	  
be	  a	  simulated	  GW	  added	  to	  the	  
data	  as	  a	  detec0on	  test.	  

hGp://ligo.org/science/GW100916/	  



Challenges	  

•  Low-‐latency	  GW	  analysis	  to	  iden0fy	  significant	  events	  with	  
robust	  background	  rejec0on,	  send	  alerts	  (sec-‐min).	  

•  BeGer	  models	  of	  expected	  EM	  emission	  to	  help	  find	  the	  right	  
needle	  in	  the	  haystack	  of	  background	  transients.	  

•  Strategies	  for	  scanning	  large	  error	  boxes	  repeatedly	  to	  find	  
transients	  of	  a	  priori	  unknown	  type.	  
–  Automated	  EM	  transient	  iden0fica0on,	  spectral	  follow-‐ups.	  	  

–  Rely	  on	  high-‐cadence	  surveys	  (Pan-‐STARRS,	  LSST,	  LOFAR)?	  
–  Coordinated	  followups	  by	  MOU?	  

–  Public	  trigger	  release	  aker	  first	  detec0ons?	  
•  Need	  to	  start	  talking	  to	  EM	  astronomy	  community	  NOW	  to	  be	  

ready	  for	  2015.	  
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(DraK)	  LSC–Virgo	  Policy	  on	  GW	  Trigger	  Release	  

•  Before	  first	  published	  detec0ons:	  trigger	  release	  by	  MoU.	  
–  "Both	  Collabora:ons	  …	  will	  partner	  with	  astronomers	  to	  carry	  out	  an	  

inclusive	  observing	  campaign	  for	  poten:ally	  interes:ng	  GW	  triggers,	  
with	  MoUs	  to	  ensure	  coordina:on	  and	  confiden:ality	  of	  the	  
informa:on.	  They	  are	  open	  to	  all	  requests	  from	  interested	  astronomers	  
or	  astronomy	  projects	  which	  want	  to	  become	  partners	  through	  signing	  
an	  MoU.”	  

•  Aker	  first	  published	  detec0ons:	  	  
–  public:	  high-‐quality	  triggers	  (false	  alarm	  rate	  <	  1	  /	  100	  years).	  

–  by	  MoU:	  lower	  threshold	  triggers,	  possibly	  lower	  latency.	  
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Proposal:	  policy	  not	  yet	  approved	  by	  all	  relevant	  agencies.	  



Concluding	  Remarks	  

•  Mul0-‐messenger	  observa0ons	  will	  enable	  us	  to	  extract	  the	  
most	  physics	  from	  the	  advanced	  GW	  detectors.	  
–  probe	  source	  engines	  
–  galaxy	  hosts,	  redshiks	  
–  binaries:	  luminosity	  distance,	  measure	  cosmological	  parameters	  

•  Full	  exploita0on	  of	  GW	  data	  presents	  many	  challenges.	  
–  low	  latency	  GW	  analysis	  

–  beGer	  GW,	  EM	  emission	  models	  

–  strategies	  &	  partnerships	  for	  electromagne0c	  follow-‐up	  of	  GW	  events	  
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hGp://www.physics.gla.ac.uk/igr/GWbursts2012/index.php	  

	  Various	  aspects	  of	  
gravita0onal	  wave	  
astronomy	  will	  be	  
discussed,	  including:	  

• Waveform	  modelling	  
• Source	  popula0ons	  
• Source	  dynamics	  
• EM	  counterparts	  (GRBs,	  
radio,	  neutrinos,	  op0cal…)	  

Bringing	  together	  astronomers,	  numerical	  rela0vists	  and	  gravita0onal	  wave	  
data	  analysts	  to	  work	  towards	  gravita0onal	  wave	  astronomy	  

email:	  gwb-‐soc@gwbursts.org	  

Tobermory	  aGrac0ons:	  
See	  you	  there!	  

Gravita,onal	  Wave	  Bursts	  Workshop	  2012	  
May	  28-‐30	  at	  Tobermory,	  Isle	  of	  Mull,	  Scotland	  


