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Two	
  Polariza1ons:	
  

•  GWs	
  are	
  very	
  weak	
  and	
  interact	
  weakly	
  with	
  maHer.	
  
•  No	
  human-­‐made	
  sources.	
  
•  Bad:	
  Very	
  hard	
  to	
  detect.	
  
•  Good: 	
  Travel	
  from	
  source	
  to	
  detectors	
  unscathed	
  by	
  

	
  intervening	
  material.	
  

Contrast	
  with	
  EM	
  dipole	
  
radiaXon:	
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   ))	
  

))	
  

))	
  
Slow-­‐Mo;on,	
  Weak-­‐Field	
  Quadrupole	
  Approxima;on	
  

mass	
  quadrupole	
  moment	
  

“Transverse-­‐Traceless	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Gauge”	
  

dimensionless	
  GW	
  
“strain”	
  (displacement)	
  

G

c4
⇡ 10�49 s2 g�1 cm�1

10 kpc ⇡ 3⇥ 1022 cm

h . 10�21

(for	
  most	
  astrophysical	
  
sources)	
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Canonical	
  example:	
  
Binary	
  of	
  two	
  compact	
  stars	
  (mix	
  of	
  WDs,NSs,BHs).	
  
Inspiral	
  and	
  merger	
  driven	
  by	
  GW	
  emission.	
  

What	
  GW	
  amplitudes	
  to	
  expect?	
  
Some	
  back	
  of	
  the	
  envelope	
  physics:	
  

d	
  
M	
  

M	
  

Ω	
  

Plugging	
  in	
  some	
  numbers:	
  
M	
  =	
  1.4	
  MSun	
  
d	
  =	
  100	
  km	
  
D	
  =	
  10	
  Mpc	
  
F	
  ∼	
  140	
  Hz.	
  

-­‐>	
  h	
  ∼	
  10-­‐21	
  

Detec1ng	
  GWs	
  
is	
  really	
  hard!	
  

“chirp”	
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IniXal	
  idea:	
  Resonant	
  Bar	
  Detectors	
  

Auriga	
  

MulXple	
  bars	
  on-­‐line:	
  
Explorer	
  (at	
  CERN)	
  
Auriga	
  (Padova)	
  
NauXlus	
  (FrascaX)	
  
Allegro	
  (LSU)	
  
Schernberg	
  (Sao	
  Paulo)	
  

sensitivity: 
hrms~ 10-19;  
narrow-band, 
excellent duty 
cycle 
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Broadband	
  Gravita1onal-­‐Wave	
  Detectors	
  

CaJAGWR Seminar 6LIGO-G1000475-v1

The RLE Paper

Not first suggestion of 
a laser interferometer 
to measure GWs, but 
first detailed noise/ 
sensitivity analysis
» Shot noise/ 

radiation pressure
» Thermal noise
» Seismic noise
» Gravity gradient
» …

Laser	
  Interferometer	
  
Rai	
  Weiss	
  1973,	
  MIT	
  
(idea	
  floaXng	
  around	
  since	
  mid-­‐1950s)	
  

Rai	
  Weiss	
  

CaJAGWR Seminar 12LIGO-G1000475-v1

Forward Interferometer

Data Analysis section:
“Calibration of the Ear”

R.	
  L.	
  Forward,	
  	
  
Hughes	
  Research,	
  1973	
  	
  

Prototypes	
  in	
  70’s	
  &	
  80’s	
  at	
  Garching,	
  	
  
Glasgow,	
  Caltech	
  &	
  other	
  insXtuXons.	
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Fabry-Perot "cavity"

GW output"
port"

Basic	
  Michelson	
  Interferometer	
  design	
  +	
  upgrades	
  	
  
(power	
  recycling,	
  Fabry	
  Perot	
  caviXes)	
  

Advantages:	
  
•  Broadband	
  response	
  
(∼50	
  Hz	
  to	
  few	
  KHz)	
  	
  
•  High	
  sensiXvity	
  
	
  

Disadvantage:	
  
•  Very	
  difficult	
  to	
  
keep	
  stable	
  (“in	
  lock”)	
  
-­‐>	
  relaXvely	
  poor	
  duty	
  cycle.	
  
(Virgo	
  ~80%,	
  
	
  LIGO	
  ~60%)	
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LIGO	
  Hanford,	
  Washington	
  
2	
  &	
  4	
  km	
  interferometers	
  

LIGO	
  Livingston,	
  Louisiana	
  
4	
  km	
  interferometer	
  

Envisioned	
  in	
  the	
  1980s	
  by	
  	
  
Kip	
  Thorne,	
  Rai	
  Weiss,	
  Ron	
  Drever	
  
Built	
  in	
  the	
  1990s.	
  
6	
  “science	
  runs”	
  2002-­‐2010.	
  

Kip	
  Thorne,	
  Rai	
  Weiss,	
  Ron	
  Drever	
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Gravita1onal	
  Wave	
  Astronomy	
  

Why	
  network?	
  
-­‐	
  DetecXon	
  confidence	
  
-­‐ 	
  Source	
  polarizaXon	
  
-­‐ 	
  Sky	
  localizaXon	
  
-­‐ 	
  Sky	
  coverage	
  
-­‐ 	
  Duty	
  cycle	
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First	
  Genera1on	
  –	
  2000	
  -­‐-­‐	
  2010	
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AbboH	
  et	
  al.,	
  LSC,	
  	
  
Rep.	
  Prog.	
  Phys.	
  72	
  (2009)	
  076901	
  

mid station
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AbboH	
  et	
  al.,	
  LSC,	
  Rep.	
  Prog.	
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  72	
  (2009)	
  076901	
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seismic	
  /	
  local	
  
gravity	
  gradients	
  

thermal	
  

photon	
  shot	
  noise	
  

O
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+	
  trucks,	
  trains,	
  tree	
  cusng,	
  rush	
  hour	
  on	
  highways...	
  

Anthropogenic	
  Noise...	
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Must	
  deal	
  with	
  a	
  variety	
  of	
  source	
  types:	
  
•  Binary	
  Coalescence:	
  Inspiral	
  signal	
  predicted	
  nearly	
  exactly.	
  Merger	
  
can	
  be	
  predicted	
  exactly	
  for	
  BH-­‐BH.	
  -­‐>	
  “Matched	
  Filtering”	
  

•  Bursts:	
  Signals	
  that	
  can’t	
  be	
  predicted	
  exactly	
  –	
  Core-­‐collapse	
  
supernovae,	
  postmerger	
  NSNS/NSBH,	
  long	
  GRBs,	
  SGRs,	
  and	
  
unknown	
  sources.	
  -­‐>	
  Excess-­‐Power	
  Searches.	
  



Excess	
  Power	
  Search	
  Method	
  

15	
  

[Wilson	
  1985;	
  Bethe	
  &	
  Wilson	
  1985]	
  [Thompson	
  et	
  al.	
  2003,	
  Rampp	
  &	
  Janka	
  
2002,	
  	
  Liebendoerfer	
  et	
  al.	
  2002,2005]	
  

C.	
  D.	
  OH	
  @	
  University	
  of	
  Rochester,	
  2012/04/18	
  

GW	
  Spectrogramm	
  

Time	
  

Fr
eq

ue
nc
y	
  

•  Decompose	
  data	
  stream	
  into	
  Xme-­‐frequency	
  pixels.	
  
•  Normalize	
  power	
  by	
  noise	
  level.	
  
•  Search	
  for	
  “hot”	
  regions	
  with	
  excess	
  power.	
  
•  Use	
  intelligent	
  “clustering”	
  algorithms	
  to	
  opXmize	
  search/exclude	
  
background.	
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Must	
  deal	
  with	
  a	
  variety	
  of	
  source	
  types:	
  
•  Binary	
  Coalescence:	
  Inspiral	
  signal	
  predicted	
  nearly	
  exactly.	
  Merger	
  
can	
  be	
  predicted	
  exactly	
  for	
  BH-­‐BH.	
  -­‐>	
  “Matched	
  Filtering”	
  

•  Bursts:	
  Signals	
  that	
  can’t	
  be	
  predicted	
  exactly	
  –	
  Core-­‐collapse	
  
supernovae,	
  postmerger	
  NSNS/NSBH,	
  long	
  GRBs,	
  SGRs,	
  and	
  
unknown	
  sources.	
  -­‐>	
  Excess-­‐Power	
  Searches.	
  

•  Con1nuous	
  sources:	
  pulsars	
  with	
  Xny	
  mountains	
  or	
  r-­‐modes.	
  
Must	
  integrate	
  for	
  many	
  cycles	
  (computaXonally	
  limited);	
  
hHp://einstein.phys.uwm.edu/	
  :	
  Einstein@Home	
  

•  Stochas1c:	
  Cosmic	
  GW	
  background	
  –	
  primordial	
  and	
  summed-­‐up	
  
signals	
  from	
  cosmological	
  supernovae,	
  mergers,	
  GRBs	
  etc.	
  

-­‐>	
  There	
  is	
  a	
  working	
  group	
  for	
  each	
  signal	
  type	
  in	
  LSC/Virgo.	
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FIG. 6: Rate limit per unit volume for standard-candle
sources at the 90% confidence level for a linearly polarized
sine-Gaussian standard-candle with E

GW

= M�c
2. Within

an accuracy of a few percent, the same numerical results
hold also for sources emitting circularly polarized GWs, which
would subsequently appear elliptically polarized at the Earth.
In this Figure, all LIGO and LIGO–Virgo observations since
November 2005 have been combined together.

FIG. 7: Typical GW energy in solar masses at 50% detection
e�ciency for standard-candle sources emitting at 10 kpc for
the waveforms listed in Tables II, III, and IV considering the
H1L1V1 network and the LIGO-Virgo observations since July
2009.

The typical GW energy in units of solar masses for
LIGO-Virgo observation is shown in Figure 7 computed
with Equation 4.2 using the measured hrss at 50% detec-
tion e�ciency for the tested waveforms assuming a stan-
dard candle source emitting at a distance of 10 kpc. The
mass scales with the square of the fiducial distance and
the results are robust over the very wide class of wave-
forms tested. As expected, the GW energy is strongly de-
pendent on the spectral sensitivity of the network, with
a negligible dependence on the specific waveform charac-
teristics.

V. SUMMARY AND DISCUSSION

This paper reports the results achieved by the LIGO
and Virgo detectors in the search for GW transients of
duration . 1 s, without assumptions on the signal wave-
form, polarization, direction or arrival time.

Three detectors were operating at the Hanford, Liv-
ingston and Pisa sites during the second joint observa-
tion of LIGO and Virgo in 2009-2010. The detectors im-
plemented hardware upgrades in order to prototype new
subsystems planned for the upcoming advanced detec-
tors. The resulting sensitivities to GWs were comparable
to those achieved during the first LIGO-Virgo run. The
main contribution of the second run is a 50% increase in
accumulated observation time.

No event candidates were found in this search. We
set better upper limits on the rate of gravitational-wave
bursts at Earth and on the rate density of burst sources
per unit time and volume. These limits combine all avail-
able information from the LIGO–Virgo joint runs and set
the state-of-the-art on all-sky searches for transient grav-
itational waves of short duration.

The reported hrss amplitude of the GW at Earth can
be converted into the energy emitted by a source at some
fiducial distance assuming a simple model as in Equa-
tion 4.2. For example, the energy emitted in gravita-
tional waves in units of solar masses at a distance of 10
kpc and considering measured hrss at 50% detection ef-
ficiency (Table II) is ' 2.2 · 10�8M� for signal frequen-
cies near 150 Hz (5.6 · 10�2M� at 16 Mpc). These GW
energies, though obviously depending on the signal fre-
quency, are approximately constant over di↵erent polar-
ization models of the GW emission, including linearly
polarized sources, circularly polarized sources and un-
polarized emission with random polarization amplitudes
(see Tables II, III, and IV).

The long baseline interferometric detectors LIGO and
Virgo are currently being upgraded to their advanced
configurations, and the next joint observation is planned
for 2015. Another advanced detector, LCGT [39, 40], is
being built in Japan, and there are proposals to realize
an additional advanced LIGO detector outside the USA.
These advanced detectors should achieve strain sensi-
tivities a factor of ten better than the first-generation
detectors. For example, at design sensitivity these de-
tectors should detect a typical core-collapse supernova
anywhere in the galaxy [41] and will be able to put con-
straints on extreme scenarios for core collapse supernovae
within the Local Group [4, 42]. Other possible short du-
ration sources, such as the merger of very high mass stel-
lar black hole binaries, could be visible at distances ex-
ceeding 1 Gpc. During advanced detector observations,
gravitational-wave detections are predicted to occur on
a regular basis [43], thus greatly expanding the field of
gravitational-wave astrophysics.

Some	
  Results:	
  Most	
  recent	
  Search	
  for	
  	
  
Gravita1onal-­‐Wave	
  Bursts	
  (i.e.	
  not	
  binary	
  inspirals)	
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•  All	
  sky	
  search	
  for	
  GW	
  bursts.	
  
• Model	
  agnosXc	
  excess-­‐power	
  
search	
  across	
  64-­‐5000	
  Hz.	
  	
  

	
  

Abadie	
  et	
  al.	
  (LSC+Virgo),	
  	
  PRD	
  2012,	
  arXiv:1202.2788	
  	
  

Covering	
  
the	
  galaxy:	
  
GW	
  energy	
  
exclusion	
  
within	
  10	
  kpc	
  
(50%	
  CL)	
  

•  Upper	
  limits	
  based	
  
on	
  simplified	
  model	
  waveforms;	
  
“Sine-­‐Gaussians”	
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•  Sky	
  localizaXon	
  of	
  GW	
  event	
  
possible	
  via	
  triangulaXon	
  
between	
  3	
  (or	
  more)	
  detectors.	
  

•  S6A/B	
  science	
  run:	
  
V1/L1/H1/G1	
  
Dec	
  17,	
  ‘09	
  –	
  Jan	
  8,	
  ’10	
  
Sep	
  4,	
  ‘10	
  –	
  Oct	
  20,	
  ’10	
  

•  Low-­‐latency	
  data	
  analysis.	
  	
  
High-­‐significance	
  triggers	
  
passed	
  to	
  telescope	
  partners.	
  

	
  

  

Electromagnetic Follow Up

● Network of a minimum of 3 
gravitational wave (GW) 
detectors allows us to 
triangulate possible source sky 
localisation.

● Many transient sources of GWs 
expected to provide electro-
magnetic counterparts (Long 
and Short GRBs, Supernovae, 
etc)

● The EM follow up campaign 
during the most recent science 
run was aimed at imaging 
these potential source regions 
as quickly and thoroughly as 
possible. Map taken from Google Earth

3
EM Follow up - Darren White – RAS National 
Astronomy Meeting, 28 March 2012

Abadie	
  et	
  al.	
  (LSC+Virgo),	
  	
  
Astron.	
  Astrophys.	
  539,	
  A124	
  (2012)	
  

•  Large	
  error	
  boxes	
  –	
  few	
  to	
  tens	
  of	
  square	
  degrees	
  	
  
(Xming/calibraXon	
  uncertainXes,	
  weak	
  signals)	
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Abadie	
  et	
  al.	
  (LSC+Virgo),	
  Astron.	
  Astrophys.	
  539,	
  A124	
  (2012)	
  

  

Partner Telescopes + Fields of View

Optical Telescopes:

● TAROT – 3.4 sq. deg.

● Zadko – 0.17 sq. deg.

● ROTSE – 3.4 sq deg.

● QUEST – 9.4 sq. deg. 

● SkyMapper – 5.7 sq. deg.

● Pi of the Sky – 400 sq. deg.

● PTF – 7.8 sq deg.

● Liverpool – 21 sq. arcmin. 

Radio Interferometers:

● LOFAR (30 – 240 MHz) – 25 
sq. deg.

● EVLA (5 GHz) – 7 sq. arcmin.

X-Ray and UVOT:

● Swift – 0.15 sq. deg.

4
EM Follow up - Darren White – RAS National 
Astronomy Meeting, 28 March 2012

Taken from 
Abadie et al. 
1109:3498
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What	
  is	
  Advanced?	
  
Parameter! Initial LIGO! Advanced  

LIGO!

Input Laser 
Power!

10 W "
(10 kW arm)"

180 W!
 (>700 kW 

arm)"
Mirror Mass ! 10 kg" 40 kg!

Interferometer 
Topology"

Power-
recycled 

Fabry-Perot 
arm cavity 
Michelson "

Dual-recycled 
Fabry-Perot 
arm cavity 
Michelson"
(stable RC)"

Optimal Strain 
Sensitivity "

3 x 10-23 /  
rHz"

Tunable, 
better than 5 
x 10-24 /  rHz 
in broadband"

Seismic 
Isolation 
Performance!

flow ~ 50 Hz" flow ~ 12 Hz"

Mirror 
Suspensions!

Single 
Pendulum"

Quadruple 
pendulum"

700	
  kW	
  

Using	
  the	
  same	
  
vacuum	
  system	
  
as	
  IniXal	
  LIGO.	
  



Projected	
  Advanced	
  LIGO	
  Performance	
  

22	
  C.	
  D.	
  OH	
  @	
  INT,	
  2012/07/18	
  

case!
NS-NS!

BH-BH!
(30 M¤)!

Early! 150 Mpc! 1.60 Gpc!

0-det 
low! 145 Mpc! 1.65 Gpc!

0-det 
high! 190 Mpc! 1.85 Gpc!

NS-NS 
tuned! 200 Mpc! 1.65 Gpc!

Orientation-averaged  
detection range for!
binary inspirals!

•  Factor	
  of	
  ~10	
  beHer	
  amplitude	
  sensiXvity	
  than	
  IniXal	
  LIGO	
  
à	
  Factor	
  of	
  ~1000	
  greater	
  volume	
  of	
  space	
  

Advanced	
  Virgo:	
  similar	
  characterisXcs	
  



What	
  will	
  Advanced	
  Detectors	
  see?	
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•  Summarized	
  in	
  Abadie	
  et	
  al.,	
  CQG	
  27,	
  173001	
  (2010)	
  :	
  

“RealisXc”	
  (=best-­‐guess)	
  event	
  rates	
  per	
  year	
  
with	
  Advanced	
  detectors	
  later	
  this	
  decade	
  



Networks	
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26

25

10
Baselines
in light travel 

time (ms)

Detector 
Networks

V
H

L

5Sathyaprakash	
  
Fairhurst	
  2011	
  



Sky Localization Error Ellipses

Fairhurst 2011
10

Red crosses denote 
regions where the 
network has blind spots

25	
  C.	
  D.	
  OH	
  @	
  INT,	
  2012/07/18	
  



Networks	
  of	
  Advanced	
  Detectors:	
  Case	
  2	
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Sathyaprakash	
  
Fairhurst	
  2011	
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Sky Localization Error Ellipses

Fairhurst 2011
12

Adding	
  detector	
  in	
  India	
  would	
  
remove	
  blind	
  spots	
  and	
  improve	
  
poinXng	
  accuracy	
  for	
  follow-­‐up.	
  	
  



LIGO	
  India	
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•  Direct	
  partnership	
  between	
  LIGO	
  Laboratory	
  
and	
  the	
  IndIGO	
  consorXum	
  +	
  3	
  lead	
  insXtuXons	
  	
  
to	
  build	
  a	
  GW	
  detector	
  in	
  India.	
  

•  LIGO	
  will	
  provide	
  hardware	
  of	
  second	
  
Hanford	
  Advanced	
  LIGO	
  interferometer.	
  

•  India	
  will	
  provide	
  infrastructure,	
  
staff,	
  and	
  operaXng	
  costs.	
  

•  Approved	
  by	
  LIGO,	
  LSC.	
  	
  
Final	
  NSF	
  Review	
  done	
  and	
  	
  
passed	
  on	
  to	
  NaXonal	
  Science	
  Board.	
  

•  $200M	
  “mega-­‐project”	
  in	
  	
  
Indian	
  5-­‐year	
  plan.	
  	
  
Biggest	
  proposed	
  bilateral	
  
US-­‐India	
  science	
  project.	
  	
  



LIGO	
  India	
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•  Direct	
  partnership	
  between	
  LIGO	
  Laboratory	
  
and	
  the	
  IndIGO	
  consorXum	
  +	
  3	
  lead	
  insXtuXons	
  	
  
to	
  build	
  a	
  GW	
  detector	
  in	
  India.	
  

•  LIGO	
  will	
  provide	
  hardware	
  of	
  second	
  
Hanford	
  Advanced	
  LIGO	
  interferometer.	
  

•  India	
  will	
  provide	
  infrastructure,	
  
staff,	
  and	
  operaXng	
  costs.	
  

•  Approved	
  by	
  LIGO,	
  LSC.	
  	
  
Final	
  NSF	
  Review	
  done	
  and	
  	
  
passed	
  on	
  to	
  NaXonal	
  Science	
  Board.	
  

•  $200M	
  “mega-­‐project”	
  in	
  	
  
Indian	
  5-­‐year	
  plan.	
  	
  
Biggest	
  proposed	
  bilateral	
  
US-­‐India	
  science	
  project.	
  	
  

LIGO-­‐India	
  will	
  have	
  three	
  phases:	
  
(1) Site	
  selecXon	
  and	
  facility	
  design.	
  
(2) Site/facility/vacuum	
  construcXon.	
  
(3) Detector	
  installaXon	
  and	
  commissioning	
  

(>	
  2018-­‐2020)	
  



The	
  Advanced	
  GW	
  Detector	
  Network:	
  2020+	
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GEO	
  600	
  (HF)	
  2011	
  	
  Advanced	
  LIGO	
  	
  
Hanford	
  2015+	
  	
  

Advanced	
  LIGO	
  	
  
Livingston	
  	
  
2015+	
  	
  

Advanced	
  	
  
Virgo	
  2015+	
   LIGO	
  India	
  

2020+	
  

KAGRA	
  
2017+	
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LIGO-G1200541-v1!
!

! ! ! ! ! ! !!

BNS Localization: Hanford-
Livingston-Virgo-India-KAGRA!

LIGO Laboratory! 28!

The	
  UlXmate	
  Network:	
  	
  
Hanford—LIGO	
  India—KAGRA—Livingston-­‐-­‐Virgo	
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Sky Localization Error Ellipses

Fairhurst 2011
12

For	
  comparison:	
  



Advanced	
  LIGO	
  Timeline	
  and	
  Trigger	
  Release	
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LIGO-G1200539 

•  “Discovery Phase” (S5/S6/S7/?, 2015-2016?) 
  GW triggers shared with MOU partners for EM follow up 
  LIGO data segments released with published detections and significant non-

detections.  

•  “Observational phase” (after some number of published 
detections, 2017/8+?):  
  significant triggers released to the public with low latency 
  LIGO GW data released to the public with 2 yr latency, with 6 months 

cadence  

10"Discovery	
  Phase	
  
•  2015/16+,	
  unXl	
  mulXple	
  (N=4)	
  detecXons	
  have	
  been	
  made.	
  
•  Trigger	
  release	
  to	
  partner	
  collaboraXons	
  (via	
  MoU)	
  and	
  electromagneXc	
  
telescopes	
  for	
  follow-­‐up.	
  
• No	
  low-­‐latency	
  public	
  data	
  release.	
  
Observa1onal	
  Phase	
  
•  2017+	
  (?),	
  a}er	
  at	
  4	
  detecXons/publicaXons.	
  
• High-­‐confidence	
  triggers	
  released	
  to	
  public	
  (-­‐>	
  SNEWS).	
  
•  Full	
  data	
  release	
  with	
  2	
  year	
  latency,	
  6	
  month	
  cadence.	
  



Observing	
  the	
  CCSN	
  Mechanism	
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Red	
  Supergiant	
  	
  
Betelgeuse	
  	
  
D	
  ~200	
  pc	
  

300	
  km	
  800	
  million	
  km	
  
HST	
  

Supernova	
  “Central	
  Engine”	
  

Probing	
  the	
  “Supernova	
  Engine”	
  
-­‐  Gravita1onal	
  Waves	
  
-­‐  Neutrinos	
  
EM	
  waves	
  (op1cal/UV/X/Gamma):	
  	
  
secondary	
  informaXon,	
  	
  
late-­‐Xme	
  probes	
  of	
  engine.	
  



Gravita1onal-­‐Waves	
  from	
  Core-­‐Collapse	
  Supernovae	
  

C.	
  D.	
  OH	
  @	
  INT,	
  2012/07/17	
   35	
  

Recent	
  reviews:	
  OH	
  ‘09,	
  Kotake	
  ‘11,	
  Fryer	
  &	
  New	
  ‘11	
  
Need:	
  

accelerated	
  aspherical	
  (quadrupolar)	
  
mass-­‐energy	
  moXons	
  

Candidate	
  Emission	
  Processes:	
  

v  Neutrino-­‐driven	
  ConvecXon	
  
and	
  SASI	
  

v  Prompt	
  convecXon	
  
v  Protoneutron	
  star	
  convecXon	
  
v  RotaXng	
  collapse	
  &	
  bounce	
  
v  RotaXonal	
  3D	
  instabiliXes	
  

v  Black	
  hole	
  formaXon	
  
v  PulsaXons	
  of	
  the	
  protoneutron	
  star	
  
v  Anisotropic	
  neutrino	
  emission	
  
v  Aspherical	
  accelerated	
  ou~lows	
  
v  MagneXc	
  stresses	
  

Tasks:	
   (1)  Determine	
  GW	
  signals	
  from	
  these	
  emission	
  processes.	
  
(2)  Connect	
  GW	
  emission	
  processes	
  to	
  CCSN	
  Mechanism.	
  
(3)  DetecXon:	
  How	
  far	
  out	
  can	
  we	
  detect	
  GWs	
  from	
  CCSNe	
  and	
  

can	
  we	
  infer	
  the	
  explosion	
  mechanism	
  (and	
  other	
  physics)?	
  



Gravita1onal-­‐Waves	
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Recent	
  reviews:	
  OH	
  ‘09,	
  Kotake	
  ‘11,	
  Fryer	
  &	
  New	
  ‘11	
  
Need:	
  

accelerated	
  aspherical	
  (quadrupolar)	
  
mass-­‐energy	
  moXons	
  

Candidate	
  Emission	
  Processes:	
  

v  Neutrino-­‐driven	
  Convec1on	
  
and	
  SASI	
  

v  Prompt	
  convecXon	
  
v  Protoneutron	
  star	
  convecXon	
  
v  Rota1ng	
  collapse	
  &	
  bounce	
  
v  RotaXonal	
  3D	
  instabiliXes	
  

v  (Black	
  hole	
  formaXon)	
  
v  PulsaXons	
  of	
  the	
  protoneutron	
  star	
  
v  Anisotropic	
  neutrino	
  emission	
  
v  Aspherical	
  accelerated	
  ou~lows	
  
v  MagneXc	
  stresses	
  

Tasks:	
   (1)  Determine	
  GW	
  signals	
  from	
  these	
  emission	
  processes.	
  
(2)  Connect	
  GW	
  emission	
  processes	
  to	
  CCSN	
  Mechanism.	
  
(3)  DetecXon:	
  How	
  far	
  out	
  can	
  we	
  detect	
  GWs	
  from	
  CCSNe	
  and	
  

can	
  we	
  infer	
  the	
  explosion	
  mechanism?	
  



GWs	
  from	
  Convec1on	
  &	
  SASI	
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Recent	
  work:	
  Kotake	
  et	
  al.	
  ‘09,	
  ‘11,	
  Murphy	
  et	
  al.	
  ’09,	
  Müller	
  (B&E)	
  et	
  al.	
  ‘11/‘12	
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At this point, it is useful to define for future reference the
dimensionless characteristic GW strain (Flanagan & Hughes
1998), in terms of the GW spectral energy density,

hchar =

√
2
π2

G

c3

1
D2

dEGW

df
. (17)

For signals with relatively stable frequencies and amplitudes,
Fourier transforms and their energy spectra are adequate fre-
quency analysis tools. However, for signals with time-varying
amplitudes and frequencies, a short-time Fourier transform
(STFT) is more appropriate. The STFT of A(t) is

S̃(f, τ ) =
∫ ∞

−∞
A(t) H (t − τ ) e−2π if t dt, (18)

where τ is the time offset of the window function, H (t − τ ). We
use the Hann window function:

H (t − τ ) =






1
2

(
1 + cos

(
π(t−τ )

δt

))
for |t − τ | ! δt

2
0 for |t − τ | >

δt

2

,

(19)
where δt is the width of the window function. The analog of the
energy spectrum of the Fourier transform is the spectrogram,
|S̃(f, τ )|2. Using the spectrogram, we define an analog to the
energy emission per frequency interval (Equation (15)):

dE∗
GW

df
(f, τ ) = 3

5
G

c5
(2πf )2|S̃(f, τ )|2 . (20)

We emphasize that the GW strains reported in this paper
are based upon matter motions alone and do not include the
low-frequency signal that results from asymmetric neutrino
emission (Burrows & Hayes 1996; Müller & Janka 1997).
Accurate calculations of asymmetric neutrino emission require
multi-dimensional, multi-angle neutrino transport to capture
the true asymmetry of the neutrino radiation field (see, e.g.,
Ott et al. 2008). Our choice to parameterize the effects of
neutrino transport by local heating and cooling algorithms is
based upon assumptions of transparency, which ignore diffusive
effects and would exaggerate the asymmetries and resulting
GWs. For example, Kotake et al. (2007) estimated the neutrino
GW signal using a similar heating and cooling parameterization
and obtained GW strain amplitudes that are ∼100 times the
matter GW signal. However, with an improved ray-tracing-
based method, the same authors find much smaller amplitudes
that are larger than those due to matter motions by only a
factor of a few (Kotake et al. 2009). This is in agreement with
the GW estimates of Marek et al. (2009) who used 1D ray-
by-ray neutrino transport and coupled neighboring rays in 2D
hydrodynamic simulations.

Studying the matter GW signal alone is worthwhile. Although
the neutrino GW strain amplitudes can be as large or even larger
than the contribution by matter (Burrows & Hayes 1996; Müller
& Janka 1997; Müller et al. 2004; Marek et al. 2009), the typical
frequencies, f, of the neutrino GW signal (∼10 Hz or less) are
typically much lower than the frequencies of the matter signal
("100 Hz). Consequently, the GW power emitted, which is
proportional to f 2, can be much higher for the matter GW signal.
Furthermore, although future GW detectors (e.g., Advanced
LIGO) will have improved sensitivity at low frequencies, current
detectors have response curves that are not sensitive to the lower
frequencies of the neutrino GW signal.

Figure 2. Sample of GW strain (h+) times the distance, D, vs. time after
bounce. This signal was extracted from a simulation using a 15 M% progenitor
model (Woosley & Heger 2007) and an electron-type neutrino luminosity of
Lνe = 3.7 × 1052 erg s−1. Prompt convection, which results from a negative
entropy gradient left by the stalling shock, is the first distinctive feature in the
GW signal from 0 to ∼50 ms after bounce. From ∼50 ms to ∼550 ms past
bounce, the signal is dominated by PNS and postshock convection. Afterward
and until the onset of explosion (∼800 ms), strong nonlinear SASI motions
dominate the signal. The most distinctive features are spikes that correlate with
dense and narrow down-flowing plumes striking the “PNS” surface (∼50 km).
Around ∼800 ms, the model starts to explode. In this simulation, the GW
signal during explosion is marked by a significant decrease in nonlinear SASI
characteristics. The aspherical (predominantly prolate) explosion manifests in a
monotonic rise in h+D that is similar to the “memory” signature of asymmetric
neutrino emission.

3.2. Signatures in the GW Strain

In Figure 1, we plot the GW strain (Equation (13)) times the
distance to a 10 kpc source, h+D, versus time after bounce for
all simulations. Though there is some diversity in amplitude and
timescale among these GW strains, there are several recurring
features that exhibit systematic trends with mass and neutrino
luminosity. We illustrate these features in Figure 2 with the
GW strain of the simulation using the 15 M% progenitor and
Lνe

= 3.7 × 1052 erg s−1. Before bounce, spherical collapse
results in zero GW strain. Just after bounce the prompt shock
loses energy and stalls, leaving a negative entropy gradient that
is unstable to convection. Because the speeds of this prompt
convection are larger than those of steady-state postshock or
PNS convection afterward, the GW strain amplitude rises to
h+D ∼ 5 cm during prompt convection and settles down to
∼1 cm roughly 50 ms later, which is consistent with the results
of Ott (2009b) and Marek et al. (2009). Later in this section, we
show that during both phases, convective motions in postshock
convection above the neutrinosphere and PNS convection below
it contribute to the GW strain. Since nonlinear SASI oscillation
amplitudes increase around 550 ms past bounce, the GW signal
strengthens from h+D ∼ 1 to 10 cm and is punctuated by
spikes that are coincident in time with narrow plumes striking
the PNS “surface” (at ∼50 km). Marek et al. (2009) also noted
this correlation.

The final feature after ∼800 ms is associated with explosion.
The signatures of explosion are twofold. First, during explosion,
postshock convection and the SASI subside in strength and the
higher frequency (∼300–400 Hz) oscillations in h+D diminish.
Second, global asymmetries in mass ejection result in long-term
and large deviations of the GW strain. In Figure 2, a monotonic
rise of h+D to nonzero, specifically positive, values corresponds

•  Prompt	
  convecXon	
  soon	
  a}er	
  bounce	
  (Marek	
  et	
  al.	
  ‘09,	
  OH	
  ‘09).	
  
•  Neutrino-­‐driven	
  convecXon	
  &	
  SASI	
  (many	
  authors).	
  
•  Protoneutron	
  star	
  convecXon	
  (Keil	
  et	
  al.	
  ‘96,	
  Müller	
  &	
  Janka	
  ‘07,	
  Müller	
  et	
  al.	
  ’04)	
  

Murphy	
  et	
  al.	
  ’09,	
  
using	
  simplified	
  
heaXng/cooling	
  
scheme.	
  

Here:	
  2D	
  simula1ons	
  (see	
  Annop	
  Wongwathanarat’s	
  talk	
  for	
  3D	
  this	
  a}ernoon!)	
  

Expect	
  also:	
  
CorrelaXons	
  with	
  
neutrino	
  signal.	
  
Lund+	
  ‘10,	
  Marek+’09,	
  
Müller+	
  ‘12,	
  Brandt+’11	
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Murphy,	
  OH,	
  Burrows	
  ‘09	
  



GWs	
  from	
  Convec1on	
  &	
  SASI	
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Murphy,	
  OH,	
  Burrows	
  ‘09	
  

Here:	
  
UnderesXmate,	
  
since	
  contracXon	
  of	
  PNS	
  is	
  
underesXmated.	
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EGW . 10�9 � 10�8M�c
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EGW . 10�9 � 10�8M�c
2

Onset	
  of	
  
Explosion	
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EGW . 10�9 � 10�8M�c
2

Onset	
  of	
  
Explosion	
  

Lack	
  of	
  PNS	
  contracXon	
  in	
  
Murphy+	
  09:	
  too	
  low	
  
frequencies.	
  ArXfact	
  of	
  
heaXng/cooling	
  scheme.	
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Rapid	
  rotaXon:	
  	
  
Oblate	
  deformaXon	
  of	
  the	
  inner	
  core	
  

Recent	
  work:	
  Dimmelmeier+	
  ‘08,	
  Takiwaki	
  &	
  Kotake	
  ‘11,	
  Scheidegger+	
  ‘10,	
  OH+	
  ‘12	
  

•  Most	
  extensively	
  studied	
  
GW	
  emission	
  in	
  core	
  collapse	
  

•  Axisymmetric:	
  ONLY	
  h+	
  
•  Simplest	
  GW	
  emission	
  process:	
  
Rota1on	
  +	
  Gravity	
  	
  +	
  	
  	
  
S1ffening	
  of	
  EOS.	
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  SchneHer	
  	
  

•  3D	
  GR	
  hydro	
  	
  
+	
  full	
  spaceXme	
  evoluXon.	
  

•  SimulaXon	
  in	
  a	
  3D	
  octant.	
  
•  Approximate	
  neutrino	
  treatment:	
  
-­‐ 	
  3	
  species	
  leakage	
  scheme	
  
	
  
-­‐ 	
  HeaXng/cooling	
  &	
  deleptonizaXon	
  (ΔYe)	
  
-­‐	
  Improvement	
  over	
  	
  
	
  	
  Murphy/Nordhaus/Burrows+	
  ‘08,’09,’12.	
  
-­‐	
  Somewhat	
  worse	
  than	
  Kuroda+	
  ’12.	
  
-­‐	
  Far	
  inferior	
  to	
  B.	
  Müller+	
  ’09,	
  ‘12ab.	
  

⌫
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, ⌫̄
e

, ⌫
x
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µ
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, ⌫
⌧

, ⌫̄
⌧

}

•  Open-­‐source	
  3D	
  adapXve-­‐mesh	
  refinement	
  code	
  based	
  on	
  the	
  	
  
Einstein	
  Toolkit	
  	
  (einsteintoolkit.org).	
  

•  Open	
  EOS/neutrino	
  microphysics	
  at	
  stellarcollapse.org.	
  

[OH	
  et	
  al.	
  ‘12,	
  arXiv:1204.0512,	
  PRD	
  in	
  press]	
  



GWs	
  from	
  Rota1ng	
  Collapse	
  &	
  Bounce:	
  New	
  Study	
  

C.	
  D.	
  OH	
  @	
  INT,	
  2012/07/17	
   45	
  

•  How	
  sensiXve	
  is	
  the	
  GW	
  signal	
  to	
  neutrino	
  emission	
  a}er	
  bounce?	
  
What	
  is	
  the	
  dependence	
  on	
  progenitor	
  star	
  structure?	
  

•  12	
  MSun	
  &	
  40	
  MSun	
  model;	
  set	
  up	
  to	
  have	
  nearly	
  the	
  same	
  angular	
  
momentum	
  within	
  ~0.5	
  MSun.	
  

•  IniXal	
  rotaXon	
  rates	
  leading	
  to	
  PNS	
  with	
  10	
  ms	
  to	
  2	
  ms	
  periods	
  
(-­‐>	
  very	
  rapid	
  rotaXon).	
  

•  Neutrinos:	
  Y_e(ρ)	
  [Liebendörfer	
  ‘05]	
  &	
  leakage	
  a}er	
  bounce.	
  
•  LS220	
  EOS.	
  

[OH	
  et	
  al.	
  ‘12,	
  arXiv:1204.0512,	
  PRD	
  in	
  press]	
  

Simula1on	
  Goals	
  and	
  Setup	
  

Baseline	
  Results	
  
•  Very	
  weak	
  sensiXvity	
  to	
  neutrino	
  emission	
  a}er	
  bounce.	
  
•  Very	
  weak	
  dependence	
  on	
  progenitor	
  (“universality	
  of	
  core	
  collapse”).	
  

Team:	
  OH,	
  Abdikamalov,	
  O’Connor,	
  Reisswig,	
  Haas,	
  Kalmus,	
  Drasco,	
  Burrows,	
  SchneHer	
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-­‐> 	
  prolate	
  bounce	
  of	
  oblate	
  core	
  
	
  excites	
  fundamental	
  quadrupole	
  
	
  oscillaXon	
  mode.	
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When linearly extrapolating the postbounce T/|W |
growth in the j5 models under the simplifying assumption
that the angular momentum of the accreting material is
approximately constant in time, we find that a T/|W | of
27%, the approximate threshold for the guaranteed dy-
namical bar-mode instability, is reached at ⇠300 ms after
bounce. Even if accretion stops, cooling and contraction
of the PNS to final NS form will likely lead to T/|W |
in excess of the dynamical instability threshold in the
j5, j4, and even in the j3 models (see, e.g., the mapping
of initial core spin to final NS spin in [15]), unless an-
gular momentum is being redistributed or radiated by
some other mechanism, e.g., the low-T/|W | instability,
the secular instability, or MHD processes.

E. Notes on Detectability

1. Gravitational Waves

In the rightmost five columns of Tab II, we summarize
key quantities describing the GW emission characteris-
tics of the simulated models: the peak of the GW signal
amplitude time series (|h+|maxD) as seen by an equato-
rial observer rescaled by distance D, the emitted energy
in GWs (EGW), the peak value of the dimensionless char-
acteristic strain (hchar,max(f); Eq. 17) in frequency space
and at an equatorial observer location of 10 kpc, the fre-
quency fchar,max at which hchar,max is located, and the
single-detector Advanced LIGO optimal signal-to-noise
ratio (SNR) as calculated using Eq. 19 for a core col-
lapse event at 10 kpc, the fiducial galactic distance scale.
In the following, we focus exclusively on the physically
more realistic models that include neutrino leakage. Fur-
thermore, as discussed in Section V C, the 12-M� and
the 40-M� progenitors lead to very similar GW emission
in the phases that we simulate and we do not discuss
them separately.

The peak GW signal amplitudes of our models lie in
the range 20 cm . |h+|maxD . 400 cm, which corre-
sponds to 7 ⇥ 10�22 . |h+|max . 1.3 ⇥ 10�20 at 10 kpc
and is fully consistent with the results of [44], who also
focused on the linearly polarized GW signal from core
bounce and early postbounce evolution, but did not in-
clude postbounce neutrino leakage. The lowest peak am-
plitudes are reached in nonrotating (j0) or slowly rotat-
ing (j1) models, in which the emission is primarily due
to prompt convection. The highest amplitudes are emit-
ted by the most rapidly spinning models (j4 and j5). A
further increase of precollapse rotation would not result
in significantly higher peak amplitudes, since j5 models
are already strongly a↵ected by centrifugal e↵ects, which
reduce the acceleration the inner core is experiencing at
bounce, thus lead to lower GW amplitudes when rotation
begins to dominate the dynamics.

The total energy emitted in GWs is in the range
2.7 ⇥ 10�11M�c

2 . EGW . 4.7 ⇥ 10�8M�c
2. Again the

nonrotating and slowly rotating models mark the lower
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FIG. 13: Comparison of projected Advanced LIGO broad-
band (aLIGO ZD-HP – zero-detuning, high-power) [103], KA-
GRA/LCGT [127], and potential Advanced Virgo wide-band
(AdV WB) [128] sensitivity with the characteristic GW am-
plitudes h

char

(f)f�1/2 of the s12WH07j{0-5} model set at a
source location of 10 kpc.

end of this range. The upper end is set by the j4 mod-
els, since the j5 models, due to the strong influence of
rotation, have more slowly varying waveforms and lower
EGW (EGW / R

(dh/dt)2dt; Eq. 11).
Comparing our model predictions with GW detector

sensitivity is done best in the frequency domain. In
Fig. 13 we contrast hchar(f) spectra of our s12WH07j{0-
5} model set with the projected noise levels in Advanced
LIGO (in the zero-detuning, high-power configuration
[103]; aLIGO ZD-HP), KAGRA/LCGT [127], and Ad-
vanced Virgo (AdV) in a potential wide-band configura-
tion [128]. Shown are the one-sided detector noise am-
plitude spectral densities

p
S(f) in units of Hz�1/2 and

hcharf
�1/2 of our models (the f�1/2 rescaling is intro-

duced to to conform to the units of
p

S(f)), assuming
a source distance of 10 kpc. hchar peaks in a narrow fre-
quency range of about 700� 800 Hz for all rotating mod-
els. Slowly spinning models typically have their hchar

peak at the high end of this range and the frequencies of
their spectral peaks are influenced primarily by the prop-
erties of the nuclear EOS (not studied in detail here; see
[44]). Very rapidly spinning models tend towards the
lower end and develop strong low-frequency components,
which almost reach the level of the peak around 750 Hz
in model s12WH07j5.

The hchar spectra of all models shown in Fig. 13 have
large portions that lie above the detector noise levels.
By integrating the ratio h2

char(f)/(fS(f)) over frequency
(Eq. 19) and using S(f) of Advanced LIGO in ZD-HP
mode [103], we arrive at single-detector optimal (i.e.,
most optimistic) SNRs at an assumed distance of 10 kpc
that range from ⇠6 for the nonrotating model j0 to ⇠73

Gravita1onal	
  Waves	
  

-­‐>	
  Throughout	
  Milky	
  Way	
  
	
  with	
  aLIGO	
  

EGW . 10�8M�c
2
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for the most rapidly rotating model j5. While these num-
bers appear large and suggest that Advanced LIGO-class
detectors may be able to detect the emitted waveforms,
we emphasize their “optimal” nature: a real astrophysi-
cal core collapse event is highly unlikely to be optimally
oriented and optimally located on the sky with respect to
a detector or a network of detectors on Earth (see, e.g.,
[129] for a discussion of sky coverage for detector net-
works). Furthermore, the noise in interferometric GW
detectors is typically non-Gaussian, non-stationary, and
detection may be further complicated by noise artifacts
(“glitches”) that were found in first-generation detectors
(e.g., [130]) and may be present also in the detectors of
the advanced generation considered here. The SNR of a
real signal above which one may be confident of a detec-
tion is typically assumed to be & 8 for Gaussian noise
and at at least two detectors observing the event in co-
incidence [131]. For real noise even higher SNRs may
be required and the exact threshold will depend on the
detector network, data quality, and search methodology.

In addition to the general question of detectability, one
may ask: (1 ) Would advanced GW detectors be able to
observe the pronounced postbounce variations in the GW
signal of rapidly rotating models that are correlated with
variations in the neutrino luminosity? (2 ) Would ad-
vanced GW detectors be sensitive to e↵ects of neutrino
leakage in the very early postbounce phase out to 25ms
simulated for our models? (3 ) Will advanced GW detec-
tors be able to tell the di↵erence between rotating core
collapse in a 12-M� and in a 40-M� progenitor with the
same angular momentum distribution?

A fully reliable answer to these questions would re-
quire a Bayesian model selection / parameter estimation
approach as taken by [32, 34]. The answer to (1 ) is
most likely “Yes” for events taking place in the Milky
Way, since the GW signal of rapidly rotating models is
so strong that the entire waveform may be recovered for
a galactic event.

For (2 ) and (3 ) we can attempt to give a heuristic an-
swer on the basis of the mismatches computed between
waveforms and the general simulation results: The short
answer to both is likely “No”. The long answer is slightly
more involved: As we have demonstrated in Sections V B
and VC, both neutrino leakage and di↵erences in progen-
itor structure/thermodynamics have an e↵ect primarily
on convective/turbulent dynamics driving GW emission
in the region outside the PNS core that has stochastic
character. So, despite the sizable mismatches listed in
Tab. III and Tab. IV, it will not be possible to make a case
for telling 12-M�/40-M� or leakage/no-leakage apart on
the basis of the GW signal alone, since the shape (and
perhaps even the overall characteristics) of the parts of
the signal that di↵er is fundamentally unpredictable.
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FIG. 14: Predicted neutrino signals and associated statisti-
cal error in Super-Kamiokande (SK, blue error bars), Hyper-
Kamiokande (HK, green error bars), and IceCube (IC, red
error bars) from model s12WH07j5 at 1 kpc. The solid black
line is the ⌫̄

e

luminosity from our simulation. In the inset we
show only the HK and IC predicted signals and errors, zoomed
in between 8 and 11ms. The error of the IC signal is small,
but the imposed bin width of 1.6384ms averages out varia-
tions on timescales smaller than this. If binned in 1.6384ms
bins, the Hyper-Kamiokande SNR would be approximately
half of the SNR in IceCube.

2. High-Frequency Variations in the Neutrino Luminosities

The dominant supernova neutrino reaction in
water/ice-Cherenkov detectors is electron antineutrino
capture on protons. We consider in our analysis the
current detectors Super-Kamiokande [132] and IceCube
[133], and the proposed future Hyper-Kamiokande
detector [134]. A core collapse event anywhere in the
Milky Way is likely to be detected by these detectors
with high SNR [132, 133, 135].

Here we are interested in the question if the high-
frequency variations in the rising neutrino luminosity
seen in Fig. 3 are detectable. In consideration of the
smallness of the e↵ect, we pick a fiducial distance of
1 kpc for our estimates. More rigorous analyses of the
detectability of time variations in the supernova neutrino
signal, though for lower frequencies than considered here,
were presented, e.g., by Burrows et al. [136], Lund et

al. [27] and Brandt et al. [26]. For simplicity, we ignore
neutrino oscillations in this analysis. One would expect
some mixing of the ⌫̄

e

signal with the ⌫̄
x

signal [137].
However, since we observe similar rotation-induced vari-
ations in the ⌫

x

signal (Fig. 3), we expect approximately
the same results for a mixed ⌫̄

e

signal.
In Fig. 14, we plot the early ⌫̄

e

signal for model
s12WH07j5 and superpose the error bars for the sta-
tistical error of the estimated recovered luminosity in
Super-Kamiokande, Hyper-Kamiokande, and IceCube for

Neutrinos	
  

∼1	
  kpc	
  with	
  a	
  megaton	
  water-­‐Cherenkov	
  detector.	
  	
  
IceCube	
  limited	
  by	
  readout	
  rate.	
  

@1	
  kpc	
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OH	
  ‘09,	
  CQG	
  26,	
  063001	
  	
  

Neutrino	
  
Mechanism	
  

Magnetorota1onal	
  
Mechanism	
  

Acous1c	
  	
  
Mechanism	
  

	
  

Dominant	
  GW	
  Emission	
  Processes	
  

Turbulent	
  convecXon,	
  	
  
Standing-­‐AccreXon-­‐Shock	
  Instability	
  

RotaXng	
  core	
  collapse	
  &	
  bounce,	
  
rotaXonal	
  3D	
  instabiliXes.	
  

Protoneutron	
  star	
  pulsaXons.	
  
(Caveat:	
  Weinberg	
  &	
  Quataert	
  ’08,	
  
	
  Marek	
  &	
  Janka	
  ‘09	
  -­‐>	
  may	
  not	
  
	
  occur	
  in	
  nature)	
  

[e.g.	
  Burrows	
  et	
  al.	
  06,	
  OH	
  et	
  al.	
  ’06]	
  

[e.g.	
  Burrows	
  et	
  al.	
  ’07,	
  Takiwaki	
  &	
  Kotake	
  ‘11]	
  

[e.g.	
  Yakunin	
  et	
  al.	
  ‘10,	
  Müller	
  et	
  al.	
  ‘12ab]	
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OH	
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Slow	
  rota1on,	
  neutrino-­‐driven	
  explosions	
  

Slow	
  rota1on,	
  acous1c	
  mechanism.	
  

[OH	
  ’09;	
  Logue	
  et	
  al.	
  ‘12]	
  

Rapid	
  rota1on,	
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  mechanism	
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Slow	
  rota1on,	
  neutrino-­‐driven	
  explosions	
  

Slow	
  rota1on,	
  acous1c	
  mechanism.	
  

[OH	
  ’09;	
  Logue	
  et	
  al.	
  ‘12]	
  

Rapid	
  rota1on,	
  magnetorota1onal	
  mechanism	
  

Caveats:	
  
• GW	
  signal	
  predicXons	
  sXll	
  mostly	
  based	
  on	
  2D	
  simulaXons.	
  
• Advanced	
  LIGO	
  sensiXvity:	
  	
  
Need	
  core-­‐collapse	
  supernova	
  in	
  the	
  Milky	
  Way.	
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P (M |D, I) =
P (M |I)P (D|M, I)

P (D|I)

•  Can	
  we	
  really	
  tell	
  these	
  signals	
  apart	
  in	
  a	
  noisy	
  detector?	
  
•  Approach:	
  Bayesian	
  Model	
  SelecXon	
  
Bayes	
  Theorem:	
  

“Posterior	
  
	
  	
  Probability”	
   “Prior	
  

	
  	
  Probability”	
  
“Evidence	
  
	
  	
  	
  (Likelihood)”	
  

•  For	
  model	
  selecXon:	
  When	
  comparing	
  
two	
  models,	
  odds	
  raXo	
  is	
  sufficient:	
  

M: 	
  Model	
  
D: 	
  Data	
  
	
  I: 	
  Prior	
  informaXon	
  

NormalizaXon	
  

“Marginal	
  Likelihood”	
  

P (D|M, I) =

Z

✓
p(✓|M, I)p(D|✓,M)d✓

Bij

θ:	
  Model	
  Parameters	
  

Bayes	
  Factor	
  RaXo	
  of	
  Priors	
  

logBij = logP (D|Mi, I)� logP (D|Mj , I)

Oij =
P (Mi|I)P (D|Mi, I)

P (Mj |I)P (D|Mj , I)



C.	
  D.	
  OH	
  @	
  INT,	
  2012/07/17	
   58	
  

Must	
  consider	
  two	
  cases:	
  

(1)	
  Is	
  signal	
  different	
  from	
  noise?	
  

logBSN = logP (D|MS , I)� logP (D|MN , I)

MS signal	
  model	
   MN noise	
  model	
  (here:	
  Gaussian,staXonary)	
  

(note:	
  real	
  detector	
  noise:	
  non-­‐Gaussian,	
  non-­‐staXonary)	
  	
  

(2)	
  Comparison	
  of	
  signal	
  models	
  

logBij = logP (D|Mi, I)� logP (D|Mj , I)

Problem:	
  How	
  to	
  describe	
  signal	
  mode?	
  GW	
  signals	
  cannot	
  be	
  predicted	
  
exactly	
  (turbulence!	
  +	
  unknown	
  physics).	
  

Supernova	
  Model	
  Evidence	
  Extractor	
  (SMEE)	
  
Logue	
  et	
  al.	
  ‘12,	
  arXiv:1202.3256,	
  PRD	
  in	
  press	
  



CCSN Mechanisms 
from simulations 

Neutrino mechanism 

 3x1053 erg released in gravitational energy 

 99% is carried away by neutrinos 

 2D, 3D sims show neutrino-driven   

 convection and SASI can tap this energy 

Magnetorotational mechanism 

 1 s rotating progenitor  1 ms PNS 

 1052 erg in rotational, 10x explosion energy 

 Need strong magnetic fields 

Acoustic mechanism 

 PNS pulsations grow unstable after ~1 s 

 Less well-supported in literature 

Note the distinct structures. 

@ 10 kpc 
axisymmetric 

SMEE:	
  Signal	
  Models	
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Neutrino	
  Mechanism	
  

Consider	
  waveforms	
  representaXve	
  
for:	
  

Magnetorota1onal	
  Mechanism	
  

Acous1c	
  Mechanism	
  

In	
  this	
  study:	
  Simplified	
  analysis	
  
Single	
  aLIGO	
  detector,	
  Gaussian	
  noise,	
  
single	
  polarizaXon,	
  opXmal	
  orientaXon	
  

Uncertain;es	
  in	
  Signals:	
  
Use	
  Principal	
  Component	
  Analysis	
  (PCA)	
  
to	
  extract	
  robust	
  signal	
  features	
  from	
  
model	
  catalogs,	
  then	
  look	
  for	
  linear	
  	
  
combina1ons	
  of	
  these	
  features.	
  

Logue	
  et	
  al.	
  ‘12,	
  arXiv:1202.3256,	
  PRD	
  in	
  press	
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FIG. 6: Histograms describing the outcome of signal model comparisons by means of the Bayes factors logBij = log p(D|Mi)�
log p(D|Mj), where i 6= j and Mi and Mj are signal models described by the Dim (magnetorotational mechanism), Mur (neutrino
mechanism), and Ott (acoustic mechanism) waveform catalogs. The Bayes factors are computed with 7 PCs and for a source
distance of 10 kpc. A positive value logBij indicates that the injected waveform most likely belongs to model Mi, while a
negative value suggest that model Mj is the more probable explanation. The bars are color-coded according to the type of
injected waveform. The results are binned into ranges of varying size from < �10000 to > 10000 and the height of the bars
indicates what fraction of the waveforms of a given catalog falls into a given bin of logBij . We consider the range of (�5, 5) of
logBij as inconclusive evidence (see §IVA).
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FIG. 7: Same as Fig. 6, but computed for a source distance of 2 kpc.

dicted by Abdikamalov et al. [? ], share many of the ba-
sic features of the rotating iron core collapse and bounce
waveforms of, e.g., the Dim catalog (see the discussion in
Sec. IV.C. of [? ]). Hence, it is interesting to see if our
SMEE model selection algorithm can tell them apart.

We compute the PCs for the Abd catalog in the same
fashion as done previously for the Dim, Mur, and Ott cata-
logs and inject all Abd and Dim waveforms into simulated
Advanced LIGO noise. SMEE is then run with 7 PCs
to calculate log BAbdDim. The result is shown in Fig. 8
for source distances of 10 kpc and 2 kpc. Full numerical
results are available on-line [? ].

In spite of the strong general similarity of rotating iron
core collapse and rotating AIC waveforms, SMEE cor-
rectly identifies the vast majority of injected waveforms
as most likely being emitted by a rotating iron core col-
lapse or by rotating AIC. However, for a source at 10 kpc
(left panel of Fig. 8), ⇠6% of the Dim and ⇠5% of the Abd

are incorrectly identified as belonging to the respective
other catalog. For an additional 2% of the Dim waveforms
and 14% of the Abd waveforms, the evidence is inconclu-
sive.

At a source distance of 2 kpc (right panel of Fig. 8),
88% of the AIC (Abd) and 93% of the rotating core col-
lapse (Dim) waveforms are correctly identified.

If one placed trust in the reliability of less dominant
and more particular features of waveforms in the underly-
ing catalogs, one could use a larger number of PCs in the
analysis. In order to study the e↵ect of using an increased
number of PCs, we re-run the Abd vs. Dim comparison
with 14 PCs and find that the result is significantly worse
than with 7 PCs: ⇠61% of the Abd waveforms and ⇠23%
of the Dim catalog are now incorrectly attributed to the
respective other catalog at 10 kpc. This counter intuitive
and at first surprising result is readily explained by the
overall great similarity of the AIC and iron core collapse

logBij = logP (D|Mi, I)� logP (D|Mj , I)

Injected	
  “known”	
  waveforms	
  from	
  catalogs	
  that	
  were	
  used	
  to	
  generate	
  
principle	
  components	
  (PCs);	
  use	
  first	
  7	
  PCs.	
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FIG. 9: Mean and 1-� range of logBSN as a function of signal-to-noise ratio SNR comparing signal with noise evidence.
The horizontal lines mark the threshold values of logBSN above which we consider an injected waveform to be distinct from
Gaussian noise. Left panel: Results for the Sch and DimExtra. These two were both reconstructed with 7 Dim PCs. Right
panel: Results for the Yak, MurRem and OttExtra waveforms as reconstructed with 7 Mur for the first two and 7 Ott PCs for
the latter. The Dim PCs very e�ciently reconstruct the Sch and DimExtra waveforms at moderate SNRs while the Yak and
OttExtra require very high SNRs to be distinguished from noise by the Mur and Ott PCs, respectively.

form features associated with the acoustic mechanism is
not e�ciently covered by the 7 PCs generated from the
Ott catalog. This could simply be attributed to the very
small number of waveforms in this catalog. However,
when studying the Ott and OttExtra waveforms, one
immediately notes that the time between the first peak
(associated with core bounce) and the second peak (the
global maximum, associated with the non-linear phase
of the protoneutron star pulsations) varies significantly
between waveforms. Since we compute PCs in the time
domain, such large-scale features are imprinted onto the
PCs and make it di�cult to identify waveforms whose
two peaks are separated by significantly di↵erent inter-
vals. An alternative method that may work much better
for waveforms of this kind is to compute PCs based on
waveform power spectra, which would remove any poten-
tially problematic phase information.

3. Neutrino Mechanism

We test SMEE’s ability to identify GW signals emit-
ted by core-collapse supernovae exploding via the neu-
trino mechanism in two ways. First, we remove three
randomly selected Mur waveforms (Mur waveforms 20 3.4,
12 3.4, and 15 3.2, labeling this set as MurRem) from the
Mur catalog, recompute the PCs without these 3 wave-
forms, then run SMEE to compute log BSN for the three
MurRem waveforms. The results, listed in Tab. III, show
that SMEE is able to correctly identify MurRem wave-

forms as GW signals consistent with the Mur catalog with
strong evidence out to a distance of ⇠2 kpc and even
at 10 kpc two out of three MurRem waveforms are picked
out of the noise (though with relatively weak evidence).
This is consistent with the overall results for waveforms
belonging to the Mur catalog discussed in Sec. IV C.

However, a comparison of the right panel of Fig. 9 with
Fig. 5 shows that the MurRem waveforms require an SNR
that is more than twice as high to reach values of log BSN

at which we can consider them to be distinct from Gaus-
sian noise. This is most likely due to the rather large
diversity of Mur waveforms. Components of relevance to
the MurRem waveforms are apparently not captured in the
first 7 PCs when these waveforms are not included in the
PCA.

A yet more stringent test is enabled by the waveforms
of the Yak catalog (see Sec. II A 1) that were obtained
with a completely di↵erent numerical code. We inject
the three available Yak waveforms into Advanced LIGO
noise and run SMEE on them to compute log BSN . We
list the results in Tab. III. SMEE correctly and clearly as-
sociates the Yak waveforms with the Mur PCs at 0.2 kpc.
At 2 kpc, the association is still possible, but at 10 kpc the
Yak waveforms appear to be most consistent with noise
for SMEE. The right panel of Fig. 9 shows that the Yak
waveforms require an SNR to be clearly associated with
the neutrino mechanism that is &7 times higher than for
MurRem waveforms and more than ⇠17 times higher than
for Mur waveforms. This rather disappointing result can
be explained as follows: While the Yak waveforms are

Use	
  unknown	
  waveforms	
  from	
  different	
  studies	
  modeling	
  the	
  same	
  physics.	
  
Scheidegger	
  et	
  al.	
  ‘10:	
  magnetorotaXonal	
  mechanism.	
  
Yakunin	
  et	
  al.	
  ‘10:	
  neutrino	
  mechanism	
  

-­‐>	
  Method	
  robust	
  for	
  magnetorotaXonal	
  mechanism	
  out	
  to	
  10	
  kpc.	
  
-­‐>	
  Can	
  idenXfy	
  neutrino	
  mechanism	
  out	
  to	
  ~2	
  kpc	
  (using	
  Murphy+	
  09	
  PCs).	
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•  Advanced	
  LIGO/Virgo/KAGRA	
  are	
  on	
  track.	
  	
  
L1/H1	
  online	
  in	
  ~2015	
  at	
  iniXal	
  aLIGO	
  sensiXvity.	
  
LIGO	
  India	
  likely	
  to	
  happen.	
  	
  
2020:	
  L1/H1/V1/K1/I1	
  network.	
  

•  Core-­‐collapse	
  supernovae	
  do	
  emit	
  GWs,	
  but	
  emission	
  is	
  weak	
  &	
  
even	
  advanced	
  detectors	
  can	
  only	
  see	
  galacXc	
  (+LMC/SMC)	
  events.	
  

•  GW	
  observaXons	
  (combined	
  with	
  neutrino	
  observaXons)	
  could	
  
provide	
  crucial	
  insight	
  into	
  the	
  heart	
  of	
  the	
  next	
  galacXc	
  supernova.	
  
-­‐>	
  Need	
  detailed,	
  robust,	
  reproducible	
  GW+𝜈	
  predic6ons	
  from	
  
	
  self-­‐consistent	
  models.	
  

•  The	
  next	
  galac1c	
  core-­‐collapse	
  supernova	
  has	
  already	
  exploded,	
  
but	
  its	
  GWs	
  (&	
  neutrinos	
  &	
  light)	
  beCer	
  not	
  get	
  here	
  un1l	
  ~2015...	
  

Betelgeuse	
  (HST)	
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OH,	
  Reisswig	
  (Einstein	
  Fellow),	
  SchneHer,	
  O’Connor,	
  Sperhake,	
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  Diener,	
  Abdikamalov,	
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[OC	
  et	
  al.	
  2011]	
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•  75-­‐MSun	
  10-­‐4	
  solar-­‐metallicity	
  progenitor	
  of	
  Woosley	
  et	
  al.	
  2002.,	
  ξ∼1.14	
  
•  RotaXon	
  law	
  based	
  on	
  Woosley	
  &	
  Heger	
  2006.	
  
•  So}	
  EOS	
  with	
  Mmax	
  ∼1.7	
  MSun.	
  Neutrino	
  cooling;	
  no	
  heaXng.	
  

Spec.	
  angular	
  momentum	
  
to	
  support	
  disk	
  at	
  r	
  >	
  ISCO.	
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[Buras	
  et	
  al.	
  2006ab,	
  Scheck	
  et	
  al.	
  2007,	
  Burrows	
  et	
  al.	
  2006,	
  
2007abc,	
  Marek	
  &	
  Janka	
  2007,	
  Mezzacappa	
  et	
  al.	
  2006,	
  	
  

Fryer	
  &	
  Warren	
  2004,	
  Bruenn	
  et	
  al.	
  2007,	
  	
  
Swesty	
  &	
  Myra	
  2006]	
  

11	
  levels	
  
of	
  Berger-­‐
Oliger	
  AMR	
  
	
  
Finest	
  level:	
  
dx	
  =	
  100	
  m	
  

3+1	
  full	
  GR	
  
simula1ons.	
  
	
  
3D,	
  but	
  	
  
octant	
  
symmetry	
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[Wilson	
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  Wilson	
  1985]	
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α	
  –	
  lapse	
  func1on:	
  dτ	
  =	
  αdt	
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Hyperaccre1on	
  
phase	
  begins;	
  
lasts	
  mul1ple	
  
seconds	
  before	
  
disk	
  forms.	
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