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What are GW Bursts?
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What are GW Bursts?

In Principle
Any transient GW signal; i.e, one with duration in the detector’s
sensitive band that is much smaller than the observation time.

Examples: compact binary coalescences, supernovae,
long gamma-ray bursts, flaring magnetars, glitching
pulsars, perturbed neutron stars / black holes, cosmic
strings, micro-quasars . . .
LIGO, Virgo: typically < 1 s (excluding CBCs), but some
signals up to O(100) s or possibly more.
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What are GW Bursts?

In Practice
By convention, “bursts” are transients for which the GW
waveform is not known or is too complicated to allow for a
templated search.

includes: supernovae, long gamma-ray bursts, highly
eccentric binary mergers, . . .
excludes: binary inspirals (but not necessarily mergers),
cosmic strings, . . .
Frequency content does not generally scale with 1/τ .
Associated with energetic, transient astrophysical
phenomenon – sources also observable in EM/neutrinos.

LIGO-G1300656-v2 Sutton GWB Detection



Burst Sources (slide by C. Ott)
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Burst Science (slide by C. Ott)
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Outline of this Lecture

Definitions & motivations.
Burst detectability.
Sources:

bursting magnetars
long gamma-ray bursts &
engine-driven supernovae
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Notes on Burst Detectability
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Signal-to-noise ratio

Even though we don’t use matched filters, the
matched-filter signal-to-noise ratio (SNR) is still the natural
measure of burst detectability (next lecture):

ρ2 = 2
∫ ∞
−∞

df
|F+h̃+(f ) + F×h̃×(f )|2

S(f )
. (1)

Here S(f ) is the one-sided noise power spectrum, defined
by

〈n∗(f )n(f ′)〉 =
1
2
δ(f − f ′)S(f ) . (2)

When h(t) is not known we can still estimate ρ from the
energy EGW emitted in GWs.
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Root-sum-square amplitude

A standard signal measure for burst searches is the
root-sum-square amplitude:

h2
rss =

∫ ∞
−∞

dt
[
h2

+(t) + h2
×(t)

]
(3)

= 2
∫ ∞

0
df
[
|h̃+(f )|2 + |h̃×(f )|2

]
. (4)

This has the same units as the noise spectrum, so we can
use it to estimate the SNR. E.g., for unpolarised
narrowband GWs we have

ρ2 ' [F 2
+ + F 2

×]
h2

rss

S(f )
. (5)
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RSS and Energy

We can relate hrss to the energy emitted in GWs, EGW,
using the flux (energy per unit area per unit time):

FGW =
c3

16πG
〈ḣ2

+(t) + ḣ2
×(t)〉 (6)

=
πc3

4G
1
T

∫ ∞
−∞

df f 2
(
|h̃+(f )|2 + |h̃×(f )|2

)
. (7)

For a narrowband signal & isotropic emission this gives

EGW = 4πr2 T FGW (8)

=
π2c3

G
r2f 2

0 h2
rss . (9)
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SNR and Energy

Combining eqns (5) and (9) relates SNR to energy:

ρ2 = [F 2
+ + F 2

×]
G
π2c3

EGW

S(f0)r2f 2
0
. (10)

Averaging over angles (sky direction, source orientation)
gives average range for detection with ρ ≥ ρ0:

Reff '
(

G
2π2c3

EGW

S(f0)f 2
0 ρ

2
det

)1/2

. (11)

For a homogeneous isotropic population of sources of rate
density Ṅ , the detection rate is

Ṅ =
4
3
πR3

effṄ . (12)
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Burst Range for SNR > 20 (Sutton 2013)
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Burst Sources
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Magnetar Giant Flares

Soft-gamma repeaters (SGRs) and anomalous X-ray pulsars:
pulsars with few-second periods (Mereghetti 2008).

Thought to be magnetars - isolated neutron stars with
enormous B fields (1015 G).
Exhibit repetitive outbursts in X-rays and γ-rays lasting
∼0.1 s with luminosities up ∼1042 erg s−1.
A few (SGR 0526−66, SGR 1900+14, SGR 1806−20)
have shown rare (< 0.1 yr−1 gal−1) hard-spectrum giant
flares with luminosities of up to 1047 erg s−1. Possible
causes:

Magnetic stresses fracturing the magnetar crust and
leading to a large-scale rearrangement of the internal field
(Thompson & Duncan 1995)
Large-scale rearrangement of the magnetospheric field due
to magnetic reconnection (Lyutikov 2006, Gill & Heyl 2010).

LIGO-G1300656-v2 Sutton GWB Detection



Magnetar Giant Flares
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Magnetar Giant Flares
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Giant Flares & GW Emission

Giant flares may excite nonradial pulsational modes with
kHz-frequencies in the magnetar (de Freitas Pacheco
1998).
Theoretical upper limits on EGW based on the energy
reservoir associated with a change in the magnetic
potential energy of the magnetar (Ioka 2001, Corsi & Owen
2011).

Crust-cracking: 1047 − 1048 erg (10−7 M�c2 to 10−6 M�c2)
with conventional matter (1048 − 1050 erg with exotic quark
and/or baryon-meson matter).
Magnetic rearrangement: 1045 − 1048 erg (10−9 M�c2 to
10−6 M�c2)
Can be probed by Advanced LIGO/Virgo for a Galactic
source.

Studies of pulsational mode excitation suggest weaker
emission that may not be detectable (Levin & van Hoven
2011, Zink et al. 2012).
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Gamma-Ray Bursts

LIGO-G1300656-v2 Sutton GWB Detection



Long Gamma-Ray Bursts

Flashes of γ rays observed ∼1/day, isotropically distributed
over the sky, from cosmological distances.
Long-duration1 GRBs (T90 & 2 s are associated with the
collapse of massive stars.

Long GRBs are strongly beamed,
and likely have jets with Lorentz
factors Γ & 100 and isotropic
equivalent luminosities of
1051 erg s−1 to 1053 erg s−1.
Central engine of long GRBs is
thought to be either a collapsar (a
black hole with an accretion disk
(Woosley 1993) or a millisecond
magnetar (Metzger et al. 2011).
1T90 is the time over which 90% of the γ counts are detected.
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Engine-Driven Supernovae

Core-collapse supernovae associated with GRBs are
highly energetic type Ic-bl events.

“Ic” = compact hydrogen/helium poor progenitor star
“-bl” = broad line→ have relativistically Doppler-broadened
spectral features.

Type Ic-bl events also occur without an associated GRB,
and are frequently identified as engine-driven CCSNe that
exhibit luminous radio emission (Soderberg et al. 2006).
All likely driven by a central engine that launches a
collimated bipolar jet-like outflow.

The duration of the central engine’s operation determines if
the jet can leave the progenitor star and make a GRB.
If it fails to emerge, the GRB is “choked” and a more
isotropic energetic CCSN explosion is likely to result.
Relativistic shock breakout through the stellar surface could
produce low-luminosity GRBs (Bromberg et al. 2011).
GW emission processes of engine-driven CCSNe are likely
very similar to long GRBs.
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Scenarios for GWs from Long GRBs: I

Dynamical Fragmentation (extreme)

The collapsing extremely rapidly differentially spinning
stellar core fragments into a coalescing system of two
protoneutron stars (Davies et al. 2002).
May be unlikely given model predictions for the rotational
configuration of GRB progenitor stars.
Very strong GW emission: EGW ∼ 10−2 M�c2 to
10−1 M�c2 in the 50 Hz to 1000 Hz frequency band.
Advanced detectors could observe out to ∼ 100 Mpc.
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Scenarios for GWs from Long GRBs: II

Core bounce (robust)
Initial collapse leads to rapidly rotating protoneutron star.
Core bounce produces a linearly-polarized GW signal with
EGW ∼ 10−8 M�c2 to 10−7 M�c2 between 100 Hz and
1000 Hz (Ott et al. 2012).
Detectable only for Galactic events.
Same emission for “ordinary” core-collapse supernovae.
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Scenarios for GWs from Long GRBs: III

Rotational Instabilities (moderate)
The new-born protoneutron star may be spinning near
breakup speed.
This can induce rotational instabilities that induce
ellipsoidal deformations of the protoneutron star, leading to
strong, quasi-periodic, elliptically-polarized GW emission
(Fryer & New 2011).
Typical GW strain: 1.4 M� and radius of 12 km, spinning
with a period of 1 ms may be h ∼ few× 10−22 at 10 Mpc. If
the deformation lasted for 100 ms, EGW ∼ 10−1 M�c2 would
be emitted at 2000 Hz.
Detectable to ∼ few Mpc (Local Group).
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Scenarios for GWs from Long GRBs: IV

Collapse to Black Hole (robust)
Collapsar scenario: accretion causes protoneutron star to
collapse to a spinning black hole.
Collapse and ringdown of the newborn black hole leads to
a GW burst at few × 102 Hz to few × 103 Hz with h ∼ 10−20

at 10 kpc and EGW ∼ 10−7 M�c2. (Ott et al. 2011).
Detectable only for a Galactic source.
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Scenarios for GWs from Long GRBs: IV
3
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FIG. 3: Snapshots of the meridional density distribution with
superposed velocity vectors in model u75rot1 taken at various
times. The top left panel (note its special spatial range) shows
a snapshot from 10 ms after bounce. The top right and bot-
tom left panels show the point of PNS instability and the time
at which the AH first appears, respectively. The bottom right
panel, generated with a separate color range, shows the hy-
peraccreting BH at ⇠ 15 ms after its formation. All colormaps
have density isocontours superposed at densities (from outer
to inner) of ⇢ = (0.1, 0.25, 0.5, 0.75, 1.0, 2.5, 5.0)⇥1010 g cm�3.

horizon (AH) appears within ⇠1 ms and quickly engulfs
the entire PNS. With the PNS and pressure support re-
moved, postshock material and the shock itself immedi-
ately subside into the nascent BH. The bottom panel of
Fig. 2 shows the evolution of BH mass and dimensionless
spin a? in all models. The former jumps up as the AH
swallows the PNS and postshock region, then increases
at the rate of accretion set by progenitor structure and
is largely una↵ected by rotation at early times. The di-
mensionless spin reaches a local maximum when the BH
has swallowed the PNS core, then rapidly decreases as
surrounding lower-j material plunges into the BH. This
is a consequence of the drop of j at a mass coordinate
close to the initial BH mass (cf. Fig. 1). Table I summa-
rizes for all models the values of a? at its peak and at the
time we stop the LR run.

In Fig. 3, we plot colormaps of the density in the merid-
ional plane of the spinning model u75rot1 taken at var-
ious postbounce times. The rotational flattening of the
PNS is significant and so is the centrifugal double-lobed
structure of the post-BH-formation hyperaccretion flow.
The latter is unshocked and far sub-Keplerian with in-
flow speeds of up to 0.5c near the horizon. The flow will
be shocked again only when material with su�ciently

FIG. 4: Top: GW signals h+,e emitted by the rotating models
as seen by an equatorial observer and rescaled by observer
distance D. Bottom: Spectrogram of the GW signal emitted
by the most rapidly spinning model u75rot2.

high specific angular momentum to be partly or fully cen-
trifugally supported reaches small radii (cf. [16]). Based
on progenitor structure, our choice of rotation law, and
the assumption of near free fall, we estimate that this
will occur after ⇠1.4 s, ⇠2.4 s, ⇠3.9 s in model u75rot2,
u75rot1.5, u75rot1, respectively. At these times, the
BHs, in the same order, will have a mass (a?) of ⇠8 M�
(0.75), ⇠14 M� (0.73), and ⇠23 M� (0.62).

GW Signature.—The top panel of Fig. 4 depicts the
GW signals emitted by our rotating models. Due to the
assumed octant symmetry, GW emission occurs in the
l = 2, m = 0 mode. The nonrotating model leads to
a very weak GW signal and is excluded. At bounce, a
strong burst of GWs is emitted with the typical signal
morphology of rotating core collapse (e.g., [27]) and the
peak amplitude is roughly proportional to model spin.
Once the bounce burst has ebbed, the signal is domi-
nated by emission from turbulence behind the shock. It
is driven first by the negative entropy gradient left by the
stalling shock and then by neutrino cooling, whose e↵ect
may be overestimated by our simple treatment. Interest-
ingly, the signal strength increases with spin. This is not
expected in a rapidly spinning ordinary 2D CCSN, since
a positive j gradient in the extended postshock region
stabilizes convection. In our models, the postshock re-
gion is considerably smaller and shrinks with postbounce
time. The driving entropy gradients are steeper and the
change of j in the postshock region is smaller. Also, in
contrast to 2D, our 3D models allow high-mode nonax-
isymmetric circulation. We surmise that the combination
of these features with increasing spin (feeding greater cir-

(Ott et al. 2011)
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Scenarios for GWs from Long GRBs: IV
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FIG. 3: Snapshots of the meridional density distribution with
superposed velocity vectors in model u75rot1 taken at various
times. The top left panel (note its special spatial range) shows
a snapshot from 10 ms after bounce. The top right and bot-
tom left panels show the point of PNS instability and the time
at which the AH first appears, respectively. The bottom right
panel, generated with a separate color range, shows the hy-
peraccreting BH at ⇠ 15 ms after its formation. All colormaps
have density isocontours superposed at densities (from outer
to inner) of ⇢ = (0.1, 0.25, 0.5, 0.75, 1.0, 2.5, 5.0)⇥1010 g cm�3.

horizon (AH) appears within ⇠1 ms and quickly engulfs
the entire PNS. With the PNS and pressure support re-
moved, postshock material and the shock itself immedi-
ately subside into the nascent BH. The bottom panel of
Fig. 2 shows the evolution of BH mass and dimensionless
spin a? in all models. The former jumps up as the AH
swallows the PNS and postshock region, then increases
at the rate of accretion set by progenitor structure and
is largely una↵ected by rotation at early times. The di-
mensionless spin reaches a local maximum when the BH
has swallowed the PNS core, then rapidly decreases as
surrounding lower-j material plunges into the BH. This
is a consequence of the drop of j at a mass coordinate
close to the initial BH mass (cf. Fig. 1). Table I summa-
rizes for all models the values of a? at its peak and at the
time we stop the LR run.

In Fig. 3, we plot colormaps of the density in the merid-
ional plane of the spinning model u75rot1 taken at var-
ious postbounce times. The rotational flattening of the
PNS is significant and so is the centrifugal double-lobed
structure of the post-BH-formation hyperaccretion flow.
The latter is unshocked and far sub-Keplerian with in-
flow speeds of up to 0.5c near the horizon. The flow will
be shocked again only when material with su�ciently

FIG. 4: Top: GW signals h+,e emitted by the rotating models
as seen by an equatorial observer and rescaled by observer
distance D. Bottom: Spectrogram of the GW signal emitted
by the most rapidly spinning model u75rot2.

high specific angular momentum to be partly or fully cen-
trifugally supported reaches small radii (cf. [16]). Based
on progenitor structure, our choice of rotation law, and
the assumption of near free fall, we estimate that this
will occur after ⇠1.4 s, ⇠2.4 s, ⇠3.9 s in model u75rot2,
u75rot1.5, u75rot1, respectively. At these times, the
BHs, in the same order, will have a mass (a?) of ⇠8 M�
(0.75), ⇠14 M� (0.73), and ⇠23 M� (0.62).

GW Signature.—The top panel of Fig. 4 depicts the
GW signals emitted by our rotating models. Due to the
assumed octant symmetry, GW emission occurs in the
l = 2, m = 0 mode. The nonrotating model leads to
a very weak GW signal and is excluded. At bounce, a
strong burst of GWs is emitted with the typical signal
morphology of rotating core collapse (e.g., [27]) and the
peak amplitude is roughly proportional to model spin.
Once the bounce burst has ebbed, the signal is domi-
nated by emission from turbulence behind the shock. It
is driven first by the negative entropy gradient left by the
stalling shock and then by neutrino cooling, whose e↵ect
may be overestimated by our simple treatment. Interest-
ingly, the signal strength increases with spin. This is not
expected in a rapidly spinning ordinary 2D CCSN, since
a positive j gradient in the extended postshock region
stabilizes convection. In our models, the postshock re-
gion is considerably smaller and shrinks with postbounce
time. The driving entropy gradients are steeper and the
change of j in the postshock region is smaller. Also, in
contrast to 2D, our 3D models allow high-mode nonax-
isymmetric circulation. We surmise that the combination
of these features with increasing spin (feeding greater cir-

(Ott et al. 2011)
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Scenarios for GWs from Long GRBs: V

Accretion Torus Fragmentation (moderate)

The outer regions of the accretion disk are inefficiently
cooled and form a thick torus.
Gravitational instability may lead to fragmentation of the
torus overdense regions that condense to neutron-star-like
objects and then inspiral into the central black hole (Piro &
Pfahl 2007).
1M� fragment and a 8M� central black hole, this would
yield EGW ∼ 10−3 M�c2 to 10−2 M�c2 in the most sensitive
band of LIGO-Virgo.
Detectable to ∼ 100 Mpc.
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Scenarios for GWs from Long GRBs: V

Accretion Torus Fragmentation (Piro & Pfahl 2007)

have a low inclination, which gives !2
! "1/2! 2:5, or’60% larger

than the random case (see also Kochanek & Piran 1993). In what
follows, we let ! ! 2:5.

When the waveform is known, thematched filter approach can
be used to search for the signal. The signal-to-noise ratio (S/N) for
a slow binary inspiral is then (e.g., Flanagan & Hughes 1998)

S=N" #2 !
Z

d( ln f ) ncyc( f )
h20( f )

h2n( f )
; "14#

where ncyc $ f 2/ḟ is the number of cycles per unit ln f and hn
is the strain noise in a bandwidth % f centered on f. We see that
n1/2cyc is the signal gain and n1/2cych0 $ hc is the associated charac-
teristic strain.

If jṙ/rj ! t&1
! ' t&1

gw is the total inward migration rate from x 4,
then ncyc ! 2fr/3ṙ. Some minor algebra yields

ncyc( f ) !
2

3
ftgw 1' feq

f

# $5=3
" #&1

; "15#

where feq ! "eq/" (see eq. [11]) tunes the importance of viscous
torques. When fT feq viscous migration dominates and hc /
f 2/3, while gravitational waveYdriven inspiral ( f 3 feq) gives
hc / f &1/6. Figure 2 shows hc( f ) for feq ! 100 Hz and 1 kHz.
The lower value of feq essentially assumes that the disk is fairly
thin (# % 0:1), as expectedwhen neutrino cooling is efficient. Since
hc is peaked near feq, albeit rather broadly, we can use the ap-
proximation S/N % hc( feq)/hn( feq). Inspection of Figure 2 in-
dicates that, forD100 ( 1, S/N % 5Y10when feq ! 100 Hz, while
S/NP1 when feq ! 1 kHz. Detection with advanced LIGO seems
quite possible for nearby GRBs. The combined effects of viscous
torques and gravitational wave emission on the orbital evolution
create a distinct strain signal, for which an estimate of feq would
provide unique insight into the physics of collapsar disks.

Estimates of the local rate of detectable long GRBs span
%0.1Y1 Gpc&3 yr&1 (e.g., Guetta et al. 2005), based largely on a
small sample with moderate to high redshifts. This implies a rate
ofP4 ; 10&3D3

100 yr
&1 within a distanceD. However, two GRBs

in the past 8 years within 150 Mpc (980425 and 060218; e.g.,
Galama et al. 1998; Ferrero et al. 2006) suggest tentatively that the

local rate is more uncertain and could be as large%0:1D3
100 yr

&1,
which is consistent with 10&4 of the local rate of core-collapse
supernovae (Cappellaro et al. 1999). Beaming implies there may
be %100 unseen GRBs for every detectable event, giving a total
local GRB rate of P10D3

100 yr
&1. If a misdirectedGRB is detected

by multiple gravitational wave antennae, it may be possible to
locate the source to within a few degrees and provide a target re-
gion to search for an ‘‘orphaned’’ electromagnetic afterglow.
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Fig. 2.—Characteristic gravitational wave strain hc( f ) from the inspiraling
black hole/fragment binary for feq ! 100 Hz (thick solid line) and 1 kHz (thick
dashed line). Both curves assumeM ! 1M), D ! 100 Mpc, and! ! 2:5. The
thin lines show the broadband strain noise for current LIGO (dotted line), enhanced
LIGO (dot-dashed line; Adhikari et al. 2006), and advanced LIGO (dashed line).

PIRO & PFAHL1176

LIGO-G1300656-v2 Sutton GWB Detection



Scenarios for GWs from Long GRBs: VI

Papaloizou-Pringle instability (moderate)
The accretion torus may be unstable to the
Papaloizou-Pringle instability or to co-rotation instabilities
(Papaloizou & Pringle 1984).
EGW of order 10−2 M�c2 to 10−1 M�c2 and GW
frequencies of 100 Hz to 200 Hz for a m = 1–dominated
non-axisymmetric disk instability in a disk around a 10 M�
black hole (Kiuchi et al. 2011).
Detectable to ∼ 100 Mpc.
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Scenarios for GWs from Long GRBs: VII

Suspended Accretion (extreme)
Low-order turbulence powered by black-hole spindown
may emit strong GWs. (van Putten et al. 2004).
Produces an anti-chirp GW. (Most of the emission occurs
near the innermost stable orbit, which moves out in radius
as the black hole is spun down.)
Simple estimates suggest GW frequencies in the 100 Hz to
1000 Hz band.
Depending on the initial black hole spin, EGW could be of
order 0.1 M�c2.
Detectable to ∼ 100 Mpc.
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