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We present the results of a search for short-duration gravitational waves associated with Soft
Gamma Repeater (SGR) bursts using LIGO data. We find no evidence for the association of
gravitational waves with any of the events in a sample consisting of the December 2004 giant flare
from SGR 1806-20 and 214 lesser bursts from SGR 1806-20 and SGR 1900414 which occurred
during the first year of LIGO’s fifth science run. Gravitational wave strain upper limits and model-
dependent gravitational wave emission energy upper limits have been estimated for individual bursts
using a variety of simulated waveform types. The unprecedented sensitivity of the detectors allowed
us to set the most stringent limits on transient gravitational wave amplitudes published to date. We
find upper limit estimates on the model-dependent isotropic gravitational wave emission energies
(at a nominal distance of 10kpc) between 2.9 x 10*® and 8.9 x 10°% erg depending on waveform
type, detector antenna factors and noise characteristics at the time of the burst. These upper limits
already exclude some SGR models, and Advanced LIGO will yield energy upper limits smaller by

more than a factor of 100.

Soft Gamma Repeaters (SGRs) are astrophysical
sources that sporadically emit brief (~ 0.1s) intense
bursts of soft gamma-rays with luminosities up to 104!
erg/s [1]. Less common intermediate bursts with greater
peak luminosities can last for seconds. Rare ‘giant flare’
events, some 1000 times brighter than common bursts [2],
have tails lasting minutes and are among the most elec-
tromagnetically luminous events in the Universe [1]. Of
the four confirmed SGRs, three have produced a giant
flare since the discovery of the first SGR in 1979 [3-5].
Under the magnetar model [6, 7] SGRs are neutron stars
with exceptionally strong magnetic fields ~ 101° G [6].
Bursts result from interaction of the star’s magnetic field
with its solid crust, leading to crustal deformations and
occasional catastrophic cracking[7, 8] with subsequent
excitation of the star’s nonradial modes[9-11], making
SGRs interesting candidates for gravitational wave (GW)
emission [10, 12]. Excitation of non-radial modes could
also occur if SGRs are instead solid quark stars [12-14].

We present a search for short-duration GW signals (<
300 ms) associated with SGR bursts using data collected
by the Laser Interferometer Gravitational Wave Obser-
vatory (LIGO) [15], which consists of two co-located GW
detectors at Hanford, WA with baselines of 4km and
2km and one 4 km detector at Livingston, LA. The SGR

burst sample was provided by the gamma-ray satellites
of the interplanetary network (IPN)[16], and includes
the 27 December 2004 SGR 1806-20 giant flare and 214
confirmed SGR bursts occurring during the first year of
LIGO’s fifth science run (S5) from 14 November 2005
to 14 November 2006. The sample includes 152 SGR
1806-20 bursts (73 with three LIGO detectors observing,
42 with two detectors, 17 with a single detector, and 20
with no detector) and 62 SGR 1900+14 bursts (43 with
three detectors, 12 with two detectors, 2 with a single
detector, and 5 with no detector), one of which was a
multi-episodic ‘storm’ lasting ~32s. To analyze a given
SGR burst we divided GW data into an on-source time
region (in which GWs associated with the burst could be
expected) and a background time region (in which we do
not expect an associated GW, but in which the noise is
statistically similar to the on-source region). For isolated
bursts the on-source region was 4s of data centered on
the SGR burst. This choice accounts for uncertainties in
the geocentric electromagnetic peak time; GW emission
is expected to occur almost simultaneously with the elec-
tromagnetic burst [11]. There were two special cases: 1)
for two SGR, 1900414 bursts which occurred within 4s
we chose a 7s on-source region; 2) for the SGR 1900414
storm we chose a 40s on-source region. Identical data



quality cuts were applied to both on-source and back-
ground regions. On-source regions subject to a cut were
excluded. The first 1000 s of data on either side of a given
burst’s on-source region surviving data quality cuts were
used for the background. On-source and background seg-
ments were analyzed identically resulting in lists of analy-
sis events. The background was used to estimate the sig-
nificance of on-source analysis events; significant events,
if any, were subject to additional environmental vetoes
and consistency checks.

The analysis targeted neutron star fundamental mode
ringdowns (RDs) predicted in some models [9-11, 17, 18]
as well as unmodeled short-duration GW signals. The
search algorithm was based on the excess power statis-
tic [19] using a specific time window and frequency band.
Frequency bands were chosen as appropriate for the tar-
get signals; time windows and clustering parameters were
tuned to efficiently detect the target signal. All param-
eters were chosen before searching the on-source region,
using simulations inserted into background data. Model
predictions from [20] for 10 realistic neutron star equa-
tions of state give RD frequencies in the range 1.5-3 kHz
and damping times in the range 100-400 ms. We used
a search frequency band 1-3kHz for RD searches (to in-
clude some stiffer equatons of state), and found a time
window of 250 ms to be optimal. The search for unmod-
eled signals used time windows set by prompt SGR burst
timescales (5200 ms) and frequency bands set by the de-
tector’s sensitivity. We found a time window of 125 ms
effectively covered this duration range, and we searched
in two frequency bands: 100-200 Hz (probing the most
sensitive region of the detectors) and 100-1000Hz (for
full spectral coverage).

Model-dependent loudest event upper limits[21] on
GW strain and energy were estimated for each on-source
region using simulated RDs and white noise burst (WNB)
signals (with frequency bands limited to the search band)
for the RD and unmodeled searches, respectively. Simu-
lation parameters (frequency, decay time constant 7 for
RDs; duration for WNBs) were chosen to probe the re-
spective target signal parameter spaces. Simulated de-
tector responses [22]

R (t) = Ff (0,6, 0)R50 () + F (0, 6, 0)hS™ (1) (1)

were constructed for each detector d and injected (with
appropriate time-of-flight delays accounting for detector
locations) at random times into the background. hS™(t)
and h$™(t) simulate incoming GW strain timeseries and
F(0,¢,9)and F (0, $,v) are d’s antenna functions cal-
culated for source sky locations {6, ¢} and polarization
angles 1 [22]. The square of the root sum square (rss)
stgoain 23] is hZy = hi . + hZ,, where e.g. hfss+ =
f_oo h%dt. For simulations we choose A, = h$Im .
Strain upper limits discussed in this paper are estimates

of the h,s of a wave incident on the detectors.

The h29% upper limit estimates correspond to GW
emission energy upper limits. We assumed isotropic emis-
sion and used an nominal source distance of R = 10kpc
(source locations are discussed in [24, 25]. The character-
istic isotropic GW emission energy E%OV‘Z/,O associated with
a burst depends on the simulation waveform and can be

estimated via [26]

Egw = 47 R?

166;6; /_C: ((h+)2 + (h><>2) dt,  (2)

which follows from the equation for the GW energy flux
in the direction of propagation [27].

Analysis was performed by the flare pipeline [26, 28],
which searched on-source regions for GW signals and es-
timated upper limits, for single detector analysis and co-
herent analysis with two detectors such as the LIGO 4 km
detectors. In the case of a triple coincident SGR burst,
the flare pipeline used data from the two 4 km detectors
only, and achieved sensitivity comparable to the coher-
ent WaveBurst pipeline [29, 30] which included the less
sensitive co-located 2 km Hanford detector as well.

Flare pipeline algorithm - Data conditioning consists
of bandpassing strain-calibrated data[31] to match the
search region (~60-3500Hz) and notching narrow lines
arising from a variety of noises (such as AC power har-
monics and test mass suspension modes).

Time-frequency spectrograms are then created for sin-
gle detectors from a series of discrete Fourier transforms.
A tile is an estimate of the short-time Fourier trans-
form of the data at a specific time and frequency. In
one-detector searches, the power in each tile is calcu-
lated. In two-detector searches, tiles from one detector
are multiplied by the complex conjugate of correspond-
ing tiles from the other detector, and the absolute value
of the real part is taken, giving the cross power spectrum
which is then treated in the same way as the auto power
spectrum in a one-detector search. The off-source mean
power in each frequency bin is then subtracted from tiling
elements. Finally, a clustering algorithm [26] applied to
tiling elements produces analysis events.

Post-production consists of constructing efficiency
curves by repeatedly analyzing 4s segments, each con-
taining a single simulation created with a range of hSim
values, and comparing the loudest simulation analysis
event within 100ms (for RDs) or 50ms (for WNBs) of
the known injection time to the loudest on-source anal-
ysis event. The E&H. value at 90% detection efficiency
(E2X%) occurs where 90% of the loudest simulation anal-
ysis events are larger than the loudest on-source event.

Results - No on-source analysis event was found to have
a false alarm rate (estimated from the background) less
than 1.4 x 1073 Hz (1 per ~700s), which is consistent
with the background. We thus find no evidence for the
association of gravitational waves with any of the SGR
burst events in the sample. We have estimated strain and



energy upper limits h20% and E2% using the loudest on-
source analysis event for each SGR burst. Upper limits
depend on search pipeline parameter tuning choices, de-
tector sensitivity and antenna factors at the time of the
burst, the loudest on-source analysis event, and the sim-
ulation waveform class used.

Tablel lists upper limit results for two SGR bursts in
the sample with large values of v, where v = Egn/ E%%?}’
is a measure of how an upper limit estimate probes
the energy reservoir of the compact SGR source: the
27 December 2004 SGR 1806-20 giant flare and the S5
SGR 1806-20 burst GRB060806 [32]. (For other bursts
see [33].) At the time of the giant flare, the LIGO 4km
Hanford detector was taking data during a commission-
ing period under LIGO’s Astrowatch program [34], and
had noise amplitude higher than during S5 by a factor
of ~3. For upper limits estimated via WNBs, two du-
rations (11 and 100 ms) were used for simulations; other
durations in the range 5-200ms are detected using the
flare pipeline with at most 20% sensitivity degradation.
For RD upper limits, one value of 7 (200 ms) was used.
In a matched filter search, a 200ms RD template loses
at most about 10% amplitude signal-to-noise for signals
in the range 100-400ms [35]; we expect the loss to be
less than this in our excess power search. RD upper lim-
its scale roughly linearly with frequency. Superscripts in
the table give a systematic error and uncertainties at 90%
confidence. The first and second numbers account for sys-
tematic error and statistical uncertainty in amplitude and
phase of the detector calibrations, estimated via monte
carlo simulations, respectively. The third is a statistical
uncertainty arising from using a finite number of injected
simulations, estimated with the bootstrap method using
200 ensembles [36]. The systematic error and the sta-
tistical uncertainties (added together in quadrature) are
added to the upper limit estimates. Figure 1 shows E%%O
limits for the waveforms considered, for the entire SGR
burst sample.

Discussion - Two searches for GW associated with
SGR. events have been published previously; neither
search resulted in a detection. The AURIGA collabo-
ration searched for GW bursts associated with the SGR
1806-20 giant flare of 27 December 2004 in the band 850
950 Hz with damping time 100 ms, setting upper limits
on the GW energy of ~ 10%° erg [37]. The LIGO collab-
oration also published on the same giant flare, targeting
times and frequencies of the quasi-periodic oscillations in
the flare’s x-ray tail as well as other frequencies in the
detector’s band, setting upper limits on GW energy as
low as 8 x 106 erg [38].

In addition to the 2004 giant flare, the search described
here covered 214 smaller flares which occurred during the
LIGO S5 data run, when the LIGO amplitude noise was
typically ~ 1/3 the value at the time of the giant flare.
This was the first search sensitive to the f-modes, which
are usually considered the most efficient GW emitters [9];
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FIG. 1: E23{ upper limits for the SGR burst sample treated
in the analysis. Upper limits depend on the detector network
sensitivity at the time of the burst, the network antenna factor
for the burst, and the loudest on-source analysis event. The
limits shown in TablelI, for the giant flare and GRB060806,
are indicated in the figure by red circles and diamonds, re-
spectively.

we also searched the frequency band of best detector sen-
sitivity. Our upper limits on GW emission energy overlap
the range of EM energies ~ 10**-10% erg seen in SGR
giant flares [2, 5] and more than one third are below the
~ 10% erg maximum GW energy predicted in some the-
oretical models[11]. Our best values of -y are three orders
of magnitude greater than the ~ 107® smallest theoreti-
cally predicted value [11]. The Advanced LIGO detectors
promise an improvement in h.s by more than a factor of
10 over S5, corresponding to an improvement in energy
sensitivity (and therefore ) by more than a factor of 100.
Therefore even intermediate SGR bursts coincident with
Advanced LIGO observations will begin to probe SGR
models, either through detection or upper limits.
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TABLE I: Energy and strain loudest event upper limit estimates at 90% detection efficiency (Eg‘% and h?sos%) for the SGR
1806-20 giant flare and the S5 SGR, burst with the largest ratio of isotropic electromagnetic emission energy to isotropic GW
emission energy, v = Fru/EX%, for various circularly/linearly polarized RD (RDC/RDL) and WNB simulations, and 4s
on-source regions. Uncertainties (in superscripts, the first and second due to detector calibration statistical uncertainty and
systematic error respectively, the third due to monte carlo statistics) are folded into the final energy and strain upper limit
estimates. At the giant flare time the LIGO Hanford 4 km detector rms antenna factor for SGR, 1806-20 was 0.3. The S5 event
began at 6 August 2006 14:23:44 UTC; the two Hanford detectors were observing, with rms antenna factor for SGR 1806-20
of 0.5. Isotropic electromagnetic energies for the events, assuming a distance of 10kpc, were 1.6 x 10*® erg[5] and at least

2.9 x 10*% erg [32], respectively.

SGR 1806-20 Giant Flare

type W10~ Hz 2] ERE [ergl| o

SGR 1806-20 GRB060806
W0 Hoz]  BRY [erg]|

WNB 11ms 100-200Hz 21.8 TL3 F5.6 F1.2
WNB 100ms 100-200Hz | 18.1 +11 +4.6 +0.5
WNB 11ms 100-1000Hz | 50.0 +3:0 #13 +1.3
WNB 100ms 100-1000Hz| 44.9 +2.7 +12 +1.1
RDC 200ms 1090Hz 59.4 +3:6 +15 +1.7

=28.9[7.3x 107[2 x 1072
=23.9]4.9 x 1073 x 1072|| 2.8 10:0 +0.3 +0.1
= 65.8]5.4 x 10*°|3 x 107*
=59.2|3.7 x 10*° |4 x 107*|| 7.1 00 +0.7 +0.2
=78.2]2.6 x10°°|6 x 107°

3.4 TOOF03F02— 38713 x 10%[2 x 107*
=3.287x10*|3x107*
=8.07.6x10*7 |4 x 107¢
=7.9[6.9x10*7 |4 x 107°
9.7 T0-1 +1.0 404 — 199152 x 10*®|6 x 1077

7.1 01 +0.7 0.2

RDC 200ms 1590Hz 93.3 56 +24 428 — 1999/ 1.4 x 10°1 |1 x 107°|[13.6 TO4 +14 405 — 155/ 2.2 x 10*°|1 x 107

RDC 200ms 2090Hz
RDC 200ms 2590Hz
RDL 200ms 1090Hz
RDL 200ms 1590Hz
RDL 200ms 2090Hz
RDL 200ms 2590Hz

123.9 T74 32435 — 1633/ 4.2 x 10°!|4 x 107%|[19.9 T0-6 +2.1 +0-8 — 99 7182 % 10*°|4 x 1078
152.1 1oL A39 41— 900.4] 9.8 x 10°1 |2 x 1076||23.2 TO7 +24 +08 — 96 41 1.7 x 10°°|2 x 1078
173.4 O 436 —94192/2.6 x 10°1|6 x 107°|[26.9 00 +2:8 £3.4 — 31 3144 x 10*°|7 x 1078
264.4 116468 432 — 355 91 1.2 x 10°2|1 x 107°][40.0 t12 41 +6:3 — 4871 2.2 x 10°°|1 x 1078
386.6 123 199 446 — 519.0[4.4 x 10°%|4 x 1077 ||54.3 133 +5:6 475 — 7.0/ 7.3 x 10°°|4 x 10~°
441.5 27 HU3 463 — 597 41 8.9 x 10°2|2 x 107 7||58.1 T4 +6:0 492 — 731114 x 10°*|2 x 107°
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