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We present an archival search for transient gravitatioraenbursts in coincidence with 27 single pulse
triggers from Green Bank Telescope pulsar surveys, usied 80O, Virgo and GEO interferometer network.
We also discuss a check for gravitational wave signals inaidéence with Parkes Fast Radio Bursts using
similar methods. Data analyzed in these searches weremalbetween 2007 and 2013. Possible sources of
emission of both short duration radio signals and transieatitational wave emission include starquakes on
neutron stars, binary coalescence of neutron stars, anticstring cusps. While no evidence for gravitational
wave emission in coincidence with these radio transienssfaand, the current analysis serves as a prototype
for similar future searches using more sensitive secondrgéinn interferometers.

I.  INTRODUCTION II.  GRAVITATIONAL-WAVE INTERFEROMETER
NETWORK

The LIGO Scientific Collaboration and Virgo Collaboration

Plausible models for coincident or near-coincident emis2Perate a network of power-recycled Fabry-Perot Michelson

sion of both radio and Gravitational Wave (GW) transients ex'_”te”emme‘efs designed to be sensitive to very_srlnall- rela
ist for a number of astrophysical phenomena, includinglsing tive changes in length (on the order of one part ir m).f .
neutron stars, merging neutron star binaries and cosnmgstr the two orthogonal detgctqr arms. LIGO. operates two sites in
cusps. Identification of a GW in close temporal and spatial cot€ United States, one in Livingston Parish, Louisiana and a
incidence with a fast radio burst or other radio transient@o other at the_Hanford site In V_\/ashmgton. Both LIGO facibtie
place significant constraints on the source of emissiorh) wit operate an mterferqmeter with an arm length of 4 km (gglled
further constraints possible based on the morphology of thk1 and H1, respectlyely) and Hanford ope(ated an additional
gravitational wave signal. In this paper we present a searc maller, co-locatgd mt_erferometer (HZ) until SeptemtiI 7

for GWs in coincidence with millisecond-scale duration ra-! |. The LIGO Scientific Collaboration also operates a600 m
dio transient pulses. We have conducted externally triggyer interferometer, GEO 600, near Hannover, Germany (81) [5].

searches for gravitational waves with the LIGO—Virgo—GEOThe Virgo _collaboration operates a single 3 km interferamet
network in coincidence with both Galactic single pulse pul_nea_r CaSC'_“a- Italy (.\/1[[6]' . . .

sar candidates from the Green Bank Telescope and a sampleSlnce th|s_paper involves the anr_:lly_5|s of radio transients
of cosmological Fast Radio Burst (FRB) candidates from theiCross a period of several years of initial detector datd; mu

Parkes Telescope. Individual radio pulses range from one thP!€ science runs of these interferometers are used. bata a

tens of milliseconds in duration and were observed in fre—‘fjllyzeOI in this paper is drawn from summer 2007, coincident

ith LIGO’s fifth and Virgo’s first science run, as well as late
guency bands from hundreds of MHz to 1 GHz. The LicoM > . o T ;
Scientific Collaboration (LSC) and Virgo Collaboration veg 2009, comuden.t with LI.GO S S'Xth anq Virgo's third sclenc
larly search for continuous gravitational waves arrivingnf run. FRB candidates discussed in t_h|s paper are coincident
the direction of known radio pulsars (seeg. [, 2] for recent with GEO 600 Astrowatch data ranging from 2011 to 2013,

examples) and a search for gravitational waves in coincielen ﬁ\ngl,:&?r?g:zgiiess\gr [(;]Sf]:;)rugg jﬁ}'ggﬁi:ﬁ% fvlglrfgi:i(\)/(i)tril?gr
with a Vela pulsar glitch was conducted previou 3]. . :
P g P Ely[ ] these instruments from 2007 to 2014.

The LIGO-Virgo network has undergone extensive up-

_ _ i grades to second generation instruments, and during the firs
~ The present work marks the first LIGO-Virgo search in co- pgyanced LIGO observation run made the first direct detec-
incidence with radio transients and serves as a prototype fgjon of a gravitational wave transieni [8]. After reaching-d
searches with advanced interferometers. Given that tliéori gjgn sensitivity the Advanced LIGOI[9] and Advanced Virgo

of these radio transients is currently unclear, our anslissi ] detectors will have an order of magnitude improvement
designed to search broadly for a gravitational wave trasie range relative to their first generation counterparts. foial
burst, without requiring a specific type of waveform. advanced interferometers are scheduled to join the glaal n

work in the future, including Kagra in Japan [11] and a third
LIGO site in India [12].
The paper is organized as follows: after briefly describing
the network of gravitational wave interferometers usedhis t
analysis in section Il, we discuss possible mechanismaigad . POTENTIAL SOURCES OF JOINT RADIO AND
to joint emission of~few hundred hertz gravitational waves GRAVITATIONAL WAVE EMISSION
and radio transient signals. We describe the radio datainsed
the analysis in section 1V, followed by the gravitationaivea There are a number of astrophysical phenomena that may
search methods and results in sections V and VI, respegtivelplausibly produce gravitational waves in close coincigenc
We conclude with a discussion of future prospects for jointwith radio frequency emission. We focus this discussion on a
analysis of radio and gravitational wave data in section VII  few types of sources which may produce both GWs and radio



pulses with frequency and duration suitable to the instnisie stars as possible sources of coincident GW and radio transie
being used in this analysis. More detailed discussion can bevents.

found in [13].

B. Binary Neutron Star Coalescence
A. Single Neutron Stars
The most easily observable transient gravitational waye si

Transient gravitational wave emission can occur when dature in the frequency range of LIGO and Virgo is the merger
temporary deformation of a rapidly rotating neutron star-cr Of @ binary system of compact objects, specifically neutron
ates a quadrupolar moment. Typically, this is believed tostars or black holes. In the final moments before the compact
happen as a result of crust cracking from magnetic, gravitaobjects merge, the upward sweep in frequency of the gravita-
tional or superfluid forces, dubbed a starqu , 15], ofional wave emission is predicted to produce a charadierist
from other asteroseismic phenomena resulting in shifting ochirp-like signal. Recent evidence suggests that neutam s
the neutron star's crudt [16]. Asteroseismology may regult binary mergers may create at least some fraction of FRBs [25]
several types of quasinormal oscillatory modes of the nautr ~ Compact binary coalescence is currently the On\% con-
star which could produce GW emission. These include torfirmed source of directly detectable gravitational wavels [8
sional modes at low frequencid_s__|[17] and the f-mode, withOnce design sensitivity is reached in the advanced detector
GW emission believed to typically peak around 2 kHZ [18]. €ra, the ground-based network of interferometers is predic
The amplitude of the GW emission even in optimistic casest0 detect several to a few hundred binary coalescence GW sig-
however, is small enough that sensitivity to this type ofrseu  nals per year of operatioh [26].
will be limited to our own Galaxy even in the advanced detec- There are several models for radio emission in coincidence
tor era. with a compact binary coalescence GW signal. This may be

Radio pu|sars result from beamed emission from the po|egulsar'|ike radio emiSSion, either from the reactivatidnha
of a rapidly rotating, highly magnetized neutron star sviegp dormant pulsar emission in one of the neutron stars through
past the Earth, producing reliably periodic radio signalse  interactions prior to merger [27] or by a hypermassive resutr
asteroseismic events described above may result in adistinstar, which may sometimes be produced as an intermediate
increase in the rotation rates of these neutron stars,aijpic State before collapse to a black hdlel[28]. Another possible
followed by a gradual return to their original period. This mechanism is the radiation at radio frequencies as a refult o
phenomenon, called a pulsar glitch, has been observedsacrd®agnetospheric interactions [29].

a large number of pulsars, especially younger ones (see e.g.Given an appropriate density in the surrounding environ-
[1d] and references therein). A search for gravitationalava ment, the gravitational waves emitted by a compact binaty co
emission from quasinormal modes in coincidence with the obalescence may induce electromagnetic radiation througi ma
served glitching of pulsars was the subject of a previous LS@etohydrodynamic interactions. While this interactiorueb
publication [8]. Models for neutron star asteroseismic-phe directly produce radiation at the same relatively low frequ
nomena similar to those under discussion have also mativatecies as the GWs themselves, upconversion through inverse
previous gravitational wave searches in coincidence wBRS Compton radiation may resultin emission at radio frequesici
flares [20]. [30]. This particular magnetohydrodynamic mechanism does

A related phenomenon to radio pulsars is the RotatingOt necessarily require neutron star coalescence as thie- mec
RAdio Transient (RRAT). RRATs emit short duration radio @nism for production of the GWs, but this class of source is
pulses similar in character to pulsars, but are distingadsh likely to be able to produce GWs of suitable amplitude and
by their lack of predictable periodic behavior. RRATs mayMay be surrounded by an environment suitable to this mecha-
be ‘dying’ pulsars near the end of their life cycles, neutronSm 31,
stars with especially high magnetization, or conventiguz While the sensitivity of LIGO/Virgo network to gravita-
sars whose observation is often obscured by intervening mational waves to compact binary coalescence scenarios is de-
ter between the pulsar and Earth, although it is also passiblPendent on the mass, spin and other properties of the merging
that other phenomena may manifest observationally as RRAT@Djects, interferometers in the initial detector era weys-t
[21]. cally sensitive to mergers of two neutron stars out to a desa

The standard indication of an asteroseismic event in an isdn the order of 10 Mpcs [26].
lated neutron star is a pulsar glitch, but there are plaesibl
mechanisms that could result in the observation of a trahsie

radio pulse. This could simply be through the pulsar radio C. Cosmic Strings
emission coming into view from the Earth as the pulsar’storbi
shifts slightly, but there is also some evidence that ptlikar Cosmic strings, formed during symmetry breaking in the

radio emission can be “switched on” in coincidence with aearly universe, are topological defects thought to be capa-
glitching mechanisn [22—24]. For some models, gravitation ble of emitting large amounts of energy from their cusps or
waves emitted by neutron stars are predicted to be detectabkinks [32]. A cosmic string cusp may emit gravitational wave
at a distance scale on the order of kiloparsecs with firstigenewith a f ~*/3 frequency dependence up to a cutoff frequency
ation of interferometers. We therefore consider singlanoeu  [33], potentially at frequencies and amplitudes deteetétyl
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ground-based interferometers|[34] 35]. The same cusps may For each of the 33 candidates, right ascension, declination
produce short-duration linearly polarized radio burs&j[&  dispersion measure and arrival time at solar system bairgrcen
mechanism that has previously been proposed as the origimere provided. The dispersion measures provided (between
of the original Lorimer burst [37]. Unlike GWs from other 15 and 170 pc cm?) are in general consistent with a popula-
sources discussed, cosmic string cusps could theorgticaltion of sources from within our own Galaxy. For purposes of
produce detectable GWs at cosmological distances, whicthe gravitational wave search, barycentric arrival timesen
makes them particularly interesting in the context of Parke adjusted to UTC arrival times at the detector using codeiprev
FRBs with Dispersion Measures (DMs) indicative of cosmo-ously applied to LIGO pulsar analysés [1] and cross-checked
logical distances. against conversions to detector frame provided by Greek Ban
for a subset of triggers.

A survey of the Galaxy’s Northern Celestial Cap was con-
D. Other Potential Sources ducted with the Green Bank Telescope in 2009 and 2010 [42)].
The single pulse analysis searching for RRATs or related phe

The three classes of sources resulting in simultaneous GWomena was more automated than in the drift-scan analysis
and radio emission described above are not an exhaustive li@hd resulted in seven published candidates being reported.
of theoretical joint sources, but most other types of scaiaze ~ These radio triggers corresponded to Initial LIGO’s sixtidl a
outside the scope of the analyses described in this paper difitial Virgo's third science run, and were treated idealig
to the frequency or duration of the predicted GW and/or radid© drift-scan triggers for GW analysis purposes.
emission not being well-suited to the instruments desdribe
this analysis. For example, some scenarios in which Gamma-

Ray Bursts (GRBs) may also result in radio emission are not
explicitly considered in developing this analysis; promgutio
emission models [38, 39] predict signals at much lower fre- B. Parkes Fast Radio Bursts
guencies than Green Bank and Parkes telescopes can detect,
and GRB radio afterglows [40] occur on longer timescales in-
consistent with the short radio pulses that are the subject o The report of FRBs originating from apparently cosmolog-
the searches described in this paper. Core-collapse sm@ern ical distances [43-45] has led to an increased interestirt sh
have also been proposed as plausible sources of shortaturatiduration radio transients. These radio transients resethbl
radio pulses/[22] and GW emission. However, we do not exoriginal Lorimer Burst[[46] reported by Parkes in 2007. ®inc
plicitly include supernovae among the classes of emission f then Arecibo and Green Bank have each reported an FRB
which we are searching when designing the analysis as thefd7,/48]. The origin of these FRBs is unclear, with severatpo
are no observed nearby core-collapse supernovae in clese cgible astrophysical sources and terrestrial backgrouosisgul
incidence with the radio transients under consideration. as the origin of these radio bursts. Recent follow-up oleserv
tions of the Arecibo burst in particular indicate it is a rape
ing phenomenon [49], which substantially narrows the range
V. RADIO PULSE DATA of plausible sources. An observed correlation with ancadiser
trophysical signal would do much to clarify the nature ofshe
) ) bursts and help confirm their nature as a previously unknown
A. Green Bank Single Pulse Analysis Data astrophysical phenomenon.

The Robert C. Byrd Green Bank Telescope is the world’s T.h? FRBS of interest for a_gravitational wave search.(_i.e.
rgestfly stcrabl sinle.ish acotefescope. s 2700 rts fom 2001 prior o conatructon ofsevtl
mer of 2007 a drift-scan pulsar survey was conducted in 5510 7.3 J b d width f 064t 15% 9 d
band of 35625 MHz [41]. This timeframe was during Ini- di 0 1.5y MS, ObSEIVed Wi roml L IO 20 MS an
tial LIGO's fifth science run and Initial Virgo’s first scieac flspe;s6|gr; mfglzs;res S“gﬁ“”%‘?fmo o?lc?tr?rlgm'ir&gélg
run. In addition to the identification of continuously obser rom 0 pc cm ] ie most otthese S

able pulsars, a “single-pulse” archival search was peréorm did not opcur_during_ LIGO/Virgo science runs, we performed
to look for transient emission of millisecond-scale dwati & check in Virgo science run data and GEO600 Astrowatch

radio pulses. The drift-scan team provided LIGO/Virgo with data when available.

33 of these observed single pulse triggers, ten of which were Given the difference in dispersion measure and other prop-
confirmed to originate from sources with repeated emissiorrties, the FRBs are most likely primarily a distinct class o
through follow-up observations, thus most likely origingt  sources compared to the RRAT-like observations in the previ
from a pulsar or RRAT. Some of the triggers exhibited only aous section. Current evidence points to an astrophysi¢al or
single radio pulse, while others show several pulses wihin gin, especially as known perytons exhibit properties agiti

2 minute window, but in order to be considered a viable astrofrom FRBs [51]. Several of the emission mechanisms dis-
physical signal, all pulses were required to exhibit thg? cussed in Section Il are considered viable candidate proge
dispersion behavior expected as a result of dispersiondn thitors, including neutron star and compact binary coalescin
interstellar medium. systems|[52=54].



C. Short Duration Radio Transients not Analyzed B. Analysis-Specific Search Parameters

Potential FRBs from sources other than the above were con- Our frequency range, temporal and spatial coincidence win-
sidered but were not coincident with an active network of Gwdows, veto methods, and other parameters were selected to
interferometers. In some cases this was because they edcurfandle arange of possible astrophysical emission meahanis
during times before sensitive GW data were availdble [5p, 56 consistent with short radio pulses as discussed in Sedtion |
This includes the original Lorimer burst [46]. Neither radi Where allowed by calibration [B1], the frequency range was
transient reported to be observed in coincidence with a GRIpetween 64 Hz and approximately 3 kHz. The majority of
in [57] was coincident with LIGO/Virgo data [58]. The first GW searches cut off at 2 kHz due to rising shot noise and
observation of Arecibo’s reported FR 49] occurred-dur increased computational costs at higher frequency. Howeve
ing the LIGO and Virgo network upgrade to advanced inter-ncreasing the upper frequency range for this analysisvallo
ferometers and fell during a time in which GEO 600 was notuS to include a large subset of possible GW emission from
collecting science data as part of its Astrowatch prograith, w Single neutron stars. This increase in frequency also regui
published follow-up observations also occurring priortie t US to perform the search over a much denser grid of points on
first Advanced LIGO observation run. Although FRB110523,the sky, but the excellent spatial resolution of radio iges
identified by Green Bank Telescopel[48], occurred during Ini felative to many other astrophysical observations makies th

tial Virgo's fourth science run, Virgo was not taking data at adjustment feasible.

the time of the event. The on-source time window when searching for GW sig-
nals around the radio pulse was taken todbE0 seconds
around the observed radio pulse. While it is difficult to ex-
haustively cover all possible scenarios for time sepandi@
tween radio and GW emission, the time window selected cov-

V. ANALYSIS METHOD ers the offsets between emission for the range of scenarios
informing the design of the analysis. Since the radio pulse a
A. Procedure rival times are corrected for dispersion there is verydittidi-

tional uncertainty in the time-of-flight difference betvnethe
two types of emission. For analyses in coincidence with Gree

The search for gravitational waves in coincidence withBank triggers, the angular uncertainty on the sky is takéreto
short radio transients was conducted using the IXERBINE (.55 degrees. This accounts for two effects, including 95% o
analysis packagé [59]. This software has been used for a nunGreen Bank’s total beam width for a 350 MHz signal and in-
ber of GW searches in coincidence with astrophysical trigige  cluding a small adjustment for the drift of the source actbss
The analysis procedure for this search was modeled directlyky during the time span over which X+#ELINE conducts a
after conceptually similar searches for GWs in coincidenceest for a self-consistent GW signal.
with gamma-ray burstﬁBEkS_O], butthe parameters were mod- ynjike recent GW searches in coincidence with GRBs that
ified to account for the particular types of GW sources un-,ged similar procedures [60], our background vetoing proce
der consideration. Similar adjustments between GRB and ray,res do not rely on the assumption that the GW signal will
dio transignt searches_ can be used to design radio transigg circularly polarized. While this is a reasonable assionpt
searches in advanced interferometers. for signals in coincidence with gamma-ray bursts, the great

For each radio trigger analyzed, we use ¥eBLINE to  variety of possible astrophysical sources we considerig th
conduct a coherent search for a GW signal consistent with thanalysis does not justify this assumption.
location and time of the radio signal. The physical locadion
of the individual GW interferometers in the network and the
antenna patterns based on their orientations are usecktd rej
potential GW signals that are not consistent with the raidjo s
nal’s sky location and only signals withii2 minutes of the

radio trigger are considered. Coherent and incoherenggner  While we do not require a particular signal morphology for
combinations are calculated for each potential trigger and OUT gravitational wave signal, we tune the analysis and-char

series of two-dimensional cuts are applied to reject trigge acterize its performance based on an ensemble of simulated

physically inconsistent with a GW. The false alarm probabil Waveforms. These ten waveforms include:
ity of any surviving triggers after all cuts is estimateddxden

C. Simulated Waveforms

the “time-lag” method. This utilizes interferometric datat- e damped sinusoids at peak frequencies of 1750 Hz and
side but near the on-source window, but introduces hundreds ~ 2300 Hz and decay time constants of 0.26 s and 0.13
of artificial time offsets between the interferometers thia s respectively, representing typical emission expected
much larger than the time of flight of a real GW signal in from neutron star asteroseismic events under different
order to obtain statistics on the significance of backgrannd assumptions for the neutron star equation of state [18];

which no coherent signal is present. These proceduressre di

cussed in more detail ih [58], with adjustments for our sfieci e cosmic string cusp waveforms with upper frequency

analysis as described below. limits of 300 Hz and 1000 Hz;
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e linearly polarized gaussian-envelope sine waves at «
tral frequencies of 235 and 945 Hz with a quality fact B
of 9; S -

e circularly polarized gaussian-envelope sine waves
central frequencies of 150 Hz and 300 Hz, also w 0
a quality factor of 9; L

e a compact binary coalescence signal from merging
solar mass neutron stars;

e a compact binary coalescence signal froma 1.4 s
mass neutron star and a 50 solar mass black hole.

_. Number of Transients

These waveforms were selected to broadly represent the t
of gravitational wave signals that may occur in coincider
with radio pulses without focusing too heavily on a spec - ‘ 8
morphology. In addition, the last three bullet points dixser e e pope| T data

g h . . . Lo [ £ i |——needed for ~6% CL
specific signals used in previous LIGO searches in orde ey e ——

- . . B ) 10 10 107 107 10
facilitate sensitivity comparisons with previous work. local probability p

VI. ANALYSIS RESULTS FIG. 1. Cumulative distribution of p-values from the anadysf 27
radio triggers from Green Bank for evidence of a GW transassb-
ciated with the event. The expected distribution in the absef a
signal is indicated by the dashed line. Points at p-valuendfare
triggers with no event in the on-source region after sedectuts.
Of the 33 single pulse radio candidates from the Green
Bank drift-scan survey, 25 were analyzable with at leagtehr
interferometers in the LIGO-Virgo network. Of the seven In general, limits in the few to tens of Mpc range indicatet tha
RRAT candidates identified in the Northern Celestial Cap surwe would be sensitive to a GW signal under these assump-
vey, only two were analyzable with two or more interferome-tions well outside of our own Galaxy, but at substantiallssle
ters in the gravitational wave network. than the cosmological distances measured for FRBs. For the
None of these 27 radio pulses resulted in viable GW candi150 Hz sine-Gaussian waveform, using standard calcukation
dates. The most significant result for a single candidate waf64] about~4x 10°2ergs of energy would have to be emitted
a 2.7% single trial false alarm probability for RRAT 1944- for a detectable source emitting isotropically at a distaoic
1017, which is completely consistent with background for an20 Mpc.
ensemble of 27 trials. Tablé | shows information about each
radio candidate, including information about the radiorseu
as well as GW network and upper limits oph(root sum B. Parkes Telescope FRBs
squared strain) for three of the simulated GW waveforms. The
last two entries in the table are the Northern Celestial @aps ~ We examined a list of 14 FRB [50] from Parkes, occurring
vey triggers. as early as 2001 but primarily concentrated within the last fi
In addition to individual analysis of the radio candidates,years. While none of the event times corresponded to sci-
we also perform a weighted binomial test of the p-value dis-ence runs for Hanford or Livingston, eight of the FRBs corre-
tribution of the most significant surviving trigger fromt@V  sponded to times when GEO 600 Astrowatch data were avail-
analysis, using the same methodology as employed preyiousable and two of these also corresponded to data from Initial
in searches for GWs in coincidence with GRBS![7, 58]. ThisVirgo's fourth science run. After omitting two of these FRBs
distribution is plotted against expectation in Figllre 1eTést  for which GEO data was too non-stationary to yield a quality
yields a background probability of 30%, which is consistentGW analysis, we searched for GWs in coincidence with a total
with the null hypothesis. of six Parkes FRBs. Analysis parameters were kept as simi-
Possible association between GRBs and FRBs has bedar as feasible to the Green Bank drift-scan analysis desdri
widely discussed (see.g. [28,[57,[62,[63]), with indica- previously. However, the upper end of the frequency range
tions that at least a subset of radio bursts may be coupledas loweredto 1764 Hz due to the range over which GEO data
with gamma-ray bursts. We therefore follow previous LIGO are calibrated [7] and the higher frequency damped sinasoid
analyses[[60] and calculate 90% confidence level exclusiowere left out of the set of GW morphologies simulated. Since
distances, for two of our simulated circularly polarizedrera  the triggers are nominally at cosmological distances and we
forms, assuming an optimistic standard siren in whict®6  are unlikely to be sensitive to damped sinusoid-type signal
of a solar mass is converted to gravitational wave energy. Arom neutron stars outside our own Galaxy, this limitatien i
histogram of these distance constraints is shown in Figlre 2ot a major concern.

A. Green Bank Pulsar Surveys
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and Virgo collaborations to analyze radio transients ofjkem
durations resulting from instruments operating at lower fr
guency than Green Bank or Parkes telescopes. Since these
R transients have properties very different than the ones de-
Bl e e i scribed here and are not generally expected to come from the
same sources, substantially different analysis methasear

H R P S quired to address searches for GWSs in coincidence with these

_ i In the case of fast radio bursts, it is worth noting that ar-
| guments based on Parkes field of view and observation time
AP s e st g ggest that if FRBs are in fact of astrophysical origin, the
" P nan G i vastmajority of FRBs are currently missed by radio telessop
B i1 1 [43,l66]. Accounting for possible anisotropies in the distr
b+ pution of FRBs and including both mid-galactic and high-
: latitude survey data, the all-sky rate for FRBs is estimated
L b o v Tl bebetween 1100 to 9600 FRBs per day above a threshold flu-
ol | RS R v ence of 4.0 Jy mg [67]. While externally triggered searches
10 can look for signals with amplitudes of as much~a3 lower
than all-sky searchek [68], if such a population of FRBs gen-
) ) ~erated detectable gravitational wave signals, statlssicgu-
FIG._ 2. Histograms for the sample _of Green Bank radno_trmﬁsne ments suggest they would be likely to show up in all-sky tran-
of distance exclusions at 90% confidence level for posSIRBS  jo searches (e.d. [69]) as well. However, these detectio
associated with radio transients. Waveforms are cirqujaolarized would not be clearly associated with a FRB and thus lack the
sine-Gaussian GW burst models with central frequency of H50 . ) . i .
and 300 Hz. ability of a multi-messenger search in constraining thespos
ble source of FRBs. In the coming years, statistical inferma
tion on FRBs is likely to be dramatically improved, espdgial
as wider field radio instruments come onlihel [70-72)].

There was no evidence C.)f q_gravita_tional wave signal for The authors gratefully acknowledge the support of the
any of these FR.BS (most significant single trial p-value WaYnited States National Science Foundation (NSF) for the con
0.07), although it should _pe noted that the S'?“a”er GEO ing4ryction and operation of the LIGO Laboratory and Advanced
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candidates and do not quote sensitivity upper limits fos thi (MPS), and the State of Niedersaé:hsen/Germany for support
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distributional studies presented in Figures 1 and 2. tional de la Recherche Scientifique (CNRS) and the Founda-

tion for Fundamental Research on Matter supported by the
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struction and operation of the Virgo detector and the coeati
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fully acknowledge research support from these agencies as
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could provide insight into both the distance and, dependingities Physics Alliance, the Hungarian Scientific Research
on the GW morphology, astrophysical origin of the radio tran Fund (OTKA), the Lyon Institute of Origins (LIO), the Na-
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TABLE I. Analyzed Green Bank Telescope single pulse cartdgla

Trigger MJD RA Dec DM Interferometér  90% CL upper limit (hss x1022 Hz~2)
Name (geocentric) (pc cnt) Network 150 Hz sinusoid NS-NS 1750 Hz sinusoid
RRAT1704-0440 54240.38329 104™54.4 -4°40379 431 H1H2L1V1 |[3.51 4.08 18.6
RRAT 1537+2350 54243.25237 43474 23°50511 15+1 H1H2L1V1 |2.33 2.91 10.5
RRAT 1636+0131 54317.05160 186™19.4 01°31 071 30+2 H1H2L1V1 |3.03 3.60 31.7
RRAT 1651+0130 54317.06177 1%61™42.0 01°30 574 29+1 H1H2L1V1 |3.21 3.91 27.8
RRAT 0206-0443 54239.76133 026™11.0 -04°43334 15+1 H1H2L1V1 |4.17 5.29 23.2
RRAT 0801-0746 54289.78625 081™37.5 -07°47 032 38+1 H1H2L1V1 |3.85 4.24 193.
RRAT 0808-0746 54289.79101 083"43.3 -07°46 589 36+1 HI1H2L1V1 |3.55 4.32 72.5
RRAT 0858-0746 54289.82543 083"23.9 -07°46 314 40+3  H1H2L1V1 |4.35 4.32 14.4
RRAT 0719-1907 54296.74455 079"38.3 -19°07 302 27+1 H1H2L1V1 |3.96 4.66 21.8
RRAT 2324-0507 54240.64681 284™22.7 -05°07 360 15+1 H1H2V1 6.09 5.95 28.6
RRAT 2006+2021 54272.36809 '206™54.8 20°21 058 66+1 H1H2V1 6.01 6.77 17.4
RRAT 1610-0128 54268.26252 180™58.4 -01°28 040 27+1 H1H2V1 5.90 6.71 21.7
RRAT 0706-1058 54315.66206 006™43.2 -10°58 203 19+1 H1H2V1 5.21 5.79 25.6
RRAT 0606-0129 54267.84394 086™37.5 -01°29 239 17+3 H1H2V1 5.86 5.89 25.2
RRAT 0645-0128 54267.87160 06539.5 -01°28' 581 15+2 H1H2V1 5.14 5.65 24.2
RRAT 1336-2034 54294.01362 136™28.2 -20°34 218 19+1 H1H2V1 5.63 5.98 25.1
RRAT 0526-1908 54296.66537 086™04.9 -19°08 488 26+2 H1H2V1 5.64 5.90 25.0
RRAT 1926+2021 54272.33975 426™41.9 20°21291 2141 H2L1V1 7.39 115. 17.5
RRAT 1914-1129 54315.16846 194™46.3 -11°29 335 9141 H1H2L1 3.01 3.32 15.4
RRAT 1132+2455 54228.11976 132™09.2 24°55587 24+1 H1H2L1 2.65 2.90 12.8
RRAT 1059-0102 54274.03007 159™31.9 -01°02 016 18+1 H1L1V1 4.35 5.67 70.5
RRAT 1944-1017 54281.29872 144™08.6 -10°17 072 3141 H1H2L1 2.84 3.33 15.6
RRAT 0807-1057 54315.70287 087™02.7 -10°57 414 18+1 H1H2 5.66 5.39 22.8
RRAT 0614-0328 54224.97146"64"37.8 -3°28449 18+1 HiL1 2.50 3.06 1062
RRAT 0544-0309 54226.94475"84"46.3 -3°0448 67+1 HiL1 2.51 3.05 165.0
GBNCC 04413  55163.27053"'3"27.6  70°22 437 2141 H1V1 5.78 5.55 328.0
GBNCC 04743  55169.16190"B3"24.0 69°38 452 90+1 H1V1 8.43 9.03 138.0

TABLE II. Analyzed FRB candidates from the Parkes telescdge evidence of gravitational wave emission was observembincidence
with these FRBs.

Trigger MJD RA Dec DM Interferometer
Name (geocentric) (pc cnt) Network

FRB 110626 55738.89810 203743 -44°4419  723.0 G1V1i

FRB 110703 55745.79142 230™51° -02°5224 1103.6 G1V1

FRB 110220 55612.08041 224™38.2 -12°33 44 944.8 G1

FRB 120127 55953.34122 285"6.3 -18°2537 555.2 G1

FRB 130628 56471.16527"03"2.5 3°2616  469.7 G1

FRB 131104 56600.75279"64™10.4 -51°1640 779.3 G1
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