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Abstract. Sources of gravitational waves are often expected to also be observable
through several other messengers, such as gamma rays, X-rays, optical, radio, and/or
neutrino emission. Some of these channels are already being used in searches for
gravitational waves with the LIGO-GEOG600-Virgo interferometer network, and others
are currently being incorporated into new searches. Astrophysical targets include
gamma-ray bursts, soft-gamma repeaters, supernovae, and glitching pulsars. The
simultaneous observation of electromagnetic or neutrino emission could be a crucial
aspect for the first direct detection of gravitational waves. Information on the
progenitor, such as trigger time, direction and expected frequency range, can enhance
our ability to identify gravitational wave signatures with amplitudes close to the noise
floor of the detector. Furthermore, combining gravitational waves with electromagnetic
and neutrino observations will enable the extraction of scientific insight that was hidden
from us before. The paper discusses the status of transient multimessenger detection
efforts as well as intriguing questions that might be resolved in the future by advanced
and third generation gravitational wave detectors.
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1. Introduction

The astrophysics community expects direct detections from the advanced ground based
gravitational wave detectors (aLIGO [1] and AdV [2, 3]) within the next decade [4, 5].
These detectors will achieve a tenfold increase in sensitivity around 100Hz over the initial
detectors [4, 6]. Models and observations predict a detectable rate for binary neutron
star coalescence between 0.4 to 400 events yearly [7].

The worldwide gravitational wave community is gearing up at the same time to
evaluate the scientific reach and to produce a baseline design of the third generation
of interferometric gravitational wave detectors (i.e.,Einstein Telescope (ET) [8]). These
detectors will offer an order of magnitude better sensitivity around 100Hz than the
advanced detectors and they could allow us to take advantage of routine detections of
a wide range of gravitational wave emitters.

Gravitational wave transient events are believed to be often accompanied by other
messengers [8-11], such as gamma-rays, optical photons, and/or neutrinos. It is
expected that the information on the progenitor that we gain from observations through
these other messengers is complementary to the information we may decipher from
direct detection of gravitational waves [9]. Time, sky location, and information on
the progenitor properties are often provided by multimessenger observations, that in
turn could translate into more confident detection, efficient background rejection, and
increased sensitivity. Some measurements are enabled only through multimessenger
approaches [8, 12].

Frontier fields can be recognized easily; they often have more open questions than
answers. This paper is organized as follows, to illustrate this point. In Section2, we
briefly review results of and motivation for recent multimessenger searches for transient
gravitational waves. In Section 3, we provide a subset of the questions that may be
answered by multimessenger searches with advanced and third generation ground based
interferometric gravitational wave detector networks.

2. Brief Overview of the Status of Multimessenger Searches for
Gravitational waves

The wordwide gravitatonal wave community has actively pursued multimessenger
searches for more than a decade [9, 10, 13-18]. Most of observations are the results
of externally triggered approaches [17, 19-26] that are summarized in this section.

Soft gamma repeaters (SGRs) [27] and anomalous X-ray pulsars (AXPs) are rare
cosmic objects, less then two dozen are known in our Galaxy. Their putative engines
are believed to be highly magnetized neutron stars, so called magnetars [28-30]. Their
electromagnetic emission can correspond to single or rapidly repeated bursts of gamma-
rays with isotropic energies between 102 erg and 10%® erg. Some theories [31-36] predict
that these bursts can also be accompanied by gravitational wave emission. Sporadic
low energy flares are fairly common; they are observed hundreds of times per year [27].
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On the other hand, so called “giant flares” with the highest energies are very rarely
observed; we know only three instances [37-39]. Additionally, two of the giant flares
were associated with quasiperiodic oscillations (QPOs) [40, 41], which might also be
associated with gravitational wave emission. The search for gravitational waves from
QPOs of the December 2004 giant flare of SGR 180620 [42] produced a null result but
placed an observational limit on the associated gravitational wave energy. A separate
search, targeting the instantaneous gravitational wave transient at the time of the giant
flare [27], also returned a null result, and it also provided limits on the energetics.
The analysis of a “storm” of 70 bursts of SGR 1900414 [43] and an additional ~200
low-energy flares of SGR 1806-20 and SGR 1900+14 also extended our observational
knowledge [27]. These searches triggered by Galactic SGR activity were probing neutron
star f-modes experimentally. The isotropic gravitational wave energy limits reached as
low as 2.4 x 10%8 erg for some of the flares and emission models assuming ~10kpc SGRs
distance. A stacked search [44] for the gravitational wave signature of the SGR 1900414
storm in 2006 provided an order of magnitude improvement in energy upper limits over
the previous results [27].

Core collapse supaernovae are expected to be emitters of electromagnetic, neutrino,
and gravitational wave signals [45]. While our knowledge of stellar core collapses is
uncertain [46, 47|, it is believed that these highly energetic events in the Galaxy can
be associated with gravitational wave emission observable by advanced gravitational
wave detector networks. Synergistic observations [48-54] of gravitational waves and
low-energy neutrinos [55, 56] (up to a few 100 MeV) from core collapse supernovae
might yield new information on the supernova engine and the dynamics of matter
within. While most work on the phenomenology of the topic is yet to be done,
some insight can already be gained from references [57-64] on the science that can
be enabled by joint observations. A comprehensive review of the gravitational-wave
signature of core-collapse supernovae is provided in [61] showing that a Galactic event
is an interesting target for aLIGO, AdV and ET [8]. Present day neutrino detectors
have a well established Galactic reach [49] for supernovae, that is a good match to
the sensitivity of the advanced gravitational wave detectors [57, 59, 65-70]. While the
expected rate of Galactic supernovae is very low (<1/20 years), future megaton class
water-Cherenkov neutrino detectors [71-73] might allow a few Mpc reach I that is a
good match to the reach of third generation gravitational wave detectors [8].

High-energy neutrinos (2 100GeV) can conceivably be emitted from shock-
accelerated ultra-relativistic particles [74] e.g. in GRB outflows. Scientific possibilities
related to joint observations with high energy neutrinos and gravitational waves are
discussed in detail in [75]b.

Gamma-ray bursts (GRBs) [76] are believed to be associated with compact
progenitors that are also possible emitters of gravitational waves [77]. Short GRBs
(duration of burst is less than 2s long) are believed to be associated with the merger [78]

I It is expected that the core-collapse supernovae rate within 5 Mpc is about 1/year.
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of neutron star binaries, neutron star - black hole binaries, or rarely with giant flares [78§]
of extragalactic magnetars. While the gravitational wave signature of inspirals just
preceding the merger is expected to be detectable to hundreds of Mpc with future
detectors, the SGR reach probably remains confined to within our Galaxy. Long
GRBs (>2s) are believed to be produced by energetic core-collapse supernovae [79—
82]. While the model predictions for gravitational wave emission vary widely, it is
likely that the advanced gravitational wave detectors can only have a reach that is well
below 100 Mpc [56, 83-85]. Multiple searches for gravitational waves triggered by GRB
observations were published by the LIGO and Virgo collaborations (e.g., recently [26, 86—
88]). The search for the gravitational wave counterpart of GRB 070201 produced a
non-detection and valuable scientific insight. The sky position error box of this short-
hard GRB included the Andromeda galaxy (M31 at ~770kpc). The result excluded
binary compact coalescence in M31 at >99% confidence [86], a significant clue that
the burst was due to a SGR giant flare in M31. The search for the gravitational wave
counterpart of 22 short GRBs [87] produced lower limits, ~O(several Mpc), on the
binary progenitor distances. A model-independent search [88] covering 137 long and
short GRBs yielded a null result, but with improved model-independent upper limits on
the associated gravitational wave strain.

3. Some Open Questions that May be Answered by Multimessenger
Observations with Gravitational Wave Detectors

While multimessenger astronomy with gravitational waves has already contributed to
astrophysics, most of the exciting questions still remain to be answered (see e.g., [12, 89—
91]). Indeed, it is a frontier field and it will take two generations of ground based
gravitational wave detectors to answer a significant fraction of current open questions
in the field. To clearly illustrate this point, we will list some of the questions in
multimessenger astrophysics that might be resolved by advanced or third generation
ground based gravitational wave detectors:

3.1. Some generic questions accessible through multimessenger observations

e What is the speed of gravitational waves, subluminal or superluminal [92, 93]7

e Does Einstein’s theory of general relativity remain valid in the strong field
regime [94]7

e Does gravity violate parity [95, 96]?

e Is there a new length scale beyond which general relativity is modified [97]7

e Which alternative gravity theories can be excluded experimentally [98]?

e How often can an unidentified electromagnetic transient be explained by a
gravitational wave emitter?

e Is there a high redshift population of intermediate mass black holes [8]?
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e Can gravitational waves help in explaining the origin of Ultra-Luminous X-ray
binaries [8]?

e Can we search for new physics in the ultra-weak field regime [99]7

e Can a massive graviton serve as a cold-dark-matter candidate [92]7

e What fraction of the cosmic source’s energy is emitted in the form of gravitational
waves?

e Can gravitational wave detectors provide an early warning to electromagnetic
observers to allow the detection of early light curves [9-12, 14, 89, 100]?

e Do gravitational measurements of distance agree with the concordance cosmol-
ogy [101, 102]7
e What is the mass spectrum and spin distribution of black holes [103, 104]?

e Are there extra gravitational wave polarizations?

3.2. Some questions related to SGRs

e Is there a significant non-axisymmetric crust or core dynamics associated with SGR
flares [34]?

e What is the precise origin of SGRs [31, 36]7 (e.g., What is the mechanism for GW
and EM emission and how are they correlated?)

e Is there a fundamental difference between giant and common SGR flares [33]?
e Do quark stars exist [36]?

e Can we exclude or confirm some of the SGR models [8, 31]7

e What is the origin of pulsar glitches?

e What is the composition and structure of neutron stars and their cores [31]7
e What is the tallest mountain that can be supported by neutron stars [36]7

e Can we use GW-EM observations to guide or EM+null GW results to distinguish
the local extragalactic SGR contributions from the short GRB population?

3.3. Some questions related to core collapse supernovae

e What is the nature of gravitational collapse [61, 105, 106]?

e What is the relationship between the supernova progenitor and remnant (e.g., final
mass and spin)?

e If the supernova remnant is not a black hole, how does it behave? (e.g., a transient
hypermassive remnant with unstable modes or collapse to a BH?)

e What happens in a core collapse supernova before the light and neutrinos escape?



14th Gravitational Waves Data Analysis Workshop

IOP Publishing

Journal of Physics: Conference Series 243 (2010) 012001

doi:10.1088/1742-6596/243/1/012001

What is the delay in between neutrinos and gravitational waves in a core collapse
supernovae [107]7

What is the role of anisotropic neutrino emission in supernovae [108]?
What is the mass of a neutrino [109]?

Can we see core collapse supernovae in gravitational waves that are not visible in
neutrinos [8]7

Is there an electromagnetically hidden population of core collapse events [110-112]7

How many dynamical scenarios are associated with core collapse supernovae? Can
we distinguish between them?

Can pulsar birth kicks result in detectable gravitational waves?

What is the time delay between the electromagnetic brightening and the core
collapse of a supernova [113]?

What are the properties of the core collapse supernova progenitor [47, 69, 114-119]7
What is the role of the rotation and magnetic fields in stellar core collapse [106]?

. Some questions related to GRBs

What is the origin of long and short GRBs [8]?
What is the precise dynamics of each GRB engine?

Is there any longer-lasting central engine left over from the GRB explosion, and
what’s its nature [120-123]?

Are there electromagnetically hidden populations of GRBs [8]7

Does the hypothesized low luminosity GRB population exist [8]7

Can we have direct inferences on the GRB jet parameters from gravitational waves?
Can we estimate properties of the nuclear equation state using short GRBs [124]?

Can we relate the luminosity distribution of GRBs to beaming and the central
engine mechanism?

Is it possible to construct a competitive Hubble diagram based on gravitational
wave standard sirens [8, 101]?

What is the relationship between the parameters of a compact binary system and
it’s electromagnetic and neutrino emission?

What GRB progenitor models can we confirm or reject?
Are there other (sub)classes of GRBs?

Do choked GRBs exist [8]?

What is the origin of choked GRBs”

What is the cosmic population of choked GRBs?
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e What are the engines producing high energy neutrino and gravitational wave
emission together?

e What is the dynamics/energetics of joint high energy neutrino and gravitational
wave emitters?

e What is the electromagnetic emission of binary neutron star coalescence [10]7
e What is the electromagnetic emission of a neutron star — black hole coalescence [10]?
e [s there any electromagnetic emission from binary black hole coalescence?

e What is the nature of XRFs and their relationship to long GRBs [8]?

It is expected that these lists of questions will evolve and grow substantially as we
start answering the currently open questions. Naturally, one should not forget about
the unexpected.
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