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Studying the multi-wavelength signals from short GRBs

A. ROWLINSON

Anton Pannekoek Institute
Universiteit van Amsterdam, Science Park, Amsterdam

Since the first host galaxies and afterglows of short GRBs were iden-
tified, they have remained very difficult to study: their multiwavelenth
afterglows are notoriously faint and host galaxy identification often relies
upon minimalising a chance alignment probability. Despite these obser-
vational challenges, there is now a sufficiently large sample to constrain
the properties of the wider population and, in this review talk, I will sum-
marise the current multi-wavelength observations of short GRBs. Addi-
tionally, I will describe how these observed data are able to both support
and challenge the standard theoretical models of the progenitors and cen-
tral engines. Looking towards the future, due to technological and theoret-
ical advances, we are about to enter an exciting era for the study of short
GRBs. We will be able to search for predicted counterparts in wide-field
multi-wavelength transient searches and have the tantalising prospect of
finding the very first “smoking gun” signal from the progenitor via the
detection of gravitational waves.
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1 Introduction

From the first results from the Burst and Transient Source Experiment (BATSE)
[1], it was clear that there is a bimodal distribution in the observed durations of
Gamma-Ray Bursts (GRBs), with short GRBs (SGRBs) having a duration of less
than ~2 s [2]. The brief flash of gamma-rays remained the only observational clue
about these events until the launch of the Swift Satellite in November 2004 [3]. Swift
has revolutionised the study of SGRBs, as the rapid slewing capability enabled the
routine localisation of the rapidly fading X-ray afterglows. With the rapid response of
optical observers, the extremely faint optical afterglows were identified along with the
first host galaxies [4], 5, [6]. The initial classification of SGRBs as a different population
from the Long GRBs (LGRBs), based on their durations, gained further supporting
evidence as their multiwavelength properties such as their afterglows, locations in
host galaxies and host galaxy properties were also found to be different to the LGRB
population.

The LGRB population are now believed to originate from the collapse of a rapidly
rotating Wolf-Rayet star (e.g. [7]). Since GRB 980425 and the detection of SN
1998bw [8], 9], several LGRBs have now been associated with Ibc supernovae providing
vital supporting evidence for this theory. However, to date, there has been no such
"smoking gun” signal for SGRBs. The most highly supported progenitor model for
SGRBs is the merger of two compact objects, typically a neutron star and a black
hole or two neutron stars [10, 11]. The outcome of this merger is still debated, but is
predicted to be a black hole [I0] I1] or a rapidly rotating hypermassive neutron star
with extreme magnetic fields (magnetar) [12] [13].

In this conference proceeding, I summarise recent progress in studying the host
galaxies and multi-wavelength afterglows of SGRBs and how these data have been
used to constrain the properties of their progenitors. Section 2 focuses on the prompt
emission properties of SGRBs. Their positions relative to host galaxies and host
galaxy properties are reviewed in Section 3. The multi-wavelength afterglows are
presented in Section 4, highlighting recent developments showing evidence of energy
injection which may be associated with a magnetar central engine. Finally Section 5
looks forward to future progress in understanding SGRBs.

2 How are SGRBs initially identified?

In addition to the identification of a bimodal classification of GRBs, SGRBs were
also found to be spectrally harder than LGRBs on average [2] and, unlike LGRBEs,
have negligible lag times between the hard and soft emission [14]. However, from the
beginning, it was clear that there is a significant overlap between the two catagories
making it very difficult to unambiguously classify some GRBs. This overlap is also



significantly dependent upon the properties of the instrument used to detect them
(15, [16].

Further confusion occured when a new class of GRBs was identified. GRB 060614
was a LGRB (Tgg ~100 s) with no associated supernova to deep limits and other
properties more consistent with the SGRB population (e.g. [17,[18,19]). The prompt
emission comprised of a short initial pulse, which looked like a typical SGRB, followed
by a softer long pulse of extended emission. There is now a much larger sample of
these unusual GRBs, known as SGRBs with extended emission. They typically have
brighter and longer lived afterglows than SGRBs [20]. Additionally, some SGRBs
(but not all) have been shown to have extended emission [21]. They are generally
thought to share the same progenitor as SGRBs, however this has not been proven
to date so caution is required when including them in samples of SGRBs.

This section has shown that using the prompt emission alone does not enable an
unambiguous classification of SGRBs. Although there are clearly two distributions
of GRBs, we need to use other multiwavelength properties to disentangle individual
SGRBs from the LGRB population.

3 Where do SGRBs come from?

In direct contrast to the sample of LGRBs the host galaxies of SGRBs are highly
variable, ranging from actively star forming galaxies to elliptical galaxies with old
stellar populations. The host galaxies of SGRBs most closely resemble typical field
galaxies [22] and the majority are late-type galaxies [23].

The majority of SGRBs also occur significantly offset from their host galaxies
(e.g. [23]24]). This offset is consistent with the progenitor theory, neutron stars and
black holes receive a kick at their formation that can reach give the binary system
velocities sufficiently high for them to escape their host galaxy. Given the long merger
timescales expected and high velocities, they can travel large distances from their host
galaxies [25].

By studying the host galaxies in detail, we can place further constraints on the pro-
genitor systems. GRB 0800905A, with the lowest confirmed redshift for a SGRB and a
clearly resolved host galaxy, enabled the first detailed spatially resolved spectroscopy
of a SGRB host galaxy [26]. The SGRB occurred offset from the northern spiral
arm of its host galaxy (as shown in Figure 1). The northern spiral arm has a higher
metallicity, lower star formation rate and older population of stars in comparison to
the southern spiral arm. This result is significantly different to the environments of
LGRBs and is consistent with the compact binary merger progenitor theory.

However, the offsets of SGRBs often make it very difficult to identify their host
galaxies (e.g. [28]). This host ambiguity has led to the identification of a class of
SGRBs without an identified host galaxy, known as hostless SGRBs. Often there
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Figure 1: Left: The host galaxy of GRB 080905A (sketched in the inset on the
bottom left), the GRB location is marked with the dashed circle and the red boxes
mark the positions of the slits (image from [26]). Inset on the bottom right is a K-
band observation of the central bulge of the host. Right: The results of spectroscopy
of GRB 080905A with distance from the centre of the host. The top row shows the
R23 metallicity, the middle row shows the H, flux (a tracer for star formation) and
the bottom row shows the D4000 index (larger D4000 values indicate older stellar

populations [27])

are several candidate host galaxies and a statistical argument is typically used to
identify the counterpart. The probability of chance alignment of the GRB and the
host galaxy is calculated using the sky density of galaxies (e.g. [29]). GRB 090515 is
a classic example of a hostless SGRB [30] as there are a number of candidate hosts
in the field but it is not clear which is the actual host galaxy. GRB 090515 can
be associated with a host galaxy at z~0.4, however there is a second candidate (at
z~0.6) with only a slightly higher probability of chance alignment [31]. While it can
be shown statistically that SGRBs lie at relatively low redshift [32] and that most of
the host associations are likely to be correct, it remains difficult to unambiguously
identify the host galaxy of many SGRBs. Hence, caution is required when using
the restframe properties of SGRBs, as almost all SGRB redshifts are from their host
galaxy associations.

4 What can be learnt from the SGRB afterglows?

The multiwavelength afterglows of SGRBs have been observed from X-ray to, on rare
occasions, radio frequencies. In this section, I focus on the properties of X-ray and
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optical afterglows in comparison to theoretical models.

The X-ray afterglows of SGRBs show a wide range of behaviour, some have flares
and plateaus whilst others are faint and fade rapidly [33]. The X-ray afterglows of
SGRBs have been found to be fainter at 11 hours after the trigger time than the
LGRB sample [34]. Additionally, although SGRB flares share many properties with
their LGRB counterparts, they have significantly lower luminosities [35]. A correla-
tion between the luminosity and duration of plateaus observed in LGRB lightcurves
has been observed [30] and, by fitting the BAT-XRT lightcurves of SGRBs, SGRB
plateaus have also been identified and lie upon the same correlation, though at shorter
durations and higher luminosities [33]. The plateaus in LGRB lightcurves are typ-
ically associated with prolonged energy injection. However, the typical progenitor
models of SGRBs predict that all accretion onto the black hole occurs within the
first 2 seconds (e.g. [37]), with a small amount of material on highly eccentric orbits
which could accrete at late times [38], this means that prolonged energy injection is
not expected. Therefore, SGRB X-ray afterglows appear to be comparable to those
of LGRBs, only evolving faster and more rapidly fading, and show also evidence of
prolonged energy injection.

SGRBs have very faint optical afterglows, significantly fainter than those of LGRBs
[34, 139], making rapid follow-up with large optical telescopes vital. For instance GRB
090515 had the faintest optical afterglow detected to date with r~26.4, at 2 hours
after the GRB [30]. When extrapolating the early time optical and X-ray observa-
tions to 1 keV, it becomes apparent that the optical afterglows are often very faint
compared to their own X-ray observations, for example GRB 090515 is shown in Fig-
ure 2. This difference could potentially be explained using absorption, however it is
possible to predict the expected optical absorption using the Ny absorption detected
in the X-ray spectrum. In many cases the predicted absorption is significantly lower
than that required to explain the difference between the optical and X-ray observa-
tions. This suggests that the X-ray flux may be originating from a different emission
mechanism than the optical flux [33].

Therefore, in SGRBs we have observed X-ray plateau emission which is inconsis-
tent with the optical observations and the black hole central engine model. However,
a black hole is not the only predicted outcome of a binary neutron star merger as a
magnetar could also be formed [12, 13]. With recent observations of neutron stars
with masses of ~2 Mg, [40, [41], forming a hypermassive neutron star (magnetar) is a
realistic potential outcome of the merger of two neutron stars [42]. Recent constraints
on the neutron star equation of state, resulting from these massive neutron stars, have
been applied to simulations of neutron star mergers and these simulations predict the
formation of a magnetar [43, [44]. The newly formed magnetar is expected to be
spinning at high velocities and will be spinning down very fast via the emission of
gravitational waves (at early times) and electromagnetic dipolar radiation [45]. This
model predicts a plateau in the lightcurve followed by a shallow decay as the magne-
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Figure 2: The lightcurve of GRB 090515 extrapolated to 1 keV. The optical obser-
vations were extrapolated using the fitted spectral index with an extreme cooling
break between the X-ray and optical and with no cooling break (for further details
see [33]). If the X-ray and optical emission were consistent with each other, the XRT
data points would pass through the shaded region.

tar spins down. When the magnetar is first formed, its rapid rotation can support a
very large mass (> 1.5 X M,,q,, where M., is the maximum possible stable mass of
a neutron star) but, if the magnetar is more massive than the maximum stable mass
of a neutron star, it can spin down to a point where it can no longer support itself
via rotation and the magnetar will collapse to form a black hole. This immediately
shuts off the energy injection, causing a rapid decay in the lightcurve. The possible
outcomes of this model are illustrated in Figure 3 and two example GRBs fitted with
this model are shown in Figure 4.

All Swift SGRBs (with Tgy <2 s and sufficient data) have been fitted with the
magnetar model and a large number were found to be consistent with having energy
injection from a magnetar central engine [33]. The magnetic field and spin period
solutions for the SGRB sample are shown in Figure 5 in comparison to a sample of
LGRBs which are also thought to have magnetar central engines. The full analy-
sis (described in [33]) required assumptions about beaming, efficiency and redshift.
However, while these assumptions affect the actual fitted values of the magnetic field
and spin period of the magnetars, they do not affect the applicability of the magnetar
central engine model. Note, this magnetar central engine model may also hold the
potential of explaining the extended emission observed in some SGRBs [46, [47].
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Figure 3: This diagram represents the three different outcomes of the merger of a
binary neutron star (NS) merger. The outcome is dependent upon the mass (M) of
the central object formed and the maximum possible mass of a neutron star (M4 )-
On the right are sketches of the expected lightcurves if a stable (top) or an unstable
magnetar (bottom) is formed.

5 What does the future hold for SGRBs?

The inspiral and merger of the compact binary systems thought to produce SGRBs
are also a predicted standard candle for the observation of gravitational waves. To
date, gravitational wave observatories have been able to place constraining limits on
2 SGRBs which were observationally close to nearby galaxies (GRB 070201A [55]
and GRB 051103 [56]) however the majority of SGRBs lie far beyond the detection
limits. Advanced-LIGO (Laser Interferometer Gravitational-wave Observatory), ex-
pected online from 2015, will be able to start probing out to sufficiently large distances
to start placing interesting constraints on the progenitors of SGRBs [57]. Addition-
ally, if a SGRB is sufficiently nearby, the gravitational wave observations hold the
potential of answering the question of what the central engines of SGRBs are, as
newly formed magnetars are predicted to emit gravitational waves [45], [58].
Alongside the implementation of Advanced-LIGO, there is increased interest in
the additional isotropic emission mechanisms that may be associated with the merger
of a compact binary system. During the binary merger, a small amount of mate-
rial will be ejected at high velocity. This material will interact with itself, creating
radioactive elements which emit as they undergo radioactive decay, producing an
isotropic optical signal referred to as a macronova or a kilonova [59, 60, [61]. This
material will also interact with the surrounding inter-stellar medium giving a radio
flare [62]. Additionally, if the system is powered by a magnetar, there may be a strong
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Figure 4: Left: The lightcurve of GRB 090515 is an example of an unstable magnetar
central engine. Right: GRB 061201 is an stable magnetar example. In both restframe
BAT-XRT lightcurves, the underlying power-law decay is illustrated with a dashed
line and the dotted line represents the magnetar component.

proto-magnetar wind that will inject additional energy into the surrounding environ-
ment [63]. The proto-magnetar wind may also be travelling at relativistic velocities
providing significantly brighter signals on different timescales and at all observing
frequencies [64]. Many widefield optical and radio observatories are now starting to
come online which may be able to detect these predicted signals.

6 Conclusions

This conference proceeding has highlighted many open issues with the study of SGRBs
including;:

e the difficulty in identifing SGRBs using the prompt emission alone due to over-
lapping distributions and the group of SGRBs with extended emission.

e host galaxies typically rely on chance alignment calculations due to significant
offsets and can be ambiguous.

e the vast majority of SGRB redshifts are from their associated host galaxies and
rely upon the correct host identification.
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Figure 5: Left: The spin periods and magnetic field strengths of the SGRB sample
plotted with the LGRB candidates [48], [49, 50], many lie within the white region as
expected. The blue stars are the stable magnetar candidates and the green cricles
are the unstable candidates. Right: Many of the SGRBs in the sample do not have
redshifts so an average redshift was assumed, the green and blue lines represent the
different redshift solutions for GRBs 080702A and 060801 respectively. Recently a
redshift was published for GRB 111117A [51], the red line shows that the magnetar
solutions for this GRB have moved from the shaded region to the expected region
when using the published redshift.

e their afterglows fade very rapidly, making them more difficult to detect and lead
to sparsely sampled lightcurves.

Despite these caveats, we now have a sample of well-studied SGRBs that can be
used to place interesting constraints on their progenitor systems and central engines.
The multiwavelength observations are consistent with the theorised compact binary
merger model however this progenitor remains unconfirmed.

The X-ray afterglows of SGRBs have been shown to have evidence of energy
injection at early times, which is inconsistent with the typical black hole central
engine model. However, the observed energy injection can be explained if the central
engine is instead a newly formed magnetar.

With the new and upcoming observatories, now is the time for significant progress
in the study of SGRBs and holds the potential of many exciting discoveries. However,
in order to reap the full rewards, speed is the issue; SGRBs require good localisations
and rapid follow-up with deep, multiwavelength observations.
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