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BAT (hard X-ray, trigger instrument)

XRT (0.3-10 keV)
UVOT (~1900-7000 Å)
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BAT + LVC trigger unlikely
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Evans+ 2016c, MNRAS, 2016, 462, 1591



P. Evans – MM astronomy with Swift: results and prospects– SchiNeGHE, Pisa, 18/10/2016

Follow up with XRT

3

Rate of serendipitous X-ray transient probably low (e.g. 1 per 1.6 Ms 
per Swift fov, Evans+ 2016a).

Many expected GW transients should have some X-ray emission.
• ‘CBC’ pipeline:

• Short GRBs (prompt and afterglow)
• Off-axis GRBs (afterglow)

• ‘Burst’ pipeline:
• SN shock breakout (e.g. SN2008D)
• SGR flares
• Isolated NS collapse.
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Follow up with XRT
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When and how bright?

Evans+ 2016a, MNRAS, 455, 1522
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10° jet
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Evans+ 2016a
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30° jet
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Evans+ 2016a
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Isotropic X-rays from sGRBs?
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X-ray-powered Macronovae 3

For the X-ray-powered model to produce the X-ray and
infrared excesses detected by observers simultaneously,
we consider the following physical setups in Figure 2.
First, X-rays are generated near the central source and
are emitted in nearly isotropic direction. Second, the
ejecta lie at radius larger than the X-ray source and cover
a fraction of solid angle. Third, the line of sight to the
X-ray source is clean for the observers who detect the
GRB emission.
Although our model does not depend on the specific

mechanism of X-ray emission, we assume that the X-ray
excess at ∼ 1− 10 days in GRB 130603B originates from
the activity near the central engine, such as the accretion
disk with super-Eddington accretion rate (e.g., Rosswog
2007; Rossi & Begelman 2009; Fernández & Metzger
2013; Fernández et al. 2015a,b; Kyutoku et al. 2015)
like ultra-luminous X-ray sources. At the early stage of
the merger, a relativistic jet is launched from the central
engine to penetrate the ejecta (Nagakura et al. 2014;
Murguia-Berthier et al. 2014). Because the jet makes a
hole in the ejecta, the observers toward the jet axis can
directly see inside the ejecta (see Figure 2).
Let us first consider nearly isotropic ejecta with a con-

stant velocity vej based on the results of the numeri-
cal simulations (e.g., Hotokezaka et al. 2013b). The
anisotropy of the ejecta will be discussed in Section 2.5.
The radius of the ejecta is

Rej ∼ vejt, (1)

where t is the time after the merger. Since the velocity
structure becomes homologous and the ejecta spreads to
the radial direction, the typical mass density of the ejecta
is given by

ρej ∼
3Mej

4πR3
ej

. (2)

For the composition of the ejecta, we consider both
the iron-rich ejecta and the heavy r-process ejecta.
Since the tidally ejected matter is neutron rich, the
heavy r-process elements may be synthesized (e.g.,
Lattimer & Schramm 1974). On the other hand, the
iron-rich ejecta may be dominant if the shocks and/or
neutrino irradiation make the electron fraction high (e.g.,
Metzger, Piro & Quataert 2009; Sekiguchi et al. 2015;
Martin et al. 2015; Richers et al. 2015).
We consider four conditions to reproduce the infrared

excess in our X-ray-powered model. First, the X-ray pho-
tons should be absorbed by the ejecta, i.e., the optical
depth for the X-ray absorption τX,abs should be larger
than unity,

τX,abs > 1. (3)

Second, the absorbed X-ray photons should be thermal-
ized in the ejecta to produce infrared photons. Since the
opacities for the iron and r-process elements are decreas-
ing function of wavelength (Kasen, Badnell & Barnes
2013; Tanaka & Hotokezaka 2013), we require the op-
tical depth for infrared photons τIR to be larger than
unity,

τIR > 1. (4)

Third, the infrared photons should escape from the ejecta
to be detected by the observers. Since the optical depth

Fig. 2.— Schematic picture of the X-ray-powered model.

τIR satisfies condition (4), we consider random walk for
the propagation of infrared photons in the ejecta. The in-
frared photons can escape from the ejecta if the diffusion
timescale tdiff is smaller than the dynamical timescale t,

tdiff < t. (5)

In the case that the central engine is active longer than
the photon diffusion timescale, the light curve of the ther-
mal emission follows the evolution of the central engine,
i.e., the peak time is not necessarily when t ∼ tdiff in
the X-ray-powered model. This is the reason why the
X-ray-powered model requires smaller amount of ejecta
than the previous models (see section 3). Finally, the
temperature of the ejecta T should be lower than the ob-
served upper limit Tmax ∼ 4000 K (Tanvir et al. 2013;
Berger, Fong & Chornock 2013),

T < Tmax ∼ 4000K, (6)

which is obtained from the detected infrared flux and the
optical upper limit (blue arrow in Figure 1). In following
Sections 2.1 - 2.4, we consider these four conditions to
give constraints on the ejecta properties. We also con-
sider the luminosity ratio of X-ray and infrared excesses
in Section 2.5.

2.1. X-ray Absorption

In this subsection, we consider condition (3) for the X-
ray photons to be absorbed in the ejecta. The absorption
optical depth is given by

τX,abs ∼ κbf
Mej

4πR2
ej

, (7)

where κbf is the bound-free opacity. The opacity
κbf depends on the ionization state of the ejecta
(Metzger & Piro 2014),

κbf ∼
fn

Āmp
σbf , (8)

where Ā is the average mass number of the composed
elements of the ejecta, mp is the proton mass, σbf is the

The ‘kilonova’ GRB 130603B, 
had an X-ray bump coincident 
with the IR bump (Fong et al., 
2014).

Kisaka, Ioka & Nakar (2015) 
suggested that the KN is 
powered by isotropic X-ray 
emission: a boon for GW follow  
up!
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But it’s hard…

8

XRT field of view:
12’ radius.
0.12 square degrees.
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Quantifying the issue
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In the ‘median’ case we 
would have to observe nearly 
1,200 fields with XRT before 
we get to the correct 
location.

Typical Swift day has <100 
observations.

Evans+ 2016c, based on GW simulations by  
Singer et al. (2014, ApJ, 795, 105).
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O1 solution: GWGC catalogue
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Evans+ 2016b, MNRAS, 2016, 460, L40
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O1 solution: GWGC catalogue
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Evans+ 2016b, MNRAS, 2016, 460, L40
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O1 observations: GW 150914
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Evans+ 2016b, MNRAS, 2016, 460, L40
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O1 observations: GW 150914
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O1 observations: GW 150914
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O1 observations: GW 150914
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Fields were selected from the ‘LIB’ skymap - the best rapidly 
available map.

We selected 5 galaxies and tiled the LMC, total: 43 fields.

This enclosed 2% of the LIB probability; or 8% of our galaxy-
weighted map.

(Of course, much later we learned that the galaxy weighting 
was not appropriate for this object!)

But… then the LAL_Inference final skymap was produced…

From this map, we enclosed 0.03% (2% with galaxies).

We found 3 X-ray sources: all already known.
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O1 observations: GW 151226

16



P. Evans – MM astronomy with Swift: results and prospects– SchiNeGHE, Pisa, 18/10/2016

O1 observations: GW 151226
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Fields were selected from the ‘bayestar’ skymap - the best 
rapidly available map.

We selected a series of areas using ‘19-tile’ mode.

Covered 8.5 square degrees, which is 0.9% of the probability, 
or 12% after galaxy-weighting.

16 X-ray sources found. 8 known, 8 faint. 

No counterpart to the GW event.
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Prospects for O2

18

1. 3D LVC skymaps (Singer et al., 2016, ApJ, 829, L15)
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Prospects for O2 - 3D skymaps
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Horizon distance is higher, so we will use 2MPZ, not GWGC in 
O2. The completeness towards the horizon distance falls off, 
so we need to account for this.

For a given line of sight, we can say:

P = PGW (1-C) + PGW (C PG)

C is the completeness of the galaxy catalogue.
PGW is the GW probability.
PG is the probability that the GW event is in a galaxy on this 
line of sight.

PG∝L PGW(D) PG(D)
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Prospects for O2 - 3D skymaps
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Prospects for O2 - 3D skymaps
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In the ‘median’ case we 
would have to observe nearly 
1,200 fields with XRT before 
we get to the correct 
location.

Typical Swift day has <100 
observations.

Evans+ 2016c, based on GW simulations by  
Singer et al. (2014, ApJ, 795, 105).
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Prospects for O2 - 3D skymaps
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In the ‘median’ case we 
would have to observe about 
170 fields with XRT before 
we get to the correct 
location.

Typical Swift day has <100 
observations.

Evans+ 2016c, based on GW simulations by  
Singer et al. (2016, ApJ, 829, L15).
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Prospects for O2
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1. 3D LVC skymaps (Singer et al., 2016, ApJ, 829, L15)
Using a catalogue like 2MPZ, this lets us radically reduce 

the sky area we must cover with XRT.
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Prospects for O2
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1. 3D LVC skymaps (Singer et al., 2016, ApJ, 829, L15)
Using a catalogue like 2MPZ, this lets us radially reduce 

the sky area we must cover with XRT.
2. Change in alert structure (i.e. only CBC alerts if both 

pipelines trigger).
For ‘burst’ triggers with kHz frequencies therefore we 

KNOW the source is Galactic, and can prioritise the 
Plane.
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Prospects for O2 - Swift developments
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Prospects for O2 - Swift developments
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In a recent test, Swift observed 426 fields from the GW 150914 error region in 24 
hours. This covered 9% of the skymap used (50% after galaxy weighting).
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Prospects for O2
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1. 3D LVC skymaps (Singer et al., 2016, ApJ, 829, L15)
Using a catalogue like 2MPZ, this lets us radially reduce 

the sky area we must cover with XRT.
2. Change in alert structure (i.e. only CBC alerts if both 

pipelines trigger).
For ‘burst’ triggers with kHz frequencies therefore we 

KNOW the source is Galactic, and can prioritise the 
Plane.

3. Developments in Swift’s capabilites.
Can now observe hundreds of fields in a day.

New onboard software for scheduling these is imminent, 
which will cut down response time.
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Plan for O2
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We still have the issue of when to look, and for how long.

Current plan is based on Swift on-axis GRBs, with extrapolations 
in z, and to expected off-axis behaviour.

• From T0 to T0+48 hours
• Rapid (60-s) observations covering the (convolved) error.

• From T0+48 to T0+144 hours
• Longer (500-s) observations
• Will prioritise any tantalising sources found in the early run.

ToOs will not be done, but we will consider sources detected 
elsewhere, and decide if and when to observe them.
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Summary

30

• Many GW-emitting objects will also emit X-rays.
• Swift is going to follow LVC triggers to look for these.
• In O1 we followed 3 triggers, in a limited way.
• In O2 we will have:

• Better localisations
• 3D localisations
• New galaxy-convolution techniques
• Larger-scale Swift response
• Faster Swift response.

GW + EM science is out there, waiting to happen.
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Looking ahead

31

• Swift can do a great job, but it’s not what it was designed for. 
We really need something built for the job.

For example, THESEUS.
PI: Lorenzo Amati.

See talk on Thursday.
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