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Gravitational Waves



Ripples in spacetime
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Credit: PhD comics
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Gravitational wave detectors



Gravitational waves
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Credit: Teresita Ramirez / Geoffrey Lovelace / SXS Collaboration / LIGO Virgo Collaboration
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Complementary information
GW

• Masses
• Spins
• Geometric properties
» Position
» Distance
» Inclination angle…

EM
• Precise location
• Nucleosynthesis
• Ejecta properties
» Beaming
» Mass
» Velocity…

• Cosmology
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Complete astrophysical picture



Astrophysics
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Where are all the heavy 
metals in the universe 

formed?

What is the Equation of State 
of ultra-dense matter?



Nucleosynthesis
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By Geckzilla [CC BY-SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0)], from Wikimedia Commons
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GW170817



GW170817
First direct detection 
of gravitational 
waves from merging 
binary neutron stars

40 Mpc (130 million 
light years)

“This is a big deal…”
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Observing frenzy
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Credits: Pavan Hebbar, Varun Bhalerao (IITB), David Kaplan (UW Milwaukee), 
Mansi Kasliwal (Caltech), GROWTH collaboration
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Credit: LSC et al, 2017, ApJL
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GROWTH collaboration
Kasliwal et al, 2017, Science

Credit: R. Hurt
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GW170817: GMRT
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Extended Data Figure 1 | GW170817 radio image cutouts. Image cutouts 
(30” x 30”) from the upgraded GMRT, the VLA and the ATCA centred on 
the NGC 4993. The position of GW170817 is marked by two black lines. 
Panels (a), (b) and (c) show images from August-September 2017, using 

the data reported in ref. 12. Panels (d), (e) and (f) show recent data, from 
October 2017. The flux density scale is denoted by the colorbar in each 
column. The synthesized beam is shown as an ellipse in the lower right 
corner of each image.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Figure 1 | The radio light curve of GW170817. Panel (a): The flux 
densities corresponding to the detections (markers with 1σ  error bars; 
some data points have errors smaller than the size of the marker) and 
upper limits (markers with downward-pointing arrows) of GW170817 at 
frequencies ranging from 0.6-15 GHz between day 16 and day 107 post-
merger (ref. 12 and Extended Data Table 1). Panel (b): Same as the panel 
(a) but with flux densities corrected for the spectral index α =  -0.61  
(see Methods) and early-time, non-constraining, upper limits removed. 

The fit to the light curve with the temporal index δ  =  0.78 (see Methods) 
is shown as a red line and the uncertainty in δ  (+ /-0.05) as the red shaded 
region. Panel (c): Residual plot after correcting for the spectral and 
temporal variations. The observing frequencies are color coded according 
to the colorbar displayed at the right (black for ≤  1 GHz and yellow for 
≥  10 GHz). The marker shapes denote measurements from different 
telescopes.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



UVOIR Lightcurve
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Hot source, cool source
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Credit: ESO/E. Pian et al./S. Smartt & ePESSTO/L. Calçada



The afterglow 
spectrum

2 Troja et al.

energy injection (Mooley et al. 2018a), characterized by a
radial profile of ejecta velocities. In Troja et al. (2018a) we
developed semi-analytical models for both the structured jet
and the quasi-spherical cocoon with energy injection, and
showed that they describe the broadband afterglow evolu-
tion during the first six months (from the afterglow onset to
its peak) equally well. This is confirmed by numerical sim-
ulations of relativistic jets (Lazzati et al. 2018; Xie et al.
2018) and choked jets (Nakar, et al. 2018).

Several tests were discussed to distinguish between
these two competing models (e.g. Gill & Granot 2018; Nakar,
et al. 2018). Corsi et al. (2018) used the afterglow polariza-
tion to probe the outflow geometry (collimated vs. nearly
isotropic), but the results were not constraining. Ghirlanda,
et al. (2019) and Mooley et al. (2018b) used Very Long Base-
line Interferometry (VLBI) to image the radio counterpart,
and concluded that the compact source size (.2 mas) and
its apparent superluminal motion favor the emergence of a
relativistic jet core. A third and independent way to probe
the outflow structure is to follow its late-time temporal evo-
lution. In the case of a cocoon-dominated emission, the af-
terglow had been predicted to follow a shallow decay (t�↵)
with ↵⇠1.0-1.2 (Troja et al. 2018a) for a quasi-spherical out-
flow, and ↵⇠1.35 for a wide-angled cocoon (Lamb, Mandel
& Resmi 2018). A relativistic jet is instead expected to re-
semble a standard on-axis explosion at late-times, thus dis-
playing a post-jet-break decay of ↵ ⇠ 2.5 (van Eerten &
MacFadyen 2013).

Here, we present the results of our year-long observing
campaign of GW170817, carried out with the Australian
Telescope Compact Array (ATCA) in the radio, Hubble

Space Telescope (HST) in the optical, the Chandra X-ray
telescope and XMM-Newton in the X-rays. Our latest obser-
vations show no signs of spectral evolution (Sect. 2.1) and a
rapid decline of the afterglow emission (Sect. 2.2), systemati-
cally faster than cocoon-dominated/choked jet models from
the literature (Sect. 3.1). The rich broadband dataset al-
lows us to tightly constrain the afterglow parameters, and
to compare the explosion properties of GW170817 to canon-
ical short GRBs (Sect. 3.2).

2 OBSERVATIONS AND DATA ANALYSIS

Our earlier observations were presented in Troja et al. (2017,
2018a) and Piro, et al. (2019). To these, we add a new series
of observations tracking the post-peak afterglow evolution.
Table 1 lists the latest unpublished data set, including our
radio monitoring with ATCA (PI: Piro, Murphy) and X-ray
observations with Chandra, carried out under our approved
General Observer program (20500691; PI: Troja). Data were
reduced and analyzed as detailed in Troja et al. (2018a);
Piro, et al. (2019). In the latest Chandra observation, the
source is detected at a count-rate of (4.9±0.9)⇥10�4 cts s�1

in the 0.3-8.0 keV band, corresponding to an unabsorbed flux
of (6.70±0.13)⇥10�15 erg cm�2 s�1. We adopted a standard
⇤CDM cosmology (Planck Collaboration et al. 2018). Unless
otherwise stated, the quoted errors are at the 68% confidence
level, and upper limits are at the 3 � confidence level.

Figure 1. Temporal evolution of the afterglow spectral energy
distribution. A single power-law segment can describe the broad-
band spectrum during the di↵erent afterglow phases (rise, peak
and decline). At all times, a simple power-law model provides a
good fit of the data.

2.1 Spectral properties

The latest epoch of X-ray observations shows a simple
power-law spectrum with index �=0.8±0.4, consistent with
previous measurements, and with the spectral index 0.4±0.3
from the late time (t >220 d) radio data. Figure 1 shows
that, at all epochs, the broadband spectrum can be fit with a
simple power-law model with spectral index �=0.585±0.005
and no intrinsic absorption in addition to the Galactic value
NH=7.6⇥1020 cm�2. The lack of any significant spectral
variation on such long timescales is remarkable. In GRB
afterglows, a steepening of the X-ray spectrum due to the
gradual decrease of the cooling frequency ⌫c is commonly de-
tected within a few days. Since the cooling break is a smooth
spectral feature, we used a curved afterglow spectrum (Gra-
not & Sari 2002) to fit the data, and constrain its location1.
We derived ⌫c &1 keV (90% confidence level) at 260 d after
the merger and ⌫c &0.1 keV (90% confidence level) at 360
d.

For a synchrotron spectrum with ⌫m < ⌫obs < ⌫c,
the measured spectral index is related to the spectral in-
dex p of the emitting electrons (e.g. Granot & Sari 2002)
as p = 2� +1 = 2.170 ± 0.010. Figure 2 compares this
value with a sample of well-constrained short and long

1 The spectrum was fit with a curved spectrum leaving the cool-
ing frequency as a free parameter. The best fit statistics C0 was
recorded, then the location of ⌫c was changed until the variation
in the fit statistics was equal to C0+2.706.

MNRAS 000, 1–8 (2019)

• Consistent with a 
constant slope, 
β=0.585±0.005

• No intrinsic 
absorption (only MW)

• Consistent with 
synchrotron (p=2.17)

• !c > 1 keV (90% cl) at 
260 d, !c > 0.1 keV 
at 360 d. 

• Troja et al., 2019 
(arXiv:1808.06617)
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Lightcurve evolution
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4 Troja et al.

Figure 4. Multi-wavelength afterglow light curves overlaid with the Gaussian jet best fit model (solid line) and its 68% uncertainty
range (shaded areas). Radio data are from ATCA (filled symbols) and VLA (open symbols) observations. X-ray data are from Chandra
(filled symbols) and XMM-Newton (open symbols) observations. Downward triangles are 3 � upper limits. The dashed line shows the
expected asymptotic decline / t

�2.5. Data were collected from: Troja et al. 2017, Troja et al. 2018a, Piro, et al. 2019, Hallinan et al.
2017, Lyman et al. 2018, Resmi, et al. 2018, Margutti et al. 2018, Mooley et al. 2018a, and Alexander et al. 2018.

turnover. The total amount of energy in the slower ejecta
above a particular four-velocity u is modelled as a power-
law E(> u) = Einju

�k. This model requires nine param-
eters ⇥cocoon = {Einj, n, p, ✏e, ✏B Mej, umax, umin, k}, where
umax is the maximum ejecta four-velocity, umin the mini-
mum ejecta four-velocity, and Mej the initial cocoon ejecta
mass with speed umax.

As described in Troja et al. (2018a), our Bayesian fit
procedure utilizes the emcee Markov-chain Monte Carlo
package (Foreman-Mackey et al. 2013). For the structured
jet we also include the GW constraints on the orientation ◆
of the system (Abbott et al. 2017b) in our prior for ✓v. The
results of the MCMC analysis are summarized in Table 2.

The best fit jet models is shown in Figure 4. For the corner
plot see the Supplementary data (Figure 8).

3 RESULTS

3.1 A rapid afterglow decline: constraints on the

outflow structure

For jets that fail to break out (“choked jets”), the jet en-
ergy is dissipated into a surrounding cocoon of material.
This scenario is therefore included in our group of ‘co-
coon’ models (Troja et al. 2018a). The post-peak temporal
slope is a shallow decay of ↵ ⇡ 1.0 � 1.2 up to at least

MNRAS 000, 1–8 (2019)

• Slow rise, now 
rapid decline

• Consistent with 
a Gaussian jet 
viewed off-axis

• Far off-axis 
viewers may 
see more 
absorption

Troja et al., 2019 
(arXiv:1808.06617)



So, what did we learn?



1078 days, 1164 papers…
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30 July 2020



R-process 
elements
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Figure S10: Top: the solar abundance pattern of r-process elements (151). Bottom: their cumu-
lative distribution.
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Equation of state
• Increase the pressure.
» Density changes a lot: “Soft” EoS
» Density hardly changes: “Stiff” EoS

• What was known before:
» Heavy neutron stars exist è EoS is not too soft

• What’s new:
» EoS is not too hard!
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ArXiv:1805.11581 

Hard EoS

Soft EoS
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O3 NS candidates
Name Type Distance 

(Mpc)
90% area 
(sq deg) Counterpart

S190425z 99% BNS 156 ± 41 7461 No

S190426c
49% BNS, 13% 
NSBH, 24% Gap, 
14% Terrestrial

377 ± 100 1131 No

S190510g 42% BNS, 58% 
Terrestrial 227 ± 92 1166 No

S190718y 2% BNS, 98% 
Terrestrial 227 ± 165 7246 No

S190814bv 100% NSBH 267 ± 52 23 No

GW170817 100% BNS 41 31 Yes
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GW170817-like scaling
Name Type Distance 

(Mpc)
90% area 
(sq deg) Optical IR

(Ks)
X-ray

(10 keV-
1000 keV)

S190425z 99% BNS 156 ± 41 7461 20 21 5e-8

S190426c 49% BNS 377 ± 100 1131 22 23 9e-9

S190510g 42% BNS 227 ± 92 1166 21 22 2e-8

S190718y 2% BNS, 98% 
Terrestrial 227 ± 165 7246 21 22 2e-8

S190814bv 100% NSBH 267 ± 52 23 21 22 2e-8

Fake event 100% BNS 500 – 22 23 5e-9

GW170817 100% BNS 41 31 17 18 7e-7
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Scaling from Kasliwal et al. (2017) and Abott et al 2017 (Fermi + Integral +LVC) 

Typical optical surveys reach ~21 mag (ZTF, PanSTARRs), ~23 DECam
IR ~ 17.5 (Gattini), X-ray / Gamma ray ~ few e-7



What’s next?

Lessons from GW170817 + O3



GW170817: AstroSat
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Lesson 1

Look at the entire sky at all times
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GW170817
Signal is very faint

30% fainter, and it 
would have been 
missed…

(LSC et al 2017, 
discovery paper)
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New class of bursts !
• GRB was very faint: 

3-4 orders of 
magnitude lower than 
SGRBs
next will be fainter!

• Broadband: seen 
from few keV to 
hundreds of keV

• Missed by Swift, 
AstroSat, CALET…
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Since the total baryonic mass of the system can only be
reduced (by mass ejection), the maximum baryonic mass of the
merger remnant and accretion disc is bound by MB

Initial. From
Figure 3, we can see that for the measured NS gravitational
masses with the low-spin prior, the MS1 and SHT EOS could
not form a BH since M MB

Initial
B
Static< . Assuming that the

magnitude of the spins is small, the MS1 and SHT EOS are
incompatible with BH formation. If the dimensionless spins of
the NSs are allowed to be larger than 0.05, BH formation is
only disfavored: we find that a fraction 83% (MS1) and 84%
(SHT) of the posterior distribution satisfies M MB

Initial
B
Static< .

For both spin priors, we find that the H4, LS220, SFHo, and
SLy EOS result in M MB

Initial
B
Uniform> . Even when assuming a

large ejecta mass of M0.1 :, the remaining mass cannot form a
uniformly rotating NS. For those EOS, the merger either results
in prompt BH formation or in a short-lived remnant, with a
lifetime determined by the dissipation of differential rotation
and/or disk accretion.

To be compatible with scenario (ii), the lifetime of the
merger remnant would have to be sufficiently long to power the
GRB. We note that prompt BH formation is a dynamic process
accessible only to numerical relativity simulations. Although
there are parameter studies (Hotokezaka et al. 2011; Bauswein
et al. 2013), they only consider equal mass binaries.
Considering also the error margins of those studies, we
currently cannot exclude prompt collapse for the H4, LS220,
SFHo, and SLy EOS. Finally, we note that for the APR4 EOS
only the possibility of a stable remnant can be ruled out. More
generally, only EOSs with M M3.2B

Static < : are consistent with
scenario (i) when assuming the low-spin prior, or with
M M3.7B

Static < : for the wider spin prior. These bounds were
derived from the 90% credible intervals of the MB

Initial posteriors
(and these, in turn, are determined for each EOS in order to
account for binding energy variations). These upper limits are
compatible with and complement the lower bounds on MG

Static

from the observation of the most massive known pulsar, which
has a mass of M2.01 0.04o :( ) (Antoniadis et al. 2013). In

Section 6.5 we will discuss some model-dependent implica-
tions of the lack of precursor and temporally extended
gamma-ray emission from GRB170817A on the progeni-
tor NSs.

6. Gamma-ray Energetics of GRB170817A
and their Implications

Using the measured gamma-ray energy spectrum and the
distance to the host galaxy identified by the associated optical
transient, we compare the energetics of GRB170817A to those
of other SGRBs at known redshifts. Finding GRB170817A to
be subluminous, we discuss whether this dimness is an
expected observational bias for joint GW–GRB detections,
what insight it provides regarding the geometry of the gamma-
ray emitting region, what we can learn about the population of
SGRBs, update our joint detection estimates, and set limits on
gamma-ray precursor and extended emission.

6.1. Isotropic Luminosity and Energetics of GRB170817A

Using the “standard” spectral information from Goldstein
et al. (2017) and the distance to the host galaxy NGC 4993
42.9 3.2o( )Mpc, we calculate the energetics of GRB170817A
using the standard formalisms (Bloom et al. 2001; Schaefer
2007). GRBs are believed to be relativistically beamed and their
emission collimated (Rhoads 1999). Isotropic energetics are
upper bounds on the true total energetics assuming the GRB is
observed within the beaming angle of the brightest part of the jet.
We estimate that the isotropic energy release in gamma-rays
E 3.1 0.7 10iso

46= o ´( ) erg, and the isotropic peak luminos-
ity, L 1.6 0.6 10iso

47= o ´( ) erg s−1, in the 1 keV–10MeV
energy band. These energetics are from the source interval—i.e.,
the selected time range the analysis is run over—determined in
the standard manner for GBM spectral catalog results, allowing
us to compare GRB170817A to other GRBs throughout this
section. The uncertainties on the inferred isotropic energetics
values here include the uncertainty on the distance to the host
galaxy. As a cross check, the isotropic luminosity is also

Figure 4. GRB170817A is a dim outlier in the distributions of Eiso and L iso, shown as a function of redshift for all GBM-detected GRBs with measured redshifts.
Redshifts are taken from GRBOX (http://www.astro.caltech.edu/grbox/grbox.php) and Fong et al. (2015). Short- and long-duration GRBs are separated by the
standard T 2 s90 = threshold. For GRBs with spectra best modeled by a power law, we take this value as an upper limit, marking them with downward pointing
arrows. The power law spectra lack a constraint on the curvature, which must exist, and therefore, will overestimate the total value in the extrapolated energy range.
The green curve demonstrates how the (approximate) GBM detection threshold varies as a function of redshift. All quantities are calculated in the standard 1 keV–
10 MeV energy band.
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Lesson 2

Need 10x higher sensitivity 
as compared to current missions

Varun Bhalerao | IIT BombayDaksha: Finding High Energy Emissions from GW sources 35



Current missions
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Fermi: NASA + Europe

Neil Gehrels Swift Observatory
NASA



Saw it. So what?

Varun Bhalerao | IIT BombayDaksha: Finding High Energy Emissions from GW sources 37

Poorly constrained power law index

Epeak = 229 ± 78 keV, ! = 0.85±1.38

…tail emission appears spectrally soft…

However, this emission is too weak 
and near the lower energy detection 
bound of GBM to completely rule out a 
non-thermal spectrum. 

(LSC et al 2017, discovery paper)

M2.74 0.01
0.04

-
+

:. This result is consistent with the masses of all
known BNS systems (Ozel & Freire 2016; Tauris et al. 2017).
From the GW signal, the best measured combination of the
masses is the chirp mass m m m m1 2

3 5
1 2

1 5% = +( ) ( ) , which
in the detector frame is found to be M1.1977 0.0003

0.0008
-
+

:.
The detection of GW170817 triggered a campaign of EM

follow-up observations which led to the identification of NGC
4993 as the host galaxy of GW170817/GRB170817A
(Coulter et al. 2017a, 2017b; Abbott et al. 2017f). We evaluate
the distance to the host galaxy from the ratio of the Hubble flow
velocity of the host 3017 166 km s 1o - (Abbott et al. 2017g)
and two current measurements of the Hubble constant (Ade
et al. 2016; Riess et al. 2016). These two distance measures are
within a combined range of 42.9 3.2o( )Mpc, which is
consistent with the distance of 40 14

8
-
+ Mpc determined with

GW data alone and makes GW170817 the closest GW event
ever observed (Abbott et al. 2016a, 2016b, 2017c, 2017d,
2017e).

The GW data constrain the inclination angle JNq between the
total angular momentum of the system and the line of sight to be
anti-aligned, with cos 0.54JN -q - (Abbott et al. 2017e). As the
binary system component masses are comparable, the NS spins
have little impact on the total angular momentum which is aligned
with the orbital angular momentum within a few degrees. For
discussions in this Letter we will assume that the orbital and total
angular momenta are aligned. The SGRB jet is expected to be
perpendicular to the accretion disk of the central engine if
powered by neutrino annihilation or aligned with the magnetic
pole of the rotating central object(Shibata et al. 2006), hence we
assume the SGRB jet is aligned with the system rotation axis. This
yields a jet viewing angle min , 180 56JN JN -z q q= n - n( ) . As
the distance measurement is correlated with JNq , the known
distance to NGC 4993 further constrains the viewing angle to -z
36n or -z 28n depending on the assumed value of the Hubble
constant (Abbott et al. 2017g), with smaller values of the Hubble
constant giving smaller misalignment angles.

2.2. Fermi-GBM Observation of GRB170817A

GRB170817A was autonomously detected in-orbit by the
GBM flight software in a process known as “triggering.”
Goldstein et al. (2017) showed the signal exceeds 5σ in three
(of twelve) GBM NaI detectors. The GBM detection showed
two apparently distinct components. The triggering pulse, that
lasts about half a second and falls within the usual observer
distributions for GBM SGRBs, is shorter and spectrally harder
than the subsequent softer, weaker emission that lasts a few
seconds (Goldstein et al. 2017). Summed GBM lightcurves
from the relevant detectors in two energy ranges, selected to
show the two distinct components, are shown in the top two
panels in Figure 2. The GBM time-tagged event data is binned
to match the SPI-ACS temporal resolution (100 ms) and phase
(matching bin edges) to allow for an easier comparison
between the gamma-ray instruments.

Goldstein et al. (2017) quantify the likelihood of
GRB170817A being an SGRB based only on gamma-ray
data. This is done by comparing the measured gamma-ray
properties of GRB170817A to the known distributions of short
and long GRBs. Both the duration distribution alone and the
duration and spectral hardness distributions together show that
GRB170817A is three times more likely to be an SGRB than a
long GRB. These analyses are performed in a standard manner,
resulting in a longer duration measure than apparent from the

hard spike alone because the softer, weaker tail contributes to
the calculated duration.
The final GBM localization of GRB170817A (including

systematic error) calculated by the GBM targeted search
pipeline is shown in Figure 1. This pipeline performs a
coherent search over all GBM detectors (NaI and BGO) and
was originally developed to find gamma-ray signals below the
onboard triggering threshold around GW triggers (Blackburn
et al. 2015; Connaughton et al. 2016; Goldstein et al. 2016).
The 50% and 90% credible regions cover ∼350 deg2 and
∼1100 deg2, respectively.
Fitting the main pulse in the GBM data with a parameterized

function commonly used for GRB pulses indicates a gamma-
ray emission onset of 0.310±0.048 s before T0

GBM, where
T0

GBM is defined as the time of the GBM trigger (Goldstein
et al. 2017). Based on the position of the optical transient, the
signal arrives at Fermi 3.176 ms before it arrives at geocenter.
With this correction we find that the start of the gamma-ray
emission relative to the T0

GW is 1.74 0.05 s+ o( ) . In this Letter
all derived gamma-ray results use 68% confidence levels.
The spectral analysis using the standard GBM catalog criteria

uses data from the 256ms time interval between T 0.192 s0
GBM -

and T 0.064 s0
GBM + . A fit to the “Comptonized” function, a

power law with a high-energy exponential cutoff (see Goldstein
et al. 2017 for a detailed explanation of this function), is preferred
over both a simple power-law fit or models with more
parameters. The fit produces values of Epeak=(215±54) keV,
and a poorly constrained power-law index 0.14 0.59a = o .
The average flux for this interval in the 10–1000 keV range is
5.5 1.2 10 7o ´ -( ) erg s−1 cm−2 with a corresponding fluence
of 1.4 0.3 10 7o ´ -( ) erg cm−2. The shorter peak interval
selection from T 0.128 s0

GBM - to T 0.064 s0
GBM - fit prefers

the Comptonized function, yielding consistent parameters
E 229 78peak = o( ) keV, 0.85 1.38a = o , and peak energy
flux in the 10–1000 keV of 7.3 2.5 10 7o ´ -( ) erg s−1 cm−2.
These standard fits are used to compare GRB170817A to the rest
of the SGRBs detected by GBM and to place GRB170817A in
context with the population of SGRBs with known redshift.
More detailed analysis included spectral fits to the two

apparently distinct components. The main emission episode,
represented by the peak in Figure 2, appears as a typical
SGRB best fit by a power law with an exponential cutoff with
spectral index 0.62 0.40a = - o and E 185 62peak = o( )
keV over a time interval T 0.320 s0

GBM - to T 0.256 s0
GBM + .

The time-averaged flux is 3.1 0.7 10 7o ´ -( ) erg s−1 cm−2.
The tail emission that appears spectrally soft is best fit by
a blackbody (BB) spectrum, with temperature of
k T 10.3 1.5B = o( ) keV and a time-averaged flux of
0.53 0.10 10 7o ´ -( ) erg s−1cm−2, with selected source
interval T 0.832 s0

GBM + to T 1.984 s0
GBM + . However, this

emission is too weak and near the lower energy detection
bound of GBM to completely rule out a non-thermal
spectrum.
The temporal analysis yielded a T90, defined as the time

interval over which 90% of the burst fluence between
50–300 keV is accumulated, of 2.0 0.5o( ) s starting at
T 0.192 s0

GBM - . The duration extends beyond the main
emission pulse due to the soft component. This analysis
reports a 64 ms peak photon flux of 3.7 0.9o( ) photons s−1

cm−2 and occurs from T 0.0 s0
GBM + to T 0.064 s0

GBM + . The

4
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Lesson 3

Wide spectral band
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Requirements

Order of magnitude higher sensitivity
(Large area, lower noise, background rejection)

Wide spectral band
(1 keV to >1 MeV)

Continuous all-sky coverage
(Two satellites)
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Introducing Daksha

On a le r t  f o r  h igh  ene rgy  t r ans ien ts

Varun Bhalerao | IIT BombayDaksha: Finding High Energy Emissions from GW sources 40



Daksha
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Low Energy: SDDs 
1-25 keV

Medium Energy: CZT
20-200 keV

High Energy: Scintillator
100-1000 keV

Two satellites



Advantage Daksha
• Effective area (2 satellites): 1700 cm2

» Fermi: ~100 cm2 individual, ~300 cm2 total

• Sky coverage: 
» 71% individual, ~100% two satellites
» BAT: ~11%

• Energy range: 1 keV to > 1 MeV
» BAT 15 – 150 keV, Fermi GBM > 8 keV
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Daksha results – 1
• Detect dozens of BNS mergers per year
» Also ~1000 on-axis GRBs per year

• Localisation: 
» ~10 degrees on board 
» ~5 degrees ground processing

• Broadband prompt spectra
» Only mission to give prompt soft spectra

• Hard X-ray polarimetry
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Daksha results – 2 
• Provide time and direction of burst
» Lower FAR for GW searches
» Lower detection statistic!

• Increase LIGO detections by 2x – 3x !

Huge discovery space
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Other Future Missions



Small satellites and survey missions
• BurstCube (NASA GSFC ++ )
» 1/20 collecting area (52 cm2)
» CsI: 10 keV – 1 MeV
» Launch: 2022/23 

• HERMES (Italy)
» 1/20 collecting area (50 cm2)
» CsI / LaBr3: 3 keV – 50 MeV
» Unfunded

• Few lobster-eye concepts (ISS-TAO, China, 
Theseus)
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通讯舱

姿控舱

推进舱

综合电子舱

载荷电子学舱

载荷探测器

GECAM 
Gravitational wave high-energy Electromagnetic Counterpart All-sky Monitor 

z Characteristics 
– FOV：            100% all-sky   

– Sensitivity：       ~2E-8 erg/cm2/s     

– Localization：    ~1 deg (1-σ stat., 1E-5 erg/cm2) 

– Energy band：   6 keV – 5 MeV  

z Planned to launch by the end of 2020 
– since LIGO will reach the design sensitivity around 2020 to 2021 

Detectors 

Payload 
electronics 

Spacecraft 

Spacecraft 
electronics 

Attitude 
control 

Telemetry 

GECAM-A GECAM-B 

GECAM satellite 
(~140 kg for each) 

Dome 550-600 km, 29° 

Slide from Shaolin XIONG, Institute of High Energy Physics (IHEP), Chinese Academy of Sciences (CAS) 



GAMERA Mission Concept – Instrument

GAMERA/Pyramid truncated pyramid CsI array (base 60x50 cm, height 40 cm). 
Dimensions fill ESPA volume and mass limit and are compatible with a standard 

SmallSat bus. Total instrument masses are ~70 kg.

GAMERA/Turtle ellipsoidal dome array spanning the longer ~90x60 cm dimensions of 
the ESPA volume. More efficiently exposes detector area to the sky, but requires a 

modified spacecraft bus layout.

• Scintillator modules read out with an array of SiPMs

digitized by a multichannel analyzer.

• Time-tagged pulse-height data are collected, 

processed, and stored by a single-board computer 

that interfaces with the spacecraft bus.
• GPS provides absolute time with !s accuracy.

GAMERA concepts on BCP-100 (Pyramid) / 
custom (Turtle) spacecraft.

Slide from Eric Grove

High Energy Space Environment Branch 
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Building Daksha
• Lead institute: IIT Bombay
• Jointly with PRL, TIFR, IUCAA, RRI, ISRO

• Currently active sub-teams:
» Science
» Detectors and electronics
» Design and fabrication

• Current status: Seed funding has been provided 
to demonstrate a proof-of-concept!
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Daksha

On a le r t  f o r  h igh  ene rgy  t r ans ien ts
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