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What is a Gamma-Ray Burst?

Brief, sudden, intense flash of gamma-ray radiation
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Before and after Fermi LAT views of GRB 130427A, centered on the north galactic pole




What is a Gamma-Ray Burst?

Brief, sudden, intense flash of gamma-ray radiation

TriggerNum=554620, 2013-04-27 07:47:57 UT, 15-350keV
(Note Variable Time Sampling)

GRB 130427A

RELTIME s

Duration: from few ms to hundreds of s
Frequency: 10 keV - 1 MeV

Fluence: 107 - 103 erg cm2

Flux: 108 - 104 erg cm™? s7!




GRBs are cosmological and occur in galaxies

2512 BATSE Gamma-Ray Bursts
980703 990705

T ] i
000926 020903 e yra—e 1ot
Fluence, 50-300 keV (ergs cm™)

Fluence: 10 erg cm2
Distance: <z>=2.1 ~ 1028 cm

Gamma-Ray Burst Host Galaxies
Hubble Space Telescope
NASA, ESA, A. Fruchter (STScl), and the GOSH Collaboration STScl-PRC06-20 Ener'gy : ~ 1 053 erlg

Like the energy emitted by
our Galaxy in 10 years




Two flavors of GRBs

GRBs are short flashes of gamma rays
Var.T.Sam: 10%1.64+2040.324+75+0.1284 55+0.2564 16+1.024+ 1644096
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Another angle

Hardness ratio: HR = countrate(hard)

countrate(soft)
100.05—
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Progenitors

Short/hard GRBs

« in all type of galaxies (or no host galaxy at all)
* older stellar population

* no associated SN

* merger progenitor model (and/or magnetars?)
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Long/soft GRBs

*in star-forming galaxies

* younger stellar population

* many with associated SN

» collapsar progenitor model (magnetar engine?)




The standard model

COMPACT OBJECT MERGER SCENARIO ShOCk

1 Neutron stars
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THE FORMATION of a gammma-ray burst begins either with the
merger of two neutron stars or with the collapse of a massive star.
Both these events create a black hole with a disk of material

around it. The hole-disk, in turn, pumps out a fireball at close to the
HYPERNOVA/COLLAPSAR SCENARIO speed of light. Shock waves within this material give off radiation.




The standard model
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The standard model

COMPACT OBJECT MERGER SCENARIO ShOCk
Neutron stars ~ acce|er‘ati0n
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Swift Mission
* Burst Alert Telescope (BAT)
- 15-150 keV [2004]
- FOV: 2 steradiants
- Centroid accuracy: 1’ -4’

Gehrels et al. 2004

» X-Ray Telescope (XRT)
- 0.2-10.0 keV BAT
- FOV:23.6'x23.6°
— Centroid accuracy: 5”

* UV/Optical Telescope (UVOT) | e =
- 30 cm telescope .

- Bfilters (170 nm - 600 nm) R
- FOV:17'x 17’ / { ;
- 24% mag sensitivity (1000 sec]) 5 !\

— Centroid accuracy: 0.5"

XRT
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Spacecraft

BAT Burst Image Image

UVOT Image

T<10s: 0<4’ T<100s; 0 < 5” 7<300 s; 6 < 0.5”



ENERGY FLUX (ergs” ecm™)

8-10 hrs

Time since trigger (s)



ENERGY FLUX (ergs” ecm™)

Time since trigger (s)
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Swift afterglow light curves
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Long GRB & Supernovae



Long GRB & Supernovae



Long GRB & Supernovae
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Galama et al. 1998 Stanek et al. 2003; Hjorth et al. 2003; Della Valle et al. 2003;
Malesani et al. 2004; Soderberg et al. 2005; Pian et al. 2006; Campana et al. 2006;

Della Valle et al. 2006, Bufano et al. 2012, Melandri et al. 2012, Schulze et al. 2014,

Melnadri et al. 2014 and others...
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Short vs. long GRBs: the prompt emission

W s GRB spectra can be described by a smoothly
% Z broken power law, characterized by a peak energy
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Amati et al. 2002; Younetoku et al. 2004; Ghirlanda et al.

2009, Zhang et al. 2012, D’Avanzo et al. in 2014



Short vs. long GRBs: the prompt emission

X . By considering the first 0.3 s only
ol LGRBs are indistinguishable from SGRBs
. E. on the Ep-Eiso plane (Calderone et al. 2014)

Photon Energy (MeV)

10* F v ' v
- “Amati relation”

| I I I T o T

' onetoku relation”

103: T at.] s ' pe
g Q ® 0. : 'g'_'ls;.' e™ |
— m%.w» o p
E 4 3 LA T Bodoaze
= 10} S gt )
2 - T H .
—
o * Long : * Long
aComplete sample ! O Complete sample 1
short _ short
l 1 | 1 1 1 | | L | L | L
10* 10 10° 10" 10 107 10" 10" 10" 10" 10® 107 10" 107
E,, [erg] L., [erg/s]

Amati et al. 2002; Younetoku et al. 2004; Ghirlanda et al. 2009, Zhang et al. 2012, D’Avanzo et al. in 2014



Short vs. long GRBs: the afterglow emission
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Short GRBs afterglows are fainter:
- less dense environment?

- less energetic?



Short vs. long GRBs: the

Rest frame X-ray luminosity
i | long . Margutti et al.
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The afterglow X-ray luminosity is a good proxy
of Eiso for both long and short GRBs
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Specific flux (erg cm=2 s=2 A-1)
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Long GRB hosts

Emission line spectra
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Short GRB hosts
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Short GRB hosts

Early-type Late-type Host-less
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The progenitors of short GRBs

Most popular model:

Coalescence (merging) of a compact object
binary system
(NS-NS : NS-BH)
While orbiting, the two objects emit
gravitational waves losing energy: MERGING

NS-NS systems are observed in our Galaxy:



The progenitors of short GRBs

Most popular model:

Coalescence (merging) of a compact object
binary system
(NS-NS : NS-BH)
While orbiting, the two objects emit
gravitational waves losing energy: MERGING

- critical parameter: merging time 1, = N
Time between the formation of the sys’rem and its coalescence . 0\
\

t, o« a® (a: system separation) ->~10 Myr <t < ~10 Gyr ¢
O

- merging can occur in old and young stellar populations (\@ \@6
N

- kick velocities: Q‘O\(\

Compact objects are the remnants of core-collapse SNe, that can give a “kick"

The system can escape from the H6-> OFFSET! (1+100 kpc)/low density CBM

(Belczynski & Kalogera 2001; Perna & Belczynski 2002; Belczynski et al. 2006)



The progenitors of short GRBs

Most popular model:

Coalescence (merging) of a compact object
binary system
(NS-NS : NS-BH)
While orbiting, the two objects emit
gravitational waves losing energy: MERGING

Another possibility: dynamical formation of a double BgS
compact object system (e.g. in globular clusters) @b
(6rindlay et al. 2006; Salvaterra et al. 2008) K0(®
= . (,0 '\@
&
© oF
<3

o% OFFSET/low density CBM



Short GRBs: Offsets

Offset from HG centre
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Short GRBs: Offsets

Offset normalized to HG eff. radius
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(Salvaterra et al. 2008).

10

Short GRB redshift distribution

However:
<z>~0.72

If considering Swift
SGRBs (only) with
Tgp<2s

Rowlinson et al. 2013

and:
<z>~(0.85

for a complete (flux-
limited) sample of
bright SGRBs
(D’Avanzo et al. 2014)

—

Hinting for a “primordial binary” progenitor, expected to
have a z distribution peaking at z = 0.8.




Redshift distribution

Rate of bursts with peak flux P, <P <P,

> i 0000000000 _____ dt)-!
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L
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Formation rate (# of bursts per unit time
and unit comoving volume at redshift z)
proportional to massive star binary
formation rate and the delay time (interval
between binary formation and merging)
distribution function:

fr (t) ox t"

We compute the observed distribution of
SGRBs for n = -1.5, -1, -0.5, delay times
ranging from 20 Myr to ~10 Gyr
(Behroozi, Ramirez-Ruiz & Fryer 2014)
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D’Avanzo et al. 2014 redshift

Model with n=-1.5 favored in accounting
for the observed z distribution of the
SGRBs of our sample. Consistent with
fast merging primordial binaries
progenitors



Intrinsic X-ray absorbing column density of SGRBs

10 - .

_ { SGRBs {

I

N, distribution of our complete sample N, distribution of the BAT6 sample of
of short GRB (0.12 < z < 1.30) bright long GRB presented in Campana et
al. (2013), reduced toz < 1.3

K-S test -> P=34%
in agreement with Kopac et al. (2012); Margultti et al. (2013)



Intrinsic X-ray absorbing column density of SGRBs

10 -

Fast merging “primordial” binaries are expected to merge near their star-
forming birthplace (the environment for long and short GRBs may be similar in
this case). However, the intrinsic X-ray N, might be a good proxy of the GRB
host galaxy global properties but not for the specific properties of the circum-
burst medium.



Intrinsic X-ray absorbing column density of SGRBs

10 -

25% of the events of the sample have either a deep upper limit on the intrinsic
Ny, or are “hostless” SGRBs. This can hint for bursts occurred in low-density
environments, originated by progenitors kicked out from their HG (e.qg.
primordial binaries with long coalescing times) or sited in outlying globular
clusters (e.g. binaries formed via dynamically capture)




A Kilonova associated to GRB 130603B?
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Tanvir et al. 2013, Berger et al. 2013
(but see also Jin et al. 2014)

Photometric evidence (“red excess”, HST data) of a possible KN associated to
GRB 060614 has been also recently reported by Yang et al. (arXiv:1503.07761)



A Kilonova associated to GRB 060614 & GRB
050709?
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Jets in SGRBs

ultra-relativistic Jet=ISM Shock (Afterglow) /q
Optical (hours—day )
outflow, I' > 100

RJ{V\}. ears)

Ejecta-ISM Shock

(5/ Radio (years)

interaction region .
jet-wind, T ~ few (?) nG{ .

D)

neutrino-driven winds
(v)=0.1c

/" Merger Ejecta
" Tidal Tail & Disk Wind |

E /U] -

e = dynamic ejecta h 1’\
(V)= 0.1c /< /‘L,\

Rosswog 2012 Metzger & Berger 2012




Flux (0.3-10 keV, erg cm™ s7!)
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Evidences for jet break in SGRB light curves

GRB 051221a %
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Soderberg et al. (2005)
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Short GRB Opening Angles
GRB  Band* 9, otl., Reference
(deg)  (days)

050709 0 2 15° 16.2 1
050724A X 2> 25° 220 2
051221A X 6-7° 26.6 3
090426A @) 5-7° 2.7 4
101219A X 2 4° 39 5, This work
111020A X 3-8° 10.2 6
111117A X 23-10° 30 7,8
120804A X 213° 459 9, This work
130603B OR 4-8° 6.5 10
140903A X 2 6° 30 11, This work
140930B X > 9° 23.1 This work

Fong et al. 2015
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|&d Selected for a Viewpoint in Physics P
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

£

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 10~2!. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1¢. The source lies at a luminosity distance of 410*]$ Mpc corresponding to a redshift z = 0.097];.
In the source frame, the initial black hole masses are 36*; M, and 2977 M ,, and the final black hole mass is
62 M, with 3.01‘8"55 M, ¢? radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102

Abbott et al. 2016a
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Primary black hole

Secondary black hole mass 291IM
Final black hole mass 62iM,,
Final black hole spin 0.67700
Luminosity distance 41075 Mpc
Source redshift z 0.097 00

Abbott et al. 2016a
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Table 2. Summary of Tiled Observations

Arca Contained probability (%)

Instrument Band’ Depth” Time* (deg’) ¢WB LIB BSTR. LALInf. GON
Gamma-ray
Fermi LAT 20 MeV-300 GeV 1.7 x 10-7 {every 3 hr) — | wo 0 100 100 | 18709
Fermi GBM BkeV40MeV  0.7-5 x 1077 (0.1-1McV)  (archival) — | w0 100 100 100 | 18339
INTEGRAL 75keV-1 MeV 1L.3x 107 (archival) — | w0 100 100 100 | 18354
IPN 15 keV-10MeV 1x10°° (archival) — | w0 100 100 100 | —
X-ray
MAXUGSC 2-20keV 1x10°° (archival) | 17900 [ 95 89 92 84 | 19013
Swift XRT 0.3-10keV 5 x 10 "% (gal) 23.1,1 06| 003 018 004 0.05 | 18331
24 x 107 (LMC) 34, 1,1 41| 12 19 016 0.26 | 18346
Optical
DECam i,z i< 225, 2< 215 39,522 00| 38 14 14 11 | 18344, 18350
iPTF R R<204 3.1.3,1 140 | 31 29 0.0 0.2 | 18337
KWFC i i< 18.8 34.1,1 24| 00 12 0.0 0.1 | 18361
MASTER C < 19.9 -1.1,7.7 590 | s6 35 55 49 | 18333, 18390, 18903, 19021
Pan-STARRS! i i< 19.2 - 20.8 3.2,21,42 430 | 28 29 2.0 4.2 | 18335, 18343, 18362, 18394
La Silla-QUEST q.r r<?2l 3.8,5,0.1 80| 23 16 6.2 5.7 | 18347
SkyMapper i,v i<19.1,v <171 24,2,3 30| 91 79 1.5 1.9 | 18349
Swift UVOT u u < 19.8 (gal.) 23.1,1 il 07 10 0.1 0.1 | 18331
u © < 18.8 (LMC) 34.1,1 18346
TAROT C R <18 28,5, 14 30 15 35 1.6 1.9 | 18332, 18348
TOROS C r<?l 2.5,7.90 06| 003 00 0.0 0.0 | 18338
VST - r< 224 2.9, 6, 50 90| 29 10 14 10 | 18336, 18397
Near Infrared
VISTA Y.J,Ks J <207 48,17 | 70| 15 64 10 8.0 | 18353
Radio
ASKAP 863.5 MHz 5-15mly 75.2,6 270 | 82 28 44 27 | 18363, 18655
LOFAR 145 MHz 12.5mly 6.8,3,90 00| 27 1.3 0.0 0.1 | 18364, 18424, 18690
MWA 118 MHz 200 mJy 35.2,8 2800 | 97 72 86 86 | 18345

®Band: photon energy, optical or near-infrared filter (or C for clear, unfiltered light), wavelength range, or central frequency

qunh: gamma/X-ray limiting flux in ergem ™ ?s™'; 50 optical/IR limiting magnitude (AB): and 5o radio limiting spectral flux density in
mly. The reported values correspond to the faintest flux/magnitude of detectable sources in the images.

€ Elapsed time in days between start of observations and the time of GW 150914 (2015 September 14 09:50:45), number of repeated observations

Ab bott et al . 20 1 6 boﬂhc same arca. total observation period in davs
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What if the GW source is a BH-BH binary???

Fermi GBM Observations of LIGO Gravitational Wave event GW150914

V. Connaughton*!, E. Burns?, A. Goldstein™®, M. S. Briggs®, B.-B. Zhang® C. M. Hui®,
P. Jenke®, J. Racusin®, C. A. Wl]son-Hodge‘, P.N. Bhat®, E. Bissaldi’, W. Cleveland!,

G. Fitzpatrick®, M. M. Giles®, M. H. Gibby®, J. Greiner?, A. von Kienlin?, R. M. Kippen!?
S. McBreen!!, B. Mailyan®, C. A. Meegan®, W. S. Paciesas!, R. D. Preece?, O. Roberts!?,

L. Sparke'?, M. Stanbro?, K. Toelge”, P. Veres®, H.-F. Yu%!3

and other authors

ABSTRACT

With an instantaneous view of 70% of the sky, the Fermi Gamma-ray Burst Monitor
(GBM) is an excellent partner in the search for electromagnetic counterparts to gravi-
tational wave (GW) events. GBM observations at the time of the Laser Interferometer
Gravitational-wave Observatory (LIGO) event GW150914 reveal the presence of a weak
transient source above 50 keV, 0.4 s after the GW event was detected, with a false alarm
probability of 0.0022. This weak transient lasting 1 s does not appear connected with
other previously known astrophysical, solar, terrestrial, or magnetospheric activity. Its
localization is ill-constrained but consistent with the direction of GW150914. The du-
ration and spectrum of the transient event suggest it is a weak short Gamma-Ray Burst
arriving at a large angle to the direction in which Fermi was pointing, where the GBM

INTEGRAL UPPER LIMITS ON GAMMA-RAY EMISSION ASSOCIATED WITH THE GRAVITATIONAL
WAVE EVENT GW150914

V. SAVCHENKO' C FERRIGNO?, S. MEREGHETTI®, L. NataLuccr®, A. Bazzano®, E. Bozzo®, S. BRANDT?,
T. J.-L. Courvoisier?, R. DienL®, L. HANLONT, A. VON KIL\LIN E. KUULKERS®, P. LAURENT®'®, F. LEBRUNY,
J. P. ROQL'E.S”, P. UBerriNt?, G. WEIDENSPOINTNER® 12
[Francois Arago Centre, APC, Université Paris Diderot, CNRS/IN2P3, CEA /Irfu, Observatoire de Paris,
Sorbonne Paris Cité, 10 rue Alice Domon et Léonie Duquct 75205 Paris Cedex 13, France
2ISDC, Department of astronomy University of Geneva, chemin d’ Ecogxa, 16 CH-1290 Versoix, Switzerland
3INAF, IASF-Milano, via E.Bassini 15, 1-20133 Milano, Italy
II\ AF-Institute for Space Astrophysics and Planetology, Via Fosso del Cavaliere 100 00133-Rome, Italy
SDTU Space - I\m.lonal Space Institute Elektrovej - Building 327 DK-2800 Kongcns Lyngby Dcnmnrk
SMax-Planck-Institut fiir Extraterrestrische Physik, Garching, Germany
TSpace Science Group, School of Physics, University College Dublm Belfield, Dublin 4, Ireland
8European Space Astronomy Centre (ESA/ESAC), Science Operations Department 28691, Villanueva de la Cafada, Madrid, Spain
9APC, AstroParticule et Cosmologie, Université Paris Diderot, CNRS/IN2P3, CEA/Irfu, Observatoire de Paris,
Sorbonne Paris Cité, 10 rue Alice Domont et Léonie Duquet, 75205 Paris Cedex 13, France.
10DSM/Irfu/Service d'Astrophysique, Bat. 709 Orme des Merisiers CEA Saclay, 91191 Gif-sur-Yvette Cedex, France
“Um\crs'té Toulouse; UPS-OMP; CNRS; IRAP; 9 Av. Roche, BP 44346, F-31028 Toulouse, France
Europezm XFEL GmbH Albert Einstein-Ring 19, 22761, Hamburg Germany

Druaft version March 8, 2016

ABSTRACT

Using observations of the INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL), we
put upper limits on the gamma-ray and hard X-ray prompt emission associated with the gravitational
wave event GW150914, discovered by the LIGO/Virgo collaboration. The omni-directional view of
the INTEGRAL/SPI-ACS has allowed us to constrain the fraction of energy emitted in the hard
X-ray electromagnetic component for the full high-probability sky region of LIGO trlg%‘cr Our upper
limits on the hard X-ray fluence at the time of the event range from F, = 2 x 10™° erg cm™“ to
F, = 107% erg cm ™2 in the 75 keV - 2 MeV energy range for typlcal spectral models. Our results
constrain the ratio of the energy promptly released in gamma-rays in the direction of the observer
to the gravitational wave energy E,/Ecw < 1075, We discuss the implication of gamma-ray limits
on the characteristics of the gravitational wave source, based on the available predictions for prompt
electromagnetic emission.
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What if the GW source is a BH-BH binary???

SHORT GAMMA-RAY BURSTS FROM THE MERGER OF TWO BLACK HOLES

ROSALBA PERNA', DAVIDE LAZZATI?, BRUNO GIACOMAZZO™*
! Department of Physics and Astronomy, Stony Brook University, Stony Brook, N, 11794, USA
2 Department of Physics, Oregon State University, 301 Weniger Hall, Corvallis, OR 97331, USA
3 Physics Department, University of Trento, via Sommarive 14, I-38123 Trento, Italy and
4 INFN-TIFPA, Trento Institute for Fundamental Physics and Applications, via Sommarive 14, I-38123 Trento, Italy
Draft version February 17, 2016

ABSTRACT

Short Gamma-Ray Bursts (GRBs) are explosions of cosmic origins believed to be associated with the merger
of two compact objects, either two neutron stars, or a neutron star and a black hole. The presence of at least
one neutron star has long been thought to be an essential element of the model: its tidal disruption provides
the needed baryonic material whose rapid accretion onto the post-merger black hole powers the burst. The
recent tentative detection by the Fermi satellite of a short GRB in association with the gravitational wave signal
GW150914 produced by the merger of two black holes has shaken this standard paradigm. Here we show
that the evolution of two high-mass, low-metallicity stars with main sequence rotational speeds a few tens of
percent of the critical speed eventually undergoing a weak supernova explosion can produce a short gamma-ray
burst. The outer layers of the envelope of the last exploding star remain bound and circularize at large radii.
With time, the disk cools and becomes neutral, suppressing the magneto-rotational instability, and hence the
viscosity. The disk remains ’long-lived dead’ until tidal torques and shocks during the pre-merger phase heat it
up and re-ignite accretion, rapidly consuming the disk and powering the short gamma-ray burst.

Subject headings: gamma rays: bursts — accretion, accretion disks — gravitational waves — stars: black holes

POSSIBLE SHORT GAMMA-RAY BURSTS ASSOCIATED WITH BLACK HOLE - BLACK HOLE MERGERS

BING ZHANG
Department of Physics and Astronomy, University of Nevada Las Vegas, NV 89154, USA

ABSTRACT

The discovery of GW 150914 suggests that double black hole (BH-BH) mergers are common in the
universe. If at least one of the two merging black holes carries a small amount of charge, the inspiral
of the BH-BH system would drive a magnetic dipole normal to the orbital plane. A magnetosphere
would be developed, and the system would behave like a giant pulsar with increasing wind power. If
the BH charge can be as large as a factor of § ~ 107 *° of the critical charge Q. of the BH, a detectable
short-duration GRB would be generated right before the final coalescence. The GRB is supposed to
have a short duration, nearly isotropic emission, and a delay with respect to the gravitational wave
chirp signal. The putative short GRB coincident with GW 150914 detected with Fermi GBM can be
interpreted with this model. The detections or non-detections of such GRBs associated with future
BH-BH merger gravitational wave sources would lead to constraints on the charges carried by isolate
black holes.

ELECTROMAGNETIC COUNTERPARTS TO BLACK HOLE MERGERS DETECTED BY LIGO

ABRAHAM LOEB!
Draft version February 16, 2016

ABSTRACT

Mergers of stellar-mass black holes (BHs), such as GW150914 observed by LIGO, are not expected to
have electromagnetic counterparts. However, the Fermi GBM detector identified of a «y-ray transient
0.4 s after the gravitational wave (GW) signal GW150914 with consistent sky localization. I show
that the two signals might be related if the BH binary detected by LIGO originated from two clumps
in a dumbbell configuration that formed when the core of a rapidly rotating massive star collapsed.
In that case, the BH binary merger was followed by a 7-ray burst (GRB) from a jet that originated
in the accretion flow around the remnant BH. A future detection of a GRB afterglow could be used
to determine the redshift and precise localization of the source. A population of standard GW sirens

with GRB redshifts would provide a new approach for precise measurements of cosmological distances a n d m O re

as a function of redshift.

Modeling the Afterglow of GW150914-GBM

Brian J. Morsony!*, Jared C. Workman?, Dominic M. Ryan3

! Department of Astronomy, University of Maryland, 1113 Physical Sciences Complez, College Park, MD, 20742-2421, USA

2Dept. of Physical and Environmental Sciences, Colorado Mesa University, Grand Junction, CO, 81501, USA
3 Dept. pf Astronomy, University of California, Berkeley, 501 Campdell Hall #3411, Berkeley, CA, 94720-4311, USA

18 February 2016

ABSTRACT

‘We model the afterglow of the Fermi GBM event associated with LIGO detection
GW150914, under the assumption that the gamma-ray are produced by a short GRB-
like relativistic outflow. We model GW150914-GBM as both a weak, on-axis short
GRB and normal short GRB seen far off axis. Given the large uncertainty in the
position of GW150914, we determine that the best chance of finding the afterglow is
with the MWA, with the flux from an off-axis short GRB reaching 0.1 - 10 mJy at
150 MHz by 1 - 12 months after the initial event. At low frequencies, the source would
evolve from a hard to soft spectrum over several months. The radio afterglow would
be detectable for several months to years after it peaks, meaning the afterglow may
still be detectable and increasing in brightness NOW. With a localization from the
MWA, the afterglow would be detectable at higher radio frequencies with the ATCA

and in X-rays Chandra or XMM.

Electromagnetic Afterglows Associated with Gamma-Ray
Emission Coincident with Binary Black Hole Merger Event
GW150914

Ryo Yamazaki', Katsuaki Asano?, Yutaka Ohira!

! Department of Physics and Mathematics, Aoyama Gakuin University, 5-10-1 Fuchinobe,

Sagamihara 252-5258, Japan
2 Institute for Cosmic Ray Research, The University of Tokyo, 5-1-5 Kashiwanoha,
Kashiwa, Chiba 277-8582, Japan

ABSTRACT

Fermi Gamma-ray Burst Monitor detected gamma-ray emission 0.4 sec after
a binary black-hole merger event, GW150914. We show that the gamma-ray
emission is caused by a relativistic outflow with Lorentz factor larger than 10.
Subsequently debris outflow pushes ambient gas to form a shock, which is re-
sponsible for the afterglow synchrotron emission. We find that the fluxes of radio
and optical afterglows increase from about 107 sec to at least ~ 10 yr after the
burst trigger. Further follow-up observations in the radio and optical/infrared
bands are encouraged. Detection of afterglows will localize the sky position of the
gravitational-wave and the gamma-ray emissions and it will support the physical
association between them.
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What if the GW source is a BH-BH binary???

Pan-STARRS and PESSTO search for the optical
counterpart to the LIGO gravitational wave source

GW150914
ABSTRACT Smartt et al. 2016

We have searched for an optical counterpart to the first gravitational wave source
discovered by the LIGO experiment, GW150914, using a combination of the Pan-
STARRS]1 wide-field telescope and the PESSTO spectroscopic follow-up programme.
We we mapped out 442 square degrees of the northern sky region of the initial map.
We discovered 56 astrophysical transients over a period of 41 days from the discovery
of the source. Of these, 19 were spectroscopically classified and a further 13 have host
galaxy redshifts. All transients appear to be fairly normal supernovae and AGN vari-
ability and none is obviously linked with GW150914. We find one high energy type
II supernova with an estimated explosion date consistent with that of GW150914,
but no causal link can be inferred. We quantify the upper limits by defining param-
eterised lightcurves with timescales of 4, 20 and 40 days and use the sensitivity A DARK ENERGY CAMERA SEARCH FOR AN OPTICAL COUNTERPART TO THE FIRST ADVANCED

. . e . LIGO GRAVITATIONAL WAVE EVENT GW150914
the Pan-STARRSI images to set limits on the luminosities of possible sources. 1
M. SoAres-SanTos!, R. KLSSLLR‘ E. Bercer?, J. ANNis', D. Brout?, E. BUCKLEY-GEER', H. CHEN?,

Pan-STARRS1 imagcs reach hmltlng mag'nitudcs of ip; = 19.2,20.0 and 20.8 resp p.s. COV\PLR’IHV\Allh H. T. DlLllL Z. DocToRr?, A. DRLICA-WAGNER', B. FArr®, D. A. FiNLey’, B. FLALCHLR,

s : ey . 3 9 arg a : . R. J. FoLey™®, J. FRIEMAN'?, R. A GRruUeNDL™", K. HERNER', D. Horz?, H. LIN', J. I\IARRINLR ' E. NEILSEN',
tIVCly for thc three tlmeCd.le. For long timescale pdrdmctcrlscd hghtcurvcs (W A. Rest®, M. GAKO D. QDOL\IC- F. SosreirA”’, A. R. VVALKLRM W. WESTER!, B. YAJ\\Y T. M. C. Assort’

FWHM~40d) we set upper limits of M; > —17.2,7] if the distance to GW15091¢ o . AspaLLa ‘_;‘ S R';;L\*l"} R ARuSTRO, b\lcmﬁlw”;’ A Banor-Levy \IR szkf;*é;si(b&\u“
Dy, = 400 = 200 Mpc. The number of type Ia SN we find in the survey is similar J. Carae #, F. J. CASTANDER®, S. B, CENKO'"*, R. CHORNOCK®, M. CROCCE®, C. B. D’ANDREA®, L. N DA

34,35

RO

P AT y ndieat: p AS0n: . i ane CosT: J. P. 1'mcu“‘” M. R. Drout?, TI.F. BErrLEr"™, J. ESIRAD-\ A E. E\RARD
that CXPCCth from thc COSIIIC SN I‘dtC, ]ndmdtlng are ndbly Lomplth Cfﬁ(‘lcn(’y S. FAIRHURST™, E FLR\A\DLL J. Fiscuer®, W. FonG®, P. FosaLBa®, D. B. Fox®, C. L. FRYER™
recovering supernova like transients out to DL = 400 + 200 ‘\Ipc As the final LI J. G-\RCIA-]}{LlLLIDO ,E. GALI-\N-\GA" D. W. Gerpes® D. A. GOLUSlhl\“ ) GKLL\ G. GUTIERREZ', N

. N. KLROPAIKI\ K. KLhuN‘ , O. LAt
i85t , T. I\IAIHLSON" R. G.
. C. 22 B. NORD!, R. OGANUO
LA ROOUMA\ ,E. 8. "Rykorp?' !

5 E. SHELDON", M. Smrre®, N. Smrtu™,
"TARLE®, J. TuALER®, R. C. THOMAS™,
0,21 ] ‘N’LLLER” 55,63

. . T . + K. HONSCHEID D. J. James™, 1. KARLI\L}{ D. Kase
sky maps changed during analysis, the total probability of the source being spatia 71 g 1, . Lm},\“ 5 M. A. G. N I
coincident with our fields was finally only 4.2 per cent. We discuss our results B] BL(}&&GLX ACPEAX’S%,&“ 1 M K e ot
demonstration of the survey capability of Pan-STARRS and spectroscopic capabil V. Scareine’, R. ScuivoLer?’, M. ScuuNeLt™, 1. SEVILLA-NOARB
f PESSTO R. C. Smrru'®, A. SteBBINS', 'P. 1. SuTTOoN®, \I E. C. SWANSON™
o . D. L. Tueker', V. Vikram®, R. H. WECHSLE!

(THe DES COLLABORATION)
Draft version February 19, 2016

ABSTRACT

We report initial results of a deep search for an optical counterpart to the gravitational wave event
GW150914, the first trigger from the Advanced LIGO gravitational wave detectors. We used the Dark
Energy Camera (DECam) to image a 102 deg? area, corresponding to 38% of the initial trigger high-
probability sky region and to 11% of the revised high-probability region. We observed in i and z bands
at 4-5, 7, and 24 days after the trigger. The median 50 point-source limiting magnitudes of our search
images are ¢ = 22.5 and z = 21.8 mag. We processed the images through a difference-imaging pipeline
using templates from pre-existing Dark Energy Survey data and publicly available DECam data.
Due to missing template observations and other losses, our effective search area subtends 40 deg?,
See a ISO Eva n S et aI . 20 1 6 corresponding to 12% total probability in the initial map and 3% of the final map. In this area, we
search for objects that decline significantly between days 4-5 and day 7, and are undetectable by day
24, finding none to typical magnitude limits of i = 21.5,21.1,20.1 for object colors (i — z) = 1,0, —1,
respectively. Our search demonstrates the feasibility of a dedicated search program with DECam and

bodes well for future research in this emerging field.
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ESO PR Photo 32¢/05 (October 6, 2005)
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Kilonovae as possible GW counterparts

- r-band
— j-band .
- Z-band
26 2 N L s 3 2 ‘.\. 2
0 1 2 3 4 5 §) 7 8 9 10 11 12 13 14
Time [Days]

F1G. 1.— Top: Kilonova spectra from Barnes & Kasen (2013) at
~ 1d and ~ 1 week with ejecta properties of Mg; = 10~2 Mg and
Bej = 0.2. Bottom: Light curve for the same model parameters

computed at a fiducial distance of 200 Mpc in the DECam 7, 4
and z-band filters.

Cowperthwaite & Berger 2015



Short GRBs: some conclusions

- Properties shared with long GRBs:
- Flares
- Plateaus
- Similar scaling for prompt and afterglow emission
- Same intrinsic N, (on the same redshift bin)

- Evidences for compact binary merger progenitors:
- No SNe
- Different host galaxies (also early-type)
- Associated to old stellar population
- Hints for primordial, fast-merging, binary channel (z, offset, N,)
- No-host SGRBs (large offset? Dynamical channel?)
- Possible Kilonova in some short GRB (smoking gun?)
- Waiting for (more) GWs

- Perspectives:
- systematic search for jet-breaks (true energetics and rate)
- systematic search for associated kilonovae
- GW EM counterparts

Observational reviews: Berger 2014, ARA&A, 52, 43; D'Avanzo, 2015, JHEAp, 7, 73



