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Binary Black Hole mergers 2015-17

4 secure detections

TABLE 1. Source properties for GW170104: median values
with 90% credible intervals. We quote source-frame masses; to
convert to the detector frame, multiply by (1 + z) [50,51]. The
redshift assumes a flat cosmology with Hubble parameter H, =
67.9 kms~! Mpc~! and matter density parameter Q,, = 0.3065
[52]. More source properties are given in Table I of the
Supplemental Material [11].
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| |GO discoveries and EM

Can electromagnetic
counterparts be found ?

New opportunities for compact
remnants, high energy physics,

nucleosynthesis of r-process
elements,

velocity of the graviton vs c
standard “sirens”

Genuine excitement of
“seeing” the source and secure
the host galaxy, stellar
population

Inspiral Merger Ring-
down
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Numerical relativity
I Reconstructed (template)

- Black hole separation
=== Black hole relative velocity

O= N WD
Separation (Rs)

Abbott et al. 2016a, 2016b



GW sources -what can we
expect 7

 NS-NS mergers and BH-NS 0 me
mergers

e Predicted to be strong
emitters of EM radiation

log temperature [ MeV ]

o

« Short GRBs : working model is
ik _S'N_er r_S hgiadiln AT R, ' o ot 8

S. Rosswog }F

1.4+1.3Me neutron stars



http://compact-merger.astro.su.se/

GW and EM transients from
NS-NS or NS-BH mergers

Inspiral Dynamical Accretion Remnant

-seconds -ms 10 ms 100 ms mins-hrs  hrs-days days-week  month-yrs

Fernandez & Metzger 2015
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UBVRI K Bol NSM-all
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NSM-wind
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erg is cgs unit of energy
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1
Days after the merger

Barnes and Kasen 2013 Radiative transfer calculations,

Kasen, Badness & Barnes 2013 critical.

Kasen, Fernandez & Metzger 2015

Quantitative radiative transfer

models with different components Opacity higher by factor 100 than in
normal supernova

Must include Gato U

Tanaka & Hotokezaka 2013
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ABSTRACT

It is often assumed that gravitational wave (GW) events resulting from the merger of stellar-
mass black holes are unlikely to produce electromagnetic (EM) counterparts. We point out that the
progenitor binary has probably shed a mass 2 10 M, during its prior evolution. If a tiny fraction
of this gas is retained until the merger, the recoil and sudden mass loss of the merged black hole

shocks and heats it within hours of the GW event. Whether the resulting EM emission is detectable
uncertain. The optical depth through the disk is likely to be high enough that the prompt emission
consists only of photons from its optically thin skin, while the majority may take years to emerge.
However, if some mechanism can release more photons in a time comparable to the few-hour energy
production time, the peak luminosity of the EM signal could be detectable. For a disk retaining
only ~ 10~3 of the mass shed in the earlier binary evolution, medium-energy X-rays to infrared
emission would be observable hours after the GW event for source distances ~ 500 Mpc. Events like
this may already have been observed, but ascribed to unidentified active galactic nuclei. Improved
sky-localization should eventually allow identification based on spatial coincidence. A detection would
provide unique constraints on formation scenarios and potentially offer tests of strong-field general
relativity. Accordingly we argue that the high scientific payoff of an EM detection fully justifies search
campaigns.

Subject headings: gravitational waves — black hole physics — binaries: close — X-rays: general




Slow orbital decay: baw > tyisc
resonant torques & viscous spreading

Fast orbital decay:
decoupling of the disk

3. Merger and recoil:
sudden rearrangement of the disk

Fi1G. 1.— Cartoon depicting the evolution of a circumbinary disk.

1. Time delay and duration: Heating of the disk by
shocks occurs on a characteristic timescale of order the
dynamical time

GM Mg
tdyn ~ 'U—3 ~ 22@ hI‘S, (3)
where v3 = v/(10°kms~') and v is the greater of
the Keplerian velocity at the inner orbit and the re-
coil velocity imparted to the center of mass, ie. v =
max{vg (Rin), Vrec }. The light-travel time required to tell

3. Peak luminosity: the expected rate of dissipation of
kinetic energy is

-
L~ f _ ~ f E(Id (5)

where f is a scaling factor. We calibrate the factor
f ~ 0.1 against the numerical simulations by Rossi et al.
(2010), which assume an angle of § = 15° between the
recoil direction and the orbital plane

L~5 x 10% (Of_l) vy (13(13) ergs™’, (6)

g = Ma/Miotal

l.e. ratio of disk mass to total

See also Perna, Lazzati & Giacomazzo
2016




Very large sky areas

B G\151226
j 850 sq deg

GW170104
1608 sq deg

o | |GO/Virgo are all sky monitors
®* 90% enclosed probability has ~200 - 2000 deg?



The first optical counterpart
to a Gamma-ray burst
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Figure 1 The position of the optical transient, indicated with an asterisk, is shown Va r | a rac IJ S

with respect to the 3’ (radius) WFC location error circle, the 50" (radius) error

- YOSAX X-ray transient, and the two annuli obtained from the
petween the tmes the GRB was detected with Ulysses, and with ( > a E a l A r< > y

BeppoSAX and Wind, respectively. The area in common between these error

regions in hatched. The coordinates are given in units of arcmin with res t0
31t e optic ent(RAOShO1 min46.6 : 9 )




Optical or NIR critical for
redshift

First redshift,
= SRS

1} Metzger et al. :;,,wwmwvw"’”*’W‘WWM
1997, Nature o oo

Redshift of the first
GRB with optical

il GRB9/70508 counterpart
WJ”“WWW From the GRB Bloom et al. 2001
Bl after-glow

N - ission itself



Very large sky areas

B G\151226
j 850 sq deg

GW170104
1608 sq deg

o | |GO/Virgo are all sky monitors
®* 90% enclosed probability has ~200 - 2000 deg?



Our most sensitive
telescopes

Size of Hubble eXtreme Deep Field on the Sky

hyvoi

0.07 sq el
deg =

s
—
—
.
-

- »
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Digitized Sky Survey (ground-based image) for comparison
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The basics of telescope optics and dimensions

D = diameter of primary mirror
F = focal length
— f=F/D = focal ratio

Plate Scale = % arcsec mm-

Focal length = 2F , but plate scale is half
Therefore 4 times more pixels !




ASASSN = All Aky Automated
Survey for supernova

 Each telescope has tour 14cm
lenses on common mount

ol/[28

Cameras have 2k x 2k CCD
detectors

» 15 micron pixels

o o a el G ( { ¥ "¢ '
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T | SV YIRS Vil o L s T LW S 1Y (LS

THE OHIO STATE
UNIVERSITY




Pan-STARRS : Panoramic survey
telescope and rapid response system

Y -

 One 1.8m telescope (2nd one being
commissioned)

R B e AT e e A
e /4.4

« The “Gigapixel camera” has 60 -
4.8k x 4.8k CCD detectors

e 10 micron pixels

 What is the plate scale, or pixel
scale ?

e What is the total FOV ?




Jptical Desgin:
Ritchey-Chretien with 3 element Wide Field Corrector




The Pan-STARRS Sk

31 survey In grizy

Low dec band in j

85% of the sky observed as a reference
with over 100 epochs.

First public data release from Space Telescope Science Institute (MAST archive system and tools)
December 2016




Subaru 8.2m telescope

Daniel Birchall, NAOJ

8.2m telescope, National Astronomical
Observatory of Japan (on Mauna Kea)

[D=u8i2maiE=alibm

f/1.9 (at Prime Focus, with corrector
lens)

The “HSC camera” has 100 2k x 4k
CCD detectors

15 micron pixels

What is the plate scale, or pixel
scale ?

What is the total FOV 7

4 Canspgran F

sabarutelescope.org



http://sabarutelescope.org

Sensitivity
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Ftendue and survey power

Survey power :

fele=c/20)
1_-.III.III where

S p O A = aperture area (m?

>
&
‘_‘,6-

>
Figure 4. Etenduc of current and planned survey telescopes and cameras.  Some are dedicated 100% 10 ﬂ — F v
surveys ("Survey™). Others could have higher effective &endue if used 1009 in survey mode or if dupbcated s

("Max™). Above an écnduc of 200-300 m'deg” it becomes possible 10 undertake & single comprehensive
multi-band survey of the eatire visible sky scrving most of the science opportumitics, rather than muliple
spocaal surveys in serics.
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transistors / CPU
Photographic survey

Tyson, 2010, arXiv:1009.2263
Totals are all facilities
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Figure 1 Data trends in optical susveys of the sky,  While photographse surveys coverad lange arca, the data were not as
usable as digital data and did not go as faint.  [nformatson comtent (= galaxics surveyed per umil tmne 10 & given SN
ratio) in CCD digital surveys roughly follows Moore's law.  Processing capability has kept up with pixel count. The
most recemt survey will scan the sky 100 times faster than the 2000 cra survey. These next gencration wide-fast-decp
surveys will open the tame window on the umivense




Re-cap of Part |

® |IGO produces large skymaps of order 200-2000 sq
degrees

® Challenging to map these areas

® Optical is critical to identify an electromagnetic
counterpart and its galaxy and redshift and distance
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END OF PART 1




OBSERVATIONS OF THE GRB AFTERGLOW ATLAS17AEU AND ITS POSSIBLE ASSOCIATION WITH GW170104

B. STALDER,' J. TONRY,' S.J. SMARTT,> M. COUGHLIN," K. C. CHAMBERS,' C. W. STUBBS,” T.-W. CHEN," E. KANKARE,*
K. W. SMITH,? L. DENNEAU,' A. SHERSTYUK,' A. HEINZE,' H. WEILAND,! A. REST,” D. R. YOUNG,? M. E. HUBER,'
H. FLEWELLING,' T. LOWE," E. A. MAGNIER," A. S. B. SCHULTZ,' C. WATERS,' R. WAINSCOAT,' M. WILLMAN,' D. E. WRIGHT,®
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Vnstitute for Astronomy, University of Hawaii, 2680 Woodlawn Drive, Honolulu, HI 96822

2Astrophysics Research Centre, School of Mathematics and Physics, Queens University Belfast, Belfast BI7 INN, UK
3 Department of Physics, Harvard University, Cambridge, MA 02138, USA

* Max-Planck-Institut fiir Extraterrestrische Physik, Giessenbachstrafe 1, 85748, Garching, Germany

3Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA

OSchool of Physics and Astronomy, University of Minnesota, 116 Church Street SE, Minneapolis, MN 55455-0149

ABSTRACT

We report the discovery and multi-wavelength data analysis of the peculiar optical transient, ATLAS17aeu. This transient
was identified in the skymap of the LIGO gravitational wave event GW170104 by our ATLAS and Pan-STARRS coverage.
ATLAS17aeu was discovered 23.1hrs after GW170104 and rapidly faded over the next 3 nights, with a spectrum revealing a
blue featureless continuum. The transient was also detected as a fading x-ray source by Swift and in the radio at 6 and 15 GHz.
A gamma ray burst GRB170105 was detected by 3 satellites 19.04 hrs after GW170104 and 4.10 hrs before our first optical
detection. We analyse the multi-wavelength fluxes in the context of the known GRB population and discuss the observed sky
rates of GRBs and their afterglows. We find it statistically likely that ATLAS17aeu is an afterglow associated with GRB170105,
with a chance coincidence ruled out at the 99% confidence or 2.60. A long, soft GRB within a redshift range of 1 <z < 2.9
would be consistent with all the observed multi-wavelength data. The Poisson probability of a chance occurrence of GW170104
and ATLAS17aeu is p =0.04. This is the probability of a chance coincidence in 2D sky location and in time. These observations
indicate that ATLAS17aeu is plausibly a normal GRB afterglow at significantly higher redshift than the distance constraint for
GW170104 and therefore a chance coincidence. However if a redshift of the faint host were to place it within the GW170104
distance range, then physical association with GW170104 should be considered.

Keywords: gravitational waves, stars: black holes, gamma-ray burst: general, gamma-ray burst: individual:
GRB170105




. o
e , , , ATLAS coverage : 42 %
tem distributed the alert of a candidate gravitational wave I * o
(GW) transient, designated as event G268556 at 2017-01- Pan STARRS 2 43 /O
04 10:11:58.599 UTC or MJID = 57757.42498378. It was
later given the name GW170104 after the offline analysis

provided very strong confirmation of its astrophysical ori-
gin (as presented in Abbott et al. 2017). The 90% prob-
ability area of the associated GW skymap is 2000 square
degrees or 5% of the sky. Throughout this paper we use




The Pan-STARRS Sk

31 survey In grizy

Low dec band in j

85% of the sky observed as a reference
with over 100 epochs.

First public data release from Space Telescope Science Institute (MAST archive system and tools)
December 2016




Pan-STARRS Cyber-Infrastructure

* Hawali : Image Processing
Pipeline

« PSPS : hierarchical database.
All sky catalogues

e High i/o rate, large cpu
requirement. Large local
storage required - large

computer science project

Sl i 1100 S, gt Kol
> - - L

Hawaii IPP =Mark Huber

o e i

8000 cores ¥ Al
8PB storage
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GW and EM transients from
NS-NS or NS-BH mergers

Inspiral Dynamical Accretion Remnant

-seconds -ms 10 ms 100 ms mins-hrs  hrs-days days-week  month-yrs

Fernandez & Metzger 2015
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1
Days after the merger

Radiative transfer calculations,
critical.

Must include Gato U

Opacity higher by factor 100 than in
normal supernova

Tanaka & Hotokezaka 2013

TANAKA & HOTOKEZAKA

UBVRI K Bol NSM-all

Absolute magnitude

2 4 6 8 1012 14 16 18 20
Days after the merger

Barnes and Kasen 2013

Kasen, Badness & Barnes 2013
Kasen, Fernandez & Metzger 2015
Quantitative radiative transfer
models with different components



Basic calcs

Distance Modulus :

mr - Ms=5logiod - 5 + As (Where d in pc)
=5logiod + 25+ Ar  (where d in Mpc)




Values to keep in your head




Radioactive transtfer models
of NS-NS mergers

r-process
Ni (M = 10"%M_.)
ONi (M = 10"*Ms)

2
7
S
=
=
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—
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=
o
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“)3?)

Days

Figure 8. Bolometric light curves for models that include two components:
r-process material (from tidal tails) and **Ni (from a disk wind) in dot-dashed
lines. We show the fiducial model r-process light curve in a black-dashed line
and light curves for two different masses of ejected °Ni in solid lines.
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5000 15000 25000
- Pure Fe, VALD —  r-process, A.S.
——  Pure Fe, A.S. r-process, A.S. (boosted)
— r-process, VALD

Barnes and Kasen 2013
Quantitative radiative transfer
models with different components



Type la : thermonuclear

12 ~ 16 24 Va: o 40

¢ C, 30— Mg, ,Si, S, ,,Ca
56 1+

+ 3 Ni (0.7Mg,,)

Main sequence or red
giant

*Ni— *Co+e + v.+y (7, =6 days)

M, ..~1.39M, carbon- “Co—> “Fe+e’ +v,+y (1, =77.1days)
oxygen WD

- Possrio, Bl

« - Cartier et al. 17

M,+M,2 1.4M,

+ Constanmt

Image Credits : D. Hardy, GSFC/D. Berry/F. Ropke

Absolute Magnitude

v gt L) ol
Phase Relative to B Maximum [days)



What we m

Ni
r-process

ght expect

BARNES & KASEN

=== Ni 4 r-process
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Days
Figure 10. A combined °Ni and r-process spectrum at ¢ = 7 days, taking . , .
Mui = Mg = 1072 M. The peak at blue wavelengths is due to the *Ni, while FIgUEe 3. A COmparieoh of 80580t Goadband ght CRIVes Sf & JUre rProcess
the r-process material supplies the red and infrared emission. The best-fit ?63{3.5‘”‘ .(so‘ljxd lxrf\]cs)' agd ::;jrlproccs;huasls uznlsgcl;ufmng[;:: %&@;.?fmha
blackbody curves to the individual spectra are overplotted in dashed black lines Ni-powered outflow (das _ inecs). The Hiner — NI SIS T8
(Tai ~ 5700 K, Typ =~ 2400 K). The combined spectrum generally resembles a magnitudes of the b!ucr bapdb of the combined SEI? upward relative to a pure
superposition of two blackbodies at different temperatures. r-process model. This plot is for My = Mg, = 107 Mo

Barnes and Kasen 2013



What distance and volume
might we be sensitive to 7

 \What do we need to consider ?

 What distance is LIGO (+ VIRGO) sensitive
to 7

NS - NS mergers (1.4 solar masses) d < 70 Mpc
NS - BH mergers (1.4 + 5 solar masses) d < 110 Mpc

V110/V70 = (110/70)3 = 3.9




TANAKA & HOTOKEZAKA BARNES & KASEN

UBVRI K Bol NSM-all

Absolute magnitude
Magnitude

Days

Figure 9. A i f select broadband light curves f .
2 4 6 8 1 0 1 2 1 4 1 6 1 8 20 trans::nt (sol?gnllx‘:)ir:)soa!;g anscrc-proocss l::nsicm oi:::r(:ngorina g:::zc:tpwm:clﬁsz
6Ni-powered outflow (dashed lines). The bluer SED from the **Ni shifts the

Days after the me rger magnitudes of the bluer bands of the combined SED upward relative to a pure

r-process model. This plot is for My, = My, = 1072 M.

At 100Mpc - what magnitudes do we need to reach ?




10mMIn task

 How long will it take to map out a typical LIGO
sky localisation region to the depths required ?

e Assume :
1. Area = 1000 sg degrees

1
- 2. Distance of source = 100 MpC s
S Srhh ) g 5. Atm S e sl it M X e Y v e " - St i A I, . H v ' Pl BYi= LOUOO Aadd 41 > } ¢ N
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Within ~100 Mpc

LIGO O1
upper limits
Abbott et al.
2016,
NS+NS
mergers

N <52 yri

DES search

o
P e v e e y
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EXperience to date : 3




GW150914 + GW151226

290 deg? mapped out |n the - band
Started 11.5hrs after LIGO
<26 -5-%-of probablllty map covered -------------- g

first 5 days

e Two sources released in LIGO O1 to EM follow-up teams

e BH - BH mergers : EM radiation not likely to be luminous

e Smartt et al. (2016a, 2016Db) : proof of concept for follow-up, meaningful limits
for GW151226



The Pan-STARRS Sk

31 survey In grizy

Low dec band in j

85% of the sky observed as a reference
with over 100 epochs.

First public data release from Space Telescope Science Institute (MAST archive system and tools)
December 2016




Pan-STARRS Cyber-Infrastructure

* Hawali : Image Processing
Pipeline

« PSPS : hierarchical database.
All sky catalogues

e High i/o rate, large cpu
requirement. Large local
storage required - large

computer science project

Sl i 1100 S, gt Kol
> - - L

Hawaii IPP =Mark Huber

o e i

8000 cores ¥ Al
8PB storage
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| ocation of transients and
IMItS ON emission
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Days from GW detection

- 49 extragalactic transients found

- Spectral classification of 20

- All apparently normal supernova
- apart from one stand out case

Smartt et al. 2016b e At time we didn’t know the

Kasen et al. models distance to GW151226




Outlook for O2 with LIGO+
Virgo

Abbott et al.

| | 3 GW150914  arXiv:1606048526
. Q2 will prodgce approximate = 151996
distance estimates ]
e And probability that system L
contains a NS mass ‘g
component O LVT151012
» These two factors will allow 3
EM teams to prioritise | 500 1000 1500 2000 2500
resources and efforts ~ Distance (Mpc)

e (Can adjust survey strategy
during first 1-2 days based on
these two numbers from LIGO/
Virgo

See Singer et al. 2016 : 3D probability skymaps



Very large sky areas

GW151226
850 sq deg

GwW170104

- 5 - -, 1608 sq deg
18" 16h 14h 12h 10h 8

o | |GO/Virgo are all sky monitors
®* 90% enclosed probability has ~200 - 2000 deg?
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Figure 1. LALInference likelihood map
(LALInference_£f.fits) showing ATLAS (purple squares)
and Pan-STARRSI1 pointings (green circles). The black solid
circle is the best estimate localization of GRB170105 with the
black dashed circles representing the Konus-Integral triangulation
annulus of Svinkin et al. (2017)




Kailua

Honolulu

O’ahu
IfA, Manoa

PS1 + PS2
Haleakala

Maui

Lahaina a
‘ Kahului

Maui
Kihei

ATLAS?2 :
Mauna Loa
3400m

ATLAS1 :
« Haleakala
3000m

Big Island

cHonokaa

Kailua-Kona

Captain Cooke




Specs and sky coverage goals

2 x 50cm telescopes : 7.5° diameter FOV,

f/2 Wright-Schmidt telescopes

Cameras (ACAM) = 10560 x 10560 pixel CCDs (STA 1600)

CCDs - excellent science grade quality, 7 sec readout

Plate scale : 9 micron pixels = 1.86 arcsec (with focal length F = 2)
Single image size = 29.2 square degrees

Goal 60,000 sq degrees coverage per night to m= 20

Each telescope 30,000 sq degrees per night

Footprint of 15,000 sq degrees (4 times - for NEO tracklets and fast
transients)
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GRB170105

ATLAS17AEU 7

Table 1. Photometry and multiwavelength fluxes for ATLAS17aeu and data for GW170104 and GRB170105 for comparison. Data not
presented in this paper were released as the GCNSs cited. The Swift observations and data were reported in Evans et al. (2017a,b) but we
re-analysed the data in the archvie to produce the numbers quoted. The AMI data are availabe publicly at the quoted website,

lelescope Magnitude/Flux/Fluence Filter/Waveband MJD Position Ret

GWI170104 . STIST 42498 Abbott et al. (2017)
GRB170105 see Fig. |

POLAR 80-500 keV T158.218137 Marcinkowski et al. (2017)
AstroSAT CZT1 40-200 keV T758.2181. Sharma et al. (2017)

Konus-Wind 2.56° 3 x 107" ergem : 20keV - 10MeV TI58.21817 Centre : 129.749,427 904 Svinkin et al. (2017)

INTEGRAL-SPIACS S0keV - BMeV TI58.2181. Annulus radius :34.255" 5. Marcinkowski et al. (2017)



Bhalerao et al

Arxiv:17060.00024
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Figure 1. Upper panel: The LIGO sky position probability
map for GW170104, masked to show only the sky visible to
CZTI. The red cross marks the boresight of CZTI. Parts of
the sky obscured by earth or by satellite elements are shown
in white. The visible area encloses a 50.3% probability of
containing the GW source. Lower panel: The upper limits
on hard X-ray emission from GW170104, from a search for
1 s transients. The variation of upper limits with position for
other timescales is identical modulo an overall scaling factor.
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Hardness Ratio

Figure 5. Simulated (70-200 keV)/(20-50 keV) hardness
ratio distributions for our GRB sample. We use GRB spec-
tral parameters from the IceCube GRB Web, and simulate
CZTI hardness ratios assuming that these GRBs were at the
same position as ATLAS17aeu in the CZTI instrument ref-
erence frame. The red line and the shaded red region mark
HR= 1.6%0.3 for GRB 170105A. We see that it is softer than
most long and short GRBs. In particular, only one simulated
short hard burst has hardness softer than GRB 170105A.
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Figure 1. LALInference likelihood map
(LALInference_£f.fits) showing ATLAS (purple squares)
and Pan-STARRSI1 pointings (green circles). The black solid
circle is the best estimate localization of GRB170105 with the
black dashed circles representing the Konus-Integral triangulation
annulus of Svinkin et al. (2017)
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Figure 2. (a): The r~band lightcurve of ATLAS17aeu with our own data , supplemented with the photometry reported in LIGO-VIRGO GCNs
as listed and referenced in Table 1. The time of GRB170105 is the vertical black line. All the detections have been colour corrected to observer
frame r—-band using the spectrum in panel (d). (b): The x-ray afterglow lightcurves of Swift GRBs with known redshifts from 2005 to present.
The ATLAS17aeu fluxes from Swift XRT are in red. (¢): The radio fluxes of ATLAS17aeu and other GRBs with radio measurements in the
8-15 GHz bands. (d): The GMOS spectrum of ATLAS17aeu at +3.3 days after GRB170105. The SED from the gri points of Cenko & Troja
(2017) at +2.3 days are shown for reference. We also show the relative SED of our photometry (ATLAS cyan and Pan-STARRS ip; scaled with
the same factor) at only +4.8 hr after GRB170105. This indicates the color of the afterglow was relatively constant over the first 3 days.
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We now calculate the probability that the ~y-ray burst is in-
dependent of ATLLAS17aeu (i.e. just a chance coincidence).
We use Poisson statistics, where the probability of an occur-
rence of n events is given by

e \"
n'

P(n) = (1)

where A is the expectation value. The value of A is the
product of a number of factors given by the rate of each

k
A=HI‘,‘ (2)
=1

The rates we will discuss in this section are listed for refer-
ence in Table 2. In this case, we will derive the Poisson prob-
abilities of getting one or more random coincidences, which
simplifies Eqn. 1 to

p=l-e*=1-¢ Tl (3)

Prob ATLAS1/7aeu and
GRB are coincidence

1= 0.75 GRB per day
» = 0.18 days

3= 0.07 (sky overlap)
Pia=40 0

.e. 1% chance of random
coincidence
Hypothesis rejected at 2.60

Properties of gamma ray, x-ray/radio and optical
(and faint host) all consistent with a GRB at

1<z<?29

Therefore chance coincidence with GW170104 if

this distance Is true



Prob ATLAS17aeu/GRB
We now calculate the probability that the ~y-ray burst is in- dl d G W I 70 ] 04 dle

dependent of ATLLAS17aeu (i.e. just a chance coincidence).

We use Poisson statistics, where the probability of an occur- C O | ﬂ C I d e q C e
rence of n events is given b
o r1=0.75 GRB per day

e \"

P =" M o= 0.05 (LIGO skymap)

where A is the expectation value. The value of A is the
product of a number of factors given by the rate of each p L O O 4

k
A=HI‘,‘ (2)
=1

The rates we will discuss in this section are listed for refer- | : e § C h a n C e Of ra n d O m

ence in Table 2. In this case, we will derive the Poisson prob-

abilities of getting one or more random coincidences, which C O | n C | d e n C e O r

simplifies Eqn. 1 to

hypothesis can be rejected
96% confidence level at 2.1c

p=l-e*=1-¢ Tl (3)

If we had redshitt of Galaxy A (or B), and it was
within the LIGO range of ~ 500-1300 Mpc
it would force reconsideration of physical link
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ABSTRACT

It is often assumed that gravitational wave (GW) events resulting from the merger of stellar-
mass black holes are unlikely to produce electromagnetic (EM) counterparts. We point out that the
progenitor binary has probably shed a mass 2 10 M, during its prior evolution. If a tiny fraction
of this gas is retained until the merger, the recoil and sudden mass loss of the merged black hole

shocks and heats it within hours of the GW event. Whether the resulting EM emission is detectable
uncertain. The optical depth through the disk is likely to be high enough that the prompt emission
consists only of photons from its optically thin skin, while the majority may take years to emerge.
However, if some mechanism can release more photons in a time comparable to the few-hour energy
production time, the peak luminosity of the EM signal could be detectable. For a disk retaining
only ~ 10~3 of the mass shed in the earlier binary evolution, medium-energy X-rays to infrared
emission would be observable hours after the GW event for source distances ~ 500 Mpc. Events like
this may already have been observed, but ascribed to unidentified active galactic nuclei. Improved
sky-localization should eventually allow identification based on spatial coincidence. A detection would
provide unique constraints on formation scenarios and potentially offer tests of strong-field general
relativity. Accordingly we argue that the high scientific payoff of an EM detection fully justifies search
campaigns.

Subject headings: gravitational waves — black hole physics — binaries: close — X-rays: general




1. Slow orbital decay: baw > tyisc
resonant torques & viscous spreading

2. Fast orbital decay:
decoupling of the disk

3. Merger and recoil:
sudden rearrangement of the disk

Fi1G. 1.— Cartoon depicting the evolution of a circumbinary disk.

1. Time delay and duration: Heating of the disk by
shocks occurs on a characteristic timescale of order the
dynamical time

GM M,
tdyn ~ 'U—3 ~ 22ﬂ hI‘S, (3)

where v3 = v/(10°kms~') and v is the greater of
the Keplerian velocity at the inner orbit and the re-
coil velocity imparted to the center of mass, ie. v =

max{vg (Rin), Vrec }. The light-travel time required to tell

3. Peak luminosity: the expected rate of dissipation of
kinetic energy is

5
~ f %Qd (5)

where f is a scaling factor. We calibrate the factor
f ~ 0.1 against the numerical simulations by Rossi et al.
(2010), which assume an angle of § = 15° between the
recoil direction and the orbital plane

L~5 x 10% (Of_l) vy (13(13) ergs™’, (6)

g = Ma/Matotal




GW150914: Fermi x-ray
detection 7

GBM detectors at 150914 09:50:45.797 +1.024s

Connaughton et al. 2016 ApJL.:

* Fermi hard x-ray transient (E>50
keV), 0.4 s after the GW event, with
a false alarm probability of 2.90

5600

 Poor sky localisation (3000 deg?) -
not inconsistent with LIGO error
region
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* Duration is less than 2 sec - and it
IS not unlike short GRBs.

« Perna et al. (2016) : “fossil” disk,
accretion restarted

Greiner et al. 2016 ApJL :

e Consider it to be background fluctuation
* Not detected by Integral

—— Localization
— Simulations (Upper)
Simulations (Lower)




AGILE detection ? ArXiv:1706.00029
F. Verrecchia et al.
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Fig. 4.— Light curve of MCAL data which includes the GW170104 event time. Data are
displayed with a 32 ms time binning for the MCAL full energy band (0.35-100 MeV), after
refined data processing. The E1, E2 and E3 event times are marked by vertical magenta,

green and light blue lines, while the 7}, is marked by a dashed red line. The horizontal dashed

grey line indicates the 4o level, estimated on the whole data acquisition interval (12.6 s).

The orange horizontal line marks the average background level.

‘post-trial significance of 3.4¢ for a temporal coincidence
with GW170104".



Outlook for O3 and beyond

Target sensitivity
i-band magnitude 20.4 21.2 21.5

Number of
NS-NS mergers
(yr?)

0.01-20 0.04-100 0.2 -200

LIGO/Virgo

+ LIGO India design phases

and LSST

50-200 deg?

Early
B Mid
B Late
B Design

IKAGRA operations 2018+, area = 20-100 deg?

60 Mpc, 200 deg?

lJan 1Jan 1Jan 1Jan 1lJan 1Jan 1Jan 1Jan 1Jan 1Jan 1 Jan
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Time

Figure
adapted from

Abbott et al.
Living Rev. Relativity, 2016




L IMItS on rates

Dominik et al. pop syn
Dominik et al. pop syn
de Mink & Belczynski pop syn

Vangioni et al. r-process de Mink & Belczynski pop syn
Jin et al. kilonova Vangioni et al. r-process
Petrillo et al. GRB Jin et al. kilonova

Coward et al. GRB
Siellez et al. GRB
Fong et al. GRB

Kim et al. pulsar

Petrillo et al. GRB
Coward et al. GRB

Fong et al. GRB

aLIGO 2010 rate compendium ~ alLIGO 2010 rate compendium

10! 10° 10° 2 10! 10" 10! 10° 10° 10°

BNS Rate (Gpc “yr ') NSBH Rate (Gpc “yr ')

LIGO’s best estimates of rates of binary NS and NS+BH
systems
Abbott et al. 2016, Apd, 832, L21




Large Synoptic Survey Telescope : 2022-2032
Most ambitious survey telescope and tacility
ever built

* FOV is 10 square degrees
* Dedicated to surveys : USA, Chile, France,
UK, ltaly (plus likely many more)
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Left: a 10-year simulation of LSST survey:
_ the number of visits in the r band (Aitoff

100 150 200 projection of eq. coordinates)

aculred number of visits: r




Full LIGO/Virgo + LSST

Abbott et al. 2016, Liv. Rev. Rel.

* In2020’s : LIGO H+L + VIRGO +LIGO-India

* Error boxes 5-20 sq deg

e Exact match to LSST FoV : can reach m = 26-27 in one night, depending on
coverage will easily determine if kilonovae or other EM counterparts exist



END OF PART2




OBSERVATIONS OF THE GRB AFTERGLOW ATLAS17AEU AND ITS POSSIBLE ASSOCIATION WITH GW170104
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K. W. SMITH,? L. DENNEAU,' A. SHERSTYUK,' A. HEINZE,' H. WEILAND,! A. REST,” D. R. YOUNG,? M. E. HUBER,'
H. FLEWELLING,' T. LOWE," E. A. MAGNIER," A. S. B. SCHULTZ,' C. WATERS,' R. WAINSCOAT,' M. WILLMAN,' D. E. WRIGHT,®
J. CHU," D. SANDERS,' C. INSERRA,* K. MAGUIRE,? AND R. KOTAK?

Vnstitute for Astronomy, University of Hawaii, 2680 Woodlawn Drive, Honolulu, HI 96822
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3 Department of Physics, Harvard University, Cambridge, MA 02138, USA
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3Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA

OSchool of Physics and Astronomy, University of Minnesota, 116 Church Street SE, Minneapolis, MN 55455-0149

ABSTRACT

We report the discovery and multi-wavelength data analysis of the peculiar optical transient, ATLAS17aeu. This transient
was identified in the skymap of the LIGO gravitational wave event GW170104 by our ATLAS and Pan-STARRS coverage.
ATLAS17aeu was discovered 23.1hrs after GW170104 and rapidly faded over the next 3 nights, with a spectrum revealing a
blue featureless continuum. The transient was also detected as a fading x-ray source by Swift and in the radio at 6 and 15 GHz.
A gamma ray burst GRB170105 was detected by 3 satellites 19.04 hrs after GW170104 and 4.10 hrs before our first optical
detection. We analyse the multi-wavelength fluxes in the context of the known GRB population and discuss the observed sky
rates of GRBs and their afterglows. We find it statistically likely that ATLAS17aeu is an afterglow associated with GRB170105,
with a chance coincidence ruled out at the 99% confidence or 2.60. A long, soft GRB within a redshift range of 1 <z < 2.9
would be consistent with all the observed multi-wavelength data. The Poisson probability of a chance occurrence of GW170104
and ATLAS17aeu is p =0.04. This is the probability of a chance coincidence in 2D sky location and in time. These observations
indicate that ATLAS17aeu is plausibly a normal GRB afterglow at significantly higher redshift than the distance constraint for
GW170104 and therefore a chance coincidence. However if a redshift of the faint host were to place it within the GW170104
distance range, then physical association with GW170104 should be considered.

Keywords: gravitational waves, stars: black holes, gamma-ray burst: general, gamma-ray burst: individual:
GRB170105




. o
e , , , ATLAS coverage : 42 %
tem distributed the alert of a candidate gravitational wave I * o
(GW) transient, designated as event G268556 at 2017-01- Pan STARRS 2 43 /O
04 10:11:58.599 UTC or MJID = 57757.42498378. It was
later given the name GW170104 after the offline analysis

provided very strong confirmation of its astrophysical ori-
gin (as presented in Abbott et al. 2017). The 90% prob-
ability area of the associated GW skymap is 2000 square
degrees or 5% of the sky. Throughout this paper we use




The Pan-STARRS Sk

31 survey In grizy

Low dec band in j

85% of the sky observed as a reference
with over 100 epochs.

First public data release from Space Telescope Science Institute (MAST archive system and tools)
December 2016




Pan-STARRS Cyber-Infrastructure

* Hawali : Image Processing
Pipeline

« PSPS : hierarchical database.
All sky catalogues

e High i/o rate, large cpu
requirement. Large local
storage required - large

computer science project

Sl i 1100 S, gt Kol
> - - L

Hawaii IPP =Mark Huber

o e i

8000 cores ¥ Al
8PB storage
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y and x-ray to radio follow-up
of GW150914

THE ASTROPHYSICAL JOURNAL LETTERS, 826:L13 (8pp), 2016 July 20

Gw 3
radio
optical/IR
X-ray
-ray (all-sky)

- Abbott et al. 2016¢

- Followup by 25 teams of

observers from gamma, x-
ray to radio

- Three different skymaps

released, before final
analysis focused >95% of
the probability in the
southern arc

- One summary paper and

many project papers

- Proof of concept for Pan-

STARRS and PESSTO in
Smartt et al. 2016a,b

- No detections but ....

Fermi claim



Swift’s low redshift deficit

- No sGRB known with z< 0.1
in 10 yrs of Swift operations
- Nothing within D < 400 Mpc
- Not surprising it @ ~ 100 |
0 02 04 0608 1 1.2 14 fon-ax/s =855
Redshift - LIGO/Virgo horizon distance for
NS-NS is D < 200 Mpc

- Short GRBs
((2) = 0.5)

Long GRBs
((z) = 2.0)

Redshift

From Berger 2014, ARA&A

Numbers per yr ;
Swift ~ 40
Fermi ~ 35 (offline, unverified)



05610, K4

Public ESO Spectroscopic
Survey for Transient Objects

43 Institutes, 185 scientists
from ESO, Chile, Australia, USA
90N per year on ESO NTT
(2012-2017)

870 transients classified -
reduced data released publicly
within 24hrs

43 papers (>50 end of 2016)
Major resource for classification
of GW candidates

L ow-resolution filter for VLT and
Gemini
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SN2015F; Cartier et al. 2016


http://www.pessto.org

Camera Field of View (deg? )

10

107

Soares-Santos
Kasliwal et al 2016 et al. 2016

ZT F The NOAO Blanco
: 4-meter telescope

ATLAS (US/UK) o

ZTF
BlackGEM
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Pan-STARRS : ready for 85% of sky

Gemini 8m - VLT 8m




