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Still going strong:
1037 days
>1520 papers

Credit: NASA / GSFC

~— 2017°0%17 10709:51
lsec = 0.2day ~ »

Credit: Pavan Hebbar /
Varun Bhalerao /
GROWTH Collaboration GREWTH
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O3 GW candidates

[q91€002S
6q11£00ZS et Py o
AENENNTS = S
JT0E00ZS oo h0zs .
®HTZ00ZS e .
1E1Z002S b80Z00ZS o ®
weZ100ZS
pP8Z100ZS PY ~ .
4ROTTI00ZS —
WIT00ZS fstioozs @
1Z11002S .
- AB0T007S |
Ne9OTO02S .
- ARGOT002S
285010025 -
Stz 161s ° [
 1e0ZZI61S
deorz161S ‘
MSTZI6TIS Py -
BETZTHTS ._m,m::m O u
UesozIers e . o
N6ZIT61S O
. LA AL . &
; {LOZEE6TS ' &—|
. 1
S p—_A 22 A = -
SOTI6ETS | ete o s .
SOE6061S ” -
V_MMMMMMM AEZ606TS ® o 5]
POT606TS ' 000> o ° 4
det06061S PA . .
- NEZROGTS - = *
I8Z8061S
(8280615 ® '
.\Fﬁmoamw
1918061S >
AQETR061TS . °
- 2R80L061TS = - &
YLZLOGTS b8zLO6TS .
Ag1L06TS . OCL0OTS . @]
bL0LO6TS
1B90L06TS .
beocoosrs UCTOL0TS a
_ ~” bezogo61s o -
mHNmomM “1CS0615 .
[961S061S PA .
- a9815061S — *—
YLISO6TS  *
WAETSOBTS oo ciore . )
60T1S06T o
vozvoers JEOSOTS o o ¢
eTzy06TS  oCrO6IS . .
WZIH06T
uegoY06TS .N 0615 _ =
o T 7)) T ©
© o -4 o =
(U] n o o) g
n <z o
© =
z =

Data: https.//gracedb.ligo.org/superevents/public/OG/

Varun Bhalerao | IIT Bombay

EMGW & India | Indo-UK meeting



What can we leam??
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« Spectrum
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\Was there a neutron star”/
. GW190426: 5.7159M , 1.5 M

23 205

+1.1 +0. 08

. CW190814: 232+ 1M, 2.59%0%8 m
m; 4 s 2 m; by defnition <

* Can MassGap objects
emit EM radiation”

+ $1909030s, S190924h, | AT

S200115), S200316b]
3 Mo - // *

/BNSI '* NSBH
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GROWTH-India: Robotic telescope

/0 cm aperture

0.7 x 0.7 square degree FoV
4k x 4k high QE CCD
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COMPARING INDIAN TELESCOPES

Vi

Varun Bhalerao

-WING TH

- SKY

2m Himalayan Chandra
Telescope (HFOSC)

3.6m Devasthal Optical
Telescope (ADFOSC)

0.7m GROWTH-India Telescope

11 Transients, Bursts, and Discoveries
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Hanle
control
computer

A

{ Crest

GW
Trigger

EMGW & India |

Worktlow

(No

Check available
GIT + Andor reference image /
/7 Image Yes Download reference
l Subtraction/ > ~ Cutoutmaking !
PSF matching

’ ’ Compression of

o - Standardised photometry «——— .
Data relay at CREST Zero point Perform subtraction
- " : T estimation i
Internet l : 0
- - 1 i ' Flux and uncertainty Good source %ﬁ:g:ﬂ;‘f :mr:-gflflgr
Data archive unit : estimation selection Photometry scanning
at [IT Bombay : f T ¢
: » Online catalogue | :
) ) : | query | (_ Human Scanning
De-compression of : T : \
data : : ¢
Source & PSF :
R DXt ; Cutout and lightcurve
5 Astrometric : making
. |Bias correction Calibration | |7 irrerereeeeeeeee e i
: v A Photometry : l
: Cosmicray | | ~TTTTTTTITATTTTTtnnTmmmmmmmmrTmTIIIIIIIIC
: >
5 »Flat Correction S

External Software process

Process with
~  Human involvement

Calibrated Data

\_ galaxy scanning /

Processing subsystem

Local / DB storage
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Flux scaling

Image alignment |

preliminary . ‘ v
—>{ Isolated sources and

DataBase Entry
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[IGO O3a ar ——
ROWTH Ind

nt ID: G344533
S
724

ea: 214 deg’

50% area: 5 dey
area: 1131 deq®

S 90% area: 23 deg*

. 60

9 dey
e 6 de’

50% ares: 91 dey 5
90% area: 303 deg® 90% area: 24264 02Q°

60°

a0

1D: 6352020

area: 843 deg
3: 2482 deQ’
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S190426C: covering the pole

Full GIT coverage
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S190426C: covering the pole

Full GIT coverage
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VWide-field

EMGW & India | Indo-!
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Coverage
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Science

GIT19aad

VWhat we found

EMGW & India

Reference

Difference
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® GIT1%aa data
Midey + W) = 0.01+0.05 M, $,=90, BH.NS
Midy + wy) = 0.01+0.05M,, $,~0. BH-NS
Midy + ws) = 0.01 4 0.05 M, $y=0. BNS
Midys + wa) = 0.01 4 0.05 Mo §,=90. BNS
Mide + we) =0.01+0.11 Mo, $,=0. BNS

8 10 12 14

® GiT19aak data
Midey + wa) =0.01+0.05 M. $,=90. BH-NS
—— Mide; + We) = 0.01 +0.05 M, h,=0. BH-NS
Mide + wy) =0.01+0.05 M, $,=0, BNS
Midey + wa) = 0.01 +0.05 M, $,=90, BNS
Mida + wa) =001+ 0.11 Mo, =0, BNS

8 10 12 14
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®  GiT19aac dota
Mide + wey) = 0.01 + 0.05 M, $,=90, BH-NS
Mida + wa) = 0.01+0.05 Mo, =0, BH-NS
Midy + wy) =0.01+0.05M,, =0 BNS
Midy + wyy) =0.01+0.05M,, $,=90. BNS
Mide 4 we) =0.01+0.11 Mo, $,=0, BNS

8 10 12 14

® GIT19aaj data
Midey + Wap) = 0.01 + 0.05 M, $,=90, BH-NS
—— Mides+ wyy) = 0.01+0.05 M, $=0. BH-NS
Midey + wa) = 0.01 + 0.05 M, $,=0. BNS
Midey + we) = 0.01 + 0.05 My, $,=90, BNS
Midey + wa) = 0.01+ 0.11 Mo, =0, BNS
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—ven Non-detections matter!

Matia Bulla's BH-NS model

<
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GIT_upper_limits GIT_upper_limits GIT_upper_limits
——— M(dg] + Wef) = 0.01 + 0.03M ¢, p,=0 —— M(def + Wej) = 0.03 +0.03M,, Py=0 —— M(dgj + wgj) = 0.05 + 0.03M, dy=0
—— M(dej + wef) = 0.01+ 0.05M ¢, $,=0 | —— M(def + Wej) = 0.03 +0.05M g, py=0 —— M(dgj + Wej) = 0.05 + 0.05M5, $y=0
—— M(dgj + Wef) = 0.01 + D.09M ¢, $,=0 “ M(def + Wej) = 0.03 4+ 0.09M g, =0 —— M(dej + Wej) = 0.05 + 0.09Mo, $,=0
—— M(d,j + wef) = 0.01 + 0.09M 5, $,=90 —— M(def + Wej) = 0.03 +0.09M ¢, §, =90 —— M(def + Wej) = 0.05 + 0.09M 5, ¢, =90
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Time since merger (days)

GIT_upper_limits

M{def + Wej) = 0.020 + 0.13M ¢, =0

M{dej + Waj) =0.020 + 0.13M ¢, $,=90

M{def +wej) = 0.020 + 0.01M ., $,=0

M{def + Waj) = 0.020 + 0.01M ¢, $,=90
pre— A

GIT_upper_limits

M(dej + Wef) = 0.010 + 0.13M g, $,=0

M(dej + wej) = 0.010 + 0.13M¢, $,=90

M(d.j + wej) = 0.010 +0.01M , $,=0

M(dej + wej) = 0.010 + 0.01M o, $,=90
x

GIT_upper_limits

Midej + wef) = 0.005 + 0.13Mo , ¢, =0

Mi(dej + wej) = 0.005 + 0.13M o, §,=90

M(d.j + wej) = 0.005 + 0.01M, ¢, =0

M(dj + wef) = 0.005 + 0.01M o, ¢,=90
P

8 10 12 14
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High energy follow up



Who's keeping wateh? 7
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Flux in erg cm™2 571
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Model fluxes for GW events detected by HLV (GW SNR > 12)
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---- Daksha sensitivity
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essons from 03+ 8
1.Don't blink

* All the sky, all the time
2. More sensitivity

 Order of magnitude more grasp
3. Broadbana

*Detect > Characterize 2 Interpret



On Alert for High Energy Transients




Low Energy SDDS
1-25 keV

Medium Energy: CZT
20-200 keV

High Energy: Scintillator
100-1000 keV

Two satellites

EMGw & Inaia | INa0-UK meeting Varun Bhalerao | IIT Bombay 25



Daksha V|ta\ Stat|stlcs

. Broadband energy coverage 1 kev to > 1 I\/Iev
« Median effective area: 1300 cm? (single sat)

« Sky coverage: 1 satellite ~50%, two ~ 87%

« Event alert within ~1 minute

* Downlink all event mode data — offline searches
possible



« Rates: ~ 4 events / year
* Range 1—-11/year
« 3—10x Fermi, 10x Swift
« Most will be EM + GW

e Subthreshold events
e Increase LIGO rates!
* Few / year

Power-law Jet 1 Cocoon 2



Daksha SC|ence

. Gamma ray bursts
* High-redshift GRBs
* GRB polarisation
 Fine time-resolved spectroscopy
» Prompt soft spectroscopy

» Other science
* TGFs, XRFs, Solar flares, FRBs
 Earth-occultation imaging
« Pulsars
« Compton imaging



Energy range

E+éctive area

FoV

Sensitivity (1-s, 50)

« Daksha has the highest
grasp of any mission
« BAT-like sensitivity over the
entire sky
« Wider spectral band

102 4

101 4

Effective area(cm?)

100 4

10—1 4

10-2 4

Mission | Grasp |

name (keV) (cm?) Sky fraction | (sr) | (cm? sr) |ergem™?s'  phem™? g7

Daksha (single) 20-200 1300 07 | 88 | 11435 410" | 06

Daksha (two) 20-200 1700 1 126 | 16336 | 410" | 06

Swift-BAT 15-150 1400 0.11 14 | 1960 3-+10" 8 05

Fermi-GBM 50-300 | 420 0.7 88 | 3895 20-+10"° 05
| GECAM-B 6-5000 | 480 0.7 88 | 4222 g-+10"® —

SVOM/ ECLAIRs 4150 | 400 0.16 2 800 4-+10"* 08

THESEUS/! XGIS 230 | 500 0.16 2 | 1000 1.7-+10"® —
| THESEUS! XGIS 30-150 | 500 0.16 2 1000 5-+10" —

THESEUS/ XGIS | 150-1000 | 1000 05 6.2 45-10" "

10° 4 DakSham BAT

~ SWIFT_CZT_data
v~ FERMI_Nal_data
» FERMI_BGO_data

10°

101

102 103
Energy (keV)
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VWhat's next”

04 ?
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NS events in O3

Event Event probabilities Dist (Mpc) |Area (sq deg)
S190425z  |199% BNS 157 + 43 0881
S190426c  |49% BNS, 13% NSBH |377 + 107 |1393
S190814bv | 100% NSBH 2471 + 26 19
S190901ap  |86% BNS 247 + 79 14753
S190910d |98% NSBH 632 + 186 2482
S190910n  |61% BNS 230 + 88 242064
S190923y  |68% NSBH 438 £ 133 2107
S190930t | 74% NSBH 108 + 38 24220
S191205ah  |93% NSBH 385 + 164 |6378
S191213g  |77% BNS 2071 + 81 4480
S200213t |63% BNS 201 + 80 2320

EMGVV & India | INdo-UK meeting

varun snhalerao | IIl sBomobay
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Scaling to GW170817

Event Dist (Mpc) | Area (sq | Optical | IR X-ray (10-8 cgs)
deg) (r) (Ks) | (10 -1000 keV)

S190425z | 167 £+43 | 9881 24 25 5
S190426¢ | 377 =107 | 1393 28 29 0.8
S190814bv | 241 + 26 19 20 27 2
S190901ap | 241 =79 | 14753 20 27 2
S190910d | 632 = 186 | 2482 31 32 0.3
S190910h | 280 =88 | 24264 20 27 2
S1909238y 438 =133 | 2107 29 30 0.6
S190930t | 108 + 38 | 24220 22 23 10
S19120ban | 385 + 164 | 6378 28 29 0.8
S191213g | 201 = 81 4480 25 20 3
S200213t | 201 £80 | 2326 25 | 26 | 3 N




O4 and beyond

High energy: Daksha
Astrosat: approved EMGW program

Optical rapid response: small telescopes for
search (GIT, GOTO...), big for follow-up

Next generation:

» Replicate GROWTH-India”?
(~3.5 crX /500 k$ / 350 kL)
» 100-telescope array”?

» small satellites”

EMGW & India | Indo-UK meeting Varun Bhalerao | IIT Bombay

34



