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https://www.nature.com/natastron
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DECam observation
(0.5-1.5 days post merger)
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GW17081
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Accretion T
disk
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Colliding
neutron”
Gamma rays
I K11
T-100 seconds ’ . T+2 seconds
The neutron stars spiral close Orbiting detectors spot a
together and radiate gravitational short gamma ray burst,
waves that trigger ultrasensitive produced by jets of material

detectors on Earth. shooting through the debris

at near-light-speed.

DECam
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Impact:
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N 2o Aum 2037 - Fundamental
E ._I X-ray afterglow
Troja, Piro, van Eerten et al 2017, Nature 551, 71 . C osm Ol O glca]
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Tools:

GCN (private at
the time!)

X + Strategy
- Proposals
Q.‘(} §§
N g mvﬁnm . Reaction
| NS
T+11 hours T+2 weeks
Optical and infrared Radio dishes and orbiting

telescopes locate a “kilonova”
that glows a telltale red from
the radioactivity of newly
forged heavy elements.

x-ray telescopes spot the
source, perhaps as the slowing
jets broadcast radiation in
wider cones.



GW170817: not a usual sGRB

- Low luminosity Fermi-GBM GRB, ~ irrelevant without the gravitational wave detection

Abbott et al. 2017, ApJL, 848,113

. . 10° N v
- Possible scenarios hard to . e ‘ 23
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- Successful, structured jet g z
S 109 | &
. § 10%0 g 102
- Isotropic cocoon: 2 =
Unsuccessful jet chocked? - SR
1048 Short GRBs
% GRB170817A 103 .
1047 . ) N 10! 102
4 6 8 time after GW170817 [days]

Redshift (z)

- Peak at X-ray and radio ~ 155 days post-

merger: Interaction of off-axis jet with

A Real source image A successful jet

surrounding medium ? 232253.38"

ADEC [mas]

. From radio measurements:
Superluminal motion, found using very
long baseline interferometry (VLBI),

53.39"

DEC

B Choked jet cocoon, 8. =30"

- Constraints on the viewing angle (14—28
degrees), the opening angle of the jet
core (<5 degrees)

53.40"
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Are there other GW*-GRB-KN associations?

top (seconds)

1072 107! 10° 10! 10? 103
- GRB211211A: Kilonova Following a long GRB Y E——— = 16— I l I l T
. & 200 | : AT2017gfo @ z=0.076
(Fermi-GBM) at 350 Mpc Sl 218§ Cm 9
H* i P
: : . 10 g 20
- IGRB with precursor + Kilonova (similar °
luminosity, duration and color than GW170817) v $%%r
o ALy Eoal PR\ SR ¢ TUeess
M bi ducine ~ 0.02 M of ei 8 NPt 2 =
¢ 1.4+1.3 inary producing = 0.02 M of ejecta s 3555 g | ’
g x : ¢ I3 W Us3
- ~GeV emission (Fermi-LAT) interpretation: KN T ‘ §28— Z 2 z Wi
photons up-scattered by electrons from low- SRBS1{2 A R 3oL A o 4w
power jets (Inverse Compton), Mei et al, Nature . IR e
612, 236_239 (2022) * ° tgto(secorlmgs) ° ° Time (days from trigger)
Very similarly in GRB230307A (Fermi-GBM) i WD
- second-highest gamma-ray fluence ever recorded E Tourum

Long GRB with precursor: Tgo of ~33 s

Brightness

» KN: Tellurium line seen by JWST!

Binary kicked from the host galaxy (from JWST)

Wavelength of Light

microns

*No GW detection possible as ITF under commissioning towards O4 8 /30



Other BAWN) and NSBHs? *GWTC-3

Masses in the Stellar Graveyard
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GW190425 : a second BNS detected by LVK:

ApJL 892 (2020) L3
LIGO-L + Virgo sky localisation: 60°
- very large region due to sensitivity differences

- 5 sigma deviation from total mass and chirp
mass of known galactic binaries (difficult to
explain by isolated binary evolution)

0.6 0.3
2.0%05Mg + 1.47 M d, = 159*5) Mpc

o : '
Extensive campaign via GCN although no counterpart was found 2225 tiles in this case!

Pl
*  Follow-Up

+
B2 23 nstruments

Las Cumbres 1m
W MMt
Ccss

Fermi satellite : 45.4% of localisation region occulted by the
Earth

Swift/XRT

. . o o o o n mGRB Coverage
Poor constraints on the binary inclination: GRB-jet not R
oriented in our line of sight? Er—
Sources
- GRBI170817A (40 Mpc) was so faint that the same event =g:ﬂz

wouldn’t be detectable by Fermi-GBM at ~75 Mpc and Vo, SO
Swift/BAT at ~100 Mpc o ' Ao

Pointing Status Planned+Completed

From http://treasuremap.space/
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Observing run O4

01+02+03 = 90, O4a* = 81, 04b* = 105, 04c* = 17, Total = 293
300+ *04a, 04b, and O4c entries are preliminary candidates found online.

* Started May 24, 2023, until November 19, 2025

* 200 CBC candidates: detection BBH dominated w0 Ol 02 03a O3b O4a / 04b  O4c

* ~5NSBH, 1 BNS (FAR 4/yr, 15% terrestrial)

Cumulative Detections/Candidates
o
(=]

*  Sa240422ed (retracted)
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* Largest campaign on S250206dm with >8k pointings o rasssssssesss, s on 2 e 025 TIME (DAYS) oo oo s oloraton

*  GW 241125n (BBH) +Swift-GUANO candidate! GCN38308: only proposed EM candidate

GstLAL Inspiral Detector Range History (Mpc)
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https://treasuremap.space/alerts?graceids=S240422ed
https://treasuremap.space/alerts?graceids=S250206dm

Tools Developed Through the Years

Treasure Map Astro-COLIBRI o

treasuremap.space astro-colibri.com

Update 2 Update 3
2025-02-07 01:14:03.115272 2025-02-08 10:16:58.445587

[J2000d v | 164.6627206 -46.1209626 ‘\;' Q < [ ]| e 9

O  202506-13 AXOvkr e kY ¥ x O @K% W 0 0lk K | K Y 20250620

2025-06-20 16:07
142.61

AT 20250e0
Unclassified optical transien

&
GW250206dm:
NSBH (55.0%) BNS: (537.3%) Mass Gap: (54.9%)
Distance (Mp¢)373.42 +/-104.18




The GeV-TeV energy range
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Mid-FoV challenges

* Mid-FoV as Imaging Atmospheric Telescopes have challenges to follow large sky localisations! — Scheduling algorithms

- tilepy: flexible and modular python package: GNU3-licenced open-source, PyPI deployment

- The basic ingredients: visibility, probability integration, galaxy catalogs, zenith angle optimisation

2: Coordinate grid using low res maps 3: Pl ca COMputation 4: PLSY-MAY FoV selected then masked

1: Calculate P, .., for each galaxy
L

(197.449,-23.384) (197.449,-23.384)

(197.449,-23.384) (197.449,-23.384)

1 P 1 P
0 0.00033 0 0.161 0

1 P
0.00033 0

)
0.00033

- Very powerful for coordination between observatories (used in the gamma-ray community: H.E.S.S.,LST, CTA-C, astro-Colibri,
being extended to satellites (SVOM)
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Gamma-ray results: GW170817 by H.E.S.S

H.E.S.S. was the first ground based instrument on target

GW170817 90%
e 40 6 Mnc - 5.3 hours after merger, 5 after LV GW skymap: 3 obs (17:59 -19:50
UTC)
15 pointing using 3D
B ceaion of - tilepy using Glade+ (MNRAS 514 (2022) 1,1403-1411)
R - No TeV emission was detected: upper limits derived (here external Inverse

without galaxies

Compton in afterglow shock with X-ray photons)

Conditions not favorable: low interstellar medium density n~10~% cm ™

large viewing angle 6y ~ 15 - 25 deg . Detectable at peak for viewing angles

Bview <10 deg
n=5x10"2cm™3
1077 T
],0‘S - - eview/deg
Fermi-GBM detection of sGRB = — ()

10° inl25s<t <3.25s — 109} -
— (GCN 21528, Goldstein et al. in prep) [
~ 107 —-— N — 10
E : f £ 101} — 20 ]
- o

108} o0 e 3()
5 R 0 T PPPRR W & O Northern Array 30/ . ...........
g 109 i % -
E o0 B2 H.E.S.S. upper limits (95% CL) >
< i iLAT limit (95% CL) ®
a in0.1 < N 11 qeV 1oV w _
S 101} (GCN 21534) T g 10°°F
X =
u_:: 1072} ’0.3?‘ 2.88 TeV ;0
53 o w 10 17
5 108 K. Murase et al., arXiv:1710.10575
(=
wlo'“ PREL!M!NARY

/
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Time since detection of GW170817 [s
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Gamma-rays emission from the remnant?

Motivated by the non-thermal emission seen in radio and x-rays.

Quite unclear gamma-ray expected emission though!

10"
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! ' Z;/;,n:r:mx 10° I g;g jjg H.E.S.S. differential
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In the meantime.... First IGRBs detections of VHEgamma-ray emission

*  Nodetection until 2018, despite the many efforts!

*  Puzzling scenario due to diversity of detections. Emission models:
Synchrotron/Synchrotron Self Compton/ Inverse Compton

GRB190114C : , short-lasting (~57 s after, for ~15

mins), bright (Eis, ~1053 erg). Inverse Compton

GRB 180720B: deep afterglow (~10 h after, for 2h), bright (Eis, ~1053
erg). Synchrotron Self Compton

GRB190829A: deep long-lasting (~days!) afterglow, dimmer (Eiso
~1059 erg): Synchrotron/Synchrotron Self Compton

Also GRB 201216C (z=1.1, MNRAS 527, 3, 2024, 5856-5867), GRB
160821B (5 sigma sGRB)

Black hole
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Brightest of All Times GRB

GRB 221009A: Brightest gamma-ray burst to date (rate: 1 per
10k years)

Very close (z=0.15) and bright (Eiso ~ 2x1054 erg)
Most extensive long GRB campaign to date

Fermi -LAT suffered from a strong pile-up at early times
(bulk started ~200s after Fermi-GBM trigger pulse). During
the prompt phase that lasted for more than 600 s, a photon
of 99.3GeV was detected at To + 240 s, while a photon of
400GeV was detected at To + ~9 h in the afterglow phase.

LHAASO: detected!
* 200GeV-7TeV by WCDA @250 sigma

* 3TeV-13 TeV by KM2A from To+[230, goo0] s =>
emission >10TeV, synchrotron radiation of UHE
protons (reverse shock)

Bad luck/ good luck for IACTs: moon break. Active effort
to observe ASAP

Count Rate (count/s)
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First telescope of CTAO: the Large-Sized Telescope-1

* large reflective surface, enabling the detection of faint
Cherenkov flashes from electromagnetic cascades of gamma

* 4.5 deg field-of-view (FoV): coverage of broad sky regions

* light design of the telescope structure: fast slewing (180 deg /
205)

The first telescope of CTAO: LST-1

rays down to 20 GeV

.... 1.e. a transient catcher machine

Very rich transient program covering GW, GRB, neutrino, TDEs,

FRBs, galactic novas

Handles automatically alerts in the order of ~ 10s seconds-min

GW program: all LVK alerts (for now CBC and Burst)

* Based on probabilities released (no mass info :()

Differently depending on 90% C.R. localisation: Wobble, extended

coverage

Differential Flux Sensitivity E°dN/dE (erg cm™? s™)

— F = 25 GeV
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v E = 75 GeV
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‘Seii., =i E=250GeV
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| 1 ]
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“decelerating blastwave becomes wider than that of the emitting jet plasma

[.ST-1 observations of GRB221009A

I I I I I I

LST observations: earliest observations by an 200 -
IACT on this GRB (To+1,33days, 20-day 17s + 5 S8 - 220 .
campaign) => 4.1 sigma in first run 0L Nog = 317 % 10 y

125—+L['l11+ |
AL o
I £ i i el Hh i i

Counts

LHAASO really unveils onset of afterglow

emission (~first hour). Great HE coverage by BsH Ren +24
AGILE+Fermi-LAT (up to 105s) sof | -
sl ! = | Zhang+23
i + 0
Jet break: Jet propagates through the ) L E— | . e
. ) > 0.0 0.1 0.2 0.3 0.4 0.5 Zheng+24
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material. Jet Slowing down enough that its f I LR I LR I g I LI ll;l; I ey |().;:’,_lsl_l_lelvl|e|nerglyblarl]dllll-l
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Aguasca, Terauchi, SA, Inoue et al., accepted in Ap] Letters



Prospects on C'TAO detectability of sGRBs from BNS mergers during O5

Goals:
- SGRBs detections using state of the art considerations

- Investigate the best way to detect these SGRBs linked to GW detections (~poorly localised source).

- GW: O5 simulated (Petrov, P et al., Astrophys.J. 924 (2022) 2, 54, ) TR
ation AXI . .
- Homogeneous and isotropic distribution Viewing Angle
. 3D BAYESTAR localization <

Uniform

- GRBs: Phenomenological set of short GRB simulations izl

- Assume that all launch ajet.

- Link via distance, viewing angle between the jet axis and the mass of the BNS
- Viewing angle given by the orbital inclination of the binary
- Jet core angle : from sGRB distribution, ~14deg (A&A , 52:43-105, 2014.)
- EBL- absorbed GRB spectrum

Structured
Jet

Central Engine

- Eiso from short GRB distribution in Ghirlanda et al. A&A, 594:A84, Oct 2016
- Lightcurve: temporal decay and luminosity at TeV similar to that in soft X-ray band.
- Spectrum: Power-law with photon index of -2.2. External medium ~O.lcm-3

Green, Patricelli, SAm et al. 2024, PoS (ICRC2023) 1534 21/30
Seglar-Arroyo, M. et al.. 35th ICRC, PoS790, 2019



Prospects on C'TAO detectability of sGRBs from BNS mergers during O5

Short GRB detectability study: fraction of GRBs detected depending on exposure and delay
IRFs used (latest official): CTAO alpha configuration (CTA-N: 4 LST and 9 MST, CTAO-S: 14 MST and 37 SST)

First results

Delays: Results indicate that the turning point is for ~15-45 minutes in on-axis/off-axis events

Exposure: detections are achieved in a large number of cases with short exposures ~10 s

Main differences ON-axis/OFF-axis : off axis detection not directly at ~seconds of delays, detectability notably decreases
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Prospects on C'TAO detectability of sGRBs from BNS mergers during O5

Observation strategy for the follow-up campaign

Fixed window: Comparison of 1, 5, 20’: Fast campaigns covering large regions versus usual IACT exposures

Variable window (1): Average LC among all the GRBs: is useful to have some information on the evolution?

Variable window (2): Tailored exposure per each GRB, so that the exposure is the one required for 5sigma detection

0.00006

0.00005

0.00004

i +Texp
J F(dt = gg(Texp) :

tL a

270° 180°

0.00002
0.00001

0.00000

Preliminary results for variable window (2, implies detection if
covered)

8% are followed , 5% cover and detect the source
Focusing on viewing angle:
On- axis: 18% followed, 10% cover+detect the source

Off-axis: 7% followed, 4% cover+detect the source

SA, Patricelli, Green, Stamerra, Schussler, (CTA Consortium paper), in prep
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The role of Early Warning alerts

Inspiral Merger Ring-
Key ingredient to catch GRBs !! ( ( donn
Pre-merger alerts: send the alert BEFORE the merger ) ) 0 n
In observing run O4 (for the first time) 4
h(t)
Observing run O5 2026-2028: ~3 BNS/ year, 10 s prior to
merger with localizations of 100 deg? (Magee et al. 2021) o N NN V Time ¢
SURT NG \Q% Black hole
AllLVK CBC pipelines are able to produce EW alerts for BNS K & &
X &0 ,@Q}QO (\)\&@Q/
S 5
. . ° O) Q\' Q(\/
Drawbacks: localisation accuracy not yet at the desired level Vv &0 N
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The time evolution of the gravitational-wave frequency and the cumulative SNR for



Number of signals

Detections in the future years with ET-CTAO

100
Redshift

The 3G interferometers: Cosmic Explorer and Einstein Telescope
will open an entire new window

* Broader frequency range, OoM sensitivity improvement
* Detections get boosted as CBC population peak is reached (z~2)

* Better sensitivity to BNS during their inspiring phase if 3Gen
secures <10Hz!

cosmicexplorer.org
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NvHe

Detections in the future years with ET-CTAO

The prospects if we consider EW detections: observation could start as soon as t-to=-15 min

15-min; acg =3 5-min; ace =3 1-min; acg=3 0-min; acg =3
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—_ —— ET+CE —_ —— ET+CE —_ —— ET+CE —_
5 10°3 — ETiovoy 5 10°9 — ETiavoy 5 101 — ETs2vov 5 10%-
v —— ET+LVKI+ v —— ET+LVKI+ v —— ET+LVKI+ P
S 2 — ET 3 2 — ET S 2 — ET S 2
;10* ;10- ;10' ;10'
IS s IS S — ET+2CE
E . g . E . g . —— ET+CE
£ 10 £ 10 £ 104 £ 10*;  ET+2VOY
o o o o — ET+LVKI+
— ET
100 . J . . . 10° . . . . . 10° / & . . . 0 . . . , .
10-1 10° 100 102 10° 10° 101 100 10' 102 10° 10° 101 10° 10' 102 10 10° 101 10° 100 102 10° 10°
Sky-Loc [deg?] Sky-Loc [deg?] Sky-Loc [deg?] Sky-Loc [deg?]
* Results with various ITF configurations + CTAO (~-LST coverage, ~-MST coverage)
* Further opportunities considering CTAO sub-arrays, or divergent pointing
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Banerjee, B., et al.: A&A 678, A126 (2023) redshift



Counterpart of GRB searches in GW (GW'TC-3 results)

* GRBs Detected by Fermi and Swift During the LIGO-Virgo Run O3b

EM (Fermi GBM & Swift BAT)
FOLLOW-UPS

‘/ % * 86 GRBs=>search: accretion disk instability, circular sine—

Gaussian@ 150Hz

GRAVITATIONAL GALAXY. * 17 sGRB/ambiguous GRBs => search BNS/NSBH matched-filtering
 WAVES CATALOGS
~— * No significant identification, still compatible with expected rate (0.07-
S 1.80 yr Fermi-GBM + GW) => exclusion distance derived
* Put constraints on the GRB population from the lack of detections
10°
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o - Tan et al. 2020
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Using Galaxy Catalog info in Counterpart Searches

: : dP Ny, N; (r — fii)*
* Using galaxy catalog in BNS P e P T 22
EM => source found!
FOLLOW-UPS
GRAVITATIONAL GALAXY. | i E
< using Glade+
. e Right i‘\’:(t\:;].\im o e | |

* Using galaxy catalog in BBH and NSBH: Completeness of galaxy catalogs gets increasingly relevant!

NSBH >> Mpc scales, BBHs at Gpc! m

* The LST-1+ MAGIC campaign on S240615dg during O4: sub-deg 9go% C.R. BBH
S240615dg x DESI-DR1 /AGN+QSO

* EM emission from BBH in AGNs? "Eam
Kicked remnants? Claims by ZTFin | =~ S
. =S\ -

the past S190521 (PRL 124.25 (2020): 1/ \\ . ..

251102) ZTF1gabanrhr: AGN .t .( et S .
J124042.3+344920 at Z = 0.438 : (- s
- \\r// L
2 42
o % 40




Galaxy catalogs and Gravitational Waves (+EM)

* GW+Galaxy catalogs are used for cosmology using bright sirens, dark sirens

Hubble constant with GWTC-3

- Broken Power Law

Power Law + Peak
Truncated
GW170817
Planck
SHOES

3

p (km~1 s Mpc

EM (and spectral sirens)
FOLLOW-UPS
\ 0.05
% 0.03
GRAVITATIONAL GALAXY. P

WAVES CATALOGS -

q E:
@-/ 0.01

0.00 T

25 50 75

100

125 150 175

Holkms~'Mpc~!]

* Other probes complementary to galaxy catalogs?
* Line Intensity Mapping as an emerging approach

* HI: 21 cm hyperfine line emission from neutral
hydrogen

* Tracer of large -scale sctructure, connected to the
distribution of CBCs host galaxies

* See Nanadoumgar-Lacroze, D. et al, PoS Moriond 2025 for
first results using MeerKat simulations +GW'TC3 -like
BBHs

From DESI-DR1
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Increasing strength of gravitational waves —>»

The future ahead of us

The field is just at a starting stage!

» LISA-EM: galactic binaries, EMRI,/ TDEs /AGN flares?

i —NANOGrav 2015

Inspiral of
billion-solar-mass
black holes

Million-solar-mass black holes
(inspiral and collision)

Inspiral of
white dwarfs

Binaries of extremely
unequal masses
~ (inspiral and collision)

Unresolvable / o

background
sources

Neutron stars
and stellar-mass
black holes
(inspiral and e
collision) Pulsars

Supernovae

Relicof
the Big Bang

10-4 0.001 0.01

Frequency (hertz)

100

1,000 10,000 100,000

>10 Hz: Observing Run O5 expected to start in ~2-3 years. ET site selection soonish?
<10Hz: gw- electromagnetic multi messenger stage is set for other GW frequencies

Gamma ray sky with CTAO: ~mCirab sensitivities, reach of z~2-4 thanks to the LSTs

~ © CTAO South
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Back-up
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