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The past




y-ray bursts : the standard picture

Massive star Several prompt
collapse emission
scenarios

Central \
engine 3

$

Compact binary merger, containing at
least one neutron star

Samuele Ronchini, PennState University December 6th 2023
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y-ray bursts : the standard picture

Massive star

collapse Magnetic Ealled
MA cUETLC RECOWNECTION
reconnections
Drenkhahn 2002,
Lyutikov & Blandford 2003
™ TN Zhang 2011
S - Central
: ) .
L 5% ) engine
- . 4
' < .

RAPIATIoN
MED|ATED
SHock

Compact binary merger, containing at
least one neutron star

Samuele Ronchini, PennState University

Several prompt
emission
scenarios

Teocbo Conct

/ M‘?:jw‘c/ic %Au

Internal shocks

Rees & Mezsaros 1994
Kobayashi + 1997
Daigne & Mochkovich 1998

Photospheric emission

Eichler + 2000,
Ryde + 2005,
Pe’er + 2006
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The standard picture

g

External shock

Forward shock —> long o
goly!

lasting, visible from radio to
VHE

limited by shock crossing
time, visible mainly in optical
and radio

Insterstellar
medium

|
|
| |
|
|
|
|
I Reverse shock —> duration
|
|
i
|
|
I

On-axis

[EEN
o
&

== forward + reverse shock
—=—- reverse shock only
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©

Flux density [m]y]
XRT 0.3 - 10 keV flux [erg cm™2 s71]

Post-trigger time [d]

e.g., Salafia 2022
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Open questions about y-ray bursts physics

Emission processes in the jet, acceleration
mechanisms

Jet launching mechanism

Samuele Ronchini, PennState University

Nature of the progenitor and
its impact on the prompt and
afterglow features

photons

é& | ! Origin of of very high-energy

Formation of jet structure

Jet composition (dominated by
magnetic or kinetic energy)

December 6th 2023



The multi-messe tion: GW178017

The first smoking gun of BNS merger / sGRB / KN
association: GW 170817, GRB 170817A and AT2017gto

I

KN spectra

LIGO \ X Normalized amplitude

30° \ |
LIGO/ £

Virgo

Swope +10.9 h

1
'.. 3 LIGO-Hanford
: :

30" = |

/ Fermi/
0 \ GBM

0818

- First association between binary neutron star (BNS)
mergers and short GRBs

Heavy elements are synthesized 1n the ejecta of
BNS mergers —> their radioactive decay powers
the kilonova (KN) emission (L1 & Paczynski
1998)

Evidence of a relativistic jet with an angular
structure, observed off-axis

Samuele Ronchini, PennState University
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MM discc

Such a wide,
multi-disciplinary impact ...

GRBs and high-energy

astrophysics Nuclear physics

B GRMHD processes for the Matter in extreme
jet launching ‘ conditions

3

Evolution of stellar

C |
OSMoIdY populations

Gravitational physics Stellar Nucleosynthesis

-ennState University

hallenges

Coordination between GW-
EM community

Dedicated programs to
follow-up the GW events

Optimized observational
strategies

Design next generation
telescopes and GW detectors
to maximize the multi-
messenger science output




What are the questions still open in the MM tield?

What GW data can tell about the remnant and the GRB Joint GW+EM detection:
progenitor:
1. a fundamental tool to test alternative
\ theories of gravity, through speed of
' gravity/light comparison

1. NS-NS or NS-BH?
2. constraints on exotic scenarios (GRBs from BBH)

3. central engine: BH vs NS paradigm 2. critical to probe the physics of the

launching mechanism and the jet break-

4. fraction of binary mergers able to produce a relativistic . .
i out through the circum-burst ejecta

jet

3. Bright siren measurement of Hubble
constant

Properties of the KN ejecta:
The missing messenger:

1. geometrical and dynamical structure
1. Where are high-energy neutrinos

2. neutron richn
eutron richness from CBMS?

3. Heavy elements nucleosynthesis
2. Can GRBs contribute to the flux of

4. Probe the Jet-KN interaction high-energy neutrinos observed by
IceCube

Samuele Ronchini, PennState University December 6th 2023



Other recent peculiari

4

Samuele Ronchini, PennState University

Normalized Counts

Normalized Counts
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GRB 211211A: Swift/BAT

Normalized Counts, 15-25 keV

Normalized Counts, 25-50 keV
—— Normalized Counts, 50-100 keV
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Time (days from trigger)

First long GRB associated with a binary merger

D = 350 Mpc

If NSBH, detectable by LVK? —> YES, at high SNR

If BNS, detectable by LVK? —> YES, at SNR~10,
because we know that is face-on

Rastinejad et al. 2022, Mei et al. 2022, Troja et al.
2022, Yang et al. 2022
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Other recent peculiariti field: GRB 211211A
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First GeV emission associated with
a binary merger

Late-time low-power jet, which drills through
the KN ejecta
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Other recent

e 29 days AT2017gfo, 10 d

B 230307A

® Phot.29d = Levan et al. 2023

(l<lE 1.5 — 61 days —— 29 d Model © Phot.61d
I
= Te I11] [W IIT][Se II1]
5 1.0 "
| | b QL AT )
” . [l A L .
go.s f h"qﬁ Hutwlif* L Al o Second brightest GRB ever detected
N il —
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0 15 20 25 30 35 40 45 50 e D = 300 Mpc —>_detectable by LVK
| Observed wavelength (m_1cron) - -
! 125 « KN emission detected by JWST at 30d
Ll from GRB
:); ! 10.0
g 4 s S o Color evolution remarkably similar to
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Samuele Ronchini, PennState University
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First detection by JWST of a merger driven GRB



GRB 211211A is:

e NS-BH? —>Seems in
contrast with the blue
component of the KN

o HMNS?—>more plausible

230307A

o 77?

Samuele Ronchini, PennState University

Proposal of a unified scenario

Gottlieb et al. 2023

Short

BH-NS ———» cbGRB
My <107 Mg

No Binaries

No Disks

-
e
S
.
P

Long-lived )

HMNS 3
Short-livec .

HMNS Black Hole

Short
cbGRB

M; <107 %M

Short cbGRB

LTBOLTMD

2.8 3.1 6.0
Mtot [MQ]

Duration mostly driven
by M disk

Long merger driven
GRB powered by

e NS-BH with
moderate mass ratio

e BNS with Mtot Z/ 28M@

Short merger driven
GRB powered by:

e BNS with Mtot 5 28M@
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Proposal of a unified scenario

Gottlieb et al. 2023
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HMNS Black Hole
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Mtot [MQ]
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GRB 211211A is:

e NS-BH? —>Seems in
contrast with the blue
component of the KN

o HMNS?—>more plausible

230307A

o 77?

Samuele Ronchini, PennState University

Proposal of a unified scenario

Gottlieb et al. 2023

No Binaries

No Disks

Long-lived
HMNS

What we could gain wit future MM observations?

EM:
Sl ¢ GRB duration and
spectrum

M1 and M2 e KN properties

Duration mostly driven
by M disk

Long merger driven
GRB powered by

e NS-BH with
moderate mass ratio

e BNS with Mtot Z/ 28M@

Short merger driven
GRB powered by:

e BNS with Mtot 5 28M@
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The present




Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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Updated == O1 O2 == O3 mm O4 05

2023-11-16
80 100 100-140 150 160+ 240-325
Mpc  Mpc Mpc Mpc Mpc
LIGO y _ HE
30 40-50 40-80 150-260
] Mpc Mpc Mpc Mpc
Virgo I B
0.7 1-3 =10 =10 25-128

Mpc Mpc Mpc Mpc Mpc

KAGRA | 11

| | I | I | | | | | I I | | |
G2002127-v22 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

Significant events:
1. CBC events: FAR threshold 1/month (post trials)

«O4: 18 months of active observing 71 In 04
time, started end of May 2. Burst events: FAR threshold 1/year (post trials)
«So far, only LIGOs . Low-significance events:

1456 in O4 °

Sent with a max FAR of 2/day
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«O4: 18 months of active observing

Abbott et al. 2020, Living Reviews in relativity

time, started end of May

S0 far, only LIGOs

1. CBC events: FAR threshold 1/month (post trials)
2. Burst events: FAR threshold 1/year (post trials)

Observation run Network Expected BNS Expected NSBH Expected BBH

detections detections detections
03 HLV 1+ Vi 17+22
04 HLVK 10122 191 79+8

Area (deg?) Area (deg?) Area (deg?)

90% c.r. 90% c.r. 90% c.r.
03 HLV 270+3 33042 280133
04 HLVK 33*3 50+ 41+

Significant events:
71 in O4
: Low-significance events:
1456 in O4

Samuele Ronchini, PennState University

Sent with a max FAR of 2/day

December 6th 2023



04 multimes
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04 multime
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NSBH

Independently of the local
NS-BH rate, it is
challenging to detect the
EM emission, since:

1. Only for some
combinations of mass
ratios and spins a
massive disk is formed
and a jet launched

2. If formed, wider jets are
expected, hence less
luminous
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Why we need:
1. To consider low-significance GW candidates

2. Circulate their info in low latency



Livingston 04

Livingston O3
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Some GRBs potentially

detectable by Swift-BAT are L o mEEEEE - -I
missed because, e.g.: , We can recover them, with a

, deeper low-latency analysis '

- occurring close to the edge of the
coded mask l

- Occurring during slew GUANO
Tohuvavohu et al. 2020

- Located out of the FOV

The efficiency of the trigger
algorithm degrades as we
move from the center of the

FoV

Application to the multi-messenger
SClence case: 1. GW trigger

2. Switt-BAT does not
trigger

VAN

G P(det|F > F,,) = 100%

3. The GUANO analysis

a P(det|F > F,,) < 100% BAT FOV 1 reveals a s1g.n{ﬁcant
event, providing

arcmin localization

0.5

4. EM follow up

Samuele Ronchini, PennState University December 6th 2023



NITRATES workftlow and results

Few hours

External trigger: info

on trigger time and
sky position

Arcmin localization
provided

Location promptly
circulated via GCN

Samuele Ronchini, PennState University

Dump BAT data

Successfully operative in O3, both for
above- and sub-threshold events

Currently running in low-

around trigger time

latency also during O4

P(IN/OUT FoV)

OUT

Coarse constraints about
localization, but we can stil
claim a detection

Multi-wavelength

follow up, search of

Max likelihood
analysis, on a full sky
grid
No significant
candidate
14+ —— GCN circulated
EM follow-up started

121
101 —_—
8_

+:
6_
+ ]
2_
) Hllgs

100 I T 102

host galaxy, redshift

time from external trigger (hr)

Ingested external
triggers:

* Ferm1/GBM,
Integral, Calet,
GECAM

* GWs

* [ceCube

« HAWC

* FRBs

Success rate:

e more than 100
GRBs recovered
with GUANO so
far

* 32 with arcmin
position (24 long +
8 short)

* In 14 of them the
afterglow emission
was detected (1/2
of which are short)

December 6th 2023



GUANO workflow and results

External trigger: info
on trigger time and
sky position

Arcmin localization
provided

Few hours

Location promptly
v circulated via GCN

Samuele Ronchini, PennState University

Dump BAT data
around trigger time

IN

OUT

Coarse constraints about
localization, but we can stil
claim a detection

Multi-wavelength

Successfully operative in O3, both for
above- and sub-threshold events

Currently running in low-

latency also during O4

Max likelihood
analysis, on a full sky

P(IN/O

follow up, search of -
host galaxy, redshift 10° 101

—— GCN circulated
EM follow-up started

[T
2_
. LT
102
time from external trigger (hr)

Ingested external
triggers:

* Ferm1/GBM,
Integral, Calet,
GECAM

* GWs

* [ceCube

« HAWC

* FRBs

Success rate:

e more than 100
GRBs recovered
with GUANO so
far

* 32 with arcmin
position (24 long +
8 short)

* In 14 of them the
afterglow emission
was detected (1/2
of which are short)
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Why we need a well localized EM counterpart

Possible scenarios for a joint GW-gamma-ray detection:

1: poorly localized gamma-ray
bursts (~100 deg”2)

We can study:
o the GW-EM delay
e jet properties,

e masses-jet connection in terms
of spectrum, duration...

e jet structure from knowledge of
inclination angle

Samuele Ronchini, PennState University

2: well localized gamma-ray
bursts (~10 deg”"2)

We may (or may not) find the host
galaxy and determine the redshift,
but it may require hours/days

We can study:

e D L-redshift relation for
cosmology

o speed of gravity tests

e spectral and photometric
evolution of KN emission

3: arcmin localized gamma-ray
bursts

The source is identified after few
seconds and in addition to case 2
we can study:

o full evolution in X-rays (plateau
?) and optical up to the
appearance of KN component

o possible UV early emission due
to free neutron decay

December 6th 2023



What if we don’t have an arcmin localized burst?




What if we don’t have an arcmin localized burst?

Combine maps!

Samuele Ronchini, PennState University December 6th 2023



3600

—— 50,90,99% contour 0 Earth 3500

60° [1 BAT FoV (50,10,1% coded)
% 3400LI_|1
§ 3300
° 3200
\ 3100
0 ‘x 0 -60 -40 -20 0 20 40 60 80
: T-TO (s)
SNR
16
8 4
8 2
a 0.5
1
0.25 |
0.125 0
-20 -15 -10 -5 0 5 10 15 20
T-TO (s)
TS Delta LLH Out Delta LLH Peak
8.0 10.07 0.68
7.36 12.26 1.49
7.3 12.73 0.4
7.02 10.7 0.58

90% area: solid
50% area: dashed




"

The BAT sky map is renormalized considering a 302

probability identical to zero in correspondence

of the region occulted by Earth. This is done o
imposing:

-30®

1= Pg + (1— P@)ZPBAT(%, yi) AL,

1¢D
AQg
Pon =
© 47
The resulting convoluted map is
]
0, (zi,v:) €D 30

Pjoz’nt(xia yz) — PGW(xivyi)X<

\PBAT(CI%,%), (xi,Y:) ¢ ©

Samuele Ronchini, PennState University

60°
=
18h
-60°
60°
| |
210 18h
-60°

event ID: G414418
50% area: 1,295 deg?
90% area: 4,198 deg?

-60°

60°

30°

30°

event ID: G414418
50% area: 22 deg?
90% area: 197 deg?

60°

30°
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With the inclusion of Earth

Samuele Ronchini, PennState University

event ID: G414418
50% area: 1,295 deg?
90% area: 4,198 deg?

60°
60°
00
OO
h
o
30 .
OO event ID: G414418
50% area: 22 deg?
| | - 90% area: 197 deg?
90° 45° ° 60° 77 60°
7 %\
30° . ‘ 30°
%
OO
(o) Oo | I I
-30 o 21h 18" 15N

-30°

-60°

90% area: reduced by factor 21

50% area: reduced by factor 60
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Without the inclusion of Earth

Samuele Ronchini, PennState University

90°

event ID: G414418
50% area: 1,295 deg?
90% area: 4,198 deg?

60°
00
h
30°
00 event ID: G414418
50% area: 125 deg?
| - 90% area: 1,866 deg?
45° )°
-30°
-00°

90% area: reduced by factor 2.3

50% area: reduced by factor 10
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NITRATES

50% Area: 1480 deg:
90% Area: 9425 deg:

0 Credible Level 1

Combined

50% Area: 18 degz
90% Area: 447 degz

.‘
=

Credible Level




GW Kafka notice

RAVEN

Joint ranking

statistics + joint sky
localization map

Samuele Ronchini, PennState University

/

I

GAUNO data
dump

l

NITRATES
analysis

l

Skymap and
significance

Fermi candidates

Possible scenarios, in descending
order of goodness:

1. The candidate is localized inside
the Swift-BAT field of view, with
arcmin precision

. The candidate is outside the FOV,
but with the skymap we can
exclude a large portion of the sky

. The skymap is non-informative
(low-significance candidate) and
we can just exclude the area
covered by Earth
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The future




The 3rd genera

$
Q

Einstein Telescope
(ET)

Cosmic Explorer
(CE)

Samuele Ronchini, PennState University

- Triangle geometry
- Xilophone concept: low

frequency at cryogenic
temperature + high
frequency at room
temperature

- Underground to

minimise seismic noise

Extension of LIGO
concept with 10x longer
arms

ASD (Hz"z)

steps forwards

s | | GO
107 s \[IrQ O
18 - Einstein Telescope
o = COsmic Explorer
10—19
N
10—21 J [ o SI.
~ Qg -
1022 RS L
2 N
10-23 . e .
L
L ~ <

10_24 L Y /

~
10—25 ‘-

10° 10* 102 10°
f(Hz)

From Chan et al. 2018
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The 3td generation

e 105-10¢ detections / yr of stellar mass BH mergers up to z~100

e Detection of primordial BH

e Detection of ~10° BNS mergers/yr beyond the star formation peak
e ET more sensitive at low frequency — the inspiral 1s followed for a longer

time — better sky localisation

sclence case

o Access the effects of tidal deformations at the moment of the merger —

NS EoS

e Test of GR during the inspiral and 1n the post-merger (e.g. BH ringdown)

e Nature of dark energy and modifications of GR at cosmological distances

10721 —

1/2

—

9
N
N

NS-NS
merger

~

—

<
N
w
I

AdvancedLIGO

n(f) and 2(f|h{)|)

JS
3
IN

: Einstej
100 Mpc e Telescope

BH-BH]
merger-

df" (2)/d" (2)

—

9
N
o1

10 50 100 500 1000
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1.2

Redshift

100 |

10 |

e HoOrizon ]
10% detected -
50% detected -

—

w— ET
CE

—

| gl il !
10 100 1000

1.6

1.4

-—-—-'

- =
- wm =
- -

-0.2

-0.4 -
—0.6 -
—-0.8 1
I
-1.2 1 | |

~1.4

-1.6

0.2

I standard sirens
I CMB+BAO+SNe
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10000
Total source-frame mass [My]

* o..‘.\‘,'
GW150914 - 0 % 8

et s .
D |
o b VS0 &
] % °
. ®o '\ F Y
g ),
o, 020 S8
[ |
. |
...l' '.' e o 0

*
W170817

,,,,,,,
SHhds
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The 3rd generation of C

detectors:

sclence case

e 105-10¢ detections / yr of stellar mass BH mergers up to z~100

e Detection of primordial BH

e Detection of ~10° BNS mergers/yr beyond the star formation peak

e ET more sensitive at low frequency — the inspiral is followed for a lo

time — better sky localisation

e Access the effects of tidal deformations at the moment of th

NS EoS

1/2

—

9
N
N

NS-NS
merger

~

—

<
N
w
I

AdvancedLIGO

n(f) and 2(f|h()|)

Js
3
IN

: Einstej
100 Mpc ®in Telescope

BH-BH]
merger

—

9
N
o1

500 1000
f (Hz2)

10 50 100

Samuele Ronchini, PennState University

5000

1005‘ = Horizon E
L 10% detected -
50% detected -
10 F
e "
%
)
O
a7
1B
m= ET
CE
0.1 F 4 TN o | . A W
1 10 100 1000 10000

Total source-frame mass [M;]

I standard sirens
I CMB+BAO+SNe

4 Il CMB+BAO+SNe+standard sirens

* N\
GW150914 < A¥hfy'ss @

*
W170817

''''''
SHhd

Maggiore+2020 yi

Evans+2021
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Jo1t

Ws

band Fiim Joint ET Joint (ET+CE)
INSTRUMENT FOV/4r loc. acc. N;p/N, N;p/N,
MeV ergcm 2 s +y-ray +y-ray
Fermi-GBM 0.01-25 0.5(%) 0.75 5 deg (%) 33‘_‘{‘11 6833% 473;1 95t§%
Swift-BAT 0.015-0.15 2% 1078 0.11 1-3 arcmin 103 62111% 13ﬁ;51 94i§%
SVOM-ECLAIRs | 0.004 - 0.250 1.792(%*) 0.16 < 10 arcmin 3j 6930% 4i} 953%
SVOM-GRM 0.03-5 0.23(*) 0.16 ~ 5 deg 9J_"31 59:’2% 14’_’?1 923%
THESEUS-XGIS 0.002 - 10 3% 1078 0.16 < 15 arcmin 10’_:51 63j§% 15:61 94t§%
HERMES 0.05-0.3 0.2() 1.0 1 deg 84i‘3% 613‘1’% 139f§‘61 94tg%
TAP-GTM 0.01-1 1(*) 1.0 20 deg 60‘_“%?1 6722% 8432 95tg%
Fermi GBM+ET Ronchini et al. 2022 Fermi GBM-HET&CE)
I injected
@ ET detections B injected

I y-ray detections

I joint ET+y-ray detections

103_

102_

101_

0.2 0.4

0.6 0.8 1.0

redshift

3.0 4.0

[ (ET&CE) detections
B y-ray detections
I joint (ET&CE)+y-ray detections

103_

102_

101_

0.2 0.4 0.6 0.8 1.0 2.0

redshift

3.0 4.0




Joint de

d GWs

band Fiim Joint ET Joint (ET+CE)
INSTRUMENT loc. acc. N;p/N, N;p/N,
MeV erg cm 2 +y-ray +y-ray
Fermi-GBM 0.01 -25 5 deg (%) 333‘11 6832% 47t}j 95t§%
Swift-BAT 0.015-0.15 -3 arcmin lOig 623}1% 13:51 94i§%
SVOM-ECLAIRs 10 arcmin 3+ 6975 % 4+1 95> %
SVOM-GRM ~ 5 deg 9J_"31 59J_’g% 14”_’2 921’%%
THESEUS-XGIS < 15 arcmin 10151 63ig% 15i2 94t§%
HERMES 1.0 1 deg 84*3% | 61719% 139+3¢ 94+8%
TAP-GTM 1.0 20 deg 6022 67ji% 8432 95tg%
Fermi GBM+ET Ronchini et al. 2022 Fermi GBM-HET&CE)
I injected
[ ET detections injected

I y-ray detections
I joint ET+y-ray detections

103_

102_

101_

0.2 0.4

redshift

Samuele Ronchini, PennState University

0.6 0.8 1.0 2.0

3.0 4.0

jE0N

(ET&CE) detections
y-ray detections
joint (ET&CE)+y-ray detections

103_

102_

101_

0.2 0.4

0.6 0.8 1.0 2.0
redshift

3.0 4.0
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Joint det

and GWs

band Fiim Joint ET Joint (ET+CE)
INSTRUMENT loc. acc. Nyp/N, Njp/N,
MeV erg cm ™2 s~ +y-ray +y-ray
Fermi-GBM 0.01 -25 5 deg (9) 33“_“}‘11 68i{:§% 473?1 95t§%
Swift-BAT 0.015-0.15 -3 arcmin 103 623}1% 13151 94f§%
SVOM-ECLAIRs 10 arcmin 3+ 6975 % 4+1 95> %
SVOM-GRM ~ 5 deg 9i‘3‘ 59J_’g% 14fg 923%
THESEUS-XGIS < 15 arcmin 10“_“451 63*{%% 15i2 94t§%
HERMES 1.0 1 deg 84*3% | 61719% 139+3¢ 94+8%
TAP-GTM 1.0 20 deg 603?1 67i{2% 8432 95ig%
Fermi GBM+ET Ronchini et al. 2022 Fermi GBM-HET&CE)
I injected
@ ET detections B injected

I y-ray detections
I joint ET+y-ray detections

103_
)}
|
102 ; I
|
|
l—
101- |
|
0.2 0.4 106 0.8 1.0 2.0 3.0 4.0 4
I redshift 1
. Y
aEm E E EE E E E E B B B BN [}

Samuele Ronchini, PennState University

1 (ET&CE) detections
N y-ray detections

I joint (ET&CE)+y-ray detections

High-z GW counterparts
can be detected only at
high-energy (kilonova

intrinsically fainter)

103_

102_

101_

0.6 0.8 1.0

redshift | | T
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Joint dete

and GWs

band Fiim Joint ET Joint (ET+CE)
INSTRUMENT loc. acc. Nyp/N, Njp/N,
MeV erg cm ™2 s~ +y-ray +y-ray
Fermi-GBM 0.01 - 25 5 deg (%) 3314 | 68 3% 47+14 95*3%
Swift-BAT 0.015 - 0.15 3arcmin | 1073 | 62*11% 13+ 94+6%
SVOM-ECLAIRs | 10 arcmin | 3t | 69*109 4*1 953% |~ Few but well
SVOM-GRM ~ 5 deg ot | 59*69% 14+ 92+3% localised
THESEUS-XGIS <1Sacmin | 104 | 633% | 15 | 94%% | events
HERMES 1.0 1 deg 84+ | 61719% 139+3¢ 94+8%
TAP-GTM 1.0 20 deg 602 | 67t13% 84+30 95+3%
Fermi GBM+ET Ronchini et al. 2022 Fermi GBM-HET&CE)
I injected
@ ET detections B injected

I y-ray detections
I joint ET+y-ray detections

103_
)}
|
102 ; I
|
|
l—
101- |
|
0.2 0.4 106 0.8 1.0 2.0 3.0 4.0 4
I redshift 1
. Y
aEm E E EE E E E E B B B BN [}

Samuele Ronchini, PennState University

1 (ET&CE) detections
N y-ray detections

I joint (ET&CE)+y-ray detections

High-z GW counterparts
can be detected only at
high-energy (kilonova

intrinsically fainter)

103_

102_

101_

0.6 0.8 1.0

redshift | | T
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Two kinds detections
Fermi-like telescopes Swift-like telescopes
- ~ all sky monitors
- Possibility to build constellations at fairly - Good sky coverage
low cost - Arcmin location accuracy
- Best sensitivity around the sGRB peak - Possibility to promptly follow up with
energy ground-based telescopes
- ~ deg location accuracy
PROS
PROS - Identification of the host galaxy
- Confirm the spatial and temporal - Determination of the redshift
coincidence with the GW - Detection of X-ray counterparts (standard
- Characterise the spectral shape up to high GRB afterglow, jet-KN ejecta interaction,
energies SBO, wind from magnetar...)
- High number of joint detections = - Less number of events but with deeper
statistical studies understanding of the GRB physics

Samuele Ronchini, PennState University December 6th 2023



THESEUS: Transient High

SXI (0.3-10 keV)

, "'( ~
\ . .- { \

-

" XGIS (2 keV-10 MeV)

L A -
'. ... . b -
s O ¢MT, ‘-. . " s o
. . TS

Samuele Ronchini, PennState University

nd Early Universe Surveyor

Mission concept optimized for:

1. Multi-messenger studies, follow up
and identification of EM counterpart
of GW and neutrino events

2. Detection and characterization of
GRBs up to redshiits close to the re-
ionization epoch of the Universe

3. Systematic survey of the transient sky
in the high-energy
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THESEUS: Transient

Soft X-ray Imager (SXI)

Detector

Focal
Plane Unit

Tube R |
DEENE=]  (FPA)

- TP " Instrument Supgort
= i . L Structure(Hexa;J%\ ¥y ;
SRR NE=d  Assembly)

THESEUS/SXI
SGR/eROSITA
XMM-Newton/EPIC

0 1
Energy (keV)

Large Grasp

Samuele Ronchini, PennState University

X/gamma-ray Imaging spectrometer (XGIS)

detector gL support
e )

collimator —_

Swift/BAT
103
| THESEUS/XGIS
~
&
A
g 107
;_( 4
© 1
9 4
- 4
'8 Fermi/GBM-BGO
£ 4
RS 10* 4
] Fermi/GBM-Nal
10() i ' .
100 101 102 103

Energy [keV]

Very wide spectral coverage

arly Universe Surveyor

Key advantages:
Wide coverage of the sky

Very extended energy range,
from 0.3 keV to 10 MeV

Arcmin localisation

FOV Position accuracy
SXI 0.5 sr < 2 arcmin
2 sr(2-150 keV) .
XGIS 4 st (>150 keV) < 15 arcmin
IRT 15°x 15’ < 1 arcsec
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ET ET+CE ET+2CE

104/ 104; 104
103; 103; 103;
3
\"
< 102 102 102
Il injected I injected I injected
[ detected [ detected [ detected
101 I AQ < 1000 deg? 10! I AQ < 1000 deg? 10! B AQ < 1000 deg?
I AQ < 100 deg? E AQ < 100 deg? B AQ < 100 deg?
B AQ <10 deg? I AQ <10 deg? I AQ <10 deg?
100- B AQ <1 deg? 100- B AQ <1 deg? 100- B AQ <1 deg?

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Redshift Redshift Redshift

ET ET+CE | ET+2CE

Net 143970 | 458801 | 592565
Nget(AQ < 1 deg?) 2 184 5009
Nget(AQ < 10 deg?) 10 6797 154167

Nget(AQ < 100 deg?) 370 | 192468 | 493819
Nget(AQ < 1000 deg?) | 2791 | 428484 | 585317

-nnState University




ET ET+CE ET+2CE

104/ 104/ 104/
107 107 107
G
J
v
< 102 102 102
I injected I injected I injected
[ detected [ detected [ detected
1011 I AQ <1000 deg? 101 I AQ <1000 deg? 101- I AQ <1000 deg?
I AQ< 100 deg? I AQ <100 deg? I AQ <100 deg?
B AQ <10 deg? I AQ <10 deg? I AQ <10 deg?
100' -- -AQ-<id-egi [ | 100 — Al <1 degz 100 -- A-Q-< ]-de-gz- -
0.0 0.5 1.0 1.5 2.0 2.5 3.0 » 0.0 0.5 1 1.0 1.5 2.0 2.5 3.0 0.0 0.5 g 1.0 1.5 2.0 2.5 3.0 g
' Redshift ' ' Redshift ' . Redshift '
s s ss s s s s s s s s s E- - ) T T R T . G S E EE SRR EE SR SR EEE S EEE . | 4

High-z GW source localisation 1s given

ET ET+CE | ET+2CE
by counterparts detected by wide field

Nae 2 143970 | 458301 | 592565 X-ray and y-ray telescopes with arcmin
Naet(AL2 < 1 deg”) 2 184 2009 localisation capabilities
Nget(AQ < 10 deg?) 10 6797 154167

Nyt (AQ < 100 deg?) 370 | 192468 | 493819
Nget(AQ < 1000 deg?) | 2791 | 428484 | 585317

Samuele Ronchini, PennState University December 6th 2023



Detectability of the aft

How to detect X-ray emission:
1. In survey mode: probability ~FOV/47 of detecting

by chance the source
2. In pointing mode: sclection of the sources with AQ

Sky localisation
from GW

. o GW skyerror box

< 100 deg?
THESEUS-SXI TAP Einstein Probe Gamow
Energy band 0.3-5 keV 0.3-5 keV | 0.5-4 keV | 0.3-5 keV
Field of view 0.5 sr 0.4 sr 1.1 sr 0.4 sr

Number of BNS mergers / yr detected in GWs and X-rays

Survey mode

ET | ET+2CE
EP 5072 | 6417
Gamow 93 103
THESEUS-SXI 11+ 13*3
THESEUS-(SXI+XGIS) | 23%¢ | 277]
TAP-WFI 161 17+5

Samuele Ronchini, PennState University

Pointing mode

101 Survey vs pointing

ET | ET+CE | ET+2CE
5 80 168
EP 973 | 29475 | 3597,
THESEUS-SXV/ | __. £ 41
Gamow [ NIt 2
TAP-WFI 8+ | 182+8 | 2258

For 2-3 GW detectors active,

pointing better than survey,
but...

)

Detection with
—>  Response time @ ——>  wide field X-ray
__ telescopes
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Caveats about the pointing strategy

ET | ET+CE | ET+2CE
EP 9+3 | 294+%0 | 350+1¢8
THESEUS-SXI
Gamow / 7t§ 95tﬁ 122#2%
TAP-WFI | 8*3 | 182+ | 225+
100 s 1 hr 4 hr
. . +168 +24 +15
Einstein Probe | 3597.70 | 4877 | 1777
THESEUS-SXI/ “
12274 | 1247 | <9
Gamow
76 20 10
TAP-WFI 225%75 | 50%5 | 1771

A rapid response 1s necessary to catch

the brighter phase of the afterglow

Samuele Ronchini, PennState University

Following-up all the sources with AQ <
100 deg? 1s unfeasible

Other GW parameters should be exploited
to restrict the selection:

e SNR
* Viewing angle and relative error
 Luminosity distance and relative error
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m— | |GO |
m—\/iIrgo

- Einstein Telescope
= COsmic Explorer

~ 30 s slewing time

+ Few minutes . Bl D . .. it JECe |

f (H2)

Future Cherenkov telescopes, like CTA,
enough SNR can be will be able to point in the direction of the

For some golden cases,

accumulated already before GRB at the moment of the merger,
the merger allowing to detect possible very-high
energy emission during the prompt
phase

Samuele Ronchini, PennState University December 6th 2023



The 11

Jomnt y-ray+GW
detection efficiency (ET+Fermi-GBM)

z<0.5

SCOPES

Redshift distribution of
joint X-ray+GW detections, in pointing mode

B all o,
1 6,<5°
B 6,>5°

0.175-

0.5<z<1.5

z>1.5

Viewing angle (deg)

Samuele Ronchini, PennState University

Too off-axis to have a
detectable y-ray emission

N

o
=
9
o

0.125-

0.100-

0.075-

N/Np, rq < 100deg?

O
o
a1
o

0.025-

" redshift

WEFX-ray telescopes can
significantly enhance the
probability of a joint
detection
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Pre-merger localizat scopes 1n the ET era

' Swift-BAT FOV

Magee et al. 2021 Swift-BAT FOV Banerjee et al. 2023 15.min; acs =3

|
2 ' 1
10 - 100 1 |
i | 1
£ ; ;
:C>> S ]
E — : 5 103 5
8 — X a -
~ 10! - S0t — o p 100 S 2
. 2 . g -
z E = S 102 -
8 = 5 O ,
g 2 5 9 —— 1ET+2CE
£ £ : 2
A 100 - § 10-2 - g a) 101 _ _:ET+CE
: . —— (ET+2VOY
] |
£ 2 —— JET+LVKI+
E - —— (ET
£ 100 4 :
| T |
10-! +r—rr—_ —3 — L -
102 101 100 10_1 10 102 100 102 104 100 102 104
Time before coalescence (s) 90% credible area (deg?) Sky'LOC. [degz]
In O4: <~ 1 BNS In the ET era: ~ 1000 BNS pre-merger
pre-merger detections detections with AQ < Swift/BAT field of view

Continuous commanding already To be ready to routinely
tested: few seconds between command » | ingest pre-merger alerts in

sent from ground and start of
spacecraft slew

the ET era
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Thank you!




