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: : Jet collides with
Credit: NASA . ambient medium

(external shock wave)

'NMHigh-energy

gamma rays

Colliding shells emit
low-energy gamma rays
(internal shock wave)
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Classification: Short GRBs versus Long GRBs
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‘Short GRBs | Long GRBs

Colla psa’rs

‘See tomorrow’s session on compact object mergers
(David Radice’s Talk e =

P




Short GRBs | Long GRBs

NS-NS + NS-BH + Collapsars + Collapsars + NS-BH + NS-NS + NS-WD +
Magnetars + 2?22 WD-WD + WD-BH + IMBH-WD + HeC-BH
+ AIC WD + 7?77

>

The true plQre is much more complex!”

The single duration dlvwle IS;

See tomorrow S session on compac object mergers
(DaV|d Radlce | = -

——




Long GRB Supernova Connection

* Type Ic-BL - e.g, SN1998bw (Galama et al. 1998)
* No correlation with gamma ray energy over 7 orders of magnitude
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See also David Radice’s talk

Short GRB Kilonova Connection

Time since GRB 130603B (days)
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Long GRB Kilonova Connection

Absolute magnitude (mag)

Long & Short

GRBs with no SN

GRB 031203/SN 2003Iw
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(see also Rastinejad et al. 2022; Levan et al. 2023)
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See also David Radice’s talk

Long GRBs with KN
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ngh Redshlft GRBS Less than 1 Gyr after Big Bang!

Detected during the Epoch of Reionization k%

Salvaterra et al. 2009

Neutral hydrogen fraction, UV Tanvir et al. 2009

escape fraction, metallicity of
ISM/IGM, Pop lll stars?

2 x 10°14f
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3 [ GRB 090423A

£ 5x107 -

R | z~81-8.3
5
A (um)

12 GRBs have been uncovered at z>6 in the last 20 years
SVOM/EP may increase this rate!
(and in the future, THESEUS)



SVOM GRB 250314Aatz = 7.3

Rapid near-infrared imaging and

) : The highest redshift supernova?
spectra are required to find these GRBs!

Rest wavelength (micron)
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Cordier et al. 2025 Levan et al. 2025



Low luminosity GRBs and XRFs
X' ray Fl.aS h esS (XR FS) dominate the volumetric rate of events

‘T/"\ 10_8E 2:““:7? IIIIII T T IIIIIII T T T T TTTT T T T T TTTT I;_
n = — S 3
-9 F {}%_@_-em}@ -
T ~ 107 XRT (0.3—10 keV) E
_10 — _
«GRB020903 5 1007k E
1000 -~ oBeppoSAX u - —-11 o, .
=GRB000131 b P 10_12§ LR 1
—~ 100"F  GRB 060218 T 1
# 5 107k ARSI
— &= : ~3
[l 1 IIIIII| L 1 IIIIIII L 1 IIIIII| L L IIIIII| |
e 100 ¢ Amati Relation = T
ﬁx Nw 10_12 = o * ¢.:..¢ * E
i | : > o :
g — ¢ * *ﬁ‘:ﬁ 1
L, _ . L ¢¢¢ + . 3 _
10 - ; a0 Lo-13 L 4 ¢ o« ﬁ.“
GRB 020903 g + N
HETE-2 . : e ]
k= s
1 P T T B T R S AT B R T17| B S R AT = 10_14 b —t |H“|4 — |””|5 —t |””|6 .I.
10%® 10 10! 1(053) 10°®  10% 10%° 100 1000 10 10 10
Eiso erg

Time (s) Campana et al. 2006
Soderbergetal. 2006
Pian et al. 2006

Sakamoto et al. 2004
Amati et al. 2002



Einstein Probe Comes on the Scene...

Most EP Fast X-ray Transients (FXTs) have no gamma-rays

-
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EP redshifts match
long GRBs! Likely
majority collapsars.

mm= | ONg GRBs |
Short GRBs |
s All EP

1 2 3 4 5
Redshift

O’Connor et al. 2025a, Accepted in ApJL



FXTs/XRFs with Supernovae

Nature of early optical decay:
Cocoons? Different progenitors?
Extended stellar envelopes?

Early blue
excess
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What is the Nature of Ultra-long GRBs?

55 T TTTTm T TTTI (L |I||II| I |||IIII| I ||I|III‘ L IIII|I| | IIIIIIII L IIIIII| I ° Selection effects?
a - LGRB GRB 121027A ] « Gamma-ray telescopes are not designed
: ' i to detect these ultra-long events

GRB 111209A |  Requires interconnection, e.g., IPN
4 b—":—/ )
-' * How do their progenitors differ?

15 . GRB 101225A | * Blue supergiant collapsars?
 Extended stellar envelopes/CSM?

b 4 « Magnetars?
i _ * Helium core (HeC)-BH mergers?
40 N e Micro-TDEs?
Galactic sources e |IMBH-WD TDEs?
| ) e Etc?

00 -

log(L,,) (erg s™')

39 « Atleastsome arecollapsars | !,
0.010.1 1 10 100100010% 10~ 10° (Greiner et al. 2015)
Lao (s) CEAT

Levanetal.2014




GRB 250702B (z = 1.036)

10 arcsec

The Longest of All Time! (LOAT?)

K, 8 July

|
i

= [Fi6ow, 15 July

Levan et al. 2025

* Multiple gamma-ray triggers

See also Gompertz et al. 2025; Carney et al. 2025

40 A

Count Rate
= N w
o (@) (]

o

* 25 ks gamma-ray emission (Neights et al. 2025)
 Short~1 s minimum variability timescale

* Early EP X-ray detection ~1 day before the
first GRB trigger (Li et al. 2025)

Time from Midnight UTC July 2 [s]
Neights et al. 2025; O’Connor et al. 2025b, Accepted in ApJL

GRB 250702E —— Konus-Wind Swift BAT Detection
—— Psyche-GRNS (x4) Swift BAT Non-Detection
GRB 250702D —— Fermi-GBM (x0.33) MAXI Detection
- GRB 250702B MAXI Non-Detection
45000 50000 55000 60000 65000 75000



GRB 250702B X-ray Properties

Short timescale flaring requires an
internal dissipation process and

1049 ST T C | prolonged central engine activity
R
—~ i " ) g
— : T T T
'\, 1048 | NuSTAR
o . 1.25¢ 7 ‘@ t  XRT -
o 10 |
31046 1.00
)
@) 0.75
é 1045
= 0.50
2 1044 GRB 2507028 (July 1)
> @ GRB 250702B (July 2) 0.25
E 43 Jetted TDEs
>'< 107 — Ultra-long GRBs | . . -
Long GRBs 120 . 140 160
" Time (ks)
10~ 10 10

Rest frame time (d)
O’Connor et al. 2025b, Accepted in ApJL

A New GRB Progenitor?

HeC-BH merger? (Neights et al. 2025)
Micro-TDE? (Beniamini et al. 2025)

IMBH TDE? (Li et al. 2025; Levan et al. 2025)




Additional Topics

VHE/TeV GRBs

Orphan afterglows

Dirty Fireballs

Off-axis jets and jet structure

R-process Supernovae

Likely more is missing so please point it out
during the discussion...




Major Open Questions =

GRB 111209A
fo—
Diversity of Progenitors? -

GRB 101225A

Improved GRB classification?
* Longvs Short is overly simplified...

Galactic sources

Central engine: BH or Magnetar? 3%_01 0.1 1 10 1001000104 105 106
too (8) Levan et al. 2014

Earliest GRB progenitors (Pop I1?) at z>5
* Are their supernovae different?

Where are the orphan afterglows, dirty
fireballs, and failed jets? (EP/Rubin?)

cak(@+2) (keV)
=
<

p
=
o
[

— EP-GRBs
No Gamma-rays
1D" e 0.5 1.0 1.5 2.0
. ¢ Short GRB . . . : .
Connection between EP FXTs and . were? Redshift

“classical” (XMM/Chandra) FXTs? 10% 10%° 10 1051( 10;2 105 10% O’Connor et al. 2023
Eiso (erg

O’Connor et al. 2025a










2020

KEY

@ INTERNATIONAL PARTNER LED
I+ 1SS INSTRUMENT

mem SMALLSAT

© CUBESAT

@ BALLOON

7/24/2024

TESS

@ CUTE

Nk,

@ EUCLID

® BURSTCUBE

& XRISM

. @ FORMULATION

@ [MPLEMENTATION
@ OPERATING
EXTENDED

HUBBLE -

".  CHANDRA

2015

g :
o N NUSTAR

, ASTROPHYSICS
e FLEET

National Aeronautics and
Space Administration

PRE-FORMULATION

PROBE ~2030
@& ATHENA EARLY 2030s

2005
 XMM-NEWTON

GEHRELS SWIFT
£2000-

® SPARCS

® SPRITE
.BLACKCAT ® PUEQ wmem ASPERA 1+n TIGERISS
mem PANDORA

mem | ANDOLT
mem STARBURST

@ MANTIS ®POEMM

o'

@ LISA

athena

SPHEREX

2025

@ ARIEL

@ ULTRASAT




Gamma-ray

X-ray

Ultraviolet

Optical

Infrared

Chandra
XXMM

HST

e —

@ NASA Astrophysics Missions

Fermi
Swift

Swift
NuSTAR

opeibdn +vy

Sofia
Spitzer

JWST

BREE

| Credit: Daniel Kocevski/
I NASA GW-EM Task Force

| | | |

2000

2004

| I ! I

2008 2012 2016 2020

| 1 |

2024 2028 2032
22



GRBs are detectable over extreme distances!

Eiso

GRBs are detectable out to z = 9 and potentially higher!
55
10 * ]
[]
1033 - _-
/’,’
105! - el
«"”
’/
1049 - e
_-=7 Y GRB 221009A
el B GRB 090323A
1047 | //’ B GRB 130427A
. GRB 111005A
- GRB 170817A

Redshift

101

Burns et al. 2023



Exquisite Probes of Relonization [ tessthan1cyrattersigaang

Neutral hydrogen fraction, UV escape fraction, metallicity of ISM/IGM, measure
of cosmic SFR at faint end of galaxy luminosity function, Pop Ill stars?

RS Redshift (2)
SOZNS Ny ~ Q

N
O
%

Q
Q Q ‘\/ Q
S © >
Age of the Universe (yr)

Made with astropy using Planck model (2018).
Background adapted from: @ ESA, ©Planck Collaboration.



SVOM GRB 250314Aatz =~ 7.3

=7.3

20

Apparent AB mag at 2
25

Rapid near-infrared imaging and

spectra can detect high redshift GRBs!
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Cordier et al. 2025 .
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The highest redshift supernova?
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Levan et al. 2025



Long GRB KN are Notably Rare!

GRB 230307A is the second brightest GRB behind GRB 221009A and GRB
211211A was the second brightest Swift GRB behind GRB 130427A
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X-ray Lightcurves of XRFs and Low Luminosity GRBs
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More Peculiar Fast X-ray Transients:
Relation to Orphans/Dirty Fireballs?

Are EP FXTs related to dirty fireballs? Lower Lorentz factor outflows * \‘? te Bysmann
without prompt gamma-rays? (e.g., Rhoads et al. 1997, 2003) Grdd student, LMU
. —32 '-l':,;l_:m” e ”””'970508“” i
What is the nature of the early steep decay and late steep [N 060206 |
rebrightening? Cocoon? Refreshed shocks? Different collapsar __—30 X/\ 82‘{322
progenitors (e.g., extended stellar envelope)? o - --,:_‘ief" ) 100418A |
E —28¢ 100621A -
Wi . . i o o [ !’ % r\ 100901A |
ill Rubin allow us to identify others? (e.g., Ho et al. 2022) S I £ A\ 111209A
‘ . S— = —2671 e NN \ 130831A |
B |+ shononee \ > | ' A S Wy |
31052 | Low Iuminosity. .f . -"_ .. . © _24 r f g
> ; .” % Thisis avery active area of research! & I . .
‘a-) I (L an. oo w” ] 4([_‘) —22 | %
I.ICJ 1051 o . _; . i . ) S L
2 R . Shuetal. 2025; Gianfagna et al. 2025; o i
glosoé P Yadav et al. 2025; Wu et al. 2025; Sun et al. § =207 ®
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FXTs/XRFs with Supernovae

Apparent Magnitude

0.06
0.04

0.02

0
o 0.05 -
~

)
5004 ("

‘/v
=0 0.03
5

2
‘c 0.02

2 ~Poz
£0.01 .-
Z

Observer-frame Phase (day)

10 10" 10
19} — = 06aj(V) ¢ g I v I
— == 98bw(R) ¢ =z Keck/NIRES ATCA
riR ¢ B

O o ¢ v é

v
% S

v
22 -
pEY S
2|

2 Phase 1 Phase 2 Phase 3
GTC Keck/LRIS * 1
26+
. . | |
107" 10° 10'
Rest-frame Phase (day)
0.62 days (GTC)
AT2018cow - 5 days
EP240414a

2 b
% 0.00

£0.004
0.003

0.002

19.57 days GTC

SN 1998bw, +13 days

SN 2006aj + 4 days

o+

............

MUSE 81 days
SN 1997¢f + 38 days

o0t i ’Wﬂ W 1’( ‘l

0. ()(ljh 0 (*)j .

(l() (000

\\\\\\\

l
Ml I\ ‘f“’"‘\' r?w \W d , .;q‘ i
u .MW t)‘ !l uw \“ »‘-\
[ iyt ' I ' H | ‘
‘ \\ I} \
l " |
6500 7000 7500 8000 8500 9000 9500
Wavelength (A)

Van Dalen et al. 2024

See also Srivastav et al. 2024 and Sun et al. 2025
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Nature of early steep optical
decay: Cocoons? Different
progenitors? Extended
stellar envelopes?

See also Eyles-
Ferris et al. 2025;
Li et al. 2025
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EP/FXTs without Gamma-rays

X-ray Flux (0.5-4 keV) [erg/cm?/s]

Yadav et al. 2025
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EP240408a: Exotic GRB or Abnormal jetted TDE?

* X-ray lightcurve unlike other high energy transients (e g GRBS TDEs).
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GRB 250702B Gamma-ray Properties
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GRB 250702B EP WXT+FXT Lightcurve

Li et al. 2025
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GRB 250702B X-ray Variability

1.2} GRB 250702 4 FPMA+FPMB Source |
¢ FPMA+FPMB Bkg
~1.0} * - Bayesian Blocks
" +
v 0.8 # #
L
-] — ? ------- % -% ----------------------------- # --------------------
© ﬂ
: i
0.4} +
-
o .
© 0.2 pag - $ ¢ ¢
@ S : s @ g § o J o .9
K %fﬂ}' ' %‘%&@ ' %fﬂgb R ® q?b@@ cﬂiﬁ_‘?@m Poc s %
0.0 } :
10 | x?/dof = 9.60
5 o, & % %% @

> ob--% L - (T N— \ . SO AP e

sl TN

-101 ‘ | ‘ | o

0 10000 20000 30000 40000

Time from Observation Start (s)

O’Connor etal. 2025b

Leahy Power

GRB250702B’s 3-30 keV average power density spectrum
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GRB Jet Structure
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Off-axis jets and Jet collimation
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The brightest gamma-ray burst of all time
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Lack of jet-breaks in bright GRBs

The lack of a late-time steepening
Implies a wide jet

* Same behavior in other nearby,
energetic GRBs

Arbitrary Scale

* Common central engine and/or
structured jet for extreme events?
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