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"He knew his days upon this earth were past"

Wiglaf speaking to Beowulf after his battle with the dragon.
Beowulf is mortally wounded

wyrd

Beowulf, line 455b;
GEd Rwyrd « p RO«w$ Kk z
glate* z pN -« g~k« N« s®

By J. R. SkeltonMarshall, Henrietta Elizabeth
(1908) Stories of Beowulf, T.C. & E.C. Jack
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Tgo: The duration from 5% to 95% for the
arrival of the total energy, at the detector

Two distinct populations

GRBs have a
statistically significant
bimodal distribution of log,, Ty

N
7]

An extragalactic origin, and a
required ultra-relativistic "fireball"

T s e S SR IR S s e S R R e

NUMBER Of GRB

Cataclysmic accretion powered
transient

Data from the BATSE satellite
1. Core collapse of massive
stars (long 0.

O\ \OO
2. Merger of binary neutron

stars (short) SHORT LONG

\OOO



An Aside: Understanding the engines

AGRB prompt emission is measured at the detector as a fraction
of the total flux; typically, the duration for the central 90% to
arrive Is used (5% to 95%). This is thg,T

AThis timescale sets the minimum timescale that the engine is

active
AToo/(1 + 2) Fgyation IN the lab frame*
Size B
r=c Emits while travelling r=R/2°%  Observed time is,t,,s =R/ (2" 2c) andr = c1,
— with Lorentz factor,r { \ tons =R/ (272C)=r2"2/ (2°?c)=r/c =
O I O tobs =
R=2%c The observed duration/(1+z) = the (minimum) engine duration

Note; relativistic emission region *(1 + 2) corrects for cosmological time dilation



Understanding the engines

A Analytically, accretion timescale can be described
by a Shakura-Sunyaevh -accretion disk® model
o Turbulent, viscous accretion disks

o Dimensionless parameter, " ~0.01 to 0.1, and
represents the "efficiency of angular momentum
transport via turbulence "

0 Viscosity is parameterized asv. = " ¢, H, where c.is the
sound speed and H is the disk scale height

AThe lifetime of a disk is the viscous time (t,..)
ti..=R?/v.=R?/ (" c,H)

1 see Shakura& Sunyaev1973, 1976 etc. ‘



Note- Disks as GRB engines have turbulence that is likely driven by magnetotational
instabilities (MRI) - this is a distinct mechanism when compared to the hydrodynamical,
viscous process @fdisks. However, the-disk description still provides an effective
prescription, and timescale arguments remain the same.

Engine basics

Short duration bursts Long duration bursts

ATy, < 2s, typically 0.6s ATy, > 2s, typically ~30s

AMerger of neutron starstotal ACore-collapse of massive star,
mass ~3 M ~20-40 M,

ASmall disk mass, :10% M ADisk mass can be several M

ACompact size, 10-100 km ADisk is large, ~108 km

ti..=R°/v.=R°0 Wb, WHL Wc b LW

The viscous time is typically the longest timescale for an accretion disk and sets the maximum lifetime
Generally, the timescale is ordered, dynamical time < < viscous time
The radius, R, has the strongest dependence on this timescale ashort GRBs are small, long GRBs are much larger




Relativistic disk

Here we assume LI LWMK

ANewtonian Keplerian motion is invalid near the innermost stable circular

orbit

ARequiresrelativistic angular velocity fromGeneral Relativity* . However,

order-of-magnitude comparison is sufficient

Short, merger GRB Long, collapsar GRB

ADisk, R~ 100 km ADisk, R~ 10° km

tyise~RO Wbl WHb WY LWeBXUIPNMMLE) O b LigJHRMHDN  LLPHkm) LU .03 NLO? km/s)
t isc ~100 / 30,000 s 0.003 s tyisc ~ 1,000,000/30,000 s 33 s

Extremely short timescale consistent with the A timescale that aligns perfectly with long GRB

minimum variability timescale in short duration timescales
bursts

The duration of the GRB is fundamentally set by the size of the

accretion disk, which is a direct consequence of the progenitor syst

em

*For a Kerr blackhole,
, W Wpe] [B¥2+ a (G N)*]
Where 0 << d] WUIN A Wn Y | We¢ W]

A7



Here we assume LWl LWMK

Relativistic disk

ANewtonian Keplerian motion is invalid near the innermost stable circular
orbit

ARequiresrelagistic angular velocity fromGeneral Relativity* . However,

order-of-ma an_|s sufficient
isk by
Short, merge “99¢r fg, collapsar GRB
ADisk, R~ )isk, R~ 10° km
tyicc~RO Wbl IHR & DN Lk ) LU .ILk3 WL 8% km/s)
tyisc ~100 / 30,000 s ©.003'S .~ 1,000,000/30,000 s 33 s

Extremely short timescale consistent with the A timescale that aligns perfectly with long GRB
minimum variability timescale in short duration timescales

The duration of the GRB is fundamentally set by the size of th
accretion disk, which is a direct consequence of the progenito

bursts m——— . :
*it isn't the same disk material as a
collapsar, so why the same viscosity§




Hayashi et al. 2025

1295.22 ms

The -disk- it hides all
our physics
Stress (turbulence/magnetic) :S-

Pressure (gas + radiation) : P
So, UY 4P

Merger disk: mostly neutrons

- Low opacity T poor radiative cooling

- Low ionization fractionT reduced MRI
Both S -and P can be lower

- Low ionization = high magnetic
diffusivity, and suppressed MRI

Without another source of turbulence,S, -
will by much smaller for a neutron
dominated disk and so, LW+H ¢ U LWWH 1J LW} 0

The 3D snapshot atd Oner gerfi jnsa domain of D103[ [ kamd D102 [ kThe restmass

density (contours), magnetic-field lines penetrating the apparent horizon (lines), and the

outflow in the magnetosphere (arrows) are shown. The black sphere at the center shows
the apparent horizon.



Two types of GRBour favourite assumptions

TYPEI TYPE Il
A Duration is < 2 sSSHORT A Duration is > 2 sLONG
A Short spike then extended emission A Spectral lag
A No supernova A Supernova
A Large offset from host A No offset from host
A Host has low starformation rate A Host has high stafformation rate
A Uniform medium A Uniform or wind medium

A Small energy A Large energy



A walk back over the last couple of years...

A The resurgence of the xay burstT some Einstein Probe events
o High redshift transients
o Nearby xray rich bursts
0 GRBs and XRBs
0 Fast Xxray Transients (FXTSs)

A The continued finds of Luminous Fast Blue Optical Transients (LFBOiTaot GRBs
but quite distracting)

A Long GRBs, short GRBs, and long GRBs that are really "short" GRBad the other
way



Conor Omand

Blue Optical Transients i
(week 5), AT2024wp WOMBAT

The rise of the Luminous Fast
/7
(LFBOTs)what is it? ' &
fSee poster by Conor Omand ' |

)
10~ 1 UVWI x 50.0 Vx03 — vx0.003
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Omand (incl. Lamb) et al. 2026

Hl 90% Credible Interval
| Perley et al. (2026)
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EP241021a oo

10007 AT ~ 2.0 to 4.0 days Q E o)
=

Ao ~ 2.0 t.om\
'

100

ANo gammarays
AA redshift 0ofz=0.75 10}

AAn anomalous rebrightenin
that is too rapid, o N WY L

AAnda supernova! 0]

o | tried so many different ideas:
refreshed and strong shocks, 001

iur = 6.1 uly

/ﬂ :

(®o)
reverse shock, hotspots, © ' O .
_mtultlple m|n|-jetst, structured o001 ’ 3 77
et(s), an energetic ring... |
J ( ) g g 1. 2. 53- —— (H +J) % 3162.3 t_; '
0.00011 @ 2GHz O ks @ R [ (z+14) x 316.2 |
C 5GHz @ & 0 - 0 u H —— Rx3l6 Y M
(Q © 55GHz O Q© GOTO- 0O UVOT-u —— g x 32 t
) ] O 9GHz Q0 : o v Q@ UVM2 —— ux 0.3 !
0.00001y @ 17cuw. Q@ @ UVOTv QO 1keV | = teevxi0
1 10 100 1 10 100
Time (d) Time (d)

tlxtsed two/thyee Components ’
O recreate the afterglow Shape

Quirola-Vasquez (incl.Lamb) et al. 2026



Jonker (incl.L.amb) et al. 2026

Flux density [mJy]

EP250207b 1 3,06 GHz F606W
] 7z 1 keV
1071 ] r’
AAt a redshift, z=0.082 N 7 3
1072 v
...maybe... | :
AOr a redshift, z =2.1824 107
AGalaxies at both 104
o Chance alignment higher for ?
z=0.082 107" 4
o Offset for z=2.18,~50 kpc ]
. 1079 4
ABoth cases likely non | o
collapsar on gin _— Model prefers slllghtly off 'aXlS*fvEﬂview’{{"ﬂc: 1.3?5
o No supernova, z=0.08 0.1 L 10 100 (s thic
o High offset, z=2.18 Time since explosion [days] Whéj e
ANo gammarays from GECAM an XRB?

o Fermi GBM Earth occulted



EP241217 o
a —27'E *
107 E ¢ *
ARedshift, z=4.59 % 1}
£ 10-9] 4+ WXT@ lkeV
ABelow gammaray §*°"r T X 5LQ
detection 2 100f 4 XRT @ LkeV
threshold S rRx01
1031 # i'x0.3
ALikely long (type Il) | *
GRB with a bump
Tis this a _ 10'
termination Lool
shock!?* = 102)
§ 100}
- 10_2 0 I Illlmll I I”””IZ | I“”“I3 I I“””I4 I I“”“IS | I“””IG Y 7
10 10 10 10 10 10 10 10

*you can model this as a refreshed shock, but the post refreshed decline is a bit steep T-To[s]  Zhou (incl.Lamb) et al. 2025



EP240801a/XRF 240801B

—— 650MHz x le-0 —— R x le-6

— 1260MHz x le-l rx le7 WLD(&V COMPDWeWt S,

ARedshift, z=1.67 o] om T

" i X le-5 — ?k);\}i_llt.;—ll/
ALong duration =

ATwo-component jet
used to model T
maybe like the BOAT

(-
o
&

Flux Density (m]y)
s -
| o

10-14] )
N //\\\
10 102 103 104 | 105 106 107
Energetic, offaxis Time (s)

and narrow core.-.-. (2) Jiang (incl.Lamb) et al. 2025



EP241021a : oraxis, highly variable,
~3+ components, and a supernova

EP250207b : mildly oHaxis, possibly
one of two redshifts,ambiguous type |
or Il, but looks more like a type | for
both redshifts

EP241217a : wind medium and
laossnble termination shock crossing,
Ikely type Il, high redshift

EP240801a: offaxis narrow core,
wider second component, is this a
BOAT analogue!?

Type Il (collapsar) ’

Quirola-Vasquez et al. 2026

Type | (merger?) A

Jonkeret al. 2026

Type ll(collapsar)

Zhou et al. 2025

Type ll(collapsar)

Jiang et al. 2025
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Credit: SohebMandhai



Rastinejadl O Y lsamly) etkal. 2022
a GRB 211211A: Swift/BAT
1.0F
Normalized counts, 15-25 keV
—— Normalized counts, 25-50 keV
0.8k —— Normalized counts, 50-100 keV
—— Normalized counts, 100-150 keV
@ —— Normalized counts, 15-150 keV
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b GRB 211211A: Fermi/GBM
1.0F
2]
c
>
o}
(&)
® 05 ,
= Normalized counts, 8-900 keV
z
e}
< 0 i Shaaee oo )
0 10 20 30 40 50 60 70 80

Fermi/GBM catalogue:

duration versus hardness

Short GRBs :

Long GRBs

| low energy within the

GRB 211211A sits in the
middle of the long-duration
GRB population, in terms of
duration and spectral
hardness (ratio of high to

gamma-ray emission)

101 10° 10! 102 109
tao ()
10‘. e
§. 2% %
.l'.gn)" » .’. LA
2 Th SRR
e o £ ) e
Uw) ! :S .r.‘ - A ..'.
GCJ 1 ic"!- .*';- “ o
° s B ‘1
% o Q.',u
&
GRB 211211A o ope B0
0.1+
102 101 100 10’ 102 103
tyo (S)

So, GRB 211211Ais a
long GRB.

And as such it should
be near a star forming
region... and have a
supernova



G R B 230307AAn0ther long GRB

But...

2000

—— B1=8-25keV
1750 B2=25-100 keV i - 15.0
—— B3=100-900 keV ol _
1500
12.5
1250 = !
E oo -4t
5 1000 5 - 100 3
(3] Q &
o (U]
750 & 5
= 75 5
500 = ©
(5 e
LL -
2 o
250 g =8l 5.0
0 | 230307A |
080503, 170817A, 191019A,
- 211211A i §2.5
—10r Long GRBs -
S i s

Sy 00
log tops (S)

20 40 60 80
Time since trigger (s)

Levan (incl.Lamb) et al. 2023




~wer Two types of GRB

ML
(LM~

TYPEI TYPE II

A Duration is < 2 sSHORT > A Duration is > 2 sLONG \/
A Short spike then extended emission \/A Spectral lag 3¢

A No supernova \/ A supernova <
\/ A No offset from host ><

A Host has highstar formation rate

A Large offset from host
A Host has low star formation rate

' i A Unif ' edium
A Uniform medium Uniform or wind mediu

what

A Large ener
A Small energy J %



GRB 211211aour favourite assumption,
IN a breakup story

Offset (in
projection) is 8
Kpc for galaxy Ir
the largest offset
for a long
duration GRB

HST / WFC3 / F814W + F160W

GRB211211A

\
~
| N .
S0
~ o
DS .
S .
N
~
- 10 h
~ ~
o .
\\ M

Swift UVOT w2

UV detection of
the transient at

' 10 hours

1h

3.6-m DOT / band

Optical
spectroscopy slit
position. Image in
I-band (red)

RastinejadA LLis biLFRrabit €t #DLPI022



tog (seconds)

GRB 211211A: Swift/BAT lo° 10t 102 10°

Long GRBs

Normalized Counts, 15-25 keV
Normalized Counts, 25-50 keV
Normalized Counts, 50-100 keV :
Normalized Counts, 100-150 keV Short GRBs
Normalized Counts, 15 - 150 keV

=
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=
o
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[
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50 6
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GRB 211211A: Fermi/GBM
Normalized Counts, 8-900 keV

Hardness ratio
—

211211A - 58

o

@ o

. 0.1 . . .

| ] L Phaite b Enaliin T T -2 -1 0 1
100 00 0 a0 0 el e 10 10 10 10
6t (seconds) too (seconds)

Normalized Counts

A Prompt, initial burst is >10 s

A Duration and spectral hardness, as a long 'collapsar' GRBs
A Afterglow hasexcess at red wavelengths from 4 days

A Afterglow model subtracted, looks likeAT2017gfo

A GRB 211211A isNOTa collapsar! Merger!?

Rastinejad(incl. Lamb) et al. 2022
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GRB 230307Aells the same story!

1.2 : 4 5
™ n M mMm 0
'l'll L) L) Ll 'll.ll Ll T T l'l'll L) T 1] "l'rl T T L} "rlll L) 1] T IIIIL I l l l l l 10
X-tay1keV [ 2% 0.09 KX053 ¢  F4dWx22 ¢ 1 t [ d]
gx002 @  FIISW X015 F277TW X 0.86 @ 55GHz X
100 rx0043 @  FISOW X 0.25 F3S6W X 14 @ 9GHz X ]
Ic X 0.063 3

Post-trigger time [days]

Levan (incl.Lamb) et al. 2023



AT2017gfo, 10 d ® Phot.29d [ —
— 29 d Model ® Phot.61d

[W III][Se I11]

STIRL Tk, H
) -L.uﬂﬂﬁrﬂb’ LI

25 30 35 40
Observed wavelength (micron)

*rubbing salt in the wounds



The twoGRBs that brokeaditions

AGRB duration:Tgy=51 s

AGRB duration:Tgy=35 s

AAfterglow: [ AAfterglow: \/
AHost galaxy redshift z=0.0763 AHost galaxy redshift z=0.0646
ASupernova: [¥X ASupernova: X
AKilonova: Y AKilonova: Y

LIGO/Virgo/Kagrawere all turned off at the time of both these events

L
(74

("



On wibblywobbly precursors

Another distraction...



CrossMark

The Peculiar Precursor of a Gamma-Ray Burs ary Merger Involving a

Magnets

Shuo Xiao?*? , Yan-Qiu Zhang2’3, Zi-Pei Zhu*? , Shao-Lin Xiong~ @, He Gao® , Dong Xu® , Shuang-Nan Zhang2 ;
Wen-Xi1 Pengz, Xiao-Bo Li’ , Peng ZhangT, Fang-Jun Lu® , Lin Lin® , Liang-Duan Liu® , Zhen Zhang2 , Ming-Yu Ge? ,
You-Li Tuo’ , Wang-Chen Xue” , Shao-Yu Fu4, Xing Liu4’9, Jin-Zhong Liu'%! ', An Liﬁ, Tian-Cong Wang6 , Chao Zheng2’3,

Yue Wangz, Shuai-Qing Jiang4, Jin-Da Li6, Jia-Cong Liu2’3, Zhou-Jian Cao® , Xi-hong Luo', Jiao-jiao Yangl, Shu-Xu Yi’ ,
Xi-Lu Wang” @, Ce Cai*”'*@®, Qi-Bin Yi*'"’, Yi Zhao™°, Sheng-Lun Xie*®@®, Cheng-Kui Li*®, Qi Luo™, Li-Ming Song” @,
Shu Zhang”, Jin-Lu Qu” @, Cong-Zhan Liu”, Xu-Fang Li*®, Yu-Peng Xu”®, and Ti-Pei Li*~""*

Abstract

The milestone discovery of GW170817-GRB 170817A-AT 2017gfto has shown that gravitational waves (GWs)
could be produced during the merger of a neutron star—neutron star/black hole and that in electromagnetic (EM)
waves, a gamma-ray burst (GRB) and a kilonova (KN) are generated in sequence after the merger. Observationally,
however, EM properties before the merger phase are still unclear. Here we report a peculiar precursor in a KN-
associated long-duration GRB 211211A, providing evidence of the EM before the merger. This precursor lasts
~().2 s, and the waiting time between the precursor and the main burst i1s ~1s, comparable to that between
GW170817 and GRB 170817A. The spectrum of the precursor could be well fit with a nonthermal cutoff power-
law model instead of a blackbody. In particular, a ~22 Hz quasiperiodic oscillation candidate (~30) 1s detected in
the precursor. These temporal and spectral properties indicate that this precursor is probably produced by a
catastrophic flare accompanied with magnetoelastic or crustal oscillations of a magnetar in a binary compact
merger. The strong magnetic field of the magnetar can also account for the prolonged duration of GRB 211211A.
However, it poses a challenge to reconcile the rather short lifetime of a magnetar with the rather long spiraling time
of a binary neutron star system only by the GW radiation before the merger.



A MAGNETAR DID IT!!




: Credit: ESA

[ .-

Gavin on magnetars



See and talk to Conor Omand
He's here (looking less like a pirate) an 3’5“
hiswork iIs mostly omagnetars |

A Magnetars are highly

magnetised, "new" neutron

stars GRB Afterglow
A Both collapsars and mergers g é $

can result in magnetar \ Thermal

Extended Transient

formation %/ Emission Adterglow
A Unlike a blackhole central Short Spike

engine, a magnetar will
produce a "pulsar wind
nebular"

A This can create additional
transients on the timescale of
the afterglow

Shocked
ISM

Ejecta
7> 1

Super/Kilo -nova
Emission

Adapted from Gao et al. 2015



THE TIME | JOINED IN...

1 GHz 100 GHz 1 keV 100 keV
10°- 10°
— GRB Afterglow 10-5] 10~
10° === PWN 10°
B —_ l;':]'v('tu Afterglow B - 107 C onor Om an d
2 10 s Total 2 10" 2 1075} =
SN/LGRB - = = 15
(on-axis) =10 z 107 i &
1071 : )
10-3 10~ 1074 A Radio and Xray
_ . . \ - | VAl - \ transients from the
107y TG 107 107} 17 T, 10 10° 10* 10° 10° 10* . .
Time (days) Time (days) Time (days) Time (days) eje Cta and pU|SaI’ Wlnd
10 10° nebula (PWN)
6 10~
i i 07 A PWN from 6 years for
~ ~ _ 107 SNe-GRBs, and 100
= 10! = 10! S 1073 =
KNSGRB - . s days for KNeGRB
(on-axis) =10 =10 5 = A X-ray may co ntribute
10~ , .
10" 10- 104 at late times from
_ WX _ k. el conl ‘o ejecta afterglowand
107 T Tik 107} ST T 10730 17 10" 0100 10° 16"
Time (days) Time (days) Time (days) Time (days) PWN

Omand, Sarin &.amb 2025



An aside on an aside...
Searching for a magnetar after GRB 211211A

No Sign of a Magnetar Remnant Following the Kilonova-Producing Long GRB 211211A ~ 1.7 Years
Later
GENEVIEVE SCHROEDER,' BEN MARGALIT,? BRIAN D. METZGER,>* WEN-FAI FONG,” BENJAMIN P. GoMPERTZ,% 7

KATE D. ALEXANDER,® EDO BERGER,? TANMOY LASKAR,'*!! GaviN P. LamBs,'> ANDREW LEVAN,!3
CHARLES D. KILPATRICK,” AND JILLIAN C. RASTINEJAD!?* *




An aside on an aside...
Searching for a magnetar after GRB 211211A

No Sign of a Magnetar Remnant Following the Kilonova-Producing Long GRB 211211A ~ 1.7 Years
Later

GENEVIEVE SCHROEDER,' BEN MARGALIT,?> B
KATE D. ALEXANDER,® EDO BERGER,” 1040
CHARLES D. KiLpa’

Y/  Previous 5.5-6 GHz Limits
W GW170817 (3 GHz)
v GRB 211211A

1039

||l||||'|'| llllll'l" T

‘Strest (yl’)



An aside on an aside...
Searching for a magnetar after GRB 211211A

No Sign of a Magnetar Remnant Following the Kilonova-Producing Long GRB 211211A ~ 1.7 Years
Later

GW170817 limit, 3 GHz
— = 7u)y limit, 6 GHz, 200 Mpc, 6t =2 yr ¥V GW170817 (3 GHz)
—— GRB 211211A limit, 6 GHz Vv GRB211211A (6 GHz)
----- GRB 2112%1A 7uy limit, 6 GHz, 6t=4 yr

|
o | | I The radio results
| : | v are the best we
| : could get...
6| | e F o N ...but even | admit
! N R — ,\ that they're not
T | | bt the most.
| | I y | 1034E'I':'I'If”=9| | o ConStralnlng
-4 -3 -2 -1 0 1 10" 10*

-3
10910 (No/CM™) | 0g N0 =0.26+129 ;45 Rastinejad(incl. Lamb) etal. 2022 Schroeder (incl.Lamb) et al. 2026



Xiao et al. 2024



