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The multi-messenger paradigm

Compact object
mergers, TDEs, _
CCSNe,.... -

messenger
source

magnetic
deflection

absorption

Image credits: https.//nbi.ku.dk/english/research/experimental-particle-physics/icecube/astroparticle-physics/
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Extreme astrophysical

phenomena

disruption event

Progenitor

Long y-ray
burst

Engine-driven Supernova
supernova

Neutron ‘
star )»

Double black
hole merger

Short y-ray burst
neutron star merger

Wind

h. Murase K, Bartos I. 2019.
Ax®l Annu. Rev. Nucl. Part. Sci. 69:477-506



GW170817

~ 40 Mpc (NGC 4993)

Opticaland ——&
infrared light
Gravitational waves Accretion —s

disk

Kilonova

7 Colliding
neutron’'stars
Gamma rays

X-rays and
radio waves

No neutrinos :(

| - - S "; “""\,, e

—’

T-100 seconds T+2 seconds T+11 hours T+2 weeks
The neutron stars spiral Close Orbiting detectors spot a Optical and infrared Radio dishes and orbiting
together and radiate gravitational short gamma ray burst, telescopes locate a “kilonova” x-ray telescopes spot the
waves that trigger ultrasensitive produced by jets of material that glows a telltale red from source, perhaps as the slowing
detectors on Earth shooting through the debris the radioactivity of newly jets broadcast radiation in

at near-light-speed forged heavy elements. wider cones.

Gamma rays
(Fermi+integral)

GW
(Adv. LIGO+Virgo)

X-rays
(Chandra)

Optical
(HST)

Image credits: https://ahead.iaps.inaf.it
Abbott et al. 2017, ApJ 848, L13
Troja, Piro, van Earthen et al., 2017, Nature, 551, 71 ¢


https://ahead.iaps.inaf.it/?page_id=1437&print=print

The multi-messenger paradigm

Compact object
mergers, TDEs, _
CCSNe,.... T

messenger
source

mggnetic High'energy
deflection neutrinos

absorption

Image credits: https.//nbi.ku.dk/english/research/experimental-particle-physics/icecube/astroparticle-physics/
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IceCube Lab

50 m w

- IceTop Neutral-current / ve Charged-current v, Charged-current v«
ations

324 optical sensors
IceCube observes seven

astrophysical tau neutrino can

IceCube Array ! : Posted an March 7, 2024 by Alisa King-Klemperer
86 strings including 8 DeepCore strings (simulation)

Tl

Amanda Il Array

1450 m (precursor to IceCube) I
DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors |SO| ated energy ' Double Cascade
il — deposition (cascade) Up-going track
| 324m with no track

2450 m
2820 m

Effective area ~ 1 km?>

KM3NeT

Baikal GVD ANTARES

Future detectors: IceCube-Gen2,
RNO-G, GRAND,....

Image credits: icecube.wisc.edu
KM3NeT: Edward Berber, Nikhef g


http://icecube.wisc.edu
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Latitude [b] Latitude [b] Latitude [b] Latitude [b]

Latitude [b]

The Galactic plane

10 years of PS data
(2011-2020)

y Optical

~ 4.50 diffuse emission models
w.r.t background only hypothesis
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High-energy neutrinos

p+p—>Nr+X p+y—>Nr+X
= = vy, +0,+v,or 7,) +e*

= y+y

Proton energy loss due to p-p interactions

-1 __
> =NNK, 0, C

y PP~ pp

Nucleon density I P-p cross-section

Conditions for HE-v production:

Proton inelasticity

a) Acceleration of ions (p and nuclei) to sufficiently high .
energies - Shocks, magnetic reconnection, stochastic Proton energy p-y cross-section
acceleration aided by turbulence -~ / -

b) Rate of acceleration > Rate of energy loss ~1 ¢ _y —\ = )

c) Significant density on target media - matter and oy (GP) 02 | dGKPV(G)GPV(G)G ) dee"n,
radiation 'p Ja, T €21y

d) (a) and (b) -> production of charged mesons - pions
that decay into neutrinos, charged leptons, and
gamma-rays

Photon energy in
proton rest frame

Proton energy loss due to p-p interactions
11



Extreme astrophysical
phenomena

disruption event

Progenitor

Long y-ray
burst

Engine-driven Supernova
supernova

Neutron ‘
star )»

Double black
hole merger

Short y-ray burst
neutron star merger

Wind

h. Murase K, Bartos |. 2019.
Ax¥l Annu. Rev. Nucl. Part. Sci. 69:477-506
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Outline

Part 1: Can choked delayed jets explain the neutrino coincidences associated with
TDEs?

Based on: Multi-messenger signatures of delayed choked jets in tidal disruption events
MM, M. Bhattacharya, K. Murase
(submitted to MINRAS) (arXiv: 2309.02275).

Part 2: Hunting for neutrinos from BNS mergers at next-generation GW and neutrino
detectors

Based on: Gravitational wave triggered high energy neutrino searches from BNS mergers: prospects for
next generation detectors

MM, S. S. Kimura, K. Murase

Phys. Rev. D 109, 4, 043053 (2024) (arXiv: 2310.16875)

Part 3: Constraints from non-detection of neutrinos from the BOAT - GRB 221009A

Based on: Neutrinos from the Brightest Gamma-Ray Burst?
K. Murase, MM, A. Kheirandish, S. S. Kimura, K. Fang
Apd Letters 941 (2022) 1, L10 (arXiv: 2210.15625)
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Tidal disruption event (TDE)

The shredding apart of a star when it comes close to a SMBH, due to its tidal forces

Disruption starts

| Black Hole
Tlclal Dlsruptlon Event

~ Half the debris falls back:
Bound orbit

|

Debris circularizes

l Credits: Science Communication Lab/DESY
Part of the debris may form an Winds, Outflows,
accretion disk etc.

(Timescales are also uncertain)

Rees 1988
Stone et al. 2013

Komossa 2015
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https://www.youtube.com/watch?v=nLYQJWE4U_g

TDEs: particle accelerators and multi-messenger zoo

Observed
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TDEs: Cosmic
accelerators
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Galaxy clusters
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S. Gezari, Annu. Rev. Astron. Astrophys. 2021. 569:21-58

Van Velzen et.al. (2021)

M. Toscani, G. Lodato, D.J. Price, D. Liptai, MNRAS (arXiv: 2111.05145)
Batista et al., Front. Astron. Space Sci. 6 (2019), 23 16



A, Soft X-ray TDEs
Radio (v Xrays
(iv) v s y
Ambient
matter
\ X-rays
\
\ ) \ \

Outflow

(wind)

Debris tream

Corona

TeV-PeV neutrinos

Various acceleration sites

Detectable at IceCube

Hayasaki, Nat. Astar. (2021)

(i) Relativistic jets

(Wang+16, Senno, Murase & Meszaros 17, Murase+ 20, Lunardini &

Winter 17, 21)
(ii) Disk (RIAF - MAD)
(Hayasaki & Yamazaki 19, Murase+ 20)

(iii) Disk corona

(Murase+ 20)
&> Optical/UV TDEs . .
(iv) Wind/Outflow
(Murase+ 20, Wu+ 22, Winter & Lunardini 23)
1009 __ .
Core (Corona) GFU
101 ——— Core (RIAF)
== Hidden Wind PS
& ~ == Hidden Jet Murase+ 20
-2
E 10
~
>
[4Y)
O,
g
Lﬂ -\\-‘ = N

103
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Luminosity (x10%3 erg/s)

Luminosity (x1043 erg/s)

Luminosity (x10%3 erg/s)
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1 At ~ 150 days

]Signalness: 0.59
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AT20191dr IC200530A  0.267 393 1.7 0.06 +0.03 10120 10”1 0.5
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Stein et.al. (2021), Nat. Astro.
Reusch et.al. (2022), PRL
Van Velzen et.al. (2021)
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Alexander et al (2020)
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Luminosity (erg/s)

Delayed radio flares

Upper Limits 4 AT2020mot @ PS16dtm

ASASSN-150i 4+ AT2020pj AT2019dsg

AT2020vwl @ AT2020neh ‘:’ AT2018hyz ...

OGLE17aaj © AT2018hco A iPTF16fnl L IR R
AT2018bsi . ASASSN-14ae 8 AT20182r
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AT2020nov ap 0]

AT2019eve AT2018dyb

1039.
1038
1037

"-.V

8

| &
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10364 T

+

102

103
Days from Detection

Delayed radio flares: Evidence for late time-activity

Cendes at.al. ApJ 938, (2022)

Cendes+ (2023)
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Expanding spherical

debris
Vdeb
_ Observatlonal- Delayed jet |
evidence of late time > Jetted TDEs launching — Choked jets?
activity Radio loud TDEs /
Delayed radio flares lag
\/
Neutrino arrivals ~ a few Multi-messenger
100 days post optical signatures?
peak Explanations?

Implications?
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Expanding spherical
debris

Vdeb

Observational Delayed jet

evidence of late time > Jetted TDEs launching Choked jets?
activity Radio loud TDEs /
Delayed radio flares lag
\/
Neutrino arrivals ~ a few Physical Multi-messenger
100 days post optical Model signatures?

peak Explanations?

Implications?
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T Convention:

T : Time since TDE
T = t+ tlag

Time lag associated with the
launching of the jet

tlag:

t. Time since the launch of the jet
Rout(T) = vdebT

R (T) Rcirc’ 0<T< tfb’
ST\ Ry (Tl ), T >

-

<r/R0ut> 2, r> Ry, o=1

M, deb /

47R3
ou (be/Rout> _2<r/be> 3 1 < Ry

.

pdeb(ta 7') — '/V

}

R(T) =
<t<t,ort, <t<tg vt {Rm(T = 0) + vaeo(T = 1), T = 1,

Rin(T - O), T< tfb
t

CoC

Static and contracting envelopes have been considered
24



}

<t<t,ort, . <t<ty

t

CoC

Static and contracting envelopes have been considered

Paen(t; ) = N

Convention:

T :Time since TDE

Time lag assoéiated with the
launching of the jet

tlag:

t. Time since the launch of the jet

Rout(T)

R (T) R 0<T < 1y,
ST\ Ry (Tl ), T >

-

<r/R0ut) 2, r> Ry, o=1

M, deb /

47R3
ou (be/Rout> _2<r/be> 3 1 < Ry

.

Rin(T - O), T< tfb

R+ (T) =
fb( ) {Rln(T = O) + Vdeb(T_ tfb)’ T Z tfb

25



Rh = cpy,
:Bj — :Ba
ﬂh — 1 +ZC_1/2 +:Ba

Ambient
medium:

surrounding

medium of
jet-head

}

<t<t, ort

t <t<tg

COoC CcoC

26



Ry = cf,
_ ,BJ — :Ba
ﬂh — 1 +ZC_1/2 +:Ba
< \
Ratio of energy L.=N-L
density between jet T
and ambient medium L
Calibration
- L; factor
\ L=
S (pa(1)c3T2
l Jet-head cross- (1) = py(t,r = R,)
section Density of ambient
t . <t<t, ort. . <t<ts medium

27



T Jet head reaches the inner radius of the

debris

Rc(t = tcoc) = Rj(t — tcoc) = Rh(t — tcoc)eo

RC = cfj,

1 / P. R.(?) v,
:Bc N +
C pa(t) Rout(t) C

Cocoon pressure

e _ 1 i L(1- g
NQ_M&@%WJ; ﬂ)<_m‘»

\ Pc(t) —

l n . Fraction of jet energy deposited
In cocoon

t, <t<t ort, <t<ts

COoC CcoC
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Dynamics: To collimate or not collimate

Ambient Jet’i head Ambient Jet’s,head

di -
medium /..---------?,.(:\

“u

Jet

Jet pressure Cocoon pressure
(Lateral)

Outer Cocoon
Inner Cocoon

Outer Cocoon
Inner Cocoon

-
-—
-

Shocked

~ -
______

Collimation criteria:
Pc(t) — Pj(t)

Bromberg et al (2011)



P.(t), Pj(t) [erg cm™3]

Dynamics: To collimate or not collimate

| e Liiso=10% ergs™!

S 107 s, vy, = 0.03¢

1Cocoon is
|
; formed

-1
P.(T)

Liiso=10% ergs™!

P;(T) Collimation

Pc(t) — Pj(t)

10! 103 10° 107
Time since jet launch, t=T — tj54 [S]
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e TOU SHALL NOT PASS™

Choked Breakout

Choking criteria:
Rh(tdur) < Rout(T)

31



Rn(t), Rout(T) [cm]

1016 L= Li iso = 10%0 erg s~} R _f

1014?

1013?

Dynamics: To choke or not to choke

| — ;o =10% erg s71
1015?

Breakout

Liiso=10% erg s~

= = Rou(T) Choked

i
i
' Cocoon

'is formed

t= tcoc

tlag — 107 S, Vdeb — O O3C

102 103 105 107
Time since jet launch, t =T — tj54 [S]
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Dynamics: Analytical estimate for choking

Choking criteria R (ty,) < R, (t:,) I'= tg, = tgy + hag

Total evolution time

toe \{ Zia
R, ~ 1.8x10%cm (g%g) < 18%) ( 12g> Hiag = (1 + 39/ 140)

Assuming uncollimated jets

R. ~56x%10cm ( NS )5/3( LJ?iSO >1/3<&>—1/3<i>—2/3< ﬂdeb >1/3< Lur >4/3<@> 1/3
" 0.35 104 erg/s 0.5 M, 0.17 0.03 107 2
N M 0 t Ma
Lo S32x10%erg/s | —= | deb % Yo Pab )2 d‘;r -1 2l )2
0.35 0.5M, /) \0.17 ) \0.03/ \ 107s 2

Fairly good estimates
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tbr - tlag [S]

Dynamics: the land of choked jets

Lo S 32X 105 erg/s (o ) -5 ( ot )(—90 >2<ﬂdeb>2< 3 >_1<Zlag>2
jiso 0.35 0.5Mg /\0.17 ) \0.03/ \ 107s 2

1x107] 1x107f
8x10° \
5x10° 6x 106
| @ |
&
| — 6 — N 6
: == tlag = 10" s, Vgen=0.03c !E 4x10 - tlag =10’ S, Vgep = 0.01 C
2X 10 B — 7 _ -~
| - tlag =10" s, vgep= 0.03cC - tlag — 107 S, Vgep = 003 c
6 7+ tlag = 107 S, Vgeb = 0.1c
1x10%- 2 x 108
1 040 1 041 1 042 1 043 1 044 1 045 1 046 1 047 1 040 1 041 1 042 1 043 1 044 1 045 1 046 1 047
L;isolerg/s] Ljiso[erg/s]
tlag : T The debris has more Vieb - T

time to expand
The debris expands with a higher

Jets require higher velocity: extends to larger radii
luminosity to breakout

Jets require higher

luminosity to breakout
34



Electromagnetic (EM) and Neutrino Signatures

Signatures from delayed choked jets

UHECRs
Particle acceleration within jets: » High-energy neutrinos

T EM signatures

Jet-head

Interactions with

the debris: cocoon
- Relativistic > Sub-relativistic

g ;
3 \& % B (nitially) Deceleration
o] | l
. relativsic/ A S H Forward shock
e N e Shocked re ions<
Y8 J Reverse shock

e5)

internal shocks external shocks

Relativistic electrons are accelerated

l

Cool due to radiative losses:
Synchrotron, inverse Compton,....

Wheeler, Phil. Trans. R. Soc. (2012) 35



Observational

evidence of late time
activity

Delayed radio flares
Neutrino arrivals ~ a few

100 days post optical
peak

Radio loud TDEs

» Jetted TDEs ——

Expanding spherical
debris

Vdeb

Delayed jet

: Choked jets?
launching

tlag

\/
Multi-messenger

signatures?
Explanations?
Implications?
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Electromagnetic (EM) and Neutrino Signatures
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EM Signatures: Reverse Shock - Slow Cooling (z = 0.05)

F gi,max ~ 37 mly (f,/ 0-48)”5.23&?,16.21F0R.§OBRS(1 + Z)dL_,%@gz
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EM Signatures: Reverse Shock - Fast Cooling (z = 0.05)
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Neutrino Signatures: Choked jets (t;,, = 107 s,z = 0.05)

What is the energy budget required for the jet to produce 1
neutrino event given the lceCube point source (PS) limit

E,=1%of E, AT2019dsg
1x10%%-
5x 10"
‘ Can explain the
= Ay coincident neutrino
1x10%%; T % i
& et b ] iceCube PS Limit)  ©PServations
:8“ | cal / L Choked | Also for AT2019aalc
LLT I . [l Sn 1
1x10% 1 AT2019fdr is stil
5x 10> 7 ’ challenging
. Thomson optlcal depth
1x%x10

1x 10° %105 1x107  5x107 1x10°
tlag[s]
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Outline

Part 1: Can choked delayed jets explain the neutrino coincidences associated with
TDEs?

Based on: Multi-messenger signatures of delayed choked jets in tidal disruption events
MM, M. Bhattacharya, K. Murase
(submitted to MINRAS) (arXiv: 2309.02275).

Part 2: Hunting for neutrinos from BNS mergers at next-generation GW and
neutrino detectors

Based on: Gravitational wave triggered high energy neutrino searches from BNS mergers:
prospects for next generation detectors

MM, S. S. Kimura, K. Murase

Phys. Rev. D 109, 4, 043053 (2024) (arXiv: 2310.16875)

Part 3: Constraints from non-detection of neutrinos from the BOAT - GRB 221009A

Based on: Neutrinos from the Brightest Gamma-Ray Burst?
K. Murase, MM, A. Kheirandish, S. S. Kimura, K. Fang
Apd Letters 941 (2022) 1, L10 (arXiv: 2210.15625)
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High energy neutrinos from BNS mergers

SWIFT NEUTRON STAR
COLLISION V. 2

No detections yet :(

MATION: DANA BERRY
310-441-1735

UCED BY ERICA DREZEK

7 cotmated N

eflett ° collimation
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@ pivien

Model A (I; =300, Liso = 10°! erg s7%, tq,=2s)
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Kimura+, PRD (2018)
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E2J,[GeVcm™2]
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SWIFT NEUTRON STAR

CollisionND No detections yet :(

neutral ejecta

ionized ejecta
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| m— 1055107 s

y 4
J Y, .
"TA5  1m6  1a7 1A8  1na9 Fang and Metzger, ApJ (2017)
10 10 10 10 10 Metzger and Piro, MNRAS (2014)
E [GeV] MM and S.S. Kimura (in prep)
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(eee- HF detectors, 1064 nm beam h
= | F detectors |550 nm beam

i

fused silica optics

[] silicon optics
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g 1024}
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Cosmic Einstein
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Evans et al., (2021)
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Detection strategy: triggered stacking search

Trigger from next- Neutrinos in

—_
gen GW detectors IceCube-Gen 2

Triggered-stacking searches
4 Stx~1s-10"s

1 signal 1 signal
event

\.

o event
— —

lceCube-Gen2
data
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Next-generation GW detectors

* o”l\"
GW150914 + NN

R |
W170817 e

Sensitive to NS-NS
mergers from very
high redshifts

Evans et al., (2021)
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Impacts on triggered stacking searches

—

4 |S6tr~1s—-10"s

Trigger from next-

—
gen GW detectors

Largely uncertain
time-windows

5t,

Neutrinos in
IceCube-Gen 2

Sensitivity to high-
redshifts -> lots of

triggers
Ots

(Q\|

@ 5t
Q :
2

35 O

% St,
O

5t,

am

Spoils triggered >

stacking searches

I
I
S

s

How do we find

meaningful triggers?
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Motivations: How to obtain meaningful triggers?

Use the sky localization capabilities of the GW detectors....

+75:0Q

+60:00

+45:00

+30:00

+15:00

W, GW170608

+00:00 . g
12:00 & 06:00 04:00

-15:00

GW170817-HLV

-30:00

GW170809

GW170814-HLV

¥y
& GW150914 e
; 4\;‘;( 2 —_ 7

Obtain distance
limits for GW
detectors to collect
meaningful triggers

Fraction of total
sky area covered

> Set threshold: fi,

Abbott et al., Liv. Rev. Rel. (2020)
48



AQ(d,) [deg?]

Chan et al., PRD (2018)
Wanderman & Piran, MNRAS (2015)
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High energy neutrinos from BNS mergers

Probability to detect more than one neutrino

UL _ UL
associated with GW signal in 7 ,, q (dea Top) =1- exp( — Lol (dGW)>

ag T,
1(dSy;) = 44 dd,, )—— R(z)dmPys1(d;)
0 (1 + Z)

\

Probability to detect

UL _ ..: lim gjhor more than one neutrino
dew = Imn(‘inw dGW)
\ Assume a Poissonian probability
Depends on]‘; Depends on ot
The event rate is calculated is
»/ convoluting the lceCube 10 years

. 1 +7 gHE,iso . . |
¢ ( %?E’ISO, E.d)= ( ) v f—2 point source effective area with the

drd? ln( gmax 8£nin> Y muon neutrino flux
HEiso _ %IV{E’““C B 1, o The flux is calculated assuming a
Z ot \ £ GW dN /dE, « E;*spectrum.

tot
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Takeaways

Part 1: Multi-messneger signatures of choked delayed jets in TDEs

Late time activity associated with the SMBH from observations:

Delayed radio flares
Coinicident neutrino detections: arrival after ~ 150 days, ~ 393 days, and 148 days post the optical peaks for AT2019dsg,
AT2019fdr and AT2019aalc, respectively

Possibility of choked delayed jets

Spherical debris envelope surrounding the SMBH, expanding outwards possibly driven by wind.
Jet-cocoon interactions: collimation and choking - Higher delay times and debris velocities help with choking

Electromagnetic and neutrino signatures

Synchrotron radiation from delayed choked jets: Reverse shock: slow and fast cooling cases
Optical and X-ray observatories: good prospects, radio observations seem likely as well.
Can explain the coincident observations by IceCube - AT2019dsg and AT2019aalc with this scenario of choked delayed jets.

Part 2: GW triggered searches for high energy neutrinos from BNS mergers: prospects for next-gen

ET+CE can give coincident neutrino events or 3o level constraints on the parameter space, due to extremely good sky localization capabilities
over a timescale of ~ 20 years even for the less optimistic scenarios.

ET can lead to 20 constraints owing to its good sky localization capabilities over a time scale of 20 - 30 years for the less optimistic cases. CE

has comparatively poor sky localization and hence may be good for coincident detections or 20-level constraints over reasonable time scales for
optimistic parameters.

Our analysis can constrain f,, for a population of BNS sources: understanding emissions from BNS mergers

Model independent analysis can help constrain models: neutrinos from choked jet scenarios and hence provide insights regarding GRB jets,

neutrino emission sites and mechanisms.
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Thank You!
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What are TDEs?

The shredding apart of a star when it comes close to a SMBH, due to its tidal forces

Disruption starts Tidal disruption radius: Ry =R. S

l M.

. . _ 3
~ Half the debris falls back: Bound orbit Fallback time:  ty, = 2”\/amin/ (GMgp)

l Semi-major axis: a,;,, ¥ R3/(2R.)
Debris circularizes Circularization radius: R = 2Ry
Part of the debris may form an Winds, Outflows,
" . _>
accretion disk etc.

(Timescales are also uncertain)
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The neutrino associations

Property AT2019dsg AT20191dr AT2019aalc
TDE yes strong candidate candidate
Peak bol. luminosity 3.5 x 10**erg s~ 1.3 x 10¥erg s~! —
SMBH Mass 10° - 10" M, 107> Mo 10"*Mo
Radio evolving not evolving archival det.
Uuv very bright bright =
X-ray early, soft spectrum late, soft spectrum soft spectrum
Dust echo strength 92.2 39.2 15.7
v delay S months 10 months S months
v production possible possible possible
Y energy 217 TeV 82 TeV 176 TeV
v 90% uncertainty box 25.5 sq. deg 25.2 sq. deg 61.2 sq. deg
v signalness 0.59 0.59 0.45

Reusch ECRS 2022 (arXiv: 2307.00902)
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Pa(Rn(t)) [g cm™]

10—161
tlag — 107 S, vdeb — 003C

Ambient medium density (p,)
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1015 1016
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Dynamics: the land of choked jets

L; iso (in erg/s) tlag = 10%s tlag = 107 s tlag = 108s
1040 — 1043 Collimation; No breakout
5 x 1043 Collimation; No breakout Collimation; No breakout No Collimation; No breakout
1044 Collimation; No breakout Collimation; No breakout No collimation; No breakout
5 x 1044 Collimation; Breakout No collimation; No breakout No collimation; No breakout
104° Collimation; Breakout No collimation; No breakout No collimation; No breakout
5 x 1045 Collimation; Breakout No collimation; No breakout No collimation; No breakout
1046 Collimation; Breakout No collimation; Breakout No collimation; No breakout
5 x 1046 No collimation; Breakout No collimation; Breakout No collimation; No breakout
1047 No collimation; Breakout No collimation; Breakout No collimation; No breakout

Lj iso (in erg/s)

Vdeb — 0.01c

Vdeb — 0.03c

Vdeb — 0.1c

1040 — 1044

Collimation; No breakout

5 x 1044 — 1045

No collimation; No breakout

5 x 1045

No collimation; Breakout

No collimation; No breakout

No collimation; No breakout

1046

No collimation; Breakout

No collimation; Breakout

No collimation; No breakout

5 x 1046 — 1047

No collimation; Breakout
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Electromagnetic (EM) signatures

ES T°ES
JES 3 eB I

“ T 4 mec (1+2)

(va>)’

ES: External shock can be Forward or Reverse shock region

a: Can be injection frequency (m) or cooling frequency (c)
B: Magnetic field strength in the region

I': Bulk Lorentz factor in the shocked region
y: Lorentz factor associated with the electrons

The absorption frequency v, is given by setting the
synchrotron self-absorption optical depth to 1

BES — [327Z'€BFES(FES _ 1)I’lESmpC2] 1/2

|

Fraction of electron energy converted
to magnetic field energy
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