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Lecture 2 Plan

The requirements on sources capable of
accelerating particles up to ultra high energies

The physics of relativistic hydrodynamic (HD)
shocks

The pressure fractions of magnetic fields and
non-thermal particles at MHD shocks

The radiative signatures expected from
efficient relativistic shocks



Gamma-Ray Burst Afterglow
Physics
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Caveat! The Gamma-Ray emission | will
be focusing on here is the radiation

observed during the “afterglow” phase of
long GRBs
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Why are GRBs Interesting?

Why question- requires background information to answer
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Cosmic Ray Source Requirements
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[AM Hillas (1984)]

Not many objects appear capable of

accelerating cosmic rays up to EeV

energies. Blackhole related

phenomena seem most promising-
and



Particle Accelerator Limits

tace = 1) C52 tesc. = Cﬁ

Rlar R ]

[AM Hillas (1984)]

[Emax _ 6eBR]

[LB — Ug4nR? Bc]

Under the assumption of equipartition
of energy between kinetic energy and
magnetic field:

[Lovelace et al. (1976)]
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Cosmic Ray Sources Have to be Local

(logarithmic scale)

0 3 9 27 81 243 Mpc

[A. Taylor et al., Phys Rev D (2011)]
[R. Lang and A. Taylor in prep.]
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ng ~ 107° Mpc°
ng ~ 10°° Mpc™2 yr !

Only and appears to satisfy these requirements as the sources
of extragalactic cosmic rays
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GRB Outflows as a Cosmic Ray Sources
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As the source expands, CRs can be accelerated to
energies between the knee and the ankle
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[X. Rodrigues, A. Taylor, et al., ApJ 2019]
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What are GRBs?
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GRBs: Natures Machines for Converting
Rel. Ram Pressure into Gamma-Rays

forward shock RN

(pd,Pa)

—
(downstream)

—

r

(Pus Pu)

(upstream)

[viewed in upstream restframe]

* Not actually isotropic outflows, but can be considered as

“quasi-isotropic” since 6,,,>1/T

* Isotropic equivalent energy in gamma-rays, E,,, up to
10~>% erg, close to Gravitational binding energy limit

* Extremely efficient emitters in terms of converting kinetic
energy flux to radiation
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+ Evolutionary Phases of Blastwave

F [viewed in upstream restframe]
—
R [R. Blandford + McKee 1976]
(]
v
\

End of free expansion phase once swept up
mass is “M/T,

| ) MO 1000 ‘ ‘ / ‘
Eiso ~ 1052 - :
(300) (3 x 105 M@> e o /)

[E: (T — 1)M:Eiso}

1) Deceleration rate

d—M = F47T,0R2 0.1 ‘ ‘ ‘ ‘ /

dR 0.0001 0.001  0.01 0.1 1 0 100 1000
Msw/Mq
DESY Blast wave becomes non-relativistic

once swept up mass is “Ml, 10
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Obtain the above expected evolution of the Lorentz factor with swept-up mass

PAUSE
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Evolutionary Phases of Blastwave

[R. Blandford + McKee 1976]

End of free expansion phase once swept up

dM 0 1 dErad mass is “M/T,
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Assuming shock is radiative (ie. a fraction

of incoming KE flux radiated away) -
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Temporal Compression of Signal

For a constant density medium, coasting | Tde.
1024 R :
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What Do Shocks Do?
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Reminder: (Non-Rel.) Shocks

The fastest speed information in plasmas can be transmitted is
the sound speed. When plasmas travel faster than this, they set

up a shock- the upstream region is not able to know what is
coming (a surprise!).

downstream upstream
(P2, p2) (P1,p1)
G a
Vo V1

Shock converts ram pressure ( ,OV2 ) into thermal pressure( P )
DESY
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Collisional Shock- Conservation

Conditions
downstream upstream
(P2, p2) (P1,p1)
Vo V1
Number Flux: P1V1 — P2V

2 2
Momentum Flux: P1 + p1V] = P2 + p2Vs

Energy Flux: 1 3 LI
NErgy Fix: W1V1+ 5P1VY = WaVa + 5 p2Va
DESY.
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Collisional Shock- Enthalpy

Whnonrel.

’}/:

e+p
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Collisional Shock- Cold Shock
Case

Momentum Flux:




—+Collisional Shock- Cold Shock
Case

So what are collisional shocks good for?

DESY.
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—+Collisional Shock- Cold Shock
Case

So what are collisional shocks good for?
Stimulating the unstimulated degrees of freedom in the

I)Essi{ystem where momentum/energy can be stored
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Relativistic Shocks

How does the compression ratio result change for relativistic shocks

downstream upstream
(P2, p2) (P1,P1)
e D
B2 b1
[viewed in shock restframe]
Number Flux: ,0151I‘1 — ,0252:[‘2

2712 2712
Momentum Flux: pP1 + WlﬁlI1 = P2 + W252 Fz

Energy Flux: wq 12 = Wzﬁzrg
DESY
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Upsream and Downstream
Enthalpy

Andrew Taylor
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Relativistic Shocks

Momentum Flux:

Y
p1B3T2 = py - (7 " ot pz) 5272

1

Energy Flux:

p151T7 = (7 j h ,02> 8213

DESY.
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+ Relativistic Shocks

Momentum Flux:

P2 i 2 92 Y ] I‘252
1+T < ) — (1
I'252p, | 2172 v—1/

Energy Flux:
( Y ) F%Pzﬁz B <1 (T2 — 1))
5 —
v—1) I'ip1b1 (F'1—1)
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Why not have a go at find the roots for this relativistic shock case

PAUSE

Andrew Taylor
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+ Relativistic Shocks
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Rel. Hydro Shock- Downstream
Partition of the Upstream Ram Pressure

downstream
Pd, pthy, Pa
G—

Blast wave shock CBM

y=5/3 ——

B1/B2
— N w EN (6)] » ~ [o¢]

. . 0.01 0.1 1 10 100 1000
[viewed in shock restframe] BT

pi = —pu621“2

1 >“ puﬁzrz
waS3la = SpuBels

3

DESY.

Andrew Taylor 27



But Does This Describe
Astrophysical Shocks?
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Rel. MHD Shock- Downstream Partition

DESY.

of the Upstream Ram Pressure

. pu62112

o @ e- key parameters which we
puﬁﬁfﬁ don’t apriori know, but which we

\- J may probe with observations
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Relativistic MHD Shocks

Downstream magnetic field partition of upstream ram pressure:

ER — I:IIB
B 10116121]:1121

For(
eg = 0.1 n,=1cm?® 3,Iy, =10
. B~06G
(gB —10"° n,=1cm*°

ﬁuruzzlﬂ

B ~6 mG
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Particle Acceleration and Magnetic Turbulence

downstream

upstream

-

tacc. — Atcyc (E/AEcyc)

— tscat/ﬁ2

~N

DESY.

(Isotropisation is caused by mag@

turbulence, its rate is described by
the scattering time, which in Larmor

time units is n

e Scattering agent velocity B dictates
\energy gain each crossing cycle /

@ n- key parameter which
again we don’t apriori know,
but which we may probe
with observations

Andrew Taylor 31



How Can We Probe €5 and n in
GRB?
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One Zone Model (Spectral)

electrons drive shock injects
electron number expansion of box relativistic particles
9Ng oy = 0 K R — )N ]+Q (E,6) = — L4 0, (5,0
tiVE,el = UE Eel - (E,t) — ’
injection Q ) Tsyn(E,t)  Tic(E, 1) Taai(t) ¢ H Tp(E, 1) P4
1 t eet -yy
inverse Compton o
synchrotron cattering Yy 2 e’e
<« & O, -
© X
X
turbulent magnetic
-~ flelds B N photon number
OcNgy = ——"=+ Quyn(E,0) + + Qpp (E, £) ———
l 1 l { cEy Tesc(t) o ne Tpa(E, t)

photons can

€scape Tesc escape from box

[Diagram + plot Courtesy of M. Klinger]
Note the absence of spatial information in these transport equations
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Electron Spectrum Produced In
Sources

| Steady state |

T’ [s]

1 _1\ 1
Tloss — (Tadl + 7- ync + T1C )

SSC-scenario

£=10005,8'~0.1G Electron spec.
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107 i 10 / coasting
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adiabatic T Ed
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103 4 s
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Andrew Taylor E [eV] 34



4 )
Tc

ool > / /
Sss — E )dE
ne = 22 [ Qe
\_ J

PAUSE

Assuming Q(E) is a power-law, which end of the integral will dominate? (and
for what values of the power-law slope?
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-+ Steady State Electron Spectra

7-coolQO
(@ —1)

DESY. .
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-+ Steady State Electron Spectra

n.. — Tcool / Q(E/)dE/
E Je
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Afterglow GRB SED- Expected from SSC Model

sync
Ug Us

Photon spec.

EIectron Spec. ; t=1000s,z=0.1 SSC-scenario
A - num. adaptive 10 i G X'ray VHE D D
1048 dec¢ analytic 10_6 N photoe

o X semi-ana. (corr.) 10_7 i

5 10 T(E total

$ 10 & 1078 ~

s Q™

i’. E 10—9 n °)A

o 10% L (7

% 1044 a 10_10 . /Z)kA

3 — ~11 \{Q

L 100 9 10 ] é
10% L 10712+ method:

100 I S . — . W10 m— steady-state
10 10° 10 10 ElfeV] 10 10 10 10 10-14 —— time-dependent
10—15
10°3 10° 103 10° 10° 1012 1015 1018
E [eV]

Nnp ~ QTloss

The “steady-state” approximation provides a reasonable
description for the spectrum - ie. ~agrees with the full time-
dependent result

DESY. 38



T [s]

Note- to get IC peak to sit at a comparable level to the synchrotron
peak requires a “triple point” in the cooling time plot to exist

Afterglow GRB SED- Expected from SSC Model

SSC-scenario

t=1000s,B'=0.1G

103
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10°
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12}

~

SJ,D'

.
7

adiabatic

free streaming escape
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photons y

10t

1073

DESY.

10° 103 106 10° 1012
E' [eV]

EFg [erg/(cm2s)]

Photon spec.
t=1000s,z=0.1

-5 _
10 dust
1076 photoel.

10—7 .
10-8 4
10794 &
1010 4
10—11 .
10—12
10713
10—14
10—15

103 109 103

Note curvature of SSC spectrum in the VHE band

SSC-scenario
vy (EBL,CMB)

10 108 102

Where is the signature of €"? results above/in most others works, set the

thermal particles components to O, is this realistic?

Is n=1 realistic?

39

[Klinger et al. MNRAS 520 (2023)]




Electron Acceleration with Cooling

~ R A 4 )
lar 9 UpBcrit h
t — — Cri il
aee = g2 foool = gra ( Us ) (E>
g J \_ )
~ " Bepit = 4 x 103G

/2 2
Be = (al/Z(B/Bcrit)l/Z) He®

Maximum synchrotron energy tells us how efficient accelerator is!
[Huang et al. Ap J 925, (2022)]

EsSync 2 —1 52 Me GRB 190829A — =10
Y ~ 477 — 1, =102
—_— l.,.,=103

— 1, =10%

vF,[ergs~lcm™2]

10—11

100 102 10% 106 108 1010 1012
hueV] 40
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DESY.

Comparison to Observation

Andrew Taylor
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No Synchrotron Cutoff of the (2"9) Brightest
GRB Seen by Fermi-LAT

*GRBs at HE and VHE:
~12 GRBs per year Fermi-LAT

eHowever, most science
learnt from brightest event-
GRB130427A: 94 GeV max

energy photon.

VHE emission has been a
decades-long mystery

electrons |
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3

10-8 | | | | | | |
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z=0.34 Es ermi
Gamma-ray
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[Ajello et al., ApJ 863 138 (2018)]
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No Synchrotron Cutoff of the (2"9) Brightest
GRB Seen by Fermi-LAT

[Kouveliotou et al., ApJL 779 (2013)]
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- 10| _
NG 10 NuSTAR ;
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> i
S 10}
e ; [Ackermann et al., Science 343 (2014)]
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EFe [erg/cm?s]

EFe [erg/cm?s]

EFe [erg/cm?s]

VHE GRB SED- Lessons Learnt Since 2018
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Alternative 1-Zone Scenarios?

s t=1000s, z=0.1, Exin iso = 4 X 10%%erg Proton-syn-scenario
10~
o[V X-ray vy (EBL,CMB) .« .
10°¢ photoel W Before raising the number of
— 1077 102
= primary e~ protons
& 10-8 =
el degrees of freedom, other
\\c; 10710 =
£ 10n 0 parts of parameter space
Q10721 > S c o\ B .
Ly 10—13 ———— 1
0 - should first be explored
1071
1073 10° 103 106 10° 102 10 1018 102
E [eV]
= [=1UUUS, Zz=U.l py-cascaae-scenario - t=1000s,z=0.1 pp-cascade-scenario
107 1 dust vy (EBL,CMB) 107 1 vy (EBL,CMB)
photoel. neutrinos
= a
5 5
) 3>
o Il pp casc.
'% % primary e sl | cutrinos
i 0
py casc.
\ e*
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E [eV] E [eV]
t=1000s,z=0.1 extended-syn-scenario
10~ dust (EBL,CMB) 1 1
o] z A Each scenario requires rather
— 1077 A 1
% 10 extreme parameter values
o 1079 A 10-15
5 1071 : (see box)
2 10_11 1 1010.5
w 10—12 4
ey 107 [Klinger et al., arxiv:2403.13902
10-14 2
10-15 [Khangulyan et al., Ap. J. 914 (2021)]
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E dN/dE (cm~2s71)

Fractional

Importance of Minimising EBL Damage

dust photoelectric EBL
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[LHAASO Coll. Science 2023]
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What Can We Hope From Future
Observations?
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Key Phase Space for VHE GRB Detections?

Three key factors for GRB
detection are apparent:

* Locality is crucial (EBL
damage minimised)

* Brightness is crucial (allows
detection at late times once
Lorentz factor has decreased
significantly)

*  Simultaneous MWL
coverage (in keV to multi-
TeV energy range) is crucial

10" 10'? 10'° 10"

E [eV]
Within Swift’s lifetime (~20 years so far), the most local GRB was z=0.03

DESY. Spectra up to 10 TeV, with small EBL effects, may potentially be probeable



Conclusions

Fast (rel.) shocks in the ejecta of GRB jets appear to operate as particle
acceleration machines

Synchrotron emission from long GRB can tell us directly how efficient these
sources operate as cosmic ray accelerators

We are now (since 2018) starting to probe the very high energy (TeV) gamma-ray
emission from GRB, providing new insights into the source environment

Whether a new component in the GRB spectrum is present remains unclear-
curiously, the VHE GRB detections appear compatible with a continuation of the
synchrotron emission beyond the expected supposed theoretical limit

For CTA to answer this emission process question, the catching of extremely local
GRB events will play a crucial role

DESY



Prospective Rates for Testing the
GRB Emission Process with CTA

107
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o
Number of Expected GRBs in the Lifetime of CTA

Future GRBs for providing a
stronger probe of the spectral
emission model must be local
and have bright afterglows

For CTA, a rate of up to 4 yr is
possible to expect, consistent

with other estimates
[Ashkar et al., ApJ 964 57]

However, of these events, the
local subset of particular
interest will be rare (< 0.25 yr 1)
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Prospects for Testing the GRB Emission
Process W|th CTA Mo/
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1078 5
109
10—10
10-11 o 4

/ vo
10-12 {47
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10713 - .
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@ GRB 190114C

RB 190829A

10-14 |- RB 201015A
GRB 201216C |

GRB 221009A

Projected 2 Hour Intrinsic Gamma-ray Flux (erg cm™2 s 1) at 0.1 TeV

CTA North
— CTA South
10—15
0.0 0.5 1.0 1.5 2. 0 245 3.0 3. 5 4.0

Redshift

Fit Parameter

3.6h obs. time
= HESS observation time

T
48 Model
— Fit
HH HESS
H CTA South

L
s
o

Number of Expected GRBs in the Lifetime of CTA

|
oo

F

10—13

’RELIIVIINA

10O 10!

Lo Energy (TeV)

EBL Attenuated Power Law
HESS CTA South

[Provided by J. Pfeil and D. Parsons]

DESY. !

2.06 £ 0.10 +0.26 2.09 +£0.02
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Statistical Tests- A Spectral Model Fit for
[MAGIC Coll. Nature 2019] GRB 190114C

[Klinger et al. MNRAS 520 (2023)]

107 3
P E default
o;n joee [ —_ 67.71-110s 110-180s components of SSC
§ 3 NE 107° § m== ssC f= SSC === synchrotron
g’ Y B== syn.only &= syn.only | | e inv. Compton
g O L.
é 10_9§ E 107 | [
18}
- & 10-¢
10-10 x
107k =
- ; 3 >
T "%\ g 108
A @
o F 110-180's 10-9
#;l . r 103 104 10° 106 107 108 10° 1010 101! 1012
2 107¢ energy E [eV]
10-10 [ 1 1 1
10° 106 10° 10'2 o
Energy (eV) [Fermi+Swift. ApJ 890 (2020)]
Bayes factor for new component
time after BAT trigger: 67.71-110s 110-180s
default
LAT time shift -5%
without LAT —
floating norms 15% -
without XRT HH
DESY 5 4 3 -2 -1 0 1 2 3 4 -5-4-3-2-1 0 1 2 3 4 5

l0910(Zssc/Zsyn) l0g10(Zssc/Zsyn)



Statistical Tests- Spectral Model Fits other GRB

E*dN/dE (ergs 'cm™2)

I GRB 190829A

-~ }HEH.

107t GRB 221009A: Saldana-Lopez et al. 2021 1

———230-300s
——300-900s

107!

DESY.

10°
Energy (TeV)

Energy (eV)

[HESS Coll. Science 2021]

10

E2dN/dE (ergs cm? s™")

N
<,
(=]
T
m
o
o
o
o
\ 4 |

T GRB 221009A: Gilmore et al. 2012

——230-300s
——300-900s

10° 10"
Energy (TeV)

[LHAASO Coll. Science 2023]

GRB 190829A
[15-28 ks]

GRB 221009A
[0.2-0.9 ks]
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Origin of Temporal Decay Structure

I T n, (pdvpd) (puapu)

é )
(downstream) I (upstream)

[viewed in upstream restframe]

Assuming n, is constant in time.....

L3, KI‘ xt™3% R t1/4\
4 ;Z;:z = €raal “npmpc”
s C
Lse ot !
DESY. \ ; J

Andrew Taylor 54



Reminder: (Non-Rel.) Shocks

The fastest speed information in plasmas can be transmitted is
the sound speed. When plasmas travel faster than this, they set

up a shock- the upstream region is not able to know what is
coming (a surprise!).

downstream upstream
(P2, p2) (P1,p1)
G a
Vo V1

Shock converts ram pressure ( ,OV2 ) into thermal pressure( P )
DESY

Andrew Taylor



Collisional Shock- Conservation

Conditions
downstream upstream
(P2, p2) (P1,p1)
Vo V1
Number Flux: P1V1 — P2V

2 2
Momentum Flux: P1 + p1V] = P2 + p2Vs

Energy Flux: 1 3 LI
NErgy Fix: W1V1+ 5P1VY = WaVa + 5 p2Va
DESY.

Andrew Taylor



Collisional Shock- Enthalpy

Whnonrel.

’}/:

e+p

DESY.

Andre

W 1aylor

— Wnonrel. T P



—+Collisional Shock- Cold Shock
Case

Momentum Flux:




Collisional Shock- Cold Shock
Case

So what are collisional shocks good for?

DESY’ Andrew Taylor



Collisional Shock- Cold Shock
Case

So what are collisional shocks good for?
Stimulating the unstimulated degrees of freedom in the

system where momentum/energy can be stored
DESY Andrew Taylor



Cold Relativistic Shocks

Momentum Flux:

N
p1BiT] = p2 + (7 —

1P2 + Pz) %I‘%

o |
pBETE — paf3T3 = pa |1+ (1 ) AAT3

Energy Flux:

p11T% = (W j P2+ ,02> 8213

B
v —1

p1/1T1(T1 — 1) = p232T'3 + p232T2(T2 — 1)

DESY

Andrew Taylor



Particle Accelerator Limits

tace = 1) C52 tesc. = Cﬁ

Rlar R ]

[AM Hillas (1984)]

[Emax _ 6eBR]

[LB — Ug4nR? Bc]

Under the assumption of equipartition
of energy between kinetic energy and
magnetic field:

[Lovelace et al. (1976)]

Z 1/2 Z SLkE 12
[ ~n (FLxeah) n (3 x 1043 erg s—1 ©

Andrew Taylor

DESY.



Cosmic Ray Sources Have to be Local

(logarithmic scale) dgzk ~ 100 Mpc
0 3 9 27 81 243 Mpc — 102 . ‘ . .
A T E 102" eV Monte Carlo
I af?f(éFe Analytic -
w100 100% Iron ‘
NUJ oo, 81-243 Mpc
. 0 [T 27-81 Mpc
510 ‘ 9-27 Mpc |
o S 3-9 Mpc
W e
g 107
[A. Taylor et al., Phys Rev D (2011)] N-o
[R. Lang and A. Taylor in prep.] L 1073 : ‘ e ‘ =
18.5 19 19.5 20 20.5 21
) logq E [€V]
Lo~ 4 x10* erg Mpc ° yr™
[E. Waxman, Astrophys. J. 452 (1995)]
Lo ~ Long ng ~ 107° Mpc°
~ Eoflo fl() ~ 10_6 ].VII)C_3 yr_l
Only and appears to satisfy these requirements as the sources

DESY : :
of extragalactic cosmic rays Andrew Taylor 63



GRB Outflows as a Cosmic Ray Source

107

—-
(@]
=]

Préton knee

_
o
3l

—_
o
IS

Iron knee

EZdN/dE [eV em™® s sr]
o

102
10 | DT
SNR p extragar
100 I ; I I I ; I
10™ 10" 108 10" 108 10"® 10%
E [eV]

As the source expands, CRs can be accelerated to
energies between the knee and the ankle

=
If the B-field is as large as ~G -> possibility of L ___2mG
UHECRSs éav e 2 mG
(;O | 810 | 100

t (days)
[X. Rodrigues, A. Taylor, et al., ApJ 2019]
Andrew Taylor 64
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Hydro Turbulence

Big whorls have little whorls

That feed on their velocity;

And little whorls have lesser whorls
And so on to viscosity.

Range of eddy scales

Integral Scale O O/ Kolmogorov Scale
S A AR
— (Richardson, 1922)
10k , — S5 /' /"
>

\Off’ SOON

Energy production — (Energy cascade)— Energy dissipation

P(k)

k

Kolmpgorov ;

DESY’ Andrew Taylor



A brief comment-

DESY.

Hydrodynamics

4 ™
dpv Momentum flux
ot -V P =pg conservation
. y,
P — pI + pvv Spatial part of stress energy
tensor
4 5 ™
VvV
pap TPV V)v=—-Vp+pg
. y,

Andrew Taylor



Magneto-Hydrodynamics

A brief comment-

p
opv

ot

-V (P —Pwm) = pg

~N

J

P =pl+pvv
B2 BB
Py=——F"1+
M 87 47

DESY.

Andrew Taylor

Momentum flux
conservation

Maxwell stress tensor



Galactic Magneto-Hydro Turbulence

One of the key drivers is thought to be Supernova explosions

l—«
d(/B? k
/B? = ( )dlnk — | {B3dInk SB2 = B2 [ —
k 0
dlnk k
0
10°
10
N 102
(a)
%@
107
107 F hard-sphere
Kolmogorov
Kraichnen
10'5 M| ‘th‘r‘n‘\ IR | IR MR Ll TR n L
10° 10" 102 10* 10* 10° 10° 10" 108

k

Note for MHD turbulence, the theoretically expected
turbulence index is still debated




Charged Particles in Magnetic Fields

Note- a lot of what you may have studied about charged particle propagation in
magnetic fields likely assumed magnetic field variation was on much longer length
scales than particle Larmor radius.

DESY.

Andrew Taylor



Prospective Rates for Testing the
GRB Emission Process with CTA

107

10—8

1079 L

10—10

10—11 |

10—12

10—13

Projected 2 Hour Intrinsic Gamma-ray Flux (erg cm™2 s™1) at 0.1 TeV

GRB 180720B
G

10—15
0.

Redshift

[Provided by J. Pfeil and D. Parsons]

DESY.

B 190114C
1071 - 0829A |
GRYR01015 A
©\N\crf 201216 ©
222222 A
| | | | | |
0 0.5 1.0 1.5 2.0 2.5 3.0

|
3.5

56

NJ @ e [
'S ) o o0

,_.
o
Number of Expected GRBs in the Lifetime of CTA

Future GRBs for providing a
stronger probe of the spectral
emission model must be local
and have bright afterglows

For CTA, a rate of up to 4 yr is
possible to expect, consistent

with other estimates
[Ashkar et al., ApJ 964 57]

However, of these events, the
local subset of particular
interest will be rare (< 0.25 yr 1)
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A GRB 190829A Like Event for CTA

Ops. assumed to start at TO + 2hrs for 5 hrs

10—10

Gamma-ray Flux (erg cm™2 s71) at 0.1 TeV
= 3

H
<

=
o

"PRELIMINARY

10-18
0.

Redshift

[Provided by J. Pfeil and D. Parsons]

Night 1/
3.6h obs. time
= HESS observation time

T
Model

— Fit
HH HESS

H CTA South

) PRELIMINA
] 107 10‘*1 1(‘)O 10!
0 Energy (TeV)
EBL Attenuated Power Law
Fit Parameter HESS CTA South
ymnt 2.06 £0.10 £+ 0.26 2.09 +£0.02

DESY.
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Prospects for Testing the GRB Emission
Process W|th CTA Mo/

107

1078 5
109
10—10
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GRB 221009A

Projected 2 Hour Intrinsic Gamma-ray Flux (erg cm™2 s 1) at 0.1 TeV

CTA North
— CTA South
10—15
0.0 0.5 1.0 1.5 2. 0 245 3.0 3. 5 4.0

Redshift

Fit Parameter

3.6h obs. time
= HESS observation time

T
48 Model
— Fit
HH HESS
H CTA South

L
s
o

Number of Expected GRBs in the Lifetime of CTA

|
oo

F

10—13

’RELIIVIINA

10O 10!

Lo Energy (TeV)

EBL Attenuated Power Law
HESS CTA South

[Provided by J. Pfeil and D. Parsons]

DESY. !

2.06 £ 0.10 +0.26 2.09 +£0.02
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Prospects for Future Observatories

Swift-XRT GRBs energy flux distribution

I I | |

* CTA to have ~10 times better o et
sensitivity than present ACTs

-1.2
 Will be able to detect flux over
many decades in time with
detailed spectra information.

e Boost the detection of GRBs at
VHE.

— ~ 3 GRBs per year at 11 hours
after burst. 1

— ~ 11 GRBs per year at 5 hours

after burst oL allT . . 0 |
log1o(Energy Flux / x 10! erg cm? s)

X !

w
1

CTA
GRB1807/208B

GRB130427A

GRBs per year

Ruiz-Velasco+ (1st CTA symposium)

DESY HESS Collaboration Nature 575, 464—-467 (2019) .



No Synchrotron Cutoff of GRB 130427A Seen
in X-rays and Gamma-Rays

[Kouveliotou et al., ApJL 779 (2013)]

10_9 F T T T T T T T T T 3
; TO+~1.5days | ]
: 107"} . :
T 100k J
N 10 NuSTAR ;
= 10 100 | .
O Energy (keV) . .
o E iy et ] [Ajello et al., ApJ 863 138 (2018)]
2 10 : GRB130427A-1
m> E ... 10 : I-III| T III| T III| T III| T III| T III| T III| T III| T III| T III:
S S & 2L N :
’ 10°L AStat = 347.72
L :\\\ FPL = 188i001
1072 bz . 101} AR Ty = 154002
‘ ! . ! 1 1 ] ; ) \:\\ Tppy = 2,04 £ 0.02
~1n2L N N .
102 1 102 10*  10°  10° Al i
Energy (keV) T3
£ 107k "« E
9} \\\\
g 0% \*s“ ;
GRB 180720B 0 NN
£ 105
— [a 10 :‘ N o ‘:
" >< 3.
e 210} _fv_T—r ;
o N \\
5 7 T XRT O]
lu_J. 4 LAT N N b
2 108L - - Power-law Fit N
° - - Broken Power-law Fit ]
TIJ1O_10: X | X | X | X | X | ) ) | ) 10'9-| T NN N T N AN T T N NN T TN TN 1 1 A N T N T T [N T U NN MO O AN Ill-
100 102 10° 105 10° 10 10" 10" 10%6 1078 10t 10 100 10° 10 10 100 10° 107 10 10°
DESY. E, [eV] Energy (keV)

Andrew Taylor



The Observational Challenges for GRBs
Absorption!

EBL absorption
Dust absorption Photoelectric absorption

100 absorption factor

10~1
1072
1073
10~4
1073 100 103 106 10° 1012

E [eV]

DESY.

75



Attenuation through Pair Production
on the EBL

v [Hz]
108 10” 108 10% 10" 10" 10" 10" 10" 10"

DESY.

Andrew Taylor



Energy Spectrum Information

100 =

g
T GRB190829A 3
\8)
C
Qo
3 10
o
n
o]
° [ GRB190114C
m
@ | GRB180720B
-2
10 B K 12 R
10 3x10 10 3x10

Energy (eV)

The effect of the EBL on the (optically thin) attenuation for a nearby
(z=0.08) source for E,<6 TeV is a softening of the spectrum by around
AT=0.5, starting around 250 GeV.

[HESS- A. Taylor, et al., Science 2021] SQ

DESY- Andrew Taylor H-E-S-Sg



Hadronic Particle Acceleration in Sources

%\ Ve Laci)(p) P }oXP) np} - Te::lzp Q

| Steady state | | No losses | | Delta injection |
_ (: Tacc j)
I) Tesc
L 10’
n, = Q i;;; N
107
'5 102
5
Note- shock acceleration is O ee(P) = To(p/po)
i o | acc
Elot tkhe only acceleration process on the rese(P) = 70(P/Po)s P < Prax
0-5 L i
oC 1 = To (pmax/pO)a P > Pmax
10® ‘ ‘

10 10" 10®> 10® 10* 10® 10®° 10° 108 10°

DESY. :
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GRB 190114C (Detected by MAGIC)

n 1077 .

5 | ﬁ — 1101800 | Pl
% 1078 % ———=180-380s 1 180-360s | B
- ] ' =——=m380-627s |
- 109 - N 625-2400s §
L : - GBM LAT )
B o0l [ XRT [BAT| MAGIC

102 103 10* 10> 10° 107 10% 10° 10%° 10'! 10%?
energy [eV]

[Nature 575, 459-463 (2019)]

* remarkably flat over 9 orders of magnitude in energy!

DESY.



Evidence for a New Component?

1050 electrons 1050 photons
—_ 1049 — 1049
210481 £ 10%+
.2. 1047_ .2. 1047_
_E 1046_ 'S _E 1046_
% 1045_ % 1045_
~ 10444 ~ 10% 1
L 1043_ L 1043_

1042 | | | 1042
108 10° 1012 10%®
E [eV]
time after BAT trigger: 67.71-110s 110-180s
default 1 s T ——
LAT time shift -5% 1 } = . i
without LAT A 7}777}44_. . ,,}_|
floating norms 15% 1 E—i 1 l—.—'
without XRT . . .
5 4 3 2 1 0 1 2 3 4 -5-4-3-2-10 1 2 3 4 5

l0910(Zssc/Zsyn) l0910(Zssc/Zsyn)

* SSC spectra are mirroring a
smoothly BPL electron distribution

[M. Kinger et al., MNRAS 501 2023]

 We need more bright, nearby GRBs
(without moonlight!)

e GRB 190114C shows no clear evidence for the
iesy.  onset of a new component

80



HESS Detection of GRB 190829A

First detection of a GRB in VHE band for multiple nights

60

40

30

20

10

1072

DESY.

[
357 Swift GRBs
50 | with redshifts

Dec (J2000)

T
I
I
I
I
|
I
I
I
I
I
I
I
I
I
|
I
I
I
I
|

3hoom 2"56™ 3hoo™ 2"56™ 3hoo™ 2h56m

RA (J2000) RA (J2000) RA (J2000)
Night 1 Night 2 Night 3
107! 10° 10!
redshift [HESS- A. Taylor, et al., Science 2021]
tBMy,~60s, tBAT,,~60s N
2=0.078 NQS

Andrew Taylor H.E.S.@



GRB 190829A- Optical Data

10 = T T T T T T =
10 T ----- Synch
» J—— |C -
I To +[4.3,7.9] hrs o sSsC ]
3
g
(&)
|
g;n 10-11
)
3
T
Z,
L
m .
o k GRB 190829A
: / '
5 / \ \
| | | yA | | | ]
10" 10 10 10° 10" 10° 10" 10"
Energy (eV)

DESY.
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DESY.

GRB 190829A- Radio Data

10710 -

=

<
[
N
1

10—14 -

E2dN/dE (ergs~lcm™2)

10—16 -

Night 2

------ Synch

————— IC w/o abs
<4 Radio (Rhodes+, 2020)
¢ Optical (Hu+, 2020)

10718 4
107°

1073

100

103
Energy (eV)

Andrew Taylor

106 10°

1012
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DESY.

GRB 190114C
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GRB 190114C
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GRB 190114C
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DESY.

Swift XRT Photon Index Distribution

1.0

O.(()).

B Swift

- B Fermi-LAT

1.0 1.5 2.0

2.5 3.0 3.5 4.0

Swift-XRT Photon Index

[Ajello et al., Ap. J., 863 138, 2018]
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Fermi-LAT Photon Index Distribution

DESY.

4 long
4 short

10_7 Il I]:Io_6 Il Il L1l I]:IO_5 Il Il L1l I]:Io_4 10_3
Fluxgxr (0.1-100 GeV) [ph cm™2 s71]

[Ajello et al., Ap. J., 878:52, 2019]

Andrew Taylor



Relativistic Hydro Shocks

What’s the compression ratio for relativistic shocks?

downstream upstream

ﬁd :Bu

h—

Blast wave shock CBM

Mass Flux: puBul'v = paBal’a

Momentum Flux: Py + Wuﬁﬁrﬁ = P4 + wdﬁﬁrﬁ

Energy Flux: wuﬁul‘ﬁ — wdﬁdl‘ﬁ

DESY. Wreel. = p + P

Andrew Taylor ’)/ — ]_
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Relativistic Shocks

Momentum Flux:

, Y
P1 - (W_1P1+,01) fF%_P2—|-<

- 1 P2 +,02> T3

Energy Flux:

( ! P1+,01)51F2=( i P2+,02)52F3
v —1 v —1

DESY
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Cold Relativistic Shocks

Momentum Flux:

N
p1BiT] = p2 + (7 —

1P2 + Pz) %I‘%

o |
pBETE — paf3T3 = pa |1+ (1 ) AAT3

Energy Flux:

p11T% = (W j P2+ ,02> 8213

B
v —1

p1/1T1(T1 — 1) = p232T'3 + p232T2(T2 — 1)

DESY
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+ Relativistic Shocks

Momentum Flux:

P2 i 2 92 Y ] I‘252
1+T < ) — (1
I'252p, | 2172 v—1/

Energy Flux:
( Y ) F%Pzﬁz B <1 (T2 — 1))
5 —
v—1) I'ip1b1 (F'1—1)

DESY
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Relativistic Shocks

I'> 32 I's—1
1 F1/31 1 I'n—-1

DESY

Andrew Taylor
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Evolution of Key Energies with Time

1019 -

1074

1015 4

E [eV]

1011.
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107 1

DESY.

electrons

1013.

adi=acc
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inj min

i

4 6
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10° 10— T
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1071 195
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10°
1073 100
1073
10~ 107
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-- photon max
-- photon break
-= photon inj min

photons

- el max

-
S e e
T ———— -

l0g10(tops/15)
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107!
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[
o
&

10~4
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