HEPRO Paris, October 23-26, 2023




Outline

| - GRB prompt emission from the synchrotron radiation of relativistic electrons
and the low energy spectral slope

| - Off-axis MeV and very-high energy gamma-ray emissions from structured
gamma-ray burst jets



| - GRB prompt emission from the synchrotron radiation of relativistic electrons
in a decaying magnetic field

» Motivation

The theoretically predicted synchrotron spectrum leads to a slope F, ¢ v-1/2 below 100 keV, which is in
contradiction to the much harder spectra observed during the prompt GRB emission.

Sari, Piran & Narayan 1998
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A possible solution proposed by Daigne et al. 2011; Beniamini & Piran 2013: in the marginally fast cooling
regime (I'co = (0.1 - 1) I'n, ), where the cooling break is very close to the peak frequency, the intermediate

portion of the spectrum (slope = -3/2) disappears and the slope -2/3 is recovered (still with a high radiative
efficiency)
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| - GRB prompt emission from the synchrotron radiation of relativistic electrons
in a decaying magnetic field

> Motivation
Marginally fast cooling can naturally emerge if electrons are radiating in a magnetic

field decaying on a timescale tg’,

-----------------------------------------------------------------

----------------------------------------------------------------

— electrons having y = I', will still experience a magnetic field B’ and the peak +

high-enegy part of the synchrotron spectrum will not be affected

— electrons with Lorentz factors I'co < y < I', will lose their energy more slowly than
expected because they will encounter a lower magnetic field when they start to travel
outside the initial acceleration site. The cooling break will increase to:

Ve = Vo (t'dyn/ t'B) 2

This allows to naturally tend towards the marginally fast cooling regime, even when
I'co/I'm << 1.The radiative efficiency will remain high as long as t'sy, (I'm) << t'g

so the final condition becomes:

-----------------------------------
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| - GRB prompt emission from the synchrotron radiation of relativistic electrons
in a decaying magnetic field

» Model

We investigate the impact of the evolution of B’ on the observed prompt GRB
spectrum.
Radiative processes: (R) [meters]
synchrotron radiation
inverse Compton scatterings
photon-photon annihilation
synchrotron self-absorption
adiabatic cooling

the region of the parameter space
where the medium is optically thin for
Thomson scatterings,

TT =0T Ne C tex, < 0.1

> Probing the parameter space
Comoving frame parameters (Bo', tex’, Ne, I'm)



Synchrotron spectrum
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Radiative models
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Radiative models

Radiating electrons probe the magnetic

field on >> scale than in the PIC simulations

A hierarchy of scales: t'sce (Fm) < t'rag (Fm) < tdyn, but - when they are in fast cooling - on
o a much smaller scale than the
> the magnetic field may decay on a length scale much shorter (magneto-) hydrodynamical scale.

than the shocked region scale t'qyn (e.g. Keshet et al. 2009).
Prompt emission models: Pe'er & Zhang 2006; Derishev 2007; Zhao et al. 2014;

Uhm & Zhang 2014; Geng et al. 2018 (much larger scales for B’ decay)

Afterglow modelling: Gruzinov 2001; Rossi & Rees 2003: Lemoine 2013
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Radiative model: exponential decay of the magnetic field

> The magnetic field decay:: B'(t) = Bo' et/t’
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Radiative model: exponential decay of the magnetic field

Evolution of the spectrum as a function of Yy, for values of wn, using a constant magnetic field or a

decaying magnetic field on a timescale tg'/t4yn" = 0.1 and 0.01:
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The emitted spectrum in the comoving frame
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Internal shock model

The jet is assumed to be weakly magnetized at large distance and the prompt emission
is emitted above the photosphere by shock accelerated electrons.

y | >,

Modeling:

1. dynamics of internal shocks

2. radiative processes in the shocked medium

3. observed spectra and time profiles

Piran 1999

Bosnjak, Daigne & Dubus 2009
Daigne, Bosnjak & Dubus 2011
Bosnjak & Daigne 2014



Internal shock model

Physical conditions in the shocked medium: Lorentz factor I'”,

comoving density p*, comoving specific energy density £*

Relativistic electron density:

n'(T,,'=0) T, [ =T

e m

¢ < | of all electrons
IS accelerated

Bykov & Meszaros 1996
Spitkovsky 2008
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Spectral evolution in the internal shock model: steep low energy slopes
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evolution in the internal shock model: steep low energy slopes
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: Case B: a single pulse burst with a low magnetic field. The main spectral peak:

is due to synchrotron emission (Bosnjak, Daigne & Dubus 2009)
eg=5x103,€e.=1/3,§=2x103,p=25,dE/dt = 5x 1033 erg/s
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Photon flux [ph/cm?/s]

irEffect of a decaying magnetic field in the internal shock model:
5 reference case B with tg/tayn = 10-3.
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Lepto-hadronic model

Rudolph, Petropoulou, ZB, Winter 2023
Rudolph, Petropoulou, Winter, /B 2023

AMS3 time-rependent code (Gao et al. 2017) following the coupled evolution of

photons, electrons, positrons, muons, pions, p, n, and v

All relevant nonthermal processes included: synchrotron emission, SSA, IC scatterings,

photopair and photopion production, yy-annihilation, adiabatic cooling & escape
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GRB 22T009A

Locations of the dust
layers associated with
the five smallest X-ray

rings from the GRB 221009A:

- GRB occurred at low
Galactic latitude

The direction to the
burst; dark patches
represent the dust layers
responsible for producing
the X-ray rings

- the smallest ring
corresponds to the most
distant dust

 GRB221009A J

4,600 light-years
from the galaxy's
midplane

Direction to

20,000 light-years

\*\ o
/-‘?f‘\*?;\ 43

Farthest dustis
61,000 light-years =~ =
from Earth . '

Credit:

NASA’s Goddard Space Flight Center
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GRB 22T009A

GRB 221009A:
EPIC 0.7-4 keV
images [counts/s/
arcmin?] of the
expanding rings

The two red circles of
radii 8 and 11" :
a reference for ring
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MOS2 spectra of rings 1-6 (Tiengo et al. 2023)
By fitting the spectra of the rings with different
models for the dust composition and grain size
distribution —> the spectrum of the GRB prompt
emission in the 0.7 - 4 keV as an absoprbed

---------------------------------------------------------------

The photon index and the fluence indicate the

-
¢

presence of a possible soft excess with respect
_to the extrapolation of the main GRB peak!

------------------------------------------------------------------
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Summary - |

When the characteristic decay length of the magnetic field (B oc et/tg’) is significantly
shorter than the dynamical scale (tg'/tayn” ~ 0.01, 0.001) , the low energy prompt GRB
synchrotron spectrum becomes significantly harder. The regime of marginally fast cooling
is naturally achieved

If the magnetic field decays extremely fast (tg"/tgyn” < I'co /T'm), the low energy photon

index -2/3 is still recovered, but all electrons may be slow cooling leading to a lower
radiative efficiency

A future work will investigate how tg’ should evolve with physical conditions in the
shocked medium and what are the consequences for the spectral evolution

If the low energy emission spectrum can be reconstructed as e.g. from X-ray halo
observations, potentially the hadronic-related contribution could be constrained



loka & Nakamura 2018

Il. Off-axis MeV and very-high energy gamma-ray emissions from structured

gamma-ray burst jets

» Motivation
loka & Nakamura (2018) : the short

GRB 170817A (detected ~ 1.7 s after the

gravitational wave event GW 170817) is faint because the jet is off-axis to our

line of sight
i Off-axis observer receives photons
: the apparent energy of the off-axis je

------------------------------------------------

------------------------------------------------------------------

emitted outside the beaming cone. Consequently, !
t becomes faint.

------------------------------------------------------------------

Weeli:, X/Radio 1. abinary NS merger is at the origin of sGRB
~monthns
afterglow Eiso = 5.35 x 1046 erg
Jet-1SM shock / ~sec >ye,a : .. :
| Off-axis X/Radio 2. sGRB produces an afterglow via interaction
X flare with the interstellar medium. For off-axis

sGRB

%a-ISM
shock

observers, the early afterglow looks faint

3. a small amount of NS material ejected from the

~|day opt.
2| macronova
Cocoon
v~0.2-0.4c ~10d
macronova
Merger
ejecta
v~0.03-0.2¢
(dynamical/

shock/wind)

NS merger is expected to emit optical-IR

ay IR signal (‘kilonova’)

4. a radio flare and the associated X-ray remantns
occur through the interaction between the
merger ejecta and the ISM




loka & Nakamura 2019

Il. Off-axis MeV and very-high energy gamma-ray emissions from structured
gamma-ray burst jets

> Motivation

The off-axis model was initially studied by using a top-hat jet with uniform brightness
and a sharp edge. However, it is difficult to explain veeak = 185 + 62 keV + the slowly
rising afterglow light curve is not consistent with a top-hat jet (Moolet et al. 2018), but
strongly suggests a structured jet

ob N mmm= | orentz factor | -
20 ' F — A
10 b 1+ (6/6.)
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5 10 15 20 25
Polar angle 6 [deg] of the jet

----------------------------------------------------------------------------------------------------------------

Isotropic gamma-ray energy of the jet decreases exponentially outward:
2 2
E,(0) =¢€,Eqexp(—07/206.)
Eo=10528erg 6.=0.059 n=10251cm3 6, =0.38 = 220 (Troja et al. 2018)

----------------------------------------------------------------------------------------------------------------



loka & Nakamura 2019

Il. Off-axis MeV and very-high energy gamma-ray emissions from structured

gamma-ray burst jets

> Off-axis emission from a structured jet

The surface brightness
(the isotropic energy per solid angle):

-----------------------------------------------

lE 1 E,(0)

-----------------------------------------------

cos B = sinf cos ¢ sinf, 4+ cos O cos b,

The off-axis model for GRB 170817A
predicted that the most luminous

Surface brightness of a structured jet [erg
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region arises neither from the jet core, nor at the line of sight at the viewing angle, but

from the off-centre jet.



Off-axis MeV and very-high energy gamma-ray emissions from structured

gamma-ray burst jets

> TeV photons
The different energy photons (MeV, TeV)
arrive to the observer from different
emission zones for off-axis structured
jets, mainly due to the effect of the
two-photon pair annihilation process

The optical depth for VHE photons is much
higher in the core region near the jet
surface, which gradually decreases outwards
allowing VHE photons to escape.
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Off-axis MeV and very-high energy gamma-ray emissions from structured
gamma-ray burst jets

> TeV photons

The optical depth is sensitive to the emission radius: the corresponding time delay
between the typical arrival time of the TeV and MeV emission decreases with the
increase of the emission radius. e

:ZB Zhang, Murase, loka 2023
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.The typical arrival time of VHE photons could be delayed compared to the typical arrival
time of prompt sub-MeV/MeV photons!



Summary - I

When considering the off-axis structured jets, we found that different enegry photons
could arrive from different emission zones, mainly due to the effect of the two-photon
pair annihilation process.

The main reason is that the optical depth for VHE photons is much higher in the
core region on the jet surface, which gradually decreases outwards allowing
VHE photons to escape.

The optical depth for VHE photons is sensitive to the emission radius, where the

corresponding time delay between the typical arrival time of the TeV and MeV emission
decreases with the increase of the emission radius.

Z. Bo¥njak HEPRO Paris 23-26,2023



Radiative models I
Daigne, Bosnjak, Dubus 2011

Beniamini & Piran 2013

Y., [Inverse Compton intensity]
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> “Marginally fast cooling regime”: electrons are in fast cooling regime but not deeply
in this regime, i.e. I'c S I'y, rather than I'c << T,

» A large radiative efficiency (> 66%) can be achieved even forI'c / I'yy = 1



TeV observations: GRB 221009A

First GRB seen by an

extensive air shower detector
(LHAASO collaboration, Science 2023)

"-U)
TeV light curve: a rise to peak E
o
after a quiescent phase, then =
c
a decay =
5
Eiso ~ 10°° erg z=0.151 8
6
1x10° - - —— KW G2 (80-320 keV)
KW Z (16.5-22 MeV), x75
8x10° - —— ART-XC, X35
j:’ 6x10° [
©
€ 4x10°
>
o
o 5
2x10" - J‘J{ |
0 — : ' : : 1 : 1
%\ 3000 -~ —— -
< 2000 —— -
[} +
Y1000 F —e— —o— _
0 | ——t | | |
'f e e —o— o
2k ~ -
3k _._'_._ B _
210 220 230 | 240 | 250 | 260 | 270

T-T, (s)

280

800

600

400

200
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First time detection of the
afterglow onset?
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Flux (0.3-10 keV; erg cm=2 s71)

X-ray afterglow of TeV/GeV events
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Observer frame 0.3-10 keV observed flux

light curves: a comparison of GRB 221009A with all

of GRBs observed by XRT
(Williams, M. et al. 2023)
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For the GeV/TeV bursts the
fraction of events whose X-ray afterglows are
described by single power law is

(Yamazaki, R. et al. 2020)

significantly larger than those for non-GeV/TeV GRBs

Early X_ray aferglow light curves of 26 events



TeV observations: decaying afterglows?
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Distance measurements to dust clouds using GRB X-ray halos

» Motivation

Soft X-rays ( ~ few keV) are efficitenly scattered at small angles ( 8 ~ a few arcmin) by
: interstellar dust

Predicted by Overbeck (1965) and first time observed by Einstein Observatory (Rolf
1993; Catura 1983), due to dust scattering, point X-ray sources are surrounded by
. diffuse emission = X-ray dust halos

-----------------------------------------------------------------------------------------------------------------

X = ddust / dsource
0 = (1 'X) Osca

dSOLIl‘CC

A. Tiengo X-ray source



Distance measurements to dust clouds using GRB X-ray halos

» Motivation

Dust scattered X-rays detected at off-axis angle 0 (= Osc, it dgust << dsource) Will have a

time delay:

x d 2

source

t—ty =
7 1 —x 2

0(1r) = ~ -
( ) ¢ x dSOI/lrce AJ ddl/lst If ddUSt == dsource

Halo photons scattered at larger radii suffer greater time delay owing to their longer
paths.

e Dust
' X = ddust / CIsource

0 = (1 'X) Osca

dSOUI‘CC

A. Tiengo X-ray source



> Dust-scattered X-ray halos around gamma-ray bursts

If the halo surface brightness is sufficiently high, the expanding ring can be easily
detected by comparing X-ray images taken at different times.

Pintore 2017: EPIC pn images
in (1-2) keV, integrated for
consecutive intervals of 14ks
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Alternatively (Tiengo et al. 2006; Pintore et al. 2017),
to visualise and detect an expanding X-ray ring,
cosntructed a dynamical image: each count,
detected with position x;, yi and arrival time T; is
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Siljeg, ZB, Tiengo et al. MNRAS 2023
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» Comparison of distance measurements to dust clouds using GRB x-ray halos
and 3D dust extinction

We used four 3D extinction 122: GRB 221009A

: 20.0
maps that exploit
photometric data from L) T |
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2D cut of extinction density cube from L22 map perpendicular to the plane of the galaxy in the
direction of GRB 221009A. Height is measured with respect to the position of the plane of galaxy:

L22: GRB 221009A
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