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Outline

GRBs and GRB 221009A observational facts

Propagation and attenuation of high energy gamma rays

Potential new physics explanations, incl.

Decaying heavy sterile neutrino scenario
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Gamma Ray Bursts (GRBs)

Transient extreme x-ray evenisgts
Mechanism not 100% Very T,L'kely.,é'\[\l_‘/ NS-NS mergers.
*Short GRB” tgy < 28, “long GRB” oo =5 28
Typical energy release 1_‘__ ' erg |

First detection 1967 (Ve?j\
first afterglow detection 1997

Angular width of jet 2° = 20°

~ 10ms — O(1000)s .

The background image and all other figures (unless marked otherwise) are used under the creative commons license.


https://creativecommons.org/licenses/by/3.0/deed.en

GRB particle production

Mechanism is poorly understood, but models exist.

[Waxmann '95], [Vietri '95], see e.g. [Bustamante, Baerwald, Murase, Winter '15]

¢ High mass star implosion / NS-NS mergers produces jet.
* Inverse Compton scattering efiz + v — e + g,
e “Fireball”, shock wave acceleration, UHECR, p +~v — n/s + ...
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GRB particle production

Mechanism is poorly understood, but models exist.

[Waxmann '95], [Vietri '95], see e.g. [Bustamante, Baerwald, Murase, Winter '15]

¢ High mass star implosion / NS-NS mergers produces jet.
* Inverse Compton scattering efiz + v — e + g,
e “Fireball”, shock wave acceleration, UHECR, p +~v — n/s + ...
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GRB detection, examples -
CGRO (‘91-00) Bépp085x (96-02)

Swift x-ray telescope

UV/Optical Telescope
(UvoT)

Sunshade

Burst Alert Telescope

X-Ray Telescope
(BAT)

(XRT)

Optical Bench

L 2 m z . XRT Radiator
e i S

and many others, e.g. Insight-HXMT, INTEGRAL, NuSTAR, ..
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GRB diversity ==
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GRB 221009A observation

* Fermi-GBM trigger: October 9th 2022, 13:16:59.99 UT (= Ty)
[GCN 32636, 32637, 32642, 32658]
e Also: Swift (BAT,XRT,UVOT), Fermi-LAT, INTEGRAL (SPI-ACS),
IPN, etc. [GCN 32632, 32635, ... |
e VLT/X-Shooter and GTC: z = 0.151 , d ~ 740 Mpc  [GON 32648, 32686]
¢ Tons of follow up observation in optical, radio, low-E x-rays, etc.
[ )

LHAASO, O(5000) ~-ray events with 0.5 TeV < E, < 18 TeV

[GCN 32677]

NASA/DOE/Fermi LAT Collaboration NASA/Swift/B. Cenko
E~ > 100 MeV, At > 10 hrs, < ~ 20° optical, At > 10 hrs, < ~ 7°
see NASA Gamma-ray Coordinates Network (GCN) circulars: https://gcn.gsfc.nasa.gov.
as well as The Astronomers Telegram: https://www.astronomerstelegram.org.
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GRB 221009A evolution

GRB 221009A was the brightest GRB ever observed, Eiy, ~ 1.5 x 10°° erg(!)
[GCN 3762], [Lan et al. 2303.10804]
Peak flux@(0.01 — 1) MeV: > 2.4 x 102 s~lem ™2 (Fermi saturated > 100s!).

Fermi: record Energy prompt v: E, ~ 99 GeV (Tp + 2405s) [GCN 32658]
Significant Earth ionospheric distortions. [GCN 32744,32745]
LHAASO: First ever detection of E, > 10 TeV from a GRB. [GCN 32677]
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Andreas Trautner

GRB 221009A evolution

GRB 221009A was the brightest GRB ever observed, Ei, ~ 1.5 x 10°° erg(!)
[GCN 32762], [Lan et al. 2303.10804]

Peak flux@(0.01 — 1) MeV: > 2.4 x 102 s~lem ™2 (Fermi saturated > 100s!).

Fermi: record Energy prompt v: E, ~ 99 GeV (Tp + 2405s) [GCN 32658]
Significant Earth ionospheric distortions. [GCN 32744,32745]
LHAASQO: First ever detection of E, > 10 TeV from a GRB. [GCN 32677]
Curiosities: tertiary or quatertiary HE emission?

CARPET-2: E, ~ 251 TeV (Tp + 4530, 3.80) [ATel 15675]
DAMPE: E, ~35GeV (Tp + 4896, 3.60) [GCN 32973]
Fermi-LAT: E, ~ 397.7GeV (Tp + 33554, > 30) [GCN 32748]
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GRB 221009A evolution

GRB 221009A was the brightest GRB ever observed, Ei, ~ 1.5 x 10°° erg(!)
[GCN 32762], [Lan et al. 2303.10804]

Peak flux@(0.01 — 1) MeV: > 2.4 x 102 s~lem ™2 (Fermi saturated > 100s!).

Fermi: record Energy prompt v: E, ~ 99 GeV (Tp + 2405s) [GCN 32658]
Significant Earth ionospheric distortions. [GCN 32744,32745]
LHAASQO: First ever detection of E, > 10 TeV from a GRB. [GCN 32677]
Curiosities: tertiary or quatertiary HE emission?

CARPET-2: E, ~ 251 TeV (Tp + 4530, 3.80) [ATel 15675]
DAMPE: E, ~35GeV (Tp + 4896, 3.60) [GCN 32973]
Fermi-LAT: E, ~ 397.7GeV (Tp + 33554, > 30) [GCN 32748]

Was GRB 221009A special? [GCN 32793]

“We conclude that there is a 10% probability to observe an event like GRB 221009A about 50 years after the discovery of the first GRB."
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GRB 221009A evolution

GRB 221009A was the brightest GRB ever observed, Eiy, ~ 1.5 x 10°° erg(!)
[GCN 32762], [Lan et al. 2303.10804]

Peak flux@(0.01 — 1) MeV: > 2.4 x 102 s~lem ™2 (Fermi saturated > 100s!).

Fermi: record Energy prompt v: E, ~ 99 GeV (Tp + 2405s) [GCN 32658]
Significant Earth ionospheric distortions. [GCN 32744,32745]
LHAASO: First ever detection of E, > 10 TeV from a GRB. [GCN 32677]
Curiosities: tertiary or quatertiary HE emission?

CARPET-2: E, ~ 251 TeV (Tp + 45305, 3.80) [ATel 15675]
DAMPE: E, ~ 35GeV (Tp + 48965, 3.60) [GCN 32973]
Fermi-LAT: E, ~ 397.7GeV (Tp + 33554, > 30) [GCN 32748]

Was GRB 221009A special? [GCN 32793]

“We conclude that there is a 10% probability to observe an event like GRB 221009A about 50 years after the discovery of the first GRB."
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¢ GR waves: LIGO-Virgo-KAGRA not online,
GEOB600 no sensitivity.

® Neutrinos: IceCube no detection, but limits

GRB 221009A multi-messenger signals?

[GCN 32877]

[2302.05459],[GCN 32665]

[Ai, Gao 2210.14116], [Murase et al 2210.15625]

10t 20 IceCube 90% CL UL (per flavor)
2.5 FRA, TO[-1, 42| h Ly = 1052 erg s-1
_1[]3_ 30 —— GRECO, T90 z=215
— — GFU, T90 .
@ —— ELOWEN,TO+500s |,
e >
_ 8
T gt Fermi-GBM (peak2) 3.Q Z
= T0 [+175, +1458] s 25 &
> \ 10°
3 24
10° =
I3 3
o Fermi-LAT L5 -
= 10-14 TO [+200, +800] s
w4 ——— T emat o
" 10 — mmaopnere
10724 Fermi-GBM (peak 1) o]
TO[+0, +434] s 3 o0
103 X g0
g
HAWC 95% CL UL at 1 TeV e
104 TO [+8.0, +14.4] h D g0t
W
; T T T , T T
104 102 10° 10? 10 10° 108
E[GeV] [2302.05459, GCN 32665]

Andreas Trautner

GRB 221009A high-energy ~-rays and new physics explanations, 30.03.23

100
E [GeV]

o Tow
[Ai, Gao 221014116

9/17



High-E ~ propagation

YHE + Ybr. > €T + e~
[Nikishov '62], [Gould, Schréder '66], [Fazio, Stecker '70]

= Flux attenuation: ~ ®,(E) = ®(E)e ™™
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GRB 221009A High energy ~-rays

Above E, 2 20 TeV this is literally light shining at a wall.

® LHAASO observed O(5000) ~-ray events with
0.5TeV < E, < 18 TeV during [T0, 70 4 2000s].

Relative error at £, ~ 18 TeV: §E/E ~ 40%.
[GCN 32677]

Can this be consistent with SM physics?
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GRB 221009A High energy ~-rays

Above E, 2 20 TeV this is literally light shining at a wall.

® LHAASO observed O(5000) ~-ray events with
0.5TeV < E, < 18 TeV during [T0, 70 4 2000s].

Relative error at £, ~ 18 TeV: §E/E ~ 40%.
[GCN 32677]

Can this be consistent with SM physics?

e Strongly depends on IGM model and the primary flux.
Estimates for (N, g, ~1sTev) range from O(1)...107%.
see e.g. [Baktash, Horns, Meyer 2210.07172], [Zhao, Zhou, Wang 2210.10778: © (1) requires ~ 3.50 event]
* Detection E, > 20 TeV (like 250 TeV@CARPET-2) certainly

requires a galactic source, or new physics.
candidates could be 3HWC J1928+178, LHAASO J1929+1745 [ATel 15675]
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GRB 221009A High energy ~-rays

Above E, 2 20 TeV this is literally light shining at a wall.

® LHAASO observed O(5000) ~-ray events with
0.5TeV < E, < 18 TeV during [T0, 70 4 2000s].

Relative error at £, ~ 18 TeV: §E/E ~ 40%.
[GCN 32677]

Can this be consistent with SM physics?
e Strongly depends on IGM model and the primary flux.
Estimates for (N, g, ~1sTev) range from O(1)...107%.

see e.g. [Baktash, Horns, Meyer 2210.07172], [Zhao, Zhou, Wang 2210.10778: © (1) requires ~ 3.50 event]

* Detection E, > 20 TeV (like 250 TeV@CARPET-2) certainly
requires a galactic source, or new physics.
candidates could be 3HWC J1928+178, LHAASO J1929+1745 [ATel 15675]

“Classic” new physics explanations: g _ I _ iy\/v%
< GO

e axion/ALP-photon mixing ¢

in context of GRB 221009A: [Baktash, Horns, Meyer], [Galanti, Roncadelli, Tavecchio], [Lin, Yanagida],
[Troitsky], [Nakagawa, Takahashi, Yamada, Yin], [Zhang, Ma], [Gonzélez et al.], ...

® Lorentz invariance violation (LIV)
in context of GRB 221009A: [Baktash, Horns, Meyer], [Li, Ma], [Finke, Razzaque]
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GRB 221009A, “classic” new physics explanations

® ALP-photon mixing to explain HE «’s

in context of GRB 221009A: [Baktash, Horns, Meyer], [Galanti, Roncadelli, Tavecchio], [Lin, Yanagida],
, [Gonzélez etal], ...

l;\

[Troitsky], [Nakagawa, Tlakahashi, Yamada, Yin], [Zhang, Ma]
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GRB221009A, a heavgl neutrino explanation

late-time Internal [A.Y. Smirnov, AT 2211.00634], see also [Brdar, Li 2211.02028]
Dissipation Neutrinos

Central engine

Graphic from 2202.06480 Forward Shock Y-rays/X-rays/optiradio
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GRB221009A, a heavgl neutrino explanation

late-time Internal [A.Y. Smirnov, AT 2211.00634], see also [Brdar, Li 2211.02028]
Dissipation Neutrinos

Central engine

9
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TNy & |UNH|2

g:;!y}:‘iglfmm 2202.06480 Forward Shock V-rays/X-raysfoptiradio

GRB — u,m, K — X + [Un¢|?’N — v+~
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GRB221009A, a heavgl neutrino explanation

late-time Internal [A.Y. irnov, AT 2211.00634], see also [Brdar, Li 2211.02028]

Dissipation Neutrinos
O
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o Observer TNy = v
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Probability for individual N decay in [z, z + dz] and photon attenuation:

B, e—/Av 9T —@-m)/x;
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y . ) _ 1 —d/AN _ .—d/X
= N-induced ~ flux: @5 O N By A/ =1 [e e w] 5
(N)
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GRB 221009A, heavy neutrino explanation

Constraints and shape of N-induced ~ spectrum:

1
. . At 2 E
® Kinematics: mpy S 4.5MeV ol .
2000s 18 TeV

E
® Decay length (Ay ~ d): Tymy ~2x 1073 MeV? (181]‘\;V> .

( Implies N-v transition magnetic moment iy =~ /87 B,y /m3; )

1077

H
S

[Brdar, Li 2211.02028]

Borexino

_
<

_
S
5

. [TeVem =257

SN Cooling

2
E v
—
<
13

10! 10 10! 10? 10° BTE
[A.Y. Smimov, AT 2211.00634] E, [TeV] my(GeV)

Benchmark: ©(0.1 = 1) events in E, ~ (10 = 40)TeV at LHAASO,
formy ~ (0.1 + 1) MeV, |[Unp|? ~ 1073, By ~ (0.1 + 1), (Fus)1ceCube S 3 X 1072,
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Heavy neutrino explanation, further constraints

® No ~+’s from SN 1987A.  [Dar, Dado '87], [Kolb, Tuern '89], [Oberauer, Hagner, Raffelt, Rieger '93]

g\fN) 4 ( MmN \2
~ By x o™ <1.7x10 (M—ev) (10keV < my < MeV).

* Supernova energy loss? For large mixing, |Uy, |2 = 10~3, no additional cooling.

see e.g. [Zhou "15], [Syvolap, Ruchayskiy, Boyarski '19], [Suliga, Tamborra, Wu '20], [Bar, Blum, D’Amico '20]
— see talk by Camalich
® BBN constraints on sterile N? e.g. [Boyarsky, Ruchayskiy, Shaposhnikov '09]

Early decoupling of N via Uy, dn., constraints are model dependent.
(can be avoided in non-standard cosmology)
e Distortion of CMB spectrum? 7 ~ 10%(my /1 MeV) years < trec.

[Ressell, Turner '90]
e only for light N's: MINOS v,, disappearance |UNH|2 <1072 [Adamson et al. '19]

® PMNS unitarity upper limit on N — v mixing see e.g. [Parke, Ross-Lonergan '16]
[Blennow, Coloma, Fernandez-Martinez, Hernandez-Garcia, Lpoez-Pavon '16]

® Large B,? Itself requires a BSM model. Examples: LR-symmetric theories,

Zee-type models, ...
[Zee ’80], [Babu, Jana, Lindner '20]
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Light scalar explanation

[Balaji, Ramirez-Quezada, Silk, Zhang 2301.02258]
Similar characteristics as the sterile neutrino explanation.

® CP-even scalar S, mg ~ 0.5 MeV
® mixing with SM Higgs boson sin 6

® dominant production mode at souce:
nucleon-nucleon bremsstrahlung via pion exchange.

® |oop level decay S — ~+ en route to earth.

By =2E,
107 1g T
3 107
Nakazatol3 10°
- . 10°
_ Ug%;, Colliders E Z"’ 10t 5x 10 (eV em?s) ! B
TS, e ttenuated
Lagene B 10 paents
% . 3 102 ——500 events
E = < ——5000 events
105 s 210
g =R
10-7 F S 100 /—\,—
Sf®s =102V an-2s ) \J 101+ il
10~ . et . . ] g
10! 10% 10° 10 12011 10'12 10'13 Tou
myg [keV] [2301.02258] E, [eV] [2301.02258]

Yet another model: v; — v; + a with @ 4 Bgalactic — 7-
[Huang, Wang, Yu, Zhou 2212.03477]
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Summary

e GRB221009A, G.O.A.T, z = 0.15, Fis, ~ 10°° erg

¢ Not very unlikely, but we got lucky.

® Puzzling observation of HE vy-rays £, > 10 TeV at LHAASO
¢ |ceCube (+KM3Net) observed no neutrinos — upper limits.

® SM explanation of E, ~ 18 TeV may be possible (~ 3.50 event),
E., > 20TeV definitely not.

* New physics explanations:

°* ALPs mq $107%eV, goryy 210712 GeV !
* Lorentz violation EL), <50 Mpy, B2, <1076 Mpy
® heavy sterile neutrinos 0.01 MeV < my < MeV,

. _ . |Uno|? ~ 1073, By = (0.1 = 1)
® light higgs-mixed scalar mg < 1MeV, 1078 <sinfyg < 1074

e Interesting times ahead: waiting for LHAASO to release
measured spectrum and timing information.
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Constraints on mixing angle
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Constraints on mixing angle

MINOS(+)
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GRB 221009A

Constraints originating from kinematics:

N

At
my S 4.5 MeV ( )

En
2000 18TeV )

Requiring decay length A x = d:

En
r > 2 x 1073 MeV? .
BT AR 55 Y\ 18 Tev

Using standard assumptions / decay width for N — v~:

(%)

ol
ol

mN

> 0.125Mev( En )
!UN#}S

18 TeV
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GRB 221009A

Probability for individual N decay in [z, z + dz] incl. photon attenuation:
B e—t/An 3T —(d-x)/r,
Y )\N

B, : branching ratio of radiative decay. Ay = En/(I'n my ), decay length.
N-induced ~ flux

2 et garaa].

1
—®dyBy———
NN Ay — 1

Normalizing to <I>3, the direct unattenuated ~ flux, we find

o0 7 @Y 7an/d—1

@gN) B Oy 1 [e_d/’\N—e_T] .

Varying d/ A we find that the maximal flux is obtained for d/A\x = 1. Expanding in

T > 1 as expected for high energy ~ rays we obtain

o™ 5 0.37
~ T i — .
(D'Oy v 'Nv Tvy p

The ~ flux produced directly in GRB is attenuated as
qj

ol e~ M =77,
o5
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GRB 221009A

Estimates for neutrino fluences
| ThelceCube C‘o laboration I ' '

Modified Guetta et al. 2004
r Modified analytic result
107 b Numerical result

[H.-N. He et al. ApJ'12]
1

L 1
10° 10* 10° 108 10" 10°
E,[GeV]
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For masses between 10keV and a few MeV there are strong bounds on heavy active
neutrino radiative decays from SN1987A

I, B, <5x 10714 (Mm—;/) s~1 . )

The flux of heavy neutrinos produced by SN1987A can be parametrized by the ratio

(SN)
T(SN) = (DN (2)
Nv — (I)(SN) :

Naively scaling the limit (1) by this ratio we obtain the constraint

- -35
INN; < 3 x 10 . 3)
~ (SN)
mN By,

Combining this with condition (22) requires

2
B, r$M) <17 x 1074 (%) : (4)
e

This shows that a saturation of the inequality B, < 1 is not excluded by the model
independent constraints if rﬁ\fVN) L TNy R |UNN|2, which can be the case due to

different production mechanisms and flavor composition.
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SN constraints on heavy heutrinos

Energy -
\ transfer|

10%;

-
-
-

Energy loss

my (keV)

10+

1
1072 107" 10 10° 10* 10 1
[Zhou 1504.02729]  sin® (26)
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