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Interpreting neutrino (and multi-messenger) constraints for specific sources: Can
we put limits on the amount of (accelerated) baryons in a specific gamma-ray

burst?

Outline:
* General GRB picture & current neutrino limits
* Prompt emission models

* Application example: Modelling GRB 221009A in the internal shock scenario
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Prompt phase characteristics

Examples of observed light curves

* Released energy:
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Prompt phase characteristics

Typical spectrum

* Released energy: =
53 4
E..,=10% — 10> ergs (but opening T =
> O Kev- MeV peak
00 ~
angle of few degrees) o W
S 3 sl
e Cosmological distances: — P~ o ope
Slope < S~ _Br02
7/ ~
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7/
* Large variety of light curves with L7
7 keV - MeV >
fast time variability
o BATSE HE?
* Similar spectra (narrow X-Ray? ; KON(L;J;M VHE?
broken power law, 'Band function') Optical, UV? ermi-

log(E)
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GRBs as high-energy neutrino sources?
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GRBs as high-energy neutrino sources?

Catalogue of known GRBs

1310 GBM GRBs
174 Swift GRBs
73 LAT GRBs
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GRBs as high-energy neutrino sources?
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GRB prompt phase models
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GRB prompt phase models
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GRB prompt phase models
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GRB prompt phase models
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GRB prompt phase models

Jet collides with

Optically thin ambient medium
(external shock wave)
(accelerated electrons)
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Neutrino flux model dependance

Neutrinos from photo-hadronic interactions: The dissipation model impacts eg:

production rate scales with number density + Dissipation radius R

¢ EfﬂC'enCy: Ekin, jet -> Enon-thermal particles

, N "
n — . * Jet composition
4mRFAL * Properties of accelerated particle
Radius from Comoving distributions:
central width - Ep, min & E, max+slope of power-law

engine of region

- fp/e = Ep, non-th / Ee, non-th
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Neutrino flux model dependence

Model dependence of neutrino fluxes

Neutrinos from photo-hadronic interactions:

production rate scales with number density e
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One-zone models:

itted il = fferent particle species

* Asingle emission region representative for complete 10>
burst
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Modelling GRB 221009A in the
internal shock scenario



GRB 221009A: The BOAT

Very energetic: E,., ~ 10> erg

+ super close: z~ 0.151
-> this combination: Once in 10.000 years

seen by all major instruments and up to VHE
(saturation & pile-up effects in many
detectors)

No neutrinos

Peculiarity: LHAASO 18 TeV photon (BSM
physics? Prompt/reverse shock/afterglow?
Produced as a UHECR propagation effect?)

Source Rate (cts/s)
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GRB 221009A: The BOAT

Very energetic: E,., ~ 10> erg

+ super close: z~ 0.151
-> this combination: Once in 10.000 years

seen by all major instruments and up to VHE
(saturation & pile-up effects in many
detectors)

No neutrinos

Peculiarity: LHAASO 18 TeV photon (BSM
physics? Prompt/reverse shock/afterglow?
Produced as a UHECR propagation effect?)

Can we model the event in the internal
shock scenario?
What can we learn from neutrino

constraints?

Source Rate (cts/s)
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The internal shock scenario et colldes ity
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The internal shock scenario

central (1) shells propagate at different speed

engine

My, M, M, K

B B
r“ e (2) shells collide, energy is dissipated
s 1)) D‘W”t)

Black hole

T (3) merged shell continues in fireball

«» 33)) )
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Modelling GRB 221009A (R)

o . B e Initial Lorentz factor distribution
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GRB 221009A

From the initial shell distribution to observable quantities

Fireball evolution

Initial shell distribution ‘ Distribution of collisions

Initial Lorentz factor distribution
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GRB 221009A

From the initial shell distribution to observable quantities

Fireball evolution Radiation model

Initial shell distribution ‘ Distribution of collisions

e Emission from each collision
* Solve coupled, non-linear
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GRB 221009A

From the initial shell distribution to observable quantities

Fireball evolution Radiation model
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GRB 221009A

From the initial shell distribution to observable quantities

Fireball evolution Radiation model
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GBM LAT
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(1) Model assumptions:

1. 3 x more energy into protons than into

electrons
(consistent with source energetics)

Strong magnetic fields:
"Synchrotron - dominated"
Weak magnetic fields:
"Inverse Compton — dominated"
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(2) Multi — wavelength predictions

1. Below the MeV-peak similar
predictions, differences in LAT band

2. Comparison to photon observations:
Too wide around MeV peak?

3. Above ~TeV: suppression due to EBL

4. (Almost) no signaturesfrom baryons
-> source-internal absorption!



Multi-wavelength & neutrino picture

GBM LAT fje=3 _ o
10-2 (3) Neutrino predictions
E I
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Multi-wavelength & neutrino picture

Emissionradius 10x larger
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(3) Neutrino predictions

1.
2.

Neutrino limits not violated! :)

Peak in EeV regime
-> radio arrays?

Neutrino fluxes/energies are sensitive
to f,,. & dissipation radius (-> Lorentz
factor and variability timescale)



Conclusions

* No neutrinos from GRBs: single source and stacking limits

* Predicted neutrino fluxes depend on density of emitting region -> model-
dependent!

* Multi-zone models decouple production regions of different particle species

* Interpreting neutrino limits of GRB 221009A:
- consistency with moderate baryon acceleration in the internal shock model

for large radii
- weak photon signatures of baryons. Beware of the cascade!

e Further topics: GRBs as UHECR sources despite stacking limits?

Neutrino Constraints from Gamma-Ray Bursts | Neutrino Summer School | Annika Rudolph | 19.07.2023



	Slide 1: Neutrino constraints from Gamma-Ray Bursts
	Slide 2
	Slide 3: GRB radiation models in an UHECR context
	Slide 4: GRB radiation models in an UHECR context
	Slide 5
	Slide 6
	Slide 7: GRBs as high-energy neutrino sources?
	Slide 8: GRBs as high-energy neutrino sources?
	Slide 9: GRBs as high-energy neutrino sources?
	Slide 10: Ok, and how do they work?
	Slide 11: Ok, and how do they work?
	Slide 12: Ok, and how do they work?
	Slide 13: Ok, and how do they work?
	Slide 14: Ok, and how do they work?
	Slide 15
	Slide 16
	Slide 17: Side note: multiple emission regions
	Slide 18: Modelling GRB 221009A in the internal shock scenario
	Slide 19: GRB 221009A: The BOAT
	Slide 20: GRB 221009A: The BOAT
	Slide 21: Ok, and how do they work?
	Slide 22: Ok, and how do they work?
	Slide 23: Modelling GRB 221009A
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28: Multi-wavelength & neutrino picture
	Slide 29: Multi-wavelength & neutrino picture
	Slide 30: Multi-wavelength & neutrino picture
	Slide 31: Multi-wavelength & neutrino picture
	Slide 32: Conclusions

