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The state of affairs




Gamma rays
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Cosmic rays
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Neutrinos
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NGC1068: The first steady-state source of high-energy v
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Tidal disruption events
Solar-mass star disrupted by SMBH (>10°M,) I

. ~50% of the debris bound to the SMBH,
. creates a flare (occasionally a jet)

NASA
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What do we want




Fundamental question

Given the observation a source of high-energy astrophysical neutrinos,
(and possibly gamma rays) what can we really learn about it?

Fundamental problems

Theory: source models have many unknown, correlated parameters
Experiment: scant data (often, a single neutrino)

Proposed tenet

Keep the model complexity as-is (i.e., don’t fix parameters); let the data
determine what we can learn



Neutrino

Neutrino data
(energy, direction, event type)

telescope

reports source
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Foundation

model
Electromagnetic data (maybe)
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Inferred source parameters
and correlations
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Two paths to training and inference (not mutually exclusive):

a Use a simple model of neutrino emission ) |
What do learn if we

Steady-state particle emission | assume nothing
about the identity

Non-descript source and geometry of the source

Generic parameters to describe neutrino production

e Use a sophisticated source model (e.g., AM3)

More computationally expensive

\
Time-dependent particle-transport equations What do learn
Tuned to geometry of specific source candidates - about specific
source types
v Different parameters depending on the model
S




Essentials of
neutrino production



The multi-messenger connection: a simple picture
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The multi-messenger connection: a simple picture
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The multi-messenger connection: a simple picture
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The prompt neutrino fluence from one GRB
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The prompt neutrino fluence from one GRB
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The prompt neutrino fluence from one GRB
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The prompt neutrino fluence from one GRB
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The prompt neutrino fluence from one GRB

Protons Neutrinos
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General anatomy of particle emission from a relativistic jet

Fireball model, internal collisions:

Lorentz o Propagation e Collision e Radiation
factor fast shell slow shell  reverse shock forward shock merged shell
. — — — T -~ 100
central my, = m:+ m
emitter m ms b ¢ 5
0 plasma shells propagate at different speeds It Is
m 57 <t s /7]
» i . | | 0
Part of the initial kinetic energy is radiated as
9 two shells colide

v, v, and cosmic rays:

' . : Fraction of energy in photons :
A : 5y M p Uncertainly

. | ) f, - Fraction of energy in protons Known
A fy: Fraction of energy in magnetic field

9 the shells merge and particles are emitted

Kobayashi & Piran, Ap] 1997; Murase & Nagataki, PRD 2006; Guetta et al., Ap] 2011
Baerwald, Himmer, Winter, PRD 2011; MB et al., Nature Commun. 2015



Gamma rays — spectrum basics
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Photohadronic interactions (1/2)
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Photohadronic interactions (1/2)
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Photohadronic interactions (1/2)
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Photohadronic interactions (2/2)

(1) A-resonance region

A(1232)
p+y ——p +T

(2) Higher resonances
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(3) Direct production (¢t channel)
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Miicke et al., Comput. Phys. Comm. 2000
Hiimmer et al., Ap] 2010; Baerwald, Hiimmer, Winter, PRD 2011




Cooking up neutrinos from a flaring gamma-ray source

Energy in neutrinos o energy in gamina rays

& All the details are in the proportionality constant

Ingredients:

» Gamma-ray luminosity (erg s-1)
» Variability time scale (s)

» Shape of photon spectrum

» Redshift

» Bulk Lorentz factor of jet

» Energy partition into e, p, magnetic field

Measured

Measured

Measured

Measured (sometimes)
Estimated

Estimated (if not guessed)




The fine print

Energy in neutrinos o« energy in gamma rays
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The fine print
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The fine print
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The fine print

Energy in neutrinos o« energy in gamma rays
o "

N a I

P
00 1 . fp 10 MeV
/ dEyEyFy(Ey) = ] [1 - (1 - @p%ﬂ) p;] _/ dEy By Fy(Ey)
0 < e kev

. '
Fraction of total p energy
given to pions

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




The fine print
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The fine print

Energy in neutrinos o« energy in gamma rays
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What data do we need?




High-energy neutrinos: IceCube (plus others?) public-release data

Includes event energy, direction, type (shower vs. track)
Different data selections
Often accompanies a published paper

Detection alerts

Gamma rays: astronomer’s telegrams, GCN circular
Neutrinos: public IceCube alerts

Gamma rays

As data: repositories (e.g., Fermi Gamma-Ray Telescope public data)
As images: directly from papers




A basic model of
neutrio emission



A basic model of
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Leptohadronic v + vy generator (1/2)

Particle production via A resonance:

n+nt —>n+ut+u,

P+ Vearget — AT —
/Ytaget p—|—7T0%p—|—’y—|—’y

Production efficiency:

Proton luminosity

|
O, X Lp -1y 0py

\

Neutrino flux Photon density

Degeneracy warning:
A high v flux can be cause by a powerful beam (high L,) or a

dense photon target (high n,). Neutrinos alone cannot distinguish these cases




Leptohadronic v + v generator (2/2)

Constraint: synchrotron cooling
Magnetic fields cool secondary pions before they decay, creating a spectral break:

2
Ebreak x B

Constraint: gamma-ray opacity

Gamma rays interact with the same target photons (n,) that produced them:

Ty R Moy = Oy - Rgre




Training the physics

We train on simulate data (for now)

Compute neutrino and gamma-ray data for the following ranges:
Magnetic field: 0.1-100 G
Photon density: 108-10'* cm?
Proton index: 1.5-2.8
Max. proton energy: 10 PeV —10 EeV

Physics loss function

Use a Log-Cosh error function because the flux spans 20 orders of magnitude

L= Z wj - log (COSh (ypred,i - ytrue,i))




Physics-informed foundation model

Neural surrogate

We replace slow numerical solvers with a fast neural network using Fourier embeddings (v):
Flux(E) ~ NNy (v(£),v(B, n~, s))

The embeddings map parameters into high-dimensional frequency space using weights (W):

v(x) = [cos(2nrWx), sin(2rWz)]

Bayesian inference (MCMC)

We maximize the joint neutrino and gamma-ray likelihood:

1 (I)O s,] (I)mo el,7 2
I L(#) = (Nobs,i In Nexp,i(0) = Nexp,i(0)) — = > ( bs.j a 1,9(9))

2 o
2 j J
~ TV - - ~” -

Neutrino (Poisson) Gamma-ray (Gaussian)




Event counts

Neutrino Fit

1013
10“%
10—1é
19—2?
13-3é
10—4é

1072 5

T —— Observed

=== Nu-Only Fit

— Joint Fit

12 13 14 15 16 17 18

LoglO(Energy/eV)




Note:

The model is not great

Impact of Gamma-rays on Model Prediction
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Final thoughts



» Machine learning is underused to infer neutrino source properties

» Public data (neutrino + gamma-ray + alerts) is available

Need to define:

» What is the right machine-learning architecture to adopt?

» What kind of data we want (processed, raw)

» What models to train on (simple, sophisticated) vs. time cost

» Can we also learn about source populations?
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