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Neutrinos in starburst galaxies

 What is a starburst galaxy?

* What is the origin of neutrinos in starburst galaxies?
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Neutrinos in starburst galaxies

* What is the origin of neutrinos in starburst galaxies?
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accelerator
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Inelastic collisions and hadronic byproducts

> High energy protons can escape the
accelerator
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* Escaping protons can interact with
gas in the external medium

* Inelastic collisions of protons with
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Inelastic collisions and hadronic byproducts

High energy protons can escape the
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Inelastic collisions and hadronic byproducts

Supernova W44 & IC 443 Neutral Pion Decay Spectral Fit

High energy protons can escape the
accelerator

* Escaping protons can interact with
gas in the external medium

* Inelastic collisions of protons with
gas results in pions
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Why Starburst Galaxies?
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Observation of Starburst Galaxies - Gamma

+  NGC 253 + NGC 1068
+ NGC 4945 + Arp 299
10_5-: + M82 + Arp 220
. NGC 2146
10-74 #ﬂ’}pr T
. AjeIIo+2020
T TT I T T IIII T T T
10™ -1 100 101 102

E [GeV]

04

e Starbursts observed at GeV
* Most nearby observed at TeV (<4 Mpc)

* Most distant: Arp 220 (77 Mpc)
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Diffuse radiation from starburst
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Diffuse radiation from starburst
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Starbursts are expected to shine on
gamma rays and neutrinos

* At which level can they contribute to
the observed diffuse fluxes?



Diffuse radiation from starburst
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Starbursts are expected to shine on
gamma rays and neutrinos

* At which level can they contribute to
the observed diffuse fluxes?

* Can they contribute to the CR flux at
some level?



Motivations for studying Starburst Galaxies

* Several acceleration sites (SBN + wind)
* High rate of interactions = Calorimetry?

* Numerous at high redshift = Diffuse flux?



Outline

* Cosmic ray transport

 Particle Transport in Starburst Nuclei

e Diffuse emission from Starburst Galaxies



Outline

* Cosmic ray transport



Physics of cosmic rays: Diffusion - 1

- * Charged particles follow helical paths

around magnetic field line in ideal
conditions
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Physics of cosmic rays: Diffusion - 1

e
* The ISM is a turbulent plasma

* The magnetic field is also turbulent (0B)

Bo+ 6B * Particles pitch angle evolves in time when
in presence of magnetic field disturbances

Helical motion—> Spatial diffusion

» Diffusion tensor/coefficient: D(X, p)

11



Physics of cosmic rays: Diffusion - 2

 Low turbulence environment allows to
observe standard helical motions

Credit: Andrej Dundovic
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Physics of cosmic rays: Advection and Adb
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characterized by large scale bulk motions
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Physics of cosmic rays: Advection and Adb

Credit: http://www.sr.oham.ac.uk/xmm/starburst.html ° The InterSte”ar mEdium (ISM) Can be
characterized by large scale bulk motions

* CRs in a box of size H can be advected in
flow of velovity v and escape

Tadv ~

* CRs can lose or gain energyad}ébatically

13
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* lons (p): lonization, Coulomb interaction, spallation (pp), Ay (py)
* Electrons: lonzation, synchrotron, bremsstrahlung, inverse Compton
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Physics of cosmic rays: E losses & radiative processes

* lons (p): lonization, Coulomb interaction, spallation, Ay (py)
* Electrons: lonzation, synchrotron, bremsstrahlung, inverse Compton

Website: http://www.astro.wisc.edu/~gvance/index.html
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Physics of cosmic rays: E losses & radiative processes

* lons (p): lonization, Coulomb interaction,Gpallation (ppR), Ay (py)

 Electrons: lonzation,&ynchrotron) bremsstrahlung, inverse Compton
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Physics of cosmic rays: E losses & radiative processes

* lons (p): lonization, Coulomb interaction,Gpallation (ppR), Ay (py)

* Electrons: lonzation,&ynchrotron? bremsstrahlung.inverse Compton
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Physics of cosmic rays: E losses & radiative processes

* lons (p): lonization, Coulomb interaction,Gpallation (ppR), Ay (py)
* Electrons: Ionzation,éinchrotror{» bremsstrahlung;]ﬁverse Compton
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Physics of cosmic rays: E losses & radiative processes

* lons (p): lonization, Coulomb interaction,Gpallation (ppR), Ay (py)
e Electrons: lonzation,Gynchrotron. bremsstrahlung;]ﬁverse Compton
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Physics of cosmic rays: E losses & radiative processes

* lons (p): lonization, Coulomb interaction,Gpallation (ppR), Ay (py)
e Electrons: lonzation,Gynchrotron. bremsstrahlung‘siﬁverse Compton

E2F(E) }

Hadronic or Leptonic???

14



Physics of cosmic rays: E losses & radiative processes

* lons (p): lonization, Coulomb interaction, spallation (pp), Ay (py)
* Electrons: lonzation, synchrotron, bremsstrahlung, inverse Compton

* E loss mechanism can be often associated to a typical rate/timescale
which allows to model properly CR transport and possibly answer on the
origin of an observed non-thermal spectrum

Tloss ~ __[ ]
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Physics of cosmic rays: Transport equation

dN
dv-d3p

* Cosmic rays > phase space density > f(t,x,p) =

Time evolution = Injection + dif f.+ adv.+ adb. + loss.



Physics of cosmic rays: Transport equation

dN
dv-d3p

* Cosmic rays > phase space density > f(t,x,p) =
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Physics of cosmic rays: Transport equation

 Cosmic rays = phase space density 2 f(t,x,p) = d;;p
of , V-u of
A V.-[DVfl=14-V — L
=@tV DVfl—u-Vf+— P

* When the transport is stationary, homogeneous and isotropic:



Physics of cosmic rays: Transport equation

. . i ve U dN
 Cosmic rays = phase space density 2 f(t,X,p) = e
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* When the transport is stationary, homogeneous and




Physics of cosmic rays: Transport equation

dN

* Cosmic rays > phase space density > f(t,x,p) =

dv-d3p

* When the transport is stationary] homogeneo

’
Q = f + f +
Tdi ff Tady Tloss




Outline

 Particle Transport in Starburst Nuclei



Image credit: X-ray: NASA/CXC/Tsinghua Univ./H. Feng et al.; Full-field: X-ray: NASA/CXC/JHU/D.Strickland;
Optical: NASA/ESA/STScl/AURA/The Hubble Heritage Team; IR: NASA/JPL-Caltech/Univ. of AZ/C. Engelbracht

X-RAY, INFRARED & OPTICAL
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Modeling the transport in SBNi
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Particle and photon spectra in SBNi
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Particle and photon spectra in SBNi
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Particle and photon spectra in SBNi
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Particle and photon spectra in SBNi
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Particle and photon spectra in SBNi

< 1014}

p~ f(p) [arbitrary units]

-
o
-

-
-
-

L »

Peretti+2019

-
ol
-
-
-
-
-
------
bt
m
-
-
bt

—
.—.--II--—-'*'-. -
-

-
-
-
-
bbbbbb
'-
-
-
-
-
-

primary p ===== |

terﬂafy e === |

10° 102 | 1b4
p [GeV]

F(E) [GeV cm@ s

E2

—k
<
w

—k
<
=

—
]
.
s

20

b
'\\\\
LY
\
\ 1
\ ]
\
\
v
‘1
-------- . i
.~ \
4'3 \
r""}' ‘.'! ‘
10° 102 104
Energy [GeV]




p* f(p) [arbitrary units]

Particle and photon spectra in SBNi
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Particle and photon spectra in SBNi
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Modeling nearby SBGs
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Gamma rays and neutrinos

* Cosmic-ray calorimeters are ideal neutrino factories
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Outline

e Diffuse emission from Starburst Galaxies
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Starbursts as diffuse sources




Diffuse emission from Starburst Galaxies
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e Sizeable contribution to the diffuse
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Diffuse emission from Starburst Galaxies

—10° 7
. \H
(%)
% 107
e [ e
© S e
> -
D
G108
)
o
W 109}

- Peretti+2020

direct

cascade ====-- ]
total y-rays = |
SBG v, ===" |

Energy [GeV]

PR | ! Lol 1 Lol ! Lol ! .T‘h ! | 1 ! B 1l 1 |'|
10" 109 10" 102 108 10* 10° 10% 107

* SBNi only

e Sizeable contribution to the diffuse
flux observed by Fermi-LAT

e Neutrino flux at the level of
lceCube measurment

26



Take home messages

 Starburst galaxies can approach calorimeteric conditions
* We expect gamma rays and neutrino from Starburst Nuclei

 Starburst Nuclei can provide a sizeable contribution to the
multimessenger diffuse flux (gamma rays, neutrinos)
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Acceleration and transport in starburst winds
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Acceleration and transport in starburst winds

Hot shocked wind
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.....................

Fast cool wind Wind shock

High Mach number (>10)
Efficient acceleration

20



Acceleration and transport in starburst winds
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Acceleration and transport in starburst winds
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cceleration and transport in starburst winds
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Transport model
r2u(r)o,f = 0,[r2D(r, p)o,f1 + 30, [r*u(r)lpd,f + r2Q(r,p) — r*A(r, p)
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Transport model
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Transport model

r2u(r)o,f = 0, [r*D(r,p)d,f1 + 30, [r*u()]pd,f + r*Q(r,p) — r*A(r, p)
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-----

21



Transport model
72u(r)o,f = 0,[r*D(r,p)0,f1 + 30, [r*u(m)pd, P+ r2Q(r,p) — r2A(r, p)

* Advection & s

............

* Diffusion :;:;:;:;: 2

.....

* Adiabatic losses and gains
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Transport model
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Particles in the system
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Particles in the system
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Particles in the system
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Particles in the system
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Particles in the system
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High-Energy SED and Neutrinos
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Diffuse emission from Starburst Galaxies
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Starbursts as diffuse sources
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The issue of the maximum energy
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Tracing the emission in the wind bubble — 1 GeV
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Upcoming gamma-ray observations
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Outlook and open questions

* Transport and diffusion: neutral medium?



Outlook and open questions

* Transport and diffusion: neutral medium?

Krumholtz+2020
LIF
T 10°0 4
S e
LFT
10 1
T w
10 1
10 1 —— [hffusion
] aeee Loss
10




Outlook and open questions

* Transport and diffusion: neutral medium?

* What happens in the wind bubble?



Outlook and open questions
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Outlook and open questions

* Transport and diffusion: neutral medium?
* What happens in the wind bubble?

* Diffuse gamma and neutrino flux?



USB _AGN SE) =(0.35,2 15]

E?I(E) [GeV cm s &)

10°% :
- — SFG Contribution
[ & 4 -4 Fermi-LAT IGRB
: =
A et
E
- 10
&
- T+
: it
=
< |Linden+2017 |
1078

10° 10? 10° 103
Energy (GeV)

i|-=-- ACK12 — &, Rodighiero2010

103 i|—— ®, Rodighiero2010 - - &, Gruppioni2013
f|==- & Gruppioni2013 Wi Fermi-LAT EGB
 2FHL non blazar (1) 4 IceCube Aartsen+2015

o, [GeVicm® fs/sr]

-

E:Ol, [Gevem™®s™ sr

I Fermi 50 months DIGB

m—= Total emission

=== Total emission - no opacity
..... Total emission - f_, =

— ' gecay

—— EBL cascade

-
<
D

—
<
4

Lepton emission

-
2
o

-
o

Energy flux [GeV cm2s'sr™"]

-—
<

Outlook and open questions

* Transport and diffusion: neutral medium?
* What happens in the wind bubble?

* Diffuse gamma and neutrino flux?
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Outlook and open questions

* Transport and diffusion: neutral medium?
* What happens in the wind bubble?
* Diffuse gamma and neutrino flux?

e What can accelerate UHECRs in SBGs?



Outlook and open questions

* Transport and diffusion: neutral medium? ¢ 4 c1i+2022 in prep.

Condorelli+2022 in prep. .
38 ".‘_'1 0 . cosmogenic neutring fiux - ]
'":'10 C — A=1 v e nizutring fiux by photo-interaction oo MEZ
> L —2<A<4 e eutrin fiux by spallation
o N — 23<A<28 . . —s— IceCube HES
€[ = \What happens in the wind bubble?: ..
> o E
%1037, > F NRASEES
o = M0
1070
Diffuse gamma and neutrino flux?
10% - o
20 — :26.5 10_123-I”I”I”I-;1-Ll-l 3:5 I I6I = I?’I = IE, = IQL-‘;;-: ‘I.-I[-J]”I-J-l‘-ﬁ
Iogm(E/eV) Iog_ID(EfGe )

e What can accelerate UHECRs in SBGs?

24



