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Observation of Star-forming Galaxies - Neutrinos

| . | . |
6-yr KM3NeT/ARCA
10-yr IceCube

10-yr IceCube-Gen2

SMC
@
N — P
- NGC4945 S Ms2
E Y @ M3l g,
4 Circinus NGC253 E
E .\’(;(‘1()(;3{ NGC342 4
7 l P
ARP220 _;@V ..
= M33 ' O
. 4 Ambrosone+2021 z.
T T T T T T
—1.0 —0.95 0.0 0.5 1.0
sin & e currently undetected

neutrino sources (*)



Another reason to study Star-forming galaxies




Diffuse radiation from Star-forming galaxies
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Diffuse radiation from Star-forming galaxies
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Diffuse radiation from Star-forming galaxies
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Test statistic, TS=2AInL

Diffuse radiation from Star-forming galaxies
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Motivations for studying Star-forming Galaxies
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Outline

* Particle Transport in Starburst Nuclei
e Starburst-driven winds

* Multi-messenger diffuse flux



Outline

* Particle Transport in Starburst Nuclei



Optical view of starburst regions
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Optical view of starburst regions
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Optlcal view of starburst regions
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Particle transport in starburst nuclei
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Particle transport in starburst nuclei
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Particle and photon spectra in SBNi
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Particle and photon spectra in SBNi

( Particle diffusion is
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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
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Outline

e Starburst-driven winds



Starburst galaxy M82 — APOD - Image credit: Daniel Nobre



o

Termination shock (kpc)

Starburst-driven wind bubble

2.6e-28

6.3e-21,
| |

A

esc

AS

10

’ . — v %ee : — —
Meliani+2024 o« - - Meliani+2024
| —
° 8]
' o
/ f S—
o -~
Q
«'/"‘) O
' 00°°° oo ﬁ
5 oo 1
’/' o 1o] E i
B ,'/. 0 7 (18]
/ - =
/ g / = h
/ fi Termination shock position uo_ Forward shock position
o ——— Ry Time**(2/5) ——— Ry Time**(3/5)
—o— By = 10" G and thin disc —o— By = 10" G and thin disc
—o— By = 10" G and thick disc —e— B, =10" G and thick disc
—o— B, =107 G and thin disc —o— B, =107 G and thin disc
@ B,= 107G and thick disc @ B, =107 G and thick disc
© - By =0 and only halo o @ By =0 and only halo

1 10

Time (Myr)

10

Time (Myr)

12



Starburst-driven wind bubble
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Acceleration and transport in starburst winds

12



Acceleration and transport in starburst winds
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Acceleration and transport in starburst winds
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Acceleration and transport in starburst winds
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Transport model
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Transport model
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Transport model
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Transport model
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Transport model
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Particles in the system
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p° F(p) [arbitrary units]

Particles in the system
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High-Energy SED and neutrinos
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Outline

* Multi-messenger diffuse flux
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Diffuse emission from Starburst Galaxies
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Diffuse emission from Starburst Galaxies
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Diffuse emission from Starburst Galaxies
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Diffuse emission from Starburst Winds
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Take home messages

1. Star forming galaxies (SFGs) are cosmic-ray factories
2. Starburst nuclei (SBNi) can approach calorimeteric conditions
3. Starburst winds can accelerate cosmic rays up to 100 PV in rigidity through DSA
4. We expect y-rays and neutrinos both from SBNi and SB-winds
5. SFGs can provide a sizeable contribution to the multi-messenger diffuse flux
6. New observatories = promising observation perspectives!

7. Are SBGs the sources of UHECRs?



4 Hubble

Starburst galaxy M82 — NASA, ESA, CSA, STScl, A. Bolatto
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Open questions in the TeV band
for Starburst Galaxies




Microphysics
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Constraining Dark Matter

Ambrosone+2023
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Upcoming gamma-ray observations
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The starburst of NGC 1068

R =2 kpc
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Calorimetry is possible but not trivial



The starburst of NGC 1068
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The starburst of NGC 1068
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The starburst of NGC 1068
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Observation of Star-forming Galaxies - Correlations
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Observation of Star-forming Galaxies - Correlations
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Particle and photon spectra in SBNi
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Leaky box model and L—SFR correlations
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Cosmic rays in Starbursts vs Milky Way

1012 Phan,EP+2024
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lonization rate in starburst galaxies

 Cosmic-ray density in starburst is orders
of magnitude larger than in our Galaxy

* The cosmic-ray induced ionization rate
(Hs0%, SO, HCN) while being «close» to
observations appears sistematically
smaller 2

1. One-zone model limitation
2. Chem. model uncertainties
3. Gas mass and rate of SNe
4. Local sources of MeV CRs
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Powering a starburst wind

Star formation rate > SFR = 10 SFRy Mg yr~*



Powering a starburst wind

Star formation rate > SFR = 10 SFRy Mg yr~*

Supernova rate > Roy = 107275 SFR = 1071 », SFR; yr1



Powering a starburst wind

Star formation rate > SFR = 10 SFRy Mg yr~*

Supernova rate > Roy = 107275 SFR = 1071 », SFR; yr1
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Powering a starburst wind
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Mass lossrate > M = B SFR =1 [_,SFR, Mg yr—*



Powering a starburst wind

-

(&

SN power 9 ESN — RSN gSN = 3.2 - 1042 179 SFRl CC:SN,51 erg S_l

N
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Mass lossrate > M = B SFR =1 [_,SFR, Mg yr—*

Typical wind speed = ¥, = 3000 V,,, 3000 km s™*



Powering a starburst wind




Powering a starburst wind
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Powering a starburst wind

-

SN power = Eqy = Ron Egy = 3.2

&

Letter ‘ Published: 05 September 1985

Wind from a starburst galaxy nucleus
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Powering a starburst wind

Letter | Published: 05 September 1985

N DOWE =R, Wind from a starburst galaxy nucleus

(d)
AMBIENT

A (c)
INTERSTELLAR GAS SHOGKED

INTERSTELLAR GAS

R. A. Chevalier & A. W. Clegg

Nature 317, 44-45 (1985) | Cite this article

(b)

K
ST ESLHI? IER Eme D THE ASTROPHYSICAL JOURNAL, 218:377-395, 1977 December 1

© 1977. The American Astronomical Society. All rights reserved. Printed in U.S.A.

INTERSTELLAR BUBBLES. II. STRUCTURE AND EVOLUTION

ROBERT WEAVER, RICHARD MCCRAY, AND JOHN CASTOR

Department of Physics and Astrophysics, University of Colorado;
and Joint Institute for Laboratory Astrophysics, University of Colorado and National Bureau of Standards

AND

PAuL SHAPIRO* AND ROBERT MOORE
Center for Astrophysics, Harvard College Observatory and Smithsonian Astrophysical Observatory
Received 1977 March 21; accepted 1977 May 26




V [108 cm/s]

3.0

2.5

L.5

1.0

0.5

0.1

Maximum Energy & Luminosity in Winds

10910(Emax/PeV); Tage = 100Myr - log10(F,,/10~11GeVem=2571); Tage = L0OMyr

W

.1 05 1 5 10 50




p° F(p) [arbitrary units]

r/ RSh:l —
10-1 _\hLD:h:C)?S — -
1/ Rgp=0.5 — = -
21 I /U = = = =
10 Jesc ! U2 P
: /
-3 L
10 7
i / .
4
10 _ , ’/
10-5- : /......u/ :
100 101

Particles in the system

Peretti+ 2022

p [PeV]

fSh (p) oC p_Se_Fl(p)e_FZ(p)

e Maximum Energy = 104 PeV

{ » Standard DSA valid at low Energy



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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High-Energy SED and Neutrinos
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The issue of the maximum energy
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Starbursts and Ultra-High-Energy cosmic rays
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Starbursts and Ultra-High-Energy cosmic rays
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UHECR accelerators in starburst galaxies
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Alternative scenario: Echoes of Cen A activity

17.95 Myr

20.40 Myr

6.36 Myr

Circinus

NGC 253

| Taylor+2023

faffei 1 & 2

§ M82[

[

—4 —2 0
x (Mpc)

2.77 Myr

111.79 Myy

Matthews+2018

12,6

16.7Myr

Model A (Pulse)

Taylor+2023

log,,[UHECR Density (Arb.)]

t = 3.9 Myr t =11.7 Myr
5 0 5 5 i
x (Mpc) x (Mpc)




E>J [eV? km? srlyr

-y

o
T
&

—
2
=

10%

Ultra-High-Energy cosmic rays in starbursts
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