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Young stars and
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Another reason to study Star-forming galaxies
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Another reason to study Star-forming galaxies
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Motivations for studying Star-forming Galaxies
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Outline

* Observations of Star-forming galaxies
* Particle Transport in Starburst Nuclei
* Starburst-driven winds

* Multi-messenger diffuse flux



Outline

* Observations of Star-forming galaxies



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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Observation of Star-forming Galaxies - Gamma
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Observation of Star-forming Galaxies - Gamma
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Observation of Star-forming Galaxies - Gamma
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Observation of Star-forming Galaxies - Gamma
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Observation of Star-forming Galaxies - Neutrinos
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Observation of Star-forming Galaxies - Correlations
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Observation of Star-forming Galaxies - Correlations
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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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Outline

* Particle Transport in Starburst Nuclei
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Particle transport in starburst nuclei
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Particle transport in starburst nuclei
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Modeling the transport in SBNi
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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

( Particle diffusion is
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Particle and photon spectra in SBNi
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Particle and photon spectra in SBNi

102 == — / 109

1020 4
1019} "
od

10'8F g 1070

17| primary p === _ ©
10 primary e %

16 secondary e —=—=—
10 tertiary e === g
1015} I E 1011

. . L

14 | N,
10 \Q{\ ct'u
1018 / R

/  Peretti+2019 “\

1012-2 | o 2 VI 6 8 10712 6 4 2 10 2 4

10 10 10 10 10 10 10° 107 10 10 10 10

p [GeV] Energy [GeV]

12



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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Particle and photon spectra in SBNi
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Modeling nearby SBGs
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Cosmic rays in Starbursts vs Milky Way
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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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Open questions in the TeV band
for Starburst Galaxies




Microphysics
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Constraining Dark Matter
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Upcoming gamma-ray observations
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e Starburst-driven winds



Starburst galaxy M82 — APOD - Image credit: Daniel Nobre



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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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™*
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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

R. A. Chevalier & A. W. Clegg

Nature 317, 44-45 (1985) | Cite this article
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Powering a starburst wind
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Starburst-driven wind bubble
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Starburst-driven wind bubble
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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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Acceleration 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

r2u(r)o, f = 8, [r*D(r,p)3, f1 + 20, [r>u(r)]pd, f +7>Q(r,p)— rAr, p)

Injection
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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

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

-----
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Transport model

r?u(r)o, f = 0,[r*D(r,p)df1+ 30, [r*u(pd, f +r*Q(r,p) <T>A(r,p);
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FS esc

Energy losses
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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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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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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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Starbursts and Ultra-High-Energy cosmic rays
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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

e Starburst winds could possibly
exceed our prediction of DSA only
and reach the limit allowed by
Hillas

» Sub-galactic-sized objects such as
Gamma-Ray Bursts might be the
sources as they are more likely to
happen where the star formation

is higher
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Alternative scenario: Echoes of Cen A activity
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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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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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Leaky box model and L—SFR correlations
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The issue of the maximum energy
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