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Cosmic Rays by Numbers

Cosmic Rays are
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Low Energy Cosmic Rays
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High Energy Cosmic Rays
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Ultra Hign Energy Cosmic Rays
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Ultra Hign Energy Cosmic Rays
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Ultra Hign Energy Cosmic Rays

Tova M. Yoast-Hull ApE 2019, 6127

Pirsa: 19020048 Page 9/70



Ultra High Energy Cosmic Rays
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Particles in Air Shower:
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Particles in Air Shower:

Pions & Kaons
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Particles in Air Shower:

Pions & Kaons

Muons
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Particles in Air Shower:

Pions & Kaons

Muons

Neutrinos
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Particles in Air Shower:
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CREAM / Voyager 1-
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Galactic Magnetic Fields
Cosmic Rays are isotropic to one part in 1000!

Planck
Map
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Pirsa: 19020048 Page 35/70



( @ BRniienttony | i g leal e
K_,i\ o S | Bep ks i\/fi\/)\‘ ! .r—‘tmvg' Nz ,\!f\/’k,
(A) ——
360° 0°
.{‘.\,‘ﬂnux X-1
JLULSR
Large
Scale
Equatorial
2 Relative Intensity [10~] 2
B) S
360° : 0°
.Cnnusxl
o LER
Small
' .
Scale e LIMI
- 1.-'
e, S Equatorial

Relative Intensity [10 *) !

lova M. Yoast-Hull APE 2013 10: 27

Pirsa: 19020048 Page 36/70



Pirsa: 19020048 Page 37/70




~Cosmic Rays

Gamma-Rays & Radio
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~Cosmic Rays

Gamma-Rays & Radio
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Fermi 9 Year Map
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« How can we better study cosmic ray populations in
other galaxies?
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« How can we better study cosmic ray populations in
other galaxies?

- What can gamma-ray and neutrino observations tell us?
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« How can we better study cosmic ray populations in
other galaxies?

- What can gamma-ray and neutrino observations tell us?

« How is energy distributed among cosmic rays,
magnetic fields, thermal gas, and radiation in other
galaxies?
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« How can we better study cosmic ray populations in
other galaxies?

- What can gamma-ray and neutrino observations tell us?

« How is energy distributed among cosmic rays,
magnetic fields, thermal gas, and radiation in other
galaxies?

- In the Milky Way, energy is evenly distributed.
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« How can we better study cosmic ray populations in
other galaxies?

- What can gamma-ray and neutrino observations tell us?

« How is energy distributed among cosmic rays,
magnetic fields, thermal gas, and radiation in other
galaxies?

- In the Milky Way, energy is evenly distributed.

« What are the primary accelerators of cosmic rays
In other galaxies?
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« How can we better study cosmic ray populations in
other galaxies?

- What can gamma-ray and neutrino observations tell us?

« How is energy distributed among cosmic rays,
magnetic fields, thermal gas, and radiation in other
galaxies?

- In the Milky Way, energy is evenly distributed.

« What are the primary accelerators of cosmic rays
In other galaxies?

- Can we use gamma-ray observations to distinguish
between star forming and AGN activity?
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Observational Data

* Radio « Gamma-Rays
- CR electrons, magnetic fields - CR protons & electrons,
* Millimeter ISM density
- Molecular gas content * Neutrinos
e Infrared - CR protons & ISM density

- Radiation field
- Dust temperatures

Optical

> - " s
- ISM pressures, winds . ““'_”. »
« X-Rays T E. g
- Hot gas content, winds Muxlow+ 1995, L-Band MERLIN Image
M82 Core — Radio Continuum
lova M. Yoast-Hull APR 2019 167 27
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Starburst Galaxies
e Definitions:

- Undergoing high SFR
compared to galaxy’'s
long term average.

« Bottom line: high &
highly-variable SFRs.

- Short timescales (1 <  NGC 1614
108 yr) : ‘

- 2% of massive
galaxies are bursty

- 10% of total SFRD

Antennae
”ﬁ:’ ad ._'J

NGC 2146

Tova M. Yoast-Hull APRPR20D13 7 | 27
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Galaxy Centers

e Circumnuclear starbursts
are common for the most
luminous galaxies.

« CMZs are characterized
by:
- Large amounts of dense
molecular gas

- Strong magnetic fields and
intense radiation fields

- Highly variable star-
formation rates Starburst Galaxy: NGC 253

Tova M. Yoast-Hull APRPE 2013 184 27
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e ,  Stabust  ULIRGs Nuclei
SFR
(M yr.l) ~1 ~ 10 > 100 2
0]
CR Injection
(105 ergyr) ~0.02 ~0.1 > il ~ 10
IR Energy
Density ~1 > 100 > 10* > 10°
(eV cm?)
ISM
Density = > 100 > 104 > 10°
(cm™)
Magnetic
Field ~ 0.005 >0 =l ~ 10
(MmG)
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« At 1.4 GHz (21 cm),
non-thermal synch
dominates the radio

- Average spectral
index: o =-0.7

- Average thermal
fraction: ~ 10%

» Higher magnetic field

strengths:
- B> 100 pG
 Correlated with FIR
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dominates the radio § || Svaeme ) L el
- Average spectral ="

index: o« = -0.7 Fo g
- Average thermal S s
fraction: ~ 10% » 1} .

« Higher magnetic field 2}

strengths: .
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Starburst Galaxies: Radio
« At1.4GHz (21 cm), | “* S, (v)ecv®

WENSS

J. Marvil, VLA3 GHz §

10

 Correlated with FIR  Galvin+ 2016,
MNRAS, 461 -02‘0 -1.5 -1.0 -0.5 0.0 0.5 1.0

spectral index a,,,
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+ = Non-Jetted AGN MNRAS, 463
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« Hadronic channels only!

e Probable contribution of
star-forming galaxies to
lceCube neutrinos < 10%.
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Feedback From Cosmic Rays

 CRs heat molecular ISM,
leading to quenching of
star formation.

« Starburst galaxies
produce outflows

- Removes mass & energy
from ISM

- Magnetic fields & cosmic
rays can also be removed

* Primary mechanism by

. ’ &a‘ W sl

which energy is deposited NGC 3079
into the intergalactic Veilleux+ 2005, ARA&A, 43
medium
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« Joint modeling & observations of gamma-rays and radio
emission are powerful probes of cosmic ray populations in
galaxies.

- Gamma-rays provide critical information about CR proton populations &
can be used as diagnostics for hidden AGN.

* In starburst galaxies, a larger fraction of energy goes into
magnetic fields.

- Energy in cosmic rays is redeposited into the interstellar and
intergalactic media.

- For alternative diagnostics of magnetic fields look to the turbulent
energy densities.

« The traditional radio — gamma-ray connection breaks down in
extreme systems.

- Accounting for trapped radiation and optically thick radiation fields is
critical.
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