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Introduction on cosmic rays



Cosmic Rays

* Cosmic rays: Relativistic particles
of cosmic origin hitting the top of
the atmosphere with a rate of

2.1

~1lcm™“4s™

Creditshttp://apod
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Cosmic Rays

* Cosmic rays: Relativistic particles
of cosmic origin hitting the top of
the atmosphere with a rate of

2.1

~1lcm™“4s™

 Composition: Protons (90%),
Helium nuclei (9%), leptons and
heavy nuclei (1%)

Creditshttp://apod
S R \
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The cosmic-ray spectrum
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Bulk of CRs
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e Cosmic-ray energy density

* Magnetic field and Th. pressure

* Photon field energy density (SL+CMB)
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The cosmic-ray spectrum
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Bulk of CRs

The cosmic-ray spectrum
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* Photon field energy density (SL+CMB)
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CRs dynamically relevant in the ISM!
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Galactic cosmic rays
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 Abundances of Li, Be, B help constraining the
residence time of CRs in the Galaxy
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Galactic cosmic rays
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Galactic cosmic rays
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Galactic cosmic rays
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Galactic cosmic rays
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Galactic cosmic rays

- —
~\

&
' N
Galactii\ ExtraGalactic a2 Escaping
| m2s! : 3 B
A
: halo Dne;\\\ i
—————{(___detectio

2H

\ ,
\ 4

Cr\eﬂi{: iven Lafebre 1’,
e
10° Ne'*+==10" 10" 107 107 0%
E (eV) 4




- —
~\

Galactic cosmic rays
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Extragalactic cosmic rays
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* Lack of strong anisotropies in the sky

* The Galaxy cannot confine the highest
energy particles with B = 1 uG

Enax <qBR=~3qg-1018 eV

* Only a few possible candidates as Galactic
PeV-atrons (SLSN? YMSC? GC?)

 No indication of multi-PeV Galactic
accelerators



Study and model cosmic rays



Cosmic-ray acceleration

 Stochastic acceleration (Il order Fermi mechanism)
e Diffusive shock acceleration (I order Fermi mechanism)

* Plasma phenomena (magnetic reconnection, turbulence)



Cosmic-ray acceleration

 Stochastic acceleration (Il order Fermi mechanism)

* Diffusive shock acceleration (I order Fermi mechanism)

* Plasma phenomena (magnetic reconnection, turbulence)



Diffusive Shock Acceleration

* Shocks are the result of explosions
or motion of supersonic flows =2
very common in astrophysical
environments

Veil Nebufa- Credit: HST
- Spacetelescope.org/news/heic1520/




Diffusive Shock Acceleration

* Shocks are the result of explosions
or motion of supersonic flows =2
very common in astrophysical
environments

* One of the most simple and
efficient first order Fermi
mechanism we know in Nature

Veil Nebufa- Credit: HST
- Spacetelescope.org/news/heic1520/




Diffusive Shock Acceleration

* Shocks are the result of explosions
or motion of supersonic flows =2
very common in astrophysical
environments

* One of the most simple and
efficient first order Fermi
mechanism we know in Nature

Veil Nebufa- Credit HST | * Particles diffuse across shock

. Spacete|escope.org/news/h.eic1520/
waves gaining energy at each cycle
AE/E < S,




Diffusive Shock Acceleration

explosions

each cycle




Diffusive Shock Acceleration

each cycle




PhyS|cs of cosmic rays: Injection at sources

Cred|t X-ray NASA/CXC/RIKEN & GSFC/T Sato
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Physics of cosmic rays: Injection at sources
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Physics of cosmic rays: Injection at sources

_dN o
Q (E) = dE dt dV o




Physics of cosmic rays: Diffusion - 1

- * Charged particles follow helical paths

around magnetic field line in ideal
conditions



Physics of cosmic rays: Diffusion - 1

e
* The ISM is a turbulent plasma

* The magnetic field is also turbulent (0B)

Bo+ OB
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* The ISM is a turbulent plasma
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Bo+ OB
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* The ISM is a turbulent plasma

* The magnetic field is also turbulent (0B)
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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
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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)

10



Physics of cosmic rays: Diffusion - 2

 Low turbulence environment allows to
observe standard helical motions

Credit: Andrej Dundovic




Physics of cosmic rays: Diffusion - 2

 Low turbulence environment allows to
observe standard helical motions

 When the turbulence is strong the motion of
particles from helicoidal becomes diffusive

Jokipiil966, Blandford+1987, Blasi2013, Snodin+2016, Subedi+2017,
Dundovic+2020, Kuhlen+2022




Physics of cosmic rays: Diffusion - 2

e Galactic diffusion coefficient

D(GeV) ~ 0.1 ke
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Physics of cosmic rays: Diffusion - 2

e Galactic diffusion coefficient

~ kpc?
D(GeV) ~ 0.1%2
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Physics of cosmic rays: Advection and Adbiabatic losses

Credit: http://www.sr.oham.ac.uk/xmm/starburst.html * The |nterSte”ar mEdium (ISIVI) Can be
characterized by large scale bulk motions

12



Physics of cosmic rays: Advection and Adbiabatic losses

Credit: http://www.sr.oham.ac.uk/xmm/starburst.html * The |nterSte”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

H
Tadv ~ ?

12



Physics of cosmic rays: Advection and Adbiabatic losses

Credit: http://www.sr.oham.ac.uk/xmm/starburst.html * The |nterSte”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

H
Tadv ~ ?

AN
B | A

——

* CRs can lose or gain energy adi"ébaii‘éﬁéxlflxy
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Physics of cosmic rays: E losses & radiative processes

* 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



Physics of cosmic rays: E losses & radiative processes

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

 Electrons: lonzation, synchrotron, bremsstrahlung, inverse Compton

b4

E2F(E) 1 n“ e
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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

E2F(E) 1 0 0

Synchrotron
g hv
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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
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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

A

E2F(E)

13



Physics of cosmic rays: E losses & radiative processes

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

A

E2F (E)
Hadronic or Leptonic???

13



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 ~ __[ ]



Multimessenger (particle) astrophysics
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Multimessenger picture of the Cosmos
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Multimessenger picture of the Cosmos
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* Electrons and positrons and antimatter

* Total gamma-ray flux (sources+Gal. plane)

* Diffuse gamma-ray flux (IRGB)

e |ceCube Neutrino flux

No identified sources of IRGB, UHECRs and
IceCube neutrinos but similar energy flux!
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Physics of cosmic rays: Transport equation
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Physics of cosmic rays: Transport equation

dN
dv-d3p

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




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) =

of . V-u of
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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
V~u 0
g{:Q+\7-[D\7f]—ﬁ-\7f+ p,\f—L
0 3~ op

* 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




Any question?



Outline

* Diverging flows: structure and evolution
* Acceleration and transport model in diverging flows

* Multimessenger implications: YMSCs, SBGs & AGNi



Outline

* Diverging flows: structure and evolution



Diverging flows (wind bubbles)

(d)
AMBIENT
INTERSTELLAR GAS (c)

\reoHockeo - * Cavity in the ISM excavated by.the af:tivity
of a source blowing a steady wind with
high velocity and large opening angle
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Diverging flows (wind bubbles)

(d)
AMBIENT
INTERSTELLAR GAS (c)

\reoHockeo - * Cavity in the ISM excavated by.the af:tivity
of a source blowing a steady wind with
high velocity and large opening angle

(b}
SHOCKED
STELLAR WIND

(a)
STELLAR

WIND \ /
-—

e Main macroscopic parameters:

1. Terminal wind speed: V,,
2. Mass loss rate: M
3. External medium: n;qy,

4. Age of the system: t, 4,

Weaver+1977
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Structure and Evolution

1. The outflow is launched - ¢,



Structure and Evolution

[ Uy > Cs } 1. The outflow is launched - t,
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Structure and Evolution

1. The outflow is launched - ¢,

19



Structure and Evolution

Collision with ISM = wind shock

1. The outflow is launched - ¢,




Structure and Evolution

S 1. The outflow is launched - ¢,
Compressed and

shocked ISM
accumulated at
the contact
discontinuity




Structure and Evolution

1. The outflow is launched - ¢,

2. Free expansion phase - t4




Structure and Evolution

1. The outflow is launched - ¢,
2. Free expansion phase - t4

3. Deceleration phase -t > t;

19



Characterizing the accelerator

3/5
* Rapid fall of acceleration

efficiency in time
e Mach number dependent

\_on the external medium
Z. Free expansion phase - {4

hed - t,

3. Deceleration phase -t > t;

20



Characterizing the accelerator

e Fast and cool plasma at

the wind shock
|| * High Mach number and
f\\m accel

utflow is launched - ¢,

; rre/e expansion phase - t;

3. Deceleration phase -t > t;

20



Characterizing the accelerator

e Fast and cool plasma at

the wind shock
|| * High Mach number and
f\\m accel

utflow is launched - ¢,

; rre/e expansion phase - t;

3. Deceleration phase -t > t;
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Characterizing the accelerator

Fast cool wind
(upstream)




Characterizing the accelerator

Fast cool wind
(upstream)

Hot shocked wind
(downstream)




Characterizing the accelerator

Fast cool wind
(upstream)

Hot shocked wind
(downstream)

Shocked ambient
medium (SAM)




Characterizing the accelerator




Characterizing the accelerator




Characterizing the accelerator




Outline

* Acceleration and transport model in diverging flows



Acceleration and transport model

r’u(r)o,f = 0,[r*D(r,p)0,f] + 30, [r*u()]pd, f +r?Q(r,p) — r2A(r, p)

.BH |

accretion
disk R,

22




Acceleration and transport model

r2u(r)d,f = 0,[r2D(r,p)a,f] + 20, [r2u()1pd, f r2A(r, p)

[ Q x 0[r — Rsp. J I

upstream \ downstreg

accretion
disk




Acceleration and transport model
Cr2u(r)d, f = 0,[r2D(r,p)d,f1 + 20, [r2u()pd, f # r2Q(r,p) — r*A(r, p)

accretion
disk



Acceleration and transport model

r’u(r)o,f = 0,[r*D(r,p)0,f] + 30, [r*u()]pd, f +r?Q(r,p) — r2A(r, p)

//
Y

upstream \ dowpstreany

[esc X _DarflReSC}
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Acceleration and transport model

r?u(r)d,f = 0.[r?D(r,p)o,f] + 30-[r*u()]pd, f + r*Q(r,p) _

7
/

upstream \ downstream

. v

accretion
disk R



Acceleration and transport model
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Solution: radial behavior and spectra
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Solution: radial behavior and spectra
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Solution: radial behavior and spectra

Solution at the shock
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Solution: radial behavior and spectra

Solution at the shock

Upstream spectrum
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Solution: radial behavior and spectra

-

Negligible energy losses
result in no relevant

difference between the

spectrum at the shock and

the escaping flux /f
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Outline

* Multimessenger implications: YMSCs, SBGs & AGNi
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Maximum Energy: a first guess

Emax = € q B =*Rgp



Maximum Energy: a first guess

Emax = € q B =*Rgp
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Ug = €gBrqm = €5 Uq



Maximum Energy: a first guess

Emax = € q B =*Rgp

M
4TRZ,

Ug = €gBrqm = €5 Uq

Emax = Emax(ul»M) — Emax(E: P)



Maximum Energy: a first guess

max ~ ¢ qB %Rsh

UB — EBPram = €p

4TRZ,

Uq

Emax [GeV]

max — max(ul»M) — Emax(E: P)

X = Ep~1/2
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Diverging flows as cosmic-ray sources
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Diverging flows as cosmic-ray sources
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Diverging flows as cosmic-ray sources
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Young Massive Stellar Cluster
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Young Massive Star Cluster

p® F(p) [arbitrary units]
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Young massive star clusters

a

Target density

Shocked stellar wind (Rs;, — R.q):

Ngy =

M

p ~ 1072 —-10"3cm™3

2
4R u;my,

Shocked ambient medium (R.q — Rrs):

€

Noay = PN = 1 —10% cm™

Vsam/Vsw = 0.38
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N

4

28
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Starburst-driven wind bubbles
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Romero+2018, Miiller+2019, Yu+2020, Peretti+2022
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Starburst galaxy M82 — APOD - Image credit: Daniel Nobre



Starburst-driven wind bubbles

eV, =~ 10% km/s
M ~ 1072 — 102 Mg /yr

« £ =~ 103° — 10** erg/s

[Emax < 1072 PeV}
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SBGs — Maximum Energy
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SBGs - High-Energy SED and Neutrinos
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o ~ the galactic disk
Wm 1010[ == = - - Maximum Energy: 1 PeV
= ' N~
O X ~ .
S 1011} AR
0 NN
m ' N
Elo_lz 3 N 3
~ . SBNYy — - ‘
mlU_lg- SBN vy = - - | t} |

104 10* 104 10> 10° 107  10°

E [GeV]

33




SBGs - High-Energy SED and Neutrinos
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SBGs - High-Energy SED and Neutrinos
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SBGs - High-Energy SED and Neutrinos
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SBGs - High-Energy SED and Neutrinos
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Counting starbursts
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Counting starbursts
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E2 ®(E) [GeV cmZ 571 5r1]

Cumulative radiation from SBGs
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* Sizeable contribution to the
gamma-ray flux (room for
AGNi and SFGs)

e Relevant contribution to the
neutrino flux from 100 TeV to

10 PeV



E2 ®(E) [GeV cmZ 571 5r1]

Cumulative radiation from SBGs
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AGN-driven wind bubbles (UFOs)
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Seyfert NGC3079 - Image credit: X-ray: NASA/CXC/University
of Michigan/J-T Li et al.; Optical: NASA/STSc
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The prototype UFO
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Parameter benchmark
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ECR 0.05

€B 0.05
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lage [yr] 10°




The prototype UFO
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UFO model applied to Fermi-LAT results
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UFO model applied to Fermi-LAT results
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UFO model applied to Fermi-LAT results
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UFO model applied to Fermi-LAT results
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Model application to NGC 1068
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Model application to NGC 1068
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Application to NGC 1068
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Application to NGC 1068
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Application to NGC 1068
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Multi-zone perspective for NGC 1068

10-10, | | | Peretti+2023 « Corona model Murase 202
E « Fermi A —— SAM y (pp) 10 T T SEJT'R(T,:}"I T
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* For similar 2 zone model studies see also: Inoue S. et al. 2022 (failed wind/corona + successful wind/torus) and

Eichmann et al. 2022 (corona + starburst ring);
For possible gamma-ray emission models see: Lenain 2010 (jet and starburst), Yoast-Hull+2014 (starburst) and Lamastra+2016

(AGN wind forward shock model);
* For corona models see: Murase+2020 and Inoue Y.+2020
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Multimessenger outlook

Murase+ 2016
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Multimessenger outlook

Murase+ 2016
.
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Multimessenger outlook - 2

Ahlers+2018
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Summary

* DSA can be very efficient at wind termination shocks of diverging flows
* Young massive stellar clusters are interesting Galactic PeV-atron candidates

e Starburst winds can accelerate particles up to 10% PeV and their collective
contribution could populate the cosmic-ray spectrum between Knee and Ankle

 Ultra-fast outflows can accelerate particles up to EeV and their multi-messenger
radiation could sizeably contribute to Fermi-LAT and IceCube diffuse flux
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Acceleration and transport model

r2u(r)o,f = 0,[r*D(r,p)0, f1+ 30, [r*u(Mpd,f + r*Q(r,p) = r*A(r,p)
Technical details
Acceleration slope: s = 4

Wind profile: u(r) = uy 0[Ry, — ] + uy (%) 2«9[7" — Ry ]
Matter density: p(r) = M/4nr?u(r)
Magnetic field: Ug(r) = €5 P-gmB@|Rsy, — 7] + 11 Ug(Rs,)0|r — Ry, ]

Diffusion coefficient: D(r,p) = -y Z,Llc + C?lc ("ZA—L)2

Injection: Q(r,p) = "CR(j;’;lnlul 5[p — pinj]ﬁ[r — Ry ]
Normalization: Pcg s = ¢crPramsh

Boundary conditions = inner: u(r)f — D0.,-f|,=o = 0; outer: f(RfS) =0




Wind Bubble dynamics — Forward shock

R

M(R) =j dr 4mr?po(r)
0

d .
o IM(R)R| = 4mR?P

d4R3 P =L, + 4TR*RP — L
dt [3" ve— 1 " " ¢

R(t) =At™@ > a=3/5



Wind Bubble dynamics — Wind shock

P ram,sh — Py




Transport approach to DSA

d 0 0 0 16 d
—f+v f _ D— / 7 f+Q— 4
ot 0z 0z| 0z 362 dp Tioss
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Shocked plasma - downstream

U1l U2=U1/4
Undisturbed ISM - upstream



Transport approach to DSA

STATIONARY NEGLIGIBLE
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Transport approach to DSA

STATIONARY NEGLIGIBLE
d d d d 1 Ov d
+ v f = D— f f + 0 — /
t dz 0z| o0z 3 9z "7 dp loss
—BOUNDARY CONDITIONS:

INJECTION LOCALIZED AT

THE SHOCK
* NOCRs FARIN THE ISM

* NO SPATIAL DEPENDENCE U1 ) U2=U1/4
IN THE SHOCKED REGION '

Undisturbed ISM - upstream Shocked plasma - downstream



Transport approach to DSA

STATIONARY NEGLIGIBLE
0 0 0 0 1 Ov 0
+ v f = D — f / +Q — /
t dz 0z| 0z 3 9z° dp l0ss
Ul U2=U1/4
Undisturbed ISM - upstream Shocked plasma - downstream
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Transport approach to DSA

STATIONARY NEGLIGIBLE
d 0 d d 1 ov 0
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tf

fulz,p) = fsh(p)e_lzlul/D

fa(z,p) = fsn(p)

e

Undisturbed ISM - upstream Shocked plasma - downstream

U1 ‘ U2=U1/4



Transport approach to DSA

STATIONARY NEGLIGIBLE
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Transport approach to DSA

STATIONARY NEGLIGIBLE
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Transport approach to DSA

STATIONARY NEGLIGIBLE
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Observing DSA sites
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Observing DSA sites
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The supernova remnant paradigm

Albert et al. (2007) - MAGIC collab.
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Blandford+1978, Bell2005, Amato+2009, Morlino+2011, Cristofari+2013, Nava+2016, Celli+2018, Phan+2020,

Pais+2020, Recchia+2021, Jacobs+2021 .




The supernova remnant paradigm




The supernova remnant paradigm

Eqny = 10°Yerg - &-p = 10%



The supernova remnant paradigm
Eqny = 10°Yerg - &-p = 10%

Rsy = Tsy = 1072yr~1



The supernova remnant paradigm
Eqny = 10°Yerg - &-p = 10%
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The supernova remnant paradigm
Eqny = 10°Yerg - &-p = 10%
Rsy = Ty ~ 1072yr~!

Ucr = (EsnécrTsn) Tese/ Vear = €V /cm?

Emax ~ 0.3 PeVygh ool (Ysh_Y
max ' 100 uG 300 yr \103km/s



The supernova remnant paradigm

Eqy = 10°Yerg - &p = 10%

Rsy = Tsy = 1072yr~1

N\
N _
(5@ UCR ~ (ESNS;CRTSI\}) Tesc/ VGal ~ eV/Cm3

Emax ~ 0.3 PeVygh ool (Ysh_Y
max ' 100 uG 300 yr \103km/s
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The supernova remnant paradigm

Eqy = 10°Yerg - &p = 10%

1

Ry = Toy = 107 2yr™

Ucr = (EsnécrTsn) Tese/ Vear = €V /cm?

2

~ 0.3 PeVi55 e 30057 (103km 5




The supernova remnant paradigm
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The prototype UFO
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