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Outline

* Transport equation of Cosmic Rays
* Transport approach to diffusive shock acceleration

 Wind blown bubbles

* Modeling acceleration and multi-messenger radiation



Outline

* Transport equation of Cosmic Rays



Cosmic Rays
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Cosmic Rays
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The hadronic interaction of cosmic rays is the
leading production mechanism of high-energy
(>GeV) neutrinos
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Cosmic Rays
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Cosmic Rays
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Transport equation of Cosmic Rays
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Transport equation of Cosmic Rays

dN
dv-d3p

Time evolution : dif f.+ adv.+ adb.+ loss.

Topic of the upcoming slides

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

dN
dv-d3p

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

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



Physics of cosmic rays: Diffusion - 1

- * Charged particles follow helical paths

around magnetic field line in ideal
conditions
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* The ISM is a turbulent plasma

* The magnetic field is also turbulent (0B)

Bo+ OB



Physics of cosmic rays: Diffusion - 1

e
* The ISM is a turbulent plasma

* The magnetic field is also turbulent (0B)

Bo+ OB

15



Physics of cosmic rays: Diffusion - 1

e
* The ISM is a turbulent plasma

* The magnetic field is also turbulent (0B)

16



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)
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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

HZ
Ldiff = D(E)

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




Transport equation of Cosmic Rays

dN
dv-d3p

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

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

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

H
Tadv ~ ?
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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 (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 ~ ?

* CRs can lose or gain energy adiabatically
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Transport equation of Cosmic Rays

dN
dv-d3p

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

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



Transport equation of Cosmic Rays

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

dN
dv-d3p

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

p
e e

Website: http://www.astro.wisc.edu/~gvance/index.html

¥— ray

low E photon

pion photoproduction
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Website: https://www.ui

bk.ac.at/projects/he-cosmic-sources/tools/sophia/index.html.en




Transport equation of Cosmic Rays

dN
dv-d3p

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

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



Transport equation of Cosmic Rays

dN
dv-d3p

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

 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:



Transport equation of Cosmic Rays

. . 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




Transport equation of Cosmic Rays

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

31



Outline

* Transport approach to diffusive shock acceleration



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/

33



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/
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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,

35



Transport approach to DSA
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Transport approach to DSA

STATIONARY NEGLIGIBLE
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Undisturbed ISM - upstream Shocked plasma - downstream



Boundary conditions
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Boundary conditions

ﬂar upstream the particle distributioﬁ
function as well as the associated flux are

negligible

Undisturl vnstream




Boundary conditions

/ f(—oo) = 0,f|-0 =0 \

The strong turbulence homogenizes the
particle distribution function in the
downstream region

Undisturl vnstream

\ 4




Boundary conditions

O few=afle=o

0zflz>0 = 0

The injection of high energy particles

\ takes place only at the shock /

Undisturl vnstream




Boundary conditions

RV

0,flz50 =0

niuq

UndiSturl\Q(Z: p) = $cR ATp? Slp - pinj]59

vnstream




Boundary conditions

(o) = 0,/ 8

azf|z>0

Veil Nebula— Credit: HST
Spacetelescope.org/news/heic1520/ -

niuq

Undistur Q(Z, P) =& 5[29 _ pinj]5[z] vhstream

ATrp?
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azf|z>0

Veil Nebula— Credit: HST
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niuq
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Boundary conditions

(o) = 0,/ 8

azf|z>0

Veil Nebula— Credit: HST
Spacetelescope.org/news/heic1520/ -

niuq

Undistur Q(Z, P) =& 5[29 _ pinj]5[z] vhstream

ATrp?




Undistur

Boundary conditions
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Upstream solution

of o[ of] 1ov of
Yoz " az| az| T392Pap T ¢
Ul U2=U1/4

Undisturbed ISM - upstream Shocked plasma - downstream
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Upstream solution

1ov of
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Z
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Upstream solution
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Radial distribution
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Radial distribution

1ov of
e’

o _91p901,

vﬁz ~ a9z 0z| 30z

f = foexp|z/Ap]

U1 U2=U1/4

Undisturbed ISM - upstream Shocked plasma - downstream



Solution at the shock
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Solution at the shock
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Solution at the shock

of o[ of] 1ov of
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0+
f dz' T.E.

v(z) = U; + (U, — Uy) 0[7]

0
G_Z = (U, — Uy) 6[~]




Solution at the shock
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Solution at the shock
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Solution at the shock

of _ 9, of| 1ov of

az 0z 62 38Zpap+Q

= D3,f|3- = —Da,f,

[

\ f(i-l_dZ' T.E. - 0=-Da,f, /




Solution at the shock
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Solution at the shock
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Solution at the shock

U, —U
0#@( 23 1)Papfo+Qo(P)

Uifo = D0d,fy - Upstream flux conservation




Solution at the shock

(U — Uy)

0=—Ufy+
o+

pOpfo + Qo(p)



Solution at the shock

(Uz — Uy)
3

0=—-Uf, + pOpfo + Qo(p)

Qo(p) 3U;

0=—sfy—pd,fo+s S =
fo pro U, (U, — U,)



Solution at the shock

U, —U
0= —Ulf() + ( = 3 1) papfO + QO(p)
3U
S . S Qo(p) s1_° Qo(p) s
Iy fo +;f0 — p U, ap[fop | = p U, p



Solution at the shock

s Qo(p) "
p U

ap [fOpS] —



Solution at the shock
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Solution at the shock

S _SQO(P) S
s ;S QO(P’) s
fop —C+fdpp, Us p
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General considerations on the solution

fo( ) _ SgCRnl (pm])

ATtp;, j P



General considerations on the solution

fo( ) _ SgCRnl (pm])

ATtp;, j P

S = = 4 (Strong shock
(U, —Uy) _ +(Btrong shock)



General considerations on the solution

SScrRM (pinj)s

fo(p) =
0 47Tpl3nj p
>Us 4 (St hock)
S = — rong snoc
Uy — Up) 7

d
fo@)~p™* > fo(E) = 4mp2 o) 7=~ E~2 (pe ~ E)



General considerations on the solution

4 N

CR pressure divergence

Pcr = % f dp 4mp? [pv(p)1f (p) ~ f dp p°>~° ~In(p) - oo
N /

d
fo@)~p™* > fo(E) = 4mp2 o) 7=~ E~2 (pe ~ E)




On the maximum energy
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problem of the divergence in the pressure
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The existence of a maximum energy can solve the
problem of the divergence in the pressure

A revision in the boundary conditions is required

Possibilities:

1. The trg is time-dependent
2. The size of the system is finite




On the maximum Energy
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On the maximum Energy

of d[_of] 1dv o
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Yoz " az| 0z| " 30z% ap
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Undisturbed lSI\/I - upstream Shocked plasma - downstream
l



On the maximum Energy

i

1?62_62

pY

0z

i WY A

7/‘”

Particles with energy E>E* will start
diffusing away from the system

<

Ap(E*) = |z7|

E* is the Maximum Energy

n

4




On the maximum Energy

Possible exercise: \

Try to solve the transport equation (E*) =~ |z*]
at the infinite planar
shock introducing the free escape energy E>E* will start

boundary condition away from the system
What is the mathematical

expression of the HE cutoff? * is the Maximum Energy

4




Outline

 Wind blown bubbles



Diverging flows (wind bubbles)
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AMBIENT
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\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)
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WIND \ /
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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,

A
—
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Structure and Evolution

1. The outflow is launched - ¢,
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Structure and Evolution

Collision with ISM = wind shock

1. The outflow is launched - ¢,

88



Structure and Evolution

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

shocked ISM
accumulated at
the contact
discontinuity
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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;

91



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;
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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;

93



Characterizing the accelerator

Fast cool wind
(upstream)

94



Characterizing the accelerator

Fast cool wind
(upstream)

Hot shocked wind
(downstream)
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Characterizing the accelerator

Fast cool wind
(upstream)

Hot shocked wind
(downstream)

Shocked ambient
medium (SAM)
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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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Outline

* Modeling acceleration and multi-messenger radiation



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,
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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
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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
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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)
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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

accretion I S

disk R R R 7

S h C d fS Website: http://www.astro.wisc.edu/~gvance/index.html

116



Acceleration and transport model
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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




Seyfert NGC3079 - Image credit: X-ray: NASA/CXC/University
of Michigan/J-T Li et al.; Optical: NASA/STSc
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F(r, E*)[arbitrary units]

Solution: radial behavior and spectra
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F(r, E*)[arbitrary units]

Solution: radial behavior and spectra

‘ Solution at the shock
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F(r, E*)[arbitrary units]
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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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The prototype UFO
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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

NI UFO SED —— SAMYy (pp)
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UFO model applied to Fermi-LAT results
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Take home message

* Diffusive shock acceleration is an evergreen mechanism
* Wind bubbles are promising sites for DSA
* Multi-messenger radiation is efficiently produced in WBs

* Energies as high as EeV can be produced in UFOs



THANKS FOR YOUR ATTENTION!
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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 termination
shock

P ram,sh — Pew
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Characterizing the accelerator
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