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Acceleration and escape of electrons from SNRs
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The CR spectrum as seen today
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» Understanding CR physics requires to explain

the spectra of each single component,
including leptons

» Why electron and proton spectra are so

different?

<

<

different sources?
different acceleration mechanisms?

same acceleration mechanism with
different properties?

different propagation (energy losses)?
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The CR spectrum as seen today
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» Understanding CR physics requires to explain
the spectra of each single component,
including leptons

» Why electron and proton spectra are so
ditferent?

<+ different sources?

<+ different acceleration mechanisms?

» + same acceleration mechanism with

ditferent properties?

» + different propagation (energy losses)?
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CR Electron vs. CR Proton spectrum
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. $ : o
with respect to protons: ASep ~ 12 for 1TeV<E <20TeV may explain the difference?
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T'he magnetic halo model for CR propagation

Ginzburg & Syrovatskii (1964); Berezinskii et al. (1980)

The basic picture

<

CRs diffuse in a magnetic halo larger than the
Galactic disk

CRs freely escape from the halo boundary (half
thickness H)

The diffusion coefficient D(E) is assumed constant
everywhere in the halo

H2
2D(E)

The escaping time from the halo is 7., =

' 'R'df'IS kpe'-.
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T'he magnetic halo model for CR propagation

Ginzburg & Syrovatskii (1964); Berezinskii et al. (1980)

The basic picture The Boron-to-Carbon flux ratio

0.4
+ CRs diffuse in a magnetic halo larger than the 0.3 [++++“*”* ......... 11 million nuclei ]

Galactic disk 0ol ""fi?%’%% e |
+ CRs freely escape from the halo boundary (half o

thickness H) o .1
%+ The diffusion coefficient D(E) is assumed constant 0.06

. 0.05
everywhere in the halo 0.04
H2
+ The escaping time from the halois 7., = 003 10 102 10°
2D (E ) Momentum/Charge [GV]
N ¢ == QC,ianesc

F B/CIH be determined Np £

= rom onlty B can be deterinine NB X ngaSGCeBN C‘'esc N_C = N4iskOc—nB D( E)

n gas = ndiskh /H
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The magnetic halo model for CR propagation

Ginzburg & Syrovatskii (1964); Berezinskii et al. (1980)

The basic picture The Boron-to-Carbon flux ratio
0.4
+ CRs diffuse in a magnetic halo larger than the 0.3 [++++““* .......... ) on |
Galactic disk .| "°o...:”°rs,,% » |
+ CRs freely escape from the halo boundary (half o
thickness H) o .1
%+ The diffusion coefficient D(E) is assumed constant 0.06
: 0.05
everywhere in the halo 0.04
H2
+ The escaping time from the halois 7., = 003 10 102 10°
2D (E ) Momentum/Charge [GV]

N ¢ == QC,ianesc

N, H

= NgiskOCc—B

N, D(E)

H
+ From B/C only - can be determined Np X Mgy O, pN Tegc *

+ BUT the description of electron propagation Mgys = g/ H

requires the knowledge of both H and D

G. Morlino, Chania, CRETE — 13th June 2024



Determining the residence time from unstable nuclei

Evoli, GM, Blasi, Aloisio, PRD 2020

0.
Unstable secondary nuclei can be used to constrain the residence time
of CRs inside the Galaxy, breaking the degeneracy between H and D. 0
0.
10Be is especially useful because of its long half-life of 1.39 My. -
10 Bo 10 B E 0
Decay reduces the flux of Be at small rigidities such that 0
H2
}/Tdecay ~ esc(R) = 2D(R) = R ,S 100 GV 0.
AMS-02 measurements of Be/B are compatible with the standard E
picture of CR diffusion in a halo Wlth thickness k=
A different analysis [Weinrich+ A&A 2020] of same data gives H = 5 +3 kpc

Error mainly due to uncertainties in spallation cross section
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Nucler and lepton propagation timescales

Evoli, Amato, Blasi & Aloisio (2021)
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» Leptons lose their energy mainly by IC scattering with interstellar radiation field

» Milky Way is an inefficient calorimeter for nuclei but a pertect calorimeter for leptons
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Nucler and lepton propagation timescales
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** After accounting for propagation and losses in the Ga:

axy,

the slope difference between electron and protons is sti

** Electrons need to be injected by sources with:

(L) o {

While for protons  Q,(E) ~ o

E " forl0GeN < E < | ey
E | forBE_llcy

Hence the slope difference at the source is

. Asep ~ 1.0 for 1 TeV S E 5 720 TeV

| large

Evoli, Amato, Blasi, Aloisio. 2021, PRD, 103
Di Mauro, Donato, Manconi, 2020, arXiv:2010.13825
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The SNR paradigm for the origin of CRs

+ SNRs are thought to be the main factories of CR nuclei through diffusive
shock acceleration (DSA)

+ We assume that SNR are also responsible for the bulk production of both
protons and electrons

+ But DSA works in the same way for all particles with two exceptions:

= energy losses during acceleration

We will explore

= energy losses during the storage time in the SNR theca morkani

= possible different injection into DSA (because of the different mass)

G. Morlino, Chania, CRETE — 13th June 2024



Model for particle acceleration

SNR evolution (a very simple model...)

+ We account only for SNR expanding into uniform medium (type-la like SNe)

= Expansion following Truelove & McKee(1999)

Particle acceleration

: : S =0
+ Proton maximum energy decreasing in time: p,_ .. () = py (t/ tSed) TEs <
= Self generated magnetic field due to streaming instability determine the magnetic field strength
= Magnetic field determines electron maximum energy : 7, .. (pmaX ,e) = min| 7 (0B), fsnR]

+ Particle acceleration stops at beginning of the radiative phase (as suggested by radio observations

|Cioffi et al.(1988)] (not clear why, Mach number still > 10)
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Evolution of maximum energy at the shock
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For 0 > 1 also electrons can escape the SNR at 7 < 7¢p seq = 00 yr fsp = 9lgeq = SOKyr
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Spectrum of escaping particles
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Spectrum of escaping particles:

etfect of CR-amplified magnetic field

Low MF amplification High MF amplification
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Spectrum of escaping particles:

ellect of magnetic field amplitied by MHD dynamo

+ Magnetic field may be also amplified by turbulent
MHD dynamo (i.e. Richtmeier-Meshkov instability)
if the shock is propagating through a non uniform
medium [see Giacalone & Jokipii, 2007]

+ In this case the magnetic field is amplified only
downstream and does not affect the electron
maximum energy at the shock

B2
ST

+ We assume a simple recipe:

o 5B 10 Oush

+ Por & ~ few percent = steepening for £ 2 1 TeV

0.100 ———

0.050 [

4rt(pc)*/Esn * Ninj(p)
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— e s o -
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- protons

precursor contribution
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Spectrum of escaping particles:

ellect ol magnetic field amphﬁed by MHD dynamo

MF amg llﬁcahon c:cmnmL explain e/ |
+ Magnetic field may be also amplified by turbulent

MHD dynamo (i.e. Richtmeier-Meshkov instability)

if the shock is propagating through a non uniform it e
medium [see Giacalone & Jokipii, 2007] ~  0.050¢ — protons
o) :
+ In this case the magnetic field is amplified only =
downstream and does not affect the electron K e
maximum energy at the shock > 0pos. .
A 2
. . 5 S e
+ We assume a simple recipe: = §B pOush o ik -
871' 0.001 | precursor contribution
10 100°T 1000 107 407 @ i

+ For &, ~ few percent = steepening for E > 1 TeV /b [GeVic]

Electrons escaping from the precursor are not affected
by downstream magnetic field — harder spectrum e,
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Spectrum of escaping particles:

ellect of ime dependent injection

Neglecting radiative losses for electrons and
assuming an instantaneous e/ p spectral ratio:

O
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Accounting for all effects

411(pc)*?°/Esn * Nini(p)

Example of spectra accounting for all effects
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Accounting for all effects

Example of spectra accounting for all etfects

The accelerated spectrum is: f,.. & D
Hardening < GeV due to stop of BB 43000 a=42
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Accounting for all effects

Example of spectra accounting for all etfects

The accelerated spectrum is: f,.. & D
Hardening < GeV due to stop of u a=4.2
o T 0.100 m—— e e e U protons
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Accounting for all effects

Example of spectra accounting for all etfects

The accelerated spectrum is: f,.. & o

Hardening < GeV due to stop of

acceleration in the radiative phase e T en sk . protons

0.050 |
0.010 | elect/ N e

Softening due to the electron injection
=

Kep X U

Y

\

‘
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Softening due to synchrotron losses in
the sources
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Accounting for all effects

Hardening < GeV due to stop of
acceleration in the radiative phase

oftening due to the electron injection

I/t_l

Kep X U

ue to synchrotron losses in
the sources

ardening due to electron escape from
he shock precursor (reduced losses)

Example of spectra accounting for all etfects

The accelerated spectrum is: f,.. & o
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Why velocity-dependent injection for electrons!
Ist evidence: observations

+ The electron/proton temperature ratio From van Adelsberg et al.(2008)
immediately downstream of the shock can be Te/Tp vs. Vs

inferred from Balmer emission. POOETT T S :
RCW 86 ¢ ]
0548-70.4 A -
% Van Adelsberg et al.(2008) inferred 7,/ T, x st KT‘;‘Z':; o
SN 1006 A
T 0519-69.0 O -
5 Q 0.10
I, xm,Vy = T,xconst=AE = 0.3keV ;
AFE is the energy transferred from p to e
+ Caveat: this relation seems to hold mainly for
Vi, S 2000 km/s 001 e e e e

0 1000 2000 3000 4000

+ BUT electron escape also occurs mainly for

V., < 2000km/s

S
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Why velocity-dependent injection for electrons!

2nd evidence: P1C stimulation

+ Injection of particles into DSA occurs for
P > Dinji = s where Dihi \/ 2m;KpT;

+ The number of injected particles is #; 513 e

« Arbutina & Zekovic (2021) got ¢, ~ ¢, from PIC
simulations even if electrons with p < p,; , are pre-

accelerated by mechanisms different from DSA
+ The spectral electron/proton ratio is

3 3
Ryup — 1 2(Rgyp— D
;76 pinj’e me 16AE —;_1
K, =— o S
cp L i 0 sh
ﬂp plnj,p mp ) mpush

Caveat: results from Arbutina & Zekovic are limited to
relativistic electrons with m,/m, < 100

Anp*f(p)

from Arbutina & Zekovic (2021)

10! -

100; p pth,e

3 th,p e ni=10.00010
101 / Ne = 0.00012
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103
104 \
1075 - i

: / plIlJ P
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p/mc
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Conclusions

Context:
+ CR electron spectra is steeper then the proton one by 0.4 for [10 GeV- 1 TeV] and 1.2 for [1-10 TeV]
+ Losses during propagation in the Galaxy cannot account for the entire spectral differences
= The difference should be due to different acceleration and/or to losses inside the sources
= or to different source population of electrons
Method:

+ Assuming that both protons and electrons are accelerated at SNR shocks, we investigate two mechanisms:
synchrotron losses in amplified magnetic field and time dependent injection

Results:
+ Synchrotron losses can steepen the spectrum only above ~TeV

+ Time-dependent injection can further steepen the spectrum by ~0.3 down to ~ GeV if Kep X “sil

Some evidences support velocity dependent injection of electrons

But we still lack of a full theoretical explanation
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BACKUP SLIDES
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T'’he magnetic halo model

Ginzburg & Syrovatskii (1964); Berezinskii et al. (1980)

Transport equation of CR of species a:

Gl 0 ¥ Lo 1 f 7
D_a + U il = — 5 % ) a a : Eal aba’a_'

-25uF e ( 62) 5 gy P pf g1 dney
B e e I R e

Stationarity is ensured by proper boundary conditions f (z =* H) =0

Diffusion D(p)

Source term proportional to Galactic SN rate: ggn(p)

Energy losses (ionization, Coulomb losses, IC, Synchrotron, ...

production /destruction of nuclei due to inelastic scattering or decay — b,

aaa
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Secondary-over-primary ratio

Evoli et al., PRD (2019); Weinrich et al. A&A 639 2020)

The model is applied to CR Nuclei to determine D/H

120
All data are from AMS-02
- 1.0 \ |
100 |- | S 1y 1 [ 4 ]
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> by fitting primary and secondary/primary measurements we found:
6 ~ 0.54, Dg/H ~ 0.5 x 10%% cm/s?/kpc, Ad ~ 0.2,v4 ~ 5km/s

A phenomenological motivated
expression for the diffusion
coetficient allow to fit all primary
and secondary nuclei

Dy

B (R/IGV)’

H H

.

1+ (R/I;b)AS/S]S

\

The presence of Alfvén speed and break
are due to self generated turbulence

However also in this case only
D/H can be constrained

Now we need to estimate H
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Ba(r) [LG]

Evolution of energy mside the SNR
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Evolution of distribution function mside the SNR

Distribution function at the shock.
Protons:

3 2
fr(p.f) = Ecr,p Uy, (1) po ( p

47 c(m pc)* A(Pmax.0 (1) \mpc

Electrons
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Time-evolution of distribution function
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SN R evolution ‘a very simple model...

We account only for type-Ia SNe. Assumption:
acceleration stops at beginning of the
Expansion following Truelove & McKee(1999) radiative phase [Cioffi et al.(1988)]

in uniform ISM
3/14 —4/7 ,~5/14

tsp = 1.33 x 10* EC1 “n "1 0" yr,

" 3/2 -2/3
2.01 (L) 1+1.72 (L) t < 15ed But why? Mach number at #sp is still 2 10
R¢h(1) _ Ich Ich
Rep | t 12/5
1.42 (t—) - 0.254 I 2 1ged
ch * Approximation for downstream
velocity profile to estimate adiabatic
;\32]7°F losses [Ptuskin & Zirakashvili (2005)]
2.01[1+1.72 (—) f < tgeq
Ugh(1) _ Ich |
Uch : t -3/5 u(t,r) = (1 B l) Ugh (1) .
0.569 |1.42 (tc_h) - 0.254] £ > ISed ’ o) Re()
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Maximum energy and amplified magnetic field

We assume an arbitrary maximum energy and we derive the corresponding self-generated magnetic field

{ Protons maximum energy at the shock Self-generated turbulence

Pm (t/ tSed) if 7 < ISed S C W, {1 111 = oy

" pmaX,O(t) e — 0 |
| (#/1504) if £kt

05 ‘
Pu (t/15eq) It £ < fgeq | e

\', ' 2 2
. _ o P1Piar) | o _ J @Bi/By)® if 6B, < B,
f e facel Pmax.0) = 2 ? ; 5B,/B, if 6B, > B,

| F(1) =
3eByctgy €

\ D, =Dy/F

Electron maximum energy Upstream magnetic field
determined from losses due to 6B, | 44— B
a oB(t) = 70 (5’/7 (1) + \/ 4F(t) + F (t)z)

tacc (pmax ,e) — min[TIoss(éB 1)’ tSNR]
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