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Electron and positron sources

Electrons and positrons are emitted by several sources:
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Electron and positron sources

Electrons and positrons are emitted by several sources:

1. Supernova Remnants (SNRs) are the main source of primary
electrons.

Qsnr(r, 2, R) = Qo f(r,2)g(R)

R = rigidity

- f(r, z) is the average distribution of SNRs Ferriere 2001

* We assume the spectrum to be a power law

g(R) = N.-R™" free parameters




Electron and positron sources

Electrons and positrons are emitted by several sources:

2. An extra source is required to fit the rise in the positron
fraction [PAMELA 2009, AMS-02 2013]

et

R
15 R) = S VR exp ()
cut

free parameters

« f(r,z) isthe same distribution adopted for SNRs

* The extra source is charge- symmetric

¢ Wefix Reut = 600GV



Electron and positron sources

Electrons and positrons are emitted by several sources:

3. Secondary emission

do
dE  +

+
Qsec(’l“, & Eei) — 47 Z Z NISM / dECR(I)CR(T, Z ECR) (ECR7 Eei)

CR=p,He ISM=H,He

* The primary CR fluxes ®cr (7, 2, Fcr) will be obtained by fitting
experimental measurements

e Differential cross sections as in the MC- based model by Kamae et al.
2005,2006
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Transport of cosmic rays in the Galaxy

The transport of a generic
CR species across the
interstellar medium is
described by a transport
equation:
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Ni = CrR momentum dewsitg

can be solved with analytical or numerical approaches




Transport of cosmic rays in the Galaxy

We consider a simplified scenario where reacceleration
and convection are neglected

Ni = CR momentum dewsi’cg
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Transport of cosmic rays in the Galaxy

We consider a simplified scenario where reacceleration
and convection are neglected
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Ni = CR momentum dewsitg

How do we model CR diffusion?




Modelling CR diffusion

10 ¢

Dyu = D(R)

We model the diffusion
coefficient as
homogenous and
iIsotropic in space. The
rigidity dependence Is
in terms of a doubly
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D [ arbitrary units]

broken power law

10t 107 103

R [GV]
)
(R& for R <Ry,
1/ (53—52)8
D(R) = Dof X 4 C( )2{1[ (RTQ) ]} for R > Ry1,

free parameters




Modelling CR diffusion
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High-rigidity break

Observationally, required to fit the
hardening at ~200 GV observed in primary
and secondary CRs [AMS-02 2015, 2018].

Theoretically, it can be related to the
transition between diffusion in different
turbulent regimes [Blasi et al. 2012]
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Modelling CR diffusion
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Low-rigidity break

Observationally, it is required to fit the low-rigidity peak of
the B/C ratio in purely diffusive scenarios.

Theoretically, it can be related to the damping of turbulence
on cosmic rays at low rigidities [Ptuskin et al., 2006].




Fitting CR nuclear data

We constrain the diffusion parameters and the secondary e+
contribution by fitting AMS-02 B/C, proton and helium data:



Fitting CR nuclear data

We constrain the diffusion parameters and the secondary e+
contribution by fitting AMS-02 B/C, proton and helium data:
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solar modulation : standard force field approx
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Fitting CR nuclear data

We constrain the diffusion parameters and the secondary e+
contribution by fitting AMS-02 B/C, proton and helium data:
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Elfi'rf(bHe [GeV/n”m_2 s 1sr 1]
o

x2 = 84.9/68

Ewin [GEV/N]
solar modulation : standard force field approx data from Aguilar et al., PRL 120 (2018)

HHe,l 9He,2 7?/b,He Pnuclei
2.83 | 2.31 7.48 0.72

"He injection solar mod



Investigating the e™ spectra
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» We use our model to predict the e+ Local Interstellar Spectra (LIS)
(i.e., no solar modulation)
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» We use our model to predict the e+ Local Interstellar Spectra (LIS)
(i.e., no solar modulation)

» 4 free parameters associated to sources:
e SNRs: N.—, I',  “Obreaks” model

e Extrasource: N.,, I',



Investigating the e™ spectra

» We use our model to predict the e+ Local Interstellar Spectra (LIS)
(i.e., no solar modulation)

» 4 free parameters associated to sources:

e SNRs: N.—, I',  “Obreaks” model

e Extrasource: N.,, I',

» We fit the following datasets:

1. AMS-02 e-and e+ 2011-2013 spectra, above 20 GeV [Aguilar et al.,
PRL 113, 121102 (2014)]

2. Radio data : diffuse radio emission integrated over the high-latitude
sky, in the 22 MHz - 2.3 GHz range



E3®,.- [(GeV/n)?’m 2s lsr1]

data — model
eIToT
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Results of the fit - 0 breaks model
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Results of the fit - 0 breaks model
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best-fit parameters

N,- 4.31J_r8-8$ « 10—3 || Normalisation of the SNR flux
' at 30 GV
N, | 2567908 « 10—4 Normalisation of the extra
—0-08 component flux at 30 GV
r 1.63010:04 Slope of the extra component
X 09V _0.006 flux
L'y 2.61270 000 Slope of the SNR flux
RMS value of the turbulent B
+0.01
/5 2.88 20204 field [uG]
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Results of the fit - 0 breaks model

best-fit parameters

radio

4.3115:07 x 1073

Normalisation of the SNR flux
at 30 GV

2.5670-08 x 1074

Normalisation of the extra
component flux at 30 GV

0.04
1.63075 006

Slope of the extra component
flux

| — total
L[| == primary
o IEEREE secondary

+0.006
2.612 2406

Slope of the SNR flux

\

radio compilation

+0.01
2.88_0.04

RMS value of the turbulent B
field [uG]
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This very simple model is able to reproduce remarkably well
high energy and radio data.
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Results of the fit - 0 breaks model
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N
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104 10° 10°

best-fit parameters

Normalisation of the SNR flux

N, | 4317907 x 1073
‘ —007 at 30 GV
N, | 2.5610:08 y 1p—4 Normalisation of the extra
—0-08 component flux at 30 GV
: Sl f th { {
I, 1'6301_8.836 ; ope of the extra componen
UX
L'y 2.61270 000 Slope of the SNR flux
10.01 RMS value of the turbulent B
/5 2.88 20 04 field [uG]

This very simple model is able to reproduce remarkably well
high energy and radio data.
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How does this model perform at very low energies?




Voyager 1

Launched in 1977, the Voyager
| spacecraft has crossed the
heliopause in 2012

V1 HET 2 PENH (doily overage rate)

. Cummings et al. 2016, ApJ, 831, 18
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“O breaks” model

Voyager data
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The "0 breaks”™ model is not able to
reproduce Voyager | data



Investigating the e™ spectra - Adding 1 break

»\We repeat the fit assuming that the e- spectrum injected by SNRs
s a power-law with one break.

1 break” model

e for R <Ry,

T (R —I'y
) (R_l) for R > R,

4 free parameters

Qsnr(r, 2, R) = Qof(r,2)9(R) with g(R) = {

I

(

» We fit the following datasets:

1. AMS-02 e-and e+ 2011-2013 spectra, above 20 GeV [Aguilar et al., PRL 113,
121102 (2014)]

2. Radio data : diffuse radio emission integrated over the high-latitude sky, in the 22
MHz - 2.3 GHz range

3. Voyager e* + e spectrum [Cummings et al. 2016, ApJ, 831, 18]



“1 break” vs. “0O breaks”

Voyager data
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“1 break” model

best-fit parameters

Normalization of the SNR flux

N.- | 4.317902 x 1073
' at 30 GV
N, 2_56+8.8g % 10—4 Normalization of the extra
e component flux at 30 GV
Iy 1.63610-006 Slope of the extra
component flux
R4 O°1159t81888421 rigidity break of the SNR flux
[GV]
+0.006 Slope of the SNR flux (below
h 204050013 the break)
40.007 Slope of the SNR flux (above
b 2007 20,000 the break)
fB 2-83f818?> RMS value of the turbulent B

field [uG]
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“1 break” model

best-fit parameters

Normalization of the SNR flux

N, | 4317002 x 1073
' at 30 GV
N, 2-56f8‘8§ % 10—4 Normalization of the extra
' component flux at 30 GV
T, 1-636t81882 Slope of the extra
component flux
R 0-1159t8288(1)421 rigidity break of the SNR flux
[GV]
+0.006 Slope of the SNR flux (below
b 20400013 the break)
+0.007 Slope of the SNR flux (above
b2 26070 00s the break)
5 2'83f818?> RMS value of the turbulent B

field [uG]
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data — model

102 ¢

— total
| — - secondary
| § § AMS-02 (2014)

G




“1 break” model

best-fit parameters

Normalization of the SNR flux

N.- | 4.317902 x 1073
' at 30 GV
Ny | 2.567997 % 10— Normalization of the extra
' component flux at 30 GV
Iy 1.63610-006 Slope of the extra
component flux
igidi K
R4 0-1159t8188?421 rigidity break of the SNR flux
[GV]
+0.006 Slope of the SNR flux (below
h 204050013 the break)
40.007 Slope of the SNR flux (above
b 2007 20,000 the break)
fB 2-83f818?> RMS value of the turbulent B

field [uG]

[(GeV/n)>m2s tsr!]

10° |
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| ¢ ¢ AMS-02 (2014)
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“1 break” model

best-fit parameters

N, | 4317005 » 103 Normalization of the SNR flux -
. at 30 GV [ total e_ |
L | - - dary (x10) |
N, 2-56f8‘8§ % 104 Normalization of the extra = KX Z‘;ng)zagoﬁ) '
' component flux at 30 GV E
T, 1 63610-006 Slope of the extra s hy
0005 component flux T 0% S :
> ® -~
: rigidity break of the SNR fl & [ RN
R 0.115970-0002 igidity break of the S ux S | ‘, o
[GV] K _ K ~ o
T 2 O40—|—0.006 Slope of the SNR flux (be|OW = ! // ‘ T~ S~ ]
! 0018 the break) 1 // ° y2=45.7/38 >
10 ————— 1 ——————— ] = —
10.007 Slope of the SNR flux (above o 2 R " 1 -
P2 20070006 || yhe preak) SR SR S . 1117
P =1k . 1] 11: Y]y A S S
£ IR RS S v !
+0.05 RMS value of the turbulent B Y RN SO R A0
/5 2.83 7005 field [UG] P01 10° 10° 10° 10°

e At low energies the electron LIS appears to be lower than AMS-02
data. Will there be enough room for solar modulation?

e [he residuals are large at high energies



Investigating the e™ spectra - solar modulation

> The e spectrum injected by SNRs is a power-law with two breaks.

“2 break” model

((B) for R < R,
o —I's
QSNR(Tv 2 R) — QOf(Ta Z)Q(R) with 9(R) = { (%) F (%) . : for /iy <R < 1
CETT(R) (R) forRr>Rs

6 free parameters

» We now consider solar modulation.

» We fit the following datasets:

1. AMS-02 e-and e+ 2011-2013 spectra, above 40 GeV
Aguilar et al., PRL 113, 121102 (2014)

2. Radio data : diffuse radio emission integrated over the high-latitude sky, in the
22 MHz - 2.3 GHz range

3. Voyager e+ + e- spectrum
Cummings et al. 2016, ApJ, 831, 18

4. AMS-02 time dependent e+ and e- data
Aguilar et al. Phys. Rev. Lett. 120, 021101 (2018)
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Solar modulation

Galactic Cosmic Rays

The interaction of CRs with

the different elements of the

heliosphere I1s described In
terms of a transport equation

Of R _ - _Of
SW K A SW
o> V -Vf—-—VKVf (V -V, )872

helio
3 = 0




Force field approximation

Gleeson and Axford, 1968

Assumptions:
- Steady state

- Spherical symmetry
- Constant radial solar wind velocity

- The advective and convective fluxes are equal:

or

i

Under the additional assumption that Kk = KR one finds the
usual relations:

RA Rtoa = Ryis — ¢
Jroa(Rroa) = =22 Ji1s(Riis)
R%IS ¢ _ ‘/SWRheliO
3K




Extending the force-field approx

We extend the force field approximation:

By taking a time-dependent force field potential
(With @t 7 Pe-)

?
o N—

Lorentzian
+ arctan

I R

5 free parameters



Extending the force-field approx

We extend the force field approximation:

By changing the rigidity dependence of the diffusion
coefficient in the heliosphere

(In the standard force-field approx: K = KoR )

x R/
‘ the break is at the transition

from resonant t0 non-resonant
(small-angle) scattering

- Ry ~ 6 GV if the outer scale
of the turbulence is ~ 0.03 AU
(Wicks et al. 2009, 2010)

" 5 | - 71 = 2 —q with g being the
X R | spectral index in the inertial range

Rb R _’}/2:2 i

3 free parameters T —

_




“2 breaks” model

e- = oa

- - secondary (x10) |]
¢ ¢ AMS-02 (2014)
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The e~ spectrum is now steeper at
low energies

Residuals at high energies are now
smaller



TIK](v/MHz)*?

“2 breaks” model

| — total
L[| == primary
[ e secondary
radio compilation
1010l 102 10° 10* 10° 10°

v[MHz|

The radio fit is slightly worse
since the e~ spectrum is now
steeper at low energies

best-fit parameters (LIS)

N, 4.381“8:8; x 1073 Normalization of the SNR flux

N, | 244710005 x 104 Normalization of the extracomponent flux

I, 1.671051 Spectral index of the extra component

R1 0.4170-42 15 break of the SNR spectrum [GV]

Ro 79.8135-2 274 break of the SNR spectrum [GV]

I'y 2.11115:09% SNR spectral index below the 15* break

I'y 2.700-0 SNR spectral index between the 15 and the 224 break
I's 2.6410-014 SNR spectral index above the 284 break

fo 2.3870-09 RMS value of the turbulent B field [uG]




“2 breaks” model

Mar E3®,- [GeV?m s lsr!]

T T T T T T T T T T T

electrons:

e good description of long-
term variations

e short-term variations?

e At all energies

T T T T T T T T T

120

B, =2.0-2.31 GeV |:

T
.
0 °

0 —r—r—._-,L._.,._‘?..,._I..,._.,?,_,..,Q_'_E,_,_,._.,_,._.,._._.,._,._.3,._,._.,9_,_',._,._,._,_,..j._.,_,_.,._,_.,o—.-.r._.,..j!_.,.',q_.,..,._.,.'.,._‘...'_j..'.._.,:,_.
el e o . O, o o . o s T e ]
s N I A . e N | s N N 1 N N N | a N s 1 N " N I N
T T T T T " T T T T T T T
ggg i - E, =9.62-10.32 GeV |
| aateate: [ Y : : : :
220 7.0‘0.0 it f“"v.'oo°°'§o oo 044 : P VS Y ".-@‘ooo .
200 3 I Do S %ee, Yo * :
180 | ; I 3
| 1. | | | | |
[ U [ T P e e
g _,_,0_0_',0_o_°,°_.;_-,._£_‘,°_.,..,.—.,..,O_n:}o_O, a0® ._,._'L,°_.,._,._°3,'_._',9_9_.,'_0_.,0_,_,._;6_.,._;..7._‘.07'—0_',._0..;,._.l,._.-o,o-c9,0_1‘.,._?., Loy —
—op- - [ L R [ [ o R S B R [
T T T T N T V T
210 E,.-=20.04-21.13 GeV :

Iil :. | 1,1 : Ly +++ + ! + b Lil,
1ol fT T +T++rn ' HrH Y. +++HI+ ”iﬁ” + ”HHFT
165 N S S S S S
6F T R S S S S O B A S S

. e ° . . . .
O = et a0 g0 otee g000e0t00toryotliyyfytestost —  0eeetolgoty i soevtotoeg octos oo —

6P R N L R L [y T e L L [
210 T ' ' ' T ' ' ' ‘ : : ' ‘ T T
“os| : ; E, =31.82-33.53 GeV : ;
‘ [ : ‘ : :
180} } ; ; |
165 |- +.*.|+*j.+i 1l + iy +*++.1* +1| ||+ 1 ot T +§ -
150l T IT7 if I+II*+||111c+ 1 -+? T1 f+ IRERA *§+' Y + T t 11 *TTT-*** iTTIT
; ; | 1 ; ; | ; ; ; | ; ; ; | ; ; ; | ; ; ; | ;
B R EEREEEE R R RRREEEEEEEEEE R R R R R R e
0 _,_,L.J,._.J,Lf,,._,'_‘,Hv,._..,._..3._., LA } ..,._';.J,LH,;.1,&.*,r.*,L,_,._19_.,._0_.,._0_.,._...,._0..1‘_..,,q_‘.,._.‘,._._'_,-_j."_.,,_
—B X ,,,,, [ e e e e e e S

. N . s N I " N N 1 s N . 1 N . " 1 N " N I "
Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Oct

2011 2012 2013 2014 2015 2016 2017

y2/dof =54



The impact of solar modulation

maximum fluctuation in the e- spectrum

10°

(max-min)/(max+min)
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e |Inferred from AMSO02 data

Harmonic fit
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100

| '161
E [GeV]

blue: AMS-02 data

black: the prediction of
our model

red: fit of the e- flux with
an harmonic function

®(t) = A+ B- cos (ZWP_ to))
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Even when short term events are not taken into
account, solar modulation can account for a
fluctuation of the e flux at the level of 2% at 20 GeV
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“2 breaks” model
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electrons:

e good description of long-
term variations

e short-term variations?

e At all energies

positrons:

e good description of long-
term variations

e short-term variations”

e At all energies



“2 breaks” model
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y2/dof = 1.1

electrons:

e good description of long-
term variations

e short-term variations?

e At all energies

positrons:

e good description of long-
term variations

e short-term variations”

e At all energies

ratio:

e short term variations
cancel out

e reasonable description of
data



Conclusions

By using several datasets we
are able to constrain the
properties of the CR leptonic
spectra from the MeV to TeV
energies

We have shown how the
average properties of solar
modulation can be
reproduced fairly well by
means of a simple extension
of the force-field
approximation
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Conclusions

By using several datasets we e+
are able to constrainthe [, Fiaeeew
properties of the CR leptonic 7 | = secondew ke |
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approximation

Thank you for your attention!
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Conclusions - a recap of the features we added

We have shown how in order to fit some of the datasets we have to
introduce new features in the injected spectra / diffusion coetfficients

In particular, we have introduced the following spectral breaks:

* A low-rigidity spectral break in Dxx. It might be associated to
MHD wave damping on CRs

* A high-rigidity break in Dxx. It might be associated to the
transition between ditferent regimes of turbulence

* A break in K. |t should be related to the transition between the
resonant scattering and the small-angle scattering regimes

e A low-rigidity break in the e- primary spectrum. Where does it
come from?

* A high-rigidity break in the e- primary spectrum. Is it related to
the contribution from local sources?



“2 breaks” model

best-fit parameters (solar mod.)

parameter et e
ol 1.218% 023 1.2847 5011
N 209 ¥01s | 7g+023 Modelling of the
diffusion coefticient
Ry [GV] 6.0210-21 4.8070-35
$1 [GV] 0.13379-007 0.13610 004
¢ [GV] 0.41875-012 0.63317 0050
Modelling of the time-
b3 [GV] 0.010+0:002 0.086 5547 dependent force-field
to [Bartels rot.] | 2468.2979-% [June 2014] | 2474.3737998 [December 2014] potential
At [Bartels rot.] 25.9610-21 32.87 0 05°
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short-term variations
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Our model vs. PAMELA data
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Modelling CR diffusion

CRs diffuse in the turbulent
Galactic magnetic field by

pitch-angle scattering off

MHD waves

Inertial subrange

Starting from the Vlasov equation and working within quasi-linear theory, one finds:

Dy — (AG?) _ kP(k)

T
2t 8 B?

2 ol 212
1 —
DIIZUZ/_ld'“( D:L) with u = cosf

By exploiting the resonance condition li_l ~ T'J, One gets:

D|| — DOR5 with 0 =2 —¢q




Modelling CR diffusion - break at high rigidities

Spectral Index y

Possible evidence: Both primary (p,He,O) and secondary (Li, Be, B)
CR species show spectral hardenings at ~ 200 GV. The hardening of
the secondary species appears to be stronger
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Possible interpretation:
transition between
diffusion in an external
turbulence (as the one
injected from SNRs) and
diffusion onto CR self-
generated waves (through
the mechanism of
streaming instability)



Modelling CR diftusion - break at low rigidities

Observationally, it is required to fit the peak of the B/C ratio at low

rigidities in purely diffusive transport models.

Possible interpretation: damping of turbulence at low rigidities

Equation for the MHD wave spectrum:

o (SoERw()) = ~20W (k) + 5505 - o)

Damping term: I' = I'yy, + T'cr

w7%e? Va2 >C dp
I'cr = Y
RC preS(’i) p

has to be solved together with the CR
transport equation

102? 2 2 aaasnl 2 4 2 aaaad 5 2 ul P Y 2 aaad e 2 ol
10 10° 10’ 102 10° 10°
Rigidity, GV

Ptuskin et al., 2006



Fitting AMS-02 data

The systematic uncertainty of AMS-02 is in the range 3% - 17%

A significant fraction of such uncertainty is correlated between the different
energy bins. A rigorous treatment of this correlation would require the
knowledge of the correlation matrix, which is not publicly available.

Simple assumption:

Osyst — Osyst,corr =+ Osyst,uncorr With Osyst,uncorr = 1%
of measured value

Cavasonza et al. Astrophys.J. 839 (2017) no.1, 36

__ 2 2
Otot — \/Ostat + U syst,uncorr

Ostat,corr is treated as an overall scale uncertainty on the acceptance
and is used to determine the errors on the best-fit parameters



Radio data

Relativistic ex emit diffuse radio signal through synchrotron emission

Bsind E \?
Hz| ~ 0.01
vo|GHz| = 0.0 6( e )(GGV)

4
Several radio surveys with WMAP temperature analysis
nearly complete sky coverage in mask
the frequency interval [22 MHz,
94GHZ]

O OO I I DD/
Strong et al. 2010, Jaffe et al. 2011, Di Bernado et al. 2013, Orlando 2017



Radio data

Relativistic ex emit diffuse radio signal through synchrotron
emission

| * At high frequencies,
| large contributions from
{ free-free and thermal

5
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