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—> Cosmic rays are energetic particles hitting the Earth's
atmosphere from outer space.
—> Most of them (90%) are protons.
—> Most people believe they are accelerated at supernova

remhant shocks.




Cosmic ray sources: why is it so difficult?

J\/‘/ ...magnetic field...
> <

}[_CR source I

We cannot do CR Astronomy.

Need for indirect identification of CR sources.




Solar modulation
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Solar modulation
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Solar modulation
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Voyager probes

September 5 1977 |
the launch of Voyager 1|

August 20 1977 launch of the twin pr'oe Vager' 2|



Voyager probes crossed the heliopause
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An epic journey

V1 HET 2 PENH (daily average rate)
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An epic journey
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Gabici 2022 (adapted from Vos & Potgieter 2015)

The local interstellar spectrum of CRs
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Electron spectrum in the local ISM
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Far away cosmic rays

Predicted by Hayakawa in 1952 ........ the gamma-ray sky seen by Fermi/LAT now



Far away cosmic rays

the gamma-ray sky seen by Fermi/LAT now



Far away cosmic rays

DGy p+p+r® o4y

Eth > 280 MeV

the gamma-ray sky seen by Fermi/LAT now



Far away cosmic rays

T =+
E,» > 280 MeV |




Gamma-rays from distant cosmic rays
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How well we know the

spatial distribution of

cosmic rays throughout
the Galactic disk?




Molecular clouds as cosmic ray probes

ﬁ MC! see e.g.

: : : Black&Faziol973



Molecular clouds as cosmic ray probes

i MC! see e.g.
N\M Black&Faziol973

e -

a MC immersed in the CR sea emits y-rays|

e




Molecular clouds as cosmic ray probes

see e.g.

Black&Faziol973

Aharonian&Atoyan1996

L; if a CR source is present, the MC emits more y-rays|

= ———— ——————




Molecular clouds as cosmic ray probes

see e.g.
Black&Fazio1973
Aharonian&Atoyan1996

McKee 1989




Molecular clouds as cosmic ray probes
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Uonly cosmic rays can penetrate and drive the chemistry in the cloud




Molecular clouds as cosmic ray probes

see e.g.
Black&Faziol973
Aharonian&Atoyan1996

McKee 1989

Herbst&Klempererl1973

mol. lines |
(IR and mm)

‘ - — — = S — sy — T ——————————
(

14%'-'1-:_ - ————— '
LL{only cosmic rays can penetrate and drive the chemistry in the cloud

— e —————

1 -> amplify the y-ray emission from CR interactions
dMolecuIar clouds | . C ..
- -> filter all ionizing agents but (MeV) CRs




Molecular clouds as cosmic ray probes

IR/mm observations -> chemistry -> MeV CR spectrum

space/ground based y-ray observations -> GeV/TeV CR spectrum

McKee 1989

Herbst&Klempererl1973

mol. lines
(IR and mm)

| . , E—— - T —

r = ——
LL{only cosmic rays can penetrate and dr'lve the chemls’rry in The cloud

e

-> amplify the y-ray emission from CR interactions
-> filter all ionizing agents but (MeV) CRs




Gamma rays from molecular clouds




Gamma rays from molecular clouds
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Gamma rays from molecular clouds
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Gamma rays from molecular clouds

Lo~ oppncocrNgasV X norM,

measured
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Gamma r'ays from molecular clouds
N\I\ry

e | gamma ray br'lgh‘l' molecular clouds 3
are cosmic ray barome‘rer's ‘

szézﬁ

Lo~ oppncocrNgasV X norM,

measured




Spatial distribution of cosmic rays
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Spatial distribution of cosmic rays
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CR ionization rate in isolated MCs
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CR ionization rate in isolated MCs
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CR ionization rate in isolated MCs
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CR ionization rate in isolated MCs
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CR ionization rate in isolated MCs
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Voyager electrons
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CR ionization rate in isolated MCs

| no trend for a broad 1 Hs*, HCO*, DCO*, OH*, H,O* H30* ...
interval of N4... |

Voyager electrons
<« extrapolated |
~ down to 3 keV |

<g§,e( Emi n = 8 keV)

IIIIIII|

10—17

- Caselli+98, van der Také&van
----------------------- | Dischoeck00, Maret&Bergin07,
- Hezareh+08, Indriolo&McCalll2,
IRV ET NS U111 MR W WU 11 N NS WS WHTTI M M AR R 1T M AR AT Morales Ortiz+14, Indriolo+15,

1019 1020 107! 10%= 1023 10%*| Fyente+16, Neufeld&Wolfirel7,
Gabici 2022 N(H,) [em~2] Sabatini+20




Energy losses (mainly ionisation)
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Energy losses (mainly ionisation)
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BC(||IS‘|'IC penetration into clouds
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BC(||IS‘|'IC penetration into clouds
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clouds moving along |
. s'rr-augh'r Imes hl .__ ' is this a realistic scenario?

| Most likely not...

; Cosmic ray streaming into a cloud —> plasma instability (streaming

instability) —> turbulencel —> diffusive transport —> CR intensity is more
heavily suppressed!

—> see Minh Phan's talk tomorrow morning
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Spatial distribution of cosmic rays
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Spatial distribution of cosmic rays
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Spatial distribution
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Stochasticity of sources

7 - 4 . TN ) ) \ \
/ ‘ y. P s — "\ \ \ \ \ \ = .
/ } # / S — ® N\ . \ ‘ 5 I ‘ % \ | ° ° °
» L ’ \ \ ——
N VT AT A7 25 W N W N | ¢ position of known SNR in the MW
| J | J | P Ll L . \ )
9 3 ' | ! ' ¢ / . /\;1:;. - 3 | ol 1 l ' ( ' = —_— —
A st L LR TN
' | 'y 2 \ ee I 1 ] ) ! .
AVAYW. 62D Ve V% N QAN B NUANAY | Ranasinghe & Leahy 2022
1 1 \ \ . . 4 [ ' ' y
\ X - g / A 'v" ‘ !
(-. Y A" .\. .- . ..:"'.QO.J 0/ , ; y | { |
{ XX XN 2 YN YN Y Y
® YAVUAN b o 0L ~ SN Y%/ .
. \/ 4 <2 e <o X '
y X ! \ \\\‘ - . ) ". Y /. p, / /v/ll Y y "‘A
J p 3 v, o— . d /./ V/
J \ . N/ "z ® b N . / // ¥
\ ’\ N N -l_:_____-~- B _i,/ A // / |
100 e
0,
w ~ P
~ 107
e
—_
| .
5
— 10
] l 10
—
") L
) —— Stochastic Median =) —— Stochastic Median
— \ . / = 1n-12 : . '
~10- 1] ------ Expectation Value ~1071% 4 e Expectation Value
05% Uncertainty 05% Uncertainty
B G8% Uncertainty B 63% Uncertainty
10—12 N

e v ag 5 M T . _1L O T ™ M
100 1) 1()® 0¥ 1)1V 10 1% 10’ 10° 10¢ lo

Phan+ 2021



Stochasticity of sources

4 . \
- | A / R AN o) .\ \ = - = '
(’ ‘ 4 | / Ho L . \ \ ".' \I \ oa o °
N 755\ N N u <— position of known SNR in the MW
’ | { : f S em 3 1 l ' ' = —_— —
( 9* 8| 7 6*.< 3 3f | ..0”0”°:“,0 0: ] 'v : 4 \ \ |(
| 3l A\ * Y e [*™ ‘ :
2P AT "Tar S YAV N Ranasinghe & Leahy 2022
\ \ °) e o » e /- ' f y ‘
\ ‘ o N\, *_ - / R .
5 B AVAW T W On SUAVANVEN S O
‘ ‘ ) 7S , == . . ‘. / ,//.; .“/’ /'/l A ,"" A |
’ -‘\\- v of £ R » x /"’ / // / y X ’

-

-
-

=

Stochastic Median

———v—

Expectation Value
05% Uncertainty
G8% Uncertainty

107

E (eV)

1(®

' median

o

~
—,

—— Stochastic Median
------ Expectation Value
95% Uncertainty

B 63% Uncertainty

—————————————————————————

10-14

e T

E (cV)

it

Phan+ 2021



Stochasticity of sources

/ 7/ / A\ X v\
/ | 4 / p—— \ \ ‘
‘. ' { ‘ / A " P .'_\:» \ : . \ Y \ ‘\
' | { 4 ‘ ) - , A % \
| /| A ] Py v 8 | | )
(I - . * .
9 S { Sun
7 6t . |
. o
‘ , ‘ ‘
\ X
'< | \ ® »
1 1 | \
\ \ X % #
1
\ A .
\ \ |
X ) X
\ v X
. )
\ \ - a

—— Stochastic Median
Expectation Value
05% Uncertainty
B 68% Uncertainty

i
E (¢V)

107

/

e

P

|

«— position of known SNR in the MW I

- median | ——

—

-2 =1
cmTe s s

a—

) (eV~

S _ ,)
=107

Ranasinghe & Leahy 2022

10-3

10 1

—— Stochastic Median
Expectation Value

B 2 = Ao .’.

95% Uncertainty
B 63% Uncertainty

10 10° 10’ 10° 10¢

E V)

ol

Phan+ 2021



Stochasticity of sources

/

—— Stochastic Median
------ Expectation Value
05% Uncertainty

B 68% Uncertainty

et T A

E (eV)

107

| i «— position of known SNR in the MW I

" enhancement of ionisation \
rate? Stay tuned! (Phan+
submitted —> HIS TALK

TOMORROW!)

! y
5
5 10 10
L
2,
’? CE— toc ,_';’,-:'.."
S S',ochak ic llefhud oeen)
=107 - Expectation Value .
05% Uncertainty
B 63% Uncertainty
10— L — —— i
10 107 10° 10 o
E (cV)

Phan+ 2021



Open questions on low energy CRs

We do not understand the origin of the ionisation rates measured in clouds.
Several questions need then to be answered.

lZWha’r induces the large ionisation rates observed in clouds?

[ZAre the spectra of low energy CRs measured in the local ISM representative of
the entire Galaxy? Or, what is the spatial distribution of low energy CRs
throughout the Galactic disk?

lZWhy are diffuse atomic and molecular clouds, despite their different column
density, characterised by the same ionisation rate?

lZWhy is the ionisation rate so large in the Galactic centre region?

[F] What are the sites of acceleration of the low energy CRs responsible for the
ionisation of clouds? —> turbulent reaccelerating in clouds? (Gaches+)

[/ Does the observed intensity of LECRs in the local ISM reflects the fact that we
live in a special place in the Galaxy? —> Local Bubble? (Silsbee & Ivlev 2019)
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The future (II): Athena
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The future (III): MeV astronomy

‘ﬁ De-excitation nuclear gamma-ray line emission (Ramaty+)
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The future (IV): SKA

Synchrotron radiation from low energy electrons
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SNR/MC associations in y-rays
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Interaction versus escape: who's who?
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CR ionization rate in MCs next to SNRs
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color -> TeV gamma-rays (MAGIC)
-> CO

 white contours -> TeV gamma-rays
black contours -> CO
dashed -> Fermi
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Torres+ 2010
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W28: cosmic rays or X-rays?
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W28: bridging high and low energy CRs
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log(Be/H)

Another thing we don't understand:
Spallogenic nucleosynthesis of Li-Be-B
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e.g. Parizot 2000, for a review see Tatischeff&Gabici 2018
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