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Cosmic ray sources: why is it so difficult?

...magnetic field...

653

CR source you

We cannot do CR Astronomy.

Need for indirect identification of CR sources.
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Cosmic rays

", Fluxes ol Cosmic Ravs

.<‘
.\

(I part'cle per km

.09 '|C'w 10" 1012 10I3 10“ .miﬁ .mh} 'cﬁ' .|01B ,019 1020 102I
Chergy (aV)

Gabici, Evoli, Gaggero, Lipari, Mertsch, Orlando, Strong, Vittino, LTMPD, 2019



Why so difficult?
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Far away cosmic rays

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



Gamma-ray astronomy

p+p—ptptn T =ty
CR ISM (Ey) =~ Ecr/10

‘\ same slope as CR spectrum
: ; k///////
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~ 70 MeV 100 GeV 100 TeV




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
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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|

= ———— ——————
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— Herbsté&Klemperer1973
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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)
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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 obser'vcmons -> GeV/TeV CR spectrum

CR spectrum close to the acceler'a‘rlon site (fr'om ~MeV to >TeV
energies) can be extracted from a combination of low and high
energy observations

‘ = _ —— _ — e — _——— ——— ]

r = L e
LL{only cosmic rays can penetrate and drlve The chemls’rr‘y in The cloud

—

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




Rs and interstellar chemistry: Hs*

/ for reviews see e.g. Oka (2006), Dalgarno (2006)

-> CR ionization

H, + CR — Hf + e~ +CR



Rs and interstellar chemistry: Hs*

/ for reviews see e.g. Oka (2006), Dalgarno (2006)

-> CR ionization

H, + CR — Hf + e~ +CR

CR spectrum (MeV)

Emax / . .
CCR — 47T/ dE jCR(E) gi(m(E) -> CR ionization rate
I(Hz) Spitzer&Tomasko 68...Padovani+ 09, Krause+15



/ for reviews see e.g. Oka (2006), Dalgarno (2006)

-> CR ionization

Hy + CR — HJ +e~ +CR

very fast l

CR spectrum (MeV)

Emax /
CCR — 47T/ dE jCR(E) gi(m(E) -> CR ionization rate
I(Hz) Spitzer&Tomasko 68...Padovani+ 09, Krause+15



" for reviews see e.g. Oka (2006), Dalgarno (2006)

-> CR ionization

H, + CR — Hf + e~ +CR

very fast l

Hf +e — Hy+HorH+H-+H

| i[Ha* production rate ﬂ |

cor n(H2)

R i

-> dissociative recombination

CR spectrum (MeV)

Emaa: /
CCR — 47T/ dE jCR(E) gi(m(E) -> CR ionization rate
I(Hz) Spitzer&Tomasko 68...Padovani+ 09, Krause+15

k. -> from lab measurements under near interstellar conditions McCall+ 2003



" for reviews see e.g. Oka (2006), Dalgarno (2006)

-> CR ionization

Hy + CR — HJ + e~ +CR

H + Hy, — Hy +H
-> dissociative recombination

Hf +e — Hy+HorH+H+H

» lLHs*“ destruction rate i

| ke n(e”) n(HY) |




" for reviews see e.g. Oka (2006), Dalgarno (2006)

-> CR ionization

Hy + CR — HJ + e~ +CR

H + Hy, — Hy +H

-> dissociative recombination

Hf +e — Hy+HorH+H+H

N(e™) +
(H2) N(HB )




Hs* in space: InfraRed absorption line

Geballe&Oka 1996, McCall+ 2003, Indriolo+ 2012 (UKIRT, Keck, KPNO, Gemini South, VLT)

(-Persei diffuse cloud ﬂ

size of the cloud UV lines from H2 and C*

measured in the lab



Hs* in space: InfraRed absorption line

Geballe&Oka 1996, McCall+ 2003, Indriolo+ 2012 (UKIRT, Keck, KPNO, Gemini South, VLT)
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Hs* in space: InfraRed absorption line

Geballe&Oka 1996, McCall+ 2003, Indriolo+ 2012 (UKIRT, Keck, KPNO, Gemini South, VLT)

(-Persei diffuse cloud ﬂ
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Hs* in space: InfraRed absorption line

Geballe&Oka 1996, McCall+ 2003, Indriolo+ 2012 (UKIRT Keck, KPNO Gemlm Sou’rh VLT)

Z Per'sel diffuse cloudﬂ - Herschel -> OH* HzO+ HaO+

| Gerin+2010 Neufeld+2010,Indriolo+2015 |
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e of he clot Most direct probe -> Hz*
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More chemistry: HCO* and DCO*

Guelin+ 1977, Caselli+ 1998

-> Nn too large to see foreground stars
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-> much smaller electron fraction

HS + CO — HCO™" 4 H,
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-> much smaller electron fraction
HS + CO — HCO™" 4 H,

similarly, a chain of reactions initiated by

Hél_ and HD) leads to the formation
of DCO+
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-> Nn too large to see foreground stars

-> much smaller electron fraction
HS + CO — HCO™" 4 H,

similarly, a chain of reactions initiated by

Hél_ and HD) leads to the formation

of DCO+

More chemistry: HCO* and DCO*

Guelin+ 1977, Caselli+ 1998

Reaction Reaction rate [cm® s7']
No. 1 CR+H, — Hite £Is7]
kgt
No. 2 H{+H, — H{+H kg =2.1107°
No. 3 H:+CO % HCO'+H, ky=16110"
+ _ B (7 V069
No.4 HCO*+e- = CO+H B =28107(55)
B -0.52
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k
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ha
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kl
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No.14 CO*+HD X DCO*+H koo =7.510710




HCO+/DCO*:emission lines (mm -> IRAM)

emission lines -> no need of a foreground star
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HCO+/DCO*:emission lines (mm -> IRAM)

73“‘N“‘{“‘¥“‘¥“‘
emission lines -> no need of a foreground star ELECTRON FRACTION
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HCO+/DCO*:emission lines (mm -> IRAM)

73“‘N“‘N“‘X“‘X“‘
emission lines -> no need of a foreground star : ELECTRON FRACTION
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CR ionization rate in isolated MCs

compilation of data from Padovani+ 2009
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CR ionization rate in isolated MCs

compilation of data from Padovani+ 2009
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Pioneering studies
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Pioneering studies
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The cosmic ray ionisation rate
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The cosmic ray ionisation rate
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The cosmic ray ionisation rate
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The cosmic ray ionisation rate
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CR spectrum in the ISM
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CR spectrum in the ISM
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Energy losses
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CR penetration intfo MCs (II)
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CR penetration intfo MCs (II)
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ionized -> diffusion neutral -> straight line propagation

B

>
Le

Skilling&Strong 1976, Cesarsky&Valk 1978, Morfill 1982, Everett&Zweibel 2010, Morlino&Gabici 2015



CR penetration intfo MCs (II)
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CR penetration intfo MCs (II)
qulfacular cioud I

ionized -> diffusion neutral -> straight line propagation
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CR penetration intfo MCs (II)
qulfacular cioud I
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CRs into MCs: incoming flux

‘what is the role of streaming instability? |
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Skilling&Strong1976
Morlino&Gabici 2015

CR flux into the cloud -> Dg |;,;c -+ VAf(xc)
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‘what is the role of streaming instability? |
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CRs into MCs: incoming flux
j‘ﬁ\‘ml';m'r is the role of streaming instability?l ;\TLII:?\%iZLEZ?IZ%ZE

CR flux into the cloud -> Dg |;,;C -+ VAf(xc)
X

~ D fO_fc
Lg

| VAfc ~ VAfO




CRs into MCs: incoming flux

‘what is the role of streaming instability? |

=

Skilling&Strong1976
Morlino&Gabici 2015

CR flux into the cloud -> Dg |;,;c -+ VAf(xc)
X

fO Bl fc
~ [ | ;
L. Vaf
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' does NOT f:lepend on streaming instability

{
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CRs into MCs: incoming flux
‘what is the role of streaming instabili‘ry?l ;\Tyl:?l%izzzzglzizg

CR flux into the cloud -»> D? |;,;c -+ VAf(xc)
X

fO _ fc
~ D | -
L. Vaf

I

condition: Ly < field coherence length



CRs info MCs: universal spectrum

solution -> flux into both sides of the cloud 2foV4
L. 0O

olpm pp°fe]

equal to the flux down-ward in momentum

Morlino&Gabici 2015



CRs into MCs: universal spectrum

solution -> flux into both sides of the cloud 2foV4
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CRs into MCs: universal spectrum

solution -> flux into both sides of the cloud

equal to the flux down-ward in momentum
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Voyager probes

September 5 1977 |
the launch of Voyager 1|




Voyager 1 at Heliosphere's border

Krimigis+ 2013
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Voyager 1 at Heliosphere's border

Krimigis+ 2013
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Voyager 1 at Heliosphere's border

Krimigis+ 2013
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CR ionization rate in MCs next to SNRs
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CR ionization rate in MCs next to SNRs

Vaupré et al 2014 - Ceccarelli et al 2011 -
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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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