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Galactic cosmic ray origin and composition

Vincent Tatischeff (CSNSM, Orsay)

1. Galactic cosmic-ray origin: the supernova remnant paradigm
2. Supernovas and supernova remnants
3. Massive star clusters and superbubbles

4. Lessons from the cosmic-ray composition
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1. Galactic cosmic rays and diffuse y-rays
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Gamma-ray (0.1 - 100 GeV) luminosity
of the Galaxy (Strong et al. 2010):

 n° decay (p+p->n?): ~ 5x1038 erg/s
~ 1.5%10% erg/s
~0.5x10% erg/s
~ 7x10%8 erg/s

* Inverse Compton:

* Total:
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1. Galactic cosmic-ray and supernova energetics
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 Kinetic power of cosmic rays injected in the Galaxy
and producing the diffuse gamma-ray emission:
Leg =L,/ R, ~10% erg/s,
where R, ~ 0.004 is the y-ray radiation yield
(= efficiency) forp + p — nt® + X

2
_ EnNzr _ mnc XCR

" (Ew) () ™,

R

Strong et al. (2010): L(0.1 — 100 GeV): (6 — 8)x10% erg/s

See below
e

135 MeV IOg/cmesm,b
1GeV 1.7x10* g

pp—n’

* Present-day mass of 2°Al
(t = 10° yr) in the Galaxy:
2.8+ 0.8 M, (Diehl+ 2006)

=> ~ 2 SN per century

e Total kin. power supplied
by SNe: 1.5x10°* erg per
SNx50yr!l=10*2ergs

=> Required acceleration
efficiency per SN to
produce the GCR: ~10%




1. Diffusive shock acceleration in SN shocks

* High-velocity ejecta in supernova explosion: ~ 10 000 km/s

* Strong shock, with initial sonic Mach number M¢=V_/c,> 100
with the sound speed ¢y = 100 (7710° K)®> km/s e o &

* First-order Fermi (1949) acceleration process in SN shock waves

(Krymskii 1977; Bell 1978; Axford et al. 1978; Blandford & Ostriker 1978)

* Particle diffusion on magnetized turbulence on both sides of the SN shock

-,

P2 T3, Py | Py T Py

ref. frame: observer

* Fractional momentum gain after each cycle up-down-up:

4—

4—

shock front

downstream gas

upstream gas

Ap 4r-1V

p 3 r v

* Particle momentum spectrum: dN/dp(p) «p?withg=(r+2)/(r-1)

(for a test-particle strong shockr =4 = g = 2)
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1. Maximum cosmic-ray energy in a SNR

* Hillas criterion: the maximum energy a particle can achieve is such that its
Larmor radius R, = p/ZeB is equal to the accelerator size R (confinement)

= FE =467 B R PeV
e 5 uG )\ 10 pc

* From the rate of energy gain by diffusive shock acceleration and the
finite age of the SNR shock (Lagage & Cesarsky 1983): E, , <30 Z B  TeV

= E .. can reach the knee of the CR spectrum if the magnetic field in the
acceleration region is amplified to B ~ 100 uG (Fe to the ankle: B ~5 mG)

MHD simulation showing the generation of magnetic turbulence by the
cosmic-ray streaming instabilities (Bell et al. 2014)

CR pressure

escaping CR confined CR

amplified B




2. Supernovas and supernova remnants
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2. Supernova Types

Hydrogen?
N
’ eh.. “

Type | l Type [l

1 T J H“s *
type i

Silicon? Narrow Hydrogen?
Type la Helium? [ype lIn/ [upe [P/
\ T v Na 'al ¥

[ype (D [ype lc
Broad linee?  Really bright?

l l

GRB-SN © astrobites/Ashley Villar

o Type la supernova (27%):
explosion of a (CO) white
dwarf in a binary system (WD
+ Main Sequence or WD+WD)

SN la (artist view)

o Type IIP supernova (43%):
explosion of a red supergiant
star of initial mass between 8
and 16.5 M, (no strong wind)

o Type Ib/lc supernova (22%):
explosion of a Wolf-Rayet star

* SN frequency: Smartt et al. (2009)
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2. SNR evolution - free expansion phase

* Power-law density profile of the outer SN V1 CD
ejecta: p..=C, t"3 R with8<n<12 < 0
18€1a: O = T2 . s [RS m=0.83
(Matzner & McKee 1999) o
7 102 5=
e Circumstellar medium (CSM): g ;
Pcsm = C; RS with s = 0 for a uniform ISM §

or s = 2 for a standard wind density profile W

10F

= The forward shock position and shock :

structure during the initial free expansion
phase can be described by a self-similar

analytical model (Chevalier 1982): R, o ¢™,

with m = (n-3) / (n-s) (deceleration para.) 095 1 105 11 115 12 125 13
Radius/contact discontinuity

* Depends on the adiabatic index of the
shocked gas (PV'=cst), y=5/3 (4/3) for an
ideal non-relativistic (relativistic) gas

Very-long-baseline
interferometry
(VLBI) radio image
of SN 1993J, day
2787 after outburst
(Bartel et al. 2007)

* Model consistent with radio observations
(0.3 <v <115 GHz) of extragalactic SNe:
synchrotron emission from the shock region




Angular outer radius (mas)
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2. Extragalactic radio supernovae

Qﬁnra
day 1107

SN 1993]

r,=6.42t,083 nas

Tatischeff (2009)
Ll II

10°
Days after outburst

° 1993 May 17, day 50
° 1993 Jun 27, day 91

° 1993 Sep 19, day 175
° 1993 Nov 6, day 223

O 1993 Dec 17, day 264
0 1994 Jan 28, day 306

G 1994 Mar 15, day 352
Omup 22, day 390

WJ . O
1995 Dec 19, day 996

94Ag , day 521

I 1994 Oct 31, day 58

1 5 May 11, day 774

1997 Nov 15
day 1693

1996 Dec 13
day g

* SN 1993J: Type llb, discovered on 1993 March
28 in the galaxy M81 (D=3.63 + 0.34 Mpc)

* Electron DSA (?) started at 7, <~1 day

* Measured deceleration parameter m = 0.83,
consistent with s = 2 (red supergiant wind) and
n ~ 8 (OK with SN model, e.g. Arnett 1988)




2. SNR evolution - Sedov & radiative phases

* End of free expansion when the swept-up mass Free expansion : Sedov
becomes comparable to the SN ejecta mass, which L Uniform ISM (é= ) A
occurs at the time (Truelove & McKee 1999): ol 1

My \'°( Esy \ "7/ nu 13 Forward fs
‘st~ (1400 yn) (10 M@> (1051 erg) (1 cm—3) |Op shock ;

* In the subsequent adiabatic, Sedov-Taylor phase, the ©

flow tends toward the self-similar solution for a point
explosion in a power-law density profile medium 02
(Sedov 1959), with (for a uniform ISM with s = 0):

Reverse shock

Chevalier (1982)

Ol
Esw \"5, ny \-15 NI
R, = (12.5 ( )
( pe) (1051 erg) 1 cm—3 104 yr

* Transition to the radiative-pressure-driven snow-plow phase at (Blondinetal. 1998)

£ 4/17 _o/17
Mz@%QMm< “) (’m)

10°! erg 1 cm—3

* In the radiative phase: recombination of the swept-up gas = progressive cessation

05 10 2
t/1

of the acceleration process = escape of the CRs into the ISM

10



2. SN expansion into a circumstellar wind

* Assuming that a constant fraction of the blast
wave mechanical power goes into CR particles:

) . 1
Wer = ferWs = fer X 510(351\4‘@3 x 41 R?

= Fors =2 (wind): Wegr o ™, with -0.5 <m < -0.3

= Wcr is maximum just after the outburst

* High 0, and V, = high amplified B (B?/8 «
pCSMVSZ) nd hlgh Emax

* SN IIb: explosion of a red supergiant in a dense
wind, ~5% of core-collapse SNe (Smartt et al. 2009)

1.0000

(Volk & Biermann 1988)

0.1000 4

0.0100 +

0.0010 A

CR protons

dnF(p)p'cl E,,

10¢17 eV

SN IP=

SN Ib/c

0.0001

102 10 10° 10' 102 10® 10¢ 10% 108 107 10% 10° 10'°

p/mc

erg s'l)

38

Blast wave mechanical power (10
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10 4¢
103}
102:—

10

[ SN in a uniform medium (s=0)

Ejecta dominated Sedov-Taylor ! Radiative

SN in a wind (s=2)

L1l 3 2y
10

2
10
Time after explosion (yr)

3
10

All particles

Ptuskin et al. (|201OI) i

10°

1l P | Lol Ll T ul
108 107 108 109 1010 1on

E, GeV/particle



2. Cosmic-ray modified shock

downstream ,p  upstream
Uq U,
«— | —
CR-modified shock
Test-particle shock = = = = &= =4 Feub I
Conservation equations: (=4 I- _x Vot
® pottg=p()u(x)  (mass flux) X 0

shock rest frame

® potty> T Pyo = p(X)u(x)> + Py(x ) + Pep(x) (momentum flux)

1 3 Vg @ 1 3 Y
® —OnlUn + P u =—o(xX)u(x)” + €C P, (x)u(x
2/Ooo y_lg,OO 2/0()() _1CR()()

g )/g - Ve
escaping energy flux (energy flux)

1 max
with Pp(x) = 3 dp4np3v(p
Pinj

particle distribution function

Diffusive transport equation:

Pt e [T p TP 0t p) =0
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2. Estimate of the DSA efficiency

Hydrodynamic simulations

(Ferrand et al. 2012) * Efficient acceleration of hadronic CRs in SNRs

impacts:
— the remnant morphology (e.g. Warren et al. 2005)

XlU‘l,G

Electron T°

—
o

— the post-shock temperature (e.g. Helder et al. 2009)
— the amplified B-field (e.g. Eriksen et al. 2011)

L
%)

Acceleration — the gamma-ray emission (e.g. Acero et al. 2016)

c=3.5
(’hnj =4 x 10

electrons temperature 7, [KI]

=
-

Forward
& shock

Reverse /7 §
shock

No acceleration
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2. Post-shock temperature

P 3pV?
* In a test-particle (no CR) strong shock: kT, = —=um,, = P, By _ 3 MmHVS2

(wmy is the mean particle mass) P, 4 4p 16

* But in a CR-modified shock with P, =P, + Py, T, can be much lower (for a given V)

* Low T, found in SNR 1E 0102-72 (Chandra; Hughes et al. 2000),
but 7, - T, equilibration?

* Balmer Ha line (n=3—2) profile: narrow component from \f(. .%
A\

excitation of H atoms upstream + broad component from H atom

charge transfer dowstream => T° of the post-shock protons  Protn

* In RCW 86, >50% of the post-shock pressure is due to CRs (Helder et al. 2009)

v L

3 ~ A T T
2 y :
o ~ . HST - lJl. av w I
_ : : 1.0[1.05 29.1 2357.7::
.. 2

uh
X=1.43 i F My

flux [x107'® ergs~'em™A™"]

VLT/ VIMOS B A

1111111

SN 1006 - TRCger . Nikoli¢ et al. (2013) 6 -4-20 2 4 6

v [x10’ kms™']
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2. Evidence for B-field amplification

T T ]
Eriksen et |
al. (2011) -

* Postshock magnetic field estimated from j SR
. : : 12 | o~

synchrotron X-ray filaments (e.g. Vink & Laming /
2003; Parizot et al. 2006) and variability of X-ray

bright spots (e.g. Uchiyama et al. 2007)

O-
.

5 (J2000)
-]
m-
T T
! ay \

* Width of synchrotron filaments [, ~ [y, = £, V/r
where the synchrotron loss time ¢, « E ' B~

o
o).
‘[ T

-
3
F A 8
\ P J.
. W
A 3 v, A
Y

* Given the relation between the synchrotron e
photon energy E,, the electron energy E,and B, * 0}4 "le‘fhof‘SNR._ i)
E,,~40keV x (B/ 100 uG) x (E,/ 100 TeVy: " "o (12000) 0 0

~3/2 -1/2 -1
v
[ =1.4x10" 2 : 2| em
e 100 uG 5 keV 5000 km/s /\ 4

* In Tycho/SN 1572, [, = 1.6” = 5x10'® cm (D = 2 kpc) = B ~ 200 uG. Revill et/,al (2008)

7 “syn

much higher that the compressed interstellar field B ~ 3 B ~ 15 uG P y \M

» B-field fluctuations excited in upstream plasma by various instabilities - \ // 7 !
_— ) '\ 7

‘\I

including resonant (e.g. Bell & Lucek 2001) and non-resonant (Bell 2004)
CR streaming instabilities \\ P,
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2. Gamma-ray emission of SNRs

e Gamma-ray visibility of SNRs (from pion production) predicted by Drury et al. (1994),

now observed from more than 30 sources (1st Fermi-LAT SNR catalog; online TeVCat)

H.E.S.S. (2016) RX J1713.7-3946, E > 250 GeV

= H.E.S.S. Coll. (2018)
- Funk (2015)
B W44 (~ 20 000 yr)
" 10710 = , (~ 3000 - 30 000 yr)
‘}‘E - A WsiC RX J1713.7-3946 .
o - yl (~ 30000 yr) (~ 1600 yr)
w —
9 s
o 101 |\ RX J0852.04622 BN
= = (2000 - 4000 yr)
5 n
L L
L
12| Tycho SNR
g 10 - (447 yr)
o —
N -
LlJ |
103 |
- | |||||||| | |||||||| | |||||||| | |||||||| | |||||||| 1 | |||||| | IN\ 1 |

102 10° 10" 10" 10" 10 10

Photon Energy (eV) Xé)do et ;.m(2010)

1400 1600 1800
[counts/deg?]




2. Gamma-ray emission of middle-aged SNRs

* Middle-aged SNRs (~ 10 - 100 kyr)
interacting with molecular clouds

* Hadronic y-ray emission (t° decay)
from molecular clouds within the
remnant and/or nearby MCs

* Steep CR spectrum, g, ~ ljpp ~2.4
(test-particle DSA predicts g, = 2)

dF/dE in arbitrary units

* Origin of the GeV CRs (see Tang 2019): ...

17

103 5

102 _

101 4

100 4

W30
CTB37A
W4l
G349.7+0.2
¢  G357.7-0.1

-+ @

67.5MeV

Tang (2019)

102 1071 100 10!

Fresh CRs escaping the E.(GeV)

SNR and irradiating
nearby MCs, or

— Pre-existing CRs
compressed and
re-accelerated in
radiative shocks
slowed down by
direct interaction

of the SNR and @ MC N ——

Uchiyama et al. (2012)
*FermilLAT |

2FGL J1857.6+0211,

+ i I SRC-1
& 2

2FGL J1857.6+0211

D87.000 | 286.000 | 285.000 . 284.000 . 283.00 . 282.000 . 281.000 |

102

267.000 _ 286.000 _ 285.000 _ 284.000 _ 283.000  262.000 _ 281.00

30 35 40 45




2. Gamma-ray emission of young SNRs

* In young SNRs such as RX J1713 (CCSN; ~ 1.6 kyr), Vela Jr
(CCSN; ~ 3 kyr), SN 1006 (SN la; 1.013 kyr) and RCW 86
(SN Ia; 1.8 kyr), the hardness of the y-ray emission
suggests a leptonic origin from Inverse Compton

scattering: I .= (¢, +1)/2=1.5forq,=2

e Supported by the correlation

between the TeV and X-ray (synchrotron) images

* The hadronic contribution is still debated
(see Celli et al. 2019)

* In Cas A (Type llb CCSN; ~ 330 yr) and
Tycho’s SNR (Type la; 447 yr), the GeV
emission is most likely hadronic (e.g.

Blasi 2014)

* TeV emission of Cas A cut-off at ~3.5 TeV a0

(MAGIC) = E

max

(p) ~ 12 TeV (<< 3 PeV)

* TeV emission of Tycho cut off at ~ 2 TeV
(VERITAS, Archambault et al. 2017)

g 40
g
low-energy v-ray oy | &
photon o s
J

=D
~ electron

108

2
—
—
e o
= s
o [t}

N/dE [ergs™' cm™2]
=
e

108

-14

10% 10

H.E.S.S. (2016) RX J1713.7-3946, E > 250 GeV  |HEM

| H.E.S.S. Coll. (2018)

18

Ca'ssio'peiéA |
MAGIC Coll. (2017)

1

R
S
S
N l
1
)
1

.
i

1

- IConFIR

.
.
. I

Hadronic Model
Total Leptonic Model
IC on CMB

Bremsstrahlung
Synchrotron

Energy [eV]

| | I | ': - ’I |
% 10% 102 10° 10% 10* 10°

10® 10%° 10'? 10%
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2. v-ray emission and the SNR paradigm

Required CR efficiency of ~ 10% per SN compatible with 15t Fermi-LAT SNR catalog

d & n known d known &n=1cm? (Acero et a|_ 2016)

10° - v I Vo Density in the interaction
? 10% |- v % Vi Yy ® V& #* I vi' T'w * region underestimated
2 102 _Vv}w ............ Vi..... i ............ MA& AN W | U T LI £ ...... '...v ..... V. Y%..
e " [vy B S A A NAARL v | ¥ecr = 10-100%
X, 10" _V""""'I"va' N (PR PPNTRRI ( (I vv§ ........... Y
g 10°— 5 2F < - < 2
5 10" |- un 22 %8 IiIge o S 28 3 Among known radio
) o 40} == = 02 22 I Q N ¥ O =
> - SNRs: 30 GeV sources,
o d=5kpc&n=1cm :
S 10t pesn=tem v 14 marginal, 245 u.l.
L

3
gor ‘. ” T g
o 102 | V’Y ...... ‘ . v.vi .......... v*v .................... s ARRCITIREE Vo vl .vy ..... s w*w
= VW Wy v TN v W Y i Y I ey Ty v T v vl L e = 10-100%
% 10 S e T S S AEASA A, 4 A Ve ™. S Ao Vv’v“'j ...... o I CR
O 100 | v e Point
o Extended Classified
10‘1 L ) ) Young Marginal
:Galactlc Longitude N Interacting v Others

Predicted maximum CR proton energy (Schure & Bell 2013) vs. observations:

SNR Type Age R Us Emax(yT =5) Bsat Bobs E_.. (obs)
RSG (Cas A)  330yr 22pc  4900kms~! 283 TeV 243 uG  210-230 uG ~12 TeV (MAGIC 2017)
Tycho 440yr  32pc  3900kms~! 108 TeV 128 uG  200—-230 uG ~10 TeV (VERITAS 2017)

SN1006 1000yr 7.6pc  4100kms~! <60TeV <35uG  80—150 uG ~50TeV (Condon et al. 2016)
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3. Massive star clusters and superbubbles
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3. Birth of massive stars

108 ——

* Massive stars are born in groups called OB
association and their wind activities generate
superbubbles of hot plasma, where most core-
collapse SNe (~60% - ~85%) explode (Parizot
et al. 2004; Higdon & Lingenfelter 2005)

Massive star lifetime (yr)
=

' Data from Limongi & Chieffi (2006)

* Mean wind power per star from a coeval 105 L .
population of massive stars (Voss et al. 2009): ® Starinitial mass (solar mass)
~ 1.5x10% erg/s for= 5 - 6 Myr NG 1650 A 4
= E,. = (2-3)x10% erg, (15 - 25)% of Eq nwc

* Compact star clusters like Westerlund 1 can
contain hundreds of massive stars in a few pc3

* Radius of a superbubble (Weaver et al. 1977):

3/5 \1/5 =1/
Rsp == (22pc)tyy, N, 5011, 100+

with N ;5 = N./30, N being the number of
massive stars (in the mass range 8-120 M)

green: optical
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3. Acceleration in massive star clusters & superbubbles

SOSElN I A R A A R A R
0 2.107 3.107

1-107

* Strong magnetized turbulence generated by
wind-wind and wind-clump interactions

10" E Y T 3
Distribution function

1010

I 1020

* Specific acceleration processes (Bykov 2014):
Ferrand & Marcowith (2010) ‘

(i) colliding shock flows (wind-wind and SN-
wind), (ii) turbulence (2nd order Fermi), (iii)

ic field . . Itiole shock ot Spectral index s = g + 2
magnetic field reconnection, (iv) multiple shocks T

* Expected hardening of the CR spectrum due to | | |
repeated shock acceleration: -2 o : g

dN/dp(p) xpiwithg=1+P,_/B,.. “knee”  “ankle”
P_,. being the escape probability downstream

==
=== D escape
= all particle

In a S|ng|e Shock- PeSC — 4VS/(W) - q: 2 for y= 4 " :a%lparticle(escape) - g

— (@)

But if P,,, — 0 in multiple shocks: ¢ — 1 EI la

 Maximum CR energy can be boosted by ;: i ' 5

(i) turbulent B-field amplification in colliding T’ §
shocks, (ii) repeated shock acceleration, 0* f

(iii) system size (— ~100 pc; Hillas criterion) 10° b
10* 10 107 7
p/myc




3. y-rays from massive star clusters and superbubbles >

log(I/(W/m2/s)) -5.5

* Diffuse GeV y-ray emission (Fermi-LAT Coll.
2011) associated with the young massive
star cluster Cygnus OB2 (3-4 Myr; no visible
SN): hard spectrum from CRs accelerated
in colliding winds or GCRs re-accelerated in
turbulence? (Tolksdorf et al. 2019)

Gal. latitude (deg)

* Detection with Fermi-LAT of GeV y-rays :
from a candidate massive OB association/ oo e ea
cluster G25.18+0.26 (Katsuta et al. 2017)

Cyg'nus Cocoon '—Q'—'
E,=1TeV

E,=5TeV —.=
no cutoff ======

* TeV y-rays from the

local emissivities == = =

superbubble 30 g R . 0

Doradus C (~5 SNe) in ' § 9723
the LMC (H.E.S.S. Coll. |3 u . f
2015) - Most probably 5oty Pre_diqtedfv-ra?\\ N
leptonic (Inverse standard GCRs (as N N\
Compton) emission oo W gl oA N B
(Kavanagh et al. 2019) | " oo S 1 o " 1000




3. Galactic CRs from massive star clusters?

* Aharonian et al. (2019): Cygnus OB2 and Westerlund 1
show power-law y-ray spectra with no break, similar to
the TeV emission from the Central Molecular Zone (but
H.E.S.S. Coll. 2018) = massive star clusters are PeVatrons oo

SgrD SgrB

H.E.S.S. Call.
(2018)

Galactic latitude, deg

HESS J1746-285

0 359.5 359 358.5

Galactic longitude, deg

SgrA Sgr C HESS J1745-303

1/r radial distribution of CRs around the star clusters = continuous CR injection

from the stellar wind activity, not from intermittent SNe (Aharonian et al. 2019)

Controversial

Differential luminosities (erg s™' GeV™")

10% b

1034 L

1032 L

1030 L

1028 L

102

Aharonian et
al. (2019)

1IEO=O.5P6V
T T T T

Cygnus Cocoon
Cygnus Cocoon Argo
CMZ —@—
Wd 1 Cocoon —@—

2: E;=0.2PeV
T T T

Weg (€V cm™)

107"

10° 10'

102 10° 10*

Energy (GeV)

107"

1072

Wd 1 Cocoon (x0.1)

1/r distribution

50 100

Projected distance (pc)

150

200

24
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4. Lessons from the cosmic-ray composition
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4. Galactic cosmic-ray composition

S S~~~
== - —_
® o = b

[y
=)
(=)

[
=)
n

Atomic abundance, Si = 10°
=

He

e Solar system

o Galactic cosmic rays

Fe

Ni

26

10 ‘- y
3 Cl g :
10 Co
' C“‘ Ge
102 ' A% Cu Se Kr
/) Sr
Li S ; ,4\ \ A Zr
10 B ¢ Ga §f WA \ 2
1 Secondary elements in the GCR As Br gpp y
1 Be | produced by spallation of CNO
10 (LiBeB) and Fe (Sc - Mn)
10 L1 1 1 | | I T T T T T T T T T T T N T T R O A T | | L1 1 1 | L1 1 1 |
0 5 10 15 20 25 30 35 40

Atomic number, Z

* First order: CR compo. close to solar, but overabundance of secondary elements
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4. GCR grammage and lifetime

035 T rrrrmam LB LA T T rrvrmT T T TrrrrmaTm T TT "'ll-
050k St . Jones et al. (2001) Secondary fractions in CRs (ACE/CRIS; Wiedenbeck et al. 2007)
F o d=500 MV ] .
=3 1 O 1.5
2 — Standard Ditfusion Model 1] Oc¢
o Ry C — — Turbulent Diffusion ] 8'9
< C -+ - - Wind Model ] 1 0+~ 1.0
o o1s kb —_ ;Agérr;ag Reacceleration 1] ©© -
r v istea 1 0 Lct)
. Voyager-1,2 ]
0.10 £ o HEAGS ] X 0.5
r m  UNH (CRID) 1977 4 @)
r [Chappe",h Webbe{én 74 ] S
0.05 F © Duyeretal 219 = 0.0
L o Webber (1985) et al. S b
F ~ 33
000 C e aarnn 111 aananl Lt el L1 eanl -1 lllll?
0.1 1 10 100 1000

Nuclide Mass Number
Energy [GeV/n]

* Model of CR transport constrained with B/C (+ other) data (e.g. Génolini et al 2019)
=> secondary fractions and CR abundances at their sources

* To produce the measured B/C, the grammage (= target thickness) CR o
traversed by CRs is X g ~ 10 g cm2 at 1 GeV/nucleon ‘M7’d

* The corresponding lifetime of CRs before escape from the Galaxy is

X
(1 GeV)~ R~ 50 Myr
pISMC
where o ~ 2 % 1025 g cm™ is the mean gas density in the CR confinement

volume of the Galaxy (disc + halo)
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4. GCR source composition

I

Mainly in dust

ﬂ BETRE RN * Preferential acc.
o demTo i r i 8 i | of dust material
—=="1l: il EnhancementwithZ (or [|: ¢ ¢ ¢ ¢ §

. i i |i i A)ofthe highly volatiles

o p i on b n s n s n b 8t Hoand He - Meyer et al. (1997)
- B i i s ooroio it i i i |:| HEAOC2 (Engelmann et al. 1990)

. . Iysses (D is & Thayer 1996

Proton abundance (relative to Si) S gyss"’s( uvernois & Thayer 1996)
: : : : : oyager 1 (Cummings et al. 2016)

0%/ | depends on the CR transport model | i i : i || ACE-CRIS (Israel et al. 2018)
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Depletion at F, = 0 ([X/H],)

Depletion at F, = 1 ([X/H],)
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4. Depletion & interstellar dust composition
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Lines of sight with minimum depletion
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Ritchey et al. (2018)
Jenkins et al. (2009)
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partly in dust

Lines of sight with maximum depletion

1 L L L L 1
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Gas-phase depletion:
sub-abundance of an
element measured in UV
and optical spectroscopy
compared to its solar
abundance

= Element fraction in
dust grains.

Significant variation with
the line of sight.

mainly in dust

0

500 1000
Condensation Temperature (K)



4. A/Q dependence of the acceleration efficiency

* Hybrid (kinetic ions-fluid electrons) simulations of chemical enhancements in
shock-accelerated ions (Caprioli et al 2017): C; « (4,/0;)* (Q;: atomic charge of ion i)

* Inthe hot ISM phase (7'~ 10° K), A/Q, « ~ 494 (partial ionization of heavy ions)

=> enhancement with mass of the highly volatiles
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* Preferential acceleration of grain material (Meyer et al. 1997), as grain can have huge

A/Q ~10%-108!
i. Maximum kinetic energy per nucl. of the
accelerated grains (Ellison et al. 1997):

a3 2/3 2/3
(2 (B (Y
lcm—3 10V 3uG

ii. Grain sputtering with ambient gas atoms

iii. Injection of the sputtered ions in the
shock acceleration process with the same
(suprathermal) velocity of the parent grain

N

=
=
=

=

10"

107 .

107

0%

=102E

E v, 4/3 ~2/3 S
- ~ 100n 23 [ — % ( a ) X -
A J G max 400 km s~ 10" m j

Caprioli et al (2017)
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Source Abundances of Refractory Cosmic—Ray Nuclides
T T IIIIII T T TTTTT T T T TTTTT T T TTTTT

1)

0.1

GCR Source Abundance (2881

4. GCR isotopic composition - 2’Ne

TE
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* Isotopic composition of
refractory CRs also very close
to solar: evidence for
acceleration of the average
ISM enriched by Galactic
chemical evolution (see VT &
Gabici 2018)

GCRS (CRIS) —eo—]
Solar Wind °
SEP Derived "
Coronal Abund.
-0.1 0.0 0.1 0.2 0.3 0.4 0.5

Solar System Abundance (285151)

56Fe /28\ E

Si ]

54¢, .

3 293\ E

30g; 404, ]

57 | o :

Fe |

58Fe ) E

59c, .

¢ Wiedenbeck et al. (2007) |

= “Ca E

Illl L 1 lllIlI 1 L Illllll 1 1 Illllll lll :
10”4 1072 1072 0.1 1

“Ne/ *Ne Ratio

* High isotopic 22Ne/?°Ne ratio
(Garcia-Munoz et al. 1970,
Wiedenbeck & Greiner 1981,
Binns et al. 2005) = 0.387 +
0.007 (stat.) £ 0.002 (syst.),
which is 5.3 £ 0.3 times the
solar ratio (in the solar wind)!



4. Stellar nucleosynthesis of ?’Ne

- .- » : 'l -‘ . - . .
' -
5 ". ¢ ' o - ’
» . - -
1 .
’ -’ . 1 k. . s 3
' ';: ‘w ’.
.

. olf-Rayet WR 124

* 22Ne synthesized by burning of 1*N (ashes
of CNO cycle) during the He burning
phase: "*N(a,y)'*F($*)'*O(at,y)**Ne

* Contribution to Galactic CRs of Wolf-Rayet
wind material expelled during the WC and
WO stages? (Cassé & Paul 1982)

* GCR origin in superbubbles enriched in
22Ne from winds of massive stars?

3 Neze 001 F E
A Lo ov vl d n vl L]
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V=15
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. Ne Y.ie.l.d.s...l ] ; Ne?Z{NqE}QﬂFatiq

: V — 0 7 1 = -
E /SNejecta ECeR Sour;g E
i Wind ] ; :

Mass (M) Mass (M)
©ON. Prantzos, yields from LC2018
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4. GCR isotopic composition - °°Fe

* Detection with 16.8 years of data of
ACE/CRIS of 15 nuclei of ®°Fe (lifetime
T,0=3.8 Myr) and 2.95 x 10°>6Fe (in ~50
- 500 MeV/nucl.) (Binns et al. 2016)

» ~]1 %9Fe could be a secondary CR
(fragmentation of ®2Ni or ®*Ni), ~1 + ~1
®0Fe could be produced by interaction of
heavier ions in the instrument

= 60Fe/>¢Fe = (4.6 = 1.7) x 10-° at top of 50 51 52 53 54 55 56 57 58 59 60 61 62
Mass (amu)
the detector

* At the CR source: ®°Fe/>°Fe = (7.5 = 2.9) x 10~ (leaky-box model; Binns et al. 2016)
or ®°Fe/>Fe = (4 = 11) x 10~ (disk/halo diffusion model; Morlino & Amato 2019)

* Approximate mean distance to the source: L ~ (D y 7,,)"* ~ 400 = 700 pc (i.e. local)
where D ~ (1 +3) x 10?® ¢cm? s! is the CR diffusion coefficient at ~300 MeV/nucl
(e.g. Evoli et al. 2019, Génolini et al. 2019) and y = 1.3 is the Lorentz factor



4. Stellar nucleosynthesis of °Fe

ek
a1 < el g

—
* Average ratio in the Galaxy from y-ray
measurements (INTEGRAL satellite;
E,=1.17 & 1.13 MeV from *°Co decay):
(°°Fe/>°Fe) ;1 = 1.5 X 107 (see Diehl 2013)

= 60Fe CRs not from the average ISM!

_/

» 50Fe produced in core-collapse SNe, by
neutron capture (i.e. **Fe(n,y)%Fe)
=> a fraction of the CR material come
from fresh (< a few Myr) SN ejecta

» 50Fe gcceleration at the reverse shock?

» 0Fe acceleration by the forward shock
of a nearby SN in a superbubble (?)
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4. Local source of cosmic rays

Gould Belt: ring of stars with several OB associations at ~ 120 - 450 pc from
the Sun (Gould 1879)

About 17-20 supernovae (SNe) per million years (Myr) formed in the Gould
Belt during the past several Myr (Grenier 2004; Frisch & Dwarkadas 2017)
Local Bubble: cavity (n ~ 0.05 H cm™3) surrounding the solar system.
Originated from 14 - 20 SNe within a moving group now in the Scorpius-
Centaurus stellar association (e.g. Breitschwerdt et al. 2016)

®0Fe detected in deep-sea crusts suggest two nearby (< 100 pc) and recent
SNe: 6 5-8.7Myrand 1.5 - 3, 2 Myr ago (WaIIner et al. 2016)

) . ° [ )
w0 g e, S
: ,, Cep OB6
100 — IR J
L . o Per
0— ~Lac OB1 @ ‘
: : Per OB2 " ® ¢— .=
¥ . Ori OB1a : =
: ‘ S / Vela OB2
~100 - . @///
v 0r|OB1b‘“
B & orioBic

500 Darors od The Local Bubble

Grenier et al (2004)
Y (pc)



36

4. Scorpius-Centaurus association

* Nearest OB association: subgroup mean distance (de Zeeuw et al. 1999) of
118 pc (Lower Centaurus Crux, age 17 Myr), 140 pc (Upper Centaurus-
Lupus, 16 Myr) and 145 pc (Upper Scorpius, 11 + 3 Myr, Pecaut et al. 2012)

Galactic Center

. . 1200 -
e Stellar population: e # OB Stars / Age (MY)
1000 - 2000 stars | A >50/0-10
in LCC and UCL 500 L
. 600 - " 5507
(Mamajek et al. :
400 - 10-50/0-10
2002), 2525 stars g 1 ®  10-5010-25
] US f I tl I E, 200—_ * 10-50/25-40
in US (from Initia 8 o 90m 10507
Mass Function; & 2001 S
oy . ) - €r symboIs
Preibisch & 400—_ <10 OB stars or
Mamajek 2008) 600 number not known
800 -
1000 Sco-Cen Subgroups
1200 -

© B. Binns & J. Bonin
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4. Scorpius-Centaurus association - age map

20 Myr

24 Myr

-10

Evidence for triggered star formation
Pecaut & Mamajek (2016)

F/G/K/M Pre-MS
Accretors
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Other B1-B5
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4. Population synthesis in Sco-Cen - Ne and Fe production
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e Stellar masses generated
randomly (Kroupa et al. 1993)

* Stars with M >40 M,
collapse - no SN explosion
(see Sukhbold et al. 2016)

= About 1515 SNe

e Stellar yields from Limongi &
Chieffi (2018)

* Yield ratios given relative to
estimated average values in
the ISM:

(*°Ne/*°Ne) s, = 7.35 x 1072

(solar wind)

- (°°Fe/>°Fe) = 1.5 x 1077

(gamma-ray astronomy;
INTEGRAL)

N. De Séréville & VT, in prep.



4. 22Ne and ¢°Fe CR from a recent SN in the LB

[*’Ne/*Ne]
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4. ’Ne-enriched CRs from (compact) star clusters?

S

e e e

* From 1D hydro simulations: (i) wind termination shocks (WTSs) process
>25% of the total mechanical energy in a star cluster and (ii) a large

fraction (= 2/3 — 6/7) of the total energy processed by WTS and SN shocks
goes into acceleration of wind material enriched in ?°2Ne (Gupta et al. 2019)

Density (my cm™)
[ [ ] I S | I - I - | B 0 - s ]
1073 102 107! 10° 10! 10%

Compact star cluster Loosely bound star cluster

Mach number
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Conclusions

1. Supernova remnant shocks accelerate cosmic rays with about the
required efficiency to explain the Galactic CR energy budget,

2. But they seem unable to account for the CR data at the “knee”
energy and beyond

3. CR acceleration in (compact) clusters of massive stars might
explain the CR data beyond the knee and the high 22Ne/?*°Ne ratio

4. OFe CRs could come from acceleration of material in the Local Hot
Bubble enriched by the activity of the nearby Sco-Cen association

o Understanding the origin of cosmic rays requires determining the
relative contribution of these sources as a function of energy...

PHYSICS and ASTROPHYSICS of COSMIC RAYS OHP Saint Michel I'Observatoire November 25-30, 2019





