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SNRs and CRs: an old stog

COSMIC RAYS FROM SUPER-NOVAE

Cosmic Ray Spectra of Various Experiments By W. BAADE AND F. ZWICKY
MoUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON AND CALI-
L. 10* T S I & s FORNIA INSTITUTE OF TECHNOLOGY, PASADENA
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E R 2 :‘3‘2":‘::;“ rays are of extragalactic origin, if, for the moment, we disregard the
5404 ¢ HiRest mono - air ivorescence possibility that the earth may possess a very high and self-renewing
= O WiRea2 mono - sirfuorescence electrostatic potential with respect to interstellar space.
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107 s L (1) The intensitvy of cosmic ravs is practically independent of time.
SN R > Ll - ; This fact indicates that the origin of these rays can be sought neither in
3 : ix : ee : - p
107 : St R (1 ’,,a,,:;,,,m Zyeary| the sun nor in any of the objects of our own Milky Way.

The constant power slope of 2.7 over many decades
(up to the knee) suggests a unique acceleration
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The Energy argument

Most of the CR energy is at low (GeV) energies (where the CR spectrum is heavily modified by
solar modulation.

A careful estimate of the galactic energy density of CRs,
Ecrs Nas been obtained by Webber 1998 (using data from
the Voyager and Pioneer spacecrafts at ~ 60 AU from the
Sun)

L= Bqu of CR energy

0} H + LEAP - satellite
Proton - satellite

Yakustk - ground array
Haverah Park - ground array
Akono - ground array
AGASA - ground array

Fly's Eye - air flucrescence

* OP> O & &

HiRes1 mono - air flucrescence

Flux (m® sr GeV sec)”’

HiRes2 mono « air flucrescence
HiRes Stereo - air fluorescence
=] Auger - hybrid

er~ 1.8eV/cc

: Knee
A particle/m’-year)

cf. = & aigne ~ 0.3 €V/cc L
=gg~ 0.25eV/cc '
" €xurbulence ~ 0-3 eV/cc
~ 0.01 eV/cc

- 8thermal

Fundamental component for the galactic energy budget

Isotope studies (see, e.g., Yanasak et al. 2001) show that ' .. s
CRs (with GeV energies) diffuse out of the Milky Way 10° 10 10™ 102 10" 10 10'® 10 107 10" 10" 10
with a characteristic galactic confinement time Energy (eV)

T, =15+ 1.6 Myr
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The Energy argument
—————————————————————————————————————————————————

CRs are ubiquitous in the Milky Way (radius
of the disk ~ 15 kpc, thickness ~0.5 kpc)

Er V
~ 2 x 10°° erg/century

TESC

= Binding energy release in a core-collapse SN: 103 erg, but 99% of this energy is carried by
neutrinos == characteristic energy of a SN, E¢, = 10°! erg

= Characteristic rate of SNe in the Milky Way, r¢y ~ 2.5/century (one event every 40+10 yr.
see Tammann et al. 1994)

Galactic SNRs (are the only source that) can provide the required power to CRs, provided
that they transfer them ~ 10% of their kinetic energy
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Historical SNRs - a brief note

Characteristic rate of SNe in the Milky

Way, rgy ~ 2.5/century (one event every
40%10 yr. see Tammann et al. 1994)

We expect 40-60 SNRs with an age lower
than 2000 yr, but we have access only to
a small portion of the Milky Way

stellar explosions that are thought to have occurred in the last 2,000 years




The acceleration mechanism — Fermi acceleration

Basic idea (Fermi 1949): collisions with moving magnetic mirrors (interstellar clouds) determine
a net increase in the energy of charged particle

4 |
57

Yoy ] T Second order acceleration mechanism
HAES S that results in a power-law energy
G Loope Fincons Opnnn Hnn spectrum
TR S f{'.,i,ffJ-; ; N(E) oc E*
: 1 Cadeeats where x = 1+(at,..)! and oE = dE/dt
MV (but see also Blandford & Eichler 1987)
“ P & r= el L% Alrani -{," oS
_,1 = A4 1 f - | (.'
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f§ A AL 4 {;,/‘ ) ,"-)v, 7 o d A o I" >- y ot = D V \\ ot dAelr
\ ‘)’ / ’ ¥ ,_,.4«(-.-.{4 , ;’-l -—-2—-/i ‘-;’ W |
Laa Mf=2vVt=2V ) = Slow process (acc from low energies can

7 be hampered by ionization losses)

{}/JIJ‘A »)/« VT SRR 2 6 T B

¢ f m Page of the Enrico Fermi’s
& notebook (from “Fermi and
/

B Sy AR o Astrophysics”, by S. Shore)

= No reason why x should be ~ 2.7

' Miceli, M. - SNRs as Cosmic Accelerator




The first order Fermi acceleration in SNR shocks

unshocked ISM R-H conditions (adiabatic shock)
[v:] =0 ) 1 y-1 2 1

2 _ N :
shocked ISM N Fomp Y+1 y+1M?
[P+ pvg] = [/"'.r".u] A [/"'.r":]

: 2 y _v—1
[pr(1/20° + k)| =0 = e,

unshocked
ejecta

At each cross E’=[14+2/3(v/c)]E,=EE,

If P is the crossing probability, after m
steps, one has: E=¢™E,, and N(>E)=N,P™

log(N/NO) — logP -1 Axford, Leer & Skadron 1977; Krymsky 1977,
log(E/EOQ)  logg Bell 1978a,b, Blandford & Ostriker 1978

N(E) o« E*dE; k=logP/log&-1=2
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The first order Fermi acceleration in SNR shocks
________________________________________________________________|

In general N(E) oc EX where k=3R/(R-1)

Shock speed in a young SNR, v, =103-104 km/s, Mach number>>1, R=4

Since E™~(1+B)™E,, we need 1100 shock crossings to boost a proton from 300 keV to 3 PeV if
v,,=6000 km/s

Characteristic acceleration time

=p/(dp/dt) =3/(V,—-V,) (D,/V,+D,/V,),

tEl.CC

where 1,2 indicate the upstream/downstream bulk velocities and diffusion coefficients (Drury
1983). In the case of Bohm diffusion DB, , = p(1/3)c?/(qB, ,)

o _ 125 v, |2 E R
% Booug | 5000 km/s| T00 TeV ~R,-174 7

where
n= D/DB is the gyrofactor and R, is the shock compression ratio in units of 4 (Parizot et al.2006)
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Shock modification — particle backreaction
e

I —
Hadrons do not suffer radiative losses so we expect them to reache higher E than e
Effects of the accelerated particles on the shock dynamics (e.g., Blandford & Eichler

1987, Malkov & Drury 2001,Blasi 2002,2004) = Non-negligible ram pressure of ultra-
Bian] N . .
oo relativistic hadrons  (adiabatic index
gmamnd T ey v=4/3), R ,=(y+1)/(y-1)=7 not 4
Mohdiﬁﬁd }
ShocC 1
%‘ ; Larger = The shock is not adiabatic (energy
2 % " : compression | drain by escaping particles) and:
> : y + 1
= Tgegmg(l < | u,— Fiot =
sho e 2)
E > L Unmodified shock YV — \/1 +2(y° — 1) Qesc/ Pa U:h
| 3
Upstream x=0 Downstream 10 ' I R '
N(E) «« E* where k=3R/(R-1)
! . . 107
— | - .1‘}5 3
W | Unmodifiedt, "=~ ; i
=3 shock *, " o
- | e
L 10 f e _:
i Bykov 2008
4.0
0.1 1.0
Reynolds 2008 Qusc/Tin

- ———————————
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Shock modification — particle backreaction

I —
Effects of the injecion efficiency and of the Mch number on the shock modification (e.g., Blasi
2002, 2004, Blasi et al. 2005, Decourchelle et al. 2000, Vink et al. 2010)
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g I i § |' '.I
: 4 )
O - - i |
bl 2 10 | -
7 Cl:ﬂ v | '. ]
2 i e I =]
() & _ =z _~.-_—-_7_‘—'—‘;"-
a 1 Tpi '
i : Blasi 2002
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'; N MD
OL) § D e \‘I\ N" T T . T ]
3 ; .. Vinketal. 2010
3 E = .
a : 2 -l
S i T °F
0 ]
3 [ =— uzi%S
C § 1 A PR T | T T T | L ! % g - H SEPA
0.95 1 1.05 1.3 bl B il
Radius/contact discontinuity iy
The shock modification is expected to decrese the ° ‘ ' '

0 ‘ 0.2 L 0.4 ‘ 0.6
post-shock temperature with respect to the test- w.= PL/P

particle case

total
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Radio emission:
SNRs accelerate electrons
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Electronic acceleration — radio emission
]

Synchrotron emission from SNRs has been detected since the early days of radio astronomy
(e.g., the detection of the previously unknown SNR Cas A, Shklovskii 1953, Minkowski 1957)

The synchrotron emission of ultrarel. e” at energy Eg.y peaks at v, ., =3 E*.yBjg,c GHz

peak

Radio emission from the shell traces the presence of GeV electrons at the shock front

All the 274 galactic SNRs listed in the Green’s catalogue

(https://www.mrao.cam.ac.uk/projects/surveys/snrs/)

have known radio properrties

SNR Spectral Indices
(Green 2009)

80
Reynolds et al. 2011

60 -

historical SNRs

Rl " A
* e ¥ b
R

r

-

Image courtesy of NRAO/AUI

0.0 0.5 1.0
0=0.5 in the photon spectrum corresponds to an index k=20.+1=2 in the electron spectrum
...but large spread and time dependent variations of o




Radio emission - Energy content
e

Synchrotron luminosity of a SNRs: L, = A(«a) @

produced by an electron spectrum: N(E)dE @"P where p=2a+1
If we assume that the protons have energy 8 times that of the electrons, that is,

& = Pé. s & = (1) €, = M,
where g,= [EN(E)dE
B2

The total energy present in the SNR responsible for the radio emission is Wtotal = Vee + “""2 o

I / ABZ
Wiotal = G(a)nL, B3/ +V_—
> Magnetic field B 3o G(a)nLy 24
2 in — =
é energy aB min > V
& . B2 |
otal energy .
Wio [ == - Wmag = VI = 3w,
mag 210 4 "Y particles

Cassiopeia A:

Particle energy aB™?
/ " Lign, = 2.6 x 10%° erg/s/Hz
5 — =\ ~ 1056cm3 ) W =2x10%n%7 erg
=a~0.77

= B_. =100n%7 uG

Magnetic field strength, B | ongair 2011
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X-ray emission:
The maximum electron energy
-Probing shock modification
- Probing B amplitication




X-ray synchrotron emission
—————————————————————————————————————————————————————

Detection of synchrotron X-ray emission from the
remnant of SN 1006 AD (Koyama et al. 1995, see also
Reynolds and Chevalier, 1981) and then in other young
SNRs proves that the electron energv 210 TeV!

S
B E -
hvep = '3})( e -] keV
100 uG / \ 100 TeV

Other examples |

Decl. (J2000.0)
2:00.00.0 55:00.0

Cassiope_ia A RCW._86

A

Winkler et al. 2014

15:03:00.0 30.0
R.A. (J2000.0)

The nonthermal X-ray spectrum shows a cutoff associated with the maximum energy achieved

by the electrons in the acceleration process that may vary across the shell

20 P
17 = T
10" E Miceli et al. 2009 S -

. gL -+ + 1E 5 S S
= a—
N L —+ e -
< D -+ . :
E - i3 = i - :

-+-

® 1075 - + ++ + L+ v —

g B i Sls’

10 15 20 25 30 |

ot
4)]




X-ray synchrotron emission — maximum energy

R
Three possible mechanisms can limit the electron energy in the acceleration (see Reynolds 08)

" Loss limited: energy limited by the radiative losses (£, .
= Time limited: limited acceleration time (£, oc B)

= Escape limited: change in the availability of MHD waves above some wavelength (£,  oc B)

The loss-limited scenario shows a characteristic spectral shape (Zirakashvili & Aharonian 2007,
see ) also Blasi (2010)

N(E) « E*[1 + a(E/Eo)’1exp [—(E/E)*] | [S% oc hv72[1 + I(hv/hvo)" ) exp (— Vhv/hve)

electron spectrum photon spectrum
where a = 0.66 (0.523), b = 5/2 (9/4), ¢ = 9/5 (2), 1 = 0.46 (0.38), m = 0.6 (0.5), n = 11/4.8 (11/4) , for B,=B, (B,=\11B,)

oc B0.5)

Miceli et al. 2013 Spatially resolved spectral analysis in SN 1006
| shows that the maximum electron energy is
i limited by radiative losses and proceed close to

e 1 the Bohm limit (Miceli et al. 2013, 2014)

nommalized counts s ' keV!

T Similar indications from the global spectrum of
| RX J1713.7-3946 (Zirakashvili & Aharonian 2010,

Uchiyama et al. 2007) and Tycho (Morlino &
1 Caprioli 2012)

2
Enargy (kaV)
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X-ray synchrotron emission - thin filaments

SN 1006

V4

-~

Radio (1.5 GHz) X-rays (2-4.5 keV)




Magnetic field amplification

The width of the X-ray synchrotron emitting filaments can be used to infer the value of B
(B~100-600 G, Vink and Laming 2003; Berezhko et al. 2003; Bamba et al. 2004, 2005; Volk et
al. 2005; Ballet 2006; Parizot et al. 2006)

80

'(g)o-zf)gkezls “ Bamba et al. 2005

[

S

&0
T

counts
40
Ll

\

20

LA B N
Y g g 510
3 T i ) /) -
o X A PRI - L= ¢ o
a L ATSS: A3 TR a7 B &

520

ladv = teool 'Ush/ r ‘
And given that feoo = 6.37 x 10° B2 E_.! and

3 —3/2 /2
laay = tcooll/sh/r = 1.8 x 10 BmG ’keV l.'10()()/r PE
or, alterntively

ldif = \/'{dtcool = 2% T

Vagiis — 1.800¢ 100 B, BE

3 p—3/2 :
BmG pcC
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Magnetic field amplification
e

Predicted by Bell (2004): cosmic rays streaming outward produces an electron return current.
Electrons are then deflected by the magnetic field, thus originating a turbulent, amplified

magnetic field. This mechanism is expected to give ug = V ,u

B2?/(8mp,) (cgs)

1017 |

1018

1015 |

1014

cr OCpVSh3
T T T T T T T T T \“!‘-
SN19931 b
(Fransson 98) P
o /oc'\72
Kepler's SNR @ 6 kpc D
o<V3
e Young SNRs 1
I Vink 2012
1 1 1 1 1 1 1 I 1 1
104
Vs (km/s)
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Magnetic field amplification

In a few SNRs (RX J1713.7-3946 and Cas A), some knotty X-ray synchrotron emitting regions
seem to vary on time scales of years, which may be indicative of the synchrotron cooling time
scales, and hence high B (~mG, Patnaude and Fesen 2007; Uchiyama et al. 2007; Uchiyama and

Aharonian 2008)

R2' B

_— ®atnaude & Fesen 20078k

Alternative explanation: varying B due

to passages of large scale plasma waves
(Bykov et al. 2008) ‘Miceli, M. — SNRs as Cosmic Accelerator




Shock modification — observational evidences

T
Higher compressibility == [ower distance between blast shock and contact discontinuity
Observed in Tycho (Warren et al. 2005)

Y =
% RS/CD
5 0.8 - N
G e M %
e > \\{ N -
5 2 N\ -
(o) | | : \\I\\
E | -
- I | \
3 WP PR R
e OB | : | \\\\:_
| I\ \
- | | | '\. 4
| : l \ X
- | \ =
: L \
- b ol i
I
04 Ll 1 1 11111|111’
0.1 1

Hllt“ ml “‘i*‘ Iy "| The proximity of BW and contact discontinuity may

not be an effect of shock modification

3D MHD simulations with ejecta

clumping (Orlando et al. 2012) ,
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Shock modification — observational evidences

low T, high EM?

Detection of the post-shock ISM and variations in
the shock compression ratio in SN 1006 (Miceli
et al. 2012 see also Winkler et al. 2013)

r - T

density (cm*)

100 120 140 R 160 180
Azimuthal angle

Indications of spectral curvature in the
synchrotron radiation derived from the analysis
of radio and X-ray observations of SN 1006
(Allen et al. 2008)

E-Ap-dn/dp (erg cm)

10~ 10-14 10°8 1077 10-1

1076

L
9
-
@

12

Allen et al. 2008

10* 10° 107 1042 10%
Kinetic Energy (eV)
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Leptonic vs. Hadronic scenarios
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SNRs in Gamma-rays

RXJ1731-347

+90

1st Fermi SNR Catalog: 15 SNRs identified and >40 candidates (Brandt et al. 2014) in the
Fermi band (0.1-100 GeV)




Hadronc vs. Leptonic scenarios
- i,

E,= 3000 TeV Kelner et al. 2006

Hadronic Scenario: proton proton collision
with n° production and subsequent 2-
photons decay each with energy half of the
pion rest mass (135MeV) in the rest-frame of
the collision. In the observer’s frame the
photon energy is ~0.12E

The cross-section of VHE in hydrogen nuclei is weakly energy dependent (Hinton & Hofmann
2009) and is 6,,~35 mb, resulting in a lifetime T ~3x107 n"t yr ‘ hadron emission requires
efficient hadron acceleration and nearby dense targets (e.g., MC)

Leptonic Scenario: IC (on CMB, dust-emitted IR) and nonthermal bremsstrahlung from
ultrarelativistic e’
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Hadronc vs. Legtonic scenarios

o | LA | il LI | skl L L sl il L | LA | il L | | | LA | 2| LI |
f Hinton & Hofmann (2
on k€ Electrons, E~2 spectra ton & Hofmann {2003}
e 10ZF
" -
o ;
g 10"°F
v C
9 I
@ 10"E . |
W | | | | | | | | | | | | | | | | | | | | |
E -
% 10" £ d Protons, E~2 spectra 5
R .
w
pe | ot g 100 TeV |
b Fe i Ec=1TeV
/\\‘\Te" Ec = 100 TeV
10_13‘11 | g2%] | o | [ | | 1 [ | | e | | | g2%] [ | e | ! 1 1 =
10 107 107" 10 10° 10° 107 10° 0 5 { {0 b 10!
IC and synchrotron (from secondary e- in (d)) Energy (eV) bremmstrahlung

cutoff power-law distributions of particles: d N/d E o« E=% exp —E/ E"l
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The case of RX J1713.7-3946

Very bright HESS source with bright X-ray synchrotron emission (Acero et al. 2009), surrounded
by dense molecuar clumps (e.g. Fukui et al. 2012) == perfect candidate for hadronic emission

Strong debate between hadronic (e.g. Ellison et al. 2010) and leptonic (Berezhko & Volk) origin

-Abdo and Fermi LAT coll. 2011 - Abdo and Fermi LAT coll. 2011
‘ [ i
— p— B :'-’A"‘i ”&
i = 473 N\i\
o o ¥
£ 10° € 10° {{ A
o o £
% > B \ ‘}
= = -
L E <
S s Y. // \
% (H'I \ 1‘1 \
YT
. —u— Fermi LAT (24 months) 1 s | “ —a— Fermi LAT (24 months) \ 1]
Berezhko & Voelk 2006 e 4 \
Ellison et al. 2010 (rOdominated) - e FORBISELo0eo \ |
Zirakashvili & Aharonian 2010 (t0 dominated) 7/ — — Ellison et al. 2010 (IC dominated)
Zirakashvili & Aharonian 2010 (IC/ n0 mixed) ~ Zirakashvili & Aharonian 2010 (IC dominateb)\
Lol Lol Lol Ll 1 ronl ] e (5 N | v ol Lol Ll Lol Ll AN T
10° 10* 10° 10° 107 10° 10° 10* 10° 10° 107 10°
Energy [ MeV ] Energy [ MeV ]

The Fermi LAT observations rule out the hadronic scenario
...though only on the base on (over-)simplified one-zone models
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Young SNRs in gamma-ray

In general, the gamma-ray emisssion in young SNR presenting bright X-ray synchrotron emission
is consistent with both the leptonic and the hadronic scenarios, e.g Vela Jr. (Tanaka et al. 2011)

and SN 1006 (Acero et al. 2010)

— ... Velar.
f(a) hadronic
10-10 | \
101 i
” l
E -12 L
10 £
3. F
5
5 i (b) PRI
~ : '
%‘0—“){ '.’. \ E
Nh‘ E ,'l- “.. _i_‘?-
10—11§ s, \ ,%ir
10-12 4 ’_g". ..“ ,1, 1
-t Tanakaetal. 2011, -
—.5 I 0 S 5 o 10 )
log{E/eV)

The hadronic scenario generally requires 10°° erg
(Aharonian 2013), but the origin of the gamma-ray

emission is still uncertain

E? dN/E (eVicmi s7)

E? dN/E (eV.cni’. 5)

10*

10°
10
1
10"
107

10°

107 =t

10°
107 10° 10° 10" 10 10° 10° 100 10° 10" 107 10"

SN 1006

---- Synchrotron

t--=- IC on CMB
---- Bremsstrahlung

[— Sum

|
|\
|

|

10
107 10® 10® 10" 10 10 10° 100 10" 10" 107 10"
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hadronic Acero et al. 2010

Suzaku \ Fermi
9

e HaE 5,8

---- Synchrotron

|- IC on CMB _ o
---- Bremsstrahlung = : I S EES |‘
....... y:odecay " . 5
— Sum et \

P Y B B A Y WY AT RO 94 M N 1T M Y A A Y Y U
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Signature of hadronic emission — old SNRs

Interestingly (and surprisingly) hadron
emission from middle-aged SNRs

emission appears

to be the source of gamma-ray
interacting with molecular clouds, as revealed by GeV

observations (Fermi, AGILE) for W28 (Abdo et al. 2010, Giuliani et al. 2010), W44 (Abdo et al.
2010, Giuliani et al. 2011, Uchiyama et al. 2012), and IC 443 (Tavani et al. 2010, Abdo et al.

2010) Waa

"radio"
"Fermi—-LAT"
"AGILE"

"UL_TeV"

leptonic

F*E€ [erg/cm2/s)

E2dF/dE (eV cm™s™")

ahatan anasas A

|

|

|
|

|

N i S Giuliani et al. 2011 ._

photon energy [eV]

w28

-k
(=]
)

(a) Pion-decay dominated

{4

A

10% -
(b) Brems dominated

10° = (c) IC dominated
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'''''

<~ Abdoetal 2010/ \ \

10 107 10°
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Energy (eV)

1C443
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1E-10
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1E-14
\
_________ - . %
Tavani et al. 201 e
1E'15 T bl | $ Y Al oy A lde | “"I o | : A hdag
0,01 01 1 10 100 1000 10000 100000
E (GeV)

These remnants do not show X-ray synchrotron emission.
Hadrons escaped in nearby clouds?
In all these cases the hadron energy content is 1-10% Eq,
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Young SNRs

l)ii L | RS R . T . |
| The broad band SED of Tycho can
13.0F - .

_ ! be modelled self-consistently
12.5¢ [ Sizake | © within the hadronic scenario
12.0f { (Morlino et al. 2012, see also Slane
1.5k 1 etal. 2014)

Log(v F,) [Jy Hz]

VERITAS
105 -
10.0 } -
10 15 20 25
Log(v) = ' ' '

Shock-cloud interaction
recently discovered in SN 1006
(Miceli et a. 2014) may also
reveal hadron emission from
the southwestern limb

E* dN/dE (erg cm™2 5‘1]

Enerqy (eV) l l




Future perspectives
e

= Spatially resolved spectral analysis of the GeV-TeV emission (CTA)
= Possible discovery of new SNRs in the gamma-ray band

= Exploration of the energy spectrum above 10 TeV (where IC is
expected to fade out)

= Combined radio-X-rays-y-ray data analysis

= Detailed diagnostics of the plasma conditions to probe the shock
modification effects (X-rays, Athena)

" Importance of the Balmer Ho emission (e.g. Nikolic et al. 2013,
Morlino et al. 2013)
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