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Gamma Ray Spectral Energy Distribution:
Starburst galames
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Gamma Ray Spectral Energy Distribution:
Starburst galaxies
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SFR from FUV+IR
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Core-collapse - SN rate

Age of Universe (Gyr)
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Figure 10

The cosmic core-collapse supernova (SN) rate. The data points are taken from Li et al. (2011) (cyan triangle),
Mattila et al. (2012) (red dot), Botticella et al. (2008) (magenta triangle), Bazin et al. (2009) (gray square), and
Dahlen et al. (2012) (blue dots). The solid line shows the rates predicted from our fit to the cosmic star-
formation history. The local overdensity in star formation may boost the local rate within 10-15 Mpc of
Mattila et al. (2012).

Rec(z) = ¥(2) x P = ¥(2) X kcc, (16)
f,::" mep(m)dm

where the number of stars that explode as SNe per unit mass is kcc = 0.0068 M for a Salpeter
IMF, mpin = 8 My and myy, = 40 M. The predicted cosmic SN rate is shown in Figure 10

Madau & Dickinson, ARAA 2014



IRAS 19297-0406

. Starbursts (T.Thompson 2007)




Nearest Merger—The “Antennae”

« WFPC2, with CO overlay ¢ VLAS5 GHzimage (Neff &
(Whitmore et al. 1999; Ulvestad 2000)
Wilson et al. 2000)




Magnetic Fields in starbursts from radio

observatlons
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If a fraction ~1% of 10°"
ergs per SN goes to CR
electrons, and they cool
rapidly, the observed trend
is reproduced.



What are the HECR sources in
starforming / starburst regions?
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Pion-Decay Signatures

see: Tavani + 2010, Uchiyama+ 2010, Giuliani+ 2011,
Ackermann+ 2013, Cardillo+ 2014



Observed gamma-ray spectra of SNRs
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What are the sources of PeV regime CRs?




PeV CRs are likely accelerated in
the Galaxy
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How to get PeV energy CRs?

Rare SNe with a special CSM type IIn?

Rare magnetar-driven SNe?

SNR- Stellar/Custer Wind collision?



* From a general constraint on the CR
acceleration rate the “luminosity” of NR
MHD flow should exceed:

Liot > 6 X 1040 Z_Zﬁs_hl O E1g erg g1
for a SN in SSC (age 400 yrs)

Ly, < 1041 erg g1

cf F.Aharonian, M.Lemoine, E.Waxman ...



PeV proton acceleration in young SNe
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CR proton acceleration by radio SNe and trans-relativistic SNRs

V. Tatischeft: Radio emission and nonlinear diffusive shock acceleration in SN 1993]
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Figure 1. Hillas Diagram: Mildly relativistic sources (3/T" ~ 1) must lie above the solid line,
to accelerate Iron nuclei to 60 EeV by diffusive shock acceleration, according to Ez = SeZBR/T.
Non-relativistic SNe (3/T" ~ 0.05) must lie above the dashed line to reach the same energies.
Radius and magnetic field of SN 2000bb (crosses, at 5 epochs, determined here from radio obser-
vations with VLA and GMRT assuming equipartition) and XRF 060218 lie above the solid red
line. Other balls denote other radio SNe from Chevalier (1998). For SN 1993J only, the magnetic
fields are obtained by Chandra, Ray, & Bhatnagar (2004) without assuming equipartition. All
non-relativistic SNe including SN 1993] lie below the dashed line and are unable to produce
UHECRs unlike the mildly relativistic SN 2009bb and XRF 060218 which lie above the solid
line.

S.Chakraborti, A.Ray, A.Soderberg, A.Loeb, P.Chandra 2011



CR proton acceleration by
SNe type IIn with dense pre-
SN wind

47N (p)p*c/Esn
0.1
0.01

--------
—"—
———————————

0.001

p/mc :
| I I \
1 100 10 10° 10®

Figure 4: Spectra of particles produced in the supernova remnant during 30 yr
after explosion. The spectrum of protons (thick solid line ), the spectrum of sec-
ondary electrons (multiplied on 10°, thin solid line). the spectrum of neutrinos
(thick dashed line) are shown.

CR proton acceleration by Type IIn SNe
V. Zirakashvili & V. Ptuskin 2015

CR proton acceleration in
trans-relativistic SNe Ibc
SNe Ibc occur mostly in gas-
rich star-forming spirals
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PeV proton acceleration by SNe in young
compact stellar clusters & starbursts




SNR -

MNRAS V. 429, 2755, 2013
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Colliding shockK flow geometry used

V VSI!I‘

Stellar wind shock ‘
( thin shell approximation)....... P | IS D — s
Wilkin 1996 ‘ ’
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SNR-stellar wind accelerator
Non-linear kinetic model

Transport equation for CR distribution function

) LB~ L DG S| =

ox
~ p du(z) 9f(z,p)
3 dx Op

The momentum conservation equation, normalized to pou? reads

+Q(z,p)o(x).

1

U(z) + Pe(z) + Pu(z) + Py(z) = 1+ Yk

where My is the Mach number of the unperturbed flow. The normalized cosmic

ray pressure
47

~ 3poud

P@) = o [ dp s u(e) S(op), ®)

MNRAS V. 429, 2755, 2013



SNR-stellar wind accelerator

=] [t - ]

L uo fo
¢esc(p) = _Wo(p)

where D(z,p) is the CR diffusion coefficient,

0

— &P [~9(z', p)]
W(.’E,p)— 0-/3: d D(a:’,p) )

[ g u@)
o) == [ @' gy

and Wy(p) = W(zo,p).
cf Malkov’ 97; Amato & Blasi 05; Caprioli + 11

MNRAS V. 429, 2755, 2013



SNR-stellar wind accelerator

We solve one-dimensional transport equations for the pitch-angle-averaged
phase space distribution function of protons, f,(z,p,t), and electrons, f.(z,p,t),
given by

829;3 dgp dg, 1 ou(zx) d9p B
)58+ g = 5% (o ) =
0 8917
py (D(m’p)_&c) ; (1)
0%g. g, dg9e 10u(z) [ 0ge -
")t o VU % T3 6s (8y _4ge> -
0 09ge J
= (D(a:, p)a—m) —I—exp(y)@ [bexp(—2y)ge], (2)

where gp = p4fp7 Ge = p4fea ¥ = ln(p)
MNRAS v.429, 2755, 2013



4.5

SNR-stellar wind ::
accelerator =

AB+ MNRAS v 429, 2755, 2013

025

B
=l
j=H
=
=
Z
£
=
=
B
(=1
e
=
2 1 0 1 2 3 4 5
logyo(p/mge)
3
-3 10
f=
Z ot
CHE
%w 1w
g 107t
=
sy
2 1’
[=H
% ]u-ll
2 .10 1 2 3 4 5
logyg(p/myc)
=
& 1w
[N
B §
E 0t
B
%m 104 I i
S
g 1w .
=
2 1w’ \
N
=z
b= lu—ll
2 .10 1 2 3 4 5
logyg(p/myc)




Particle acceleration between
approaching shocks is the most efficient
version of Fermi | acceleration



Particle acceleration in colliding shocks is the
most plausible scenario for SNe in young
compact stellar clusters & starbursts




Acceleration time in the test particle approximation for Bohm diffusion
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Chen, Woosley & Sukhbold 2016
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MAGNETAR-POWERED SUPERNOVAE IN TWO DIMENSIONS.
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SNe in COMPACT CLUSTER of YOUNG MASSIVE STARS

Lk' n T,
Ly~ 10% () n ) () - -1
K 0.1 103%rgs—! ) \em=3/ \ 5 x 10105 Tes

@ GC or starbursts n ~ 100 cm ™2, L. ~ 10°% ergs™!




A Galactlc Super Star Cluster

B ';?’a..'_':-'-"-_fjt e Distance: 5kpc
RS o,
S . e Core radius: 0.6 pc
R - ..' e Extent: ~6 pc across
;’-. e Core density:~10°pc?
S i, " o Age: 4 +/- 1 Myr

%o lawmo i 7 < e Supernova rate: T
- PEAX " .~. '.;"' every 10,000 years
2MASS Ailas Image from MeMuno + ",
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Chandra Observati.ons

Two exposures:
2005 May, 18 ks

oo 2005 June, 38 ks

WR/O star binaries, J
plus unresolved pre-
MS stars

N

N
This is a pulsar -
magnetar!

M.Muno + 2006



Westerlund 1

Muno+ 05 Clark+ 05




H.E.S.S. image of Westerlund |

Wi | _-_-‘l

Outer ISM cIoud -
Inner CSF region
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magnetar CXOU~J1647-45
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MNRAS v.453, p. 113, 2015




Gamma Rays and Neutrinos

gamma-rays and high-energy
neutrinos :

pp.py > T 2 U+ V,
— e+ V. +V,

— TR +Y,
—e+V. +V,

gamma rays
we also get y’s from electrons
(NB, inverse Compton)



Gamma-rays from a Pevatron
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Gamma-rays from a Pevatron
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Neutrinos from a Pevatron
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Secondary pairs synchrotron X-ray counterpart to the
Pevatron

A cloud nearby: SRG perspective?

SED for 30 pc cloud
— 10" = Age: 10° yrs

ol
1

.

Energy flux [erg cm
5!

._

S,
—
n

16 -14 -12 <10 -8 -6 4 2 0 2 4 6 8

Log,o E [GeV]
MNRAS V. 453, p. 113, 2015



All Sky Map IceCube 4 years

ICECUBE PRELIMINARY __———

.............................................

AR L I T I N I R SRR

Galactic

0 TS=2log(L/LO) 13.1



IceCube events in the vicinity of Wd |
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A.B. +2015

MNRAS V. 453, p. 113, 2015



H.E.S.S. J1808-204
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Fig. 2. Energy fluxes, 1 o statistical errors, and fitted pure power-law

0 fits for HESS J1808-204 (blue solid points and blue dashed line) and
the Fermi-LAT source 3FGL J1809.2-2016¢ (red open squares and red
dashed line) from Acero et al. (2015).

power-law photon index of 2.3 £ 0.2stat + 0.3sys
Lvhe ~ 1.6 x 10*(34)[D/8.7 kpc]*2 erg/s

Extended very high-energy gamma-ray source towards the luminous blue variable
candidate LBV 1806-20, massive stellar cluster CI* 1806-20, and

magnetar SGR 1806-20 of estimated age about 650 years.

H.E.S.S. collaboration arxiv 1606.05404 2016
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Figure 1. TS maps in 0.2-50 GeV (top) and 1-50 GeV (bottom), respectively,
where all neighboring 3FGL catalog sources except 3FGL J1809.2-2016¢ are
subtracted. On each map, the 95% confidence region of the centroid is
indicated as a black thick cross, and the FWHM of the PSF is illustrated by a
golden dashed circle. Both panels are overlaid with the magenta contours of
detection significance (4, 4.5, 5, 5.50) determined in 2.5-500 GeV. The
position and extents of HESS J1808-204, described as a thick brown ellipse,
are taken from Rowell et al. (2012). The position and dimension of SNR
(G9.7-0.0, described by a green thick circle, are taken from Brogan et al. (2006),
and the position of its OH maser, indicated as a green “X”, is taken from Hewitt
& Yusef-Zadeh (2009). The position of SGR 1806-20/C1* 1806-20, indicated
as a gray diamond, is taken from Israel et al. (2005).
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H.E.S.S. J1808-204
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Potential IceCube events from galactic
SNe in young star clusters

90"

Galactic

Wd | =339 32 57.6; b =-00 24 15.0 (black filled circle)
SGR1806 |=09 58 42.0; b=-00 14 33.3 (black open circle)



Thanks for your attention!
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Monte Carlo modeling of DSA
Magnetic Field Amplification




Conservation laws in MC modeling
p(x)u(x)=pu, - mass
p(x)u’ (x)+ B, (x)+B, (x)+P,(x) =P, -momentum

P, b (o F (x) 4 F ()40 =, - energy

2
Energy flux background plasma Energy flux and turbulent pressure
P Wix,k
F, (x)=u(x)w Fw(x,k)=§u(x)W(x,k) Pw(x,k)= (x, )
Ve —1 2 2
Magnetic Fluctuation Spectral Evolution
aFW(x’k) + GH(x,k) = u(x)w+r(x,k)W(x,k)—L(x,k)
dx 0x dx
Energy flux components
dF dP
Zng) =u(x) W)(Cx) +([)F(x,k)W(x,k)dk—L(x) dFZ)EX) = u(x) dPZ’ix) +L(x)
dr,, (x dr, - (T(x k)W kdk | e
d,f ) B [”(x)”scat (x)]g Vo () (,[) (k) (k) / dx



Bulk velocity and magnetic field profiles
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Magnetic turbulence spectra

With turbulence cascade
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Fluctuating magnetic field and magnetic pressure scalings
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CR spectra scalings
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Scattering center velocity vs Alfven speed
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IceCube neutrinos galactic latitude profile > 100 TeV
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Evidence for the Galactic contribution to the IceCube astrophysical neutrino flux
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