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e Particle Acceleration
e Properties of medium

Annihilation line shape depends
on the temperature, density and
ionization state of the medium
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1.y ray, neutron, and positron production in Solar flares

particle emission

electrons:  X- and Y-ray bremsstrahlung, gyrosynchrotron

ions: excited nuclei — T-ray line radiation (~1-8 MeV)

J—esmpe to space
neutrons —
Lcapture on H— 2223 MgV line

radioactive nuclei — e* — 7,

corona N
e, p, 3He, o, C, N, O, ... I — Y(decay, e— bremsstrahlung, ¥,,)

— EFa, 240g, 20Ne, 2BS] '!

104

—
=
L

! n capture ]
J‘* -

|| 160 15N— T
chromosphera

160 |

M‘“ﬂ

Counts s—1 MeV-1
o ©
T ll'I'q

1 OSSE 1991 June 4 flare

10" 1
01 1

Energy (MeV)




vy rays from Solar Flares
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vy rays from Solar Flares
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Pion Production from Solar Flares

p+p 0
p+m}—?’ T — Y68 Mev
Spectra of secondary products have been calculated using

p+ p} St pt+v isobaric and scaling models along with pion production data

P+ I_. o (Murphy, Dermer & Ramaty 1987)
et +v+V
P+Pp — T U4V
p+ 0
I—-e‘+v+ﬁ
o
R 1 L L N I B T 10 T T

pp — e
m{

10"

1l'=

il bl i i iil LB i iiu L nn 3
WH 1o 162 1ge A 1L 1os E

& (Mev) Ea (MaV]




Cross section (mb)
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Neutron production reactions

Neutrons from Solar Flares
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Neutrons are “detectable” either directly or indirectly

Directly detected at Earth
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Indirectly detected via
neutron-decay protons
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Neutrons MeV-1
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Radioactive positron emitters
;}HEE —c — et

T (sec)

B0 96x10M
C 1800

Pions

p+p

0+ —nt—pt+v

|—>E++v+?

T (sec)
nt 3.8x10%°
ut 21x10°®

Other sources

Y+Y —>et+e
v+B — et +e-

Cross section (mb)

0, (POSITRONS)

Positrons from Solar Flares

Production cross sections

100 e ey
w
2
3
100
; <
2
=
3
10k o
: k=]
c
=
o
o
(0
T T R T R TIT
Energy (MeV nucleon™)

densities greater than n,

5|
]
hoOT
| ]
Py H ]
cross section Y ]
- m— oW threshold Y y

[ 1mmumn high threshold

Production depth distribution

iu‘“ ' 102 19" ' 10'% hm‘ﬁ

Density n. (H atoms cm—3)

-

040, ,, ratio
-

2 3 4 5 [+
Powerdaw indax



Radiation from Electrons and Positrons

electrons: bremsstrahlung continuum

bremsstrahlung continuum

ositrons:
P et — e~ annihilation radiation: {

after thermalization — 511 keV line™

in-flight — continuum from Doppler-
broadened 511 KeV line

These processes compete with Coulomb and synchrotron energy losses

i The radiation from these charged seconday electrons and positrons
depends on the ambient magnetic field and density

*most of these photons are Compton-scattered out of the line
as they escape the Sun because the pions are produced
very deep in the solar atmosphere



2. Fate of Positrons: Spectral Calculations

Direct annihilation with electrons

1. with free electrons (df)
2. with bound electrons of H and He (dab)

Positronium formation (et + e~ — Ps, E, = 6.8 eV)

3. radiative combination with free electrons (rc)
4. charge exchange with H and He (ce)

E, =13.6 -6.8=6.8 eV (H)
24.6 - 6.8 = 17.8 eV (He)

Two possible Ps spin configurations

e+T e-T S=1"triplet" or "ortho" 3Ps (3 states: S; =-1,0, 1) always formed

— in 3:1 ratio

e+l e-|l S=0"singlet" or"para" 'Ps (1 state: S; = 0)

T,=1.25x100sg

round state, n, =1
J Ps T,=1.4%x107s

always annihilates

excited states, n,_ > 1 Tann > Tdeexcite from ground state
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Photons keV™

Annihilation Line Shapes
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Photons keV ™’

Annihilation Line Shapes
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Photons MeV-!

Photons MeV-1

MeV-GeV Spectra
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The ratio of pion-decay emission to nuclear
deexcitation-line emission depends very
strongly on the steepness of the accelerated-
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3. Observations and Comparison with Data

RHESSI observations of Solar Flares
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Counts cm™s'keV"

2003 October 28 Broad Line

Measured:
FWHM =6.7 + 1.5 keV
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' LT Gaussian an adequate fit to the shape
0.025 [ BUT
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0.020 : and ny = 10" cm3
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2003 October 28 Narrow Line
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4. Positrons and y rays in SNRs

2" Fermi Gamma-ray Source
Catalog (Nolan et al. 2012)

62 SNR associations

6 identifications

W44, W51C, I1C 443
W28, W30, Cygnus Loop

Fermi 3 year (> 1 GeV) sky

Putin >100 MeV flux =
0.511 MeV flux

Thick target (.. maximum
annihiliation flux)

Weidenspointner et al. (2008)
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Galactic Latitude (degrees)

Origin of bulge annihilation radiation
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Galactic Longitude (degrees)
s Positive galactic plane: 2.9 0.2,
e Negative galactic plane: 3.1 £ (.3,
o Central bulge: 6.0 £ (.4,
« Positive latitude enhancement: 2.2 + 0.2,
o MNirror region: 0.8 £ 0.1 .

Purcell et al. (1997)

Weidenspointner et al. (2008)



Models for Galactic Annihilation Radiation

Source

Process

Comments

Massive stars: -~ Al
Supernovae: 2*Ti
SNIa: “°Ni

Novae
Hypernovae/GRB: " Ni
Cosmic rays
LMXREs
Microguasars (pQs)
Pulsars

ms pulsars
Magnetars

Central black hole

Diark matter

A% _decay
At -decay
A% _decay
A% _decay
At _decay

PP
=7
il

Y=/ v—B
Y=y /B
I T
' L | Ir_Fi'

PP

¥ =
Annmihilation
Deexecitation

Decay

N, B/D: Observationally inferred
N: Robust estimate
Assuming f.¢ . =0.04
Insufficent e production
Improbable in mner MW
Too high ™ energy
Assuming L_; ~0.01 L.p. x
e’ load of jets uncertain
Too high ™ energy
Too high ™ energy
Too high e™ energy
Too high e energy, unless B =04 mG
Requires e diffusion to ~1 kpc
Hequires light scalar particle, cuspy DM profile
Only cuspy DM profiles allowed
Ruled out for all DM profiles

Observational constraints

Prantzos et al. (2011)

Annihilation Fountain
Dermer & Skibo (1997)

Past episode of starburst
activity

Ginga 6.7 keV
Quenching of Sgr A*
Radio/X-ray structures

Fermi bubbles



Conclusions

Positron annihilation in solar flares occurs in a wide range of conditions

2003 October 28 : 3 — 4 x 10%K, >10'5 cm3, ionized
(broad) high Q,/Q,, may be due to deep production by 7

2003 October 28 : 5000 K, ~10"® cm™3, Xjy+ > 20%
(narrow)

Predict annihilation line intensity given >100 MeV flux from SNRs

Not likely to be tested soon

Prediction for annihiliation fountain

Width of the 2y 0.511 MeV line from annihilation in hot
gas broader than Galactic disk 0.511 MeV line emission,
and the 3y Ps continuum fraction f will be spatially varying
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