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“...Science Drivers for a new space-based gamma-ray experiment...”

Sources; Technology; Mission caps; Timing; Multiwavelength/multi-messenger

Roadmap for the MeV Domain (von Ballmoos et al.; Jan 2013)
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Discovery Matrix and Prime Science

Early Universe/Cosmology
Black Holes/Neutron Stars
Dark Matter

Exoplanets

“The formation of stars and planets, and the development of the chemistry of
life, can be understood only in the context of the creation and evolution of
elements.” --Steve Boggs, The Advanced Compton Telescope Mission (2006)
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O Cosmic Rays (particle acceleration)

Based on past results, where and how to go forward?



Lines
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Life Cycles of Matter

O Electron-positron annihilation radiation
— et-e 22y (0.511 MeV), 3y
O Nucleosynthesis
— Giants, CCSNe (26Al)
— Supernovae (°°Ni, 5’Ni, 44Ti)
— I1SM (26Al, 50Fe)
O Cosmic-ray induced lines

— Sun (2.2 MeV neutron capture; 0.511
MeV; 12C™4, 16Q"6.1)

— ISM (12C™44, 16061 0,511 MeV)

— Broad vs. narrow lines
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Features
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O Proton-antiproton annihilation radiation
— p+poT

O p+A 2 n® decay feature
— Solution to Galactic cosmic-ray origin
— FoundinIC 443, W44, W51C

O Ps continuum feature
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Continua
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, Dermer et al. (2014) equipartition blazars

d Thermal vs. Nonthermal il i
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Polarization
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O Synchrotron emission in an ordered magnetic field

— Detection would undermine simple source models

— Discriminate between synchrotron and photospheric emission Antonucci (1993)
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Point-source sensitivity of X-ray and y-ray observatories

Takahashi et al. (2012)
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O Lack of sensitivity due to 1) non-focusing; 2) transition from Compton scattering (low-
energy) to pair production (high-energy); 3) minimum interaction cross section of photons
at ~ 1MeV; 4) strong instrumental and particle background

O MeV-regime science = Fermi science + MeV-line science



EZ? . Emissivity (MeV? s-1sr-'MeV-1)

Fermi LAT Emissivity Measurements: A Cautionary Tale

Abdo et al., Ap J, 703, 1249, 2009
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Template mapping, after subtracting point and
extended sources and isotropic emission; low-
energy dispersion correction

J.-M. Casandjian (4 yr data sets), to be submitted

Invert y-ray spectrum to get cosmic-ray spectrum

Is there a break (hardening) in the spectrum of cosmic rays at <~ few GeV?
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Measured vs. ISM Cosmic-Ray Spectrum

Naive Theoretical Expectations:
15t order Fermi shock spectrum
« Test particle limit
« Strong shock
—C p J ,S
dp

Steepening due to escape
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Power-law momentum spectrum makes break

in kinetic energy representation (index o« —s/2
atT, << mpc2, index oc —s at T, << mpCZ)

Search for deviations from cosmic ray flux
from power-law in momentum

Break in CR Spectrum
Neronov, Semikoz, & Taylor (2012)

sz‘(T) [Ge\;’/(cmz—s-sr-nuc)]

100 E IIIE T ||||||E T T ||||||| T T ||||||! T T ||||ét85l L
F e — ( ) | 4
L - i ey j Tp OC P i
10_1 :_ _________ I - -: '"_i'_'__""__'_l:'""__'____": ________ _:
2 i
10 E'"““"“"""""- f N L P PR - ;.
3 | F . . :
I L - RN S I
10 §f e and e’ i %
i ' %
o 5
107 “ ..................... C ............
B Fe | ettt
s | E
1 ] A SO oL L L
[ Dermer (2012)
107 Lo AR SR OS5
E ----- shock, s=2.85 L] ATIC-2 p, Pa06
- . PAMELA p, Arl1 = ATIC-2 He, Pa06
10'7 ] . PAMELA He, Arl1 |
; Fermi e, Ab0D9 - ATIC-2 Fe, Pa06 ]
B v Fermi e, Ac10 - HESS e Ah08
g - . PAMELA e, Ad11 o HESS e Ah09
10_ LLE L] Il Ll L] Il Ll LT | -] Ll L LLLIE
0.1 1 10 100 1000 10°

T(GeV/nuc), T (GeV)

e

Definite conclusions require better knowledge of
nuclear production cross sections (Dermer 2012)
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Power-law injection for protons and electrons

Power in ions: 3.0x1040 erg/s 102Calcs: J. Finke; work with Andy Strong et al.
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Quality of data exceeds quality of cross sections used to interpret data

Need new laboratory astrophysics measurements of p+p, p+A, A+A' > =« 10
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Low-energy y-ray spectra
of SNRs and Cosmic-Ray
Galaxies
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Photons MeV-!

Photons MeV-1

MeV Regime Connections

(calculations: R. Murphy)
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The ratio of pion-decay emission to nuclear
deexcitation-line emission depends very
strongly on the steepness of the accelerated-
ion Kinetic-energy spectrum
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This ratio can be used to determine the
accelerated-ion spectral index



TOPICS

In situ measurements of cosmic ray positrons
Observation of Galactic annihilation radiation
Positrons from particle interactions

Positrons from radioactivity

Electron-positron plasmas

Slowing and thermalisation of positrons
Positronium and its recombination signatures
The annihilation process and what we can learn from it
Positron and positronium interactions with matter
Antihydrogen: formation, trapping and study
Laboratory modeling of astrophysical processes
Future instrumentation

www.astropositron.org

Local Organization Comm
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CONTEXT SETTING
SUMMARY TALKS

John Ellis (CERN Geneva)

Roberto Battiston (INFN Perugia)

Niels Madsen (Swansea University)

Mirko Boezio (INFN Trieste)

Roland Diehl (MPE Garching)

Nikos Prantzos (IAP Paris)

Pierre Salati (LAPTH Annecy)

Mike Charlton (Swansea University)

Paul Coleman (University of Bath)

Gleb Gribakin (Queen's University Belfast)

“Positrons in Astrophysics”
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20-23 March 2012

Session 1 - Direct Detection of Cosmic-
Ray Positrons

Session 2 - Positron and Positronium
Scattering

Session 3 - Astrophysical Sources of
Galactic Positrons

Session 4 - Other Aspects of Positron-
matter Interactions

Session 5 - Low-Energy Positron-Matter
Interactions

Session 6 - Antimatter in Cosmic Rays
Session 7 - Antihydrogen

Session 8 - Annihilation Detection
Session 9 - Galactic e-e+ Annihilation
Session 10 - Antimatter from Dark or
Domestic Matter

Session 11 - Positron and Positronium
Interactions with Solids

Session 12 - Terrestrial and
Extraterrestrial Positrons

Session 13 - Baryon Asymmetry
Session 14 - Future instruments for
Observing e-e+ Radiation



Positron annihilation radiation from the Galactic center region

First (and brightest) y-ray line detected from outside the solar system
(Johnson et al. 1972, Rice U. Na detector : Leventhal et al. 1978 Bel/l-Sandia Ge detector)

Flux (~10"3 cm™ s™1) + Distance (8 kpc~27000 Ly. )= Luminosity ~10%7 erg/s (a few 10° Lo)

Positron annihilation rate : ~2 1043 s
If activity maintained for 10'° years : 3 M, of positrons annihilated
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Laboratory Positron Physics

Michael Charlton, Swansea UniverSity D]Iect ‘%11111]111&1-101]-
1949:- Discovery of Ps et + A s 2v+ A+
1949-50:- Discovery of "ACAR"

1955:- Discovery of antiproton Cross section at low energies = iy cZ ¢/V

1950°s:- First attempts to make positron beams Positronium Formation:
1963:- Anomalous annihilation rates on some molecules etr+ A — 5 Ps+ A+
1968:- Ps formation in powders
1971-2:- Farst lab-based beam Excitation:
1978-88:- Understanding of beam production + +E _ *
1981:- Discovery of Ps’ cBE)+A— (E Eex) +A
1986:- Solid neon moderator [omization:
1988:- First positron plasma in lab. (accumulation device) E+(E) LA €+(E o AE) L A+
1995-6:- Discovery of antm 108, (43401 (2012) PHYSICAL REVIEW LETTERS
2000’s:- Development of 1 Efficient Production:f‘ Rydberg Positronium
2002:- First cold antihydrc D-B. Cassdy. T 1. Hisakiodo, FLW K. Tom. and AP Mils Je
2007:- Discovery of Ps, e esve 14 Otab 301 pabhad 36 s 1% '
2010:- Trapped antihydrog 5 : 2018 ,16 14 e .12; —_ ".=.1P e
2011-12: First measureme I ¢ o data
2'p v 27,10
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A=2430 A
T =32ns /
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1S, 7
203 GHz 3y (152 ns) 0.0 hig:
2y 1125 ps! ‘71135. - ‘7;0‘ - 741'5‘ - .750‘ .755‘ | ‘?'éO‘ . ‘765

IR wavelength (nm)



Positron Fraction

Direct Detection of Cosmic-Ray Positrons
Accardo et al. 2014: AMS-02 e+ fraction
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Spectrum in the > MeV region: constrains the energy of released e+
(or the mass of their parent dark matter particles)
because they may annihilate in-flight
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IF Dark Matter : particle mass much smaller than “canonical” (GeV) values



Positron sources
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The origin of the brightest, longest known, celestial gamma-ray line is unknown.



Models for Galactic Annihilation Radiation

Source

Process

Comments

Massive stars: -~ Al
Supernovae: 21Ti
SNIa: "*Ni

Novae
Hypernovae/GRB: **Ni
Cosmic rays
LMXEEs
Microguasars (pQs)
Pulsars

ms pulsars
Magnetars

Central black hole

Dark matter

AT -decay
A1 -decay
AT -decay
AT -decay
AT -decay
P-p

Y= /v—"8
Y=/ v—E
Y B
f LA | Ir_Fi'
PP
Y=
Annihilation
Deexcitation
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., x
e" load of jets uncertain
Too high €™ energy
Too high e™ energy
Too high e™ energy
Too high e energy, unless B =0.4 mG
Requires e diffusion to ~1 kpe
Requires hight scalar particle, cuspy DM profile
Only cuspy DM profiles allowed
Ruled out for all DM profiles

Observational constraants

Prantzos et al. (2011)



Annihilation Line Shapes

100% ionized
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Summary
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O Need better near-threshold cross section measurements

— Strong interaction; metallicity effects

— Absence of accurate cross section information makes interpretation difficult
O Need to grow the community

— Lab astro; cosmic rays; dark matter; black holes

— 7y-ray observations demonstrate level of absolute Solar modulation on interstellar
cosmic-ray spectrum

O Lack of comparable sensitivity in MeV regime hinders progress in other
wavebands

Dermer Future Space-based Gamma-ray Observatories NASA/GSFC, 5 Feb 2015



