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Gamma Rays and Cosmic Rays
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The High-Energy Gamma-ray Sky

Fermi LAT -
E>10 GeV

Ajello+ 2017




* So we're done right? Universe in gamma rays
— 1000s of sources — all questions answered!



What makes this hard?

2D projection
Confusion
Sampling

— Selection effects

— Geometric effects
— Horizon effects

Photon astronomy is only skin deep



Collecting Gamma Rays



Gamma-ray Detectors ,

Pair conversion in the detector || Pair conversion in the atmosphere

AGILE 4

10° 10° 10% 10t 10*2 Sample shower particles
Photon Energy [eV] atground level




Gamma-ray Detectors

Pair conversion in the detector || Pair conversion in the atmosphere

AGILE VERITAS

IACT
~50 hys

108 10° 1010 101! 102 | sample Cherenkov light

Photon Energy [eV] cone at ground level
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Demographics: High Energy

80% extragalactic

Normal Galaxies Globular Clusters Pulsar Wind  Supernova
Other AGN / Nebulae Remnants

- High Mass
Novae Binaries
Galactic
Associations
2%

Unassociated

(high latitude)
22%

>3033 sources
>100 MeV

Based on 3FGL
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Demographics: Very High Energy

Binaries_\PulTars Globular Clusters

3% ‘ ) )
oo " 40% extragalactic
14% SNR Mol. FRI Galaxies
(0} -

HBL 28%

Blazars
37%

'L%LL“% >200 sources

FSRQ3% >~100 GeV

Massive Star
Clusters 3%

TeVCat
http://TeVCat.uchicago.elgu

Superbubbles
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Pre-Fermi Expectations



The Promise of the High-Energy S

Locate candidate cosmic-ray
accelerators

Following earlier balloon and
satellite exploratory work,
0S0-3, SAS-2, and COS-B
mapped cosmic gamma-ray
emission, found Galactic and
extragalactic components, and
ultimately resolved individual
sources.
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The Promise of the High-Energy Sky (pre-Fermi)

Locate candidate cosmic-ray Third EGRET Catalog
accelerators E> 100 MeV

+90

EGRET on the Compton Gamma-
ray Observatory found 10X more
sources — many difficult to
associate with counterparts.

No definitive detection of
gamma-ray emission from z

-90
supernova remnants by EGRET & Active Galactic Nuclei m Pulsars

o Unidentified EGRET Sources LMC
@ Solar FLare Hartman+ 1999
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What Fermi Found

3FGL
3033 sources
48 months

E>100 MeV

* B % o

No association = Possible association with SNR or PWN
Pulsar 2 Globular cluster = Starburst Galaxy
Binary + Galaxy o SNR
Star-forming region
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The Promise of the High-Energy Sky (pre-Fermi)

Measure spectral signature of

; e
neutral pion decay "; EGRET
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What Fermi Found

Measure spectral signature of

neutral pion decay
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The Promise of the High-Energy Sky
(pre-Fermi)

Resolve sites of fresh
cosmic-ray acceleration
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o) Shock-Accelerated CRs

Interacting with ISM
Ormes+ 2000
79° 78° 77°

Galactic Longitude
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What Fermi Found

Resolve sites of fresh cosmic-ray acceleration

Galactic Latitude (deg)

Ackermann+ 2017

Galactic Latitude

4
Shock-Accelerated CRs '
- Interacting with ISM 790 785 780 775
: Galactic Longitude (deg)

79° 78° 77°
Galactic Longitude
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LAT
6.7 yrs
E>50 GeV
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Galactic Latitude (deg)

Galactic Latitude (deg)

Galactic Latitude (deg)

290

High-Energy Galactic Sources

Galactic Latitude (deg)

Galactic Latitude (deg)

Galactic Latitude (deg)

280 270 260 250 240 230 220 220 210 200

Emphasis on spatially extended sources with energy >10 GeV

Galactic Longitude (deg)

170 160 150
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Full-Sky Extended Source Search
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Using LAT sources to Resolve the Extragalactic
Background

e (>5) 2FHL ] 210

ot b RN + ;Z»:tif?tou'rcé counts : Point sources (blazars) explain
: - Ajelloetal. 2015 [ 86 (+16 -14)% of the EGB above
2 Commieron 20t | 50 GeV
C,?_. S .. - T : CTA, 5 mCrab
0 Blazars not found to be
% dominant contributor to
%10'3 3 IceCube neutrino flux.
Constrains contribution of other
o 5 o source classes to neutrino
T E—T BEETL background.

S [ph/cm? /s]

Ackermann et al. 2016
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Variability and Transients



Gamma Rays from Stellar Novae

Stellar novae predicted
to accelerate CR to high
energy (Hernanz &

Thermonuclear explosion from
white dwarf with stellar

: companion
Tatischeff) but gamma P
rays not anticipated for
LAT. e _
-10.0} N —10.0} Hadronic |
= _10s| ~ I 1 = -10sf I g
< — — N—— ’is’|
Fermi-LAT detects~1 ¢ ™| \ i
classical nova peryear. £ | | | £ [ o e ]
g 20r— IC g 120 AN — ny—e;— brems
—125H — bremsstrahlung \') i —125F \\\ no—Y
— total tll ‘ ’\\ — total
-1.0 —-0.5 0.0 Olng [Ge\t.lo 15 20 25 -1.0 —-0.5 0.0 o|cng [Ge\]}io 15 20 25
Li+ 2017

Hadronic model favored to avoid uncomfortably high efficiency for IC.
Liz Hays, SUGAR 2018 24



Declination (J2000)

Shock expansion in a binary system

Radio imaging of the shock

evolution for V959 Mon.

0.0 0.2 0.4 0.6

0.8 mJy/bm

Day 91/113

05 53 52.89
52.88
52.87
52.86
52.85
52.84
52.83
52.82
52.81
52.80
s2.79 Kk

06 39 38.605 38.603 38.601 38.599 38.597
Right ascension (J2000)

V959 Mon, 5 GHz EVN
Chomiuk et al. 2014
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Nova expansion into
binary creates
asymmetrically expanding
shock and polar wind
from the white dwarf.
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ASASSN-16ma Time Development

Tracking of optical and ASASSN-1bma
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The Crab Nebula

Radio Optical X-ray Gamma Ray VHE
1016 _I T I T I T I T |
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NASA/CXC/SAO;
NASA/STScl; NASA/
JPL/Caltech; NSF/
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Frequency (Hz)
Spectrum from D. Thompson, compiled ~2006

>5500 references for Crab Nebula in ADS
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Flux > 100 MeV [ 107 cm? s ]

N
8

8

Extremely Rapid Gamma-ray Flares

LAT Flux E>100 MeV | 2days

x
et 55064 55

Buehler+ 2012
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MJD

Crab gamma-ray flux (>100 MeV)

doubles in hours.

Meyer+ 2013

2
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Where are the gamma rays from?

DEC [deg]

Rapid variability observed in blazars, Crab Nebula maxes out resolution
capabilities of multiwavelength observations and defies shock acceleration.

Zoom x 580 000

RA [h]

Aleksic et al. 2014

Crab LAT E>100 MeV 12-hr
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Rudy et al. 2016

Liz Hays, SUGAR 2018

29



Binary Neutron Star Mergers

Fermi-GBM
independently
triggered on a short
GRB matching GW
170817

Event rate (counts/s)

Frequency (Hz)

1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)
1500 -
1250 -
1000 -

750 -

300
200

100

—-10 -8 —6 —4 -2 0 2 4 6
Time from merger (s)

Abbott et al. 2017, AplJL, 848, 2
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Where are the Gamma Rays From? Il

GRB 170817A was not very bright for being
close (43 Mpc). Why?

long GRB and jet illustration

High-energy
gamma rays

NN\

X-rays

Low-energy s ~"

Visible light

Black hole
engine

emission

Afterglow
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Structured Jet + Cocoon

Rotation Axis

Viewing Angle
Uniform
Core
Structured
Jet

Cocoon

Central Engine
Possibly off-axis, implying a
structured jet or cocoon (wind)

component. 2



Merging Neutron Stars f
Dying Low Mass Stars  Exploding White Dwarfs Cosmic Ray Fission




MeV Prospects for Neutron Star Mergers

GRB 170817A would only have been detected E_ Q“nﬂﬁ.f,ﬁon M

by GBM onboard to ~80 Mpc =l GRB 170817A |” w

An MeV instrument like AMEGO will detect a * ’W w NM‘M’M} H
similar GRB to >130 Mpc with a localization of % H| ] |H N M H I i
<6 deg radius (Lo) OHMIH|lHHE|_.!|INH%|”||H|"||N|}‘1H”“H’w| W7 M

AMEGO will detect 10’s .
of short GRBs per year
(uncertainty in intrinsic
rate, redshift
distribution and jet
structure)

o 8 & 8 8 8 B & B8

0 180 0O 20 40 60 80 100 120 140 160 180
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MeV Prospects for GRBs

Intrinsic population of long duration GRBs given luminosity function, redshift
distribution, prompt light curves/spectra derived from Swift-BAT using method of

Lien et al. 2014.

Sample subset of population above sensitivity limit for an MeV instrument

(AMEGO) and adjust for FOV.

~400 Long GRBs/yr
(Y19 @ z>6)

~80 Short GRBs/yr
(scaling by
GBM population fraction)

Detection Number [yr ']

AMEGO Long GRBs

& w

107 10* 107 10° 10° 10
Flux [ergcm ?s']
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Detection Number [yr ']
- N N w w =y Y
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—
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AMEGO Long GRBs

4 6 10

Redshift
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Reminder about Beamed Sources

Gamma-ray emission from GRBs is relativistically
beamed

Detected GRBs are a few percent of the entire
population (depending on jet angle)

The detection of a few GRBs at high redshift
provides a sample of the entire population
existing in a younger Universe

(That goes for blazars, too)



MeV prospects for blazars

BAT
WISE Fermi/LAT

UVOT XRT 2FGL
10%°

Energy output peaks in MeV,
below LAT band a— 100
Among the most powerful

cm

persistent sources in the UniverseTgn 10§ . i 1047~
Large jet power, > accretion f) 1g ' b
luminosity TS o1 _ y Ll 0"0—;
Host massive black holes, ~10° E b :
solar masses or more X 0.01 / o E 14106

e | z

Detected up to high redshift N T R B B
10° 1012 10'® 10'8 10% 10%4

(expect ~100 at z>3) Frequency [Hz]
Evolution of MeV blazars is
stronger than any other source
class — maximum density might be
very early

1 ||

J1653-329 a candidate PeV neutrino
emitter (Krauss+ 2014)
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Gamma -ray Detectors

2,4‘ .4
: Pair conversion in the detector 14'/"!
; . ;
. Compton scattering
in the detector y!ner Galaxy £10yrs
Fermi LAT
. | | | 1 | |
I | | | I I
104 10° 106 107 108 10° 1010 101t 1012
Photon Energy [eV]
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Themes for the Future in Gamma Rays

* Fermi-LAT continues to deepen all-sky view above in the multi-GeV to TeV
range, especially important for spatially extended and diffuse studies

* Fermi all-sky monitoring (GBM and LAT) continue to promote discovery
and uniquely support multiwavelength variability and transient work
* Enhanced context

— Multiwavelength overlap and complementarity

* Challenges for interpreting relationship of emission sites and processes within a source
and making connecting to acceleration sites and populations

— MeV is critical for extending horizon of GRBs and blazars in support of
multimessenger studies (and loads of other reasons — see e-ASTROGAM talk)

* Angular Resolution
— | begin to see what | would really like to see better



Concluding Thoughts

Relation between gamma rays and cosmic rays remains
complex
— Fermi LAT has answered many questions, but raised many
more.
— The sites of gamma-ray emission do not provide a complete
answer about where and how cosmic rays are accelerated

— Gamma rays from freshly accelerated cosmic rays remain
elusive

— In some of the most interesting cases for understanding
acceleration, the sites are surprisingly compact, but difficult to

localize



