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amma-ray

Fermi Results on
High-Energy Gamma-
Ray Sources

Alice K. Harding
NASA Goddard Space Flight Center

on behalf of the Fermi Collaboration



Fermi Highlights and

Globular Clusters (11)

Discoveries

Radio Galaxies (12)

Star Burst Galaxies (4)

'SNRs & PWN (68)

y-ray Binaries (6)

TGFs

~F,,

'Sun: flares & CR interactions | — &

Unidentified Sources (600)




Fermi Large Area Telescope 2FGL catalog

AGN “ AGN-Blazar

AGN-Non Blazar

Unassociated

Possible Association with SNR and PWN

Galaxy * Starburst Galaxy

Radio Galaxy + Seyfert Galaxy

Nova
PSR PWN
PSR w/PWN SNR

Globular Cluster HMB

Credit: Fermi Large Area Telescope Collaboration




ey ermi LAT source catalogs

Gamma ray

/ Spacc Telescope

1FGL

11m

1451 srcs
43% unassoc.

33% unassoc.

http://arxiv.org/abs/1501.02003
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Constant PSF at >50 GeV !
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Improve PSF and Acceptance (factor of 0.5-2 in P8)
2. Low background and good PSF (0.1 deg at 68%)
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Energy [MeV]
* Recipe for success:
1.
3. All-sky exposure

Catalog of sources detected at >50 GeV
Allows study of the EBL, EGB, Galactic plane etc.

Continues our effort to characterize sources at high energies
Connects well to ACTs, HAWC and the upcoming CTA
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R— 2FHL Count Map

Cld"‘ ma-ray
/‘ Space Telescope

~6 years of P8 data (50 GeV -2 TeV)  _350 sources

51,000 photons E > 50 GeV 71 detected by ACTs (TeVCat)
18,000 photons E > 100 GeV 234 detected in 3FGL (<- 4 years up to 300 GeV)

2,000 photons E > 500 GeV ~60 brand new sources

Preliminary
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Low
synchrotron
4 peak

External
radiation field

High
synchrotron

BL Lacs peak

s ermi Fermi and the blazar sequence
Space Telescope
3rd LAT AGN Catalog (Lott et a. 2015): 1591 sources (98% blazars)
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Photon spectral index

vFv
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Gamma-ray
Space Telescope

Blazar spectral correlation

Correlation between spectral hardness and v
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<omi Leptonic and hadronic emission models

amma-ray

* Leptonic models (Maraschi et al. 1992, Dermer et al. 1992)
— Low energy
e’B —y
— High energy (either SSC or external IC)

ey —e’y

 Hadronic models (Stecker et al. 1991, Bottcher et al. 2012)

— Low energy
e’B —y
— High energy
py —nm’ e B—y ey —ey
\‘e% wevyvy, wB—y uy—uy

pp = pN —rx'rm nB —>y

144 pB—y



/ . . .
<-mi  Leptonic or hadronic emission??

Gamma-ray
Spa(e Telescope

Most blazar spectra well fit .
by leptonic models Optical/X-ray But a few are better fit by

3C4543 polarization can hadronic models
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Gamma-ray

TANAMI blazars and neutrinos

/v Space Telescope
i

80 FEEE)
-0 0235-618

Relative DEC [mas]
S R TR
oo SSS S S

[¥]

do
=)

20 0 -20 -40 -60-80

=

Relative DEC [mas]

AT-PA-MP-HO-
CD-TC-TD-HH-WW

10 0 -10  -20
Relative RA [mas]

10 0 -10
Relative RA [mas]

40

15 10

2010-05-07

{1000

Six brightest blazars in
TANAMI radio sample are
coincident with 2 reported
IceCube PeV neutrino events

{100

[trea q /A pma] Aysuaq xnp g

20

2010-05-07 EFGIY

{100

[treaq /A pua] Aysuaqq xnp g

AT-PA-MP-HO-CD-TC-TI
5 0 -5 -10-15

Relative RA [mas]

Frequency [Hz]

Frequency [Hz]

E e WISE BAT Fermi/LAT ElS s WISE OM XMM ;‘»3:‘\‘ Fermi/LAT S WISE BAT Fermi/LAT =
— 100L C‘i!’lnnck 7U\’70T E_ 2FGL Cﬂ’bmck 7U\QJT i 2FGL C_il’lnnck 7UV70T E_ 2FGL
| E 10| v ] .
T l: Assume photopion
B0 F U [J . L] "
Zo production in jet
a E 8.
E 0.1g
D E
5 001k L
W /, ssosps Integrated v flux can
§ \H\‘UVOT \V“‘P\Lanck \\1\LV0T XRT FN;TII-“(/:!I:AT E C\::;l’\lnnck “I\IUVOT XRT | H 2 P V
- oo e e p oSt Ther xen explain 2 PeV events
w E E
0 - ] E
s 1p E
T 0ol N , E14 L X
E, 1653329 | t [ N B 1714-336 “,’(, P R = P 4 '“. [ IR IR B =
10° 102 10'® 108 102 10 10° 102 10'® 108 102t 10% 10° 102 108 108 10% 10%

Frequency [Hz]

Krauss et al. 2014



amma-ray

Gamma-ray bursts

Major questions:

What is the jet composition (leptons, baryons, Poynting flux)?

What is the energy dissipation and particle acceleration mechanism in
the jet (shocks, magnetic reconnection)?

Where is the location of particle acceleration?

What is the radiation mechanism(s) (synchrotron, inverse Compton)?

Internal Shocks? External Shocks

N )
X
Va s
.D' g f - >
.
e -
v ‘ A
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Counts/bin Counts/bin Countshin

Counts/bin

Gamma-ray
Space Telescope

High energy delayed emission

GRB 080916C (Abdo et al. 2009)
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[ (8 keV-260 keV) o
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Emission at higher energy is
delayed and lasts longer

Smoother HE temporal decay

High energy emission also
seen in short bursts!




vF, (erg/ent/s)

VF, (erg/cm’/s)

10°

107

10°°

10°

High energy spectral components

GRB 090926A (Ackermann et al. 2011)

T T

Time-integrated photon spectrum (3.3 s - 21.6 s)
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Some bursts show additional

spectral component at late times

Synchrotron Self-Compton
(leptonic)?
(Wang et al. 2009, Toma et al. 2011)

Hadronic processes?

(Razzaque et al. 2010, Asano et al. 2009)

high Lorentz factors

é— \\,b —E
E [b): 3.3 s - 9.7 s (Band) E
- [c):9.7s - 10.5s (Band + CUTPL) -
™ [d): 10.5s - 21.6 s (Band + PL) -
110 “.)2 1(1)3 1.:)‘ | 1:)5 . ux)‘
Energy (keV)
Lack of yy absorption gives

1200 [ 090510 ?

400 F

200 '_0903|28 I

[T T[T T I [T T [T T [ T T T[T T T T[T T T T [ TTTrT

o L PL outy 0s0916C 1
P

5 1000 090902B i L only

= 800+

g 090926A

= 600 090323 1

ER: 110731A i

15}

3

YY opacity constraint in a single-zone model

0 05 1 15 2 25 3 35 1
GRB Redshift (2)

45

5




/O
@SS  ermi

Gamma-ray
Spa(e Telescope
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Starburst Galaxies

Abdo et al. 2010
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C253
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-------- Paglione et al. 1996
Domingo, Torres 2005

------- Rephaeli et al. 2009

----- Best-fit Power Law

* LATData

| T Ll Lo

10°

104 10° 10° 107
Energy (MeV)

* Total y—ray flux
consistent with CR
interactions with gas and
radiation fields

* CR density increases
with star formation rate —
Starburst galaxies are
proton calorimeters?

* Expect some neutrino

flux (Lacki et al. 2011, Chang &
Wang 2014)

v-ray flux detected from
NGC 4945 may also be

due to starburst activity
(Lenain et al. 2010)
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s, ermi Supernova remnants

Gamma ray

/ Space Telescope

13 1dentified SNRs, including
- 9 interacting
- 4 young SNRs

Cygnus Loop

- 32:00:00.0 ”
’ f

. 21:00:00.0 50: 20:40:00.0 «

26 52 77 103 128 133

counts

Fermi SNR Catalog

30 classified SNRs, including
- 11 interacting
- 4 young SNRs

Vela Ir

179 204 230

Credit: T. Brandt
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Pion decay bumps

Detection of low energy pion-decay cutoff in 2 SNRs’ spectra sugg

ests proton acceleration:
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“s.ermi Pulsars
o/ Sroc Tescope
161 detected y-ray pulsars +90

+180

Current public gamma-ray pulsar list
http://tinyurl.com/fermipulsars

Grenier & Harding 2015

A 46 Radio loud young

V¥V 44 Radio quiet young

® /70 Radio loud millisecond

® @ 24 Black widow or redback MSPs
m 67 Radio MSP from LAT UnID
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i y-ray pulsar spectra
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Upper limit inside

Pair cascades limit acceleration voltage to V,~10"3 V

Young pulsars V > V,: Old pulsars V < V,;: magnetosphere
. 172 : '
L)/ = nGJVO x EVO[ L)/ = nG]V X Erot
] | | a7 — ' - - ' - 10
29.5 //‘v l ?:1\ H
29 W | & . 3
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A Radio loud young
V¥ Radio quiet young | |
® Radio loud MSP Grenier & Harding 2015




Pulsar wind nebulae

Crab Nebula

HESS J1837-0657 MSH 11-62" HESS J1023-575

& HESS J1356+635 -

; + 10
SNR CTA 1 . " candidates

J1825-137
T

o3
iR e

1ESS J1640-465

All 6 Fermi PWN are seen at VHE energy

Marie-Helene Grondin, VHEPU 2014, Quy Nhon, 04/08/2014
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<, ermi The flaring Crab nebula

Gamma-ray

Spa(e Telescope
Crab nebula flares
Non-flaring: E ., ~ 1 PeV Flaring: E .~ 2-3 PeV
Eqm € =00MeV
10
37 'MHb ------
107 Const. B-field ——
108
Sept 2007
o% + . February 2009
10% L ', + + September 2010
§ x 00%,° + 4 April 2011 .
- R 4+ 4 March 2013 10° o
g ' 2
S, 3 i &
310 April 2011 flare 3
> _ 1 1 1 2 1314151617181 9 1101 - 10'10 ‘_>
b xS >
3 7} d 40
N {“.\ E
1033 1 N AL
10 15 20 25
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Gdr" ma-ray

/ Space Telescope

S y-ray binaries detected by LAT:

Gamma-ray binaries

2 | (>100 MeV)

PSR B1259-63

LS| +61°303

LS 5039

HESS J0632+057
1FGL J1018.6-5856

:

{

| |
Fetmi 2010

e T T Ry
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60
Days from periastron

80

100 120

Dubus 2013

Microquasars or binary pulsars?

BINARY PULSAR

Mirabel 2006

Cometary radio emmission

Relativistic jets

Companion star
Compact object
of center

Ultraviolet and
optical emission

Accretion disk

i

shocked

pulsar | & pulsar wind

massive
star

C, Microblazar

\ pulsar wind termination shock
stellar wind stsetlllgl:'v(;i: d
- . Fermi, INFC - [ . Ferm!, 30 months
b - Formi surc b g L poam S ot
‘107 H.E.S.S., SUPC, 2004/05 e 1070k VERITAS, 2006/07
() H.E.S.S., INFC, 2004/05 o F VERITAS, 2008/10
o o [
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Before Fermi launch: 3 black widows, 1 redback
In LAT sources: 15 black widows, 9 redbacks
Total of 28!

MSPs with very low-mass ——
binary companions —
— 10 — 80 Jupiter ——

masses (~.01 M)
Pulsar wind ablates pulsarPulsar wind
companion by exciting @®> 77 ) )
stellar winds i )

Redbacks (cousins)
— ~0.1 M_companions

Particle acceleration at intra-binary shock:
(Harding & Gaisser 1990, Venter et al. 2015)

Leptons: few TeV
Protons (?): 2 — 100 TeV

PSR B1957-20:

X-rays (Chandra) and

possibly y-rays (Fermi)
modulated at orbital
period

wind

. contact discontinuity

Counts

0.0 0.5
Wu et al. 2012

Huang et al. 2012)

] =1 Y]
8 S S

8 8

40
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10

| | |

1.0 1.5 2.0
Orbital phase
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Particle accelerators seen by Fermi

Leptons
Blazars 100 TeV
Gamma-ray bursts 10 TeV
Starbursts ?
Supernova remnants 10 TeV
Pulsars 10 TeV
Pulsar wind nebulae 1-3 PeV
Binaries few TeV

Hadrons
10 EeV
few PeV
0.1-1PeV
100 TeV
?
?
2—-100 TeV



