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| The y-ray sky above
10 GeV seen by the
Fermi satellite

Jean Ballet

AIM, CEA Saclay, France
LAT collaboration

APC Paris, May 26, 2014



Above 1 GeV

2FGL (2 years): 1873 sources (Nolan et al 2012, ApJS 199, 31)

Upcoming 3FGL (4 years): =3000 sources




@QM Source association

Gamma-ray

1FGL 2FGL 3FGL
(1451 sources) (1873 sources) (=3000 sources)

Similar fraction of associated sources as in 2FGL, thanks to
ongoing effort on deepening counterpart catalogs



<, ermi Fermi sources > 100 GeV

Miat 127 NGC 12?5' MGG 1275
% .

Mew source \ MNew source

0.6°

1-10 GeV 10 — 100 GeV 100 — 300 GeV

Neronov et al 2010 (A&A 519, L6) have found 8 Fermi sources above
100 GeV, among which one was not a previously known TeV source

IC 310 in Perseus cluster: 3 events within 0.1° over 18 months
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':I-Ell_ ma-ray

’ Space Telescope

Spatial
resolution

Fermi—LAT PSF Clean class

1° [ T ———r :
P7REF W15 i
Pass? VB — — — — _
- MaonteCarlg ------------ ]
/U? B i
()] -
O L i
o .
S | ~— ﬁPﬁaﬁs:c, _7‘(2FGL, 1FHL)_
8 D
Y "~ ~Reprocessed (3FGL
0.1 |- -
I Monte Carlo I
1 GeV 10 GeV 100 GeV

PSF improves considerably with energy up to 10 GeV

Improved calibration of the CAL crystals results in better
high-energy PSF (J. Bregeon, Fermi Symp 2012)

Expected performance now recovered up to 10 GeV
Directly impacts source localization (detection as well)




<€, ey Power-law detection threshold
S Taon 10710 e ——

Fermi LAT

T, Crab Nebula

P7Source V6

Rocking angle 50°
|Latitude| > 10°

1 0—11 e

T TTTT

Soft sources
limited by:

vFv (ergcm™s™)

- Knowledge of
diffuse background
(5% precision)

T IIIITIl

T

10 years

| 1077 ™

(extrapolated from Energy (GeV)
measured logN logS)

100.0

Hard sources limited by source count rate
Detection threshold improves faster than 1 / vt




Above 10 GeV

Map is heavily smoothed

1FHL (3 years)
514 sources

Many fewer events (1.5 10° over 3 years)
Galactic diffuse emission not as dominant, except in Ridge

Eermi bubbles Ackermann et al 2013,

ApJS 209, 34

v




514 sources over 3 years

Integral flux above 50 GeV
estimated from power-law
fit above 10 GeV

Even though AGN are
variable, flux above 50
GeV is a good indicator of
TeV detectability

Only 3 point-like TeV
sources not in 1FHL

Several Fermi-based TeV
detections already

Fermi sources > 10 GeV

102 : >
D. Paneque et al 2012,

Fermi Symposium

Number of sources

10 TeV

sources

-8
log10(Flux50GeV [ph cm? s1])

213 objects flagged as good TeV candidates
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s, ermi Fermi sources > 10 GeV
o STl
PWN 6 (1%)
OtherExtraGalactic 9 (2%)
SNR 11 (2%)
OtherGalactic 11 (2%)
PSR 27 (5%)
BlazarCandidate 55 (11%)
UNID 65 (13%)
e 71 (14%)
BLLac 259 (50%)

0 50 100 150 200 250
N
Mostly AGN
Talil of bright pulsars
_ D. Paneque et al 2012,
Hard Galactic sources (SNR, PWN) Fermi Symposium
13% of the sources remain unassociated




s, ermi Pulsars > 10 GeV
s
jo835-4510 (Vela) ~ J2021+3651  (Cygnus)
7r 1160 19
g E > 100 MeV
3 6f {140 18
O | “%: _75
> o E>25GeV 1209 S
s 11003 °g
= 3 158
3 180 < <
— 3 0O 14 O
3 {60 2 2
£ = 132
% 2r lag ©@ | s
= 20 0.5 Il_l_l 11
N A A I 1] 11
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Phase Phase

Crab pulsar has been detected by MAGIC then VERITAS over 100 GeV
Pulsations detected above 25 GeV for 11 LAT pulsars; Crab is not alone
Obviously energy-dependent light curve
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e, ermi Pulsar Wind Nebulae
‘:-.-_1!"!11'.1 ray
Space Telesco
- 140 .
i PSR J1826-1256 j .
-138 é . -
: o 80 33 -10
g ) N . _10 E
Q -13.54 1334 N J1823.2-1336¢ 7 30 o Fermi ¥-r e HESS .
...h, ) N -] E '—"'lvt—%:'n |
g _14 510" - —
- m + 3
"g’ 20 T :T:
\ = _
o -14.5) 15 |
&) - L
& 107 =
s 10 . HESS J1825-137 ]
B ) Grondin et al 2011, ApJ 738,42 1
5 III'3 | (N | | IIIIII'5 | | IIIIII'S | Loty |
277.5 277 276.5 276 275.5 10 10 Energy [MeV] 10’
Right Ascension (J2000) 0

Special case when the pulsar itself was not detected by Fermi

PWN normally harder to detect on top of bright pulsar, but possible
with phase selection or spatial information

30 TeV PWN detected at 10 GeV (Acero et al 2013, Apd 773, 77)

PWN remain much easier to detect at TeV than GeV energies
Main help from Fermi in pulsar itself for interpretation (power input)
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«sami SUPErnova remnants

Gamrna Tay

/e RX J1713.7-3946

Abdo et al 2011, ApJ 734, 28

Brightest TeV SNR

Very faint, hard Fermi source in a
complicated region of the Galactic plane, not
detected below 5 GeV

Extended, compatible with HESS image

Clearly below the extrapolation of hadronic
models, in line with leptonic models

Does not mean that protons are absent, but
that density is low (as indicated by
absence of thermal X-rays).

E2dN/dE [ MeV cm2s-1]

E2dN/dE [ MeV cm™2s-1]

10°

10°

10°

10°®

IWII\I[

_ Hadronic

| Illlllll L1

—u— Fermi LAT 24|months)

— e HESS (Aharorjan et al. 2007)
Berezhko & Vgelk 2006

Ellison et al. 2 TO (nodomlnated
Zirakashvili & Aharonian 2009 (0 dominated)
Zirakashvili & jharonian 2009 (IC/I‘IO mixed)

Ll Lol vl el L1l

3

Fermi HESS

- Leptonic
" model

— = Fermi LAT (24 months)
——eo— HESS (Aharonian et al. 2007) \
— — Porteretal. 20!}6 \
— — Elisonetal. 2dh0 (IC dominated) \

Zirakashvili & Aharonian 2009 (IC dommate\d)
|||||| ! ||\||| |l||||\|\‘ 1 |||H||I L1

)

1 GeV

100 10° ,  10°
Energy[:MeV] 10 TeV

10°
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s, ermi Old SNRs: IC 443

Gammaray Ackermann et al 2013, Sci 339, 807
;/ Space Telescope
i IC 443
Older SNR, between 3 and 30 kyr 10

Extended, emission where molecular TeV

clouds interact with the SNR, does not
follow radio contours

=

o
LAY
=

Break at ~ 3 GeV, corresponding to
proton energy of 20 GeV. Probably
reflects the maximum energy reached by

E? dN/dE (erg cm™? s™)

Best-fit broken power law
® Fermi-LAT

O VERITAS (Acciari et al. 2009)
4 MAGIC (Albert et al. 2008)
¥

. 1074 =
freshly accelerated particles - AGILE (Tavani et l. 2010)
B n’-decay .
. L 1 Ll ll.I;:l"""l ?rfr??lslt:?hmnlg I ) llLlJ il l!ll S == I 153 ILl:'l'l 1
Clearly hadronic, but soft (I' = 2.9 at TeV) - 10 10"
1 GeV 1 TeV

~-rgy (eV)

Very large diversity in SNR spectra, depending on age (shock
speed) and surroundings (density)

Global emission very slowly variable: no need for coincidence

GeV and TeV observations are very complementary
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~ SNR catalog
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1-100 GeV Index

T. Brandt et al., N |IC 443 SED
Fermi Fermi  IACT
symposium
2012

TeV vs 1-100 GeV Index

PRELIMINARY

3.0

25 F

E2dN/dE

[

@® Pt. Candidate SNRs /

Pt. Candidate PSRs |
@® Ext. Candidate SNRs
—+— ® ID'd Interacting SNRs
@® ID'd Young SNRs

15 b

1.0 5 5.0 35 3.0 35
TeV Index 1 GeV 1TeV

Many TeV spectra are steeper (break between GeV and TeV range)
Some do not even appear on this plot because undetected at TeV
No TeV spectrum is significantly harder

Young SNRs are harder (and less luminous) than old ones

14
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«ami Cygnus X cocoon

G-Ell_ ma-ray

{ Space Telescope
Ackermann et al. 2011, Sci 334, 1103

Large nearby star-formation region
Broad y—ray excess (50 pc wide) on top

of expected diffuse emission (delicate
subtraction exercise)

Gal. latitude (deq)

Circled by molecular clouds

Hard spectrum possibly related to

MGRO J2031+41 Gal. longitude (deg)

Could be accumulation of CRs 35, -
accelerated by many SNe in the region, . S -+

half-way between SNRs and Galactic o Yoel o g

CRs

0g(E* diff. flux) (MeViem s Mev )

log(E) (eV)




D. Malyshev et al., AAS 2014, Washington

Attention to systematic uncertainties
due to underlying diffuse emission

Large uncertainties at low energies
(Loop | on top of North bubble)

Confirms analysis by Su et al 2012,
brightness a little different

Spectrum definitely falling down above
100 GeV

Many open questions on
interpretation.

Good targets for wide-field high-
energy instruments (HAWC)

—
i
o

107

E? dN/dE [cm?2s'GeV sr|

E =64—289.6 GeV

= this work

Su et al. 2012

1 1 L1 1 a1l 1 L
1 10 10° 16
Energy [GeV]
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AGN - 3LAC

Same sources as 3FGL

Nearly flux-limited sample
in terms of energy flux
over full band

Follows nicely blazar
sequence, from luminous
faraway FSRQs to less
luminous nearby HSP BL
Lacs

S. Cutini et al.,
BOHEME meeting 2014

Photon spectral index

Photon spectral index

I
1

LSP-

HSP - BL Lac

BL Lac
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G-Ell_ ma-ray

’ Space Telescope

GeV - TeV
connection

Abdo et al. 2009,
ApJ 707, 1310

Fermi spectra of known
TeV AGN

Fermi: average flux

Comparison difficult due
to intrinsic variability

E*dNdE [ erg cm® 5]

E*dNME [ emg cm® 5]

Fermi is not well suited
to MW studies of
correlated variability

E*dNdE [ erg cm® 5]
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G a-ray
/ Space Telescope

AGN > 10 GeV:
redshift effects

HSP - BL Lac

Photon Index [E>10 GeV]

O O N W & OO0 N @

194 1FHL blazars have a known
redshift

71 FSRQs, 73 HSP BL Lacs, 50
other BL Lacs
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Photon index above 10 GeV softer
than above 100 MeV (curved)

High-z FSRQs tend to be softer

N
3]

[ § ¢
-
. 3

Not observed when considering
photon index above 100 MeV

—
o

Possibly due to attenuation by
EBL

Ackermann et al 2013, 1
ApJS 209, 34

Photon Index [E>100 MeV]
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’ EEar?ai-ﬂfq

a2 T

qz i 432 events

< 8- E>10 GeV

T [ ’
E_ —
al- -’
ol . | _
" Preliminary )
ol |

54800 55000 55200 55400 55600 55800
Time [MJDI]

Variability not detected in Mrk 421
with 1% false positive threshold
(Bayesian blocks)

Very strong variability of falling edge
of Compton bump of FSRQs

Fermi sees long time scales, but
short time scales not reachable for
most sources

Flux (10" cmr2s™)

'y
o M OB o ©

[ <]

AGN > 10 GeV: variability

3C454.3
123 events
E>10 GeV

D. Paneque et al 2012,
Fermi Symposium

Preliminary

_l _I_I_;_I. JE — | J_ — L
54800 55000 55200 55400 55600

1
55800

Time [MJD]

TeV instruments can
characterize short term (but
not long term) variability

GeV and TeV observations
are very complementary for
statistical studies
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damma-ray

G
/ Space Telescope

Automated search for flaring
sources on 6 hour, 1 day and 1
week timescales

200 Astronomers Telegrams

Detects flaring sources at low
energy, TeV behavior can be
guessed from average spectrum

Variabil ity i ndex
=

FSRQs more variable than BL Lacs

The most variable part of the
spectrum corresponds to the
highest energy electrons

10°

i
L]
T

2

AGN: variability

__ina®

| Tty \\"I"\‘ L T -
=3 P\G P(G FSRQ E
i (P .
- 3 HSP - BL Lac -
S :
__1‘_ ::..:. ]
g - 5

[ g

Fermi is an excellent all-sky monitor,
but not that good for TeV variability

&) ” —
Iog(vpeak) (HZ)

Monthly time scale
S. Cutini et al.,
BOHEME meeting 2014
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G-Ell_ ma-ray

{ Space Telescope

Rate (counts s™' keV™')

Gamma-ray Bursts

— Epeak

[« No evidence for rolloff or yy absorption = I" 2 900

Alpha
Beta

-1.02 = 0.02
-2.21 = 0.03
1170 £ 142 keV

Fermi has shown that GeV
? emission can extend up to
10 minutes in some GRBs

e

ﬁ;

NAI_O3 + ]
GRB 080916C NAL O4
Abdo et al 2009, BGO_OO O |
Science 323, 1688 LAT &

-+ No evidence for Compton component

|« 94 GeV event in GRB130427A

e

F ot o]
SN
TG

ot

10!

102

10°

10*
Energy (keV)

10°

108

107
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Fermi at high energy

» Spatial resolution 0.2° limiting in Galactic plane

» Detects > 500 sources above 10 GeV

 All-sky survey: reservoir of TeV targets

» Good prospects for hard sources with increasing exposure
« Excellent GeV — TeV complementarity for SNRs

 PWN: can detect pulsar inside and measure power
 AGN: blazar sequence, variability over long time scales

 GRBs await detection at TeV energies. Need to be fast.

NASA senior review advised extension up to end 2018

But not indefinitely; no other GeV instrument in sight, but
most studies do not require observations at the same time
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Backup slides
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s, crmi AGN: GeV - TeV connection

damma-ray

G
/ Space Telescope

& F o ‘ g

Compare spectral index rather ;E “F | E

than flux "o ﬁ%‘ | -

< - ke E

39/45 TeV AGNs are in the 2LAC 15k T ol te E

(34 in clean sample) £ 4 #]L % % =

26 AGN are well fitted with simple ,15%_ ) ? o Contaurus A _

power law in the LAT band - R g

o —]

17 HSP, 2 ISP, 2LSP, 5 unknown - © All BLLACs .

0.5 —]

Deficit of distant sources with ST T T T T T T

Small Values Of Ar 0 0.05 0.1 0.15 0.2 0.25 D.Sﬁeds?{iaftﬁz

EBL: softening of the VHE B. Lott at Fermi meets Jansky 2011

spectrum dependent on z Updated from Abdo et al. 2009, ApJ 707, 1310
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<l i AGN: variability

C-ar- ma-ray

' Space Telescope

10.00

When variability is detected,
large relative variations | +

Fermi can characterize
variability on long time scales
but short time scales not
reachable for most sources

1.00

_|_
_|_
1 IIIIII|

Relative wariations

TeV instruments can
characterize short term (but
not long term) variability

1FGL: Abdo et al 2010, ApJS 188, 405

GeV and TeV observations » 100 1000 10000
are very complementary for Variability index
statistical studies
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s, crmi Flaring sources

« Automated search for flaring
sources on 6 hour, 1 day and 1
week timescales.

— LAT scientists perform follow-up

Blazar 3C 454.3’s Record Flare

. Vela pulsar analyses, produce ATels, and propose
PTG o R R NS N I | 2
3C 4543 @ : TOOS
@ : « >200 Astronomers telegrams
— Discovery of new gamma-ray blazars
December 2, 2009 — Flares from known gamma-ray blazars

Fermi is an excellent all-sky monitor

Lodipinar S 0 Detects flaring sources at low energy

3C 4543

TeV behavior can be guessed from
O average spectrum

November 3, 2009 | Most (like this one) are soft
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