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Fermi Gamma-ray Space Telescope

T incoming gamma ray

Large Area Telescope
20 MeV ->300 GeV

electron-positron pair % N Gamma-ray Burst Monitor
<> Thé LAT is a unique resource providing 10 keV - 30 MeV
+ Broad energy coverage, overlap with ACTs

+ Large FoV: all-sky coverage every 3 hours — transients
< Observatory is operating smoothly

+ Instruments and spacecraft operate as designed, no degradation in science
performance since launch

<> Observation Modes

+ Dec 2013 — Dec 2014 in Galactic Center biased survey mode

+ Currently in 50° rotk sky survey
g




Pass & 1s here!

< Provided a substantial
improvement in the
capabilities of the LAT

+ 40% increase in point-
source sensitivity

+ Up to X2 gain in
acceptance at very low
(<100 MeV) and very
high (>100 GeV) energies

Acceptance (m y sr)

<> Updates: data and software
releases

+ In-flight IRFs
+ Cal-only event class

4+ New Science Tool
features
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Pass 8 Performance

Significant improvement in the angular resolution

| - P7REP-SOURCE. V15 (on-axis 95%)
-+- P8_SOURCE_V4 (on-axis 95%)
—— P7REP.SOURCE V15 (on-axis 68%)

Cig—e—
vae.

Additional event selection classes
On-axis 68% containment (class 3)
+ 3°at 100 MeV
+ 04°atl1GeV
+ 0.07°(~4.2’) at 10 GeV C Ll ETT B
+ 0.035° (~2.1") at >100 GeV S T A

Cf. HESS 2 angular resolution is ~0.05° at best

Significant reduction in the systematic
uncertainty of the Effective Area
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High energy gamma-ray emission processes
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’ o < pp —> n%(2y)+X — neutral pion
’ __»’l? \_ -== ;”p >’

P production and decay

< Inverse Compton scattering

<> Bremsstrahlung

<> Curvature (or synchrotron) radiation




Fermi-LAT skymap >1 GeV, 48 months

<> Shows where accelerated
particles meet targets (gas,

photons)

< ~80% of the emission is

diffuse

o .

{> Our Galaxy provides the
best opportunity to study
CRs: direct’and indirect
measurements with

excellent resolution

4-year sky map, >1 GeV, front converting (best psf) (4.52M events)
< LAT: ~275B triggers, 225M Source class events
< GBM: >1000 GRBs *In 8 years LAT collected ~2 PetaBytes of data!




Fermi Highlights and Discoveries (GeV range)

e*e spectrum

Radio Galaxies

Starburst Galaxies

LMC & SMC | |

Globular Clusters

' Fermi Bubbles

| SNRs & PWN

-

' v-ray Binaries

Pulsars: isolated, binaries, & MSPs

' Sun: flares & CR interactions

Terrestrial y-ray Flashes
& Earth’s limb

Unidentified Sources
(1010/3033) 3FGL




3FGLC atalog:

3033 sources

< 4 years (P7 reprocessed) At B
%%

< 0.1 - 100 (300) GeV e

< 5 (14) energy bins uniformly "

X

spaced in log E
<> 20 extended sources
<> Identified — 238

<> Associated — 1745 No association Possible association with SNR or PWN < AGN
Pulsar Globular cluster « Starburst Galaxy > PWN
Binary + Galaxy SNR * Nova
* Star-forming region
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1FHL: Fermi-LAT skymap >10 GeV

<> 36 months
< Less diffuse emission

< Fewer (514 sources) but more powerful sources at high energies




2FHL:*“TeVatron map” — Fermi Sky 50 GeV-2 TeV
61,000 photons E > 50 GeV

<> 360 sources - | 22,100 photons E > 100 GeV
2,000 photons E > 500 GeV

<> 80 months | ~1.5 phot/deg?
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Comparison with HESS Galactic Plane survey

Significance Map
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H.E.S.S. detects 69 sources reaching a sensitivity of ~2% of the >1 TeV Crab Nebula flux

LAT detects 36 sources (in 2FHL) in the same region reaching an average sensitivity of
3-4% of the Crab Nebula flux

Fermi-LAT >50 GeV Count Map (adaptively smoothed)

Galactic Latitude
+
O

Total: 103 sources at |b|<10°




Cosmic Scales

TERMINATION
\SOLAﬂ APEX SHOCK
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Fermi-LAT observatlons of the Earth’s Iimb

.  thin target:
68 4°<0<70.0°

1GeV-10 GeV 10 GeV-1TeV

>3.6 GeV

¢ Fermi-LAT above 3.6 GeV (scaled)

o Fermi-LAT above 3.6 GeV deconvolved (scaléd
NRLMSISE-00

—— 6.8 km scale height exponential
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Emission
S B> s profile
<> Due to.its proximity, th 8 Earth 1S ths \ >30 GeV
brightesty-ray souree oh the sk , , : |

emission
dominates

<> The emission is produced by the CR "
cascades in the atmosphere

<> Most energetic y-rays are prodticed?by
CRs hitting the top of the atmosphere at
tangential directions (thin target)




s, crmi Inferred CR Proton Spectrum from
S PP Model by Kachelrief & Ostapchenko (2012)

— This Work  —+ AMS-01 (2000) —— BESS (2004) | |
4+~ ATIC-2 (2009) —=- CREAM (2011) —o— PAMELA (2011
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Solar system

Tracks of

the Sun < Averaged over one year,

the ecliptic is seen as a
bright stripe on the sky,
but the emission comes

Model calculations | from all directions

galgctic latitude [deg]

0.0 300.0
galactic longitude [deg]




Fermi-LAT observations ot the Sun (Abdo+°2011)

Integral Intensity (photons sr )
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« Profiles

Data

—.—-— background

Disk emission
IC emission

background + Disk + IC
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as the second moskintense in 5
ears. Fermi observed gamma-ray
flux at >100 MeV: )

March 6 2012

2
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1,000 times brighter than the
steady Sun’s

100 times brighter than the Vela
pulsar’s

March 7. 2012 50 times brighter than the Crab
T “superflare” of April 2011

Highest-energy photon
ever detected from a solar flare!

Galactic Plane

The high-energy emission
lasted about 20 hours — the
from a solar

flare.
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<> For the first time >100 MeV
emission was localized on the
solar disk thanks to the LAT’s
Improved angular resolution
(green circle)
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Location consistent with region
of flare, even at later times

< This suggests some local
SDO/AIA 171 2012-035-07 00:45:03 UT acceleration Or trapping
1000  -500 0 500 phenomenon
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Inner Galaxy at different wavelength\ **

Wwide

L RVAL
(Kassin, LaRosa,

P,
sgr DHII §
‘

Sgr D SNR %

SNR 4).9+0.’/' \
sgr B2 /1 .

Threads

/ '};,.

3 : 'k ymund (&
A rc : *// ! :
L <7 Threads
- 3
A. New :hnud' The pelican
Sgr A : | m \
4 v C Cohere
- b : structuré: ?
¢ Pem 7 Aﬂ <> Harbors a SMBH ~4x10° Mg

SerE < Flaring activity of SMBH: large flare ~100
years ago, and faint flares

-
Mousé

L 5 .
GNR 339-0-002 4 GNR 359:1-00 < Huge over-density of dark matter

<> 1000s of stars in the innermost parsec

1o (SNR?) . .
Tornado < Large concentration of binary systems and

& .
compact objects



S. Murgia ICRC 2015 (ApJ 819 [2016] 44A)

Fermi-LAT Study of the Inner Galaxy
SCALING PROCEDURE

& Determine intensity for n° (from HI and H; gas) and IC contributions in galactocentric rings,
» |IC component divided in rings (dev. version of GALPROP), same boundaries as the gas: these
additional degrees of freedom can compensate for uncertainies in the GALPROP model of the
electron spectrum or ISRF used to calculate the |IC templates

) Isotropic and Loop | (Wolleben, 2007,Ap] 664) emissions also fitted to the data
« Different sky regions are employed based on where the components that are fitted dominate. Point

source locations and spectra taken from the preliminary 3FGL.

Galactocentric ring boundaries.
Ring Rmin Rmax Longitude

# [kpc] [kpc] Range (Full)

1 0 1.5 —-10° <1< 10°

2 1.5 2.5 -17° <1< 17°

3 2.5 3.5 —24° <1< 24°

4 3.5 8.0 -70° <1< 70°

5 8.0 100 —-180<1<180°

6 100 500 —180 <1< 180°




Sources 1n the mnner Galaxy

Fixing the background model allows the
sources to be detected

The sources’ position and spectra depend
on the background model

The brightest sources (TS>25) are not
very much model-dependent

Counts per 0.05% degree pixel
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— 1FIG sources TS>25
— 1FIG source candidates TS<25

+ — 3FGL sources with multi-wavelengths
associations

(1FIG = 1%t Fermi Inner Galaxy Catalog)
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S. Murgia ICRC 2015

Point sources removed

RESULTS - RESIDUAL MAPS
DATA-MODEL
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S. Murgia ICRC 2015

RESULTS - DARK MATTER

DATA-MODEL (Pulsars, index scaled)

PRELIMINARY . PRELIMINARY

‘ |o 100 GeV

Without DM:

PRELIMINARY

‘With NFW profile

PRELIMINARY

] . ‘. ] ‘ ] .
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NFW component in different

background models

< NFW = Navarro-Frenk-White

< NFW —is a peaked profile predicted in DM
simulations (1)

10~

[~ [ Pulsars intensity-scaled !
— E=] Pulsars index-scaled
OB Stars intensity-scaled
- OB Stars index-scaled
® Hooper & Slatyer (2013)
X Gordon & Macias (2013)
O Abazajian et al (2014)
— % Calore et al (2015)
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E? dN/dE [MeV cm™s

(Data-Model)/Model

== Observed =—- IC:rmg 1 ‘7
= Model, total HI+CO 7', ring 1+
=== [EM == Sources, TS>25

1
Energy (MeV)

10
Energy (MeV)

<> Components of the
emission observed in
the inner 15°%15° (one
of the models)

Spectrum of the NFW
component in different
models




NASA press release

Fermi data reveal giant gamma-ray bubbles

Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al.

< Discrepancies between the physical model and high-resolution data (residuals) are the
gold mines of new phenomena!




Fermi Bubbles

Gamma-ray emissions

X-ray emissions

_ - 50,000 lightyears
Milky Way |

\H“

<. Artist’s concept of Fermi Bubbles

Puzzles:
< The spectrum is “flat” (ongoing acceleration!)
<> The spectrum is uniform over these huge structures! (what is the mechanism?)




Fitting the Bubbles

Bubbles Template Flat (residual map, 3.0 op¢ cut Bubbles Template Structured (residual map, 3.0 o3¢ cut)

[ | | I I [
0.8 09 1.0 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

10"F ((-m 2g-1lgr ')

® % IC ® W data
¢ ¢ isotropic ® ® bubbles

Residuals are mostly flat s & local gas $ & Loop!

ignificance of integrated residuals for £ = 6.4 — 289.6 GeV
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Spectrum of the Bubbles

<> The North and South
lobes have very similar
spectra

The spectrum is very
flat which testifies that
the particle acceleration
is ongoing

Power-law with an
exponential cutoff:
index 1.9+0.2, cutoff
energy 110£50 GeV

* % South

Ackermann+’2014 ¥ ¥ North

10~8 e i : : :
10! 109 10!

E (GeV)




~Substructures and longitude strips

¥ _/|“Cocoon” templateland spectrum
B ~ T B<ind 1] } <> The lobes are
3 [rieitiy] f f i -
Cocoon Template, 6.0 o ¢ cut o 1 % t unlform
§’|; 10 * I 1
B The spectrum of
the “cocoon” 1s
e pretty much the
i § cocoon same as the
| T o — 05 10 10" 010

spectrum of the
whole lobes

00 01 02 03 04 05 06 07 08 09 1.0

| ¥ ¥ [40,60] 1 Y [-60,-40]

$ # [20,40] 4 1 [40,-20]
North f % [10,20] South ¥ % [-20,-10]

10° latitude srips No spectral
al {d “I I = pighantitte, 1111 Varlatlonsyv1th
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i ++ ] . I } 2f “NY . [% longitude
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Edges: the width of the boundary

esidua mtensr[y E = 1() — 500 GeV 5210

Edge b,1=(25.5°, 342.0°)
Ap=1.7°+1.3°
E=10-500 GeV

<> Three energy ranges (68% PSF): Edge b,1(25.0°, 13.4°)
+ 1-3 GeV (0.5°) Ap=3.0°41.2°
+ 3-10 GeV (0.25°) TR
+ 10-500 GeV (0.12°)

< The edges of the Bubbles are well defined
< The width is <6°, about 3.4°_, (77 in
average




Fermi-LAT spectra of 1C443 & W44

roton spectra

n’ decay y-rays

Low-energy cut off at half the n°

IHI!II

.

Clear evidence for SNR as
hadronic acceleration sites

I

Derived Proton spectrum

Gamma-ray flux E= dN/dE (erg cm™= s

.
.
. .
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Fitted n° decay model \ %
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— Bremsstrahlung with Break

Best-fit broken power law
Fermi-LAT

AGILE (19)
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Crab: Recent flares of the ok of e
synchrotron component

down power ey

o April 2011 flare 4 1%

t

_":"_,}, T TT
T T

5
o
T

Average flux ~6x107 phot/cm?/sec above
100 MeV

Two flares with flux increase by a factor
of ~5 (years: 2009, 2010)

A flare with flux increase by a factor of ; Average nebula
~30 (year: 2011)

Compact emission region <0.0004 pc ~ - 14
80 AU — diameter of the Pluto’s orbit! e

. . . 107! 1 10 1[I]2 - 1{I]3 - 1EIII‘ - ‘HI]E I” 1D
No change in the pulsed emission Energy [MeV]

(Abdo et al 2011, Tavani et al 2011, Balbo et al 2011)
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Milky Way as an electron calorimeter

< Calculations for Z, ., = 4 kpc
< Leptons lose ~60% of their energy Cosmic rays

< y-rays: 50-50 by nucleons and by leptons 7.90%x10% erg/s
Primary nucleons /

Synchrotron

— 0.35% J 2200,
Ionization ' 2
losses K '80/0}

1% : 0.09%
| electrons

.70/o

(27
\70/)0{ Inverse Compton J

0.58%
/‘97

Neutral pions otal gamma ray Strong+’2011
0.85% 1.6%

* The percentages in brackets show the
values relative to the luminosity of
their respective lepton populations




Starforming Galaxies

Starbursts
+« NGC 1068
» NGC 1068 (H.E.S.S))
M82
M82 (VERITAS)
NGC 4945

NGC 253
o NGC 253 (H.E.S.S.)

1
Tt

T

enlérgy—lé)lss dorllllinated
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Local Group E
Milky Way Global Model 1
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O LAT Non-detected with AGN (Upper Limit)
® LAT Detected
m LAT Detected with AGN
= Best-fit
[ Fit Uncertainty
[ ] Dispersion
= = = Calorimetric Limit
(E,, = 10" erg)

IIIII|

Ccalorimetric limi

M83™ .
NGC253 [
M330 NGC6946 O

IC 342

T |IIIIII|

Milky Way

Thin target Thick target
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108 10° 10" 10" 102
L8-1000 um (L(J

Cosmic Rays as a Universal Phenomenon

<> vy-ray luminosity vs. IR
luminosity for normal galaxies
detected with Fermi-LAT

The y-ray luminosity scales
linearly (index ~1.1) with the
total emission of hot stars
reprocessed by dust — a tracer
of star formation

The ratio approaches the
calorimetric limit in star-burst
galaxies

An evidence of the SNR-CR
connection in normal star-
forming galaxies




Ist Fermi catalog of gamma-ray bursts (2008-11)

2

3 e < Pass 6
- 090926A + :

L +090510 +
[short long IR < 35 GRBs (E>20 MeV) out of 733
I ¥ GRBs detected by the GBM

< Fermi-LAT GRBs in the brighter site
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What’s next?

Table 2. Comparison of parameters for the current, future space- and ground-based instruments.

SPACE-BASED GROUND-BASED
GAMMA-RAY INSTRUMENTS GAMMA-RAY INSTRUMENTS
o ———— ~
Fermi- DAMPE CALET [ GAMMA \|H.E.S.S. MAGIC VERITAS CTA
LAT | 400 |
Particles v. e e. nuclei, e, nuclei. : Y. e, : Y Y Y Y
Y Y : nuclei :
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