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Fermi Observatory

http.//fermi.gsfc.nasa.gov/

Launch from Cape Canaveral 11 June 2008
Circular orbit, 565 km altitude (96 min period), 25.6 deg inclination

See talk by Latronico

Large Area Telescope (LAT)
Observes 20% of the sky at any instant, views entire sky every 3 hrs

20 MeV - > 300 GeV

International
collaboration

- | =G

le am—=

Gamma-ray Burst Monitor (GBM)
Detects transients from 8 keV - 40 MeV

12 Nal and 2 BGO detectors

Elena Orlando - ICTP, Trieste 2013



Large Area Telescope (LAT)

W. B. Atwood et al. 2009, ApJ, 697, 1071
See talk by Latronico Y Tracker

Pair conversion telescope

b

Anticoincidence
I = Detector (background rejection)

~~~ Conversion Foll

,,,,,,,,,,, "~ Particle Tracking
/ \ _ Detectors

Calorimeter
(energy measurement) AC D

[surrounds 4x4
array of TKR
towers]

Anti-Coincidence Detector: rejects charged particle, 89 plastic scintillator
Tracker: 16 modules: tungsten conversion foils + silicon strip detectors in 36 layers

Calorimeter

Calorimeter: 16 modules: 96 Cesium lodide crystals per module
Elena Orlando - ICTP, Trieste 2013 3




The Fermi-LAT sky

5-year Fermi-LAT data > 1GeV

Credit: NASA/DOE/Fermi LAT Collaboration

Elena Orlando - ICTP, Trieste 2013



The Fermi-LAT sky

Credit: NASA/DOE/Fermi LAT Collaboration

DARK
SOURCES DIFFUSE ISOTROPIC MATTER?

e

\\ ’ - /l

> 60%
Diffuse emission needs to be accurately modeled to study the other components !
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Cosmic Rays (CR)

Energetic charged
particles

=
1% electrons O
99% nuclei C
89% protons, f§,
10% helium, -
1% heavier
elements

o’ 10" 10 10" 107 107 0%
E (eV)
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Solar modulation

Cycle 24 Sunspot Number Prediction (2013/08)
o T T [ Y T T

Termination shock -

s

Outward flow of
* solar wind .

[CEET o
cosmic rays

PR . S .-V 7, 1 AR —"
2005 2010
Hathaya§/NASA/MSFC

MAX solar activity -> MIN _caSmic-ray flux
MIN solar activity -> MAX cosmic-ray flux
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Gamma-ray interstellar emission

Elena Orlando - ICTP, Trieste 2013 10



Modeling diffuse emissions

escaping CR

Uncertainties:

Sources of CRs:
— Distribution of CR sources
— Injection spectra

Propagation:

- Energy losses, convection,
reacceleration, halo size, diffusion
coefficient

Elena Orlando - ICTP, Trieste 2013
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Modeling diffuse emission with GALPROP

THE TEAM:
avemeowa) 1. Moskalenko and A. Strong (original developers),
m«-‘.-ﬁ(‘,.'ﬂi S. Digel, G. Johannesson, E. Orlando, T. Porter, A. Vladimirov

http://galprop.stanford.edu

Solve transport equation (energy losses, diffusion, acceleration,
convection, fragmentation, radioactive decay) for all CR species

Goal : use all types of data in self-consistent way

Elena Orlando - ICTP, Trieste 2013 12



Ingredients 1/3: CR measurements

Injected spectra adjusted to fit observations after propagation effects
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Ingredients 2/3: ISRF & ISM

w

Interstellar radiation field T S ]
“E R=g : ![\Aolezutl)ar ((;)2) ]
- race
i dust T, 2.0 /
1= E |
- R= I g, Atomic (HI): 21 cm
107 Z’ /
E “ 5 1.0 1 B
107 | . HII H
% Ll INEE | Ll vl 11 111111 (1 N1 )2 A e e L ..T\._\T‘* : i o’
10" 1 10 ) 10 10° 10* 0 10 s 20 30
UV  optical IR  FIR CMB
Porter et al. 2008 ApJ 682 Best traced by dust
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CR source density [arbitrary units]

WA
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5 W o W

Ingredients 3/3: sources & B-fields

CR source distribution

5 10 15 20 25

SNRs (Case & Bhattacharya 1998)
Pulsars (Lorimer et al. 2006)
Pulsars (Yusifov & Kucuk 2004)
OB stars (Bronfman et al. 2000)

Elena Orlando - ICTP, Trieste 2013

2D or 3D B fields
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)
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Diffuse Y rays with Fermi/LAT

E2I(E), cm? sr' s MeV
3

/ Protons

galdef ID 54_71Xvarh7S
10 E SOMY

E2I(E), cm? sr' 7' MeV

-~ Electrons

10° 10° 10°
energy, MeV

Elena Orlando - ICTP, Trieste 2013

Intermediate latitude

Model based on
local cosmic-ray
spectra agrees

with data !

—

Abdo et al. PhRevlLett103.251101

bremsstra
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THE ASTROPHYSICAL JOURNAL, 750:3 (35pp). 2012 May 1 doi: 10.1088/0004-637X/750/1/3
© 2012. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

FERMI-LAT OBSERVATIONS OF THE DIFFUSE y-RAY EMISSION: IMPLICATIONS FOR
COSMIC RAYS AND THE INTERSTELLAR MEDIUM

M. ACKERMANN', M. AJELLO?, W. B. ATwooD", L. BALDINI®, J. BALLET", G. BARBIELLINI®, D. BasTiERI®?, K. BECHTOL?,

R. BELLAZZINT®, B. BERENIIZ, R. D. BLANDFORD?, E. D. BLoom?, E. BoNAMENTE!®:!!, A. W. BorGLAND?, T. J. BRANDT!?:13,
J. BREGEON?, M. Brigipa'*!°, P. BRUEL'®, R. BUEHLER?, S. Buson®?, G. A. CaLianDro'?, R. A. CAMERONZ, P. A. CARAVEO'?,
E. CavazzuTti!?, C. CEccu'?!!, E. CHARLES?, A. CHEKHTMAN2?4_J. CHI1ANG?, S. Crerint! 19, R. CLAus?, J. CoHEN-TANUGIZ!,

J. ConrAD?*2 27 S, Cutint'?, A. pE ANGELIS?*, F. pE PaLma'*1°, C. D. DErMER?, S. W. DIGEL?, E. po CouTo E SILVAZ,
P.S. DRELL?, A. DRLICA-WAGNERZ, L. FALLETTI?!, C. Favuzzi'*13, S. J. FEGan!®, E. C. FERrARAZ®, W. B. Focke?2, P. FOrRTIN'®,
Y. Fukazawa?’, S. Funk2, P. Fusco!*!3, D. GaGGEro*, F. Garcano'?, S. GErMANI'? ! N. GigLIETTO'™!°, F. GlorDANO'* 1,
M. GIrROLETTI?®, T. GLANZMANZ, G. GODFREYZ, J. E. GROVE®, S. GUIRIEC?, M. GUsSTAFssON®, D. HapascH!?, Y. HANABATAZ,
A. K. HARDING?®, M. HAvasHIDA®??, E. Havs?®, D. Horan'®, X. Hou?!, R. E. HUGHES?, G. JOHANNESSON", A. S. JOHNSONZ,
R. P. Jounson>, T. KamMagZ, H. Katacri**, J. Kataoka™, J. KNODLSEDER'Z1?, M. Kuss®, J. LANDEZ, L. LATRONICO™®,
S.-H. LEe’’, M. LEMOINE-GOUMARD ¢, F. LoNG0o®’, F. Lorarco'*"°, B. LorT®, M. N. LOVELLETTE>, P. LuBrano'?:!!,
M. N. Mazziottal®, J. E. MCENERYZ®%?, P. F. MicHELsONZ, W. MiTTHUMSIRIZ, T. Mizuno?’, C. MonTE'*!°, M. E. MONZANIZ,
A. MorseLLI*, 1. V. MOSKALENKO?Z, S. MURGIAZ, M. NAUMANN-GoODO, J. P. Norris*!, E. Nuss?', T. Ousucr*?,
A. OkuMUrAZ*? N. OMODEL, E. ORLANDO>**, J. F. ORMES™, D. PANEQUEZ*, J. H. PANETTAZ, D. PARENT? 74,
M. PEsCE-ROLLINS?, M. PIERBATTISTA”, F. PiIRON?', G. PivaTo’, T. A. PorTERZ, S. RaINO'#15, R. RanDo®?, M. Razzano 4,
S. RazzaQue**, A. REIMER?#, O. REIMER?*®, H. F.-W. SaprozinskI~, C. SGrO?, E. J. SiskiNnD™, G. SPANDRE?,
P. SeINELLI'', A. W. STRONG™, D. J. Suson"?, H. TAKAHASHI'Z, T. TANAKAZ, J. G. THAYERZ, J. B. THAYERZ, D. J. THOMPSONZ®
L. TiBaLpo®?, M. TiNivELLAY, D. F. Torres! 7!, G. TosT1!?:!' | E. TRo7A%7, T. L. UsHERZ, J. VANDENBROUCKEZ,
V. VasiLeEiou?!, G. VIANELLO? 2, V. VITALEY 23| A. P. WarTe?, P. WaNGZ, B. L. WiNErZ, K. S. Woon®, M. Woobp?,
Z. YANGZ?* M. ZIEGLER’, AND S. ZIMMER?:?

t]

Studying systematics using GALPROP

128 MODELS (reacceleration): in agreement with CR data, varying CR source
distribution, CR halo size, gas and compare with Fermi LAT data (21 months, 200
MeV to 100 GeV)

Elena Orlando - ICTP, Trieste 2013 17



Fractional residual

Results: profiles

Ackerman et al.2012 ApJ 750,3
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The physics of the interstellar emissions well understood and described.
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Results: all-sky

Ackerman et al.2012 ApJ 750,3

200 MeV - 100 GeV

1 100 1000 1 100 1000

data model

Elena Orlando - ICTP, Trieste 2013 19



Residual maps

Ackerman et al.2012 ApTJ 750,3

(model-data)/model model 1 - model 2

i T T R
= e

Loop |, Fermi Bubbles and outer Galaxy show large residuals

All models are within 15% of data
BUT No single model gives best fit over all sky regions
Models under-predict data in the outer Galactic plane

Larger Galactic halo size preferred

Elena Orlando - ICTP, Trieste 2013 20



Inner Galaxy

Ackerman et al.2012 ApJ 750,3

See tulk by Gomes
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Emissivity: outer galaxy

Abdo et al. 2010 ApJ 710,133
Ackermann et al. 2011 ApJ 726 81
Ackermann et al. 2012 A&A 538 A71

Gamma-ray emission rate per H atom

Varying halo size Varying CR source distribution
3.0 : : ; : , ; : 3.0 , : , , : : :
z=1 kpc — Ry,=14 kpc

T’: 2.5 -: 25t — Rp,=12kpc ||
7 o —  R,,=10kpc
\m ‘V’l
5 2.0f 5 2.0f
2 2
? 2
s 151 215}
3 S
o~ o
/>\‘ 10 [ A> 10 -
3 s
2 a
£ 05 £ 05
w w

0.0 2 4 6 8 10 12 14 16 0.0 2 4 6 8 10 12 14 16

Galactocentric radius (kpc) Galactocentric radius (kpc)

Models as usually assumed under-predict gamma rays in outer Galaxy !

Elena Orlando - ICTP, Trieste 2013 22



Local emissivity

|bl>10° probes gas within ~ 1 kpc from the Sun
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Casandjian, ICRC 2013
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EZ*Emissivity (MeV? s sr' MeV™")
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momentum, MeV

Strong, Fermi symposium 2012

Compatible with observed CRs including modulation!!!
20% uncertainty in hadronic production cross sections

Elena Orlando - ICTP, Trieste 2013
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The Fermi Bubbles

See talk by Sw

wreweze - fS@rmi Bubbles

R i
. Lol § e NN EUAVES
i1y s i 5
Py S ho, o | A
B

b _ S A : ' . Su et al. ApJ 724,2010
"D ' i

L, A5 _ . ., .

Bubble spectrum

Brightness

:
:
:
Bubble emission | Diffuse emission
I
:
:
.

Spectrum of diffuse
gamma-ray emission

1

0 20 40

1 10 :
Energy (GeV) Distance from bubble center

ermi LAT/D. Finkbeiner et al

NASA press release
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The Fermi Bubbles

3 years, E>10GeV

arXiv:1306.6772
adaptively smoothed

- Preliminary spectrum obtained with dedicated study of systematics
- Difficulties on disantangling Loop | and the bubbles
- Morphological study ongoing

Franckowiak & Malyshev, ICRC 2013

Elena Orlando - ICTP, Trieste 2013

26



Erlmary and

i g andar¢ D -
; ‘ - : 1\ ; ,@@

* Sy. spectral Index -> e~ spectral index AT
el *  Sy. Intensity -> B intensity and electron flux L
R * e 05-20GeV ->20MHz-100GHz =




CRs & synchrotfron in radio

Haslam 408 MHz

[ T «

0 100

Additional constraints to :

- B-field

- CRe spectrum

- Propagation models

- CR source distribution
- Propagation halo size

Elena Orlando - ICTP, Trieste 2013
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New: Synchrotron modeling

- 3D models of random and regular B-field
- Polarization

GALPROP improvements

P o

First time models of total and polarized synchrotron emission in the
context of CR propagation !

Strong, Orlando and Jaffe 2011, A&A 534, 54
Orlando & Strong 2013 MNRAS (arXiv1309.2947)

Elena Orlando - ICTP, Trieste 2013 29



Constraints on leptons

$1os§ 3‘30:':5 Z=4 A=0
i : gnv
W10E o[
N Radio K
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LI IIIIII|

WMAP &

10 PLANCK
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i pl vyl vl vl 3
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= energy, me

- Synchrotron . o

[ Probe of interstellar spectrum
10-21 | L1 ||||||| |1 ||||||| L1 |||||||3 L1 ||||||| L1 ||||||| 5 | LIl 6 direC'I'ly meaSured. Good

1 10 10° 10 10° 10 10

frequency, MHz determination of B field

Strong, Orlando and Jaffe 2011, A&A 534, 54

-——-—> Break in local interstellar electron spectrum from <2 to “3 @ few GeV
———> Injection spectrum < few GeV harder than 1.6
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Testing models of propagation

POSITRONS (secondaries)

oMy

10

\
v
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10 w' 0w
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PEAK

Strong, Orlando and Jaffe 2011, A&A 534, 54

_._-> Standard reacceleration models hard
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Sensitivity to different parameters
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Some examples

Orlando & Strong 2013 MINRAS in press
(arXiv1309.2947)

o e

250
225

- Same B-field
. models!

Z=10 kpc — Strong Lorimer 2006
AW L

DiFFergn’r propagation Different CR source
halo size distribution

Larger Galactic halo size preferred

=" More CRs in the outer Galaxy preferred
Elena Orlando - ICTP, Trieste 2013 33



Some examples

Orlando & Strong 2013 MINRAS in press
(arXiv1309.2947)

P@23GHy

Sun 2008, 2010 Pshirkov, 2(}1\1 (ASS) Pshirkov, 2011 (BSS)

Different B-fields

Elena Orlando - ICTP, Trieste 2013 34



The big picture

Galaxy luminosity over 20 decades of energy

Strong et al. ApJ 2010
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What did we learn so far?

e Interstellar emission mechanisms and their relation with CR are well
understood

® CRs as locally measured reproduced reasonably well gamma-ray and
synchrotron data

e Uncertainty in the interstellar emission model difficult to address and
trivial for data interpretation (different propagation models and CR
density through the Galaxy are still possible)

hints of:
- more CR than assumed in the outer Galaxy
- larger propagation halo size
- different CR propagation parameters

New CR measurements and multiwavelength observations will put more constraints!

Elena Orlando - ICTP, Trieste 2013 36



