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Olbers' Paradox

If stars are infinite and the Universe is infinite, why is the
night sky dark ?

|Olber’sparadox |
Olber (1784-1840)
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flux vF, per steradian (nW m=2)

Cosmic Backgrounds
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~ermi: BIGGER, SHARPER, FASTER

Large Area Telescope (LAT):
* 30 MeV - >>500 GeV
+ 2.4 sr FoV (scans entire sky every ~3hrs)

¥ | incoming gamma ray

Gamma-ray Burst Monifo(GBM)

* 8 keV - 40 MeV electronositron pair

- views entire unocculted sky 6
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The Gamma-ray Sky as Seen by Fermi

Point Sources

_ — N

LAT photons above 300 MeV

Nearly isotropic
all-sky component
( includes residual
cosmic-ray background )
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[ 20 deg wide patch J

1 year, > 1 GeV




20 deg wide patch
5 years, > 1 GeV




Gamma-ray Sky

Template Fitting Procedure

(Maximum Likelihood)

Diffuse Galactic Foreground

Interstellar gas

Inverse Compton
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Total Extragalactic Gamma-ray Background

Systematic uncertainty from Galactic foreground represented by yellow band
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EGB: Why is it important ?

Undetected sources Diffuse processes

Intergalactic shocks
Widely varying predictions of
EGB contribution ranging from

1% to 100% (e.g. Loeb & Waxman
2000, Gabici & Blasi 2003)

Blazars
Dominant class of LAT extra-
galactic sources. Many estima-
tes in literature. EGB contribu-
tion ranging from 20% - 100%.

Dark matter annihilation
Potential signal dependent on
nature of DM, cross-section and

structure of DM distribution
(e.g. Ullio et al. 2002)

Non-blazar active galaxies
27 sources resolved in 2FGL
~ 25% contribution of radio

galaxies to EGB expected. (e.g.
Inoue 2011)

Interactions of UHE cosmic
rays with the EBL
Dependent on evolution of CR
sources, predictions varying from
1% to 100 % (e.g. Kalashev et al. 2009)

Star-forming galaxies
Several galaxies outside the
local group resolved by LAT.
Significant contribution to EGB

expected. (e.g. Paviidou & Fields,
2002, Ackermann et al. 2012)

GRBs

High-latitude pulsars

Small contributions expected.
(e.g. Dermer 2007, Siegal-Gaskins et al.
2010)

Extremely large Galactic
electron halo (keshet et al. 2004)

CR interaction in small solar

system bodys (Moskalenko & Porter
2009)




Blazar Jets

Contain particles accelerated to near speed of light
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Integrated Emission from Point Sources

Derive a Luminosity function .
- Fairly Universal

Local Luminosity Function
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Use a luminosity function of
from another band (e.g. radio)

Derive a correlation from g-rays
to that band (e.g. radio)
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Evolution

Most things depend on the availability of gas/fuel
Stars are formed out of gas, galaxies are made of gas, stars

and DM
Black holes feed on gas

Cosmic Star Birth History ;
World population development
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Evolution of Blazars
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Genetic Link

Merging
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22



Evolution of Blazars

Electric engines (BL Lacs
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Results

* Blazars contribute a grand-total of (5-7)x10¢ ph cm2 st sr!
1. Blazars produce ~50% of the EGB
2. Blazars + EBL are responsible for the cut-off of the EGB spectrum
3. In good agreement with Di Mauro & Donato 2015
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Star for'mmg galaxnes
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8 galaxies detected by the LAT

Almost linear correlation between
gamma-ray luminosity and tracers of
star formation

= bolometric infrared luminosity
» 1.4 GHz radio continuum emission

Detection + upper limits can be used to
constrain correlation

Use gamma-ray / IR luminosity
correlation to calculate EGB
contribution based on IR luminosity
function of galaxies.

LAT detects all famous C-Thick AGN

25
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Star forming Galaxies

- Star-forming Galaxies =

Ackermann+12, ApJ, 755, 164 ® Isotropic Diffuse
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Star-forming galaxies contribute 13%(+9%) of the IGRB
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Log(L, [erg/s])

Radio Galaxies
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*  Fermi has detected 15 radio galaxies (Abdo+10, ApT 720, 912 and Nolan+12,
ApJS, 199, 31)

A correlation exists between the g-ray and the core luminosity
* Using the Willot1+01 Luminosity Function, the contribution to the
IGRB is: 25% (+587%/-16%)

Marco Ajello 27



Summing Everything Up
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Dark Matter Limits

DM limits reach higher masses due to the high-energy reach
(820 GeV) of the EGB measurement

Decreasing the uncertainties on source contributions can
improve the limits by a factor of 5
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flux vF, per steradian (nW m=2)
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Dominguez, Primack & Bell
2015, Scientific American
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The Extragalactic Background Light

First Stars and Reionization Era Frequency v [GHz]

and 5 4 a i anl
—r—— 10 10 10 10 10° 10
+~————— The Big Bang/Inflation -
Time since the 10 T I I I T
Big Bang (years) Universe filled with
ionized gas:
fully opaque
~ 380 Thousand
Universe becomes
neutral and transparent
107 e

EBL

~ 400 Million

E . h of Reionizati Galaxies and Quasers
gl . begin to form - starting
i reionization.

Wm 2

10° stars

Reionization complete
~ 10% opacity

Galaxies evolve

Dark Energy begins :

to accelerate the lO’m

expansion of space 101 1 0-,
~ 9 billion '

Our Solar System

forms Wav mgth A lumJ

~13.7 Billion

Today: Astronomers look back and understand Redshifted | Redshiﬂed
star light ~ dust emission

* ->constraints on galaxy evolution, star formation activity, dust
extinction processes

» ->understanding cosmic structure formation and evolution 32



The Extragalactic Background Light

First Stars and Reionization Era

+~————— The Big Bang/Inflation
Time since the

Big Bang (years) Universe filled with
ionized gas:
fully opaque

~ 380 Thousand
Universe becomes

neutral and transparent

~400 Million
Galaxies and Quasers

begin to form - starting
reionization.

Epoch of Reionization

E u(E) [erg cm ]

EI(E) [nW m “sr ']

Reionization complete
~ 10% opacity

Galaxies evolve
Dark Energy begins

to accelerate the
expansion of space

~ 9 billion
Our Solar System

forms

~13.7 Billion

Today: Astronomers look back and understand

star light reprocessed by

Light emitted by stars
9 | Y dust

* ->constraints on galaxy evolution, star formation activity, dust
extinction processes

» ->understanding cosmic structure formation and evolution 33



Stars

- Stars: fundamental blocks of the Universe

Human Body Ingredients

The four ingredients below
are essential parts of the body’s > Other Key

*  They bring light (everywhere)
- The Earth ecosystem depends on sun light
- Life might depend on light/stars

*  They create and disperse elements

protein, carbohydrate and fat

architecture. '« «

= 0 (074
65.0%

Critical to the conversion
of food into energy.

The so-called backbone

of the building blocks of the
body and a key part of other
important compounds, such as
testosterone and estrogen. «

op

HYDROGEN

9.5%

Helps transport nutrients,
remove wastes and regulate
body temperature. Also plays
an important role in energy
production

N

3.3%

Found in amino acids, the
building blocks of proteins;
an essential part of the nucleic
acids that constitute DNA

(Percentage of body weight. Source: Biology.
Campbell and Reece, eighth edition.)

Elements

Caldium 1.5%
Lends rigidity and
strength to bones and
teeth; also important
for the functioning

of nerves and muscles,
and for blood dlotting

Phosphorus 1.0%
Needed for building

and maintaining bones
and teeth; also found

in the molecule ATP
(adenosine triphosphate),
which provides

energy that drives
chemical reactions in cells.

Potassium 0.4%
Important for electrical
signaling in nerves and
maintaining the balance
of water in the body.

Sulfur 0.3%

Found In cartilage,
insulin (the hormone
that enables the body to
use sugar), beeast milk,
proteins that play a role
in the immune system,
and keratin, a substance
in skin, hair and nails.

Chlorine 0.2%
Needed by nerves

“Ro function proper

also helps produce
Gastric juices.
Sodium 0.29
Plays a critical role
in nerves’ electrical

* signaling: also helps

regulate the amount
of water in the body.

Magnesium 0.1%
Plays an important role
in the structure of the
skeleton and musdes;
also found in molecules
that help enzymes use
ATP to supply energy for
chemical reactions in cells.
lodine (trace amount)
Part of an essential
hormone produced

by the thyroid gland;
regulates metabolism.

Iron (trace amount)
Part of hemoglobin,
which carries oxygen
in red blood cells.

Zing (trace amount)
Forms part of some
enzymes involved

in digestion




STAR STATS

Computer simulations have given scientists some indication of the possible masses, sizes and other characteristics
of the earliest stars. The lists below compare the best estimates for the first stars with those for the sun.

SUN FIRST STARS

MASS: 1.989 x 103° kilograms MAsS: 100 to 1,000 solar masses

RADIUS: 696,000 kilometers RADIUS: 4 to 14 solar radii

LUMINOSITY: 3.85 x 1023 kilowatts LUMINOSITY: 1 million to 30 million solar units
SURFACE TEMPERATURE: 5,780 kelvins SURFACE TEMPERATURE: 100,000 t0 110,000 kelvins

LIFETIME: 10 billion years LIFETIME: 3 million years
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Direct Measurements of the EBL

1.  Absolute measurements are challenging hal:

2. Intense foregrounds: zodiacal light, stellar f weez t iﬁﬁ{}
and inter-stellar emission in our Galaxy :

3. Solution: use spacecrafts outside the solar

. . \ -2 o -1
Surface brightness (nW m™ sr™')

system 0}y 1 e 4;1 %j}f% W
[ Voyager X 1%; o : :
ABSOLUTE MEASUREMENTS OF THE CIB: THE % y b b
CHALLENGE OF FOREGROUND SUBTRACTION N f
Observed Matsuoka+11

Wavelength (um)

Zodiacal Light

Removed ASTEROID BELT

JUPITER

ORBIT
EARTH AT

LIFT OFF ENCOUNTER
AND ENTER

EARTH SHADOW

INITIAL
ORIENTATION

NEAR EARTH
EXPERIMENTS

Extragalactic
Background

FIRST MIDCOURSE
CORRECTION
4 DAYS

JUPITER AT
ENCOUNTER

SECOND MIDCOURSE
CORRECTION 30 DAYS

PLANET

EXPERIMENTS

JUPITER AT PIONEER HELIOCENTRIC
Diffuse Infrared Background DIRBE LAUNCH T?.?éff;é’{‘la ssgg’ér’\’f
PRC98-01 » ST Scl OPO » January 9, 1998

M. Hauser (ST Scl) and NASA
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Background gamma-ray sources

2 Photons convert into an electron-positron pair if :
- Ev x Egp 2 2(m c?)? 4
/\/\/\/\\|/

Photons of 100 GeV convert
with 5eV photons (UV) PUNA A N

Photons of 1 TeV convert with

0.3 eV photons (IR)
100.0€ T 1.0
rz=0
« 100 —
'E 3 ._k
z %
é 3 ‘
) | i 4> z =02
0.1 L L 0.1 : " L
0.1 1.0 N 10.0 100.0 0.01 0.10 1.00 10.00 100.00
(p4m) E,(TeV)
Intrinsic spectrum is attenuated Optical Depth
dN()bs — dNint < e_T‘v (E.:) / /dll gl / e /dnl kgo_’rl El fl )
dE dE
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Expected Attenuation due to the EBL

Fermi Band
0.01,
? 1
B
% 0.1
0.01
1 Most models predict an
o1 attenuation of >99% at z~1
0.01 The EBL leaves a unigue
1 redshift/enerqgy dependent
attenuation in the spectra of
0.1 blazars
0.01°

| ,
1 2 3 4 5

loglO(E/GeV) 40



Analysis Procedure

 Most agnostic approach
- Assume nothing about blazars' spectra

- Look for a coherent attenuation which should be in ALL of them at
a given Energy for a given redshift

+  Fermi detected enough BL Lacs to make a measurement at 3 different
epochs

Cosmic Microwave Background forms
Universe is 380,000 years old

11.2to 13.7 billion years

Now: 13.7 billion years
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Success! EBL Attenuation detected

First EBL detection (~60) [
(LAT-collaboration, 2012,Science, 338, 1190) T =% e e

Franceschini et al. 2008

SEETTTETTY Dominguez et al. 2011

The cut-off moves in z and Energy exactly P osiske et a. 2004 - highuY
as expected for EBL absorption Y |
0_
EBL density at the lowest level: i.e. the | S
amount of light that causes the absorption l
= amount of light from the galaxies we see 1. |
v 0.5
: 0.2<z<0.5
0-_
-
g 0.5
2 L
: 0.5<z<1.6
O_ 1
Energy (GeV) 10 10°

Energy [GeV]
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Stellar Archeology

Light of Pop-IITI stars increase the opacity w.r.t the one of pop-I and IT

poP-I

/

T

T IIIIIIII

T IIIIIII

IIIIII

Fermi best fit -- 1 sigma

Fermi best fit -- 2 sigma

Minimal pop-l/ll SFR level (Franceschini et al. 2008)

Pop-lll peak

Pop-lll peak SFR at z=10 (Raue et al. 2009)
Pop-l/ll + Pop-lll (peak z=8)
Pop-l/ll + Pop-lll (peak z=10)

SFR at z=8 (Raue et al. 2009)
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25
Redshift z

10 15

Extremely large contr. of pop-III stars ruled out by Aharonian+06
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Stellar Archeology

» Light of Pop-III stars increase the opacity w.r.t the one of pop-I and IT

p0||:>-I & pop-IT , pop-IIT

E— T T T T T T T T T T — _.A ] I
[ ] Fermibestfit-1sigma s 5
10 — ] Fermibestfit-2sigma /-/"f-’ /_ v 1B ~
- = = = Minimal pop-l/ll SFR level (Franceschini et al. 2008) - '//’ - -] :n. E
C ———————  Pop-lll peak SFR at z=8 (Raue et al. 2009) -~ ~ - = Y -
L e - 'g -
| ————— Pop-lll peak SFR at z=10 (Raue et al. 2009) / = -
| — —— —  Pop-lill + Pop-lll (peak z=8) - L c i
— — —  Pop-llll + Pop-Il (peak z=10) b
10"
1 —_ e
L / / _| 102
A =1.0 —
10 / z = Raue+09
: L 1 / 1 1 :
1 02 0 5 10 15 20 25
Energy [GeV] Redshitt z

+  Extremely large contr. of pop-IIT stars ruled out by Aharonian+06

Our measurement constrains the peak SFR of massive stars to be z>10 and
have <0.5M_,,, yr! Mpc-3



Other gamma-ray Measurements

102

IO T T

[ HE.S.S. lowenergy
B H.E.S.S. full dataset |
[ ] H.E.S.S. high energy

H.E.S.S. contour
(sys + stat

Y

fow | full | high

10

AF, [nWm?sr]

Similar technique applied to 7 bright _
TeV blazars yields a compatible level of 4

B I . ~ O I R B Galaxy counts N
the EBL (sampling the z~0 NIR EBL) R 8 //{ g |
. 1 10 5 [fum]
e  This work
- 10\{ —— Dominguez+ 11 .
% ) Spectral modeling of 15 TeV
g blazars allows to measure the
8 cosmic gamma-ray horizon
§ i (Dominguez+13)
S
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Up-to-date Status

l Upper limits

10
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lIllI

|
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Lower limits [%

18 4 i

Model dependent constraints

EBL intensity [nW m? sr|
W S OTOO~N
|

Model-independent constraints ' Fermi-LAT (2012)
—&— vy rays + local H.E.S.S. (2013)
U 1 9 113 x Gilmore+12  _
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AL [nW m 2 sr']

EBL and Fermi

¢ Fe/"m/."LAT IS *he Only !g = S -
instrument that can probe R j 1
above z>0.5 | - [ 3
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Interesting Energy range
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- Above 10-50 GeV:
- PSF of Fermi-LAT becomes extremely good
- EBL and IGMF are be very important

- Cherenkov telescopes are more sensitive but much smaller
fleld Of view Marco Ajello



Happy 7' Birthday !l
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* Large Progress Expected at >50 GeV:
1. Improve PSF and Acceptance (factor of 0.5-2 in P8)
2. Low background and good (constant) PSF (0.1 deg at 68 %)
3. All-sky exposure

e Catalog of sources detected at >50 GeV
e Allows study of the EBL, EGB, Galactic plane etc.
e Continues our effort to characterize sources at high energies
e Connects well to ACTs, HAWC and the upcoming CTA



2FHL Catalog

~6.5 years of P8 data (50 GeV -2 TeV)
61,000 photons E > 50 GeV

25,000 photons E > 100 GeV ~1.5 photon every deg2
3,000 photons E > 500 GeV




s, ermi Source Associations iy
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2FHL: Extragalactic Background Light

2FHL J1104.4+3812 (Mkn 421, > = 0.031)

« 3FGL
1010 « 1FHL * ‘
Loy °
7 « 2FHL ]
ey —4 *
£ -
o
> .
2,
[__,::‘ -
' Preliminary
01 1 10 100 1000
Energy [GeV]
N Franceschini+ 08
| ’ . Finke+ 10 Model C
| Preliminary

—— Dominguez+ 11
----- Gilmore+ 12 Fiducial

Energy [TeV]

VERITAS

0.0 0.5 .0 1.5 2.0

Credit: Nina McCurdy & Joel R. Primack/UC-HIiPACC Redshift



VHE Surveys

*  One of the goal of CTAs is to perform deep surveys of the
extragalactic sky

»  Guess What ? Fermi has already done that |
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The End

Fermi-LAT is providing a wealth of results on extragalactic
astrophysics and Cosmology: EGB, EBL, IGMF

We are far from have exploited them all: the LAT keeps
improving and acquiring exposure time

Data are public, so Join the Fun!

Marco Ajello
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