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The dark night sky PO, ',

Aoraki National Park, New Zealand.
Credit: chaka160, reddit/itookapicture
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https://www.reddit.com/r/itookapicture/comments/11lto05/itap_of_the_milky_way_over_aoraki_national_park/

The dark night sky

You said dark?
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The dark night sky
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The dark night sky

You said dark?

100,000 LIGHT YEARS

Jonathan Biteau



The dark night sky
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The de Chéseaux - Olbers paradox

see The Conversation article at this link

Why is the sky not covered by stars / galaxies ? “Infinity of the sphere of stars” (Halley, 1721) at this link

Riddle from Digges (1576) in his translation of Copernicus’ De revolutionibus
Formulation by de Chéseaux (1744), Olbers (1823):

Credit: Harrison ‘90

O, . =ldro_ xN__(r;r+dr), with ®__ oc 1/4mr? and N__(r; r+dr) oc 4trr? dr
®, .., — « in a static unbounded universe (Descartes, Newton)
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https://royalsocietypublishing.org/doi/pdf/10.1098/rstl.1720.0006
https://theconversation.com/why-is-the-sky-dark-at-night-the-200-year-history-of-a-question-that-transformed-our-understanding-of-the-universe-206575

Olbers’ paradox: a founding pillar of cosmology

Quoting Malcolm Longair:

When I began research in radio astronomy as a research student in 1963, my
supervisor Dr Peter Scheuer gave me a copy of Sir Hermann Bondi’s classic

text Cosmology to absorb and warned me that

There are only 23 facts in cosmology.

Fact 1. The sky is dark at night

This is the well-known observation which leads to what is known as
Olbers’ paradox although the paradox was well known to earlier cos-
mologists. Sir Hermann in his text Cosmology gives a thought-provoking
discussion of the meaning of the paradox (Bondi 1952). The fact that the sky
is not as bright as the surface of the Sun provides us with some very general
information about the Universe. Probably the most general way of expressing
the significance of this observation is that the Universe must, in some sense,
be far from equilibrium although in what way it is in disequilibrium cannot
be deduced from this very simple observation.

Modern Cosmology - a Critical Assessment,
M. S. Longair 1993

Fact 2. The galaxies are receding from each other as expected in a uniform
expansion

This was Hubble’s great discovery of 1929 and I will say much more about
it in a moment. The 2}th fact was as follows:

Fact 23. The contents of the Universe have probably changed as the
Universe grows older

The reason for the ambiguous status of this fact was that the evidence for
the evolution of extragalactic radio sources as the Universe grows older was
then a matter of considerable controversy, particularly with the proponents
of Steady-State cosmology. I was plunged straight into this debate as soon
as I began my research programme with Martin Ryle and Peter Scheuer. As
we will see, this is no longer a controversial issue — there is no question at all
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A modern version of the riddle

What remains once the foregrounds (nearby trees) have been removed?
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Part I - Baryons and light: where to find them
from the cosmic web to the cosmic energy inventory

Part II - A cosmic history of light emission
from the first stars to the current spectrum of the universe

Part 111 - The gamma-ray probe
gamma-ray propagation on cosmological scales

Some useful references: Fukuaita & Peebles ‘04, Madau & Dickinson ‘14, Pueschel & Biteau ‘21
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https://ui.adsabs.harvard.edu/abs/2004ApJ...616..643F/abstract
https://ui.adsabs.harvard.edu/abs/2014ARA%26A..52..415M/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv211205952P/abstract

Part I - Baryons and light: where to find them
from the cosmic web to the cosmic energy inventory

Part II - A cosmic history of light emission
from the first stars to the current spectrum of the universe

Part 111 - The gamma-ray probe
gamma-ray propagation on cosmological scales

Some useful references: Fukugita & Peebles ‘04, Madau & Dickinson ‘14, Pueschel & Biteau ‘21
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https://ui.adsabs.harvard.edu/abs/2004ApJ...616..643F/abstract
https://ui.adsabs.harvard.edu/abs/2014ARA%26A..52..415M/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv211205952P/abstract

Distance to the Milky Way largest satellites?
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Distance to the closest giant spiral galaxy?
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Our location in the cosmic web
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Zoom on the Local Sheet

The jetted AGN Centaurus A

Active galaxies in the Local Sheet
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Zoom on the Local Sheet

The starburst galaxy M 82
(Credit:
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Our location in the cosmic web

The closest galaxy cluster: the Virgo cluster

Cluster

<8 =B -4 =3
SGX (Mpc)

17



Our location in the cosmic web

At the center of the Virgo cluster

The jetted AGN M 87 241
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Our location in the cosmic web

The closest galaxy cluster: the Virgo cluster and its filaments
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Our location in the cosmic web

Our supercluster: Laniakea
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Relevant scales

Exercise 1. Volume filling factor of large-scale structures

Assess the relative volume occupancy of clusters, filaments and sheets

using w =1 Mpc and /=10 Mpc.

Jonathan Biteau

Clusters

Sheets —
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Relevant scales

Exercise 1. Volume filling factor of large-scale structures
Assess the relative volume occupancy of clusters, filaments and sheets
using w =1 Mpc and /=10 Mpc.
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Cosmic simulation results
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https://doi.org/10.1051/0004-6361/202140364

Cosmic energy inventory

Jonathan Biteau

Credit: Fukujita et ‘04
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Cosmic energy inventory
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200 Mpc

Cosmic energy inventory

Credit: Fukujita et ‘04
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200 Mpc

Cosmic energy inventory

Credit: Fukujita et ‘04
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Cosmic energy inventory
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Cosmic energy inventory

Jonathan Biteau
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Cosmic energy inventory
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Chart style following Randall Munroe's xkcd.com/radiation Jonathan Biteau
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Cosmic energy inventory

(1
o planets (10°6) oo stellar-era radiation (2:10°6)
oon  dust (2.5-10°6) oooo  stellar neutrinos (3.2:10°6)
oooo  in SMBHs (> 4-1076) popoon  Stellar-era nuclear
a0 binding (-6.3-10°6)
ooooo - gravitational binding
8888 energy (-13.4:10°6)
(.
(2
- L
o neutron stars (0.00005) total box 1 content
- black holes (0.00007) (-0.000007)
oan brown dwarfs (0.00014)
ooo~ molecular gas (0.00016)
gE0on  white dwarfs (0.00036)
EQEBE H and He atoms (0.00062)
o cosmic background
fafefarats] radiation (0.00005)
EEEEE ordinary stars
"main sequence"” .
ooooo
oooog  (0.00205 neutrino
falalalals] ( ) background
(0.0013)
ooooo
gBaaa plasma in galaxy primordial nuclear
B8B83  clusters (0.0018) = binding (0.00008)
ooooo

oom ordinary ("baryonic") matter
oo radiation

omm neutrinos

om binding energy (negative)

o dark matter

o dark energy

All numbers are fractions of the total energy density
of the universe (same as the so-called critical density)

o gooog = o = |
ooobg (0.00005) (0.005)
box 1 felsiarare] box 2 box 3
box 1 box 2

= mn all the rest (0.007)

X . dark energy
warm intergalactic (0.70)

plasma (0.04) . MULTIMESSENGER
-t ASTRONOMY

i -
Baga dark matter oooog
ooooo oooog
ooooo (0.25) goooo
ooooo oo0
ooooo o
gooas gravitational waves gamma rays

Chart by Markus Pdssel [www.haus-der-astronomie.de] - Published under CC BY-NC-SA 3.0
Data from M. Fukugita & P.J.E. Peebles, "The Cosmic Energy Inventory" (2004) [adsabs.harvard.edu/abs/2004ApJ...616..643F]
Chart style following Randall Munroe's xkcd.com/radiation

Jonathan Biteau 30



Part I - Baryons and light: where to find them
from the cosmic web to the cosmic energy inventory

Part II - A cosmic history of light emission
from the first stars to the current spectrum of the universe

Part 111 - The gamma-ray probe
gamma-ray propagation on cosmological scales

Some useful references: Fukuagita & Peebles ‘04, Madau & Dickinson ‘14, Pueschel & Biteau ‘21
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https://ui.adsabs.harvard.edu/abs/2004ApJ...616..643F/abstract
https://ui.adsabs.harvard.edu/abs/2014ARA%26A..52..415M/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv211205952P/abstract

Cosmic timeline

Redshift ()

13.0 Billions of Years Ago

Recombination
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Power source of cosmic emissions: star formation

Sun-like Star
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Power source of cosmic emissions: star formation

Lookback time (Gyr)
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https://doi.org/10.1051/0004-6361/202140364

Power source of cosmic emissions: star formation

Lookback time (Gyr)
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Redshift Credit: Madau & Dickinson ‘14
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Power source of cosmic emissions: star formation

Exercise 2. Cosmic energy density of photons produced by nucleosynthesis

1.

Estimate the efficiency of conversion of matter into light, €_, within stars similar to the Sun.

lts bolometric luminosity is L = 3.8 x 102° W. O
4p + 2e™— *He** + 2 v,

which releases 26.1 MeV of energy in the form of photons
(and 0.6 MeV in the form of neutrino kinetic energy).

. From the light-to-matter conversion efficiency in the sun

and the star formation rate density, calculate the energy
density in the field of photons emitted by all the stars
in the universe.

Jonathan Biteau

log v (Mg year™ Mpc3)

. Discuss the efficiency of this light production compared with that of the pp chain:

Lookback time (Gyr)

Redshift 36



Power source of cosmic emissions: star formation

Exercise 2. Cosmic energy density of photons produced by nucleosynthesis

1.

Estimate the efficiency of conversion of matter into light, €_, within stars similar to the Sun.

lts bolometric luminosity is L = 3.8 x 102° W. O
4p + 2e™— *He** + 2 v,

which releases 26.1 MeV of energy in the form of photons
(and 0.6 MeV in the form of neutrino kinetic energy).

. From the light-to-matter conversion efficiency in the sun

and the star formation rate density, calculate the energy
density in the field of photons emitted by all the stars
in the universe.

ctar light -> 13 x 103 el/ / m3

Jonathan Biteau

log v (Mg year™ Mpc3)

. Discuss the efficiency of this light production compared with that of the pp chain:

Lookback time (Gyr)

Redshift 37



Power source of cosmic emissions: black hole accretion

: ratio of radiated power
M87 Event Horizon

appx. 40 billion km diameter to rate of mass-en ergy
(24.8 billion miles / 277.5 AU)

deposition in the disc,
measured by an
observer at infinity:

€ =57-30.8%

accr

see Thorne, ‘74

’ Nobel in physics 2019
7 K. Thorne (GW)

38

M,=(65+02__ +0.7_)x10° M_ (EHT Collab.19)
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https://en.wikipedia.org/wiki/Solar_mass
https://en.wikipedia.org/wiki/Solar_mass

Power source of cosmic emissions: black hole accretion

Lookback time (Gyr)
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Power source of cosmic emissions: black hole accretion

Exercise 3. Cosmic energy density of photons from accretion

1. What is the fraction of mass energy that can be converted to radiation for a black hole
accreting at the rate M for a radiative efficiency 5.7% <e€__ < 30.8% ?

2. Estimate the energy density of photons from matter accreted by massive black holes.

Lookback time (Gyr)
0 2 4 6 8 10 12

In color:

log v (Mg year™ Mpc3)

Accretion rate x 2000 to match W

24 . | . [ T B B
0 | 2 3 4 5 6

Redshift
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Power source of cosmic emissions: black hole accretion

Exercise 3. Cosmic energy density of photons from accretion

1. What is the fraction of mass energy that can be converted to radiation for a black hole
accreting at the rate M for a radiative efficiency 5.7% <e€__ < 30.8% ?

2. Estimate the energy density of photons from matter accreted by massive black holes.

Lookback time (Gyr)

0 2 4 6 8 10 12
VAT T T T T ' T
8
s
O]
2
; In color:
3 3 Accretion rate x 2000 to match W
accretion fight -> 1.5 x 103el/ [/ m -24] —_—

Redshift
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Brightness of the sky

The energy density u of an isotropic field of relativistic particles is linked to its bolometric intensity /, i.e. integrated over all
frequencies, also known as the surface brightness, in Wm=2sr'oreVs ' m2?sr:

C

| = —u
41

We can also define the specific intensity / of an isotropic relativistic particle field, i.e. its intensity per unit frequency:

ol

l, = —
dv

We often plot vl as a function of In(v) or log, ,(v), the integral of which gives the bolometric intensity:

/Vlydlnv:/vlvd—v
i
:/lvd\/

= |
c
—u
47t
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The spectrum of the universe

Energy, E [MeV]
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The spectrum of the universe

Energy, E [MeV]
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The spectrum of the universe

CIB, COB: cosmic infrared
and optical backgrounds

CIB discovered in 1996.

Emitted since reionization ( t 2 0.5 Gyr)
by all stars and galaxies

Energy, E [MeV]
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The spectrum of the universe

CRB, CXB: cosmic radio and X-ray
backgrounds

CXB discovered in 1962.

Radiation of the electrons accelerated
in the winds of starforming and active galaxies
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The spectrum of the universe

CGB: cosmic gamma-ray background
CGB discovered en 1977.
Radiation of the electrons accelerated in

jetted active galactic nuclei
around supermassive black holes

Energy, E [MeV]
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The spectrum of the universe

Energy, E [MeV]

10~ 10~7 1073 10* 10° 10° 1013
ENB: extragalactic neutrino ' ' ' ' ! ' !
background 107 |-
ENB discovered in 2013.
To date, no source detected 1 ‘
at the 50 level. .. él_’ ‘\‘
- \
But exciting pieces of evidence! N . \ : e .
| _o|. CRB : N CGB _ENB
E 10 0 MHz — 10GHz ; 10pm —2mm 0.1 — 10%m A\ 2MeV — 1TeV 30 TeV — 3 Pe
E : \ 50 + 10 mel// m3
T 1074
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1075 = == %= er
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S B L2 | | E | &1 |
10° 1013 1017 102! 10% 10% 1033

Frequency, v [Hz]
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The spectrum of the universe

Energy, E [MeV]

191 107 1073 10! 10° 107 g
Other neutrino backgrounds ' ' ' ' ! ' !
Not detected 102 |- .
e CNB: cosmic neutrino background ! \\‘
emitted att~1s ) ,," \
e DSNB: diffuse supernova -—
background l‘u?
e Cosmogenic neutrinos, q 102k CNB DSNB Cosmogenic
from the propagation of é
ultra-high energy cosmic rays ¢
T 104k
1070 :
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Frequency, v [Hz]
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The spectrum of the universe

Energy, E [MeV]

1012 1078 =4 1 To* 108 10"
ECRB: extragalactic cosmic ray ' ! ! ! ! ! !
background 107 |- ]
Discovered in 1962.
Extremely low flux: 1+ |
1 per year per km? over 4n = \\\ 13+ Y mel// m3
above the ankle at 5 EeV. 7 \

_ _ i R 5 CRB \ ] CGB ENB ECRB -
DIpOle in the Sky flrmly E 10 —  10MHz - 10GHz : \ 2MeV — 1TeV eV —3PeV 0.2 — 200 EeV
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Synthesis models of all galaxies

Redshift

P I i
4 5 6 7 8 Solution to Olbers’ paradox:

Frequency, v [Hz]

finite history of star formation (limited forest)

3cm 0.3um 400keV 40GeV
2 : - ¢ - Energy, E [MeV]
L cmymm MIR-NIR X-ray
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ot [ I I [ I I
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To12k : FOCA Chandra
H F Swift/XRT
(7] L : JWST/NIRCam NuSTAR
> L 10—6 | LWA1, ARCADE-2 GAMA-DEVILS-HST MM-N IceCube, IceTop
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Part I - Baryons and light: where to find them
from the cosmic web to the cosmic energy inventory

Part II - A cosmic history of light emission
from the first stars to the current spectrum of the universe

Part 111 - The gamma-ray probe
gamma-ray propagation on cosmological scales

Some useful references: Fukuogita & Peebles ‘04, Madau & Dickinson ‘14, Pueschel & Biteau ‘21

Jonathan Biteau


https://ui.adsabs.harvard.edu/abs/2004ApJ...616..643F/abstract
https://ui.adsabs.harvard.edu/abs/2014ARA%26A..52..415M/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv211205952P/abstract

Contaminants in the O/IR

Zodiacal light, integrated star light, diffuse galactic light (cirrus)’

Scattering plane

Dust particles
along line-of-sight i
Credit: Lasue 2020

_______________________

Observer

@ 0.55 pm

OA 180°

0° 30° 60° 90° 120° 150° 180°

0°

Sun Ecliptic pole Gegenschein

Credit: L. Gréaux
Adapted from Leinert ‘97 & JB ‘23
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Integrated galaxy light (galaxy counts)

v 4
w
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" a . . AB-magnitude
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» ° f \ “a
L 4 ; ' ’
» - . &
4 ’ » - v P » \
A . i
e W ¢ 1
- - - - .

Crédit : ESA/Webb, NASA & CSA, A. Martel. .
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log(particle or photon energy, eV)

Cosmic propagation of TeV gamma rays and EeV cosmic rays

25

N
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o

(3K bkg)
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photons
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Y-ray propagation from sources down to Earth
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Y-ray propagation from sources down to Earth

1TeV ooy

el Gallesyy Clustar
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TeV y-ray flux suppression

EBL photons

M

TeV photons

> \

TeV gamma-ray suppression (I)obs(E, Z) — cI)int(E) ¢ e—T(E,z)

where the optical depth T is the integral of the interaction rate (inverse mean free path I')
over light travel time (light travel distance L):

/dz —F (E(1+z’),z')

Jonathan Biteau

Credit: L Gréaux
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TeV y-ray flux suppression

TeV gamma-ray suppression (I)obs(E, z) - (I)int(E) X e—T(E,z)

where the optical depth T is the integral of the interaction rate (inverse mean free path I')
over light travel time (light travel distance L):

/dz —F (E(l—l—z'),z')

8L_c 1 1

Light travel distance given by ACDM model —
0z Hol+z.\/Qp+Qn(1+2)°

Mean free path given by EBL photon density and Breit-Wheeler cross section (yy—e*e’)

- 100 1 —p
I’Wl(E’,z) :/0 de—/ du o OZW{E/ € ,u}

integrated over comoving EBL photon energy € and photon-gamma angle 6, with 11 = 1 — cos o’

Jonathan Biteau
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TeV y-ray flux suppression

EBL photons

H

TeV photons

’\/\:\j\/

Intensity, vI, [nW m~2 sr™!]
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TeV y-ray flux suppression
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How do | account for it?

Getting o1 Tutorials API Developer Release 12~
started i reference guide notes B8

GammaPy tutorial at this link

Gammapy analysis workflow and v

package structure

Go to the end to download the full example code or to run this example in
your browser via Binder

How To

Model gallery ~
Constant spatial model

Disk spatial made EBL absorption spectral model

Gaussian spatial model £
3 This model evaluates absorbed spectral model

Generalized gaussian spatial EBL models (Z:OS)
model The EBL absorption factor given by
Piecewise norm spatial model exp(—a x 7{E, 2)) 100 A —— Franceschini 2008
Point spatial mode E —— Finke 2010
where 7(E, z) is the optical depth predicted by the model w E
St tial model (EBLAbsorptionNormspectralModel), which depends on the energy of the gamma-rays ]: Dommguez 2011
Shell2 spatial model and the redshift z of the source, and a is a scale factor (default: 1) for the optical ,_I, i —— Franceschni 2017
a a -1 4
Template spatial mode depth. g 10 I— Saldana-Lopez 2021'
EBL absorption spectral The available EBL models are defined in EBL_DATA_BUILTIN. :
model [=
2
Broken power law spectral model [}
c d spectral model E | lot g 1072 3
ompound spectral model
pound s xample plo g
Constant spectral medel o
Here is an example plot of the model: <
Exponential cutoff power law ©
L
spectral model -3 ]
5 from astropy import units as u g 10
Expone utoff power law import matplotlib.pyplot as plt 0
spectral model used for 3FGL from gammapy.modeling.models import ( -g
EBL_DATA_BUILTIN,
Exponential cutoff power law EBLAbsorptionNormSpectralModel,
norm spectral model Models, _
PowerLawSpectralModel, 10 4 T T
Gaussian spectral model SkyModel, 10—1 100
)

Log parabola spectral model Fnernv [Tevl

Jonathan Biteau


https://docs.gammapy.org/1.2/user-guide/model-gallery/spectral/plot_absorbed.html

Energy flux [TeV cm 2 s71]

TeV y-ray flux suppression

EBL photons

TeV photons

RN

e R 1 TeV gamma-ray suppression .
10-10 L Gréaux & JB, in prep _ ’
£ S D= e
™ 1. | Ny,
1071 g = 3 With  Fermi-LAT %\
- 2Z7 T3 ¥ 3 L l
PR J110-11 y 9 (GeV range) ..
| {7 -
10-12L| ObslerV_ed 4 10-12 - HESS, MAGIC, VERITAS .
s 7 T E (TeV range)
N | Lol | L
1071 1

Energy, E [TeV] Jonathan Biteau 63



New y-ray reconstruction of the COB and CIB

EBL Intensity, vI, [nW m~2 sr!]

20.0

1Z.5
15.0
125

10.0

Energy, € [eV]
1 101

102

ST T T T T T T T T T T prTT

| [rerrr T

Direct estimate
O  Measurement
A Galaxy count

T ~
N - \&
¥4 \ o]
7 ‘\+ HESS, MAGIC,
\ VERITAS

1‘\“ + +
L'\;\\ l -~ T —A,
‘LI—V

|\ R
N
\(,
Lol Lol Lol [ B

T T T 1
---- Empirical model (Saldana-Lop

[N
11)

\,

Do

,
-
-
y;
(
C

‘h-—‘-
pe b b b b e b b

1 10!

103

&
:‘Esl?;; 10
g o
[+F]
= & 5
£ 2
B E
=
—
=9. 0
:N
-ch
lgl
5 =5
>

Wavelength, A [um] Credit: Gréaux & JB, in prep
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Combining the info from hundreds of

TeV spectra from HESS/MAGIC/VERITAS

T T TTTT T T TTTT I

I||||I!II||||III||||

NH/LORRI (Postman+ in prep.)

L1l Lol |

T TTTI ||
v Direct estimate |

Measurement

++ .............. $.... | O S +

L y-rays, this work (Gréaux+ in prep.)
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1 10!
Wavelength, A [pm]
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New y-ray reconstruction of the COB and CIB

EBL Intensity, vI, [nW m~2 sr!]

Energy, € [eV]
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Y-ray propagation from sources down to Earth
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EF, [erg/cm?s]

Absence of secondary signal

Discovery of extreme TeV blazars in 2006
Hard TeV photon spectrum when corrected for absorption

Intrinsic emission expected to be faint in the GeV band

Reprocessed emission?
None in 2010 within point spread function

= minimum B-field needed to spread out the signal
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Magnetic fields in voids

Credit: CTA Consortium 2021
Status and expectations | . | T |

106 -

Current-generation (GeV+TeV - TeV extension): B > 10-100 fG

AGN

CTA \

10148 VERITAS \ 1

Galactic winds

. HESS & MAGIC‘

10-16 -

-18
107701z 107

Primordial origin simulation Astrophysical origin simulation Ap [Mpc]
B(void) <1 nG B(void) <1 pG

1ES 0229+200 (z=0.14) up to ECut =10 TeV,
In practice... largely unknown! 50h of CTAO-North to reach 50
Jonathan Biteau 68



Alternative cooling

Plasma instabilities faster than inverse Compton? Energy-loss? Diffusion?

Tiem = 104 K
Lbeam =10%8 J/S

1p°
106 ]
T',_‘ 104 —
@)
o
= 10°4
Ly | X
o | O
0 |
— | W 10 inverse Compton scattering
Broderick et al. 2012
------- Miniati & Elyiv 2013
1072~ -w=- Schlickeiser et al. 2012
=-=== Sironi et al. 2014
—— Vafin et al. 2018
10~4 ]
10° 1910 108

IIlllllI T IIIIIIII

1012
E [eV]
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Y-ray propagation from sources down to Earth
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Open questions: fundamental physics

Dark matter: what is that? Theories beyond QFT and GR: is there anything to observe?

- Top-down processes (heavy axion-like particles [*or WIMPs*/): decay /*or self annihilation*/ into photons

-Mixing with light axion-like particles (ALP): CTAO starts probing ALP dark-matter parameter space (CTA 2021)

LIV linearly modified dispersion relation (CPT-odd): Planck scale ~excluded by spectra & At!

probed by gamma-ray propagation

Satellites IACTs Both
Blazar Spectra
IGMF AGN Jet Gal. Cen. At Blazars
SNe Gal. Clu. EBL DSphs At GRBs
Axions / ALPs ( WIMPs / WIMPzillas ) ( LIV )
T T T T T T T T T
10710 107> 10° 10° 1010 101 1020 10% 1030

Energy / Mass Scale (eV)

Jonathan Biteau
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Conclusion: Y-ray cosmology with CTAO

Gamma-ray flux

All optical light
in the universe!

— Transparent universe

2 Million light years
\ —— 2 Billion light years

Latitude

Energy

Longitude

"

Credit: JB & M. Meyer for the CTAO Consortium

Gamma-ray flux

Gamma-ray flux

Quantum gravity

at test?
—— Transparent universe
~ 2 billion light years (LIV)
\\\ -=== 2 billion light years

——— Transparent universe N
2 billion light years (ALPs)
-=== 2 billion light years 3

Energy

Super-light dark-matter
candidates?
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vI, [n"W m=2sr1]

lll. Multi-messenger emissions on cosmic scales
2. The spectrum of the universe

Energy, E [eV]

E2dJ/dE [GeVm 2s 1sr 1]
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Power source #1: Star formation

Energy, E [MeV]

Light-weight long-lived stars

Massive short-lived stars
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http://etheses.dur.ac.uk/10744/

Power source #1: Star formation

vI, AW m—2sr71]
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Power source #2: Supermassive black-hole accretion

Non-jetted AGN
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Power source #3: Supermassive black-hole ejection

Jetted AGN
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In some galaxies: star-formation + black-hole activity!

logvFv (relative)
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ll. Cosmic-scale engines behind astrophysical emissions

3. Ejection

KnotA Knot A
Knot A
Swift 251 nm
ALMA 1.3 mm 10 arcsec Chandra 0.2-10 keV
5 arcsec 2640 ly 5 arcsec
1320 Iy . 1320 1y
' &
- -
EVN 170 mm o
100 mas
2641y
g\ : )
< ¥ Swift 439 nm NuSTAR 3-79 keV
EAVN 13 mm 10 arcsec 10 arcmin
10 mas 'Y 2640 Iy 1601y
2,61 '
~ L
e\
s
VeBAZimm HESS+MAGIC+VERITAS 100 GeV-10 TeV
Xgiinas 0.5 degrees
d! 475y
GMVA 3.5 mm
1 mas r€
0.26 1y »
‘ HST 588 nm
' 5 arcsec
13201y - Fermi-LAT 3-1000 GeV
2 degrees
EHT 1.3 mm 1900 ly
50 pas i-
0.0131y
EAVN 13 mm
v
VLBA 7 mm HST 578 nm
GMVA 3.5 mm ‘Swift 430 nm
v
EVN 170 mm EHT & ALMA 1.3 mm Swift 251 nm Chandra X-rays Nus;"l Fermi-LAT HESS+MAGIC+VERITAS
v v v v v v
102 100 102 10+ 10 10°® 101 102 10 10"
A (m) L . . D . 0 . . . )
(H2) Radio Waves Microwaves Infra-red  Visible Ultra violet X-rays y-rays Cosmic rays I
v (Hz, - - - = = - - -
108 100 10% 107 101 10% 10% 10 102 10%

Image Credit: The EHT Multi-wavelength Science Working Group; the EHT Collaboration; ALMA (ESO/NAOJ/NRAO); the EVN; the EAVN Collaboration; VLBA (NRAO); the GMVA; the Hubble Space Telescope; the Neil Gehrels Swift Observatory;

the Chandra X-ray Observatory; the Nuclear Spectroscopic Telescope Array; the Fermi-LAT C jon; the H.E.S.S

the MAGIC ion; the VERITAS NASA and ESA. Composition by J. C. Algaba

Non-jetted AGN — 90%
Credit: NASA/JPL-Caltech

Jetted AGN — 10%
Credit: ESA/NASA/AVO/Padovani
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Il. Cosmic-scale engines behind astrophysical emissions
3. Ejection

R T Mass-energy from

: accretion injected into
jet kinetic energy
~0.5%

See Merloni & Heinz, ‘08

Radio

* . Optical Jet kinetic energy to
i radiation ~ 10%

for active galactic nuclei,
. gamma-ray bursts,
microquasars

" Galaxy cluster (see next course)
MS 0735.6+7421 o1




Il. Cosmic-scale engines behind astrophysical emissions
2. Ejection

Exercise 4. Cosmic energy density of photons from jets

1. Estimate the energy density of photons from jets emitted in the vicinity of massive black holes.



The models and the gamma-ray technique

Models of the COB + CIB (= extragalactic background light, EBL)

-Empirical models: extrapolate on local data here Dominguez +11 ‘@

*Phenomenological models: SFR + population synthesis here Finke+ 10

- Semi-analytic models: N-body simulations here Gilmore+ 12
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The models and the gamma-ray technique

Models of the COB + CIB (= extragalactic background light, EBL)

*Empirical models: extrapolate on local data

*Phenomenological models: SFR + population synthesis

*Semi-analytic models: N-body simulations

102: T IIII\IIl T IIIIIYII T T T T TTTT
- EBL models - up to 2017
40 —— Empirical - Franceschini +17
30 ===-Phenomenological - Andrews +17
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here Gilmore+ 12
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Multi-wavelength and multi-messenger constraints

Credit: R. Alves-Batista in Pueschel & JB 2021 + Bray & Scaife 2018 (UHECR) Credit: Neronov+ 2021+ Bray & Scaife 2018 (UHECR)
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Hubble constant

How to:

Fobs(E) = emitled(E(l +:0)) XeXP[—Tw(E/ZO)]
20 d/(z

T,W(E,:o):.o I (E(1+2),2) d(:)d:

7Y

v

on/oe = (1+z)3/cx [ dz' de/dz' x j(€',2') /€

oo ~ - 1 - /
r‘l(E’,:):/ de"id”(é'")/ I CZOSH
JO J—1

y-ray / CSFH (Dominguez+ '13, '19)

y-ray / local EBL (Biteau+ '15)

Distance ladder (Riess+ '18, '19)

CMB (Planck Collaboration '18)

oyy (B')O(€ — €)

J. Biteau
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Credit: Pueschel & JB 2021
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Missing baryons

% of BBN value

Credit: Driver 2022

J. Biteau

100

50

o

BBN or CME baryon density

30% missing
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Lorentz invariance violation: status

Lang, Martinez & de Souza '19 YNl =1 Lang, Martinez & de Souza '20

Biteau & Williams '15 MultiSrc Biteau & Williams '15

Vasileiou et al '13 GRB090510 (At) Vasileiou et al '13

MAGIC '20 GRB190114C (At) MAGIC ‘20

MAGIC '17 Crab (At) . = MAGIC '17 ——
VXel (o0l Mrk501 (At) MAGIC '08

HAWC '20 MultiSrc HAWC '20

Vasileiou et al '13 GRB090510 (At)
MAGIC '20 GRB190114C (At) MAGIC '20

MAGIC '17 [SiglN0i\y)

Vasileiou et al '13
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Credit: H. Martinez-Huerta

in Pueschel & JB 2021
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