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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 2} 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

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 21th fact was as follows:

Fact 2}. 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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The extragalactic background light, EBL

How much light is there 1in the universe?

Principles of 1-ray cosmology

What can we extract from the propagation of y-rays?

Measurement of the Hubble constant

How fast is the Universe expanding?
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° The extragalactic spectrum of the Universe
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Contribution from accretion on supermassive black holes

Energy, E [MeV]
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=== Non-thermal processes
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Active galactic nucleus, AGN

Compact region at galaxy
center outshining the host

Thermal emission from
accretion disk, X-rays from
non-thermal processes

Credit: A. Roussel



Contribution from relativistic jets
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Contribution from relativistic jets

Energy, E [MeV]
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Synchrotron radiation
2 Ultrarelativ. electrons
in magnetic field

Inverse Compton (leptonic)

= Synchrotron photons
upscattered by electrons,
synchrotron self-Compton
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EBL Intensity, vI, [nW m2Zsr1]
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Pair creation threshold:
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Optical depth of the EBL

Interaction characterized by optical depth T(X[]X[:L<[]

Distance to Cross section for the Density of

the source pair creation process the EBL

2y 1 1—,U 00
r(Eyz) = [ @) [ T o B+ 2,62 [ deSh(e2)

0 —1 0

Cosmology Particle physics Astrophysics
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Spectrum and evolution decoupling

Assuming decoupling between EBL spectrum
and EBL evolution,
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° Gamma-ray attenuation
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° The Bayesian Framework as an analysis tool

Expected spectral shape
Parameters: a EBL, 0 spectral

—a—[log é%
¢ELp(E, ©) = ¢0(£> (%) A

All spectra modeled with log parabola
with exponential cutoff (ELP)

B, ©
Bayesian framework ¢m(E,2,0,a) = pprp(E, O) x e~ m(E:z,a)
Likelihood
Pr(D|a)P rior Marginalization:
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Posterior

. /" Removed arbitrary selection criterion
Compute the full probability

distribution and marginalize over v/ Inclusion of nuisance parameters:
spectral parameters energy-scale bias, ¢
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Charged particles with v > ¢/n {induce
emission of coherent Cherenkov light

= Observed with Imaging Atmospheric

Cherenkov Telescopes (IACTs)
Pair creation:

y+X et +e +X

Bremsstrahlung:
ef+X set+X 47

Radiation length: Primary Gamma Ray
¥
Xy~ 40gcm 2 . e

Atmosphere: ~ 1000 g cm >
= Fully developed

electromagnetic
cascade e

Credit: CTAO




Simple apparatus in 1952 by William
Galbraith and John Jelley

e Photomultiplier tube
e World war II mirror

e Standard-issue dustbin

Credit: G. Hallewell



° The current generation of IACTs

Three independent collaborations MAGIC (2004)
operating IACTs performing Roque de los Muchachos
stereoscopic observations Canary Islands

Catalog of
sources:
D TeVCat

5l VERITAS (2008) H.E.S.S. (2002)
#l Mount Hopkins Khomas Highland
Arizona Namibia

() cCredit: H.E.S.S., MAGIC, VERITAS Collaborations Lucas Gréaux
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. STeVECat, the Spectral TeV Extragalactic Catalog

Most comprehensive catalog to date of archival spectra published by current IACTs

D 403 spectra from 78 sources
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° Model Independent EBL parametrization
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EBL Intensity, vl, [nW m Zsr!]
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Y-ray cosmology: measure
the EBL with y-rays from
extragalactic sources

First agreement 1in optical
between IGL, direct, and
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Assuming diffuse components with same
spectral shape as the IGL:

vIEBL — yIIGL » (1 + fuin)

fice S 20% (at 95% C.L.)

, clouds of stars
tidally stripped from galaxies

NGC 5907. Credit: R. J. Gabany



Gummu ruyprnpugutlnn otherinteractions. . . -

o EBL plfotons = /

Possibility to study

Intergalactic medium
and magnetic fields
Lorentz -+invariance
violation (LIV)
Axion-like particles
(ALPs) oscillations

Lucas Gréaux
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Secondary emissions from pairs
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Signatures of Lorentz invariance violation
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Two channels to test Lorentz
invariance violation

Temporal approach

D Spread of the arrival time
of y-rays

Spectral approach

= Modification of the EBL
interaction cross-section
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” Axion-like particles (ALPs)

QCD axion:

hypothetical boson
introduced to solve
strong-CP violation

Axion-like particles:
dark-matter candidate,
arising in extensions
of the standard model
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° Dscillations of ALPs
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y-rays convert to ALPs in host
galaxy, travel without seeing
the EBL, convert to 7y-rays into
the Milky Way

© Could lead to observable
v-ray flux enhancement
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” Axion-like particles (ALPs) ’
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. Decay of ALPs

Solar v

ALPs decay 1into optical / infrared
photons, potentially contributing to
integrated EBL 1intensity

1010 Globular clusters

"
This work
(preliminary)

= Agreement between y-rays and galaxy
counts limit the allowed parameter
space for ALPs
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° Outline of the presentation

The extragalactic background light, EBL

How much light is there in the universe?

Principles of y-ray cosmology

What can we extract from the propagation of y-rays?

[]3 Measurement of the Hubble constant

How fast is the Universe expanding?
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The Hubble constant

The (local) Hubble constant Hj

© Fundamental quantity
© Expansion rate of the Universe
= Hubble law: v = H  x D

0

Disagreement between measurements
from fluctuations in the CMB and
recession speed of galaxies
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Measuring Hnwith gamma rays .

oc 1/H

rBye) = [ a0l [ e (B4 [ a6 )

EBL intensity derived from galaxy

Two possible approaches
counts does not depend on H,

= Use the evolution of the EBL

(successive scalings cancel out) (model dependent)

= Use the EBL to measure H 2 Use the EBL spectrum at z = 0
¢ (model -independent)

Lucas Gréaux
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° From the evolution - method

Match the optical depths
derived from GeV and TeV
observations to galaxy
counts measurements

GeV data

TeV data

——— This Work

=== Finke+ 10 (model C)
""" Dominguez+ 11
==+= Gilmore+ 12

Finke+ 22 (model A)

Gamma-ray data
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/. 4
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0.03 < 2 < 0.60

160 <z <2150 215 <2< 3.10 /,
0.01 01T 000 0T T 001 01 i : 5
Energy [TeV] Energy [TeV]

Lucas Gréaux

A. Dominguez,

10.1093/mnras/stad3425
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° Hubble constant from EBL evolution

1.0 R 3 [ CMB observations—
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Hubble constant from EBL spectrum

EBL spectrum previously obtained
assuming H, = 70 km s™* Mpc™

Ratio of EBL 1intensity from y-rays
and galaxy counts gives

vI) _ 1+ faite
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CTAD, the future generation of instruments

One collaboration observing CTAO - North

both hemispheres with arrays Roque de los Muchachos
Canary Islands

s AR = —_—
= E L - . e .
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b w & N -
L 1
frn

of 13 and 51 telescopes

CTAO - South
Atacama Desert
= Chile

Credit: CTAO, rendering Lucas Greaux
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. Simulating STeVECat seen by CTAO

1ES 1011+496, z = 0.212, id: 39
MAGIC, 2019MNRAS.486.4233A

Sensitivity increased by factor ~10 1010 =TT T T TTT] T T T TTTT] L
© What could CTAO have seen instead C :
of H.E.S.S., MAGIC, VERITAS? 9 B 7
E1071 | =

Simulate STeVECat observations with > & =
CTAO’s 1instrument response functions £ T .
é i i

g 107 E =

D ~ 3000 h of simulated livetime E - —— Observed ]
. . = F i .

v Compatible with currently planned - CIJI I?llnrlfllatedCTAoldaltal . |

CTAO observation program

Lucas Gréaux
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@) . .
The cosmological optical convergence

Energy, € [eV]
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—-—: A priori model (Gilmore+ "12, fixed)
16 —— Phenomenological model (Andrews+ "18)

---- Empirical model (Saldana-Lopez+ "21) SN
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Precision on EBL spectrum
should be greatly enhanced
by next generation, CTAO
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Hubble constant measurement — the future?

Expected IGL precision of ~1% from
Euclid, JWST, LSST

CTAO measurement of HG:

© precision of ~3%?

Pessimistic or realistic?

||||||||||||||||||||1||||||||

L0 7, B e y-rays, CTAO sim.,—
— 2 I '} - ‘ for fdlff =0 2]
| / "|\ IS CMB observations |
A 1 - | == (Planck+ 20)
B ] o\ ’ | HST supernovae
0.8 x] 13N | 7 777 (Riess+22) —
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Extragalactic background light (EBL), Interaction between EBL and y-rays:

sum of all light emitted 1in the

Universe (following the CMB)
o Measurement of the EBL

© Fundamental observable, signature
of all photon production pathways D Limits on fundamental physics

Well described by galaxy counts D Measurement of the Hubble constant

0

© Hard to measure directly

Next generation of instruments should lead to
precise measurement of H,

© Will require great understanding of
systematic effects

© Updates on the observation program of CTAO?
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Cosmic star formation rate

Cosmic star-formation rate (Mg,, yr‘1 Mpc’a)

Redshift
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* Madau+14 CSFH
® eBOSS AGN

¢ Driver+17

e Bourne+17
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Time since Big Bang (Gyr)

Lucas Gréaux

S. K. Andrews, 10.1093/mnras/stx2843

47



O
|GL measurements

IGL: integrated galactic light,
emission from resolved galaxies

=

Measured from deep field galaxy surveys

=

Expected as main EBL contribution

10g10 (N) & m [deg® (0.5 mag™')]

GAMA SDSS r

ACS ERS F606W
ACS HUDF F606W

UVUDF F606W

pLdm[WHz" m2deg? (0.5 mag™)]
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r magnitude (AB mag)
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Lucas Gréaux

Contribution mainly derived from
intermediate-magnitude galaxies
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25 30

r magnitude (AB mag)

S. Driver, 10.3847/0004-637X/827/2/108 48



Direct measurements at lpym

B | T T T T T T T T T ]
- —— EBL synthesis model (Khaire & Srianand "19) .
L —— 1.0% of Zodi at 30° solar elongation in ecliptic plane
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HST/FOS (Kawara+ ‘17)
HST /WFPC2 (Bernstein '07)
CIBER (Matsuura+ “17)
CIBER/NBS (Korngut+ ‘22)
COBE/DIRBE (Sano+ “15)
COBE/DIRBE-2MASS (Levenson "07)
IRTS (Matsumoto+ ‘15)

TTTTTI
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