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The dark night sky PO, ',

Aoraki National Park, New Zealand.
Credits: 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
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The dark night sky
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The dark night sky

You said dark?

100,000 LIGHT YEARS
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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):

Credits: Harrison ‘90

O, . =ldro_ xN__(r;r+dr), with ®__ oc 1/4mr?and N__(r; r+dr) oc 41rr? 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
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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

Jonathan Biteau
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The solution by a poet, an old lord and a particle physicist

Unsatisfactory solutions

d  Stoic universe (Huggins, Herschel, Proctor)

d  Fractal arrangement of stars, galaxies, etc (Kant, Fournier d’Albe, Charlier)

Solution: the history of the universe (E. Harrison, “Olbers’ Paradox”, Nature 1964) E. A. Poe! 1849
[  Account for finite speed of light (cf. delay in lo/Jupiter eclipses, Remer 1676)

“The only mode, therefore, in which [...] we could comprehend the voids which our
telescopes find in innumerable directions, would be by supposing the distance of the :
invisible background so immense that no ray from it has yet been able to reach us at all.” \

Edgar Allan Poe’s Eureka (1848) W. Thomson, aka

Lord Kelvin, ~1900

d  Account for the finite lifetime of stars and show that the fraction of the sky covered by
stars in a static universe is ~10"3

Lord Kelvin in Baltimore Lectures, Lecture XVI (1904)

The history of the universe indeed governs the brightness of the sky, but only accepted a
century after (late 1980s)... when cosmology had matured!




Integrated galaxy light (galaxy counts)
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Windhorst+ 23

Seminal work with HST data
by P. Madau & L. Pozzeti ‘00

— galaxy counts converge

From Olbers’ paradox to precision

measurement of the darkness level.
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How Dark? The multi-messenger spectrum of the universe

Intensity, vI, [nW m2sr 1]
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From the 1970s to the 2010s
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From the 1970s to the 2010s
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From the 1970s to the 2010s
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Overview of current measurements

Intensity, vI, [nW m~2sr71]
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JB’s habilitation (2023):
collected non-redundant
spectra, aiming at exhaustivity

Dataset: 70 spectra,
including 33 from Hill+ ‘18

Code: adapted from Evoli ‘21

Everything available on gitlab
and Zenodo (check the
proceedings here)

See also reviews from
Cooray ‘16, Driver ‘21

19


https://ui.adsabs.harvard.edu/abs/2018ApSpe..72..663H
https://github.com/carmeloevoli/The_CR_Spectrum
https://ui.adsabs.harvard.edu/abs/2025arXiv250917954B/abstract
https://ui.adsabs.harvard.edu/abs/2016RSOS....350555C
https://ui.adsabs.harvard.edu/abs/2021arXiv210212089D

Overview of current measurements
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Focus in the next slides:

Cosmic Optical & IR Backgrounds

— accumulated light from all
starforming galaxies
(+ AGN ~10%)

— important sanity check of all the
light emitted since the EoR

000
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Contaminants in the O/IR

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

Scattering plane

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

_______________________

Observer

@ 0.55 pm
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Credits: L. Gréaux
Adapted from Leinert ‘97 & JB ‘23

T T TTTTT T o TTTTI T T TTTTT T T TTTTT T T T TTTT
S | Airglow

111

LBULILALLL UL ULLLLL IR

CMB

X Faint stars

RN I AN R AW AT

aes®
o -
-~

Specific intensity vI, [W m—2 sr~!]
S

vl ol

1
~
Lol Sy l|..'||||||| Lol ! L1l

101 1 10! 102 103 104
Wavelength [pym]

22

Jonathan Biteau



The light that remains once foregrounds are removed

Intensity, vI, [nW m~2sr 1]
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The light that remains once (all?) foregrounds are removed
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, 1015 1014 1013 1012
10

I I
—— EBL synthesis model (Khaire & Srianand "19)
v Upper limit
O Measurement

A Galaxy count

T
—— EBL synthesis model (Khaire & Srianand "19)
—— 1.0% of Zodi at 30° solar elongation in ecliptic plane
‘—"<_' 102 Vv Upper limit

5 O Measuremen
(o]

:

q T
R=rapel B ]
=10

=
2
B CIBER/NBS (Korng\

(= COBE/DIRBE (Sano-+
g COBE/DIRBE-2MASS (Li
. 11~ AKARI/IRC (Tsumura+ ‘13) 1

COBE/DIRBE (Arendt & Dwek ‘03)
]

ISO/ISOCAM (Clements+ “99)
Plor\LLr/H’I’ (Mdthllokd+ 11)
VLI /FORS (Maltlla+ 17 ) AKARI/IRC (Hopwood+ ‘10)

HE@S MAGIC VERIT%S (Greaux+ '24) “I’ AKARI (Matsuura+ ‘11)
GAMA-DEVILS-HST (Koushan+ "21) LObh/Ull\bh WHAM (Odegard+ ‘07)

pitzer/MIPS (Pénin+ "12)
Voyager/UVS (Edelstein+ ‘00) I O/ISOPHOT ]:ffelsberv (IU\ eh+ 09)

Intensity, vI, [nW m~2sr 1]

GALEX (Xu+ '05) H(rg(h(‘l/SPIRE (DUIV env. 00rdu1+ 20)
GALEX-5DSS (Chiang+ "19) BLAST-Spitzer/IRAC (Marsden+ “09)
UVX (Martin+ "91) —
UVX (\/Iurth\ + 89) ) SCUBA-2 (Hsu+ “16)
UVX (Vlurthwr 00y Planck/HFI-COBE/FIRAS (Odegard+ '19)

| | | |

1 10 102 10°

Wavelength, A [um]

Jonathan Biteau

1071 1
Wavelength, A [pm]

Ca-ll absorption lines by CIBER
— faint spherical component unaccounted
for by main Zodi model (Kelsall+ ‘98)

Next step for dark-patch measurements: SPHEREX
(NASA M-class launched in 2025-03)
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The light that remains once Zodi foreground is removed

Intensity, vI, [nW m—2 sr‘l]
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An absorption technique to probe the COB & CIB

EBL photons

TeV photons

D

—7(E,z2)

TeV gamma-ray suppression (I)obs(Ea z) = cI)int(E) X e

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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Pair production on COB/CIB photons

1 TeV

0/

EBL Kernel K, (In(E, &,/ c*))

.

£ = === 2,=0.60
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a: 1 \ITHI'{'

10 ?
Normalized Squared Momentum (1+2)* E, €,/ c*

Optical depth 7(E, 2) / dz 62’ W E(1+2),2)

Light travel distance (ACDM)
oL ¢ 1 1
0z  Hol+z/Qp+Qm(l+2)3

Mean free path (photon density, Breit-WWheeler cross section)

= 4 1—p
T (E,2) :/0 de—/ du 5 O,W[El € u]

where =1 —cos@’

— I',,(1TeV,z = 0.2) = 250 Mpc

Cross-section Relevant targets for gamma-rays:
integrated E~1TeV < e~1¢eV (O bckgd)
over the line of sight
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TeV y-ray flux suppression

EBL photons

H

TeV photons
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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
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Energy, E [TeV] Jonathan Biteau 29



New y-ray reconstruction of the EBL Cresi: Lucas Gréa |

. 1 Foer €€V o
Model-independent parametrization of the COB and CIB T - Enealmote ke aps |
Spectrum 8 Gaussians(\) of free amplitude from 0.2-100 pm + gﬁ:ﬁfﬁiiﬁf;ﬁmensm .
with fixed width and central A — 2"@ Gaussian matches New Horizons = v ]
Evolution marginalisation over all possible histories out to z ~ 1 ;E
First fully model-independent y-ray reconstruction of the EBL =
Dataset: 3x larger than best archival dataset used so far RN I
STeVECat Spectral TeV Extragalactic Catalog (Gréaux+ 23), see this link 1 1 Wavelengfh,uﬁl 102
268 TeV spectra from 56 sources with spectro. z + 95 contemporaneous GeV spectra <~ ik RN VR
vs 86 spectra from 38 sources in previous reference study (JB & Williams ‘15) ﬁ'; 10710 3 E
; N ]
Analysis method S 3
Each of 268 spectra: log-parabola with exponential cut-off/rise wi i Observed 1071 t i
i.e. 268 x 4 = 1072 intrinsic nuisance parameters (both + and - values allowed) :ED 107 ? Intrinsic 1GOT12 .. _§
Fully Bayesian, including marginalisation over TeV E-scale uncertainty = L. |1|0|11 L I L1 |re.au|X1| In.prep. i
Energy, E [TeV] 30
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https://arxiv.org/abs/2304.00835

The cosmological optical convergence

18 [T T T I [ [T [ I [T T 1 1 [TTTT T 1 1 z0 0L 00 8
n
. —-—- A priori model (Gilmore+ "12, fixed) T(EA,,, zo) = / dz —(z) / de —(6 Z)
16 3. —— Phenomenological model (Andrews+ '18) Jo 9z~ " Jo e
' ---- Empirical model (Saldana-Lopez+ "21) 1 [
Direct measurement du Oy (ENy(1 4+ 2), €, 18
14 New Horizons ./_1 l 2 ﬂ( ¥ ( ) & )

(Postman+ ‘24)

12 with vI, = = x[e? 22

10

p-ray absorption
H.E.S.S., MAGIC, VERITAS ' i
(Greaux+ 24) 3

Note: y-ray results obtained assuming
std flat ACDM with H, =70 km s™" Mpc™’

If EBL = IGL, measuring the
2 Galaxy counts (IGL) optical depth can put constraints

Hubble, JWST' , et ' \ on the distance element o< c/H,
(Koushan+ ‘21, Driver+ ‘16) :

EBL Intensity, vI, [nW m~2sr 1]
@

Salamon+ ‘94, Barrau+ ‘08, Blanch+ ‘05,
Dominguez+ ‘13 ‘15 24, JB+ ‘15, Gréaux, JB+ 24

Lol Ll Ll

1 19t
Wavelength, A [pum]
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Hubble constant from y-ray absorption

H =67 = 7 km s Mpc™ x (1 + f,. )

0 diff
T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T

1.0 +— [ y-rays, STeVECat, —

- -\ for fgqig =0 =]

| | - CMB observations |

1 T (Planck+ 20)
B 1 HST supernovae
0.8 - ‘ "7 (Riess+'22) —
. |- a4

- y-rays, GeV-TeV -

% \ (Dominguez+ '24) _|
[

) —
7
© 0.6 —
m .

s _
[ =
N
:c—'; i
E 0.4 —
5 =}
Z )

0.2 =
(Gréaux+ ‘24) ! 1
= \ .
0.0 BRI ARSI R X AN Y00 T N S N A YO S A TR A

60 65 70 75 80 85
Hubble constant, Hy [km s~ Mpc—1]

vI) 14 fas

Jonathan Biteau

Caveat: low-surface brightness universe

34.0 30.7 27.3 24.0

150 kpc

Simulation of M31 stellar halo

(Font+ ‘08) 2



o o o
H~ [@) [0e]

Normalized posterior

o
S}

Hubble constant from y-ray absorption

How to: ARRAKIHS (launch planned in 2030)
MESSIER (in the running for 2030+)

H, = 67 = 7 km s Mpc™ x (1 + f_ )
L S s B B B * MESSIER Surveyor v Euclid Deep Survey
— [\ ' ;Y(:afysf ST%VELM'_ 20.0 1 @  DESI Legacy Imaging Survey ] Rubin Telescope
= . faiet = o
i | CMB observations | ) ABYSS HUDF - Borlaff+19 D> spss
L | gi:‘;““ i20) _ 2254 $8 NGC4565 / Dragonfly - Gilhuly+20 < SDSS SA-82
S SLlpk‘l‘HO\'de
— | = (Riess+"22) V¥V  Virgo Cluster - Mihos+17 O/ MATLAS
B | (’];“n‘l:n‘k‘u\/“\j 9 _ 9504 @ UGC00180 / GTC - Truijilo+16 A DECalS
I guez+ "z = .
‘ | ‘TU X XOF lllingworth+13 H  HSC PDR2
D - Ducs STSS
_ § 975 ] g8 NGC7331 - Duc+18 3
- ; A Euclid Wide Survey % a < A@®
] g ARRAKHS X dp v Euclid Wide
<= 30.0 1 "
| ARRAKIHS Q
] S8 O Euclid Deep
T S
7 SHI0K;
(Gréaux+ ‘24) [ 1
L T \
TRRTER T TR N N % ANV YO0 SN T A £ N O DU T N A B A aisd l\éESSIER *
. . urveyor
55 60 65 70 75 80 85 : : : :
> - 10§ 10° 102 10t
Hubble constant, Hy [km s~ Mpc—1]

Area (deg?)
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Intro
The dark night sky

Overview of the measurements
From radio to ultra-high energies,
from the ‘70s to today

Focus: cosmic optical background

2024: convergence of the 3 techniques!

Outro
Light from baryons as a tool

for precision cosmology?

Jonathan Biteau
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vI, [NWm2sr

102

10!

1071

Spline fit of the multi-messenger extragalactic spectrum

10'5

—
i
|

10—12

108

Energy, E [MeV]

102 |

1 [ axar

Frequency, v [Hz]

14

[
Planck/HFI-COBE/FIRAS

SCUBA-2

BLAST-Spitzer/IRAC
Herschel /SPIRE

| OSMOS/G1
ISO/ISOPHOT-Effelsbdrg
Spitzer/MIPS
COBE/DIRBE-WHAM

AKARI/IRC

COB

Lol

| LR

Lol

I T T T T 7 TTTTT

1$3ﬁ

Ll T

Apollo Soyuz/EUV
)SS E{]\'E

=7 5

VS
NuSTAR
VILS-HST XMM-Newton
GIC, VERITAS RXTE /I(
ORR Swift/BAT
INTEGRAL/IBIS
SMM/GRS

CGRO/Comptel

(11 IPP: Fermi/LAT

IceCube/1

-—
—

T T T
@

102

103

E?J(E) [GeVm T3~Lsr ']

T T T T

Ll Lol Lol

Lol

Ll

(O

IceCube, IceTop )

Tunka-133
Telescope Array
Auger

|
10!

|
103

Energy, E [GeV]

103

10>

| | |
1017 1021 1025

1

10!

102

Wavelength, A [um]

10°

Frequency, v [Hz]

| ]
1029 1033

(E) [G

~
o
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What is known about the extragalactic background

Energy, E [MeV]

10~12 108 10~* 1 10% 108 1012
| [ [ [ I I [
102 + N
Icog =30.1 £1.4nW m 2sr!
“u? 1k (O'I/I ~ 5%) —
R
& /
CRB \ CGB ECRB —
E 10_2 — 10MHz — 10GHz ; N MeV —1TeV : 0.2 — 200 EeV
3 " 4
2
o= —4 | I} 1
é} 10 0% v \\ P
2 \
K=
10°° - o Ay 27 |
a7 Y XS 23
g = Z
A BRI 1 | A |
10° 107 1013 1017 1021 10% 10%°

Frequency, v [Hz]
Jonathan Biteau

103

10!

101

103

10>

Intensity, E2J(E) [GeV m 2 s~ 1 sr™1]
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What is known about the integrated galaxy light

& 10 15 20 25 30 - 10 15 20 25 30
":; &;_:_ T T T T T 4] g; g i I T T T §
E Y] :_ 15 [ A=0.5907 Microns
oA B | = [ &
% § § £
: e g EF :
A ’ % * =3 q o &)
iy ;;;300 240 i ;{ il 8 " )
" r M"‘t‘ o3 ‘:A S pi :_ E o o o
ACSWFC | . . | o 10..‘I15.‘II20.AII25HI.30‘ I ‘I10.AII15‘AI.20HI.25‘...30‘
WFC3UVIS AB-magnitude AB-magnitude
WEC3IR SKYSUREF IX, Tompkins+ ‘25
Iicr, coB = 25.5 £ 0.5 nW m 2srt (o1/I =~ 2%)
Goal in this field: reach 1% precision, using HST+JWST+Euclid+LSST+Roman
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Y-rays: The Cherenkov Telescope Array Observatory (CTAO)

HEGRA (‘90s)

2 sites to access the entire sky
w/ breakthrough performance
Sensitivity: 5-10x better than current
E-range: 0.02-200 TeV (vs 0.1-10 TeV)
E-resolution: <10% (vs <17%) >0.2 TeV

CTAO-S

CTAO-S (‘20s-40s) /6

| CTA .SlLt .
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Expected COB and CIB with CTAO

Credits: Lucas Gréaux

EBL Intensity, vI, [nW m~2 sr™!]

Energy, € [eV] Credits: Gréaux+, in prep
10! 1 107! 1072
18_]IIIITI T T [rrrr T T T T [rrrr T T T T [T 1T T T | T T 17T | T T 17T | T 177 ] T 177 | T 17 ]\l IAI T
- —:— A priori model (Gilmore+ 12, fixed) - —01 1.0 - /n'u\ i == Qo—lraf)s, ETS.O sim.,—
16 —— Phenomenological model (Andrews+ 18) e A B L | \ Ch,jﬁ‘(’,‘bger\,mons
- ---- Empirical model (Saldana-Lopez+ '21) 7 N ] B II .",\\ , | == (Planck+ 20) ]
C / \ ] B I LI HST supernovae
14 >= ; 7 0.8 >= | ! : \ | ‘ _- (Riess+}’22) —
- o ] s - | : : \ , | 7y-rays, STeVECat, —
2E= 15 2 pty PN\ Yoy
[ = b @ - = | =11 \ ' \ (ID(:{nLilg Y1ue7+ 24) ]
- - . © 06k H 1 - gHez -
10 - - o Y = I sy . \
= - - [ n
C = ] @ L= ] Bl § \ i
8 1 = |~ ! S I N .
T . s L d rer b : -
- o . g “le / o vp A i
E o \ ] 4 - o II l: :l \\ , ‘\ ]
— \ — [~ . =
- ; v 0.2 / { 1 al i -
B N\ - N L / | | } _ —
— ) ) ) . — / I 1 2\ \
L CTAO simulation of STeVECat @ \ - / ] \ RN \ ]
- Archival STeVECat data (Gréaux+ "24) - / I \ C N \ =
Lol Lol Lol IR R B A 0.0 I B - BN 5% SR W0 AN TS ST N A TR A A
1 10! 10 10° 55 60 65 70 75 80 85
Wavelength, A [pm] Hubble constant, Hy [km s~ Mpc ]
Simulations of ~3000h of CTAO observations (in-line with CTAO key science projects)
Assume 1% precisionon IGL x (1 + f,...) — 3% precision onH
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Conclusion

A long story started in 1576

Solution proposed in the early 20”‘,;;{': |

accepted in the ‘80s:

The history of emission of light
by baryons is finite

First convincing measurements of

the IGL in the early 2000s

First y-ray absorption
measurements in the early 2010s

First Zodi-free direct measurement
in the early 2020s

Now trying to catch up with
precision cosmology!
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Y-ray propagation from sources down to Earth

1TeV ooy

el Gallesyy Clustar Cosmic Voids i
10! Vil kyAWay; 10"
R!OI'US =
g &
o
RBLR out 4 =
o .0 08
S 10 10" £
Riisk out 2 5 3
w2
0 g 0 o B
S A A Sy TSN B 3 =
Reirin J ﬁ 3 " 2
S 10 -10" 3
< =1
RBLR ou 2 A7 b
A A
R(OI'IIS
10° 10° . o
Distance to BH (pc) 48
-10” -10°
; ; Frm ; : ; i
10° 10' 10° 10° 19.5 TeV!?’ 10° 10 10° 10"

Credit: Biteau & Meyer 22

Propagation Distance (kpc) Distance to MW center (kpc)
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Radiative losses of e* e™: inverse Compton on CMB

1 meV 1 GeV Generation 1: TeV gamma-ray em cascade
\ I (1TeV, 2 = 0.2) ~ 250 Mpc
Generation 2: pair e’ e’

e Diffuse in{B?
rL('ye = 106) ~ 0.5 N[pC(B]GM/10_15 G)_l

e Excite electrostatic instability of beam (~ 1022 cm3) /

YCMB

intergalactic plasma (~ 107" cm®)
-> |nefficient E-loss mechanism due to e
€ background MeV e (Yang+ ApJ ‘24) Y ele ¥ ¢ e
€ non-linear feedback (Alawashra & Pohl ApJ ‘24)
Y, = 10® € B>10" G (A/1 pc)” (Alawashra & Pohl ApJ ‘22) 4th generation if
E,~ 10 TeV (plausible)
e Inverse Compton on CMB photons
Lo (Ve = 10%) ~ 0.75 Mpc 5th generation if
iy ) E,~ 100 TeV
Generation 3: GeV gamma-ray — stop — unobserved &
2 Klein-Nishina suppressed
By = 372ecmp ~ 1 GeV ( 1§2v) PP
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Declination

Search for the e* e” reprocessed energy

21°30"

00" ¢

20°30"

00’

19°30' £

00’

Observed

4.0

1ES 0229+7OO

35
3.0

25

1.0

0.5

39°00' 38°00' 37°00'

Right Ascension

Expected for
B~3x10"G

EF, [erg/cm?s]

E2dN/dE (TeV cm™2 s71)

_ 7\ T \IHH‘ T T \\HH‘ T T \\HH! T T \lHH! \;

1o % 1ES 0229+200 cienc 2

C NG il \\\ :

L .

10-12 {I‘ II ‘\€

: I K

Il 1 \lHH‘ 1 1 \\\M\( Il Il \\\Hl‘ 1 1 |\\H|‘ 1 L1l Il Il \lHHl t

108 109 1010 1011 1012 1013
E [eV]
T T T T T TTTTT] T T T T T
- 1ES 02294200 Total
L B=32x10"'°G Primary |
| fmax = 10% yrs Cascade
t L d 4 HESS.

10712 # LAT
i % i

f +'H' + SO
1078 & +III
L0l Lol Lol Lol

1073 1072 107! 10° 10!
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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
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Data sample

Extragalactic sources observed at TeV up to 2021-12

Markarian 421 Markarian 501 Number of
spectra
TeV data: STeVECat, 10.5281/zenodo.8152245 o 1
Spectral TeV Extragalactic Catalog 30° & <O> e
15° o? o ..n . .0. ° . o
Archival spectra published by IACTs (H.E.S.S, a 0° 150:120. .“ f° 2l R el e
MAGIC, VERITAS and other) o3 S
@ FSRQ
Selected spectra: at least 4 points, sources with @ sBG
. P @ AGN
solid redshift > 0.01 R ® U
@ GRB

> 268 spectra (86 for B&W’15) 1H 1013+498, z=0.212, id: 39

MAGIC, 2019MNRAS.486. 4233A

o CTTT] T T T T TTT] 7
2 10710 L =
GeV data: Fermi-LAT E E :
o] I~ .

% gl o
Contemporaneous Fermi-LAT observations used as =10 ErT , E
riors for spectral index and curvature 5 %" —10- 1 ]
P p = L % t
b>13 10_12 L Observed 3 10_12 _
> 95 contemporaneous spectra p = ]
M I ! Lol I L

1062 1

Energy, E [TeV]
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https://zenodo.org/record/8152245

Shortcomings of the Frequentist analysis

a EBL parameters

O spectral parameters

¢m0del(E, Zo Ay @) = ¢ELP(E, @) X e_T(EaZ>a)

¢eLP(E, ©) = ¢ (

With D observed data, Likelihood:

Pr(D|a) = mgx{Pr(Z)la,@)}

= mgx E[Pr (Dg | a,0y)

-a-pra(£)
) exp (—AE)

Repeat until convergence

o 107° -
o F E g |

E o0k g 8

2 ADE 1 <£os 5
5 £ ] © o
= 1011k ~ = 2
> E E = 0.6
w E ° E
x 1072k T E 8 o4 ©
S E =l a
- [ e 3FGL | ] <

310 o oFHL ' 41 Eoz 00
3 E o 3FHL UL (not used) S ]
c 1044' L L L L 0 L | L L I -1
WY e 102 102 107 1 005 1 15 2 25

Energy [TeV] EBL normalization o

W 10°F :
o F o

g 10“0; E _§ 4 ©
=) ? % 0.8 v ,_op
S, b ] £ 22

> 1 Sos £ g
l‘!>- F o =
x 1072 E [ Vg
4 E I N 0.4 5
= [ e3FGL ] .

2 10°E e 3FHL E ., [
he E e 3FHL UL (not used) o X o
g ,14- L L 4 J z m J
w107 10° 102 107 1 %05 T 15 2 25

Energy [TeV] EBL normalization o
e Find best parameters a for a set of
spectral models (minimization)
e Update the set of spectral models

B. Biasuzzi+, arXiv:1906.07653

47



The Bayesian Framework as an answer

a EBL parameters
O spectral parameters

¢model(E, Zo Ay @) = ¢ELP(E, @) X e_T(EsZ9a)

—a-LBlo E£0
E) g( )exp(—/lE)

¢eLP(E, ©) = ¢ (E_o

With D observed data, Likelihood:

Pr(D|a) = /d@Pr(Z)Ia,@)

= /d@ ]_[Pr(ka,ek)
k

Pr (D |a)Pr(a)

Pr(a| D) Pr (D)

Compute the full probability distribution
and marginalize over non-EBL parameters

=  Sampling with MCMC
=  Uninformative priors
o  All spectra as log-parabola with exponential
cutoff
= Nuisance parameters
Bias on the energy scale, €

E 1
¢8—model(E, z,a,0, 3) = Pmodel m, z,a,0| X T
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* Simulated livetimes

Livetime estimation

228  spectra (H.E.S.S.,
38 spectra without livetime

MAGIC,

T = mjd_stop - mjd_max

- T<0.5d : use short cluster fit
- T>1d : use long cluster fit
- Middle . livetime = 2h

Total livetime

e 2907h (2629h from STeVECat)

VERITAS)

Livetime [h]

[W—Y
i
—

[
9
\S]

(1L I AULILLLL UL UL SLALLLLL I AL L

| ° l

e  Short cluster
o  Long cluster

(7] AT AT AR ARt A

101 10!
Observation length [d]

103
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Reconstructed energy scale nuisance parameter

Fitting SL21 with STeVECat data Fitting SL21 with CTAO simulated data
I L L U U A B B L e e e e
1.0 F— HESS. ] 1.0 E— HESs. -
e ~ —— MAGIC 1 78 - —— MAGIC ’
2 08 [E—— VERITAS q £ 98— VERITAS N
= ~ —— Combined 1 5 ~ —— Combined s
— N 1 = [ a
— 0.6 =~ 0.6 =
o K o = ]
] = = ] = =
N - 4 N - 2
',-‘é 04 = ',-‘é 04 =
o - i o - -
> 0.2 - > 0.2 - ]
0.0 L) A e | 0.0 el aises]sel) ) [ Pl Y
—-0.2 —0.1 0.0 0.1 0.2 —0.2 —0.1 0.0 0.1 0.2

Reconstructed energy scale parameter, ¢ Reconstructed energy scale parameter, ¢
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The Cosmic Radio Background

[ L [ T T I T T

10_1 =——— EBL synthesis model (Khaire & Srianand "19) Yﬁy =
— Phenomenological model (Tompkins "22) ¥ - 20 — : : : : : Crled"tS: ?quOT 19
[V Dark patch V= .
S— lo [ e '(5@ 3 E 1. -
_ 102 = A Galaxy count g £ 18 , ‘vl_.-“" '.;,‘M%@ﬂ I
i a 4 % 5L o* . ‘:E
— B 4 = 4 res 4
n - - ff
1073 f /S —= £arr L?ﬁ l
— 0 Z L * SFGs
E : W W / : DE 16 | }@ o AGNS } |
= - W A 1%
—_ 10_4 = WY A - ' = | [ | 1 | | J \
— = 15 1 1 1 1 1 1 1 1
g - \ . 18 19 20 21 22 23 24 25 26 27
> [ = i 1 log[L(W Hz"1)]
1075 & 1WAl ARCADE2 (Dowell & Taylor ‘18) — Tension with direct estimates (see singal+ 2018):
= e e e § - Small sky coverage / Zero point?
[~ VLA (Vernstrom+ ‘14) i - Galactic halo (X-ray IC counterpart)?
10—6 L1l L1l Loorrtaiild - Extragalactic unknown pop.?
1072 101 1 10!
Frequency, v [GHz] Credits: ], Biteau 22
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Current and new generation y-ray observatories

Credit: K. Satalecka

Cosmic microwave background, ~3 mm

1 EeV 1PeV 1TeV 1 GeV 1 MeV 1 keV 3
10%V  10°ev 10V 10°ev  10°%ev  10%ev  1ev 10°ev 10%v  10°ev  10™%ev 10™ eV
| | | | | | | [1mm | | | |
+“—>
+— 4
UHE VHE HE x |uv]| I ‘ » radio
Altitude —r Y-rays <«—— visible
10%m 10%m 10"m 10%m 10%m  10°m im 105 105n
1am 1fm 1pm 1nm 1pm 1 mm ] 1 km 1 Mm
| 300 MHz
T4-5km 300 GHz 300 kHz
satellites &
= 1-2km > -\00\““‘\,—/” T
Imaging Atmospheric - T S
Cherenkov Telescopes
o 50% of incident
Jardin-Blicq Armelle rockets L. A [e— . radiation absorbed
\ e T balloons i
Credit: A. Jardin-Blicq Eas | |
optical ~

fluorescencgd
detectorg

[
Barticle detectors

Cherenkov
; _Etelescopes

Earth surface

telescopes
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15¢(

Detection of y-rays near Earth

Satellite-based: 100 MeV -1 TeV
0O(100%) duty cycle, ~ 550 km altitude
Tracker with SSDs, Csl(Tl) with photodiodes

Lead experiment: Fermi-LAT

Some Dimensions are Distorted
for Clarity of Presentation

Complete GLAST
4 x4 Array of Towers  |— 1.68 m —

Anticoincidence
g5 Shield

Y el € Y

Performance > 10 GeV
energy resolution ~10-20%

One Tower Module of GLAST
84 cm

|6:ups of 0.035 — 9.5 cm i
d len cony ﬁ angular reSO|UtIOn ~01 (]
Si Strip De'eﬂ? 20.8':;‘:"
pi

2 Gaps with
— Convener:m

. Preamps Mounted
Imaging Calorimete on Vertical
(1o rl) Edge of Tray

Telescope-based: 100 GeV - 100 TeV
0O(10%) duty cycle, ~ 2 km above sea level
Cameras with O(1000) PMTs and ns sampling
Lead experiments: HESS, MAGIC, VERITAS

km 1TeV
proton

=
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