/ [ ¥ ". g o] r - & . = [{._ 7N
IPARCOS B : ’ . : : ? oy f

- ' :
Advancements i_n the
~~ Hubble Const |

via Gamma-Ra

~ Alberto Dominguez
il IPA_RCOS/ Universidad C_omplutense__de Madﬁd .

5 " ) 1
w

Astropartlcle Symposmm @, Instltut Pascal Pans
i November 2024 : |



%

[N\

IPARCOS

A_lb_erto Dominguez

il IPARCOS / Universidad Complutense de Madﬁd

See “Why is the sky dark at Uiéﬁt’? The -
. | 200-year history of a question that
transformed our understanding of the

Universe”, The Conversation, June 2023 | * .

Astropartlcle Symposmm @, Instltut Pascal Pans
i November 2024 :



IPARCOS

" Hubble
~ viaGa

. . ]
R B Olber's Paradox

E
-

= '- .1. o i N .' . # - - . i ¥ . = : . 2 .__.":".. - .u
= A Astroparticle Symposium @ Institut .Pagqal,"*PéFi_s_ ' L R i
o " i P .- _. ' g ' " S _ : Néyember 2024 ; R L : o _T s

] i a !

- - LI - =ik -
™ " L3 .



Electromagnetic Spectrum

gamma ray ultraviolet infrared radio
) 5 AR — g
X-ray visible microwave
L
shorter wavelength longer wavelength
higher frequency g e lOWer frequency
higher energy lower energy

TN VAVAVANVZSAN



Electromagnetic Spectrum

~_ _— ~_
. e N

\\\ / / \\\

gamma ray ultraviolet infrared radio

- — .

X-ray /visible’i / microwave
/ -\ //
~__ shorter wavelength ~ longer wavelength

higher frequency g e lower frequency
higher energy lower energy

AR

Extragalactic Background Light

High-energy Traditional
Astrophysics Astronomy




Galaxy Evolution and Cosmology

Cosmic microwave background
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Cosmic Diffuse Extragalactic Backgrounds
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Cosmic Diffuse Extragalactic Backgrounds
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Cosmic Diffuse Extragalactic Backgrounds
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EBL Measurements (I): Direct Detection

The COBE Satellite

DIRBE Beam Size

Deployable Sun, Earth,

7 3 iel
RF Thﬂrm.al Shield DMR Antennas

Helium Dewar

Deployable Solar Panels

DIRBE imaged the sky in 10 photometric
bands from 1.25 to 240 microns with a
beam size of 0.7x0.7 sq. degrees




EBL Measurements (I): Direct Detection
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A 1 per cent systematic error in the subtraction of the Zodi can lead to a 100
per cent error in direct measurements of the EBL (Berstein 2007)

Zodiacal light, visible under the right conditions: typically
after the sunset in Spring and right before sunrise in Autumn
(approx. 10% dark site moon-less night sky)




EBL Measurements (I): Direct Detection
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EBL Measurements (I): Direct Detection
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EBL Measurements (I): Direct Detection
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Extragalactic background light: a measurement at 400 nm using dark
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EBL Measurements (I): Direct Detection
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EBL Measurements (I): Direct Detection
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EBL Measurements (II): Galaxy Counts
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Galaxy number counts in deep fields
e.g. Madau & Pozzetti (2000),
Driver et al. (2016)




EBL Measurements (II): Galaxy Counts
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EBL Measurements (III): Models

Theoretical

(e.g. Gilmore+ 12; Inoue+ 13) Observational

Direct galaxy Indirect galaxy

observations observations
(e.g. Franceschini+ 08, (e.g. Kneiske+ 02, Kneiske
Dominguez+ 11, Helgason+ 12, & Dole 10, Finke+ 10,
Stecker+ 16, Franceschini+ 17, Andrews+ 18, Finke+ 22)
Saldana-Lopez+ 21)




EBL Measurements (III): Models
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EBL Measurements (III): Saldana-Lopez+ 21
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10° B === GOODS-S (Guo+ 2013)

------ GOODS-N (Barro+ 2019)
[ === COSMOS (Nayyeri+ 2017)

GOODS-S

COSMOS
EGS
GOODS-N

]
1
]
1
]
]
1
1
1
1
1
|
Combined 1
1
1
1
1
I
1
1
1
1
1
1
1
1

« 150,000 galaxies _
* O <z <6 @ 10tk
» 5 CANDELS fields, i
reducing cosmic = W
varilance <
g 4 TPk
Herschel observations for all galaxies, o
not necessarily detection 14 16
Rest-frame Wavelength (jrm) Rest-frame Wavelength (
0.1 1 10 100 1000 0.1 1 10 100 1000
- AL T DY i N B A AL ML -
E M, — 10108 A, 10000 £ M, — 10110 pq, b E
[ L(TIR) = 156 x 10" Ly E L(TIR) = 5.95 x 10 L 3
[ == UV-to-nearIR template - UV-to-nearlR = J.()p
1000 £ = CEQT 1000 E T template §
E DH02 F ___ CEOI from i ]
F — Roo , L SFR(UV)excess = l())l
100 best for MIPS24pm & 100 5_ ] %Egéprgzﬁ::i‘;';“"g E
: - 4 10%
C \ 10 ¢ 3
10 E RA(J2000): 53.18023760 "‘_ i RA(J2000): 34.34307340 —; 10%9
F DEC(J2000): -27.79892750 LE DEC(J2000): -5.23453050 \
r ID-goodss: 12634 F ID-uds: 7547 T 1 nos
] ks I 3107
wl il vl vl vl s 01 band Ll v el il
0.1 il 10 100 1000 0.1 il 10 100 1000
Observed wavelength (pm) Observed wavelength (pm)
Direct L(TIR) (Wuyts+ 11)

calculation

L(TIR)[Lo] = C(z) * Fnu(24um)[mly]

1
24 26 28 30

18 20 22 p
F160W (AB) 5
0.1 i 10 100 1000
F z="1.6 1 i
10000 & M, = 10193 Aq Yy¥ =5 10°
E L(TIR) =649 x 10 L. . 3
i UV-t IR < 1032
1000 | — Uiorer 0%
£ CEO1 from W11 1 sy g
100 & = 24um-to-L(TIR) E 10 =
3 CEOL model best 3 n
10 Fo for MIPS24;im a J_H:S“ on
b H10%
RA(J2000): 150.09857770 ] .
0.1F DEC(J2000): 230121830 ~ § 107
E ID-cosmos: 10189 B o7
0.00 Ewt o ol vl it it 3 Y

0.1 1 10 100

Observed wavelength (gom)

1000
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EBL Measurements (III): Saldana-Lopez+ 21
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EBL Measurements (III): Finke+ 22
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EBL Measurements (IV): Gamma-ray Attenuation

Extragalactic source:

e.g. Blazar

Blazars: AGNs emitting at all wavelength
with energetic jets pointing towards us.

10™ 10"  10° 10 10 10? 1 10 10*
Energia (gigaelectronvoltios, escala logaritmica)

FERMI Telescope

Pair-production interaction

[Reverse of most known electron-positron }

annhilation process

Telescopes: Fermi-LAT and
Imaging Atmospheric
Cherenkov Telescopes

(IACTs)

llustration: Nina McCurdy & Joel Primack




EBL Measurements (IV): Gamma-ray Attenuation

Fermi-LAT

All-sky, Energy range
100 MeV - 100s GeV

i - .’—Ei"' ‘ i ==
VERITAS, Arizona (USA) |

IACTs
Small field of view,
High sensitivity, Energy range
100 GeV — 10s TeV

Sl £

H.E.S.S., Namibia MAGIC, La Palma (Spain)



EBL Measurements (IV): Fermi-LAT

Launch June 11, 2008

1. Tracking system:

- converts an incident gamma ray to an electron-positron pair
- reconstructs the gamma-ray direction from the tracks of the pair

® Wide field of view (2.4 sr, 20% of

2. Calorimeter: the sky)

- measures the photon energy

® Large effective area (~0.9 m?
3. Anti-coincidence detector: above 1 GeV)

- limits the cosmic-ray background

® Low dead time (~27 ps)



EBL Measurements (IV): Fermi-LAT

EGRET All-Sky Map Above 100 MeV




EBL Measurements (IV): Fermi-LAT

4FGL-DR3

4FGL

12 years (P8), 6658 sources

8 years (P8), 5065 sources
3FHL

7 years (P8), 1556 sources
2FHL

1FHL 6.7 years (P8), 360 sources

3FGL 3 years (P7), 514 sources

4 years (P7Rep), 3033 sources

107" 1 10 102 10°
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EBL Measurements (IV): Gamma-ray Attenuation
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EBL Measurements (IV): Gamma-ray Attenuation
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EBL Measurements (IV): Gamma-ray Attenuation

GeV data TeVdata

= This Work
=== Finke+ 10 (model C)

""" Dominguez+ 11

—-= Gilmore+ 12
----- Finke+ 22 (model A)
Gamma-ray data

0.01 <z <0.03

0.80 < z < 0.94F 0.94 < z < 1.10] /.

i

—

See Joshua Baxter’s talk later today
on an update of these measurements

0.03 €z <0.60

: 138 < z < 1.6[1--; 160 < z < 2.15"(:’:
0.01 0.1 1 001 0.1 1 0.01 0.1 i i0
Energy [TeV] Energy [TeV]

Desai+ 19 (see also Abdollahi+18,
Dominguez+ 24)

Optical Depths from Fermi-LAT and IACTs
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Extragalactic Background Light (Local)
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Galaxy counts, EBL. models, and
gamma-ray attenuation data agree
but direct detection tends to be at
larger intensities,
zodiacal light contamination?

1

Rest-frame Wavelength (pm)
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Lauer+ 22 from New Horizons
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Extragalactic Background Light (Local)
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=== Dominguez+ 11
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Galaxy counts, EBL models, and
<o | | gamma-ray attenuation data agree

e | 0 but direct detection tends to be at

Bernstein+ 07

1

10

Rest-frame Wavelength (pm)

Postman+ 24 from New Horizons

e larger intensities,
)| & s zodiacal light contamination?
Lauer+ 20
100
—— This Work (Saldana-Lopez+ 21)
Dominguez+ 24 %  Biteau & Williams 2015
100¢ _ ®  Driver et al. 2016 (IGL)

@ HESS.
Desai+ 19 (GeV+TeV+IGL)
MAGIC+ Fermi-LAT
VERITAS H

Galaxy counts, EBL models,
gamma-ray attenuation data, and
now direct detection, all converge!
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Extragalactic Background Light (Evolution)

Dominguez+ 24
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EBL models and gamma-ray attenuation data
agree within 1sigma in the UV/optical and within
2sigma in the near IR




Optical Depths

dt
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The cosmology dependgnce is on.the distance See Dominguez & Prada 13,
and EBL photon density evolution factors Biteau & Williams 15, Gréaux+ 24




Probability Density Distribution

Measuring H, with Gamma-ray Attenuation
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Results on measuring Cosmology with Gamma rays
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Comparison on H Measurements
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Take Home Messages

1) After decades of research, different methodologies such us galaxy
counts, EBL. models, gamma-ray attenuation data and direct
detection techniques are finally converging, at least in the optical, in
the estimate of how much light there is in the Universe.

2) HO from gamma-ray attenuation seems to be aligned
(although still at low significance) with the methodologies that
results in lower values, aka cosmological methodologies.

3) Really compelling synergies between high-energy astrophysics
and traditional astronomy.
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