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Galaxy Evolution and Cosmology

Cosmic microwave background

}7 Extragalactic background light 4|

Inflation ‘

Star formation begins

Scientific American, June 2015
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Cosmic Diffuse Extragalactic Backgrounds
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Measuring the Extragalactic Background Light

The COBE Satellite

DIRBE Beam Size

Deployable Sun, Earth,

7 . il
RF Thmmlal Shield DMR Antennas

Halium Dewar

Deployable Solar Panels

£ _,__M ‘ el .
e DIRBE imaged the sky in 10 photometric

bands from 1.25 to 240 microns with a
beam size of 0.7x0.7 sq. degrees




Measuring the Extragalactic Background Light

TABLE 2
DEecoMPOSITION OF THE DIRBE INTENSITY
2.2 pym 3.5 ym
Component (kJy st~ 1) (kJy st~ 1)
j s ¢ | [ 1375 & 03 105.3 + 03
Zodi.......oooiiiiiiin, 1018 + 338 804 + 3.3
1], A —— 11 &+ 02
Stars, m < 9 mag...... 74 + 22 53+ 18
Stars, m > 9 mag...... 119 £+ 06 37 +03
EBL  rerreerrrenenees 164 + 44 128 + 38

EBL is an order of magnitude
lower than foregrounds and subject
to large systematic uncertainties,
e.g. Gorjian+ 00

Zodiacal light, visible under the right conditions: typically
after the sunset in Spring and right before sunrise in Autumn




Measuring the Extragalactic Background Light
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Measuring the Extragalactic Background Light
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Measuring the Extragalactic Background Light
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Measuring the Extragalactic Background Light

Theoretical

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

Direct galaxy Indirect observations

b - (e.g. Kneiske+ 10; Finke+ 10;
observations Khaire+ 14)

Over redshift L.ocal

(e.g. Dominguez+ 11; (e.g. Stecker+ 06;
Helgason+ 12; Stecker+ 16) Franceschini+ 08)




Extragalactic Background Light (Local)
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Extragalactic Background Light (Evolution)
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Gamma-ray Attenuation

Extragalactic source:

e.g. Blazar

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

Pair-production interaction

Reverse of most known electron-positron
annhilation process

Telescopes: Fermi-LAT and

o Imaging Atmospheric

Cherenkov Telescopes
(IACTs)

llustration: Nina McCurdy & Joel Primack




Gamma-ray Attenuation

dN dN

exp [~7(E, z)]
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Gamma-ray Telescopes

Fermi-LAT

incoming gamma ray

v

FERMI Telescope

ii“i{ilil -

All-sky, Energy range

100 MeV - 100 GeV

e A A

CTA North, La Palma (Spain)
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VERITAS, Arizona (USA)

IACTs
Small field of view, High

sensitivity, Energy range -
100 GeV — 10s TeV R e t
I - o MAGIC, La Palma (Spain)




Gamma-ray Cherenkov Telescopes (IACTs)
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Gamma-ray Cherenkov Telescopes (IACTs)

Cosmic microwave background, ~3 mm
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Gamma-ray Cherenkov Telescopes (IACTs)




NASA’s Fermi Gamma-Ray Space Telescope

Launch June 11, 2008
Celebrating
10'™ year Anniversary

1. Tracking system:

- convert an incident gamma-ray to an electron-positron pair
- reconstruct the gamma-ray direction from the tracks of the pair

® Wide field of view (2.4 sr, 20% of

2. Calorimeter: the sky)

- measure the photon energy

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

- limit the cosmic-ray background

® Low dead time (~27 ps)



The Gamma-Ray Sky

EGRET All-Sky Map Above 100 MeV




Gamma-ray Fermi-LAT Catalogs

4FGL
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

10 102 10°
GeV



Blazars

Intensidad

/

I | . l 1 | l I
10" 10" 10° 10°¢ 10" 10 1 10
Energia (gigaelectronvoltios, escala logaritmica)

Emission described by homogeneous
synchrotron/synchrotron-self Compton model.




Optical Depths from Gamma-ray Data
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Use 9 years of P8 LAT data 1
739 blazars + 1 GRB A

Perform a time-resolved analysis,

0.3 1 2 3456
Redshift

Analysis optimized on

simulations Analysis improved over the Ackermann+12 results



Optical Depths from Gamma-ray Data

- Tprlellrl;l[{'lrilc[ll'ny 1 III[Hl I 11 IIH[I L IIIHI

Fit to ‘'unabsorbed’ data 1

Use 9 years of P8 LAT data
739 blazars + 1 GRB

" Simulated SEDs \
Simula'rclad data

107 111 I L
. . 10? 10° 10* 10° 10°
Perform a time-resolved analysis, MeV
Analysis optimized on F(E), . =F(E), . -¢ "

simulations Analysis improved over the Ackermann+12 results



Optical Depths from Gamma-ray Data

From detection (2012) to characterization (Now)
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Energy [TeV]

Cosmic Gamma-Ray Horizon

Time since B'ig Bang |Gyr]
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Blazars (HEP)
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Energy [TeV]

Cosmic Gamma-Ray Horizon

Time since Big Bang |Gvr
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See also Fazio & Stecker 1970,
Dominguez et al. 2013




Energy [TeV]

Cosmic Gamma-Ray Horizon

Time since Big Bang [Gyr]
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Redshift

See also Fazio & Stecker 1970,
Dominguez et al. 2013




Galaxy Luminosity Densities and EBL
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Galaxy Luminosity Densities and EBL

First EBL. determination at z>0




Cosmic Star Formation Rate

UV (0.16 microns) to SFR:

Time since Big Bang (Gyr)

(1) Initial Mass Function 13 9 6 5 4 9 2 1.5 1.2 1
r 1 | | [ | |

(2) Average Galaxy Extinction

Mg, yr''Mpc3]

EBL reconstruction

p(2)

Physical EBL model
’@" UV & LBG Survey Data (1)
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Re-1onization of the Universe

All deep blank-field HST data: Hubble Frontier
Field Parallels, the XDF, CANDELS, and almost
all other significant HST + ground-based probes

“ %427

/

log,, Number / mag / Mpc3

Bouwens+2018 (in prep); Oesch+2017

Hubble Frontier Fields



Re-1onization of the Universe

Livermore et al. 2017 (35)
Bouwens et al. 2017 (37)
- Ishigaki et al. 2018 (36)
—— Atek et al. 2018 (38)

—16 —14 —12 —10
Map

BTy

Hubble Frontier Fields Constraints from
gamma-ray attenuation




Optical Depths from Gamma-ray Data

0 —E—
—E—

—_—

¢ 0.03 < =z < 0.23

GQ\/ da:ta

i

—F

-

-+

0.34 < z < 0,44

1_ I
0 Vgt

—

v i

0.44 < z < 0.60

0.60 < z < 0.68 7

-

._I_q
-

et

0.68 < z < 0.89

=

—E—

1.

= |
~2 ‘._r. 0.89 < z < 094 T
-
. ;
i }

094 < z < 1.10 ]

il

—F—

-

1.10 < z < 1.38 7

2,16 <z < 3.10

0.1 1

0.1 1

Te\/ data

»—I—u

0.01 < z <0.04

0.04 < z <0.60

0.1 1 10

E [TeV]




Extragalactic Background Light from Gamma Rays
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Tension on Ho Measurements
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Gamma-ray Attenuation
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Franceschini+ 08

Gilmore+ 10

dN
dl

dN

o= | exp[-T(E, 2]

int
1 du 00
dZ/ (1 —#)—/ 0 (€gBL, €y, )NEBL(€, 2)deRBL
= 2 Jom2etje (1-p)
j(E,Z) ﬂ izf
€ dz'

101k

z=0.1, 0.3, 0.6, 1.0

z=0.1, 0.3, 0.6, 1.0

00
Energy [TeV]

10!

distance

See Dominguez & Prada 13,
Biteau & Williams 15

: Nina McCurdy & Joel Primack




Measuring H, with Gamma-ray Attenuation

- This Work, F10
This Work, D11
—— This Work, EBL combined
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Tension on HO Measurements
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Measuring H and Q_with Gamma-ray Attenuation
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Take Home Messages

1.- Very significant detection and characterization of the EBL attenuation up to z~3.

2.- Complete derivation so far of the local EBL and its evolution over redshift
from Fermi-LLAT and Cherenkov data.

3.- Derived Cosmic Star formation Rate Density up to z~5 unbiased from
different galaxy survey incompleteness.

4.- Cosmological measurement of H and Q_from our independent technique.

Gamma-ray astronomy has matured enough
and is providing useful measurements in
galaxy evolution and cosmology







Cosmology Dependence on the Optical Depth
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Comparison with other Methodologies

. T T
Gamma-ray attenuation (This Wark)

eCMEB+BAO-+Cepheids+SMNe (Hinshaw et al.| 2013)
-

>

Planck TT, TE, EE+lowPWP-+highL+BAQ (Ade et al. 2016)
:

Gravitational time delay (Bonvin et al. 2017)

—m
Galaxy clustering+Weak lensing+ B, et al. 20018)
-
Type la Supernova (Riess et al. 2018)
_._

High-redshift Galaxy Clusters (Bonamente et al. 2006)

-
L

Gravitational time delay (Paraficz & Hjorth 2010)
—’7

Type la Supernova (Riess et al. 2011) Combination Of
CHBLBAD (Andecn o 202) techniques is important
Extragalactic HIl {Chavez et al. 2012} to ContrOI Systematics

-

CME (Hinshaw et al. 2013)
— v L

Galaxy Clustering (Chuang et al. 2013)

Carnegie Hubble Program (Freedman et al. 2012)

50 55 G0 65 70 T 50 85 90
Hy [km g ! Mpt-_]]




EBL models: Finke+ 10

Dust
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Stellar parameters from Eggleton et al. (1989), ApJ, 347, 998
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EBL models: Dominguez+ 11

total sample 5986 galaxies
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