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Lecture Schedule

Be careful! It may change!

o Day3:
. G - o in tha Llni
e Day4:

e Probing Extragalactic Background
Light with Gamma-ray Observations

e Intergalactic Magnetic Field and
Gamma-ray Observations

e Cosmic Expansion and Gamma-ray
Horizon (if possible)



. | “Detection” of the EBL attenuation

1 150 Fermi blazars using ~4 yr Fermi survey data
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{ e Fermi can cover the SED from 0.1 GeV to > 300 GeV

- 0.5<z<1.6

o Exponential attenuation feature is seen.
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‘““Characterization” of the EBL
attenuation
739 Fermi blazars + 1 Fermi GRB w/ 9-yr data
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EBL and its Evolution by Gamma-ray Observations
Good agreement with galaxy counts

| | | 1T 1 | | | 1T 1
—_— 100 | [ This work (EBL Reconstruction) | Xu et al. 2005 (23)

Abramowski et al. 2013 (18) Keenan et al. 2010 (24)
7¢  Biteau & Williams 2015 (19) Voyer et al. 2011 (25)
¢ Abdalla et al. 2017 (20) Ashby et al. 2013 (26)
—— Meyer et al. 2012 (21) Driver et al. 2016 (27)
V  Gardner et al. 2000 (22
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Determination of the Cosmic Star Formation History

Time since Big Bang (Gyr)
139 65 4 3 2 1.5 1.2 1
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e Consistent with galaxy T i
survey data. =
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e Assume the EBL shape. T - B
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¢ \We may need ® -
. . =001 |
e Empirical EBL modeling
based on the latest galaxy . - EBL reconstruction
survey data X i Physical EBL model
QL | {4 UV & LBG Survey Data (1)
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EBL Determination with GeV-TeV data

38 GeV-TeV detected blazars
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e« We can go to the IR region.
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Intergalactic Magnetic Field
and Gamma-ray Observations




Magnetic Fields in the Universe

How strong is the cosmic magnetic field? pulsars
— 10| _
‘ — sunspots ~R!
&
RQ ol 1
éﬁ Earth Sun, stars GC (jets, nucle1?)
R MW, galaxies
g ISM, clouds clusters, ICM
§ 101 IGM, Universe? |
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NNIS=—""" )| o Celestial objects are magnetized.

o« Common presence of charged particles form
high conductivity plasma in the universe.

00 2055 45
RIGHT ASCENSION (J2000)

Fletcher+’11



InterGalactic Magnetic Fields (IGMF)

Toward the understanding of the seed of the cosmic magnetic fields

e f
. Magnetic diffusion: A., > Agr =1/—— =~ 10" cm
dro

o« Hubbleradius: 4., <Ry,

coh —

o Zeeman splitting of 21 cm absorption line in
quasar spectra (Heiles & Troland *04).

log(B [G])

e Faraday rotation in quasars RM < Ay/Al* « Bigyph,
(Kronberg & Simard-Normandin ’76; Blasi+’99).

o Deflection of UHECRS (Lee+95).

o Distortion on the CMB measurements (e.g.,
Jedamzik+’00; Barrow+’97;...)
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Gamma-ray measurements can constrain IGMF

Pairs Generate Cascade Emission e Primary y-rays are attenuated by

EBL: yrey + 7gpL — €7 + €~

N

EBL U)eak B o Pairs scatters CMBs as secondary

Y-rays: e* + yemp = €= + YGev

. \:; CMEB |
K e Energyis ,
4 ( = ) GeV

Eynq = 5762 Ecyp = 0.8

e Magnetic field can deflect the
trajectory of pairs.

e Secondary signals strongly
depends on IGMF (e.g., Plaga ‘95).



Time Delay of Secondarys /(

Dai+’02; Fan+’04; Murase+’08,,,, TeV Source Observer
. . . /1 -5 B 2
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o Magnetic Deflection



vF (erg cm’@ 5'1)

Gamma-ray Spectrum of Secondary Emission
Significant dependence on IGMF

5 _ : e IGMF dependence appears in the GeV
C 1ES 0229+200, z = 0.14, EBL: Finke et al. (2010) (a) -
[ 0=01;E_ =5TeV: exp(-SQ(E/Emax)) : band.
" Curves labeled by B i
10-11 3 kcoh=1 Mpc (=100 kpc --- ) f'. E
- psf constraint dot-dashec ; e But, be careful. It also depends on
107" e Intrinsic spectrum
-107 :
1 | LA e EBL model
>1013:-/,. E
/ 10 e Source activity timescale: Az, ...
10-14 -—" E
e Coherentlength: A,
10715 - " 4 . .
0.00- 1 1000 o Jetopeningangle: 6.,
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Current bounds on the IGMF

from the secondary spectrum
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EXt d d P I H l‘ ' : tmax = 10" yrs, 6 =6°
en e a I r a ] B 1RXSJ101015.9-311909 g 1ES1101-232
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o Currently no spatial extension is seen by Fermi.

0001 T o o o Combining with spectral constraints, we have
Neronov+'10 \ e By > 10710 Gfor 4. > 1 Mpe with Az = 10 yr

T=Noh = L= g,



Extended Pair Halo

Secondary is spatially extended

Neronov+’10
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o Currently no spatial extension is seen by Fermi.
o« Combining with spectral constraints, we have
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Time delay
Delayed flare in GeV band?
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Bounds on the IGMF

107

o IGMF parameter regionis ;
constrained by various a
methods.
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Baryogenesis?

Please refer to Kamada & Fujita for details...

-0 _ R —— .
« Baryon asymmetry may generated 8L CMB constraint
through the magnetic activity in the ~ 1oL Too short -
early universe (Givannini & Shaposhnikov g - corr. length. :
'98, Kamada & Fujita ’16). ¥ '12__ )\Owlpc< {3104 ) ]
0 44 0-1G)
e Therequired values for the Q 5 3 ‘ duced!
explanation of baryon asymmetry is 8 0 dryons dare Overproouced.:
* Bigwr = 107"~ 107° G for -20 Blazar observations

Ao ~10"%-=10° d
’108;1 pc (Kamada & Long 10 -8 £ 4 9 0 ) /

log(Lg/Mpc) ©K. Kamada



Reionization and Cosmic
Expansion



What is the Reionization Era?

A Schematic Outline of the Cosmic "'ieta~y

Time since the '
Big Bang (years) <+ The Big Bang

Cosmic Reionization -

~ 300 thousand <4-The Universe becomes

when was the universe ionized again? Recombination | ™o

The Dark Ages start

e What was the cosmic star formation
history in the early universe? Pl

~ 500 million The Reionization starts

o firststars?
Universe Age O(%}yr)

1.2 1.1 1.0 0.9 0.7
LOT HH Lya+LyS Dark Gaps
| @ Greig+2017,2019 The Cosmic Renaissance

0.8 @@ Bainados+2018 The Dark Ages end
= - @ Davies+2018
2 06} This work
- - ~ 1 billion . G ' < Reionization complete,
i® - the Universe becomes
- 0-4_' transparent again
2
— 0.2r
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e

-3 ~ 9 billion

10 . The Solar System forms
—4
10 s & & ¢
5.0 5.9 6.0 0.5 7.0 7.5 8.0 s _
Redshift ~ 13 billion ' i . Sl Today: Astronomers

Wang+,20 _— - ol figure it all out!

S.G. Djorgovski et al. & Digital Media Center, Caltech
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Constraints on the reioniztion history

Constraining galaxy luminosity functions

e Faint-end slope of galaxy ' ' ' ' '
luminosity function at high
redshift is highly uncertain.

-----------------
----------------
.
ann®
mu®

o Current gamma-ray
observations constraints some
available models.

Livermore et al. 2017 (39)
Bouwens et al. 2017 (41)
Ishigaki et al. 2018 (40)
Atek et al. 2018 (42)
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Hubble-Lemaitre law

Tension in the Hy

o Hocharacterize the expansion of the

universe.
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Cosmic gamma-ray horizon & Hubble Constant

where 7, =1

=  Ackermann+ 12
e Dominguez+ 13 ||
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o Cosmic gamma-ray horizon also depends on H.

1.0 10.0 100.0
E. (TeV)

Dwek & Krennrich ‘13

e 0.04<z<0.1lisimportant (z,, = 1 region significantly changes).



Constraint on Hy
Hy,=675+2.1km s ! Mpc™!

e Note: you need to assume the EBL shape.

0.5

Y This Work (Joint Analysis)
= This Work (7 rays)
—— CMB (Planck)

—-— SN+BBN

BAO-+BBN

- DES

50 60
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70

30 90
Dominguez+’19

Gamma—lray attenuation (This Wor&

eCMB+BAO+Cepheids+SNe (Hinshaw et al.| 2013)
@

Gamma-ray attenuation (Dominguez & Prada 2013)

Planck TT, TE, EE+lowPWP-+highL+BAO (Ade et al. 2016)
L 3

Gravitational time delay (Bonvin et al. 2017)
S —

Galaxy clustering+Weak lensing+BAO (Abbott et al. 2018)
——

Type la Supernova (Riess et al. 2018)
—m,—

Planck+WP+highL4+BAO (Aghanim et al. 2019)
-

High-redshift Galaxy Clusters (Bonamente et él. 2006)
*

Gravitational time delay (Paraficz & Hjorth 2010)

Type la Supernova (Riess et al. 2011)

CMB+BAO (Anderson et al. 2012)
—»—

Extragalactic HIl (Chavez et al. 2012)

CMB (Hinshaw et al. 2013)
+

Galaxy Clustering (Chuang et al. 2013)
@

Carnegie Hubble Program (Freedman et al. 2012)
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Time since Big Bang (Gyr

y
1379 695 4 3 2 1.2’) 1.2 |
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Day 4 Summary

e Gamma-ray observations can measure the EBL & e —
Cosmic Star Formation History. T [ ol e s

“# UV & LBG Survey Data (1)
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e Gamma-ray observations can constrain IGMF. Redshift
e Spectrum, Halo, & Time delay e
1077 : : B 21 cm, Natwariya & Bhatt, '20
: : . Hubble tension, Jedamzik & Pogosyan '20
e Biopvp 2= 10710 G for Aeon = 1 Mpc with

Afgare = 10 yr \\\\\\‘

D UHECR

48
e Gamma-ray EBL measurements rules out some of - / 7%
alaxy evolution models from reionization data. i g /
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VHE Spectral Hardening in Blazars

Inconsistent with typically assumed SED
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hardening after the EBL correction.
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Secondary Gamma Rays? Stochastic Acceleration?

KUV 00311-1938 (z=0.61)
Secondary Gamma Rays _

1ES 0229+200 (z=0.1396)

10 [ v-induced (low IR) —— ]
10 v-induced (best fit) i
CR-induced (low IR) =-------
_ 11 CR-induced (best fit) --—-----
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along line of sight
(Essey & Kusenko ’10, Essey+’10, ’11; Murase+’12;

Takami+’13).

Secondary gamma rays from cosmic rays

Stochastic Acc.
9.5 . . . .
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Stochastic (2nd-order Fermi) acceleration
(Stawarz & Petrosian ’08; Lefa+’11; Asano+’14).



