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“It doesn’t matter how beautiful your theory is,
it doesn’t matter how smart you are,
if it doesn’t agree with experiment,
it’s wrong!

Richard P. Feynman



Gamma-Rays from the high-redshift Universe

Ioannis Komis

Abstract

The present thesis is a study of gamma-rays from the high-redshift Universe. In particular, we
examine normal star-forming galaxies as one of the main components of the extragalactic gamma-
ray background (EGRB). Despite the new data from the Fermi Gamma-Ray Space Telescope that
have been collected through the eight years of operation, the contribution of normal star-forming
galaxies to the extragalactic gamma-ray background (EGRB) remains poorly constrained. In this
work, we present a comprehensive analysis of factors that can affect estimates of the EGRB: a)
possible sources of redshift dependence of the gamma-ray emissivity of a typical galaxy including
evolving metallicity, b) cosmic star-formation history and c¢) the slope of the scaling between star
formation tracers and gamma-ray luminosity. Since the number of resolved galaxies is small (8
galaxies), we explicitly test the effect of small number statistics to the empirical slope of this
scaling. We conclude that the results are sensitive to the number of resolved galaxies, and we
place upper and lower limits to the potential contribution of star forming galaxies to the EGRB
for energies between 100 MeV and 100 GeV.



AxTwvofBolia-y and NEpLoyYES TOL CUUTAVIOS E LYNAY
cpuUpoOTN O

Iwdvvneg Kouncg

IMTepiindn

H nopovoa epyooio eivon wo yehétn e oxtivoBorioc-y and meployéc Tou GUUTAVTOS Pe LPNAA
gpudpoTNoN. Buyxexpwéva, egetdlouue Toug Yoholieg Ue opahy aoteixy| Yéveon we éva amd o xOpLa
ovoTtatixd Tou e€wyoradionod unofdipou axtvoBoliag-y. Iopd ta véo dedopéva and To BLaUe TNUXO
theoxdmo axtivwv-y Fermi, tor omolo cuMEydnxay petd and oxted ypedvia Aettovpylac, 1 cuufoin
TWV ToEATAVE YUAKELOY oTo e€wyaradiond unoBadpeo axtivoBollac-y mapopuével a3éfoun. Xe auth Ty
gpyooio, TopouctdloUUE Lot OAOXATIEWUEVT OVEAUCT] TWY ORIy OVTKY TOU UTOPOUY VA ETNREACOUY TIG
extuioelc Tou e€wyahadioxod vroPddpou axtvoBollac-y: o) mdav eZdptnon and v epudpbdnnon
e exnopnrc axtvoBollag-y and éva tumixd yoho€io cuunepthauBavouévng xon Ty eEENEN TNC Ue-
TahxdTnToc, B) N xoouxd wotopio e aoTewic YEVEaTE Y) xhion e eEdeTNomg TG PWTEWVGTNTAC
o oaxtiveg-y omd TocHTNTEC TOU LTOBELXVOOLY To PLUUS aoTerc Yéveonc. Aedouévou ot o apltudg
TV oV VEUDEVTWY Yoholldy elvan uixpde (8 yoholiec), efetdloupe exneppaouéva Ty enidpoon tou
xpol peyédoug tou otatio ol delypatog oty eunelpn) xhion e mapandve e€dptnone. Ko-
TUAYOUPE OTO CUUTEPOOHO OTL TA amOTEAéopATA Wog elvon evalotnTta otov aptdud aviyveudéviwy
YOAUELOY xat VETOLUE AV Xl %ATw Oplat oty TdavY] CUVEIGQOPd TwV YUAUELDY PE ACTEOYEVEDT)
oto e€wyaradiond undPatpo axtivofollac-y yia evépyeleg and 100 MeV éwc 100 GeV.
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Chapter 1

Introduction

The gamma-ray sky consists of resolved point sources, galactic diffuse emission, i.e., cosmic rays
interaction with the interstellar medium and interstellar radiation field, and an isotropic presum-
ably extragalactic diffuse emission, the extragalactic gamma-ray background (EGRB). The EGRB
is a superposition both individual unresolved point sources and truly diffuse emission, encodes
information about high energy processes in the universe and it is either non thermal or exotic.
Thus, understanding the components of the EGRB is essential in order to constrain exotic high
energy physics.

Gamma-rays have the smallest wavelengths and the most energy of any wave in the elec-
tromagnetic spectrum. High-energy particles can produce gamma-rays by the mechanisms of
bremsstrahlung, inverse Compton scattering and synchrotron radiation. Such energetic particles
are derived by jets of black holes, intense magnetic fields of neutron stars and pulsars, as well as
supernovae explosions.

In Figure 1.1 we see the entire sky at energies between 100 MeV and 820 GeV based on seven
years of data from the Large Area Telescope (LAT) instrument on NASA’s Fermi Gamma-ray
Space Telescope. Brighter colors indicate brighter gamma-ray sources. The image is in galactic
coordinates so, in the center of the map is the center of the Milky Way and the plane of our galaxy
is oriented horizontally across the middle (galactic plane). Above and below the bright band, much
of the gamma-ray light comes from outside of our galaxy.

Figure 1.1: Gamma-Ray sky at energies above 1 GeV (Image Credit: NASA/DOE/Fermi LAT
Collaboration).

After the analysis of the data taken by the Fermi LAT through the years, Fermi LAT collabo-
ration creates source catalogues. The first Fermi LAT source catalogue is shown in Figure 1.2 and
was obtained after one year of operation. The most recent one is the third source point catalogue
after four years of operation.

The dominant components of the EGRB are likely active galaxies (blazars), which are the
brightest extragalactic sources and the most numerous population of resolved gamma-ray sources,
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CHAPTER 1. INTRODUCTION

The Fermi LAT 1FGL Source Catalog

AGN ' s, i ' . SNR

AGN-Blazar —_— sl
AGN-Non Blazar
) No Association ] Starburst Galaxy PSR wiPWN
[1 Possible Association with SNR and PWN Galaxy © Globular Cluster
Possible confusion with Galactic diffuse emission * HXB or MQO

Figure 1.2: All point sources from the first Fermi LAT source catalogue (Image Credit: Fermi LAT
collaboration).

and normal star-forming galaxies. These two classes of gamma-ray sources are guaranteed to
contribute to the EGRB. It is believed that unresolved blazars are responsible for ~ 20% of the
Fermi LAT measurement of the EGRB (Ackermann et al. (2015)). Blazars produce gamma-rays
via the interactions of relativistic electrons with photons by the mechanism of inverse compton.
These relativistic electrons acquire their energy via the process of Fermi acceleration: shocks
within the jets move back and forth in the magnetic lines. The photons are emitted by electrons
via synchrotron emission or from accretion disk emission. Another process with which blazars
produce gamma-rays are from photopion production. Relativistic protons interact with photons
and emit neutral pions, which then decay to gamma rays.

The normal star-forming galaxies contribution to the extragalactic gamma-ray background
(EGRB) has been extensively studied and is one of the major objectives of the Fermi Gamma-Ray
Space Telescope survey, as calculating and subtracting the most dominant sources of the EGRB
will help us identify and study more exotic ones which might lead to the discovery of new physics.
In normal star-forming galaxies the dominant emission mechanism of gamma-rays is through the
interaction between cosmic-rays and interstellar gas, i.e.,

Per + Pism — ppﬂ'o (11)
Then, gamma-rays are produced by the decay of the neutral pion (Stecker (1971)),

70 = vy (1.2)

Then the flux of gamma-rays will then depend on: a) the flux of projectiles (cosmic rays) and b)
the number of targets. It is guaranteed that they contribute since there are numerous galaxies and
if one galaxy is star-forming one this means that there is a lot of gas. Thus, there is a significant
amount of targets for the cosmic rays to interact with (equation (1.1)). There are cosmic rays
because there is star-formation. It is believed that supernovae remnants are the accelerators of
cosmic rays in galaxies. Hence, star-forming galaxies have all the necessary ingredients to produce
gamma-rays.

The contribution of misaligned active galactic nuclei (AGN) and millisecond pulsars was also
calculated but it is significantly smaller than blazars and SFGs (see Fornasa & Sénchez-Conde
(2015) and references therein). Misaligned AGNs produce gamma-rays with the same mechanisms
as blazars but they are fainter since, they are not beamed towards us. Millisecond pulsars due to
their huge magnetic field (up to 102G, can cause protons to emit synchrotron radiation. Several
other candidates contributing to the EGRB have been proposed, with the most popular being
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CHAPTER 1. INTRODUCTION

clusters of galaxies, gamma-ray bursts and radio-quiet AGNs. The study of EGRB can also be
essential to the comprehension of more exotic contributors, since, for example, it can broaden our
understanding of the nature of dark matter: dark matter particles can emit gamma-rays through
annihilation or decay and following various mechanisms depending on the dark matter candidate
(Bertone et al. (2005)).

In this work, we solely focus on the contribution of normal star-forming galaxies to the EGRB.
This contribution has been studied extensively by, e.g., Pavlidou & Fields (2002), Fields et al.
(2010), Makiya et al. (2011), Stecker & Venters (2011) and Ackermann et al. (2012). Pavlidou &
Fields (2002) and Ando & Pavlidou (2009) used the global star-formation-rate (SFR) density as a
cosmic ray acceleration indicator (if galactic cosmic rays are accelerated in supernovae remnants)
and assumed closed box galaxies to calculate the evolution of gas. Fields et al. (2010) starting
from first principles, constructed a relation between star-formation rate, gamma-ray luminosity
and gas content in a galaxy which allowed them to calculate the gamma-ray luminosity function
of star-forming galaxies. Stecker & Venters (2011) calculated the contribution from unresolved
star-forming galaxies considering three different models, each one with different assumptions. The
first model considered a Schecter function and an evolving gas fraction. In the second model the
contribution was determined from IR luminosity functions and in the third one from cosmic SFR
and star-formation efficiency.

Ackermann et al. (2012) estimated the collective intensity of unresolved star-forming galaxies
at redshifts 0 < z < 2.5. They used empirical scaling relation between gamma-ray luminosity and
total infrared (TIR), which they derived using two different regression methods to their sample
(SMC, LMC, M31, Milky Way, NGC 253, NGC 4945, M82, and NGC 1068). Two galaxies of their
sample are detected with AGN (NGC 4945 and NGC 1068) so, we have to exclude them. Their
result for the contribution of normal star-forming galaxies to the EGRB is shown in Figure 1.3,
where they have used a power-law spectral model of photon index 2.2 for energies above 0.3 GeV.

107

+++ IR

E2 I(E) [GeV cm™2 s ! sr!]

108
107

107 10° 107 10
Energy E [GeV]

Figure 1.3: The result of Ackermann et al. (2012), who considered a scaling relation between L.
and Lrir with no other dependences. Fermi data are from (Ackermann et al. (2015)).

However, there is still no consensus in all the results of these different approaches. The difference
is not just arithmetical, there is tension between theoretical expectation and empirical correlation
between SFR and gamma-ray luminosity (L.). The slope of the relation between L. and total
infrared luminosity (Lg—1000um) is 1.714 according to the theoretical approach (Fields et al. (2010))
and 1.09 according to the empirical expression (Ackermann et al. (2012)).

In this work, our main goal is to understand the origin of this discrepancy on the slope and to
set realistic bounds to the contribution of normal star-forming galaxies that are correctly allowed
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CHAPTER 1. INTRODUCTION

by observational input. We examine all possible sources of discrepancy, including redshift (z)
dependence. Since, the amount of available gas in a galaxy will be a function of redshift, so will be
the number of pions produced. Thus, the production of gamma-rays through the pion decay will
vary with time. Hence, it is expected that the relation between L. and Lg_1000um Will also be a
function of redshift.

Moreover, we use SFR indicators to make our result more accurate by correcting it with the
star-formation history p. of Hopkins & Beacom (2006). We also take into consideration the effect
of low number statistics on the empirical slope of L, and Lgrg indicator and finally, we take into
account the dependence of the metallicity and we try to determine the possible effects it will have
in our results.

The metallicity (Z) is the fraction of mass of a star that is not in hydrogen or helium. The
word “metals” refers to all other elements except hydrogen and helium. Stars and nebulae with
high abundances of carbon, nitrogen and oxygen for example, are called metal-rich. Metallicity is
a good estimator of the chemical abundances of stars, which change over time by the mechanisms
of stellar evolution. Thus, measuring the metallicity of a star can approximately indicate its age.

It is well known that the Universe is chemically evolving. The early Universe was metal-
poor since, it was consisted of hydrogen and helium. The heavier elements were generated in the
universe, by the stellar winds of stars or their explosions as supernovae. Through the process of star
evolution stars synthesised metals from hydrogen and helium via the process of nucleosynthesis,
which also constitute their energy supplier. Therefore, it is believed that older generations of stars
generally have lower metallicities than those of younger generations.

However, we cannot measure the metallicity of stars but instead we measure the metallicity of
the gas in galaxy, i.e., the metallicity of the interstellar medium. Thus, we measure the chemical
composition of galaxies which, ultimately, will help us understand how galaxies are evolving. As
galaxies evolve, star-formation converts gas into stars, which as we mentioned above, produce
heavier elements via nuclear reactions and then expel them into the surrounding medium. Hence,
the metallicity of a galaxy is an important indicator of the evolutionary history of a galaxy.

So, metallicity affects star-formation and vice versa. But, the gamma-ray luminosity of a galaxy
depends on the star-formation rate of the galaxy. Thus, there must be a relation between gamma-
ray luminosity and metallicity. The first who discovered a relationship between luminosity and
metallicity was Lequeux et al. (1979). Then, various studies confirmed that such a relation or a
relation between stellar mass and metallicity should exist (e.g. Rubin et al. (1984); Skillman et
al. (1989)). We will also use a similar relation to derive the scaling relation between gamma-ray
luminosity and TIR luminosity of a galaxy as a function of redshift and metallicity.
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Chapter 2

Model

In order to compute the collective intensity of unresolved star-forming galaxies we use the line-of-
sight integral (Ackermann et al. (2012)) over the gamma-ray luminosity function:

Zmax Lnynax
I(Ey) = / / ®(L

0 Ly min

d*V dN
77z)md—E (Ly, Eo(1+4 2))dL~dz (2.1)
where Ej is the observed photon energy. The function ®(L~,z) = d*N / dVdL. is the infrared
luminosity function. dN /dE(L., Eo(1 + 2)) is the differential photon flux of an individual galaxy
with integrated gamma-ray luminosity L. at redshift z and dv? / dzdf) expresses the comoving
volume element per unit redshift and unit solid angle.

The luminosity function that we must use is actually the gamma-ray luminosity function.
However, we cannot determine it from Fermi data on resolved star-forming galaxies because these
are too few. So, in order to estimate it we use an infrared luminosity function and then rescale it to
gamma-ray luminosity L.. Hence, most of the uncertainty in the calculation of the contribution of
normal star-forming galaxies to the EGRB enters through the luminosity function ®(L., z). There
are various models about how to rescale the infrared luminosity function, which lead to different
results.

Ackermann et al. (2012) obtained the different scaling relations between wavebands by fitting
simple power law forms. They used the following relation between gamma-ray and TIR luminosity:

Lo.1-100Ge Ls— m
log (Oélrglsg? V> = alog <i01180£; > +0 (2.2)
They find @ and 8 using two algorithms. The first one is the Expectation-Maximization (EM)
algorithm (e.g., Dellaert (2002) and references therein), which is similar to the well known least-
square fitting. For the full sample of galaxies, « = 1.17£0.07 and § = 39.28 +0.08, while excluding
the ones with AGN (NGC 4945 and NGC 1068) o = 1.094+0.10 and 5 = 39.19 £ 0.10. The second
one is the Buckley-James algorithm (Buckley and James, (1979)), where o = 1.18 £ 0.10 and
£ = 39.31 for the full sample. Excluding the galaxies with AGN, o = 1.10 £+ 0.14 and g = 39.22.

We examine and quantify possible sources of uncertainty that can enter through this scaling.
As a first step we include the dependence of the gamma-ray luminosity (L.) of a galaxy from
redshift (z) and SFR (), as we explained above, so,

Ly =Ly(2,v) (2.3)
By adopting the scaling of gamma-ray luminosity with a galaxy’s gas mass and SFR 1 (Pavlidou

& Fields (2001)):
Ly ¢ Mgas®er (2.4)

we can determine the gamma-ray luminosity of any star-forming galaxy, assuming that the initial
mass function (IMF) and the confinement are constant. The normalization constant can be derived
by normalizing to the Milky Way, since, the local cosmic-ray flux and the global star-formation
rate is well measured. Moreover, we take the gamma-ray production rate per interstellar H-atom,
I'zo_~, to be proportional to the galaxy’s volume averaged cosmic-ray proton flux, ®, (Pohl
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CHAPTER 2. MODEL

(1994); Persic & Rephaeli (2010)) and by assuming that the ratio of cosmic-ray flux to SFR will
be constant for all normal star-forming galaxies, we have that:

Fﬂ'o—)y'y o q)cr . RSN o 1/}

MW T MW T pMW
Fﬂ.o vy (I)cr RSN wa

(2.5)
Thus,

Ly ¢ Mgast) (2.6)

We should now specify the gas mass of a galaxy. From the Kennicutt-Schmidt law (Schmidt
(1959); Kennicutt (1998)),

ZSFR - AZ:as (27)

we can deduce the interstellar gas mass of a galaxy at a given star-formation rate:

Myas (), 2) = 2.8 x 10° Mo (1 + 2)~° (1]\4;;1> (2.8)
where, 8 =2(1 —1/x) and w = 1/x and z is the slope of the Kennicutt-Schmidt law (Fields et al.
(2010)). The term (1 + 2z)~# enters through the conversion of surface densities of gas and SFR in
the KS law to volume densities.

Hence, following the formalism of Fields et al. (2010), it is easy to show that the gamma-ray
luminosity of a galaxy will be,

w w—+1
-8
Ly(¥,2) o< (1+2) (]\/l@yr—l) (2.9)

However, this equation is valid only for normal escape-dominated galaxies. Starburst galaxies
have very high cosmic-ray intensities within small volumes where inelastic collisions compete with
and sometimes even dominate, outflows to regulate cosmic-rays losses (Paglione et al. (1996); Lacki
et al. (2010); Torres et al. (2004); Thompson et al. (2007); Persic & Rephaeli (2010); Stecker
(2007)), thus we have to exclude them.

The total infrared luminosity is a well-established tracer of the SFR () for late type galaxies
(Kennicutt (1998a)). The conversion proposed by Kennicutt (1998b) is the following one:

Lg—1000.m
U 17 x 1070 La 1o
].M@y]f'il L@

This conversion assumes that thermal emission of interstellar dust approximates a calorimetric
measure of radiation produced by young, i.e. 10 — 100 Myr, stellar populations. The factor e
depends on the assumed initial mass function (IMF). Throughout this work we use Salpeter IMF
(Salpeter (1955)) and we consider it unchanging through space and time (e = 1).

Hence, the scaling relation between gamma-ray luminosity and TIR luminosity is obtained by
substituting equation (2.10) into equation (2.9),

(2.10)

La_ . w—+1
8—1000u ) (211)

L (Lg—1000pm-2) < (1 + Z)ﬁ( T
®

Equation (2.11) serves as the basis of our model. In order then to calculate ®(L., z), which
enters equation (2.1), all that is needed is to a) adopt a luminosity function, b) determine the
slopes § and w (either from KS law or empirically) and c) determine the normalization of the
scaling in equation (2.11).

In the model of Ackermann et al. (2012) eight galaxies are used in order to derive the scaling
relation between the gamma-ray luminosity and TIR luminosity of a galaxy. However, two of them
(NGC 4945 and NGC 1068) are galaxies with active galactic nuclei (AGN) so, we are not going to
consider them in this work. Our sample of galaxies consists of four normal star-forming galaxies
(SMC, LMC, MW, M31) and four starburst (NGC 253, M82, NGC 2146, and Arp 220) whose
effects to our results will be examined later. For our calculation, we adopt a power-law spectral
model with photon index 2.33, which is the average of all photon indices of the normal star-forming
galaxies in our sample. For normal and starburst galaxies we use photon index 2.27.
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CHAPTER 2. MODEL

2.1 Infrared Luminosity Function

We begin by considering the adopted luminosity function. Fields et al. (2010) use an Ha luminosity
function while Ackermann et al. (2012) use the luminosity function of Rodighiero et al. (2010):

L~ 202
where, the parameter « correspond to the slope at the faint end, L* is the characteristic L{El
luminosity and finally, ®* is the normalization factor.

However, the cosmic SFR that arises by adopting these luminosity functions are in poor agree-
ment with the star-formation history p. reported by Hopkins & Beacom (2006), which is currently
the best available determination of the cosmic SFR history, taking into account information from
all available SFR tracers.

In order to bring the IR luminosity function used in agreement with the CSFR history of
Hopkins & Beacom (2006) we adopt the following procedure: We adopt the luminosity function
of Rodighiero et al. (2010) but we introduce a redshift-dependent dimensionless normalization
correction factor in the scaling of equation (2.10):

P —10 Ls_1000um
—— =¢€1.7x 10 h(z) ——————— 2.13
Moyr—1 0% &= (2.13)

such that, [ ¢® (¢, z)dlog,o¥) = ps, where p, is the Hopkins & Beacom (2006) cosmic star-formation
history, and ®(, z) is the star-formation rate distribution function obtained by the luminosity
function of equation (2.12) and the scaling of equation (2.13). In this way we obtain:

®(L)dlog, (L) = ¢>*< L )H exp [_1 log?, (1 + LLH dlog, (L) (2.12)

7 0.017-+0.132 0<z<1
14+ (22 )] (0.022 exp(1.772)—0.015)
L)

The cosmic star-formation history as a function of redshift is shown in Figure 2.1. The function
h(z) is the appropriate function so that the red line and the black dots are in agreement with the
blue line.

0.14

0.12 /\

— 0.10}
o
O
Q
= 0.08
o
)
~— 0.06}
o
L
&) 0.04f
- Original Data
0.02 s ]
— Fitting Curve
— Hopkins
00— 2 35 4 5 6 7 8 9 10

Redshift (z)

Figure 2.1: The difference between the cosmic star-formation history of Hopkins & Beacom (2006)
and the one that arises from integrating the luminosity function of Rodighiero et al. (2010). The
black dots (original data) represent the result of the integration. The blue line is the cosmic star-
formation history of Hopkins & Beacom (2006) and the red line is the best-fit I performed in the
result of the integration for z < 1.
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CHAPTER 2. MODEL

2.2 Comoving Volume Element

In order to define the comoving volume element we must first define some other parameters. We
will begin from the basics and then, we will see the different ways we can use to specify a distance
between two points, in cosmology.

First of all, the Hubble constant Hj is the constant of proportionality between recession speed
v and distance d in the expanding Universe, i.e:

v = Hoyd (2.15)

In general, however, H is a function of time, so Hy is actually the Hubble constant in the present
epoch and we take Hy to be equal to Hy = 73 km Mpc~! sec™!. The inverse of the Hubble constant
is the Hubble time tg:
ty = L (2.16)
Hy
and the speed of light ¢ times the Hubble time is the Hubble distance Dy :

c

Dy=ctyg = — 2.17

m=cty = g (2.17)

Another important parameter in cosmology is the critical density, p.(t), which is the value

of the density that will result in a flat Universe (k = 0 in Friedman-Robertson-Walker (FRW)

equations):

3H2(t)
e(t) = 2.18
pelt) = 21 (2.18)
hence, its present value, p.o(t), is equal to:
3H2
o= 210 2.19
Pe,0 8nG ( )

The ratio of a measured density to the critical density is called the density parameter and is defined
as follows:

Q) = (2.20)

which is of course dimensionless.
We can now define three such density parameters. The first one is the mass density parameter,
which is the mass density (of all types of matter) p of the Universe and equal to:

&G

Oy = — 2.21
The second one is the density parameter of the cosmological constant A, which is equal to:
Ac?
= — 2.22

Finally, the last one is the curvature density parameter €, which measures the curvature of space
and can be defined by the following relation:

A+ Q20 +Q =1 (223)
or from FRW equations it can be found that it is equal to:
kc?
Q= ——5—= 2.24
b aiH? (2.24)

and the possible values of k are: k = 0,+£1.

Due to the expansion of the Universe the distances between comoving objects are constantly
changing and Earth bound observers look back in time as they look back in distance. As a result
there are many ways to specify the distance between two points as we have already mentioned.
Here we will examine each one of these ways separately since we will need almost all of them.
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CHAPTER 2. MODEL

e Comoving Distance (line-of-sight)

Suppose two nearby objects in the Universe that are moving with the Hubble flow. A small
comoving distance d D¢ is the distance between them which remains constant with epoch.
Thus, it is the proper distance divided by the ratio of the scale factor of the Universe then
to now, or equivalently it is the proper distance multiplied by (1 4 z). In order to compute
the total line-of-sight comoving distance Do we have to integrate all the infinitesimal 0 Do
contributions between these events along the radial ray from z = 0 to the object.

Now, we define the following function

E(z) = V(1 + 22+ Q(1+2)2 +Qa (2.25)

which is proportional to the time derivative of the logarithm of the scale factor with redshift z
and density parameters as defined above (Peebles, (1993)). In this way, the Hubble constant
for an astronomer at redshift z is measured to be H(z) = Hy F(z) and the Hubble distance
is then:

C DH
D =——=D = — 2.26
#(2) = 05 = D) = 55 (2.26)
The total line-of-sight comoving distance is given by the following equation:
z dZI
Dec =D 2.27

e Comoving Distance (transverse) or Coordinate Distance

The transverse comoving distance or, as we will prefer to call it, coordinate distance D, is
the distance between two objects at the same redshift or distance but separated on the sky by
some angle 06. Tt is related to the line-of-sight comoving distance D¢ as follows (Weinberg,
(1972); Peebles, (1993)):

1 D
DH\/Tik Sinh |:\/ QkDIC_I:| fOI' Qk > 0

Dy = De for Qk =0 (2.28)

D
sin {\/|Qk|DZ] for Q) < 0

Dy

1
V%]

e Angular Diameter Distance

The angular diameter distance D 4 is defined as the ratio of an object’s physical transverse
size to its angular size as viewed from Earth (in radians) and it is related to the coordinate
distance as (Weinberg, (1972); Peebles, (1993))

Dy

D =
A 1+=2

(2.29)

e Luminosity Distance

The luminosity distance Dy, is defined by the relationship between bolometric flux S and

bolometric luminosity L:
[ L
Dy =14/— 2.
L 47 S (2:30)

and in terms of the coordinate distance and angular diameter distance it is (Weinberg, (1972))
Dp =(1+2)Dy = (1+2)?Da (2.31)
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Finally, we are ready to define the comoving volume element. The comoving volume V¢ is the
volume measure in which number densities of non-evolving objects locked into Hubble flow are
constant with redshift. We have seen that the derivative of comoving distance with redshift is
1/E(z) and that the angular diameter distance converts a solid angle d€) into a proper arca. We
also now that two factors of (1 + z) convert a proper area into a comoving area so, the comoving
volume element in solid angle dQ2 and redshift interval dz is (Weinberg, (1972))

1+ 2)*D2
A+2) Dy (2.32)

dV =Dy 0

Until now, we have seen all the parameters we need but in the most general case. We use a
standard ACDM cosmology with Q7 = 0.3, Qa = 0.7, Hy =73 km Mpc~! sec™!.

So, for our case, 0 should be equal to zero, since Qp;+Q, = 1. This will simplify our equations
and all the different distances we have seen above. Thus, the comoving volume element is equal to

(1+2)2D%

dv =
030 +2)° 107

2dQ) (2.33)

2.3 Differential Photon Flux

We have seen the luminosity function they have used to obtain the collective intensity of the
unresolved star-forming galaxies and how to calculate the comoving volume element, so the last
unknown we need to specify is the differential photon flux.

We will follow Peacock (“Cosmological Physics”, (2010)) as well as his notation. As he says, the
most important relation in for observational cosmology is probably the relation between monochro-
matic flux density and luminosity:

L, ([1 4 2]Vobs)

SV obs) = 2.34
(Vobs) AnR2S2(r)(1 + 2) (2:34)
but, luminosity distance is defined as
Dy, = (14 2)RpSk(r) (2.35)
hence, monochromatic flux density can be written in the following form:
Ly, ([1 4 2]vobs)
SV(VObS) = T%O(l + Z) (236)
or equivalently:
(1+2)Eeps\ + (1+42)
v(Vobs) = Ll/
S (Vobs) 0( Eq 4nD% (1 + 2)2
(14 2)Eops \ 7 1
v = Lu 2.

where, we have also used equation (2.31). Now we will change the frequency interval into energy
interval, in order to be able to replace L,, with the gamma-ray luminosity L., which is known.
Thus,
(1 + Z)Eobs 1

Ey ) 4D (1 + 2)

All that is left, is to express Lg, in terms of gamma-ray luminosity L, and we can do that as

follows:
o0 E -y
L, =L / () diE (2.39)
Ep=0.1GeV Ey

since, we are interested for photons with energy above Fy = 0.1 GeV. Thus, we have the following
relation between the luminosities:

SE(Eobs) = LEO ( (238)

Lg, = L, (2.40)
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Finally, we have that the flux density, assuming a power law spectral model with any photon

index 7, is equal to:
— 1)L 1 Eos\ !
Sp(Eays) = -1 I <( +2) Eop ) (2.41)

T 4nD(1+ 2) Eo
hence,
Eobs(ry - 1)L'y (1 + Z)Eobs -
I1(E = 2.42
( obs) 47TD124(1 + Z) EO ( )
since by definition it is:
SE (Eobs) = I(Eobs)Eobs (243)

2.4 Scaling slopes w & [

Perhaps the most puzzling discrepancy between the theoretical approach of Fields et al. (2010)
and the empirical scaling of Ackermann et al. (2012) is the discrepancy in the scaling slope w + 1
between L. and .

From a physics perspective, if Lg_1000um is indeed proportional to ¢ (and is not also modulated
by the gas content of a galaxy), the L, — Lg_1000um should deviate significantly from unity to reflect
the compounded effect of both star-formation (— cosmic ray accelerators — flux of projectiles)
and gas (— availability of targets).

If the empirical scaling (even in the local universe) does indeed exclude a steeper slope, then this
would have important implications: it could imply, for example, that confinement of cosmic rays
in galaxies is not only variable, but star-formation dependent (with higher star-forming galaxies
exhibiting poorer confinement properties); or that the IMF is star-formation dependent; or that
any scatter in the Lg_1900um — SFR scaling is dependent on gas content, which could also explain
why the additional effect of gas mass is “hidden” from the L, — SFR scaling if Lg_1000um is used
as an SFR tracer; or finally, that the primary contribution in the v — ray flux from star-forming
galaxies is leptonic rather than hadronic and thus dependent on cosmic-ray flux but not on gas.

Before that scenarios are entertained, however, we need to test to what extend the extremely
limited number of star-forming galaxies detected can indeed constrain the scaling slope. The effect
of small-number statistics would enter not through the uncertainty of the fit to a power-law scaling,
but through the incomplete sampling of scaling that is bound to have finite scatter.

To test this effect, we performed Monte carlo calculations to examine how the slope derived
from a power-law fit is affected. We picked a random number, ¢, from normal distributions with
different standard deviation (STD), meant to represent the scatter in the L, — Lg_1000um scaling.
Then, for each L, and Ltir we added that random number to a number of simulated data points
equal to the real resolved star-forming galaxy sample drawn from scaling relations of the form
(2.2), i.e.,

Loi— Lg_
log (0.e1rg1;]gc1;ev> = (w+1)log <i01182)gm) +a+c (2.44)
where « is the normalization constant which results considering normal and starburst galaxies.
We then fit the simulated data with a power-law and we examined how the STD of the slopes
(w+ 1) depends on the STD of the normal distributions. The results are shown in Figure 2.2. If
the L, — Lt scaling has a 1dec scatter, the 1o spread of slopes would be ~ 0.5.

Even when considering the starburst galaxies in our sample, our results are sensitive to the
fact that we have low number statistics. The slope of the scaling relation between gamma-ray
luminosity and TIR luminosity, that we use, has large uncertainties and depends on sample used.
For this reason, at this stage a difference between w + 1 = 1.7 (L, dependent on 1) Mg,s) and
w+1=1.1 (L, dependent on ¢ alone) cannot be confidently claimed due to the limited number
of resolved star-forming galaxies in gamma-rays.

In this work, we will examine both best-fit values of w+1 using the latest data on Fermi-resolved
star-forming galaxies, as well as other possible values of w + 1 between 1 (i.e., no effect of gas) and
2 (i.e., w = 1/xz = 1, SFRxgas, maximum possible effect of gas).

The value of S is taken always to be consistent with that of w, i.e., § = 2(1 — w). However,
the factor (1 + z)~% may not capture all relevant redshift dependent (in addition to those of ®,
h(z)). Another redshift-dependent effect may enter through the metallicity evolution of the average
galaxy with redshift.
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Figure 2.2: Dependence of the spread of possible slopes on the assumed scatter in the correlation.

One of the assumptions in Fields et al. (2010) is that the ratio of cosmic-ray flux to star-
formation rate is constant for all normal star-forming galaxies. In general this is not true since, it
can be a function of the metallicity (Z) and the IMF. In this work we considere a Salpeter IMF
and we will explore the effects of metallicity. The metallicity can affect the minimum mass of a
star that undergoes a supernovae explosion quantitatively. Thus, equation (2.5) becomes:

F7r0—>’y’y D, Rsn Y
- - = f(2)-2— 2.45
F% Ay (I)lé/r[ R% ( )¢MW ( )

where, f(Z) is a general function that encodes the effects of metallicity.

In order to specify this general function f(Z) we follow Ibeling & Heger (2013). They calculated
the dependence of the low mass limit for making core-collapse supernovae (SNe) as a function of
the initial stellar metallicity. Their main conclusion was that for a fixed IMF the SN rate may be
20% — 25% higher at [Z] = —2 than at [Z] = 0, where [Z] = log (Z/Zs). We are interested in
the minimum mass required for a star to undergo a classical core-collapse event not triggered by
electron capture with the formation of an ONe degenerate core. Following the notation of Ibeling
& Heger (2013), this mass is denoted by M“p/(Z). The relation they suggest for the metallicity
dependent transition mass is:

6
M (z) ) > alZ]' (2] > 83
R T = +0.15 (2.46)
9.19 :[Z] < —8.3

where the coefficients «; are the best fit parameters after they parametrize it as sixth order poly-
nomial. Salpeter IMF (Salpeter (1955)) is valid for a stellar mass range 0.1 — 120Mg. In order
to correct for metallicity, we must divide the total number of stars that will undergo a supernovae
explosion with the total number of stars. The total number of stars that will undergo supernovae
can be computed by integrating the Salpeter IMF from Mul”,(Z)/MQ7 to Mmax = 120. Hence, the
general function f(Z) mentioned above is proportional to:

, —1.35
rio) o (M2) 27
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The next step into incorporating this z-dependence in equation (2.45) is to transform metallicity
(Z) into redshift (z) in order to simplify our calculations and to derive the final scaling relation
between the gamma-ray luminosity and the total infrared luminosity of a galaxy. According to the
model of Kistler et al. (2013), the mettalicity evolves with redshift as follows:

Z(z) = 0.03 x 1070-15= (2.48)
Hence, using equations (2.48) and (2.46), we have M’ (z) /M.

2.5 Normalization of L, — Lz scaling

For each slope w + 1 that we will examine, we have to determine the normalization of the scaling
of equation (2.11). We do so by performing least-squares fitting on the sample of resolved star-
forming galaxies that are relevant in each case (normal or normal + starburst), while assuming
that the scaling slope is fixed at the desired value. We call the normalization resulting in this way
L%o((.d).

Combining all the above effects we finally obtain the following expression of scaling relation
between the gamma-ray luminosity and the total infrared luminosity of a galaxy:

up’ (4 o 8—1000 Wt
Ly = Lyofw)(1 +2) P (h(2))**? <MM®”> (Foponen ) (2.49)

For example, in Figure 2.3 the result of the least-square fitting for the slope w+1 = 1 is shown.
The sample of galaxies are the four available normal star-forming galaxies.
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Figure 2.3: The result of the least-square fitting to the normal star-forming galaxies, for the
desirable slope w + 1 = 1.

In Figure 2.4 it is again the result of the least-square fitting for the same slope but, considering
the full sample of available galaxies.

In order to better clarify the calculation of the normalization constant, in Figure 2.5 it is shown
the least-square fitting for the slope 1.714, i.e., w + 1 = 1.714 in the full sample of galaxies.
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Figure 2.4: The result of the least-square fitting to the full sample of galaxies (normal and starburst
ones), for the desirable slope w + 1 = 1.
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Figure 2.5: The result of the least-square fitting to the full sample of galaxies (normal and starburst
ones), for the desirable slope w + 1 = 1.714. We can see the difference with the above Figure 2.4
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Results

In this section, we present the results we obtained for the contribution of normal star-forming
galaxies to the EGRB using equation (2.49).

3.1 Effect of Metallicity

The effect of metallicity to the collective intensity of unresolved star-forming galaxies is shown in
Figure 3.1. As we can see the metallicity does not affect our result appreciably, thus the ratio of
cosmic-ray flux to SFR can be indeed assumed to be constant for all normal star-forming galaxies,
if the IMF is constant. However, we note that our correction is made on an average sense and does
not reflect the distribution of galaxy metallicities at a given z, nor the distribution of metallicities
within a single galaxy.

Moreover, it is probable that, the dependence of IMF will contribute more significantly. Nonethe-
less, we do not consider this case here, since this would require altering different luminosity func-
tions and to assume a non constant IMF. Further analysis of metallicity and IMF in general is
required to conclude to a more solid result and to exclude some other possibilities.

107

E2I(E) [GeV cm 2 st sr!]

108 : ‘ ‘ :
010'2 10 10° 10! 10°

Energy E [GeV]

Figure 3.1: Metallicity effects to the contribution of unresolved star-forming galaxies to the
isotropic diffuse gamma-ray emission measured by the Fermi LAT(black points, Ackermann et
al.(2015)). The blue line represents our results with the metallicity considered in equation (2.49),
while the red line without.
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3.2 Normal Galaxies

In Figure 3.2 we estimate the normal star-forming galaxies contribution to the EGRB without
considering the starburst galaxies. Hence, the normalization constants for each desirable slope,
i.e., w+ 1, are obtained using only the four normal star-forming galaxies. The different curves
come from different values of w and 3 in the equation (2.49).

The orange and the solid cyan lines represent the bounds of the possible contribution of normal
star-forming galaxies to the EGRB. Their slopes are obtained for two extreme cases of the slope
w. The orange one is obtained for w = 2 (x = 1, i.e., one-to-one relation between the surface
density of SFR and the surface density of gas). When the gas is increasing the amount of targets
for proton-proton collisions is increasing. In contrast, the solid cyan line is obtained for w = 1
(x = 00, i.e., the surface density of SFR and the surface density of gas are completely uncorrelated
or equivalently the gas mass does not enhance the gamma-ray emission of a galaxy). These two
extreme scenarios set the bounds to the possible contribution of normal star-forming galaxies to
the EGRB.

Moreover, the green line in Figure 3.2 is obtained using a different star-formation tracer to
determine empirically the slope w+1 from L, data: near-ultraviolet (NUV) plus 25um luminosity
of each galaxy, i.e., vLyuv + 2.26L25,,. From least-square fitting we got w + 1 = 1.268, i.e.,
L, x (vLyuv + 2.26L25#m)1'268. We examine this case because the NUV + MIR (Mid-Infrared)
luminosity is better estimator of recent SFR than TIR luminosity, as the 25um luminosity term
corrects for possible existence of dust (Kennicutt & Evans(2012)). In this case, however, we do
not consider the Milky Way in our sample, since we cannot measure its NUV luminosity. Hence,
we perform least-square fitting using the three other normal star-forming galaxies (SMC, LMC,
M31).

10

E2I(E) [GeV cm 2 57! sr!]

107 10° 107 102
Energy E [GeV]

Figure 3.2: The contribution of normal star-forming galaxies to the extragalactic gamma-ray back-
ground and its possible bounds. Orange line represents the upper bound of the contribution while
the solid cyan line the lower one. Indigo line is based on the analysis of Fields et al. (2010) but
adding also the function h(z). Green line is obtained using a scaling relation between L. and
vLnuv + 2.26L25,m. The red dashed line is the result of Ackermann et al. (2012) and the blue
dashed line is from Ando & Pavlidou (2009) (see text for details). Fermi data are from (Ackermann
et al. (2015)).

The indigo line is based on formalism of Fields et al. (2010), where it is assumed that = = 1.4

and w + 1 = 1.714. This result is different from the result of Fields et al. (2010) since we
have consider the additional redshift dependence h(z) of the empirical SFR—Lg_1000um relation
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to ensure that the IR luminosity function yields a cosmic SFR history consistent with Hopkins &
Beacom (2006). The red dashed line represents the result of Ackermann et al. (2012) and finally
the blue dashed line the result of Ando & Pavlidou (2009), where they used the SFR density as a
function of redshift instead of a luminosity function.

The indigo and orange lines are inconsistent with the EGRB Fermi LAT data (they over-predict
the observed background). This is additional evidence that the scaling L., — Ltrr is shallower than
the theoretically predicted one based on the Kennicutt-Schmidt law (i.e., that w + 1 < 1.714).
However, given the sensitivity of the normalization of the scaling, L. o(w), to the number of
resolved galaxies used to empirically determine its value, claiming that values of w + 1 > 1.3 are
excluded is premature.

We note here that the spectral shape of the unresolved emission is no longer a power law
for energies around 10GeV and above. The EGRB spectrum at higher energies is modified by
three effects: i) because not all sources have the same special index, the hardest sources will
dominate at the highest energies, giving the resulting spectrum upwards curvature (Pavlidou &
Venters (2008)); ii) absorption by the extragalactic background light (EBL) will eventually become
important, giving the spectrum downwards curvature (e.g., Venters, Pavlidou & Reyes (2009)); iii)
electromagnetic cascades from the highest energy photons will alter the spectrum (e.g., Venters
(2010)).
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Figure 3.3: Same as Figure 3.2, but now we have also considered the starburst galaxies in our
analysis. Fermi data are from (Ackermann et al. (2015)).

3.3 Normal + Starburst Galaxies

Our results, considering also the starburst galaxies in our sample, are shown in Figure 3.3. The
normalization factors are obtained using all eight galaxies. Lines are the same as in Figure 3.2
and we used the same analysis to compute the contribution of normal and starburst galaxies to
the EGRB for each slope. Comparing with Figure 3.2, our results are affected and especially the
range of possible values of the contribution to the EGRB. The theoretical approach (indigo line)
is in less tension with the empirical one (dashed red line).

The green is line is again obtained after performing least-square fitting between L., and v Lyyv+
2.26 Las,m- Our sample consists of seven galaxies, since, we exclude the Milky Way. This time the
slope is equal to 1.293, i.e., w + 1 = 1.293. This is our best guess slope, since it is derived from
the scaling relation between L. and vLyuv +2.26La5,.m. However, as discussed in §(small number
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statistics) the value of the empirical slope is sensitive to the small number statistics in the resolved
galaxy sample, and may change when more data become available.

For normal and starburst galaxies the indigo and orange lines are still above the data, but
closer. Hence, if more star-forming galaxies are resolved in gamma-rays the degree at which the
EGRB is over predicted by steep L., — Ltig scalings may change.

3.4 Effect of Star-Formation Rate

The contribution to the collective intensity from higher redshift galaxies is shown in Figure 3.4.
For our model, over 50% comes from z > 1 and over 20% from z > 2.5, on average. For example,
for slope 1 (cyan solid line), since we get the maximum dependence on SFR, the contribution is
larger. However, in the model of Ackermann et al. (2012) (red dashed line) over 50% comes from
z > 2.1. This is because the SFR that enters the model of Ackermann et al. (2012) is in poor
agreement with the star-formation history of Hopkins & Beacom (2006). Hence, this discrepancy
is due to the function h(z) we introduced.

1.0}

0.2}

0% T 2 3 4 5 6 7 8 9 1011 121314 15
Redshift(z)

Figure 3.4: The fraction of the collective intensity of unresolved star-forming galaxies as a function
of redshift. Lines represent the same assumptions as Figure 3.2.
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Discussion

We have estimated the contribution of unresolved star-forming galaxies to the EGRB. The model
we have adopted consists of the model of Ackermann et al. (2012) and the theoretical approach of
Fields et al. (2010). The first assumption of our model is that the ratio of cosmic-ray flux to SFR is
constant for all normal star-forming galaxies. We also assume that losses are escape-dominated and
uniform across galaxies, which probably, constitute the biggest uncertainty in our model. Future
data on the EGRB and resolved galaxies will help us illustrate this assumption.

In the theoretical approach of Fields et al. (2010) it is shown that the power-law scaling between
gamma-ray luminosity and SFR of a galaxy is expected to be L., oc ¢!-714. Thus, that is also the
power-law scaling between L., — Lg_1000um. However from our analysis, we conclude that the most
accurate choice is a power law of 1.293 so, it seems there is a discrepancy between these two results.

However, due to the small number of the statistics such a discrepancy cannot be claimed. More
resolved star-forming galaxies can affect significantly the possible contribution to the EGRB.

We consider Salpeter IMF (Salpeter (1955)) and we do not examine any dependence on the
IMF. We focus on another possible parameter that can affect our results, which is the mettalicity.
Considering a dependence on metallicity of the mass of stars that will undergo core-collapse super-
novae (Ibeling & Heger (2013)), we have examined the effects of metallicity to our scaling relation.
Hence, we assume that the supernovae rate is a function of metallicity and SFR. We have found
that metallicity evolution does not affect our results. Thus, from our analysis, we conclude that
this metallicity dependence is not strong enough to considerably alter the contribution of normal
star-forming galaxies to the EGRB.

The peak in E2dI/dE of each spectral shape in our Figures lies at ~ 0.3GeV because the bulk
of the signal comes from z ~ 1. For energies below 0.3GeV we use a spectral index of v = 1.9
(spectral index of Milky Way) while for energies above 0.3GeV, v = 2.33 for normal star-forming
galaxies and v = 2.27 for normal and starburst galaxies. Our model does not account for starburst
galaxies and if we consider them to our sample, they affect our results. It is probable that starburst
galaxies should be treated as distinct source class.

We estimated that the possible values of the normal star-forming galaxies contribution to the
EGRB are between (3 —5) x 1078GeVem=2s71sr=! and (6 — 8) x 107°GeVem 25 tsr~!. For
normal and starburst galaxies the contribution is between (9 — 11) x 1078GeVem 25~ tsr~! and
(2 —4) x 1075GeVem 257 sr=1. We derive these values from two extreme scenarios of the slope
of the Kennicutt-Schmidt law (Schmidt (1959); Kennicutt (1998)). We use this relation in order
to relate the gas mass of a galaxy to its SFR.

Future data from the Fermi LAT are necessary in order to estimate the contribution of normal
star-forming galaxies to the EGRB with less uncertainties. It is important to detect all possible
components of the EGRB and distinguish their individual contribution. Especially for blazars and
normal star-forming galaxies which, seem to dominate the Fermi EGRB. Extracting these two
dominant sources will provide us a chance to find smaller and more exotic sources in the observed
signal (Siegal-Gaskins & Pavlidou (2009)).
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