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Abstract. The total extragalactic v-ray flux provides a powerful probe into the origin and
evolution of the highest energy processes in our universe. An important component of this
emission is the isotropic y-ray background (IGRB), composed of sources that cannot be
individually resolved by current experiments. Previous studies have determined that the
IGRB can be dominated by either misaligned active galactic nuclei (mAGN) or star-forming
galaxies (SFGs). However, these analyses are limited, because they have utilized binary source
classifications and examined only one source class at a time. We perform the first combined
joint-likelihood analysis that simultaneously correlates the y-ray luminosity of extragalactic
objects with both star-formation and mAGN activity. We find that SFGs produce 48f§’8%
of the total IGRB at 1 GeV and 56#52% of the total IGRB at 10 GeV. The contribution of
mAGN is more uncertain, but can also be significant. Future work to quantify the radio and
infrared properties of nearby galaxies could significantly improve these constraints.
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1 Introduction

The extragalactic GeV ~-ray emission in our universe is surprisingly well-balanced. Models
indicate that multiple source classes meaningfully contribute (=10%) to the total 7-ray
luminosity of our universe. Moreover, the extragalactic v-ray luminosity (EGB) is relatively
equally divided into emission between a handful of extremely bright point sources [1-5],
and an underlying sea of dim sources, known collectively as the isotropic v-ray background
(IGRB) [6-14]. The observed normalization of the IGRB depends on the sensitivity of the
instrument (in this case the Fermi-LAT'), population models and statistical studies [6, 15—
19] indicate that the distinction is also physically meaningful, with significant and distinct
contributions from very bright and very dim sources.

While the EGRB is dominated by a handful of extremely luminous blazars (again,
divided relatively equally between BL Lac objects and Flat Spectrum Radio Quasars [1, 2, 17],
the IGRB includes only a ~20% contribution from on-axis blazar jets [6, 16]. Models instead
indicate that the IGRB is produced either by off-axis emission from supermassive black
holes (hereafter, misaligned AGN (mAGN)), or by cosmic-rays accelerated in the supernova
explosions of star-forming galaxies (SFGs, which we define to include any galaxy that is
star-forming at any detectable level.). The typical y-ray luminosities of these objects has



profound implications for the energetics of mAGN and SFG activity, and thus their relative
importance in shaping galaxy evolution [20-25].

Because most SFGs and mAGN do not have y-ray fluxes that are individually detectable,
statistical methods are used to determine their contribution to the IGRB. However, these
studies have obtained disparate results. Work by ref. [7] found that mAGN produce ~10% of
the total IGRB intensity, while a subsequent joint-likelihood analysis by ref. [9] determined
their mean contribution to be ~77%. An analysis of the brightest SFGs by the Fermi-LAT
collaboration found that they produce 4-23% of the IGRB [26], while a study of the combined
emission from more than 600 SFGs found their contribution to be roughly 60% [10]. More
recent work has also provided inconsistent results [13, 27, 28], and the totality of the research
definitively shows only that either mAGN or SFGs (or both, or neither) dominate the intensity
of IGRB.

Despite differing results, most studies employ a similar methodology. The ~-ray flux from
the brightest mAGN or SFGs is compared with a multiwavelength tracer of the mAGN or
SFG luminosity. The derived correlation between the v-ray and multiwavelength luminosity is
then extrapolated down to systems with smaller fluxes, where the «-ray data is unconstrained.
Using models for the luminosity and redshift evolution of each source class, the total ~-
ray emission is then calculated. For mAGN, studies have typically correlated the v-ray
luminosity with the 5 GHz core radio luminosity, which serves as a proxy for supermassive
black hole activity. For SFGs, studies have used the FIR (8-1000 pm) flux as a tracer of the
star-formation and subsequent supernova rate.

A significant weakness of these studies is that each has independently investigated only
mAGN or SFG activity, and has further assigned binary classifications to observed mAGN
and SFGs, assuming that the entirety of their y-ray flux is due to a single effect.! However,
reality is much trickier. NGC 1068, NGC 4945 and Circinus, traditionally described as
SFGs, are also Seyfert galaxies. Essentially every mAGN galaxy is also undergoing star-
formation activity. At best, this binary classification produces “double-counting”, as ~y-ray
emission can be prescribed to both mAGN and SFGs inside the correlation analysis, and then
extrapolated to other systems. At worst, such misidentifications could significantly affect the
calculated y-ray correlations, producing large systematic errors which will be magnified by
the subsequent extrapolations.

In this paper, we perform the first joint-likelihood analysis of ~-ray fluxes from a
population of galaxies which exhibit characteristics of both SFG and mAGN activity that
simultaneously accounts for emission from both supernovae (tracing the FIR intensity) and
proton acceleration from a central black hole (tracing the 5 GHz core luminosity). This
analysis avoids the double counting problem intrinsic to previous studies and accurately
separates the individual contributions of SF activity and mAGN activity to the IGRB. Our
study also benefits from (1) the analysis of more than twelve years of Fermi-LAT data, (2)
a state-of-the art statistical methodology designed to account for systematic errors in the
astrophysical background model, and (3) an accurate modeling of gamma-ray propagation to
account for spectral changes due to electromagnetic cascades.

We obtain three primary conclusions: (1) star-formation activity contributes significantly
to the IGRB intensity, and this result is robust to our modeling of mAGN activity in
these galaxies, (2) the y-ray luminosity of mAGN activity has a significant source to source
dispersion. In contrast to previous works we show that observed vy-ray mAGN are likely

!Throughout this work, we use SFG and mAGN to correspond to the primary classification of a given galaxy,
and “SF activity” and “mAGN activity” to relate to the physical process which produces y-ray emission.



significant outliers compared to predictions from the radio-vy-ray correlation, (3) owing to this
large source-to-source dispersion, the contribution of mAGN activity can still be significant,
but is highly uncertain.

The paper is outlined as follows. In section 2 we describe our galaxy catalog, our
modeling of Fermi-LAT data, and our statistical methodology. In section 3 we describe
our pipeline for calculating the IGRB contribution from each source class. In section 4 we
present results for the Radio/Gamma and FIR/Gamma Correlations, along with the modeled
contribution of both mAGN activity and SF activity to the IGRB. In section 5 we discuss
our results and conclude.

2 Methodology

2.1 mAGN and star-forming galaxy selection

Our source sample consists of 57 galaxies hosting AGN that have been observed both in the
infrared between 8 and 100 pm as well as in the radio at 5GHz. We focus on sources that have
5GHz radio data from their central region, nominally arcseconds in extent. We select only
those sources with a viewing angle greater than 6,aan ~ 40° with relation to their jet-axis in
order to retain only the radio cores that are not affected by Doppler-boosting. Although this
criteria for the misalignment angle means that we will miss many AGN, the total radio-core
luminosity function accounts for this bias as discussed in section 2.5. The sample is compiled
using sources from (1) the mAGN population found in the 1997 Laurent-Muehleisen catalog
of radio-loud AGN in the ROSAT All-Sky Survey (R97, [29]), (2) the sample of Di Mauro,
et al. (DMa, [7]), and (3) samples of both radio galaxies and steep-spectrum radio quasars
collected by Yuan and Wang (YW, [30, 31]). We select sources where those mAGN were
also observed by the Infrared Astronomical Satellite (IRAS) between 8 and 100 pm [32]. We
exclude the giant galaxy at the center of the Perseus cluster, NGC 1275, from our analysis
since it is particularly variable in radio as well as in gamma-ray observations [33-36]. Table 1
compiles our joint catalog of 57 galactic sources. We present the radio catalog from which the
5 GHz core data was taken, the IAU B1950 name, the IRAS name, any common associated
name, and the calculated multiwavelength luminosities.

We attempt to minimize the selection bias implicit in previous studies due to the
luminosity distribution of sources. Here, we aim to create a complete sample above the
point-source sensitivity of radio and FIR telescopes instead of determining whether or not
a source is y-ray bright prior putting it in our sample. In doing so we attempt to address
the question of whether the mAGN observed by FERMI-LAT are representative of the radio
luminosity function. Indeed, this approach reproduces a salient feature of the core-radio
luminosity function in which observations above the current detection limits are dominated by
statistical upward fluctuations of source luminosity. We discuss this in detail in section IVA.

We note that our models include SFGs that have both starburst activity, as well as
systems that only have moderate star-formation rates. However, we note that both the
population of detected SFGs (from previous studies as well as this study) as well as the
contribution of SFGs to the IGRB (Linden 2016) are entirely dominated by SFGs with
far-infrared luminosities between ~10'' and ~10'2 Lg, which are generally classified as
starburst galaxies.



Catalog ~ TAU B1950 Alt Name IRAS name Li(erg/s) Leore(erg/s)  LogigL,®(erg/s) LogyoL,"*(erg/s)

YW 0045-255 NGC0253 TRAS 00450-2533 1.23 x 10 1.08 x 103"  39.9+0.3 38.6 £0.9
YW 0238-084 NGC1052 TRAS 02386-0828 1.06 x 10%  3.07x 10%°  388+0.4 40.5+0.5
YW 0240-002 3C 71 IRAS 02401-0013 1.05 x 10% 324 x 10°  40.9+0.2 39.8+0.6
YW 0244-304 NGC1097 IRAS 02441-3029 1.95 x 10% 597 x10%  40.2+0.2 38.4+1.0
DMa None IC 310 TRAS 0313544108 1.56 x 10 4.30 x 103  40.1+0.3 40.6 £0.5
DMa,YW  0320-373 For A TRAS 03208-3723 3.15x 10%  1.60 x 103 39.3+0.4 39.5+0.7
YW 0331-363 NGC 1365 IRAS 03317-3618 570 x 10*  3.36 x 103 40.740.2 38.2+1.0
DMa,R97 0433+053B 3C 120 IRAS 0430540514  7.13 x 10%* 244 x 10" 40.8+0.2 42.04+0.6
YW 0505-375 NGC 1808 TRAS 05059-3734 2.50 x 10*  1.87 x 1037 40.3+0.2 38.840.9
YW 0634-205 None TRAS 06343-2032 1.82 x 10% 441 x10% 412402 40.7+0.5
R97 0652+744  IC 450 IRAS 0645747429  1.74 x 10%*  3.99 x 10  40.1+0.3 40.6 £ 0.5
YW 0648+-27 None TRAS 0648842731 1.31x10%  1.15x10%  41.14+02 41.0+£0.5
RI7 06544070  None IRAS 0651840707  2.25 x 10%  1.34x10%°  40.3+0.2 40.2+0.6
YW 0722+30 None IRAS 0722443003  2.92 x 10%* 211 x10%°  40.4+0.2 40.4+0.5
RI7 0804+051  Mrk 1210 TRAS 08014+0515 1.80 x 10%*  1.09 x 10%  40.1+0.2 40.2+0.6
YW 0806-103 3C 195 TRAS 08065-1018 463 x 10% 867 x 10 41.7+0.2 41.7+0.6
YW 0836+29B  4C29.30 IRAS 0836942959  2.41 x 10% 324 x10%  41.4+0.2 41.3+0.5
R97 0955+696  M82 IRAS 0951746954  1.43 x 10%* 249 x 10%  40.0+0.3 38.1+1.1
RI7 1001+556  NGC 3079 IRAS 0958545555  1.38 x 10**  1.03 x 10°®  40.0+£0.3 39.4+0.7
RI7 10234198  None IRAS 1020742007  3.19 x 10 4.76 x 1037  39.3+0.4 39.1+0.8
RI7,YW  1124+387  NGC 3665 IRAS 1122043902  3.09 x 10%  1.00 x 10 39.3+0.4 39.4+0.7
YW 1217429 NGC 4278 IRAS 1217542933  1.69 x 102 9.14 x 1037 37.94 0.6 39.3+0.7
DMa,YW 12224131  3C 272.1 TRAS 12224+1309  5.04 x 102 2.15x 10%® 384405 39.6 +0.7
DMa,YW 12284126 M 87 IRAS 1228241240  7.92 x 102 6.11x 10%  38.7+0.5 40.8+0.5
R97 12504411  M94 TRAS 12485+4123 1.20 x 104 4.10x 10%  38.9+0.4 37.5+£1.2
YW 1302-491 NGC4945 TRAS 13025-4911 249 x 10*  1.03 x 1037 40.3+0.2 38.6 4 0.9
YW 1306-241 PKS 1306-241  TRAS 13059-2407 1.06 x 10%  4.67x10%°  39.9+0.3 407405
R97 13104370  None IRAS 1308643719 538 x 10%  1.96 x 103"  39.6 £0.3 38.84+0.9
YW 1318+34 IC 883 TRAS 1318343423 1.80 x 10% 514 x10%  41.24+0.2 40.7+0.5
DMa,YW 1322-427 Centaurus A IRAS 13225-4245 1.43 x 104 259 x10%  40.0+£0.3 40.5+0.5
YW 1334-296 M 83 IRAS 13341-2936 826 x 10%  1.34 x10%  39.840.3 37.9+1.1
R97 14274359  None TRAS 1425043608  4.47 x 10**  3.780 x 10%  40.6 £ 0.2 39.8+0.6
YW 15294242  3C 321 TRAS 1529542414  3.96 x 10%  3.55 x 10%°  41.6+0.2 414405
YW 15594021  3C 327 IRAS 1559940206  4.22 x 10% 518 x 100  41.6+£0.2 41.5+0.5
R97 16294244  Mrk 883 IRAS 1627742433  6.93 x 10%*  1.18 x 10  40.8+0.2 40.2+0.6
RI7 1652+024  NGC 6240 TRAS 1650440228 2,95 x 10*  2.86 x 103  41.5+0.2 40.5+0.5
DMa,YW 1845+797  3C 390.3 IRAS 1845647943  1.15 x 10%  1.04 x 10" 41.0+0.2 41.7+0.6
YW 19574405  3C 405/ Cyg A TRAS 1957744035  3.37 x 10  3.70 x 104 41.5+0.2 42.2+0.7
RI7 2034+601  NGC 6946 IRAS 20338+5958 3.12 x 104 225 x10%*  37.1+0.7 36.5+£1.5
YW 2048-572 IC 5063 TRAS 20481-5715 3.04 x 10* 417 x 10% 404 +0.2 39.9+0.6
YW 2116426 NGC 7052 IRAS 2116342613  7.97 x 10%  1.34x10%°  39.8+0.3 40.2+0.6
R97 22004105  Mrk 520 IRAS 2158241018  8.36 x 10% 344 x10%  40.9+0.2 39.8+0.6
YW 2254-367 IC 1459 TRAS 22544-3643 3.05 x 10%  4.04 x 10%°  39.3+0.4 40.6 £ 0.5
RI7 23034088  NGC 7469 TRAS 23007+0836  1.65 x 10% 517 x 10%®  41.240.2 39.9+0.6
YW 0055+30 NGC 315 IRAS F00550+3004 5.71 x 10% 2,69 x 100 39.6 £ 0.3 41.3+0.5
DMa,YW 0104+321  3C 31 TRAS F01046+3208 5.35 x 10 3.03 x 10  39.6 £ 0.3 40.5+0.5
YW 0307-305 None IRAS F03079-3031  6.90 x 10%  1.73x10%  40.8+0.2 40.3+0.6
YW 0326-288 None IRAS F03265-2852 223 x 10%  6.19x 100  41.3+0.2 41.6+0.6
YW 0523-327 None IRAS F05236-3245  5.87 x 10**  1.10 x 10*  40.7+0.2 41.0£0.5
YW 0913438 None IRAS F09137+3831 7.46 x 10%  6.23x 10°  40.8+0.2 40.0 £ 0.6
YW 09584290  3C 234 IRAS 0958942901  8.26 x 10%  4.41 x 10" 42.0+0.3 42.240.7
DMa,YW 13504316  3C 293 IRAS F13500+3141 2.35 x 10% 243 x 10%°  40.3+0.2 41.2+0.5
DMa,YW 14484634  3C 305 TRAS F14483+6328 2.03 x 10**  6.06 x 100 40.2+0.2 40.8+0.5
DMa,YW 18334326  3C 382 IRAS F18332+3239 4.81 x 10**  7.70 x 10*0  40.6 £0.2 41.640.6
YW 19494023  3C 403 IRAS F19497+0222 8.60 x 10%*  4.22x 10%  40.9+0.2 40.6 £ 0.5
YW 2158-380 None IRAS F21583-3800  1.64 x 10**  6.42 x 10%  40.1+0.3 40.0£0.6
DMa,YW 2221-023 3C 445 IRAS F22212-0221  8.78 x 10" 3.31x 1070  40.9+0.2 41.340.5

Table 1. Our sample of selected sources along with (Left-to-Right) radio catalog refs, IAU B1950
designations, alternative/associated names, IRAS identifiers, IR (8-100pm) luminosities, 5GHz core-
radio luminosities, gamma-ray luminosities predicted from our model of mAGN activity, and gamma-ray
luminosities predicted from model of SF activity. The catalogs identified in the first column refers to the
radio catalog which contains the 5GHz core data as discussed in section 2.1. Note that the presented
gamma-ray luminosities are calculated using the best fit values of a = 1.09 +0.20, b = 0.78 £ 0.26,
d=40.81 £0.19, g = 40.78 £ 0.52, ogr = 0.20 £+ 0.17, and opagn = 0.88 £ 0.33. Catalog names refer
to: R97 [29], DMa [7]), and YW [30, 31].



2.2 Fermi-LAT data analysis

Our analysis depends on the accurate analysis of the v-ray flux from our population of SFGs
and mAGN. This is made more challenging by the fact that many of these sources are not
particularly bright, with expected ~-ray fluxes that would fall far below the sensitivity of
standard Fermi-LAT point source searches [37]. However, we note that analyzing only sources
that have bright y-ray emission would systematically bias our study. Thus, the accurate
determination of the flux and flux uncertainties for a population of sources that is unbiased
by their v-ray luminosity is paramount.

We utilize a joint-likelihood analysis to accurately include information from the likelihood
functions of each source in our analysis. Such techniques have been widely adapted in searches
for dim dark matter signals from dwarf spheroidal galaxies [38-42], and has been adapted by
our group for individual studies of both SFGs [10] and mAGN [9].

To calculate the ~-ray flux for each galaxy, we examine twelve years of Fermi-LAT
data (4 August 2008 — 17 August 2020), including all P8 R3_SOURCE class photons with
recorded energies that lie between 100 MeV and 100 GeV and which are observed at a zenith
angle smaller than 90°. We apply standard cuts on the Fermi-LAT livetime.

To calculate the log-likelihood improvement provided by adding a point source at
the location of the each galaxy, we produced a binned model of the Fermi-LAT data in a
15.0°x15.0° region of interest with angular bins of size 0.1° and 24 equal logarithmic energy
bins spanning 100 MeV to 100 GeV. We utilize the standard Fermi-LAT tools to build a model
that includes all 4FGL point and extended sources [37], as well as the relevant diffuse and
isotropic background models. We add a point source to this model at the position of each
SFG or mAGN in our sample. In the case that the galaxy in question is also a 4FGL source,
we remove the 4FGL source from our sample, and place the new source at the indicated SFG
or mAGN position (based on high-resolution optical observations) in order to maintain the
consistency of our dataset. This produces only arcsecond-level changes in the position of each
Fermi source (which have quoted positions based on the ~-ray localization) and does not
affect our results.

We run our fitting algorithm in two stages. First, we utilize the standard Fermi-LAT
implementation of the MINUIT algorithm to find the best-fit flux of each source within
each individual energy bin. Because we allow the normalization of each source to float
independently in each small energy bin, we can fix the spectra of each source to their default
Fermi-LAT values without affecting their predicted flux. Second, we fix the normalization of
every component besides the source itself, as well as the diffuse and isotropic backgrounds and
then scan the likelihood space of source fluxes, allowing the source to take on both negative
and positive fluxes (we will discuss our utilization of negative fluxes in the next subsection).

The end result of this model is a likelihood profile of the source flux in each of the 24
logarithmic energy bins in our analysis. From this analysis, we can quickly calculate the fit of
any ~v-ray spectral model to the Fermi data.

2.3 Statistical analysis

If the Fermi-LAT background were perfectly modeled (to the level of Poisson noise), the
above treatment would accurately calculate the best-fit flux and spectrum, as well as the
uncertainties for every source. The joint-likelihood (obtained from adding the likelihoods of
each source) — could then be compared in models with, and without correlations between
the radio/FIR and ~-ray luminosities.



However, there are important systematic uncertainties in the determination of the
astrophysical background, which can affect the statistical significance of any excess at a source
location. Importantly, these uncertainties can also result in an oversubtraction of the y-ray
background, a scenario which results in a best-fit source flux with a negative normalization.

To account for the uncertainty induced by systematic mismodeling, studies have utilized
blank sky locations to approximate the flux uncertainties in regions where no signal is
expected (see e.g. [39]. In most works, the analysis chain is run separately on the true sources
and the blank sky locations, and their results are then compared to calculate the statistical
significance of any excess (using a bootstrapping technique).

A novel approach, which we first implemented in studies of SFGs [10] and later improved
for an analysis of dwarf spheroidal galaxies [42], uses the strong correlation between the
statistical significance of a Fermi source and its calculated flux to remove the effect of
background mismodeling from the calculated flux at each source location before performing
the joint-likelihood analysis. While we refer the reader to refs. [10] and [42] for further details,
the basic idea is as follows. The total y-ray flux at a given location is modeled as the linear
combination of a source flux and a fake flux induced by background mismodeling:

(z)total,i = st,i + d)bg (21)

The result is analyzed at each source location i. The source term must be non-negative
because it represents a real y-ray source. The background term is fit to data obtained from
blank sky-locations, noting that the probability of obtaining a blank sky location with a given
~-ray flux is given by:

Prg(dng) = % Z AiLi(Pbg) (2.2)

where L is the likelihood function of a given source i, A; is a normalization constant set such
that the probability distribution integrates to 1, and the sum is taken over all background
sources and averaged. Given a likelihood function for the total y-ray flux at a source location
(Lsotal), the likelihood function for the true source flux can be calculated as:

P(¢source) = Harg max /_OO ﬁ(d)s,z’ + ¢bg)Pbg(¢bg) X

X Ps,i (d)s,i) dd)bg (23)

where the likelihood function is directly measured from Fermi-LAT data. The background term
is calculated from the blank sky analysis, and the probability of obtaining a given source flux
is based on the multiwavelength correlations discussed in the subsequent section. The result is
marginalized over all possible background fluxes, making this a pseudo-Bayesian analysis. In
the next section we discuss how to calculate P ;(¢s ;) using our multiwavelength correlations.

We note that the 12 year Fermi data is only used to calibrate our multi-wavelength
correlations and never directly enters our computation of the source class contributions to
the IGRB. We self-consistently study the IGRB based on four years of v-ray data from
ref. [8] along with a 4-year point-source detection efficiency calculated from ref. [9] in order to
determine the relative contribution of SFGs and mAGN to the IGRB.

2.4 Luminosity relations

The «-ray emission from unresolved galaxies come from a combination of processes relating
to star-forming activity and the interactions of particles accelerated near the AGN core. The



empirical radio-gamma-ray correlation and IR-gamma-ray correlation are understood to arise
from independent mechanisms in each source. As in previous studies, we adopt the following
power-law to fit the correlation between the gamma-ray luminosity produced by star forming
activity and the infrared luminosity of the source [10, 25, 26, 43—-46],

L., sk Lr )
I 7 =al —_ . 2.4
0810 <ergs/s> 410810 (1045ergs/s t9 (2.4)

We note that this correlation is similar, theoretically, to the long-observed correlation
between the far-infrared luminosity and the non-thermal radio synchrotron emission observed
from SFGs [47-51]. These relationships can saturate at a value known as the “calorimetric limit”
where the entirety of the cosmic-ray energy produced through supernova explosions is efficiently
converted into non-thermal radiation through hadronic and leptonic interactions [45, 46, 52].
Similarly, as in previous studies, we adopt the following power-law to fit the relationship
between the gamma-ray luminosity powered by a central AGN and the 5 GHz core luminosity
of the source [7, 9, 13, 53],

L'y,5GHz) . ( Lscr-. )
]'Ogl() ( ergs/s = blogm 104oergs/s +d. (25)

Though these correlations are empirically determined, there is significant galaxy-to-
galaxy scatter that is parameterized by a spread, ogr/magn, about the log-linear relationship.
Thus, the probability of a galaxy with a measured IR luminosity, producing a given gamma-ray
luminosity is given by the following log-gaussian,

L 2
P (L SF) — 1 eXp B (log ( E%EF> B g) (26)
" V2mosk 203y ’

where ogp is the intrinsic scatter in the FIR to gamma-ray correlation. Because this correlation
has an uncertainty described by a Gaussian distribution in logarithmic space (rather than
linear space), we note that the mean 7-ray emission from a population of galaxies exceeds
the contribution of the median galaxy. This effect becomes more pronounced as the value of
o increases, a result which will have important effects we discuss later. Independently, the
probability of a galaxy with a measured 5 GHz core luminosity, producing a given gamma-ray
luminosity is given by the following,

2
_ L'y,mAGN _
P(L ) ! <log< - ) d> (2.7)
= ex .
TAGN T o mAGN P 207 AaN ’

where opagN is the intrinsic scatter in the radio to gamma-ray correlation.

The total gamma-ray luminosity is the sum of L,s5qcg. and L, sp. Therefore, the
probability of a galaxy with a measured 5 GHz core luminosity and IR luminosity producing
a given total gamma-ray luminosity is given by the convolution of the preceding probability
distributions:

P(L,) = / Psp (Ly — ') P (L) dI (2.8)
_ / Pscis (L, — L) Psp (L) dL.

To compute the joint likelihood, the preceding probability distributions (eq. (2.6) and
eq. (2.7)) are implemented in eq. (2.3).



2.5 Luminosity functions

The luminosity function of a given source class describes the number of sources emitting in
a particular band per comoving volume with luminosities in the range between log L and
log L 4+ dlog L,

d*N

O(Lx,2) = — 2
(Ix:2) = GV dlos L

(2.9)
Since the vast majority of observed SFG and mAGN fall well under Fermi’s threshold, it
would be impossible to directly describe the redshift and luminosity distribution of the
gamma-ray emission of these sources. However, from the multiwavelength correlations in
eq. (2.6) and eq. (2.7), we can utilize the measured distribution of sources in IR and radio
wavelengths and then correlate that emission with its expected Fermi-LAT ~-ray emission.
The gamma-ray luminosity function is then calculated by integrating the multiwavelength
correlations described above over the luminosity functions of the corresponding source classes.

The power-law relations between gamma-ray luminosity and radio luminosity, as well
as gamma-ray luminosity and IR luminosity, imply the following relationships between their
respective luminosity functions,

¢, maandlog Ly macN = Pradlog Lsgh- (2.10)
(I)%SFd log L'y,SF = ‘PIRd log LIR, (211)

where ®, ,aAqN is the luminosity function of sources emitting gamma-rays from their AGN
activity and @, gr is the number density of sources emitting gamma-rays from their star
forming activity. The gamma-ray luminosity function is thus given by the following,

d log Ls
®(L) = Gt /q» (Ls)P(L,.s)dlog Ls, (2.12)
where S is either the IR or 5 GHz band. Note that when the intrinsic scatter of the
probability density approaches zero, the integral over the probability becomes the composition,
®5(Ls(Ly)), where Lg(Ly) is given by eq. (2.4) and eq. (2.5).

The IR luminosity function is taken to be a modified Schechter function as follows,

l—ax
L
(bIR,X(LIR7 z)dlog Lig = (DTR,X(Z) (L*T;)) (2.13)
X

—1 2 LIR
X exp lm log (1 — L}(z))] dlog Lig,
where the subscript X indexes the source class, i.e. normal galaxies, starburst galaxies, and
starburst galaxies with possible active galactic nuclei [54]. We adopt the values derived by
ref. [10] for the following parameters logo (L*) = {9.46,11.02.10.57} Lg and log;q (®*) =
{—2.08,—4.74,—-3.25} Mpc? for the “Normal Galaxy”, “Starburst Galaxy” and “Star-Forming
AGN” components respectively.

Since gamma-rays originating from mAGN activity are expected to be independent from
jet physics, the contribution from mAGN activity which are represented here, is in fact isotropic
in the source frame. The effect of § on our analysis is to separate the isotropic emission of
the radio-core from the isotropic component. The cutoff angle, “40° < 0” effectively separates
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Figure 1. The best-fit FIR to ~-ray correlation (left) and 5 GHz radio to y-ray correlation (right),
determined by our fitting algorithm, compared to the luminosities of observed and associated SFGs
and mAGN detected in the Fermi-LAT point source catalog. The best fit line (blue) represents the
median ~-ray flux of a galaxy in our sample. The blue error band represents the 1o uncertainty in
the median flux of a galaxy in our sample, based on the uncertainties in the parameters of the FIR
(Radio) to v-ray correlations. The pink error bands represent the convolution of this error with the 1o
statistical uncertainty in the luminosity of a single SFG (mAGN) galaxy in our sample based on the
best-fitting value of the parameter ¢ which describes the source-to-source dispersion. In both cases,
we note that the systems observed and positively associated by Fermi observations are systematically
brighter than the fluxes predicted by our model, indicating that there exists a significant luminosity
threshold that biases the luminosities of observed systems. See text for a detailed discussion.



the non-beamed emission of mAGn from the contamination of SSRQs “14° < 6 < 40°” and
blazars “6 < 14° [31]”. As shown in their figure 8, a beaming model can reproduce the beamed
luminosity function expected from more aligned sources. Finally, in order to correct the
under-counting effect of filtering sources with “40° > 6”, and since the line-of-sight angle 6 is
randomly distributed, any selection bias can be accounted for and reversed using a correction
factor, k.

It should be noted that AGN with viewing angles less than 6. are not included in the
analysis of mAGN since their observed gamma-ray spectra increasingly comes from beamed
anisotropic emission in the jets. These sources are generally classified as on-axis blazars or
quasars, whose contribution to the IGRB has been previously accounted for. In recent work,
Yuan and Wang find that since mAGN have a large viewing angle between their jets and our
line of sight, there is only a negligible contribution to the y-ray emission from the on-axis
beam. Therefore, the luminosity function of radio cores in the universe follows the radio
galaxy (mAGN) luminosity function very closely [31]. The intrinsic core radio luminosity
function is intimately related to the core luminosity function of radio galaxies, ®"* = /~@<I>5G,
where, K ~ 1/ cosf. ~ 1.03, is the inverse of the proportion of radio cores with viewing angles
below 6, ~ 14°.

The radio core luminosity function, as calculated for radio galaxies, is given by a
double-power law as follows,

(I)RG,C(LE)GHZa Z)dlog L5GHZ = (I)EG(Z) (2'14)

Lo \* ( Lsema N1
< *5G z ) + < *5G’ z ) dlog L5GHZ7
RG(Z) RG(Z)

where the redshift evolution of the parameters, ®}~ and L}, is parameterized as in ref. [31],

ra(2) = e1(2)é1 (2.15)
hale) = ——. (2.16)
ea(2)

We note that our choice of radio core luminosity function is distinct from the distribution
first utilized by ref. [7] and then later employed by ref. [9]. Yuan and Wang construct
their semi-parametric luminosity function using more recent data and discuss the differences
between their results and the luminosity function used by refs. [7, 9] in section 6.4 of ref. [31].
We further explore the effect of our choice of radio-core luminosity function in section 5.3.

3 Contributions to the IGRB

In the absence of electromagnetic cascades, the total gamma-ray flux from the unresolved
source class, X, is given by:

d*F  [rmax 3 d?V  [Lymax N,
dE,dQ  Jo dzdQ Jr e dE,

X ®(L~, 2) (1 —w(Ly,2)) exp (—Tyy)dlog L,

(3.1)

where d?V/dzdS) is the comoving volume element, and dN,/dE, is the gamma-ray spectrum,
which is taken to be a power law with a cutoff at 100 TeV. For the SF activity contribution,
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3.98 x 1072 —5.76 x 1072 218 x 1072 —1.93 x 1073 1.16 x 1072 3.46 x 1074
—5.76 x 1073 6.78 x 1072 747 x 1072 1.99 x 1072 1.76 x 1073 1.02 x 102
218 x 1072 747x107% 3.78x 1072 —1.75x 1072 3.04 x 107* 7.19x 1073
—1.93x 1073 1.99x 1072 —1.75x 1072 2.75x 107! —3.2x 1073 —1.13 x 10!
1.16 x 1072 1.76 x 1073 3.04 x 107* —3.2x 1073 293 x 1072 2.74 x 106
3.46 x 107 1.02x 1072 7.19x 1073 —1.13x 107 2.74 x 1076 1.09 x 107!

Table 2. The full covariance matrix, cov[X;, X;] for i € {a,b,d,g,0sr,0omagn}, of the best fit
parameters in eq. (2.6) and eq. (2.7).

we use a power law spectral index of I' = 2.2 4+ 0.04, while for the mAGN activity contribution
we use I' = 2.25 + 0.28 [9, 55]. We note, however, that throughout this paper we use I' = 2.2
for the source gamma-ray fits which feed into eq. (2.3). The function w is the point source
detection efficiency, which accounts for the fact that resolved sources do not contribute to the
IGRB by definition. We adopt a modified Fermi detection efficiency function as described in
ref. [9]. Note that the gamma-ray luminosity is defined as follows,

1000 GeV N
L :/ E,—Y1dE., 3.2
T Jorcew T TdE, T (3:2)

with
L,

FE, = D20 (3.3)
where Dy (z) is the luminosity distance. Finally, the attenuation of the gamma-rays due to
pair-production is given by the factor of exp (—7y,).

The propagation of gamma rays is complicated by the evolution of electromagnetic
cascades via interactions of the gamma-rays with the CMB and the extragalactic background
light (EBL) which affects the measured diffuse energy spectrum [11, 56]. In order to take into
account the effects of electromagnetic cascades and cosmological red-shifting on the observed
spectrum, we use the publicly available code, y-Cascade [57].

Following the prescription derived above, we calculate the contributions of all unresolved
mAGN and SF activity to the IGRB and present them in figures 4 and 5. Previous works on
blazar AGN;, i.e. BL Lacerae and Flat Spectrum Radio Quasars (FSRQs) have derived similar
contributions to the IGRB [58-61]. We present these contributions and then combine these
along with our calculated diffuse gamma-ray flux from mAGN and SF activity to produce a
total calculated IGRB as shown in figure 5.

4 Results

Our analysis proceeds as follows. We fit the y-ray data from each source as a combination
of three terms: a “fake point source” flux due to background mismodeling, a flux due to
SF activity, and a flux due to mAGN activity. The best-fit values of the latter two terms
establish FIR-v-ray and Radio-y-ray correlations, which establish the relationship between
standard tracers of SF and mAGN activity and their v-ray luminosities. We then extrapolate
these relationships down to less luminous and more distant sources, which have undetectable
~-ray fluxes. Utilizing standard models for galactic FIR and Radio fluxes, we then predict
the total «-ray luminosity.

- 11 -
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Figure 2. The expected density of SFGs (top) and mAGN (bottom) as a function of the distance
to the sources and their IR and 5 GHz radio luminosities, respectively. The source density is the
number of expected sources per decade in both IR /radio luminosity and distance, and is evaluated at
each individual point. Detected Fermi-LAT sources are shown as black dots, and the white region
surrounding that source depicts the closest region surrounding that source where one such galaxy
would be expected to exist. If the white region approximately covers the space, then Fermi-LAT
observations are likely to be relatively complete, while if the white region covers a small portion of

the parameter space, Fermi-LAT observations are likely to be highly incomplete and dominated by
upward fluctuations.
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4.1 Gamma-ray correlations

In figure 1, we show the best fit FIR-y-ray correlation (left) and Radio-y-ray correlation
(right) for SF and mAGN activity in our sample, comparing our results to the population of
detected Fermi-LAT sources that have been associated with a specific SFG or mAGN source.
The best-fit values and approximate 1D uncertainties for each model parameter are shown
in the figure insets. However, for all quantitative calculations in the paper, we use the full
covariance matrix for our model parameters given in table 2.

Because there exists a similarity in the spectral index of the y-ray contribution from
mAGN and SF activity in each source, disentangling these relative contributions as a function
of radio and FIR luminosity is done through a joint-likelihood analysis across 50+ sources
spanning several orders of magnitude in multiwavelength luminosities. The resulting covariance
matrix in table II shows that while the largest off-diagonal covariance is between g and AN,
it is still smaller than the covariance of g itself and within 2% of the covariance of opagN
itself. This is true for all the other parameters as well. Therefore, it’s not expected that the
statistical fit it significantly biased by a degeneracy in the spectral morphology of the mAGN
and SF activity ~-ray contributions.

The contribution from star formation is subject to a well-known energy budget [10, 52].
However, we note that the mean contribution of star forming activity remains at least 1-sigma
below this bound below Ly ~ 102 L and is essentially consistent with the calorimetric
limit for the last decade of luminosity we consider. We should also note that systems above
Lrr ~ 10'2 Ly, contribute negligibly to the IGRB [10].

We first examine our physical predictions before comparing with data. Here we note
three important trends. First, we observe a statistically significant positive correlation between
the FIR/Radio and ~-ray luminosities in each case. For SFGs, this relation exceeds linearity,
indicating that more intense SFGs trap a larger fraction of their proton power and produce
an increasingly bright «-ray signal. This closely matches previous results by ref. [10]. For
mAGN, this relationship is sub-linear, indicating that the brightest radio AGN produce v-ray
activity that is dimmer than expected based on the rapidly increasing radio flux. The value
of b obtained in our study is slightly smaller than that obtained by refs. [7, 9], which found
best fit values of b=1.008+0.025 and b=1.158+ respectively, though we note that the large
error bars in these quantities make the results reasonably consistent at around the 1o level.

Second, we observe very different dispersions for the FIR and Radio correlations. Our best
fit value for ogpq is, again, reasonably consistent with the best-fit value obtained in [10]. For
mAGN activity, we obtain a best fit value ojagn = 0.88, which is larger than opaan = 0.62
obtained by ref. [9]. We stress that our analysis (and all previous studies) obtain much higher
variances for mAGN than for SF activity.

Finally, we note an troubling trend when comparing our best-fit models against Fermi-
LAT observed mAGN. While our models for the SFG luminosity fall relatively close to the
luminosities of detected SFGs, (though several upward fluctuations — including the Seyfert
galaxy NGC 4945 — exist), we note that every observed mAGN lies well above the best-fit
values predicted by our radio to y-ray correlation.

To understand this mismatch it is important to note three key facts: (1) the source-to-
source dispersion in the radio to v-ray luminosity is large, (2) the total population of radio
galaxies out to ~1 Gpc is much larger than the population observed by the Fermi-LAT, (3)
there is a strong sensitivity limit in Fermi-LAT observations, where only the brightest objects
are observed. Combining these three features, we find that Fermi-LAT detected mAGN
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Figure 3. Same as figure 1, except the datapoints represent the calculated y-ray luminosities of
systems in our joint sample. Systems with a 20 detection (after using our blank sky model to account
for background uncertainties) are shown in blue. Systems without a 20 detection are shown with a
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bright due to the other (SFG/mAGN) mechanism.
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should be dominated by sources that have ~2-0 upward fluctuations in their y-ray luminosity,
compared to the mean of the mAGN population.

In figure 2, we graphically depict this result by plotting the total number density of SFGs
(left) [54] and mAGN [31] (right) in terms of their FIR or Radio luminosities, respectively.
In this parameter space, we also plot the luminosities and distances of detected Fermi-LAT
sources. For each source, we add a white ellipse showing the region over which we would expect
to detect ~1 source. If Fermi-LAT observations were providing a relatively complete catalog
of sources in a given parameter space, the white ovals would approximately fill the image in
that region. If they fail to fill the space, then we expect that there are many more sources
(correlating roughly to the amount of area that is unfilled) that have similar multiwavelength
parameters as the sources that are detected by Fermi, but which are not detected in -rays.

In the case of SFGs, the observed systems fill a significant fraction of the parameter
space. In fact some regions are double covered, an effect which is likely due to a combination
of small statistics, and the overabundance of SFGs in the local group. In the case of mAGN,
however, our observations detect only a handful of sources in regions of parameter space where
hundreds of sources are known to exist. These observations thus predict that each detected
mAGN is approximately a 1 in 100 upward fluctuation, compared to the average ~y-ray flux
of sources with similar distances and radio luminosities. Thus, we find that our predicted
model is highly consistent with the Fermi-LAT population. In fact, any model that predicts
all sources to lie within 1o of the best-fit Radio/~-ray correlation would be inconsistent with
the underlying data.

This finding is a critical result of our study, which differs considerably from previous work.
Previous studies analyzed sources primarily derived from catalogs that including selection
criteria based on the y-ray observation / or non-observation of a given source. This allowed
the radio/~-ray correlations of these populations to be consistent with the average source
that were observed. However, these studies were systematically skewed, because they could
only answer the question, “what is the radio to y-ray correlation for mAGN that are bright
enough to be observed by the Fermi-LAT?”

The key goal of our study, on the other hand, is to test the radio/v-ray correlation for a
population of mAGN that is unbiased by its y-ray flux. In this case, we find a best-fitting
correlation that falls far below the average flux of sources that are bright enough to be
observed. This is the expected behavior for a «-ray population that is highly flux limited.
In figure 3, we plot the best-fit parameters of our FIR and Radio correlations. However, in
this plot, we show the best-fitting ~-ray fluxes (or «-ray flux upper limits) for the 57 sources
modeled in our analysis.

We note two important results in the comparison to this data. First, we note that
we show all 57 sources in both plots — regardless of whether the source is expected to
primarily be a SFG or mAGN. That means that we expect many sources to lie far above the
best-fit correlation (e.g., a bright mAGN with a small SFR will lie well above the FIR/vy-ray
correlation). This behavior is directly taken into account in our joint statistical model. The
converse is not true. No galaxy should lie below the FIR/radio correlations, unless it is an
extreme downward fluctuation compared to our best fit models.

4.2 IGRB composition

In figure 4 we show the calculated contributions to the IGRB from activity related to star
formation (SFG) and misaligned actively galactic nuclei (mAGN). We overlay the IGRB
measured by Fermi-LAT [8]. While the error bars in the IGRB (EGB) include both the
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Figure 4. (Top): The total contribution of Star-Forming galaxies to the IGRB, based on our best fit
models tuned to Fermi-LAT data for nearby galaxies. Shaded regions represent the 1o uncertainties in
our model estimate. (Bottom): Same, but for Radio Galaxies. Our analysis indicates that SFGs likely
produce the majority of the IGRB, though the contribution of Radio Galaxies is highly uncertain.
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statistical and systematic uncertainties associated with cosmic-ray background subtraction
and effective exposure, the gray shaded bands show the systematic uncertainties in modeling
the Galactic foregrounds, such as e.g. the quasi-isotropic gamma-ray halo of our Galaxy. We
find that gamma-ray emission from star formation activity is the primary contributor to the
IGRB. The shaded regions in the frames of figure 4 are the 1o uncertainties in our model
estimates, which come from uncertainties in a, b, d, g, omacn, and osp. Although the SF
source class contributes more on average than the mAGN, it should be noted that the mAGN
have a significantly larger dispersion. Therefore, a joint model in which the mAGN contribute
similarly to SFGs, especially above 100 GeV, is consistent with our analysis. In particular,
we find that in 20.5% of our model simulations, the mAGN contribution is brighter than
the contribution from star-forming activity (though never significantly brighter, because the
errors on the star-forming contribution are small).

In figure 5 we show the combined contribution to the IGRB from all extragalactic
components. In particular, we include contributions from other leading source classes, BL
Lacs and FSRQs [58-61]. We find that the SF source class remains dominant over the entire
energy range, though we note that FSRQs are relatively important below a few GeV. Although
the average contribution of BL Lacs (from previous studies) and that of mAGN (predicted
by our model) is almost identical, anisotropy analyses of BL Lacs have placed significant
constraints on their contributions to the IGRB and therefore these sources are not expected
to contribute more than about 20% of the diffuse photons observed by Fermi [6, 9, 62, 63].

Furthermore, we note that the calculated BL Lac and FSRQ contributions do not take
into account the effects of electromagnetic cascades during gamma-ray propagation. Such
a calculation is beyond the scope of this study and is left for future work. Until such a
calculation is done, an in-depth spectral comparison between the blazar source classes and
the mAGN & SF contributions will have sizable uncertainties. However, for our models of
electromagnetic cascades, the unresolved point-source contribution from BL Lacs and FSRQs
is expected to outshine the diffuse cascade contribution from their on-axis jet emission. Thus,
we do not expect that such an analysis would alter the BL Lac and FSRQ fluxes to the point
that they contribute significantly to the IGRB [6, 62, 63].

5 Discussion

We have completed the first simultaneous joint-likelihood analysis of v-ray data with mul-
tiwavelength tracers of both star-forming and AGN activity. Using a robust methodology
capable of accurately treating low-significance signals across many sources, we arrive at three
robust conclusions:

e v-rays from star-formation activity significantly contribute to the IGRB, providing
48T33% of the total IGRB at 1 GeV and 56753% at 10 GeV. Including mAGN contribu-
tions in our analysis does not significantly affect the predicted star-forming flux.

e The contribution of mAGN to the IGRB is highly uncertain. In our average model,
mAGN produce approximately 181“;’3% of the IGRB flux at 1 GeV. At 10 GeV mAGN
produce approximately 181“%2%. Thus, large mAGN contributions remain viable.

e The flux dispersion in the mAGN population is extremely high. Individual mAGN have
~-ray to radio flux ratios that can differ by nearly an order of magnitude at the 1o level.
The analysis of a large, and systematically complete sample of mAGN is paramount to
further constrain their y-ray properties.
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’ Model ‘ a g OSF

This Paper 1.09+£020 | 408 +0.19 | 0.20 +0.17
ref. [10] 118 £ 0.15 | 40.2 +0.24 0.39 +0.12
ref. [26] (All) 1.17 £ 0.07 | 40.94 + 0.08 0.24
ref. [26] (no AGN) | 1.09 +0.10 | 40.7 + 0.10 0.25

Table 3. Best-Fit parameters for the correlation of y-ray emission with star-formation activity in
this paper, compared to previous works. We find that the best-fit values of each parameter align very
closely with the analysis of ref. [26]. Moreover, the results also closely fit ref. [10], after accounting
for a degeneracy the best-fit values of g and ogrp. We note that the best-fit values of g from previous
works have been renormalized to a value of 10%° erg s=! rather than 10'° L, as used in previous
papers. This shift does not significantly produce significant errors in the best fit value of g, but may
lead to 10% errors in the quoted uncertainty of g.

5.1 Comparison with previous SFG analyses

Our analyses of the SFG contribution are qualitatively similar to previous work by refs. [10, 26].
In table 3 we show the best-fitting values of a, g and osp quoted by each analysis. We find
that our best-fit values lie within the 1o uncertainties of ref. [26], both in models where
Swift-BAT detected AGN were included or removed.

Comparing our results to ref. [10], we obtain a slightly higher value for g, but a slightly
smaller value of ogp. However, this is the expected impact of adding an mAGN term into the
joint-likelihood analysis. mAGN activity in galaxies that are dominantly star-forming will
produce additional dispersion in the FIR-y-ray correlation. This is likely to significantly boost
the y-ray luminosity of some SFGs, while leaving the luminosity of the others unchanged.
This results in an increase in ospg, which must be compensated for by a decrease in g (which
is needed to still fit the majority of galaxies without large mAGN contributions). In ref. [10]
(see figure 3), it was shown that a decrease of 0.2 dex in ogp correlates with a nearly 0.4 dex
shift in g. After accounting for this degeneracy, these results are in agreement.

The similarity of our results to those of previous analyses indicates that the calculated
contribution of star-formation activity to the ~-ray flux of nearby galaxies is robust to
contamination from mAGN activity. This is similar to the conclusion of ref. [26], which
found similar results after removing several Swift-BAT detected AGN from their analysis.
However, our analysis is significantly more powerful, as it avoids binary classifications and
allows for mAGN contributions even from galaxies within extremely bright (BAT-detected)
AGN. We furthermore note that the addition of several detected SFGs that were not included
in this paper (namely Arp 220, NGC 3424, Arp 299 and NGC 2146), would only strengthen
these conclusions. These galaxies were removed from our current analysis only because they
lack a measured 5 GHz radio flux. Because these galaxies are in agreement with previous
FIR-v-ray correlations [10, 26|, they would undoubtedly increase the statistical significance of
the analysis here.

Recently, an analysis by Roth et al. adopted a separate approach to quantifying the
contribution of star-forming galaxies to the IGRB. In this work, Roth et al. carefully construct
a physical model of y-ray production through the interaction of supernova remnants with the
surrounding interstellar medium. Extrapolating their results to the cosmological abundance
of star-forming galaxies, they find that star-forming galaxies produce a bright contribution
to the isotropic v-ray background, and are consistent with producing the entirety of the
detected IGRB.
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’ Model

|

b d OmAGN
This Paper 0.78 £ 0.25 40.78 £ 0.52 0.88 £ 0.32
ref. [9] 1.156 £ 0.15 42.2 + * 0.62 £0.12
ref. [7] 1.008 £+ 0.025 42.32 £+ * ?
ref. [13] 0.89 42.75 0

Table 4. Best-Fit parameters for the correlation of y-ray emission with mAGN activity in this paper,
compared to previous works. Our models predict a smaller mAGN induced v-ray flux. We note that
values of d in refs. [7, 9] were normalized a flux of 1 erg s=! which produces large quoted errors in the
value, due to significant degeneracies between d and b. Ref. [7] shows a statistical uncertainty, but
considers it to be due to y-ray measurement errors rather than source-to-source dispersion, and does
not quantify the value. Ref. [13] does not provide uncertainties or a source-to-source dispersion term.

This approach differs from our empirical approach, which instead fits the well-studied
correlation between FIR emission and «-ray production in SFGs, and then extrapolates this
correlation to dim (but FIR detected) SFGs in order to determine the total SFG contribution
to the IGRB. The analysis of Roth et al, on the other hand, is capable of predicting the FIR
to ~y-ray emission, which they perform as a validation step.

However, despite the separate approach, our results are in qualitative agreement. In
particular, we note that our analysis is also consistent with a scenario where SFGs produce a
large fraction of the total IGRB (see figure 4, where our SFG contribution has uncertainties that
overlap a 100% contribution to the IGRB at energies above ~2 GeV). However, our modeling
includes an additional constraint, which is that models of mAGN are inconsistent with a
0% contribution to the IGRB, a physical result which prevents the SFG contribution from
approaching unity itself. This contribution, which is not considered in Roth et al. prevents
the SFG contribution from fitting the entirety of the IGRB data, because the resulting
contribution of mAGN would then overproduce the IGRB data. Indeed, in a previous analysis
which only considered the SFG contribution to the IGRB without a constraint from mAGN,
we found that SFGs are consistent with a 100% contribution to the IGRB across the entire
energy range [10].

5.2 Comparison with previous mAGN analyses

Unlike the case of SFGs, we find that our mAGN analysis differs significantly from previous
studies by refs. [7, 9, 13]. In particular, our analysis predicts a much smaller value of d, but a
much larger value of opagn. Our best fit value of b is similar to ref. [13], but differs from
refs. [7, 9].

We first stress that refs. [7, 13] make several simplifying assumptions that systematically
skew their results. Most importantly, these studies both choose to fit the Radio/~-ray
correlation only using galaxies that are detected in «-rays. Their choice to remove an mAGN
from the sample because it is not a bright ~-ray emission source causes the radio-vy-ray
correlation to be highly biased towards bright sources. Secondly, these papers do not consider
any source-to-source dispersion in the radio-v-ray correlation, causing their results to be
dominated by the brightest (most statistically significant) sources. We note that ref. [7] does
include an uncertainty band, but they calculate this number based only on the statistical
variations in the y-ray flux of detected sources.
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The comparison with ref. [9] is more nuanced, as this paper does include sub-threshold
mAGN and source-to-source dispersion. Our analysis finds a significantly smaller value of b
and d, but with a higher value of o;yagn (which as noted previously, is degenerate with d). We
do note that the catalogs differ markedly, most importantly due to our choices to more strongly
cut on quasar-like activity, as well our constraint to include only sources with measured LIR
fluxes. Importantly, our catalog contains no sources with 5 GHz fluxes exceeding 1043 erg s™1,
while ref. [9] includes several. Additionally, we note that ref. [9] borrowed heavily from ref. 7]
in constructing their catalog, meaning that there may be some bias towards catalog detected

sources. Still, there is no obvious reason for the difference between these results.

The evidence supporting our result stems from the interpretation of figure 2, which does
not rely on the sources included in either analysis. We find that most Fermi-LAT detected
mAGN exist in portions of the Radio Luminosity/Distance parameter space where several
hundred sources are expected. Because this parameter space does not depend on the y-ray
luminosity — the fact that only a few dozen mAGN are detected by Fermi (and not several
hundred), implies that the mAGN that are observed have much higher y-ray luminosities than
the average source in our population. However, the best-fit analysis of ref. [9] includes only
one source that (barely) exceeds the 1o source-to-source dispersion, while figure 2 indicates
that we should see dozens of such sources.

On the contrary, our analysis is consistent with the hypothesis that there is a strong
selection effect on Fermi-LAT detections. If the mAGN population has a large dispersion
in the radio/~-ray correlation, Fermi-LAT observations should detect only the tip of the
iceberg, finding sources that have y-ray luminosities far above the best-fit correlation. This
same argument applies (even more strongly) to the analyses of refs. [7, 13]. An analysis that
includes only detected Fermi-LAT sources is likely to highly bias the underlying correlation.

Finally, we note that, compared to previous works, our joint-likelihood analysis correctly
assigns some fraction of the v-ray emission from mAGN to star-formation within those
same galaxies, decreasing the contribution of mAGN to the IGRB. This effect, which is
theoretically expected as most mAGN galaxies also host star-formation, could not be tested
by previous analyses.

To conclude, we note an important cross-check of our results. As mentioned previously,
comparing the Fermi mAGN population with the full population (shown in figure 2) clearly
implies that all detected mAGN should be ~2¢ upward fluctuations in the Radio to y-ray
correlation. This is consistent with the radio-v-ray correlation obtained by our fit (and shown
in figure 1. However, we stress that our model does not know anything about the total number
of mAGN that exist in the local universe. It only knows about the relative radio and v-ray
luminosities (and their uncertainties) in the systems that we chose to analyze. Thus, the fact
that our fit (in contrast with previous results) predicts that the observed mAGN population is
brighter than the average mAGN population, actually serves as a strong implicit cross-check
of our analysis.

5.3 Comparison of luminosity functions and multiwavelength correlations
Here we try to estimate how the contribution to the IGRB would change in light of a new

luminosity function and/or a new radio-gamma correlation. We can get a rough measure of
how bright the flux is predicted to be given an mAGN luminosity function ¢ ; using the
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following integral,
L, av
i = | =——®~4(L,2)dlog L,——— q
/ /Df(z) villey 2)dlog Ly e 7 de (5.1)

L, dv
~ | ———Ppgi(L z)dlog L —dz.
/ D2(5) rG,i(Lsahz, 2)dlog Lsgr. Ol
Where in the second line we assume a weak luminosity evolution as is the case with mAGNs
(see the discussion of luminosity evolution in ref. [31]). Since there is a linear correlation
between L. and Lsgp., the mean value of L, can be estimated as the mean value of L, at the
central value of Lsgr. = 10%° erg/s. However, since the distribution in eq. (2.7) is log-normal

2
with a SD of oymacn, the mean value is given by L., = 107 100 erg/s. Intuitively, this
means that the galaxy-to-galaxy spread in the ~-ray-radio correlation serves to increase the
mean predicted luminosity of a source class. Finally, we can estimate the relative change in
the flux contribution to the IGRB comparing two choices of ® and f%

=2 (5.2)

J
_ 1 av
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1007?+dj J %‘I)RGJ(LS’ z)dlog Ls gy dz

~ qat(di, dj, 04,05)90 (Pra,i, Pra.j)

where we've abbreviated Lsgp, into Ls. The separation in eq. (5.2) allows us to estimate
the relative change in v-ray flux due to a change in luminosity functions independently
from changes in the radio-gamma correlation while still taking into account the galaxy-to-
galaxy scatter.

Applying this analysis to ref. [9], we find that the ratio of the predicted gamma-ray
luminosity found by Hooper et al. Z%HLL to that found in this work EW,BL to be gat ~ 16.8.
Similarly, the ratio in the luminosity function-dependent integrals is calculated from the
luminosity function ® e i(LscHz, 2) used in this work, as laid out in ref. [31] while that of
Hooper et al. is taken from that used by Di Mauro [7] and found to be g ~ 0.17. Therefore,
one would expect that the IGRB contribution from mAGN would be g ~ 2.9 larger. Indeed
we note that in the lower energy bins, E, < 10 GeV, where relative differences due to the
effects of propagation are mild, Hooper et al. find that mAGN contribute on average about
3 times more than what we predict. To show the validity on these heuristic arguments, we
compare the mean IGRB contribution of mAGN using these different luminosity functions
and fitting parameters after running them through our propagation analysis in figure 6.

We note that the choice of the core-radio luminosity function is very important for
determining the contributions of mAGN activity to the IGRB. Our analysis uses the most
up-to-date luminosity functions presented in [31]. In figure 6, we show that previous lu-
minosity functions (from ref. [7]) significantly overproduce IGRB observations in light of
our updated radio-y-ray correlation parameters. Other choices (for example, matching the
luminosity functions of Yuan and Wang (ref. [31]) with the fitting parameters of Hooper et
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Figure 6. The mean IGRB contribution from mAGN using different Luminosity functions (LF) and
fitting parameters. This work used the parametric LF from Yuan and Wang [31] and our best fit
parameters (table 3). Case 1 used the LF from Di Mauro [7] and our fitting parameters. Case 2 used
the LF from Yuan and Wang and the fitting parameters from Hooper et al. [9]. Case 3 used the LF
from Di Mauro and the fitting parameters from Hooper et al.

al. [9], produce even lower mAGN contributions to the IGRB, which further strengthens our
qualitative conclusions.

5.4 Implications for extragalactic neutrinos

Understanding the origin of the extragalactic IceCube neutrino flux [64—66] is critical to
understanding natures most powerful accelerators. Studies that consider spatial and temporal
associations between IceCube neutrinos and gamma-ray sources have strongly constrained
the contribution of gamma-ray bursts [67, 68] and on-axis blazar jets [69, 70], respectively, to
the diffuse neutrino background. Due to these constraints, many models have examined the
possibility that SFGs [71-73] or mAGN [74-78], dominate the IceCube signal. However, it
should be noted that the sources that dominate the high-energy neutrino flux do not necessarily
need to be bright v-ray sources, for example in scenarios where “hidden” accelerators dominate
the neutrino flux [79, 80].

Unlike blazars, for which it is (impressively) possible to associate a neutrino flux with
a specific source [81], the low-luminosity of individual mAGN and SFGs makes strong
associations unlikely (though see [82-85]). Thus, the composition of the IGRB at GeV
energies shines light into the relative importance of mAGN and SFGs [9, 10, 86]. This is
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well-motivated, because the same hadronic interactions that produce v-ray emission also
produce high-energy neutrinos.

In this paper, we show that SF activity is likely to be the primary contributor to the
IGRB at GeV energies — while mAGN are likely subdominant. This raises the possibility
that SF activity may be a brighter neutrino source than mAGN. However, significant caution
is warranted for two reasons. First, the uncertainties (especially on the mAGN contribution)
are large, making it difficult to rule out sizable mAGN contributions to the IGRB at high
statistical significance.

Second, and more importantly, our model is constrained primarily by the relative
luminosities of SF activity and mAGN at energies between 1-10 GeV, where Fermi-LAT
observations are most constraining. Notably, the spectral indices of the SF and mAGN
components are not constrained by our model — as we adopt a universal spectrum for each
component (this provided a good fit to our data). Small changes in this spectral index
could produce large changes in the SF and mAGN fluxes at PeV-energies, where the IceCube
neutrinos are observed. Additionally, even if this spectrum is an appropriate average for each
source class, a source-to-source dispersion in the spectral index may significantly affect the
total luminosity of the population at PeV energies.

In the case of SF activity, these spectral distortions may occur in scenarios where different
classes of supernovae dominate cosmic-ray injection at different energy scales [87]. Depending
on the dispersion in spectral indices, the neutrino contribution from SF activity can vary
significantly. Models with mixed spectral indices can contribute significantly below 100 TeV
and less so above that energy [55]. However, in models where the SF spectrum is relatively
soft, it may be difficult to explain the intensity of the neutrino flux within any SFG model [86],
particularly at energies between 10-100 TeV [88]. These results suggest that while models of
the SF component can be constructed to explain the IceCube data above or below 100 TeV,
at least two source classes are needed to explain the whole energy range.

Thus, while our model would hint towards an SF activity explanation for the IceCube
neutrino flux, we strongly caution that this is far from a definitive picture. In particular,
significant work in fitting the TeV ~-ray fluxes from SF activity and mAGN is required to
better understand the spectral features of both emission sources. Moreover, a full model

— including not only SF activity and mAGN, but also contributions from on-axis AGN
(blazars), GRBs, and hidden neutrino sources, may be necessary to explain the totality of the
IceCube signal.

5.5 TUncertainties above 100 GeV

The uncertainties related to the injected spectra of our source classes suggest caution should be
taken when analysing these results above 100 GeV. This is particularly true, as cascades and
~-ray attenuation begin to significantly distort the injected ~y-ray spectrum at high energies.
Since the magnitude of electromagnetic cascade production depends on the injected gamma-
rays above 1TeV, uncertainties in spectral cutoffs as well as the distribution of spectral indices
for mAGN translate into uncertainties in the cascade contribution and spectral distortion
above 100 GeV. Additionally, the choice of models for the extra-galactic background light
(EBL) and extra-galactic magnetic field (EGM) also affects the spectral shape of the resulting
diffuse flux, particularly around the break at around 100 GeV.

We note, in particular, that this implies that the high-energy contribution from mAGN
(in this paper) should not be compared with the contribution of BL Lac objects in the high
energy range (as cascades were not taken into account in previous studies). Finally, we point
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out that the intrinsic spectral shape above 100 GeV would also make a significant difference
in the relative contribution of different source classes to the diffuse high-energy neutrino flux
(see also ref. [55]).

Since the curvature of the intrinsic luminosity spectrum of the source classes in figures 4
and 5 is not known exactly, we adopt an exponentially cut-off power law to describe these
spectra. However, this introduces a small caveat to our results. If the intrinsic curvature of
the most luminous sources is curved toward softer emission above 100 GeV, then the results
presented herein will be systematically over estimated across the mAGN and SF activity
source classes. The exact calculation of intrinsic curvature is relegated for future work. We
also note that this will only significantly affect our analysis above ~100 GeV, where the
Fermi-LAT observations decline in statistical power.

6 Conclusions

Previous work has found that mAGN and SFGs are the two most likely source classes capable
of explaining the IGRB. However, these studies have come to different conclusions regarding
which is more important. This was primarily due to two weaknesses in previous work: (1) each
only examined one source class at a time, mistreating systems which produced ~-ray emission
from both central black holes and SF activity, (2) most studies utilized source samples that
were systematically biased by the presence of bright y-ray emission.

In this paper, we have completed a systematic joint-likelihood analysis that simultaneously
accounts for both the y-ray contributions of SF and mAGN activity. Using this methodology,
we arrive at consistent predictions for the correlations between ~-ray luminosity and FIR &
5GHz-core radio luminosity. We find that SF activity contributes a significant fraction of the
observed IGRB, and its contribution is independent of contamination from potential mAGN
activity (for example in Seyfert galaxies). On average, the contribution of SF activity is three
times higher than that of mAGN.

While mAGN activity is usually subdominant to that of SF activity — and often
similar to the contribution of on-axis blazars — we note that the uncertainty in the mAGN
contribution is extremely large. This is due to significant source-to-source dispersion in the
radio/~-ray correlation among the class of mAGN. We note that a similar uncertainty does
not apply to on-axis blazars, which have a total contribution that is well-constrained by
anisotropy analyses.

We note that this analysis goes beyond previous papers in its ability to differentiate
between SFG and mAGN contributions to the y-ray background. In any previous analysis,
any ~-ray emission in a radio galaxy would be 100% correlated with mAGN activity, while
in a separate SFG analysis any ~-ray emission (even from the same galaxy) would be 100%
correlated with its star-formation activity. In our analysis, y-ray emission is treated as a
sum of contributions from both sources. However, our analysis can still be systematically
affected if, for example, an AGN produces bright FIR emission. A more careful separation of
low-frequency emission from mAGN and star-formation activity lies beyond the scope of this
work, but may produce more precise determinations of SFG and mAGN contributions to the
~-ray background.

The difference between our IGRB predictions and those of previous studies stems
from changes in both the multiwavelength correlations, as well as multiwavelength luminosity
functions. In both cases, our FIR-y-ray correlation is consistent with previous results. However,
our mAGN models are starkly different. Our analysis of the radio-vy-ray correlation finds a
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significantly smaller median y-ray luminosity but a much larger galaxy-to-galaxy scatter than
previous models. Averaging over the mAGN population, we find that an average mAGNs
~-ray luminosity is approximately 18 times smaller than previous models predict. However,
our model also uses an updated mAGN luminosity function, which predicts that (for a given
radio-y-ray correlation) the contribution of mAGN to the IGRB would be six-times larger
than in previous studies. Combining these two factors, we find that the total contribution of
mAGN activity to the IGRB is, on average, three times smaller than previous studies.

We note that the critical systematic uncertainty affecting our analysis (and all analyses
of the IGRB) is the existence of a complete local catalog of FIR and Radio luminosities for
nearby galaxies that is unbiased by the presence of any associated -ray emission. Additionally,
observations of the diffuse v-ray flux above 1 TeV would significantly constrain the spectral
composition of our source classes, providing more accurate determinations of the very high-
energy ~v-ray and neutrino emission from these sources.
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A BL-Lac contribution

In figure 7 we show the total calculated contribution to the IGRB from the source classes
discussed above but using the BL-Lac contribution as calculated by ref. [89]. We note that
ref. [89] and ref. [59], which is used in the body of this manuscript, are contemporaneous
studies from the fall of 2013. While these two studies predict blazar contributions which are
on the whole compatible at energies below 100 GeV, at energies higher than this, ref. [89]
predicts a blazar contribution which is about 3-5 times brighter than ref. [59]. Among
the differences discussed in the corresponding papers, we note that while ref. [59] does not
directly model the effects of electromagnetic cascades, ref. [89] does so using a different EBL
model than the one used in this manuscript. Moreover, they do not consider the effects
of synchrotron cooling or Klein-Nishina suppression at high energies [90] when computing
their cascade contribution. While differences in the EBL should not determine the overall
shape of the expected spectra from a given source class, this choice will affect the region
above 100 GeV, where electromagnetic interactions with background fields cause a spectral
break, more so than the lower energy spectral region. Therefore, we restate the importance of
caution in interpreting these results near the spectral break due to the uncertainties involved
in gamma-ray propagation.

Using this alternative blazar contribution affects the results in two main ways. First,
the total calculated IGRB is expected to be about 1o brighter than the measured IGRB
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around 100 GeV. This in itself is not a problem since the calculated spectra remains a
very good overall fit to the measured data. Second, blazars come to dominate the IGRB
above 100 GeV. At these energies, SF activity and blazars contribute roughly equally within
uncertainties, though blazars appear to gain importance at increasingly high energies. Inter-
estingly, the two different predicted contributions from blazars remain within 1o agreement
with that of mAGN, though ref. [89] predicts that blazars on average outshine mAGN at
higher energies.
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Figure 7. (Top): As figure 5 but with the BL-Lac contribution as calculated by ref. [89].
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