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The origin of the isotropic gamma-ray background (IGRB)—the portion of the extragalactic gamma-ray
sky that is not resolvable into individual point sources—provides a powerful probe into the evolution of the
high-energy Universe. Star-forming galaxies (SFGs) are among the most likely contributors to the IGRB,
though their contribution is difficult to constrain because their flux distribution is dominated by numerous
faint sources. We produce a novel joint-likelihood analysis of the y-ray emission from 584 SFGs, utilizing
advanced statistical techniques to compare the distribution of low-significance excesses against the non-
Poissonian y-ray background fluctuations. We first examine the theoretically well-motivated relationship
between the far-IR and y-ray luminosities of SFGs, utilizing a model where the y-ray luminosity is given by
logo(L,/(erg s7')) = alog;o(Lir/(10"°Lg)) + f. We calculate best-fit parameters a = 1.18 +0.15,
f =38.49 £0.24, with a log-normal dispersion in this relationship given by ¢ = 0.39 £0.12. The
best-fit values of a and f are consistent with previous studies. We find a larger dispersion in the far-IR to
y-ray correlation than previous studies. This dispersion is significant at the level of 5.7¢. These results
imply that SFGs significantly contribute to the IGRB, producing between 61.01302% of the total IGRB
intensity above an energy of 1 GeV. Along with recent works, this strongly indicates that multiple source
classes provide comparable contributions to the IGRB intensity. We discuss the implication of these results

for the interpretation of the IceCube neutrinos.
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I. INTRODUCTION

As observed from Earth, the brightest y-ray source in the
Universe is the diffuse emission observed throughout the
interstellar medium of the Milky Way. These y rays are
produced by cosmic rays interacting with interstellar gas
and radiation via hadronic, bremsstrahlung, and inverse-
Compton processes. An equivalent process occurs in all
galaxies. While the exact mechanisms which produce the
y-ray emission in the Milky Way are unknown (e.g. [1-4]),
the intensity of this diffuse y-ray emission is thought to be
roughly proportional to the Galactic supernova rate, as
supernovae dominate the cosmic-ray energy budget. There
are several complications, most importantly the degree to
which any given galaxy is “calorimetric” to cosmic rays—
that is, the extent to which the entirety of the cosmic-ray
energy budget is converted to radiation (including y rays,
radio, or neutrinos) before the cosmic rays escape [5-8].
While the majority of galaxies in our Universe produce a
y-ray flux far below the sensitivity of current instruments, a
handful of galaxies have been individually detected. These
include several of our closest neighbors (LMC, SMC and
M31), as well as some of the most intense nearby star-
forming galaxies (NGC 1068 (M 77), NGC 3034 (M 82),
NGC 4945, and Arp 220) [9,10].
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The sum of the emission from all galaxies in our
Universe may produce a significant fraction of the extra-
galactic y-ray flux. It is worth noting that extragalactic y-ray
emission is divided into two components. The first, known
as the “extragalactic y-ray background,” includes all y rays
produced outside of the Milky Way. The extragalactic y-ray
background is dominated by emission from y-ray blazars
[11-13]. The second, which is a subset of the first, includes
all extragalactic y rays produced by sources too faint to be
individually resolved. Anisotropy constraints imply that
blazars can produce no more than ~20% of this emission,
known as the “isotropic y-ray background” IGRB) [14,15].
It is the origin of the latter component that we will study in
this paper. The intensity and spectrum of the IGRB has
been well quantified [16,17].

Understanding the IGRB would provide significant
insight into the energetics of the high-energy Universe
[18-20]. In particular, the source that generates the IGRB is
likely to produce the high-energy neutrinos observed by
IceCube [21]. Possible contributors to the IGRB include
blazars [22], radio galaxies [22-24], quasar-driven out-
flows [25], star-forming galaxies (SFGs) [6,7,26-30], or
exotic sources like dark matter annihilation [23,31,32].

The total contribution of galaxies to the IGRB is thought
to be dominated by systems currently undergoing moderate
to intense star formation activity. Since star-formation can
be traced through far-IR observations (FIR, hereafter
considered to be the total 81000 ym emission) [33-39],
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models for y-ray emission from SFGs have correlated the
observed y-ray luminosity of each galaxy with the FIR
luminosity.

This correlation is supported by both observational and
theoretical insights. Multiple early observations correlated
the infrared emission from star-formation activity with
nonthermal radio emission from the synchrotron radiation
of relativistic particles [40—48]. This was originally inter-
preted in terms of electron calorimetry, assuming that when
electrons are accelerated by supernovae, they lose all of their
energy to synchrotron radiation before exiting the galaxy
[49]. However, the correlation was observed to continue in
noncalorimetric galaxies [50-52], with a radio synchrotron
spectrum that was observed to be harder than that of a
synchrotron-cooled electron population [53]. To account for
this, a more general version of the infrared to nonthermal
radio correlation was developed [53], which is based on a
convolving factor. In particular, it was shown that both the
star-formation rate [35,54,55] and the magnetic field energy
density [56] are correlated with the volume density of cold
gas in noncalorimetric galaxies. The harder synchrotron
spectrum of these galaxies can be observed if bremsstrahlung
energy losses are taken into account [57].

Given that the radio emission depends on the acceleration
and confinement of relativistic electrons, a correlation of the
nonthermal radio emission to y-ray emission may be
expected [6,26,58-60]. The extent of this correlation
depends on whether galaxies are equally calorimetric to
cosmic-ray protons (which have significantly longer energy-
loss times) as they are to cosmic-ray electrons [7,61].

Recently, observations by the Fermi-LAT have provided
evidence supporting this radio to y-ray correlation [62,63].
This, in turn, motivates a close correlation between the
observed FIR and y-ray correlation of SFGs. The contin-
uance of the radio to FIR correlation to relatively dim
galaxies [50-52] then motivates the extrapolation of this
correlation to dim galaxies in order to determine the total
contribution of SFGs to the IGRB. Current models assume
a power-law relationship between the y-ray and IR Iumi-
nosities that can be expressed as

L L
1 e e ) 1
0910 (erg s‘1> (10910(1010L®> +p (1)

This observation has also been definitively observed. The
Fermi-LAT Collaboration examined 69 SFGs and obtained
best-fit values of a = 1.17 £0.07f = 39.28 + 0.08 [29]
with a source-to-source dispersion of approximately 0.2
dex for y rays in the energy range 100 MeV—100 GeV. A
recent study of 59 SFGs by [64] found no new detections
(TS = 25) compared to those listed in [29], and calculated
best-fit values a = 1.12 £ 0.08, f = —=37.9 + 0.8.!

'In [64] the value of f was normalized to a FIR luminosity of
I Ly, which artificially increases the error on f, since a and j
become degenerate.
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While £ is a simple normalization factor in this relation-
ship (describing the ratio of the total y-ray luminosity to the
FIR luminosity in a 10'0 L, galaxy), the value of a
provides considerable insight into the physics governing
cosmic-ray interactions in massive galaxies. A default value
of @ =1 would indicate that the calorimetric fraction of
galaxies is not dependent on the Galactic star-formation
rate, while values of @ > 1 would imply that galaxies with
more active star formation are more calorimetric to cosmic
rays. Several authors have argued for the latter scenario
[60], finding that a threshold star-formation rate is neces-
sary in order to produce the gas densities necessary for
calorimetric cosmic-ray interactions. A model with a > 1
can be viewed as a continuous version of these arguments,
where the calorimetric fraction of a galaxy smoothly rises
with the star-formation rate.

Previous studies have investigated this relationship.
However, they are incomplete, in that they have inves-
tigated only the brightest SFGs, and included only the
upper limits from sources that are not detectable at 5o
confidence. This significantly degrades the total informa-
tion available in Fermi-LAT observations. Moreover, these
analyses may bias the FIR to y-ray correlation in two ways.
First, by using only upper limits from non-detected SFGs,
these analyses decrease the information extracted only from
dim SFGs. This potentially makes the correlation system-
atically biased towards the brightest systems. Second, two
of the most important systems for the determination of the
FIR to y-ray correlation in these analyses are the LMC and
SMC. This is due to both their relative proximity (high
y-ray flux) and low FIR luminosity (which provides them a
long lever arm to constrain the LIR to y-ray correlation).
However, the close proximity of these systems to the
Milky Way is atypical for small galaxies. Additionally,
the y-ray emission from these systems may not be due to
star-formation activity. [65-67].

In this study, we analyze the y-ray signal coincident with
584 SFGs selected from the Infrared Astronomical Satellite
(IRAS) sample [68], and produce a full log-likelihood
profile for each SFG as a function of the y-ray flux from
each sky position. Because many of these SFGs are
observed at very low-statistical significance, we develop
a novel method for estimating the contribution from
background fluctuations in the y-ray data, creating a
joint-likelihood analysis framework that is valid in the
presence of large non-Poissonian background fluctuations.
Additionally, we allow for system-to-system variation in
the correlation between the FIR and y-ray luminosities. In
this study we neglect the SMC and LMC, but interpret our
fit to these systems in the discussion. Utilizing this analysis
framework (and marginalizing over all other variables), we
find best-fit values of @ = 1.18 £ 0.15, f = 38.49 £ 0.24
and o = 0.39 = 0.12. We detect dispersion in the FIR to
y-ray luminosity of SFGs at 5.7¢. Combining these results
with an extrapolation to dim SFGs observed only in the
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FIR, we find that SFGs contribute a significant fraction of
the IGRB, 61.0ffgj32%. This is in slight tension (at the 20
level) with models where SFGs produce the entirety of
the IGRB, but also in slight tension (at the 2¢ level) with
analyses showing that radio galaxies dominate the
IGRB [24].

II. MODELS

A. Gamma-ray data analysis

We utilize 584 of the 629 SFGs included in the IRAS
sample of bright galaxies [68]. We have removed a small
number of systems for the following reasons. First, we
remove systems observed at a Galactic latitude |b| < 10°,
where the bright Galactic diffuse emission produces con-
siderable backgrounds. Second, we have removed the
LMC, SMC and M31 from this sample, as they are
extended y-ray sources that may not be accurately modeled
with the point-source analysis technique employed here.
Additionally, the FIR luminosities for these systems are
significantly smaller than the typical galaxies in our
analysis. Detailed y-ray analyses of these galaxies exist
in the literature [62,67,69,70], and we will compare our
results to these systems in the discussion. Third, we
remove the system NGC 2146 from our analysis, noting
that the system is coincident with a y-ray source
(3FGLJ0707.0 + 7741). However, in the Fermi 3FGL
catalog this source is associated with the nearby BL Lac
object NVSS J070651 + 774137 [9], though the associa-
tion is debated [71]. We also produce an analysis which
includes the systems M31 and NGC 2146 as y-ray bright
point sources, finding that they do not significantly affect
the results shown here. We note that our IRAS sample does
not include Circinus, which has a bright y-ray signal that
may be produced by either star-formation activity or the
Seyfert nucleus of the Galaxy [72].

For each of these 584 systems, we calculate the y-ray
flux using the following technique, which is similar to that
employed in [24]. Specifically, we employ 84 months of
Pass 8 Fermi-LAT data® in the energy range 1-100 GeV
using the PSBR2_SOURCE_V6 event selection criteria. We
remove events recorded at a zenith angle exceeding 90°,
those observed while the instrument is not in survey mode,
while the instrumental rocking angle exceeds 52°, or while
the Fermi-LAT is transiting the South Atlantic Anomaly.

We model the y-ray emission in a 14° x 14°box surround-
ing each SFG, binning the dataset into 140 x 140 angular
bins and 10 energy bins logarithmically spaced from 1 to
100 GeV. We first fit the background model (not including
the SFG) to the data over the full energy range, allowing the
intensity and spectrum of both known y-ray point sources
and the diffuse y-ray emission to float using the default
criteria produced using the make3FGLxml.py tool. Having

*MET range: 239557417-464084557.
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fit this background model, we then calculate the improve-
ment in the log-likelihood when a point source is added at
the position of the SFG. We initially allow the flux of the
SFG to float independently in each energy bin, but then
calculate the total improvement in the log-likelihood fit
when the SFG is fit to a simple power law. We test 81 power-
law spectra spanning —2.8 < y < —2.0, and for each spec-
tral choice we determine the improvement in the log-
likelihood as a function of the y-ray flux for each SFG.

In contrast with previous analyses, we allow the flux of
the SFG to be negative, a choice which is nonphysical for
real sources, but which accounts for the possibility of
oversubtraction in the background model. The treatment of
negative background fluctuations is critical for this analy-
sis. Because the background model is fit to the data before
the SFG is added, the background model is equally likely to
undersubtract or oversubtract the y-ray data in a given
angular bin. SFGs will appear dimmer than expected if they
happen to lie coincident with a region of oversubtracted
y-ray emission. Since we use the Fermi-LAT likelihood
algorithm, which utilizes Poisson statistics to compare the
number of observed photon counts with the expected
number of counts from a given model, mathematical
inconsistencies arise in any bin (energy, longitude, latitude)
where the negative photon count from SFG model exceeds
the positive photon count from the background. We treat
this scenario as follows: if the number of observed photons
in the bin is 0, we calculate the likelihood by taking the
absolute value of the model photon count. This maintains
the typical behavior—the best-fit value for the log-
likelihood occurs when the model prediction is also O,
and the log-likelihood fit becomes worse as the model
prediction moves away from this value. If the number of
observed photons in the bin is nonzero, we add an arbitrarily
large error into the log-likelihood calculation for negative
model predictions. This also maintains the typical behavior,
as a model prediction of exactly 0 photons should also be
strongly disfavored if nonzero photons are observed in the
bin. We note that this scenario only arises in the highest
energy bins, and has no practical implication for our results.

B. Gamma-ray to IR correlation

Using the calculated distribution of y-ray fluxes, we test
the FIR to y-ray correlation provided in Eq. (1). We follow
the models of [24,29] and add an intrinsic scatter in the FIR
to y-ray correlation, such that the probability of finding a
SFG with a given y-ray luminosity is given by

1 log(L,.) —alogLig — f
Pl = 5oz (-2 @)

where L, . is the y-ray luminosity of the SFG, and the
integral of P, over all y-ray luminosities is normalized to
unity. We note that this correlation assumes that the y-ray
emission from the SFGs under consideration is dominated
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by star formation occurring in each galaxy. However, for
some galaxies with active Galactic centers (e.g. NGC 1068
and Arp 220), this relation may not hold. We comment on
the interpretation of these results with respect to the
galaxies with both active star formation and Galactic nuclei
in the discussion.

C. Background fluctuations

As shown in previous studies, the addition of point
sources at random positions in the Fermi-LAT sky leads to
improvements in the log-likelihood fit that exceed the
distribution expected from Poisson statistics [73-79].
This significantly affects the calculated flux distribution
of low-significance point sources in Fermi-LAT searches.
We must carefully consider the possibility that the flux
detected coincident with an SFG results from a fluctuation
of the y-ray background, rather than from physical emission
by the SFG. To account for the effect of background
fluctuations in the FIR to y-ray correlation, we produce a
novel joint-likelihood algorithm that calculates the proba-
bility that a fraction (or all) of the y-ray flux from any SFG
is actually the result of a background fluctuation. The
analysis proceeds as follows.

To determine the distribution of y-ray fluxes expected
from errors in the background model, we directly evaluate
the improvement in the log-likelihood fit for a population of
point sources placed at “blank”-sky locations, where no
y-ray source is expected. Noting that the brightest diffuse
y-ray emission is symmetric with respect to the Galactic
plane, we choose 1168 blank-sky positions located at the
“mirrored” positions (=7, b) and (¢, —b) for all SFGs at
locations (7, b) in our analysis. This ensures that our blank-
sky positions have a similar global spatial distribution as
the real SFGs. We also analyze the y-ray emission from the
blank-sky positions located at (—Z, —b), but will reserve
these final positions to produce tests of our analysis method
shown in the Appendices.

We note that Eq. (2) can be rewritten as a correlation
between the FIR and y-ray fluxes. Specifically, we take

1
= L c
dnding "

e (3)

for each SFG. Running our analysis on the 1168 blank-sky
positions, we calculate the fit to the y-ray data as a function
of the y-ray flux, producing a likelihood function for each
SFG denoted as LG(L(¢hy,)). We set LG(L(¢hp,)) = 0 at
the best-fit value of the y-ray flux. The probability of
observing a y-ray flux f at a given sky position can be
computed by taking the exponential of the log-likelihood
function. This is similar (in spirit) to producing a histogram
of background counts to determine the distribution of noise
in an observation—except the error bars on the y-ray flux
are large, so each point in the blank sky analysis contributes
continuously to many bins in the histogram. Examining
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FIG. 1. The probability of observing a blank-sky position with

a given y-ray flux. The probability distribution is calculated from
an ensemble of 1168 background sky positions located at (-7, b)
and (¢, —b) for each SFG in our analysis. The probability
distribution (as a function of the y-ray flux) for each individual
source is taken from the likelihood function obtained by fitting
each point source to the Fermi-LAT data. The solid lines show the
normalized probability, while the dashed lines show the relative
probability of drawing a background fluctuation in a given range
Af. The red shaded region denotes the portion of the x axis
plotted on a linear scale.

the combined population of blank-sky positions, the
probability that a given y-ray flux will be observed from
background fluctuations in the Fermi-LAT data is given by

Puylhng) = 3 S Aexp (LG(L(hy,) ()

where ¢, is the background y-ray flux, ALG(L(¢,,)) is
the likelihood of the fit to a given blank-sky position i at a
flux value of ¢;,. The sum is taken over all N = 1168
blank-sky positions in our analysis, and A; is a set of
normalization constants set such that the integral of
exp (~LG(L(¢y,)) over all ¢, is unity for each blank-
sky position.

In Fig. 1 we show the resulting function P, calculated
through our analysis of 1168 blank-sky positions using the
same analysis framework described in Sec. Il A to deter-
mine the y-ray flux from physical SFGs. We note that the
value of P, is calculated over many orders of magnitude
in the observed flux, while the probability of observing
a y-ray flux in a specified range is given by P,,(f)Af.
Thus, we also show the value of P, reweighted by the flux
to illustrate the relative probability of drawing a given y-ray
flux from a blank-sky position.

Using P;,, we can calculate the probability that a point
source with a given y-ray flux is consistent with fluctua-
tions due to background mismodeling. A physical SFG
with a best-fit y-ray flux near the maximum value of Py,
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would have a high probability of being explained as a
background fluctuation, while a SFG with a y-ray flux near
the tails of the P, distribution would have a small chance
of being explained by background mismodeling.

It is possible that a background fluctuation can explain
some, but not all, of the y-ray flux from a true point source.
That is, if a point source has a likelihood function given by
LG(L(¢)), the probability that the source is consistent with a
given y-ray flux is given by exp (—LG(L(¢)). The proba-
bility that this source can be explained by a background
fluctuation can be calculated by multiplying the probabilities
of each distribution, thatis, exp (=LG(L(¢)) x P,,,(¢). This
value may be maximized at a flux ¢ that is not equal to the
best-fit flux for the point source. Any remaining flux may be
explained as an unusually bad error in the fitting of the y-ray
data, or may be explained by physical emission stemming
from a true point source at the given sky location. Formally,
we can combine Egs. (2) through (4) to calculate the
probability that the y-ray flux from SFGs can be explained
via the FIR to y-ray correlation as

Pap.)=T] [7 |7 exp(-LO(L(. + 1))
X Pbg(¢y.bg)Pc (¢C’ a, :Hv G)d¢cd¢bg~ (5)

This formalism determines the probability that a SFG
with a given likelihood function is explained by some
additive combination of a background fluctuation and a true
source flux predicted by the FIR to y-ray relation. The term
exp(—LG(L(¢. + ¢s,)) is independently maximized at the
best-fit flux of the SFG under consideration, while the P,
and P, terms provide the probability that the source fluxes
¢, and ¢, are consistent with the expectations from the
background model and the FIR to y-ray correlation,
respectively. Note that ¢, can be negative, as it includes
terms due to the mismodeling of the y-ray background. On
the other hand, ¢. cannot be negative, as it represents the
true y-ray flux from the SFG under investigation. The total
probability of the fit to the FIR to y-ray correlation is the
product of the probability over all 584 SFGs. We maximize
P(a, p,0) to determine the best-fit FIR to y-ray correlation
for the SFG population.

We note in Fig. 1 that the distribution of P, varies based
on the calculated spectrum of the SFG under investigation.
In this analysis, we calculate 81 functions P, ; spanning
the spectral indices —2.8 < y < —2.0. For each SFG, we
calculate the best-fit spectral index from a scan of the
LG(L) parameter space (ignoring the possibility of back-
ground fluctuations), and then utilize the likelihood func-
tion and the function P ; that correspond to the best-fit
SFG spectrum. We find that this choice, compared to the
choice of a single spectral index for our entire analysis, has
a negligible effect on our results.
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D. Contribution to the IGRB

Using the calculated FIR to y-ray relation, we can
calculate the total y-ray contribution to the IGRB by
extrapolating to low FIR luminosities. For this, we closely
follow the calculation of [30], using the FIR flux deter-
mination normalized to [80]. We repeat a few details of the
calculation below for clarity, but refer the reader to these
works for a detailed explanation of the technique.

We adopt a model for the FIR luminosity function given
by [80] as

®r x(Lir, z)dlogL g

. LIR (1-arx)
= q)IR.X(Z) (L* (Z))
IR.X

L
log® <1 +—
LIR.X(Z)

where the subscript X distinguishes the redshift evolution
of normal galaxies, starburst galaxies, and starburst gal-
axies with possible active Galactic nuclei. In the observa-
tional work of [80], the values of @,  and Ly y are fit to
the redshift bin z = 0.0-0.3. In [30], these values are
recalculated to provide best-fit values at redshift z =0
to simplify the calculation. However, the reported values in
[30] appear to overestimate the data recorded by [80] in the
redshift range 0.0-0.3. In this work, we calculate best-fit
values of @* and L* such that the total emission from the
redshift range z =0.0-0.3 is equivalent to the data
recorded by [80]. Specifically we calculate best-fit values
of log;o(L*) = {9.46,11.02,10.57} Ly and log((®*) =
{-2.08,-4.74,-3.25} Mpc~> for the “normal galaxy,”’
“starburst galaxy” and ‘“star-forming AGN” components
respectively. We find that these choices decrease the total
y-ray contribution to the IGRB by approximately 20%,
compared to using values from [30]. Utilizing this distri-
bution of FIR luminosities, we calculate the total y-ray
intensity as

I(E ) o /Zmax d /Ly.mux dLy d2V
7= )y ). LG(0)L, dQdz

dF,x(L,,(1+2)E,,z)
XY @, x(Ly,7)—L “UE
X

1
X exp [— 52 )}dlogLIR (6)

OIR X

e~ 7(Ey2)
v

(7)

where d*V/dQdz is the comoving volume, 7 is the optical
depth of y rays at a given energy and redshift [81],
dF, x/dE, is the y-ray spectrum, for which we use a
constant power law a@ = —2.32 (based on our analysis of
the brightest SFGs described later). This value is consistent
with the results of [60], who find a = —2.3 £0.025.
Finally, we note that Eq. (1) is used to replace the unknown
y-ray flux distribution with the known FIR flux distribu-
tion, utilizing the fact that
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‘Dy,x (LW z)dlogLy = q)IR,X(LIR? Z>d10gLIR- (8)

We note that the above model does not include
dispersion in the FIR to y-ray correlation. To determine
the contribution of SFGs to the IGRB for a given value
of the dispersion in the FIR to y-ray relation, we first
calculate the mean y-ray luminosity of SFGs in this model
as a function of the FIR luminosity. We then calculate the
total SFG contribution to the IGRB utilizing this new mean
value of 3, assuming no additional dispersion. We note that
this provides mathematically identical results in the limit
that a large number of SFGs contribute to the IGRB—that
is, so long as the log-normal distribution of y-ray fluxes is
fully explored by the SFG population. Otherwise, the mean
contribution of SFGs to the IGRB will stay the same, but
the error bars will be underestimated. Later in the paper we
justify this assumption, finding that the majority of the
IGRB intensity is produced by millions of systems with
similar y-ray fluxes.

We make two theoretically motivated cuts on the y-ray
flux in our models. First, we ignore the y-ray flux produced
by any system that would be detectable as a y-ray point
source in our analysis. This is necessary to make a proper
comparison with the IGRB, which includes only the
emission that remains after all detectable point sources
are removed. Removing these sources is mathematically
equivalent to setting a minimum bound on the redshift
integral that is dependent on the y-ray luminosity of the
SFG. To determine which point sources would be detect-
able at the TS = 25 level (used in the 3FGL catalog), we
calculate the correspondence between the maximum
improvement in the log-likelihood for a point source and
the best-fit flux of that point source. We show our results in
Fig. 2, and find that these parameters are tightly correlated.
Using this relationship, we do not include a contribution from
any system with a flux exceeding 1.17 x 107'? ergcm=2s~!
over 1 GeV, which would correspond to TS = 25 in our
analysis. We find that this cut decreases the SFG contribution
to the IGRB by less than 1%.

Second, we do not allow the mean y-ray luminosity from
SFGs in our model to be supercalorimetric for any value of
the FIR luminosity. This scenario can occur during the
extrapolation of the FIR to y-ray correlation up to high FIR
luminosities in cases where « is large. While a given SFG
may be supercalorimetric due to time variability in the FIR
to y-ray correlation, the average flux from such systems
should not be above the calorimetric limit, due to energy
conservation. We reduce the y-ray emission from these
systems to the calorimetric limit, utilizing the relationship
calculated in [8], but setting the maximum y-ray luminosity
to be 1.28 x 10~* of the FIR luminosity in the energy range
1-100 GeV. This value is slightly lower than calculated in
[8], which considers the total y-ray emission in the range
0.1-1000 GeV. We convert between these models assuming
a best-fit spectral index for SFG, which we derive later. We
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FIG. 2. The correspondence between the total improvement in
the log-likelihood of a point source and the best-fit flux of the
source. The points are taken from all 2336 sky positions
[including SFGs, null sky positions, and the positions (=7,
—b) used for data verification]. We find that the improvement
in log-likelihood and the best-fit flux are tightly correlated, as
would be expected given that the ALG(L) is based on the photon
count in each energy and angular bin. The best-fit relation is
given by log;((LG(L)) = 1.818log;o(f) + 22.787. This high-
lights the similarity in the approach of using the observed y-ray
flux distribution at blank-sky locations, and the test statistic (TS)
distribution from blank-sky locations to characterize the back-
ground. The red shaded region denotes the portion of the x axis
plotted on a linear scale.

find that this cut decreases the total SFG contribution to the
IGRB by approximately 10%.

III. RESULTS
A. Analysis of individual SFG properties

Our analysis confirms previous results indicating that the
systems NGC 253, NGC 1068, NGC 3034 and NGC 4945
are y-ray bright SFGs. Utilizing the distribution of P, to
translate the likelihood function of each point source the
statistical significance of the source (taking into account the
possibility of background mismodeling), we can determine
that the y-ray emission observed from each SFG is
statistically significant at confidence levels of 7.00c
(NGC 253), 4.420 (NGC 1068), 8.066 (NGC 3034), and
7.100 (NGC 4945). Because the distribution P, takes into
account the possibility of background fluctuations, we note
that all of these sources are highly significant. We discuss
the utilization of P, to determine the statistical signifi-
cance of sources in Appendix E.

In addition to the SFGs identified in the 3FGL, our
analysis identifies the systems NGC 2403 and NGC 3424
to have y-ray emission with a statistical significance that
exceeds the TS =25 barrier typically used for source
identification, with TS values of 37.5 and 30.9 respectively.
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However, by using P, to determine the possibility that
these systems are the result of background fluctuations, we
find that the statistical significance of these systems is only
2.556 and 2.360, respectively. Given that we analyze 584
SFGs, it is reasonable that two false detections would be
found at these significances. We calculate the TS for Arp
220 to be 23.4, which just barely falls short of the TS = 25
threshold. Compared to the analysis of [10], we note that
our higher threshold energy of 1 GeV (important for the
systematic study that follows) is likely to make us less
sensitive to emission from Arp 220. We thus consider these
observations to be compatible.

Determining the spectra of SFGs is harder, as systems
observed at low-statistical significance have very poorly
defined y-ray spectra. Using the four brightest systems in
our analysis (NGC 253, NGC 1068, NGC 3034 and NGC
4945), we calculate the average y-ray spectrum above
1 GeV to follow a power law with a spectral index of
y = —2.32 £ 0.06. These four systems are all individually
best fit with power-law spectra between —2.2 and —2.4.
There are no statistically significant signs of dispersion in
the average y-ray spectrum. In what follows we will take
y = —2.32 to be the nominal spectrum for the entire SFG
population, but we note that there are large systematic
uncertainties in this relationship. We note that these results
are consistent with [60]. Since the calculated y-ray spec-
trum is critical to determine the total y-ray intensity at high
energy, there is significant uncertainty in the contribution to
the IGRB above several tens of GeV.

B. FIR to y-ray correlation

In Fig. 3 we show the best-fit values of a, f, and ¢ in the
FIR to y-ray correlation for SFGs. We show the best-fit
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parameters for our default scenario where the systems NGC
224 and NGC 2146 are ignored (left), and in an alternative
scenario where NGC 224 is modeled as a point source and
NGC 2146 is modeled under the assumption that the nearby
blazar produces no y-ray emission (right). We find the
results in each case to be similar and note three key results.
First, we find strong evidence for a FIR to y-ray correlation,
statistically significant at the level of 12.6¢6. Second, we
find statistically significant evidence for dispersion in this
correlation. Models with no dispersion (¢ = 0.0), are
excluded at 5.7¢ confidence. In Appendix B we provide
strong evidence that this dispersion is intrinsic to the SFG
population, and is not a result of mismodeling the y-ray
background. While the best-fit dispersion is ¢ =~ 0.35,
significantly larger dispersions are not strongly excluded
by the data. We identify a significantly larger dispersion
compared to the analysis of [29], which finds a dispersion
of only 6 = 0.2, and notes that this is an upper limit, as the
dispersion could be reduced if errors in the y-ray flux of
each source were taken into account. In this analysis, we
take those errors into account, and find that the inclusion of
full likelihood profiles for the nondetected systems sig-
nificantly increases the best-fit value of o, as discussed in
Appendix D.

Third, we find a best-fit value of @~ 1.2, compatible
with previous studies. While our best-fit value of f ~ 38.5
is smaller than in previous works, we note that this
parameter is degenerate with the degree of dispersion in
our model. In particular, since the source-to-source varia-
tion is described with a log-normal distribution, the mean
SFG luminosity is significantly higher than the median
SFG luminosity. The mean SFG luminosity for f = 38.5,
o = 0.3 would be equivalent to a model with f = 38.81
and no dispersion. This result is similar to previous works,

1.08

12.0
10.5
0.81
9.0
=
- 0.68 75 _
o d
¢ 6.0 Y
g <
0 0.41
0 4.5
a
3.0
0.2
1.5
0 0.0

0.5 1.0 2.0

Slope ()

1.5

The best-fit correlation between the FIR and y-ray luminosities (1-100 GeV) for the population of 584 SFGs in our sample in a

model that excludes (left, default) or includes (right) the extended y-ray sources NGC 224 and NGC 2146. The 1o and 20 uncertainties
in the correlation are given by the red error ellipses, while the white contours provide the best-fit value of f for each point a, 6. We find
statistically significant evidence for a dispersion in the FIR to y-ray correlation. The value ¢ = 0.0 is rejected at 5.7¢ significance in our
default model. The best-fit parameters for the correlation are a = 1.18 £ 0.15, # = 38.49 4+ 0.24 and 6 = 0.39 £ 0.12 (each error bar is
calculated by marginalizing over the other parameters). We note that these uncertainties, in particular those of f and o, are partially

degenerate.
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FIG. 4. The y-ray luminosity distribution of SFGs in our sample
(red with lo error bars) as a function of the FIR luminosity of
each SFG. Data is shown for the brightest y-ray SFGs in our
model (as well as for M31 and NGC 2146 which are excluded
from our default analysis). The SMC and LMC are also shown,
using the best-fit flux calculated by [65,82] and translated to a
flux in the 1-100 GeV range. It is clear that the SFGs that are
detected in y-ray data are systematically bright compared to the
average SFG population. The gray shaded region encompasses
95% of the SFGs in our sample.

after additionally accounting for the fact that the y-ray
luminosity in this study is calculated in the energy range
1-100 GeV. After marginalizing over each of the other two
variables, we find best-fit values of a = 1.18 £0.15,
f =38.49 +0.24, and 0 = 0.39 &+ 0.12. We note that these
errors would be somewhat smaller if there were no
degeneracies between the model parameters. We will
discuss the theoretical consequences of dispersion in the
FIR to y-ray correlation in an forthcoming publication.

In Figs. 4 and 5 we show the corresponding relationship
between the FIR luminosity of SFGs in our sample and the
calculated y-ray luminosity of these systems. To determine
the range of y-ray luminosities that are compatible with the
FIR to y-ray correlation, we calculate the y-ray emission
from 10,000 random points in the (a, 3, 6) parameter space
that are within 3¢ of the best-fit values of each parameter. In
Figs. 4 and 5 we show the 1-¢ error bars which encompass
~68% of the SFGs in our sample, while in Fig. 5 we
additionally show the 1o error bars on the mean fluxes of
SFGs in our models. We note that the mean flux is
systematically higher than the flux of the median SFG.
This is due to the log-normal dispersion in the Lig to L,
relationship utilized in our model. In the case of a linear-
normal distribution, the best-fit value for the mean and
median SFG luminosities would be identical.

Three results become immediately apparent: (1) the
observed SFGs are systematically bright compared to the
median SFG in our model. Detected SFGs are typically
l6—20 outliers compared to the median SFG flux. This is
expected, in part due to threshold effects in the y-ray data.
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FIG. 5. The ratio of the best-fit y-ray luminosity compared to

the FIR luminosity of SFGs in our model, as a function of the FIR
luminosity. This is equivalent to Fig. 4 with the y axis divided by
the x axis. The flux distribution (with 1o error bars) of SFGs is
again plotted in red. The mean flux of SFGs in our model (with
lo error bars) is plotted in blue. The mean flux exceeds the
median flux of SFGs because the SFG luminosity is allowed to
vary via a log-normal distribution—which causes the total flux to
be dominated by the brightest systems. The calorimetric limit is
set at 1.28 x 107%, as described in the text. We do not allow the
average y-ray flux in any model to exceed the calorimetric limit
for any value of Lig. This explains the cutoff in the upper limit of
the mean flux at high IR luminosities.

(2) The SMC and LMC lie near the best-fit FIR to y-ray
correlation, despite not being fit in our models. This lends
credence to the extrapolation of the FIR to y-ray correlation
to systems with low star-formation rates. (3) The systems
NGC 3424 and NGC 2403 lie far off of the FIR to y-ray
correlation, providing some evidence that these systems
either stem from background fluctuations, or are y-ray
bright for reasons unrelated to their star-formation rate. We
note that Eq. (5) is resilient to the significant mismodeling
of these systems. Since they lie far off of the FIR to y-ray
correlation, no values of a, f, and ¢ are likely to provide a
good fit. Thus, they have only a marginal influence on our
best-fit parameters.

C. SFG contribution to the IGRB

In Fig. 6 we show the total contribution of SFGs to
the IGRB. We find that SFGs contributes 61.07;¢3% of the
total y-ray emission above 1 GeV, and can produce the
entirety of the IGRB at energies below 10 GeV. At higher
energies the best-fit SFG contribution falls below the IGRB
intensity, even when systematic errors in the Galactic
foreground contribution are taken into account. However,
we note that the contribution of SFGs at high energy
depends sensitively on the choice of the spectral index
assumed in our models. From an investigation of the four
brightest SFGs (NGC 253, NGC 1068, NGC 3034, and
NGC 4945) we chose a best-fit spectrum of y = —2.32 for
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FIG. 6. The contribution of SFGs to the IGRB, as calculated in
[17]. The blue-error bars refer to the statistical errors in the
determination of the IGRB, while the blue error bands relate to
systematic uncertainties in the subtraction of Galactic foreground
emission. The solid red line denotes the mean contribution of
SFGs calculated as the average of 10,000 points in the (a, j, o)
parameter space, weighted by their fit to the y ray to IR
correlation produced in our model. The shaded red band relates
to the 1o uncertainties in the SFG contribution to the IGRB. Note
that the intensity of the IGRB is not taken into account in models
of the SFG, and there is no correlation which prohibits the SFG
from overproducing the IGRB in these models.

all SFGs (with a calculated error of 0.06, which is not taken
into account in Fig. 6). However, there is little evidence that
this value is standard for all SFGs, and energy dependent
changes in the SFG spectral index would not be well
constrained by our algorithm—which is statistically domi-
nated by ~1 GeV photons.

We note two choices in our modeling which may affect
these conclusions. First, we have set a calorimetric limit on
the ratio of the y-ray luminosity in the 1-100 GeV energy
range to be 1.28 x 10~ of the FIR luminosity, following
the calculation of [8]. However, we have adjusted this value
from the best-fit constraint of [8] (3.1 x 10~*), which was
calibrated for the energy range 0.1-100 GeV. We made this
adjustment using the best-fit power-law spectrum of our
model (which was not calibrated based on data below
1 GeV). Alterations of this model are possible, and setting a
calorimetric limit at 3.1 x 107 in the 1-100 GeV range
increases the best-fit contribution of SFGs to the IGRB to
be 64.473!"/%. Notably, the lower-limit remains almost
unchanged, and the best-fit value increases by only ~10%.
However, the upper limit increases considerably, since our
brightest models have a larger maximum luminosity for
systems with large FIR luminosities.

Second, we assume that the dispersion in the FIR to y-ray
correlation follows a log-normal distribution that continues
to arbitrarily large dispersions. Of our four detected SFGs,
we note that none exceeds the median predicted luminosity
by more than ~1.5¢. This is reasonable for a population of
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FIG. 7. The relative contribution of SFGs to the IGRB as a

function of their FIR luminosity. We see that the majority of the
SFG contribution to the IGRB stems from systems with FIR
luminosities between 10''-10'? L, on par with the brightest
SFGs that we observe in the local Universe. Systems with low
star-formation rates contribute negligibly to the total emission.
The FIR luminosity of the systems most important in our analysis
are shown at the bottom of the plot (their y coordinates are
arbitrary). We see that the average IGRB contribution stems from
systems with FIR luminosities slightly higher than the average
system in our sample.

four systems. On the other hand, all of these systems are
systematically brighter than expected in our best-fit FIR to
y-ray correlation. This may mean that they are the systems
that most significantly exceed the FIR to y-ray correlation,
and that more extreme deviations from the correlation are
suppressed compared to the log-normal expectation. To test
the impact of this, we repeat our analysis, but do not allow
any system to depart from the FIR to y-ray correlation by
more than 2¢. Because this eliminates the brightest SFGs, it
decreases the total contribution of SFGs to the IGRB sig-
nificantly. In this model, SFGs produce only 40.17/31% of
the total IGRB intensity above 1 GeV.

In Figs. 7 and 8 we show the relative contribution of
SFGs to the total IGRB intensity as a function of their FIR
luminosity and individual y-ray fluxes, respectively. These
indicate the characteristics of the SFG populations that are
most important to determining the total IGRB intensity
from SFGs. In Fig. 7 we note that the majority of the IGRB
is produced by SFGs with FIR luminosities between
10195 — 10125 L, consistent with [83]. Fortunately, these
FIR luminosities are similar to the majority of systems
analyzed to produce the FIR to y-ray correlation. This
indicates that we do not have to extrapolate significantly to
smaller or larger SFGs to determine the total contribution of
SFGs to the IGRB. In Fig. 8 we show that the majority of
the IGRB contribution stems from SFGs with individual
fluxes on the order of 107'* GeV cm™2s~!. These systems
individually lie nearly 4 orders of magnitude below the
Fermi-LAT detection threshold. This indicates that we do
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FIG. 8. The total intensity provided by SFGs as a function of
the individual energy flux from each SFG. The total contribution
of SFGs to the IGRB is dominated by approximately 3 x 10°
systems providing individual energy fluxes on the order of
3x 107'* GeVem™2s~! above an energy of 1 GeV. This is
approximately 4 orders of magnitude below the point-source
detection threshold of the Fermi-LAT. Our model also correctly
reproduces the expectation that there are a handful of systems
above the current Fermi-LAT detection threshold. In this figure
(contrary to the rest of the paper), we do not remove the
contribution from SFGs which individually exceed the Fermi-
LAT point-source detection threshold.

not have to worry about fluctuations in the SFG contribu-
tion to the IGRB due to statistical dispersion in a small
number of high-flux sources. We additionally find that our
model predicts that only a handful of SFGs should be
resolved at present—compatible with observations.

IV. DISCUSSION AND CONCLUSIONS

We have produced a novel statistical analysis technique
allowing for the combined likelihood analysis of hundreds
of y-ray point sources in the presence of considerable non-
Poissonian background fluctuations. Using this technique,
we have calculated the correlation between the FIR and y-
ray luminosities of 584 SFGs. These techniques go beyond
previous efforts [29,64] in two ways: (1) the relationship is
not dependent on the (possibly systematically biased) y-ray
fluxes observed from the LMC and SMC, and (2) the full
likelihood profile of low-significance SFGs is examined,
allowing for stronger limits on the total SFG emission. Our
analysis provides strong evidence for significant dispersion
in the FIR to y-ray correlation. Despite these additions, we
find that the resulting contribution of SFGs to the IGRB is
consistent with previous works [29,30]. Specifically, we
find the SFG contribution to the intensity of the IGRB to
be 61.07703%.

These results strengthen previous observational evidence
that correlates the FIR Iluminosity of star-forming
galaxies with non-thermal emission at radio [40-45] and
y-ray wavelengths [29,62-64]. In particular, through the
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development of a stacking analysis that carefully takes into
account both positive and negative fluctuations in the y-ray
background, we have shown that a correlation between the
y-ray luminosity and FIR luminosity persists for galaxies
too dim to be individually detected by current y-ray
instrumentation.

A. The composition of the IGRB

Using a similar analysis technique, we have previously
argued that radio galaxies dominate the total intensity of the
IGRB, finding a best-fit contribution of 77.21“92_544% to the
total IGRB intensity above 1 GeV [24]. This appears to
stand in mild tension with the results calculated here. The
combination of these contributions places us in the regime
of maximum confusion—SFGs, radio galaxies, and blazars
all appear to contribute significantly to the IGRB intensity.
The combination of equally important SFG and radio
galaxies components appears to be consistent with photon
count statistics, which indicate that approximately half of
the measured IGRB stems from sources that contribute
multiple photons per source [84].

In Fig. 9 we show the combined emission (along with
statistical uncertainties) from SFGs (in this paper) and
radio galaxies (as determined in [24]). We have also added

— SFG

— Radio Galaxy
w0 | FSRQ g
: + BLLac

= Combined

4 4 Fermi-LAT IGRB
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Energy (GeV)

FIG.9. The combined contribution of SFGs (as analyzed in this
paper), radio galaxies (as analyzed in [24]), and flat spectrum
radio quasars and BL Lac objects (as analyzed in [31,85-88]) to
the IGRB as observed by the Fermi-LAT. The best-fit spectrum
and intensity of each source class is shown, along with the
cumulative emission from all source classes. Error bars include
the total error on the SFG and radio galaxy populations, but not
uncertainties on the blazar contributions. However, the small flux
of blazars makes these uncertainties insignificant. SFGs produce
the majority of the total y-ray emission below an energy of
~7 GeV, while radio galaxies produce the majority of the high-
energy emission. The total emission from radio galaxies and
SFGs overproduces the IGRB. However, this lies within the 26
errors from both the subtraction of the Galactic foreground, as
well as the 20 uncertainties in the statistical modeling of the SFG
and radio galaxy contributions.
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best-fit estimates for the contribution of BL Lac objects and
flat spectrum radio quasars using the analyses of [31,85—
88], though we do not take the uncertainties in the models
into account in the error bars on the total contribution.
Figure 9 demonstrates that these combined contributions
overproduce the total IGRB. The tension is somewhat
significant at low energies (due to the combined y-ray
emission from SFGs and radio galaxies) as well as at high
energies (due to the high luminosity of the radio galaxy
model). The tension at high energies may worsen, as recent
analyses of the extragalactic y-ray background indicate that
blazars produce the majority of this emission [89]. On the
other hand, the radio galaxy and SFG contribution at high
energies is very dependent on uncertainties in the spectral
modeling of each source, and thus the error bars are likely
underestimated.

This tension could be remedied in a number of ways.
First, either the FIR to y-ray correlation utilized here, or
alternatively the radio to y-ray correlation utilized in [24]
may be offset from the true correlation at the ~2¢ level. We
note that the uncertainty in the SFG contribution is
significantly larger, due to the smaller number of systems
observed at high statistical significance.

Second, the correlations may fail for particularly dim or
bright SFGs or radio galaxies—either due to differences in
the emission mechanisms of low-luminosity systems, or
due to a redshift dependence which alters the evolution of
systems at high redshift. Third, these correlations may fail
near the outliers of the correlation—if we do not allow
deviations from the best-fit FIR to y-ray correlation for
SFGs to exceed 20, the total SFG contribution drops to
40.1731%. Similarly, as calculated in [24], if we disallow
deviations exceeding 2¢ in the radio to y-ray correlation for
radio galaxies, the best-fit contribution to the IGRB falls
to 64.5%.

Fourth, these models may both be correct in scenarios
where the Galactic foreground contribution to the IGRB
has been systematically overestimated. The Fermi-LAT
Collaboration estimates these errors to be roughly 30% (as
shown in the blue shaded error band). This would still be
insufficient to completely reconcile our observations of the
IGRB with our models of SFGs, radio galaxies and blazars,
although it would alleviate much of the tension. It is worth
noting that a significant increase in the IGRB intensity from
the best-fit valued is disfavored by analyses of the photon
statistics near the Fermi-LAT detection limit [84].

A fifth (and perhaps most likely) possibility is the degree
to which the FIR to y-ray correlation (for SFGs) and the
radio to y-ray correlation (for radio galaxies) double counts
the y-ray luminosity of the same systems. All radio galaxies
certainly have some star-formation activity that contributes
to the total y-ray flux observed from these galaxies.
Conversely, two of the four brightest SFGs (NGC 1068
and NGC 4945) are Seyfert 2 galaxies, and thus may
produce significant y-ray emission through AGN-like
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processes. In the case of NGC 1068, using the radio to
y-ray correlation normalized to the 158 mJy 5 Ghz radio
flux [90], implies a y-ray luminosity from AGN activity of
1.4 x 10 ergs~!, which would account for only roughly
20% of the total y-ray emission [24]. However, applying the
radio y-ray correlation to NGC 4945 indicates that AGN
activity could produce a y-ray luminosity that exceeds the
10 ergs~! of observed emission [91]. On the other hand,
analyses of the variability and spectrum of NGC 1068 and
NGC 4945 suggest that the y-ray emission from NGC 1068
is likely to be powered by the active nucleus, while the
y-ray emission from NGC 4945 is likely to be dominated by
star formation [63].

The production of significant y-ray emission via star
formation in “standard” radio galaxies appears less likely,
because a large number of radio galaxies are detected
at luminosities far exceeding that expected from star-
formation activity. However, the proper way to remedy
this uncertainty is to attempt a joint-likelihood analysis
where the y-ray luminosity from each source is set to be the
sum of the contribution from the FIR to y-ray correlation
and the radio to y-ray correlation. This will be completed in
a forthcoming study.

B. Implications for the origin of the IceCube neutrinos

The culmination of research over the last few years indicates
that multiple source classes contribute non-negligibly to the
IGRB. This places us in a regime where the source classes
responsible for the ultrahigh energy cosmic rays (UHECRS)
and the IceCube neutrinos are maximally uncertain. The
correlation between the GeV y-ray intensity and the implied
PeV neutrino and EeV cosmic-ray intensities have focused
on three theoretically motivated arguments: (1) energetics—
which y-ray source classes appear to produce a total lumi-
nosity sufficient to power the observed neutrino and UHECR
fluxes, (2) spectra—which y-ray source classes appear to
produce a considerable fraction of their non-thermal emission
at the highest energies, (3) angular correlations—which y-ray
source classes appear coincident with the observed neutrino
and UHECR events.

This work, along with recent papers determining the
EGRB (which includes the brightest resolved y-ray point
sources) contribution from blazars and radio galaxies
[12,20,24,86], has answered the question of energetics—
all three primary extragalactic source classes (blazars, radio
galaxies and SFGs) produce sufficient y-ray emission to
power the UHECR and neutrino fluxes.

The measurements of the y-ray source spectra, on the
other hand, are significantly less certain for two reasons.
The first is the large extrapolation between “Fermi-LAT
energies” (~0.1-1000 GeV), the IceCube energy scale
(~100 TeV) and the UHECR energy scale (~10° GeV).
It is reasonable that some (or all) of these emission
sources may have a cutoff energy, over which their
emission becomes exponentially suppressed. The second,
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and less-appreciated, complication is the systematic issues
in determining the Fermi-LAT y-ray spectrum at high
energies. Because the photon flux from all sources drops
precipitously at high energies, the spectral fit to a Fermi-
LAT point source is almost always dominated by the lowest
y-ray energies under consideration. Thus, it is difficult to
determine the spectral shape of SFGs in our analysis above
an energy of ~10 GeV.

However, more detailed analyses have utilized GeV y-ray
spectral information to constrain the contribution of IGRB
sources to the IceCube diffuse neutrino flux [30,92,93]. A
study by [93] argues that SFGs can produce no more than
28% of the IceCube neutrino flux, when the SFG spectrum
is marginalized over current y-ray uncertainties. However,
this analysis is sensitive to systematic errors in that spectral
determination. For a y = —2.3 spectrum, SFGs can produce
no more than 10% of the IceCube events, while for a
spectrum y = —2.2, this rises to 30% of the IceCube flux at
100 TeV, and over 60% of the neutrino flux at 1 PeV. A
recent analysis by [21] found that the spectrum of radio
galaxies is consistent (at the 16—2¢ level) with the spectrum
needed to explain the diffuse IceCube neutrino flux.

Finally, angular correlations can be utilized to constrain
the contribution of a specific y-ray source class with high-
energy radiation, utilizing the assumption that the brightest
sources at y-ray energies (and in multiwavelength catalogs)
are also among the brightest neutrino sources. This has
been used to constrain the neutrino flux from blazars to less
than 20% of the total diffuse neutrino flux [83,94]. Making
similar correlations in the time domain has constrained the
total contribution from y-ray bursts to provide less than 1%
of the observed neutrino emission [95]. The strong con-
straints on blazars and y-ray bursts put significant pressure
on the two most likely photohadronic neutrino sources,
where the source contribution to the IGRB can be sup-
pressed by the hard y-ray spectrum.

The difficulty in utilizing hard spectrum photohadronic
sources to produce the IceCube neutrino flux makes the
precise determination of the IGRB spectrum more perti-
nent. If blazars and y-ray bursts are not capable of explain-
ing the neutrino flux—then SFGs and radio galaxies (which
dominate the IGRB, but produce a small fraction of the
remaining EGRB) become prime candidates to explain the
IceCube emission. In this context, the nearly equivalent
contribution of SFGs and radio galaxies to the IGRB
makes the IceCube neutrinos even more disturbing. The
intensity of the IceCube neutrino flux is approximately
7 x 1078 GeV ecm™2s~! at an energy of 1 PeV, compared to
an IGRB flux of 2 x 1077 GeVem™2s7! at an energy of
10 GeV. Taking into account the roughly 3/2 ratio of the
neutrino flux compared to the y-ray flux for purely hadronic
processes, this implies that the IGRB sources must have an
average y-ray spectrum of E~>!3 in order to explain the
neutrino emission [96]. We note that necessary spectrum
would be even harder if a portion of the y-ray emission
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stems from nonhadronic processes such as inverse-
Compton scattering [97]. This spectrum is harder than
the best-fit y-ray spectrum found for both radio galaxies
[24] and SFGs. It is worth noting that the redshift evolution
of these sources is also an important consideration. The
contribution of SFGs to the neutrino background can be
enhanced in scenarios with a relatively rapid redshift
evolution of the SFG population [98].

If both of these source classes individually produce only
50% of the IGRB, the situation becomes more dire. If a
source produces only ~50% of the IGRB intensity, but the
entirety of the neutrino flux, the necessary y-ray spectrum
hardens to nearly E=2. In [96], this spectral argument is
employed to argue that a source class that dominates the
IceCube neutrino flux must produce at least 30%—40% of
the IGRB background. Alternatively, multiple source
classes could contribute to the diffuse neutrino flux in
similar ratios to their IGRB contribution. However, this
would require some hardening (compared to the best-fit
models) of both radio galaxies and SFGs. This may occur in
scenarios where cascades inside of the sources themselves
provide a significant portion of the y-ray flux, although TeV
detections of M82 and NGC 253, by VERITAS and H.E.S.S,
respectively, appear to argue against significant hardening in
the SFG spectrum [8,99,100].

As a final option, it is possible that the sources of
IceCube neutrinos may reside in extremely dense environ-
ments, that are opaque to y-ray emission [92,101-103].
In this scenario, the large IceCube neutrino flux can be
accommodated without significant contributions to the
IGRB. More investigations are needed (for example of
the autocorrelation of IceCube neutrino events [83,104] in
order to constrain this possibility.

The tension described above could be almost directly
transferred to a discussion of UHECRs (see e.g. [105,106]).
Given the relative maturity of IGRB observations (com-
pared to those of neutrinos and UHECRsS), it is clear that
continued y-ray observations are necessary to shed light on
this riddle. In particular, the source-to-source dispersion in
the y-ray spectra of radio galaxies, SFGs and blazars may
allow for an enhanced emission component at high ener-
gies. It is finally worth noting the possibly important
contribution of TeV instruments such as H.E.S.S,
VERITAS, and HAWC to understanding the diffuse
neutrino flux.

C. Final conclusions

Interestingly, we note that in the models we have
produced, SFGs produce the majority of the y-ray emission
below ~7 GeV, while radio galaxies produce the majority
of y-ray emission above this energy. Intriguingly, this
energy range is similar to the dip in the cross-correlation
of the anisotropy energy spectrum, as measured in [15]. Itis
difficult to straightforwardly assign this dip to populations
of SFGs, as their anisotropy is expected to lie far below the
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sensitivity of the Fermi-LAT (see Fig. 8). Alternatively, the
rapidly declining flat-spectrum radio quasar contribution is
capable of producing considerable anisotropy at low-
energies, while remaining subdominant in its contribution
to the total IGRB intensity. Further studies are necessary to
combine the anisotropic and intensity measurements of the
IGRB in order to produce a model which explains all
available data.

Finally, we note that the statistical methods produced
here can be utilized to detect the combined emission from
any y-ray source population that has a theoretically moti-
vated prior for the y-ray flux from each individual source,
e.g. from dark matter annihilation in the population of the
Milky Way dwarf spheroidal galaxies. Additionally, this
technique could be expanded into regimes where the
diffuse background is likely to vary significantly (e.g.
regions near the Galactic plane, or near the Fermi bubbles),
as long as an estimate for the background flux, now denoted
as P;,,, can be calculated for each y-ray point source
residing in region i. Future works will explore the extension
of this computational method to an improved understand-
ing of y-ray emitting sources.
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APPENDIX A: A NULL TEST OF THE (-¢, -b)
SKY POSITIONS

Thus far, we have not utilized the blank-sky positions
(=7, —b) in our model of the diffuse background fluctua-
tions (P,). Now we will utilize this set of 584 sky positions
to test the analysis methods described in Sec. II. Here, we
analyze the Fermi-LAT data for each SFG, pretending
the SFG resides at its negative sky position. We then run
the resulting best-fit y-ray fluxes through our pipeline to
determine the best-fit values for @, # and o. In Fig. 10 we
show, as expected, that there is no statistical preference for
y-ray emission from these blank-sky locations, finding a
best-fit ALG (L of only 0.08, compared to a model with no
y-ray flux). This finding was relatively obvious, as their is
no y-ray emission emanating from these point sources.

More importantly, there is no evidence for dispersion in
the FIR to y-ray correlation in these sky positions. This
result is somewhat less obvious, because we know that
there are variations in the y-ray flux at each sky position
resulting from background fluctuations in the Fermi-LAT
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FIG. 10. The best-fit values of a, # and ¢ for an analysis where
the SFGs are placed at the negative sky locations (=7, —b),
compared to the true location of each SFG. As expected, no
emission is detected and the best fit is only ALG(L) = 0.08
compared to a model with no y-ray flux corresponding to fake
SFGs. This demonstrates that the detected dispersion from SFGs
in our default analysis is due to the characteristics of the SFGs
themselves and not background fluctuations. The dispersion in
the y-ray flux due to background systematics is properly taken
into account by P, in our model.

data. Our analysis technique is designed to account for
these fluctuations by comparing them with the flux dis-
tribution of background fluctuations (P,,). Note that these
(=¢, —b) are not included in our calculation of Pbg, and
thus their background fluctuations are independent. Thus,
this test provides evidence that our analysis technique is
working properly. This, in turn, provides evidence that the
observed dispersion in the FIR to y-ray correlation is due to
an intrinsic flux dispersion in the SFGs themselves, rather
than an unaccounted for variation in the y-ray flux from
background mismodeling.

APPENDIX B: RECONSTRUCTING
AN INJECTED y-RAY SIGNAL

In addition to utilizing the (—¢, —b) sky positions in a
null test for the FIR to y-ray correlation, we can test the
analysis by injecting a fake SFG signal at the (=, —b) sky
positions and analyzing th resulting signal with our pipe-
line. Specifically we utilize the gtobssim tool to produce a
simulated photon flux at all 584 negative SFG positions in
our default model. The spectrum of this injected signal is
given by —2.32, and the intensity is correlated to the
observed FIR luminosity of each positive SFG via the
relationship log,o(L,) = 1.17log;o(Lg) + 38.985, with L,
and Lz being normalized to 1ergs™' and 10° L
respectively. In this test, we assume that there is no
source-to-source dispersion in the FIR to y-ray relation.
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A reconstruction of the SFG FIR to y-ray correlation produced by analyzing the blank-sky positions (—Z, —b) after a y-ray

signal has been injected following the correlation log,(L, /(erg s7!) = 1.17log,o(Lig /10 L) +38.985 with no dispersion. The best-
fit values of a, f and ¢ are reconstructed via our pipeline for our default analysis (left) and for an analysis where negative background
fluxes were not considered (right). The default analysis correctly reproduces the FIR to y-ray correlation. It is noteworthy that no
intrinsic dispersion is found in the reconstructed analysis, indicating that the fluctuations are being properly accounted for via the Py,
distribution. On the contrary, considering only positive fluctuations in the background fluxes fails to reconstruct the injected
relationship, significantly decreasing the value of f# and increasing the dispersion in the FIR to y-ray correlation. Further details in

the text.

We then add the photons produced by gtobssim to the real
Fermi-LAT data surrounding the sky positions (=Z, —b).
We then utilize our point-source algorithm (within the
Fermi tools) to calculate the best-fit y-ray flux at the sky
positions (—#, —b). Note again that the (—¢, —b) sky
positions have not been utilized to produce the P, back-
ground model in our analysis, and thus the y-ray back-
ground fluctuations at these sky positions are independent
of our P, model.

In Fig. 11 (left) we plot the output of our analysis, and
demonstrate that we successfully extract the injected signal.
Marginalizing over all variables, we recover best-fit values
of a =1.11+0.05, p =38.99 +0.05, 6 = 0.06 £0.05, a
result that is within ~1.5¢ in its reconstruction of «, and
almost exactly recovers the value of . We note that since ¢
must be non-negative, the mean value of sigma in our
reconstruction is likely to be pulled away from 0. Indeed we
find the best-fitting value of ¢ resides at 6 = 0.0. The fact
that our best-fit reconstruction is consistent with no
dispersion in the L, to Lig correlation is significant, as it
demonstrates that the flux dispersion due to background
fluctuations is being properly removed by the analysis. This
test thus provides further evidence that the dispersion
observed in the SFG population stems from differences
in the y-ray luminosity of the SFGs themselves.

APPENDIX C: THE IMPORTANCE OF
NEGATIVE BACKGROUND FLUCTUATIONS

In typical joint-likelihood analyses of the Fermi-LAT
data, only point sources with positive flux are considered as
components of the non-Poissonian y-ray background fluc-
tuations. This is, of course, theoretically well motivated as

physical point sources can only contribute non-negative
y-ray fluxes. Moreover, many of the brightest unaccounted
for fluctuations reside from point sources that lie just below
the Fermi-LAT detection threshold, and thus produce only
positive fluctuations [74].

However, this technique induces biases when analyzing
the flux contribution of very dim y-ray point sources. The
reason is straightforward—if a true y-ray point source is
coincident with a positive fluctuation in the y-ray back-
ground then the treatment of non-Poissonian background
fluctuations can be taken into account. The significance of
the point source can be decreased, based on the probability
that some, or all, of the y-ray flux results from the
background contribution. In Fermi-LAT analyses, this is
typically done in TS space, where the statistical signifi-
cance of point sources are refit based on the distribution of
TS values found when fitting blank-sky positions.

However, a true y-ray point source may also lie coincident
with a negative fluctuation of the y-ray background. As seen
in Fig. 1, this background fluctuation may even exceed the
physical point-source flux. If the blank-sky technique only
evaluates non-negative y-ray background fluctuations, it will
attribute the observed y-ray point source to be coincident
with a null fluctuation in the y-ray background, attributing a
systematically smaller flux to the true y-ray point source.
When a joint-likelihood analysis is employed on the resulting
data, the constraint will be systematically strengthened by the
unphysically low upper limit derived for the point source
lying coincident with a significant negative fluctuation of the
gamma-ray background.

In Fig. 11 (right) we follow the same analysis routine
described in Sec. II, but produce a model for P,, that
considers only non-negative point-source fluxes at the null
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sky positions utilized in our analysis. In this case we find
that our analysis grossly mismodels the resulting FIR to
y-ray relationship. In particular, the best-fitting value of
decreases by more than an order of magnitude, while the
value of ¢ significantly increases to produce a log-normal
dispersion of nearly an order of magnitude.

The reasons for this are clear. The lack of negative
background fluctuations produces multiple systems which
have very strong upper limits on the y-ray flux, because the
positive point source is coincident with a significantly
negative background fluctuation. This drives the mean (/)
of the correlation to an anomalously low value. To account
for this, the bright point sources (stacked on top of positive
background fluctuations) must be significantly dispersed
from their best-fit values, driving the value of ¢ up. The
importance of properly dealing with negative background
fluctuations in the Fermi-LAT data has important conse-
quences for many analyses, e.g. the joint-likelihood analy-
sis of dwarf spheroidal galaxies.

APPENDIX D: THE CONTRIBUTION
FROM SUBTHRESHOLD SFGS

It is worth questioning (in particular at this moment)
whether the analysis of hundreds of SFGs in this analysis
provides useful additional information, or whether the FIR
to y-ray correlation is described entirely by the few
brightest systems in our analysis. In Fig. 12 (left) we plot
the best-fit values of a, f and ¢ for the four SFGs that are
detected at high statistical significance in our sample (NGC
253, NGC 1068, NGC 3034, NGC 4945). We find that this
small sample produces a correlation that is significantly
biased towards bright y-ray SFGs, with an average best fit
=~ 39.3. This exceeds the best-fit value determined by our
full analysis by more than half an order of magnitude, even

1.0
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Dispersion (o)

0.43

Dispersion (o)

0.23

1.0
Slope («)

0.5
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after accounting for the lower value of ¢. Additionally, the
analysis of only bright systems does not produce a
particularly strong constraint on a, compared to the full
analysis. In Fig. 12 (right), we find that the stacked
population of non-detected SFGs obtains a smaller (but
nonzero) correlation between the FIR and y-ray luminos-
ities, which is statistically significant at the 3¢ level. In
particular we find a best-fit value a =~ 1.25, =~ 38.6 and
o~ 0.0. While the statistical significance of the FIR to
y-ray correlation is smaller in nondetected systems com-
pared to the four brightest systems, we note that the best-fit
values of the correlation are nearly as close to the best-fit
values in our full analysis.

The true importance of the additional 580 SFGs in our
analysis is seen in the marked difference between Fig. 12
(left) and our default result in Fig. 3 (left). In particular the
existence of systems that are not y-ray bright significantly
lowers the best-fit value of the normalization, S, increases
the dispersion, o, and slightly alters the slope of the
correlation, . We note that if the likelihood profile of
non-detected systems are not taken into account the best-fit
value for the dispersion (o = 0.15) is consistent with the
dispersion identified by [29]. Interestingly the dispersion is
also small among nondetected systems (though it is not
strongly constrained). The increase in dispersion appears to
stem from the offset between the best-fit values of the FIR
to y-ray correlation observed in detected systems, versus
the smaller values found in nondetected systems.

In Fig. 13 we instead analyze the contribution from a
subpopulation of 50 SFGs that are likely to produce the
brightest y-ray signal. This provides us a relatively diverse
population that includes all four of the brightest SFGs, as
well as a reasonable population of nondetected SFGs that
(due to their bright predicted y-ray flux) can significantly
constrain the FIR to y-ray relation. Of course, a priori, it is

1.08

0.83

0.6§

ALG(L)

0.43

0.23

FIG. 12. A reconstruction of the SFG FIR to y-ray correlation produced by analyzing only the four systems (NGC 253, NGC 1068,
NGC 3034, NGC 4945) that have highly significant detected y-ray fluxes (left), and the ensemble of 580 systems that do not have
individually statistically significant detections (right). It is apparent that a significant portion of the statistical correlation comes from the
brightest systems. However, the brightest systems do not accurately reproduce the calculated from the full ensemble of SFGs, indicating
the importance in correctly modeling the low-significance systems. The IR to y-ray correlation is still detected in the ensemble of

nondetected SFGs, at a total statistical significance of ~3o.
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A reconstruction of the SFG FIR to y-ray relationship produced by analyzing only the 50 systems that are expected to provide

the brightest y-ray signals. (Left) The 50 brightest systems are correctly chosen using the value @ = 1.17 which was detected by the full
analysis. (Right) The 50 brightest systems are chosen incorrectly assuming that & = 0.5, which biases our analysis to the nearest SFGs.
While the left reconstruction provides a fairly accurate (though systematically brighter) representation of the full SFG population, an
incorrect choice in the SFG population does not provide sufficient information to model the IR to y-ray correlation. Thus, the
observation of 50 systems is inadequate without underlying knowledge of the FIR to y-ray correlation.

difficult to determine which 50 SFGs will be brightest,
without knowledge of the FIR to y-ray correlation. We first
(left) select the correct subsample of the 50 systems with
the highest predicted y-ray flux, using the value @ = 1.17
that is preferred by our full analysis. In this case we find
that the brightest 50 SFGs provide most of the relevant
information—although the value of f in this analysis is still
somewhat higher than found in our default analysis. In
Fig. 13 (right), we instead use an incorrect subset of the 50
brightest SFGs, using a predicted relation a = 0.5 to select
the brightest systems. We note that this provides an
inaccurate calculation of the FIR to y-ray correlation.
The system is not biased towards the value of a we
selected. Instead, this subset of systems does not contain
sufficient information to constrain the model. Thus, even a
sample of 50 systems would be insufficient to model the
FIR to y-ray correlation, without additional knowledge of
the expected result.

APPENDIX E: INTERPRETING THE
SIGNIFICANCE OF POINT SOURCES
IN THE CONTEXT OF P,

Finally, it is worthwhile to comment on the use of P, to
determine the statistical probability that a given y-ray flux

actually stems from the physical object targeted in the
search at a given sky position. The background fluctuations
which make up the P, spectrum are produced by the sum
of all subthreshold emission sources in the y-ray sky,
including not only diffuse background mismodeling, but
also subthreshold populations of blazars, pulsars, radio
galaxies, star-forming galaxies, supernovae remnants, and
possibly other unknown sources. Thus, by calculating the
probability that a given y-ray flux is produced by a
background fluctuation P,,, we are also calculating the
inverse probability—that the y-ray point source is not
caused by any typical fluctuation in the y-ray background.
If the chosen sky position is not thought to be unique in any
other way besides the existence of the SFG in question,
then this acts as the probability that a given source is
producing a y-ray signal in the presence of background
fluctuations. This statistical analysis, of course, fails in the
case that multiple unique sources are thought to be
coincident on the y-ray sky. In this case, the sky position
is not well represented by P, and P,, cannot provide us
with additional information. For example, this method
would be unable to provide information about which
of the two coincident sources produces the observed
y-ray flux.
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