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4 Laboratoire AIM, CEA-IRFU/CNRS/Université Paris Diderot, Service d’Astrophysique, CEA Saclay, F-91191 Gif sur Yvette, France

5 Istituto Nazionale di Fisica Nucleare, Sezione di Padova, I-35131 Padova, Italy
6 Dipartimento di Fisica “G. Galilei,” Università di Padova, I-35131 Padova, Italy
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12 Laboratoire Leprince-Ringuet, École polytechnique, CNRS/IN2P3, Palaiseau, France
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ABSTRACT

Recent detections of the starburst galaxies M82 and NGC 253 by gamma-ray telescopes suggest that galaxies
rapidly forming massive stars are more luminous at gamma-ray energies compared to their quiescent relatives.
Building upon those results, we examine a sample of 69 dwarf, spiral, and luminous and ultraluminous infrared
galaxies at photon energies 0.1–100 GeV using 3 years of data collected by the Large Area Telescope (LAT) on the
Fermi Gamma-ray Space Telescope (Fermi). Measured fluxes from significantly detected sources and flux upper
limits for the remaining galaxies are used to explore the physics of cosmic rays in galaxies. We find further evidence
for quasi-linear scaling relations between gamma-ray luminosity and both radio continuum luminosity and total
infrared luminosity which apply both to quiescent galaxies of the Local Group and low-redshift starburst galaxies
(conservative P-values �0.05 accounting for statistical and systematic uncertainties). The normalizations of these
scaling relations correspond to luminosity ratios of log(L0.1–100 GeV/L1.4 GHz) = 1.7 ± 0.1(statistical) ± 0.2(dispersion)
and log(L0.1–100 GeV/L8–1000 μm) = −4.3 ± 0.1(statistical) ± 0.2(dispersion) for a galaxy with a star formation rate of
1 M� yr−1, assuming a Chabrier initial mass function. Using the relationship between infrared luminosity and
gamma-ray luminosity, the collective intensity of unresolved star-forming galaxies at redshifts 0 < z < 2.5 above
0.1 GeV is estimated to be 0.4–2.4 ×10−6 ph cm−2 s−1 sr−1 (4%–23% of the intensity of the isotropic diffuse
component measured with the LAT). We anticipate that ∼10 galaxies could be detected by their cosmic-ray-induced
gamma-ray emission during a 10 year Fermi mission.
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1. INTRODUCTION

Global emission of most galaxies across much of the electro-
magnetic spectrum from radio to gamma-ray energies is related
to the formation and destruction of massive stars. The excep-
tions are certain galaxies hosting active galactic nuclei (AGNs).
Throughout this work, we refer to galaxies in which non-thermal
emission is mainly diffuse in origin rather than powered by a
supermassive black hole as “star-forming galaxies.”

O and B stars radiate the majority of their bolometric lu-
minosity at ultraviolet wavelengths, which is efficiently ab-
sorbed by interstellar dust and re-emitted in the infrared (IR;
Scoville & Young 1983). The IR emission dominates the spec-
tral energy distribution of actively star-forming galaxies (re-
viewed by Sanders & Mirabel 1996) and is a robust indicator
of star formation rates (SFRs; e.g., Kennicutt 1998a). Starburst
galaxies are distinguished by kpc-scale regions of intense star-
forming activity and are often identified by their enormous IR
luminosities, many being classified as luminous infrared galax-
ies (LIRGs, L8–1000 μm > 1011 L�) and ultraluminous infrared
galaxies (ULIRGs, L8–1000 μm > 1012 L�) using the definition
proposed by Sanders & Mirabel (1996).

Massive stars responsible for the IR emission end their lives as
core-collapse supernovae (SNe), whose remnants are believed to
be the main cosmic-ray (CR, including all species) accelerators
on galactic scales. The energy budget of CRs observed in
the solar neighborhood is dominated by relativistic protons. If
∼10% of the mechanical energy of the outgoing shocks can be
transferred into CR acceleration, supernova remnants (SNRs)
would be capable of sustaining the locally measured CR flux
(Ginzburg & Syrovatskii 1964).

51 Resident at Naval Research Laboratory, Washington, DC 20375, USA.
52 Royal Swedish Academy of Sciences Research Fellow, funded by a grant
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In star-forming galaxies, CR electrons and positrons (here-
after simply electrons) spiraling in interstellar magnetic fields
radiate diffuse synchrotron emission in the radio continuum
(RC) at a level closely related to the total IR luminosity of the
galaxies (van der Kruit 1971, 1973; de Jong et al. 1985; Helou
et al. 1985; Condon 1992). Thermal bremsstrahlung emission
originating from H ii regions ionized by the massive stars con-
tributes to the RC emission to a lesser extent. Remarkably, the
nearly linear empirical RC–IR correlation spans over five orders
of magnitude in luminosity (Condon et al. 1991).

CRs also create diffuse gamma-ray emission. The same
CR electrons responsible for radio synchrotron emission can
produce high-energy radiation either through interactions with
gas (bremsstrahlung) or interstellar radiation fields (inverse
Compton scattering). Inelastic collisions between CR nuclei and
ambient gas lead to the production of gamma rays through π0

decay, and also to the production of secondary CR leptons by π±
decay. It is therefore natural to look for correlations of gamma
rays with the CR-induced emissions at lower frequencies (and
accordingly, IR emissions).

Two of the nearest starburst galaxies, M82 and NGC 253,
have been detected in high-energy gamma rays by both space-
based (Abdo et al. 2010d) and imaging air-Cerenkov telescopes
(Acciari et al. 2009; Acero et al. 2009). Although all galaxies are
expected to produce CR-induced emission at some level, large
numbers of SNRs together with dense interstellar gas (average
number densities ∼500 cm−3) and intense radiation fields led
several authors to anticipate the central starbursts of M82 and
NGC 253 as detectable gamma-ray sources (e.g., Paglione et al.
1996; Blom et al. 1999; Domingo-Santamarı́a & Torres 2005;
Persic et al. 2008; de Cea del Pozo et al. 2009; Rephaeli et al.
2010). Because the massive stars (M � 8 M�) which ultimately
result in core-collapse SNe have lifetimes of O(107 yr), and
particle acceleration in the vicinity of an SN happens for a short
time O(104 yr), the number of CR accelerators in a given galaxy
is thought to be closely related to the contemporaneous SFR.
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Indeed, the observed gamma-ray fluxes from M82 and NGC 253
imply enhanced CR energy densities within galaxies undergoing
rapid massive star formation.

A study of the Local Group galaxies detected at GeV energies,
including the Milky Way (MW), Small Magellanic Cloud (SMC;
Abdo et al. 2010h) and Large Magellanic Cloud (LMC; Abdo
et al. 2010e), and M31, identified a simple power-law relation
between star formation and gamma-ray luminosity (Abdo et al.
2010b). On spatial scales within an individual galaxy, resolved
images of the LMC at GeV energies show that gamma-ray
emissivity per hydrogen atom, and hence CR intensity, is
greatest near the massive star-forming region 30 Doradus (Abdo
et al. 2010e).

EGRET observations (Cillis et al. 2005) yielded flux upper
limits for a collection of star-forming galaxies beyond the Local
Group (typical limits of 3–5 ×10−8 ph cm−2 s−1 in the >0.1 GeV
energy range), and stacking searches for a collective signal from
the same galaxies produced no significant detection. Lenain
& Walter (2011) recently reported flux upper limits in the
0.2–200 GeV energy range for several galaxies located within
5 Mpc including M81, M83, IC 342, Maffei 1, Maffei 2, and M94
using 29 months of data collected by the Large Area Telescope
(LAT) on board the Fermi Gamma-ray Space Telescope (Fermi).
The MAGIC Collaboration has reported a flux upper limit in
the energy range �160 GeV toward the nearest ULIRG, Arp
220 (15 hr; Albert et al. 2007), and H.E.S.S. observations of
NGC 1068 produced a flux upper limit above 210 GeV (4.3 hr;
Aharonian et al. 2005).

In this paper, we use 3 years of Fermi-LAT data to perform
a systematic search for high-energy gamma-ray emission from
64 star-forming galaxies beyond the Local Group selected on
the basis of their present star-forming activity. The next section
describes our galaxy sample. Section 3 outlines our analysis
of LAT data and we present results in Section 4, including
updated spectral energy distributions for significantly detected
galaxies and flux upper limits for the remaining candidates.
Five Local Group galaxies previously studied in LAT data, the
SMC, LMC, MW, M31, and M33, are additionally included in
a population study of low-redshift star-forming galaxies. Our
primary objective is to explore the global properties of galaxies
related to their CR-induced emissions. We find that a simple
power-law relationship between gamma-ray luminosity and
SFR reported for Local Group galaxies (Abdo et al. 2010b) also
describes the larger set of star-forming galaxies examined here.
The implications of this scaling relation both for the physics of
CRs and the contribution of non-AGN-dominated star-forming
galaxies to the isotropic diffuse gamma-ray background (IGRB)
are discussed in Section 5, and we predict which galaxies might
be detected over the course of a 10 year Fermi mission. A
standard ΛCDM cosmology with ΩM = 0.3, ΩΛ = 0.7, and
H0 = 75 km s−1 Mpc−1 is used throughout.

2. GALAXY SAMPLE

Massive star formation is fueled by the availability of dense
molecular gas in the interstellar medium (ISM). In order to select
a sample of galaxies with unambiguous ongoing star formation,
we base our sample of galaxies on the HCN survey of Gao &
Solomon (2004a). HCN J = 1–0 line emission is stimulated in
the presence of dense molecular gas (nH2 > 3 × 104 cm−3)
typically associated with giant molecular clouds where the
majority of star formation occurs (Solomon et al. 1979). The
total quantity of molecular gas in the dense phase as measured
by HCN-line emission exhibits a low-scatter linear correlation

with both total IR luminosity (Gao & Solomon 2004b) and
RC luminosity (Liu & Gao 2010) and is considered a reliable
indicator of SFR. Observations of Galactic molecular clouds
suggest that these relations hold at the scale of individual
molecular cloud cores as well (Wu et al. 2005).

The HCN survey is the most complete study to date in
terms of total dense molecular gas content, including nearly
all of the nearby IR-bright galaxies with strong CO emission
in the northern sky (δ � −35◦).54 Additional galaxies with
globally measured HCN emission data available in the literature
are also included in the sample. Objects at Galactic latitudes
|b| < 10◦ are excluded due to the strong diffuse emission from
the Galactic plane. Our final candidate list of 64 galaxies beyond
the Local Group includes more than a dozen large nearby spiral
galaxies, 22 LIRGs, and 9 ULIRGs. Global properties of the
galaxies including RC luminosity, total IR luminosity, and HCN
luminosity are provided in Table 1.

Many of the IR-bright starburst galaxies in our candidate
list have been previously suggested as interesting targets for
gamma-ray telescopes on the basis that a significant fraction
of CR protons may interact in dense molecular clouds before
escaping the ISM (Völk 1989; Akyüz et al. 1991; Paglione et al.
1996; Torres et al. 2004; Thompson et al. 2007). Furthermore,
galaxies well known to host non-thermal leptonic populations
are naturally included in this sample since diffuse radio emis-
sion associated with synchrotron radiation correlates with IR
luminosity (Condon et al. 1991; Yun et al. 2001).

Some of the galaxies in our sample host radio-quiet AGNs
with low-level jet activity. The galaxies associated with sources
in the Swift BAT 58 month survey catalog (15–195 keV) with
AGN-type designations (Baumgartner et al. 2010) are listed
in the rightmost column of Table 1. Hard X-ray emission is a
strong and relatively unbiased identifier of AGN activity (Burlon
et al. 2011), while soft X-ray emission from AGNs is more
often obscured by intervening circumnuclear and ISM material.
X-ray emission from AGNs does not require the presence of a
relativistic jet.

Five Local Group galaxies previously examined in LAT data
are included in the multiwavelength comparisons appearing
in Section 4.3. Multiwavelength data for those galaxies are
summarized in Table 2.

The largest redshift of any galaxy in our sample is z ∼ 0.06.

3. LAT OBSERVATIONS AND DATA ANALYSIS

The Fermi-LAT is a pair-production telescope with large
effective area (∼8000 cm2 on axis for E >1 GeV) and field of
view (∼2.4 sr at 1 GeV), sensitive to gamma rays in the energy
range from 20 MeV to >300 GeV. Full details of the instrument
and descriptions of the onboard and ground data processing are
provided in Atwood et al. (2009), and information regarding
on-orbit calibration procedures is given by Abdo et al. (2009a).
The LAT normally operates in a scanning “sky-survey” mode
which provides coverage of the full sky every two orbits (∼3 hr).
For operational reasons, the standard rocking angle (defined as
the angle between the zenith and center of the LAT field of
view) for survey mode was increased from 35◦ to 50◦ on 2009
September 3.

This work uses data collected in sky-survey mode from 2008
August 4 to 2011 August 4 for the analysis of 64 celestial

54 The HCN survey includes galaxies with 60 μm/100 μm emission larger
than 50 Jy/100 Jy and CO-line brightness temperatures larger than 100 mK for
spirals or 20 mK for LIRGs/ULIRGs.

3



The Astrophysical Journal, 755:164 (23pp), 2012 August 20 Ackermann et al.

Table 1
Summary of the Star-forming Galaxy Sample: Beyond the Local Group

Galaxy D L1.4 GHz L12 μm L25 μm L60 μm L100 μm L8–1000 μm LHCN Swift-BAT Detected
(Mpc) (1021 W Hz−1) (1023 W Hz−1) (1010 L�) (108 K km s−1 pc2) (AGN Classification)

NGC 253 2.5 4.18 0.307 1.16 7.24 9.63 2.1 0.27 . . .

M82 3.4 10.6 1.10 4.60 20.5 19.0 4.6 0.30 . . .

IC 342 3.7 3.69 0.244 0.565 2.96 6.42 1.4 0.47 . . .

NGC 4945 3.7 10.8 0.454 0.694 10.2 21.8 2.6 0.27 Sy2
M83 3.7 4.26 0.352 0.714 4.35 8.58 1.4 0.35 . . .

NGC 4826 4.7 0.268 0.0624 0.0756 0.970 2.16 0.26 0.040 . . .

NGC 6946 5.5 5.05 0.438 0.749 4.70 10.5 1.6 0.49 . . .

NGC 2903 6.2 2.06 0.243 0.397 2.78 6.00 0.83 0.090 . . .

NGC 5055 7.3 2.49 0.341 0.406 2.55 8.92 1.1 0.10 . . .

NGC 3628 7.6 3.63 0.216 0.335 3.79 7.31 1.0 0.24 . . .

NGC 3627 7.6 3.17 0.333 0.591 4.58 9.44 1.3 0.080 . . .

NGC 4631 8.1 9.42 0.405 0.704 6.70 12.6 2.0 0.080 . . .

NGC 4414 9.3 2.51 0.288 0.374 3.06 7.32 0.81 0.16 . . .

M51 9.6 16.4 0.795 1.05 10.7 24.4 4.2 0.50 . . .

NGC 891 10.3 8.90 0.669 0.889 8.44 21.9 2.6 0.25 . . .

NGC 3556 10.6 4.11 0.308 0.563 4.38 10.3 1.4 0.090 . . .

NGC 3893 13.9 3.30 0.335 0.381 3.60 8.51 1.2 0.23 . . .

NGC 660 14.0 9.08 0.715 1.71 15.4 26.9 3.7 0.26 . . .

NGC 5005 14.0 4.29 0.387 0.530 5.20 14.9 1.4 0.41 . . .

NGC 1055 14.8 5.58 0.587 0.744 6.12 17.1 2.1 0.37 . . .

NGC 7331 15.0 5.86 1.06 1.59 12.1 29.7 3.5 0.44 . . .

NGC 2146 15.2 29.7 1.89 5.20 40.6 53.6 10 0.96 . . .

NGC 3079 16.2 26.7 0.798 1.13 15.9 32.9 4.3 1.0 Sy2
NGC 1068 16.7 167 13.3 29.2 65.5 85.9 28 3.6 Sy2
NGC 4030 17.1 5.50 0.472 0.805 6.47 17.8 2.1 0.54 . . .

NGC 4041 18.0 4.04 0.438 0.605 5.49 12.3 1.7 0.18 . . .

NGC 1365 20.8 27.4 2.65 7.39 48.8 85.8 13 3.1 Sy1.8
NGC 1022 21.1 2.61 0.378 1.75 10.5 14.6 2.6 0.20 . . .

NGC 5775 21.3 15.2 0.993 1.34 12.8 30.2 3.8 0.57 . . .

NGC 5713 24.0 11.0 1.01 1.96 15.2 25.7 4.2 0.22 . . .

NGC 5678 27.8 10.3 0.869 1.11 8.94 23.7 3.0 0.75 . . .

NGC 520 31.1 20.5 1.04 3.73 36.5 54.8 8.5 0.64 . . .

NGC 7479 35.2 15.1 2.03 5.72 22.1 39.6 7.4 1.1 Sy2/LINER
NGC 1530 35.4 10.4 1.08 1.84 14.8 38.7 4.7 0.49 . . .

NGC 2276 35.5 40.7 1.61 2.46 21.5 43.7 6.2 0.40 . . .

NGC 3147 39.5 17.3 3.64 1.92 15.3 55.3 6.2 0.90 . . .

Arp 299 43.0 150 8.78 54.2 250 246 63 2.1 . . .

IC 5179 46.2 43.4 3.01 6.13 49.5 95.2 14 3.4 . . .

NGC 5135 51.7 64.2 2.01 7.61 53.9 99.0 14 2.7 . . .

NGC 6701 56.8 35.6 2.12 5.10 38.8 77.4 11 1.4 . . .

NGC 7771 60.4 62.3 4.32 9.47 85.9 175 21 6.5 . . .

NGC 1614 63.2 66.1 6.60 35.8 154 164 39 1.3 . . .

NGC 7130 65.0 96.4 2.93 10.9 84.5 131 21 3.3 Sy2/LINER
NGC 7469 67.5 98.7 8.67 32.5 149 192 41 2.2 Sy1.2
IRAS 18293−3413 72.1 141 7.09 24.8 222 332 54 4.0 . . .

Arp 220 74.7 218 4.07 53.4 695 770 140 9.2 . . .

Mrk 331 75.3 48.4 3.53 17.2 122 154 27 3.4 . . .

NGC 828 75.4 71.3 4.90 7.28 78.0 172 22 1.3 . . .

IC 1623 81.7 199 8.23 29.2 183 252 47 8.5 . . .

Arp 193 92.7 108 2.57 14.6 175 251 37 9.5 . . .

NGC 6240 98.1 492 6.79 40.9 264 305 61 11 Sy2
NGC 1144 117.3 256 4.58 10.4 87.3 187 25 2.7 Sy2
Mrk 1027 123.5 101 4.74 11.3 96.4 156 26 1.9 . . .

NGC 695 133.5 161 10.7 17.7 162 289 47 4.3 . . .

Arp 148 143.3 90.9 4.91 17.4 157 253 36 4.0 . . .

Mrk 273 152.2 403 6.65 65.4 624 624 130 15 . . .

UGC 05101 160.2 525 7.68 31.3 359 611 89 10 . . .

Arp 55 162.7 118 4.43 19.3 192 327 46 3.8 . . .

Mrk 231 170.3 1080 63.5 307 1070 1030 300 19 . . .

IRAS 05189−2524 170.3 102 25.7 120 460 411 120 6.2 . . .

IRAS 17208−0014 173.1 296 7.17 57.7 1150 1290 230 38 . . .

IRAS 10566+2448 173.3 208 7.19 45.6 435 539 94 10 . . .

VII Zw 31 223.4 245 11.9 37.0 329 603 87 9.8 . . .

IRAS 23365+3604 266.1 244 7.63 79.6 630 763 140 15 . . .

Notes. Galaxy distances, total IR (8–1000 μm) luminosities, and HCN-line luminosities are provided by Gao & Solomon (2004b). RC luminosities at 1.4 GHz come primarily from
Yun et al. (2001), except for M82 and NGC 3627 (Condon et al. 1990), NGC 4945 (Wright & Otrupcek 1990), and Arp 299, NGC 5775, NGC 7331, and VII Zw 31 (Condon et al.
1998). Galaxies appearing in the Swift BAT 58 month survey catalog with AGN-type classification are identified (Baumgartner et al. 2010).
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Table 2
Summary of Star-forming Galaxy Sample: Local Group Galaxies

Galaxy D L1.4 GHz L12 μm L25 μm L60 μm L100 μm L8–1000 μm LHCN L0.1–100 GeV

(Mpc) (1020 W Hz−1) (1022 W Hz−1) (109 L�) (107 K km s−1 pc2) (1038 erg s−1)

SMC 0.06 0.19 ± 0.03 0.0029 0.012 0.29 0.65 0.07 ± 0.01 . . . 0.11 ± 0.03
LMC 0.05 1.3 ± 0.1 0.083 0.23 2.5 2.5 0.7 ± 0.1 . . . 0.47 ± 0.05
M33 0.85 2.8 ± 0.1 0.28 0.34 3.5 11 1.2 ± 0.2 . . . <3.5
M31 0.78 6.3 ± 0.3 1.2 0.80 4.0 22 2.4 ± 0.4 . . . 4.6 ± 1.0
Milky Way . . . 19 ± 6 12 7.2 16 46 14 ± 7 4 ± 2 8.2 ± 2.4

Notes. Global RC, IR, and gamma-ray luminosities of the Milky Way have been estimated using a numerical model of CR propagation and interactions in the ISM
(Strong et al. 2010). Within the Local Group, an estimate for the global HCN-line luminosity is only available for the Milky Way (Solomon et al. 1992). Radio data
for other Local Group galaxies: SMC (Loiseau et al. 1987), LMC (Hughes et al. 2007), M31 and M33 (Dennison et al. 1975). IR data for other Local Group galaxies
come from Sanders et al. (2003). Gamma-ray data for other Local Group galaxies: SMC (Abdo et al. 2010h), LMC (Abdo et al. 2010e), M31 and M33 (Abdo et al.
2010b).

15◦ × 15◦ regions of interest (RoI) centered on the positions
of the galaxies in our sample. We accept only low-background
“source” class photon candidate events (Atwood et al. 2009)
corresponding to the P7V6 instrument response functions with
reconstructed energies 0.1–100 GeV. In order to reduce the
effects of gamma rays produced by CR interactions in the upper
atmosphere (Abdo et al. 2009b), we discard photons arriving
from zenith angles >100◦, exclude time periods when part of
the RoI was beyond the zenith angle limit, and also exclude time
periods when the spacecraft rocking angle exceeded 52◦.

The data were analyzed using the LAT Science Tools software
package (version 09-25-02).55 The model for each celestial RoI
contains templates for the diffuse Galactic foreground emission
(gal_2yearp7v6_v0.fits), a spectrum for the isotropic dif-
fuse emission (composed of both photons and residual charged
particle background, iso_p7v6source.txt), and all individ-
ual sources reported in the LAT 2 year source catalog (2FGL;
Nolan et al. 2012) within 12◦ of the target galaxies. For the
individual LAT sources, we assumed spectral models and pa-
rameters reported in the 2FGL catalog. The candidate sources
corresponding to the galaxies in our sample were modeled as
point sources with power-law spectra, dN/dE ∝ E−Γ, at the
optically determined positions of the galaxies. Due to their typ-
ical angular sizes of O(0.◦1) or smaller, and fluxes close to or
below the LAT detection threshold, the galaxies considered in
this work are not expected to be resolved as spatially extended
beyond the energy-dependent LAT point-spread function (Lande
et al. 2012).

The normalization and photon index of each gamma-ray
source candidate were fitted using a maximum likelihood
procedure suitable for the analysis of binned photon data
(gtlike). The photons within each RoI were binned spatially
into 0.◦1-sized pixels and into 30 energy bins uniformly spaced
in log-energy (10 bins for each power of 10 in energy).
During the maximum likelihood fitting, the normalizations
of the diffuse components were left free. We also fit the
normalizations of all neighboring LAT sources within 4◦ of
the target galaxy positions, or located within the 15◦ × 15◦ RoI
and detected with exceptionally high significance in the 2FGL
catalog.56

55 Information regarding the LAT Science Tools package, diffuse models,
instrument response functions, and public data access is available from the
Fermi Science Support Center (http://fermi.gsfc.nasa.gov/ssc/).
56 More than 1000 attributed photons in the 2FGL data set or TS > 500; see
Section 4.1 for the definition of TS value.

4. RESULTS

Results from the analysis of 64 galaxies beyond the Local
Group in LAT data are presented first, followed by a discussion
of multiwavelength relationships using the full sample of 69
star-forming galaxies.

4.1. LAT Data Analysis Results

Table 3 summarizes results from the maximum likelihood
analyses. Source detection significance is determined using the
test-statistic (TS) value, TS ≡ −2(ln(L0) − ln(L1)), which
compares the likelihoods of models including the galaxy un-
der consideration (L1) and the null hypothesis of no gamma-ray
emission from the galaxy (L0; Mattox et al. 1996). Significant
(TS > 25) gamma-ray excesses above background were de-
tected in directions coinciding with four galaxies in the sample:
two prototypical starburst galaxies, M82 and NGC 253, and two
starburst galaxies also containing Seyfert 2 nuclei, NGC 1068,
and NGC 4945. Each of the four gamma-ray sources is associ-
ated with the corresponding galaxy from our sample according
to the 2FGL catalog (Nolan et al. 2012).

We additionally obtain relatively large TS values in the
directions of NGC 2146 (∼20) and M83 (∼15). These excesses
do not pass the conventional threshold of TS > 25 required
to claim a source detection. Lenain & Walter (2011) noted an
excess in the vicinity of M83, but determined that the best-fit
position was inconsistent with the galaxy location and instead
proposed an association with the blazar 2E 3100. We will return
to these two galaxies in Section 6.

CR-induced gamma-ray emission from galaxies is expected
to be steady on the timescales of our observations. Variability is
tested for the four significantly detected sources by partitioning
the full observation period into 12 time intervals of ∼90 days
each and performing a separate maximum likelihood fit for each
of the shorter time periods. The resulting light curves are shown
in Figure 1. None of the four sources show significant changes
in flux over the 3 years of LAT observations. This finding is
consistent with the results obtained by Lenain et al. (2010) for
NGC 1068 and NGC 4945.

Spectral energy distributions of M82, NGC 253, NGC 1068,
and NGC 4945 are shown in Figure 2. Each flux measurement
represents a separate maximum likelihood fit following the
procedures described above, but for six logarithmically spaced
energy bins. Each energy bin is further divided into five
logarithmically spaced sub-bins of energy for binned likelihood
analysis to maintain ∼10 bins for each power of 10 in energy.
Using the power-law spectral models, the maximum likelihood
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Table 3
Maximum Likelihood Analysis Results

Galaxy D F0.1–100 GeV Γ L0.1–100 GeV TS
(Mpc) (10−9 ph cm−2 s−1) (1040 erg s−1)

NGC 253 2.5 12.6 ± 2.0 2.2 ± 0.1 0.6 ± 0.2 109.4
M82 3.4 15.4 ± 1.9 2.2 ± 0.1 1.5 ± 0.3 180.1
IC 342 3.7 <2.7 2.2 0.3 . . .

NGC 4945 3.7 8.5 ± 2.8 2.1 ± 0.2 1.2 ± 0.4 33.2
M83 3.7 <7.0 2.2 0.8 . . .

NGC 4826 4.7 <2.9 2.2 0.6 . . .

NGC 6946 5.5 <1.6 2.2 0.4 . . .

NGC 2903 6.2 <2.5 2.2 0.8 . . .

NGC 5055 7.3 <2.1 2.2 1.0 . . .

NGC 3628 7.6 <3.1 2.2 1.6 . . .

NGC 3627 7.6 <3.5 2.2 1.7 . . .

NGC 4631 8.1 <1.6 2.2 0.9 . . .

NGC 4414 9.3 <3.1 2.2 2.3 . . .

M51 9.6 <3.2 2.2 2.6 . . .

NGC 891 10.3 <4.2 2.2 3.8 . . .

NGC 3556 10.6 <2.3 2.2 2.2 . . .

NGC 3893 13.9 <2.9 2.2 4.8 . . .

NGC 660 14.0 <3.0 2.2 5.0 . . .

NGC 5005 14.0 <3.4 2.2 5.7 . . .

NGC 1055 14.8 <2.9 2.2 5.5 . . .

NGC 7331 15.0 <1.7 2.2 3.2 . . .

NGC 2146 15.2 <6.7 2.2 13.2 . . .

NGC 3079 16.2 <2.2 2.2 5.0 . . .

NGC 1068 16.7 6.4 ± 2.0 2.2 ± 0.2 15.4 ± 6.1 38.1
NGC 4030 17.1 <3.0 2.2 7.6 . . .

NGC 4041 18.0 <3.7 2.2 10.3 . . .

NGC 1365 20.8 <2.5 2.2 9.4 . . .

NGC 1022 21.1 <2.2 2.2 8.5 . . .

NGC 5775 21.3 <1.6 2.2 6.4 . . .

NGC 5713 24.0 <1.8 2.2 9.0 . . .

NGC 5678 27.8 <2.8 2.2 18.3 . . .

NGC 520 31.1 <2.0 2.2 16.7 . . .

NGC 7479 35.2 <6.1 2.2 65.2 . . .

NGC 1530 35.4 <2.8 2.2 29.7 . . .

NGC 2276 35.5 <1.4 2.2 15.5 . . .

NGC 3147 39.5 <1.8 2.2 23.5 . . .

Arp 299 43.0 <3.1 2.2 49.3 . . .

IC 5179 46.2 <0.9 2.2 17.3 . . .

NGC 5135 51.7 <1.5 2.2 34.2 . . .

NGC 6701 56.8 <2.4 2.2 65.2 . . .

NGC 7771 60.4 <2.0 2.2 62.4 . . .

NGC 1614 63.2 <2.1 2.2 72.2 . . .

NGC 7130 65.0 <1.3 2.2 47.5 . . .

NGC 7469 67.5 <2.4 2.2 94.9 . . .

IRAS 18293−3413 72.1 <2.0 2.2 90.8 . . .

Arp 220 74.7 <4.4 2.2 209.6 . . .

Mrk 331 75.3 <1.5 2.2 71.9 . . .

NGC 828 75.4 <2.7 2.2 129.9 . . .

IC 1623 81.7 <1.8 2.2 100.6 . . .

Arp 193 92.7 <2.6 2.2 189.2 . . .

NGC 6240 98.1 <2.3 2.2 186.5 . . .

NGC 1144 117.3 <1.2 2.2 141.1 . . .

Mrk 1027 123.5 <5.6 2.2 731.8 . . .

NGC 695 133.5 <4.2 2.2 646.1 . . .

Arp 148 143.3 <5.2 2.2 923.8 . . .

Mrk 273 152.2 <2.9 2.2 582.0 . . .

UGC 05101 160.2 <1.3 2.2 287.4 . . .

Arp 55 162.7 <1.7 2.2 380.1 . . .

Mrk 231 170.3 <1.9 2.2 468.4 . . .

IRAS 05189−2524 170.3 <1.6 2.2 395.6 . . .

IRAS 17208−0014 173.1 <5.6 2.2 1434.0 . . .

IRAS 10566+2448 173.3 <2.0 2.2 521.0 . . .

VII Zw 31 223.4 <1.6 2.2 692.6 . . .

IRAS 23365+3604 266.1 <1.7 2.2 1059.0 . . .

Notes. Each galaxy is analyzed using a power-law spectral model, dN/dE ∝ E−Γ. Flux upper limits for galaxies not significantly detected in LAT
data are presented at the 95% confidence level, assuming a photon index Γ = 2.2.
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Figure 1. Gamma-ray light curves for four significantly detected galaxies. The full 3 year observation period was divided into 12 time intervals of ∼90 days each. A
maximum likelihood fit was performed for each of the shorter time intervals to test for variability. The dashed black line shows the maximum likelihood flux level
obtained for the full 3 year observation period. The gray band represents a 2% systematic uncertainty in source exposure resulting from small inaccuracies in the
dependence of the instrument response on the source viewing angle, coupled with changes in the observing profile as the orbit of the spacecraft processes. Flux upper
limits are shown at the 95% confidence level.

(A color version of this figure is available in the online journal.)

photon index values for the four galaxies are in the range 2.1–2.4.
For M82 and NGC 253, the extrapolated power-law fits from the
LAT energy range naturally connect with spectral measurements
obtained by imaging air-Cerenkov telescopes at higher energies
(Acciari et al. 2009; Acero et al. 2009; Ohm et al. 2011).

Integral flux upper limits in the range 0.1–100 GeV at the
95% confidence level are provided in Table 3 for galaxies not
significantly detected by the LAT. Limits are computed using
the profile likelihood technique, for which the flux of a target
source is varied over a range while simultaneously maximizing
the model likelihood with respect to all other parameters. One-
sided 95% CL upper limits correspond to a decrease in profile
likelihood, Lp, of 2Δ ln(Lp) = 2.71 relative to the maximum
likelihood. The flux upper limits presented in Table 3 are
derived using a power-law spectral model with photon index
Γ = 2.2, corresponding to the typical index of the four LAT-
detected starbursts. The upper limits increase by 10%–20% (less
constraining) on average when assuming a photon index of 2.3.

4.2. Gamma Rays from Starbursting Seyfert 2 Galaxies

NGC 1068 and NGC 4945 deserve special attention as
galaxies with both circumnuclear starbursts and radio-quiet

obscured AGNs. The gamma-ray spectra of NGC 1068 and
NGC 4945 are similar to those of M82 and NGC 253, and none
of the four galaxies show indications of gamma-ray variability.
Lenain et al. (2010) suggested a model for NGC 1068 in which
gamma rays are produced mainly through inverse Compton
scattering of IR photons by electrons in the misaligned jet at
distances ∼0.1 pc from the central engine. In this scenario,
NGC 1068 is viewed as the first member of a new class of
gamma-ray sources.

Studies of X-ray-selected Seyfert galaxies using LAT data
demonstrate that Seyfert galaxies hosting radio-quiet AGNs are
generally gamma-ray quiet as a population (Teng et al. 2011;
Ackermann et al. 2012b). Excepting NGC 1068 and NGC 4945,
no other radio-quiet Seyfert galaxies have been detected by the
LAT. The upper limits in 0.1–100 GeV luminosity inferred for
several other nearby Seyfert galaxies are below the gamma-
ray luminosity of NGC 1068 (Ackermann et al. 2012b). The
tightest constraint is found for NGC 4151, located at a distance
of 11.2 Mpc, with gamma-ray luminosity <2 × 1040 erg s−1 (a
factor ∼10 below that of NGC 1068).

The relative contributions of CR interactions versus AGN
activity to the gamma-ray emission of NGC 1068 and NGC 4945
are not yet definitively established. In the multiwavelength
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Figure 2. Spectral energy distributions for four starburst galaxies significantly detected in high-energy gamma rays. 95% confidence upper limits are indicated in
energy bins with detection significance TS < 1. The best-fit power-law spectral model is shown for each galaxy in the energy range used for the maximum likelihood
analysis (0.1–100 GeV, solid) and in extrapolation to neighboring wavebands (dashed). Flux measurements produced by imaging air-Cerenkov telescopes are included
for M82 (VERITAS; Acciari et al. 2009) and NGC 253 (H.E.S.S.; Ohm et al. 2011), and flux upper limits above 210 GeV are shown for NGC 1068 (H.E.S.S.;
Aharonian et al. 2005). The uncertainties depicted for LAT flux measurements represent combined statistical and systematic uncertainties.

(A color version of this figure is available in the online journal.)

analysis which follows, we will consider both the full sample
of analyzed galaxies, and a subsample with galaxies hosting
Swift-BAT-detected AGNs removed.

4.3. Multiwavelength Luminosity Comparisons

Many authors have proposed scaling relationships between
galaxy SFRs and gamma-ray luminosities motivated by the
connections between interstellar gas, star formation, SNe, and
CRs (e.g., Pavlidou & Fields 2002; Torres et al. 2004; Thompson
et al. 2007; Stecker 2007; Persic & Rephaeli 2010; Lacki
et al. 2011). We now examine relationships between gamma-
ray luminosity and several photometric tracers of star formation
taking advantage of the 3 year accumulation of LAT data.

The radiative output of star-forming galaxies across much
of the electromagnetic spectrum is related to the abundance of
short-lived massive stars. Many photometric estimators of the
recent star formation histories of galaxies have been used. Total
IR luminosity 8–1000 μm is one well-established tracer of the
SFR for late-type galaxies (reviewed by Kennicutt 1998a). The
conversion proposed by Kennicutt (1998b),

SFR

M� yr−1
= ε1.7 × 10−10 L8–1000 μm

L�
, (1)

assumes that thermal emission of interstellar dust approxi-
mates a calorimetric measure of radiation produced by young
(10–100 Myr) stellar populations. All SFRs quoted in this work
consider the stellar mass range 0.1–100 M�. The factor ε de-
pends on the assumed initial mass function (IMF), with ε = 1 for
the Salpeter (1955) IMF originally used by Kennicutt (1998b).
We will use ε = 0.79 to convert57 to the Chabrier (2003) IMF,
proposed after further studies of star formation in the 0.1–1 M�
mass range.

Several other photometric SFR estimators have been cali-
brated using the Kennicutt (1998b) total IR luminosity rela-
tion. These include RC luminosity at 1.4 GHz produced by
synchrotron-emitting CR electrons (Yun et al. 2001),

SFR(M� yr−1) = ε(5.9 ± 1.8) × 10−22L1.4 GHz(W Hz−1), (2)

and HCN J = 1–0 line luminosity indicating the quantity
of dense molecular gas available to form new stars (Gao &
Solomon 2004b),

SFR(M� yr−1) = ε1.8 × 10−7LHCN(K km s−1 pc2). (3)

57 We use the conversion factor proposed by Crain et al. (2010) for SFRs
estimated from total IR luminosity: SFRChabrier = 0.79 SFRSalpeter.
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Figure 3. Top panel: gamma-ray luminosity (0.1–100 GeV) vs. RC luminosity
at 1.4 GHz. Galaxies significantly detected by the LAT are indicated with filled
symbols whereas galaxies with gamma-ray flux upper limits (95% confidence
level) are marked with open symbols. Galaxies hosting Swift-BAT AGNs are
shown with square markers. RC luminosity uncertainties for the non-detected
galaxies are omitted for clarity, but are typically less than 5% at a fixed distance.
The upper abscissa indicates SFR estimated from the RC luminosity according to
Equation (2) (Yun et al. 2001). The best-fit power-law relation obtained using the
EM algorithm is shown by the red solid line along with the fit uncertainty (darker
shaded region), and intrinsic dispersion around the fitted relation (lighter shaded
region). The dashed red line represents the expected gamma-ray luminosity
in the calorimetric limit assuming an average CR luminosity per supernova
of ESN η = 1050 erg (see Section 5.1). Bottom panel: ratio of gamma-ray
luminosity (0.1–100 GeV) to RC luminosity at 1.4 GHz.

(A color version of this figure is available in the online journal.)

Although these three SFR estimators are intrinsically linked,
each explores a different stage of stellar evolution and is
subject to different astrophysical and observational systematic
uncertainties.

Figures 3 and 4 compare the gamma-ray luminosities of
galaxies in our sample to their differential luminosities at
1.4 GHz, and total IR luminosities (8–1000 μm), respectively.
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Figure 4. Same as Figure 3, but showing gamma-ray luminosity (0.1–100 GeV)
vs. total IR luminosity (8–1000 μm). IR luminosity uncertainties for the non-
detected galaxies are omitted for clarity, but are typically ∼0.06 dex. The
upper abscissa indicates SFR estimated from the IR luminosity according to
Equation (1) (Kennicutt 1998b).

(A color version of this figure is available in the online journal.)

A second abscissa axis has been drawn on each figure to
indicate the estimated SFR corresponding to either RC or total
IR luminosity using Equations (2) and (1). The upper panels
of Figures 3 and 4 directly compare luminosities between
wavebands, whereas the lower panels compare luminosity ratios.
Taken at face value, the two figures show a clear positive
correlation between gamma-ray luminosity and SFR, as has
been reported previously in LAT data (see in this context Abdo
et al. 2010b). However, sample selection effects, and galaxies
not yet detected in gamma rays must be taken into account to
properly determine the significance of the apparent correlations.

We test the significances of multiwavelength correlations
using the modified Kendall τ rank correlation test proposed by
Akritas & Siebert (1996). This method is an example of “survival
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Figure 5. Graphical representation of the method adopted to estimate significances of multiwavelength correlations using the Kendall τ statistic. Total IR luminosity
(8–1000 μm) and gamma-ray luminosity (0.1–100 GeV) are compared using the full sample of 69 galaxies in this example. Null hypothesis distributions of correlation
coefficients assuming independence between wavebands are shown for three levels of uncertainty in distance measurements (one standard deviation of the scatter). The
null hypothesis distributions are generated from 106 permutations of gamma-ray luminosities among the galaxies, requiring that the resultant gamma-ray fluxes could
have been measurable given the flux sensitivity threshold of the LAT. The correlation efficient of the actual data is represented as a probability density to account for
uncertainty in measured gamma-ray fluxes. The gray bands indicate the inner 68% and 95% of the probability density for the actual data. The correlation significance
is estimated by computing the fraction of null hypothesis realizations with correlation coefficient larger than that obtained for the actual data (i.e., the P-value). See
Section 4.3 and Appendix A for details.

(A color version of this figure is available in the online journal.)

analysis” techniques, suitable for the analysis of partially
censored data sets (i.e., containing a mixture of detections
and upper limits). The Kendall τ coefficient, τ ∈ [−1, 1],
indicates the degree of positive or negative correlation between
two quantities by comparing the ordering of each pair of
points in the data set. For example, τ = 1 describes a set
of uncensored data points which are monotonically increasing.
This non-parametric approach makes no assumption regarding
the particular mathematical form for the relationship between
compared quantities. See Appendix A for a detailed description
of the method.

The multiwavelength relationships are tested in luminosity
space because we are primarily interested in the intrinsic galaxy
properties, and importantly, because multiwavelength compar-
isons in flux space can either falsely suggest a non-existent
correlation or obscure a genuine physical correlation if the un-
derlying relationship between intrinsic luminosities is nonlin-
ear (Feigelson & Berg 1983; Kembhavi et al. 1986; and see
Appendix B). We performed a series of Monte Carlo simulations
to investigate potential biases resulting from selection effects for
flux-limited samples of objects compared in luminosity space.
The generalized Kendall τ correlation test is found to be robust
against the selection effects expected for our application. A brief
discussion of results from that study is presented in Appendix C.

Significances of the multiwavelength relationships are com-
puted by comparing the τ correlation coefficient of the actual
data to the distribution of τ correlation coefficients which could
be obtained under the null hypothesis of independence between
wavebands. Null hypothesis data sets are generated by scram-
bling derived gamma-ray luminosities among galaxies. Only
“observable” permutations are retained to account for the trun-
cation of measurable gamma-ray luminosities imposed by the
LAT flux sensitivity (following the method of Efron & Petrosian
1999). Specifically, we require that the resultant gamma-ray flux

(or upper limit) of each galaxy in a scrambled data set could
have been measurable by the LAT in order for the scrambled
data set to be included in the null hypothesis distribution. In
practice, each permutation represents an exchange of gamma-
ray luminosities between two randomly selected galaxies so
that statistically meaningful null hypothesis distributions can
be efficiently generated. Gamma-ray flux sensitivity thresholds
are determined by randomly sampling from the distribution of
gamma-ray flux upper limits presented in Table 3 for each galaxy
in the pair to be exchanged. We perform 1000 such exchanges
on the actual data before counting permutations toward the null
hypothesis distribution.

Inaccuracies in the distance measurements to the galaxies are
included in our analysis because these errors are propagated in
the transformation of measured fluxes into luminosities. Scatter
in distance measurements applied to a collection of objects tends
to broaden the distribution of objects in luminosity space, and
can therefore induce positive correlation. For the galaxies in our
sample at distances 1 Mpc � D � 100 Mpc, the typical distance
measurement precision for individual galaxies is 10%–20%
(Freedman et al. 2001, and references therein). For our particular
sample, we can compare the distances provided in the HCN
survey of Gao & Solomon (2004a) to those reported in the
IRAS Revised Bright Galaxies Sample (Sanders et al. 2003),
and find that for galaxies beyond the Local Group, the average
discrepancy between reported distances is 10%. We assume that
measurement errors are normally distributed and centered on
the true distances to the galaxies.

Figure 5 shows an example of the correlation significance
test applied to the relationship between gamma-ray and IR lu-
minosity using the full sample of star-forming galaxies. The
distribution of correlation coefficients for 106 “observable” per-
mutations of the actual data is plotted for three levels of dis-
tance measurement scatter. The null hypothesis distributions
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Table 4
Scaling Relationships between Global Luminosities: Non-parametric Analysis of Correlation Significance

Full Sample Excluding AGN

σD = 0% σD = 10% σD = 20% σD = 0% σD = 10% σD = 20%

L1.4 GHz: L0.1–100 GeV 0.001 0.005 0.01 0.007 0.03 0.06
L8–1000 μm: L0.1–100 GeV 0.0003 0.001 0.005 0.0004 0.004 0.02
LHCN: L0.1–100 GeV 0.05 0.07 0.1 0.2 0.3 0.4

Notes. Results for the Kendall τ significance tests for correlation between gamma-ray luminosity and each of RC luminosity, IR
luminosity, and HCN-line luminosity, expressed as P-values representing the probabilities of erroneously rejecting the null hypothesis
that no correlation exists between wavebands. A description of the Kendall τ statistic is provided in Appendix A and details of the
implementation are provided in Section 4.3. Scatter in the distance measurements to the galaxies are assumed to be normally distributed
with standard deviation (σD) expressed as a percentage of the actual galaxy distances.

tend toward positive values due to the truncation of measurable
gamma-ray luminosities, effectively requiring a larger correla-
tion coefficient for the actual data in order to claim a significant
relationship between wavebands. As the level of scatter in dis-
tance measurements is increased, the tails of null hypothesis
distributions extend to larger positive values. The probability
that a null hypothesis data set would have a correlation coef-
ficient larger than that of the actual data corresponds to the
P-value measure of correlation significance.

Given uncertainties for the measured gamma-ray fluxes of
galaxies in our sample, the correlation coefficient of the actual
data is more appropriately viewed as a probability density as
opposed to a single value (the Kendall τ statistic does not
explicitly include measurement errors). To account for this
uncertainty, we draw a flux value for each LAT-detected galaxy
from a normal distribution centered on the best-fit flux with
standard deviation equal to the reported flux uncertainty. A
correlation coefficient is then computed using the sampled
gamma-ray fluxes. This process is repeated many times to
generate a distribution of correlation coefficients representing
the actual data, as shown by the gray bands in Figure 5.
Finally, we integrate over the probability density of correlation
coefficients representing the actual data to obtain significances
for the multiwavelength relations.

The results of the correlation tests are summarized in Table 4.
Using the full sample of 69 star-forming galaxies, the null
hypothesis of independence between gamma-ray luminosity and
either RC or total IR luminosity can be rejected at the �99%
confidence level allowing for 20% uncertainty on the distance
measurements to the galaxies. No evidence for a correlation
between gamma-ray luminosity and HCN-line luminosity is
found in this study, an apparent discrepancy considering the
previously established correlations between RC, IR, and HCN-
line luminosities (Liu & Gao 2010). However, global HCN-line
luminosity estimates are not available for the SMC and LMC,
M31, and M33, which effectively reduces the luminosity range
over which the correlation between wavebands can be tested,
and excludes three LAT-detected galaxies from the analysis.

We also considered the more conservative case in
which galaxies hosting Swift-BAT-detected AGNs, including
NGC 1068 and NGC 4945 along with seven others, were re-
moved from the sample given the potential contributions of the
AGN to the broadband emission of those galaxies. In that case,
the P-values for the correlations between gamma-ray luminos-
ity and either RC or IR luminosity are ∼0.05 allowing for 20%
uncertainty on the distance measurements.

Even in the most conservative case described above, the data
prefer a correlation between gamma-ray luminosity and both
RC and IR luminosity. Although strong conclusions regarding

the significance of the multiwavelength correlations cannot be
made at the time, at minimum, scaling relations derived from
the current sample have predictive value and offer a testable
hypothesis for further observations.

We fit scaling relationships between wavebands using simple
power-law forms. For example,

log

(
L0.1–100 GeV

erg s−1

)
= α log

(
L8–1000 μm

1010L�

)
+ β (4)

parameterizes the relationship between gamma-ray and total IR
luminosity.

Two regression methods are employed: the expectation-
maximization (EM) algorithm, and the Buckley–James algo-
rithm. The EM algorithm is similar to the least-squares fitting
method, and assumes that the intrinsic residuals of gamma-ray
luminosity are normally distributed in log space about the re-
gression line for fixed values of either RC or IR luminosity. Non-
detections are incorporated in the regression analysis by deter-
mining the degree to which the upper limits are compatible with
the assumed dispersion about the regression line. The variance
of the intrinsic residuals becomes a third parameter in the fit. The
Buckley–James algorithm is similar in approach, but generalizes
to cases for which the intrinsic distribution of residuals relative
to the regression line is not normally distributed. Instead, the
intrinsic dispersion is estimated using the Kaplan–Meier dis-
tribution obtained from the scatter within the data set itself.
Isobe et al. (1986) provide details regarding the theory and im-
plementation several commonly used survival analysis methods
including the EM and Buckley–James regression algorithms.

Table 5 reports the best-fits of gamma-ray luminosity versus
either RC luminosity or total IR luminosity, which were eval-
uated using the ASURV Rev 1.2 code (LaValley et al. 1992).58

The two regression methods yield consistent results. For both
the RC and total IR tracers of SFR, a nearly linear power-law
index of α = 1.0–1.2 is preferred. The scaling indices between
gamma-ray luminosity and SFR tracers found for the larger
sample of galaxies is consistent within uncertainties with that
obtained considering the Local Group galaxies alone, α = 1.4 ±
0.3 (Abdo et al. 2010b). In particular, the gamma-ray lumi-
nosity upper limits found for LIRGs and ULIRGs disfavor a
strongly nonlinear scaling relation. Table 5 also contains regres-
sion parameters fitted after removing galaxies hosting Swift-
BAT-detected AGNs from the sample, which would be appro-
priate if the broadband emissions of those galaxies were heavily

58 ASURV and other tools for the analysis of censored data sets are available
from the Penn State Center for Astrostatistics (http://www.astrostatistics.
psu.edu/statcodes/sc_censor.html).

11

http://www.astrostatistics.psu.edu/statcodes/sc_censor.html
http://www.astrostatistics.psu.edu/statcodes/sc_censor.html


The Astrophysical Journal, 755:164 (23pp), 2012 August 20 Ackermann et al.

Table 5
Scaling Relationships between Global Luminosities: Power-law Fits with Full Sample

Expectation-maximization Method Buckley–James Method

α β
√

Variance α β
√

Variance

Full sample of galaxies

L1.4 GHz: L0.1–100 GeV 1.10 ± 0.05 38.82 ± 0.06 0.17 1.10 ± 0.06 38.81 0.20
(1021 W Hz−1): (erg s−1)
L8–1000 μm: L0.1–100 GeV 1.17 ± 0.07 39.28 ± 0.08 0.24 1.18 ± 0.10 39.31 0.31
(1010 L�): (erg s−1)

Excluding galaxies hosting Swift-BAT-detected AGN

L1.4 GHz: L0.1–100 GeV 1.10 ± 0.07 38.81 ± 0.07 0.19 1.09 ± 0.11 38.80 0.24
(1021 W Hz−1): (erg s−1)
L8–1000 μm: L0.1–100 GeV 1.09 ± 0.10 39.19 ± 0.10 0.25 1.10 ± 0.14 39.22 0.33
(1010 L�): (erg s−1)

Notes. Fitted parameters for relationships between gamma-ray luminosity and multiwavelength tracers of star formation. Using the RC case as an example, the scaling
relations are of the form log L0.1–100 GeV = α log L1.4 GHz +β, with luminosities expressed in the units provided in the leftmost column. The square root of the variance
provides an estimate of the intrinsic dispersion of gamma-ray luminosity residuals in log space about the best-fit regression line. For the EM algorithm, the intrinsic
residuals about the best-fit line are assumed to be normally distributed in log space. The Buckley–James algorithm uses the Kaplan–Meier method to estimate the
distribution of residuals. See Section 4.3 for a description of the fitting methods. Both the complete sample of 69 galaxies (containing eight LAT sources) and a
subsample of 60 galaxies excluding the AGN detected by the Swift BAT are analyzed (containing six LAT sources).

influenced by AGN activity. The fitted parameters in both cases
are consistent within statistical uncertainties.

Note that the intrinsic dispersion values presented in Table 5
should be viewed as upper limits because we have not made an
attempt to account for measurement uncertainties in the gamma-
ray fluxes.

The best-fit power laws obtained using the EM algorithm are
plotted in Figures 3 and 4. The darker shaded regions represent
uncertainty in the fitted parameters from the regression and the
lighter shaded regions indicate the addition of intrinsic residuals
to one standard deviation. None of the limits from non-detected
galaxies are in strong conflict with the best-fit relations.

Luminosity ratios of the form shown in the lower panels of
Figures 3 and 4 have a direct physical meaning in terms of the
energy radiated in different parts of the electromagnetic spec-
trum. For a galaxy with non-thermal emission powered mainly
by CR interactions, and having an SFR of 1 M� yr−1 (simi-
lar to the MW), the corresponding luminosity ratios between
wavebands are

log

(
L0.1–100 GeV

L1.4 GHz

)
= 1.7 ± 0.1(statistical) ± 0.2(dispersion), (5)

and

log

(
L0.1–100 GeV

L8–1000 μm

)
= −4.3 ± 0.1(statistical) ± 0.2(dispersion), (6)

found using the full sample of galaxies with the EM regression
algorithm.

Further gamma-ray observations are required to conclusively
establish the multiwavelength correlations examined in this
section. Additional data may also show that scaling relations
beyond simple power-law forms are required once farther and
more active sources are either detected or are constrained by
more stringent gamma-ray upper limits.

5. DISCUSSION

In recent years, increasingly sensitive observations of external
galaxies at both GeV and TeV energies have shown that starburst
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Figure 6. Gamma-ray luminosity spectra of star-forming galaxies detected by
the LAT and imaging air-Cerenkov telescopes.

(A color version of this figure is available in the online journal.)

galaxies such as M82 and NGC 253 are characterized by harder
gamma-ray spectra relative to quiescent galaxies of the Local
Group (Acero et al. 2009; Acciari et al. 2009; Abdo et al. 2010d;
Ohm et al. 2011), and that global gamma-ray luminosities of
galaxies likely scale quasi-linearly with SFRs (e.g., Abdo et al.
2010b, 2010d; Lenain & Walter 2011).

Figure 6 compares the spectra of eight star-forming galaxies
detected by gamma-ray telescopes. The more luminous galaxies
also have comparatively harder gamma-ray spectra. Whereas the
power-law spectral indices of M82 and NGC 253 are 2.2–2.3
extending to TeV energies, the spectra of the LMC and SMC
steepen above ∼2 GeV (Abdo et al. 2010e, 2010h).

Scaling relations of the type examined in Section 4.3, and
the observed gamma-ray spectra of star-forming galaxies, have
implications both for the physics of CRs in the ISM and for
the contribution of star-forming galaxies to the isotropic diffuse
gamma-ray emission. In this section, we concentrate on the
global non-thermal radiation features of star-forming galaxies
from a population standpoint.
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5.1. Physics of Cosmic Rays in Star-forming Galaxies
A discussion of scaling relations for diffuse gamma-ray

radiation from star-forming galaxies invites comparison with the
extensively studied RC–IR correlation. The RC–IR correlation
extends over multiple galaxy types including irregulars, spirals,
and ellipticals with ongoing star formation (de Jong et al. 1985;
Wunderlich et al. 1987; Dressel 1988; Wrobel & Heeschen
1988, 1991), covers galaxies with magnetic energy densities
likely ranging at least four orders of magnitude (Condon et al.
1991; Thompson et al. 2006), and applies to galaxies out to at
least z ∼ 1 (Appleton et al. 2004). High-resolution imaging has
also shown the correlation to hold on ∼100 pc scales within
individual galaxies (Marsh & Helou 1995; Paladino et al. 2006;
Murphy et al. 2006).

A simple model proposed to explain the RC–IR correlation
posits that galaxies are effective “calorimeters” of both UV
photons and CR electrons (Völk 1989). In this picture, if the ISM
is optically thick to UV photons, reprocessed starlight emitted
in the IR becomes a proxy for the abundance of massive stars,
and hence SFR. The luminosity of CR electrons is assumed
to be proportional to the SFR in the basic calorimeter model.
If either synchrotron losses dominate for CR electrons, or if
the ratio of synchrotron losses to other loss mechanisms is
uniform for many galaxy types, then the RC luminosity should
also increase together with the SFR. The latter possibility
requires some degree of fine-tuning (but see Lacki et al. 2010).
Numerical models of CR propagation in the MW suggest that
our Galaxy is an effective CR electron calorimeter (Strong et al.
2010).

Gamma-ray observations extend our study of CRs to include
hadronic populations beyond the solar system, and notably, to
measure the large-scale propagated spectra of CR nuclei in
the MW and other galaxies. At energies above the threshold
for pion production, hadronic gamma rays have the same
spectral index as the underlying CR proton spectrum in the
thin-target regime relevant for proton–proton interactions in
the ISM. Diffuse pionic gamma rays presumably offer direct
access to the majority of CR energy content, although leptonic
diffuse emission and individual sources within galaxies must
also contribute to the total emission. The gamma-ray spectra of
the SMC and LMC are both consistent with models in which
pionic gamma rays dominate the high-energy emission (Abdo
et al. 2010e, 2010h). Many authors have argued that the majority
of starburst emission at energies >0.1 GeV is produced by
interactions of CR nuclei in the ISM, assuming primary CR
proton to electron ratios similar to values found in the MW
(e.g., Paglione et al. 1996; Torres 2004; Persic et al. 2008; Lacki
et al. 2010).

For the MW in particular, global CR-induced gamma-ray
emission above 0.1 GeV stems mostly from neutral pion decay
(Bloemen 1985; Bertsch et al. 1993), with leptonic processes
contributing 30%–40% in the energy range 0.1–100 GeV
(Strong et al. 2010). The diffuse neutral pion decay component
for the MW has spectral index ∼2.75 above ∼1 GeV, matching
the locally measured CR proton spectrum (Simpson 1983;
Sanuki et al. 2000; Adriani et al. 2011). CR escape from the MW
plays a major role in the formation of the measured CR spectrum,
but other galaxies with higher concentrations of ambient gas
may work differently, behaving as calorimeters of CR nuclei,
as suggested by Thompson et al. (2007). Approximately, 10%
(possibly up to 20%) of the global gamma-ray emission of the
MW is thought to originate from individual sources (Strong
2007).

We now review models for the interactions of CR nuclei to
examine physical quantities involved in the scaling of hadronic
gamma-ray emission, following the formalism of recent works
by Persic & Rephaeli (2010) and Lacki et al. (2011). Neutral
pion decay emission is related both to the energy density of
CR nuclei, Up, and to the ambient gas density, n, which serves
as target material for inelastic collisions. The total hadronic
gamma-ray luminosity (erg s−1) can be expressed as

Lγ,π0 =
∫

V

∫
Eγ

dq

dEγ

n(r) Up(r)dEγ dV, (7)

integrating over gamma-ray energies, Eγ , and over the whole
galactic volume, V, which comprises the disk and surrounding
halo occupied by CRs. The factor q(� Eγ ) denotes gamma-
ray emissivity (s−1 H-atom−1 eV−1 cm3) normalized to the CR
energy density (Drury et al. 1994). Next, we define an average
effective density of ambient gas encountered by CR nuclei:

〈neff〉 =
∫
V

n(r)Up(r)dV∫
V

Up(r)dV
. (8)

Note that 〈neff〉 can be substantially lower than the average
gas density found in the galaxy disk. CR nuclei of the MW
are thought to spend most of their time in the low-gas-density
halo, based upon combined measurements of unstable isotopes
and spallation products (e.g., the B/C ratio) in the locally
observed CR composition (reviewed by Strong et al. 2007).
Using the above definition for the average effective gas density,
Equation (7) separates to

Lγ,π0 =
∫

V

UpdV × 〈neff〉 ×
∫

Eγ

dq

dEγ

dEγ . (9)

The leading factor of Equation (9) represents the total energy
of CR nuclei, and can be re-written as the product of the total
luminosity of CR nuclei, Lp, and their characteristic residence
time in the galactic volume, τres:∫

V

UpdV = Lp τres. (10)

The trailing factor of Equation (9) depends upon the parent
spectrum of CR nuclei, for which we assume a power-law
spectral distribution, dNp/dPp ∝ (Pp GeV−1c)−Γp , where Pp

is the momentum. Gamma-ray emissivities (s−1 H-atom−1 cm3)
in the energy range 0.1–100 GeV,

Q0.1–100 GeV =
∫ 100 GeV

0.1 GeV
Eγ

dq

dEγ

dEγ , (11)

are computed using the proton–proton interaction cross sec-
tion parameterizations of Kamae et al. (2006). Note that the
emissivities are normalized to the average energy density of
CR nuclei (kinetic energies 1–106 GeV) within the entire
galactic volume. A nuclear enhancement factor of 1.85 is in-
cluded to account for heavy nuclei in both CRs and target mat-
ter (Mori 2009). The emissivities for Γp = 2–3 range from
Q0.1–100 GeV = (5.7–7.9) × 10−17 s−1 H-atom−1 cm3.

Substituting Equations (10) and (11) into Equation (9) yields

L0.1–100 GeV,π0 = Lp τres 〈neff〉 Q0.1–100 GeV. (12)

In the paradigm that SNRs are the primary sources of galactic
CRs (Ginzburg & Syrovatskii 1964), CR luminosity is the
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product of the SN rate, ΓSN, the kinetic energy released per
SN, ESN, and the fraction of kinetic energy going into CR nuclei
with kinetic energies >1 GeV (i.e., acceleration efficiency), η:

Lp = ΓSN ESN η. (13)

Core-collapse SN rates can be estimated from SFRs given
an IMF and a minimum stellar mass required to produce a
core-collapse SN, which we take to be 8 M�. For a Chabrier
(2003) IMF, the transformation between SFR in the mass range
0.1–100 M� and core-collapse SN rate is ΓSNΨ = SFR, with
Ψ = 83 M�. The average kinetic energy released per core-
collapse SN is ESN ∼ 1051 erg (Woosley & Weaver 1995). The
gamma-ray luminosity becomes

L0.1–100 GeV,π0 = Ψ−1 SFR ESN η τres 〈neff〉 Q0.1–100 GeV.
(14)

Greater physical intuition can be realized by inserting values for
the physical quantities similar to those of the MW,

L0.1–100 GeV,π0 = 9.4 × 1038 erg s−1

(
SFR

M� yr−1

)(
ESN

1051 erg

)

×
( η

0.1

) (
τres

107 yr

)( 〈neff〉
cm−3

)
, (15)

assuming a power-law index for CR nuclei of Γp = 2.75
corresponding to Q0.1–100 GeV = 7.8×10−17 s−1 H-atom−1 cm3.

A consistency check for this simple approach can be per-
formed for the specific case of the MW, for which the column
density of material traversed by CR nuclei, or “grammage,” is
well known (e.g., Dogiel et al. 2002). The mean escape length
for CR nuclei in the MW is x̄ = τres mp 〈neff〉 c ≈ 12 g cm−2

(Jones et al. 2001; cf. the interaction length is ∼55 g cm−2). We
may equivalently express Equation (15) in terms of the escape
length as

L0.1–100 GeV,π0 = 6.0 × 1038 erg s−1

(
SFR

M� yr−1

)(
ESN

1051 erg

)

×
( η

0.1

) (
x̄

10 g cm−2

)
. (16)

If we take SFR = 1.6 M� yr−1 corresponding to an SN rate of
1.9 (±1.1) per century (Diehl et al. 2006), then our estimate for
the pionic gamma-ray luminosity of the MW becomes

L0.1–100 GeV,π0 = 1.1 × 1039 erg s−1

(
ESN

1051 erg

) ( η

0.1

)
. (17)

For comparison, the luminosity estimated from a full numer-
ical treatment (GALPROP code) incorporating an ensemble of
multiwavelength and CR measurements is L0.1–100 GeV,π0 =
(5–7) × 1038 erg s−1, with ESNη = (0.3–1) × 1050 erg (Strong
et al. 2010).

It is commonly assumed that the kinetic energy released per
SN, and acceleration efficiency are universal from galaxy to
galaxy. In that case, the model expressed in Equations (15)
and (16) implies that the hadronic gamma-ray luminosity
of the ISM scales linearly with the SFR, and with the
product of residence time and effective ambient gas den-
sity (or equivalently, grammage). These quantities are likely
correlated in real galaxies. For example, several authors
have argued that SFRs and gas densities are related (e.g.,

via the Schmidt–Kennicutt law) so that a nonlinear scaling
of gamma-ray luminosities with SFRs should be expected:
L0.1–100 GeV,π0 ∝ SFR1.4–1.7 (Persic & Rephaeli 2010; Fields
et al. 2010).

In general, the residence time of CR nuclei in a galaxy, τres,
can be expressed as

τ−1
res = τ−1

esc + τ−1
pp . (18)

A galaxy becomes a “calorimeter” of CR nuclei when the
residence time approximately equals the collisional energy
loss timescale, τres ≈ τpp, i.e., energy losses are dominated
by inelastic collisions with interstellar matter rather than by
escape of energetic particles. The proton–proton collisional
energy loss timescale depends primarily on the average gas
density encountered by CR nuclei, and is nearly independent of
energy because the inelastic cross section, σpp, is only weakly
energy dependent for CRs with kinetic energies greater than
∼1 GeV. The collisional energy loss timescale is (Mannheim &
Schlickeiser 1994)

τpp ≈ (0.65〈neff〉 σpp c)−1 ≈ 5 × 107 yr

( 〈neff〉
cm−3

)−1

. (19)

By contrast, the escape energy loss timescale,

τ−1
esc = τ−1

dif + τ−1
adv, (20)

may be energy dependent since the diffusion time, τdif , depends
upon particle rigidity in interstellar magnetic fields. For the MW,
the main contribution to the gamma-ray luminosity comes from
photons with energies ∼1 GeV, corresponding to CR proton
energies of ∼10 GeV. The diffusive escape timescale can be
estimated as τdif ∼ z2

h/6D ∼ (1–2) × 107 yr for a halo height
of zh = 4 kpc, and taking diffusion coefficients in the range
D = (4–8) × 1028 cm2 s−1 for a particle rigidity of ∼10 GV
(Ptuskin et al. 2006). Given a grammage of 12 g cm−3, the
average gas density corresponding to an escape time of 2×107 yr
is 〈neff〉 ≈ 0.3 cm−3 (implying that τpp ∼ 1.5 × 108 yr). In
spite of modeling differences, it is generally understood that the
diffusive escape timescale is much shorter than the collisional
loss timescale for the MW (Strong et al. 2007, and references
therein).

Large uncertainties exist for the escape time due to uncer-
tainty in diffusion parameters, and because CRs might also be
advected outward by bulk motion “superwinds” which are ob-
served for many starbursts (Lehnert & Heckman 1996). The ad-
vective timescale, τadv, like the collisional energy loss timescale,
is nearly independent of energy.

The spectrum of pionic gamma rays will be affected by a
transition between dominant energy loss mechanisms, becoming
softer for galaxies in which energy-dependent diffusive losses
are important. In particular, the harder gamma-ray spectra
found for starburst galaxies may be understood if the energy
loss rate due to either proton–proton interactions or advection
is considerably faster than the diffusion timescale. A scaling
relation for gamma-ray luminosity should include the possibility
that residence times for CR nuclei in different galaxies may vary
substantially.

In the calorimetric limit, the residence time and effective
density of target material are inversely proportional, and accord-
ingly, the anticipated scaling of pionic gamma-ray luminosity
becomes a linear scaling of the SFR:
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L0.1–100 GeV,π0 |τres≈τpp = 5 × 1039 erg s−1

(
SFR

M� yr−1

)

×
(

ESN

1051 erg

)( η

0.1

)
. (21)

For the calorimeter case, we assume an underlying spectrum
of CR nuclei described by a power law with Γp = 2.2
(Q0.1–100 GeV = 7.9 × 10−17 s−1 H-atom−1 cm3), representative
of the LAT-detected starbursts. The gamma-ray luminosity
expected in the calorimetric limit for CR nuclei is plotted in
Figures 3 and 4 assuming an average CR luminosity per SN of
ESN η = 1050 erg.59

To determine how well the theoretical calorimetric limit
above describes nearby starburst galaxies, we can transform the
observed scaling relation between gamma-ray luminosity and
total IR luminosity to a scaling relation between gamma-ray
luminosity and SFR using Equation (1). This produces

L0.1–100 GeV|scaling relation = N

(
SFR

M� yr−1

1

1.7ε

)α

, (22)

where N = 1.85+0.37
−0.31 × 1039 erg s−1 and α = 1.16 ± 0.07, fit

using the EM algorithm for the complete sample of 69 galaxies.
Substituting best-fit values for the normalization and index, and
assuming a Chabrier IMF (ε = 0.79) yields

L0.1–100 GeV|scaling relation ≈ (1.3 ± 0.3) × 1039 erg s−1

×
(

SFR

M� yr−1

)1.16±0.07

. (23)

The ratio between the gamma-ray luminosity estimated
via the observed scaling relation with total IR luminosity
(Equation (23)) and predicted in the calorimetric limit for CR
nuclei (Equation (21)) provides an estimate for the calorimetric
efficiency of CR nuclei:

Fcal � L0.1–100 GeV|scaling relation

L0.1–100 GeV,π0 |τres≈τpp

≈ (0.3 ± 0.1)

×
(

SFR

M� yr−1

)0.16±0.07 (
ESN

1051 erg

)−1 ( η

0.1

)−1
. (24)

This calorimetric efficiency estimate should be viewed as an
upper limit because leptonic processes and individual sources
must also contribute to the observed global gamma-ray emis-
sion of galaxies. We may infer from Equation (24) that star-
burst galaxies with SFR ∼10 M� yr−1 have maximum calori-
metric efficiencies of 30%–50% whereas dwarf galaxies with
SFR ∼0.1 M� yr−1 have lower calorimetric efficiencies of
10%–20%, when assuming an average CR luminosity per SN
of ESN η = 1050 erg, using a Chabrier IMF, and attributing
all observed gamma rays to hadronic processes. Real galaxies
are expected to exhibit some dispersion about the trend. The
estimates presented here are in good agreement with the cal-
culations of Lacki et al. (2011) for M82 and NGC 253. Our
own MW is the only galaxy for which global gamma-ray lu-
minosity can be compared to direct CR measurements, and the

59 Lacki et al. (2011) calculated the ratio L>1 GeV/L8–1000 μm = 3.1 × 10−4

expected in the calorimetric limit for CR nuclei with Γp = 2.0 and
ESNη = 1051 erg. Substituting the corresponding gamma-ray emissivity,
Q>1 GeV = 1.2 × 10−16 s−1 H-atom−1 cm3, into Equation (21) yields
L>1 GeV/L8–1000 μm = 2.5 × 10−4, an agreement to within ∼20%.

CR energetics are in fair agreement with our estimates above
considering that the estimated gamma-ray luminosity is below
(but consistent with) the best-fit scaling relation.

Energy-independent cooling mechanisms for CR nuclei ca-
pable of preserving the injected spectral shape are preferred for
the LAT-detected starburst galaxies given their relatively hard
gamma-ray spectra. An enhancement of interaction efficiency
is suggested by the slightly nonlinear scaling relations found
in Section 4.3. However, the overall normalizations of these
scaling relations imply that most starburst galaxies are not fully
calorimetric for ESN η = 1050 erg. Our present analysis does
not tightly constrain the CR calorimetry scenario for ULIRGs.
Energy-independent CR transport should also be examined as a
potentially important energy loss mechanism for CR nuclei in
starburst galaxies (see in this context Persic & Rephaeli 2012).
Our observations suggest that a substantial fraction of CR en-
ergy escapes into intergalactic space for most galaxies since CR
nuclei are expected to dominate the CR energy budget, but that
some starburst systems such as M82, NGC 253, NGC 1068, and
NGC 4945 have substantially higher calorimetric efficiencies
relative to the MW. A detailed discussion of particular starburst
galaxies as potential CR calorimeters is presented by Lacki et al.
(2011).

5.2. Contribution to the Isotropic Diffuse
Gamma-ray Background

Celestial gamma-ray radiation not resolved into individual
sources is often treated as the sum two components: a spatially
structured component originating mainly from CR interactions
in the MW, and a nearly uniform all-sky component often called
the IGRB. Shortly after the discovery of an isotropic component
using the OSO-3 satellite (Clark et al. 1968) and early spec-
tral characterization with SAS-2 (Fichtel et al. 1975), several
authors proposed that multitudinous extragalactic sources too
faint to be individually resolved must contribute to the observed
flux (Strong et al. 1976; Lichti et al. 1978). The spectrum of
the isotropic component has been subsequently measured with
EGRET (Sreekumar et al. 1998; Strong et al. 2004), and most
recently with the Fermi-LAT (Abdo et al. 2010f). Note that the
intensity attributed to the isotropic diffuse component is instru-
ment dependent in the sense that more sensitive instruments are
capable of extracting fainter individual sources. In this work,
the term IGRB will refer specifically to the most recent mea-
surement reported by the Fermi-LAT Collaboration, consistent
with a featureless power law of spectral index of 2.41 ± 0.05
between 0.2–100 GeV with integral intensity above 0.1 GeV of
1.03 ± 0.17 × 10−5 ph cm−2 s−1 sr−1.

The origin of the IGRB flux is not yet fully understood, in part
because the contribution from the most prominent extragalactic
gamma-ray source class, namely, blazars, is well constrained
by population synthesis techniques. More than one thousand
sources at high Galactic latitudes, predominantly blazars, have
now been discovered at GeV energies (Ackermann et al. 2011).
The total intensity of these resolved sources averaged over
the full sky is 0.44 × 10−5 ph cm−2 s−1 sr−1. Based on
the empirically determined flux distribution of high-latitude
sources, blazars with fluxes below the LAT detection threshold
are expected to contribute less than 30% of the IGRB intensity
(Abdo et al. 2010c).

Star-forming galaxies far outnumber AGNs in number den-
sity, but are more challenging to detect in high-energy gamma
rays due to their comparatively modest luminosities and lack
of beamed emission. Even with the improved sensitivities of
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contemporary gamma-ray telescopes, a limited number of ex-
clusively low-redshift star-forming galaxies are expected to be
individually detected. Estimates for the collective intensity of
unresolved galaxies consequently rely upon scaling relations
between gamma-ray luminosity and galaxy properties (such as
SFR and gas content), and studies of the evolving cosmologi-
cal population of galaxies. Calculations by Pavlidou & Fields
(2002) and Thompson et al. (2007) during the EGRET era,
and by Fields et al. (2010), Makiya et al. (2011), and Stecker
& Venters (2011) incorporating additional constraints from the
first year of the Fermi mission demonstrated that star-forming
galaxies could make a substantial contribution to the IGRB,
comparable to that of the blazars.

Fields et al. (2010) pointed out that uncertainties in the
estimated contribution can arise from a degeneracy between
density and luminosity evolution of star-forming galaxies over
cosmic time. In other words, a change in either the density of
galaxies having a given SFR (density evolution), or a change
in the SFR of individual galaxies (luminosity evolution) could
account for variations in total SFR density with redshift. If
the relationship between gamma-ray luminosity and SFR is
nonlinear, such distinctions are important.

Stecker & Venters (2011) proposed an approach combining
global gamma-ray luminosity scaling relations with multiwave-
length luminosity functions which describe the abundances of
individual galaxies within different luminosity classes over red-
shift. As an example of this approach, we now estimate the
contribution of non-AGN-dominated star-forming galaxies to
the IGRB using the relationship between gamma-ray luminosity
(0.1–100 GeV) and total IR (8–1000 μm) luminosity identified
in Section 4.3, together with an IR luminosity function provided
by Spitzer observations of the VIMOS VLT Deep Survey and
GOODS fields (Rodighiero et al. 2010).

This procedure requires an IR luminosity function for exclu-
sively non-AGN-dominated star-forming galaxies. In obtaining
luminosity functions from Spitzer data, Rodighiero et al. utilized
a catalog of spectral templates to simultaneously determine the
redshift and spectral classification of each galaxy in their data
set. Objects classified as type-I AGNs were subsequently re-
moved from the sample. Although some AGNs likely remain,
the fractional contamination of IR-bight obscured AGNs is ex-
pected to be small compared to non-AGN galaxies (Ballantyne
& Papovich 2007; Petric 2010), such that the final IR luminosity
functions accurately represent the cosmic star formation history.
The IR luminosity function for non-AGN galaxies published by
Rodighiero et al. (given in the rest frame of the galaxies) is con-
sistent with those found from other IR surveys (Sanders et al.
2003; Chapman et al. 2005; Le Floc’h et al. 2005; Huynh et al.
2007; Magnelli et al. 2009).

The collective intensity (ph cm−2 s−1 sr−1 GeV−1) of unre-
solved star-forming galaxies at observed photon energy E0 can
be computed using the line-of-sight integral,

I (E0) =
∫ zmax

0

∫ Lγ,max

Lγ,min

Φ(Lγ , z)
d2V

dzdΩ
dN

dE

× (Lγ ,E0(1 + z))dLγ dz, (25)

where Φ(Lγ , z) = d2N/(dV dLγ ) expresses the number density
of galaxies per unit luminosity interval and dN/dE(Lγ ,E0(1 +
z)) is the differential photon flux of an individual galaxy with
integral gamma-ray luminosity Lγ at redshift z. The factor
d2V/(dzdΩ) represents the comoving volume element per unit

redshift and unit solid angle. We transform the integral over
gamma-ray luminosity into an integral over IR luminosity using
the scaling relation Equation (4) and fitted parameters from
Table 3.

Given the limited number of star-forming galaxies detected in
high-energy gamma rays, the spectral transition from quiescent
to starburst galaxies has not yet been mapped in detail. Accord-
ingly, two spectral model choices for star-forming galaxies in
the gamma-ray energy band are used in our calculation. First,
we adopt a power-law spectral model with photon index 2.2,
characteristic of the LAT-detected starbursts. The second spec-
tral model is based on a model of the global emission from the
MW (Strong et al. 2010) scaled to the appropriate corresponding
IR luminosity. These two spectral models should be viewed as
bracketing the expected contribution since multiple galaxy types
with different gamma-ray spectral characteristics contribute to
the IGRB, e.g., dwarfs, quiescent spirals, and starbursts.

Only the redshift range 0 < z < 2.5 is considered in this work
because IR luminosity functions are not yet well constrained
beyond z ∼ 2.5. We explicitly assume that the relationship
between gamma-ray and IR luminosity found for galaxies at
z � 0.05 holds for galaxies at higher redshifts. Although we
are unable to validate this assertion directly, the closely related
RC–IR correlation does not show signs of evolution up to z ∼ 2
(Ivison et al. 2010), and possibly to redshifts z � 4 (Sargent
et al. 2010). Those observations are indicative of a consistent
relationship between star formation and CRs in galaxies over
the past 10 Gyr.

We account for the attenuation of gamma rays by interactions
with the extragalactic background light using the model of
Franceschini et al. (2008). The contribution of resulting cascade
emission to the IGRB is expected to be faint compared to the
primary component (Makiya et al. 2011).

Estimates for the collective intensities of unresolved star-
forming galaxies, including both quiescent galaxies and star-
bursts, in the energy range above 0.1 GeV are shown in
Figure 7 relative to the first-year Fermi-LAT IGRB measure-
ment. Shaded regions denote the range of statistical and system-
atic uncertainties. We use the scaling relation between gamma-
ray luminosity and total IR luminosity obtained using the EM
algorithm with the full sample of 69 galaxies, allowing for one
standard deviation of variation in the fitted parameters, and in-
clude log-normal intrinsic scatter of gamma-ray luminosities.
An additional 30% uncertainty is allocated for the normalization
of the IR luminosity function. Using the methodology described
above with the scaled MW spectral model, the estimated inte-
gral photon intensity of unresolved star-forming galaxies with
redshifts 0 < z < 2.5 above 0.1 GeV is 1.2+1.2

−0.6 × 10−6 ph
cm−2 s−1 sr−1. If the power-law model is assumed, the esti-
mated integral photon intensity is 0.8+0.7

−0.4 × 10−6 ph cm−2 s−1

sr−1. These estimates cover a range of 4%–23% of the inte-
gral IGRB intensity above 0.1 GeV measured with the LAT,
1.03 ± 0.17 × 10−5 ph cm−2 s−1 sr−1 (Abdo et al. 2010f). Dif-
ferential intensities for the two spectral models are presented in
Table 6. The range of intensities predicted in this work is con-
sistent with previous estimates for the intensity of unresolved
star-forming galaxies shown in Figure 7 for comparison.

The relative contributions of star-forming galaxies to the
IGRB according to their redshift and IR luminosity class are
shown in Figure 8. In both panels, fractional contributions
are normalized to the estimated total intensity of star-forming
galaxies with redshifts 0 < z < 2.5. These panels provide
important checks to the reliability of our total estimate given
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Table 6
Collective Gamma-ray Intensity of Unresolved Star-forming Galaxies Relative to the IGRB

Star-forming Galaxies Isotropic Diffuse

Re-scaled Milky Way Model Power-Law Model, Γ = 2.2
E E2dN/dE E2dN/dE E2dN/dE

(GeV) (10−8 GeV cm−2 s−1 sr−1) (10−8 GeV cm−2 s−1 sr−1) (10−8 GeV cm−2 s−1 sr−1)

0.10 4.0–15 4.9–18 150
0.16 4.9–18 4.5–16 120
0.25 5.4–20 4.1–15 100
0.40 5.4–20 3.7–14 82
0.63 4.9–18 3.4–12 68
1.00 4.2–15 3.1–11 57
1.6 3.3–12 2.8–10 47
2.5 2.5–9.0 2.6–9.4 39
4.0 1.9–6.7 2.4–8.6 32
6.3 1.4–4.9 2.1–7.8 27
10.0 1.0–3.6 1.9–7.1 22
16 0.75–2.7 1.8–6.5 18
25 0.55–2.0 1.6–5.8 15
40 0.39–1.4 1.4–5.1 12
63 0.26–0.94 1.2–4.3 10
100 0.16–0.56 0.89–3.2 8.6
160 0.082–0.28 0.59–2.0 . . .

250 0.036–0.12 0.34–1.1 . . .

400 0.022–0.078 0.19–0.63 . . .

Notes. Estimated intensities of unresolved star-forming galaxies using two different spectral model assumptions are compared to the IGRB spectrum measured by the
LAT. The spectrum of the IGRB is consistent with a power law characterized by a photon index Γ = 2.41 ± 0.05 with an integral photon intensity above 0.1 GeV of
(1.03 ± 0.17) × 10−5 ph cm−2 s−1 sr−1 (Abdo et al. 2010f). The entries in the rightmost column follow from this parameterization for the IGRB spectrum.

the uncertainty in the relationship between gamma-ray and IR
luminosity for all galaxy types (e.g., no ULIRGs are detected
at GeV energies), and our incomplete knowledge of the IR
luminosity function at intermediate redshifts. The black dashed
curve indicates the total IR luminosity above which Rodighiero
et al. (2010) report completeness in the sample of galaxies
used to derive their published IR luminosity functions. The
luminosity function in the region of phase space with IR
luminosity above that threshold is well constrained by Spitzer
data. Although the IR luminosity function for galaxies below
this threshold is not directly determined by the detections
of individual galaxies, the total density of IR emission is
constrained by the observed extragalactic background light. The
IR luminosity functions presented by Rodighiero et al. (2010)
integrated over IR luminosity and redshift are consistent with the
cosmic SFR history estimated from analyses of IR observations
by Pérez-González et al. (2005), Le Floc’h et al. (2005), and
Caputi et al. (2007), and that estimated with far-ultraviolet data
(Tresse et al. 2007).

Although the contribution from star-forming galaxies is only
considered in the redshift range from 0 < z < 2.5 in this work,
Figure 8 makes apparent that the contribution from star-forming
galaxies at redshifts z > 1.5 is diminishing. The particular
shape of the cumulative contribution curve in the lower panel of
Figure 8 is determined mainly by the IR luminosity function.

Estimates for the combined intensities of unresolved blazars
and star-forming galaxies are plotted in Figure 9. The summed
contribution falls short of explaining the IGRB, suggesting
that important aspects of these populations are not included in
current models and/or that other high-energy source classes or
diffuse processes contribute a significant fraction of the observed
IGRB intensity. Dermer (2007) provides an extensive discussion
of possible contributions to the IGRB.

Besides the beamed emission from blazars, in which the
relativistic jet direction coincides with our line of sight, the

gamma-ray emission from the cores of misaligned AGNs must
also constitute part of the IGRB. More than 10 such radio
galaxies have now been detected in Fermi-LAT data at redshifts
up to z ∼ 0.7 (Abdo et al. 2010i). A relationship between
the gamma ray and radio emission of LAT-detected misaligned
AGNs has been used to estimate that gamma-ray-loud radio
galaxies account for ∼25% of the unresolved IGRB above
0.1 GeV (Inoue 2011). However, estimates for this contribution
are not yet tightly constrained due to the small sample of LAT-
detected objects and uncertainties regarding the scaling relation
between radio and gamma-ray luminosities.

Large-scale structure formation shocks leading to the as-
sembly of galaxy clusters represent another interesting can-
didate population to explain the remaining IGRB intensity
(Colafrancesco & Blasi 1998). The tenuous intergalactic
medium of galaxy clusters is thought to be a reservoir for CR nu-
clei which accumulate over cosmological timescales. Although
non-thermal leptonic populations are well established by obser-
vation of Mpc-scale radio features, no galaxy cluster has been
detected in the GeV energy range (e.g., Ackermann et al. 2010).
Other extragalactic source classes have been considered, such as
gamma-ray bursts (Le & Dermer 2007), and extended emission
from the lobes of radio galaxies (Stawarz et al. 2006; Massaro
& Ajello 2011), but these contributions are expected to be less
than 1% in the GeV energy range. Unresolved radio-quiet AGNs
are also not expected to make a significant contribution to the
IGRB (Teng et al. 2011).

An example of a truly diffuse component is the cumulative
emission resulting from electromagnetic cascades of ultra-high
energy CRs interacting with cosmic microwave background
photons (Berezinskii & Smirnov 1975) and very high energy
photons interacting with the extragalactic background light
(Coppi & Aharonian 1997). The gamma rays produced by
those cascades are expected to have a relatively hard spectrum.
Already, the LAT IGRB measurement has been used to constrain
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Figure 7. Estimated contribution of unresolved star-forming galaxies (both
quiescent and starburst) to the isotropic diffuse gamma-ray emission measured
by the Fermi-LAT (black points; Abdo et al. 2010f). The shaded regions indicate
combined statistical and systematic uncertainties in the contributions of the
respective populations. Two different spectral models are used to estimate the
GeV gamma-ray emission from star-forming galaxies: a power law with photon
index 2.2, and a spectral shape based on a numerical model of the global gamma-
ray emission of the Milky Way (Strong et al. 2010). These two spectral models
should be viewed as bracketing the expected contribution since multiple star-
forming galaxy types contribute, e.g., dwarfs, quiescent spirals, and starbursts.
We consider only the contribution of star-forming galaxies in the redshift range
0 < z < 2.5. The gamma-ray opacity of the universe is treated using the
extragalactic background light model of Franceschini et al. (2008). Several
previous estimates for the intensity of unresolved star-forming galaxies are
shown for comparison. Thompson et al. (2007) treated starburst galaxies as
calorimeters of CR nuclei. The normalization of the plotted curve depends on
the assumed acceleration efficiency of SNRs (0.03 in this case). The estimates
of Fields et al. (2010) and by Makiya et al. (2011) incorporate results from the
first year of LAT observations. Fields et al. (2010) considered the extreme cases
of either pure luminosity evolution and pure density evolution of star-forming
galaxies. Two recent predictions from Stecker & Venters (2011) are plotted: one
assuming a scaling relation between IR-luminosity and gamma-ray luminosity,
and one using a redshift-evolving Schechter model to relate galaxy gas mass to
stellar mass.

(A color version of this figure is available in the online journal.)

this component and to predict the cosmogenic ultra-high energy
neutrino flux originating from charged pion decays of the ultra-
high energy CR interactions (Ahlers et al. 2010; Berezinsky
et al. 2011; Wang et al. 2011).

Galactic sources, such as a population of unresolved millisec-
ond pulsars at high Galactic latitudes, could become confused
with isotropic diffuse emission as argued by Faucher-Giguère
& Loeb (2010). Part of the IGRB may also come from our Solar
System as a result of CR interactions with debris of the Oort
Cloud (Moskalenko & Porter 2009).

Finally, a portion of the IGRB may originate from “new
physics” processes involving, for instance, the annihilation or
decay of dark matter particles (Bergström et al. 2001; Ullio et al.
2002; Taylor & Silk 2003).

Studies of anisotropies in the IGRB intensity on small angular
scales provide another approach to identify IGRB constituent
source populations (Siegal-Gaskins 2008). The fluctuation an-
gular power contributed by unresolved star-forming galaxies is
expected to be small compared to other source classes because
star-forming galaxies have the highest spatial density among
confirmed extragalactic gamma-ray emitters, but are individ-
ually faint (Ando & Pavlidou 2009). Unresolved star-forming
galaxies could in principle explain the entire IGRB intensity
without exceeding the measured anisotropy (Ackermann et al.
2012a). By contrast, the fractional contributions of unresolved
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Figure 8. Relative contribution of star-forming galaxies to the isotropic diffuse
gamma-ray background according to their redshift and total IR luminosity
(8–1000 μm) normalized to the total contribution in the redshift range 0 < z <

2.5. Top panel: solid contours indicate regions of phase space which contribute
an increasing fraction of the total energy intensity (GeV cm−2 s−1 sr−1) from all
star-forming galaxies with redshifts 0 < z < 2.5 and 108 L� < L8–1000 μm <

1013 L�. Contour levels are placed at 10% intervals. The largest contribution
comes from low-redshift Milky Way analogues (L8–1000 μm ∼ 1010 L�) and
starburst galaxies comparable to M82, NGC 253, and NGC 4945. The black
dashed curve indicates the IR luminosity above which the survey used to generate
the adopted IR luminosity function is believed to be complete (Rodighiero et al.
2010). Bottom panel: cumulative contribution vs. redshift. As above, only the
redshift range 0 < z < 2.5 is considered.

(A color version of this figure is available in the online journal.)

blazars and millisecond pulsars to the IGRB intensity are con-
strained to be less than ∼20% and ∼2%, respectively, due to
larger angular power expected for those source classes.

6. GALAXY DETECTION OUTLOOK
FOR THE FERMI-LAT

The scaling relations obtained in Section 4.3 allow straight-
forward predictions for the next star-forming galaxies which
could be detected by the LAT. We use the relationship between
gamma-ray luminosity and total IR luminosity to select the most
promising targets over a 10 year Fermi mission.

We begin by creating an IR flux-limited sample of galaxies
from the IRAS Revised Bright Galaxies Sample (Sanders et al.
2003) by selecting all the galaxies with 60 μm flux density
greater than 10 Jy (248 galaxies). Next, 0.1–100 GeV gamma-
ray fluxes of the galaxies are estimated using the scaling
relation between gamma-ray luminosity and total IR luminosity.
Intrinsic dispersion in the scaling relation is addressed by
creating a distribution of predicted gamma-ray fluxes for each
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(A color version of this figure is available in the online journal.)
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galaxy, assuming the log-normal intrinsic scatter fitted with
the EM algorithm for the full sample of examined galaxies.
Finally, we estimate the LAT flux sensitivity at the location of
each galaxy given the Galactic foreground and isotropic diffuse
background, and extrapolating the current LAT observation
profile. For each realization of the population, we count galaxies
with predicted fluxes above the LAT sensitivity thresholds
at their respective positions as “detected.” The galaxies are
modeled as spatially unresolved sources having power-law
spectral forms with photon index equal to 2.2. These modeling
choices are focused on the search for additional starburst
galaxies beyond the Local Group.

Detection probabilities over a 10 year Fermi mission are
plotted in Figure 10 for the best candidate galaxies according
to the procedure outlined above. The predictions pass the
consistency check that the best candidate galaxies match those
which have been LAT-detected. Galaxies with the next highest
probabilities of LAT-detection in the coming years include M33,
M83, NGC 3690, NGC 2146, and Arp 220. This list substantially
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Figure 11. Total number of star-forming galaxies anticipated to be detected
during a 10 year Fermi mission. The actual numbers of external galaxies reported
in the 1FGL (Abdo et al. 2010a) and 2FGL (Nolan et al. 2012) catalogs are
marked with star symbols.

(A color version of this figure is available in the online journal.)

overlaps with the top candidates recently named by Lacki et al.
(2011).

Formally, the galaxy NGC 5128 (Centaurus A) would have
entered our list of top candidates based on its total IR flux, and
indeed, NGC 5128 has been detected at both GeV and TeV
energies (Aharonian et al. 2009; Abdo et al. 2010g). However,
the signal is thought to originate mainly from the relativistic jet
associated with the AGN. NGC 5128 is consequently excluded
from our list of candidate galaxies.

We find moderately significant excesses above backgrounds
at the locations of NGC 2146 and M83 (see Section 4). If those
excesses are indeed associated with the galaxies (see in this
context Lenain & Walter 2011 for M83), then both might be
securely detected after ∼6 years of LAT observations.

Figure 11 shows the cumulative number of galaxies antici-
pated to be detected as a function of increasing mission time.
The shaded confidence regions are obtained directly from the
distribution of total galaxies above the LAT sensitivity threshold
as predicted from the multiple realizations of the galaxy popu-
lation described above. The actual numbers of external galaxies
reported in the 1FGL (Abdo et al. 2010a) and 2FGL (Nolan et al.
2012) catalogs are consistent with expectations. If the simple
scaling relationship between gamma-ray luminosity and total IR
luminosity found for our present sample is representative of the
larger population of low-redshift star-forming galaxies, then we
can expect about 10 external galaxies to be gamma ray detected
during a 10 year Fermi mission.

7. CONCLUSIONS

We examined 64 galaxies selected for their abundant dense
molecular gas using 3 years of Fermi-LAT data in the
0.1–100 GeV energy range. Those results are combined with
previous studies of five Local Group galaxies in a multiwave-
length analysis incorporating both measured fluxes for the LAT-
detected galaxies and gamma-ray flux upper limits. We find
further, though not yet conclusive (P-values ∼0.05 in the most
conservative case), evidence for a quasi-linear scaling relation
between gamma-ray luminosity and SFR as estimated by RC
luminosity or total IR luminosity. Since contemporaneous SFRs
are sensitive to short-lived massive stars, and because gamma
rays are the most direct probe of CR hadrons in the ISM of
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external galaxies, the scaling relationship strengthens the con-
nection between CR energy content and massive stars which
ultimately explode as SNe.

In the paradigm that SNRs channel approximately 10% of
their mechanical energy into CR nuclei with kinetic energies
>1 GeV, the normalization of the observed scaling relationship
between gamma-ray luminosity and SFR implies that starburst
galaxies (SFR ∼ 10 M� yr−1) have an average calorimetric
efficiency for CR nuclei of 30%–50% if the gamma-ray emission
is dominated by neutral pion decay. As discussed in Section 5.1,
this constraint depends upon the assumed energetics of SNRs
and the stellar IMF. Meanwhile, the hard gamma-ray spectra
of starburst galaxies (Γ = 2.2–2.3) give preference for energy-
independent loss mechanisms for CR nuclei in starbursts, as
opposed to the diffusive losses which likely shape the observed
gamma-ray spectra of quiescent Local Group galaxies. Both
hadronic interactions and advective transport of CR nuclei
should be considered as potentially important energy loss
mechanisms in starburst galaxies. The overall normalization of
the relation between gamma-ray luminosity and SFR supports
the understanding that the majority of CR energy in most
galaxies eventually escapes into intergalactic space.

The relationship between gamma-ray luminosity and total IR
luminosity can be used as a low-redshift anchor to estimate
the contribution of star-forming galaxies to the IGRB. Using
the gamma-ray luminosity scaling relations presented here in
conjunction with IR luminosity functions, we estimate that
star-forming galaxies with redshifts 0 < z < 2.5 have a
sky-averaged intensity of 0.4–2.4 ×10−6 ph cm−2 s−1 sr−1 in
the energy range 0.1–100 GeV, thereby contributing 4%–23%
of the IGRB intensity measured by the LAT. The combined
contributions of unresolved blazars and star-forming galaxies
appear to fall short of fully explaining the observed IGRB,
suggesting that other gamma-ray source populations and/or
truly diffuse processes constitute a substantial fraction of the
observed IGRB intensity.

Finally, we predict that several more external galaxies might
be detected by the LAT during a 10 year Fermi mission. In par-
ticular, the galaxies M33, M83, NGC 3690, NGC 2146, and Arp
220 are interesting targets for further study. The all-sky coverage
provided by the LAT can also help identify promising targets
for studies with imaging air-Cerenkov telescopes, including the
proposed Cerenkov Telescope Array.60
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APPENDIX A

KENDALL τ CORRELATION STATISTIC

The Kendall τ correlation statistic is a non-parametric rank
correlation method which can be generalized for the analysis
of data sets containing both detections and non-detections. In
this work, we follow the procedure of Akritas & Siebert (1996)
to test the degree of correlation between luminosities in two
wavebands for a collection of galaxies.

Consider a data set consisting of n points, Xk[i], indexed by
i = 1, . . . , n, with k = 1, 2 to denote the two wavebands. To
compute the correlation coefficient, first define a helper function,

Jk(i, j ) = δ(Xk[i])I (Xk[i] < Xk[j ])

− δ(Xk[j ])I (Xk[j ] < Xk[i])), (A1)

where I = 1 if the enclosed conditional statement is true, and
I = 0 otherwise. When performing an analysis of partially
censored data, let δ(Xk[i]) = 1 for a detection (measured
value), and δ(Xk[i]) = 0 for a non-detection (limiting value).
For historical reasons, the Kendall τ statistic is conventionally
defined in the context of data containing lower limits rather than
upper limits as is common in astrophysics research applications.
The method can be applied to data containing upper limits by
taking the negative value of all quantities, i.e., X′

k[i] = −Xk[i].
Next, define a function to encode the ordering between two
points in the data set labeled i, j ,

H (i, j ) = J1(i, j )J2(i, j ). (A2)

A graphical representation of this encoding is shown in
Figure 12 for a data set containing upper limits in the k =
2 waveband. Note that H (i, j ) ∈ −1, 0, 1. The Kendall τ
correlation coefficient is the sum of H(i, j) for each pair of
points in the data set, normalized by the total number of pairs,

τ = 2

n(n − 1)

n∑
i

n∑
j>i

H (i, j ). (A3)

APPENDIX B

POTENTIAL HAZARD OF MULTIWAVELENGTH
COMPARISONS IN FLUX SPACE

Consider the simple case of a sample of objects observed in
two wavebands, denoted by k = 1, 2, which follow a power-
law relation in intrinsic luminosity, log L2 = α log L1 + β. An
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H=1 H=0 H=1 H=0

H=-1 H=0 H=-1 H=0

Figure 12. Graphical representation of the generalized Kendall τ rank correlation test. The τ correlation statistic is proportional to the sum of H-values obtained for
each pair of points in the data set. See Appendix A for a complete description of the method.

(A color version of this figure is available in the online journal.)

algebraic conversion of this equation from luminosity space to
flux space yields

log F2 = α log F1 + 2(α − 1) log d + constant, (B1)

where d is the distance to the distance to each object in the
sample, Lk = 4πd2Fk . Note that if the relationship between
intrinsic luminosities is nonlinear, α �= 1, the distance to each
galaxy enters as an additional term in the flux space relation. This
situation can lead to unpredictable behavior, since the objects in
the sample are, in general, located at different distances to the
observer.

APPENDIX C

SIMULATIONS OF MULTIWAVELENGTH
COMPARISONS IN LUMINOSITY SPACE

We discuss results from a Monte Carlo study of multiwave-
length comparisons in luminosity space in the context of the
present work. One concern of comparing luminosities is that
both quantities have a shared dependence on the measured dis-
tances to the objects. Common selection effects in observational
astrophysics, e.g., that more luminous objects can be detected at
greater distances, therefore have the potential to induce spurious
apparent luminosity correlations between wavebands.

We performed a series of simulations of a population of
objects observed in two wavebands to investigate this potential
source of bias. The two wavebands are differentiated in that
the “selection” band, here called the “X band,” is used to select
a sample of objects from a larger population, and the objects
are then observed in a second “search” band, here called the
“Y band.” The bands are asymmetric in that partial censoring
is possible in the Y band, whereas all objects are detected in
the X band. The galaxies examined in this work fit the above
description as a flux-limited sample selected according to their
IR, CO-line, and HCN-line fluxes, and subsequently observed
in the gamma-ray band.

We test various scenarios considering different intrinsic rela-
tionships between X- and Y-band luminosities, sample selection
approaches, and detection efficiencies. Throughout the simula-
tions, we assume that distances to the objects and fluxes are
measured without error. This assumption implies completeness
down to the detection threshold flux level in the Y band.

For each scenario, repeat the following procedure many times.

1. Create a population of objects with randomly distributed
distances from the observer and luminosities in the X band.

2. Assume a relationship between intrinsic luminosities in the
X and Y bands, specifically a power-law form with intrinsic
dispersion D:

log LY = α log LX + β + D. (C1)

Intrinsic dispersion in the relationship between luminosities
in the X and Y bands is taken to be normally distributed in
log space with standard deviation σD, i.e., D = N (0, σD).

3. Select a subset of objects from the full population. The
subset will comprise the sample of objects observed in
both wavebands and considered in subsequent statistical
analysis.

4. Objects are considered detected (non-detected) in the Y
band if their Y-band flux is above (below) the Y-band
detection threshold flux level. For the objects which are not
detected in the Y band, set the flux upper limit at the Y-band
detection threshold flux level. Determine corresponding
luminosities (possibly limits) for each object in the sample.

5. Compute the Kendall τ correlation coefficient for the
relationship between luminosities in the X and Y bands
for the subset of selected objects.

For the particular examples which follow, we generate a
population of objects representative of low-redshift star-forming
galaxies. The X-band luminosity distribution is drawn from
the total IR luminosity function of Rodighiero et al. (2010)
at redshift z = 0, with a minimum IR luminosity of 108 L�.
The volume considered is a cube of 200 Mpc on a side. Objects
are assumed to be uniformly distributed in Euclidean three-
dimensional space.

We consider two sample selection approaches: volume-
limited and flux-limited in the X band. In either case, a sample
consisting of 100 objects is selected for each trial. The selected
sample in each trial amounts to approximately 0.06% of objects
in the full simulated population.

The parameters of each simulation scenario include the intrin-
sic power-law scaling index between X- and Y-band luminosi-
ties (α), the standard deviation of the intrinsic dispersion in the
luminosity–luminosity relationship (σ , dex), and the detection
efficiency of sample objects in the Y band. For each scenario,
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Table 7
Kendall τ Correlation Coefficient Distributions: Volume-limited Sample

αintrinsic = 0 αintrinsic = 1

Detection efficiency in Y band = 0.1

σD = 0 0 ± 0 0.12 ± 0.023
(. . .) (5.1)

σD = 0.3 −0.00021 ± 0.012 0.11 ± 0.022
(−0.017) (5.3)

σD = 1 −0.002 ± 0.028 0.092 ± 0.024
(−0.07) (3.9)

Detection efficiency in Y band = 1

σD = 0 0 ± 0 1 ± 0
(. . .) (. . .)

σD = 0.3 −0.0018 ± 0.067 0.71 ± 0.03
(−0.026) (24)

σD = 1 −0.0023 ± 0.068 0.36 ± 0.058
(−0.035) (6.2)

Notes. Mean Kendall τ correlation coefficient and standard deviation of the
distribution are supplied for each set of simulation parameters: detection
efficiency in the Y band, true power-law scaling index of intrinsic luminosities
(α), and standard deviation of intrinsic dispersion in the luminosity–luminosity
relationship (σD , dex). One thousand realizations were analyzed for each
set of simulation parameters. Below the mean and standard deviation of the
distribution of correlation coefficients, and indicated in parentheses, is the ratio
of the mean to the standard deviation.

Table 8
Kendall τ Correlation Coefficient Distributions: Flux-limited Sample

αintrinsic = 0 αintrinsic = 1

Detection efficiency in Y band = 0.1

σD = 0 0 ± 0 0.068 ± 0.017
(. . .) (4.1)

σD = 0.3 0.00074 ± 0.0056 0.072 ± 0.018
(0.13) (4.1)

σD = 1 0.0027 ± 0.017 0.065 ± 0.021
(0.16) (3.1)

Detection efficiency in Y band = 1

σD = 0 0 ± 0 1 ± 0
(. . .) (. . .)

σD = 0.3 0.00004 ± 0.067 0.73 ± 0.03
(0.00055) (24)

σD = 1 0.0018 ± 0.07 0.38 ± 0.057
(0.025) (6.6)

Note. Same as Table 7, but considering flux-limited samples of objects in X-band
flux.

we perform 1000 trials. The distributions of Kendall τ correla-
tion coefficients for the different scenarios are summarized in
Table 7 for the case of volume-limited sample selection, and in
Table 8 for the case of flux-limited sample selection.

Volume-limited samples are generally considered to be un-
biased, provided that a large enough volume can be sensitively
probed so as to contain a distribution of objects representative
of the full population. The results contained in Table 7 demon-
strate that in scenarios with no intrinsic relationship between
luminosities (α = 0), the distribution of correlation coefficients
is consistent with being centered on zero (τ = 0 corresponds
to no correlation). The correlation test is not biased toward
finding a non-existent correlation in this example. By contrast,
the distribution of correlation coefficients for scenarios in which
an intrinsic linear correlation was considered (α = 1) consis-

tently tend toward positive values, thereby correctly identifying
a positive correlation.

These conclusions do not change appreciably in flux-limited
sample selection case, as evident in Table 8. For the simple
examples above, which are modeled on the population of star-
forming galaxies examined in this work in terms of luminosity
distribution, sample size, and sample selection, the Kendall τ
correlation coefficient proves to be effective in distinguishing
between populations with and without intrinsically correlated
luminosities, even when only a small fraction of objects are
actually detected in the “search” band.

We considered the simple case of power-law relation between
intrinsic luminosities for this study. However, since the Kendall
τ correlation test is a non-parametric method, the conclusions
are expected to hold for more complex scaling relations as well.
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Franceschini, A., Rodighiero, G., & Vaccari, M. 2008, A&A, 487, 837
Freedman, W. L., Madore, B. F., Gibson, B. K., et al. 2001, ApJ, 553, 47
Gao, Y., & Solomon, P. M. 2004a, ApJS, 152, 63
Gao, Y., & Solomon, P. M. 2004b, ApJ, 606, 271
Ginzburg, V. L., & Syrovatskii, S. I. (ed.) 1964, The Origin of Cosmic Rays

(New York: Macmillan)
Helou, G., Soifer, B. T., & Rowan-Robinson, M. 1985, ApJ, 298, L7
Hughes, A., Staveley-Smith, L., Kim, S., Wolleben, M., & Filipović, M.
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