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Abstract: Circinus galaxy, located at a distance of about 4 Mpc, is known as a composite starburst/Seyfert galaxy.
In the radio band, while there is no signature of relativistic jets in the nucleus, the source displays bubble structures
(lobes) extending several kpc from the center. However, because of its location behind the Galactic plane, (l, b)
= (311.3◦, −3.8◦), the source was resulted in exclusion from previous population studies of star-forming and
Seyfert galaxies using LAT data. Here, we report a discovery of a significant γ-ray emission (more than 7 σ level)
above 100 MeV at the location of the Circinus galaxy with analysis of 4 years of Fermi-LAT data. We find that the
Circinus galaxy is over-luminous in γ rays to what is expected for the emission of the interstellar medium, based
on the multiwavelength correlations established for nearby starforming galaxies detected with LAT. On the other
hand, the γ-ray spectrum is described by a simple power-law with a photon index of ∼ 2.2, which well resembles
the cases of other LAT detected starburst galaxies. In this presentation, we report the results of the gamma-ray
detection of Circinus galaxy and discuss different possibilities for the origin of the observed GeV excess.
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1 Introduction
Relativistic jets produced in Active galactic nuclei (AGN)
hosted by early-type galaxies (blazars, radio galaxies) are
well-established sources of Doppler-boosted γ-ray emis-
sion, dominating the extragalactic source population in the
GeV range [11]. Besides those radio-loud (jetted) AGN,
another class of established extragalactic γ-ray sources con-
sists of galaxies lacking any pronounced nuclear activity,
but experiencing a burst of vigorous star formation. The
observed GeV emission [2] from these sources is most read-
ily explained by interactions of galactic cosmic rays (CRs)
with ambient matter and radiation fields of the interstellar
medium (ISM). Starburst-driven outflows routinely found
in such systems may lead to the formation of large-scale
bipolar structures extending perpendicular to the galactic
disks, and resembling somewhat jet-driven AGN lobes [16].

Circinus is one of the nearest (distance D = 4.2±
0.7 Mpc) [15] and most extensively studied composite star-
burst/AGN systems, but its location behind the intense fore-
ground of the Milky Way disk, (l, b) = (311.3◦, −3.8◦), re-
sulted in exclusion from several previous population stud-
ies using LAT data [1, 2]. Circinus exhibits a polarized
broad Hα line with FWHM ∼ 3000 km s−1 [12], evidenc-
ing a heavily obscured Seyfert 2 nucleus which ranks as the
third brightest Compton-thick AGN [17]. Radio observa-
tions have mapped bipolar bubbles extending orthogonal
to the spiral host, as well as kpc-scale jet-like structures
likely responsible for the formation of the lobes [6]. The
extended morphology of the system including the lobes has
been recently resolved and studied in X-rays [10]. Here, we
report the discovery of a significant γ-ray excess position-

ally coinciding with the Circinus galaxy using 4 years of
Fermi-LAT data.

2 LAT Data Analysis and Results
The LAT is a pair-production telescope onboard the Fermi
satellite with large effective area (6500 cm2 on axis for
> 1 GeV photons) and large field of view (2.4 sr at 1 GeV),
sensitive to γ-rays from 20 MeV to > 300 GeV [4]. Here,
we analyzed LAT data for the Circinus region collected
between 2008 August 5 and 2012 August 5, following
the standard procedure1, using the LAT analysis software
ScienceTools v9r29v0 together with the P7SOURCE V6
instrument response functions. Events in the energy range
0.1–100 GeV were extracted within a 17◦ × 17◦ region
of interest (RoI) centered on the galaxy core position
(RA = 213◦.2913, Dec = −65◦.3390). γ-ray fluxes and
spectra of the target source were determined by a maximum
likelihood fit with gtlike. The background model included
all known γ-ray point sources within the RoI from the 2nd
LAT catalog (2FGL) [11], except for 2FGL J1415.7−6520,
located 0◦.266 away from Circinus. Additionally, the model
included the isotropic and Galactic diffuse emission compo-
nents.

Our analysis yields a test statistic (TS) of 58 for the
maximum likelihood fit when placing a new candidate
source at the core position of Circinus, corresponding to a
statistical detection significance of ' 7.3σ . Figure 1 shows
the spatial variation in the TS value for the candidate source
when evaluated over a grid of positions around the galaxy.

1. http://fermi.gsfc.nasa.gov/ssc/data/analysis/
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Figure 1: The left color map represents the 1◦×1◦ (0◦.02
pixels) spatial TS variation of the > 100 MeV γ-ray signal
excess centered on Circinus. The green lines denote the
positional errors of the γ-ray excess at 68 % and 95 %
confidence levels for inner and outer lines, respectively. The
magenta cross indicates the position of the core of the galaxy
while the cyan eclipse corresponds to the positional error
at 95% confidence of 2FGL J1415.7-6520. The right panel
shows the Australia Telescope Compact Array (ATCA) 1.4
GHz radio contours at ' 20′′ resolution [6] superposing the
2MASS H-band color image.

Circinus is located within the 68% confidence region for the
direction of the γ-ray excess. The distribution of the γ-ray
excess is consistent with a point-like feature, but we note
that the LAT does not have sufficient angular resolution to
spatially resolve the core, the radio lobes, or the galactic
disk (all shown in the right panel of Figure 1) of the system.
Assuming 2FGL J1415.7-6520 is an additional γ-ray source
distinct from the Circinus galaxy, we repeat the analysis
including 2FGL J1415.7-6520 in the background model.
The γ-ray excess at the position of Circinus yields in such
a case a TS of 52, while no significant excess can be seen
at the formal position of 2FGL J1415.7−6520 (TS' 5.6).
Our analysis confirms therefore a single point-like γ-ray
excess positionally coinciding with Circinus, which may be
identified with 2FGL J1415.7−6520 after the localization
of the 2FGL source is refined using the 4 year-accumulation
of LAT data.

A simple power-law model (PL) adequately describes
the γ-ray spectrum of the source, yielding a γ-ray flux
F>0.1GeV = (18.8± 5.8)× 10−9 ph cm−2 s−1 and photon
index Γ = 2.19±0.12, corresponding to an isotropic 0.1−
100 GeV luminosity of Lγ ' (2.9±0.5)×1040 erg s−1. The
best-fit model together with flux points of the spectral
energy distribution (SED) are plotted in Figure 2. We also
perform spectral fits using a broken power-law model and
a log-parabola model, but no significant improvement (<
1.2σ ) can be seen in the likelihood values when compared
with the PL parametrization.

Since Circinus is located near the Galactic plane, it is
important to consider systematic errors caused by uncer-
tainties in the Galactic diffuse emission model. We test
eight alternative diffuse models [3, 5], and find that the de-
rived source flux above 0.1 GeV shifts by no more than 3%,
which is much smaller than the statistical uncertainty.

In order to search for variability in the γ-ray flux, we
divided the 4-year observation window into half-year inter-
vals and derived γ-ray fluxes above 0.1 GeV for each time
interval.The fluxes are calculated using a PL model with

Figure 2: GeV spectrum of Circinus as measured by the
LAT. The black lines represent the best-fit PL model (1σ

confidence band). The vertical bars denote 1σ statistical
errors for the flux estimates within energy bins given by
horizontal bars. The arrow denotes a 95% confidence level
upper limit.

photon index fixed at the best-fit value obtained for the 4-
year dataset. No significant variability is found in the γ-ray
flux (χ2/d.o.f=5.2/7). We also check the cumulative sig-
nificance of the γ-ray excess at the source position during
the 4-year observation; the TS shows a gradual increase, as
expected for a steady source.

3 Discussion
In Figure 3, we plot the γ-ray luminosity of Circinus, Lγ ,
normalized by the total IR (8−1000 µm) luminosity, LIR,
as a function of LIR. For comparison, the plot includes
eight γ-ray detected star-forming galaxies (four starbursts
and the Local Group galaxies), together with γ-ray upper
limits (95 % confidence level) derived for a large sample of
starbursts selected from the HCN survey [2]. In addition,
we also show the γ-ray upper limits for the sample of hard
X-ray selected Seyferts [1]. The IR luminosities are derived
from the fluxes measured by the Infrared Astronomical
Satellite (IRAS) in four bands, following [13].

As shown in Figure 3, and discussed quantitatively in
[2], the γ-ray emission related to CRs in the ISM scales
with the total IR luminosity, which serves as a proxy for the
injected CR power within the supernova remnant paradigm
for galactic CR origin. Circinus is more than five times over-
luminous in the γ-ray band when compared with this scaling
relation. In fact, the Lγ/LIR luminosity ratio for Circinus
exceeds the so-called ‘calorimetric limit’ expected to hold
when CRs interact faster than they can escape the galactic
disk, and as much as η ' 10% energy per supernova
explosion goes into CR acceleration, ηESN' 1050 erg [9, 2].
Circinus also does not follow the correlation found for
star-forming galaxies between Lγ and total monochromatic
1.4 GHz radio luminosity LR. Following the approach of
[2], and assuming that star-forming galaxies do follow
a simple power-law scaling between γ-ray and total-IR
luminosity, we find that adjusting either the normalization of
this relation or the intrinsic scatter to accommodate Circinus
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would tend to overpredict the total number of galaxies which
have been actually detected by the LAT.

Before dismissing CR interactions as the primary source
of GeV emission, let us consider the possibility that the to-
tal IR and radio luminosities underestimate the star forma-
tion rate (SFR). Whereas standard scaling relations using
IRAS fluxes yield SFR' 2M� yr−1, the most recent mid-
IR studies of Circinus with Spitzer presented by [7] suggest
SFR' (3−8)M� yr−1 (depending on the particular cali-
bration method). On the other hand, we note that the γ-ray
luminosities of NGC 1068 and NGC 4945, which are sim-
ilar starburst/Seyfert composite galaxies, follow well the
expected correlation with the total IR luminosities derived
from the IRAS data (see Figure 3). Also, the SFR of Circi-
nus converted from the observed total 1.4 GHz fluxes [18]
is only ' 1.5M� yr−1. It is important to note that Circinus,
being characterized by the total flux spectral density ratio
log

(
F70 µm/F1.4GHz

)
= 2.40, obeys the ‘far-infrared/radio’

correlation established for the local starforming and star-
burst systems [14].

The previous considerations suggest that an additional
GeV component may arise from processes other than CR
interactions. The disk coronae or accretion disks of Seyfert
galaxies can be considered as possible γ-ray emission sites.
However, LAT studies of a large sample of hard X-ray–
selected Seyferts devoid of prominent jets revealed that
such sources are γ-ray quiet as a class, down to the level of
1−10% of the hard X-ray fluxes [1].

One of the striking characteristics of the Circinus system
is the presence of well-defined radio lobes and kpc-scale jet-
like features, the ‘plumes’ [6], which are also resolved at
X-ray frequencies with Chandra [10]. Both of these might
be relevant γ-ray emission sites. To investigate this idea
quantitatively, we apply standard leptonic synchrotron and
inverse-Compton (IC) modeling to the radio spectra of the
lobes, investigating whether the extrapolation of the high-
energy emission continuum may account for the GeV flux
from the system. In the IC calculations we consider seed
photons provided by the cosmic background radiation, the
observed IR–to–optical emission of the galactic disk, as
well as the UV–to–hard X-ray photon field due to the active
nucleus, corrected for obscuration.

We fit the radio spectra of the lobes and plumes, assuming
energy equipartition between the radiating electrons and
the magnetic field (energy density ratio ue/uB ≡ 1), and a
standard form of the electron energy distribution consisting
of a power-law dNe/dγ ∝ γ−2 between electron energies
γmin ≡ 1 and γbr, breaking to dNe/dγ ∝ γ−3 between γbr
and γmax ≡ 106. We adjust both the electron normalization
and break Lorentz factors γbr to obtain satisfactory fits to
the radio data for each region separately, and then evaluate
the expected IC emission. The evaluated IC emission of the
lobes severely underestimates the measured GeV emission
of Circinus. In the model, magnetic field intensities read
as B ' 5− 10 µG, in agreement with the values claimed
by [6]. The total energy stored in the entire structure is
Etot ' 1054 erg. This is about an order of magnitude lower
than the total energy of the lobes inferred by [10] based on
X-ray observations, indicating either a significant departure
from energy equipartition condition or dominant pressure
support within the lobes provided by hot thermal plasma
or relativistic protons. The departures from the minimum
energy condition ue/uB � 1 may enhance the expected
IC radiation for a given synchrotron (radio) flux. In the
particular case of Circinus, however, the effect would have

Figure 3: Comparisons between the γ-ray (0.1-100 GeV)
and total IR (8− 1000 µm) luminosities of star-forming
galaxies and Seyferts. Circinus is denoted by the red filled
circle. Eight γ-ray detected star-forming galaxies are plotted
by magenta points. γ-ray upper limits for non-detected
starburst galaxies selected from the HCN survey are denoted
by blue arrows, and for hard X-ray selected Seyfert galaxies
by black arrows. The orange line represents the best-fit
power-law relation between Lγ and LIR for star-forming
galaxies, and the orange bands includes the fit uncertainty
and intrinsic dispersion around the fitted relation. The dotted
red line corresponds to the calorimetric limit assuming an
average CR luminosity per supernova of ηESN = 1050 erg.

to be extreme in order to account for the flux detected with
the LAT, ue/uB ' 104. Although we cannot exclude this
possibility robustly, we consider it rather unlikely.

More detailed discussions of the origin of the GeV
emission including the broad-band SED modeling can be
found in [8].

4 Conclusions
Here we report the detection of steady and spatially unre-
solved γ-ray source at the position of Circinus, consistent
with 2FGL J1415.7-6520 based on a refined analysis us-
ing 4 years of LAT data. Although the observed power-law
(Γ = 2.19±0.12) is similar to that of other LAT-detected
starburst systems, Circinus is γ-ray over-luminous by a fac-
tor of 5–6 relative to what is expected for emission from the
ISM, based on multiwavelength correlations observed for
nearby star-forming galaxies. However, the range of SFRs
estimated from radio continuum, mid-IR, and far-IR lumi-
nosities span a factor of ' 4, indicating large uncertainties
in the expected CR power delivered to the ISM. We pre-
sented several alternative possibilities for the origin of the
GeV excess, including emission from the extended radio
lobes, but found no conclusive answer to fully account for
the GeV emission.
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