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ABSTRACT

We report hints for the correlation between the X-ray and ~-ray emission in the nearby galaxy NGC 4945, which
harbors both an active galactic nucleus and a nuclear starburst region. We have divided the Fermi/LAT observations
of NGC 4945 into two datasets, comprising events detected during the low (L) and high (H) level of X-ray emission
from the active nucleus of this galaxy, determined using the Swift/BAT light curve. Both datasets contain an equal
amount of 3.8 years of LAT data and NGC 4945 is detected with a similar statistical significance of ~ 150 in L and
140 in H. However, the slope of the y-ray spectrum hardens with the increase of the X-ray flux, with the photon index
' =247+ 0.07 in L and 2.11 + 0.08 in H. The change is confirmed by a systematic variation of the spectral energy
distribution as well as a substantial reversal of the y-ray signal in significance maps for low and high ~-ray energies.
The X/v-ray correlation indicates that the y-ray production is dominated by the active nucleus rather than by cosmic
rays interacting with the interstellar medium. We discuss possible locations of the ~-ray source. We also compare
NGC 4945 with other starburst galaxies detected by LAT and we note similarities between those with active nuclei,
e.g. unlikely high efficiencies of y-ray production in starburst scenario, which argues for a significant contribution of
their active nuclei to the vy-ray emission.
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1. INTRODUCTION

NGC 4945 is one of the nearest AGNs (D = 3.8
Mpc), with the black hole mass of M = 1.4 x 105M
from megamaser measurements (Greenhill et al. 1997).
It is the brightest Seyfert 2 galaxy in the hard X-ray
range, radiating at a variable rate of L/Lgqq ~ 0.1
(Madejski et al. 2000). Its X-ray spectrum shows a
strong photoelectric absorption, with a column density
Np ~ 4x10%* em™2 (Done et al. 2003), at which its nu-
cleus can be directly seen above ~ 8 keV. The observed
hard X-ray radiation is highly variable, by a factor of
several on a time scale of days, confirming that it is a
transmission-dominated Compton-thick AGN.

NGC 4945 is also one of a few radio-quiet AGNs de-
tected by Fermi/LAT (Abdo et al. 2010a; Lenain et al.
2010). The origin of this v-ray signal is unclear,
as this galaxy hosts a circumnuclear sturburst (e.g.
Lenc & Tingay 2009) which may also account for this
emission (e.g. Ohm 2016). Variability studies are crucial
to disentangle the role of the AGN and starburst activ-
ities, but overcoming the weakness of the y-ray signal is
a major issue for such studies. The apparent lack of the
~-ray variability, assessed in Ackermann et al. (2012a),
could favor the 7-ray production dominated by star-
burst processes. However, the 3-month intervals used in
Ackermann et al. (2012a) are too short to accumulate
a statistically significant «-ray signal from this galaxy,
whereas its AGN exhibits an approximately constant
activity on such a time-scale.

In this work we revisit the issue of v-ray variability
in NGC 4945 and we search for a correlation between
its X-ray and ~-ray emission. We did not attempt to
find it in observations carried out continuously over the
time sufficient for an adequate significance of the LAT
measurement (i.e. at least a year), as this could only
probe the averaged out X-ray as well as y-ray emission,
even if the latter followed the changes of the former.
Instead, we considered intermittent data sets including
LAT data corresponding to different X-ray flux levels.
This allowed us to reveal the change of the y-ray spec-
trum related with the change of the X-ray flux. The
implied constraints on the ~-ray source, and compari-
son with other radio-quiet galaxies detected in ~v-rays,
are discussed in Section 4

2. OBSERVATIONAL DATA

We use the Fermi/LAT and Swift/BAT data from ob-
servations performed by these detectors between 2008
August 4 and 2016 August 15. NGC 4945 exhibits hard
X-ray flux variations of a factor of two on a timescale
of 2 x 10* s and of a factor of five on a timescale of
several days (Madejski et al. 2000; Puccetti et al. 2014).

Then, the daily count rate values, Fx, from the BAT
survey program (Krimm et al. 2013) are convenient to
probe changes in this source. Using them we divide
all days with contemporaneous LAT and BAT measure-
ments into MJD sets comprising days with various Fx
ranges, which then allows us to study the -ray spectral

parameters corresponding to different activity levels of
the AGN.

2.1. BAT

The good quality data (with DATA_FLAG=0) from BAT
light curves' in the 15-50 keV range allow to deter-
mine Fx for 2783 days out of 2821 days in the con-
sidered period of time. We split them into two ap-
proximately equal MJD sets, containing days with Fx
lower (set L; 1393 days) and higher (set H; 1390 days)
than 1.71 x 1073 cts ecm™2 s™!. To test the effect of
possible misclassification of the X-ray flux level due to
a short exposure time, we also define sets denoted by
L5,H5 and L10,H10, using a similar procedure but only
for days with the total exposure time of at least 5 and
10 ksec, respectively. Here, with the median rate of
Fx =1.67x1073 cts cm™2 s71, we get 920 days in both
L5 and H5, and with Fx = 1.69x 1073 cts cm ™2 s~ 1, we
get 418 days in L10 and 420 days in H10. The average
BAT count rate for each set, Fx, computed using equa-
tions A2 in Ajello et al. (2008), is given in Table 1. Fx
in L,LL5,1L10 is lower by a factor of ~5 than in H,H5 H10.

2.2. LAT

We performed the maximum likelihood analysis us-
ing Pass 8 LAT data in the 0.1-100 GeV range and
v10rOp5 Fermi Science Tools with the PSR2_.SOURCE_
V6 instrument response function. We used the standard
templates for the Galactic (gll-iem_v06.fits) and the
isotropic (iso_P8R2_SOURCE_V6_v06.txt) backgrounds.

Our results presented in Section 3 were ob-
tained using unbinned likelihood analysis, for
which events were selected from the region with
the radius of 10° centered on the position of NGC
4945. We took into account all sources reported
in the 4-year LAT Catalog (Acero et al. 2015,
hereafter 3FGL) within the radius of 15° around
NGC 4945. To check the effect of energy disper-
sion?, which currently cannot be included in the
unbinned analysis, we also performed the binned
analysis, using 20° x 20° square region centered on

I http://swift.gsfc.nasa.gov/results/transients

2 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/
Pass8_edisp_usage.html
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NGC 4945. We found that the dispersion correc-
tion insignificantly affects our results.

In the TS maps of our region of interest, obtained
by subtracting the best-fit model from the data, we
do not find residuals indicating presence of unmodeled
sources which could affect our analysis. However, we
note contamination of the ~-ray signal below 1
GeV, resulting in an apparent extension toward
the bottom left corner in Figures lab, by 3FGL
J1251.0-4943 (the ~-ray counterpart of BL Lac
object PMN J1326 5256) located at (R.A., Decl.)
= (201°7, —52°9). It is a factor of ~ 2.6 brighter
in y-rays than NGC 4945 and at the distance of
4°8 it may weakly contribute to the flux below 1
GeV measured in NGC 4945. The fitted param-
eters of this source are the same in all considered
data sets, so its presence does not affect our con-
clusions on spectral changes in NGC 4945.

Results reported in Section 3 were obtained in mod-
els with spectral parameters of all sources adjusted to
maximize the likelihood of the fit for a given dataset.
The spectral energy distributions (SED) were obtained
by fixing the spectral index, I', for NGC 4945 to the
value from the power-law fit to a given dataset. How-
ever, to verify if variability in nearby sources could affect
our results, we also repeated the analysis for datasets L,
L5, L10, H, H5, and H10 using the model with spec-
tral parameters of the background sources frozen to the
values of the best-fit model to the total LAT data set
(i.e. 2821 days; dataset T); below we refer to this vari-
ant as model T. For SEDs computed with model T we
also fixed I' = 2.33 (from the power-law fit to dataset
T) for NGC 4945. We found that it did not affect our
results, i.e. using model T for the background sources
we obtained parameters of the power-law fits consistent
with those given in Table 1 as well as TS maps consis-
tent with those shown in Figure 1 (i.e. showing similar
TS values at the position of NGC 4945). Also SEDs
(Figure 2b) are weakly affected by applying model T,
except for the lowest bin, 0.1-0.3 GeV, which shows a
moderate dependence on the applied model. The differ-
ence of fluxes between L/L5 and H/H5 in this (0.1-0.3
GeV) bin decreases from a factor of ~ 2.5 (in the best-fit
models shown in Figure 2) to 1.7 (with model T).

For a comparison of ~-ray loud galaxies in Section
4, we analyzed the LAT data from 8 years of observa-
tions of NGC 253, M 82, NGC 1068 and Circinus; in
the model for NGC 1068, in addition to 3FGL sources,
we included the new ~-ray source, at the distance of
~ 4°, found in Lamastra et al. (2016). Our lumi-
nosities in the 0.1-100 GeV range, L., for NGC
4945 and NGC 1068, placing them at/above the

Table 1. Results of the power-law fits in the 0.1-100 GeV
range to NGC 4945 using data sets defined in Section 2 (the
number of days is given in parentheses) and to other star-
bursts and Seyfert 2 galaxies.

Fx r ‘J—}‘TS‘

NGC 4945 data sets

L (1393) 0.54£0.03 | 247£0.07 | 26 £0.3 | 221
H (1390) 2.87+£0.04 | 211 £0.08 | 1.2£0.2 | 189
L5 (920) 0.57+£0.04 | 246+0.09 | 25£04 | 136
H5 (920) 2.75+£0.04 | 205£0.09 | 1.1£0.2 | 140
L10 (418) | 0.60+£0.04 | 2.56 £0.10 | 3.1+£0.4 | 80
H10 (420) | 2.66+0.05 | 2.07£0.11 | 1.0+ 0.2 | 46
T (2821) 1.59+£0.02 | 2.33+0.05 | 1.94+0.2 | 410

other objects

M 82 2.28+£0.04 | 1.8+ 0.1 | 1010

NGC 253 2.14+0.05|1.1+£0.1 | 616
Circinus 2.43+£0.09 | 20+£0.3 | 103
NGC 1068 2.47+£0.05 | 1.6 £0.1 | 357

Fx is the average BAT count rate in the 15-50 keV range in
units of 1073 cts cm ™2 s71; ' is the y-ray power-law photon

index and F, is the photon flux in the 0.1-100 GeV range in

units of 107® ph em™2 s7 1.

calorimetric limit in Figure 5, are by a factor
of 1.5 and 1.7, respectively, larger than found in
Ackermann et al. (2012a). The difference results
from analysis improvements in Pass 8 data with
respect to Pass 7 data used by Ackermann et al.
(2012a). For NGC 1068 we note a marginal
hint for the change of the ~-ray spectrum. For
the first 3 years of LAT observations, the same
as used in Ackermann et al. (2012a), we found
I' = 237 +£0.09 and F, = (1.3 +£0.2) x 107® ph
cm~2 s7!, whereas for the last four years of our
dataset (i.e. after August 2012), I' = 2.51 £+ 0.08
and F, = (1.74£0.2) x 107® ph em™2 s71.

3. RESULTS

Our main results are presented in Figures 2 and 1 and
Table 1. All our results indicate that the y-ray spectrum
of NGC 4945 changes with the change of its hard X-ray
flux. The significance of the spectral difference
between the power-law fits for datasets H and L
is ~ 50. SEDs shown in Fig. 2b indicate that a
large difference of the detection significance be-
tween H and L should be seen both below 1 GeV
and above 3 GeV. Indeed, with an equal expo-
sure time in both datasets, the change of the ~-
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Figure 1. TS maps for the region around NGC 4945 built using the events detected during the low (dataset L; left maps) and
high (dataset H; right maps) X-ray flux levels. Top maps are for events with £ < 1 GeV with a pixel size of 0°17; middle
maps are for events with E between 1 and 3 GeV with a pixel size of 0°17; bottom maps are for events with £ > 3
GeV with a pixel size of 0°075. In all panels the green cross shows the location of NGC 4945. In all panels, the 3FGL sources
were subtracted from the maps (except for 3FGL J1305.4-4926 which is the y-ray counterpart of this galaxy).
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Figure 2. NGC 4945 spectral energy distributions for the
total LAT dataset T (panel a) and datasets resolved by the
X-ray flux (panel b); SED for L is shown in black and SED
for H is shown in red. The dashed green line in (b) rep-
resents the y-ray spectrum of M 82 (the power-law
fit in Table 1) scaled by the difference of IR lumi-
nosities and distances between M 82 and NGC 4945.

ray signal is seen in the TS maps (see Figure 1)
for both 0.1-1 GeV and 3-100 GeV with a for-
mal statistical significance of ~ 90 (determined
as /|TSp — TS|, where TSx is the test statistic
at the position of NGC 4945 in dataset X). Note
that these results, indicating the change of the -
ray signal at low and high energies, are mutually
independent. Owur results for data sets L5/H5
and L10/H10 are consistent with those shown in
Figures 2 and 1.

We also performed the division of LAT observations
into datasets corresponding to smaller ranges of Fx than
those of L and H. Again, we find a systematic indica-
tion of hardening of the ~-ray spectrum with the in-
crease of the X-ray flux, see Figure 3, although obvi-
ously the statistical uncertainty on spectral parameters
increases with a decreasing size of datasets. Using all
fitting results shown in Figure 3 we find the Pear-
son correlation coefficient for the I'-Fx relation,
weighted by the inverse of spectral index uncer-
tainty, of r ~ —0.97 with the p-value of ~ 2 x 1075.

We have made a number of tests for LAT datasets se-
lected without the X-ray flux criterion and in all cases
we found that they are consistent, within uncertainties,

o 1 ;
2.2? _l_ ,

1.8 | | | .
0.001 0.002 0.003 0.004

F, (cts cm? s

Figure 3. Photon spectral index of power-law fits in the 0.1—
100 GeV range as a function of Fx. The yellow points are
for datasets containing 620 days in consecutive, non-
overlapping ranges of Fx. The green points are for
datasets containing 900 days in similar but partially
overlapping ranges of Fx. The black, blue and red
points is for dataset L, T and H.

with the results for the total LAT dataset T. An example
is shown in Figure 4b, were power-law fits to datasets of
800 days randomly drawn from set T are compared with
fits to datasets of 800 days randomly drawn from set L
or H. We see that the latter, i.e. black and red
point, occupy two separate areas in the parame-
ter plane. The green points for datasets mixing
various X-ray flux levels have a larger spread of
fitted parameters than those for NGC 253 and
M 82 (whose ~-ray signals should be constant in
time; Figure 4a), reflecting larger uncertainties
on I' in 800-day datasets for NGC 4945. How-
ever, it is much smaller than the overall spread
of parameters for Fx-resolved datasets.

Using additional 10 datasets of 400 days drawn
from set L and 10 such datasets drawn from H,
which again give parameters distributed in sepa-
rate areas in the parameter plane similar to that
shown in Figure 4b, we find that these two samples
(i.e. drawn from either L or H) are significantly different,
with the p-value of ~ 1076 from the two-dimensional
Kolmogorov-Smirnov test (Fasano & Franceschini 1987;
Press et al. 1992). Although dataset L or H could be
affected by a background fluctuation or short time-scale
outbursts of nearby sources (on a time scale of days,
longer outbursts should give similar contribution to both
L and H), it is highly unlikely that such a fluctua-
tion/outburst affects also all these shorter data sets in
a manner illustrated in Figure 4.

4. DISCUSSION
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Figure 4. Parameters of the power-law fits in the 0.1-100
GeV range. Panel (a) is for datasets comprising 800 days ran-
domly drawn from the total LAT dataset of NGC 253 (ma-
genta) and M 82 (green). Panel (b) is for datasets comprising
800 days randomly drawn from set T (green), L (black) and
H (red) in NGC 4945. The blue, yellow and cyan points in
(b) show parameters of power-law fits to dataset T, L and
H, respectively, as given in Table 1.

Apart from NGC 4945, two other Seyfert 2 galax-
ies, NGC 1068 and Circinus, have been detected by
LAT (Hayashida et al. 2013; Lenain et al. 2010). Sim-
ilar to NGC 4945, these galaxies exhibit a composite
starburst/AGN activity and the interpretation of their
~-ray emission is uncertain. Among the three v-ray loud
Seyfert 2s, the X/~-ray correlation can be investigated
only in NGC 4945, which has the largest y-ray detection
significance, and whose variable X-ray emission from the
nucleus can be directly observed. In contrast, the X-
ray radiation from NGC 1068 is fully reflection domi-
nated and no variability is observed. Circinus, in turn,
is strongly contaminated by the Galactic plane and its
detection significance is too low to search for changes of
the ~-ray spectrum.

The correlation revealed in our study implies that the
~-ray production in NGC 4945 is dominated by the ac-
tive nucleus. On the other hand, at the supernova rate
estimated for NGC 4945 (Lenc & Tingay 2009), the in-
jected cosmic ray power is sufficient to produce the ob-
served L. through n0-decay emission (cf. Lenain et al.
2010; Eichmann & Becker Tjus 2016). Below we briefly
discuss this issue in the context of y-ray observations of
other Seyfert and starburst galaxies.
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Figure 5. Comparison of the v-ray (0.1-100 GeV) and IR
(8-1000 pm) luminosities for star-forming and Seyfert galax-
ies. We adopted data from Tang et al. (2014) for NGC 2146,
Griffin et al. (2016) for Arp 220, Ackermann et al. (2012a)
for IR luminosities and Milky Way ~-ray luminosity, upper
limits (green arrows) from Rojas-Bravo & Araya (2016) for
non-detected galaxies and we used our results for NGC 4945
(dataset T), NGC 1068, Circ, M 82 and NGC 253 (Table 1).
The blue line shows the calorimetric limit.

The GeV and TeV detections of two nearby star-
burst galaxies, M82 and NGC 253 (Acero et al. 2009;
VERITAS Collaboration et al. 2009; Abdo et al. 2010b),
have confirmed the link between the star-formation ac-
tivity and the y-ray emission likely related to pionic in-
teractions of cosmic rays with the interstellar medium,;
a universal scaling of L. with the star-formation rate
was then proposed in Ackermann et al. (2012a). How-
ever, an efficient v-ray emission in this class of objects
appears to be not as ubiquitous as could be expected
after these first detections (cf. Rojas-Bravo & Araya
2016) indicating that non-radiative losses (i.e. diffusive
or advective escape) dominate in some starbursts.

Figure 5 compares the ~-ray luminosity of star-
forming galaxies with their IR luminosity, which is a
good tracer of the star-formation rate (e.g. Kennicutt
1998) and, hence, estimates the injected cosmic ray
power. The blue line corresponds to the calorimetric
limit, in which the total energy of cosmic rays is used
for the pion production and assuming that each su-
pernova injects 10°0 ergs of cosmic ray energy (e.g.,
Ackermann et al. 2012a). The ~-ray luminosities of
starburst galaxies, M 82 and NGC 253, a factor of ~ 2
below this limit, indicate that ~ 50% of cosmic ray en-
ergy is channeled for pion production, as also found in
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the starburst models for these objects (e.g., Lacki et al.
2011; Yoast-Hull et al. 2014). These starbursts have
harder 7-ray spectra than the Seyfert galaxies, so the
(energy-dependent) diffusive losses would be more im-
portant in the starburst scenario for the latter. Yet,
Seyferts are at or above the calorimetric limit, which
presents a major problem for the starburst model (cf.
Hayashida et al. 2013) and points toward a significant
contribution from their AGN components. Studies of
~-ray emission from NGC 1068 (e.g., Lenain et al. 2010;
Yoast-Hull et al. 2014; Eichmann & Becker Tjus 2016)
indeed find that it cannot be explained by the starburst
activity and indicate the active nucleus as the primary
source of y-rays.

A constant in time contribution of the star-
burst component in NGC 4945, which obviously
cannot exceed the level of y-ray emission found
in X-ray resolved data sets, can still significantly
contribute to the total L,. For parameters sim-
ilar to those of M 82 (the dashed line in Figure
2b) such a diffuse emission would only slightly
overpredict the flux above 10 GeV in dataset L.
Then, with a small reduction of the y-ray produc-
tion efficiency, it could fully account for emission
above 10 GeV measured for low X-ray flux lev-
els and give a ~ 20% contribution to the total
L,. For much lower efficiencies of y-ray produc-
tion, e.g. such as assessed for M 83, which has a
high surface density (but lower than NGC 4945;
cf. Lacki et al. 2011), contribution from the stur-
burst component would be insignificant.

The Seyfert galaxies exhibit also an interesting simi-
larity of their Eddington-scaled X-ray and ~v-ray lumi-
nosities (see figure 1 in Wojaczynski et al. 2015), with
L./Lgaa ~ 107* (0.1-100 GeV) and Ax = Lx/Lgdd ~
0.02 (2-10 keV) in all three objects. These are the
largest values of Ax observed in nearby AGNs. At such
Ax transition between the hard and soft spectral state
is observed in black-hole binaries; softening of the X-ray
spectrum with increasing luminosity observed in NGC
4945 (Puccetti et al. 2014; Caballero-Garcia et al. 2012)
resembles the behavior of black-hole transients during
this spectral state change.

A prominent 7-ray signal has not been detected from
other radio-quiet Seyfert galaxies (Ackermann et al.
2012b). However, in the context of high-energy emission
from accretion flows, the available LAT upper limits
provide only a moderate constraint of < 10% on the
fraction of accretion power which can be used for ac-
celeration of protons and/or electrons emitting in the
GeV range (Wojaczynski et al. 2015). Presence of such
nonthermal particles in accretion flows can be expected

both from a theoretical point of view (e.g., Kimura et al.
2016) and from modeling of some observed spectra (e.g.,
Poutanen & Veledina 2014), but any ~v-ray radiation
produced within accretion flow, or in its vicinity, would
be strongly attenuated by 7 interactions with the am-
bient radiation field.

We used the model of internal vy absorption, de-
veloped in our previous works (NiedZwiecki et al. 2013;
Wojaczyniski et al. 2015), to assess possible locations of
the v-ray emitting site in the NGC 4945 active nucleus.
Geometry of the inner accretion flow and the nature
of the X-ray source are highly uncertain for NGC 4945
due to the obscuration of its nucleus. We considered
the case of an optically thick disk extending down close
to the black hole, motivated by the commonly accepted
model of black-hole binaries relating transition to the
soft spectral state, at L ~ 0.1Lgqq, with rebuilding of
such a disk (e.g., Done et al. 2007; Malzac 2016).

Due to paucity of photons with E > 10 GeV
we were not able to rule out or confirm a pres-
ence of a spectral break at these energies. Using
gtsrcprob we found that the largest photon en-
ergy detected from NGC 4945 with high proba-
bility (> 80%) is E ~ 40 GeV. Below we assume
that the y-ray spectrum of the high X-ray flux
levels does not possess a high-energy cut-off up
to at least a few tens of GeV. This requires the
source to be at least ~ (10% — 10*)R, away from the
inner accretion disk, depending on inclination, where
R, = GM/c? is the gravitational radius; the distance
may be lower than 103 R, if we observe the accretion disk
from a face-on direction, which is unlikely for a Seyfert 2
galaxy. We assumed that the y-ray source is located at
the symmetry axis, and we used the standard disk model
of Shakura & Sunyaev (1973). To assess the maximum
effect of ~-ray attenuation in thermal-radiation field of
such a disk, we assumed that it accretes with the rate
M = Lgaa/ ¢, and extends down to the innermost sta-
ble circular orbit (ISCO) at 6R,. We took into account
a compact, centrally located X-ray source matching the
internal X-ray luminosity and spectral index reported in
Puccetti et al. (2014); the exact geometry of this source
is not important for opacity to y-rays emitted far from
it. Due to anisotropy of the radiation field, the cut-off
energy related with vy absorption depends on the view-
ing angle, see e.g. Cerutti et al. (2011), but note that
the inner disk of the binary system considered in that
work emits in soft X-rays whereas that in NGC 4945
nucleus would emit in UV, so quantitative results are
different.

On the other hand, by the causality argument, the -
ray source located more than ~ 1 light day away from
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the X-ray source would not be able to respond to its
changes in the manner indicated by our results. Again
assuming that the X-rays are produced by a compact
source close to the black hole, this constrains the dis-
tance of the y-ray source to < 10*R,. This, in turn,
rules out edge-on observing directions, with inclination
angles 2 70°, for which a larger distance is required by
the y-ray transparency condition. We note also that a
detection of NGC 4945 above 100 GeV, with a power-law
spectrum extending from the LAT range, would contra-
dict our findings, as photons with such energies cannot
escape from the region within 1 light day. In this context
it is interesting to note that NGC 4945 (as well as the
other two Seyferts) has not been detected in this range
so far, although a detection is within reach of currently
operating imaging atmospheric Cherenkov telescopes.
A ~-ray source located ~ (10° — 10*)R, from the
central engine would be possibly related with forma-
tion of a weak jet. A jet-like structure is indeed ob-
served in NGC 4945 nucleus, and also in NGC 1068 and
Circinus, but such nuclear jets are commonly found in
other Seyfert galaxies as well (e.g. Gallimore et al. 2006;
Elmouttie et al. 1998; Lenc & Tingay 2009). The spe-
cific conditions underlying the -ray loudness of NGC
4945, NGC 1068 and Circinus may then involve their
high L/Lgqq values and the related changes in accre-
tion flow. In particular, it may involve a rapid increase
of the jet velocity occurring when an inwards-moving
inner disk edge in a source making a hard to soft state
transition approaches the ISCO, which is the preferred
interpretation of the disc-jet coupling, well-established
in black-hole X-ray binary systems (e.g. Fender et al.
2004) and observed also in AGNs (e.g. Marscher et al.
2002). Particles would then be accelerated by an inter-
nal shock formed in the collision of a fast jet with a pre-
viously existing slower outflow. Notably, Cerutti et al.
(2011) estimate a similar distance (in units of Rg) of the
~-ray source for Cyg X-3, where the y-ray emission is re-
lated with hard/soft state transitions (e.g. Corbel et al.
2012) occurring at L/Lgqq similar to that of NGC 4945.
The v-ray spectrum of the low X-ray flux levels can
be observed from a source located at a smaller distance,
~ 10% Ry; more precise estimates depend on the assumed
geometry. FE.g., the y-rays may come from an inner
optically-thin flow, located within a few tens of R, if
the starburst activity of this galaxy accounts for the
emission above ~ 10 GeV (see above). We note
that similar signals, pronounced only below ~ 1 GeV,
cannot be excluded in other Seyfert galaxies, as pres-
ence of nearby sources often does not allow for a proper
assessment of a signal at such energies, as e.g. in the

case of the brightest in hard X-rays Seyfert galaxy NGC
4151 (Wojaczynski et al. 2015).

5. SUMMARY

We presented a novel approach to investigate the -
ray variability in NGC 4945 by analyzing the LAT data
selected based on the X-ray flux level. The ~-ray spec-
trum appears to be correlated with the X-ray luminosity,
with changes of the v-ray signal independently seen at
low and high ~-ray energies. The X/v-ray correlation is
indicated by all datasets (comprising between ~ 1 and
4 years of LAT data) selected using the X-ray flux cri-
terion, while datasets neglecting this criterion are con-
sistent with representing a non-varying 7-ray emission.
‘We have thoroughly tested the dependence of our results
on the approach to data analysis.

The correlation implies that dominating contribution
to the observed 7-ray emission comes from the active nu-
cleus of NGC 4945 and this constrains the efficiency of
~-ray production related with starburst activity. The
implied limit on the radiative efficiency (with
< 20% of the cosmic ray power lost in pionic in-
teractions, if the IR luminosity is used as a mea-
sure of the star-formation rate) is slightly lower
than the efficiencies assessed for NGC 253 and
M 82.

The nature of the v-ray source may be different at
low and high X-ray luminosities. At the latter, the -
ray transparency and the causality conditions require
the source to be located ~ (10° — 10*)R, away from
the central black hole, if an inner optically-thick disk
is present and the X-ray source is close to the black
hole. We speculate that such a -ray emitting site may
appear as a result of an inwards collapse of accretion
disk, associated with the increase of luminosity. Then,
it may manifest the disk-jet connection established in
other accreting systems. At low X-ray luminosities, the
source may be located much closer to the black hole.

We noted similarities between NGC 4945, NGC 1068
and Circinus (similar Eddington ratios of high-energy
emission, lack of TeV detections, unlikely high efficien-
cies of y-ray production in starburst scenario) which we
regard as a further argument for a dominating contribu-
tion of their active nuclei to the y-ray emission.
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