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ABSTRACT

The presence of an obscuring torus at parsec-scale distances from the central black hole is the main ingredient for the Unified Model
of active galactic nuclei (AGN), as obscured sources are thought to be seen through this structure. However, the Unified Model fails to
describe a class of sources that undergo dramatic spectral changes, transitioning from obscured to unobscured and vice versa through
time. The variability in these sources, which are known as changing-look AGN (CLAGN), is thought to be produced by a clumpy
medium at much smaller distances than the conventional obscuring torus. ESO 323-G77 is a CLAGN that was observed in various
states through the years with Chandra, Suzaku, Swift-XRT, and XMM-Newton, from unobscured (Ny < 3x10??> cm~2) to Compton-thin
(Ng ~ 1-6 x 10% cm™?) and even Compton-thick (Ng > 1 x 10%* cm™2), on timescales as short as one month. We present an analysis
of the first NuSTAR monitoring of ESO 323-G77, consisting of five observations taken at different timescales (1, 2, 4, and 8 weeks
from the first one) in 20162017, in which the AGN was caught in a persistent Compton-thin obscured state (N ~ 2—4 x 10% cm™2).
We find that a Compton-thick reflector is present (Nyn = 5 X 10** cm™2), most likely associated with the presence of the putative
torus. Two ionized absorbers are unequivocally present, located within maximum radii of rp,; = 1.5pc and ry. = 0.01 pe. In
one of the observations, the inner ionized absorber is blueshifted, indicating the presence of a possible faster (vo, = 0.2¢) ionized
absorber, marginally detected at 30. Finally, we are able to constrain the coronal temperature and the optical depth of ESO 323-G77,

obtaining k7. = 38keV or kT, = 36keV, and 7 = 1.4 or 7 = 2.8, depending on the coronal geometry assumed.

Key words. X-rays: galaxies — galaxies: active — galaxies: individual: ESO 323-G77

1. Introduction

Observations of active galactic nuclei (AGN) reveal the pres-
ence of two main classes of sources. Type 1 AGN are sources
for which the optical spectra show both narrow (FWHM <
1000kms™") and broad (FWHM > 1000kms™!) lines, while
type 2 AGN are objects whose spectra only manifest narrow
lines. This suggests that in type 1 AGN, the broad line region
(BLR) is visible, while type 2 AGN have the BLR covered by
obscuring material. The dichotomy between type 1 and type 2
objects led to a unification scheme based on the orientation of
the AGN (e.g., Antonucci 1993; Urry & Padovani 1995), where
the central engine is surrounded by an axisymmetric absorber,
called the torus, and the amount of obscuration is entirely due to
the angle of the line of sight with respect to the AGN axis.
According to the unification model, the column density Ny
measured in X-ray spectra should follow this simple physical
scheme. However, in many AGN, the amount of obscuration
in the X-rays is variable on a wide range of timescales (e.g.,
Risaliti et al. 2002; Markowitz et al. 2014; Laha et al. 2020),
suggesting that the unification model is too simplistic to prop-
erly describe the whole phenomenon in detail. In particular, in
some cases, the X-ray absorbing medium is variable on rela-
tively very short timescales (days to weeks), which implies that
the obscuring medium is clumpy and located at much smaller
distances than the torus, possibly consistent with the BLR (e.g.,

Risaliti et al. 2007; Bianchi et al. 2009; Maiolino et al. 2010;
Sanfrutos et al. 2013; Marinucci et al. 2013; Walton et al. 2014).
In other cases, the X-ray absorption variability timescale is
of the order of months or years (e.g., Piconcelli et al. 2007,
Rivers et al. 2011, 2015; Coffey et al. 2014; Ricci et al. 2016;
Pizzetti et al. 2022), suggesting an origin from the putative cir-
cumnuclear torus. However, these results strongly depend on the
observation sampling time; frequently adopted monthly obser-
vational monitoring may lose the variations at lower timescales.
These findings suggest that the X-ray obscurer is not a single
homogeneous entity, but rather the observational product of mul-
tiple layers of absorbing material from the BLR and the torus.

Moreover, there is mounting evidence for a clumpiness of
the circumnuclear torus (e.g., Tristram et al. 2007), which would
imply that the probability of observing the central engine is
always nonzero (e.g., Elitzur 2008, 2012). The X-ray obscura-
tion can therefore occur because of individual clumps passing
through the line of sight, either in the BLR or in the circumnu-
clear torus.

ESO 323-G77 is a nearby Seyfert 1 galaxy at redshift z =
0.015, with a complex and highly variable absorber. A ~20ks
observation by XMM-Newton in 2006 unveiled complex absorp-
tion and emission features that revealed the presence of outflow-
ing material (Jiménez-Bailon et al. 2008). Subsequent observa-
tions with XMM-Newton (2013), Chandra (2011), Swift-XRT
(2006), and Suzaku (2011) revealed a wide range of spectral
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Table 1. NuSTAR observations considered in this work.

Epoch OBSID Date Exposure (s)
1 60202021002 2016-12-14 39360
2 60202021004 2016-12-20 42531
3 60202021006 2017-01-04 43403
4 60202021008 2017-02-03 43295
5 60202021010 2017-03-31 38231

Notes. The exposures listed here are to be read as net exposures per
single FPM.

shapes, mainly driven by variations of the column density of
a neutral absorber at several timescales (Miniutti et al. 2014;
Sanfrutos et al. 2016).

The spectral shape of the source ranges from an unob-
scured state (Vg < 10%2cm™2) in four Chandra observations
taken in 2010, a moderately absorbed state (Ng ~ 3 x 10?2 —
103 cm™2) for the 2006 XMM-Newton observation and two 2006
Swift-XRT snapshots, a Compton-thin obscured state (Ny ~
1-6 x 102 cm™2) observed by XMM-Newton in 2013 and in
one Swift-XRT pointing in 2006, and finally a Compton-thick
obscured state (Ng > 10?* cm™2) in the Suzaku observation taken
in 2011. Miniutti et al. (2014) argued that low-column-density
states (Ng < 10?° cm™2) are due to the presence of a clumpy
obscuring torus, while the states with larger column densities are
produced by obscuration by clumps of a closer medium, likely
co-spatial with the BLR. This is reminiscent of other changing-
look sources such as NGC 1365 (e.g., Risaliti et al. 2007).

Here we report the spectral analysis of the first Nuclear
Spectroscopic Telescope Array (NuSTAR, Harrison et al. 2013)
observations of ESO 323-G77. The paper is organized as fol-
lows. In Sect. 2, we describe the data used for this work and the
data-reduction pipeline. Section 3 describes the spectral analy-
sis and all the models tested for the data. In Sect. 4, we dis-
cuss the spectral models adopted, and in Sect. 5 we summa-
rize our results.We adopt a standard flat cosmology with Hy =
70kms~! Mpc™!, Q,, = 0.3, and Q, = 0.7.

2. Data reduction

We analyze here a campaign of five NuSTAR observations per-
formed between December 2016 and March 2017 for a total of
~200ks. Each observation has an exposure of approximately
40ks, taken at 1, 2, 4, and 8 weeks from the first one (see
Table 1 for details). The observations were coordinated with
~2ks of Neil Gehrels Swift Observatory (Gehrels et al. 2004)
snapshots taken with the X-ray Telescope (XRT). The NuSTAR
spectra were reduced using the standard HEASOFT v6.28 com-
mand NUPIPELINE from the NUSTARDAS software package using
the most recent CALDB version. We filtered passages through the
South Atlantic Anomaly by setting the task NUCALSAA “opti-
mized” mode. The two Focal Plane Module (FPM) source spec-
tra A and B were extracted from a circular region with a radius
of 40” centered on the source, while the background spectra
were extracted from two circular regions with a radius of 45”
each on the same chip. The two FPMA and FPMB spectra were
combined and the resulting spectrum was binned to a minimum
of 50 counts per bin. The energy band considered for our fits
is in the range E = 3-65keV. The spectra of the Swift-XRT
observations were extracted with the HEASOFT command XSE-
LECT, selecting a circular region with a 30" radius. Background
spectra were also extracted with the same procedure, but select-
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Fig. 1. Unfolded spectrum of the data analyzed here, adopting a simple
model with an absorbed continuum power law with I' = 2. Red, blue,
cyan, black, and magenta spectra mark the NuSTAR spectra of Epochs
1 to 5, respectively. The grey spectrum is the Swift-XRT one.

ing a source-free circular region of 70" radius. The XRTMKARF
task was used to produce ancillary files, and the response was
provided by the CALDB repository. Given the negligible variabil-
ity, the XRT spectra were all combined, and grouped at a mini-
mum of ten counts per energy bin. The energy range 0.5—-10keV
was considered for the spectral fits. The unfolded spectra, adopt-
ing a simple power law with photon index I' = 2, are shown
in Fig. 1.

3. Spectral analysis

All spectral fits are performed using the software XSPEC
v12.12.0 (Arnaud 1996). We adopt a constant Galactic absorp-
tion described by a column density of Ny = 7.75 x 10*° cm™
(HI4PI Collaboration 2016) — which is modeled with TBABS —
in all our models. In all models, a cross-correlation constant
between XRT and NuSTAR (Cxrr/nusTar) is adopted. In every
model, the best fit for this constant is Cxrr/nustar = 0.8 + 0.1.
All errors on the best-fit parameters are given with a 90% confi-
dence level, corresponding to Ay? = 2.71.

3.1. Slab-reflection model

We first tested a simple absorbed continuum power law plus
a scattered power law, with tied photon index. Fe Ka at E =
6.4keV and Fe KB at E = 7.06keV emission lines are also
included, with fixed centroid energies and width (o = 0.03 keV).
The Fe K@ line normalization is fixed at 13% of the K line (e.g.,
Palmeri et al. 2003). However, this simple model does not prop-
erly describe the current data set. As a very flat photon index
(T ~ 1.35) and an unacceptable statistic (¢?/d.o.f. = 1751/907)
are obtained, it is clear that this model does not properly fit
the data. Moreover, an equivalent width of EW > 250eV is
obtained for the Fe K line, which is a signature of the presence
of a reflection component in obscured sources (e.g., Krolik et al.
1994). Therefore, we test a model that includes an absorbed
power law and a neutral reflector. The slab-reflection model
PEXRAV (Magdziarz & Zdziarski 1995) is used with Fe Ka and
Fe KB emission lines modeled by two ZGAUSS components, plus
an absorbed main power law ZPHABS*CABS*ZPOW, and a soft-
scattered power law ZPOW. The overall model is
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TBabs * (constl * cabs * zphabs * zpowl
+ pexrav + zgaussl + zgauss2 + const2 * zpow2). (1)

The five NuSTAR spectra are fitted together, keeping all param-
eters tied among different epochs to those of Epoch 4, which
is the brightest observation, with the exception of the column
density Ny of the absorber and the normalizations of the main
power law and the reflection component, in order to take their
variability into account. The Swift-XRT spectrum has all param-
eters tied to Epoch 4, as in all models considered in this work.
We assume that the Fe K lines do not vary, as in most absorbed
AGN (e.g., Fukazawa et al. 2016), and we keep the Fe Kg3 nor-
malization fixed at 13% of the value of the Fe Ka. All parameters
of the scattered power law are kept tied to those of the main one,
whereas CONSTI is kept fixed to a value of 1 at all epochs, while
CONST?2 is fitted for Epoch 4 and not allowed to vary, in order to
take their ratio into account.

The continuum is characterized by a photon indexI' = 1.75+
0.03 and a normalization that varies from n, = 93 x 107 to
npr = (2.0£0.3)x 1073 photons cm~2 s~ keV~!, while the second
constant is kept free and is ~1072. PEXRAV models a pure reflec-
tion component from an infinite slab, meaning that the reflection
constant is fixed to R = —1. The photon index of the reflection
component is tied to that of the main continuum, while the cut-
off energy is fixed to E.,; = 500keV. The line of sight absorption
is given by Ny ~ (7—11) x 10>} cm~2, depending on the obser-
vation, and therefore the model CABS is included to take into
account the suppression of the continuum due to electron scat-
tering, which is non-negligible at column densities larger than
5% 102 cm™? (e.g., Yaqoob 2012), with column density fixed to
the value of ZPHABS.

The Fe Ka emission line centroid is found at E =

6.28f8:8$ keV, with width & = 0.2 + 0.1keV and normaliza-

tion npeke = (1.3 + 0.4) x 107 photonscm™2 s~ keV~!. The
range of the equivalent width of the Fe Ka emission line is
EW ~ 0.2-0.4keV. The cut-off energy in the reflection spec-
trum is fixed at E.,; = 500keV, while the photon index is tied
to that of the continuum component. The abundances are fixed
to solar ones, and the reflector normalizations vary in the range
et ~ (4=5) x 1073 photons cm™2 s~' keV~!. The model has an
overall goodness of fit of y?/d.o.f. = 978/909 = 1.07.

3.2. Toroidal model MYTORUS

The disk-reflection model provides an acceptable goodness of fit.
However, as pointed out by Yaqoob (2012), the model is inade-
quate to describe the reflector in detail. Indeed, the reflection
spectrum assumes an infinite line-of-sight column density and
does not consider the finite nature of the reflector, as it was cre-
ated assuming a point source illuminating an infinite slab.
Therefore, in the following, we adopt a detailed toroidal
reflection model, MYTORUS (Murphy & Yaqoob 2009). This
model assumes a toroidal geometry characterized by a column
density Ny and a fixed covering factor of 0.5, corresponding to
a torus opening angle of 60°. As the column density of ESO
323-G77 is variable, we adopt the decoupled standard model, in
which the column density of the absorber Ny 4 is different from
the column density of the reflector Ny q (Yaqoob 2012). As a
first step, we multiply the continuum power law by the zeroth-
order component of the model, namely the XSPEC table MYTZ!.

I All MYTORUS tables are available at http://mytorus.com/
model-files-mytorus-downloads.html. The MYTZ model can be
downloaded with the table mytorus_Ezero_v00.fits

This table allows us to evaluate the line-of-sight column density
Ny of the absorber. We consider the angle 8, which is the incli-
nation angle between the polar axis of the absorber and the line
of sight. For the MYTZ, we fix 8 = 90°, which corresponds to a
line-of-sight direction for the absorber. We model the Compton
hump continuum due to neutral reflection with the additive table
MyTS,?. We fix § = 0° to assume that this reflected component
does not come from the line of sight. The column density of this
component is independent from that of the line of sight (decou-
pled model), and the normalization and photon index are kept
fixed to those of the continuum. The Fe Ke and Fe K emission
lines of the line-of-sight reflection are included with the addi-
tive table MyTL,>, with fixed value 8 = 0°, and the normaliza-
tion and I' tied to the absorbed continuum values. We multiply
MyTL, by the convolution model GSMOOTH in order to take into
account the broadening of the iron line. We fix the line width in
the model to o = 0.03 keV, following the upper limit found by
Sanfrutos et al. (2016) with Chandra HETG. The fit has a global
statistic of y%/d.o.f. = 1129/915 = 1.23.

We also allow for a forward scattering component on the
line of sight, namely another Compton-reflected continuum with
fixed 8 = 90° (hereafter MyTSqp). We assume that the column
density (Npgp) of this component coincides with the line-of-
sight Ny. This additional reflection component is also accompa-
nied by a table with iron lines MyTLg,, where the column den-
sity is tied to Npoo. MyTLyg is also multiplied by a GSMOOTH
model with fixed o = 0.03keV. The normalizations and pho-
ton indices of MyTSgy and MyTLg, are also tied to that of the
main power law. The goodness of fit is given by y?/d.o.f. =
1162/915 = 1.25. This means that the reflection due to the
absorbing material on the line of sight is not required in our
model. In all models from here on, we only consider the reflec-
tion component out of the line of sight.

The model is therefore

TBabs * ((constl = MyTZ * zpowl + MyTSy
+ gsmooth * MyTLg) + const2 * zpow2). 2)

We find a line-of-sight Ny 45 ranging from (3.2+0.3)x 108 cm™
in Epoch 4 up to (5.5 + 0.5) x 10 cm™2 at Epoch 2. The
column density of the reflector outside of the line of sight is
Nyt = 4.0f8:3 x 102*cm™2. We also obtain a flatter photon
index (I' = 1.61 £ 0.03) with respect to the one obtained with the
slab-reflection model.

3.3. lonized absorbers

Figure 2 shows the residuals of the model in Eq. (2). There are
significant residuals in the £ ~ 5-10keV energy range and
above E ~ 20keV, showing that it does not properly fit the
curvature of the spectrum, which means that additional com-
ponents might be needed. As past observations of this source
reported the presence of ionized absorbers (Jiménez-Bailén et al.
2008; Miniutti et al. 2014; Sanfrutos et al. 2016), we consider
the addition of one such feature. We denote this absorber Zone
1. We adopt a grid of photoionized absorbers produced with
the XSTAR (Kallman & Bautista 2001) photoionization code. The
grid spans a relatively wide ionization (log(&/ergcms™') ~ 2-6)
and column density (Ng ~ 5 x 10*2 — 5 x 10** cm™2) range.
The turbulent velocity adopted to generate the grid is vy =
3000 kms~'. We first allow the ionization and the column den-
sity to vary among different observations; however, we do not

2 File name mytorus_scatteredH200_v00.fits
3 File name myt1_V000010nEpOOOH200_v00.fits
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Fig. 2. Data-to-model ratio for the model in Eq. (2), where the reflector
is modeled with MYTSy, and only the neutral absorber is considered.
There are still significant ratios in the whole analyzed band, in particular
the curvature is not well modeled by a single neutral absorber.
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Fig. 3. Residuals when the model with only one ionized absorber is
fitted. The observations are ordered top to bottom from the first to the
last taken. An absorption complex at ~7 keV is observed in Epochs 1,
3, and 4. At Epoch 5, the absorption complex is observed at ~8.5keV,
suggesting a possible outflowing velocity of v ~ 0.2c.

find significant changes in either parameter, and therefore we
fix both parameters to those of Epoch 4. The addition of this
component improves the fit by Ay?/Ad.o.f. = 159/2, with the
overall goodness of fit being y*/d.o.f. = 970/913. The pho-
ton index is 1.74 + 0.06. The column density of this absorber
is given by Ny, = (5.8 £0.5) X 10% ¢cm™2 and the ionization is
logé&,;/(ergems™) = 2.6 +0.1.

The addition of the Zone 1 absorber significantly reduces the
curvature residuals in Fig. 2. The residuals with the new model
in the E = 4—13keV band are shown in Fig. 3, where the data
still show significant residuals in the Fe Ke spectral region (E =
6—10keV) in almost all observations. Most observations show
an absorbing structure around 6.5—7 keV, which may be due to
absorbing material. This is particularly noticeable near 7keV in
epochs 3 and 4 (see Fig. 3, panels 3 and 4). Moreover, a sec-
ond more ionized absorber was reported in Jiménez-Bailén et al.
(2008), Miniutti et al. (2014) and Sanfrutos et al. (2016), which
could be responsible for this absorbing feature. We therefore add
a second absorber, which we label Zone 2, using the same XSTAR
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Fig. 4. Contour plot of the spectral slope I' and the line-of-sight col-
umn density Ny obtained for Epoch 4, as obtained from the zero-order
MYTORUS model. The red, green, and blue lines represent 68% (10),
95% (207), and 99.7% (30) contours.

grid used for the first one. We initially assumed that this more
ionized absorber also did not vary between the five epochs. The
addition of this absorber improves the statistic by Ay?/Ad.o.f. =
26/2 to x 2/d.of. 944/911. We obtain a photon index of

' = 1.817305, a column density of Ny, = 1.6%)%° x 10% cm™2,

and an ionization parameter of logé&,/(ergcms™) = 4. 0+02
Given its higher ionization, we assume that Zone 2 is closer to
the black hole with respect to Zone 1. As Ny and log & are noto-
riously degenerate, we keep the ionization at all epochs fixed
to that of Epoch 4, while all column densities are allowed to
vary independently. The goodness of fit slightly improves to
x*/d.o.f. =938/907.

Finally, as shown in Fig. 3, the absorber in Epoch 5 appears
as a blueshifted absorption line at E. ~ 8.5keV, which is a
clear signature of a nonzero velocity. Hence, we free the velocity
of the Zone 2 absorber in Epoch 5 in order to take this blueshift
into account. We obtain zops = —0.18 + 0.02, which corre-

sponds* to a velocity v = (0.21f8:8§)c. The goodness of fit further

improves by Ay?/Ad.o.f. = 11/1 to a final value of y?/d.o.f. =
927/906 = 1.02. The column density of the absorber in Zone
2 is constrained in four out of five observations, ranging from
Nuzn = 2fz x 102 cm™2 (Epoch 1) to Ny, = 6”_’}‘6 x 105 cm™2
(Epoch 3). We note that, in Epoch 2, we can place only an upper
limit on the column density. Indeed, Epoch 2 does not show a
clear absorption signature in Fig. 3 (blue curve). The ionization
parameter is log &, /ergems™ = 4.0%07.
The final model is therefore

TBabs = ((constl * xstarl = MyTZ = xstar2 x zpowl + MyTSy
3)

where XSTAR1 and XSTAR2 are the ionized absorbers in Zones 1
and 2, respectively. Following the addition of these two ionized
absorbers, the photon index of the spectrum is I' = 1.79*0:%¢.
Figure 4 shows the contour plot of I with the MyTZ column den-
sity Ny for the brightest observation of the campaign, namely
Epoch 4. The contour plot shows that both the photon index I"

+ gsmooth « MyTLg) + const2 % zpow2),

4 The observed shift zy is related to the rest-frame blueshift z,
by the relation zys = (1 + Zobs)/(1 + zc) — 1, where z. = 0.015 is
the cosmological redshift. The velocity of the absorber is given by
v/c= (Zibs + Zzabs)/(Z§bs + 2Zaps +2).
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Table 2. Best-fit parameters of the final MYTORUS model shown in Eq. (3).

Parameter Epoch 1 Epoch 2 Epoch 3 Epoch 4 Epoch 5
Central source (zpow)

r - - - 1.79t8:82 -
norm (1073 photons cm™ s~ ' keV~!) 42 +0.7 34+0.6 3.9+0.7 40+0.7 35+0.6
Fscal/Fnucl _ _ _ 23t8431 X 10—2 _
Central source (compTT, slab corona)

kT (keV) - - - 38+2 -

T - - - 1.4 +0.1 -
Neutral absorber (MYTORUS)

MyTZ

Npaps (10% cm™2) 2.6”:8:‘5‘ 3.7f8:g 2.5+0.5 1.9+04 3.4j8:§
Reflection (MYTORUS)

MyTSO

MNireft (10%* cm™2) - - - S.Off'g -
Tonized absorbers (xstar)

Zone 1 (external)

Nu.1 (102 cm™2) - - - 3.5f8:$ -
log& (erg cms™!) - - - 24+0.1 -
Zone 2 (internal)

Nin (102 cm™2) Zﬂ <14 6:{6 2+ Zﬂ
log& (erg cms™!) - - - 4.0f%:; -
v/c 0 0 0 0 0.21t8:8§
CXRT/NuSTAR 0 0 0 0.8+0.1 0
Observed fluxes

FgElekeV (ergem™2s71) 27x10712 1.8x10712 25x10712 3.1x10712 2.0x 10712
Unabsorbed fluxes

F;ﬂ‘}%skev (ergcm~2s71) 46%x10712 30x10712 44x107!2 5.5%x 10712 4.7 x 10712
Reflection flux

Fge—ﬂ()SkeV (ergecm™2s7h) - - - 9.5x 10712 -

Notes. The goodness of fit is y?/d.o.f. = 927/906. The COMPTT parameters are taken from the best-fit model shown in Eq. (5), assuming a

comptonized continuum produced by a corona with a slab geometry.

and the absorbing column density Ny s are well constrained
at 30 confidence level. The best-fit parameters obtained with
this model are summarized in Table 2. The normalized spectrum
with data-to-model ratios and the unfolded spectrum are shown
in Figs. 5 and 6.

We also tested an alternative approach in which the absorber
column density Ny s is kept tied among the observations, while
the photon index I’ is allowed to vary. Unsurprisingly, the col-
umn density is Ny = (2.6 = 0.5) x 102 cm™2, which is the
mean value of the Ny found independently when the parameter
is allowed to vary between observations. We find various values
of the photon index, ranging from I' = 1.51 + 0.06 for Epoch 3

toll = 1.84i8:82 for Epoch 4. However, we obtain a poorer fit

statistic of y2/d.o.f. = 983/906, which means that an absorber
variation is favored. Notably, the smaller photon indices are also
the ones with greater absorption and vice versa, resulting in an
apparent steeper-when-brighter effect. This effect is driven by
the absorption variability, as the source has historically experi-
enced in the past, and should not be confused with the continuum
softer when brighter effect, driven by intrinsic I variations (e.g.,
Sobolewska & Papadakis 2009; Serafinelli et al. 2017).

3.4. Alternative model for the reflector: BORUS

We also tested for a spherical reprocessor using the model
BORUS (Balokovi¢ et al. 2018). We consider a continuum
described by a cut-off power law, ZCUTOFFPL, with a line-of-

sight absorption modeled by ZPHABS, and reflector described by
the table BORUS02°. We also include the two ionized absorbers
located in Zones 1 and 2. In this model, we again allow the col-
umn density of the Zone 2 high-ionization absorber Ny to vary
between observations, while we assume the ionization parame-
ter to remain constant between the observations of the campaign.
The model used is

TBabs * ((constl = xstarl = zphabs * xstar2 = zcutoffpll
)

We obtain a photon index I' = 1'79t8:82’ which is consis-
tent with the value obtained with the MYTORUS model. As
the cut-off energy E. is unconstrained, we fix it to a fidu-
cial E.; = 500keV. The neutral column density varies from
Nuaps = (2.7 £ 0.3) x 103 ecm=2 (Epochs 1 and 2) to (3.4 +
0.3) x 102 cm™2 (Epoch 5), which is roughly consistent with
those found with the MYTORUS model. The column density of
the reprocessor is Ny = 2.7*0¢ x 10* cm™2, which is consistent
with the value found in the MYTORUS model. The covering
factor of the reprocessor is given by Cy = 0.90f8'8§. Finally, we
obtain consistent values for the column density and the ioniza-
tion parameter of the ionized absorber in Zone 1. The ioniza-
tion parameter of the absorber in Zone 2 is also consistent with

+ borus02) + const2 x zcutoffpl2).

> All BORUS tables can be downloaded from the website https://
sites.astro.caltech.edu/~mislavb/download
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Fig. 5. Normalized spectra and data-to-model ratio of ESO 323-G77.
The MYTORUS model is shown here. The same color code as that used
in Fig. 3 is adopted, with the addition of the Swift-XRT spectrum, shown
in gray.
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Fig. 6. Unfolded spectra of ESO 323-G77 determined from the Swift-
XRT and NuSTAR data based on the MYTORUS model.

the one obtained with the MYTORUS model. The column den-
sity of the absorber in Zone 2 is also consistent, although with
large uncertainties. The goodness of fit of this model is given by
x?/d.of. =923/901.

3.5. Comptonizing plasma continuum

It is also interesting to investigate the coronal parameters of this
source, as these are often elusive for obscured sources. There-
fore, we investigated physical Comptonization models for the
continuum with both the MYTORUS and BORUS models. Start-
ing from the MYTORUS model in Eq. (3), we adopted the same
configuration and free parameters, but we replaced the power-
law continuum with COMPTT (Titarchuk 1994). We also adopted
the appropriate MYTORUS table, namely we adopt the tables
MYTS;"® and MyTL"’, and we use them in the same way as

% File name mytorus_scatteredkT034_v00.fits
7 File name myt1_V000010nEpO®OOkTO34_v00. fits
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we used MYTS, and MYTL, in Sect. 3.2. The model is then
TBabs * ((constl x xstarl = MyTZ = xstar2 = compTT1
+MyTS;! + gsmooth * MyTL{") + const2 * compTT2).  (5)

We first explored the slab coronal geometry by fixing the value
of the parameter approx to 0.5. We do not find significant dif-
ferences in any other parameter obtained in the previous section.
The coronal temperature with this fit is k7" = 38 + 2keV, while
the optical depth is 7 = 1.4 = 0.1. The goodness of fit of this
model is given by x?/d.o.f. = 920/906. Typically, assuming a
spherical geometry in COMPTT, the best-fit coronal parameters
would be a similar temperature, but a larger optical depth (e.g.,
Tortosa et al. 2018). However, the MYTS; ' tables do not include
larger values of 7, and therefore it is not possible to explore the
parameters of a spherical geometry.

However, the spherical geometry might be explored within
the BORUS model shown in Eq. (4). BORUSI2 is produced
with the thermal comptonization continuum model NTHCOMP
(Magdziarz & Zdziarski 1995), which assumes a spherical
geometry for the corona. Hence, we also use this model for the
continuum, and the overall model is therefore:

TBabs * ((constl = xstarl = zphabs * xstar2 = nthcomp1l
+ borus12) + const2 = nthcomp2), (6)

with a goodness of fit of y*/d.of. = 915/901. We obtain
I' = 1.73*30! and a coronal temperature of kT = 36* keV.
Remarkably, this value is consistent with the COMPTT tempera-
ture obtained assuming a slab geometry in the MYTORUS model,

even though we adopted a different continuum model.

3.6. Relativistic reflection

The presence of a possible relativistic iron line in the X-ray spec-
tra of this AGN was inferred by Jiménez-Bailon et al. (2008)
during an unabsorbed state. Therefore, we tested the possibil-
ity that such component could also be detected in an absorbed
state, and we added the relativistic reflection component RELXILL
(Garcia et al. 2014; Dauser et al. 2014) to the model in Eq. (3).
The global fit improves by Ay?/Ad.o.f. = 38/7. All parameters
with the exception of the normalization are kept tied between
observations. We assume a frozen cut-off energy E . = 500keV,
a disk external radius of Ry, = 400R,, where R, = GM/c? is
the gravitational radius, a 45° inclination (Schmid et al. 2003),
a solar iron abundance, and an emissivity index of —3. The spin
of the black hole is unconstrained, for which we therefore freeze
a = 0, and we obtain a disk internal radius R;, < 12R,, which
is consistent with the findings of Miniutti et al. (2014). The disk
ionization parameter is log(¢/erg cm s™') > 3. A steeper pho-
tonindex I' = 1.87f8:8§ is found, although this is consistent with
the one found with the model in Eq. (3) at 90% confidence level.
The normalization of the relativistic component is unconstrained
in Epoch 4, normyejx 4 < 8 X 10°° photons cm2s ! keV™!, while
in Epochs 2, 3, and 5, it is roughly constant (normyeix 235 = 6:71 X
107% photons cm™2 s~! keV~'), and in Epoch 1 it is normy,; =
10*$ x 107° photons cm™2 s keV~'. We do not find significant
differences in the absorbing column density from Table 2. How-
ever, the two reflectors are degenerate, and therefore we find a
lower limit for the neutral reflector column density, Ngren >
4 x 10**cm™2, even though it is consistent with the value of
Table 2.

We also tested RELXILL as an additional reflection compo-
nent in the model where we assume a comptonizing contin-
uum COMPTT (Eq. (5)) to test the possible influence on the
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Table 3. Best-fit parameters of the final BORUS model shown in Eq. (4).

Parameter Epoch1 Epoch2 Epoch 3 Epoch 4 Epoch 5
Central source (zcutoffpl)

r - - - 1.79j°:0‘61 -
norm (1073 photons cm™2 s~! keV~!) 3.0f8§ 2.4f8:§ Z.ngé 3.0f§:§ 2.5f8:Z
Fscat/Fnucl _ _ _ 31t8451 X 10—2 _
Central source (nthcomp)

r - - - 1731001 -
kT (keV) - - - 36+1 -
Neutral absorber

Absorption (zphabs)

Nu (105 cm™) 27+02 27+03 28=+02 3.0+0.2 34+0.3
Reflection (borus02)

N (10 cm™2) - - - 2.7f014 -
Covering factor (Cy) - - 0.90j%:§§ -
Ionized absorbers (xstar)

Zone 1 (external)

Ny (105 cm™) - - - 2.6409 -
log& (erg cm s™!) - _ 2.37%’:%2)2 _
Zone 2 (internal)

Nu (102 cm™2) <22 <14 4+£2 1.6701 Zj%
log& (ergecms™) - - - 4.0f§f? -
v/c 0 0 0 0 0.21 £0.02

Notes. The goodness of fit is y?/d.o.f. = 923/901. The NTHCOMP parameters are taken from the best-fit model shown in Eq. (6), assuming a

Comptonized continuum produced by a spherical corona.

1.8

1.6

1.4

1.2

1 1 1 1 1 1 1 1 1 1 1 1 1 1
30 35 40 45
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—

Fig. 7. Contour plot of the optical depth 7 versus the coronal tempera-
ture kT, assuming a slab coronal geometry with the COMPTT Comp-
tonization model. The red, green, and blue lines represent 68% (10),
95% (20), and 99.7% (307) confidence levels, respectively.

measurements of k7 and 7. The temperature of the corona is
kT =26 +9keV, and 7 = 1.5*3, which is consistent within the
30 contour plot of these two parameters for the model without
a disk-reflection component (see Fig. 7). Very similar results are
obtained by testing RELXILL on the two models that use BORUS
for the neutral reflection.

We stress that the RELXILL component contributes to $10%
of the 2—10keV observed flux, and the main changes in this
model are in the spectral region between 3 and 5keV, where
NuSTAR is less sensitive. Also, many parameters of the relativis-

tic reflection model are unconstrained because of the complex
model and numerous degeneracies with the neutral reflector. We
point out that, in order to accurately measure the parameters of
the ionized relativistic reflection within the framework of such a
complex spectral model, a broad band spectrum and an improved
energy resolution would be needed. For instance, a simultane-
ous XMM-Newton and NuSTAR observation would be ideal to
observe the Fe Ka spectral region in detail.

4. Discussion
4.1. Comparison between MYTORUS and BORUS models

The MYTORUS model has been built assuming a toroidal shape
that is asymmetric on the azimuthal axis. The covering factor in
this model is kept fixed by assuming that the torus opening angle
is Bpa = 60°, which means that its value is Cy = cos(fpa) = 0.5
(Murphy & Yaqoob 2009). Conversely, BORUS has a spherical
geometry for the reprocessor, with polar cutouts corresponding
to a variable opening angle 84, and therefore is able to fit a value
for the Cy, ranging from C;y = 0.1 to Cy = 1 (Balokovi¢ et al.
2018). The two best-fit values of the average column density of
the reflector are slightly different, Ny vyt = 5.077% x 10** cm™
and Ny porus = 2.770¢ X 10** cm™. Moreover, the covering factor
found with the BORUS model is not consistent with the value of
Cr = 0.5 assumed in the MYTORUS one, and this might explain
the difference in the column density estimate.

In order to properly compare the two models, we construct a
BORUS version of the MYTORUS decoupled model. We consider
an out of line of sight reflector by setting the torus inclination
to cos@ = 0.95, which is the maximum value allowed by the
BORUS model. This corresponds to an inclination angle of 6§ =
18°, differently from the MYTORUS value 6 = 0. The covering
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factor is fixed to the MYTORUS value Cr = 0.5. As expected, the
inclination discrepancy is not crucial (see also Marchesi et al.
2019) and we obtain Ny porus = Sf% x 10%* ecm™2 =~ Nymyr. We
stress that this model has been built with the sole purpose of
comparing the column density of the torus for the MYTORUS to
the one obtained with BORUS, as the goodness of fit is Xz/ d.of. =
944/902, which is marginally worse than the model presented in
Eq. (4).

However, this configuration is more realistic than the one
with a covering factor of Cy ~ 0.9, as the latter would imply
that ~90% of the sightline intercepts a Compton-thick column
density. As a consequence, a Compton-thick state would be
observed far more frequently. In fact, while this source has been
observed several times, it has been caught in a Compton-thick
state only once in 2011 by Suzaku. This would be possible if
we were looking at this Seyfert galaxy with an exceptional,
extremely polar line of sight, whereas Schmid et al. (2003) esti-
mated a 45° angle for the inclination. Therefore a lower covering
factor is likely a more realistic scenario for this source.

4.2. Compton-thin absorber and Compton-thick reflector

Both models indicate that the absorbing material is Compton-
thin, with column density ranging from Ny s ~ 2 X 10?3 cm™2
up to Nyaps ~ 4 x 102 cm™. This AGN was already caught
in this state by one Swift-XRT snapshot in 2006 and by XMM-
Newton in 2013. However, as shown by Miniutti et al. (2014),
the source is able to change from a relatively unobscured state
(Npaps ~ 2—4 X% 102 cm™2) up to a Compton-thick state.

Previous analyses of ESO 323-G77 suggested that low
obscuration states (Vg < 10?2 cm™2) might be caused by the
presence of the obscuring torus, while higher obscuration states
are likely due to absorption by cold intra-clump material located
in the broad line region (Miniutti et al. 2014; Sanfrutos et al.
2016). However, given that we do not observe a change of state
during the campaign analyzed in this work, but only moderate
changes in the absorber column density Ny s , We are not able
to argue in favor of or against this hypothesis.

The unprecedented effective area of NuSTAR in the E > 10
keV band allows us to properly study the reflection compo-
nent of the X-ray spectrum of this source. In particular, both
the MYTORUS and BORUS models clearly point to the presence
of a Compton-thick reflector with Ny = 5.073% x 10** cm™ or
Ny = 2.7*5% % 10%*, depending on the model. If the absorption
is indeed produced by BLR clumps or intra-clump cold material,
this result indicates that the constant Compton-thick reflector is
located farther away from the central X-ray source, and it should
be associated with the classic torus.

4.3. lonized absorbers

Similar to the results presented in Jiménez-Bail6n et al. (2008),
Miniutti et al. (2014), and Sanfrutos et al. (2016), our data show
the presence of two ionized absorbers. We can estimate the loca-
tion of these ionized absorbers using standard arguments. For
instance, the maximum distance from the black hole can be esti-
mated by considering that the size of the absorbing clump Riymp
cannot be larger than the distance, that is Reymp = Nu/n < Tmax,
where n is the density of the clump (e.g., Crenshaw & Kraemer
2012; Serafinelli et al. 2021). From the ionization parameter def-
inition, the maximum distance from the black hole can be written
as
Lion

Fmax — . 7

max NH§ ( )
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The first absorber, located in what we denote Zone 1, is char-
acterized by an ionization parameter of & ~ 250ergcms!.
The ionizing luminosity in the £ = 13.6eV-13.6keV energy
band is Ly, =~ (2.6 + 0.2) x 10* ergs™! and the column den-
sity is Ny =~ 3 x 10% cm™2. Therefore, using Eq. (7), we obtain
max,1 = 14{83 pc.

The second ionized absorber, located in Zone 2, is charac-
terized by a larger ionization parameter, & ~ 10* ergcms™!. The
average column density is given by Ny ~ 6 x 10> cm™2. There-
fore, using Eq. (7) we obtain a maximum distance of ry.x2 =
1002 x 1072 pe.

We consider an Eddington ratio of log Aggq = —0.56 and a
black hole mass of Mgy = 2.5 x 10’ My (Wang & Zhang 2007),
from which we can compute log Ly, ~ 44.93. Assuming that
Liot/Lsygo4 ~ 10 (e.g., Collin et al. 2002), this means an opti-
cal luminosity of log Ls;oo4 = 43.93. We consider the relation
between the size of the BLR and the optical luminosity intro-
duced by Bentz et al. (2009):

log Rgrr(light days) = =21.3 + 0.51910g Ls; 9 & ®)

and we obtain a radius for the BLR of Rg g =~ 0.02 pc. We there-
fore obtain that the moderately ionized absorber in Zone 1 could
be located outside the BLR at r| < 1.5 pc, while the more ionized
absorber in Zone 2 is likely co-spatial or within the BLR.

In the scenario in which the cold absorber is either co-spatial
with one of the two ionized absorbers or sandwiched between
them (Sanfrutos et al. 2016), the cold absorber would be located
between the outer BLR — which would be consistent with the
model proposed by Miniutti et al. (2014) — and parsec-scale dis-
tances. In the latter case, a possible scenario would be the pres-
ence of an inner thick reflecting ring surrounded by a thin-
ner absorbing layer at parsec scales (e.g., Buchner et al. 2019).
Recent mid-infrared results (Leftley et al. 2021) provide evi-
dence of the presence of polar warm dust at a distance r > 1.5 pc,
which is consistent with this scenario. The outer layer would also
be clumpy, allowing the observed long-term variability, which
is a similar scenario to the one proposed for NGC 7479 by
Pizzetti et al. (2022).

4.4. Ultra-fast outflow

The velocity of the absorber in Zone 2 is v < 9000 km s~!, which
is consistent with the values measured by Jiménez-Bailon et al.
(2008) and Sanfrutos et al. (2016) of v ~ 2000 km s~! in Epochs
1-4. However, in Epoch 5, we notice a moderately relativistic
velocity v ~ 0.21¢, with a level of Ay?/d.o.f. = 11/1. This is
a tentative indication that we are observing an absorber outflow-
ing at high velocity, a phenomenon that is commonly known as
ultra-fast outflow (UFO) and is fairly common (~40%) in Seyfert
galaxies and quasars (e.g., Pounds et al. 2003; Braito et al. 2007;
Tombesietal. 2010, 2015; Goffordetal. 2013; Nardini et al.
2015; Serafinelli et al. 2019). Moreover, UFOs are known to be
extremely variable (e.g., Reeves et al. 2014; Matzeu et al. 2017,
Braito et al. 2018, 2022), therefore it is not surprising that the UFO
appears within a relatively short timescale in an AGN that never
showed signs of its presence before. However, given its modest
(~30) detection here, further observations would be required to
confirm the detection of the UFO feature or its variability.

4.5. Coronal parameters

The X-ray continuum is well known to be produced by inverse
Compton on UV seed photons gaining energy by a very hot
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electron corona (e.g., Haardt & Maraschi 1991, 1993). The elec-
tron temperature therefore plays a crucial role in regulating the
Comptonization of UV seed photons. Indeed, the main contin-
uum breaks at the so-called cut-off energy Ey, which is tied to
the temperature by the relation E ¢ = 2—3 k7., depending on the
geometry of the corona (e.g., Petrucci et al. 2001).

When the COMPTT model is adopted to model the continuum,
assuming a slab geometry for the corona in the MYTORUS model
shown in Eq. (5), we find that the temperature of the corona is
kT, = 38 = 2keV, with an optical depth 7 = 1.4 +£0.1. The 7 — T
contour plot is shown in Fig. 7. As the grids do not allow much
larger values of 7, the only way to study the spherical geome-
try is to use the NTHCOMP Comptonization continuum with the
BORUS model (Eq. (6)), and we find a consistent temperature,
albeit with larger errors: k7. = 36:1;3 keV. We can estimate the
optical depth using the following equation, which is valid for a
spherical optically thick (t > 1) corona (Zdziarski et al. 1996):

9 SlikeV
47 kTT(1+ 1)

1
5 ©))
Using the best-fit values of the BORUS model summarized in
Table 3, we obtain 7 ~ 2.8.

These are fairly standard values, as the coronal tempera-
ture is known to span from k7 ~ 3keV up to kT ~ 450keV
(e.g., Matt et al. 2015; Tortosa et al. 2018, 2022; Serafinelli et
al., in prep.). However, even though some authors recently
unveiled coronal temperatures in isolated obscured sources (e.g.,
Middei et al. 2021) and samples of Seyfert 2 galaxies (e.g.,
Balokovi¢ et al. 2020), they are not easily constrained, because
they are often degenerate with the reflection spectrum cut-off.

5. Summary and conclusions

We presented the spectral analysis of a campaign of five NuS-
TAR observations of the Seyfert 1.2 galaxy ESO 323-G77. Our
results can be summarized as follows.

— The source has been observed in a persistently obscured but
Compton-thin state due to the presence of neutral obscuring
material on the line of sight, with column densities in the
range Ny ~ 2—4 x 102 cm™2,

— We find a Compton-thick reflector when modeling it with
MYTORUS or BORUS. The two Ny values are not consis-
tent, but this result is dependent on the covering factor of
the reflector, which is assumed as Cy = 0.5 in MYTORUS and

fitted (Cy = 0.90*(0%) in BORUS. By fixing a more realistic
Cr = 0.5 in BORUS, the two results are consistent.

— Two ionized absorbers are needed in our models, which is
consistent with the findings of Jiménez-Baildn et al. (2008),
Miniutti et al. (2014), and Sanfrutos et al. (2016). The ion-
ized absorber identified with Zone 1 is located at a dis-
tance of about r; ~ 1.5 pc from the black hole, most likely
outside the broad line region, whose size is estimated as
Rpir =~ 0.02 pc. The ionized absorber in Zone 2 is instead
located at r, ~ 1072 pc, either co-spatial with or within the
BLR.

— Assuming that the cold absorber is either at the same distance
of one of the two ionized absorbers or at an intermediate
one, its location can be placed between the outer BLR and at
parsec-scale distances. In the first case, this would be consis-
tent with the model proposed by Miniutti et al. (2014), con-
sisting of cold absorbing intra-clump material in the BLR.
In the second case, the most likely scenario is parsec-scale

Compton-thin absorbing material surrounding a Compton-
thick reflector (Buchner et al. 2019), which is supported by
recent mid-infrared detection of polar dust at r > 1.5pc
(Leftley et al. 2021).

— The ionized absorber in Zone 2 is blueshifted at Epoch 5 to
the value zops ~ —0.18, which suggests an outflowing veloc-
ity of vy = 0.2c.

— The coronal temperature is constrained in both models, find-
ing kT, ~ 36—38 keV, assuming spherical and slab geometry,
respectively. The optical depth is 7 ~ 1.4 when the slab coro-
nal geometry is assumed, and 7 =~ 2.8 for a spherical corona.

— We find hints of the possible presence of a relativistic reflec-
tion component from the accretion disk. However, this com-
ponent contributes to <10% of the observed 2—10keV flux,
and it mostly affects the 3—5keV energy band. Hence, the
parameters of the disk reflection component are very diffi-
cult to constrain, and data with better energy resolution are
needed to study this feature further.

Although the source has undergone changes of state (e.g.,
obscured to unobscured) several times in the past (Miniutti et al.
2014), no such significant change was observed during this cam-
paign. However, longer campaigns should be able to observe the
source passing from obscured to unobscured or vice versa, set-
ting an upper limit on the location of the obscurer. Future high-
resolution instruments such as the microcalorimeter Resolve on
board XRISM (XRISM Science Team 2020) will be able to mea-
sure the properties of the absorbers with much more detail, par-
ticularly on their location and outflowing velocity. Moreover,
future hard X-ray (E = 2—-200 keV) instruments such as the High
Energy X-ray Probe (HEX-P, Madsen et al. 2018) will allow
us to measure the reflection parameters with unprecedented
accuracy.
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