Exploring the case for hard-X-ray beaming in NGC 6946 X-1
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ABSTRACT

In order to understand the nature of super-Eddingtonwaccretion we must explore both the
emission emerging directly from the inflow and its impact-on the surroundings. In this paper
we test whether we can use the optical line emission of spatially resolved, ionized nebulae
around ultraluminous X-ray sources (ULXs)“as«a proxy for their X-ray luminosity. We choose
the ULX NGC 6946 X-1 and its nebula, MF16, as a test case. By studying how the nebular
optical line emission responds to assumed‘irradiation, we can infer the degree to which we
require the UV or X-ray emission ffom the inflow to be collimated by optically thick winds
seemingly ubiquitously associated with ULXs. We find that the nebula is highly sensitive to
compact UV emission but mostly‘insensitive to hard X-rays. Our attempts to quantify the
beaming of the soft and hard X-rays therefore strongly depends on the UV luminosity of the
ULX in the center of the nebula. We find that it is not possible to conclude a lack of geometrical
beaming of hard X-ray$ from such sources via nebula feedback.
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1 INTRODUCTION

Ultraluminous X-ray sources (ULXs: see the reviews of Roberts
2007, Kaaret et al. 2017, King et al;,2023), are known to contain
stellar remnants in the form of.neutron’stars and probably stellar
mass black holes (although the\relative number remains unknown,
see e.g. Middleton & King 20163King & Lasota 2020). In the sim-
plest situation where the acereting compact object is a black hole
or a low dipole field neutron star, the intrinsic luminosity can be
increased at most by,a factor of a few relative to the Eddington limit
(Shakura & Sunyaey 1973). Mechanisms are therefore needed to
explain observedluminosities of > 1040 ergs~!. One of the simplest
and most direct'methods has been geometrical collimation (beam-
ing) ofithe innermost regions (King 2009). Such collimation is a
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natural corollary of optically thick winds accompanying accretion
above tens of times the Eddington limit (Shakura & Sunyaev 1973;
Poutanen et al. 2007), seen in global MHD simulations (Ohsuga &
Mineshige 2011), and detected in X-ray observations (Middleton
et al. 2014, 2015a,b; Walton et al. 2016; Pinto et al. 2016, 2017;
Kosec et al. 2018, 2021).

It is expected that the innermost regions of ULXs are the most
collimated and so naturally the hardest X-ray emission should tend
to be the most beamed (which is supported by observations of ULXs
tending to become harder when brighter: Weng & Feng 2018). The
picture can become somewhat more complicated when the compact
object is a neutron star, especially where the magnetic field strength
is high (typically > 10'3 G) or accretion rate low enough such that
the accretion flow never reaches the local Eddington limit in the disc
(e.g., Mushtukov et al. 2015, 2017). Mass loss is still likely in even
these cases, as the fan-beam is expected to produce super-Eddington
luminosities which impinge on material in the magnetosphere (e.g.
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Mushtukov et al. 2024). Assuming beaming acts to some degree
and is accretion rate dependent, the anisotropy and amplification
of flux must affect our ability to observe the population of ULXs
(Middleton & King 2016; Wiktorowicz et al. 2019) which will also
be further influenced by precession of the disc/wind (Middleton
et al. 2015b, 2018, 2019; Khan et al. 2022).

There have been many attempts to quantify the collima-
tion/beaming of ULXs. One of the primary tools has been the use
of surrounding nebulae of ionised gas (the ULX bubble nebulae,
e.g. Pakull & Mirioni 2002) as calorimeters. The lines from such
nebulae are excited by a combination of shocks by winds and jets,
and photo-ionisation by the bright central source (e.g. Gurpide et al.
2022). Photo-ionisation modelling allows the spectral energy dis-
tribution (SED) seen by the nebula to be compared to the observed
SED of the central ULX; the ratio of the two then implies the
beaming factor. Such an approach led Pakull & Mirioni (2002) to
determine that, in the case of the well-studied ULX, Ho II X-1,
the luminosity seen by the nebula was similar to the X-ray lumi-
nosity we observe (a similar finding was noted in the case of NGC
5408 X-1: Kaaret & Corbel 2009). Ho II X-1 is one of the softest
ULXSs (see, e.g., Middleton et al. 2015a) and may be seen at higher
inclinations (Poutanen et al. 2007). As the wind preferentially col-
limates the hardest X-rays, this should not be seen to imply there is
no beaming in other ULXs which may be considerably spectrally
harder (Gladstone et al. 2009; Middleton et al. 2015a; Pintore et al.
2017; Koliopanos et al. 2017; Walton et al. 2018).

In this paper we model the emission from the photo-ionised
nebula MF16 (Matonick & Fesen 1997; Kaaret et al. 2010; Long
et al. 2019) around the ULX NGC 6946 X-1 (Roberts & Colbert
2003). By performing a detailed photo-ionisation modelling, we test
whether the nebula can in fact constrain the geometrical beaming
of this source (as well as similar ULXs).

2 NGC 6946 X-1 AND THE MF16 NEBULA

NGC 6946 X-1 is one of the spectrally softest ULXs (very similar
in nature to NGC 5408 X-1) with an observed (absorbed).X-ray lu-
minosity ranging between 3-4x10%° erg/s (Middleton et aly, 20154)
at a distance of 7.7 Mpc (Anand et al. 2018; Murphy etial. 2018;
Eldridge & Xiao 2019). It is notable for being one of thesmost X-ray
variable ULXs, with fractional rms values within single observa-
tions reaching 40 % (Middleton et al. 2015a) and QPOs reported at
10s of mHz (Rao et al. 2010). The surrounding/MF 16 nebula is
thought to be both photo-ionised and shock heated (Abolmasov et al.
2008). Intriguingly, UV observations of this source by the Hubble
Space Telescope (HST) imply,the souree to be an ultra-luminous
UV source (Kaaret et al. 2010) with'this radiation able to explain the
the observed He 11 A\4686 emission-lines (Abolmasov et al. 2008).
MF16 is also one of enly-assmall number of nebulae detected in the
IR by Spitzer, suggesting the presence of a red super-giant donor
star (Berghea & Dudik,2012).

3 OBSERVATIONS AND SPECTRAL ANALYSIS

In_this section we describe NGC 6946 X-1 using photometric UV
and spectroscopic X-ray data, and the response of the surrounding
MF16 nebula using radio interferometry and optical photometry.
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Figure 1. HST map of MF16 in Ho (F656N filtered emiSsion in‘color
scale) with overlaid, stacked C- and X-band VLA contours. The radio con-
tour levels (blue) are (-8.46, -4.23, -2.11, 2.11, 4.23,"8.46,716:92, 33.85,
67.69) uJy/beam starting at the rms noise level of 2.11 pJy/beam. The syn-
thesized beam of the stacked image measures 0.25"x 0.30" The white circle
is centred on the position of the X-ray source/with thewadius corresponding
to the 0.2" positional uncertainty of the averaged Chandra pointings used in
this work. The inset shows intensity profiles for thesHa and radio maps along
the green dashed line. Both profilesare normalized to a common maximum.

3.1 Imaging the MF16 nebula

The superb spatial resolution”of Chandra, HST, and the NRAO’s
Karl G. Jansky Very Large Array (VLA) allow us to trace the
compact objeet’s feedback independently via direct imaging. In
Fig. 1 we overlay maps of Ho and a stack consisting of 5 GHz and
10 GHz radio maps.

3oL/ \Imaging with HST

We aligned the Ha image (HST/WFPC2/F656N taken in 1996 Jan-
uary 27) to the absolute astrometric frame of reference. Due to the
low number of catalogued stars in this narrow-field image (less than
three), we first matched it to another, wider-field HST/ACS/WFC
image. We astrometrically corrected this image using 81 reference
stars from the URAT1 catalogue (Zacharias et al. 2015). The astro-
metric solution is accurate to within 07/1.

The Ho nebula has a shape very similar to that seen in [S 1]
(Blair et al. 2001), both of which are usually enhanced under
shocked conditions (see Allen et al. 2008, and Fig. 5 for [Si]).
The overall structure measures 1774 x 07’8, i.e., 50 x 30 pc at a dis-
tance of 7.7 Mpc (Anand et al. 2018; Eldridge & Xiao 2019; Murphy
etal. 2018)!.

3.1.2  Radio imaging with the VLA

The radio data originate from an observing campaign with the VLA
under program code 15A-133. The first two observing epochs (2015
June 20, 2015 June 30) were taken at 8—12 GHz, and the second
two epochs (2015 July 10, 2015 July 18) at 4-8 GHz, with 4 GHz
of bandwidth in each frequency band. The array was in its most-
extended A-configuration for all observations. We used either 3C 48

! This value was derived from measurements of the tip of the red-giant
branch which we consider to be more accurate than previous measurements
of around 5-6 Mpc used, e.g., by Abolmasov et al. (2008)
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or 3C 286 to calibrate the delays and the instrumental frequency re-
sponse, and to set the amplitude scale. For the complex gain calibra-
tion, we used the nearby calibrator J2022+6136 (2°1 from MF16).
Data were processed according to standard procedures using the
Common Astronomy Software Application (CASA v4.4.0, CASA
Team et al. 2022). To maximise the image sensitivity, we imaged
all four epochs together, using two Taylor terms to account for the
frequency-dependence of the sky brightness.

While the orientation of the radio nebula is consistent with
the Ho map, the radio emission to the east has no Ha counterpart.
The Ha nebula is brightest towards the west, and coincides with
the peak of the radio-intensity map. The intensity profiles of both
Ha and radio emission along the green dashed line in Fig. 1 trace
each other well, down to a radio brightness level of 8.46 uJy/beam,
which might imply that shocks are a common feedback process at
these scales.

3.1.3  Pinpointing the X-ray emission with Chandra

In Fig. 1, we indicate the X-ray emitting region and its positional
uncertainty of 0.2". This region coincides with the secondary peak
of the Ho nebula and is, within uncertainties, consistent with
the geometrical center of the Ha nebula. We determine this co-
location from relative astrometry, using the point-like X-ray source
SN2017eaw and its optical counterpart, surrounded by numerous
reference stars seen with HST (F606W and F814W images from
2016, and the WFC3 images from 2018). The Chandra position of
NGC 6946 X-1 lies within ~ 4 — 5’ of the aimpoint for all obser-
vations except for obsid 19040, at an offset of 2/3 and for obsid
4404 with an offset of 2/9.

In every Chandra/ACIS observation, the fitted extent of the
X-ray source is consistent with the point spread function (PSF) of
the ACIS detector at that off-axis location. Therefore, we cannot
spatially distinguish between the point-like emission from the com-
pact object (ULX) and thermal plasma emission from ionized gas
around it (either in a fast outflow or in the nebula).

3.2 Spectral observations and data reduction

In order to quantify and isolate the UV-to-X-ray specttum from
the compact ULX, we make use of the unprecedented, sub-arcsec
resolution of HST and Chandra.

3.2.1 X-ray spectroscopy with Chandra

NGC 6946 was observed by ChandralACIS on nine occasions be-
tween September 2001 and Junex2017; with a total exposure time
of ~261 ks (Table 1). After downloading the data from the pub-
lic archive, we reprocessed ‘and analysed them with the Chandra
Interactive Analysis of\Observations (c1ao) software version 4.13
(Fruscione et al».2006). We created new level-2 event files with
the ciao task' chandra.repro, generated stacked images in differ-
ent energy. bands with merge_obs and dmcopy. We used srcflux
to determine,model-independent fluxes from the event files, and
specextract to-extract spectra and associated response and ancillary
response files for individual observations. In principle, the emitting
region is’ likely to be spatially extended, with X-ray contributions
from.the compact object and the surrounding hot gas in the MF16
nebula. However, as discussed, the extent of the X-ray emission is
always consistent with the ACIS PSF (Section 3.1.3); we therefore

Table 1. List of Chandra observations used in this work.

Obsid  date exposure [ks]  counts [x10%]
1043 2001-09-07 58.2 8.7
4404 2002-11-25  30.0 3.9
4631 2004-10-22  29.7 32
4632 2004-11-06  28.0 3.7
4633 2004-12-03  26.6 34
13435  2012-05-21 204 1.8
17878  2016-09-28  40.0 2.8
19887  2016-09-28 18.6 1.3
19040  2017-06-11  10.0 0.7

selected specextract parameters suitable for point-source extraction
(‘correctpsf = yes’).

3.2.2 UV photometry with HST

For the UV part of the spectrum, we adopt HST point-source fluxes
from May 2008 as listed in Kaaret et al (2010) forthe Wide Field
and Planetary Camera 2, WFPC2, with'the filters FAS0W, F555W
and F814W as well as the ACS Wide Field"Camera, WFC, with
the filter FI40LP. We use the bandwidths® 127 A, 951 A, 1228 A
and 1539 A, respectively, to further process these data. We note that
the UV and time-averaged X-ray data used in this work are non-
simultaneous. The X-ray spectrum is observed to vary (mostly above
1 keV) on long timescales butonly between a 0.3—10 keV deabsorbed
luminosity of ~ 0.9-1.3x10% erg/s assuming an intrinsic column
of 2.90 x 10%L.cm™2 (Sect. 3.3) at 7.7 Mpc (Middleton et al. 2015a).
Given the relatively'small dynamic range in the spectrum (accepting
that this“isicould/be an underestimate due to incomplete sampling
of the source behaviour), we consider it acceptable to average over
these variations for our feedback study.

Injorder to be able to fit the broad-band spectrum including
the UV and X-ray data with both extinction and photoabsorption
applied, we re-redden the UV data with Ay = 1.54 (Abolmasov
etal. 2008). While Kaaret et al. (2010) used the extinction curve by
Cardelli et al. (1989) for de-reddening, we implemented the param-
eterized curve by Fitzpatrick (1999) in ISIS (Houck & Denicola
2000). The difference between both curves is negligible for our
purpose (see Fig. 1 in Fitzpatrick 1999).

3.2.3  Spectral lines with the Subaru SAO 6-m telescope

We make use of six characteristic line transitions measured with
the SAO 6-m telescope (Abolmasov et al. 2008) in order to assess
the nebular response to the ULX SED, i.e., He 114686, H S 14861,
[O m] A5007, [N 11] A6583, [S11] A6716, and [S 1] A6731. The inten-
sities of the first three lines were measured with the SCORPIO
long-slit spectrograph (Afanasiev & Moiseev 2005) in 2005 June
10, and the latter three lines with the MultiPupil Fiber Spectrograph
(MPFS: Afanasiev et al. 2001) in 2005 January 17 (Abolmasov et al.
2008). The de-reddened intensities (assuming Ay = 1.54) are pro-
vided in Table 2. We also present a value for H & L6563 as we know
the H a/H g flux ratio to be ~2.8 from Abolmasov et al. (2008) (and
propagate errors accordingly).

We consider a contribution to the emitted line intensities by

2 https://www.stsci.edu/hst/documentation/
handbook-archive
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Table 2. De-reddened, intrinsic line intensities (Abolmasov et al. 2008) and
the theoretically assumed shocked portion in units of x10716 ergecm=2 571,
We apply Ay = 1.54 for de-reddening.

Line Fieredd Fihocked

He 124686 56+2 9
HpB 24861 249 + 4 159

[Om]A5007 1620+30 242
H a 06563 687 + 17
[N 1] 16583 611 +12 194

[Su]A6716 352+3 103
[Su]A6731 335+4 172

shocked gas. In a previous study, Berghea & Dudik (2012) directly
assessed the influence of shocks using infrared lines around O1v,
but also using He 11 A14686. Photoionized gas, modeled with Cloudy
can reproduce the observed line intensities well, and only shocks
much faster than 300 km/s would provide enough ionizing potential
to yield a similar match. As the authors note, the shock speed of
~ 250 km/s estimated by Dunne et al. (2000) is not enough to justify
shock ionization as the main feedback channel. To further confirm
this, we use Mappings III (noting that the Mappings III code
assumes a steady-state shock) and tabulated line ratios relative to
H 314861 (Allen et al. 2008) to predict line intensities for a shock
speed of 250km/s and find that, even if such fast shocks could
reproduce He 1114686, both [N 11] A6583 and S i1 would be largely
overproduced. We therefore concur with Berghea & Dudik (2012)
that the observed He 11 A4686 line intensity can not be reproduced
solely by shock-ionization, a combination of photoionization and
shock-ionization, however, remains very plausible.

For the shocked component, we use the Mappings III library
(Allen et al. 2008) and consider the emission from both the shock
moving at 250km/s and its precursor for weakly magnetized gas
(B/n?=0.1 nG cm?/2), which is a valid assumption for shocked gas
at considerable distance from the compact source. The intensities
of the lines in question, emerging from the shock, are found to be
unchanged below the chosen magnetization parameter B/ n2,_We
list the theoretically assumed intrinsic line intensities for shocked
gas in NGC 6946 X-1 in Table 2.

3.3 Spectral Analysis

We show the broad-band spectrum of the ULX in'Fig. 2, which is
assumed to illuminate the surrounding nebula. We base our mod-
eling on recent advances in the phenomenolegical understanding
of individual spectral componentsdand their timing behavior in the
context of a geometrically thick acctetion flow that is dominated
by optically thick winds (Middleton et al. 2015a). The assumed ge-
ometry of the nebula is illustrated in Fig. 3. We distinguish three
separate emission components that originate from the outermost
photosphere (UV continuum), the photosphere of the disk-wind at
smaller radii/inelinations)(soft X-ray spectral component), and a
hard spectral compenent coming from the innermost regions that is
most collimated by the disk wind. According to the assumed geom-
etry, these components not only cover distinct parts of the spectrum
but-also illuminate distinct parts of the nebula.

Wemodel the HST data with a dual blackbody spectrum (green
model components in Fig. 2) with 77 = 0.012keV (105'15 K) and
T, =0.00224 keV (10*4! K), as suggested by Kaaret et al. (2010).
Kaaret et al. (2010) explain the cooler UV blackbody as emission
from an O or B-type companion star (although it may also originate
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Figure 2. Broad-band UV-to<Xsray.spectrum for the compact emission of
NGC 6946 X-1. Top panel: HST-photometric data (blue) and the Chandra
spectrum (green) in v Fv units. The black line corresponds to the best-fit
spectral model as described.in the text. The residuals to this fit are shown in
the panel below. Cleartesiduals are detected which correspond to broadened
line features imprinted by outflows (Middleton et al. 2014, 2015; Pinto et al.
2016). Bottom panel: Individual absorbed / reddened (solid lines) and de-
absorbed/“de-reddened model components (dashed lines): bbody (green),
diskbb (red), nthcomp (blue).

from~the outer photosphere of the wind: Poutanen et al. 2007)
whilst the hotter blackbody — characteristic of the extreme UV-bright
source NGC 6946 X-1 — may emerge from the outer photosphere
or result from X-rays from the inner regions being down-scattered
in the wind. We fix the temperature of the cooler blackbody (with
T = T;) as well as both the temperature and normalization of the
hotter blackbody (with 7' = T7) to the literature values from Kaaret
et al. (2010) in order to minimize degeneracies while fitting the
broad-band UV-to-X-ray spectrum.

We model the X-ray data using a combination of a disc black-
body (piskBB — red lines in Fig. 2), and a broad, hotter component
(NTHCOMP — blue lines in Fig. 2). Assuming the ULX to be viewed
at moderate inclinations (Middleton et al. 2015a), the former com-
ponent can be associated with soft-X-ray emission from large radii,
and the latter with hard-X-ray emission from the innermost, hottest
regions of the accretion flow (Poutanen et al. 2007). That emission
would, in the model of Middleton et al. 2015a, be partly down-
scattered through the wind, and re-emerge as a contribution to the
soft continuum. A very similar hot continuum is also needed in the
feedback study of Abolmasov et al. (2008) in order to explain the
optical line intensities from Table 2).

The total intrinsic continuum model we apply to the UV-X-
ray data is given by: zbbody (1)+zbbody (2)+diskbb+nthcomp.
We model intrinsic photo-absorption by neutral gas with tbnew
with corresponding abundances (Wilms et al. 2000), which is valid
down to the EUV. We also account for reddening (redden in ISIS)
using the extinction law as parameterized by Fitzpatrick (1999) and
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Figure 3. Illustration of the accreting environment of NGC 6946 X-1, which
is the source of the radiation illuminating the surrounding MF16 nebula.
The arrows denote the radiation emitted by the outer face of an extended
photosphere (green), that generated within the flow and emerging at smaller
inclinations (red) and those from the innermost regions which are most
likely to be reflected from the cone defined by the wind (blue). The spectral
components of Fig. 2 follow the same colour code.

the Galactic gas-to-dust ratio Ny = Ay X 1.79 X 102! ¢m~2 mag~!
(Nowak et al. 2012) with Ay frozen to 1.54 (Abolmasov et al. 2008).
This translated to a reddening column density of 2.75 x 102! cm~2.
The total photoabsorption column density we obtain from fitting,
i.e., the sum of N Ga ~ 2.11 x 102! em™2 and Ny jny ~ 2.90 x
102! cm™2, exceeds the reddening column density. This may eithet
imply that the Galactic gas-to-dust ratio used here or the extinction
value Ay are too low. The latter is more plausible given the/sparse
sampling of the UV continuum. We also note that we-are fitting
a non-simultaneous SED, whilst the neutral column”density, may
change with time (Middleton et al. 2015b). All best-fit patameters
are listed in Table 3. We obtain a fit statistic ofey2/dofy="185/61
which is poor due to line-like residuals below ~.2keV (Fig. 2),
which are generally well shown to be related to mass-loaded winds
in ULXs (Middleton et al. 2014, 2015b; Pinto et al. 2016; Walton
et al. 2016; Pinto et al. 2017; Kosec et al. 2018, 2021). For the
purpose of our work, we only focuston the continuum and do not
explore modelling of the line-like features as these do not affect the
overall shape of the continuum (see Middleton et al. 2014).

After investigating the decomposition of the observed ULX
continuum, we can exploit the capabilities of the surrounding nebula
as a calorimeter.to reliably.probe the intrinsic continuum, to which
we can make Comparisons and test cases for geometrical beaming.

3.4 _Feedback-into the nebula

TheaNGC. 6946 X-1/MF16 system is well-suited for a study of
energy being deposited into the environment. Radiative feedback
appears to be the dominant process in this source (e.g., Berghea &
Dudik 2012), which is supported by the exceptionally strong UV
continuum probed by HST. We expand on previous feedback studies

Table 3. Spectral parameters of the best fitting model to the broad-band
spectrum of NGC 6946 X-1. We apply a Galactic absorption column of
Ny,Gal = 2.11x10%! cm™2 and a redshift of z = 0.00134, which, unlike the
cosmological redshift, represents the local kinematics of the Virgo cluster,
Global Attractor, and Shapley supercluster (Mould et al. 2000). Frozen
parameters are denoted with .

model parameter value
zbbody norm 3.65%x107>F
KT (keV) 0.012%
norm (4.7+1.0)x 1076
KT (keV) 0.002247
diskbb  norm (2.71%:55‘) x 102
Tin (keV) 0.157+9-016
0.25 —4
nthcomp  norm (2.59f0_28) x 10
0.10
r 2.13j0§11
KT, (keV) 2.1+
thnew Nping (102 ecm™2)  0.29 + 0:06
redden Ny i (102'cm™2) 2757
R 3.1

(e.g., Abolmasov et al. 2008) by exploring the feedback separately
for the quasi-thermal UV and X-ray components shown in Fig. 2.

Our immediate goal i fo'quantify whether the observed lumi-
nosity integrated over each component, corresponds to the intrinsic
luminosity needed to reproduce the optical lines emitted by MF16.
A mismatch between the observed and intrinsic luminosities would
likely argue against isetropic irradiation of the nebula and instead
favor some level of'geometrical beaming.

Wenete thaty'in our analysis, we have used a revised distance
for NGC 6946 X-1 of 7.7 Mpc, which is higher than those distances
adoptedyin previous feedback studies. This also results in intrinsic
luminosities that are higher than previously assumed.

Qur use of a non-simultaneous UV-X-ray SED containing X-
ray data time-averaged over 16 years can be justified by three main
arguments. Firstly, the light travel time to the nebula at ~ 10 pc is
2 30yr, much longer than the time-scales covered by the gap be-
tween individual X-ray observations (Table 1), and the X-ray SED
is relatively stable on long timescales Middleton et al. (2015a).
The recombination time scale of the surrounding ionized gas, i.e.,
free ~ 2x10% Z72 TS1 /2 ny ' (Krolik 1999), is an important measure
for the ability of the surrounding gas to react to source-intrinsic vari-
ability. We estimate the recombination time using ng = 5.7 X 1077
for the electron number density in units of 10° cm™3, (Abolmasov
et al. 2008) (the authors derived the electron number density for
[SII], which we shall use as a rough guess for the local densities),
the temperature derived for [OIII] (75 = 0.18 in units of 10° K) and
the corresponding atomic number of oxygen (Z = 8). The result of
trec ~ 7 yr is on the order of the total baseline for the X-ray observa-
tions and the light-crossing time of the nebula. Finally, should it be
the case that the ULX wind is precessing, the associated variability
timescales tend to be far shorter than those of the nebula such that
the nebula will only respond to the averaged irradiation as we have
assumed.

We proceed to use the plasma code Cloudy (Ferland et al.
2017) to predict the optical line response from our photoionized
model nebula, and then make comparisons to the observed line
intensities of MF16.

As optical spectroscopy probes the entire gas distribution
around NGC 6946 X-1, we can approximate MF16 by a spheri-
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cal geometry with a filling factor of 0.2 in Cloudy (Dunne et al.
2000; Blair et al. 2001; Berghea & Dudik 2012). We illuminate
this nebula with the soft and hard X-ray spectral components as
well as with the UV continuum (combining both blackbodies)
from Fig. 2, and explore how the nebula response changes with
the input luminosities of the separate spectral components. If one
spectral component is geometrically beamed, we expect a mis-
match of its intrinsic luminosity (denoted as L), constrained from
our feedback study, and the observed one (denoted as Lgpg). In
practice, we use pyCloudy (Morisset 2013) to run Cloudy for a
range of input luminosities Lg around the observed values Lgpyg,
ie., 1072 Lops — 102 Lops, while Lgpg is the observed (deab-
sorbed) luminosity of the soft and hard X-ray components, diskbb
(log Lops,soft = 40.41) and nthcomp (log Lops hara = 39.98) from
Fig. 2. We repeat this exercise for five different intrinsic UV lu-
minosities, i.e., log Lyy = 39.4,39.8,40.4,40.8,and 41.4, to ac-
count for the uncertainty concerning the shape and integrated
luminosity of the true intrinsic UV continuum. Our best-guess
(log Lyy = 40.4) originates from de-reddening a double-black-
body continuum fitted to the sparsely covered UV spectrum used
in this work, with a value of Ay that is uncertain itself (Abolmasov
et al. 2008). These luminosities have been derived after integrat-
ing the spectrum of the corresponding spectral component between
1075 keV and 105 keV. Lyy corresponds to the double-black-body
spectrum fitted in Fig. 2. As a source of additional isotropic radi-
ation, we include the CMB within the Cloudy model, with input
parameters being the electron gas density ne = 570 cm™3, derived
from the [S 1] A6716/6731 line ratio (Abolmasov et al. 2008), and
the source distance of ~ 7.7 Mpc. The following assumptions al-
low us to speed up the code without loss of relevant physics: we
neglect molecules for the calculations of the photoionized plasma,
and use a coarse opacity grid. We also assume a less comprehensive
database of H and He-like ions. For H and He-like ions of iron,
we set the number of resolved and collapsed levels to 10 and 15,
respectively. We also neglect elements with relative abundances of
log[n(X)/n(H)] < 7.

We integrate the results of the pyCloudy runs to make a set of
five ISIS table models, one per UV continuum. Each table model
returns the expected intensities of the lines from Table 2, with the
model parameters L soft and Lgrc hard» i-€., the intrinsiC (i.exnot
necessarily the observed), de-absorbed luminosity of the/spectral
components diskbb and nthcomp. Figure 4 illustrates the parame-
ter space in colour scale. The line intensities genérallysincrease with
increasing X-ray luminosity, but only becomesa strong function of
these for log Lgrc = 41.

We fit the set of tabulated Cloudy models.to the observed and
de-reddened line intensities from Table. 2, after subtracting the line
intensities expected for the shocked plasma around NGC 6946 X-1
(also provided in Table. 2).

Independent feedback studies of the same system (Abolmasov
et al. 2008; Berghea et al. 2010; Berghea & Dudik 2012), as well as
our work here, demonstrate that the predicted line intensities depend
strongly on the.shape,andvintegrated luminosity of the broad-band
emission, and in patticular the UV continuum. The data coverage
in the UV{however, /s still sparse. For our spectral description we
assumed. that,the wind photosphere is quasi-spherical (Fig. 2). We
therefore_have to consider this systematic uncertainty on top of
thevstatistical uncertainties of the observed line intensities. Such
systematics are hard to quantify. Numbers around tens of percent
seem/fair given the number of systematics and assumptions that
enter our analysis, especially the choice of (spectral) models that
can only be crude simplifications. After running the fits with 10%,

15%, and 30% systematics for all five choices for Lyy, we find that
a value of 30% allows us to reach statistically reasonable fits for at
least one case of Lyy. We consider fits to be reasonable if sze 418

not larger than 2-3, if the ,\(2 space is not completely degenerate,
and if constraints can be placed on the fit parameters Lgy. sofr and
Lgrc hard- The results of the fits are shown in Table 4 and in parts in
Fig. 5.

We can reproduce the MF16 nebula lines well, mostly within a
deviation of a few tens of percent in line intensity, when considering
an intrinsic UV continuum that has an integrated luminosity equal
to or less than the inferred, observed value of log Lyy = 40.4 (see
Fig. 5). In general, the data/model ratios are largest for He 11 A 4686,
[Su]A6716, and [S 1] A6731. The model nebulae simulated with
Cloudy start to deviate significantly from the observed line inten-
sities above a value of log Lyy = 40.4 for the lines [N u]A6583,
[Su]A6716, and [S u] A6731.

Table 4 shows the constraints on the fitted parameters, ie.,
the intrinsic luminosities of the soft and hard Xéray components
diskbb and nthcomp, respectively. A key result of our analysis is
that the fit is highly sensitive to changes in/the luminosity of the
UV spectrum that is irradiating the nebula whereas'the component
luminosities L sofc and Lgyc hard arehighly degenerate. This result
becomes even more obvious when.examiningsthe largely degenerate
2 parameter spaces for the fitsgvithlog Liyy = 39.4, 39.9, and 40.4
in Fig. 6. All three cases for Lyyy ‘are statistically equally plausible.
While the soft X-ray luminosity seems to be well-constrained for
the case of log Lyy =$39.4, the-hard X-ray spectral component is
strongly degenerate. The epposite is true for log Lyy = 40.4 which
is close to the value we infer from our best guess for the de-reddened
UV spectrums, The\intermediate case of log Lyy = 39.9 results in
degenerate luminosities for both the soft and hard X-ray spectral
components, and only upper limits can be inferred for Ly, and
Lpafga A crucial result is that, especially at low UV luminosities,
our fits to_the observed nebula line intensities seem to be largely
insensitive to changes in the hard-X-ray luminosity.

4 DISCUSSION

We have been able to reproduce the response of the MF16 neb-
ula surrounding NGC 6946 X-1 assuming intrinsic UV luminosi-
ties of log Lyy = 39.4,39.9 and 40.4 (see Fig. 5). This range of
UV luminosities is realistic given the uncertainties in the SED of
NGC 6946 X-1 (Fig. 2).

For the study, we assumed feedback both via photoionization
and shock-ionization. While photoionization alone is able to repro-
duce the observed optical line intensities, several arguments indicate
the presence of shocks: the multi-wavelength nebula morphology,
the dynamics of MF16 measured via line widths, and the electron
gas density of nearly 600 cm™3 — which is much higher than the
average ISM density of 1 — 10 em™3 — which argues for swept-up
gas. Since the shock-ionization component can not be constrained
statistically, we fix its contribution to the line intensities based on
information on the shock speed and by using the Mappings III
library.

We note that the spectral modeling of the X-ray continuum
is somewhat ambiguous. Due to the off-axis location of the X-
ray source, we do not spatially resolve the nebula with Chandra
and therefore cannot distinguish the correct model based on imag-
ing data alone. However, the spectral-timing behavior described by
Middleton et al. (2015a), is consistent with X-rays being emitted
from a super-critical disc with a wind, and the near-ubiquitous line-
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Figure 5. Fit results for our Cloudy-constructed table model (colored bars) together with the observed de-reddened and shock-subtracted line intensities (black

solid lines with corresponding data points and uncertainties). The dashed lines
from Table 2. In the cases shown here, we add an additional

correspond to the total line intensities, including a likely shock contribution

30% systematic uncertainty to the statistical uncertainty from Table 2. The bottom panels show data/model ratios. The three panels illustrate fits with different
incident WV luminosities, i.e., log Lyy = 39.4, 39.9, and 40.4, respectively. These fits yield y2 (dof) = 9.5 (3), 8.2(3), and 8.4 (3) respectively.

like residuals’ thought to imply the presence of winds Middleton
et al. (2014, 2015b) have been resolved into broadened atomic ab-
sorption and emission features (Pinto et al. 2016, 2017; Kosec et al.
20718, 2021), unambiguously associating ULXs with powerful out-
flows. As a result, we assume that the continuum irradiating the

nebula originates from a super-critical disc (Poutanen et al. 2007).
The soft spectrum of NGC 6946 X-1 and its extreme UV brightness
of > 103 ergs™!, is consistent with a ULX with an optically thick
wind probably seen at fairly high inclinations.

With the above considerations in mind, we assess the impact
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Table 4. Results of the fits using the series of pyCloudy table models assuming UV continua with varying luminosities. We list the shock-subtracted line
intensities from Table 2, and the modeled line intensities in units of 10716 erg cm™=2 s~!, together with the data/model ratios in percentage units. The fit statistics
are shown on the bottom row together with the best-fit input parameters, i.e., the implied intrinsic luminosities of the soft and hard X-ray components (diskbb
and nthcomp respectively). All fit results in this table assumed an additional 30% systematic uncertainty.

log Lyy =39.4 log Lyy =39.9 log Lyy = 40.4 log Lyy =40.9 log Lyy =41.4
Line Fihock-subtracted ~ Fmodel ~ Tatio Fmodet  ratio Fmodet  ratio Fmodet  ratio Fmodet  ratio
Heu)4686  47+2 28 17 28 17 19 25 24 1.9 23 2.0
HBMB61  90+4 136 0.7 141 0.6 133 0.7 119 038 111 0.8
[0m]A5007 137730 949 L5 1223 11 1312 11 1674 08 1616 0.9
[NuJA6583 417+ 12 475 0.9 358 12 412 1.0 69 6.1 34 122
[SulA6716 249 +3 134 1.9 143 17 161 L5 37 6.7 19 132
[SuIA6731 163 x4 110 L5 125 13 127 13 36 45 18 8.8
log L, soft 40.7+}-2 40.1+1-2 39.9%1-2 38%% 41.5%9-9
10g L, hard 3875 38.8%5-3 41 .4j§~g 42.0*0-9 41.98*0-99

Fit Statistics x?2 (dof) =9.5(3)

2 (dof) = 8.2(3)

2 (dof) = 8.4(3) ¥2 (dof) = 312 (3)

log Lsrc.hard
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o
o

39 40 41 42 39 40
lOg Lsrc,soft

41 42 39 40 41 42
lOg Lsrc,soft

IOg Lsrc,soﬁ

Figure 6. Ay? space for the three acceptable fits using our Cloudy-baséd table model. The fit parameters are the intrinsic source luminosities Lg for the
soft and hard-X-ray model components of our continuum. We plot contours for the 68.3%, 90%, and 99% confidence limits (dotted, dashed, and solid lines,
respectively). The color scale ranges between Ax? = 0 and the maximum of each map for each panel, i.e., 2.3, 2.4, and 2.4, respectively. The beaming factor
B = Lops/ Lsc is larger than unity below the horizontal yellow line forthe hard X-rays and to the left of the vertical yellow line for the soft X-rays. The intrinsic
UV luminosity corresponds to log Lyy = 39.4, 39.9 and 404 from.left to right. For all panels, we assume additional 30% systematic uncertainties.

of each component of the ULX’s broad UV-to-X-ray SED on the
nebula lines we observe. In particular, we wish, to’determine the
possible emission pattern of the compact ULX.,/To do so, we test
the response of the surrounding gas when changing the luminosi-
ties of the soft and hard-X-ray spectral components from Fig. 2, i.e.,
thermal emission from the UL:X wind, ‘and emission from the inner
parts of the accretion flow respectively. We then inspect the con-
cordance between the obseryved \luminosities 10g Lops soft ~ 40.41
and 1og Lops hard ~ 39.98*(yellow solid lines in Fig. 6) and the sta-
tistically allowed intrinsic counterparts, i.e., Lgyc soft and Lgrc hard-
We note that we haye explicitly decoupled the UV and soft X-ray
emission (assuming the former originates from the quasi-spherical
photosphere at high'inclinations).

We/interpret our results in the framework of an optically thick
wind, with opening angle Q. While predominantly hard X-rays are
prone to‘forward-scattering and therefore geometrical beaming in
the line-of-sight (King 2009; Middleton et al. 2015a; Middleton &
King 2016), soft-X-ray and UV photons should be emitted from
larger solid angles (if not isotropically). The degree of geometrical

beaming given by the so-called beaming factor 8 is typically defined
by 8 = 47/Q = 1. However, by also defining B = L/ Lsrc We see
that for face-on orientations, we would expect collimated emission
to have B > 1 but for increasing inclinations 8 would decrease and
be less than 1 (typically for inclinations of > 20° —30°: Dauser et al.
2017). 8 < 1 using this second definition (and where Lg can be
inferred from our cLoupy modelling) must also imply anisotropy
(and collimation for standard ULX models).

Using the statistical constraints from Fig. 6, for log Lyy ~ 39.4
and 39.9, we find the beaming factor of the hard X-rays to be am-
biguous, being able to take extreme values between 0.01 < 8 < 100
within the explored parameter space. For the soft X-ray component,
we also find rather ambiguous beaming values with 0.2 < 8 < 2.6
and 8 2 0.3 for log Lyy ~ 39.4 and 39.9, respectively. For
log Lyy ~ 40.4, the nebula seems sufficiently ionized and no addi-
tional soft X-ray contribution is needed (right panel of Fig. 6).

We can conclude from Fig. 6 that, for the cases of log Lyy ~
39.4 and 39.9, the hard emission could easily be beamed and have
little-to-no impact on the optical lines, as the hard X-rays are much
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less capable of photoionizing the nebula than the soft X-rays. Only
for the highest UV luminosity (log Lyy ~ 40.4), which is plausible
based on this feedback study, do we find a very low beaming factor
of B8 < 0.1 for the hard X-ray component. In fact, most of the
parameter space for Ly sof¢ and Lgc harg is forbidden in this case.
This is not surprising — the UV luminosity of log Lyyy ~ 40.4 seems
to significantly ionize the nebula without the need for extra ionizing
soft X-ray photons. Only hard X-ray emission at luminosities in
excess of that observed is statistically allowed and would need to be
collimated and beamed away from our line-of-sight.

If the underlying assumption of an optically thick wind is cor-
rect, as supported by numerous observations of ULXs, numerical
simulations and theoretical considerations would argue against sig-
nificant beaming of soft X-rays (Jiang et al. 2014; Poutanen et al.
2007; Middleton et al. 2015a; Narayan et al. 2017) but the hard
X-rays would be expected to be more collimated. The wide allowed
range of By, q from values of ~ 0.3 to arbitrarily high values would
potentially support such an assertion. The same is true for By,
which we find to accept a wide range of values, while significant
beaming also remains plausible given the constraints. The most im-
portant result of our feedback study is therefore less what it does
constrain, but what it does not, i.e. nebula feedback cannot exclude
strongly beamed, primarily hard X-ray emission.

5 CONCLUSIONS

Using Chandra and HST data, we have obtained a time-averaged
representation of the broad-band UV-to-X-ray spectrum of the ULX
NGC 6946 X-1. To model this spectrum, we consider an optically
thick wind resulting from super-Eddington accretion onto a stellar-
mass compact object. Depending on the optical depth, photons can
scatter off the wind to a lesser or greater extent and be geometrically
collimated/beamed. In the standard model, harder X-ray photons
will be scattered into a smaller solid angle than soft X-rays. To gain
a better understanding of the geometry and emission characteristics
of the accretion flow, we conducted a feedback study using the MF16
nebula as calorimeter. Using Cloudy and an irradiating broad-band
SED, we obtained the photoionised response to compareto the
observed optical line intensities (correcting for the nebulariline
response due to shock ionization).

We fitted a table model that returns optical line intensities given
the intrinsic luminosities of the soft and hard spectralseomponents
as free parameters. This has allowed us to compareito the observed
soft and hard luminosities and make inferences regarding the geo-
metrical beaming of each of these components..We have found that
— as expected — the response of thefnebula line emission is strongly
sensitive to changes in the irradiated UV flux. However the nebula
responds far less to changes in the hard and soft X-rays and, from
a statistical point of viewy'it is not possible to quantify the amount
of beaming for either component. The major result of our study is
that we cannot exclude,strongly beamed X-ray emission based on
nebula lines and+it isinot possible to argue for or against isotropic
emission by only matching the integrated broad-band luminosity.

Ther€ are.a number of assumptions within our analysis we bring
the reader’s attention to. There are several sources of systematic un-
certainty which challenge a precise quantification of the systematics:
the'radio, and Ha morphologies of the nebula imply shocked feed-
back to be prevalent, however, we can not self-consistently model
both.shock-ionization and photoionization. The exact intrinsic UV—
hard-X-ray spectral shape is not well known, mainly due to strong
systematics related to the de-reddening process; this eventually in-
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fluences the nebular response. To address these points, we have
assumed a 30% systematic uncertainty on top of the statistical un-
certainties of the observed optical line response of the nebula. Lastly,
our approach makes the assumption that (a) the radiation emerges
solely from a thick wind without any consideration for the presence
of a neutron star with a strong dipole field, and (b) that the geometry
of the wind can be approximated with a cone of opening angle Q.
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