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Abstract

We report on the detection and analysis of extended X-ray emission by the Chandra X-ray Observatory stemming
from the 2006 eruption of the recurrent nova RS Oph. The extended emission was detected 1254 and 1927 days
after the start of the 2006 eruption and is consistent with a bipolar flow oriented in the East-West direction of the
sky with opening angles of approximately 70°. The length of both lobes appeared to expand from 1”3 in 2009 to
2”0 in 2011, suggesting a projected expansion rate of 1.1-0.1 masday ' and an expansion velocity of
4600kms ' (D /2.4kpc) in the plane of the sky. This expansion rate is consistent with previous estimates from
optical and radio observations of material in a similar orientation. The X-ray emission does not show any evidence
of cooling between 2009 and 2011, consistent with free expansion of the material. This discovery suggests that
some mechanism collimates ejecta away from the equatorial plane, and that after that material passes through the
red giant wind, it expands freely into the cavity left by the 1985 eruption. We expect similar structures to arise from
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the latest eruption and to expand into the cavity shaped by the 2006 eruption.

Unified Astronomy Thesaurus concepts: Novae (1127); Recurrent novae (1366); Binary stars (154)

1. Introduction

RS Oph is a well-studied symbiotic recurrent nova (RN)
experiencing outbursts separated by quiescent periods of
between 9 and ~21 yr (Schaefer 2010). On 2006 February
12.83 UT, RS Oph experienced its sixth recorded outburst
(Narumi et al. 2006). The seventh outburst was detected on
2021 August 8.93 UT (CBET 5013). The symbiotic system is
composed of a red giant (M2IlIpe+; Fekel et al. 2000) and a
massive white dwarf (M =1.2-1.4 M; e.g., Mikolajewska &
Shara 2017).

The white dwarf (WD) accretes hydrogen-rich material from
the red giant and experiences nova eruptions when a thermo-
nuclear runaway occurs on the surface of the WD. Recurrent
novae like RS Oph are potential progenitors of Type Ia
supernovae (e.g., Mikotajewska & Shara 2017), as the WD
masses appear to be approaching the Chandrasekhar limit
through the accretion of mass from the companion star.

When the donor is a red giant, as in RS Oph, the mass
liberated in every nova eruption drives a blast wave and other
shocks into the circumstellar environment. In terms of
theoretical expectations, numerical simulations suggest that
the ejecta must be asymmetric (e.g., Walder et al. 2008;
Orlando et al. 2009; Booth et al. 2016). Booth et al. (2016)
simulated three nova eruptions, each following 18 yr of mass
transfer during quiescence before the nova eruption was
injected. Based on the simulations, the interaction of the nova
ejecta with the circumstellar material is expected to generate an
equatorial ring and a larger-scale bipolar flow.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

After the 2006 eruption, bipolar structure was indeed
detected on timescales from days to years at radio, infrared
(IR), and optical wavelengths. Interferometric observations of
Bry acquired 5.5 days after the outburst with the AMBER/
VLTI indicated a slowly expanding ring-like structure and a
faster structure elongated in the East—West direction (Chesneau
et al. 2007). The radial velocities of the ring-like and East—
West structures were 1800 kms~' and 2500-3000 km sfl,
respectively. This pattern of faster moving material in the East—
West direction and a slower moving ring-like component closer
to the stellar system was also seen in radio observations taken
between 14 and 93 days after outburst (O’Brien et al. 2006;
Rupen et al. 2008; Sokoloski et al. 2008). The two components
were also seen in narrowband optical imaging by the Hubble
Space Telescope acquired hundreds of days (155 and 449 days)
after the 2006 eruption (Bode et al. 2007; Ribeiro et al. 2009),
indicating the presence of an expanding bipolar structure with
the lobes oriented in the East—West direction. Luna et al. (2009)
reported jet-like extended X-ray emission from RS Oph, which
we revisit in our work.

In this article, we study multiple observations of RS Oph by
the Chandra X-ray Observatory that followed the 2006 eruption
to show that the East—West bipolar structure seen in radio and
optical observations also dominated the X-ray remnant for at
least five years after the 2006 eruption. The images all contain a
bright compact source consistent with the location of the RS
Oph binary system (Nelson et al. 2011) and resolved extended
X-ray emission. Here, we focus on the extended X-ray
emission surrounding RS Oph. We find that the extended
X-ray emitting material had a constant temperature indicative
of internal shocks, and that, between 2009 and 2011, it
expanded freely at approximately 6000 km s~ '(D /2.4kpc). RS
Oph is one of only a few novae with extended X-ray emission
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Table 1

Chandra Imaging Observations of RS Oph
ObsID Obs. Start fexp foutburst
(UTC) (ks) (days)
7457 2007-08-04T06:11:26 91.0 537.43
9952 2009-07-20T16:13:45 124.7 1253.85
12404 2011-05-23T22:21:53 83.9 1926.10
12403 2011-05-25T10:15:44 150.9 1927.60
Note.

 Days since the outburst, foupurs iS the time between the reported outburst on
2006 February 12.83 UT (Narumi et al. 2006) and the Chandra observation
start time.

detected by Chandra, including DQ Her (Toala et al. 2020) and
GK Per (Balman 2005; Takei et al. 2015).

2. Observations and Data Preparation
2.1. Observations

We analyzed grating-less, imaging observations of RS
Oph acquired with the Advanced CCD Imaging Spectrometer
(ACIS) back-illuminated S3 chip on the Chandra X-ray
Observatory. Four observations were performed in the period
between 2007 and 2011 (see Table 1). In 2011, the two
observations of RS Oph were acquired within a period of two
days. We studied each 2011 observation individually but
merged them for our imaging analysis. Hereafter, we reference
the merged 2011 observations as the 2011 observation, unless
indicated otherwise. All observations were made using the 1/4
subarray of the S3 chip so as to decrease the frame time and
mitigate the potential pile-up of X-ray photons. As a result, the
observations are free of pile-up effects.

All observations were reduced and analyzed with the latest
software and calibration products. We used the Chandra X-ray
analysis software CIAO (version 4.12; Fruscione et al. 2006)
with the calibration database (CALDB) version 4.9.2.1. All
observations were processed using the pixel event repositioning
(SER) algorithm described in Li et al. (2003, 2004) and
implemented within the chandra_repro data reprocessing
script.

We note that there is a known artifact in the empirical
Chandra point-spread function (PSF) that has been present
since late 1999 but was not discovered and reported until mid-
2010 (Juda & Karovska 2010). The PSF artifact is a “hook-
like” asymmetry with an extent of <1” and with a position
angle fixed with respect to the spacecraft roll angle. The CIAO
tool make_psf_asymmetry_region can be used to
identify the region that might be influenced by the PSF
asymmetry. The presence of the artifact in HRC and ACIS
imaging observations suggests the origin of the artifact lies
with Chandra’s High Resolution Mirror Assembly (HRMA).

2.2. Synthetic PSF Generation

A synthetic PSF is required for each observation to complete
our analysis. Each PSF requires the source spectral character-
istics, source location on the chip, and the observatory pointing
information. The spectra to represent the central point source
were extracted from each observation with an extraction radius
of ~6” with a source-free annulus surrounding this region used
as the background. The spectra were fit using a combination of
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two absorbed thermal plasma models. We used Sherpa
(Freeman et al. 2001) for spectral fitting. When fitting the
source spectra, the goal was to accurately reproduce the photon
energy distributions so that each synthetic PSF will be
spectroscopically similar to each source. The resulting spectro-
scopic models are provided as input into the PSF simulations.

We used the Chandra Ray Tracer (ChaRT v2) to simulate
bundles of rays from the spectroscopic models and pointing
information of the observations. ChaRT was used to simulate
the rays passing through the Chandra High Resolution Mirror
Assembly (HRMA), then MARX (version 5.3.3; Davis et al.
2012) was used to project the rays onto the detector (ACIS-S3).
For the MARX projection we used source location on the
detector and telescope pointing information from each
observation. The parameters included the telescope roll
information, detector configuration, subarray frame time, and
the starting time of the observation. Setting the starting time
(TStart) of the MARX simulation, which was taken from the
observation start time, is important to account for the
contamination buildup on the ACIS optical blocking filters
(Plucinsky et al. 2018). As suggested by the MARX PSF
analysis thread,” we used an AspectBlur of 0725 and
included the EDSER subpixel adjustment option. These
analysis steps resulted in a series of synthetic PSF event lists,
one for each observation.

2.3. Energy Filtering and Pixel Binning

We filtered the source and PSF event lists to the 0.5-1.8 keV
energy range. This energy range optimizes the signal in the
extended emission while limiting increased background from
the excluded energy ranges. The observed and PSF images
were created with 1/8 binning of the native ACIS pixel size (1/
8 x 0”492) and displayed in Figure 1. The analyses were also
performed with 1/4, 1/3, and 1/2 binning of the native ACIS
pixel size with similar results. The location of the PSF
asymmetry region is indicated for each observation (see
Figure 1). Note that currently the HRMA model used by
ChaRT does not include the PSF asymmetry.

3. Analysis

Our analysis began with subtraction of a synthetic point-
spread function (PSF) from the observed image and image
restoration through deconvolution of the observed image by the
synthetic PSF. We then used the restored image to derive
profiles of the extended emission. The profiles were used to
estimate the properties of the extended X-ray emission.

3.1. PSF Subtraction

PSF subtraction was performed by smoothing the observed
and PSF images with a Gaussian kernel with a FWHM of
~0”4 and then subtracting the PSF image from the observed
image. The rightmost column of images in Figure 1 show the
results of the PSF subtraction.

3.2. Image Restoration

Image restoration is performed on the observed image with
the Richardson-Lucy maximum-likelihood deconvolution
algorithm (Richardson 1972; Lucy 1974). The stopping criteria

? https:/ /cxc.cfa.harvard.edu/ciao/why /aspectblur.html
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Figure 1. Chandra observations of RS Oph. From left to right are the observed image, synthetic PSF image, deconvolved image, and observed minus PSF image.
From top to bottom are the series of images for 2007, 2009, and 2011 (merged). Observed and PSF images were binned to 1/8 the native ACIS-S pixel size of 07492,
Deconvolved image was smoothed with a Gaussian kernel with FWHM ~ 0”15. The PSF and observed images were smoothed with a Gaussian kernel with
FWHM ~ 0”4 before subtracting. The black partial wedge-shaped regions indicate the approximate locations of the PSF asymmetry and the red, dashed-line wedge
shapes indicate spectral extraction regions and are shown on the observed and PSF images.

we adopted for image restoration were based on the
characteristics of the bright central point sources in each
observation. Specifically, we iterated the deconvolution algo-
rithm until the central source reached a FWHM of ~074 (see
Figure 2 and the next section). There was a range in the number
of iterations (14-18) that reached the FWHM criteria, so we
adopted 16 iterations. The algorithm can continue for many
more iterations, but given the complexity of the extended
emission, we opted for fewer iterations (Prato et al. 2012). The
restored image was smoothed with a Gaussian kernel with a
FWHM = 0”15 and is presented in Figure 1.

3.3. East—West Profiles

Profiles of the extended emission are formed by integrating
the restored image along the vertical North—South declination
axis in Figure 1. Since the source is oriented in the East—-West
direction, integrating along the declination. axis provides the
maximum extent of the extended X-ray emission. The range of
the integration on the declination axis was limited to omit
spurious background signals in the restored images. For each
point along the R.A. direction we calculated the total counts
and errors. We assumed Poisson statistics for the error
calculation and then divided all our measurements by the total
exposure time to convert to count rates. The resulting profiles
are presented in Figure 2 and are overlaid with Gaussians with
FWHM ~0”4 and normalized to the central sources. This
Gaussian represents the stopping criteria described in the
previous section.

At the time of the publication of the 2007 observation (Luna
et al. 2009), the Chandra PSF anomaly was not widely known
nor reported (Juda & Karovska 2010). Based on this updated
analysis, we determine that the jet-like feature reported in Luna

et al. (2009) is influenced by and likely due to the PSF
anomaly. For the remainder of this study, we only consider
extended emission from the 2009 and 2011 observations.

3.4. Extended Emission Spatial Analysis

To determine the extent of the extended X-ray emission we
used Gaussian functions to match the left and right extended
profiles. The normalization, A, centroid, u, and width, o of the
various Gaussian kernels were adjusted until they approxi-
mated the profile distributions (see Figure 2). The resulting
Gaussian parameters are then used to estimate the physical
properties of the extended X-ray emission. The Gaussian
centroids are used to estimate the extent of the extended X-ray
emission in both the Eastern and the Western directions and we
adopt the o values as an error estimate on the extent (see
Figure 2). To arrive at the combined value for each year, we
averaged the extent in the Eastern and Western directions and
add their o values in quadrature. A in counts and o in pixel
values are used to estimate the total counts and count rates of
the extended emission (\/ﬁ oA). These estimates are listed in
Table 2.

The total count rate of the extended emission in 2009 and
2011 was 0.94 +0.09 and 0.45 4 0.04 counts ksfl, respec-
tively (see Table 2). Based on the effective area curves from the
2009 and 2011 observations, the total effective area over the
0.5-1.5keV energy range has decreased by ~8% due to
buildup of the contaminant on the ACIS-S optical blocking
filter. Hence, most of the ~50% reduction in the count rate was
due to the extended emission fading.
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Figure 2. Profiles derived from PSF-deconvolution images. The profiles are
integrated along the declination axis and divided by the total exposure time.
Poisson statistics are assumed to determine the error bars at each point. The
solid line in each panel represents the central source and the dashed lines
indicate the extended emission. The solid line is a Gaussian with
FWHM ~ 0”4, which matches the stopping criteria used for the image
restoration. For the 2009 and 2011 observations, the properties of the extended
X-ray emission are derived from the dashed curves, which are the Gaussian
functions summarized in Table 2. The East-West extent of the extended
emission is summarized by the larger blue circular points that are plotted above
the profiles.

3.5. Extended Emission Spectral Analysis

We extracted spectra of the extended emission from the 2009
and 2011 original observations. We limited our extraction to
angles consistent with the extended emission seen in the
restored image and used the synthetic PSF to reduce potential
contamination from the bright central source. We note that the
encircled energy fraction increases with photon energy, hence
contamination by the bright central source could increase with
energy. In Figure 1, the regions used for spectral extraction are
overlaid on the observed images. The Eastern and Western
extended emission were extracted as a single spectrum for each
observation (ObsIDs 9952, 12403, and 12404). Each spectrum
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Table 2
Extended Emission Properties
Year A | o Counts Count Rate
(counts) (@) @) (counts) (counts ks~ 1)

Eastern Direction:

2009 9.0 1.32 0.16 59 0.47 + 0.06
2011 8.6 2.03 0.16 56 0.24 +0.03
Western Direction:

2009 7.5 1.35 0.19 58 0.47 + 0.06
2011 5.5 1.98 0.22 49 0.21 +£0.03
Combined:

2009 1.34 0.25 117 0.94 + 0.09
2011 2.01 0.27 105 0.45 +0.04

Notes. The extended emission properties are determined from Figure 2 as
described in Section 3.4. Table columns include the normalization (A), centroid
(1), and width (o) of the Gaussian functions shown in Figure 2. The value of o
must be converted to image pixels before calculating the total counts using:
Counts = 27 OpixelsA. Count rates are calculated using the exposure times in
Table 1. Poisson statistics on the counts are used to estimate the error on the
count rates. The combined value of  is the average extension of the extended
X-ray emission in the East-West direction. The combined values of o were
determined by adding the individual o values for each year in quadrature.
Adding the counts for each year gives the combined counts values and count
rates.

was extracted with the CIAO specextract tool. The
background for the energy range considered was negligible.

We modeled the spectra with Sherpa using an absorbed
thermal plasma model (tbabs X apec). The two observations
from 2011 were fit simultaneously with all model parameters
tied together. Initially, we left the column density (NVy) as a free
parameter but found it difficult to constrain both the column
density and the plasma model normalization. Instead, we
adopted the Eg_v = 0.73 £ 0.10 mag from Snijders (1987) and
Ry=3.1 to set Ny to 5 X 10 cm ™2 (also consistent with
recent measurements by Zamanov et al. 2018). The adopted Ny
value is similar to those values derived when Ny is left as a free
parameter for the 2009 (Ny~4 x 10*'cm™?) and 2011
(~6 x 10*' cm™?) spectra. The resulting best-fit parameters
and derived fluxes (observed and intrinsic) are provided in
Table 3. The spectra and best-fit models are presented in
Figure 3.

4. Results

Our analysis reveals the presence of extended X-ray
emission from RS Oph in the imaging observations by Chandra
in 2009 and 2011 (see Figure 1). The images all contain a
bright compact source consistent with the location of the RS
Oph binary system. To the East and West of the compact
source, extended emission appears in the observed images from
2009 and 2011 but no such emission is apparent in the image
from 2007 (top row in Figure 1). The extended X-ray emission
in the 2009 and 2011 observations was detected in the 0.4 to
1.6 keV energy range. After subtracting a smoothed synthetic
PSF from the smoothed observed image, the presence of the
extended X-ray emission is evident along with the known PSF
asymmetry (rightmost column of images in Figure 1). When we
performed our analysis, the ChaRT simulation of Chandra’s
HRMA did not account for the PSF asymmetry, thus leading to
an enhancement in the PSF-subtracted images where the
asymmetry is expected.
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Table 3

Extended Emission Spectral Fits
Parameter 2009 2011
Ny (10*' cm?)* 5 5
Tx (MK) 2.0193 21593
7 (107 ecm™)° 10.24%4 55128
Fx. ops (107 ergem™2s71) 5.5+1¢ 3.5509
Fx (10 ™ ergem 257" 11.5°28 6.3539
Degrees of Freedom 22 46
Reduced x° 0.44 0.44
Distance-dependent Properties®:
Ly (10* ergs™) 7.973) 4323
EM (10°* cm™3) 7.1433 3.87%4
V (10* cm®) 2,144 71433
n, (cm™) 630739 25075
Mg, (107° M) 0.9+9% 13193

Notes. The quoted errors for each parameter are for the 90% confidence range.
% The column density (Ny) was fixed to 5 x 10! em™2 based on
Eg_v =0.73 mag.

The 7 parameter is the model normalization value.
¢ Formulae for the distance-dependent parameters are provided in Section 5.
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Figure 3. X-ray spectral fits of the extended emission from RS Oph. The top
two panels depict the spectrum and residuals from 2009 (ObsID 9952) and the
bottom two panels depict the spectrum and residuals from 2011 (ObsID 12403
and 12404). In each panel, the best-fit model is shown by the solid red line.
Other than changes due to the evolving effective area of the ACIS detector, the
spectral shape did not change significantly between 2009 and 2011.
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We restored the observed images by deconvolution with the
synthetic PSFs to produce high-definition images of the
extended X-ray emission (third column of images in
Figure 1). The restored images are integrated along the
declination axis to derive profiles of the extended X-ray
emission in the East—-West directions (see Figure 2). Based on
the images and profiles, any extended X-ray emission in the
2007 observation can be attributed entirely to the PSF
asymmetry. That said, although some of the detected extended
X-ray emission near the compact core in 2009 and 2011 can be
attributed to the PSF asymmetry, we find extended X-ray
emission beyond ~1” that is astrophysical in origin in both of
those epochs.

The extended X-ray emission in the 2009 and 2011
observations is evident in the emission profiles (Figure 2).
We used these profiles to derive the properties of the extended
emission. The extent of the extended X-ray emission grew from
2009 to 2011. The average distances between the central source
and the peak of the features in Figure 2 on the sky in 2009 and
2011 was ~1”3 and ~2”70, respectively. Assuming the
extended emission originates from the outburst in 2006, these
sizes are consistent with an expansion rate of just over
1 mas day . From our analysis of the profiles, we estimate that
the count rate of the extended emission decreased by ~50%
between the 2009 observation and the 2011 observation with
~10% of that reduction due to a loss in instrumental sensitivity.
Based on spectral fitting, the extended X-ray emission during
both epochs was consistent with a plasma temperature of
~2 MK. The model-derived intrinsic flux, Fx, of the source
decreased by 35% + 13%, which is consistent with the
decrease in the count rate after accounting for the loss of
instrumental sensitivity.

The opening angle, ¢, of the extended emission was roughly
70° in both the Eastern and Western directions based on
Figure 1. Arc-like structure was evident in the 2009
observation but was less coherent in 2011. Given the noise in
the images, it is not possible to determine whether this apparent
evolution in the spatial distribution was the result of actual
physical changes.

5. Discussion

Extended X-ray emission from RS Oph is consistent with
plasma emission expanding and fading at a constant temper-
ature. The orientation of the extended X-ray emission is
consistent with post-eruption structures tracked in radio
imaging (O’Brien et al. 2006; Rupen et al. 2008; Sokoloski
et al. 2008) and narrowband optical imaging (Bode et al. 2007;
Ribeiro et al. 2009).

Our results provide a rare, though not unique, glimpse into
the shocked ejecta from novae. While similar features have
been detected in DQ Her, GK Per, and other systems (see
Balman 2005; Takei et al. 2015; Toala et al. 2020, and
references therein), those observations were taken decades after
the eruptions. In addition to the much shorter timescales (3—5
yr after eruption), the key difference in the case of RS Oph is
that we can take advantage of the wealth of multiwavelength
data obtained during the 2006 eruption.

5.1. Expansion Rate of Extended Emission

Comparing the extent of the X-ray emission with multi-
wavelength observations of RS Oph taken prior to our X-ray
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observations shows that the X-ray structures were roughly
consistent with an extrapolation of the radio and optical bipolar
flows. Early radio observations at day 21.5 to day 51 since the
2006 eruption were conducted by the European Very Long
Baseline Interferometry (VLBI) Network and the Very Long
Baseline Array from 1.7—5 GHz and show extended emission
from a ring-like structure and expanding emission in the
Eastern direction (O’Brien et al. 2006; Rupen et al. 2008;
Sokoloski et al. 2008). We used the images presented in these
references to estimate the angular size of the radio emission in
the Eastern direction at each epoch and conservative uncer-
tainty estimates based on the reported beam sizes, the width of
the extended emission, and our estimate of the location of the
binary system. Bode et al. (2007) and Ribeiro et al. (2009)
reported a sequence of optical images 155 and 449 days after
the 2006 eruption, respectively, taken with the Hubble Space
Telescope that detected narrowband [O 1] A5007 emission
from a bipolar structure with the lobes oriented in the East—
West direction with an inclination of 39%], deg. The lobes
appeared to linearly expand in the East—-West direction with no
evidence of deceleration and an expansion rate of
1.2 0.1 mas day*1 (Ribeiro et al. 2009). We take their
reported measurements of the full East-West angular size and
divide by two to arrive at the angular size from the binary
system. In Figure 4, we show collected extension angular size
estimates for all epochs of the radio, optical, and our X-ray
observations.

We determined the expansion rate, Reyp, of the extended
emission assuming a linear expansion from an origin, Oy, and
estimating the model parameters with the emcee package
(Foreman-Mackey et al. 2013), an affine-invariant ensemble
sampler for Markov Chain Monte Carlo (MCMC). We ran
100,000 samples with uniform priors and disregarded the initial
30,000, leaving 70,000 samples from which we derived the
posterior distributions of the model parameters. We used the
median value of the posterior distribution as the best-fit value
and the 16th and 84th percentiles as the lower and upper error
range (68% confidence range, or a lo error range). We
performed a series of three linear expansion fits: (1) only the
X-ray data points (upper left panel of Figure 4), (2) the X-ray
and optical data points (upper right panel), and (3) the X-ray,
optical, and radio data points (lower left panel). All linear
expansion rates are consistent with
Rexp = 1.1 = 0.1 masday~! and the O, is consistent with
zero at least at the 20 level. The constraints on Reyp and Ocp
improve as we include more multiwavelength measurements.

Noticing that the best-fit Rex, values decrease from fit (1) to
fit (3)—but are consistent within their respective error bars—
we also considered a fourth fit, a power-law model for the
multiwavelength expansion of the form p = Aexp 7 + Oexp,
where p is the size of the extended emission, Ac, is the
normalization, Vexp is the power law, and Ocy;, is the origin. The
origin component is necessary in order to accurately compare
this model to the linear expansion model since we do not
assume Oy, = 0. Performing a similar MCMC analysis with
uniform priors on the power-law model parameters results in a
solution that suggests some deceleration (7, < 1), but only
marginally at the 1o level (see the lower right panel of
Figure 4). However, we can make a model comparison using
the Bayes factors that result from integrating the multi-
dimensional posterior distributions for each model. The ratio
of the Bayes factors gives the odds of favoring one model over
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another, where odds ratios >10 indicate strong evidence for
one model over another. We find the linear model is favored by
an odds ratio of 1.6, suggesting the two models cannot be
distinguished given the data. We adopt the linear expansion
model.

All of the measurements are thus consistent with the linear
expansion of the material in the East—West direction and earlier
reports of expansion rates (O’Brien et al. 2006; Rupen et al.
2008; Sokoloski et al. 2008; Ribeiro et al. 2009). Incidentally,
the best-fit Ry, value suggests that at the time of the 2007
Chandra observation, the extended emission would have
measured ~0”6 4+ 0”3, making its detection difficult. Although
the emitting material and processes can be distinct in each
observed spectral range, the material in the East—West bipolar
flows all appears to be driven by an underlying process
associated with the 2006 eruption. Furthermore, based on this
analysis, there is no strong evidence that the bipolar flows are
decelerating, suggesting that the East—~West material has been
freely expanding since or shortly after the 2006 eruption.

5.2. Distance to RS Oph and Expansion Velocity

A distance is required to turn our multiwavelength expansion
rate (Rexp = 1.1 £ 0.1 mas day ') into an expansion velocity.
The distance to RS Oph is a subject of debate (Barry et al.
2008; Schaefer 2009) with values ranging from <1 kpc to >5
kpc. Gaia (early Data Release 3) parallax measurements of RS
Oph suggest a distance of 2.4703 kpc (Bailer-Jones et al. 2021).
This measurement has a low Renormalized Unit Weight Error
(RUWE = 1.29) but a nonnegligible excess astrometric noise
(,=0.13 mas) in Gaia eDR3 (Gaia Collaboration et al.
2016, 2021). RUWE has been used in the literature to calculate
astrometric wobble possibly induced by binary motions, and ¢;
has been found to track linearly with this astrometric wobble
(Belokurov et al. 2020). Adding ¢, in quadrature to the parallax
error results in an increase in the error on the parallax
measurement from ~6% to ~35%. For the purpose of this
article, we adopt the Gaia distance of 2.4703 kpc. For the
remainder of the discussion, we use this adopted distance and
provided distance-scaled formulae for our calculations.

Using this adopted distance, we calculate the projected
expansion velocity

= -1 Rexp
Vexp7 proj — 4600 :l: 700 km S -
1.1 mas day

D
1
. (2.4kpc)’ W

where R, is the multiwavelength expansion rate and we have
taken a conservative symmetric error on the Gaia distance.
Brandi et al. (2009) studied optical and near-infrared spectro-
scopic observations the RS Oph system and determined a
narrow orbital inclination of 49°-53°. Assuming the expanding
material is perpendicular to the orbital plane, an inclination of
51° results in a deprojected velocity of 5900 + 900 kms ™.
Early IR observations shortly after the 2006 eruption show a
constant expansion for ~4 days with an expansion velocity of
~3000 km s~ before deceleration (Das et al. 2006), likely as
the blast wave encountered denser equatorial material.
Chesneau et al. (2007), 5.5 days after the 2006 eruption,
identified a slower moving equatorial ring with a radial velocity
of <1800km s~ and a faster moving East~West bipolar flow
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Figure 4. Expansion of the size of East and West ejecta from RS Oph since the last outburst. Blue data (circles) are included in the Markov Chain Monte Carlo
(MCMC) analysis, while the gray data (squares) are ignored. Panels depict the analysis results as one increases the observations included in the analysis (see the text).
A random selection of 200 MCMC samples (out of 70,000) are shown in red while the black dashed line depicts the best-fit model based on the median values of
posterior distributions of the model parameters; these values and their 68% confidence range are included in each panel. The smaller panels show the residuals
normalized by the size. All panels depict a linear expansion model, except the lower right panel, which depicts a power-law expansion model.

with a radial velocity of approximately 2500-3000kms~".

Emission line profiles from spectroscopic X-ray observations
13.5 days after the eruption suggest the blast wave motion was
primarily in the plane of the sky with an expansion velocity at
that time of 2400 4+ 400km s~ ' (Drake et al. 2009). However,
by day 111, the blueshifts of the X-ray lines had decreased
markedly, with the centroids of many lines being consistent
with laboratory wavelengths (Nelson et al. 2008). These X-ray
observations were also consistent with the picture of a sharply
decelerating equatorial flow with a fast bipolar flow.

The temperature of the extended X-ray emission (~2 MK),
assuming strong-shock conditions, implies a shock velocity of
order 400 km s ', much lower than the bulk velocity measured
by the angular expansion of the X-ray emitting regions.
Because the shock velocity is the velocity of the shock front

relative to unshocked matter, there is no contradiction here. We
suggest that the X-rays are from reverse shocks driven into the
bipolar flow, which were carried outward by the momentum of
that flow.

We suggest that the bipolar outflow from the 2006 eruption
is now expanding in a cavity cleared out by the previous (1985)
eruption of RS Oph. It is plausible that, in the polar directions,
the outflows do not slow down significantly until they sweep
up its own mass in interstellar medium, which could take
centuries. Until then, each eruption creates its own cavity, and
only a fraction of the cavity volume is filled by the slow red
giant wind. Given the typical velocity of a red giant wind of a
few tens of kms ™', or of order 1% of the outflow velocity, the
2006 ejecta will break out of the post-1985 red giant wind
region in a few tens of days. If the bipolar outflow was shocked
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during these early days, and is now expanding freely into the
cavity, that could explain the linear expansion.

5.3. Spectral Evolution of Extended Emission

The spectral fits of the extended X-ray emission suggests no
change in the temperature and marginal evidence for fading
emission. Assuming free—free emission is the dominate cooling
process, then the timescale for the gas to radiate its thermal
energy is

T \I/2 n —1
teool = 6 X 10% yr < ¢ , 2
cool Y (106 K) (100 cm—3) @

where T, is the electron temperature, and n, is the electron
number density (Frank et al. 2002). Radiative cooling by
emission lines provides a more efficient cooling at temperatures
of ~2 x 10° K, decreasing the cooling timescale by a factor of
~30 (Luna et al. 2015). Observable cooling on the timescale of
these observations since eruption (~3-6yr) would require
ne>10°cm .

The density of the emitting material is related to the model
normalization, 7, by the emission measure, EM = fneanV and
the formula n = 10 EM where D in the distance in cm, V, is
the volume in cm”, and n, and ny are the electron and hydrogen
number densities, respectlvely, in cm ™. The emission measure
is given by

2
EM = 6.9 x 105 cm*3( n ) b 1 @
105 ecm™ /| 2.4 kpe

To estimate the volume, we assume the emission arises from
thin shells limited to spherical sectors to the East and West. The
volume of each shell can be approximated as the shell
thickness, [y, multiplied by the shell surface area,
27Trh(1 — cos(¢/2)), where ry, is the size defined as the
distance from RS Oph to the shell of extended emission and ¢
is the opening angle estimated from the position angles that
encompass the extended emission in the deconvolved images
(¢ ~70°). Table 2 lists p, the angular distance on the sky from
RS Oph to the extended emission, from which we obtain

Fh =7 X 1016cm(u) D , “4)
2" J\ 2.4 kpc

where D is the physical distance to RS Oph. For a strong shock
with a compression ratio of 4, we can take Iy, ~ rg, /12, if we
assume the total swept-up red giant wind is equal to the total
shocked mass in the shell. The total volume (adding the volume
of the Eastern and Western shells together) is then given by

3 3
Va7 x 109 cm3(ﬂ) b 1. )
2" ) \ 2.4 kpc

Assuming a constant density in the shells and solar abundances
(ne = 0.8np),

ne =~ 95 cm‘3( EM )1/2( v )_1/2
¢ 6.9 x 1053 cm3 7 x 10% cm3 ’

(6)

Using Equations (3)—(5) with the measured size of the extended
emission from Table 2, the spectral fit parameters from Table 3,
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the Gaia the distance, and all of the associated errors, we
calculated the emission measure (EM), volume (V), and
electron number density (n.) for the 2009 and 2011 observa-
tions and listed these values in Table 3. The volume appears to
have increased ~30%, which is within the error range of the
apparent decrease in the X-ray flux. The n, values suggest that
the density has decreased from 2009 to 2011 by more than a
factor of ~2. The n. values indicate cooling times (f.o0) in
excess of 10% yr.

It should be noted that the constant density in the shells is
unlikely to reflect the actual conditions. Any clumpiness in the
shells, like that suggested by the simulations in Booth et al.
(2016), could lead to a distribution of temperatures and
densities. Furthermore, the approximation Iy, ~ r¢,/12 assumes
that the total swept mass is equal to the total shocked mass,
and, again, this is unlikely to reflect actual conditions (see
Section 5.4). Alternatively, one could take an upper limit on [,
from the angular shell thickness in the deconvolved image.
This upper limit would be equal to the stopping criteria
(Isn < 074). Such an upper limit translates to an upper limit on
the volume (V') that is about a factor of 2 higher than that
estimated by the geometric and mass conservation assumption,
leading to a factor of ~0.7 in the n. calculation and a minor
change in the mass estimate. These assumptions may introduce
a larger uncertainty than reflected in our calculations of the
density and mass of the X-ray emitting material (see Table 3
and Section 5.4).

5.4. Mass of the Extended X-ray Emitting Material

We estimated the mass of the X-ray emitting gas using
My, =~ mynyV, giving

%
My ~ 1.7 x 10*5M.\( fte )( ) 7
* Goa \Tx 107 )

The estimates for the 2009 and 2011 observations are provided
in Table 3 and are consistent within their respective error bars.
Assuming the red giant is losing mass into a spherically
symmetric shell at a rate of M ~ 107, we would expect the
total mass reservoir of ~2 x 1076 M, prov1ded by the red giant
between the 1985 and 2006 eruptions. The spherical sectors we
assume are ~20% of the entire spherical volume, a similar
fraction of a spherically symmetric red giant wind would be
swept up in a collimated blast wave, suggesting that most of the
X-ray emitting material may originate from the ejecta. Drake
et al. (2009) find that a higher red giant mass-loss rate of
~2 x 107 M, yr~! is needed, leading to a wind mass reservoir
of ~4 x 10~ EMQ, 20% of which is ~8 x 10 ° M. Under
these conditions, the majority of the detected X-ray emitting
material could originate from the swept-up red giant mass.

6. Conclusion

A sequence of X-ray observations by the Chandra X-ray
Observatory ~3 and ~5 yr after the 2006 eruption of RS
Oph reveal extended X-ray emission to the East and West of
the binary system. The extended X-ray emission appears
bipolar in nature with an opening angle of approximately 70°.
The distance between the central binary and the most distant
X-ray emitting gas to both the East and West increased from
1”3 in 2009 to 2”0 in 2011. This expansion rate is consistent
with expansion seen in earlier radio and optical emission in a
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similar orientation. Overall, the multiwavelength emission
exhibits a projected expansion rate of 1.1+ 0.1 masday ',
which, at a Gaia parallax-derived distance of 2.4 £ 0.3 kpc and
for a binary orbital inclination of 51°42° suggests an
expansion velocity of ~6000kms™".

Spectral analysis of the X-ray emission provides no evidence
for cooling of the X-ray emitting plasma, consistent with the
free expansion of the material into the cavity excavated by the
1985 eruption. The X-ray emission likely arises from a reverse
shock driven into the bipolar flow and carried outward by the
bipolar flow from the 2006 eruption. The orientation of the
X-ray emission and the binary system suggests that equatorial
enhancements play some role in collimating some ejecta away
from the equatorial plane.

The recurring nova eruptions from RS Oph provide an
excellent astrophysical laboratory for studying nova eruptions
and the shaping of their ejecta. The latest eruption is likely
driving ejecta into the cavity vacated by the 2006 eruption.
Indeed, early multiwavelength observations after the most
recent outburst also point to the presence of collimated
structures in the same direction as those reported here (e.g.,
Munari & Valisa 2021; Nikolov & Luna 2021). The extended
X-ray emitting material we identified, assuming free expansion,
would have resided ~6” from the binary system at the time of
the latest eruption (2021 August 8.93 UT). As eruptions
continue to drive material into these bipolar regions, it is
possible that these relic shells may be detectable in future deep
multiwavelength observations.
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