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ABSTRACT

We report on the detection and analysis of extended X-ray emission by the Chandra X-ray Obser-

vatory stemming from the 2006 eruption of the recurrent novae 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 mas day−1 and an expansion velocity of 4600 km s−1 (D/2.4 kpc) 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 mech-

anism 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 latest eruption and to expand into the cavity shaped by the 2006 eruption.

Keywords: 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 pe-

riods of between 9 and ∼21 years (Schaefer 2010). On
2006 February 12.83 UT, RS Oph experienced its 6th

recorded outburst (Narumi et al. 2006). The 7th out-

burst was detected on 2021 August 8.93 UT (CBET

5013). The symbiotic system is comprised of a red gi-
ant (M2IIIpe+; Fekel et al. 2000) and a massive white

dwarf (M = 1.2 − 1.4 M⊙; e.g., Miko lajewska & Shara

2017).

The white dwarf (WD) accretes hydrogen-rich ma-

terial from the red giant and experiences nova erup-
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tions when a thermonuclear runaway occurs on the

surface of the WD. Recurrent novae like RS Oph

are potential progenitors of Type Ia supernova (e.g.,
Miko lajewska & 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 environ-

ment. In terms of theoretical expectations, numeri-

cal simulations suggest that the ejecta must be asym-

metric (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-years of mass trans-

fer during quiescence before the nova eruption was in-

jected. Based on the simulations, the interaction of the
nova ejecta with the circumstellar material is expected
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to generate an equatorial ring and a larger-scale bipolar

flow.

After the 2006 eruption, bipolar structure was indeed

detected on time scales from days to years at radio, in-
frared (IR), and optical wavelengths. Interferometric

observations of Brγ acquired 5.5 days after the outburst

with the AMBER/VLTI indicated a slowly expanding

ring-like structure and faster structure elongated in E-W

direction (Chesneau et al. 2007). The radial velocities
of the ring-like and E-W structures were 1800 km/s and

2500-3000 km s−1, respectively. This pattern of faster

moving material in the E-W direction and a slower mov-

ing 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 HST ac-

quired hundreds of days (155 and 449 days) after the
2006 eruption (Bode et al. 2007; Ribeiro et al. 2009) in-

dicating the presence of an expanding bipolar structure

with the lobes oriented in the East-West direction.

In this article, we use multiple observations of RS
Oph by the Chandra X-ray Observatory that followed

the 2006 eruption to show that the E-W bipolar struc-

ture seen in radio and optical observations also domi-

nated 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 bi-

nary 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 ex-
tended X-ray emitting material had a constant temper-

ature indicative of internal shocks, and that between

2009 and 2011, it expanded freely at approximately

6000 km s−1(d/2.4 kpc).

2. OBSERVATIONS AND DATA PREPARATION

2.1. Observations

We analyzed grating-less, imaging observations of RS
Oph acquired with the Advanced CCD Imaging Spec-

trometer (ACIS) back-illuminated S3 chip on the Chan-

dra X-ray Observatory. Four observations were per-

formed in the period of 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 obser-

vation individually but merged them for our final analy-

sis. All observations were made using the 1/4 subarray

of the S3 chip so as to decrease the frame time and miti-
gate 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

Table 1. Chandra Imaging Observations of RS Oph

ObsID Obs. Start texp toutburst
a

(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

aDays since the outburst, toutburst, is the time be-
tween the reported outburst on 2006 February
12.83 UT (Narumi et al. 2006) and the Chandra

observation start time.

the Chandra X-ray analysis software CIAO (version

4.12) 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 em-
pirical 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 characteristics, source location on the chip, and

the observatory pointing information. The central point
source spectra were extracted for each observation and

fit using a combination of two absorbed thermal plasma

models. We used Sherpa (Freeman et al. 2001) for spec-

tral fitting. When fitting the source spectra, the goal

was to accurately reproduce the photon energy distri-
butions so that each synthetic PSF will be spectroscopi-

cally similar to each source. The resulting spectroscopic

models are provided as input into the PSF simulations.

We used the Chandra Ray Tracer (ChaRT v2) to sim-
ulate bundles of rays from the spectroscopic models

and pointing information of the observations. ChaRT

was used to simulate the rays passing through Chan-

dra High Resolution Mirror Assembly (HRMA), then
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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. Observed and
PSF images were binned to 1/8 the native ACIS-S pixel size of 0.′′492. Deconvolved image was smoothed with a Gaussian
kernal 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 are are shown on the observed and PSF images.

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 detec-
tor and telescope pointing information from each obser-

vation. The parameters included the telescope roll in-

formation, detector configuration, subarray frame time,

and the starting time of the observation. Setting the

starting time (TStart) of MARX simulation, which was
taken from the observation start time, is important to

account for the contamination build-up on the ACIS

optical blocking filters (Plucinsky et al. 2018). As sug-

gested by the MARX PSF analysis thread1, we used an
AspectBlur of 0.′′25 and included the EDSER subpixel ad-

justment 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 ob-

served and PSF images were created with 1/8 binning of
the native ACIS pixel size (1/8 × 0.′′492) and displayed

1 https://cxc.cfa.harvard.edu/ciao/why/aspectblur.html

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 re-
gion 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 ob-

served image by the synthetic PSF. We then used the

restored image to derive profiles of the extended emis-

sion. 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 ob-

served and PSF images with a Gaussian kernel with a
full width at half maximum (FWHM) of ∼ 0.′′4 then sub-

tracting 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

https://cxc.cfa.harvard.edu/ciao/why/aspectblur.html


4 Montez et al.

Image restoration is performed on the observed image

with the Richardson-Lucy maximum-likelihood decon-

volution algorithm (Richardson 1972; Lucy 1974). The

stopping criteria we adopted for image restoration were
based on the characteristics of the bright central point

sources in each observation. Specifically, we iterated the

deconvolution algorithm until the central source reached

a FWHM of ∼ 0.′′4 (see Figure 2 and next section).

There was a range in the number of iterations (14-18)
that reached the FWHM criteria, so we adopted 16 iter-

ations. The algorithm can continue for many more itera-

tions, but given the complexity of the extended emission,

we opted for fewer iterations (Prato et al. 2012). The re-
stored image was smoothed with a Gaussian kernel with

a FWHM∼ 0.′′15 and presented in Figure 1.

3.3. East-West Profiles

Profiles of the extended emission are formed by in-

tegrating 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 integra-

tion on the Declination axis was limited to omit spu-
rious background signals in the restored images. For

each point along the Right Ascension direction we cal-

culated the total counts and errors. We assumed Pois-

son 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 pre-

sented 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 observa-

tion (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 influ-

enced by and likely due to the PSF anomaly. For the

remainder of this study, we only consider extended emis-

sion from the 2009 and 2011 observations.

3.4. Extended Emission Spatial Analysis

To determine the extent of the extended X-ray emis-

sion we used Gaussian functions to match the left and

right extended profiles. The normalization, A, centroid,

µ, and width, σ of the various Gaussian kernels were ad-
justed until they approximated the profile distributions

(see Figure 2). The resulting Gaussian parameters are

then used to estimate the physical properties of the ex-

tended X-ray emission. The Gaussian centroids are used

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 indicates a Gaussian with FWHM= 0.′′4, which matches
the stopping criteria for the image restoration. In 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.

to estimate the extent of the extended X-ray emission

in both the Eastern and the Western directions and we
adopt the σ 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 West-

ern directions and add their σ values in quadrature. A
in counts and σ in pixel values are used to estimate the

total counts and count rates of the extended emission

(
√

2πσA). 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±0.04 cnt ks−1, respec-
tively (see Table 2). Based on the effective area curves
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Table 2. Extended Emission Properties

Year A |µ| σ Counts Count Rate

(cnt) (′′) (′′) (cnt) (cnt 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

Note—The extended emission properties are deter-
mined from Figure 2 as described in §3.4. Table
columns include the normalization (A), centroid
(µ), and width (σ) of the Gaussian functions shown
in Figure 2. The value of σ must be converted to
image pixels before calculating the total counts us-
ing: Counts =

√
2πσpixelsA. Count Rates are cal-

culated using the exposure times in Table 1. Pois-
son statistics on the Counts are used to estimate
the error on the Count Rates. The combined value
of µ is the average extension of the extended X-ray
emission in the East-West direction. The combined
values of σ was determined by adding the individ-
ual σ values for each year in quadrature. Adding
the Counts for each year gives the combined Counts
values and Count Rates.

from the 2009 and 2011 observations, the total effective

area over the 0.5-1.5 keV energy range has decreased by

∼8% due to build up of the contaminant on the ACIS-S

optical blocking filter. Hence, most of the ∼50% reduc-
tion in the count rate was due to the extended emission

fading.

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 emis-

sion seen in the restored image and used the synthetic

PSF to reduce potential contamination from the bright

central source. In Figure 1, the regions used for spec-
tral 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 was extracted with

0
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3

co
un

t k
s−1

 k
eV

−1

model
9952
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Figure 3. X-ray spectra of the extended emission from
RS Oph. Top panel depicts the spectrum from 2009 (Ob-
sID 9952) and bottom panel depicts the spectrum from 2011
(ObsID 12403 & 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.

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

We modeled the spectra with Sherpa using an ab-

sorbed thermal plasma model (tbabs×apec). The two

observations from 2011 were fit simultaneously with all

model parameters tied together. Initially, we left the
column density (NH) as a free parameter but found it

difficult to constrain both the column density and the

plasma model normalization. Instead, we adopted the

EB−V = 0.73 ± 0.10 mag from Snijders (1987) and
RV = 3.1 to set NH to 5 × 1021 cm−2 (also consis-

tent with recent measurements by Zamanov et al. 2018).

The adopted NH value is similar to those values de-

rived when NH is left as a free parameter for the 2009

(NH ∼ 4 × 1021 cm−2) and 2011 (∼ 6 × 1021 cm−2)
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 Fig-

ure 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
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Table 3. Extended Emission Spectral Fits

Parameter 2009 2011

NH (1021 cm2)a 5 5

TX (MK) 2.0+0.2
−0.2 2.1+0.4

−0.2

η (10−5 cm−5)b 10.2+6.1
−3.9 5.5+2.6

−2.6

FX,obs (10−15 erg cm−2 s−1) 5.5+1.6
−1.6 3.5+1.0

−0.9

FX (10−14 erg cm−2 s−1) 11.5+2.6
−3.0 6.3+3.0

−2.9

Distance-dependent Propertiesc:

LX (1031 erg s−1) 7.9+5.1
−3.3 4.3+2.3

−2.2

EM (1054 cm−3) 7.1+4.5
−2.9 3.8+2.1

−1.9

V (1049 cm3) 2.1+1.4
−1.4 7.1+3.9

−3.9

ne (cm−3) 630+300
−250 250+110

−90

Msh (10−5 M⊙) 0.9+0.8
−0.7 1.3+0.9

−0.8

Note—The quoted errors for each parameter are for
the 90% confidence range.

aThe column density (NH) was frozen to 5 ×
1021 cm−2 based on EB−V = 0.73 mag.

bThe η parameter is the model normalization value.

cFormulae for the distance-dependent parameters
are provided in §5.

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 does not account for

the PSF asymmetry, thus leading to an enhancement
in the PSF-subtracted images where the asymmetry is

expected.

We restored the observed images by deconvolution

with the synthetic PSFs to produce high definition im-

ages 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 ex-

tended X-ray emission in the East-West directions (see

Figure 2). Based on the images and profiles, any ex-
tended X-ray emission in the 2007 observation can be

attributed entirely to the PSF asymmetry. On the other

hand, 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 ob-

servations 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.′′0, respectively. Assuming the extended emission

originates from the outburst in 2006, these sizes are con-
sistent with an expansion rate of just over 1 mas day−1.

From our analysis of the profiles, we estimate that the

count rate of the extended emission decreased by ∼50%

between the 2009 observation to the 2011 observation

with ∼ 10% of that reduction due to a loss in instrumen-
tal 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, φ, 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 distribu-

tion 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 con-

stant temperature. The orientation of the extended

X-ray emission is consistent with post-eruption struc-

tures tracked in radio imaging (O’Brien et al. 2006;
Rupen et al. 2008; Sokoloski et al. 2008) and narrow-

band 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 fea-
tures have been detected in DQ Her and several other

systems (see Toala et al. 2020, and references therein),

those observations were taken decades after the erup-

tions. In addition to the much shorter timescales (3–5
years after eruption), the key difference in the case of

RS Oph is that we can take advantage of the wealth of

multi-wavelength data obtained during the 2006 erup-

tion.
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5.1. Expansion Rate of Extended Emission

Comparing the extent of the X-ray emission with

multi-wavelength observations taken prior to our X-

ray observations shows that the the X-ray structures

were roughly consistent with an extrapolation of the
radio and optical bi-polar flows. Early radio observa-

tions at day 21.5 to day 51 since the 2006 eruption

were conducted by the European VLBI Network and

the Very Long Baseline Array from 1.7-5 GHz and show

extended emission from a ring-like structure and ex-
panding 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 sources to estimate the

angular size of the radio emission in the Eastern direc-
tion at each epoch and conservative uncertainty esti-

mates 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

[OIII] λ5007 emission from a bipolar structure with the

lobes oriented East-West direction with an inclination of
39+1

−10 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, Rexp, of the ex-
tended emission assuming linear expansion from an ori-

gin, Oexp, 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 distribu-

tions of the model parameters. We used the median

value of the posterior distribution as the best-fit value
and the 16-th and 84-th percentile as the lower and

upper error range (68% confidence range, or a 1-σ er-

ror range). We performed a series of three fits: (1)

only the X-ray data points (upper panel of Figure 4),

(2) the X-ray and optical data points (central panel),
and, (3) the X-ray, optical, and radio data points (lower

panel). All linear expansion rates are consistent with

Rexp = 1.1 ± 0.1 mas day−1 and the Oexp is consistent

with zero at least at the 2− σ level. The constraints on
Rexp and Oexp improve as we include more multiwave-

length measurements.

Noticing that the best-fit Rexp values decrease from

fit (1) to fit (3) — but are consistent within their re-

spective errorbars — we also considered a powerlaw

model for the multiwavelength expansion of the form
µ = Aexpt

γexp + Oexp, where µ is the size of the ex-

tended emission, Aexp is the normalization, γexp is the

powerlaw, and Oexp is the origin. The origin compo-

nent is necessary in order to accurately compare this

model to the linear expansion model since we do not
assume Oexp = 0. Performing a similar MCMC analy-

sis with uniform priors on the powerlaw model param-

eters results in a solution that suggests some decelera-

tion (γexp < 1) but only marginally at the 1-σ level (see
Figure 4). However, we can make a model comparison

using the Bayes factors that result from integrating the

multidimensional posterior distributions for each model.

The ratio of the Bayes factors gives the odds of favoring

one model over 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, suggest-

ing the two models cannot be distinguished given the

data. We adopt the linear expansion model.
All 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 Rexp

value suggests that at the time of the 2007 Chandra ob-

servation, the extended emission would have measured

∼ 0.′′6±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−1) into an

expansion velocity. The distance to RS Oph is a sub-

ject 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 2.4+0.3
−0.2 kpc (Bailer-Jones et al.

2021). This measurement has a low Renormalized Unit
Weight Error (RUWE= 1.29) but a non-negligible ex-

cess astrometric noise (ǫi = 0.13 mas) in Gaia eDR3

(Gaia Collaboration et al. 2016, 2021). RUWE has been

used in the literature to calculate astrometric wobble
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possibly induced by binary motions and ǫi has been

found to track linearly with this astrometric wobble

(Belokurov et al. 2020). Adding ǫi 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

2.4+0.3
−0.2 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 pro-

jected expansion velocity

vexp,proj = 4600 ± 700 km s−1

(

Rexp

1.1 mas day

)

×
(

D

2.4 kpc

)

, (1)

where Rexp 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 spectroscopic observations the RS Oph
system and determined a narrow orbital inclination of

49-53◦. Assuming the expanding material is perpendic-

ular to the orbital plane, an inclination of 51◦ results in

a deprojected velocity of 5900 ± 900 km s−1

Early IR observations shortly after the 2006 eruption
show constant expansion for ∼ 4 d with an expansion

velocity ∼ 3000 km s−1 before deceleration (Das et al.

2006), likely as the blast wave encountered denser equa-

torial material. Chesneau et al. (2007), 5.5 d after the
2006 eruption, identified a slower moving equatorial ring

with radial velocity ≤ 1800 km s−1 and a faster mov-

ing East-West bipolar flow with radial velocity of ap-

proximately 2500 − 3000 km s−1. Emission line profiles

from spectroscopic X-ray observations 13.5 days after
the eruption suggest the blast wave motion was pri-

marily in the plane of the sky with an expansion ve-

locity at that time of 2400 ± 400 km s−1 (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 wave-

lengths (Nelson et al. 2008). These X-ray observations

were also consistent with the picture of a sharply decel-

erating 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−1, 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 ISM,

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 wind velocity of red giant wind of a few 10s of

km s−1, or of order 1% of the outflow velocity, the 2006

ejecta will break out of the post-1985 red giant wind re-
gion in a few tens of days. If the bipolar outflow was

shocked during these early days, and is now expanding

freely into the cavity, that could explain the linear ex-

pansion.

5.3. Spectral Evolution of Extended Emission

The spectral fits of the extended X-ray emission sug-

gests no change in the temperature and marginal evi-

dence for fading emission. Assuming free-free emission

is the dominate cooling process, then the time scale for

the gas to radiate its thermal energy is

tcool = 6 × 104 yr

(

Te

106 K

)1/2
( ne

100 cm−3

)−1

, (2)

where Te is the electron temperature, ne is the electron

number density (Frank et al. 2002). Radiative cooling
by emission lines, provides a more efficient cooling at

temperatures of ∼ 2×106 K, decreasing the cooling time

scale by a factor of ∼ 30 times (Luna et al. 2015). Ob-

servable cooling on the time scale of these observations
since eruption (∼ 3−6 yr) would require ne & 106 cm−3.

The density of the emitting material is related to

the model normalization, η, by the emission measure,

EM =
∫

nenHdV , and the formula: η = 10−14

4πD2 EM ,

where D in the distance cm, V , is the volume in cm3,
and ne and nH are the electron and hydrogen number

densities, respectively, in cm−3. The emission measure

is given by,

EM = 6.9 × 1053 cm−3
( η

10−5 cm−5

)

(

D

2.4 kpc

)2

.

(3)

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 approxi-
mated as the shell thickness, lsh, multiplied by the shell

surface area, 2πr2sh(1 − cos(φ/2)), where rsh is the size

defined as the distance from RS Oph to the shell of ex-

tended emission and φ is the opening angle estimated
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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 MCMC analysis while the grey data (squares) are ignored. Panels depict the analysis results as one increases the observations
included in the analysis. 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 powerlaw expansion model.

from the position angles that encompass the extended
emission in the deconvolved images (φ ∼ 70◦). Table 2

lists µ, the angular distance on the sky from RS Oph to

the extended emission, from which we obtain,

rsh = 7 × 1016 cm
( µ

2′′

)

(

D

2.4 kpc

)

, (4)

where D is the physical distance to RS Oph. For a

strong shock with a compression ratio of 4, we take lsh ≈
rsh/12. Then the total volume (adding the volume of the

Eastern and Western shells together) is given by,

V ≈ 7 × 1049 cm3
( µ

2′′

)3
(

D

2.4 kpc

)3

. (5)

Assuming a constant density in the shell and solar abun-

dances (ne = 0.8nH),

ne ≈ 95 cm−3

(

EM

6.9 × 1053 cm−3

)1/2 (
V

7 × 1049 cm3

)−1/2

.

(6)

It should be noted that the constant density in the shell

is unlikely to reflect the actual conditions. Furthermore,
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by using the approximation lsh ≈ rsh/12, we assume

that the total swept mass is equal to the total shocked

mass, again unlikely to reflect actual conditions. These

assumptions introduce larger uncertainty than reflected
in our calculations (see Table 3).

Using Equations 3-5 with the measured size of the

extended emission from Table 2, the spectral fit param-

eters from Table 3, the Gaia the distance, and all the

associated errors, we calculated the emission measure
(EM), volume (V ), and electron number density (ne)

for the 2009 and 2011 observations and listed these val-

ues 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 ne values suggest that

the density has decreased from 2009 to 2011 by more

than a factor of ∼ 2. The ne values indicate cooling

times (tcool) in excess of 104 yr.

5.4. Mass of the Extended X-ray Emitting Material

We estimated the mass of the X-ray emitting gas using
Msh ≈ mHnHV , giving,

Msh ≈ 1.7 × 10−5 M⊙

( ne

300 cm−3

)

(

V

7 × 1049 cm3

)

.

(7)
The estimates for the 2009 and 2011 observations are

provided in Table 3 and are consistent within their re-

spective error bars.

Assuming the red giant is losing mass into a spheri-
cally symmetric shell at a rate of Ṁ ∼ 10−7, we would

expect the total mass reservoir of ∼ 2 × 10−6 M⊙ pro-

vided by the red giant between the 1985 and 2006 erup-

tions. The spherical sectors we assume are ∼ 20% of the

entire spherical volume, a similar fraction of a spheri-
cally symmetric red giant wind would be swept up in

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 × 10−6 M⊙ yr−1 is needed, leading to a

wind mass reservoir of ∼ 4 × 10−5 M⊙, 20% of which is

∼ 8 × 10−6 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 years after the 2006 erup-

tion 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 an-

gle of approximately 70◦. The distance between the cen-

tral 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 expan-

sion seen in earlier radio and optical emission in a similar

orientation. Overall, the multi-wavelength emission ex-

hibits a projected expansion rate of 1.1±0.1 mas day−1,
which, at Gaia parallax-derived distance of 2.4±0.3 kpc

and for a binary orbital inclination of 51 ± 2◦, suggests

an expansion velocity of ∼ 6000 km s−1.

Spectral analysis of the X-ray emission provides no

evidence for cooling of the X-ray emitting plasma, con-
sistent with the free expansion of the material into the

cavity excavated by the 1985 eruption. The X-ray emis-

sion 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 ob-
servations after the most recent outburst also point to

the presence of collimated structures in the same direc-

tion as those reported here (e.g. Nikolov & Luna 2021;

Munari & Valisa 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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