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RS Ophiuchi

• The recurrent nova consists of a massive WD and RG donor 

star in a binary orbit of 453.6 days. 

• Nova eruption every ~15 years when the accreted matter 

undergoes thermonuclear runaway on the surface of the WD. 

• Releases large amount of energy which causes the ejection of 

accreted matter. 

• The high velocity ejecta runs into the dense stellar wind from 

the RG, giving rise to X-ray emission from a hot shocked gas

Artist illustration of RS Oph



Analogues to supernova
 RS Oph Crab Nebula

• Shock waves interacts in days to months 
• Ejecta expands into stellar wind of the 

RG star
• Shock waves interact on years to decades 
• Ejecta expands into the ISM

• Driven by shocks 
• Effects of non-equilibrium plasma are important



Aspherical circumstellar environment
• RXTE PCA observations of 2006 eruption: The early hard X-ray emission originates from an outward moving 

shock wave moving into a spherical stellar wind (Sokoloski et al. 2006).  
• HST and radio imaging after the 2006 eruption show that the circumstellar environment in RS Oph is highly 

asymmetric. 
• Chandra detected an extended X-ray emission 3 and 5 yr after the 2006 eruption, which is consistent with a 

bipolar outflow (Montez et al. 2022).
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Figure 1. HST images of RS Oph through the F502N filter. Top left: Raw image from the first epoch observations (t = 155 days after outburst) using the ACS/HRC.
Top right: PSF-subtracted and deconvolved image using a TinyTim PSF, showing a double ring structure. Bottom left: Raw image from the second epoch observations
(t = 449 days after outburst) using WFPC2. Bottom right: PSF-subtracted and deconvolved image using a TinyTim PSF, again showing evidence of a double ring
structure (note that the “jet-like” feature on the WFPC2 deconvolved image is an artifact caused by bleeding on the CCD chip). North is up and east is to the left in all
images.
(A color version of this figure is available in the online journal.)

with an isotropic ambient medium. Lloyd et al. (1993) found the
latter to be the best fit to (the admittedly sparse) observations of
bipolar structure from VLBI observations of the 1985 outburst
of RS Oph.

More recently, Sokoloski et al. (2008) suggested that the
observed bipolar structure in the radio was not due to an
intrinsically asymmetric explosion or to shaping of the ejecta
by circumbinary material but due to collimation at very early
times, possibly by the accretion disk. Other authors (Skopal
et al. 2008; Banerjee et al. 2009) have modeled the RS Oph
outburst by means of Gaussian fitting to line profiles and find
several components that are interpreted as arising from different
regions of the expanding remnant, namely the central broad
component is associated with more slowly expanding material
from the waist while the outliers of the lines are associated by
these authors with high-velocity ejecta.

Here, we have used Shape (Steffen & López 2006) to analyze
and disentangle the three-dimensional geometry and kinematic
structure of the expanding nebular emission in RS Oph. Shape
was originally developed to model the complex structures of
planetary nebulae and is based on computationally efficient

mathematical representations of the visual world which allow
for the construction of objects placed at any orientation in a
cubic volume. It allows modeling of the structure and kinematics
of an object to compare with observed images and spectra
and includes parameters such as location and width of the
spectrograph slit, seeing values, and spectral resolutions. We
note here that the nebular remnant was of course much smaller
than the width of the spectrograph slit at the time of the
contemporaneous HST observations on day 155.

We used the information described in the previous section
regarding derived velocities and structure of RS Oph’s extended
emission as initial parameters in Shape. Particles within Shape,
each having uniform emissivity, are used to provide a simulated
density and velocity field and can be either distributed uniformly
on the surface or within the volume of the appropriate structure.
Since the emission line of interest, [O iii] λ5007, is very broad
and extends beyond the blue cutoff of the HST filter, particularly
for the ACS/HRC camera, we also applied a Doppler filter to
replicate the finite extent of the HST narrowband filters (in the
case of F502N of the ACS, the central wavelength of the filter,
width 57 Å is 5022 Å so the sensitivity to material outside

t=155 days after 2006 eruption

t=449 days after 2006 eruption

HST image of the RS Oph, showing double ring (Ribeiro et al. 2006)



Aspherical circumstellar environment
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Figure 3. Density structure 2000 d after the second nova outburst. Upper panel: zoom-in of the equatorial ring. The labels show the location of the equatorial
rings from the first (N1) and second novae (N2), along with the ‘evaporative’ wind from the accretion disc (A). The first nova shell (N1) is more clumpy,
reflecting the additional cooling phase that it underwent after being shocked by the ejecta from the second nova. Lower panel: large-scale structure of the novae,
showing the bipolar structure shaped by the interaction with the accretion disc and the wind. The velocity of the bipolar lobes is much higher (4000 km s−1)
than the slow moving equatorial ring (200 km s−1).

2.3 Mass-loss rate estimate from the ionization state of the
CSM

The ionization conditions of stellar winds can be an effective tracer
of the mass-loss rate, since, neglecting optical depth, the photoion-
ization rate from a point source scales as r−2, and the recombination
rate scales as r−4 in a 1D wind. This means that unless the optical
depth is sufficient to absorb the ionizing flux, the entire wind will be
ionized. In RS Oph, hydrogen is only ionized relatively close to the
white dwarf (Anupama & Mikołajewska 1999), an idea supported
by our Na I D line profile modelling, therefore, we can use this to
estimate the mass-loss rate from the RG.

During quiescence the dominant ionizing flux in RS Oph comes
from the hot component, although whether this flux is dominated
by the white dwarf or accretion disc is unknown. Dobrzycka et al.
(1996) used UV observations to derive a hot component luminosity
of 100–300 L", and a temperature T ≈ 105 K. Although this is the
luminosity after the emission has been reprocessed by the region
close to the white dwarf (Anupama & Mikołajewska 1999), it is
the appropriate luminosity for calculating the ionization state of
material in the wind. Soft X-rays emitted as a result of the novae

outbursts also contribute to the ionizing flux. During quiescence,
an X-ray luminosity of 2 × 1032 erg s−1 was measured by RXTE in
1997, roughly 12 years after the 1985 outburst (Mukai 2008).

The quiescent hydrogen ionization state was modelled using a
Strömgren sphere approximation for lines of sight from each particle
to the white dwarf, with each line of sight treated independently
and the ionization of each particle found by balancing the UV
photoionization with Case B recombination, taking into account the
optical depth along the line of sight. Case B recombination assumes
that any photons emitted with E > 13.6 eV are reabsorbed locally
by another hydrogen atom and can be neglected from the overall
recombination rate. The effective photoionization cross-section is
calculated by averaging the cross-section for photoionization from
the ground state over a blackbody spectrum at 105 K. The Case B
recombination coefficient at 104 K from Ferguson & Ferland (1997)
is used and the photoionization cross-section is from Verner et al.
(1996).

The results of the Strömgren calculation are shown in Fig. 4. Only
the accretion disc and wind closest to the RG provide sufficient
optical depth that the gas becomes neutral, resulting in a conical
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High density, slow moving equatorial ring (~200 km/s).  

Presence of clumps 

Low density, fast moving bipolar outflow (~4000 km/s) 

Simulation of the circumstellar environment around RS Oph (Booth et al. 2016) 



2021 Eruption

• The recent eruption of RS Oph occurred on 2021 August 8. Detected in different wavebands of the 
electromagnetic spectrum.  

• First Nova to have both detectable GeV and TeV emission, with Fermi LAT and HESS. 
• NICER started daily monitoring campaign ~2 days after the start of the optical outburst.
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NICER spectra

NICER spectra constructed from observations taken during different days of the 
2021 eruption, show evolution of the strengths of various emission lines from 
medium Z elements. 



Collisional equilibrium plasma?

Single kT collisional equilibrium ionization model with a fully covering absorption model show 
significant residuals around the K shell lines from the medium Z elements like Ne, Mg and Si and at 
lower energies 



Non-equilibrium Plasma Modeling                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

• NICER spectrum is fitted with non-equilibrium 
collisional plasma models, along with a partial 
covering absorption model for the variable RG 
wind.  

• A grid of vnei models is constructed in xspec with 

different ionization timescales 109, 1010, 1011, 1012 

in the units of s/cm3 

• The spec t ra l mode l used in xspec : 

Tbpcf*Tbabs*gsmooth*(vnei (109) + vnei (1010) 

+ vnei (1011) + vnei (1012))  



Non-equilibrium Plasma Modeling

Increase in kT till Day 5-6 suggests interaction of the ejecta with a dense clump in the 
equatorial ring as predicted by Booth et al. (2016). 
Brightening of RS Oph in 2017 in AAVSO light curves => Luna et al. (2020)

Increase in kT till Day 5-6 suggests interaction of the ejecta with a dense clump in 

the equatorial ring as predicted by Booth et al. (2016).
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Two-zone model

Higher nt are important during early days of the eruption => interaction with a denser medium 

like equatorial ring. After Day 20, contribution from higher nt declines and lower nt starts to 

dominate => interaction with a less denser medium like bipolar outflows. 

Ionization timescales 109, 1010, 

1011, 1012 in the units of s/cm3

Effects of Non-equilibrium Plasma

Ionization timescales 109, 1010, 1011, 1012 in the units of s/cm3
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Figure 3. Density structure 2000 d after the second nova outburst. Upper panel: zoom-in of the equatorial ring. The labels show the location of the equatorial
rings from the first (N1) and second novae (N2), along with the ‘evaporative’ wind from the accretion disc (A). The first nova shell (N1) is more clumpy,
reflecting the additional cooling phase that it underwent after being shocked by the ejecta from the second nova. Lower panel: large-scale structure of the novae,
showing the bipolar structure shaped by the interaction with the accretion disc and the wind. The velocity of the bipolar lobes is much higher (4000 km s−1)
than the slow moving equatorial ring (200 km s−1).

2.3 Mass-loss rate estimate from the ionization state of the
CSM

The ionization conditions of stellar winds can be an effective tracer
of the mass-loss rate, since, neglecting optical depth, the photoion-
ization rate from a point source scales as r−2, and the recombination
rate scales as r−4 in a 1D wind. This means that unless the optical
depth is sufficient to absorb the ionizing flux, the entire wind will be
ionized. In RS Oph, hydrogen is only ionized relatively close to the
white dwarf (Anupama & Mikołajewska 1999), an idea supported
by our Na I D line profile modelling, therefore, we can use this to
estimate the mass-loss rate from the RG.

During quiescence the dominant ionizing flux in RS Oph comes
from the hot component, although whether this flux is dominated
by the white dwarf or accretion disc is unknown. Dobrzycka et al.
(1996) used UV observations to derive a hot component luminosity
of 100–300 L", and a temperature T ≈ 105 K. Although this is the
luminosity after the emission has been reprocessed by the region
close to the white dwarf (Anupama & Mikołajewska 1999), it is
the appropriate luminosity for calculating the ionization state of
material in the wind. Soft X-rays emitted as a result of the novae

outbursts also contribute to the ionizing flux. During quiescence,
an X-ray luminosity of 2 × 1032 erg s−1 was measured by RXTE in
1997, roughly 12 years after the 1985 outburst (Mukai 2008).

The quiescent hydrogen ionization state was modelled using a
Strömgren sphere approximation for lines of sight from each particle
to the white dwarf, with each line of sight treated independently
and the ionization of each particle found by balancing the UV
photoionization with Case B recombination, taking into account the
optical depth along the line of sight. Case B recombination assumes
that any photons emitted with E > 13.6 eV are reabsorbed locally
by another hydrogen atom and can be neglected from the overall
recombination rate. The effective photoionization cross-section is
calculated by averaging the cross-section for photoionization from
the ground state over a blackbody spectrum at 105 K. The Case B
recombination coefficient at 104 K from Ferguson & Ferland (1997)
is used and the photoionization cross-section is from Verner et al.
(1996).

The results of the Strömgren calculation are shown in Fig. 4. Only
the accretion disc and wind closest to the RG provide sufficient
optical depth that the gas becomes neutral, resulting in a conical
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High density, slow moving equatorial ring (~200 km/s).  

Presence of clumps 

Low density, fast moving bipolar outflow (~4000 km/s) 

Simulation of the circumstellar environment around RS Oph (Booth et al. 2016) Early days of the eruption => interaction with a denser medium like equatorial ring

Later days => interaction with a less denser medium like bipolar outflows

Particle acceleration in multiple shocks => Diesing et al. (2023)



Summary

Recurrent nova RS Oph provides a dynamical environment to study the interaction of the ejecta with the dense RG 
wind. 

Aspherical circumstellar distribution around RS Oph: dense equatorial ring and fast moving less dense bipolar outflows 

2021 eruption of RS Oph was extensively monitored by NICER. A single kT APEC model with fully covering absorber 
fails to account for the emission from the medium Z elements and excess at lower energies. 

Grid like vnei models with a partial covering absorber are used to model the NICER spectra. 

The kT evolution peaks at Day 5-6 and declines with an index similar to a asymmetrical blast wave expanding into a 
stellar wind. The initial rise in kT could be due to an interaction with a dense clump of matter. 

The time evolution of spectral parameters => ejecta interacts with equatorial ring early in the eruption, and fast moving, 
less dense bipolar outflows later.

Thank you


