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ABSTRACT
Shocks in γ -ray emitting classical novae are expected to produce bright thermal and non-thermal X-rays. We test this prediction
with simultaneous NuSTAR and Fermi/LAT observations of nova V906 Car, which exhibited the brightest GeV γ -ray emission to
date. The nova is detected in hard X-rays while it is still γ -ray bright, but contrary to simple theoretical expectations, the detected
3.5–78 keV emission of V906 Car is much weaker than the simultaneously observed >100 MeV emission. No non-thermal X-ray
emission is detected, and our deep limits imply that the γ -rays are likely hadronic. After correcting for substantial absorption (NH

≈ 2 × 1023 cm−2), the thermal X-ray luminosity (from a 9 keV optically thin plasma) is just ∼2 per cent of the γ -ray luminosity.
We consider possible explanations for the low thermal X-ray luminosity, including the X-rays being suppressed by corrugated,
radiative shock fronts or the X-rays from the γ -ray producing shock are hidden behind an even larger absorbing column (NH

> 1025 cm−2). Adding XMM–Newton and Swift/XRT observations to our analysis, we find that the evolution of the intrinsic
X-ray absorption requires the nova shell to be expelled 24 d after the outburst onset. The X-ray spectra show that the ejecta are
enhanced in nitrogen and oxygen, and the nova occurred on the surface of a CO-type white dwarf. We see no indication of a
distinct supersoft phase in the X-ray light curve, which, after considering the absorption effects, may point to a low mass of the
white dwarf hosting the nova.

Key words: white dwarfs – novae, cataclysmic variables.

1 IN T RO D U C T I O N

1.1 X-ray emission of classical novae

A nova explosion is powered by nuclear fusion that ignites at the
bottom of a hydrogen-rich shell on the surface of an accreting white
dwarf in a binary star system (Bode & Evans 2008; Starrfield,
Iliadis & Hix 2016). Recent summaries of their observational
appearance across the electromagnetic spectrum were presented by

� E-mail: kirx@kirx.net

Poggiani (2018) and Della Valle & Izzo (2020). Specifically, the X-
ray emission is produced during the following stages of a nova event
(Krautter 2008; Hernanz & Sala 2010; Mukai 2017):

(i) A soft X-ray flash should be produced by the optically thick
ejecta (i.e. ‘fireball’) during the first hours of explosion, before the
fireball expands and cools sufficiently to shift the peak of its emission
from X-ray to UV and optical bands (Schwarz et al. 2001; Krautter
2002; Ness et al. 2007). So far, the attempts to observe the fireball
X-ray emission have not resulted in an unambiguous detection (Kato
et al. 2016; Morii et al. 2016). Morii et al. (2013) interpret the X-ray
transient MAXI J0158–744 as the nova fireball, while Li et al. (2012)
suggest the X-rays are produced by interaction of the nova shell with
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the Be-type donor wind. The ongoing all-sky X-ray surveys with
MAXI/GSC (Negoro et al. 2016) and SRG/eROSITA (Merloni et al.
2012; Predehl et al. 2016) have a chance to detect a nova fireball.

(ii) Hard X-ray emission (∼1–10 keV) is produced by optically
thin plasma compressed and heated by internal shocks in the nova
outflow and is often observed days to month after explosion (O’Brien,
Lloyd & Bode 1994; Mukai et al. 2014).

(iii) Supersoft (<0.5 keV, SSS) optically thick thermal X-ray
emission from the atmosphere of the nuclear-burning white dwarf
is often observed when the nova ejecta become transparent to
soft X-rays weeks-to-months after the explosion (Hasinger 1994;
Kahabka & van den Heuvel 1997; Schwarz et al. 2011).

(iv) Line-dominated emission from the shock-heated plasma may
persist after the supersoft emission fades (Rohrbach, Ness & Star-
rfield 2009; Drake et al. 2014).

(v) When accretion restarts after the nova explosion, X-ray emis-
sion is produced in the region where accreting matter hits the white
dwarf (the boundary layer between the disc and the surface in non-
magnetic white dwarfs or the accreting column in magnetic ones).
This is the accretion-powered X-ray emission found in cataclysmic
variables (Takei et al. 2011; Mukai 2017).

The X-ray emission, including that powered by shocks, is widely
assumed to be thermal. However, detection of continuum GeV γ -
ray emission from novae (Abdo et al. 2010; Ackermann et al. 2014;
Cheung et al. 2016; Franckowiak et al. 2018) implies efficient particle
acceleration by shocks (e.g. Blandford 1994; Caprioli & Spitkovsky
2014; Slane et al. 2015). The accelerated particles produce γ -rays
through the hadronic (pion production and decay) and/or leptonic
(direct acceleration of electrons and inverse Compton scattering
of ambient photons or relativistic bremsstrahlung) mechanisms
(Metzger et al. 2015; Martin et al. 2018) – the same mechanisms
invoked to explain high-energy emission from jetted active galactic
nuclei known as ‘blazars’ (Boettcher 2010). If the hadronic scenario
is responsible for the γ -ray production, novae should be sources of
neutrinos that may be reachable for the next generation detectors
(Metzger et al. 2016). In both hadronic and leptonic models, the
relativistic particles may also contribute to non-thermal emission in
X-rays (Vurm & Metzger 2018) and emit synchrotron radiation in
the radio band (Vlasov, Vurm & Metzger 2016).

It is also possible to produce non-thermal X-rays through Compton
degradation of MeV line emission from decaying radioactive isotopes
such as 22Na (Suzuki & Shigeyama 2010, see also references in Orio
et al. 2001 and the discussion in Section 2.1). The MeV line emission
has long been predicted, but never observed (Hernanz & José 2006;
Hernanz 2014; Jose 2016).

The X-ray emission is absorbed by the expanding nova ejecta and,
to an usually lesser extent, by the interstellar medium. The contri-
butions of intrinsic and interstellar absorption may be disentangled
as the intrinsic absorption decreases with time as the nova ejecta
disperse (e.g. Mukai & Ishida 2001; Page et al. 2015). The time it
takes for the nova ejecta to thin out and reveal the underlying SSS
may be used (together with the expansion velocity determined from
optical spectroscopy) to estimate the nova ejecta mass (Schwarz et al.
2011; Henze et al. 2014).

1.2 X-rays from γ -ray detected novae

Surprisingly, no X-rays below 10 keV (the energy band where most
X-ray observatories, including Swift/XRT and XMM–Newton, oper-
ate) have been observed from classical novae (i.e. novae with dwarf
companions), while the novae were detected in γ -rays (Metzger et al.

2014, Gordon et al., in preparation). This might be explained if the
soft X-rays are absorbed by the dense nova ejecta in the first weeks
following explosion (see Section 3.3). Interestingly, novae with red
giant donors, like V407 Cyg, are detected in X-rays simultaneously
with the GeV emission, likely due to the shock being external – be-
tween the ejecta and the giant companion’s wind – rather than internal
to the nova ejecta (Nelson et al. 2012; Orlando & Drake 2012).

Because of its high sensitivity above 10 keV, Nuclear Spectro-
scopic Telescope Array (NuSTAR; Section 1.3) can penetrate dense
nova ejecta and constrain the X-ray luminosity simultaneously with
the GeV detection by Fermi/Large Area Telescope (LAT). V339 Del
and V5668 Sgr were the first classical novae observed with NuSTAR
while they were still bright in GeV γ -rays (Section 3.4); contrary to
expectation, both resulted in non-detections (Mukai et al., in prepa-
ration). The first detection of X-rays simultaneous with γ -rays for a
classical nova finally came with V5855 Sgr, but deepened the mystery
of the missing X-rays (Nelson et al. 2019). Observed 12 d after
eruption, the X-rays were consistent with highly absorbed thermal
plasma (see e.g. Ghisellini 2013), and the ratio of unabsorbed X-ray
to γ -ray luminosity was L20 keV/L100 MeV ≈ 0.01 (monochromatic
flux ratio in νFν units; Section 3.4). This ratio was surprisingly low
because we expect only a small fraction (�10 per cent) of the shock
energy to be transferred to the γ -ray emitting non-thermal particles
(see Section 3.4.2 and Metzger et al. 2015). Meanwhile, the shocks
in novae are predicted to be dense and radiative, implying that the
bulk of the shock energy should be efficiently radiated away, and the
shock speeds of �1000 km s−1 imply that the bulk of this thermal
emission should emerge in the X-ray band (Metzger et al. 2014,
2015). A possible explanation for the low value of L20 keV/L100 MeV in
V5855 Sgr is suppression of X-rays at nova shock fronts (Nelson et al.
2019). If the shocks are dense and radiative, the shock front becomes
subject to instabilities and develops a corrugated structure that can
lead to post-shock temperatures a factor of 4–36 lower than expected
(Steinberg & Metzger 2018). In that case, the shock luminosity
is expected to emerge at longer wavelengths (i.e. optical/infrared;
Metzger et al. 2014; Steinberg & Metzger 2020). Notably, correlated
variations between the optical and γ -ray light curves of novae have
now been observed in two (possibly three; Munari, Hambsch &
Frigo 2017) systems – including the subject of this paper, V906 Car
– supporting this model (Li et al. 2017; Aydi et al. 2020).

Was the low value of L20 keV/L100 MeV in V5855 Sgr unusual
amongst novae? We know that the γ -ray properties of novae are di-
verse, with >100 MeV luminosities spanning at least a factor of ∼30
(Franckowiak et al. 2018). And yet, we do not understand the cause
of this diversity, or the full range of conditions in nova shocks. These
open questions led us to observe V906 Car with NuSTAR while it
was detected with Fermi/LAT – the results of which we present here.

1.3 Orbital observatories

Our current understanding of nova X-ray emission comes primarily
from XMM–Newton (e.g. Hernanz & Sala 2005) and Swift (Ness
et al. 2007; Schwarz et al. 2011; Ness 2012) observations. NuSTAR
has high sensitivity to very hard X-rays and is just starting to
reveal the behaviour of novae above 10 keV. Fermi/LAT detection
of GeV emission from V407 Cyg (Abdo et al. 2010) sparked a
renewed interest in novae. Here, we briefly summarize the technical
capabilities of these space missions.

The NuSTAR (Harrison et al. 2013b) was launched into a low-
Earth orbit on 2012 June 13, equipped with two identical focusing
X-ray telescopes (XRTs) sensitive to photons with energies 3–79 keV
(Madsen et al. 2015). It provides two orders of magnitude higher
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sensitivity (and an order of magnitude higher angular resolution)
compared to the coded aperture mask instruments Swift/Burst Alert
Telescope (BAT) and INTEGRAL sensitive to this energy range.
Its exceptional sensitivity makes new classes of objects, including
classical novae, accessible for study in the hard X-ray regime. The
10 m-long extendible mast separating the X-ray optics and detector
units limits the speed at which the observatory can repoint, so
NuSTAR performs long observations of a single field interrupted
by the Earth occultations, before repointing to another field (much
like the Hubble Space Telescope).

The Neil Gehrels Swift Observatory (Swift) has been operating
in low-Earth orbit since 2004 November 20 (Gehrels et al. 2004).
While originally designed for observations of γ -ray bursts and their
afterglows, it became an essential tool for multiwavelength studies
across various branches of astronomy. Its unique ability to quickly
repoint makes it practical to perform monitoring observations of
multiple sources and allows Swift to use efficiently its time for
observations (except for the South Atlantic Anomaly passages),
switching to a new target when the previous one goes into Earth
occultation. Swift is equipped with the coded aperture mask, wide
field-of-view BAT (Barthelmy et al. 2005) collecting very hard 15–
150 keV X-rays, the focusing XRT (Burrows et al. 2005) being
sensitive to 0.3–10 keV X-rays, and the Ultraviolet/Optical Telescope
(UVOT; Roming et al. 2005).

XMM–Newton was launched on 1999 December 10 into a highly
elliptical orbit allowing for long uninterrupted observations (Jansen
et al. 2001). The observatory can perform high-resolution X-ray grat-
ing spectroscopy in the range 0.33–2.1 keV (6–38 Å) using its reflec-
tion grating spectrometer (RGS) instruments (den Herder et al. 2001).
It is also equipped for traditional medium-resolution spectroscopy
with a pair of EPIC-MOS1 and the EPIC-pn2 imaging cameras
covering a wider energy range of 0.2–10 keV. The EPIC-MOS and
EPIC-pn cameras differ in the detector array geometry, electronics
(resulting in different readout times), and quantum efficiency (front-
and back-illuminated design, respectively). The observatory also
operates the Optical Monitor telescope (Mason et al. 2001) that
is similar to the Swift/UVOT. All XMM–Newton instruments are
normally operating simultaneously (the photons not intercepted by
the RGS gratings are collected by the EPIC-MOS cameras, while the
EPIC-pn camera is fed by its own X-ray mirror assembly).

Fermi Gamma-ray Space Telescope was launched into low-earth
orbit on 2008 June 11. Its main instrument, the (LAT; Abdo et al.
2009; Atwood et al. 2009; Ackermann et al. 2012) is a pair-conversion
detector sensitive to γ -rays in the energy range 20 MeV–300 GeV.
Its collecting area and 2.4 sr field of view are far superior to the
contemporary GeV telescopes AGILE (Tavani et al. 2008, 2009)
and DAMPE (Chang et al. 2017) and their predecessor – EGRET,
the spark chamber detector on board the Compton Gamma Ray
Observatory (Thompson et al. 1993). Fermi/LAT normally performs
an all-sky survey every day, but see Section 2.7.

1.4 V906 Car (2018)

V906 Car (Nova Carinae 2018, ASASSN-18fv) was discovered on
2018 March 20.32 UT (Stanek et al. 2018) by the ASAS-SN survey
(Shappee et al. 2014; Kochanek et al. 2017) as a new saturated

1European Photon Imaging Camera – Metal Oxide Semiconductor (Turner
et al. 2001).
2European Photon Imaging Camera with the pn-type detector (Strüder et al.
2001).

object (<10 mag) near the Carina Nebula. No previous outbursts
were found by ASAS-SN or among the numerous amateur images of
the Carina region (Toumilovitch, Blane & Rijsdijk 2018). The initial
spectroscopic observations by Strader et al. (2018) on March 21 and
Izzo et al. (2018) on March 22 were unable to distinguish between
the possibilities of the object being a classical nova, a luminous red
nova (e.g. Pastorello et al. 2019), or a young stellar object outburst
(e.g. Hartmann & Kenyon 1996). The main source of confusion
were the low velocities derived from the emission lines at early
times. Luckas (2018) obtained another spectrum on March 21 and
interpreted it as that of a classical nova in the iron curtain phase.
The infrared spectrum obtained by Rabus & Prieto (2018) on April 1
was consistent with a Fe II-type nova, according to the classification
scheme of Williams (1992).

By a lucky coincidence, V906 Car was within the field of view
of the BRITE cubesat constellation (Weiss et al. 2014; Pablo et al.
2016; Popowicz et al. 2017), as it was performing photometry of a
nearby red giant HD 92063 (see also Sections 2.3 and 2.4; Kuschnig
et al. 2018). We adopt t0 = 2018 March 16.13 UTC (HJD2458193.63)
as the nova explosion time derived from the BRITE light curve by
(Aydi et al. 2020, see their Supplementary fig. 2). The adopted t0 is
consistent with the reported non-detection by Evryscope 2 h earlier
(Corbett et al. 2018). The optical light curve of V906 Car, peaking
at 5.9 mag, showed an unusual series of fast flares superimposed on
the slowly evolving nova light curve.

As of 2020 June, V906 Car is the brightest γ -ray nova observed
by Fermi/LAT to date (Jean et al. 2018), reaching peak 0.1–300 GeV
flux of (1.91 ± 0.20) × 10−6 photons cm−2 s−1 in a 12 h integration
centred on 2018 April 14.25 UT (t0 + 29 d; Section 2.7; Aydi et al.
2020). Remarkably, a series of distinct flares was resolved in the
Fermi/LAT light curve that coincided with the optical flares observed
by BRITE. This led Aydi et al. (2020) to conclude that these flares are
manifestations of shocks. V906 Car was also the first nova detected
by the AGILE mission (Piano et al. 2018) observing at the >100 MeV
band similar to Fermi/LAT.

V906 Car was observed by INTEGRAL starting on 2018
April 23 (t0 + 38 d), with the aim of searching for the MeV γ -ray
nucleosynthesis lines predicted in novae,3 one of the long-standing
goals of the INTEGRAL mission (Hernanz et al. 2002; Siegert
et al. 2018). No MeV line detections were reported. High-cadence
optical photometry was obtained with INTEGRAL/OMC, revealing
variations of up to 0.3 mag on time-scales of several hours to one
day (Domingo et al. 2018).

McLoughlin, Blundell & Lee (2020) report dense monitoring
of Fe II and [O I] features in the optical spectrum of V906 Car.
The authors argue that these spectral features might be originating
in a rotating circumbinary disc. Pavana et al. (2020) also report
spectroscopy of V906 Car concluding that the nova ejecta are clumpy
and have an overall asymmetric bipolar geometry.

V906 Car was also observed at radio wavelengths with the Aus-
tralia Telescope Compact Array resulting in an initial non-detection
on 2018 April 03 (t0 + 18 d; Ryder, Kool & Chomiuk 2018). The
mJy-level radio emission was detected first on 2018 May 13 (t0 +
58 d) and reached its peak in late 2019 (Aydi et al. 2020).

Hard X-ray emission from V906 Car was detected by NuSTAR,
and preliminary results were reported in Nelson et al. (2018) and
Aydi et al. (2020). Here, we present a more in-depth look at the
X-ray emission from this nova, analysing the NuSTAR data together
with XMM–Newton and Swift observations.

3https://www.cosmos.esa.int/web/integral/news-2018

MNRAS 497, 2569–2585 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/497/3/2569/5873688 by M
ichigan State U

niversity Libraries user on 02 M
ay 2021

https://www.cosmos.esa.int/web/integral/news-2018


2572 K. V. Sokolovsky et al.

Table 1. NuSTAR observing log.

ObsID Epoch Start Stop Exposure Exposure Net count rate Net count rate
(d) UT UT FPMA (ks) FPMB (ks) FPMA (cts s−1) FPMB (cts s−1)

80301306002 36 2018-04-20 14:46 2018-04-22 02:01 48.8 48.5 0.0158 ± 0.0007 0.0163 ± 0.0007
90401322002 57 2018-05-11 16:26 2018-05-12 18:01 47.5 47.4 0.0434 ± 0.0010 0.0418 ± 0.0010

Note. Column designation: Column 1 – observation identification number; Column 2 – time since outburst; Columns 3 and 4 – start and stop time of the
observation (interrupted by the Earth occultations and South Atlantic Anomaly passes); Columns 5 and 6 – total on-source exposure time for FPMA and FPMB,
respectively; Columns 7 and 8 – source count rate (background-subtracted) for FPMA and FPMB, respectively.

1.5 Galactic extinction towards V906 Car

Optical spectroscopy allowed Aydi et al. (2020) to estimate the
interstellar reddening towards V906 Car using the diffuse interstellar
bands (Friedman et al. 2011) and the Na I D absorption features (Poz-
nanski, Prochaska & Bloom 2012). Combining these two methods,
the authors found E(B − V) = 0.36 ± 0.05. Assuming the standard
value of RV = 3.1 = AV/E(B − V) (Schultz & Wiemer 1975), this
corresponds to a V-band extinction of AV = 1.12 mag.

An alternative method of estimating extinction to a nova is based
on the typical intrinsic colour of (B − V)0 = −0.02 when the nova
is two magnitudes below its peak [the dispersion of (B − V)0 is
0.12 mag, van den Bergh & Younger 1987]. The nova light at this
stage may be dominated by optically thick free–free (blackbody)
emission (Hachisu & Kato 2014). According to Aydi et al. (2020),
for V906 Car the observed (B − V) = 0.23 around t0 + 55 d,
corresponding to a colour excess of E(B − V) = 0.25 – consistent
with the spectroscopically derived value within 1σ uncertainty of the
intrinsic colour. We adopt the spectroscopically derived E(B − V) as
it has lower uncertainty. It is also not clear whether the method based
on intrinsic colour is applicable to V906 Car, considering the major
contribution of shock-powered optical emission (Aydi et al. 2020).

We note that Pavana et al. (2020), relying on a different Na I D
equivalent width-reddening calibration and the expected nova colour
around maximum light, arrive at a much higher E(B − V) value. This
value, however, would imply the Galactic X-ray absorbing column is
much higher than that we derive from XMM–Newton observations,
as described in Section 2.3.

To estimate the expected Galactic X-ray absorbing column to
V906 Car, we utilize the relation proposed by Güver & Özel (2009)
between the optical extinction and the hydrogen column density:

NH = 2.21 × 1021 cm−2 × AV = 2.47 × 1021 cm−2. (1)

This value should be a lower limit on the total X-ray absorbing
column, as the nova ejecta produce large intrinsic absorption (Sec-
tion 3.3). The derived NH is consistent with the value derived from
our late-time XMM–Newton spectroscopy (Table 3). The total H I

column density in the direction of V906 Car derived from Galactic
surveys of the 21 cm emission line is NHI = 1.29 × 1022 cm−2 (Bajaja
et al. 2005; Kalberla et al. 2005), so the nova is in front of 80 per cent
of the Galactic absorbing column. Comparison of the AV estimated
for V906 Car to the total optical V-band extinction in its direction
(3.6 mag; Schlafly & Finkbeiner 2011) also suggests that the nova is
nearby. Aydi et al. (2020) adopted a distance to V906 Car of 4 kpc
based on the uncertain Gaia parallax measurement (Bailer-Jones
et al. 2018) and the Galactic 3D extinction map of Chen et al. (2019).

1.6 Scope of this work

We present a joint analysis of NuSTAR, XMM–Newton, Swift, and
Fermi observations of V906 Car. We fit the model describing the
observed X-ray spectra and constrain the elemental abundances in

the nova ejecta. We compare the simultaneous hard X-ray (NuSTAR)
and γ -ray (Fermi/LAT) observations to identify the physical origin
of the high-energy emission in this nova, and discuss the possible
location of the X-ray emitting shock. In Section 2, we describe the
observations of V906 Car performed with the instruments introduced
in Section 1.3. In Section 3, we estimate physical parameters of the
nova, and summarize our findings in Section 4.

Throughout this paper, we adopt a significance level αlim =
0.05: we reject spectral models that have a probability p > αlim of
obtaining the observed or a more extreme value of the test statistic by
chance.4 We use χ2 as the test statistic as we deal with well-sampled
spectra (Section 2.1). We express the abundances of the chemical
elements by the number of atoms relative to the number of hydrogen
atoms following the XSPEC convention (Section 3.1). The quoted
uncertainties of the model parameters are at 1σ level. For power-
law emission, we define the spectral index α as Fν ∝ να , where Fν

is the spectral flux density and ν is the frequency; meanwhile the
corresponding index in the distribution of the number of incoming
photons as a function of energy is dN(E)/dE ∝ E−� , where � is
called the photon index and � = 1 − α. The same power law
expressed in spectral energy distribution units (Gehrels 1997) is
νFν ∝ να + 1 ∝ ν−� + 2. When referring to ‘GeV γ -rays’ we imply
emission in the Fermi/LAT band (0.1–300 GeV).

2 O BSERVATI ONS AND ANALYSI S

2.1 NuSTAR spectroscopy

NuSTAR observed V906 Car during two epochs: t0 + 36 and t0 +
57 d. The nova is clearly detected with 1563 and 4046 counts in
the source region (two focal plane modules combined) in the first
and second epoch, respectively. The observing log is presented in
Table 1. We use nupipeline and nuproducts commands
from HEASoft6.26.1 to extract source and background spectra
from the focal plane modules A (FPMA) and B (FPMB). A circular
extraction region with radius of 30 arcsec was centred on the X-
ray image of the nova using ds9 (Joye & Mandel 2003). The
centring was done for FPMA and FPMB event files separately. The
background was extracted from five circular regions of the same
size that were manually placed near the nova on the same CZT
(Arnaud, Smith & Siemiginowska 2011) chip. We checked that the
specific choice of the background region does not affect the results.
We use grppha to mark channels 0–46 and 1910–4095 as ‘bad’,
restricting the energy range to 3.5–78.0 keV and grouping the source
spectra to contain at least 25 counts per bin. The spectra together
with the redistribution matrix (RMF; describes the probability of a
count being registered at a certain energy channel as a function of the
photon energy) and auxiliary response (ARF; describes the detector

4See e.g. Chapter 5 of Wall & Jenkins (2003) and https://en.wikipedia.org/w
iki/P-value.
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Table 2. Parameters of NuSTAR spectral fits.

t − t0 vphabs NH kT FeCoNi CNO CFPMB 3.5–78.0 keV Flux 3.5–78.0 keV Flux0

(d) (1022 cm−2) (keV) abundances abundances log10(erg cm−2 s−1) log10(erg cm−2 s−1)

Solar abundances model: χ2
red = 3.1047, d.o.f. = 200, p = 0.00

36 165 ± 14 13.7 ± 1.7 1.0 1.0 1.23 ± 0.08 −11.570 ± 0.012 −11.068 ± 0.012
57 16.4 ± 1.6 7.5 ± 0.3 —’— —’— 1.01 ± 0.04 −11.454 ± 0.007 −11.179 ± 0.007

Fe-deficient model: χ2
red = 1.0281, d.o.f. = 199, p = 0.38

36 293 ± 20 8.0 ± 0.9 0.09 ± 0.03 1.0 1.11 ± 0.06 −11.570 ± 0.012 −11.068 ± 0.012
57 44.8 ± 2.7 4.4 ± 0.2 —’— —’— 1.01 ± 0.03 −11.454 ± 0.007 −11.179 ± 0.007

CNO-overabundance model: χ2
red = 1.0457, d.o.f. = 199, p = 0.31

36 4.3 ± 2.3 8.6 ± 0.9 1.0 210 ± 110 1.11 ± 0.06 −11.564 ± 0.012 −11.143 ± 0.012
57 0.6 ± 0.3 4.4 ± 0.2 —’— —’— 1.01 ± 0.03 −11.454 ± 0.007 −11.221 ± 0.007

XMM-derived abundances model: χ2
red = 1.0552, d.o.f. = 200, p = 0.28

36 19.3 ± 1.3 8.6 ± 0.8 0.10 C = 0, O = 29, 1.10 ± 0.06 −11.566 ± 0.012 −11.143 ± 0.012
57 2.6 ± 0.2 4.3 ± 0.2 —’— N = 345 1.01 ± 0.03 −11.455 ± 0.007 −11.210 ± 0.007

XMM abundances and fixed Galactic column model: χ2
red = 1.0547, d.o.f. = 200, p = 0.28

36 19.3 ± 1.3 8.6 ± 0.8 0.10 C = 0, O = 29, 1.11 ± 0.06 −11.566 ± 0.012 −11.141 ± 0.012
57 2.64 ± 0.16 4.3 ± 0.2 —’— N = 345 1.01 ± 0.03 −11.455 ± 0.007 −11.209 ± 0.007

Two-temperature plasma model: χ2
red = 1.0292, d.o.f. = 196, p = 0.37

36 27.6 ± 4.3 6.9 ± 0.7, 0.57 ± 0.07 0.10 C = 0, O = 29, 1.12 ± 0.06 −11.582 ± 0.012 −9.624 ± 0.012
57 3.5 ± 1.5 4.1 ± 0.4, 0.58 ± 0.17 —’— N = 345 1.01 ± 0.03 −11.456 ± 0.007 −11.074 ± 0.007

Power-law model: χ2
red = 1.2667, d.o.f. = 200, p = 0.006

36 24.4 ± 1.8 � = 3.30 ± 0.18 0.10 C = 0, O = 29, 1.10 ± 0.06 −11.500 ± 0.012 −10.833 ± 0.012
57 4.5 ± 0.2 � = 3.92 ± 0.10 —’— N = 345 1.01 ± 0.03 −11.426 ± 0.007 −10.949 ± 0.007

Note. The preferred model is marked in boldface. Column designation: Column 1 – observation time, in units of days since outburst; Column 2 – equivalent
hydrogen column density; Column 3 – plasma temperature; Column 4 – abundances of Fe, Co, and Ni (tied together) relative to the solar values; Column 5 –
abundances of C, N, and O (tied together for the first two models) relative to the solar values; Column 6 – normalization factor of FPMB relative to FPMA;
Column 7 – absorbed model flux in the energy range 3.5–78.0 keV; Column 8 – unabsorbed 3.5–78.0 keV flux.

effective area as a function of energy) calibration files provided by
the pipeline are loaded into XSPEC12.10.0c (Arnaud 1996) for
further analysis.

To fit the NuSTAR observations, we first choose the absorbed
optically thin thermal equilibrium plasma model attenuated by pho-
toelectric absorption:XSPECmodelconstant∗vphabs∗vapec.
We simultaneously fit all four spectra (FPMA and FPMB spectra
obtained at two epochs) allowing for absorbing column (vphabs),
temperature and normalization factor of vapec variations between
epochs. The normalization factor between the FPMA and FPMB
spectra (represented by the constant term) is also allowed to vary
between the two epochs. The best-fitting model parameters, together
with their estimated 1σ uncertainties, are listed in Table 2.

The observed X-ray spectrum cannot be fit by an absorbed thermal
plasma if we assume solar abundances (top left-hand panel of
Fig. 1). The χ2

red value we find (3.1; Table 2) corresponds to the
null hypothesis probability of p < <αlim. The data systematically
depart from the model predictions around 6.7 and 20–30 keV, which
makes it even less likely to occur by chance compared to the simple
χ2 statistics that does not take into account correlations in residuals
(cf. the ‘alarm’ statistic of Tamuz, Mazeh & North 2006). Throughout
this work, we always assume the same abundances for the emitter
and absorber (with the exception of Galactic absorbing component
that we consider separately below).

At least two variations of the absorbed thermal plasma model
are compatible with the observations. The first is a model with Fe
abundance (by number) of 0.09 ± 0.03 times the solar value (top
right-hand panel of Fig. 1). Fe is present in the nova ejecta (as we
clearly see Fe lines in the optical spectrum; Luckas 2018; Aydi et al.
2020), but it may be underabundant with respect to solar values.

The second model that provides a good fit to the NuSTAR spectrum
has solar Fe abundance and overabundance of CNO elements by a
factor of 210 ± 110 (bottom left-hand panel of Fig. 1). Novae are
known to show overabundance of CNO elements (Williams 1985;
Livio & Truran 1994; Gehrz et al. 1998; Schwarz et al. 2001; and the
discussion in Section 3.1).

The results in Table 2 do not depend strongly on the specific choice
of solar abundances (we used the latest abundances from Asplund
et al. 2009 available in XSPEC, but also tested the values from
Wilms, Allen & McCray 2000 and Lodders 2003). We found that our
spectral fits minimally depend on the choice of absorption model,
comparing tbvarabs (Wilms, Allen & McCray 2000) to vphabs
(Balucinska-Church & McCammon 1992). We also fit an alternative
thermal plasma emission model (vmekal; Mewe, Gronenschild &
van den Oord 1985; Liedahl, Osterheld & Goldstein 1995), and found
the difference with the vapec model fit was within the statistical
errors. An acceptable fit (χ2

red = 1.04, d.o.f. = 199, p = 0.32) can
be achieved with the simple thermal bremsstrahlung model bremss
(Kellogg, Baldwin & Koch 1975), implying the absence of obvious
emission features in the NuSTAR spectra. We prefer the vapec
model (Brickhouse et al. 2005) over bremss as this model is more
physically motivated (we expect the line emission to be present at
some low level, see Section 2.3).

We also fit the NuSTAR spectra with an absorbed thermal plasma
model (vphabs∗vapec), fixing the abundances set to the values de-
rived from our XMM–Newton observations described in Section 2.3
and Table 3 (see the bottom right-hand panel of Fig. 1). The C
abundance that is not well constrained from the XMM–Newton
spectroscopy was set to the solar value. We checked that the fit
remains essentially the same if we set the C abundance to 0. The
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2574 K. V. Sokolovsky et al.

Figure 1. Observed NuSTAR spectra compared with four different models for absorbed thermal plasma emission model: abundances fixed to solar (top left-hand
panel); FeCoNi abundances tied together and left free to vary (top right-hand panel); CNO abundances tied together and left free to vary, while FeCoNi are fixed
to solar values (bottom left-hand panel); and the CNOFeCoNi abundances fixed to the values derived from the XMM–Newton observations (bottom right-hand
panel; see Table 3). Only the latter three models produce statistically acceptable fits (Table 2). The black and red curves represent spectra obtained with two
NuSTAR telescopes FPMA and FPMB during the first epoch (t0 + 36 d), while the green and blue curves are the FPMA and FPMB spectra obtained during the
second epoch (t0 + 57 d).

Co and Ni abundances were set equal to Fe. The resulting plasma
temperature (kT) and unabsorbed flux are close to the ones suggested
by the CNO-overabundance model, while the absorbing column is
best fit by a value intermediate between the CNO-overabundance
and Fe-deficient models (Table 2). To estimate the errors in kT and
NH resulting from uncertainties in abundances, we vary the N and O
abundances within the errors of the XMM–Newton spectrum fitting
(Table 3), while for Fe we vary the abundances between 0.0 and 0.1
and C in the range 0.0–1.0. These input parameter variations result in
best-fitting NH values in the range (15.4–23.5) × 1022 cm−2 for the
first epoch and (2.1–3.3) × 1022 cm−2 for the second epoch (these
are full ranges of the obtained best-fitting values, not confidence
intervals). The corresponding kT range is 8.63–8.70 keV and 4.32–
4.35 keV for the first and second epochs, respectively. Comparing
the ranges of kT and NH values obtained with various abundances to
the best-fitting values and their uncertainties for the models listed in
Table 2, one can see that the temperatures are largely insensitive to
the choice of abundances, while the NH values strongly depend on
that choice.

As the joint NuSTAR and Swift/XRT observations of the recurrent
nova V745 Sco by Orio et al. (2015) were fit with two-temperature

plasma, we tried adding a second vapec component to our NuSTAR
model (constant∗phabs∗vphabs∗vapec; Table 2; phabs
component describes the fixed Galactic NH, as discussed below).
The fit suggests that a very bright component (0.3–78.0 keV flux
of 10−7 erg cm−2 s−1 and 7 × 10−10 erg cm−2 s−1, for the first
and second epochs, respectively) can be hidden behind the inferred
absorbing column, if this second emission component is soft (kT �
0.6 keV). The presence of this low-energy component is not required
to obtain a statistically acceptable fit so its flux is highly uncertain and
consistent with being zero. The dramatic decrease in the best-fitting
flux of this hypothetical low-energy component between the two
epochs likely reflects the improving constraints on the soft emission
resulting from the decreasing absorbing column, rather than any real
change in the emission. The addition of the soft vapec component
does not change the parameters of the hard vapec component; they
remain essentially the same as in Table 2 for the single-component
emission.

As many novae show supersoft emission at some point in their
X-ray evolution (Sections 1.1 and 3.6), we also try to replace the
low-energy vapec component with a blackbody. This dramatically
changes the fit, splitting the flux nearly equally between the vapec
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X-ray Spectroscopy of V906 Car 2575

Table 3. Parameters of the simultaneous XMM (EPIC and RGS) spectra fit
with the model constant∗phabs∗vphabs∗bvapec plus Gaussian lines
(Table 4).

Parameter Value Comment

phabs
NH (×1021 cm−2) 2.4+0.4

−0.3

vphabs
NH (×1021 cm−2) 0.12+0.03

−0.03

bvapec
kT (keV) 1.07+0.04

−0.01
Redshift −2.9 × 10−3 fixed
Velocity (km s−1) 378 fixed

N/N� 345+93
−70

O/O� 29+7
−5

Ne/Ne� 2.2+0.6
−0.5

Mg/Mg� 0.6+0.2
−0.1

Si/Si� 1.1+0.2
−0.2

Fe/Fe� <0.1

χ2
ν 1.15

d.o.f. 1837

and bbody components. For both epochs, the best-fitting temper-
ature of the blackbody component is >2 keV – so high as to be
unphysical for optically thick emission on a white dwarf (SSS are
not expected to exceed kT ≈ 0.2 keV; Wolf et al. 2013).

Spectral fits to Swift/XRT observations of V906 Car (Section 2.5)
covering a wide time range (Section 2.4) do not require a second
emission component and can be described as a single absorbed ther-
mal plasma with temperature and absorbing column that gradually
decrease with time. We take this as reassurance that there is no need
to artificially introduce a second emission component for fitting the
NuSTAR observations.

To constrain non-thermal X-rays, we fit the spectrum with an
absorbed power-law model vphabs∗pow (i.e. assuming that all X-
ray emission is non-thermal – see the discussion in Section 3.4.1).
The fit yields values of χ2

red = 1.2, d.o.f. = 199, p = 0.013 – slightly
below our adopted significance level of 0.05. The photon index
for the best-fitting power-law model (Table 2) is � = 3.9 ± 0.1
(Section 3.4.1). The associated absorbing column for the power-law
model is higher (by a factor of 1.5 for the XMM abundances model)
than for the optically thin plasma model.

Finally, following Nelson et al. (2019), we test the possibility that
the NuSTAR emission is an (absorbed) combination of an optically
thin thermal plasma emission and non-thermal emission represented
by a power law (vapec+pow). From our absorbed plasma model
fits, we see that a power-law component is not required to obtain an
acceptable fit to the data; therefore the model flux and photon index
are not constrained if both the photon index and normalization factor
are left free to vary. To circumvent this, we consider three fixed values
of the photon index: � = 1.0, 1.2, and 2.0. In all cases, the contribution
of the power-law component is constrained at �2 per cent of the
thermal component flux listed in Table 2.

These tested photon index values are the ones expected for the
low-energy tail of the GeV emission, as discussed in Section 3.4.1. A
different mechanism that may produce non-thermal X-ray emission
in novae (which should operate independently of the process respon-
sible for the GeV emission) is the Compton degradation of MeV
γ -rays produced by radioactive decay (see Section 1.1; Livio et al.

1992; Suzuki & Shigeyama 2010; Hernanz 2014). Gomez-Gomar
et al. (1998) predict flat or inverted (rising) continuum spectra below
100 keV for the Comptonized photons in both CO and ONe novae
(which differ by the set of parent radioactive decay lines). As with
the low-energy tail of the GeV emission, the observed soft spectrum
disfavours Comptonization of the radioactive lines as the source of
X-ray emission from V906 Car in the NuSTAR band. Nelson et al.
(2019) argue that the Compton optical depth in a nova is not sufficient
for Compton degradation to produce a detectable hard X-ray flux. In
summary, all the expected mechanisms behind non-thermal emission
should produce a hard spectrum, while in fact the observed spectrum
is soft, consistent with being thermal.

Finally, we construct an ‘XMM abundances and fixed Galactic col-
umn’ model constant∗phabs∗vphabs∗vapec that includes a
single emission component (vapec) and incorporates our knowl-
edge of the elemental abundances (Section 3.1) and Galactic NH

(phabs; Section 1.5). We choose this as the preferred model (marked
in boldface in Table 2) for the NuSTAR spectra of V906 Car.

2.2 NuSTAR variability search

We checked for the presence of variability within the two NuSTAR
observations that lasted 127 and 92 ks wall time (total time including
interruptions), respectively (Table 1). The regular interruptions were
caused by the Earth occultations of the source. For each of the
two observations we generated source and background light curves
with nuproducts using 5806 s bin size (corresponding to one
NuSTAR orbital revolution). The background light curve was scaled
and subtracted from the source light curve using lcmath. We then
performed the χ2 test to determine if the light curves are consistent
with the null hypothesis that the source flux does not change during
the observation given the errorbars. For a discussion of the χ2 test in
the context of variability search, see de Diego (2010) and Sokolovsky
et al. (2017). The test is sensitive to any kind of variability, both
periodic and irregular.

We find that the null hypothesis cannot be rejected at the 3σ

level, i.e. we found no significant variability within the individual
NuSTAR observations. The r.m.s. scatter of the NuSTAR light curves
is 0.008 cts s−1 (18 per cent) and 0.007 cts s−1 (6 per cent) for the
first and the second epoch, respectively. If there is any low-level
variability in the source during the times of our observations, the
variability amplitude is lower than the above values. Our analysis
probes the variability time-scales from ∼6 to ∼100 ks (variability
related to orbital motion of the binary system might be expected
on these time-scales). Investigation of variability on a shorter time-
scale is limited by S/N, while the upper bound on the detectable
variability time-scale is set by the duration of our observations. We
leave the search for short time-scale periodic signals (which could be
associated with white dwarf rotation) outside the scope of this paper,
as we do not expect the X-ray emitting nova shock to be physically
tied to the white dwarf surface (for example – its magnetic pole).

2.3 XMM–Newton spectroscopy

We requested an XMM–Newton target-of-opportunity observation to
distinguish between the CNO-overabundant and Fe-deficient models
that both fit the NuSTAR spectra well, but differ in the predicted NH

value by almost two orders of magnitude (Section 2.1). A 51 ks obser-
vation (ObsID:0831790401) was conducted on 2018 December 16 (t0

+ 275 d). The observation was only partially (∼10–20 per cent of the
total effective exposure time) affected by high level of solar particles
and all X-ray instruments collected useful data (EPIC cameras: pn,
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2576 K. V. Sokolovsky et al.

Figure 2. XMM–Newton EPIC and (first order) RGS spectra of V906 Car
obtained on t0 + 275. The colour coding is: black – RGS1; red – RGS2;
green – EPIC-MOS1; blue – EPIC-MOS2; and cyan – EPIC-pn. The solid
lines represent the model described in Table 3.

MOS1, and MOS2; RGS cameras: RGS1 and RGS2). The Optical
Monitor had to be blocked due to the presence of the bright star
HD 92063 in its field of view, only 2

′
from V906 Car (this was the star

monitored by BRITE and it also affected the Swift/XRT observations;
Sections 1.4 and 2.4). The presence of HD 92063 required the use
of the thick optical blocking filter with the EPIC cameras. The
data analysis was performed through the XMM-Newton Science
Analysis System (SAS) v17.0.0, using calibration files
available in 2018 December. The EPIC data were grouped to have
spectra with at least 25 counts per bin for each camera; for the RGS
data the value was at least 5 counts per bin. The spectral fit, with
XSPEC 12.9.1m, assumed the C-Statistic and Chi-Squared for the
fit and test statistics, respectively.

The X-rays from V906 Car were clearly detected with all EPIC
and RGS instruments (Fig. 2). The average EPIC-pn count rate
was 0.810 ± 0.005 cts s−1 at the 0.3–8 keV energy range, which
corresponds to a total number of background corrected counts of
32 679 for the 40 350 s of the exposure under low level of solar
particle contamination. An X-ray source of this brightness should
not produce any significant pile-up in any of the XMM–Newton
instruments and, in fact, there is no evidence of pile-up in the EPIC
data from the sas/epatplot task.

Table 4. Gaussian lines added to the bvapec model.

Lines Energy Wavelength Line flux
(keV) (Å) photons (cm−2 s−1)

Mg XI r 9.169 1.356 5.2 ± 2.1
i 9.235 1.346 0
f 9.314 1.335 3.5+2.1

−2.0
Ne IX r 13.447 0.925 0

i 13.551 0.918 <5.0
f 13.698 0.908 14.0+2.9

−2.8
O VII r 21.602 0.576 8.4 ± 4.0

i 21.802 0.570 5.0+3.9
−3.5

f 22.097 0.563 16.5+4.6
−4.5

N VI r 28.792 0.432 13.9+4.8
−4.7

i 29.074 0.428 0
f 29.531 0.421 <9.5

The RGS spectra show a continuum and prominent emission lines,
while there is no evidence of absorption lines (Fig. 3). Noticeably,
among the emission lines there are the lines of N VII (K α, analogous
to the Ly α line of hydrogen) and O VIII (K α and K β), suggesting a
high abundance of these elements.

The EPIC spectra (Fig. 2) do not show the 1 keV ‘bump’ expected
from a number of Fe L-shell lines (analogous to the Balmer series),
and there is no sign of the Fe K α feature – suggesting sub-solar
Fe abundance (Section 3.1). The C abundance could not be reliably
constrained from the RGS data as the estimate would rely on the C VI

Ly α line at 33.7 Å (0.368 keV) in the rest frame, which is located in
the noisy part of the spectrum. However, for the solar C/N abundance
ratio, the C VI line should be stronger than the detected N VII (24.8 Å,
0.500 keV) line (e.g. Audard et al. 2001) and should have been visible
in our RGS spectrum (Fig. 3). The absence of the C VI line, combined
with the clear presence of the N VII line imply that the C/N ratio is
sub-solar.

The results of a joint fit to EPIC (0.3–8 keV) and RGS
(0.65–2 keV) spectra of the absorbed thermal plasma model
phabs∗vphabs∗bvapec with the addition of Gaussian lines are
presented in Table 3. The adopted abundance table was that of
Asplund et al. (2009). The Gaussian lines accounted for excesses
that we associate with triplets of resonance (r), intercombination (i),
forbidden (f) lines of the He-like ions of Mg XI, Ne IX, O VII, N VI. The
fitted line parameters are presented in Table 4. The likely source of the
discrepancy between what is predicted by the bvapec component

Figure 3. XMM–Newton fluxed spectrum of V906 Car combining the first- and second-order spectra from both RGS1 and RGS2.
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X-ray Spectroscopy of V906 Car 2577

and what is observed and associated to the triplets is that the single-
temperature equilibrium plasma is too crude an approximation of
real physical conditions in the nova ejecta that cannot fully describe
the grating data.

We use a combination of solar abundances absorber (phabs)
and variable–abundances absorber (vphabs) to account for the
Galactic and intrinsic contributions to the total column density,
respectively. We let the absorption column parameter for both
absorbing components, expressed in the equivalent of hydrogen
column (NH), to vary freely during the fit. The resulting Galactic NH

from X-rays is consistent at the 1σ confidence level with the value
estimated from optical extinction (Section 1.5), while the model
shows that a non-negligible amount of material is also absorbing
X-rays within the nova shell (Table 3).

The emission lines in Fig. 3 appear blueshifted. This indicates
that the bulk of the plasma responsible for the emission seen in
X-rays is moving towards us. Its radial velocity may be estimated
from the redshift parameter of the bvapec component in the model.
A value of −870 ± 60 km s−1 was derived from fitting the same
data excluding the energy ranges where the Gaussian lines had
to be inserted in the final fit. Then, this value was held fixed for
the fit reported in Table 3. Interestingly, had the optical lines been
blueshifted by the same velocity, which would have been easily
noticeable in spectroscopic observations by Aydi et al. (2020), but no
such shift was observed.5 We do not have a conclusive explanation for
this discrepancy, but it seems to be due to opacity and/or asymmetries
in the ejecta. One possibility is that the ejecta are opaque to X-
rays and we see only the approaching side of the expanding X-ray
plasma, while it is fully transparent to photons in the optical by
t0 + 275. Alternatively, the X-ray emitting ejecta could be highly
asymmetric, with the approaching part emitting much more than the
receding part.

A similar blueshift of X-ray emission lines was observed with
Chandra by Nelson et al. (2008) in the red giant donor recurrent
nova RS Oph and by Peretz et al. (2016) in the classical GeV-bright
nova V959 Mon. Nelson et al. (2020 ) confirm the blueshift with
Suzaku spectroscopy of V959 Mon. The opacity-based explanation
of blueshifted emission lines in V959 Mon suggested by Peretz et al.
(2016) is similar to that of the blueshifted absorption lines observed
in the SSS spectra of other novae (Ness 2012). Nelson et al. (2008)
speculated that transient highly blueshifted C VI and N VI lines seen in
RS Oph may be associated with the asymmetric synchrotron-emitting
jet observed with Very Long Baseline Interferometry (VLBI; Rupen,
Mioduszewski & Sokoloski 2008).

We use the bvapec model instead of vapec to account for
the velocity- and thermal-broadened emission lines that become
important when fitting the grating (RGS) spectra of V906 Car. The
line width for the final fit (Table 3) was fixed to the value derived
from the preliminary fit that excluded data in the problematic regions
where the Gaussian lines had to be added. The line broadening
derived from the preliminary fit was σ = 378 ± 72 km s−1 (Gaussian
sigma is the parameter of the bvapec model) corresponding to the
full width at half-maximum, FWHM = 2

√
2 ln 2σ = 890 km s−1.

As with the NuSTAR spectra (Section 2.1), we tried to add a
blackbody emission component to the optically thin thermal plasma

5Systemic velocity of −870 ± 60 km s−1 would be obvious in the optical
spectra collected before the maximum light while the lines are not very broad
(the dips of the P Cygni profiles were at ∼250 km s−1). On t0 + 269 d, the
FWHM of the Balmer lines was ∼900 km s−1 centred at 50 ± 100 km s−1

(Aydi et al. 2020).

Figure 4. Swift/XRT light curve of V906 Car. The red triangles mark the 0.3–
10 keV upper limits derived from the Windowed Timing mode observations.
The horizontal bars indicate the width of time bins used for the spectral
analysis (Table 5).

model described in Table 3. The resulting blackbody temperature is
unphysically high kT ∼ 10 keV. We interpret it as the absence of any
SSS emission during the XMM–Newton observation. The optically
thin plasma plus blackbody model also does not fit Swift/XRT data
taken around this time (Section 2.5).

2.4 Swift/XRT monitoring

Swift observed V906 Car on 45 epochs between 2018 March 21 (t0

+ 5.4 d) and 2019 June 8 (t0 + 449 d). The first three observations
on 2018 March 21, April 22, and May 11 resulted in non-detections.
The less-sensitive Windowed Timing mode had to be used in the
first two observations to reduce optical loading while the nova
was still optically bright. During the third observation, the XRT
was automatically switching between the Windowed Timing (17 s
exposure) and Photon Counting (277 s exposure) modes. V906 Car
was clearly detected in the 42 following observations (starting from
2018 May 17, t0 + 63 d), all performed in the Photon Counting mode
with a typical exposure time of 1.5 ks (46.7 ks total exposure). The
observations on 2018 September 30 and 2018 November 18 have
low signal to noise, as the XRT image of the source was crossed by
a bad CCD column reducing the number of detected photons.

We use the standard circular source extraction region with a radius
of 20 pix centred at the position derived from Swift/UVOT astrometry
(Section 2.6). For the background, we use an annulus centred on the
source position with an inner radius of 77 pix and outer radius of
101 pix. This non-standard background extraction region was chosen
to avoid the two nearby X-ray sources (clearly visible in the stacked
image) and the cluster of optical photons from the nearby bright (V =
5.09) star HD 92063. We use only grade 0 events in the analysis in
order to minimize optical loading.

Fig. 4 presents the Swift/XRT light curve of V906 Car in the soft
(0.3–2 keV) and hard (2–10 keV) bands. The hard flux is steeply
rising following the initial detection on 2018 May 11 (t0 + 63 d),
reaches a plateau around 2018 June 14 (t0 + 90), and then declines
after 2018 September 23 (t0 + 191 d). The soft flux gradually rises
from 2018 June 25 (t0 + 102 d) until 2018 October 8 (t0 + 207 d),
then – after a standstill – it starts to decline on 2018 December 9 (t0

+ 269 d). The peak full band (0.3–10 keV) count rate was reached on
2018 October 14 (t0 + 212 d) at 0.13 ± 0.01 cts s−1, and is sufficiently
low that no pile-up correction is required.
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2578 K. V. Sokolovsky et al.

Table 5. Parameters of the Swift/XRT spectral models using XMM-derived abundances.

Epoch vphabs NH kT 0.3–10.0 keV Flux χ2
red d.o.f. p

(days) (1022 cm−2) (keV) log10(erg cm−2 s−1)

Model phabs∗vphabs∗vapec
050–100 0.61 ± 0.12 68 ± 452 −11.155 ± 0.145 0.64 12 0.81
100–150 0.160 ± 0.015 6.2 ± 1.4 −11.148 ± 0.028 0.99 32 0.48
180–250 0.019 ± 0.002 2.18 ± 0.24 −11.288 ± 0.018 1.06 40 0.37
250–300 0.017 ± 0.003 0.98 ± 0.12 −11.705 ± 0.021 1.11 18 0.33
300–350 0.009 ± 0.003 0.74 ± 0.12 −11.916 ± 0.023 1.00 14 0.45

Model phabs∗vphabs∗bbody
050–100 0.269 ± 0.080 2.19 ± 0.42 −11.140 ± 0.032 0.42 12 0.96
100–150 0.064 ± 0.012 1.15 ± 0.06 −11.198 ± 0.022 0.82 32 0.76
180–250 0.000 ± 0.001 0.61 ± 0.02 −11.341 ± 0.015 1.19 40 0.19
250–300 0.000 ± 0.003 0.39 ± 0.02 −11.751 ± 0.020 1.83 18 0.02
300–350 0.000 ± 0.001 0.27 ± 0.01 −12.006 ± 0.021 3.33 14 0.00

Note. Column designation: Column 1 – time since outburst; Column 2 – equivalent hydrogen column density; Column
3 – plasma or blackbody temperature; Column 4 – absorbed 0.3–10.0 keV flux; Column 5 – reduced χ2; Column 6 –
number of degrees of freedom; Column 7 – Null hypothesis probability.

Figure 5. Swift/XRT spectra of V906 Car obtained 50–100 (black), 100–150
(red), 180–250 (green), 250–300 (blue), 300–350 (cyan) days after t0. The
solid lines represent phabs∗vphabs∗vapec models described in Table 5.

2.5 Swift/XRT spectroscopy

To follow the spectral evolution of V906 Car, we construct five
spectra by combining Swift/XRT observations taken within ∼50 d
intervals marked in Fig. 4 (see Table 5). The spectra are presented
in Fig. 5. We binned individual Swift/XRT observations to increase
the photon statistics (e.g. Nelson et al. 2012), but we note the X-ray
spectrum is changing within each bin. This may degrade the quality
of the fits reported in Table 5. The bin width of ∼50 d was chosen as
a compromise between the photon statistics and the rate of spectral
changes.

We fit the data with absorbed thermal plasma mod-
els (phabs∗vphabs∗vapec) and absorbed blackbody models
(phabs∗vphabs∗bbody), fixing the elemental abundances in
the vphabs and vapec components to the values derived from
our XMM–Newton spectroscopy (Section 2.3; Table 3) and the
Galactic absorption phabs (having the solar abundances) to the
expected value (Section1.5). The intrinsic absorbing column (NH)
and plasma/blackbody temperature (kT), as well as the emitting
component flux, are left as free parameters. The column densities
reported in Tables 2 and 5 refer only to the variable intrinsicvphabs
absorption component. The absorbed blackbody fit suggests no

intrinsic absorption after t0 + 150 d, but fails to provide a good
fit for the last two Swift spectra (day 250–300 and 300–350). In
addition, the blackbody temperatures are unphysically high for an
SSS (Wolf et al. 2013). The absorbed optically thin plasma fits all
five spectra well, and provide a physically appropriate model for the
X-ray emission. The optically thin model is also supported by the
NuSTAR (Section 2.1) and XMM–Newton (Section 2.3) observations.
Therefore, we assume that the emission was dominated by the
optically thin component at all times.

2.6 Swift/UVOT light curve and astrometry

Most of the optical/UV photometry collected with UVOT during the
Swift monitoring was not useful due to high coincidence losses on the
bright source. Only starting from t0 + 212 d does the source become
sufficiently faint to perform photometry in the uvm2 band. The UV
light curve shows a smooth decline from uvm2 = 10.44 mag on 2018
October 14 (t0 + 212 d) to uvm2 = 11.78 mag on 2019 June 8 (t0

+ 449 d). The photometric error is dominated by the uncertainty in
the coincidence-loss correction and is expected to be at the level of a
few per cent. We used these uvm2 images obtained during the decline
phase to measure the astrometric position of V906 Car relative to
UCAC3 stars within the UVOT field of view (Zacharias et al. 2010).
We measured the nova position with the uncertainty of ∼0.1 arcsec
(estimated from the scatter of measurements from multiple images):

10 : 36 : 15.42 − 59 : 35 : 54.0J2000.

2.7 Fermi/LAT monitoring

Aydi et al. (2020) performed detailed analysis of Fermi/LAT observa-
tions of V906 Car, establishing it as the brightest γ -ray emitting nova
observed to date, detected during 2018 April 8–30. Unfortunately,
the observations were cut short by the failure of the solar panel
drive on 2018 March 16 (around t0) that sent the Fermi spacecraft
to ‘safe mode’ with the scientific instruments powered off. The
LAT observations resumed on 2018 April 8 (t0 + 23 d), but were
interrupted again for the period 2018 May 1–13 (45–58 d after t0)
by a Fermi pointing pattern (needed to keep the stuck solar panel
illuminated) that was unfavourable for observations of V906 Car.

Using the power law with exponential cut-off model for the γ -ray
spectrum presented in Aydi et al. (2020) and restricting the LAT expo-
sure to the exact time range of the first NuSTAR observation (Table 1),
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we derive a significant γ -ray detection of V906 Car (test statistic TS =
283, or ∼17σ detection; Mattox et al. 1996). Its 100 MeV–300 GeV
photon flux is (1.17 ± 0.11) × 10−6 photons cm−2 s−1, and νFν =
(1.00 ± 0.10) × 10−10 erg cm−2 s−1 at photon energy hν = 100 MeV,
where h is the Planck constant.

The second NuSTAR observation (Table 1) was performed a day be-
fore LAT resumed observations of the V906 Car region. So, instead of
using strictly simultaneous data, we use the LAT data collected right
after the coverage gap, between 2018 May 13 17:01:00 and May 15
04:16 UT (same exposure time as the duration of the first NuSTAR
observation including interruptions). The LAT observations resulted
in a non-detection of V906 Car (TS = 0), with an upper limit on the
100 MeV–300 GeV photon flux of <1.64 × 10−7 photons cm−2 s−1

and νFν < 1.41 × 10−11 erg cm−2 s−1 at hν = 100 MeV.

3 D ISCUSSION

3.1 Ejecta abundances

It has long been recognized that nova ejecta are often enriched in
heavy elements, compared to the composition of matter accreted
from the donor star (e.g. Truran & Livio 1986; Gehrz et al. 1998;
Helton et al. 2012). This chemical enrichment is attributed to mixing
between the accreted material and the white dwarf itself (Starrfield,
Iliadis & Hix 2008). Computer simulations have demonstrated that
this mixing probably occurs at the onset of the thermonuclear
runaway due to Kelvin–Helmholtz instabilities (Casanova et al. 2011,
2016; Casanova, José & Shore 2018). Thermonuclear burning in
the nova event proceeds through the CNO cycle, and may change
the relative abundances of C, N, and O, but will not increase the
overall abundance of the CNO elements (Starrfield et al. 1972;
Truran & Livio 1986). The supersolar N/C ratio found in V906 Car
(Section 2.3) demonstrates that the plasma emitting the soft X-ray
lines has undergone non-equilibrium CNO burning. The plasma was
ejected while in the 14N bottleneck (e.g. Imbriani et al. 2004). Optical
spectroscopy often finds in novae an overabundance of nitrogen by
two orders of magnitude and oxygen by one order of magnitude
compared to solar values, respectively (Gehrz et al. 1998; Arkhipova,
Burlak & Esipov 2002; Downen et al. 2013). However, different
authors sometimes report quite different abundances for the same
nova (for example, compare the abundances for V1974 Cyg reported
by Austin et al. 1996; Hayward et al. 1996; Arkhipova, Esipov &
Sokol 1997; Vanlandingham et al. 2005); the same is true for the few
X-ray derived abundances (e.g. Rauch et al. 2010; Nemeth 2010).

The chemical composition of the nova ejecta is strongly affected
by the composition of the white dwarf because we do not generally
expect the material accreted from the donor star to have supersolar
CNO abundances or to be hydrogen deficient. Therefore, the white
dwarf material is being ablated during a nova eruption (e.g. Shara
et al. 2018) and we can draw conclusions about the composition of
the white dwarf by observing nova ejecta.

Depending on its zero-age main-sequence mass and mass transfer
due to binary evolution, the white dwarf hosting nova eruptions
may have either a CO or ONe composition. Our XMM–Newton
spectroscopy of V906 Car implies CNO abundances that are a factor
of ∼100 supersolar, but near-solar abundance of Ne (Table 3). This
suggests that the V906 Car host is a CO white dwarf. The dust
formation episode exhibited 50–100 d after outburst is consistent
with a CO white dwarf (Aydi et al. 2020), as dust formation is
more common in nova ejecta enriched in CO than in ONe (Evans &
Rawlings 2008). The CO composition is consistent with a low
mass of the white dwarf hinted at by the non-detection of the

supersoft emission (Section 3.6). The XMM–Newton spectroscopy
also suggests sub-solar Fe abundance (Table 3).

3.2 The absence of the Fe K α feature

We found no evidence of the Fe K α emission in V906 Car. This
is not surprising given that the absence of Fe K α emission in
the X-ray spectra of novae is a long-standing puzzle. At 6.7 keV,
this feature probes shock-heated plasma. The two clear examples
of novae with no Fe K α emission are V382 Vel (Section 4.3 in
Mukai & Ishida 2001; also no Fe L-shell emission found by Ness
et al. 2005) and V959 Mon (Nelson et al. 2020). The weakness of
the Fe K α emission may result from a low abundance of iron in
nova ejecta, a high abundance of CNO that would enhance the
continuum making the Fe K α line relatively weaker, or from a
non-equilibrium ionization state of the emitting plasma. The Fe II
optical spectroscopic type reported for V382 Vel by della Valle,
Pasquini & Williams (1999) and Steiner, Campos & Cieslinski (1999)
led Mukai & Ishida (2001) to the conclusion that a non-equilibrium
ionization state is responsible for the weakness of the iron line.
V959 Mon was a neon nova with sub-solar iron abundance (Shore
et al. 2013). Novae occurring in symbiotic star systems that include
a giant (rather than main sequence) companion to the white dwarf
show strong Fe K α emission (RS Oph and V745 Sco; Nelson et al.
2008; Ness et al. 2009; Orio et al. 2015; Delgado & Hernanz 2019).
Such emission was also observed in V2491 Cyg by Takei et al. (2009),
Takei et al. (2011), but the nature of the companion star in this system
is uncertain. In many cases, the composition of the emitting plasma
(rather than its ionization state) determines the strength of the Fe K α

emission.

3.3 Ejecta mass

Observational estimates of how much material is ejected by novae
provide a fundamental test of nova models. Ejecta masses, when
combined with the Galactic nova rate, constrain the contribution of
novae to the chemical evolution of the Galaxy, especially isotopes
such as 7Li, 13C, 15N, 17O (Downen et al. 2013; Li et al. 2016; Molaro
et al. 2016). The abundances of these isotopes allow laboratory
identification of nova dust grains in meteorites (Iliadis et al. 2018).

We can use NH values derived from the X-ray spectral fitting as
a function of time after outburst to estimate the ejecta mass. We
assume that the source of X-rays is embedded deep into the ejecta,
shining through most of it (Section 3.5). The ejecta are modelled as a
‘Hubble flow’, where the mass is expelled in a single impulse and is
uniformly distributed over a range of velocities spanning from vmin

to vmax. This corresponds to the mass density ∝ r−2 (e.g. Seaquist &
Bode 2008). For vmax, we take the maximum expansion velocity
measured from the wavelength difference between the absorption
dip and the emission peak of the P Cygni profiles of Balmer lines,
2500 ± 100 km s−1 (measured around t0 + 24 d; Aydi et al. 2020,
Harvey et al., in preparation). In the Hubble flow model the slower
moving ejecta will dominate the NH at later epochs, when the faster
moving ejecta have dispersed; the total ejecta mass in this model
critically depends on the choice of vmin. Following Chomiuk et al.
(2014b), we assume vmin = 0.2vmax that is in the middle of the range
of values reported in the literature from modelling the multifrequency
radio light curves of novae (Seaquist & Bode 2008; Weston et al.
2016a,b; Finzell et al. 2018); see Appendix A.

We apply the Hubble flow model to the NH evolution derived
from the NuSTAR spectra fitted with the preferred model (Fig. 6).
Assuming that the ejecta began expanding at t0, there is no acceptable
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2580 K. V. Sokolovsky et al.

Figure 6. The evolution of the absorbing column intrinsic to V906 Car as
a function of time. The solid curve represents the delayed ejection model
fitting NuSTAR observations. The dashed line represents the model with
prompt ejection at t0, which predicts the same column density on t0 + 36 as
the delayed ejection model.

fit to the NH evolution (see the dashed line in Fig. 6). A good fit can be
achieved if we assume that the mass was ejected at t0 + 24 d (the solid
curve in Fig. 6). Other novae have shown evidence for ejection of
mass delayed weeks to months after the start of outburst: V2362 Cyg
(Kimeswenger et al. 2008; Lynch et al. 2008; Arai et al. 2010),
T Pyx (Nelson et al. 2014; Chomiuk et al. 2014b) and V959 Mon
(Chomiuk et al. 2014a; Linford et al. 2015; Nelson et al. 2020). In
this model, the ejecta mass is 2.8 × 10−5 M� assuming spherical
symmetry and the range of expansion velocities between vmax =
2500 km s−1 and vmin = 0.2vmax. The ejecta mass estimate strongly
depends on these assumptions. Setting vmax = 600 km s−1 (the slow
component observed by Aydi et al. 2020) would decrease the ejecta
mass estimate by a factor of 20. Setting vmin = 0.1vmax would increase
the mass estimate by a factor of 4. In the above ejecta mass calculation
we counted only the hydrogen atoms. The hydrogen mass should
be multiplied by a factor of 1.90 for the derived nova abundances
(Table 3; the factor would be 1.36 for the solar abundances of Asplund
et al. 2009).

Taking into account the chemical composition of the ejecta
and setting vmin � 0.2vmax is needed to reconcile the above X-
ray absorption-based ejecta mass estimate with the lower limit of
2 × 10−4 M� derived from radio observations of V906 Car by
Aydi et al. (2020) and the optical spectroscopy-based estimate of
6 × 10−4 M� by Pavana et al. (2020). Alternatively, the discrep-
ancy may be attributed to the X-ray-emitting region being located
above a considerable part of the ejecta (Section 3.5) or ejecta
being asymmetric (our line of sight may have less-than-average
amount of X-ray absorbing material). Ejecta mass estimates from
the radio light curve and optical spectroscopy are also subject to
their own model assumptions (such as clumpiness and temperature
distribution).

Our conclusion about the delayed ejection depends on the as-
sumption of a one-time ejection with a range of velocities. Other
scenarios may not require the delayed ejection and imply substan-
tially different ejecta mass given the same observed NH. The mass
may be continuously ejected over an extended period of time. The
ejecta may experience (a period of) continuous acceleration (e.g.
slow circumbinary material gradually pushed away by the fast white
dwarf wind). The ejecta may be asymmetric. The observation that
NH values measured with Swift and XMM–Newton up to t0 + 350 d

Table 6. X-ray to γ -ray monochromatic flux ratio in νFν units.

Nova L20 keV/L100 MeV Reference

V339 Del <4.0 × 10−3 Vurm & Metzger (2018)
V5668 Sgr <1.7 × 10−3 Vurm & Metzger (2018)
V5855 Sgr 0.01 Nelson et al. (2019)
V906 Car 0.02 this work

generally follow the trend predicted by the delayed one-time ejection
model fitting NuSTAR observations on t0 + 36 d and t0 + 57 d (Fig. 6)
suggests that this simple model may be a reasonable approximation
of the actual ejection.

3.4 The LX/Lγ ratio

The ratio between the X-ray luminosity, LX, and γ -ray luminosity,
Lγ , provides insights into the physics of shocks in novae.

3.4.1 Non-thermal X-rays

Vurm & Metzger (2018) discuss the possibility of non-thermal X-
rays in novae, predicting the spectral slope νFν ∝ ν0.8 (� = 1.2;
Section 1.6) in the hard X-ray band (�10 keV). The observed NuS-
TAR spectrum of V906 Car is very soft, having � > 2 when fit with a
single power-law (Section 2.1). This supports the interpretation that
the observed X-ray emission is thermal, rather than non-thermal.
Another key prediction of Vurm & Metzger (2018) is the existence
of a lower limit on the ratio of non-thermal X-ray to γ -ray fluxes. In
νFν units the limits are LX/Lγ > 10−3 for a leptonic origin of γ -rays,
and LX/Lγ > 10−4 for the hadronic model.

Table 6 summarizes the available L20 keV/L100 MeV measurements.
NuSTAR observations of novae V339 Del and V5668 Sgr, carried out
during the GeV-bright phase, yielded non-detections in the hard X-
ray band (Mukai et al., in preparation). Vurm & Metzger (2018) used
these upper limits on the LX/Lγ ratio to suggest that the hadronic
rather than leptonic mechanism is responsible for the γ -ray emission
of novae. Nelson et al. (2019) observed the nova V5855 Sgr with
NuSTAR 12 d after eruption, while it was still detected in γ -rays by
Fermi/LAT. V5855 Sgr is the first nova in which >10 keV X-rays
and γ -rays were detected simultaneously. The NuSTAR spectrum of
V5855 Sgr is mostly featureless and can be fit by either an absorbed
bremsstrahlung (all emission in NuSTAR band is thermal) or an
absorbed power law (all emission is nonthermal) model. Nelson
et al. (2019) prefer the thermal emission model by invoking the
spectral slope argument (that low-energy tail of GeV emission should
result in a hard NuSTAR spectrum while the best-fitting power law
has � = 3.6+1.3

−1.0). Therefore, the L20 keV/L100 MeV ratio measured by
Nelson et al. (2019) is considered by the authors an upper limit on
any non-thermal emission (Table 6). This upper limit in V5855 Sgr
is consistent with both the leptonic and hadronic scenarios (Vurm &
Metzger 2018).

3.4.2 Thermal X-rays

Thermonuclear reactions heat the white dwarf atmosphere, but only
to temperatures <0.2 keV (Wolf et al. 2013), which is identified with
supersoft X-ray emission (Section 1.1). Thermal emission of novae
with kT� 0.5 keV is attributed to optically thin shock-heated plasma.
The Rankine–Hugoniot conditions for a strong shock propagating in
monoatomic gas (with polytropic exponent 5/3) relate the post-shock
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temperature (Tshock) to the shock velocity (vshock):

kTshock = 3

16
μmpv

2
shock (2)

(equation 30 of Metzger et al. 2014), where mp is the proton mass, k
is the Boltzmann constant, μ is the mean molecular weight. For the
fully ionized gas with the solar abundances as derived by Asplund
et al. (2009), μ= 0.60. Meanwhile, μ= 0.74 for the nova abundances
from Table 3. From equation (2), we conclude that vshock decreased
from 2400 to 1700 km s−1 between the two NuSTAR epochs (Table 2).
The shock velocity of 2400 km s−1 observed on day 36 is consistent
with the velocity of the fastest wind, which starts around day 23 and
remains visible in the optical line profile until at least day 35 (Aydi
et al. 2020). The hypothetical second emitting component with kT =
0.6 keV considered in the two temperature plasma model described
in Section 2.1 would correspond to vshock = 640 km s−1. We point
out that vshock is different from the ejecta expansion velocity, unless
the ejecta slam into pre-existing low-velocity material. If the shock is
formed at the interface between the slow and fast wind, vshock would
correspond to the velocity difference between the two components.

Radiative shocks should produce thermal X-ray emission that is at
least 1–2 orders of magnitude brighter (in νFν units) than the GeV
emission of the non-thermal particles (Metzger et al. 2015). This is
in sharp contrast with our NuSTAR observations, which show that
the X-ray emission is almost two orders of magnitude fainter than
the Fermi/LAT emission: L20 keV/L100 MeV = 0.02 (Section 3.4.1).
A similar discrepancy is reported by Nelson et al. (2019) for
V5855 Sgr and even stronger ones are implied by the non-detections
of V339 Del and V5668 Sgr (table 6; Mukai et al., in preparation).
Thermal X-rays from the radiative shock can be suppressed because
of a corrugated shock front geometry (Steinberg & Metzger 2018)
or by redistributing emission because of Compton scattering in
a highly non-spherical nova ejecta (Nelson et al. 2019). Each of
the two effects can suppress the X-ray emission by an order of
magnitude, which is still not sufficient to account for the 3–4 orders of
magnitude difference between the predictions (Metzger et al. 2015)
and observations (Table 6).

The inferred properties of the shock producing the observed
thermal X-rays are inconsistent with the inferred properties of the
shock accelerating the GeV γ -ray emitting particles. Earlier, Vlasov,
Vurm & Metzger (2016) suggested the presence of different shock
systems responsible for the thermal X-ray and non-thermal radio
emission in novae. The correlated optical and GeV variability seen
in two novae by Li et al. (2017) and Aydi et al. (2020), together with
GeV-to-optical flux ratios ≈0.01, imply that the majority of GeV-
emitting shock energy eventually emerges as radiation. The shock
should produce most of its thermal output in X-rays that get absorbed
and eventually escape as optical photons (see Section 3.1 in Metzger
et al. 2014). X-rays from the GeV-emitting shock may be completely
hidden from our NuSTAR observations if the emission is sufficiently
soft (kT � 0.6 keV corresponding to vshock = 640 km s−1) and if it
disappears before Swift observations can probe these low energies
(because of decreasing intrinsic absorption), after t0 + 63 d.

3.5 Location of the X-ray-emitting shock

The location of the X-ray emitting shock with respect to the binary
system, the expanding nova ejecta and the γ -ray emitting shock is
unclear. Here, we discuss a few possibilities.

Metzger et al. (2014) consider the collision of nova ejecta with a
dense external shell and suggest the forward shock as the source of
X-rays. There is no widely accepted observational evidence for the

existence of dense circumbinary material in classical nova systems
(with a dwarf donor; Harrison et al. 2013a; Hoard et al. 2014, but
see McLoughlin et al. 2020), however, such material clearly exists in
symbiotic systems (with giant donors; e.g. Seaquist & Taylor 1990).

Optical spectroscopy has long indicated that, in many cases, nova
outbursts produce multiple ejections with different velocities (e.g.
McLaughlin 1944; Friedjung 1966, 2011; Aydi et al. 2019). Aydi
et al. (in preparation) argue that the presence of at least two physically
distinct outflows is a common feature of novae. Collision between
a high-velocity wind that catches up with a low-velocity ejection
launched earlier may produce the shock. A specific variation on the
multiple outflows scenario was proposed by Chomiuk et al. (2014a)
based on radio imaging of the γ -ray-detected nova V959 Mon. In
this scenario, a slow equatorial outflow is launched at the time of
the nova outburst, and is later followed by a fast wind driven by the
intense radiation from the white dwarf. The slow outflow is drawn
from the puffed-up nova envelope that may remain gravitationally
bound to the system, and gradually expands due to energy input
from the binary system’s orbital motion (Pejcha, Metzger & Tomida
2016), in analogy to the common envelope phase in binary system
evolution (Livio et al. 1990; Ivanova et al. 2013). The shocks in this
scenario form at the interface between the white dwarf wind and the
equatorial outflow.

One could also imagine that the accretion disc around a white
dwarf could survive the nova explosion. The presence of accretion
discs was reported in novae during the SSS phase (Sala et al. 2010;
Walter & Battisti 2011; Mason & Walter 2014; Aydi et al. 2018).
The shock may form at the interface between the white dwarf wind
and the accretion disc. The orbital motion of the donor star within
the expanded atmosphere of the nuclear-burning white dwarf may
create a bow shock. The expected orbital velocity ∼200 km s−1 is
smaller than the shock velocity derived from the plasma temperature
(equation 2), and it should not decrease with time (Section 3.4.2).

Finally, it has been well established that radiation-driven winds of
massive stars are clumpy (Martı́nez-Núñez et al. 2017; Sundqvist,
Owocki & Puls 2018). Interaction of the dense clumps with the
surrounding low-density wind and with each other produce strong
shocks (Owocki, Castor & Rybicki 1988; Feldmeier, Puls & Paul-
drach 1997). A hot nuclear-burning white dwarf should drive an
intense wind. The combination of bound-free and line opacities is
driving the wind of hot massive stars, while in the even hotter novae
the dominating opacity mechanism should be Thomson scattering
(Shaviv 2001a). At super-Eddington luminosities found in novae,
the Thomson scattering-supported wind should be inhomogeneous,
as it originates in an unstable atmosphere (Shaviv 2001b). Indeed,
the ejecta of novae are well known to be clumpy, as demonstrated
by resolved imaging (O’Brien & Bode 2008) and spectroscopic
observations (e.g. Williams 1994; Shore et al. 2013; Mason et al.
2018). Multiple shocks associated with multiple clumps distributed
across the ejecta may give rise to nova X-ray emission (Williams
2016) – but in this case we might expect shocks at a range of
absorbing columns, including some that are relatively unabsorbed
even at early times. Nelson et al. (2008) consider this scenario for
the X-ray emission of RS Oph with the shocked clumps originating
either in the nova ejecta or in the red giant companion wind (red
giant winds are reported to be clumpy; Crowley 2006; Espey &
Crowley 2008; with maser observations indicating volume filling
factors <0.01; Richards et al. 2012).

As we have an estimate of the shock velocity (Section 3.4.2), the
X-ray variability time-scale, tvar, can give us a clue about the size of
the X-ray emitting region, l = vshocktvar. The absence of variability
on a ∼100 ks time-scale (Section 2.2) suggests that on day 36 the
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X-ray-emitting region was �1 au in size. Alternatively, the emitting
region(s) might be small, but produce a stable flux of X-rays, or
variations from a large number of emitting regions might average
out (Feldmeier, Puls & Pauldrach 1997).

3.6 The missing SSS phase

A notable feature of V906 Car is the absence of a pronounced
boundary between hard and supersoft X-ray emission observed in
many other novae (Schwarz et al. 2011; Ness 2012; Page et al. 2013;
Page, Beardmore & Osborne 2019). This is apparent from both the
spectral fits (Table 5, Fig. 5) and from the absence of an abrupt
increase in soft X-rays in Fig. 4. Instead, the soft X-rays gradually
brighten as the hard X-rays gradually fade.

The duration, temperature, and luminosity of the SSS emission
depend on the mass of the white dwarf. Higher mass white dwarfs
tend to produce brighter, hotter, and more short-lived SSS compared
to their low-mass counterparts (Henze et al. 2011; Wolf et al. 2013;
Wolf 2017). The absence of SSS emission in V906 Car suggests that
it either ended before the nova ejecta became transparent to soft X-
rays (a short-lived SSS implies a high mass of the white dwarf) or
that the SSS emission was sufficiently faint and soft to be completely
hidden by the Galactic absorption (Section 1.5) implying a low-mass
white dwarf. The support the latter possibility comes from the CO
composition of the white dwarf (Section 3.1) together with the slow
decline of the nova (Yaron et al. 2005; Shara et al. 2017) and the slow
ejecta velocities observed from the optical spectral lines (Kovetz &
Prialnik 1985; Friedjung 1992; Kato & Hachisu 1994), which are
associated with a low-mass white dwarf.

Another speculative possibility is that the shock-heated region
may be so close to the white dwarf (i.e. the surviving accretion disc
scenario in Section 3.5) that shock energy may contribute to heating
the outer layers of the white dwarf. In this scenario, shocks and
nuclear burning heat essentially the same region of plasma near the
surface of the white dwarf, blurring the boundary between the shock-
powered and SSS emission. The blackbody fits to the Swift/XRT spec-
tra after t0 + 250 d result in kT < 0.5 keV (Table 5), i.e. qualifying as
SSS emission (according to an observational definition; Sections 1.1
and 3.4.2), but are still considerably hotter than the emission expected
even from a very massive white dwarf (Wolf et al. 2013).

4 C O N C L U S I O N S

We conducted a joint analysis of NuSTAR, XMM–Newton, Swift, and
Fermi/LAT observations of nova V906 Car. The observation 36 d
after the explosion was only the second simultaneous NuSTAR/Fermi
detection (out of four classical novae observed – Table 6). Our
conclusions can be summarized as follows:

(i) The X-ray emission of V906 Car in the NuSTAR band is soft
(the photon index would be � � 4; Section 2.1), and we attribute
it to optically thin thermal plasma of temperature kT = 4–9 keV
(Table 2). We found no evidence for a non-thermal contribution to
the 3.5–78 keV emission (Section 3.4.1).

(ii) The nova ejecta have highly non-solar abundances, consistent
with ejection from the surface of a CO white dwarf (Section 3.1).

(iii) V906 Car does not show distinct SSS emission, which may
be an indication of a low-mass white dwarf (Section 3.6). Instead,
the X-ray spectral evolution of V906 Car can be described as a single
optically thin thermal emission component of gradually decreasing
temperature hidden behind a column density that is also decreasing
with time (Section 2.5).

(iv) The evolution of the absorbing column NH with time (Fig. 6)
implies that 5 × 10−5 M� (corrected for heavy element abundances;
Section 3.3) were ejected 24 d after the start of the eruption. Gradual
acceleration of the ejecta and ejection over a prolonged period of
time are the alternative to the late ejection scenario.

(v) The absence of variability on �100 ks time-scale in the
NuSTAR band suggests that the X-ray emitting region is larger than
∼1 au (Section 3.5).

(vi) Contrary to theoretical expectations, the thermal hard X-ray
emission observed by NuSTAR is much fainter (in νFν units) than
the simultaneous GeV γ -ray emission (L20 keV/L100 MeV = 0.02; Sec-
tion 3.4). V906 Car is the fourth γ -ray emitting nova to demonstrate
such low LX/Lγ (Table 6). The low X-ray luminosity may indicate
that the shocks responsible for the X-ray emission are not the same
as the ones accelerating GeV-emitting particles, that X-rays are
suppressed in nova radiative shocks, that particle acceleration is
surprising efficient, and/or that the radiative shock approximation
is not applicable to these shocks (Section 3.4.2).

(vii) The non-thermal hard X-ray emission contribution is con-
strained at L20 keV/L100 MeV < 5 × 10−4. This rules out leptonic
models of the nova GeV emission (Section 3.4.1).

Future VLBI radio observations may image synchrotron emission
of the accelerated particles and pinpoint the location and geometry
of γ -ray and X-ray emitting shocks (however, free–free absorption
and synchrotron self-absorption may hamper early radio imaging).
Simultaneous GeV and hard X-ray observations of future novae
may provide further insights into the ‘missing X-rays’ problem
(both thermal and non-thermal). The ultimate proof for hadronic
mechanism of the GeV emission will be detection of neutrino
emission from a nova.
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APPENDIX A : ESTIMATES OF INNER/OUTER
SHELL VELOCITY RATIO FOR THE ‘HUB BLE
F L OW ’ MO D E L O F N OVA E J E C TA

Estimates of vmin/vmax ratio can be derived from modelling the
multifrequency radio light curve of thermal emission from a nova

(see Hjellming et al. 1979; Seaquist & Bode 2008; Weston 2016 and
appendix A in Finzell et al. 2018). Ribeiro et al. (2014) discussed the
effects of the expected bipolar (dumbbell-shaped) geometry of the
ejecta on the results of fitting the radio light curves with the simple
spherically symmetric ‘Hubble flow’ model. They found that the
spherical model fits overpredict the ejecta mass by up to a factor of

Table A1. The inner/outer shell velocity ratios from the literature.

Nova vmin/vmax Reference

V1324 Sco 0.447+0.10
−0.079 Finzell et al. (2018)

V959 Mon 0.083 Chomiuk et al. (2014a)
V5589 Sgr 0.84 Weston et al. (2016b)
V1723 Aql 0.17 Weston et al. (2016a)
T Pyx 0.25 Nelson et al. (2014)
V723 Cas 0.24 ± 0.1 Heywood et al. (2005)
V1974 Cyg 0.46a Hjellming (1996)
V351 Pup 0.74b Wendeln et al. (2017)
V838 Her 0.042 Hjellming (1996)
V827 Her 0.25 Hjellming (1996)
V1819 Cyg 0.2 Hjellming (1996)
QU Vul 0.87 Hjellming (1996)
V1500 Cyg 0.036 Hjellming et al. (1979)
FH Ser 0.048 Hjellming et al. (1979)
HR Del 0.44 Hjellming et al. (1979)

aIvinson et al. (1993) report vmin/vmax = 0.16.
bHjellming (1996) found vmin/vmax = 0.069.
Column designation: Column 1 – Nova name; Column 2 – The velocity ratio
derived from the ‘Hubble flow’ model; Column 3 – Citation.

2 and underpredict the shell thickness (proportional to the vmin/vmax

ratio) by up to an order of magnitude (so vmin should be close to vmax).
The magnitude of the discrepancy between the spherical and bipolar
models depends mostly on the departure from spherical symmetry
and only weakly on inclination. The clumpiness of the nova ejecta is
an additional source of uncertainty in modelling (Roy et al. 2012).
Shocks within the nova ejecta producing thermal (Metzger et al.
2014) and synchrotron (Vlasov et al. 2016; Steinberg & Metzger
2020) emission may further complicate modelling of nova radio
light curves. Table A1 summarizes the vmin/vmax values reported in
the literature.
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