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A B S T R A C T 

Steadily accreting white dwarfs (WDs) are efficient sources of ionization and thus are able to create extended ionized nebulae in 

their vicinity. These nebulae represent ideal tools for the detection of accreting WDs, given that in most cases the source itself 
is faint. In this work, we combine radiation transfer simulations with known H- and He-accreting WD models, providing for the 
first time the ionization state and the emission-line spectra of the formed nebulae as a function of the WD mass, the accretion 

rate and the chemical composition of the accreted material. We find that the nebular optical line fluxes and radial extent vary 

strongly with the WD’s accretion properties, peaking in systems with WD masses of 0.8–1.2 M �. Projecting our results on 

so-called BPT diagnostic diagrams, we show that accreting WD nebulae possess characteristics distinct from those of H II -like 
re gions, while the y hav e line ratios similar to those in galactic low-ionization emission-line re gions. Finally, we compare our 
results with the rele v ant constraints imposed by the lack of ionized nebulae in the vicinity of supersoft X-ray sources (SSSs) 
and Type Ia supernova remnants – sources that are related to steadily accreting WDs. The large discrepancies uncovered by 

our comparison rule out any steadily accreting WD as a potential progenitor of the studied remnants and additionally require 
the ambient medium around the SSSs to be less dense than 0.2 cm 

−3 . We discuss possible alternatives that could bridge the 
incompatibility between the theoretical expectations and rele v ant observ ations. 

Key words: line: formation – radiation mechanisms: general – binaries: general – white dwarfs – ISM: supernova remnants. 
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 I N T RO D U C T I O N  

hite dwarfs (WDs) are the compact degenerate remnants of low- 
nd intermediate-mass stars ( ∼ 1 –8 M �), representing the endpoints 
f stellar evolution for the vast majority of stars in the Universe.
uclear reactions having ceased in their centre, isolated WDs are 
oomed to quiescently fade out by radiating their internal energy. 
o we ver, a high percentage of WDs are members of interacting
inary systems (e.g. Toonen et al. 2017 ; Holberg 2009 ). In these
ystems, hydrogen- or helium-rich material can be transferred from 

he companion star to the WD, altering entirely its properties and 
xpected evolution. Depending on the accretion process, the chemical 
omposition of the accreting material, the WD mass and the nature 
f the companion star, these binary systems can reveal intriguing 
henomena, and to date they have been linked to a number of
strophysical objects such as classical, recurrent and He novae (e.g. 
allagher & Starrfield 1978 ; Kato et al. 2000 ; Kemp et al. 2021 ),

upersoft X-ray sources (van den Heuvel et al. 1992 ; Nomoto et al.
 E-mail: d.souropanis@noa.gr (DS); a.chiotellis@noa.gr (AC) 
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007 ), symbiotic binaries (e.g. Mikołajewska 2007 ; Mohamed & 

odsiadlowski 2012 ; Akras et al. 2019 ) and AM Canum Venaticorum
CVn) systems (e.g. Paczy ́nski 1967 ; Nelemans et al. 2001 ; Piersanti,
ungelson & Tornamb ́e 2015 ). 
Carbon–oxygen WDs (CO WDs) in interacting binaries have also 

een proposed to be the progenitors of the cosmic explosions known
s thermonuclear or Type Ia Supernovae (SNe Ia). It has been
uggested that the explosion of the WD results either from mass
ccretion from a non-degenerate companion star ( single-degenerate 
cenario ; Whelan & Iben 1973 ) or from a merger with another WD
 double-degenerate scenario ; Iben & Tutukov 1984 ). While each
cenario may produce an explosion through one or more explosion 
echanisms, it is not clear so far which explosion mechanism 

s responsible (or dominant) in producing SNe Ia (see Ruiter 
020 , for a recent re vie w). In the Chandrasekhar-mass scenario,
he required central density capable of initiating carbon ignition 
s reached when the WD approaches the Chandrasekhar mass limit 
 M WD ∼ 1 . 38 M �). In an alternative scenario, the double-detonation
cenario, an initial detonation of a He layer on a sub-Chandrasekhar-
ass WD triggers a shock wave that rapidly propagates inside the
D’s interior and compresses the central carbon, facilitating the 
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nset of e xplosiv e carbon burning (e.g. Livne 1990 ; Fink et al. 2010 ;
im et al. 2010 ; Woosley & Kasen 2011 ; Hillebrandt et al. 2013 ).
imulations have shown that the physical conditions adequate for
eproducing ‘normal’ SNe Ia via the double-detonation mechanism
re very fa v ourable for CO WDs in the mass range ≈ 0 . 9 –1 . 0 M �
see Piro, Thompson & Kochanek 2014 ; Shen et al. 2018 , for
etails). 
Given that CO WDs are typically formed with lower masses (the
ass distribution of single CO WDs is peaked at M ∼ 0 . 56 M �;
adej, Nale ̇zyty & Althaus 2004 ), this implies that – at least for the

ast majority of SNe Ia progenitors – mass accretion is required in
rder for the WD to reach the mass required for the e xplosion. F or
uch progenitors, it has been shown that if the accretion rate is of
he order of ∼ a few × 10 −7 M � yr −1 or ∼ a few × 10 −6 M � yr −1 

or WDs accreting H- or He-rich material, respectively, shell nuclear
urning occurs steadily, and the WD will increase in mass (e.g.
assisi, Iben & Tornamb ̀e 1998 ; Nomoto et al. 2007 ; Shen &
ildsten 2007 ; Wolf et al. 2013 ; Piersanti, Tornamb ́e & Yungelson
014 ). WDs in such an accretion mode are characterized by surface
emperatures exceeding 10 5 K. This means that a significant flux
f UV and soft X-ray thermal photons are expected to be radiated
rom the surface of the accreting WD. In turn, these photons will
hotoionize the ambient medium in the vicinity, forming extended
onized nebulae bright in the He II 4686 Å, [O III ] 5007 Å, and
O I ] 6300 Å emission lines (Rappaport et al. 1994b ). These nebulae
hould persist long after ( t > 10 4 yr; Woods et al. 2018 ; Kuuttila
t al. 2019 ) the WD accretion phase has ceased, until the majority of
he ionized gas has recombined. For higher WD masses ( > 1 . 1 M �),
he surface temperature can reach up to a few ×10 6 K, and hence
he WD’s photosphere becomes bright in the soft X-ray band (0.3–
.7 keV; van den Heuvel et al. 1992 ; Rappaport, Di Stefano &
mith 1994a ). In fact, several permanent supersoft X-ray sources
SSSs) have been identified, and for many of them the optical and
-ray follo w-up observ ations re v ealed that the y are binary systems

ontaining a WD that steadily burns the accreted material transferred
y its companion star (van den Heuvel et al. 1992 ; Rappaport et al.
994a ; Kahabka & van den Heuvel 1997 ). Given that SSSs consist of
 massive steadily accreting WD, these systems have been proposed
s a potential prominent scenario for SNe Ia progenitors (Hachisu
t al. 1999 ; Li & van den Heuvel 1997 ). 

If indeed the WDs in progenitors of SNe Ia have passed through a
teady accretion phase prior to their final explosion, then SNe Ia and
heir young remnants ( t SNR ≤ 10 4 yr; hereafter SNRs Ia) should be
urrounded by extended optically bright nebulae. Based on this fact,
everal independent studies were conducted in parallel, aiming to
bserve ionized nebulae around individual nearby SNe Ia (Graur &
oods 2019 ) and young SNRs Ia (e.g. Kuuttila et al. 2019 ; Farias

t al. 2020 ). Ho we v er, none of them detected an y nebular optical
mission around the studied objects, and thus strict limits were placed
n the ionizing flux of their WD progenitors. An additional constraint
n the ionizing flux of the SN Ia progenitors results from the presence
f the Balmer-dominated shocks that most SNRs Ia display. Given
hat the Balmer lines indicate that the SNR is evolving into a – at least
artially – neutral ambient medium, hot luminous WD progenitors
eem incapable of explaining the properties of the vast majority of
NRs Ia (Woods et al. 2017 , 2018 ). 
Even more surprising is that, with the exception of CAL 83,

onized emission neb ulae ha ve not been detected around other SSSs
Remillard, Rappaport & Macri 1995 ; Farias et al. 2020 ). The lack
f any nebular optical emission around the studied SSSs has been
ttributed either to a very low-density ambient medium or to an
xtremely transient SSS phase (Rappaport et al. 1994b ; Woods &
NRAS 513, 2369–2384 (2022) 
ilfano v 2016 ; F arias et al. 2020 ). Ho we ver, to date there is little
nderstanding of the evolution of these systems and of the properties
f the surrounding interstellar medium. Regarding the observed
ebula around CAL 83, its origin remains under debate, as current
odels have difficulties in reproducing its optical emission-line ratios

Gruyters et al. 2012 ). A better understanding of the processes that
o v ern the interaction of accreting WDs with their surrounding gas is
n important task, given that in most cases the source itself is heavily
bscured (Chen et al. 2015 ). 
Past attempts at modelling the ionization state around accreting
Ds focused on the class of SSSs. Thereby, these models were

imited to the most massive and hottest members of the accreting
D family. In addition, for the description of the ionizing source,

andom pairs of luminosities and ef fecti ve temperatures were adopted
ithin the expected range that accreting WDs display (Rappaport

t al. 1994b ). Ho we ver, detailed models of of stable nuclear burning
n accreting WDs show that the WD’s luminosity and ef fecti ve
emperature are strongly correlated with each other, and in turn
trongly depend on the WD mass and mass accretion rate (e.g.
omoto et al. 2007 ; Piersanti et al. 2014 ). 
With the aim of further investigating the interaction of accreting
Ds with their ambient medium and extending models from previ-

us works, in this paper we link the properties of H- and He-accreting
Ds with those of the surrounding ionized nebulae by coupling

nown WD accretion models from the literature with photoionization
umerical tools. We explore the whole parameter space of steadily
ccreting WDs and present luminosities and surface-brightness
rofiles of various important nebular emission lines formed around
hese sources. In addition, we extend our study to the case of He-
ccreting WDs, systems that have not been studied in the past. In
his way, we provide observational predictions for various nebular
mission lines as a function of the WD mass, the accretion rate, and
he chemical composition of the accreted material. In the second
art of this paper, we compare our results with the observational
onstraints that exist as the result of the lack of ionized nebulae found
round SSSs and SNRs Ia, (re-)assessing the plausibility of steadily
uclear -b urning WDs as plausible progenitors for these objects. 

This paper is organized as follows. In Section 2 we describe our
adiation transfer simulations and present the results of our modelling
egarding the ionization state and the spectral properties of ionized
ebulae around steadily accreting WDs. In Section 3 we compare the
esults of our modelling with rele v ant observ ations from SSSs and
NRs Ia. We discuss and summarize our main results and conclusions

n Sections 4 and 5 . 

 M O D E L L I N G  T H E  I O N I Z E D  N E BU L A E  

RO U N D  STEADILY  AC C R E T I N G  W H I T E  

WA R FS  

.1 Methodology 

o model the interaction of accreting WDs with their ambient
edium, we use the photoionization code CLOUDY (v17.02, Ferland

t al. 2017 ). CLOUDY is an open-source spectral synthesis code
esigned to simulate conditions in interstellar matter under a broad
ange of conditions (i.e. gas density, composition, incident spectrum,
tc). More details, source files, and all necessary data are available
rom www.nublado.org . 

To link the WD’s mass accretion properties to those of the ionized
mbient medium, we use the results produced from the accreting
D models of Nomoto et al. ( 2007 ) and Piersanti et al. ( 2014 ).
omoto et al. ( 2007 ) studied the properties of CO WDs accreting

file:www.nublado.org


Ionized nebulae around accreting WDs 2371 

Figure 1. The possible accretion regimes for WDs accreting (a) H and (b) 
He, extracted by the models of Nomoto et al. ( 2007 ) and Piersanti et al. ( 2014 ), 
respectively. The dashed lines represent the borders between the regimes. 
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-rich material in and near the steady accretion regime and they 
onstructed steady models for various accretion rates and WD masses 
anging from 0.5 to 1 . 38 M �. Piersanti et al. ( 2014 ) studied the long-
erm evolution of He-accreting CO WDs for initial WD masses and 
ccretion rates in the ranges 0 . 60 –1 . 02 M � and 10 −9 –10 −5 M �yr −1 ,
espectively. We refer to Nomoto et al. ( 2007 ) and Piersanti et al.
 2014 ) for the full details of their models, while Fig. 1 shows the
ossible accretion regimes as a function of the WD mass ( M WD ) and
he accretion rate ( Ṁ acc ), as extracted from their models for H- and
e-accreting WDs, respectively. 
The steady accretion regime – the regime explored in this study –

s confined in a narrow strip between the so-called stable and critical
ccretion rates ( Ṁ st and Ṁ cr ). In this regime, the mass transfer is
onserv ati ve, as the rate at which H/He is converted via surface
uclear burning into a He/CO mixture is equal or at least fairly close
o the accretion rate. Consequently, the WD’s intrinsic luminosity 
 L WD ) and its ef fecti ve temperature ( T eff ) are strongly paired with
ach other and dominantly determined from the mass-accretion rate 
nd the WD mass. The results extracted by the aforementioned 
ccreting WD models, namely the pairs of values for the WD’s 
ntrinsic luminosity and ef fecti ve temperature as a function of the WD 

ass and accretion rate, are used as input parameters for the ionizing
ource in CLOUDY (see Appendix A). The central source is assumed 
o be a blackbody, which provides a reasonable approximation of 
he ionizing emission of nuclear -b urning WDs, except far into the

ien tail (Chen et al. 2015 ; Woods et al. 2017 ). We further assume
 spherical symmetry in our models, a constant-density ambient 
edium, and solar gas abundances (see the default solar values 

s defined in CLOUDY , which are taken from Grevesse & Sauval
998 ; Allende Prieto, Lambert & Asplund 2001 ; Holweger 2001 ).
he ambient medium number densities in our models are taken to
e 0 . 2 cm 

−3 and 2 cm 

−3 , which are plausible values to use in the
icinity of SSSs (e.g. Farias et al. 2020 ) and of young SNRs Ia
e.g. Yamaguchi et al. 2014 ; Mart ́ınez-Rodr ́ıguez et al. 2018 ). We
erminate our calculations when the gas temperature drops below 

000 K (at these low nebular temperatures, the hydrogen ionization 
raction falls below 10 per cent, and thus its contribution to the total
ebular line emission is negligible). 
Given these assumptions, we estimate the predicted surface- 

rightness profile and luminosity in any emission line produced by 
he surrounding gas, for any given pair of WD mass and accretion rate
ithin the stable accretion regime. In particular, CLOUDY provides 

he volume emissivity e ( r ) of any emission line as a function of
he distance r from the ionizing source. The surface brightness in
 nebular spectral line, denoted by i , depends on the line-of-sight
ntegral of the emission coefficient, which is given by 

B i ( r) = 

∫ 

s 

εi ( r) 

4 π
d s, (1) 

here the integral is taken along the line of sight through the nebula
t impact parameter r from the centre of the nebula. The predicted
otal line luminosity is given by integrating the surface brightness 
 v er the area of the nebula, which is equi v alent to integrating the
mission coefficient o v er the volume of the ionized nebula, which is
iven by 

 i = 

∫ r 

0 
SB i ( r )2 πr d r . (2) 

.2 Results 

n order to offer direct links between the properties of H- and He-
ccreting WDs and those of their ambient medium, we present in
ables 1 and 2 , respectively, the luminosities of the most important
ptical diagnostic nebular emission lines as a function of WD 

ccretion properties (i.e. the WD’s mass, accretion rate, intrinsic 
uminosity and ef fecti ve temperature) and for the two studied
nterstellar medium (ISM) densities ( n ism 

= 0.2 and 2 cm 

−3 ). As
n index for the ionizing efficiency of steadily accreting, nuclear- 
urning WDs, for each combination of WD mass and accretion 
ate we also provide the parameters R H 0 , 0 . 5 and R He 0 , 0 . 5 (fifth and
ixth columns of Tables 1 and 2 ), which indicate the radial distance
rom the central source at which the neutral H and He are equal to
he corresponding ionized component(s), namely 50 per cent each. 
iven the large parameter space involved in the results tabulated 

n Tables 1 and 2 , the variability of the nebular emission lines’
uminosity and the radial extent of the regions of ionized H and
onized He as a function of the studied physical variables cannot be
rmly drawn. Ho we ver, the follo wing distincti ve patterns can be 
iscerned. 

(i) On average, the brightest and most prominent optical emission 
ines of the ionized nebulae of the studied H/He nuclear -b urning WD
MNRAS 513, 2369–2384 (2022) 
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2374 D. Souropanis et al. 

M

Figure 2. Comparison of surface-brightness profiles for six prominent optical emission lines of nebulae ionized by a 1 M � WD accreting H- and He-rich matter 
at the two corresponding limits of the accretion rate in the steady accretion regime ( Ṁ st and Ṁ cr ). In each panel, the surface-brightness profiles are shown for 
two constant ISM densities, 0.2 and 2 cm 
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odels – in descending order – are: [O II ] 3727 Å, 1 [O III ] 5007 Å,
 α, [N II ] 6584 Å and [S II ] 6717 Å. Concerning the radial extent of

he spheres of ionized H and He around accreting WDs, we find that
he quantity R He 0 , 0 . 5 is about 1.1–1.6 larger than the R H 0 , 0 . 5 in all of
ur models at both tested densities. 
(ii) The increase of the WD’s accretion rate from its minimum

alue ( Ṁ st ) to its maximum ( Ṁ cr ) leads to a substantial enhancement
or almost all line luminosities by about one order of magnitude.
xceptions to this trend are the lines of He II 4686 Å, [O I ] 6300 Å
nd [N II ] 5754 Å, for which the increase of the mass accretion rate
s accompanied by a modest decrease of their luminosity for the
ase of low-mass H- and He-accreting WDs ( M WD � 0 . 8 M �). The
rincipal impact on the sizes of H and He ionized regions around
ccreting WDs is the formation of more extended nebulae, whose
adii are predicted to increase by a factor of 2 when the accretion
ate increases from its minimum value to its maximum one. 

(iii) Apart from the accretion rate, the line luminosities are highly
ensitive to the WD mass. The brightest and most extended ionized
ebulae around H-accreting WDs are expected to accompany systems
ith WD masses ranging from 0.8 to 1.2 M �, while in the case of He-

ccreting WDs, the rele v ant mass range is 0.8–1.0 M �. This result is
mportant in the context of SNe Ia progenitors, as sub-Chandrasekhar
O WDs accreting H/He-rich material are predicted to leave more
onspicuous imprints in the form of ionized, optically bright nebulae,
hich are more likely to be detected than those resulting from H-

ccreting, Chandrasekhar-mass WDs. 
(iv) Overall, the predicted line luminosities of the nebulae sur-

ounding He-accreting WDs are higher than those surrounding H-
NRAS 513, 2369–2384 (2022) 

 The line [O II ] 3727 Å refers to the combined emission of [O II ] 3726.03 Å
nd [O II ] 3728.73 Å. 

d  

c  

t  

n  
ccreting WDs. This is because He-accreting WDs tend to be more
uminous and hotter sources, as the lower energy released per
nit mass by He nuclear burning is counterbalanced by the higher
ccretion rates required for the He-accreting WD’s steady accretion
egime. 

(v) Most of the nebular line luminosities show low sensitivity
o the ambient medium density, decreasing or increasing only
oderately (depending on the properties of the H/He-accreting WD)

s the density increases from 0.2 to 2 cm 

−3 . A noticeable exception
s the [O III ] 5007 Å line, for which an increase by one order
f magnitude in the surrounding ISM density results in a strong
nhancement by two to three times in its line luminosity. Thus,
ccreting WDs embedded in denser environments produce brighter
O III ] nebulae, where in some cases – for example for massive WDs
ccreting He-rich matter at high rates – the [O III ] 5007 Å can be the
ominant emission line. Finally, concerning the radial extent of the H
nd He ionized regions (as described by the parameters R H 0 , 0 . 5 and
 He 0 , 0 . 5 ), the increase of the ISM density by one order of magnitude

esults in a decrease of the rele v ant radii by about a factor of 4. 

In order to clarify how the observables of nuclear -b urning WD
ebulae depend on the accretion rate, the chemical composition of
he accreted material and the ISM density, we compare in Fig. 2
he extracted surface-brightness profiles for six prominent optical
mission lines of nebulae ionized by a 1 M � WD, accreting H/He-
ich matter at the two corresponding limits of the steady accretion
egime and for n ism 

= 0.2 and 2 cm 

−3 . Even if, as mentioned
bo v e, the line luminosities are not sensitive to the ambient medium
ensity, the radial distribution of the nebular surface brightness
hanges substantially with the gas density. As expected, decreasing
he ISM density results in a more extended, but fainter, ionized
ebula formation. In addition, as illustrated in our plots, WDs with
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Figure 3. Diagnostic line-ratio diagrams for nebulae ionized by H-accreting (crosses) and He-accreting (triangles) WDs compared with H II regions, LIERs and 
AGN-like objects. The blue colour corresponds to the ambient medium density of n ism 

= 0 . 2 cm 

−3 and the red one to n ism 

= 2 cm 

−3 . Left: [O III ]/H β versus 
[N II ]/H α nebular line ratios. The solid curve is the theoretically modelled ‘extreme starburst line’ (K e wley et al. 2001 ), the dotted line shows the Kauffmann 
et al. ( 2003 ) selection criteria, while the dashed line represent the AGN–LIER demarcation by Schawinski et al. ( 2007 ). Middle and right: [O III ]/H β versus 
[S II ]/H α and [O III ]/H β versus [O I ]/H α, respectively. The solid and the dashed lines in the middle and right diagrams represent the criteria of K e wley et al. 
( 2006 ) used to separate H II regions, AGNs, and LIERs. For comparison, we plot the estimated line ratios from a subregion of the CAL 83 nebula (black square) 
as extracted by Gruyters et al. ( 2012 ). 
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igher accretion rates are expected to be surrounded by brighter 
nd more extended ionized nebulae, and thus are more likely to be
etected. The same applies for He-accreting WDs, as they are hotter 
nd brighter sources than their H-accreting counterparts, and this 
as a direct impact on the size and the surface brightness of their
urrounding ionized nebulae. Regarding the radial distribution of 
he surface brightness of each nebular line, the He II λ4686 and H α

ines reveal a rather flat curve, which after a given radius declines
apidly. By contrast, the surface brightnesses of the three oxygen 
orbidden lines ([O II ] 3727 Å, [O III ] 5007 Å and [O I ] 6300 Å)
nd of the [N II ] 6584 Å line initially increase moderately with
ncreasing distance from the source until a local peak can be seen,
fter which they sharply decline. The radial positions of these peaks 
nd the subsequent decrease of the surface brightness differ for each 
ebular line. Therefore, the nebular line ratios are expected to change 
ubstantially moving outwards from the ionizing source, and hence 
t is very important to consider the radial distance over which the line
atio has been obtained. Intriguingly, the succession of local maxima 
n the nebula’s surface brightness as a function of the radial distance
rom the source is in the same order as the flux peaks observed in
he CAL 83 nebula, with the [N II ] and [O I ] lines peaking further out
han the [O III ], H α and He II lines. This result supports the idea that
he observed nebula in the vicinity of CAL 83 is produced by the
onizing activity of the accreting WD. 

Finally, we investigate the imprint of the nebulae around steadily 
ccreting WDs as compared with those resulting from other ion- 
zing sources, such as massive stars and accreting black holes, by 
rojecting our results in the phase-space of the so-called ‘BPT’ 
iagrams (Baldwin, Phillips & Terlevich 1981 ). These diagrams use 
he [O III ]/H β versus [N II ]/H α, [S II ]/H α and [O I ]/H α line ratios as
n index that separates objects with different ionizing spectra. The 
ine ratios of our models have been estimated by integrating the line
uminosities o v er the entire neb ula for solar gas ab undances and for
he two studied ISM densities (0.2 and 2 cm 

−3 ). In the same plots,
e also include the theoretically/empirically derived relationships 

hat indicate the regimes of galactic low-ionization emission-line 
e gions (LIERs), activ e galactic nuclei (AGNs) and H II region-like 
bjects (see Fig. 3 ). 
As Fig. 3 illustrates, the nebular flux ratios around H-accreting 
Ds in the lower ionization lines [N II ], [S II ] and [O I ], relative to
 α, are much higher than the ionization by young massive stars (H II

egions), while the [O III ]/H β line ratio is overall lower compared
ith the gas ionized by AGN-like objects. One exception is the low-
ass WD population with high accretion rates ( M WD ≤ 0 . 6 M �);

hese coincide with the loci of H II regions. This result is due to the
ow photospheric temperatures ( T eff < 55000 K) and luminosities 
log ( L /L �) < 3.5) that characterize this subclass of H-accreting

Ds and thus, they possess ionizing properties comparable to those 
f massive OB stars. On the other hand, for the high-ISM-density
ase ( n ism 

= 2 cm 

−3 ), the rapidly accreting WDs in the mass range of
 WD ∼ 0 . 8 –1 . 0 M �, owing to their high ionizing efficiency, produce

nhanced [O III ]/H β line ratios and o v erlap with the AGN re gion.
o we ver, apart from those exceptions, the vast majority of the
ebulae around H-accreting WDs are well within the loci of LIERs. 
The class of He-accreting WDs, being hotter and more luminous 

ources than their H-accreting counterparts, produce ionized neb- 
lae characterized by higher [O III ]/H β ratios. Consequently, more 
embers of this class are found in the AGN regime. These are
ainly the WDs with masses in the range of M WD ∼ 0 . 8 –1 . 0 M �

hat steadily accrete He at the maximum possible rate ( Ṁ acc ∼ Ṁ cr ).
imilar to the previous case, the rapidly He-accreting, low-mass WDs 
 M WD ∼ 0 . 6 –0 . 8 M �) are found within the H II re gion. F or the WDs
hat accrete He-rich material at low accretion rates, we find that there
s not a great distinction from the H-accreting ones and they are also
ound in the general area of LIERs. 

In the same diagrams we also plot the rele v ant observ ations of
ruyters et al. ( 2012 ), who provide a spectroscopic study of a subre-
ion around CAL 83, the only known ionized nebula around a SSS.
he observed flux ratio values [O III ]/H β = 2.50, [S II ]/H α = 0.65
nd [O I ]/H α = 0.21 of the nebula around CAL 83 coincide with
he regions where our models are placed. This is not the case for
he observed [N II ]/H α = 0.15 ratio, which is slightly lower than
ur model’s predicted range. This discrepancy can be explained by 
he fact that CAL 83 is in the Large Magellanic Cloud, where the

etallicities are probably smaller by factor of 2–8, as well as by
he fact that these line ratios arise from about one-quarter of the
MNRAS 513, 2369–2384 (2022) 
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Table 3. Properties of SNRs Ia considered in this study and constraints on their ambient medium. SNR parameters: column 1, the name of each SNR; 
columns 2 and 3, the present radius in parsecs and age in years of each SNR; column 4, logarithm of the luminosity’s upper limit (erg s −1 ) enclosed within 
6.8 pc of the central source; column 5, upper limits on the He II 4686 Å surface brightness for each SNR; column 6, the minimum required neutral hydrogen 
fraction at the present radius of the shock of each SNR; column 7, the pre-shock gas density range of each SNR as presented in the current literature. 
References: (1) Rest et al. ( 2005 ); (2) Kosenko, Ferrand & Decourchelle ( 2014 ); (3) Farias et al. ( 2020 ); (4) Kuuttila et al. ( 2019 ); (5) Warren & Hughes 
( 2004 ); (6) Ghavamian et al. ( 2002 ); (7) Ghavamian et al. ( 2003 ); (8) Ghavamian et al. ( 2001 ); (9) Ghavamian et al. ( 2007 ); (10) Lewis et al. ( 2003 ); (11) 
Yamaguchi et al. ( 2014 ); (12) Badenes et al. ( 2006 ); (13) Tian & Leahy ( 2011 ); (14) Kosenko et al. ( 2008 ); (15) Williams et al. ( 2014 ); (16) Raymond 
et al. ( 2007 ); (17) Seitenzahl et al. ( 2019 ); (18) Rako wski, Ghav amian & Hughes ( 2003 ); (19) Acero, Ballet & Decourchelle ( 2007 ); (20) Williams et al. 
( 2013 ); (21) Katsuda et al. ( 2010 ). 

SNRs Radius Age log( L O III , 6 . 8 pc ) He II 4686 Å surface brightness f H 0 n 0 References 
(pc) (yr) (erg s −1 ) ( × 10 −19 erg s −1 cm 

−2 arcsec −2 ) (cm 

−3 ) 

0519-69.0 4 ± 0.3 600 ± 200 34.08 5.3 0.4–0.5 1–2 1, 2, 3, 4, 9, 17 
0509-67.5 3.6 400 ± 120 33.75 4.2 > 0.4 0.1–0.6 1, 2, 3, 4, 5, 9, 14, 17 
N103B 3.6 860 ± 400 Unknown 5.7 Unknown 1–2.5 1, 4, 10, 15 
DEM L71 6.8–9 ∼4700 Unknown 4.7 0.2–0.4 0.5–1.5 4, 7, 9, 18 
SN 1006 10 ∼1000 Unknown Unknown > 0.1 0.05–0.4 6, 11, 16, 19 
Tycho 3.3 ± 0.3 ∼434 Unknown Unknown > 0.8 0.1–0.9 8, 12, 13, 20, 21 

Table 4. Logarithmic upper limits of the [O III ] 5007 Å lumi- 
nosity (erg s −1 ) enclosed within 6.8 pc of the central source 
for various SSSs, as extracted by the works of Remillard et al. 
( 1995 ) and Farias et al. ( 2020 ). CAL 87 2 and CAL 87 3 refer 
to the observations of CAL 87 obtained at two different epochs. 

SSSs log( L O III , 6 . 8 pc ) 

RX J0550.0–7151 33.58 
RX J0513.9–6951 34.20 
CAL 87 2 34.01 
CAL 87 3 34.14 
Remillard + 95 34.22 
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2 The LMC targets in their study were CAL 83, CAL 87, RXJ 0439.8- 
6809, RXJ 0513.9–6951, RXJ 0527.8–6954 and RX J0550.0–7151, while 
the SMC targets were 1E 0035.4–7230, RXJ O048.4–7332, 1E 0056.8–7154 
and RXJ 0058.6–7146. 
3 7.5 pc in their work, but they have assumed an LMC distance of 55 kpc. 
4 The only exception was SNR N103B, for which they detected some emission, 
but they concluded that this emission does not correspond to a diffuse [O III ] 
ionized nebula around the source. 
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nner region of the nebula, while our theoretical results concern the
ntegrated luminosity of the entire nebula. As we have shown in this
ection, different regions of the nebula around accreting WDs possess
ifferent line ratios (see also Rappaport et al. 1994b ; Remillard et al.
995 ; Gruyters et al. 2012 , for a similar argumentation). Further
bservations, co v ering the entire nebula of CAL 83, and a targeted
odelling are required to provide a better understanding of the

roperties of the ionizing source and its surrounding gas. 

 C O M PA R I S O N  WITH  T H E  OBSERVABLES  O F  

UPERSOFT  X - R AY  S O U R C E S  A N D  TYPE  IA  

NRS  

aving determined the traces of accreting WDs on their surrounding
as, in this section we compare the results extracted by our modelling
ith the rele v ant constraints imposed by optical observ ations. In
articular, we assess the compatibility of steadily accreting WDs
ith the constraints acquired by the lack of (relic) ionized nebulae

round a number of SSSs and SNRs Ia (Rappaport et al. 1994b ;
 uuttila et al. 2019 ; F arias et al. 2020 ) as well as by the existence of

he Balmer-dominated shocks found in many SNRs Ia (Woods et al.
017 , 2018 ). 

.1 Upper limits of [ O III ] 5007 Å line luminosities enclosed 

ithin 6.8 pc of SSSs and SNRs Ia 

he ionization state of the ambient medium around SSSs and SNRs Ia
s well constrained by optical observations in the [O III ] λ5007 line,
hich is expected to be one of the dominant emission lines in
NRAS 513, 2369–2384 (2022) 
he ionized nebulae around accreting WDs (see Section 2.2 ). The
ecombination time-scale for doubly ionized oxygen responsible
or the forbidden line [O III ] λ5007 is ∼ 10 4 ( n ism 

/ 1cm 

−3 ) −1 yr
Osterbrock & Ferland 2006 ), so for any hot, luminous progenitor
cenario, young SNRs would still be surrounded by these associated
ebulae long after the explosion. 
Remillard et al. ( 1995 ) searched for [O III ]-bright nebulae around

0 SSSs 2 in the Small and Large Magellanic Clouds (SMC and LMC,
espectiv ely). The y did not detect any optical emission around these
ources except for one case, CAL 83. For the remaining SSSs, they
et an upper limit of 10 34 . 22 erg s −1 on their [O III ] line luminosities
nclosed within 6.8 pc of the central sources. 3 

Later, Farias et al. ( 2020 ), aiming to revisit some of the fields stud-
ed by Remillard et al. ( 1995 ), used advanced modern instruments and
earched for nebulae around four of the studied LMC SSSs (CAL 83,
AL 87, RX J0550.0–7151 and RX J0513.9–6951). In addition, they
xtended their work to SNRs Ia, where they searched for relic nebulae
n the vicinity of three young LMC SNRs Ia: N103B, SNR 0519–69.0
nd SNR 0509–67.5. The authors confirmed that no [O III ] ionized
egions were detected around the studied SSSs and SNRs Ia, 4 except
or the SSS CAL 83, thus establishing more sensitive upper limits on
he [O III ] nebular line luminosities. In Tables 3 (fourth column) and
 , the upper limits are summarized for the [O III ] 5007 Å luminosity
nclosed within 6.8 pc of the central source for the SNRs and the
SSs, as extracted by the works of Remillard et al. ( 1995 ) and Farias
t al. ( 2020 ). 

In order to provide a direct comparison of our theoretical predic-
ions with the upper limits acquired from the observations, we follow
he same methodological approach as described in Section 2.1 and
alculate the nebular [O III ] line luminosity enclosed at 6.8 pc around
- and He-nuclear -b urning WDs. This time in our modelling we

ssume a LMC-like chemical gas composition because the majority
f our sample is in the LMC, with abundances one-half of the solar
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Figure 4. The [O III ] 5007 Å luminosity enclosed within 6.8 pc radius as 
a function of the accretion rate and the WD mass in the steady accretion 
regime for (a) H-accreting WDs and constant ISM density 0 . 2 cm 

−3 , (b) 
H-accreting WDs and constant ISM density 2 cm 

−3 , (c) He-accreting WDs 
and constant ISM density 0 . 2 cm 

−3 , and (d) He-accreting WDs and constant 
ISM density 2 cm 

−3 . The black solid line represents the upper limits for the 
SSSs established by Remillard + 95 while the blue, green and red solid lines 
represent the upper limits acquired for RX J0513.9–6951, CAL 87 3 and CAL 

87 2, respectively. 
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alues (Choudhury et al. 2018 ). The ambient medium number density 
n our models is taken to be 0 . 2 cm 

−3 and 2 cm 

−3 , values that can
e considered as conserv ati ve lo wer and upper bounds for the bulk
mbient medium properties found around SSSs (e.g. Farias et al. 
020 ) and of young SNRs Ia (e.g. Yamaguchi et al. 2014 ; Mart ́ınez-
odr ́ıguez et al. 2018 ), and that are in line with the independent
stimates of the pre-shocked densities of the remnants involved in 
his study (Table 3 , seventh column). 

In Fig. 4 we plot the upper limits of the [O III ] luminosity extracted
y observations, together with the luminosity predicted by our 
odels as a function of the WD mass and accretion rate, for the

wo studied ISM densities. Our results clearly illustrate that the 
ssumed ISM density around the SSSs and SNRs substantially alters 
he constraints imposed by observations in terms of the accreting 
D properties. Specifically, for a gas density equal to 2 cm 

−3 , all of
ur models lie well abo v e the deriv ed upper limits for all the SSSs
nd SNRs Ia of our sample (see Figs 4 b, d). This means that if the
ensity of the ambient medium around these objects is close to or
igher than 2 cm 

−3 , none of the nuclear -b urning WD models is able
o reproduce the rele v ant observ ables. 

By contrast, when the density drops from 2 to 0.2 cm 

−3 , we
nd that within our studied parameter space not all accreting WD
odels are excluded (Figs 4 a,c). Specifically, we cannot rule out any

ub-Chandrasekhar or Chandrasekhar-mass WD accreting H/He-rich 
atter with low or intermediate accretion rates in the steady accretion

egime for SNR 0519–69.0. Stricter constraints are placed for the 
rogenitors of SNR 0509–67.5, where only a Chandrasekhar-mass 
D accreting H at low rates could be a potential progenitor, while

ll He-nuclear -b urning WDs are ruled out. In the case of SSSs, the
pper limits acquired from Remillard et al. ( 1995 ) and Farias et al.
 2020 ) are consistent with low and intermediate accretion rates for
oth H and He accretors, and hence the non-detection of [O III ]
onized regions around these sources can potentially be explained 
ithin the framework of nuclear -b urning WD models embedded in

n ambient medium with density close to or lower than 0 . 2 cm 

−3 . The
nly exception is RX J0550.0–7151, for which none of the models
an explain the lack of the [O III ] line, which indicates that the source
hould be surrounded by an ISM with density substantially lower 
han 0.2 cm 

−3 . 

.2 Upper limits on the He II 4686 Å surface brightness for 
NRs Ia 

dditional constraints on the ionizing flux of the SNe Ia progenitor
ystems have been placed by the Integral Field Unit (IFU) observa-
ions carried out by Kuuttila et al. ( 2019 ), who searched for He II 4686

nebular emission around the three SNRs studied abo v e (0509–
7.5, 0519–69.0 and N103B) and the LMC SNR DEM L71. The
bservations resulted in a non-detection, and thus strict limits were 
xtrapolated on the He II 4686 Å nebular fluxes in the vicinity of the
tudied remnants (see fifth column of Table 3 ). 

Here, we apply the same method as Kuuttila et al. ( 2019 ) to
ompare our results extracted by CLOUDY with their acquired upper 
imits. For that reason, we estimate the average surface brightness of
he He II 4686 Å emission line in an annulus of 4–5 pc around the
NRs 0509–67.5, N103B and 0519–69.0, and of 7–10 pc around the
NR DEM L71, which correspond to the area ahead of the forward
hock in each remnant. In Fig. 5 , we plot the upper limits of the
e II 4686 Å surface brightness for each object, together with the 

verage surface brightness in the range of 7–10 pc (Fig. 5 a–d) and 4–
 pc (Fig. 5 e–h) predicted for the H/He nuclear -b urning WD models
s functions of WD mass and accretion rate and for the two constant
SM densities of 0.2 and 2 cm 

−3 . 
As is evident from Fig. 5 , almost all of the H/He-accreting WD
odels lie well abo v e the deriv ed upper limits for the four SNRs

n the two density cases of 0.2 and 2 cm 

−3 . There is only a small
indow where the upper limits for SNRs DEM L71, N103B, and
519–69.0 are slightly higher than our results in the low-density case
nd for WD masses ∼ 0 . 6 M � accreting He-rich matter with high
ccretion rates (see Fig. 5 c and g). Nevertheless, WDs with this mass
annot produce SNe Ia and thus are not of interest here. 

In conclusion, even if the limits imposed by the lack of nebular
O III ] allow some accreting WD systems to be placed as potential
rogenitors of the studied SNRs Ia, the non-detection of the He II
ebula emission essentially rules out any H/He steadily nuclear- 
MNRAS 513, 2369–2384 (2022) 
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Figure 5. The averaged He II 4686 Å surface brightness in units 10 −17 erg s −1 cm 

−2 arcsec −2 at 7–10 pc (a–d) and 4–5 pc (e–h) from the ionizing source, as a 
function of the accretion rate and the WD mass. The dashed line in (c) represents the upper limit of DEM L71 and those in (g) those of 0519–69.0 and N103B, 
as extracted by Kuuttila et al. ( 2019 ). In the rest of the plots, the upper limits extracted by observations are below the range extracted by our models. 
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urning WD system in which the accretion process was occurring for
bout 7 × 10 4 yr prior the explosion (i.e. the recombination time-scale
or helium; Pequignot, Petitjean & Boisson 1991 ). Alternatively,
hese remnants could be surrounded by ISM densities much lower
han 0.2 cm 

−3 , but such a result is in conflict with their current
ynamics and emission properties (Yamaguchi et al. 2014 ; Mart ́ınez-
odr ́ıguez et al. 2018 ). 

.3 Upper limits from the existence of Balmer-dominated 

hocks in SNRs Ia 

nother restriction on the progenitors of SNe Ia comes from the
xistence of the Balmer-dominated shocks that are frequently found
n SNRs that result – or are suspected to result – from SNe Ia.
heir optical spectra show regions that exhibit Balmer line emission
ith a narrow core and a broad base along the forward shock.
almer-dominated shocks arise when the forward shock mo v es into
 partially neutral ISM (Che v alier, Kirshner & Raymond 1980 ).
he narrow component is understood to result from collisionally
xcited neutrals, while the broad component is due to charge
xchange (Raymond 2001 ; Heng 2010 , and references therein). As a
NRAS 513, 2369–2384 (2022) 
onsequence, the existence of at least some neutral hydrogen in the
icinity of SNRs Ia limits the ionization history of their progenitors to
bout τ rec ∼ 10 5 yr prior to the explosion (Woods et al. 2017 , 2018 ).

In Table 3 (sixth column), we present the minimum required
eutral hydrogen fractions, which are consistent with observations
nd numerical models of the Balmer-dominated shocks (Ghavamian
t al. 2002 , 2003 ) associated with two SNRs Ia in our Galaxy (Tycho
nd SN 1006) and three LMC SNRs Ia (0519–69.0, 0509–67.5 and
EM L71). 
With the aim of assessing the limitations imposed by the Balmer

hocks on SNe Ia progenitors, in Fig. 6 we present the minimum
ydrogen neutral fractions estimated for each SNR Ia of our sample
ersus its present radius, together with the hydrogen neutral fraction
s a function of radial distance from H/He-nuclear -b urning WDs of
arious masses that accrete matter at the two stability limits in the
teady accretion regime as extracted by our models. 

As Fig. 6 clearly displays, when adopting a surrounding ISM
ensity of 0.2 cm 

−3 , any steady nuclear -b urning activity on their
D progenitors is ruled out for ∼10 5 yr prior to the explosion.

his result is independent of the assumed WD mass and accretion
ate. In the higher-density case ( n ism 

= 2 cm 

−3 ), He-nuclear -b urning

art/stac890_f5.eps
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Figure 6. Hydrogen neutral fraction as a function of radial distance from CO WDs accreting H- and He-rich matter at the two stability boundaries in the steady 
accretion regime for various WD masses. The minimum hydrogen neutral fractions at the present radius of the shock of each remnant are also plotted. 
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Ds continue to remain inconsistent with the limits acquired from 

bservations, while in the case of H-rich accreted material, WDs 
ccreting matter with low accretion rates cannot be excluded as 
otential progenitors of SNRs DEM L71 and SN 1006. Ho we ver,
N 1006 is known to be expanding into a much lower-density 
edium (see seventh column of Table 3 ), and in particular its pre-

hock gas density has been estimated to be n ism 

= 0 . 25 –0 . 4 cm 

−3 

n the north-western, Balmer-emitting quadrant of the remnant 
Raymond et al. 2007 ). 

Summing up, the existence of Balmer-dominated shocks rules out 
lmost any possible stable nuclear -b urning WD model (both sub-
nd Chandrasekhar-mass) that was accreting matter at least ∼10 5 yr 
rior to the SN Ia e xplosion. Alternativ ely, a surrounding ISM with
ensity equal to or higher than 2 cm 

−3 is required. Such a result
eads to a fatal problem with to the restrictions imposed by the lack
f He II and [O III ] bright nebulae around these SNRs, as the latter
emand ISM densities close to or lower than 0.2 cm 

−3 . Conclusively,
ny steadily nuclear -b urning WD embedded in a constant-density 
mbient medium seems incapable of satisfying simultaneously the 
 v erall observables collected for the studied sample of SNRs, and
hus is excluded as a potential SN Ia progenitor for these sources.
 t
uch a conclusion stands for any given WD mass and accretion rate,
nd thus strong limitations are imposed for both the Chandrasekhar- 
ass and the sub-Chandrasekhar-mass, single-degenerate models of 
Ne Ia. 

 DI SCUSSI ON  

.1 The imprints of accreting WDs on their ambient medium 

n this work, aiming to gain further insights into the interaction
f accreting WDs with their ambient medium, we modelled the 
mission-line spectra of the nebulae around steadily H- and He- 
uclear -b urning WDs by pairing known WD accretion models with
adiation transfer simulations. Having included in our modelling a 
arge range of CO WD masses (0.6–1.38 M � for H-accreting WDs,
nd 0.6–1.02 M � for He-accreting WDs), all possible accretion rates 
ithin the steady accretion regime, and plausible ISM densities, we 

tudied how the ionization state of the gas and the optical nebular
mission lines vary with the aforementioned parameters. 

Our results show that the level of ionization, the radial extent, and
he spectral properties of the formed ionized nebulae vary strongly 
MNRAS 513, 2369–2384 (2022) 
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ith the properties of WD accretion. In particular, we found that the
ebulae are expected to be brighter (by about one order of magnitude)
nd more extended (by a factor of 2) when the mass accretion rate
ncreases from its minimum to its maximum value for a given WD

ass. The nebular emission lines are also heavily dependent on the
D mass, with the most extended and brighter nebulae expected

round intermediate WD masses ( M WD ∼ 0 . 8 –1 . 2 M �). Regarding
he chemical composition of the accreted material, we found that
e-accreting WDs ionize their ambient medium to larger distances

nd their nebular emission lines are brighter compared with their
-accreting counterparts. 
These results suggest that a great diversity of properties is

xpected in the medium around steadily accreting WDs, as each
uclear -b urning WD lea v es its unique and distinctiv e imprint on
he surrounding gas. This is essential in the hunt for accreting WD
ystems through the detection of their ionized nebulae, given that
he optical properties of the ionized gas reveal encoded information
bout the central source. Our work offers diagnostic tools to enable
his information to be deciphered. 

Given that accreting WDs are expected to be numerous in every
alactic type (van den Heuvel et al. 1992 ; Rappaport et al. 1994a ), it is
ery unlikely that CAL 83 is the only detected case of a nebula shaped
y a WD’s accretion activity. Many ‘orphan’ (without identified
onizing sources), extended ionized nebulae, such as HBW 673
nd BCLMP 651 identified in M33 (Kehrig et al. 2011 ; Woods &
ilfano v 2016 ), rev eal similar properties to those obtained in this
ork, and, thus, they represent ideal cases to be investigated as
ossible accreting WD systems. Overall, in agreement with previous
tudies, we found that the ideal optical line to use in the search for
ebulae shaped by accreting WDs is the forbidden line [O III ] 5007 Å;
e predict this line to be the brightest optical line of the nebulae

round most accreting WDs. Nevertheless, our models included
n exploration of the forbidden [O II ] 3727 Å line that had not
een studied previously. We found that in low-density mediums
 n ism 

≤ 0 . 2 cm 

−3 ) the [O III ] 5007 Å line is very reduced, and the
ost prominent line becomes the [O II ] 3727 Å one. Thus, this line

ould potentially be useful in observational searches for accreting
D nebulae, especially if these sources are embedded in mediums
ith low ambient densities. Moreo v er, other bright and dominant
ptical signatures of the nebulae formed around accreting WDs are
xpected to be the H α, [N II ] 6584 Å and [S II ] 6717 Å emission
ines, as they are the other brightest lines among the emission lines
tudied in all of our models. Finally, regarding the likelihood of the
etection of accreting WDs through their ionized nebulae, our mod-
lling has shown that intermediate-mass WDs ( M WD ∼ 0 . 8 –1 . 2 M �)
hat accrete steadily at the maximum possible range ( Ṁ acc ∼ Ṁ cr )
ave a higher probability of being identified because they produce
he most extended and bright nebulae. The same applies for the
e-accreting WDs (compared with their H-accreting counterparts)
ecause they tend to be hotter and more luminous ionizing 
ources. 

To further untangle the expected imprints of steadily accreting
Ds compared with other ionizing sources, we explored how

he extracted nebular line-emission ratios fit to various diagnostic
iagrams used to separate and characterize emission-line objects.
ur findings agree with those extracted by Rappaport et al. ( 1994b ),

howing that the nebulae around accreting WDs are clearly distinctive
ompared with those of typical H II regions. In particular, all nebulae
roduced by our models possess [N II ] λ6584, [S II ] λ6717, 31 and
O I ] λ6300 o v er H α ratios that are much higher than those produced
NRAS 513, 2369–2384 (2022) 
y young massive stars. However, there is some contamination
etween the properties of the two objects, in that for the case
f highly accreting, low-mass WDs ( M WD ≤ 0 . 6 M �), the formed
ebulae are expected to have properties similar to those of H II -like
bjects. Rappaport et al. ( 1994b ) focused on hot, luminous, accreting
Ds – expected to be members of the SSS class – and argued that

he [O III ] λ5007/H β ratio can be used as a distinctive diagnostic tool
etween the nebulae around massive accreting WDs and H II regions,
s the line ratio values in their supersoft models were much higher
han those in H II regions. Ho we ver, considering the whole range
f accreting WDs, this argument is no longer valid, as we found
hat the ranges of the [O III ] λ5007/H β ratio for the H II regions and
teadily nuclear -b urning WD neb ulae o v erlap significantly. Thus, the
ower ionization lines [N II ] λ6584, [S II ] λ6717, 31 and [O I ] λ6300
ompared with H α seem a safer diagnostic tool for the two classes of
onized nebulae. Another distinctive consequence of our broader and

ore realistic modelling is the extraction of a much wider range for
ebula line ratios than inferred by previous works. This is important
n the context of ionized nebulae around accreting WDs, because,
or most of the ions, the previous theoretical SSS models predict
uch higher line ratios (compared with H β) than were observed by
ruyters et al. ( 2012 ), and the models did not have a convincing

xplanation for these systematic discrepancies. The response of the
D to mass accretion seems to be able to account for such variances.

ome examples include the [O III ]/H β and [N II ]/H β ratios, which
re much lower in our models and in better agreement with CAL 83
bservations. 
Finally, an additional interesting finding derived from the BPT

iagrams of our models is that the vast majority of nebulae around H-
nd He-nuclear -b urning WDs coincide with the loci of the galactic
IERs. The origin of LIERs has been attributed to the ionization
roduced by the activity of a low-luminosity AGNs (Ferland &
etzer 1983 ). Ho we v er, the disco v ery of spatially e xtended LIERs

Macchetto et al. 1996 ; Gomes et al. 2016 ) implies ionization by
n extended component that follows a stellar-like radial distribution
Singh et al. 2013 ). Until now, it had been suggested that the only
iable extended sources of ionizing photons for passively evolving
alaxies were hot post-asymptotic giant branch (AGB) stars (Singh
t al. 2013 ; Byler et al. 2019 ). Our models indicate that steadily
ccreting WDs – especially those that accrete H-rich material –
ould be an alternative/additional source of LIERs, as they seem to
roduce nebulae that have the same spectroscopic properties. Similar
o post-AGB stars, accreting WDs are expected to be hosted in
opious amounts in galaxies of all morphological types, which could
otentially explain why LIERs are mostly found in galaxies with old
opulations and that display little or no star-formation activity. On the
ther hand, the fact that the lifespan of accreting WDs can be orders
f magnitude larger than the short-lived post-AGB phase means that
he former are more persistent, and thus are more efficient ionizing
ources. The same applies for the diffuse ionized gas (DIG, Reynolds
984 ; Haffner et al. 2009 ) and especially for its HOLMES (hot low-
ass evolved stars) component, whose emission flux ratios are nearly

l w ays consistent with the LIER loci in BPT diagrams (e.g. Kumari
t al. 2019 ). Steadily accreting WDs could potentially contribute to
he formation of these nebulae together with the post-AGB stars that
o date have been proposed to be their ionizing source (e.g. Byler
t al. 2019 ). Ho we ver, e ven if this explanation is tempting, in order
o draw a firm conclusion on the contribution of steadily accreting

Ds to LIER/DIG formation, detailed radiation transfer simulations
oupled with binary population synthesis techniques are required. 
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.2 Comparing the results of our modelling with the relevant 
bser v ations 

n the section 3 of this paper, we compared the results extracted
y our radiation transfer simulations with the rele v ant observ ables
e received from the vicinity of accreting WD systems and related 
bjects. The aim of this comparison was to (re)assess – with broader 
nd more detailed modelling – whether the theoretical predictions 
n the ionizing flux from steadily accreting WDs are aligned with 
he lack of any ionized nebulae around the most massive members 
f their class, namely the SSSs, and subsequently to investigate if
teadily nuclear -b urning WDs could be the progenitors of a number
f well-studied SNRs Ia. 
Regarding the SSSs, our modelling has shown that the non- 

etection of [O III ]-bright ionized regions around the nine studied 
SSs in the LMC/SMC establishes an upper limit for their ambient 
edium densities equal or close to 0.2 cm 

−3 , while for the case
f the SSS RX J0550.0–7151 a lower-density ambient medium is 
equired. These constraints on the ISM density around the studied 
SSs are the strictest compared with the rele v ant ones in the current

iterature (Woods et al. 2017 ; Farias et al. 2020 ) and are applied for
ny possible combination of WD mass and accretion rate within the 
table accretion regime. 

The demand for an ambient medium around the studied SSSs 
ith density well below 0.2 cm 

−3 contradicts the general expec- 
ations, given that the typical range of LMC midplane densities is
 0 ≈ 0 . 1 –4 cm 

−3 , while the ISM densities around these sources
ave been estimated to be n sss = 0 . 22 –2 . 26 cm 

−3 , based on the total
 I column density in the direction of each source and assuming an

sothermal disc distribution (Woods & Gilfanov 2016 ). Ho we ver, hot
nd very low-density ISM densities are met in the LMC/SMC and 
re linked to the hot supernova-heated component (Cox 2005 ). Thus,
here is still the possibility of a ‘natural coincidence’ under which 
ll studied SSSs, except CAL 83, are embedded in the most tenuous
egions of their host galaxy. 

This scenario is not applicable for the case of the studied SNRs Ia.
he observational pieces of evidence involved in our study, namely 

he lack of nebular [O III ] and He II emission around the SNRs
a and the existence of Balmer lines in their shock waves, act
ogether to exclude stably accreting WDs as possible progenitor 
ystems. In particular, the absence of detected [O III ] and He II
ebulae in the vicinity of SNRs Ia excludes all stable nuclear -b urning
Ds for ISM densities of n ism 

> 0 . 2 cm 

−3 , while the existence
f Balmer-dominated shocks is inconsistent for ISM densities of 
 ism 

< 2 cm 

−3 . Thus, within the steady accretion regime and for
oth H- and He-accreting WDs, there is no possible combination of
D mass, accretion rate and ISM density capable of reproducing 

imultaneously the two observational facts that the SNRs Ia impose. 
his result essentially rules out any WD that was steadily burning 

he accreted matter ∼10 5 yr before its final explosion as a possible
rogenitor of the studied remnants, and therefore challenges both the 
handrasekhar- and sub-Chandrasekhar-mass scenarios arising from 

ingle-de generate progenitors. Inevitably, the double-de generate sce- 
ario is positioned as the most plausible origin of the studied 
emnants. 

Nevertheless, such a bold statement is possibly in tension with 
 number of findings that indicate that some of the studied SNRs
ight have originated from a single-degenerate SN Ia (see Maoz, 
annucci & Nelemans 2014 ; Livio & Mazzali 2018 , for an e xtensiv e

iscussion and references therein), and thus, before drawing a final 
onclusion, some possible caveats need to be addressed in order to 
chieve a holistic picture that emerges by combining the observations 
s

nd the contrasting, rele v ant theoretical predictions. Some of them,
lready discussed in the literature, refer to a ‘time window’ between
he WD accretion phase and the final SN Ia explosion. If this time
nterval is longer than the recombination time-scale of the surround- 
ng nebula, then at the moment of the explosion the surrounding gas
ill have recombined, returning into its (partially) neutral state. This 

ime delay can be achieved through the so-called ‘simmering phase’ 
Mart ́ınez-Rodr ́ıguez et al. 2016 ; Piersanti et al. 2017 ), the ‘spin-
p/spin-down’ WD model (Di Stefano, Voss & Claeys 2011 ), as well
s in the sub-Chandrasekhar edge-lit detonation models, where the 
D spends a substantial amount of time in the helium detonation

egime (see Fig. 1 ) before its fatal explosion (Ruiter et al. 2011 ). All
he abo v e scenarios, plausible or not, could offer the desired time
elay as long as mass accretion ceases during this period. 
Another possible parameter that we could question is whether the 

ccreting WD progenitors were indeed embedded in a homogeneous 
mbient medium. Given that SNe Ia result from intermediate-mass 
tars, no substantial modifications are expected to occur from their 
rogenitor systems. Indeed, the o v erall morphological (Lopez et al.
009 ) and X-ray (Badenes et al. 2007 ; Yamaguchi et al. 2014 )
roperties of SNRs Ia indicate that these objects are evolving in a
ather homogeneous ambient medium. Ho we ver, detailed studies of 
ndividual SNRs Ia have shown that their explosion centres were 
urrounding by moderate circumstellar structures, and currently 
he remnants are interacting with them or they had an interaction
istory with them in the recent past. Such cases are, for instance,
he young remnants of Kepler’s SNR (Chiotellis, Schure & Vink 
012 ; Burkey et al. 2013 ; T oledo-Roy et al. 2014 ), T ycho’s SNR
Dwarkadas & Che v alier 1998 ; Katsuda et al. 2010 ; Chiotellis et al.
013 ), G1.9 + 0.3 (Borkowski et al. 2013 , 2017 ; Chiotellis, Boumis &
petsieri 2021 ), RCW86 (Williams et al. 2011 ; Broersen et al.
014 ), N103B (Li et al. 2017 ; Yamaguchi et al. 2021 ) and the more
volved ones of DEM L238 and DEM L249 (Borkowski, Hendrick &
eynolds 2006 ) etc. Recently, the detection of numerous high- 
ensity knots around the LMC remnants 0519–69.0, N103B, DEM 

71, and 0548–70.4 have also been associated with a circumstellar 
edium (CSM) ejected by the SN progenitor system (Li et al.

021 ). Such circumstellar structures can be formed by the mass
utflows of the progenitor system as it is evolving towards a SN Ia.
he formation of the WD itself requires the ejection of the stellar
ydrogen-rich envelope during the planetary nebula phase or by a 
ommon-envelope episode. The ejected envelope itself is capable of 
orming extended circumstellar structures around the binary system 

ith lifetimes up to several Myr (Chiotellis, Boumis & Spetsieri 
020 ). In addition, the ionizing flux produced by accreting WDs
eads to an o v erpressure of the heated ambient gas that results
n the expansion of the surrounding nebula and the formation of
on-homogeneous bubbles around the binary system (Rappaport 
t al. 1994b ). A modified, non-homogeneous ambient medium 

round the accreting WD will substantially alter the ionization 
nd emission properties of the resulting nebula, and thus it can
erve as an additional possible solution for the lack of an ionized
egion around the studied SNRs Ia. Note that this scenario is
lso applicable for the non-detection of ionized nebulae around 
he studied SSSs for which the ‘time window’ scenario discussed 
bo v e is not valid because for these objects accretion is an ongoing
rocess. 
Ho we ver, detailed radiation transfer modelling is required to 

ssess if indeed such circumstellar structures can offer a plausible 
xplanation of the current observables we receive from SSSs and 
NRs, and, if so, to identify the properties and the origin of these
tructures (Souropanis et al. in preparation). 
MNRAS 513, 2369–2384 (2022) 
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 SUMMARY  

n this paper we have studied the observational imprints that steadily
ccreting WDs leave on their ambient medium owing to their ionizing
cti vity. By coupling kno wn H- and He-accreting WD models
ith radiation transfer simulations, we extracted the sizes, optical

ine luminosities and surface-brightness profiles of the surrounding
onizing gas as a function of the WD mass and accretion rate,
he ISM density, and the chemical composition of the accreted 

aterial. 
Our results have shown that all accreting WDs are efficient ionizing

ources capable of forming extended, optical-bright nebulae in their
icinity. The most efficient sources were found to be intermediate-
ass accreting WDs ( M WD ≈ 0 . 8 –1 . 2 M �) that accrete mass at the
aximum possible rate of the steady accretion regime. These sources

orm the largest and brightest nebulae around them and thus are
ore likely to be detected. The same applies for He-accreting WDs

s, compared with their H-accreting counterparts, they appear to be
otter and more luminous sources and thus more efficient ionizing
ources. Overall, the ionization and emission properties of the formed
ebulae are strongly dependent on the accretion properties of the
entral WD. That means that each accreting WD, for a given mass
nd accretion rate, forms an ionized nebula around it characterized
y unique and distinctive properties. Thus, through our modelling
e provide direct links through which the emission properties of

he surrounding nebula can be encoded, revealing the nature and the
roperties of the central source. 
The formed ionized nebulae represent efficient tools for detecting

teadily accreting WDs, as in most cases the source itself is utterly
bscured. Among the studied recombination and forbidden lines,
e found that the most luminous ones are [O III ] 5007 Å and

O II ] 3727 Å, the latter being the dominant one in low-density
nvironments. Thus, these two oxygen lines are ideal traces for the
etection of ionized nebulae around accreting WDs. Other lines in
hich the ionized gas around steadily accreting WDs is expected to
e bright are those of H α, [N II ] 6584 Å and [S II ] 6717 Å. 
We displayed our results on so-called BPT diagrams and found

hat the nebulae formed by accreting WDs reveal properties that
re distinct from H II -like regions, possessing higher [N II ] λ6584,
S II ] λ6717, 31 and [O I ] λ6300 o v er H α ratios. Ho we ver, some
ontamination in the line ratios exists between the two objects
or the case of highly accreting low-mass WDs ( M WD ≤ 0 . 6 M �).
ntriguingly, the majority of the nebulae formed by steadily nuclear-
 urning WDs ha ve the same optical line ratio properties as those
bserved in galaxies that exhibit LIERs. We suggest that ac-
reting WDs, being numerous in any galactic type, could po-
entially be one of the main contributors to the formation of 
IERs. 
Finally, we compared the results extracted by our theoretical
odelling with the rele v ant observ ations conducted in the vicinity of
 number of SSSs and SNRs Ia. We found that the non-detection of
ny ionized optical nebula around all studied SSSs, with the exception
f CAL 83, establishes an upper limit on their ambient medium
ensity equal to 0.2 cm 

−3 . Regarding the studied SNRs, we found
hat the lack of nebular [O III ] and He II emission in the vicinity of
heir forward shocks in combination with the existence of Balmer-
ominated lines mutually excludes any accreting WD progenitor
hat was steadily burning the accreted material t ∼ 10 5 yr before
he SN Ia explosion. This result concerns any single-degenerate
ccretion model, including the canonical Chandrasekhar and the
ub-Chandrasekhar mass models (WD + helium-rich donor star
hannels). We discussed possible alternatives that could potentially
NRAS 513, 2369–2384 (2022) 

C

liminate any possible discrepancies between the predictions of the
ingle-degenerate models and the rele v ant observ ables. We claim
hat a plausible solution would be the consideration of a non-
omogeneous ambient medium around the SN Ia explosion centre,
odified either by the mass outflows of the progenitor system or/and

y the ionizing radiation produced by the accreting WD. 
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PPENDI X  A :  M O D E L L I N G  I ONI ZED  

E BU L A E  A RO U N D  AC C R E T I N G  W D S  

n this appendix, we provide, for the sake of the reproducibility of
ur results, a minimal CLOUDY input script that we used to simulate
he ionized nebulae around steadily nuclear-burning accreting WDs. 
n this example, we model the nebula ionized by a 1-solar-mass WD
ccreting H-rich matter with Ṁ st , for an ISM density of 2 cm 

−3 and
olar gas abundances. 
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M

T

blackbody, T = 524807.46 K 

luminosity linear solar 10000 
hden 2 linear 
abundances ‘default.abn’ 
radius 16 
sphere 
iterate 
stop temperature 3e3K 

save lines, emergent emissivity, ‘lines.str’ last 
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O 3 5006.84A 

O 2 3728.81A 

O 2 3726.03A 

O 1 6300.30A 

H 1 4861.33A 

H 1 6562.81A 

N 2 6583.45A 

He 2 4685.64A 

end of lines 
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