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ABSTRACT

The morphology and optical spectrum of IPHAS XJ210205+471015, a nebula classi-
fied as a possible planetary nebulaare however strikingly similar to those of AT Cnc,
a classical nova shell around a dwarf nova. To investigate its true nature, we have
obtained high-resolution narrow-band [O iii] and [N ii] images and deep GTC OSIRIS
optical spectra. The nebula shows an arc of [N ii]-bright knots notably enriched in
nitrogen, whilst an [O iii]-bright bow-shock is progressing throughout the ISM. Diag-
nostic line ratios indicate that shocks are associated with the arc and bow-shockl he
central star of this nebula has been identified by its photometric variability.  Time-
resolved photometric and spectroscopic data of this source reveal a period of 4.26 hours
which is attributed to a binary system.  The optical spectrum is notably similar to
that of RW Sex, a cataclysmic variable star (CV) of the UX UMa nova-like (NL) type.
Based on these results,we propose that IPHASX J210205+471015 is a classicalova
shell observed around a CV-NL system in quiescence.

Keywords: novae — cataclysmic variables — staiadividual: IPHAS J210205.83+474018.0
— ISM: jets and outflows

1. INTRODUCTION Many Galactic emission line surveys have

been completed in recent years.Most of them

Corresponding author: Mart'in A. Guerrero have focused on the Ha line (e.g., the South-
mar@iaa.es ern Ha Sky Survey Atlas SHASSA, the INT

Photometric Ha Survey IPHAS, the Super-

COSMOS Ha Survey SHS,and the VST Pho-
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tometric Ha Survey of the Southern Galac-
tic Plane and Bulge VPHAS+, Gaustad et al.
2001; Drew et al. 2005; Parker et al. 2005;
Drew et al. 2014), but also on molecular emis-
sion lines of H, (e.g., the UKIRT Widefield
Infrared Survey for H UWISH, Froebrich et al.
2011). These surveys offer the possibility
to detect different types of diffuse emission
sources and emitting-line stars (Witham et al.
2008; Froebrich etal. 2015). Among the
former, many new planetary nebulae (PNe,
Viironen et al. 2009; Sabin et al. 2014), Wolf-
Rayet (WR) nebulae (Stock & Barlow 2010;
Gvaramadze et al. 2010)novae (Sahman et al.
2015; Wesson et al. 2008), nebulae ejected from
massive evolved stars (Wright et al. 2014), and
supernova remnants (Sabin et al.2013) candi-
dates have been uncovered, whereas among the
latter many emission line star candidates such
as chromospherically active T-Tauri and late-
type stars (Barentsen et al. 2011; Kalari et al.
2015), Be stars (Raddietal. 2013), mas-
sive early stars (Mohr-Smith et al. 2015), in-
teracting binaries and cataclysmic variables
(Pretorius & Knigge 2008), and symbiotic stars
(SS, Corradi et al. 2010) have been reported.
Follow-up spectroscopic observationsare in
most cases required to verify the nature of these
sources. This has been the case of Galactic
PNe, whose number has increased notoriously
(see the compilations in the Macquarie and
Hong-Kong/Australian Astronomical Obser-
vatory/Strasbourg Observatory Ha Planetary
Nebula MASH PN and HASH PN databases,

Parker et al. 2006; Parker, Boji'ci'c, & Frew 2016).

In an attempt to confirm the nature of IPHAS
PN candidates, Sabin et al. (2014) has car-
ried out a spectroscopic follow-up of IPHAS
sources and identified 159 new true, likely,
and possible PNe. Among these sources,
the nebula IPHASX J210204.7+471015(aka
PN G088.0+00.4 ,hereafter J210204) classified
as possible PN, has very peculiar morphology

and spectral properties.The IPHAS Ha+[N ii]
image reveals an arc-like of emission which
is reminiscent of the morphology seen in the
nova shell around the dwarf nova (DN) AT Cnc
(Shara et al. 2012).Moreover, the optical spec-
trum reveals a lack of Balmer lines which is
not typical for PNe, but frequently seen in nova
shells (Tarasova 2014). The morphology and
spectral properties of J210204 cast doubts on
its PN nature and rather point to a nova event
at its origin.

Nebular shells around novae are scarce (Sahman et

2015), but they reveal interesting information to
date the nova event, to study the details of the
nova ejection, and to investigate its interaction
with the circumstellar (CSM) and interstellar
(ISM) media. This has motivated us to under-
take an observational project to investigate the
real nature of J210204. Deep narrow-band op-
tical images have been used to study in detail
its morphology, whereasdeep optical spectra
of its nebular emission have been obtained to
assess its spectraproperties. The central star
has been identified and photometric and spec-
troscopic monitoring have been used to study
its variability. These observations are described
in Section §2. The nebular morphology and
spectral properties, and the stellar properties
are presented in Section §3. The nature and
evolutionary status of J210204 are discussed in
Section §4.

2. OBSERVATIONS
2.1. NOT Optical Imaging

Narrow-band optical images in the [O iii]
A5007 and [N ii] A6583 lines were obtained on
May 27 and 28, 2017 using the Andalucia Faint
Object Spectrograph and Camera (ALFOSC)
mounted at the Cassegrain focus of the 2.5m
Nordic Optical Telescope (NOT) at the Obser-
vatorio de El Roque de los Muchachos (ORM,
La Palma, Spain). The images were obtained
using the NOT #90 [O iii] 501 3 and the Ob-
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Figure 1.

servatorio de Sierra Nevada (OSN) [N ii] #E16
narrow-band filters with central wavelenghts
(and full-width half ~maximum, FWHM) of
5007 A (30 A) and 6584 A (10 A). The EEV
231-42 2Kx2K CCD was used, providing a
pixel scale of 0.211 and a field-of-view (FoV)
of 7.0.

Three 1200s and two 900s were secured in the
[Oiii] and [N ii] filters, respectively, to remove
cosmic rays. The images were bias subtracted
and flat-fielded using appropriate sky flat field
images, and then combined using IRAF stan-
dard routines. The spatial resolution of the im-
ages,as derived from stars in the FoV, is 0.7.
The [Oiii] and [N ii] images of J210204 are pre-
sented in Figure 1, together with a composite
color picture in Figure 2.

2.2. SPM Photometric and Spectroscopic
Monitoring

2.2.1. Photometry

' IRAF is distributed by the National Optical As-
tronomy Observatories, which are operated by the As-
sociation of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science
Foundation.

ST . W
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NOT ALFOSC [Oiii] (left panel) and [N ii] (right panel) narrow-band images of J210204.

The CCD camera Mexman mounted on
the 0.84m telescopeof the Observatorio As-
tron’omico Nacional at San Pedro M"artir (OAN
SPM, Mexico) was used to perform time-
resolved photometry of the stellar field around
J210204. The E2V-4240 CCD (“Spectral In-
strument 1”) detector was used. The detector
has 2048x2048 pixels with size 13.5 ymbut a
2x2 binning was used during the observations.
The resulting plate scale and FoV were 0. 434
and 7.4x7.4, respectively. Alternating BVRI
observations where taken with exposure times
of 60, 40, 20, and 15-20s,respectively. A pre-
liminary inspection of these datasets reveals the
variability of the bright star at the geometrical
center of J210204 (see Figure 2), which was then
selected as the most likely progenitor of this
nebula. The coordinates of this star, as implied
from the astrometric measurements and correc-
tions for all IPHAS objects (Barentsen et al.
2014), are dyooo0 = 21 h 02" 05582, 6J2000 =
+47° 10 18.00. The positional error of this
source,as referenced to the 2MASS data cata-
logue, is 006. For consistency, we will keep the
designated IPHAS name for the central star,
which hence is IPHAS J210205.83+471018.0.

The log of the photometric observations can
be found in Table 1. Data were reduced us-
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Figure 2. NOT ALFOSC color-composite picture of J210204 using the [N ii] (red) and [Oiii] (blue)
narrow-band images presented in Figure 1.The positions of the GTC OSIRIS long-slits are marked on the
picture. The different morphological components whose spectra are shown in Figure 3 are labeled, as well as
the location of the three individual knots K1, K2, and K3 whose spectra are shown in Figure 4. The central
star is encircled.

ing standard IRAF aperture photometry rou- ence star, since it has the most similar colors to
tines. In preparation for this work, the same those of the target star.
field was observed on August 26, 2016 and cal-
ibrated with Landolt standard stars. The star
2MASS J21020346+4707113 with  measured Time-resolved spectroscopic data were ob-
magnitudes of B=14.04, V =13.42, R=13.01, tained with the Boller & Chivens spectrograph
and [=12.57, was found to be the best refer- installed on the  OAN SPM 2.1m telescope.
We obtained a series of spectra using the 1200

2.2.2. Spectroscopy



Table 1.

Photometric observing log

Date

HJD start time

HJD end time Coverage

+2457600 +2457000
(day) (day) (hours)
2016-08-31  31.795520 31.971839 4.2
2016-09-01  32.808253 32.971219 3.9
2016-09-02  33.817217 33.965623 3.6
2016-09-29 60.688186 60.815632 3.1
2016-10-01 62.661248 62.876114 5.2
2016-10-02  63.693037 63.836978 3.4
2016-10-03  64.665781 64.821321 3.7
2016-10-05 66.622653 66.734812 2.7

| mm™ grating, which provides a spectraldis-
persion of 1.16A pix~!. Coupled with the slit-
width of 1.5, this results in a spectral resolution
=3.2 A, suitable to study radial velocity varia-
tions of =30 kms '. The 600 | mm™ grating
was also used to obtain low resolution spectra
covering a wide range of wavelengthsin the
optical domain. The CuArNe lamp was em-
ployed to obtain wavelength calibration arcs.
The spectro-photometric standards Feige 110,

BD+28°4211 and G 191B2B were observed each

night to allow the flux calibration of the source
spectra. Standard procedures, including bias
and flat-field correction, cosmic ray removal,
and wavelength and flux calibration were ap-
plied using IRAF routines. Table 2 presents the
log of these spectrophotometric observations.

2.3. GTC Optical Spectra

Intermediate-resolution long-slit spectroscopic
observations were carried out with OSIRIS (Op-
tical System for Imaging and low-Intermediate-
Resolution Integrated Spectroscopy) at the
10.4m GTC telescope of the ORM on June 10,
2016 and August 28, 20160SIRIS was used in
standard mode, with two Marconi CCD42-82
(2048x%4096 pixels) detectorsThe 2x2 on-chip
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binning resulted in a spatial scale ofZb4 pix" .
The R1000B and R1000R grisms were used to
acquire spectra in the blue and red regions of
the optical spectrum, respectively covering the
spectral range from 3630A to 10000 A. Their
spectral dispersions are 2.12A pix ~' and 2.62
A pix 7', respectively. A slit-width of 1'2 was
used, resulting in a spectral resolution =9A.

The slit, with length 7.'4, was placed along
different position angles (PA) to cover distinct
morphological components of J210204 he de-
tails of the observations are listed in Table 3,
including the slit keyword (as shown in Fig-
ure 2), the grism, PA, offset from the central
star, and number of exposures and integration
time at each slit position. These datasets are
also described in Table 2.

The data reduction was carried out using
standard IRAF routines. Hg-Ar, Ne, and Xe
arcs were used for wavelength calibrationThe
spectro-photometric standards G191-B2B and
Feige 110 were used for flux calibration. The
seeing,as determined from the FWHM of the
continuum of field stars covered by the slit, was
=1.0.

3. DATA ANALYSIS
3.1. The Nebula

3.1.1. Morphology

The most noticeable structure revealed by the
narrow-band images is a [N ii]-dominated arc-
like feature (Figs. 1-right and 2). It consists of
a myriad of knots distributed along two parallel
strings that interweave at their tips. Many of
those knots have a cometary morphologywith
tails pointing outwards. A few knots also trace
an Eastern counterpart of the arc, but they are
much fainter and sparse. The Western double
arc feature is also detected in [Oiii], but the
emission in this line is much smoother (Fig. 1-
left ). We will refer to these two regions as the
“ring” and the “counter-ring”, respectively,as
marked in Figure 2.
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Table 2. Spectroscopic observing log

Date HJD Telescope Instrument  Spectral Spectral Number of Exposure Time
+2450000 coverage dispersion exposures time coverage
(day) (A) (Apix™") (s) (m)

2016-08-10 7610  OAN 2.1m B&Ch 4400-5620 0.59 5 1200 100
2016-08-11 7611 OAN 2.1m B&Ch 4400-5620 0.59 5 1200 100
2016-08-12 7612 OAN 2.1m B&Ch 4400-5620 0.59 9 1200 200
2016-08-14 7614  OAN 2.1m B&Ch 4400-5620 0.59 6 1200 120
2016-08-15 7615  OAN 2.1m B&Ch 4400-5620 0.59 6 1200 120
2016-08-28 7628 GTC OSIRIS 3650-7820  2.07 8 340 75
2016-08-28 7628 GTC OSIRIS 5110-10340 2.59 8 300 75
2016-09-25 7656  OAN 2.1m B&Ch 4150-6510 1.16 9 900 140
2016-09-26 7657  OAN 2.1m B&Ch 4350-6710 1.16 15 900 230
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Table 3. Details of the GTC OSIRIS observa-
tions

Position Grism  PA offset Ngyxp texp
)y ) (s)

A R1000B 103 246 2 738
A R1000R 103 246 2 600
B R1000B 83.5 0 8 340

B R1000R 83.5 0 8 300

C R1000B 164 127 2 738
C R1000R 164 127 2 600

There is an additional string of knots West of
the ring, whose emission is similarly bright in
the [N ii] and [O iii] emission lines. It must be
noted, however,that the [N ii] emission from
this third arc arises from a sparse ensamble of
discrete knots, whereas the [O iii] emission does
from a smooth arc. We will refer to this feature
as the “inter-region” (Fig. 2).

There is another arc of emission externalto
the previous ones. This arc is notably bright
in [Oiii] with very faint [N ii] emission. Con-
trary to the previous morphological features de-
scribed above, the emission from this double-
arc structure is notably sharp. Its morphology
is clearly reminiscent of a bow-shock structure,
and so we will refer to it as the “bow-shock”
(Fig. 2).

Along with these main morphological compo-
nents, there are two additional arcs of diffuse
emission in front of the “bow-shock” structure:
the first one detected both in [O iii] and [N ii]
at =1.'5 from the central star (Figs. 1 and 2),
the second one detected only in [N ii] at =2.'0
from the central star (Figs. 1-right and 2).This
second arc along the direction of the [Oiii]
bow-shock is confirmed in large-scale IPHAS
Ha+[N ii] images.

3.1.2. SpectralProperties

We have used the deep GTC OSIRIS observa-
tions to extract one-dimensionalspectra of the
different morphological components of J210204.
The spectra, shown in Figure 3, corresponds to
the bow-shock structure, the ring of [N ii]-bright
knots, the inter-region, and the counter-ring.

As expected,the spectrum of the bright ring
is dominated by the [N ii] AA6548,6584 emission
lines. The auroral [N ii] A5755 emission line is
also detected,as well as the [N i] A5199 emis-
sion line. The [O iii] AAA959,5007 lines and the
[O ii] A3727 doublet are also detected, but they
are much fainter than the [N ii] emission lines.
Weak emission from the [S ii] AA6717,6731 dou-
blet is also detected.The Balmer lines are very
weak and no helium lines are detected.

We note that the spectrum of different knots
may vary significantly among them. We have
selected three individualknots, marked in Fig-
ure 2 as K1, K2, and K3, to illustrate these vari-
ations. The spectra of these knots are shown in
Figure 4. Knot K1 has the lowest [O iii]/[N ii]
and [Oii)/[Nii] line ratios. Knots K2 and K3
have [O iii}/[N ii] line ratios typical of the ring,
~0.3, butthe [Oii)/[Nii] line ratios differ no-
tably, from ~0.5 in K2 to ~0.2 in K3.

The spectrum of the counter-ring looks very
similar to that of the ring, although it is much
fainter. On the contrary, the spectrum of the
bow-shock feature is dominated by the [O iii]
A\5007,4959 emission lines. Ha emission is
present, as well as HB. Indeed, Ha emission
is brighter than the [N ii] emission. Actually,
owing to the presence of large-scale diffuse Hf3
and Ha emissions, which make difficult the sub-
traction of the background emission, this is the
only region where the detection of the Balmer
lines are reliable.

Finally, the intensity of the [N ii] A6584 and
[O iii] A5007 emission lines is very similar in the
inter-region, i.e., their ratio shows an averaged
behaviour between those of the bow-shock and
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Table 4. Emission line flux measured in different regions of J210204

Line ID Bow-shock Inter-region Ring Counter-ring Knot#1 Knot#2 Knot#3
(107" ergem™ s7')

[Oii] 3727 4.16 1.62 30.9 1.34 4.30 0.93

He ii 4686 0.20

HB 0.47 0.052 1.55 0.17 0.08 0.25

[Oiii] 4959 2.53 0.93 13.8 - 0.47 1.83 0.83

[Oiii] 5007 8.82 3.24 4.66 0.19 1.22 5.97 2.76

[Ni]15199 3.66 0.16 0.30 0.26

[N ii] 5755 - - 5.09 - 0.43 0.72 0.14

[N ii] 6548 0.31 1.12 81.2 0.39 6.10 8.33 4.53

Ha 2.35 0.27 10.3 - 1.19 0.65 0.91

[N ii] 6584 1.05 3.55 254 1.33 18.1 26.4 13.8

[Sii]6716 0.52 0.044 1.64 0.18

[Sii] 6731 0.35 0.035 1.03

Table 5. Dereddened relative intensity of the emission lines in J210204

Line ID Bow-shock Inter-region Ring Counter-ring  Knot #1 Knot #2 Knot #3
[Oii] 3727 14.615.6 5113 32.9+1.6 13.5£3.5 955 0.20+0.08
He ii4686 0.47+0.23 - - e -
HB 1.00£0.22 1.0+£1.0 1.00+£0.18 1.00+0.29 1.0+0.8 1.00%0.22
[Oiii]4959 5.19+0.20 17.0+0.5 8.59+0.20 ce 2.65+0.29 23.51+0.7 3.2210.22
[Oiii] 5007 17.70+0.25 58.4+0.5 28.51+0.26 22+7 6.90+0.35 75.4+0.8 10.44%0.25
[Ni]5199 2.07+0.15 0.88+0.29 3.5+0.6 0.91+0.19
[N ii] 5755 c 2.37+0.12 e 1.8310.22 6.910.5 0.411+0.12
[Nii]6548 0.37+£0.11 12.27+0.27 30.16£0.15 27.9+2.4  20.87+0.16 63.8+0.4 10.40+0.11
Ha 2.86+0.13 3.00+0.27 3.80%0.08 e 4.05£0.15 4.94+0.32 2.09+0.11
[Nii]6584 1.27+0.13 38.46+0.31 93.46+0.27 93.5+2.6 58.82+0.22 200.0+0.5 31.25+0.16
[Si]6716  0.61+0.11 0.42+0.19 0.58+0.07 0.59+0.14
[Sii]6731 0.41+0.11 0.35+0.23 0.36%0.06
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Figure 3.

GTC OSIRIS one-dimensional spec-
tra of the different nebular components of J210204.
The spectrum of the brightest region, the “Ring”,

is plotted at two different scales to show both the
bright and faint emission lines.

ring spectra. The Ha line is detected, but the
intensity of the Hp line is rather unreliable.

We show in Table 4 the emission line fluxes
measured for the different regions of J210204.
The fluxes of the [N ii] AA6548,6584 and [O iii]
AA5007,4959 emission lines can be considered to
be reliable, within a few percent, except for the
[Oiii] A5007 emission line in the counter-ring
region. The fluxes of the Ha emission line in the
bow-shock spectra and the [O ii] A3727 doublet
and [N ii] A5755 and [N i] A5199 emission lines
in the ring spectrum are also reliable.

We have used the Ha to HJ ratio in the bow-
shock region to derive a logarithmic extinction
of 0.73. This correction has been applied to
all regions. The relative intensities in Table 5
have been referred to that of Hp equal to 1,

Figure 4. GTC OSIRIS one-dimensional spec-
tra of three selected knots of J210204 as marked in
Figure 2. The spectra are shown at two different
scales to highlight both the bright and faint emis-
sion lines.

but for the region of the counter-ring, where the
Balmer lines are not detected. In this region,
the relative intensities of the [N ii] and [O iii]
lines have been referred to that of the [N ii]
A6584 line in the ring.

3.1.3. Excitation and Chemical Abundances

The relative line intensities listed in Table 5
are revealing. The weak emission in the Hf3
and Ha lines implies that all regions have
mostly high line ratios of [S ii]/Ha, [N ii]/Ha,
[Oiii)/HB, and/or [Oii]/HB: whereverthe
[S ii] lines are detected, the [S iiJ/Ha line ratio
is larger than 0.25, and the ring has [O ii]/HB
and [N ii]/Ha line ratios =30 and =25, re-
spectively. The spectrum of the bow-shock is
remarkably different to that of the ring, as it ex-
hibits a low [N ii]J/Ha line ratio and emission in
the He ii AM686 line. The line ratios detected in
the different regions of J210204 discard a photo-
ionization excitation, but they rather suggest
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for MAPPINGS simulations of an incomplete shock
at a shock velocity 150 km s ™', pre-shock density
5cm™3, and solar abundances as suitable for the
bow-shock.

that line emission is mostly excited by shocks
(Hartigan, Raymond, & Hartmann 1987).
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have been adopted to be 5 cri? and 1 G, re-
spectively. The MAPPINGS models show that
complete shocks lead to very low values of the
[Oiii)/HP line ratios, indicating that the shock

is incomplete, i.e., the shock has not had enough
time to fully recombine and cool down yetThe
predicted time evolution of some line ratios for
a shock velocity of 150 km™¢ and the observed
values are shown in Figure 5. The He ii/Hp,
[Oii)/HB, [Oiii])/HB, and [N ii]/Hp line ratios

are reproduced at times varying between 200
and 500 years.Line ratios vary on a first-order
linearly with the elemental abundances, making
everything fit at an age ~350 yr if the oxygen
abundances were reduced by a factor othree.
We note, however, the strong degeneracy be-
tween age,shock velocity and abundances and
the obvious simplicity of the model, which does
not account for geometrical effects that super-
pose shocks of differing properties along the line
of sight.

As for the ring and inter-region, the signifi-
cant [N ii]/[Oii] line ratio variations between
the ring (2.8) and inter-region (0.8) suggest the
chemical enrichment of the material at the ring.

The MAPPINGS 5.13 code (Sutherland & Dopita The variations of the [N ii]/[O ii] line ratio have

2017) has been used to investigate key line ra-
tios detected in the bow-shock, inter-region and
ring to assess the properties of these shocks and
the chemical abundances of the emitting mate-
rial. Unfortunately, the available emission line
ratios are insufficient to fit simultaneously all
parameters that critically determine the plasma
emitting properties, mostly the shock velocity,
chemical abundances, pre-ionization state of the
gas, age of the shock, pre-shock density, and to
a minor extent the magnetic field.

As for the bow-shock, a set of models was built
using MAPPINGS 5.13 and its line ratio predic-
tions compared to those listed in Table 5Since
the shocked gas is expected to be dominated
by ISM material, its chemical abundances have
been assumed to be solar (Asplund et al. 2009),
and the pre-shock density and magnetic field

been simulated using also MAPPINGS for a
range of shock velocities and O/H abundances,
adopting this time a pre-shock density of 1000
cm 3, consistent with the nova CSM material,
and assuming the shock has had enough time
to become complete. The results, plotted in
Figure 6, are shown for solar N/O ratios, but
the [N ii]/[Oii] line ratio can be scaled with
the N/O ratio. This plot reveals that, for shock
velocities above 200 km s, the [N ii]/[O ii]
line ratio can be used as a diagnostic of the
O/H abundances and N/O abundances ratio.
The high [N ii]/[O ii] line ratio of the ring
can only be interpreted with extremely high
over-solar abundances (O/H>4x(O/H) ) or
over-solar N/O ratios (N/O=5%(N/O) ), or
both of them, whereas the inter-region shows
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for MAPPINGS simulations of a complete shock vs.
the shock velocity and O/H abundances for a pre-
shock density 1,000 cni®, solar N/O abundances
ratio, and magnetic field of 1 and 5 uG.

O/H abundances or N/O abundances ratio
slightly over-solar. The large variations in the
[Nii}/[Oii] line ratio among discrete knots in
the ring can be similarly interpreted as evidence
of large variations in their metallicity.

3.2. The Central Star
3.2.1. SpectralProperties

The normalized spectrum of the central star
of J210204 presented in Figure 7 reveals promi-
nent broad Balmer hydrogen absorption lines
with embedded central emission peaks. Neu-
tral helium lines are also observed as a combi-
nation of wide absorption and narrow emission.
Strong NaD and a set of Fraunhofer lines are
also detected in absorption in this  spectrum,
whilst Ca ii and a blend of Ciii and fluores-
cent N iii lines at 4640-50 A are clearly seen in
emission.The most prominent lines are marked
with different colors in Figure 7.

3.2.2. Photometric Variability

The measured mean and 1-0 deviation mag-
nitudes derived from the photometric data ob-
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Figure 7. Normalized combined spectrum
(SPM+GTC) of the central star of J210204 (black),
compared to that of the UX UMa nova-like system
RW Sex (green).The spectrum of RW Sex has been
shifted by 0.11. Lines of interest are labeled.

tained during the two main observing runs are
16.416+0.009 mag in the B-band, 15.805+0.009
mag in the V -band, 15.373+0.012 mag in
the R-band, and 14.856+0.013 mag in the |-
band. The inspection of the light curvesre-
veals notable fluctuations.The discrete Fourier
transform (DFT) based program Period04
(Lenz & Breger 2005) was used to search for
possible periodicities in the photometric data.
The best results showing the lower dispersion
are obtained in the R-band, for which a fre-
quency fr =5.628 + 0.011 day™' is found as
revealed by the main peak in the power spec-
trum (dotted grey line in Figure 8-right). One
day aliases are strong,given the observational
strategy; indeed, the power spectrum corre-
sponding to the I-band actually peaks at 6.63
day', ie.f, =f g + 1. Thereis also a num-
ber of noticeable secondary peaks, resulting
from the significant noise level in the power
spectra induced by the low resolution of the
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Figure 8. Power spectra of RV from the Hf
absorption (left ) and R-band photometric (right )
time series. The grey line in both panels is the
power calculated by the DFT analysis, while the
solid black line is the same after cleaning (see
the text). The peak indicates a spectroscopic fre-
quency f s=5.6345 day™' and a photometric fre-
quency fr=5.628 day™".

photometric dataset. The convolution of the
observed power with the spectral window helps
to supress aliases using a procedure appropri-
ately called Clean (Roberts et al. 1987). The
cleaned power spectrum of the R-band light
curve (solid black line in Figure 8-right) con-
firms the low frequency peak. The frequency
derived from the R-band implies a photomet-
ric period Ppn, =4.264+0.007 hours. The folded
light curve with this frequency show little vari-
ation in shape among the different photometric
bands (Figure 9). The global change in mag-
nitudes throughout the different bands is rela-
tively small, ~0.1 mag.

There is also a remarkable trend in the long-
term light curve. The power spectrum reveals
the presence of a peak at f =0.085day ',
which would imply a cyclical variability with a
period of 11.7 day, although we reckon that the
length of the observing runs is not appropri-

16.4
T

15.3 15.84 15.76 16.5
T L e e T

Magnitude

5.4
—

1

14.8
T

14.9
T

Orbital Phase

Figure 9. Magnitudes variations folded according
to the photometric period of P, =4.264 hours for
the B, V, R, and | bands from top to bottom,
respectively.

ate to investigate suah a long-term variability.
Another noteworthy peak is actually a one-day
alias at a frequency 0.92 da} that corresponds
to a period of 26.1 hours. The power strength
shifts from one peak to the other depending on
the photometric band.

3.2.3. Radial Velocity Variability

The photometric variability may be associ-
ated with radial velocity (RV) variations. To
investigate these, we have used the narrow emis-
sion component of the Balmer Ha line and the
Balmer H[3 absorption line (see Figure 10)The
HB line is not symmetric and very wide, with
aFWHM=40-50 A and a full-width at
zero intensity (F W ZI) up to = 140 A. In ab-
sence of a clear understanding of the nature of
different components which may form the Hf3
line profile, we measured it using a single Gaus-
sian. The analysis of the RV variations with
Period04 clearly shows periodic modulation,
with a strong peak around a frequency of 5.6
day' (with its unavoidable one-day alias)In a
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Figure 10. Hp absorption (left) and Ha emission

(right) profiles. The thin colored lines show pro-

files observed at different times, whereas the thick
black line correspond to the averaged profiles.The
dashed vertical lines mark the rest wavelength of

both lines.

similar way as for the photometric light curves,
the uneven time series produces alias peaks in
the power spectrum.These have been convolved
with the spectral window to clean aliases. The
raw and cleaned resulting power spectrum are
shown in the left panel of Figure 8, where the
cleaned power spectrum peak corresponds to a
frequency f; = 5.635 + 0.008 day' (or to a pe-
riod Ps= 4.260+0.006 hours). This value devi-
ates from the period derived from the photomet-
ric data by ~0.3 minutes, which is within the 3-
o formal uncertainty. In the following, we will
favor the period determined from spectroscopic
observations,as this has been derived from a
more complete time series distribution and the
data analysis shows a more robust variability.
Additional photometric and spectroscopic data
are needed to improve the accuracy of the pe-
riod determination to assess whether there is

a real difference between the spectroscopic and
the photometric period.

As for the Ha line, we measured only the dom-
inant emission peak located close to the rest
wavelength of the line. Even though this com-
ponent looks single-peaked and narrow, com-
pared to the entire Ha complex, it actually
splits into two components at certain orbital
phases.We used the de-blending option in the
IRAF procedure splot to fit two distinct Gaus-
sian components to the line profile whenever
they were present. The brightest component
is basically seen throughout the whole orbital
cycle and it follows the RV curve deduced from
HB, but with a much smaller RV amplitude.
The RV of the narrower and fainter compo-
nent, which is detected only in half of the or-
bital phases,varies in a near counter-phase to
the first component and to the wide absorption
measured with Hp.

Finally, a careful examination of the NaD dou-
blet shows a faint component with variable RV
in addition to the deep narrow absorption lines
that can be attributed to the interstellar and
may be circumstellar media.The variable com-
ponent is in phase with the wide H3 absorption.

4. ON THE NATURE OF
IPHASX J210204.7+471015

4 1. The central star
IPHAS J210205.83+471018.0

The optical spectrum of the central star of
J210204 showswide absorption lines of H i
and He i with narrow emission cores. These
spectral features are distinctive of UX UMa
nova-like (NL) systems (Dhillon 1996), a sub-
class of non-magnetic cataclysmic variable stars
(CVs). Indeed, the comparison of the opti-
cal spectrum of the central star of J210204
with that of the UX UMa-system RW Sex
(Beuermann et al. 1992, and references therein)
obtained with the same settings at the same
telescope (Hern"andez et al.2017) show that
both spectra are basically identical (Fig. 7).
Both stars show spectral lines mostly in ab-
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sorption, which is consistent with a rather op-
tically thick accretion disc in a NL,  although
sometimes it is difficult to discern them from
similar set of lines produced by a K donor
star. The main difference between the spec-
trum of RW Sex and that of J210204 cen-
tral star is the presence of multiple emission
peaks inside Balmer lines (Figure 10), a fact
normally associated with a post-nova shell
stage. Emission lines are limited to the no-
table Ha line, and to the high excitation lines
of He ii 4686A and a blend of Ciii and flu-
orescentN iii at =4650 A. This places the
central star of J210204 on the upper part (or
high state) in the disc surface density (%) vs
disc temperature (T) plot (Mineshige & Osaki
1985; Cannizzo 1993), i.e., the locus of CV-
NL objects, a sub-class of CVs character-
ized by high and stable = mass transfer rates
(M210 °Mg yr') and a steady state ac-
cretion disc (Meyer & Meyer-Hofmeister 1982).
Accordingly, the brightness of NLs does not
vary significantly around its  mean level, in
agreement with the small ~0.1 mag variation
found for J210204 (Figure 9).

The concordant periodic photometric and RV
variations of the central star of J210204 rein-
forces the idea that it consists of a binary system
in a nova, where the viewing aspect at differ-
ent orbital phases of the system comprised by a
compact source, an accretion disc around it, and
a donor star would produce the observed peri-
odic variations. The observed 4.26 hour period
can be interpreted as the orbital period of the
binary system. The short period is again con-
sistent with a CV classification for this source.
Otherwise, the long-term photometric period of
11.7 days, although not well understood, is not
exceptional in these systems (Yang et al. 2017)
and may be caused by the precession of the ac-
cretion disc (de Miguel et al. 2016).

In the absence of eclipses, it is difficult to asso-
ciate the different emission and absorption line
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Figure 11. Photometric B - | (top panel) and
RV (bottom panel) variability folded with the spec-
troscopic phase.In the bottom panel, the red solid
line and dots corresponds to the faint Ha compo-
nent, the red dashed line and open symboils to the
bright Ha component, and the blue dashed line and
open symbols to the HB absorption.

components with the system constituents, but
the varying amplitudes and phasing of these
spectral line components, as seen in the bot-
tom panel of Figure 11, can provide impor-
tant clues about this system. The similari-
ties of the central star of J210204 to other
NLs (Hern"andez et al.2017) makes us assume
that the narrow faint Ha emission component
(red solid line and dots in Figure 11-bottom)
originates at the irradiated face of the donor
star. The RV curve of this component thus re-
flects the motion of the secondary star. Con-
sequently,we will assign the zero phase to the
time T0=2457610.5154 at which this RV curve
crosses the systematic velocity line.When the
RV plots are referred to this zero point and
folded with the 4.26 hours spectroscopic period
(Figure 11-bottom), the emission of the faint
Ha component apparently fades away and dis-
appears between phases -0.3 to 0.2.This can
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be taken as a good evidence that this Ha emis-
sion component arises only from the side of the
donor star facing the accretion disc that would
be not visible to the observer in this phase in-
terval. The sinusoidal fit to the Ha measure-
ments indicates a RV semi-amplitude of ~175
km s™'. The secondary star velocity implies a
high orbital inclination angle, although not high
enough to produce eclipses in this system.
Meanwhile, the broad H absorption probably
originates in the optically thick accretion disc.
This optically thick accretion disc would out-
shine the stellar components of the binary sys-
tem, so that no signature of the narrow absorp-
tion lines from the secondary star is visible. If
the HB absorption line formed evenly in the en-
tire accretion disc, then it would be expected its
RV curve to be in phase with that of the narrow
faint Ha emission component originating from

consistent with the observed photometric vari-
ations of the system, as shown in the upper
panel of Figure 11, where the B - | color curve
folded with spectroscopy ephemeris is plotted.
The maximum color difference is achieved at
¢ =0.4, just prior tothe inferior conjunc-
tion of the presumed late type donor star. The
amplitude of the photometric variations grows
towards longer wavelengthsreaching 0.04-0.06
magnitude in the I-band (Figure 9). The light
curves in red filters are not symmetric, but the
Bl color curve is, thus suggesting that color
stays more or less constant with some blue
light being obscured around ¢ =0.9.  This
might be evidence of the dark spot detected
in the archetype UX UMa itself (see Figure 9
in Neustroev et al. 2011), but our spectrosopic
data is not sufficient to conduct a similar to-
mographic analysis and confirm the evidence of

the secondary star, as in the case of RW Sex (see such dark spot in the central star of J210204.

Figure 6 in Beuermann et al. 1992). However,
the orbital phasing of the HB absorption (blue
open squares and blue dash-line in Figure 11-
bottom) is not exactly in counter-phase with
the narrow faint Ha emission component (red
solid line and dots in Figure 11-bottom). The
maximum positive velocity of the HB RV curve
at ¢ = 0.65 and its large amplitude indicate
that the line emanates predominately from the
co-rotating hot spot. At that orbital phase, the
intrinsic velocity of the matter in the hot spot
would be increased by the orbital velocityThis
is not a novelty, as the asymmetry of the accre-
tion discs of UX UMa systems has been noted
before (e.g. Schlegel, Honeycutt, & Kaitchuck
1983; Neustroev et al. 2011).

Finally, the bright Ha emission component
(red open squares and dash-line in the bot-
tom panel of Fig. 11) can be attributed to
an extended and low-velocity region located off
the edge of the accretion disc and opposite to
the hot spot, as for 1RXS J064434.5+334451
(Hern"andez et al2017). This interpretation is

4.2. The nebula IPHASX J210204.7+471015

The shell around this binary system bears
a striking resemblance tothe nova AT Cnc,
particularly in the low-ionization [N ii]  emis-
sion line. The cometary morphology of many
of the [Nii] knots and the [Oii] bow-
shock are highly indicative of arecent out-
burst event which is seen as a bow-shock
progressing through the ISM. Shock-sensitive
line ratios are indeed suggestive of shocks
(Hartigan, Raymond, & Hartmann 1987). A
detailed spatio-kinematical study of the differ-
ent nebular componentsis underway (Santa-
mar’ia et al., in preparation).

Novae are expected to produce noticeable
amounts of CNO, as well as Ne, Mg, Al, and Si
(e.g., Jos'e & Hernanz 1998)a theoretical ex-
pectation confirmed by spectroscopic observa-
tions of classical nova shells (Gehrz et al. 2014;
Tarasova 2016). The chemical abundances of
the different regions of J210204 cannot be de-
rived in detail, but the [N ii])/[Oii] line ratios,
in the asssumption of complete shocks, imply a
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significant gradient in the abundances from t
ring to the inter-region.  The high N/O ratio
of the ring, well above unity as typically foun
in novae (Nussbaumer et al. 1988), reveals p
tine nova ejecta, whereas the inter-region dis
plays chemical abundancescloser to those of
the ISM, as the nova ejecta expand and swe
up ISM material. Individual knots may sho
evidence of larger chemical enrichment and
tably varying N/O ratios, suggesting that mate-:
rial highly enriched ejected during the outburst;
has not yet mixed completely. The assumptio
on the shock completeness does not hold at
bow-shock, where abundances are uncertain, &
though they might be consistent with those of
the ISM. :

The bow-shock is preceded by two additionaj
arcs. These diffuse arcs of emission seem tof
trace the interaction of the ejecta of J210204
with the ISM, although they may also be the
relics of previous events of mass ejectiom or-
der to investigate recurrent interactions of mass
loss processes from J210224 with the ISM,we
have searched for large-scale diffuse emission
features around J210204 in IPHAS mosaic im-
ages (Figure 12).These do not reveal any addi-
tional detached rings or arcs, but there is a quasi
semi circular depression in the interstellar ma-
terial towards the north-east of J210204, more-
less along the bow-shock direction (Figure 12).
Although the presence of this structure is tanta-
lizing, we note that the stars density inside this
arc is notably smaller than on the arc, indicating
that the origin of this arc can be associated most
likely with varying interstellar absorption rather
than with recurrent episodes of mass ejection
and their interaction with the ISM.

5. CONCLUSIONS

From the analysis of the time-resolved pho-
tometric and spectroscopic data of the central
source of IPHASX J210204.7+471015, it can be
concluded that it hosts a binary system. The
object can be classified as an old nova ob-

Guerrero et al.

Figure 12.
image around J210204.The cyan ellipse traces the

Large field of view IPHAS Ha+[N ii]

bright [N ii] ring of J210204 and the cyan arrow
the direction of the [Oiii] bow-shock. The yellow
arrows and dashed line mark the location of the
quasi circular arc described in the text.

served around a UX UMa system,i.e. a classi-
cal nova observed around a non-magnetic CV
system observed at quiescence. The nebula
shows evidences of nitrogen and oxygen enrich-
ment, which is later diluted into the surround-
ing ISM by a fast ejecta resulting in a typical
bow-shock structure. These are typical char-
acteristics of a nova shell. Actually, the rem-
nants of past ejections around CVs are scarcely
detected (Ringwald et al. 1996;Gill & O’Brien
2000; Tomov et al. 2015; Schmidtobreick et al.
2015). A re-classification as a recurrent nova
might be possible if the arc-like features 8 and
2.0 in front of the [Oiii] bow-shock could be
attributed to previous episodes of mass ejection
from the nova.
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