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A B S T R A C T 

We present a detailed study of the barium star at the heart of the planetary nebula Abell 70. Time-series photometry obtained o v er 
a period of more than 10 yr demonstrates that the barium-contaminated companion is a rapid rotator with temporal variability 

due to spots. The amplitude and phasing of the photometric variability change abruptly; however, there is no evidence for a 
change in the rotation period ( P = 2.06 d) o v er the course of the observations. The co-addition of 17 high-resolution spectra 
obtained with Ultraviolet and Visual Échelle Spectrograph mounted on the Very Large Telescope allows us to measure the 
physical and chemical properties of the companion, confirming it to be a chromospherically active, late G-type sub-giant with 

more than + 1 dex of barium enhancement. We find no evidence of radial velocity variability in the spectra, obtained o v er the 
course of approximately 130 d with a single additional point some 8 yr later, with the radial velocities of all epochs approximately 

−10 km s −1 from the previously measured systemic velocity of the nebula. This is perhaps indicative that the binary has a 
relatively long period ( P � 2 yr) and high eccentricity ( e � 0.3), and that all the observations were taken around radial velocity 

minimum. Ho we ver, unless the binary orbital plane is not aligned with the waist of the nebula or the systemic velocity of the 
binary is not equal to the literature value for the nebula, this would imply an unfeasibly large mass for the nebular progenitor. 

Key words: accretion, accretion discs – stars: A GB and post-A GB – stars: chemically peculiar – planetary nebulae: general –
planetary nebulae: individual: PN A66 70, PN G038.1 −25.4. 
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 I N T RO D U C T I O N  

t is now clear that binary stars hold the key to understanding the
ormation of many planetary nebulae (PNe; Jones & Boffin 2017a ). 
o we ver, with much of the recent focus being placed on common

nvelope e volution (Bof fin & Jones 2019 ), the role of wider binaries
emains almost completely unconstrained (Tyndall et al. 2013 ). To 
ate, only three wide binary central stars of PNe have confirmed 
eriods (Jones et al. 2017 ) with other systems either being so wide
hat they are resolved (Ciardullo et al. 1999 ) or displaying composite
pectra with giant companions (Tyndall et al. 2013 ). Four central star
ystems are known to be barium stars (Bond, Pollacco & Webbink 
003 ; Miszalski et al. 2012 , 2013 ; L ̈obling, Boffin & Jones 2019 )
ith only one having a known orbital period (LoTr 5; Jones et al.
017 ; Aller et al. 2018 ). Barium stars are mostly – but not only:
ee e.g. Escorza et al. ( 2019 ) – giant stars of spectral type G-K that
isplay enhanced abundances of carbon and s-process elements such 
s barium and strontium, and are now known to all be long-period
inaries (100 d � P orb � 10 4 d; McClure, Fletcher & Nemec 1980 ;
orissen et al. 2019 ). The chemical contamination of barium stars
 E-mail: djones@iac.es 
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s believed to be due to accretion of chemically enriched material
rom an evolved binary companion, likely through wind (Boffin & 

orissen 1988 ) or wind Roche lobe o v erflow (WRLOF; Theuns &
orissen 1993 ; Nagae et al. 2004 ). WRLOF will occur when the
cceleration radius of the asymptotic giant branch (now a white 
warf in these barium star systems) star’s stellar wind is comparable
o or greater than its Roche lobe radius (Mohamed & Podsiadlowski
012 ), meaning that the wind itself is strongly influenced by the
inary potential and can be accreted on to the companion via the first
agrangian point. This accreted material chemically contaminates 

he surface of the companion as well as increases its spin rate due to
he conservation of angular momentum (Theuns, Boffin & Jorissen 
996 ). Intriguingly, the amount of material required to account for
he observed contamination is often in excess of that which would
e expected to result in critical rotation rates in the companion,
roviding an indication that significant (and as yet not understood) 
ngular momentum losses must be experienced in these systems 
Matrozis, Abate & Stancliffe 2017 ). PNe with barium central stars
ffer an important window into this process as the presence of the
hort-lived nebula ( τ ≤ 30 000 yr; Jacob, Sch ̈onberner & Steffen
013 ) means that the mass transfer has occurred too recently for
ignificant changes in the companion’s spin rate, and moreo v er
he nebula itself traces the mass-loss history of the system as it
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Table 1. The Gaia DR3 parameters of the central star of A 70. 

Parameter A 70 

T eff (K) 5144 + 19 
−17 

log g 4.784 + 0 . 012 
−0 . 015 

[Fe/H] −2 . 73 + 0 . 26 
−0 . 32 

GSP-Phot Aeneas distance (kpc) 1.47 + 0 . 02 
−0 . 01 

GSP-Phot Aeneas radius (R �) 0.51 + 0 . 05 
−0 . 04 

Parallax, � (mas) 0.25 ± 0.12 

Geometric parallax distance (kpc) 3.6 + 1 . 5 −1 . 0 

B p magnitude 18.13 ± 0.03 

G magnitude 17.66 ± 0.01 

R p magnitude 17.08 ± 0.02 
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s formed from the material that has escaped the binary potential
Jones 2018 ). 

In this paper, we present a detailed study of the central star of the
lanetary nebula Abell 70 (PN G038.1 −25.4, or A66 70, hereafter
 70), which was shown by Miszalski et al. ( 2012 ) to be a binary

onsisting of a hot white dwarf, revealed by GALEX photometry,
nd a roughly G8IV-V barium star secondary, which has been
eavily polluted by s-process material from the nebular progenitor
[Ba/Fe] o v erabundance ∼0.5 de x). A 70 itself is a southern PN
ost well known for its striking appearance, earning it the nickname

he ‘diamond ring’ due to its ring-like form and superposition with
 background elliptical galaxy (which forms the diamond of the
iamond ring; Miszalski et al. 2012 ). The kinematical study of
yndall et al. ( 2013 ) showed A 70 to most likely comprise a faint
ipolar shell, the waist of which is encircled by a bright toroid, the
eprojection of which results in an estimated nebular inclination of
0 ◦ ± 10 ◦. They also determined a systemic heliocentric velocity for
he nebula of −73 ± 4 km s −1 and a kinematical age of approximately
5 000 yr for the distance of 6.04 ± 2.13 kpc derived by Frew,
arker & Boji ̌ci ́c ( 2016 ). 
The central star of Abell 70 appears in the Gaia Data Release

 (DR3; source id: 6907822573352460032; Gaia Collaboration
022 ), where it was not identified as binary nor was it bright
nough for the radial velocity data to be released. Ho we ver, Gaia
R3 does contain stellar parameters for the central star of A 70

Creev e y et al. 2022 ; F ouesneau et al. 2022 ), deriv ed using the
eneral Stellar Parameterizer from Photometry (GSP-Phot) module
f the Astrophysical parameters inference system (Apsis). GSP-
hot simultaneously fits the BP/RP spectra, parallax, and apparent
agnitude, using isochrone models to constrain the stellar properties.
he corresponding parameters, as well as the geometric parallax

rom EDR3 (Bailer-Jones et al. 2021 ), for the central star of A 70 are
ummarized in Table 1 ; ho we ver, these should be used with caution
s will be discussed in Section 4 . 

 PHOTOMETRY  

.1 New i -band photometry 

e supplement the literature photometry of Bond & Ciardullo ( 2018 )
ith photometric observations of the central star of A 70 made in the

 band at various facilities between 2010 August and 2022 July. 
The first of the supplementary observations were acquired on the

ights of 2010 August 11–13 and 15–17 with the 1.9-m Radcliffe
elescope of the South African Astronomical Observatory (SAAO)
nd the SAAO CCD instrument. The STE4 CCD w as emplo yed
NRAS 516, 4833–4843 (2022) 
long with the Bessell I filter, providing an FOV of approximately
.5 × 2.5 arcmin and a binned pixel scale of 0.28 arcsec pixel −1 . 
Further observations were then acquired on the nights of 2013

une 3–7 with the European Southern Observatory’s 3.6-m New
 echnology T elescope (ESO-NTT) and the ESO Faint Object Spec-

rograph and Camera v.2 (EFOSC2) instrument (Buzzoni et al. 1984 ;
nodgrass et al. 2008 ). EFOSC2 w as emplo yed in its imaging mode
long with a Gunn i -band filter (ESO ID #705) to provide an FOV
f 4.1 arcmin ×4.1 arcmin with a binned pixel scale of 0.24 arcsec
ixel −1 . 
Service mode observations were acquired with the Las Cumbres

bservatory Global Telescope (LCOGT; Brown et al. 2013 ) on 2015
pril 1, May 14, and June 12, 14, 18, 19, 20, 21, 22, 25, and 27 with

he 1-m network, and on 2015 June 24 and 27 on the 2-m network.
ll observations were taken with a Cousins I -band filter, with 1-m
etw ork observations emplo ying SBIG cameras for a 15.8 arcmin ×
5.8 arcmin FOV and an unbinned pixel scale of 0.23 arcsec pixel −1 ,
hile the 2-m network observations employed spectral cameras for
 10.5 arcmin × 10.5 arcmin FOV and a binned pixel scale of 0.30
rcsec pixel −1 . 

Finally, observations were taken with the 2-m Liverpool Telescope
LT) and the IO:O instrument on the nights of 2022 May 25, 27, 28,
9, and 31, June 1, 11, 12, 17, and 18, and July 4, 7, and 16. All
bservations were taken unbinned (10 arcmin × 10 arcmin FOV and
.15 arcsec pixel −1 ) and with a Sloan i 

′ 
filter. 

All data were bias and flat-field corrected using standard reduction
outines or the instrument pipelines (where av ailable). Dif ferential
perture photometry of the central star of A 70 was then performed
sing the astropy-affiliated photutils PYTHON package. 1 The
ifferential photometry is available for download via CDS. 
Bond & Ciardullo ( 2018 ) identify a periodicity of 2.06 d in their

ata, with a similar period clearly evident in the newly acquired data.
o we ver, no single period and time of first minima could be found

hat fits all the data (perhaps not unexpected given that the variability
s clearly not constant, see Section 2.3 for further discussion). In
rder to better constrain the period, as well as the changes between
bserving epochs, we focus on the periodicitiy of all the data taken
etween 2011 and 2015 (shown in the lower left panel of Fig. 1 ).
iven the nature of the variability, we measure the period via the

educed χ2 of a sinusoidal fit as a function of frequency (ideally
uited to sinusoidal variability, e.g. Horne, Wade & Szkody 1986 ;
unday et al. 2020 ). The resulting periodogram is shown in Fig. 2 .

wo strong minima in the reduced χ2 are found, the strongest at
.061 ± 0.005 d (consistent with the period of Bond & Ciardullo
018 ) and a second slightly shallower at 1.938 ± 0.005 d. The data
rom 2010, combining that of Bond & Ciardullo ( 2018 ) and our
wn from SAAO, phases well on the first period but not the second,
ower period, likely indicating that this is an alias. As such, we
onclude that the rotation period is indeed ≈2.06 d and that there is
o strong evidence for a change in period before and after the phase
f negligible variability in early 2011. There is, ho we ver, a clear shift
n phase between the 2010 data and the later data used to derive the
eriod (see Fig. 2 ). There is no statistically significant evidence for
 shift between the 2011–2015 data and the later data from 2022,
lthough the lack of data in the intervening seven years as well as the
ncertainty on the period mean that we cannot exclude a phase shift
etween these two data sets. The 2022 data does, ho we ver, appear to
ave a larger photometric amplitude, more consistent with the 2010

https://photutils.readthedocs.io/en/stable/
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Figure 1. The combined i -band photometry (including the data from Bond & Ciardullo 2018 ) demonstrating the constant periodicity ( P = 2.061 d), but 
changing phasing and amplitude, of the variability. All data are phased according to the ephemeris derived from the 2010 data using the period derived from the 
2011b, 2013, and 2015 data. 

Figure 2. The reduced χ2 of a sinusoidal fit as a function of period for the 
2011b, 2013, and 2015 data (shown folded on this period in Fig. 1 ). The 
best-fitting period ( P = 2.061 ± 0.005d) is marked by the vertical red line. 
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ata. None the less, if the variability did remain constant throughout 
his time, we can refine the period to P = 2.060561 ± 0.000002 d. 

.2 Sur v ey photometry 

he field containing A 70 has been observed over relatively long 
eriods of time by a number of all-sk y surv e ys. Unfortunately, the
elatively faint central star and bright nebula combined with the 
arge pixel scales employed by the majority of these surveys means 
heir photometry is not particularly useful in directly probing the 
ariability in A 70 – the 2-d period would not be uniquely identified
n any of the data sets. None the less, they can be used to probe the
pparent changes in phase between the epochs presented in Fig. 1 .
he details of this analysis are outlined in Appendix A , with the main
onclusion being that we cannot rule out an additional shift in phase
etween the 2015 and 2022 epochs of photometry. 

.3 Origin of the changing variability 

he observed photometric period – presumably the rotation period 
f the less evolved component of the binary nucleus of A 70 –
s consistent with the periodicities observed in other fast-rotating 
ompanions to central stars of PNe. Miszalski et al. ( 2013 ) found a
eriod of 5.5 d for Hen 2-39, while similar periods have been found
or giant components of WeBo 1 (4.7 d; Bond et al. 2003 ), LoTr 1
6.4 d; Tyndall et al. 2013 ), and LoTr 5 (5.95 d; Aller et al. 2018 ). The
tudy of Miszalski et al. ( 2012 ) found that the companion in A 70
s either a main sequence or sub-giant G-type star, both of which
ould be below break-up for a rotational period of 2 d (although a

ub-giant would be fairly close). 
Ho we ver, no other rapidly rotating companion has been shown to

resent with changing variability. Within observing periods, where 
he data are sufficiently precise (e.g. the 2022 LT data or the 2010
ata from Bond & Ciardullo 2018 ), there seems to be some evidence
or additional scatter beyond the overarching sinusoidal periodicity. 
his may simply be underestimated uncertainties that do not account 

or the contamination from the surrounding nebula; ho we ver, the
inusoidal variability itself also seems to come and go as well as
hange in phasing. In early 2011, the v ariability drops belo w a
etectable level, and then returns in late 2011 with a different phasing
ut similar amplitude. The new data obtained in 2013 and 2015
hase well with the late 2011 data, indicating that the variability was
elatively stable over this 4-yr period. The long time span between
he 2015 and 2022 observations means that we cannot conclusively 
etermine whether there has been a phase shift during that time (small 
ncertainties in the rotation period equate to significant changes in 
hase). None the less, similar shifts in phase of photometry variability
re observed in other magnetically active stars (not at the centres of
Ne), e.g. the giant component of IT Com where the change was
MNRAS 516, 4833–4843 (2022) 
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Table 2. A table of measured heliocentric radial v elocities v ersus heliocentric 
Julian date for the polluted giant secondary of A 70. 

Heliocentric Radial velocity Instrument Approx. S/N 

MJD (d) (km s −1 ) of spectrum 

54944.32710 −73.93 ±9.27 GMOS 9.3 
55026.41908 −77.83 ±12.25 FORS2 4.0 
55364.42193 −77.16 ±7.73 FORS2 10.5 
55366.41773 −74.03 ±7.57 FORS2 12.8 
55679.35887 −83.45 ±0.71 UVES 5.4 
55680.34523 −84.36 ±0.84 UVES 7.1 
55700.36627 −82.13 ±3.65 UVES 2.8 
55700.40375 −83.76 ±3.24 UVES 2.7 
55726.23343 −83.09 ±1.19 UVES 4.3 
55726.29200 −83.37 ±0.73 UVES 4.0 
55765.28905 −83.28 ±1.00 UVES 2.6 
55765.32868 −85.63 ±0.31 UVES 2.3 
55775.11918 −82.46 ±1.15 UVES 3.4 
55775.15412 −84.28 ±0.08 UVES 4.8 
55783.09244 −82.10 ±2.84 UVES 3.2 
55783.13296 −81.44 ±2.28 UVES 4.6 
55791.22318 −82.64 ±1.03 UVES 6.0 
55791.26339 −83.06 ±1.06 UVES 5.7 
55808.06681 −82.65 ±1.50 UVES 6.4 
55808.10472 −84.15 ±0.34 UVES 5.9 
56116.40453 −78.08 ±7.73 FORS2 17.4 
56116.41831 −77.25 ±6.11 FORS2 15.9 
58773.12292 −82.77 ±2.27 UVES 3.1 
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Figure 3. The CCFs of three spectra obtained close to photometric minimum 

(the MJDs of the spectra are in the legend, but each is ≈0.1 in phase away 
from the photometric minimum), highlighting that the shape of the CCF does 
not appear to correlate with the photometric phase. 
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ssociated with a periastron passage (Ol ́ah et al. 2013 ). The fact
hat the central star of A 70 is the first of the rotationally variable PN
entral stars to be found to show changes in its photometric variability
s more likely a consequence of the lack of long-term monitoring for
ther central stars rather than a special property of the central star of
 70. 

 SPECTROSCOPY  

he central star of A 70 was observed 16 times between 2011 May 28
nd September 4, and once more on 2019 October 17 (for exact dates
ee Table 2 ) using the Ultraviolet and Visual Échelle Spectrograph
UVES; Dekker et al. 2000 ) on ESO’s Very Large Telescope (VLT)
nit Telescope 2 (UT2), also known as K ue yen. All e xposures were
f 3000 s through a 1 arcsec slit. The dichroic #2 w as emplo yed, with
he red arm centred at 7600 Å (with a BK7 5 blocking filter) and the
lue arm centred at 4370 Å (with a HER 5 below-slit filter). This
et-up provides continuous spectral coverage in the ranges 3800–
000 Å (blue-arm) and 5700–9400 Å (red-arm, with a small gap
n co v erage between CCDs around 7600 Å), with a resolution of
pproximately 40 000. The data were reduced using the standard ESO
ipeline. 
Miszalski et al. ( 2012 ) presented intermediate-dispersion spec-

roscopy obtained with the Gemini Multi-Object Spectrograph
GMOS; Hook et al. 2004 ) on the Gemini South Telescope, and
ith the FOcal Reducer and low-dispersion Spectrograph (FORS2;
ppenzeller et al. 1998 ) on ESO’s VLT Unit Telescope 1 (UT1,
ntu). In order to analyse them with the same methodology as

he aforementioned UVES spectra, these data (as well as a further
wo FORS2 spectra both obtained on 2012 July 8 with the same
nstrumental setup) were downloaded from their respective archives
nd re-reduced. 
NRAS 516, 4833–4843 (2022) 
.1 Radial velocities 

he reduced spectra were continuum subtracted, corrected to he-
iocentric velocity and cross-correlated against a G8IV template (in
ccordance with the spectral type determined by Miszalski et al.
012 ) created using spectrum 2 (Gray & Corbally 1994 ). Each
ross-correlation function (CCF) displayed a clear peak of width
onsistent with a high v sin i ( ∼30–50 km s −1 ) as expected from
he rotational period derived in Section 2 . For the highest signal-
o-noise spectra, the shape of the CCF could be seen to deviate
rom a single Gaussian peak, perhaps indicative of spots crossing
he surface of the star (as expected from the observed photometric
ariability). This hypothesis is difficult to test given the relatively
parse phase sampling, as well as the low signal-to-noise of the
ndividual spectra and, particularly, individual lines – thus preventing
 detailed Doppler tomography of the stellar surface. In any case, the
hape of the CCF does not seem to correlate with the photometric
hase of the observation (see Fig. 3 ). 
In order to minimize the effects of the possible spot(s) on the shape

f the CCF, the final radial velocities were measured using a bisector
f the entire peak, although some ‘jitter’ may still be present. The
esulting heliocentric radial velocities (RVs) are presented in Table 2 .
ote that just as in Miszalski et al. ( 2012 ), the FORS2 spectra showed

ignificant signs of flexure, and so the derived RVs were corrected
sing Gaussian fits to the [O III ] 4959 Å and 5007 Å emission lines
nd assuming a nebular systemic velocity of −73 km s −1 (Tyndall
t al. 2013 ). 

The resulting RVs show no obvious periodic variability, with the
VES measurements clustering around a heliocentric velocity of
etween −85 and −82 km s −1 (see Fig. 4 ). Given that the typical
eriods of barium stars are in the range of hundreds to tens of
housands of days (Jorissen et al. 1998 , 2019 ), one would perhaps
xpect to see some signs of variability in the UVES RVs. The 2011

art/stac2501_f3.eps
http://www.appstate.edu/~grayro/spectrum/spectrum.html
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Figure 4. Heliocentric radial velocity measurements of the central star of 
A 70. The right-hand axis shows the deviation of the stellar heliocentric 
radial velocity from the heliocentric systemic radial velocity of the nebula as 
measured by Tyndall et al. ( 2013 ). 

Figure 5. A speculative orbital solution with a period of approximately 8 yr 
and an eccentricity of 0.3. The horizontal dashed line is the nebular velocity 
derived by Tyndall et al. ( 2013 ), taken to be the systemic velocity of the 
binary in the o v erlaid orbital solution. 
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Figure 6. Calcium H and K in emission in the co-added UVES spectrum of 
the central star of A 70. 

Figure 7. The H α emission/absorption feature in the co-added UVES 
spectrum of the central star of A 70. 
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ata spans the shorter end of the barium star period distribution ( P ∼
00 d), such that periods of a year or shorter can be ruled out (unless
he orbital inclination is particularly lo w). Ho we ver, with only a
ingle data point some 8 yr after the initial 2011 data, a number of
rbital solutions are still possible. If one reasonably assumes that 
he nebular systemic velocity, −73 km s −1 (Tyndall et al. 2013 ), is
lso the systemic velocity of the binary, then the semi-amplitude of
he binary would be roughly 10 km s −1 with all data being taken
lose to quadrature (i.e. at the RV minimum). The lack of observed
ariability would then be a consequence of a relatively long period 
nd high eccentricity. Restricting to just the UVES data, periods of
pproximately 2, 4, and 8 yr would all give plausible fits to the data.
o we ver, including the generally more uncertain GMOS and FORS2

adial velocities clearly fa v ours a longer period (see Fig. 5 ). This
onger period would also be supported by the previously discussed 
hotometric variability where the variability was found to be stable 
or at least four years (see Section 2 ). Note, ho we ver, that the similar
hanges in photometric variability of other magnetically active stars 
ay have been associated with periastron passages, perhaps implying 

hat the time of pericentre passage for the central stars of A 70
hould be roughly coincident with the 2011 period of negligible 
hotometric variability. This is not the case for the fit presented in
ig. 5 and no reasonable fit could be obtained constraining the time of
ericentre passage. Ultimately, given the low precision of the GMOS 

nd FORS2 RVs, and the non-variability of the UVES RVs, any fit
s highly speculative. 

.2 Spectral emission features 

a H and K are in emission in the UVES spectra (see Fig. 6 ),
onsistent with chromospheric activity . Similarly , just as in other
apidly rotating companions (e.g. LoTr 1 and LoTr 5; Jasniewicz 
t al. 1994 ; Tyndall et al. 2013 ), H α shows broad emission with
trong absorption superimposed (see Fig. 7 ). The full-width at half-
aximum of the emission ( ∼130 km s −1 , although this is challenging

o measure accurately given the strength of the absorption feature) 
eans that it is unlikely to originate from the chromosphere of the

ompanion but may, instead, be associated with a disc-like structure 
imilar to those found in symbiotic stars (Tyndall et al. 2013 and
eferences therein). Ultimately, the signal-to-noise ratio of the spectra 
s insufficient to draw stronger conclusions other than to say that the
entral star of A 70 is spectrally very similar to others of the class. 
MNRAS 516, 4833–4843 (2022) 
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M

Figure 8. Portion of the co-added UVES spectrum of the central star of A 70 showing the region around the 6141 Å Ba line (in grey). The blue line shows the 
best-fitting model with [Fe/H] = −0.5, [Ba/Fe] = + 1.2, and [Ca/Fe] = + 0.5, while the red line shows the same model without enhanced barium or calcium. 
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Table 3. Most probable range of the parameters of the bright secondary of 
A 70. 

Parameters A 70 

T eff (K) 5000 ± 250 
log g 3.5 (fixed) 
v sin i (km s −1 ) 37 ± 5 
[Fe/H] −0.5 ± 0.2 
Microturbulence (km s −1 ) 1.0 ± 0.5 
[Ba/Fe] 1.2 ± 0.2 
[Ca/Fe] 0.5 ± 0.1 
[C/H] ≈0 
[Ti/Fe] ≈0 
[Cr/Fe] ≈0 
[Ni/Fe] ≈0 
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.3 Spectral modelling 

o determine the properties of the bright component of A70, we co-
dded all our spectra (after correcting for the derived radial velocities)
nd normalized the resulting spectrum. The iSpec software package
Blanco-Cuaresma et al. 2014 ; Blanco-Cuaresma 2019 ) 3 was then
sed to model the spectrum and to probe stellar parameters and
bundances. The stellar parameters ( T eff , log g , v sin i , and [M/H])
ere derived following the workflow described in Blanco-Cuaresma

t al. ( 2014 ) using a χ2 -minimization comparison with synthetic
pectra calculated using the SPECTRUM software (Gray & Corbally
994 ) and MARCS model atmospheres (Gustafsson et al. 2008 ). The
nitial ef fecti v e temperature and surface gravity chosen to be gin the
tting process were those derived by Miszalski et al. ( 2012 , T eff =
300 K and log g = 3.9, respectively) with solar metallicity, and a
 sin i consistent with the spectral type of Miszalski et al. ( 2012 )
nd the rotation period measured in Section 2 (40 km s −1 , assuming
n inclination, i , comparable to that of the nebula as determined
y Tyndall et al. 2013 ). The fitting procedure was then allowed to
ndergo as many iterations as required to converge (in this case seven
terations). 

It is important to note that only iron lines (Fe I and Fe II ) were
sed to derive the stellar parameters, thus ensuring that any nebular
ontamination (or poor nebular subtraction by the UVES pipeline)
id not affect the results, and that any overabundances in s-process
lements did not affect the deri v ation of the metallicity (i.e. [M/H]

[Fe/H]). The derived surface temperature ( T eff ∼ 5000 K), surface
ravity (log g ∼ 3.5) and metallicity ([Fe/H] ∼−0.4) are in line
ith those expected based on the similarity with the G8 IV-V

tar HD 24616 (as shown by Miszalski et al. 2012 ). 4 The Gaia
psis surface gravity (log g ≈ 4.8) is significantly larger than the
etermined surface gra vity, b ut results in an appreciably poorer fit
o the spectrum especially at the extremely low Apsis metallicity,
Fe/H] = −2.73. Here, it is also worth noting that our decision to fix
he surface gravity does not dramatically impact the other parameters
eriv ed (be yond the mass) nor our subsequently deriv ed chemical
bundances. More generally, it is important to recognize that given
he relatively large rotational velocity of the star, resulting in broad
ines and a lot of blending, and the relatively low signal-to-noise ratio
f the co-added spectrum (S/N ∼ 20), it is not possible to establish
ny parameters with high precision. In particular, the gravity is very
oorly constrained. 
NRAS 516, 4833–4843 (2022) 
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 As HD 24616 is characterized by an ef fecti ve temperature T eff ≈ 4900 K, 
og g ≈ 3.3, and metallicity [Fe/H] ≈ −0.2 (Steinmetz et al. 2020 ). 
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Using the best model, we also tried to estimate the abundance
f several chemical elements using the equi v alent width method,
ncluding s-process elements. Unfortunately, the abundance of only
 elements could be derived with reasonable precision (see Fig. 8 ):
a and Ba, while it appears that there is no need to enhance the carbon
bundance to get a good fit (nor the chromium, nickel, or titanium,
lthough these elemental abundances are less well constrained). The
arium abundance is based on the barium lines at 6141 and 6496
. Using the line at 4554 Å results in a lower abundance of ≈0.8.
o we ver, it is well known that the strong line at 4554 Å is severely

f fected by NLTE ef fects, which are not taken into account in our
odelling, and this value should thus be considered a lower limit.
ith + 1 dex of Ba o v erabundance, the central star of A 70 is classed

s a strong barium star – these can have periods of up to 10 4 d but
re generally found to cluster in the range of 1000–4000 d (Jorissen
t al. 2019 ), compatible with the range of periods previously inferred
rom the UVES RVs. 

The final parameters and abundances as well as their uncertainties
re listed in Table 3 . 

 DISTANCE,  MASS,  A N D  R A D I U S  O F  T H E  

O M PA N I O N  

ssuming the companion rotates in the same plane as the binary
rbit and the binary orbit is coincident with the waist of the nebula
i.e. i = 30 ◦; Tyndall et al. 2013 ), the measured rotation period
f 2.06 d and v sin i of ≈37 km s −1 imply a radius of ∼3 R �.
or a surface gravity of log g = 3.5, this radius would imply a
ass for the companion of ≈1 M �. These parameters, as well as

he pre viously deri ved temperature, are consistent with a sub-giant
n the verge of joining the first giant branch (Pols et al. 1998 ).
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rrespective of the precise inclination of its rotation axis, the radius of
he companion star must be � 1.5 R � (for the derived rotation period
nd stellar parameters). This is still a strong indication that the star has
 volved of f the main sequence unless it has been inflated follo wing
he mass transfer (as seen in some post-common-envelope central 
tars; Jones et al. 2015 , 2022 ) which resulted in its contamination with
he products of AGB nucleosynthesis from the nebular progenitor (Ca 
nd Ba). 

Using the best-fitting synthetic spectrum from Section 3 and 
ssuming an extinction of E ( B −V ) = 0.05 (Frew et al. 2016 ), we
alculated synthetic magnitudes in the three Gaia bands (see Table 1 )
llowing the distance to be a free parameter. The best-fitting distance 
as 4.6 kpc, in reasonable agreement with both the Gaia geometric 
arallax distance (3.6 + 1 . 5 

−1 . 0 kpc) and the nebular surface-brightness–
adius relationship distance (6.0 ± 2.1 kpc) of Frew et al. ( 2016 ).
he Gaia Apsis distance is much closer at ≈1.5 kpc; ho we ver,
everal other parameters derived by the Gaia Apsis also appear to 
e strongly incongruent. While the Apsis extinction agrees well with 
hat measured from the nebula by Frew et al. ( 2016 ), the Apsis
adius is not compatible with the Apsis distance and the observed 
aia magnitudes (with the radius required to match the observed 
hotometry being approximately double the Apsis radius). Similarly, 
he Apsis metallicity of [Fe/H] ≈ −2.7 is entirely incompatible with 
he spectra presented in Section 3 . The strong disagreement is hard
o explain; ho we ver, GSP-Phot is known to provide unreliable (and
nderestimated) distances for sources further than 2 kpc (Fouesneau 
t al. 2022 ), as well as to systematically underestimate metallicities 
Andrae et al. 2022 ). Ultimately, the discrepancies could be related to
he GSP-Phot module’s fixing of the available parameter space using 
sochrones, which may not be entirely compatible with a star that has
xperienced appreciable accretion as is the case here (Andrae et al. 
022 ). 
The very strong barium enhancement we derive implies that the 

econdary has accreted a large amount of polluted material from 

he former AGB. Indeed, according to Stancliffe ( 2021 ), one would
equire a dilution factor of the order of 0.25 to account for such an
-process excess. If the secondary is about 1 M �, this means it must
ave accreted about 0.25 M � from its AGB companion. This in turn
eans that, assuming the primary was originally 2–3 M � (typical for
GB progenitors of the barium star’s companion; Karinkuzhi et al. 
018 ), the mass transfer efficiency must have been of the order of
0–20 per cent – compatible with wind Roche lobe o v erflow (Abate
t al. 2013 ). 

 PRIMARY  MASS  

s the primary is not visible in our spectra, we cannot place any
urther constraints on its temperature or radius beyond those already 
resented by Miszalski et al. ( 2012 ). Ho we ver, the radial velocities
resented in Section 3 can be used to probe its mass. The mass
unction of an eccentric binary is defined as 

 ( M 1 ) = 

M 

3 
1 sin 3 i 

( M 1 + M 2 ) 2 
= 

P K 

3 
2 

2 πG 

(
1 − e 2 

) 3 
2 , (1) 

here M 1 and M 2 are the masses of the central star and companion,
espectively. P is the orbital period, K 2 is the radial velocity semi-
mplitude of the companion, and e is the orbital eccentricity. 

Assuming that the systemic velocity of the binary is, indeed, the 
ame as the systemic velocity of the surrounding nebula, we can 
lace limits on the majority of these parameters. The orbital period 
ust be in the range 2 yr � P � 8 yr (shorter periods can be

uled out by the lack of variability in the 2011 UVES RVs), the
emi-amplitude of the companion must be K 2 � 10 km s −1 (the
ifference between the nebular systemic velocity and the UVES 

Vs), and the orbital eccentricity must be e � 0.3 (lower eccentricities
ould also not reproduce the observed lack of variability in the 2011
VES RVs). This leads to a mass function of 0.05–0.1 M � which,

ccounting for the derived mass of the companion ( M 2 ≈ 1 M �) and
ssuming the binary orbital plane corresponds to the waist of the
ebula, implies a problematically large mass for the primary (close 
o, or ev en e xceeding, the Chandrasekhar mass). Stellar evolution and
ucleosynthesis models indicate that the pollutors of Ba stars should 
lmost all have had initial masses M ∼ 2–3 M � (Karinkuzhi et al.
018 ). This places a rough upper limit of 0.75 M � for the remnant
ased on the initial–final mass relation (but with large uncertainties; 
ummings et al. 2018 ). 
While misalignment between rotation axis and orbital planes is 

ot impossible, it would be particularly strange that the rotation axis
f the G-type star is coincident with the nebular symmetry axis while
he binary orbital plane is not. Given that the mass-loss should be
ocused in the orbital plane one would expect that for a misaligned
ystem it would be the binary plane that is aligned with the nebular
ymmetry axis rather than the stellar rotation axis. Ho we ver, such a
isalignment between binary and nebula is not unheard of – there 

s some suggestion that the same is true for another barium star
lanetary nebula LoTr 5 (although, given the uncertainties, there are 
till doubts as to whether this is pro v en, Jones et al. 2017 ; Aller
t al. 2018 ), perhaps indicating that the expected alignment between
inary plane and nebular symmetry axis (Hillwig et al. 2016 and
eferences therein) does not hold for such long period systems. 

It is possible that the G-type star observed at the projected centre
f A 70 is simply a chance alignment and is not related to the nebula.
ndeed, other curious chance alignments have been discovered in 
ther PNe, e.g. SuWt 2 (Jones & Boffin 2017b ) and M 2-3 (Boffin
t al. 2018 ) both of which have bright main-sequence binaries close
o their projected centres. Ho we ver, a chance alignment is highly
nlikely in the case of A 70 given that the star is contaminated in
-process elements, indicating that it must be in a binary with a more
volved companion from which it accreted s-process rich material. 
imilarly, while the lack of observed radial velocity variability in 

he G-type star may support the chance alignment hypothesis, a 
imilar conclusion was drawn for NGC 1514 before more e xtensiv e
bserv ations re vealed that the orbit was simply too long and eccentric
o have been detected in a single observing season (Jones et al.
017 ). 
Alternativ ely, the systemic v elocity of the binary may not be the

ame as the systemic velocity of the PN. Assuming a moderate
ccentricity of e ≈ 0.3 and that the orbital inclination is the same
s the nebular inclination, the radial velocity semi-amplitude should 
e 4–5 km s −1 in order for the primary mass to be approximately
.6 M � (a relatively canonical value for such white dwarfs). Based
n the UVES RVs, this would mean that the binary systemic velocity
hould be approximately −79 km s −1 – some 6 km s −1 (although only
till less than two uncertainties) remo v ed from the nebular systemic
elocity of −73 ± 4 km s −1 (Tyndall et al. 2013 ). 

A difference in systemic velocity between binary and nebula could, 
n principle, be due to a ‘kick’ that also helped impart eccentricity
nto the Ba star orbit (Izzard, Dermine & Church 2010 ). In this
ase, the central star might be expected to be slightly offset from
he centre of the neb ula b ut, given the clumpy nature of the nebular
ing, this is hard to assess using existing imagery (see e.g. fig. 8
f Tyndall et al. 2013 ). For the same reason, it is also possible
hat the uncertainty on the systemic velocity of the nebula has
een underestimated. There is precedent for such a conclusion with 
MNRAS 516, 4833–4843 (2022) 
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ones et al. ( 2010 ) showing that, unless a detailed spatio-kinematical
odelling is performed, the brightness variations across a PN can

kew the measurement of its systemic velocity by several km s −1 .
his hypothesis is particularly plausible for A 70 given the clear
rightness variations across the nebula where e.g. the slit number
 of Tyndall et al. ( 2013 ) shows bright emission from the ring
entred at a heliocentric velocity of approximately −80 km s −1 but
ignificantly fainter emission extending redwards to −30 km s −1 ,
hile their slit position 3 shows the converse with bright emission

entred at approximately −60 km s −1 and fainter emission extending
luewards up to −120 km s −1 . 
Ultimately, without further observations that definitively constrain

he binary period and radial velocity amplitude, it is not possible to
onstrain the mass of the primary, nor the possibility of misalignment
etween the nebular symmetry axis and binary orbital plane. 

 C O N C L U S I O N S  

he rotation period of the G-type companion to the central star of
 70 is confirmed to be roughly 2 d based on photometric variability,
hile the spectroscopically derived parameters ( T eff , log g , and v 

in i ) are consistent with a G8IV-type star rotating with the same
eriod at an inclination equal to that found for the nebula by Tyndall
t al. ( 2013 ). The G-type star is chromospherically active, presenting
a H and K in emission, consistent with having been spun up by

he accretion event that led to its enhancement in barium. A broad
 α emission feature is visible in the spectrum of the G-type star, the
rigin of which is unclear but which has been observed in similar stars
Tyndall et al. 2013 ). The spots due to the chromospheric activity are
ound to change phase (i.e. location on the stellar surface) in 2011,
ssociated with a period of negligible acti vity, follo wed by a period
f at least four years of stable variability. 
The radial velocity measurements of the G-type star, ho we ver,

o not appear to be entirely consistent with the previously derived
roperties of the nebula – indicating either a higher inclination
r a slightly different systemic velocity. Both discrepancies could
otentially be resolved by continued radial velocity monitoring in
rder to conclusively constrain the orbital period and semi-amplitude.
or now, we conclude that there is insufficient evidence to support

he hypothesis that the nebula and binary are misaligned (as has been
uggested in another long-period central star, LoTr 5; Aller et al.
018 ), and we encourage further detailed study of both the central
tar and nebula of A 70. In particular, if the highly speculative ∼8 yr
eriod fit shown in Fig. 5 is representative, the next radial velocity
aximum will occur in late 2029 – as such, this will be a critical

ime to obtain further radial velocity measurements. 
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Figure A1. The CRTS photometry of the central star of A 70. 
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PPENDI X:  SURV EY  PHOTOMETRY  

1 Catalina Real-Time Transient Sur v ey 

he central star of A 70 was also observed 212 times by the CRTS
etween 2005 October and 2013 No v ember (Drake et al. 2009 ).
he combined data originating from all three telescopes used in 

he surv e y does not present with a single consistent period, with
bservations taken with the larger (and higher spatial resolution) 
.5-m Mount Lemmon Surv e y (MLS) and 0.7-m Catalina Sky
urv e y (CSS) telescopes presenting with a large ( > 1 mag) and
periodic scatter. Ho we v er, the 32 points observ ed using the 0.5-
 Siding Springs Surv e y (SSS) telescope do present variability

onsistent with that derived from the photometry presented above 
period ∼2 d, semi-amplitude ∼0.1 mag). Given that the photometric 
xtraction performed by the CRTS is not optimized for the central
tars of planetary nebulae, and that the nebular emission of A 70 is
ppreciable in the V band employed by the surv e y, we conclude that
he high amplitude, aperiodic variability found in the photometry 
rom MLS and CSS are most likely spurious and related to variations
n seeing (and thus variable nebular contribution within the aperture; 
ones et al. 2015 ). This offers a natural explanation as to why the data
rom the lower spatial resolution SSS telescope is more consistent 
ith the 2-d period derived above, as the larger pixels (pixel scale �

eeing) would be less susceptible to variable nebular contamination in 
he aperture. A sinusoidal fit to the early SSS data is shown in the left-
and panel of Fig. A2 . In spite of the small number of measurements,
he period and amplitude are seemingly consistent with the variability 
hown in Fig. 1 but with a different phasing to the 2010 data. This is
erhaps indicative of another period of negligible variability shortly 
efore the first observations by Bond & Ciardullo ( 2018 ). Ho we ver,
iven the quality of the fit and small number of highly uncertain data
oints, we stress that this conclusion is at best speculative. Fitting a
inusoid to all the CRTS data after mid-2011 (obtained with all three
elescopes: MLS, CSS, and SSS), and assuming a 2.061-d period, 
eveals a best fit phasing more or less consistent with the 2011–2015
phemeris albeit with a very large χ2 (right-hand panel, Fig. A2 ). 

2 Asteroid Terrestrial-impact Last Alert System 

he central star of A 70 was observed 1643 times in the o band and
78 in the c band by the Asteroid Terrestrial-impact Last Alert System
MNRAS 516, 4833–4843 (2022) 
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M

Figure A2. Left: The phase-folded CRTS photometry of the central star of A 70 obtained with the SSS telescope prior to 2009. Right: The phase-folded CRTS 
photometry obtained after mid-2011. All data are folded on the same ephemeris as in Fig. 1 , with a sinusoidal fit shown underlaid in red. 

Figure A3. The ATLAS photometry of the central star of A 70. Note that 
data points with uncertainties larger than 1 mag have been discarded. 
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Figure A4. The ASAS-SN photometry of the central star of A 70. 

Figure A5. ZTF photometry of the central star of A 70. 
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ATLAS; Tonry et al. 2018 ) between 2015 July and 2022 July. The
ata are rather imprecise for our purposes, with a median uncertainty
n both bands of approximately 0.6 mag (see Fig. A3 ). Perhaps
nsurprisingly, there are no significant peaks in the periodograms and
he data do not phase well on the previously measured photometric
eriod. 

3 All-Sky Automated Sur v ey for Superno v ae 

he central star of A 70 was observed by the All-Sky Automated
urv e y for Superno vae (ASAS-SN; Shappee et al. 2014 ; Jayasinghe
t al. 2019 ) 338 times in the V band between 2012 No v ember and
018 No v ember, and a further 517 times in the g band between
017 October and 2022 July. The magnitudes from ASAS-SN are
ignificantly brighter ( ∼4 mag) than the values from both CRTS
nd ATLAS (see Fig. A4 ), strongly indicative that the photometry is
eavily contaminated by the surrounding nebula. Furthermore, the
 -band data separates in to two separate regimes, similarly indicative
f an issue with the photometry. Sinusoid fitting to the V -band data
esults in a phasing consistent with the 2011–2015 ephemeris, but
ith an amplitude that is too low (only 0.01 mag) and a very large

educed χ2 ( > 10). As one might expect from their bi-modal nature,
he g -band data do not phase well with any ephemeris. Therefore,
ust as for the ATLAS data, the ASAS-SN data are not useful in
onstraining the variability of the central star of A 70. 
NRAS 516, 4833–4843 (2022) 
4 Zwicky Transient Facility 

he central star of A 70 was observed 45 times in the g band and
0 times in the r band by the Zwicky Transient Facility (ZTF; Masci
t al. 2019 ) between 2018 May and 2019 December. Very much
ike the CRTS data, the ZTF data shows a relatively large ( ∼0.4
ag) and seemingly aperiodic scatter in both bands (see Fig. A5 ).
oth show peaks in their periodograms at periods close to 2.06 d

although neither is significant). Simultaneous sinusoid fitting of
oth g and r bands, as shown in Fig. A6 , results in a phasing which
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Figure A6. Phase-folded ZTF photometry of the central star of A 70. The 
sinusoidal fit to the data (assuming the same time of minimum but different 
amplitudes) are shown underlaid in grey. 
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s not consistent with the 2011–2015 and/or 2022 data presented in
ig. 1 (but rather more consistent with the 2010 epoch). While not
onclusi ve (gi ven the uncertainty on the photometric period), this
s seemingly indicative that the variability was not stable o v er the
ntervening time period. 

5 Transiting Exoplanet Sur v ey Satellite 

he field containing A 70 was observed by the Transiting Exoplanet
urvey Satellite ( TESS ; Ricker et al. 2015 ) in Sector 54 (2022 July 9–
022 August 5), ho we ver at the time of submission that data has yet to
e released. In any case, at an approximate TESS magnitude of 17.1
as listed in the TESS input catalogue; Stassun et al. 2019 ), it is highly
nlikely that TESS will return useful photometry of the central star
ystem. Furthermore, the TESS pixel size of 21 arcsec is comparable
o the angular size of the nebula, so the TESS photometry of the
entral star is likely be heavily contaminated by nebular emission. 
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