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ABSTRACT

Symbiotic stars (SySts) are detached, interacting binary systems with a hot compact star, usually a

white dwarf, accreting from the wind of a late-type giant star. Some SySts are known to be surrounded

by thermal radio nebulae. Spatially resolved images of the nebulae encode information about how their

formation and evolution are driven by the SySts. DracoC1 is a SySt in the Draco dwarf spheroidal

galaxy at a distance of 82 kpc. Here, we explore whether the ngVLA could spatially resolve the

continuum emission from a fiducial thermal nebula surrounding DracoC1. We find that this is doable

with an on-target time of 38 h in Band 2, using the full ngVLA tapered to achieve an angular resolution

of 7mas at FWHM and an RMS noise 0.022µJy beam−1. Discovery of a spatially resolved thermal

nebula surrounding DracoC1 could be followed up to infer physical parameters of the nebula (e.g.,

electron density, mass) and of the SySt (e.g., interaction zone between the stellar winds, orbital pole

of the binary, rate of mass loss from the white dwarf).

Keywords: Draco dwarf galaxy (408); Symbiotic binary stars (1674); White dwarf stars (1799); Late-

type giant stars(908)

1. CONTEXT & MOTIVATION

Symbiotic stars (SySts) are detached, interacting bi-

nary systems with a hot compact star, usually a white

dwarf (WD), that accretes from the wind from a late-

type giant star. Photometric and spectroscopic studies

in the time domain show that some SySt traits exhibit

periodic modulation. The binary orbital periods range

from years for the S-type systems featuring a normal gi-

ant, to decades for the D-type systems featuring a dusty

Mira variable. Given the periods and stellar masses in-

volved, the binary orbits have separations of less than

or about 100 au and cannot be spatially resolved, even

at Galactic distances. These aforementioned topics are

reviewed by Merc (2025).

Confirmed SySts appear to be rare (Merc et al. 2019),

with Galactic and extragalactic counts of only 284 and

71 as of 20243. However, from a combination of em-

pirical and binary synthesis models, Laversveiler et al.

(2025) estimate 1-50 thousand SySts within a Galactic

radius of 10 kpc. This suggests that much of the SySt
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population in the Galaxy awaits discovery and subse-

quent characterization. Machine learning is also starting

to help sharpen estimates of the full Galactic population

(e.g., Akras et al. 2021; Contreras Rojas et al. 2026).

Merc et al. (2019) also catalog 107 candidate SySts in

galaxies as distant as the Virgo Cluster, presaging the

potential growth of confirmed extragalactic SySts.

Most confirmed SySts, 247 of 284, are thought to

be powered by stable nuclear hydrogen burning on the
surface of the WD (Merc et al. 2019, and references

therein). This scenario is physically possible for only a

certain range of accretion rates onto the WD (Tutukov

& Yungel’son 1976; Paczynski & Zytkow 1978). During

this stable, quiescent state, an intense source of radia-

tion ionizes some portion of the giant star’s wind, thus

yielding a thermal nebula (e.g., Skopal et al. 2017). Con-

straints on the integrated properties of a thermal nebula

can be obtained from spectroscopy of well-known optical

emission lines (e.g., Kuuttila & Gilfanov 2021) or from

continuum emission at radio (e.g., Seaquist et al. 1993;

Dickey et al. 2021) and millimeter wavelengths (e.g., Ivi-

son et al. 1995; Tandoi et al. 2026).

The strongest constraints are expected to come from

the 19 confirmed SySts with spatially resolved nebulae,

only one of which is extragalactic (Merc et al. 2019).
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Such nebulae can provide key information about how

their formation and evolution are driven by the SySts in

their quiescent state (e.g., Corradi et al. 1999; Kenny &

Taylor 2005; Kuuttila & Gilfanov 2021). Some traits

may evolve on the timescales of the binaries’ orbital

periods, while other traits may evolve secularly over

longer timescales (e.g., Kenny & Taylor 2007; Skopal

& Cariková 2015). In addition, spatially resolved ther-

mal nebula can show substructure that may be linked to

changes in the mass-loss rate from the WD (e.g., Kenny

& Taylor 2007).

Here, we study the prospects for using the Next Gen-

eration Very Large Array (ngVLA; Selina et al. 2018)

to spatially resolve a fiducial thermal nebula driven by

DracoC1, a SySt in the Draco dwarf spheroidal galaxy

at a distance D = 82 ± 2 kpc (Kinemuchi et al. 2008).

If this can be done for DracoC1, it clearly bodes well

for being feasible for similar radio nebulae among the

full Galactic population of 1-50 thousand SySts, as esti-

mated by Laversveiler et al. (2025).

Section 2 describes DracoC1’s integrated properties

based on literature data and new data from the NSF

Jansky Very Large Array (JVLA; Perley et al. 2011).

Section 3 describes the integrated properties of the fidu-

cial nebula if placed at the distance of DracoC1, and

investigates the possibility of spatially resolving the fidu-

cial nebula through ngVLA observations. A summary

and conclusions appear in Section 4.

2. DRACOC1

At Draco’s distance D = 82± 2 kpc (Kinemuchi et al.

2008), 82 au subtend 1mas.

2.1. Integrated Non-Radio Properties

Lewis et al. (2020, and references therein) used avail-

able photometric data and new near-infrared spectro-

scopic data on DracoC1 to improve the parameters

for its cool, red giant (RG) component; to constrain

the temperature and mass of its hot, WD compan-

ion; and to constrain the orbital parameters for the

RG-WD binary. (Lewis et al. (2020) did not spec-

ify which spectroscopic features they examined, but a

similar study from the same team (Washington et al.

2021) used Brackett and metal absorption lines.) Impor-

tantly, Lewis et al. (2020) inferred a precise orbital pe-

riod P = 3.3402+0.0096
−0.0101 yr and a minimum orbital sepa-

ration amin = 2.227+0.071
−0.069 au, which subtends 0.027mas.

The combination of stellar and orbital properties indi-

cate that the WD is experiencing wind Roche lobe over-

flow, wherein the dense stellar wind from the RG, rather

than the star itself, fills the Roche lobe.

2.2. Integrated Radio Properties

2.2.1. Literature Data

Literature radio data on DracoC1 are reported in Ta-

ble 1. The observations’ UT dates and array config-

urations were verified via the NRAO Data Archive4.

The radio searches were conducted at the a priori posi-

tions, with subarcsecond accuracy, of optical or XMM-

Newton counterparts to DracoC1 (Seaquist & Taylor

1990; Saeedi et al. 2019).

2.2.2. New Data

JVLA visibility data centered at a frequency ν =

1.5GHz were retrieved from the NRAO Data Archive

(project code 24A-216, PI C. Kawai). Multiple observa-

tions were available and the one minimally affected by

radio frequency interference was selected. Table 1 gives

some observation details. A coordinate equinox of 2000

was employed.

The pointing center was the nucleus of the Draco

dwarf spheroidal galaxy, at a right ascension of

17h20m12.3874s and a declination of 57◦54′55.1900′′.

The primary beam easily encompassed DracoC1, which

is offset from the nucleus by about 5′ (120 pc).

J1634+6245, at a right ascension of 16h34m33.803s and

a declination of 62◦45′35.903′′, and with a 1D position

error of 150mas, was used as a complex gain calibrator.

The switching time between it and the nucleus was 15m.

Data were acquired in dual circular polarizations, each

spanning 16×1MHz of bandwidth. 3C 147 was observed

to set the amplitude scale to an estimated accuracy

of 5% (Perley & Butler 2017). The exposure time on

DracoC1 was 94m. Polarization calibration was not

implemented as the observation spanned only 2 h. The

visibility data were pipeline calibrated and imaged using

versions 6.6.6 and 6.6.6-17, respectively, of the Common

Astronomy Software Applications (CASA; CASA Team

et al. 2022). Figure 1 shows the resulting primary-beam-

corrected image near DracoC1.

The literature (Seaquist et al. 1984, 1993; Lacy

et al. 2020) and new data impose 3σ upper limits on

DracoC1’s integrated luminosity density LDracoC1
ν at

frequencies ν = 1.5−8.5GHz (Table 1, Figure 2). Given

the tabulated θν values, these upper limits are not com-

promised by emission from the unrelated source west of

DracoC1 (Figure 1).

4 https://data.nrao.edu
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Table 1. Radio Photometry of DracoC1

UT Frequency Configuration FWHM Resolution Flux Density Luminosity Density Reference

Date ν (GHz) θν (′′,′′,◦) S3σ
ν (µJy) Lν (erg s−1 Hz−1)

(1) (2) (3) (4) (5) (6) (7)

2024 Jul 16 1.5 JVLA B 4.53, 3.80, −76.2 < 29 < 2.3× 1020 1

2020 Aug 04 3.0 JVLA B 2.84, 2.35, −29.3 < 420 < 3.4× 1021 2

1984 Nov 12 4.9 VLA A 0.48, 0.35, +62.0a < 240 < 1.9× 1021 3

1991 Feb 26 8.5 VLA D 13.64, 6.77, +57.6a < 100 < 8.0× 1020 4

aAs estimated at https://www.vla.nrao.edu/astro/nvas/.

Note—References. (1) this work; (2) Lacy et al. (2020); (3) Seaquist & Taylor (1990); (4) Seaquist et al. (1993)

Figure 1. JVLA image of Stokes I emission at ν = 1.5GHz in the vicinity of DracoC1, visualized via The Cube Analysis
and Rendering Tool for Astronomy (CARTA; Comrie et al. 2021). Grey ellipse shows θ1.5GHz at FWHM. Color bar linearly
spans −30 to +60µJy beam−1. White circle conveys the 2D position uncertainty at 3σ of the XMM-Newton counterpart to
DracoC1 (Saeedi et al. 2019). RMS noise is σ = 9.7µJy beam−1 in the box of side 20′′ (8.0 pc) centered on the XMM-Newton
position (Saeedi et al. 2019). The source with a peak of 170µJy beam−1 and to the west of the 20′′ search box has an infrared
counterpart SSTSL2 J171955.68+575002.7a and is unrelated to DracoC1.

ahttps://ned.ipac.caltech.edu/

3. A FIDUCIAL THERMAL NEBULA

3.1. D = 1.27 kpc (AGPeg)

At AGPeg’s Gaia distanceD = 1.27 kpc (Bailer-Jones

et al. 2021), 1270 au subtend 1′′.

Spatially extended emission from AGPeg was first

reported by Ghigo & Cohen (1981), based on obser-

vations with the construction-era VLA at a frequency

ν = 5GHz. VLA imaging with improved sensitivity and

angular resolution soon identified the extended emis-

sion as arising from an inner shell-like nebula (Hjellming

1985; Kenny et al. 1991).

The integrated spectral index of the inner nebula at

frequencies ν = 5−22GHz indicated optically thin ther-

mal emission (Kenny et al. 1991; Ivison et al. 1995).

Near a frequency ν = 8.5GHz, Dickey et al. (2021) re-

ported an integrated spectral index α8.5GHz = −0.02±
0.04 (Sν ∝ να) and integrated optical depth τ8.5GHz =
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Figure 2. Comparing 3σ upper limits on DracoC1’s integrated luminosity density LDracoC1
ν (Table 1) to the integrated

luminosity density Lfiducial
ν of a fiducial radio nebula (Section 3) placed at DracoC1’s distance D = 82± 2 kpc (Kinemuchi et al.

2008).

0.04± 0.02. This spectral model is anchored to the neb-

ula’s flux density S8.5GHz = 6.6± 0.1mJy (Ivison et al.

1995). Folding in the nebula’s distance, the spectral

model yields the integrated luminosity density Lfiducial
ν

shown in Figure 2. Also, for an assumed electron tem-

perature of 104 K, Dickey et al. (2021) estimated an in-

tegrated brightness temperature of 400 ± 200K near a

frequency ν = 8.5GHz.

The spatially-resolved inner radio nebula of AGPeg

is selected as a fiducial thermal nebula. Its best avail-

able images are from Kenny & Taylor (2007) at a fre-

quency ν = 5GHz and are shown in Figure 3. The

images span 1984 to 1991, when this S-type, shell-

burning SySt was in quiescence, long after a nova-like

outburst in around 1850 and well before a subsequent

outburst in 2015 (Skopal et al. 2017). For perspective,

the Dickey et al. (2021) study involved 16 shell-burning

SySts, including AGPeg. Those authors found that

the integrated luminosity densities for the 16 peaked at

L8.5GHz ∼ 1020 erg s−1 Hz−1, with AGPeg having the

lowest value at L8.5GHz = 1.3× 1019 erg s−1 Hz−1. This

suggests that the inner nebula of AGPeg could be con-

sidered as being a conservative choice for a fiducial radio

nebula.

Fitting a spherical shell model to the images of Fig-

ure 3, Kenny & Taylor (2007) inferred the nebula’s outer

and inner angular diameters, angular expansion rate,

electron density, and mass. For context, the outer an-

gular diameter of the nebula in 1984, θ = 1.′′87 ± 0.′′04,

corresponds to a linear diameter d = 2370± 50 au. The

SySt binary consists of a WD and RG, and has an orbital

period P ∼ 2.2 yr (Meinunger 1981).

A spherical shell model is only a first-order representa-

tion of AGPeg’s inner nebula. Each image in Figure 3

encompasses (π4 × 1.′′872)/(0.5665 × 0.′′452) = 24 syn-

thesized beam areas. This is enough to search for sub-

structure or changes in the nebula from epoch to epoch.

Kenny & Taylor (2007) investigated whether such traits

could be related to how the nebula was formed and

evolves. To explore this topic, they adopted the general

framework of a colliding wind (CW) model (Seaquist

et al. 1984; Nussbaumer & Vogel 1987; Kenny et al. 1991;

Kenny & Taylor 2005) and enhanced it to consider how

the binary’s orbital traits could influence the nebula’s
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Figure 3. VLA images of Stokes I emission at ν = 5GHz of the inner thermal nebula of AGPeg. Hatched contour lines designate
depressions. Black disk shows θ5GHz = 0.′′45 (570 au) at FWHM. Base contour and contour interval are σ = 60µJy beam−1.
Dashed curves convey the interaction boundary between the winds from the WD and RG, rotated about the binary orbital axis,
according to a colliding wind model. Adapted from Kenny & Taylor (2007).

traits. In the resulting CWo model, the interaction zone

between the two stellar winds, one from the WD and

one from the RG, can become wrapped into spiral walls.

Over time, the nebula could be built up from a series of

spiral walls that contain interaction zone material.

The primary input parameters for Kenny & Taylor

(2007)’s CWo model included distance, binary separa-

tion, and mass-loss velocities and rates of the WD and

the RG. For AGPeg, all but the mass-loss rates are

known from non-radio data, and mass-loss rates were

estimated based on the nebula’s substructure and inte-

grated flux density. Two key inferences were identifying

the interaction zone between the binary’s winds (dashed

curves in Figure 3) and the position angle of the bi-

nary’s orbital pole (orientation of the dashed curves in

Figure 3). Another important inference was the need

for a range of WD mass-loss rates, with the higher rates

supplementing the nebular emission along the position

angle of the orbital pole.

The success of the Kenny & Taylor (2007) CWo

model for AGPeg motivated theoretical and observa-

tional efforts to apply such models to the more distant S-

type SySts that dominate the Galactic population (e.g.,

Skopal & Cariková 2015; Shagatova et al. 2016). In this

sense, the inner nebula of AGPeg could be considered

as being a feature that, even if not common, is at least

plausibly present among the Galactic population of S-

type SySts.
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3.2. D = 82 kpc (DracoC1)

3.2.1. Integrated ngVLA Detection

If the fiducial thermal nebula is placed at DracoC1’s

distance, its integrated flux density (Ivison et al. 1995)

falls to Sfiducial
8.5GHz = 6.6mJy × (1.27 kpc/82 kpc)2 ∼

1.6µJy.

To test for such a signal, it would suffice to conduct

a search in Band 2 (Figure 2), centered at a frequency

ν = 8GHz, with a 3σ detection threshold. This re-

quires σlo res
8GHz = 0.53µJy beam−1. An observation with

an angular resolution finer than 1′′ would be desirable,

as it would leverage on the XMM-Newton localization

(Saeedi et al. 2019) shown in Figure 1 and also miti-

gate confusion from faint sources in Band 2, be they

foreground, in the Draco galaxy, or background.

Using the ngVLA Exposure Calculator Tool

(ngECT)5 for the Rev. F configuration, if the Spi-

ral+OuterCore subarray in Band 2 is tapered to a

desirable low resolution θlo res
8GHz = 0.′′5 at FWHM, then

the required σlo res
8GHz = 0.53µJy beam−1 can be reached

after an on-target time of 13m. A detection in Band

2 could be followed up with similarly short on-target

times in Bands 1 and 3 to test if LDracoC1
ν matches

Lfiducial
ν over the frequency range ν = 1.2 − 20.5GHz

covered by Bands 1, 2 and 3 (Figure 2).

3.2.2. Spatially Resolved ngVLA Detection

If the fiducial thermal nebula is placed at DracoC1’s

distance, its angular diameter falls to θfiducial = 1.′′87 ×
(1.27 kpc/82 kpc) ∼ 29mas.

To test for a spatially resolved nebula, suppose it

is imaged in Band 2 with a desired angular resolution

θhi res8GHz = 7mas at FWHM. Then the nebula encompasses

(π4 × 29mas2)/(0.5665× 7mas2) = 24 synthesized beam

areas, matching the situation for Figure 3. Assuming for

simplicity that the integrated flux density of DracoC1

is uniformly spread over those 24 beam areas, a 3σ de-

tection threshold requires σhi res
8GHz = 0.022µJy beam−1.

According to the ngECT for the RevF configuration,

if the full ngVLA in Band 2 is tapered to the desired

θhi res8GHz = 7mas at FWHM, then the required σhi res
8GHz =

0.022µJy beam−1 can be reached after an on-target time

of 38 h. Data could be acquired over several scheduling

blocks.

If the ngVLA observation at high angular resolution

discovers a spatially resolved nebula, it could be fol-

lowed up at higher sensitivity and analyzed in the ways

pioneered by Kenny & Taylor (2007). A fit to a spheri-

cal shell model would yield information on the nebula’s

5 https://ngect.nrao.edu/

outer and inner angular diameters, electron density, and

mass. A fit to a colliding wind model, augmented by

non-radio data (e.g., Lewis et al. 2020), would yield in-

formation related to the interaction zone between the

colliding winds, the position angle of the orbital pole of

the binary, and changes in the mass loss rate from the

WD.

4. SUMMARY & CONCLUSIONS

DracoC1 is a SySt in the Draco dwarf spheroidal

galaxy at a distance D = 82 ± 2 kpc (Kinemuchi et al.

2008). We explored whether the ngVLA could spatially

resolve the continuum emission from a fiducial thermal

nebula surrounding DracoC1. We found that this could

be done with an on-target time of 38 h in Band 2, us-

ing the full ngVLA tapered to achieve a high angu-

lar resolution θhi res8GHz = 7mas at FWHM and an RMS

noise σhi res
8GHz = 0.022µJy beam−1. That this is doable

at DracoC1’s distance bodes well for being doable for

similar thermal nebulae among the 1-50 thousand SySts

estimated to reside within a Galactic radius of 10 kpc

(Laversveiler et al. 2025). Discovery of a spatially re-

solved thermal nebula surrounding DracoC1 could be

followed up to infer physical parameters of the nebula

(e.g., electron density, mass) and of the SySt (e.g., in-

teraction zone between the stellar winds, orbital pole of

the binary, rate of mass loss from the WD).
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