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Abstract

During our spectroscopic survey of central stars of faint planetary nebulae (PNe), we found that the nucleus of Abell 57
exhibits strong nebular emission lines. Using synthetic narrowband images, we show that the emission arises from an
unresolved compact emission knot (CEK) coinciding with the hot (90,000 K) central star. Thus Abell 57 belongs to the
rare class of “EGB 6-type” PNe, characterized by dense emission cores. Photometric data show that the nucleus exhibits
a near-infrared excess, due to a dusty companion body with the luminosity of an M0 dwarf but a temperature of
∼1800 K. Emission-line analysis reveals that the CEK is remarkably dense (electron density∼ 1.6× 107 cm−3

), and
has a radius of only ∼4.5 au. The CEK suffers considerably more reddening than the central star, which itself is more
reddened than the surrounding PN. These puzzles may suggest an interaction between the knot and central star;
however, Hubble Space Telescope imaging of EGB 6 itself shows that its CEK lies more than ∼125 au from the PN
nucleus. We discuss a scenario in which a portion of the asymptotic giant branch wind that created the PN was captured
into a dust cloud around a distant stellar companion; this cloud has survived to the present epoch, and has an atmosphere
photoionized by radiation from the hot central star. However, in this picture EGB 6-type nuclei should be relatively
common, yet they are actually extremely rare; thus they may arise from a different transitory phenomenon. We suggest
future observations of Abell 57 that may help unravel its mysteries.

Unified Astronomy Thesaurus concepts: Planetary nebulae nuclei (1250); Planetary nebulae (1249); White dwarf
stars (1799); Infrared sources (793); Circumstellar dust (236); Post-asymptotic giant branch stars (2121)

1. Introduction

This is the fifth in a series of papers presenting results from a
spectroscopic survey of central stars of faint Galactic planetary
nebulae (PNe). The survey is carried out with the second-
generation “blue” Low-Resolution Spectrograph (LRS2-B;
Chonis et al. 2016) of the 10 m Hobby–Eberly Telescope
(HET; Ramsey et al. 1998; Hill et al. 2021), located at
McDonald Observatory in west Texas, USA. An overview of
the survey, a description of the instrumentation and data-
reduction procedures, target selection, and some initial results
were presented in our first paper (Bond et al. 2023a, hereafter
Paper I). Paper II (Bond et al. 2023b) discussed the central star
of the “PN mimic” Fr 2–30, and Paper III (Werner et al. 2024)
presented three new extremely hot hydrogen-deficient plane-
tary-nebula nuclei (PNNi). Paper IV (Bond & Zeimann 2024)
describes the late-type spotted and rotationally variable central
star of Pa 27. About 50 PNNi have been observed to date, and a
future paper will present results on a group of nuclei with fairly
normal hydrogen-rich spectra. In the present fifth paper we

analyze spectroscopic and photometric observations of the
central star and nebula of Abell 57, which we show to be a
member of the rare and poorly understood class of “EGB 6-
type” PNNi.

2. EGB 6-type Planetary-nebula Nuclei

The EGB 6 group of PNNi is described in a review article by
Frew & Parker (2010) as central stars that are associated with
compact and unresolved (from the ground) high-density
emission-line nebulae. As the authors note, about half a dozen
PNNi are known or candidate members of the EGB 6 category.
Several of them, including some new examples, were discussed
by Miszalski et al. (2013), who called the objects PNe with
high-density cores (HDC-PNe).
The prototype of the class, EGB 6 (PNG221.5+46.3), was

investigated in detail by Liebert et al. (2013, hereafter L13) and
Bond et al. (2016, hereafter B16), and we summarize its
properties here. EGB 6 is a large (minor and major axes of
¢ ´ ¢11 13 ), ancient, and very low-surface-brightness PN,

serendipitously discovered in 1978 by H.E.B. during examina-
tion of prints from the Palomar Observatory Sky Survey
(POSS). The object was included in a list of faint nebulae found
during subsequent systematic searches of POSS prints by Ellis
et al. (1984), who noted that the POSS photographs show a
16 mag blue star near the center of the nebula. The recent Gaia
Data Release 36 (DR3; Gaia Collaboration et al. 2016;
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Gaia Collaboration 2022; Gaia Collaboration et al. 2023) gives
a parallax of 1.33± 0.15 mas for this central star, implying a
distance of 750 pc, and a nebular size of 2.4× 2.8 pc (minor
and major axes). The absolute magnitude of the PNN is
MG=+6.6.

Follow-up spectroscopy of the PN’s nucleus by Ellis et al.
(1984) revealed [O III] emission lines that are far stronger that
those of the surrounding nebula; the authors demonstrated this by
obtaining spectra ∼10″ away from the star, showing much fainter
emission. Liebert et al. (1989) classified the exciting star as a hot
white dwarf (WD) with Balmer and He II absorption lines in its
spectrum. Later Gianninas et al. (2010) found metallic absorption
lines in the far-ultraviolet, leading to a spectral classification of
DAOZ. More recently, a detailed analysis of the star’s optical and
ultraviolet (UV) spectra by Werner et al. (2018) found an effective
temperature of Teff= 105,000± 5000 K, a surface gravity of

= glog 7.4 0.4, and approximately solar abundances of He
and heavy elements.

Liebert et al. (1989) verified that the nebular lines in the
spectrum of the EGB 6 central star arise from a compact emission
knot (CEK), which is unresolved and coincides with the PNN in
ground-based images. Moreover, the electron density in the CEK
is remarkably high, about 2.2× 106 cm−3, according to an
emission-line analysis by Dopita & Liebert (1989).

In addition to the hot WD and associated CEK, there is a
compact near-infrared (NIR) source located near the EGB 6
nucleus. This object was first revealed through NIR photometry
by Zuckerman et al. (1991) and its presence was later confirmed
by Fulbright & Liebert (1993) and a host of other observations
(see B16 for details and references). Moreover, the source displays
excess mid-infrared (MIR) flux in the Spitzer Space Telescope
IRAC and MIPS passbands (Chu et al. 2011).

The spectral energy distribution (SED) of the EGB 6 PNN
was assembled by B16. These authors found that the SED can
be represented by a combination of four blackbodies: the hot
WD, an NIR stellar source with an effective temperature of
∼1850 K, and two MIR dust components with temperatures of
385 and 175 K. The NIR source has the luminosity of a M3.5 V
dwarf, but its NIR spectrum is continuous, suggesting that it is
an enshrouded late-type star (or conceivably a second WD).

High-spatial-resolution broadband and emission-line imaging
of EGB 6 with the Hubble Space Telescope (HST) provided
another startling result: the CEK is not centered on the hot WD,
but is a separate point source lying 0 16 away—a projected
separation of 125 au. Remarkably, the location of the CEK
coincides with that of the NIR companion. These findings led B16
to suggest a scenario in which the large PN was ejected from the
hot WD, and a portion of this wind was captured into a dusty
optically thick accretion disk around an M dwarf companion,
which survives to the present epoch. In this picture, the accretion
disk is surrounded by an atmosphere of gas that is photoionized
by UV radiation from the WD, producing the CEK.

As B16 point out, a number of astrophysical puzzles are
posed by the diverse phenomena seen in the EGB 6 system. It
would be useful to have further examples and detailed studies
of similar objects.

3. Abell 57

Among the ∼50 PNNi observed to date in our HET survey,
the central star of the faint nebula Abell 57 (PNG058.6+06.1)
stood out as having a spectrum with strong nebular emission
lines. As we show below, this emission is unresolved and

spatially coincident with the central star (in ground-based
images), confirming Abell 57 as a member of the EGB 6 class.7

We assume hereafter that the emission lines in Abell 57 arise
from a CEK, as they do in EGB 6 itself.
The nebula was discovered in the classical search of the POSS

for faint PNe by Abell (1966), who noted a 17 mag blue central
star. Table 1 lists this star’s equatorial and Galactic coordinates,
parallax and proper motion, G magnitude, and GBP−GRP color,
all taken from Gaia DR3.8 Several images of Abell 57 obtained
by amateurs are available at www.astrobin.com, including deep
frames by Gary Imm9 and Jerry Macon.10 These images show a
faint elliptical nebula with diffuse edges and minor and major
axes of approximately 30″× 38″, enclosing an equatorial torus
around the central star, which is brightest on the northeast, east,
and southeast sides of the center.
The Gaia parallax implies a distance of ∼2100 pc.11 At this

distance, the physical minor and major axes of the faint
elliptical shell are about 0.3× 0.4 pc, suggesting that the
nebula is considerably younger than the very large nebula
surrounding EGB 6.

4. Observations and Data Reduction

4.1. LRS2-B Spectroscopy

There are actually two LRS2 instruments, one used to obtain
spectra at “blue” wavelengths (LRS2-B), and one that obtains
“red” spectra (LRS2-R). We observed Abell 57 with the LRS2-
B integral-field unit (IFU) spectrograph on the HET. This
instrument uses 280 0 6 diameter lenslet-coupled fibers
covering a 12″× 6″ field of view (FOV), which feed two
spectrograph units via a dichroic beamsplitter. The “UV”
channel of LRS2-B covers the wavelength range 3640–4645 Å
at resolving power 1910, while the “Orange” channel covers
4635–6950 Å at resolving power 1140. Full details of the
instrument are given by Chonis et al. (2016), and in Paper I. An
observation log for our LRS2-B exposures on Abell 57 is
presented in Table 2.

Table 1

Gaia Data Release 3 Data for Central Star of Abell 57

Parameter Value

R.A. (J2000) 19:17:05.656

Decl. (J2000) +25:37:32.89

l [deg] 58.61

b [deg] +6.17

Parallax [mas] 0.470 ± 0.074

μα [mas yr−1] −1.569 ± 0.054

μδ [mas yr−1] −6.550 ± 0.077

G [mag] 17.54

GBP − GRP [mag] 0.42

7
In a conference poster, Miszalski et al. (2011) presented spectra showing

that Abell 57 belongs to the EGB 6/HDC-PNe category. To our knowledge no
further details were published, apart from a brief mention of Abell 57 in
Miszalski et al. (2013).
8

The Gaia catalog shows that a 20.0 mag red star lying 4 3 away from the
central star, and a 20.6 mag star 14 6 away, have similar proper motions and
may be common-proper-motion (CPM) companions. Curiously, EGB 6 also
has a red CPM companion, at a separation of 27 2.
9

https://www.astrobin.com/cl0hyf
10

https://www.astrobin.com/sk2m28
11

A Bayesian analysis of Gaia EDR3 data by Bailer-Jones et al. (2021) yields
a distance of -
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359 pc.
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As described in Paper I, the raw LRS2-B data are first

processed with the Panacea pipeline,12 which performs a basic

bias and flat-field correction, fiber extraction, and wavelength
calibration. An absolute-flux calibration is then derived from
the instrument’s default response curves and measures of the
primary mirror’s illumination and the exposure throughput, as
determined from guide-camera images. Panacea also per-
forms an initial median sky subtraction, source modeling, and
one-dimensional spectral extraction. However, in the special
case of Abell 57, the central star is embedded in surrounding
nebular emission, necessitating more complex modeling of the
background. We therefore applied LRS2Multi

13 to the
unsky-subtracted, flux-calibrated fiber spectra to perform
nebular background and sky subtraction. We masked out a 2″
radius region around the central star, and fit the remaining
fibers with a fifth-order two-dimensional polynomial at each
wavelength to model the sum of the spatially uniform sky and
spatially variable nebula. We modeled each wavelength
separately, due to subtleties in the kinematics of the nebula
and small variations in spectral point-spread functions (PSFs)
as a function of wavelength. At wavelengths with no strong
nebular emission, the polynomial was often a near-constant
value, as expected for sky emission over a small FOV. After
subtracting the background model, we created a synthetic
continuum image for each exposure by collapsing the fiber
spectra between 5100± 50 Å. We then modeled the star using
a two-dimensional Gaussian, and used the resulting fit to
perform an optimally weighted extraction at each wavelength
(Horne 1986). Finally, we normalized the extracted spectra at
5100± 50 Å, with factors between 0.81 and 1.21. These
residual normalizations are due to imperfect estimates of the
mirror illumination and throughput from the guide cameras. We
combined the seven individual exposures using the inverse
variance weights from the error arrays to create our final one-
dimensional spectrum of the central star.

We also extracted a spectrum of the surrounding nebula. For

this purpose, we chose the same position in each IFU exposure

—a location with a radius of 2″, lying 4″ southeast of the

central star—where the surface brightness of the PN in [O III]
5007 Å is highest in the LRS2-B FOV. In this case the spectral

extraction is complicated by the fact that the Abell 57 nebula

has a size of 30″× 38″, and hence there is no true region of

pure sky background within the LRS2 FOV in our observa-

tions. Thus our usual sky-subtraction processing would result

in some self-subtraction, which could lead to incorrect line

ratios if the spectrum is spatially variable (which is known to be

the case in many PNe). We therefore decided to work with an

unsky-subtracted spectrum. We normalized the spectrum of

each fiber within the 2″ radius PN aperture at 5007± 5 Å, with

factors ranging from 0.87 to 1.12, and, similarly to the central-
star extraction, we combined the individual exposures using
inverse variance weights to create a final one-dimensional
unsubtracted spectrum of the surrounding PN.
Figure 1 plots LRS2-B spectra of the central star and its CEK

(top panel) and of the surrounding PN (bottom panel, showing the
unsubtracted nebular spectrum). Several striking differences
between the emission-line spectra are immediately apparent, as
summarized in the figure caption. These primarily reflect large
differences in the extinction and nebular electron density between
the CEK and the extended PN, which are discussed in Section 6.

4.2. Synthetic Narrowband Images

Since LRS2-B is an IFU spectrograph, its resulting data cube
can be sliced to create synthetic spatial images, for any spectral
bandpass. We used this capability to construct synthetic
narrowband (NB) emission-line-minus-continuum “difference”
images from our LRS2-B observations, in order to test whether
the emission lines in the spectrum of the Abell 57 nucleus truly
arise from a compact object associated with the central star. If
they do, NB images in the emission lines will show a source
coinciding with, and having a PSF similar to, the central star in
images taken in the adjacent continuum.
We constructed NB images for the emission lines of [O III]

4363 Å, [O III] 5007 Å, and Hα. The creation process is
illustrated in Figure 2, which shows a row for each wavelength,
and four columns of synthetic images. In each frame, the 2″
extraction radius for the spectrum of the central star (top panel
of Figure 1) is shown as a dashed white circle, and the 2″
extraction radius for the PN spectrum (bottom panel of
Figure 1) as a dashed black circle.
The first column of Figure 2 displays the synthetic NB images

without background (sky or PN) subtraction, each one using a
spectral window 16 Å wide. The second column presents the
background models in the specified NBs, created as described in
the previous subsection. The third column shows images in the
neighboring continuum for each of the emission lines; these are
averages of two images created using 16 Å wide bandpasses on
either side of the emission line. The wavelength offsets for these
continuum images were chosen to avoid contamination from other
spectral features, and were ±45 Å for [O III] 4363 Å, ±30 Å for
[O III] 5007 Å, and ±50 Å for Hα. The final column in Figure 2
shows the background-subtracted emission-line images minus the
continuum images. At all three wavelengths there is line emission
that is cospatial with the central star, and is much brighter than the
immediately surrounding PN background. Thus these images
confirm that Abell 57 is an EGB 6-type object.
In our sharpest synthetic images, obtained on 2021

November 8, the centroid locations of the CEK emission lines
and of the stellar continuum coincide to within 0 05 (∼100 au
at the distance of the PN) in [O III] 5007 Å and Hα, and 0 15
in [O III] 4363 Å. The FWHM of the central star’s image is
1 55, and the FWHMs of the emission lines agree with this
measurement to within 0 05.

5. The Central Star of Abell 57

5.1. Atmospheric Analysis

We carried out an atmospheric analysis to determine properties
of Abell 57ʼs central star. It was classified as having spectral type
O(H) by De Marco et al. (2013), based on data presented by
Miszalski et al. (2011). Our spectrum (top panel of Figure 1, and

Table 2

Log of HET LRS2-B Observations of Abell 57

Date Exposure

[YYYY-MM-DD] [s]

2020-11-10 375

2021-11-08 2 × 600

2022-07-17 2 × 600

2023-07-21 2 × 750

12
https://github.com/grzeimann/Panacea

13
https://github.com/grzeimann/LRS2Multi
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shown in detail below) confirms this classification, as the only
detected absorption lines are due to hydrogen and He II.

For the analysis, we first normalized our LRS2-B spectrum of
the central star to a flat continuum, shown as a blue line in
Figure 3. We employed the Tübingen Model-Atmosphere
Package (TMAP; Werner et al. 2003) to build a grid of non-
LTE plane-parallel model atmospheres in radiative and hydrostatic
equilibrium. Since no species heavier than helium are detected in
the spectrum, we are unable to make any statement about the
star’s metal content. Consequently we considered model atmo-
spheres composed only of hydrogen and helium.

We used the model spectra to determine the effective
temperature, surface gravity, and He/H abundance ratio of the
stellar atmosphere. The grid spacings for Teff and glog were
5000 K and 0.2 dex, respectively, while the He/H number ratio
ranged from 0 to 0.1 in initial steps of 0.01, with a finer spacing
being used close to the finally determined value. For the best-

fitting model, chosen by eye, we find Teff= 90,000± 10,000 K,
= glog 6.0 0.5, and nHe/nH= 0.085± 0.017. The red line in

Figure 3 compares the model spectrum with the observed one,
showing generally good agreement. The relatively large uncer-
tainties in the stellar parameters are due to the fact that the
photospheric Balmer-line cores are filled in by nebular emissions
from the CEK, so that the analysis is done using only the wings of
the lines. Nebular emission also partially fills in He II 4686 Å.
Thus, we determined the helium abundance only from the He II
lines at 4540 and 5410 Å. Within the uncertainties, the derived
helium abundance is consistent with the solar value of
(nHe/nH )e= 0.085 (Asplund et al. 2009).

5.2. Spectral Energy Distribution and Reddening

As discussed in Section 2, the nucleus of the prototypical
EGB 6 emits an SED that combines the continuum of a hot central

Figure 1. HET LRS2-B spectra of Abell 57ʼs central star and compact emission-line knot (top panel), and of a bright 4″ diameter region of the surrounding PN
(bottom panel). As discussed in the text, the spectrum of the nucleus is sky and background subtracted, but that of the nebula is not. The stellar continuum of the hot
central star is clearly seen in the top panel, with superposed emission lines from the compact knot. Three striking differences between the spectra are that the spectrum
of the nucleus shows a high flux of [O III] λ4363 relative to [O III] λ5007, the [O III] λλ4959–5007 lines are weak relative to Hα, and the Balmer decrement is large.
As discussed in Section 6, the [O III] ratio and the quenching of [O III] λλ4959–5007 relative to Hα imply a very high electron density for the knot (ne  107 cm−3

),
and its large Balmer decrement indicates higher dust reddening for the knot than for the nebula.
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star with excesses at near-, mid-, and far-infrared wavelengths. We
assembled the SED for the central star of Abell 57 in order to
investigate whether it shares these phenomena.

To our knowledge, no previous UV observations of Abell 57
exist in the literature. Because such data are useful for
constraining the extinction of the central star, we requested
Target of Opportunity (TOO) imaging using the Ultraviolet
Optical Telescope (UVOT; Roming et al. 2005) on board the
Neil Gehrels Swift Observatory (Swift; Gehrels et al. 2004).
Conversion of the Swift count rates to monochromatic flux
densities is a complicated process, which we describe in the
Appendix, along with details of our TOO observations.

Table 3 presents stellar magnitudes for Abell 57ʼs central
star in a range of bandpasses, and the corresponding absolute
fluxes. These data were gathered from the following sources:
(1) UVOT magnitudes and fluxes from our new Swift
observations, calibrated as described in the Appendix. (2)
Magnitudes (AB scale) in the g, r, i, z, and y bands from the
photometric catalog14 of the Panoramic Survey Telescope and
Rapid Response System (Pan-STARRS or PS1). (3) The
u-band magnitude from the Sloan Digital Sky Survey (SDSS).
The central star itself is not contained in the SDSS photometric
catalog,15 but photometry is available for a number of nearby
stars of similar brightness. Accordingly, we downloaded an
SDSS u-band image of the field16 and performed aperture

photometry on the central star, along with several adjacent
cataloged stars, using standard tasks in IRAF.17 These
measures were used to determine the central star’s magnitude
in the AB system. (4) NIR magnitudes in the Vega-based JHKs

system of the Two Micron All Sky Survey (2MASS; Cohen
et al. 2003). The faint nucleus itself is not contained in the
2MASS photometric catalog,18 but many brighter nearby stars
are. We downloaded images of the field from the 2MASS Atlas
Image Service19 (2MASS Team 2020) and carried out aperture
photometry of the central star, and of several brighter neighbors
for calibration. The nucleus was too faint to be detected in the
Ks band, but we successfully made measurements in J and H.
(5) MIR magnitudes in the Vega-based system of the Wide-
field Infrared Survey Explorer (WISE; Wright et al. 2010),
obtained from the NASA/IPAC Infrared Science Archive.20

We also downloaded and inspected the WISE images from the
science archive. The central star’s cataloged measurement in
the W1 band appears reliable, but in W2 there may be some
contamination from a nearby field star, and the W3 and W4
images are clearly nonstellar, primarily due to dust in the
surrounding PN. Accordingly we do not include these two
magnitudes in our analysis.

Figure 2. Synthetic direct images of the Abell 57 nucleus and surroundings, created from our 2022 July 17 LRS2-B IFU data for the emission lines of [O III] 4363 Å
(top row), [O III] 5007 Å (middle row), and Hα (bottom row). The left-hand “Data” column shows the synthetic NB images without background (sky and nebula)
subtraction. The “Background” column illustrates the models for the backgrounds in each emission line, with the star removed. The “Continuum” column shows
images in the stellar continuum neighboring each emission line. Finally the “Emission” column presents the background-subtracted image minus the continuum
image. The figure confirms that an unresolved emission-line knot coincides with the hot central star. See text for further details. In each panel, we subtracted the 25th
percentile fiber value from the image, in order to put each of the panels on a common color range, shown on the right. The dashed white circles show the 2″ radius
extraction aperture used for the central-star spectrum plotted in the top panel of Figure 1; the dashed black circles denote the extraction aperture used to obtain the
nebular spectrum shown in the bottom panel of Figure 1.

14
https://catalogs.mast.stsci.edu/panstarrs/

15
https://skyserver.sdss.org/dr18/VisualTools/quickobj

16
From the image server at https://skyserver.sdss.org/dr18/VisualTools/

17
IRAF was distributed by the National Optical Astronomy Observatories,

operated by AURA, Inc., under cooperative agreement with the National
Science Foundation.
18

https://irsa.ipac.caltech.edu/Missions/2mass.html
19

https://irsa.ipac.caltech.edu/applications/2MASS/IM/
20

http://irsa.ipac.caltech.edu/frontpage
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The final column in Table 3 gives the absolute fluxes for the
central star, converted from the magnitudes in column 2 using
the zero-points referenced in the table footnotes. These fluxes
are plotted against wavelength in Figure 4. Also displayed as a
blue curve is the synthetic spectrum from the TMAP model,
normalized to match the observed fluxes at visual wavelengths.
We reddened the model spectrum by various amounts, using
the formulation of Cardelli et al. (1989), in order to find the
best fit to the observations. The UV fluxes in particular tightly
constrain the reddening to a value of E(B− V )= 0.56; changes
of more than ±0.02 produce a clear discrepancy with the
model-atmosphere SED21

(assuming a fixed value of RV= 3.1).
As the figure shows, the fluxes at wavelengths below about
1 μm are fit very well by the theoretical model reddened by this
amount.22

The central star’s reddening is inconsistent with predictions
of the foreground extinction based on all-sky surveys. The
Galactic dust reddening map of Schlafly & Finkbeiner (2011)23

indicates a total reddening of E(B− V )= 0.37 in the direction

of Abell 57, and the online Stilism tool24 of Capitanio et al.
(2017) gives E(B− V )= 0.33± 0.04 for a distance of 2100 pc.
Both of these values are in fairly good agreement with, or
slightly smaller than, the reddening inferred from the spectrum
of the faint surrounding PN, as discussed below (Section 6.1).
Thus the observations imply that the central star suffers more
extinction than expected from foreground dust.
At wavelengths longer than about 1 μm, the measured flux

begins to exceed that expected from the 90,000 K central star.25

This NIR excess can be represented reasonably well by a
blackbody with a temperature of about 1800 K, plotted as a
green curve in Figure 4. The sum of the fluxes of the O(H)

nucleus and the cooler blackbody is shown as a magenta curve;
it passes close to the four NIR points from 2MASS and WISE.
Thus Abell 57 is remarkably similar to the central star of
EGB 6, which hosts an NIR source with an effective
temperature of ∼1850 K (see Section 2 and B16). At a
distance of ∼2100 pc, the 1800 K blackbody component of the
Abell 57 nucleus has a luminosity of about  = -L Llog 1.1.
This is approximately the luminosity of an M0 dwarf.26

However, the temperature of the source is much cooler than
that of an M0 dwarf, which is about 3850 K. Moreover, based

Figure 3. Normalized observed spectrum of the Abell 57 central star (blue line), superposed with our final theoretical model (red line) with Teff = 90,000 K,
glog = 6.0, and nHe/nH = 0.085 (number ratio). Identified photospheric lines are marked. Other labels are instrument artefacts (“art.”), interstellar lines (“i.s.”),

nebular emission lines (“neb.”), night sky (“sky”), and telluric features (“tell.”).

21
As noted in Section 5.1, the model atmosphere contains only H and He.

Since the dominant opacity sources determining the SED are electron scattering
and the bound–free and free–free opacities of H and He, the lack of metals in
the model does not affect the reddening determination.
22

Our HET/LRS2 spectrum is plotted as an orange curve in Figure 4. It agrees
very well with the PS1 fluxes (and with the reddened model SED), but it is
slightly fainter than indicated by the SDSS u-band flux. Offsets of this size are
consistent with the random errors found in our standard-star extractions, which
are often largest in the LRS2ʼs UV channel.
23

As implemented at https://irsa.ipac.caltech.edu/applications/DUST/
(IRSA 2022)

24
https://stilism.obspm.fr/

25
De Marco et al. (2013) reported that Abell 57 shows an excess at

wavelengths as short as that of the I band (λeff = 7980 Å), but this is not
confirmed by the PS1 data plotted in Figure 4.
26

Based on the compilation of stellar data assembled by E. Mamajek, at
https://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_colors_
Teff.txt.
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on this component’s luminosity and temperature, the implied
radius of the NIR source is roughly 2.8 Re, much larger than
the radius of any low-mass main-sequence star.

In the case of EGB 6, HST imaging revealed the NIR source
to be spatially resolved from the hot central star, and NIR
spectra from the Gemini Observatory showed it to have a
featureless continuum. The same may be true of the cool source
in Abell 57, but high-resolution imaging and NIR spectroscopy
are required for confirmation.

5.3. Evolutionary Status of the Central Star

In Figure 5 we show the position of the Abell 57 central star in
the “Kiel” ( glog –Teff) diagram. Also shown are theoretical post–
asymptotic-giant-branch (post-AGB) evolutionary tracks (solar
metallicity) from Miller Bertolami (2016), plotted as solid blue
lines, and post–red-giant-branch (post-RGB) tracks from Hall
et al. (2013), plotted as dashed blue lines. The star lies to the right
of the lowest-mass post-AGB track, but within the uncertainties it
could still be considered to be a post-AGB object. In this case, by
linear extrapolation we determine the central star’s mass to be
M= 0.50± 0.06 M☉. The post-AGB age can also be determined
from the evolutionary tracks; however, because of the strong
dependence of the evolutionary speed on stellar mass and
considering the errors of the spectroscopic analysis, the age
constraint is very loose, = -

+t 52evol 45
4 kyr. In comparison, the

evolutionary age determined for the central star of EGB 6 is
= -

+t 4.0evol 0.76
68 kyr (Werner et al. 2018). We conclude that we are

unable to determine which of the two central stars has a greater

post-AGB age. However, as noted in Section 3, the smaller

physical size of the Abell 57 PN suggests that it is a younger

object.
Support for a younger age of Abell 57 comes the kinematics

of the nebula. Assuming an expansion velocity of 24 km s−1

(Pereyra et al. 2013) the kinematic age of Abell 57 is about

8000 yr. For comparison, the expansion velocity of EGB 6

(38 km s−1; Hippelein & Weinberger 1990) yields an estimated

age of 15,000 yr (Werner et al. 2018).
As noted, within the errors of the spectroscopic analysis, the

stellar parameters of Abell 57 are consistent with a low-mass

Table 3

Spectral Energy Distribution of the Abell 57 Central Star

Bandpass Magnitude Sourcea λeff
b

Fλ
c

(μm) (erg cm−2 s−1 Å−1
)

uvw2 18.42d Swift 0.203 6.81 × 10−16

uvw1 18.25d Swift 0.260 9.05 × 10−16

u 17.848 SDSS 0.356 6.24 × 10−16

g 17.686 PS1 0.481 3.96 × 10−16

r 17.565 PS1 0.617 2.69 × 10−16

i 17.630 PS1 0.752 1.71 × 10−16

z 17.628 PS1 0.866 1.29 × 10−16

y 17.604 PS1 0.962 1.07 × 10−16

J 16.61 2MASS 1.241 7.66 × 10−17

H 16.17 2MASS 1.651 4.72 × 10−17

W1 14.970 WISE 3.37 1.13 × 10−17

W2 14.256 WISE 4.62 8.47 × 10−18

W3 9.612 WISE 12.08 1.01 × 10−17

W4 7.392 WISE 22.19 6.90 × 10−18

Notes.
a
Sources for magnitudes in column (2) are explained in the text. Uncertainties

are about ±0.03 mag (statistical) and ±0.05 mag (systematic) for Swift,

±0.01–0.02 mag for the SDSS and PS1 magnitudes, ∼±0.1 mag for 2MASS,

and approximately ±0.05 mag for WISE W1 and W2. The W3 and W4

magnitudes are heavily contaminated by the surrounding PN.
b
Effective wavelengths for the Swift bandpasses are discussed in the

Appendix. For SDSS u the effective wavelength is from Fukugita et al.

(1996), and for PS1 they are from Tonry et al. (2012). For 2MASS and WISE

they are taken from the compilation at http://coolwiki.ipac.caltech.edu/index.
php/Central_wavelengths_and_zero_points.
c
Absolute fluxes for Swift UVOT are discussed in the Appendix. For 2MASS

and WISE the zero-points are from the compilation cited in Footnote b. SDSS

and PS1 magnitudes are on the AB scale.
d
Nominal AB-scale magnitudes from Swift UVOT; conversion to absolute

fluxes is described in the Appendix.

Figure 4. SED for the nucleus of Abell 57. Filled circles plot the photometric
measurements from Swift, SDSS, PS1, 2MASS, and WISE (see Table 3 for
details; uncertainties are smaller than the plotting symbols, except for 2MASS,
where they are approximately the size of the symbols). The orange curve is the
observed HET spectrum, and the blue curve shows the theoretical spectrum for
the =T g, log 90, 000, 6.0eff( ) ( ) model described in Section 5.1, with
reddening of E(B − V ) = 0.56 applied. The green curve is an 1800 K
blackbody, with the same reddening. The magenta curve plots the sum of the
reddened model spectrum and the blackbody. An NIR excess appears at
wavelengths longward of ∼1 μm, similar to what is seen in EGB 6. The two
reddest WISE W3 and W4 points from Table 3 are omitted, as they are likely
due to the surrounding PN, rather than the central star.

Figure 5. Position of the central stars of Abell 57 (this work) and EGB 6
(Werner et al. 2018) in the glog –Teff diagram. Evolutionary tracks for post-
AGB remnants (solid blue lines) by Miller Bertolami (2016) and for post-RGB
remnants (dashed blue lines) by Hall et al. (2013) are labeled with the remnant
stellar masses in solar units.
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post-AGB star. However, an alternative possibility is that the
nucleus actually is in a post-RGB stage (i.e., a star that
underwent strong mass loss at the tip of the RGB and failed to
ignite helium burning). If this were the case, the evolutionary
tracks from Hall et al. (2013), shown as dashed lines in
Figure 5, would imply a mass of = -

+M M0.45 0.03
0.06

☉ and an age

of = -
+t 55evol 8
37 kyr. Since this greatly exceeds the kinematic

age of the PN given above, we consider the post-RGB scenario
unlikely.27

As a test of our derived stellar parameters, we can calculate
the spectroscopic distance of the Abell 57 central star from the
relation

= ´ n
-d H Mpc 7.11 10 10 ,V g4 0.4 log0[ ] · ·

which is based on the flux calibration by Heber et al. (1984). The

derived distance is especially sensitive to surface gravity, with a

change of 1 dex in glog propagating into a factor of ∼3 in

distance. Here Hν= 1.31× 10−3 erg cm−2 s−1 Hz−1 is the

Eddington flux of the 90,000 K model atmosphere at 5400 Å, M
is the stellar mass (in units of Me) given above, V0=V−AV is

the dereddened visual magnitude, V is the observed magnitude,

and AV is the visual extinction. We converted the PS1 g

magnitude listed in Table 3 to Johnson V, using the relations given

by Tonry et al. (2012, their Table 6), giving V= 17.63.28

Adopting AV= 3.1 E(B−V ), with E(B−V )= 0.56, we derive a

distance of = -
+d 2739 1214
2416 pc. This is in statistical agreement with

the Gaia parallax distance ( -
+2091 271
359 pc; see Section 3). Also,

using these values of Teff, Hν, and the unreddened V magnitude,

with the Gaia distance, we find that the central star’s luminosity

is L Llog 2.7.

6. Nebular Analysis

In this section we investigate the properties of Abell 57ʼs
surrounding faint PN and of its CEK, based on analyses of their
emission-line spectra.

6.1. Abell 57 Planetary Nebula

As described in Section 4.1, we extracted a flux-calibrated
spectrum of the faint PN within a 2″ radius aperture placed near
the location of highest surface brightness in the FOV of our
LRS2-B observations, centered 4″ away from the central star
(∼0.04 pc at the distance of the object). This spectrum is
plotted in the bottom panel of Figure 1, and the extraction
aperture is shown as a dashed black circle in Figure 2. As
discussed in Section 4.1, the PN spectrum is not sky subtracted;
this avoids any biasing effects of a spatially varying nebular
spectrum, but it does suffer from the superposed night-sky
spectrum.

We measured absolute emission-line fluxes in the PN
spectrum, using standard tasks in IRAF. These fluxes are
listed in column 3 of Table 4, normalized to a value of
Hβ= 100. Uncertainties in the line fluxes are generally a few

percent, but are several times larger for blended and/or weak
lines, as indicated by colons following the values.
We can make approximate estimates of the nebula’s physical

parameters, including the interstellar reddening, using line
diagnostics described by Osterbrock & Ferland (2006). Given
the age and low surface brightness of the Abell 57 nebula, we
would expect its electron density, ne, to be relatively low, and
indeed, the [S II] line diagnostic shows this to be the case. The
ratio [S II] λ6716/λ6731 is poorly measured, due to faintness
and superposition on the night-sky spectrum. However, the
ratio is near the low-density limit of the diagnostic, implying an
electron density of about ne; 100 cm−3. At this density, and at
a nominal electron temperature of 10,000 K, the intrinsic
Balmer-line ratios are expected to be approximately
Hα/Hβ= 2.86, Hγ/Hβ= 0.466, etc. (see Pengelly 1964).
Comparing these with the measured ratios yields a nebular
reddening of E(B− V ); 0.40 (assuming a Cardelli et al. 1989
law with RV= 3.1). The uncertainty in this result, based on the
scatter between the values obtained from the various Balmer
ratios, and for a plausible range of temperatures, is about
±0.03. The derived value agrees fairly well with the values of
foreground interstellar reddening of E(B− V )= 0.37 and
0.33± 0.04 from the statistical tools cited in Section 5.2, but
may suggest a small amount of internal reddening in the PN.
The line fluxes corrected for this amount of reddening are given
in the fourth column of Table 4.
To test this simple line-diagnostic analysis, we modeled

Abell 57ʼs nebula with the CLOUDY photoionization code
(Ferland et al. 1998, 2017). We used version C23.00, described
by Chatzikos et al. (2023). We caution however that such an
analysis is unlikely to be highly realistic, since our spectral

Table 4

Spectrum of Abell 57 Planetary Nebula

Species λ Irel
a

I0
b

Imodel
c

(Å) (Hβ = 100) (Hβ = 100) (Hβ = 100)

[O II]d 3726–29 12.9: 19.8: 16.6

[Ne III] 3869 59.2 87.2 91.2

Hζ + He I
e 3889 14.3 18.0 19.8

[Ne III] 3967 10.4: 15.0: 27.7

Hò 3970 9.1: 13.0: 16.8

Hδ 4101 17.7 24.0 26.3

Hγ 4340 36.8 45.3 48.2

[O III] 4363 8.5 10.4 20.1

He I 4471 2.9 3.4 0.4

He II 4686 24.3 26.0 30.3

[Ar IV] 4711 5.2 5.5 7.4

[Ar IV] 4740 3.6 3.8 5.4

Hβf 4861 100 100 100

[O III] 4959 335 324 340

[O III] 5007 1035 984 1016

He II 5411 2.6: 2.2: 2.7

Hα 6562 427 287 273

He I 6678 4.4: 2.9: 2.3

[S II] 6716 4.7: 3.0: 1.9

[S II] 6731 3.4: 2.2: 1.5

Notes.
a
Measured emission-line intensity relative to Hβ = 100.

b
Relative line intensity corrected for reddening of E(B − V ) = 0.40.

c
Predicted relative line intensity from the model (see text).

d
Entries are for the sum of the [O II] doublet.

e
Feature at λ3889 is a blend of Hζ and He I λ3889. Entries are for their sum.

f
Measured absolute intensity of Hβ is 5.34 × 10−15 erg cm−2 s−1.

27
Nevertheless, it is true, and puzzling, that a very few central stars of PNe

almost certainly do lie on post-RGB tracks; see the discussions in Jones et al.
(2023) and our Paper II.
28

Photoelectric photometry by Abell (1966) gave V = 17.66, in very good
agreement with the PS1 value. Almost five decades later, De Marco et al.
(2013) measured V = 17.73 on two photometric nights, in poorer agreement.
The latter authors also reported short-term photometric variability, but gave no
details.
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aperture extends over only a very small central part of the
nebula, whereas CLOUDY models the integrated spectrum of
the entire nebula.

We adopted several simplifying assumptions: spherical
geometry with the ionizing star at the center, a uniform electron
density of ne= 100 cm−3, and a “PN” abundance pattern of
individual elements from Aller & Czyzak (1983). We set the
inner radius of the model nebula to 0.04 pc. We adopted initial
central-star parameters from Section 5.1 of Teff= 90,000 K, and
L= 500Le. We then attempted to match the observed line
strengths by varying the outer radius, the electron temperature as
a function of radius, the metallicity, and allowing small changes
in the stellar temperature.

The best-fitting model was obtained with an electron
temperature ranging from 17,030 K at the inner radius to
13,220 K at an outer radius of 0.66 pc. This large a radius arises
from the need to reproduce the observed intensities of lower-
ionization lines like [O II] λλ3726, 3729. The adopted
metallicity is one-third solar, and the effective temperature of
the central star is adjusted slightly upward to 100,000 K. This
model yields the emission-line fluxes given in the last column
of Table 4. In Figure 6 we graphically compare the measured
fluxes with the model predictions for several key emission
lines, showing that the fluxes are predicted quite well—in spite
of the CLOUDY model being only a crude representation of the
observation.

Our primary conclusion from this analysis is that the Abell
57 nebula is unexceptional, having a typical PN spectrum. It
has an interstellar reddening of E(B− V ); 0.40± 0.03, in
reasonable agreement with the expected foreground amount. Of
note, however, is the reddening of E(B− V )= 0.56± 0.02 that
we found for the central star (Section 5.2); it is significantly
higher than it is in the surrounding faint PN.

6.2. Compact Emission Knot

As shown in the top panel of Figure 1, the emission lines of
Abell 57ʼs CEK are superposed on the spectrum of the hot
central star. We again measured the fluxes of the forbidden

lines, using IRAF tasks. However, the situation is complicated

for the Balmer and helium lines, because they lie on top of

underlying photospheric absorption lines instead of a feature-

less continuum. To measure the H and He line fluxes, we scaled

the reddened theoretical spectrum from TMAP (Section 5.1) to

the level of the surrounding continuum, subtracted it from the

observed spectrum, and then measured the line fluxes from that

subtraction. The resulting emission-line strengths, normalized

to Hβ= 100, are presented in column 3 of Table 5. Weak and/
or blended lines are again marked with colons. The lines of

[O II] λλ3726, 3729 are not detected, and instead we give an

approximate upper limit on their combined flux.
A remarkable feature of the CEK’s spectrum is the strength

of the auroral [O III] line at 4363 Å. This line is generally

considered to be a key diagnostic of nebular electron

temperature (Osterbrock & Ferland 2006), and indeed

measurements of it have been the goal of a number of JWST

programs for direct metallicity determinations in the high-

redshift Universe (e.g., Laseter et al. 2024). However, as

illustrated in Figure 5.1 of Osterbrock & Ferland (2006), [O III]
λ4363 is usually expected to be quite weak, with a strength

ranging between ∼1/30 and ∼1/500 that of [O III] λ5007. In
the spectrum of the Abell 57 PN, the λ4363 flux is consistent

with this range, at about 1/100 that of λ5007. Such weakness is
certainly not the case in Abell 57ʼs unresolved knot: as the top

panel of Figure 1 illustrates, [O III] λ4363 is actually stronger

than [O III] λ4959, and is even ∼1/2.5 the strength of λ5007
before correction for reddening.

Figure 6. Emission-line fluxes in the Abell 57 PN, relative to Hβ = 100, as
observed and corrected for extinction (orange bars) and obtained by our
CLOUDY model (blue bars). See text for details. The observed and modeled
values for [O III] λ5007 have been scaled by a factor of 0.1 to improve
visibility for the weaker lines.

Table 5

Spectrum of the Abell 57 Compact Emission Knot

Species λ Irel
a

I0
b

Imodel
c

(Å) (Hβ = 100) (Hβ = 100) (Hβ = 100)

[O II]d 3726–29 <5.5 <14.6 0.6

[Ne III] 3869 113 273 208

Hζ + He I
e 3889 11.7 27.8 29.8

[Ne III]f 3967 25.1: 56.3: 63.1

Hò
f 3970 6.6: 14.8: 17.8

Hδ 4101 12.5 25.0 26.2

Hγ 4340 26.5 42.6 48.8

[O III] 4363 49.5 77.8 93.8

He II
g 4686 15.7: 15.9: 4.9

Hβh 4861 100 100 100

[O III] 4959 39.5 36.6 57.8

[O III] 5007 119 106 173

He II
f 5411 1.4: 1.0: 0.5

He I 5876 26.6 14.4 16.7

[O I] 6300 3.3: 1.5: 0.3

Hα 6562 673 274 274

[N II] 6583 4.2:: 1.7:: 3.7

He I 6678 7.1:: 2.8:: 3.8

Notes.
a
Measured emission-line intensity relative to Hβ = 100.

b
Relative line intensity corrected for reddening of E(B − V ) = 0.91.

c
Predicted relative line intensity from the model (see text).

d
Entries are for the sum of the [O II] doublet.

e
Feature at λ3889 is a blend of Hζ and He I λ3889. Entries are for their sum.

f
Fluxes uncertain due to blending and superposition on photospheric Balmer

and interstellar Ca II absorption.
g
Fluxes uncertain due to superposition on photospheric He II absorption.

h
Measured absolute intensity of Hβ is 2.21 × 10−15 erg cm−2 s−1

(uncorrected for extinction).
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The explanation for the strong [O III] λ4363 lies in the knot’s
electron density. At densities above ∼106 cm−3, the 2p2 1D2

level of O++ becomes collisionally depopulated, weakening
the nebular lines of [O III] λλ4959, 5007. In contrast, the
critical density for the parent level of [O III] λ4363 (

1S0) is not
reached until ne 4× 107 cm−3. Consequently, at high nebular
densities, the ratio of the auroral to nebular lines of O++ is
boosted, and the line becomes a density diagnostic instead of a
temperature indicator. The CEK’s high density also explains
our nondetection of [O II] λλ3726, 3729, whose critical density
is only 1200 cm−3.

A second notable feature in the spectrum of the CEK is the
large size of the Balmer decrement. As described in the
previous subsection, the observed Hα/Hβ ratio for the Abell
57 PN is 4.27 (see Table 4), which we used to infer an
interstellar reddening of E(B− V ); 0.40. In the CEK the
Hα/Hβ ratio is much higher, at a value of 6.73 (Table 5). This
implies dust extinction for the knot that is greater than for the
surrounding PN (as well as being even higher than we found
for the central star).

To fix the reddening of Abell 57ʼs knot, we used the results
of Storey & Hummer (1995), who tabulate the intrinsic
recombination line strengths of hydrogenic ions in the range
5000 K� Te� 20,000 K and  n0 log 8e (thus extending the
density range covered by Pengelly 1964 and Osterbrock &
Ferland 2006 by 2 dex). The paucity of emission lines measured
in the CEK prevents us from measuring the region’s electron
density and temperature simultaneously. Because the efficiency
of collisional cooling decreases with density, the electron
temperature in the CEK is unlikely to be lower than 9000 K.
Under these conditions, ne≈ 4× 107 cm−3; alternatively, if the
knot’s electron temperature is as high as Te; 13,000 K, then
ne≈ 1.5× 107 cm−3. In either case, the observed Balmer
decrement and a Cardelli et al. (1989) reddening law with
RV= 3.1 give a reddening of E(B− V ); 0.91. As in the case of
the PN’s spectrum, the uncertainty in the reddening is estimated
to be about ±0.03. Note that the V-band extinction,
AV= 3.1E(B− V ), in Abell 57ʼs CEK is more than 1.5 mag
greater than that of the surrounding nebula, and more than 1 mag
higher than that found from the continuum of the central star. The
line fluxes corrected for this amount of extinction, again using the
formulation of Cardelli et al. (1989), are listed in column 4 of
Table 5.

To test these conclusions about the CEK, we performed a
CLOUDY analysis similar to the one described in Section 6.1,
with appropriate initial parameters. In this case, the analysis
should be more realistic than it was for the PN, since we have
an integrated spectrum for the entire CEK. Noting that in
the EGB 6 system the CEK lies more than a projected 100 au
from the central star, we assumed that Abell 57 has a similar
geometry. We adopted a CEK electron density fixed at
ne= 107.2 cm−3

(∼1.6× 107 cm−3
), a “PN” element abun-

dance pattern (again from Aller & Czyzak 1983), the SED and
luminosity of the 90,000 K illuminating star described in
Sections 5.1 and 5.3, respectively, and a separation of 200 au
between the star and the inner radius of the nebula.

We then carried out multiple iterations of CLOUDY, varying
the thickness of the knot, its electron density, and metallicity, in
order to find the best match of the modeled line ratios with the
observed reddening-corrected values, as well as the absolute
flux of Hβ at a distance of 2100 pc. We found a consistent
mismatch in the strengths of [Ne III] λ3869 and [O III] λ5007,

with the former being consistently underpredicted and the latter
overpredicted. As the relative strengths of [Ne III] and [O III]
are insensitive to changes in the model parameters, we were
unable to find a good fit for both species. We ended up splitting
the difference. The line fluxes obtained from our final model
are shown in column 5 of Table 5. A graphical comparison of
the predicted and observed fluxes is presented in Figure 7. The
agreements are reasonably good, except for [Ne III] and [O III],
as just described. The agreement is also poor for He II λ4686,
but here the measurement is very uncertain, due to the line
being superposed on a strong photospheric absorption line.
Our best-fit CLOUDY model yields a nebular volume of

1042 cm3, corresponding to a sphere with a radius of 1013.8 cm
or ∼4.5 au. The electron temperature is Te= 12,500 K, and the
metallicity is 2 times solar. The high metallicity is required to
fit the strengths of [Ne III] and [O III], but it should be regarded
as uncertain because of the mismatch between the [Ne III] and
[O III] lines described above. Based on the adopted density and
derived volume, the ionized mass of the knot is very small,
about 1.7× 10−8 Me.

7. Discussion and Future Work

7.1. Astrophysical Puzzles of Abell 57 and EGB 6

The main conclusions of our investigation are as follows: (1)
Abell 57 is a low-surface-brightness, but otherwise unexcep-
tional PN with a kinematic age of about 8000 yr. (2) The
reddening of the faint PN is E(B− V ); 0.40, consistent with
the expected foreground Galactic extinction and little to no
internal extinction. (3) The central star of Abell 57 has a
spectral type of O(H), a solar He/H abundance, an effective
temperature of 90,000 K, and a surface gravity of =glog 6.
These parameters are consistent, within the uncertainties, with a
star in a post-AGB evolutionary stage with a mass of about
0.50 Me. (4) The central star is reddened by E(B− V )= 0.56,
which is greater than the reddening of the surrounding PN. (5)
The nucleus exhibits an NIR excess, corresponding to an object
with the luminosity of an M0 dwarf but with a blackbody
temperature of ∼1800 K and a radius of ∼2.8 Re. (6) The

Figure 7. Emission-line fluxes in the Abell 57 CEK, relative to Hβ = 100, as
observed and corrected for extinction (orange bars) and obtained by our
CLOUDY model (blue bars). See text for details.
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central star is also associated with a compact nebular knot,
unresolved from it in our ground-based data. The knot has a
high electron density of ne; 1.6× 107 cm−3, a physical radius
of about 4.5 au, and an ionized mass of ∼1.7× 10−8 Me. (7)
The emission-line spectrum of the compact knot shows a
reddening of E(B− V ); 0.91, which is considerably greater
than the reddening of the central star—which itself is more
reddened than the surrounding PN.

Several of these features make Abell 57 strikingly similar to
the prototypical EGB 6, described in Section 2 and in more
detail by B16. In both objects there are CEKs associated with
the hot central stars. The EGB 6 CEK, according to the analysis
by Dopita & Liebert (1989), has an electron density of
2.2× 106 cm−3 and an ionized mass of 7× 10−10 Me—which
should be increased to ∼2× 10−9

Me because these authors
assumed a distance of 460 pc in their analysis, whereas the
Gaia-based distance is 750 pc. L13 derived a radius of 3.6 au
for the ionized knot in EGB 6, which should be increased to
∼4.7 au, since they adopted a distance of 576 pc. Compared to
Abell 57, the EGB 6 CEK’s density and mass are an order of
magnitude lower, but the radii are remarkably similar.

Both nuclei are also associated with NIR flux excesses, which
appear to be due to dust-enshrouded low-mass companion stars.
The effective temperatures of these companion dust envelopes
are similar, both being about 1800–1850 K, and they have
luminosities equivalent to those of main-sequence stars of
spectral type M0 (Abell 57) or M3.5 (EGB 6).29 The radius of
the EGB 6 NIR companion is ∼0.9 Re, versus ∼2.8 Re for the
presumably younger Abell 57; this difference may be
suggestive of slow evaporation and/or accretion of the dusty
material onto the M dwarfs, if the original conditions were
similar for both objects.

As summarized in Section 2, the B16 study of EGB 6
presented a scenario in which a low-mass companion to a hot
PNN captures an accretion disk during the primary’s superwind
stage, and that disk has survived to the present day. In EGB 6
the CEK coincides spatially with this companion, strongly
suggesting that the emission knot consists of material being
evaporated from the circumstellar material, and photoionized,
by UV radiation from the nearby hot WD. In the absence of
high-resolution imaging and NIR spectroscopy of Abell 57, we
can only speculate that a similar scenario applies.

However, there are also puzzles raised by significant
differences between Abell 57 and EGB 6. The central star of
the high-Galactic-latitude PN EGB 6 is nearly unreddened
[B16 find E(B− V )= 0.02], and its CEK also suffers
essentially no extinction (see the discussion of its Balmer-line
ratios in L13). However, as we showed in Section 5.2, the
central star of Abell 57 is more reddened than the surrounding
faint PN [E(B− V )= 0.56 for the central star, versus 0.40 for
the PN]. Moreover, the CEK in Abell 57 has an even higher
reddening of E(B− V )= 0.91, determined using the same
Balmer-line method as for EGB 6.

The high extinction of the emission-line spectrum of the
Abell 57 CEK may be explained by substantial dust being
mixed up from the obscured NIR object into the extended
emission-line region, thus increasing the amount of internal
extinction in the surrounding ionized material. But this scenario
does not account for the enhanced extinction of the central star
itself. In the case of EGB 6, its NIR companion and associated

CEK lie at least 125 au away from the central star, and thus
have little effect on it. A possible explanation for the reddening
of the PNN in Abell 57 is that the CEK is so close to it that the
star actually lies within the outer edge of the knot.
Alternatively, if the orbital separation is larger, there
conceivably could be a chance alignment such that the star
shines through the outer layers of the knot as seen from our
location. In either of these cases, we might expect orbital
motion to cause the extinction of the star to vary, and thus its
brightness. Unfortunately, because of the faintness of the
central star, there is actually very little available information on
its long-term photometric stability to test this hypothesis, apart
from the scant data in Section 5.3 and footnote 28. Yet another
possibility is that the extinction of the WD in unrelated to that
of the CEK, and is due instead to a separate cloud of cool dust
around the central star.

7.2. Why are EGB 6 Planetary Nuclei So Rare?

As discussed in Section 2, the “EGB 6 phenomenon” is
extremely rare among PNNi. At first glance, this seems
surprising. It is common for WDs to have companion stars at
separations of a few to a few hundred astronomical units (see,
e.g., the population-synthesis study by Willems & Kolb 2004),
and these companions would have been embedded in a dense
wind during PN ejection. There are known candidate
progenitor objects, of which one of the best known is the
Mira system, where accretion onto a companion at least 70 au
from the late-type primary’s wind is directly observed
(see L13; B16, and references therein). Likewise, there are
binaries among PN central stars where accretion from an AGB
wind onto the companion has clearly occurred in the recent
past. These include barium stars like the nuclei of WeBo 1
(Bond et al. 2003) and Abell 70 (Jones et al. 2022), in which
companions of the hot nuclei exhibit enhanced abundances of
carbon and s-process elements accreted from an AGB outflow.
There is also the class of “Abell 35-type” central stars (see
Paper IV and the discussion therein), where late-type
companions of the hot nuclei have been spun up to rapid
rotation through the accretion of matter and angular momen-
tum. Yet we observe very few binary PNNi like EGB 6 and
Abell 57 in which there are companions that are actually still
embedded in conspicuous debris clouds with their outer layers
photoionized by the nearby hot central stars.
There is little known about the orbital periods of Abell 35-

type binary nuclei, except that the period of LoTr 5 is about
7.4 yr, and for Abell 35 itself it is at least several decades (Paper
IV and references therein). However, for field barium stars (i.e.,
post-PN binary systems in which the nebula has dissipated long
ago), there is substantial information about their orbital periods.
A recent tabulation of the binary periods for 60 Ba II stars by
Escorza & De Rosa (2023) shows that 90% of them are less than
25 yr and 50% are less than 5 yr, with a tail of longer periods
extending up to roughly 80 yr. In contrast, the orbital period of
the companion of EGB 6 is at least ∼1450 yr (B16). These
considerations make it very unlikely that the very wide binary
EGB 6 represents the progenitor population of the Abell 35 and
barium stars.
A possible explanation for the rarity of EGB 6-type nuclei

could be that the lifetimes of the compact knots are very short.
However, the kinematic ages of the Abell 57 and EGB 6 PNe
(i.e., the times elapsed since their AGB winds were active) are
∼8000 yr and ∼15,000 yr, respectively (see Section 5.3)—yet

29
As discussed by B16, the companion stars could in principle be WDs, but if

so a fine-tuning of their luminosities is required.
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both of them still have conspicuous CEKs. Thus, if the knots
were indeed created during the AGB superwind phase, their
lifetimes must be fairly long, comparable in fact to the lifetimes
of the surrounding faint PNe. In that case, the EGB 6
phenomenon ought to be more common.

These considerations raise the possibility that our default
scenario is incorrect, and that the CEKs in EGB 6-type PNNi
are not debris clouds captured during PN formation. Instead
they may have a separate origin requiring special circum-
stances, and likely having relatively short lifetimes. One
possibility worth considering is that the EGB 6 phenomenon
may be related to the IR excesses and debris disks that are
detected around a significant fraction of single WDs. These
objects are discussed in an extensive literature (e.g., Chu et al.
2011; Farihi 2016; Veras 2021; Brouwers et al. 2022). The
disks are generally considered to result from planetary systems
destabilized because of the sudden mass loss from the WD
progenitor at the end of its AGB phase. This leads to collisions
and tidal disruptions of planets, asteroids, and/or comets,
creating dusty debris around the WDs. However, to our
knowledge, forbidden-line emission has not been detected in
these objects—in many cases the WDs are too cool to
photoionize circumstellar gas—so the connection to EGB 6
PNNi remains unclear.

7.3. Future Studies

There are several avenues of investigation that might shed
light on the puzzling nature of Abell 57 and the EGB 6-type PN
central stars. Most important would be high-resolution direct
imaging of Abell 57, both in emission lines like [O III] λ5007
and in the NIR, to determine whether there is a resolved
companion as there is in EGB 6 itself. These observations
would be challenging, but not impossible, with HST. In the
case of EGB 6, the NIR companion (and superposed CEK) lies
only 0 16 from the WD central star—and Abell 57 is 2.8 times
more distant from us. However, our discussion of the reddening
of the nucleus of Abell 57 suggests that its CEK may be
considerably closer to the central star than it is in EGB 6. Or,
conceivably, Abell 57 could be different, with its CEK
coinciding with the central star, rather than with the NIR
companion. Precise astrometry with HST could make this test.
Another important study would be long-term photometric
monitoring of the central star, since, as noted in Section 7.1, the
extinction of the star may be varying with orbital motion.

NIR spectroscopy of Abell 57 would be extremely useful. In
the case of EGB 6, the NIR shows a continuous spectrum
(B16), consistent with the NIR flux being due to warm dust that
obscures the companion star, presumably an M-type dwarf. We
expect the same to be true of Abell 57, which would confirm its
similarity to the prototype.

The central star of EGB 6 is a conspicuous source at 24 μm
in the MIR (Chu et al. 2011). One of the puzzles of EGB 6 is
that the precise spatial location of this MIR excess is unknown;
it could be associated with the CEK, or it might coincide with
the WD central star and be unrelated to the emission knot.
See B16 for further discussion of this issue; as they point out,
precision astrometry with JWST could distinguish between
these two locations of the cool dust. In the case of Abell 57, the
central star is embedded in a surrounding PN that is bright in
the MIR (see Section 5.2 and the WISE images in the HASH
database), so we do not as yet know whether the nucleus itself

has an MIR excess. Here again high-resolution JWST MIR
images would be decisive.
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Appendix
Swift Observations of Abell 57 and Data Analysis

As described in Section 5.2, near-ultraviolet images of Abell
57 were obtained with the UVOT instrument on board the Neil
Gehrels Swift Observatory. In this appendix, we describe the
conversion of source count rates from the UVOT frames into
monochromatic flux densities. Our frames were obtained in the
broadband uvw1 and uvw2 filters, which bracket the interstellar
absorption feature at 2175 Å. Details of our Swift TOO
observations are given in Table 6.

We generated source count rates for the Abell 57 central star
from the images, using the standard HEASoft tool uvot-
source,30 which accounts for zero-point, coincidence loss,
sensitivity decline, and flat-field variations (see Poole et al.
2008; Breeveld et al. 2011). These rates have a statistical
uncertainty of about ±3%. However, our data were taken while
the Swift spacecraft was experiencing a guidance anomaly that
caused the UVOT images to be elongated beyond the nominal
2 5 FWHM PSF. To account for this, we applied a correction
factor of 1.1 to the count rates from uvotsource, a
preliminary value based on flux ratios between 7 0 and 10 0
apertures. This issue is still being investigated by the UVOT
team, but we estimate that our photometry has an additional
systematic uncertainty of ±5% due to this issue. The measured
count rates for Abell 57, with this correction applied, are listed
in column 3 of Table 7.

Conversion of count rates to a monochromatic flux density is

not straightforward with the UVOT uvw1 and uvw2 filters,

because both of them have a significant amount of transmission

at wavelengths longward of their main near-ultraviolet

bandpasses (“red tails” or “red leaks”). This issue has been

addressed by Brown et al. (2010, 2016). They adopt the

photon-weighted effective wavelengths of these filters for an

object with a Vega-like spectrum from Poole et al. (2008) as

follows: 2030 Å for uvw2 and 2600 Å for uvw1. They then

determined the “conversion factors” by which to multiply the

count rates for a Vega-like star to yield the monochromatic

fluxes at these effective wavelengths. For Vega, Brown et al.

(2016) derived conversion factors in uvw2 and uvw1 of

6.028× 10−16 and 4.024× 10−16 erg cm−2 s−1 Å−1
(counts

s−1
)
–1, respectively.

The conversion factors will of course be different for objects

whose SEDs differ from that of Vega. Brown et al.

(2010, 2016) calculated the conversion factors for a variety

of unreddened sources with known SEDs, such as blackbodies

and stars of known spectral types. The factors were determined

by dividing the average flux density in a 50 Å window centered

on the effective wavelength by the count rate of the spectrum

through that filter, and normalizing the result to that for Vega.
Since Abell 57 is significantly reddened, we could not use

the tables of conversion factors in the above references.

Fortunately, we know the intrinsic SED of the star from our

spectroscopic analysis (Section 5.1). We began by applying a

nominal amount of reddening to the model SED, using the

Cardelli et al. (1989) formulation. We then calculated the

fractions of the total photon counts in each UVOT filter that are

due to 50 Å windows at the effective wavelengths, by

convolving the reddened SED with the UVOT system

throughput tables31 of Breeveld et al. (2011). For normal-

ization, we compared these fractions with those for a similar
convolution of the UVOT throughputs with the SED of Vega32

from Bohlin et al. (2020).
We compared the resulting absolute near-ultraviolet fluxes

with the reddened model SED for the central star. On this basis,

we adjusted the assumed reddening, and repeated the

calculation. After a few iterations, the solution converged

upon a reddening of E(B− V )= 0.56. The final conversion

factors for Abell 57 with this amount of reddening are given in

column 4 of Table 7, and the resulting absolute monochromatic

fluxes in column 5. These values are entered in Table 3 in the

main text.

Table 6

Log of Swift UVOT Observations of Abell 57

Date Filter Exposure

[YYYY-MM-DD] (s)

2023-10-31 uvw1 1535.5

2023-10-31 uvw2 1568.0

2023-11-03 uvw1 512.9

2023-11-03 uvw2 513.6

30
https://heasarc.gsfc.nasa.gov/lheasoft/ftools/

31
https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/swift/docs/uvot/

index.html
32

File alpha_lyr_stis_011.fits, available at https://archive.stsci.edu/hlsps/
reference-atlases/cdbs/current_calspec.
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Table 7

UVOT Monochromatic Fluxes for Abell 57

Filter Effective Corrected Count Conversion Fλ

Wavelength (Å) Rate (counts s−1
) Factor (erg cm−2 s−1 Å−1

)

uvw2 2030 1.894 3.594 × 10−16 6.81 × 10−16

uvw1 2600 1.904 4.753 × 10−16 9.05 × 10−16
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