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ABSTRACT

The Euclid mission will conduct an extragalactic survey over 15000 deg? of the extragalactic sky. The spectroscopic channel of the
Near-Infrared Spectrometer and Photometer (NISP) has a resolution of R ~ 450 for its blue and red grisms that collectively cover the
0.93-1.89 um range. NISP will obtain spectroscopic redshifts for 3 x 107 galaxies for the experiments on galaxy clustering, baryonic
acoustic oscillations, and redshift space distortion. The wavelength calibration must be accurate within 5 A to avoid systematics in the
redshifts and downstream cosmological parameters. The NISP pre-flight dispersion laws for the grisms were obtained on the ground
using a Fabry-Perot etalon. Launch vibrations, zero gravity conditions, and thermal stabilisation may alter these dispersion laws,
requiring an in-flight recalibration. To this end, we use the emission lines in the spectra of compact planetary nebulae (PNe), which

* The full spectral atlas, including Table A.1, and a copy of the spectra are available at the CDS via anonymous ftp to cdsarc.cds.unistra. fr
(130.79.128.5) or viahttps://cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/674/A172
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were selected from a PN database. To ensure completeness of the PN sample, we developed a novel technique to identify compact and
strong line emitters in Gaia spectroscopic data using the Gaia spectra shape coefficients. We obtained VLT/X-shooter spectra from
0.3 to 2.5 um for 19 PNe in excellent seeing conditions and a wide slit, mimicking Euclid’s slitless spectroscopy mode but with a ten
times higher spectral resolution. Additional observations of one northern PN were obtained in the 0.80-1.90 pm range with the GMOS
and GNIRS instruments at the Gemini North Observatory. The collected spectra were combined into an atlas of heliocentric vacuum
wavelengths with a joint statistical and systematic accuracy of 0.1 A in the optical and 0.3 A in the near-infrared. The wavelength atlas

and the related 1D and 2D spectra are made publicly available.

Key words: instrumentation: spectrographs — space vehicles: instruments — planetary nebulae: general

1. Introduction

The Euclid mission (Laureijs et al. 2011; Racca et al. 2016)
will employ weak gravitational lensing and galaxy clustering —
which also encompasses baryonic acoustic oscillations (BAO;
Eisenstein et al. 2005) and redshift space distortions (Guzzo
et al. 2008) — as cosmological probes, to determine the expan-
sion history and growth rate of cosmic structures over the last
10 billion years (Euclid Collaboration 2020). These experiments
address the nature and properties of dark energy, dark matter,
gravitation, and the Universe’s initial conditions. The accuracy
of the results should be decisive for the validity of the A cold
dark matter (ACDM) concordance model and general relativity
on cosmic scales (see e.g. Amendola & Tsujikawa 2010; Wang
2010; Weinberg et al. 2013).

The imaging survey of 15000 deg? will be done with the
visible imager ‘VIS’ (Cropper et al. 2012) in a single, wide
band (0.53-0.92 um) down to a So point-source depth of
26.2 ABmag. The Near-Infrared Spectrometer and Photometer
(NISP; Prieto et al. 2012; Maciaszek et al. 2016) will obtain a 5o
point-source depth of 24.5 AB mag in three wide bands covering
the 0.95-2.02 um range. A comprehensive and detailed presen-
tation of the Euclid Wide Survey and its observational strategy
is presented in (Euclid Collaboration 2022, hereafter ESc22).

The spectroscopic survey will cover the same area, to a
3.50 Ha line-flux limit of 2.0 x 107"®ergecm™s~! at a red-
shifted wavelength of 1.60 um. The sample consists of 3 x 107
galaxy spectra with a resolution of R ~ 450 for objects with a
diameter of 0”5. Two ‘red grisms’ in NISP cover the same 1.21—
1.89 um range with opposite dispersion directions. To better
decontaminate the slitless spectra in the dispersed images, these
grisms are also rotated by 4° in Euclid’s reference observing
sequence (ESc22), yielding four different dispersion directions
per survey field. Given the nonlinnearities in the dispersion law,
we consider the rotated configurations as physically independent
grisms. For more details see also Euclid Collaboration (2023).

NISP also has a ‘blue grism’ (0.93—1.37 um) that increases
the total number of grism configurations to five. The blue grism
will be used solely in the observations of the Euclid Deep Fields
(50 deg?, with additional red grism coverage) and at a fixed ori-
entation angle in NISP. However, since the deep fields will be
revisited with different spacecraft roll angles, different on-sky
dispersion directions of the blue grism will be realised as for the
red grisms (ESc22).

Accurate wavelength calibration is paramount for Euclid’s
cosmological redshift measurements. Systematic wavelength
errors, in particular, if dependent on the sky position or epoch
of observation, have a tremendous impact on cosmological mea-
surements aiming to detect tiny fluctuations in the galaxy density
over very large scales. These include delicate measurements,
such as detecting non-Gaussianity, a signature of primordial
inflation (e.g. Castorina et al. 2019). The NISP dispersion laws
must therefore be known to be better than 5 A — or 0.3 NISP pix-
els — anywhere in its focal plane of 16 HAWAII-2RG detectors
for the entire mission duration of six years.
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On Earth, this accuracy was achieved using a Fabry-Perot
emission-line spectrum (Fig. 1). Low-order deviations from this
pre-flight dispersion law can occur due to acousto-mechanical
vibrations during launch, zero gravity in flight, and the optics’
final in-flight temperatures that are difficult to predict. After
launch, during a two-month long performance verification (PV)
phase, the dispersion laws — and many other pre-flight cali-
bration products — will be updated. The NISP opto-mechanical
design (Grupp et al. 2012) does not provide an on-board arc lamp
for wavelength calibration. Our in-flight wavelength calibration
strategy thus involves astrophysical emission-line sources for
which we need to determine accurate wavelengths.

In this paper we present ground-based observations of
20 ultra-compact planetary nebulae (PNe) comprising a spectral
atlas for accurate wavelength calibration. In Sect. 2 we motivate
the wavelength calibration strategy with PN, followed by our tar-
get selection in Sect. 3. There, we also present a novel approach
to identify compact line emitters in Gaia spectroscopic data. The
observations and data reduction are discussed in Sect. 5, with
an emphasis on accurate wavelength calibration. Specifically,
we show that no significant systematics will be introduced into
Euclid’s cosmological measurements when using these PNe for
wavelength calibration. In Sect. 6 we introduce the main result of
this work, the spectral atlas, and some scientific results for indi-
vidual PNe and emission-line ratios. We conclude in Sect. 7. The
processed data and the spectral atlas are available online' and at
the CDS.

2. Wavelength calibration with planetary nebulae
2.1. On-ground procedure

Lacking the possibility of internal wavelength calibration, the
NISP dispersion laws were measured on-ground with the NISP
instrument itself (for details see Maciaszek et al. 2022). The
characterisation was done in a vacuum and at operational tem-
perature, using an external Fabry-Perot etalon light source with
38 and 35 emission lines in the blue and red grism transmission
ranges, respectively (Fig. 1). Additional Argon spectra were used
to unambiguously identify the Fabry-Perot lines, which were
then modelled with a 2D asymmetrical Gaussian profile. The full
width half maximum (FWHM) of the lines ranged from 0.7 nm
at 900 nm to 1.2 nm at 1900 nm. The point-like light source was
placed at the nodes of a 12 x 12 grid covering the focal plane
detector array (FPA). Each grism’s dispersion law consists — as a
function of source position in the FPA — of (1) the offset between
the Oth order and the source position, (2) the separation between
the Oth order and a reference wavelength in the 1st order, (3) the
curved shape of the Ist-order spectral trace, and (4) the nonlinn-
ear wavelength dispersion within the 1st order. We obtained the
dispersion laws by fitting fourth-degree Chebyshev polynomials
to each of the above. The faint 2nd order was not characterised,

I https://euclid.esac.esa.int/msp/refdata/nisp/
PN-SPECTRAL-ATLAS-V1
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Fig. 1. Total system response for the NISP grisms and emission line signal-to-noise ratios (S/N). Top panel: total system response for the NISP
blue grism (shaded area, exceeding 50% of its peak transmission between 0.93—1.37 um; these data are updated with respect to those presented
in ESc22). The regularly spaced, grey spectrum shows the arbitrarily scaled Fabry-Perot emission lines used for the pre-flight calibration of the
dispersion law. As an example for the in-flight calibration, the purple spectrum shows the estimated NISP S/N of He2-436, extrapolated from our
X-shooter observations. The horizontal dashed line displays a 3.5¢ threshold to identify usable PN lines. Bottom panel: same as for the other panel,

but for the NISP red grism (1.21-1.89 um).

but its curvature and location are known from ground tests so
that it can be masked if necessary.

The modelled dispersion laws predict the line positions of
the Argon spectral lamp observed on ground with an RMS of
4.4 A and a mean bias error (MBE) of 2.8 A across the FPA.
We note that these uncertainties are not purely intrinsic to the
modelled dispersion laws; the low intensity of the recorded Oth
order of the Argon spectra contributed as well. For reference, the
dispersion laws obtained in-flight must not contribute an error
larger than 5 A (0.3 pixel) to the total wavelength error of the
observed galaxy emission lines.

2.2. In-flight wavelength calibration strategy

After insertion into a L2 halo orbit (Howell 1984), Euclid will
enter its two-month-long PV phase prior to survey operations.
To detect deviations from the pre-flight dispersion laws, an astro-
physical emission-line source will be observed similarly to the
on-ground calibration (Sect. 2.1). The calibration involves four
mappings: (1) from the astrometric sky (Gaia Collaboration
2016) to Oth order using astrometrically calibrated, undispersed
NISP images; (2) from Oth order to a reference wavelength in the
1st order, (3) the curved shape of the 1st-order spectral trace, and
(4) reconstruction of the nonlinnear dispersion in the 1st order

based on the emission lines. The in-flight dispersion laws will
then either replace the on-ground calibration files or comple-
ment them, depending on the actual number density and spectral
sampling that can be achieved.

In the current PV plan, the emission-line source will be
observed on five positions per detector (Fig. 2), for a total of
80 positions. This is less than the 144 positions used on-ground,
since these observations are expensive with 29 h per grism. We
expect the in-flight dispersion laws to be fairly stable over time,
since Euclid’s telescope structure and mirrors are built from sil-
icon carbide (SiC; Bougoin et al. 2019) that features extreme
stiffness and low thermal expansion; the same holds for the NISP
instrument truss (Pamplona et al. 2016; Bougoin et al. 2017).

Yet we know from the Gaia telescope — also built from SiC
(Bougoin & Lavenac 2011) — that focus drifts can be active
at a low level even after years in space (Mora et al. 2016).
Therefore, immediately after observing the emission-line source
and maintaining the telescope’s thermo-optical state, we will
observe Euclid’s self-calibration field at the North Ecliptic Pole.
This field is observed monthly for monitoring purposes through-
out the mission (ESc22). There, a secondary set of wavelength
standards — such as stellar absorption-line systems — will be
established, so that drifts in the dispersion laws can be caught
in due time.
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Fig. 2. Placement of the PN on the NISP focal plane of 16 detectors, for
the 4° rotated position of one of the red grisms, in the NISP R_MOSAIC
detector coordinate system. The dots show the positions of the Oth order,
and the lines the location of the 1st order, colour-coded for easier asso-
ciation. The triangles mark the short-wavelength end of the 1st orders.
The pattern is compressed for the top detector row, because we must
measure both the Oth and 1st orders simultaneously to determine the dis-
persion laws. In the absence of the grism, the images of the PN would
appear within the first order. Since the dispersion laws vary slowly, this
pattern compression does not bias the result.

2.3. Why compact planetary nebulae are the best choice

Ideally, the astrophysical emission-line calibrators are stable
over time, and spectrally and spatially unresolved by NISP.
This excludes emission-line stars and many AGN. For exam-
ple, massive stars with decretion disks such as luminous blue
variables, and Be-type stars have variable and complicated line
profiles; their emission lines may disappear, or show veloc-
ity features in excess of 300kms~' (Porter & Rivinius 2003;
Groh et al. 2007). Narrow emission-line regions around AGN
are spatially extended, substructured, and kinematically broad-
ened (300-1000km s~!). Also, at low redshifts the line density
in NISP spectra of AGN is insufficient, and at higher redshift
the line fluxes are too low. Existing radial velocity standards
(Soubiran et al. 2013) would deeply saturate the NISP detec-
tors in the available spectroscopic observing modes. PNe on the
other hand are well suitable. They have sufficiently many, bright
near-infrared lines, and typical spectral expansion velocities of
10-50 kms™! (e.g. Gesicki & Zijlstra 2000; Marigo et al. 2001;
Jacob et al. 2013; Lépez et al. 2016; Schonberner 2016), at least a
factor five below the NISP spectral resolution. PNe are also used
to provide absolute wavelength calibration for instruments fly-
ing on other missions, such as the James Webb Space Telescope
(JWST; Labiano et al. 2021).

The only effective line broadening seen by the NISP slit-
less spectroscopy mode would come from the PN’s intrinsic
angular extent, which should thus not be much larger than the
spatial resolution of the spectroscopy mode: the 80% encircled
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energy radius, EES80, is typically 0748-0755 at 1.50 um (e.g.
Grupp et al. 2019). PN radii of up to 0”5 should therefore be
unproblematic as long as pronounced substructures are absent.

We note that morphokinematical studies of spatially
extended and bright PNe are possible with slitless spectroscopy
(e.g. Steffen et al. 2009; Garcia-Diaz et al. 2012; Clairmont et al.
2022). However, to use these for Euclid’s wavelength calibra-
tion would require (i) complex modelling, (ii) observations with
well-calibrated slitless near-infrared spectrographs from space,
and (iii) the development of entirely new processing functions
to analyse the Euclid spectra of such extended sources and
match them with slitless spectra from different observatories.
The related effort is prohibitive. The big advantage of using
compact and — ideally unresolved — PN is that exactly the same
processing functions can be used that are in place already to
extract the spectra and redshifts of galaxies at cosmological dis-
tances; consistency in the processing of science and calibration
data is of utmost importance for Euclid.

In Fig. 1 we compare the spectrum of one PN in our sample,
He2-436, with that of the Fabry-Perot etalon. While the density
of usable lines in the PN spectrum is lower, 8—10 useful lines
should be available with the planned integration times for both
the blue and the red grism. This is sufficient to update the in-
flight dispersion laws — that vary slowly over the field — despite
the uneven distribution of lines in wavelength space.

The wavelength dispersion needs to be known with 5A accu-
racy, corresponding to 0.3 NISP pixel. Most PN lines will have a
signal-to-noise ratio (S/N) considerably above 3.50-, hence the
uncertainties of their measured line centroids are expected to
be smaller than 0.3 pixel. A more accurate performance esti-
mate is part of currently ongoing, pre-launch simulations of the
PV-phase data.

2.4. Obtaining accurate reference wavelengths from PN

To serve as an absolute wavelength calibrator for NISP, a PN
must at least have strong emission lines, and 80% of its total
flux must be contained within a radius of 0’5 or below. NISP
observes slitless dispersed images, with a resolution at least
a factor five too low to resolve the gas kinematics of up to
50kms~! in typical non-bipolar PNe with well-defined radii
(Jacob et al. 2013). Thus, the emission lines detected by NISP
are line images of the PN’s full spatial extent. The line-image
centroid in the dispersion direction — that is its effective wave-
length — is therefore not directly comparable to ground-based
slit spectroscopy: In case of considerable substructure, slit trun-
cation of the nebula could lead to different effective wavelengths.
The PNe in our sample are compact, at most 2—3 NISP pixel wide
(03 pixel™! plate scale), lowering our sensitivity to this effect.

Yet this is a concern, as we must use these line images
to calibrate the dispersion laws to better than 0.3 pixel. The
ground-based observations must therefore mimic the slitless
NISP spectra as much as possible, using slits considerably wider
than the PNe’s spatial extents, yet narrow enough for accu-
rate arc-lamp wavelength calibration. We also need excellent
atmospheric seeing to minimise slit losses and blurring of the
line image.

The ground-based spectra also need 5-10 times higher spec-
tral resolution than NISP. Like this, systematic errors in the
wavelength calibration of the ground-based spectra are reduced
by a corresponding factor when propagated to the NISP data.
In case of line blends, the higher spectral resolution will tell
whether reliable line centroids can be determined from the
lower-resolution NISP spectra.
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Fig. 3. Distribution of the 3846 Galactic PNe in the HASH database (small grey dots). Overlaid are the 20 compact PNe (red dots) that form the
spectral atlas presented in this paper, and also STRIPE83-0130 (a transient included for completeness). We also show 86 blindly selected Gaia
sources (orange dots; Sect. 4.3) that have similar Gaia spectra as the compact PNe. Only 0.13% of Galactic PNe in HASH have measured sub-
arcsecond diameters, and only one of these (DdDm-1) is located considerably outside the Galactic plane. The black line indicates the celestial
equator. The shaded areas show the Euclid Wide Survey area that avoids the ecliptic and Galactic planes (for details see ESc22).

3. PN sample selection
3.1. Euclid’s visibility function

Euclid observes along ecliptic meridians, maintaining a Solar
aspect angle of 87°-110° between the target, the spacecraft, and
the Sun (ESc22). At low ecliptic latitude, a target becomes visi-
ble twice a year for a few days. Visibility increases with ecliptic
latitude, reaching perennial visibility within about 225 of the
ecliptic poles (continuous viewing zone). We therefore need a
selection of PNe across the sky, to ensure that for any launch
date we have a PN accessible in or close to PV phase; this would
also accommodate unforeseen instrument anomalies that require
timely recalibration.

3.2. Notes about our selection function

The selection process for our compact and bright PNe was con-
voluted. Due to their scarcity, we had to be sure that we did
not overlook suitable candidates, while staying within the strict
Euclid mission timeline towards launch, and an increasingly con-
strained PV calibration plan. Ground observatory downtimes due
to the pandemic were also a factor.

The performance of the NISP spectroscopic pipeline for the
PN data is not well-known at the time of writing. The pipeline
is optimised for the detection of faint emission lines in low-
density fields, but most PNe are found in more crowded areas.
PNe have brighter lines that could still be automatically identi-
fied despite overlapping Oth, 1st and 2nd orders. This, however,
depends on line flux, a telescope roll angle that is unknown
because the exact time of observation is still unknown, and also
the spatial distribution of field sources. Thus we did not establish
quantitative crowding thresholds; but we accounted for relative
crowding when deciding which of two otherwise equally valu-
able PN should be observed within the allocated time. As a

crowding index, we compute the local number density of Gaia
sources with Gmag < 19 mag, based on a 13 arcmin?® circular
area where sources could in principle — depending on telescope
and grism angles — contribute to contamination of the 1st order.
In the end, we followed paths in parallel, adjusting our crite-
ria dynamically while observations were already ongoing. Such
a tangled selection function is acceptable for the purposes of
this paper, where we just needed to identify suitable PNe, but it
would be problematic for systematic studies of PN populations.
We adopt a simplified hindsight perspective in the rest of Sect. 3.

3.3. Searching the HASH database

Version 4.6 of the Hong Kong/AAO/Strasbourg Hoe (HASH) PN
database (Parker et al. 2016) lists 3846 known PNe within the
Galaxy, and many more elsewhere (see e.g. Kwitter & Henry
2022). The total number in the Galaxy might be as high as 6000—
45000 (Parker 2022), most of them highly dust-extinguished.
HASH is a heterogeneous database, collecting PNe and their
properties from numerous different publications. The size esti-
mates of compact PNe depend on the image seeing unless
determined with the Hubble Space Telescope (HST), and also
on the size definitions chosen by authors. Applying upper limits
of 1’5 and 1”0 to the HASH major axis diameter results in only
eleven and five PNe, respectively; we note that a considerable
fraction of PNe in HASH do not have size estimates.

Figure 3 shows that 98.5% of the Galactic HASH PNe are
confined to low Galactic latitude, |b| < 30°. There, the Oth and 1st
orders of the slitless NISP spectra become contaminated, mak-
ing PNe in the uncrowded halo much preferred. Given that only
0.13% of HASH PNe have recorded sub-arcsecond diameters,
our choices are extremely limited.

Archival HST imaging and / or slitless spectroscopy were
mandatory for us to reliably select sub-arcsecond PNe from
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HASH. We required suitable morphologies, ideally a homoge-
neous or radially symmetric appearance without considerable
envelopes. The only suitably compact PNe known in the Galac-
tic halo is PN G061.9+41.3 (hereafter DdDm-1) at b = 41°, with
very low crowding. Henry et al. (2008) measure a diameter of
0”6 after deconvolving an archival HST image from 1993 that
still suffered from HST’s spherical aberration (see Figs. A.1 and
A.2). More details about this PN can also be found in Otsuka
et al. (2009).

Stanghellini et al. (2016) observed 51 compact PNe in the
Galactic plane with HST. They define a photometric radius,
Rohot, containing 85% of the flux in the HST F502N narrow-
band image centred on the [O111] 45008 line. We selected four
PNe with Rppo < 075, compatible with the NISP spectroscopy
EES8O radius of 0748-(0"55. Two of these (PN G025.3-04.6 and
PN G042.9-06.9) show noticeable substructures in their cores in
the HST images (Figs. A.1 and A.2), but the NISP spectroscopic
PSF is wide enough to make them usable, albeit not ideal, wave-
length calibrators. Another source in Stanghellini et al. (2016) is
PN G205.8-26.7, with a ring-shaped core of 0’8 diameter and
embedded in a symmetrical fainter halo of 2”5 diameter. While
its morphology is less favourable, its crowding index is very low,
and its Euclid visibility function is different to those of the other
PNe, making it a valuable backup resource.

Extending the search to extragalactic PNe in the Magellanic
Clouds with HST coverage (Shaw et al. 2001, 2006; Stanghellini
et al. 2002, 2003), we retained 13 PNe with Rypo = 0713-0740.
Their line fluxes are typically a factor five lower than for Galactic
PNe, and several of them are less crowded.

HASH also contains numerous PNe in local dwarf galax-
ies (e.g. Magrini et al. 2003; Richer & McCall 2007), and
in the Local Group (Pefia et al. 2007; Delgado-Inglada et al.
2020). However, they are mostly too faint and very crowded.
We retained PN G004.8-22.7 (hereafter He2-436) in the Sagit-
tarius dwarf elliptical galaxy, for which HST imaging and line
fluxes are available from Zijlstra et al. (2006). We measured
Ronot = 0721 in the HST narrow-band image. This is likely
underestimated, as the image also contains contributions from
the central star.

3.4. Searching halo PNe in J-PLUS and S-PLUS data

In the Galactic halo PNe are very rare, and have been the tar-
get of systematic searches before (e.g. Yuan & Liu 2013, in
Sloan Digitial Sky Survey spectra). Gutiérrez-Soto et al. (2020)
searched the Javalambre and Southern Photometric Local Uni-
verse Survey data (J-PLUS and S-PLUS, respectively), using a
combination of broad- and narrow-band photometry. However,
no additional useful compact PNe could be identified in an area
of 1190 deg?. Together, we extended the search to yet unpub-
lished S-PLUS data, and one potential unresolved PN candidate
was identified, STRIPES2-0130.035257, albeit with compara-
tively weak signal in the narrow-band filters. We kept this source
in our sample for spectroscopic follow-up, but the line emission
turned out to be a transient event at the time of the S-PLUS obser-
vations. For completeness, the line-free spectrum of the white
dwarf (WD) is included in our spectral atlas.

4. Selecting compact PNe in Gaia BP/RP spectra

With the release of Gaia DR3 (Gaia Collaboration 2016, 2023)
we have access to 200 million sources over the full sky with
low-resolution Gaia blue photometer (BP) and red photometer

A172, page 6 of 32

(RP) spectra. They cover the 330-670nm and 620-1050 nm
wavelength ranges, respectively (Evans et al. 2018), facilitat-
ing a systematic search for hitherto unknown, compact PNe in
the Galactic halo and elsewhere. As it turns out, a single Gaia
parameter — the RP; shape coefficient (Sect. 4.1) — is efficient to
select compact Ha emitters.

PNe generally have strong He and [O 111] emission, with Ha
covered by both BP and RP spectra, and [O 111] by the BP spectra,
only. For compact PNe, a sufficient amount of emission-line flux
will enter the BP/RP extraction windows (Gaia Collaboration
2016), distinguishing their spectra from those of normal stars.
We note that PN-related Gaia work exists; however, these are not
focused on finding new PNe, but on identifying central WDs, and
determining their distances and multiplicity (e.g. Stanghellini
et al. 2020; Chornay & Walton 2020, 2021; Chornay et al. 2021;
Gonzalez-Santamaria et al. 2021).

4.1. Gaia SEDs of compact PNe

To verify the detectability of strong emission lines in Gaia
BP/RP spectra, and to develop suitable selection criteria, we
compared the Gaia spectra of 17 of our HASH PNe against
those of 20 million randomly selected Gaia sources. Three
of our HASH PNe do not have BP/RP data within Gaia
DR3, perhaps due to automated selection processes for the
Gaia extraction windows (Gaia Collaboration 2016), meaning
a complete sample of compact PNe cannot be extracted from
Gaia DR3 alone.

To better understand the Gaia data, we converted the Gaia
pseudo-wavelengths — an arbitrary unit from the photometers —
to physical wavelengths following De Angeli et al. (2023) and
Montegriffo et al. (2023). As can be seen in the top panels
of Fig. 4, our compact PNe are clearly distinguished by strong
[O111] and Ha emission, whereas most Gaia sources have broad
spectral energy distributions (SEDs) that peak around 6150 Ain
BP and 7900 A in RP, respectively. The RP spectra of the PNe
even reveal the presence of considerably weaker lines at longer
wavelengths. The only exception is PN G334.8—-07.4 with very
strong continuum and thus relatively weak lines in its normalised
spectrum.

Spectra in the Gaia archive are encoded by a number of
shape coefficients parameterising the SED; these coefficients
can be converted to the BP/RP spectra shown in Fig. 4 with the
Python Gaiaxpy package. The 1st-order coefficient — assum-
ing O indexing — provides a good indication of the presence
of a single narrow peak above the continuum (see Riello
et al. 2021, for more information about Gaia shape coeffi-
cients). In Fig. 5 we plot the 1st order of both the normalised
BP and RP coefficients (BP;, RP;), for all 200 million Gaia
spectra; most sources are confined to a narrow strip in the
(BPy, RP;) parameter space. All but one (PN G334.8—07.4)
of our compact PNe have RP; < —0.67, falling well below
this strip.

The range of BP; covered by our PNe is less well confined
than RP;. Plausibly, this is because the BP spectra are bimodal
due to the simultaneous capture of the [O111] and He lines,
and thus BP; is insufficient to describe the essential shape of
the BP spectra. We find that BP; and BPg are more suscepti-
ble to the bimodal nature of our BP spectra, with suitable cuts
of BP; > —0.002 and BP¢ < —0.1. Thus, a multi-parametric fil-
ter could be built for more efficient selection of emission-line
objects with specific SEDs. In our case, including either BP;
or BP¢ would reduce the number of candidates (see Sect. 4.3)
by about 50%, but did not result in new targets that were not
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Fig. 4. Selected individual Gaia spectra plotted over a density map of 20 million flux-normalised Gaia BP/RP spectra. Top row: individual Gaia
spectra of our compact PNe literature sample (red lines, see Sect. 4.1). The BP spectra are distinguished by strong [O 111]114960, 5008 and Ha
emission. The RP spectra show Ha emission, with secondary peaks around 7100-7300 A from [Ar 1/111] and [O 11]; the [S 111]429071, 9533 lines are
also discernible. One of the PNe (G334.8—07.4) has a strong stellar continuum, following the bulk of the Gaia SEDs. Bottom row: same as above,
but showing the candidates we selected blindly from all 200 million Gaia sources matching our search criteria for strong line emitters (Sect. 4.3).

included already using RP; alone. Hence we did not pursue
multi-parametric filters further in this paper, but we recommend
to consider them for similar searches.

4.2. Comparison with other Gaia PNe samples

For a qualitative comparison of other PNe with ours in the (BPy,
RP)) space, we cross-matched all Gaia sources with those from
Chornay & Walton (2021) (Gaia PN central star distances). The
714 matches are shown as blue crosses in Fig. 5, mostly follow-
ing the bulk of the Gaia sources. This means that their SEDs
are dominated by the central stars’ continuum emission, which
is expected because most PNe have spatial extents considerably
larger than the Gaia extraction windows.

A small fraction of the matches extends to lower values of
RP,, suggesting increasing relative contributions from narrow-
line emission, to the point where the nebular emission dominates
the stellar continuum seen by Gaia. These sources are then
missed by Chornay & Walton (2021), who match HASH PNe
against Gaia PN central-star candidates with a blue continuum.
Thus their PNe approach our HASH sample in the (BP;, RP;)
parameter space, but do not infuse it.

4.3. Searching for unknown compact PNe in Gaia

To counter any incompleteness of HASH concerning compact
PNe, we conducted a blind search in the Gaia data. We focused
on sources below the tip of the main strip of the Gaia popula-
tion, that is RP; < —0.4 (dashed line in Fig. 5). This cut selects
795 sources out of the 200 million in Gaia DR3.

Thirty-nine of these sources are recorded in HASH, in addi-
tion to those that we already selected in Sect. 3. Of those 39 PNe,
35 have size estimates in HASH and show strong emission lines
in the Gaia spectra. Only one, NGC 6833, has a sub-arcsecond
diameter, available HST data (Wright et al. 2005), and favourable
morphology. However, its field is very crowded and its Euclid
visibility function is similar to those of other PNe for which
we already had spectra taken. Thus it was not considered fur-
ther, together with the four PNe without size estimates that have
considerably higher crowding than NGC 6833.

Besides the 17 included in our sample and the 39 Galactic
HASH PNe, 739 candidates remained. To distinguish genuine
sources with Ha and [O 111] emission from sources with (1) pecu-
liar spectra, and (2) spectra with redshifted peaks (for example,
AGN), we defined a flux ratio, R. It is evaluated for wavelengths
500/560 nm and 656/700 nm, corresponding to zero-redshifted
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Fig. 5. Normalised 1st-order shape coefficients (assuming 0 indexing)
of the BP and RP Gaia spectra. The logarithmic density of all 200 mil-
lion Gaia sources in this space is indicated by the grey cells. Our sample
of compact PNe (Table 1) is shown by the red crosses if they had Gaia
DR3 BP/RP spectra, and known or candidate PNe from Chornay &
Walton (2021) by light blue crosses. The latter follow the bulk of the
Gaia sources, suggesting that their SEDs are continuum-dominated; a
small subset shows low RP; values and approach our sample of compact
PNe. Compact PNe candidates with RP; < —0.4 are shown in orange,
but were rejected/disqualified upon further inspection (Sect. 4.3).

[O111] and He and their nearby continuum. Requiring R > 1.0
for both lines, we identified — and visually verified — 86 Gaia
sources with potential [O 111] and Ha emission. These sources
are shown in Fig. 4 as orange curves, and in Fig. 5 as orange
Crosses.

A cross-match with Vizier (Ochsenbein et al. 2000) revealed
that 56 sources are indeed confirmed PNe, many of which are in
the LMC and SMC that are already well-covered by our literature
sample. Ten sources are PN-like in nature, classified as possi-
ble PN or PN candidates. Eight systems contain WDs, a number
of which have experienced classical or dwarf-nova eruptions.
Only two sources are non-stellar in nature, and two are clas-
sified as stellar. The remaining eight sources are not classified
but appear stellar in nature. Five of these could not be cross-
matched, and could therefore be genuine, previously unknown
PNe in the Galaxy, albeit at high crowding levels. Their Gaia
DR3 object numbers are listed in Table B.1, which also con-
tains all other sources described here. Apart from the LMC and
SMC sources, only two — an AGN and a WD candidate — are
located at higher Galactic latitudes |b| > 30°. Their Gaia spec-
tra display a prominent continuum without particularly strong
emission peaks.

5. Observations and reduction
5.1. Instrument choice

Figure 3 shows that all of our ultra-compact PNe — with
the exception of DdDm-1 — are accessible from the South-
ern Hemisphere, making X-shooter (Vernet et al. 2011)
at the Very Large Telescope (VLT) our preferred choice.
X-shooter offers medium-resolution spectroscopy with R =
4100-6500 in the 0.3-2.5 um range, with suitable slit widths.
The instrument has an atmospheric dispersion corrector and
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is flexure-compensated, which is highly welcome for our cal-
ibration purposes. In Sect. 6.3 we investigate the accuracy of
that flexure-compensation mechanism. X-shooter is offered in
service mode that allows to request excellent seeing conditions.

For DdDm-1 we chose the Gemini Near-Infrared Spec-
trograph (GNIRS; Elias et al. 2006a,b) at the Gemini North
telescope with R ~ 2000 in the 1.03—1.80 um range. To cover
shorter NISP wavelengths down to 0.93 um, we chose the Gem-
ini Multi-Object Spectrograph (GMOS-N; Hook et al. 2004)
with R ~ 2200.

5.2. Observations with VLT/X-shooter

All PNe but DdDm-1 were observed with VLT/X-shooter from
the Southern Hemisphere (Fig. 3), through Director’s Discre-
tionary Time programme IDs 108.MQ23.001 and 110.23Q7.001
in typical seeing conditions of (4. Since the emission lines
have high fluxes, the exposures were dominated by the techni-
cal overhead and could tolerate high background levels. We used
the 173, 172, and 1”2 wide long slits for the X-shooter UVB
(300-560 nm), VIS? (550-1020 nm), and NIR (1020-2480 nm)
arms, respectively, conveniently accommodating the PNe’s spa-
tial extents (Sect. 2.4). The spectral resolutions in these arms are
R = 4100, 6500, and 4300, respectively.

The slit centroiding errors are below 0”1 according to the
X-shooter user manual, contributing a systematic uncertainty of
0.1 A in the UVB and VIS arms, and 0.3 A in the NIR arm.
The slit centroiding error cannot be directly assessed in our data,
since X-shooter does not save through-slit images during target
acquisition. These systematic errors ultimately limit the absolute
wavelength accuracy of our spectral atlas.

The individual exposure times in the three arms were guided
by the available HB line fluxes (for references, see Sect. 3). We
used the NEBULAR spectral synthesis code (Schirmer 2016) to
estimate the near-infrared hydrogen and helium line fluxes, using
an electron temperature of 7. = 10000K, an electron density
ne = 10000 cm™>, and a helium abundance ratio by parts of 0.1,
which are typical for PNe (Zhang et al. 2004). This is simplistic
given the broad range of temperatures, densities, and excitation
zones present in PNe (e.g. Martins & Viegas 2002), yet sufficient
to get purposeful X-shooter exposure times. The near-infrared
lines were our principal targets and drove the X-shooter config-
uration, with some balancing concerning technical constraints
from the UVB and VIS exposure times and readout electron-
ics. The exposure times were sufficiently long — as judged by
the short acquisition images — to render seeing effects isotropic,
that is the measured line-image centroids are unbiased by seeing.
A summary of the individual X-shooter observations is given
in Table 2.

Data were automatically reduced with the X-shooter pipeline
(Modigliani et al. 2010; Goldoni et al. 2012), providing the
rectified and wavelength-calibrated 2D spectra as well as the
flux-calibrated 1D spectra on the ESO archive. We inspected the
quality flags for the reduction, and ensured the cross-dispersion
profile used by the pipeline for extraction looked acceptable. For
X-shooter, the wavelength and spatial scales of the 2D spectra
are calibrated simultaneously using a mask with nine equidis-
tant pinholes and a ThAr lamp. For our data, this provided an
uncertainty (calculated by the pipeline) on the wavelength solu-
tion of the order of 107* A (with a RMS on the residuals of
1072 A), along with systematic and statistical errors of 1072 and

2 In this paper, VIS refers to the X-shooter visible arm, not to the
visible instrument VIS (Cropper et al. 2012) onboard Euclid.
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Table 1. Compact PNe presented in this paper.
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Name (Alias) RA Dec Rphot ['] Density References / Comments
(J2000.0) (J2000.0) (HST)  [arcmin™?]

PN G061.9+41.3 (DdDm-1) 16:40:18.20 +38:42:19.9 0.6@ 1.3 Henry et al. (2008)
PN G025.3-04.6 18:54:20.04 —08:47:32.9 0.48 534 Stanghellini et al. (2016)
PN G042.9-06.9 19:34:33.54 +05:41:03.0 0.48 23.0 Stanghellini et al. (2016)
PN G205.8-26.7 05:03:41.85 —06:10:03.0 1.04 1.8 Stanghellini et al. (2016)
PN G295.3-09.3 11:17:43.16 -70:49:32.2 0.48 12.6 Stanghellini et al. (2016)
PN G334.8-07.4 17:03:02.86 —53:55:54.0 0.44 25.1 Stanghellini et al. (2016)
PN G004.8-22.7 (He2-436) 19:32:06.69 —34:12:57.8 >0.21 4.6 Zijlstra et al. (2006)
LMC-SMP-25 05:06:24.00 —-69:03:19.2 0.23 68.4 Shaw et al. (2001)
LMC-SMP-31 05:09:20.23 —67:47:25.2 0.15 44.6 Shaw et al. (2001)
LMC-SMP-53 05:21:32.93 —67:00:05.5 0.40 19.6 Shaw et al. (2001)
LMC-SMP-58 ® 05:24:20.81 —70:05:01.9 0.13 91.8 Shaw et al. (2001)
LMC-Sa-104a 04:25:32.18 —-66:47:16.3 <0.13 1.9 Shaw et al. (2006)
SMC-SMP-1 00:23:58.67 —73:38:03.8 0.15 44 Stanghellini et al. (2003)
SMC-SMP-2 00:32:38.81 —71:41:58.7 0.25 1.8 Shaw et al. (2006)
SMC-SMP-8 00:43:25.30 —72:38:18.9 0.40 174 Stanghellini et al. (2003)
SMC-SMP-13 00:49:51.71© —73:44:21.3 0.20 24.0 Stanghellini et al. (2003)
SMC-SMP-18 00:51:57.97 —73:20:31.1@ 0.14 58.3 Stanghellini et al. (2003)
SMC-SMP-20 00:56:05.39 -70:19:24.7 0.20 2.2 Stanghellini et al. (2003)
SMC-SMP-24 00:59:16.09 —72:01:59.7 0.38 25.9 Stanghellini et al. (2003)
SMC-SMP-25 00:59:40.51¢)  —71:38:15.1© 0.19 12.8 Stanghellini et al. (2003)
STRIPES82-0130 22:03:15.14 +01:17:20.9 - N/A Transient, not a PN

Notes. All PNe listed here are included in our line atlas and are available as a part of our data pack available at the CDS. @From a 1993 archival
HST image, after deconvolution to correct for spherical aberration. ®Used as a wavelength calibration source for JWST (Jones et al. 2023); most
likely too crowded for Euclid calibration purposes. 'Incorrectly typed in Stanghellini et al. (2003). ”Shifted ~1” south by us based on the ESO
finding chart tool using the Gaia catalogue display. “Wrong coordinates in Stanghellini et al. (2003), corresponding to LMC-SMP-71 in Shaw
et al. (2001). We used the coordinates from Meyssonnier & Azzopardi (1993), adjusted to higher precision.

1070 A, respectively. We also investigated the accuracy of the arc
lines used by the X-shooter pipeline against the National Institute
of Standards and Technology (NIST) Atomic Spectra Database’
v5.9 (Kramida et al. 2021), and The Atomic Line List* v2.04.
We found negligible differences of around 1072 A between the
wavelengths used by the X-shooter pipeline and those in the
databases. These errors are far below our 5 A requirement for
Euclid, and thus we accepted the pipeline reduced spectra. A
detailed description of the reduction steps performed by the
pipeline can be found in the X-shooter user manual.

5.3. Observations with Gemini/GNIRS

DdDm-1 was observed through ‘fast turnaround’ programme
GN-2022A-FT-215 with an atmospheric seeing of 0743. We
used the 170 wide long slit with the 110 lines/mm grating
and the short camera. The GNIRS wavelength range of interest
(1.03-1.80 um) was covered with six different central wave-
lengths of 1.065, 1.17, 1.22, 1.30, 1.56, and 1.68 um. The
first four wavelength settings were observed each with a sin-
gle ABBA nodding pattern keeping the target on the slit; at
each nod position, two 20s exposures were taken and coad-
ded, totalling 160s integration time. For the last two wave-
length settings the ABBA pattern was executed twice, yield-
ing 320s integration time. Observations were taken at the
parallactic angle. Flats and arcs were taken before each science
observation. A summary of the GNIRS observations is given in
Table 2.

3 https://www.nist.gov/pml/atomic-spectra-database
4 https://www.pa.uky.edu/~peter/atomic/

Due to the selection of a wrong order-blocking filter in the
non-standard 1.17 um setting, the 1.11-1.22 um interval is not
usable in our data. Our X-shooter PN spectra show that this range
is devoid of suitably bright emission lines for Euclid calibra-
tion, and thus these observations were not repeated. The spectral
dispersion for each setup is 0.93, 1.12, 1.40, and 1.39Apixel‘1,
for central wavelengths of 1.065, 1.22, 1.30, 1.56, and 1.68 pm,
respectively.

We note that with the GNIRS cross-dispersed mode (six
simultaneously mapped spectral orders) one could cover the
0.80-2.5 um range, albeit only with four separate central wave-
length settings in case of the high-resolution 110 lines/mm
grating. This would divide the wavelength range into 24 indi-
vidual chunks, each carrying a comparatively low number of arc
lines for wavelength calibration. We decided against this mode
in favour of conceptually simpler, long-slit observations. They
cover a larger, contiguous wavelength range, and thus more arc
lines are available for better wavelength calibration.

Data were reduced with the Gemini/GNIRS IRAF package’.
Even with the chosen setup, the spectra still cover a compara-
tively small wavelength coverage — and thus have a lower number
of arc lines — so the uncertainty of the wavelength calibration
is considerably larger than for X-shooter. To estimate the error
on the wavelength solution, we compared the wavelength of
the lines identified in the arc spectra to The Atomic Line List,
finding a median RMS of around 1A across all used GNIRS
setups. We also compared the reference arc wavelengths used by

5 https://www.gemini.edu/instrumentation/gnirs/
data-reduction
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Table 2. Summary of our X-shooter and GNIRS/GMOS observations.

Name fexp [S] Airmass  Seeing
U, V,N (at zenith) 1
DdDm-1 —, 480,160/320 @ 1.06 0.43
PN G025.3-04.6 240, 80, 80 1.05 0.36
PN G042.9-06.9 80, 40, 80 1.20 0.28
PN G205.8-26.7 240, 80, 240 1.11 0.41
PN G295.3-09.3 160, 80, 80 1.46 0.42
PN G334.8-07.4 40, 40, 40 1.30 0.46
He2-436 240, 80, 80 1.05 0.38
LMC-SMP-25 240, 80, 240 1.42 0.38
LMC-SMP-31 240, 80, 240 1.41 0.53
LMC-SMP-53 240, 80, 240 1.36 0.41
LMC-SMP-58 240, 80, 240 1.44 0.34
LMC-Sa-104a 240, 80, 240 1.36 0.47
SMC-SMP-1 240, 80, 240 1.62 0.40
SMC-SMP-2 240, 80, 240 1.50 0.58
SMC-SMP-8 240, 80, 240 1.50 0.32
SMC-SMP-13 240, 80, 240 1.52 0.46
SMC-SMP-18 240, 80, 240 1.51 0.62
SMC-SMP-20 240, 80, 240 1.46 0.47
SMC-SMP-24 240, 80, 240 1.60 0.52
SMC-SMP-25 240, 80, 240 1.49 0.49
STRIPES2-0130 240, 80, 240 1.41 0.32

Notes. For U, V, and N we refer to the UVB, VIS and NIR channels
of X-shooter. In case of DdDm-1, V refers to GMOS and N to GNIRS.
@Values for the GMOS/GNIRS setups. ?Transient, not a PN.

IRAF against The Atomic Line List. Differences are small, typ-
ically 0.04 A, suggesting that the lack of lines is the dominant
contributor to the error of the wavelength solution.

Although residuals of 1A are below our 5 A requirement,
we reverted to OH sky lines from Rousselot et al. (2000) for
wavelength calibration. About three times as many sky lines
than arc lines could be used, resulting in a 12% lower RMS of
the wavelength residuals; we adopted this improved wavelength
solution.

To flux-calibrate the GNIRS spectra, we fitted a black-body
SED with a temperature of 10000 K to the telluric standard star,
HIP 81126 (Gaia Collaboration 2023). The black-body spectrum
was then renormalised to match the telluric’s 2MASS (Cutri
et al. 2003) H-band magnitude that was converted to the AB mag
system following Blanton & Roweis (2007).

5.4. Observations with Gemini/fGMOS

Our observations of DdDm-1 with GMOS were also a part of
the same programme as GNIRS. Data were taken in dark and
clear conditions with an atmospheric seeing of 0”41. We used
the R831 grating with the RG610 order-sorting filter, a cen-
tral wavelength setting of 925nm, and a 170 wide slit. This
setup provides a spectral resolution of about R = 2200, and
covers the 805-1043 nm range. Observations were taken at the
parallactic angle.

We used the GMOS ‘Nod&Shuffle’ mode (Glazebrook &
Bland-Hawthorn 2001), alternatingly exposing and storing two
spectra of the same source on the detector every 30 s. In this way,
a very accurate subtraction of airglow lines could be achieved
in software later-on. The total integration time was 480s, and
the data were reduced with the Gemini/GMOS IRAF package.
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We compared the wavelength of the lines identified in the arc
spectra to NIST, finding a RMS of 0.7 A. This is higher than for
X-shooter (1072 A), but still well below our requirement. Thus
we accepted the wavelengths used by Gemini/GMOS IRAF and
did not attempt to feed it a custom-made alternative list of NIST
reference arc wavelengths.

To flux-calibrate the GMOS spectra, we fitted a black-body
SED with a temperature of 81 300K (Latour et al. 2015) to the
GMOS telluric standard star, BD+28 4211. The black-body spec-
trum was then renormalised to match the telluric’s Pan-STARRS
(Chambers et al. 2016) z-band magnitude. After telluric correc-
tion, we rescaled the science spectrum of DdDm-1 to match the
flux density of the GNIRS spectrum in the wavelength interval
common to both data sets.

5.5. Telluric correction

Telluric standard stars were observed during standard nightly
operations for both the VLT and Gemini programmes. For
X-shooter this usually occurred within four hours and 0.3 air-
mass of the targets; we selected the telluric spectrum closest
in airmass to the science spectrum, avoiding underexposure and
saturation that would adversely affect the correction. For GNIRS
a standard star was observed close in airmass and hour angle
directly after the PN, for each configuration. For GMOS, the tel-
luric was taken a few days earlier, compliant with the Gemini
baseline calibration programme.

For GNIRS, we computed the telluric correction using
a black-body model with a temperature of 10000K (Gaia
Collaboration 2023) to describe the continuum of the telluric.
We used an error of 180 K (Fouesneau et al. 2023) for the model,
and propagated all errors to the science spectra. Likewise, for
GMOS we computed the telluric correction using a black-body
model with a temperature of 81300 + 1219 K for the hot subd-
warf (Latour et al. 2015). Again, all errors were propagated to
the science spectrum.

5.5.1. Correcting atmospheric absorption with MOLECFIT

For X-shooter, the large wavelength coverage allows a more
accurate computation — compared to GNIRS and GMOS - of the
telluric correction with MOLECFIT (Smette et al. 2015; Kausch
et al. 2015). This procedure includes the following steps: (1) nor-
malising the flux of the telluric standard; (2) determining the
molecular column densities by fitting absorption on small, unsat-
urated wavelength ranges free of intrinsic stellar features, and
where those molecules dominate; (3) computing the correction
over the full wavelength range for the included molecules and
water vapour content; (4) applying the correction to the science
spectrum accounting for airmass differences.

Telluric corrections are computed for VIS and NIR, but not
for UVB that does not contain considerable atmospheric absorp-
tion lines. For VIS, we fitted for H,O and O, in the small
wavelength ranges of 0.91-0.92, 0.69-0.70 and 0.93-0.94 pum;
this corresponds to step (2) in the previous paragraph. These
molecules were then also used to compute the telluric correction
for the full VIS wavelength range (step 3). For NIR, we fitted
for H,0, CO,, CH4 and O, in the small wavelength ranges of
1.12-1.13, 1.26-1.27, 1.47-1.48, 1.8-1.81, 2.06-2.07, and 2.35-
2.36 um. As no wavelength range is available to fit for CO
without contamination from other molecular species, we fixed
the value to a relative column density of 1.0. This is usually
close to the true value based on the standard MIPAS profile
(Michelson Interferometer for Passive Atmospheric Sounding,
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see e.g. Gessner et al. 2001; Wang et al. 2004). To compute the
telluric correction for the full NIR arm, we included both the
fitted and fixed molecular species.

5.5.2. Estimating MOLECFIT uncertainties

MOLECFIT computes and applies a telluric correction using the
best-fit column densities of the included molecules, but it does
not provide an error estimate of the correction. This is prob-
lematic, because the deep atmospheric absorption bands in the
0.9-2.0 um range fully overlap with the wide Euclid spectral
bands (Fig. 1); Euclid is not affected by atmospheric absorption,
and thus we need reliable line calibrators also in these absorption
bands, such as heavily absorbed Paa at 18 756 A. The subject is
complicated by the fact that inside the absorption bands the cor-
rection factors may become very large; they also vary sharply
as a function of wavelength, giving rise to spurious features that
might be wrongly interpreted as emission lines.

The best-fit column densities from MOLECFIT have an associ-
ated error based on the fit within the specified wavelength ranges.
We exploited this to estimate the error of the telluric correc-
tion, by computing 1000 telluric corrections for each X-shooter
science spectrum, using random draws from the best-fit param-
eter distributions. The standard deviation of these 1000 models
at each wavelength then estimates the correction error, so that
we could reliably select true, significant emission lines also in
absorption bands (see e.g. Fig. A.3).

5.5.3. Additional wavelength correction with MOLECFIT

During the fitting, MOLECFIT rebins the wavelength of the model
spectrum — that accounts for all the fitted molecules — to the
telluric spectrum. The difference between the rebinned model
wavelengths and the input wavelengths of the telluric spectrum
offers an additional wavelength correction. Its reliability depends
on the quality of the fit, and on the interpolation outside of the fit-
ting wavelength ranges. Thus, MOLECFIT does not automatically
apply this correction to the science spectra.

We investigated this correction and found linear trends, when
using a lst-order polynomial, with maximum corrections of
0.2 A and 0.5 A, for the VIS and NIR arms, respectively. Higher-
order corrections were poorly constrained at the ends of the
spectra, and thus not pursued further. Although the corrections
suggested by MOLECFIT are much smaller than our requirement
of 5 A, we checked whether they could reduce much smaller, yet
significant offsets visible in the data (Fig. A.6). We find that for
some PNe the correction in either VIS and/or NIR decreased
the observed offsets considerably. For others however, the cor-
rection provided little improvement, and could even degrade the
offsets further. We could not find a relation with airmass, see-
ing, and time of observation passed between the telluric and the
PN observations. Possibly, we see uncorrected flexure and tem-
perature effects in X-shooter. Based on Fig. A.6, we applied the
correction only if the offsets were reduced, independently for the
VIS and NIR arms. For details, see Sect. 6.3.

5.6. Air-to-vacuum wavelength conversion

Our next step was to convert air wavelengths to vacuum wave-
lengths for the X-shooter and GMOS spectra; the GNIRS
pipeline readily uses vacuum wavelengths. The X-shooter
pipeline uses NIST air wavelengths for the ThAr arc lamp for
a temperature of 20° C and an absolute pressure of 101.325 kPa,
whereas in reality X-shooter operates partially in vacuum and

at lower ambient pressure and temperature. Based on measure-
ments of several thousand arc lines, the pipeline-provided air
wavelengths are indeed as if obtained under NIST standard
ambient conditions, with minimal systematics.

For the air-to-vacuum conversion we used the modified
Edlén equation (Birch & Downs 1993, 1994) for the refractive
index n of air®, with improved numerical precision as given by
Nikolai Piskunov’,

Avac = 1 (Aqir) Agir (1)

M) = 1 +a) + —2— + —H 2)
az — § as — §

s = 10000 A/ Ay (3)

a; = 8.336624212083 x 107 4)

a> = 2.408926869968 x 1072 5)

ay = 130.1065924522 (6)

as = 1.599740894897 x 1074 @)

as = 38.92568793293 . )

We emphasise that this expression is strictly valid only for
NIST ambient conditions, and note that it is also used in the
Vienna Atomic Line Database (VALD; Piskunov et al. 1995;
Ryabchikova et al. 2015). Expressions including temperature and
pressure dependencies are given in Birch & Downs (1993, 1994),
which are entirely negligible for our purposes.

5.7. Heliocentric wavelength correction

The observed wavelengths are still modulated by up to +1.5 A
for a PN in the ecliptic plane and at 1.5 pum wavelength,
due to Earth’s revolution around the Sun. To transform
the wavelengths to a heliocentric system, we used the
radial_velocity_correction function from the astropy.
coordinates package (Astropy Collaboration 2013, 2018),
providing a precision of 3ms™! or 1.5 x 107* A. This correction
also accounts for Earth’s rotation.

5.8. Joining the wavelength ranges into a single spectrum

Finally, we combined the different spectra from the X-shooter
arms (and in case of DdDm-1, the GMOS and GNIRS settings)
into a single spectrum. The overlapping areas between spec-
tra were joined by simple cuts in wavelength: a spectrum was
truncated once its uncertainty consistently exceeded that of its
adjacent spectrum. We found that this occurs fairly consistently
across targets for X-shooter; the UVB spectrum extends until
5562 A, and the VIS spectrum until 10203 A. In the NIR, the
spectra are truncated at 24 000 10%, above which the errors exceed
the flux. For GMOS, the wavelengths extend up to 10440 A.

It is important to note that we did not resample the wave-
length axis in the joint 1D spectra, to avoid the introduction of
uncertainties from resampling. We retained the native dispersion
plate scale of 0.2 A pixel™! for UVB and VIS, and 0.6 A pixel™!
for NIR. An example X-shooter spectrum is shown in Fig. A.3.
For GMOS the spectral dispersion is 0.38 A pixel™!; while for
GNIRS it varies between 0.93 and 1.4 A pixel™!, depending on
the spectral order.

6 See also https://emtoolbox.nist.gov/Wavelength/
Documentation.asp

7 https://www.astro.uu.se/valdwiki/Air-to-vacuum%
20conversion

A172, page 11 of 32


https://emtoolbox.nist.gov/Wavelength/Documentation.asp
https://emtoolbox.nist.gov/Wavelength/Documentation.asp
https://www.astro.uu.se/valdwiki/Air-to-vacuum%20conversion
https://www.astro.uu.se/valdwiki/Air-to-vacuum%20conversion

A&A 674, A172 (2023)

5.9. Continuum subtraction and line detection

We estimated the continuum using a two-step process. First,
we computed the continuum by finding the median value every
500 data points (100 A for UVB and VIS, 300 A for NIR), and
then interpolated between these points over the full wavelength
range using cubic splines. After automatic line detection and
masking (see next paragraph) on the continuum-subtracted spec-
trum, the continuum was recomputed before repeating the line
detection. For GMOS and GNIRS, the step size for the median
computation was 50 data points (20 A for GMOS and 50 A for
GNIRS).

For line detection, a first automatic pass was done using the
find_lines_threshold function using a noise factor of three
from the Astropy specutils.fitting package. For each
automatically detected line, we fitted a 1D Gaussian (including
a constant additive term to account for any local residuals in the
continuum subtraction) to the spectrum using the 100 pixels cen-
tred on the line. To reject false positives from detector effects and
other broader features, we required the fitted width of the line
to be within 0.2-3 A. To remove spurious fits, we also required
the uncertainty of the central line wavelength to be less than the
standard deviation of the fitted Gaussian. We incorporated the
intrinsic wavelength errors by adding in quadrature the statisti-
cal solution errors to the error on the central wavelength of each
line when available.

As the last step for line detection, we used an interactive
plot of the continuum-subtracted spectrum to visually verify the
automatically detected lines. For features, such as cosmic rays
or those caused by poor sky subtraction, incorrectly detected as
a line, or lines with poorly determined centres, we deleted the
automatically determined positions. For missed emission lines
or refitting lines, we selected the position of the line on the plot,
allowing us to manually enter the wavelength range on which to
fit a Gaussian. We also inspected the 2D spectrum, (1) as a san-
ity check for identified lines, (2) to help with the identification of
low-S/N lines, and (3) to identify any additional line structures
not evident in the 1D spectrum (see Fig. A.5).

5.10. Line-flux computation

To compute line fluxes, we integrated over the best-fit Gaussian
within the +30 interval, with o being the standard devia-
tion of the individual line’s best-fit Gaussian. The total line
fluxes, FWHM, and effective heliocentric vacuum wavelengths
are available at the CDS. Close line blends are not resolved since
we fitted a single Gaussian, only. Flux estimates for line blends
will have lower accuracy. We also note that some line fluxes
could be underestimated for PN with spatial extends larger than
the 1D extraction aperture.

5.11. Line identification in NIST and The Atomic Line List

We primarily identified lines in NIST, and in the few cases where
no obvious transition was found, we searched The Atomic Line
List. In particular for faint, allowed lines, the identification can
be ambiguous. Due to similarities in their electronic configura-
tions, the transitions for some atomic and ionic species can also
be clustered in wavelength, such as for Fe, He and O, all common
nebular lines. In these cases, we selected the element that is more
commonly represented elsewhere in the spectrum, for example
PN G295.3—-09.3 is particularly rich in Fe lines (Fig. A.4). In a
few cases, we observe small but significant offsets from the tab-
ulated laboratory restframe wavelength. One such noteworthy,
bright line is H8 at 3890.16 A, which is consistently observed
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about 0.2 A bluer in the PNe than expected, most likely due to
blending with He 1 at 3889.75 A.

The primary goal of our work was to measure accurate
effective wavelengths of line images; line identification was
secondary. There will certainly be misidentified lines in our
spectral atlas, for instance a less common line from C could be
mistaken for a more common Fe line, in particular if their sepa-
ration is less than 0.1 A; very rarely, no suitable atomic or ionic
species could be identified. Likewise, no attempt was made to
accurately label line blends. In case of numerous transitions of
the same ionic species blended into one line, such as HeT at
10915.98 A, our spectral atlas uses an approximated wavelength
that is sufficiently accurate to look-up these transitions in NIST.

Throughout this paper we use the theoretical Ritz wave-
lengths computed in NIST instead of their observed wavelengths.
The latter are available only for a subset of the transitions. The
difference between the two is negligible for our purposes: 97%
of the NIST observed and theoretical wavelengths — up to Fe and
within 0.3-2.5 um — agree within 0.1 A, and 76% agree within
0.01 A.

6. Results
6.1. A spectral atlas of emission lines

The main data product of this paper is a ground-based UV-NIR
(0.30-2.40 um) atlas of effective, heliocentric, vacuum wave-
lengths of emission lines in compact PNe. The atlas includes
total line fluxes and widths. It serves as a primary reference to
calibrate the dispersion laws of Euclid’s low-resolution slitless
spectroscopy mode covering the 0.93-1.89 um range. All PNe
have archival HST imaging and/or slitless spectroscopy. We note
that the wavelength step size in the spectra is not constant, it
depends on the spectrograph arm (see Sect. 5.8).

A wide slit was used in the ground-based observations under
excellent seeing conditions, (1) to capture all line flux, and (2)
to propagate morphological substructures into the measured line
centroids and thus effective wavelengths, as Euclid will see
them. The choice of a wide slit has little effect on the reported
wavelengths. This is because we selected our PNe to be compact,
largely symmetric, and mostly featureless. Their finite spatial
extent thus does not bias the measured line centroid compared
to a measurement obtained through a narrow slit centred on the
PN. Likewise, owing to the typical rotational or point symmetry
of these PNe, the slit position angle does not affect the line cen-
troid measured in the collapsed 1D spectrum. Such effects are
well within the wavelength uncertainties of our spectral atlas.

The line lists for each PN are available in FITS format at an
ESA server®, together with the associated full 1D spectra. The
tables contain (1) the ionic species within the limitations spelled
out in Sect. 5.11, (2) the laboratory vacuum wavelengths, (3)
the observed heliocentric vacuum wavelengths, (4) line fluxes
integrated over the model Gaussian(s), (5) a flag providing a
goodness of fit estimate, and (6) the line FWHM. An example
is shown in Table A.1. As a transient, STRIPE82-0130.035257 is
not included in the line lists (see Sect. 6.6.6) but the 1D spectra
are available at the CDS.

6.2. Notes about the 2D spectra

Our data pack also contains 2D spectra, useful for the assess-
ment of weak emission lines identified in the 1D spectra, and

8 https://euclid.esac.esa.int/msp/refdata/nisp/
PN-SPECTRAL-ATLAS-V1
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Fig. 6. Statistical line centroid errors for all PNe in our sample. Left
panel: distribution of the statistical line centroid errors. Right panel:
line centroid error as a function of wavelength. The UVB, VIS and
NIR ranges are colour coded; the black horizontal lines show the
mean statistical error of 0.046, 0.042, and 0.094 A, respectively. The
GMOS/GNIRS data for DdDm-1 follow the same colour-coding and
are not distinguished in this plot.

other line classification purposes. In case of X-shooter, this
means an identical copy of the automatically produced, pipeline-
processed spectra available in the ESO archive at the time of
writing. In case of GMOS/GNIRS, this means our own reduc-
tion. The 2D spectra are ‘observed only’, that is (1) they are not
flux-calibrated, (2) they are not corrected for telluric absorption,
(3) the wavelengths are not corrected to a heliocentric system
and thus still carry a dependence on the epoch of observation,
(4) the wavelengths are not corrected for small residuals as deter-
mined by MOLECFIT (X-shooter only, see Sect. 5.5.3), and (5) the
wavelengths are in air, not vacuum (X-shooter and GMOS only;
GNIRS wavelengths are in vacuum).

6.3. Statistical and systematic wavelength errors

The mean statistical wavelength error on the line centroids, mea-
sured over all PNe, is about 0.04 A for UVB and VIS, and 0.08 A
for NIR (Fig. 6). These are factors 50-100 below the Euclid
requirement of 5 A.

The systematic wavelength error has two components. The
first component is observational, rooting in the slit centroiding
errors. For X-shooter, these cannot be measured as no through-
slit image of a source is saved as part of the standard target
acquisition procedure. We adopted the estimate of 0’1 from the
X-shooter user manual, translating to 0.1 A for UVB and VIS,
and t0 0.3 A for NIR. In case of GMOS and GNIRS, the slit cen-
troiding error was estimated from the through-slit images to be
better than 0.2 A for both instruments.

The second component of the systematic error is instru-
mental, originating in residual backbone flexure in X-shooter.
Effectively, this modifies the slit centroiding error for each
X-shooter spectral arm. X-shooter has a built-in flexure com-
pensation mechanism, maintaining the alignment between its
three spectrograph arms, and also correcting differential guid-
ing effects from atmospheric refraction. Furthermore, there is a
temperature dependence of the UVB arms’ focal length that is
actively controlled; details can be found in the user manual.

To estimate this instrumental systematic error — that is imper-
fections in the compensation mechanisms — we first estimated
the radial velocity from lines in the UVB channel (Sect. 6.4; in
case of DADM-1 we used the GMOS channel). The associated
Doppler shift was removed from all line wavelengths, yielding

/l};;; o We then computed the difference with respect to the

Table 3. Systematic X-shooter wavelength errors.

Name Adi(VIS)  Adip(NIR)
[A] [A]

PN G025.3-04.6  0.025 0.015
PN G042.9-06.9  —0.043 0.12
PN G205.8-26.7  0.027 -0.12
PN G295.3-09.3  —0.049 -0.12
PN G334.8-07.4  —0.040 -0.093
He2-436 -0.062 0.060
LMC-SMP-25 ~0.019 -0.017
LMC-SMP-31 0.011 0.14
LMC-SMP-53 -0.095 ~0.045
LMC-SMP-58 ~0.016 0.069
LMC-Sa-104a 0.32 0.53
SMC-SMP-1 0.076 0.14
SMC-SMP-2 0.18 0.19
SMC-SMP-8 0.10 0.051
SMC-SMP-13 0.043 0.23
SMC-SMP-18 0.12 ~0.14
SMC-SMP-20 -0.083 0.14
SMC-SMP-24 0.047 0.048
SMC-SMP-25 0.12 0.51

Notes. These are systematic wavelength errors still present in the
X-shooter spectra, with respect to its UVB channel based on a com-
parison with NIST laboratory wavelengths.

NIST laboratory wavelengths,

Adigy = ARV — . 9

obs

In a perfectly working instrument, AAdy,, should be consistent
with zero. However, non-zero offsets are found for both VIS and
NIR with respect to UVB, summarised in Table 3, and visualised
in Fig. A.6. The systematic errors are fairly random between
PN. We did not correct our 1D spectra for these offsets, as their
origin is not a priori clear, nor which X-shooter channel is clos-
est to the truth. Likewise, we did not correct the wavelengths
in the emission-line tables that are derived from the 1D spec-
tra, to maintain consistency with the primary 1D spectra data
products. If needed, the offsets listed in Table 3 can simply be
applied to the wavelengths in the emission-line tables and to the
wavelengths the 1D-spectra themselves. One may also choose
to correct with respect to the VIS or the NIR channel instead
of UVB. Precise wavelength ranges for the various channels are
provided in Sect. 5.8, so that these corrections can be applied
accurately.

6.4. Radial velocities

Using NIST wavelengths as a reference, we determined indi-
vidual radial velocity estimates, typically for 10-30 emission
lines in the UVB channel that appeared the most stable for
X-shooter (see also Sect. 6.3). The weighted mean of these radial
velocities then estimates the systemic radial velocity of that PN,
the weights being the inverse variance of the lines’ wavelength
uncertainty. The lines included have S/N > 10; for DdDm-1 we
used lines in the GMOS spectrum with S/N > 10. The results
are given in Table 4. The Doppler shift is of course preserved in
our spectral atlas of observed reference wavelengths.

We note that the X-shooter user manual states that the VIS
and NIR arms have increasingly better radial velocity accuracy.
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Table 4. Radial velocities for PN.
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Name #lines RV + 0ot + Ogys RV literature Reference

(RV) [kms™!] [kms™!]
DdDm-1 37 -312.12+0.12+ 0.2 =317+ 13 Wright et al. (2005)
PN G025.3-04.6 17 -91.60 +£0.11 £ 0.1
PN G042.9-06.9 26 -67.41 £0.11 £0.1
PN G205.8-26.7 22 71.28 £0.08 £ 0.1
PN G295.3-09.3 21 86.74 +0.11 + 0.1
PN G334.8-07.4 17 -61.36 £+ 0.17 £ 0.1
He2-436 25 130.42 £ 0.10 £ 0.1 131.6 £ 0.1 Richer et al. (2010)
LMC-SMP-25 19 178.88 £ 0.04 + 0.1 208 +4 Reid & Parker (2006)
LMC-SMP-31 8 262.82 + 0.05 + 0.1 262 +4 Reid & Parker (2006)
LMC-SMP-53 15 27477 £ 0.05 £ 0.1 284 +4 Reid & Parker (2006)
LMC-SMP-58 15 272.87 +£0.06 = 0.1 205 +4 Reid & Parker (2006)
LMC-Sa-104a 15 252.02 £ 0.05 + 0.1
SMC-SMP-1 11 144.66 £ 0.04 £ 0.1 138.0+ 04 Dopita et al. (1985)
SMC-SMP-2 15 155.21 £0.04 £ 0.1 1570+ 04 Dopita et al. (1985)
SMC-SMP-8 11 123.59 +0.03 £ 0.1
SMC-SMP-13 15 152.63 £0.04 +£0.1 153.6 +04 Dopita et al. (1985)
SMC-SMP-18 15 122.42 + 0.06 + 0.1 121.8 £+ 04 Dopita et al. (1985)
SMC-SMP-20 15 98.92 +0.03 + 0.1 99.3+0.4 Dopita et al. (1985)
SMC-SMP-24 15 137.43 £0.05 £0.1 140.8 £+ 04 Dopita et al. (1985)
SMC-SMP-25 9 146.90 + 0.07 = 0.1

Notes. See Sect. 6.4 for details.

However, our comparison with NIST lab wavelengths reveals the
smallest wavelength residuals for UVB, and the UVB arm also
contains more brighter lines for measurement.

Comparing our radial velocities with those in the literature,
we find that while some differ by only ~1km s~! (e.g. LMC-
SMP-31); others show greater differences up to 30 km s~ (e.g.
LMC-SMP-25). The causes may vary, from dependencies on the
atomic or ionic line species, to slit centroiding errors (see e.g.
Reid & Parker 2006). We did not investigate these discrepancies
further; our spectral atlas can be used for refined measurements.

6.5. Comparing line ratios with quantum-mechanical
computations

Storey & Zeippen (2000) have computed relativistic quantum-
mechanical transition ratios for specific ionic transitions,
such as [O111] 15008/4960, [Ne11]A3870/3969, and
[N 11] 26585/6550. Since both lines in each pair share the
same upper level, there is virtually no dependence on tem-
perature and density, at least not in the case of our PNe. To
compare line flux ratios (erg cm~2 s~!) with the ratio of transition
probabilities (photo-electron count rate), we must correct the
flux ratio by the wavelength ratio, since a single bluer photon
carries more energy than a redder photon, but both will cause
just one photo-electron in the detector.

For [O 111] we find a weighted mean of 3.043 + 0.003 (theo-
retical value: 3.013), with a standard deviation of o = 0.014 in
the sample. The weights were given by the inverse flux variance
of the line detections. Our measured line ratio is 1.0% higher
than expected. Dimitrijevi¢ et al. (2007) did a similar analysis
for a larger quasar sample and did not find a discrepancy with
respect to the same theoretical value. Since these lines are only
50 A apart and far from X-shooter’s dichroic cross-over regions,
problems with flux calibration over such a small wavelength
range are unlikely. There could be a residual effect from detector
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nonlinnearity correction, as these lines are very bright and — for
some PNe — even saturated.

The [N 11] and [Ne 111] lines have 5-50 times lower S/N than
[O111]. A comparison with the theoretical values from Storey &
Zeippen (2000) is therefore not meaningful with our data.

6.6. Notes about individual targets
6.6.1. PN G025.3-04.6

This PN shows a double-peaked nucleus in the HST F502N
image centred on the [O111] line (Fig. A.1), which is not recog-
nisable in the X-shooter spectrum (Fig. A.5). The peaks have
an angular separation of 0”31 or 1 NISP pixel. While this is
not ideal, we do not expect a problem for NISP wavelength
calibration, as the X-shooter observations were taken with a
wide slit that propagates the morphology into the effective line
wavelengths.

6.6.2. PN G042.9-06.9

This PN has comparatively many emission lines, and served as
a starting point to construct a manually vetted list of atomic
and ionic transitions from NIST and the Atomic Line Database,
against which line detections in the other PNe were matched
(see also Table A.1). The initial reference line table was then
complemented by additional lines that we identified in the
other PNe.

Notably, PN G042.9-06.9 is the only PN that shows a
clear velocity splitting in some of the lower ionisation lines
([01]46302, [S11]A16718/33), and also in [S1I1]A9069. This
indicates a bipolar outflow mostly along the line-of-sight; the
outflow is not visible in the HST images shown in Stanghellini
et al. (2016), but a ring-like morphology can be seen in our
representation of the HST data (Fig. A.1). The line splitting is



Euclid Collaboration: A&A proofs, manuscript no. aa46252-23

irrelevant for Euclid calibration purposes due to Euclid’s 10X
lower spectral resolution.

6.6.3. PN G205.8—-26.7

This is the largest PN in our sample, whose inner ring-shaped
core has a diameter of 0”8, and is embedded in a symmetri-
cal fainter halo of diameter 2””5. We included it in our sample
because of its location in a particularly uncrowded area, and in
case wavelength calibration with more compact PNe would be
problematic due to undersampling effects. It is a backup target
for NISP wavelength calibration.

6.6.4. PN G334.8-07.4

Compared to the other PNe, this source has a strong continuum
contribution from its central star. It shows a large number of nar-
row absorption lines, including Ca H+K, the NaD doublet, the
Ca triplet, and broad Balmer absorption lines. Using the spectral
templates from Kesseli et al. (2017), we find that a KO giant (low
surface gravity) of Solar metallicity fits the spectrum best. How-
ever, the template flux is too low by 10% or more below 4400 A,
and above 6700 A. The emission lines are strong and therefore
this PN can still serve as a wavelength calibrator.

6.6.5. He2-436

This PN is located in the Sagittarius Dwarf Galaxy. Deeper opti-
cal spectroscopy is available from Otsuka et al. (2011). He2-436
shows typical, broad Wolf-Rayet (WR) bumps from He 11 14687,
and C1v at 4660 A and 5803/14 A (see Fig. A.4, and Smith
et al. 1996; Acker & Neiner 2003). Its line fluxes are 3-5 times
higher than for PNe in the Magellanic Clouds. This PN is cur-
rently our backup choice for wavelength calibration during PV
phase, as its crowding index is twice as high as for SMC-SMP-20
(Sect. 6.6.10), our primary choice.

6.6.6. STRIPE82-0130.035257

This target was selected by us in yet unpublished S-PLUS data.
The narrow-band photometric selection (see Gutiérrez-Soto et al.
2020) indicated considerable line emission, albeit not as strong
as expected for typical PNe. Our X-shooter observations did
not reveal any emission lines at all; in addition, the continuum
was considerably fainter than expected. Further analysis of the
spectra revealed the typical broad Balmer absorption lines of a
hydrogen WD, albeit very shallow.

The presence of typical WD absorption lines, and the inspec-
tion of an X-shooter acquisition image, confirmed that the
correct target was observed. The absence of emission lines, and
the weaker than expected continuum, suggest that at the time
of the S-PLUS observations this source experienced an outburst
with considerable nebular emission. In Gaia EDR3, this star is
classified as a hot subdwarf (EDR3 #2682273528086645632).

6.6.7. LMC-SMP-58

This PN is located just 4°8 from the South Ecliptic Pole, close
to Euclid’s continuous viewing zone that extends 2?5 from the
poles. The field, however, is heavily crowded, and thus this PN is
likely not suitable to recalibrate the NISP slitless dispersion laws.
It is used as a celestial absolute wavelength calibrator by JWST,
though (Jones et al. 2023). Similar to He2-436, the continuum
shows a broad WR He 11 14687 bump, and another bump from

4640-4660 A that is more compatible with N111. A C1vV bump
at 5803/14 A is absent.

6.6.8. LMC-Sa-104a

This PN is the only one in our sample that shows numerous
high-ionisation lines from [Fe v1I]. We also detect [Ne V] at 3347
and 3427 A, and [Ne 1] at 4716 and 4726 A. The central star is
rather unusual in the sense that it is very red, with numerous C 1
absorption lines in the NIR.

6.6.9. SMC-SMP-2 and SMC-SMP-25

Besides LMC-Sa-104a, these two are the only other PNe that
show strong high ionisation lines from [Ne V] at 3347 and
3427 A, as well as [Ne 1v] at 4716 and 4726 A. Lines from highly
ionised [Fe vII] were not identified.

6.6.10. SMC-SMP-20

This PN has quite consistently the highest line fluxes among
the Magellanic Cloud PNe in our sample. With Rype = 0720 it
is completely unresolved by NISP, it does not show any asym-
metries in its HST line emission (Fig. A.2), and its crowding
index is one of the lowest in our sample (Table 1). In the current
PV plan, we will use this PN to calibrate the NISP dispersion
laws, with He2-436 (Sect. 6.6.5) as a backup due to higher field
crowding. We would only switch to He2-436 should pre-launch
simulations of the PV observations reveal that the line fluxes for
SMC-SMP-20 are insufficient.

7. Conclusions

The NISP instrument onboard Euclid does not have an internal
wavelength calibration lamp to update the ground-based dis-
persion laws (Maciaszek et al. 2022) its slitless spectroscopy
modes after launch. To this end, Euclid must observe com-
pact astrophysical sources with numerous emission lines in the
0.93-1.89 pm range. In order to not bias Euclid’s cosmologi-
cal measurements that are based on spectroscopic redshifts, the
effective wavelengths of these emission lines must be known
with an accuracy better than 5 A, the overall uncertainty allowed
for the NISP wavelength solution by Euclid’s galaxy clustering
science. The latter requires a standard deviation of the measured
redshifts around their true values of o(z) < 0.001 (1 + z), with a
maximum allowed systematic offset of 0.20 (see also Eisenstein
et al. 2005; Guzzo et al. 2008).

In this paper, we present a ground-based UV-NIR medium-
resolution spectral atlas (Sect. 6.1) of 20 compact PNe with
sub-arcsecond diameters, and typically over 100 identified
emission lines. One or more of these PNe will serve as primary
wavelength calibrators for FEuclid. The joint statistical and
systematic error on the line images’ central wavelengths is about
0.1 A at optical, and 0.3-0.4 A at near-infrared wavelengths for
the X-shooter spectra (Sect. 6.3), well below the Euclid require-
ments. The errors on the absolute wavelengths are dominated by
systematic effects that could not be reduced — or unambiguously
corrected for — with the data at hand. The spectrum of DdDm-1,
taken with GNIRS and GMOS, has larger uncertainties of
0.7 A (GMOS) and 1.0 A (GNIRS), partially due to the lower
spectral resolution, and also because of a lower number density
of usable reference arc and sky lines. For comparison, the

A172, page 15 of 32



A&A 674, A172 (2023)

relevant spectral resolutions of NISP, X-shooter, and

GNIRS/GMOS are about 450, 4000, and 2000, respectively.

Using a detailed error analysis of the uncertainty in the tel-
luric correction for X-shooter, we could also reliably detect emis-
sion lines in the deep atmospheric absorption bands (Sect. 5.5).
This is essential for Euclid, maximising line coverage across the
wide spectral passbands.

The spectral atlas is useful for other purposes outside the
Euclid context. Not only can it serve as an independent check
of wavelength calibration to other projects. With accurately
calibrated and fluxed 1D spectra, and typically more than
100 identified lines per PN, various scientific analyses become
feasible that are beyond the scope of this paper. We determined
radial velocities for all PNe (Sect. 6.4), and showed that our
simple line-flux estimates with single Gaussians are sufficiently
good to check the accuracy of relativistic quantum-mechanical
computations of [O IIT] transition probabilities (Sect. 6.5).

As a by-product of our work, we developed a new method
based on the 1st-order Gaia spectra shape coefficients (Sect. 4.1),
to select compact line emitters in the Gaia spectroscopic data set
(Sect. 4.3). A cross-match analysis of the blindly selected Gaia
line emitters showed that this search method is very effective. We
discovered five hitherto unknown PNe candidates or stellar line
emitters (listed in Table B.1), albeit none of them in the Galactic
halo where they would be useful for Euclid wavelength calibra-
tion. More effective filters can be built by including higher-order
spectra shape coefficients.
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Appendix A: Complementary information

In this Appendix we show an example of the line atlas for one of our PN targets, HST images of our target PNe, and additional
figures highlighting certain aspects of our PN spectra and the identified lines.

Table A.1. 253 emission lines in the spectrum of PN G042.9-0.69.

Line Alvzillf;rl:irtlz)ry /lgzztlzg}iocemric Flux FWHM
[A] [A] [107 " ergem 2571 [A]
o111 3133.70 3132.97 = 0.06 285.49 +305.95 0.32 + 0.06
He1 3188.66 3187.97 + 0.03 458.00 +276.91 0.35 + 0.03
onr 3445.04 3444.32 + 0.06 88.09 + 89.14 0.29 + 0.06
Fel 3531.40 3530.68 = 0.06 4235 £ 55.21 0.26 + 0.06
He1 3555.56 3554.65 + 0.04 41.63 + 45.59 0.22 + 0.04
Her 3588.29 3587.54 + 0.05 60.47 + 53.55 0.29 + 0.05
He1 3614.67 3613.83 + 0.06 75.01 £ 69.57 0.36 = 0.06
He1 3635.27 3634.46 + 0.04 101.43 = 73.66 0.34 + 0.05
H23 3674.81 3673.96 + 0.04 117.09 + 54.08 0.38 + 0.05
H22 3677.42 3676.60 + 0.02 130.95 £ 50.02 0.33 £ 0.03
H21 3680.41 3679.56 + 0.10 123.86 = 43.31 0.25 + 0.10
H20 3683.86 3683.00 = 0.09 144.03 + 42.55 0.25 + 0.09
HI19 3687.89 3687.04 = 0.08 182.48 + 43.03 0.30 + 0.08
H18 3692.61 3691.78 + 0.07 195.19 = 39.01 0.28 + 0.07
H17 3698.21 3697.38 + 0.08 235.90 + 3947 0.30 = 0.08
H16 3704.91 3704.09 + 0.02 280.83 + 41.82 0.37 + 0.02
He1 3706.06 3705.03 = 0.07 346.45 + 49.57 0.52 + 0.08
H15 3713.03 3712.19 = 0.07 340.07 + 37.99 0.32 + 0.07
H14 3723.00 3722.08 + 0.19 539.72 £ 37.21 0.28 + 0.19
[O11] 3727.09 3726.28 + 0.03 3522.88 + 56.12 0.41 + 0.03
[O11] 3729.88 3729.02 = 0.12 1249.58 + 45.01 0.38 = 0.11
HI13 3735.44 3734.60 + 0.22 419.23 + 3343 0.27 £ 0.22
H12 3751.2 3750.38 + 0.01 702.47 + 38.91 0.36 + 0.01
onr 3755.76 3754.93 + 0.06 3440 = 31.76 0.31 = 0.07
HI11 3771.71 3770.86 + 0.01 875.07 £ 40.90 0.36 = 0.00
HI10 3798.98 3798.12 + 0.01 1196.42 + 50.92 0.36 + 0.00
Her 3820.69 3819.84 + 0.01 314.54 + 47.67 0.35 = 0.01
H9 3836.48 3835.61 + 0.01 1689.34 + 53.31 0.36 + 0.00
[Ne1r]  3869.86 3869.00 + 0.01 28670.57 + 121.81 0.35 + 0.00
HS8 3890.16 3889.18 = 0.01 3779.44 + 49.23 0.41 + 0.00
He1 3927.66 3926.72 + 0.05 3484 + 24.11 0.36 + 0.06
Her 3965.85 3964.97 + 0.01 178.97 + 26.25 0.37 = 0.01
[Netr]  3968.59 3967.70 = 0.02 8984.35 = 60.45 0.35 + 0.02
He 3971.20 3970.34 + 0.09 2487.72 + 38.04 0.34 + 0.09
Her 4010.39 4009.43 + 0.04 40.64 + 29.01 0.29 + 0.04
Her 4027.33 4026.43 + 0.01 591.02 + 35.88 0.37 = 0.01
[S] 4069.75 4068.85 + 0.02 624.58 + 30.97 0.39 + 0.02
on 4073.30 4072.39 + 0.05 26.55 + 23.56 0.28 + 0.05
[S11] 4077.50 4076.50 + 0.13 214.04 = 26.45 0.37 £ 0.13
N 111 4098.51 4097.55 + 0.01 92.18 + 20.98 0.34 + 0.01
Ho 4102.90 4101.98 + 0.01 6533.70 = 47.89 0.39 + 0.00
Her 4121.98 4121.06 + 0.02 71.82 + 19.67 0.39 + 0.02
He1 414493 4144.00 + 0.02 87.23 + 18.23 0.35 + 0.02
on 4170.40 4169.32 + 0.10 13.69 + 18.88 0.38 = 0.10
on 4190.97 4190.08 + 0.07 1142 + 16.25 0.22 + 0.07
Cu 4268.46 4267.45 + 0.08 35.72 + 27.55 0.41 = 0.09
Hy 4341.69 4340.71 + 0.01 12939.00 + 57.08 0.42 + 0.00
on 4350.65 4349.74 + 0.05 13.13 = 13.51 0.27 = 0.05
[O111] 4364.43 4363.45 + 0.01 3681.81 + 31.31 0.39 + 0.00
N 111 4380.34 4379.24 + 0.07 18.25 + 16.54 0.47 + 0.08
Her 4389.16 4388.17 + 0.01 162.99 + 16.20 0.40 = 0.01
He1 4438.80 4437.80 + 0.07 20.25 + 16.33 0.39 + 0.08
Her 4472.74 4471.75 £ 0.01 1494.87 + 27.31 0.40 + 0.00
Mg1 4572.4 4571.31 + 0.08 28.44 + 19.35 0.44 + 0.08
Continued on next page
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Table A.1 — continued from previous page

Line Y:bcrl)lrl:tr(l)ry z%z?l}ll:}iocemric Flux FWHM
[A] [A] [107"%ergem 257" [A]
on 4592.26 4591.23 + 0.10 20.84 £ 17.51 052 +0.12
o1 4597.24 4596.26 + 0.16 8.55 + 13.87 0.33 + 0.16
N 111 4635.42 4634.38 + 0.11 36.40 + 11.88 0.29 + 0.11
on 4640.15 4639.00 + 0.09 0.00 + 14.92 0.49 + 0.11
N1 4641.94 4640.90 + 0.02 65.90 + 13.88 0.38 + 0.03
N 111 4643.15 4641.85 + 0.06 105.78 + 16.36 0.58 + 0.06
on 4650.44 4649.37 + 0.10 5215+ 11.85 0.30 + 0.10
on 4652.14 4650.80 + 0.08 140.48 + 18.47 0.77 + 0.10
[Fer]  4659.42 4658.35 + 0.07 109.12 + 15.52 0.55 + 0.07
on 4662.94 4661.79 + 0.11 1553 + 11.29 0.31 £ 0.12
on 4677.54 4676.48 + 0.05 10.31 + 10.05 0.21 + 0.05
He 1l 4687.04 4685.99 + 0.01 14950 + 13.68 0.37 + 0.01
[Felll]  4702.87 4701.82 + 0.06 4229 + 17.06 0.59 + 0.08
[Ar1v]  4712.58 4711.63 + 0.01 183.05 + 16.08 0.41 + 0.01
Hel 4714.47 4713.40 + 0.05 242.08 + 16.33 0.43 + 0.05
CI 4735.59 4734.02 + 0.09 22.83 + 18.01 0.56 + 0.10
[Ar1v]  4741.45 4740.47 + 0.01 720.19 + 18.73 0.37 + 0.00
[Fet]  4756.08 4754.99 + 0.12 26.30 + 20.82 0.64 + 0.15
HB 4862.69 4861.57 + 0.01 3271443 + 85.93 0.46 + 0.00
[Fer]  4882.40 4881.21 + 0.05 57.58 + 18.14 0.64 + 0.05
He1 4923.31 4922.18 + 0.01 434.05 + 14.56 0.43 + 0.01
[Om]  4932.60 4931.42 + 0.02 60.62 + 12.64 0.49 + 0.03
[Om]  4960.30 4959.19 + 0.01 0.00 + 174.34 0.44 + 0.00
[Om]  5008.24 5007.15 + 0.02 0.00 + 180.68 0.56 + 0.01
He1 5017.08 5015.92 + 0.01 787.25 + 17.30 0.44 + 0.01
Fel 5042.48 5041.57 + 0.09 37.68 + 18.16 0.75 + 0.12
He1 5049.15 5048.02 + 0.03 67.67 + 13.76 0.41 + 0.03
? 5057 5056.17 + 0.08 18.54 + 16.72 0.60 + 0.10
Fel 5192.90 5191.87 + 0.07 2426 + 13.69 0.37 + 0.07
[NT1] 5199.35 5197.85 + 0.09 19.73 + 14.84 0.46 + 0.11
[NT1] 5201.71 5200.50 + 0.23 925+ 11.02 0.28 + 0.25
[Fet]  5271.97 5270.76 + 0.03 67.56 + 13.99 0.70 + 0.03
Arll 5413.16 5411.98 + 0.05 25.60 £ 14.10 0.53 + 0.06
[Clu]  5519.24 5517.97 + 0.05 91.14 + 30.63 0.64 + 0.05
[Clin]  5539.41 5538.04 + 0.02 178.94 + 25.80 0.53 + 0.02
[N11] 5756.19 5754.77 + 0.03 457.79 +152.26 0.47 + 0.03
He1 5877.24 5875.92 + 0.00 7379.60 + 95.64 0.39 + 0.00
[01] 6302.05 6300.53 + 0.01 2878.27 + 60.61 0.57 + 0.01
[S111] 6313.81 6312.32 + 0.01 909.98 + 49.05 0.45 + 0.01
[N11] 6549.86 6548.30 + 0.01 3668.35 + 53.70 0.57 + 0.01
Ha 6564.63 6563.06 + 0.00 0.00 + 253.52 0.46 + 0.00
[N11] 6585.27 6583.69 + 0.01 11251.71 = 75.46 0.55 + 0.01
He1 6680.00 6678.44 + 0.00 2093.22 + 68.47 0.43 + 0.00
[S1] 6718.30 6716.70 + 0.02 594.09 + 54.71 0.62 + 0.02
[S1] 6732.67 6731.06 + 0.02 1268.74 + 52.04 0.62 + 0.02
Fel 6741.38 6739.90 + 0.11 26.39 + 37.94 043 +0.12
Hel 7067.14 7065.52 + 0.00 5707.39 + 46.78 0.46 + 0.00
[Armi]  7137.76 7136.05 + 0.00 6675.11 + 47.77 0.47 + 0.00
[Feni]  7157.15 7155.28 + 0.15 30.83 £ 35.50 0.70 + 0.18
[Ar1v]  7172.67 7171.02 + 0.05 38.63 + 27.29 0.37 + 0.05
[Ar1v]  7239.77 7237.64 + 0.15 4495 + 48.64 0.78 + 0.15
N1 7264.55 7263.14 + 0.09 4930 + 42.74 0.66 + 0.17
Hel 7283.36 7281.66 + 0.01 516.10 + 42.36 0.47 + 0.01
[O1] 7322.01 7320.18 + 0.04 4457.99 + 52.80 0.71 + 0.04
[O1] 7332.75 7330.48 + 0.08 3710.57 + 49.33 0.81 + 0.08
Hel 7501.91 7499.94 + 0.13 25.55 + 30.45 0.56 + 0.15
[Clv]  7532.62 7530.79 + 0.01 131.91 + 29.88 0.40 + 0.01
[Ar1]  7753.24 7751.40 + 0.01 1724.40 £ 29.53 0.51 + 0.00
He1 7818.28 7816.46 + 0.07 38.26 + 24.98 0.53 + 0.07

Continued on next page
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Table A.1 — continued from previous page

Line /ll\];tf(l)ll}::t](l)ry Zﬁitnl]lg;incentric Flux FWHM
[A] [A] [107'%ergem2s7'] [A]
[Cl1v]  8047.86 8046.05 + 0.01 34478 + 25.42 0.43 + 0.01
Pa36 8263.21 8261.30 + 0.07 3598 + 27.48 0.59 £ 0.12
Pa35 8266.56 8264.65 + 0.08 3841 £ 2242 0.40 + 0.08
Pa34 8270.21 8268.31 + 0.07 36.41 £ 25.57 0.51 £ 0.08
Pa33 8274.21 8272.17 + 0.08 48.45 = 29.11 0.62 + 0.09
Pa32 8278.58 8276.71 + 0.07 43.19 = 28.04 0.49 + 0.08
Pa3l 8283.40 8281.40 + 0.05 52.76 £ 27.69 0.51 £ 0.06
Pa30 8288.71 8286.70 + 0.05 62.87 £ 29.58 0.57 + 0.06
Pa29 8294.59 8292.59 + 0.04 72.55 £ 32.15 0.59 + 0.05
Pa28 8301.12 8299.26 + 0.04 69.98 + 30.09 0.51 £ 0.05
Pa27 8308.40 8306.45 + 0.04 77.15 £ 33.97 0.57 + 0.05
Pa26 8316.55 8314.58 + 0.04 94.17 £ 3541 0.62 + 0.05
Pa25 8325.71 8323.79 + 0.04 93.89 + 3143 0.60 + 0.05
Pa24 8336.08 8334.14 + 0.04 101.95 = 30.10 0.56 + 0.04
He1 8344.65 8342.74 + 0.17 0.00 £ 36.02 0.81 £ 0.23
Pa23 8347.84 8345.90 + 0.03 119.28 + 30.56 0.58 + 0.03
Pa22 8361.30 8359.31 + 0.05 119.16 = 30.85 0.60 + 0.06
He1 8364.03 8362.02 + 0.04 50.17 £ 29.36 0.55 + 0.05
Pa21 8376.78 8374.82 + 0.02 150.46 = 30.43 0.61 £ 0.02
Pa20 8394.70 8392.77 + 0.02 176.35 = 34.20 0.59 + 0.02
Pal9 8415.63 8413.65 + 0.02 196.10 + 31.43 0.56 £ 0.02
Pal8 8440.27 8438.30 + 0.07 206.21 = 28.18 0.51 + 0.07
O1 8448.62 8446.75 + 0.13 191.25 £ 29.97 0.67 + 0.13
Pal7 8469.58 8467.58 + 0.01 270.66 + 27.22 0.60 + 0.01
Pal6 8504.82 8502.81 + 0.01 31490 + 2491 0.56 + 0.01
Pal5 8547.73 8545.70 = 0.01 373.59 £ 23.28 0.57 £ 0.01
[Cl11] 8581.05 8578.98 + 0.05 57.54 £ 23.93 0.70 £ 0.06
cur 8584.44 8582.62 + 0.06 27.27 + 20.53 0.53 + 0.07
Pal4 8600.75 8598.72 + 0.01 468.27 + 23.09 0.57 £ 0.01
Fe1 8618.65 8616.96 + 0.06 43.24 + 24.35 0.75 £ 0.07
Pal3 8667.40 8665.34 + 0.01 588.86 + 25.29 0.58 + 0.00
S1v 8735.8 8733.91 + 0.10 29.29 £ 29.51 0.65 + 0.11
Pal2 8752.88 8750.82 + 0.01 752.56 + 33.69 0.59 + 0.00
He1 8779.13 8777.14 + 0.06 32.50 + 25.61 0.46 + 0.07
Cli 8847.68 8845.69 + 0.09 33.27 £ 30.36 0.57 £ 0.11
Pall 8865.22 8863.14 + 0.01 962.21 + 33.03 0.61 £ 0.00
He1 8999.44 8997.33 + 0.06 45.89 + 20.89 0.56 + 0.07
PalO 9017.38 9015.28 + 0.00 1280.99 + 27.47 0.59 + 0.00
He1 9065.78 9063.73 + 0.05 4787 + 21.75 0.54 + 0.05
[S 1] 9071.1 9069.26 + 0.01 15292.18 + 55.46 0.62 + 0.00
He1 9212.86 9210.65 + 0.07 75.62 £ 34.28 0.72 £ 0.07
He1 9215.78 9213.66 + 0.08 14.46 £ 26.59 0.41 £ 0.09
Pa9 9231.55 9229.37 + 0.00 1906.44 + 41.94 0.64 + 0.00
He1 9466.16 9463.94 + 0.05 163.77 £ 65.15 0.63 + 0.04
He1 9519.18 9517.13 + 0.05 61.75 £ 3145 0.58 + 0.05
He1 9528.77 9526.37 + 0.10 0.00 + 57.67 0.72 £ 0.10
[S 111] 9533.2 9531.31 + 0.01 3515242 £ 111.72 0.67 + 0.01
Pae 9548.59 9546.35 + 0.01 2689.50 + 67.26 0.72 £ 0.01
He1 10030.46 10027.96 + 0.08 149.38 + 84.12 0.58 + 0.09
Pas 10052.12 10049.76 + 0.01 3754.73 + 114.67 0.74 £ 0.01
Herr  10126.3 10124.04 + 0.11 67.15 £ 114.54 0.38 + 0.11
[Si]  10289.55 10287.36 + 0.04 403.26 + 41.71 0.88 + 0.04
He1 10314.06 10312.04 + 0.10 118.44 + 41.53 0.90 £ 0.12
[Si]  10323.32 10321.10 + 0.11 52291 + 35.99 0.86 + 0.11
[Su] 10339.24 10337.09 + 0.17 390.89 + 33.13 0.89 + 0.17
[Su]  10373.34 10371.12 + 0.09 203.32 = 31.13 1.00 + 0.09
[NT1] 10400.59 10398.53 + 0.06 96.19 £ 22.66 1.07 £ 0.07
[NT] 10410.02 10408.02 + 0.22 69.04 + 36.47 1.44 + 0.31
He1 10670.59 10668.28 + 0.19 20.82 £ 27.66 0.44 £ 0.16
Continued on next page
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Table A.1 — continued from previous page

Line /l;]:lf(l:rl:tlrl)ry ziztll}llg}iocentric Flux FWHM
[A] [A] [107"%ergem 257" [A]

Hel 10833.25 10831.57 = 0.01  122334.08 + 80.56 1.06 = 0.01
Her 1091598  10913.78 + 0.06 268.20 + 13.95 0.92 + 0.07
Her  10920.06  10918.02 + 0.10 2539 + 20.63 0.40 + 0.08
Pay  10941.08  10938.88 + 0.01 6925.61 + 17.61 0.99 + 0.01
Hel 10999.67  10997.46 + 0.08 31.87 + 15.06 0.92 + 0.09
Her  11048.01 11045.60 + 0.15 34.95 + 14.68 0.87 + 0.17
Hen 11629.6 11627.35 + 0.26 25.15 + 2033 0.95 + 0.27
Ci 1188623  11884.65 + 0.10 50.58 + 15.44 0.79 + 0.09
Her 1197234  11969.90 + 0.02 193.18 + 10.99 1.01 + 0.02
Her 12530.83  12528.29 + 0.01 32891 + 8.99 1.02 + 0.01
[Fer] 12570.21 12567.46 + 0.06 11097 + 11.13 1.51 + 0.06
He1 1278841 12785.75 + 0.02 569.16 + 15.55 1.08 + 0.02
Her  12794.01 12791.31 + 0.02 156.74 + 11.92 1.08 + 0.02
Pap  12821.58  12818.90 + 0.01 13418.49 + 19.89 1.18 + 0.01
Hel 1284947  12846.64 + 0.12 4438 + 13.08 1.17 + 0.13
Her 1297198  12969.21 + 0.17 56.82 + 8.65 1.02 + 0.17
Hel 1298843  12985.81 + 0.15 5691 + 7.98 0.94 + 0.15
01 13167.49  13165.46 + 0.04 90.89 + 8.32 1.31 + 0.04
[Feu] 13209.11 13206.28 + 0.20 2520+ 9.96 141 +0.21
Br30 1485222  14849.21 + 0.11 3328 + 832 1.20 + 0.11
Br29 14871.11 14867.71 + 0.18 3588 + 9.47 1.19 + 0.18
Br28 14892.09  14888.97 + 0.08 3754 + 6.88 0.99 + 0.08
Br27 1491554  14912.52 + 0.41 4146 + 11.77 1.24 + 0.40
Br26  14941.83 14938.79 + 0.20 5195+ 7.10 1.35 + 0.22
Br25 1497144  14968.20 + 0.24 51.10 + 8.87 1.23 + 0.23
Br24 15004.98  15001.74 + 0.06 67.98 + 825 1.32 + 0.06
Br23 15043.17  15039.93 + 0.06 67.02 + 7.46 1.22 + 0.06
Br22 15086.92  15083.95 + 0.03 117.89 + 6.74 1.41 + 0.03
Br21 15137.38  15134.23 + 0.03 10029 + 7.26 1.34 + 0.03
Br20 15196.01 15192.77 + 0.03 106.54 + 5.56 1.33 + 0.03
Brl9 1526473  15261.49 + 0.03 13324 £ 5.99 1.45 + 0.03
[Feri] 15338.94  15335.15 + 0.18 0.00 + 5.98 1.57 + 0.22
Brl8 15346.00  15342.71 + 0.03 14322 + 4.42 1.37 = 0.03
Brl7 15443.16  15439.86 + 0.08 17933 + 5.08 1.40 + 0.08
Brl6 15560.72  15557.36 + 0.01 206.46 + 4.33 1.40 + 0.01
Brl5 1570497  15701.65 + 0.02 250.77 + 5.56 1.37 £ 0.02
Brl4 1588490  15881.49 + 0.01 304.45 + 542 1.42 + 0.01
Bri3 16113.73  16110.31 + 0.01 37971 + 4.76 1.44 + 0.01
Brl2 16411.69  16408.19 + 0.04 48197 + 4.17 1.45 + 0.04
[Feru] 16440.02  16436.37 + 1.41 59.40 + 3.26 1.16 + 1.42
[Ferl] 1677334  16769.96 + 0.23 13.15+ 542 1.72 + 0.27
Fer  16800.96  16797.55 + 0.13 1564 £ 5.70 1.36 = 0.13
Brll  16811.13  16807.68 + 0.01 636.64 £ 527 1.47 + 0.01
Her  17007.04  17003.43 + 0.01 344.14 +  5.06 1.47 + 0.01
Her  17334.41 17330.85 + 0.13 16.56 + 3.23 122 +0.14
Her 1735645  17352.78 + 0.05 2985 + 3.41 1.48 + 0.07
Brl0 17366.89  17363.21 + 0.02 801.73 + 3.86 1.58 + 0.02
Her 17427.12  17423.40 + 0.07 752+ 234 0.88 + 0.08
Her 1745440  17451.89 + 0.31 1998 + 4.79 2.67 +0.34
Bre  18179.10  18174.96 + 0.04 1119.34 + 12.55 1.79 + 0.03
Paa  18756.10 1875236 + 0.08  28725.58 +207.17 1.64 + 0.05
Her 1941145  19407.08 + 0.48 2636 £ 6.71 0.96 + 0.54
Her 1943889  19435.04 + 0.11 4831 + 12.44 1.98 + 0.12
Brs  19450.89  19447.02 + 0.07 1629.82 + 26.12 1.83 + 0.06
Her 1954846  19543.99 + 0.04 15923 + 9.57 1.23 + 0.03
Her 2043051  20426.02 + 0.13 1503 + 275 1.76 + 0.15
Her 2058690  20582.70 + 0.03 1086.11 + 4.53 1.73 = 0.03
[NI]  20606.9 20602.89 + 0.14 23.03 £ 3.39 1.67 + 0.16
Her 21125.84  21121.46 + 0.06 12494 + 291 1.78 + 0.07

Continued on next page
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Table A.1 — continued from previous page

Line Avacuum vaewnm Flux FWHM
aboratory 0obs, heliocentric
[A] [A] [107"%ergem™2s7'] [A]
Hel  21137.80 2113347 + 0.17 2572 = 12.47 1.87 = 0.19
Helr  21613.69  21609.15 + 0.11 5844 + 278 1.90 + 0.11
Her 2162291  21618.11 + 0.88 1206 + 185 1.23 + 0.93
Hel 216474 21642.85 + 031 104.00 + 224 1.69 + 0.33
Bry 2166121  21656.60 + 0.02 2566.73 £ 3.17 1.95 + 0.02
[Ferr] 22187.3 22182.00 + 0.16 2252+ 3.07 2.49 +0.17
Cil  22866.0 22862.47 + 0.05 5092 + 2.62 1.84 + 0.06
Pf37  23218.02  23212.68 + 0.42 12.14 £ 3.06 2.84 + 0.46
Pf36 2324239  23237.16 + 0.36 1254 + 239 1.83 + 0.38
Pf35 2326890  23264.08 + 0.48 954 + 222 1.80 + 0.50
Pf34 2329787  23293.18 + 0.25 1239 + 222 1.68 + 0.25
Pf33 2332959 2332478 + 0.28 13.82 + 254 2.16 + 0.29
Pf32 2336444  23359.66 + 0.28 18.84 + 278 2.60 + 0.29
Pf31 2340283  23398.12 + 0.21 2139 + 3.14 2.75 + 0.22
Pf30 2344528 2344041 + 0.18 21.68 + 2.80 2.69 + 0.19
Pf29 2349237  23485.96 + 0.25 3222+ 3.6 3.99 + 0.27
P28 2354481  23540.00 + 0.20 24.04 + 2.87 2.15 + 0.21
P27 2360347 2359875 + 0.14 2552+ 2.62 2.37 + 0.15
P26 23669.37  23664.39 + 0.14 26.50 + 2.76 2.35 + 0.15
Pf25 2374377  23738.69 + 0.11 2637 £ 2.59 2.13 +0.11
Pf24 2382823  23823.10 + 0.09 3174 + 237 2.30 + 0.09
Pf23¢ 2392468  23919.03 + 0.31 33.94 + 826 2.28 + 0.21

Notes. “Emission lines that could be detected automatically and matched with transitions in NIST and the Atomic Line List; the latter was also
used to verify the forbidden or semi-forbidden states. The line fluxes were integrated within +3 times the Gaussian width of the line centre. A flag
indicating the goodness of the fit (0: good; 1: saturated line; 2: bad fit) is provided for each flux measurement. The FWHM were obtained from
the best-fit Gaussian line profile. The tables for the other PNe are available at the CDS. The data with full numeric precision and for all PNe are

available as FITS tables available at the CDS.
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LMC-SMP-25 [Olll]

LMC-SMP-31 [OlIl] LMC-SMP-53 [Olll] LMC-SMP-58 [OlIl] LMC-Sa-104a [Olll]

SMC-SMP-1 [Olll] SMC-SMP-2 [OlIl] SMC-SMP-8 [Olll] SMC-SMP-13 [OlIl]

SMC-SMP-18 [Olll] SMC-SMP-20 [OlIl] SMC-SMP-24 [Olll] SMC-SMP-25 [OlIl]

Fig. A.1. HST images of all PNe in this paper, in linear scale (a nonlinear stretch is shown in Fig. A.2). DdDm-1 was taken in the F675W broad-
band filter including the He line. Contrary to the other panels shown here, this image of DdDm-1 suffers from spherical aberration prior to the
installation of HST’s corrective optics. F502N refers to a narrow-band filter including the [O111] line. These images include the emission from
the central star. [O 111] refers to that emission line extracted from a slitless spectrum. The spectral resolution is too low to resolve the intrinsic line
width, hence these can be considered 2D line images, without the central star whose continuum is dispersed along the horizontal axis. The white
circle shows the NISP-S EE80 disk with a radius of 0’5. The field of view is 2" x 2.
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PN G025.3-04.6 F502N

LMC-SMP-25" [O/ll]

~=

LMC-SMP-31 [OllI] LMC-SMP-53; [Olll] LMC-SMP-58 [OllI] LMC-Sa-104a [Olll]

~—

SMC-SMP-1 . [O1lI] SMC-SMP-2" [0 li] SMC-SMP-8 "[O1ll] SMC-SMP:13 “.[QlI]

h—’

SMC-SMP-18 - [OIl] SMC-SMP-20 . [OIl] SMC-SMP-24 [OlIl] SMC-SMP-25 - [QllII]

Fig. A.2. Same as for Fig. A.1, but with a nonlinnear asinh() stretch to show fainter envelopes. The latter are not expected to affect the line centroid
measurements. We note that the image of DdDm-1 is affected by HST’s early spherical aberration.
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Fig. A.3. X-shooter spectrum of PN G042.9-06.9, rebinned by factors 5-20 for illustrative purposes. The UVB range between 3000-3500 A is
not shown, as the only brighter line is He 1 13189. We labelled the brightest and some of the weaker lines in the rest of the spectrum; no attempt
was made to accurately label line blends. In total, we report 253 lines with measured fluxes in this spectrum (Table A.1), one of the richest in our
sample. We note that the panels’ y-axis ranges are different, and that the log-scale exaggerates the width of the brightest lines such as [O 111]15008
or He1.110830. The grey areas indicate the atmospheric A-band at 7600 A, and other absorption bands where atmospheric transmission is reduced
by at least 10% at zenith for a precipitable water vapour of 1 mm, as reported in the ESO VISTA (Sutherland et al. 2015) instrument description.
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Fig. A.4. Zoom-in onto part of the UVB spectra, corrected for radial velocity. This area highlights differences in the chemical compositions and

ionisation states of the PN, as well as in the continuum of the central star. He2-436 and LMC-SMP-58 show broad bumps characteristic for WR
stars. Other PNe also show features at or near 4650 A, albeit mostly less pronounced.
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Fig. A.5. Line images of selected ionic species in the UVB and VIS arms. The spectral width shown on the horizontal axis is 4.2 A, the spatial
width on the vertical axis is 3”04. For most sources, the lines are dynamically and spatially not or only weakly resolved. A noteworthy exception is
PN G042.9-06.9, showing well-resolved bipolar outflow in the lower ionisation lines such as [O 1]16300 and [S 11]16731, unresolved by NISP. The
line in the [Fe vi1] 13760 panel of SMC-SMP-2 is actually nearby O 111 23761.

A172, page 29 of 32



A&A 674, A172 (2023)

1.5 PN G025.3-04.6 PN G042.9-06.9 ® PN G205.8-26.7 PN G295.3-09.3
1.0
% x
&
0.5- - "
i og"ﬁ = ﬁn?
0.0+ M—‘—efo—r
T g | ¥ *
x
_ | 1 1 PR
0.5 . o
1.5 PN G334.8-07.4 He2-436 LMC-SMP-25 . LMC-SMP-31
x
°

ox

:
1
]
1
1
1

1.51 LMC-SMP-53 LMC-SMP-58 LMC-Sa-104a SMC-SMP-1

ox

Wavelength difference AAjap [A]

1.5 - SMC-SMP-2 ¥ SMC-SMP-8 SMC-SMP-13 SMC-SMP-18
1.0
: 3
0.5 A N 3
1 198¢. 1 Ix %%
00| o ~:‘”§ﬁ6 P
’ 1 : ® 1 1
P . S
1.5 - SMC-SMP-20 SMC-SMP-24
1.04 . R
X x o x ®
0.5 cor L Sy da® . .
ﬁﬁlx 1 |§§ X 1 ﬁlgjé ®
ool . '°$ g $o !FxOI cot} | )
’ ’o‘ Qx ® 1 1 ® ° 1
o5l L1 E o o

04 06 1.0 152204 06 1.0 1.5 22 04 06 1.0 1.5 2.2
Wavelength A 5p [um]

Fig. A.6. Difference between the observed heliocentric line wavelengths, and the corresponding NIST laboratory restframe wavelengths, for lines
with S/N > 3. The radial velocities were determined from the UVB spectra, which thus have a zero mean offset. The teal circles show the offsets
without MOLECFIT wavelength correction, and the purple crosses with correction. Evidently, the correction does not always work, and might even
degrade the results, such as for LMC-SMP-58. Errors are not shown, as they are mostly within the size of the plotting symbols. The dashed vertical
lines indicate the UVB, VIS and NIR spectral ranges (left, middle, right, respectively).
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Appendix B: Emission-line selected PNe in Gaia spectroscopic data

In this Appendix we include details of the PN-like objects found in our blind Gaia search (see Sect. 4.3).

Table B.1. PN-like objects with RP < —0.4 found in Gaia DR3.

Name Radius Density Type Reference for radius estimate
] [arcmin~2]

LMC-SMP-81 0.15 4.8 PN Stanghellini et al. (2003)
LMC-SMP-79 0.22 6.7 PN Stanghellini et al. (2003)
SMC-SMP-27 0.23 8.3 PN Stanghellini et al. (2003)
SMC-SMP-15 0.17 14.6 PN Stanghellini et al. (2003)
SMC-SMP-5 0.31 15.9 PN Stanghellini et al. (2003)
SMC-SMP-16 0.18 32.1 PN Stanghellini et al. (2003)
LMC-SMP-71 0.31 474 PN? Stanghellini et al. (2003)
LMC-SMP-34 0.32 68.1 PN Stanghellini et al. (2003)
LMC-SMP-80 0.21 713 PN Stanghellini et al. (2003)
LMC-SMP-48 0.2 74.5 PN Stanghellini et al. (2003)
PN G315.4409.4 2.5 11.5 PN Stanghellini & Haywood (2010)
LMC-SMP-67 54 17.5 PN Reid & Parker (2006)
LMC-SMP-76 4.7 18.1 PN Reid & Parker (2006)
LMC-SMP-37 4.9 20.0 PN Reid & Parker (2006)
LMC-SMP-55 5.7 20.0 PN Reid & Parker (2006)
He 2-25 2.2 23.2 PN Stanghellini & Haywood (2010)
PN G319.0-04.1 6.0 233 PN Le Da et al. (2022)
LMC-SMP-23 5.7 26.7 PN Reid & Parker (2006)
LMC-SMP-75 5.0 29.3 PN Reid & Parker (2006)
LMC-SMP-78 5.7 36.9 PN Reid & Parker (2006)
LMC-SMP-36 3.8 39.1 PN Reid & Parker (2006)
LMC-SMP-56 5.0 42.7 PN Reid & Parker (2006)
LMC-SMP-63 5.0 46.5 PN Reid & Parker (2006)
LMC-SMP-38 6.6 46.8 PN Reid & Parker (2006)
LMC-SMP-77 6.0 47.1 PN Reid & Parker (2006)
LMC-SMP-73 5.8 52.5 PN? Reid & Parker (2006)
LMC-SMP-26 5.7 71.0 PN Reid & Parker (2006)
LMC-SMP-29 6.0 76.1 PN Reid & Parker (2006)
PN G356.9-05.8 34 872 PN Stanghellini & Haywood (2010)
LMC-SMP-64 6.0 94.2 PN Reid & Parker (2006)
MGPN LMC 39 4.4 122.5 PN Reid & Parker (2006)
LMC-SMP-47 5.0 149.9 PN Reid & Parker (2006)
EC 05147-5727 - 0.6 Cataclysmic variable
J132856.71+310846.0 - 0.6 Cataclysmic variable
[M94b] 48 - 1.6 PN candidate
[M94b] 54 - 1.6 PN candidate
LMC-SMP-3 - 1.9 PN
SMC-SMP-4 - 2.5 PN
SMC-SMP-28 - 2.5 PN
WDJ214206.81+030322.26 - 2.5 WD
LMC-SMP-61 - 3.8 PN
[M94b] 49 - 3.8 PN
J174506.57-020844.1 - 4.5 QSO
He 2-375 - 4.5 PN
SMC-SMP-17 - 4.5 PN
LMC-SMP-94 - 4.8 PN
MGPN LMC 45 - 4.8 PN
LMC-SMP-2 - 5.7 PN
LM 1-60 - 6.0 PN candidate
PN G053.6—-12.3 - 6.4 PN candidate
2MASS 382453513 - 6.7 AGN candidate
Gaia DR3 #6128295187479810560 - 7.0 stellar Previously unknown PN?
LMC-SMP-85 - 7.6 PN
LMC-SMP-1 - 8.3 PN
LMC-SMP-5 - 8.3 PN
LMC-SMP-84 - 14.3 PN
V*# V339 Del - 14.3 Classical Nova
He 2-90 - 15.0 PN

Continued on next page
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Table B.1 — continued from previous page

Name Radius Density Type Reference for radius estimate
[ [arcmin~2]
[MA93] 1721 - 15.6 Em*
V#V2659 Cyg - 16.2 Classical Nova
SMC-SMP-6 - 16.9 PN
Gaia DR3 #4663598364758836992 - 16.9 stellar Previously unknown PN?
WDIJ172916.00-525338.87 - 17.8 WD
J052744.6—665300 - 19.7 stellar
Gaia DR3 #4660554298082054400 - 20.0 stellar Previously unknown PN?
LMC-SM-62 - 20.0 PN
V* V1016 Cyg - 20.4 PN?/symbiotic
He 2-437 - 20.7 PN
LMC-SMP-8 - 21.3 PN
V*#V2944 Oph - 21.3 Classical nova
Gaia DR3 #4660478947196927232 - 22.0 stellar Previously unknown PN?
Lin 49 - 251 PN
PN MaC 1-15 - 26.1 PN candidate
J054519-711603 - 26.7 PN
LMC-SMP-74 - 28.0 PN
PN G342.8+04.1 - 29.6 PN
J053048.9-671010 - 315 stellar
J185938.6—091102 - 32.8 stellar
LMC-SMP-89 - 372 PN
LM 1-14 - 39.8 PN candidate
PN G007.5+04.3 - 43.6 PN
LMC-SMP-51 - 50.0 PN
Gaia DR3 #5836588052566682880 - 51.9 stellar Previously unknown PN?
SMC-SMP-21 - 73.5 PN
G354.98-02.87 - 85.6 Symbiotic
V* V5667 Sgr* - 117.5 Dwarf nova

Notes. “PN-like objects found using our search for compact, zero-redshifted emission-line sources (orange lines in the bottom panels of Fig. 4). The
first section of this table shows objects with radii < 0”5, sorted by stellar field density (local number density of Gaia sources with Gmag<19 mag).
The second section shows objects with radii > 0”5. The third section shows objects without size estimate in HASH.
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