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A B S T R A C T 

The central star of the planetary nebula (PN) HuBi 1 has been recently proposed to hav e e xperienced a v ery late thermal pulse 
(VLTP), but the dilution of the emission of the recent ejecta by that of the surrounding H-rich old outer shell has so far hindered 

confirming its suspected H-poor nature. We present here an analysis of the optical properties of the ejecta in the innermost 
regions of HuBi 1 using MEGARA high-dispersion integral field and OSIRIS intermediate-dispersion long-slit spectroscopic 
observations obtained with the 10.4-m Gran Telescopio de Canarias. The unprecedented tomographic capability of MEGARA 

to resolve structures in velocity space allowed us to disentangle for the first time the H α and H β emission of the recent ejecta 
from that of the outer shell. The recent ejecta is found to have much higher extinction than the outer shell, implying the presence 
of large amounts of dust. The spatial distribution of the emission from the ejecta and the locus of key line ratios in diagnostic 
diagrams probe the shock excitation of the inner ejecta in HuBi 1, in stark contrast with the photoionization nature of the H-rich 

outer shell. The abundances of the recent ejecta have been computed using the MAPPINGS V code under a shock scenario. They 

are found to be consistent with a born-again ejection scenario experienced by the progenitor star, which is thus firmly confirmed 

as a new ‘born-again’ star. 

K ey words: stars: e volution – stars: winds, outflows – ISM: jets and outflows – planetary nebulae: general – planetary nebulae: 
individual (HuBi 1). 
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 I N T RO D U C T I O N  

lanetary nebulae (PNe) are the short-lived descendants of low- 
nd intermediate-mass stars (1 � M i � 8 M �) in their transition
rom the asymptotic giant branch (AGB) to the white dwarf (WD) 
hase. At this stage, these stars have completely burnt H and He in
heir interiors, leaving a � 0.6 M � C-O core. After ejecting most of
heir H-rich envelopes, the now post-AGB star evolves increasing its 
urface temperature at roughly constant luminosity burning the rest 
f its envelope until H is exhausted. The central star (CSPN) enters
hen the WD cooling track, irradiating thermal energy, and cooling 
own. 
A selected group of PNe can experience a ‘second life’. During the

ost-AGB evolution, their CSPNe can build up a He mantle, reaching 
he conditions for a very late thermal pulse (VLTP, Sch ̈onberner 1979 ; 
ben et al. 1983 ), which converts He into C and O and ejects highly
rocessed H-deficient material at high-speeds into the old H-rich 
N (Miller-Bertolami et al. 2006 ). As the stellar env elope e xpands,

t cools dramatically, pushing the CSPN back to lower effective 
emperatures ( T eff ), first as an H-deficient giant, now as a late C-rich
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olf–Rayet ([WC]) type star. In a sense, the CSPN is born-again.
he new PN emerging inside the old PN will be also referred here as
 born-again PN. 

HuBi 1 (also known as PM 1-188) has been one of the latest
N to be proposed to belong to the class of born-again PNe
Guerrero et al. 2018 ). This object has been gaining attention
 v er the years, demonstrating to have a unique late evolutionary
ehaviour. Hu & Bibo ( 1990 ) noticed it to be a low-excitation PN
hose CSPN, the bright IR source IRAS 17514 − 1555, has a late

WC] spectral type. According to Pollacco & Hill ( 1994 ), this PN
onsists of a faint extended low-density outer shell with typical 
N abundances and an unresolved inner shell with apparent bipolar 
tructure. 1 Discrepancies between the observed electron density ( n e 
 1000 cm 

−3 ) and that much higher expected for a nebula around a
ate [WC] CSPN led Pe ̃ na, Stasi ́nska & Medina ( 2001 ) to propose
ither a born-again scenario for HuBi 1 or the slow evolution of a
ow-mass AGB star. The chemical abundances derived at that time 
Pollacco & Hill 1994 ; Pe ̃ na 2005 ) were somehow similar to that
 Pollacco & Hill ( 1994 ) also reported an extremely high density for this inner 
hell, but it resulted from the contamination of the density sensitive [S II ] 
λ6716,6731 doublet by stellar C II emission lines. 
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Figure 1. HST WFPC2 F656N image of HuBi 1. The positions of the 
12.5 × 11.3 arcsec 2 FoV of MEGARA’s IFU and the 0.8 arcsec width 
OSIRIS long-slit are o v erlaid using white lines lines. This HST image reveals 
clearly the position of background stars included in the apertures of these 
instruments. The apertures used for extraction of 1D spectra in the OSIRIS 
data for the inner and outer regions, and from an additional intermediate 
region are overlaid in red, yellow, and cyan lines, respectively. 

2

2

I  

g  

e  

e  

r  

a
 

M  

a  

T
a
1  

s  

≈  

Å  

k  

Å  

6  

h  

o
 

t  

p  

b  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/3/4003/6527589 by M
PI fur plasm

aphysik user on 19 April 2022
f typical Galactic PNe, although the bright He I λ5876 emission
ine suggested a large He/H abundance ratio. On the other hand,
he lo w ef fecti ve temperature T eff � 35 000 K of the CSPN (Leuen-
agen & Hamann 1998 ) rather supported the latter scenario (Pe ̃ na
005 ). 
It has not been until recently that the born-again scenario in HuBi 1

as gained momentum. Guerrero et al. ( 2018 ) noticed a decrease in
he CSPN brightness � 10 mag in the last 46 yr that was attributed
o a circumstellar veil of C-rich dust suggested by the presence of
umerous carbon lines in the optical spectrum of the CSPN (Pollacco
 Hill 1994 ) and by the strong IR emission (Hu & Bibo 1990 ).
uch C-rich material would have been ejected through a VLTP
vent and, as it expands and cools down, reaches optimal conditions
or its condensation on dust grains (e.g. Perea-Calder ́on et al.
009 ). 
Guerrero et al. ( 2018 ) proposed that the decreasing ionizing flux

f the CSPN causes the recombination of the outer shell, whereas the
etection of He II emission from the inner shell and its atypical
nverted ionization structure, with He II emission embracing the
mission of [O III ] and [N II ], rather suggest it is shock-heated.
ndeed, the detection of material expanding up to � 300 km s −1 

n the innermost region of HuBi 1 (Rechy-Garc ́ıa et al. 2020 ) lend
trong support to the shock excitation of this region by recent
jecta. 

The most convincing evidence to fully declare HuBi 1 to be
art of the class of born-again PNe would come from the chem-
cal abundances of the recent ejecta, since noticeable abundances
iscrepancies are expected in a born-again event. H-poor material
nd enhanced C, N, and O abundances would be present in the
ost recent ejecta produced by the VLTP (Miller-Bertolami et al.

006 ) with the outer nebula exhibiting ‘normal’ PNe abundances.
o we ver, Pe ̃ na, Hern ́andez-Mart ́ınez & Ruiz-Escobedo ( 2021 ) have

ecently reported no abundances differences between the inner and
uter shells of HuBi 1, in accordance with previous studies. These
esults ought to be questioned as they are based on the assumption
f the photoionization of the inner shell, which does not seem to be
he case given the evidence for shock excitation. Most importantly,
ince these authors did not remo v e the contamination of the bright
 Balmer emission lines from the outer shell to the inner shell, their

nalysis of its spectrum can be expected to artificially enhance its H
ontent. 

In this paper, we combine optical high-dispersion integral field
pectroscopy (IFS) and intermediate-dispersion long-slit spectro-
copic observations of HuBi 1 to isolate the emissions of its inner and
uter shells in order to determine the H, He, N, and O abundances
f the inner shell. The observations and data reduction are presented
n Section 2 . The data analysis is discussed in Section 3 , where two
ppendices are presented in order (i) to assess the contribution of the
mission from the outer shell to the emission of the inner shell, and (ii)
o correct the effects of the atmospheric differential chromatic refrac-
ion (DCR) that affects the long-slit spectroscopic observations. 2 The
esults are presented in Section 4 , including maps of extinction and
lectron density of the inner shell, the assessment of the importance
f shocks and ultimately the calculation of the chemical abundances.
inally, the discussion and summary are provided in Sections 5 and 6 ,
espectively. 
NRAS 512, 4003–4020 (2022) 

 Pe ̃ na et al. ( 2021 ) used the same long-slit spectroscopic data set presented 
ere, but did not apply any correction for atmospheric DCR. The correction of 
hese effects will be shown to be essential for an appropriate determination of 
he physical properties and chemical abundances of the inner shell of HuBi 1. 
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 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

.1 GTC MEGARA IFS obser v ations 

FS observations of HuBi 1 were obtained on 2020 August 6 (Pro-
ram ID GTC96-20A, PI Guerrero) using the Multi-Espectr ́ografo
n GTC de Alta resoluci ́on para Astronom ́ıa (MEGARA; Gil de Paz
t al. 2018 ) at the 10.4-m Gran Telescopio Canarias (GTC). The high-
esolution (HR) volume-phased holographic (VPH) grism VPH665
nd the medium-resolution (MR) grism VPH481 were used. 

The observations consisted of three 900 s HR-VPH and six 1000 s
R-VPH exposures obtained under optimal transparency conditions

nd excellent seeing 0.8 arcsec as measured at the DIMM station.
he VPH665 grism provides a spectral dispersion of 0.093 Å pix −1 

nd a full width at half-maximum (FWHM) spectral resolution ≈
5 km s −1 , that is, R ≈ 20 050, while the VPH481 grism provides a
pectral dispersion of 0.105 Å pix −1 and FWHM spectral resolution

23 km s −1 , i. e., R ≈ 13200. The spectral ranges 4585.7–5025.1
and 6405.6–6797.1 Å co v ered by these two VPHs contain the

ey emission lines of He II λ4686 Å, H β, [O III ] λλ4959, 5007
, [N II ] λλ6548, 6584 Å, H α, He I λ6678 Å, and [S II ] λλ6716,
730 Å. The integral-field unit (IFU) mode was used. It has 567
e xagonal spax els with a diameter of 0.62 and a field of view (F oV)
f 12.5 × 11.3 arcsec 2 , as shown in Fig. 1 . 
The raw MEGARA data were reduced following the Data Reduc-

ion Cookbook (Pascual et al. 2019 ) using the megaradrp v0.10.1
ipeline released on 2019 June 29. This pipeline applies sky and
ias subtraction, flat-field correction using halogen internal lamps,
avelength calibration, and spectra tracing and extraction. We note

hat there is an appreciable illumination pattern making brighter the
ast and West edges of the FoV, which reduced the cube useful FoV

o a region 11.3 × 11.3 arcsec 2 in size. The result is a row-stacked
pectrum, which is converted into a 52 × 58 map of 0 . ′′ 2 arcsec 2 

paxel on spatial dimension and 4300 spaxel on spectral axis using the

art/stac336_f1.eps
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Figure 2. GTC MEGARA maps of HuBi 1 in different emission lines. From the left- to right-hand panels, the panels represent the maps of [O III ] λλ4959,5007 
Å, H α, H β, and He I λ6678 Å (top panel), and He II λ4686 Å, [N II ] λλ6548,6584 Å, [S II ] λ6716 Å, and [S II ] λ6730 Å (bottom panel). To facilitate the 
comparison among the different images, red contours extracted from the [O III ] image tracing the inner shell are o v erlaid on all images. Green contours are also 
o v erlaid in the [N II ] and [S II ] images to emphasize the emission from these lines from an intermediate region external to the inner shell. The red contours have 
been selected at 66, 55, 44, 33, and 22 per cent of the [O III ] brightness peak, whereas the green contours have been selected at 75, 70, 55, 25, and 15 per cent of 
the [N II ] brightness peak, and 95, 80, 55, and 40 per cent, of the [S II ] brightness peak. 
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egularization grid task megararss2cube . The flux calibrations were 
erformed using observations of the spectrophotometric standard 
R 7596 obtained immediately after those of HuBi 1. 

.2 GTC OSIRIS long-slit spectroscopic obser v ations 

ntermediate resolution long-slit spectroscopy was acquired on 2018 
ay 14 (Program ID GTC112-18A, PI Guerrero) with the Optical 

ystem for Imaging and low-intermediate-Resolution Integrated 
pectroscopy (OSIRIS; Cepa et al. 2000) 3 at the GTC. The ob- 
ervation consisted of 4 exposure of 1575 s on long-slit spectroscopy 
ode. The R1000B grism was used, providing a spectral dispersion 

f 2.12 Å pix −1 in the spectral range 3630–7500 Å at a spectral 
esolution R ≈ 1120. The slit position was placed at a position angle
PA) 90 ◦ across the central star (see Fig. 1 ). 

The raw data were bias and sky subtracted and flat-field corrected 
ollowing standard routines in IRAF (Tody 1993 ). The wavelength 
alibration was carried out using Ne and HgAr lamps, whereas the 
ux calibration was obtained using observations of the spectropho- 

ometric standard star GD 140 obtained in the same night. 
The relative flux calibration of the GTC MEGARA and OSIRIS 

ata w as check ed by comparing the flux of a number of bright
mission lines measured from identical spatial apertures in both data 
ets. These fluxes were found to agree within a few percent. 

 DATA  ANALYSIS  

he OSIRIS long-slit spectra and MEGARA IFS observations 
rovide a wealth of information on the spatially resolved spectral 
 ht tp://www.gt c.iac.es/instruments/osiris/media/OSIRIS- USER- MANUAL 

v3 1.pdf

U  

t  

s  

b  
roperties of HuBi 1 that has allowed us to investigate the ionization
tructure and extract clean spectra of its inner shell. These are
escribed in the next sections. 

.1 The inverted ionization structure of HuBi 1 

he final MEGARA data cube allows the extraction of background- 
ubtracted narrow-band images in emission lines of interest, thus 
roviding great versatility to investigate the complex structure 
f HuBi 1. The data analysis method is as simple as selecting
ppropriate ranges of spectral channels encompassing an emis- 
ion line to build a background-subtracted narrow-band image of 
hat emission line. The images of the total integrated flux of
ey emission lines extracted from the MEGARA data presented 
n Fig. 2 confirm the remarkable inverted ionization structure of 
uBi 1. 
The leftmost-top panel of Fig. 2 presents the [O III ] emission,

hich was obtained by adding the [O III ] 4959 Å and [O III ] 5007-
emission lines to impro v e the signal-to-noise ratio (S/N). This

mission has a ring-like appearance with an averaged extension 
f ∼2.5 arcsec in radius. The emission is elongated along the NE
irection, with brighter emission at the tips, as shown by the
O III ] contours o v erplotted. The [O III ] emission lines uniquely
race the inner region of HuBi 1 and thus [O III ] contours will be
 v erplotted on the other key emission line maps of Fig. 2 for
omparison. 

The images in the H α, H β, and He I 6678- Å emission lines in
ig. 2 , on the other hand, trace the outer nebular shell of HuBi 1.
nfortunately, the MEGARA FoV does not co v er the full e xtent of

his shell, which has an averaged diameter of ∼15 arcsec. The inner
hell of HuBi 1 shown by the red [O III ] contours is encompassed
y the emission in the H α, H β, and He I lines. It is not possible,
MNRAS 512, 4003–4020 (2022) 

art/stac336_f2.eps
http://www.gtc.iac.es/instruments/osiris/media/OSIRIS-USER-MANUAL_v3_1.pdf


4006 B. Montoro-Molina et al. 

M

h  

l  

t
 

a  

h  

t  

[  

b  

t  

i  

o  

a
 

d  

t  

T  

e  

a  

e  

[  

t  

(  

c

3

T  

F  

t  

s  

e  

P  

r  

s  

w  

l  

t  

H  

b
 

a  

t  

o  

a  

A
 

i  

o  

b  

c  

T  

t  

d  

l  

4

l
r
i
a

l  

s  

e  

c  

s
 

r  

o  

s  

a  

H  

a  

s  

w  

s

3
e

T  

l  

w  

e  

r  

v
f
f
a  

l
 

t  

t  

t  

n  

d  

o  

w  

e  

t  

d  

o  

H  

2

3

A  

t  

a  

t  

t  

r  

i  

w  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/3/4003/6527589 by M
PI fur plasm

aphysik user on 19 April 2022
o we ver, to assess whether the inner shell emits in these emission
ines or whether the emission detected inside the [O III ] contours of
he inner shell in these images is rather due to projection effects. 

Maps of the low-ionization [N II ] and [S II ] emission lines are
lso presented in Fig. 2 , where green contours have been used to
ighlight the distribution and extent of their emission. The bulk of
he emission in these low-ionization lines is confined within the red
O III ] contours that define the inner shell, with two peaks separated
y ∼1.5 arcsec aligned mostly along the east–west direction, i.e.
hey are clearly misaligned with the peaks in the [O III ] image. These
mages also reveal the presence of an intermediate region 4 spreading
ut ∼4 arcsec the emission of the inner shell into the outer shell
long the east–west direction. 

Finally, the leftmost-bottom panel of Fig. 2 shows the spatial
istribution of the emission in the line of He II λ4686 Å, the one with
he highest ionization potential in the nebular spectrum of HuBi 1.
he emission from the inner shell in this emission line is the most
xtended, with an angular radius of ∼4 × 3 arcsec oriented along
 PA similar to that of the emission in the [O III ] lines. The He II

mission encircles that of the [O III ], which surrounds that of the
N II ] and [S II ] emission lines. The inverted ionization structure of
he inner shell of HuBi 1, suggested originally by Guerrero et al.
 2018 ) using 1D line emission spatial profiles, is therefore firmly
onfirmed in the MEGARA 2D emission maps shown in Fig. 2 . 

.2 Dissecting the inner shell of HuBi 1 with MEGARA 

he emission of the inner shell of HuBi 1 in the images presented in
ig. 2 would generally include a contribution from the outer shell, as

he former is seen through the latter. The emission from the different
hells of HuBi 1 can be kinematically separated given their distinct
 xpansion v elocities (Guerrero et al. 2018 ; Rechy-Garc ́ıa et al. 2020 ;
e ̃ na et al. 2021 ) taking advantage of the MEGARA IFS high spectral
esolution, although the quality (and reliability) of the kinematic
eparation of the emission from the two shells in a given emission line
ould depend certainly on the spatio-kinematic distribution of that

ine. A detailed description of the different types of lines according
o the v arying relati ve contributions of the different structures of
uBi 1 in each emission line is given in Appendix A . These are
riefly discussed in the following. 
First, the images of the [O III ] and He II emission lines can be

ttributed purely to emission from the inner nebula. We will refer to
hem as purely internal (PI; see Appendix A ) emission lines. On the
ther hand, the emission of He I arises uniquely from the outer shell
nd this will accordingly be referred as a purely external (PE; see
ppendix A ) emission line. 
There are then a number of emission lines whose images definitely

nclude emission from both the inner and outer shells. The images
f the emission from the [N II ] and [S II ] lines is mostly dominated
y the emission from the inner shell, but there is a non-negligible
ontribution of emission arising from regions outside the inner shell.
hese lines are thus referred as internal lines with emission from

he external shell (IwE; see Appendix A ). We note that the spatial
istribution of the outer emission in these lines do not follow the shell-
ike morphology of the emission in the H β, H α, and He I emission
NRAS 512, 4003–4020 (2022) 

 Here, the emission from the [N II ] λ6548 Å and [N II ] λ6584 Å emission 
ines has been added to enhance the weak emission from the intermediate 
egion, whereas the [S II ] lines are presented separately because the smaller 
ntensity contrast of the emission from the inner shell and intermediate region 
llows an easier view of the latter. 

l  

t  

t  

t  

o  

t  

o  
ines, but it is rather spread between the inner and outer shells in a
ort of intermediate region. The spatiokinematic distribution of the
mission in these lines from this intermediate region does not allow a
lear separation from the emission of the inner shell (see discussion
ection in Toal ́a et al. 2021b ). 

Finally, the emission of the H β and H α Balmer lines in the spectral
ange co v ered by the MEGARA observations are dominated by the
uter shell emission, but the emission from the inner shell can be
till kinematically resolved. These lines are referred in Appendix A
s external lines with inner emission (EwI). Assessing the specific
 α and H β fluxes of the inner and external shells will help us

ccurately unveil the extinction contribution and abundances for each
hell. The emission from the inner shell in these two emission lines
ill be extracted applying two different methods in the next two

ubsections. 

.2.1 High-velocity component isolation in the H β and H α

mission 

he inner shell of HuBi 1 can be described as a fast expanding shell-
ike structure or outflow with e xpansion v elocities up to � 300 km s −1 ,
ell exceeding that of the outer shell � 50 km s −1 (Rechy-Garc ́ıa

t al. 2020 ). The high-velocity emission from the inner shell is indeed
evealed as red and blue wings in the H β and H α line profiles in the
elocity ranges from −14 to + 20 km s −1 and + 108 to + 122 km s −1 

or H β, and from −96 to + 11 km s −1 and + 109 to + 171 km s −1 

or H α. The differences in the velocity ranges of the wings of H α

nd H β can be attributed to the larger S/N of the former emission
ine. 

The spectral channels of the MEGARA data cube corresponding
o the velocity intervals described above have been added to obtain
he images of the inner shell in these emission lines shown in the
op panels of Fig. 3 . The H α map (top left-hand panel of Fig. 3 ) is
otably less noisy than the H β one (top right-hand panel of Fig. 3 )
ue to the better spectral resolution of the HR-VPH and higher S/N
f the H α line. The emission in this H α map is closely inscribed
ithin the emission of the inner shell represented by the red contours

xtracted from the [O III ] image (leftmost-top panel of Fig. 2 ). Both
he H α and H β maps peak at the Southwest tip of the inner shell, as it
oes the [O III ] emission from the inner shell. Total integrated fluxes
f 8.1 × 10 −15 erg cm 

−2 s −1 in H α and 4.8 × 10 −16 erg cm 

−2 s −1 in
 β were derived adding the flux in all pixels within a circular area
 . ′′ 5 in radius. 

.2.2 Multi-Gaussian fit to the H α and H β emission lines 

lthough the method described in Section 3.2.1 has pro v en ef fecti ve
o isolate the emissions of the H α and H β lines from the inner shell
nd to estimate their fluxes, it has some shortcomings. In particular,
he selection of the spectral channels (or velocity intervals) mapping
he emission of the inner shell is affected by the differing spectral
esolution and S/N of the H β and H α lines. As a result, the H β map
s derived from a velocity interval shorter than that of the H α map,
hich may have effects on the H α/H β ratio and on the estimate of the

ogarithmic extinction coefficient c(H β) of the inner shell based on
hat ratio. Moreo v er, the channels corresponding to the low-velocity
ail of the emission from the inner shell had to be discarded because
hey were actually dominated by emission from the much brighter
uter shell, which may lead to an underestimation of the flux from
he inner shell. We remind the reader that one of the main objectives
f this work is the determination of the H α (or H β) flux to assess
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Figure 3. GTC MEGARA H α and H β images of the inner region of HuBi 1 
corresponding to the high-velocity components in these emission lines as 
derived from the isolation of the MEGARA channels within a velocity 
interval (top panels, see Section 3.2.1 ) and from the best multi-Gaussian 
fits (bottom panels, see Section 3.2.2 ). The extent of the inner shell is 
shown for comparison using the red contours derived from the [O III ] image 
in Fig. 2 . The side scale shows the surface brightness in units of 10 −17 

erg cm 

−2 s −1 arcsec −2 . 
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Figure 4. Examples of H α (top panel) and H β (bottom panel) multi-Gaussian 
fits (left-hand panel) for the spectrum of the pixel (34, 26), which is offset 
1.3 arcsec along PA 285 ◦ from the centre at pixel (28, 25), and (right-hand 
panel) for the integrated spectrum of the inner shell, extracted from a circular 
aperture 2.6 arcsec in radius. The solid black line corresponds to the observed 
line profile, whereas the green dotted lines represent the multi-Gaussian fit 
to this profile. The blue, cyan, magenta, and red solid lines correspond to the 
individual Gaussian components for the fast approaching component of the 
inner shell, the approaching and receding sides of the outer shell, and the fast 
receding component of the inner shell, respectively. The bottom panels show 

the residuals of the fit in solid black lines, whereas the dotted horizontal orange 
lines correspond to 3 σ of the continuum noise derived from representative 
spectral ranges at both sides of the H α and H β lines, respectively. 
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hether the chemical abundances of the inner shell of HuBi 1 are
onsistent with those of a born-again nebula. It is thus critical to
btain reliable values of the H β and H α fluxes for the inner shell. 
Therefore, we have explored the determination of these fluxes 

sing multi-Gaussian fits at each pixel on to the inner shell of HuBi 1
o excise the emission of the dominant outer shell from that of the
nner shell (see a similar approach in the case of M 2-31, Rechy-
arc ́ıa et al. 2021 ). As described abo v e, this is possible because

he inner shell of HuBi 1 has a much larger expansion velocity than
he outer shell (Rechy-Garc ́ıa et al. 2020 ). The distinct kinematic
ehaviour of the inner and outer shells reflects in the spectral profiles
f the H α and H β emission lines at the location of the inner shell
approximately the innermost 2.5 arcsec in radius central region), 
here up to four velocity components can be found; two from the
ain nebula with slow velocity (one approaching and one moving 

way) and another two from the inner shell that are detected as
igh-velocity red and blue wings. 
An example of multi-Gaussian fits to the H α and H β emission

ines for a pair of pixels projected on to the inner shell 5 is shown
n Fig. 4 . These are o v erplotted with the best multi-Gaussian fits
evealing the presence of weak red and blue wings corresponding to 
he inner shell. The small flux contribution from these components 

ight have escaped the previous determination of the H α and H β

uxes. After applying this method to all pixels, the resulting total 
ux is 1.6 × 10 −14 erg cm 

−2 s −1 in H α and 1.1 × 10 −15 erg cm 

−2 s −1 

n H β, i.e. about two times the flux derived by the previous method.
aps with the the best multi-Gaussian fits for each pixel are presented

n the bottom panels of Fig. 3 for comparison with those obtained in
he previous subsection. 
 The outer shell was also fitted with one, two or up to three components, 
epending on the spatial location, for continuity with the fit to the inner shell. 

t  

a

t  
.3 OSIRIS spectra of HuBi 1 

he GTC OSIRIS long-slit spectrum, with a broader spectral 
o v erage than the MEGARA data, has been used to extract one-
imensional spectra of the inner and outer shells of HuBi 1. The
mission of the inner shell was extracted from a 5 arcsec in length
entral aperture of the OSIRIS two-dimensional spectrum co v ering 
he extent of the [O III ] λ5007 emission in the MEGARA maps
the red rectangular aperture in Fig. 1 ). The emission of the outer
egion was extracted from two apertures of ∼5 arcsec in length at
oth sides of the central region (the yellow rectangular apertures in
ig. 1 ) and then added together. The emission of a transition region
etween the inner and outer shells was also extracted from two small
pertures 1 arcsec in length (the cyan rectangular apertures in Fig. 1 )
o assess the variation of key emission lines from one region to the
ther. 
The resulting spectra are shown in Fig. 5 , with insets to zoom in

wo spectral regions of interest. These spectra reveal notable spectral 
ariations among the different regions. The [O III ] λ5007 emission
ine is almost as intense as the H β line in the inner region (bottom
anel of Fig. 5 ) but, as we mo v ed to more external regions, it fades
nd mostly disappears (top panel in Fig. 5 ). On the other hand, the
N II ] λ6584 emission line pre v ails o v er the H α line in the inner
hell, while in the outer shell their relative importance is reversed
see fig. 8 in Guerrero & Manchado 1996 , for a similar case for
he born-again PN A 58). These variations in line ratios imply an
nomalous ionization structure. 

A standard analysis of these spectra involves the measurement of 
he relative line intensities (e.g. Pe ̃ na et al. 2021 ), but it must be
MNRAS 512, 4003–4020 (2022) 
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Figure 5. OSIRIS intermediate-dispersion spectra of the outer shell (top panel), intermediate region (middle panel), and inner shell (bottom panel) of HuBi 1 
extracted from the yellow, cyan, and red apertures shown in Fig. 1 , respectiv ely. Two spectral re gions of interest are zoomed to reveal the notable variations in 
the key emission lines among the different shells. 

n  

l  

c  

(  

o  

A  

l  

e  

c  

i  

i
 

o  

o  

�  

e  

b  

o  

f  

w  

e  

a  

t  

t  

d
 

v  

a  

v  

F  

f  

I  

a  

3  

e  

i  

T  

H  

p

4

T  

d  

r

4

T  

h  

c  

P  

a  

s  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/3/4003/6527589 by M
PI fur plasm

aphysik user on 19 April 2022
oted that the GTC OSIRIS spectrum of HuBi 1 was acquired at a
o w ele v ation, when the ef fects of DCR along the parallactic angle
annot be neglected for data obtained over such a broad spectral range
Filippenko 1982 ). This is a problem particularly serious for these
bservations, whose slit is almost orthogonal to the parallactic angle.
s a result, the apparent position of the slit on the sky for emission

ines at different wavelengths will shift noticeably. The details and
xtent of these effects and a solution using the OSIRIS data in
onjunction with the MEGARA data to measure the relative line
ntensities of the emission lines in the OSIRIS spectra are described
n detail in Appendix B . 

The observed line flux ratios F with respect to an arbitrary intensity
f 100 for the H β line together with the H β flux for the inner and
uter shells of HuBi 1 are presented in Table 1 . The features at
 4566, � 7236, � 7289, and � 7379 Å seem stellar, but none of them

xcept the C II λ7236 line can be unambiguously identified. It shall
e noted that the emission arising from the inner shell for a number
f emission lines is strongly contaminated by their emission arising
rom the outer shell. This issue is aggravated for the OSIRIS data,
hose low spectral resolution does not allow the spectral split of the

missions from the inner and outer shells. Following the PI, PE, IwE,
nd EwI classification of the different emission lines according to
he relative contribution of the emission of the outer shell to that of
he inner shell provided in Section 3.2 , the flux of each line has been
etermined as described in Appendix A . 
The intensities of the H α and H β lines have been used to derive the

alue of the logarithmic extinction coefficient, c (H β), for the inner
nd outer shells of HuBi 1. A recombination Case B was adopted with
NRAS 512, 4003–4020 (2022) 
alues for the theoretical I(H α)/I(H β) lines flux ratio (Osterbrock &
erland 2006 ) according to the physical conditions of each shell
ollowing Ueta & Otsuka ( 2021 )’s prescriptions. Thus a theoretical
(H α)/I(H β) value of 2.74 was adopted for the inner shell, suitable for
 value of T e of 20000 K (close to that reported in Section 4.3 ), and
.04 for the outer shell, suitable for a value of T e of 5000 K (Guerrero
t al. 2018 ; Pe ̃ na et al. 2021 ). The values of c (H β) derived for the
nner and outer shells are 2.16 ± 0.32 and 1.09 ± 0.16, respectively.
hese have been used in conjunction with the extinction curve of
owarth ( 1983 ) to deredden the relative line intensity ratios I also
resented in Table 1 . 

 RESULTS  

he GTC MEGARA, and OSIRIS data presented abo v e allow a
etailed spatially resolved spectroscopic investigation of HuBi 1. The
esults of these analyses are provided in the next sections. 

.1 Extinction maps 

he determination of c (H β) in the previous section reveals notable
igher extinction values for the inner shell. This result is in sharp
ontrast with the results presented by Pollacco & Hill ( 1994 ) and
e ̃ na et al. ( 2021 ) that did not find spatial variations of the extinction
cross HuBi 1, with similar values of c (H β) for the inner and outer
hells. These studies did not accounted for the contamination of the
mission of the inner shell by the foreground emission of the outer
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Table 1. Relative fluxes and line intensities with respect to H β ( = 100) of 
the emission lines of HuBi 1 measured from OSIRIS and MEGARA data. 
Emission lines from OSIRIS for which MEGARA data are available have 
been replaced by the later. Due to the DCR effects affecting the OSIRIS data, 
each line of this set is normalized by the H β flux computed for the equi v alent 
aperture derived from the MEGARA data (see Appendix A). 

Line Inner shell Outer shell 
F I F I 

[O II ] 3727 2330 8360 27.7 38.3 
[Ne III ] 3869 197 622 – –
H ζ + He I 3889 – – 17.1 28.2 
H ε + [Ne III ] 3969 – – 14.8 37.8 
He I 4026 – – 4.1 5.0 
[S II ] 4069 43.4 111 – –
H δ 4101 – – 22.5 34.2 
H γ 4340 – – 46.7 62.8 
[O III] 4363 16.1 30.6 – –
He I 4471 – – 8.3 9.9 
C I :O II :N II :4562 + 4570 27.6 39.6 – –
He II 4686 108 134 – –
H β 4861 100 100 100 100 
[O III] 4959 113 101 – –
[O III] 5007 386 324 – –
He I 5016 – – 3.5 2.8 
[N I ] 5199 114 75.6 4.7 3.2 
[N II ] 5755 159 60.2 – –
He I 5876 34.1 20.5 39.7 19.3 
[O I ] 6300 339 95.5 – –
[S III] 6312 18.5 4.5 – –
[O I ] 6363 121 28.3 – –
[N II] 6548 1590 330 50.0 21.1 
H α 6563 1460 274 666 301 
[N II] 6584 6820 1390 214 90 
He I 6678 – – 10.0 4.0 
[S II] 6717 727 135 42.0 16.7 
[S II] 6731 611 112 32.4 12.8 
He I 7065 – – 6.6 2.1 
C II 7064 + C I 7066 8.4 1.2 – –
[Ar III] 7135 80.2 11.1 – –
C II 7236 33.1 4.3 – –
C I :O II 7289 25.5 3.2 – –
[O II] 7320 254 31.6 – –
[O II] 7330 212 26.2 – –
N I :O II :7379 22.6 2.7 – –

log F (H β) (erg cm 

−2 s −1 ) −14.9 −13.3 
c (H β) 2.16 ± 0.21 1.09 ± 0.11 
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hell, which is particularly severe for the H α and H β Balmer lines
sed for the determination of c (H β). 
The tomographic capability of the GTC MEGARA observations 

ighlighted in Sections 3.2.1 and 3.2.2 to isolate the H α and H β

missions of the inner shell from those of the outer shell can be used
o investigate the details of the spatial variations of c (H β) in HuBi 1.
s described in Section 3.2.2 , the maps derived using multi-Gaussian 
ts on a spax el-by-spax el basis (lower panels of Fig. 3 ) are affected
y small variations of the fit parameters and are noisier than the
aps derived isolating the wings of the high-velocity components 

upper panels of Fig. 3 ). The maps derived using the latter method
ill be used to produce cleaner c (H β) maps, although the velocity

ange of the H α and H β emission profiles will be restricted to be the
ame for both lines, as allowed by the S/N of the fainter H β line:
rom −14 to + 13 km s −1 for the approaching component and from
 115 to + 122 km s −1 for the receding component. In this way, it is
arrantied that the H α to H β ratio are derived from similar velocity
anges, although the velocity range for H α is narrower than that used
or the images presented in Fig. 3 . 

The final extinction maps of the inner and outer shells of HuBi 1
erived from the H α and H β flux map ratios are presented in Fig. 6 .
hese maps indeed confirm that the extinction in the inner shell is

arger than that of the outer shell. In order to compare the values in
hese c (H β) maps with the values of c (H β) derived in the previous
ection, average values of c (H β) have been derived for the inner
nd outer shells. For this calculation, pixels with S/N ≤3 have been
gnored. In addition, pixels of the inner shell beyond the second
ontour in Fig. 6 (left-hand panel) were excised because the low
 β flux, as well as pixels of the outer shell at the corners of the
EGARA IFU FoV where vignetting effects are appreciable. The 

veraged values of c (H β) derived for the inner and outer shells are
.09 ± 0.21 and 1.14 ± 0.11, respectively, which are consistent with 
he values derived in the previous section. 

The extinction maps presented in Fig. 6 and the averaged values
eriv ed abo v e confirm that the extinction in the inner shell is
oticeable higher than that of the outer shell. The spatial distribution
f the extinction in the inner shell revealed in the left-hand panel of
ig. 6 seems to peak in the innermost regions of the inner shell, at a

ocation between the two peaks of the [O III ] map where the CSPN
RAS 17154 − 1555 is located. The extinction in the outer shell is
asically flat, but a small increase is found in the regions of the outer
hell projected on to the inner shell. This can be attributed to the
bsorption of the emission from the receding outer shell as it goes
hrough the inner regions of HuBi 1. 

Guerrero et al. ( 2018 ) attributed the brightness decrease of the
SPN of HuBi 1 of � 10 mag in the last 50 yr to the ejection of C-

ich material that condensed into dust grains and veiled the light from
he star rather than to surface temperature of the CSPN. The larger
xtinction of the inner shell of HuBi 1 found here, in conjunction with
he wealth of carbon emission lines detected in its 1991 spectrum
Pollacco & Hill 1994 ), lends further support to the hypothesis that
t contains C-rich material from recent ejecta, while the outer shell
s formed by pristine nebular material. 

.2 Diagnostic diagrams 

he peculiar ionization structure of HuBi 1, with emission from 

orbidden lines of [O III ] and [N II ] dominating the inner shell, but
mission from recombination lines of H I and He I in the outer shell,
nd the presence of He II emission in the inner shell, which cannot
e photoionized by its CSPN as its ef fecti ve temperature is T eff ≈
8 000 K, led Guerrero et al. ( 2018 ) to propose that the inner shell
s mostly shock-excited. The association of the inner shell of HuBi 1
ith a fast expanding ( � 300 km s −1 ) shell-like structure ejected

round 200 yrs ago (Rechy-Garc ́ıa et al. 2020 ) provided the means
or shock-excitation. More recently, Pe ̃ na et al. ( 2021 ) attributed
emporal variations in different line intensity ratios of the inner shell
nd the increase of the electron temperature in this shell to shock-
xcitation, but the limitations of their analysis of the spectrum of the
nner shell pose questions on their reliability. In particular, the line
atios presented by these authors based on the same GTC OSIRIS
ata set have not been corrected from DCR effects, which questions
he reported line intensity ratio variations (see Appendix B ). 

Line intensity ratios diagrams have long been used to distinguish 
etween different ionization mechanisms (for instance, the ones 
efined by Baldwin, Phillips & Terlevich 1981 ). These diagrams, 
ften used to classify galaxies among AGNs, starburst galaxies or 
INERs (Veilleux & Osterbrock 1987 ; K e wley et al. 2001 ), can also
MNRAS 512, 4003–4020 (2022) 
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Figure 6. GTC MEGARA maps of the logarithmic extinction coefficient c (H β) of the inner (left-hand panel) and outer (right-hand panel) shells of HuBi 1 
derived from the H α to H β line flux ratios. Contours of the inner shell derived from the [O III ] map are o v erlaid on the maps. Pixels at the corner regions in the 
map of the outer shell have been ignored due to vignetting effects. 
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6 An investigation of the physical conditions of the outer shell cannot be 
performed because no temperature-sensitive auroral lines are detected in its 
spectrum. 
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e applied to PNe. The usual line intensity ratios used for line ratio
iagrams are [O III ]/H β versus [N II ]/H α, [S II ]/H α or [O I ]/H α, but
ther ratios such as [O III ]/H α versus [S II ]/H α or [N II ]/H α have been
sed in protoplanetary nebula (pPNe) and PNe and their FLIERs as
ell (e.g. Raga et al. 2008 ). 
The GTC MEGARA H β, H α, [O III ], [N II ], and [S II ] maps of the

nner and outer shells of HuBi 1 have been used to obtain the pixel-
y-pixel distributions of the log 10 ([O III ]/H β) versus log 10 ([N II ]/H α)
nd log 10 ([S II ]/H α) in the line ratio diagrams presented in Fig. 7 .
ntegrated ratios for the inner and outer shell have been also computed
sing the GTC OSIRIS long-slit data. The extinction effects in these
ine ratios is expected to be ne gligible, giv en the small wavelength
ifference, yet the intensity ratios of all points have been corrected
sing the extinction maps in Fig. 6 . 
The line ratio diagrams in Fig. 7 clearly reveal that two different
echanism of ionization are present in HuBi 1, being the inner

hell dominated by shocks while the outer shell is undoubtedly
hotoionized. We note that the interpretation of diagnostic diagrams
sing spatially resolved IFU data can be misleading due to ionization
tratification mimicking the behaviour of shock-excited nebulae
Morisset 2018 ), but this is not the case here as the integrated values
f the line ratios obtained from GTC OSIRIS long-slit data share
imilar loci in these diagrams (Fig. 7 ). The spread of the data points
n these diagrams is notably larger than that in the line ratio diagrams
resented by Pe ̃ na et al. ( 2021 ), with values of log 10 ([O III ]/H β),
og 10 ([N II ]/H α) and log 10 ([S II ]/H α) close to unity for the inner shell.
hese points are located in the region of these line ratio diagrams

hat can be interpreted as the result of shock-excitation. The spectral
o v erage of our MEGARA data does not co v er the shock-sensitive
O I ] λ6300 emission line, but we note that the value of the [O I ]
6300/H α line intensity ratio derived from the OSIRIS data for the

nner shell, � 0.95, locates it in the re gion of shock e xcitation of
he log 10 ([O III ] λ5007/H β) versus log 10 ([O I ] λ6300/H α) line ratio
iagram. 
The distributions of the points of the outer shell in these line ratio

iagrams show a notable spread, with the innermost points closer to
he shock ionization region in the line ratio diagrams and the more
xternal points well located in the photoionization region of these
iagrams. Such correlation between ionization and radial distance
ould originate from the regions of diffuse [S II ] and [N II ] in the so-
alled intermediate shell, whose ionization may include the effects of
hocks. The born-ag ain 3D radiation-h ydrodynamic model of HuBi 1
resented by Toal ́a et al. ( 2021b ) suggests that these structures can
NRAS 512, 4003–4020 (2022) 
ppear as the result of the diffusion of turbulence from the ejecta on
o the outer shell, which would explain the mixed excitation. 

.3 Physical conditions of the inner shell 

e used PyNeb (Luridiana, Morisset & Shaw 2015 ) to investigate the
hysical conditions of the inner shell 6 of HuBi 1. The corresponding
iagnostic diagrams are shown in Fig. 8 , where the shaded areas
ave been computed assuming a 10 per cent uncertainty for the
easured line intensities. 
As for the electron density, n e , the [S II ] λ6716 to λ6731 line

atio (the label ‘nn’ stands for neb ular -neb ular) draws an area for n e 
anging from a few tens to 1000 cm 

−3 . This value is constrained to
00-600 cm 

−3 in regions where the density diagnostic curve for the
S II ] λ6716 to λ6731 line ratio crosses the temperature diagnostic
urves. 

As for the electron temperature, T e , the situation is a bit more
omplex: the [O III ] λ4363 to λ5007 line ratio points to T e between
5 000 and 70 000 K, while the [N II ] λ5755 to λλ6548,6584 line ratio
oints to much lower values, in the range from 16 000 to 26 000 K.
his result can be interpreted as lower ionization N 

+ species pre v ails
 v er higher ionization O 

++ species in regions where the gas have
ad more time to recombine since the shock passed, and then to
ool down. The situation is even more extreme for the [O II ] λ3727
o λλ7320,7330 ratio, which implies a very cold T e , in the range
etween 6000 and 9000, and for [S II ] λλ6716,6731 to λ4069 line
atio (labelled ‘an’ for auroral-nebular), which points to a very high
e, not even shown in the diagram. These results would be hard to
econcile in a photoionized gas, since the O 

+ , N 

+ , and S 

+ regions are
xpected to be co-spatial, thus sharing similar physical properties.
n the case of shocked regions, ho we ver, the steep T e gradient may
ause the emission of a given species to arise from regions at very
ifferent temperatures. 
The extreme values of T e derived from the [O II ] and [S II ]

emperature-sensitive line ratios may have an alternative explanation.
oth line ratios involve red and blue lines, but in the opposite way,
ith the nebular [O II ] λ3727 line and the auroral [S II ] λ4069 line

n the blue range. In the next sections, we will see that the blue [O II ]
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Figure 7. Pixel by pixel distributions of the [O III ] λ5007/H β, [N II ] λ6584/H α, and [S II ] λ(6716 + 6730)/H α line intensity ratios in the corresponding BPT 

diagrams for the inner (red points) and outer (blue points) shells of HuBi 1. The blue scale represents the distance of the points of the outer shell to the centre 
of the nebula from 2.5 to 7.5 arcsec, whereas the red scale shows the distance of the points of the inner shell to the centre of the nebula from 0 to 2.5 arcsec. 
Data points representative of the inner and outer shells of HuBi 1 derived from the GTC OSIRIS long-slit spectra are shown as cyan and magenta diamonds for 
the outer and inner shell respectively. The solid and dashed curves correspond to the theoretical models of K e wley et al. ( 2006 ) and Kauffmann et al. ( 2003 ), 
respectively. 

Figure 8. Diagnostic diagrams for the different temperature- and density- 
sensitive line ratios available in the spectrum of the inner shell of HuBi 1. 
The shaded areas have been computed assuming a 10 per cent uncertainty for 
the measured line intensities. The ‘an’ and ‘nn’ labels for the [S II ] line ratios 
stand for the auroral λ4069 to nebular λλ6716,6731 and nebular λ6716 to 
nebular λ6731 line ratios, respectively. 
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3727 and [S II ] λ4069 lines, but also the [Ne III ] λ3869 line and in a
ess extent the [O III ] λ4363 line are systematically underpredicted by
hock models. If the intensity of the [O II ] λ3727 line and [S II ] λ4069
ines was, indeed, o v erestimated, it would result in the predicted low
 e for the [O II ] line ratio and high T e for the [S II ] line ratio in
ig. 8 . Indeed, the value of T e derived from the [N II ] line ratio is the
ost insensitive to extinction, as it involves lines in the red spectral

ange. 
.4 Electron density map 

he spatial distribution of the nebular density can be derived from the
ensity-sensitive [S II ] λ6716, 6731 doublet intensity ratio indepen- 
ently of the excitation mechanism (shocks or photoionization). As 
escribed in Section 2 and Appendix A , the [S II ] emission lines are
lassified in Table A1 as IwE, i.e. the emission is mostly attributed to
he inner shell with some contribution at systemic velocities arising 
rom the intermediate shell. Their flux maps have thus been computed
sing a method similar to that applied to the H α and H β lines in
ection 3.2.1 with the small differences detailed in Appendix A . 
The resulting [S II ] λλ6716, 6730 maps are then used to obtain

he electron density map using the usual relation between the 
S II ] λ6716/[S II ] λ6730 ratio and n e (Osterbrock & Ferland 2006 )
ssuming for T e a value of 30 000 K for the inner shell, within
f range of values derived from the [N II ] and [O III ] temperature-
ensitive ratios in the previous section, and 5000 K for the outer shell.
ig. 9 shows the electron density map for all pixels with S/N > 3. We
btained averaged densities of f n e ≈500 cm 

−3 for the inner shell and
 e ≈100 cm 

−3 for the outer shell, the latter in the low-density limit
f the density diagnostic provided by the [S II ] doublet. The electron
ensity of the outer shell is quite flat, but the inner shell shows two
eaks more or less coincident with the [O III ] emission peaks. 

The electron density of the inner shell agrees with that reported by
uerrero et al. ( 2018 ), whereas the extreme high electron density n e 
 20 000 cm 

−3 reported by Pollacco & Hill ( 1994 ) can be discarded
s those authors did not account for the contamination of the [S II ]
mission lines by stellar C II lines. Pe ̃ na et al. ( 2021 ) report values
or the electron density of the inner and outer shells of HuBi 1 for
ifferent epochs between 2000 and 2018 that are suggestive of higher
 e for the inner shell than the outer shell, although the large spread of
 e values makes such result only qualitatively consistent with those 
btained here. 

.5 Chemical abundances 

sing diagnostic diagrams and the scheme laid out by BPT, we
ave demonstrated in Section 4.2 that shocks is the main excitation
MNRAS 512, 4003–4020 (2022) 
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M

Figure 9. Electron density n e map of HuBi 1 derived from the [S II ] λ6716 
to [S II ] λ6730 line intensity ratio. The contours of the emission in the [O III ] 
λ5007 line showing the extent of the inner shell are o v erlaid. The most 
extended red contour separates the inner and outer shells of HuBi 1. Their 
densities n e were computed assuming an electron temperature of 30 000 K 

for the former (right colorbar) and 5000 K for the latter (left colorbar). 
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echanism of the inner shell of HuBi 1. Indeed, the high values of the
uroral-to-nebular line ratios [O III ] λ4363 Å/[O III ] λ5007 Å ∼ 0.09
nd [N II ] λ5755 Å/[N II ] λ6584 Å ∼0.33 are also clear indicators
f shocks (Dopita 1977 ). Since shock excitation has to be taken into
ccount for abundances determination in the inner shell of HuBi 1,
e computed those making use of the MAPPINGS V code (Sutherland

t al. 2018 ). Details of the code can be found in Appendix C . 
For our modelling, we consider shocks as the only source of

onization in the inner shell as the large extinction towards the
SPN basically absorbs all its UV emission. We ran a number of
odels taking into account the emission from both the shock and its

recursor (Allen et al. 2008 ; Sutherland & Dopita 2017 ). According
o analyses of spectroscopic observations of the outer shell of HuBi 1
e.g. Guerrero et al. 2018 ), shocks in these simulations are assumed
o propagate into a fully ionised medium (i.e. H/H 

+ = He/He + = 1)
ith a pre-shock temperature of 10 4 K. 
We start by fixing the values of the shock velocity v s at 80 km s −1 

s smaller velocities can be precluded (Rechy-Garc ́ıa et al. 2020 ),
he pre-shock density n at 1 cm 

−3 (similar to that found for non-fully
adiative young shocks by Dopita et al. 2018 ), and the strength of the
agnetic field B at 1 μG. The latter is low for a PN (Rodr ́ıguez et al.

017 ), but plausible if we assume that magnetic field scales with
ensity B ∝ n 1/2 as proposed by Cox ( 2005 ) for average interstellar
edium properties. 
We then ran a number of MAPPINGS V models varying the O and
 abundances, keeping the He abundance at 12 + log 10 (He/H) = 13.0

nd scaling the abundances of the other heavy elements with those
f O according to the Solar abundances (Asplund et al. 2009 ).
he MAPPINGS V models studying the variations of the O and N
bundances are presented in Table C1 of Appendix C , where the
odel line emission strengths are compared with those observed

eported in Table 1 to determine the best values for the O and N
bundances. The emission line ratio [O III ] λ4363 Å/[O III ] λ5007 Å,
hich is particularly sensitive to the shock conditions (Dopita 1977 ),

s used as a main indicator, but the intensities of the [O III ], [O II ],
nd [N II ] emission lines are also considered 

The N/H abundances were first fixed to their Solar values and the
/H abundances allowed to vary (Columns 3–7 of Table C1 ). It can
e seen there that, although O abundances below 12 + log 10 (O/H)
 9.8 reproduce best the auroral-to-nebular [O III ] ratio, they clearly
NRAS 512, 4003–4020 (2022) 
nderestimate the flux of all O emission lines. Higher O abundances
end to o v erestimate the [O III ] emission lines and predict auroral-to-
ebular [O III ] ratios much smaller than observed. The model with 12
 log 10 (O/H) = 9.8 ± 0.1, which best reproduces most of the [O III ]

mission lines, is adopted as best fit model. The O/H abundances
ere then fixed to this value and the N/H abundances allowed to
ary (columns 8 to 12 of Table C1 ). As for the O abundances, the
ntensity of the N lines require abundances two orders of magnitudes
igher than Solar values, with the best fit achieved at 12 + log 10 (N/H)
 9.9 ± 0.10. 
We tried then to assess the He abundance that best reproduces

he intensity of the He recombination lines. Table C2 shows that
redicted intensity of the He recombination lines scales with the
e abundance, although it also has noticeable effects in impor-

ant collisional lines, such as [N II ] λ6584, implying variations at
actors of about one half in the N abundances anticorrelated with
hose of He. On the other hand, the intensity of the O lines and
hus their abundances are quite insensitive to variations in the He
bundances. We varied the He abundance around a value of 12 +
og 10 (He/H) = 13, but the He II λ4686 line was always underesti-
ated, whereas the He I λ5876 line was clearly o v erestimated. A

alue of 12 + log 10 (He/H) = 13.00 ± 0.15 was selected as a best
ompromise. 

Finally, we investigated whether the adopted pre-shock density and
hock velocity may explain the discrepancies found in some emission
ine ratios for our fixed set of chemical abundances. In Table C3 we
how that increasing the shock velocity v s from 100 to 200 km s −1 

end to decrease all emission line ratios with respect to the [O III ]
mission lines. Therefore, we conclude that a shock velocity v s of
0 km s −1 is the best choice in agreement with Guerrero et al. ( 2018 ).
imilarly, we show in Table C4 that increasing the pre-shock density
akes closer the estimation of the [O III ] ratio to the observed one,

ut other important emission lines as the [S II ] doublet, [O II ] and
N II ] lines are not well reproduced. Lower densities lead to lower
O III ] λ4363/[O III ] λ5007 ratios, making them differ more notably
rom the observed one. Therefore, the best models are adopted to
ave a pre-density n pre of 1 cm 

−3 . 
We list in Table 2 the parameters of our preferred model to

eproduce the shock-excited spectrum of the inner shell of HuBi 1.
e note that the C abundances in this table are scaled from the O

bundances assuming a Solar C/O ratio of ∼0.55 (Asplund et al.
009 ), as the available line ratios do not provide a suitable constraint
o the C abundances. The [O III ] and [N II ] lines are fairly well
escribed by this model, with the most notable discrepancies for
he He I λ5876 and [O II ] λ3727 emission lines. These discrepancies
ill be discussed in further details in the next section. 

 DI SCUSSI ON  

uBi 1, the inside-out PN, has pro v en to be a remarkable object,
ith extreme changes recorded in the past decades (e.g. Guerrero

t al. 2018 ; Pe ̃ na et al. 2021 ). Similar variations in human time-
cales have also been reported for the two youngest born-again PNe
dentified thus far, namely the Sakurai’s Object and A 58, also known
s Nova Aql 1919 (see Clayton et al. 2013 ; Evans et al. 2020 ,
nd references therein), as well as for the LTP star SAO 244567
nd the nebula around it (Reindl et al. 2017 ; Balick, Guerrero &
amos-Larios 2021 ). Indeed, the dramatic decline in brightness of

he CSPN of HuBi 1 by � 10 mag in ∼50 yr and the strong IR
mission and the profusion of C emission lines from the innermost
egions detected in the oldest available spectra (Pollacco & Hill 1994 )
re suggestive of the ejection of highly enriched material that had

art/stac336_f9.eps
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Table 2. MAPPINGS V model considered to reproduce the emission from the 
inner shell in HuBi 1. The emission lines are referred to I (H β) = 100. 

Parameter Preshock Postshock 

Density ( n )[cm 

−3 ] 1 3.7 
Electronic Density ( n e )[cm 

−3 ] 5.8 21.4 
Temperature ( T )[K] 30000 380000 
Magnetic field ( B )[ μG] 1 3.7 

Chemical abundances 12 + log 10 (X/H) 
H 12.00 
He 13.00 ± 0.15 
C 9.53 
N 9.90 ± 0.10 
O 9.80 ± 0.10 
Ne 9.03 

Line Observation Model 
[O II ] 3727 8360 571.2 
[Ne III] 3869 622 54.9 
[S II ] 4069 111 14.2 
[O III ] 4363 30.6 25.0 
He II 4686 134 66.8 
[O II ] 4959 101 129.2 
[O III ] 5007 324 373.4 
[N II ] 5199 75.6 119.3 
[N II ] 5755 60.2 66.3 
He I 5876 < 20.5 336.7 
[O I ] 6300 95.5 30.4 
[S III] 6312 4.5 5.3 
[O III ]6363 28.3 9.7 
[N II ] 6548 330 552.2 
H α 274 407.4 
[N II ] 6584 1390 1624 
[S II ] 6717 135 104.0 
[S II ] 6731 112 115.0 
[Ar III ] 11.1 7.8 
[O II ] 7320 31.6 43.1 
[O II ] 7330 26.2 34.8 
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esulted in the sudden formation of large amounts of dust, well in
greement with a born-again scenario. If this were the case, there 
re a number of predictions that can be uniquely tested using the
nequalled capabilities of MEGARA at the GTC to disentangle the 
nner shell emission from that corresponding to the outer H-rich 
N. 
Since VLTP events result in the production of large amounts of

ust, one basic expectation would be that the inner shell of HuBi 1
hould be more extincted than the outer shell. We have for the first
ime obtained clean extinction maps of the inner and outer shells
y dissecting the different contributions of their emission to the H 

almer lines. These unpolluted extinction maps confirm that the inner 
hell exhibits larger c (H β) values than the outer nebula, in contrast
ith the similar values for both shells reported in previous works

e.g. Pe ̃ na 2005 ; Pe ̃ na et al. 2021 ). Incidentally, these extinction maps
llow us the proper reddening correction of the spectra extracted for
he inner and outer shells using the appropriate value of c (H β) for
ach of them. 

After experiencing a VLTP event, the CSPN is expected to go 
ack for a short period of time to the locus of the H-R diagram
ccupied by AGB stars, reducing considerably its ef fecti ve tempera- 
ure and thus its ionization photon flux. As a result, photoionization 
annot be the main excitation mechanism of the emission arising 
rom the innermost regions of young born-again PNe. Combining 

EGARA and OSIRIS data sets, we have obtained reddening- 
orrected [O III ]/H β, [N II ]/H α and [S II ]/H α line ratios that have
een used to produce standard diagnostic diagrams. The position 
n these diagrams of data points from the inner shell undoubtedly
emonstrate that the main emission mechanism in the inner shell of
uBi 1 is shocks, confirming the original proposition explored by 
uerrero et al. ( 2018 ). 
The most critical test of the born-again nature for the inner

hell of HuBi 1 would be a H-poor ab undance. We ha ve computed
hose from the line ratios measured in the MEGARA and OSIRIS
ata sets using the MAPPINGS V code to conform to the shock-
xcitation of this region. The best-fitting model (Table 2 ) is capable
o reproduce most of the emission lines detected in our spectra,
lthough the strength of the [O II ] λ3727 doublet is notoriously
nderestimated, whereas those of the He II λ4686 and He I λ5876
mission lines cannot be simultaneously matched. The significant 
ifferences between the observed and predicted intensities of the 
O II ] λ3727 and [O II ] λλ7320,7330 emission lines may reveal the
omplexity of the physical conditions and possibly varying optical 
epth of the O 

+ -emitting re gion. Alternativ ely, these discrepancies
an be partially attributed to the effects of the relatively small
hotoionization produced by the cool CSPN of HuBi 1 ( T eff ≈35–
8 kK; Leuenhagen & Hamann 1998 ; Guerrero et al. 2018 ), which
ould raise the emissivity of the [O II ] λ3727 doublet and He I

5876 emission line. More likely there is an o v er-correction of the
xtinction of the intensity of the emission lines in the blue end of the
pectrum due either to spatially varying absorption or to the use of a
eneric extinction curve of the interstellar medium, but probably 
ot suitable for the peculiar chemical abundances of the ejecta. 
ection 4.3 already noted the discrepancies between the electron 

emperature derived from line ratios involving [O II ] and [S II ] ‘blue’
nd ‘red’ lines. Indeed, the shock models here presented does not
nly underestimate the ‘blue’ [O II ] λ3727 and [S II ] λ4069 lines, but
lso the [Ne III ] λ3869 emission line. 

The best-fitting model in Table 2 implies the notable hydrogen 
eficiency in the innermost ejecta of HuBi 1, with He/H � 10, O/H
 0.006, and N/H � 0.008, well abo v e those typical for PNe. These

esults are in sharp contrast with those recently presented by Pe ̃ na
t al. ( 2021 ), who claimed that the chemical composition of the inner
nd outer shells of HuBi 1 were similar among them and typical of
Ne. We note, ho we ver, a number of flaws in the analysis presented
y Pe ̃ na et al. ( 2021 ) (1) the extinction-correction of the outer shell
as applied to the inner shell of HuBi 1, which is inadequate and

esult in the incorrect determination of the physical conditions of the
nner shell, (2) the notable DCR effects in the same OSIRIS long-
lit spectra presented here (see Appendix A ) were not corrected,
3) photoionization was assumed as the excitation mechanism for 
he calculation of the inner shell chemical abundances, although 
he y had pro v en the pre v alence of shocks as the main excitation

echanism, and (4) more importantly, the dominant contamination 
f the outer shell to the H β and H α emission from the inner shell
as not subtracted, artificially enhancing the hydrogen content of 

he inner shell. 
The abundances by number obtained in our analysis considering 

hocks are in excellent agreement with the abundances determined 
rom collisionally excited emission lines (CELs) from the H-poor 
nots of born-again PNe (Jacoby & Ford 1983 ; Manchado, Pottasch
 Mampaso 1988 ; Guerrero & Manchado 1996 ; Wesson, Liu &
arlow 2003 ; Wesson et al. 2008 ). Our He/H abundance of 10 is as
ell in the same range from 3.2 to 11.7 to that obtained for A 30 and
 58 (see table 7 in Wesson et al. 2008 ). It can thus be concluded that

he chemical abundances of the inner shell of HuBi 1 are consistent
ith the H-poor nature of a born-again scenario. 
MNRAS 512, 4003–4020 (2022) 
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The chemical abundances of HuBi 1, as those derived for other
orn-again PNe using CELs, are far from the theoretical expectations
rom born-again scenarios (e.g. Miller-Bertolami et al. 2006 ). It
s well- known that observed chemical abundances in born-again
Ne only become consistent with those theoretically predicted when

hey are computed using optical recombination lines (ORLs), as
he abundances discrepancy factor (ADF), i.e. the ratio between the
hemical abundances derived from ORLs and CELs, is extremely
igh among born-again PNe, with values up to 700 for A 30
Wesson et al. 2003 ) and � 90 for A 58 (Wesson et al. 2008 ). For
omparison, the average ADF 

7 Unfortunately, the ORLs needed for
he determination of the ADF in HuBi 1 are not available in its
pectrum. If an ADF of 100 were adopted, which seems reasonable
or born-again PNe, total ‘ADF-corrected’ abundances by mass of
.01, 0.58, 0.06, 0.16, 0.15, and 0.04 for H, He, C, N, O, and Ne,
espectively, would be obtained. 

These ‘ADF-corrected’ chemical abundances are in the range of
he theoretical expectations from born-again scenarios considered
bo v e (Miller-Bertolami et al. 2006 ), but for the N/O ratio close
o unity, which seems otherwise typical of nova events (see Lau,
e Marco & Liu 2011 ). This scenario, ho we ver, is unlikely, since

he slowest no vae hav e v elocities ∼300 −700 km s −1 (see,e.g.
antamar ́ıa et al. 2020 , and references therein), whereas the bulk
f material of the hydrogen-poor ejecta of HuBi 1 expands at 80–
00 km s −1 . 
The details of these ‘ADF-corrected’ abundances do not com-

letely agree with those estimated for the CSPN of HuBi 1 using non-
ocal thermodynamic equilibrium atmosphere models (Leuenhagen
 Hamann 1998 ; Guerrero et al. 2018 ): the neb ular ab undances

y mass of 0.58 for He and 0.15 for O differ from the stellar
alues of 0.33 and 0.10, respectively, the nebular N/O ratio is about
0 times larger than the stellar N/O ratio (0.1), and the nebular C
bundances are about 8 times smaller than the stellar ones (0.5).
n the other hand, the stellar abundances are perfectly matched by

he theoretical predictions (Guerrero et al. 2018 ). We suspect that
he differences between the ‘ADF-corrected’ abundances of HuBi 1
nd the stellar abundances and theoretical predictions arise from a
otable underestimation of the C abundances and in a minor degree
f the O abundances. The C and Ne abundances obtained with our
hock model have been estimated using their Solar ratios with respect
o the O ab undances, b ut the wealth of C II and C III lines detected
y Pollacco & Hill ( 1994 ) point to a significant o v erabundance of
. Moreo v er, large amounts of C are to be trapped into C-rich dust

uch as amorphous carbon species as shown in the born-again PNe
 30 and A 78 (Toal ́a et al. 2021a ). In addition, C and O atoms might
e trapped into CO molecules, which in the case of the born-again
N A 58 amount to a mass � 10 −5 M � (Tafoya et al. 2022 ). If those
ffects were to be taken into account, the C fraction by mass would
ncrease notably, reducing that of the other elements, and the N/O
atio would be reduced. The total abundances by mass of He, C, N,
nd O would then become consistent with those of 0.33, 0.5, 0.01, and
.10, respectively, estimated for the CSPN (Guerrero et al. 2018 ). The
ase of the C abundances of the born-again ejecta of HuBi 1 will be
ddressed in a subsequent paper (Rodr ́ıguez-Gonz ́alez et al., in prep.)
sing IR observations to obtain a coherent set of chemical abundances
f H, He, C, N, and O (see Toal ́a et al. 2021a ). Future studies that
imultaneously model the gas, dust and molecules of born-again PNe
NRAS 512, 4003–4020 (2022) 

 See https://www.nebulousresearch.org/adfs for the most up to date list of 
DFs in PNe. of hydrogen-rich PNe is � 2 (Wesson et al. 2018 ). 

i  

a  

c  

o  
ill help strengthen our understanding of the evolutionary sequences
f the progenitors of such unique objects. 

 C O N C L U S I O N S  

e have analysed integral field MEGARA and long-slit OSIRIS op-
ical spectroscopic data of HuBi 1, the inside-out PN. The combined
apabilities of these two GTC instruments have allowed us to study
he ionization structure of HuBi 1 in unprecedented detail and to
etermine the true chemical abundances of the recent ejecta in its
nnermost regions. Our main findings can be summarized as follows:

(i) The multiple shell structure of HuBi 1 is clearly dissected, with
n inner shell associated with the recent ejecta, an outer shell, and
dditional emission mainly in the low-ionization [N II ] and [S II ] lines
rom an intermediate region. The inverted ionization structure of the
nner shell of HuBi 1 is dramatically confirmed, with the emission
n the He II λ4686 line encompassing that in the [O III ] lines, which
n addition surrounds that of the low-ionization [N II ] and [S II ]
mission lines. The morphology of the intermediate region and its
xcitation are indicative of the interaction between the expanding
jecta of the inner shell and the old nebula. This intermediate region
an be envisaged as the precursor of the petal-like structure clearly
eveloped in the evolved born-again PNe A 30 and A 78. 
(ii) The high-dispersion integral field spectroscopic data obtained

ith MEGARA have proven to be conclusive to separate for the first
ime the faint emission of the H Balmer lines from the inner shell
rom the bright emission of the outer shell. The emission in the H β

nd H α lines from the inner shell of HuBi 1 have been accurately
btained, allowing us to compute reliable relative line intensity ratios
o determine the spatially varying extinction and excitation, and to
ompute the true chemical abundances of the inner shell. 

(iii) The extinction coefficient c(H β) of the inner shell ( � 2.2)
s on average twice that of the outer shell ( � 1.1). The increased
bsorption towards the central regions of HuBi 1 is consistent with
he idea that large amounts of dust have been recently produced there
s suggested by the remarkable brightness reduction of its CSPN,
RAS 17514 − 1555, by ∼10 mag in the last 50 yr. 

(iv) The impro v ed relativ e line intensity ratios hav e allowed us to
ndoubtedly confirm that the inner shell is ionized by shocks using
PT diagrams. On the other hand, the outer shell is located on the
hotoionization zone of these diagram. Interestingly, the distributions
f data points of the outer shell in the line ratio diagrams show
 gradient, with points from the outermost regions clearly in the
hotoionization zone, but points from the innermost regions of the
uter shell spatially consistent with the intermediate region described
bo v e being closer to the locus for shocks. This supports the idea that
he intermediate region is partially shock-excited by the interaction
f the recent ejecta with the old nebula. 
(v) The total abundances by number considering shocks are in

greement with the chemical abundances obtained from CELs in
he hydrogen-poor knots of other born-again PNe such as A 30,
 58, and A 78. This is also the case for the total abundances by
ass computed assuming an ADF of 100 similar to other born-again
Ne. In particular, the large amount of He complies the hydrogen-
oor nature of the ejecta predicted in born-again scenarios. Our
bservation did not detect any carbon lines and we could not measure
ts ab undances, b ut it can be expected that large amounts of carbon
re to be trapped into C-rich dust. Moreo v er, some carbon and oxygen
an be found forming CO molecules. It is suggested that the depletion
f carbon and oxygen into dust grains and CO molecules can bring

https://www.nebulousresearch.org/adfs
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he chemical abundances of the recent ejecta in HuBi 1 close to those
f its [WC] CSPN. 
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PPENDI X  A :  SELECTI ON  A N D  C O R R E C T I O N  

F  EMISSION  LI NES  IN  OSI RI S  DATA  

he emission of the inner shell of HuBi 1 is contaminated by that
f the surrounding outer shell. This is a typical situation in multiple
hell PNe where the contribution of the emission from the outer shell
o the inner shell is normally ignored because the emission from the
nner shell is much brighter than that of the outer shell. This is not
he case for the emission from the inner shell of HuBi 1, for which
he emission from some lines (e.g. the H Balmer lines) is much
ainter than that from the outer shell. Therefore, the contribution of
he emission from the outer shell to the inner shell cannot be ignored
nd the measurement of the emission line fluxes for the inner and
uter shells of HuBi 1 require a tailored approach. 
The OSIRIS data provide information on the spatial location of 

he emission and cannot be used to disentangle the fraction of the
mission at the location of the inner shell that corresponds to the inner
nd outer shells. Fortunately, the kinematic information provided by 
he MEGARA data can be used to separate the emission of the inner
hell from that of the outer shell given their different expansion
elocities (Rechy-Garc ́ıa et al. 2020 ). Accordingly, we have defined
our different types of emission lines: purely internal, purely external, 
xternal with some inner emission, and internal with some external 
mission. The classification for each emission line detected in HuBi 1
s presented in Table A1 . 

(i) Purely internal (PI) or external (PE) emission lines. 
MNRAS 512, 4003–4020 (2022) 
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Table A1. Atmospheric differential chromatic refraction (DCR) shift 
for the emission lines detected in the GTC OSIRIS spectrum of HuBi 1 
and line classification according to the fraction of emission from the 
inner and outer shells. 

Line DCR shift Line classification 
(arcsec) 

[O II ] 3727 + 1.22 IwE 

[Ne III ] 3869 + 1.08 PI 
H ζ+ He I 3889 + 1.06 PE 

H ε+ [Ne III] 3969 + 0.99 –
He I 4026 – PE 

[S II ] 4069 + 0.91 PI 
H δ 4101 + 0.88 PE 

H γ 4340 + 0.71 PE 

[O III] 4363 + 0.70 PI 
He I 4471 + 0.63 PE 

C I :O II :N II :4562 + 4570 + 0.58 PI 
He II 4686 + 0.51 PI 
H β 4861 + 0.43 EwI 
[O III] 4959 + 0.38 PI 
[O III] 5007 + 0.36 PI 
He I 5016 + 0.36 PE 

[N I] 5199 + 0.29 IwE 

[N II] 5755 + 0.11 PI 
He I 5876 + 0.08 EwI 
[O I] 6300 + 0.01 PI 
[S III] 6312 −0.01 PI 
[O I] 6363 −0.02 PI 
[N II] 6548 −0.05 IwE 

H α 6563 −0.05 EwI 
[N II] 6584 −0.06 IwE 

He I 6678 −0.07 PE 

[S II] 6717 −0.08 IwE 

[S II] 6731 −0.08 IwE 

He I 7065 −0.13 PE 

[Ar III] 7135 −0.14 PI 
C II 7236 −0.16 PI 
C I, O II? 7289 −0.16 PI 
[O II] 7320 −0.17 PI 
[O II] 7330 −0.17 PI 
N I:O II 7379 −0.18 PI 

L  

a  

m  

a  

b  

(  

fl
 

(
T  

r  

o  

t  

M  

H  

o  

t  

w  

t  

w  

o  

s  

o  

(  

o  

o  

w  

w  

i  

i  

a  

e  

b
 

(
A  

s  

c  

d  

i  

a  

s  

c  

fl  

b  

fl  

t  

d  

h  

s  

v  

f  

i  

e  

w  

c  

s
a  

s  

fl  

s  

t

 

l  

u  

i  

f  

t  

M  

A

A
A
R

T  

i  

t  

r  

m  

p  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/3/4003/6527589 by M
PI fur plasm

aphysik user on 19 April 2022
ines whose emission arises mostly from the inner or outer shell, such
s the [O III ] or He II and the He I lines, respectiv ely. The flux es are
easured directly from the spectra extracted from the corresponding

pertures o v erlaid on Fig. 1 , i.e, the top and bottom spectra in Fig. 5 ,
ut for the emission lines with available GTC MEGARA images
e.g. the [O III ], He II and He I emission lines), whose total integrated
uxes are computed from these images. 
(ii) Lines mostly from the external shell with internal emission

EwI). 
he emission of the outer shell is dominated by H Balmer and He I

ecombination lines, implying strong contamination to the emission
f the inner shell in these lines. The different e xpansion v elocity of
he inner and outer shells and the tomographic capability of the GTC

EGARA data have allowed us to disentangle the emission in the
 α and H β lines as described in Sections 3.2.1 and 3.2.2 . The flux
f these emission lines from both shell is thus measured directly on
he GTC MEGARA images of each shell. In the case of He I lines,
ith only GTC OSIRIS data, only 5875 He I line had enough S/N

o obtain the emission of the inner shell by using lines profile. As
ell as in H β and H α lines profiles has slight bumps at the location
f inner shell corresponding with the emission of this shell, He I
NRAS 512, 4003–4020 (2022) 
hould has this bumps and we use H β to extract the inner emission
f the He I line. First, the dereddened H β profile of inner shell
see, section 3.2.1 ) was subtracted from the total profile in order to
btain non-contaminated emission of the outer shell. Then the peaks
f total emission He I profile and H β pure outer emission profile
ere equated to estimated the pure emission of He I line. Finally
e subtract the H β profile from He I to obtain the emission purely

nternal of the later. Although this method is subject to a worse S/N,
t provide an estimation of He I 5875 line. A similar method was also
pplied to other He I lines ho we ver the S/N was too large to obtain
mission of the inner shell. Therefore, these lines were assumed to
e PE. 
(iii) Lines mostly from the internal shell with external emission

IwE). 
 number of important emission lines are notably bright in the inner

hell, but the outer shell still presents significant emission. In the
ase of the emission lines of [N I ] and [O II ], with only GTC OSIRIS
ata, the surface brightness of the outer shell (top panel Fig. 5 )
n these lines was measured and an average value adopted on the
ssumption that it is an homogeneous shell. Then, that emission was
ubtracted from the emission of the inner shell (bottom panel Fig. 5 )
onsidering an equi v alent aperture for the inner shell to obtain its net
ux. The flux for outer shell was computed scaling its average surface
rightness to the yellow and red apertures in Fig. 1 to consider the
ux of the outer shell projected on to the inner shell. In the case of

he emission lines of [N II ] and [S II ], which have GTC MEGARA
ata, a similar procedure to that used for the H α and H β lines could
ave been applied. Ho we ver, the emissions from the inner and outer
hells of [N II ] and [S II ] could not be perfectly separated in the
elocity space, as was done for H α and H β, because the emission
rom the inner shell is present in all velocity channels, not only
n high-velocity components, whereas that of the outer shell has
mission from an intermediate region occupying velocity channels
ith relatively high expansion velocities (Toal ́a et al. 2021b ). In this

ase, we first determined the emission of these lines from the inner
hell that could be isolated in high-velocity components as for H α

nd H β. Then at lower velocities, where intermediate/outer and inner
hells are present, a mask of 2.5 arcsec in radius was applied and the
ux measured on this aperture. The flux of the inner shell was the
um of both terms, whereas for the outer shell, the flux adopted was
hat of the emission beyond 2.5 arcsec. 

We note that the H β emission line is used to compute the different
ine ratios listed in Table 1 . For the inner shell, these are computed
sing the total H β and line flux es deriv ed from the GTC MEGARA
mage if there is available GTC MEGARA image of the inner shell
or that line. If there were no available GTC MEGARA image of
hat line, the H β flux is computed from a pseudo-slit on to the GTC

EGARA image at the location of the GTC OSIRIS slit (see next
ppendix). 

PPENDI X  B:  C O R R E C T I N G  T H E  

TMO SPH ER IC  DI FFERENTI AL  CHRO MATIC  

EFRAC TI ON  IN  T H E  OSI RI S  DATA  

he OSIRIS observations of HuBi 1 were obtained at the time around
ts culmination, but still at large airmass values at the ORM, in
he range from 1.49 to 1.41, when notable differential chromatic
efraction (DCR) effects can be expected. DCR effects are usually
inimized selecting the position angle (PA) of the slit along the

arallactic angle, which is close to the north–south direction near
ulmination. The PA of the slit during the observations was ho we ver
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Figure B1. Variations of the shifts with respect to [N II ] for different emission 
lines during the observations. DCR becomes noticeable in the blue zone of 
spectrum rising up 1.2 arcsec for [O II ] λ3727. Due to the negligible variation, 
an average value of the shifted for each line can be adopted for the whole 
observation. 
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Figure B2. NOT ALFOSC [N II ] λ6584 (red) and H αλ6563 (green) colour 
composite picture of HuBi 1. Relative positions of OSIRIS slit for [O II ] 
(cyan) and [N II ] (red) are superimposed and also its corresponding lines 
profiles (blue) and (orange), respecti vely. The relati ve position of [O II ] line 
falls just on the edge of the inner re gion, pro viding and single-peak profile, 
and not two as would be expected looking at Fig. 2 , showing the DCR suffered 
by OSIRIS data set. 
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et almost orthogonally, at PA 90 ◦ along the east–west direction, 
o a v oid background stars and to register neb ular areas of the
ighest surface brightness, thus optimizing the scientific return of 
he observations. As a result, DCR effects cannot be ignored and 
eed to be accounted for in the analysis of this data set. 

According to Filippenko ( 1982 ), the positional shift along the 
arallactic angle caused by the DCR can be expressed in terms of
and zenith distance z (or airmass m ), which is a function of the

bserving time t . This shift is computed for a wavelength reference at
000 Å adopting typical conditions of the ORM. We have computed 
he spatial shifts for the wavelength of each emission line of interest
ccording to Filippenko’s expressions, but referred them to the central 
avelength of the Sloan r’ filter at 6204 Å that was used for the

cquisition of HuBi 1. 

CR ( λ) = R( λ) − R( λ0 ) ≈ 206265[ n ( λ) − n ( λ0 )] tan ( z) , (B1) 

 ( λ) 15 , 760 − 1 = 

[
64 . 328 + 

29498 . 1 

146 − (1 /λ) 2 
+ 

255 . 4 

41 − (1 /λ) 2 

]
, (B2) 

 ( λ) T ,P − 1 = ( n ( λ)15 , 760 − 1) 

× P [1 + (1 . 049 − 0 . 0157 T )10 −6 P ] 

720 . 883(1 + 0 . 003661 T ) 
. (B3) 

The positional shift between emission lines at the blue and red 
xtremes of the spectral range (for instance, the [O II ] λ3727 and
O II ] λλ7320, 7330 emission lines) was found to be larger than the
lit width. 

Since the parallactic angle is a function of time pa ( t ) that varies
uite rapidly near culmination, the shift of the slit along the 
rthogonal direction caused by DCR effects s ( t ) needs to be corrected
ccordingly: 

( t) = D CR ( λ, t) × cos pa( t) . (B4) 

he variations of the shifts with respect to [N II ] for different emission
ines of interest such as [O II ] λ3727, He II λ4686, H β, [O III ]
5007, [S II ] λλ6716,6731, and [O II ] λλ7320,7330 are shown in
ig. B1 . This figure reveals that the variations of the shifts during the
bservations are not dramatic for the wavelength of each emission 
ines of interest. 
We can thus define slit positions for each emission line using
edian values of their shifts in Fig. B1 to characterize the spatial

egions of HuBi 1 registered by these emission lines. A number of
hese equi v alent slit positions are o v erlaid on an image of HuBi 1 in
he [N II ] λ6584 emission line in Fig. B2 . The figure immediately
e veals that dif ferent emission lines register dif ferent nebular regions.
his is particularly significant for the small-sized inner shell of 
uBi 1, implying that the comparison of spatial profiles and fluxes

or different emission lines of this shell extracted from the OSIRIS
D spectra has to consider these shifts (unlike the analysis presented
y Pe ̃ na et al. 2021 ). 
In order to correct from these effects the intensity line ratio of a

articular emission line to H β, we have adopted different strategies.
or the inner shell, the intensity line ratio to H β of emission lines
o v ered in the spectral range of the MEGARA data is derived from
he whole emission of the inner shell, whereas that of emission lines
nly co v ered in the OSIRIS data are compared to the H β flux derived
rom the corresponding pseudo-slit of this line in the MEGARA data.
or the outer shell, the MEGARA data do not cover the whole outer
hell, thus the intensity line ratio to H β has been solely derived using
he latter approach, i.e. the flux of the emission line is compared to
he H β flux derived from the corresponding pseudo-slit of this line in
he MEGARA data. This procedure warranties that the intensity line 
atio to H β of a particular emission line is derived using line fluxes
easured in the same nebular apertures for both emission lines. 

PPENDI X  C :  MAPPINGS V S H O C K  M O D E L S  

F  T H E  I N N E R  SHELL  O F  H U B I  1  

APPINGS V (see Sutherland & Dopita 2017 ) is able to produce
ine and continuum emissivity from shocked plasmas from non- 
quilibrium ionization objects, for e xample, radiativ e shocks in 
upernova remnants or shock structures surrounding Herbig-Haro 
bjects. MAPPINGS V solves the coupled ionization and cooling 
quations in a time-dependent scheme. The first version of MAPPINGS 
MNRAS 512, 4003–4020 (2022) 
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see Binette, Dopita & Tuohy 1985 ) was developed as a result of a
eries of works presented by Dopita ( 1976 , 1977, 1978 ). The code
as been greatly impro v ed since then and it now includes a detailed
reatment of temperature-dependent collision strengths, new cooling
unctions, computations for optically thin plasmas and up to 80 000
ooling and recombination lines (see the historical impro v ement of
he code presented in Sutherland & Dopita 2017 ). 

Here we present in Tables C1–C4 the predicted line intensities
f some of the models computed with MAPPINGS V following the
ethodology explained in Section 4.5 to estimate the chemical

bundances of the inner shell of HuBi 1. All models are computed
ith a spectral resolution R ≈ 3000, i.e. the line intensity ratios pre-

ented in Tables C1 –C4 include the contribution of all emission lines
omputed in the model around the nominal wavelength that would
e unresolved at this spectral resolution. We note that the expected
ontribution of contaminant emission lines is mostly negligible. 

Tables C1 and C2 present emission line ratios referred to I (H β) =
00 as they constrain the chemical abundances of helium, oxygen,
nd nitrogen with respect to hydrogen. The first five models in
able C1 were computed at fixed values of He/H and N/H to explore

he variations of the emission line ratios with the O abundances. Then
he O/H abundances ratio was fixed at its best value and the N/H
bundances ratio varied in the ne xt fiv e columns. This table shows
hat high oxygen and nitrogen abundances are necessary to reproduce
he emission lines of [O III ] and [N II ]. Once the best-fitting values
NRAS 512, 4003–4020 (2022) 
f the O/H and N/H abundances ratios were determined, the He/H
bundances ratio was varied in Table C2 . Although the He I λ5876
mission line is not well reproduced by the adopted value of He/H,
e note that different values of He/H lead to notable differences in

he estimate of most emission lines (being clearly o v erestimated for
2 + log(He/H) > 13.0). 
Tables C3 and C4 explore the variations of the intensity line ratios

f He, N, O, Ne, S, and Ar induced by changes of the physical
onditions of the shock, namely the shock velocity v s and the pre-
hock density n pre . We therefore preferred to refer the emission line
atios to I ([O III ] 5007) = 100 to assess the relative changes in the
ine ratios from ions of those elements. It should be noted in Table C3
hat the [O II ] to [O III ] line ratio peak at v s of 100 km s −1 , then drops
radually at higher velocities. Indeed, the notable increase of the
O III ] line intensities at velocities 140 km s −1 and above produces
 sharp decline in most line ratios, particularly in the H I , He I , and
e II recombination lines. Meanwhile the effects of the variations
f the pre-shock density n pre explored in Table C4 reveal notable
hanges in the intensity ratios of lines from low ionization species,
uch as He I , [O I ], [O II ], [N I ], [N II ], and [S II ], with respect to
O III ], whereas other higher ionization species show less dramatic
ariations. 
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Table C1. MAPPINGS V models assessing the variation of the oxygen and nitrogen abundances for the inner shell of HuBi 1. The values of v s = 80 km s −1 , n pre = 

1 cm 

−3 , B = 1 μG, 12 + log 10 (He/H) = 13.0, and H/H 

+ = He/He + = 1 have been fixed in all models. O/H stands for 12 + log 10 (O/H), N/H for 12 + log 10 (N/H), 
and RO3 denotes the ratio [O III ] λ4363/[O III ] λ5007. 

Line Obs. N/H = 7.9 O/H = 9.8 
O/H = 8.0 O/H = 9.0 O/H = 9.8 O/H = 10.0 O/H = 10.2 N/H = 7.9 N/H = 8.9 N/H = 9.9 N/H = 10.9 N/H = 11.9 

[O II ] 3727 8360 166 .6 723 .2 1049 .7 978 .6 985 .3 1049 .7 968 .8 571 .2 66 .5 398 .1 
[Ne III ] 
3869 

622 1 .7 15 .6 54 .6 97 .0 88 .4 54 .6 74 .9 54 .9 13 .0 63 .8 

[S II ] 4069 111 5 .2 20 .4 21 .1 24 .0 21 .7 21 .1 23 .7 14 .2 2 .1 37 .4 
[O III ] 4363 30.6 0 .7 6 .1 22 .8 44 .2 43 .7 22 .8 31 .1 25 .0 6 .3 28 .3 
He II 4685 134 43 .8 48 .2 49 .2 75 .3 60 .6 49 .2 70 .6 66 .8 49 .7 69 .0 
[O III ] 4959 101 3 .2 26 .8 109 .9 229 .0 252 .6 109 .9 149 .1 129 .2 45 .1 143 .3 
[O III ] 5007 324 9 .2 77 .7 317 .8 662 .1 730 .1 317 .8 431 .0 373 .4 130 .4 414 .5 
[N I ] 5199 75.6 58 .4 18 .7 2 .1 1 .1 0 .7 2 .1 22 .1 119 .3 266 .9 111 .3 
[N II ] 5755 60.2 9 .2 4 .4 1 .1 0 .7 0 .5 1 .1 10 .4 66 .3 85 .7 88 .4 
He I 5876 < 20.5 286 .0 361 .8 468 .9 399 .5 322 .6 468 .9 422 .7 336 .7 165 .6 388 .1 
[O I ] 6300 95.5 27 .2 88 .9 51 .1 37 .7 33 .9 51 .1 56 .6 30 .4 5 .3 76 .5 
[S III ] 6312 4.5 0 .6 3 .4 7 .1 9 .2 9 .4 7 .1 7 .6 5 .3 1 .1 5 .7 
[O I ] 6363 28.3 8 .7 28 .4 16 .3 12 .1 10 .8 16 .3 18 .1 9 .7 1 .7 24 .5 
[N II ] 6548 330 126 .6 45 .2 8 .1 5 .6 3 .4 8 .1 86 .9 552 .2 871 .3 754 .3 
H α 274.0 323 .5 325 .2 397 .3 410 .0 436 .3 397 .3 392 .4 407 .4 472 .3 361 .9 
[N II ] 6584 1390 372 .6 132 .9 24 .0 16 .4 10 .0 24 .0 255 .6 1624 .6 2563 .6 2219 .4 
[S II ] 6716 135 62 .3 181 .2 160 .4 144 .5 133 .7 160 .4 172 .2 104 .0 18 .1 75 .7 
[S II ] 6731 112 50 .3 168 .1 163 .7 159 .5 128 .7 163 .7 190 .4 115 .0 17 .4 117 .4 
[Ar III ] 7135 11.1 0 .5 3 .7 8 .3 13 .8 12 .9 8 .3 11 .0 7 .8 1 .7 9 .2 
[O II ] 7319 31.6 7 .4 42 .9 70 .7 73 .9 62 .5 70 .7 73 .8 43 .1 3 .7 88 .8 
[O II ] 7329 26.2 6 .0 34 .7 57 .1 59 .7 50 .5 57 .1 59 .6 34 .8 3 .0 72 .0 
RO3 0.094 0 .076 0 .078 0 .072 0 .067 0 .060 0 .072 0 .072 0 .067 0 .048 0 .068 

Table C2. MAPPINGS V models assessing the variation of the helium 

abundances in the inner shell of HuBi 1. The values of v s = 80 km s −1 , 
n pre = 1 cm 

−3 , B = 1 μG, 12 + log 10 (O/H) = 9.8, 12 + log 10 (N/H) = 9.9, 
and H/H 

+ = He/He + = 1 have been fixed in all models. He/H stands for 
12 + log 10 (He/H) and RO3 denotes the ratio [O III ] λ4363/[O III ] λ5007. 

He/H 

Line Obs. 12 .2 12 .9 13 .0 13 .1 13 .2 

[O II ] 3727 8360.0 185 .7 493 .7 571 .2 652 .6 721 .9 
[Ne III ] 3869 622.0 38 .7 58 .8 54 .9 50 .2 49 .9 
[S II ] 4069 111 6 .4 12 .0 14 .2 16 .9 21 .1 
[O III ] 4363 30.6 20 .6 27 .9 25 .0 21 .8 20 .5 
He II 4685 134.0 19 .1 66 .0 66 .8 66 .7 73 .0 
[O III ] 4959 101.0 129 .4 149 .8 129 .2 108 .6 98 .5 
[O III ] 5007 324.0 374 .2 433 .0 373 .4 314 .1 284 .9 
[N I ] 5199 75.6 221 .4 90 .6 119 .3 152 .1 190 .1 
[N II ] 5755 60.2 17 .2 58 .8 66 .3 74 .3 83 .3 
He I 5876 < 20.5 60 .8 299 .7 336 .7 395 .9 474 .7 
[O I ] 6300 95.5 44 .6 20 .4 30 .4 42 .2 57 .9 
[S III ] 6312 4.4 3 .0 5 .4 5 .3 5 .4 5 .6 
[O I ] 6363 28.3 14 .2 6 .5 9 .7 13 .5 18 .5 
[N II ] 6548 330 285 .6 485 .5 552 .2 622 .0 718 .5 
H α 274.0 487 .2 406 .6 407 .4 408 .0 404 .5 
[N II ] 6584 1390 840 .3 1428 .5 1624 .6 1830 .1 2114 .2 
[S II ] 6716 135 101 .7 87 .0 104 .0 119 .7 137 .3 
[S II ] 6731 112 72 .8 92 .8 115 .0 136 .3 164 .4 
[Ar III ] 7135 11.1 5 .3 8 .2 7 .8 7 .3 7 .4 
[O II ] 7319 31.6 6 .3 35 .0 43 .1 51 .7 62 .5 
[O II ] 7329 26.2 5 .1 28 .3 34 .8 41 .8 50 .4 
RO3 0.094 0 .055 0 .065 0 .067 0 .070 0 .072 
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Table C3. MAPPINGS V models assessing the variation of the shock velocity v s . The values of n pre = 1 cm 

−3 , 
B = 1 μG, 12 + log 10 (O/H) = 9.8, 12 + log 10 (N/H) = 9.9, 12 + log 10 (He/H) = 13.0, and H/H 

+ = He/He + 
= 1 have been fixed in all models. 

v s (km s −1 ) 
Line Obs. 80 100 120 140 160 180 200 

[O II ] 3727 2580 .2 153 .0 495 .2 219 .4 50 .5 22 .6 13 .6 9 .0 
[Ne III ] 3869 192 .0 14 .7 10 .1 13 .5 6 .5 7 .0 6 .8 6 .5 
[S II ] 4069 34 .3 3 .8 6 .0 3 .6 0 .8 0 .4 0 .4 0 .3 
[O III ] 4363 9 .4 6 .7 6 .5 7 .8 2 .6 3 .5 4 .0 4 .1 
He II 4685 41 .4 17 .9 13 .2 17 .7 1 .2 1 .5 2 .5 3 .4 
H β 30 .9 26 .8 54 .8 43 .5 0 .3 0 .4 1 .0 0 .6 
[O III ] 4959 31 .2 34 .6 34 .6 34 .6 34 .6 34 .6 34 .6 34 .6 
[O III ] 5007 100 .0 100 .0 100 .0 100 .0 100 .0 100 .0 100 .0 100 .0 
[N I ] 5199 23 .3 31 .9 64 .3 24 .9 3 .2 2 .2 2 .3 1 .5 
[N II ] 5755 18 .6 17 .7 50 .8 23 .9 5 .4 2 .8 1 .8 1 .3 
He I 5876 < 6 .3 90 .2 131 .7 63 .9 2 .4 1 .7 2 .4 1 .4 
[O I ] 6300 29 .5 8 .1 13 .8 7 .8 0 .7 0 .5 0 .8 0 .4 
[S III ] 6312 1 .4 1 .4 3 .2 1 .8 0 .7 0 .8 0 .8 0 .8 
[O I ] 6363 8 .7 2 .6 4 .4 2 .5 0 .2 0 .2 0 .2 0 .1 
[N II ] 6548 101 .9 147 .9 296 .6 183 .8 36 .0 15 .4 13 .6 6 .9 
H α 84 .5 109 .1 245 .5 175 .6 1 .0 1 .7 3 .8 2 .2 
[N II ] 6584 429 .0 435 .0 872 .7 540 .9 106 .0 45 .4 40 .1 20 .2 
[S II ] 6716 41 .7 27 .9 48 .9 26 .4 6 .7 3 .2 2 .8 1 .7 
[S II ] 6731 34 .6 30 .8 41 .9 29 .5 4 .8 2 .3 2 .7 1 .3 
[Ar III ] 7135 3 .4 2 .1 2 .0 1 .7 0 .9 0 .6 0 .5 0 .4 
[O II ] 7319 9 .8 11 .5 28 .6 16 .0 2 .2 1 .1 0 .8 0 .5 
[O II ] 7329 8 .1 9 .3 23 .2 13 .0 1 .8 0 .9 0 .6 0 .4 

Table C4. MAPPINGS V models assessing the variation of the pre-shock density n pre . The 
values of v s = 80 km s −1 , B = 1 μG, 12 + log (O/H) = 9.8, 12 + log (N/H) = 9.9, 12 + 

log (He/H) = 13.0, and H/H 

+ = He/He + = 1 have been fixed in all models. 

n pre (cm 

−3 ) 
Line Obs. 0.1 1.0 10 100 

[O II ] 3727 2580 .2 1104 .2 153 .0 693 .9 98 .7 
[Ne III ] 3869 192 .0 11 .5 14 .7 12 .6 17 .0 
[S II ] 4069 34 .3 9 .8 3 .8 13 .6 21 .7 
[O III ] 4363 9 .4 6 .3 6 .7 6 .3 7 .7 
He II 4685 41 .4 13 .2 17 .9 11 .6 15 .9 
H β 30 .9 16 .6 26 .8 93 .3 25 .8 
[O III ] 4959 31 .2 34 .6 34 .6 34 .6 34 .5 
[O III ] 5007 100 .0 100 .0 100 .0 100 .0 100 .0 
[N I ] 5199 23 .3 45 .4 31 .9 124 .1 20 .6 
[N II ] 5755 18 .6 100 .2 17 .7 72 .7 40 .7 
He I 5876 < 6 .3 47 .0 90 .2 444 .8 107 .6 
[O I ] 6300 29 .5 10 .0 8 .1 32 .0 44 .6 
[S III ] 6312 1 .4 6 .1 1 .4 3 .9 1 .8 
[O I ] 6363 8 .7 3 .2 2 .6 10 .2 14 .3 
[N II ] 6548 101 .9 611 .1 147 .9 461 .8 199 .4 
H α 84 .5 68 .7 109 .1 371 .2 84 .8 
[N II ] 6584 429 .0 1797 .9 435 .0 1358 .7 586 .6 
[S II ] 6716 41 .7 87 .4 27 .9 79 .7 13 .7 
[S II ] 6731 34 .6 62 .1 30 .8 68 .2 18 .0 
[Ar III ] 7135 3 .4 2 .2 2 .1 2 .4 2 .6 
[O II ] 7319 9 .8 54 .8 11 .5 46 .2 37 .1 
[O II ] 7329 8 .1 44 .4 9 .3 37 .4 30 .1 
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