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A B S T R A C T 

We present optical CCD images of the large supernova remnant (SNR) G 132.7 + 1.3 (HB3) covering its full extent for the 
first time, in the emission lines of H α + [N II ], [S II ], and [O III ], where new and known filamentary and diffuse structures are 
detected. These observations are supplemented by new low-resolution long-slit spectra and higher resolution images in the 
same emission lines. Both the flux-calibrated images and spectra confirm that the optical emission originates from shock-heated 

gas since the [S II ]/H α > 0.4. Our findings are also consistent with the recently developed emission-line ratio diagnostics for 
distinguishing SNRs from H II re gions. A multiwav elength comparison among our optical data and rele v ant observ ations in 

radio, X-rays, gamma-rays and CO bands, provided additional evidence on the interaction of HB3 with the surrounding clouds 
and clarified the borders of the SNR and the adjacent cloud. We discuss the supernova (SN) properties and evolution that led to 

the current observables of HB3 and we show that the remnant has most likely passed at the pressure driven snowplow phase. 
The estimated SN energy was found to be (3.7 ± 1.5) × 10 

51 erg and the current SNR age (5.1 ± 2.1) × 10 

4 yr. We present an 

alternative scenario according to which the SNR evolved in the wind bubble cavity excavated by the progenitor star and currently 

is interacting with its density walls. We show that the o v erall mix ed morphology properties of HB3 can be explained if the SN 

resulted by a Wolf −Rayet progenitor star with mass ∼34 M �. 

Key words: ISM: general – ISM: individual objects: G 132.7 + 1.3 – ISM: supernova remnants. 
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 I N T RO D U C T I O N  

upernova remnants (SNRs) are the aftermath of supernova (SN)
xplosions that result from the interaction of the supersonically
oving stellar ejecta with the ambient medium. The resultant nebula

s an excellent celestial lab from which we can infer the mechanisms
esponsible for the e xplosiv e death of certain stars, the shock wave
hysics and the local ambient medium properties. In addition, SNRs
re considered one of the most efficient cosmic ray accelerators,
hile they substantially contribute on the chemical and dynamical

volution of their host galaxies. For these reasons, several targeted,
ultiwavelength observational campaigns have been conducted

iming to decipher the formation and evolution processes of these
ebulae. While most SNRs have been detected in radio wavelengths
see Dubner & Giacani 2015 ; Green 2017 ), optical observation of
NRs allow us to inspect the SNR properties such as the filamentary
orphology, the chemical abundances and thermodynamical prop-

rties of the shocked gas, the remnant’s e xpansion v elocities and
he density of the ambient medium (e.g. Boumis et al. 2008 , 2009 ;
 E-mail: ptb@astro.noa.gr 

1

G

Pub
likakos et al. 2012 ; Stupar & Parker 2012 ; Sabin et al. 2013 ; Stupar,
arker & Frew 2018 ; How et al. 2018 ; Fesen et al. 2020 , 2021 ). 
The SNRs in our Galaxy can be very extended structures depend-

ng on their distance, their evolutionary stage, the characteristics of
heir parent stars and the properties of the ISM that encloses them
see e.g. Asvarov 2014 ). G 132.7 + 1.3 (also known as HB3 radio
ource) is among the largest Galactic SNRs observed so far 1 with
n angular size of 90 arcmin × 123 arcmin in 408 MHz radio maps
Caswell 1967 ) that implies a physical size of 52 × 72 d 2 pc, where
 2 is the distance of the remnant in units of 2 kpc. The distance of
B3 has been suggested to be within the range of ∼1.6–2.4 kpc

Routledge et al. 1991 ; Fesen et al. 1995 ; Xu et al. 2006 ) and up
o date it has been determined by the distance of the adjacent H II

egion/molecular cloud complex W3. 
HB3 was primarily detected in radio wavelengths by Brown &

azard ( 1953 ) during a 158.5 MHz surv e y for radio sources in the
ilky Way. Further radio observations (e.g. Williams, Kenderdine &
aldwin 1966 ; Caswell 1967 ) revealed the SNR nature of this radio
 Only recently optical SNRs were found with a few degrees sizes at high 
alactic latitudes (Fesen et al. 2020 , 2021 ). 
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ource distinguishing it from the adjacent H II region W3. In the
adio band, the remnant reveals a shell like morphology while its
adio spectral index has been determined to be between −0.64 and 
0.56 (Landecker et al. 1987 ; Fesen et al. 1995 ; Reich, Zhang &
 ̈urst 2003 ; Tian & Leahy 2005 ; Green 2007 ; Shi et al. 2008 ). One
ulsar disco v ered close to the SNR’s boundaries seems not to be a
art of it due to its large characteristic age (Lorimer, Lyne & Camilo
998 ) and six masers detected in the line of sight of HB3 are most
robably associated with the adjacent W3 complex and not with the 
NR (Koralesky et al. 1998 ). 
Optical emission associated with HB3 was first found in the west-

rn portion of the remnant, where a few filamentary structures were 
isco v ered (van den Bergh, Marscher & Terzian 1973 ; D’Odorico &
abbadin 1977 ). Low dispersion spectra of these filaments exposed 

he shock-heated origin of this emission and revealed a filament’s 
ensity of ≤100 cm 

−3 and velocity of 35–40 km s −1 (D’Odorico &
abbadin 1977 ; Lozinskaya & Sitnik 1980 , respectively). Fesen & 

ull ( 1983 ) and Fesen et al. ( 1995 ) presented new H α images of
B3, co v ering the western two-thirds of the remnant. The optical
orphology of the remnant was found to be strongly spatially 

orrelated with the radio band. Optical follow-up spectroscopy on 
he western limb filaments was also performed by Fesen et al. ( 1995 ),
ndicating a shock velocity of ≤ 100 km s −1 , an electron density of

150 cm 

−3 and an E ( B − V ) = 0.71 ± 0.04. 
The large size of HB3 in conjunction with the strong radio to

ptical correlation and the multishell appearance of the remnant 
ndicates an SNR of advanced age that most likely has passed 
eyond the adiabatic phases of e volution. Ho we ver, the remnant
s characterized by a centrally peaked thermal X-ray emission 
Venkatesan et al. 1984 ; Leahy et al. 1985 ; Rho & Petre 1998 ;
azendic & Slane 2006 ). Such an evidence cannot be explained 
y the canonical theory for SNR evolution, as in mature SNRs
s HB3, the reverse shock is expected to have been ceased long
go. Thus, the remnant’s interior is expected to be characterized by 
 cold and low-density gas. For this reason, Rho & Petre ( 1998 )
lassified HB3 as a mixed morphology (or thermal composite) SNR 

MMSNR). X-ray spectroscopy revealed that the central emitting 
as is close to ionization equilibrium characterized by a single 
emperature (Lazendic & Slane 2006 ). The element abundances 
f the X-ray emitting plasma are still ambiguous. Lazendic & 

lane ( 2006 ) suggested that either it is characterized by enhanced
bundances of O, Ne, Mg or it has marginally enhanced abundances 
f Mg and underabundant Fe. 
Extended gamma-ray emission is also disco v ered in the vicinity 

f the remnant (Katagiri et al. 2016 ; Tsygankov et al. 2016 ). This
mission has been correlated to HB3 and it has been attributed to
he decay of π0 produced by the interaction of hadrons – accelerated 
t the remnant’s shock waves – with the surrounding interstellar gas 
Katagiri et al. 2016 ). 

Regarding the environment of the remnant, HB3 has been found 
o evolve within and a rather complex medium where its eastern 
art is adjacent to the H II re gion/molecular comple x W3 (e.g. Digel
t al. 1996 ). Routledge et al. ( 1991 ) presented radio observations on
he 21 cm H I emission, co v ering the whole re gion of the remnants
nd 12 CO spectra in the southern portion of HB3. A shell-shaped 
tructure superimposed on HB3 was found indicating an atomic 
eutral gas acceleration by the SNR blast wave. In addition, a 
right 12 CO emission near −43 km s −1 was detected o v erlapping
ith the radio emission of HB3 and they interpreted this evidence 

s an SNR interaction with molecular gas, in essence with W3. 
his evidence was verified by multimeter observations of CO lines, 
onducted by Zhou et al. ( 2016 ) which revealed a substantial
mount of molecular gas around −43 km s −1 , being morphologically
nd dynamically correlated with HB3. Finally, shocked molecular 
ydrogen (H 2 ) and broad CO was recently detected in the near/mid-
nfrared and millimetre bands, respectively, whose morphological 
nd kinematic properties provide an additional evidence on the 
nteraction of the SNR with the surrounding clouds (Rho et al. 
021 ). 
The origin and age of HB3 are still not well determined. Lazen-

ic & Slane ( 2006 ) assuming that the SNR is in the adiabatic phase
nd adopting an e v aporating clouds model for MMSNRs, estimated
he SN explosion energy to be 7 −20 × 10 50 erg and the age of the
NR between 25 −30 kyr. On the other hand, Zhou et al. ( 2016 )
onsidered that the remnant of HB3 has passed into the radiative
hase and came to the conclusion that it is approximately 21 ± 2 kyr
ld and the explosion energy E = (1.6 ± 0.9) × 10 51 erg. Regarding
he progenitor mass, Zhou et al. ( 2016 ) estimated a lower limit of
8 M � by applying the linear relationship between the size of the
ind-blown and the progenitor mass suggested by Chen, Zhou & 

hu ( 2013 ). 
In this paper, we explore the optical emission of the SNR G

32.7 + 1.3 in its full extent. In particular, H α + [N II ], [S II ], and
O III ] emission-line images are presented, which show, for the
rst time, the complete structure of this large SNR in the optical
and. Moreo v er, we present optical higher resolution imaging and
ong-slit spectroscopy at multiple areas of the SNR. HB3’s optical 
mission is also compared with the radio, X-ray, gamma-ray, and 
olecular emission. In Section 2 , we describe our imaging and

pectroscopic observations, with the results and multiwavelength 
omparison presented in Section 3 . We discuss the SNR’s properties,
rigin and evolution in Section 4 , while in Section 5 , we summarize
he conclusions acquired from this work. 

 OBSERVATI ONS  

 brief summary and log of our observations are given in Table 1 . In
he following sections, we describe the observations of HB3 in more
etail. 

.1 Imaging 

.1.1 Wide-field imaging 

he wide-field imagery of HB3 was obtained with the 0.3 m Schmidt–
assegrain (f/3.2) telescope at Skinakas Observatory, Crete, Greece, 

n two different runs. The first was on the nights from 19th to 23rd
nd 25th of August 2009, as well as, on the 29th and 30th of August
010. The camera used, was a 2048 × 2048 Andor DW436 CCD,
hich has a pixel size of 13.5 μm that results in a 101 arcmin ×
01 arcmin field of view and an image scale of 2.96 arcsec pixel −1 .
n this run, the remnant was observed with the H α + [N II ], [S II ], and
O III ] filters with exposure times of 2400 s each and of 180 s for
he continuum blue and red filters. Multiple exposures were taken in
he first two filters, resulting to a total observing time of 16 800 s
or the H α + [N II ] and 12 000 s for the [S II ]. The second run was
n the nights 7th, 8th, 11th and 17th of August and on the 5th and
5th of September 2018, as well as, on the 27th–29th of July, 30th
f September and 1st–2nd October 2019. The camera was the same
ith the first run, resulting to the same FOV and scaling. The filters
sed in this run were a new set of H α + [N II ] and [S II ], the same
O III ], all with sets of exposure times of 600 s and the continuum
DSS- r and V with exposure time of 20 s (see Table 1 for details). As

n the first run, multiple exposures were taken for all filters, resulting
MNRAS 512, 1658–1676 (2022) 
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Table 1. Imaging and spectral log. 

Wide-field imaging 
Filter λc �λ Exposure time Date 

( Å) ( Å) (s) 

H α + [N II ] 6548, 6584 Å 6570 75 2400 (7) a [2] b 2009 Aug 19–20,22,25 2010 Aug 29–30 
H α + [N II ] 6548, 6584 Å 6582 80 600 (22) [2] 2019 Jul 27–29, Sep 30 2019 Oct 1–2 
[O III ] 5007 Å 5010 28 2400 (1)[1] 2009 Aug 23 
[O III ] 5007 Å 5010 28 900 (25) [2] 2018 Aug 7–8, 11, 17 2019 Sep 5, 15 
[S II ] 6716, 6731 Å 6720 27 2400 (5)[2] 2009 Aug 20–21 2010 Aug 29–30 
[S II ] 6716, 6731 Å 6720 32 600 (17) [2] 2019 Jul 27–29, Sep 30 2019 Oct 1–2 
Continuum blue 5470 230 180 [1] 2009 Aug 23 
Johnson V 5380 980 20 (20) [2] 2019 Jul 27–29, Sep 30 2019 Oct 1–2 
Continuum red 6096 134 180 [2] 2009 Aug 19–22, 25 2010 Aug 29–30 
SDSS- r 6214 1290 20 (20) [2] 2019 Jul 27–29, Sep 30 2019 Oct 1–2 

Higher-resolution imaging 
Filter λc �λ Exposure time Area Date 

( Å) ( Å) (s) 
H α+ [N II ] 6584 Å 6578 40 1800 S1, S2, S3, S4, S5, S6 2017 Oct 18–19 
[S II ] 6716, 6731 Å 6727 40 1800 S1, S2, S3, S4, S5, S6 2017 Oct 18–19 
[O III ] 5007 Å 5011 30 1800 S1, S2, S5, S6 2017 Oct 18–19 
[O III ] 5007 Å 5010 28 600 (11) S1, S2, S3 2021 July 13–15 

SPECTROSCOPY 

c 

Position Slit centres Offset d Aperture length e Date 
α δ

(h m s) ( ◦ ′ ′′ 
) (arcsec) (arcsec) 

Slit 1a 02 11 26.4 62 44 42.1 96 S 86 2009 Aug 22 
Slit 1b 02 11 26.4 62 44 42.1 190 S 29 2009 Aug 22 
Slit 2a 02 13 16.9 62 56 47.9 138 S 41 2010 Sep 10 
Slit 2b 02 13 16.9 62 56 47.9 89 S 10 2010 Sep 10 
Slit 2c 02 13 16.9 62 56 47.9 36 S 14 2010 Sep 10 
Slit 3a 02 13 33.6 62 48 55.9 26 N 37 2010 Sep 09 
Slit 3b 02 13 33.6 62 48 55.9 95 N 27 2010 Sep 09 
Slit 4a 02 12 40.7 62 21 02.6 170 N 63 2009 Aug 20 
Slit 5a 02 22 22.7 62 50 10.7 118 S 80 2009 Aug 22 
Slit 5b 02 22 22.7 62 50 10.7 41 N 117 2009 Aug 22 
Slit 5c 02 22 21.7 62 50 52.2 157 S 96 2010 Sep 08 
Slit 5d 02 22 21.7 62 50 52.2 13 S 61 2010 Sep 08 
Slit 6a 02 23 38.6 62 44 57.7 190 S 29 2010 Sep 03 
Slit 6b 02 23 38.6 62 44 57.7 18 N 33 2010 Sep 03 
Slit 6c 02 23 38.0 62 44 53.6 187 S 23 2010 Sep 07 
Slit 6d 02 23 38.0 62 44 53.6 24 N 31 2010 Sep 07 
Slit 7a 02 19 54.0 62 23 57.6 12 S 80 2009 Aug 23 
Slit 7b 02 19 54.0 62 23 57.6 103 N 8 2009 Aug 23 
Slit 8a 02 21 15.8 62 23 58.0 128 S 43 2010 Sep 05 
Slit 8b 02 21 15.8 62 23 58.0 32 S 18 2010 Sep 05 

a Numbers in parentheses represent the number of individual frames. 
b Numbers in brackets represent the number of different fields in each filter. 
c The exposure time for all spectra is 3600 s. 
d Spatial offset from the slit centre in arcsec: N( = north), S( = south). 
e Aperture lengths for each area in arcsec. 
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o a total observing time of 13 200 s for the H α + [N II ], 10 200 s
or the [S II ], 15 000 s for the [O III ] and 400 s for the continuum
lters. During all the observations, the ‘seeing’ varied between 0.8
nd 1.2 arcsec. 

For the data reduction, the IRAF and Montage packages were used
nd all frames were bias-subtracted and flat-field corrected using
 series of twilight flat-fields, and they were all airmass extinction
orrected. For the absolute flux calibration, the spectrophotometric
tandard stars HR 7596, HR 7950, HR 8634, HR 9087, and HR 0718
Hamuy et al. 1992 , 1994 ) were used. The Hubble Space Telescope
 HST ) Guide Star Catalogue (Lasker, Russel & Jenkner 1999 ) was
sed for the calculation of the astrometric solution for all data frames
NRAS 512, 1658–1676 (2022) 
nd all the equatorial coordinates quoted in this work refer to epoch
000. The H α + [N II ], [S II ], and [O III ] continuum-subtracted mosaic
mages are shown in Fig. 1 , while in Fig. 2 , we present the flux-
alibrated [S II ] image. In the latter image, the blue lines indicate the
ositions of the slits, and the cyan and magenta rectangles indicate
he position of the higher resolution images shown in Fig. 4 . For a
etter comparison between the three emission line images presented
n Fig. 1 , we created a colour RGB image shown in Fig. 3 . In this
gure, it is clear that most of the H α + [N II ] filaments coincide
ith the [S II ] ones, while there is a number of [O III ] filaments that

ppear bright in this emission line and do not show any low ionization
mission. 
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Figure 2. The continuum-subtracted image of G 132.7 + 1.3 in [S II ] emission. The blue lines indicate the positions of the slits, while the cyan and magenta 
rectangles indicate the position of the higher resolution images shown in Fig. 4 . Shadings run linearly from 0 to 39 × 10 −17 erg s −1 cm 

−2 arcsec −2 [the 
maximum measured [S II ] flux on the SNR is 27 × 10 −17 erg s −1 cm 

−2 arcsec −2 ]. 
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.1.2 Higher-resolution imaging 

ollow-up, higher resolution images where obtained with the 2.3m
f/8) Aristarchos telescope at Helmos Observatory in Peloponnese,
reece, on 2017 October 18 and 19 and with the 1.3m (f/7.64)
itchey–Chretien telescope at Skinakas Observatory on 2021 July
3–15. These images co v er the re gions of interest (hereafter areas
1–S6), where spectroscopic observations were performed (centred
t slit positions 1–6). In particular, S1–S6 were observed with the H α

 [N II ] and [S II ] filters with Aristarchos telescope (cyan rectangles
n Fig. 2 ), while areas S1, S2, S5, S6 and S1, S2, S3 were observed
ith the [O III ] filter with the Aristarchos (cyan rectangles in Fig. 2 )

nd Skinakas (magenta rectangles in Fig. 2 ) telescopes, respectively.
The detector at Aristarchos telescope was a 2048 × 2048, 13.5

m pixels CCD, with a field of view of 5.5 arcmin × 5.5 arcmin
0.16 pixel −1 in 2 × 2 binning), while at Skinakas Observatory a
048 × 2048, 13.5 μm pixels Andor CCD was used which has
NRAS 512, 1658–1676 (2022) 
 9.5 arcmin × 9.5 arcmin field of view and an image scale of
.28 arcsec pixel −1 . All information about the used H α + [N II ], [S II ],
nd [O III ] filters as well as the exposure times of all higher resolution
mages are shown in Table 1 . The data reduction was carried out
sing standard IRAF routine packages for the bias subtraction and
at-field correction, while the same catalogue of stars was used for

he astrometric calculations. Seeing conditions were between 1 and
.5 arcsec. 
The higher resolution images are shown in Fig. 4 , with two of them

S1 and S6) being also presented in RGB colour images (Fig. 5 ).
etails of all imaging observations are given in Table 1 . 

.2 Spectroscopy 

ow-dispersion, long-slit spectra where obtained with the 1.3 m
itchey–Cretien telescope (f/7.7), at Skinakas Observatory, on 2009

art/stac412_f2.eps
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Figure 3. The continuum-subtracted RGB image of G 132.7 + 1.3, combining the H α + [N II ] (red), [S II ] (green), and [O III ] (blue) emission-line images. The 
yellow colour produced in regions where both H α + [N II ] and [S II ] exist. 
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ugust 20, 22–23 and 2010 September 3, 5, 7–10. For these 
bservations, the 1302 line mm 

−1 grating w as emplo yed with the
000 × 800 (13 μm) SITe CCD co v ering the wav elength range from
750 to 6815 Å, while the exposure time for each data frame was
600 s. The spectral resolution being ∼8 Å and ∼11 Å for the 
ed and blue part of the spectra, respectively. The slit has a width
f 7.7 arcsec and a length of 7.9 arcmin and it was oriented in the
orth–south direction for all the positions. The coordinates of each 
lit are given in Table 1 . For the data reduction the IRAF package
as used, while the spectrophotometric standards stars HR 0718, 
R 7596, HR 7950, HR 8634, and HR 9087 were used for the flux

alibration of the spectra (Hamuy et al. 1992 , 1994 ). 

s

 RESULTS  

.1 The optical emission-line images 

he optical emission of HB3 is detected for the first time in its
ull extent. Both bright and faint, diffuse and filamentary structures 
pread along the entire remnant are revealed, while the H II region

3 is also noted at the south-east region of the remnant. The [S II ]
mission of HB3, though fainter, displays a similar morphology to 
hat of the H α + [N II ] emission-line image, tracing all the filamentary
tructures. The [O III ] emission line displays a different filamentary
orphology compared to the former line images, indicating different 

hock velocities and physical conditions. 
MNRAS 512, 1658–1676 (2022) 
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Figure 5. Higher resolution RGB image of Areas S1 and S6, combining the H α + [N II ] (red), [S II ] (green), and [O III ] (blue) emission-line images. The yellow 

colour produced in regions where both H α + [N II ] and [S II ] exist. North is to the top and east to the left. 
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H α + [N II ], [S II ], and [O III ] fluxes are calculated from areas with
0 × 40 arcsec 2 dimensions o v er the brightest filaments where the
ow-resolution spectra were taken (see Table 2 ). The errors of the in-
e grated flux es are estimated between 10 and 20 per cent. All selected
lit areas but one (area S7) and area A (where a known H II region
 xists) e xhibit [S II ]/H α > 0.4, as e xpected for shock-heated re gions.

The most interesting regions lie in the west, south-west and east
irections, where bright large filamentary and faint diffuse structures 
MNRAS 512, 1658–1676 (2022) 
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Table 2. Typically measured fluxes over the brightest filaments with median values o v er a 40 arcsec × 40 arcsec box. Fluxes are in units 
of 10 −17 erg s −1 cm 

−2 arcsec −2 . 

Area S1 Area S2 Area S3 Area S4 Area S5 Area S6 Area S7 Area S8 Area A 

a 

H α + [N II ] 188 63 112 111 134 114 96 146 257 
[S II ] 54 < 15 34 42 39 44 17 30 38 
[O III ] b < 16 < 13 < 16 < 16 < 20 
[S II ]/H α 0.58 0.47 0.60 0.74 0.58 0.78 0.35 0.41 0.30 

a Position of centre of Area A: α = 02 h 23 m 32 s , δ = + 62 ◦ 21 
′ 

37 
′′ 
. 

b 3 σ upper limit. 
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re present (Figs 1 and 4 , between α � 02 h 19 m 30 s , δ � 62 ◦15 
′ 
;

� 02 h 24 m , δ � 63 ◦30 
′ 

and α � 02 h 11 m 10 s , δ � 62 ◦23 
′ 
; α �

2 h 14 m 30 s , δ � 63 ◦13 
′ 
), which all are very well correlated with the

adio emission. The bright H α + [N II ] filaments co v er most of the
mission found at radio wavelengths. In contrast to the above results,
iffuse emission was mainly detected in the south, centre and north
ith only a few small filamentary structures are present (i.e. those at
� 02 h 18 m 40 s , δ � 63 ◦09 

′ 
10 

′′ 
and α � 02 h 19 m 15 s , δ � 63 ◦09 

′ 
20 

′′ 
;

2 
′ 

long). We also detected [S II ] emission where most of the H α

 [N II ] emission was found with filamentary bright structures and
iffuse emission in the same regions (Figs 1 , 2 , and 4 ). Both the
 α + [N II ] and [S II ] higher–resolution images (Fig. 4 show clearly
lamentary and diffuse emission in all slit positions 1–6, which have
imilar structures. Furthermore, very thin (less than 2–3 arcsec wide),
s well as wider ( ∼10 arcsec) filaments are present, while the shock
ront region can be clearly seen (i.e. in S1 and S4 areas). Note that
he detected [O III ] emission (Figs 1 and 4 ) appears more filamentary
nd less diffuse than in the H α + [N II ] and [S II ] images. In Table 2 ,
pper limit fluxes are listed for the [O III ] λ5007 line. Significant
ifferences between the H α + [N II ] and [O III ] images are present
or many of the filaments. In particular, most of the bright H α +
N II ] and [S II ] complex filamentary structures to the east, south–
ast are not present to the [O III ] image, while there are other bright
laments only to the [O III ] emission. Ho we ver, some thin filaments
of the order of 8–10 arcmin long), coincide with the H α + [N II ] and
S II ] emission (see Fig. 1 ). These are at slit positions 5 and 6 and to
he north at α � 02 h 22 m 55 s , δ � 63 ◦25 

′ 
25 

′′ 
and α � 02 h 22 m 07 s , δ

 63 ◦30 
′ 
00 

′′ 
. Further to the east, there is a number of bright [O III ]

laments that are co-spatial with the H α + [N II ] structures, but still
t is clear that the bright [O III ] filaments do not coincide with those in
he H α + [N II ] and [S II ] emission. Interestingly, there are many thin
O III ] filamentary structures to the central region of HB3 (i.e. at α �
2 h 20 m 16 s , δ � 62 ◦59 

′ 
00 

′′ 
, α � 02 h 19 m 50 s , δ � 62 ◦53 

′ 
00 

′′ 
and α �

2 h 14 m 55 s , δ � 62 ◦49 
′ 
30 

′′ 
), which do not show any emission in H α

 [N II ] and [S II ]. Taking into account all the emission-line images
resented in Fig. 1 , and the RGB image presented in Fig. 3 , it seems
hat HB3 traces an axi-symmetric bi-lobal structure with respect to
ts centre. This is an interesting approach and should be investigated
urther in the future when kinematical data will be available. In Fig. 5 ,
e present an RGB image of slit positions 1 and 6 regions, where the
 α + [N II ] (red), [S II ] (green) and [O III ] (blue) higher resolution

mages are combined. In the S1 image, the H α + [N II ] emission
f the small thin filaments (i.e. at α � 02 h 11 m 15 s , δ � 62 ◦43 

′ 
00 

′′ 
)

n front of the large ones (i.e. at α � 02 h 11 m 30 s , δ � 62 ◦44 
′ 
00 

′′ 
)

oincide with that of the [O III ] and lie immediately ahead of the
iffuse [O III ] emission (similar to SNR G 107.0 + 9.0; Fesen et al.
020 ). Unfortunately, there is no [O III ] emission where the bright
 α + [N II ] filaments are, so we cannot have a complete and clear
iew of the whole region. 
NRAS 512, 1658–1676 (2022) 

a  
.2 The optical spectra 

eep low-resolution long-slit spectra were obtained for the brightest
laments of the remnant. The exact position of the silts is illustrated

n Fig. 2 and the coordinates of their centres are listed in Table 1 . The
elativ e line flux es as well as the signal-to-noise ratios for multiple
pertures free of background stars are computed and listed in Table 3 .
he absolute H α fluxes are also determined for all the apertures and
ary from 5 to 192 × 10 −17 erg s −1 cm 

−2 arcsec −2 . The lengths of
hese apertures and their offsets from the centre of the slits are also
iven in Table 1 . For the extraction of the background emission, the
reas were chosen north or south of the centre of the slits as being free
f field stars and depending on the location of the filaments. Fig. 6
resents as representative examples the 1D spectra of six apertures. 
Our slit 1 co v ers the western filament, which has also been

tudied by D’Odorico & Sabbadin ( 1977 ) and Fesen et al. ( 1995 ),
nd it shows a good agreement despite the different position and
rientation. In particular, we determine an [S II ]/H α ratio equals to
.8 and 0.56 for the apertures 1a and 1b, respectively, very close
o the values of 0.72 reported by Fesen et al. ( 1995 ) and 0.62
rom D’Odorico & Sabbadin ( 1977 ). The [S II ] λλ 6716/6731 line
atio is calculated 1.32 ± 0.06 and 1.39 ± 0.05, close to the value
f 1.5 ± 0.2 found by Fesen et al. ( 1995 ), and even closer to
he value of 1.44 ± 0.01 from D’Odorico & Sabbadin ( 1977 ). A
onsistency between the studies is also found in the interstellar
eddening (0.71 ± 0.04; Fesen et al. 1995 and a median of 0.76
n this study). The [O I ] λ6300 line, a diagnostic for shock heated gas
n SNRs (Kopsacheili, Zezas & Leonidaki 2020 ), is also detected in
ur spectrum of slit 1. Ho we ver, it has to be noted that the [N I ] λ5200
ine which is reported by Fesen et al. ( 1995 ) is not detected in our
pectrum, while the [O III ] λ5007/H β ratio is three times higher in
ur data. Fig. 5 displays the RGB images of the western (area S1) and
astern (area-S6) filaments. At the former (S1), there are interestingly
wo main filaments bright in H α + [N II ] and [O III ] λ5007 with an
ffset of a few arcsec. The second displays some filaments in H α +
N II ] emission. This explains the difference in the [O III ] λ5007/H β

atio between our result and the one from Fesen et al. ( 1995 ) as their
lit do not co v er the [O III ] dominated filament resulting in lower
O III ] λ5007/H β ratio. 

The common criterion for shock heated gas in SNRs, the [S II ]/H α

ine ratio, is higher than 0.4 for all the filaments observed, while
he [N II ]/H α ratio varies from 0.5 to 1 (see Table 3 ). Both ratios
erify the SNR nature of HB3 (see also Fesen & Gull 1983 ; Fesen
t al. 1995 ). All the filaments are distributed in the locus of typical
hock-heated SNRs well separated from the photo-ionized nebulae. 

Note that all slits/apertures but two (2a and 2b) exhibit a weak or
ven not detectable [O III ] 5007 Å line. The log([O III ]/H β) ratio is
ower than 0.5 which indicates shocks with complete recombination
ines (Cox & Raymond 1985 ; Hartigan, Raymond & Hartmann 1987 )
nd velocities between 80 and 100 km s −1 (Raymond et al. 1988 ;
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Table 3. Relative line fluxes. The emission-line ratios [S II ]/H α, F(6716)/F(6731), and [N II ]/H α are calculated using either the values corrected for interstellar 
extinction (when H β line is available) or the values uncorrected for interstellar extinction. The errors of the emission-line ratios, c(H β) and E B –V are calculated 
through standard error propagation. 

Line ( Å) F a I b S/N 

c F I S/N F I S/N F I S/N F I S/N 

Slit 1a Slit 1b Slit 2a Slit 2b Slit 2c 
H β 4861 20 35 6 18 35 9 14 35 3 17 35 3 – – –
[O III ] 4959 – – – – – – 37 88 5 45 87 5 17 – 3 
[O III ] 5007 6 11 3 3 6 4 127 281 13 152 288 16 63 – 4 
[N II ] 5755 – – – – – – 3 5 3 – – – – – –
[O I ] 6300 18 20 9 21 24 14 13 15 4 6 7 4 14 – 3 
[O I ] 6364 – – – 7 8 6 – – – – – – – – –
[N II ] 6548 16 17 10 11 11 10 25 26 7 30 32 5 30 – 4 
H α 6563 100 100 62 100 100 92 100 100 26 100 100 16 100 – 14 
[N II ] 6584 49 49 29 33 33 32 79 79 18 85 85 13 86 – 13 
[S II ] 6716 46 46 29 33 33 32 75 74 18 64 64 13 65 – 13 
[S II ] 6731 35 35 21 24 23 26 63 62 15 56 55 10 43 – 7 

Absolute H α flux d 191.5 122.8 26.2 4.9 5.1 
[S II ]/H α 0.80 ± 0.05 0.56 ± 0.03 1.34 ± 0.12 1.19 ± 0.18 1.08 ± 0.20 
F(6716)/F(6731) 1.32 ± 0.06 1.39 ± 0.05 1.21 ± 0.08 1.16 ± 0.12 1.50 ± 0.21 
[N II ]/H α 0.65 ± 0.07 0.44 ± 0.05 1.07 ± 0.17 1.16 ± 0.25 1.15 ± 0.31 
c(H β) e 0.69 ± 0.14 0.86 ± 0.06 1.14 ± 0.41 0.88 ± 0.43 –
E B − V 

f 0.53 ± 0.11 0.66 ± 0.05 0.88 ± 0.30 0.68 ± 0.33 –

Slit 3a Slit 3b Slit 4a Slit 5a Slit 5b 
Line ( Å) F I S/N F I S/N F I S/N F I S/N F I S/N 

H β 4861 21 35 4 17 35 5 – – – 16 35 6 15 35 6 
[O III ] 4959 – – – – – – 5 – 2 – – – – – –
[O III ] 5007 32 50 9 20 38 6 3 – 3 4 8 3 1 2 2 
[O I ] 6300 14 15 6 10 11 5 30 – 8 16 19 7 16 18 4 
[O I ] 6364 – – – – – – 10 – 3 5 6 3 – – –
[N II ] 6548 20 21 7 16 17 7 18 – 5 14 15 7 13 14 6 
H α 6563 100 100 29 100 100 31 100 – 28 100 100 38 100 100 35 
[N II ] 6584 63 63 18 56 56 19 62 – 16 49 49 19 41 41 16 
[S II ] 6716 70 69 21 59 59 19 89 – 23 49 49 21 36 35 14 
[S II ] 6731 48 47 15 42 42 13 64 – 17 35 34 16 24 24 12 

Absolute H α flux 33.8 30.3 23.0 153.6 168.2 
[S II ]/H α 1.17 ± 0.11 1.00 ± 0.09 1.53 ± 0.13 0.83 ± 0.07 0.59 ± 0.07 
F(6716)/F(6731) 1.47 ± 0.10 1.42 ± 0.09 1.38 ± 0.08 1.43 ± 0.09 1.47 ± 0.12 
[N II ]/H α 0.84 ± 0.12 0.73 ± 0.11 0.80 ± 0.16 0.64 ± 0.10 0.55 ± 0.10 
c(H β) 0.62 ± 0.24 0.87 ± 0.21 – 0.98 ± 0.13 1.10 ± 0.12 
E B − V 0.48 ± 0.19 0.67 ± 0.17 – 0.75 ± 0.10 0.85 ± 0.09 

Slit 5c Slit 5d Slit 6a Slit 6b Slit 6c 
Line ( Å) F 

a I b S/N 

c F I S/N F I S/N F I S/N F I S/N 

H β 4861 17 35 6 19 35 6 16 35 5 – – – 18 35 5 
[O III ] 4959 – – – – – – 7 15 3 11 – 3 – – –
[O III ] 5007 – – – 7 12 3 18 36 4 37 – 6 14 25 5 
[N II ] 5755 – – – – – – – – – – – – – – –
[O I ] 6300 15 17 7 7 7 7 21 23 7 25 – 7 14 15 7 
[O I ] 6364 5 5 3 2 2 3 7 8 3 8 – 2 5 5 3 
[N II ] 6548 15 16 7 12 12 5 15 15 6 28 – 7 11 11 5 
H α 6563 100 100 39 100 100 35 100 100 28 100 – 27 100 100 33 
[N II ] 6584 50 50 20 41 41 14 45 45 16 65 – 19 38 38 14 
[S II ] 6716 48 48 21 37 37 13 54 53 17 58 – 17 38 38 16 
[S II ] 6731 33 33 15 25 25 10 37 37 15 36 – 13 31 31 14 

Absolute H α flux d 176.8 91.1 32.4 26.5 25.8 
[S II ]/H α 0.81 ± 0.07 0.62 ± 0.08 0.88 ± 0.08 0.94 ± 0.10 0.68 ± 0.07 
F(6716)/F(6731) 1.44 ± 0.10 1.47 ± 0.15 1.46 ± 0.10 1.58 ± 0.12 1.25 ± 0.09 
[N II ]/H α 0.65 ± 0.10 0.53 ± 0.11 0.60 ± 0.11 0.93 ± 0.14 0.49 ± 0.10 
c(H β) e 0.89 ± 0.16 0.78 ± 0.13 0.98 ± 0.23 – 0.83 ± 0.13 
E B − V 

f 0.68 ± 0.12 0.60 ± 0.10 0.75 ± 0.18 – 0.64 ± 0.09 
Slit 6d Slit 7a Slit 7b Slit 8a Slit 8b 

Line ( Å) F I S/N F I S/N F I S/N F I S/N F I S/N 

H β 4861 15 35 4 15 35 4 – – – – – – – – –
[O III ] 5007 33 73 8 – – – – – – – – – – – –
[O I ] 6300 13 15 3 11 12 5 14 – 5 21 – 4 6 – 4 
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Table 3 – continued 

Line ( Å) F a I b S/N 

c F I S/N F I S/N F I S/N F I S/N 

[O I ] 6364 – – – – – – – – – 12 – 2 – – –
[N II ] 6548 16 17 6 19 20 8 41 – 5 – – – 19 – 3 
H α 6563 100 100 27 100 100 35 100 – 19 100 – 19 100 – 15 
[N II ] 6584 48 48 16 58 57 22 60 – 14 32 – 4 45 – 7 
[S II ] 6716 37 37 13 41 41 18 54 – 13 44 – 12 32 – 6 
[S II ] 6731 31 30 11 26 26 15 32 – 10 32 – 9 24 – 4 

Absolute H α flux 26.1 85.9 4.1 24.3 8.8 
[S II ]/H α 0.67 ± 0.08 0.67 ± 0.07 0.86 ± 0.12 0.76 ± 0.10 0.56 ± 0.16 
F(6716)/F(6731) 1.22 ± 0.11 1.58 ± 0.11 1.68 ± 0.17 1.35 ± 0.15 1.35 ± 0.31 
[N II ]/H α 0.65 ± 0.12 0.78 ± 0.11 1.01 ± 0.22 0.32 ± 0.08 0.64 ± 0.22 
c(H β) 1.10 ± 0.22 1.10 ± 0.25 – – –
E B − V 0.85 ± 0.17 0.85 ± 0.19 – – –

a Observ ed flux es normalized to F (H α) = 100 and uncorrected for interstellar e xtinction. 
b Observ ed flux es normalized to F (H α) = 100 and corrected for interstellar e xtinction. 
c Numbers represent the signal-to-noise ratio of the quoted fluxes. 
d In units of 10 −17 erg s −1 cm 

−2 arcsec −2 . 
e The logarithmic extinction is derived by c = 1/0.348 × log((H α/H β) obs /2.85). 
f The interstellar reddening was measured from the relation E B −V ≈ 0.77c (Osterbrock & Ferland 2006 ). 
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sterbrock & Ferland 2006 ). The absence of the [O III ] 5007 Å emis-
ion line in some filaments implies the presence of shock with even
ower velocities ( < 80 km s −1 ), and this result is consistent with the
bserved [O I ]/H α ratios. On the other hand, high [O III ]/H β ratio
 > 0.8) is found in slit 2 (apertures a and b, see Table 3 ). Such a
trong [O III ] line indicates shock velocities higher than 100 km s −1 .
urthermore, having a look at Figs 1 –3 , it can be clearly seen that

here are many filaments with strong [O III ] emission, which are not
o v ered by the available slits, where even higher shock velocities
 > 120 km s −1 ) are expected to be found. 

The electron density of the filaments is lower than 240 cm 

−3 

btained using the [S II ] diagnostic lines and the temden STS-
AS/ IRAF routine. Due to the absence of the typical [O III ] λ4363
nd [N II ] λ5755 diagnostic lines (based on Osterbrock & Ferland
006 ), we are not able to compute the electron temperature of the
as and a value of 10 4 K is considered for all the filaments. 

Finally, for all filaments where the H β line is detected, the
nterstellar extinction coefficient c (H β) is computed and varies from
.62 ( ± 0.22) up to 1.14 ( ± 0.36) with a mean value of 0.9
r an A v from 1.31 ( ± 0.48) to 2.32 ( ± 0.76) , as presented in
able 3 . 

.3 Comparison with other wavelengths 

132.7 + 01.3 has been studied in gamma-rays, X-rays, radio, in-
rared, and mm wavelengths (e.g. Routledge et al. 1991 ; Fesen et al.
995 ; Lazendic & Slane 2006 ; Zhou et al. 2016 ; Rho et al. 2021 ;
ee also Introduction section). Here, we present the main results
nd conclusions regarding the properties and evolution of HB3 as
xtracted by the comparison of its emission properties in different
lectromagnetic bands. In Fig. 7 , the contours of the emission that
he remnant reveals in the radio, X-rays, CO lines, and gamma-
ays are superposed on the H α + [N II ] image of HB3 from our
bservations. 
The optical morphology of the remnant displays a strong corre-

ation with its radio emission at both large and small spatial scales,
ignifying that they have the same origin (Fig. 7 a). In particular,
he outer bright H α + [N II ] filaments at the western portion of the
emnant follow both the geometry and brightness of the radio emis-
ion that declines gradually, moving from the west to the north-west
NRAS 512, 1658–1676 (2022) 
egion of HB3. This advocates that the remnant encounters a denser
mbient medium in the west part than in the north-west. Intriguingly,
oth in radio and optical, the remnant reveals two antisymmetric local
rotrusions in west and east, giving the morphological impression
f two lobes in the o v erall shape of the remnant. In the southern
ortion of HB3 even though the optical and radio display a similar
orphology, the two bands are not in good correlation. In particular,

he optical emission in the south of HB3 displays a relatively faint and
iffuse emission, while the radio emission in this portion is equally
right as compared to the west region of HB3. This could be attributed
ither to dust absorption affecting the optical photons and/or to a high
ocal blast wav e v elocity that enhances the non-thermal synchrotron
mission at this region. Finally, the eastern region of HB3 the radio
mission of the remnant roughly follows the bright filament in H α +
N II ] marking the border between the SNR and the ambient H II /MC
omplex. 

Regarding the inner, thermal X-ray emission of the remnant
Fig. 7 b) – a property that classifies HB3 as a MMSNR (Rho &
etre 1998 ; Lazendic & Slane 2006 ) – it is lying close to the centre
f the optical image of HB3 being centralized at about ( α, δ) =
2 h 18 m , 62 ◦40 

′ 
). The remnant’s X-ray brightness declines moving

rom the centre to the outer portions of HB3, following initially a
oughly spherical distribution but at the same time it displays two
arge anti-asymmetric wings towards the north-east and south that
o v er the whole optical image of the remnant in these regions. The
 v erall X-ray morphology of HB3 is shifted towards the eastern
egion of the remnant where it intersects with the H II /MC complex,
omething that advocates that the mixed morphology properties
f HB3 are related to the interaction of the remnant with the
urrounding cloud. Such a hypothesis is aligned to e v aporating clouds
odel (White & Long 1991 ) and the reflected shock model (Chen

t al. 2008 ) for the formation of MMSNRs as both demand the
nteraction of the SNR with a surrounding dense cloud (see also 
ection 4.3 ). 
The molecular gas in the vicinity of HB3 as detected by millimetre

bservations of CO lines (Zhou et al. 2016 ), coincides with the bright
 α + [N II ] and [S II ] south-east region of the SNR, lying about ( α,

) = (2 h 18 m 30 s , 62 ◦20 
′ 
). Given that the optical emissivity of the

hocked gas goes as ρ2 where ρ its mass density, it is inferred that in
his region the SNR blast wave is propagating in a dense environment.
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Figure 6. Long-slit low-resolution spectra from different positions of the observed area (see Table 1 ). The small shift in the wavelength axis is due to the 
different observing season (slightly different position of the grating). 
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his result offers an additional evidence towards the conclusion that 
B3 is currently interacting with the W3 H II re gion/MC comple x

see also Zhou et al. 2016 ; Routledge et al. 1991 , for an additional
rgumentation). 
Finally, the gamma-ray emission disco v ered in the vicinity of
B3 (Tsygankov et al. 2016 ; Katagiri et al. 2016 ; see also Fig. 7 d)

s spatially correlated with the bright 12 CO ( J = 1–0) emission and
t is adjacent to the south-east region of the remnant. Such a result
MNRAS 512, 1658–1676 (2022) 
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M

Figure 7. The correlation between H α + [N II ] image and (a) the radio emission at 4850 MHz (blue line) and 330 MHz (red line). The blue contours scale 
linearly from 5 × 10 −3 Jy beam 

−1 to 0.03 Jy beam 

−1 , with step 0.05 Jy beam 

−1 and the red from 7 × 10 −3 Jy beam 

−1 to 4.5 × 10 −2 Jy beam 

−1 , with step 
0.05 Jy beam 

−1 . (b) the X-ray emission of ROSAT PSPC (yello w line, Lazendic & Slane 2006 ). The yello w contours scale linearly from 1 × 10 −5 counts 
arcmin −2 s −1 to 3 × 10 −4 counts arcmin −2 s −1 , with step 2.8 × 10 −5 counts arcmin −2 s −1 . (c) the molecular emission of 12 CO ( J = 1 −0), 13 CO ( J = 1 −0), 
and C 

18 O ( J = 1 − 0) in the velocity range of −60 to −30 km s −1 (cyan line, Zhou et al. 2016 ). The cyan contours scale linearly from 0 to 13.5 K with step 5 K. 
(d) the gamma-ray emission of background-subtracted FERMI LAT in the 1 −10 GeV (blue line, Katagiri et al. 2016 ). The blue contours scale linearly from 0 
to 22 counts pixel −1 with step 5 counts pixel −1 . 
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a v ours for a hadronic origin of the gamma-ray photons resulted
y interactions between particles accelerated in the SNR and the
olecular cloud. 
All abo v e evidence advocate that HB3 is indeed expanding in

he vicinity of the W3 H II re gion/MC comple x and currently is
nteracting with it at its eastern portion. This interaction seems
o substantially affect the morphology of the remnant as well as
ts emission properties all o v er the electromagnetic spectrum. The
orders between the SNR and the surrounding cloud are well justified
y the radio observations and the bright H α + [N II ] filaments at the
astern region of the remnant. 
NRAS 512, 1658–1676 (2022) 
 DI SCUSSI ON  

.1 Properties of the optical filaments 

aving an angular diameter of ∼90 arcmin × 120 arcmin, HB3 is
mong the largest Galactic SNRs known. Furthermore, assuming a
istance of ∼2 kpc, this means a linear diameter of 52 × 72 pc,
ndicative of an evolved SNR being in the later Sedov–Taylor or
n the radiative phase. The composite H α + [N II ] image provides
he best description of the morphology of G 132.7 + 01.3 in its
ull extent making possible the identification of all of its detailed
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Figure 8. 2D diagnostic curves of Kopsacheili et al. ( 2020 ) together with the results extracted by our spectroscopic data (blue points). The blue region is the 
locus that indicates shock excited gas emission. 
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tructures. Emission from the [S II ] λλ6716,6731 doublet lines and 
he [O III ] λ5007 line has also been detected matching in shape and
osition the H α + [N II ] emission, though being more diffuse and less
lamentary. Furthermore, the prominent [O III ] emission indicates the 
xistence of fast shocks travelling through the ionized gas all around 
he remnant (Cox & Raymond 1985 ). 

The [S II ]/H α emission-line ratio measured from the optical 
mages of the Area A (Table 2 ) does not exceed the threshold (0.4)
f supernova remnants. We thus argue that this particular area does 
ot belong to G 132.7 + 01.3, but it is associated with the H II region.
ote that the area A is also the brightest in the H α emission line

see Table 2 ). All other areas display [S II ]/H α > 0.4, except area S7
or which a ratio of 0.35 is determined. Note that the width of the
 α + [N II ] filter used for the computation of H α emission is large

nough to transmit the [N II ] 6584 Å line. This extra emission is likely
esponsible for the lower [S II ]/H α ratio measured for the area S7. 

Regarding our spectroscopic observations of eight filaments dis- 
ributed o v er the entire remnant, the [S II ]/H α ratios are clearly
igher than 0.4. The distribution of our spectra in the H α/[S II ]–
 α/[N II ] space is consistent with the locus of shock-heated gas

n SNRs and well separated from the UV-dominated PNe and 
 II regions (e.g. Sabbadin, Minello & Bianchini 1977 ; Meaburn 

t al. 2010 ; Leonidaki, Boumis & Zezas 2013 ; Sabin et al. 2013 ;
kras et al. 2020 ). The strong [O I ] λ6300 Å emission in most of

he filaments provides an extra confirmation of their shock-heated 
rigin. 
In Fig. 8 , we present the ne wly de veloped diagnostic diagrams

etween shock-heated and UV photo-ionized regions for different 
ombinations of emission line ratios (Kopsacheili et al. 2020 ). Our 
bserved [S II ] /H α, [N II ]/H α, and [O I ]/H α ratios from all eight
laments and different apertures satisfy the criteria and lie within the 
egime of expected shock-heated regions. 
Ho we ver, a small discrepancy is observed when the [O III ]/H β

riterion is used for slits 1 and 5. The measured intensities of the
mission line(s) of these slits are highly uncertain, with signal-to- 
oise values of 2–4 (see Table 3 ). This is a possible interpretation
hy regions corresponding to Slit 1 and 5 fall outside the expected

ocus of shock-heated regions in the [O III ]/H β diagnostic diagrams.
his can also be seen from the [O III ] 5007 Å emission which is
ery weak or even absent at the position of the slits 1 and 5 (see
GB; fig. 3 of HB3). A possible contribution in the H β emission

rom the nearby H II region W3 in slit 5 that would result in lower
O III ]/H β ratio cannot be ruled out. We point out ho we ver that the
ew diagnostics do not account for shocks with velocities lower than
00 km s −1 (only models with shock velocities between 100 and
000 km s −1 are considered; Kopsacheili et al. 2020 ). Furthermore,
e note that all the diagnostics are characterized by incompleteness, 
hich is higher in the case of [N II ]/H α–[O III ]/H β (for more details,

ee Kopsacheili et al. 2020 ). 

.2 Origin and evolution of HB3 

dopted from the optical image extent of HB3 ( ∼90 
′ × 120 

′ 
) and

 distance of d = 2 kpc, the average radius of the remnant is R s =
1 pc. Assuming further that the remnant is still in the Sedov phase
nd the magnetic-field pressure is negligible, the values of the pre-
hocked ambient density ( n o ) and the current shock’s velocity ( V s )
an be constrained by using the relation (Dopita 1979 ): 

 [S II ] � 45 
( n o 

cm 

−3 

)(
V s 

100 km s −1 

)2 

cm 

−3 , (1) 

here n [S II ] = 160 ± 80 cm 

−3 extracted from the [S II ] diagnostic
ines. From equation ( 1 ), we get ( n o 

cm 

−3 )( 
V s 

100 km s −1 ) 2 = 3 . 6 ± 1 . 8.
uch a result is in agreement with the independent estimations 
MNRAS 512, 1658–1676 (2022) 

art/stac412_f8.eps


1674 P. Boumis et al. 

M

o  

S  

3
a  

c  

(
1  

f  

i
(  

e  

F  

r  

s
h
t  

e  

E  

o  

f  

(  

a
 

i  

a  

o  

t  

M

R

w  

m
1  

(  

R  

t  

c  

i  

i  

e  

i  

(  

f  

t  

l

4

T  

c  

p  

m  

s  

I  

i  

a  

t  

o  

c  

c  

t  

b  

‘
 

m  

c  

e  

b  

t
 

p  

t  

f  

t  

s  

2
 

c  

f  

t

R

w  

m  

∼  

s  

A  

t  

H  

 

w  

s  

o  

1  

w  

c  

s  

(  

p

R

V

w  

t  

S  

e  

2

(  

w  

a
 

w  

p  

a  

c  

(  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/2/1658/6529241 by Liverpool John M
oores U

niversity user on 11 O
ctober 2022
f HB3 shock velocity and pre-shock density by Lazendic &
lane ( 2006 ) who found ( n o 

cm 

−3 )( 
V s 

100 km s −1 ) 2 = ( 0 . 32 
cm 

−3 )( 
340 

100 km s −1 ) 2 =
 . 7 ± 1 . 4. Additional constraints on the ambient medium density –
nd thus on the current shock velocity – we get by estimating the HB3
olumn density. Using the relation of Ryter, Cesarsky & Audouze
 1975 ), we obtain an N H of 3.3( ± 1.5) × 10 21 cm 

−2 and 6.0( ± 1.7) ×
0 21 cm 

−2 for the minimum and maximum c (H β) values as calculated
rom our spectra, respectiv ely. The e xtracted column density range
s consistent to the estimated values of N H ∼ 6.2 × 10 21 cm 

−2 

Dickey & Lockman 1990 ) and N H ∼ 7.7 × 10 21 cm 

−2 (Kalberla
t al. 2005 ) in the direction of HB3, and the one extracted by
esen et al. ( 1995 ) using their optical spectra in HB3 western
im, who found N H ∼ 5.7 × 10 21 cm 

−2 . The corresponding pre-
hocked ambient medium number density range is 0 . 5 –1 . 0 d −1 

2 cm 

−3 

aving a mean value of n o = ( 0 . 82 ± 0 . 15 ) d −1 
2 cm 

−3 , where d 2 
he distance of HB3 in units of 2 kpc. Using equation ( 1 ) we
xtract a mean shock wave velocity of V s = (208 ± 54) d 0 . 5 2 km s −1 .
mploying the aforementioned results extracted by our optical
bservations on the Sedov solution, we find an explosion energy
or HB3 equal to E ∼ 2 . 1 × 10 46 ( R s pc ) 

3 ( n o 
cm 

−3 ) ( 
V s 

100 km s −1 ) 2 =
2 . 3 ± 1 . 1) × 10 51 d 3 2 erg (Ostriker & McKee 1988 ), while the SNR
ge is estimated to be t ∼ ( 5 . 8 ± 1 . 5 ) × 10 4 d 0 . 5 2 yr. 

The large size of the remnant and its bright optical line emission
ndicate that HB3 has evolv ed be yond the SNR adiabatic phases
nd currently is in the Pressure Dri ven Sno wplo w (PDS) phase. In
rder to assess the correctness of this assumption, we estimate the
ransition radii from the Sedov to the PDS phase extracted by Cioffi,

cKee & Bertschinger ( 1988 ): 

 PDS = 14 . 0 

(
E 

10 51 erg 

) 2 
7 ( n o 

cm 

−3 

)− 3 
7 
ζ

− 1 
7 

m 

, (2) 

here E is the SN energy and ζ m 

is a constant equal to unity for solar
etallicity. In the PDS phase, the SN energy is found to be E = 6 . 8 ×

0 43 ( n o 
cm 

−3 ) 1 . 16 ( V s 
km s −1 ) 1 . 35 ( R s pc ) 

3 . 16 ζ 0 . 161 
m 

= (3 . 7 ± 1 . 5) × 10 51 d 2 . 7 2 erg
Cioffi et al. 1988 ) for which the corresponding transition radius is
 PDS = ( 22 . 2 ± 3 . 1 ) d 1 . 2 2 pc. The transition radius is slightly smaller

han the current radius of HB3 ( Rs ∼ 31 d 2 pc) something that indi-
ates that the remnant has evolved into the PDS phase or is currently
n the transition phase between the Sedov and PDS stages. Intrigu-
ngly, this finding is commonly met in the class of MMSNRs (Shelton
t al. 1999 ). The corresponding time in which HB3 started to enter

nto the PDS phase is t PDS = 1 . 33 × 10 4 ( E 

10 51 erg 
) 

3 
14 ( n 0 

cm 

−3 ) 
− 4 

7 ζ
− 5 

14 
m 

=
2 . 0 ± 0 . 3) × 10 4 d 1 . 15 

2 yr, while the current age of the remnant was

ound to be t = 

3 
4 t PDS [( 

R s 
R PDS 

) 
10 
3 + 

1 
3 ] = (5 . 1 ± 2 . 1) × 10 4 yr. These

ime-scales indicate that HB3 has spent at least the 30 per cent of its
ifetime in the PDS phase. 

.3 On the mixed morphology of HB3 

he previous approach provides a first-order approximation on the
urrent evolutionary properties of the remnant as well as on its
arent SN e xplosion. Nev ertheless, it ne glects the following two
ajor facts: (a) the ambient medium properties around HB3 deviate

ubstantially from the homogeneity revealing large spatial gradients.
n particular, our optical study confirmed that HB3 interacts in
ts eastern region with a dense H II /MC complex something that
ffects its morphology, kinematics, and emission properties. Thus,
he evolution of the remnant cannot be accurately approached by
ne-dimensional, spherically symmetric models; (b) HB3 has been
lassified as a mixed morphology SNR being characterized by the
oexistence of an optical/radio bright shell with a centrally peaked
NRAS 512, 1658–1676 (2022) 
hermal X-ray emission. These SNR properties cannot be explained
y the canonical SNR evolution models and therefore, additional
ingredients’ on its evolutionary history are required. 

Lazendic & Slane ( 2006 ) provided an explanation on the mixed
orphology properties of HB3 by invoking the so-called e v aporating

louds model (e.g. White & Long 1991 ; Slavin et al. 2017 ; Zhang
t al. 2019 ) and adopting a C 

τ
ratio of 3–5, where C is the mass ratio

etween the clouds and the intercloud medium and τ is the ratio of
he cloud e v aporation time-scale to the current SNR age. 

Here, we discuss an alternati ve e volutionary scenario of HB3 that
otentially could lead on its mixed morphology properties based on
he ‘reflected shock model’. According to this model, MMSNRs are
ormed by the action of a reflected shock, triggered by the collision of
he SNR with the density walls of a pre-existing circumstellar cavity
culptured by the mass outflows of the progenitor star (Dwarkadas
005 ; Chen et al. 2008 ; Zhang et al. 2015 ). 
If this was the case of HB3, the size of the formed wind-blown

avity should be comparable to the current size of the remnant. This
act provides us an estimation of the progenitor mass by employing
he linear relation of Chen et al. ( 2013 ): 

 b � ( 1 . 22 ± 0 . 05 ) ×
(

M ms 

M �

)
− ( 9 . 16 ± 1 . 77 ) pc , (3) 

here R b is the radius of the wind-blown cavity and M ms is the stellar
ain-sequence mass. Considering that the current radius of HB3 is
31 d 2 pc, we estimate that the remnant resulted by a progenitor

tar with a main-sequence mass of about M ms = 33 . 9 ± 2 . 0 M �.
ccording to the stellar evolution theory, this star most likely passed

hrough the Wolf–Rayet phase before its final explosion. If true, then
B3 resulted by a Type Ib/c SN (Smith 2014 , and references therein).
According to this scenario, the remnant initially evolved into the

ind-blown cavity of a size R b ∼ 31 pc, shaped by the progenitor
tar. Describing the SN ejecta density profile with a power law
f ρej ∝ r −n , with n = 7 (appropriate for Type I SNe; Che v alier
981 ), and assuming energy conservation, the evolution of the SNR
ithin the wind cavity till its collision with the density walls of the

ircumstellar structure can be approached by employing the self-
imilar solution of Che v alier ( 1982 ). The radius ( R s ) and velocity
 V s ) of an SNR expanding in an wind- blown cavity with a density
rofile ρAM 

= q r −s , where s = 2 and q = 

Ṁ w 

4 πu w 
and are given by 

 s = 1 . 3 ×
(

A g n 

q 

) 1 
n −s 

t 
n −3 
n −s , (4) 

 s = 1 . 3 ×
(

n − 3 

n − s 

)
×

(
A g n 

q 

) 1 
n −s 

t 
s −3 
n −s , (5) 

here for n = 7 we have A = 0.27 and g = [( 25 
21 π )( 

E 2 ej 

M ej 
)] 

1 
7 and t is

he age of the remnant. By assuming the canonical energy for the
N explosion of E ej = 10 51 erg, an ejecta mass of M ej = 9 M � (as
xpected to be the final mass of a 34 M � progenitor e.g. Meyer et al.
021 ) and adopting typical WR wind properties ( Ṁ 

10 −5 M � yr −1 ) ×
 

u̇ w 
10 3 km s −1 ) −1 = 1 we find that the remnant reached with the density
alls of the wind-blown cavity after t ≈ 4500 yr of evolution having

n incident shock velocity of V s ≈ 5400 km s −1 . 
At the moment of the collision between the SNR and the density,

all a pair of shocks is formed: the transmitted shock that starts to
enetrate the density wall and the reflected shock that mo v es inwards
nd shocks the SN ejecta. Due to the high wall-to-cavity density
ontrast the transmitted shock is expected to decelerate substantially
Dwarkadas 2005 , 2007 ; Chiotellis, Schure & Vink 2012 ; Chiotellis
t al. 2013 ). In particular, the transmitted shock velocity ( v t ) right
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fter the collision of the SNR with the cavity walls as a function of
he incident shock velocity ( Vs ) is given by (Sgro 1975 ) 

 t = 

(
β

A 

) 1 
2 

× V s , (6) 

here A is the wall to cavity density contrast and β is the pressure
atio of the post-transited-shock gas to the post-incident shock gas. 
he ratio β is related to the density contrast between the post-

eflected shock gas and post-incident shock gas ( A r ) as 

= 

4 A r − 1 

4 − A r 
, (7) 

nd A r in turn is related to A as 

 = 

3 A r ( 4 A r − 1 ) [ 
[ 3 A r ( 4 − A r ) ] 

1 
2 − √ 

5 ( A r − 1 ) 
] 2 . (8) 

For the adopted wind parameters, the number density at the outer 
egion of the wind cavity will be in the order of n cav . ∼ 10 −3 cm 

−3 .
he cavity wall density cannot be described by a single value, 
s it is strongly related to the ambient medium density that as
iscussed abo v e deviates substantially from homogeneity. Adopting 
n ambient medium of n o = 0 . 5 − 1 cm 

−3 , as extracted by the
olumn density estimations, for the western portion of the remnant, 
nd a n cloud ∼ 10 1 −10 2 cm 

−3 for the eastern cloud and considering
hat the ambient medium has been compressed by at least a factor
f 4, we get A ∼ 10 3 −10 4 and A ∼ 10 4 −10 5 for the western and
astern regions of the remnant, respectively. Importing these values 
o equations ( 5 )–( 8 ), we get a transmitted shock velocity at west of
 t ≈ 130 –400 km s −1 (consistent to the estimations of Lazendic &
lane 2006 ), while to the eastern region, a much slower one of the
rder of V t ≈ 40 –130 km s −1 . Regarding the reflected shock, its
nitial velocity is given 

 r = 

1 

4 

[ 

3 −
(

15 A r 

4 − A r 

) 1 
2 
] 

V s , (9) 

rom which we get V r ≈ 2300 –2500 km s −1 at the east and V r ≈
500 –2600 km s −1 at the west of HB3. A shock wave with such a
igh velocity will compress and heat the gas to temperatures that 
ecomes X-ray bright. 
Such a scenario seems consistent with the observed properties of 

B3, since in principle can explain the low expansion velocities 
f HB3 forward shock and at the same time its central X-ray
mission. As the remnant evolved further the transmitted shock 
enetrated more the density wall and it got further decelerated up to
ts current expansion velocities. Simultaneously, the reflected shock 
eached the centre of the remnant producing the o v erall centrally
-ray peak morphology of HB3. In order to verify whether such 
 scenario could indeed reproduce the current properties of HB3 
etailed hydrodynamic modelling is required. 

 C O N C L U S I O N S  

(i) HB3 (G 132.7 + 1.3), which is among the largest supernova 
emnants, was studied in optical wavelengths in its full extent for the
rst time. Filamentary and diffuse structures are both present in its
ptical images. The [S II ] emission of HB3, though fainter, displays
 similar morphology to that of the H α + [N II ] emission-line image,
racing all the filamentary structures. On the other hand, the [O III ]
mission-line displays a different filamentary morphology compared 
o the former line images, indicating different shock velocities and 
hysical conditions. 
(ii) Spectroscopic data from eight filaments distributed across 
he whole remnant exhibit strong H α, [N II ] λλ6548,6584,
S II ] λλ6716,6731, and [O I ] λλ6300,6363 emission lines and low-to-
oderate emission from the [O III ] λλ4959,5007 lines. These findings

ndicate shock waves with velocities < 100 km s −1 for most of the
laments with an exception of slit 2, which has higher [O III ]/H β ratio
nd shock velocity up to 120 km s −1 . The [S II ] lines ratio implies an
lectron density < 240 cm 

−3 . 
(iii) The observed emission-line ratios are also found to be in 

greement with the diagnostic diagrams that distinguish shock- 
eated gas (SNRs) and UV-photoionized gas (H II re gions), v erifying
he origin of the optical emission from shock-heated gas. 

(iv) We compared the H α + [N II ] image extracted by our
bservations with the emission that HB3 displays in the radio, X-
ays, millimetre, and gamma-rays bands. Overall, the radio emission 
f HB3 is co-spatial with the bright optical filaments of the remnant
omething that indicates the same physical origin of the two radi-
tions and marks the border of the SNR in respect to the adjacent
loud. The X-ray emission peaks roughly close to the optical centre
f the remnant, but its o v erall distribution tends to be shifted towards
he east, advocating that there is a link between the interaction of
he remnant with the H II /MC complex and the mixed morphology
roperties of HB3. Finally, regarding the CO emission line and 
amma-ray emission there are co-spatial with the bright south-east 
ptical filament of the remnant something that offers an additional 
vidence on the interaction of HB3 with the W3 complex. 

(v) Based on the [S II ] diagnostic lines and column densities
btained by our observations, we estimated the current shock velocity 
nd pre-shock ambient medium density of HB3 and we found to be
 s = 208 ± 54 km s −1 and n o = 0 . 82 ± 0 . 15 cm 

−3 , respectively.
egarding the evolutionary state of HB3, we show that the remnant
as most likely passed into the PDS phase or it is in transition between
he Sedov and PDS stages. Under this assumption, the SN energy
f HB3 was found to be (3.7 ± 1.5) × 10 51 erg and its current age
5.2 ± 2.1) × 10 4 yr. 

(vi) We discussed the mixed morphology properties of HB3 under 
he reflected shock model. We show that the o v erall properties of the
emnant, namely its optical/radio bright shocks and its central X-ray 
mission, can in principle be explained considering that the remnant 
s currently interacting with the density walls of a wind-blown cavity
haped by a progenitor star with initial mass of ∼ 32 − 36 M �. 
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