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A B S T R A C T 

OB associations are important probes of recent star formation and Galactic structure. In this study, we focus on the Auriga 
constellation, an important region of star formation due to its numerous young stars, star-forming regions, and open clusters. 
We show using Gaia data that its two previously documented OB associations, Aur OB1 and OB2, are too extended in proper 
motion and distance to be genuine associations, encouraging us to revisit the census of OB associations in Auriga with modern 

techniques. We identify 5617 candidate OB stars across the region using photometry, astrometry and our SED fitting code, 
grouping these into five high-confidence OB associations using HDBSCAN. Three of these are replacements to the historical 
pair of associations – Aur OB2 is divided between a foreground and a background association – while the other two associations 
are completely new. We connect these OB associations to the surrounding open clusters and star-forming regions, analyse them 

physically and kinematically, constraining their ages through a combination of 3D kinematic traceback, the position of their 
members in the HR diagram and their connection to clusters of known age. Four of these OB associations are expanding, with 

kinematic ages up to a few tens of Myr. Finally, we identify an age gradient in the region spanning several associations that 
coincides with the motion of the Perseus spiral arm o v er the last ∼20 Myr across the field of view. 

Key words: stars: distances – stars: early-type – stars: kinematics and dynamics – stars: massive – Galaxy: structure – open 

clusters and associations: individual: Aur OB1, Aur OB2, Alicante 11, Alicante 12, COIN-Gaia 16, Gulliver 8, Kronberger 
1, NGC 1778, NGC 1893, NGC 1912, NGC 1960, Stock 8. 
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 I N T RO D U C T I O N  

irst defined by Ambartsumian ( 1947 ), OB associations are gravi-
ationally unbound groups of young stars containing bright O- and
-type stars. They have sizes from a few tens of parsecs to a few
undred parsecs and total stellar mass of one thousand to several
ens of thousands of solar masses (Wright 2020 ). They are valuable
racers of the distribution of young stars, and have been used for
uch purposes for decades (see e.g. Morgan, Whitford & Code
953 ; Humphreys 1978 ). Most of the known OB associations are
oincident with the Galactic spiral arms (Wright 2020 ; Wright et al. 
022 ). 
Bok ( 1934 ) pointed out that low-density systems were prone to

isruption by tidal forces from the Galaxy, therefore Ambartsumian
 1947 ) and Blaauw ( 1964 ) assumed that OB associations should be
xpanding. In the clustered model of star formation from Lada &
ada ( 2003 ), massive stars forming in embedded clusters disperse

heir parent molecular cloud by feedback, a process known as resid-
al gas expulsion (Hills 1980 ; Kroupa, Aarseth & Hurley 2001 ). With
he majority of the mass of the system in the form of gas, embedded
lusters unable to survive as gravitationally bound open clusters will
xpand and disperse as unbound OB associations. The hierarchical
odel of star formation, on the other hand, assumes that stars form
 v er a range of densities, quickly decoupling from the gas in which
hey form. High-density clusters may survive as long-lived open
lusters, while low-density groups will be gravitationally unbound
 E-mail: a.l.p.quintana.isasi@keele.ac.uk 
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rom birth (Kruijssen 2012 ). In such a model, OB associations may
orm gravitationally unbound and not require residual gas expulsion.
lthough the reality probably lies between these two cases (Wright
020 ), recent data and modern techniques can provide the key to
nveil the origins of OB associations. 
Expansion signatures from OB associations could indeed help to

upport the clustered model. Attempts to detect expansion in OB
ssociations have had varied results, with early studies finding very
ittle evidence for expansion (see e.g. Wright et al. 2016 ; Ward &
ruijssen 2018 ; Wright & Mamajek 2018 ), while later studies had
ore success (see e.g. Kounkel et al. 2018 ; Cantat-Gaudin et al.

019 ; Armstrong et al. 2020 ; Quintana & Wright 2021 ). Failures to
etect clear expansion signatures in OB associations have occurred
ostly in systems with historically-defined membership (based on

he position on the sky), while more recent studies that defined
B associations and their membership using spatial and kinematic

nformation have proven more successful. 
The Auriga constellation contains two OB associations identified

nd catalogued by Roberts ( 1972 ) and Humphreys ( 1978 ), as well
s numerous young stars (Gyulbudaghian 2011 ; P ande y et al. 2020 ),
tar-forming re gions (P aladini et al. 2003 ; Mellinger 2008 ; Anderson
t al. 2015 ), and open clusters (Cantat-Gaudin & Anders 2020 ). The
uriga constellation should intercept both the local arm and the
erseus spiral arm though few studies have focused on Galactic

ongitudes between 140 ◦ and 180 ◦ (Marco & Negueruela 2016 ).
egueruela & Marco ( 2003 ) suggested the Auriga region is a less
opulated part of these spiral arms. 
Aur OB1 is located at a distance of 1.06 kpc (Melnik & Dambis

020 ). It includes the open cluster NGC 1960 and the dark cloud LDN
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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OB stars and associations in Auriga 3125 

Figure 1. Spatial distribution in Galactic coordinates of the historical members of Aur OB1 and OB2. For the 48 stars with RUWE < 1.4, their Galactic proper 
motions are represented as vectors (scale length indicated in the top left) while the stars without reliable proper motions are shown as points. We also show open 
clusters as empty squares (Cantat-Gaudin & Anders 2020 ), and H II and star-forming regions as empty circles (Paladini et al. 2003 ; Mellinger 2008 ; Anderson 
et al. 2015 ). The background extinction map shows the integrated visual extinction at 2 kpc from Green et al. ( 2019 ). 
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525 located at 1.2–1.3 kpc (Strai ̌zys, Drew & Laugalys 2010 ), and
s undergoing intense star formation (Panja et al. 2021 ). 

Aur OB2 is located at a distance of 2.42 kpc (Melnik & Dambis
020 ). Its main features are the open clusters Stock 8, Alicante 11,
nd Alicante 12 (Marco & Negueruela 2016 ). It was first thought
hat Aur OB2 extended between Stock 8 and NGC 1893, but recent
tudies have placed them at different distances, suggesting they may 
ot all be part of the same system (Negueruela & Marco 2003 ;
arco & Negueruela 2016 ; Kuhn et al. 2019 ). 
The paper is structured as follows. In Section 2 , we revisit the

istorical Auriga OB associations with modern data and techniques. 
n Section 3 , we outline our process for identifying OB stars, before
etailing the clustering process used to identify new OB associations. 
n Section 4 , we characterize these associations both physically and 
inematically. In Section 5 , we discuss the results in a broader context
nd we provide conclusions in Section 6 . 

 T H E  AU R I G A  R E G I O N  

n this section, we explore the existing OB associations in Auriga 
ith modern photometry and astrometry from Gaia EDR3 (Gaia 
ollaboration 2021 ), as well as any known open clusters and star-

orming regions in their vicinity. 

.1 Historical OB associations 

e focus our study on a 150 deg 2 area in the Auriga constellation,
ith l = [165 ◦, 180 ◦] and b = [ −5 ◦, 5 ◦] as shown in Fig. 1 . This area

ncompasses two historical associations, Aur OB1 and OB2. Their 
embers have been listed in several catalogues (e.g. Humphreys 

978 ; Melnik & Dambis 2020 ). From Melnik & Dambis ( 2020 ),
here are 36 stars in Aur OB1, 20 in Aur OB2, and 10 in NGC 1893,
lthough only six of them have equatorial coordinates in Gaia EDR3
nd listed in SIMBAD. NGC 1893 is usually considered part of Aur
B2 (see e.g. Marco & Negueruela 2016 ; Lim et al. 2018 ), and
e follow that convention here, increasing the number of Aur OB2
embers to 26 stars. 
We match these 62 sources with Gaia EDR3 (Gaia Collaboration 

021 ) using a radius of 1 arcsec and find a counterpart for all the
tars. Following the criterion from Lindegren et al. ( 2021a ), we only
se the astrometry for the 48 stars whose renormalized united weight
rror (RUWE) is < 1.4. Distances were taken from Bailer-Jones et al.
 2021 ). The distribution of these stars in position, proper motions,
nd distance is shown in Figs 1 –3 . 

Figs 1 and 2 show that the existing members of the two associations
o not have a strong level of kinematic coherence, their proper
otions each spread o v er 2–3 mas yr −1 or 10–15 km s −1 at 1 kpc,
uch larger than one would expect for an OB association (Wright

020 ). Fig. 3 shows that the Aur OB1 members are spread o v er
istances from 0.6 to > 2 kpc, much larger than the parallax
ncertainties (typically 0.03 mas). A similar issue is apparent for 
ur OB2, its members are spread from 1.7 to o v er 4 kpc, albeit
ith a core group of stars around 2 kpc, though this does not
atch with the distance to NGC 1893 of 2.9 kpc (Mel’Nik &
ambis 2009 ; Melnik & Dambis 2020 ). The presence of stars

t distances of 3–4 kpc within these associations was previously 
oted by Marco & Negueruela ( 2016 ). OB associations have his-
orically been defined through their on-sky spatial distribution and 
pparent magnitudes, with their members assumed to be within a 
arrow range of distances (see e.g. Humphreys 1978 ). It is clear
hat these two associations are not real OB associations; they 
either exhibit the necessary kinematic coherence, nor are they 
MNRAS 522, 3124–3137 (2023) 
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Figure 2. Proper motion distribution in Galactic coordinates for the historical 
members of Aur OB1 and OB2, with error bars, for stars with RUWE < 1.4. 
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ocated at a small enough range of distances to have been born
ogether. 

.2 Open clusters and star-forming regions 

o revisit our census of the OB associations in Auriga, we start by
ollating information on the known open clusters and star-forming
egions in this area. Several tens of open clusters have been identified
n the region (Cantat-Gaudin & Anders 2020 ). In particular, five of
hem are likely related to the existing OB associations, following the
iscussions in Strai ̌zys et al. ( 2010 ), Marco & Negueruela ( 2016 ),
nd P ande y et al. ( 2020 ). The properties of these OCs are summarized
n Table 1 , 1 where we have also included other OCs in the region
hose rele v ance will be sho wn in Section 3.7 . The clusters are also

hown in Fig. 1 alongside the OB associations. 
In this area are also found multiple H II regions (Paladini et al.

003 ; Anderson et al. 2015 ), and several star-forming regions
ncluding Sh 2–235 and AFGL 5144 (Mellinger 2008 ). They are
hown in Fig. 1 . 

The most prominent feature of Fig. 1 is the centre of the region at l
173 ◦ and b ∼ 0 ◦. This is where the bulk of Aur OB2 members are

ocated (Melnik & Dambis 2020 ), along with the three open clusters
tock 8, Alicante 11 and 12 (see Table 1 ), and the H II regions Sh 2–
34 and 174.0 + 00.3. The star-forming region AFGL 5144 lies close
o this area, at l = 173.7 ◦ and b = 0.3 ◦ (Mellinger 2008 ), consistent
ith the young age of the OCs (Marco & Negueruela 2016 ). 
The star-forming region Sh 2–235 is located at l = 173.7 ◦ and b =

.7 ◦ (Mellinger 2008 ), close to the H II regions G173.710 + 02.699
nd G173.63 + 02.664, and where the region of highest extinction
an be found (see Fig. 1 ). 
NRAS 522, 3124–3137 (2023) 

 Alicante 11 and 12 are not listed in Cantat-Gaudin & Anders ( 2020 ). 
o we v er, Marco & Ne gueruela ( 2016 ) calculated a common distance of 
2.8 kpc for these two clusters along with Stock 8, albeit o v erestimated 

ompared with other estimates (Jose et al. 2008 ; Mel’Nik & Dambis 2009 ), 
o we assigned them the same distance as Stock 8 in Cantat-Gaudin & Anders 
 2020 ). 
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 I DENTI FI CATI ON  O F  N E W  O B  

SSOCI ATI ONS  

n this section, we summarize the method used to identify OB stars
nd associations. The method for identifying OB stars is very similar
o that of Quintana & Wright ( 2021 ), which we briefly summarize
ere and highlight any changes. 

.1 Data and selection process 

e utilize astrometry and optical photometry from Gaia EDR3 (Gaia
ollaboration 2021 ) 2 , optical photometry from IGAPS 

3 (Drew et al.
005 ; Mongui ́o et al. 2020 ), and near-IR photometry from 2MASS 

4 

Cutri et al. 2003 ) and UKIDSS 

5 (Lucas et al. 2008 ). We require
aia astrometry to have RUWE < 1.4 and | � 

σ� 
| > 2 6 , where � is

he observed Gaia parallax and σ� 

its random uncertainty. We limit
ur sample to stars with BP-RP < 2.5, a colour limit equi v alent to
 star with log ( T eff ) = 4 and A V = 6, which is about the maximum
 xtinction lev el in this re gion at a distance of 3 kpc (Green et al. 2019 ).
he sources were filtered to have d < 3.5 kpc, using the distances

rom Bailer-Jones et al. ( 2021 ). Gaia photometry was required to
ave | C 

∗| < 3 σC∗ where C 

∗ is the corrected excess flux factor in
he G RP and G BP bands and σ C ∗ is the power law on the G band
ith a chosen 3 σ level (Riello et al. 2021 ). 2MASS photometry was

equired to have a good-quality flag (A, B, C, or D, see Cutri et al.
003 ), whilst those from UKIDSS had to fulfill ErrBits < 256. For
KIDSS, we also exclude photometry with either J < 13.25, H <

2.75, and K < 12, below which the photometry risks saturation
Lucas et al. 2008 ). IGAPS photometry was filtered by excluding
aturated photometric bands whose associated class did not indicate
 star or probable star (Mongui ́o et al. 2020 ). We then require at least
ne valid blue photometric band (either g , G BP , or G ) and a valid
ear-infrared photometric band. To remo v e faint (non-OB) stars,
e then apply an absolute magnitude cut, requiring M K < 1.07 (if
 -band photometry is available), M H < 1.10 (otherwise if H -band
hotometry is available), or M J < 1.07 (if only J-band photometry
s available). These are the absolute magnitudes of main-sequence
0 stars (Pecaut & Mamajek 2013 ). Finally, the near-IR colour–

olour diagram was used to remo v e background giants, as described
n Quintana & Wright ( 2021 ). 

This led to a working sample of 29 124 sources on which we
pplied our SED fitting process. 

.2 SED fitting 

o calculate the physical properties of the sources, in order to identify
B stars, an SED fitting process was applied, based on the same
ethod in Quintana & Wright ( 2021 ) with a few impro v ements,

ummarized here: 

(i) We seek to estimate the model parameters log(Mass), Fr(Age),
 and ln ( f ) using the emcee package in PYTHON (F oreman-Macke y
t al. 2013 ). Fr(Age) is the fractional age (i.e. the age of a star divided
 With the parallaxes corrected for the zero-point following the prescription 
rom Lindegren et al. ( 2021b ). 
 The INT Galactic Plane Surv e y. 
 Two Micron All Sky Survey. 
 United Kingdom Infrared Deep Sky Survey. 
 We have not applied the correction on parallax uncertainty from El-Badry, 
ix & Heintz ( 2021 ), because our analysis of the line of sight distribution 
f OB stars within our new associations suggests that the Gaia parallax 
ncertainties are o v erestimated in this area. 
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Figure 3. Galactic longitude plotted as a function of distances from Bailer-Jones et al. ( 2021 ) for the historical members of Aur OB1 and OB2 with RUWE < 

1.4. 

Table 1. Properties of the open clusters in Auriga thought to be related to 
the OB associations. Galactic coordinates and distances taken from Cantat- 
Gaudin & Anders ( 2020 ). References for the ages are: Jeffries et al. ( 2013 ) 
and Joshi et al. ( 2020 ) for NGC 1960, Marco & Negueruela ( 2016 ) for 
Stock 8, Alicante 11 and 12, Tapia et al. ( 1991 ), Marco, Bernabeu & 

Negueruela ( 2001 ), Sharma et al. ( 2007 ) and Lim et al. ( 2014 ) for NGC 1893, 
Subramaniam & Sagar ( 1999 ), Dias et al. ( 2021 ) for Gulliver 8, Jacobson et al. 
( 2002 ), P ande y et al. ( 2007 ), Kharchenko et al. ( 2005 ) and Dib, Schmeja & 

Parker ( 2018 ) for NGC 1912, Barbon & Hassan ( 1973 ), Kharchenko et al. 
( 2013 ), Dib et al. ( 2018 ) and Cantat-Gaudin et al. ( 2020 ) for NGC 1778, 
Cantat-Gaudin et al. ( 2020 ) for COIN-Gaia 16 (here abbreviated CG16), 
Dib et al. ( 2018 ) and Cantat-Gaudin et al. ( 2020 ) for Kronberger 1 (here 
abbreviated K1). 

OC Assoc. l ( ◦) b ( ◦) d (kpc) Age (Myr) 

NGC 1960 Aur OB1 174.542 1 .075 1.16 ± 0.01 18–26 
Stock 8 Aur OB2 173.316 − 0 .223 2.11 ± 0.01 4–6 
Alicante 11 Aur OB2 173.046 − 0 .119 2.11 ± 0.01 4–6 
Alicante 12 Aur OB2 173.107 0 .046 2.11 ± 0.01 4–6 
NGC 1893 Aur OB2 173.577 − 1 .634 3.37 ± 0.05 1–5 
Gulliver 8 – 173.213 − 1 .549 1.11 ± 0.01 22–39 
NGC 1912 – 172.270 0 .681 1.10 ± 0.01 250–375 
NGC 1778 – 168.914 2 .007 1.64 ± 0.01 150–282 
CG16 – 170.038 0 .270 1 . 53 + 0 . 02 

−0 . 01 26 
K1 – 173.106 0 .049 2.12 ± 0.06 6–8 
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y the maximum age at its initial stellar mass) and ln ( f ) is a scaling
ncertainty to help the convergence of χ2 (F oreman-Macke y et al. 
013 ; Casey 2016 ). log ( T eff ) and log ( L / L �) are indirect products
f this process, and the extinction A V was derived using the 3D
xtinction map from Green et al. ( 2019 ) named Bayestar . The priors
or these parameters are: 

ln ( P ( θ )) 

= 

⎧ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎩ 

log ( 1 
2 L 3 

d 2 exp ( −d 
L 

)) if 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

−1 . 0 ≤ log (Mass) ≤ 2 . 0 
0 . 0 ≤ Fr(Age) ≤ 1 . 0 
0 . 0 ≤ d ≤ 5000 . 0 pc 
−10 . 0 ≤ ln ( f ) ≤ 1 . 0 

−∞ otherwise 

(1) 

ith the prior on distance from Bailer-Jones ( 2015 ) including a scale
ength L set to 1.35 kpc. 

(ii) Our model SEDs use stellar spectral models (Werner & 

reizler 1999 ; Rauch & Deetjen 2003 ; Werner et al. 2003 ; Coelho
014 ), with a fixed value of log g = 4 and evolutionary models
rom Ekstr ̈om et al. ( 2012 ). Model spectra were reddened using
he Fitzpatrick et al. ( 2019 ) extinction laws and convolved with the
ele v ant filter profiles to derive synthetic magnitudes. 

(iii) Systematic uncertainties were added to the measured pho- 
ometric uncertainties. This is equal to 0.03 mag for g , r, and i
Barentsen et al. 2014 ; Drew et al. 2014 ), 0.01 mag for G , G RP ,
 BP (Riello et al. 2021 ), 0.03 mag for J 2M 

, 0.02 for H 2M 

and K 2M 

Skrutskie et al. 2006 ), and 0.03 mag for J U , H U , K U (Hodgkin et al.
009 ). 
(iv) We choose the median value of the posterior distribution. 

he posterior distribution was explored using a Markov Chain 
onte Carlo simulation. This utilized 1000 w alk ers, 200 burn-

n iterations, and 200 iterations. If the ln ( f ) value was greater
han 4, or the difference between the 95th and 5th percentile of
og ( T eff ) was greater than 0.5 (indicating a lack of convergence), we
an 1000 supplementary burn-in and 200 supplementary iterations, 
ntil convergence was achieved or for 6000 supplementary burn-in 
terations. 

In addition, the extinctions from Gaia DR3 (Creevey et al. 2022 ;
elchambre et al. 2022 ) reveal that the Bayestar extinctions tend to
e underestimated by ∼22 per cent. Instead of using the Gaia DR3
xtinctions (due to their incomplete coverage of the Galactic plane, 
elchambre et al. 2022 ), we increase the Bayestar extinctions by
2 per cent to compensate. 

.3 General results 

ED fits were performed for all 29 124 candidate OB stars. His-
ograms of fitted physical parameters are shown in Fig. 4 . There are
434 stars with log ( T eff ) > 4 (OB stars, 18.66 per cent) and 115
tars with log ( T eff ) > 4.3 (O stars, 0.39 per cent). The median value
f log ( M /M �) is equal to 0.31 (with a standard deviation of 0.12
ex) while the median value of log ( L /L �) is 1.43 (with a standard
eviation of 0.44 dex). Most of the stars are located within 4 kpc
consistent with our selection from Bailer-Jones et al. 2021 ) with an
ncreasing number at larger distances (as we probe a larger volume),
hile the peak of reddening is located at 1.5 mag, with the bulk at
 V < 3 mag. 

.4 Incompleteness 

ncompleteness in the working sample stems from the selection 
rocess. To estimate it, we compute the fraction of stars as a function
f magnitude which were trimmed during the successive steps of 
ection 3.1 . These steps include the removal of bad astrometric
olutions (two-parameter sources, large error on parallaxes and large 
UWE ), the removal of bad photometry (blue or NIR) and high BP–
P values. A plot of the completeness level as a function of G is

hown in Fig. 5 for the SED-fitted OB stars [stars with log ( T eff ) > 4
r log ( L /L �) > 2.5]. 
To further verify the completeness of our sample, we cross-match 

t with the OBA stars from Zari et al. ( 2021 ). Their list contains
MNRAS 522, 3124–3137 (2023) 
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Figure 4. Median fitted parameters for the 29 124 selected sources of the working sample. 

Figure 5. Completeness as a function of G for the 5617 SED-fitted OB stars 
in the sample divided according to the different steps used to trim the sample. 
The black curve represents the product of all completeness curves. The blue 
and orange histograms show the number of sources before (blue) and after 
(orange) the completeness correction is applied. 
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4 973 stars in the Auriga region and from the 29 124 stars in our
ample, there are 4818 stars in common, including 4097 with a
ED-fitted T eff greater than 8000 K (the minimum temperature for
ari et al. 2021 ). Unsuccessful matches for our list are due to a
ifferent M K threshold (we chose M K < 1.07 while they selected stars
ith M K < 0). Unsuccessful matches from their list are due to our

election process (e.g. we discarded distant stars that they kept). As
e estimated the incompleteness due to our selection process (Fig. 5 ),

his comparison shows that we have reached good completeness in
robing the population of OB stars in Auriga. 

.5 Comparison with spectroscopic temperatures 

o check the quality of the results, we build a sample of spectroscopic
emperatures that we compare to our SED-fitted temperatures, by
ross-matching our sample within 1 arcsec with two catalogues: 
NRAS 522, 3124–3137 (2023) 
(i) Stars with spectral types from SIMBAD, filtered by removing
ources with a quality measurement on spectral type of ‘D’ and ‘E,’
long with those without an indicated spectral type and subclass. We
hen convert the spectral types into ef fecti ve temperatures using the
abulations from Martins, Schaerer & Hillier ( 2005 ) for the O-type
tars (observed scale), from Trundle et al. ( 2007 ) for early B-type
tars, from Humphreys & McElroy ( 1984 ) for late B-type stars of
uminosity classes ‘I’ or ‘III’ and from Pecaut & Mamajek ( 2013 )
or the later spectral types. We set a luminosity class of ‘V’ when
nspecified and chose error bars of one spectral subclass, whilst using
he spectral type of the primary star for binaries and interpolating for
uminosity classes of ‘II’ and ‘IV’. 

(ii) Stars from APOGEE DR17 (Garc ́ıa P ́erez et al. 2016 ; Ab-
urro’uf et al. 2022 ), selecting the sources with a measured T eff 

rom the pipeline and removing those with a warning on T eff that
re considered unreliable due to their proximity to the upper limit of
POGEE measurements (20 000 K). 

We combine 70 stars from SIMBAD with 331 stars from
POGEE, making a sample of 397 unique stars (we use the weighted
ean to calculate the temperature for the 4 stars in common).
ur SED-fitted temperatures are compared with the spectroscopic

emperatures in Fig. 6 . 
Choosing thresholds on log ( T eff ) > 4 (4.1, 4.2, and 4.3), we define

he reco v ery rate RR = TP/(TP + FN), where TP is the number of true
ositives (where both the SED-fitted and spectroscopic temperatures
re abo v e the threshold for selection of an OB star) and FN the
umber of false ne gativ es (where the SED-fitted temperature is below
he threshold and the spectroscopic temperature abo v e). We also
efine the contamination rate, CR = FP/(TP + FP), where FP is
he number of false positives (where the SED-fitted temperature is
bo v e the threshold and the spectroscopic temperature below). For
hese thresholds, RR is equal to 88 per cent (80 per cent, 56 per cent,
9 per cent) and CR is between 17 and 30 per cent. These results
uggest we are better at fitting late B-type stars, which could be due
o the sparsity of very hot stars in this region, the high multiplicity
f such stars (as our SED fitting code currently models all stars as
ingle stars) or the high uncertainty on spectroscopic temperature of
any of the O stars. 
Fig. 6 also shows that our SED-fitted temperatures are in better

greement with the APOGEE spectroscopic temperatures than they
re with the SIMBAD spectroscopic temperatures (which constitute
ost of the O-type stars). APOGEE spectra are generally more

onsistent and of better quality than the spectroscopy from SIMBAD,
hich might explain the difference. The median error on T eff for the
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Figure 6. Comparison between the spectroscopic and SED-fitted tempera- 
tures for the 397 stars in the Auriga sample. Stars coloured in green are from 

APOGEE, stars coloured in red are from SIMBAD, and stars coloured in blue 
are in both samples. 
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Table 2. Properties of the newly identified OB associations in Auriga. 
N is the initial number of stars in the association (before bootstrapping), 
N g is the number of likely members (with a membership probability of at 
least 50 per cent) and N tot is the total number of stars in the associations, 
adding those appearing during the bootstrapping with a probability of 
at least 50 per cent). d m 

stands for the median distance of the group. 
Probability gives the probability that the association is real. 

Association N N g N tot d m 

(pc) Probability (per cent) 

26 20 21 738 86.58 
18 18 25 906 83.20 

1 198 186 215 1056 99.98 
2 41 41 43 1085 99.99 

17 16 16 1475 57.56 
3 99 89 119 1514 99.93 
4 130 127 138 1923 99.87 

15 13 13 1956 4.15 
37 19 19 2188 48.99 
23 11 11 2508 9.35 
21 9 9 2677 18.24 

5 90 39 39 2760 82.31 
83 13 13 2803 63.10 
15 7 7 2951 8.35 
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POGEE spectroscopy is only ∼ 200 K, to be contrasted with ∼
100 K for the SIMBAD spectroscopic sample. 

.6 Clustering analysis with HDBSCAN 

n Quintana & Wright ( 2021 ), we identified kinematically coherent 
B associations in the Cygnus region by applying a flexible cluster-

ng method based on a Kolmogoro v–Smirno v (KS) test on Galactic
oordinates and proper motions. This choice was feasible because the 
B associations were all at a similar distance. The distance spread 
f the OB stars in Auriga, on the other hand, is much larger. 
For this work we therefore use the Hierarchical Density- 

ased Spatial Clustering of Applications with Noise (HDBSCAN, 
cInnes, Healy & Astels 2017 ) tool. It constitutes an extension 

f DBSCAN and identifies clusters by defining their cores through 
he number of neighbours within a radius ε. In many clustering 
lgorithms, including DBSCAN, the selection of clusters depends 
eavily upon the value of ε. HDBSCAN o v ercomes this issue by
llowing the user to define clusters at several density thresholds, 
herefore finding the most reliable groups and clusters. 

In our testing, out of all HDBSCAN parameters, only 
luster selection method , min cluster size , and 
in samples were found to have an influence on the algorithm 

esults. Excess of mass (EOM) and Leaf are the two selec- 
ion methods. Whilst the former tends to identify larger structures 
nd thereby decreases the noise (see e.g. Kerr et al. 2021 ), the latter
utlines smaller and more homogeneous clusters, hence we fa v our 
his second choice as it is more suited to OB associations (see e.g.
antos-Silva et al. 2021 ). min cluster size sets the minimum 

umber of stars for a cluster to be defined whereas min samples
tands for the number of samples within a neighbourhood such 
hat a point is treated like a core point (McInnes et al. 2017 ).
arying min cluster size will only set which cluster is iden- 

ified (i.e. a cluster is only identified if it has more members than
in cluster size ), whilst varying min samples will change 

he membership itself, and is therefore the most crucial parameter. 
The five parameters used for our clustering analysis are X , Y ,

 , V l , V b , where XYZ are the Galactic Cartesian coordinates and
 l = 4 . 74 μl 
d 

1000 is the transverse velocity in the l direction in units
f km s −1 (with its equi v alent in the b direction). 
Our 5D parameter space thus contains three parameters in units of

c and two in km s −1 . Each parameter of the same units is normalized
ith respect to the parameter with the largest extent sharing this unit,

.e. X , Y and Z were normalized with respect to X in order to o v ercome
he stretching along the line of sight, whilst V b was normalized with
espect to V l . As such, all the normalized parameters have values
etween 0 and 1 but parameters with the same units are directly
omparable. 

To identify new OB associations we set min cluster size to
5 and min samples to 10, consistent with the typical minimum
umber of OB stars in OB associations (Humphreys 1978 ). We apply
DBSCAN to the 5617 candidate OB stars with log ( T eff ) > 4 or

og( L 
L � ) > 2 . 5. This threshold was chosen to include evolved high-

ass stars with cooler temperatures (Pecaut & Mamajek 2013 ), as
e did in Quintana & Wright ( 2021 ). This process gave 14 groups

isted in Table 2 . 
Subsequently, based on the method by Santos-Silva et al. ( 2021 ),

e perform a bootstrapping process on the newly identified OB 

ssociations. We randomly vary the proper motions and the distance 
f each star within their uncertainties and apply HDBSCAN to the
ew sample. Each iteration gives us a new set of associations that we
ompare to the original associations. If a ‘bootstrapped’ associations 
as 5D parameters within 1 σ from the median of the original
ssociations, then it corresponds to the same association. When 
his matching happens, we then compare the individual members 
f the bootstrapped association to the original association. We repeat 
his process 10 000 times, calculating the fraction of iterations in
hich a given association appears, and a fraction of those iterations

n which a given star appears in that association. These fractions
re taken as the probability that a given association is genuine and
 membership probability for each star in each association. We 
lso add stars that do not belong to the original associations, but
ppear in more than 50 per cent of iterations in the bootstrapped 
ssociations. 

To estimate the reliability of our new associations we performed a
onte Carlo simulation to estimate how many OB associations, and 
MNRAS 522, 3124–3137 (2023) 
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Figure 7. Spatial distribution in Galactic coordinates of the five new OB associations in Auriga. The background extinction map and the features highlighted 
in this map are the same as in Fig. 1 . 
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Figure 8. Transv erse v elocity distribution of the five new OB associations 
in Auriga. 
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ith what properties, would be identified from a random distribution
f stars. We randomly sampled the Galactic coordinates, PMs and
ED-fitted distances of the 5617 candidate OB stars 100 times. For
ach iteration, we ran HDBSCAN to identify new OB associations
nd performed the same bootstrapping process (with 1000 iterations)
o estimate their probabilities. These simulations resulted in a
otal of 1154 ‘randomized’ associations, i.e. an average of ∼12
er simulation. The probability for each of these associations is
ypically very low, with only 188 having probabilities greater than
0 per cent, 77 greater than 80 per cent and 46 greater than 90
er cent, equi v alent to ∼2, ∼1 and < 1, on average, per simulation.
n the real data, we identified 9 groups with probabilities > 50
er cent, 7 with probabilities > 80 per cent, and 4 with probabilities
 90 per cent. Comparison with our simulation suggests that the 4

ssociations with probabilities > 90 per cent are likely to all be real
especially since their probabilities are all > 99 per cent), while the
 associations with probabilities of 50–90 per cent may include 2 
ontaminants. 

Our simulations do show that false-positive, high-probability
ssociations ( > 80 per cent) are almost entirely found nearby ( d
 1.5 kpc). We therefore discard all the nearby ( < 1.5 kpc) OB

ssociations with a probability lower than 90 per cent, retaining only
he very high probability groups (now named associations 1–4) and
he very distant group with a moderately high probability (association
). The four discarded candidate associations would require further
ata (e.g. RVs), more precise astrometry or expanded membership
mongst lower mass stars to confirm them as being real. 

The result of this process is that we are left with five new high-
onfidence, spatially, and kinematically coherent OB associations in
he Auriga region. We show them in Galactic coordinates in Fig. 7 , in
alactic transverse velocity in Fig. 8 and in distance in Fig. 9 . These
ew OB associations are distributed o v er a range of distances from
 kpc to almost 3 kpc, with many superimposed on each other on the
NRAS 522, 3124–3137 (2023) 
lane of the sk y, e xplaining the difficulty separating their members
ith pre- Gaia data. 

.7 Comparison with historical associations and open clusters 

e cross-match the members of our new OB associations with the
istorical members of Aur OB1 and OB2 from Melnik & Dambis
 2020 ) and the open cluster members from Cantat-Gaudin & Anders
 2020 ), with the results displayed in Table 3 . 

Association 1 includes stars in both Aur OB1 and NGC 1960 and
s the largest foreground association in the area. The other historical
embers of Aur OB1 are spread o v er the other new OB associations.
ssociations 4 and 5 have significant o v erlaps with Stock 8 and
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Figure 9. Galactic longitude as a function of SED-fitted distance for the five new OB associations in Auriga. The median error bars on distances are respectively 
∼30 pc for associations 1 and 2, ∼ 50 pc for association 3, ∼ 70 pc for association 4, and ∼ 160 pc for association 5. 

Table 3. Comparison between our new OB association members and OB 

stars in the historical associations and in the open clusters from Cantat- 
Gaudin & Anders ( 2020 ). N hist stands for the number of stars in a historical 
association whilst N OC designates the number of stars in an open cluster. 
The notations CG16, G8, K1, and S8 stand, respectively, for COIN-Gaia 16, 
Gulliver 8, Kronberger 1, and Stock 8. 

Assoc. N hist Hist. assoc. N OC OC 

1 7 Aur OB1 25, 4 NGC 1960, G8 
2 26 NGC 1912 
3 1 Aur OB1 9, 4 NGC 1778, CG16 
4 1, 8 Aur OB1, OB2 49, 5 S8, K1 
5 2 Aur OB2 15 NGC 1893 
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GC 1893. This comparison suggests that NGC 1893 is located 
loser than previous estimations (Lim et al. 2018 ; Cantat-Gaudin & 

nders 2020 ) at a distance of ∼2.8 kpc, consistent with the distance
rom Mel’Nik & Dambis ( 2009 ). 

 ANALYSIS  O F  T H E  N E W  O B  ASSOCIATI ONS  

n this section, we perform a kinematic and physical analysis of the
ew OB associations in Auriga, studying their expansion and star 
ormation history. 

.1 Physical properties of the individual associations 

e have estimated the observed number of O- and B-type stars in
ach association. To do so we defined B-type stars as those with
ED-fitted log ( T eff ) > 4 and log ( T eff ) < 4.3 and O-type stars as

hose with SED-fitted log ( T eff ) > 4.3, using the same thresholds
han in Section 3.3 . Uncertainties were estimated through a Monte 
arlo experiment where the ef fecti ve temperature of each star was

andomly sampled within their uncertainties. This is shown in Table 4 
nd, in line with the HR diagrams in Fig. 10 , shows a dominance of
ate B-type stars and a few O-type stars. 

To determine the total mass of each association, we first identified 
he range of masses o v er which our sample completeness is expected
o be unbiased by the age of our stars. We chose this mass range to be
.5 M � (the mass of an A0 star) to 7.1 M � (the post main-sequence
urn-off mass at an age of 50 Myr, Ekstr ̈om et al. 2012 ). We then
orrected the number of stars according to the incompleteness levels 
e have calculated and displayed in Fig. 5 . 
We performed a Monte Carlo simulation sampling stellar masses 
t random using the mass function from Maschberger ( 2013 ). We
ounted both the number of stars in our selected mass range and
he total number and mass of stars. We stopped the simulation
nly when we reached the total number of observed stars in the
elected mass range. This process was repeated 10 000 times, using
he uncertainties on the individual SED-fitted stellar masses, to obtain 
n uncertainty for the total stellar mass of each association. These
re provided in Table 4 and range from ∼900 to ∼6000 M �. The
ost massive is association 1, with an estimated initial stellar mass

f ∼6000 M � and currently containing about 200 B-type members. 

.2 Kinematic properties of the individual associations 

e calculated the median coordinates (equatorial and galactic), dis- 
ances and transverse velocities for each OB association. In addition, 
e have computed the intrinsic dispersion in distance and transverse 
elocities based on the method from Ivezi ́c et al. ( 2014 ) using the
bservational uncertainties. The distance dispersions typically range 
p to a few tens of pc, while the velocity dispersions range up to 3 km
 

−1 , consistent with that of other OB associations (Wright 2020 ). 

.3 HR diagrams of association members 

ig. 10 shows the HR diagrams for each association, produced with
he SED-fitted ef fecti ve temperatures and luminosities. It is clear that
he identified members are dominated by late B-type stars, preventing 
 straightforward age assessment. Association 1 contain a few stars 
lose to the 50, 100, and 200 Myr isochrones, which w ould mak e this
uch older than other known OB associations, though these may be

ontaminants. Associations 3–5 contain hotter stars that suggest a 
ounger age of < 20 Myr. 
There are a number of factors that can affect the positions of stars

n the HR diagram. First among these is extinction, which is derived
or each star individually as part of our SED fitting process from
he extinction map. The uncertainty in the extinction to a given star,
hich is derived from the distance uncertainty, propagates through 

o the uncertainty on the ef fecti ve temperature and luminosity
hown in the HR diagram. An alternative approach might be to
se a single extinction value for all members of an association,
ut the effect of this will be small as the variation in extinction
cross members of an association is small, with a typical standard
eviation in A V of 0.2–0.6 mag. Such a difference in reddening does
ave a small effect on the derived physical parameters. However, 
MNRAS 522, 3124–3137 (2023) 
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Table 4. Properties of the new OB associations. The first column indicates the parameter, where the subscript 
‘m’ indicates the median value and ‘ σ ’ the dispersion. The total initial stellar mass is corrected for observational 
incompleteness, as described in the text. 

Parameters Units Assoc. 1 Assoc. 2 Assoc. 3 Assoc. 4 Assoc. 5 

RA(ICRS) m 

deg 81.30 82.13 80.16 82.02 80.70 
DE(ICRS) m 

deg 34.97 35.84 36.57 34.77 33.94 
l m 

deg 170.72 172.24 170.70 173.09 172.82 
b m 

deg −0.16 0.70 0.11 −0.03 −1.48 
d m pc 1056 1085 1514 1923 2760 
σ d pc 102.2 25.2 76.0 103.8 –
V l m km s −1 12.98 22.85 23.69 15.37 14.18 
σV l km s −1 2.52 1.09 2.96 2.20 2.10 
V b m km s −1 −10.75 −6.16 −8.10 −10.58 −14.84 
σV b km s −1 1.41 0.95 2.00 2.05 1.17 
Observed number of B stars 194 ± 3 40 + 2 −1 107 + 3 −2 115 + 3 −4 32 ± 2 

Observed number of O stars 12 + 3 −2 0 ± 0 4 ± 1 13 ± 2 3 + 2 −1 
Total stellar initial mass M � 6051 + 426 

−387 1219 + 182 
−167 3075 + 298 

−276 3500 + 315 
−306 879 + 163 

−136 

HR diagrams age Myr 0–30 – 0–20 0–5 0–10 
Related OCs age Myr 18–26 250–375 26 4–8 1–5 
Traceback age Myr 20 . 9 + 1 . 1 −1 . 2 369 . 9 + 8 . 3 −22 . 2 11 . 7 + 7 . 2 −3 . 0 1 . 6 + 1 . 3 −0 . 9 –

Age Myr ∼ 20 – 10–20 0–5 0–10 

Figure 10. HR diagrams for the members of the new OB associations in Auriga. Isochrones have been shown from the rotating evolutionary models from 

Ekstr ̈om et al. ( 2012 ). Positions of some spectral types have been indicated on the top horizontal axis for clarity. 

i  

f  

t
s

 

d  

A  

o

b  

1  

f  

p  

c  

t  

H  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/2/3124/7131461 by Keele U
niversity user on 24 O

ctober 2023
f we reproduce these HR diagrams using the median extinction
or all association members, while there are small changes in
he position of each star, the extreme outliers do not change 
ignificantly. 

More significant factors affecting the position of stars in the HR
iagram include binarity, and the presence of possible contaminants.
ssociation 1 constitutes a good example of this, for which most
NRAS 522, 3124–3137 (2023) 

f its stars are close to the ZAMS and therefore consistent with t
eing under 20 Myr old, suggesting that its stars sitting on the 50,
00, and 200 Myr isochrones may be contaminants. Another cause
or the presence of contaminants might be that their membership
robability from the clustering analysis is lower than their younger
ounterparts. Ne vertheless, an inspection re vealed that there is little
o no correlation between membership probability and position on the
R diagram, meaning that these contaminants cannot be attributed

o the clustering process. 
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Table 5. RVs calculated for the new OB associations. N RV is the number 
of stars with a reliable measured RV. References are (1) APOGEE, (2) 
Fehrenbach, Burnage & Figuiere ( 1992 ), (3) Grenier et al. ( 1999 ), (4) 
Gontcharov ( 2006 ), (5) Turner et al. ( 2011 ), (6) Chojnowski et al. ( 2017 ), (7) 
Gaia Collaboration ( 2018 ), and (8) Zhong et al. ( 2020 ). 

Assoc. N RV RV (km s −1 ) References 

1 47 2.13 ± 1.26 All but (6) 
2 5 6.59 ± 4.31 (8) 
3 8 − 4.64 ± 3.01 (1), (6), (8) 
4 31 4.12 ± 1.63 (1), (7), (8) 
5 4 1.46 ± 7.45 (8) 

Figure 11. MAD of the on-sky spatial distribution for members of associ- 
ation 1 as a function of traceback time. The age of the related open cluster 
(NGC 1960) is shown, taken from Table 1 . 
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causes uncertain line-of-sight distances as we go back further in the past. 
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.4 Expansion and traceback age 

ig. 10 shows that many of the OB associations in Auriga have
ges of several tens of Myr. Therefore, instead of using a linear
xpansion model to determine their expansion age, we trace back 
he associations using the epicycle approximation from Fuchs et al. 
 2006 ), and correct for the local standard of rest (LSR) from the
alues of Sch ̈onrich, Binney & Dehnen ( 2010 ). We gather RVs from
he APOGEE surv e y and from SIMBAD. RVs from the literature
re discarded if they lack an uncertainty or if their measurement is
onsidered unreliable. If some stars belong to both APOGEE and 
IMBAD, we take the weighted mean of the two values. In doing so
e obtain a sample of 95 stars with RVs. 
We calculated the median RV for each association and track back 

hole associations rather than individual stars, due to the effects 
f unresolved close binaries. Again we apply a Monte Carlo’s 
imulation to compute the uncertainties on the median velocities 
ollowing the method in Quintana & Wright ( 2022 ). The results are
hown in Table 5 . 

Combining RVs with Gaia PMs allows us to perform a 3D 

raceback on these associations. We use the HR diagrams (Fig. 10 )
ogether with the ages of the related open clusters to add constraints
n the age estimations, which are displayed in Table 1 . With
his information, we set the upper limit on traceback to 50 Myr
n the past for associations 1 and 5, 400 Myr for association
, 30 Myr for association 3, and 20 Myr for association 4. We
race back each association in time-steps of 0.1 Myr, and at each
ime-step we calculate the MAD (median absolute deviation) in 
alactic coordinates of the on-sky spatial distribution of association 
embers 7 , and we estimate the time of minimum MAD when the

ssociation is at its most compact. We repeat this process 1000 times
o derive uncertainties. An example is shown in Fig. 11 for association 
, while the other associations are shown in Fig. A1 . 
We estimated ages for each association based on the combination 

f (i) the time for the system to trace back to its most compact state,
ii) the age of any open cluster or star-forming region linked to the
ssociation (Section 3.7 ), and (iii) any age constraints arising from
he HR diagram (Fig. 10 ). These ages are listed in Table 4 . For some
ystems the traceback was able to place reasonable constraints on the
ge of the system, (e.g. for association 1), while for other associations
he best constraint came from the open clusters and star-forming 
egions the association was linked to (e.g. for associations 4 and
). For the remaining associations either the HR diagram provided 
he best constraint on the age (e.g. for association 3) or very little
onstraint was possible by any means (e.g. association 2). 

 DI SCUSSI ON  

n this section, we discuss our findings and how the new Auriga OB
ssociations can help understand the star formation history of the 
egion. Our main results are outlined as follows: 

(i) We have shown that both Aur OB1 and Aur OB2 are too
xtended in PM and distance to be genuine OB associations, 
ncouraging us to revisit the census of OB stars and associations
n the region. 

(ii) We identified more than 5000 candidate OB stars across the 
egion using our SED fitter, with an estimated reliability of 90
er cent. 

(iii) We identified 5 new high-confidence OB associations in the 
rea that we analysed physically and kinematically, and estimated 
heir age through a combination of 3D kinematic traceback, their 
ink to open clusters and star-forming regions with known ages, and
he distribution of members in the HR diagram. Only a small fraction
 ∼10 per cent) of the identified OB stars have been assigned to these
ssociations. 

.1 The new Auriga OB associations 

e have identified five new OB associations in Auriga, with total
tellar masses from a few hundreds to a few thousand solar masses,
nd with kinematic properties consistent with other OB associations 
Wright 2020 ). They are likely related to open clusters in the area
see Table 3 ). 

Association 1 shares several members with Aur OB1 and is related
o NGC 1960, so it should be seen as the replacement for the historical
ur OB1 association. Similarly, the historical members of Aur OB2 

re now divided between associations 4 and 5, respectively, related 
o Stock 8 and NGC 1893. This confirms the suggestion of Marco &
egueruela ( 2016 ) to divide Aur OB2 into two different associations,
ne in the foreground and one in the background. 
The H II region Sh 2–235 instead appears to be related to association

, since it is located at a similar distance of 1.36 ± 0.27 kpc (Foster &
runt 2015 ). Association 3 also includes HD 36483, an O9.5IV star

Sota et al. 2011 ), which may be responsible for ionizing the H II

egion. 
MNRAS 522, 3124–3137 (2023) 
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Association 4 occupies the centre of our region of study, where
hree OCs are found, along with the H II region Sh 2–234 (Fig. 7 ). Sh
–234 is located at a distance of 2.19 ± 0.10 kpc (Foster & Brunt
015 ). Its relation to Aur OB2 and the surrounding OCs has been
uggested by Marco & Negueruela ( 2016 ) and we confirm it to be
elated to association 4. We cannot comment on whether the star LS
 + 34 23 is part of association 4 (previously in Aur OB2 and thought

o be responsible for ionizing Sh 2–234, Marco & Negueruela 2016 )
s its Gaia photometry failed our quality checks, preventing us from
erforming an SED fit. Ho we ver, association 4 does contain LS V +
4 15, LS V + 34 21 and LS V + 35 25, of respective spectral types
5.5V (Negueruela et al. 2007 ), O9IV (Roman-Lopes & Roman-
opes 2019 ) and O9.5V (Geor gelin, Geor gelin & Roux 1973 ), each
robable sources of ionization for the H II region Sh 2–234. Ho we ver,
he RV of Sh 2–234 has been measured as −21.4 ± 0.2 km s −1 

Anderson et al. 2015 ), which is significantly different from the RV
e estimated for association 4 (Table 5 ), even if those stars are

esponsible for ionizing the H II region, the association and the H II

egion may not otherwise be related. 

.2 Expansion and age of the OB associations 

ur analysis revealed that our OB associations have various ages,
rom the youngest associations 4 and 5 with ages < 10 Myr to
ssociations of several tens of Myr old (association 3). For the OB
ssociations where multiple age indicators were available, the ages
eri ved by dif ferent methods were consistent. The exception to this is
ssociation 2, with the majority of its OB stars consistent with being
n the ZAMS (Fig. 10 ) while its related OC is several hundreds of
yr old (Table 1 ), far older than most OB associations. 
In Section 4.4 , we showed that nearly all our OB associa-

ions traced back into a more compact configuration in the past,
hich is a signature of expansion (see e.g. Wright & Mamajek
018 ; Miret-Roig et al. 2022 ). We ho we ver point out that asso-
iations 4 and 5 reached their most compact state very recently
Fig. A1 ). 

.3 OB stars unassigned to groups 

he 5 OB associations contain 554 OB stars in total from our sample
f 5617 SED-fitted OB stars in the area. This means that ∼90 per cent
f the OB stars have been unassigned to any stellar group, which
ould be explained by several factors. 

In Section 3.6 , we imposed a minimum size of 15 OB stars per
ssociation to be consistent with their definition (Humphreys 1978 ;

right 2020 ). There could be other stellar groups in the area which
re dominated by low-mass stars and only contain a handful of OB
tars. Similarly, some OB stars initially belonging to a group were
ejected during the bootstrapping process (see Table 2 ). This was
articularly the case for most distant stars ( > 2 kpc) as the Gaia
arallaxes become less precise. 
Our sample includes many late B-type stars. A B9 star with an

nitial stellar mass of 2.75 M � (Pecaut & Mamajek 2013 ) has a
ifetime of ∼700 Myr as predicted by stellar evolutionary models
Ekstr ̈om et al. 2012 ). This value is far beyond the typical lifetime
f an OB association (Wright 2020 ) and implies that even if those
tars were born clustered, they would probably have dispersed into
he Galactic field population since. 

It is also possible that some of these OB stars formed within as-
ociations but were ejected and became runa ways. Notably, massiv e
tars are more likely to belong to multiple systems (Lada 2006 ), and
NRAS 522, 3124–3137 (2023) 

a

hen the primary star undergoes a supernova explosion, it can eject
he secondary star beyond the group it was born into. 

.4 Distribution of OB associations and Galactic structure 

he Perseus spiral arm intercepts our sightline at a distance of
pproximately 2 kpc (Reid et al. 2019 ), at approximately the position
f association 4, the youngest of our new OB associations. Fig. 12
hows the positions of our new OB associations, with their ages,
elative to the position of the Perseus spiral arm. While association 4
s coincident with the current position of the Perseus spiral arm, the
ssociations closer to us are older, indicating a potential age gradient.

To determine whether this age gradient is related to the motion of
he Perseus spiral arm, we model the positions of the spiral arm and
ur new OB associations o v er the last 20 Myr. We use the spiral arm
odel from Reid et al. ( 2019 ) and the spiral arm pattern speed of
p = −28.2 ± 2.1 km s −1 from Dias et al. ( 2019 ). We trace back the

osition of the Perseus spiral arm 20 Myr into the past in the frame
f the LSR. 
Fig. 12 shows the position of the OB associations with the Perseus

piral arms, at intervals of 10 Myr, back to 20 Myr in the past. At
0 Myr in the past, it is clear that association 3 (with an estimated
ge of 10–20 Myr) is coincident with the spiral arm, while at 20 Myr
n the past, association 1 (estimated age of ∼20 Myr) is coincident
ith the spiral arm. Association 2 crosses the spiral arm ∼20 Myr

go as well, despite its related OC and traceback suggesting an older
ge (Fig. A1 ), which may suggest that the association is younger and
ot related to NGC 1912, or that the association did not form within
he spiral arm. As for association 5, it stays too distant to be related
o the Perseus spiral arm and may have formed outside (or in the
uter spiral arm). 
This result shows that OB associations can be used not only as

racers for the current positions of spiral arms but also as a probe for
he star formation history of a region and potentially the progress of
 spiral arm through the region. 

 C O N C L U S I O N S  

e have shown that Aur OB1 and OB2 are not genuine OB
ssociations, because their members are characterized by a too large
pread in proper motion and distance. Applying an impro v ed SED
tting tool, we have identified 5617 OB stars with a reliability of
90 per cent for the lowest temperature threshold. 
Using a clustering algorithm (HDBSCAN), we have identified

ve high-confidence OB associations that we connect to the open
lusters and star-forming regions in the area. Association 1 is the
ain foreground association at a distance of ∼1 kpc and with a
ass of ∼6000 M � and should replace Aur OB1 due to its common
embers and relation with NGC 1960. Similarly, we argue that Aur
B2 should be replaced by association 4 (at ∼ 1.9 kpc and with a

otal mass of ∼ 3500 M �), and 5 (at ∼ 2.8 kpc and with a total mass
f ∼ 900 M �). 
We have analysed these OB associations, combining HR diagrams,

nd kinematic traceback to constrain their ages. We have also studied
heir expansion, their total stellar masses, their number of OB stars,
nd their 3D position. 

We have also identified an age progression between several of
hese associations that suggest their origins may have been within
he Perseus spiral arm. This shows that OB associations constitute
seful tools to study recent star formation history and the position
nd motion of the Galactic spiral arms. 



OB stars and associations in Auriga 3135 

Figure 12. Median positions of the OB associations across the X –Y plane from the present time to 20 Myr in the past, shown relative to the Local Standard of 
Rest. Uncertainties on their position from the traceback have been shown as a blur. The Perseus spiral arm model, including its thickness, is from Reid et al. 
( 2019 ). The Sun symbol corresponds to the position of the Sun. 
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Figure A1. MAD of the on-sky distribution of members of each association as a function of traceback time. 
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