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ABSTRACT

NGC 7067 is a young open cluster located in the direction between the first and the
second Galactic quadrants and close to the Perseus spiral arm. This makes it useful
for studies of the nature of the Milky Way spiral arms. Strémgren photometry taken
with the Wide Field Camera at the Isaac Newton Telescope allowed us to compute
individual physical parameters for the observed stars and hence to derive cluster’s
physical parameters. Spectra from the 1.93-m telescope at the Observatoire de Haute-
Provence helped to check and improve the results. We obtained photometry for 1233
stars, individual physical parameters for 515 and spectra for 9 of them. The 139
selected cluster members lead to a cluster distance of 4.4+0.4kpc, with an age below
10g1o(t(yr))=7.3 and a present Mass of 1260+ 160 M. The morphology of the data
reveals that the centre of the cluster is at (a,0)=(21:24:13.69,+48:00:39.2) J2000,
with a radius of 6/1. Stromgren and spectroscopic data allowed us to improve the
previous parameters available for the cluster in the literature.
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1 INTRODUCTION Already in the 60’s Johnson et al. (1961) studied their distri-
bution in the Galactic disc. Later on, Janes & Adler (1982)
discussed their vertical distribution and the spiral pattern
of the Milky Way they traced. Kimeswenger & Weinberger
(1989) made a deeper analysis of the clusters in the second
Galactic quadrant finding a structure probably related with
the Perseus arm. Moitinho et al. (2006) and Vazquez et al.
(2008) are other examples of authors who used the clusters
to study the spiral arms location. Camargo et al. (2013) used
up to 27 open clusters in the anticentre region to fit the loci
for the Perseus arm, and also to confirm the presence of the

Open clusters are a good framework to study stellar and
Galactic evolution. The assumption that all the stars be-
longing to a cluster were born at the same time provides
us a snapshot of the stellar evolutionary process for differ-
ent stellar masses, which is key to analyse stellar evolution.
Several authors have made use of them to analyse the struc-
ture of the Milky Way, and in particular, of its spiral pattern.
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outer arm along the second and third galactic quadrants.
More recently, Junqueira et al. (2015) used them to trace
the pattern speed of spiral structure.

NGC 7067 is a young open cluster located between the
first and the second Galactic quadrants (£,b)=(91.2, -1.7)°,
and very close to the Perseus spiral arm. Hoag et al. (1961)
presented UBV photoelectric measurements for 29 stars in
the field. Using these data, Johnson et al. (1961) established
a distance of 2900 pc to the cluster, using colour-magnitude
and colour-colour diagrams. But the same authors claimed
that this distance was the most poorly determined of their
list of 106 clusters. Becker (1963), only from the colour-
magnitude diagram of these same data, derived 3950 pc.
Afterwards, Becker (1965) tried to improve the distance
determination to the cluster adding the two colour-colour
magnitude diagram information of ~60 stars using photo-
graphic plates, and obtained 4500 pc. However, he found
some discrepancies between the V—(U - B) and V- (B-V)
diagrams. Hoag & Applequist (1965) used calibrations that
provide absolute magnitudes from Hy equivalent widths for
only three early-type stars in NGC 7067 obtaining a distance
of 2290 pc. They also used spectra for these three stars to
obtain a spectroscopic distance of 2190 pc. Lindoff (1968)
provided an age for the cluster of logyg(t(yr))=7.1, based
on the absolute magnitude distribution of the brightest 8
stars in the cluster. The mentioned studies are based on few
stars. Hassan (1973) increased the statistics using UBV pho-
tometry for 111 stars from photographic plates, calibrated
using Hoag et al. (1961) photometry. From the two colour-
magnitude diagrams he obtained a distance of 3963 pc, al-
though when he used only the combined data of the stars
in common with Hoag et al. (1961), the value obtained was
4406 pc. Since no turn off point was found in the data, the
cluster age was estimated to be smaller than 10 Myr.

Bruch & Sanders (1983) estimated the absolute mass
of the cluster: Mc=550Mg. They set a zero point using
three clusters for the relative masses obtained by Reddish
(1978), who used UBV data and assumed a stellar mass
distribution function (Salpeter 1955) and a universal mass-
luminosity relation for the clusters. Yadav & Sagar (2004)
were the first to cover the cluster with CCD observations,
extending the photometry to redder bands using UBVRI
filters and obtaining photometry for almost 2000 stars in
the field. The colour-colour diagrams, including available
2MASS data, allowed them to obtain several physical pa-
rameters like a distance of 3.6+0.2kpc, and a mean colour
excess of E(B-V)=0.75+0.05mag. By fitting ZAMS at dif-
ferent metallicity for these data, the best fit was obtained
for Z ~ 0.02. The isochrone fitting in the colour-magnitude
diagram provided an age of 10g;o(t(yr))=8. Although this last
study used more stars and a wider range of filters, the ob-
tained age is considerably older than previous studies, and it
is in fact not compatible with the presence of early-B stars.
All previous studies have used broad band photometry (and
spectra for just three stars) with distances ranging from 2.2
to 4.5 kpc.

In the current paper we present new intermediate band
photometry for 1233 stars in the field and spectroscopic
data for 9 of them. The uvbyB Stromgren CCD photome-
try (Stromgren 1966) provides more accurate information
than usual Johnson UBV photometry, since the bands are
narrower. This system is the most adequate for the study

of early-type stars, since it has been purposely designed to
provide accurate measurements of their intrinsic properties.
Besides the colour-magnitude plots, these data allow us to
compute physical parameters for individual stars (Crawford
1978; Monguié et al. 2014). In addition, the spectra available
for few stars in the cluster allow us to check the consistency
of the results.

In Sect. 2 we describe the photometric and spectroscopic
observations as well as the data available. In Sect.3 we
analyse these data from different perspectives. In Sect. 3.2
we discuss the spectral type of the stars having spectro-
scopic observations. In Sect. 3.1 we analyze different colour-
magnitude and colour-colour diagrams. The selection of clus-
ter members is developed in Sect. 3.3, where the parameters
of the clusters are discussed. Individual physical parameters
for hot stars are computed in Sect. 3.4 while in Sect. 3.5 we
use IPHAS and 2MASS photometric data to detect outliers
and emission line stars. We analyse the cluster density, its
age and Mass in Sect. 3.6 and 3.7, respectively. In Sect. 4 we
discuss the relation between the cluster and the Perseus spi-
ral arm, and the importance that the analysis of clusters like
this may have in the study of the nature of the spiral arms
of the Galaxy. Finally, in Sect.5 we summarize the results.

2 OBSERVATIONS AND DATA
2.1 Stromgren photometry

The Wide Field Camera (WFC) at the Isaac Newton Tele-
scope (INT, 2.5m) —located at El Roque de los Muchachos
in the Canary Islands— was used to obtain Stromgren uvbyg
CCD photometry for this cluster. The WFC is a 4 chip mo-
saic of thinned AR coated EEV 4Kx2K devices with pixels
size of 077333 and an edge to edge limit of the mosaic of 34/2.
For the study of this cluster, only data from the central chip
has been analysed. The six filters used were Stromgren u, v,
b, y, HBw, HBn. No pixel binning and fast read-out mode were
used for the observations. The observations were acquired
during the nights of 2014 July 6 to 8. Different exposure
times for each filter were used, in order to cover the full range
of visual magnitudes needed, avoiding saturated stars and
reaching a limiting magnitude around 18 mag (see Fig. 1).
The used exposure times can be found in Table 1. The cen-
tral chip (number 4) was used and calibrated through the
standard clusters NGC 6910 (Crawford et al. 1977), NGC
884 and NGC 869 (Crawford et al. 1970; Johnson & Morgan
1955). See the photometry for the standard individual stars
in Marco & Negueruela (2013). The images were reduced
using several IRAF! tasks. Firstly, the bias derived from the
overscan areas was subtracted and the bad pixels were re-
placed by linear interpolation using the nearest good pixels
through the FIxpix task. Flatfielding was applied using the
sky flats obtained during the whole observing run. All the
stars available in the images were located using the DAOFIND
routine. The instrumental photometry was obtained through

1 IRAF is distributed by the National Optical Astronomy Obser-
vatories, which are operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation (Tody 1986).
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twelve different aperture radii that provided twelve differ-
ent magnitudes for each star. The MKAPFILE routine uses
the DAOGROW algorithm to obtain the aperture corrections
and the fitted radius. The final instrumental magnitudes
were computed from the integration of the obtained curve
of growth (see Stetson 1990, for details). We corrected from
atmosphere extinction using the median extinction coeffi-
cients for the La Palma observatory. The transformation to
the standard system was developed using the transformation
equations described in Monguié et al. (2013). We computed
the transformation coefficients using the data from the whole
run from July 3 to July 8. The obtained coefficients and the
different transformation equations are:

Y ~Vea = (-23.89+0.01)+(-0.08+0.02) (b—y)ca
(b-y) = (~0.197+0.008)+ (0.93+0.02)(b-y)ca
¢, = (0.17+0.01)+(-0.16+0.01)- (b—y)ca +
(0.95+0.01) - C1cat
(v—b) = (0.361+0.007)+ (~0.015+0.008) (b—Y)ca +

(1.06+0.01) - (v—b)cat + (0.012+ 0.018) - C1cat
B = (230+0.03)+(0.94+0.02) (Beat —2.8), (1)

where the prime indicates instrumental extinction-corrected
magnitudes and the subscript cat indicates the standard cat-
alogued values. Then, for the scientific targets, the standard
values are obtained inverting the previous equations, and
taking into account that my = (v—hb)—(b-Yy).

We obtained V,(b-Yy),my,c1, and B for 1233 stars in the
field (see their sky distribution in Fig.2). These stars were
observed up to 10 times in each filter, with different expo-
sure times. The final photometry for each target was ob-
tained through a weighted mean, taking into account that:
1) the weight applied was Wi:1/0'i2 where o is the indi-
vidual error for each index, computed with full propagation
errors (and so taking into account the individual exposure
times); 2) outliers were rejected using a 30 rejection pro-
cess, obtaining a final number of measurements different for
each index, and 3) the error of the mean was computed for
each index. The final right ascension and declination coordi-
nates for each target were computed also using mean values
from all the measurements. The positions in the J2000 co-
ordinate system were determined using wcs (a routine from
the WCSTools package?) and a fifth-order polynomial tak-
ing USNO-B1 (Monet et al. 2003) as reference catalog. The
final values are available in Table Al. A random number is
assigned as identifier for each star.

Figure 1 shows the V magnitude distribution of the ob-
served stars. We computed the limiting magnitude as the
mean of the magnitudes at the peak star counts in the
magnitude histogram and its two adjacent bins, before and
after the peak, weighted by the number of stars in each
bin. We obtained Vjj;=17.8 mag. Mongui6 et al. (2013) es-
timated that the limiting V magnitude computed with this
simple algorithm provides the ~90 per cent completeness
limit. We show in Fig.3 the internal errors as a function
of magnitude for the different photometric indexes. Individ-
ual errors are computed as the error of the mean for all the
available measurements when two or more measurements are

2 http://tdc-www.harvard.edu/software /wcstools/
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Table 1. Central wavelengths and bandwidths of the filters. Last
column shows the exposure times.

filter AO(A) A/I(A) Exp.time (s)

u 3480 330 30, 600, 1200, 1800
v 4110 150 12, 150, 600
b 4695 210 6, 60, 350
y 5500 240 5, 30, 100, 300
HBw 4861 170 5, 50, 100, 300

HBn 4861 30 30, 600, 1200, 1500

250}

200}

150+

100+

50+

01 12 13 14 15 16
V magnitude

Figure 1. V magnitude histogram for all the observed stars.

available. When all the measurements are taken consecu-
tively (during the same night) those errors could be slightly
underestimated. When only one measurement is available,
then the error provided is computed by error propagation
from the instrumental measurements and the transforma-
tion equations. In the plot we show the median value for
each 0.5 mag bin, obtaining values below 0.03 mag for stars
up to V=18 mag, being slightly larger for the ¢; index (since
it contains the U magnitude, that always gives larger errors).

2.2 Spectroscopy

Spectra of nine stars in the cluster were obtained in Oc-
tober 2001, using the 1.93 m telescope at the Observatoire
de Haute Provence (OHP), France. Those were selected as
the brightest stars whose positions in published photomet-
ric diagrams suggested they could be blue stars. The tele-
scope was equipped with the long-slit spectrograph Carelec
(Lemaitre et al. 1990) and a 1024x2048 pixel EEV CCD.
Some of the brightest stars of the cluster were observed on
the nights of October 23rd and 24th using the 600 In/mm
grating. This configuration gives a nominal dispersion of
~ O.9A/pixel over the 3750-5570A range. A few more stars
were observed on October 25th with the 300 In/mm grat-
ing, giving a nominal dispersion of ~ 1.8A/pixe1 over the
3600-6900A range. Given the impossibility to assign a spec-
tral type to the bright star LSIII +4736 (Star §2 in the
WEBDA notation, IDywp from now on), we re-observed it on
two occasions with the INT equipped with the Intermedi-
ate Dispersion Spectrograph (IDS) and the 235-mm cam-
era. The first observation was on 2002 July 25th, using the
R1200Y grating and a Tek#4 camera, which gives a dis-
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Figure 2. Finding chart of the 1233 stars with available Strémgren photometry (red circles). Blue squares are the stars classified as
likely members in this study (see Sect. 3.3). The underlying image is taken from DSS2-F North survey.
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Figure 3. Internal errors in photometric indexes as a function
of V magnitude. Median values have been computed for 0.5 mag
bins.

persion of = 0.8A /pixel. The second observation took place
on 2003 July 5th. On this occasion, the R900V grating and
EEV#13 camera were used, resulting in a nominal disper-
sion of ~ O.GSA/pixel. Exposure times and SNR for those
spectra can be found in Table 2.

All the observations have been reduced, following stan-
dard procedures for the bias subtraction, flatfielding and ex-
traction, using the STARLINK software packages CCDPACK
(Draper et al. 2000) and FIGARO (Shortridge et al. 1997)
and analysed using FIGARO and DIPSO (Howarth et al. 1997).
Sky was always subtracted by fitting a low-degree polyno-
mial to points in two regions on each side of the spectra,

Table 2. Observing date, exposure time and signal to noise ratio
for the available spectra. See more details in the text

Name IDwp Date Exp.time (s) SNR
LSIIT +4739 4 24 Oct 2001 1500 115
9 23 Oct 2001 1200 75
LSIIT +47 38 5 23 Oct 2001 1200 110
15 25 Oct 2001 900 60
LSIII +4737 201242015 23 Oct 2001 1200 120
22 25 Oct 2001 600 55
LSIIT +47 36 2 25 Oct 2001 600 160
LSIIT +47 36 2 25 Jul 2002 400 80
LSIIT +47 36 2 5 Jul 2003 600 105
96 23 Oct 2001 1200 30

as implemented by the FIGARO routine POLYSKY. See some
of the obtained spectra in Fig.4 and their finding chart in

Fig. 5.

3 RESULTS

3.1 Photometric diagrams

We compute the extinction-free indexes [my],[c1],[u—Db], and
B using the standard values (i.e. assuming standard extinc-
tion laws where E(my) = —0.33(b-y) and E(c1) = 0.19E(b-Y)),
that is:

[m] = m+033-(b-y),
[l = c-019-(b-y),
[u-b] = [ca]+2-[m],
B = HBn—Hpw, (2)

MNRAS 000, 1-14 (2016)
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Figure 5. Finding chart of the stars with available spectra. Num-
ber shows the ID according to WEBDA. See the correspondence
with our ID in Table 3.

and compare them with the expected sequences from
Perry et al. (1987). The [c1]-[my] plot (see Fig. 6) allows the
identification of B-type stars, that lay on the left side of the
plot, while the early-A stars are at the top, and later stars
on the right part. Faint stars with larger photometric errors
can blur the separation between early- and late-type stars,
making difficult their classification. The same sequences are
visible in the B-[u—b] plot (see Fig. 7), with the early stars on
the left part. All the main sequence stars should lay around
the Perry et al. (1987) sequences (except for emission line
stars), independently of the distance and extinction. Thus
these plots provide a first estimation of the spectral type.
However, these plots do not allow to distinguish between
members and non-member stars.

MNRAS 000, 1-14 (2016)

Figure 6. [c1]-[m] plot for all the available stars. Colour indi-
cates the V magnitude. The black lines show the standard relation
from Perry et al. (1987): dashed line for B stars, solid line for A
stars, dotted line for F stars. Black circles indicate the likely B-
stars (not necessarily members, see Sect. 3.3).

3.2 Spectral classification

Spectral classification in the MK system is based on compar-
ison with standard stars. The standards used are those listed
in Negueruela (2004). The brightest star is LSIII +4736
(IDwp =H2, and §786 in our catalogue) which demonstrates
spectral variability. The spectrum shown in Fig.4, corre-
sponding to July 2002, shows double lines, indicative of
two components (SB2). The brightest one is a (luminous)
giant, with a spectral type not far from B2. The second
component is almost as bright, given the line ratios. The
likely detection of Hell 4686A indicates that it is at least
as early as BO0.5, and so a B0.5V classification is quite
possible. We note that Hoag & Applequist (1965) classi-
fied the integrated spectrum as BS5III, thus implying a
much lower luminosity. LSIII +47 37 is a visual pair (IDwp
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Figure 7. p-{u-Db] for all the available stars. Colour indicates
the V magnitude. The black lines show the standard relation from
Perry et al. (1987): dashed line for B stars, solid line for A stars,
dotted line for F stars. Stars with spectra are indicated following
their IDwp.

=#2012+42015, and #779+4782), resolved in our photomet-
ric catalogue, but not in the spectrum. Star IDywp=#2012
is the brighter component. It is a Be star, with spectral
type close to B0.5 Ve. Although we could detect the two
stars, there could be some contamination in their photo-
metric magnitudes. LSIII +4738 (IDwp=45, and §771) is a
B1IV-V star (B2V according to Hoag & Applequist 1965).
LSTIII +4739 (IDwp=H#4, and #696) is clearly a giant, and
we classify it as B1.5I11, although Hoag & Applequist (1965)
classified it as a B0.5 V. Star IDwp=H#9 (§763) is a B2V star.
Stars IDwp=*H#15, #22 and #96 (4776, #780, #791 in our cata-
logue) are early- or mid-B stars. Their spectra are too noisy
to give an accurate spectral type, but they all look close
to B3V, and certainly not later than B5V. These spectral
types are summarized in Table 3.

3.3 Membership and distance determination

It is not a straightforward task to identify the members of
the cluster among all the stars observed in the same field of
view. Several methods, including evaluation of kinematics
have been used for other authors to establish cluster mem-
bership. But this cluster is too far away to obtain good
proper motions from the ground. Only Gaia will be able
to give good proper motions for some of these stars in fu-
ture data releases. In our case, we only have photometry,
so we work with the colour-magnitude diagrams presented
in Sect.3.1. As a first step we identified the B-type stars
present in the [c1] —[my] diagram (see Fig. 6). Among them,
we selected as likely members, those located in the same se-
quence within the V—cj plot (i.e. see black squares in Fig. 8).
The B-type stars far from this sequence will have a complete
different distance and absorption, so won’t be located in the
cluster. For this first step, we reject any star from which
we may have doubts that it is either a B star o a cluster
member: 40 stars remain. From the individual absorption
computed for these stars using the Mongui6 et al. (2014)
method, we obtained their mean absorption (with a 30 clip-
ping rejection): < Ay >=3.0+0.6mag. The individual Ay val-

10~

11 ® .
12
13
14
15
16
17
18

19_(‘).2

Figure 8. V -c1 plot for the observed stars. Grey dots show
all the stars. In red, those stars selected as B type stars (even if
they are not members, see Fig6). Black squares show the B stars
selected as likely members and used for absorption calculation
(see Table A2)

ues for these stars can be found in Table A2. We use this
value to create the intrinsic Vo—cg diagram (Fig.9), whose
values are also in Table A2. Then, we can fit the sequence
and develop a more accurate cluster member selection (for
stars beyond the B-type already selected). A star will be
considered as likely member if it lies on the sequence in the
Vo —Cp plot, and at the same time, the spectral type matches
in the [c1] —[m] and B—[u—Db] plots. The 139 stars selected
as likely members can be found in Fig. 9 and indicated in the
Table Al. The distance modulus fitted is [Vg— My|=13.2+0.2
(the error indicates the uncertainty in positioning the the-
oretical ZAMS and its identification as a lower envelope).
This leads to a distance to the cluster of 4.4+0.4kpc. Our
observations reach deep enough to detect early-A type stars
in the cluster. That is very useful since the fit of the turning
point in the Vg—cp diagram (Fig.9) allows us to obtain a
reliable distance.

3.4 Physical parameters for individual stars

We use the method described in Monguié et al. (2014) to
compute individual physical parameters for hot stars with
Teg > 7000K. This method is based on atmospheric models
and evolutionary tracks and it provides individual physi-
cal parameters such as distances, absorptions, and effective
temperatures (Teg). This method is good for large samples
of stars, and to treat them statistically (as has been shown in
Monguié et al. 2015). However, one should be careful when
dealing with individual stars, as those values may have large
individual errors. In Table 3 we can see, as an example,
some physical parameters obtained for the stars with spectra
available discussed in previous section. Teg, l0gg, distance,
My, Ay are available for the 515 stars with Teg > 7000K (not
necessarily members) and can be found in Table A3. The er-
rors presented for those physical parameters have been com-
puted through Monte Carlo simulations, assuming random
Gaussian errors for the input photometry. As we discussed
in Sect. 2, the photometric errors can be slightly underesti-

MNRAS 000, 1-14 (2016)
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Figure 9. Vp-cp plot for all the stars that are likely mem-
bers. The black lines show the standard relation from Perry et al.
(1987): dashed line for B stars, and solid line for A stars, with
Vo—My=13.2mag. We indicate the spectral type for those stars
with spectra available.

mated when all the observations have been taken consecu-
tively. In this case, the errors in physical parameters might
be underestimated too.

The distance and absorption computed for the cluster
are more accurate when we use the colour-magnitude dia-
gram with all the stars. Nevertheless, we can also compute
the mean values for the 139 cluster members with physical
parameters available. We computed the median with a 3o
clipping, obtaining 4.0+0.8 kpc, which is smaller but com-
patible with the value obtained from the fitting. The mean
absorption for all the member stars is <Ay>=3.1+0.6 mag
(to be compared with the <Ay>=3.0£0.6 mag when we only
used the B-type stars), and their mean distance modulus:
< Vo— My >=13.0+0.6 mag (where the errors are computed
as the standard deviation). The computed mean absorption
has a large dispersion, since some of the stars have a com-
puted high individual absorption. However, some of the stars
with larger absorption are also faint, and so have larger er-
rors. Actually, all the stars selected as members, and with
Ay >3.8 are all fainter than V=16.5.

3.5 Additional data

We provide Stromgren magnitudes and photometric indexes
for up to 1233 stars in the field. In addition, 1186 of these
stars have infrared photometry available from the 2MASS
catalog (Skrutskie et al. 2006), although only 1034 of those
have the full set of JHK magnitudes (rejecting those that are
upper limits). We compare here these two sets of photometry
in order to check consistency and look for outliers. In Set. 3.4
we obtained individual absorptions in the visual band (Ay)
from the Strémgren photometry for stars with Teg >7000 K.
In this section, we transform those values to the infrared
bands following the expressions by McCall (2004) that relate
absorption at different wavelengths. Using the absorptions in
the different bands, we obtained the intrinsic colours (b—Yy)g
and (J—K)g. Only 423 stars fulfill the requirement of hav-
ing both the JHK magnitudes and the individual physical
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Figure 10. (J-K)g vs. (b—y)o. The black line shows the ex-
pected main sequence obtained by combining grids of the AT-
LAS9 model atmosphere from Castelli & Kurucz (2004, 2006) and
Bessell et al. (1998). In red, stars with available spectra. Stars
with the ID labeled are discussed in the text.

parameters (i.e. Teg >7000K) needed to develop this com-
parison. Errors in 2MASS for these stars have mean values
of < €3>=0.05mag, < e4 >=0.05mag, and < e >=0.08) and
can reach values of 0.1 mag in €3, 0.2 in eq and 0.2 in ex.
Figure 10 shows the intrinsic (J—K)g vs. (b—Y)o colours for
these 423 stars. This has also been compared with the theo-
retical main-sequence colours —Bessell et al. (1998) for JHK,
and Castelli & Kurucz (2004, 2006) for uvby. As expected,
most of the stars follow this sequence. Up to 85% of the stars
are closer than 0.1 mag to the sequence. The stars that are
far from the sequence are usually non-main sequence stars,
emission line stars, or stars with wrong computed absorp-
tion (due to e.g. large photometric errors). In particular we
note star IDywp=4#2012, that is known to be emission line,
and star IDywp=4#2015 shown to have a strange behaviour in
colour-colour plots due to contamination. Star ID=959 has
V=17.16, with very strong emission (r—Ha=1.58, f=1.58)
and its photometry indicates that is a very hot and distant
star. On the other hand, stars ID=1332, 1350, 4098, 4204,
4226, and 4236 are all fainter than V=18 mag, and their loca-
tion in the diagram is due to large photometric errors either
in Stromgren and/or 2MASS.

Emission line stars can be detected using IPHAS data
(Barentsen et al. 2014). Almost all the stars in the field (up
to 1220) have data in the three bands i,r, and Hea. Fig-
ure 11 shows some stars above the expected sequence, such as
IDwp=#45, and #2012. Star IDwp=4#2012 is already a known
emission line star. The star IDwp=4#5 is also above the ex-
pected sequence, although its spectrum does not show emis-
sion lines. Actually this star has a flag in the IPHAS cata-
log that indicates saturation (it is V=12.5), which gives it
non-reliable IPHAS photometry. IDs from both IPHAS and
2MASS resulting from the crossmatch with our catalog are
available in Table Al.

3.6 Cluster geometry

Figure 12 shows the sky density distribution of the 139 likely
member stars in the observed region around the cluster. The
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Table 3. List of stars with spectra available. IDyp is the identifier according to WEBDA. ID is the internal identifier from our catalog.
SP is the spectral type obtained from spectra. Stromgren photometry and computed physical parameters are shown. The effective
temperature, gravity, and visual absorption were computed according to Monguié et al. (2014).

Name IDwp ID SpP RA DEC \% (b-y) m c1 B Ter(K) logg  Av(mag)
LSIII +4739 4 696 B1.5I11 2124380 4480039 11.75 0.74 0.26 0.58 2.61 21030  3.57 3.55
9 763 B2V 212416.1 4480009 13.71 047 0.19 040 2.66 21830 4.48 2.46
LSTIII +4738 5 771 B1V 2124144 4480035 1253 053 0.16 044 2.64 22910 4.79 2.71
15 776 mid B 212413.1 4480051 14.68 0.55 0.37 047 272 17110 4.71 2.68
LSIII +4737a 2012 779 B0.5Ve 2124125 4480040 1255 0.51  0.10 043 2.63 25060  4.46 2.65
22 780 mid B 2124124 4480000 1492 0.54 0.53 047 274 14670  4.46 2.57
LSIII +4737b 2015 782 ? 2124123 4480039 1324 0.62 0.02 048 243 25990  3.00 3.04
LSTIIT +47 36 2 786  B2mi4Bosv 21 24 11.0 4475929  10.89  0.60 0.08 046 2.56 25910  4.43 3.05
96 791 mid B 2124 10.5 4480043 1491 054 043 047 271 16270 4.41 2.60
1.0 T T
°2015
0.9+ ]
48.05 30
0.8f ° ]
0.7} . .. 4 gw.ao ZOE
& 2
0.6 ]
©
T . 47.95 "
0.5f 1
0.41 1 . 0
° 3213 321.2 3211 321.0 3209 320.8
RA(deg)
0.3F 1
0.2 1 Figure 12. Sky distribution of the 139 stars likely members
(black dots) and density computed as the number of stars closer

O =2 35 26 27 28 25 30 31

Figure 11. Combination of IPHAS and Strémgren data: (r —Ha)
vs. B. Stars with available spectra are indicated in red and labeled
according to WEBDA ID.

density at each direction of the sky has been computed as the
number of stars located closer than 1/5. We clearly detect
the overdensity at the central part of the cluster. We use
these data to fit a 2-D gaussian to the sky density of the
members, such as:

N = Ng + Nmax .exp*(/-\(ﬂ*tlo)2+25(d*ﬂo)(5*50)+C(5*50)2)) (3)

with

20 sinf6

A = 00—2+sn—2 (4)
20, 205

B - —sm(29)+sm(29)
402 402
;2
6 cos?h

c - S, oo
205  207j

where the seven parameters, obtained through a least
squares fit to the sky star density, are: 1)the offset due
to the zero point Ng=963+4 /o2, 2)the amplitude of the
gaussian, i.e. the peak density Nmax=18020+30 */02, 3)the
right ascension of the centre of the cluster ag=321.05703 +
0.00007°, 4)the declination of the centre of the cluster
60=48.01089 + 0.00004°, 5)the sigma in the right ascension
direction ¢,=0.03890 + 0.00007°, i.e. 2/3, 6)the sigma, in
the declination direction 05=0.02141+0.00004°, i.e. 1’3, and

than 1’5 to each point. The black solid lines show the fitted 2D
gaussian at 1, 2 and 30

T)the position angle of the ellipse #=11.90+0.02° with re-
spect to the vertical. The centre of the cluster in galactic
coordinates is (£,b)=(91.19817°,-1.67647°). That is 34" from
the value given by Kharchenko et al. (2013). The results pro-
vide an elliptic profile with an eccentricity:

2
_ w —057. (5)

§

e=,[1
o

Considering that almost all the stars of the cluster
should be contained within 30, we can establish the radial

size of the cluster like: rc = 3,/(cq C0860)2+o'§ =6/1. That

would translate into a physical radius of 7.8 pc (since the
cluster is at 4.4kpc).

3.7 Age and mass determinations

The cluster studied here is very young. Since only two giants
(IDwp=#2, and #4) were found in this cluster (and #2 cannot
be used because it has contamination from the binary), the
isochrone fitting is quite difficult. In Fig. 13 we see the My —
Cop diagram, with some isochrones overplotted. We see that
most of the stars are well located on the main sequence.
We should remove from the analysis the stars IDywp=#2015
and #2012 since we checked they have contamination from
the other, plus #2012 is an emission line star. The giant star
IDwp=#2 has been proved to be a binary (see Sect. 3.2, so
its photometric results are not reliable either. Once these are
removed, the remaining stars fit very well with the isochrone

MNRAS 000, 1-14 (2016)



Figure 13. Colour magnitude diagram My —Cp for the stars se-
lected as a possible members. Two isochrones from Marigo et al.
(2008) are overplotted with log;o(t(yr))=7.0 (blue) and 7.3 (green).
Three stars with unreliable physical parameters are indicated
with a red cross (see text for discussion).

of 10g1(t(yr))=7.3 (20 Myr). Specially the star #§4, which is
a giant B1.5III. However, this result is based in only few
stars, that are also not too evolved in the giant branch. In
addition, the presence of two B0.5V stars, suggests that the
age cannot be much older than 10-12Myr. That leads to the
conclusion that the age is very difficult to establish from the
photometric diagrams, but in any case we can set an upper
limit of logyg(t(yr))=7.3.

In order to estimate the cluster mass we used the
multiple-part power law Initial Mass Function (IMF) defined
by (Kroupa 2001). We set the free parameter of the IMF by
counting the stars within a certain mass range. Because of
the completeness of our photometry (at least down to A1V)
we choose the entire B-range (i.e. BOV-B9V) with masses
comprised between 19.95 and 2.57 Mg according to the cali-
bration of (Straizys 1992). We rejected from this sample the
giant stars, that are separated from the dwarfs using the
different luminosity class sequences provided by (Crawford
1978). As seen in Fig. 14, the two known giant stars with
spectroscopy (IDwp=#4 and IDwp=H#2) are well separated
from the dwarfs. The only star far from the sequence is
the already discussed binary IDwp=#2015+#2012. The other
stars located above the LCIII sequence (ID= 813, 824,
842, 951, 1037) are probably Be stars (all of them have r-
Ha >0.33, in the upper range for B-type stars) or background
stars wrongly assigned as members. In any case, they are few
stars and do not affect the computed mass of the cluster. In
the total area observed, we obtained 60 +8 (poissonian un-
certainty) B-dwarf stars. Then, by integrating the IMF, we
derived a present-day cluster mass of 1260 + 160 M, which
would correspond to an initial one of the cluster of around
1600 M.

4 THE CONNECTION WITH THE PERSEUS
SPIRAL ARM

The location of this cluster makes us consider its relation
with the Perseus spiral arm, within the framework of the
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Figure 14. B vs. g distribution for the B-stars selected as mem-
bers, and used for the mass derivation. The green line indicates
the luminosity class III sequence according to (Crawford 1978).
Red dots indicate the stars classified as dwarfs while black squares
show those classified as giants (with our catalog ID indicated).

spiral arm structure of the Milky Way. The understanding
of the nature, origin and mechanisms that drive the spiral
arms in our Galaxy is still a fundamental problem in as-
trophysics. Even the properties and the extent of the Local
Arm are still under debate (Xu et al. 2016). It is well as-
sumed that the spiral arms are an important mechanism that
affects the dynamics and evolution of the Milky Way. How-
ever, there are still lots of open questions. Several physical
processes have been suggested for the origin and support-
ing mechanism of this structure. The most important are:
a) The spiral structure is tidally induced, either through ex-
ternal (with a companion galaxy, Dubinski et al. 2008) or
internal (Salo et al. 2010; Athanassoula et al. 2009, driven
by a bar) interactions, b) The spiral structure is the re-
sult of quasi-stable global modes in the disc, as predicted
by the density wave theory (Lin & Shu 1964), ¢) The spiral
structure is produced by local, self-gravitational instabili-
ties (Toomre 1977), and d) The spirals are manifold-driven
(Romero-Gémez et al. 2007; Athanassoula 2012). These the-
ories are not mutually exclusive, and the spiral structure of
different galaxies might be dominated by different mecha-
nisms. In any case, they are tightly related with star forma-
tion, since each of the mechanisms predicts different tempo-
ral patterns of star formation. That leads to different age
trends along or across the arms, that will be reflected in the
distribution in ages of the tracers. The analysis of this dis-
tribution can thus unveil the underlying cause of the spiral
structure. Indeed, Vallée (2014) suggests that different ob-
servables may locate the spiral arms at slightly different loca-
tions. This author found that the gas and dust concentrate at
the inner part of the arms, with the density peak due to stars
at slightly further positions. This distribution matches with
the results discussed by Monguié et al. (2015), that found a
dust layer at the inner part of the stellar density wave of the
Perseus arm. Another work supporting density-wave theory,
in this case for external galaxies, is Pour-Imani et al. (2016)
that used observations at different wavelengths to state that
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pitch angle is varying for different galactic components, such
gas, star forming regions and older stars.

The obtained distance to NGC 7067 and its direction,
allow us to place the cluster within the Perseus spiral arm
(see Fig. 15 where we overplotted the location of the cluster
in the pattern of the spiral arms suggested by Vallée 2014).
According to this image, the cluster would be slightly shifted
to external positions of the arm, where stars would be lo-
cated, and slightly further away than the gas and dust, that
peak at the internal part of the arm. We must mention that
this pattern is based on tangencies to the inner arms of the
Galaxy, and the extrapolation to the external arms, together
with the uncertainty of the obtained photometric distance
to the cluster, may not be sufficient to establish the exact
relative location between the arm and the cluster. However,
this result could be understood as a movement of the clus-
ter from the internal part of the arm, where star formation
would occur, to external parts. Roberts (1969) analysed the
star formation in the shocks produced by the spiral arms, in
the framework of density wave theory, and located the region
of newly born stars (up to 30 Myr, l0g;o(t(yr))=7.5) very close
to the potential minimum. Other spiral arm theories pre-
dict different distributions. In this context, Dobbs & Pringle
(2010) developed some simulations of the age distribution
of clusters born in the spiral arms, obtaining different age
dispersions depending on the mechanism that is supporting
the spiral arm. A single cluster with the given accuracy in
distance and age is not enough to distinguish among these
theories, but the current result opens new options for the
analysis of the distribution of the spiral arms of the Galaxy.

The Perseus arm in the second quadrant is optimal to
study the distribution of open cluster ages in a galactic re-
gion wide enough (90° <1 < 140°) to cover a substantial part
of a spiral arm. And it is in the outer part of the disc where
cluster populations are easier to detect and lower interstellar
absorption allows us to reach further distances. It is a well
defined structure, rich in open clusters, with more than 50
detected so far. The current data available in the literature
come from very inhomogeneous datasets, and cannot lead
to any firm conclusion. Also the different isochrones used
to derive ages for each of the references, may lead to differ-
ent results and inaccuracies that should be avoided. In this
direction, much more reliable and homogeneous data and
methods to derive physical parameters are needed to reach
conclusive results. Stromgren uvbyB photometry is optimal
to undertake this study since it is the most appropriate pho-
tometric system to study young stars and obtaining accurate
estimates of individual distances and ages. These photomet-
ric estimates, combined with spectra for some of the stars in
the cluster should provide much more reliable results. Ab-
solute distances from the Gaia mission (Gaia Collaboration
2016), once combined with the photometric relative ages,
will ensure accuracy enough to trace any possible trend in
ages in the spiral arms.

5 CONCLUSIONS

The analysis of the Strémgren data, together with the nine
available spectra, allowed us to compute the physical pa-
rameters for the cluster NGC 7067. 139 likely member stars
where selected from the photometric diagrams. From a main

Y (kpc)

X (kpc)

Figure 15. The background figure is the structure of the spiral
arms suggested by Vallée (2014), where each colour indicates a
different tracer (see his Fig.1). Stars are plotted in yellow, 12CO
(and H2) molecules are in blue, hot dust in red, thermal and
relativistic electrons and HI atoms in green, and cold dust with
FIR cooling lines in orange. We overplotted the expected location
of NGC 7067 in magenta, with the corresponding error bars.

sequence fitting to the cluster data we obtained a distance
of 4.4+0.4kpc, while using the mean of individual star dis-
tances we obtained 4.0+0.8 kpc. Previous references gave dis-
tances in the range [2.3-4.5] kpc. For example, Johnson et al.
(1961), obtained 2900 pc using 29 stars Becker (1963), found
3950 pc using the same sample Becker (1965), computed
4500 pc, adding 60 stars more to the sample, and Hassan
(1973), derived two values, 3963 and 4406 pc, the first one
using 111 stars and the second one using the same previ-
ous subset of 29 stars. All these studies, used few stars and
only broad band UBV photometry. Yadav & Sagar (2004)
were the first using CCD photometry in this cluster in-
creasing the sample up to ~2000 stars in the field, and us-
ing also infrared filters. They gave an age of 10g;o(t(yr))=8,
that is not compatible with the presence of early-B stars
in the cluster (which is now reliable thanks to the available
spectra). That may be partially explained by the fact that
they provided a closer photometric distance of 3600 pc. The
brighter stars in the clusters (V ~ 12.5) would have an abso-
lute magnitude of My=-2.6 using their cluster parameters,
while they would have My=-3.7 using the distance and ab-
sorptions obtained in our study. So, even with the cluster
parameters that they derive, the brightest stars would have
magnitudes typical of early-type stars and thus incompatible
with the age that they find. The fitted upper limit on the
age of 10g1(t(yr)) s 7.3 (~20Myr) is in agreement with the
value of logyg(t(yr))=7.1 published by Lindoff (1968). The
derived present mass of 1260 + 160 Mg is clearly larger than
the 550 M@ obtained by Bruch & Sanders (1983). The main
differences between the two estimations are different IMF
used (Kroupa (2001) vs. Salpeter (1955)), and that while
we integrated the mass directly from our Stromgren pho-
tometry, they transformed from a relative mass (normalized
to Trumpler 1; Reddish 1978) using only three clusters to
compute the zero points.
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We also provided a new value for the centre of
the cluster in J2000 of («@,d)=(21:24:13.69,+48:00:39.2), or
(¢,b)=(91.198167°,-1.676472°), with a size radius of rc==61.
Individual physical parameters for hot stars have been also
computed using the method from Monguié et al. (2014) and
their mean values of distance and absorptions are in agree-
ment with the results of sequence fitting. We complemented
our photometry with data from 2MASS and IPHAS. The
first catalog was used to compare and detect outliers while
IPHAS catalog was used to detect emission line stars.

Finally, we discussed the relation of the cluster with the
Perseus spiral arm. Its age and location suggest that it was
formed in the spiral arm, making it a perfect candidate for
the analysis of the spiral arm theory in the Perseus spiral
arm.
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APPENDIX A: TABLES

All the available data for the individual stars are available
online. Here we present the ten first rows for each of them.
Table A1 provides the photometry for the 1233 stars, as well
as membership determination. Table A2 shows the param-
eters for the B stars classified as likely members. Table A3
shows the computed physical parameters for 515 hot stars.
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Table A1l: Coordinates and photometric parameters for the 1233 stars
available. Last column is zero for non-members stars and 1 for likely
members. Crossmatched IDs with IPHAS and 2MASS catalogues are
also shown. Only ten rows are presented here. Full table available online.

(9102) ¥TI-T ‘000 SYUNIN

1D RA DEC A% LY, (b-y)  epy) my emy c1 £o B £ member ID TPHAS 1D 2MASS

623  21:25:16.1  +48:03:41 15.91 0.01 0.79 0.01 -0.01 0.03 0.55 0.01 267 0.01 0 J212516.10+480341.5  21251609+4803414
624  21:25:15.7  +48:01:08 14.52 0.01 1.18 0.02 0.13 0.02 0.59 0.01 262 0.00 0 J212515.73+480107.3  21251572+4801073
625 21:25:15.4  +47:56:07 13.51 0.01 0.60 0.01 0.02 0.01 1.19 0.01 293 0.01 0 J212515.424-475606.9  21251539+4756068
626  21:25:15.0 +47:57:50 16.28 0.01 1.03 0.01 -0.12 0.02 0.62 0.02 266 0.01 0 J212515.02+475749.5  21251500+4757494
627  21:25:12.1  +47:58:36  15.69 0.01 0.94 0.01 -0.09 0.01 o0.77 0.01 2.69 0.01 0 J212512.17+475835.8  21251215+4758357
628  21:25:12.0 +48:02:37 14.67 0.01 0.78 0.01 -0.06 0.02 1.09 0.01 277 0.01 0 J212512.014480236.6  21251199+4802365
629  21:25:11.5  +48:01:20 14.58 0.01 0.55 0.01 0.01 0.01 1.17 0.01 296 0.00 0 J212511.54+480119.5  21251153+4801195
630 21:25:10.7 +48:03:16 14.43 0.01 0.74 0.01 0.06 0.02 0.98 0.00 2.84 0.00 0 J212510.66+480316.1  21251064+4803161
631  21:25:10.6  +48:02:50 15.17 0.01 1.01 0.01 -0.09 0.02 0.64 0.01 266 0.00 0 J212510.584-480249.6  21251057+4802495
632 21:25:10.3 +47:56:32 15.35 0.02 1.22 0.01 0.07 0.03 0.57 0.01 262 0.00 0 J212510.284-475631.1  21251026+4756311
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Table A2: List of B stars selected as members and used to compute the
mean absorption of the cluster (see Fig.8). Only ten rows are presented
here. Full table is available as online material.

ID RA DEC Ay Vo (b-y)o
648 21:25:00.3 +48:00:26 3.03 9.33 0.08  -0.10
687 21:24:42.0 +4T:57:29 347 1242 0.26  0.02
696 21:24:38.0 +48:00:39 3.55 872 012  0.03
705 21:24:335  +48:00:15  2.63 12.59 0.35  -0.16
706 21:24:33.2  +4800:39 272 132 0.65  -0.12
735 21:24:23.4  +48:00:47 243 1349 056  -0.19
741 21:24:22.0  +4800:51 235 1345 0.76  -0.19
745 21:24:20.9  +48:00:33 248 11.63 037  -0.19
748 21:24:20.3  +48:04:40 2.69 1241 032  -0.15
755  21:24:17.5  +48:01:33 245 1263 043  -0.19

Table A3: Individual physical parameters computed for stars with Teg >
7000K following Monguié et al. (2014). Only ten rows are presented here.
Full table is available online.

1D Ter o714 1000 Ologg Dist  opig My  owmy Ay oA,
625 8870 57 4.04  0.03 934 41 1.22  0.08 244 0.05
628 7270 42 3.43 0.05 2100 123 0.39 0.11 2.67 0.04
629 9050 39 4.20  0.04 1398 69 1.61 0.09 224 0.03
630 7860 20 4.23  0.02 734 33 242 0.05 2.68 0.06
633 7410 21 4.02 0.08 1969 240 2.12 0.25 2.83 0.06
634 8350 37 4.25  0.02 934 25 2.15 0.05 225 0.03
636 7010 36 4.35  0.04 628 7 3.28 0.03 248 0.03
639 7900 50 4.29 0.05 1923 104 256 0.09 259 0.05
640 9160 35 4.30  0.02 1225 34 1.86 0.05 226 0.03
643 7690 33 4.31  0.07 1107 60 2.75 0.10 3.28 0.04

This paper has been typeset from a TEX/ITEX file prepared by the author.
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