e
ﬂg:"{'fe;?clltgh?:eUH ' Research Archive

Citation for published version:

M. Monguio, P. Grosbgl, and F. Figueras, “First detection of
the field star overdensity in the Perseus arm”, Astronomy &
Astrophysics, Vol. 577, May 2015.

DOI:
https://doi.org/10.1051/0004-6361/201424896

Document Version:
This is the Published Version.

Copyright and Reuse:

© ESO 2015.

Content in the UH Research Archive is made available for
personal research, educational, or non-commercial purposes
only. Unless otherwise stated all content is protected by
copyright, and in the absence of an open licence permissions
for further reuse of content should be sought from the
publisher, author or other copyright holder.

Enquiries
If you believe this document infringes copyright, please contact the
Research & Scholarly Communications Team at rsc@herts.ac.uk



https://doi.org/10.1051/0004-6361/201424896
mailto:rsc@herts.ac.uk

A&A 577, A142 (2015)
DOI: 10.1051/0004-6361/201424896
© ESO 2015

A8§tronomy
Astrophysics

First detection of the field star overdensity in the Perseus arm

M. Monguié'?, P. Grosbgl?, and F. Figueras®

Apdo. 99, 03080 Alicante, Spain
e-mail: maria.monguio@ua.es

08028 Barcelona, Spain
3

Received 1 September 2014 / Accepted 3 March 2015

Departamento de Fisica, Ingenieria de Sistemas y Teoria de la Sefial. Escuela Politécnica Superior, University of Alicante,

Departament d’ Astronomia i Meteorologia and IEEC-ICC-UB, Universitat de Barcelona, Marti i Franques 1,

European Southern Observatory, Karl-Schwarzschild-Str. 2, 85748 Garching, Germany

ABSTRACT

Aims. The main goal of this study is to detect the stellar overdensity associated with the Perseus arm in the anticenter direction.
Methods. We used the physical parameters derived from Stromgren photometric data to compute the surface density distribution
as a function of galactocentric distance for different samples of intermediate young stars. The radial distribution of the interstellar

absorption has also been derived.

Results. We detected the Perseus arm stellar overdensity at 1.6 + 0.2 kpc from the Sun with a significance of 4-50- and a surface
density amplitude of around 10%, slightly depending on the sample used. Values for the radial scale length of the Galactic disk have
been simultaneously fitted obtaining values in the range [2.9,3.5] kpc for the population of the B4—A1 stars. Moreover, the interstellar
visual absorption distribution is congruent with a dust layer in front of the Perseus arm.

Conclusions. This is the first time that the presence of the Perseus arm stellar overdensity has been detected through individual star
counts, and its location matches a variation in the dust distribution. The offset between the dust lane and the overdensity indicates that
the Perseus arm is placed inside the co-rotation radius of the Milky Way spiral pattern.

Key words. Galaxy: disk — Galaxy: structure — methods: observational

1. Introduction

The spiral arm structure in the Galactic disk is an important
component when studying the morphology and dynamics of the
Milky Way. However, we still lack a complete picture that de-
scribes the nature, origin, and evolution of this structure. Are
there two (Drimmel 2000) or four (Russeil 2003) spiral arms?
Are their main components gas or stars? Maybe, as was re-
cently suggested by Benjamin (2008), there are two major spiral
arms (Scutum-Centaurus and Perseus) with higher stellar densi-
ties and two minor arms (Sagittarius and Norma) mainly filled
with gas and star forming regions. It is also important to under-
stand how the stars interact with the arms: do they move through
the arms (density wave mechanism, Lin & Shu 1964), along the
arms (manifolds, Romero-Gomez et al. 2007), or with the arms
(material arms, Grand et al. 2012)?

The Perseus spiral arm, with its outer structure placed near
the Sun, is an excellent platform from which to undertake a study
of its nature. It has been studied considering different tracers
such as HI neutral gas (Lindblad 1967); large-scale CO distribu-
tion surveys (Dame et al. 2001); a compilation of open clusters
and associations and CO surveys of molecular clouds (Vazquez
et al. 2008); star forming complexes (Russeil 2003; Foster &
Brunt 2014); or masers associated with young, high-mass stars
(Xu et al. 2006; Reid et al. 2014). Some of these studies trace the
arm only in the second quadrant, and others trace it in the third
quadrant, but few analyses link both. Furthermore, few of them
have enough data pointing towards £ = 180°, that is towards the
anticenter. Recently, Reid et al. (2014) published a substantial
compilation of over 100 high-precision trigonometric distances
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to several masers using VLBI observations, in other words trac-
ing the location of star forming regions. Around 20 masers are
located in the Perseus spiral arm, with five of them very close
to the anticenter. Their model for the spiral arms locates the
Perseus arm at 2 kpc at around ¢ = 180°, with the five masers
placed at slightly smaller galactocentric radius than the fit. Vallée
(2014) published a master catalog of the observed tangents to the
Galaxy’s spiral arms in order to fit a four-arm model. Using dif-
ferent arm tracers, he located the “Perseus origin arm” near the
Galactic center at £ = 338°. The fitted model allows us to ex-
trapolate the position of the Perseus arm at about 2kpc in the
anticenter direction. Very interesting is his attempt to quantify
the offset between different tracers, which favors the interpreta-
tion of the data in terms of the density wave theory.

The present study aims to trace the Perseus arm by studying
both the radial stellar density variation toward the anticenter with
simple star counts, and by deriving the distribution of the radial
velocity components through this direction. Both arm structure
and kinematics are essential issues in our study. To trace the arm
we use intermediate young stars with effective temperatures in
the range [15000, 9000] K (B4—A1 spectral type). These stars
are excellent tracers of this overdensity as 1) they are bright
enough to reach large distances from the Sun; and 2) they are
old enough to have had time to respond to the spiral arm po-
tential perturbation. We explicitly avoid very young O-B3 and
Cepheids since we aim to determine the location of the mass
peak (i.e., the potential minimum) associated with the Perseus
arm and not the peak of star formation. In the density wave sce-
nario, one would expect a sequence (in distance or angle) starting
with dust and then star formation, but offset with respect to the
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potential (Roberts 1969). This scenario is in agreement with the
recent work of Vallée (2014) where the hot dust (with masers
and newborn stars) seems to peak near the inner arm edge while
the stars are all over the arms. Furthermore, to analyze the inter-
action between the arm and the stellar component, the selected
B4-Al stellar tracers are young enough so their intrinsic veloc-
ity is still small, so that their response to a perturbation would be
stronger and therefore easier to detect. Our tracers — late B-type
or early A-type stars — are expected to show a density variation
due to the presence of a perturbation. As mentioned, the most
suitable direction to undertake this study on Galactic structure
and kinematics is towards the anticenter and the Perseus arm.
First, this direction presents lower interstellar extinction than
the direction pointing to the Galactic center. Second, although
slightly depending on the pitch angle, this direction is the one
expected to have the smallest distance to the Perseus arm stellar
component. In addition, and more importantly, this direction was
selected because the Galactic rotation would be negligible in the
stellar radial velocity component spectroscopically derived for
this young population, and it would directly reflect the velocity
perturbation introduced by the spiral arm.

In the present paper we present the analysis of the stellar sur-
face density through accurate distances and interstellar absorp-
tion derived from Stromgren photometry. In a second paper of
this series, work on the spiral arm kinematic perturbation will
be provided utilizing stellar radial velocity for a subsample of
selected young stars.

In Sect. 2 we overview the main characteristics of our pho-
tometric survey published and characterized in Mongui6 et al.
(2013, 2014). In Sect. 3 we carefully select the distance lim-
ited samples required for this study. All observational biases
and constraints are evaluated and accounted for. This analysis
allows us to estimate in Sect. 4 the local peaks in the surface
density distribution compared to a pure exponential profile. In
Sect. 5 we characterize the stellar overdensity associated with
Perseus, its distance from the Sun, the spiral arm amplitude, and
its significance. The differential interstellar absorption distribu-
tion and its relation with the Perseus spiral arm are discussed in
Sect. 6. Finally, in Sect. 7, we summarize the main results and
conclusions.

2. Data

As published in Mongui6 et al. (2013), the authors carried out
a uvbyHpB Strémgren photometric survey covering 16°% in the
anticenter direction using the Wide Field Camera at the Isaac
Newton Telescope (INT, La Palma). This is the natural photo-
metric system for identifying young stars and obtaining accurate
estimates of individual distances and ages. The survey was cen-
tered slightly below the plane in order to take into account the
warp, and covers Galactic longitudes from £ ~ 177° to £ ~ 183°
and Galactic latitudes from b ~ —2° to b ~ 1°5. The calibra-
tion to the standard system was undertaken using open clusters.
We created a main catalog of 35974 stars with all Stromgren
indexes and a more extended one with 96 980 stars with partial
data. The inner 8°? reach ~90% completeness at V ~ 17™, while
the outer sky area of ~8°2, mostly observed with only one point-
ing, reaches this completeness at V ~ 157'5. Photometric internal
precisions around 0.01-0.02™ for stars brighter than V = 16™
were obtained, increasing to 005 for some indexes and fainter
stars (V = 18-19™).

In Mongui6 et al. (2014) we describe in detail two different
approaches implemented to compute the stellar physical parame-
ters (SPP) for these stars. The first uses available pre-HIPPARCOS
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photometric calibrations from the 1980s (empirical calibration
(EC) method) based on previous cluster data and trigonometric
parallaxes. This procedure follows two steps: 1) the classifica-
tion of the stars in different photometric regions using extinction-
free indexes ([c1], [m1], HB, [u — b]); and 2) for each region, the
interpolation in empirical calibration sequences to obtain the in-
trinsic indexes and the absolute magnitudes from which inter-
stellar extinction and distances can be computed. The second
method, which we developed, is based on the most accurate at-
mospheric models and evolutionary tracks available at present
(model based (MB) method). It starts with a 3D fit using three
extinction free indexes ([c1], [:], HB), and their photometric er-
rors. Then, the interpolation in evolutionary tracks provides the
remaining physical parameters. Both methods were optimized
for hot stars using the comparison with HIPPARCOS data. In both
cases, individual errors on SPP were computed through Monte
Carlo random realizations.

The MB method provided distance, My, Av, (b — y)o, Tefts
and log g, among other SPP for stars with 7. > 7000 K. On
the other hand, the EC method provided distance, My, Ay, and
(b—y)o for stars with spectral types in the range BO—A9. By com-
paring these two sets of SPP data, a clear discrepancy of about
~20% in distance was detected and discussed. The catalog, pub-
lished in Monguié et al. (2014), also provided quality flags, some
of them related to the photometric classification required by the
classical EC method (Stromgren 1966) to disentangle between
early- and late-type stars. It was evident that the separation in
the [c1]—[m,] space is well defined and works properly for stars
with low photometric errors, but the gap between regions blurs
when faint stars with larger photometric errors are considered.
The IPHAS and 2MASS data, when available, were used to flag
emission line stars and to check the coherence of some physical
parameters derived using visual and infrared data, respectively.
The fraction of binary stars in our sample may be important, in
particular for hot stars. Thus in Mongui6 et al. (2014) the effects
of the secondary on the final accuracy of the photometric indexes
and distance were also discussed.

3. Distance complete samples

The available data — full uvbyHpB photometry for 35974 stars
in the anticenter direction — were cleaned and organized in
different working samples by carefully evaluating both the qual-
ity of the data and the apparent magnitude and distance com-
pleteness (see Fig. 1). In a first step, the available IPHAS initial
data release (IDR; Gonzdlez-Solares et al. 2008), combined
with our HB index, allowed us to detect and reject 1073 emis-
sion line stars. Then each approach to compute the physi-
cal parameters (i.e., MB and EC) required its own strategy.
We created two different working samples: the first, hereafter
MB-S1, with the 12957 stars with T > 7000 K and SPP
from the MB method, and the second, hereafter EC-S1, with
11524 BO-A9 stars, with SPP derived using the EC method.
Following the MB strategy, we considered as outliers the stars
that lie 50 outside the MB atmospheric grid during the 3D fit,
taking into account the photometric errors in [c|]—[m]-HB. We
also removed stars with doubtful classification between photo-
metric regions using Ngge and Ny, flags. These flags, Ny, for
the EC method and N4, for the MB method, indicate the prob-
ability for a star to belong to earlier or later photometric re-
gions and were computed through Monte Carlo simulations (see
Mongui6 et al. 2014, for details). Coherence with 2MASS data
allowed us to reject some stars that cannot be allocated reliably
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Table 1. Ay, Vi, and Myy;y, for all samples at the bright (min) and faint (max) ends.

MB EC
In All In All

St | s2 [ cs | st [ s2]cs [ st | s2]cs | st | s2]cs
Vi 1
Vjmax 167 | 167 | 163 [ 157 | 157 [ 153 [ 167 | 167 | 163 | 157 [ 157 | 153
Avanin(1.2kpe) 1.5
Avmax(3kpe) 3.1 32
My1im(1.2kpc) -0.9 -1.2
SPuin B4 B3.5
Myiim(3kpe) 12 [ 12 o8 ] 02 [o02[-02] 11 | 1 |07 [ 01 [O01]-03
SPyax Al | Al | A0 | B85 | B85 | B75| A0 | A0 | B9.5 | B85 | B85 | B7
Nt 7763 | 6061 | 4998 | 12957 | 9781 | 8101 | 6756 | 5943 | 4998 | 11524 | 9622 | 8101
N(Mvyiim) 2209 | 1565 | 672 | 1587 | 935 | 278 | 821 | 653 | 361 | 446 | 289 | 133
N(1.2-3kpc) | 851 | 733 | 349 | 403 | 326 | 106 | 441 | 378 | 185 | 151 | 111 | 33
N/Ns: 1.00 | 0.86 | 0.65 | 1.00 | 081 | 0.63 | 1.00 | 0.86 | 0.82 | 1.00 | 0.74 | 0.57

Notes. Spectral type according to the My, are shown. N is the number of stars for the absolute magnitude limited samples, i.e., My, (1.2 kpc) <
My < Myiin(3kpc), also indicating which of them are between 1.2 and 3 kpc. N/Ny, is the ratio between the number stars (between 1.2 and 3 kpc)
of each sample and the S1 sample, always using the My range of the sample.

35974
stars with
MB method uvbyHb data EC method
Rejection of em;ssion line star:
+ IPHAf data
O
Selection of hot objects
/ \
MB-S1 EC-S1
12957 11524
{ Rejection of outliers
12904
Monte Carlo
assignment criteria
10539 9939
+ 2MASS data
MB-S2 EC-S2
9781 9622
Best clean sample
8328
1(b-y),"-(b-y),* <0.1
ES
8101

Fig. 1. Procedure for the generation of the working samples. From rop
to bottom, the number of stars in the samples decreases while the quality
of the individual physical parameters increases. The left side shows the
samples according to the MB method, and the right side with EC.

to either early (BO-B9) or late (A3-A9) types. The two result-
ing “clean” samples contain 9781 (for MB-S2) and 9622 stars
(for EC-S2). A new subset was built containing the stars that
simultaneously belong to the young population following both
methods. This was done by checking the coherence between

the two sets of physical parameters. This cleanest sample con-
tains 8328 stars and is named CS-MB or CS-EC depending on
whether their physical parameters were computed using the MB
or EC method (see Fig. 1). This sample contains stars with more
accurate SPP data, but has fewer statistics owing to the lack of
stars rejected during the cleaning process. From now on we will
distinguish between the subsamples containing the stars in the
inner sky area (in suffix), from those where the stars located in
the outer sky area are added (all suffix). Whereas the first sub-
sample reaches fainter limiting magnitude, the second contains
more stars but is complete up to a brighter limiting magnitude. In
Table 1 we give the number of stars for each of the subsamples.

Since we wanted to derive how the stellar density varies with
the galactocentric distance, we needed to ensure that the features
observed are due to a physical and real overdensity and not to
observational or selection biases. To account for this, we created
distance complete samples by selecting ranges of absolute mag-
nitude, that ensured us distance completeness up to a given helio-
centric distance. For each sample we estimated 1) the maximum
visual limiting magnitude Vjin; 2) the magnitude at which some
stars were saturated Vi,; and 3) the maximum and minimum vi-
sual interstellar absorption at a given distance. The Vj;,, for each
of the samples, assuming a 90% completeness, was estimated by
computing the mean of the magnitudes at the peak star counts in
a magnitude histogram and its two adjacent bins, before and af-
ter the peak, weighted by the number of stars in each bin. In
Mongui6 et al. (2013) we checked that this estimate is adequate
by comparing the V magnitude distribution of the stars with all
the available photometric indexes, and with the distribution ob-
served for stars measured in V that reached a significant fainter
limiting magnitude. To ensure an adequate range before and after
the Perseus arm in the anticenter direction, we selected samples
complete up to 3 kpc from the Sun. The maximum interstellar
absorption at 3 kpc was estimated from Aymax (3 kpe) = Ay +04, -
This value was then used to compute the limit in the intrinsic star
brightness: Myiim(3 kpc) = Viim —Avmax(3 kpc)—5 log(3 kpc) +5.
In addition, stars brighter than Vg, = 11™ may suffer from sat-
uration problems (Mongui6 et al. 2013). Thus, we estimated
and set a completeness limit in the absolute brightness — named
Myiim(1.2 kpc) — for the closest distance, imposed to be 1.2 kpc,
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Table 2. Two sample KS test results of the comparison between solar luminosity function and luminosity function at different distances ranges.

1.2-1.5kpc 1.5-2.0 kpc 2.0-2.5kpc 2.5-3.0kpc
ny Dy, m p Dy iy n p Dy n p Dy n p
MB-Slin | 343 | 0.10 91 044 | 0.09 231 020 | 006 236 0.73 | 0.12 293 0.03
MB-S2in | 343 | 0.11 81 044 | 0.09 200 027 | 0.08 202 045 | 0.12 250 0.03
CS-MBin | 195 | 0.16 40 0.37 | 0.09 89 0.75 | 0.15 98 0.09 | 0.12 122 0.23
EC-Slin 36 0.15 62 061 | 016 129 043 | 0.10 134 090 | 0.16 116 046
EC-S2in 36 0.21 55 027 | 0.16 116 047 | 0.13 117  0.69 | 0.14 90  0.67
CS-ECin 18 024 20 0.56 | 0.25 62 031 | 0.14 56 094 | 0.13 47 098

Notes. We provide the KS statistic D,,, ,,,, the number of stars for each of the samples (n; for the solar sample, n, for the sample at each distance),

and the p-value.
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Fig. 2. Observed apparent magnitude for different absolute magnitude
stars located at different distances. We have assumed an absorption of
Avy(r) + o4, obtained from our data using the MB method. Vertical
lines show the established limits at 1.2 and 3 kpc. Horizontal lines show
the Vi computed for different working samples. In red, Vi3** and M

Vlim
for MB-S1 and MB-S2 samples. In blue, Vi'** and My for CS-MB.
Vmin and Mmin

Vlim
lim Vlim

In green, computed using Avy(r).

using both Vi, and the interstellar absorption at this distance.
Following this strategy, that is, by selecting the stars with the
absolute magnitude inside the computed range, all the result-
ing samples were converted to distance complete samples in the
distance range between 1.2 and 3 kpc. Table 1 shows all the val-
ues used to generate each sample together with the number of
stars included in each of them. Figure 2 shows an example of the
apparent visual magnitude range needed to cover the distance
range [1.2, 3]kpc for a star with a fixed absolute magnitude. As
an example, this figure shows the limits on apparent visual mag-
nitude assumed for the MB-S1, MB-S2, and CS-MB samples.
We can see how these samples have complete populations inside
the heliocentric distance range selected.

Finally, we checked that the distribution of effective temper-
ature and spectral type included in each of our samples do not
change as a function of distance within the [1.2, 3] kpc range.
Several two-sample Kolmogorov-Smirnov (KS) tests were done
comparing the luminosity function at different distances with
the distribution at the solar neighborhood (obtained in Sect. 4.2,
see Fig. 3). In all the cases, the KS tests are consistent with the
assumption that the underlying luminosity functions arise from
the same distribution (see Table 2). We observed that only for the
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Fig. 3. Surface density at the Sun’s position for 0.2™ My bins, using

both Vj;,, = 6™ (in red) and Vj;,, = 674 (in blue). In black we have the

same values as obtained from the Besangon Galaxy model.

farthest subsamples of MB-S1 and MB-S2 we do have small val-
ues of the p-values, but not enough to reject the null hypothesis
at 0.01 level.

Looking at Table 1 we see that the samples considering all
the anticenter observed sky area, as the outer area has a brighter
limiting magnitude, have a very narrow range in absolute magni-
tude, which means that the final number of stars in those samples
is not high enough to undertake the study of the stellar overden-
sity induced by the Perseus arm with good statistical significance
(Sect. 4).

4. Radial density distribution

The surface density was chosen over volume density to be the
best parameter with which to trace the stellar distribution con-
sidering the information available, that is, a set of distance com-
plete samples inside a solid angle of 8°% or 16°? in the anticen-
ter direction (Sect. 3). This is a better choice since it gives an
estimate of the total disk mass at a given distance, also taking
into account the change in the mid-plane due to the warp, as-
suming that the disk scale height varies slowly with distance.
All the factors taken into account in the derivation of this pa-
rameter from the data are described in Sect. 4.1. The radial bin
size used to derive the galactocentric variation of this parameter
was computed using the method proposed by Knuth (2006). As
stated by the author, this method is optimized to find substruc-
ture in the data'. The radial scale length of the Galactic disk in

! Nonetheless, we checked that a simpler procedure such as the con-

stant radial bin of 200 pc also provides congruent results with equivalent
conclusions.
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the anticenter direction and the possible overdensity associated
with Perseus were obtained by fitting an exponential function to
the working samples described in Table 1. Initially, the two pa-
rameters of this function were fitted: the radial scale length (/R)
and the surface density in the solar neighborhood (Xy) of the
population represented by these working samples. The fit highly
depends on the zero point of the distribution Xs. Thus, to sub-
stantially increase both the range in distance covered and the
significance of the fit, we decided to derive this parameter inde-
pendently using a local sample (see Sect. 4.2). Then these values
were used in Sect. 4.3 to do the fits, where the departure of the
exponential surface density distribution and the existence of pos-
sible maxima are discussed in terms of the location and existence
of the overdensity associated with the Perseus spiral arm.

4.1. The computation of the stellar surface density

To derive the stellar surface density we included the sky area
surveyed, the effect of the scale height of the underlying thin
disk population being considered, as well as the presence of the
Galactic warp. The surface density for each distance bin was
computed as

ny 1

1

X(ry) = — — 1

(=5 25 (1)
where n; is the number of stars in a given radial bin k; Sy is
the disk projected surface for that radial bin computed from the
Galactic latitude ¢ covered, the mean distance to the Sun r; of
the bin, and the distance width size of the bin in parsecs; Fz;
is a correction factor for each star that takes into account the
fact that our observed solid angle does not cover the full ver-
tical cylinder. This factor is assumed to depend on the verti-
cal density distribution, modeled as sech?(z/h;) (van der Kruit
& Searle 1981), with h; being the scale height of the disk. As
is known, &, depends on the age of the population. Here, as
an approximation, we model it as depending on the visual ab-
solute magnitude of the star. Values for /i, are not well deter-
mined, whereas Reed (2000) gave h, = 25-65pc for OB-type
stars (mainly O-B2), and Maiz-Apellaniz (2001) obtained &, =
34.2 + 2.5pc for a sample of O-B5 stars. More recently, Kong
& Zhu (2008), using HIPPARCOS data, estimated values around
h, = 103.1 + 3.0pc for the full range of OB stars. Czekaj
et al. (2014) adopted h, = 130 pc for stars with ages younger
than 0.15 Gyr whereas values up to 260 pc were assumed for
stars with ages between 0.15 and 1 Gyr. These simulations pro-
vide age ranges around 50 + 20 Myr for B5-type stars (Teg ~
15000 K), while age ranges of 500 = 200 Myr are obtained for
AS5-type stars (Teg ~ 8000 K). Taking into account these estima-
tions, we adopted the relation /,(pc) = 36.8-My+130.9, which is
equivalent to assuming 100 pc for B5-type stars and 200 pc for an
AS5-type star. It must be taken into account that a different rela-
tion between the scale height and the intrinsic brightness would
change the zero point of the stellar density distribution, and thus
the corresponding surface density at the Sun’s position . The
Fz,; factor also takes into account the vertical range (Zmin,i» Zmax.i)
covered at each galactocentric distance. Keeping this in mind,
this factor is computed following

i o ah2 z—ZW(r))
fzmin,l sech (h:(Mv,,) dz

f_::o sech? (%ﬁ‘;y;) dz’

Fzi(r) = (2)

where we also considered the position of the warp (zw(r)). From
observational data (2MASS and HI data) Momany et al. (2006)

obtained by ~ —0.5° at £ = 180°, so we can assume that at
different distances the zw, where the star density of the disk is
maximum, can be computed as zw = rtan by.

4.2. Surface density in the solar neighborhood

We used the Hauck & Mermilliod (1998) catalog of Stromgren
photometry to compute the surface density at the Sun’s posi-
tion for young stars. This process was done following the same
methodology as we used for the anticenter stars, that is, the same
computation of SPP, and the same process used to clean the sam-
ples (Sects. 2 and 3). First we checked the completeness of the
Hauck & Mermilliod (1998) catalog in terms of the visual ap-
parent magnitude. For that, we cross-matched this catalog with
the HIPPARCOS catalog (ESA 1997). We verified that the com-
pleteness is above 95% up to 6™5 for OB stars. Stromgren pho-
tometric data allowed us to compute their physical parameters,
selecting only those with T.g > 7000 K for MB, and BO-A9
for EC. To mimic the samples in the anticenter we selected the
same My ranges, and computed the distance limit for which
we can ensure completeness (assuming in this case Ay = 0):
Fim = 10Vin=Mvma+3)/5 - We repeated the computations using
Vim = 6™ and Vjj, = 674 and obtained very similar results.
We considered the effect of the warp to be negligible in the solar
neighborhood. We also checked that different values for the dis-
tance of the Sun above the Galactic plane gave results within the
error bars: z; = 15 pc from Robin et al. (2003) and z, = 26 pc
from Majaess et al. (2009). We used the same dependence of
the scale height function on absolute magnitude as for the den-
sity in the anticenter direction (Sect. 4.1). In this case, the limits
in z follow the surface of an sphere around the Sun’s position,

Zmax = —Zmin = /7%, — X2 — 42, and the projected surface den-

sity is then easily modeled as Sy = ﬂrﬁm. The obtained distribu-
tion for different magnitudes ranges of (02 is plotted in Fig. 3.
For comparison, the values resulting from model B of the new
Besancon Galaxy Model (Czekaj et al. 2014) are overplotted.
These values were derived fitting the model to the full sky Tycho
catalogue. In Fig. 3 we observe that the distribution is very sim-
ilar in the whole range of absolute magnitudes, thus confirm-
ing the robustness of the derivation of the local surface density
for the young population, i.e., the zero point of our exponential
fit to the anticenter data. When we used the My limits estab-
lished for our samples (see Table 1), the values for the local sur-
face density obtained were (3.25+0.13) x 1072 for MB-S1in and
MB-S2in, (1.70+0.07) x 1072 for CS-MBin, (3.49+0.12) x 1072
for EC-S1in and EC-S2in, and (1.41 +0.06) x 1072 x/pc? for CS-
ECin. Their errors were computed as

Vi

_ . 3
E?ZIFZ,,‘S/{/I/I ( )

(25>

4.3. The radial scale length and the detection of the Perseus
arm

The radial surface density distribution was computed for all the
samples and an exponential function was fitted to each of them
by adopting the zero point values for the local surface den-
sity obtained in the previous section. The radial scale length
of the Galactic disk in the anticenter direction is presented in
Fig. 4. The scale lengths obtained for the fits using MB distances
(Fig.4, top panel) are in the range hg ~ [3.5-4.3]kpc. More
importantly, we can clearly recognize the overdensity associ-
ated with the Perseus arm at around 1.6 kpc (depending slightly

A142, page 5 of 11



A&A 577, A142 (2015)

0.035| 1 0.035} i
+ 500
0.030 2+0.001) 930
0.015
0.025 1 0.025
"% 0.020 1 o0.020 |
N ' 0.010
537 0.015 1 0.015
0.010 Ej\ 0.010 0,005 ) |
- N
0.005 1\1 1 0.005 ’LI
CSMBin
0.000 1 0.000 0.000 ettt 1 1
0.016} i
0.035 1 0.035 .
+ 100 hyp =1900 + 200 0.014 hr =190Q + 200 |
0.030 5+0.001] 0030 3! =0.035 +0.001] 5., =0.014 +0.001
0.012 R
—~ 0.025 1 0.025 .
Ny 0.010 4
Y
< 0.020 1 0.020 1 0.008 |
W 0.015 4 0.015 1 0.006 |
0.010 1 o.010} 1 0.004} i
0.005 4 0.005} \ 0.002} . \
ECS1lin ‘ix%‘., ECS2in, ) CSECin 33

0.000

. ' 0.000
0 500 100015002000 2500 3000 35004000 0

‘ ‘ 0.000
500 1000 1500 2000 2500 3000 3500 4000 0
Dist(pc)

. . . . .
500 1000 15002000 2500 3000 3500 4000

Fig. 4. Radial variation of the stellar surface density for the MB (fop) and EC (bottom) samples in blue. Vertical red lines show the 1.2 and 3 kpc
completeness limits. The exponential fit is plotted in magenta, with the sz and X, parameters expressed in pc and */pc?, respectively. Blue dots
joined with solid lines are the ones used for the fit, since it is the region where completeness is ensured.

on the sample), within the distance range at which the sam-
ples are complete, that is, between 1.2 and 3 kpc from the Sun.
The decline after 3 kpc is produced by the limiting magnitude
of our samples, since we carefully checked that the complete-
ness is only ensured up to this distance. The results for the
EC method are presented in the bottom panels of Fig. 4. As dis-
cussed in Sect. 2, the photometric distances derived from this
method are clearly biased, in the sense that EC distances can be
20% shorter than the MB distances, the latter being more con-
gruent with HIPPARCOS parallaxes (the detailed comparison is
given in Monguié et al. 2014). As a consequence of this bias,
the overdensity bump associated with the Perseus arm is also
present, but closer to us and overlapping with the short distance
limit at 1.2kpc imposed to avoid saturation effects from bright
stars. Some attempts were made to fit the points beyond the arm,
but the results obtained for the radial scale length are unrealis-
tic (hg = [1.7, 1.9]kpc). For the samples using all the sky area,
the number of stars in the range [1.2-3]kpc was too low, since
the limiting magnitude was too bright, and the fainter stars in-
cluded in the samples have My = 0.2,-0.2, i.e., B7-B8.5 stars
(see Table 1). Thus, the features related to the overdensity, al-
though present, were less statistically significant than for the in
samples.

The next step was to re-compute the exponential fitting,
avoiding the points close to the peak detected, that is between 1.4
and 2.0 kpc (see Fig. 5). In this fit, a slight decrease of the radial
scale length until ig = 2.9 + 0.1/0.2kpc for both MB-S1 and
MB-S2 samples is obtained. For the cleanest sample CS-MB we
obtain a slightly larger value of ig = 3.5+0.5kpc (right panel of
Fig.5). In this case, the uncertainty is significantly larger since
the working sample contains fewer stars. In addition, the stars
in this sample have a brighter apparent limiting magnitude with
respect to the previous ones, so their corresponding My range is
shifted to intrinsically brighter objects, i.e., it contains a slightly
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younger population on average. This result is congruent with re-
cent data obtained from simulations such as those presented by
Bird et al. (2013), showing that the radial scale length increases
when the population considered is younger.

The three samples using MB distances show a clear peak
around 1.6kpc (Figs. 4 and 5). This overdensity is clearer
for those samples having larger number of stars (MB-S1 and
MB-S2, left and central panels). Although they have a more ro-
bust statistical detection, they also contain values that are less
accurate for the SPP and some contamination from adjacent pho-
tometric regions could also be present (see Sect. 2). Thus we
consider that it is the whole set of fits presented in the top rows
of Figs. 4 and 5, using the three samples, that allows us to con-
firm the detection of the stellar overdensity associated with the
Perseus spiral arm.

5. The Perseus arm overdensity

We performed y? tests for the different fits presented in the
previous sections to quantitatively evaluate the significance of
the detected Perseus arm overdensity. The number of stars ob-
served (nzbs, with k = 1, m) for each k distance bin between 1.2
and 3 kpc was compared with the distribution coming from the
resulting exponential fit (see Fig. 6). To compare the model and
the observations we use as a first approximation the number of
corresponding stars at the central distance of each bin (ngl). The

x* value was computed as

“)

2‘ was computed from the surface density obtained from

the fitted expression Zzt and transformed to the number of stars

where n
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Fig. 6. Number of stars n; observed (in blue) and number of stars ex-
pected from the exponential fit nf‘ developed in Fig. 5 (in magenta) as a

function of distance for the MBS 1in sample.

per bin using: n,‘j‘ = 22‘ - Sk - {Fzi). The factor (Fz;) is the aver-
age of Fz; for all the stars in the bin previously used to transform
from observed ny to observed surface density Z(ry) (see Eq. (1)).
Then, considering the degrees of freedom for each histogram
(i.e., number of bins minus two, since hr and Xz have been es-
timated), the test statistics were obtained. The hypothesis that
the data come from a pure exponential distribution can be re-
jected at a 4-50 confidence level for S1, S2, and CS samples
for the inner sky area, so they clearly do not fit with an expo-
nential. Looking at the plots, the overdensity at 1.6kpc is the
main reason for the deviation. The location of the peak of the
distribution varies slightly for different samples, being at 1.5 kpc
for MB-S1in, and 1.7 kpc for MB-S2in and CS-MBin. An error
of 0.2 kpc (the bin width) has been adopted for this maximum
overdensity.

On the other hand, when we rejected the points between 1.4
and 2.0kpc (where the overdensity is detected) and repeat the
fit, we obtained p-values from the /\{2 test of 0.44, 0.50, and 0.10
for the S1, S2, and CS samples (those in Fig. 5). In other words,
when we did not take into account the bins located close to the
arm the distributions were fully compatible with an exponential
fit.

. . . b
We estimated the significance of the peak as (ngy —

nfit ) /3%, where n% is the number of stars in the bins close

Table 3. Number of stars between 1.4 and 2.0 kpc, and the expected
value from the exponential when we do not take into account the arm

bins.
ne® | nit | Signif. | A
MB-Slin | 303 | 228 4.3 0.14
MB-S2in | 302 | 227 4.3 0.14
CS-MBin | 182 | 142 3.0 0.12

Notes. Significance and amplitude of the arm are also indicated for each
of the three MB samples.

to the arm (i.e., between 1.4 and 2.0kpc) and nfl is the ex-
pected number of stars from the exponential fit (where the arm
bins were not used for the fit). The overdensity obtained for
the MB-S1 and MB-S2 samples had a significance of 4.30". For
CS-MB we obtained 3.00-, a lower value due to the smaller num-
ber of stars included in the sample (see Table 3).

The amplitude of the arm A was estimated from the ex-
pression A = (n%% — nft )/(n + nflt ). The obtained values
are presented in Table 3. For all samples we derive values in
the range A=[0.12,0.14], well in agreement with recent deter-
minations (see references of the density contrast of the Milky
Way spiral arms discussed in Antoja et al. 2011). However, one
should take into account the different methods used by these
authors: Drimmel & Spergel (2001) obtained A = 0.14 from
K-band surface brightness, while Benjamin et al. (2005) derived
A = 0.13 from GLIMPSE data looking at the tangential points of
the inner spiral arm. In external galaxies, Rix & Zaritsky (1995)
gave values in the range 0.15 < A < 0.6, while Grosbgl et al.
(2004) provided amplitudes for several galaxies, also from sur-
face photometry in the K-band, reaching values up to A = 0.5,
although they claimed that the amplitude varies as a function
of radius. However, the same authors (Grosbgl & Patsis 2014)
suggested that amplitudes measured in the K-band may be over-
estimated by a factor of 2 which bring the Perseus amplitude in
agreement with measurements of external galaxies.

6. The Perseus arm dust layer

Since both individual photometric distances and visual interstel-
lar absorptions (Ay) are available for a large sample of stars, a
detailed 3D extinction map was created to discuss and quantify
the possible existence of a dust layer related to the Perseus arm.

A142, page 7 of 11


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424896&pdf_id=5
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201424896&pdf_id=6

A&A 577, A142 (2015)

- _ 26
1.0l d=1000pc d=1500pc i
24
0.5- |
22
0.01 |
?;’ 20 o
o - L m
= 0.5 18 hiY
—1.0¢ 1 16
-1.50 . 1.4
-2.0f . 1.2
1.5 . 1.0
Lol | 30
28
0.5- |
2.6
- 0.0t |
o 24 .
B —os) . 53 ™
= .
-1.0f+ E 2.0
—1.5} B 1.8
—-2.0p | 16
Il 1 1 1 1 1 Il 1_2 Il 1 1 1 1 Il Il 1_4
177 178 179 180 181 182 183 177 178 179 180 181 182 183
| {deg) I {deg}
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the color scale between consecutive plots.

In Sect 6.1 we present the maps and discuss some of the ob-
served features, whereas in Sect. 6.2 the existence of a change in
the differential absorption (dAvy/dr) is discussed in order to de-
termine if there is a high density interstellar region linked to the
Perseus arm and, more importantly, to understand if this region
is in front of or behind the stellar component of this arm.

6.1. Three-dimensional extinction map in the anticenter
direction

The MB-S1 sample was used to create the 3D extinction map
presented in Fig. 7. The number of stars in this sample allowed
us to reach distances up to 2.5-3 kpc. The grid inside the 3D cone
was constructed taking 20 pc steps in distance and 2.5 arcmin
steps in both Galactic longitude and latitude. At each point of
the grid, the absorption Ay was computed as

—Ar?
Zﬁl Ay, exp( Py )
AV = v A2\ )
2ic1 CXP( 757 )

where N is the total number of stars in the sample and Ar; is
the distance between the ith star and the point of the grid. The
o value is the radius used for the Gaussian weight computed
as o = r - atan(a) with @ = 0.25°. This method allowed us
to obtain a grid with higher spatial resolution in nearby regions
where we had more information, and less at further distances
where information was poorer. We note that this method would
introduce some bias at the edges of the grid. The lack of data
outside the surveyed area can result in mean values of the Ay,
that are slightly biased towards the values present in the inner
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parts. We estimate that this bias should be present only in areas
at angular distances less than about 0.5° (207) from the survey’s
edges.

In Fig. 7 we plotted the Ay values of the grid points placed at
four distances and computed following Eq. (5). A first compar-
ison can be done with the integrated extinction maps obtained
by Froebrich et al. (2007), using 2MASS data (Fig.8, top),
and those recently derived by the Planck collaboration (2014;
Fig. 8, bottom). As expected the same general trends are ob-
served in these maps clearly identifying the same very low and
very high extinction areas. Whereas both maps in Fig. 8 indi-
cate the total dust integrated intensity towards a given line of
sight, our 3D map is able to distinguish features at specific dis-
tances. Although our data avoids the presence of some of the
biases thoroughly discussed in Froebrich et al. (2007), we note
that it is not the goal of this paper to investigate the individ-
ual distribution of clouds or their sizes and mass distribution,
which are discussed in that paper. In the Froebrich maps, for ex-
ample, regions close to rich star clusters would be dominated
by the colours of the cluster members; instead, the data pre-
sented here do not suffer from this bias. As an example of the
future scientific exploitation of this 3D map we here comment
on the distribution of interstellar medium around the supernova
remnant (SNR) Simieis 147. This SNR has its geometrical cen-
ter at (,b) = (180.17, b = —1.81) with a diameter of about
180 arcmin (Green 2009). Its suggested distance ranges from 0.6
to 1.9kpc (see Table 1 from Dingel et al. 2015). For its related
pulsar PSRJ0538+2817 Ng et al. (2007) estimated a distance
of 1.47*02kpc and Fesen et al. (1985) an absorption of Ay =
0.76 + 0.2 magnitudes. At the edge of our survey our 3D extinc-
tion map indicates a slightly higher absorption at larger distances
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Fig. 8. Top: extinction map from Froebrich et al. (2007) based on

2MASS data. Bottom: thermal the dust radiance R map (or dust inte-
grated intensity) from Planck data (Planck Collaboration XI 2014).

(at about?2 kpc) and a more prominent absorption at the area
surrounding the geometrical center proposed by Green (2009).
As a second example we discuss the features visible around
(¢,b) ~ (182.0,0.0) in the 1.5kpc and 2 kpc maps. Rodriguez
et al. (2006) found a molecular cloud in the anticenter direc-
tion associated with the two IRAS sources IRAS 05431+2629
at (¢,b) = (182.1,-1.1) and IRAS 0549042658 at (¢,b) =
(182.4,+0.3). This last HII region was also found by Blitz et al.
(1982) at (¢, b) = (182.36, +0.19) through CO observations, and
they give a distance of 2.1+0.7kpc. We observed a weak but
well-defined high mean density region at this distance. These are
only examples of the potential interest of these maps, and it will
be through future analysis that multivariate clustering techniques
will be applied to our grid points to confirm and characterize the
clumpy structures present in the cone defined by our anticenter
survey.

Recently, Chen et al. (2014) obtained a 3D extinction map
with a spatial resolution of 3—-9 arcmin by using multiband pho-
tometry. In this study individual distances are not available, so to
break the degeneracy between the intrinsic stellar colours and the
amounts of extinction the authors relied on the combination of
optical and near-infrared photometric data. Our maps presented
in Fig.7, although with less spatial resolution, are based on in-
dividual distances with accuracies at about 10-20% (Mongui6
et al. 2014). We understand that both studies provide comple-
mentary information for future analysis.

As a final example, in Fig. 9 we show the 2D extinction map
projected on the cartesian coordinates (x,y) and (x,z) planes
where the absorptions at different z and y were averaged. The
x-axis is positive toward the anticenter, y in the direction of
Galactic rotation, while z toward the north Galactic pole. These
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Fig.9. Top: 2D extinction map in (x, y), where stars for all z were used
for the average. Bottom: 2D extinction map in (x, z), where absorption
for the stars at all y were averaged. Ay is color coded.

maps allowed us to analyze the change of extinction with dis-
tance. We observed that larger extinction regions were placed
at lower Galactic longitudes and below the Galactic plane. This
large-scale dust distribution is discussed in the next section in
the context of the presence of the Perseus spiral arm.

6.2. Absorption distribution as a function of distance

Here, to reinforce the detection of the stellar overdensity of the
Perseus arm presented in Sect. 5, we present in Fig. 10 (top) the
median distribution of the visual absorption as a function of dis-
tance. We can clearly appreciate a change in the slope at the same
position where we detected the stellar overdensity of Perseus,
which is at about 1.6 kpc. This change is better identified by plot-
ting its derivative as a function of distance (dAv/dr) (see Fig. 10,
bottom). We observed that this derivative presents two differ-
ent well-defined values, a high value of about 0.8—1.0 mag/kpc
in front of the stellar arm, and a significantly lower value of
about 0.2-0.4mag/kpc behind the arm. We would expect, for
constant absorption, a flat distribution of the dAvy/dr, while the
presence of a cloud or dust layer would be translated into a bump
in the dAvy/dr distribution. We can see this change in slope in all
the directions, suggesting the presence of a dust layer just before
the position of the density peak associated with the Perseus arm.

As described by Roberts (1969), the star formation induced
by the shock in a stellar density wave scenario would produce
an azimuthal age sequence across the spiral arms. However, as
a first attempt, we analyze the dust distribution (i.e., interstel-
lar extinction) in this context. The presence of the dust lane at
the inner side of the stellar overdensity indicates a compression
or shock in the gas associated with the spiral arm (although the
strict coincidence of a shock and a lane is not obligatory; Gittins
& Clarke 2004). From this we can use our first analysis of the
3D extinction map to establish a limit on the co-rotation (CR)
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Fig. 10. Top: running median of the visual absorption vs. heliocentric distance distribution obtained from the three different samples MB-S1 (/ef?),
MB-S2 (middle), and CS (right). The gray area indicates the error of the median computed as 1.2530/ VN. Bottom: differential visual absorption
showing the change in slope of the upper plots. Vertical dashed lines show the location of the Perseus arm at 1.6 kpc derived in Sect. 4.

radius in the Milky Way Galactic disk (Roberts 1972). A dis-
cussion on the optical tracers of spiral wave resonances in ex-
ternal galaxies can be found in Elmegreen et al. (1992). Puerari
& Dottori (1997) provided a good sketch of the Z-trailing spa-
tial arms configuration expected for the Milky Way (see their
Fig. 1). Figure 10 (right) suggests that the dust layer is just in
front of the Perseus arm so the CR radius of the spiral pattern
(if a density wave scenario is assumed) is outside the location
of Perseus in the anticenter direction: Rcg > 10.2 kpc (assuming
Ro = 8.5kpc). This result is closely in agreement with the posi-
tion of the CR radius suggested by Antoja et al. (2011), who,
from a kinematic analysis of the moving groups in the solar
neighborhood, proposed an angular velocity of the perturbation
(Qp) of about 16-20km s~ kpc™!, so with a galactocentric co-
rotation radius at about Rcg = 11-14kpc.

7. Summary and conclusions

In Mongui6 et al. (2013, 2014) we published a deep Stromgren
photometric survey and a new strategy for the derivation of stel-
lar physical parameters for the young stellar population in the
anticenter direction. Here we used these data to derive samples
of intermediate young stars, complete within the distance range
between 1.2 and 3.0kpc from the Sun. We computed the sur-
face density distribution in the anticenter direction by assuming
a vertical density distribution of the disk, taking into account
the surveyed area and the warp, so carefully defining correction
functions for all the observational and physical effects. The same
strategy was used to compute the surface density at the Sun’s po-
sition through Hauck & Mermilliod (1998) Stromgren data, ob-
taining 0.032 + 0.001%/pc? and 0.017 + 0.001 x /pc? for stars in
the My =[-0.9,1.2] and My = [-0.9, 0.8] ranges, respectively.
The exponential functions fitted to the computed stellar surface
density revealed a clear star overdensity at around 1.6 + 0.2 kpc
that we associate with the presence of the Perseus spiral arm.
The obtained distance is slightly closer than the 2.0 kpc recently
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obtained by Reid et al. (2014) who traced the arm using star
forming regions. The fits we performed avoiding the bins close
to the arm location, allowed us to derive the radial scale length of
the Galactic disk young population, obtaining igr = 2.9+0.1 kpc
for B4-Al1 stars, and hg = 3.5 £ 0.5 kpc for B4—-AOQ stars. The
overdensity associated with the Perseus arm has been detected
with a significance above 3¢ in all cases, and above 40 for the
samples with larger statistics. Our results indicate that the star
density contrast of the young population in Perseus is on the or-
der of A = 0.12-0.14. This quantitative estimation of the spiral
arm amplitude in the anticenter — derived here for the first time
— should be understood as a contribution to the future deriva-
tion of the amplitude changes of the Milky Way spiral pattern
as a function of galactocentric radius. So far, this radial change
has only been clearly detected in external galaxies (e.g., Grosbgl
et al. 2004).

Also very important, the distribution of visual interstellar ab-
sorption as a function of distance reveals the presence of a dust
layer in front of the Perseus arm, which suggests that it is placed
inside the co-rotation radius of the Milky Way spiral pattern. Our
results locate the co-rotation radius at least two kiloparsecs out-
side the Sun’s position. This is the first time that the presence of
the Perseus arm has been detected through individual star counts,
and its presence is being supported by the dust distribution.
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