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Abstract. We have carried out a multiwavelength study of the plane of our Galaxy in order to establish a star-forming-complex
catalogue which is as complete as possible. Features observed include Ha, H109a, CO, the radio continuum and absorption
lines. For each complex we have determined the position, the systemic velocity, the kinematic distance and, when possible, the
stellar distance and the corresponding uncertainties. All of these parameters were determined as homogeneously as possible, in
particular all the stellar distances have been (re)calculated with the same calibration and the kinematic distances with the same
mean Galactic rotation curve. Through the complexes with stellar distance determination, a rotation curve has been fitted. It is in
good agreement with the one of Brand & Blitz (1993). We also investigated the residual velocities relative to the circular rotation
model. We find that departures exist over large areas of the arms, with different values from one arm to another. From our data
and in good agreement with previous studies, the Galactic warp is observed. It does not seem correlated with the departures
from circular rotation. Finally, as segment-like features are noted from the complexes’ distribution, we tried to find if they
are indicative of a larger underlying structure. Then, we attempted to interpret the complexes’ distribution in terms of spiral
structure by fitting models with two, three and four logarithmic spiral arms. The four-arm model seems more appropriate to
represent the grand design of our Galaxy. In this model the Norma arm and the external arm appear as being the two extremities
of a single arm called the Norma-Cygnus arm. The new data and fitted model confirm the four-segment model of Georgelin &

Georgelin (1976), clarifying the arms’ design and extension and doubling their known length.
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1. Introduction

The determination of external galaxy morphology is classically
based on its visual appearance in photographic images (e.g.
Hubble 1926). At these wavelengths the young stellar popula-
tion and their associated HII regions are prominent, and appear
preferentially along spiral arms. We propose, in this article, to
delineate the spiral structure of our Galaxy as it would be seen
in such optical image. As star formation regions are associ-
ated with HII regions, the Ha emission is a very good tracer of
star-forming complexes and hence of the present spiral struc-
ture of galaxies (e.g. Hodge & Kennicutt 1983; Considere &
Athanassoula 1982, 1988). As is observed in external galaxies
we do not expect to find a continuous and regular structure, but
our goal is to inspect the general trend of the spiral structure of
our Galaxy.

* Based on observations collected at the European Southern

Observatory

** Tables 1 and 3 (tablel.ps and table3.txt) are available in elec-
tronic form at the CDS via anonymous ftp to cdsarc.u-strasbg. fr
(130.79.128.5)

or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?]/A+A/397/133
*** e-mail: delphine.russeil@oamp. fr

Note that the morphology of spiral structure changes when
a galaxy is observed in the infrared (Bertin & Lin 1996). These
changes reflect the differing dynamical behaviour of the old
and young disk. But the old stellar population seen in the K
band for external galaxies varies little between Hubble type,
contrary to the optical morphology (Seigar & James 1998). We
will not further discuss this aspect; we focus this article on the
morphology of our Galaxy traced by the young objects only.

For external galaxies the distribution of star-forming re-
gions along the spiral arms is generally evident from direct
imaging, but for our Galaxy the spiral arms are strung out
along the line of sight, leading to the superposition and mix-
ing of information from the different complexes in the spiral
arms, making it difficult to distinguish them. Thus in order to
study the large scale structure of our Galaxy, we need to iden-
tify and catalogue star-forming complexes (molecular clouds,
HII regions and OB stars) and then determine their distances
and hence their spatial distribution. Such a distance determina-
tion is based on the identification of the exciting stars of the
HII regions belonging to the complexes and/or on the deter-
mination of the systemic velocity. In the first case, the stellar
distance is determined from the usual spectrophotometric mea-
surements (e.g. Crampton & Georgelin 1975); in the second
case, the systemic velocity is converted into a kinematic dis-
tance using a mean Galactic rotation curve. In practice it is rare
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to be able to identify the exciting stars for regions farther than
about 6 kpc due to interstellar absorption (e.g. Russeil 1998;
Georgelin & Georgelin 1971; Forbes 1988). However only a
few HII regions have known stellar distances. Hence, for a large
fraction of HII regions, the only alternative is to have velocity
information. Although radio observations are useful to deter-
mine velocity, they do not permit a resolution of the distance
ambiguity that arises for regions inside the solar circle. In this
case Ha information is essential to choose between the far and
near distance proposed by the rotation Galactic model. In 1970,
Bok et al. successfully applied this method to the tracing of the
Carina arm from HII regions and their exciting stars and, in
1976, this study was extended by Georgelin & Georgelin to
the entire Galaxy. They were the first to show that our Galaxy
probably has four spiral arms. To do this, they measured the ra-
dial velocities of the He line for 268 HII regions (using a non-
tunable Fabry-Perot interferometer) and determined the stellar
distances of about 360 exciting stars. But this instrument al-
lowed access only to the brightest HII regions and gave spec-
tral information restricted only to a few percent of the observed
field. Also, the acquisition system and data reduction process
gave a barycentric velocity of the Ha profiles that was biased
by the presence of nightsky lines and other more diffuse nebu-
lar contributions.

The brightest HII regions are very good tracers of the spi-
ral structure but it is important to reach fainter and farther HII
regions and to follow the diffuse emission in order to refine
the identification, the extension and the distance of the star-
forming complexes. Since then a new instrument has been de-
veloped by the Marseille Observatory and has been used to un-
dertake a southern Galactic plane survey (le Coarer et al. 1992).
Its main characteristic is to use a scanning Fabry-Perot interfer-
ometer which allows us to obtain the spectral information con-
tinuously all over the observed field, and to separate the nebular
components and the nightsky lines.

In this framework, we have carried out a multiwavelength
study (He, CO, radio continuum, exciting stars) of the plane
of our Galaxy in order to establish a catalogue, as complete as
possible, of star-forming complexes. From this catalogue, the
distribution of the complexes is directly available, allowing us
to probe the kinematics and the structure of our Galaxy.

In this paper, we present this study. In Sect. 2 we present
how we have established the catalogue. In Sect. 3 we discuss
the kinematics of our Galaxy (rotation curve and circular rota-
tion departures). In the last section we apply all these aspects
to the study of the spiral structure of our Galaxy and discuss
the revised model we propose.

2. The star-forming complexes of our Galaxy
2.1. Identification of the complexes

To investigate the spiral structure and kinematics of our Galaxy,
three different approaches can be followed. One can either
work directly on individual regions (e.g. Avedisova 1996),
or apply a subsequent binning (e.g. Brand & Blitz 1993), or
physically group the regions into star-forming complexes (e.g.
Georgelin & Georgelin 1976). We have applied the method of
grouping the different young sources in complexes. Indeed, this
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allows us to eliminate the “noise” due to spatial and kinematic
dispersion of these sources, allowing us to better constrain the
systemic velocity and stellar distance and to decrease any spa-
tial and velocity scattering and mixing.

In the first step we define what we call a star-forming com-
plex. As it is well established that the massive young stars
and their associated HII regions are born and evolve from gi-
ant molecular clouds (e.g. Zuckerman & Palmer 1974; Burton
1976), we can naturally expect that the different HII regions
belonging to the same complex are spatially and kinemati-
cally grouped around the parental molecular cloud. Thus a star-
forming complex can be seen as the grouping of several ionized
and molecular sources, their grouping being based on kine-
matic and spatial considerations. In practice, a complex can be
constituted by:

(1) HII regions and ionized patches;

(2) HII region(s), ionized patches and molecular cloud(s);

(3) Molecular clouds alone.

In the last case, the cloud is not actually a massive star-forming
complex (it may contain star-forming sites with no HII region
yet detectable); its contribution to the spiral structure tracing
will be negligible because, as we will see later on, no excitation
parameter can be determined.

The grouping of sources of the fourth Galactic quadrant is
based on the Fabry-Perot Ha survey of Marseille Observatory
started in 1991 at La Silla (Chile). This instrument gives kine-
matical information continuously in the surveyed regions and,
via profile decomposition, provides the separation of the differ-
ent Ha emissions encountered along the line of sight. Thus it
allows the detection of the Ha emission of the discrete HII re-
gions as well as the widely distributed diffuse one. The knowl-
edge of the kinematics of the diffuse emission is very important
for linking HII regions together and with molecular clouds; fur-
thermore, in several directions this emission is the only tracer
of the spiral arms. The coverage of the Ha survey, the detailed
study of the different regions surveyed as well as the instrument
description can be found in Amram et al. (1991), le Coarer et al.
(1992), Marcelin et al. (1995), Russeil (1998) and Georgelin
et al. (2000) and references therein. These Ha data have been
supplemented by observations of the CO lines carried out at
the SEST radiotelescope (Russeil & Castets 2002) and a thor-
ough literature search to collect the more complete information
about velocities and exciting star parameters.

Concerning the first three Galactic quadrants, we have car-
ried out a similar method using bibliographic data only. The
main bibliographic sources used are: Reifenstein et al. (1970),
Wilson (1972), Georgelin (1975), Downes et al. (1980), Blitz
et al. (1982), Dame & Thaddeus (1985), Brand (1986), Dame
etal. (1986), Jacq et al. (1988), Fich et al. (1990) and Sodroski
(1991). We had no access to information on the diffuse emis-
sion and faint structures essential to link the different struc-
tures together, as the new instrument has made available for the
fourth Galactic quadrant. Therefore several small sources have
been left isolated, although they could be linked to a complex,
because of the lack of information about their environment.

The details of the radial velocities and grouping of sources
for the four quadrants are given in Table 1 (Col. 1: com-
plex name, Cols. 2-3: Ha and associated radio sources,
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Cols. 4-8: Ha, radio recombination, CO, absorption H,CO
and OH velocities, Col. 9: HI distance indication and Col. 10:
notes).

2.2. The stellar distances

For each optical HII region we have collected from the litera-
ture (mainly via the CDS database) the exciting stars (spectral
type between O and B3) for which spectrophotometric (spec-
tral type, UBV and HB photometry) measurements are given.
In general we have averaged the photometric data given by
the CDS excluding the photographic ones (considered too in-
accurate). In addition, in the directions of the fourth Galactic
quadrant we carried out a study of the hot field stars using
them to constrain the distance of the diffuse ionized gas lay-
ers we have detected. The stellar distance is determined via the
usual method. When the spectral type is unknown we have de-
termined it from UBV and Hp data or, when the HB line is
also unknown, we have assumed that the star is on the main
sequence. In this last case, the luminosity and the deduced dis-
tance may be underestimated. The visual absorption Av (as-
suming R = 3.2) was calculated from UBV photometry us-
ing the Schmidt-Kaler (1983) calibration and the dereddening
relation for the hot stars. The adopted Mv-spectral type cali-
bration is a compilation of the calibrations of Humphreys &
Mc. Elroy (1984, hereafter: HM), Schmidt-Kaler (1983, here-
after: SK) and Vacca et al. (1996, hereafter: VGS). Each of
these calibrations covers the HR diagram differently. Then, we
carried out a comparison of these calibrations and extracted a
mean calibration which allows coverage of the spectral type
range from O3 to B3 for all luminosity classes with a contin-
uous variation of the absolute magnitude. Table 2 summarizes
the adopted calibration. In cases of overlapping, we have taken
the averaged absolute magnitude. Such values have been se-
lected without aiming at accuracy; the attempt was to get ho-
mogeneously calculated distances. But several sources of un-
certainty affect the absolute magnitude determination: first, a
systematic error come from the Mv-spectral type calibration
itself as any calibration is liable to uncertainty. But we can
expect that this uncertainty is probably minimised here be-
cause of the using of a compilation of calibrations. Secondly,
as Mv-spectral type calibrations are scaled on the distance of
the Hyades cluster any change on this distance will systemati-
cally affect the distance determination. Perryman et al. (1998)
found a distance modulus of 3.33 from Hipparcos, but here
we used the old Hyades distance (distance modulus: 3.28 in
Schmidt-Kaler 1983) to be able to compare with other results,
especially the cluster distances compiled from the literature.
Last, any misclassification of a star will induce an error in
its Mv determination. Such uncertainty is typically 0.3 mag
(~15% uncertainty on the distance) but can reach 0.7 mag
(~32% uncertainty on the distance) for main sequence B stars.
But, for stars with only photometric data, this uncertainty can
be largely underestimated. We take into account only this un-
certainty. Then we estimated that the distance uncertainty is in
the range 20%-30%.

Note that when the exciting source is composed of a few
stars only, we have calculated the distance of each star to
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Table 2. The adopted Mv-spectral type calibration.
\Y v III II Ib Iab Ia
03 -5.65 —-6.09 -6.4 —-6.8
04 -5.52 -5.98 -641 6.8
05 -5.41 -5.88 -643 6.8
06 -5.05 -5.78 -6.44 6.8
065 5.0 -5.72 -645 6.8
o7 —4.94 -5.67 =59 -63 -646 -6.8
075 -4.88 -5.62 -59 -627 -647 -6.8
08 -473 -49 =557 =59 -625 -648 -68
085 452 -49 -552 587 -625 -648 -6.8
09 -446 -49 -546 585 -625 -649 6.8
095 -42 -49 -535 -58 -6.07 -6.50 -6.85
BO -39 45 -51 =575 -6.05 -6.9
B05 37 45 47 532 597 -6.9
Bl -32 -38 -44 525 58 -6.9
Bl15 -281 -33 -4.02 -505 =577 -6.9
B2 -247 -3.1 -338 -48 5.5 -6.9
B25 -20 31 =347 -475 57 -6.9
B3 -1.6 -3.0 47 =565 -6.9

determine a mean distance and uncertainty. As the absolute
magnitude is the main source of uncertainty, we estimated the
uncertainty of the stellar distance of a complex adopting 30%
uncertainty and weighting by 1/+/n (with n being the number
of stars involved in the distance calculation).

For clusters, we have adopted the mean distance given in
the literature, the most often established from the ZAMS fitting
method. As the clusters usually have no distance uncertainty,
we have selected a sample of open clusters from the CDS (cata-
logues: Lynga 1987; Ruprecht et al. 1983; Loktin et al. 1994) to
estimate it statistically. For each cluster we have determined the
dispersion of the different distance determination and used it to
estimate the error of the distance. We found no obvious correla-
tion between distance and uncertainty except an increase of the
dispersion for clusters farther than 1 kpc. Hence we arbitrary
split the sample into clusters closer and farther than 1 kpc and
calculate the standard deviation: respectively of 0.04 kpc and
0.25 kpc for clusters closer and farther than 1 kpc. These val-
ues are in agreement with the few error bar determinations of
open cluster given in the literature. To summarise, the distance
uncertainty for cluster is taken directly from the literature when
it is available; if not, for clusters with multiple distance deter-
mination, the adopted uncertainty is the dispersion; finally, for
clusters with only one distance determination, we adopted the
values above.

Thus we have created an updated and homogeneous set of
stellar distances.

2.3. The kinematic distances

The radial velocity of the complexes is often the only infor-
mation available for determining the distance. The kinematic
distance is calculated by the usual method (e.g. Brand & Blitz
1993, hereafter BB), which assumes that the complexes are in
circular orbits around the Galactic centre, and requires knowl-
edge of the Galactic rotation curve. The hypothesis of circular
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rotation allows us to link the angular velocity to the Vlsr, and
the Galactocentric distance to the heliocentric distance. Note
that, this last relation being non-linear, the kinematic distance is
not uniquely determined for objects inside the solar circle: two
heliocentric distances are possible for a given Galactocentric
distance.

For objects inside the solar circle, we have calculated the
kinematic distance using the rotation curve of Brand & Blitz
(1993). We show in Sect. 3.1 that the rotation curve obtained
with our data is in agreement with Brand & Blitz’s curve, hence
our choice. For objects outside the solar circle we have adopted
a flat rotation curve with velocity 220 km s~!. Indeed, our
knowledge of the rotation curve outside of the solar circle is
mainly based on anticentre objects. This is not necessarily rep-
resentative of the azimuthally-smoothed outer solar circle rota-
tion curve. Moreover, other spiral galaxies as luminous as the
Galaxy are observed to have a flat rotation curve (Bosma 1981;
Rubin et al. 1985; Persic et al. 1996).

Several parameters enter into the different steps of the kine-
matic distance calculation; any change of these parameters will
modify the distance determination.

Among these parameters are the components of the solar
motion toward the apex, which enter into the calculation of
the radial velocity with respect to the local standard of rest.
We have adopted the following values: Uy = —10.4 km s7!,
Vo = 14.8 km s~! and Wy = 7.3 km s~!. These values are
those commonly used and their use facilitates comparison with
previous velocity data. However, several authors find some-
what different values for different types of objects (Dehnen &
Binney 1998; Chen et al. 1997; Sabas 1997; Pont et al. 1994,
Wilson et al. 1991; Crampton & Georgelin 1975; Balona &
Feast 1974), giving a range of values corresponding to a veloc-
ity uncertainty up to 5 km s~!.

The second set of parameters are those of the Galactic ro-
tation of the local standard of rest. We have adopted the values
recommended by the IAU in 1985, which are Ry = 8.5 kpc
and 6, = 220 km s~!. But the determination of these values
depends on the sample and on the kind of objects used. Any
change in 6 will drastically affect the slope of the rotation
curve, while a change in Ry will mainly affect the radial scal-
ing. Currently, several authors suggest a 6y around 200 km s~
and an Ry less than 8 kpc (Brand & Blitz 1993; Honma & Sofue
1996; Reid 1993; Miyamoto et al. 1993; Dambis et al. 1995).
Recently, Olling & Merrifield (1998), from mass model calcu-
lations, have concluded that a consistent picture emerges only
when considering Ry = 7.1 + 0.4 kpc and 6y = 184 + 8 km s~
Note that if the distances used to trace the structure were kine-
matic distances alone, any change of Ry, 6y gives rise to a ho-
mothetic change of the morphology. Here we mix kinematic
and stellar distances. In this case, any change of Ry, 6y in-
duces a shift of kinematic distances relative to the stellar dis-
tances. For example, changing Ry, 6y from 8.5 kpc, 220 km s~
to 7.1 kpc, 184 km s~! induces a mean relative distance shift of
up to ~1 kpc.

The last point we must clarify is the resolution of the dis-
tance ambiguity for sources inside the solar circle. The first
step is to look at the information given by the absorption lines
in the line of sight: if absorption lines are found with velocities
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greater (in absolute value) than those of the source, then far
distance is to be preferred. Similarly, if the complex exhibits
an Ha counterpart we will prefer the near distance. Finally, the
latitude position gives an additional clue concerning the dis-
tance: if the latitude is low the far distance will be preferred.
Let us note a final case: several complexes exhibit velocities
forbidden by the rotation model; in this case the adopted dis-
tance is that of the tangential point corresponding to the highest
permitted velocity for a given direction.

We have estimated the systemic velocity uncertainty of
each complex to be +5 km s~!. This takes into account only
measurement uncertainty and statistics. It does not take into ac-
count the localized deviations relatively to the circular rotation
model.

2.4. The excitation parameter

In external galaxies, the main spiral structure is traced by the
most active complexes. Hence to quantify the complexes’ activ-
ity we have calculated the excitation parameter U (in pc cm™2),
which is the most appropriate as it is a direct measure of the
ionizing photons produced. This parameter is determined from
the radio continuum flux via the relation (Schraml & Mezger
1969):

U = 4.5526 [a(v, Ty 101 7035 g Dz]

where T is the temperature (in Kelvins), S, is the radio flux
(in Jy) at the frequency v and D the distance (in kpc); a(v, T) as
defined by Mezger & Henderson (1967) is close to 1. For each
source we have collected, from the literature, the radio con-
tinuum flux, when available. The main bibliographic sources
used are Caswell & Haynes (1987), PMN (Wright et al. 1994;
Griffith et al. 1993, 1995) and GB6 (Griffith et al. 1990, 1991;
Langston et al. 1990; Bennett et al. 1986) catalogues. The ex-
citation parameter for each complex is then calculated from
the excitation parameter of the individual sources composing
it. But because a lot of individual sources have no radio contin-
uum measurement, the excitation parameter is often underesti-
mated. Note that for molecular clouds the excitation parame-
ter has no meaning. So the complexes composed by molecular
clouds only will have artificially low contributions to the arm
design. Fortunately, only a few complexes are concerned by
this problem.

The frequency distribution of the excitation parameters of
complexes, along with the distribution of their distances from
the Sun, allow us to estimate the completeness of our sam-
ple: it is complete for complexes brighter than 60 pc cm™2.
In external galaxies, HII region catalogs show excitation pa-
rameter ranging from 10 to 700 pc cm~2 (Rozas et al. 1999,
2000; Gonzalez Delgado & Perez 1997), large scale structures
being generally traced by the brightest regions (brighter than
70 pc cm~2). Hence our sample completeness allows us to un-
dertake the study of the spiral structure.

2.5. The final sample

The final sample of the star-forming complexes is given in
Table 3. The first column is a simple counter. The two next
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Table 4. The recent rotation curves of our Galaxy.

Reference Zone Objects

Sinha (1978) quad. [and IV HI

Burton & Gordon (1978)  quad. I HI, CO

Gunn et al. (1979) quad. I HI

Clemens (1985) North CO, Hl for R < R,

CO, HIl for R > R,

Rohlfs et al. (1986) North + South  HI for R < R,
HII for R > Ry

Fich et al. (1989) North HI, CO-HII

Alvarez et al. (1990) quad. IV CO

Merrifield (1992) Ext. Gal. HI

Brand & Blitz (1993) all HII-CO, HI

Reflection Neb.

columns give the Galactic coordinates. For each complex we
have determined the systemic velocity (Col. 4), the kinematic
distance (Col. 5) and the stellar distance (Col. 8) and its uncer-
tainty (Col. 9) when possible. The stellar distance is determined
via a weighted average of the stellar distances of the constitu-
tive objects. When given between parenthesis, the stellar dis-
tance is based on photometric data alone. Concerning systemic
velocities, they have been calculated from the individual veloc-
ities of the constitutive objects, preferably the molecular veloc-
ities. Columns 6 and 7 of Table 3 give the uncertainty of the
kinematic distance assuming an error of the systemic veloc-
ity of +5 km s~!. Finally, the excitation parameter is listed in
Col. 10. In the following the final distance adopted is the stel-
lar distance, when known, otherwise the kinematic distance.
Note that for a few complexes we have taken into account the
departure from circular rotation (see Sect. 2.3) to correct the
kinematic distance.

3. The kinematics of our Galaxy
3.1. The Galactic rotation curve

The study of the Galactic rotation curve is not recent; it has
been determined from observations of various objects (HI, CO,
HII). Table 4 summarizes some of the most recent rotation
curve determinations. The most complete one is the BB rota-
tion curve which is determined from the combination of optical
and radio data for the whole Galaxy. Knowledge of the Galactic
rotation curve is essential to determine the kinematic distance.
But the choice of a general rotation curve is not obvious be-
cause they are often determined from restricted Galactic direc-
tions (Table 4), and therefore biased by direction-dependant ir-
regularities. Moreover, the large error bars and scatter (Binney
& Dehnen 1997) make it difficult to identify these irregularities
and to determine the general rotation curve.

Our goal here is not to produce a new rotation curve but
to characterise the velocity-stellar distance correspondence for
our sample in order to scale the distance of complexes with-
out stellar distance determination. We then fit a rotation curve
through our sample of star-forming complexes. In this frame-
work we have selected, in the initial sample, the complexes
with known velocity and stellar distances. The data within 12°
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from the Galactic centre and anti-centre are excluded from this
analysis because of the degeneracy of the radial velocity.

We first fitted a polynomial, but such an analytic expression
fits all the structures of the rotation curve. These structures are
due to local motions and they are not representative of the gen-
eral azimuthally-smoothed rotation curve we need to calculate
the kinematic distance of complexes without stellar distance
determination.

Hence we adopt the same analytical expression as BB (the
choice of this function and its properties are discussed by Fich
et al. 1989 and BB 1993):

w/wy = al(R/R)™" + a3(Ry/R)

where the independent parameters to optimise are the coeffi-
cients al and a2, R and w being respectively the Galactocentric
distance and the angular rotation velocity. We force the rotation
curve to pass through Ry and 6, implying a3 = 1 — al. The fit
was carried out through the sample (157 complexes) by mini-
mizing the following expression:

I | (Ri—RY
T=—= Z ( +
NG or/?
where o, and o, are the uncertainties of the N objects of the
sample (calculated from the distance and radial velocity un-
certainties given Table 3) and R, and w the coordinates of the

theoretical points.

The algorithm used to minimize the 7 is the Minuit pack-
age, with the migrad and/or simplex search routines (Nelder
& Mead 1965). Since the fitting code requires starting values
and is not able to detect convergence to secondary minima,
we have carried out an iterative strategy using the 7 value to
guide us toward the best parameter set. Several sets of solu-
tion with less than 1% differences in 7 are found. They give the
same flat rotation curve (Fig. 1, plotted with al = 0.705 and
a2 =0.35x107%).

We have also applied the fitting routine adopting Ry =
7.1 kpc and 6y = 184 km s~!. Once again we find a flat ro-
tation curve.

Our sample, fully based on stellar distance determinations,
shows behaviour close to that of the sample of Brand & Blitz
(1993); error bars, for complexes outside the solar circle, are
similar. For complexes inside the solar circle one also notes
good agreement, but we cannot compare error bars as they ob-
tain such points from a purely kinematic approach: the tangent
method which finds, from the maximum velocity observed in
each direction, the distance for only one position. This also ex-
plains why they have data closer to the Galactic centre.

In conclusion, the rotation curve obtained from our data is
very close to the Brand & Blitz (1993) curve, which confirms
our choice to calculate the kinematic distance (Sect. 2.3). The
dispersion of the points with respect to the mean rotation curve
is quite large; this can be attributed to departures from circular
rotation (see next section).

(w; — wy)?

27

O,

i

3.2. Deviations from circular rotation

For those complexes without known stellar distances, trac-
ing the spiral structure requires that we correct the kinematic
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Fig. 1. The computed rotation curve (dashed line) compared with the Brand & Blitz (1993) curve (solid line).

distances of the complexes within longitude intervals where de-
partures from circular motion have been identified. But do we
have to correct the distances of the other complexes? The an-
swer is that we must determine the origin of these departures:
if they are due to local phenomenon, the correction must be ap-
plied locally, in case of a global origin we will have to apply
the correction to every complex in a single arm.

At large scales, the propagation of a spiral density wave in
the rotating Galaxy causes variations in the gravitational po-
tential, giving rise to systematic motions of stars and gas in the
spiral arms (Roberts 1969; Yuan 1969). At medium scale, ve-
locity departures can be caused by energetic processes happen-
ing in the Galactic disk, such as photo-ionisation, stellar winds
from massive stars, supernova explosions and high velocity
cloud impacts onto the Galactic disk (e.g. Avedisova & Palous
1989; Heyer & Terebey 1998). All these processes are sources
of compression and acceleration of the interstellar matter, trig-
gering star formation. We can suspect that objects formed in
these conditions maintain these accelerations and then exhibit
peculiar velocities with respect to the Galactic rotation model.
Star formation propagation triggered by OB associations and
supernovae explosions has already been invoked to explain the
observed structures in the Magellanic clouds and the galaxy
M33 (Rosado et al. 1996; Oey & Massey 1994). Bubbles, shells
and cavities in the interstellar medium observed at different
wavelengths are the remnants of such processes induced by
stellar evolution. For example, the HI bubbles observed in our
Galaxy are the relics of a shock wave expansion in the inter-
stellar medium, induced by supernovae or stellar winds. It is
therefore important to identify these large structures and to

catalogue the young objects and HII regions they have trig-
gered. This requires a multispectral approach, to detect them
and to quantify the velocity departures. Such a study has al-
lowed us to identify and delineate a part of the Galactic plane
around / = 290° exhibiting velocity departures of 7 km s
(Georgelin et al. 2000).

To quantify the circular rotation departures we calculate,
for each complex of the previous sample, the difference be-
tween the rotation velocity 6 deduced from the radial velocity
and the rotation velocity 6,04 deduced from the stellar distance.
Figure 2 presents the difference 8—6y,04 versus the Galactic lon-
gitude of complexes belonging to the three closest arms. We
note that the three groups exhibit different mean circular ro-
tation departures: Sagittarius-Carina arm 3.3 + 14.2 km s7!,
Perseus arm —21 + 10.3 km s™! and External (also called

Cygnus arm) 17.4 + 15.0 km s~

Such velocity departures have already been observed.
Velocity anomalies in the Perseus and Carina arms have been
known for a long time (Rickard 1968; Humphreys 1970, 1972);
more recently Alvarez et al. (1990) have shown molecular ve-
locity excesses of 12 km s~! in the Carina arm and Heyer
& Terebey (1998) show evidence that expanding motions are
present within the Perseus arm. These velocity departures were
studied in the radial velocity and seemed to be localized. When
studying them from the rotation velocity we show that depar-
tures exist throughout large parts of the arms. Indeed for the
Perseus arm they are present between 90° and 150°. In these
directions the complexes linked to the external arm do not ex-
hibit the same value of deviation, suggesting that these veloc-
ity departures are real. The velocity deviation known for the
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anti-centre directions where there is velocity degeneracy. The typical velocity error bar is +6 km s™.

Carina arm appears to be present all along the arm until 50°.
The deviation of the regions of the external arm between 150°
and 220° is clear. But for this arm such departures must be used
with caution because the regions are far away and thus the stel-
lar distance is more difficult to evaluate. Indeed, any systematic
distance uncertainty can lead to velocity departures (Sitnik &
Mel’nik 1996).

Thus, at least locally, each arm seems to follow its own
rotation curve.

4. The structure of our Galaxy
4.1. The large scale pattern

Although the spiral nature of our Galaxy has been accepted for
a long time, its precise design is still widely discussed. Indeed,
neither the number of arms nor their pitch angle are yet fixed.
Vallée in 1995 reminded us that the different studies carried out
between 1980 and 1995 generally propose a structure with two
or four-arms and a pitch angle between 6.5° and 18°. Recently,
Armaral & Lépine (1997) and Lépine et al. (2001) described
the spiral structure by a superposition of two and four-armed
wave harmonics and Englmaier & Gerhard (1999), combining
COBE NIR data, HI and molecular gas longitude-velocity dia-
grams, found a four-arm spiral pattern between the corotation
of the Galactic bar (3.5 kpc) and the solar circle.

In parallel, Drimmel (2000) found that emission profiles of
the Galaxy in the K-band (corresponding mainly to the stellar
emission) are consistent with a two-arm structure, whereas the
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240 pum emission from dust is compatible with a four-arm struc-
ture. Such facts have already been observed for external galax-
ies: grand design spiral structure can be seen in K’ while a floc-
culent appearance is exhibited on blue images. This suggests
the stellar and gaseous disks are decoupled (Thornley 1996;
Grosbol & Patsis 1998; Elmegreen et al. 1999).

Moreover one can notice, from many external galaxies,
numerous spurs, arm branching, arm segmentation, arches
and bridges (Elmegreen 1990; Elmegreen & Elmegreen 1995;
Russell & Roberts 1993). In fact, the morphological ap-
pearance of galaxies depends on how much the local- and
intermediate-scale features are important relative to the grand
design of the spiral structure: in some galaxies (e.g. M51) lo-
cal and intermediate scales appear to coexist within a global
grand design spiral structure; other galaxies exhibit more dom-
inant local and intermediate scale features as well as more dom-
inant multi-arm structures (e.g. M101) in place of a clear grand
design and, finally, in other system only flocculent patterns
are apparent (e.g. NGC 2841). However, several morpholog-
ical properties of external spiral galaxies are commonly ob-
served (Seigar & James 1998; Block 1982; Kennicutt 1982a;
Kennicutt 1981): the azimuthal winding up angle for the
strongest arm ranges from 17° to 310°, the pitch angle from
4.1° to 15.8° (Sa galaxies have a mean pitch angle of 6°
whereas the Sc galaxies have a mean pitch angle of 18°) and
the arm width from 0.4 to 7.5 kpc.

Concerning our Galaxy, a number of criteria (extent of the
bulge, bulge to disk ratio, etc.) have been used by various
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authors to classify its type between Sb and Sc (Kerr 1993). The
other well-established facts for our Galaxy are the following:

— The tangential directions, corresponding to maxima in the
thermal radio continuum, HI and CO (Bronfman 1992) emis-
sion, are: 33°, 55°, 282°, 309°, 328° and 337°. Several of these
tangential directions are also found from other kinds of tracers
(Ortiz & Lépine 1993; Bloemen et al. 1990; Hayakawa et al.
1981).

— The Sagittarius and the Carina arms are linked (e.g. Russeil
1997) tracing the well known Sagittarius-Carina arm located
at about 2 kpc from the sun (e.g. Georgelin et al. 1994, 1996,
2000).

— The parts of Perseus and Sagittarius arms nearest to the Sun
are well delineated, the Sun lying between them (King 1989;
Feinstein 1994). It is even located in a spur — the Orion Spur
(King 1989).

Figure 3 presents the complexes’ distribution projected
onto the Galactic plane, with error bars. Complexes with error
bars greater than 5 kpc have been removed. Such large error
bars are mainly due to the fact that the directions to these com-
plexes viewed from the Sun are tangent to isovelocity contours.
Fortunately this concerns only few complexes which, more-
over, have low excitation parameters.

Taking into account the error bars, a simple visual inspec-
tion of Fig. 3 does not show any large-scale spiral structure.
This is not surprising because even for external galaxies, where
no distance uncertainty exist, the grand design structure is not
always obvious.

In Fig. 3, only the Carina arm (around x = —6 kpc, y =
6 kpc), the Perseus arm (around x = 3 kpc, y = 10 kpc),
the local arm and the presence of segments of arms (around
-2 kpe, y = 3.5 kpe; x = -2 kpe, y = 5.5 kpe and
x € [0, 10] kpc, y € [-6, 0] kpc) are clearly seen. These features
suggest us that in the fourth Galactic quadrant we can expect
at least 3 arm-like structures, in the first quadrant 2 arm-like
structures and in the second quadrant at least the Perseus arm
structure. The question now is: are these structures connected
to each other?

X =

To investigate if a large-scale pattern exists in our Galaxy,
we propose to fit the distribution of the complexes by log-
arithmic spirals even if this representation is not totally re-
alistic. Spiral arms have previously been approximated by
logarithmic spirals in external galaxies (Kennicutt 1982b;
Vorontsov-Vel’yaminov 1987; Arp 1964; Danver 1942; Seiden
& Gerola 1979).

In this model, in polar coordinates (R, 6), the galactocen-
tric distance of each arm is given by: R(8) = roe "?, where
p is the pitch angle (the pitch angle at each point of the spi-
ral is the angle between the spiral and the tangent to the cen-
tred circle of radius R) and ry is the initial radius. To take
into account possible slight pitch-angle variation along the arm
(e.g. Russell & Roberts 1992) and/or to estimate its stability,

3 .
we have assumed the following dependence: p = )} a[(ﬁ)’.
i=0
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Table 5. The optimized parameters: 1y, a;,%, < W > and <A> are given
in kpc, deg, kpc, kpc and kpc respectively.

two-arm  three-arm four-arm
model model model
o 4.0 3.7 3.7
ay 5.2 8.2 9.1
a 0.4 0.02 0.4
a, 0.0 0.0 —-0.006
as 0.2x 1073 0.0 -0.6x107*
70 3.5 3.5 3.5
ay 12.4 12.1 12.1
a -2.1 0.2 0.02
a 0.08 0.03 -0.01
as 0.0 -0.05 -0.002
o - 4.5 4.5
ay - 13.7 12.1
a - -1.6 0.06
a, - 0.01 0.002
as - 0.0 -0.003
o - - 4.5
ay - - 11.3
a - - 0.03
a - - -0.002
as - - -0.002
z 0.77 0.62 0.66
<W> 1.55 1.25 1.32
<A> 2.45 2.46 2.12

The theoretical parameters a; for each arm are optimized by
minimizing the following expression:

N
1 . (x;i — x[)z (yi - yt)2
Y= ﬁ;mln[U,’\/ o_)%l + =

Yi

where x> + y> = R?, x; and y; are the Cartesian coordinates
of the N observed points in the Galactic plane, o, and o, are
the uncertainties deduced from the distance uncertainty, U; (the
excitation parameter) is the weight we assign to each observed
point and the function “min” means the selection of the closest
theoretical point. The algorithm and strategy used to minimize
the value of X are the same as in Sect. 3.1.

The quality of the fit is then given by the variable X, which
represents the mean distance between the observed points and
the theoretical model. This is, in fact, a direct evaluation of the
mean dispersion of the observed points with respect to the fitted
model, hence an estimation of the half width of the arms.

As it is not possible, with the simple model we adopt, to im-
pose all the known constraints on the fit, the strategy we have
followed is to fit the models and check if the constraints are
satisfied. Thus to delineate the general trend of the Galactic
structure we have fitted models with two, three and four spiral
arms through the spatial distribution of the complexes. The re-
sults of the best fit for each model, the deduced mean arm width
(<W>) and the estimated mean arm-to-arm distance (<A>) are
given in Table 5 and plotted in Fig. 4. The tangential directions
found are given in Table 6.

All the models are displayed in Fig. 4. We must now take
into account the constraints in order to choose the best one.
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Table 6. The tangential directions.

Radius (kpc)  Longitude (°)

two-arm model 4.0 28
5.7 42
6.9 306
4.8 325
three-arm model 3.7 25
4.5 32
7.1 56
8.4 283
6.4 312
4.9 324
four-arm model 3.7 25
4.6 32
7.0 56
8.4 284
6.6 309
5.1 323

Note: the observed tangential directions (Bronfman 1992)
are 33°, 55°,282°, 309°, 328° and 337°.

As is naturally expected, the arm length of the two-arm model
is large (~540° and ~580°) while the three-arm and the four-
arm model arms (respectively 450°, 450°, 360° and 230°, 270°,
360°, 440°) are shorter. The shortest arm is obtained for the
Scutum-Crux arm (230°) with the four-arm model. The pitch
angles and arm widths of the fitted models fall in the typical
range of spiral galaxies. The pitch angles exhibit only slight
distance dependance; the mean values (at Ry) are 7.9° (for the
two-arm model), 10.8° (three-arm model) and 11.3° (four-arm
model). The two-arm model gives arms with quite different
pitch angles while three-arm and four-arm models exhibit more
similar pitch angle from arm to arm.

Observed tangential directions (Bronfman 1992): 33°, 55°,
282°,309°, 328° and 337°.

Let us now carry out a comparative analysis quadrant by
quadrant. In the following we will refer to the arm name iden-
tified in Fig. 5.

The fourth quadrant (I €[270°, 360°]):

This quadrant is the most interesting because it is where most
of features can be seen. The different fitted models delineate
the same structures: the Carina, Crux and Norma arms. But the
two-arm model places the Sun in the Carina arm, which implies
that the Carina arm tangential direction at 282° is not accounted
for. Moreover it connects the Local Arm to the Carina Arm,
which is not observed. Hence these arguments do not favour
this model. For three-arm and four-arm models the tangential
directions are quite well respected. But the tangential direction
expected at 328° is found at 323° for the four-arm model and
324° for the three-arm model. This direction corresponds to a
part of the Norma Arm where there is a lack of tracers, imply-
ing a weaker constraint to the fit at this position.

From CO longitude-velocity diagrams of the fourth
Galactic quadrant Bronfman et al. (2000) show evidence for
the presence of four arms. One of them, commonly named the
3-kpc arm, is seen with a tangential direction ~337°. Whatever
our models, this tangential direction at 337° is not found, but
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this direction points toward a group of far complexes (x ~
-5 kpc, y ~ —3 kpc) with high excitation parameters, attributed
(in the four-arm model) to the beginning of an arm. It is not pos-
sible to confirm the coincidence of these far complexes with the
3 kpc arm but the near faint complexes at (x ~ =2, y ~ +2 kpc;
Fig. 5 bottom, solid line) certainly belong to it. From Bronfman
et al. (2000) one can also note that the Norma Arm appears
clearly in FIR star-formation complexes: its tangential position
(~328°) is correlated with an FIR enhancement produced by
embedded ultracompact HII regions. This can explain why in
our work we find a gap of complexes at the Norma arm tan-
gency, as ultracompact HII regions cannot be detected in op-
tical and radio hydrogen line emission. In contrast the Crux
arm stands out clearly in molecular emission while the Carina
arm, which is a major arm in our complex distribution, appears
weaker. One suspects that the higher the excitation parameter
the more the parental molecular cloud has been destroyed.

The first quadrant (I € [0°, 90°]):

For the two-arm model the tangential directions are not re-
spected, while it is for other models. The Scutum tangent is
double in a number of tracers (Table 1 of Englmaier & Gerhard
1999): in our three-arm and four-arm models this is attributed
to the beginnings of two different arms.

Solomon et al. (1987) traced a face-on picture of warm
molecular clouds in the first Galactic quadrant (! between 8°
and 90°), delineating three arm-like structures. Two of them
correspond well to the Sagittarius and Perseus arms as delin-
eated by our three- and four-arm models. The third structure
they identify is an inner structure they attribute to a central CO
annulus. We have no counterpart for this structure except per-
haps complexes we attributed to the beginning of the Crux and
Norma arms. Kulkarni (1982) carried out an HI survey giving
information about spiral arms beyond the solar circle. He iden-
tified the Perseus arm from / = 65° to 150° and the Cygnus arm
between [ = 30° to 110°. From our four-arm model the Perseus
arm and the Cygnus arms also are found to cut the Solar cir-
cle around / = 30° and [ = 65° respectively. One can note that
in the first quadrant the Cygnus arm is mainly extrapolated by
the fitting routine between the Norma arm (fourth quadrant)
and the External arm (second quadrant) complexes, as no com-
plexes are found to trace it in this quadrant 1.

The second and third quadrants (I € [90°, 270°]):

In the three-arm and four-arm fitted models, the Perseus arm is
unambigously delineated. Beyond it one finds the presence of
complexes with a very sparse distribution. They are associated
with the Cygnus arm even if it is not clear whether these com-
plexes are organized into an arm structure. Previously, Heyer
& Terebey (1998) identified small and compact clouds beyond
the Perseus arm and Digel et al. (1994, 1996), demonstrated the
presence of molecular material within the far outer Galaxy. In
parallel, Kaltcheva & Hilditch (2000), from the distribution of
bright OB stars towards longitudes 245° and 225°, suspected
the presence of an external arm beyond the Perseus arm.

Comparing our models with information in the literature,
it appears that the two-arm model does not satisfactorily de-
scribe the large-scale structure of our Galaxy, while the three-
arm and four-arm models give very close solutions with sev-
eral arguments in favour of the four-arm models. These two
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Fig. 3. Top: Distribution of complexes. The symbol size is propor-
tional to the excitation parameter. Middle: Same as above, but with
only errors bars displayed. Bottom: Enlargement of the middel panel.

models are in agreement with the four-segment model from
Georgelin & Georgelin (1976). The main difference between
the three- and four-arm models is that the former connects the
Norma segment to the Perseus segment and the Scutum-Crux
to the Cygnus parts while the latter connects only the Norma
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Fig. 4. The 2, 3 and four-arm structures fitted. The symbol size is pro-
portional to the excitation parameter. The Sun position is given by the
large star symbol.

part to the Cygnus part. This ambiguity is likely due to the
lack of complexes in the Norma part (around X = —5 kpc and
Y = 1 kpc, Fig. 4) and the possible extension in the first quad-
rant of the Cygnus arm. The fit quality is, therefore, poorer in
these areas.

To test the influence of the solar parameters (Ry and 6p)
on the complexes’ distribution we used Ry = 7.1 kpc and 6y =
184 km s~!: this does not change drastically the overall picture.
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Fig. 5. The adopted four-arm model. The symbol size is proportional to the excitation parameter. The Sun position is given by the large star
symbol. All the complexes are plotted. 1: Sagittarius-Carina arm, 2: Scutum-Crux arm, 1’: Norma-Cygnus arm and 2’: Perseus arm. We have
also sketched the local arm feature (long dashed line), the bar orientation and length (dashed-dot-dot line) from Englmaier & Gerhard (1999),
the expected departure from a logarithmic spiral arm observed for the Sagittarius-Carina arm (short dashed line) and finally a feature certainly

linked to the three-kpc arm (solid line)

As we already noticed we have fitted regular logarithmic
arms, but it is commonly seen on external galaxies that arms do
not have a regular design. This fact is illustrated here because a
precise study of the nearest parts of the Sagittarius-Carina arm
places it at ~2 kpc from the Sun while the fitted spiral passes at
~1 kpc: the axis of the arm must be moved slightly inward in
regions just inside the Sun (Fig. 5, dashed line).

The four arm model is consistent with the recent work of
Amaral & Lépine (1997) from a dynamical approach. They
show that the spiral structure of our Galaxy can be represented
by the superposition of two- and four-arm components with
a pitch angle of about 14°; such a solution looks like a pure
four-arm structure when the components are in phase. This
is another argument in favor of the four-arm model (Fig. 5).
Comparing the adopted model to the model of Georgelin &
Georgelin (1976) one can see that the general design is pre-
served but now the arms are more clearly defined and more
extended. The Norma segment appears now to be connected to

the Cygnus segment, forming a single extended arm symmetri-
cal to the Sagittarius-Carina arm. The Scutum-Crux arm, which
is the shortest, is symmetric with respect to the Perseus arm.
The Carina arm appears to be a major arm; sometimes such a
major arm is observed in grand design external galaxies. This
suggests a grand design structure coexisting with smaller-scale
structures, rather than a purely floculent one.

One of these smaller-scale structures is the local arm.
Figure 5 (long dashed line) shows a hint of the presence of
the local arm: we note a collection of aligned complexes paral-
lel to the Sagittarius arm and including the Sun. Unfortunately,
from our data it is impossible to define its characteristics. Jacq
et al. (1988) have already showed the existence of a collection
of molecular clouds aligned with a pitch angle of 22° and link-
ing up the local material to the Sagittarius arm.

Three arms out of four start close to the end of the Galactic
bar major axis. In barred galaxies, arms are generally con-
nected to the bar (Sellwood & Sparke 1988). Moreover, for our
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Fig. 6. Representation of the Galactic warp. Circular symbols and
crosses correspond respectively to complexes above and below the
Galactic plane. The symbol size is proportional to the distance from
the plane. For clarity, complexes closer than 1 kpc from the Sun have
not been plotted.

Galaxy it has already been suspected that arms start near the
bar’s ends (e.g. Lopez-Corredoira et al. 1999; Englemaier &
Gerhard 1999).

4.2. The Galactic warp

The Galactic warp was revealed early from HI data: Kerr
(1957) showed that the warp starts at the solar circle and
reaches a distance of 3 kpc from the Galactic plane at a galac-
tocentric distance of 16 kpc, and Burton (1988) has shown that
the warp lies above (positive warp) and below (negative warp)
the Galactic plane, respectively at [ = 90° and [ = 270°, seem-
ingly oriented in the direction of the Magellanic Clouds. More
recently the Galactic warp has been observed from young star
distributions (Smart et al. 1997), HII regions (Guibert et al.
1978; Fich & Blitz 1984) and even from stars selected from the
IRAS catalogue (Djorgovski & Sosin 1989). The Galactic warp
can also be seen (Fig. 6) from our catalogue of star-forming
complexes. In agreement with previous studies we find that the
northern part is above the Galactic plane, the southern part be-
ing slightly below it. Especially, the Norma-Cygnus arm ex-
hibits a clear positive warp between [ = 60° and 220°. The
negative warp of the southern part of our Galaxy is less clear.
The Carina arm, which is a major arm of our Galaxy, is mainly
located slightly below the Galactic plane. Inversely, the Perseus
arm between [/ = 90° and 150°, which is well known for veloc-
ity departures, exhibits only a slight warp. These two effects
seem therefore to be unrelated. We find a mean thickness of
the inner Galactic disk of 76 pc. This is in good agreement
with the 73 pc and 70 pc found by Bronfman et al. respectively
from ultracompact HII regions (Bronfman et al. 2000) and CO
data (Bronfman 1992). Also, Bronfman (1992) finds a negative
warp in the third and fourth quadrants, as we obtain with our
data.
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5. Conclusion

A new catalogue of star-forming complexes has been estab-
lished from a multiwavelength study of the Galactic plane.
Each complex is a grouping of HII regions, diffuse ionized
gas, molecular clouds and OB stars. For each complex the
systemic velocity, the kinematic distance, the stellar distance
and the excitation parameter have been determined. A rota-
tion curve has been fitted through those complexes for which
it has been possible to calculate the stellar distances. Our
curve is in good agreement with that of Brand & Blitz (1993).
We also performed a study of velocity departures relative to
the circular rotation model. We find that such departures exist
in large parts of the arms, with different values from one arm
to another. This can explain, at least partly, the quite large dis-
persion of the complexes around the mean rotation curve. The
Galactic warp is also found, in good agreement with previous
studies. In addition we note that circular rotation departure and
warp do not seem obviously correlated.

Taking into account the error bars, a simple visual inspec-
tion of the distribution of the complexes does not show any
large-scale spiral structure. The only clear features are the
Carina and the Perseus segments and the local arm. These
features suggest that we can expect at least three arm-like
structures in the fourth Galactic quadrant, two arm-like struc-
tures in the first quadrant and at least the Perseus arm struc-
ture in the second quadrant. To test if these arm-like struc-
tures can underline a grand design structure as observed
in external galaxies, we fitted the distribution of all of the
Galactic complexes of our sample with two-, three- and four-
logarithmic-arm models of the spiral structure. On the ba-
sis of established characteristics for our Galaxy and external
galaxies, the two-arm model can be clearly excluded while
the three- and four-arm models remain in strong competi-
tion — with a slight preference, however, for the latter. In this
model the Norma arm and the external arm appear as the
two extremities of a unique arm called the Norma-Cygnus
arm. The new data and fitted model confirm the four-segment
model of Georgelin & Georgelin (1976) defining the arm de-
sign and extension (doubling the known length of the arms).
The Carina arm is a major arm, as is sometimes observed in
external galaxies, suggesting a grand design structure, coexist-
ing with smaller-scale structures rather than a purely floculent
one.

Additional multiwavelength observations will be required
to solve the problems which have been encountered. In par-
ticular, it appears that ultracompact HII regions, detectable in
the FIR, can also be used to trace the actual spiral structure.
It would be useful to complete our picture of the Galaxy with
such regions. It would be an especially great improvement to
detect and measure the velocities and/or distances of such ultra-
compact HII regions in the northern hemisphere so as to define,
in particular, the Cygnus arm design in the first quadrant.

Finally, since many large radio and optical surveys are be-
ing collected, the next step will be to compare our data with
external spiral galaxies in order to determine the character-
istics we have found for our Galaxy: pitch angle variation,
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arm-to-arm distance, arm length and width, arm structure and
circular rotation departure.
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