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distribution, such as Gould’s belt. Unfortunately, the fractional
error in the Hipparcos parallactic distances for such distant stars
is )50%. Thus Hipparcos indicates only that these are distant stars,
and we had to use spectroscopic distances with errors ,20% (ref. 9).

To understand what trends one would expect to find in these data,
consider Fig. 1. The Galactic disk is flat to approximately the orbit of
the Sun, and then turns up towards the north (Cygnus at l < 908),
while turning to the south on the opposite side of the Galaxy (Vela at
l < 2708). Hence when we look out from the Sun in the anti-centre
direction (l ¼ 1808), the band of the Milky Way should slope
upwards from large l towards smaller l. More generally, the warp
appears as a sinusoidal variation in the distribution of stars on the
sky (Fig. 2). In addition, the Galaxy rotates clockwise, so we expect
to find stars moving upwards in our sample as they pass through
l ¼ 1808.

As the real observational situation involves several complexities
that are ignored in the simple picture just described, we have
compared the data with synthetic data sets (catalogues) derived
from a statistical model of the OB-star distribution in phase space.
The details of this model are reported elsewhere10: we mention here
that it places the young stars in a warped spiral distribution, models
observational errors, and produces catalogues that are defined by
the same selection criteria as the actual data set.

The warp is best described in the system of cylindrical coordinates
(r; f; z) in which the z-axis runs perpendicular to the plane of the
inner Galaxy, r measures galactocentric distance, and the Sun lies at
r( ¼ 8 kpc on the line f ¼ z ¼ 0. The azimuth f increases in the
direction of Galactic rotation. The average height z of the model
disk varies sinusoidally with f:

z ¼ hðrÞsinðf þ qptÞ ð1Þ

The model warp rotates with angular frequency qp, in the opposite
direction to that of Galactic rotation for qp . 0. We assume that the
Sun currently lies precisely on the line of nodes by setting t ¼ 0, as
the observational signature of the warp is not sensitive to the warp’s
phase11. As our data extend only a few kiloparsecs from the Sun,
covering a small range in f, the stars form a sloped distribution, as
seen from the Galactic Centre, in (z; f) at any given r. Consistent
with the assumption of a warped disk, the observed slopes (Table 1)
are in the correct sense, increase with r, and indicate that the warp
begins within the orbit of the Sun, in agreement with recent infrared

observations12. From these data, and consistent with neutral hydro-
gen maps13, we find the height function h(r) of equation (1) to be

hðrÞ ¼ 0:067ðr 2 6:5Þ2 kpc ð2Þ

for r . 6:5 kpc. We note that h does not depend on t, and qp does
not depend on r, reflecting our assumption that the warp is long-
lived, that is, lasting longer than a few Galactic rotation times.

We now turn to the proper motions. At time t the azimuth of
any star is given by f ¼ f0 þ ≠ðrÞt, where f0 is a constant and ≠ðrÞ
is the circular frequency. Differentiating equation (1), we find the
predicted vertical velocity is given by:

V zðrÞ [
dz
dt

¼ ½≠ðrÞ þ qpÿhðrÞcosðfÞ ð3Þ

This equation describes the mean systematic vertical velocity that
must be associated with any long-lived warp of the form of equation
(1).

From the Hipparcos proper motions we calculate an observed
vertical velocity for each star, corrected for Galactic rotation and
solar motion (found10 to be ðU ; V ; WÞ( ¼ ð9; 5; 7Þ kms 2 1). In
doing so we have assumed circular rotation and a linear rotation
curve, adopting a circular velocity of vc ¼ 220 km s 2 1 at the Sun
and a slope dvc=dr ¼ 2 3 km s 2 1 kpc 2 1. The points in Fig. 3 show
median values of this observed velocity binned in galactocentric
distance, r. If equation (3) were valid, the medians would scatter
about the curve defined by the difference between the values it
predicts for Vz(r) and Vz(r(). Figure 3a shows two such curves
for qp ¼ 0 and 2 20 km s 2 1 kpc 2 1. It is evident that qp.
220 km s¹1 kpc 2 1 does not predict the sign of the observations
correctly, and even for large negative values of qp the model is a poor

Taurus
Cygnus

Sagittarius

Ve la

Outlying star

Sun

Galact ic Centre

Figure 1 The disk of the Galaxy based on H I observations. The vertical axis is
exaggerated by a factor of 10. The arrows show the motion of the Sun and an
outlying star on their orbits in the Galaxy. We note that the outlying star has an
upward motion as seen from the Sun. Directions in the sky, as seen from the
Earth, are indicated by the constellation names. The red line indicates the locus of
zero vertical displacement for the warped disk.

Table 1 Slopes of z versus f for synthetic and observed catalogues

Bin
(kpc)

No warp Warp Data

.............................................................................................................................................................................
r , 8:5 −0.716 6 1.31 2.60 6 1.40 2.74
8:0 , r , 9:0 −0.192 6 1.34 4.10 6 1.33 5.06
8:5 , r , 9:5 0.611 61.06 6.84 6 2.65 6.74
.............................................................................................................................................................................
Slopes are given in units of pc per degree. The slopes are for stars with mV < 7:5, the
completeness limit of this Hipparcos sample. For the warped and non-warped cases
(columns 2 and 3), the slopes are means and standard deviations of 30 catalogues
generated from a stistical model of the OB stellar distribution. The model for the warped
case uses equations (1) and (2).

Figure 2 The distribution of OB stars in Galactic coordinates to the completeness
limit, mV , 7:5. The curved line is a sine fit to the data. This shape results from
stars in the first and fourth quadrant being on average closer to the Galactic
Centre, and therefore lower in the warp structure.
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from the Sun so that the global systematic velocity pattern
dominates the random stellar motions as well as the local
disturbances. But, in this case, there occurs another
problem to be solved : as shown by Soü ma, &Miyamoto,
Yoshizawa hereafter the youngest population(1993, MSY),
shares the warping motion corresponding to the Galactic
warp & Westerhout Jackson, &(Kerr 1965 ; Henderson,
Kerr in addition to the Galactic rotation.1982),

Therefore, in order to incorporate all the possible system-
atic stellar motions in the solar neighborhood into the kine-
matic model, we apply the Ogorodnikov-Milne model (see

& Soü ma hereafter to HipparcosMiyamoto 1993, MS)
proper motions in the present linear analysis of the velocity
Ðeld, and solve for nine kinematic parameters : three com-
ponents of solar motion, three components of vorticity
(rotation), and three components of strain velocity (shear).

2. MATERIALS

The present overall pattern analysis of proper motions
relies upon those provided by the Hipparcos Catalogue

which contains 117,955 entries with Ðve associ-(ESA 1997),
ated astrometric parameters. To avoid possible com-
plications arising from the Hipparcos observations for the
binary, multiple, and suspected nonsingle systems, we
excluded all these stars found in the Hipparcos Catalogue.
Furthermore, all the variables, conÐrmed and suspected, are
also excluded. Thus, in the present analysis, only the single
nonvariable stars are retained. The Hipparcos Catalogue
also supplies trigonometric parallaxes. However, a majority
of stars in the present wide sampling domain have(° 5)
relative errors of Hipparcos parallaxes larger than 1, sopn/nthat the formal distance estimate of individual stars from
Hipparcos parallaxes is not reliable. Therefore, in the
present statistical analysis we use spectroscopic distances
taken from other sources.

On the other hand, the SKYMAP catalog &(Slater
Hashmall containing 248,558 stars, provides all the1992),
supplementary data for the present analysis, e.g., the MK
classiÐcation and spectroscopic distances. Carrying out a
cross-identiÐcation between the Hipparcos Catalogue and
SKYMAP catalog, we have obtained 1801 OÈB5 stars
(single stars) with luminosity classes IÈV.

Next, to avoid a conceivable disturbance given by the
Gould belt stars to the general systematic velocity Ðeld to
be determined, these stars were excluded from our sample.
On the basis of Table 7 of we have found 278Westin (1985),
OÈB5 stars with ages younger than 3 ] 107 yr, which are
inherent in the Gould belt. Thus, in the present work, we
use a total of 1523 OÈB5 stars.

To ensure the statistical reliability of the distance esti-
mate given by the SKYMAP catalog, we compared the
SKYMAP distances for OÈB5 stars with those given by

and found that the SKYMAP distances areWestin (1985),
systematically larger by about 8%. But the above inconsis-
tency of the distance estimate may not negate the Ðnal result
of the proper-motion analysis, since the ambiguity of the
distance estimate only indirectly a†ects the velocity Ðeld to
be determined via the solar motion.

3. SPATIAL DISTRIBUTION OF OÈB5 STARS

It is interesting to see the spatial distribution of the
present sample of 1523 OÈB5 stars. In these youngFigure 1,
stars are projected onto the Galactic plane, given the Galac-
tocentric distance of the Sun kpc. In the Ðgure, theR

0
\ 8.5

FIG. 1.ÈThe present sample of 1523 OÈB5 stars projected onto the
Galactic plane. Stars with ages less than 3 ] 107 yr, which are inherent in
the Gould belt, are excluded. The solid and dashed circles indicate equal
heliocentric and Galactocentric distances, respectively, given the Galacto-
centric distance of the Sun kpc. X-, Y -, and Z-axes of GalacticR

0
\ 8.5

rectangular coordinates point toward the Galactic center, Galactic rota-
tion, and north Galactic pole, respectively.

solid and dashed circles indicate equal heliocentric and
Galactocentric distances, respectively, and X- and Y -axes in
Galactic rectangular coordinates point to the Galactic
center and the Galactic rotation, respectively. The
SKYMAP catalog provides about 170 OÈB5 stars with
heliocentric distance larger than 3.0 kpc, which are common
with the Hipparcos Catalogue, but are excluded in ° 5,
because of unreliable distance estimates.

The distorted H I layer of the Galaxy is well known (Kerr
& Westerhout et al. Such distortion1965 ; Henderson 1982).

FIG. 2.ÈOur 1523 OÈB5 stars (other than the Gould belt stars) pro-
jected onto the Y -Z plane of Galactic rectangular coordinates. (a) Dis-
tribution of 823 OÈB5 stars exterior to the solar circle. The dashed line
indicates the mean plane of the distribution, which inclines with respect to
the Galactic plane in the sense of the H I warp. (b) Distribution of 700
OÈB5 stars interior to the solar circle. The mean plane of the distribution
shows no meaningful inclination.
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FIG. 4.È240 km sky maps of the smoothed DIRBE data (top), the modeled emission (middle), and the relative di†erence between the modeled and
observed emission (bottom). The top two maps are on a logarithmic scale, while the bottom map is on a linear scale.

stellar emission associated with the local (Orion) arm. The
bright patch at negative longitudes is less obvious, centered
on the GP and is found within l \ [90¡, thus not correctly
positioned to be associated with the local arm. Additional
features seen in the di†erence map in J are associated with
over- or underestimated absorption.

4.3. General Features of the Model
To concisely summarize the general features of the stan-

FIG. 5.È240 km emission proÐle for the data (crosses) and model
(diamonds) within of the GP (b \ 0), on a logarithmic scale (log D).0¡.17

dard model a ““ birdÏs-eye view ÏÏ of the Milky Way is pre-
sented as a surface density map for the dust in Figure 13,
and as a K-band surface brightness map in Figure 14. The
center of the maps are determined from an extrapolation of
the model, which is itself speciÐcally constructed only for
r [ 0.34 thus the picture presented for r \ 34 isR

_
, R

_necessarily incomplete. In particular, no structure associ-
ated with the Galactic bulge is represented. Also, the spiral
arms are incomplete on the far side of the Galaxy owing to
the adopted spiral geometry based on the observed H II

regions. The relative strength of the spiral arms in the dust
and the stars is shown in Figure 15 as the arm-interarm
(Ñux) density contrast in the GP. However, the di†erence in
the scale heights of the disk and spiral arms mitigate the
surface brightness/density contrast between the arm and
interarm regions ; the arm-interarm ratio in the NIR surface
brightness is 1.2 and 1.32 for J and K, respectively. Figure
16 shows the scale heights of the various components.

In addition to the major spiral arms, the dust surface
density map shows the smaller local arm in the region of the
Sun. Though the local arm produces prominent FIR emis-
sion features in our sky, from an extra-Galactic perspective
it is revealed to be a minor feature, as pointed out by Geor-
gelin & Georgelin (1976). Indeed, ““ arm ÏÏ is perhaps a mis-
nomer. Similar structures are undoubtedly found
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stellar emission associated with the local (Orion) arm. The
bright patch at negative longitudes is less obvious, centered
on the GP and is found within l \ [90¡, thus not correctly
positioned to be associated with the local arm. Additional
features seen in the di†erence map in J are associated with
over- or underestimated absorption.

4.3. General Features of the Model
To concisely summarize the general features of the stan-

FIG. 5.È240 km emission proÐle for the data (crosses) and model
(diamonds) within of the GP (b \ 0), on a logarithmic scale (log D).0¡.17

dard model a ““ birdÏs-eye view ÏÏ of the Milky Way is pre-
sented as a surface density map for the dust in Figure 13,
and as a K-band surface brightness map in Figure 14. The
center of the maps are determined from an extrapolation of
the model, which is itself speciÐcally constructed only for
r [ 0.34 thus the picture presented for r \ 34 isR

_
, R

_necessarily incomplete. In particular, no structure associ-
ated with the Galactic bulge is represented. Also, the spiral
arms are incomplete on the far side of the Galaxy owing to
the adopted spiral geometry based on the observed H II

regions. The relative strength of the spiral arms in the dust
and the stars is shown in Figure 15 as the arm-interarm
(Ñux) density contrast in the GP. However, the di†erence in
the scale heights of the disk and spiral arms mitigate the
surface brightness/density contrast between the arm and
interarm regions ; the arm-interarm ratio in the NIR surface
brightness is 1.2 and 1.32 for J and K, respectively. Figure
16 shows the scale heights of the various components.

In addition to the major spiral arms, the dust surface
density map shows the smaller local arm in the region of the
Sun. Though the local arm produces prominent FIR emis-
sion features in our sky, from an extra-Galactic perspective
it is revealed to be a minor feature, as pointed out by Geor-
gelin & Georgelin (1976). Indeed, ““ arm ÏÏ is perhaps a mis-
nomer. Similar structures are undoubtedly found
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Fig. 18. Maximum amplitude of the stellar warp (solid line: zw =
2.1 ⇥ 10�19 R(pc)5.25 pc, which is the best power-law fit to the data) in
comparison with the one measured by Burton (1988) for the northern
and southern warp gas scaled to R� = 7.9 kpc (dashed and dot-dashed
lines).

about 30%. Drimmel & Spergel (2001) found from COBE-
DIRBE data that the stellar warp is more or less coincident
with the stellar warp found here (and Burton 1988 gas warp):
zw ⇡ 25 pc/kpc2(R � 7 kpc)2 and Freudenreich (1998) ob-
tained similar results in his independent determination of warp
parameters.

From the presented results, it is clear that the form of the
stellar warp is identical to that of the gas warp. Hence, whatever
is causing of the warp a↵ects both to the stars (including the old
population) and gas in approximately the same way. Whilst the
stellar and gas warps are coincident for the Milky way, this may
not necessarily be the case in other galaxies.

5.5. A new fit of the disc including the warp

After obtaining the parameters of the warp, which is a second
order e↵ect on the total counts, it is possible update the disc
model to include the warp and then redetermine the parame-
ters using the cumulative star counts. As expected, there are no
major changes with respect to the previous values (18), (19):

H = 1.97+0.15
�0.12 kpc

hR,flare = 5.0 ± 0.5 kpc

hz(R�) = 285+8
�12 pc. (25)

The errors in hR,flare and hz(R�) are for the fixed value of H =
1.97 kpc. Other values of H could change very slightly the error
ranges. This best fit gives ⇢� = 5.5 ⇥ 10�2 and corresponds to
�2 = 352 for the data in the plane (N = 114), and �2 = 2049
for the whole sample (N = 820). The fits are plotted in Figs. 13
and 14 (solid line). Using Eq. (4), this provides a constraint on
the intrinsic scale-length of the disc:

hR = 3.3+0.5
�0.4 kpc. (26)

It should be remembered that these parameters have between
determined between about R = 6 and R = 15 kpc (between
0.75 R� and 1.9 R�). No data comes from R < 6 kpc as the
limit in longitude is 45� and beyond 15 kpc the data becomes
uncertain.

6. Comparison of both methods for the flare
and discussion

In Sect. 3, red clump giants gives values compatible with those
from the star counts except for the hR,flare, which is 2.8� lower
(3.4 kpc instead of 5.0 kpc). It is unlikely that this is a sepa-
rate population with di↵erent flare, because the scale-height at
the solar circle is coincident. We suspect the di↵erence stems
from a selection e↵ect. Apart from the fact the measurement
of red clump giants is a↵ected by the warp and hence the
value of 3.4 is somewhat less trustworthy (Sect. 5.3), it must
be remembered that most of the giants are at R > 12 kpc,
i.e. are dominated by distant stars. However, the flare scale-
length is not constant, it is higher for smaller R (Sect. 3.6 shows
that hR,flare ⇡ 9 kpc between R = 4 kpc and R = 7 kpc).
Hence, a systematic di↵erence between the two values should
be expected.

The flare scale-length can be expressed as:

hR,flare ⇡ 12 � 0.6R kpc, (27)

where R is in kpc. This gives the values of 9.0 kpc for R = 5 kpc
(close to the average galactocentric distance of the sources
along l = 30�, b = 6�); 5.0 kpc for R = 11.7 kpc (represen-
tative of the range between 6 and 15 kpc); and 3.4 kpc for
R = 14.3 kpc (representative of the range occupied by the
distant giants). In the solar neighborhood, the value of hR,flare

would be 7.3 kpc.
In comparison, Alard (2000) has described the flare in

2MASS data by hz = hz(R�)(1 + (0.32 kpc�1)(R � R�)). This is
similar to our results in the range 8 < R < 12 kpc. Hence these
results are in agreement with Alard (2000) and the thickening
of the disc explains the rapid drop of the density in the outer
Galaxy without the need to invoke a cut-o↵ for R < 15 kpc.
Indeed, as we have seen in Sect. 3, the cut-o↵ at R < 15 kpc is
not only unnecessary but inconsistent with the data.

The flare, like the warp, is another characteristic of the gas
in the outer Galaxy. Again the parameters determined for the
stars are very similar to that of the gas (Wouterloot et al. 1990),
although the gas scale-height is always far lower.

6.1. Application of the disc model to brighter apparent

magnitudes

An aspect which must be examined is the possible variation
of the measured local stellar density ⇢� when using a range
of magnitudes other than mK < 14.0. In principle, the given
density distribution should be independent of the magnitude
range used, however, there may be errors in Eaton’s normal-
ized luminosity function that has been used here. Alternatively
there could be source confusion at the faintest 2MASS mag-
nitudes, although such an e↵ect would at most only a↵ect the

López-Corredoira 	
  (2002)	
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distribution, such as Gould’s belt. Unfortunately, the fractional
error in the Hipparcos parallactic distances for such distant stars
is )50%. Thus Hipparcos indicates only that these are distant stars,
and we had to use spectroscopic distances with errors ,20% (ref. 9).

To understand what trends one would expect to find in these data,
consider Fig. 1. The Galactic disk is flat to approximately the orbit of
the Sun, and then turns up towards the north (Cygnus at l < 908),
while turning to the south on the opposite side of the Galaxy (Vela at
l < 2708). Hence when we look out from the Sun in the anti-centre
direction (l ¼ 1808), the band of the Milky Way should slope
upwards from large l towards smaller l. More generally, the warp
appears as a sinusoidal variation in the distribution of stars on the
sky (Fig. 2). In addition, the Galaxy rotates clockwise, so we expect
to find stars moving upwards in our sample as they pass through
l ¼ 1808.

As the real observational situation involves several complexities
that are ignored in the simple picture just described, we have
compared the data with synthetic data sets (catalogues) derived
from a statistical model of the OB-star distribution in phase space.
The details of this model are reported elsewhere10: we mention here
that it places the young stars in a warped spiral distribution, models
observational errors, and produces catalogues that are defined by
the same selection criteria as the actual data set.

The warp is best described in the system of cylindrical coordinates
(r; f; z) in which the z-axis runs perpendicular to the plane of the
inner Galaxy, r measures galactocentric distance, and the Sun lies at
r( ¼ 8 kpc on the line f ¼ z ¼ 0. The azimuth f increases in the
direction of Galactic rotation. The average height z of the model
disk varies sinusoidally with f:

z ¼ hðrÞsinðf þ qptÞ ð1Þ

The model warp rotates with angular frequency qp, in the opposite
direction to that of Galactic rotation for qp . 0. We assume that the
Sun currently lies precisely on the line of nodes by setting t ¼ 0, as
the observational signature of the warp is not sensitive to the warp’s
phase11. As our data extend only a few kiloparsecs from the Sun,
covering a small range in f, the stars form a sloped distribution, as
seen from the Galactic Centre, in (z; f) at any given r. Consistent
with the assumption of a warped disk, the observed slopes (Table 1)
are in the correct sense, increase with r, and indicate that the warp
begins within the orbit of the Sun, in agreement with recent infrared

observations12. From these data, and consistent with neutral hydro-
gen maps13, we find the height function h(r) of equation (1) to be

hðrÞ ¼ 0:067ðr 2 6:5Þ2 kpc ð2Þ

for r . 6:5 kpc. We note that h does not depend on t, and qp does
not depend on r, reflecting our assumption that the warp is long-
lived, that is, lasting longer than a few Galactic rotation times.

We now turn to the proper motions. At time t the azimuth of
any star is given by f ¼ f0 þ ≠ðrÞt, where f0 is a constant and ≠ðrÞ
is the circular frequency. Differentiating equation (1), we find the
predicted vertical velocity is given by:

V zðrÞ [
dz
dt

¼ ½≠ðrÞ þ qpÿhðrÞcosðfÞ ð3Þ

This equation describes the mean systematic vertical velocity that
must be associated with any long-lived warp of the form of equation
(1).

From the Hipparcos proper motions we calculate an observed
vertical velocity for each star, corrected for Galactic rotation and
solar motion (found10 to be ðU ; V ; WÞ( ¼ ð9; 5; 7Þ kms 2 1). In
doing so we have assumed circular rotation and a linear rotation
curve, adopting a circular velocity of vc ¼ 220 km s 2 1 at the Sun
and a slope dvc=dr ¼ 2 3 km s 2 1 kpc 2 1. The points in Fig. 3 show
median values of this observed velocity binned in galactocentric
distance, r. If equation (3) were valid, the medians would scatter
about the curve defined by the difference between the values it
predicts for Vz(r) and Vz(r(). Figure 3a shows two such curves
for qp ¼ 0 and 2 20 km s 2 1 kpc 2 1. It is evident that qp.
220 km s¹1 kpc 2 1 does not predict the sign of the observations
correctly, and even for large negative values of qp the model is a poor
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Sun

Galact ic Centre

Figure 1 The disk of the Galaxy based on H I observations. The vertical axis is
exaggerated by a factor of 10. The arrows show the motion of the Sun and an
outlying star on their orbits in the Galaxy. We note that the outlying star has an
upward motion as seen from the Sun. Directions in the sky, as seen from the
Earth, are indicated by the constellation names. The red line indicates the locus of
zero vertical displacement for the warped disk.

Table 1 Slopes of z versus f for synthetic and observed catalogues

Bin
(kpc)

No warp Warp Data

.............................................................................................................................................................................
r , 8:5 −0.716 6 1.31 2.60 6 1.40 2.74
8:0 , r , 9:0 −0.192 6 1.34 4.10 6 1.33 5.06
8:5 , r , 9:5 0.611 61.06 6.84 6 2.65 6.74
.............................................................................................................................................................................
Slopes are given in units of pc per degree. The slopes are for stars with mV < 7:5, the
completeness limit of this Hipparcos sample. For the warped and non-warped cases
(columns 2 and 3), the slopes are means and standard deviations of 30 catalogues
generated from a stistical model of the OB stellar distribution. The model for the warped
case uses equations (1) and (2).

Figure 2 The distribution of OB stars in Galactic coordinates to the completeness
limit, mV , 7:5. The curved line is a sine fit to the data. This shape results from
stars in the first and fourth quadrant being on average closer to the Galactic
Centre, and therefore lower in the warp structure.
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distribution, such as Gould’s belt. Unfortunately, the fractional
error in the Hipparcos parallactic distances for such distant stars
is )50%. Thus Hipparcos indicates only that these are distant stars,
and we had to use spectroscopic distances with errors ,20% (ref. 9).

To understand what trends one would expect to find in these data,
consider Fig. 1. The Galactic disk is flat to approximately the orbit of
the Sun, and then turns up towards the north (Cygnus at l < 908),
while turning to the south on the opposite side of the Galaxy (Vela at
l < 2708). Hence when we look out from the Sun in the anti-centre
direction (l ¼ 1808), the band of the Milky Way should slope
upwards from large l towards smaller l. More generally, the warp
appears as a sinusoidal variation in the distribution of stars on the
sky (Fig. 2). In addition, the Galaxy rotates clockwise, so we expect
to find stars moving upwards in our sample as they pass through
l ¼ 1808.

As the real observational situation involves several complexities
that are ignored in the simple picture just described, we have
compared the data with synthetic data sets (catalogues) derived
from a statistical model of the OB-star distribution in phase space.
The details of this model are reported elsewhere10: we mention here
that it places the young stars in a warped spiral distribution, models
observational errors, and produces catalogues that are defined by
the same selection criteria as the actual data set.

The warp is best described in the system of cylindrical coordinates
(r; f; z) in which the z-axis runs perpendicular to the plane of the
inner Galaxy, r measures galactocentric distance, and the Sun lies at
r( ¼ 8 kpc on the line f ¼ z ¼ 0. The azimuth f increases in the
direction of Galactic rotation. The average height z of the model
disk varies sinusoidally with f:

z ¼ hðrÞsinðf þ qptÞ ð1Þ

The model warp rotates with angular frequency qp, in the opposite
direction to that of Galactic rotation for qp . 0. We assume that the
Sun currently lies precisely on the line of nodes by setting t ¼ 0, as
the observational signature of the warp is not sensitive to the warp’s
phase11. As our data extend only a few kiloparsecs from the Sun,
covering a small range in f, the stars form a sloped distribution, as
seen from the Galactic Centre, in (z; f) at any given r. Consistent
with the assumption of a warped disk, the observed slopes (Table 1)
are in the correct sense, increase with r, and indicate that the warp
begins within the orbit of the Sun, in agreement with recent infrared

observations12. From these data, and consistent with neutral hydro-
gen maps13, we find the height function h(r) of equation (1) to be

hðrÞ ¼ 0:067ðr 2 6:5Þ2 kpc ð2Þ

for r . 6:5 kpc. We note that h does not depend on t, and qp does
not depend on r, reflecting our assumption that the warp is long-
lived, that is, lasting longer than a few Galactic rotation times.

We now turn to the proper motions. At time t the azimuth of
any star is given by f ¼ f0 þ ≠ðrÞt, where f0 is a constant and ≠ðrÞ
is the circular frequency. Differentiating equation (1), we find the
predicted vertical velocity is given by:

V zðrÞ [
dz
dt

¼ ½≠ðrÞ þ qpÿhðrÞcosðfÞ ð3Þ

This equation describes the mean systematic vertical velocity that
must be associated with any long-lived warp of the form of equation
(1).

From the Hipparcos proper motions we calculate an observed
vertical velocity for each star, corrected for Galactic rotation and
solar motion (found10 to be ðU ; V ; WÞ( ¼ ð9; 5; 7Þ kms 2 1). In
doing so we have assumed circular rotation and a linear rotation
curve, adopting a circular velocity of vc ¼ 220 km s 2 1 at the Sun
and a slope dvc=dr ¼ 2 3 km s 2 1 kpc 2 1. The points in Fig. 3 show
median values of this observed velocity binned in galactocentric
distance, r. If equation (3) were valid, the medians would scatter
about the curve defined by the difference between the values it
predicts for Vz(r) and Vz(r(). Figure 3a shows two such curves
for qp ¼ 0 and 2 20 km s 2 1 kpc 2 1. It is evident that qp.
220 km s¹1 kpc 2 1 does not predict the sign of the observations
correctly, and even for large negative values of qp the model is a poor
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Figure 1 The disk of the Galaxy based on H I observations. The vertical axis is
exaggerated by a factor of 10. The arrows show the motion of the Sun and an
outlying star on their orbits in the Galaxy. We note that the outlying star has an
upward motion as seen from the Sun. Directions in the sky, as seen from the
Earth, are indicated by the constellation names. The red line indicates the locus of
zero vertical displacement for the warped disk.

Table 1 Slopes of z versus f for synthetic and observed catalogues

Bin
(kpc)

No warp Warp Data

.............................................................................................................................................................................
r , 8:5 −0.716 6 1.31 2.60 6 1.40 2.74
8:0 , r , 9:0 −0.192 6 1.34 4.10 6 1.33 5.06
8:5 , r , 9:5 0.611 61.06 6.84 6 2.65 6.74
.............................................................................................................................................................................
Slopes are given in units of pc per degree. The slopes are for stars with mV < 7:5, the
completeness limit of this Hipparcos sample. For the warped and non-warped cases
(columns 2 and 3), the slopes are means and standard deviations of 30 catalogues
generated from a stistical model of the OB stellar distribution. The model for the warped
case uses equations (1) and (2).

Figure 2 The distribution of OB stars in Galactic coordinates to the completeness
limit, mV , 7:5. The curved line is a sine fit to the data. This shape results from
stars in the first and fourth quadrant being on average closer to the Galactic
Centre, and therefore lower in the warp structure.
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distribution, such as Gould’s belt. Unfortunately, the fractional
error in the Hipparcos parallactic distances for such distant stars
is )50%. Thus Hipparcos indicates only that these are distant stars,
and we had to use spectroscopic distances with errors ,20% (ref. 9).

To understand what trends one would expect to find in these data,
consider Fig. 1. The Galactic disk is flat to approximately the orbit of
the Sun, and then turns up towards the north (Cygnus at l < 908),
while turning to the south on the opposite side of the Galaxy (Vela at
l < 2708). Hence when we look out from the Sun in the anti-centre
direction (l ¼ 1808), the band of the Milky Way should slope
upwards from large l towards smaller l. More generally, the warp
appears as a sinusoidal variation in the distribution of stars on the
sky (Fig. 2). In addition, the Galaxy rotates clockwise, so we expect
to find stars moving upwards in our sample as they pass through
l ¼ 1808.

As the real observational situation involves several complexities
that are ignored in the simple picture just described, we have
compared the data with synthetic data sets (catalogues) derived
from a statistical model of the OB-star distribution in phase space.
The details of this model are reported elsewhere10: we mention here
that it places the young stars in a warped spiral distribution, models
observational errors, and produces catalogues that are defined by
the same selection criteria as the actual data set.

The warp is best described in the system of cylindrical coordinates
(r; f; z) in which the z-axis runs perpendicular to the plane of the
inner Galaxy, r measures galactocentric distance, and the Sun lies at
r( ¼ 8 kpc on the line f ¼ z ¼ 0. The azimuth f increases in the
direction of Galactic rotation. The average height z of the model
disk varies sinusoidally with f:

z ¼ hðrÞsinðf þ qptÞ ð1Þ

The model warp rotates with angular frequency qp, in the opposite
direction to that of Galactic rotation for qp . 0. We assume that the
Sun currently lies precisely on the line of nodes by setting t ¼ 0, as
the observational signature of the warp is not sensitive to the warp’s
phase11. As our data extend only a few kiloparsecs from the Sun,
covering a small range in f, the stars form a sloped distribution, as
seen from the Galactic Centre, in (z; f) at any given r. Consistent
with the assumption of a warped disk, the observed slopes (Table 1)
are in the correct sense, increase with r, and indicate that the warp
begins within the orbit of the Sun, in agreement with recent infrared

observations12. From these data, and consistent with neutral hydro-
gen maps13, we find the height function h(r) of equation (1) to be

hðrÞ ¼ 0:067ðr 2 6:5Þ2 kpc ð2Þ

for r . 6:5 kpc. We note that h does not depend on t, and qp does
not depend on r, reflecting our assumption that the warp is long-
lived, that is, lasting longer than a few Galactic rotation times.

We now turn to the proper motions. At time t the azimuth of
any star is given by f ¼ f0 þ ≠ðrÞt, where f0 is a constant and ≠ðrÞ
is the circular frequency. Differentiating equation (1), we find the
predicted vertical velocity is given by:

V zðrÞ [
dz
dt

¼ ½≠ðrÞ þ qpÿhðrÞcosðfÞ ð3Þ

This equation describes the mean systematic vertical velocity that
must be associated with any long-lived warp of the form of equation
(1).

From the Hipparcos proper motions we calculate an observed
vertical velocity for each star, corrected for Galactic rotation and
solar motion (found10 to be ðU ; V ; WÞ( ¼ ð9; 5; 7Þ kms 2 1). In
doing so we have assumed circular rotation and a linear rotation
curve, adopting a circular velocity of vc ¼ 220 km s 2 1 at the Sun
and a slope dvc=dr ¼ 2 3 km s 2 1 kpc 2 1. The points in Fig. 3 show
median values of this observed velocity binned in galactocentric
distance, r. If equation (3) were valid, the medians would scatter
about the curve defined by the difference between the values it
predicts for Vz(r) and Vz(r(). Figure 3a shows two such curves
for qp ¼ 0 and 2 20 km s 2 1 kpc 2 1. It is evident that qp.
220 km s¹1 kpc 2 1 does not predict the sign of the observations
correctly, and even for large negative values of qp the model is a poor
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Figure 1 The disk of the Galaxy based on H I observations. The vertical axis is
exaggerated by a factor of 10. The arrows show the motion of the Sun and an
outlying star on their orbits in the Galaxy. We note that the outlying star has an
upward motion as seen from the Sun. Directions in the sky, as seen from the
Earth, are indicated by the constellation names. The red line indicates the locus of
zero vertical displacement for the warped disk.

Table 1 Slopes of z versus f for synthetic and observed catalogues

Bin
(kpc)

No warp Warp Data

.............................................................................................................................................................................
r , 8:5 −0.716 6 1.31 2.60 6 1.40 2.74
8:0 , r , 9:0 −0.192 6 1.34 4.10 6 1.33 5.06
8:5 , r , 9:5 0.611 61.06 6.84 6 2.65 6.74
.............................................................................................................................................................................
Slopes are given in units of pc per degree. The slopes are for stars with mV < 7:5, the
completeness limit of this Hipparcos sample. For the warped and non-warped cases
(columns 2 and 3), the slopes are means and standard deviations of 30 catalogues
generated from a stistical model of the OB stellar distribution. The model for the warped
case uses equations (1) and (2).

Figure 2 The distribution of OB stars in Galactic coordinates to the completeness
limit, mV , 7:5. The curved line is a sine fit to the data. This shape results from
stars in the first and fourth quadrant being on average closer to the Galactic
Centre, and therefore lower in the warp structure.
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distribution, such as Gould’s belt. Unfortunately, the fractional
error in the Hipparcos parallactic distances for such distant stars
is )50%. Thus Hipparcos indicates only that these are distant stars,
and we had to use spectroscopic distances with errors ,20% (ref. 9).

To understand what trends one would expect to find in these data,
consider Fig. 1. The Galactic disk is flat to approximately the orbit of
the Sun, and then turns up towards the north (Cygnus at l < 908),
while turning to the south on the opposite side of the Galaxy (Vela at
l < 2708). Hence when we look out from the Sun in the anti-centre
direction (l ¼ 1808), the band of the Milky Way should slope
upwards from large l towards smaller l. More generally, the warp
appears as a sinusoidal variation in the distribution of stars on the
sky (Fig. 2). In addition, the Galaxy rotates clockwise, so we expect
to find stars moving upwards in our sample as they pass through
l ¼ 1808.

As the real observational situation involves several complexities
that are ignored in the simple picture just described, we have
compared the data with synthetic data sets (catalogues) derived
from a statistical model of the OB-star distribution in phase space.
The details of this model are reported elsewhere10: we mention here
that it places the young stars in a warped spiral distribution, models
observational errors, and produces catalogues that are defined by
the same selection criteria as the actual data set.

The warp is best described in the system of cylindrical coordinates
(r; f; z) in which the z-axis runs perpendicular to the plane of the
inner Galaxy, r measures galactocentric distance, and the Sun lies at
r( ¼ 8 kpc on the line f ¼ z ¼ 0. The azimuth f increases in the
direction of Galactic rotation. The average height z of the model
disk varies sinusoidally with f:

z ¼ hðrÞsinðf þ qptÞ ð1Þ

The model warp rotates with angular frequency qp, in the opposite
direction to that of Galactic rotation for qp . 0. We assume that the
Sun currently lies precisely on the line of nodes by setting t ¼ 0, as
the observational signature of the warp is not sensitive to the warp’s
phase11. As our data extend only a few kiloparsecs from the Sun,
covering a small range in f, the stars form a sloped distribution, as
seen from the Galactic Centre, in (z; f) at any given r. Consistent
with the assumption of a warped disk, the observed slopes (Table 1)
are in the correct sense, increase with r, and indicate that the warp
begins within the orbit of the Sun, in agreement with recent infrared

observations12. From these data, and consistent with neutral hydro-
gen maps13, we find the height function h(r) of equation (1) to be

hðrÞ ¼ 0:067ðr 2 6:5Þ2 kpc ð2Þ

for r . 6:5 kpc. We note that h does not depend on t, and qp does
not depend on r, reflecting our assumption that the warp is long-
lived, that is, lasting longer than a few Galactic rotation times.

We now turn to the proper motions. At time t the azimuth of
any star is given by f ¼ f0 þ ≠ðrÞt, where f0 is a constant and ≠ðrÞ
is the circular frequency. Differentiating equation (1), we find the
predicted vertical velocity is given by:

V zðrÞ [
dz
dt

¼ ½≠ðrÞ þ qpÿhðrÞcosðfÞ ð3Þ

This equation describes the mean systematic vertical velocity that
must be associated with any long-lived warp of the form of equation
(1).

From the Hipparcos proper motions we calculate an observed
vertical velocity for each star, corrected for Galactic rotation and
solar motion (found10 to be ðU ; V ; WÞ( ¼ ð9; 5; 7Þ kms 2 1). In
doing so we have assumed circular rotation and a linear rotation
curve, adopting a circular velocity of vc ¼ 220 km s 2 1 at the Sun
and a slope dvc=dr ¼ 2 3 km s 2 1 kpc 2 1. The points in Fig. 3 show
median values of this observed velocity binned in galactocentric
distance, r. If equation (3) were valid, the medians would scatter
about the curve defined by the difference between the values it
predicts for Vz(r) and Vz(r(). Figure 3a shows two such curves
for qp ¼ 0 and 2 20 km s 2 1 kpc 2 1. It is evident that qp.
220 km s¹1 kpc 2 1 does not predict the sign of the observations
correctly, and even for large negative values of qp the model is a poor
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Figure 1 The disk of the Galaxy based on H I observations. The vertical axis is
exaggerated by a factor of 10. The arrows show the motion of the Sun and an
outlying star on their orbits in the Galaxy. We note that the outlying star has an
upward motion as seen from the Sun. Directions in the sky, as seen from the
Earth, are indicated by the constellation names. The red line indicates the locus of
zero vertical displacement for the warped disk.

Table 1 Slopes of z versus f for synthetic and observed catalogues

Bin
(kpc)

No warp Warp Data

.............................................................................................................................................................................
r , 8:5 −0.716 6 1.31 2.60 6 1.40 2.74
8:0 , r , 9:0 −0.192 6 1.34 4.10 6 1.33 5.06
8:5 , r , 9:5 0.611 61.06 6.84 6 2.65 6.74
.............................................................................................................................................................................
Slopes are given in units of pc per degree. The slopes are for stars with mV < 7:5, the
completeness limit of this Hipparcos sample. For the warped and non-warped cases
(columns 2 and 3), the slopes are means and standard deviations of 30 catalogues
generated from a stistical model of the OB stellar distribution. The model for the warped
case uses equations (1) and (2).

Figure 2 The distribution of OB stars in Galactic coordinates to the completeness
limit, mV , 7:5. The curved line is a sine fit to the data. This shape results from
stars in the first and fourth quadrant being on average closer to the Galactic
Centre, and therefore lower in the warp structure.
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distribution, such as Gould’s belt. Unfortunately, the fractional
error in the Hipparcos parallactic distances for such distant stars
is )50%. Thus Hipparcos indicates only that these are distant stars,
and we had to use spectroscopic distances with errors ,20% (ref. 9).

To understand what trends one would expect to find in these data,
consider Fig. 1. The Galactic disk is flat to approximately the orbit of
the Sun, and then turns up towards the north (Cygnus at l < 908),
while turning to the south on the opposite side of the Galaxy (Vela at
l < 2708). Hence when we look out from the Sun in the anti-centre
direction (l ¼ 1808), the band of the Milky Way should slope
upwards from large l towards smaller l. More generally, the warp
appears as a sinusoidal variation in the distribution of stars on the
sky (Fig. 2). In addition, the Galaxy rotates clockwise, so we expect
to find stars moving upwards in our sample as they pass through
l ¼ 1808.

As the real observational situation involves several complexities
that are ignored in the simple picture just described, we have
compared the data with synthetic data sets (catalogues) derived
from a statistical model of the OB-star distribution in phase space.
The details of this model are reported elsewhere10: we mention here
that it places the young stars in a warped spiral distribution, models
observational errors, and produces catalogues that are defined by
the same selection criteria as the actual data set.

The warp is best described in the system of cylindrical coordinates
(r; f; z) in which the z-axis runs perpendicular to the plane of the
inner Galaxy, r measures galactocentric distance, and the Sun lies at
r( ¼ 8 kpc on the line f ¼ z ¼ 0. The azimuth f increases in the
direction of Galactic rotation. The average height z of the model
disk varies sinusoidally with f:

z ¼ hðrÞsinðf þ qptÞ ð1Þ

The model warp rotates with angular frequency qp, in the opposite
direction to that of Galactic rotation for qp . 0. We assume that the
Sun currently lies precisely on the line of nodes by setting t ¼ 0, as
the observational signature of the warp is not sensitive to the warp’s
phase11. As our data extend only a few kiloparsecs from the Sun,
covering a small range in f, the stars form a sloped distribution, as
seen from the Galactic Centre, in (z; f) at any given r. Consistent
with the assumption of a warped disk, the observed slopes (Table 1)
are in the correct sense, increase with r, and indicate that the warp
begins within the orbit of the Sun, in agreement with recent infrared

observations12. From these data, and consistent with neutral hydro-
gen maps13, we find the height function h(r) of equation (1) to be

hðrÞ ¼ 0:067ðr 2 6:5Þ2 kpc ð2Þ

for r . 6:5 kpc. We note that h does not depend on t, and qp does
not depend on r, reflecting our assumption that the warp is long-
lived, that is, lasting longer than a few Galactic rotation times.

We now turn to the proper motions. At time t the azimuth of
any star is given by f ¼ f0 þ ≠ðrÞt, where f0 is a constant and ≠ðrÞ
is the circular frequency. Differentiating equation (1), we find the
predicted vertical velocity is given by:

V zðrÞ [
dz
dt

¼ ½≠ðrÞ þ qpÿhðrÞcosðfÞ ð3Þ

This equation describes the mean systematic vertical velocity that
must be associated with any long-lived warp of the form of equation
(1).

From the Hipparcos proper motions we calculate an observed
vertical velocity for each star, corrected for Galactic rotation and
solar motion (found10 to be ðU ; V ; WÞ( ¼ ð9; 5; 7Þ kms 2 1). In
doing so we have assumed circular rotation and a linear rotation
curve, adopting a circular velocity of vc ¼ 220 km s 2 1 at the Sun
and a slope dvc=dr ¼ 2 3 km s 2 1 kpc 2 1. The points in Fig. 3 show
median values of this observed velocity binned in galactocentric
distance, r. If equation (3) were valid, the medians would scatter
about the curve defined by the difference between the values it
predicts for Vz(r) and Vz(r(). Figure 3a shows two such curves
for qp ¼ 0 and 2 20 km s 2 1 kpc 2 1. It is evident that qp.
220 km s¹1 kpc 2 1 does not predict the sign of the observations
correctly, and even for large negative values of qp the model is a poor
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Figure 1 The disk of the Galaxy based on H I observations. The vertical axis is
exaggerated by a factor of 10. The arrows show the motion of the Sun and an
outlying star on their orbits in the Galaxy. We note that the outlying star has an
upward motion as seen from the Sun. Directions in the sky, as seen from the
Earth, are indicated by the constellation names. The red line indicates the locus of
zero vertical displacement for the warped disk.

Table 1 Slopes of z versus f for synthetic and observed catalogues

Bin
(kpc)

No warp Warp Data

.............................................................................................................................................................................
r , 8:5 −0.716 6 1.31 2.60 6 1.40 2.74
8:0 , r , 9:0 −0.192 6 1.34 4.10 6 1.33 5.06
8:5 , r , 9:5 0.611 61.06 6.84 6 2.65 6.74
.............................................................................................................................................................................
Slopes are given in units of pc per degree. The slopes are for stars with mV < 7:5, the
completeness limit of this Hipparcos sample. For the warped and non-warped cases
(columns 2 and 3), the slopes are means and standard deviations of 30 catalogues
generated from a stistical model of the OB stellar distribution. The model for the warped
case uses equations (1) and (2).

Figure 2 The distribution of OB stars in Galactic coordinates to the completeness
limit, mV , 7:5. The curved line is a sine fit to the data. This shape results from
stars in the first and fourth quadrant being on average closer to the Galactic
Centre, and therefore lower in the warp structure.
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distribution, such as Gould’s belt. Unfortunately, the fractional
error in the Hipparcos parallactic distances for such distant stars
is )50%. Thus Hipparcos indicates only that these are distant stars,
and we had to use spectroscopic distances with errors ,20% (ref. 9).

To understand what trends one would expect to find in these data,
consider Fig. 1. The Galactic disk is flat to approximately the orbit of
the Sun, and then turns up towards the north (Cygnus at l < 908),
while turning to the south on the opposite side of the Galaxy (Vela at
l < 2708). Hence when we look out from the Sun in the anti-centre
direction (l ¼ 1808), the band of the Milky Way should slope
upwards from large l towards smaller l. More generally, the warp
appears as a sinusoidal variation in the distribution of stars on the
sky (Fig. 2). In addition, the Galaxy rotates clockwise, so we expect
to find stars moving upwards in our sample as they pass through
l ¼ 1808.

As the real observational situation involves several complexities
that are ignored in the simple picture just described, we have
compared the data with synthetic data sets (catalogues) derived
from a statistical model of the OB-star distribution in phase space.
The details of this model are reported elsewhere10: we mention here
that it places the young stars in a warped spiral distribution, models
observational errors, and produces catalogues that are defined by
the same selection criteria as the actual data set.

The warp is best described in the system of cylindrical coordinates
(r; f; z) in which the z-axis runs perpendicular to the plane of the
inner Galaxy, r measures galactocentric distance, and the Sun lies at
r( ¼ 8 kpc on the line f ¼ z ¼ 0. The azimuth f increases in the
direction of Galactic rotation. The average height z of the model
disk varies sinusoidally with f:

z ¼ hðrÞsinðf þ qptÞ ð1Þ

The model warp rotates with angular frequency qp, in the opposite
direction to that of Galactic rotation for qp . 0. We assume that the
Sun currently lies precisely on the line of nodes by setting t ¼ 0, as
the observational signature of the warp is not sensitive to the warp’s
phase11. As our data extend only a few kiloparsecs from the Sun,
covering a small range in f, the stars form a sloped distribution, as
seen from the Galactic Centre, in (z; f) at any given r. Consistent
with the assumption of a warped disk, the observed slopes (Table 1)
are in the correct sense, increase with r, and indicate that the warp
begins within the orbit of the Sun, in agreement with recent infrared

observations12. From these data, and consistent with neutral hydro-
gen maps13, we find the height function h(r) of equation (1) to be

hðrÞ ¼ 0:067ðr 2 6:5Þ2 kpc ð2Þ

for r . 6:5 kpc. We note that h does not depend on t, and qp does
not depend on r, reflecting our assumption that the warp is long-
lived, that is, lasting longer than a few Galactic rotation times.

We now turn to the proper motions. At time t the azimuth of
any star is given by f ¼ f0 þ ≠ðrÞt, where f0 is a constant and ≠ðrÞ
is the circular frequency. Differentiating equation (1), we find the
predicted vertical velocity is given by:

V zðrÞ [
dz
dt

¼ ½≠ðrÞ þ qpÿhðrÞcosðfÞ ð3Þ

This equation describes the mean systematic vertical velocity that
must be associated with any long-lived warp of the form of equation
(1).

From the Hipparcos proper motions we calculate an observed
vertical velocity for each star, corrected for Galactic rotation and
solar motion (found10 to be ðU ; V ; WÞ( ¼ ð9; 5; 7Þ kms 2 1). In
doing so we have assumed circular rotation and a linear rotation
curve, adopting a circular velocity of vc ¼ 220 km s 2 1 at the Sun
and a slope dvc=dr ¼ 2 3 km s 2 1 kpc 2 1. The points in Fig. 3 show
median values of this observed velocity binned in galactocentric
distance, r. If equation (3) were valid, the medians would scatter
about the curve defined by the difference between the values it
predicts for Vz(r) and Vz(r(). Figure 3a shows two such curves
for qp ¼ 0 and 2 20 km s 2 1 kpc 2 1. It is evident that qp.
220 km s¹1 kpc 2 1 does not predict the sign of the observations
correctly, and even for large negative values of qp the model is a poor

Taurus
Cygnus

Sagittarius

Ve la

Outlying star

Sun

Galact ic Centre

Figure 1 The disk of the Galaxy based on H I observations. The vertical axis is
exaggerated by a factor of 10. The arrows show the motion of the Sun and an
outlying star on their orbits in the Galaxy. We note that the outlying star has an
upward motion as seen from the Sun. Directions in the sky, as seen from the
Earth, are indicated by the constellation names. The red line indicates the locus of
zero vertical displacement for the warped disk.

Table 1 Slopes of z versus f for synthetic and observed catalogues

Bin
(kpc)

No warp Warp Data

.............................................................................................................................................................................
r , 8:5 −0.716 6 1.31 2.60 6 1.40 2.74
8:0 , r , 9:0 −0.192 6 1.34 4.10 6 1.33 5.06
8:5 , r , 9:5 0.611 61.06 6.84 6 2.65 6.74
.............................................................................................................................................................................
Slopes are given in units of pc per degree. The slopes are for stars with mV < 7:5, the
completeness limit of this Hipparcos sample. For the warped and non-warped cases
(columns 2 and 3), the slopes are means and standard deviations of 30 catalogues
generated from a stistical model of the OB stellar distribution. The model for the warped
case uses equations (1) and (2).

Figure 2 The distribution of OB stars in Galactic coordinates to the completeness
limit, mV , 7:5. The curved line is a sine fit to the data. This shape results from
stars in the first and fourth quadrant being on average closer to the Galactic
Centre, and therefore lower in the warp structure.
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distribution, such as Gould’s belt. Unfortunately, the fractional
error in the Hipparcos parallactic distances for such distant stars
is )50%. Thus Hipparcos indicates only that these are distant stars,
and we had to use spectroscopic distances with errors ,20% (ref. 9).

To understand what trends one would expect to find in these data,
consider Fig. 1. The Galactic disk is flat to approximately the orbit of
the Sun, and then turns up towards the north (Cygnus at l < 908),
while turning to the south on the opposite side of the Galaxy (Vela at
l < 2708). Hence when we look out from the Sun in the anti-centre
direction (l ¼ 1808), the band of the Milky Way should slope
upwards from large l towards smaller l. More generally, the warp
appears as a sinusoidal variation in the distribution of stars on the
sky (Fig. 2). In addition, the Galaxy rotates clockwise, so we expect
to find stars moving upwards in our sample as they pass through
l ¼ 1808.

As the real observational situation involves several complexities
that are ignored in the simple picture just described, we have
compared the data with synthetic data sets (catalogues) derived
from a statistical model of the OB-star distribution in phase space.
The details of this model are reported elsewhere10: we mention here
that it places the young stars in a warped spiral distribution, models
observational errors, and produces catalogues that are defined by
the same selection criteria as the actual data set.

The warp is best described in the system of cylindrical coordinates
(r; f; z) in which the z-axis runs perpendicular to the plane of the
inner Galaxy, r measures galactocentric distance, and the Sun lies at
r( ¼ 8 kpc on the line f ¼ z ¼ 0. The azimuth f increases in the
direction of Galactic rotation. The average height z of the model
disk varies sinusoidally with f:

z ¼ hðrÞsinðf þ qptÞ ð1Þ

The model warp rotates with angular frequency qp, in the opposite
direction to that of Galactic rotation for qp . 0. We assume that the
Sun currently lies precisely on the line of nodes by setting t ¼ 0, as
the observational signature of the warp is not sensitive to the warp’s
phase11. As our data extend only a few kiloparsecs from the Sun,
covering a small range in f, the stars form a sloped distribution, as
seen from the Galactic Centre, in (z; f) at any given r. Consistent
with the assumption of a warped disk, the observed slopes (Table 1)
are in the correct sense, increase with r, and indicate that the warp
begins within the orbit of the Sun, in agreement with recent infrared

observations12. From these data, and consistent with neutral hydro-
gen maps13, we find the height function h(r) of equation (1) to be

hðrÞ ¼ 0:067ðr 2 6:5Þ2 kpc ð2Þ

for r . 6:5 kpc. We note that h does not depend on t, and qp does
not depend on r, reflecting our assumption that the warp is long-
lived, that is, lasting longer than a few Galactic rotation times.

We now turn to the proper motions. At time t the azimuth of
any star is given by f ¼ f0 þ ≠ðrÞt, where f0 is a constant and ≠ðrÞ
is the circular frequency. Differentiating equation (1), we find the
predicted vertical velocity is given by:

V zðrÞ [
dz
dt

¼ ½≠ðrÞ þ qpÿhðrÞcosðfÞ ð3Þ

This equation describes the mean systematic vertical velocity that
must be associated with any long-lived warp of the form of equation
(1).

From the Hipparcos proper motions we calculate an observed
vertical velocity for each star, corrected for Galactic rotation and
solar motion (found10 to be ðU ; V ; WÞ( ¼ ð9; 5; 7Þ kms 2 1). In
doing so we have assumed circular rotation and a linear rotation
curve, adopting a circular velocity of vc ¼ 220 km s 2 1 at the Sun
and a slope dvc=dr ¼ 2 3 km s 2 1 kpc 2 1. The points in Fig. 3 show
median values of this observed velocity binned in galactocentric
distance, r. If equation (3) were valid, the medians would scatter
about the curve defined by the difference between the values it
predicts for Vz(r) and Vz(r(). Figure 3a shows two such curves
for qp ¼ 0 and 2 20 km s 2 1 kpc 2 1. It is evident that qp.
220 km s¹1 kpc 2 1 does not predict the sign of the observations
correctly, and even for large negative values of qp the model is a poor
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Figure 1 The disk of the Galaxy based on H I observations. The vertical axis is
exaggerated by a factor of 10. The arrows show the motion of the Sun and an
outlying star on their orbits in the Galaxy. We note that the outlying star has an
upward motion as seen from the Sun. Directions in the sky, as seen from the
Earth, are indicated by the constellation names. The red line indicates the locus of
zero vertical displacement for the warped disk.

Table 1 Slopes of z versus f for synthetic and observed catalogues

Bin
(kpc)

No warp Warp Data

.............................................................................................................................................................................
r , 8:5 −0.716 6 1.31 2.60 6 1.40 2.74
8:0 , r , 9:0 −0.192 6 1.34 4.10 6 1.33 5.06
8:5 , r , 9:5 0.611 61.06 6.84 6 2.65 6.74
.............................................................................................................................................................................
Slopes are given in units of pc per degree. The slopes are for stars with mV < 7:5, the
completeness limit of this Hipparcos sample. For the warped and non-warped cases
(columns 2 and 3), the slopes are means and standard deviations of 30 catalogues
generated from a stistical model of the OB stellar distribution. The model for the warped
case uses equations (1) and (2).

Figure 2 The distribution of OB stars in Galactic coordinates to the completeness
limit, mV , 7:5. The curved line is a sine fit to the data. This shape results from
stars in the first and fourth quadrant being on average closer to the Galactic
Centre, and therefore lower in the warp structure.
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distribution, such as Gould’s belt. Unfortunately, the fractional
error in the Hipparcos parallactic distances for such distant stars
is )50%. Thus Hipparcos indicates only that these are distant stars,
and we had to use spectroscopic distances with errors ,20% (ref. 9).

To understand what trends one would expect to find in these data,
consider Fig. 1. The Galactic disk is flat to approximately the orbit of
the Sun, and then turns up towards the north (Cygnus at l < 908),
while turning to the south on the opposite side of the Galaxy (Vela at
l < 2708). Hence when we look out from the Sun in the anti-centre
direction (l ¼ 1808), the band of the Milky Way should slope
upwards from large l towards smaller l. More generally, the warp
appears as a sinusoidal variation in the distribution of stars on the
sky (Fig. 2). In addition, the Galaxy rotates clockwise, so we expect
to find stars moving upwards in our sample as they pass through
l ¼ 1808.

As the real observational situation involves several complexities
that are ignored in the simple picture just described, we have
compared the data with synthetic data sets (catalogues) derived
from a statistical model of the OB-star distribution in phase space.
The details of this model are reported elsewhere10: we mention here
that it places the young stars in a warped spiral distribution, models
observational errors, and produces catalogues that are defined by
the same selection criteria as the actual data set.

The warp is best described in the system of cylindrical coordinates
(r; f; z) in which the z-axis runs perpendicular to the plane of the
inner Galaxy, r measures galactocentric distance, and the Sun lies at
r( ¼ 8 kpc on the line f ¼ z ¼ 0. The azimuth f increases in the
direction of Galactic rotation. The average height z of the model
disk varies sinusoidally with f:

z ¼ hðrÞsinðf þ qptÞ ð1Þ

The model warp rotates with angular frequency qp, in the opposite
direction to that of Galactic rotation for qp . 0. We assume that the
Sun currently lies precisely on the line of nodes by setting t ¼ 0, as
the observational signature of the warp is not sensitive to the warp’s
phase11. As our data extend only a few kiloparsecs from the Sun,
covering a small range in f, the stars form a sloped distribution, as
seen from the Galactic Centre, in (z; f) at any given r. Consistent
with the assumption of a warped disk, the observed slopes (Table 1)
are in the correct sense, increase with r, and indicate that the warp
begins within the orbit of the Sun, in agreement with recent infrared

observations12. From these data, and consistent with neutral hydro-
gen maps13, we find the height function h(r) of equation (1) to be

hðrÞ ¼ 0:067ðr 2 6:5Þ2 kpc ð2Þ

for r . 6:5 kpc. We note that h does not depend on t, and qp does
not depend on r, reflecting our assumption that the warp is long-
lived, that is, lasting longer than a few Galactic rotation times.

We now turn to the proper motions. At time t the azimuth of
any star is given by f ¼ f0 þ ≠ðrÞt, where f0 is a constant and ≠ðrÞ
is the circular frequency. Differentiating equation (1), we find the
predicted vertical velocity is given by:

V zðrÞ [
dz
dt

¼ ½≠ðrÞ þ qpÿhðrÞcosðfÞ ð3Þ

This equation describes the mean systematic vertical velocity that
must be associated with any long-lived warp of the form of equation
(1).

From the Hipparcos proper motions we calculate an observed
vertical velocity for each star, corrected for Galactic rotation and
solar motion (found10 to be ðU ; V ; WÞ( ¼ ð9; 5; 7Þ kms 2 1). In
doing so we have assumed circular rotation and a linear rotation
curve, adopting a circular velocity of vc ¼ 220 km s 2 1 at the Sun
and a slope dvc=dr ¼ 2 3 km s 2 1 kpc 2 1. The points in Fig. 3 show
median values of this observed velocity binned in galactocentric
distance, r. If equation (3) were valid, the medians would scatter
about the curve defined by the difference between the values it
predicts for Vz(r) and Vz(r(). Figure 3a shows two such curves
for qp ¼ 0 and 2 20 km s 2 1 kpc 2 1. It is evident that qp.
220 km s¹1 kpc 2 1 does not predict the sign of the observations
correctly, and even for large negative values of qp the model is a poor
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Figure 1 The disk of the Galaxy based on H I observations. The vertical axis is
exaggerated by a factor of 10. The arrows show the motion of the Sun and an
outlying star on their orbits in the Galaxy. We note that the outlying star has an
upward motion as seen from the Sun. Directions in the sky, as seen from the
Earth, are indicated by the constellation names. The red line indicates the locus of
zero vertical displacement for the warped disk.

Table 1 Slopes of z versus f for synthetic and observed catalogues

Bin
(kpc)

No warp Warp Data

.............................................................................................................................................................................
r , 8:5 −0.716 6 1.31 2.60 6 1.40 2.74
8:0 , r , 9:0 −0.192 6 1.34 4.10 6 1.33 5.06
8:5 , r , 9:5 0.611 61.06 6.84 6 2.65 6.74
.............................................................................................................................................................................
Slopes are given in units of pc per degree. The slopes are for stars with mV < 7:5, the
completeness limit of this Hipparcos sample. For the warped and non-warped cases
(columns 2 and 3), the slopes are means and standard deviations of 30 catalogues
generated from a stistical model of the OB stellar distribution. The model for the warped
case uses equations (1) and (2).

Figure 2 The distribution of OB stars in Galactic coordinates to the completeness
limit, mV , 7:5. The curved line is a sine fit to the data. This shape results from
stars in the first and fourth quadrant being on average closer to the Galactic
Centre, and therefore lower in the warp structure.
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Section IV 
Results	
  

Comparison	
  with	
  simula@ons	
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•  Binning	
  in	
  Galactocentric	
  radius:	
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•  Binning	
  in	
  Galactocentric	
  radius:	
  
Cut	
  on	
  ver@cal	
  
velocity	
  (50	
  km/s)	
  to	
  
remove	
  6	
  runaway	
  
stars	
  

R	
  

l	
  (deg)	
  

l	
  (deg)	
  

μ b
	
  (m

as
/y
r)
	
  

μ b
	
  (m

as
/y
r)
	
  

R	
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•  Ver@cal	
  velocity:	
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Possible	
  interpreta@ons:	
  
	
  
1.  	
  The	
  Galac@c	
  warp	
  is	
  a	
  transient	
  feature	
  	
  

2.  	
  The	
  warp	
  signature	
  is	
  overwhelmed	
  by	
  other	
  
“local”	
  systema@c	
  ver@cal	
  mo@ons.	
  	
  

3.  There	
  are	
  systema@c	
  errors	
  in	
  the	
  Hipparcos	
  
proper	
  mo@ons	
  at	
  a	
  level	
  of	
  1	
  mas/yr.	
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Conclusion and next steps 
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ü  If	
  the	
  warp	
  is	
  a	
  long-­‐lived	
  feature,	
  we	
  are	
  able	
  to	
  
predict	
  the	
  expected	
  trend	
  for	
  the	
  mean	
  ver@cal	
  
velocity	
  

	
  
ü  We	
  performed	
  a	
  test	
  to	
  study	
  absolute	
  magnitude	
  

calibra@ons	
  and	
  spectro-­‐photometric	
  distances	
  
	
  
ü  Here	
  we	
  confirm	
  the	
  previous	
  results	
  obtained	
  with	
  

Hipparcos	
  (Smart	
  et	
  al.	
  1998;	
  Drimmel	
  et	
  al.	
  2000)	
  
using	
  new	
  data	
  and	
  a	
  different	
  luminosity	
  
calibra$on	
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Gezng	
  ready	
  for	
  the	
  first	
  Gaia	
  release,	
  which	
  
will	
  likely	
  include	
  the	
  TGAS	
  (Tycho-­‐GAIA	
  
Astrometric	
  Solu@on,	
  Michalik,	
  2015):	
  	
  
•	
  Comparing	
  kinema@cs	
  of	
  the	
  young	
  stars	
  to	
  
old	
  stars.	
  	
  
•	
  Improved	
  modeling	
  of	
  the	
  observa@ons,	
  
including	
  possible	
  systema@c	
  errors.	
  	
  
•	
  Deriving	
  be<er	
  distances	
  by	
  combining	
  the	
  
astrometric	
  and	
  photometric	
  data.	
  	
  


