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Parameters of our Galaxy

Distance to the Galactic center R0

Rotation velocity V0

Disk Luminosity in V band 1.2 x 10

Bulge Luminosity in V band 2 x 10

Disk M/L in V band 4-5

Disk+bulge mass (5-6) x 10

Bulge mass (0.5-1) x 10

Virial mass 10

Virial radius 260 kpc 

Type SBb

Disk scale length Rd = 3.0 ±0.5 kpc

Bulge scale length (R  2.7  kpc

Bar length  3. -3.5 kpc

Period of vertical oscillations  6.2 x 10

Rotational period at R  2.4 x 10

Oort limit (density in the plane) 0.11 Msun/pc

Solar motion relative to the Local Standard of Rest  13.3±0.8 km/s

Escape velocity at the solar distance 500-550 km/s
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ABSTRACT
A model of the bar and old stellar disk of the Galaxy has been derived from the survey of the Di†use

Infrared Background Experiment (DIRBE) of the Cosmic Background Explorer at wavelengths of 1.25,
2.2, 3.5, and 4.9 km. It agrees very well with the data, except in directions in which the near-infrared
optical depth is high. Among the conclusions drawn from the model is that the Sun is located approx-
imately 16.5 pc above the midpoint of the Galactic plane. The disk has an outer edge 4 kpc from the
Sun and is warped like the H I layer. It has a central hole roughly the diameter of the inner edge of the
3 kpc molecular cloud ring, and within that hole lies a bright, strong, ““ early-type ÏÏ bar, tilted approx-
imately 14¡ from the SunÈGalactic center line. The model has 47 free parameters. The model is discussed
in detail, and contour plots and images of the residuals are presented.
Subject headings : di†use radiation È galaxies : photometry È Galaxy : fundamental parameters È

Galaxy : structure È infrared : galaxies

1. INTRODUCTION

Only in recent years has it become accepted that our
Galaxy is barred. For decades, the prevailing assumption
had been that the central concentration of stars, hidden by
intervening dust, could be described by a spheroid in which
the density of stars fell as a power of the distance from the
center. So much was suggested by the distribution of globu-
lar clusters in the Galaxy and by the structure of elliptical
galaxies and the apparent shape of the central bulges of
many spiral galaxies viewed edge-on. What little obser-
vational evidence there was, obtained by counting stars in
low-extinction windows toward the inner Galaxy, did not
disprove this notion. Some examples of spheroidal bulge
models may be found in Vaucouleurs & Pencede (1978),

& Soneira andBahcall (1980), Kent (1992), Zhao (1996).
Meanwhile, radio astronomy had been accumulating evi-

dence that the inner part of the Galaxy is less neatly
arranged. The radial velocities of gas in the inner few kilo-
parsecs was found to be inconsistent with travel in circular
orbits. In some directions, the velocity is so great that the
gas was proposed to lie in an ““ expanding 3 kpc arm ÏÏ (Oort,
Kerr, & Westerhout between us and the center ; in1958)
general, its motion seemed predominantly outward, as if the
gas were being driven by titanic explosions near the Galac-
tic center & Hoyle but this notion lost(Burbridge 1963),
favor as the improbably vast energy and driven mass
required of such explosions came to be better understood

& Prendergast(Sanders 1974).
An alternative explanation is that the gas is moving in

noncircular orbits because the potential in which it lies is
asymmetric, perhaps because of a bar, as Vaucouleursde

suggested. Others came to a similar conclusion,(1964)
among them & Burton and & VietriLiszt (1980) Gerhard

et al. took this analysis further. From(1986). Binney (1991)
the kinematics of H I, CO, and CS, they deduced the pres-
ence of a bar whose near end lay in the �rst Galactic quad-
rant, tilted 16¡ ^ 2¡ from the line joining the Sun and the
Galactic center.

By this time, information from stars in the central part of
the Galaxy had begun to arrive, mostly from observations

1 Hughes STX, Code 685.9, NASA/Goddard Space Flight Center,
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in the mid- and near-infrared. & GilmoreHarmon (1986)
constructed a picture of the shape of the stellar bulge by
selecting Mira variables, whose period is a function of lumi-
nosity, from the IRAS point source catalog on the basis of
color. They found the bulge to be Ñattened in Z, and,
though they did not remark on it, the outer contours of
their Figure 3a show the bulge to be broader at positive
longitudes. et al. & CatchpoleNakada (1992), Whitelock

and also found this e†ect in the(1992), Weinberg (1992)
distribution of IRAS Mira variables and noted that it was
consistent with the appearance of a bar with its near end in
the �rst quadrant. More evidence came through the near-
infrared. et al. had mapped the surfaceMatsumoto (1982)
brightness of the bulge at 2.4 km; the pattern of the longitu-
dinal asymmetry of this map was read by & SpergelBlitz

as the clear signature of a bar.(1991)
The Di†use Infrared Background Experiment (DIRBE)

of the Cosmic Background Explorer (COBE) mapped the
entire sky in 10 wavelength bands, including four in the
near-infrared et al. et al.(Boggess 1990). Weiland (1994)
corrected the DIRBE 2.2 km map for extinction and sub-
tracted an extrapolated projection of the Galactic disk,
leaving behind a boxy, very barlike object that seems to
loom forward into the �rst quadrant. et al.Dwek (1995)
applied a variety of bar and spheroid models to this same
data and concluded that the bulge is de�nitely a bar, with a
tilt angle of 20¡ ^ 10¡.

Gravitational microlensing has recently been proposed as
a means of studying the inner Galaxy. Results from the
OGLE project regarding the bar are still preliminary

et al. but the stellar database assembled(Paczyn⇢ ski 1994),
for the project has allowed et al. to discover aStanek (1997)
bar tilted 20¡È30¡.

hereafter presented a modelFreudenreich (1996 ; Paper I),
of the Galactic disk derived from the DIRBE observations
at 1.25, 2.2, 3.5, and 4.9 km, where the surface brightness is
dominated by red giants. The DIRBE photometric bands
approximate the standard J, K, L , and M bands. (Here the
““ D ÏÏ subscript used to denote DIRBE in will bePaper I
omitted.) The model presumed that mature stars and the
di†use component of the interstellar dust each form a
homogeneous, possibly warped, disk ; if the structure of the
Galaxy appears di†erent in di†erent near-infrared bands, it
is due solely to wavelength-dependent extinction and emis-
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Early interpretation of HI gas motions:  
expanding 3kpc arm

alternative:  elliptical motions due to a bar



FIG. 11.ÈLogarithmic three-color image of the Galaxy (o b o \ 60¡) before and after model S was subtracted. The J and K bands have been scaled to the central emissivity of the L band. Tick
marks are at intervals of 20¡ (l) and 5¡ (b).
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Tick marks are 20deg in l and 5 deg in bLogarithmic 3-color image of MW. Bottom: residual map



FIG. 9.ÈJ-, K-, and L -band surface brightnesses MJy sr~1)] before and after the model S map was subtracted. The colors of this coded[log ( o Il o ] 0.001
intensity image are modulated to create a contour-like e†ect to better show structure. Colors to the left of the break in the color bar (blue to dark green to
blue) represent negative surface brightness. White pixels are saturated. The range is l \ 110¡ and b \ 15¡. Tick marks are at intervals of 10¡ (l) and 3¡ (b).
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Emission Map

Residual Map



Model: fitting observational data

The model consists of exponential thin stellar disk,  a bar, 
exponential disk of diffuse dust. Both the thick stellar disk 
and stellar halo were not included. They are too faint to 
affect DIRBE fluxes.
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FIG. 1.ÈOne sample of pixels selected for ⇠tting the model. The area within the inner contours is rejected for being anomalously red. The area within the
outer contours is rejected from only the J band. The dotted curves are at b \ ^15¡, within which zodiacal light residue may be signi⇠cant.

sion mask and defy any smooth model. Another advantage
of a robust ⇠gure of merit is that, by giving less weight to a
lesser component, it aids in cleanly dividing the Galaxy into
components : bar plus disk plus whatever appears in the
⇠nal residuals. Estimates of the measurement errors werep

jobtained from the scatter about polynomial ⇠ts to the local
surface brightness (see Although t has the basicPaper I).
characteristics desired of the ⇠gure of merit, it makes no
quantitative statement about the validity of the model in
any case, and it has been replaced by a measure that is
simpler and at least makes more intuitive sense, the mean
absolute fractional deviation (MAD), obtained by substitut-
ing for in the equation above.DATA

j
p
jThe optimization algorithm was based on the simulated

annealing method et al. p. 445). It never failed(Press 1992,
to converge.

3. THE MODEL

My intention was to build a simple model. I still consider
the model simple, overly simple in some respects, but, grudg-
ingly, parameter by parameter, it grew to a minimum of 47
free parameters. Seven pertain to the data reduction, 11 to
the dust layer, 15 to the disk, 12 (to 14) to the bar, and two
to the location of the Sun. A few of the symbols representing
the parameters have been changed since in thePaper I
interest of clarity, as their number has multiplied ; these
changes are noted in the text. The parameters are explained
in the subsections that follow and are labeled later on when
their values are tabulated.

Modeling was done in Galactocentric cylindrical coordi-
nates (R, h, Z), with the Sun at 180¡, and h mea-(R0, Z0),
sured counterclockwise, looking down from positive Z. The
parameter is free.Z0The model consists of an exponential stellar disk, a bar,
and an exponential disk of di†use dust. A thick disk is not
included. As noted in a thick disk is superÑuous toPaper I,
reproducing the observed surface brightness. If one exists, it
is too faint for the DIRBE to discern. After some experi-
mentation with a halo model, a halo was rejected for the
same reason.

The intensity at frequency l in the direction (l, b) is
obtained by integrating the volume emissivity o along the
line of sight s,

Il(l, b) \ dl ]P
(l,b)

ds(oldisk ] oldust ] olbar)e~ql(s) . (1)

The additive o†set absorbs the extragalactic backgrounddland possibly zodiacal light and ⇠ltering artifacts. The
extinction term exp is calculated from the dust[[ql(s)]model.

3.1. T he Model of the Stellar Disk
The modeled disk is exponential in R, outer truncated in

R, inner truncated in R, sech2 in Z, and warped. The model
does not force the truncations and warping but allows them
to occur if the data so dictate.

For another free parameter, the modeled disk isR � R
w
,

Ñat. For it is allowed to bend upward on one sideR [ R
w
,

and downward on the other, with a straight line of nodes at
azimuth Letting the mean elevation fromh

w
. u 4 R [ R
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In giving the disk a hole in its center, as in aPaper I,
Freeman type II galaxy produced more(Freeman 1970),
plausible residuals than leaving it purely exponential. Holes
have been found in the disks of other barred spirals (Ohta,
Hamabe, & Wakamatsu though not all1990), (Baggett,
Baggett, & Anderson and this is a natural outcome in1996),
N-body simulations, in which a bar forms from an insta-
bility in the disk (Hohl 1971 ; Schwartz 1984 ; Noguchi 1996,
and references therein). Therefore the modeled disk is per-
mitted a central hole. Since the inner part of the disk cannot
be expected to be axisymmetric in the presence of a strong
bar, the hole is permitted an eccentricity. The hole is imple-
mented through the function
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FIG. 1.ÈOne sample of pixels selected for ⇠tting the model. The area within the inner contours is rejected for being anomalously red. The area within the
outer contours is rejected from only the J band. The dotted curves are at b \ ^15¡, within which zodiacal light residue may be signi⇠cant.

sion mask and defy any smooth model. Another advantage
of a robust ⇠gure of merit is that, by giving less weight to a
lesser component, it aids in cleanly dividing the Galaxy into
components : bar plus disk plus whatever appears in the
⇠nal residuals. Estimates of the measurement errors werep

jobtained from the scatter about polynomial ⇠ts to the local
surface brightness (see Although t has the basicPaper I).
characteristics desired of the ⇠gure of merit, it makes no
quantitative statement about the validity of the model in
any case, and it has been replaced by a measure that is
simpler and at least makes more intuitive sense, the mean
absolute fractional deviation (MAD), obtained by substitut-
ing for in the equation above.DATA

j
p
jThe optimization algorithm was based on the simulated

annealing method et al. p. 445). It never failed(Press 1992,
to converge.

3. THE MODEL

My intention was to build a simple model. I still consider
the model simple, overly simple in some respects, but, grudg-
ingly, parameter by parameter, it grew to a minimum of 47
free parameters. Seven pertain to the data reduction, 11 to
the dust layer, 15 to the disk, 12 (to 14) to the bar, and two
to the location of the Sun. A few of the symbols representing
the parameters have been changed since in thePaper I
interest of clarity, as their number has multiplied ; these
changes are noted in the text. The parameters are explained
in the subsections that follow and are labeled later on when
their values are tabulated.

Modeling was done in Galactocentric cylindrical coordi-
nates (R, h, Z), with the Sun at 180¡, and h mea-(R0, Z0),
sured counterclockwise, looking down from positive Z. The
parameter is free.Z0The model consists of an exponential stellar disk, a bar,
and an exponential disk of di†use dust. A thick disk is not
included. As noted in a thick disk is superÑuous toPaper I,
reproducing the observed surface brightness. If one exists, it
is too faint for the DIRBE to discern. After some experi-
mentation with a halo model, a halo was rejected for the
same reason.
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bility in the disk (Hohl 1971 ; Schwartz 1984 ; Noguchi 1996,
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be expected to be axisymmetric in the presence of a strong
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FIG. 2.ÈFractional increase in surface brightness (model S) when the point-source removal process is not applied. The outermost contour level is at
0.25%. Each level inward is a factor of 2 higher. The thick contour represents the primary rejection mask.

is difficult to distinguish between nearby stars and pointlike
but extended distant sources, such as those on the bright-
ness crest of the inner Galaxy. As a consequence, the bright-
ness crest is rounded o†. The e†ect of this on the old disk
can be gauged by applying the same procedure to the
modeled L -band surface brightness map. In weFigure 2
have the di†erence between the unsmoothed and smoothed
maps from model S as a fraction of the unsmoothed mapÏs
surface brightness. The e†ect is greatest in a narrow strip
approximately 2¡ wide, the size of the minimal mask. An X
appears where the corners of the bulge have been eroded,
but it is very faint and �lls only a small part of the bulge
region. This �gure tells us that if data and model are to be
compared over the whole sky and not just over the non-
masked area, both must be either smoothed or unsmoothed
(it also reminds us that a boxy bulge may appear X-shaped
if a nonboxy model is subtracted from it).

compares the smoothed DIRBE L -band map toFigure 3
the smoothed map made using model S, with the primary
rejection mask overlaid. In this two-dimensional projection,
models E and S are very similar. In the nonmasked region,
the agreement between data and model is excellent. The
major discrepancies occur in the direction of the local spiral
arm or spur in Cygnus and toward the molecular clouds in
Ophiuchus, Orion, and Taurus.

While tells us how well model and data agree,Figure 3
the disagreements are best examined by focusing on the
residuals. In Figures and the smoothed modeled4, 5, 6, 7,
surface brightness, using model S and the primary mask,
has been subtracted in stages from the smoothed DIRBE J
through M sky maps. In the J map, the �nal residuals are
predominantly negative. There is more extinction, espe-
cially at positive latitudes, than the model predicts. Pro-
ceeding from the J through the K, L , and M bands, the
extinction lessens and the negative residue approaches zero.
It does not reach zero, however, suggesting a Ñaw in the
model, perhaps in its treatment of the dust layer.

There is much information in these plots of residuals, but
as that information does not include distances, the plots
should be interpreted with care. Most prominent in the
residuals is a bright nucleus roughly 2¡ (or 300 pc at a
distance of 8.5 kpc) in diameter. This becomes brighter and
morphologically simpler as the observing wavelength
increases and probably does occupy the center of the
Galaxy, a unique environment in which the model is cer-
tainly inadequate (see, for example, & SerabynMorris

There is also a bright narrow ridge in the inner1996).
Galaxy along the Galactic midplane, probably created by
stars associated with the young disk, red supergiants in
particular. The ridge is brighter at positive longitudes and

FIG. 3.ÈL -band (3.5 km) DIRBE and model S (smooth isophotes) surface brightness over the full sky. The area within the dark contour was excluded when
the model was �tted to the data. The surface brightness due to point sources, as calculated by the model, was added to both. The contour levels are 0.09, 0.13,
0.18, 0.26, 0.52, 0.73, 1.04, 1.47, 2.08, 2.94, 4.17, 5.90, and 8.36 MJy sr~1.
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0.25%. Each level inward is a factor of 2 higher. The thick contour represents the primary rejection mask.
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fainter and partially broken at negative longitudes. It is
tempting to link this asymmetric feature to the bar.

et al. identi⇠ed peaks in the DIRBEHammersley (1994)
K-band surface brightness at l \ 21¡ and 27¡ as probably
originating in star-forming regions at the near end of a bar,
which would need to be long (3.7È4 kpc) and viewed almost
broadside (at an angle of 75¡ ^ 5¡). et al.Calbet (1996)
developed this idea further. Since the oblong boxy bulge
seen in the DIRBE maps is much too narrow to be
explained by such a bar, the bar must be very thin in Z and
exist in addition to what they refer to as the ““ thin bulge. ÏÏ It
appears, however, that the ““ thin bulge ÏÏ is actually a strong
bar stretching more than 3 kpc from the Galactic center,
and two bars of roughly the same length are not observed in
other spiral galaxies. These peaks of brightness noted by

et al. do occur in my model-subtractedHammersley (1994)
maps. They appear even brighter and extend further in l in
the L and M bands. Yet I prefer to locate these peaks on an
arc or arm trailing the barÏs near end or on a bright segment
of a bar-circling ring. I agree with et al. thatCalbet (1996)
extinction caused by a dust lane could cause the brightness
ridge to appear fainter in the fourth Galactic quadrant. In
the ⇠rst quadrant, we probably see the trailing edge of the
near end of the bar and in the fourth the leading edge of the
far end. The dips in the surface brightness for
[12¡ [ l [ 0¡ could well be caused by dust within or at the
leading edge of the bar. At more negative longitudes I
believe we must search for other explanations.

When the minimal mask is used, there is no great change
in any one parameter. Extinction toward the inner Galaxy
decreases slightly, and the residuals acquire a small shift
toward the negative, as can be seen in whichFigure 8,
shows the ⇠nal L -band residuals of model S. The surface
brightness toward the Galactic center and the brightness
crest to either side simply cannot be accounted for by the
model. Using the minimal mask probably gains us nothing
but the greater opportunity to be biased by features extra-
neous to the bar and old disk. is the only ⇠gureFigure 8
presented that involves the minimal mask, but the values of
the model parameters will be tabulated for both masks (see
Tables and discussed in to give some idea of the2 3, ° 5),
possible bias entailed.

Now we move to the unsmoothed maps. (PlateFigure 9
6) displays pseudocolor images from the J, K, and L bands
before and after model subtraction. Translating from color
to surface brightness may be difficult because of the unusual
color table, which is better at displaying shape and detail,

but that information is available in the contour plots
already discussed. (Plate 7) combines the J, K,Figure 10
and L residual maps in a three-color image. The aforemen-
tioned Galactic nucleus and brightness ridge are evident.
Extended white patches mark the locations of low-
extinction windows. Appearing as pink or red are directions
in which the extinction is unusually heavy or there is signi⇠-
cant emission by dust or by luminous dust-shrouded stars.
There are spurs of heavier extinction reaching upward from
l B 0¡ and l B ^25¡. These have counterparts in far-
infrared image presented in (Fig. 2b of that paper)Paper I
and in maps of CO emission (see Fig. 6 of et al.Dame 1987),
which is strongly correlated with dust density.

(Plate 8) presents the same composite, beforeFigure 11
and after model subtraction, on a logarithmic brightness
scale so the bulge does not overwhelm the disk. The fact
that the disk and the bulge are morphologically identical at
the three wavelengths and have been scaled to the same
emissivity causes the three colors to sum to a gray haze
where the column density of the dust is low; the residuals
actually appear brighter than the original DIRBE image.

5. DISCUSSION OF THE MODELS

5.1. T he Tabulated Parameter Values
The values of the parameters of the three models were

normally distributed. Their means and the standard devi-
ations of the means are listed in Tables and Of course,2 3.
the standard deviations tell us more about the modelsÏ con-
sistency than about their validity. Comparison of models S
and E, and of the results obtained using the primary and the
minimal masks, probably provide a better idea of the true
uncertainties. In going from the primary to the minimal
mask, the major change is a decrease in extinction.

It might have been misleading to include the coefficients
of the cubic polynomial that describes the amplitude ofc

ithe warp, since the coefficients are not independent. Instead,
the shape of the warp is shown graphically in AsFigure 12.
noted in the orientation and magnitude of thePaper I,
warping is consistent with that of the H I layer, the shape of
which, however, is not known very precisely for R \ 12 kpc.

In all models, the deletion distances 520, 560,Dl B 470,
and 560 pc for bands J through M, respectively, and the
respective o†sets in surface brightness are 84, 64, 31, anddl14 kJy sr~1. These numbers include the extragalactic back-
ground but are also functions of the data reduction process,
so one should not read too much into them.

FIG. 8.ÈL -band (3.5 km) map after the modeled disk and bar are subtracted. The minimal mask was used in ⇠tting the model. The gray contours
represent Contour levels are numbered hexadecimally, starting at 0. The contour levels are ^ 0.06, 0.21, 0.40, 0.64, 0.94, 1.33, 1.82, 2.43, and 3.21 MJyIl \ 0.
sr~1.
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brightness toward the Galactic center and the brightness
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model. Using the minimal mask probably gains us nothing
but the greater opportunity to be biased by features extra-
neous to the bar and old disk. is the only ⇠gureFigure 8
presented that involves the minimal mask, but the values of
the model parameters will be tabulated for both masks (see
Tables and discussed in to give some idea of the2 3, ° 5),
possible bias entailed.

Now we move to the unsmoothed maps. (PlateFigure 9
6) displays pseudocolor images from the J, K, and L bands
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FIG. 8.ÈL -band (3.5 km) map after the modeled disk and bar are subtracted. The minimal mask was used in ⇠tting the model. The gray contours
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FIG. 14.ÈT op : Log of the face-on surface brightness from models S, E, and P. Our position is marked by the solar symbol. Bottom : L -band pro⇠les taken
along the major and minor axes of the bar. The asterisks denote an average of the bar plus the disk over the azimuth.

extrapolated its surface brightness in the DIRBE maps
inward from larger longitudes to the region of the bulge
(since the extrapolation did not take into account a central
hole in the disk, this probably produced an overestimate).
To further minimize the e†ects of the disk, they chose a
relatively small bulge region with 3¡ \ o b o \ 10¡ and
o l o \ 10¡. The K, L , and M bands were ⇠tted individually,
with the s2 as the ⇠gure of merit. The agreement between
our results is fairly good, despite the di†erences in method.
Taking their best (and most consistent) model, G2 with a 5
kpc cuto†, and ignoring the K band, which di†ers greatly in
scale lengths from the other two, we ⇠nd a tilt angle of 9¡.5
and axis ratios of 1.75 :0.62 :0.42 kpc. The tilt angle and the
ratio of scale lengths agree with those of my models.
However, other Dwek et al. models that have values of s2
nearly as good as G2 lead to very dissimilar bars. I believe
fewer and more general models would have produced more
consistent and realistic bars. Some (such as Kuijken 1996)
have commented on the inherent limitations in using
surface photometry to reconstruct a three-dimensional bar.
The problem is admittedly challenging, but we should not
underestimate the amount of information o†ered by the
DIRBE maps ; even a 47 parameter model may be far from
exhausting it.

The et al. results are more consistent thanStanek (1997)
those of et al. at least in tilt angle. TheyDwek (1995),
applied the Dwek et al. models and several of their own to
the distribution of ““ red clump ÏÏ giants, which have a
narrow range of intrinsic luminosity, in 12 ⇠elds toward the
bulge. They assumed kpc. All the Stanek et al.R0 4 8.0

models returned a tilt angle D20¡ (14¡È34¡). Their best
models were power-law and exponential models. The
power-law models Mexempli⇠ed by their model ““ P2 ÏÏ using
o P [R(1 ] R)]~2N had axis ratios of 1.10 :0.45 :0.29 kpc.
The exponential models [““ E2 ÏÏ : o P exp ([R)N had axis
ratios of 0.94 :0.34 :0.26 kpc. Their Gaussian model, similar
to the Dwek et al. G2 model, had axis ratios of
1.33 :0.56 :0.45 kpc. Their coverage of the area of the bulge is
still sparse ; only six distinct directions were sampled, only
two outside the latitude strip [5¡ \ b \ [3¡.

The bar postulated by et al. is tilted only aBinney (1991)
degree or two more from the Sun-center line than my model
S bar but is signi⇠cantly smaller and weaker. The bar is of
the power-law type, ending within a corotation radius ⇠xed
at 2.4 kpc. It is unclear how the existence of a bar like that
of model S would a†ect their interpretation of gas orbits in
the inner Galaxy.

Pro⇠les of the disk and bar along the major and minor
axes of the bar are shown in along with pro⇠lesFigure 14,
obtained by averaging the disk and the bar over the
azimuth angle. In models S and E, the averaged pro⇠le
remains approximately exponential as it continues inward
in R. et al. found this to be true in their sampleOhta (1990)
of barred spiral galaxies and cited it as evidence that the bar
formed from an instability of the disk, with little redistri-
bution of stars in the radial direction. The similarity in the
near-infrared color of the bar and the disk also supports
this theory (if we normalize the central emissivities to their
L -band values, we get 2.33, 1.89, 1.0, and 0.51, respectively,
for the J through M bands in the disk and 2.26, 1.93, 1.0,
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ABSTRACT
We present star count data from the Sloan Digital Sky Survey for 5.8 ] 105 stars brighter than

g@ \ 21 mag over 279 deg2 in two samples north and south of the Galactic plane. Using these high-
latitude (49¡ \ o b o \ 64¡) star counts we determine the SunÏs distance from the Galactic midplane to be
27 ^ 4 pc and the scale height of the old thin disk to be 330 ^ 3 pc. Because of the photometric accu-
racy and large area sky coverage of these data, the color-magnitude diagram clearly reveals a signiÐcant
thick-disk population distinct in color from a Galactic halo population. The position of the thick-disk
turno† is at g@[r@ D 0.33. Several questions about the existence of the thick disk and its origin are
addressed through a set of model Ðts to the star count data. Our best-Ðt model gives a thick-disk scale
height between 580 and 750 pc, below the original proposal of Gilmore and Reid, and the corresponding
space number density normalization is 13%È6.5% of the thin disk. The conclusions reached in this paper
favor a scenario in which the thick disk formed through the heating of a preexisting thin disk, with the
heating mechanism being the merging of a satellite galaxy.

The density law for the Galactic halo population is also investigated. We Ðnd that the data support a
Ñattened halo with c/a D 0.55 ^ 0.06 and a relatively Ñat power-law index (2.5 ^ 0.3). The axis ratio of
the visible halo found in this paper is compatible with that of dark halo, suggesting that they have the
same shape and dynamical origin.
Subject headings : Galaxy : stellar content È Galaxy : structure

1. INTRODUCTION

Over the last two decades highly efficient, linear, two-
dimensional detectors, along with powerful data processing
systems, have enabled the generation of large quantities of
high-quality imaging data. New and more accurate star
count surveys have been published (Majewski 1991 ; Ojha et
al. 1996 ; Spagna et al. 1996 ; Phleps et al. 2000) or are being
carried out (York et al. 2000). The main structural features
of the Milky Way have been identiÐed. As a consequence, it
has been possible to design synthetic models of Galactic
stellar populations (Bahcall & Soneira 1981 ; Gilmore 1984 ;
Robin & 1986 ; Reid & Majewski 1993 ; &Cre! ze! Me! ndez
van Altena 1998 ; Chen et al. 1999).
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Our knowledge of details of the structure of the Milky
Way, as inferred from star count data with color informa-
tion, is about to enter the next level of precision with the
advent of new surveys such as the Sloan Digital Sky Survey
(SDSS). This will, in turn, require the reÐnement of models
of Galactic structure to Ðt parameters of the basic com-
ponents of our Galactic star system.

Bahcall & Soneira (1981) established the Ðrst self-
consistent model by analyzing star count data from Kron
(1978), Tyson & Jarvis (1979), and Peterson et al. (1979). In
their model, old thin disk stars were found to have a scale
height of 325 pc, and the halo stars were represented by a
deprojected de Vaucouleurs r1@4 law. Bahcall & Soneira
(1984) and Bahcall et al. (1985) showed that all the existing
star count data with V \ 22 mag could be successfully
modeled with only two populations, thin-disk and spheroid.

By analyzing data near the south Galactic pole from the
UK Schmidt Telescope, Gilmore (1984) proposed a Galaxy
model with three populations : thin-disk, thick-disk, and
halo. The scale height of the thick disk was found to be 1450
pc and its space number density 2% of the thin disk in the
solar neighborhood.

Robin et al. (1996) analyzed star count data in a number
of Galactic directions. They found that the scale height of
the thick disk is 760 pc and that its density is 6% of the thin
disk. In Table 1, we summarize the main parameters rela-
ting to the vertical distribution of stars in these models.

To pin down Galactic structure with more precision, a
data set with high photometric accuracy is required. Fur-
thermore, the observed area should be large enough to
minimize the e†ects of local Ñuctuations in the spatial dis-
tribution of stars. The Sloan Digital Sky Survey (York et al.
2000) is producing high-quality (D3% photometry at
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Kinematics of stars
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Disk: 	

early-type stars have smaller rms velocities and their velocity ellipsoid is not 
pointed to the galactic center.	

late-type stars have larger rms velocities and almost no vertex deviation	

typical ratio of velocities σR: σφ: σz = 1: 0.65: 0.5	

typical values:                 30:20:15 km/s	

important:                      σR ≠ σz 	

velocity dispersion declines with the distance to the galactic center
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ABSTRACT
We present a detailed analysis of the space motions of 1203 solar-neighborhood stars with metal

abundances [Fe/H] ¹ [0.6, on the basis of a catalog, of metal-poor stars selected without kinematic
bias recently revised and supplemented by Beers et al. This sample, having available proper motions,
radial velocities, and distance estimates for stars with a wide range of metal abundances, is by far the
largest such catalog to be assembled to date. We show that the stars in our sample with [Fe/H] ¹[2.2,
which likely represent a ““ pure ÏÏ halo component, are characterized by a radially elongated velocity ellip-
soid 106 ^ 9, 94 ^ 8) km s~1 and small prograde rotation to 50 km(p

U
, p

V
, p

W
) \ (141 ^ 11, SVÕT \ 30

s~1, consistent with previous analysis of this sample by Beers and Sommer-Larsen based on radial veloc-
ity information alone. In contrast to the previous analysis, we Ðnd a decrease in with increasingSVÕT
distance from the Galactic plane for stars that are likely to be members of the halo population

km s~1 kpc~1), which may represent the signature of a dissipatively formed(*SVÕT/* o Z o \ [52 ^ 6
Ñattened inner halo. Unlike essentially all previous kinematically selected catalogs, the metal-poor stars
in our sample exhibit a diverse distribution of orbital eccentricities, e, with no apparent correlation
between [Fe/H] and e. This demonstrates, clearly and convincingly, that the evidence o†ered in 1962 by
Eggen, Lynden-Bell, & Sandage for a rapid collapse of the Galaxy, an apparent correlation between the
orbital eccentricity of halo stars with metallicity, is basically the result of their proper-motion selection
bias. However, even in our nonkinematically selected sample, we have identiÐed a small concentration of
high-e stars at [Fe/H] D [1.7, which may originate, in part, from infalling gas during the early forma-
tion of the Galaxy. We Ðnd no evidence for an additional thick disk component for stellar abundances
[Fe/H] ¹ [2.2. The kinematics of the intermediate-abundance stars close to the Galactic plane are, in
part, a†ected by the presence of a rapidly rotating thick disk component with ^200 km s~1 (withSVÕT
a vertical velocity gradient on the order of km s~1 kpc~1) and velocity ellipsoid*SVÕT/* o Z o \ [30 ^ 3

50 ^ 4, 35 ^ 3) km s~1. The fraction of low-metallicity stars in the solar neigh-(p
U
, p

V
, p

W
) \ (46 ^ 4,

borhood that are members of the thick disk population is estimated as D10% for [2.2 \ [Fe/
H] ¹ [1.7 and D30% for [1.7 \ [Fe/H] ¹ [1. We obtain an estimate of the radial scale length of the
metal-weak thick disk of 4.5 ^ 0.6 kpc.

We also analyze the global kinematics of the stars constituting the halo component of the Galaxy. The
outer part of the halo, which we take to be represented by local stars on orbits reaching more than 5
kpc from the Galactic plane, exhibits no systematic rotation. In particular, we show that previous sug-
gestions of the presence of a ““ counter-rotating high halo ÏÏ are not supported by our analysis. The
density distribution of the outer halo is nearly spherical and exhibits a power-law proÐle that is accu-
rately described as o P R~3.55B0.13. The inner part of the halo is characterized by a prograde rotation
and a highly Ñattened density distribution. We Ðnd no distinct boundary between the inner and outer
halo. We conÐrm the clumping in angular-momentum phase space of a small number of local metal-
poor stars noted in 1999 by Helmi et al. We also identify an additional elongated feature in angular-
momentum phase space extending from the clump to regions with high azimuthal rotation. The number
of members in the detected clump is not signiÐcantly increased from that reported by Helmi et al., even
though the total number of the sample stars we consider is almost triple that of the previous investiga-
tion. We conclude that the fraction of halo stars that may have arisen from the precursor object of this
clump may be smaller than 10% of the present Galactic halo, as previously suggested. The implications
of our results for the formation of the Galaxy are discussed, in particular in the context of the currently
favored cold dark matter theory of hierarchical galaxy formation.
Key words : Galaxy : abundances È Galaxy : evolution È Galaxy : halo È stars : Population II

1. INTRODUCTION

Over the past few decades, studies of the luminous halo
population of metal-deÐcient Ðeld stars and globular clus-
ters have provided an increasingly detailed picture of the

formation and evolution of the Galaxy. Because the time
required for mixing of the initial phase-space distribution of
these objects, via exchange of energies and angular
momenta, is thought to exceed the age of the Galaxy, kine-
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FIG. 1.ÈDistribution of the velocity components (U, V , W ) vs. [Fe/H]
for the 1203 stars with available proper motions.

metal-poor stars studied with Hipparcos, lack sufficient
numbers of stars (compare, e.g., with Fig. 4 of CY).

To examine the characteristic local velocity distributions
of our sample, we conÐne ourselves to a discussion of the
stars for which the Galactocentric distance along the plane,
R, is between 7 and 10 kpc and those for which the distance
from the Sun, D, is within 4 kpc. Six stars in this subsample
have large rest-frame velocities, km s~1, that areVRF [ 550
in excess of the canonical escape velocity in the solar neigh-
borhood km s~1 ; Carney, Latham, &(VescD500[550

Laird 1988). Although some of the space velocities may
indeed be this high, the majority of these stars probably
have large due to an overestimation of their distances,VRFwhich has artiÐcially inÑated their estimated tangential
velocities. We choose to remove these extreme-velocity stars
by placing an additional limit of km s~1 on theVRF ¹ 550
sample. The stars satisfying the above selection criteria are
referred to as the ““ selected sample ÏÏ in the following dis-
cussion.

We Ðrst calculate the mean velocities (SUT, SV T, SW T)
and velocity dispersions for the selected(p

U
, p

V
, p

W
)

sampleÈvalues for Ðve characteristic ranges in metal abun-
dance are listed in Table 1. Velocity dispersions are esti-
mated from the standard deviations after correction for the
typical measurement errors in the velocities (D10 km s~1).
Figure 2 shows as a function of [Fe/H]. In this(p

U
, p

V
, p

W
)

Ðgure we have adopted a Ðner binning in metal abundance ;
the dispersion measurements in each bin are listed in Table
2. The Ðlled and open circles in Figure 2 denote the stars at
o Z o \ 1 kpc and o Z o \ 4 kpc, respectively, where Z is the
height above the Galactic plane.

The most metal-deÐcient stars in the selected sample,
those more metal-poor than [Fe/H] \ [2.2, are domi-
nated by members of the halo population. For o Z o \ 1 kpc,
these stars exhibit a radially elongated velocity ellipsoid

km s~1, in good(p
U
, p

V
, p

W
) \ (141 ^ 11, 106 ^ 9, 94 ^ 8)

agreement with previous results (e.g., BSL; CY). With a
slightly more metal-rich cut on the abundances, i.e., selec-
ting stars with [Fe/H] \ [1.7, we obtain similar values
(148 ^ 7, 110 ^ 5, 92 ^ 4) km s~1, so it appears that the
shape of the velocity ellipsoid remains essentially
unchanged with varying [Fe/H] below [Fe/H] \ [1.7. In
this regard Norris (1994), from his analysis of a sample of
high proper-motion stars, claimed that continues top

Wincrease with decreasing [Fe/H], even at its lowest levels.
This result was taken to indicate the possible existence of a
dynamically ““ hot ÏÏ protodisk population at low abun-
dances. Carney et al. (1996) disputed this result, as their
analysis of a di†erent set of high proper-motion stars indi-
cated that the disk component is not dynamically hot, at
least when membership is conÐned to the stars orbiting
exclusively within the inner part of the Galaxy, R ¹ 14 kpc.
Figure 2c shows no evidence for an increase of at lowp

Wabundances.

TABLE 1

MEAN VELOCITIES AND VELOCITY DISPERSIONS OF THE SELECTED SAMPLE

[Fe/H] SUT SV T SW T p
U

p
V

p
W

(dex) N (km s~1) (km s~1) (km s~1) (km s~1) (km s~1) (km s~1)

o Z o \ 1 kpc

[0.6 to [0.8 . . . . . . 141 2 ^ 4 [30 ^ 5 [5 ^ 3 50 ^ 3 56 ^ 3 34 ^ 2
[0.8 to [1.0 . . . . . . 79 7 ^ 10 [62 ^ 10 1 ^ 6 93 ^ 7 86 ^ 7 50 ^ 4
[1.0 to [1.6 . . . . . . 194 8 ^ 9 [122 ^ 7 [1 ^ 6 122 ^ 6 104 ^ 5 81 ^ 4
[1.6 to [2.2 . . . . . . 205 23 ^ 10 [178 ^ 8 [2 ^ 6 147 ^ 7 115 ^ 6 87 ^ 4
¹[2.2 . . . . . . . . . . . . . 78 17 ^ 16 [187 ^ 12 [5 ^ 11 141 ^ 11 106 ^ 9 94 ^ 8

o Z o \ 4 kpc

[0.6 to [0.8 . . . . . . 197 4 ^ 5 [43 ^ 4 [2 ^ 3 65 ^ 3 62 ^ 3 40 ^ 2
[0.8 to [1.0 . . . . . . 97 2 ^ 10 [74 ^ 9 3 ^ 5 94 ^ 7 84 ^ 6 49 ^ 4
[1.0 to [1.6 . . . . . . 280 5 ^ 8 [137 ^ 6 [4 ^ 5 129 ^ 5 108 ^ 5 81 ^ 3
[1.6 to [2.2 . . . . . . 327 8 ^ 8 [189 ^ 7 [1 ^ 5 154 ^ 6 121 ^ 5 86 ^ 3
¹[2.2 . . . . . . . . . . . . . 141 13 ^ 13 [200 ^ 10 [5 ^ 9 151 ^ 9 121 ^ 7 103 ^ 6
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FIG. 1.ÈDistribution of the velocity components (U, V , W ) vs. [Fe/H]
for the 1203 stars with available proper motions.

metal-poor stars studied with Hipparcos, lack sufficient
numbers of stars (compare, e.g., with Fig. 4 of CY).

To examine the characteristic local velocity distributions
of our sample, we conÐne ourselves to a discussion of the
stars for which the Galactocentric distance along the plane,
R, is between 7 and 10 kpc and those for which the distance
from the Sun, D, is within 4 kpc. Six stars in this subsample
have large rest-frame velocities, km s~1, that areVRF [ 550
in excess of the canonical escape velocity in the solar neigh-
borhood km s~1 ; Carney, Latham, &(VescD500[550

Laird 1988). Although some of the space velocities may
indeed be this high, the majority of these stars probably
have large due to an overestimation of their distances,VRFwhich has artiÐcially inÑated their estimated tangential
velocities. We choose to remove these extreme-velocity stars
by placing an additional limit of km s~1 on theVRF ¹ 550
sample. The stars satisfying the above selection criteria are
referred to as the ““ selected sample ÏÏ in the following dis-
cussion.

We Ðrst calculate the mean velocities (SUT, SV T, SW T)
and velocity dispersions for the selected(p
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mated from the standard deviations after correction for the
typical measurement errors in the velocities (D10 km s~1).
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Ðgure we have adopted a Ðner binning in metal abundance ;
the dispersion measurements in each bin are listed in Table
2. The Ðlled and open circles in Figure 2 denote the stars at
o Z o \ 1 kpc and o Z o \ 4 kpc, respectively, where Z is the
height above the Galactic plane.

The most metal-deÐcient stars in the selected sample,
those more metal-poor than [Fe/H] \ [2.2, are domi-
nated by members of the halo population. For o Z o \ 1 kpc,
these stars exhibit a radially elongated velocity ellipsoid

km s~1, in good(p
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agreement with previous results (e.g., BSL; CY). With a
slightly more metal-rich cut on the abundances, i.e., selec-
ting stars with [Fe/H] \ [1.7, we obtain similar values
(148 ^ 7, 110 ^ 5, 92 ^ 4) km s~1, so it appears that the
shape of the velocity ellipsoid remains essentially
unchanged with varying [Fe/H] below [Fe/H] \ [1.7. In
this regard Norris (1994), from his analysis of a sample of
high proper-motion stars, claimed that continues top

Wincrease with decreasing [Fe/H], even at its lowest levels.
This result was taken to indicate the possible existence of a
dynamically ““ hot ÏÏ protodisk population at low abun-
dances. Carney et al. (1996) disputed this result, as their
analysis of a di†erent set of high proper-motion stars indi-
cated that the disk component is not dynamically hot, at
least when membership is conÐned to the stars orbiting
exclusively within the inner part of the Galaxy, R ¹ 14 kpc.
Figure 2c shows no evidence for an increase of at lowp
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metal-poor stars studied with Hipparcos, lack sufficient
numbers of stars (compare, e.g., with Fig. 4 of CY).

To examine the characteristic local velocity distributions
of our sample, we conÐne ourselves to a discussion of the
stars for which the Galactocentric distance along the plane,
R, is between 7 and 10 kpc and those for which the distance
from the Sun, D, is within 4 kpc. Six stars in this subsample
have large rest-frame velocities, km s~1, that areVRF [ 550
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Laird 1988). Although some of the space velocities may
indeed be this high, the majority of these stars probably
have large due to an overestimation of their distances,VRFwhich has artiÐcially inÑated their estimated tangential
velocities. We choose to remove these extreme-velocity stars
by placing an additional limit of km s~1 on theVRF ¹ 550
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Ðgure we have adopted a Ðner binning in metal abundance ;
the dispersion measurements in each bin are listed in Table
2. The Ðlled and open circles in Figure 2 denote the stars at
o Z o \ 1 kpc and o Z o \ 4 kpc, respectively, where Z is the
height above the Galactic plane.

The most metal-deÐcient stars in the selected sample,
those more metal-poor than [Fe/H] \ [2.2, are domi-
nated by members of the halo population. For o Z o \ 1 kpc,
these stars exhibit a radially elongated velocity ellipsoid
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agreement with previous results (e.g., BSL; CY). With a
slightly more metal-rich cut on the abundances, i.e., selec-
ting stars with [Fe/H] \ [1.7, we obtain similar values
(148 ^ 7, 110 ^ 5, 92 ^ 4) km s~1, so it appears that the
shape of the velocity ellipsoid remains essentially
unchanged with varying [Fe/H] below [Fe/H] \ [1.7. In
this regard Norris (1994), from his analysis of a sample of
high proper-motion stars, claimed that continues top

Wincrease with decreasing [Fe/H], even at its lowest levels.
This result was taken to indicate the possible existence of a
dynamically ““ hot ÏÏ protodisk population at low abun-
dances. Carney et al. (1996) disputed this result, as their
analysis of a di†erent set of high proper-motion stars indi-
cated that the disk component is not dynamically hot, at
least when membership is conÐned to the stars orbiting
exclusively within the inner part of the Galaxy, R ¹ 14 kpc.
Figure 2c shows no evidence for an increase of at lowp
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MEAN VELOCITIES AND VELOCITY DISPERSIONS OF THE SELECTED SAMPLE
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o Z o \ 1 kpc
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U  = radial velocities (cylindrical coords)	

V  = tangential velocities	

W= vertical velocities
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FIG. 2.ÈDistribution of the velocity dispersions vs.(p
U
, p

V
, p

W
)

[Fe/H] for the selected sample with 7 \ R \ 10 kpc, D \ 4 kpc, and VRF ¹
550 km s~1. Filled and open circles denote the stars at o Z o \ 1 kpc and
o Z o \ 4 kpc, respectively.

The velocity dispersion components of the selected
sample in the more metal-rich abundance ranges decrease
as the contribution of the thick-disk component progres-
sively increases. In particular, for [0.7 ¹ [Fe/H] \ [0.6
and o Z o \ 1 kpc, where the contribution of the halo com-
ponent is expected to be negligible, the mean V velocity,
SV T , is [20 ^ 5 km s~1 ; the velocity dispersions are (p

U
,

50 ^ 4, 35 ^ 3) km s~1. This result is inp
V
, p

W
) \ (46 ^ 4,

agreement with previously derived kinematic parameters
for the thick disk, which appears to be in rapid rotation
(D200 km s~1), provided the rotational speed of the LSR is

km s~1 (BSL). With these values for the thick-VLSR \ 220
disk kinematics, it is possible to estimate the radial scale
length of this component using the following formula
(Binney & Tremaine 1987) :

2VLSR Vlag [ V lag2 \ p
U
2A[1 ] p

V
2

p
U
2 ] 2

R
h
R

B
, (1)

where is the asymmetric drift given byVlag Vlag \ [SV T,
and is the scale length of the disk, provided its densityh

Rvaries as By inserting kmexp ([R/h
R
). VLSR \ 220 ^ 10

s~1, the assumed solar radius R \ 8.5 kpc (Kerr & Lynden-
Bell 1986) and derived parameters for [0.7 ¹ [Fe/H]
\ [0.6 in equation (1), we obtain kpc.h

R
\ 4.5 ^ 0.6

This is in good agreement with kpc obtainedh
R

\ 4.7 ^ 0.5
by BSL, and also with the lower limit of kpch

R
^ 4.5

derived by Ratnatunga & Freeman (1989). We note that the
second term on the left-hand side of equation (1) has been
omitted in some previous works, as it is small compared to
other terms. If we were to exclude this term, we would
obtain kpc, thereby slightly underestima-h

R
\ 4.3 ^ 0.6

ting h
R
.

2.2. Rotational Character of the Selected Sample
We now examine the rotational character of the selected

sample. Figure 3 shows the mean rotational velocities SVÕT
(the rotation velocity in a cylindrical coordinate frame) as a
function of [Fe/H], based on stars in the selected sample.
The left-hand panel in Figure 3a displays the results for the
abundance ranges listed in Table 3, for three subsets of the
sample as a function of distance above the plane. In the
right-hand panel of Figure 3a, the bins are obtained by
passing a box of width N \ 100 stars, ordered by metal-
licity, with an overlap of 20 stars each. The latter approach
is adopted to avoid any e†ects of the arbitrary placement of
bins on the results.

Note that the panels in Figure 3a are obtained with full
knowledge of the space motions of the stars in the selected
sample. Figure 3b is based on the radial velocities alone,
applying the methodology of Frenk & White (1980, here-
after FW; see also Norris 1986 ; Morrison, Flynn, &
Freeman 1990, hereafter MFF; BSL). The solid lines in the
left- and right-hand panels of Figure 3b denote asSVÕT
derived for the stars with available proper motions (denoted
as in Table 3), i.e., the same sample as in Figure 3a,SVÕTpmFW
whereas the dashed lines are for all of the stars with avail-
able radial velocities in Table 3). Comparison(SVÕTpmFW
between Figures 3a and 3b allows us to examine whether
the selected sample is subject to any signiÐcant kinematic
bias, since, if so, the derived from the space motions isSVÕT
expected to be systematically smaller from that determined
on the basis of radial velocities alone (Ryan & Norris 1991 ;
Norris & Ryan 1991).

Figure 3a clearly indicates that the rotational properties
of the selected sample change discontinuously at [Fe/H]
^[1.7. Stars with [Fe/H] \ [1.7 exhibit no systematic
variation of with decreasing [Fe/H]. It is interesting toSVÕT
note that the subsample of low-abundance stars with
o Z o \ 1 kpc shows a rather large prograde rotation of

km s~1, and that decreases if stars atSVÕT \ 30 D 50 SVÕT
larger heights are considered, at least for the two abundance
bins centered on [Fe/H] \ [1.9 and [2.2, respectively.
This behavior is not exhibited, however, for stars in the
lowest abundance bin. To check the signiÐcance of this
feature, we have combined the stars in our selected sample
in the metallicity interval [2.4 ¹ [Fe/H] ¹ [1.9 and
obtained by sweeping a box of 50 stars ordered bySVÕT
o Z o , with an overlap of 30 stars. The results are summarized
in Table 4 and depicted in Figure 4. The lower solid line in
Figure 4 is a least-squares Ðt to the data, which yields

km s~1 kpc~1, indicating the*SVÕT/* o Z o \ [52 ^ 6
presence of a signiÐcant vertical gradient in at lowSVÕT
abundances. Figure 4 also suggests that beyondSVÕT
o Z o D 1.2 kpc has a nearly constant zero value. If we
exclude the last point at o Z o \ 1.76 kpc from the Ðt, we
obtain km s~1 kpc~1 (dotted line).*SVÕT/* o Z o \ [62 ^ 5
Note that Majewski (1992) reported evidence for a halo
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sample. Figure 3 shows the mean rotational velocities SVÕT
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function of [Fe/H], based on stars in the selected sample.
The left-hand panel in Figure 3a displays the results for the
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is adopted to avoid any e†ects of the arbitrary placement of
bins on the results.

Note that the panels in Figure 3a are obtained with full
knowledge of the space motions of the stars in the selected
sample. Figure 3b is based on the radial velocities alone,
applying the methodology of Frenk & White (1980, here-
after FW; see also Norris 1986 ; Morrison, Flynn, &
Freeman 1990, hereafter MFF; BSL). The solid lines in the
left- and right-hand panels of Figure 3b denote asSVÕT
derived for the stars with available proper motions (denoted
as in Table 3), i.e., the same sample as in Figure 3a,SVÕTpmFW
whereas the dashed lines are for all of the stars with avail-
able radial velocities in Table 3). Comparison(SVÕTpmFW
between Figures 3a and 3b allows us to examine whether
the selected sample is subject to any signiÐcant kinematic
bias, since, if so, the derived from the space motions isSVÕT
expected to be systematically smaller from that determined
on the basis of radial velocities alone (Ryan & Norris 1991 ;
Norris & Ryan 1991).

Figure 3a clearly indicates that the rotational properties
of the selected sample change discontinuously at [Fe/H]
^[1.7. Stars with [Fe/H] \ [1.7 exhibit no systematic
variation of with decreasing [Fe/H]. It is interesting toSVÕT
note that the subsample of low-abundance stars with
o Z o \ 1 kpc shows a rather large prograde rotation of

km s~1, and that decreases if stars atSVÕT \ 30 D 50 SVÕT
larger heights are considered, at least for the two abundance
bins centered on [Fe/H] \ [1.9 and [2.2, respectively.
This behavior is not exhibited, however, for stars in the
lowest abundance bin. To check the signiÐcance of this
feature, we have combined the stars in our selected sample
in the metallicity interval [2.4 ¹ [Fe/H] ¹ [1.9 and
obtained by sweeping a box of 50 stars ordered bySVÕT
o Z o , with an overlap of 30 stars. The results are summarized
in Table 4 and depicted in Figure 4. The lower solid line in
Figure 4 is a least-squares Ðt to the data, which yields

km s~1 kpc~1, indicating the*SVÕT/* o Z o \ [52 ^ 6
presence of a signiÐcant vertical gradient in at lowSVÕT
abundances. Figure 4 also suggests that beyondSVÕT
o Z o D 1.2 kpc has a nearly constant zero value. If we
exclude the last point at o Z o \ 1.76 kpc from the Ðt, we
obtain km s~1 kpc~1 (dotted line).*SVÕT/* o Z o \ [62 ^ 5
Note that Majewski (1992) reported evidence for a halo

Velocity dispersion as 
function of metallicity
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FIG. 3.ÈDistribution of the mean rotational velocities vs. [Fe/H] for the selected sample, assuming an LSR rotation velocity of 220 km s~1.SVrT
Left-hand panels show the results for characteristic abundance ranges, whereas in the right-hand panels, we calculate by passing a box of width N \ 100SVrT
stars (ordered by metallicity), with an overlap of 20 stars each. (a) Based on the full knowledge of proper motions and radial velocities. Filled circles, crosses,
and open circles correspond to the stars at o Z o \ 4 kpc, o Z o \ 1.6 kpc, and o Z o \ 1 kpc, respectively. (b) Based on the Frenk & White methodology using
radial velocities alone. The solid line denotes for the stars with available proper motions at o Z o \ 4 kpc, i.e., the same sample as in (a). The dashed lineSVrT
denotes for the stars with available radial velocities and o Z o \ 4 kpc. For comparison, we plot the Ðlled circles from (a).SVrT

weak thick disk (MWTD)1 has been considered several
times in the past (e.g., MFF; Rodgers & Roberts 1993 ;
Layden 1995 ; BSL; Ryan & Lambert 1995 ; Twarog &
Anthony-Twarog 1996 ; CY). Figure 5 shows the frequency
distribution of for the stars in the selected sample withVÕavailable space motions, for subsets chosen to have (a)
o Zo \ 1 kpc, and (b) o Z o º 1 kpc, respectively. At o Z o \ 1
kpc, where the disklike kinematics are expected to be more
evident than at larger heights above the plane, the metal-
rich stars with [Fe/H] [ [1 are peaked at kmVÕ \ 200
s~1, a rather high rotational velocity. One also sees the
presence of a small contribution of the stars with halo-like
kinematics. At lower abundances the halo-like kinematics
become much more dominant ; the contribution of the

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 These metal-poor stars with disklike kinematics may also include a

considerable portion of the thin disk if its metallicity distribution overlaps
that of the thick disk (Wyse & Gilmore 1995).

MWTD is apparently decreasing at lower abundances and
higher o Z o .

To quantify the fraction of the MWTD in our local
sample within the speciÐed abundance ranges, we have
Ðtted the subset of stars with o Z o \ 1 kpc using a mixture of
two Gaussian distributions for representing the haloVÕ,
and disk populations. The halo kinematic parameters

km s~1 are derived from(SVÕThalo, pÕ,halo) \ (]33, 106)
stars with [Fe/H] ¹ [2.2. The rotation velocity of the disk
component, km s~1, is obtained con-SVÕT [ disk \ ]200
sidering the stars in the metallicity range [0.7 \ [Fe/
H] ¹ [0.6. With these parameters Ðxed, we evaluate the
most likely values of the velocity dispersion of the disk,

and fraction, F, of the MWTD, using a maximumpÕ,disk,
likelihood analysis (see also MFF; CY). The likelihood
function for the stars with is given byV Õi

log f (F, pÕ,disk) \ ;
i/1

N
log [Ff diski ] (1 [ F) f haloi ] , (2)
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two Gaussian distributions for representing the haloVÕ,
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FIG. 4.ÈDistribution of the mean rotational velocities, vs. o Z oSVrT,
for stars of the selected sample in the abundance ranges [2.4 ¹ [Fe/H]
¹ [1.9 and [0.8 ¹ [Fe/H] ¹ [0.6, respectively. The binning in o Z o is
made by sweeping a box of 50 stars through the data (ordered by o Z o ),
with an overlap of 30 stars. Solid lines are least-square Ðts to the data. The
dotted line for [2.4 ¹ [Fe/H] ¹ [1.9 is the Ðt obtained after excluding
the last point at o Z o \ 1.76 kpc.

TABLE 4

DEPENDENCE OF ROTATION VELOCITY ON o Z o FOR THE

SELECTED SAMPLE

S o Z o T SVÕT pÕ
(kpc) N (km s~1) (km s~1) SVÕT/pÕ

[2.4 ¹ [Fe/H] ¹ [1.9

0.27 . . . . . . 50 73 ^ 14 98 ^ 10 0.74 ^ 0.16
0.47 . . . . . . 50 56 ^ 14 97 ^ 10 0.58 ^ 0.15
0.62 . . . . . . 50 50 ^ 14 100 ^ 10 0.50 ^ 0.15
0.74 . . . . . . 50 38 ^ 14 101 ^ 10 0.37 ^ 0.15
0.88 . . . . . . 50 32 ^ 13 94 ^ 10 0.34 ^ 0.15
1.04 . . . . . . 50 19 ^ 16 112 ^ 11 0.17 ^ 0.14
1.24 . . . . . . 50 0 ^ 21 147 ^ 15 0.00 ^ 0.14
1.49 . . . . . . 50 3 ^ 20 142 ^ 14 0.02 ^ 0.14
1.87 . . . . . . 50 [8 ^ 20 143 ^ 14 [0.05 ^ 0.14

[0.8 ¹ [Fe/H] ¹ [0.6

0.01 . . . . . . 50 203 ^ 5 34 ^ 3 6.01 ^ 0.62
0.02 . . . . . . 50 200 ^ 6 42 ^ 4 4.74 ^ 0.50
0.09 . . . . . . 50 190 ^ 7 52 ^ 5 3.68 ^ 0.40
0.24 . . . . . . 50 185 ^ 8 57 ^ 6 3.27 ^ 0.36
0.46 . . . . . . 50 177 ^ 10 72 ^ 7 2.47 ^ 0.29
0.71 . . . . . . 50 179 ^ 10 70 ^ 7 2.56 ^ 0.29
1.01 . . . . . . 50 171 ^ 9 64 ^ 6 2.68 ^ 0.31
1.75 . . . . . . 64 143 ^ 8 68 ^ 6 2.12 ^ 0.23

TABLE 5

PARAMETERS OF THE MWTD AT o Z o \ 1 kpca

[Fe/H] S[Fe/H]T pÕ,disk
(dex) (dex) N (km s~1) F

[0.6 to [1.0 . . . . . . [0.76 220 40 0.85
[1.0 to [1.7 . . . . . . [1.37 234 47 0.29
[1.7 to [2.2 . . . . . . [1.93 165 41 0.08
¹[2.2 . . . . . . . . . . . . . [2.48 78 16 0.05

a On the assumption that km s~1 andSVÕThalo \ 33 pÕ,halo \
km s~1 for the halo and km s~1 for the disk.106 SVÕTdisk \ 200

properties of the mass model and provide expres-Sta" ckel
sions for three integrals of motion in such a model (see also
de Zeeuw 1985 ; Dejonghe & de Zeeuw 1988)

3.1. T he Relationship between Orbital Eccentricity and
Metal Abundance

We Ðrst compute orbital eccentricities, deÐned as e \
where and denote the apo-(rap [ rpr)/(rap ] rpr), rap rprgalactic and perigalactic distances of the orbits, respectively.

These orbital parameters are tabulated in Table 3 of Paper
II for the stars under consideration. In Figure 6a, we show
the relation between e and [Fe/H]. As is evident, there is no
strong correlation between these quantities, and the metal-
poor stars below [Fe/H] \ [2 exhibit a diverse range in
orbital eccentricities. This is in sharp contrast to the ELS
result, and it conÐrms previous suggestions from a number
of workers, but in a much more deÐnitive manner (Yoshii &
Saio 1979 ; Norris, Bessell, & Pickels 1985 ; Carney &
Latham 1986 ; Carney, Latham, & Laird 1990 ; Norris &
Ryan 1991 ; CY). In addition to the diverse distribution of e
at all abundances, we note a small concentration of the stars
at e D 0.9 and [Fe/H] D [1.7, which is somewhat remi-
niscent of the original ELS result. It is perhaps not coin-
cidental that the excess number of high-e stars occurs at an
abundance which matches the sharp discontinuity of SVÕT
found at [Fe/H] \ [1.7, where is almost zero (Fig. 3).SVÕT
This may suggest that a signiÐcant fraction of the metal-
poor stars with abundances near [Fe/H] \ [1.7 formed
from infalling gas of this metallicity during an early stage of
Galaxy formation, in a manner similar to an ELS collapse.

In Figure 6b we show the mean eccentricity, SeT, versus
[Fe/H], where the bins are obtained by passing a box of
width N \ 100 stars, ordered by metallicity, with an
overlap of 20 stars each. For comparison, the dashed line
denotes the result of Carney et al. (1996) for their high
proper-motion sample. There is a clear di†erence from our
resultsÈthe use of a kinematically selected sample overesti-
mates the average orbital eccentricities at a given [Fe/H] by
an amount up to 0.2.

Figure 7 shows the cumulative distributions of e, N(\e),
in two speciÐc abundance ranges, (1) for [Fe/H] ¹ [2.2
and (2) for [1.4 \ [Fe/H] ¹ [1. Figure 7a clearly demon-
strates that even at quite low abundance, roughly 20% of
our stars have e \ 0.4. The di†erent lines correspond to the
cases when the range of o Z o is changed. It is apparent that,
for stars with [Fe/H] ¹ [2.2, the cumulative distribution
function of e is unchanged when considering subsets of the
data with a range of o Z o , suggesting the absence of any
substantial disklike component below this metallicity. By
way of contrast, Figure 7b shows that stars with interme-
diate abundances exhibit (1) a higher fraction of orbits with
e \ 0.4 than for the lower abundance stars, (2) a decrease in
the relative fraction of low eccentricity stars as larger
heights above the Galactic plane are considered, and (3)
convergence at larger heights to a fraction which is close to
the 20% obtained for the lower abundance stars. These
results imply that the orbital motions of the stars in the
intermediate-abundance range are, in part, a†ected by the
presence of thick-disk component with a Ðnite scale height.
We recall that CY and Chiba, Yoshii, & Beers (1999), using
a sample of metal-poor stars with Hipparcos measurements,
found a further decrease of the fraction of the stars with
e \ 0.4 at larger o Z o , without achieving the convergence
noted here (see Fig. 15 of CY). This was presumably due to
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3.1. T he Relationship between Orbital Eccentricity and
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We Ðrst compute orbital eccentricities, deÐned as e \
where and denote the apo-(rap [ rpr)/(rap ] rpr), rap rprgalactic and perigalactic distances of the orbits, respectively.

These orbital parameters are tabulated in Table 3 of Paper
II for the stars under consideration. In Figure 6a, we show
the relation between e and [Fe/H]. As is evident, there is no
strong correlation between these quantities, and the metal-
poor stars below [Fe/H] \ [2 exhibit a diverse range in
orbital eccentricities. This is in sharp contrast to the ELS
result, and it conÐrms previous suggestions from a number
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cidental that the excess number of high-e stars occurs at an
abundance which matches the sharp discontinuity of SVÕT
found at [Fe/H] \ [1.7, where is almost zero (Fig. 3).SVÕT
This may suggest that a signiÐcant fraction of the metal-
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Galaxy formation, in a manner similar to an ELS collapse.
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[Fe/H], where the bins are obtained by passing a box of
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function of e is unchanged when considering subsets of the
data with a range of o Z o , suggesting the absence of any
substantial disklike component below this metallicity. By
way of contrast, Figure 7b shows that stars with interme-
diate abundances exhibit (1) a higher fraction of orbits with
e \ 0.4 than for the lower abundance stars, (2) a decrease in
the relative fraction of low eccentricity stars as larger
heights above the Galactic plane are considered, and (3)
convergence at larger heights to a fraction which is close to
the 20% obtained for the lower abundance stars. These
results imply that the orbital motions of the stars in the
intermediate-abundance range are, in part, a†ected by the
presence of thick-disk component with a Ðnite scale height.
We recall that CY and Chiba, Yoshii, & Beers (1999), using
a sample of metal-poor stars with Hipparcos measurements,
found a further decrease of the fraction of the stars with
e \ 0.4 at larger o Z o , without achieving the convergence
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Conclusions:
• Stars with [Fe/H]<-2.2, which likely represent a pure halo, have 

radially elongated velocity ellipsoid:
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ABSTRACT
We present a detailed analysis of the space motions of 1203 solar-neighborhood stars with metal

abundances [Fe/H] ¹ [0.6, on the basis of a catalog, of metal-poor stars selected without kinematic
bias recently revised and supplemented by Beers et al. This sample, having available proper motions,
radial velocities, and distance estimates for stars with a wide range of metal abundances, is by far the
largest such catalog to be assembled to date. We show that the stars in our sample with [Fe/H] ¹[2.2,
which likely represent a ““ pure ÏÏ halo component, are characterized by a radially elongated velocity ellip-
soid 106 ^ 9, 94 ^ 8) km s~1 and small prograde rotation to 50 km(p

U
, p

V
, p

W
) \ (141 ^ 11, SVÕT \ 30

s~1, consistent with previous analysis of this sample by Beers and Sommer-Larsen based on radial veloc-
ity information alone. In contrast to the previous analysis, we Ðnd a decrease in with increasingSVÕT
distance from the Galactic plane for stars that are likely to be members of the halo population

km s~1 kpc~1), which may represent the signature of a dissipatively formed(*SVÕT/* o Z o \ [52 ^ 6
Ñattened inner halo. Unlike essentially all previous kinematically selected catalogs, the metal-poor stars
in our sample exhibit a diverse distribution of orbital eccentricities, e, with no apparent correlation
between [Fe/H] and e. This demonstrates, clearly and convincingly, that the evidence o†ered in 1962 by
Eggen, Lynden-Bell, & Sandage for a rapid collapse of the Galaxy, an apparent correlation between the
orbital eccentricity of halo stars with metallicity, is basically the result of their proper-motion selection
bias. However, even in our nonkinematically selected sample, we have identiÐed a small concentration of
high-e stars at [Fe/H] D [1.7, which may originate, in part, from infalling gas during the early forma-
tion of the Galaxy. We Ðnd no evidence for an additional thick disk component for stellar abundances
[Fe/H] ¹ [2.2. The kinematics of the intermediate-abundance stars close to the Galactic plane are, in
part, a†ected by the presence of a rapidly rotating thick disk component with ^200 km s~1 (withSVÕT
a vertical velocity gradient on the order of km s~1 kpc~1) and velocity ellipsoid*SVÕT/* o Z o \ [30 ^ 3

50 ^ 4, 35 ^ 3) km s~1. The fraction of low-metallicity stars in the solar neigh-(p
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, p
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, p

W
) \ (46 ^ 4,

borhood that are members of the thick disk population is estimated as D10% for [2.2 \ [Fe/
H] ¹ [1.7 and D30% for [1.7 \ [Fe/H] ¹ [1. We obtain an estimate of the radial scale length of the
metal-weak thick disk of 4.5 ^ 0.6 kpc.

We also analyze the global kinematics of the stars constituting the halo component of the Galaxy. The
outer part of the halo, which we take to be represented by local stars on orbits reaching more than 5
kpc from the Galactic plane, exhibits no systematic rotation. In particular, we show that previous sug-
gestions of the presence of a ““ counter-rotating high halo ÏÏ are not supported by our analysis. The
density distribution of the outer halo is nearly spherical and exhibits a power-law proÐle that is accu-
rately described as o P R~3.55B0.13. The inner part of the halo is characterized by a prograde rotation
and a highly Ñattened density distribution. We Ðnd no distinct boundary between the inner and outer
halo. We conÐrm the clumping in angular-momentum phase space of a small number of local metal-
poor stars noted in 1999 by Helmi et al. We also identify an additional elongated feature in angular-
momentum phase space extending from the clump to regions with high azimuthal rotation. The number
of members in the detected clump is not signiÐcantly increased from that reported by Helmi et al., even
though the total number of the sample stars we consider is almost triple that of the previous investiga-
tion. We conclude that the fraction of halo stars that may have arisen from the precursor object of this
clump may be smaller than 10% of the present Galactic halo, as previously suggested. The implications
of our results for the formation of the Galaxy are discussed, in particular in the context of the currently
favored cold dark matter theory of hierarchical galaxy formation.
Key words : Galaxy : abundances È Galaxy : evolution È Galaxy : halo È stars : Population II

1. INTRODUCTION

Over the past few decades, studies of the luminous halo
population of metal-deÐcient Ðeld stars and globular clus-
ters have provided an increasingly detailed picture of the

formation and evolution of the Galaxy. Because the time
required for mixing of the initial phase-space distribution of
these objects, via exchange of energies and angular
momenta, is thought to exceed the age of the Galaxy, kine-
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• They have small prograde rotation <Vφ>=30-50km/s	

• <Vφ> decreases with the distance from the plane	

• There is NO correlation between orbital eccentricity and [Fe/H]

• Intermediate-abundance stars close to the plane of the disk 
(thick disk) have large  <Vφ>=200km/s. Their velocity ellipsoid:
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ABSTRACT
We present a detailed analysis of the space motions of 1203 solar-neighborhood stars with metal

abundances [Fe/H] ¹ [0.6, on the basis of a catalog, of metal-poor stars selected without kinematic
bias recently revised and supplemented by Beers et al. This sample, having available proper motions,
radial velocities, and distance estimates for stars with a wide range of metal abundances, is by far the
largest such catalog to be assembled to date. We show that the stars in our sample with [Fe/H] ¹[2.2,
which likely represent a ““ pure ÏÏ halo component, are characterized by a radially elongated velocity ellip-
soid 106 ^ 9, 94 ^ 8) km s~1 and small prograde rotation to 50 km(p
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) \ (141 ^ 11, SVÕT \ 30

s~1, consistent with previous analysis of this sample by Beers and Sommer-Larsen based on radial veloc-
ity information alone. In contrast to the previous analysis, we Ðnd a decrease in with increasingSVÕT
distance from the Galactic plane for stars that are likely to be members of the halo population

km s~1 kpc~1), which may represent the signature of a dissipatively formed(*SVÕT/* o Z o \ [52 ^ 6
Ñattened inner halo. Unlike essentially all previous kinematically selected catalogs, the metal-poor stars
in our sample exhibit a diverse distribution of orbital eccentricities, e, with no apparent correlation
between [Fe/H] and e. This demonstrates, clearly and convincingly, that the evidence o†ered in 1962 by
Eggen, Lynden-Bell, & Sandage for a rapid collapse of the Galaxy, an apparent correlation between the
orbital eccentricity of halo stars with metallicity, is basically the result of their proper-motion selection
bias. However, even in our nonkinematically selected sample, we have identiÐed a small concentration of
high-e stars at [Fe/H] D [1.7, which may originate, in part, from infalling gas during the early forma-
tion of the Galaxy. We Ðnd no evidence for an additional thick disk component for stellar abundances
[Fe/H] ¹ [2.2. The kinematics of the intermediate-abundance stars close to the Galactic plane are, in
part, a†ected by the presence of a rapidly rotating thick disk component with ^200 km s~1 (withSVÕT
a vertical velocity gradient on the order of km s~1 kpc~1) and velocity ellipsoid*SVÕT/* o Z o \ [30 ^ 3

50 ^ 4, 35 ^ 3) km s~1. The fraction of low-metallicity stars in the solar neigh-(p
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borhood that are members of the thick disk population is estimated as D10% for [2.2 \ [Fe/
H] ¹ [1.7 and D30% for [1.7 \ [Fe/H] ¹ [1. We obtain an estimate of the radial scale length of the
metal-weak thick disk of 4.5 ^ 0.6 kpc.

We also analyze the global kinematics of the stars constituting the halo component of the Galaxy. The
outer part of the halo, which we take to be represented by local stars on orbits reaching more than 5
kpc from the Galactic plane, exhibits no systematic rotation. In particular, we show that previous sug-
gestions of the presence of a ““ counter-rotating high halo ÏÏ are not supported by our analysis. The
density distribution of the outer halo is nearly spherical and exhibits a power-law proÐle that is accu-
rately described as o P R~3.55B0.13. The inner part of the halo is characterized by a prograde rotation
and a highly Ñattened density distribution. We Ðnd no distinct boundary between the inner and outer
halo. We conÐrm the clumping in angular-momentum phase space of a small number of local metal-
poor stars noted in 1999 by Helmi et al. We also identify an additional elongated feature in angular-
momentum phase space extending from the clump to regions with high azimuthal rotation. The number
of members in the detected clump is not signiÐcantly increased from that reported by Helmi et al., even
though the total number of the sample stars we consider is almost triple that of the previous investiga-
tion. We conclude that the fraction of halo stars that may have arisen from the precursor object of this
clump may be smaller than 10% of the present Galactic halo, as previously suggested. The implications
of our results for the formation of the Galaxy are discussed, in particular in the context of the currently
favored cold dark matter theory of hierarchical galaxy formation.
Key words : Galaxy : abundances È Galaxy : evolution È Galaxy : halo È stars : Population II

1. INTRODUCTION

Over the past few decades, studies of the luminous halo
population of metal-deÐcient Ðeld stars and globular clus-
ters have provided an increasingly detailed picture of the

formation and evolution of the Galaxy. Because the time
required for mixing of the initial phase-space distribution of
these objects, via exchange of energies and angular
momenta, is thought to exceed the age of the Galaxy, kine-
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The paper ‘The radial velocity dispersion profile of the Galactic
halo: constraining the density profile of the dark halo of the Milky
Way’ was published in Mon. Not. R. Astron. Soc. 364, 433–442
(2005). In the manuscript we compared the observed radial veloc-
ity dispersion profile for the Milky Way halo, σ GSR,∗, to the radial
velocity dispersion profile predicted by several dark matter models,
σ r,∗. The observed profile is derived from the heliocentric velocities
of halo tracers, corrected for the solar motion and the local standard
of rest (LSR) velocity. Equation (3) of the above manuscript, which
relates σ r,∗ and σ GSR,∗, is incorrect. The correct equation is:

σ GSR,∗(r ) = σr ,∗(r )
√

1 − β H (r ), (1)

This error affected our determination of the best-fitting values of the
parameters in our mass models (section 2.3 of the original paper).

For the models presented in section 2.3.1, for which the ve-
locity anisotropy β was constant with radius, we now obtain the
following.

(i) Assuming that the dark matter halo follows the density distri-
bution of a pseudo-isothermal sphere (equation 5), we now obtain a
minimum χ 2

min = 37 for a nearly isotropic velocity ellipsoid (−0.2 !
β ! 0.1 at the 1σ level) and a core radius very close to zero with a 1σ

upper limit of 0.22 kpc. As in the original manuscript, we conclude
that this profile provides a poor fit to the data.

(ii) A Navarro–Frenk–White (NFW) dark matter halo of con-
centration c = 10 yields a best-fitting virial mass M v = 1.5 ± 0.2 ×
1012 M⊙ and a purely radial velocity anisotropy (χ2

min = 83). For
an NFW halo of concentration c = 18 we obtain a χ 2

min = 35 for a
virial mass M v = 9.4+1.4

−0.9 × 1011 M⊙, very close to our earlier esti-
mate and in agreement with previous works; the velocity anisotropy
is once again almost purely radial. As in the original manuscript,
the model with c = 18 is favoured with respect to lower concentra-
tions. Fig. 1 shows the above described best-fitting NFW profiles,
with overlaid the favourite model of Klypin, Zhao & Somerville
(2002).

(iii) The Truncated Flat (TF) model for the dark matter halo gives
a best-fitting mass M = 5+2.5

−1.7 × 1011 M⊙ and β = 0.6 ± 0.3 (χ 2
min

= 7). This model now gives a better representation of the data at
every radius. The predicted velocity anisotropy is now radial and

⋆E-mail: gbattagl@astro.rug.nl

Figure 1. Observed radial velocity dispersion (squares with error bars) over-
laid on two of the best-fitting models for the NFW mass distributions (dashed
line: c = 10; solid line: c = 18). The dotted curve corresponds to the Galacto-
centric radial velocity dispersion profile obtained using the preferred model
(B1) of Klypin et al. (2002). This figure replaces the bottom panel of fig. 4
in the original manuscript.

in agreement with the value observed in the solar neighbourhood;
however, the best-fitting mass is considerably smaller than in previ-
ous works. We tested the Galactocentric radial velocity dispersion
profile predicted for a TF model with mass equal to the upper 1σ

value from our best fit and a velocity anisotropy equal to the lower
1σ β, and found that it gives a good representation of the data. Fig. 2
shows the best-fitting TF profile compared to the best-fitting mod-
els of Wilkinson & Evans (1999) and Sakamoto, Chiba & Beers
(2003).

For the NFW mass models with a velocity anisotropy β that
varies with radius (section 2.3.2), we obtain a best-fitting virial mass
M v = 2.4 (± 0.2, 0.4) × 1012 M⊙ (at the 1σ , 2σ level) with a χ 2

min =
46 for the radially anisotropic model (equation 12); for the tangen-
tially anisotropic model (equation 13) we obtain M v = 1.2(± 0.1,
0.3) × 1012 M⊙ (at the 1σ , 2σ level) with a minimum χ2

min=17
(model β − tgtoy) and M v = 2.2(± 0.2, 0.3) × 1012 M⊙ with a
minimum χ 2

min = 23 (model β − tgSN).
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ABSTRACT
We have compiled a new sample of 240 halo objects with accurate distance and radial veloc-
ity measurements, including globular clusters, satellite galaxies, field blue horizontal branch
(FHB) stars and red giant stars from the Spaghetti survey. The new data lead to a significant
increase in the number of known objects for Galactocentric radii beyond 50 kpc, which allows
a reliable determination of the radial velocity dispersion profile out to very large distances.
The radial velocity dispersion shows an almost constant value of 120 km s−1 out to 30 kpc and
then continuously declines down to 50 km s−1 at about 120 kpc. This fall-off puts important
constraints on the density profile and total mass of the dark matter halo of the Milky Way.
For a constant velocity anisotropy, the isothermal profile is ruled out, while both a dark halo
following a truncated flat (TF) model of mass 1.2+1.8

−0.5 × 1012 M⊙ and a Navarro, Frenk &
White (NFW) profile of mass 0.8+1.2

−0.2 × 1012 M⊙ and c = 18 are consistent with the data. The
significant increase in the number of tracers combined with the large extent of the region probed
by these has allowed a more precise determination of the Milky Way mass in comparison to
previous works. We also show how different assumptions for the velocity anisotropy affect the
performance of the mass models.

Key words: Galaxy: halo – Galaxy: kinematics and dynamics – Galaxy: structure – dark
matter.

1 I N T RO D U C T I O N

The determination of the total mass of the Galaxy has been a sub-
ject of considerable interest since the work of Kapteyn in the early
1920s (see Fich & Tremaine 1991 for an introductory review on
the subject). Since then, the mass of the Milky Way has seen its
estimates grow by factors of 10 to 100, with some dependence on
the type of mass tracer used: H I kinematics, satellite galaxies and
globular clusters, or the Local Group infall pattern. The most recent
determinations yield fairly consistent values for the mass within
50 kpc, with an uncertainty of the order of 20 per cent, for a given
mass model (Kochanek 1996; Wilkinson & Evans 1999, hereafter

⋆E-mail: gbattagl@astro.rug.nl

W&E99; Sakamoto, Chiba & Beers 2003, hereafter SCB03). How-
ever, even today, the total mass of the Galaxy is not known better
than within a factor of 2.

Whatever method is used, be it the H I kinematics, globular clus-
ters, satellite galaxies, or halo giants, it is only possible to determine
the mass enclosed in the region probed by these tracers (Binney &
Tremaine 1987). This implies that the rotation curve derived from H I

will only constrain the mass within roughly 18 kpc from the Galactic
Centre (Rohlfs & Kreitschmann 1988; Honma & Sofue 1997), a
region which is baryon dominated. Globular clusters and satellite
galaxies are, in principle, better probes of the large-scale mass dis-
tribution of the Galaxy, because they are found out to distances
beyond 100 kpc. However, there are only 15 such objects beyond
50 kpc (Zaritsky et al. 1989; Kochanek 1996). Only six of these
have proper motion measurements, which, despite the large errors,
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can further constrain the shape of the velocity ellipsoid. Using this
data set, W&E99 favour isotropic to slightly tangentially anisotropic
models, although 1σ contours for the velocity anisotropy β give
−0.4 ! β ! 0.7. SCB03 have added to the sample used by W&E99
field blue horizontal branch (FHB) stars with proper motions and
radial velocities. While this is clearly an improvement, these stars
are located within 10 kpc of the Sun, which strongly limits their
constraining power at larger radii. In their models, the velocity el-
lipsoid is tangentially anisotropic, with β ∼ −1.25 as the most likely
value.

It is clearly important to measure the total mass of the Galaxy in
order to constrain its dark matter content. However, it is also criti-
cal to determine its distribution: density profile, flattening, velocity
ellipsoid, etc. One of the most fundamental predictions of cold dark
matter (CDM) models is that the density should follow a Navarro,
Frenk & White (NFW) profile throughout most of the halo (Navarro,
Frenk & White 1997).

The density profiles derived from the gas rotation curves of large
samples of external galaxies do not always follow the NFW shape
(de Blok, McGaugh & Rubin 2001). Tracers at larger distances are
rare, but objects such as planetary nebulae or globular clusters could
yield powerful constraints on the mass distribution at those radii;
for example, for elliptical galaxies as shown by Romanowsky et al.
(2003).

In the case of the Milky Way, the situation is not dissimilar.
The distribution of mass inside the Solar circle has been studied
extensively (see e.g. Dehnen & Binney 1998; Evans & Binney
2001; Bissantz, Debattista & Gerhard 2004). A common conclu-
sion is that there is little room for dark matter in this region of the
Galaxy.

However, does the dark matter beyond the edge of the Galac-
tic disc follow an NFW profile? How does the most often as-
sumed isothermal profile perform in this region of the Galaxy (e.g.
Sommer-Larsen et al. 1997; Bellazzini 2004)? Is the velocity el-
lipsoid close to isotropic as found in CDM simulations (Ghigna
et al. 1998)? Modelling of the kinematics of halo stars by Sommer-
Larsen et al. (1997) favoured an ellipsoid that became more tan-
gentially anisotropic towards larger distances, while Ratnatunga &
Freeman (1989) found a constant line-of-sight velocity dispersion
out to 25 kpc.

These fundamental issues can only be addressed when a suf-
ficiently large number of probes of the outer halo of the Galaxy
are available. Ideal tracers are red giant stars or blue horizon-
tal branch stars, which can be identified photometrically also at
large galactocentric distances (Morrison et al. 2000; Clewley et al.
2002; Sirko et al. 2004a,b). Spectroscopic follow-up allows both
the confirmation of the luminosity class as well as the determina-
tion of radial velocities with relatively small errors (Morrison et al.
2003). With the advent of wide field surveys, such as the Sloan
Digital Sky Survey, or the Spaghetti survey, the numbers of such
outer halo probes have increased by large amounts, making this an
ideal time to address the mass distribution of our Galaxy in greater
detail.

This paper is organized as follows. In Section 2.1, we describe
the observational data sets used to determine the radial velocity
dispersion curve. In Section 2.2, we introduce several mass models
for the dark halo of our Galaxy and derive how the line-of-sight
velocity dispersion depends on the model parameters. In Section 2.3,
we compare the data to the models and derive the best-fitting values
of the parameters using χ2 fitting. Finally, we discuss our results
and future prospects in Section 3.

2 T H E R A D I A L V E L O C I T Y D I S P E R S I O N
C U RV E

2.1 The observational data sets

Our goal is to derive the radial velocity dispersion profile of the
Milky Way stellar halo in the regime where it is dominated by the
gravitational potential of its dark matter halo. Hence, we restrict
ourselves to tracers located at Galactocentric distances greater than
10 kpc, where the contribution of the disc is less important.

We use a sample of nine satellite galaxies, 44 globular clusters,
57 halo giants and 130 FHB stars. The various data sources of this
sample are listed in Table 1. It is worth noting that there are 24 objects
located beyond 50 kpc in our sample and that we have enough
statistics to measure radial velocity dispersion out to 120 kpc as
shown in the top panel of Fig. 1. This covers a significantly larger
radial range than many previous works, including e.g. Sommer-
Larsen et al. (1997), whose outermost point is at 50 kpc.

The red halo giants are from the Spaghetti survey (Morrison et al.
2000). This is a pencil beam survey that has so far covered 20 deg2

Table 1. Characteristics of the data used in this paper. In all cases, position
in the sky, heliocentric distance and line-of-sight velocities are available.

Objects Number of objects Source

Globular clusters 44 Harris (1996)
FHB stars 130 Wilhelm et al. (1999),

Clewley et al. (2004)
Red halo giants 57 Spaghetti survey
Satellite galaxies 9 Mateo (1998)

Figure 1. The top panel shows the number of objects per bin in our sample.
The bottom panel shows the Galactocentric radial velocity dispersion of the
Milky Way halo. The squares with error bars correspond to the dispersion
profile for the whole sample. The diamonds indicate the Galactocentric radial
velocity dispersion if the satellite galaxies are not included in the sample.
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