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Abstract. From an uvbyf3 photometric survey of the north
galactic pole where most A stars (A3 — A9) above b = 70°and
brighter than B = 11.5 were included we report the observed
number density and age variation with z(pc). Stars between ~30
and 1300 pc are included.

Our sample consists of 396 sharply defined main se-
quence/subgiant A stars following the Stromgren — Crawford
definition, no B, imA or F type stars are included, approximate
color limits are 0.055 — 0.220 in (b-y)o. Proper motions from the
PPM and CAMC catalogs are available for all stars implying U
and V velocities. Radial velocities for a subsample (179 stars
with b 2 75° and z < 450 pc) are available from the literature.
From a luminosity point of view the sample is volume complete
within ~450 pc.

For a fit to the observed density variation the choice of func-
tion is not obvious and it seems that these A stars may not be
fitted by a single law but requires at least two and more likely
up to four components. Assuming exponential density variation
two groups of stars seem present with scale heights around 65
and 165 pc respectively. The latter may be an underestimate
due to volume incompleteness for the coolest unevolved A stars
beyond 450 pc. The exponentials approximating the number
density has a relative normalization 1.00: 0.03 for z = 0 pc.
With these two components only the first of Perry’s (1969) h =
40 and h = 600 pc groups seem represented in our volume com-
plete sample. Adopting instead a gaussian variation the data may
indicate three components with scale heights 45, 75 and 155 pc
and relative normalization 1.0:0.5:0.2, respectively. Finally a set
of four sech?( Z )s with scale heights 55, 85, 165 and 420 pc and
relative normalizations 1.00:0.47:0.18:0.005 for z = 0 seem to
fit the number density data well. This combination is based on
independent 75 pc bins. A sech? variation is perhaps the most
obvious choice being the expected variation for an isothermal
and selfgravitating disk.

With a 100 pc running binning there are indications that the
stars older than the sample median 0.75 Gyr require a compo-
nent with a scale height 680 pc. It may also be present in the
young sample, ages less than 0.75 Gyr, but only beyond ~400
pc. What perhaps is more surprising is the formal presence of
groups of stars diplaying a density maximum at z =200—-250 pc,

present for both age groups, and most interestingly the angular
momentum also displays irregularities at the same z distances.
The hump is not proposed to represent a physical entity but
something like it is required for fitting the observations better
than 10%. A consequence of the hump is that derivatives of the
distribution display large variations. There seems to be signif-
icant differences between this distribution and the sum of four
sech?s from the previous paragraph.

W and U dispersions seem to have a constant ratio within the
z range where we have both kinds of data. oy shows a homoge-
neous increase from ~20 to 45 km s~! within the completeness
limit, with a 75 pc independent binning, and to ~70 km s~! at
800 pc. The complete U histogram may not be fitted with a sin-
gle gaussian, three with different dispersions and mean values
provide a reasonable fit. A more detailed binning shows do;/0z
to change in a discontinous way at ~200 pc.

An application of the data might be a combination of the
density and velocity data for a determination of the local, total
disk density. But since velocity dispersions do obey some sort
of age depence the age - z variation turns out to be of importance
and there is a very clear systematic trend of mean ages with z.
The average age increases almost linearly to ~0.75 Gyr, reached
at 200 pc, and then it stays constant within the completeness
limit. On the average the younger A stars show arelative absence
beyond 200 pc implying that very different velocity dispersions
might be seen on either side of 200 pc.

The curve fitted to the density data permits a study of its
derivatives. Adopting a linear approximation to oy ’s z varia-
tion, instead of isothermallity, OK,/0z’s variation within ~150
pc indicates that the combined Poisson — Jeans equation may
only return estimates of the local volume mass density that vary
within a factor of two but the fit by four sech?s turns out to be
equivalent with a representation by two gaussians with scale
heights 129 and 250 pc which implies that between 100 and
200 pe protar = 0.12+0.04 Z4, pc~* whereas OK./0z from
the same fit and a linear approximation to the oy — z variation
returns pyoq1(z=0) ~ 0.05 7, pc—3.

The age, density and kinematic inhomogeneities revealed in
the sample compel us to the conclusion that the A stars do not
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trace the galactic potential in a simple way — probably because
the age mixing varies with distance.

Key words: galaxy: kinematics and dynamics — solar neigh-
bourhood — stellar content — structure

1. Introduction

An essential issue for the Milky Way and for spirals in general
is the form of the light and mass variation perpendicular to the
disk and the question of isothermallity. Whether the stellar dis-
tribution may be characterized by just one kinematic group or
consists of several, individually isothermal groups. The combi-
nation of the density variation and the vertical kinematics may,
within the framework of suitable models and assumptions, pro-
vide an estimate of the total density in the disk and bear on the
important question of the existence of any unidentified matter
in the disk. Some edge on spirals show indications of a sur-
face brightness following a sech? variation perpendicular to the
disk, van der Kruit and Searle (1981), van der Kruit (1988), and
maybe even bear the imprint of several components, Dove and
Thronson(1993), Just et al (1996). In the Milky Way counts of
polar A stars may possibly be used to study similar problems but
since they are relatively young they might have problems with
an immature phase mixing but could conversely bear on the
question of recent merging processes, Lance (1988), Preston,
Beers and Shectman (1994) and maybe even help identifying
stars belonging to groups homogeneous in some respect like
age, metallicity and kinematics. Moreover with A stars in the
Milky Way we are in a position to indicate z(pc), age, mass and
a rough [Fe/H] for individual stars from photometry alone and
thus try entangling various components. At latitudes above 70°
the photometric distance and proper motions alone provide U
and V motions and we may conduct a combined study of the
density laws and part of the kinematics.

Traditionally A stars have been used for tracing the lo-
cal galactic potential, Perry (1969), Hill, Hilditch and Barnes
(1979), Lance (1988). With similar luminosities as K giants
main sequence A stars of even modest apparent magnitude are
useful and cover a z range of some hundred pc and the present
sample’s limiting magnitude even permit detection of As from
the upper part of the main sequence slightly beyond 1 kpc. Our
relatively bright sample of A stars mainly bears on the solar
neigborhood and less on the distant A stars discussed by Lance
(1988), Rodgers and Roberts (1993a,1993b) but since 1200 O°
has been surveyed some of these high velocity population I A
stars should be present. The resulting A stars are all younger
than 1.7 Gyr with a median age 0.75 Gyr comparable to the age
of the Hyades. Ages are based on the 3, ¢y —logg, Tcs cali-
bration by Moon and Dworetsky (1985), Dworetsky and Moon
(1986), and the Yale isochrones, Green, Demarque and King
(1987).

With a median age like the Hyades’ one might expect some
resemblence in the z — distribution of our sample and that of

the galactic clusters, Friel (1995). It turns out that the age is a
most important parameter. The exponential scale height of 55
pc found for open clusters younger than the Hyades may thus
be compared to that of a group in the present sample, those
following sechz(sz5 ), whereas the exponential scale height of
375 pc valid for open clusters older than the Hyades might have
a counterpart in sech?( 45) dominating beyond ~400 pc.
Previous studies of the NGP (Perry(1969)), the SGP
(Lance(1988)) and of the galactic clusters indicate a density
variation that may be adopted by a sum of only two exponen-
tials, presently we discuss that a sum of more than two sech?( 2)
may be a better fit for the NGP A stars at least. Recently Gould,
Bahcall and Flynn (1996) suggest M dwarfs to obey a sum of
one sech squared and an exponential with a scale height 656 pc.
A final determination of the local disk density seems, how-
ever, to be impossible from our rather complete data set com-
plying with most of the demands suggested by Gilden and Bah-
call (1985) and by Gould (1990). Only data missing are RV
for ~200 stars but 50% do have radial velocities. In their dis-
cussion of sampling errors Gilden and Bahcall (1985) propose
that the time for initial fluctuations to decrease to a steady state
is a few passages through the mid plane, some hundred mil-
lion years probably. The sample, however, seems to undergo
significant changes at about 200 pc. Volume completeness is a
necessary but not a sufficient requirement, what proves more
essential turns out to be an identical age mixture as a function
of z distance and this is a condition that the A stars cannot meet.

2. Sampling
2.1. A star definition

The sample comprises about 12% of an uvby3 survey of “all” A
and F stars at the NGP. The observed cone with opening angle
20° is common for all magnitudes. Programme stars are reduced
to the standard system from observations of a rather large set of
standards. Details of the definition of A stars intrinsic indices
may be found in Stromgren (1966) and Crawford (1979). Note
that their A definition does not include AO or earlier and that we
exclude the intermediate group A stars A1 — A2, mainly because
they were not included in the original spectral type classifica-
tion (T. Oja, personal communication) but also because they
are less accurately calibrated than later As. So we dont benefit
from the imAs larger luminosity. As discussed below imA has
been included in previous investigations which may have caused
some confusion when resulting scale heights are compared. 35
marginal imA stars are present in the NGP survey — but as al-
ready mentioned they are not included. We do, however, include
the metallic line A stars, -0.050 < émy(3) < -0.025, since the
controversy on their log(g) seems to have reached a conclusion,
Smalley and Dworetsky (1993). Metal weak stars with émg(3)
< 0.04 are also retained in the sample, they are few anyway. The
metallicity may be considered as solar with a median émg(/3)
= 0.006. Furthermore we assume that 6cy(3) variations exclu-
sively are due to different log(g)s and do not depend on rotation,
Gray (1989). In addition to Crawfords upper dco((3) limitation
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Fig. 1a—c. Curves assume Ay = 0. Data points are individually cor-
rected for reddening. a co vs. z(pc) diagramme. Solid curves start at
distances where unevolved 3 =2.880 (upper end) and 5 =2.720 (lower
end) are justincluded. Note that since the sample is limited by B=11.5,
the limiting V magnitude depend on color. These distances are 673 and
450 pc respectively. The three curves connecting the two solid curves
are computed for constant evolution, By = 11.5 and (b-y)o varying
from 0.066 (upper) to 0.226 (lower). The dashed curves indicate max-
imum ¢y for 8 = 2.880 (upper) and 8 = 2.720 (lower) stars. b 3 vs.
z(pc). Lower solid curve indicates maximum distance where unevolved
stars are included. Upper curve maximum distance where maximum
evolved main sequence — subgiant A stars are included. Dashed curve
has 6¢p=0.180. All three curves have Bo = 11.5. ¢ 3 vs. Vy. Solid curves
are the 3 — My standard line shifted +2.9 (lower) and +8.1 (upper), the
latter corresponding to the samples limit for volume completeness of
450 pc

we apply a lower 6cy(3) confinement at -0.030, this in fact ex-
cludes quite a number, ~60, of slightly subluminous A stars.
Subgiants are included in the density and dispersion discussion
within the volume completeness limit.

The question of including subgiants, found by Kuijken and
Gilmore (1989) to be a major error source for p;.:4;(z=0) based
on published F star data is addressed in Sect. 6.

2.2. Distance sampling

Some sort of completeness is of course required for a study of
the density variation and it is mainly determined by the lim-
iting magnitude and the allowed My variation in the main
sequence/subgiant band. Along the A star standard curve
My (8, 8¢y = 0) ranges from 2.30 to 3.10 and at any /3 the width
of the main sequence is about 2.5 magnitudes corresponding
to the maximum permitted 6c((3) value of 0.280. RR Lyr stars
(4), blue HBs (also 4) are present in the sample but are excluded
on the maximum dcy criterion. The permitted 6cy(0) range is
not populated homogeneously, as noted from the (b-y)y — co or
0 — co diagrams (not shown). The bulk of stars have dcy(5) <
0.180, almost no stars are located between cy(dcy = 0)+0.180
and cy(6cy = 0)+0.280. The scarcity of stars with 6cy(3) be-
tween 0.180 and 0.280 may tell something about the duration
of the subgiant phase in the A stars’ temperature range. Con-
sequences of this fact show up in Fig. 1a. With the limiting B
= 11.5 the complete A temperature range is not included at all
distances. Fig. 1a is a demonstration of this. Curves in Fig. 1 are
based on the A star standard table from Crawford (1979) and
the assumption that Ay ~0. The average visual absorption in
the polar cap is Ay ~ 0.07, Knude (1996). The two solid curves
are loci for the minimum cy that will be included at a given dis-
tance for 3 = 2.880 (upper) and 3 =2.720 (lower) for stars with
the limiting magnitude. The diagram thus includes all states of
accepted A star evolution. Generally we miss the cool lesser
evolved A stars beyond z ~ 450 pc. Within this distance the
sample is volume complete. Beyond 673 pc, the distance within
which the unevolved 3 =2.880 stars are volume complete — and
so are the evolved 3 = 2.880 ones of course, the sample con-
sists exclusively of evolved main sequence/subgiant stars and
we cannot tell the volume density in detail — unless the A star
luminosity function was known not to vary with z. Beyond 450
pc we might have corrected for the Malmquist bias by assuming
the validity of the My, distribution as observed within 450 pc.
But we have chosen not to base our curve fitting on statistically
corrected data, the high altitude A star luminosity function may
differ from the local one. Fig. 1c and 1b demonstrate how Vg ;;p,
varies with 3 and how the maximum detection distances vary
with (3 for various stages of evolution.

If we consider the lower solid curve of Fig. 1a it shows that
the coolest A stars on the standard line may be detected to ~450
pc and not beyond since co(6cy = 0) =0.600 for G = 2.720. A
stars with 3 = 2.720 more distant than the 440 pc must accord-
ingly be evolved to be included in the sample. At 1300 pc the
(8 = 2.720 stars reach their maximum main sequence(subgiant)
¢ value: 0.600 + 0.280. The dashed horizontal line indicates
the maximum cy main sequence(subgiant) value for the coolest
stars. If present the evolved late As would have been included
between the dashed line and the lower solid curve. Secondly the
region confined by the two upper curves, corresponding to § =
2.880 indicating the blue limit of our A star range, point out the
required cy values as a function of distance for the hottest stars
to be included in the B < 11.5 sample.



J. Knude: NGP A stars — density variation, kinematicsand the total mass density of the disk 93

log,o(Number density pc™) + 10.

[ >, X
[ ~, X
s A M) x
3 :- B * s N, -
[ B ‘x‘ A
.,
.,
B ~.,
% "\,
K ..,
* N
2F D, .
1 | I N
0 400 800 1200 1600

Z — Distance (pc)

Fig. 2. This is the logiov(z) — z(pc) diagramme for various samples.
Boxes Perry(1969), crosses Lance(1988), triangles this paper. *s are
Perry(1969) corrected for stars that are not As in the sense of the present
paper. Dotted lines are exponentials with scale heights 65 and 165
pc respectively and the dash dot curve is their sum with a relative
normalization 1.00:0.03 at z=0

The lower envelope of the data points in Fig. la may
be characterized by a steep edge rising from about (z,co) =
(400,0.600) to (500,0.750) followed a more shallow variation to
(1300,1.100). Can this be understood? Partly. Instead of keep-
ing the color (or (3) constant and letting the evolution vary we
could ask what the z — ¢ variation would look like for a con-
stant evolution but varying color. At the limiting magnitude of
course. First we keep dcy = 0, since Byjn: = 11.5 we must
change V ;i according to the color. We have used (B-V), =
1.35 (b-y)o, simply applying the reddening ratio of the Johnson
and Stromgren systems, E(B-V) = 1.35 E(b-y). 1.35 does not
deviate much from measured values, 1.51 was found in a study
of E region A and F stars (H. Jgnch-Sgrensen, personal com-
munication). We see that the (400,0.600) — (500,0.750) edge is
nicely approximated by the curve pertaining to stars with no
evolution and at the limiting magnitude. As it must the écy =
0 curve connects the solid curves computed for the coolest and
hottets stars where they have dcy = 0. Similarly the z — ¢ varia-
tion is shown for dcy = 0.180. As the diagam shows a curve for
dco = 0.280 is not required. The dcy = 0.180 curve very nicely
includes three of the most distant stars.

Fig. 1b gives perhaps a clearer impression of the sample
completeness and state of evolution by indicating the observable
zrange for the A star /3 interval. The lower solid curve indicates
maximum distances within which an unevolved, écy = 0 and B
=11.5, staris included and the upper curve similarly the distance
to which a maximum evolved main sequence(subgiant) star, dc
= 0.280, would be in the sample. The maximum distances are
computed from the A star standard table, By =11.5 and V(= Byg-

1.35(b-y)o. In Fig. 1c the upper solid curve is the V — 3 relation
at a distance ~450 pc for By ;;,, = 11.5. The hotter A stars may
thus be detected to larger distances not only because they are
intrinsically brighter by 0.8™" but also because their limiting V
is ~0.5 magnitude fainter than for the coolest A stars.

In Fig. 1b is also shown where 6cy = 0.180 and By = 11.5
stars are located. The most distant stars cluster along this curve.
For 3 < 2.79 the sample does not contain stars with B = 11.5
and 6cp = 0.180. We note a group of seven stars with 3 < 2.77
and z > 650 pc. A group that on closer inspection turns out to be
indeed homogeneous. My = 1.66+0.11, émy = 0.031£0.013
remarkably large compared to the sample median of only 0.006.
A =10.4+0.8 10%yr, .Z2 = 1.90+0.05 ./, z = 716228 pc.
And for the kinematics U =31, oy =66 kms™!, V =-46, oy =
31 km s~!. The ratio oy//oy has a standard relaxed value 0.47.
This group is not confined to a small area but has ¢ ranging from
+13 to +41°. The metallicity is noteworthy, dmm =0.031, almost
like intermediate population II F stars. With 6¢o =0.139+0.010
they are not quite subgiants as discussed in Sect. 6, could they
possibly be blue stragglers? From Fig. 7c we learn that this group
is found on the sech2(6§0) component, just at the distance where
the observed volume density for the stars older than 7.5 103 yr
drops off.

The seven most distant stars, those along the dcy(3) =0.180
curvein Fig. 1b, are subgiants with the same émy(/3) as the group
at716pcbut A=5.64+2.0108yrand U =-28, 0y =71 kms~ !,V
and oy equal to-28 and 14 km s~ respectively. The oy /oy ratio
is remarkably low for such young stars. These seven stars are
not suggested to form a homogeneous group. The differences
between these two most remote groups illustrate how careful
one must be beyond the volume completeness limit.

3. The log v(z) — distance variation
3.1. The number count — z-distance variation

As the previous section indicated the understanding of the sam-
pling is intricate from statistical reasons alone. We therefore
first present the simplest possible number — z(pc) variation: raw
counts in 75 pc independent slices. There is a reasonably number
of stars in each slice within 800 pc. No stars between 800 and
900 pc. Three stars between 900 and 1000 pc and then four stars
between 1100 and 1300 pc. The upper distance limit confining
the volume used to compute the most remote number density is
the distance to which the lone star at 1300 pc would have been
included. An impression of the distance distribution may be ob-
tained from Fig. la and 1b. Recall that volume completeness
only pertain within ~450 pc. The resulting number densities
are presented in the logo(v) — z diagramme, Fig. 2. Fig. 2 also
includes the work by Perry (O) (1969) and by Lance (x) (1988).
Following Perry and Lance we try to adapt exponentials to the
logo(v) — z variation. For the first 250 pc an exponential exp(-
¢s) adapt the data well but beyond 250 pc it underestimates the
number density. Densities between 450 and 1300 pc may be
approximated by exp(- ¢5). The stars between 250 and 450 pc
have not been used choosing the exponentials and may conse-
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quently be used judging the goodness of the fit. The complete
distance range from 50 to 1300 pc obeys the sum of these two
exponentials with a relative normalization 1.00:0.03 at z= 0 pc.
The number of stars predicted for z=0 is vy = 12.5 10~* A stars
pc—3, only a factor 2.5 above the canonical value for stars of
spectral type A. This could be remedied by using a lower scale
height than 65 pc but a consequence would be that the first dis-
tance bin would fall far from the fit, so we prefer h = 65 pc to a
lower value. We note that the three points between 250 and 450
fall almost exactly on the resulting curve, deviations less than
20%.

3.2. Perry and Lance’s density — z(pc) variations

An early discussion of space density — z variation, for early
type A dwarfs was undertaken by Perry(1969) in the earliest
days of the uvby/3 system, before the final distance calibrations
by Crawford were ready. Stellar tracer type was selected from
the objective of reaching z ~ 750 pc and resulted in a bright-
ness critertion My < +1.5. The boxes of Fig. 2 indicate Perry’s
results. Fig. 6 in Perry op. cit. lends more credit to the sugges-
tion that the NGP early A dwarfs are made up from two distinct
populations than does Fig. 2. The present counts are indicated
by triangles. We note that Perry’s space density falls below the
present number density within ~700 pc in a systematic way.
The steeper variation could be caused by the the choice of stel-
lar tracer. Demanding My < +1.5 means mainly AQ — A2 stars,
earlier than our hot limit at A3 where My on the standard line
is 2.3. Such stars are very young. The small value 40 pc for the
exponential scale height may be a consequence of the choice
of tracer and reflects a very young populations’ response to the
Galaxy’s potential and heating mechanisms. Since the Perry dis-
tances are based on an early distance calibration, perhaps based
on a Hyades distance modulus of 3.0, compared to the present
day value of ~3.5, the smaller distances may be understood. We
have not been able to confirm if 3.0 has been used.

Most strikingly is however the apparent protrusion of a re-
mote population with a much larger scale height than the 40 pc
from about 500 pc. Since Perry (1969) has published the indi-
vidual uvby( data for his polar A stars a detailed comparison
of stars termed A stars is possible. For the stars beyond 400 pc
we have gone through the photometry and applied Strémgren
and Crawford’s criteria as adopted in the present paper. A large
part of the protrusion must consist of stars earlier than A3. The
resulting number densities after correction are indicated by *’s
in Fig. 2. The point in the 700 — 800 pc bin is an arbitrary upper
limit since this bin contains no late A stars in the sense of the
present paper. Perry’s density law is still referenced as evidence
for a high z population of early type stars, Rodgers and Roberts
(1993a) quotes ~45 and ~500 as exponential scale heights for
the two Perry components, but one has to recall that it is based
on AQ — A2 stars. Fig. 2 also shows the density variation found
by Lance (1988) from faint SGP A stars. Lance’s bin size is
100 pc increasing to 200 beyond 600 pc. The volume density
presented by Lance pertain to a 100 O° area, called the box,
where the sample should be 98% complete to V = 14. Ten stars

in the box are beyond 1 kpc. Lance’s A star definition follows
Stromgren and Crawford but are based only on uvby photome-
try, 3 not being available. This could imply a possible problem
since distances must be derived in quite another way than sug-
gested by Crawford’s (1979) calibration. Absolute visual mag-
nitudes follow from masses as derived from mass tracks in © —
logg diagrams (Yale), masses are converted to luminosity, lumi-
nosities transformed to absolute bolometric magnitudes which
with a bolometric correction give My ’s. Lance estimates her
distances to be accurate to about +16% — comparable to that of
the photometric distances £15% for A stars in the Stromgren
system, Knude (1978). We will not discuss this any further only
mention that comparisons of uvbyf data to theoretical tracks,
evolutionary and isochrones, most often requires adjustments in
(b - y)o and ¢; or equivalently © and logg, due to the uncertain
solar color and luminosity calibrations. As an example a faint,
V =~ 13, NGP sample of F stars was given in Knude (1993b)
where shifts -0.011 and -0.15 in logT. and My respectively
were required. If a similar My, shift applies to Lance’s remote
population I A stars they would only be at 93% of their indicated
distances and logr would go up with about 0.1 so the quality of
the remote tail is not altered. Lance’s SGP A stars are fitted by
two exponentials with scale heights 121 pc and 1000 — 1600 pc
respectively and we note the difference to our sample between
900 and 1300 pc. For a further discussion see Sect. 10.

4. The number density — z(pc) variation for A3 —A9 stars

In Fig. 2 was shown the number density data in a 75 pc binning,
triangles. As mentioned above we are only volume complete
to ~450 pc in the sense that the coolest and least luminous A
stars would have been included if present. We tried to fit the
data within ~250 pc with one exponential and those between
450 and 1300 pc with another. The dotted curves in Fig. 2 depict
these exponentials with scale heights 65 and 165 pc respectively.
The dash dot curve is their sum and was found to represent
the data reasonably well on a logarithmic scale but note that
the data at 185 pc is more than 40% lower than the fit by two
exponentials and that the point at 330 pc is ~20% above the
fit, in later Sects. (6.2 and 6.3) we try to match these deviations
and we discuss the significance of such residuals. The most
distant point represents a star detected at 1300 pc. The relative
occurence of this two “populations” is 1.00:0.03 in the plane
and they carry equal weight at 400 pc, but these scalings may
mean nothing, due to the possible incompleteness beyond 450
pc. But why exponentials? There is no simple a priori form of a
density law required by the disk’s dynamics. A selfgravitating
isothermal disk would require a sech? law, van der Kruit (1988),
which would be approximated by a gaussian for z ~ 0 pc and
by an exponential for z exceeding a few scaleheights. We think
that the data density of the present sample may justify further
scrutiny.

Since there is no physical argument to prefer an exponential
variation the data might equally well be represented by gaus-
sians and we have consequently adapted a sum of three gaus-
sians, the divison 50 — 250 pc 450 — 1300 pc that worked well
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Fig. 3. a. Number density, not the log, versus z(pc). Solid curve data.
Dashed dotted curve sum of three gaussians indicated with scale heights
45,75 and 155 pc and relative normalizations 1.0:0.5:0.2 for z = 0 pc
50 pc independent bins. The h =155 pc gaussian is hidden in the sum.
b. In(density) (O). Lance density (x). Dotted curves are sech?( 5 ) with
h equal to 55, 85, 165 and 420 pc respectively. The dashed curve is
there sum, 75 pc independent binning

for the exponentials does not work for the gaussians. The range
50 — 250 seems to require more than one component. An ad-
ditional gaussian with scale height 75 pc is included. For the
range 250 — 450 a gaussian with h = 155 pc is implied. Atz=0
the relative normalization of the three gaussians is 1.0:0.5:0.2,
Fig. 3. The binning for the gaussian approximation is 50 pc.
Between 50 and 450 pc there is a palpable agreement, assur-
ing since it is the z range where we have volume completeness.
Interestingly something similar to the Perry (1969) population
with scale height ~45 pc is dominating within 100 pc but it was
not apparent in the exponential fit. For distances larger than 150
there are most stars from the h = 155 pc population. At 154 pc
we find twice as many stars from the h = 155 pc as from the h
=75 pc population.

The gaussian estimate for 1 is, however, vastly too large.
For the larger z values we meet the adverse problem since here
the gaussian sum underestimates the observations, Fig.3a. In
Fig.3a we only show the number density range pertaining to
the most distant bins because we want to show it on a linear
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scale illustrating the disparity of fit and observations, including
the whole density range and maintaining the linear scale would
make the fit beyond 450 pc look perfect, from z =0 to 1300 pc
the number density drops with ~4 orders of magnitude. The
gaussian with h = 155 pc is hidden in the dash - dot curve repre-
senting the sum. From about 500 pc the sum of three gaussians
underrepresents the observations to a noticable degree — but not
as dramatic as is the case for Lance’s SGP sample.

The situation is such that the curve fitting most of the vol-
ume complete distance range underrates the density beyond the
completeness limit! We could of course introduce more gaus-
sians but have chosen to switch sech?s instead, of course guided
by scale heights and relative normalizations revealed by the
number density discussion. The relevance of gaussians fits are
reconsidered in Sect. 8 in another context.

A sech2(;) law might be a good choice since it has a more

pronounced wing than exp(- zzhzz) for the same z = 0 normal-
ization and we are in need of a contribution beyond ~500 pc
without enhancing vy. Our experience from the gaussian sums
inspired components with h = 55, 85 and 165 pc. The last 4 —
6 bins, z from ~600 to 1300 pc, seem to follow a sech?( 430)
distribution. The sum of these four density laws and a relative
normalization 1.00:0.47:0.18:0.005 at z = 0 gives a very good
adaption to the density data as Fig. 3b may depict. See however
the error discussion in Sect. 6.3. It is important to notice that
although we try to match the remote stars the main issue is to
adopt a curve to the data within 450 pc. The h = 420 pc compo-
nent is not completely negligibel within our completeness limit
of ~450 pc, it contributes ~ 3 at 450 pc and ~ } at ~400 pc.
We suggest the following sum to represent the density variation
for A stars, within 450 pc adapted to a volume complete sample,
beyond 450 pc it must necessarily only be taken as a lower limit
to the A star density

(1.0000 sech? 55 + 0.4668 sech? szg
+0.1790 sech” |£5 +0.0045 sech” )
x 7.8672 10~* pc—3

Within 450 pc v(z) converts to p(z) by multiplying with the
constant mean mass .74, = 1.74+£0.03 . Z/).

Recall that what we term A stars only include A3 — A9.
Regarding the numerical constant 1.74x7.8672 10~*= 13.6890
10~ Vo pc 3 there are two coincidences, perhaps of some
interest. First one is that it exactly matches the mass density in
the plane of our median star My = 2.31, . = 1.73 /)
which according to Allen (1973) is 13.84 10~* A pc3.
Second the sum of four sech? predicts a mass density for our
A stars at z = 0 equal to (1.0000 + 0.4668+ 0.1790+ 0.0045)
13.6890 10~ #4, pc 3 =22.591 10~* _#/, pc—>. Adopting
the mass fraction 0.021 for stars with My < 2.5, Bahcall (1984b)
Table 1, a total identified mass density of 0.108 .#Zq, pc is
implied, almost like the observed value.

v(z) =

(D

5. Kinematics

Since v(z) is not reproduced by a single function but requires a
compound of four sech?, formally isothermal populations, we
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Fig. 5. Velocity dispersions based on the 179 stars common to Hill et
al. (1988), oy and oy and distances from the present work o gy from
Hill et al.(1988) RV data. oy : solid, oy : dashed, ory:dash — dots.
Apparently the A disk is not quite isothermal

do not anticipate the complete A star population to be isother-
mal but rather that the RV dispersion should increase with z(pc)
because the scale height of the four components range from 55
to 420 pc and if relaxed these components would imply an in-
creasing oy . Ages range from < 100 10° to about 1.6 10° yr
with a median 7.5 108 yr so it may be hard to accept that there
exist that old, unmixed components. Still what we observe could
formally be represented as a combination of isothermal compo-
nents in accordance with Gilden and Bahcall’s (1985) statement
“...that there be some isothermal that produce a reasonable good
fit”.

The A stars all have measured proper motions. 40% of the
entries in the photometric catalog was in the AGK3 and their
proper motions were taken from the PPM, Roser and Bastian
(1993). The remaining 60% was included in the CAMC observ-
ing programme from La Palma and may be found in Carslberg
Meridian Catalogue 4 — 8 (1989 — 1994). Particularly the latter
are very accurate since they are based on an Astrografic Cat-
aloque — CAMC comparison, with a time base of ~100 years.
The accuracy is a few m.a.s./yr in p,cos6 and ps implying an
uncertainty of 3 —4 km s~! in U and V at the median distance
of 230 pc. At 420 pc the proper motion accuracy could mean

that we should apply a rms reduction in oy from 38 to 34 km
s~!, which hardly is significant. At the large galactic latitudes
approximate U and V values are available for all stars even
without RV, the projection only introducing a minor error. Ra-
dial velocities are available for 179 of the stars, Hill et al. (1988)
— HHB, all above b = 75°. Fig. 4 and 5 show z versus U, V, RV
and oy, oy, oy for these 179 stars in independent distance
bins. U and V from the present work do not include RV even
when avaible in order to retain a sample treated systematically.
U shows a dramatic increase beyond 300 pc, from about 10 km
s~! to more than 50 km s~!. From 50 to 450 pc both V and
RV decreases from around -5 km s~! to around -10 km s~ !,
More importantly we might see the dispersions increase with
z(pc) — an increase that could be caused by increasing influence
from groups of stars with increasingly larger scale heights. For
a further discussion of the variation of the velocity dispersions
with distance see Sect. 9 and 10 though. oy and oy both go up
with a factor 2.5 over the range from 50 to 450 pc. ogy may
increase with about 50% over the range from 50 to 300 pc as
does oy. Since the RV sample is not volume complete the z —
o ry evaluation is necessarily less certain than the z— o discus-
sion. The more remote stars appear to carry more Kinetic energy
than those closer to the galactic plane. Since the four formal A
star “populations” resulting from the fit to the data of course
see the same total disk density and the same potential the ra-
tio o%,,/h* should be constant for any relaxed component well
within =200 pc, Bahcall (1984a,1984b), Gilden and Bahcall
(1985). This could in fact be the case since we see scale height
variations of the order of 2 to 3 and variations of the same order
for the velocity dispersions. According to Fig. 5 o gy might flat-
ten out beyond 300 pc, at least there is no clear increase, rather
a noisy behaviour instead. At distances beyond a few hundred
pc the HHB sample could be dominated by only one isothermal
population with oz, 2 15 km s~!. A few hundred more radial
velocities would be nice to have, if possible for the stars in the
z(pc) range 200 — 1300 pc.

Finally we show in Fig. 6a the run of oy for the entire sam-
ple. oy ~ 50 km s~ ! at the completeness limit. o7 reaches ~70
km s~ at 1 kpc. If the most remote bin was extended to include
the star at 1300 pc the final drop would not take place. If the
standard relaxed ratio between oy and oy is maintained in the
polar region oy would be around 30 — 40 km s~ for the stars
more distant than 800 pc a large number but not quite the 66 km
s~! found by Lance (1988). Within 450 pc each bin contains
= 30 stars. Fig. 6a also contains the run of oy with subgiants
excluded.

The U distribution for the complete sample may not be fit-
ted by a single gaussian. A reasonable fit is obtained from three
gausssians with dispersions 25.5, 17.5 and 33.0 km s~!, and
mean values -8.0, 1.0 and 11.2 km s~! and relative normaliza-
tions 1.0:3.1:6.2, the U dispersion of the complete set of A stars
is 33.0 km s~!. The kurtosis also imply that U does not obey a
gaussian distribution. The U distribution from the 100 pc bins
we are introducing in Sect. 6 may apparently be fitted by single
gaussians. Fig. 6¢ is an example of this. For later use Fig. 6d dis-
plays that the age distribution may be peculiar. The 115 — 215
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Fig. 6. a. 75 pc independent distance bins. U dispersions based on
the 396 stars above 70°compared to the dispersion from stars com-
mon to Hill et al. (1988) exclusively. oy (HHB — subsample): solid,
oy (complete sample): dash — dots. The A disk is seen not be isother-
mal with oy apparently increasing from ~20 to ~70 km s~'. Recall
that sample is not volume complete beyond 450 pc. The dashed curve
depict the U dispersion excluding the A subgiants, 6cy > 0.150. b.
Distribution of 396 U velocities and the fit by three gaussians with
different mean and dispersion. ¢. U distribution for stars between 30
and 105 pc, both age groups, fitted by a single gaussian with mean 10.2
and dispersion 19.4 km s~ d. Age distribution for stars between 115
and 215 pc

pc bin is dominated by stars that are younger than the sample
median 0.75 Gyr, this may be an example of a distance bin with
an age spread implying various degrees of relaxation.

For amore detailed discussion of the kinematics see Sects. 6,
7 and 10, Fig. 17, but we may probably already conclude this
section by stating that the set of A stars does not form an isother-
mal group of stars.

6. Density and angular momentum variation within 450 pc

The equation pyorq1(z=0)= 2 7 G)~' 272 o%vln[;j:g], Eq. (5)
from Bahcall (1984b) estimates the total disk density from the
density variation of an isothermal tracer k near the plane. With
a Gaussian variation piotqi(z=0) ["}‘f J? ~constant. Gilden
and Bahcall (1985) apply the constancy of %" as a consistency

check of trial potentials.

6.1. Independent distance bins

As demonstrated above the A stars’ z(pc) — density distribution
may be approximated with a sum of four sech?( ;) populations

Table 1. Effective scale heights h. ;s y and the constancy of the ow /hey ¢
ratio. 75 pc independent bins

V4 heff ow = 0.47 x ouU hae‘;/f g‘[;
pc pc kms™! kms~! pc~! -
55 88.22 9.94 0.1127 0.52
8 102.70 10.89 0.1060 0.59
165 151.14 11.83 0.0783 0.57
420 177.62 19.80 0.1118 0.44

possibly indicating a variation that is a sum of isothermal distri-
butions who do not, however, sum to an isothermal. Since half
our sample has RV ~W velocities and the sample has U and V
velocities we may investigate the ratio oy /oy variation with z.
We bin the HHB subsample in 75 pc bins and confine z to be
within 375 pc for completeness reasons, see Fig. 5 and Fig. 6a.
Including the four first distance slots oy /oy = 0.47 £0.05 and
with five distance bins oy//oy = 0.43 £0.11. Since the A stars
are younger than ~1.5 Gyr we might compare the oy /o ra-
tio to that from equally young F stars. Marsakov and Shevelev
(1994) find ow /oy in the range 0.4 — 0.5 for F stars younger
than 2 Gyr somewhat dependent on metallicity though. Palou§
and Piskunov (1985) did a study of the temporal evolution of
bright B and A stars motion. They estimate the time required
for relaxing the velocity ellipsoid to 2 10% yr after which the
ratio oy /oy =0.4740.08. 31 stars or 8% of our sample are
younger than 2 10® yr. So our own estimate 0.47 — 0.43 may
apparently be used with a slight preference for the value 0.47.
But as may become evident later such a short relaxation time
may be challenged by the NGP A stars.

At any distance within 450 pc the measured o/, oy disper-
sions are a result of the actual stellar mixture at that distance. At
larger distances we have much fewer stars and may bias our dis-
persions if there is a luminosity — velocity relationship caused
by the limiting magnitude. The following discussion is confined
to the volume within 450 pc. As mentioned the measurements
of stars at a given distance provide the true velocity mixture but
what is the corresponding scale height? We are not able to as-
sign the population membership of individual stars but at each
distance we may compute the weighted scale height from the
proposed z — v(z) law given in Sect. 4 in the sense that we know
which fraction each of the four sech? contributes. oy is com-
puted from oy (complete sample) at the same distance and the
constant oy /oy ratio 0.43 — 0.47.

Table 1 presents the resulting effective scale heights, hey ¢,
the computed dispersion oy and the ratio ow/hesr. We need
not use the computed W dispersion but might as well use the
values measured for about half the sample the value at 420 pc is
an extrapolation though. Interestlingly Perry (1969) measures
ow = 18.4km s~! for his sample of AQ — A2 stars. We have cho-
sen the four formal scale heights as test distances. Column 2 of
Table 1 give the resulting effective scale heights. Interesting to
note the rather small effective scale height of only 177.6 pc for
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the stars at 420 pc. The resulting ratios at the four test distances
has an average (f”}’f ) =0.10040.015, the ratio may be consid-

ered virtually constant. Excluding the z = 420 pc point ( }f‘;"f )=

0.09940.018. The value at 165 pc deviates. A discussion of this
discrepancy is offered in Sect. 6.2. The last of Table 1’s columns
displays oy /oy ratio. The first three entries do not show much
variation, this may be misleading, see Fig. 15c.

At this point we might have the impression that since Zg
and ?{‘J/ approximates their canonical relaxed values and ]fe ‘;Vf
seems constant the combined density and velocity data meets
the assumptions underlying Jeans’ equation. The concomitant
increase of oy and h, sy apparently mimics the behaviour of a
steady state tracer. But the deviation of ,ZVfo at 165 pc should
be investigated further.

6.2. Running 100 pc bins

The computation of different values for ,” Vfo atzequal to 55 and

85 and at z = 165 pc respectively and the residuals mentioned
in Sect. 4 have prompted a further investigation of the variation
of densities and kinematics.

So far we have used discrepant distance intervals which may
cause peculiarities in the computed density and velocity disper-
sions if some irregularities occur. Or conversely may overlook
fluctuations if the reference distances are not suitably chosen.
As a remedy we compute mean distance, density and velocity
means and dispersions for intervals centered at each integer z
including all stars between z-50 and z+50 pc; if z-50 < 0O the
volume is computed from O to z+50. The nearest star is at 30
pc but changing 0 to 30 pc will only alter the nearest volume
with ~2%. We did the same exercise for z-37.5, z+37.5 bins but
the resulting z variation of density and kinematic parameters did
not show any significant quantitative changes. Fig. 7a shows the
number density distribution with height for the running 100 pc
bins. Densities from the 75 pc independent bins are also included
(filled circles) and are seen to match the running 100 pc means
nicely and thus follow the general trend of the density curve
from the running bins. Compared to Fig. 3b Fig. 7a elucidates
some details, e.g. a hump (or a ledge) between 150 and 300
pc not so evident with Fig. 3b’s binning. The distribution has a
rather clear ledge protruding from ~150 pc. This is interesting
since 150 is close to 165 pc where we computed the smallest
}Z Vfo ratio. We recall that the sample includes all A stars within
~450 pc and the hottest ones within ~675 pc so there should be
no sampling problems at 150 pc, see Fig. 16a though. Why not
use the fit from Fig. 3b superposed as the dash dot curve? We
notice systematic differences from the observations at ~170,
~300 and ~430 pc where Eq. (1) overestimates the density by
~40 %, underestimate by ~30% and overestimate by ~30%
respectively. The significance of these deviations is discussed
in Sect. 6.3. On the other hand the correspondence between the
independent densities and the estimate from the running bins
is better than 10%. As discussed below the uncertainty of the
independent density estimates is better than 10% except for the
bin 375 — 450 pc where it is 15%. The agreement between the

densities from the 75 pc independent bins and the running bins
indicates that the correlation of neighboring points in the run-
ning mean does not introduce artificial sampling features. The
deviations of 40, 30 and 30% at 170, 300 and 430 pc corre-
spond to ~35, ~25 and ~10 stars respectively in the 100 pc
bins. The fit ought to be improved to remove such residuals. We
try to match the “continuous” observations with a sum of sechs
squared but fails to reproduce the humpy region. The thin solid
curve represents the sum of the three sech’s required to fit the
data between 50 and 150 pc. If we limit ourselves to the use of
sech’s in the curve fitting the only way the observations may be
reproduced is by introducing two components showing density
maxima away from the plane, at 200 and 250 pc respectively
and with scale lengths 30 and 100 pc respectively. With the dis-
crepant 75 pc binning the largest scale height required was 415
pc. The running 100 pc binning may only be fitted within the
completeness limit 450 pc, if a sech squared with scale height
680 pc is added. The data nearest to the plane is taken care of
by two groups with scale heights 75 and 175 pc. The complete
curve is fitted by a sum of five sechs squared, two of which
are not peaking for z=0. The 100 pc running density thus alters
our fit by introducing a large scale height 680 pc and two com-
ponents concentrated some hundred pc above the plane. The
dashed curve of Fig. 7a shows the almost perfect fit out till 675
pc and we note that a part from sech2(6§0) the remaining four
components have identical densities at ~200 pc. We perform
the same procedure for stars younger than the median 0.75 Gyr,
the scale heights 75 and 175 are changed marginally to 85 and
185 pc. And the sech? peaking at 250 pc now has a scale length
of 80 pc instead of 100 pc. The problem with the young stars
is the z range from 400 to 450 pc. The inclusion of any large
scale height component causes an overestimate of the density
within 400 pc. The range 400 — 450 pc may be included in the
fit by adding a sech? centered at 475 with scale height 40 pc.
Fig. 7b shows the final fit and the compounded curve follows
the data for the stars younger than the median well within 450
pc. As discussed in Sect. 9 young stars are less frequent beyond
~200 pc or rather they are overabundant nearest to the plane.
There is one discrepancy at ~75 pc, probably caused by A stars
related to the Coma cluster at 80 pc. Finally we show the fit to
the density variation for stars older than 0.75 Gyr in Fig. 7c. 7.5
10® yr is chosen for two reasons. It is the sample median age
and is close to the age of the Hyades. Fig. 6d gives evidence
on the age distribution for the stars between 115 and 215 pc,
a distance slot we know to be interesting by providing a dis-
crepant h”:f"f estimate. In the fit of Fig. 7c we have not included
the component centered on z = 200 pc in the sum to show its
relative significance. The old stars alone require the h = 680 pc
component for the fit within 450 pc, by chance this component
also fits the data beyond 450. The sum of the four components
is only shown within 450 pc.

The change to running intervals thus suggests the presence
of an old, A: 0.75 — 1.5 Gyr, large scale height, 680 pc, pop-
ulation and the possibility to have minor formal components
peaking at z >0 pc.
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The philosophy behind the fitin Fig. 7a is to match the obser-
vations better than Fig. 3b even if this means the introduction of
curves peaking off the plane but with as few curves as possible.
The combined curve resulting from the detailed match allows
differentiation which elucidates the nature of the z variation,
See Sect. 8.

6.3. Errors in density fits and in density data

From the error progression in the fit by sums of v sech?( Z)s
we compute 7 = (3( U;OO )? + Z4w;tanh?( PG )»)!/? assuming
errors in (vg); and scale height h; only. Weights w; are adopted
from the fit presented in Fig. 3b and Eq. (1). The formulais based
on the assumption that o, = 0.2h. 33( Jy”o )2 is estimated from the
different estimates in Fig. 3b and Fig. 7a. The computatrion of
7 shows that Z(UV”O" )2 dominates at all z between 50 and 450
pc. This means that the uncertainty in the fitis +0.1v(z) at any z
and mainly is caused by the uncertainty in vy. Since the residuals
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Fig. 7a—c. 100 pc running mean. a. Complete sample. Sum fit of five
sechs squared, three peaking at z =0 pc but two show maximum at 200
at 250 pc. The 680 pc scale height is introduced to fit data within the
completeness limit of 450 pc. Thin solid curve is the sum excluding the
two off plane peaks. Thin dash - dot is the fit from Fig. 3b. Thick dashed
curve is the sum of five sech® shown as dotted curves. Filled circles
are number densities from the 75 pc independent binning. Errors are
represented by +0.1v/y/n equal to two o for the first four points, to
one ¢ at the fifth point and to 2/3 o at the sixth point and are plotted as
+ signs, they are almost hidden by the solid circles though. b. Density
variation for stars younger than 0.75 Gyr fitted by a sum of four sech
squared. Two peaking at z = 0 pc, one peaking at 250 pc and the most
remote stars within 450 pc requires a somewhat ad hoc sech peaking
at 475 pc. The 680 pc sech squared is not required for fitting the young
subsample. ¢. Density variation for the subsample with A > 7.5 10° yr.
Dashed line shows the sum of the four sechs squared to show the relative
importance of the component peaking at 200 pc with scale height 30
pc. The sum is only shown to 450 pc, the completeness limit is thus
more pronounced for the old than for the young subgroup. Notice how
well the 680 pc curve alone fits the data between 450 and 700 pc

at 170, 300 and 430 pc exceeds the uncertainty in the sum of
four sech?s by 2 30 there is good reason to attempt a better
approximation.

In a similar way the standard error in the observed density v
=n(V)/V pc—? may be estimated. V is the volume between the
two confining distances h; and h,, = h; + A. A is kept constant
s0 V = 3Ah2 + 3A%; + A% 0,7 = (5 )on,? + (52) 0.
We assume o, = 0.15h; as for an individual A star distance. If
o2 =1, 0,7 reduces to ¥, (1+0.15%(Ttan?20)2(6Ah; +3A%%)
with A =75 pc (or 100 pc) the second term is negligibel, for
A =75 pc it is a factor 1073 less than 1. So o, ~ \/”n For
most of the intervals 0,2 = n seems an overestimate. Since
we know the relative error of the individual stellar distances
we may calculate the probability to be outside the counting
volume for each star. At the distances confining the independent
intervals we may compute the migration across, out of and into
the interval. Summing the migration across the two boundaries
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gives an estimate of o,, for each independent bin. We could also
use the rms of n;,, and n,,; but apart from the interval 300 —
375 pc where the two estimates are 1 and 6 respectively the two
estimates do not differ. For all intervals o,, < v/n. Within z =
300 pcand A =75 pc o, < 0.05n, 0.09n between 300 and 375 pc
and 0.14n for the 375 — 450 pc bin, the latter is an overestimate
though since too few stars are scattered in from 450 — 525 pc
due to the volume incompleteness beyond 450 pc.

At ~170 pc where the fit in Fig. 3b differs ~40% from the
data we may calculate (7" )* = (%) fitrig. 36° + (7" Ddata” =0.17
+0.052 implying 7 =0.11 less than 0.40 a similar significance
is found at ~300 pcbutat430 pc 7 =0.35 making the difference
between the fit of Fig. 3b and the data, 0.30, insignificant. The
distance ~170 pc is particularly important since it is where the
ledge starts protruding.

The ledge at 150 pc in Fig.7a deserves a comment: Ac-
cording to Gilden and Bahcall (1985) density profiles that have
plateaus should be rejected in the isothermal context. But as we
hesitate to abandon the data perhaps the isothermal assumption
has to be reconsidered for the A stars.

6.4. Kinematics versus distance

The clearest evidence of kinematic peculiarities at ~200 and
~250 pc is probably given by the variation of the angular mo-
mentum with z. The angular momentum is computed assuming
a distance of 8.5 kpc to the galactic center. The young, old and
combined sample show pecularities in the momentum at ~250
pc. InFig. 8ais shown the momentum — z variation for the young
subsample and we notice the change of slope at 150 pc. In Fig. 8b
we have the variation for the total sample of A stars and again
we see the depression at 150 pc. At 250 pc the momentum has a
local extremum matching the mean z value of the most promi-
nent off plane group required to fit the density variation for all
stars in Fig.7a. Fig. 8b indicates an apparent decrease of the
angular momentum between 50 and 150 pc where a rise in the
angular momentum sets in. This means that 100 pc bins cen-
tered at distances larger than ~100 pc include stars from a range
where the kinematics may be slightly peculiar by having lower
oy and larger angular momentum. The filled circles in Fig. 8b
again represent values from the 75 pc independent binning with
mean errors indicated. The values between 100 and 200 pc are
smaller than the momentum at 50 and 250 pc on the 20 level.

Unfortunately oyy is not available for the complete sample
so the pressure v(0%; + 03 + 0%;,) may not be computed in a
consistent way but in Fig. 8c we display our best approximation
of the A stars’ capacity to resist the Galaxy’s gravitational pull
including the rotational support, beyond ~150 pc the A stars
show an increased energy density and we notice the small humps
at ~200 and ~250 pc. The energy density of the HHB RV
subsample (crosses), including U%V, shows a similar tendency
to follow two exponentials but the shift to the more shallow one
takes place at ~250 pc.

We may conclude that the distance of the main off plane
density peak coincides with the location of enhanced angular
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Table 2. ,°V  for stars younger than 0.75 Gyr. Effective scale height
hey

from fit to density — z variation including off plane groups

U

z Number of stars ou heyy heys

pc - kms™! pc kms™' pc~!
55.0 24 18.8 88.25 0.213
83.4 65 18.2 89.56 0.203
99.9 72 19.3 90.70 0.213
150.1 56 22.0 95.83 0.230
165.1 51 23.6 97.11 0.243

momentum and with depressed U dispersions and with partial
energy density v(c7 + o3, + (V + 220)%) enhancements.

6.5. ,°V

hoys for young and old subgroups with 100 pc binning

The average velocity and dispersion are results of the actual
stellar mixture and since this mixture, at any distance, is not rep-
resented by any pure isothermal component we compute h, ¢
as the weighted average of the scale heights from the sechs
squared reproducing the observed density variation in Fig.7.
The off plane subgroups contribute to this weighted average by
replacing the scale height with (z,,,,-h) where z,,,,, is where
the subgroup’s number density peaks. The off plane subgroups
give rise to an increase of the effective scale height. Very slight
due to their small relative frequency. In Table 2 we present the
results from the young subsample and in Table 3 those resulting
from the old subgroup. A priory the old subsample is expected
to represent a larger degree of phase mixing having completed
= 10 oscilliations through the plane and 2 3 revolutions around
the center.

As apparent from Table 2 the effective scale height changes
very little, from 88 to 97 pc, when z is changed from 55 to
165 pc clearly showing how concentrated the young subgroup
is towards the plane. oy increases by 25%. The ratio (,” Vf"f)
= 0.104=+0.007, much like before for the complete sample but
with a smaller scatter and no discrepancy at 165 pc as in Table 1.

In Table 3 we show the results from the old subgroup. We
notice that h. sy shows a larger range than the young subgroup
and that the dispersions generally are larger than the young
subgroup’s and increase by 35% when z is raised from 55 to 165
pc. The ratio (. Vfo> = 0.09740.009, almost as for the young
subsample but smaller since the old stars include components
with larger scale heights. For similar z the old subgroup always
has a larger effective scale height than the young subgroup. The
low computed value of the h"’f’ , ratio at 150.0 pc is probably
caused by peculiar kinematics for the stars centered on 150 pc,
see Fig. 8.

Since the two groups defined by the median age show a
different behaviour the combined sample may probably not be
used as a tracer of density and kinematics. Further consequences
of the age variation are discussed in Sects.9 and 10 but it is



7.505 T T T T

7.500

7.495 =

7.490 =

In(Lkpe km s71))

7.485 =

150 200
Z — Distance (pc)

350

0.8 K

©
o

log,o(nKT)

©
~

0.2

0.0 L
100 150

200
Z—distance (pc)
nkT = (o, +0,+({V)+220)*) (km s™")pc™

Table 3.
fit to density — z variation including off plane groups

U[; for stars older than 0.75 Gyr. Effective scale height from

: NGP A stars — density variation, kinematicsand the total mass density of the disk

oU

z Number of stars ou heyy hog s

pc - kms™! pc kms™! pc~!
55.0 6 20.3 94.75 0.214
83.7 33 21.4 99.20 0.215
99.8 48 232 103.15 0.225
150.0 43 21.8 124.55 0.175
165.2 46 27.5 133.82 0.205

tentatively suggested that the sample may not be in a steady

state.
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the sum of a partial pressure and the rotational energy density for the
complete A star sample, Os. The crosses are for the HHB subsample
and since o is included nkT represent the sum of the pressure and
the rotational energy density but only for about ~50% of the sample
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Fig. 9. The metallicity parameter ém versus angular momentum for
stars within 450 pc. Am candidates have émg < -0.025

7. Can obvious kinematically peculiar groups be identified?

Before we proceed to a discussion of whether the A stars may
be used as a tracer of the potential we try to isolate possible
contributors to the hump at ~200 — 250 pc. We know that the
angular momentum and the U dispersion are peculiar at these
distances. Stellar metallicity is known to vary with angular mo-
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Fig. 11. Comparison of derivative of data and of the fitted sum of sech?
shown in Fig. 7a. For an isothermal exponential Olnv(z)/0z  -1/h and
for a gaussian to -z/h. The solid curve is from the sum of four sech?
discussed in Sect. 4

mentum. Fig. 9 shows this. The Am stars is seen to occupy a well
defined region Excluding the Am stars does, however, not alter
the density variation. According to Fig.9 the lower left enve-
lope follows the general angular momentum — metallicity trend.
The only trend is thus that the Am candidates do not show as
low angular momenta as the solar metallicity stars. The sample
also contains another homogeneous group with systematically
low kT = (U? + (V+220)%) (km s~ !)? that even concentrates
at z ~ 200 pc but contains to few stars to influence the density
variation. Fig. 10 further shows that kT as defined above has a
rather narrow range within 450 pc.

8. May 47 Gp = -0K./0z be used?

For an isothermal tracer of the potential Olnv(z)/0z is propor-
tional to K./o%;, and if v follows an exponential also propor-
tional to -h~! if v obeys a gaussian the gradient varies propor-
tional to -zh~'. Fig. 11 displays Olnv(z)/0z for the data and for
the fit by the sum of five sech’s — including the two peaking off
the plane. There is a reasonable correspondence. The figure may
give the impression that the sample is comprised by two expo-
nential subsets. One with h™! 20.020 and a second with h™!
~20.011 and a transition zone between 130 and 200 pc. There
are no indications of any isothermal gaussian. The zero order
approximation, isothermallity, does accordingly not work.

The solid curve in Fig. 11 is the derivative of the fit formed
by four sech’s discussed in Sect. 4, Eq. (1). It is based on in-
dependent 75 pc distance bins. Olnv(z)/0z seems linear for the
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local volume mass density 47wGp. The solid curve is based on the fit in

Eq. (1)

range 100 — 200 pc and for 200 — 450 pc. Is this an indication
that the density may be approximated by two gaussians? If so
their scale heights become 129 and 250 pc respectively, values
not encountered when the use of gaussians were discussed in
Sect. 4. oy increases from 9.0 to 14.5 km s~! over the the 100
—200 pc interval. Not quite constant but if we postulate isother-
mality and use a gaussian with h = 129 pc at 100, 150 and 200
pc Bahcall’s (1984b) approximation returns 0.090, 0.122 and
0.157 .#4, pe™>. A 25% uncertainty is noticed.

Adopting a linear approximation to the oy versus z(pc)
variation from the data within 300 pc and an independent bin-
ning, see Fig.5 and Fig.6a, we may estimate 0K,/0z from
v(z) and oy . This is a very uncertain method due to the sev-
eral differentiations involved. Bahcall’s (1984a, 1984b) method
is in fact an attempt to minimize the uncertainties intro-
duced the differentiations. K, is from Jeans’ equation: K, =
;l gz W(z)ow (2)%). 0K ./0z, with v replaced by the fitted curve,
is shown in Fig. 12. Our linear o py — z relation is a first order
approximation to the data, we dont assume isothermality. We
see that 0K ,/0z is far from constant, in the range from 50 to 120
pc where -0K ,/0z is positive it varies with a factor 2. This factor
is the accuracy with which we may calculate p;,t4; from the A
stars if we postulate that Jeans’ and Poisson’s equations may be
combined. A disappointing result not to be known a priory.

We may again return to the density fit from Eq. (1), mainly
leaving out the off plane contributions. JK,/0z from this fit,
assuming the same oy variation, is shown as the solid curve
in Fig. 12. Within 100 pc, where our data anyway are sparse,
we still encounter the large variation but beyond ~100 pc the
derivative and thus the total density seem fairly constant — within
only a factor of two. p;ia1(z=0) ~ 0.05 ., pc—? between
100 and 200 pc and twice that value at ~300 — 400 pc.

9. Why does it break down?

We still have not brought the age information into full play.
Our attention has been focused on the volume completeness
expressed as detectability in a magnitude limited sample and
as discussed we have observed all the A stars within ~450 pc.
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The observed density variation within this confinement should
accordingly approximate the “true” one. The other parameter
in Jeans’ equation is the velocity dispersion at a given distance.
There may be a relation between dispersion and the distance
from the plane as indicated in Fig. 5 but both density and the
dispersion may depend on other parameters. There have been
several suggestions that dispersions, whatever the reason, in-
crease with time. If there is a z — age dependence in the sample
the v — dispersion comparison has no physical relevance. The
discussion in Sect. 6.5 indicated a difference of h.s; and oy
for the young and old half of the sample. From Table 2 and
3 we recall that h.;y and oy were systematically smaller for
the younger half, a tendency most pronounced at 150 and 165
pc. A priori we anticipate the young stars to be detected every-
where since they are among the most luminous and with time
dependent dynamics a simple requirement is that the mean age
does not vary with z. Fig. 13, mean age versus distance, however
shows that this is not the case, filled circles indicate 75 pc inde-
pendent bins. The age increases homogeneously to about 150 —
200 pc where it levels off and stays constant to the completeness
limit at 450 pc. The constant level equals the sample median.
The age mix has not matured within 200 pc and the stars on
either side of this division can not have experienced compara-
ble dynamical histories. Since Jeans’ equation assumes a high
degree of relaxation it may probably not work for the A star
sample.

An objection to this is that individual stellar ages are uncer-
tain and cannot be trusted in an absolute way but we may state
the same from the distance variation of an accurately observed
quantity like the 3 index. In the A star range ( is temperature
indicator so it may be replaced by (b-y)o but we prefer it since
it is unaffected by reddening and less affected by rotation than
(b-y)o. Fig. 14 shows exactly the same trend as Fig. 13. 3 varies
homogeneously until 200 pc where it becomes constant. 200 pc
divides the A stars in two distinct groups. With the distance as
the independent parameter we may use the mean age of each
distance interval to study the evolution of the U and V disper-
sions with age(distance). From Fig. 13 we might be led to expect
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a homogeneous increase with the age(distance) varying from 5
to 7.5 10® yr and constant values for age(distance) ~ 8 108 yr.

According to Fig. 15 these expectations are not met. Re-
garding U the dispersion stays almost constant when the
age(distance) increases from ~4 to ~7.5 10% yr whereas it dis-
plays quite arange 25 —45 km s~ for the constant age(distance)
~ 8 10% yr. An almost similar variation is noticed for oy —
age(distance) where the change of behaviour takes place at ~
200 pc. In Fig. 15¢ oy vs. oy is demonstrated, binned by dis-
tance. Bins within 200 pc are indicated by O’es and those be-
yond by ¢’s. The two solid lines indicates that U and V may be
heated together following a rather narrow sequence with some
wild deviations present. The 200 pc division reveals itself when
oy becomes constant at oy = 23 kms~!.

The dispersion — age relations following from the distance
binning suggest that oy and oy may be virtually constant within
~150 pc despite the mean age increases with a factor of two. So
may we have isothermallity after all? In Sect. 10 we present a
more detailed discussion of density and kinematics as a function
of age and the answer is no!

10. Discussion

An interesting question is whether any of Lance’s young high
velocity stars observed at the SGP are included in the present
bright NGP survey. Since about 1200 square degrees have been
observed out to 400 — 700 pc a considerable volume have been
sounded so quite a few might be expected. The young high
velocity stars was suggested to have exponential scale heights
between 1000 and 1600 pc. Their density in the plane may be
estimated from Lance (1988) Fig. 7. For scale height 1000 and
1600 pc the expected number within our completeness limit
of 450 pc is 10 and 12 respectively, numbers we can not sort
out from about 400 stars. For the range 450 — 1300 pc Lance
predict 101 young high velocity stars. From the fit of two ex-
ponentials (h = 65 and 165) we predict 68 stars of the kind we
have observed, and of these we observe 58. Our simple detection
probability is thus 58/68 = 0.85. If the young high velocity stars
have the same luminosity distribution as our stars between 450
and 1300 pc we should have seen 86 of the young high velocity
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stars alone, but we only observe a total of 68 stars. Is this an
indication of a rareness of the young high velocity stars or do
they have another luminosity distribution than our “normal” A
stars? The fit to the densities resulting from the running bins
for the old subgroup required the introduction of a sech? with a
scale height 680 pc and we may even have identified some seven
individual members of this population. From Sect. 2 we know
them to be slightly metal weak, that they have identical masses
and luminosities, that they are coeval A = 1.040.1 Gyr but that
their planar velocities and dispersions not quite are as extreme as
the SGP high velocity stars. These stars may represent another
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family of high altitude A stars than the high velocity population
I stars presented by Lance.

The running 100 pc binning made it clear that the density
distribution was peculiar between 200 and 300 pc. The formal
fit required the introduction of sech?s that do not peak at z~0.
The off plane peaks have concomitant discrepant angular mo-
mentum. Such a complex density function does probably not
allow an estimate of the total disk density.

The derivative of Inv(z) showed a complicated variation em-
phasizing that ©(z) is not representing a single or a few isother-
mals. Between ~100 and ~200 pc the derivative increases al-
most linearly, Fig. 11, quite an unexpected behaviour and an
effect of the off plane peaks of course. This is only the case
when off plane peaks are included, if left out the density vari-
ation seems to obey something imitating a sum sum of two
gaussians with scale heights 129 and 250 pc. As it turned out
the main reason for the irregularities is a varying age mixture.
The average age shows quite different characteristics on either
side of 200 pc. Particularly the range ~100 and ~200 pc is im-
possible to regard as relaxed since the mean age increases with
a factor of two, from ~4 to 8 108yr, over only ~100 pc. This age
difference has dynamical consequences since it is comparable
to what is required for a few orbits around the center and to a
minor number of oscillations through the disk, only few relax-
ing events may have had time to take place. On the other hand
stars beyond some hundred pc from the plane are old enough to
have approached relaxation. It seems difficult to reconcile the



J. Knude: NGP A stars — density variation, kinematicsand the total mass density of the disk

tracer’s varying degree of relaxation with a simple response to
the potential. Jeans’ equation may not be used to estimate the
local mass density.

In our discussion of Fig. 7 we introduced quite a number of
curves to match the observations three sech?s peaking for z=0
and two peaking at z=200 and 250 pc respectively. The result-
ing match becomes better than 10% at any distance between
50 and 450 pc and differs significantly from the fit in Eq. (1).
The physical relevance of all this components may, however,
be doubtful. Dividing the sample according to the median age
did not change much apart from introducing a curve with scale
height 680 pc for the older half. The rather clear variation of
the age with z may suggest that the density variation could be
approximated by two curves. Fig. 16a is our best estimate with
only two sech?s. The fit is inferior to the one in Fig.7a and
does not reproduce the data at 150 pc, where the kink is. De-
viation between data and fit is 30% at 150 pc. The proposal
could be that 1.4792 103 sechz((g) might represent a young
part of the sample and 2.6899 10~* sech?( 175) might reproduce
an older population dominating at larger distances but as Fig. 5
and 6a showed the velocity dispersions do not comply with two
isothermals but some support for two constituents is lend by the
variation of Jlnv/0z in Fig. 11 and if we accept Eq. (1) the solid
curve in Fig. 11 suggests the possible presence of two gaussians.
In Fig. 16b we show the density variation for three age groups.
Younger than 400 10° yr, between 400 10° and 900 10° and
finally those older than 900 10°. The Fig. also contains the two
sech?s from Fig. 16a. The data are shifted so they match at ~50
pc. First we may notice that the relative concentration towards
the plane in fact decreases with age as must be the case after
Fig. 13 and that at least the two younger subgroups may be ap-
proximated by only one curve between ~70 and 150 and 200 pc
respectively. The oldest group follows a single curve rather well
between 150 and ~400 pc but we notice that none of the narrow
~500 10° yr age groups may be approximated by just one curve
and that the change between curves for the youngest and the
oldest age group takes place at the same distance of 150 pc. The
changes from one curve to another are particularly extreme for
the youngest interval with shifts from a steep curve to a constant
between ~150 and 210 pc and then to a more shallow curve.
An interpretation could be that these young A stars, A < 400
10% yr, do not share a common origin. But it seems a common
characteristic for the three age groups that they are composed
of two main features. One feature with a smaller scale height
concentrating towards the plane, and most importantly a scale
height displaying an increasing tendency with age. For the stars
within ~150 pc and with A < 400 10° yr the numerical value
of the slope in the logr — z plane is twice that pertaining to stars
with A > 900 10° yr. This implies that the scale height of the
latter is twice that of the former. Increasing the age with ~ 1
Gyr causes a doubling of the scale height. The intermediate age
stars obeys consistently a density variation with an intermedi-
ate scaleheight within 150 pc. The density variation close to the
plane is accordingly not independent of time. The second fea-
ture is domineering beyond 150 — 200 pc and with a larger scale
height. The second features are not identical either, we notice
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that the group 400 — 900 10° yr changes slope at ~300 pc. The
small scale height part is seen to make up a relative diminishing
fraction with increasing age. An interpretation might accord-
ingly be that the solar neighborhood has experienced a recent
input of stars that have not become old enough to have experi-
enced dynamical relaxation. It is still a problem though why the
youngest group does not follow only one density law. There has
of course been suggestions that young A stars are results of dis-
tinct formation scenarios, Lance (1988). This could be revealed
by the variation of velocity dispersion with z. Fig. 17 shows o/
— z for our three age groups, distance binning as for Fig. 16. It
is interesting to notice that almost all of the fluctuations of the
density data have a corresponding variation in oy;. The most
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dramatic feature is the sudden increase and drop of the disper-
sion noticed for the 400 — 900 10° yr group at 250 and 350 pc
respectively. Returning to the youngest group there is indication
that it may consist of two disparate kinematic subgroups domi-
nating on either side of 250 pc with oy ~18 km s~ ! within 250
pc and oy ~35 km s~! beyond 250 pc. We have coeval stars
whose dispersion depends discretely on their distance from the
plane. May they have formed under identical circumstances?
The two other age groups show a similar behaviour first a low
level more or less constant U dispersion — with irregularities —
followed by a homogeneous increase to the completeness limit.
We recall that Olnv(z)/0z from Eq. (1) also indicated a change
at ~200 pc.

11. Conclusions

We propose that, from a 75 pc independent binning, the NGP
A stars follow a z — volume density variation that may be for-
malized as a sum of four sech? curves, that there is a constant
ratio between the W and U dispersions within 375 pc and that
the U dispersion increases with z. The A stars are accordingly
not isothermal.

More details may become clearer after changing to overlap-
ping running bins. The formal fit to the density data within the
completeness limit by several sech?s of which some do not peak
for z = 0 permits the computation of dlnv(z)/0z and of 0K ./0z
=- 862 L 362 (Z/O"Z/V)] where we have used a linear fit to oy over
the distance range from 50 to 300 pc. Jlnv(z)/0z shows that a
single isothermal may not be used and - 9K ./Jz displays a vari-
ation amounting to a factor of two in the interval 50 — 130 pc.
For larger distances it oscillates and is not confined to positive
values. The combination of Poisson’s and Jeans’ equations is
not allowed and may consequently not permit an estimate of the
local disk density. If the off plane contributions are left out the
Olnv(z)/0z — z diagram indicates that the density variations be-
yond 100 pc imitates a sum of two gaussians with scale heights
129 and 250 pc. Postulating isothermality Bahcall’s formalism
results in a density estimate 0.122 .#Z, pc~* as calculated be-
tween 100 and 200 pc. Including the uncertainty from the fit
<20% the uncertainty in pyorq;(z = 0) is about 30%. The den-
sity estimate from 47Gp = -0K,/0z indicates an even lower
value. The A stars seem thus not to indicate any unidentified
matter in the disk.

The absent relaxation may be caused by a varying age with
z. A division of the sample in three age bins have demonstrated
that for stars younger than 400 10° yr oy may be approximated
by two constant values, o1/ (2<250):0y(z>250) ~18:35. Stars
with ages between 900 and 1500 10° yr has a “constant” o7
within 300 pc and a homogeneously increasing dispersion be-
yond. The density variation for all three age groups may de-
scribed coarsely by a sum of two sech’s. Those with the small-
est scaleheights show an increasing scaleheight with age and we
do not have a steady state. The second components have similar
scaleheights. The situation is the rather strange that the density
variation of the three age groups is reproduced by a sum of two
isothermals but the z variation of their o;’s are not those of two
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isothermals except perhaps for the youngest subgroup which is
made up of stars too short lived to be relaxed in the galactic
potential. All three groups contains a hotter remote component.
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