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Abstract. The Galactic tide is the dominant outer perturber of the orbits
of comets in the Oort cloud. Its strength primarily depends on the density of
matter in the local Galactic disc. This parameter has been determined with a
relatively large uncertainty. The known original orbits of the dynamically new
comets provide a possibility of determining the density of the Galactic matter
within a study of dynamical evolution of comets in the outer Oort cloud. We
describe a procedure how to determine the dynamical density in this way. Using
the known orbital characteristics of new comets and the generally accepted as-
sumption of the directionally uniform outer Oort cloud, we determine its radial
structure and evaluate the quality of our structure description by comparing
the predicted and observed distributions of the angular elements of new comets
in the zone of visibility. The whole procedure is repeated for a range of dis-
crete values of the local Galactic-matter density. The best agreement between
the predicted and observed angular-element distributions is expected for the
actual value of the density, which can be found in this way. For the adopted
model of the outer Oort cloud, we find that there is a quite well recognizable
relation between the level of the agreement and the value of the local-Galactic-
matter density. A value between ~0.21 to ~0.23 M pc~2 corresponds to the
best agreement and, thus, can be regarded as the most probable actual value
of the density.
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1. Introduction

The Galactic tide has been found to be the strongest outer perturber of the
orbits of comets in the Oort cloud. Its significance has been confirmed by several
authors (e.g. Delsemme, 1987, who demonstrated its existence using a debiased
sample of the observed new comets, or, most recently, Dones et al., 2004). The
tidal perturbing force is strong enough to reduce comet perihelia and, thus,
bring comets to the zone of visibility (e.g. Heisler and Tremaine, 1986; Morris
and Muller, 1986). The force consists of the disc and radial components. The
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dominant disc component (Heisler and Tremaine, 1986) primarily depends on
the density of matter (stars, interstellar clouds, dark matter, etc.), pgas, in a
neighbouring Galactic environment.

The first value of the density, used in the context of the Galactic tide,
was pgy = 0.185 Mg pc™? determined by Bahcall (1984). Although Delsemme
(1987) claimed that the observations, performed up to his time, removed the un-
certainties and confirmed Bahcall’s estimate, the value of pgas = 0.185 Mg pe ™3
has been several times questioned, especially because of an undetected dark
matter. Its uncertainty still seems to be large. Various authors have assumed a
quite large interval of its values. For example, Matese et al. (1995) considered
the interval from 0.13 (no dark matter) to 0.36 Mg pc—3. (More exactly, the
above values are related to the Sun’s intersection points of the Galactic plane.
Since the Sun is currently near the plane, the actual values can be expected not
much lower.) Fernandez (1997), Wiegert and Tremaine (1999), and Neslusan and
Jakubik (2005) considered the value of pgar = 0.15Mg pc™ being a straight
average of several earlier determinations.

A more reliable value of pg s seemed to be derived on the basis of Hipparcos
observations. Pham (1997), Crézé et al. (1998), Holmerg and Flynn (2000), and
both Korchagin et al. (2003) and van Altena et al. (2004) published the values of
0.1140.01, 0.076+0.015, 0.102+0.006, and 0.105 % 0.005 M, pc—3, respectively.
The differences obviously appear due to different methods used by the individ-
ual authors. All these authors claimed that there was no compelling evidence
for a significant amount of dark matter in the local region of the Galactic disc.
More specifically, Holmberg and Flynn (2000) compared the density of gravi-
tating matter 0.102 M pc™ with an estimate of the density of visible matter
0.095 M, pc3.

However, Garcia-Sénchez et al. (1999; 2001) compared the Hipparcos obser-
vations with a stellar luminosity function for star systems within 50 pc from
the Sun and estimated that only about one fifth of the stars, or star systems,
had been detected by Hipparcos. This incompleteness was not corrected in the
above given determinations. Therefore, the value of ~0.10 M, pc™3 can still be
regarded as a lower limit of the actual density. The question of an actual value
of pgs remains open.

All determinations of pgas up to date have been based on the observations
of stars and other interstellar objects in the local part of the Galactic disc. In
this work, we present a procedure of the determination of pgys based on our
knowledge of the action of disc matter on the comets in the outer Oort cloud
(O0C) and observations of dynamically new comets in the zone of visibility
(ZV). Specifically, we use the procedure of the determination of the OOC ra-
dial structure described by Neslusan and Jakubik (2005). A widely accepted
assumption of the directional homogenity of the OOC structure is also adopted
in our model of this comet reservoir. Knowledge of the radial structure enables
us to predict the distributions of angular elements of new comets at their previ-
ous perihelion passages, which can be compared to the corresponding observed
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distributions. It appears that a measure of the agreement between the predicted
and observed distributions depends on the value of pgas. The best agreement
can be expected for the actual dynamical value of the density. We apply the
described method using a sample of new comets available nowadays.

2. The quality of the Oort-cloud model and density of the
Galactic matter

Neslusan and Jakubik (2005) described a way of the determination of the comet
semi-major-axis distribution in the OOC. The details of the procedure can be
found in their paper. Here, we recapitulate only the main steps. A model of
the distribution of comet orbits in the OOC, initially with a flat distribution of
the semi-major axes, a, is used to predict the characteristics of dynamically new
comets coming into the ZV. For a given value of pgys, the prediction is made via
a numerical integration of 126 600 modelled comet orbits in the OOC, which are
perturbed by the dominant outer perturber, Galactic tide. From the formulas to
account for this perturbation (Harrington, 1985; Heisler and Tremaine, 1986),
it is obvious that the result must depend on the value of pgas.

The Galactic tide can significantly change the comet orbital elements, except
for a (Heisler and Tremaine, 1986). This element can be assumed to be roughly
conserved even if not very important stellar perturbations are taken into ac-
count. When the predicted a-distribution of new comets in the ZV is obtained
assuming the flat a distribution of all comets in the OOC, it is compared to
the corresponding a-distribution of new comets in the ZV and the number of
comets in the OOC with a in a given interval is multiplied by such a factor
that the predicted a-distribution of new comets in the ZV matches its observed
counterpart. In this way, the actual a-distribution of the comet orbits in the
0OO0C is derived.

Some studies of the Oort cloud formation have indicated that the orientation
of OOC comet orbits is randomized within the first giga year of the OOC exis-
tence (e.g. Duncan et al., 1987; Dones et al., 2004). As already mentioned, we
adopt the assumption of the directional homogenity of the OOC-comet orbits.
Assuming further a flat e2-distribution law for the distribution of the eccentric-
ity, e, of OOC-comet orbits, these orbits are completely characterized and one
can predict the distributions of the angular elements of new comets in the ZV.
These distributions can, then, be compared with the corresponding observed
distributions and the agreement between the theory and observations can be
evaluated. We remind the reader that the angular elements of OOC comets ex-
tremely change in the period, when the comets come into the ZV. Given this
circumstance, the distributions of these elements should be constructed for other
time than the epoch that is close to their current, i.e. observed, perihelion pas-
sage (Neslusan, 2005). It is chosen to construct these distributions for the time
of the previous perihelion passage.
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Figure 1. The agreement between the theoretical and observed distributions of w,
), and i of new comets in the ZV, measured by the common root of mean squares
(RMS) between both theoretical and observed distributions (see the text of Sect. 2
and Eq. (1)), when various values of the density, pcar, of the neighbouring Galactic
environment are considered. The lower RMS, the better agreement. The circles illus-
trate the dependence of RMS vs. pgar for a more distant border, at a = 35500 AU,
between the inner and outer Oort cloud, while the crosses illustrate the dependence
for a nearer border, at a = 22400 AU. For five points centred at that corresponding
to the minimum RMS, the behaviours of RMS are fitted by the parabolas.

Neslusan and Jakubik (2005) evaluated the agreement between the predicted
and observed distributions calculating the root of mean squares (RMS) for each
predicted-observed pair of three angular-element distributions separately. In this
work, we evaluate the quality of the agreement calculating the common RMS
for all the three distributions, i.e. that of the argument of perihelion, w, the
longitude of ascending node, §2, as well as the inclination, . It can be calculated
as

where O; (Cj) is the number of bodies in the j-th three-dimensional interval
of the observed (theoretical) distributions. A given three-dimensional interval
ranges from w to w + Aw in the argument of perihelion, from Q to Q + AQ
in the longitude of ascending node, and from ¢ to ¢ + A¢ in the inclination.
Assuming that all three elements have the same importance in the evaluation
of the common RMS, we put Aw = AQ = Ai. Consequently, the whole range
of w as well as 2 is divided into n,, = 360°/Aw intervals and the whole range
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Figure 2. The comparison of the agreement between the predicted (dashed-line bars)

and observed (solid-line bars) distributions of w (plots a, b), Q (c, d), and cosi (e,

f) of dynamically new comets in the ZV. The distributions are constructed for the

previous perihelion passages of the comets. The predictions of the distributions are

made considering pear = 0.10Mg pc™® (left-hand side plots, a, ¢, and e) as well as
pcar = 0.22Mg pe™? (right-hand side plots, b, d, and f).
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of ¢ into n; = 180°/Ai = n,,/2 intervals. It yields the total number of intervals
of N =n2n; =n3 /2.

In the process of the OOC modelling and comparison of theoretical and
observed characteristics of new comets, we meet a problem concerning the in-
ner border of the OOC. If this border is chosen to be in a shorter heliocentric
distance, a larger number of comets in the OOC and larger number of cor-
responding new comets can be used in the statistics. However, a sample of
observed new comets contains a larger number of bodies on the orbits with a
larger perihelion distance, which are more biased by observational selection ef-
fects. We must thus compromise between the numerousity of the used sample
and its quality. Neslusan and Jakubik (2005) considered two cases: narrower
(4.55 < loga < 5.05) and wider (4.35 < loga < 5.05) intervals of OOC semi-
major axes. To demonstrate the uncertainty due to the uncertain inner OOC
border, we also consider these two intervals and put the inner border at (i)
a = 35500 AU (loga = 4.55) and (ii) @ = 22400 AU (log a = 4.35).

For various values of pgas, ranging from 0.10 to 0.30 M, pc—3, the agreement
between the theoretical and predicted w-, £2-, and i-distributions, expressed in
terms of their common RMS, is displayed in Fig. 1. The circles (crosses) il-
lustrate the behaviour of the RMS, in dependence on pgas, for the more (less)
distant border of OOC. A larger available sample of new comets in the case of the
less distant border generally implies a better agreement (lower values of RMS)
between the predicted and observed angular-element distributions. Both depen-
dences of the RMS on pg s have a well distinguishable minimum at the value of
pam = 0.22Mgpe~3. To determine the position of the minimum more exactly
and reliably, we fit the part of the dependence centred at pga = 0.22Mgpc™3
by the parabolic curve, RMS = U + V (pgar — W)? (U, V, and W are parame-
ters obtained by the fitting). Beside the region around the minimum, there is a
region of the dominance of statistical fluctuations, from pgys &~ 0.10 Mepe ™3 to
pam ~ 0.16 Mope=3. Since an exact border between these regions is not clear,
we fit (i) 5, (ii) 7, and (iii) 9 points by the parabola, for the OOC with less as
well as more distant inner border. The minimum occurs at the value of pgas
equal to 0.23440.002, 0.234+0.005, and (0.23640.010) Mpc—3 (0.217+0.003,
0.211 4 0.003, and (0.205 4 0.007) Mgpc~?) in the case of fit (i), (ii), and (iii),
respectively, for the less-distant (more-distant) OOC border. The average of
the three fits for the less-distant (more-distant) OOC border is 0.235 Mopc—3
(0.211 Mgpce~?). The average from all six fits is 0.223 Mgpe~3. With respect to
the presented values, we can conclude that the actual value of pgyas is =0.21 to
~0.23 Mope 3.

3. Discussion

The comparison of the agreement between the theoretical and observed distri-
butions of the angular elements for our new value pgy = 0.22 Mg pe™2 and
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the old value pgyr = 0.10Mg pc™2 can be seen in Fig. 2, too. The theoreti-

cal distributions are illustrated with the dashed-line bars, while their observed
counterparts with the solid-line bars. The distributions for the first value of pgns
are shown in the right-hand side plots, those for the second value of pgps in the
left-hand side plots. The better agreement for pgas = 0.22 M pc™? seems to be
mainly a consequence of better agreement between the theoretical and observed
cos i distributions (the RMS between the observed and theoretical distribution
of w, Q, and cosi is 0.058, 0.036, and 0.022, respectively). The inclination of
orbits to the Galactic equator is obviously mostly sensitive to the value of pgas.

A large difference between the old typical value of pgps and our newly-
determined value can occur due to two factors: incompleteness of Hipparcos
catalogue and/or dark matter. According to the work by Garcia-Sénchez et
al. (2001, Fig. 13), the catalogue is complete only up to the absolute visual
magnitude My < 4. On the contrary, no stars with My > 13 were detected
within 50 pc. Considering the relations between the mass and the absolute visual
magnitude My published by Henry and McCarthy (1993) for the range of 1.45 <
My < 17.6, we calculate the typical stellar masses in this range of My . Putting
further the values 4.57, 2.9, 2.3, 2.2 (Gray, 1992), and 0.6 My (Hansen and
Kawaler, 1994) as the typical masses of main-sequence stars with My = —1, 0,
1, giants, and white dwarfs, respectively, and considering the incompleteness of
the Hipparcos catalogue revealed by Garcia-Sanchez et al. (2001, Fig. 13), we
can find that the total stellar mass in the solar neighbourhood must be about
the factor of 2.4 larger than the mass in stars observed by Hipparcos.

The density of stellar mass in the solar neighbourhood was estimated to
be 0.043 (Crézé et al., 1998) or 0.044 Mg pc—3 (Holmberg and Flynn, 2000,
Table 1). Correcting these values by the factor of 2.4, we obtain the density
of stellar matter equal to 0.103 or 0.106 M pc~3, respectively. Since the au-
thors gave the density of all visible matter equal to 0.076 or 0.102 Mg pc—2,
their estimates of non-stellar visible matter (interstellar gas clouds) are 0.033
or 0.058 M, pc—3, respectively. Therefore, after the correction of stellar-matter
density and assuming the above values of non-stellar-matter density, the density
of all visible matter is 0.136 or 0.164 My, pc—3, respectively, still lower than our

value of ~0.22 Mg pc~3.

Since there exists the incompleteness in the mapping of stellar population
and the difference between the estimates of the amount of non-stellar matter
by both Crézé et al. (1998) and Holmberg and Flynn (2000) is large enough
(76%), we can expect that the incompleteness of the mapping of non-stellar
matter can also be quite large. It is, therefore, difficult to say if the difference
between the corrected values of 0.136 and 0.164 M pc~2 and our own value of
~0.22 My pc~? is caused by the incompleteness of the mapping of non-stellar
matter or by the existence of invisible, dark matter.
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4. Concluding remarks

In the simulations of the dynamical evolution of OOC and predictions of the
relative numbers of dynamically new comets in the ZV with a in various inter-
vals, the value pgys ~ 0.21 to ~0.23 M pc~? of the density of Galactic matter
in the solar neighbourhood leads to the best agreement between the theoretical
and observed distributions of the angular elements of new comets.

We must note that the agreement is conditioned by the assumption of the
random directional distribution of orbits in the OOC. If this assumption appears
to be true (as indicated by some studies, e.g. Duncan et al., 1987 and Dones et
al., 2004), then the above stated value should be the actual value of the density.

The incompleteness of stars in the Hipparcos catalogue causes an underes-
timation of the density of stellar matter. According to results in the work by
Garcia-Sanchez et al. (2001), the total mass of the detected stars should be mul-
tiplied by the factor of about 2.4 to obtain the actual total stellar mass. Even
after making this correction, the difference between the corrected old values of
pay and our own value, found within this work, remains large. A reliable expla-
nation of this difference is difficult to be found, since there is also a quite large
uncertainty, about 76%, in the determination of the density of visible non-stellar
matter by two groups of authors. We cannot say whether the difference appears
due to this uncertainty or the existence of a significant amount of dark matter.
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