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Abstract. Vilnius seven-color photometry has been obtained for 238 stars down to ~13 mag in the area of
the California Nebula in Perseus. For nearly all of the stars, photometric spectral classes, luminosity classes,
absolute magnitudes, interstellar reddenings, extinctions and distances are determined. The “extinction versus
distance” diagrams give evidence for the presence of one dust layer at ~160 pc distance in the direction of the
California Nebula and its nearest surroundings and of two dust layers at distances of 160 pc and 300 pc north-
west of the nebula, in the direction of the dark clouds L 1449 and L 1456. The front layer contributes extinction
between 0.3 and 1.3 mag, and the second layer gives about 1 mag of additional extinction. It appears likely that
the front dust layer is the extension of the Taurus dark clouds. The second dust layer probably belongs to the
complex of dark clouds found in other areas of the southern part of Perseus (in the directions of the open cluster
IC 348, the reflection nebula NGC 1333, etc.). Both cloud complexes run more or less parallel to the Galactic
plane.
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1. Introduction

The complex of dark clouds in the Taurus, Auriga, Perseus
and Aries constellations is one of the largest concentra-
tions of gas and dust in the Galaxy. It extends ~ 25°
parallel to the Galactic equator, which is equal to 61 pc
at the 130 pc distance or 84 pc at the 180 pc distance,
these distances corresponding to its front edge in dif-
ferent directions. The depth of the complex is probably
of the same order, i.e. 60-80 pc. In many parts of the
clouds, stars illuminate the dust, forming reflection neb-
ulae (e.g. the Pleiades, the NGC 1333 nebula, etc.). In
some areas, the ultraviolet radiation of hot luminous stars
ionizes the gaseous component of the clouds, forming emis-
sion nebulae (like the California Nebula). Radio observa-
tions reveal a number of molecular clouds hidden in the
densest dust concentrations. According to Ungerechts &
Thaddeus (1987) the total mass of all clouds in the com-
plex is about 2 x 10> M. That paper also gives a map
of the complex with the molecular clouds, dust clouds,
nebulae and clusters identified.

In the complex, star forming processes are taking
place: in its eastern section (Taurus and Auriga) mostly
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low-mass T Tauri type stars are observed, while in the
western section of the complex (Perseus) both low- and
high-mass stars are being formed (the Per OB2 associa-
tion, the open cluster IC 348, etc.).

In the seventies, we started a program of investiga-
tion of this complex of interstellar dust clouds by means
of photoelectric photometry of stars in the Vilnius seven-
color system. The following areas have been investigated:
the Taurus area containing the Lynds dark clouds L 1538,
L1528, L1521 and L1495 (Straizys & Meistas 1980;
Straizys 1982; Straizys et al. 1982a, 1982b, 1985), the
Taurus area containing the Lynds dark clouds L1551,
L1546 and L1543 (Meistas & Straizys 1981), the area
around the variable star RV Tau (Straizys & Meistas
1981), the Merope dark cloud in the Pleiades (Cernis
1987), the area around the reflection nebula NGC 1333
(Cernis 1990), the areas around the open cluster IC 348
and in the Per OB2 association (Cernis 1993), the area
around the open clusters NGC 1750 and NGC 1758
(Straizys et al. 1992). In these publications the distance
vs. extinction relationships, cloud distances, densities and,
in some cases, the extinction laws of the dust clouds were
investigated. We concluded that almost everywhere in the
Taurus and Perseus sections of the complex, the extinction
begins to increase sharply at 130-180 pc. In the Perseus

Atrticle published by EDP Sciences and available at http://www.aanda.org or

http://dx.doi.org/10.1051/0004-6361:20010689



http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20010689

V. Straizys et al.: Interstellar extinction in the California Nebula region

section, evidence was found for the presence of a second
dark cloud at 230-270 pc. A model of the spatial distri-
bution of Taurus and Perseus objects was discussed by
Cernis (1993).

The present paper extends the research of the
Perseus clouds in the direction of the California Nebula
(NGC 1499) which is closer to the Galactic equator than
the areas investigated earlier. The area is bounded by the
following 2000.0 coordinates: RA from 3"48™ to 4h10™
and DEC from +35° to 4+39°. The northern part of this
area is covered by the dark cloud Khavtassi 257 (Khavtassi
1960). In the Lynds (1962) catalog, several smaller dark
clouds, L1449, L1456 and L 1459, are separated in the
area.

The area includes several condensations of the molec-
ular cloud situated north of California. This molecular
cloud was investigated by Elmegreen & Elmegreen (1978),
Wouterloot & Habing (1985), Ungerer et al. (1985),
Ungerechts & Thaddeus (1987) and Herbertz et al. (1991)
in the OH and CO radio lines.

The California Nebula itself is an emission region
which covers an area of 1 x 4 square degrees near the
northern boundary of the Per OB2 association. The source
of its ionization is the runaway star ¢ Per (O7.5 III,
V = 4.04 mag).

2. Observations, reductions and quantification
of stars

Photoelectric photometry of 238 stars in the area was
performed in the standard passbands of the Vilnius sys-
tem (Table 1) in 1994-1996 with the 1 m telescope of the
Institute of Theoretical Physics and Astronomy (Vilnius,
Lithuania) situated at the Maidanak Observatory in
Uzbekistan. In the area, almost all stars down to V =
10 mag and many stars down to V' = 11 mag and even
fainter magnitudes were measured. In the dark clouds
north of California we observed a number of fainter stars
down to 13 mag (but not all). The typical accuracy of mag-
nitudes and color indices is better than +0.01 mag (rms
error), but for the faintest stars the accuracy can be some-
what lower, especially in the ultraviolet filters U and P for
red or reddened stars.

The extinction coefficients of the atmosphere for ev-
ery moment of observation were determined by the
Nikonov (1976) method adjusted to the Vilnius system
by Zdanavicius (1975, 1996). Transformation equations
from the instrumental to the standard system were deter-
mined from observations of about 20 stars in the Cygnus
Standard Region (Zdanavicius & Cerniené 1985). Details
on the instrumentation and reduction procedures are given
by Bartasituté (1999) and Straizys et al. (2001, hereafter
Paper I).

The catalog of V' magnitudes and color indices in the
standard Vilnius system for the observed stars is published
in Paper 1.
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Table 1. Mean wavelengths and half-widths of passbands of
the Vilnius photometric system.

Passband U P X Y Z 14 S

A (nm) 345 374 405 466 516 544 656
A (nm) 40 26 22 26 21 26 20

For the determination of spectral classes and abso-
lute magnitudes (we call this process the photometric
quantification) two independent methods were used.

(1) Interstellar reddening-free diagrams Qupy, Qpyv;
Qury, Qxvv; Quxy, Qupyv; Qupy, Qxzs and Qxzs,
Qxyz calibrated in terms of MK spectral classes and ab-
solute magnitudes My by Straizys et al. (1982c). The
reddening-free ()-parameters are defined by the equation:

Q123 = (m1 — ma) — (E12/Eg3)(ma —ma), (1)
or

Q1234 = (M1 — ma) — (Er2/Es4)(ms — my), (2)
where

Ere = (Mg — M¢)reddened — (Mk — M) intrinsic - (3)

In calculating the Qs, we used the color excess ratios cor-
responding to the normal interstellar extinction law. The
arguments for the normality of the extinction law in the
investigated area are described in Paper I. This method
of quantification gives the accuracy of spectral class of
the order of £1 decimal spectral subclass. The accuracy
of My depends on spectral type and varies from +0.3 to
+0.5 mag. The absolute magnitudes are adjusted to the
modern distance scale based on the Hyades distance mod-
ulus V — My = 3.3 mag (Perryman et al. 1998).

(2) The oQ@-method of matching 14 different
reddening-free QQ-parameters of a program star to those
of about 7000 standard stars of various spectral and lu-
minosity classes, metallicities and peculiarity types. This
method does not give quantitative values of stellar pa-
rameters but selects some standard stars which have a
set of (Q-parameters most similar to those of the pro-
gram star. If the 0@ value is sufficiently low (i.e. the Q-
differences between the program and the standard star
are small), the parameters of the closest standard star
may be prescribed to the program star. For photometry
of Population I stars with the 1% accuracy, oQ is usually
of the order of £(0.01 —0.02) mag for B-A-F-G stars and
of £(0.02 — 0.03) mag for K-M stars.

The two methods used for the determination of spec-
tral classes and absolute magnitudes give compatible re-
sults: the spectral classes agree typically to within 1 deci-
mal subclass, the luminosity classes are usually the same
in both cases.

The color excesses Ey _y were calculated as differences
between the observed Y —V and the intrinsic color indices
(Y — V) taken from Straizys (1992) for stars of various
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250 pc. The standard deviation of 23 stars in common is
425 pc in distance and +0.45 mag in absolute magnitude.
No systematic difference is found between the photometric
and trigonometric distances.

3. Interstellar extinction

According to the general trend of extinction with dis-
tance, the area can be divided into three smaller areas
with boundaries shown in Fig. 1. The largest of the three,
Area I, has a moderate surface density of background stars
and embraces the California Nebula with its nearest sur-
roundings. Area II is located north-west of the nebula and
includes the dark clouds L1449 and 1. 1456. Area III with
the dark cloud L 1459 is located north-east of the nebula.
In Areas IT and III there are many spots exhibiting a low
surface density of background stars, especially on the blue
prints of the Palomar atlas.

Figure 2 shows the plot of the extinction versus dis-
tance for Area I. Here, up to ~110 pc distance, all stars are
either unreddened or only slightly reddened. The first two
really reddened stars are observed at a distance of 110 pc.
More reddened stars start to appear at ~140 pc, but only

Fig. 2. Interstellar extinction Ay plotted against distance r in
parsecs for Area I. The vertical broken line shows the accepted
distance of the dust cloud at 160 pc. The broken curve corre-
sponds to the limiting magnitude V = 11.0 and My = +1.0;
all stars to the right of the curve are either apparently fainter
or absolutely brighter.

three of them exhibit extinctions larger than 1.7 mag. The
extinction of the remaining stars in this area is lower than
1.3 mag. The stars in the distance range from 250 pc to
about 1 kpc form, in Fig. 2, a belt between the Ay values
0.3 and 1.3 mag, with a mean of ~0.8 mag. This value can
be considered as the mean extinction in the direction of
the California Nebula.

There is no doubt that many more stars with Ay, >
1.3 mag should be present in Area I, but due to consid-
erable extinction they are apparently fainter than our ap-
proximate magnitude limit at V' = 11 mag (see the limit-
ing curve for V' =11 and My = +1.0 mag, corresponding
to A0 V and K III stars which are among the most lumi-
nous stars in the area).
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Fig. 3. Interstellar extinction Ay plotted against distance r in
parsecs for Area II. The two vertical broken lines show the front
edges of the dust clouds at distances of 160 pc and 300 pc. The
horizontal broken line corresponds to Ay = 1.7 mag, the max-
imum extinction of stars affected by the first dust layer. The
broken curve near top right corresponds to the limiting mag-
nitude V =13 and My = +1.0.

A sudden appearance of the reddened stars at 110 pc
means that somewhere beyond this distance the dust cloud
begins. Due to the distance determination errors, the stars
marking the front side of the cloud should be scattered
within approximately +25%, which at a distance of 160 pc
gives about 40 pc (rms error). If the first two reddened
stars appear at 110 pc due to this scatter, the cloud may
actually be situated as far as 150 pc.

On the other hand, the estimation of the distance to
the cloud may be obtained from the observed distances of
unreddened stars. In the direction of the area, the stars
with very low extinction (Ay < 0.2 mag) are seen up
to 210 pc. Subtracting the rms error of 40 pc, we obtain
a distance of 170 pc to the front edge of the cloud. The
two estimates, 150 and 170 parsecs, are sufficiently close
to each other, taking into account the fact that the closest
reddened stars and the farthest unreddened stars can be
occasionally found within the 30 error box (three stan-
dard deviations). Consequently, we are safe in considering
the front edge of the cloud to be at ~160 pc distance. The
absolute error of this distance probably cannot be larger
than +20 pc, since in the opposite case it would be diffi-
cult to explain the presence of both the reddened stars at
110 pc and the unreddened stars at 210 pc.

In Area I we do not find evidence of a possible second
cloud at larger distances. Probably, the only cloud present
is that at 160 pc. In this respect Area I seems to be very
similar to the Per OB2 association area which contacts
the California Nebula from the south (Cernis 1993). A
one-cloud structure is also found in some other areas in
Taurus and Perseus (for further discussion, see Sect. 4).
The dependence of interstellar extinction on distance for
Area IT is shown in Fig. 3. It is evident that up to ~250 pc
the distribution of stars resembles that seen in Fig. 2. The
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first two considerably reddened stars appear at distances
of 130 and 164 pc. This is in accordance with the model
that all this area is covered by the extension of the dust
cloud observed in the direction of the Per OB2 association
and the California Nebula.

However, in Area II all stars (except one), which are
farther than 350 pc, are affected by the extinction Ay >
1.5 mag, and the stars with r < 300 pc and Ay > 1.7 mag
are completely absent. Heavily reddened stars start to ap-
pear only at 300 pc. Another region in the graph of Area IT
with r > 350 pc and Ay < 1.7 mag is also empty, while
in Fig. 2 the corresponding region is well populated. Both
these features of the plot in Fig. 3 support the presence
of a second dust cloud. It is not likely that such distribu-
tion of stars in the Ay vs. distance plot would have been
caused by selection effects.

Consequently, somewhere between r;1 = 250 pc (the
minimum distance of stars with Ay > 1.5 mag) and
ro = 350 pc (the maximum distance of stars with Ay <
1.5 mag) the extinction jumps up by ~1 mag. The most
natural explanation of this feature seems to be the pres-
ence in Area II of the second dust cloud at ~300 pc. At
this distance its 25% error corresponds to about 75 pc,
which is more than sufficient to explain the observed dif-
ference in limiting distances of stars with high and low
extinction in Area II.

Almost all stars with Ay > 1.8 mag are apparently
fainter than V' = 11 mag; with brighter limiting magni-
tude (as in Area I) they would be undetectable. Their
spectral types are A2-A3 V-IIT and K2-K5 III.

Area III is covered by the dust cloud L1459, and al-
most all of the stars observed in it are closer than the
cloud and are therefore mostly unreddened. Probably, our
limiting magnitude in this area was insufficient to reach
the stars inside or behind the dust cloud. Only three stars
with Ay between 0.5 and 0.9 are found.

4. Discussion

Thus, we have found firm evidence that nearly all the in-
vestigated area is covered by a dust cloud at ~160 pc dis-
tance. As it was already noted in a previous section, this
distance is close to that of the dust clouds in the Taurus
and Perseus areas investigated by us earlier using the same
method. The extinction versus distance diagram for Area I
is found to be very similar to that obtained for the Per
OB2 association area (Cernis 1993), while the same dia-
gram for Area II is similar to those for the areas of the
reflection nebula NGC 1333 and the open cluster IC 348
(Cernis 1990, 1993). The distances of the dust layers are
compared in Table 2. Since the calibration of the Vilnius
system in terms of absolute magnitudes in References 1-6
was based on the Hyades distance modulus of 3.2 mag, all
the distances determined in these six papers were multi-
plied by 1.05 to adjust them to the new Hyades distance
modulus of 3.3 mag. The table also includes the data for
two areas observed by other authors, namely, the area with
the dark cloud L 1478 in Perseus (Ungerer et al. 1985) and
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Table 2. Distances of the dust layers in Taurus and Perseus
determined by Vilnius photometry and transformed to the
new distance modulus of the Hyades. Two additional areas,
L1478 and L1457, are also included. Radial velocities deter-
mined from radio lines of CO are taken from Ungerechts and
Thaddeus (1987).

Layers
Area ! b 1 11 RV Ref.
(deg) (deg) (pc) (pc) (kms™!)
Taurus 1 area 174 —-14 150 -— +6.3 1
Taurus 2 area 178 —21 150 — +7.0 2
Merope cloud 167 —24 130 — +9.7 3
NGC 1333 area in Per 158 —20 170 230 +6.8 4
NGC 1750/58 in Tau 179 —-11 180 -— +6.0 5
IC 348 area in Per 160 —18 170 270 +8.5 6
Per OB2 area 160 —-15 170 — +8.2 6
L. 1478 cloud in Per 163 —9 135 380 —2.7 7
L 1457 cloud in Ari 159 —-34 65 — —1.2 8
California Nebula area 160 —12 160 300 —5.0, 9
+3.1

References: 1. Straizys & Meistas (1980), 2. Meistas & Straizys
(1981), 3. Cernis (1987), 4. Cernis (1990), 5. Straizys et al.
(1992), 6. Cernis (1993), 7. Ungerer et al. (1985), 8. Hobbs
et al. (1986), 9. This paper.

the area with the dark cloud L1457 (MBM 12) in Aries
(Hobbs et al. 1986). Both clouds probably belong to the
same complex of dust and molecular clouds.

The two dust layer structure in Perseus has also been
detected by other authors. Probably, the first indication
of the two layers of the CO molecules in the dark cloud
north of the California Nebula was found by Elmegreen &
Elmegreen (1978). Later on, Ungerer et al. (1985) investi-
gated a dust concentration in the L 1478 molecular cloud
located 3° east of the nebula. From UBV photometry
and spectral classification data they identified two dust
layers at distances of 135 pc and 380 pc. The presence of
two dust layers in Perseus was confirmed by Ungerechts
& Thaddeus (1987) from analysis of the available extinc-
tion investigations. They suspected that the Taurus dark
clouds at ~140 pc distance extend into Perseus, while the
molecular and dust clouds associated with the IC 348 clus-
ter, NGC 1333 nebula and Per OB2 association are far-
ther away. They accepted a distance of 350 pc for the
clouds associated with the California Nebula, as well as
for the chain of molecular clouds extending from California

50 0

0

-50
Fig.4. The polar diagram “distance
versus galactic latitude” for the Taurus,

_q00 Perseusand Aries dust clouds. The dust
clouds are shown by solid dots (the

2 pc first layer) and open circles (the second

layer).

towards Auriga. In some parts of these clouds, double or
triple lines of the CO molecule were observed, pointing to
the presence of two or more gas layers with different ra-
dial velocities. In the dust clouds north of the California
Nebula Herbertz et al. (1991) found a complicated pat-
tern of cloud fragments with average velocities near —7,
—3 and +3 kms~!. Wouterloot & Habing (1985) have
also found evidence for the two clouds from OH radio line
observations.

Further evidence for the two layers at different dis-
tances in the Per OB2 association area was found by
Krelowski et al. (1996) from analysis of the shapes of
extinction curves in the ultraviolet, the strength ratio of
two diffuse interstellar bands at 578 and 580 nm, and the
strengths of interstellar CN and CH molecular bands and
sodium lines. They suspect that the two clouds have dif-
ferent absorbing properties. Sonnentrucker et al. (1999)
have also found two clouds with different radial veloc-
ities observed in the 661 nm diffuse interstellar band.
Kaczmarczyk (2000) recently identified two components
of the interstellar Cy bands in the ultraviolet spectra of
the star X Per, also corresponding to two gaseous layers
with different radial velocities.

Cernis (1993) has proposed a model of distribution of
the two dust layers, based on his finding that the distance
of the Perseus clouds increases with the apparent approach
to the Galactic equator. This means that the complex of
dust clouds in the second layer may be more or less parallel
to the Galactic plane.

The same tendency is confirmed by the present paper,
as can be seen from the polar diagram shown in Fig. 4.
On this diagram the data for the seven areas investigated
by our team earlier are plotted together with the new
data for the California area. Additionally, the areas of the
dark clouds L 1478 (Per) and L 1457 (Ari) are also shown.
The clouds of the second layer form an elongated complex
which is situated 60-80 pc below the Galactic plane and
is inclined by a small angle to the plane.

The clouds of the first layer concentrate in a formless
group at 130-180 pc from the Sun and 20-60 pc below
the Galactic plane. The spread of these clouds in longi-
tude is about 20 degrees. No correlation is found between
the longitude and the distance from the Galactic plane.
This dust layer may also be parallel to the plane. This is
shown by the position in Fig. 4 of the Aries cloud L 1457
at b = —34°. Its distance from the Sun, ~65 pc, was
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estimated by Hobbs et al. (1986, 1988) and Hearty et al.
(2000a). However, this distance is very uncertain and, ac-
cording to Hearty et al. (2000b), may be somewhat larger
(58-90 pc). Probably, the Aries cloud belongs to the same
complex as the clouds of the first layer in Taurus, Auriga
and Perseus, although its radial velocity is somewhat dif-
ferent (see Table 2).

It is known that the Sun is located about 10 pc above
the Galactic plane. In this case, all the distances of the
clouds from the Galactic plane should be reduced by this
amount. According to Cernis (1993) and de Zeeuw at al.
(1999), the Per OB2 association starts at 338+ 16 pc
and 318+ 27 pc distances, respectively. Thus, the dis-
tances of the association and the dust clouds north of
California coincide within the distance determination er-
rors. The distance of the second layer determined in the
present paper, 300 pc, is smaller than 350 pc, the distance
accepted by Ungerechts & Thaddeus (1987). This means
that their estimation of the mass of the Perseus clouds
may be slightly overestimated.

Future investigations should help show where the
clouds of both layers start and end. The second layer may
either end abruptly at some distance from the Sun or may
reach the Galactic plane. When approaching the Sun, both
layers may merge at ~150 pc distance and at galactic
latitude between —20° and —30°. Therefore, additional
investigations of the cloud complex at lower and higher
latitudes are desired. On the other hand, we need more
exact distances to the Aries dark clouds for the estima-
tion of their relation to the Taurus-Auriga-Perseus com-
plex. The investigation of the Aries region by our group
is in progress. It is also important to verify if interstel-
lar lines in the spectra of the heavily reddened early-type
stars of Area II exhibit two components corresponding to
the clouds with different radial velocities.
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