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Abstract—We have used surface photometry data for 100 barred galaxies to determine the UBVRIJHK surface
brightnesses and color indices for the bars. Two peaks are observed in the distribution of the average bar B
brightnesses: at 21.0m/arcsec2 and 22.2m/arcsec2, characteristic of late- and early-type galaxies, respectively.
The average surface-brightness difference between the bar and the galaxy (within the 25.0m/arcsec2 isophote)
increases from 1.1m/arcsec2 for SB0 galaxies to 2.3m/arcsec2 for SBc–IBm galaxies. In (U – B)0–(B – V)0,
(B − V)0–(V – R)0, and (B – V)0–(V – I)0 two-color diagrams, for all morphological types, the bars are shifted
leftward from normal color sequence for galaxies. This deviation is more pronounced for the outer than for the
inner regions of the bars. Using evolutionary models, we show that this deviation is due to the scarcity of inter-
mediate-age [(1–9) × 109 yrs] stars in bars. Possible origins for this anomalous composition of the stellar pop-
ulation are discussed. © 2000 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

A statistical study of the photometric properties of
galactic bars was initiated by Kalloglian [1], who deter-
mined the average surface brightnesses for nine galax-
ies and found the bar surface brightnesses to be roughly
the same as for most galaxies: 20.90 ± 0.2m/arcsec2 in
the Ç band. In the same study, he showed that about
75% of the bars had similar brightnesses, whereas the
bar surface brightnesses in the remaining 25% of the
galaxies were approximately 1m fainter.

Elmegreen and Elmegreen [2] divided bars into two
types, depending on the morphological type of their parent
galaxy. The bars in early-type spirals (SB0–SBb) have flat
brightness profiles along their major axes and are
longer than the bars in late-type galaxies. In bars with
flat photometric profiles, there is a continuous increase
in the ellipticity of the isophotes along the bar [3]. The
bars in late-type galaxies (SBc–IBm) are characterized
by an exponential brightness decrease along their major
axes. The ellipticity of the isophotes in such bars does
not vary with distance from the center.

In contrast to bars with exponential brightness
decreases, those with flat photometric profiles contain a
relatively small amount of gas. This is evidently due to
the fact that the gas content in early-type galaxies is, on
average, lower than in late-type galaxies. OB associa-
tions are not uncommon at the ends of bars [4, 5]. Dust
lanes along the leading edges of bars are also observed
[6]. The bars in early-type galaxies are, on average, red-
der than those in late-type galaxies [7]. This is probably
due to the fact that, on the whole, early-type galaxies
are redder than late-type galaxies, due to the small con-
tribution of the young stellar population to the total
luminosity.

On the basis of photometric data, it was shown in [8]
that there is no appreciable star formation in the bars of
1063-7729/00/4409- $20.00 © 200579
SBb galaxies, in contrast to SBc galaxies, in which
there can be fairly intense star formation. Similar con-
clusions can be drawn from the study of Pronik [9],
who considered the locations of bars of SBc galaxies in
the two-color diagram.

Elmegreen et al. [10] explain the flat profiles of bars
in early-type galaxies as a consequence of an excess of
stars of all ages (both old and young) at the bar ends.
Based on the UBVR colors of the SBbc galaxy
NGC 151, whose bar has an exponential brightness
decrease, it was concluded that intermediate-age stars
are scarce in this bar [11].

The differences in the shapes of bars in early- and
late-type galaxies could reflect the action of different
mechanisms for bar formation in galaxies of different
morphological types. It is generally believed that, in
galaxies with rapidly rotating disks (when the disk rota-
tion rate is much higher than the radial dispersion of the
stellar velocities), bars are formed due to instability of
the dynamically cold disk. The bars in such galaxies
extend to the corotation region, since, at distances
larger than the corotation radius, the main stable orbits
become perpendicular to the major axis of the bar
[12, 13]. The Lynden-Bell mechanism acts in galaxies
with slowly rotating disks [14, 15]. Essentially, when
stars are located in adjacent extended orbits, their orbits
precess and approach each other due to gravitational
instability, forming a bar. In this case, the radius of the
bar cannot exceed the radius of the inner Lindblad res-
onance.

2. THE SAMPLE OF GALAXIES

Surface photometry has been performed for a large
number of barred galaxies; however, these data have
not been systematized. After surveying data published
00 MAIK “Nauka/Interperiodica”
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Table 1.  Average surface brightness and color indices of bars

SB0 galaxies N SB0/Ba–SBbc 
galaxies N SBc–Ibm galax-

ies N All galaxies N

〈B0〉 22.04 ± 0.52 13 21.57 ± 0.56 32 20.93 ± 0.35 20

〈V0〉 21.36 ± 0.28 8 20.62 ± 0.38 24 20.47 ± 0.47 17

〈(U – B)0〉 0.13 ± 0.23 5 0.11 ± 0.27 10 0.12 ± 0.24 15

〈(B – V)0〉 0.83 ± 0.18 8 0.82 ± 0.14 24 0.60 ± 0.23 16

〈(V – R)0〉 0.43 ± 0.08 6 0.43 ± 0.14 14 0.33 ± 0.12 9 0.40 ± 0.13 27

〈(R – I)0〉 0.62 ± 0.15 7 0.70 ± 0.13 12 0.43 ± 0.06 3

〈(I – J)0〉 0.83 ± 0.16 3

〈(J – H)0〉 0.66 ± 0.14 8

〈(H – K)0〉 0.30 ± 0.07 6
over the last 40 years, we collected UBVRIJHK data for
100 barred galaxies. We sometimes used the average
measured bar surface brightnesses directly. In most
cases, however, we had to derive the average surface
brightnesses and color indices from photometric pro-
files along the major axes of the bars. For “flat” bars, we
used the brightness or color index averaged over the
bar, while, for “exponential” bars, we used the values at
half the length of the bar semimajor axis. In several
cases, we used published isophote maps. The data were
then corrected for Galactic absorption and absorption
due to the inclination of the disk, in accordance with the
technique proposed in the RC3 [16]. All the data were
reduced to the Johnson–Cousins UBVRI and Elias JHK
systems [17].

The resulting estimates of the surface brightnesses
and color indices are summarized in an electronic table,
which can be found in the Strasbourg CDS database
and at the Internet site http://lnfml.sai.msu.ru/~gusev/
catalog/readme.html. The columns of the table present
(1) the NGC or IC numbers of the galaxies, (2) the mor-
phological type of the galaxies according to the RC3, (3)
the average surface brightnesses corrected for Galactic
absorption and absorption due to the disk inclination in
one of two indicated filters, (4)–(10) the bar color indices,
and (11) the accuracy of the average bar surface bright-
nesses and color indices (the errors of the average values
are presented). References to the initial sources are also
given.

3. ANALYSIS OF THE PHOTOMETRIC DATA

3.1. Average Bar Surface Brightnesses

We divided all the galaxies into three groups accord-
ing to morphological type: the first group includes
14 SB0 galaxies; the second, 47 SB0/Ba–SBbc galax-
ies; and the third, 39 SBc–IBm galaxies. For each of the
three groups, we calculated the bars’ average B0 and V0
surface brightnesses and the (U – B)0, (B – V)0, (V – R)0,
(R – I)0, (I – J)0, (J – H)0, and (H – K)0 color indices.
These data are presented in Table 1, which also indi-
cates the number of galaxies considered. We can see a
pronounced correlation between the galaxy type and
the average bar surface brightness: on average, the bars
in late-type galaxies are brighter.

Figure 1 presents histograms of the average B sur-
face-brightness distributions for the bars and their par-
ent galaxies. The magnitudes corrected for absorption

, major axes D0, and axis ratios R25 used to derive the
values in the histogram in Fig. 1b were taken from the
RC3. The two histograms differ considerably: the gal-
axy distribution is normal (Gaussian), with a maximum
at 23.1m/arcsec2 and rms deviation 0.4m/arcsec2, while
the bar distribution is bimodal and has a relatively large
dispersion. A χ2 test shows that the distribution in Fig.
1a is inconsistent with a normal distribution at the 0.91
significance level.

Two peaks can be seen in the brightness distribution
for the bars (see the histogram in Fig. 1a): one at
21.0m/arcsec2 and a second, weaker, peak at 1.2m/arcsec2.
This is in fairly good agreement with earlier studies
(see, for example, [1]); however, there is no distinct
division between these two maxima in our sample. The
relative numbers of bright and weak bars (taking the
boundary between them to be 21.67m/arcsec2, the local
minimum in the histogram in Fig. 1a) also differ from
those found earlier: 60 ± 10% bright bars and 40 ± 10%
weak bars (as opposed to 75 and 25%, as found by Kal-
loglian [1]).

Note also the distribution for the second group of
galaxies (SB0/Ba–SBbc): while the maximum for SB0
galaxies virtually coincides with the weak peak (in bright-
ness) for the bars and the maximum for SBc–IBm galaxies
coincides with the bright peak (Fig. 1a and Table 1), the
distribution for SB0/Ba–SBbc galaxies is rather uniform
over a wide range. These galaxies make up about half the
galaxies contributing to both peaks (Fig. 1a), and their
mean surface brightness (Table 1) lies between the two
maxima in the histogram.

Thus, the bars can be divided into two photometric
types according to parent galaxy type: early- and late-type
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PHOTOMETRIC PROPERTIES OF BARS IN GALAXIES 581
bars. SB0/Ba–SBbc galaxies possess bars of both types.
This is in agreement with the results of Elmegreen and
Elmegreen [2], who divided bars into two types accord-
ing to their photometric profiles and relative lengths
(see Section 1).

The difference between the average surface brightness
of the bar and of the galaxy as a whole, B0,bar – µ(B0)gal,
increases from 1.1 ± 0.4m/arcsec2 for SB0 galaxies and
1.5 ± 0.4m/arcsec2 for SB0/Ba–SBbc galaxies to 2.3 ±
0.4m/arcsec2 for SBc–IBm galaxies; i.e., bars in late-
type galaxies are photometrically more distinct against
the disk background than those in early-type galaxies.

3.2. Integrated Bar Color Indices

The average color indices of the bars are essentially
independent of the morphological type of the parent
galaxy. The only exceptions are the color indices (B – V)0
and (R – I)0 (Table 1). Estimates of U brightnesses and
(U – B)0 are too scarce for us to derive reliable average
values. Late-type galaxies have appreciably lower (B – V)0
and (R – I)0 values than do SB0–SBbc galaxies. Pre-
cisely these low (B – V)0 values are responsible for the
relatively higher brightness of the bars in late-type gal-
axies at blue wavelengths.

The bars in all galaxies display the same infrared
color indices; their average surface brightnesses, how-
ever, are different and depend on the morphological
type of the galaxy (see the electronic table and Table 1).
The infrared data for SB0 galaxies are untrustworthy
due to their poor statistics.

The distribution of the (B – V)0 color indices of the
bars is of special interest. The corresponding histogram
is presented in Fig. 2a, while, for comparison, Fig. 2b
shows the distribution of the integrated (B – V)0 values
from the RC3 catalog. While the integrated color indi-
ces of the galaxies are well correlated with their mor-
phological types (Fig. 2b), there is a pronounced peak
in the bar distribution at (B – V)0 = 0.8m. The bars in
SB0 and SB0/Ba–SBbc galaxies have essentially the
same colors (Table 1); only in extremely late-type galaxies
are the bars, on average, 0.2m bluer. Thus, the influence of
galactic morphological type on bar color is weaker than its
influence on the average bar surface brightness.

We can interpret the data in Fig. 2a and Table 1 as
follows. In the bars of late-type galaxies (SBc–IBm),
star formation is more active and the contribution of the
young stellar population to the total luminosity larger
than in bars in early-type galaxies (SB0–SBbc). There-
fore, (B – V)0 and (R – I)0, which are sensitive to star
formation, are lower in the bars of late-type galaxies
than in those of SB0–SBbc galaxies. The lack of such a
dependence for (U – B)0 is probably due to the poor sta-
tistics for bars in early-type galaxies (Table 1). This may
also be related to the fact that the stellar populations in gal-
axies of different morphological types have different age
distributions (a displacement from the normal color
ASTRONOMY REPORTS      Vol. 44      No. 9      2000
sequence for galaxies in the (U – B)0–(B – V)0 two-color
diagram).

3.3. Location of the Bars in Two-Color Diagrams

Of the 100 galaxies in our sample (see Section 2),
42 have data for two or more UBVRI color indices for
their bars. We studied the locations of the bars in
three two-color diagrams: (U – B)0–(B – V)0,
(B − V)0–(V – R)0, and (B – V)0–(V – I)0 (Figs. 3a, 3b,
and 3c, respectively). The straight line in the diagrams
indicates the normal sequence for the integrated colors
of galaxies (NCS), taken from the study of Buta and Wil-
liams [18], who used the color indices for 501 galaxies
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Fig. 1. Distributions of the number of galaxies as a function
of (a) average bar surface brightness and (b) intrinsic aver-
age surface brightness. 1—SB0 galaxies, 2—SB0/Ba–SBbc
galaxies, 3—SBc–IBm galaxies.
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from the RC3 [16]. The sequences derived by Buta and
Williams [18] are consistent with those obtained in previ-
ous studies, based on both observations and simulations
of galaxy colors. For comparison, Fig. 4 presents two-
color diagrams with the locations for the galaxies in our
sample indicated (we used the integrated color indices
from [16] and [18]).

As we can see in Fig. 3, most of the bars are
located to the left of the NCS, most noticeably in the
(B – V)0–(V – R)0 diagram. The (U – B)0–(B – V)0 two-
color diagram is of special interest. Here, in most cases,
only the bars of late-type galaxies, starting with type SBc,
are located to the left of the NCS. However, the poor sta-
tistics for early-type galaxies with known (U – B)0 val-
ues prevent us from determining whether the bars of
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Fig. 2. Distributions of the number of galaxies as a function
of (a) (B – V)0 for their bars and (b) intrinsic (B – V)0. The
types of galaxies are denoted as in Fig. 1.
early- and late-type galaxies diverge. In most cases, the
errors in the brightnesses and colors of the bars in our sam-
ple are 0.1m (see the electronic table). For a sample of bars
in galaxies without an intense burst of star formation with
more accurately determined color indices, the number of
bars located to the right of the NCS in two-color diagrams
(including (U – B)0–(B – V)0) becomes essentially zero
(see, for example, Fig. 5a).

Galaxies of different morphological types are clearly
separated in the two-color diagrams: late-type galaxies
are located to the left of and above early-type galaxies
(Fig. 4). The location of bars in the two-color diagrams
depends on the parent galaxy type much more weakly
(Fig. 3). This is consistent with the result described in
Section 3.2: the color indices of bars depend only
weakly on the morphological type of the parent galaxy.

The integrated color indices for a few of the late-
type galaxies in our sample are displaced to the right of
the NCS (Figs. 4b, 4c). This probably reflects the pres-
ence of starburst galaxies in the sample. At the same
time, there are no appreciable differences in the posi-
tions of barred and unbarred galaxies in the two-color
diagrams [18].

We will consider below a possible explanation for
the displacement of the bar color indices to the left of
the normal color sequence for galaxies.

3.4. Color Variations along the Bar Major Axis

In a number of studies (Table 2), variations of colors
along bars as a function of distance from the center can
be traced. The results are presented in Fig. 5. To reduce
the number of figures, we present a (U – V)0–(V – R)0
diagram instead of the commonly used (B – V)0–(V – R)0
diagram (see Table 2). In total, ten galaxies were stud-
ied in this way. With only one exception (NGC 1620),
we can clearly see a deviation of the bar color indices
in the two-color diagram toward the left; i.e., the bars
become bluer with increased distance from the galaxy
nucleus.

The bars of all galaxies lie to the left of the NCS in
the two-color diagrams. The two exceptions are the
bars in the peculiar galaxy NGC 5665 and the starburst
galaxy NGC 6217. The bars of these galaxies lie to the
right of the NCS (Fig. 5; the opposite parts of the bars
in NGC 5665 and NGC 6217 are displayed separately).
This reflects the known fact that a burst of star forma-
tion in an old stellar system displaces the points in two-
color diagrams toward the right [18].

3.5. A Possible Origin
for the Anomalous Color Indices of Bars

An anomalously low bar (V – R)0 color index com-
pared to the integrated disk color was first noted in the
(B – V)0–(V – R)0 two-color diagram for the galaxy
NGC 4027 by Pence and de Vaucouleurs [24]. They
explained the displacement of the integrated bar color-
ASTRONOMY REPORTS      Vol. 44      No. 9      2000
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Fig. 3. (a) (U – B)0–(B – V)0, (b) (B – V)0–(V – R)0, and (c) (B – V)0–(V – I)0 two-color diagrams for the bars. The different symbols
denote galaxies of different morphological types. The straight lines represent the NCS of galaxies. The observational errors for the
bar color indices are indicated.
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index points to the left of the NCS as a consequence
of the relatively low Hα flux from the area occupied by
the bar. However, this is not a plausible explanation
for the displacement of the bar color indices in the
(U – B)0–(B – V)0 diagram.

Odewahn [4] also detected a displacement of the
color indices of the bar of NGC 4618 to the left of the
NCS in (B – V)0–(V – I)0 and (B – V)0–(B – I)0 diagrams.
He explains the anomalously blue (V – I)0 of the bar rela-
tive to the integrated disk colors as the effect of enhanced
formation of massive stars in the bar. The initial mass
function (IMF) of stars can, indeed, differ from the
classical function in the regions of intense shock waves
observed in bars: in these areas, relatively large num-
bers of massive stars can form. However, the excess of
massive, young stars should have an even greater effect
on the bar’s (B – V)0, which is not seen for NGC 4618,
whose bar and disk have the same (B – V)0.

Using the (U – B)0–(B – V)0 diagram, Esipov et al.
[11] considered variations in the color indices of the bar
of NGC 151 along the bar’s major axis as a function of
ASTRONOMY REPORTS      Vol. 44      No. 9      2000
distance from the center. They attribute the bluer color
of the outer areas of the bar to an increase in the contri-
bution of young stars (with ages less than 109 yrs) at the
peripheral zones of the bar. At the same time, they sug-
gest that the displacement of the bar color-index points
to the left of the NCS reflects a scarcity of intermediate-
age stars (~109 yrs) in the bar. This situation can arise if
stars formed in the bar leave it shortly thereafter.

The displacement of the color indices of a stellar
system to the right or left of the NCS in two-color dia-
grams can, indeed, be explained by an absence of inter-
mediate-age stars in the system (or an excess of both
old and young stars at the same time); the presence of
stars with ages of the order of 109 yrs, with no old and
young stars; or an IMF such that a relative excess of
massive stars is formed. Model calculations for the
color indices of such stellar systems have not been car-
ried out previously.

Neither the presence of dust nor the occurrence of a
burst of star formation in a stellar system can displace
a galaxy’s color indices to the left of the NCS in two-
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Fig. 4. (a) (U – B)0–(B – V)0, (b) (B – V)0–(V – R)0, and (c) (B – V)0–(V – I)0 two-color diagrams for the integrated colors of barred
galaxies. The different symbols denote galaxies of different morphological types. Smaller symbols denote galaxies from our sample
that are not included in the list of Buta and Williams [18]. The straight lines represent the NCS of galaxies (according to [18]).
color diagrams. A burst of star formation will displace
points toward the right; stable, intense star formation
(for example, with a constant star-formation rate) will
displace them upward and to the left along the NCS
[25]; the presence of strong absorption will shift them
downward and to the right along the NCS [18]. Systems
with stellar populations indicating an increased heavy-
element abundance deviate from the NCS only in the
(U – B)0 – (B – V)0 diagram (in other diagrams, the dis-
placement is along the NCS). Therefore, in our model-
ing of the population in a stellar system, we considered
only the three cases mentioned above: (a) a deficit of
intermediate age stars, (b) the presence only of interme-
diate age stars, and (c) an excess of massive stars.

4. MODELING THE STELLAR POPULATIONS
OF GALACTIC BARS

4.1. Method and Initial Parameters

We used an evolution modeling technique to inves-
tigate the stellar populations of galactic bars. We
adopted the PEGASE code developed in the Paris Insti-
tute for Astrophysics by M. Fioc and B. Rocca-Volm-
erange [26] and also the code developed by G. Worthey
[27]. In the simulation with the PEGASE code, we used
the Padua stellar library of evolutionary tracks for stars
with Z = 0.02 [28]. The IMF suggested by Kennicutt
[29] was adopted, which, in our opinion, is best suited
to studies of the stellar populations of galaxies (see, for
example, the discussion on different IMFs in [30]). In the
modeling with Worthey’s code [27], we used the Lick stel-
lar library of evolutionary tracks and a Salpeter IMF.

One important feature of our modeling of the color
indices of stellar systems is that, unlike the models
acquired with the PEGASE code [26], Worthey’s code
[27] takes into account the evolution of the chemical
composition of the system. We took the Z(t) dependence
for galaxies of various morphological types from the
results obtained using the PEGASE code. When, in the
course of evolution of the stellar system, the value Z = 0.02
was reached at some time tZ , it was assumed that the
stars formed from that point on possess solar chemical
composition.
ASTRONOMY REPORTS      Vol. 44      No. 9      2000
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Table 2. Color variations along the bar major axis

NGC Type Two-color
diagrams References Notes

151 SBbc (U – B)0–(B – V)0 [8] –

523 pec (U – B)0–(B – V)0 [19] –

1620 SBc (U – B)0–(B – V)0 [20] –

5605 SABcp (B – V)0–(V – R)0 [21] –

(B – V)0–(V – I)0

5665 SABcp (B – V)0–(V – R)0 [21] Northwestern and southeastern parts of the bar were considered sepa-
rately(B – V)0–(V – I)0

6217 SBbc (U – B)0–(B – V)0 [22] Northern and southern parts of the bar were considered separately

(B – V)0–(V – R)0

(B – V)0–(V – I)0

7292 Irr (U – V)0–(V – R)0 [20] –

7479 SBc (U – B)0–(B – V)0 [23] –

7678 SABc (U – B)0–(B – V)0 [19] –

7743 SB0/Ba (U – B)0–(B – R)0 [20] The bar (B – V)0 values obtained in [18] were used to represent the
galaxies in Figs. 5b and 5c
Unfortunately, when using the Lick stellar library of
evolutionary tracks, Worthey’s code [27] enables mod-
eling only of old stellar systems (with ages of the stars
≥1 × 109 yrs). To take into account the contribution of
young stars (with ages less than 1 × 109 yrs), we used
the PEGASE code [26] with a Salpeter IMF.

The age of the galaxies T was taken to be 1.2 × 1010 yrs.
The parameter describing the time dependence of the
star-formation rate (SFR) was a variable. Let us con-
sider this dependence in more detail. Sandage [31] pro-
posed simple empirical laws to describe the time
dependence of the SFRs for galaxies of various types.
In elliptical galaxies, the SFR decreases exponentially
as a function of time (on a shorter time scale than in spi-
ral galaxies); in S0–Sc galaxies, the SFR is, in general,
proportional to the mass of the gas in the galaxy at that
time (i.e., the star-formation efficiency is constant with
time, while the SFR decreases exponentially); in Sd
galaxies, the SFR is constant. Following Sandage, we
used these three time dependences for the SFRs.

Corresponding formulas are presented in Table 3;
M is the total mass of the galactic disk. We took the
time dependence of the SFR for elliptical galaxies from
[32]; the analogous dependences for spiral galaxies
were chosen based on standard SFRs and star-forma-
tion efficiencies for early- and late-type galaxies
derived from observations. For brevity, we will call the
SFR time dependences in Table 3 “normal.”

In modeling stellar systems without intermediate-
age stars (we denote the ends of the age interval tmin and
tmax), we used the following procedure to tie the NCS
obtained from color-index simulations to the NCS
derived observationally (in the diagrams, the model and
observed NCSs coincide to within 0.1m). Initially, the
ASTRONOMY REPORTS      Vol. 44      No. 9      2000
UBVRI luminosities for systems with normal SFR time
dependences were determined. Then, the data were tied
to the NCS used in Section 3.3 (adopting the values for
LB and (B – V)0 as “zero points”). Further, we deter-
mined the UBVRI luminosities for a system with no star
formation from 1.2 × 1010 yrs ago to tmax and from tmin
to the present time, and with the normal SFR time
dependence during the time from tmax to tmin (the input
parameters were normalized accordingly). Finally, the
UBVRI luminosities obtained in the first and second
cases were subtracted. In this way, we obtained lumi-
nosities in these bands for systems with no stars with
ages from tmin to tmax. In total, we considered 11 models
for each of the three types of galaxies: nine models using
the PEGASE code [26] (systems without stars with ages
0.5–1, 0.5–3, 0.5–5, 0.5–9, 1–3, 1–5, 1–9, 3–5, and
(5–9) × 109 yrs) and two using Worthey’s code [27] (sys-
tems with no stars with ages 1–9 and (1–11) × 109 yrs).

We modeled stellar systems populated exclusively
by intermediate-age stars using the PEGASE code. We
assumed that, over some time interval, all the matter in
the system would be converted to stars at some constant
SFR. We considered five models: systems in which all
stars are formed during intervals of 106, 107, 108, 109,
and 3 × 109 yrs.

When modeling stellar systems with an excess of
massive stars, we used the PEGASE code and varied
the IMF. We considered the following two cases.

(1) The IMF corresponds to Kennicutt’s [29] IMF
for stars with masses 0.1–1M( ( f(M) ~ M–1.4) and differs
from it for stars with masses 1–120M( (f(M) ~ M–2.5 is the
standard Kennicutt IMF [29], and we used f(M) ~ M–α

for the models). We considered six models for each of



586 GUSEV
–0.4

–0.2

0

0.2

0.4

0.6

0.8

(U – B)0

(a)

0 0.2 0.4 0.6 0.8 1.0
(B – V)0

–0.1

0.1

0.3

0.5

0.7

0.9

1.7

1.1

1.3

1.5

(U – V)0

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
(V – R)0

NGC 7479
o

o

o
o

o

o o
i

i

i

i
i

i

NGC 523

NGC 1620

NGC 7678

NGC
151

NGC
6217(N)

NGC 6217(S)

NGC 7292

o o

o

o

i

i

i

NGC 7743

NGC
6217(N)

NGC 6217(S)

0.3

0.5

0.7

0.9

1.1

(B – V)0

0.6 0.8 1.0 1.2 1.4 1.6
(V – I)0

i

i

i

o

o o

o

NGC 6217(S)

NGC 5605

NGC 5665(SE)
NGC 6217(N)

NGC 5665
(NW)

(c)

i

i

Fig. 5. (a) (U – B)0–(B – V)0, (b) (U – V)0–(V – R)0, and (c) (B – V)0–(V – I)0 two-color diagrams. The dashed curves show variations
in the color indices along the bar semimajor axis from inner (“i”) to outer (“o”) areas. The solid lines show the NCS of galaxies.
the three types of galaxies: systems with IMFs for stars
with masses 1–120M( with indices α = 2.2, 2.0, 1.8,
1.6, 1.4, and 1.2.

(2) The IMF of the system corresponds to Kenni-
cutt’s [29] IMF for stars with masses larger than some
Mcrit and is zero for stars with lower masses. We consid-
ered three models for each of the three types of galax-
ies: systems with Mcrit = 1, 3, and 10M(.

4.2. Model Results

Figures 6 and 7 present two-color diagrams with
color sequences for the systems without intermediate-
age stars. The systems with SFRs corresponding to

Table 3.  SFRs for galaxies of different morphological type

Galaxies SFR

Ellipticals 1.2 × 10–9Mexp(–t/109)

Early-type spirals 5 × 1010Mexp(–t/3.1 × 109)

Late-type spirals 10–10M
those of late-type galaxies are in the upper left corners
of the diagrams, while those with SFRs corresponding
to those of elliptical galaxies are in the lower right cor-
ners. With the exception of the active starburst galaxies
(see Sections 3.3, 3.4), the observed bar color indices
are also plotted in these diagrams. Note that most of the
model sequences deviate from the NCS by only a very
small amount, only slightly exceeding the error inter-
vals for the color indices of most bars. However, the
accuracy of the color indices for the bars in the galaxies
in Table 2 is sufficient for meaningful comparisons with
the model dependences.

The model color sequences for stellar systems with-
out stars with ages (1–9) × 109 yrs acquired using the
PEGASE [26] and Worthey [27] codes are somewhat
different (cf. Figs. 6 and 7). The largest discrepancy can
be seen for the model colors of early-type galaxies.
This is largely due to the different chemical composi-
tions of the old stellar populations in the model systems
obtained using the two codes. The contribution of the
old stellar population to the total luminosity of a system
decreases from early- to late-type galaxies (see below).
For this reason, in the two-color diagrams, the positions
ASTRONOMY REPORTS      Vol. 44      No. 9      2000
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Fig. 6. Model sequences (solid) for systems without intermediate-age stars (age intervals in 108 yrs are denoted by the numbers) in
the (a) (U – B)0–(B – V)0, (b) (B – V)0–(V – R)0, and (c) (B – V)0–(V – I)0 two-color diagrams, obtained using the PEGASE code.
Systems with SFRs corresponding to late-type galaxies are located in the upper left corner, while systems with SFRs corresponding
to elliptical galaxies are in the lower right corner. The dotted lines represent the NCS of galaxies. For comparison, the dashed lines
indicate the observational data for bars in galaxies that are not undergoing active bursts of star formation (the labels are the same as
in Fig. 5). The observational errors for the bar color indices are indicated.
of systems with SFRs corresponding to those typical of
late-type galaxies obtained using the PEGASE [26] and
Worthey [27] codes differ only slightly (Figs. 6, 7).

As we can see from Figs. 6 and 7, the color indices
for models without intermediate-age stars are displaced
in the same direction from the NCS as the observed
color indices of most bars. Most bars in galaxies with
low SFRs occupy the area in the two-color diagrams
corresponding to stellar systems without stars with ages
(1–9) × 109 yrs (Figs. 6, 7).

In the (U – B)0 – (B – V)0 diagram, points corre-
sponding to the outer parts of the bars of most galaxies
lie to the left of the model color sequences. It is likely
that the OB associations located at the ends of these
bars are so intense that they totally dominate the radiation
from the old stellar population in the outer areas of the bars
(for systems without star formation (1–9) × 109 yrs ago,
the fraction of stars younger than 109 yrs making up the
total Ç luminosity varies from 94% for late-type galax-
ASTRONOMY REPORTS      Vol. 44      No. 9      2000
ies and 77% for early-type galaxies to 0.07% for ellip-
tical galaxies).

The slight deviation of the bars from the model
sequences in the (B – V)0 – (V – R)0 and (B – V)0 – (V – I)0
diagrams may be due to selective absorption: the bars
have a rather large amount of dust (see Section 1). The
(U – B)0 – (B – V)0 diagram is less sensitive to internal
absorption in stellar systems, since the model sequences
here deviate from the NCS to a smaller degree.

On the whole, the model color sequences for sys-
tems without intermediate-age stars in all the two-color
diagrams can account for the positions of most of the
observed bars. The model color sequences for systems
without stars with ages (0.5–9) × 109, (1–9) × 109,
and (1–11) × 109 yrs in the (B – V)0–(V – R)0 and
(B − V)0–(V – I)0 diagrams virtually coincide. This pre-
vents us from more accurately determining the age
interval for the stars that are deficient in the bars.
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Fig. 7. Same as Fig. 6 for the model sequences obtained using Worthey’s [27] code.
Our modeling for the color indices of stellar systems
with nonstandard initial mass functions and systems with
only intermediate-age stellar populations showed incon-
sistency between the model sequences and observed
bar color indices. As an example, the two-color dia-
grams in Fig. 8 show evolutionary tracks for systems
with stellar populations of approximately the same age. In
the (U – B)0–(B – V)0 diagram, most galactic bars do
indeed have the same colors as stellar systems consisting
only of stars with intermediate ages (5 × 108–3 × 109 yrs).
However, in the (B – V)0–(V – R)0 and (B – V)0–(V – I)0
diagrams, most bars are located far to the side of the evo-
lutionary tracks. The model sequences for systems with
nonstandard IMFs (systems without low-mass stars or
those with a more sloping IMF) are also located either
along or to the right of NCS, so that they are even less
consistent with the observations for the bars.

Therefore, the displacement of the bar color indices
to the left of the NCS is most likely due to a deficit of
intermediate-age stars. The fact that there is a relative
deficit of star clusters with ages 5 × 108–6 × 109 yrs in
the bar of the Large Magellanic Cloud [33] supports
this conclusion.
5. DISCUSSION

The deficit of intermediate-age stars in bars can be
understood as a result of the fact that, after the forma-
tion of the bar, the stars formed in it leave the bar within
about 109 yrs [11]. The hypothesis that a relatively
young bar (formed later than 109 yrs ago) is observed
against the background of an older disk stellar popula-
tion is not suitable here, since, for the standard SFR, we
would observe for all types of spiral galaxies (including
SB0) only an excess of young stars against the back-
ground of the standard stellar population.

Bars in early-type galaxies form over periods of
2 × 108–1.2 × 109 yrs [34, 35]. From the time of its for-
mation, the bar potential has a profound impact on the
dynamics of the stars and gas in the galaxy. Old stars in
the bar move along very elliptical orbits (the x1 set of
orbits, according to the nomenclature of [13]). Radial
movements of gas along the bar can result in the forma-
tion of an active nucleus in early-type galaxies and in a
burst of star formation in late-type galaxies [36, 37]; at
the same time, radial gas movements can increase the
gas density at the ends of the bar and, consequently,
ASTRONOMY REPORTS      Vol. 44      No. 9      2000
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of star formation.
intensify the star formation there [38]. In the presence
of inner Lindblad resonance, gas clouds reach the bar at
some angle (at an angle of 90° for two inner Lindblad
resonances), forming a shock wave at the leading edge
of the bar [39]. Before passing through the shock, the
gas has a low density and, in the general case, moves
toward the end of the bar. After its passage through the
shock, the now high-density gas moves toward the
nucleus of the galaxy. Dust lanes are an observational
manifestation of this shock; appreciable star formation
is not observed along these lanes in the bars of early-
type galaxies [38].

Thus, in bars that do not contain a large amount of
gas, stars form primarily near the nucleus and in the
outer regions of the bar [40]. The stars that form move
in either circular orbits about the nucleus or in highly
elliptical orbits about the bar major axis (the orbits for
ASTRONOMY REPORTS      Vol. 44      No. 9      2000
old bar stars are less elliptical). However, in the regions
of the bar that are most distant from the center, radial
stellar orbits become unstable, since they end up either
in the region of inner Lindblad resonance (the outer
boundary of bars in late-type galaxies) or at a distance cor-
responding to the corotation radius (the inner boundary of
bars in early-type galaxies). In addition, the bar potential
is capable of dynamically heating the disk due to the pres-
ence of both vertical and horizontal inner Lindblad res-
onances: stars forming in the disk and bar can leave the
galactic plane, enriching the bulge [35, 37, 41].

This picture is valid for bars that have formed due to
the instability of a rapidly rotating disk. No serious gas
and stellar dynamics studies have been carried out for
galaxies with bars whose formation is due to instability
of radial orbits (the Lynden-Bell mechanism). It is
likely, however, that the stellar and gas dynamics in
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bars of this type are similar to those described above.
This conclusion is supported by the fact that two-color
diagrams do not show any significant differences in the
locations of bars belonging to galaxies of different mor-
phological types (see Section 3.3) and also by the
detection of dust lanes in the bars of galaxies of all mor-
phological types ranging from SB0 to SBm. The only
differences between bars of late- and early-type galaxies
are that the former have an exponential brightness
decrease along the bar major axis [2] and that the star for-
mation in these bars occurs along the entire length of the
bar [37]. The formation time for such bars (~108 yrs
[15]) roughly corresponds to that for bars in rapidly
rotating disks. The influence of the bar on the motions
of stars and gas in the bar region is probably the same,
independent of how the bar was formed.

Thus, young and old stars in the bar have different
trajectories of motion. It seems likely that young stars
formed at the ends of the bar gradually leave it and
enter the inner areas of the disk and bulge. However, the
supply of gas to the bar, and consequently the star for-
mation in it, must be continuous, since young stars
(younger than 5 × 108–1 × 109 yrs) are observed in bars.
Star formation is most intense at the ends of bars, since
a large amount of gas is concentrated there, so that the
stellar population becomes younger as we approach the
ends of bars. Older stars that appeared before and at the
time of formation of the bar are also always present in
bars.

Another possible explanation for the deficit of inter-
mediate-age stars in bars is the ejection of stars from
outer areas of the bar into the inner circumnuclear area
of the bar. In this case, the radiation of these stars will
be suppressed by that from the nucleus and bulge of the
galaxy.

The aperture photometry data presented in Table 2
indicate that, in apertures with diameters equal to, or
slightly larger than, the length of the bar, the (U – B)0,
(B – V)0, and (V – R)0 values correspond to the NCS;
i.e., the stars in galaxies at distances not exceeding the
bar semimajor axis are consistent with a standard pop-
ulation. This is possible only if intermediate-age stars
leave the bar and supplement the stellar population of
the inner part of the disk (or the circumnuclear region).

We thus conclude that the deficit of intermediate-
age stars in galactic bars is due to the fact that stars that
form in the bar leave it within a few rotations. This may
be due to the different trajectories displayed by young
and old stars in the bar. The motion of stars in the grav-
itational potential of a bar will be considered in more
detail in a future study.

6. CONCLUSIONS

(1) The distribution of the average surface bright-
nesses of galactic bars displays two peaks: the first
(B0 = 21.0m/arcsec2) is characteristic of bars of late-type
galaxies and the second (B0 = 22.2m/arcsec2) of bars of
early-type galaxies. Bars of both types occur in SB0/Ba–
SBbc galaxies.

(2) The difference between the average surface bright-
nesses of the bar and of the galaxy as a whole increases
from 1.1m/arcsec2 for SB0 galaxies to 2.3m/arcsec2 for
late-type galaxies.

(3) We have confirmed the previously noted dis-
placement of the color indices of bars in two-color dia-
grams to the left of the normal color sequence for gal-
axies.

(4) Bars become bluer with distance from the cen-
ter: the corresponding points are displaced to the left
and upward in two-color diagrams.

(5) The color indices of bars in galaxies of all mor-
phological types suggest that the contribution of inter-
mediate-age [(1–9) × 109 yrs] stars is relatively small.
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