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LARGE MAGELLANIC CLOUD BAR: EVIDENCE OF A WARPED BAR
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ABSTRACT

The geometry of the LMC bar is studied using the dereddened mean magnitudes of the red cluntp stars ( )
from the Optical Gravitational Lensing Experiment Il catalog. The valug of is found to vary in the east-west
direction such that both the east and the west end of the bar are closer to us with respect to the center of the
bar. The maximum observed variation has a statistical significance of more thawith@espect to the maximum
value of random error. The variation Ip  indicates the presence of warp in the bar of the LMC. The warp and
the structures seen in the bar indicate that the bar could be a dynamically disturbed structure.

Subject headings: galaxies: stellar content — galaxies: structure — Magellanic Clouds

1. INTRODUCTION stars are identified using dnversus(V—I) color-magnitude

The Magellanic Clouds and the Milky Way are known to gjlgg'[?ﬁrgd(ge,z\c[r)()a,gi)nné, on average, 7000 red clump stars were

haV(eItgxi)_gr|IePced c;lr?ste enlc(:joul?tef[.:,]. T?esf enc?;JhnteCrls vx:joul The data suffer from the incompleteness problem due to
result in tical forces that could after the structure of the Llouas. crowding effects, and the incompleteness in the data ih &inel

Van der Marel & Cioni (2001), van der Marel (2001), and v : - :
X . . passbands is tabulated in Udalski et al. (2000). The frequency
\val\(ﬂalgberg & [l;“kmal(\alv (Z?O]}) ha:jvesstumed thf] geSomfr:ry ofStEe distribution of red clump stars in each CMD is estimated in both
using Deep Near Infrared survey of the southern Sky magnitude anqV—l1) color after correcting for the data in-

e bl ) Srasires e e Thacs Sges ire COTIESIES, Usig @ bi iz of 0015 magor) _ color e
done on the outer rge ions of the LMC ét radial distances of 0.025 mag in magnitude. These distributions are fitted with the
more than 3 The geogr]netry and structu’re of the bar region of Gaussianr-quadratic function, similar to Olsen & Salyk (2002).
the LMC have not been studied in detail, although the total The _d|str|but|ons_ are fitted using a nonlinear Ieast—squar_e_ﬂts, to
obtain the best-fitting parameters whenjie  -value is minimum.

structure of the LMC was studied by van der Marel (2001), The parameters estimated are the peak of the function, the error
who detected no features and who found that the density struc- P P ’

ture of the bar region is very smooth. The interesting point in the estima_ted peak value, th‘.':' width Of. the profile, and the
that they noticed but did not give much. importance to was the goodness of fit. The above-described area is chosen so as to have

4 gy e s P a good number of stars for the fit. On the other hand, the choice
g?%?'ge In the major-axis position angle within a radial distance of area should not affect the conclusion§ ple;rived here. Therefore,
Olsen & Salyk (2002) studied the LMC outer regions, found two more data sets were created by dividing the observed area

evidence of a possible warp in the southwest of the LMC, and into 672 sections 356 x 7.1 arcmip anql 1.344.' sections
argued that the LMC plane is warped and twisted, containing (3-56 x 3.56 arcmirf), and the frequency distribution and the
features that extend up to 2.5 kpc out of the plane. The Warpflt parameters were estimated for t.hese data also. 'The number
as found by Olsen & Salyk (2002) could have started closer of red clump stars in these area bins also scales like the area.
to the LMC center, and it will be interesting to find the starting !N order to estimate the goodness of fit, the redugéd  -values
point of this deviation. There has been a lot of recent photo- Were estimated. After rejecting the distributions with very high
metric surveys, and the Optical Gravitational Lensing Exper- x*-values, the average values of redugéd  for the fit ofl the
iment Il (OGLE Il; Udalski et al. 2000) survey covers most magnitude distribution are 1.68, 1.60, and 1.59, and those for
of the bar region and thus is well suited for this study. We the (V—I) distribution are 1.65, 1.49, and 1.39, for the largest,
used the brightness of core helium-burning red clump stars inmedium, and smallest area bin, respectively. It can be seen that
the bar region of the LMC as a probe of the bar structure. The the choice of area does not affect the shape of the distribution
difference in the dereddened mean magnitude of the red clumpvery much or the derived parameters. As the average value of
stars is used as a differential distance indicator. The techniquethe reduceg® is found to be minimal for the smallest area bin,
used here is identical to the one used by Olsen & Salyk (2002).the smallest area bins are chosen for further analysis. A typical
We look for evidence of tidal interaction in the bar region, like frequency distribution of red clump stars lirand (V—1) mag-

the presence of a warp, within a radial distance of 3 nitudes is shown in Figure 1. The reducgetl -value of the fit
and the estimated value of the peak and its error are also indicated
in the figure. For further analysis, we restrict the data points with
a reducedy? -value of less than 2.6, which reduces the number
of regions to 1191.

The OGLE Il survey (Udalski et al. 2000) consists of pho-  The peak values of the coloiy—I) mag at each location,
tometric data of 7 million stars iB, V, andl passbands in the are used to estimate the reddening. The reddening is calculated
central 5.7 degof the LMC. The data are presented for 21 using the relatiore(V—1) = (V—I),s— 0.92 mag. The intrin-
regions, which are located withirf2 from the optical center  sic color of the red clump stars is assumed to be 0.92 mag
of the LMC. Initially, the total observed region was divided (Olsen & Salyk 2002). The interstellar extinction is estimated
into 336 sections of siZeé1 x 7.1 arcniieach. Theredclump by A = 1.4E(V—1) (Schlegel, Finkbeiner, & Davis 1998). Af-
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2. DATA SELECTION AND ESTIMATION OF DEREDDENED MEAN
MAGNITUDE (I
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Fic. 2.—Top panel: Error in the estimation of the peak bmagnitude ¢ots)
and (V—1) color ¢rosses) of the red clump luminosity function shown as a
function of right ascension for 1191 regions. The dispersion in the reddening

] E(V—I1) is indicated as open squareBottom panel: Average reddening
1 E(V—1) shown as a function of right ascension.

No. of red clump stars

] maximum total error due to all three sources is 0.029 mag. The
7 zero-point error and photometric errors are not included here
since they are almost the same for the entire data, the data being
homogeneous.

| . , , 1 , . , I
08 1 1.2
(v—1) magnitude

Fic. 1.—Luminosity function of red clump stars plotted againstagnitude
and(V—1) color. The reduceg? -value of the fit of the function to the distri-
bution and the estimated values of the peak and its error are indicated. These
data are obtained within a area 856 x 3.56  arcfaentered atR.A.=
5"32"45 and decl.= —70°2537 .

3. RESULTS AND DISCUSSION

The two-dimensional figure of the region studied here is shown
in Figure 3, where the variation i  is shown as a function of
ter correcting the meahmagnitude for interstellar extinction,  right ascension and declination. The farthest points Hawe
I, is estimated for each region. 18.24 mag, and the closest points hale< 18.08  mag. This

The error in the estimation of the peak values of thend corresponds to a net difference of more than 0.16 mag. This
(V—I) distribution is shown as a function of right ascension in value is more than 7.6 times the maximum random error and
Figure 2. Since the data spans aboutibZight ascension and  more than 5.6 times the maximum total error. Hence, the net
since the span in declination is only about the error vari- variation in the dereddened mean red clump magnitudes is sta-
ations are shown as a function of right ascension. In general tistically significant.
most of the data points havA(V—I1),..<0.005 mag and At locationsR.A. = 7¥5 anddecl.= —6%6 anR.A. =
Al,..,<0.02 mag, and about 2% of the points have slightly 8425anddecl.= —70°, thd, -values are higher, indicating that
higher errors. We have chosen regions that have errors lesshese regions are located at a larger distance. The regions in
than or equal to the values indicated above, for further analysis.between the above points are closer to us. The easternmost
Since the random error in the estimation pf has contributions regions are closest, as indicated in the figure. At RFA.
from A(V—I),eac @nd Al .., Al , can be estimated ad? = 845, another feature that can be noticed is that along the dec-
[A(V-1)2..] + (Al 2.,). If we consider the maximum errorsin  lination axis, where there is a change in the relative distance.
the peak values, which as(V—I),., = 0.005 amd ., = This is such that the northern regions are farther and the south-
0.02 then the maximum random error ih &, . J,= ern regions are closer. The differencelin is more than 3.8
0.021mag. Another factor that can contribute to the total error times the A, ,l,. The center of the LMC is taken to be
is the reddening. ThE(V—I) reddening values of eight adjacentR.A. = 05"19" 38.0 decl= —69°27 52 (2000.0; de Vau-
regions were averaged, and the standard deviation in the meagoulers & Freeman 1973). Then the center lies near the fainter
reddening was estimated. This value of the standard deviationl, points located arounBR.A. = 7¥5 . Thus, the regions west-
in the reddening is also plotted in Figure 2. The average red-ward of the center are also found to be closer.
dening is found to b&(V—1) = 0.081+ 0.004 mag, and these In order to study the variation ¢f along the right ascension,
values as a function of right ascension are shown in the bottoml,-values along declination are averaged, and a plot of
panel of Figure 2. It can be seen tidat, E(V—1) = 0.029 mag. avg (,) versus right ascension is shown in Figure 4. The error
The rejection criteria based on the errors in the peak value, asars indicate the deviation il  along the declination, for a
mentioned above, remove the regions that show higher deviationgiven right ascension. It can be seen that there are variations
in reddening also. Hence, after the rejections, sahg, E(V—I) in the |, magnitude along the bar. The center of the LMC is
is found to be 0.02 mag. A systematic error in the estimation of shown as an open circle. The most striking feature is the wavy
I, can arise fromAE(V—I) . If one considers 0.004 mag as the pattern inl, . The eastern side of the bar is closer to us, when
standard deviation in the reddening estimate, then the total errocompared with the bar region near the center. The western side
due to random error as well as systematic effects is 0.021 magjs also closer to us. We see an M-type variatiofy,in  along the
which is the same a4, l, . If we take a value of 0.02 mag as right ascension. Thus, the features indicate that the bar of the
the upper limit in the standard deviation in reddening, then the LMC is warped. It would be interesting to find the relative
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Fic. 3.—Two-dimensional plot of the dereddened mean red clump magnityde, , for 1123 regions. The color code used is such that, from magenta to blue,
magenta indicates regions that are the farthest, and blue indicates regions that are closest. The statistical significdgce of the bins witmasspeaat to
random error is also indicated. The black plus sign shows the location of the center of the LMC.

inclinations of the disk and the bar since these would help usintermediate-age stars in the bar region. This is again supported
to estimate their locations. The geometry of the bar based onby the findings of Olsen & Salyk (2002) and van der Marel &
thel, variation will be presented in another paper, which is in Cioni (2001). Hence, the variation seen lin magnitude is
preparation. It would be ideal to use the photometric data of mainly due to the geometry of the bar. The estimates of the
the LMC stars from other surveys, like the MACHO survey, self-lensing optical depth in the LMC appear to be too low to
to estimate the disk parameters. account fully for the entire microlensing optical depth (Gould
The structure of the bar as derived here is delineated by stars1995). This kind of a structure in the bar would contribute to
belonging to the red clump population. The techniques usedmore optical depth within the LMC, which can increase the
in this study were used earlier by many studies (van der Marel self-lensing within the LMC.
2001; Udalski et al. 1998; van der Marel & Cioni 2001). The  The LMC bar is thus found to show structures. The presence
data used here have been used by Udalski et al. (1998) toof warp in the bar indicates that the bar is dynamically dis-
estimate the distance to the LMC, but they have not used it toturbed. Since the bar is located well within the tidal radius of
study the relative distances within the LMC. The reddening is the LMC, the tidal effects due to the LMC-SMC-Galaxy in-
found to be almost a constant along the bar, except in the easteraction may not be the cause of the disturbance. On the other
end; therefore, the magnitude variation is not an imprint of hand, if the bar is not aligned with the disk, then the disk can
reddening in the bar. The variation in the red clump luminosity induce perturbations on the bar. This in turn can create struc-
could also be due to the age and metallicity difference, rathertures in the bar. In order to explain the LMC microlensing
than due to the relative distance. The study by Subramaniamevents, Zhao & Evans (2000) proposed the bar to be an un-
& Anupama (2002) on the local stellar population of nova virialized structure, which is slightly misaligned with and offset
regions found no major difference in the population of the from the LMC disk. Zhao & Evans (2000) also claimed that
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Fic. 4—Average of thed, along the declination estimated for various right ascensions. The valug avg ( ) is shown against the right ascension. The error
indicates the scatter i along the declination. The open circle shows the location of the center of the LMC.

the interactions of the Magellanic Clouds with the Galaxy could | thank Ram Sagar, Uma Gorti, G. C. Anupama, and Kiran
be responsible for the misalignments and displacements of theJain for helpful discussions. | also thank the referee for his
bar with respect to the disk. Therefore, it is necessary to find comments that improved the presentation of this Letter.

out the geometry of the bar and the disk, which would throw

light on the source of perturbations in the bar.
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