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OBSERVATION OF THE HALO OF THE EDGE-ON GALAXY IC 5249
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ABSTRACT

Optical photometry and H 1 synthesis observations of the southern edge-on Sc/Sd galaxy IC 5249 are
reported. The rotation curve rises linearly out to a radius of 7 kpc and then appears to flatten out at
~100 km s~'. The H 1 mass out to 24.5 kpc is ~6 x 10° M, or 10% of the total mass out to this
radius. The color, central surface brightness, scale height, and scale length of the disk of IC 5249 are
R —1~04, p=20.6+ 0.1 R. mag arcsec 2, 600 + 40 pc, and 11 + 2 kpc, respectively. Additional light
to that predicted by an exponential disk is present at distances greater than 3 kpc from the disk. At 5
kpc the surface brightness is 27-28 R mag arcsec” 2. The measured distribution of surface brightness is
used to constrain the abundance of low-mass main-sequence stars in the halo of the galaxy. A halo made
up entirely of main-sequence stars heavier than 0.13 M, is excluded. We also find that less than 20% of
the halo can be composed of main-sequence stars heavier than 0.30 M. Further observations are
required to determine the rotation curve of IC 5249 to large radii and to determine precisely the abun-
dance of low-mass main-sequence stars in the halo of the galaxy.
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1. INTRODUCTION

The composition of the dark matter in the Galactic halo
remains unknown despite extensive efforts that have been
made in recent years to identify it using a variety of tech-
niques, including gravitational microlensing (Stubbs 1998)
and the direct observation of low-mass stars (Flynn 1998;
Tinney 1999).

A New Zealand-Japan collaboration called MOA has
recently commenced a gravitational microlensing survey of
the Magellanic Clouds and the Galactic bulge similar to
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those being undertaken by the MACHO, EROS, and
OGLE groups (Abe et al. 1997; Alcock et al. 1997). The
project is based at the Mount John University Observatory
(MJUO) in New Zealand. In conjunction with the micro-
lensing program, several exposures of the southern edge-on
Sc/Sd disk galaxy IC 5249 were made to determine the
abundance of low-mass main-sequence stars in the halo of
this galaxy. The exposures were motivated in part by the
previously raised possibility that the northern edge-on Sc
galaxy NGC 5907 has a faint, visible halo surrounding its
disk that traces its dark halo (Sackett et al. 1994; Fuchs
1995; Lequeux et al. 1996).

Results of our observations of IC 5249 are reported here,
together with the results of H 1 synthesis observations of the
galaxy that had been made previously using the Australia
Telescope Compact Array (ATCA).

2. PREVIOUS OBSERVATIONS OF IC 5249

The galaxy IC 5249 was included in the Southern Sky
Redshift Survey (da Costa et al. 1991) and in the Southern
Sky Survey (Mathewson et al. 1992). Relevant parameters
taken from the surveys are the type, Sc or Sd; inclination,
~89°; m; ~ 13.1; central surface brightness y; ~ 20.1 mag
arcsec”?; H 1 flux ~ 27.85 Jy km s~ !; recession velocity
(optical) ~ 2332 km s~ !; recession velocity (H 1) ~ 2364 km
s~ 1; recession velocity (Tully-Fisher) ~ 2320 + 100 kms™*;
rotation velocity (H 1) = 102 km s~ !; major- and minor-
axis diameters of 1,5 5 isophote 184” and 17", respectively.

3. NEW H 1 MEASUREMENTS OF IC 5249

3.1. ATCA H1Observations and Data Reduction
H 1 synthesis observations of the galaxy IC 5249 were
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Fic. 1.—H 1distribution of the galaxy IC 5249 overlaid on an optical image obtained from the Digital Sky Survey (DSS). The contour levels are 0.05, 0.1,
0.2, 0.3, 0.4, and 0.5 Jy beam ! km s~ !, and the angular resolution is 8”. North is to the top, and east to the left. (The DSS was produced by the Space
Telescope Science Institute and is based on photographic data from the UK Schmidt Telescope, the Royal Observatory Edinburgh, the UK Science and
Engineering Research Council, and the Anglo-Australian Observatory.)
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Fi1G. 2—H 1 rotation curve of IC 5249. On the x-axis, negative offsets
are roughly toward the south and positive offsets roughly toward the
north.

obtained with the 6C configuration of ATCA!* on 1992
October 18 by Levasseur, Carignan, & Byun (Levasseur et
al. 1992). The total time on source was about 12 hours. The
8 MHz bandwidth centered on 1409 MHz was divided into
512 chfmnels, which resulted in a velocity resolution of 3.35
kms™.

The data reduction and analysis was carried out with the
AIPS software package using mostly standard procedures.
The (u, v) data were inspected to find those channels con-
taining H 1 emission. No 20 cm radio continuum emission
was detected at the position of IC 5249 (S, < 1.5 mJy
beam ~ ). The brightest radio source we detected in the field
is PMN J2248 —6456 with a flux density of about 27 mJy
(Wright et al. 1994). The H 1 line data were Fourier-
transformed and then cleaned. Use of “robust weighting”
(ROBUST = 1) resulted in an rms noise of ~2.5 mJy
beam ™! per channel and an angular resolution of 8”. IC
5249 was the only source detected in H 1; neither of the
galaxies at a projected distance of only 5, AM 2243 —650
and IC 5246, were detected in the given velocity range.'”

3.2. The Neutral Hydrogen Distribution and Kinematics

Figure 1 shows the H 1 distribution (0.moment) overlaid
onto an optical image of IC 5249. The H 1 extent of the
galaxy is about 280" x 24" (at Ny, =9 x 10?° atoms
cm ™~ ?) compared with 246” x 22" in the optical at R, 5 (see
Fig. 7 below). The major-axis position angle is P.A. = 194°.
We find an integrated H 1 flux of ~20 Jy km s™?, corre-
sponding to an H 1 mass of about 6 x 10° M, for IC 5249
assuming a distance of 36 Mpc. This is considerably lower
than the total H 1 flux (27.85 Jy km s~ !) quoted by Mathew-
son et al. (1992) using the 64 m Parkes radio telescope and

14 The Australia Telescope is funded by the Commonwealth of Aus-
tralia for operation as a National Facility managed by CSIRO.

15 IC 5246 is shown in Fig. 4 below. The recession velocities of AM
2243 — 650 and IC 5246 are unknown.
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indicates that there is more extended hydrogen emission,
which has been filtered out with the ATCA interferometer.
The current H 1 distribution shows no evidence of flaring or
warping, but more data are needed to study the faint
extended structure beyond the optical R, extent of IC
5249, where warps usually start (see, e.g., Briggs 1990).

The rotation curve of IC 5249, which was obtained by
averaging the H 1 velocity field (1.moment) along a position
angle at P.A. = 194° (width 22"), is displayed in Figure 2.
The systemic velocity of the galaxy is ~2365 km s~ *. We
observe a linear rise of the rotation velocity within a radius
of r = 40".° Beyond that radius the rotation curve slowly
turns over and seems to flatten at about r = 100” or 17.5
kpc, although more sensitive data are needed to confirm
this. The maximum observed rotational velocity is about
100 km s~ 1. The total mass of IC 5249 within the observed
H 1 disk (ie., r < 140" or 24.5 kpc) is about 5.7 x 10'° M.
This assumes the mass inside 24.5 kpc is distributed approx-
imately spherically and yields a mass ratio
log (Myx /M) ® —0.98. This correlates well with the
expected value of roughly — 1 for Sc/Sd galaxies (Roberts &
Haynes 1994).

4. PHOTOMETRIC MEASUREMENTS

IC 5249 was observed on the nights of 1997 July 4 and 6
with the 0.6 m Boller and Chivens telescope and one of the
CCD cameras (MOA-caml) that is used by the MOA
collaboration. The telescope had previously been modified
with the installation of wide-angle optics (123 field) and a
stepping motor drive system. MOA-caml has nine,
unthinned 1K x 1K Texas Instrument type TC215 chips
and has been described elsewhere (Abe et al. 1997). The
chips are arranged in a 3 x 3 matrix, with spacing between
adjacent chips equal to 0.9 times the width of a chip. The
pixel size on the sky is 07645. The chip gain and readout
noise are ~8 e~ ADU ! and 1.5 ADU, respectively.!” A
“step function” filter was used for the present measure-
ments with ~90% transmittance from 630 to 1000 nm. This
includes =~ 60% of the R passband and all the I passband.
The cataloged quantum efficiencies of the Texas Instrument
chip at these wavelengths are ~ 55% and 40%, respectively.
We confirmed, by direct measurement of a sample of chips,
the catalog value in the R passband but found a somewhat
lower efficiency ~25% in the I passband (M. Honda 1999,
private communication). The typical sky background at the
observatory is Rc =~ 20.9 and I ~ 19 mag arcsec 2 and the
typical FWHM seeing is 175 to 3”.

The visible diameter of IC 5249 of 4’ enabled it to be
accommodated on a single chip of MOA-cam1 with a large
surrounding area of sky. Only three chips of the camera
were used for the present observations, the top left
(northeast) one, the center one, and the bottom right
(southwest) one. Seven 20 minute exposures were made with
the galaxy on the northeast chip, seven with the galaxy on
the center chip, and seven with the galaxy on the southwest

16 In an edge-on galaxy, each rotation velocity measurement is an
average of different contributions along the line of sight and therefore
lower than if the major axis only could be observed. We assume most gas is
concentrated in the main body of the galaxy and that this effect is small.

17 ADU denotes analog-to-digital unit. The gain was confirmed in the
present measurements using the known fluxes from standard stars (see § 5.2
below), and the read-out noise from the dark exposures (see § 5.1 below).



264 ABE ET AL. Vol. 118

FiG. 3—Stacked 5 1/3 hr image of IC 5249. The orientation is similar to that in Fig. 4 below, but with a 14° rotation applied to align the galaxy vertically.
The gray scaleis —3.5 ADU pixel ~ ! (white) to +9.4 ADU pixel ~* (black) per 20 minutes of exposure time.

chip'®. Each of these exposures provided two exposures of
sky on the two chips not being used for the galaxy. Another
seven 20 minute dark exposures were also made on all the
chips. Finally, numerous bias and short exposures were
made. The exposures were carried out cyclically to mini-
mize effects of changing air mass and changing camera tem-
perature during a night. Offsets of the telescope of order 40"
or 70 pixels were made between repeat exposures of the
same target (Pennycook 1998). Sky conditions on both the

18 A similar viewing procedure was employed by Lequeux et al. (1998).
Exposures on different chips enable some causes of sky nonuniformities to
be evaluated, as discussed in § 6.1 below.

observing nights were photometric, and the seeing was
approximately 3”.

5. REDUCTION OF PHOTOMETRY

5.1. Frame Stacking

A frame stacking technique similar to that of Morrison et
al. (1994) was used to combine the images of IC 5249
(Pennycook 1998).

First, the 20 minute dark frames were compared with the
bias frames. It was found that the dark current was negligi-
ble. Consequently, bias frames were subtracted from the
galaxy and sky frames.

Flat fields were formed from the fourteen 20 minute sky
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Fi1G. 4—Five stars used to calibrate the photometry of IC 5249. North is to the top, and east is to the right. The V, B,R., andI. magnitudes of stars 1, 2,
3,4,and 5 are (14.41, 15.22,13.91, 13.74), (14.03, 14.94, 13.53, 13.09), (12.33, 13.12, 11.90, 11.54), (12.08, 12.94, 11.67, ...), and (13.29, 15.04, 12.94, ....).
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F1G. 5—Point-spread function for a star with magnitude my = 13.4.
The ADU scale corresponds to an exposure time of 20 minutes.

frames for each chip, using standard routines in IRAF.'°
First, the brighter regions of stellar images were removed
from a frame by applying a threshold cut at 1.3 times the
modal value. The frames were then modally scaled and
combined using the o clipping procedure of IRAF. This
self-consistently removes values that are more than 3 ¢ from
the median. The median of the resultant distribution was
used as the flat field. Examination of the distribution of
values about the median for any pixel indicated a flat-field
accuracy of about 0.85%. This is consistent with the expec-
tation based on Poisson statistics and the typical ADU
values (~ 300) of the sky frames.

Stellar images on the 20 minute frames generally had
FWHM values ~4”, somewhat in excess of the typical
seeing for the system. This resulted from inadequacies of the

19 IRAF is operated by the Association of Universities for Research in
Astronomy, Inc., for the National Optical Astronomical Observatories
under cooperative agreement with the National Science Foundation.
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F1G. 6.—Comparison of scattered and observed light in the halo. The
circles represent the observed light in the halo, and the crosses, the scat-
tered light from the disk of the galaxy, as described in the text.

tracking system, which is unguided, over the longer-than-
normal exposure times employed here. Five of the 20
minute galaxy frames had seeing greater than 4”4. These
were removed from the sample, leaving a total of 16 galaxy
frames for further analysis, six with the galaxy on the north-
east chip, six on the center chip, and four on the southwest
one. These were bias- and cosmic-ray—subtracted, flat-
fielded, and stacked into a single frame. Positional align-
ment was achieved to an accuracy of 1 pixel using six stars.
The rotations, translations and scale changes needed for
this were carried out using standard IRAF routines. The
effective exposure time for the stacked frame is 53 hr. It is
shown in Figure 3. The FWHM seeing is ~4'0, and the
limiting magnitude is ~22.5. Our photometric measure-
ments of IC 5249 were all derived from this 5 1/3 hr frame.

5.2. Calibration of Photometry

Following each 20 minute exposure of IC 5249, a 2
minute exposure was made on the same chip. Five
uncrowded stars in these exposures with V' magnitudes in
the range 12-15 and colors 0.8 < B—V < 1.8 were used to
calibrate the photometry. They are shown in Figure 4.
Photoelectric measurements of these stars in the B, V, R,
and I passbands were carried out using the 0.6 m Optical
Craftsman Telescope at MJUO and standard stars in the
Cousins’ F region. These measurements were found to
satisfy the relationship

mR = minstr,red + 2480 (1)

to an accuracy of +0.05 mag. Here my and m;,, .4 denote
photoelectric and CCD instrumental magnitudes, respec-
tively.?° We used equation (1) to calibrate the photometry
of IC 5249. In terms of surface brightness, it implies that 1
ADU pixel ! corresponds to ug = 26.35 mag arcsec 2 for a
20 minute exposure.

It is not possible to determine the sky background in the
R or I passbands from the single-passband sky measure-
ments made here (~300 ADU for 20 minute exposures).
Equation (1) implies only that ug > 20.2 mag arcsec” 2, con-
sistent with the expected value for Mount John (see § 4).

20 The CCD instrumental magnitude was defined in the normal
manner, viz., — 2.5 log ADU.
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Also, we found that the sky level varied during each night,
presumably due to the inclusion of airglow lines in the infra-
red part of the passband that are variable. These variations
appear to have been constant over each chip, otherwise the
flat-fielding procedure described above would not have
yielded results that are consistent with Poisson statistics.

5.3. Scattered Light

Scattered light in a telescope, especially at optical sur-
faces close to the focal plane, may produce an extended halo
surrounding a bright object and contaminate results such as
those presented below. We estimated the magnitude of this
effect using a technique similar to those used by other
groups (Morrison et al. 1994; Sackett et al. 1994; Lequeux
et al. 1996). The images of some moderately bright, unsatu-
rated, lone stars on stacked galaxy and sky frames were
combined by the median value after scaling the intensities.
This produced unsaturated images of bright stars that are
free of cosmic rays and surrounding stars, from which the
point-spread function could be accurately determined. One
is shown in Figure 5 for a star with mg = 13.4. Next a
truncated version of the 55 hr galaxy image was formed by
excising the portions of the galaxy greater than 1 kpc from
the disk, and this was convolved with the point-spread func-
tion. A profile of the convolved image at position A is
shown in Figure 6. It shows that scattered light, either in the
telescope or in the atmosphere, does not cause the extended
halo observed around IC 5249.

6. PHOTOMETRY OF IC 5249

6.1. Photometry of the Disk of IC 5249

A contour plot of the galaxy derived from the 5% hr frame
is shown in Figure 7. This may be compared with the H 1
distribution displayed in Figure 1. No flaring or warping is
evident in either image. The major- and minor-axis diam-

FiG. 7.—Contour plot of IC 5249. The contours are at 21.0, 21.5, 22.0,
..., Rgmag arcsec™ 2, and the orientation is the same as in Fig. 3.
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eters of the R,; 5 isophote are 189” and 17", respectively,
both very similar to the I, 5 values (see § 2).

In what follows, we shall assume H, =65 km s~ !
Mpc~ 1. This corresponds to a distance of 36 Mpc to IC
5249 and a pixel size on the sky of 0.113 kpc at the galaxy.

In order to characterize the disk and the halo of the
galaxy, surface photometry was carried out for the four
profiles at the positions labeled A, B, C, and D shown in
Figure 8. These profiles are at distances 7.5, 1.1, 5.3, and
11.7 kpc, respectively, from the minor axis of the galaxy, and
their widths are 6.4 kpc. The profiles were divided into
rectangular bins 1 pixel wide out to a distance of 2 kpc, and
thereafter into bins 5 pixels wide. The surface brightness for
each bin was determined from the average ADU value. The
zero point was taken from the modal value of sky surround-
ing the galaxy. Light from foreground stars with my < 22.1

was masked out to a radius where u; = 28 mag arcsec” 2, as
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shown in Figure 8. It was found that the results presented
below do not depend sensitively on the values of these
quantities. It was assumed that foreground stars that are
fainter than those that were masked out are uniformly dis-
tributed over the image.

The above procedure was found to be adequate in the
disk of the galaxy but not in the halo. As other groups have
found, large-scale nonuniformities are present in the sky,
and these affect the photometry at low light levels (Lequeux
et al. 1996; Lequeux et al. 1998). We found that the raw
profiles generally decrease monotonically from 0 to about 6
kpc, and thereafter flatten out, but not necessarily to zero.
We corrected for this by setting a single baseline for each
profile as the best linear fit to the data from — 14 to —7 kpc
and from +7 to +14 kpc. The fluctuations of the data
about the baseline, +0.15 ADU pixel !, were used to deter-
mine the uncertainty of the procedure. The baseline uncer-

Fic. 8—Regions A, B, C, and D, where photometry of IC 5249 was carried out, and the region’s surrounding foreground stars that were excluded. The

gray scaleis —1.9 to +3.4.
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tainty of +0.15 ADU pixel ! was added in quadrature to
the statistical uncertainty for each measurement, as shown
in Figure 9. A similar procedure was followed by Rudy et al.
(1997). Comparison of the baselines in adjacent profiles
showed that equivalent results, differing by less than 0.05
ADU pixel !, would have been obtained if a single base-
plane had been used for all four profiles.

The validity of the above procedure was checked by ana-
lyzing the data for the three CCD chips separately. The
chips are in quite different positions of the focal plane (see §
4), and the large-scale nonuniformities were found to be
quite different on them. The largest amounted to ~0.3% of
the sky in one region of one chip. However, the corrected
profiles for each chip were found to be consistent
(Pennycook 1998). Our results suggest the nonuniformities
are caused by light from nearby, bright stars being reflected
off components of the telescope and the camera. For
example, ~1% of the light from two 9th magnitude stars
that are near to IC 5249 would have been reflected at the
focal plane to the camera window and rereflected to the
focal plane. The camera window, which is 2 mm thick and
not antireflection-coated, is spaced 30 mm from the focal
plane. These stars would have each produced large-scale
nonuniformities of ~27 mag arcsec” 2 or ~0.2% of the sky.

Transverse and longitudinal surface profiles for the
stacked galaxy frame are shown in Figures 10 and 11. For
r > 18 kpc, the longitudinal profile appears to decline much
more rapidly than predicted by the exponential model. It is
not possible to determine from the present data if there is a
sharp cutoff to the galaxy in the longitudinal direction, or if
it disappears smoothly into the sky. Comparison with the
longitudinal I-band profile of Mathewson et al. (1992) indi-
cates that the color index R — I ~ 0.4 mag arcsec” 2 along
the major axis.

For the purpose of systematically analyzing the surface
profiles, the following model of the three-dimensional lumi-
nosity density of the galaxy was used,

L(R, z) = Lye RHe~ 121 )

Here R and z denote cylindrical radial and transverse coor-
dinates relative to the disk, respectively, and H and h radial
and transverse scale height parameters, respectively. L, is
the central luminosity density of the galaxy. The exponen-
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F1G. 9.—Photometric profiles (linear plot) for the regions A, B, C, and
D. East is to the right, as in Fig. 3, and 1 ADU corresponds to 26.35R. mag
arcsec” 2. The baseline error bars were determined self-consistently as
described in the text.
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Fi1G. 10.—Photometric profiles (log plot) for the regions A, B, C, and D
of IC 5249 in the R passband. The error bars include baseline and sta-
tistical errors added in quadrature.

tial in the transverse direction is an approximation to a
locally isothermal three-dimensional sheet (Kruit & Searle
1981).

The surface profiles were fitted to line integrals of the
luminosity density assuming the galaxy to be perfectly edge-
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Fi6. 11.—Longitudinal profile of IC 5249 in the R. passband. The
photometry was performed with 5 x 5 pixel bins. Gaps in the profile occur
where bright foreground stars are present.
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Fi1G. 12—Model fits to profile A. The dashed lines are the best single
exponential fit (eq. [2]) from 1-2 kpc with h = 640 pc and H ~ 11 kpc. The
dashed-dotted curve is the best fit for the “thick-disk” model with the
parameters given in Table 1, the dotted curve is the best fit for the “dark
matter ” model with the parameters given in Table 2, and the solid curve is
the best fit for the “ globular cluster ” model with the parameters given in
Table 3.

on. For a profile at distance d from the minor axis, the
surface luminosity was assumed to take the form

foo Loe RHe=Izlhgl — 2L, e~ 171/ Jwe‘R/Hdl
0

= 2L, e |7l Jwe—J(dZ+lz)/Hdl , )
0

and the final integral was performed numerically. Good fits
(see Figs. 12-14 below) to the data for |z| = 0.5-2.0 kpc for
profiles A, C, and D were obtained with the above model
with the following values of the scale heights: h ~ 640 + 10
pc and H ~ 11 + 2 kpc. The former value corresponds to
an estimated transverse scale height of h =~ 600 + 40 pc
when the effect on the observations of the seeing is included.

The scale heights for IC 5249 are larger than for most
disk galaxies, implying IC 5249 is an optically extended
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F1G. 13.—Modelfits to profile C as in Fig. 12
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Fi1G. 14—Model fits to profile D as in Fig. 12

galaxy in both the radial and transverse directions. The
corresponding values for NGC 5907 are 467 pc and 5.1 kpc,
respectively (Morrison et al. 1994). The central R surface
brightness of IC 5249 within ~ 1 kpc of the major axis and
~4 kpc of the minor axis is ~ 1 mag arcsec” dimmer than
that of NGC 5907, signifying that IC 5249 is a relatively low
surface brightness galaxy. The integrated Iluminosity
derived from equation (2) is mg. = 13.6 + 0.2. This corre-
sponds to an absolute R. magnitude of 19.2 + 0.2. This
may be compared with the R-band value expected on the
basis of the luminosity—line width relation of Tully (1997),
viz., 19.5 + 0.5.

Equation (2) predicts a central surface luminosity of
2L, H when a galaxy is viewed edge-on and 2L, h when
viewed face-on. These values neglect the effect of dust. Our
best fit to profiles A, C, and D corresponds to values of
~20.8R. mag arcsec”? and ~24.3R. mag arcsec” 2 for
these quantities for IC 5249. The former value slightly
underestimates the actual central edge-on surface bright-
ness, which is (see Fig. 11) 20.6 + 0.1R. mag arcsec 2. The
discrepancy is presumably caused by dust and the presence
of a small nuclear bulge in IC 5249. The likely presence of a
nuclear bulge was the reason for excluding profile B, which
intersects the bulge, in the determination of the scale heights
of the galaxy. The face-on central brightness predicted
above is only an approximation to what the true value
would be, because it does not include the effects of dust,
nonexponential structure, and a viewing angle not precisely
equal to 90°. We shall address these details in a forthcoming
paper on observations of IC 5249 at other wavelengths.

TABLE 1

PARAMETERS FOR THE
“THICK-DISK ” MODEL

Parameter Value
hy (PC) evuvennnn. 570

H, (kpc) «.vunnen. 11+2
hy (PC) evevennnn. 1690
H, (kpc) ......... 6+1
Loy/Logeeenennn. 0.135
Reduced #2...... 1.2
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TABLE 2
PARAMETERS FOR THE “ DARK MATTER ”
MoDEL
Parameter Corresponding Value
h(Pe).ccvvuvennn.. 630
H (kpc) .......... 11+2
Ly/Lo oeevennnt 45x10°¢
Reduced #2...... 1.7

6.2. Photometry of the Halo of IC 5249

Photometry of the halo of IC 5249 was the prime goal of
the present study. It is clear from Figure 10 that the lumi-
nosity of the halo generally exceeds that predicted by the
exponential model as defined by equation (2). The data were
therefore tested against various models that include extra
sources of light in the halo. Three specific models were
tested, a “thick-disk ” model, a “ dark matter ” model, and a
“globular cluster” model. The thick-disk model was
defined by a luminosity function

L(R, Z) — Lo,le_R/Hle_lzl/hl + Loize—R/Hze—IZI/hz , (4)

where L, ,, H,, and h, parametrize the thin disk of the
galaxy, and L, ,, H,, and h, the thick disk. The dark matter
model was defined by the equation

L(r, R, 2) = Lye ®¥e 1" 4 L, (r/H)"?, )

where r denotes Galactocentric radius, and L,,, is a param-
eter characterizing the luminosity density of a visible halo
that is presumed to be distributed like dark matter. The

TABLE 3

PARAMETERS FOR THE “ GLOBULAR
CLUSTER ” MODEL

Parameter Corresponding Value
h(PC).ccvvuvennn.. 620
H (kpe) euvenenn. 11+2
Ly/Loeeevnenn.... 28 x 1074
Reduced #2...... 1.7
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Fi1G. 15.—Best fits to profiles A, C, and D applied to profile B. This
profile intersects the Galactic bulge.
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globular cluster model was defined as
L(T, R, Z) = Lo e RiHp—zl/h + Lgc(T/H)_3'5 , (6)

where L, characterizes the model, and the associated
power (—3.5) was chosen to mimic the known distribution
of globular clusters in the Galaxy. The above definitions
were used in regions exterior to the central bulge only.

The profiles A, C, and D were used to determine best-fit
parameters for the above models, and profile B was subse-
quently used as a test. Best fits to the A, C, and D profiles
were obtained with the values of the parameters given in
Tables 1, 2, and 3. These fits are shown in Figures 12-14.
Figure 15 shows a comparison of the data for profile B,
which intersects the Galactic bulge. It is clear that the
globular cluster model is ruled out by the data at large
distances from the disk. This appears to be true regardless
of the possible presence of a nuclear bulge in IC 5249. The
present data for IC 5249 are not quantitatively accurate
enough to distinguish between the thick-disk and dark
matter models. However, the thick-disk model requires
quite different radial scale heights for the thin and thick
disks. This would seem to indicate that thick and thin disks
in a galaxy can evolve independently or that IC 5249 does
not possess a thick disk.

7. TOTAL MASS OF VISIBLE STARS IN THE HALO OF
IC 5249

In the absence of color information on the halo, the iden-
tity of the stars being detected cannot be determined from
the above photometry. However, an upper limit on their
total mass can be deduced, and this can be used to constrain
their identity as follows.

Suppose stars of one type only are present in the halo and
that these are distributed with spatial density ocr 2, consis-
tent with dark matter model defined by equation (4).
Denote the mass, luminosity and absolute magnitude of the
halo stars by m,, L,, and M,, respectively. Then it may
easily be shown that their total mass M inside a cutoff
radius r. is

MC = 47Imh TC Ldm HZ/Lh . (7)

and that their surface brightness at “impact parameter” b
from the center of the galaxy is

f " Lon(H/P?dl = Ly, H?n/b . ®)

Equation (8) is, of course, valid irrespective of the inclina-
tion angle of the disk of the galaxy to the line of sight. It
implies a surface brightness in mag arcsec ™2

p =M, — 2.5 log (L, H*k?/bL,) . )
Here k = 107/3(60)° pc. Equations (7) and (9) imply
p= M, — 2.5 log (Mc/my) — 2.5 log (k%/dbro) . (10)

Equation (10) may be used to estimate the total mass of
visible stars in the halo, as follows: The best fit to the
present data, as shown in Figures 12-14, has
u=27.61+ 0.5 Rc mag arcsec” % at b = H = 11 kpc. This
implies that

log (Mc/m,) ~ M,/2.5 — 11.04 — log [k?/(44rc kpc)] .
(11)
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TABLE 4
GALACTIC MASS FRACTION OF MAIN-SEQUENCE HALO STARS IN
1C 5249
m, Limit on Mass Fraction
M) M, M. /Mg (percent)
0.13...... 11.37 1.90 x 10*° 66.6
0.15...... 10.88 1.40 x 10*° 49.0
0.20...... 10.05 8.7 x 10° 30.4
0.30...... 9.07 5.2 x 10° 18.4
0.40...... 8.35 3.6 x 10° 12.6
0.50...... 7.40 1.9 x 10° 6.6
0.60...... 6.24 7.8 x 108 2.7
0.70...... 5.24 3.6 x 108 1.3
0.80...... 3.93 1.2 x 108 0.4

Note.—M,, and m, denote the absolute R, magnitude and mass
of the halo stars, and M, the total mass of these stars (+50%)
inside Galactocentric radius 24.5 kpc if the mass and spatial dis-
tributions of the halo stars are Dirac and r~? functions, respec-
tively. The rightmost column gives the 95% confidence upper limit
on the Galactic mass fraction of these stars inside 24.5 kpc.

Here M, denotes the absolute magnitude of the halo stars

in the R passband. The uncertainty in the photometry in

the halo corresponds to an uncertainty in M/m, of ~50%.
Baraffe et al. (1998) calculated absolute magnitudes of
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Fi1G. 16—Upper limit to the contribution of main-sequence halo stars
to the total mass of IC 5249 inside a Galactocentric radius of 24.5 kpc
(thick-dashed line). Corresponding results for other galaxies obtained by
gravitational microlensing and infrared photometry are also included. The
thin solid line denotes the upper limit for low-mass objects of any type in
the halo of the Milky Way reported by Alcock et al. (1998) using the
gravitational microlensing technique, and the thick solid line is a similar
limit due to Afonso et al. (1999). The thinned dashed line denotes an upper
limit for main-sequence stars that was obtained by Gilmore & Unavane
(1998) for four external galaxies by infrared photometry.

HALO OF IC 5249 271

metal-poor low-mass stars. Using their values for halo stars
with [M/H] ~ —1.3 to —1.5, we obtain the values given in
Table 4 for the total mass of low-mass stars in the halo that
are distributed like dark matter inside a Galactocentric
radius of 24.5 kpc. The total masses given there correspond
to delta-function mass distributions and are therefore con-
servative upper limits only. Furthermore, if the spatial dis-
tribution of main-sequence stars in the halo is actually less
extended than the dark matter distribution defined by equa-
tion (5), then the upper limits in Table 4 could be further
reduced. This would be the case if, for example, the thick-
disk model, defined by equation (4), is a better approx-
imation than the dark matter model.

We conclude from Table 4 that a halo comprised entirely
of main-sequence stars heavier than 0.13 M, is excluded,
and that less than 20% of the halo can be made up of
main-sequence stars heavier than 0.30 M. The results are
shown graphically in Figure 16 and compared with corre-
sponding Galactic results that were obtained by gravita-
tional microlensing by the EROS and MACHO
collaborations (Alcock et al. 1998; Afonso et al. 1999) and
by Gilmore & Unavane (1998) by infrared photometry of
external galaxies.

8. CONCLUSIONS

The edge-on Sc/Sd galaxy IC 5249 has a relatively
extended disk characterized by a scale height and scale
length of 600 + 40 pc and 11 + 2 kpc, respectively. Its rota-
tion curve rises linearly out to a radius of 7 kpc and then
appears to flatten out at ~100 km s~ !. Additional light to
that predicted by an exponential disk is present at distances
greater than 3 kpc from the disk. The distribution of light
out to 5 kpc from the disk may be fitted, within the existing
experimental uncertainty, by either a thick disk or by a halo
distributed like dark matter. In either case, main-sequence
stars heavier than 0.30 M ; can account for 20% of the halo
of IC 5249 at most, and a halo made up entirely of main-
sequence stars heavier than 0.13 M is excluded. Further
measurements are required to determine the rotation curve
of IC 5249 to larger radii and the precise abundance of
low-mass main-sequence stars in its halo.
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