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ABSTRACT

We compare the ultraviolet (UV) and visible morphologies of globular clusters M3, M13, M79, and o Cen,
based on observations with the Ultraviolet Imaging Telescope (UIT) and ground-based telescopes. Global
similarities (e.g., core radii) are found, along with other interesting features. These include a ring (r = 2'2) of
UV-bright stars in w Cen and a group of UV-bright objects near the center of M79. We find a color gradient
in M79 but in no other cluster. The helium abundance in M79 is Y = 0.21 + 0.04, based on UV and visible

color-magnitude diagrams.

Subject headings: globular clusters: general — stars: horizontal-branch — ultraviolet: stars

1. INTRODUCTION

Ultraviolet (UV) observations of globular cluster morphol-
ogies may be used to address questions about cluster evolution
and formation conditions. Ironically, such observations are
particularly valuable because of their insensitivity to the bulk
of the cluster light (e.g., red giants). The mid- and far-UV
(4 < 2000 A) are natural regions for evolution studies because
they are more sensitive to blue horizontal-branch (HB) stars
and less affected by the cooler red giants (RGB) and the
remaining low-mass main-sequence stars. This sensitivity
makes UV observations ideal for searching for color gradients
and for measuring the ratio of HB to RGB stars (R =
N 'up/ N rg)- Previous studies of color gradients in globular
clusters relied upon difficult measurements of color changes in
broad-band, ground based photometry (e.g., Bailyn et al. 1989;
Djorgovski, Piotto, & King 1989; Cederbloom et al. 1992).
Theoretical interpretations of these color gradients ascribe
them to a variation of A g/ A g With radius, with either the
HB stars more concentrated toward the center, a centrally
enhanced population of blue subdwarfs (see, e.g., Bailyn et al.
1989; Cederbloom et al. 1992), or a central deficit of RGB stars
(Djorgovski et al. 1991). A comparison of globular cluster UV
and visible light radial profiles should be maximally sensitive
to any color gradient.

A common way of measuring the He abundance in globular
clusters is to compare the relative numbers of HB to RGB
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stars. This ratio measures the relative lifetimes of these stages
and is related to the cluster He abundance (Iben 1968). Typi-
cally, the ratios are measured in a small area outside the core
radius. The Ultraviolet Imaging Telescope (UIT) data allow us
to survey almost the entire cluster to enumerate the blue end of
the HB and therefore obtain a global estimate of the value of R.

2. DATA ACQUISITION AND ANALYSIS

2.1. UIT Mission

Stecher et al. (1992) describe the UIT instrumentation and
initial data reduction. We selected the best exposures of four
globular cluster (w Cen, M3, M13, and M79) in the Al (4, =
249 nm, AA = 115 nm), AS (4, = 256 nm, A1 = 46 nm), Bl
(Ao = 152 nm, AA = 35 nm) and BS (4, = 160 nm, A4 = 23 nm)
filters for this study. The images have a typical point-spread
function (PSF) with a core of FWHM ~ 3”5 and broad wings
(80% encircled energy radius = 874). Except for w Cen, each
cluster was entirely within the 40” diameter field. The central
r ~ 13’ region of w Cen is well recorded. The exposures on M3
and M13 were shallow, so the outer portions of these clusters
were not recorded. Complementary ground-based images
(seeing 175-2"0 FWHM) in U, B, V, and R were obtained with
the KPNO and CTIO 0.9 m telescopes and T2KA (KPNO) or
TeK2048 (CTIO) CCDs. These visible data were bias-
subtracted and flatfielded using sky exposures with standard
IRAF? software.

2.2. Data Analysis

To obtain radial profiles in Figure 1 we made counts in the
exterior regions where individual stars are well separated and
performed surface photometry of the inner regions where the
star images are blended. We derived the backgrounds for
surface photometry by computing the mean for several thou-
sand points per frame. No background corrections were
applied to the star counts because at UV wavelengths only
globular members are likely to have been recorded on the film.
(Very bright stars [e.g. UIT-1 and UIT-2; Landsman et al.
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1992] are rare and minimally affect star counts.) We used a
modified form of DAOPHOT for star counts and the octant
method (see Djorgovski et al. 1987) for the surface photometry.
Data from the two methods are distinguished in Figure 1. To
assure that the two methods gave consistent results, we also
did surface photometry at large radii where star counts were
made with DAOPHOT, to match the profiles. To determine
the cluster centers, we used the mirror autocorrelation tech-
nique (Djorgovski 1987), the maximum symmetry method
(Hertz & Grindlay 1985) and the equibarycenter (Bijaoui
1971). The centers derived by the various methods agreed
within 1 UIT PSF for all but @ Cen. We used the equi-
barycenter for w Cen because it is well resolved. After deriving
a projected stellar density profile, we made a least-squares fit to
the analytic approximation of a King profile:

o) = oo{[1 + (r/r1 7% = [1 + (r/ry] 7122

(King 1962), where r, and r, are the core and tidal radii, respec-
tively, o, is a function of the central surface density, and « is an
exponent governing primarily the slope of the outer portion of
the profile (for « = 2 the profile is a classical “ King model ”). In
practice, r, was held fixed at a value from Webbink (1985).
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Because r, is largely determined by the Galactic tidal field, it
should be identical for all stars in the cluster, if the stars whose
light dominates in the UV are drawn from the same velocity
phase space as the rest of the cluster. We also generated King
models via the methods outlined in King (1966) to compare
with the UV data.

3. DISCUSSION

3.1. o Centauri(NGC 5139)

Figure 1 shows the stellar surface density and surface bright-
ness profiles in the B5 filter for w Cen, as well as a magnitude-
shifted B profile from Meylan (1987). The two UV bright stars,
UIT-1 and UIT-2 (Landsman et al. 1992), were excised from
the data when constructing the profiles. Since w Cen is rela-
tively close (d =~ 5.2 kpc) and loosely concentrated, UIT resolv-
ed individual stars into the cluster center (see Landsman et al.
1992, Figs. 2 and 3). On the UIT images, @ Cen appears to
have a rather uniform surface density inside r = 2'. Figure 1
shows that the B5 profile tracks the B profile well, except for
the rise in density inside r = 15” and an apparent surface
brightness “shoulder ” in the profile r = 2”. These two features
result from the discrete nature of UV-bright stellar distribu-

- ® Cen 3
1sE : : :
“F *#MM 3
1.0F E
& 0.5fF 3
s f :
E 0.0F | 4 nps —fit i F
(:g - | 2 Hnsl o8 ] <
C * Meylan (1987 =)
»w -0.5F ylan (1987) :24 8
g o il — - — -~ } + } 1; ol
e T T v 1 T T T O'Q
1)
5 20 4 §
o C M3 -118 4
€ 15F 3 Q
=] - ] )
@) 10: ]
— - —120
0.5 ]
z EPp
0.0 ]
055_ O Has ® Nys _:22
TUOR A Mps A nps .
F| + V. — model (r,=29") J23
-1.0 3
TN T P TS T N L -0
-1.5 -1.0 -0.5 0.0 0.5 1.0

log (Radius [arc min])

F1G. 1.—Surface density and surface photometry profiles for the four globular clusters. Points derived from star counts (n) are plotted as filled symbols, while
surface photometry (i) points are open symbols. Our ground-based data are plotted as plus signs for all bands and specified in each plot. Data from Meylan (1987)
are plotted as asterisks. Triangles (circles) indicate BS (AS5) data. The Al data are represented by diamonds and the B1 data by squares. Solid lines show the King
model fits. Error bars for the star counts are estimated from Poisson counting statistics. Error bars for the surface photometry represent the standard deviation of the
mean for the octants added in quadrature with the standard deviation of the mean background. Core radii for each of the clusters from Webbink (1985) are also

plotted in each panel.
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tions near the center and an apparent ring of bright stars at
r ~ 2.2'. The inner peak,-arising primarily from the two inner-
most density points, contains 15 stars very near the cluster
center, « = 13"26™45/68, 6 = —47°28'39”14 (2000). If we allow
the derived center to vary by + 10", this central peak persists.
Ground-based images in good seeing (I. R. King 1991, private
communication) also suggests a central density peak. Figure 2
shows the radial variation of the mean and median stellar B5
magnitudes, again with stars UIT-1 and UIT-2 (Landsman et
al. 1992) removed. Near r = 22 there is a large, significant
difference between the mean and median magnitudes (~0.4
mag) that reflects the presence of a dozen or so UV-bright stars
near this radius. This ring, in part, accounts for Scaria &
Bappu (1981) finding w Cen bluer between 2’ and 4’ than else-
where. Near the image center, the discrete stars and stellar
groups produce apparent holes in the UV light distribution.
These holes and complementary star knots lead to the peak
inside r = 30” (Fig. 1). For the surface brightness to stay con-
stant while the stellar density rises, the mean luminosity of the
stars must decrease. We compared magnitudes of stars in dif-
ferent radial annuli to explore this effect and find that inside
r = 30” the mean magnitude (prior to extinction corrections)
and the rms scatter about the mean are {m,_.;o-y = 16.58
+ 0.50 (N = 21 stars). For stars with 2!5 < r < 10’ (excludes
r = 22 ring of bright stars and UV bright stars found by Land-
sman et al. 1992 and extends to radius of Fig. 1 profile), we find
that the mean magnitude is {(m, s <, <o) = 16.15 £ 0.77
(N = 892 stars). This difference is significant at better than the
99% confidence level and suggests that there may be fainter
stars near the center. The @ Cen image was reasonably well
centered in the UIT field, so that sensitivity losses near the
frame edge will not affect the detectability of faint stars in the
outer portions of the cluster. We also note that
{Mysrcp<i.5) = 1629 + 0.64 (N = 105 stars), which indicates
that the observed inner-outer magnitude difference is not
solely the consequence of increased sensitivity to faint stars
near the cluster center due to the higher background from
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F1G. 2—Variation of the mean and median B5 magnitude with radius for
stars in @ Cen. Points for the mean (median) magnitude have been shifted by
0.02 (—0.2) in log radius for clarity. Error bars for mean magnitudes represent
the standard error of the mean, while those for median magnitudes represent
the quartile deviations. Fifty percent of all stars within each radial bin have
magnitudes within the quartile deviations. Below each set of points we list the
number of stars contained in that radial bin.
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unresolved cluster members (as might be expected from nonlin-
earity in the film response at low light levels). w Cen has a
rather large spread in HB magnitude, so that any faint central
stars may merely represent the tail end of this distribution. The
presence of fainter stars, if confirmed, could imply mass segre-
gation at the center of w Cen. Bailyn et al. (1992) suggested that
the relative number of hot subdwarfs (the so-called subdrawf B
stars) increases toward the center of w Cen. Analysis of the w
Cen color-magnitude (C-M) diagram by Whitney et al. (1993)
should indicate whether these fainter stars are indeed hotter,
confirming their status as subdwarf B stars.

3.2. M79 (NGC 1904)

The UIT obtained useful data on M79 in the A1, B1, and B5
filters. Figure 1 shows the A1, B1, and V profiles, with the V
data shifted to overlap the Al profile, and a King model based
on earlier optical observations (Webbink 1985). The central
regions are crowded in the UIT images, so surface photometry
was used to determine the profiles for r < 30”. The Al and
V-band profiles are similar, although there may be some
steepening of the UV star counts outside r = 2:2; the errors are
large at these radii. The B1 also profile also departs from a
King profile shape at small radii. The cluster center for M79
was first determined from a short, unsaturated Al image as
a = 5"24™11517, 6 = —24°31'3079 (2000). The stellar distribu-
tion, like that of w Cen, is quite lumpy, with knots of UV bright
stars and regions of apparent UV flux deficits. One such
UV-dark region, which produces the dip in the B1 profile near
log r = —1.3, is centered at o = 5"24™11%46, 6 = —24°31'25"
and has a radius of ~10". We verified this local UV light
minimum by comparing its position in the long (1116 s) B1
exposure to the same regions in shorter exposures in the Bl
filter (to check for saturation effects) and the BS image (Fig. 3
[Pl 15]). To match the shapes of the Bl and Al luminosity
profiles near the cluster center, ~ 10 stars of the M79 mean HB
luminosity would be needed. There are two obvious explana-
tions of the flux deficit in this region: (1) the ratio of red giants
and main sequence stars to HB stars is higher, so that there are
fewer HB stars per unit volume, or (2) light from HB stars is
obscured. Given the close agreement in shape of the inner
portions of the ground-based and Al profiles, the second
explanation is not plausible. If there were an extinction
enhancement in a small region near the cluster center, there
should be a dip in A1l profile relative to the V profile because
the Al filter response is several times more sensitive to dust.
Auriére & Leroy (1990) searched for such dark patches in
globular clusters without success. It is more likely that the dark
patch results from a local fluctuation of the relative number
densities of HB and RG stars. Regardless of this “dark ” patch,
which reddens (by ~0.7 mag) the central ~ 10" relative to its
surroundings, there is a global bluing of the cluster with
decreasing radius. Using the octant method profiles for the Bl
and V data, we determine the color change interior to r = 4’ to
be A(B1 — V)/A log r @ —0.22 (Fig. 4). Note several peaks in
Figure 3, interior to the region where individual stars are
blended. Several of these objects (possibly supra-HB stars or
groups of stars) were also seen by Altner & Matilsky (1992) and
are partially responsible for the observed color gradient.
However, these supra-HB objects cannot account for the entire
color gradient, because it is observed over an area larger than
that affected by their light. In fact, our imaging results dovetail
with those obtained spectroscopically by Altner & Matilsky
(1992). Figure 3 shows M79 with one of their IUE aperture
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F1G. 3.—A 372 B5 exposure of M79 with an IUE aperture mask placed at one of the positions detailed in Altner and Matilsky (1992)
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LR oA L R B (~6" < r < 60”), where such changes in the profiles would be

— M 79 3 reliably detectable. Cluster crowding and the UIT PSF pre-

S 1.3 - clude the detection of small color gradients interior to the core

8 . radius.

S 1.4F — 4, SUMMARY

-~ 1.5 - + E 4.1. Integrated Properties

o) TE + 4’ ¢ . Table 1 presents the integrated properties for the four globu-

Q 1.6 2 +¢ E lar clusters (plus NGC 1851, also observed by UIT and dis-

= E + ] cussed in detail by Parise et al. 1993). The estimated total

™) C W E magnitude was obtained by integrating the intensity out to a

¢ 1.7 F ] radius beyond which no stars were seen in the UIT images.
18 o | | | ] Except for NGC 1851, UV-bright stars were removed when
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F1G. 4—Relative (B1 — V) profile for the inner 4’ of M79. Errors estimated
as described in the caption to Fig. 1.

positions overlaid. Within the IUE aperture, there are three
primary maxima. While the positions of the three peaks cannot
be directly compared with their four-star model (due to impre-
cise knowledge of the exact IUE positions), the spatial arrange-
ment is in qualitative agreement. Furthermore, they find that
M?79 possesses an excess of UV-bright objects, consistent with
our determination that it is the “bluest” globular in our
sample (see Table 1 and notes to table).

3.3. M3(NGC 5272)

M3 was imaged with UIT through the A5 and BS5 filters.
Both the near-UV and far-UV profiles for M3 are well fitted by
a King model whose parameters are similar to those derived
from ground-based data for the r < 1’. Laget et al. (1992) found
that the UV profile differs with a ground-based data King
model, but only at r > 2'. The UIT data are too noisy beyond 2’
(the exposure was only 200 s) to allow direct comparison with
Laget et al. (1992) (exposure time ~ 3600 s).

34. M13(NGC 6205)

A 46 s exposure in the B5 filter reveals no significant differ-
ence between the UV and ground-based R-band profile. We
find no significant color gradient over the range in radius

computing these magnitudes. The “total magnitude ” of w Cen,
however, is necessarily an underestimate, since the whole
cluster was not imaged. We used the King model profile to
estimate the total magnitude (resulting in an addition of
~ —0.1 mag). Table 1 also contains other cluster data from
Webbink (1985). Without exception, the core radii in the UV
are consistent with those measured from the visible.

4.2. Helium Abundances

Using the R-method (Buzzoni et al. 1983; Iben 1968), we
employ our UV star counts to estimate the mean He abun-
dance in M79. From a (C-M) diagram constructed with the
ground-based data, we find 75 RGB stars exterior to r ~ 1027,
the radius at which crowding becomes significant. Since the
major contributors to the light at B and V wavelengths are the
RGB stars, we scaled the number outside the r = 102" radius
to the V profile to obtain an estimate for the total number of
RGB stars in M79, 4y = 174 + 12. Hill et al. (1992) esti-
mated the number of HB stars in M79. Using their numbers
and the relation between A /A 'rg and the helium abun-
dance Y [namely, Y = 0.380 log (A yp/A rg) + 0.176] from
Buzzoni et al. (1983), we find Y = 0.21 + 0.04. This value is
slightly lower than, but consistent with, a recent helium abun-
dance measurement by Ferraro et al. (1992) obtained solely
from ground-based B and V data. The data quality for M3 and
M13 prevent us from estimating the He abundance more preci-
sely than earlier estimates using ground-based data. We hope
to obtain longer exposures on these targets with the UIT
during the Astro-2 mission. The detailed C-M diagram of w
Cen is discussed further by Whitney et al. (1993).

TABLE 1

GLOBULAR DATA

Total UV Flux Extinction
Object (ergss™'cm™2A"Y) EB-V) (corrected mag) (far-uv-near-uv) (far-uv-"¥) r. Aperture
(1) @ @) @ ©) ©) g ®)
w Cen (BS).ouennnn 132 E—11 0.11 5.21 1.57 43 272
M79 (Al)......... 6.01 E—13 0.01 9.37 0.42 1.94 0.17 133
(B1)......... 409 E—13 0.01 9.79
M13 (AS)......... 955 E—12 0.02 6.29 1.74 2.10 095 89
(BS)......... 192 E—12 0.02 8.03
M3 (AS)......... 425E—-12 0.01 7.25 2.81 4.03 0.48 8.9
(BS)......... 320 E—-13 0.01 10.06
NGC 1851 (Al)......... 863 E—13 0.02 8.90 0.05 1.82 114
Bl)......... 823 E—13 0.02 895

Note—Col. (1) lists the cluster name and UIT filter of the observations used here. NGC 1851 is discussed by Parise et al. 1993 and is included
here for completeness. Col. (2) gives the measured UIT flux, uncorrected for reddening, with UV-bright stars removed, except in the case of NGC
1851. The apertures used for these “total” fluxes, with the exception of w Cen, encompass the entire cluster as imaged by the UIT. Extinction
corrections from col. (3) and the reddening law of Cardelli, Clayton, & Mathis 1989 were used to compute the UV magnitudes in col. (4). The
colors are listed in cols (5) and (6), with ¥ magnitudes coming from our ground-based data or scaled from published values. Best-fit core radii are
listed in col. (7). The aperture size used for the photometry is given in col. (8).
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4.3. Profile Shapes

We find King models to be reasonable approximations to
the distribution of UV light for the four globular clusters, with
this caveat: the model fits are increasingly poorer near the
cluster center where the influence of discrete star clumps is
high. Our ultraviolet spatial resolution (~4") is insufficient to
detect any small-scale cusps in the stellar distribution in M13
or M3. The profile of @ Cen does show a small central cusp,
possibly reflecting a statistical fluctuation of the local density.
However, in the case of M79 we find significant departures of
the profile shape from King models for the inner regions. We
detect a significant color gradient in M79 only. Post—core col-
lapse clusters are known to have similar color gradients (e.g.,
Stetson 1991), but the detection of one in M79, whose age is
less than its collapse time, is interesting.

The recent detection of color gradients in several globular
clusters is exciting and was interpreted as evidence for mass
segregation, stellar interactions, or presence of “UV bright
stars ” (Djorgovski, Piotto, & King 1989; Bailyn 1989; Altner
& Matilsky 1992). For three clusters observed by UIT whose
ages are much less than their collapse times (M3, M13, and

SMITH ET AL.

w Cen) we find no evidence for a statistically significant color
gradient. The color gradient observed in M79 is the product of
a concentration of UV bright objects at small radii (Hill et al.
1992; Altner & Matilsky 1992) and a cluster-wide increase in
the ratio of UV light to visible wavelength light with decreas-
ing radius. This color gradient may indicate that core collapse
has begun in M79 or, alternatively, that the processes which
produce color gradients may set in before the cluster under-
goes its core collapse. Additional HST high-resolution UV
observations (see Guhathakurta et al. 1992), which enable the
construction of cluster core color-magnitude diagrams, and
UV spectroscopy are needed to pursue questions about color
gradients and A /A R Variations near the cluster centers.

We thank the whole staff of the Astro-1 mission. E. P. S.
thanks S. Djorgovski for sample code of his mirror-
autocorrelation technique and A. Sweigart for many useful
discussions. This research was supported in part by NASA
grants NAG 5-700 and NAGW-2596 to the University of Vir-
ginia.
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