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Abstract

With NASA’s Chandra X-ray Observatory, we have
accumulated over two days of data from NGC 4697, the
nearest optically luminous, X-ray faint elliptical galaxy.
These observations provide one of the deepest views of
low-mass X-ray binaries (LMXBs; binary stars, with one
normal star with M<Mgy, and either a neutron star or
black hole, which emit profuse amounts of X-rays) in
an elliptical galaxy. In addition to detecting lower lu-
minosity LMXBs, these observations allow us to probe
the variability behavior of the brighter LMXBs. We dis-
cover flaring behavior with no clear analog in our own
Galaxy and derive the timescales over which LMXBs
may be transient. With our Hubble Space Telescope ob-
servations, which reveal the population of globular clus-
ters (GCs; dense, spherical concentrations of millions
of stars), we find that approximately one-third of the
LMXBs are in GCs and that approximately one-tenth of
the GCs contain LMXBs. We explore various aspects
of the LMXB-GC connection. These explorations, when
combined with data from other galaxies, will allow us to
answer questions about the formation and evolution of
LMXBs, GCs, and elliptical galaxies.

Introduction

In a typical elliptical galaxy (classified optically by
its ellipsoidal shape, in contrast to spiral galaxies whose
shapes are dominated by a flattened disk with spiral
structure) no star formation has occurred for billions of
years. Since the most massive stars (stars with M >
8 Mgy, ) burn their nuclear fuel quickly (¢ < 3 x 107yr),
the only remnants of massive stars in elliptical galax-
ies are stellar-mass black holes (BHs) and neutron stars
(NSs). These objects, the end-states of massive stars,
have such strong gravity that they are two of the most
extreme types of objects in the Universe. By themselves,
BHs/NSs are not detectable in nearby elliptical galax-
ies. If there is a normal star closely orbiting the BH/NS
(i.e., a close binary star), the gravity from the BH/NS
can pull off the outer envelope of the normal star. As
the material from the stellar envelope accretes onto the
BH/NS, the material reaches millions of degrees, and
emits X-rays. Since there are no massive stars in ellipti-
cal galaxies, these systems must be low-mass X-ray bi-
naries (LMXBs; so named because the normal star has
M 5 M Sun)-
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Elliptical galaxies are luminous X-ray sources (For-
man, Jones, & Tucker 1985). For galaxies of a given
optical luminosity, the X-ray-to-optical luminosity ratio
(Lx /Lp) ranges over two orders of magnitude (Canizares,
Fabbiano, & Trinchieri 1987; White & Davis 1997).
We refer to galaxies with relatively high Ly /Lg ratios
as “X-ray bright” and to galaxies with relatively low
Lx /Lp ratios as “X-ray faint” Hot (kT ~ 1keV) gas
located between the stars dominates the X-ray emis-
sion in X-ray bright galaxies (e.g., Forman et al. 1985;
Trinchieri, Fabbiano, & Canizares 1986); whereas X-
ray faint galaxies exhibit two distinct spectral compo-
nents: a hard (~ 1-2keV) component (Matsumoto et al.
1997) and a very soft (~ 0.2keV) component (Fabbiano,
Kim, & Trinchieri 1994; Pellegrini 1994; Kim et al.
1996). Since the hard component is actually found in
both X-ray bright and X-ray faint early-type galaxies,
with strengths roughly proportional to the optical lumi-
nosity of the galaxy, Kim et al. (1992) suggested that the
hard component is due to LMXBs like those observed in
the Milky Way’s bulge.

The Chandra X-ray Observatory' is one of NASA’s
Great Observatories. Launched 1999 July 23, this satel-
lite uses four nested pairs of grazing incidence (small
angle reflection) paraboloid and hyperboloid mirrors to
collect and classify individual X-ray photons with ener-
gies of 0.1-13keV. Its ability to see details on ~ 0!'5
(the equivalent of being able to see the two headlights
on a car from about 400 miles away) and its relatively
large collecting area (400cm? at 1keV) make it ideal for
studying individual LMXBs in nearby elliptical galaxies.
A single chip of the Advanced CCD Imaging Spectrom-
eter (ACIS) has a ~ 8 x 8 field-of-view (FOV); most
nearby elliptical galaxies fit on a single chip. The large
sample of bright LMXBs (Ly > 10°”erg/s) in elliptical
galaxies (~ 50-200 per galaxy, e.g., Sarazin et al. 2000,
2001; Angelini et al. 2001; Sivakoff et al. 2003) allows
studies of LMXB formation and evolution that comple-
ment what we can do in our own Galaxy with its ~ 150
active LMXBs (Ly > 103®erg/s).

The Hubble Space Telescope* (HST) is also one of
NASA’s Great Observatories. It was launched 1990 April
24, and has been upgraded by four service missions. Typ-
ical reflecting mirrors (a concave primary plus a con-

ISee http://chandra.harvard.edu
2See http://hubblesite.org



vex secondary) collect the intensity of light with wave-
lengths (A from 200-2400nm) depending on the instru-
ment used. Since HST orbits above the atmosphere, its
ability to see detail (called resolution) is diffraction lim-
ited; since the primary mirror is 2.4 m, its resolution at
1000nm is ~ 0”1 (the equivalent of being able to see the
two headlights on a car from about 2000 miles away).
At the distance of most of the nearby elliptical galaxies,
HST can resolve objects with diameters that are 2> 201tyr.
In the last servicing mission, the Advanced Camera for
Surveys (ACS) was installed. ACS samples its ~ 3’ x 3’
FOV (twice that of the previous imaging instrument) at
the best resolution HST can achieve.

Globular clusters (GCs) are spherical concentrations
of tens of thousands to million of stars (Binney &
Tremaine 1987). The stars are so tightly packed that
the density of stars can reach 107 times the density of
stars near the Sun. Typical GCs are ~ 60ltyr in diame-
ter’. In the Milky Way, ~ 10% of LMXBs are located
in globular clusters; however, GCs account for a much
smaller fraction of the optical light in the Galaxy. It
has long been recognized that GCs are more efficient at
producing LMXBs (by a factor of ~ 300) than the field.
This greater efficiency is attributed to dynamical inter-
actions of stars in the dense environments of GCs (e.g.,
Katz 1975; Clark 1975).

To study the LMXB-GC connection in elliptical
galaxies, we need to know the properties of both pop-
ulations. The existing lists of GCs for elliptical galaxies
are rather incomplete. Since atmospheric effects blend
the GCs into the diffuse galaxy emission, ground-based
observations generally do not detect GCs from the in-
ner regions of elliptical galaxies, where most of their
LMXBs are located. Additionally, GCs are not resolved
in ground-based optical images of galaxies at the dis-
tance of most nearby elliptical galaxies; candidate GCs
are identified by luminosities and (potentially) colors.
Therefore, many of the candidate GCs may be unrelated
faint optical objects. Since HST orbits the Earth, there
are no atmospheric effects to blend the GCs into the
diffuse galaxy emission. Hubble can detect GCs in the
inner regions of galaxies and measure their shape. Prior
to the installment of the ACS, only a small portion of a
galaxy could be surveyed in a single observation. Taking
advantage of the ACS capabilities, the ACS Virgo Clus-
ter Survey & ACS Fornax Cluster Survey are obtaining
deep, high-resolution F475W and F850LP images of the
central ~ 3’ x 3’ of 144 nearby elliptical galaxies. One of
their products is a sample of extragalactic GCs with un-
precedented depth and uniformity. From these HST ACS
images, thousands of GCs associated with these galaxies
will be identified and their positions, magnitudes, colors,

3HST can resolve GCs in nearby elliptical galaxies.
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metallicities (abundance of elements besides hydrogen
and helium) and structural parameters will be derived.
We are working with the PIs of both surveys to compare
the LMXBs and GCs in elliptical galaxies.

The (Pre-ACS) connection between GCs and LMXBs
is stronger in elliptical galaxies than the Milky Way, with
~ 20-70% of the LMXBs being associated with GCs
(Sarazin et al. 2000, 2001; Angelini et al. 2001; Kundu
et al. 2002). It has been suggested that most of the
LMXBs in elliptical galaxies were made in GCs (Grind-
lay 1984; Sarazin et al. 2001; White et al. 2002), with
the LMXBs outside of GCs (field LMXBs) ejected from
GCs by kicks from the explosive deaths of dying stars,
stellar dynamical interactions, or the dissolution of the
GC due to tidal effects. If so, then the LMXBs (field +
GC) would be a direct probe of their initial GC popula-
tions and GC destruction processes. On the other hand, it
has been recently claimed that the relationship between
the fraction of LMXBs formed in GCs and the GC spe-
cific frequency (the number of GCs per unit optical lumi-
nosity) in elliptical galaxies is more consistent with the
field LMXBs being formed in the field (Juett 2005).

NGC 4697 is the nearest (~ 4 x 107 ltyr; Tonry et al.
2001) optically luminous (My < —20), X-ray faint el-
liptical galaxy. Since it is so close, X-ray observations
allow study of fainter LMXBs than more distant ellip-
tical galaxies. Based on its high optical luminosity, we
expect a large number of LMXBs. Since it is X-ray faint,
there is only a small contribution to the X-ray emission
by diffuse gas, making it easier to detect the LMXBs.
Sarazin et al. (2000, 2001) used Chandra to resolve the
X-ray emission into ~ 90 LMXBs. We have reobserved
NGC 4697 with Chandra to study fainter LMXBs that
were unresolved in the earlier observation and study the
variability of LMXBs. We also have obtained HST obser-
vations of NGC 4697 to study the GCs and the LMXB-
GC connection.

Chandra Observations & Analysis

Chandra has observed NGC 4697 five times (observa-
tions 0784, 4727, 4728, 4729, and 4730), 2000 January
15, 2003 December 26, 2004 January 06, February 02,
and August 18 using ACIS. We determined the pointing
of the observations so that the entire galaxy was located
on the S3 chip. Therefore, the analysis of NGC 4697 in
this paper will be based on data from the S3 chip alone; a
number of serendipitous sources seen on the other chips
are unlikely to be related to NGC 4697.

For each individual observation, we detected sources
using the wavelet detection algorithm (CIAO WAVDE-
TECT program) in the 0.3-6keV energy band, detect-
ing 97, 78, 87, 77, and 98 sources. The coordinates of
~ 50 matching sources between observations were used



Fig. 1.— (Left) Adaptively smoothed Chandra X-ray image of the LMXBs and diffuse hot interstellar gas in
NGC 4697 (~ 600" x 900”). (Right) Digitized Sky Survey Two Red optical image of the same region.

to align the astrometry. A combined 185ks image was
created (See Figure 1). From this image, we detected
158 sources that dominate the X-ray emission. There
is some diffuse emission remaining that is a combina-
tion of currently undetectable point sources and diffuse
gas emission. We refined the source positions and cre-
ated source extraction regions for the 90% encircled en-
ergy using ACIS Extract 3.34 (Broos et al. 2002). Based
on 7 well matched sources, we estimate our absolute as-
trometry is accurate to 0.4”, except near the edges of the
chip where the PSF is large. Aperture photometry was
performed separately on each observation and then com-
bined for all analysis. Of the 158 detected sources, 126
have their flux determined at the 36 level and 121 have
more than 20 net counts.

We determined the combined spectra of all signifi-
cantly detected sources that lie within the elliptical re-
gion of constant surface brightness that contains half of
the optical light. With this spectrum (power-law, N(E) o<
ET where I' = 1.47, and Galactic absorption) and the
distance of NGC 4697, we can convert the observed
count rates of the sources into luminosities. This con-
version is vital because a contaminant is settling on the
satellite’s optical filter and decreasing the instrument’s
sensitivity with time.

The five observations of NGC 4697 provide for a
detailed look at the variability of LMXBs in elliptical
galaxies. Galactic X-ray binaries (XRBs) exhibit a wide-
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range of timescale variability (< milliseconds — years).
Due to the frame time of ~ 3s in our Chandra data, the
shortest timescale flaring we could detect is on the order
of seconds. A bright LMXB (108 ergs~!) will have only
~ 25 counts in a ~ 40ks Chandra observation of NGC
4697. We have developed a new statistical technique for
detecting short-timescale flare behavior among such low
source counts (Sivakoff et al. 2005). This technique can
be applied to a single observation, but with multiple ob-
servations, weaker flares can be significantly detected if
the flaring occurs multiple times. Figure 2 displays a
source with short-timescale flare behavior that was sig-
nificantly detected in a single observation. Its flare lumi-
nosity (~ 6 x 10% erg s—!) is above a theoretical steady-
state limit for a NS and is similar to the peak luminosities
of the brightest Galactic BH-XRBs. However, the flare
duration (~ 70 s) is much shorter than are typically seen
for outbursts reaching those luminosities in Galactic BH
sources. Other weaker flares were seen, with luminosi-
ties approximately a factor of ten weaker, but durations
more than a factor of ten larger. Although the luminosity
and outburst duration of these other sources are similar
to a known flaring behavior (Type I X-ray Superbursts),
they recur on much shorter timescales (days as opposed
to years). The flare behavior in the first source, and per-
haps the two other sources displaying weaker flares, have
no clear Galactic analog. We may be observing a new
phenomena in X-ray binaries.
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Fig. 2.— Vertical lines represent times a photon arrived from CXOU J124839.0—054750 . Twenty photons arrived in
~ 40ks; however, four of those photons (the burst candidate photons) arrive in ~ 70s. Statistical techniques are used
to infer that this flare is unlikely to be a random statistical fluctuation. On the other hand, the three photons that fall in
~ 300s can not be distinguished from a random fluctuation.

w .
~

o GX339—-4
() L

. 38 [

§ 1x10 r .
Q [

2 5x10%

N‘)_ [
o [

. 0

—

2001 2002 2003 2001
Year

AQLXT I * EX01745-248

2001

2002
Year

2002 2003

Year

2003

Fig. 3.— Rough luminosities of transient Galactic sources (converted Rossi X-ray Timing Explorer All Sky Monitor
counts assuming unabsorbed power-law spectra of I'=2). Left-right: a BH-LMXB, field-NS-LMXB, and GC-NS-

LMXB.

In our own Galaxy, longer time-scale variations, such
as transient sources are also observed (Figure 3). To cal-
culate the lifetime of a source, one needs to know its fuel
reservoir and the rate at which it burns its fuel. As Fig-
ure 3 shows, the rate can vary dramatically. These tran-
sient outbursts can occur ~ 1 per year or once in the his-
tory of X-ray astronomy. It is therefore important to un-
derstand the behavior of transient and variable sources.
Most of the sources in NGC 4697 do not show the level
of transience as seen in Figure 3. Instead they seem to be
longer persistent sources. There are nine sources (e.g.,
Figure 4) that do show transient behavior. If the sources
observed to be persistently bright are actually transient
sources with long outburst durations, and all sources
have the same average duration, then we calculate the
average duration is ~ 130yr. Assuming a recurrence
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timescale of ~1500 year (Rutledge et al. 2002), the duty
cycle (the ratio of time spent actively emitting to time be-
tween outbursts, ~9%) suggests that lifetimes calculated
based on the active luminosity are ~11 times too small
and that there are ~11 times as many quiescent LMXBs
(L < 103ergs™!) as active LMXBs (L > 1037ergs™1).
The latter is comparable to the one active LMXB and
seven quiescent LMXBs found recently in a Galactic GC
by Heinke et al. (2003). The lifetimes and total num-
bers of LMXBs are important constraints for theories of
LMXB evolution.

Hubble Observations & Analysis

We observed the center of NGC 4697 with Hubble
Space Telescope Advance Camera for Surveys (HST-
ACS), acquiring two 375s exposures in the F475W



(g475) band, two 560s exposures in the F850LP (z350)
band, and one 90s F850LP exposure (e.g., Figure 5).
Source detection and characterization were performed as
in Jorddn et al. (2004a), with small adjustments made for
the relative proximity of NGC 4697. SExtractor (Bertin
& Arnouts 1996) was used to detect sources of S/N = 10.
A triangle-based search algorithm was then used to align
the detected sources between exposures. A multidrizzle
technique (Koekemoer et al. 2002) was used to trans-
form the detector coordinates to sky coordinates, as well
as reject cosmic rays. After weight-images were created
to evaluate the sensitivity in each pixel and the elliptical
profile of the stellar light in the galaxy was removed,
SExtractor was used to detect the remaining GCs and
other optical sources with a detection threshold of 5 con-
nected pixels at a 1.56 significance level. For NGC 4697,
703 optical sources were detected. The photometric and
structural parameters of those sources were measured
by fitting the two-dimensional ACS surface brightness
profiles with PSF-convolved isotropic, single-mass King
(1966) models. Approximately 300 globular clusters
were identified by their colors (0.5 < ga75z850 < 1.6)
and their shapes (half the GC light must be within
2 3ltyr). The luminosity function (Figure 6) of the
GCs are roughly consistent with the typical Galactic GC
model (turnover at My = —7.4, assuming v —z ~ 0.8).
The color distribution (Figure 7) shows a clearly bimodal
population of blue GCs (g475 — 2850 ~ 0.9) and red GCs
(8475 — z850 ~ 1.2). These two populations probably rep-
resent two different bursts of star-formation. The red
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Fig. 4.— Luminosity as a function of time since observa-
tion 0784 for one of the transient sources in NGC 4697.
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Fig. 5.— HST image(zgso, ~ 30” x 30”). The white
polygons are the 90% encircled energy regions of
LMXBs detected by Chandra. Of the LMXBs, ~ 36%
are coincident with a GC.

GCs are probably more metal-rich than the blue GCs;
however, the standard age-metallicity uncertainty means
the blue GCs could just be younger than the red GCs.

LMXB-GC Connection

We have identified 299 GCs; there are 89 X-ray
sources in the ACS FOV. X-ray sources within 1”of a
globular cluster source were considered matched; the
probability of a random GC matching an LMXB is
~ 4%. If there were no LMXB-GC connection, then we
would expect ~ 4 matches; we find 34 matches. Since
there is an LM XB-GC connection, we have found a self-
consistent solution with 32/89 LMXBs being physically
associated with a GC, 2/89 LMXBs begin randomly
associated with a GC, and 55/89 field LMXBs. Ap-
proximately 36% of the LMXBs are in GCs, consistent
with results from other galaxies. Approximately 10%
of the GCs contain a bright LMXB (L > 1037 ergs™!).
This number is about 2.5 times what is typically seen;
however, the NGC 4697 observations are able to detect
fainter LMXBs. We note that in the Milky Way, 10% of
the GCs contain an active LMXB (L > 10%¢ergs™!).

In Figures 6 and 7, we also display the histograms of
the GCs containing a bright LMXB. From both figures
it is clear that the GCs containing bright LMXBs do not
have the same properties of the other GCs. Kolmogoroft-
Smirnov tests show that there is a 0.05%, 0.03%, and
0.04%, that the LMXB-GCs are drawn from the same
population of g475 magnitudes, zgso magnitudes, and
8475 — 7850 colors. Similarly, Wilcoxon rank-sum tests
show these results are 4.0, 4.66, and 2.8G significant.
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Fig. 6.— Luminosity histogram (zgsg) of the GCs in
NGC 4697. The hashed histogram indicates the GCs that
contain LMXBs. Under the astronomical magnitude sys-
tem, brighter objects are smaller. Brighter GCs tend to
have LMXBs.

Brighter GCs and redder GCs are more likely to contain
an LMXB. The first result, brighter GCs are more likely
to contain an LMXB, is most likely due to brighter GCs
having more stars, and thus a higher probability of form-
ing an active LMXB than fainter GCs. The second result,
redder GCs are more likely to contain an LMXB, is prob-
ably due to a deeper astrophysical relation. Typically,
redder GCs are interpreted as being more metal-rich than
bluer GCs. There are three possible mechanisms dis-
cussed in the literature in which higher metallicity GCs
may have a higher chance of having LMXBs. First,
metal-rich stars may have larger radii and masses com-
pared to metal-poor stars (Bellazzini et al. 1995). This
would make it easier to form LMXBs. Second, metal-
rich stars may produce more NSs/BHs per unit mass;
for instance, the initial number of stars as a function of
mass (IMF) could vary (Grindlay 1987). A larger num-
ber of NSs/BHs would increase the number of LMXBs
that can form. Finally, irradiation-induced winds, which
would be weaker in metal-rich stars due to more efficient
metal line cooling, slow down the evolution of LMXBs
in metal-rich clusters (Maccarone et al. 2004). With a
longer lifetime, more LMXBs would be observed at any
given time since their formation in the more metal-rich
clusters. Jordan et al. (2004b) used Deep Chandra/HST
observations of LMXBs in M87, the central elliptical
galaxy in the Virgo cluster, to find that the first mech-
anism is unlikely to provide the necessary enhancement.

Future Work

The analysis of the data provided by combined ob-
servations of elliptical galaxies using Chandra and HST
is ongoing. With deep observations of NGC 4697, M8&7
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Fig. 7.— Color histogram (g475 — z350) of the GCs in
NGC 4697. The hashed histogram indicates the GCs that
contain LMXBs. Under the astronomical magnitude sys-
tem, redder objects are larger. Redder GCs are approxi-
mately three times as likely to contain LMXBs.

(Jordén et al. 2004b), and new data that we are acquir-
ing this year for NGC 4365, another elliptical galaxy,
we will provide the templates with which we will inter-
pret data from a larger sample. Between the HST-ACS
Virgo Cluster Survey and the the HST-ACS Fornax Clus-
ter Survey, the centers of 144 elliptical galaxies will be
observed optically. Of these galaxies, 39 have existing,
scheduled, or proposed Chandra observations. We will
use the large sample of LMXBs from these galaxies to
gain insight into the formation and evolution of LMXBs,
GCs, and elliptical galaxies. In particular, we will com-
pare the spatial distributions of LMXBs, GCs, and stel-
lar light from galaxies to determine the origin of field
LMXBs and simultaneously test models for the destruc-
tion of GCs. We will also test models that predict which
GCs will be likely to contain an LMXB in an effort to
constrain the formation and evolution of GCs. Where
available, we will use the spectroscopically determined
ages of GCs to compare star formation histories of entire
galaxies to the star formation history tracked by LMXBs.
In data-sets with multiple observations, we will use the
variability properties of LMXBs to explore possible new
flare behavior, and to constrain the evolution of LM XBs.
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