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ABSTRACT

We have studied the low-mass X-ray binary (LMXB) populations within and outside globular clusters (GCs) in
NGC 4365 and NGC 3115. Using published age and metallicity constraints from optical and IR observations of
their GCs, we do not find any evidence for an increase in the LMXB formation rate in the intermediate-age cluster
population of NGC 4365, as has been proposed in some scenarios of dynamical LMXB formation in GCs. The
old, metal-rich, red population of GCs in NGC 3115, on the other harat, lsast 3 times as efficient at creating
LMXBs as the old, metal-poor, blue clusters. These data suggest that the higher formation efficiency of LMXBs
in the red GC subsystems of many galaxies is largely a consequence of their higher metallicity. A comparison of
the densities of field LMXBs in different galaxies does not reveal an obvious correlation with the age of the field
stars, as predicted by models in which the LMXB formation rate in the field drops monotonically with time after
an initial burst. This suggests that either a significant fraction of the field LMXBs are created in GCs and subsequently
injected into the field or the LMXB formation rate has a more complex time evolution pattern.

Subject headings: galaxies: general — galaxies: individual (NGC 3115, NGC 4365) —
galaxies: star clusters — globular clusters: general — X-rays: binaries — X-rays: galaxies

1. INTRODUCTION ical characteristics of GCs that drive LMXB formation. For
example, the red colors of GC systems identified in broadband

The hard X-ray emission from elliptical and SO galaxies has optical filters largely reflect a metal-rich population, but in

long been suspected of being associated with low-mass X-raydifferent galaxies these clusters can also be younger than the
binaries (LMXBs; Trinchieri & Fabbiano 1985). With the ad- blue GCs by varying amounts (e.g., Puzia et al. 2002, hereafter

vent of theChandra X-Ray Observatory, it is now possible o~ P02)- It has also been argued that LMXBs may preferentially
directly identify and study LMXBs in external galaxies such be created in younger GCs where the larger mass of the turnover

as NGC 4697 (Sarazin, Irwin, & Bregman 2000) and NGC stars increases the interaction rate in GCs (e.g., Di Stefano et

4472 (Kundu, Maccarone, & Zepf 2002, hereafter KMZ; Mac- & 2002; also see Rappaport et al. 2001). The discovery of a
carone, Kundu, & Zepf 2003, hereafter MKZ). significant population of intermediate-age GCs in NGC 4365

LMXBs are formed especially efficiently in globular clusters PY P02 provides a unique sample to test for any effect of age

(GCs), most likely because of dynamical interactions in the On the LMXB formation rate. Furthermore, the P02 infrared
core (Clark 1975; Fabian, Pringle, & Rees 1975). In the Galaxy, Study yields the only data set that constrains the ages and
GCs account for=0.1% of the stellar mass but harbet 0% metallicities of large numbers of GCs in the inner regions of
of theL, = 10% ergs s LMXBs (e.g., Verbunt 2003)Chan- galaxies where the LMXB density is highest. .
dra studies reveal that an even higher fraction of LMXBs in I this Letter, we compare the X-ray properties of GCs in
early-type galaxies reside in GCs, ranging from 70% in NGC NGC 3115 and NGC 4365 with the age and metallicity con-

1399 (Angelini, Loewenstein, & Mushotzky 2001), to 40% in straints placed by the P02 observations in order to isolate the
NGC 4472 (KMZ; MKZ), and to a lower limit of 20% in NGC primary physical property that drives the efficient formation of
4697 (Sarazin et al. 2060)_ LMXBs in red GCs. We also probe the field LMXBs in early-

One of the surprising conclusions from our study of the GC- YP€ galaxies to ascertain whether they probe the age of the

LMXB connection in NGC 4472 (KMZ) is that red GCs are field stars.
~3 times more likely to host LMXBs than blue ones. Although
a similar correlation is known to exist for the Galaxy (e.g., 2. OBSERVATIONS AND DATA ANALYSIS
Grindlay 1987), the small number of LMXBs and clusters in  \We have analyzed the 36 ks archiv@handra ACIS-S3
the Galaxy makes it difficult to gauge the relative importance image of NGC 3115 observed on 2001 June 14 (principal in-
of various correlated GC properties. The rich GC systems of vestigator: J. A. Irwin) and the 41 ks image of NGC 4365
early-type galaxies and the wide range of GC properties in gbserved on 2001 June 2 (principal investigator: C. L. Sarazin).
different galaxies allow us to isolate and understand the phys-yUsing the procedure laid out in KMZ and MKZ, we identify
149 X-ray point sources in NGC 4365 and 90 objects in NGC
* Based on observations made with the NASA/BE34bble Space Telescope, 3115 in the 0.5-8 keV band. The bulk of these sources are
obtained at the Space Telescope Science Institute, which is operated by thq_MXBS Only 10-15 of the candidates in each galaxy are
Association of Universities for Research in Astronomy, Inc., under NASA : . . . -
contract NAS5-26555, and on observations made withGhandra X-Ray expecf{ed to bg contaminating objects such as background active
Observatory. galactic nuclei (Brandt et al. 2000; Mushotzky et al. 2000).
? Department of Physics and Astronomy, Michigan State University, BPS Neither of these galaxies show evidence of significant emission

Building, East Lansing, MI 48824; akundu@pa.msu.edu, zepf@pa.msu.edu. from bright, hot gas that might affect point-source detection

" ; | oU.eal pant : . _ _
Trie'sr;;erﬂi};‘.’"ﬁ;gﬂ‘rgﬂgg;sgi\fsgcifd Studies, via Beirut n. 2-4, 1-34014 o\ i the innermost regions of the galaxies.
* Sternwarte der Ludwig-Maximilians-UniveréitaScheinerstrasse 1, D- The Hubble Space Telescope (HST) Wide Field Planetary

81679 Minchen, Germany; puzia@usm.uni-muenchen.de. Camera 2 (WFPC2Y- andl-band observations of NGC 3115
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° 9] FiG. 2—V—1 vs.V—K color-color plot of the GCs in NGC 4365 and NGC
3115 from P02. Dashed and solid lines indicate G. Bruzual & S. Charlot (2000,
private communication) isochrones and isometallicities for various fiducial
values, assuming a Salpeter initial mass function. Filled circles mark GC-
LMXBs.
Fic. 1.—Color-magnitude diagrams for the GC candidates in NGC 3115

and NGC 4365. Filled circles represent clusters with LMXB counterparts.  color betweenvV—| = 1.03 and V—I = 1.06 Any choice of

, . partition between red and blue GCs within this color range places
and NGC 4365 have been analyzed by us in Kundu & Whit- eight of the nine GC-LMXBs in the red GC system of NGC
more (1998, 2001a) and P02. P02 have also analyzed ground3115, Even if one were to conservatively assign the GC-LMXB
basedK-band images of these galaxies. We refer the reader toyjth \/—| = 1.07that is near the cusp of the color distribution
these papers for details of the data reduction and analysis ok the blue population, the efficiency of LMXB formation in red
their GC systems. We achieved30rms relative astrometric  Gcs s at least 3 times that in blue GCs. On the other hand, the
accuracy between the optical and X-ray sources by bootstrapgc-| MXBs in NGC 4365 show no strong preference for redder
ping theHST and Chandra positions using the procedure out- gcs. ThelV—1) = 1.10+ 0.03mean color of the GC-LMXBs
lined in MKZ. We adopt a distance modulus of 29.93 mag for s only marginally redder than thy—1) = 1.06 + 0.01value

V-1

3. LMXBs IN GLOBULAR CLUSTERS 4. DISCUSSION

4.1. Are LMXBs Formed More Efficiently
in Young Globular Clusters?

In order to determine the fraction of LMXBs in GCs, we
consider only the X-ray sources that lie within the WFPC2 field
of view. Thirty-six of the LMXB candidates in NGC 3115 and
44 in NGC 4365 meet this criterion (we eliminated the source  Using K-band observations to break the age-metallicity de-
corresponding to the nucleus of each galaxy, which may begeneracy that plagues optical colors, P02 showed that the broad
associated with their central black holes). Nine of these LMXBs optical color distribution of NGC 4365 GCs is due to the pres-
in NGC 3115 and 23 in NGC 4365 are withifi30of a GC ence of a significant fractior=60% in the field of view) of
and are considered to be matches. There is a natural break intermediate-age~5 Gyr) GCs. This interpretation has been
the LMXB-GC angular separation at this distance, and no fur- confirmed by spectroscopic observations of a handful of GCs
ther candidates are added in either galaxy when the matchingoy Larsen et al. (2003). P02 also showed that both the metal-
radius is increased td!®. Thus, 25% of the LMXBs in NGC  poor and the metal-rich GCs in NGC 3115 appear to be old
3115 are associated with GCs, and 40% in NGC 4365. (~12 Gyr). In Figure 2, we plot th&—K versusV—I distri-

The optical color distributions of GCs in many early-type bution of the GCs (and GC-LMXBs) in NGC 4365 and NGC
galaxies are known to be bimodal (e.g., Kundu & Whitmore 3115. While the age of an individual GC is only constrained
2001a, 2001b). This is usually attributed to differences in the to several gigayears and [Fe/H] to a few tenths of a dex, the
metallicity distributions of the subpopulations of old GCs. differences in the overall GC system properties of the two
While NGC 3115 has a bimodal color distribution (Kundu & galaxies, in particular the intermediate-age population of NGC
Whitmore 1998), NGC 4365 is one of the few galaxies with 4365, can clearly be seen. We refer the reader to P02 for details.
a confirmed unimodal distribution (Kundu & Whitmore 2001a). Note that the PO2 observations are largely limited by the depth
In each bimodal GC system where the LMXB population has of the K-band data. Thus, only a subsample of the Figure 1
been studied—e.g., the Galaxy (Bellazzini et al. 1995) and GCs have age-metallicity constraints.

NGC 4472 (KMZ)—the red GCs have a significantly higher  Figure 2 reveals that all the GCs in the P02 sample that host
fraction of LMXBs than the blue ones. LMXBs in NGC 3115 are metal-rich and have solar or higher

The color-magnitude diagrams of the NGC 3115 and NGC metallicity. Given the old agesx10 Gyr) of both the red and
4365 GCs are plotted in Figure 1, with LMXB hosts represented blue GCs in this galaxy, our observations strongly suggest that
by filled symbols. It is apparent that the red GCs in NGC 3115 metallicity is a significant parameter that drives the formation
are preferred sites for LMXB formation. We showed in Kundu of LMXBs in GCs. It appears likely that the higher efficiency
& Whitmore (1998) that there are roughly equal numbers of red of LMXB formation in the red GCs of galaxies with clearly
and blue GCs in the WFPC2 image of NGC 3115 with a dividing bimodal optical color distributions such as NGC 4472 (KMZ)
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Fic. 3.—Metallicity vs. mass distribution for the GCs in NGC 3115 using 10 T T T \ T L B B
the optical and IR colors of P02 and the G. Bruzual & S. Charlot (2000, private r ]
communication) models. Filled circles represent GC-LMXBs. Typical uncer- r o o 1
tainties in [Fe/H] of individual GCs are several tenths of a dex (see P02). i OO [ ] O@.. o 5 )
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is also driven by metallicity effects. On the other hand, the GC < ¢ o© o
system of NGC 4365, which spans a large range of ages, does \;10 &L 0© ° * 02 4
not reveal any obvious correlation of LMXB efficiency with GC o . % 8 o ©Tog8 ]
age. Specifically, there is no evidence that intermediate-age GCs = i 0 o~ &0 8 ]
are more likely to host LMXBs. Although the specific choice of L NGC 4365 O Res ?b §
age separating the intermediate-age and old GCs is fairly arbi- o
trary, a typical choice of 5 Gyr actually gives a slightiygher .
fraction of LMXBs in old GCs £20%) than in young ones 10 ' L L el —
(~10%). -1 -0.5 0 0.5
Fe/H (dex)

However, there are strong selection effects due tithand
photometric limits (POZ), coupled with the fact that younger  Fic. 4—Top: Age vs. mass for the NGC 4365 GCs. The uncertainty in the
GCs are brighter, and the strong preference of LMXBs to form age of an i_ndiyidual GC is a few gigayears (see P82jtom: Metallicity vs.
in the brightest GCs (Fig. 1 and KMZ). We showed in KMz ~Mass distribution.
that the luminosity effect implies that a roughly equal number
of LMXBs are formed per unit GC mass at all luminosities.

Thus, in order to fairly judge the effect of age and/or metallicity LMXBs in the red GCs of the Galaxy and M31 is due to their

one should compare the LMXB formation efficiency for GCs 2 G d to the bl lust d
of equal mass. To this end, we used the ages and metallicities < >Y' YOUNger age compared fo the biue CIUSIErs, we wou
of individual GCs and the implied G. Bruzual & S. Charlot expect to see a significantly larger difference in LMXB formation

(2000, private communication) model luminosities to estimate efficiencies between the young and the old GCs in NGC 4365

the masses of the GCs. We note here in passing that the LMXBFjue to their larger age spread. Given that roughly half the GCs

fraction per unit mass of GCs in our samplel’ M_*  and " our WFPC2 image are young (P02), our data clearly do not
indeed roughly constant for all GC masses © support this premise. Also, the de¥p-1 observations indicate

Figure 3 shows the [Fe/H] versus mass distribution of GCs that~3% of the NGC 4365 GCs host LMXBs, which is similar

and GC-LMXBs in NGC 3115. In conjunction with Figures 1 to the~4% fraction observed in ot_h(_er galaxies (KMZ). .
and 2, it is apparent that the red GCs are favored sites for LMXB in ;héjé V‘r’]e conccl)ugt()a '.[Qat tchoe ig?gr?cxtﬁfthy;(Befg;rtr;]i“gnc
formation owing to the higher metallicities of these clusters. ! SNOWS n Vious correration wi 9 :

: s o However, the larger fraction of LMXBs seen in the red GC
Eﬁlﬁree,\?(;péofg)ghségi %Pr? erggﬂr'ﬁ'%’a\rl,iﬁsgfspﬁgﬁg gls;trzl(l;)xgonnos systems of NGC 3115, and likely the other galaxies with clearly

strong correlation of LMXB formation rate with GC metallicity E!mhoedra:ngtgll'ccqtlg rs dc',?ttrﬁzustéogf’s?frgea{ﬁetfe bse r:glit;? .tr?c.trr:e
in NGC 4365. It is not clear if this is due to selection effects, ﬂ:g retical mléll that explain uthi m tall itl ffect SVIt Img
such as the fact that th€-band data undersample the fainter eoretical model that explains this metallicity etiect. syste

mealpoor GCs n s more distant ey, orpossible pysica 216 V1A 32 & unclion o metlily i the dynamcal
processes, e.g., the metallicity dependence is not continuous b i epefficienc of mas:s, trangfer in LMXBS Z\re all ossibilitiés
a threshold effect above which the efficiency of LMXB formation y P

; e, ; t this time. These observations lay the preliminary observa-
increases. More significantly, the top panel of Figure 4 shows a ; ) )
no evidence that younger GCs form LMXBs more efficiently. tional goalposts for understanding the formation of LMXBs in

We attempted to separate the sample into young and old pop-OGfCeS'tgeZ?:ét%pg(?;adﬁ'g%lﬂlozs:rxagfg%g !ﬁrgso?)ar:nptlﬁz
ulations using a range of dividing ages from 4 to 8 Gyr (see xtrag : Wi y bé Invaiu In probing

P02) to search for any evidence of a higher LMXB formation observational signatures in more detail.

rate in young GCs. For a dividing age of 8 Gyr, the LMXB : .
density is 1.1¢-0.4) x 107 M_! for the young GCs and 4.2. Do Field LMXBs Trace the Age of Field Sars?

0.7(x0.5) x 10" MZ' for the old ones. Conversely, dividing Models of LMXB formation due to the evolution of binaries
the populations at 4 Gyr yield3.7(+0.5) x 107" Mg' for the in the field suggest that the rate of formation of bright LMXBs

young population and.(+0.4) x 10" Mg' for the old GCs.
Furthermore, we point out that if the efficient formation of
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decreases monotonically after an initial peak (White & Ghosh
1998; Wu 2001). If this is the case, the properties of the field
LMXBs may be used to probe the star formation history of the
host galaxy. In this scenario, the vast majority of the bright
LMXBs in the Milky Way must be associated with recent star
formation in the Galactic disk. However, we have discovered 27
field LMXBs with L, >3 x 10% ergs s* within the WFPC2
image of NGC 3115 and, we estimateéh0 in the entire ACIS-

S3 frame. There are roughly twice as many LMXBs of com-
parable luminosity in the Galaxy. Thus, one would require either
continuous star formation in a region of NGC 3115 with mass
comparable to the Milky Way disk or a significant star formation
episode in the recent past to account for the field LMXBs in
NGC 3115. There is no clear evidence for recent star formation
in either the GCs or the field stars in NGC 3115 (P02), strongly
suggesting that the LMXB formation rate does not correlate
trivially with the age of the stellar system.

To further search for age effects, we plot the local specific
frequenciesS, , of GCs, GC-LMXBs, and field LMXBs of
NGC 3115, NGC 4365, NGC 1399, and NGC 4472 as a func-
tion of host galaxy absolute magnitude in Figure 5. The local
S, is defined adN x 10%4Mvwront15) "wherl is the number of
relevant candidates ard, ., is the absolute magnitude of
the host galaxy within the WFPC2 field of view. LMXBs fainter
than2 x 10%" ergs s' have been eliminated for the nearby
NGC 3115 system in order to minimize selection bias. The
LMXB values have been arbitrarily multiplied by 20 to facil-
itate comparison with the GC values §f .

Figure 5 reveals that broadly the GC and GC-LMXB specific

frequencies track each other, which essentially reiterates our sug

gestion (KMZ) that the overall efficiency of LMXB formation
in GCs is similar in different galaxies. Tt®  of field LMXBs

also appears to be similar in the inner regions of these galaxies

However, if all LMXBs brighter than=2 x 10%* ergs s* are
formed in regions with continuous or recent bursts of star for-
mation, as suggested by Wu (2001), NGC 4365, which is likely

EFFECTS OF AGE AND METALLICITY ON LMXBs

Vol. 589

5 - T T T T T T T T T T [ T T T T I T T T T T T :
4+ O Snosay GCs 4

- A Sylocay GC-LMXBs * 20 ]

z 3F B Sy(ocay "Field"-LMXBs * 20
s 2L % ]
b '3 P

- L L

O C 1 1 ‘ 1 Il Il Il ‘ Il Il Il Il ‘ Il 1 1 1 | 1 1 1 1 | 1 Il i

—20 —20.5 —-21 -21.5 —22
T
My (mag)

Fic. 5.—Local specific frequency of GCs, GC-LMXBs, and field LMXBs
in (from left to right) NGC 3115, NGC 4365, NGC 1399, and NGC 4472, as
a function of the totaB-band absolute magnitude of the galaxies. Arbitrary
small offsets along the-axis have been applied to the valuesspf ~ for clarity.

a scenario in which the LMXB formation efficiency decreases
monotonically after an initial peak. It is possible that a large
fraction of present-day LMXBs reflect an old stellar population
where Roche lobe overflow in a moderately tight binary is trig-
gered by the evolution of a donor star off the main sequence
(e.g., Podsiadlowski, Rappaport, & Pfahl 2002). Alternately, a
significant fraction of field LMXBs may actually have been cre-
ated in GCs and subsequently injected into the field (MKZ) by
either GC destruction (e.g., Vesperini 2000, 2001) or dynamical
kicks (e.g., Phinney & Sigurdsson 1991). Finally, we note that
in much of this Letter we have implicitly assumed that our snap-
shot study accurately reflects the relative densities of various
populations of LMXBs. Follow-upChandra observations are
necessary to quantify possible differences in the transient LMXB
populations (Piro & Bildsten 2002) that may affect these con-
clusions.

to have a component of intermediate-age stars in the field, should

have a higher value & The approximately several gigayear
delay in the peak of the LMXB formation rate suggested by
White & Ghosh (1998) should have further enhanced the field
LMXB density in NGC 4365 at the present epoch. No obvious
enhancement is seen in Figure 5.
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11319 and NAG5-12975 an€handra grant AR3-4010X.
T. H. P. acknowledges support from Deutsche Forschungs-
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Thus, we conclude that our present data set does not supporfor many useful discussions.
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ERRATUM: “SOME CONSTRAINTS ON THE EFFECT OF AGE AND METALLICITY
ON THE LOW-MASS X-RAY BINARY FORMATION RATE”" (ApJ, 589, L81 [2003])

ARrRUNAV KUNDU, THOMAS J. MACCARONE, STEPHEN E. ZEPF, AND THOMAS H. Puzia
The number of low-mass X-ray binaries in NGC 4365 that are witlih @ a globular cluster and considered to be matches
is 18, not 23 as mistakenly reported in the first paragraph of § 3. The correct number is used elsewhere in the above Letter. Thi

fraction of low-mass X-ray binaries that are associated with globular clusters in NGC 4365 is indeed 40% as noted later in the
same paragraph. We thank W. Lewin for alerting us to this error.
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