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MAIN COLLABORATORS

• Globular clusters: Josh Grindlay, Phyllis Lugger, Haldan Cohn, Craig Heinke, Slavko 
Bogdanov

• Old open clusters: Luigi Bedin, Frank Verbunt, Bob Mathieu, Imants Platais

• PhD students (Amsterdam): Smriti Vats, Liliana Rivera Sandoval ... check out their 
posters!



MODEST 14  - Bad Honnef  Jun 2-6 2014

MOTIVATION

• why binaries in clusters?
• primordial binary frequency is a fundamental cluster parameter, important for 

cluster evolution
• how does cluster environment affect binary evolution?
• study exotic binaries that are rare in the field of  the Galaxy
• uniform samples with accurate distances/ages/compositions

• why X-rays?
• in old populations X-ray sources are efficient tracers of  close interacting binaries
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OUTLINE

• X-ray sources in globular clusters (GCs) and old open clusters (OCs)

• signatures of  binary formation

• signatures of  primordial binary destruction
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BRIGHT X-RAY SOURCES IN GLOBULAR CLUSTERS

• first GC X-ray sources detected in early 70s:
• Lx~1e36 erg/s: must be compact objects accreting from companion
• signature of  dynamical formation: high formation rate per unit mass, high incidence 

of  short-period “ultracompact” systems

• even now new bright sources are discovered occasionally; 
• latest: a transient X-ray source in M28 discovered by INTEGRAL in March 2013

• current status: 18 bright sources in Galactic GCs, all neutron-star accretors 
(thermonuclear bursts on the NS surface, accretion-powered pulsations)
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CHANDRA: FAINT X-RAY SOURCES IN CLUSTERS

origin: D. Pooley 2010

core of  47Tuc as seen by ...

Einstein                       ROSAT                                 Chandra       

8 ks 77 ks 240 ks
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OPTICAL IDENTIFICATION

Edmonds et al. 2003

Chandra error circle
(solid white line)

multiple candidate optical counterparts in Chandra error circle, even with HST ....
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OPTICAL IDENTIFICATION

Cohn et al. 2010

No. 1, 2010 IDENTIFICATION OF FAINT CHANDRA SOURCES IN NGC 6397 25

Figure 3. CMDs for stars within the half-mass radius of NGC 6397 and CV identifications. The new candidates have been selected based on their blue color and Hα
excess. Note that in the right panel, the bright CVs lie to the Hα-excess side of the MS, while the faint CVs lie to the Hα-excess side of the WD clump, which itself
lies to the Hα-deficit side of the MS.
(A color version of this figure is available in the online journal.)

(∼0.′′5), we neglected the contribution of the former to the total
positional uncertainty.

A preliminary proper-motion analysis was carried out in or-
der to do a first-pass cluster-field separation. The present data
set was used for the reference epoch, with the stellar posi-
tions averaged over the 10 orbits. Two different data sets were
considered for the second epoch, GO-7335 (obtained with the
WFPC2 in 1999) and GO-10775 (obtained with the ACS/WFC
in 2006). The former provides a longer time baseline, while
the latter provides more depth and spatial coverage. To com-
pute proper motions, we measured stars in each second-epoch
exposure image, corrected these positions for distortion, then
transformed these positions into the reference frame using lin-
ear transformations based on only cluster members. By using
only members to define the transformations, we automatically
get displacements (and hence motions) with respect to the clus-
ter’s systemic motion.

The cluster-field separation that can be achieved for mod-
erately bright stars is illustrated in Figure 5, which shows the
proper-motion distribution for stars with 18 ! R < 19. Cluster
and field regions are defined by a magnitude-dependent radius
about the centroids of the apparent cluster and field clumps.
Stars that do not reside in either of these regions are consid-
ered to have an unknown proper-motion membership status.
Since the proper-motion error increases with magnitude, this
proper-motion separation becomes less effective with increas-
ing magnitude. Eventually, the cluster and field regions of the
proper-motion plane show a strong overlap. It was generally
possible to obtain an approximate discrimination between clus-

ter and field stars to a limiting magnitude of R ≈ 24. In a
few cases where the 2006-second-epoch results resulted in an
unknown proper-motion membership status, the 1999-second-
epoch results were definitive.

4. RESULTS

4.1. Chandra Source Identification

Optical CMDs provide a powerful means of selecting likely
Chandra source counterparts and investigating their properties.
For each of the 79 Chandra sources within the half-mass radius,
we checked the locations of all objects within the X-ray error
circle in the CMDs shown in Figures 3 and 4. Objects that fell
on the MS were considered to be unlikely counterparts, given
the relatively low X-ray to optical flux ratio, fX/fopt, of most
MS stars, in contrast to the ranges for chromospherically ABs
and CVs. Table 1 summarizes the result of this counterpart
search. Plausible identifications were obtained for nearly all
sources and are listed in this table, along with previous source
designations, inferred object types, proper-motion information,
and photometry. The only sources for which the error circle was
empty are the quiescent low-mass X-ray binary (qLMXB), U24
(Grindlay et al. 2001), U104, U106, U111, U113, U119, U121,
U122, and U123. In the case of U24, there is a small “blip”
near the center of the error circle in the stacked R image, but it
likely represents the combination of Airy ring artifacts from two
bright nearby stars. Several other sources, U5, U16, U77, and
U84, lie outside of the R field and thus are difficult to classify,
from these data, due to the lack of B − R and Hα − R color

correlated X-ray/optidal variability: anomalous colors (blue, Halpha excess, ...):

epoch 1 epoch 2

vdBerg ea in prep, see also Beccari ea 2014
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X-RAY SOURCES: 4 MAIN SOURCE CLASSES

quiescent low-mass X-ray binaries: qLMXBs milli-second pulsars: MSPs

cataclysmic variables: CVs magnetically-active binaries: ABs
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GLOBULAR CLUSTERS Optical

47Tuc in X-rays (Heinke et al. 2005)
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OLD OPEN CLUSTERS

NGC6791 in X-rays (vdBerg ea 2013)

?

Optical
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SIGNATURES OF BINARY FORMATION -  I

source classification based on X-ray properties alone (Lx>4e30 erg/s)

 number of  X-ray sources per unit mass (nx=Nx/M) can be described as a 
primordial (C) + dynamically-formed component (𝛾=𝝘/M, with 𝝘= encounter rate):  

nx = C + A * 𝛾𝛼 

Pooley & Hut 2006
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qLMXBs CVs

nx = C + A * 𝛾𝛼

nx = C + A * 𝛾𝛼
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SIGNATURES OF BINARY FORMATION - II

same conclusion when all source classes are grouped together: 
Nx = a*𝝘 + b*M, and  a  and b significantly >0

Verbunt et al. 2007
Bassa et al. 2008
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SIGNATURES OF BINARY FORMATION - III

bimodal populaton of  CVs in NGC6397 core collapsed: bright (young) CVs more 
centrally concentrated than faint (primordial?) CVs 

Cohn et al. 2010

see also poster by 
Liliana Rivera

No. 1, 2010 IDENTIFICATION OF FAINT CHANDRA SOURCES IN NGC 6397 25

Figure 3. CMDs for stars within the half-mass radius of NGC 6397 and CV identifications. The new candidates have been selected based on their blue color and Hα
excess. Note that in the right panel, the bright CVs lie to the Hα-excess side of the MS, while the faint CVs lie to the Hα-excess side of the WD clump, which itself
lies to the Hα-deficit side of the MS.
(A color version of this figure is available in the online journal.)

(∼0.′′5), we neglected the contribution of the former to the total
positional uncertainty.

A preliminary proper-motion analysis was carried out in or-
der to do a first-pass cluster-field separation. The present data
set was used for the reference epoch, with the stellar posi-
tions averaged over the 10 orbits. Two different data sets were
considered for the second epoch, GO-7335 (obtained with the
WFPC2 in 1999) and GO-10775 (obtained with the ACS/WFC
in 2006). The former provides a longer time baseline, while
the latter provides more depth and spatial coverage. To com-
pute proper motions, we measured stars in each second-epoch
exposure image, corrected these positions for distortion, then
transformed these positions into the reference frame using lin-
ear transformations based on only cluster members. By using
only members to define the transformations, we automatically
get displacements (and hence motions) with respect to the clus-
ter’s systemic motion.

The cluster-field separation that can be achieved for mod-
erately bright stars is illustrated in Figure 5, which shows the
proper-motion distribution for stars with 18 ! R < 19. Cluster
and field regions are defined by a magnitude-dependent radius
about the centroids of the apparent cluster and field clumps.
Stars that do not reside in either of these regions are consid-
ered to have an unknown proper-motion membership status.
Since the proper-motion error increases with magnitude, this
proper-motion separation becomes less effective with increas-
ing magnitude. Eventually, the cluster and field regions of the
proper-motion plane show a strong overlap. It was generally
possible to obtain an approximate discrimination between clus-

ter and field stars to a limiting magnitude of R ≈ 24. In a
few cases where the 2006-second-epoch results resulted in an
unknown proper-motion membership status, the 1999-second-
epoch results were definitive.

4. RESULTS

4.1. Chandra Source Identification

Optical CMDs provide a powerful means of selecting likely
Chandra source counterparts and investigating their properties.
For each of the 79 Chandra sources within the half-mass radius,
we checked the locations of all objects within the X-ray error
circle in the CMDs shown in Figures 3 and 4. Objects that fell
on the MS were considered to be unlikely counterparts, given
the relatively low X-ray to optical flux ratio, fX/fopt, of most
MS stars, in contrast to the ranges for chromospherically ABs
and CVs. Table 1 summarizes the result of this counterpart
search. Plausible identifications were obtained for nearly all
sources and are listed in this table, along with previous source
designations, inferred object types, proper-motion information,
and photometry. The only sources for which the error circle was
empty are the quiescent low-mass X-ray binary (qLMXB), U24
(Grindlay et al. 2001), U104, U106, U111, U113, U119, U121,
U122, and U123. In the case of U24, there is a small “blip”
near the center of the error circle in the stacked R image, but it
likely represents the combination of Airy ring artifacts from two
bright nearby stars. Several other sources, U5, U16, U77, and
U84, lie outside of the R field and thus are difficult to classify,
from these data, due to the lack of B − R and Hα − R color

 faint CVs

 bright CVs
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ABSOLUTE NUMBERS? NEED REFERENCE POPULATION

• clear signs of  dynamical formation, but are these binaries also overabundant in an 
absolute sense?

• need a reference population

• use old open clusters, with ages >1 Gyr where single sources are very X-ray dim

• can be done for CVs and ABs, not MSPs or qLMXBs (not found in OCs)



MODEST 14  - Bad Honnef  Jun 2-6 2014

CATACLYSMIC VARIABLES - I

• 4-5 spectroscopically-confirmed CVs in OCs: 
1 in M67, 3-4 in NGC6791

• CV density per unit mass approx. the same 
as in field: ~10-5 pc-3)

• approx. scaling of  NCV with mass: 
M67~1000Msun, NGC6791~5000Msun 

vdBerg ea 2013

CVs in NGC6791
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CATACLYSMIC VARIABLES - II

• CVs with Lx=1e30 erg/s or more

• CVs in GCs are underabundant: 
• 47Tuc is ~250x more massive than 

NGC6791, but has at most 30x more CVs
• NGC6397 is ~50x more massive than 

NGC6791, has ~3x more CVs

• suggests CV progenitors are destroyed in 
GCs before they reach CV stage (Davies 
1997, Ivanova ea 2006)

vdBerg ea 2013

CVs in NGC6791
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ACTIVE BINARIES - I

• faintest of  the 4 main source classes

• 80+ GCs have been studied by Chandra, 
but for only ~5 GCs the sensitivity 
reached is Lx~1e30 erg/s or better

Dempsey et al. 1997
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ACTIVE BINARIES - II

• dominant source class in OCs

• many ABs in M67, down to Lx~2e28 erg/s
• anomalous sources with long periods (up to 14 yrs ...)

• are ABs really primordial?

vdBerg ea 2004filled symbols: detections
open symbols: upper limits

not much change expected 
in binary frequency (Geller 
ea 2013)

total
main-sequence

observable
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ACTIVE BINARIES - III

NGC6819

M67

NGC188

NGC6791

age 
(Gyr)

mass
(M⊙)

NAB      refs

~2.4 2600 <4 Gosnell ea ’12

4 1100 8 vdBerg ea ’13

6.5 2300 >5 Gondoin ’05

8 5000-7000 8 vdBerg ea ’04

no clear trend between NAB and cluster mass!

Lx>1e30 erg/s
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ACTIVE BINARIES - IV

age 
(Gyr)

NGC6819 ~2.4

M67 4

NGC188 6.5

NGC6791 8

47 Tuc 11

NGC6397 14

mass
(M⊙)

NAB      refs

2600 <4 Gosnell ea ’12

1100 8 vdBerg ea ’13

2300 >5 Gondoin ’05

5000-7000 8 vdBerg ea ’04

1.30E+06 40 ... 130 Heinke et al. 2005

2.50E+05 0-2 Cohn et al. 2010

ABs clearly underabundant in GCs: 
e.g. 47Tuc is ~250x more massive than NGC6791, but has at most ~16x more ABs

Lx>1e30 erg/s

globular cl.

open cl.
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BINARY FREQUENCY

• Result from Chandra ABs is consistent with 
estimates of  GC binary frequency from radial-
velocity studies, optical variability studies, and 
photometric studies.

• GC binary frequency is much lower than in 
field, OCs

• theory: stellar evolution and dynamics lower 
the frequency of  hard binaries (e.g. Ivanova 
ea 2005)

• ABs constrain the period range to a few days 
for Lx,lim~1e30 erg/s

20
05
MN
RA
S.
35
8.
.5
72
I

Ivanova ea 2005

Milone et al.: The Main-Sequence Binary Population in 59 Globular Clusters 21

Fig. 23. Mass-ratio distribution for the binary population in the ACS field of 29 GCs. Black filled-circles show the normalized
fraction of binaries in five mass-ratio intervals, while red open-circles indicate the νbin,i values obtained by using only two bins
with 0.5<q<0.7, and 0.7<q<1. Horizontal segments mark the adopted mass-ratio interval, while observational errors are plotted
as the vertical lines and shadowed areas.

a Kroupa (2002) IMF (νbin,F, νbin,R). We also divided each of
these quantity by two times the fraction of binaries with q>0.5
of the corresponding CMD ( f q>0.5bin,F , f

q>0.5
bin,R ) in close analogy to

what done for real stars.
Results are in Fig. 27 where the values of νbin,F/(2 f q>0.5bin,F )

and νbin,R/(2 f q>0.5bin,R ) are plotted as a function of q. The best-
fitting least-squares lines are colored gray and their slopes are
quoted in the inset. Red points are the observed average binary
frequencies of Fig. 25. The large reduced-χ square values ob-
tained from the comparison of the theoretical and the observed
points, and quoted in the figure, indicate that neither the Fisher
et al. (2005) nor the Tout (1991) distribution properly matches
the distribution we observe in GCs.

5.2. The total binary fraction

The procedure described in the previous section allowed us to
directly measure the fraction of binaries with q>0.5 without

any assumptions regarding f(q). On the other hand, because of
the photometric errors, binaries with small mass ratios (q<0.5)
are indistinguishable from singleMS stars in this dataset, there-
fore, any attempt to determine the total fraction of MS-MS bi-
naries without assumption on the mass-ratio distribution is im-
possible with this approach.

The approach we follow to estimate the total fraction of bi-
naries is similar to that used by Sollima et al. (2007) and con-
sists of assuming a form for f(q). Since none of the two mass-
ratio distributions available from literature properly matches
the observed distribution in order to estimate the total frac-
tion of binaries ( f TOTbin ), we extrapolated the results of Sect. 5.1
adopting a flat f(q) also for binary systems with q<0.5; i. e. ,
we assumed a constant mass-ratio distribution for all q values.
In this case as f q>0.5bin ≡ f q<0.5bin the total fraction of binaries is
simply
f TOTbin = 2.0 f

q>0.5
bin .

The final f TOTbin are listed in the fifth column of Table 2 for the
rC, the rC−HM, the roHM sample, and the WFC field.

mass ratio

bi
na

ry
 fr

eq
ue

nc
y

Milone ea 2011
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UPCOMING WORK

• Improve trends: need more optical identifications & classifications of  more faint 
Chandra sources in more clusters ...

• Study more OCs (see poster by Smriti Vats):  we have new Chandra data on 4 more old 
open clusters with sensitivity of  Lx~1e30 erg/s or better: NGC6253, Cr261 NGC188, 
Be17; 3-9 Gyr

• Optical/nUV identification of  X-ray sources in the deepest (Lx~1e30 erg/s or better) 
Chandra datasets for GCs: 47Tuc, M28, M4, NGC6397 (see poster by Liliana Rivera). 

• What is the effect of  age difference between OCs and GCs? Role of  stellar evolution.
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CAVEAT: CONFUSION OF SOURCE CLASSES

candidate counterpart to Chandra source 
looks like main-sequence star of  AB ....

Finding&Charts:&&The&candidate&counterpart&is&indicated&in&the&upper&le5&panel.&&The&magenta&error&
circle&in&the&lower&le5&panel&represents&the&posi9onal&uncertainty&of&the&ATCA&source.&&The&yellow&
error&circle&represents&the&posi9onal&uncertainty&of&source&23&from&Becker&et&al.&(2003).&&&&&

ColorDMagnitude&Diagrams:&&The&le5&CMD&set&shows&WFC3&photometry&of&the&candidate&
counterpart&in&its&outburst&state&in&2009.&&The&right&CMD&set&shows&ACS/WFC&photometry&of&the&
counterpart&in&its&quiescent&state&in&2010.&&&

Finding&Charts:&&The&candidate&counterpart&is&indicated&in&the&upper&le5&panel.&&The&magenta&error&
circle&in&the&lower&le5&panel&represents&the&posi9onal&uncertainty&of&the&ATCA&source.&&The&yellow&
error&circle&represents&the&posi9onal&uncertainty&of&source&23&from&Becker&et&al.&(2003).&&&&&

ColorDMagnitude&Diagrams:&&The&le5&CMD&set&shows&WFC3&photometry&of&the&candidate&
counterpart&in&its&outburst&state&in&2009.&&The&right&CMD&set&shows&ACS/WFC&photometry&of&the&
counterpart&in&its&quiescent&state&in&2010.&&&

Chandra 
error circle

... but turns out to be the donor star in 
a neutron-star low-mass X-ray binary

Finding&Charts:&&The&candidate&counterpart&is&indicated&in&the&upper&le5&panel.&&The&magenta&error&
circle&in&the&lower&le5&panel&represents&the&posi9onal&uncertainty&of&the&ATCA&source.&&The&yellow&
error&circle&represents&the&posi9onal&uncertainty&of&source&23&from&Becker&et&al.&(2003).&&&&&

ColorDMagnitude&Diagrams:&&The&le5&CMD&set&shows&WFC3&photometry&of&the&candidate&
counterpart&in&its&outburst&state&in&2009.&&The&right&CMD&set&shows&ACS/WFC&photometry&of&the&
counterpart&in&its&quiescent&state&in&2010.&&&

Finding&Charts:&&The&candidate&counterpart&is&indicated&in&the&upper&le5&panel.&&The&magenta&error&
circle&in&the&lower&le5&panel&represents&the&posi9onal&uncertainty&of&the&ATCA&source.&&The&yellow&
error&circle&represents&the&posi9onal&uncertainty&of&source&23&from&Becker&et&al.&(2003).&&&&&

ColorDMagnitude&Diagrams:&&The&le5&CMD&set&shows&WFC3&photometry&of&the&candidate&
counterpart&in&its&outburst&state&in&2009.&&The&right&CMD&set&shows&ACS/WFC&photometry&of&the&
counterpart&in&its&quiescent&state&in&2010.&&&

images and CMDs from Cohn et al. 2013, opt.ID first made by Pallanca ea 2013

quiescence outburst
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SUMMARY

• Faint X-ray source populations (Lx ~ 1e33 erg/s or less) show the effects 
of  both binary production and destruction.

• Old OCs: CVs scale with cluster mass, ABs do not.

• GCs: CVs and ABs are underabundant per unit mass compared to old OCs, 
explains the low Lx/M values ... CVs are also dynamically formed.

• Need larger sample of  faintest sources of  OCs and GCs to study these 
trends.
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X-RAY IMAGES SELECT THE CLOSE BINARIES

ROSAT PSPC image of  M67 
(0.1-2. 4 keV)

ground-based  
optical (V)

first X-ray observation of  an old open cluster (Belloni et al. 1993)

Gilliland et al ’91

19
91
AJ
..
..
10
1.
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41
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ACTIVE BINARIES - II

• difficult to identify: no or small deviations 
from the main sequence

Cohn et al. 2010


