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Abstract We report the discovery of 45 high-velocity extreme horizbribranch
(EHB) stars in the globular cluster Omega Centauri (NGC 31BBe tangential ve-
locities of these EHB stars are determined to be in the raBge883 km s!, with

an average uncertainty ef27 km s !. The central escape velocity of the cluster is
determined to be in the range 6005 km s''. These EHB stars are significantly
more concentrated toward the cluster core compared wittr athster members. The
formation mechanisms of these EHB stars are discussed.ddalusions can be sum-
marized as follows: (1) A comparison of the tangential vities of these EHB stars
to the central escape velocity of the cluster shows that ihost all of these EHB
stars are unbound to the cluster; (2) These EHB stars olthiigé velocities in the
central cluster region no longer tharl Myr ago and may be subsequently ejected
from the cluster in the next1 Myr; (3) If the progenitors of these EHB stars were
single stars, then they may have experienced a fast masgilosess. If the progen-
itors were in close binaries, then they may have formed tjinadisruptions by the
intermediate-mass black hole in the cluster center.

Key words: Galaxy: globular clusters: individualo Cen (NGC 5139) — stars:
Hertzsprung—Russell and C—M diagrams — stars: kinematidsignamics — stars:
binaries (including multiple): close

1 INTRODUCTION

Extreme horizontal branch (EHB) stars (also known as hotwalfs) play an important role in
understanding stellar structure and evolution. It is widadcepted that EHB stars are composed of
helium-burning cores and extremely thin hydrogen envedgpleber 1986, 2009; Saffer et al. 1994).
Up to now, the formation mechanism of EHB stars has not beenatear, and various scenarios
have been used to explain the formation of EHB stars (Mertgal €976; Webbink 1984; Tutukov
& Yungel'Son 1990; Lee 1994; Bressan et al. 1994; D’'Cruz etl@8B6; Sweigart 1997; Yi et al.
1997; Han et al. 2002, 2003, 2007). In general, these saeneain be divided into two types of
models: a single star model and a binary star model. Theyostar model proposed by Han et al.
(2002, 2003, 2007) can explain major observational charatics of field EHB stars.



1640 X.-H. Gao, S.-K. Xu & L. Chen

The majority of field EHB stars are found to be in close birgrighich can be explained by
the binary model of Han et al. (2002, 2003, 2007). Howeveraving number of observations
show that the binary fraction of EHB stars in globular clustis significantly lower than that of
field EHB stars (Allard et al. 1994; Aznar Cuadrado & Jeffe802; Maxted et al. 2001; Moni
Bidin et al. 2006, 2008a,b, 2009, 2011; Moehler et al. 20Thjs poses a serious challenge to
the formation mechanism of EHB stars in globular clustefsictv may reveal different formation
mechanisms for cluster EHB stars (Han 2008). A binary fomctige relation was proposed by Moni
Bidin et al. (2008b), aiming to explain the difference betwdield and cluster EHB stars. Soon,
Han (2008) confirmed the presence of a binary fraction-alggioa based on their binary model
(Han et al. 2002, 2003, 2007). The binary model of Han et &diocted a much lower fraction of
close EHB binaries in globular clusters (Han 2008). It iséyadd that close binaries may play an
important role in the dense environment of globular clisstéteggie 1975; Hut & Bahcall 1983),
where star encounters could lead to the formation of highewy stars ((Lutzgendorf et al. 2012).
High-velocity stars have been found in several globulastelts based on radial velocity data (Gunn
& Griffin 1979; Meylan et al. 1991; Lutzgendorf et al. 201Rjgh-velocity EHB stars may also exist
in some globular clusters, which could provide importaneslabout the formation mechanisms for
cluster EHB stars. More specifically, high-velocity EHBrstanay originate from the disruption of
EHB binaries, which could explain the low fraction of EHB hifes observed in several globular
clusters. Ifitis true, then field and cluster EHB stars mayetthe same formation mechanism.

In this work, our aim is to detect probable high-velocity EBI&rs in the globular cluster Omega
Centauri using high-precision proper motions and photameéata.

The data and target selection are described in Section 2harkdnematic analysis of the prob-
able high-velocity EHB stars is presented in Section 3. IctiSe 4, we briefly discuss the possible
origin of these high-velocity EHB stars.

2 DATA AND TARGET SELECTION
2.1 Data

We decided to analyze the EHB stars in this cluster using tbpgy motions and photometric data
provided by van Leeuwen et al. (2000). This catalog cont@&4¥ stars with relative proper motions.
The limiting magnitude is 16.0 mag for stars in the clusterteeand 16.5 mag for stars in its outer
parts. The precisions of these proper motions range fromenage of 0.1 mas yr for the brightest
stars to an average of 0.65 mas Yifor the faintest ones. The precisions of proper motions e h
enough that probable high-velocity EHB candidates can blated, since the lower precision of
0.65 mas yr' corresponds te- 16 km s™! at 5200 pc (Harris 1996). Among the identified stars,
9256 stars withir29.5’ from the cluster center and with color-magnitude informmatiave estimated
membership probabilities and 7853 stars are probablesclosmbers.

2.2 Target Selection

A color-magnitude rangé)(< B — V < 0.4 mag andl4.25 < V' < 16.0 mag) is used for isolating
probable EHB candidates in the cluster, and 1950 EHB catefidae selected from the 9256 stars
(Fig. 1). As shown in Figure 1, the probability of field stamtamination in this color-magnitude
range should be very low, and most of the 1950 EHB candidatedd be cluster members. The total
number of 1950 EHB candidates that have high membershipititly is 1878, which also suggests
a low contamination probability from field stars. To our kriedge, high-velocity EHB stars should
have significantly higher velocities than those of commorBEdtars. The central proper motion
dispersion of the cluster is 1.2 mas yr! (van Leeuwen et al. 2000), and stars with total proper
motion greater than 3.6 masyr (~89 km s™! at 5200 pc) are considered as high-velocity EHB
candidates.
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Fig.1 The CMD of the 9256 stars. The red rectangle is used for isglarobable EHB candidates.
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Fig.2 (a): The proper motions of the 72 high-velocity EHB candédaplue pluses) and other EHB
candidateshiack dots). The radius of the red circle is 3.6 mas yrand the center of the red circle
represents (0, 0) masyt; (b): The CMD of the 72 high-velocity EHB candidatdsi(e pluses) and
other EHB candidate$lack dots); (c): The proper motions of the 50 high-velocity EHB caraties
(blue pluses) and other EHB candidatebl&ck dots); (d): The CMD of the 50 high-velocity EHB
candidateskjue pluses) and other EHB candidatebl&ck dots).
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Fig.3 The spatial distribution of the 50 high-velocity EHB caratiels blue dots) and other stars
(black dots).

Figure 2 shows that 72 high-velocity EHB candidates mest¢hterion. However, properties
of the 72 high-velocity EHB candidates exhibited by the catagnitude diagram (CMD) indicate
the presence of a few field stars (Fig. 2(b)). After removi8gfobable field stars, 50 high-velocity
EHB candidates are obtained for further analysis. As shawkigure 2, properties of the CMD of
the 50 high-velocity EHB candidates favor them being clustembers. More importantly, Figure 3
shows that almost all of the 50 high-velocity EHB candidaescentrally concentrated toward the
cluster core. These high-velocity EHB candidates areylikkister members.

3 KINEMATICSOF THE HIGH-VELOCITY EHB STARS

The following equations can be used to calculate the tamgerglocities of the 50 high-velocity
EHB candidates:

p=/(pmX)? + (pmY)?, (1)
Vi = 474 - D, (2)

where pmX, pmY’) are relative proper motion (unit: arcsecyy, u is total proper motion}; is
tangential velocity (unit: kmst) and D is cluster distance (unit: pc). By adoptidg = 5200 pc
(Harris 1996), the tangential velocities of these higloe#y EHB candidates are determined to be
in the range 93313 km s'!, with an average uncertainty 8f27 km s '. Whether or not these
high-velocity EHB candidates are unbound depends on tbeal lescape velocities in the cluster.
The local escape velocities at different distances fronttaster center can be estimated based on
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Fig.4 The tangential velocities and local escape velocities @b high-velocity EHB candidates.
The red and black lines indicate the local escape velodigsgd on the lower and upper limits of
the total mass\/, respectively. The five stars in the rectangle are likelyaddreground stars.

the Plummer model (Plummer 1911):

-GM

o(r) = ﬁ’ )
Vese(r) = —20(r), (4)
R. = 0.65a, (5)

where®(r) is the gravitational potential at distancérom the cluster centef; is the gravitational
constant,M is the total mass of the cluster,is a constantV.«(r) is the local escape velocity at
r, and R, is the core radius of the cluster. The total mass of the adliiste been estimated to be in
the range 2.47.1x10° M (Meylan & Mayor 1986; Mandushev et al. 1991; Richer et al. 1,99
Miocchi 2010, D'Souza & Rix 2013). By adopting a core radifi@ @’ and distance 5200 pc (Harris
1996), we havek. ~ 3.6 pc. The central escape velocity of the cluster is estimatée in the range
60 ~ 105 km s~! owing to the uncertainty in total magds. The central escape velocities (the maxi-
mum escape velocity in the cluster) estimated by Gnedin €@02) 60 km s ') and McLaughlin

& van der Marel (2005)455 km s°!) are quite consistent with our lower limit0 km s1).

Figure 4 shows the tangential velocities and projectechdgsts of these high-velocity EHB
candidates, where the local escape velocities at diffetistences from the cluster center are also
shown. It should be noted that the true distances from trsterigenter of these high-velocity EHB
candidates should be larger than the projected distanogthé&comparison of the tangential veloc-
ities with the local escape velocities in Figure 4 indicdtes most if not all of these high-velocity
EHB candidates seem to be unbound to the cluster.

As shown in Figures 4 and 5, five of the 50 high-velocity EHBdidates are very likely to be
foreground stars due to their distinctly larger projectisteshces £5.5 R..) and smaller uncertainties
in tangential velocities. We conclude that the total nundbéigh-velocity EHB stars in this globular
cluster is 45, which are all, except for five, concentrateitia 2R...
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Fig.5 The spatial distribution of the 50 high-velocity EHB caratigls blue dots) and other EHB
candidates (Fig. 1). The five stars marked with red circledikely to be foreground stars (which
correspond to those indicated in Fig. 4).

4 CONCLUSIONSAND DISCUSSION

We identify 45 high-velocity EHB stars in the globular clisOmega Centauri. They are all very
likely to be cluster members due to properties of their CMBD gpatial distribution. Most of the 45
high-velocity EHB stars seem to be unbound due to their tagheéntial velocities. By adopting the
distanceD = 5200 pc (Harris 1996), the concentration parametet 1.31 (Harris 1996) and the
core radiusi. = 2.4’ (Harris 1996), the tidal radiuBy;q of the cluster is found to be 74 pc. For
a high-velocity EHB star with spatial velocify = 100 km s~!, the dynamical crossing timescale
(Rtia/ V) is ~1 Myr. Such a short timescale means that these high-velBelf stars obtained their
present velocities no longer thasil Myr ago. These high-velocity EHB stars may be subsequently
ejected from the cluster in the nextL Myr. We conclude that some high-velocity EHB stars in the
Galactic halo may have originated in some globular clusResently, several high-velocity EHB
stars in the Galactic halo were discovered (Tillich et all 20

These high-velocity EHB stars are of particular interestause most of them are located in
the dense core<( 2R.) of the cluster. However, because the masses of these kighity EHB
stars are only-0.5 M, (Heber 1986, 2009; Saffer et al. 1994), they should not shigiven central
concentration than other cluster members. These higleitgBHB stars may have experienced fast
mass-loss if their progenitors were single stars. Closewnters between single stars and binaries
may play an important role in the core of globular clusteresithe star densities, and hence the
encounter rates, are much higher in the core than in otheme@Heggie 1975; Hut & Bahcall 1983;
Meylan & Heggie 1997). Close encounters in the cluster cortddclead to the formation of high-
velocity stars (Lutzgendorf et al. 2012). Observationgtghown that the binary fraction in globular
clusters may be very low (Albrow et al. 2001; Sollima et al02pDavis et al. 2008; Dalessandro
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et al. 2011), which could indicate a high efficiency of bindrgruption in globular clusters (Hut
et al. 1992; lvanova et al. 2005). Numerical experimentelsown that close binaries (also known
as hard binaries) cannot be disrupted through close eneatiut close binaries tend to become
more hard through all types of encounters (Heggie 1975)aBse of two-body relaxation, massive
close binaries tend to sink into the cluster center due toggnequipartition. The existence of an
intermediate-mass black hole in the center of this clusasreen put forward as a way to explain
observational trends (Noyola et al. 2008, 2010; van der Mar&nderson 2010; Miocchi 2010),
and tidal breakup of binary stars by the central black holg iead to the formation of high-velocity
stars (Hills 1988, 1991; Yu & Tremaine 2003). The presenda@se high-velocity EHB stars in the
cluster core may indicate a possible link to close binaridhé cluster core.

We found that Pfahl (2005) has analyzed the binary disrappimcess by including a black
hole with mass 19~ 10* M, in a globular cluster environment, and the total disruptiate for
an intermediate mass black hole $10/,) is only 0.1~1 Myr—!. Pfahl (2005) also found that the
disruption process can readily lead to the formation of higtocity stars £100 km s'1), which can
easily escape from their host cluster. It should be notetttigstotal disruption rate (0-11 Myr—1)
derived by Pfahl (2005) is for all binaries in globular ckrs, so the disruption rate for EHB binaries
is even much lower. If our 45 high-velocity EHB stars origedifrom binaries, then the disruption
rate by an intermediate mass black hole in the cluster cshtauld at least be 45 Myt Indeed,
the disruption rate near an intermediate mass black holebadyghly uncertain (Hopman 2009).
Hopman (2009) found a much higher disruption rate of 10 Mywased on a very different relaxation
time from that of Pfahl (2005). So, binary disruption by atenmediate mass black hole cannot be
completely excluded for our 45 high-velocity EHB starscsithe disruption rate of binaries near an
intermediate mass black hole is highly uncertain. Miller &rhilton (2002) suggested that*10/,
black holes may be common in the centers of dense globulstecki These high-velocity EHB stars
may be dynamical signatures for the presence of an inteatethiass black hole in Omega Centauri.
The results of simulations (LUtzgendorf et al. 2012) shioat the average ejection velocities caused
by close encounters may be lower than 100 krh, svhich cannot explain the high velocities (93
313 km s1) of these high-velocity EHB stars.
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