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Abstract In Paper I, we performed spectroscopic observations on dfiroted glob-
ular clusters (GCs) in M31 with the Xinglong 2.16 m telescofd® mainly focused
on the fitting method and the metallicity gradient for the M3C sample. Here, we
analyze and further discuss the dynamics, metallicity ajgd and their distributions,
as well as the relationships between these parametersr lwasld, eight more con-
firmed GCs in the halo of M31 were observed, most of which lagvipus spectro-
scopic information. These star clusters are located fan filee galactic center at a
projected radius of- 14 to ~ 117 kpc, which is more spatially extended than that in
the previous work. Firstly, we measured the Lick absorptina indices and the ra-
dial velocities. Then the ages and metallicity valuegfef H| and[«/Fe| were fitted
by comparing the observed spectral feature indices anditfygeSStellar Population
model of Thomas et al. in the Cassisi and Padova stellar #ophry tracks, respec-
tively. Our results show that most of the star clusters in gample are older than
10 Gyr except B290, which is- 5.5 Gyr, and most of them are metal-poor with
metallicity [Fe/H| < —1, suggesting that these clusters were born at the early sfage
the galaxy’s formation. We find that the metallicity gradiéor the outer halo clusters
with r, > 25 kpc may have an insignificant slope 69).005 + 0.005 dex kpc ! and

if the outliers G001 and H11 are excluded, the slope doesmatge significantly,
with a value of—0.002 % 0.003 dex kpc!. We also find that the metallicity is not a
function of age for the GCs with age 7 Gyr, but for the old GCs with age 7 Gyr,
there seems to be a trend that the older ones have lower itigtaldditionally, we
plot metallicity distributions with the largest sample 0B GCs so far and show the
bimodality is not significant, and the number of metal-pawdt enetal-rich groups be-
comes comparable. The spatial distributions show that tb&lrnich group is more
centrally concentrated but the metal-poor group occupiesr@ extended halo. In ad-
dition, the young population is centrally concentratedthetold population is more
spatially extended towards the outer halo.

Key words. galaxies: individual (M31) — galaxies: star clusters — gltzly clusters:
general — star clusters: general
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1 INTRODUCTION

One way to better understand the formation and evolutioratebdes is through detailed studies of
globular clusters (GCs), which are often considered to bddhsils of galactic formation and evo-
lutionary processes, since they formed in the early stafjben host galaxies’ life cycles (Barmby
etal. 2000). GCs are densely packed, very luminous, andlysoatain several thousand to approx-
imately one million stars. Therefore, they can be detecatech fgreat distances and are suitable as
probes for studying the properties of extragalactic syste3mce the halo globular clusters (HGCs)
are located far away from the galactic center, they are wapoitant and can be used to study
the dark matter distribution of the galaxy. In addition, hs HGCs are far from the center of the
galaxy, the background of a galaxy becomes much dimmer,hiiakes the observations much
easier compared to observing disk GCs in the projectedtiireof galaxies.

As the nearest{ 780 kpc) large spiral galaxy in our Local Group, M31 (Andromedaitains
many GCs, with the number ranging fref60 + 70 (Barmby & Huchra 2001) te-530 (Perina et al.
2010), which is an ideal laboratory for us to study the natfitdGCs. Many new M31 HGCs have
been discovered in recent years, and they are an importantotstudy the formation history of
M31 and its dark matter content. Huxor et al. (2004) discegierine previously unknown HGCs
of M31 using the INT survey. Subsequently, Huxor et al. (2d05nd three new, extended GCs in
the halo of M31, which have characteristics between tygkas and dwarf galaxies. Mackey et al.
(2006) reported four extended, low-surface-brightnesstets in the halo of M31 based éfubble
Space Telescopsdvanced Camera for Surveys (ACS) imaging. These stateskiare structurally
very different from typical M31 GCs. However, since they até and metal-poor, they look like
typical Milky Way GCs. Huxor (2007) found 40 new extended G@ghe halo of M31 out to
~ 100 kpc from the galactic center based on INT and CFHT imagings€lextended star clusters in
the M31 halo are very similar to the diffuse star clusters@Ssassociated with early-type galaxies
in the Virgo Cluster reported by Peng et al. (2006) based erABS Virgo Cluster survey. Indeed,
evidence shows that DSCs are usually fainter than typical. G&ter, Mackey et al. (2007) reported
10 outer-halo GCs in M31, at15kpc to 100 kpc from the galactic center, eight of which were
newly discovered based on deep ACS imaging. The HGCs in saanple are very luminous and
compact with low metallicity, which are quite different frotheir counterparts in our Galaxy. More
recently, Ma et al. (2010) constrained the age, metallio#iggdening and distance modulus of B379,
which is also an HGC of M31, based on the multicolor photognetr

In Fan et al. (2011) (hereafter Paper 1) we observed 11 coedirstar clusters, most of which
are located in the halo of M31, with the Optomechanics Rebelaic. (OMR) spectrograph on the
2.16 mtelescope at the Xinglong site of the National Astroival Observatories, Chinese Academy
of Sciences (NAOC), in the fall of 2010. We estimated the agesallicities, andv-elements with
the Single Stellar Population (SSP) models as well as thialreelocities and found that most of
the halo clusters are old and metal-poor, which indicateg there born in the early stage of the
galaxy’s formation history. In this paper, we will contintie study of the HGCs of M31 using the
same instruments but with a larger sample. This allows usettebunderstand the properties of
M31’s outer halo. This paper is organized as follows. In Bec2 we describe how we selected our
sample of M31 GCs and their spatial distribution. In SecBpme report the spectroscopic obser-
vations with the 2.16 m telescope, how the data were reduteéthew we measured and calibrated
the radial velocities and Lick indices. Subsequently, int®a 4, we derive the ages, metallicities
and a-elements withy? —minimization fitting. We also discuss our final results on thetallicity
distribution in the M31 halo. Finally, we summarize our warkd give our conclusions in Section 5.

2 SAMPLE SELECTION

The sources were selected from the updated Revised BologtaéoG of M31 globular clusters and
candidates (RBC v.4, available frohttp://mwww.bo.astro.it’/M31; Galleti et al. 2004, 2006, 2007,
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2009), which is the latest and most comprehensive M31 GQogpt far. The catalog contains
2045 objects, including 663 confirmed star clusters, 604dtetucandidates, and 778 other objects
that were previously thought to be GCs but later proved tothessasterisms, galaxies, oniH
regions. Indeed, many of the halo clusters were from Mackey.€2007), who reported 10 GCs
in the outer halo of M31 from their deep ACS images, of whiojheiwere detected for the first
time (for details see Sect. 1). In our work, the sample ciastere only selected from RBC v.4. We
selected the confirmed and luminous clusters that weredddat from the galaxy’s center, where
the effects of background contamination in the observatiegre minimized. Finally, there are eight
bright confirmed clusters in our sample, all of which are tedain the halo of the galaxy. These
clusters lack observed spectroscopic data, especiallthéometallicity measurements. Thus it is
necessary to systematically observe the spectra of ourlsastysters and carefully constrain the
spectroscopic metallicities and ages.

The observational information of our sample GCs is listetahle 1, which includes names, co-
ordinates, projected radii in kpc, exposures and obsenvdates. All the coordinates (R.A. and Dec.
in Cols. 2 and 3) and projected radii from the galactic cenggiCol. 4) are from RBC v.4, which
were calculated with the coordinate of M31's center, givgn0b:42:44.31, +41:16:09.4 (Perrett
et al. 2002), PA=38and distance = 785 kpc (McConnachie et al. 2005).

Table1 Observations of Our Sample GCs

ID R.A. (J2000) Dec. (J2000) b Exposure Date
(h ms) €’ (kpc) (s)

B289 00:34:20.882 +41:47:51.14 22.65 6000 2011/08/28
B290 00:34:20.947 +41:28:18.18 21.69 7200 2011/09/01
H11 00:37:28.028 +44:11:26.41 42.10 5400 2011/09/01
H18 00:43:36.030 +44:58:59.30 50.87 5400 2011/08/29
SK108A 00:47:14.240 +40:38:12.30 14.47 3600 2011/08/28
SK112A 00:48:15.870 +41:23:31.20 14.28 5400 2011/08/29
MGC1 00:50:42.459 +32:54:58.78 117.05 3600 2011/08/28
H25 00:59:34.560 +44:05:39.10 57.35 5400 2011/09/01

We show the spatial distribution of our eight sample halo @@ all the confirmed GCs from
RBC v.4 in Figure 1. The large ellipse is the M31 disk/halo taary, as defined by Racine (1991).
Note that all of our sample are located in the halo of M31, Wwltian help us to compare properties
of the galaxy’s halo using an enlarged cluster sample wighéisults from Paper I.

3 OBSERVATIONS AND DATA REDUCTION

Our low-resolution spectroscopic observations were #kawith the 2.16 m optical telescope at
the Xinglong Site, which belongs to the NAOC, from August28i September 1st, in 2011 (see
Table 1). An OMR spectrograph and a Pl 1340 CCD detector were used during this run with
a dispersion of 208 mm~!, 4.8 A pixel~!, and a 3.0slit. The typical seeing there was 2.5”.
The spectra cover the wavelength rang8&i0 — 8100 A at 4 A resolution. All our spectra have
S/IN> 40.

In order to calibrate our data taken with the 2.16 m telescop® the Lick system, we
also observed 11 Lick standard stars (HR 6806, HR 6815, HR®,7dR 7148, HR 7171, HR
7503, HR 7504, HR 7576, HR 7977, HR 8020, HR 8165) near our,figlich are selected
from a catalog of all 25 index measurements and coordinated60 stars (ref available from
http: //astro.wsu.edu/worthey/html/system.html; Worthey & Ottaviani 1997; Worthey et al. 1994).
Most of these standard stars are luminoys{ — 6 in V band), so the exposure time was 20s
with the OMR system.
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Fig.1 Spatial distribution of M31 GCs. Our sample halo GCs are shwith filled circles and
the confirmed GCs from RBC v.4 are marked with points. Thedatjpse is the M31 disk/halo
boundary as defined in Racine (1991).

The spectroscopic data were reduced following the standerdedures with NOAO Image
Reduction and Analysis Facility (IRAF v.2.15) software page. First, the spectra have been bias
and flat-field corrected, and cosmic-ray removal was peréokriThen the wavelength calibrations
were performed based on Helium/Argon lamps exposed at betlbéginning and the end of the
observations each night. Flux calibrations were perforiveeskd on observations of at least two of
the KPNO standard spectral stars (Massey et al. 1988) egbh fihe atmospheric extinction was
corrected with the mean extinction coefficient measuremeihXinglong derived from the Beijing-
Arizona-Taiwan-Connecticut (BATC) multicolor sky surv@y. J. Yan 1995, priv. comm.).

Before the Lick indices were measured, the heliocentri@atagtlocitiesV; were measured by
comparing the absorption lines of our spectra with the temeslin various radial velocities. The
typical internal velocity errors in a single measurementeve 20 km s~t. The estimated radial
velocitiesV; with the associated uncertainties (Col. 2) are listed inld&b The published radial
velocitiesV; (Col. 3) are also listed for comparison. The systematiediifice between our observed
velocity and the catalog’s velocity is found to P&+ 39 km s—' and the standard deviation of the
differences between our observed velocity and the camlagocity is78 km s~ for the five pairs
of radial velocities. It suggests that our measuremeniseagith those listed in RBC v.4 since the
systematic difference between our measurements and thishetbvalues is not significant.

Figure 2 shows the radial velocity. (corrected for the systemic velocity of M31) as a function
of the projected radii from the galaxy’s center. The left @lais for all the confirmed GCs which
have the measurements of radial velodityand the right panel is for the HGCs, which refers to the
GCs in the galaxy halo defined in Figure 1. It can be noted tiatadial velocity distributions are
basically symmetric for both the confirmed GC sample and tG€kl

We plotted the radial velocitieB, versus the projected radij, in Figure 3, where the radial
velocities have been corrected for the systemic velocityadéixy M31, which is—=300 + 4 km s™*
(Perrett et al. 2002). The left panel is for all the confirmkssters in RBC v.4 while the right panel
is for the halo clusters which are defined in Figure 1. The fsaame the published measurements
from RBC v.4 while the open triangles and filled circles withoes are the measurements in Paper |
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Table 2 Radial velocitiesV; of our sample GCs as
well as the previous results.

ID Our work RBC v.4
B289 —96.81 + 47.27 —181 4+ 30
B290 —488.73 £ 43.14 —381 £+ 26
H11 —173.02 4+ 39.63
H18 —300.48 4+ 79.65
SK108A —352.17 £ 19.18 —379 + 38
SK112A —342.68 4 32.81 —252 4+ 46
MGC1 —412.67 £17.13 —355 2
H25 —256.49 4+ 55.28
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Fig.2 Distributions of radial velocity/; (corrected for the systemic velocity of M31)eft: all the
confirmed GCsRight: only the HGCs.

and those in our work, respectively. In the right panel, §ralsols are the same as those in the left
panel. We find that the dispersion of the velocity becomedlemahen the GCs are located further

from the center of the galaxy with a larger projected radjudt can be seen that the dispersion of
the radial velocity becomes smaller when the projectedisagliis larger.

Subsequently, all the spectra were shifted to zero radiatitg and smoothed to the wavelength
dependent Lick resolution with a variable-width Gaussiamkl following the definition of Worthey
& Ottaviani (1997), i.e. 11.% at 40004, 9.2 A at 44004, 8.4 A at 4900A, 8.4 A at 54004, and
9.8A at 6000A. Indeed, we carefully measured all the 25 types of Lick@ediby using the param-
eters and formulae from Worthey et al. (1994) and Worthey &@ani (1997). The uncertainty of
each index was estimated based on the analytic formulae-(18) of Cardiel et al. (1998).

Equation (1) is the relation used in the linear fit for caltbrg the raw measurements of our data
taken with the 2.16 m telescope to the standard Lick indetegysThe 11 standard stars are utilized
for the fitting (see Fig. 4) and the results are listed in T&ble

EWiet = a+ b EW,ay . 1)
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Fig. 3 Radial velocityV; (corrected for the systemic velocity of M31) as a functionhaf projected
radius.Left: all confirmed clusters anBight: the halo clusters. The filled circles with errors are the
halo GCs from our sample while the points represent the itesdrom the RBC v.4 catalog. The
triangles denote the measurements from Paper |, and thei@ssbbars are their errors.

Table 3 The coefficients from the Linear Fit andb in Eq. (3) for
transformations of the data taken with the 2.16 m telescojleet Lick
index system.

Index a b

Héa (A) —0.1540.19 1.00 4 0.04
Hép (A) 0.0440.15 1.15 + 0.06
CN1 (mag) 0.04 4 0.01 0.84 £ 0.07
CN2 (mag) 0.02 4 0.01 0.98 + 0.05
Cad227 (A) —0.04+£0.14 2.73+0.21
G4300 (A) —0.06 £ 0.19 1.05 4+ 0.04
Hva () 1.73 4 0.26 0.78 +0.03
Hrvr (A) 0.79 £0.16 1.07 4+ 0.05
Fe4383 (A) —0.32 £ 0.36 1.46 4 0.10
Cad455 (A) 0.71 4 0.56 1.50 £1.21
Fe4531 (A) —0.30 £ 0.24 1.33 4 0.09
Fed668 (A) —0.16 £ 0.31 1.16 4 0.06
HA (A) 0.174+0.16 1.03 £ 0.05
Fe5015 (A) —0.34 4 1.07 1.44 4 0.30
Mgl (mag) 0.03 4 0.01 1.18 £ 0.07
Mg?2 (mag) 0.03 4 0.01 1.04 4 0.03
Mgb (A) —0.12+0.15 1.09 + 0.04
Fe5270 (A) —0.25+0.11 1.21 £ 0.05
Fe5335 (A) —0.04 £ 0.06 1.23 4 0.03
Fe5406 (A) —0.10 + 0.08 1.39 +0.07
Fe5709 (A) 0.1140.03 1.30 + 0.06
Fe5782 (A) 0.1240.10 1.41+0.24
NaD (A) 0.21 £ 0.36 0.91+0.14
TiO1 (mag) —0.07 +0.01 2.38 +0.19
TiO2 (mag) —0.07 £ 0.01 2.56 4 0.14

4 FITTING, ANALYSISAND RESULTS
4.1 Model Description

Thomas et al. (2003) provided stellar population modelsitit@duded Lick absorption line indices
for various elemental-abundance ratios, covering ages frto 15 Gyr and metallicities from 1/200
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Fig.4 Calibrations of index measurements from the 11 standard efa2.16 m raw spectra with
those from references Worthey & Ottaviani (1997); Worthegle(1994). The coefficients from the
linear fit of Eq. (3) have been derived to be used for calibgatiur raw data to the Lick index system.

to 3.5x solar abundance. These models are based on the standaris$ widdaraston (1998), with
input stellar evolutionary tracks from Cassisi et al. (1paid Bono et al. (1997) and a Salpeter
(1955) stellar initial mass function. Thomas et al. (200dpioved the models by including higher-
order Balmer absorption-line indices. They found that ¢hBalmer indices are very sensitive to
changes in thev/Fe ratio for supersolar metallicities. The latest stellar plagion model for Lick
absorption-line indices (Thomas et al. 2011) is an improyeton Thomas et al. (2003) and Thomas
et al. (2004). They were derived from the MILES stellar lityravhich provides a higher spectral
resolution appropriate for MILES and SDSS spectroscopwelkas flux calibration. The models
cover ages from 0.1 to 15 GyjZ/H] from —2.25 to 0.67 dex, and/Fe] from —0.3 to 0.5 dex. In
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Table 4 Metallicities [Fe/H] Derived from the
Spectral Indice§MgFe], Mg2

Name [Fe/H]avg

B289 —1.83 £0.27
B290 —0.56 £0.63
H11 —0.49 £0.58
H18 —1.35£0.65
SK108A —2.35£0.22
SK112A —1.62£0.43
MGC1 —2.06 +£0.33
H25 —2.74£0.47

Here we definéFe/H]ayg — [Fe/H][MgFe]2+[Fe/H]Mg2'

our work, we fitted our absorption indices based on the marféifiomas et al. (2011), by using the
two sets of stellar evolutionary tracks provided, i.e. @Gasg al. (1997) and Padova.

4.2 Fitswith Stellar Population Models and the Results

Similar to Sharina et al. (2006) and our Paper I, tRe-minimization routine was applied for fitting
Lick indices with the SSP models to derive the physical patans. Since we measured 25 different
types of Lick line indices listed in Table 3, all indices weised for the fitting procedure. As Thomas
etal. (2011) provided only 20 ages, six metallicitiggH], and foura-elementga/Fe| for the SSP
model, it is necessary to interpolate the original modelth& higher-resolution models for our
needs. We performed the cubic spline interpolations, usingal step lengths, to obtain a grid of
150 ages from 0.1 to 15 Gyr, 3Z/H] values from—2.25 to 0.67 dex, and 5]u/Fe] values from
—0.3t00.5 dex, which could make the fitted results smoother and morgagus. Worthey (1994);
Galleti et al. (2009) pointed out the age-metallicity degf@cy remain almost the same for most of
the spectral index measurements when the fraction chasgésg:/AZ = 3/2. Therefore, it is
necessary for us to constrain the metallicity with the mséatsitive indices before the fits.

Fortunately, Galleti et al. (2009) provided two ways to dilgmeasure the metallicity from the
metal-sensitive spectral indices. One method is throughbiiming the absorption line indices Mg
and Fe[MgFe], which is defined afMgFe| = \/Mgb - (Fe), where(Fe) = (Fe5270 + Fe5335) /2.
Thus, the metallicity can be calculated from the formulabel

[Fe/H]ngre) = —2.563 + 1.119[MgFe] — 0.106[MgFe]* 4 0.15 . (2)
The second way to obtain the metallicity from Mg2 is by usin@péynomial in the following,
[Fe/H]pgo = —2.276 4 13.053Mg2 — 16.462Mg2? + 0.15 . (3)

Finally we obtained values fojfe/H].,, with associated uncertainties which are given in
Table 4. This list gives an average of the metallicities\dstifrom the metallicity Equations (2)
and (3). The averaged metallicifffe/H].., will be used to constrain the metallicity in the fits to
break the age-metallicity trends/degeneracy. However,Tihomas et al. (2011) model only pro-
vided the metallicity parameters wii#i /H] and[«/Fe], thus we need to find a relationship between
the iron abundancfe/H], total metallicity [Z/H] and a-element to iron ratida/Fe], so we can
replacelFe/H] with [Z/H] and[«/Fe] in the fitting procedure. In fact, Thomas et al. (2003) gaee th
relation in Equation (4).

[Z/H] = [Fe/H] + 0.94[/Fe] . 4)

Here we would like to draw the reader’s attention to the pthiat, although the metallicitjfe /H]
has been determined first, there are still many differentswaycombingZ/H] and [a/Fe] in the
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parameter grid of the model. Therefore, we still need to #emeously fit the ageZ /H] and[«/Fe].
Here, we would like to constrain the metallicity in the fits fiFe/H]q, — [Fe/H]avs| < 0.3 dex,
which is the typical metallicity uncertainty for the obsations and it will make the fits more rea-
sonable. As in Paper |, the physical parameters of ages|litites [Z/H], and[«a/Fe] can be de-
termined by comparing the interpolated stellar populatimuels with the observed spectral indices
by employing they? —minimization method given by

'5 obs mode 2
) < <L;: — Lipedel(age, [Z/H], [a/Fe])>
Xmin = min Z 3

g;

(%)

i=1

whereL}°4!(age, [Z/H], [or/Fe]) is thei*™™ Lick line index in the stellar population model for age,

metallicity [Z/H] and [«/Fe], while L3> represents the observed calibrated Lick absorption-line
indices from our measurements. The errors estimated inttingfare given as follows

01'2 = Uzbs,i + U?nodel,i . (6)
Here, o1, is the observational uncertainty whitg,.qe1,; is the uncertainty associated with the
models of Thomas et al. (2011). These two types of unceigaihave both been considered in our
fitting procedure.

Table 5 lists the fitted age$Z/H] and [a/Fe] with different evolutionary tracks of Cassisi
et al. (1997) and Padova. In addition, we calculated[He¢H] assisi and [Fe/H]padova DY apply-
ing Equation (4) to the fitte@ /H] and[«/Fe]. In order to be consistent with Paper I, we adopted
the metallicity[Fe/H]..ssisi in the following statistics and analysis. From Table 5, werfd that the
ages,[Z/H] and thea-element|«/Fe] fitted from either Cassisi et al. (1997) or Padova tracks are
consistent with each other. Additionally, it is worth natithat all of our sample halo GCs are older
than 10 Gyr in both evolutionary tracks except B290 (5.5 &Gyr), which is older than 2 Gyr and
it should be identified as the “old” case in Caldwell et al.@2R Thus, it indicates that these halo
clusters formed at the early stage of the galaxy’s formatimcess, which agrees well with previous
findings.

Actually, Mackey et al. (2010) conclude that the metal alaumod of MGC1, a star cluster listed
in Tables 4 and 5, is abolFe/H] = —2.3 and its age is 12.5 to 12.7 Gyr through the color-
magnitude diagram fitting. The estimated age agrees well witr results but the metallicity is
lower than our estimatffe/H],,; = —2.06 £ 0.33 in Table 4 or[Fe/H]cassis = —1.76 £ 0.16 in
Table 5. Nevertheless, Alves-Brito et al. (2009) found thatmetallicity[Fe/H] = —1.37 £ 0.15
by combining the spectroscopic data and the photometra, dédtich is higher than our estimate.
Hence, our result is just between the two former resultscivBuggests that our result is consistent
with the previous conclusions.

Table 5 The x*—minimization Fitting Results Using Thomas et al. (2011) Misdwith Cassisi
et al. (1997) and Padova Stellar Evolutionary Tracks

| Cassisi | Padova
Name Age [Z/H] [ev/Fe] [Fe/H] Age [z/H] [/ Fe] [Fe/H]
(Gyn) (dex) (dex) (dex) (Gyr) (dex) (dex) (dex)

B289 10.75 +£4.15|—1.67 £0.23 0.34 £0.16 —2.09 +0.27 11.70 £ 2.80{—2.07 £ 0.18 —0.12 + 0.18 —2.13 £ 0.25
B290  5.80 + 2.40 |—0.99 £ 0.05 —0.26 4+ 0.05 —0.85 4+ 0.07 5.50 + 0.40 [—1.33 4+ 0.38 —0.26 4+ 0.05 —0.85 4+ 0.39
H11 13.75 £ 1.25| 0.09 £ 0.32 0.08 £ 0.05 —0.19 +0.33 13.60 £ 0.20{—0.10 £ 0.24 0.00 = 0.06 —0.21 +0.24
H18 13.45 4 1.45|—0.47 £ 0.37 0.48 £0.02 —1.07 4 0.37 13.60 4 0.20|—0.50 4+ 0.24 0.48 £ 0.02 —1.07 +0.24
SK108A13.60 £+ 0.30{—1.53 £0.18 0.28 0.22 —2.09 4+ 0.28 13.55 £ 0.45|—1.48 £ 0.23 0.27 £0.24 —2.09 +0.32
SK112A11.10 + 3.90(—1.33 +0.38 0.25 +0.25 —1.35+ 0.45 11.70 & 3.30|—1.51 £ 0.47 0.10 +0.40 —1.42+ 0.61
MGC1 13.30 £0.80{—1.39 £0.14 0.424+0.08 —1.76 +0.16 12.90 £ 1.30{—1.39 £ 0.14 0.42 +£0.08 —1.76 +0.16
H25 13.60 £ 0.30{—1.98 £ 0.20 0.50 +0.00 —2.45 4 0.20 13.50 £ 0.50{—2.03 £ 0.05 0.50 = 0.00 —2.45 4 0.05




838 Z.Fanetal.

4.3 Metallicity Propertiesof the Outer Halo

The metallicity gradients of the halo star clusters andssdeg important to the formation and enrich-
ment processes of their host galaxy. Basically, there angtygsible scenarios for galaxy formation.
One is that the halo stars and clusters should feature kraje-metallicity gradients if the enrich-
ment timescale is shorter than the collapse time, which neague to the galaxy’s formation being
a consequence of a monolithic, dissipative, and rapid psdaf a single massive, nearly spheri-
cal, spinning gas cloud (Eggen et al. 1962; Barmby et al. 200t other one is a chaotic scheme
for early galactic evolution, when the loosely bound preiged fragments merge with the proto-
galaxy during a very long period of time, in which case a manmbgeneous metallicity distribution
should develop (Searle & Zinn 1978). However, most galaaiesbelieved to have formed through
a combination of these scenarios.

van den Bergh (1969); Huchra et al. (1982) showed that thetitle to no evidence for a
general radial metallicity gradient for GCs within a radad$0 arcmin. However, studies including
Huchra et al. (1991); Perrett et al. (2002); Fan et al. (2808port the possible existence of a radial
metallicity gradient for the metal-poor M31 GCs, althoubk slope is not very significant. Perrett
et al. (2002) suggest that the gradients afe017 and —0.015 dex arcmirr® for the full sample
and inner metal-poor clusters respectively. More receRtipn et al. (2008) found that the slope is
—0.006 and —0.007 dex arcmi! for the metal-poor subsample and whole sample but the slope
approaches zero for the metal-rich subsample. Neverthalbshese studies are based on GCs that
are located relatively close to the center of the galaxyallgat projected radii of less than 100
arcmin. Recently, Huxor et al. (2011) investigated the ttieity gradient for 15 halo GCs to,, =
117 kpc with the metallicity derived from the CMD fittings (Macket al. 2006, 2007, 2010) and
the authors found that the metallicity gradient becomdginificant if one halo GC H14 is excluded
from their figure 6. We found that our result is consistenhwiite previous findings of Huxor et al.
(2011). In Paper |, we found the slope of the metallicity geatlis —0.018 4 0.001 dex kpc™! for
the halo cluster sample extendingtp~ 117 kpc from the galaxy’s center. Further, the slope turns
out to be—0.010 & 0.002 dex kpc™* if only considering the clusters, > 25 kpc.

Since we have spectroscopic observations of eight morerowedi halo clusters, it is inter-
esting to check if the metallicity distribution/spatialgiient would change with an enlarged halo
cluster sample. For the new observed data, as we recallegctios 4.2, only MGCL1 has previous
metallicity measurements from the literature, which arey\different in different works and our
measurement is just the median value. Thus, we adopted asurement. Finally, we have a total
metallicity sample of 391 entries.

Figure 5 shows the metallicity as a function of the projectatius from the galaxy’s center for
all outer GCs with spectroscopic metallicity gf > 25 kpc from the galaxy’s center. The slope
of a linear fit is—0.005 & 0.005 dex kpc™!, which is marked with a solid black line. However, if
the two star clusters with the highest metallicity, GOO1 &tid, are excluded, the slope turns out
to be —0.002 + 0.003 dex kpc™!, which is shown with the red dashed line. Thus, both of these
cases suggest that there is no metallicity gradient for lingters in M31’s outer halo wher, >
25 kpc, which agrees with the conclusion of Paper |. Theretweams that the “fragments merging”
scenario dominated in the outer halo during a stage of thexgalformation process.

It should be noted that the metallicity gradient is fitteddzhsn the data of our observations and
the literature and the metallicities from different literee may not be the same. For instance, the
metallicity of GOO1 igFe/H] = —1.08+0.09in Huchraet al. (1991) but it ig'e/H] = —0.73+£0.15
in Galleti et al. (2009). Thus we wonder how the slope wouldrgfe when the data change. We
simulated ten sets of random data frem= —0.5 to 0.5 and added them to the metallicities that
we used in Figure 5 and then separately refit the slopes agaitinies. The results are shown in
Table 6. It shows that the slope does not change significamtgn the simulated errors were added,
suggesting that the slope is stable even across data fréenetif measurements.
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Fig.5 Metallicities [Fe/H] versus projected radii for the outer halo GCs-at> 25 kpc from the
center of the galaxy. The slope of the linear fitting-8.005 4 0.005 dex kpc™* (black solid line).
However, if the two GCs with the highest metallicity, GOOMda#11, are excluded, the slope turns
out to be—0.002 £ 0.003 dex kpc™! (dashed line).
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Fig.6 Metallicity [Fe/H] versus radial velocity; (corrected for the systemic velocity of M31)
for all the GCs with spectroscopic metallicities and radiglocity. The small points are from the
literature; the squares are from Paper [; the triangles @aren@asurements.

Figure 6 shows the relationship between the metallicitiesthe radial velocitie§; which have
been corrected for the systemic velocity of the galaxy M31ie $pectroscopic metallicities are from
the literature (Huchra et al. 1991; Barmby et al. 2000; Reetel. 2002; Galleti et al. 2009; Caldwell
et al. 2011) and Paper | as well as from this work and the ragialcitiesV; are from the RBC v.4,
Paper | and this work. It seems that there is no relationskiwéen the metallicities and the radial
velocitiesV;.
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Table 6 Slopes of Metallicity Gradient by Adding the
Random Errors to the Data

No. kan ka1

1 —0.013 £0.010 —0.013 £0.011
2 —0.003 £ 0.010 0.000 + 0.014
3 —0.011 £ 0.012 —0.008 £ 0.012
4 —0.009 + 0.009 0.000 + 0.012
5 —0.003 £0.013 —0.036 £ 0.021
6 —0.002 £+ 0.012 0.004 + 0.022
7 —0.004 £ 0.013 —0.002 £ 0.022
8 —0.009 £+ 0.012 0.009 + 0.015
9 —0.005 £ 0.010 —0.008 £ 0.017
10 —0.013 £ 0.011 0.003 + 0.008

[Fe/H]

Age (Gyr)

Fig.7 Metallicity [Fe/H] versus age for all the clusters with spectroscopic meiiglliend age
estimates. The open triangles are the data from the litesatie filled circles are the data from
Paper I; the filled triangles are the data from this work. Téi&ldine represents the linear fit of GCs
younger than 7 Gyr while the dashed line is the fit for the G@gwlhan 7 Gyr.

Figure 7 shows the metallicities versus ages of the GCs. Hiallicities are from the literature
(Huchra et al. 1991; Barmby et al. 2000; Perrett et al. 20@2Ie@ et al. 2009; Caldwell et al. 2011)
and Paper | as well as from this work and the ages are from Faln(@010), Paper | and this work.
We wanted to see if there was a relationship between the agesatallicities of these GCs. We
found that the relationships are different for the GC pofioires with different ages. The slope of
the GCs younger than 7 Gyr is = 0.035 + 0.021 but the slope of the GCs older than 7 Gyr is
k = —0.095 £+ 0.034, which is at the~ 3¢ significance level. It suggests that for the GCs younger
than 7 Gyr, there is no relationship between age and metgaliat for the clusters older than 7 Gyr,
it seems that the older GCs are more metal-poor (lower nwtg)land the younger GCs are more
metal-rich (higher metallicity).

Previously, many astronomers found a significant bimodsé @athe distribution of metallicity
in M31 GCs by applying the mixture-model method of the KMMttgsshman et al. 1994). Ashman
& Bird (1993); Barmby et al. (2000); Perrett et al. (2002) fiothe proportion of the metal-poor to
metal-rich group is-2:1 to~3:1 with the peak positions ¢Fe/H] ~ —1.5 and—0.6, respectively.
Fan et al. (2008) examined the bimodality of this metaffidiistribution with a larger sample and the
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Fig.8 Metallicity distributions with a bin size of 0.3 dexeft: all the GCs with spectroscopic
metallicities. The mixture-model KMM test was applied toide them into two groupsRight: all
the HGCs with spectroscopic metallicities.

authors found that the proportion-sl.5:1 and the peak positions dfe/H] ~ —1.7 and~ —0.7,
respectively. However, the recent work of Caldwell et aQ4(2) suggests that there is no significant
bimodality or trimodality for the metallicity distributioin a sample of 322 M31 GCs, most of
which have spectroscopic metallicity with high S/N rati8&ce we have new observational data
and a larger spectroscopic data sample, we are able to nevex¢he bimodality of the metallicity
distributions of M31 GCs.

Figure 8 shows the metallicity distributions of the GCs dmtiGCs. In the left panel, the sam-
ple includes all the GCs which have spectroscopic metallicdbm the literature (Huchra et al. 1991;
Barmby et al. 2000; Perrett et al. 2002; Galleti et al. 2008d@ell et al. 2011) and Paper | as well as
this work. In total, there are 386 GCs with spectroscopicattieity in the distribution. We applied
the mixture-model KMM algorithm to the dataset and it readra negative result for bimodality
with p-value= 0.369, which means that a bimodal distribution is preferred ovenianodal one at
a 63.1% confidence level, less than what is needed to beletdimodality is present. The num-
bers of the metal-poor group and the metal-rich groupMie= 196 and N2 = 190, respectively
and the mean values of the two groups @e/H]; = —1.43 (o7 = 0.327) and[Fe/H]; = —0.73
(02 = 0.215), respectively. As we can see from the plot, the proporticihe metal-poor to metal-
rich group is~ 1 : 1, which is lower than the published results. The reason whybimodal case
becomes more insignificant with a larger sample size mayddarbre intermediate metallicity GCs
(which are between the two metallicity peaks) have beerdeyed and those intermediate metallic-
ity GCs cause the distribution to be unlike a bimodal or tritaladistribution. Therefore, the previous
works found that the metallicity distributions of M31 GCdlike that of the Milky Way and more
recent works with more data show that they are less similaatd other, which may indicate that
the formation processes of the two GC systems were markdtiyaht. The right panel shows the
metallicity distribution of the HGCs and obviously the mgtaor GCs dominate in the distribution.

As the M31 GCs have been divided into two different groupsieyiMM test in the metallicity
distribution of Figure 8, we would like to examine the spladiistributions of the two groups with
different metallicities.

Figure 9 plots the spatial distributions of the metal-rictd anetal-poor groups. Note that the
metal-poor group appears to occupy a more extended halohenvessa wide spatial distribution,
but the metal-rich group is more centrally concentratedcivis consistent with the conclusions of
Perrett et al. (2002); Fan et al. (2008).
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Fig.9 Spatial distributions of HGCs with different metallicisid_eft: metal-rich GCsRight: metal-
poor GCs. Members of the two groups were identified by the K\t of Fig. 8.
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Fig. 10 Spatial distributions of HGCs with young and old populasidreft: young clusters with age
< 2 Gyr; Right: old clusters with age- 2 Gyr.

Since we have the age estimates of the halo GCs in M31, we aoaisabout whether the spatial
distributions of the young and old populations are the samm®t Here we used the definition of
“old population” for age> 2 Gyr and “young population” for age 2 Gyr as was done in Caldwell
et al. (2009). For the purpose of enlarging our sample dimeage estimates for M31 GCs in Fan
et al. (2010) and Paper | are also merged into our sample.

Figure 10 plots the spatial distributions of the young ardl mbpulations, respectively. It is
obvious that the young population is more centrally coneget and it traces the disk shape of the
galaxy well. However, the spatial distribution of the oldppdation is more dispersed and it seems
that the members of that population do not trace the diskesb&the galaxy.

5 SUMMARY AND CONCLUSIONS

This is the second paper in our series of works on M31 haloulgolzlusters. In Paper I, we mainly
focus on the fitting method and the metallicity gradient foe tM31 GC sample. In this paper,
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we focus on the dynamics, metallicity and age, and theiridigions as well as the relationships
between these parameters.

We selected eight more bright confirmed GCs in the halo of M8infRBC v.4 and observed
them with the OMR spectrograph on the 2.16 m telescope atithglofig site of NAOC in the fall
of 2011. These star clusters are located in the halo of trexgait a projected radius ef 14 to
~ 117 kpc from the galactic center, where the sky background ik sathat they can be observed
with high signal-to-noise ratios.

For all our sample clusters, we measured all 25 Lick absamgdtne indices (see the definitions
in Worthey et al. 1994; Worthey & Ottaviani 1997) and fitte@ ttadial velocities. We found that
distributions of the confirmed GCs and the halo GCs are blasisammetric with respect to the
systematic velocity of the galaxy.

Similar to Sharina et al. (2006) and our Paper |, we applied:th-minimization method to fit
the Lick absorption line indices with the updated Thomad.g2811) stellar population model in
two stellar evolutionary tracks of Cassisi and Padova,rsgely. The fitting results show that most
of our sample clusters are older than 10 Gyr except B29% Gyr and most of them are metal-poor
with metallicity [Fe/H] < —1 dex except H11 and H18, suggesting that these halo staerdusere
born at an early stage of the galaxy’s formation.

Again, we would like to study the metallicity gradient of thalo GCs by combining more
spectroscopic metallicity values from this work, Paperd #re literature. We only considered outer
halo clusters withr, > 25 kpc and the fitted slope is0.005 + 0.005 dex kpc™t. However, if
two metal-rich clusters G001 and H11 that are outliers actuebed, the slope becomes).002 +
0.003 dex kpc*, which does not show a significant change. Furthermore,derdo eliminate the
effect of errors from different observations, we added #reom errors frone = —0.5 t0 0.5 to
the data and refitted the slope ten times. The result showsh@aimulated errors do not affect
the slope much. Thus it seems that the metallicity gradientlusters in M31’s outer halo does
not exist, which is consistent with previous findings in (lduet al. 2011) and Paper I. This result
may imply that the “fragments merging” scenario dominatethe outer halo of the galaxy beyond
25 kpc from the center during the early stage of the galaxyistion process.

We do not find a relationship between metallicity and rad&lbeity for the sample of M31
GCs. It seems that the metallicity is not a function of agetfier GCs with age< 7 Gyr, but for
the old GCs with age- 7 Gyr there seems to be a trend that the older ones have lowatlicigt
This conclusion is similar to that of Fan et al. (2006), whorfd a possible general trend of the age-
metallicity relation with a large scatter. In addition, wletametallicity distributions with the largest
sample size of M31 GCs so far and it shows the bimodality isigntificant compared to the previous
work. This is also found by Caldwell et al. (2011), who usesltiewly observed spectroscopic data.
We also find that the number of metal-poor and metal-rich gsoobecomes comparable but the
previous works show that the number of metal-poor groupsierthan that of the metal-rich ones.
This may be due to the fact that many intermediate metalh@tues of Caldwell et al. (2011) have
been merged into our sample for our statistics. The spaisaiilslition shows that the metal-rich
group is more centrally concentrated but the metal-pooungrcupies a more extended halo; the
young population is centrally concentrated while the oldydation is more spatially extended to the
outer halo. This is easy to understand as the old GCs arelyisugtal-poor, especially for the halo
GCs of M31.
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