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Abstract We present metal abundance properties of 144 globularechiassociated
with M81. These globulars represent the largest globulastel sample in M81 till
now. Our main results are: the distribution of metalligtis bimodal, with metallicity
peaks afFe/H] =~ —1.51 and—0.58, and the metal-poor globular clusters tend to be
less spatially concentrated than the metal-rich ones; #talmich globular clusters in
M81 do not demonstrate a centrally concentrated spatisifulision like the metal-
rich ones in M31 do; like our Galaxy and M31, the globular tdus in M81 have
a small radial metallicity gradient. These results are =bast with those obtained
from a small sample of M81 globular clusters. In additioris fraper shows that there
is evidence that a strong rotation of the M81 globular clusystem around the minor
axis exists, and that rotation is present in the metal-richwgar cluster subsample,
but the metal-poor globular cluster subsample shows neacilof rotation. The most
significant difference between the rotation of the metalfrdnd metal-poor globular
clusters occurs at intermediate projected galactocenatdic. Our results confirm the
conclusion of Schroder et al. that M81's metal-rich globwasters at intermediate
projected radii are associated with a thick disk of M81.
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1 INTRODUCTION

An understanding of galaxy formation and evolution is onéhefprincipal goals of modern astro-
physics. As the oldest stellar systems in the universeudgmlslusters (GCs) maintain a fossil record
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of the early history of galaxies, so they are important tre.cé galaxy formation and evolution. In
addition, since GCs are very dense, gravitationally boyoigscal systems of several thousand to
more than a million stars, they can be observed out to mudt@rdistances than individual stars.

The metallicity (or color) distribution of GCs is of partiem importance in deepening our knowl-
edge of the dynamical and chemical evolution of the parelaix@gzs. For example, based on data
from the Hubble Space TelescofelST) archive, Gebhardt & Kissler-Patig (1999), Larsen et al.
(2001) and Kundu & Whitmore (2001) showed that many largexdab possess two or more sub-
populations of GCs that have quite different chemical cositoms (see also West et al. 2004). Peng
et al. (2006) presented the color distributions of GC systéwn 100 early-type galaxies from the
Advanced Camera for Surveys (ACS) Virgo Cluster Survey, fanchd that, on average, galaxies
at all luminosities appear to have bimodal or asymmetric @orémetallicity distributions. The
presence of color bimodality among these old GCs indict@sthere have been at least two major
star-forming mechanisms in the (early) histories of masgalaxies (West et al. 2004; Peng et al.
2006; Brodie & Strader 2006).

Fan et al. (2008) presented a metallicity distribution o8 Balactic GCs (Harris 1996, 2003
updated version) that apparently showed two peaks (i.@.,distinct metal-poor and metal-rich
GC populations). A double-Gaussian can best fit these twpaqudations, where the mean metal-
licity values are—1.620 and —0.608 dex, respectively. Using the data for 431 GCs in M31, Lee
et al. (2008) studied the metallicity distribution, whichasymmetric, implying the possibility of
bimodality. The bimodal test results in two groups: a me@dr one with a mean value ef1.47
and a metal-rich one with a mean value-69.62 (see also Barmby et al. 2000; Perrett et al. 2002;
Fan et al. 2008). Ma et al. (2005) presented a metallicityridigion of 94 M81 GCs that showed
bimodality, with metallicity peaks at 1.45 and—0.53.

M81 is one of the nearest Sa/Sb-type spiral galaxies outkiglé.ocal Group, which is very
similar to M31 and roughly as massive as the Milky Way. Sodmelythe Local Group, it is a good
candidate for performing a detailed study of a spiral gal@x/system and comparing to the Milky
Way and M31 GC systems. In the pioneering work of M81 GCs, Br&dHuchra (1991) derived
spectroscopic metallicities for eight GCs in M81 and préséithe mean offe/H] = —1.46 +0.31
for them. Then, Perelmuter et al. (1995) obtained low sigoaloise spectra of 82 GC candidates,
25 of which were confirmed dsona fideM81 GCs. These authors derived the mean metallicity to
be[Fe/H] = —1.48 £ 0.19 both from the weighted mean of the individual metallicitiasd directly
from the composite spectrum of these 25 GCs. To maximizeubeess rate of the candidate list for
M81 GCs, used in ongoing spectroscopic observations, iRatet & Racine (1995) referenced an
extensive database that included photometric, astroenetmd morphological information on 3774
objects covering over & 50’ diameter field centered on M81 to reveal 70 GC candidates.

Schroder et al. (2002) presented moderate-resolutiorirggeopy for 16 GC candidates from
the GC list in Perelmuter & Racine (1995), and confirmed tHeseandidates alsona fideGCs.
They derived metallicities for 15 of the 16 GCs. From thegules, Schroder et al. (2002) concluded
that the M81 GC system is very similar to the Milky Way and M3&tems, both chemically and
kinematically.

With the superior resolution of thdST, M81 is close enough for its clusters to be easily resolved
on the basis of image structure (Chandar et al. 2001). Thsirsy theB, V', andI bands of theHST
Wide Field Planetary Camera 2 (WFPC2), Chandar et al. (20@dged eight fields covering a total
area of~ 40 arcmin?, and detected 114 compact star clusters in M81, 59 of whiafe V&Cs.
Based on the estimated intrinsic colors, Chandar et al.4Pf@Wind that the M81 GC system has an
extended metallicity distribution, which argues for theg®ence of both metal-rich and metal-poor
GCs.

Ma et al. (2005, 2006, 2007) presented detailed studies oh GIBs based on the spectral
and multi-color observations such as: the distributionintrinsic B and V' colors and metallic-
ities of 95 GCs; the spectral energy distributions of 42 GC43 intermediate-band filters from
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4000A to 10 000A, using the CCD images of M81 observed as part of the Beifingona-Taiwan-
Connecticut (BATC) multicolor survey of the sky; the sphtind metal abundance properties of 95
GCs.

Nantais et al. (2010b) presented a catalog of extendedtsbjeand around M81 based on an
HST ACS I-band mosaic, and found 233 good GC candidates. Nantais &aidy(2010) obtained
spectra of 74 GCs in M81 with Hectospec on the 6.5 m Multiplerbti Telescope (MMT) on Mt.
Hopkins in Arizona, and determined their metallicities s & Huchra (2010) analyzed the kine-
matics and metallicity of the M81 GC system and combined ttesiults with 34 M81 GC velocities
and 33 metallicities from the literature.

In this paper, we will analyze the metallicity of the M81 GGstm based on a large sample
of GCs, and analyze the kinematics of the M81 GC system inild&tze outline of the paper is
as follows. In Section 2, we provide an analysis of the mietgl] and we give the analysis of the
kinematics in Section 3. The summary is presented in Sedtion

2 METALLICITY ANALYSIS
2.1 A Sampleof GCs

Nantais & Huchra (2010) obtained spectra of 74 GCs in M81 Widittospec on the 6.5m MMT
on Mt. Hopkins in Arizona, and determined their metalliestiusing a method based on the Brodie
& Huchra (1990) prescription, but with a new index versusatiieity calibration determined from
the 41 Milky Way spectra from Schiavon et al. (2005), degdattematch the 5A resolution of
their spectra (see Nantais et al. 2010a, for details). lermta increase the sample size and spatial
extent, Nantais & Huchra (2010) included the derived mieia#s of 33 GCs in M81 from Schroder
et al. (2002), Perelmuter et al. (1995), and Brodie & Huchi@0(). Altogether, there are 107 GCs
in the Nantais & Huchra (2010) sample of M81 GCs used for perfiog metallicity analysis. Ma
et al. (2005) studied the distributions of metallicities9&f M81 GCs which were from Perelmuter
et al. (1995), Chandar et al. (2001) and Schroder et al. (R@2cross-checking the sample of
GCs between Ma et al. (2005) and Nantais & Huchra (2010)arekers found there are 51 GCs
in common. We adopt Nantais & Huchra (2010) metallicitiethwincertainties smaller than 1.0
dex whenever available. However, when metallicity undetitss from Nantais & Huchra (2010) are
larger than 1.0 dex, we adopt the metallicities collecteayet al. (2005). In addition, as Ma et al.
(2005) pointed out , since GC 96 of Chandar et al. (2001) hashigh (B — V) (B — V) =
1.778), and the metallicity obtained using the color-metaljiciorrelation is too rich (0.95 dex), we
do not include it in our sample of M81 GCs. Altogether, theeB44 M81 GCs in our sample.
Figure 1 shows the positions of 144 GCs in M81 with respedi¢d81 disk. TheX coordinate
is the position along the major axis of M81, where posifirés in the northeastern direction, while
theY coordinate is along the minor axis of the M81 disk, incregsowards the northwest. The
relative coordinates of the M81 GCs are derived by assuntengdard geometric parameters for
M81. The distance modulus for M81 is adopted to be 27.8 (Freedet al. 1994; Chandar et al.
2001). We adopted a central position for M81logt = 09"55™33%.780 anddy = +69°03/54" .34
(J2000.0) following Schroder et al. (2002). Formally,

X = Asin6 + B cosb; (1)

Y = —Acosf + Bsin#, (2)

whereA = sin(a — ag) cos d andB = sin d cos 6y — cos(a — ) cos d sin dg. We adopt a position
angle off = 157° for the major axis of M81 (Chandar et al. 2001).
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Fig.1 Positions of the 144 M81 GCs. The large ellipse is fhg boundary of the M81 disk from
de Vaucouleurs et al. (1991).
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Fig.2 Histogram of the metallicities of 144 M81 GCs.

2.2 Metallicity Distribution

Figure 2 displays the metallicity of 144 GCs in M81, and twotaliity peaks clearly appear. To
make quantitative statements about the bimodal metalldigtribution, a test of Kaye’s Mixture
Model (KMM) (Ashman et al. 1994) is applied to the data. Thsttuses a maximum likelihood
method to estimate the probability that the data distribuis better modeled as a sum of two
Gaussians than as a single Gaussian. Here we use a homaisceggi.e., the two Gaussians
are assumed to have the same dispersion). The metallicftibe two peaks, thé-value, and the
numbers of GCs assigned to each peak by the KMM tegffaydl] ~ —1.51 and—0.58, 0.02, and
91 and 53 respectively. The-value is in fact the probability that the data are drawn frasingle
Gaussian distribution. It is evident that our results aragreement with Ma et al. (2005)-(.45
and—0.53) and Nantais & Huchra (2010)1.55 and—0.61).
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Fig. 3 Spatial distributions of the metal-rich and metal-poor GCHI81.
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Fig.4 Radial distributions of the metal-rich and metal-poor GEMB1.

2.3 Spatial Distribution

Figure 3 shows the projected spatial distributions of theatq@oor and metal-rich GCs in M81.
From Figure 3, it is clear that the metal-rich GCs in M81 aréamcentrally concentrated as the
metal-rich GCs of M31 are (Huchra et al. 1991; Perrett et@2 Fan et al. 2008), and the metal-
poor GCs tend to be less spatially concentrated than thd-mghasCs. These results confirm the
conclusion of Ma et al. (2007) based on a small sample of M8%.GC

Figure 4 presents the histogram for the metal-poor and mietalGCs in M81. It shows that
most of the metal-rich GCs are distributed at projected ddi—7 kpc, and the peak lies at 2—-4 kpc.
It is also noted that the metal-rich GCs are distributed withe inner 13kpc, while the metal-
poor GCs do so out to radii of 20kpc. In the Milky Way, the metal-rich GCs reveal significant
rotations and have historically been associated with thuthisk system (Zinn 1985; Armandroff
1989); however, other works (Frenk & White 1982; Minniti BT 6té 1999; Forbes et al. 2001)
suggested that metal-rich GCs within 5 kpc of the Galactic center are better associated with the
bulge and bar. In M31, Elson & Walterbos (1988) showed thantietal-rich GCs constitute a more
highly flattened system than the metal-poor GCs, and appdaave disklike kinematics; Huchra
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et al. (1991) showed that the metal-rich GCs are prefedntiase to the galaxy center. In addition,
Huchra et al. (1991) showed that the distinction betweendtaion of the metal-rich and metal-poor
GCs is most apparent in the inner 2 kpc. So, Huchra et al. (18#1icluded that the metal-rich GCs
in M31 appear to form a central rotating disk system. Withrgdassample of 321 velocities, Perrett
et al. (2002) provided a comprehensive investigation okitmematics of the M31 GC system. These
authors showed that the metal-rich GCs of M31 appear to itotesa distinct kinematic subsystem
that demonstrates a centrally spatial distribution witighhotation amplitude, but do not appear
significantly flattened, which is consistent with a bulge plagion. It is of interest to mention that
Schroder et al. (2002) performed a maximume-likelihood kia&ic analysis on 166 M31 GCs of
Barmby et al. (2000) and found that the most significant diffiee between the rotation of the
metal-rich and metal-poor GCs occurs at intermediate ptejegalactocentric radii. In particular,
Schroder et al. (2002) presented a potential thick-diskufagipn among M31’s metal-rich GCs.
For M81 GCs, Schroder et al. (2002) performed a kinematityaisaof the velocities of 44 M81
GCs, and strongly suggested that the metal-rich GCs argéngia the same sense as the gas in the
disk of M81. Schroder et al. (2002) concluded that, althotingiir GC sample is not large enough
to make a direct comparison between metal-rich and me@l-B€&s in specific radius ranges, the
conclusion of M81’s metal-rich GCs at intermediate pragelctadii being associated with a thick
disk in M81 is correct. In Schroder et al. (2002), their sagriplnot large enough to make a direct
comparison between metal-rich and metal-poor GCs in a fipegilius range. In this paper, with a
larger GC sample, we can make this comparison (see SectBjegults will confirm the conclusion
of Schroder et al. (2002) that M81’s metal-rich GCs at intediate projected radii are associated
with a thick disk in M81.

2.4 Metallicity Gradient

One early formation model by Eggen et al. (1962) argued forgles, large-scale collapse of material
to form galactic bodies such as the Milky Way, in which thei@mment timescale is shorter than the
collapse time, and the halo stars and GCs should show laaje-setallicity gradients; however,
Searle & Zinn (1978) presented a chaotic scheme in the easlytéon of a galaxy, in which loosely
bound pre-enriched fragments merge with the main body gitbtgalaxy over a significant period,
so there should be a homogeneous metallicity distribution.

For the Milky Way, Armandroff (1989) showed some evidencat tnetallicity gradients with
both distance from the Galactic plane and distance from #ilad®ic center were present in the disk
GC system. For M31, there are some inconsistent conclyssoict as van den Bergh (1969) who
showed that there is little or no evidence for a correlatietween metallicity and projected radius,
but most of his GCs were insid®”; however, some authors (see, e.g. Huchra et al. 1982; Sharov
1988; Huchra et al. 1991; Barmby et al. 2000; Perrett et @22@resented evidence for a weak
but measurable metallicity gradient as a function of prigj@cadius. Fan et al. (2008) confirmed the
latter conclusion based on their large sample of spectradlfivity and color-derived metallicity.

Figure 5 plots the metallicity of the M81 GCs as a functionalegtocentric radius. Clearly, the
dominant feature of this diagram is the scatter in met&jliat any radius. Since our sample GCs
are mainly distributed in the inner 10kpc, it is difficult tetérmine the metallicity gradient. It is
true that smooth, pressure-supported collapse modelslatiga are unlikely to produce a result
like this. In order to present a quantitative conclusionymazle least-squares fits: the total sample of
GCs does not have a significant metallicity gradient.016 4 0.012 dexkpc 1), which confirms
the conclusion of Ma et al. (2007) based on a smaller sampM8if GCs. This result is also in
agreement with Kong et al. (2000), who obtained metallioigps of the M81 field by comparing
simple stellar population synthesis models of BC96 (BruiZu&harlot 1996, unpublished) with
the integrated photometric measurements of the BATC phetiocrsystem, and did not find, within
their errors, any obvious metallicity gradient from thetzatregion to the bulge and disk of M81. In
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Fig.5 Metallicity as a function of projected radius for M81 GCs.

addition, we should emphasize that, in the least-squagesffthis paper, the metal-rich GCs seem
to play an important part in determining the metallicity djemnt.

3 KINEMATICS

The M81 GC sample for studying kinematics is from Nantais &hha (2010), who obtained spectra
of a total of 207 extended objects in M81 with Hectospec on@ftem MMT on Mt. Hopkins
in Arizona. These objects were selected from Nantais eR8ll{b), who presented a catalog of
extended objects in the vicinity of M81 based on a set oH&BT ACS Wide Field Camera (WFC)
F814W images, and found 233 good GC candidates. Based om $pestra, Nantais & Huchra
(2010) found 74 GCs in M81, 62 of which were newly confirmed bynselves. Combined with
another 34 GCs from Brodie & Huchra (1991), Perelmuter gt18195), and Schroder et al. (2002),
Nantais & Huchra (2010) presented a catalog of radial ve&scfor 108 GCs in M81. Based on
this catalog, Nantais & Huchra (2010) studied the rotatinean velocity, and velocity dispersion
of M81 GCs, and presented a conclusion that the M81 GC syssenwdiole shows strong evidence
of rotation, withV,. = 108+ 22 km s~' (a deprojected rotational velocity) overall. In this papes
will present more evidence of rotation in the M81 GC system.

Figure 6 shows the positions of 108 GCs in M81 with respedi¢oM81 disk. Using the max-
imum likelihood method of Pryor & Meylan (1993) (see also Wak 2009, for details), we find a
mean line-of-sight velocity for the full GC sample @ff = —24+14km s~!, somewhat higher than
the systemic velocity of M31p) = —344+4km s~—! (de Vaucouleurs et al. 1991). The GCs have an
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Fig.6 Positions of the 108 M81 GCs. The large ellipse is fhg boundary of the M81 disk from
de Vaucouleurs et al. (1991).
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Fig.7 Errors of the measured velocities of M81 GCs versus galaatoic radial distance.

overall velocity dispersion af,, = 142+11 km s~ . In addition, the mean value of the radial veloc-
ities and the velocity dispersion are derived tabp= —22+25km s~! ando, = 153115 km s~*
respectively using the biweight location and scale of Begér. (1990). The kinematics of metal-
rich and metal-poor GC populations will be discussed latethis section. First we examine the
global kinematic properties of the M81 GCs.

Figure 7 shows the errors of the measured velocities of M8& @Csus a galactocentric radial
distance. From Figure 7, we cannot find evidence that the mears for the measured velocities are
larger in the inner region where the background level is @ighan that in the outer region of M81.
Figure 8 displays the radial velocity histogram for 108 GiCappears that the velocity distribution
for all GCs is roughly symmetric with respect to the mean gaitithe radial velocities.
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Figure 9 presents the spatial distribution of M81 GCs witkitineasured radial velocity. Here
we adopted as the systematic velocity of M31, the value ddrivsing the maximum likelihood
method of Pryor & Meylan (1993)v) = —24 4+ 14 km s~ . In Figure 9, we present the radial
velocities for M81 GCs versus the projected radii along ttegamaxis (X) and minor axisY’). A
linear least-squares fit, passing through ¢ — (v))=(0, 0), along the major axis resultsin- (v) =
(—11.8 +2.7) X km s, and passing through(v — (v))=(0, 0), along the minor axis results in
v—(v) = (—0.38+£5.0) Y km s~ !, whereX andY” are in units of kpc. The large value of the slope
betweenv — (v) and X indicates a strong rotation of the M81 GC system around th®mnaxis,
while the small value of the slope between- (v) andY indicates no significant rotation around
the major axis.
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Fig.10 Quantitative assessment of rotation in M81 metal-rich (MRYJ metal-poor (MP) GC sub-
samples based on projected galactocentric radiy$. (

Table1 Kinematics of M81 Globular Clusters

Spatial Group Usys Oveys Urot 0o Number
(kms1) (kms1) (kms1) (deq)

Ry, < 4kpc

MR.......... —50.85 +£31.76  152.07+22.80 128 £27 102.50 + 19.05 24

MP.......... —5.85 £ 30.19 149.64 + 21.51 40 £ 56 0.92 +69.90 26

2kpc< Ry, < 6kpc

MR —39.02 +£28.72  148.324+28.72 141+ 15 119.00 + 18.16 28

MP.......... —69.12+20.69 111.89 £ 14.95 35+ 28 —8.20 £+ 54.86 33

3kpc< Rp < 7kpc

MR.......... —31.77 £30.23  138.274+22.37 138 £18 118.60 + 13.06 22

MP.......... —29.52 +27.08 127.30 £ 20.81 29 +40 184.78 4+ 163.35 25

4kpc< Ry, < 8kpc

MR.......... —40.97 £ 33.98  127.58 £ 25.49 84 £21 116.01 £ 43.54 15

MP.......... —43.15 + 32.67  133.62 £ 25.43 21 +39 125.99 4 340.47 19

Ry > 8kpc

MR.......... —34.03 £48.97 104.72 +42.02 104 £ 27 119.92 £+ 51.11 5

MP.......... 6.06 £ 36.57 125.83 + 28.42 67 £ 42 92.59 £+ 90.44 14

Below, we will look for evidence for differences in subpogtibns in M81 GCs that differ in
their spatial and chemical characteristics. The formuléife rotation curve is = vgys+vy0t Sin(0+
6o), wherevy is the mean velocity of the GC system. The results of our kitéanalysis are
summarized in Table 1. Figure 10 illustrates that rotatsypresent in the metal-rich GC subsample,
while the metal-poor GC subsample shows no evidence fotioata

Table 1 also shows that the most significant difference batwiee rotation of the metal-rich and
metal-poor GCs occurs at intermediate projected galantdceadii. In addition, most of the metal-
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poor GC subsample have poorly constrained rotation axeshawe rotation velocity-to-velocity
dispersion ratios that are consistent with their being sujeg primarily by thermal motion rather

than by rotation. These results are consistent with the lusioms of Schroder et al. (2002) for
M31 GCs.

4 SUMMARY

In this paper, we presented metal abundance propertiesld#184 GCs which consist of the largest
GC sample in M81. We also studied the kinematic propertieth®fM81 GC system. Our main
conclusions are as follows:

(1) The distribution of metallicities is bimodal, with méieity peaks at[Fe/H] ~ —1.51 and
—0.58.

(2) The metal-poor GCs tend to be less spatially concemtthtn the metal-rich ones.

(3) The metal-rich GCs in M81 do not demonstrate a centralhycentrated spatial distribution like
the M31 metal-rich GCs do.

(4) The GCs in M81 have a small radial metallicity gradient.

(5) There is evidence that a strong rotation of the M81 GCesystround the minor axis exists.

(6) Rotation is present in the metal-rich GC subsample, Hritietal-poor GC subsample shows no
evidence for rotation, and the most significant differenesveen the rotation of the metal-rich
and metal-poor GCs occurs at intermediate projected galentric radii.

(7) M81’s metal-rich GCs at intermediate projected radé associated with a thick disk in M81.
This result confirms the conclusion of Schroder et al. (2002)
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