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ABSTRACT

The study of substructure in the stellar halo of the Milky Weas made a lot of progress in
recent years, especially with the advent of surveys like&Slban Digital Sky Survey. Here, we
study the newly discovered tidal tails of the Galactic glabeluster NGC 5466. By means of
numerical simulations, we reproduce the shape, directidrsarface density of the tidal tails,
as well as the structural and kinematical properties of tlesgnt-day NGC 5466. Although
its tails are very extended in SDSS daka 45°), NGC 5466 is only losing mass slowly at
the present epoch and so can survive for probably a furtheblduime. The tidal shaping
through the Milky Way potential, especially the potentifittee disc, is the dominant process
in the slow dissolution of NGC 5466 accounting fgr60% of the mass loss over the course
of its evolution. The morphology of the tails provides a doaisit on the proper motion — the
observationally determined proper motion has to be refimgthif the stated error-margin)

to match the location of the tidal tails.

Key words: Galaxy: kinematics and dynamics — Galaxy: halo — globulastelrs: individual:
NGC5466 — methods: N-body simulations

1 INTRODUCTION

Within the last few years, it has become more and more obvi-
ous that the Milky Way stellar halo is dominated by substruc-
ture, particularly dwarf galaxies, clouds, and tidal taidsta from

the Sloan Digital Sky Survey (SDSS; York et al. 2000) have re-
vealed abundant examples of streams and substructurex&or e
ple,/Belokurov et &ll (2006b) used a simple colourgut r < 0.4

to map out the distribution of stars in SDSS Data Release 5JDR
The “Field of Streams”, an RGB-composite image composed of
magnitude slices of the stellar density of these stars, stidive
overlap of the leading and trailing arm of the well-known Bag-

ius stream and the Monoceros ring very clearly. Also promine
was a new stream, which did not have an identified progenitor,
and was called the “Orphan Stream” [by Belokurov etlal. (2006b
The observational data on the Orphan Stream (Belokurov et al
2007) was used by Fellhauer et al. (2007) to argue that its pro
genitor may be the newly-discovered disrupting dwarf ggalax
UMa Il (Zucker et all 2006).

Tidal tails have proved to be an important diagnostic of
the Galactic potential. Especially the tails of the dissav
Sagittarius dwarf galaxy (see elg. Ibata, Gilmore & Invin94.9
Majewski et al.| 2003; Helmi_2004; Johnston, Law & Majewski
2005%), which wrap around the Milky Way, are an excellentdrac
of the strength and shape of the potential. Fellhauer e2ADE)
have shown with their numerical models that the bifurcatibthe
Sagittarius stream as seen in the “Field of Streams” is ceegbof
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two wraps of the tidal tails and can only be reproduced if tttal
precession is small, i.e. if the Milky Way dark matter halelisse
to spherical.

Extra-tidal extensions and onsets of tidal tails have been
claimed around a number of Galactic globular clusters iremec
years (see e.g. Meylan, Leon & Comhes 2001). The most spec-
tacular and convincing discovery remains the long and thih t
from the disrupting globular cluster Pall5 (Odenkirchenl £2@01 ;
Rockosi et al. 2002; Odenkirchen etial. 2003). The tails rekat
least4 kpc from the cluster in the leading and trailing directiomlan
contain more mass than the remaining cluster.

Recently, two different groups|_(Belokurov ef al. 2006a;
Grillmair & Johnsonl 2006) claim to have detected tidal taifs
various extents around the disrupting globular cluster N8366.
This is an old, metal-poor ([Fe/H] —2.22) cluster, lying at
Galactic coordinates = 42?15, b = 73759. In|Belokurov et al.
(2006a), the observed tails of NGC 5466 are not as long as
those of Pal 5, stretching abo2t or 500 pc in either direction.
Grillmair & Johnson|(2006) reported afterwards that theynfd ev-
idence for a much larger extension of the tidal tails of NGG&4
They claimed that the leading arm extends oveB0 degrees and
the trailing arm extends at leaki degrees, before it leaves the area
covered by SDSS. This finding makes the tails of NGC 5466 even
longer, but much fainter, than the tails of Pal 5. The aim ofma+
per is to confront these claims with theoretical expectatas well
as to study the survival of the tails.

The following data for NGC 5466 are taken
from various sources in the literature| (Harris __1996;
Dinescu, Girard & van Altena 1909; Lehmann & Scholz
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Figure 1. Comparison of the Galactic potentials. Left: Circular oitp
of the ML (solid, black) and DB (dashed, red) potentials. Afgotted is
the enclosed mass (right hagebaxis) of the ML (dotted, green) and DB
(long-dashed, blue) models. Both potentials have the saméar velocity
(220 kms~1) at the solar radius. Right: Gravitational potential in thec
plane for the ML (dashed) and DB (solid) models. Also showthésgrav-
itational potential along the-axis at the solar radius for the ML (dotted)
and DB (long-dashed) models. Even though the potentiakeagell in the
innermost part, the ML potential is much steeper in the opets.

1997; [Pryoretal.l 1991). The central surface brightness is
21.28 magarcsec?. The total luminosity isMy = —6.96 mag
and the mass-to-light ratio as given by Pryor etlal. (1991 is.
Using these values, we derive a total mass of about10* Mg.
The core radius has values ranging frdinl to 7.6 pc; the
half-mass radius ranges fror.4 to 13.1 pc. The most substantial
differences in the literature occur for the tidal radiusréjevalues
are spread betwedil and158 pc. We use this data as constraints
on our numerical simulations. Our aim is to access possible
initial models of this globular cluster and analyse its Bitgband
evolution in different sets of Milky Way potentials.

In the next section, we describe the setup of our simulations
— namely, the choice of Galactic potential models, the oobit
NGC 5466 and finally the initial model of the cluster itselhi§
is followed by a study of the relative importance of two-body
relaxation and disc shocking in Sectibh 3, justifying oue g
particle-mesh simulations in this paper. Then, in Sedfibnvé
present simulations that reproduce the shape, extent afatsu
density of the tidal tails detected by Belokurov et al. (26)0&nd
Grillmair & Johnson [(2006). The properties of the remnand an
shown to correspond to the present-day NGC 5466. Finallgxwe
amine how the tidal tails change as a function of the proparamo
and hence orbit.

2 SETUP
2.1 Galactic Models

Dynamical friction does not play a significant role in the lexion

of a low-mass star cluster. So, we are able to model the Galact
tidal field as a smooth and analytic background potential.tFe
Galactic potential, we use one of two standard models. Thke fir
(hereafter ML from (M)iamoto-Nagai + (L)ogarithmic hal® &
superposition of three components. The halo is represénteal
spherical logarithmic potential of the form

7,,2
ﬁ )

with vo = 256 kms* andd = 12 kpc (andr is the spherical
radius). The Galactic disc is modelled by a Miyamoto-Nagai p

1
Dhato(r) = 51}3 In <1 + @

tential:
G My

\/R2+(b+\/m)27

with My = 10 Mg, b = 6.5 kpc ande = 0.26 kpc (whereR
and z are cylindrical coordinates). The bulge is represented by a
Hernquist potential

oM,
r+a’

usingMy, = 3.4 x 10'° Mg anda = 0.7 kpc.

For comparison, we also use the Galactic potential suggeste
by|Dehnen & Binneyl(1998) and hereafter denoted by DB. It con-
sists of three disc components, namely the ISM, the thin had t
thick disc, each of the form

54 e (_& _ R
224 R Rq
With R, = 0, Eq. [4) describes a standard double exponential disc
with scale-lengthR,4, scale-heighty and central surface-density
Y4. For the stellar discsRR,., is set to be zero, while for the ISM-
disc, we allow for a central depression by settiRg, = 4 kpc
(Dehnen & Binney 1998). In addition to the the disc potentis
use the analytic potential corresponding to two spheraldakity
distributions for the halo and the bulge in the form

) )

m\ —Y . m\7—8 m2
() (+5) e (=7
where
(6)

/ 2
m = R2+z—2.

We choose the parameters of our DB model according to the best
fit model 4 in the paper of Dehnen & Binney (1998). In Kiy. 1, we
compare the two potentials. For both, the circular veloeityhe
solar radius i220 km s™*. However, the ML model contains more
mass within a given radius than the DB model.

(I)disc (R7 Z)

)

(I)bulgc (T)

®)

paisc(R, 2) (4)

p(R, z)

2.2 Initial Model and Orbit for NGC 5466
As a initial model for the star cluster, we choose a Plumm@t 1]
sphere:
—5/2
3Mp r?
47ng1 R;2>1

with Ry, being the scale-length of the Plummer sphere, which is
identical to the half-light radius, andl/,; the total mass. This is a
fairly good representation of a star cluster, especiallpung one.
However, due to tidal shaping and internal evolution atlstages,
alKing (1966) model usually fits the photometric data beffae
advantage of a Plummer model is that all physical quantéies
analytically accessible.

The initial Plummer model has a half-light radius 1f pc,
an initial mass of7 x 10* Mg and is represented by0® parti-
cles. The numerical set-up of the particles is performedgutie
algorithm of| Aarseth, Henon & Wielen (1974). We checked that
our initial model is able to survive for a Hubble time by com-
paring our initial configuration with the dissolution timgs/en
in Baumgardt & Makino|(2003) (see their fig. 3). As the orbit of
NGC 5466 is most of the time located far out in the halo, it is
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Figure 2. Comparison between the two orbits using the observatipia
termined proper motion. Left side (red): flipped orbit in thB potential.
Right side (black): orbit in the ML potential. The orbit withe revised
proper motions in the ML potential is shown in green with afisaft of
+60 kpc.

well represented by the uppermost lines in Baumgardt & Makin
(2003), giving us a dissolution time of a few Hubble times.

To determine the orbit of NGC 5466, we use the positions
and proper motion from the literature (Hairis 1996; Dinestal.
1999), namely:

a = 14" 05™27%3 = 211936
5 = +28°32" 04" = 28753
Dy = 159kpc
tacosd = —4.65=+0.82 mas y]rf1
us = 0.80 £ 0.82 mas yr*1
Vrad = 119.7kms™".

Its Galactocentric distance Bcc = 16.2 kpc. We transform the
positions and velocities into a Galactocentric Cartes@ordinate
system and integrate a test particle back in timelfo/iGyr. This
endpoint of the backward-integration is then the startiogjton of
our initial model. Even though the two potentials are quibeilar

in the innermost parts, the orbits differ in terms of perggdicon,
apogalacticon and number of disc crossings. In the DB piatent
the Galaxy is less massive in the outer parts, so the cluster ¢
reach an apogalacticon 8ft kpc, while in the ML case, it only
reache$7 kpc. The perigalactica afgand6 kpc, respectively. In
Fig.[d, the shape of the orbits in th&z-plane is plotted (for the
DB model, we flipped the radial coordinate onto the negatigte s
to aid visibility).

3 JUSTIFICATION OF PARTICLE-MESH SIMULATIONS

To simulate the evolution of the tails of NGC 5466, we use the
particle-mestBuperbox package (Fellhauer etlal. 2000). A particle-
mesh code has the great advantage that we can use millioagief p
cles (which represent equal-mass phase-space elemémstran
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Figure 3. Bound mass versus time. Results of the NBODY 4 simulations in
comparison with theSuperbox particle-mesh simulations. The uppermost
curve is the bound mass in ttfgiperbox simulation. The results of the
NBODY 4 simulations have been shifted downward0byand1.0 times

10* M, respectively for clarity. The middle curve (green) sholestesult

of the NBODY 4 simulation neglecting stellar evolution amgvést curve
(blue) shows the result of the NBODY 4 run with stellar evimot Shown

are also the linear fitting lines to the NBODY 4 results (daskees).
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Figure 4. Mass-loss at one perigalacticon and disc-passage of thielgar
mesh simulation in a more detailed time resolution. Thecflparabolic
curve shows the distance to the centre of the MW with the fisktck)
vertical line showing the time of perigalacticon. The sat@red) vertical
line shows the time of the actual disc crossiag= 0). The (green) curve
together with the right ordinate shows the evolution of tberd mass. It
is visible in this figure that the mass-loss ceases afteggladticon and
turns into a steep mass-loss at the disc crossing. But assindive in-set
(vertical lines are the same as in the main figure) the totalsahass at this
combination of perigalacticon and disc passagé fenes larger than the
steep mass-loss caused by the actual disc passage.
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Figure5. Mass-loss of NGC 5466 in the DB potential (left panel), in ke potential (middle left panel), in the ML potential witheéhrevised proper motions

(middle right panel) and in the halo only potential (rightp8.
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Figure 6. Contour plots of the tails (the model contours have loganithspacing). The solid green line shows the actual orbét;réid circle the size of the
actual tidal radius. Top left: Observations using SDS$ blplBeov et al. [(2006a). Top right: Simulation using the DBegtial. Lower left: ML potential.
Lower right: ML potential combined with the revised propeotion. The tidal tails in the ML potential are more prominémn the those in the DB potential
due to the higher mass-loss. In all models, tails and orblidgreen line) are almost aligned. In both the top right bottom left cases, the very inner tails
are closer to the Galactic Centre in the leading arm and aweay the Galactic Centre in the trailing arm. This is the otlvay round in the observations. In
the lower right panel, the revised choice of proper motiongq. [11) is used. Now the tails are a better match to the e@i$ens (compare the tails close to

the cluster with the dashed line, which shows the 'old’ @iqitath).

single stars) and trace the faint tails very accurately. él@x such
a code is often not suitable for simulations of globular @ts, be-
cause it neglects the internal evolution due to two-bodgxaion
completely.

The reason whyBuperbox is nonetheless a valid method for
the modelling of NGC 5466 is understood on examiningghea-
rameter|(Gnedin, Lee & Ostriker 1999):

/8 tshock ’ (8)

Here,t..1ax denotes the relaxation time-scale, which amounts to
3.9 Gyr for our initial model and te- 3.4 Gyr for the present state
of the globular cluster. Additionally,nocx denotes the disc shock
time-scale, which is the time-scale on which the clusteesbyed
by disc shocks. Using the formula fram Gnedin etial. (1999, w

trelax

have

3 vzwﬁ
—P, isc™ 5 >
4 ¢ g2
wherePq;« is the period of the disc crossingsis the velocity with
which the object crosses the disg, denotes the ratio of velocity
dispersion to half-mass radiug of the object and finally., is the
acceleration perpendicular to the disc. Using our simofatata,
we derive a disc shock time-scale of abaud Gyr. This gives a
B = 0.03 £ 0.01, which holds for both Galaxy models within the
errors. The concentration

log (Tndal)

Th
of our initial model and the star cluster today is in the omfamity.

)

tshock

c (10)



If we now place our initial model in fig. 13 of Gnedin et al. (F99
we see that it falls in the regime where shocks are more irapbrt
than internal evolution, but also in the regime where thedtester
survives for a Hubble time. Still, the location of our modetlose
to the border-line (at =~ 1itis 8 = 0.01) where internal evolution
becomes dominant. It is interesting to compare NGC 5466 tivith
well-studied case of Pal 5, which has= 0.6 and3 = 10. Pal 5
will most likely be destroyed at its next disc crossing (Dehet al.
2004). By contrast, NGC 5466 has a good chance of surviviag ev
for the next Hubble time!

To demonstrate that the internal evolution has no majocgffe
we perform two N-body simulations with0® particles in the ML
potential using NBODY4| (Aarseth 1999) and compare toShe
perbox results. In the first simulation, we use an equal mass for all
particles and neglected stellar evolution. In the secomalilsition,
we adopt a mass function which is present after the initiakphof
violent mass-loss caused by the evolution of high mass €fiest
few tens of Myr). In practice, this means anotl28r% has to be
added to the initial mass to account for the mass-loss due-to s
pernovae, and stellar winds, as well as the stars which becom
bound due to this mass-loss. For the remaining stars, séeitdu-
tion in NBODY 4 is switched on. Figuig 3 shows, by extrapaigti
the mass-loss in the direct N-body simulations linearlgt the ad-
ditional mass-loss due to two-body relaxation and stellahgion
amounts at the very most to about one-third of the total nass-
The linear extrapolation of the mass-loss in this mass regsn
justified by appeal to the work of Baumgardt & Makino (2003). |
other words, disregarding the initial mass-loss when thedts-
ter blows away its gaseous envelope (which depends mairtlyeon
star formation efficiency) and the violent stellar evolatim the
first few tens of Myr, the dominant cause of mass-loss durirg t
long-term evolution of NGC 5466 is the tidal field of the MW.

Having established that internal disruptive processes t{go-
body relaxation) are of minor importance, we also have to@ib
disc shocks are the major external destruction processh@é/e-t
fore performed a particle-mesh simulation with a halo-qudyen-
tial. The mass-loss in this case amount8 &% of the initial mass
only (see Figlhb right panel). This is a factor @®fess than in the
combined potential case. But this is not yet a genuine protie
importance of disc shocks. As one can see in Eigs. 8land 5 thema
loss happens in short time-intervals like a step functianFity.[4
we blow up one of these short time intervals. The first (blaek}i-
cal line shows the time of perigalacticon while the secoed)line
shows the time when the cluster crosses the dise (). While the
mass-loss due to the tidal field ceases after perigalactieme is
an additional steep mass-loss starting when the clustsepabe
centre of the disc. But shown in the small in-set in Elg. 4 thiss-
loss is about /6 of the total mass-loss at the combined perigalacti-
con and disc passage. The general conclusion is therefairé th
definitely the tidal field of the disc (the perigalacticon islirout-
side the bulge region) which causes the major contributiothe
mass-loss, the actual disc shock when the cluster passegththe
centre of the disc may be not that important. This finding aixal
the rather large time-scale for disc shocks0( Gyr) of the previous
section.

4 TIDAL TAIL RESULTS
4.1 TheTail Morphology and the Proper Motion

One of the advantages &perbox is that it has high resolution
sub-grids, which stay focused on the simulated objects vt
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Figure 7. Left panels: All-sky view of the tidal tails in our simulatis. The
solid green line shows the orbit of NGC 54686, its positionatp@s marked
with a red circle. Right panels: Maximum surface densityiglthe tail. The
sky is cut into square degrees in right ascension and déolinand for each
degree in right ascension the maximum surface density afeallinations
is given. From top to bottom we show the results of the DB, MH &fi
with revised proper motion models.

with them through the simulation area. This is importanttirdg-

ing the morphology of the tenuous and diffuse tidal tailsthivi

the innermost grid, we resolve the globular cluster at alutiso

of 1.7 pc. The grid with medium resolution is chosen to resolve the
tidal tails close to NGC 5466 with a resolution 1.7 pc.

In Fig.[  (first two panels), we plot the bound mass of our
models in two Galactic potentials (DB and ML). In both cadks,
mass-loss is strong in the firdt3 Gyr and then tends to level off
during the later stages of the evolution. The mass-loss islyna-
lated to each disc crossing near perigalacticon and the stags
almost constant during the rest of the orbit. This is the maga-
son why in the DB potential the mass-loss ov@IGyr of evolution
is less than in the ML potential — the star cluster has had rfewe
disc crossings. In the ML potential, the cluster loses ali@u¥%o
of its initial mass, whilst the cluster in the DB potentiallpsuf-
fers a mass-loss df4 % (with a fluctuation of only a few particles
out of 1,000,000). The mass-loss of the ML simulation is inyve
good agreement with the results found in previous studig¢$dmon
(1961) and Lee & Ostriker (1987). However, these mass-toase
only lower limits, as there will be a smaller, but not nedbigi, con-
tribution from internal relaxation effects.

In the top left panel of Fid.]6, we show the data on the tails
of NGC 5466 reproduced from Belokurov et al. (2006a), whaluse
neural networks are used to reconstruct the probabilitgithedis-
tribution. The contours correspond to level curves of eqeaairal
network output and therefore trace the star density. THe &ae
clearly visible once the extragalactic contaminants (pneidantly
galaxy clusters) have been eliminated. The tails exterid on the
sky, corresponding te- 1 kpc in projected length.

In the next two panels of Fi§ll 6, we show the projection on
the sky of our models in the ML and DB potentials aftér Gyr



6 M. Fellhauer et al.

Table 1. Results of the suite of simulations investigating the refabetween orbit and density of the tidal tails. The colume the following numbers: the
absolute value of the proper motion, the proper motion @ndJ, the peri- and apogalacticon distances, the mean densihedéils, the maximum density
in the tails, the extent of the tails, and the final mass of thster in units of the initial mass.

[ ] Ha €OS 8 s Rperi Rapo Y mean Y max Extent  Final cluster
masyr® masyr! masyr? kpc kpc  Mgpdeg? Mg deg? deg mass
4.40 -4.40 0.00 4.9 42.9 30.6 81.5 249 0.74
4.61 -4.60 0.30 5.7 50.8 26.7 60.5 244 0.79
4.72 -4.70 0.42 5.9 57.5 25.5 56.3 244 0.80
4.84 -4.80 0.60 6.4 61.5 23.4 72.6 239 0.83
5.06 -5.00 0.80 7.0 73.0 21.5 54.0 239 0.87
5.30 -5.20 1.00 7.4 88.1 19.1 47.0 230 0.89
5.60 -5.45 1.30 8.0 116.9 14.9 31.6 224 0.92
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Figure 8. Simulations with different proper motions. The rows shoanirtop to bottom: the projection of the tidal tailsanandd, the distance distribution of
the tails vs« and finally the surface density of the tails ws.The columns show first the simulation with the smallest nitage in proper motion, our best
fitting model and finally the model with the highest magnitad@roper motion.

of evolution. Both models show faint tidal tails, which mhatihe
general shape of the contours well. However, one importzat f
ture of the data is not reproduced — the leading and traitilg are
well-aligned with the proper motion vector. This contragith the
data, in which the inner parts of the leading tails are sljghe-
low the proper motion vector, whilst the inner parts of thailing
tails are slightly above. However, the observed proper onstare
not well determined and have large error-bars, so one pligsib

is that the proper motion of NGC 5466 should be either larger i
right ascension or smaller in declination than the valuesrgin
the literature (e.g. Dinescu et al. 1999) to match the oleskemis-
alignment. We confirm this result by running another simatat
with slightly changed proper motions, namely

Lo COS O —4.7 mas ylf1

o (11)

0.42 mas yrfl.



This orbit gives a perigalacticon &f9 kpc and an apogalacticon
of 57.5 kpc. Although the change in proper motion does not make
a significant difference to the mass-loss rate, as showreinigint
panel of Fig[h, it does improve the match with the locatiomhaf
observed tidal streams much better, including the misaligmt. In

the lower right panels of Fidll 6, we see that the inner parthef
leading tails are now slightly below the old proper motiomtes,
whilst the inner parts of the trailing tails are now slighglyove.

4.2 TheTail Densities and Extent

Fig.[d shows all-sky views of the tidal tails, together witndity
profiles obtained by counting particles. The surface dgmdithe
tidal tails falls off along the innermost tails very steeplyd stays
at a very low density 0R0-50 M deg 2 throughout the tails.
These low densities are very hard to detect, even in sunikgs |
SDSS| Grillmair & Johnsor (2006) found long, almost linead a
very tenuous tidal extensions to NGC 5466 using a matched fil-
ter. Although these extensions are hard to see in the SD$S dat
they do receive some support from the simulations presdraesl
The tails of our model with the revised proper motion extenero
~ 100° on the sky. Grillmair & Johnsomn (2006) claim that the aver-
age density of the tails is abol—20 stars deg?, which is also in
good agreement with out estimate. Interestingly, at thetpehere
Grillmair & Johnson|(2006) start to loose track of the legdamm,
our model is close to its apogalacticon and the tails areaspoet
much wider than is the case close to the cluster.

Although our simulation with the revised proper motion pro-
vides a good representation of the data, it is clearly nogusi
In particular, it is interesting to understand the varietyidal tail
morphology for NGC 5466, especially as forthcoming deeer p
tometry will provide stronger constraints on the modellidg-
cordingly, we perform a suite ofuperbox simulations to inves-
tigate how the choice of proper motion influences the mass-lo
and hence the properties of the tidal tails. As a constraiatonly
used proper motions which are within the error range of the ob-
served value (Dinescu etlal. 1999) and also require thatrthitab
path near the cluster aligns with the tails found by Belokebal.
(2006a), i.e., have the same projected orbital path as Ginedeset
of proper motion. All-sky views of selected simulations ahewn
in Fig.[8 and show significant differences in the morphologg the
properties of the tails. Tablé 1 gives the parameters antethdts
for the entire suite of simulations.

The number of degrees in right ascension over which the tail
is detectable represents a measure for the length of tiee Tdik
mean density of the tails is calculated in the following wie
examine one degree in right ascensioand search for the highest
surface density in the tails for each degree in declinagioRrom
these values, we compute the average surface density eventhe
of right ascension for which the tails are present. The marim
density given in the table is computed from the square dexfrése
tails with the highest surface density. Effects of varyingtahces
are not taken into account. Table 1 shows clearly that theeclihe
orbit is to the Galactic centre the more severe is the masssdond
the higher is the density in the tails.

4.3 TheRemnant NGC 5466

Let us consider the internal properties of our remnant efust a
representative simulation. We choose the one which useMlthe
potential and the revised proper motions, shown in the logt
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Figure 9. Left: Surface density distribution of our model of the
NGC 5466 remnant. Left ordinate showsz\dc™2, right ordinate shows
mag arcsec? using the M/L-ratio from literature of. The inner part is still
well fitted by the initial Plummer profile, while the outer mare better fit-
ted by a steeper power-law with indexd.5. The deviation is visible in the
region from tidal radius at perigalacticon to tidal radiusapogalacticon.
Vertical lines denote the tidal radius now (solid) and at ltist perigalac-
ticon (dashed), while dotted lines mark the grid boundawéh changes
in resolution. Right: Velocity dispersion profile. Greereosquares denote
the 3D velocity dispersion measured in concentric shetisrad the cluster
centre, crosses are the line-of-sight velocity dispersi@asured in con-
centric rings around the cluster centre. Curves show thideud the initial
model. Vertical lines are as in the left panel.

panels of Figl . For this simulation, F[d. 9 shows the su@fden-
sity and velocity dispersion profiles of the final cluster.ofsting
the data from Harris (1996) (updated values from 2003), lirster
has a central surface brightness2af28 mag arcsec?. This is in
good agreement with our simulation, for which the centrafasie
brightness i20.6 mag arcsec?, especially taking into account that
our particle-mesh code neglects internal evolution, whichuld
lead to higher densities in the core. Also, the half-ligldiua in our
simulation is10 pc and corresponds well with the observed values
of 10.4 pc (Harrig 1996) and3.1 pc (Pryor et al. 1991). The actual
tidal radius in our model i§5 pc (using the Jacobi limit as given
inBinney & Tremaine 1987) and is less than tH& pc stated in
Harris (1995) {58 pc) or97 pc inlLehmann & Scholz (1997), but
only slightly larger than the radius ofl pc found by Pryor et al.
(1991). Note that, observationally speakingq.; is determined by
fitting a King (1966) profile to the surface brightness disition,
which does not correspond exactly to the theoretical defmiAc-
cording to our simulations, the tidal radius at the lastgedecticon
was abouBs pc.

While the surface density in the inner parts is not much af-
fected by the mass-loss, the central velocity dispersiordsced
by approximately1 0 %. Also visible is a rise in the line-of-sight ve-
locity dispersion in the outer parts, which starts alreadtiw the
actual tidal radius. This is due to the fact that all linesajht mea-
surements are contaminated by unbound stars streamingninoir
behind the star cluster. While they do not affect the cenviahles
because of their low number, their effect is easily meaderatihe
outer parts where the densities of the bound stars are mue.lo

5 CONCLUSIONS

We have presented numerical simulations of the formatidrean-
lution of the tidal tails of the globular cluster NGC 5466. Vi&ed
direct N-body codes to argue that the evolution of the ctuste
dominated by external effects rather than internal relaratand
then grid-based codes to trace the faint tidal tails. Thisshdy-
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brid approach is well-suited to map out the detailed monpinplof
the low-density tails of NGC 5466.

Naively, we might expect that a low mass cluster with ob-

served and very lengthy tails on a disc crossing orbit wowt n
be able to survive for too much longer. However, simulatibgs
Dehnen et &l (2004) have already shown that the disruptivig g
ular cluster Pal 5 has survived for at least many Gyr in alijelal
dominated and out-of-equilibrium state, although Pal Sophty
will be destroyed at the next disc crossing. Here, we haveodem
strated that a progenitor cluster of NGC 5466, which is gsiite-
ilar to the present cluster, could survive substantialhgler, for at
least a few Hubble times, with its extensive but tenuoud taits
gradually wrapping around the whole Galaxy.

The evolution of NGC 5466 is mainly driven by tidal
shocks at each perigalacticon/disc crossing combina#itthough
not entirely negligible, internal effects (two-body redddon and
evaporation of stars driven by post-core collapsed presess

(Lee & Goodman 1995)) play a much less important role in the

mass-loss. It is this property which allows us to study tHaltiails
using grid-based codes rather than the more cumbersona Nire
body codes. If the observationally determined mass-tat-figtio of
~ 1is correct, then the initial mass of NGC 5466:s7 x 10* M.

By initial mass, we do not mean the embedded mass of the star

cluster at its formation inside a gas-cloud. If the star fation ef-
ficiency is low, a star cluster can lose abeut70 per cent of its
initial mass in stars when the gas gets blown out by high vigloc
winds or supernovae explosions. The rapid stellar evalufdigh
mass stars then adds another extreme mass-les20fper centin
the first few tens of Myr. After this initial phase of rapid éwtion,
the cluster reaches a quasi-equilibrium. This is the sigibint of
our simulations and therefore our initial mass refers te giiint in
time.

Our numerical simulations reproduce the observationaltes
of both groups who have recently studied the tidal tails N@6&%b
with SDSS data. Mapping out the tails close to the globulas-cl
ter,[Belokurov et &l.| (2006a) found that the leading tail ryes
from the side pointing towards the Galactic Centre and nstur
to the orbital path from outside, while the trailing tail emes
from the side opposite to the Galactic Centre and returnigo t
orbital path from within. With our simulations, we showeatlhe
proper motion of the globular cluster has to be smaller ididac
tion and/or larger in right ascension than reported by Dines al.
(1999) to account for the position of the tidal tails. We me@
a new set of proper motiong,, cosé = —4.7 masyr ‘us =
0.42 masyr~' for which the tail morphology is correctly repro-
duced. This differs from the observationally determine@ dy
—0.05 and—0.38 mas yr * respectively. These changes are within
the error margins of the observed proper motié0.82 mas yr*).

The surface density of the tidal tails falls off along the in-
nermost tails very steeply and stays at a very low density0ef

50 Mo deg 2 throughout the tails. These low densities are very

hard to detect, even in surveys like SDS$S. Grillmair & Jolinso
(2006) found long, almost linear and very tenuous tidal exte

sions to NGC 5466 using a matched filter approach. Their work

is supported by the simulations in this paper, which show ttia
very long € 100°), faint tidal tails are expected. The tails in
our simulation have roughly the same surface density asiftyn
Grillmair & Johnson|(2006).

In the future, deeper photometry, radial velocities ancankis
to the GAIA and SIM satellites — proper motions of individstdrs
in the tidal tails may become available. Mapping out thecttme
of the tails of globular clusters and dwarf galaxies willnh@ovide

powerful constraints on the Galactic potential. This waodgether
with the observational papers of Belokurov et al. (2006a)l an
Grillmair & Johnson|(2006), has shown that NGC 5466 is a prime
target for such studies of cold streams. Its tidal tailsugiofaint,

are the longest so far claimed for any Milky Way globular tdus

Acknowledgements. MF and VB are funded by PPARC. MIW ac-
knowledges support from a Royal Society University Redebsd-
lowship. We thank W. Dehnen for providing his Galactic paiggn
code and R.Spurzem and H.M. Lee for useful comments. Thetdire
N-body simulations were performed on the GRACE supercoerput
at ARI-ZAH Heidelberg funded by Volkswagen Stiftung 1/80104
043 and the State of Baden-Wrttemberg, using GRAPE hasdwa

REFERENCES

Aarseth S.J., 1999, PASP, 111, 1333

Aarseth S.J., Henon M., Wielen R., 1974, A&A, 37, 183

Baumgardt H., Makino J., 2003, MNRAS, 340, 227

Belokurov V., Evans N.W., lIrwin M.J., Hewett P.C., Wilkinso
M.l., 2006a, ApJL, 637, L29

Belokurov, V., et al. 2006b, ApJ, 642, L137

Belokurov, V., et al. 2007, ApJ, 658, 337

Binney J., Tremaine S., 1987, 'Galactic Dynamics’, Princet
University Press

Dehnen W., Binney J., 1998, MNRAS, 294, 429

Dehnen W., Odenkirchen M., Grebel E. K., Rix H.-W. 2004, AJ,
127, 2753

Dinescu D.l., Girard T.M., van Altena W.F., 1999, AJ, 117927

Fellhauer M., Kroupa P., Baumgardt H., Bien R., Boily C.M.,
Spurzem R., Wassmer N., 2000, NewA, 5, 305

Fellhauer M., et al., 2006, ApJ, 651, 167

Fellhauer M., et al. 2007, MNRAS, 375, 1171

Gnedin O.Y., Lee H.M., Ostriker J.P., 1999, ApJ, 522, 935

Grillmair C.J., Johnson R., 2006, ApJL, 639, L17

Harris W.E., 1996, AJ, 112 1487

Helmi A., 2004, ApJL, 610, L97

Henon M., 1961, AnAp, 24, 369

Ibata R.A., Gilmore G., Irwin M.J., 1994, Nature, 370, 194

Johnston K.V,, Law D.R., Majewski S.R., 2005, ApJ, 619, 800

King I., 1966, AJ, 71, 61

Lee H.M., Ostriker J.P., 1987, ApJ, 322, 123

Lee H.M., Goodman J., 1995, ApJ, 443, 109

Lehmann I., Scholz R.-D., 1997, A&A, 320, 776

Majewski S.R., Skrutskie M.F., Weinberg M.D., Ostheime2.,).
2003, ApJ, 599, 1082

Meylan G., Leon S., Combes F., 2001, in Deiters S., et als)(ed
'Dynamics of Star Clusters and the Milky Way’, ASP Confer-
ence Series, 228, 53

Odenkirchen M., et al. 2001, ApJ, 548, L165

Odenkirchen M., et al. 2003, AJ, 126, 2385

Plummer H.C., 1911, MNRAS, 71, 460

Rockosi C., et al., 2002, AJ, 124, 349

Pryor C., McClure R.D., Fletcher J.M., Hesser J.E., 19911482,
1026

York D.G., et al., 2000, AJ, 120, 1579

Zucker D.B., et al., 2006, ApJ, 650, L41



	Introduction
	Setup
	Galactic Models
	Initial Model and Orbit for NGC 5466

	Justification of Particle-Mesh Simulations
	Tidal Tail Results
	The Tail Morphology and the Proper Motion
	The Tail Densities and Extent
	The Remnant NGC 5466

	Conclusions

