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Abstract. ESAs Global Astrometric Interferometer forl. Introduction
Astrophysics (GAIA) holds the promise of mapping out thﬁ“i
detailed phase space structure of the Galactic halo by providm
unprecedented annual proper motion and parallaxof uas . . X .
astrometric accuracy (Gilmore et al. 1998). Unlike NASASASS by accreting smaller infalling galaxies. They are oft

Space Interferometry Mission (SIM), which will achieve simi-raced by luminous horizontal and giant branch (HB and G

lar accuracies but is a pointed instrument, GAIA will be able t%tars outside the tidal radius the satellite, by which we me

construct a global catalogue of the halo. Here we study pro%—l}rher a dwarf galaxy or a globular cluster in the Galactic p

gal streams in the Galactic halo are a natural prediction
rarchical galaxy formation, where the Galaxy builds up i

motions of giant branch stars in a tidal debris torn from a sm ntial. These extra-tlc_ial stars haw_e been seen for the Sagitta
. : : warf galaxy (Ibata, Gilmore, & Irwin 1994) and for other dwar
satellite system in the halo. We follow the evolution of a col

stream on a polar orbit between 8-50 kpc in a variety of historigalax'es and globular clusters (cf. Grillmair et al. 1998, Irwi

of the Galactic potential, and observe the bright{ 18mag) SHatzidimiFriou 1995) as a _result of ti_daI stripping, shockin
members of the debris tail with GAIA accuracy. We simulat@’ evaporation. That extra-tidal material (stars or gas clou
: traces the orbit of the satellite or globular cluster has long be

effects due to the growing or flipping of the Galactic disk ov rnaown o be a powerful probe of the potential of the Galaxy i

the past 4Gyrs or the perturbation from a massive accre ﬁe halo, and has been exploited extensively particularly in t
lump such as the progenitor of the Magellanic Clouds. Our X P yP y

simulations suggest that the results of Johnston, Zhao, Spe?aéﬁg of _the Magellanic Clouds and Magellanic Stream and t
& Hernquist (1999) and Helmi, Zhao & de Zeeuw (1999) fo agittarius dwarf galaxy.

static Galactic potentials are likely to be largely generalizahFI%e

to realistic time-dependent potentials: a tidal debris remai

cold in spite of evolution and non-axial symmetry of the™ : . . .
otential. GAIA proper motion measurements of debris stavrvs',th an orbit or more accurately a simulated stream in a giv
P tential. Johnston, Zhao, Spergel & Hernquist (1999) sh

might be used to probe both Galactic structure and Galac]| L . .
that a few percent precision in the rotation curve, flattening a

Helmi, Zhao & de Zeeuw show that streams can be identifi
as peaks in the distribution in the angular momentum spa
easurable with GAIA. Once identified, we can fit a streal

and parallax data from GAIA, and contamination from randonl
field stars. We conclude that nearby, cold streams could be
tected with GAIA if these cousins of the Sagittarius stream exi

a [feam 20 kpc from the Sun. In particular, they show that th
S(iurly large error in distance measurements to outer halo st
presents no serious problem since one can predict distan
theoretically using the known narrow distribution of the angul

celestial mechanics, stellar dynamics . . . .
y are very encouraging since they show that it is plausible t

learn great deal about the Galactic potential with even a sm
sample of stream stars from GAIA. Some unaddressed iss
include whether stream members will still be identifiable i
angular momentum in potentials without axial symmetry, a
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the robustness of both methods if the Galactic potential evolves 60 | ]
in time. - 8
Here we illustrate the effects of including a realistic evo- r 7
lution history of the Galaxy’s potential. The simulations are 40 B l
observed with GAIA accuracy. We discuss whether bright stars L i
in a stream might still be identified using the 6D information - ]
from GAIA. 20 7
2. Streams in realistic time-varying potentials EL o B )
2.1. Evolution of the Galactic potential ™ i i
To simulate the effect of the evolution and flattening of the i 7
potential on a stream, we will consider a satellite orbiting in —20 B i
the following simple, flattened, singular isothermal potential L ]
O(r,0,t) : |
— 40+ _
Og(r,0,t) = V@ | A logr + % cos 29} , Q) ‘
where -60 \ \ \ \ \
ot -60 —40 -20 O 20 40 60
As(t) =1 — €0 +€(t), €(t) = o cos Te (2) X kpc

This model simulates the effect that the Galaxy becomes mé&ig- 1. Simulated orbit of the parent satellite and the released stream of
massive and flattened in potential as it grows a disc. It is tim@Rout 100 giant stars in a potential model with a growing digc The
dependent but maintains a rigorously flat rotation curve at &-‘Ifllactic center is marked by a cross. We assume that the parent satellite

radii, where(r, 0) are the spherical coordinates describing ¢ totally disrupted 4 Gyrs ago at a pericertiége (Sun's mirror im-

. . . . age point) and moving south (down) with a velocd80kms™!. The
radius and the angle from the North Galactic Pols, defined stubby debris tail shortlyo(3 Gyrs) after the disruption is also shown

,SUCh that = 0 would be.the presgnt epoch. The t'me'eVOIUtfofagether with the well-developed tidal tail 4 Gyrs later; the center of
is such that the Galactic potential grows from prolate at timge sateliite circles around like the arms of a clock, with its position at
t = —T/2to spherical at timeé = —T /4, and then to oblate gifferent epoch is indicated by the long arrows.

att = 0; a more general prescription of the temporal variation

might include a full set of Fourier terms.

We adopt parameters Johnston (1998) showed that a satellite on rosette orbits in

_ o the outer halg> 20kpc leaves behind a nice thin spaghetti-like
Vo = 200kms, € = 0.1, ®) tail. Helmi & White (1999) put their satellites on plunging orbits
for the present-day circular velocity, and the flattening of thehich come within the solar circle, and found that they become
equal potential contour of the Galaxy respectively. A small colder in velocity space, but very mixed in the coordinate space
guarantees a positive-definate volume density of the model after evolving for a Hubble time. While the cold, linear struc-
erywhere at all time. We séf; /4 = 4 Gyr, a reasonable time tures seen in Johnston’s simulations are ideal for studying the
scale for the growth of the Galactic disc. potential, these stars at large distance are likely too faint for

We have also considered Galactic potentials with a flippifgAIA except for those high up on the tip of the giant branch.
disc and with a massive perturber (Zhao et al. 1999). The results Our choice of the pericenter of the satellite is somewhere in
are gualitatively the same. In the following we will illustrate oubetween previous authors. We concentrate on satellites which
points with the potential with a growing dige. fall in and are disrupted recently (about 4 Gyrs ago, well after
the violent relaxation phase) and maintain a cold spaghetti-like
structure. We put the satellites on relatively tight orbits but which
lie outside the solar circle (pericenter of about 8 kpc and apoc-
Following Helmi & White (1999), we assume that the particlesnter of about 40 kpc) such that the bright member stars in the
in the disrupted satellite are initially distributed with an isotropistream are still within the reach of detectability of GAIA. Such
Gaussian density and velocity profile with dispersifnskpc streams typically go around the Galaxy less than 5 times since
and4 kms™! respectively. These particles are released instanttisruption, and are typically far from fully phase-mixed. The
neously at the pericentg@kpc from the centet Gyrs ago. These morphology of a simulated stream in the potential described in
parameters might be most relevant for satellites such as the g1 is shown in Fig. 1, where the orbit of the disrupted satellite
genitor of the Sagittarius stream. We simulate observationsi®thosen so that the released stream stays in the:pofaane,
mock data of 100 bright Horizontal Branch stars convolved witlthich passes through the location of the Sun and the Galactic
GAIA accuracy. center; thexyz coordinate is defined such that the Sun is at

2.2. Evolution of the satellite
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where the potential varies linearly on a time sc¢alérom spher-

<. . . !
£ 4 1 ical attimet = —t¢ to a present-day = 0 flattened potential
o 3 3 withauniformrazor thin disk in the = 0 planejg is the surface
g 2 3 % 3 gravity of the disk. Assume the two particles are released fr
S TF 7 the satellite with a slight initial energy differenc®;, which
o OF 3 causes them to drift apart in orbital phase. Given enough ti
E 3.6 3.8 . 20‘85 , 42 4.4 the initial phase-bunching of the stream particles should all
o ( m/s) dispersed away as a stream can develop tails that wrap aro
o 020F : the sky. More generally, we lét;,(A;) be a timescale for the
S ON0E ook < two particles to drift sufficiently apart and become out of pha:
< 0.00 7 7 with each other. The two particles’ energy differefiég — E )
X _0.10E 3 atthe present epoch= 0 is then readily computed from
W E
[ —0.20¢ H H E 0
O(Py— @ t
= i 1 Ex—Er = AH—/ dti( 28 ) _ AH‘(ph) £9%max; (5)
05F - e ! fo
L >5< X 4
- % R 1 wherez,. is a typical scale height for the orbit, and the di
n [ xx00K RO OO | mensionless factor
ﬁu 0.0 %%% |
> I ’ ] e ||
i % 1 E=—[dt(m—m), 0<n= <1 (6)
L Xé&% | ph J—tg Zmax
-0.5F x x X% . . o .
- ] Interestingly the factaf is of order unity if not smaller. This
[ ‘ ‘ ‘ 1 is because; — 1, should take any value between -1 and 1 wit
-50 0 50 equal chance once the two particles are completely out of ph
latitude® Hence, we are integrating over an oscillatory functioniafthe

Fig. 2. The lower panels show the angular momentum and energyalJﬁé‘ge_tG +ipn 21 Z 0. This limits | _at_ the upper end.
the stream simulated in the same time-varying potential as in Fig. 1. 1€ above equations suggest that: (i) The spread of ene

J. andE, are the present values for the center of mass of the stre#10Ng particles is proportional to the change of the potenti
The top panel shows how most (70%) stars in a stream evolve in thehereg of the disk: particles stay on the same orbit for a stat
energy vs. angular momentum plane. Each short line segment is pladential. (i) If the change of the potential is abrupt, e.g., lik
distribution at an epoch; the present epoch is marked by the crosgestep-function, then the energy spredth — F1) ~ A; +
We advance the stream in steps of alialit Gyr from 4Gyrs agoto g [|2,| — |24]] is roughly proportional to the separation of th
present. particles at the time of change. Adjacent particles with —
z2) < zmax Should also be adjacent in the energy space. T

kind of sudden change of potential might be relevant for gala

) formation models with minor infalls on the orbital time scale|

x = —8 kpc andy = z = 0. We can see (cf. Fig. 2) that by jij) | the potential grows slowly, e.g., adiabaticly witig; —

and large the energy of particles across each stream is spreagd, then we expect only a very small spread in the energy spa

out only in a narrow range at each epoch in the three models; <tph) - . i
the same holds but to a lesser extent for the angular momgﬁ_greaterthamlH i ) (97max). ThiSis consistentwith the

tum vectorJ. This implies that stars in the stream are largerdumentthatenergy differences betweeninitially similar orbi

coeval even in the presence of realistic, moderate evolution8f1@in small because of adiabatic invariance of the actions
the Galactic potential. The energy and angular momentum@iQits (@s explicitly shown in the spherical case by Lynden-B

also modulated with particle position in a sinusoidal way acro&-ynden-Bell 1995).
the stream, an effect which in principle can be used to infer the

evolution rate of the Galactic potential and the flattening of the4. Accuracy of parallax and radial velocity from GAIA

potential. , . . .
Fig. 3 shows the stream in various slices of the 6D phase sp

) observable by GAIA. One of the challenges of using strea
2.3. Some analytical arguments to constrain the potential is the measurement errors of pro

_ . ; . . , '
To understand the above results analytically, let's follow tHBOUON (u in pasyr™"), parallax ¢ in pas), and heliocentric

energy evolution of two particles (1 and 2) in an extremeg"d'al velocity ¢/ in kms™), particularly of the latter two.
simplified evolution history of the Galactic potential or HB stars, the errors are functions of parallax. We find th

this simple formula

t+ta
®(r,0,1) = Vi logr — gl2| o (4)  Err[r] = 1.6Err[y] = Exr[V,] = 5 + 50(50/7) ", ©)
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_ 2000 than photometric parallaxes only withld kpc (r > 100 uas,
s V < 16mag.) because of rapid growth of error bars with mag-
31 0 Ve nitude of a star.
o ) Fortunately, a “theoretical” parallax and heliocentric veloc-
= 5000 ity can be predicted to a good accuracy assuming roughly con-
~5000 0 5000 5000 0 5000 Stantangular momentum and energy, i.e.,

1

My pasyr V2
J=rxV~cst., E~ (200kms ) 2logr+ -5 "~ cst..(8)

Here we pretend that the Galactic potential is the simplest spher-
ical, static and isothermal potential, and feed in the accurately
measured proper motions. Surprisingly, these very rough ap-
proximations yield fairly accurate parallaxes (0%) and he-

T *y * X liocentric velocities £ 30kms™') as shown by the narrow

§ 000 7 x 7 bands in Fig. 3; predictions tend to be poorer for particles in the
i 2900k * *;* E center and anti-center directions, where the angular momentum
N % J becomes insensitive to the heliocentric velocity. But overall it
& 2000 F X « E appears promising to apply this method to predict velocities and
R « %Z%t o parallaxes for fainter stars, where the predictions are comparable
“g 1000 ¢ % E to or better than directly observable by GAIA. The accuracy of
- g t these predictions is verifiable with direct observations brighter

200 ¢

members of a stream.

In essence our method is a variation of the classical method
of obtaining “secular parallaxes”. A polar stream with zero net
azimuthal angular momentuni, ~ 0, makes the simplest ex-
ample. Any proper motion in the longitude directioris merely
due to solar reflex motion, so parallaxes can be recovered to
aboutl0 pas accuracy!) from the linear regressien~ |1;|/40
Fig. 3. Mock data of the stream convolved with GAIA accuracy foshown in the top right panel of Fig. 3.
the potential model in Fig. 1. The two small panels at the top are the
proper motion vs. proper motiop{Vvs. ) diagram and the (longitude)
proper motion vs. parallaxu{ vs 7) diagram; the linear regression

—1 B 5 . . . .
lpu| ~200kms™" /D kpc ~ 407 manifests the reflex of the Galactic\ye have run simulations with various parameters for the Galac-

rotation of the Sun and the absence of any azimuthal rotation of a pajaintential and orbit and initial size of the satellite. A somewhat
stream. The lower three panels show the heliocentric radial veloc

. . rprising result is that streams stay identifiable in a variety of
the proper motion, and the parallax across the stream as functions ofthe,. .~ .
latitude, together with their error bars (thin vertical lines); the GAIAS2 IStK_: time-dependent potentlals._ Some examples have been
error bars for the proper motion are typically much smaller than the Sﬁgown inZhao etal. (1999). As atypical case (cf. F_'g' 3)a str_e_am
of the symbols. The narrow bands (heavily lines) show parallax aROWS UP as & narrow feature, clearly traceable in the position-
heliocentric velocity predicted from GAIA proper motions, assuming'Oper motion diagram and the proper motion vs. proper motion
a constant angular momentudi| and approximate energl§ across diagram after convolving with GAIA errors. The narrowness of
the stream; the width of the bands here are computed from the initlaé distribution in the proper motion space argues that stars in
spread off’ andJ. a stream are distinct from random field stars. While extensive
numerical investigations are clearly required to know whether
these “cool” linear features can be used to decipher the ex-
works well in approximating GAIA specifications (Lindegreract evolution history, evolution itself clearly does not preclude
1998, private communications) on errors on parallax, proptee identification of streams. We caution that the structure of a
motion and radial velocity. stream can become very noisy for highly eccentric orbits with
Proper motions will be precisely measured everywhere @npericenter smaller than 8 kpc and/or for potentials where the
the Galaxy. A remarkable feature of GAIA is that it can resolvemporal fluctuation of the rotation curve is greater than 10%.
the internal proper motion dispersion of a satellite. Even a sma@liese noisy structures as a result of strong evolution can be
satellite (e.g. a globular cluster) has a dispersion 4kms™!. challenging to detect.
This means that the dispersion in the proper motion is larger We conclude that tidal streams are excellent tracers of the
than the resolution limit of GAIA for HB stars anywhere withinGalactic potential as long as a stream maintains a cool, spaghetti-
20kpc (r > 50 pas, Err[u] < 40 pas/yr = 4kms ' /20kpc, like structure, in particular, the results of Johnston et al. (1999)
cf. [4). In comparison, radial velocities remain accurate ahd Helmi et al. (1999) for static Galactic potentials are largely
20kms™! level, and astrometric parallaxes remain superigeneralizable to realisticly evolving potentials. However, per-
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2.5. Cool streams
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haps the most exciting implication of these preliminary resulighere we adopt one HB star p&f, /Nyp = (540 £ 40) L

is that by mapping the proper motions along the debris wifRreston et al. 1991) for a globular cluster or a dwarf gala
GAIA we could eventually set limits on the rate of evolutiorwith a total luminosityLy = 10°~7 L.

of the Galactic potential, and distinguish among scenarios of In comparison, the entire metal-poor halo has a total lu
Galaxy formation. nosity of(3+1) x 107 L, and only aboutVy,.;, = (6+£2) x 10*
HB stars (Kinman 1994). These halo stars are very spread
in velocity with a dispersiosry, ., ~ 3000 pasyr~—! in proper

3. Discussions of strategies . ! g
9 motion. So the number of field stars which happen to share

3.1. Why targeting streams? same proper motion with a stream is

Whichis the better tracer of the Galactic potential, starsin a cold Otronm ) 2

stream or random stars in the field? Classical approaches {/seid = Nhalo < p— > <70, (10)
alo

field stars or random globular clusters or satellites as tracers of
the Galactic potential. Assuming that they are random samp¥eisere the dispersion of a stream..am IS generously set at

of the distribution function (DF) of the halo, one uses, e.glf0 pasyr—!, appropriate for a nearby massive dwarf galax
the Jeans equation, to obtain the potential. One need a langé velocity dispersion ol0kms™! at20kpc. The chance of

number of stars to beat down statistical fluctuations, typical@nfusing a HB/GB star in the field with in a stream becom

a few hundred stars at each radius for ten different radii. Thgen smaller if we select stars in a small patch of the sky wi
problem is also often under-constrained because of the lagy@ilar radial velocities and photometric parallax. In fact S

number of degrees of freedom in choosing the 6-dimensioneds discovered just on the basis of radial velocity and phot
DF. Another complication is that one generally cannot makeetric parallax despite a dense foreground of bulge stars (Ib

the assumption that the halo field stars are in steady state a&dmore, & Irwin 1994). We conclude as far as identifying star
ensemble because it typically takes much longer than a Hublslea cold stream with GAIA is concerned the contaminatio
time to phase-mix completely at radii of 30 kpc or more. from field halo stars is likely not a serious problem.

Stars in a stream trace a narrow bunch of orbits in the vicinity _ _ _ _ ]
of the orbit of the center of the mass, and are correlated in orbfigknowledgementsive thank Amina Helmi for discussions and Tim
phase: they can all be traced back to a small volume (e.g., n%%%eeuw and the referee Gerry Gilmore for helpful comments on
pericenters of the satellite orbit) where they were once bound®d "¢ draft.
the satellite. Hence we expect a tight constraint on parameters
of the Galactic potential and the initial condition of the centdreferences

of the mass of the satellite (about a dozen parameters in to@i\}nore G. et al. 1998, Proc SPIE Conference 3350, March 1998
by fitting the individual proper motions of one hundred or more press) Astronomical Interferometry

stars along astream since the fitting problem is over-constrainggimair C.J. et al. 1998, Workshop on Galactic Halos, Santa Cru
We propose to select bright horizontal and giant branch stars eqd. D. zaritsky (astro-ph/9711223)

as tracers of tidal debris of a halo satellite (which we take to brelmi A. & White S.D.M. 1999, MNRAS, in press

either a dwarf galaxy or a globular cluster). They are bright withelmi A., Zhao H.S., & de Zeeuw P.T. 1999, astro-ph/9811109

My, < 0.75mag, easily observablé < 18mag within 20 kpc Ibata R., Gilmore G. & Irwin M.J. 1994, Nature, 370, 194

from the Galactic center with GAIA. Ibata R., Wyse R., Gilmore G., & Irwin M. & Suntzeff N. 1997, AJ,
113,634
Irwin M. J. & Hatzidimitriou D. 1995, MNRAS, 277, 1354
3.2. Field contamination Johnston K. 1998, ApJ, 495, 297

There are numerous HB and GB stars in a satellite. Assur‘%%'tsltgg K\V., Zhao H.S., Spergel D.N., Hernquist L. 1999, ApJ, 51

bet""e_e”f = 0.5% and f = 50% of the_StarS in the original Kinman, T.D. 1994, Stellar populations, IAU Symp. 164, P.C.van d
satellite are freed by two-body relaxation processes (as for a Kruit, G. Gimore (Dordrecht: Kluwer), p75.
dense globular cluster) and/or by tidal force (as for a fluffiynden-Bell D. & Lynden-Bell R.M. 1995, MNRAS, 275, 429
dwarf galaxy). Then the number of HB stars in a streamis  Ostriker E. & Binney J.J. 1989, MNRAS, 237, 785

L Preston G., Shectman S., Beers T. 1991, ApJ, 375, 121
Netroam = IV 102-10%, (9) Zhao H.S., Johnston K.V., Spergel D.N., Hernquist L., 1999, astr
(Lv/Nug) ph/9901071
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