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Faint star counts and the Milky Way structure 
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Puue 411 007, India 

The Milky Way Galaxy offers a unique opportunity for testing theories 
of galaxy for111ation and evolution. I discuss how large surveys, both 
photometric and astrometric, of galactic stars are the keysto1ies of in­
vestigations into such fundanlental problenls as the 111erging history .. 
and future .. of the Galaxy. This work features a sa111pIe survey plan to 
produce probes of stellar populations in the Milky Way. Objectives of 
this work are to trace the fine structure of our Galaxy through the sta­
tistical study of the stellar distributions according to their IU1llinosity, 
colors and proper lllotions. The work has two steps : first acquiring 
a new photo1lletric and astro1netric sa1uple survey in various galactic 
directions; secondly analysing the data using a lllodel of population 
synthesis and deter1llining the properties of populations in the Galaxy 
and constraints on the scenario of for1uation and evolution. 

THE field of Galactic St111cture i~ currently extre1uely active, due nlo~tly t.o i1U­
provenlent~ ill oh~ervational capahilit.ie~ and the reali7.ation that our Gala."'-1' if; 
perhap~ the one he~t-suited to testing theorie~ of gala..-xy fonnatioll. The concept 
of stellar population~ has proven to he one of the 1l10S t useful idea..<; of lllodern 
a..<;t.ronolllY. l\iost sinlply, it is the idea that we can define a population a..<; a set of 
stru"S that pOSf;e~s shared characteristic~ ~uch af; C()1upof;ition, age, or kinelllatics, 
and that we can use the properties of the various stellar populations to detennille 
the structure and evolutionary history of the Gnla."'<Y. The first lllodern definition 
of stellar popnlation~ wa..<; hy Baadel

, who defined two stellar populations - the 
now frullons popnlations I and II - hased on color-Iuagllitnde diagranlf; and on 
the hrightnesf; of resolved stru"S in lv131 and lv132. Population I is cOlup0f;ed of 
stru"S found in the disk of our Gala.",-1' ruld in the :Nlagellanic Clonds; a signature 
of this population is the presence of highly hl1ninon~ 0- and B- t)1)e stars ruld 
open dusters. Popnlation II is luade up of stru"S with color-lnagnitude diagrruns 
like galactic glohular dusters, which lack hlluinous hlue stars; another signatnre 
of Population II is the presence of short-period Cepheid variahles. Now it he­
crune dear that Population II was old and poor in llletals. while Population I 
wa..<; llletal rich and contains both young and old stars. The vru"ious douhts ruld 
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worries abou t the Population Ijll schelne came to a head in the famous Vat­
ican Conference2 of 1957, during whidl Ba.a.de's original two populations were 
replaced with five: extrelne population I, older population I, disk population, 
intennediate population II, and halo population II. Since the Vatican Conference, 
the field of stellar populations has been very active, and we now have a wealth 
of detailed infonnation on populations throughout the Galaxy. One of the Inain 
developlnents is that we now have a good pictnre of the intennediate popnlation 
(thick disk) in our Galaxy, i.e. a cOlnponent with characteristics intennediate to 
those of the thin disk and halo populations3• . 

Stndies of stellar populations often take as their starting point large scale 
snrveys, with selection criteria involving- one or Inore observable variables. The 
physical location of the stars is argnably the lnost ilnportant constraint. \Vith 
these points in Inind, we have carried out a salnple survey in UBV photOlnetry 
and proper lnotions in varions directions in the Galaxy. Large Schnlid t tele­
scope plates are well suited for Ineasuring photOlnetric Inagnitlldes and positions 
for large nlunber of s tal'S, because they have a lal'ge field (5 x 5 degree) and go 
sufficiently faint, By choosing a reasonahle nlunber of fields in val'ions galactic 
direction::;, we expected to get a representative saInple of the spatial di::;triblltion 
of the different ::;tellaI' popnlations, which have led to understaIl<-I the history of 
fonnation aIId evolution of the whole Gala)..,}', The kinelnatical stndies of ::;tellaI' 
populations al'e very illlportaIlt hecause it follow the galactic dynaInics aIld keep 
Inelnory of the evolution of the whole potential. Results discussed here concern 
the kinelnatics of thin di::;k aIlCl thick disk population::; of our Gala."'{y and the 
scenal'io of fonnation for the thick disk population. 

Observations and data reduction 

The chosen directions con::;titute a cOlnplete set of fields at high and intennediate 
latitudes: 
• Direction toward::; the galactic ant.ieent.re4 (1 = 167°, b = 47°). 
• Direction toward::; the galaetic centreS (1 = 3°, b = 47°) near the glohular duster 
lV15. 
• Direction towards the galactic aIltirotation6 (1 = 278°, b = 47°). 
• Direction towards the North Galactic Pole1 (1 = 58°, b = 80°). 

The ba.'lic oh::;el'vatiollallnaterial for the survey is Sdllnirlt plate::;. The plate::; 
nsed in onr pl'ogranllne have been taken frolll PalOlnar, Tantenhnrg, ESO and 
OCA Sdllnidt tele::;copes. For each field the plates have been taken in UBV fil­
ters. In all \ve have a total of 58 plates for the varions fields. Each plate ha.'l 
heen ::;canned with the lv1AlV1A Inaehine (lVlachillP AntOluatiqne it J\Tesnrer ponr 
l'As trollonue) at Pari::; Ohservatory. A sanlpling ::;tep and pixel ::;ize of 10 lui­
crOlIS has been nsed to scan the plates. The ontpnt of the lYfAl\tfA Inachine is 
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a catalogue of ohjects giving the positiolls X and Y, integrated density and the 
area of each ohject. The integrated densities are nsed to calihrate the plates 
photolnetrically while the cOlnhination of varions Sclunidt plates of a. given field 
are used for proper luotioll detennination involving a tilue hase of IV 34 years. 
To photoluetrically calihrate the plates a 11l11uher of photoluetric standards are 
required. The standards should cover the entire range of luagnitndes to he stud­
ied. To ohtain photoluetric standards we have ohserved a 11l11uher of suhfields in 
each field using the CCD s},stelu attached to the 1-1netre telescope of the :U.P. 
State Ohservatory at Nainital, India. A few standards have also heen ohserved 
using the 1.2-Inetre telescope of Ohservatoil'e de Hante-Provence in France. Our 
final photolnetric and astr01uetric snrvey contains 55000 stars covering 50 square 
degree field. 

Kineluatical analysis 

The distance of each star in the catalogne was detenuined hy estiIuating ahsolnte 
Iuagnitude, which were ohtained frolu a rv1v versus B-V relation of luain seqnence 
stars of solar Inetallieity and taking into acconnt the Inetallicity change as a 
fnlletion of the distance froIH the galactic plane. The cardinal ccnnponents of the 
stellar space velocity (in kIll/S), U, 'l and VV (where U is defined ac; positive ill 
the direction of the galactic anticentre, V is positive in the direction of galactic 
rotation, and \V is positive in the direction of NGP) were derived fr0111 proper 
luotions, III and Ilb (in arcsec per year) and line of sight distance d (in pC)8. 

The Inajor factors contrihnting to distance errors are the photOlnetric errors 
in the color 0'B-V and Illagni tnde O'v. FrOIU onr snrveys, we expect the Inean 
errors in O'B-V = 0.1 and O'v = 0.07 for V = 11 to 18. FrOlll these values, 0111' 

estiluate of error of ahout 20% in distance seeI11S to he realistic 1lp to 7, = 3 kpc, 
where 7, is the distance ahove the galactic plane. 

Kineluatics of stellar populations 

The kinel11atical properties of each st.ellar population are relatf'd t.o their spatial 
distrihntions. Scale height, velocity dispersions and ac;yull11etric drift are linked 
hy the Bolt7,lnalln equation. The proportion of each stellar population varies 
with the distance ahove the galactic plane and the selection of a stellar s;u11ple 
at. a given distance allows to optil11i7,e the proportion of one population. Since 
kinelnatical data allow to illlprove this identification of popnlat.iolls. we have Inin­
ilni7Ai:~d hia.c; fr0111 nlut1lal cont;:unination of each population at a given height hy 
perfonning a kineI11atical separation of popnlations. To perfol'lll the kinelnati­
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cal separation, we have used a llHi.x.illluIn likelihood Inethod (SENI algoritlun)9 
in order to deconvolve the Inllltivariate Gaussian distrihutions and estiluate the 
corresponding paraIueters. The aiIU of the SENI algoritluu is to resolve the finite 
Inixture denfoiity efoitiInatioll prohleln under the Inaxim1l1U likelihood approach Ufoi­
ing a prohahilistic teacher foitep. Through SENI one CaIl ohtain the nlunher of 
cOlnponentfoi of the GaufoisiaIl lnixture (without any aSfoilunption on this nlunbet), 
itfoi Inean valuefoi, difoipersions aIld the percentage of each cOlnponent with refoipect 
to the whole foialuple. \Ve have used this Inethod to separate the 2-D Gaussian 
velocity difoitrihutions (U,V) to identify the two ccnnponents (thin disk aIld tbick 
disk) of the Galaxylo. A lUllltivaI'iate difoicrillunant analysisll is also used to dis­
tingllifoih the thick disk fn)1u other populations with the help of the luodel of 
population synthesis12,13,14. 

Thin disk population 

For the thin disk population, we ohserve a continUOllfoi increa.~e of the velocity 
difoiperfoiion with height4 ,5. It can he e:>"l)lained hy the fact that the thin disk is 
a Inixture of disks with VaI'iOllfoi scale heights and velocity dispersions, since the 
disk is not fonned in ifoiothennal cOlnponents. This reslllts in a vertical gradient of 
velocity dispersions, since the disk is not. resolved in isothennal cOlnponents. For 
the thin disk population, we ohtain a Inea.~ure of the kineluatic gradients, which 

8lnq2 . 81nq2 _ 
appear to be : a~±w = -O.18±O.03 kpc-1 and ¥ = -O.00±O.02 kpc-1

. R 
is the galactocentric distaIlce projected 11pCHl' the galactic plane. Our reslllts10,ll 
confinn that the thin disk has a relatively short scale length of rv 2.3±.5 kpc and 
scale height of rv 258±50 pc. 

Thick disk population and the merging history of the Milky Way 

The thick disk population has heen revisi ted uuder the light of these new data. 
\Ve llsed also other photOluetric and astrOlnetric scuuple snryey in cOlnplelnenting 
direction, like the pole7

. 

The salllple of sUns in 2 fields (gnlactic centre and anticentre) have heen 
devided in G or 7 hins of distance, and in each hin of distance a fit has heen 
perfo rIll f'd wi th a SEl\I algori tlllIl to identify Ganssian (U,V) cOlnponents cor­
responding to the different popnlatiolls4

•
5

• The thick disk population has heen 
identified as a discrete and distinct cOluponent. In 011r present studyll, the thick 
disk popnlatjon appears to he isotherInaL since the kinelnatical characteristics 
IS nearly constant along the line of sight and so there is no vertical gradienL 
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For thifi reafion, the velocity characterifiticfi for thifi population are luuch hetter 
defined. For the thick difik population, the kineluatic radial gradientfi appear to 

alnu' ainu'he ahnofit zero: a~±w = -O.008±O.Ol kpc-1 and ~ = +O.02±O.02 kpc- 1
. 

By cOluhinning the kineluatical refiultfi deduced frOIu onr 4 finrveYfi (galactic cen­
tre, anticentre, antirotation and NGP), we have derived the velocity ellipsoid of 
the thick difik population11. The lllean killelnatic paralneters are : (au, av, aw, 
VLag) = (72±4, 54±3, 40±3, 40±10) kIn/fi. The 11l0fit prohahle valllefi of ficale 
height and local nonnalization for the thick disk cOIllponent are detennin~d to 
he h% rv 759±50 pc and Athick = 7.4~t~ % of the difik. The ratio of the nlunher 
of thick disk starfi in the galactic centre region to that in centre region yieldfi hR 
~ 2.8-3.7 kpc for the scale length of thick disk11 . 

These properties have heen cOInpared wi th several ficenarios of fonnation. 
'Top-Down' 1110dels, where the thick disk fonns throngh a dissipational collapse, 
after the halo fonnation and hefore the thin difik has crnnpletely settled down, 
are in contradiction with the data, since they infer a continuity in the charac­
teristics of the thick disk and thin disk and large kiueluatical vertical gradients. 
Alternatively, 'BottOIU-Up' Inodels suppose a fonnation of a thick disk after the 
crnnplete collapse of the thin disk. vVe can eliU1inate those where the th~ck disk 
fonued fr01u a secular kineluatic diffusion of thin disk stars (which \vould pro­
duce a continuity hetweell thin and thick disks). It reluains a scenario well in 
agreelnent wi th the present data: the thick disk cnnld have heen fnnued fr0111 
the dynaluical heating of the thin disk dnring the sink of a sl11all gala:x1' into 
the IvIilky vVay. This luerging event has to happen at the heginning of the thin 
disk life tilne so that the gas can cool again and fonn stars in the long-lasting 
thin galactic disk that we see now. This violent hottrnn-up scenario leaves two 
iluportant ohservatinnal signatures. First the thick disk is a separate population 
di~tinct fnnn the thin disk and the halo. Second, no gradient can he generated 
in the thick disk hy the event, althongh a pre-existing gradient Inay snrvive the 
luerger. 

Conclusions 

The thick disk population is f01lnd fr0111 all points of view (density laws, kine­
Inatics and Inetallieities) as a popnlation well separated fnun the thin disk. It 
shows no gradient either on ahnndance3 or on kinelnatics. The resnlt.s en1erging 
fnun t.he present stndy of the correlations hetween photOlnetry and killelnatics 
give a 1l10nnting evidence that the thick disk of the Galaxy is 1l1ostlikely a seqnel 
of a dwarf satellite galaxy 11lerging in the lVIilky 'Vay disk dnring the early epoch 
of this disk. This interpretation enlf'rged f1'0111 an accnrate characterizat.ioll of 
the thick disk properbes: the scale height and scale length of this c()1uponent 
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have heen estahlished, its rotation and velocity dispersion tnrned ont to he qnite 
distinct froll1 both the disk itself and the halo. The loc,al density of the thick disk 
cOlllponent is twice what wa.c;; previonsly a.c;;snlued and the stellar colors do not 
reflect any significant cheluical gradient. 

1. Baade, \V., Astrophys. J., 1944, 100, 137-146. 

2. Blaauw, A., in Galactic Structure, (eds) Blaauw, A. and 8dullidt, 1\'1., ~965, 
p. 435-453. 

3. R.ohin, A .C., Haywood, 1\11., Cre?;e, 1\11., Ojha, D .K. and BienaYlue, 0., Astron. 
Astrophys., 1995 (accepted). 

4. Ojha, D. K., BienaYllH~, 0., Rohin, A. C. and ]VIohan, V., Astron. Astrophys., 
1994, 284, 810-826. 

5. Ojha, D. K., BienaYlue, 0., Rohin, A. C. and N10han, V., Astron. Astrophys., 
1994, 290, 771-784. 

6. O.1ha, D. IC, BienaYllH~, 0., 1\IIohan, V., Haywood, NI. and Rohin, A. C., 
Astron. Astrophys., 1995 (in preparation). 

7. 80n11iran, C., Astron. Astrophys., 1992, 259, 394-403. 

8. N1nrray, C. A., Vectorial Astronomy, Adalll Hilger Ltd. Bristol, 1983, p. 
271-311. 

9. Celenx, G. and Dieholt, J., Rev. de Statisti,ques Appliquees, 1986, 34, 35-52. 

10. O.1ha, D. K., Ph.D. thesis, 8tra,shonrg University, France, 1994, p. 75-83. 

11. Ojha, D. 1\:., Bienaynlf~, 0., R.ohin, A. C., Cre?;e, N1. and N1ohan, V., Astron. 
Astrophys., 1995 (in preparation). 

12. Rohin, A. C. and Cn~?;e, IV1., Astron. Astrophys., 198G, 157, 71-90. 

13. BienaynH~, 0., Robin, A. C. and Cre?;e, rd., Astron. Astrophys., 1987, 180, 
94-110. 

14. Haywood, 1\11., Ph.D. thesis, Paris Ohsprvatory, France, 1994, p. 28-G9. 

ACI-\:NO\VLEDGElV1ENTS. I thank Dr. O. BienaYllH~, Dr. A.C. Rohin, Dr. lV1. 
Cn~?;e and Dr. V. N10han for useful suggestiolls and helpful discllssions which 
occnred dllring the course of this work. Financial assistance fnnll IFCPAR, New 
Delhi is also thankfnlly acknowledged. 

6 





