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Abstract. A simulated binary star catalogue is created that represents the full sky distribution of stars, excluding those with
galactic latituddb| < 10°, down tom, < 15. The catalogue is compatible with observed magnitude and number distributions

of the HST Guide Star Catalog. The simulated catalogue is analyzed for observational properties of visual binary stars, both
in a general context without taking any observational constraints into account, and uBémgndiobservability criteria that

model the observational capability of the astrometric DIVA satellite. It is shown that several observation&idoigssdould

be taken into account when final output catalogues are analyzed. The results indicAm, thatribution peaks adm, ~ 7

and to maximize the number of binary detections with large mass ratios, the magnitude threshold should be set as high as
possible. This is especially important if low mags< 0.2 M, secondaries are studied. The predicted number of optical pairs

is calculated and for large magnituddfdiences close to the galactic plane and toward the galactic center it majiddtdd
discriminate between a red companion and a low-mass foregitmacidjround star for distant double stars for which no parallax
measurements are available. Using optimal detection procedures for optical double stars it is estimated that, depending on the
assumed double star distributions, 60%—70% of all the visual binary stars in the catalogue with sepa@@2&is<® < 3.5,
m,(secondaryx 22, andAm < 10 could be observed during the DIVA or similar missions.
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1. Introduction chosen so that it represents the observational limit of the DIVA

. . L ) . satellite and it is also, roughly, the completeness limit of the
To optimize the forthcoming astrometric missions in their ¢, ce catalogue used, GSC 1.2 (the enhanced version of the

pabilities to detect dierent types of binary stars requires degjige star Catalog 1.2; see Morrison et al. 2001) from which
tailed preliminary planning. One way to do this is t0 Creaigyia| apparent magnitude distributions are taken. We should
an artificial catalogue that has statistically similar propertiesyie tat after the submission of this article all further develop-
to the expegted fln_al output catalogue. This allows us to fent of the DIVA mission was stopped and DIVA is now def-
pre-launch fine-tuning of the methods and procedures usedfie|y canceled. Our results will, however, still be useful for
the final data reduction of forthcoming astrometric satelliteg,:,re similar missions but. more importantly, they represent a
Also, some other binary studies using already existing Caigs; necessary exploratory step in addressing the possibilities

logues may benefit from the results of this kind of analysig¢ e GaIA astrometric mission with regards to the detection
With this aim in mind, we create an artificial binargata- of binaries.

logue that represents the overall distributions of binary stars "
Our approach diers from traditional star count models

in the sky down to visual magnituda, = 15. This limit is (e.g. Bahcall & Soneira 1980; Gilmore & Reid 1983; Bahcall
& Soneira 1984, etc.) by the fact that we use an existing source
catalogue directly as our observational basis and the galaxy
http: //www.edpsciences.org model is considered only when proper weights in the final dis-
** a.mail-Henri .Boffin@oma.be tribution of binary properties are taken into account. In this
1 Throughout the paper we use the word “binary” to describe gudy we consider only relative numbers with respect to the
physical system while by double star we refer to a system that dgfial number of binary stars assumed to exist for all the stars
be a physical (i.e. gravitationally bound) or an optical double. in the sky down tom, ~ 15. Absolute numbers could be
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calculated if the numbers given in the paper are multiplied 165

by the overall binary fractiorfyinary and the total number of 16 - 1

starsNi. According to Dugquennoy and Mayor (199%)nary 155 L i

is ~0.6 for G-dwarf field stars, but it may beftérent for cluster

stars and dferent spectral types (Duehé et al. 2001). Using 1By i

star counts from the GSC 1.2 catalogue and considering only g 145¢ ]

those objects having non-star classification, the absolute num- £ 44| 1

ber of stars can be estimated to4#21 x 10’ stars in the whole

sky. This can be compared with the galaxy model prediction 1851 |

by Bahcall & Soneira (1980) that gives73x 10’ stars when 13 - ]

m, < 15. The diference is mainly due to the incompleteness of 125 L |

GSC and the fact that some non-star classification objects are

in fact close-by stars. 10080 60 40 20 0 20 40 60 80 100
b [deg]

2. The input for the binary catalogue Fig. 1. The magnitude limit of the cumulative distribution where 90%

) o ) of objects havam, < mim; as a function ob averaged ovel. The
Our approach is to create an artificial binary catalogue thatzsne of avoidance in the calculation is located between the two verti-
compatible with cal lines.

stellar evolutionary theory;

— initial mass function (IMF); have not included any corrections for this, since this has no ef-
— observed stellar densities of the sky; fect on our statistical results. This was also confirmed by doing
— the assumed stellar populations in the galaxy; a smaller scale simulation using a collection of GSC 2.2 fields
— observed orbital distributions of binary stars. where the catalogue is complete to much larger magnitudes

than that of the GSC 1.2.
To fuffill these requirements we have used a hybrid approach For our purpose the GSC 1.2 represents the full-sky dis-
in the binary catalogue construction. The main idea is to stgibution of stars well enough so that it gives suitable obser-
from the IMF and to evolve stars according to their age andtional data for the magnitude distribution during the magni-
metallicity distributions and place them at random distancggie fitting. In GSC 1 mainly two band-passes are used in the
from the Earth. Then by varying the distance and stellar proplates: photographi¢ (north) and photographi& (south) and
erties we find a match to the observegd distribution of GSC  short exposur®/ plates are used in the galactic plane. Using
catalogue and repeat the whole procedure for every individgiaé colour equation from Tritton (1983),= V + 0.72(B - V),
field and then collect the information covering the whole skgnd assuming that theftirence between photographMcand
In the simulations typicallyblog random fields are chosen eacljohnsorv are small, we have chang®dand J magnitudes to
having a size of-1 square degree. Thus, in the final sample wWibhnsonVv bandpass. This approximation is good enough for
have~4x 10° binary stars, sflicient for our statistical analysis. our purpose, because we are only concerned with a magnitude
However, it should be noted that since we use random distanggscision of 0.5 mag. Since the colour is known from the sim-
and weights in the final analysis, the number of hypothetio@lations, all the magnitudes are scaleartousing colour con-
stars that would be required to produce similar results usiggrsion equations given in Caldwell et al. (1993), where coef-
the galaxy model directly is much larger by several orders fifients of polynomial fits for dterent colour conversions are
magnitude. given. Since we transform GSC magnitudestoand use this
maghnitude in our synthetic catalogue we need not to convert
from m, back to GSC photometric magnitudes.

The overall magnitude errors of the catalogue are a few tens
of magnitudes. For our purpose this accuracy is high enough,
In the simulation we use the GSC 1.2 catalogue as an input crce we are only interested in statistical averages of the simu-
alogue to have a correct magnitude distribution and stellar déated catalogue. The only requirement in the fitting procedure
sity in each sample of the sky. The nominal magnitude limit ¢§ that the magnitude histogram is accurate enough at the one
the catalogue is 15.5, but it is not fully complete down to thimagnitude level.
limit. To evaluate the completeness of the GSC we have esti- The digital resolution of the scanning is 1,7and all the
mated the completeness by calculating the magnitogg at binaries in our simulations that have separatiériess than
whichm, < mimir for 90% of the stars in frandom fields: this are considered unresolved and their combined magnitude
Mimit corresponds roughly to the turnover point of the cumis used in the fitting procedure. For resolved binaries we use
lative distribution of stars. The results are averaged over ttiee magnitude of the brighter star.
galactic longitude and they are shown as a function of eclip- To calculate the observex,-distribution, we select a large
tic latitudeb (Fig. 1). It is evident that the completeness limihumber of fields in the sky that are transformed into galac-
is much smaller at low galactic latitudes. Since it is only clog& coordinated. andb., where “c” denotes the central posi-
to the galactic plane that the completeness is not so good, tvem of the field. A selected field is a circle with radius of 30

2.1. Initial stellar distributions and GSC 1.2 source
catalogue
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The sample size should be large enough so that the surface stel- 018 T ‘ Kroupaetal. 90 ——
lar density variations over the sky are well sampled, butmaking 0.6 | Bk - S—
the field size larger does not bring any additional information. S Miller and Scalo 79

The observedn,-distribution is then calculated from this list 0141 |

of stars after the conversion, explained above, is applied to the o012 |
GSC maghnitudes. S
g o1t
T /
2.2. Stellar evolution 0081
0.06 -
2.2.1. IMF
0.04
There is strong evidence that initial masses of starstterint
. . e . . . 002 1 1 1 1
birthplaces all derive from the same initial mass distribution 0 02 04 06 08 1
(Kroupa 2002). In our simulations, individual masses of stars 0

are chosen from the initial mass function that is taken from

Kroupa (2002). By using the observed star count data and Sfég.z. The mass ratio Q-distributions as derived from three
lar luminosity functions Kroupa et al. (1993) derived the IME/fferent IMF (Miller & Scalo 1979; Kroupa et al. 1993;
that is corrected for unresolved binaries. They assumed thelﬁf—)wa 2002) ‘and the observeQ-distribution of G-dwarf stars
nary fraction to lie between 0.6 and 0.7 and that binaries éreuquennoy& Mayor 1991).

derived from the same IMF as a result of random pairing. The

derived mass function for single stars isamulti-partpower-IaV)[/ hist dih thed distributi h in Fig. 2
having turn-df points at 05 M, and at 1M. Brown dwairfs are stars ( Istogram and the smoothed distribution, Shown In g.
not included in the simulation. as a solid line). It is understandable that the compatibility is

The detailed shape of the distribution and theftioents not very good, since the observeedistribution is for G-type

. . ; imaries. As we notice later the PDMF corresponds closely
of the power-law are given in the supplementary material : .
. 0 IMF for low-mass stars and therefore it has no influence on
the Kroupa (2002) article.

. . the discrepancy.
Since the agreement about the IMF is not complete we have pancy

also used the IMF of Miller and Scalo (1979) and the observed
present day mass function (PDMF) obtained for low-mass st&.2.2. Star formation rate

by Kroupa et al. (1990), but it turns out that the results remain

roughly the same. This is mainly due to the fact that functiodtt0ugh some studies find evidence of non-uniform star for-
differ mainly in their low and far ends that are not statisticallpationrates (see, e.g., the review by Rana 1991), for simplicity,
important in the final observed distributions. The masses usig have used a uniform star formation rate in all the simula-
in the simulations are betweerd8 M, and 100M,,. These are tions. For disk stars we assume that the star formation rate has

also the limits of applicability of Hurley et al. (2000) stella?€€n uniform between 10 Myr and 10 Gyr, and for halo stars
evolution algorithms. between 10 Gyr and 16 Gyr.

However, it is not clear how binaries should be formed from
the IMF or if a general IMF for binaries does exist at all. Irp 2 3. Evolutionary tracks
principle there are threeftiérent possibilities to create a binary
from the initial IMF. The most simple way, as used in the IMISince we start our calculation from the IMF, we have to evolve
derivation obtained by Kroupa et al. (1993), is just to choo&tars to derive present-day mass and luminosity functions.
two random masses from the same IMF and create a p§,'qellar evolution is done using the analytical stellar evolution
Another way is to choose a combined mass from the IMF agguations given in Hurley et al. (2000). As an input we give the
use some distribution for the mass rafo= m,/my (my is the Present epoct to which the stars are evolved, initial masses of
mass of the heavier component anglis the ||ghter Secondary starsm; and metallicitie. As an outputwe obtain present-day
component) to calculatey. Further, the first mass could bemassesr, effective temperaturebeyr and absolute bolometric
obtained from the IMF and then calculate the secondary m&’agnitudesMy,. In the final output catalogue we have several
from theQ distribution. Since there is a great discrepancy abodifferent types of stars including main-sequence stars, giants
the actual form of th€-distribution and how it may depend on@nd white dwarfs. No mutual interaction or mass-transfer be-
the spectral type, we use the two first ways to create a bin&fgen the two stars is included.
although the second way violates the assumptions behind the
initial IMF derivatio.n.. Nevertheless, itis interestiqg t_o see h0\g.3_ Galactic distribution of stars
the results change if it is used. If we calculate@distribution
by choosing two masses randomly from the IMF, for three diince we are interested only in stars hawimg< 15 we can use
ferent cases IMFs, shown by three histograms together with theather general model for the galactic stellar density. Galactic
approximated combined smooth distribution, distributions adésk component clearly dominates the number distributions for
very similar (Fig. 2, dot-dashed line). This can be compar#ts magnitude limit even at high galactic latitudes (see, e.g.,
with the observed mass-ratio distribution of nearby G-dwalkg et al. 1997). This was also confirmed by varying galaxy
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model parameters during the analysis and the results remainSemi-major-axisa: in model I, log@) is assumed to be
the same, except for some extreme unrealistic values. uniformly distributed between 0.1 AU and 48U (Opik
Due to the poor determination of extinction and the result- 1924). In model Il, logP) has a Gaussian distribution with
ing large uncertainty of the galaxy models close to the galactic o = 0.23 andog(P) = 4.8 (Duguennoy & Mayor 1991).
plane, we have excluded all stars that higye: 10°. Inourcat- — Remaining angular elements Q and M have a uniform
alogue, the galaxy model is taken into account by introducing distribution between 0 andr2
weights to diferent stars according to their distances from the- Mass-ratioQ: in model a, we choosey and m, inde-
earth. The weights are related to stellar density functions that pendently from the same IMF. In model b, the total mass
are calculated from Bahcall (1986) where all the functions and my; = my + My is chosen from the IMF anil, is calculated
model parameters are given. Since we use the existing sourceusing theQ-distribution taken from Duquennoy and Mayor
catalogue we do not use absolute numbers of stellar counts,(1991).

but instead the weights are used only to correct distance qigsnce we have four fierent models4 I, and IL, Il,. In the

tributions of stars. The absolute numbers of stars in a certaify,its we show complete distributions only feahd for other
direction (, b) are taken directly from the GSC catalogue.  ,54els we describe how theyfiir from the first model.

2.3.1. Disk 2.5. Simulation algorithm

The galactic disk density law is a double exponential wheggmation is started by choosing central coordinates for the
the Galactocentric distance of the Earth is 8.5 kpc and gy that has a sizéyeq. All the objects from the GSC 1.2 cat-
height above the plane is 27 pc with local normalization gfiogue entering the field are obtained and from these only ob-
0.13 stars per fic The scale length is 3.5 kpc and for maingects haying a star classification are taken. This underestimates
sequence (MS) stars the scale height depends on the absqle;psolute numbers of stars, since the objects with non-star
magnitudeMaps h; = 82.5 X Maps— 97.5 (Bahcall & Soneira ¢jassification may be either close-by stars or galaxies. Since
1980). For giants the scale length is constdmt:= 250 pc. \ye exclude stars situated at the galactic plane where most non-
Uniform star formation rate between 10 Myr and 10 Gyr is aggar classification objects are star-star pairs, and at high galactic
sumed. Metallicity [F¢H] is taken from the age-metallicity re- atitydes non-star objects are most likely galaxies, we are not
!at|onsh|p given in Rana _(1991_) and the metallicity d'St”b”t'OfP]troducing any crucial bias to the results. Then the apparent
is modelled as a Gaussian with = 0.2 and [F¢H] depends jsya| magnitude distribution is calculated for this sample.

ont; (Fan 1999). After the observational part, the visual magnitude of the
trial starm, is calculated from
2.3.2. Halo r

The halo is modelled as a deprojected de Vaucouleurs profile
(Bahcall 1986). The flattening factor is 0.8 and the local nofthere the distanceis taken from a uniform distribution, the
malization isC = 0.00026 stars per BcAs for the disk, the absolute visual magnitudel, is obtained from the IMF via
star formation rate is assumed to be constant, but the popiigllar evolution algorithms and the extinctidpn = 3.1E(B-V)
tion Il stars are generally much older and the age is randoniyobtained from the colour exceg¢B - V) that is calculated
distributed between 10 Gyr and 16 Gyr. The age-metallicity rdccording to the extinction model given by Chen et al. (1999)
lationship for halo stars is the same as in Ng et al. (1997) afitdt should be a good approximation whieh > 2.5°. The

the metallicities obtained are between 0.0004 and 0.003.  colour is obtained usinde; and the data by Flower (1996),
where empirical tables of ¢ and B — V colours are given.

Also, the bolometric correctioBC is calculated according to

2.4. Binary distributions Flower’s data using the polynomial fits to the tables. The previ-
The orbital parameters of binaries have been chosen from @ Steps are repeated to obtain a visual magnitude also to the
following distributions: secondary star. After visual magnitudes have been obtained for
both components we generate the binary elements and calculate
— Inclinationi: uniform in cosJ). the visual separatiof If 6 > 1.7 we use the primary magni-

— Eccentricitye: in model 1, f(e) = 2e (i.e. the distribution tude in the fit and in the case of unresolved binary star we use
that is expected in the case of thermalized orbits due ttte combined magnitude. The procedure is repeated until we
passing stars, Hills 1975) and in model I, we use the multiave a match between the trial star and a star in the obsetved
part distribution for the eccentricity as given in Duquennagistribution with the overall accuracy af0.5 mag. In this way
& Mayor (1991). This distribution is derived for G-dwarfwe fit stellar magnitude distributions in our artificial catalogue
stars and may not be valid for other spectral types, but sirtoethe observed stellar distributions and new stars are chosen
they dominate our sample, we have used it as a second fspm the initial sample until all stars in the field have a match
tion. When the orbital perioB < 11.6 d, orbits are circular in the distribution. Then a new field is chosen and the match in
and in the intermediate range,.6d < P < 1000d,f(e) is magnitude distribution is obtained in the same way as before.
Gaussian withr = 0.15 ande = 0.3. WhenP > 1000 d The catalogue created in the previous way must be cor-
f(e) = 2e. rected since initially the distance is taken randomly from the
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Fig. 3. GSC visual magnitude distribution (GSC) as obtained directiSiNg diferent fields and initial conditions, but it turns out that
from the input catalogue is shown together with thedistribution the results remain always the same. Hence, the errors of this
taken from the simulation. The simulated distribution deviates systeftudy come mainly from the initial conditions and assumptions
atically from the GSC distribution. This is corrected mﬁ/correction used in the simulations and not from the Poisson errors associ-
weights. ated to Monte Carlo simulations.

uniform distribution. The correction is done by weighting ev3- The analysis of the catalogue
ery star by the weight!, that depends on the galactic stella
density (calculated using Bahcall 1986 equations)r&rgince
the volume element toward a certain directiovi & wr2dr, In this section we give statistical distributions of the whole cat-
wherew is the solid cone angle ands the distance from the alogue without considering any observationéets. These re-
Earth. We have chosen to use weights just from the practisalts represent “true” binary distributions if all of them would
point of view, since the fitting procedure is much faster andbie observed. All real observational projects or astrometric
is easy to test dierent galaxy models and the sensitivity of theatellites sample only a small fraction of these populations, de-
results to diferent parameters by using this approach and nmménding on the observational capabilities of the missions.
to choose stars from the real distributions originally. For visual binaries there are three main observabigs
However, it is not obvious that the magnitude distributiom,,; andé that observations should be able to provide. In Fig. 4
in the catalogue and the original magnitude distributions are tfieft panel) histograms of-band magnitudes fan,; (brighter
same after the weight is added to the simulations. The scatenponent) andh,, are given for la and Ib models. Also, cu-
distributions would be exactly the same onlyjfw! = fm=am, Mulative distributions are given (right panel) to make it easy
where fr, .am is the fraction of stars in the original GSC distrito derive the fractions of detected stars iff@lient magnitude
bution in the intervam; + 0.25 in thejth bin. The index goes limits. The primary distribution cuts sharply &, ~ 15 due to
from 1 to the maximum number of stars in the corresponthe completeness limit of the GSC and the overdtedential
ing magnitude interval. Since in every magnitude bin there areagnitude count distributionde(m,) for my; is presented well
samples of stars from fierent distances, the previous condiby the distribution d(m,) « 10'™dm,, whered = 0.25+0.03.
tion is roughly true. In Fig. 3, we show the original GSC magFhis distribution is the global average over the whole sky.and
nitude distribution together with the distribution obtained froris different in diferent parts of the sky. Secondary distributions
the simulation. We see that there is a systematic change in éine very wide and they peakm, = 21 andm, = 22 for mod-
new distribution so that at small magnitudes, the number el b and a, respectively. Only 5% of, havem, < 15. In
stars is underestimated while at large magnitudes, it is overemdel b, there are more stars having smaller magnitudes, since
timated. To make sure that this does not cause any distortiortite mass ratio distributions arefdirent.
our results, we have corrected for thigeet. This is done by When we calculate magnitudefiirence distributions for
introducing a new weight? that is the ratio between the ob-a and Ib we see thatm has its maximum between 6 and 8 and
served and simulated magnitude distributions. In the final antiat afterAm = 3 the distribution increases quickly (Fig. 5).
ysis we multiply all the stars having a magnituadén the in- In model b, the distribution is narrower and drops much more
tervalm; + 0.25 with the corresponding additional weight. quickly after the maximum. The location of tiaen maximum
This guarantees that the final magnitude distribution agrees pe&tiue follows mainly from the mass-ratio distribution and the
fectly with the GSC distribution. We emphasize that the umass-luminosity relationship.
age of the additional weight does not change the overall dis- Logarithmic separation, lag distributions are shown in
tance distribution of stars and therefore the influence of the n&ig. 6, for models | and IIl. Only model a is used, since a and
weight is very small in the final binary distributions. b give similar results. The distribution of model | is flat up
To make sure that fferent parts of the simulation haveto ~3’, a direct result of the initial log distribution. Beyond
been randomized enough, we run the simulation a few timiss the binary frequency drops smoothly and practically no

5.1. General properties



808 P. Nurmi and H. M. J. B&in: Simulated catalogue of visual binaries. I.

1 ‘ 0.3 0.08
0.06 Ela— £ la, — )
c 0.9 b - o 025 b Ial B a E 0.07
0.05 s 08¢ 3 b2 } 0.06
: 8 o7t E lby - i -
e g s %2t 1 s oos
= 0.04 — 06 E| 2 2 [ aE i) : o
% ' s 05} ) i § o1} 1§ oo
T 003 B o4} R 01k 1] I o003
g2 o3¢} / E | 0.02
0.02 S 02F 3 0.05 F L 001
01f ~ E O L .
L L L L L L L L L L 0 0
0.010 e e 00 s 10 15 20 05 0 05 1 15 2 25 0 10002000300040005000
B-V Distance [pc]

Am, Am,
. . e - Fig.7. Color B — V distributions for primary and secondary stars
Fig.5. Magnitude diference distributions of binaries for models left panel) and distance distribution of binaries (right panel). Models

la and Ib (left panel) and corresponding cumulative distributio gand Ib are used in the plots.

(right panel).
1 - ‘
Primary my, ——
0.18 ¢ i I Seclg)rndary I
0.16 ! a E = E I i imary mi; - ]
014 I~ % E R Secondary m:
= 0.12 | E = E
g 01t 1 2 i 001 |
8 o008 ER E
T o006 1 E 18
004 i 3 1§ o001t
0.02 | E R
L L L L [ Sectwn 0.1 il d ul il ul il i
0051152253354 10°10"10"10°10'10° 10°10° 10° 0.0001 |
log(6 ["]) 8[
Fig. 6. Mutual separation distribution of binary systems (left panel) le-05 -
and corresponding cumulative distribution (right panel).

1e-06

0.1 1
Mass [Mg;n]

Fig. 8. Initial and present-day mass distributions for both components
binaries exist withg > 50'. A gradual decrease in the distriin model la. One solar mass stars dominate the primary distribution
bution follows from the used upper limit for semi-major axeand 01 M,, star dominates the secondary distribution. Large mass star
(amax = 10° AU), that causes the upper limit tband distance M > 5 M, have evolved to white dwarf secondaries.
beyond which all binaries are unresolved. Model Il distribu-
tion is very diferent from that of model I. There are fewer bi-
naries having large separations compared to close-by systeB$.2. Masses

Cumulative distributions for both models are shown in the right initial o
panel and from this we note that half of the objects havel” " Fig- 8, initial (m) and present-day massy) distributions
in model | and 75% in model 1. are given for both components (model la). The primary mass

distribution peaks at M, and the most common mass for

the secondary is 0.1 My. Large mass stars witM > 5 Mg
3.1.1. Temperature have evolved to white dwarf secondaries that can be seen in

the initial mass distribution in the right part of the figure.
Since we have detailed information of the individual stars wEhe initial mass distribution of primaries remains almost un-
can also calculate the colo® — V histograms andfiective changed. Mass distributions of model lffdrs from the shown
temperature histograms for both components (Figs. 7 and 9, lifitogram, but looks qualitatively similar and is therefore not
panels). Secondaries are typically much redder than primahown.
stars since fainter stars are typically M-type stars, but brighter The mass ratio distributions for models la and Ilb are plot-
stars are most likely G-type dwarfs. In the whole sample thed in Fig. 9 (right panel) together with the calculated distribu-
most likely distance is-700 pc, but the tail extends to a fewtions using Eqg. (4). The distirbution of model liftérs clearly
kilo-parsecs. If only resolvable binaries are included the disem the one of model | and the calculated distribution does not
tance distribution is naturally very fiierent, since in this dis- represent the observed G-type binary distribution very well. If
tribution the brightness is dominated by primaries that are \we restrict the sample to G-type stars within 200 pc from the
unresolved systems. Color and distance distributions are v&grth (Fig. 10, right panel), then the fit is better for model b, but
similar for all models, the only dlierence being that there argor model a the dferences are large, whéh< 0.2. The agree-
more blue secondary stars in model b than in model a. The difent between Duquennoy and Mayor (1991) distribution and
ference between models a and b is more obvioudtecive model b is expected, since it was used to generate the iQtial
temperature plot (Fig. 9, left panel). In model b, the G-typdistribution. In model a, the peak atl< Q < 0.2 comes from
secondary population is larger. the IMF that increases toward small masses and if we would
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Fig. 9. Effective temperature (and spectral type) distributions of all 0.6 b
the stars in the catalogue (left panel). Secondary star distributions are 0.55 :
shown for models a and b. In the right panel, mass (@tiistributions 01 1 10 10c
for models la and 1Ib catalogue binaries are given together witiQthe Vrgg [kMVS]

distribution calculated using the Eq. (4). Fig. 11. Cumulative radial velocity distributions for both binary com-

ponents given to four éierent models.

0.9

m>3 Mgy — 035
08F | 1Mg,<m<3Mg, — 3
0.7 F sun m<1 M:: ----- E 03
06 F E 0.25
% 05 F i & o2 are shown in Fig. 11. We emphasize that the Galactic velocity
r 04 E § 015 E-{ 1 component is ignored, since our galaxy model is static.
03 F = 4
027 .. E ot
0'; e T e b 7% 3.1.4. Luminosity class
0 02 04 06 08 1 0 02 04 06 08 1 ) L o
0 Q Main sequence binaries where both components are still in the

main-sequence is the largest population in all the models. Their

Flg.lo.lnthe Ie_ft panel, th&-distribution is s_hown for three fierent fraction is 0.68 in model a and 0.65 in model b. The second
primary mass intervals (model la). In the right panel, we have com-

pared the observed G-dwagf-distribution to the ones derived from largest group includes systems where the primary is evolved

the model la and Ib simulations (only G-type stars are included /@y from the MS. Their fractions are 0.27 and 0.24 for mod-
have distances < 200 pc). els a and b, respectively. Also an interesting sub-group is a pair

where the primary is in the main-sequence and the secondary

is a white dwarf. Their fraction is 0.05 in model a and 0.11
not restrict our initial masses ol > 0.08 Mo, also the last iy model b. The magnitude fiérences are generally much
interval 0< Q < 0.1 would be much higher. larger than for MSMS binaries. TheAmrdistribution starts at

To see how theQ-distribution changes as a function ofm, = 19 and peaks ah, = 26. Hence, a typical magnitude

primary massM; we have taken three fiierent mass inter- giference between a primary and a white dwarf secondary is
vals M1 > 3 Mo, 1Mo 2 My < 3 Mg andMy < 1 Mo), .11 mag. The typical colour for a white dwarf is generally
in which the Q-distribution is calculated separately (Fig. 10p|yer than that of the M-type stars. These facts makes their de-
left panel). Since we are interested in qualitative change, W&tion very dificult, especially for DIVA, where the CCD is
use only model la stars. As expected, the distribution is Mugthre sensitive to red stars. The results derived to white dwarfs
more flat for small masses, a fact that can cause lii@ste in  should be taken only as a first approximation, since no mass
some restricted binary samples. exchange or any other physical interaction between the com-

ponents is included. Better modelization of binaries is required

3.1.3. Barycentric radial velocities of the components if specific close binaries are to be included in the analysis.

Intrinsic tangential and radial velocities of the components a5 piva observations of the visual binaries
also of interest for astrometric and radial velocity missions. To

evaluate the intrinsic radial velocity distributions in our catdn principle, visual double star detection procedures can be di-
logue we have calculated the barycentric velocity componertded into two diferent categories depending &am and 6.
for both stars. Tangential velocities are typically very smallf Am is small (<4) andé is <1”, then the PSF fitting of the
generally less than 18 arcsec per year and for a typical binarymages may show that PSF is a composite of two PSFsmf
star the intrinsic tangential motion will not be observed. is large and the separation is well beyond the central PSF it
Radial velocities can be very large and for distant unrezay happen that no direct detection of the secondary is avail-
solved binaries it can be the only observational method fable, but by co-adding all the images afféient transits much
vrad.epsbinary detection. Radial velocity distribution is peakéainter background objects can be revealed than would be pos-
close to zero and the distribution is naturally symmetric witkible otherwise. We have developed dficgent procedure that
respect to the zero axis. A good knowledge about the disttan be used in the image combination for observations con-
butions can be obtained when the cumulative distributions degning binned pixels and rotated images. The principles of this
calculated. The cumulative curves for both binary componemqsocedure are given in Appendix A.
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In DIVA, CCDs pixels are binned intoxt 4 pixels in cross- Table 1. Fractions of binaries in four fierent detection categories.
scan direction, the pixel scale bein@8’/pix x 1”/pix. Once The last two columns are for the whole catalogue wh&628" <
the images are combined, the initial field of view’(8 7/) ¢ < 35" (All) and wherp < 3.5” (All ;).
becomes circular with a radius B.5”. This is the outer limit

’ s ] > &0 ’ ) Model Comb my, =20 PSE Al All, All;
in our calculations. The inner limit is set t¢4lof the pixel size I 0.061 0.050 0036 011 025 066
i.e.0min = 0.0625’. Beyond the outer limit, only those double I 0.088 0.075 0.057 0.13 025 0.66
stars that are bright enough and generate individual windows, 1, 0.079 0.066 0.049 0.14 0.33 0.90
can be detected. Their number is statistically very small (see Il 0.11 0.094 0.074 0.17 0.33 0.90
Figs. 4 and 6) and they are not considered here, although some
of these can be very interesting objects, since accurate orbits
could be calculated. cOmtSinincO;
We model the observational capability of DIVA when the M =2
. S . .. 001 F PSF fitting - ]
image combination procedure is used by writing that the double All
star is resolvable if
0.008 | 1
logAg > aAm+ b, 2 .
]
whereAd is the separation in arcseconds aka is the dif- § 0006 ]
LL

ference in magnitude. The dbeientsa andb depend on the
procedure by which the analysis is made. For image combin-
ing, the estimated optimal values aee= 0.25 andb = -2.
Also a limiting magnitude must be estimated below which the
signal-to-noise ratio is too small for detection. Based on our
preliminary tests, we define the following limiting magnitudes 0
for the detection: i# > 1.5” thenmj,, = 22 and whe® < 1.5”

thenmyy = clogéd + d, wherec = —5.5 andd = 23. In reality

all the codficients depend on the number of transits, COIOUESy 12 Fractions of binaries having @iérent observability criteria.

of the objects and CCD properties. The previousfittients combining means that we use Eq. (2) together with condition
are for the most common case, for which the number of irgiven in the text. Fomy, = 20 we have used this as a maximum

ages is 142 and the secondary star is a red M5-type star. Alsat could be detected from the images and for, PSF fitting, we set

optimal observing conditions are assumed. Mim = 195 andAm maximum to 5 mag. For “All" we restrict the
Using the previous conditions we have calculated the fregample to 623" < 9 < 3.5”, my(secondary)< 22, andAm < 10

tions of stars that are observed in the whole synthetic catalog¥jout considering any other conditions.

and show the results ihm andé bins for direct evaluation of

0.004

0.002

the observational capabilities. By “observed” we mean that the 004 ST
stars fullfill the previous conditions f@x9 andAmasm,, andd 0035 | Mjj =2 ]
limits are fixed. All fractions are numbers of “observed” bina- PSFf'“'/Qﬁ

ries divided by the total number of binaries in the whole cata- 003 | ]

logue. We show only the histograms for model la, since other-

wise the plots would be too confused. 5 0025
In Figs. 12 and 13, four curves are given, wherg§ 002
“Combining” means that we have used the previous conditioas
directly and in ‘mj,, = 20” we have setn, = 20, but other- 0.015
wise the conditions are the same. The third curve (PSF fitting) .01
is for conservative PSF fitting estimation, where we still use
the previous conditions, but we saf, = 19.5 andAmyay = 5. 0.005
The last (All) is without DIVA conditions considering all the 0 ‘
binaries withAm < 10, my,, = 22 and 006253’ < § < 3.5”. 0 05 1 15 2 25 3 35
The plots are dierent for every model, but model la gives the 8

smallest values and model b gives the highest values. Tll—:ﬁS
curves for models Ila and Ib are located between these two ex-
tremes, in this order. The integrated values ofAheandé dis-
tributions for all the models are given in Table 1, where we also
give values for all stars that haved825’ < 6 < 3.5” (All ) or

0 < 3.5” (Allz). The completeness in ea&tm or ¢ bin for Using the image combining method the completeness is be-
different observability criterias can be calculated if the correween 60% and 70% depending on the model. The image com-
sponding values at the Table 1 are divided by the values frdmimation is an important step to detect large magnitudiedi

the “All” column. The largest incompleteness is for small segnces and it can provide a considerable amount of new double
arationsd < 0.5” and for large magnitude fierences\m > 5.  star detections that could not be possible otherwise.

.13.Same as Fig. 12, but for 8ftierent separation bins.
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4. Properties of “detected” binaries Y e

09 F S s *, 1
4.1. Statistical analysis of random pairing os b T i
In the final analysis of binarity in the output catalogue it is im- 07 :38 o
portant to be able to make a distinction between binaries and 2 06F =140 -
optical double stars. For DIVA this distinction can bdfidult 3 o5t R
to do if Amis large and no spectral information for the sec- § 04 b o 17260 o ]
ondary or the primary from the dispersed images is available, / \
since for DIVA the sky mapper images are obtained in white 03¢ ’,f" \ 1
light. In these cases we can only calculate the expected num- 02 ]
ber of backgrountioreground stars in the field that depend on 01Ff " - E
the average stellar density down to the magnitude of the sec- Y T MU v =S
ondary star. Statistically we hawé background stars in the 80 60 40 -20 0O 20 40 60 80
field, with N = Ageignip(m < m), whereAseq is the size of b [deg]

the field anch p(m < m) is the surface number density of stargig 14. The three upper curves give the probabilities of having no
havingm < m, m denoting the limit down to which stars arepackground stars down tm, = 23 in combined DIVA field as a
calculated and] bare the galactic coordinates. In a typical casgunction of galactic latitude for threefiiérent galactic longitudes. The
the field of view is small antl < 1, therefore we have to cal-three lower curves give the probabilities of having at least one optical
culate the probability that we hawg, background stars in the double star in the field.

field. If we assume that this follows roughly a Poisson distri-

bution (see e.g. Scott and Tout 1989), then the probability @& can calculate the mass ratio directly from the magnitude

havingNy background stars in the field is simply difference
NNb _ log(Ma/Mp) = 0.4AM/k. 4)

P = =—expN). 3) _ _ _ o
Np! Equation (4) applied to our catalogue gives a rough estimation

) . . ) for the Q distribution. We have used = 4 in the calculation
Respectively, - P(N, = 0) gives the probability for having at (Fig. 9, right panel). However, there is clearly a trend that the

least one optical double star in the field. ) equation underestimates mass ratios at large values and overes-
To evaluate the expected number of optical doubles WhhateQ at small values.
have calculated the probabilities using the Bahcall and Soneira |, 44dition. if we know spectral types of the stars and par-

(1985) modgl for stellar deqsity prec.iicFionS_ in thre_ﬁedient allax estimations we can calculate absolute magnitudes to the
ecll_ptlclongltudes as a function of echptu_: latitude (Fig. 14)-T9_omponents. This can give us the upper limit to the age of
estimate the_ number of stars that are slightly below the mayi system if the primary is a massive star and hence exclude
mum detection thresholt,(max) = 22 we have useth, = 23 he ambiguity for the secondary to be either a low mass MS
in the calculations. The field used in the calculations is a Cirdey, or a white dwarf. even if the spectral type of the secondary
with a radius of 3" i.e. the one corresponding to the DIVAis not known. For bright binaries, parallax and proper motion
observational field. Restricting the sample to only double stafgasurements can resolve the background star ambiguity if the
havingé < 3.5” we exclude 34% (in the models la and llajeasyrements are accurate enough. If a binary is a nearby sys-
or 10% (in the models Ib and I1b) of all the binaries in our catym, we might see a trail in the combined image revealing the
alogue. _ “motion of the secondary. However, the fraction of these ob-
The results can be extrapolated to smaller magnitude lifacts is very small, but they might be interesting cases for later

its by dividing the values by 1.4 per magnitude. This estimginary studies, since the orbital elements could probably be
tion is based on the cumulative number distribution given jstermined.

galaxy model predictions. Hence, only for small galactic lati-
tudes|b| < 20° and toward the galactic center is there a con- )
siderable number of false doubles in the field. Beyond this, tRe Piscussion

probability is very small, of the order of 18 Our synthetic catalogue and the analysis of double star obser-
vations include several approximations. Especially important
to the output is the way binaries are assumed to form. The re-
sults in this study agree with the results of Duquennoy & Mayor
If we have observations of only one colour or white light ob1991). In a recent study, Halbwachs et al. (2003) found that the
servations and the only observablesmie Am andé, then we Q-distribution is very diferent from the Duquennoy & Mayor
can have only a little additional information about the phys{(1991) distribution, but only for binaries witR < 50 days.

cal properties of the bodies. Some additional assumptions ddns does not change our results, since only a very small frac-
allow us to derive more information. If we assume that th@n of binaries in our sample haw < 50 days (7% in mod-
general form of the mass-luminosity relationlisx M* and els | and 9% in models Il). Also, we believe that the uncertain-
suppose that both bodies are on the main sequence, thies associated with the galaxy model or binary distributions

4.2. Physical properties
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are not that severe and the results represent statistically &uhcall, J. N. 1986, ARA&A, 24, 577
rect binary distributions. A separate but closely related topialdwell, J. A. R, Cousins, A. W. J., Ahlers, C. C., van Wamelen, P.,
is to estimate the number of astrometric binaries and how these& Maritz, E. J. 1993, S.A.A.O. Circ., 15, 1
overlap with visual binaries. It is important to know howfdi- Chen, B., Figueras, F., Torra, J., etal. 1999, A&A, 352, 459
ent types of binary detection methods are complementary d¢frene. G., Simon, T., Eisifel, J., & Bouvier, J. 2001, A&A, 379,
how the global binary analysis should be done. This is closeﬁ% 147

the

. . .. . quennoy, A., & Mayor, M. 1991, A&A, 248, 485
related to the details of astrometric missions and is out of €n. X. 1999, AJ. 117, 2528

scope of this study. o . _ Flower, P. J. 1996, ApJ, 469, 355

In the future we will do similar studies, but applicablg-chter, A. S.. & Hook, R. N. 2002, PASP, 114, 144
to GAIA, using a more accurate galaxy model and including biliiland, R. L., Nugent, P. E., & Phillips, M. M. 1999, ApJ, 521, 30
nary evolution in the simulations. This step is crucial to GAlAGiimore, G., & Reid, N. 1982, MNRAS, 202, 1025
since the magnitude limit is much larger. However, some resufitalbwachs, J. L., Mayor, M., Udry, S., & Arenou, F. 2003, A&A, 397,
may not change remarkably for visual binaries since the re- 159
solvability criteria restricts the sample within a few kpc. Sincdills, J. G. 1975, AJ, 80, 809
multiband photometry is done by GAIA, much better physic&lurey, J. R., Pols, O. R., & Tout, C. A. 2000, MNRAS, 315, 543
information can be obtained for both components and bet%gzgg' g" Ig:: g ﬁ'gg::mg:g' g iggg' mmiﬁg’ ;gg' ;ZS
estimations for binary properties of the system can be madeKroupa’ P. 2002, Science, 295, 82
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Appendix A: Double star detections with large 6. Run PSF through the same algorithm using the s&me
magnitude differences by co-adding images and f, values as used in the main frame containing addi-
at different transits tional components;

] o ) 7. Scale images and subtract the combined PSF from the main
If an image combination procedure must be applied to every fame calculated in step 4:

star, that has typically10? transits during the astrometric mis-g Apply an identification algorithm to the final image to de-
sion with probably several flerent images from each transit, ot faint companions.

then the procedure must be simple and fast, while still be-

ing able to enhance the resolution and to increase the sigrite last four steps are required to detect anything with large
to-noise ratio in the combined image. These requirementsgidse to the central component and they all are normally per-
mind we have developed an image combining procedure thétmed, since we generally do not know what is hidden in the
is based on the drizzling algorithm developed by Fruchter ignages.

Hook (2002). The drizzling or the method of variable-pixel |n an ideal case after the adding procedure the signal-to-
linear reconstruction is a procedure in which input pixels (fefoise ratio foii images is

DIVA 1 x 4) are sub-sampled to some output grid that have
smaller 1x 1 pixels (by a fractiorf;) than in the initial frame. =2 _ Z_S'
Before actual mapping, the initial pixels are shrunk (by a frady /Z N2
tion f) or some other procedure (e.g. Gaussian weighting) is '
used so that the final image is not smoothed too much (Gillilafithe ideal magnitude gain can be easily estimated. If all the im-
etal. 1999). Difterent weightsvy, can be introduced to individ- ages are simila; = S; = S and only Poisson error is consid-
ual pixels so that geometrical distortions or any relevant corresred, then im images we get a magnitude threshold higher by
tions can be taken into account if we have a priori knowledge

about them. The kernel of the algorithm, that is repeated urfifileain = 2.5109 Vi, (A.4)

all the images are combined, is This makes a dierence of 1 mag in 6 images, 1.25 for 10, 1.85
W,

o = QWi + Wiy (A.1) for 30 and 2.22 for 60 images. However, in reality, this is not
exactly true and especially for faint objects the signal is readout
(A.2) noise limited and then

(A.3)

Voo ax.,,ixywxys2 + Ly Wy,
Xy W)/<y ’
where Iy, is the combined intensityW,, is the combined S ~ vVn (%) (A.5)
weight, wy, is individual weight of the pixela,, is the geo- 1+RY/S

metrical weight (overlapping factoryis the fraction between \ hereR is the readout noise. Hence, the proportional factor is
the size of the output pixel to the input pixel and, finally, _5 5 putthe gain is still proportional tg/f.

is the measured pixel value. In Egs. (A.1) and (A2andy In reality the noise behavior is more complicated and the
refer to pixel positions in the mpu'F and loutputgrlds and dou%ﬁjizzling procedure itself has arffect on the noise since, in
values refer to values at the nextiteration. The free paramelgggs, cent pixels, the noise is correlated. Due to the correlation,
fi < 1andf; < 1 must be determined from general algorithif,e measured noise in a drizzled image is smaller than that ob-

tests. The modification of the basic !oixel drizzling proceduresined by just interlacing the images. A detailed noise behavior
related only to the way the geometrical overlappings are Ca'%pends orfy, f, and overlapping geometry.
lated. For binned pixels we can either subdivide the pixels back

to 1x 1 pixels that are individually shrank or then another pos- _
sibility is to shrink 1x 4 pixels directly by some fraction beforeA.2. About PSF subtraction
they are mapped to the new grid.

The main purpose of PSF subtraction is to see faint features
around bright objects. To do good PSF fitting and subtraction,

A.1. Different phases in the image combination high 9N is required and good knowledge about the center and
and object detection the wings of the PSF is required. For a small number of ro-
tations, binning can be a severe problem in the detection ca-
The main steps in the procedure are: pability, since the magnitude gain can be small and unequally
1. Shift and rotate distributed outside the central area. If the PSF changes as a
2. Choose new background grid by rasie: pix,,,/pixi, finer fun_ction of_position on the_ chip and the spectrum of the target,
than the grid in the original CCD; or if _there is any change_ln the PSF sha_pe in time (focus etc.)
3. Shrink initial pixels to reduce grid convolutioffects (by that is not known a priori, then subtraction with the “wrong”
factor f,); PSF can create some spurious errors and false detectlong. One
4. Map shrank pixels to underlying grid and add all imagégJSSIblllty to sol\{e this problem_would be to use PSFs obtained
together using the modified drizzle algorithm; at close-by locations and to build up a PSF library from where

5. Create the PSF for the central hypothetical single star usfagFs can be obtained. Also, simulated PSFs could be used bul
all the information that is available an€fects the PSF (i.e. this does not solve the problem of a PSF evolving with time.

positions, magnitude, colour etc.);



