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ABSTRACT

We revisited the analytical expression for the mass ratio distribution for non-evolved binaries with a B type primary. Selection effects governing
the observations were taken into account in order to compare theory with observations. Theory was optimized so as to fit best with the observed
q-distribution of SB1s and SB2s. The accuracy of this theoretical mass ratio distribution function is severely hindered by the uncertainties on the
observations. We present a library of evolutionary computations for binaries with a B type primary at birth. Some liberal computations including
loss of mass and angular momentum during binary evolution are added to an extensive grid of conservative calculations. Our computations are
compared statistically to the observed distributions of orbital periods and mass ratios of Algols. Conservative Roche Lobe Over Flow (RLOF)
reproduces the observed distribution of orbital periods but fails to explain the observed mass ratios in the range q ∈ [0.4–1]. In order to obtain
a better fit the binaries have to lose a significant amount of matter, without losing much angular momentum.

Key words. stars: binaries: close – stars: evolution – stars: fundamental parameters – stars: mass-loss –
stars: luminosity function, mass function – stars: statistics

1. Introduction

The mass ratio distribution of binary stars was treated ex-
tensively by Hogeveen (1991). He showed how an observed
q-distribution can be transformed into a real one. We revisited
the Hogeveen method and applied it onto the population of non-
evolved spectroscopic binaries (SBs) with a B type primary. We
used the new q-distribution to compute the evolution of binaries
with a B type primary at birth beyond the Algol stage. Eggleton
(2000) introduced the word “liberal” to distinguish binary evo-
lution with mass and angular momentum loss from the conser-
vative case where no mass and consequently no angular mo-
mentum leave the system. Refsdal et al. (1974) showed that
the binary AS Eri is the result of liberal binary evolution; the
amounts of mass and angular momentum lost by the system
however are uncertain. Sarna (1993) showed that during RLOF
only 60% of the mass lost by the loser of β Per was captured
by the gainer and that 30% of the initial angular momentum
was lost. Hence it is clear that a liberal treatment is important
for binary evolution calculations. However the amount of mass
as well as angular momentum that has to be removed from in-
teracting systems is far from obvious. Considering the exam-
ples mentioned above it may be expected that the match be-
tween observations and conservative calculations will not be
satisfactory. Therefore we add liberal calculations to our con-
servative library. The detailed evolutionary tracks can be found
in http://www.vub.ac.be/astrofys/

With the Brussels simultaneous evolution code (see
e.g. “The Brightest Binaries”, Vanbeveren et al. 1998) we

calculated a representative grid of the conservative evolution of
binaries with a B type primary at birth. Application of the cri-
terion of Peters (2001) allows then to determine for each of the
evolutionary sequences the beginning and end of various Algol
stages. This criterion states that in the semi-detached system:

• The less massive star fills its Roche lobe (RL).
• The most massive star does not fill its RL and is still on the

main sequence.
• The less massive star is the cooler, the fainter and the larger.

The grid allows us to determine an expected distribution of or-
bital periods and mass ratios for Algols. This can then be com-
pared to the observations.

2. Unevolved binaries

2.1. Observed mass ratios of non-evolved binaries

From the 9th Catalogue of Spectroscopic Binaries (Pourbaix
et al. 2004) which we used in its on-line version (Pourbaix
2005), we selected 142 SBs with a non-evolved early B type
[B0–B3] and 146 with a non-evolved late B type primary
[B4–B9.5] as follows: starting with a set of binaries with
a B type primary we kept only those with primaries of lumi-
nosity class III–V. We disregarded all Algols and systems with
suffixes n and e. We excluded those binaries which were clas-
sified as semi-detached or contact by Brancewicz et al. (1996)
or quoted as showing emission lines in the SIMBAD archive
(http://simbad.u-strasbg.fr/Simbad/).

Article published by EDP Sciences and available at http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20053543

http://www.edpsciences.org/aa
http://dx.doi.org/10.1051/0004-6361:20053543


1072 W. Van Rensbergen et al.: Interacting binaries with a B type primary

Table 1. HD or SB9 numbers of the 288 SBs used in this analysis.

SB type HD number or SB9 number if no HD number is available

46 Early B SB2s 3950, 23180, 23625, 24760, 29376, 29763, 35715, 36695, 37021, 37756, 39698, 52942, 65818
75759, 77464, 86118, 90707, 104337, 115937, 116658, 121263, 136504, 139365, 143018

144217, 147971, 151890, 156633, 161783, 164852, 175544, 176853, 177284, 177624, 185507
191201, 191567, 193536, 193611, 197770, 208947, 217312, 218440, 227696, 305543, SB9 number: 1768

96 Early B SB1s 3264, 3901, 16908, 23466, 24190, 25799, 30836, 31237, 32990, 35039
35588, 36485, 36695, 36822, 36954, 37017, 37202, 37438, 40005, 41753, 42560, 42933, 44402, 46792
56310, 59543, 64503, 65041, 68243, 69144, 74560, 75655, 75821, 79351, 81188, 87059, 92287, 93030
104841, 108248, 113791, 120307, 134687, 138690, 142096, 142669, 142883, 143275, 145482, 145502
147165, 149834, 149881, 160762, 175426, 176819, 178329, 180163, 188753, 189103, 191473, 193516
193924, 198784, 200776, 205021, 206672, 207330, 209961, 213420, 214240, 214652, 216711, 216916

217224, 217463, 217919, 217979, 218342, 218407, 221253, 235807, 240068
SB9 numbers: 319, 320, 928, 1344, 1367, 1374, 1414, 1777, 1778, 1779, 1780, 1791, 1951

41 Late B SB2s 2019, 3369, 4727, 6118, 6882, 12534, 21278, 22203, 25833, 27376, 28475, 32419, 32964, 34364, 39357
41040, 44172, 44701, 75920, 96314, 112014, 123515, 136175, 139892, 140008, 140873, 147683, 156247, 162028

162724, 165814, 178322, 191110, 191692, 196628, 199081, 208095, 212120, 216494, 224113, 240058

105 Late B SB1s 1976, 2054, 3322, 4382, 4775, 5408, 7374, 11291, 11529, 16219, 16907, 17081, 17543, 20315
21279, 23850, 23964, 24587, 24769, 25487, 27295, 30211, 34759, 34762, 35079, 36881, 37000, 41040, 58661
61926, 62737, 63251, 68351, 68520, 72208, 74146, 75446, 75642, 76805, 77350, 78316, 86360, 86619, 87191

87751, 92190, 93191, 93549, 95878, 96307, 101897, 102465, 114911, 120710, 120955, 134759, 137432, 137569
139160, 139892, 141556, 142315, 145389, 159082, 161165, 161480, 161573, 161660, 161701, 162515, 162630
162656, 162679, 162780, 169978, 170200, 170465, 173886, 174403, 174714, 174933, 176318, 177863, 178125
180553, 180554, 183056, 183794, 185936, 186688, 190229, 192276, 193495, 193964, 195986, 197226, 199892

201359, 207857, 211838, 219749, 220318, SB9 numbers: 1191, 1288, 1289

Table 1 lists the binaries that have been used in this
analysis.

The mass ratio for SB2s was determined from observations
for the primary (subscript 1) and the companion (subscript 2):

q =
M2

M1
=

K1

K2
=

a1

a2
(1)

q is the mass ratio, M the mass, K the maximum radial orbital
velocity and a the semi-major axis of the orbital ellipse. The
results are included in Table 2. The mass ratio for SB1s was
determined from the mass function f (m):

f (m) =
M3

2 sin3i

(M1 + M2)2
=
(
1.0385 × 10−7

)
K3

1

(
1 − e2

) 3
2 P M� (2)

with K in km s−1 and the orbital period P in days. In order to
derive q = M2

M1
from f (m) the mass of the primary was taken

from Vanbeveren et al. (1998) for early B primaries. For late
B primaries we used the evolutionary tracks from Schaller et al.
(1992). In that case, the mass of a star on a track in the mid-
dle between the ZAMS and the TAMS has been taken as rep-
resentative for a particular spectral type. Abt & Levy (1985)
proposed to evaluate the mass ratio using relation (2) sampled
at i = 15◦, 45◦ and 75◦, representing respectively the intervals
[0◦–30◦], [30◦–60◦] and [60◦–90◦]. Assuming a random distri-
bution of the inclination angle i, one writes the fractional num-
ber of systems in the range [i, i + di] as d f = sin i di. The
probability of the inclination angle occurring between α and β
is thus f [α − β] = cos α – cos β. This determines f (15◦) =
0.134, f (45◦) = 0.366 and f (75◦) = 0.5. A more refined method

of Van Rensbergen (2001), evaluates relation (2) in the range
[imin−90◦]. The value of imin is the smallest value of the inclina-
tion for which expression (2) is meaningful. Figure 1 considers
HD 37021: a SB2 with q = 0.388 and a B3V-primary. The
range [imin−90◦] determines for a range of possible mass ratios
between qmin(i = 90◦) and qmax(i = imin).

It has been shown by Van Rensbergen (2001) that both
methods can equally well be used in a statistical analysis.
The probability for a mass ratio to occur in the five q-bins is
shown in Table 2. The mass ratio of a SB2 is taken directly
from http://sb9.astro.ulb.ac.be/,whereas the distribu-
tion of the mass ratios of the SB1s has been derived with the
method shown in Fig. 1. The uncertainties on these numbers
included in Table 2 depend on the uncertainties quoted in SB9.
Those uncertainties are discussed in Sect. 2.2.

2.2. Modeling the uncertainties in the catalogue

The observed mass ratios of non-evolved binaries quoted as
“mean” in Table 2 are determined from the mean values of K1,
K2 and f (m) in Pourbaix (2005). We have calculated the errors
on these results using two extreme assumptions on the 66 sys-
tems of the SB9 catalogue for which a standard deviation on
the measurements of K1, K2 and f (m) is given. We have ap-
plied these data to the entire sample of 288 systems.

• The observed distribution quoted as “low q” is obtained
when all the uncertainties act together to reduce the values
of q.
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Table 2. Distributions of the mass ratio of 288 SBs with a non-evolved B type primary, used to perform our simulations.

q-bin ]0–0.2] [0.2–0.4] [0.4–0.6] [0.6–0.8] [0.8–1]

46 Early B SB2s (low q) 0 5 10 22.667 8.333

46 Early B SB2s (mean) 0 5 10 15 16

46 Early B SB2s (high q) 0 1.167 13.833 11.167 19.833

96 Early B SB1s (low q) 42.097 28.270 14.207 6.748 4.677

96 Early B SB1s (mean) 38.736 30.326 14.975 7.120 4.843

96 Early B SB1s (high q) 33.334 34.364 15.791 7.500 5.010

142 Early B SBs (low q) 42.097 33.270 24.207 29.415 13.011

142 Early B SBs (mean) 38.736 35.326 24.975 22.120 20.843

142 Early B SBs (high q) 33.334 35.531 29.625 18.667 24.843

41 Late B SB2s (low q) 0 1 6 9 25

41 Late B SB2s (mean) 0 1 6 9 25

41 Late B SB2s (high q) 0 1 6 3.875 30.125

105 Late B SB1s (low q) 37.695 32.208 17.404 10.249 7.450

105 Late B SB1s (mean) 29.976 36.028 18.646 12.082 8.268

105 Late B SB1s (mean) 24.762 36.750 21.823 12.823 9.240

146 Late B SBs (low q) 37.695 33.203 23.404 19.249 32450

146 Late B SBs (mean) 29.976 37.028 24.646 21.082 33.268

146 Late B SBs (high q) 24.762 37.750 27.426 16.698 39.365

Fig. 1. Relation between q and i imposed by relation (2) for a SB1.
Here HD 37021 is shown. Abt & Levy (1985) give q = 0.39 with a
probability f (q) ≈ 57.7% and q = 0.58 with f (q) ≈ 42.3%. Here we
find q ∈ [0.2–0.4] with f (q) ≈ 37.1%, q ∈ [0.4–0.6] with f (q) ≈ 45.5%,
q ∈ [0.6–0.8] with f (q) ≈ 11.9% and q ∈ [0.8–1] with f (q) ≈ 5.5%.
Since HD 37021 is a SB2, the real value of q = 0.388 and i = 75◦.

• The observed distribution quoted as “high q” is obtained
when all the uncertainties act together to enhance the
values of q.

It is clear that the “mean” distribution settles between these
two very extreme possibilities.

2.3. The theoretical mass ratio distribution

Consider a non-evolved binary with total mass M containing a
primary with mass M1. In our simulation we restrict M1 to the
following intervals:

• M1 ∈ [7–16.7] M� for early B primaries, Vanbeveren et al.
(1998).

• M1 ∈ [2.5–7] M� for late B primaries, Schaller et al. (1992).

Figure 2 shows how each binary can be located in the
[M1-M]-plane, in which straight lines defined by M = M1 ×
(q + 1) are loci of constant q. Each point in the domain is
weighted with its probability of occurrence. The fraction of bi-
naries with primary mass ∈ [M1,min–M1,max] and q ∈ [q–q + dq]
is the weighted black surface divided by the weighted grey sur-
face of Fig. 2.

We assume that the mass of the primary follows a nor-
malised Salpeter-like IMF (Salpeter 1955):

ξ(M1) = C × M−α1 with C =
1 − α

M1−α
1,max − M1−α

1,min

· (3)

Vanbeveren (1982) showed that the exponent α needs not be
the same for primaries of binaries as for single stars. For single
stars, Salpeter (1955) proposed α = 2.35. Rana (1987) argued
α = 1.5 for M > 1.6 M�. Elmegreen (1997) finds α ∈ [2.5–3]
for field stars and ∈ [2–2.5] for stars in clusters.

The probability that this primary is bound to a secondary
with mass M2 = M – M1 is:

ξ(M,M1) = f (M1) × M−δ if M ∈ [M1 − 2 × M1]

ξ(M,M1) = 0 if M � [M1 − 2 × M1]. (4)

The shape of the function f (M1) ∝ Mδ−1
1 is unambiguously de-

fined from the condition of normalisation:∫ 2×M1

M1

ξ(M,M1) dM = 1. (5)

The probabilty of occurrence of a binary: i.e. the weight of each
point in the grey domain of Fig. 2 is thus:

ξ(M,M1) × ξ(M1). (6)
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Fig. 2. A binary with primary mass ∈ [M1,min–M1,max] is in the grey
part of the (M1–M)-plane. The black part contains those binaries
∈ [q−q + dq]. M ∈ [M1–2 × M1] is the total mass of the binary.

With the relations quoted between Eqs. (4) to (6) it is easy to
show that the IMF of the total mass ξ (M) of a binary obeys the
same power law as the primaries of binaries:

ξ(M) =
∫ M

M/2
ξ(M,M1)1 dM1 ∝ M−α. (7)

The theoretical mass ratio distribution is found by determin-
ing the probability that a binary shows a mass ratio smaller
than q�:P(q < q�), by integrating the probability of occurrence
below the straight line M = (1 + q�)M1 in Fig. 2.

P(q < q�) =
∫ M1,max

M1,min

∫ M=(1+q�)

M=M1

ξ(M,M1) ξ(M1) dM dM1

∝
[(

1 + q�
)1−δ − 1

]
. (8)

The theoretical mass ratio distribution is the derivative of
expression (8):

Ψ(q) ∝ (1 + q)−δ. (9)

Expression (9) agrees with the distribution as derived by Kuiper
(1935) [Ψ(q) ∝ (1 + q)−2] and needs no artificial constant qo in
order to avoid a divergence for q→ 0 as was done by Hogeveen
(1991) [Ψ(q) ∝ q−α (q ≥ qo);Ψ(q) = C (q ≤ qo)]. The
value of exponent δ in relation (9) will be determined by fit-
ting a Monte Carlo simulation to the observed q-distributions
of Table 2.

Fig. 3. The Popova distribution predicts too large orbital periods when
it compares simulations with observations.

2.4. Modeling the observed population
of spectroscopic binaries

2.4.1. Modeling the observed distribution of periods

First, we assume an initial distribution of orbital periods as
given by Popova et al. (1982):

Π(P) =
A
P

with
∫ Pmax

Pmin

Π(P)dP = 1. (10)

If we try to fit this theoretical distribution to the observed pe-
riods of the non-evolved systems in the catalogue of Pourbaix
(2005) we obtain a very poor fit as well for the binaries with an
early B primary as for those with a late B primary component.
The results of the Monte Carlo simulation (Sect. 2.4.3) depend
moreover severely on the arbitrary choice of the limits of inte-
gration Pmin and Pmax in Eq. (10). The observed period distribu-
tion differs significantly from expression (10). The observed or-
bital periods of the non-evolved systems are on the other hand
very well reproduced by an altered Popova distribution follow-
ing different regimes at high and low orbital periods respec-
tively. This new distribution is obtained by assigning a natural
value to Pmax linked to the largest observed orbital period. The
long and short period regimes approximate the observed distri-
bution best. The value of Pmin follows from the normalisation
of the distribution function. This procedure yields the following
distribution with matches the observations almost perfectly:

• 79.3% of the observed systems with a late B primary follow
a Popova distribution from Pmin = 0.93 to Pmax = 33.37;
20.7% follow a similar distribution between Pmin = 33.37
and Pmax = 9000 d;
• 79.1% of the observed systems with an early B primary

follow a Popova distribution from Pmin = 1.02 to Pmax =

12.91; 20.9% follow a similar distribution between Pmin =

12.91 and Pmax = 4000 d.

The initial period distributions Π(P) as derived from the obser-
vations are shown in Fig. 3. The distributions with two different
regimes will be used in the subsequent analysis.
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2.4.2. Simulating the population of binaries

The observed mass ratio distribution Φ(q) for our sample of
binaries with a non-evolved B type primary is constrained by
Table 2. A Monte Carlo procedure with 100.000 binaries simu-
lates a theoretical distribution Ψ’(q). This distribution is trans-
formed into an observed distribution Φ’(q) due to the model
and the impact of observational selection effects. We propose
an exponent δ in relation (9) fitting best the observed distribu-
tion Φ(q).

The Monte Carlo simulation uses the following distribution
for a number of independent variables which are different for
binaries with an early B primary and those with a late B pri-
mary at birth.

• The masses at birth of the initial primary follow a
Salpeter-like distribution as given in relation (3) in which α
will not differ drastically from the Salpeter-value α = 2.35.
We have scanned α ∈ [0–5].
• The initial mass ratio distribution follows relation (9) in

which the value of δ will be chosen so as to reproduce the
data of Table 2 best.
• The distribution of the initial orbital periods follows the

“broken” relation shown in Fig. 3: Π(P) = Ci
P , where the

values of Ci in the four different regimes (short period
late B, long period late B, short period early B, long period
early B) obey the prescriptions mentioned in Sect. 2.4.1.
• The eccentricity follows a distribution as given by

Hogeveen (1991): ε(e) = A
e with

∫ emax=0.7

emin=0.001
ε(e) de = 1.

• The inclination angle follows the random distribution:
I(i) = A × sin i with

∫ π
0

I (i) di = 1.
• Two assumptions have been tested for the spatial distribu-

tion of the binary systems:
the stars are uniformly distributed in a sphere: D(r) = A ×
r2 with

∫ rmax

rmin
D (r) dr = 1;

the stars belong uniformly to a flat structure (e.g.
Gould’s belt): D(r) = A × r with

∫ rmax

rmin
D (r) dr = 1.

From these quantities a number of dependent variables can be
calculated easily:

• the mass of the secondary M2 = q × M1;
• the absolute luminosities (L/L�) of the components are de-

rived from their mass. This was done using Schaller et al.
(1992) for stars with M > 0.8 M�. The middle of the main
sequence was taken for this luminosity calibration. Allen
(1973) was used for the lowest mass stars to which sec-
ondaries with a B type primary can belong. The absolute
bolometric magnitude was then determined with the stan-
dard relation: Mbol = 4.75 – 2.5 log (L/L�);
• the absolute visual magnitude MV was calculated

from Mbol, using the bolometric corrections from
Vanbeveren et al. (1998) for the high mass stars (M > 7 M�)
and Allen (1973) for the lower mass stars. The apparent
visual magnitude is calculated from the standard relation
mV1,2 = MV1,2 – 5 + 5 log r (pc);
• the semi major axis of the system is given by the third

Kepler law: a(R�) = 4.2067 [(M1 + M2) P2]1/3;
• the semi major axes of the components are found from the

relations: a = a1 + a2 and a1
a2
= M2

M1
;

Fig. 4. Independent of the choice of α in the IMF in Eq. (3), binaries
with an early B type primary tend to an initial mass ratio distribu-
tion Ψ(q) ÷ (1 + q)−δ with δ = 1.65 in the case that the mean observed
mass ratio distribution is approximated by the model. The uncertainty
introduced by a poor knowledge of α is at most 0.05. For the late
B type primaries a similar behaviour is found around δ = 0.65.

• this leads to the following radial velocity amplitude:
K1,2 [km s−1] = 50.6131 a1,2(R�) sin i

(1−e2)1/2 P [days] ·

2.4.3. Modeling the selection effects

A Monte Carlo simulation was elaborated separately for bi-
naries with an early B type primary and those with a late
B type primary. Each step produces 100.000 binaries with
an unevolved B type primary. The primary masses follow an
IMF-distribution ξ (M1) = C × M−α1 (3) in which α can differ
from the Salpeter-value α = 2.35, since primaries of binaries
need not to follow the IMF of single stars. To each primary a
secondary is attached through a q-distribution (9) with δ vary-
ing in the range ∈ [−1/5].We have searched for the best the
values of δ in the interval α ∈ [0–5] ranging from an unre-
alistic flat (α = 0) to an unrealistic steep IMF (α = 5). The
value of δ that fits the observations best is barely dependent of
the choice of α, as can be seen in Fig. 4. An absolute visual
magnitude is associated with both components by the mass-
luminosity relation. The random distance generates apparent
magnitudes for both components. A sufficiently small differ-
ence between these two magnitudes attaches a probabilty for
the binary to be recognised as a SB2 as was done previously
by Van Rensbergen (2001). The simulation produces further a
random orbital period that follows the bimodal distribution of
Fig. 3, a random eccentricity distribution as given by Hogeveen
(1991) and a random distribution of the inclination angle. From
these quantities, one determines subsequently a, a1 and K1. The
minimum value of K1 for a binary to be identified as a SB1
is determined from the K1-values in the SB9-catalogue. A bi-
nary with K1 ≤ K1,min will not be detected as SB1. When K1 ≥
K1,max the system will be seen as a SB1 with equal probabil-
ity as any binary with a larger value of K1. The SB9 catalogue
contains no B type stars with mvis ≥ 11 so that fainter ones have
been removed from our simulations. We consider that stars with
mvis ≤ 9 were detected with equal probability as stars looking
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Table 3. Parameters which are used in our simulation of 100.000 bi-
naries. All values are best fits to the data of the SB9 catalogue.

Parameter Unit Early B primary Late B primary

M1,min M� 7 2.5

M1,max M� 16.7 7

K1,min km s−1 2.8 2.3

K1,max km s−1 6 5

M2,min M� 0.08 0.08

Mmax M� 2 × M1,max 2 × M1,max

P1
min days 1.016 0.928

P1
max= P2

min days 12.912 33.370

P2
max days 4000 9000

emin 0.001 0.001

emax 0.7 0.7

dmin pc 66 40

dmax pc 1000 1000

mvis,min 9 9

mvis,max 11 11

apparently brighter. The SB9 catalogue is still incomplete, but
we consider it as the most representative yet.

2.5. Results

In our search for the best values of δ we evaluated each model
with a Kolmogorov-Smirnov test for which the maximum de-
viation D was calculated in a column containing five q-bins.
One can alter most of the numbers in Table 3 within reasonable
ranges without harming the goodness of fit. The results yielded
by a uniform distribution of the binaries in volume show no
difference to those obtained assuming a uniform distribution in
a plane.

The value of D is however extremely sensitive to variations
of δ without being dependent of α. Figure 4 shows the com-
parison between the “mean” value of the observations and our
model in the case of binaries with an early B type primary. Each
value of α in the IMF in relation (3) tends to the same value
of δ ≈ 1.65 in relation (9). The maximum deviation D is in this
case very small (D ≈ 0.01). The best value of δ deviates much
from the value found before (δ ≈ 3.37, Van Rensbergen 2001)
and the obtained maximum deviation is much smaller than in
this former study (D ≈ 0.01 vs. D ≈ 0.05), so that the fit with
the observed mass ratios has been improved significantly. This
is mainly due the use of the bimodal distribution of the initial
orbital period shown in Fig. 3.

The agreement between our model and the observations is
less striking for binaries with an unevolved late B type primary.
Each value of α in the IMF in relation (3) tends to the same
value of δ in relation (9) (δ ≈ 0.65), with a maximum devia-
tion D ≈ 0.045. This value of δ deviates much from that found
before (δ ≈ 1.47) whereas the obtained maximum deviation is
much smaller than in our former study (D ≈ 0.045 vs. D ≈
0.07), but still quite large.

Fig. 5. An exact determination of the exponent δ is severely hindered
observational uncertainties. This figure shows that the best value to
explain the observed mass ratios of unevolved binaries with an early
B type primary is δ = 1.65 if one uses the mean values of K1, K2

and f (m) in SB9. If the uncertainties on these numbers all tend to
lower mass ratios one obtains δ = 2.0, whereas δ = 1.15 is obtained
with the assumption that all the uncertainties tend to higher mass
ratios.

The uncertainty on δ is thus not dependent of change in the
assumptions in Table 3 within reasonable limits, nor the choice
of the exponent α in the IMF of the primaries, nor the assump-
tions about the uniform distribution in space of the binaries.
The error on δ is mainly determined from the uncertainties in
the catalogue which are emphasized in Table 2. Meeting the
“low q” limit for binaries with an early B type primary one finds
δ ≈ 2.0 with a maximum deviation D ≈ 0.03. A flatter mass ra-
tio distribution function fits the “high q” limit with δ ≈ 1.15
with a maximum deviation D ≈ 0.02. A mass ratio distribution
with δ ≈ 1.0 and D ≈ 0.05 represents best the “low q” limit for
binaries with a late B type primary, whereas the “high q” limit
is represented best by an almost flat mass ratio distribution with
δ ≈ 0.1 and D ≈ 0.06. The fits achieved assuming extreme de-
viations from the mean values of K1, K2 and f (m) are less good
than those which are obtained using the mean values of K1, K2

and f (m). The results are shown in Fig. 5.
As a safe conclusion we can state that:

• Ψ (q) ∝ (1 + q)−δ with δ = 0.65+0.35
−0.55 for unevolved binaries

with a late B type primary.
• Ψ (q) ∝ (1 + q)−δ with δ = 1.65+0.35

−0.50 for unevolved binaries
with an early B type primary.

The comparison of the models with the observations of Table 2
is shown in Fig. 6. The initial mass ratio distribution can be
compared with earlier determinations:

• Ψ (q) ∝ (1 + q)−2: (Kuiper 1935).
• Ψ (q) =C when q ∈ [0–0.3];Ψ (q) ∝ q−1.8 when q ∈ [0.3–1]

for all unevolved binaries with a B type primary (Hogeveen
1991).

The initial mass ratio distribution for binaries with an early
B primary is steeper than for those with a late B primary. The
agreement with the observations is however much better for the
early B primaries so that a larger doubt remains on the obtained
result about the late B primaries.
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Fig. 6. Binaries with an unevolved late B primary following an initial
q-distribution Ψ(q) ÷ (1+q)−δ with δ = 0.65 match the mean values of
the observations well, whereas those with an early B primary and δ =
1.65 show almost perfect agreement.

3. Evolved binaries

Starting from a population of unevolved binaries with a B type
primary at birth as described in Sect. 2, we follow the evolution
beyond the the RLOF-phase. Depending on the initial orbital
period, binaries show Algol characteristics for a considerable
amount of time during this phase. The phenomenon of loss of
mass and angular momentum by the binary is a challenging
question. The distribution of orbital periods and mass ratios of
Algols calculated without mass and angular momentum loss is
very different from that calculated with radically liberal sce-
narios. We will first compare the conservative simulation with
the observations.

3.1. Observed mass ratios and periods of Algols

The distribution of the orbital period of Algols is well known
and is shown in Fig. 7 for 378 Algols from Budding et al.
(2004), respectively extended to 781 Algols with the catalogue
of Brancewicz et al. (1996) and to 2545 including the semi-
detached Algols from Khopolov et al. (1998). These references
mention the same periods for almost all systems which are
common to the three catalogues and differ only in the number
of Algols cited in them.

The distribution of mass ratios is however biased. From
Budding et al. (2004) we selected Algols with a strongly estab-
lished semi-detached status (sd ≥ 0.5) for which we identified
the mass ratio with qMS so as to make the parameters of the
most massive star fit Main Sequence (MS) correlations. The
mass ratios qLC obtained by the light curve solution and qSD

using the assumption of a semi-detached status yield however
mass ratios that differ largely from qMS. Figure 8 shows that
only the MS-assumption predicts a majority of Algols with
a large mass ratio. Since Brancewicz et al. (1996) only re-
strain qMS, we will also use this value for our comparison be-
tween theory and observation. However, if qLC or qSD would
be the rule one would expect a much smaller fraction of Algols
with large mass ratios.

Fig. 7. The observed distribution of orbital periods of Algols.

Fig. 8. The distribution of the mass ratio of Algols strongly depends
on the method used to interpret the observations.

3.2. Conservative simulation

Our grid contains some 240 binaries with initial periods suffi-
ciently small to lead to Case A RLOF (RLOF A): i.e. during
H core burning of the donor. The donor is the initially primary
star that becomes the less massive as soon as the Algol phase
starts. From that moment on, one has that M1(t) ≤ M2(t) so that
instead of the definition given in expression (1), the definition
of the mass ratio becomes:

q =
M1(t)
M2(t)

· (11)

Evolutionary tracks are calculated for each system of our grid.
A binary lives its era of “Algolism” (De Loore et al. 2004)
when it matches the criterion of Peters (2001). All binaries
show the Algol A aspect for some time during RLOF A. The
drastical change of the mass ratio and the orbital period dur-
ing this process can be followed in detail for each system in
our grid. It happens frequently that RLOF A is followed by
Case B RLOF (RLOF B): i.e. during H shell burning of the
donor. Systems that have sufficiently large initial orbital peri-
ods so that RLOF A does not occur will also show a short-living
Algol B appearance. These systems have been considered in
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Fig. 9. Observed distribution of periods of Algols compared to conser-
vative evolution for binaries with a B type primary at birth. Cases B
produce an excess of long periods. Cases A follow the observed dis-
tribution better. There are far more Algol A than Algol B cases.

a previous paper (Van Rensbergen 2003) and are added to our
simulation.

From our grid of conservative calculations we made
a Monte Carlo simulation of the distribution of orbital periods
and mass ratios of Algols. As starting conditions we selected:

• the primaries IMF of Salpeter (1955): ζ(M) ÷ M−2.35;
• an initial distrubution of orbital periods from Popova et al.

(1982): Π(P) ÷ 1
P ;

• an initial mass ratio distribution as derived in this paper.

The distribution of the initial mass ratio q =
M0

2

M0
1

obeys

relation (9):

Ψ (q) ÷ (1 + q)−δ; δ = 1.65 for early B and δ = 0.65 for late
B primaries.

The catalogue of Budding et al. (2004) extended with the
semi detached Algols from Brancewicz et al. (1996) supplies
us with 422 Algols with a well defined value of qMS. Figure 9
shows the observed distribution of orbital periods of 304 Algols
which can be issued from conservative binary evolution with
a B type primary at birth. We find more A than B cases, be-
cause the Algol A-phase goes on for a fraction of the nuclear
time scale, whereas the Algol B phase lasts only for a fraction
of the much shorter Kelvin-Helmholtz time scale. RLOF A pro-
duces Algols that match the observed distribution rather well.
Since the Algol B cases peak towards the longest periods, a
contribution of only a few % of B cases to the Algol population
will mimic the observed period distribution well.

Figure 10 shows the observed mass ratio distribution of
Algols that can be obtained from conservative binary evolu-
tion with a B type primary at birth. The mass ratio q is herein
as in expression (11) and as observers of Algols define this: q =
Mdonor
Mgainer

=
M1(t)
M2(t) .

The mass ratios of the Algol B cases peak towards the
smallest mass ratios, whereas RLOF A produces a majority of
Algols in the q-bin [0.2–0.4]. Consequently an admixture of
cases A and B will never reproduce the observed considerable
number of Algols in the q-interval [0.4–1]. We may conclude
that liberal binary evolution is required in order to describe the
observed mass ratio distribution of Algols.

Fig. 10. Observed distribution of mass ratios of Algols compared to
conservative evolution of binaries with a B type primary at birth.
Cases B produce more than 80% Algols with q ∈ [0–0.2]. Cases A
produce most of their Algols with q ∈ [0.2–0.4]. The fact that more
than 70% Algols are located in q ∈ [0.4–1] when one uses qMS as a
standard excludes conservative evolution as the major channel through
which Algols can be formed.

3.3. Confining the liberal model

Mass loss is defined by a parameter β describing the fraction of
the mass lost by the loser that is accreted by the gainer:

Ṁgainer = −β Ṁdonor with 0 ≤ β ≤ 1. (12)

Conservative evolution is described with β = 1, whereas the lib-
eral case uses values of β < 1 that are not known beforehand.
Conservative evolution implies that no angular momentum can
be lost by the system, whereas the amount of loss of angular
momentum in the liberal case is also a free parameter when no
physical restrictions are implied. It is clear that realistic hydro-
dynamic calculations should show us the appropriate choice of
the amounts of mass and angular momentum lost by a binary
at any moment of the RLOF process. In the mean time we have
performed a number of liberal evolutionary calculations and
compared the results with the observations.

The time dependent parameter β(t) should differ drastically
from 1 – especially during the rapid phase of the RLOF pro-
cess – since our calculations with β close to one show hardly
any difference with the conservative case.

For a given value of β, the amount of angular momen-
tum lost by the system is defined by the locus where matter
is removed from the system. Soberman et al. (1997) have ar-
gued that matter can be trapped in a Keplerian ring after transit
across the second Lagrangian point L2. The radius of the ring
is η times the semi major axis of the orbit. This Keplerian ring
passes outside L2 which is located at η ≈ 1.25. This yields a
minimum value of η ≈ 1.25. Hydrodynamical calculations of
Lubow & Shu (1975) locate the ring at η ≈ 3. This yields a
maximum value of η ≈ 3. A Keplerian ring located at η ≈ 2.25
takes away the same amount of angular momentum as the co-
rotating point L2 would do. A value of η ≈ 2.25 is thus a fair
value in the interval [1.25–3] that can be used to calculate the
change of the orbital period in this case.
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Fig. 11. Liberal evolution with a lot of mass loss (β = 0.5) and a lit-
tle loss of angular momentum changes the mass ratio distribution of
Algols drastically. The observed mass ratios in the q-interval [0.4–1]
which were not produced by conservative evolution are created by
this liberal model. This plot shows the result for Algols issued from
RLOF A and a 7 M� primary at birth.

Our calculations reveal that if the system loses a lot of mat-
ter and angular momentum across points located near η ≈ 2.25
the orbital periods shrink drastically. Most binaries become
mergers before they show Algolism. The obtained distribution
of orbital periods of Algols is completely shifted towards the
shortest periods. Since this conclusion conflicts with observa-
tions, the mass that leaves the system rather carries the angular
momentum of points located nearer to η ≈ 0 than to η ≈ 2.25.

For all these reasons we performed a number of calcula-
tions with constant β = 0.5 and angular momentum lost at the
edge of the gainer. Until now only the representative cases with
a 7 M� primary at birth and initial periods leading to RLOF A
have been performed. The assumption of mass loss through a
point near η = 0 does not alter the conservative distribution of
the orbital periods of Algols. This agrees with the observations
since the conservative orbital period distribution matches the
observations fairly well. Liberalism however drastically alters
the distribution of the mass ratios. Figure 11 shows that our
liberal assumption (β = 0.5, η ≈ 0) deviates radically from the
conservative case. The q-bins [0.4–1] which were not popu-
lated in the conservative scenario are now populated properly
as required by the observations.

4. Conclusions

1. The initial mass ratio distribution of binaries with an early
B type primary is established in such a way that coinci-
dence with observations is almost perfect. The distribu-
tion for binaries with a late B type primary fitting the ob-
servations best is flatter. However the agreement with the
observations is in this case worse.

2. The uncertainties introduced by the error on the observa-
tions remain substantial.

3. Conservative RLOF produces Algols that have a distribu-
tion of the orbital periods that fits the observations well.
However the conservative model produces smaller mass ra-
tios than observed.

4. A liberal RLOF scenario with much mass-loss without
much loss of angular momentum produces orbital periods
and mass ratios of Algols that are in better agreement with
observations.

5. The fraction of mass that needs to be lost by the bi-
nary strongly depends on the observed q-distribution that
is assumed. If mass ratios of Algols are determined from
MS correlations, the amount of mass lost by the binary will
be larger than if one uses the LC or SD solutions.

6. Physical events that involve a liberal RLOF scenario at
binaries with a B type primary at birth are yet not fully
understood.
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