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ABSTRACT

The prime purposes of this study are to obtain reliable orbital parameters for the Algol-type
binary U Coronae Borealis (U CrB) and to explain the evolutionary status of this system. All
observations of the primary star’s radial velocity are consistent with the value K| = 58.6 £+
2.0km s~ !. Measurements of the radial velocity of the secondary component give K, = 185.2 +
5.0 km s~'. Using the photometrically determined inclination of 78.7 & 0.3, the masses of the
two stars are therefore deduced to be 4.74 4= 0.28 and 1.46 4= 0.06 M, for the primary and
secondary components, respectively. Using all available observations, we discuss the origin
and evolution of the close binary system U CrB. We derive the restrictions concerning masses
and period from a general network of calculations of medium mass close binary evolution.
Detailed models are calculated within the derived ranges, giving the most likely initial system
parameters as 4.5 M@ +2.7 Mg and P; = 1.4 d. It turns out that the interactive evolution up to
the present stage has been non-conservative. During its evolution, U CrB has lost about 14 per
cent of its initial total mass (AM ~ 1 M) and around 18 per cent of its initial total angular
momentum. We also examine the possibility of probing dynamo action in the mass-losing
component of U CrB. We point out that, in order to maintain the evolution of U CrB in its
later stages, which is presumably driven by stellar ‘magnetic braking’, an efficient mechanism
for producing large-scale surface magnetic fields in the donor star is required. We suggest that
observed X-ray activity in U CrB may be a good indicator of its evolutionary status and the
internal structure of the mass-losing component.
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1 INTRODUCTION

The eclipsing binary U Coronae Borealis (U CrB) — see Table 1
— is one of the brightest Algol-type binaries. The larger but less
massive secondary has filled its Roche lobe and is now transferring
material to its companion. The primary component — the brighter
member of the system (B6 V) — is partially eclipsed every 3.452 d.
The secondary spectrum, which is seen during the partial eclipse, is
F8 III-IV (Batten & Tomkin 1981).

In this paper we consistently denote the initially more massive
star (the loser = mass-losing star, MLS) as the secondary, and the
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initially less massive star (the gainer = mass-accreting star, MAS)
as the primary. For the observed semidetached systems, this is in
agreement with the observers’ tradition.

U CrB is an intensively studied object both in photometry as
well as in spectroscopy (see Table 2). Photoelectric light curves
(mostly in Johnson UBV) have been published by Kordylewski
& Szafraniec (1957), Wood (1958), Catalano, Cristaldi & Lacona
(1966) and Svolopoulos & Kapranidis (1972). Ultraviolet (UV) pho-
tometry (150-330 nm passbands) presented by Kondo, McCluskey
& Wu (1981) does not show any modulation correlating with the
orbital phase. In order to obtain more precise estimates of the abso-
lute dimensions, the system was observed from 1980 to 1987 by van
Gent (1989b) in four narrow passbands (AX ~ 10 nm) of the Utrecht
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Table 1. The basic data for U CrB. The epoch is the time of mid-
eclipse.

Names BD +32° 2569, HD 136175, SAO 64619

Comparison BD +31° 2724, HD 137147 (var.) (Olson 1980)
HD 136654 (van Gent 1989b)

o 15"18™ 1133 (HMS) J2000.0

8 31°38'48"7 (DMS) J2000.0

my 7.82

Eclipse partial

B-V +0.15 (MAS), —0.07 (MLS) (Wood 1958)

Sp.Type B6 V + F8 III-1V (Batten & Tomkin 1981)

Epoch 2440 367.8941 + 3.452 242 TE

(Kreiner, private communication)

Photometric System (UPS; Heintze & van Gent 1989) ranging from
474 to 871 nm.

Previous spectroscopic work on U CrB was carried out by Batten
& Tomkin (1981). Their work contains a collection of old spectro-
scopic data for both the primary — 138 spectrograms, 1919-1978,
including spectra from Plaskett (1920) and Pearce (1935), one-prism
spectrograph observations — and the secondary star (16 Reticon ob-
servations, 1979-1980). The section of their paper designated by
Other Lines is the main data section, which contains velocities from
the lines Ca11(K) 3933.664, Sinn4128.051,4130.876, C114267.167,
and Mg 11 4481.228 A. We found a typographic error in the Miscel-
laneous Data section (table 4 of Batten & Tomkin 1981). The point
JD =244 0427.765, ¢ = 0.54 is well displaced from its real position
in (figure 2 of the paper if the HID of the given data is used. If the
scattered data (especially from 1964-1967, modern prism spectro-
grams in Batten & Tomkin 1981) is avoided by excluding the outliers
using the Powell method mentioned in Section 2.3, our results agree
very well with theirs, except for the K, value (see Section 4 and
Fig. 4).

A preliminary discussion of the evolutionary status of U CrB has
been presented by Sarna (1992) and Sarna & de Greve (1996). They
concluded that U CrB is a product of processes of either case A or
more likely AB mass transfer with the initial mass ratio near 0.6,
in which mass loss from the system was not negligible. They also
suggested that, in the discussion of the evolutionary status, C and N
abundances at the photosphere would be very useful.

In this paper we estimate orbital and physical parameters for
U CrB, using all available photometric and spectroscopic data.
In Section 2 we report on our spectroscopic observations and
data reduction technique. In Section 3, we present details of the

semi-amplitude measurement of the radial velocity (RV) curve. In
Section 4 we show a synthetic light-curve solution for existing ob-
servational light and RV data using the Wilson—Devinney (WD)
method (Wilson & Devinney 1971, revision 1992; Wilson 1992). A
possible evolutionary status is calculated and presented in Section
6. In Section 7 we investigate the plausibility of dynamo operation
in the mass-losing component of U CrB, and in Section 8 we give
the conclusion.

2 OBSERVATIONS AND DATA REDUCTIONS
The ephemeris taken from Kreiner (private communication)
HID = 2440367.8941 + 3.4522427E

+0.0035 =+ 0.0000023

was used to determine the orbital phase at mid-exposure of each
spectrum.

2.1 1994 data

We obtained 50 spectra of U CrB on the nights of 1994 March
17-24 using the Richardson—Brealey Spectrograph (RBS) at the
1-m Jacobus Kapteyn Telescope (JKT) at the Roque de los Mucha-
chos Observatory on the island of La Palma. We used the 1200
grating with the EEV7 CCD which covers a wavelength range of
3725-4775 A at a resolution of about 1.7 A. The exposures were
all 1000 s long. Almost a complete orbital cycle was covered dur-
ing our observing run. A copper—argon arc spectrum was taken
after three successive U CrB spectra to calibrate the wavelength
and to correct for instrumental flexure and stability. The third-
order polynomial fit to the positions of six unblended lines gave
~1073 A discrepancy in the wavelength scale. Spectra of the spec-
trophotometric standard SP 1550+330 (=BD + 332642) (Oke &
Gunn 1983) were also taken in order to correct for instrumental
wavelength response.

After bias subtraction and dividing by the flat-field to correct for
medium-scale sensitivity variations of the detector, optimal extrac-
tion (Horne 1986), as implemented by the FIGARO software pack-
age, was used to reduce the two-dimensional (2D) images to one-
dimensional (1D) spectra. The arc spectra were extracted from the
same region of the detector. These were used to obtain the wave-
length scale for each object spectrum by interpolating from the
wavelength scales of the two nearest spectra. Finally, to correct for
the variations of instrumental response with wavelength and large-
scale sensitivity variations, a calibration spectrum was created from
the spectrophotometric standard using FIGARO tables of standards

Table 2. The list of important observations for U CrB (sorted by date).

Type Filters and wavelengths A) Reference

Johnson \Y Kordylewski & Szafraniec (1957)
Johnson BV Wood (1958)

Johnson B Bakos & Tremko (1981)

uv 1550, 1800, 2200, 2500, 3300 Kondo et al. (1981)

Spectroscopy Ca13933, Sin4128, 4130, C 14267, Mg 1t Batten & Tomkin (1981)
Stromgren uvby Olson (1982)

Spectroscopy He 14387, 4471, Mg 11 4481, Fe 11 4549 Olson (1984)

Narrow band 4740, 6720, 7810, 8710 van Gent (1989b), (UPS)

O1 7774 Etzel, Olson & Senay (1995)

H, Richards, Albright & Bowles (1995)

Albright & Richards (1996)

Note: “Utrecht Photometric System (Heintze & van Gent 1989).
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and procedures. The target spectra were then multiplied by this cal-
ibration spectrum, creating flux-corrected spectra.

2.2 1997 data

We obtained 42 Echelle spectra (grating with 79 lines mm~! and

63° blaze angle) of U CrB on the nights of 1997 May 13-16, using
ESPRESSO (Echelle Spectrograph for SPM) at the 2.1-m telescope
of the Observatorio Astronémico Nacional (OAN) de San Pedro
Martir (SPM), Mexico. The slit length was kept fixed at 1.0 mm
(=13.3 arcsec) by using appropriate masks on top of the main slit
of length 30 mm. The cross-disperser angle was set to 353° which
gave the orders 33—60 and the corresponding wavelength range of
6643-3793 A. A 1024 x 1024 pixel CCD-TEK (24 um pixel size)
was used for recording. The spectrophotometric standard was 58
Aql (Hamuy et al. 1992).

After bias subtraction and flat-fielding, the extraction routine of
IRAF — which is an adaptation of the optimal extraction routine de-
signed by Horne (1986) — was used to reduce the 2D Echelle images
to 1D spectra. The extraction was performed using trace information
of the orders obtained while preparing the master flat-field. Using
SPM’s Th—Ar line list, more than 500 lines were identified. The final
line list was reduced to 393 lines to decrease the positional error and
to increase the interorder harmonization. The final positional rms
error for all the arc frames was 0.0057 A.

2.3 Radial velocity measurements

Radial velocities were calculated by cross-correlation using the IRAF
Radial Velocity package, FXCOR; the peaks of the cross-correlation
functions (CCFs) were measured by fitting Gaussian profiles. The
template spectra for the primary were HD 43153 (B7V) and HD
155763 (B6III) for the 1994 and 1997 data, respectively. The tem-
plate spectrum for the secondary for the 1997 data was HD 187691
(F8V).

After constructing the RV table, a robust optimization method
(minimized absolute deviation), the POWELL routine of the software
package (IDL 1997), was used to fit a sine curve to the data

RV($); = Vo + K; sin (M> (1)
P

where subscript i denotes the component (MAS or MLS), K is the
amplitude of the RV curve, V| is the systemic velocity, ¢ is the
epoch of the observation, ¢, is the epoch of the mid-eclipse, and p
is the orbital period in days. A circular orbit was assumed in fitting.
Free parameters in the fit were K; and V.

This method turned out to be less sensitive to the details of the
method (e.g. templates, weighting, etc.) than least-squares fitting
and it gives reasonable fits even though the data contain outliers.
However, we have to be careful if the data are concentrated at cer-
tain phase points with outliers. This distorts the optimization and
pulls down (or pushes up) the curve while trying to ‘optimize’ the
concentrated deviations. Therefore, in the case of abnormal fits, un-
wanted data had to be deleted from the input before the method was
applied.

2.4 Stacked grey-scale spectra

Fig. 1 is divided into vertical sections, each containing a selected
line region. At the top of each section, the corresponding line and
its wavelength value are printed. The name and spectral type of
the object and the RV template are printed at the top of the graph.

© 2003 RAS, MNRAS 342, 1349-1360
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Figure 1. SGSS of U CrB for 1994 run (see Section 2.4 for details).

Underneath this information header lies a strip of the RV template’s
spectrum of the same line region. The vertical axis is divided into
1000 equal phase intervals. No clashes were found on the phase
axis (i.e. each phase point is resolved for each observation). For eye
comfort each phase point is copied one pixel above and below. For
the chosen lines, the RV curve plot is overlaid on the corresponding
line region. The rest wavelength of the line is used for this plot and
corrected for V of the cross-correlated RV standard.

3 RADIAL VELOCITY RESULTS

The cross-correlation was carried out only on selected lines, sampled
with enough continuum around them. Even though the whole range
of the spectrum (except the Balmer lines, etc.) is normally included
in applying the cross-correlation technique (Hill 1993), disobeying
that convention in this work had minor effects on the quality of
results obtained. We had sufficient reasons to believe that this was
the case: the signal-to-noise (S/N) ratio was high for the selected
lines and the line list we used agrees with the list compiled by
Andersen & Nordstrom (1983).

For the 1994 data set, the He 1 lines (4026 and 4471) were studied
for K. As the spectra are from single slit observations, these two
lines were combined and cross-correlated. Thus, for this data set we
used the results of the combined CCF (Fig. 1): V( = —22.8 and
K, = 60.2 (km s~'). However, as the resolution of the 1997 data
is better than that of the 1994 data, we present the latter results for
archiving purposes only (Table A1).

Because the 1997 run used an Echelle spectrograph, the selected
lines were spread into different orders and were treated separately.
Using the same method that we used for the 1994 data, a set of V
and K pairs was obtained (Table 3). In Fig. 2 RV curves of the
He 1 lines are plotted.

Table 3. Fits to CCFs of U CrB for 1997 run. The
adopted value is the weighted average of all the lines.

Line Vo K o

He 1(4026 A) 9.2 65.2 79
Sin (4128 A) 4.1 57.9 7.4
He1 (4471 A) 7.2 59.7 7.1
He1(5876 A) 29 60.1 5.5
Si 1 (6347 A) 9.1 56.7 6.1
Adopted 5.8 58.6 6.5
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Figure 2. RV curves of He I lines (4026, 4471 and 5876 A, from top to
bottom panel, respectively) of U CrB for the 1997 run. Small plus signs
represent RV values from Batten & Tomkin (1981).

The Ca1 line is used to determine the value for K,. Even though
the stacked grey-scale spectra (SGSS) of the Ca 1 region look noisy,
a fit to the CCFs gave a satisfactory RV curve which nicely fits
the absorption lines on the graph (Fig. 3, right panel). The fit is
shown in the left panel of Fig. 3. Phases around 0.50 and 0.95 were
excluded in calculating the RV points; in the right panel of Fig. 3, it

can be seen that these points have broad Ca I lines which can cause
unreliable RV values. Besides, when the MAS is eclipsed by the
MLS, the MAS still continues to dominate the spectrum, causing
Ca1to be less prominent in the MLS spectra. The Na 1(D) line was
also considered for the K, value. However, the RV shifts of the
doublet were not distinct for the MLS. Thus, for the MLS V, =
—14.8 and K, = 185.2 (km s~') were adopted from the Ca I line.

4 ANALYSIS OF THE LIGHT CURVES
AND PHYSICAL PARAMETERS

In this analysis, we first combined all the available data. For the
photometry we used Wood (1958), van Gent (1989b), and the latest
public domain Hipparcos observations. For the RV study, we used
Batten & Tomkin (1981) (for K1) and data from this work (for K>).

The analysis was performed by using the Wilson—-Devinney (WD)
code (Wilson & Devinney 1971, revision 1992; Wilson 1992). Its
‘semidetached’ mode (MODE = 5) is used. In this mode, star num-
ber 2 (MLS) is assumed to be filling its Roche lobe and L, is coupled
with the temperatures.

Because the photometric data are spread over a long time range
and a small change in the period is enough to cause problems in a
combined solution, phases of all the photometric data were shifted to
a common system using a single period (taken from Kreiner, private
communication). In Table 4, the applied phase shifts are shown.
These updated light curves were then used as inputs for further WD
runs. The free parameters in the run were phase shift, the luminosity
of the MAS and the temperature of the MLS.

In his orbit solution, van Gent (1989a) has compared and tabulated
several solutions since 1956 (his table 1). This table is reproduced
in slightly modified form as Table 1. No other light-curve analy-
sis has been performed since then. The data from Svolopoulos &
Kapranidis (1972) were excluded from our analysis because of their
large scatter.

The main steps of calculating the absolute orbital parameters
are as follows. First, the surface temperature of the MAS (T fr)
is fixed. In earlier studies Olson (1982) quoted 14 500 K for T,
and van Gent (1989a) adopted 13900 K from Plavec, Weiland &
Dobias (1981), who obtained this value from the best fit to a Kurucz
model. We ran a test on this 7'y and found exactly the same value.
This was done by running the WD code with the following free
parameters: phase shift, inclination, MAS €2 (surface potential) and
luminosity, and the surface temperature of both components. We
ran the code to obtain a grid of solutions for the primary surface
temperature ranging from 12 500 to 15 500 K. When the sum of the
residuals ¥ w (O — C)? was plotted against the MAS temperature,
the minimum occurred at 13 900 K. This is in very good agreement
with the temperature estimation from the spectral type. After fixing
this important parameter, the aim is to construct a reliable orbit with
the remaining free parameters.

Although we used the K value from Batten & Tomkin (1981),
we preferred our own value for K ,, for anumber of reasons. The first
point to note is that the absolute parameters obtained by using the
K, value from Batten & Tomkin (1981) and combining them with
the photometric data would place the components in less convincing
positions in the Hertzsprung—Russell (HR) diagram than the use of
our K, (cf. Fig. 7). This is because their value of K is larger than
ours, implying a larger semimajor axis and hence, from Kepler’s
third law, larger masses. Another reason favouring our value of K,
can be seen in Fig. 4. The data of Batten & Tomkin (1981) are
sparse near quadrature and have considerable scatter, which could
easily lead to a spuriously large amplitude for the fit to their data;

© 2003 RAS, MNRAS 342, 1349-1360
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Figure 3. (Left-hand panel) RV curve of U CrB for 1997 run for the Ca 1 line. (Right-hand panel) SGSS of U CrB for 1997 run for the Ca 1 line region (see

Section 2.4 for the details).

oo 4

Velocity (km/s)

—100

—200

I I I I I I
0 0.2 0.4 0.6 0.8 1

Orbital phase

Figure4. The velocity curves of MLS. Plus signs are from Batten & Tomkin
(1981), squares are from this work and the solid line is obtained from the
WD program. A common systemic velocity of —6.81 kms~!, obtained from
the analysis in this paper, was used to plot all three data sets.

Table 4. The phase shifts applied to each

observation.

Observer Phase shift
Wood (1958) —0.0004
van Gent (1989b) 0.0019
Hipparcos data 0.0124

in particular, their lack of observations around phase 0.25 could
fool the fitting procedure. We tried to combine the data of Batten &
Tomkin (1981) with ours, and found an amplitude of 187 km s,
with rather more scatter than the value with our data alone, which
tends to confirm this interpretation.

Final absolute parameters were obtained by running the WD code
twice. First, to obtain the semimajor axis, the spectroscopic data

were combined and the code was run with the following free pa-

© 2003 RAS, MNRAS 342, 1349-1360

Table5S. Listof K1, K and g values. To calculate the adopted value,
K1 is taken from Batten & Tomkin (1981, BT) and K, is taken from
this work. The reason for choosing K; from BT is that their phase
coverage is much better than ours, which is a crucial point in WD
calculations (see also Fig. 5).

Observer K, K> q

BT 57.0+ 1.0 197.0 £ 4.0 0.289 £ 0.019
This work 58.6 2.0 1852+ 5.0 0.316 £ 0.035
Adopted 0.308 £ 0.019

rameters: semimajor axis, phase shift, systemic velocity. This de-
termined the so-called ‘spectroscopic solution’ which relies only
on the mass ratio obtained from spectroscopic observations (see
Table 5). Thus, instead of attempting to find a photometric mass
ratio, we fix the mass ratio by using the spectroscopic solution. In
the second run, we applied the results from the first one and we
called it ‘the photometric solution’. In this run the free parameters
were: phase shift, inclination, MAS 2 and luminosity, and MLS sur-
face temperature. Finally, we computed the synthetic light curves as
well as the theoretical RV curves. The stellar parameters are listed in
Table 7 and they are compared with the values of van Gent (1989a)
in Table 6. Velocity curves for both components are plotted in
Fig. 5. Light-curve solutions for Wood (1958), van Gent (1989b),
and Hipparcos data are plotted in Fig. 6.

5 EVOLUTIONARY CALCULATIONS:
THE METHODS

5.1 The evolutionary code

In our calculations we assume that the semidetached evolution of
a binary system is non-conservative, i.e. the total mass and angular
momentum of a system are not conserved.

The formalism which we adopted is as follows (Muslimov &
Sarna 1993; Sarna & de Greve 1994, 1996). We introduced the
parameter f characterizing the loss of mass from the binary system
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Table 6. Absolute dimensions of U CrB, reproduced from table 1 of van Gent (1989a). The last line shows the results of this work.
Numbers between brackets denote standard errors in units of the last significant decimal. Except for ¢, all the parameters are in solar
units. The observers are: B — Batten (1956), C — Cester et al. (1977), BT — Batten & Tomkin (1981), vG — van Gent (1982), vG/ — van
Gent (1989a), W — Wood (1958), SK — Svolopoulos & Kapranidis (1972), UPS — van Gent (1989b).

Observer a q M M, R, R; log Ly log Lo
B 20. 0.378 (8) 6.5 2.5 3.5 5.5 2.86 2.26

C 0.38 6.7 2.6 3.5 53 2.85 1.33
BT 17.5 0.29 4.8 14 33 4.5 2.65 1.25
vG 17.8 0.289 (8) 4.8 (2) 1.5(1) 33(Q2) 4.4(1)

vG/W 17.8 (3) 0.299 (3) 4.86 (24) 1.45 (7) 2.83 (5) 4.93 (8) 243 (2) 1.20 (2)
vG/SK 17.5 (4) 0.310 (9) 4.63 (29) 143 (9) 2.66 (12) 491 (11) 2.38 (4) 1.21 (4)
vG/UPS 17.9 (3) 0.293 (5) 4.98 (25) 1.46 (8) 2.73 (7) 4.94 (9) 2.40 (3) 1.24 (2)
This work 17.6 (1) 0.308 (19) 4.74 (28) 1.46 (6) 2.79 (11) 4.83 (15) 241 1.20

and defined by relations
M=M2f1 and M1=—M2(1—f1), 2

where M is the mass-loss rate from the system, M, is the rate of
mass outflow from the secondary component and M | is the accretion
rate on to the primary component. The matter leaving the system
will carry off its intrinsic angular momentum on a time-scale given
by
dlnJ MM
=5 ,
dr My(M, + M»)
where M| and M, are the masses of the primary and secondary
components, respectively. Here we have introduced the additional

3

Table 7. The absolute orbit solution for U CrB. Numbers
between brackets denote standard errors in units of the
last significant decimal. All error estimates are probable
errors. a is the semimajor axis, ¢s is the phase shift, V', is
the systemic velocity in km s~ units, i is the inclination
of the orbit in degrees, T'(2) is the surface temperature
of MAS (MLS) in K, €y is the surface potential of
MAS (MLS), g is the mass ratio (MAS/MLS), LT(z) is
the monochromatic luminosity of MAS (MLS) for each
set of observations, F'1(2) is the ratio of the axial rotation
rate to the mean orbital rate for MAS (MLS) [fixed to
1.00 (1.00)], g1(2) is the exponent in the gravity darkening
law in terms of bolometric flux [fixed to 1.00 (0.32)], and
Albedoj () is fixed to 1.00 (0.50). Light curves: W —Wood
(1958), vG/UPS - van Gent (1989b).

Photometric solution

a 17.63 (12)
s 0.0010 (6)
v, —6.80 (4)
i 78.7 (3)
T 13 900.
T) 5250. (20)
Q 6.66 (31)
o) 2.48

q 03078
Li/(L; + L3)

W-B 0.9108 (25)
w-Vv 0.8497 (28)
VG/UPS - 4741 0.8920 (24)
VG/UPS - 6724 0.7853 (30)
VvG/UPS - 7814 0.7339 (32)
VG/UPS - 8711 0.7041 (34)

Hipparcos —V 0.8497 (23)

Normalised Velocity (km s™')

—100

—200

I
0 0.2 0.4 0.6 0.8 1

Orbital Phase

Figure 5. Velocity curves and their solutions for both components of
U CrB. MAS velocity points (squares) are from Batten & Tomkin (1981)
and MLS velocity points (circles) are from this work.

parameter, f,, which describes the efficiency of the orbital angular
momentum loss from the system. Note that the parameter f; in the
equation above (unless it is equal to unity) is chosen so as to allow
the period to vary as a unique function of the current masses (for
given initial secondary mass M,;, mass ratio q; = M;/M,;, and
period P;) and to be therefore independent of the variation of the
mass-loss rate.

From the above equations and standard orbit theory we find that

_ A log P — Alog(M, + M;) + 3Alog(M, M;)
2T 3[finlog My — Alog(M; + My)]

; “)

where A represents changes in the system parameters between the
observed and initial stages. Given the present orbital period and
mass ratio of the system, equation (4), together with theoretical
evolutionary tracks, enables us to obtain Batten & Tomkin (1981)
for specified values of f and f,. The parameters f and f, are kept
constant during mass transfer. The importance of the mechanisms
of mixing is discussed in more detail by Sarna (1992). We include
two of them in our numerical code: the accretion effect and mixing
induced by an inverted gradient of molecular weight (thermohaline
mixing).

‘We assume also that a donor star possessing a convective enve-
lope experiences magnetic braking, and, as a consequence of this,
a system loses its orbital angular momentum. For systems with the
shortest orbital periods, in the final stages of evolution, the code
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Figure 6. Light curves and their solutions for U CrB: from top to bottom
panel, Wood (1958), van Gent (1989b) and Hipparcos data, respectively.
Squares are so-called ‘normal points’ which are the input values for the WD
program. Dots are the actual data points of the light curves.

also takes into account the loss of orbital angular momentum due to
emission of gravitational radiation (Landau & Lifshitz 1971); this
effect is negligible for U CrB.

The models of stars filling their Roche lobes were computed us-
ing a standard stellar evolution code based on the Henyey-type code
of Paczynski (1970). Both components of the binary system were
calculated simultaneously. Partial ionization of hydrogen and he-
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lium, and partial dissociation of hydrogen molecules were taken
into account for the outer layer of the components. We calculated
the nucleosynthesis (Fowler, Caughlan & Zimmerman 1975; Harris
et al. 1983) of the elements H, He?, He*, C'2, N'%, O'° in the centre
of both components. Convection was treated with the mixing-length
algorithm proposed by Paczynski (1969). We solved the problem of
radiative transport by employing the opacity tables of Iglesias &
Rogers (1996). We used the opacity tables of Huebner et al. (1977)
to fill the gaps where the tables of Iglesias & Rogers (1996) are
incomplete. For temperatures less than 6000 K we used the opaci-
ties given by Alexander & Ferguson (1994) and Alexander (private
communication). The contribution from conduction that is provided
in the opacity tables of Huebner et al. (1977) was also included in
the other tables. Population I chemical composition was assumed
for the mass-losing component (X = 0.7; Z = 0.03). Finally, for
elemental abundances we adopted the values of Kurucz (1979) for
C,Nand O: X =0.00397, Xy = 0.00143, X = 0.00964.

5.2 Magnetic braking

In evolutionary calculations the rate of loss of orbital angular mo-
mentum arising from magnetic braking of a donor star is usu-
ally calibrated by a parameter A — parameter f in the notations of
Verbunt & Zwaan (1981); see also Iben & Tutukov (1984) — with
a value ranging from ~0.73 (Skumanich 1972) to ~1.78 (Smith
1979).

In this paper we calculate the evolutionary sequences making
allowance for dynamo action in low-mass and Algol-type stars
(Muslimov & Sarna 1996; Sarna, Muslimov & Yerli 1997). In the
formula for magnetic braking, we do not use the standard A param-
eter. Instead, we calculate the equipartition value of the magnetic
field strength B, generated at the base of the stellar convection zone
and then, in the formula for magnetic braking, we use the following
value for the surface magnetic field strength

roH,

By ~ bR—;B“’ &)
where ry, is the inner radius of the convection zone, H, is the pressure
scaleheight at the base of the convection zone, and R, is the radius of
the MLS. In our derivation of equation (5) we have assumed that the
magnetic flux of the toroidal magnetic field generated at the base of
the convection zone, @y, ~ Beq (71/2) [(ro + Hp)? — (r, — Hp)* 1=
B2 ry, H,, is equal to the magnetic flux of a large-scale poloidal
field through the stellar surface, @0 ~ B, 270 R2.

Equation (5) implies, therefore, that the large-scale poloidal mag-
netic field is rather efficiently maintained by dynamo action in the
MLS during its evolution as a low-mass binary. Let us write the
expression for the spin angular momentum (J gy ) loss from a single
star due to a magnetic stellar wind in the form (see Mestel 1968;
Mestel & Spruit 1987):

2 B2 RQ

sur
3 VA
where €2 is the angular velocity of the star and V 4 is the velocity at
the Alfvénic surface (where the wind speed = V »).

The surface value of the magnetic field strength given by equa-
tion (5) can then be used in the standard expression for the magnetic
braking of a star (equation 6) to derive the rate of loss of orbital an-
gular momentum from a system (assuming synchronous rotation)
arising from magnetic braking

24
dinJA o L g, )
dr A2 myad

MB

; (6)

Jspin = -
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where J is the orbital angular momentum of the system, m, and m,
are the masses (in solar units) of the loser and the main-sequence
star, respectively, m = m; + my, and r. and a are the radius of the
MLS and the orbital separation (both in solar units), respectively.
The explicit expression for the A parameter in equation (7) now
reads

1 7 my 2 1/4 x71/2
p9 b9 Po

where Hyo = H,, /10° cm, T = T, /10% K, T, is the photospheric
temperature of the MLS, pp, (g cm™) is the mass density at the base
of the convection zone, 7,9 = 1y, /10° cm, and Np & (QTcon ) is the
dynamo number (Np = Ro~2, Ro is the so-called Rossby number).

Equation (7) shows that the efficiency of magnetic braking is
rather sensitively determined by the characteristic density and pres-
sure scaleheight of the layer in which the dynamo action is thought to
occur (see Muslimov & Sarna 1996; Sarna et al. 1997). For example,
in the case of the evolutionary sequence calculated for an initially
main-sequence star, the efficiency of magnetic braking increases
during evolution, mostly because of the increase in the density of
the ‘dynamo-operating’ layer. In contrast, in the cases of the evo-
lutionary sequences calculated for stars with small helium cores,
the efficiency of magnetic braking, at the very late stages of evo-
lution, substantially decreases because the dynamo-operating layer
moves toward lower densities. In other words, as our calculations
show (Muslimov & Sarna 1996), for the MLS evolving from a main-
sequence star, the kinetic energy of convective motions near the base
of the convection zone decreases during evolution but only by less
than a factor of ~10. By contrast, for the MLS evolving from stars
with small helium cores, which are considered in this paper, the en-
ergy reservoir for the dynamo operation is reduced during evolution
by a factor of ~10°.

6 THE EVOLUTIONARY STATUS OF U CRB

In order to further delimit the estimates of the initial parameters,
we compared the set of preferred dimensions in Table 6 with the
series of binary evolution by de Greve (1993). These calculations
only deal with early case B mass transfer and explicitly take into
account a 50 per cent mass loss from the system. We first located the
mass-losing star in the mass—luminosity diagram of figures 6 and 7
in de Greve (1993). This shows that the initial mass is smaller than
5 Mg if itis assumed to be on the increasing branch of the track. If
we assume it to be on the decreasing (or horizontal) branch, then the
initial mass is near 3 M. The position in the HR diagram puts it
on the increasing branches of systems with M,; =4 and 5 M) and
initial mass ratio ¢; = M,;/M; around 1.667. However, adopting
these positions results in a mass transfer rate (~10~" M yr™') that
is an order of magnitude larger than the value derived by Kreiner &
Ziotkowski (1978). This rules out the considered non-conservative
case B, as well as a conservative case B, which results in similar
period changes.

The gainer is well located on the main sequence. Because we
might expect a low mass-loss rate from the small period variation,
we may assume that the gainer is practically in thermal equilibrium,
and hence its appearance in radius and luminosity reflects its internal
stage of evolution. We therefore compare the dimensions of the
gainer with a model of single stars. Using figures 3 and 4 from Sarna
& de Greve (1994) which show mass—radius and mass—luminosity
relations for main-sequence stars with different central hydrogen
content (X ), we locate the position of the gainer and determine its
present X which is X. = 0.6 & 0.1. Using this value, we can try

to estimate the central hydrogen content at the onset of accretion.
The star rejuvenates in the centre as a result of the increase of the
convective core (de Greve & Packet 1990; Sarna 1992). Therefore,
we can conclude that at the onset of mass transfer the gainer was
practically on the zero-age main sequence. This indicates again that
the initial mass ratio must be far from 1.

As observational constraints for our evolutionary model we have
the present mass transfer rate (>3 x 10~ Mg yr~'; Kreiner &
Ziotkowski 1978), the mass ratio (¢ = 0.308 & 0.019), the period
(P =3.452 d) and additionally the carbon abundance at the surface
of the gainer [C/H] = —0.41 £ 0.20 (Cugier 1989; Tomkin &
Lambert 1994). The system initially had a mass ratio about 1.7 and
evolves through a non-conservative case A with the loser close to the
terminal age main sequence. The mass range of the initial primary
component is restricted to 4-5 M.

We have investigated evolutionary models for the U CrB system
using the constraints described above and the computational method
discussed in Section 5.

We have chosen M, ; =1.667 M ; and P; so that the mass transfer
sets in when X, = 0.2. For each choice of M, ;, the mass M, ; but
also the values f and f, are fixed. One of the models (M,; = 4.5
M@, gi = 1.667, P; = 1.406 d) is presented in more detail in Figs
7 and 8.

Additionally, the chemical evolution of carbon and nitrogen on
the star’s surface for both components is presented in Fig. 9. We
can see that the carbon abundance is inside the error-bar range,
but as in the case of B Per (Sarna 1992) and U Sge (Sarna
& de Greve 1994), unless the system is in an advanced phase
of mass transfer, the carbon abundance is not a very sensitive
factor.

3
L  M,,=4.5M, J
[ N M, =2.7M, 1
—1d
o5 | P,=14.406 i
o) 20 ]
— L J
N
— L 4
an F J
2
15 [ B
1 F i
\ \ \ \

4.2 4 3.8 3.6
log T

Figure 7. HR diagram of loser (solid curve) and gainer (dotted curve)
of the system 4.5 Mg + 2.7 Mg, together with the observed positions of
the components of U CrB. The asterisks on the curves mark the theoretical
models matching the observed mass values.
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Figure 8. Period variation (upper panel) with decreasing mass of the loser
for the system 4.5M¢ + 2.7 Mg, for a given choice of f1 and f3. The
dotted lines mark the values for U CrB. In the lower panel we show radius
variation with mass for the two components for our system compared to the
positions of the components of U CrB.

During the semidetached evolution the fitting model loses about
14 per cent of its initial total mass and 18 per cent of the initial
total orbital angular momentum. The corresponding numbers for
B Per (which evolved through early case B) and U Sge (which
evolved through case AB) are (15 and 30 per cent) and (6 and 2
per cent), respectively. This seems to be consistent when we remark
that accretion in S Per is more rapid than that in U CrB (case A).
The above result is also consistent with low values for U Sge, which
is an effect of the less rapid mass transfer (initial mass ratio near
unity).

We also examined a case where the secondary has initially larger
mass. We chose M,; = 5M¢, resulting in the initial conditions
M.; =3 Mg (g; = 1.667), f1 = 0.509, f, = 1.169, P; = 19607.
Our computation shows that we cannot rule out this possibility.
Almost all the computed physical parameters are inside the error
range (except carbon). However, the mass flow rate is a factor of 15
higher than the value for our preferred model, 2 x 1078 Mg yr™!
— which agrees with the value predicted by Kreiner & Ziotkowski
(1978) ~3 x 107* My yr™'.

The best-fitting model has the following initial conditions:

My; =45+0.5Mg,
M,; =2.7+03Mg,
P =14402d,
fi =0.3340.15,

fr=10=+02.
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Figure 9. Variation of nitrogen (upper panel) and carbon (lower panel) with
varying mass ratio.

The errors provide an estimate of the effect of the observational
errors and of our free parameter f,.

7 MAGNETIC ACTIVITY
AND EVOLUTION OF U CRB

We have calculated an evolutionary sequence that fits the present
parameters of U CrB. The initial parameters are presented in the
previous section.

Fig. 10 displays the evolution of the thickness of the convective
zone for the secondary component of U CrB. It shows that a rel-
atively thick convective envelope has developed by the end of the
active phase of mass transfer. The situation is different for the two
other systems that we analysed (Sarna, Yerli & Muslimov 1998): g8
Per and U Sge. They show thick convective envelopes at the very
beginning of the semidetached phase (see figure 1 of Sarna et al.
1998). This difference can be explained by the fact that the ini-
tial mass of the secondary in U CrB is much higher than in g Per
(M,; =2.81 M) orin U Sge (M,; = 3.27 M). B Per is in the
final stage of building up its thick convective zone, while U CrB and
U Sge are just at the beginning of forming such a zone.

The results of our calculations for the standard ¢« — @ dynamo
are summarized in Fig. 11. The upper panel of Fig. 11 shows that
the parameter A changes substantially during the evolution of the
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M,/M,

Figure 10. Thickness of the convective zone as a function of the mass of
a donor star, calculated for the evolving stellar model of a donor star in
U CrB. The evolutionary calculations are performed for the following initial
parameters of U CrB: My; = 4.5 M@, g = M3;/My; = 1.667, P; =
14d, f1 =0.33 and f, = 0.97. The position of the donor for U CrB is
marked by the thin vertical solid line. The errors in mass determination are
marked by dashed vertical lines.

mass-losing star in the binary. As is seen from the figure, the ef-
ficiency of magnetic braking is high only during a certain phase
of semidetached evolution — while the mass of the donor star de-
creases from 1.5 to 0.3-0.2 M. In the middle panel of Fig. 11 we
demonstrate the evolution of the Rossby number. In the present evo-
lutionary stage of U CrB, the Rossby number is small (comparable
to U Sge) but one range of magnitude higher than the minimum
level. This phase can be associated with the beginning of enhanced
magnetic activity (dynamo action) in the donor star. In the lower
panel of Fig. 11 we present the evolution of the convective luminos-
ity (calculated at the upper boundary of the convective zone) for a
star: U CrB (dotted line), 8 Per (solid line) and U Sge (dash-dotted
line). The result for U CrB is consistent with our earlier calcula-
tions (Sarna et al. 1998). The convective luminosity for U CrB is
higher than for g Per and U Sge and therefore the X-ray luminosity
is higher as well (see table 1 of Sarna et al. 1998).

8 CONCLUSIONS
The results of our investigations can be summarized as follows.

(1) A new set of RV semi-amplitudes has been found: K; =
58.6+2.0kms™ !, K, =1852+5.0kms~".

(i) Combining earlier photometric data (Wood 1958; van Gent
1989b) and the data set from the Hipparcos public archive with
the present spectroscopic work, a new set of absolute parameters
was calculated using the WD program. The system parameters are
as follows: M| = 4.74 £ 0.28 M, M, = 1.46 £ 0.06 Mg,
Ry =279%+0.11Rp, R, =4.83 £0.15Rp, logL, /Lo =241,
log L,/Le = 1.20.

(iii) This new orbit gives a slightly smaller ¢ = 0.308 £ 0.019
value.

(iv) We used orbital and physical parameters described in Sec-
tion 4 to calculate the evolutionary status of U CrB. We discuss
the system from a non-conservative point of view, concerning mass
transfer, and considering mass and angular momentum losses from
the system. The non-conservative evolution has given reasonably
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Figure 11. Results of dynamo calculations for U CrB (dotted line), 8 Per
(solid line) and U Sge (dash-dotted line) are shown in each panel. The upper
panel shows the value of the parameter A as a function of the mass of the
donor star. The middle panel shows the value of the Rossby number as a
function of the mass of the donor star. The lower panel shows the convective
luminosity at the outermost boundary of the convective zone as a function
of the mass of the donor star.

good agreement with observational parameters. From computations,
we have determined the initial period and the mass ratio to be around
1.4 d and 1.667, respectively. During its evolution, the system has
lost about 14 per cent of its initial total mass (~1 M) and around
18 per cent of its initial total angular momentum. However, due to
uncertainties in the orbital and physical data for U CrB, the deter-
mination of initial parameters can be affected by an error as large
as 20 per cent.

(v) We examined the possibility of probing dynamo action in
the mass-losing star of U CrB. We showed that the mass-losing
component is at the beginning of a very active magnetic phase of
evolution. We also showed that the convective luminosity, calculated
at the upper boundary of the convective zone, explains the high X-
ray flux from this system very well.
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APPENDIX A: RV VALUES

We present the measurements of RV values for both 1994 and 1997
data sets. In all three tables, we give the heliocentric Julian date,
phase and RV (in km s71).

Table Al. HJID versus RV for two He 1 (4026 and 4471 A) lines of the 1994
data set (K| value).

HID“ Phase RV HID Phase RV
49430.7258 0.2012 —81.14 49432.6079 0.7464 38.60
49430.7386 0.2049 —81.05 49432.6202 0.7499 36.77
49430.7509 0.2085 —78.32 49432.6365 0.7547 37.37
49430.7632 0.2120 —70.15 49432.6488 0.7582 41.22
49431.5420 0.4376 —61.30 49432.6611 0.7618 48.37
49431.5543 0.4412 —64.45 49432.6769 0.7664 40.69
49431.5666 0.4448 —64.52 49432.6892 0.7699 38.10
49431.5819 0.4492 —60.63 49432.7015 0.7735 42.63
49431.5942 0.4527 —57.18 49432.7169 0.7780 36.04
49431.6065 0.4563 —47.72 49432.7292 0.7815 47.53

49431.6218  0.4607 —56.91 49432.7415  0.7851 41.73

49431.6341 0.4643 —47.67 494327540  0.7887 43.49
49431.6464  0.4679 —51.76  49434.6867  0.3485 —52.67
49431.6621 0.4724 —33.74 494347015  0.3528 —65.26
49431.6744  0.4760 —34.05  49434.7138  0.3564 —65.08
49431.6867  0.4796 —30.48  49434.7261 0.3600 —67.52
49431.7084  0.4858 —28.79 494347412 0.3643 —57.69
49431.7207  0.4894 —30.96  49434.7535  0.3679 —63.65
49431.7330  0.4929 —36.03  49434.7658  0.3714 —63.01
49431.7480  0.4973 —31.70  49435.7035  0.6431 27.68
49431.7603  0.5009 —37.53  49435.7158  0.6467 18.70

49432.5561 0.7314 24.72
49432.5684  0.7350 30.56
49432.5807  0.7385 30.64
49432.5956  0.7428 38.10

Note: “HJD = HID — 2 400 000.

49435.7281 0.6502 26.55
49435.7429  0.6545 21.60
49435.7552  0.6581 24.06
49435.7675  0.6616 12.76

Table A2. HJID versus RV for the Ca 1 (4226 A) line of the 1997 data (K,
value).

HID* Phase RVec HID* Phase RVec
50583.9055  0.2391 173.61  50585.6893  0.7558 —191.39
50583.9129  0.2412 170.85  50585.6991  0.7586  —194.52
50583.9202  0.2433 176.50  50585.7064  0.7607  —204.87
50583.9278  0.2455 189.73  50585.7137  0.7628  —209.22
50583.9351 0.2476 169.93 50585.7212 0.7650 —210.63
50583.9424  0.2497 166.03  50585.7285 0.7671  —201.35
50583.9535  0.2530 166.17  50585.7359  0.7692  —197.47
50583.9608  0.2551 166.67  50585.7436  0.7715  —198.35
50583.9682  0.2572 165.26  50585.7510  0.7736  —188.22
50583.9761  0.2595 191.60  50585.7583  0.7757 —187.06

50585.6820  0.7536
Note: “HJD = HID — 2 400 000.

—219.50
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Table A3. HID versus RV for three He 1 (4026, 4471, 5876) and two Si 11 (4128, 6347) lines of the 1997

data set (K| value).

HID“ Phase He1 Sin He1 He1 Sin
4026 4128 4471 5876 6347
50582.8977 0.9471 39.29 27.99 23.24 22.11 30.09
50582.9066 0.9497 33.18 28.33 23.95 19.98 33.85
50582.9139 0.9518 31.95 29.80 24.60 22.55 29.10
50582.9212 0.9539 28.44 29.74 26.22 20.17 27.06
50582.9287 0.9561 24.64 26.95 27.50 26.70 31.67
50582.9360 0.9582 19.47 29.12 28.18 20.35 30.77
50582.9433 0.9603 17.99 30.60 23.58 24.98 30.40
50582.9510 0.9626 6.93 25.41 23.05 25.96 40.69
50582.9583 0.9647 4.66 26.55 26.84 26.50
50582.9656 0.9668 —0.08 27.34 26.65 26.95
50582.9752 0.9696 14.72 33.55 37.16 15.74 27.31
50582.9853 0.9725 36.84 38.52 32.76 23.78
50583.9055 0.2391 —51.03 —52.00 —50.44 —60.89 —46.98
50583.9129 0.2412 —49.13 —54.12 —-52.79 —59.68 —48.08
50583.9202 0.2433 —50.42 —51.92 —52.44 —59.96 —52.49
50583.9278 0.2455 —54.17 —55.97 —50.81 —57.46 —42.95
50583.9351 0.2476 —58.59 —55.64 —51.99 —57.22 —44.54
50583.9424 0.2497 —60.79 —54.04 —53.38 —52.27 —46.42
50583.9535 0.2530 —52.89 —55.63 —56.07 —57.09 —47.59
50583.9608 0.2551 —51.54 —53.81 —53.21 —53.65 —48.26
50583.9682 0.2572 —52.01 —52.81 —49.64 —52.87 —48.28
50583.9761 0.2595 —55.83 —54.35 —46.80 —49.92 —47.44
50584.8009 0.4984 —1.65 2.85 1.38 —4.23 —0.23
50584.8082 0.5005 6.57 —-0.37 1.66 —3.98 0.11
50584.8230 0.5048 5.09 2.92 -3.15 1.05 8.64
50584.8303 0.5069 11.84 7.41 —0.88 2.40 5.76
50584.8377 0.5091 10.98 7.42 —3.26 4.24 2.92
50584.8452 0.5112 8.07 3.50 2.69 4.86 4.70
50584.8525 0.5134 11.23 2.28 2.31 6.05 6.25
50584.8598 0.5155 15.23 3.66 1.19 4.63 7.26
50585.6746 0.7515 81.51 70.36 65.68
50585.6820 0.7536 61.93 54.62 54.15 64.65
50585.6893 0.7558 60.28 79.34
50585.6991 0.7586 81.90 64.88 69.54
50585.7064 0.7607 80.62 65.22 65.70 88.56
50585.7137 0.7628 78.23 61.27 70.56 62.80 64.69
50585.7212 0.7650 80.45 59.85 77.31 57.76 60.55
50585.7285 0.7671 74.04 58.97 66.78 60.03 66.43
50585.7359 0.7692 73.61 51.12 69.36 66.81 68.11
50585.7436 0.7715 69.43 57.82 63.24 64.75 71.76
50585.7510 0.7736 79.59 63.05 67.40 53.05 59.48
50585.7583 0.7757 79.80 63.11 66.10 57.44 57.92

Note: “HJD = HJD — 2 400 000.
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