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Abstract. We report additional observations of the phase dependent behavior of the chromospheric Ha feature associated with
the K-dwarf component of V471 Tau. Previously, all such observations have shown a sharply defined maximum of emission
near the middle of the transit phase of the white dwarf across the disk of the K-dwarf. The precision and the reproducibility of
that phase lock led many previous observers to conclude that the observed emission was due to chromospheric re-processing of
ultraviolet radiation incident upon the K-dwarf from the white dwarf. Comparing these observations with previously published
observations, we show that the emission strength has been steadily diminishing between epoch 1985 and epoch 1992 whence
it has essentially vanished. The ultraviolet flux from the white dwarf is constant so the resulting re-processed chromospheric
emission cannot be time dependent. This leads to the conclusion that most of the emission has been due to magnetically
active regions located preferentially at the sub-stellar point of the white dwarf. We propose that tidal coupling in this close
binary system preferentially affects the transfer of magnetic energy, coupling the internal dynamo of the K-dwarf to the outer
envelope, giving a preferred longitude to magnetic activity. We further suggest that this mechanism may be common in most
short period binary systems and in many cases may be the dominant mechanism causing the observed Ha behavior.
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1. Introduction

Over the three decades since its discovery, V471 Tau has re-
warded its many observers with new discoveries of astrophys-
ical phenomena, and is apparently continuing in that fine tra-
dition. The strong, complex, and variable feature at Ha has
been a focus of much of the observational spectroscopy of
this system. Many observers of the He line have reported that
the feature goes into emission when the hemisphere of the
K-dwarf facing the white dwarf is visible to us, and reverts
back to an absorption feature when the opposite hemisphere
becomes visible during the eclipse of the white dwarf. (Young
et al. 1988; Young et al. 1991 (YRS91); Skillman & Patterson
1988.) Similar behavior observed in other chromospheric
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diagnostics, such as the Ca II H and K, and the Ca II infra-
red triplet provides evidence that the activity is coming from
the chromosphere of the K-dwarf. However, the Ha absorp-
tion profile, when compared with similar profiles from inactive
K-dwarfs has a much smaller equivalent width, suggesting that
it is partially filled by chromospheric emission. Given that there
was evidence for magnetically induced activity all around the
K-dwarf (Young et al. 1983), there was no reason to think that it
was particularly concentrated in some restricted zone of longi-
tudes near the sub-stellar point. The greatly enhanced Ha emis-
sion observed to be concentrated at that location was, there-
fore, interpreted as originating from re-processing of incident
ultraviolet radiation from the white dwarf (Young et al. 1988;
Skillman & Patterson 1988). Given the evidence available over
those years it was a plausible scenario; perhaps even the most
likely one.
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The additional observations reported in this paper cast
some doubt upon that interpretation. The incident radiation
from the white dwarf is expected to be invariant in both its mag-
nitude and its geometry. Hence we would not expect to observe
such a secular decrease in the intensity of the re-processed Ha
emission. The intensity of Ha emission in the vicinity of the
sub-stellar point of the white dwarf suggests that the primary
source of the emission is localized magnetic activity. Such ac-
tivity is known to be cyclical in chromospherically active late-
type stars (Hall 1990). The activity cycle has a period on the
order of 6 to 7 years for the K-dwarf in V471 Tau (Ibanoglu
et al. 1994).

The observations presented here include those made at the
Kitt Peak National Observatory in November 1990, and those
made at Lick Observatory in October and November 1992. The
observations made at the Kitt Peak National Observatory used
the same instrument configuration reported by YRS91, with an
effective resolution of 0.44 A and a typical signal-to-noise ra-
tio of 200. The Kitt Peak spectra were reduced with standard
spectral analysis routines developed by G. Woods at HAO; later
upgraded and ported to UNIX by one of the authors, L. Rottler
in 1987 at Photon Research Associates in San Diego.

The observations made at the Lick Observatory used the
3 m telescope with the Hamilton Echelle Spectrograph (Vogt
1987). The detector used was an LN2 cooled TI 2054 x 2054
CCD at the Coude focus. For these observations the effective
resolution was 0.14 A at He with a typical signal-to-noise ra-
tio of 100 to 150. The size of the chip covered a large part
of the echelle format allowing simultaneous measurement of
the chromospheric lines of interest: from the Ca Il H & K in
the blue to the Ca II infrared triplet at 8662 A. Typical expo-
sures were 20 min long and the average seeing was 0.5 arcsec
which combined to give the quoted signal-to-noise ratio. The
data were reduced in a standard way with the IDL based rou-
tines developed by Valenti (1994).

Radial velocity corrections were then performed to convert
all the observations into the rest frame of the K-dwarf. The sys-
tem configuration at each particular phase was then computed
using the ephemeris data taken from Skillman & Patterson
(1988) and the projected velocity of the K-dwarf companion
derived assuming a nearly edge on inclination for the plane of
the orbit (Young & Nelson 1972). For purposes of comparison
we include some observations from 1985 published by YRS91.

2. Results

Figure 1 shows a superposition of the Ha profile from the 1985
observations and from the 1992 observations, normalized to the
same scale, at the transit phase (¢ = 0.5) of the white dwarf
across the disk of the K-dwarf. The significant reduction of the
emission strength over the separation of seven years is readily
apparent.

Figure 2 displays the He profile in order of orbital
phase for the three nights of observation at Lick Observatory.
Superimposed upon those plots is the Ha profile of an inactive
K-dwarf used as a reference source. The dichotomy of emission
at the transit phase ¢ = 0.5 and absorption at the occultation
phase phi = 0.0 is still apparent from these data, but very much
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Fig.1. He emission line observed at different epochs at the phase
¢ = 0.5 (the white dwarf transit). The 1985 data indicates chromo-
spheric emissivity larger than that of the 1992 observations.

reduced from previous epochs. The variations of the profile and
of its asymmetry are consistent with reports by other observers
at earlier epochs. However, we call attention to the sudden ap-
pearance of strong Ha emission at phase ¢ = 0.851 on the night
of 10 Nov. 1992, suggesting that a significant hemispheric flare
erupted and subsided within a short timescale.

Figures 3a—c display the measured values of the equivalent
width of Ha as a function of phase for the three epochs (1985,
1990, and 1992). These equivalent widths are measured differ-
entially from the quiescent reference star, so they can be taken
to be the amount of excess emission contributed by the chro-
mosphere of the K-dwarf companion of V471 Tau. From that
perspective, the equivalent width is always positive (emission)
even during the occultation phases when the observed profile
appears to be in absorption. Significant flare events that could
be verified are noted on each of the plots. We call attention to
the systematic decrease of the sharply phase-dependent emis-
sion that occurs during the transit phases.

The excess of line emission as a function of phase is not
exclusive to the Ha line. The Ca II infrared triplet lines also
show similar behavior, although in a less dramatic way (Fig. 4).
The eruption of a flare during the phase ¢ = 0.85 of November
10th is immediately evident in the infrared triplet.

3. Discussion

In view of our analysis of the epoch 1992 data, if re-processing
of the ultraviolet radiation incident on the K-dwarf represents
any portion of the observed Ha emission at the sub-stellar
point, it must be a relatively small contribution. Previous es-
timates of the viability of the UV re-processing mechanism
were largely based on the assumption that the chromosphere
was optically thin to the Balmer lines (Skillman & Patterson
1988). The match between the total chromosphere line emis-
sion and the incident UV radiation provided circumstantial sup-
port for the radiative mechanism. However, consistent calcu-
lations indicate that these lines are optically thick for typical
active chromospheres (Thatcher et al. 1991).

In addition to the main Ha chromospheric emission around
¢ = 0.5, evidence of an external hot plasma emission region at
a radial velocity between that of the first Lagrangian point and
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Fig. 2. Ha profiles for the 1992 observations. Each panel shows the K-dwarf profile corrected to the stellar rest frame, together with that of an
inactive template (dotted line). A plasma emission external to the stellar atmosphere can be seen in the October 17th observations.

that of the white dwarf was shown by YRS91. Those authors
also noted that stochastically independent ejections of plasma
consistently reproduced the same dynamical behavior with re-
spect to the observed radial velocity of the external plasma.
Similarly, the Ha time series shown in Fig. 2 indicates the pres-
ence of large structures of plasma in emission in the 1992 data
in spite of the overall decrease in the chromospheric Balmer
emission. The major plasma emission at 150 km s~! seen at
¢ = 0.571 (October 17) migrates to a maximum emission of
200 km s~! at ¢ = 0.759, near quadrature, and recedes back
to line center at ¢ = 0.879, basically confirming the results re-
ferred to in YRS91, and extending the phase coverage to almost
¢ = 0.9. Since the projected rotation of the K-dwarf is
90 km s~!, the emission is likely to arise in the region between
both stars.

UV re-processing cannot explain the emission from these
large structures lying above the atmosphere. Again, we argue
that the presence of this bright Ho emitting region is sugges-
tive of the presence of plasma, trapped by magnetic field lines
that are anchored on the surface of the K-dwarf located close

to the sub-stellar point of the white dwarf. Damping of Alfven
waves might play a major role in providing the necessary heat-
ing mechanism to the gas. Large magnetic flux tubes would
provide the structure required to transport the plasma from flare
activity at the surface of the K-dwarf to the regions above the
surface where the emission is observed. Large magnetic struc-
tures can be supported at such large distances from the star, as
discussed by Ferreira & Jardine (1995). They show that mag-
netic filaments or loops can be stable out to 3 to 9 times the
stellar radius. It was suggested by Lim et al. (1996), that on
V471 Tau large magnetic flux loops interacting with the mag-
netosphere of the white dwarf could give rise to the radio emis-
sion observed from plasma trapped in this region. This could
explain the consistency in the observed radial velocity of the
emitting region. Their model of large coronal loops interacting
with the white dwarf magnetosphere is not inconsistent with
IUE observations (Guinan et al. 1986) nor the optical emission
from external plasma reported by YRS91.

One could argue that the observed secular decrease in Ha
emission is explained by a decreasing accretion flow from the
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Fig. 3. The secular decrease of the global chromospheric emission of
V471 Tau. The horizontal dotted lines represent the average emission
of the low and ultra fast K-dwarf rotators of the Pleiades (Soderblom
et al. 1993). a) The top panel shows the Ha equivalent width at maxi-
mum strength. b) The middle panel shows chromospheric activity at a
lower, intermediate, strength in 1990. ¢) The bottom panel shows Ha
activity at minimum strength in 1992.

first Lagrangian point. However it is known that the K-dwarf
does not overflow its Roche lobe and continuous mass trans-
fer due to winds or other mechanisms has not been detected at
a measurable level (Bruhweiler & Sion 1986; Robinson et al.
1988).

Our data indicate that most of the hemispheric emission ob-
served on the inner hemisphere of the K-dwarf is the result of
a convergence of magnetically active regions around the sub-
stellar point of the white dwarf. In fact, as shown in Fig. 3,
there is not only an increase in brightness of emission of Ha
on the hemisphere facing the white dwarf but also a dramatic
decrease in brightness on the opposite hemisphere, (¢ = 0.0).
The excess of emission measured when the white dwarf was
transiting the K-dwarf companion (Hae > 2.0 at ¢ = 0.5 in
1985) was substantially larger than that seen during the eclips-
ing phase of the white dwarf (Ha < 0.3). Granting we are wit-
nessing a whole range of active stages that are phase depen-
dent, it is worthwhile to compare these measures with those of
a sample of active stars.
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Fig.4. The 1992 observations include the Call infrared triplet lines.
The equivalent width of the residual profile is displayed.

Soderblom et al. (1993) display the He and Ca II infrared
triplet emission for a large sample of Pleiades single stars.
Their method of measuring the equivalent widths is similar
to that adopted in this work, allowing direct comparison of
the line measures. Figure 3 indicates the average Ha for the
slow rotators and the fast rotators (vsini > 20 km s™') of the
Pleiades (dotted lines). Based upon the Pleiades observations,
the strength of the chromospheric emission detected during the
eclipse of the white dwarf is significantly less than that for
rapidly rotating single stars. Since V471 Tau is a fast rotator
this observation may be evidence for the concentration of ac-
tive chromospheric regions at the sub-stellar point of the white
dwarf; i.e., a longitudinal distribution of magnetically induced
activity that is not observed on rapidly rotating single stars.

If magnetically active regions can reach the surface of a
star at any and all longitudes, it seems curious that on the K-
dwarf component of V471 Tau they prefer a special longitude,
aligned with the white dwarf companion. Since our observa-
tions rule out radiative effects from the white dwarf as the
cause of this alignment, all that remains to make that longi-
tude special is the strong tidal coupling of the white dwarf to
the K-dwarf. Photometric evidence of spot modulation leaves
no doubt that the K-dwarf is rotating synchronously with the
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orbit (Ramseyer & Hatzes 1995). Taken collectively, the evi-
dence suggests that the tidal distortion of the K-dwarf star has
at least affected the transfer of magnetic energy from the inter-
nal stellar dynamo such as to make it easier for magnetic flux
to reach the surface of the star in the region where the gradi-
ent in the gravitational potential is least. The resultant effect
is to concentrate magnetic activity at the sub-stellar point of
the WD.

In the case of V471 Tau the WD is only 3.85 stellar radii
away from the center of the K-dwarf star. Hence the inner hemi-
sphere of the K-dwarf is only 2.85 stellar radii away, while
the outer hemisphere is 4.85 stellar radii away from the WD.
Since the ratio of the differential tidal force follows an inverse-
cubed distance law, the ratio of the forces due to the WD on
the two hemispheres of the K-dwarf is (2.85/4.85)° or 0.20. In
the more familiar system of the Earth and its moon, the sep-
aration of the two bodies is about 60 times the radius of the
Earth, leading to a hemispheric ratio of 0.90 for the differential
tidal forces. Thus, while the two hemispheric tides on the Earth
are nearly symmetrical, those on the K-dwarf are substantially
asymmetrical.

We propose that the dominant mechanism for the observed
Ha emission around ¢ = 0.5 is the distortion of the convective
dynamo of the K-dwarf star by tidal interaction with its white
dwarf companion. This favors the emergence of active regions
concentrated at the sub-stellar point on the inner hemisphere
of the K-dwarf giving rise to the observed Ha emission at this
preferred longitude. This being the case one should expect to
see this effect in other tidally locked, short period, binaries that
are chromospherically active. The telltale signature for this ef-
fect is an increase in intensity of Ha emission around phase
(¢ = 0.5) and a secular variation of this emission correlated
with the magnetic activity cycle of the star.

Several V471 Tau analogs have been found that exhibit the
Hea emission feature at ¢ = 0.5. A significant sample of these
whose system parameters are known or can be calculated are
listed in Table 1. Many of these V471 Tau analogs are systems
consisting of a hot DA white dwarf and an M-dwarf. In each
of the tabulated systems the hot companions have temperatures
ranging from 30000 K to 60000 K, and periods ranging from
1/3 to 9 times that of V471 Tau. It is only in the systems with a
close, very hot DA WD companion that one would expect UV
re-processing to be a significant effect.

Based upon our observations and findings we have taken
V471 Tau to be a benchmark for radiative re-processing of ion-
izing UV radiation incident upon the hemisphere of a cool star
from its hot companion. Using the grid of model atmospheres
for hot white dwarfs tabulated by Wesemael (1980) we inte-
grated the emergent flux over all tabulated wavelengths shorter
than 912 A. From the published orbit solutions and other phys-
ical parameters given by those authors, we calculated the ge-
ometrical dilution factor for the radiation field of the WD that
is incident upon the cool companion. Combining those calcu-
lations permits us to estimate the flux of ionizing radiation im-
pinging upon each of the cool companion stars, and those val-
ues are tabulated in Table 1.

We then normalized the incident flux to that for the K-dwarf
of V471 Tau. Our study suggests that systems in which the
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Table 1. Ionizing flux in analog systems normalized to V471 Tau“.

System UV Flux Norm Flux  Sources”
Feige 24 9.7E09 3 1,10, 11, 12
NN Ser 1.3E1l 40 2,10, 11
PG1224 +309 1.4E09 04 3,10, 11
EUVEJ0720+317 23E10 7 4
EUVEJ1016-053 15EI0 5 4
EUVEJ2013+400 23EI10 7 4,10

CASE 1 5.9 E05 1.8E-04 5,12

HZ9 4.4 EO5 1.3E-04 6,10,11,12
GD 448 4.6 E0S 14E-04 7,10, 11
V471 Tau 33E09 1.0 8,9,11,12

Column 1 lists the name of the system, Col. 2 tabulates the ion-
izing flux at the surface of the cool star from the WD in units
of erg/s/cm?/ster, Col. 3 tabulates the ionizing flux normalized to
V471 Tau, and Col. 4 lists the references.

b 1 — Vennes et al. (1994), 2 — Woods et al. (1991), 3 — Orosz
et al. (1999), 4 — Vennes et al. (1999), 5 — Lanning (1982),
6 — Stauffer (1987), 7 — Maxted et al. (1998), 8 — Young et al.
(1972), 9 — Skillman et al. (1988), 10 — Marsh (2000), 11 — Hillwig
et al. (2000), 12 — Ritter (1986).

normalized flux is less than or comparable to unity cannot drive
H-alpha into emission by re-processing UV radiation from the
hot companion. Systems with values for the normalized flux
that is larger than unity cannot be ruled out as candidates to
drive H-alpha into emission by re-processing. However, we
note that nearly all such systems have values for the normal-
ized flux that is of the same order of magnitude as that for V471
Tau, so it seems unlikely that they are radiatively driven. Only
the one system, NN Ser, with a normalized flux ratio of 40, is a
candidate for radiative re-processing.

The geometric dilution factors of all these binaries are sim-
ilar and small (averaging 0.004), so it is apparent that the de-
ciding factor for radiative re-processing is the temperature of
the hot companion. That is not surprising in view of the fact
that the emergent radiation from such hot sources is not unlike
that of a blackbody, and the peak intensity from a blackbody
is proportional to the fifth power of its temperature. Since the
integrated ionizing flux is in a narrow window close to the peak
intensity, the proportionality is closer to the fifth power than to
the fourth power of the temperature. The latter being the result
of integrating the flux over all wavelengths.

4. Summary

In light of the additional spectrographic data taken in 1990 and
1992 combined with those taken in 1985 there is clear evidence
of a marked secular decrease in Ha emission at ¢ = 0.5. We ar-
gue that re-processing of UV radiation from the white dwarf
can no longer be invoked as the main mechanism to explain
the observed chromospheric emission from the inner hemi-
sphere of the K-dwarf. If it were, the He emission would be
expected to remain constant over time, given the constancy of
the UV flux from the white dwarf. In fact the intensity of the
Ha emission appears to be consistent with the period of mean
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luminosity of the star, measured by Ibanoglu et al. (1994), to
be around 6 to 7 years, indicating a solar-like cycle of mag-
netic activity. We have argued therefore, that the Ho emis-
sion at ¢ = 0.5 is primarily due to magnetic heating from the
asymmetric tidal distortion of the convective dynamo of the K-
dwarf star by its WD companion. We further suggest, based
upon available evidence, that this may be a general mechanism
in very short period detached binary systems. The notion that
strong tidal coupling alters internal dynamos in rotating con-
vective stars may have considerable significance in the attempt
to produce a proper theory for such dynamo action.

As it has in the past the V471 Tau system has proven itself
to be a wonderful astrophysical laboratory for the study of short
period binary systems and has once again rewarded us with
new insights that have shed more light on our understanding of
binary interactions.
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