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ABSTRACT

Ultraviolet spectra of � Tau (K5 III) obtained by the Hubble Space Telescope (HST ) show many emission lines
affected by broad absorption from the strong wind of this red giant star. For theMg ii h and k lines there is also a narrow
absorption feature in the midst of the wind absorption that has been interpreted as being from � Tau’s windYinterstellar
medium (ISM) interaction region (i.e., its ‘‘astrosphere’’). We try to reproduce this absorption using hydrodynamic
models of the � Tau astrosphere, which show that stellar wind material heated, compressed, and decelerated at the
wind’s termination shock (TS) can produce significant absorption at about the right velocity. By experimenting with
different model input parameters, we find that the parameter that the absorption is most sensitive to is the ISM pressure,
which determines the location of and therefore the density at the TS. However, the models underestimate both the
amount of deceleration at the TS and the amount of absorption for realistic input parameters. We demonstrate that these
problems can in principle be resolved by modeling the TS as a radiative shock. However, a cooling timescale short
enough to affect the postshock flow is only attainable if � Tau’s wind speed is increased from the 27Y30 km s�1 values
derived from fits to wind absorption to at least 35 km s�1. The models also seem to require a very high ISM pressure
of P/k � 30;000 cm�3 K to induce densities at the TS high enough to yield sufficient radiative cooling. This pressure is
at least a factor of 2 higher than other estimates of ISM thermal pressure within the Local Bubble.

Subject headinggs: circumstellar matter — stars: individual (� Tauri) — stars: winds, outflows —
ultraviolet: stars

Online material: color figure

1. INTRODUCTION

Red giants with K spectral types are typically found to have
warm stellar winds (T � 104 K) with modest mass-loss rates of
Ṁ � 10�11 to 10�10M� yr�1. The properties of these winds are
most commonly determined by analyzing the broad absorption
they produce in strong chromospheric resonance lines such as
Mg ii h and k at 2803.5 and 2796.4 8, respectively. One of the
closest and brightest red giants is the K5 III star� Tau (Aldebaran,
HD 29139), at a distance of only d ¼ 20:0 � 0:4 pc (Perryman
et al. 1997).

In their extensive analysis of Hubble Space Telescope (HST )
UV spectra of � Tau’s chromospheric emission lines and their
broad wind absorption features, Robinson et al. (1998) note the
existence of a narrowMg ii absorption feature near the rest frame
of the star. Figure 1 plots the Mg ii h and k lines on a heliocentric
velocity scale, showing the narrow absorption only slightly blue-
shifted from the stellar rest frame (Vrad ¼ 54:3 km s�1). This ab-
sorption appears very much like an interstellar medium (ISM)
absorption feature, but it is not in the right location. The local ISM
flowvector of Lallement et al. (1995), which should be reasonably
accurate for our purposes due to � Tau’s close proximity, predicts
an ISM velocity of 25.5 km s�1 for the � Tau line of sight. No
absorption is seen at this velocity in Figure 1 simply because the
stellar wind absorption is saturated at that location. This is true

for most other lines as well, but Redfield & Linsky (2004a) find
interstellar D i Ly� absorption at about the expected location.
The narrowMg ii absorption feature is over 25 km s�1 away from
this ISM absorption. Although multiple ISM velocity compo-
nents are often seen even for very short lines of sight, they are
not generally so widely separated as this. A survey of all HST-
observed ISMMg ii absorption features within 100 pc byRedfield
& Linsky (2002) makes it clear that finding an ISM absorption
component so far from the velocity predicted by the local flow
vector is extremely unlikely.
Because of its location close to the rest frame of the star,

Robinson et al. (1998) proposed instead that the narrow absorption
is from the interaction region between � Tau’s wind and the ISM,
i.e., its ‘‘astrosphere’’ (analogous to ‘‘heliosphere’’). The absorption
must certainly originate farther from the star than where � Tau’s
stellar wind is opaque to Mg ii photons, or wind scattering would
destroy the feature. If the absorption cannot be stellar or interstellar,
an astrospheric origin is then practically the only interpretation left.
If the astrospheric interpretation is correct, the Mg ii absorption

feature is then somewhat analogous to the astrospheric H i Ly�
absorption that has previously been detected for many cool main-
sequence stars (Wood et al. 2005b). With the assistance of hy-
drodynamic models of the astrospheres, the Ly� absorption has
proven to be very useful for estimating properties of solar-like
stellar winds that are otherwise undetectable (Wood et al. 2005a).
We here attempt tomodel� Tau’s astrosphere in a similar manner.
We hope to see whether these models can reproduce the Mg ii

absorption, and by experimenting with different ISM and stellar
wind input parameters we then explore the diagnostic power of
the absorption.

2. � TAU’S WIND PROPERTIES

Beforemodeling�Tau’s astrosphere, wemust first estimate the
properties of its stellar wind. This is done by modeling the Mg ii

A
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wind absorption features (see Fig. 1). The Mg ii spectrum we
analyze is the 1994 April 8 HST observation taken using the
Goddard High Resolution Spectrograph (GHRS) instrument. The
spectrum is an 862 s exposure through the small science aperture
(SSA) with the Ech-B grating, which provides a superb spectral
resolution of about 3 km s�1. We processed the data using the
IDL-based CALHRS calibration software (Robinson et al. 1992).
There was a second GHRS Ech-B observation of � Tau’s Mg ii

lines on 1996 October 15, but the wind absorption and the narrow
astrospheric absorption feature in these data are essentially the
same as in 1994.

The physical size of � Tau, important for quantitative studies
of stellar winds, is well determined. The Hipparcos parallax is
50:09 � 0:95 mas. Combined with a mean limb-darkened angular
diameter of 20:58 � 0:03 mas, based on interferometric tech-
niques and lunar occultation measurements, this implies a radius
of R� ¼ 44:2 � 0:9 R� (Richichi & Roccatagliata 2005).

We refer the reader toHarper et al. (1995) for details onourMg ii
wind absorption modeling procedure, which leads to a mass-loss
rate estimate of Ṁ ’ 1 ; 10�11 M� yr�1, a wind terminal velocity
of Vw ¼ 27 km s�1, and a turbulence of Vturb ¼ 14 km s�1, as-
suming a constant isotropic turbulence throughout the wind. This
mass-loss rate assumes that magnesium is entirely singly ionized
within the wind. The uncertainty in the analysis is dominated by
systematic unknowns such as the gradient in the wind turbulence
and the wind velocity law. These measurements are consistent
with those of Robinson et al. (1998) using the Sobolevwith Exact
Integration (SEI) method for Fe ii and O i wind scattered pro-
files, which are also sensitive to the same systematic uncer-
tainties. They find Ṁ ’ 1:6 ; 10�11 M� yr�1, Vw ¼ 30 km s�1,
and Vturb ¼ 24 km s�1. Both analyses suggest a quite rapid wind
acceleration, with the wind reaching half the terminal velocity
within three stellar radii above the photosphere. TheH andK lines
of Ca ii, which is a minority species (Harper et al. 2004), show
weak circumstellar absorption features that vary in velocity and
depth on month timescales (Reimers 1977). These timescales are
consistent with the spatial scales inferred for the wind acceleration
region derived from the UV line profiles.

Continuum flux measurements at centimeter wavelengths
provide upper limits to the characteristic electron temperature
for different layers in the atmosphere. The radio opacity increases
strongly with wavelength (/k2.1), so the longest wavelengths

sample the outermost layers. The emission is thermal continuum,
so the source function is the Planck function in the Rayleigh-Jeans
tail, which is linear in electron temperature. Since the charac-
teristic angular diameter of the radio-emitting region is larger
than the known photospheric angular diameter, each centimeter-
wavelength flux provides an upper limit to the characteristic
electron temperature. On 1989December 24,� Tauwas observed
at 2 and 3.6 cmwith the NRAOVery largeArray (VLA)6 andwas
detected with fluxes (and 1 � errors) of 0:86 � 0:13 and 0:30 �
0:04mJy, respectively (S. Drake 2006, VLA program AD0238,
private communication; Wendker 1995). On 1997 September 27,
A. Brown and G. Harper (VLA program AB0845) obtained fluxes
of 0:95 � 0:08 and 0:28 � 0:03 mJy at 2 and 3.6 cm, respec-
tively,with a 3� upper limit of 0.07mJy at 6 cm.These 1997values
correspond to electron temperatures of <17,700 and<16,200K,
respectively, and a 3 � upper limit of <12,300 K. The effective
electron temperature is therefore declining with radius, and the
6 cm flux upper limit provides a good estimate for the upper
limit for the electron temperature at the base of the wind. The UV
mass-loss rate estimates are consistent with these fluxes and a
previous 6 cm upper limit (Drake & Linsky 1986).

Another temperature that can be estimated is the ionization
temperature, which can be inferred from the ionization states of
lines that are observed to show wind absorption. The UV spec-
tra taken byHST provide the best selection of lines to look at for
these purposes. The full GHRS data set has been discussed by
Robinson et al. (1998), but in the far-UV the best data are from
a 2002 January 3 observation by the Space Telescope Imaging
Spectrograph (STIS) instrument, which replaced GHRS in 1997.
STIS observed the 1150Y1710 8 spectral region for 10.5 ks
with the E140M grating, which has a spectral resolution of about
7 km s�1. This spectrumwas previously reduced and analyzed by
Ayres et al. (2003). Lines in the HST spectra that show the broad
wind absorption includesMg ii h and k, the O i triplet near 13008,
the C ii kk1334, 1335 lines, Si ii k1526, and various Fe ii lines in
the near-UV. Nowind absorption is seen for lines formed at hotter
temperatures such as Si iii k1206, the Si iv kk1393, 1402 lines, and
the C iv kk1548, 1550 doublet (Ayres et al. 2003). The relative
opacities of the strong UV scattering lines are shown in Harper
(2001) as a function of ionization temperature. Above 16,000 K,
Mg ii and O i rapidly ionize to the next stage, while Si ii becomes
Si iii. The difference in wind scattering between Si iii (none) and
Mg ii and Si ii (strong) suggests an ionization temperature of
<16,000 K. No absorption is apparent for the C iUV1multiplet
lines at 1656 8, suggesting that C ii must be the dominant ioni-
zation state of carbon in the wind.

The astrospheric models presented in x 4 require wind prop-
erties at 1 AU from the star as an inner boundary condition. These
properties are listed in Table 1 for the various models that we
compute. Most models assume our best-fit wind speed of Vw ¼
27 km s�1, but we also experiment with a higher speed of Vw ¼
35 km s�1 in models 8Y10. The mass-loss rate of � Tau is rather
modest, shows no evidence for dust, and is probably driven by
processes involving magnetic fields. The thermal energy balance
is controlled by numerous cooling and heating processes. The
cooling is from wind expansion and acceleration together with
radiative cooling by atomic and singly ionized species. The heat-
ing is from the deposition of magnetic wave energy, ambipolar
diffusion, and radiative heating (Harper 2001). The thermal tem-
perature under these conditions can be nonmonotonicwith radius,

Fig. 1.—Mg ii h and k lines of � Tau (dotted and solid lines, respectively),
plotted on a heliocentric velocity scale. The dashed line indicates the stellar rest
frame. The line profiles are dominated by very broad wind absorption, but there
is also a narrow absorption feature near the stellar rest frame that is believed to
be astrospheric in nature.

6 The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated Uni-
versities, Inc.
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especially near the stellar surface. Based on the electron and
ionization temperature constraints mentioned above, we estimate
a crude wind temperature of 7500 K at 1 AU. The stellar mass-
loss rate and wind velocity can be used to infer the wind density
at 1 AU. At a temperature of �7500 K, we expect hydrogen in
the wind to be mostly neutral. Assuming hydrogen is predomi-
nantly neutral, we compute an H i density at 1 AU of nw(H i) ¼
3:5 ; 104 cm�3. This is the density assumed in most of the
models, but inmodel 4we experimentwith amuch higher density.
The exact ionization state of H is rather uncertain, but Harper et al.
(2004) find a lower limit of xe > 0:01 for the hydrogen ionization
by requiring that Ca iii recombine to Ca ii in the accelerating out-
flow, in order to explain the existence of Ca ii wind absorption.
Here we experiment with ionization fractions in the range xe ¼
0:016Y0.16 (see Table 1).With the advection properties of � Tau’s
wind flow, the ionization fraction quickly ‘‘freezes in’’ to a near-
constant value.

3. INTERSTELLAR BOUNDARY CONDITIONS

Besides the stellar wind properties, we also need to estimate the
properties of the ambient interstellar mediumbeforewe canmodel
� Tau’s astrosphere. Both � Tau and the Sun lie within the Local
Bubble (LB), a region of generally low ISM densities extending
roughly 100 pc from the Sun in most directions (Sfeir et al. 1999;
Lallement et al. 2003). Most of the volume of the bubble is be-
lieved to be very hot, ionized plasma, which produces much of
the soft X-ray background emission (Snowden et al. 1998).

There are various small, warm, partially neutral clouds em-
bedded within the LB. It just so happens that the Sun lies within
one of these, the local interstellar cloud (LIC). Redfield & Linsky
(2000) estimate a diameter of 5Y7 pc for the LIC. At a distance
of 20.0 pc � Tau lies well beyond the edge of the LIC, suggesting
that�Tauwill likely bewithin the hot ISM that dominates the LB.
Further evidence for this is provided by the measured deuterium
column density for this line of sight, logN (D i) ¼ 12:99 (Redfield
& Linsky 2004a). Assuming that D/H ¼ 1:56 ; 10�5, a ratio that
has been shown to apply throughout the LB (Wood et al. 2004), we
infer a very low ISM H i column density of logN (H i) ¼ 17:80.
This is even lower than the log N (H i) ¼ 18:15 column density
that Redfield & Linsky (2000) predict for the amount of LIC ma-
terial for this line of sight.

There is therefore no evidence for any neutral material along
this line of sight beyond that of the LIC, so the implication is once
again that it is very likely that � Tau is surrounded by the hot,
ionized ISMwithin the LB rather than the cooler, partially neutral
material that surrounds the Sun. The hot LB plasma accounts for

much of the soft X-ray background, and ROSAT (Röntgensatellit)
observations of this emission suggest a temperature of T ¼
106:07�0:05 K and a pressure of P/k � 15;000 cm�3 K, assuming
that the LB is in collisional ionization equilibrium and has solar
abundances (Snowden et al. 1998).
However, the ROSAT measurements are controversial. The

thermal pressures of warm clouds in the LB, such as the LIC,
are only P/k � 2280 cm�3 K (Jenkins 2002; Redfield & Linsky
2004b). Such a large pressure imbalance between the LB hot
plasma and the cooler clouds scattered within it seems unlikely.
In principle, the imbalance could be rectified by proposing sub-
stantial magnetic pressure within the LIC and other such clouds.
However, this would require high field strengths of at least B ¼
7 �G, and for fields greater than B ¼ 3Y4 �G heliospheric mod-
els generally predict a termination shock closer to the Sun than
the distance of 94 AU found by Voyager 1 (Gloeckler et al. 1997;
Stone et al. 2005). This problem can be mitigated by proposing
that the LIC field is oriented close to parallel with the ISM flow
seen by the heliosphere, but this assumption may be inconsistent
with the observed deflection of interstellar H atoms in the helio-
sphere, which is believed to be due to an ISM field skewed with
respect to the ISM flow (Florinski et al. 2004; Izmodenov et al.
2005; Lallement et al. 2005).
There are other suggestions that the LBpressure estimated from

the ROSAT data is too large. Some of the X-ray background that
had been assumed to be entirely from the hot LB material may
instead have a different origin. Some of the soft X-ray background
is now believed to be from charge exchange between the solar
wind and inflowing interstellar neutrals within our own heliosphere
(Cravens 2000; Lallement 2004a). It has also been proposed that
some of the soft X-ray background could be from charge exchange
induced emission from the boundary of the LB (Lallement 2004b).
Finally, observations from the Cosmic Hot Interstellar Plasma
Spectrometer (CHIPS ) satellite seem to suggest much lower
X-ray emissivity than the ROSAT observations (Hurwitz et al.
2005). These discrepancies might be resolved by assuming a
somewhat lower temperature (T � 105:8 K) and heavy metal de-
pletion within the LB (Bellm & Vaillancourt 2005). Breitschwerdt
(2001) has proposed abandoning collisional ionization equi-
librium entirely in modeling the LB X-ray emission, which
would allow LB temperatures to be much lower than generally
assumed (T � 105 K), and with lower pressures in better agree-
ment with those of the warm clouds embedded within the LB.
Our astrospheric models experiment with a wide range of

assumed ISM pressures (see Table 1). For example, the tem-
perature and proton density assumed formodel 1,T1 ¼ 5 ; 105 K

TABLE 1

Model Input Parameters

Stellar Wind Parameters at 1 AU ISM Parameters

Model No.

Type of

Model

nw (H i)

(cm�3)

nw(H
+)

(cm�3)

Vw

(km s�1)

Tw
(K)

n1(H i)

(cm�3)

n1(H+)

(cm�3)

V1
(km s�1)

T1
(K)

�

(deg)

1..................... Two-fluid 3 ; 104 5 ; 103 27 7500 0 4 ; 10�3 34 5 ; 105 149

2..................... Two-fluid 3 ; 104 5 ; 103 27 7500 0 4 ; 10�3 44 5 ; 105 170

3..................... Kinetic 3 ; 104 5 ; 103 27 7500 0 4 ; 10�3 44 5 ; 105 170

4..................... Two-fluid 3 ; 105 5 ; 104 27 7500 0 4 ; 10�3 34 5 ; 105 149

5..................... Two-fluid 3 ; 104 5 ; 103 27 7500 0 0.02 44 5 ; 105 170

6..................... Two-fluid 3 ; 104 5 ; 103 27 7500 0 0.02 44 1.5 ; 106 170

7..................... Two-fluid 3 ; 104 5 ; 102 27 7500 0 0.02 44 1.5 ; 106 170

8..................... Two-fluid 3 ; 104 3.3 ; 103 35 7500 0 0.01 44 5 ; 105 170

9..................... Two-fluid 3 ; 104 3.3 ; 103 35 7500 0 0.03 44 5 ; 105 170

10................... Two-fluid 3 ; 104 5 ; 103 35 7500 0 0.02 44 5 ; 105 170
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and n1(Hþ) ¼ 4 ; 10�3 cm�3, suggest a pressure of P/k �
4000 cm�3 K, taking into account the pressure contribution from
electrons in the fully ionized plasma. This is in better agreement
with the low pressures suggested by the warm clouds within the
LB than with the ROSAT estimates, but other models experiment
with much higher densities and temperatures, in better agreement
with the high ROSAT measurements (see Table 1 and x 4).

We also need to know the flow vector for the ISM around
� Tau. The LIC flow vector is known very well (Lallement et al.
1995), so we can use that as one estimate. When combined with
� Tau’s known proper motion and radial velocity, the LIC vector
suggests that � Tau sees an ISM flow speed of V1 ¼ 34 km s�1,
with our line of sight to the star at an angle of � ¼ 149

�
with

respect to the upwind direction of the ISMflow. However, the LIC
vector may not apply to the hot ISM within the LB. Another ap-
proach is to assume that the hot ISM is at rest with respect to the
local standard of rest (LSR). The LBwas presumably created by a
series of supernova explosions (Maı́z-Apellániz 2001; Berghöfer
&Breitschwerdt 2002). Since the hot stars that produce supernovae
generally have low proper motions relative to the LSR, it is
possible that the hot ISMwithin the Local Bubble is basically at rest
in the LSR. If this is the case, then we estimate V1 ¼ 44 km s�1

and � ¼ 170
�
, taking into account the solar motion with respect

to the LSR (Dehnen & Binney 1998). The LIC and LSR assump-
tions lead to similar values of V1 and �, with both predicting
that our line of sight to � Tau is very much through the downwind

tail of the astrosphere. We experiment with both vectors in our
astrospheric modeling (see Table 1).

4. MODELS OF THE � TAU ASTROSPHERE

4.1. Hydrodynamic Modeling

We model the � Tau astrosphere using two-dimensional, axi-
symmetric hydrodynamic codes developed to model the helio-
sphere and solar-like astrospheres. Most of our models are ‘‘two
fluid’’models like those described byPauls et al. (1995). One fluid
is used for the protons and another fluid for the neutral H. Treating
the neutrals and plasma as separate fluids allows them to be out
of thermal equilibrium with each other, which is the case in the
heliosphere thanks to a collisionalmean free pathmuch larger than
the size of the heliosphere. It is through charge exchange processes
rather than collisions that neutrals take part in the heliospheric
interaction. Figure 2 shows density distributions, temperature
distributions, and flow patterns for the protons and H atoms in
model 1.

The astrospheric structure of � Tau is in many respects similar
to that of the heliosphere (see, e.g., Zank 1999). The stellar wind
expands radially until it reaches a termination shock (TS), the
roughly circular boundary seen about 1000 AU from the star in
Figure 2. Prior to encountering the TS, the stellar wind is assumed
to cool adiabatically while expanding outward, until it reaches
3 K (the cosmic background radiation temperature). At the TS,

Fig. 2.—Hydrodynamic model of the � Tau astrosphere for model 1, where the top panels are the proton and H i temperatures and the bottom panels are the proton and H i

densities. Streamlines are shown in the top panels. The distance scale is in AU.
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the stellar wind is heated, compressed, and decelerated. Beyond
the TS there is a parabolic-shaped boundary separating the plasma
flows of the stellar wind and ISM, the ‘‘astropause’’ (analogous
to ‘‘heliopause’’), which extends beyond the field of view in the
downwind direction (to the left in Fig. 2). There is no bow shock
beyond the astropause in the upwind direction (to the right) like
there is for the heliosphere. Unlike the solar case, the ISM flow
seen by � Tau is not supersonic, mostly due to the high ISM tem-
perature, so no bow shock should exist for � Tau.

We compute astrospheric Mg ii absorption from these models
for our observed line of sight, which is defined by the �-values
in Table 1. Figure 3 shows traces of H i density, temperature, and
velocity for this line of sight for most of the two-fluid models
listed in Table 1. Model 7 leads to results very similar to model 6,
so it is not shown in the figure.

In order to compute Mg ii absorption profiles from the line-of-
sight quantities in Figure 3, we have to assume that Mg ii is the
dominant ionization state of Mg, and we assume a solar Mg
abundance fromGrevesse & Sauval (1998) to estimate Mg ii den-
sities from the H i and H+ densities. Since Mg ii is an ionized
species, we expect its temperature and velocity to follow that
of the protons instead of the neutral H atoms. However, for the
two-fluid models we find that proton temperatures and veloci-
ties match the H i temperatures and velocities in Figure 3 fairly
well, so this distinction matters little.

Figure 4 shows the opacity in the Mg ii k line predicted by the
same eight models shown in Figure 3. Narrow opacity peaks at 19
or 27 km s�1 can be ignored, and have been truncated in the figure.
This is absorption from the stellar wind inside the TS, where the
actual observed wind absorption is saturated (see Fig. 1). When
compared with the observed opacity, we find that the models
do indeed have a peak in opacity at roughly the right velocity

(�50 km s�1) to match the data. This provides strong theoretical
support for the astrospheric interpretation of the absorption.
The opacity is mostly from the ‘‘astrosheath,’’ the post-TS re-

gionwhere the stellar windmaterial has been heated, compressed,
and decelerated after encountering the TS. The TS is easily seen
in Figure 3, at distances of 400Y1600 AU from the star in most
models, but at about 6000 AU for model 4. The astrospheric
Mg ii absorption is therefore coming frommaterial thousands of

Fig. 3.—H i density (top), temperature (middle), and heliocentric velocity (bottom) vs. distance from the star along our line of sight to � Tau, for various two-fluid
models of � Tau’s astrosphere (see Table 1). The horizontal dashed line in the velocity panel is the rest frame of the star.

Fig. 4.—Opacity in the Mg ii k line predicted by various models of the � Tau
astrosphere (see Table 1), compared with the observed opacity (shaded region),
plotted on a heliocentric velocity scale, as in Fig. 1. The vertical dashed line is
the rest frame of� Tau. The narrowwind absorption at 19 or 27 km s�1, which is
not of interest here, has been truncated. The Mg ii opacity at �50 km s�1

predicted by the models is less than that observed and is not as close to the rest
frame of the star.

WOOD ET AL.950 Vol. 655



AU from the star. The deceleration at the TS slows the outflow
to velocities closer to the stellar rest frame, where the absorption is
observed, and the jump in temperature to T � 104 K yields ab-
sorption with roughly the correct width to match the data.

With an orientation of � ¼ 149
�Y170�, our line of sight through

the � Tau astrosphere is through its lengthy tail. We believe that
the very downwind orientation of our line of sight through the
� Tau astrosphere is the main reason that astrospheric absorp-
tion is detected for � Tau but not for other red giants. If we were
observing an upwind or crosswind portion of the astrosphere
(i.e., � < 120�), the path through the heated post-TS material
would be much shorter and the astrospheric absorption would
be much weaker (see Fig. 2). It would be interesting to observe
other red giants within the LB that have large, positive radial
velocities, indicating downwind astrospheric orientations, in order
to see if an astrospheric Mg ii absorption signature could be found
for other stars. Unfortunately, the apparent death of the STIS
instrument on HST in 2004 August means that high-resolution
UV spectroscopy is not currently possible, so such a project will
have to await future instrumentation.

4.2. Comparisons with the Data

4.2.1. Dependence on Stellar Wind Parameters

Although the models predict an absorption peak in roughly the
right location, the models are not able to match the data precisely.
The predicted absorption is too weak and not close enough to the
stellar rest frame (see Fig. 4). (The substantial underestimation
of absorption is the reason why it is more practical to compare
opacity profiles, as in Fig. 4, rather than absorption profiles.) Since
the absorption is from decelerated post-TS stellar wind material,
one might think that increasing the density of the stellar wind
could significantly increase the predicted absorption and better
match the data, but this is not the case.

Comparing models 1 and 4 in Figure 4 shows that a large factor
of 10 increase in mass-loss rate yields only a modest increase in
absorption. Furthermore, the resulting absorption profile is even
more blueshifted from the observed profile than is the case for the
other models. Increasing the stellar wind strength moves the TS
farther from the star, such that the post-TSwind density remains
essentially the same (see Fig. 3). Thus, the strongerwind ofmodel 4
does not produce significantlymore absorption despite an increase
in wind density that is probably too large to be consistent with the
wind absorption anyway (see x 2).

We find that lowering the ionization fraction of the wind also
has little effect, since (as mentioned in x 4.1) model 7 produces
essentially the same amount of absorption as model 6 despite a
factor of 10 lower proton density (see Table 1). This is not sur-
prising, since the wind is dominated by neutral H rather than pro-
tons. The stellar wind temperature has no effect on the properties
of the post-TSmaterial, since the thermal energy is small compared
to the kinetic energy. In any case, by the time the wind reaches
the TS, its temperature has decreased to the 3 K floor set by the
background radiation (see x 4.1), meaning that the post-TS con-
ditions are insensitive to the details of the thermal wind energy
balance and the initial temperature. Models 8Y10 demonstrate
that increasing the stellar wind velocity (Vw) increases the post-
TS temperature (see Fig. 3), but this by itself does not improve
agreement with the data (see Fig. 4). Comparing models 5 and
10, where all parameters are equal except for Vw, shows that the
stronger wind of model 10 pushes the TS outward, resulting in
lower post-TS densities and weaker absorption than in model 5,
worsening agreement with the data. We conclude that uncertainties
in the stellar wind parameters are not likely the source of the

hydrodynamic models’ inability to precisely match the observed
astrospheric absorption.

The models’ underestimation of absorption is undoubtedly
related to their underestimation of the amount of deceleration at
the TS.Most of theVw ¼ 27 km s�1models suggest a heliocentric
post-TS velocity of �48 km s�1. This is 6.3 km s�1 from the
stellar rest frame at Vrad ¼ 54:3 km s�1. Given the stellar wind
velocity of Vw ¼ 27 km s�1 at the current epoch, the implied
degree of deceleration is a factor of 4.3, essentially at the strong
shock limit of 4 for plane-parallel hydrodynamic shocks. How-
ever, the Mg ii data imply a post-TS heliocentric velocity of
51.8 km s�1 (Redfield & Linsky 2002), which is only 2.5 km s�1

from the stellar rest frame, suggesting a deceleration factor of
10.8. The observations therefore suggest a factor of fdec ¼ 2:5
times more deceleration at the TS than the models predict. For
the Vw ¼ 35 km s�1 models, fdec ¼ 3:3. If we were to force an
increase in TS deceleration in the models, conservation of mass
would then lead to a corresponding increase in post-TS density,
which would then increase the Mg ii opacity, significantly im-
proving agreement with the data in that respect as well. In x 4.3,
we explore the possibility that radiative cooling is responsible
for the unexpectedly strong deceleration at the TS.

4.2.2. Dependence on the ISM Flow Vector

Comparing models 1 and 2 shows that changing the ISM flow
vector from the LIC vector to the LSR vector significantly in-
creases the absorption. This is mostly because the LSR vector
implies an even more downwind line of sight (� ¼ 170

�
) than the

LIC vector (� ¼ 149�), resulting in a longer path length through
the astrosheath (see Fig. 3). However, the absorption predicted by
model 2 still falls well short of the observations, and changing the
line-of-sight orientation does not improve the velocity discrep-
ancy between the model absorption and the data.

Model 3 is amodel computedwith the same input parameters as
model 2 but using a different approach to modeling the neutrals.
The purpose of this model is to ensure that our lack of success in
fitting the data is not due to an overly simplistic treatment of the
neutrals in the two-fluid code. Charge exchange processes not
only lead to neutral H velocity distributions different from those
of the protons, but they can also lead to very non-Maxwellian
distributions for the neutral H (Alexashov & Izmodenov 2005).
Thus, a two-fluid treatment may not be sufficient. Ideally, the
neutrals should be modeled with a fully kinetic code. Model 3 is
a model that uses a fully kinetic Monte Carlo treatment of the
neutrals, using a code developed for modeling the heliosphere
described by Heerikhuisen et al. (2005, 2006).

Figure 5 compares the Mg ii k line opacity predicted by the
kinetic model 3 with the two-fluid model 2. When the Mg ii ions
are assumed to have velocity distributions like those of the pro-
tons, the predicted Mg ii opacity of model 3 agrees reasonably
well with that of model 2. Unlike in the two-fluid model, the
neutral H and proton velocity distributions are quite different in
the kinetic model, so Figure 5 also shows what the opacity profile
looks like if the neutral H velocity distribution is used for Mg ii.
This greatly broadens and weakens the predicted absorption,
worsening agreement with the observed absorption. The use of
the kinetic code clearly does not improve agreement with the data,
so we conclude that the two-fluid code’s simple treatment of the
neutrals is not to blame for our inability to precisely fit the data.

4.2.3. Dependence on ISM Pressure

Even though the material producing the absorption is funda-
mentally of a stellar wind origin rather than from the ISM, we find
that the amount of absorption is more sensitive to changes in the
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ISM pressure than to changes in stellar wind parameters. Com-
paring models 2 and 5 in Figure 4 shows that increasing the ISM
density by a factor of 5 significantly increases the absorption. Com-
paring models 5 and 6 shows that a factor of 3 increase in ISM
temperature yields a further increase in astrospheric absorption.
The reason for the sensitivity of the absorption to ISM pressure
is seen in Figure 3, which shows that higher ISM pressures (for
models 5 and 6) push the TS closer to the star. Since stellar wind
densities are then significantly higher when the wind encounters
the TS, post-TS densities are also higher, resulting in stronger
absorption. Unlike the heliosphere, which is confined solely by
the ram pressure of the ISM flow, the � Tau astrosphere is con-
fined by the hot ISM’s thermal pressure, explaining why an ISM
temperature increase is able to compress the astrosphere to a
similar degree as a density increase.

Our results show that the astrospheric Mg ii absorption is po-
tentially valuable as an in situ diagnostic of the pressure of the hot
ISM. Considering the difficulties in precisely measuring the LB
pressure by other means, as described in x 3, additional LB
pressure constraints would be valuable. Figure 6 plots the Mg ii
k line equivalent widths (EWs) predicted by threeVw ¼ 27 km s�1

models (models 2, 5, and 6) and three Vw ¼ 35 km s�1 models
(models 8, 9, and 10) as a function of ISM pressure. We have
increased the actual EWs predicted by these models by the fdec
factors mentioned near the end of x 4.2.1 to crudely correct for
the underestimation of TS deceleration.

The actual Mg ii k line EW measured from the data is
0.049 m8, which would suggest an ISM pressure of P/k �
10;000Y20,000 cm�3 K when compared with the model pre-
dictions in Figure 6. This is more consistent with the higher es-
timates mentioned in x 3. Unfortunately, there are substantial
systematic uncertainties in thismeasurement. One is the ISMflow
vector. If we changed from the LSR vector to the LIC vector, the
model EWs in Figure 6 would decrease by about a factor of 7
based on comparing the results of models 1 and 2. This would
yield EWs well below the observed value and suggest an ISM
pressure of P/k 3105 cm�3 K. Clearly, any ISM pressure mea-
surement from the astrospheric absorption is quite sensitive to the
orientation of our line of sight through the � Tau astrosphere,
which depends on the assumed ISM flow vector. The unreason-
ably high pressures suggested by the LIC vector imply that the

LSR may be a more appropriate assumption for the hot ISM
within the LB.
Another uncertainty is the Mg abundance in the stellar wind,

which is assumed to be solar in themodels. If we increased theMg
abundance by a factor of 2 the model EWs in Figure 6 would
increase by a factor of 2 and the observed Mg ii EWwould then
suggest P/k < 10; 000 cm�3 K, more in line with the lower LB
pressure estimates frommeasurements of warm cloud pressures
(see x 3). There is some evidence that Mg may in fact be over-
abundant in� Tau’s wind relative to solar abundances, based on
the nondetection of astrospheric absorption in the O i k1302 and
C ii k1335 lines, which are discussed in x 5.

4.3. Radiative Shock Modeling

4.3.1. Theoretical Foundation

The location of the astrospheric absorption feature very close to
the stellar rest frame appears to require that the compression ratio
of the TS be significantly higher than the strong shock limit of 4
(see x 4.2.1). The only obvious way for a shock to do this is if it
is a radiative shock, in which radiative cooling slows and com-
presses the flow beyond that allowed by a purely hydrodynamic
shock (e.g., Raymond 1979). Converting our analytic, axisymmet-
ric, two-fluid hydrodynamics code to a radiative hydrodynamics
code would be onerous, so we instead rely on a simpler one-
dimensional, single-fluid model to assess the possibility of a ra-
diative TS.We are guided byShu (1992) in the construction of this
model.
A radiative shock can be divided into two parts, a standard

hydrodynamic shock followed by radiative relaxation. The hy-
drodynamic shock is described by the Rankine-Hugoniot jump
conditions, whose solutions are

�2

�1
¼ V1

V2

¼ � þ 1ð ÞM 2

� þ 1ð Þ þ � � 1ð Þ M 2 � 1ð Þ ; ð1Þ

T2

T1
¼ � þ 1ð Þ þ 2� M 2 � 1ð Þ½ � � þ 1ð Þ þ � � 1ð Þ M 2 � 1ð Þ½ �

� þ 1ð Þ2M 2
;

ð2Þ

Fig. 6.—Mg ii k line equivalent width (EW) predicted by three models with
Vw ¼ 27 km s�1 (models 2, 5, and 6; squares) and three models with Vw ¼
35 km s�1 (models 8, 9, and 10; diamonds), as a function of the ISM thermal
pressure assumed in the models. The model predictions assume a solar Mg abun-
dance, and we have increased the actual EWs predicted by the models by the fdec
mentioned near the end of x 4.2.1 to crudely correct for their underestimation of
deceleration at the TS. The dashed line is the observed EW, suggesting an ISM
pressure of 10,000Y20,000 cm�3 K.

Fig. 5.—Opacity in the Mg ii k line predicted by the two-fluid model 2 and the
kinetic model 3, with identical input parameters (see Table 1). The dashed line as-
sumes that the Mg ii ions follow the velocity distribution of the protons in model 3,
while the dotted line assumes that the Mg ii ions follow the neutral H velocity dis-
tribution. The vertical dashed line is the rest frame of the star, and the shaded region
is the observed Mg ii opacity, as in Fig. 4.
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where the subscripts 1 and 2 refer to pre- and postshock den-
sities (�), velocities (V ), and temperatures (T ), respectively. We
assume � ¼ 5/3 for a perfect gas. The Mach number,M, can be
expressed as

M 2 ¼ �mpV1

�kT1
; ð3Þ

where mp is the mass of the proton, k is the Boltzmann constant,
and � is a molecular weight factor that allows us to try to account
for minority constituents of the gas, particularly electrons and He
atoms. Assuming all electrons originate from H ionization,

� ¼ 1þ 4XHe

1þ XHe þ xe
; ð4Þ

where XHe ¼ 0:1 is the fractional abundance of He, and xe is the
hydrogen ionization fraction.

In the radiative relaxation phase following the hydrodynamic
shock, conservation of mass and momentum require that

�V ¼ constant; ð5Þ

�V 2 þ �kT

�mp

¼ constant: ð6Þ

These equations must be solved along with

5

2

�kT

�mp

� 3

2
�V 2

� �
dV

dx
¼ �� Tð Þ; ð7Þ

which expresses conservation of energy. In the temperature re-
gime of interest here, the radiative cooling rate, �(T ), is entirely
dominated by cooling from the Lyman lines of hydrogen. The
total cooling rate is the sum of rates for each line, which indi-
vidually have the form

�i Tð Þ ¼ nenH0EiCi Tð Þ ¼ �2xe 1� xeð Þ
m2

p 1þ 4XHeð Þ EiCi Tð Þ; ð8Þ

where ne and nH0 are the electron and neutral hydrogen densi-
ties, and Ei is the energy of the Lyman transition in question.
The collision rate, Ci(T ), can be expressed (in cgs units) as

Ci Tð Þ ¼ 8:6 ; 10�6�i Tð Þ
g1T

0:5
exp � Ei

kT

� �
; ð9Þ

where g1 ¼ 2 is the statistical weight of the lower level of the
Lyman transitions. We consider the four strongest Lyman lines,
Ly� through Ly�, in our models. The collision strengths for
these lines, �i(T ), are taken from Aggarwal et al. (1991).

Finally, we track the ionization fraction of hydrogen, xe, in the
radiative relaxation phase via the equation

dxe

dx
¼ xe�

mpV 1þ 4XHeð Þ 1� xeð ÞG Tð Þ exp � Eion

kT

� �
� xe� Tð Þ

� �
;

ð10Þ

where Eion ¼ 2:2 ; 10�11 ergs is the ionization energy of H. We
extract the collision ionization function, G(T ), from Scholz &
Walters (1991) and the radiative recombination rate,�(T ), from
Seaton (1959). In practice, we find that xe does not change

enough in the post-TS region to significantly affect the radiative
relaxation.

4.3.2. Model Results

In order to illustrate how radiative shock structures depend on
stellar wind speed and ionization, Figure 7 shows several models
with different values of Vw and xe. For these models we assume
a total hydrogen density (including protons) entering the TS
of nH ¼ 0:09 cm�3. Figure 3 shows that this pre-TS density is
roughly appropriate for models 5 and 9, keeping in mind that the
figure shows only the H i density, not including the minority
proton constituents. The initial hydrodynamic termination shock
is at 0 AU in Figure 7, while radiative relaxation occurs afterward.
The initial shock shows the expected compression ratio of 4, the
strong shock limit. Radiative cooling then leads to decreases in
the post-TS flow velocity and temperature and to an increase in
the compression ratio. However, only theVw ¼ 35 km s�1models
seem to produce enough deceleration to match the �2.5 km s�1

post-TS velocity suggested by the observations. Radiative cooling
via the H Lyman lines is extremely temperature-sensitive. It is
very efficient if the neutral H can be heated to �30,000 K, but
temperatures this high are achieved only if Vw k 35 km s�1. In
equilibrium conditions, hydrogen would simply ionize at these
temperatures, but at the low densities that exist here radiative
cooling occurs well before H can ionize.

If radiative processes are indeed responsible for the >4 com-
pression ratio of � Tau’s TS, then at least at the TS it must be true
that Vw k 35 km s�1 in order to get sufficiently hot post-TS tem-
peratures. How can this be reconciled with the lower value of
Vw � 27 km s�1 suggested by � Tau’s wind absorption (see x 2)?
We discuss three possibilities. The first is simply that Vw is un-
derestimated in thewind absorption analysis due to oversimplified
assumptions. One such assumption is that of constant turbulence
throughout the wind acceleration region. If the turbulence de-
creases with increasing distance from the star, as indicated by the
sharp Ca iiH and Kwind absorption features sometimes observed
for � Tau, then the actual terminal velocity of the wind could be
higher. A Vw ¼ 35 km s�1 wind speed corresponds to a helio-
centric velocity of about 19 km s�1. This is still within the wind
absorption core seen in Figure 1 and is therefore potentially
consistent with the data.

The second explanation is that � Tau’s wind continues to ac-
celerate gradually beyond 27 km s�1. Damping of the remnant
magnetic wave energy that initiated the flow could drive the
ionized wind component to higher velocities. For xe > 0:02 the
ion-neutral collision frequency, which is dominated by H+-H
resonant charge exchange, is smaller than the dynamical timescale
within 25 R�, where the Mg ii k line has an optical depth of the
order of unity. Therefore, the ion flow inside this radius continues
to drag the more massive neutral wind out of the gravitational
potential. A direct consequence of this is the heating of the wind
flow by ambipolar diffusion heating (Ruden et al. 1990; Shang
et al. 2002), in addition to any continued heating from MHD
wave damping. We have computed the wind thermal structure
for � Tau using the H+-H scattering results of Glassgold et al.
(2005) and find that ambipolar diffusion heating is an important
term in the thermal balance.While thewind temperature at 1000AU
is higher than the 3K floor assumed in our hydrodynamicmodels
(see x 4.1), it remains sufficiently small that thewind thermal energy
is not important at the TS.

The third and final explanation for the higher Vw suggested by
the radiative shock models relies on the vastly different time-
scales represented by the wind and astrospheric absorption. The
observed wind absorption happens within a few stellar radii of
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the star and is therefore sensitive to mass loss on a timescale of
months at most. In contrast, the astrospheric absorption is from an
extended path length through wind material in the distant tail of
� Tau’s astrosphere, which will be sampling many thousands of
years’ worth ofmass loss. Observations of optical Ca ii lines show
that � Tau’s wind speed does vary, clearly exceeding 30 km s�1

at times (Reimers 1977; Kelch et al. 1978). Perhaps over the last
many thousands of years Vw � 35 km s�1 has been more typical
than theVw P 30 km s�1 velocitiesmore commonly seen in recent
years.

The ionization fraction, xe, affects the radiative cooling in two
competing ways. High ionization corresponds with a lower �,
which leads to lower post-TS temperatures and therefore lower
cooling rates (see Fig. 7). However, some ionization in the post-
TS region is essential for radiative cooling because it is colli-
sions with electrons that drive the Lyman line emission. In x 2
we mentioned that the ionization state of � Tau’s wind is poorly
constrained by observation. If radiative processes are indeed
responsible for the >4 compression ratio of � Tau’s TS, as we
suspect, then our radiative shock models suggest that the wind
must have xe 	 0:03 in order to provide sufficient radiative cool-
ing in the post-TS region.

Based on these results, we have good reason to believe that
radiative models of the � Tau TS significantly improve our ability
to fit the data, at least ifVw 	 35 km s�1 and xe 	 0:03. However,
actually computing Mg ii absorption from our one-dimensional
radiative shock models for comparison with the data is not really
possible, since these models do not consider the divergence of the
actual three-dimensional wind. Another problem is that beyond
the TS the flow is no longer radial, so our line of sight no longer

follows a single streamline. We try to crudely correct for these
problems by combining the radiative shock calculations with
our axisymmetric hydrodynamic models, which properly rep-
resent the actual flow geometry.
Figure 8 shows how this is done for models 8 and 9. The thin

lines show the shock structures of the original models. We com-
pute radiative shock models appropriate for these two models,
assuming the same Vw ¼ 35 km s�1 and xe ¼ 0:1 values used in
models 8 and 9 (see Table 1). We assume a pre-TS hydrogen
density of nH ¼ 0:03 cm�3 for model 8 and nH ¼ 0:09 cm�3 for
model 9. These are the pre-TS densities predicted by the astro-
spheric models (see Fig. 3), considering both the majority H i

and minority H+ constituents. The resulting post-TS velocity
and temperature profiles of the radiative shock models com-
pletely replace those of the hydrodynamic code in the modified
models in Figure 8. For the density profiles, we divide the com-
pression ratio profiles suggested by the radiative shock models
by 4 (the strong shock limit applicable to the purely hydrody-
namicmodels) and thenmultiply that by the hydrodynamicmodel
density profiles to get the modified density profiles shown in
Figure 8.
Figure 9 shows the Mg ii k line opacity profiles of the original

models 8 and 9 and those of the models modified by the radiative
shock calculations. The modified models clearly fit the data much
better. The centroids of the opacity profiles are much closer to
the observed one, and the modified models significantly increase
the opacity, which also improves the fit to the data. However,
only the modified model 9 truly comes close to precisely fitting
the data. This model is still too blueshifted to a small degree, but
the discrepancy may be consistent with the�1 km s�1 systematic

Fig. 7.—Radiative shock models of the compression ratio (top), flow velocity (in the stellar rest frame; middle), and temperature (bottom) as a function of distance
from the termination shock. Models are shown assuming three different stellar wind speeds (Vw ¼ 25, 30, and 35 km s�1) and three different hydrogen ionization
fractions (xe ¼ 0:03, 0.1, and 0.3). The horizontal dot-dashed line in the velocity panel is the observed location of the astrospheric absorption feature in Fig. 1. Only the
shock models with Vw ¼ 35 km s�1 show enough deceleration (i.e., high enough compression ratios) to reach the 2.5 km s�1 velocity suggested by this feature. [See the
electronic edition of the Journal for a color version of this figure.]
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uncertainty in the wavelength calibration of the spectrum. The
amount of absorption is still slightly underestimated, but un-
certainties in the Mg abundance could easily account for that,
particularly since there is some evidence that Mg may be over-
abundant relative to C and O (see x 5).

Based on Figure 9, model 9 would appear to be our best fit to
the data. However, this model assumes an ISM thermal pressure
of P/k ¼ 30;000 cm�3 K, which seems implausibly high based
on other measurements within the LB (see x 3). Model 8 assumes

amore reasonableP/k ¼ 10;000 cm�3 K, but thismodel is clearly
less successful at producing sufficient astrospheric absorption.
This lower ISM pressure places the TS farther from the star,
resulting in lower post-TS densities that not only lead directly to
less absorption but also make it difficult for radiative cooling to
sufficiently decelerate the flow (see Fig. 8). Perhaps the greater
success of the high-pressure models indicates significant pressure
contributions from nonthermal sources, possibly magnetic pres-
sure or cosmic-ray pressure. It might also be an indication that
our models of the � Tau TS are still missing physics of an inde-
terminate nature.

5. THE O i AND C ii NONDETECTIONS

Figure 10 shows the O i k1302 and C ii k1335 lines observed
by HST STIS. The broad wind absorption features appear very
similar to those seen for theMg ii lines in Figure 1, but unlikeMg ii
there is no narrow astrospheric absorption feature at 51.8 km s�1.
The figures also shows various estimates of the astrospheric ab-
sorption that we would expect to see in the O i and C ii lines based
on the Mg ii detection, assuming oscillator absorption strengths
from Morton (2003).

There is evidence that � Tau has undergone first dredge-up,
reducing the photospheric carbon abundance from its main-
sequence value. Smith & Lambert (1985) find absolute logarith-
mic C and O abundances of 8.38 and 8.77 (using the convention
of abundances scaled relative to log AH 
 12). These abundances
are 28% and 13% below the Grevesse & Sauval (1998) solar val-
ues, respectively. Redfield & Linsky (2002) measured a column
density (per square centimeter) of logNMg ¼ 12:20 from the
Mg ii absorption. Scaling from this measurement, the dot-dashed
lines in Figure 10 show the predicted absorption for C ii and O i

assuming a solar abundance for Mg and the Smith & Lambert

Fig. 8.—Traces of density (top), velocity (in the stellar rest frame;middle), and temperature (bottom) as a function of distance from the star, based on hydrodynamicmodels
8 and 9 (see Table 1), as well as for modified models based on radiative shock calculations (as in Fig. 7).

Fig. 9.—Opacity in the Mg ii k line predicted by the models in Fig. 8,
compared to the observed opacity (shaded region). As in Fig. 4, the wind ab-
sorption at 19 km s�1 is truncated. The vertical dot-dashed line is the rest frame
of the star. The modifications made to the models based on the radiative shock
calculations clearly improve agreement with the data, although only the mod-
ified model 9 truly comes close to matching the observed opacity.
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(1985) abundances for C and O.We have broadened the absorp-
tion features using a line-spread function appropriate for STIS
E140Mdata. Since STIS E140Mdoes not have the spectral reso-
lution of the GHRS Ech-B grating, the predicted O i and C ii ab-
sorption features appear broader than the observedMg ii absorption
in Figure 1. The amount of absorption predicted for O i and C ii

amount to 11 and 3.5 � detections, respectively. Thus, these pre-
dictions imply that we should be detecting astrospheric O i and
C ii absorption.

These estimates assume that O i and C ii are the dominant ion-
ization states of these elements in� Tau’s wind, but these should be
good assumptions. Charge exchange will tightly couple the ioni-
zation states of O and H, due to nearly identical ionization poten-
tials.All evidence points to a predominantly neutral stellarwind (see
x 2), so O should be mostly O i. As mentioned in x 2, there is no
C i k1656 wind absorption, and all evidence would suggest that the
wind is too cool for C iii, so C ii is surely the dominant ionization
state of C.

Unlike Mg ii, O i is a neutral species. The kinetic model 3
predicts that astrospheric absorption from neutral species could
be much broader than for ionized species (see Fig. 5). Significant
broadening of the weak astrospheric absorption could make it
undetectable for O i. However, this would not explain the C ii

nondetection.
The simplest way to resolve the problem with O i and C ii is to

propose that relative abundanceswithin�Tau’swind are such that
Mg is more abundant relative to C and O than the assumed abun-
dances would suggest. This could be due to an intrinsically higher
stellar Mg photospheric abundance, or it could be due to a frac-

tionation effect such as the ‘‘first ionization potential’’ (FIP)
effect observed for the Sun, in which the abundances of ele-
ments with low FIP (such as Fe, Si, andMg) are enhanced in the
solar wind and corona (Feldman & Laming 2000; von Steiger
et al. 2000). Abundances reported by Luck & Challener (1995)
suggest a photospheric Mg abundance somewhat above solar,
although uncertainties are high. The dashed lines in Figure 10 show
that a factor of 2.5 decrease in the O and C abundances, relative
toMg,would probably be just enough to explain the nondetections.
This could correspond to either a factor of 2.5 abundance increase
for Mg within � Tau’s wind or a factor of 2.5 abundance decrease
for C and O.

6. SUMMARY

We have constructed hydrodynamic models of � Tau’s astro-
sphere in order to try to reproduce astrospheric Mg ii absorption
observed in HST spectra. Our findings are as follows.

1. The models demonstrate that stellar wind material that has
been decelerated, heated, and compressed thousands of AU from
the star at the TS can potentially explain the absorption, support-
ing the astrospheric interpretation.
2. However, the models are unable to reproduce the observed

absorption precisely. The models underestimate the amount of
absorption, and they predict too little deceleration at the TS.
Changing from a simple two-fluid code to a more complex fully
kinetic treatment of neutrals in the astrospheric interaction does
not help. We propose that these problems can be solved by mod-
eling the TS as a radiative shock, in which H Lyman line cooling
leads to greater compression and deceleration downwind of the
TS.
3. Simple one-dimensional radiative shock models are used to

explore the nature of a radiative TS. Cooling sufficient to decel-
erate the wind to the observed post-TS speed is only obtained if �
Tau’s wind velocity is assumed to be at least Vw ¼ 35 km s�1.
This is somewhat higher than our best estimates from � Tau wind
absorption lines. Possible reasons for this discrepancy are variable
wind turbulence, generally higher wind speeds in the distant past,
and additional wind acceleration beyond the region of UV line
formation. Sufficient deceleration is also obtained only if the H
ionization fraction within � Tau’s wind is xe > 0:03. Finally,
precisely fitting the data seems to require models that assume
very high ISM pressures of P/k � 30; 000 cm�3 K, seemingly
inconsistent with lower pressures that have been estimated from
X-ray background and LIC measurements. This could be an in-
dication that our physical understanding of the � Tau TS is
lacking in some way, such that our models are not yet able to
precisely reproduce the structure of � Tau’s TS, or perhaps it
may indicate the presence of significant nonthermal pressure in
the Local Bubble, possibly magnetic or cosmic-ray pressure, for
example.
4. Our line of sight to � Tau is very much through the down-

wind portion of its astrosphere, but our lack of precise knowledge
of the local ISM flow vector at � Tau means that there are signif-
icant uncertainties in its exact location. The amount of absorption
predicted by the models is quite sensitive to the line-of-sight
orientation. Absorption will be larger the more downwind the line
of sight, due to a lengthier path through the tail of the astrosphere.
The advantageous downwind direction of our line of sight is pre-
sumably why the astrospheric Mg ii absorption is seen for � Tau,
but not yet for any other red giant. At�1000 AU the TS presents
an angular radius of �5000. Direct imaging of the TS, if possible,
would place limits on its apparent asymmetry in the sky, con-
straining the ISM flow vector.

Fig. 10.—O i k1302 and C ii k1335 lines of � Tau (solid lines). The lines show
essentially the same broad wind absorption features as those seen in Mg ii h and k
(see Fig. 1), but they do not show the astrospheric absorption feature at 51.8 km s�1.
The dot-dashed lines show the expected absorption based on the strength of the
astrospheric Mg ii absorption, assuming C and O abundances from Smith &
Lambert (1985) and a solar Mg abundance. The dashed lines show the expected
absorption if the O and C abundances are reduced by a factor of 2.5 relative
to Mg.
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5. Although the astrospheric absorption is fundamentally
stellar wind rather than ISM material, the amount of absorption
predicted by the models is not terribly sensitive to stellar wind
parameters. The absorption is more sensitive to the ISM pres-
sure. Thus, it is potentially a valuable ISM pressure diagnostic,
and as mentioned above (see finding 3), the amount of observed
absorption seems to be more consistent with rather high ISM
pressures. However, uncertainties in the ISM flow vector and
the Mg abundance within � Tau’s wind preclude a precise pres-
sure measurement.

6. The astrospheric absorption feature is only seen in the Mg ii
h and k lines. It is not seen in the O i k1302 and C ii k1335 lines.
This may imply that Mg is at least a factor of 2.5 more abundant

in � Tau’s wind relative to O and C than first dredge-up abun-
dances would suggest.
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