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Abstract. The magnetic field strengths of several T Tauri stars are derived
by measuring the width of unblended Fel lines of high and low values
of gesy - A2 using the autocorrelation function. The T Tauri stars were
selected for their low values of v - sin¢, and large strengths of the Ca II
emission component. The derived magnetic field strength are 2.0 + 0.6 kG
and 2.6 + 0.8 kG for the classical T Tauri stars Lk Ca 15 and T Tau,
respectively. An upper limit of 0.6 &+ 0.8 kG is found for the weak-line T
Tauri star Lk Ca 16. The method is tested by analysing two non-magnetic
main sequence stars, and a late-type star that is known to have a strong
magnetic field.

1. Introduction

Large observational and theoretical efforts have been invested in trying to
understand how classical T Tauri stars (CTTS) can keep their low rotation
rates while accreting matter. Currently, the most popular model is that
strong magnetic fields (= 1kG) couple star and disk, so that angular mo-
mentum is transported outward, while matter is flowing inward (see reviews
of F. Shu, and M. Camenzind in this volume).

Although strong magnetic fields might be highly important for CTTS,
no field strength has been measured yet. However, there are some indica-
tions for the presence of magnetic fields in CTTS: The strongest evidence
is the detection of circular polarized radio emission in HD 283447 (Phillips
et al., 1996), and T Tauri (Phillips, 1993). However, both stars are binaries,
and HD 283447 is intermittent between a weak-line T Tauri star (WTTS)
and a CTTS. Although many more CTTS have been detected in the ra-
dio regime, the radiation is in general thermal (Bieging et al., 1984). As
pointed out by André (1987), the non-detection of polarized radio emission
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in many CTTS does not necessarily exclude magnetic fields, because the
ionized winds of CTTS are expected to free-free absorb any nonthermal
radio emission produced near the surface of the star. Strong circular po-
larization of opposite helicity has also been detected in the two lobes of T
Tau S (Ray et al., 1997). This is expected if the outflows are magnetically
collimated. Additionally, there is some evidence that magnetic fields are
important for the acceleration of the winds (Paatz & Camenzind, 1996).
Another argument for the presence of magnetic fields is that CTTS are
relatively bright in X-rays, and that they occasionally show X-ray flares
(Preibisch et al. 1993; Montmerle et al. 1983). Although some of the short
time variability in the optical could be flares too, Gahm(1994) argues that
most events are probably due to variations of the accretion rate and not
due to flares. Another hint are the narrow emission line components (Ca II,
He I) that originate most likely in plage regions on the surface of the star
(Batalha et al., 1996). There are thus some indications that many CTTS
have strong magnetic fields but this does not necessarily mean that the
star and disk are magnetically coupled. Evidence for that comes from line
profiles: (1) the observed large infall velocities can best be explained in the
context of magnetic accretion (Edwards et al., 1994), and (2) the shape of
the profiles can best be reproduced with models that assume that these
lines are formed in magnetospheric infall zones (Hartmann et al., 1994).

The evidence for magnetic fields in WTTS is much stronger than for
CTTS: Basri et al. (1992) detected a magnetic field of 1000 + 500 gauss
in the weak-line T Tauri star TAP35, and found an upper limit of 700 G
in Tap 10. Broad-band photometry implies that there are dark spots on
WTTS. These spots cover areas of typically 5-40% of the stellar surface
(Bertout 1989; Bouvier et al. 1993). In good agreement with this data are
the results from Doppler imaging. Reconstructions of the surface markings
clearly show cool spots on these stars (Joncour et al. 1994a, 1994b; Strass-
meier et al. 1994; Rice & Strassmeier 1996). More evidence comes from
observations in the radio regime: At least some WTTS are non-thermal
radio sources. The non-thermal nature of the radiation is evident from the
circular polarization and from the large brightness temperature of > 10" K.
In general, the radio-emission of WTTS is consistent with gyrosynchroton
radiation from a dipolar magnetic structure, and with a strength of the
magnetic field of the order of one kG at the surface of the star (White
et al., 1992). Additionally, VLBI-observations show that the sizes of the
magnetospheres are of the order of Ry,qy =~ 25R, in diameter (André el
al., 1992). The correlation between the X-ray luminosity and the stellar
rotation rate implies presence of a stellar dynamo (Bouvier, 1990), and
flares have been observed in the radio X-ray and optical regime (White et
al. 1992; Feigelson et al. 1985; Guenther & Emerson 1997). Since CTTS
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are rather similar to WTTS, we may argue that CTTS should have strong
magnetic fields, if WT'TS have strong magnetic fields. However, Neuhduser
& Preibisch (1994) argue that the larger X-ray fluxes (and faster rotation)
of WT'TS compared to CTTS implies a larger magnetic activity of WTTS.
It can thus be concluded that there is some evidence for the presence of
magnetic fields in CTTS and WTTS but it remains to be shown that CTTS
and WTTS have magnetic fields with typical strength of kG. The aim of
this work is to present measurements of the magnetic field strength in T
Tauri stars.

2. Methods to measure magnetic fields

Since the magnetic field of a TTS will have its maximum magnetic flux
density near the surface of the star and will decrease rapidly outwards,
the strongest fields can be expected close to the star. Thus, magnetic field
measurements should be carried out using photospheric lines, rather than
emission lines. Since the photospheric spectrum of CTTSs is veiled, it will
be easier to detect the fields in WTTSs. If the magnetic field structure is
very complicated, observation of Stokes V will show no signal, because the
signal from each magnetic north pole is canceled out by a magnetic south
pole. However, the presence of many regions of opposite polarity will still
lead to a broadening of the Stokes I-profile (Robinson et al., 1980), and to
a change in the equivalent width of the lines.

2.1. CHANGES OF THE EQUIVALENT WIDTH

The presence of a magnetic field changes slightly the equivalent width of
photospheric lines. Magnetic fields can thus be measured by measuring
the equivalent width and modeling of the stellar atmosphere. The clear
advantage of this method is that the equivalent width can be measured even
in stars with relatively high values of v - sin 4, and even when the lines are
slightly blended, if only the whole spectrum is modeled. The disadvantage
of this method is that a full radiative transfer code is needed and that the
gf-values have to be precisely known. The g f-values are usually determined
by measuring the equivalent widths in non-magnetic main sequence stars.
The magnetic field is then derived by measuring the equivalent widths in the
magnetic star by using the g f-values from the non-magnetic stars. Basri et
al. (1992) used this method to measure a magnetic field of 1000 + 500 gauss
in the WTTS TAP35, and derived an upper limit for Tap 10 of 700 G.
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2.2. THE LINE-BROADENING METHOD

Another method is to measure the width of photospheric lines. Magnetic
fields can simply be measured from the enhanced broadening of Zeeman
sensitive lines over Zeeman insensitive lines. This is usually done by plotting
geff - A% against the line width for lines from the flat part of the curve of
growth (Preston 1971; Hensberge & De Loore 1974). The slope of this curve
then gives the magnetic field strength. The problem of the line-broadening
method is that width of the lines has to be derived extremely accurately, and
that the non-magnetic broadening of the lines could in principle be different
for lines with different heights of formation. This would be the case, if the
turbulence in the stellar atmosphere has a strong gradient. Although it can
be expected that this effect is small, because the amplitude of the vertical
component of the micro-turbulence decreases from just 2.5km/s to 1km/s
when going from 7 = 1 to 7 = 10~3 (Hollweger, 1967), and the macro-
turbulence is of the order of 2km/s only (Stix, 1989), it is probably safer
to use lines originating in the same layers of the atmosphere (Robinson et
al. 1980; Guenther & Mattig 1991). This can be done by using lines of the
same ion, of the same equivalent width, and in about the same spectral
region. A disadvantage of this method is that it works better for slowly
rotating stars. The most accurate way to measure the width of the lines
is to calculate the autocorrelation functions for lines with large values of
geff - A? and of lines with small values of g, ffe A2 (Queloz et al., 1996).
The magnetic field strength can then be derived from the difference of the
width of the two autocorrelation functions. In the following, this method
will be applied to unblended Fel lines from the flat part of the curve of
growth to derive magnetic field strengths of T Tauri stars.

3. Selection criteria of the objects

Since the aim of this work is detecting magnetic fields in WT'TS and CTTS,
it is better to analyse stars with a high probability for the presence of a
strong magnetic field. For solar like stars, Schrijver et al. (1989) found a
correlation between the flux of the emission core of the Ca II K line and
the magnetic field strength. The flux of this component is related to the
magnetic field strength, because the component is formed in plage regions.
Since the emission core of the Ca II 8542 A-line is formed in plage regions
too, there should be a similar correlation for this line. Thus, stars with
strong emission cores in the Ca II 8542 A-line can be expected to have a
strong magnetic field. The stars for this work where thus selected using the
following criteria:

— small v- sini
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Figure 1. Ca II lines of the magnetic template star VY Ari, the WTTS Lk Ca 16, and
the classical T Tauri stars Lk Ca 15 and T Tau. The narrow emission component seen
in VY Ari originates in plage regions on the surface of the star, and is thus related to
the strength of the magnetic field. This component is clearly visible in Lk Ca 15 and Lk
Ca 16 too, making these stars suitable targets for the search of magnetic fields. Only a
broad Ca II line is visible in T Tau.

— a large Ca II emission line component
— spectral type earlier than K7

— relatively large apparent brightness

— low veiling

Figure 1 shows the profiles of the Ca II 8542 A-line of the sample. VY
Ari is a star with a magnetic field strength of 2.8 kG and a filling factor
of 66% (Bopp et al., 1989). The emission line core is thus quite strong.
It is interesting to note that the emission core of the Ca II lines is even
stronger in the WTTS Lk Ca 16 than in VY Ari. Lk Ca 15 is intermittent
between a CTTS and a WTTS. At the time of the observation we measured
an equivalent width in Ha of 24 A, making it a CTTS at the time of the
observations. The narrow component of the Ca II 8542 line is quite large.
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Figure 2.  Autocorrelation functlons of unblended Fel lines with low (full line) and
high (dashed line) values of gess - A2 of the main sequence stars HD 10780 (spectral
type KOV), HD 16160 (spectral type K3V) and the magnetic template star VY Ari. The
autocorrelation function of low and high gess - A%-values have exactly the same width in
the case of HD 16160 indicating that no magnetic field could be detected in this star. In
the case of HD 10780, the autocorrelation function for lines with hlgh values of gefy - A?

is slightly broader than that of the lines with low values of gess - A, indicating that there
is a small magnetic field. In the case of VY Ari, the autocorrelatlon function for lines
with high values of gy - A? is significantly broader than that of the low gess - A>-values.

T Tauri was selected because of the relatively low veiling and the small
v - sini. The Ca II emission in T Tauri is just a broad emission line, and
the narrow Ca II emission core is thus not visible.

4. Measurements of the magnetic field strength

Spectra of these stars were taken with the William Herschel Telescope using
the University of Utrecht spectrograph. The resolution of the spectra is
MA/AX = 55000, and the spectral-range 5260-9240A. The signal to noise
ratio is one-hundred or higher. The magnetic field strength is derived by
measuring the width of the autocorrelation function of unblended Fe1 lines
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Figure 3. Like Figure 2 but for the WTTS Lk Ca 16, and the CTTS Lk Ca 15 and T
Tauri. The autocorrelation function for lines with high value of gess - A? is significantly
broader than that of the the lines with low values of gess - A% in Lk 15 and T Tau,
indicating that a magnetic field has been detected in theses stars.
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Figure 4. Spectrum of T Tau (right) and of the comparison star A And (left). Pho-
tospheric lines are clearly detected in T Tau. These lines could be used to measure the
magnetic field strength in CTTS and WTTS.
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with a relatively high, and relatively low values of gess - A2. A difference
of 0.60 km/s between the two autocorrelation functions corresponds to a
magnetic field of one kG. In order to test the method the width of the
autocorrelation functions for the two main sequence stars HD 10780 and HD
16160 were measured. These stars are not expected to have strong magnetic
fields. Additionally, the magnetic field of VY Ari was derived. Figure 2
shows the results. The autocorrelation function for low and high gess - A2
values have exactly the same width in the case of HD 16160, indicating
that no magnetic field could be detected in this star. In the case of HD
10780, the autocorrelation function for lines with high value of gy - A2 is
slightly broader than that of lines with low values of g,y - A2. Thus, HD
10780 seems to have a small magnetic field of the order of 0.7 + 0.3 kG.
In the case of VY Ari, the autocorrelation function for lines with a high
value of gesy - A? is significantly broader than for lines with low g, ife 2.
values. The field strength of VY Ari is 1.3 £ 0.6 kG. This corresponds well
to the value of B=2000 and f=66% from Bopp et al.(1989). Figure 3 shows
the autocorrelation functions for the WTTS Lk Ca 16, and the CTTS Lk
Ca 15 and T Tauri. The autocorrelation function for lines with high value
of gesy - A2 is significantly broader than that for lines with low values of
geff - A? in Lk Ca 15 and T Tau, indicating that a magnetic field has been
detected in these stars. The corresponding field strength are 2.0 £+ 0.6 kG
and 2.6 £+ 0.8 kG, for Lk Ca 15 and T Tau, respectively. The errors of the
values of the magnetic fields are derived from using different sets of lines
and different algorithms in finding the continuum. No magnetic field could
be detected in Lk Ca 16. Table 1 summarizes the results.

TABLE 1. Magnetic field strength

star spec type B [G]

HD 16160 K3V <0.2+02kG
HD 10780 KOV 0.7 £ 0.3 kG
VY Ari G9-K0IVe 1.3 +0.6 kG
Lk Cal1l6 K7V <0.6 £0.8 kG
LkCal5 K5 2.0 £ 0.6 kG
T Tau KoIV,V 2.6 + 0.8 kG

5. Conclusions

Magnetic fields with a strength of 2.0 £ 0.6 kG and 2.6 + 0.8 kG have been
detected for Lk Ca 15 and T Tau by measuring the width of unblended Fe1

https://doi.org/10.1017/50074180900061866 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900061866

MAGNETIC FIELDS OF T TAURI STARS 473

lines with different values of gy f-)\z. These are the first direct measurements
of magnetic fields in classical T Tauri stars. It can thus be concluded that at
least some classical T Tauri stars have strong magnetic fields. Although Lk
Ca 16 has a strong Ca II emission line, no magnetic field has been detected.

6. Outlook

Since the magnetic broadening of the lines is « gefy - A2, it might be better
to use lines in the infrared spectral region instead of the optical (although
in practise, because of the increase of the intrinsic absorption line width
with A, the real gain is only &x A (Giampapa et al., 1993)). Besides the gain
in magnetic sensitivity, the larger brightness of these late type stars in the
infrared will lead to relatively short exposure times, and the low extinction
in the infrared might even allow to measure the magnetic field strength of
some embedded sources.

The line broadening method would ideally be used on pairs of unblended
lines originating from the same levels of the atmosphere, where one is a
Landé factor gs; = O line, and the other is highly sensitive to the mag-
netic field. The only gess = 0 lines in the near infrared region are the Fel
1.00733pum (multiplet 1993) and the Fel 1.01519um (multiplet 1861) line
(Nave et al., 1994). There are indeed two transitions from the same multi-
plets close by: the Fe11.00925um (multiplet 1993), and the Fe1 1.01399um
(multiplet 1861) line. However, the Fe1l 1.00925um line has gy = 1.375
(77, 120 components), and the Fe11.01399m line has gess = 0.75 (37, 60
components) only (Ramsauer et al. 1995; Nave et al. 1994).

The potential of the line pair Fer 1.56572um (g.;s = 1.802) and Fer
1.56528pum (gess = 3.00) was pointed out by Solanki et al. (1992) in the
context of the Sun. These two lines have very similar properties but dif-
fer in their sensitivity to the magnetic field. Guenther & Emerson (1996)
demonstrated that these lines are present in the spectra of WTTSs, and
that the magnetic field strength can be determined with an accuracy bet-
ter than 500G in relatively short integration times if vsini < 20 km/s.
Figure 4 shows a spectrum of the CTTS T Tauri and a comparison star in
the same spectral region taken with the infrared camera MAGIC and the
Coudé-spectrograph of the 2.2m telescope on Calar Alto. The spectrum
clearly shows that these photospheric lines are present in CTTS too. Thus,
the potential of infrared lines for measuring magnetic fields in CTTS and
WTTS is high, and infrared lines could be used for this kind of work in the
future, especially if infrared echelle spectrographs become available.
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