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ABSTRACT
We present the results of an analysis of ultraviolet observations of T Tauri Stars (TTS). By
analysing emission measures taken from the literature we derive rates of ionizing photons
from the chromospheres of 5 classical TTS in the range∼ 1041–1044 photons s−1, although
these values are subject to large uncertainties. We proposethat the He/C  line ratio can be
used as a reddening-independent indicator of the hardness of the ultraviolet spectrum emitted
by TTS. By studying this line ratio in a much larger sample of objects we find evidence
for an ionizing flux which does not decrease, and may even increase, as TTS evolve. This
implies that a significant fraction of the ionizing flux from TTS is not powered by the accretion
of disc material onto the central object, and we discuss the significance of this result and
its implications for models of disc evolution. The presenceof a significant ionizing flux in
the later stages of circumstellar disc evolution provides an important new constraint on disc
photoevaporation models.

Key words: accretion, accretion discs - planetary systems: protoplanetary discs - stars: pre-
main-sequence - ultraviolet: stars

1 INTRODUCTION

It is now well established that at an age of∼ 106 years, the majority
of stars are surrounded by discs that are optically thick at optical
and infrared wavelengths (Strom et al. 1989; Kenyon & Hartmann
1995; Haisch, Lada & Lada 2001). These discs are deduced from
their sub-millimetre emission to be relatively massive (typically up
to a few per cent of a solar mass; Beckwith et al. 1990) and are
thus widely held to be potential sites of planet formation. At an age
of & 107 years, however, most stars are no longer associated with
such massive circumstellar discs, although low mass ‘debris discs’
(believed to consist of dust replenished by cometary impacts) have
been detected through submillimetre and scattered light imaging
in some early type stars of this age (Mannings & Sargent 1997;
Wyatt, Dent & Greaves 2003). An outstanding unsolved question
is: by what mechanism do stars lose their primordial discs asthey
approach the main sequence?

Some clues about the nature of the disc dispersal mechanism
are provided by the distribution of infrared colours among TTauri
stars (Kenyon & Hartmann 1995). These colours fall rather neatly
into two categories: those that are explicable in terms of a stel-
lar photosphere plus optically thick circumstellar disc and those
that are compatible with purely photospheric emission. (Note that
these two categories tend to coincide with the spectroscopic desig-
nations of Classical and Weak Line T Tauri Star, henceforth CTTS
and WTTS.) As a number of authors have noted (Skrutskie et al.
1990; Hartigan et al. 1990; Kenyon & Hartmann 1995; Armitage,
Clarke & Tout 1999), there is a striking lack of transition objects
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with colours intermediate between these two categories, suggesting
that disc dispersal must occur on a time-scale that isshort compared
with the time the system spends as either a CTTS or a WTTS.

Such two time-scale behaviour is however not readily pro-
duced by some of the most obvious mechanisms for disc dispersal,
such as viscous evolution or magnetospheric clearing (Armitage et
al. 1999). These instead give rise to roughly power law declines in
disc properties (Hartmann et al. 1998), so that the time required to
decline from any state is always of the same order as the time spent
in the foregoing state. Detailed models of disc photoevaporation
were constructed by Hollenbach et al. (1994, 2000) for the cases
of both weak and strong stellar winds, but these models also fail to
produce the required two-time-scale behaviour. Subsequent studies
have improved on the details of the photoevaporative winds,study-
ing effects such as dust scattering (Richling & Yorke 1997) and
more detailed hydrodynamics (Font et al. 2004). However thequal-
itative behaviour remains unchanged from that predicted bythe ini-
tial models of Hollenbach et al. (1994). Very recent work (Adams et
al. 2004) has shown that far-ultraviolet (FUV) photons, which can
dissociate H2 without ionizing neutral hydrogen, can also drive a
significant disc wind. However the study of Adams et al. (2004) fo-
cuses on an external radiation field, and it is not yet clear ifa central
FUV source can produce a similar effect. The only model that has
so far succeeded in achieving the required two time-scale behaviour
combines viscous evolution with photoevaporation from thecentral
star (Clarke, Gendrin & Sotomayor 2001). In this case, although the
star spends a relatively long time in the CTTS state (determined by
the viscous timescale of the outer disc), at late times photoevapora-
tion becomes important. This is effective only at radii beyond about
5 AU and the resulting mass loss from this region deprives thein-
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ner disc of re-supply. Consequently, the inner disc drains on its own
(short) viscous time-scale, and the time-scale for the disappearance
of the inner disc is much less than the disc’s lifetime to date.

However, as stressed by Clarke et al. (2001) (see also Mat-
suyama, Johnstone & Hartmann 2003; Ruden 2004), such a mech-
anism can only operate if the photoionizing radiation from the cen-
tral star does not itself decline dramatically as the accretion onto
the star is shut off. This implies that there must be a significant
contribution to the photoionizing radiation in T Tauri stars which
is not powered by accretion if such photoevaporation models are to
be successful. TTS must not only produce a strong ionizing flux (of
order 1041 ionizing photons per second), but must sustain this flux
at the late stages of their evolution from CTTS to WTTS.

Currently, the origin of the photoionizing emission from TTS
is unclear, and even its magnitude is poorly constrained (Gahm et
al. 1979; Imhoff & Appenzeller 1987). The rate of Lyman contin-
uum photons emitted by the solar chromosphere is of order 1038s−1

(Basri et al. 1979; Ayres 1997), and studies of Herbig Ae/Be stars
indicate ionizing fluxes of order 1043–1045s−1 (Bouret & Catala
1998), so it seems logical that the value for TTS lie between these
two. However no firm evidence exists regarding the ionizing con-
tinuum emitted by TTS. One possible emission mechanism (see
Calvet & Gullbring 1998; Lamzin 1998; Gullbring et al. 2000)is
that it is generated mainly in an accretion shock where material
from the disc impacts the stellar surface. This “accretion luminos-
ity” has been estimated to be capable of providing ionizing fluxes of
order 1040–1042 photon s−1 (Hollenbach et al. 2000; Matsuyama et
al. 2003; Font et al. 2004), although this does not take into account
the fact that the accretion column itself is highly optically thick to
ionizing photons (Alexander, Clarke & Pringle 2004a). Further, it
is evident that in this case the ionizing radiation would decline as
the accretion rate declined, and photoevaporation would not be a vi-
able mechanism for disc dispersal (Matsuyama et al. 2003; Ruden
2004). On the other hand, other authors have argued that thisradia-
tion instead derives from a scaled up version of solar-like magnetic
activity (Lago, Penston & Johnstone 1984; Costa et al. 2000). In
this case, a decline in accretion rate would not be expected to shut
off the source of photoionizing radiation, and photoevaporation
models for disc dispersal would in principle be viable. To date, at-
tempts to distinguish between these models on the basis of archival
IUE spectra (Costa et al. 2000; Johns-Krull, Valenti & Linsky 2000)
have come to rather different conclusions about the relative contri-
bution of accretion to the ultraviolet output of T Tauri stars. In the
X-ray domain, by contrast, it is evident that the main energysource
is not accretion, since WTTS are, if anything, even more luminous
in the X-rays than their CTTS counterparts (Damiani et al. 1995;
Stezler & Neuhäuser 2001). However, as long as the central object
provides a strong UV radiation field X-rays are unlikely to beable
to influence disc evolution significantly, as the mass-loss rates due
to X-ray photoevaporation are much smaller than those driven by
the fiducial UV photoevaporation rate (Alexander, Clarke & Pringle
2004b).

In this paper, we use archival data fromHST STIS and from
the IUE final archive (Valenti, Johns-Krull & Linsky 2000) to re-
examine the issue of the magnitude and origin of the photoionizing
emission in T Tauri stars. The structure of the paper is as follows.
In Section 2 we discuss the problems involved in estimating ion-
izing fluxes from observations, taking particular note of the large
uncertainties which arise (primarily due to uncertaintiesin redden-
ing). In Section 3 we use an emission measure method to estimate
the ionizing fluxes from a small sample of CTTS. Following on
from this (Section 4), we propose a simple, reddening indepen-

dent, method of estimating the fraction of the UV power radiated at
wavelengths short of the Lyman break, namely through the ratio of
the He 1640Å line to the C 1550Å line. Using data fromHST
STIS and from theIUE final archive (Valenti, Johns-Krull & Lin-
sky 2000) we examine how this ratio behaves as TTS evolve. We
find evidence that the relative contribution of high frequency radia-
tion increases, or at least does not decrease, as the accretion rate on
to the star declines and interpret this as evidence for an important
chromospheric contribution to the ionizing flux in T Tauri stars. In
Section 5 we discuss further caveats that apply to our technique, as
well as some issues regarding source geometry, and summarise our
conclusions in Section 6.

2 OBSERVATIONAL PROBLEMS

There are a number of problems involved in trying to determine
the nature of the ionizing flux from T Tauri stars. Direct observa-
tions of their spectra at wavelengths shortward of the Lymanbreak
at 912Å are not possible as any escaping photons are readily ab-
sorbed by (abundant) interstellar neutral hydrogen. Observations at
slightly longer wavelengths (≃ 1000–2000Å) tend to focus on line
emission, and consequently have low continuum signal-to-noise.
This, combined with the large observational uncertaintiesin de-
rived stellar parameters (such as distance and stellar radius; see,
for example, Kenyon & Hartmann 1995) and the uncertainty re-
garding what is “true” continuum emission and what is unresolved
line emission, mean that the observed continua are not useful in
constraining this problem further. It is also impossible toevaluate
the ionizing flux by studying the Balmer lines of neutral hydrogen,
which can be due to radiative recombination, as previous studies
(Valenti, Basri & Johns 1993) have found that these lines arein lo-
cal thermal equilibrium or, at the very least, that the excitation is
collisionally dominated.

Correcting for reddening is also a serious issue in the ultra-
violet (UV), as extinction is far greater here than in the optical or
infra-red. Previous observations have resulted in a range of redden-
ing parameters being derived for these objects, with measurements
of AV by different methods commonly differing by a magnitude or
more. (For T Tau observed values range fromAV = 0.8 (Kravtsova
& Lamzin 2002) toAV = 1.7 (Gullbring et al. 2000).) When ex-
tended to the UV such uncertainties, combined with uncertainties
regarding the behaviour of the reddening law, result in verylarge
uncertainties in the true UV fluxes of T Tauri stars. We attempted
to obtain independent estimates of the reddening towards our HST
sources but this proved impossible by conventional methods. In-
terstellar absorption lines such as the S triplet at 1250Å are too
weak and poorly resolved, and the rapid variation, on time-scales
of weeks to days, of emission from T Tauri stars means that archival
optical/UV data cannot be used due to the non-simultaneity of the
observations.

3 EMISSION MEASURE ANALYSIS

In order to make some quantitative estimates of the ionizingfluxes
emitted by TTS we have first made use of an emission measure
(EM) calculation. In plasma physics, the differential emission mea-
sure (DEM) is defined as:

DEM(T ) = nenH
dh
dT

(1)
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wherene andnH are the particle number densities of electrons and
hydrogen respectively,T is temperature andh is length along the
line-of-sight. Thus the intensityI of a single spectral line due to a
transition between atomic statesi and j can be evaluated from the
DEM as:

I
(

λi j

)

= Ab(X)
∫

T
C
(

T, λi j, ne

)

DEM(T )dT (2)

whereλi j is the wavelength of the line,Ab(X) is the abundance
of the element (X) in question andC is the contribution function,
which incorporates all the necessary atomic physics. The DEM
gives an indication of the amount of plasma emitting along the
line-of-sight in the temperature interval [T,T + dT ], and the DEM
and the necessary atomic data can therefore give intensities for a
complete spectrum. (For a detailed review of the necessary physics
see Mason & Monsignori Fossi 1994.) DEMs are derived from ob-
served spectral data but the process is complex and difficult, requir-
ing high-quality data. Consequently few DEMs exist for TTS,as
the spectral data observed are not typically of high enough quality
to enable a DEM to be derived.

We have made use of the EMs for 5 CTTS derived by Brooks
et al. (2001) (kindly provided in electronic form by David Brooks):
BP Tau, RY Tau, RU Lup, GW Ori and CV Cha. The analysis of
Brooks et al. (2001) used line fluxes, observed with theIUE satel-
lite, to calculate the distribution of the EM. Each spectralline re-
sults in an “emission measure locus” centred around the formation
temperature of the line, and so by sampling a series of lines over a
range of formation temperatures Brooks et al. (2001) were able to
produce an EM distribution as a function of temperature for each
object studied. The lines used were C 1335Å, the Si doublet
at 1393Å, the C doublet at 1549Å, O] 1660Å, N] 1752Å,
Si  1816Å, Si] 1892Å and C]1909Å. In addition the blended
Si /O  pair at 1303Å and the N 1242Å line, which is blended
with Lyα, were also used. This results in derived EM distributions
that span the range logT ≃ 3.9–5.6.

The EM distributions evaluated by Brooks et al. (2001) are
volume EMs, and so in order to convert them to column EMs we
have assumed spherical symmetry and scaled the distributions by
a constant factor 4πR2

∗/d
2
∗ accordingly1. Here R is the stellar ra-

dius andd the Earth-star distance, and we have adopted the stel-
lar parameters from Brooks & Costa (2003). We performed a sim-
ple polynomial fit to the EM loci to obtain single-valued DEMsas
functions of temperature. We then used the resulting scaledDEMs
as inputs to the spectral synthesis code (version 4.01, Dere
et al. 1997; Young et al. 2003). This code makes use of a large
atomic database to simulate the thermal emission from optically
thin plasmas. It is useful in our study as it requires few input pa-
rameters, the most important of which is the EM distribution. In
this manner, we are able to generate synthetic spectra over amuch
larger wavelength range that can be observed.

As a test of the reliability of the procedure we have first at-
tempted to reproduce the observed spectra from the models. In or-
der to achieve this we must correct the synthetic line fluxes for
geometric dilution, again using the stellar parameters from Brooks
& Costa (2003). We have focused on the strong, unblended lines,
and found that in general we are able to reproduce the observed
line strengths (the extinction corrected values listed in Brooks et al.
2001) to within a factor of 2–3. Both the line ratios and the absolute
strengths are in general well-matched. (The exceptions to this are

1 A volume EM takes the same form as the column EM defined in equation
1, but with the length elementdh replaced by a volume elementdV.

Figure 1. Comparison between observed line strengths and the line
strengths obtained from the EM model for BP Tau. Observed strengths (the
extinction-corrected values from Brooks et al. 2001) are shown as error
bounds, with the synthetic values shown by filled circles.

some of the forbidden lines which, as noted by Brooks et al. (2001),
are extremely density-sensitive and not always well matched to the
observations.) A comparison of the observed and calculatedline
strengths for a typical case (that of BP Tau) is shown in Fig.1.

We note that the EM distributions are not always well-
represented by a low-order polynomial, and in some cases there-
sulting line-fluxes are very sensitive to the fit. The resultant spec-
trum also requires that the elemental abundances be specified.
Again, the line-fluxes are somewhat sensitive to the choice of abun-
dances, but we are able to reproduce the observed values reasonably
well using standard abundance data (the “solar hybrid” abundances
of Fludra & Schmelz 1999). We also note that the predicted strength
of the C 1550Å doublet is generally slightly too large, which may
be an indication of opacity. Lastly we note that the synthetic spec-
tra completely fail to reproduce the He 1640Å line, with predicted
line strengths 2–3 orders of magnitude smaller than those observed.
(This line is not included in Fig.1 as it was not used by Brookset al.
(2001) in the derivation of the EM and so no extinction-corrected
value is quoted.) This occurs despite the fact that the excitation
temperature for this line is very close to that of the well-reproduced
C  1550Å line. We attribute this to the fact that the observed He
1640Å line emission is due to radiative recombination, rather than
collisional excitation, and will return to this point later.

Whilst the spectra are generally well reproduced this is not
true for GW Ori, where the predicted absolute line strengthsare
too large by a factor of≃ 100. The error is approximately constant
in all of the line strengths and so it appears to be a systematic error,
probably due to the scaling of the EM. The quoted radius for GW
Ori (8.4R⊙) is somewhat uncertain, but this uncertainty is unlikely
to be responsible for such a large error. We note that Brooks &
Costa (2003) also found GW Ori to be anomalous, attributing their
discrepancy to the failure of the assumption of spherical symmetry.
In addition we note that GW Ori is a spectroscopic binary (Mathieu
et al. 1991), which may introduce further uncertainty. As a result we
have scaled down the EM for GW Ori by a further constant factor
of 100 in order to reproduce the observed spectrum better.

As a further check we have attempted to reproduce the values
of the “total radiated power” derived by Brooks & Costa (2003).
Again, we can reproduce all these values to within the uncertainties
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Table 1. Values of the photon fluxes derived for the 5 CTTS studied by
Brooks et al. (2001) and Brooks & Costa (2003). The fluxes are presented
in 3 wavebands: ionizing (700–912Å), “H2-dissociating” (912–1100Å) and
“broadband FUV” (912–2000Å). These values were derived by adopting the
ionization equilibria from Arnaud & Rothenflug (1985) and Arnaud & Ray-
mond (1992), and “solar hybrid” elemental abundances (Fludra & Schmelz
1999); different choices can alter these values somewhat. The extinction
parametersAV adopted in deriving the emission measures are included for
reference (from Brooks & Costa 2003).

Star Photon flux in waveband
(

×1042s−1
)

AV

700–912Å (Φ) 912–1100Å 912–2000Å

BP Tau 0.68 1.5 6.6 0.5
RY Tau 2.1 2.3 14 0.55
RU Lup 2.3 2.6 16 0.4
GW Ori 13 9.4 56 0.8
CV Cha 78 71 440 1.7

introduced by the unknown parameters discussed above. Thuswe
are satisfied that the EM distributions and the code provide
a consistent way of synthesizing the spectra of the chromospheres
of these TTS.

In this manner we have used the spectral synthesis
code to generate synthetic spectra of TTS chromospheres forthe
5 sources mentioned above. As a result, we can use these spec-
tra to make estimates of the ionizing fluxes they produce. We es-
timate this by summing the contributions to the synthetic spectra
over the wavelength range 700–912Å. Extending the lower limit
of this range to smaller values makes little difference to the total,
as the Lyman continuum is dominated by photons at wavelengths
very close to the Lyman break. For comparison we also evaluate
the photon fluxes in two wavebands longward of the Lyman break,
912–1100Å and 912-2000Å. The derived values are comparable
to previous estimates of the FUV flux from TTS (eg. Herczeg et
al. 2004). These estimates are subject to the modelling uncertain-
ties mentioned above, and more significantly are also subject to the
much larger uncertainties due to reddening. As a result we consider
these values to be order-of-magnitude estimates only. However as
shown in Table 1, the resulting ionizing fluxes are high enough to
meet the demands of disc photoionization models, and in factmay
be somewhat higher than the previously assumed fiducial value of
1041photon s−1. Thus we find that the Lyman continuum produced
by TTS may indeed be large enough to drive disc photoionization
models. However a large ionizing flux alone is not sufficient; we
also require that the ionizing flux does not decrease as the objects
evolve. Thus we now seek a diagnostic that will tell us about the
evolution of the ionizing flux.

4 A NEW TECHNIQUE

As noted in Section 3, whilst the synthetic spectra generated by the
EM analysis are generally accurate, they fail completely tomatch
the observed fluxes of the He 1640Å line. This line is the He
equivalent of Hα, and so may be produced by radiative recombi-
nation2. This would explain its absence from our synthetic spectra,
which incorporate only collisional excitation of atoms andions.

Bearing this in mind we propose a new technique for deter-
mining the behaviour of this ionizing flux. If the He 1640Å line

2 The wavelength of the “Lyman break” for He is 228Å.

Table 2. Observed He/C  line ratios and derived He-ionizing/total
power ratios for the 3 objects where the power ratio is robust. Observed
line ratios are taken from Valenti et al. (2000).

Star He/C  Power atλ < 228Å / Total power

CV Cha 0.12±0.04 0.0064
RU Lup 0.15±0.01 0.0054
BP Tau 0.50±0.01 0.0277

is due to radiative recombination (there is some debate about this
- see Section 5.2), then the flux in the He line should provide an
indication as to the power of the ionizing radiation at wavelengths
< 228Å. In addition, Brooks & Costa (2003) found that the line
flux in C  doublet at 1550Å is strongly correlated with the total
power radiated by TTS atmospheres. As a result, we propose that
the He/C  line ratio should provide an independent indicator of
the relative flux of photons which are ionizing material around the
stars in our sample. We have investigated correlations between the
observed line ratios (from Valenti et al. 2000) and the ratioof He-
ionizing power to total power ratios evaluated from the EMs,for
the 5 objects studied above. Unfortunately the power ratio derived
from the EM analysis is very sensitive to the slope of the EM dis-
tribution in the range logT ≃ 4.2–4.8. The data from Brooks et al.
(2001) show some scatter in this region, and as a result some of
the derived power ratios are very sensitive to the fit. Only BPTau,
RU Lup and CV Cha give robust power ratios for various fits. The
other 2 objects (RY Tau and GW Ori) produce power ratios that
very uncertain, making the numbers useless in this regard. As seen
in Table 2 the values for BP Tau, RU Lup and CV Cha do indicate
that a harder spectrum produces an increased line ratio, supporting
our hypothesis.

The advantages of using this line ratio are twofold. Firstly, it
provides a “normalised” measurement, essentially measuring “ion-
izing flux/total chromospheric power” and so should be robust
against variations between sources (which is important, asour sam-
ple covers a broad range of spectral types and evolutionary states).
Secondly, the fact that these lines are closely spaced in wavelength,
separated by only 90Å, means that the ratio is relatively insensitive
to variations in reddening. Indeed we found that adopting extreme
values of bothAV andRV (ie. the highest and lowest found in the
literature) and dereddening observed spectra using the extinction
curves of Cardelli, Clayton & Mathis (1989) caused variations of
less than 10% in the line ratio: whilst the absolute line fluxes are
very sensitive to extinction this line ratio is not. In essence we pro-
pose that this line ratio represents a “spectral hardness ratio”, re-
lated to the fraction of the total chromospheric power radiated at
short wavelengths. As can be seen from X-ray observations, there
is no evidence that magnetic activity in TTS is related to disc evo-
lution, as both CTTS and WTTS show similar levels of activity
(Feigelson & Montmerle 1999). Thus studying the dependenceof
this line ratio against various evolutionary indicators should give an
indication as to how the ionizing flux evolves.

4.1 Observations and Data Reduction

UV spectra of 9 CTTS were obtained from the Space Telescope
Imaging Spectrograph (STIS) on board the Hubble Space Tele-
scope (HST), taken from theHST public archive (see Table 3 for the
names of these objects). Initial processing (flatfielding, cosmic ray
removal etc.) was performed by theHST STIS reduction pipeline
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Table 3.Line strengths obtained fromHST STIS. Values for C 1550Å are
the sum of the two fitted components.

Star No. of Flux (×10−14ergs−1cm−2) He/C 
Spectra C 1550 He 1640 Ratio

T Tau 10 19.94±1.34 7.01±0.15 0.35±0.03
RY Tau 1 0.73±0.24 0.17±0.04 0.23±0.10
SU Aur 2 3.60±0.15 0.76±0.03 0.21±0.02
GW Ori 2 2.58±0.52 0.67±0.02 0.26±0.05
CO Ori 2 0.09±0.02 0.03±0.01 0.31±0.08
EZ Ori 1 0.75±0.05 0.14±0.01 0.19±0.02
V1044 Ori 1 1.58±0.09 0.26±0.02 0.16±0.02
P2441 1 0.37±0.02 0.09±0.02 0.23±0.06
RY Lup 2 11.80±0.97 1.59±0.13 0.14±0.02

Figure 2. Line ratios fromSTIS plotted against those fromIUE, for the 5
objects observed by both satellites. The solid line represents equality.

(Travisano & Richon 1997) and so we were provided with flux-
calibrated 2-dimensional spectra. These spectra were added across
the spatial extent of the targets and a sky subtraction was performed
using an offset of 2′. In cases where more than one spectrum was
observed (see Table 3), the spectra were co-added to improvethe
S/N ratio. The fluxes for the He and C lines were then extracted
using the line-fitting routines from the package. The He
1640Å was fitted using a single Gaussian profile, whereas the C

line was fitted by 2 separate Gaussian components corresponding
to the 1548Å and 1551Å peaks. The results of these line fits are
also shown in Table 3.

The sample of 9 objects observed bySTIS is small, and also
covers a small spread in evolutionary properties, as all of the 9 ob-
jects are CTTS and have similar ages. Further, the objects cover a
broad range of spectral types (F8-K4) and so this sample is far from
ideal. In order to expand the sample we turned to data from theIn-
ternational Ultraviolet Explorer (IUE) final archive (Valenti et al.
2000), which observed a total of 50 TTS, both classical and weak-
lined. In some cases the signal-to-noise ratio is very poor,so only
33 of these objects have reliable line fluxes for both C 1550Å and
He 1640Å. The lower spectral resolution ofIUE (compared to that
of STIS) introduces some problems with line-blending especially,
as noted by Valenti et al. (2000), in the He 1640Å line. However,
plotting the He/C  line ratio from STIS versus that fromIUE,
as shown in Fig.2, seems to indicate that the line blends provide a

Figure 3. Plot of line ratio versus stellar age. (Ages taken from Palla&
Stahler 2002.)

Figure 4. Plot of line ratio versus accretion rate: objects “evolve” to the
right. (Ṁ values from Gullbring et al. 1998)

systematic offset to this ratio. If the variations were due to variabil-
ity we would not expect to see such a systematic effect, and so it
seems that whilst the absolute values of the line ratio differ between
the two samples the appearance of any evolutionary trends should
be not be affected by this systematic effect. Consequently we use
the ratios obtained from theIUE archive throughout the results sec-
tion, as they are as valid as those fromSTIS and incorporate a much
larger sample.

4.2 Results

Figures 3-5 show the He/C  line ratio (from the data in Valenti
et al. 2000) plotted against several evolutionary indicators (where
available). While good values of the line ratio are available for 33
objects, in some cases the evolutionary indicators are lesswell-
known. Thus not all of the objects appear on all of the plots.

Fig. 3 shows the line ratio plotted against stellar age, with
values for the ages, derived from pre-main-sequence evolutionary
tracks, taken from Palla & Stahler (2002). No clear trend is visible,
although there is a slight trend for a higher ratio in older systems. It
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Figure 5. Plot of line ratio versus Hα equivalent width: objects “evolve” to
the right. (Equivalent widths taken from Cohen & Kuhi 1979.)SU Aur is a
somewhat unusual object (Unruh et al. 2004), but it does posess a disc and
so we have classified it as a CTTS despite its weak Hα equivalent width of
3Å.

may also be significant that the highest values of the line ratio are
both for WTTS.

Fig.4 shows the line ratio plotted against mass accretion rate.
Mass accretion rate is difficult to measure, and only a small sample
of objects have known accretion rates. We have used the accretion
rates derived by Gullbring et al. (1998), derived by fitting accretion-
shock models to observed spectra. Other similarly-sized samples of
mass accretion rates exist (Hartigan et al. 1995; Johns-Krull et al.
2000), but the systematic errors between the different methods used
to derive the accretion rates mean that the data cannot be combined.
Again no strong trend is visible, but if anything the line ratio ap-
pears to increase as the objects evolve.

Fig.5 shows the line ratio plotted against Hα equivalent width,
as measured by Cohen & Kuhi (1979). The Hα line arises due to
accretion onto the central object, and thus decreasing Hα emission
is thought to be a good “disc clock” (Kitamura et al. 2002). Again,
no clear trend is visible, but we note again that the highest values
tend to be for the WTTS.

In all cases the line ratio appears to increase, or at least not to
decrease, as the objects evolve. This appears to imply that the ion-
izing flux is not powered by mass accretion, as the fraction ofthe
total flux emitted at short wavelengths, and consequently the ob-
served He/C  line ratio, would be expected to decrease dramati-
cally in this case (Matsuyama et al. 2003). Accretion shock models
(Calvet & Gullbring 1998) predict that the emission will decrease
and peak at longer wavelengths as individual objects evolve, al-
though an increased mass-to-radius ratio results in an intrinsically
harder emitted spectrum. However no correlation of any kindis ob-
served betweenM/R and the He/C  line ratio and so we do not
consider this to be a significant effect; both high and low line ra-
tios are obtained from objects with both high and lowM/R. It is
also significant that the highest values of the line ratio areobtained
for the WTTS in theIUE sample, as these are expected to be disc-
less objects and so disc accretion cannot be happening here.Thus it
seems likely that the production of ionizing photons aroundTTS is
a stellar phenomenon, which we attribute to the chromosphere, and
is independent of disc accretion. As mentioned in Section 4,there
is no evidence that magnetic activity in TTS is age-dependent, and

so a large ionizing flux fraction should imply a strong absolute ion-
izing flux. Thus it seems likely that TTS can produce an ionizing
flux sufficient to power disc photoevaporation models: the ionizing
flux is strong, and shows no significant decrease with time.

5 DISCUSSION

5.1 Emission Measures

The use of the emission measure analysis is obviously crude,and
contains many uncertainties. The dominant uncertainty in the abso-
lute values ofΦ derived is the reddening uncertainty. The manner in
which the EMs are scaled also results in a form that is weakly sen-
sitive to the choice of stellar parameters. However this uncertainty
is small compared to that introduced by reddening.

As regards the “hardness” of the spectrum, specifically the rel-
ative power radiated longward and shortward of the Lyman break,
this is also not especially well constrained. As mentioned in Section
4 above, the ionizing/total power ratios derived are rather sensitive
to the EM fits, and so the correlation noted in table 2 is somewhat
dubious. We note however that the absolute values ofΦ are not es-
pecially sensitive to the fit, with the fitting uncertainty remaining
much less significant that that due to reddening.

However, we are able to reproduce both the observed line
strengths, both in absolute and relative terms, to a good degree of
accuracy. Consequently we are satisfied that the EMs are consistent
with the observed data, although we note that they are not always
strongly constrained. The absolute values ofΦ derived in Section 3
are considered to be accurate only to around an order of magnitude,
but they still provide a valuable new constraint.

5.2 He Line

There are several obvious problems with the use of this line to in-
fer the behaviour of the ionizing flux from TTS. Firstly, and most
importantly, the He ionization energy is 54.4eV, and so recombi-
nation lines can only be used as an indicator of the flux of photons
with energies greater than this (ie. with wavelengths< 228Å). Con-
sequently this measure omits ionizing photons with wavelengths
between 228Å and 912Å, and photons in this wavelength range
dominate the ionization of neutral hydrogen. However it is diffi-
cult to envisage an emission process which could produce photons
selectively in this wavelength region without producing higher-
energy photons also, and so whilst the He recombination line may
not be ideal it should provide a reasonable indication of theflux
ionizing neutral hydrogen.

Secondly there is the issue of the He line itself, and whether
it arises from radiative recombination (RR) or collisionalexcitation
(CE). This line has been observed in the solar corona, and hasbeen
explained both in terms of RR (Zirin 1975) and CE (Jordan 1975).
Linsky et al. (1995, 1998) have studied the He 1640Å line in the
chromosphere of Capella and found evidence for both mechanisms,
but used high-resolution spectroscopy to show that the lineprofiles
are characteristic of RR being the dominant factor. More qualita-
tively, Zirin (1975) found that his RR model works extremelywell
in active regions of the solar chromosphere, but less well inthe
quiet corona; given that T Tauri stars are characterised by their high
levels of chromospheric activity it seems that RR will play asig-
nificant role. Our synthetic spectra dramatically under-estimate the
strength of the He 1640Å line whilst reproducing the other lines
and the continuum well, and whilst this lends further support to the
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RR theory we are unable to say with certainty whether the emis-
sion is CE or RR in origin. However, it is worth bearing in mind
that the densities and temperatures of plasma required to produce
significant CE emission from He are such that we would expect
such a plasma to radiate significantly at wavelengths short of the
Lyman break through free-free and bound-free transitions.As a re-
sult, even if the emission is not RR, the presence of significant He
1640Å emission should be a reliable indicator of a significant ion-
izing flux. The 1640Å line is strong in almost all of the sources,
both young and old, classical and weak-lined, and so it does seem
that a significant ionizing flux is produced by all of these objects.

One should also note the fact that the ionization energy for
He is 4 times greater than that for H. As a result the strength
of the He 1640Å line may be due to ionization by X-rays rather
than softer ultraviolet photons. Indeed, there is some evidence for
a correlation between the He 1640Å flux and X-ray power (Costa
et al. 2000). However this may merely indicate that both are good
tracers of magnetic activity, rather than suggesting that the X-rays
stimulate the He 1640Å emission. We are not able to make any
distinction in this regard, but the conclusion that He 1640Å line
emission traces the production of energetic photons seems secure.

5.3 C Line

There is also some uncertainty in the use of the C 1550Å line
as a normalising factor, as the relationship between C flux and
total radiated power is purely an empirical one (Brooks & Costa
(2003)). As mentioned above, the total radiated power is evalu-
ated from an emission measure integral covering the UV and X-ray
regimes. They find that the X-ray contribution to this flux is “less
than 10%” of the total, but they do not state whether the ionizing
or non-ionizing UV flux dominates the total. However a previous
paper (Costa et al. 2000) indicates that the contributions are similar
and that, if anything, the non-ionizing UV flux is more significant.
Our emission measure analysis supports this, as the ionizing flux is
not the dominant contribution to the total for any of the sources we
consider (see Table 1).

It should also be noted that Brooks & Costa (2003) assume
the C emission to be optically thin. If this is the case the rela-
tive intensities of the two components of the C line should differ
by a factor of 2 (Ardila et al. 2002). We observe some evidence
for opacity in 3 of the 9 objects observed withSTIS (RY Tau, SU
Aur and EZ Ori show ratios in the range 1.5-1.8). We also noted
possible evidence for opacity when comparing our syntheticspec-
tra to the observed data (see Section 3), although this may not be
significant. Therefore there is an unquantifiable degree of uncer-
tainty here, as the resolution of theIUE data does not permit such
analysis to be carried out. We also note that a fraction of theC 
line flux may be due to accretion, and so the slightly higher line ra-
tios observed in the WTTS may not indicate a higher ionizing flux.
However the C 1550Å line is one of the main coolants in T Tauri
atmospheres/stellar chromospheres and so it is at least qualitatively
reasonable to expect the relationship between C flux and total ra-
diated power to hold. Moreover, Brooks & Costa (2003) found a
strong correlation over nearly 2 orders of magnitude in power, and
so we feel that the uncertainties due to the C line are less of a
concern than those due to the He line discussed in Section 5.2.

5.4 Geometric issues

In addition to merely identifying the presence of a strong ionizing
flux, there is also the problem of getting the photons to the disc. As

we have previously noted, the accretion columns are extremely op-
tically thick to Lyman continuum photons (Alexander et al. 2004a),
and so it seems likely that any ionizing photons emitted by the chro-
mosphere at low latitude will likely be absorbed by the columns. In
addition, any (bi-)polar outflow may also be optically thickto ion-
izing photons (Shang et al. 2002). However in order to influence
disc evolution it is only necessary to provide a strong ionizing flux
to the disc at late times, and it is not clear if any outflow willpersist
to this stage of the evolution. We also note that our diagnostic relies
on a He recombination line rather than a H recombination line,
so we may see He emission from regions where Lyman contin-
uum emission is suppressed by absorption.

However there are also positives for the photoevaporation
model. Chromospheric emission at high latitude and/or from sig-
nificantly above the photospheric surface will likely be unaffected
by the accretion columns and, as mentioned above, outflows are
much less significant at late times. Also, whilst non-axisymmetric
accretion columns (Mahdavi & Kenyon 1998) will still absorbion-
izing photons from the hotspot at their base they will permitmuch
of the (roughly symmetric) chromospheric emission to escape un-
harmed. Thus whilst the TTS geometry is not entirely favourable,
it seems likely that most reasonable geometries will allow asig-
nificant fraction of the chromospheric ionizing flux to escape and
influence the disc at late times.

6 SUMMARY

By analysing data from UV studies of TTS we have placed new
constraints on the ionizing flux emanating from them. An emission
measure analysis using existing data has found rates of ionizing
photons from the chromosphere in the range∼ 1041–1044 photons
s−1 for 5 CTTS with ages of around 106yr. It should be noted, how-
ever, that these values are subject to large observational uncertain-
ties, in particular due to reddening. We also note that our derived
ionizing fluxes are intermediate between the solar value andthe
values typical of Herbig Ae/Be stars, and so seem qualitatively rea-
sonable.

We have proposed that the He/C  line ratio can be used as
a reddening-independent diagnostic of the ionizing flux from TTS,
essentially measuring the hardness of the spectrum. We haveanal-
ysed the behaviour of this line ratio in a larger sample of TTSob-
served byIUE, and find no evidence of any correlation with stellar
or disc evolution. Thus we conclude that the observed emission
is likely due to the central object, presumably the stellar chromo-
sphere, and is not tied to disc accretion. This supports the hypoth-
esis that the chromospheres of TTS can provide a strong ionizing
flux. Our method is somewhat crude and the results are by no means
conclusive, but we have begun to place some constraints on a prob-
lem which was previously unbounded by observations.

These chromospheric Lyman continua appear to be sufficient
to drive models of disc photoevaporation (Hollenbach et al.1994;
Clarke et al. 2001; Font et al. 2004). However additional obser-
vations in the UV are clearly still needed to resolve this issue, as
the current sample is small and the data are subject to large uncer-
tainties. In particular, studies of WTTS will be important in further
constraining this problem, as all of our derived values of the ioniz-
ing flux are for CTTS. The presence of a strong Lyman continuum
around WTTS would provide further support for the hypothesis that
the evolution of TTS discs is strongly affected by photoevaporation.
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