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ABSTRACT

We present the results of an analysis of ultraviolet obsema of T Tauri Stars (TTS). By
analysing emission measures taken from the literature wigedeates of ionizing photons
from the chromospheres of 5 classical TTS in the rande0*'-10* photons s!, although
these values are subject to large uncertainties. We prdpasthe Hai/C1v line ratio can be
used as a reddening-independentindicator of the hardhéss oltraviolet spectrum emitted
by TTS. By studying this line ratio in a much larger sample bfeats we find evidence
for an ionizing flux which does not decrease, and may evereasa, as TTS evolve. This
implies that a significant fraction of the ionizing flux fronT$ is not powered by the accretion
of disc material onto the central object, and we discuss igp@ficance of this result and
its implications for models of disc evolution. The presenta significant ionizing flux in
the later stages of circumstellar disc evolution providesaportant new constraint on disc
photoevaporation models.

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

1 INTRODUCTION with colours intermediate between these two categoriggesting

. . . that disc dispersal must occur on a time-scale thgiast compared
It is now well established that at an age~oll(° years, the majority P b

. . L ith the time the system spends as eithera CTTS ora WTTS.
of stars are surrounded by discs that are optically thickpéital W S rll wo i 4 | pb havi I. h i dil
and infrared wavelengths (Strom et al. 1989; Kenyon & Hartma uch two ime-scale behaviour 1S however not readlly pro-

1995; Haisch, Lada & Lada 2001). These discs are deduced fromduced by some ofthe most obvious mechapisms fqr disc d'gslpers
their sub-millimetre emission to be relatively massiveitglly up such as viscous evolution or magnetospheric clearing (#ageiet

to a few per cent of a solar mass; Beckwith et al. 1990) and are a!. 1999). Tr_]ese instead give rise to roughly power _Iaw_deslin
thus widely held to be potential sites of planet formatiohaA age dISC.prOpertleS (Hartmgnn etal. 1998), so that the tlmelreqmo
of > 107 years, however, most stars are no longer associated with _decrl:nef from any state |sDa|w§1|yZ of thde famfedqrderss the mmﬁs
such massive circumstellar discs, although low mass ‘detisics’ in the oregomgdstt?tel;l ”etatl)e hmo elsloggzllsgopoéjt(f)e‘mrgn
(believed to consist of dust replenished by cometary ing)deve ert:e EonStrECted y HO en” ac .e(tja .b( h ' gl Ior tlis ?a
been detected through submillimetre and scattered lighging 0 gt Wia an _st:jong st_e ar W'nl sk; #t t_ esesrnct)) els a m
in some early type stars of this age (Mannings & Sargent 1997, pro u_cet erequire two-tl_me-scae ehaviour. su sé@nﬂ!dles
Wyatt, Dent & Greaves 2003). An outstanding unsolved qassti have improved on the details of the phqtoeyaporatlve Wistusly-
is: by what mechanism do stars lose their primordial disthes ing effects such as dust scattering (Richling & Yorke 1997) and
approach the main sequence? more detailed hydrodynamics (Font et al. 2004). Howeveqthsd-
Some clues about the nature of the disc dispersal mechanismimtive behaviour remains unchanged from that predictetihéyni-
are provided by the distribution of infrared colours amongaliri t'?';g)%ielz of Hrc])llenbich ?t al.l(1994|). V(a';rl)-lj\r/ecer:lt workm et
stars (Kenyon & Hartmann 1995). These colours fall rathatlge a- . ) has shown t a_t aru traviolet ( ) photons, an
into two categories: those that are explicable in terms ofe& s d,'ssf),c'ate b,'W'th,OUt ionizing neutral hydrogen, can also drive a
lar photosphere plus optically thick circumstellar disd @ahose significant disc wind. Hoyve_ver t_he study_of Adams et al. (_3004
that are compatible with purely photospheric emission.téNbat cuses on an external radlatlor_1 fl_eld, and it is not yet clemcéntral
these two categories tend to coincide with the spectrosatgsig- FUV source can P“’d“‘?e gsmﬂaﬂ“@cti The °”'¥ model thgt has
nations of Classical and Weak Line T Tauri Star, hencefolff € S0 far_succe_eded in achu_evmg _the required two t!me-scaie\beur
and WTTS.) As a number of authors have noted (Skrutskie et al. combines viscous e_volutlon with photoevapora_tlon fromcibetral
1990; Hartigan et al. 1990; Kenyon & Hartmann 1995: Armitage star (Clarke, Gendrin & Sotomayor 2001). In this case, aigincthe

Clarke & Tout 1999), there is a striking lack of transitionjextis star spends a relatively long time in the CTTS state (deteechby
' the viscous timescale of the outer disc), at late times @wvajoora-

tion becomes important. This iffective only at radii beyond about
* email: rda@ast.cam.ac.uk 5 AU and the resulting mass loss from this region deprivesrthe
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dent, method of estimating the fraction of the UV power reetiaat

(short) viscous time-scale, and the time-scale for thegxisarance wavelengths short of the Lyman break, namely through the ot

of the inner disc is much less than the disc’s lifetime to date the Hen 1640A line to the Gv 1550A line. Using data frorST
However, as stressed by Clarke et al. (2001) (see also Mat- STISand from thelUE final archive (Valenti, Johns-Krull & Lin-

suyama, Johnstone & Hartmann 2003; Ruden 2004), such a mech-sky 2000) we examine how this ratio behaves as TTS evolve. We

anism can only operate if the photoionizing radiation frém ten- find evidence that the relative contribution of high frequieradia-

ner disc of re-supply. Consequently, the inner disc draimisscown

tral star does not itself decline dramatically as the ammebnto

the star is shut . This implies that there must be a significant

contribution to the photoionizing radiation in T Tauri ftavhich

tion increases, or at least does not decrease, as the anaag on
to the star declines and interpret this as evidence for awritapt
chromospheric contribution to the ionizing flux in T Taurs. In

is not powered by accretion if such photoevaporation models are to Section 5 we discuss further caveats that apply to our tgaenias

be successful. TTS must not only produce a strong ionizing(ffi

well as some issues regarding source geometry, and sunenoairis

order 18! ionizing photons per second), but must sustain this flux conclusions in Section 6.
at the late stages of their evolution from CTTS to WTTS.
Currently, the origin of the photoionizing emission from3T
is unclear, and even its magnitude is poorly constrainediiGet
al. 1979; Imh& & Appenzeller 1987). The rate of Lyman contin-
uum photons emitted by the solar chromosphere is of ord€s10
(Basri et al. 1979; Ayres 1997), and studies of HerbigBestars
indicate ionizing fluxes of order #8-10"°s™! (Bouret & Catala
1998), so it seems logical that the value for TTS lie betwéese
two. However no firm evidence exists regarding the ioniziag-c
tinuum emitted by TTS. One possible emission mechanism (see
Calvet & Gullbring 1998; Lamzin 1998; Gullbring et al. 2008)
that it is generated mainly in an accretion shock where nzter
from the disc impacts the stellar surface. This “accretionihos-
ity” has been estimated to be capable of providing ionizingdk of
order 13°-10*2 photon s* (Hollenbach et al. 2000; Matsuyama et
al. 2003; Font et al. 2004), although this does not take intmant
the fact that the accretion column itself is highly optigahick to
ionizing photons (Alexander, Clarke & Pringle 2004a). Rert it
is evident that in this case the ionizing radiation wouldlishecas
the accretion rate declined, and photoevaporation woultea vi-
able mechanism for disc dispersal (Matsuyama et al. 2008eRu
2004). On the other hand, other authors have argued thatthis
tion instead derives from a scaled up version of solar-lilkegnetic
activity (Lago, Penston & Johnstone 1984; Costa et al. 2000)
this case, a decline in accretion rate would not be expectstut
off the source of photoionizing radiation, and photoevaponati
models for disc dispersal would in principle be viable. Teedat-
tempts to distinguish between these models on the basishif/ar
IUE spectra (Costa et al. 2000; Johns-Krull, Valenti & Linskp@p
have come to rather fierent conclusions about the relative contri-
bution of accretion to the ultraviolet output of T Tauri Stain the
X-ray domain, by contrast, it is evident that the main enemyrce
is not accretion, since WTTS are, if anything, even more luminous
in the X-rays than their CTTS counterparts (Damiani et a@5t9
Stezler & Neuhauser 2001). However, as long as the cerijeto
provides a strong UV radiation field X-rays are unlikely todise
to influence disc evolution significantly, as the mass-lesss due
to X-ray photoevaporation are much smaller than those wlribye
the fiducial UV photoevaporation rate (Alexander, Clarkerégle
2004b).
In this paper, we use archival data frddST STIS and from
the IUE final archive (Valenti, Johns-Krull & Linsky 2000) to re-
examine the issue of the magnitude and origin of the phoiziiom
emission in T Tauri stars. The structure of the paper is devisl
In Section 2 we discuss the problems involved in estimatimg i
izing fluxes from observations, taking particular note af thrge emitted by TTS we have first made use of an emission measure
uncertainties which arise (primarily due to uncertaintreredden- (EM) calculation. In plasma physics, theffdrential emission mea-
ing). In Section 3 we use an emission measure method to gstima sure (DEM) is defined as:
the ionizing fluxes from a small sample of CTTS. Following on
from this (Section 4), we propose a simple, reddening indepe

2 OBSERVATIONAL PROBLEMS

There are a number of problems involved in trying to deteemin
the nature of the ionizing flux from T Tauri stars. Direct olvse
tions of their spectra at wavelengths shortward of the Lybraak

at 912A are not possible as any escaping photons are redwdily a
sorbed by (abundant) interstellar neutral hydrogen. Qlasiens at
slightly longer wavelengths<( 1000-2000A) tend to focus on line
emission, and consequently have low continuum signabieen
This, combined with the large observational uncertaintiesle-
rived stellar parameters (such as distance and stellausiadee,
for example, Kenyon & Hartmann 1995) and the uncertainty re-
garding what is “true” continuum emission and what is unhesb
line emission, mean that the observed continua are not lusefu
constraining this problem further. It is also impossiblest@luate
the ionizing flux by studying the Balmer lines of neutral hyglen,
which can be due to radiative recombination, as previougiestu
(Valenti, Basri & Johns 1993) have found that these linesrate

cal thermal equilibrium or, at the very least, that the etain is
collisionally dominated.

Correcting for reddening is also a serious issue in the-ultra
violet (UV), as extinction is far greater here than in theicgtor
infra-red. Previous observations have resulted in a rahgetden-
ing parameters being derived for these objects, with measemts
of Ay by different methods commonlyféring by a magnitude or
more. (For T Tau observed values range frag= 0.8 (Kravtsova
& Lamzin 2002) toAy = 1.7 (Gullbring et al. 2000).) When ex-
tended to the UV such uncertainties, combined with unasies
regarding the behaviour of the reddening law, result in Varge
uncertainties in the true UV fluxes of T Tauri stars. We attedp
to obtain independent estimates of the reddening towandbi ST
sources but this proved impossible by conventional methirds
terstellar absorption lines such as the Siplet at 1250A are too
weak and poorly resolved, and the rapid variation, on ticees
of weeks to days, of emission from T Tauri stars means thahaaic
opticaJUV 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 ioniftinges

dh
DEM(T) = neny It (1)
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wheren, andny are the particle number densities of electrons and
hydrogen respectivel\f is temperature ant is length along the
line-of-sight. Thus the intensitly of a single spectral line due to a
transition between atomic stateand j can be evaluated from the
DEM as:
I (45) = Ab(X) f C(T. 4ij, ne) DEM(T)dT 2

T
where 4;; is the wavelength of the lineAb(X) is the abundance
of the elementX) in question ancC is the contribution function,
which incorporates all the necessary atomic physics. Th&1DE
gives an indication of the amount of plasma emitting along th
line-of-sight in the temperature interval,[T + dT], and the DEM
and the necessary atomic data can therefore give inten$itiea
complete spectrum. (For a detailed review of the necessersigs
see Mason & Monsignori Fossi 1994.) DEMs are derived from ob-
served spectral data but the process is complex dhdudi, requir-
ing high-quality data. Consequently few DEMs exist for TES,
the spectral data observed are not typically of high enowgthity
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 Daviddiks):

BP Tau, RY Tau, RU Lup, GW Ori and CV Cha. The analysis of
Brooks et al. (2001) used line fluxes, observed withIthE satel-
lite, to calculate the distribution of the EM. Each spectirz re-
sults in an “emission measure locus” centred around thegtiom
temperature of the line, and so by sampling a series of lines@
range of formation temperatures Brooks et al. (2001) wele tab
produce an EM distribution as a function of temperature fmhe
object studied. The lines used werar @335A, the Siv doublet

at 1393A, the Gv doublet at 1549A, @i] 1660A, Nm] 1752A,
Sin 18164, Sim] 1892A and Gu]1909A. In addition the blended
Sim/O1 pair at 1303A and the M 1242A line, which is blended
with Ly, were also used. This results in derived EM distributions
that span the range Idg~ 3.9-5.6.

The EM distributions evaluated by Brooks et al. (2001) are
volume EMSs, and so in order to convert them to column EMs we
have assumed spherical symmetry and scaled the distrisuibp
a constant factor #R?/d? accordingly. HereR 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 DEds
functions of temperature. We then used the resulting sdaleds
as inputs to themiantt 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 aptic
thin plasmas. It is useful in our study as it requires few tnpar
rameters, the most important of which is the EM distributibn
this manner, we are able to generate synthetic spectra owech
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 modeds- |
der to achieve this we must correct the synthetic line fluxes f
geometric dilution, again using the stellar parametemnfBrooks
& Costa (2003). We have focused on the strong, unblended, line
and found that in general we are able to reproduce the olikerve
line strengths (the extinction corrected values listedriodRs et al.
2001) to within a factor of 2—3. Both the line ratios and theabte
strengths are in general well-matched. (The exceptionkisoate

1 Avolume EM takes the same form as the column EM defined in axuat
1, but with the length elemendh replaced by a volume elemediv.
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Figure 1. Comparison between observed line strengths and the line
strengths obtained from the EM model for BP Tau. Observamhgths (the
extinction-corrected values from Brooks et al. 2001) arewshas error
bounds, with the synthetic values shown by filled circles.

some of the forbidden lines which, as noted by Brooks et 8012,
are extremely density-sensitive and not always well mat¢behe
observations.) A comparison of the observed and calculated
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 casesethe
sulting line-fluxes are very sensitive to the fit. The resulgpec-
trum also requires that the elemental abundances be specifie
Again, the line-fluxes are somewhat sensitive to the chdiedon-
dances, but we are able to reproduce the observed valuesaths
well using standard abundance data (the “solar hybrid” dances
of Fludra & Schmelz 1999). We also note that the predictezhgth
of the Crv 1550A doublet is generally slightly too large, which may
be an indication of opacity. Lastly we note that the synthsgiec-
tra completely fail to reproduce the Hé 640A line, with predicted
line strengths 2—3 orders of magnitude smaller than thoserubd.
(This line is not included in Fig.1 as it was not used by Broekal.
(2001) in the derivation of the EM and so no extinction-cotee
value is quoted.) This occurs despite the fact that the &txoit
temperature for this line is very close to that of the wefiroeluced
Cv 15504 line. We attribute this to the fact that the observedrHe
1640A line emission is due to radiative recombination, eathan
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 strengttes
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 systereatr,
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, attributiedy t
discrepancy to the failure of the assumption of sphericairagtry.
In addition we note that GW Ori is a spectroscopic binary (i
etal. 1991), which may introduce further uncertainty. Aesult 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 (203
Again, we can reproduce all these values to within the uabgits
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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 eesgmted

in 3 wavebands: ionizing (700-912A), 4Hissociating” (912—-1100A) and
“proadband FUV” (912—2000A). These values were deriveddmpting the
ionization equilibria from Arnaud & Rothenflug (1985) andnaud & Ray-
mond (1992), and “solar hybrid” elemental abundances (@lédSchmelz
1999); diterent choices can alter these values somewhat. The eatincti
parameterg\y adopted in deriving the emission measures are included for
reference (from Brooks & Costa 2003).

Star Photon flux in wavebar(dglo"'zs‘1 Ay
700-912A ®) 912-1100A  912-2000A

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. Wéus
are satisfied that the EM distributions and thes~ti code provide
a consistent way of synthesizing the spectra of the chrohersg
of these TTS.

In this manner we have used theiantt spectral synthesis
code to generate synthetic spectra of TTS chromospherebldor

Table 2. Observed Ha/Civ line ratios and derived Heionizing/total
power ratios for the 3 objects where the power ratio is rabDfiserved
line ratios are taken from Valenti et al. (2000).

Star Her/Civ Power atl < 228A/ Total power
CVCha 0.120.04 0.0064
RU Lup  0.15:0.01 0.0054
BP Tau 0.58.0.01 0.0277

is due to radiative recombination (there is some debatetahiu

- see Section 5.2), then the flux in the iHkne should provide an
indication as to the power of the ionizing radiation at wawejths

< 228A. In addition, Brooks & Costa (2003) found that the line
flux in Civ doublet at 1550A is strongly correlated with the total
power radiated by TTS atmospheres. As a result, we propase th
the Heu/C1v line ratio should provide an independent indicator of
the relative flux of photons which are ionizing material arduhe
stars in our sample. We have investigated correlationsdmtvthe
observed line ratios (from Valenti et al. 2000) and the rafiblen-
ionizing power to total power ratios evaluated from the Efids,
the 5 objects studied above. Unfortunately the power ratiived
from the EM analysis is very sensitive to the slope of the EB4 di
tribution in the range lod@ =~ 4.2—-4.8. The data from Brooks et al.

5 sources mentioned above. As a result, we can use these spect2001) show some scatter in this region, and as a result séme o

tra to make estimates of the ionizing fluxes they produce. 8Ve e
timate this by summing the contributions to the synthetiecsm
over the wavelength range 700-912A. Extending the loweit lim
of this range to smaller values makes littléfelfence to the total,
as the Lyman continuum is dominated by photons at wavelength
very close to the Lyman break. For comparison we also evaluat
the photon fluxes in two wavebands longward of the Lyman hreak

912-1100A and 912-2000A. 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 modellingriamnce
ties mentioned above, and more significantly are also stutsj¢be
much larger uncertainties due to reddening. As a result wsider
these values to be order-of-magnitude estimates only. kemas
shown in Table 1, the resulting ionizing fluxes are high eotay
meet the demands of disc photoionization models, and imfagt
be somewhat higher than the previously assumed fiduciaéwaflu
10"photon s*. Thus we find that the Lyman continuum produced
by TTS may indeed be large enough to drive disc photoiorrati
models. However a large ionizing flux alone is noffsient; we
also require that the ionizing flux does not decrease as tjeetsb
evolve. Thus we now seek a diagnostic that will tell us abbat t
evolution of the ionizing flux.

4 A NEW TECHNIQUE

As noted in Section 3, whilst the synthetic spectra gendiayehe

EM analysis are generally accurate, they fail completelgnadch

the observed fluxes of the Hel640A line. This line is the He

equivalent of K, and so may be produced by radiative recombi-

natior?. This would explain its absence from our synthetic spectra,

which incorporate only collisional excitation of atoms aads.
Bearing this in mind we propose a new technique for deter-

mining the behaviour of this ionizing flux. If the Hel640A line

2 The wavelength of the “Lyman break” for hids 228A.

the derived power ratios are very sensitive to the fit. OnlyTaR,

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 regadean

in Table 2 the values for BP Tau, RU Lup and CV Cha do indicate
that a harder spectrum produces an increased line ratippsiny

our hypothesis.

The advantages of using this line ratio are twofold. Firstly
provides a “normalised” measurement, essentially meagtion-
izing flux/total chromospheric power” and so should be robust
against variations between sources (which is importamyasam-
ple covers a broad range of spectral types and evolutionatgss.
Secondly, the fact that these lines are closely spaced ielemgth,
separated by only 90A, means that the ratio is relativelgrisiive
to variations in reddening. Indeed we found that adoptirtgeexe
values of bothA, andRy (ie. the highest and lowest found in the
literature) and dereddening observed spectra using thecgsn
curves of Cardelli, Clayton & Mathis (1989) caused variati@f
less than 10% in the line ratio: whilst the absolute line fluzee
very sensitive to extinction this line ratio is not. In esseme pro-
pose that this line ratio represents a “spectral hardné&s, ree-
lated to the fraction of the total chromospheric power resdiaat
short wavelengths. As can be seen from X-ray observatibiese t
is no evidence that magnetic activity in TTS is related t@ @igo-
lution, as both CTTS and WTTS show similar levels of activity
(Feigelson & Montmerle 1999). Thus studying the dependerice
this line ratio against various evolutionary indicatorsisid 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 SpectrographS{1S on board the Hubble Space Tele-
scope HST), taken from thed ST public archive (see Table 3 for the
names of these objects). Initial processing (flatfieldirgnaic ray
removal etc.) was performed by thST STIS reduction pipeline

© 2005 RAS, MNRASD0Q, 1-8



Table 3.Line strengths obtained froMST STIS Values for Gv 1550A are
the sum of the two fitted components.

Star No.of  Flux k10 ergslcm™2) Hen/Cwv
Spectra Gv 1550 Her 1640 Ratio
T Tau 10 19.941.34 7.0%0.15 0.3%0.03
RY Tau 1 0.730.24 0.140.04 0.230.10
SU Aur 2 3.6@:0.15 0.760.03 0.2%0.02
GW Ori 2 2.58:0.52 0.640.02 0.26:0.05
CO Ori 2 0.09:0.02 0.020.01 0.3%0.08
EZ Ori 1 0.75:0.05 0.140.01 0.190.02
V1044 Ori 1 1.5&0.09 0.260.02 0.160.02
P2441 1 0.3%20.02 0.020.02 0.230.06
RY Lup 2 11.8@0.97 1.590.13 0.140.02
STIS v IUE Comparison
RYPGu
<[ ‘ T Tau ]
° GW|Ori
% SU Aur
g 2r RY|Lup ! b
E; o
Sef 1
© 0 D‘.W O‘.Z O‘.S O.‘4 0.5

Hell /CIV Ratio from STIS

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

(Travisano & Richon 1997) and so we were provided with flux-
calibrated 2-dimensional spectra. These spectra weralamitess
the spatial extent of the targets and a sky subtraction wésrpeed
using an dfset of 2. In cases where more than one spectrum was
observed (see Table 3), the spectra were co-added to imfreve
S/N ratio. The fluxes for the Heand Civ lines were then extracted
using the line-fitting routines from thecaro package. The He
1640A was fitted using a single Gaussian profile, whereas the C
line was fitted by 2 separate Gaussian components corresgond

to the 1548A and 1551A peaks. The results of these line fits are

also shown in Table 3.

The sample of 9 objects observed 81iSis small, and also
covers a small spread in evolutionary properties, as ah@®tob-
jects are CTTS and have similar ages. Further, the objevty @0
broad range of spectral types (F8-K4) and so this sample fisofa
ideal. In order to expand the sample we turned to data fronmnthe
ternational Ultraviolet Explorerl UE) final archive (Valenti et al.
2000), which observed a total of 50 TTS, both classical anakwe
lined. In some cases the signal-to-noise ratio is very mmmonly
33 of these objects have reliable line fluxes for botk £550A and
Hen 1640A. The lower spectral resolutionldfE (compared to that
of STIS) introduces some problems with line-blending especially,
as noted by Valenti et al. (2000), in the H&640A line. However,
plotting the Heay/C1v line ratio from STIS versus that fromUE,
as shown in Fig.2, seems to indicate that the line blendsigear

© 2005 RAS, MNRASO0Q, 1-8
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Figure 3. Plot of line ratio versus stellar age. (Ages taken from Pé&lla
Stahler 2002.)
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Figure 4. Plot of line ratio versus accretion rate: objects “evolvetiie

right. (M values from Gullbring et al. 1998)

systematic fiset to this ratio. If the variations were due to variabil-
ity we would not expect to see such a systematiieat, and so it
seems that whilst the absolute values of the line ratiedbetween
the two samples the appearance of any evolutionary treralgdsh
be not be flected by this systematidfect. Consequently we use
the ratios obtained from tH&E archive throughout the results sec-
tion, as they are as valid as those fr@MSand incorporate a much
larger sample.

4.2 Results

Figures 3-5 show the HgC v line ratio (from the data in Valenti
et al. 2000) plotted against several evolutionary indicatahere
available). While good values of the line ratio are avagator 33
objects, in some cases the evolutionary indicators areviedls
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 évoary
tracks, taken from Palla & Stahler (2002). No clear trendsgle,
although there is a slight trend for a higher ratio in oldestegns. It
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Figure 5. Plot of line ratio versus hl equivalent width: objects “evolve” to
the right. (Equivalent widths taken from Cohen & Kuhi 19781y Aur is a

somewhat unusual object (Unruh et al. 2004), but it doesgsose@lisc and
so we have classified it as a CTTS despite its wealeHuivalent width of

3A.

may also be significant that the highest values of the linie et
both for WTTS.

Fig.4 shows the line ratio plotted against mass accretitm ra
Mass accretion rate isftiicult to measure, and only a small sample
of objects have known accretion rates. We have used thetaccre
rates derived by Gullbring et al. (1998), derived by fittimg@etion-
shock models to observed spectra. Other similarly-sizegbkes of
mass accretion rates exist (Hartigan et al. 1995; John§-&tral.
2000), but the systematic errors between ttigedént methods used
to derive the accretion rates mean that the data cannot beiwedn
Again no strong trend is visible, but if anything the lineioadp-
pears to increase as the objects evolve.

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

In all cases the line ratio appears to increase, or at leasbno
decrease, as the objects evolve. This appears to implyr@aon-
izing flux is not powered by mass accretion, as the fractiothef
total flux emitted at short wavelengths, and consequengyoth
served Hai/C1v line ratio, would be expected to decrease dramati-
cally in this case (Matsuyama et al. 2003). Accretion shookies
(Calvet & Gullbring 1998) predict that the emission will dease
and peak at longer wavelengths as individual objects eyalire
though an increased mass-to-radius ratio results in aimsitally
harder emitted spectrum. However no correlation of any ldrab-
served betweeM/R and the Hai/C1v line ratio and so we do not
consider this to be a significanffect; both high and low line ra-
tios are obtained from objects with both high and IbWR. It is
also significant that the highest values of the line ratiocdtained
for the WTTS in thed UE sample, as these are expected to be disc-
less objects and so disc accretion cannot be happeningTiereit
seems likely that the production of ionizing photons aroUii® is
a stellar phenomenon, which we attribute to the chromosplaed
is independent of disc accretion. As mentioned in Sectidhete
is no evidence that magnetic activity in TTS is age-dependam

so a large ionizing flux fraction should imply a strong abs®ion-
izing flux. Thus it seems likely that TTS can produce an iorgzi
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 camdk,
contains many uncertainties. The dominant uncertaintigérabso-
lute values ofD derived is the reddening uncertainty. The manner in
which the EMs are scaled also results in a form that is wealdy s
sitive to the choice of stellar parameters. However thiedainty

is small compared to that introduced by reddening.

As regards the “hardness” of the spectrum, specificallyehe r
ative power radiated longward and shortward of the Lymaalre
this is also not especially well constrained. As mentiomeSdction
4 above, the ionizingptal power ratios derived are rather sensitive
to the EM fits, and so the correlation noted in table 2 is sona¢wh
dubious. We note however that the absolute valueb afe not es-
pecially sensitive to the fit, with the fitting uncertaintynraining
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 goockdenf
accuracy. Consequently we are satisfied that the EMs aréstemis
with the observed data, although we note that they are natyalw
strongly constrained. The absolute valueaferived in Section 3
are considered to be accurate only to around an order of toalgni
but they still provide a valuable new constraint.

5.2 HeulLine

There are several obvious problems with the use of this bria-t
fer the behaviour of the ionizing flux from TTS. Firstly, ancsh
importantly, the Hax ionization energy is 54.4eV, and so recombi-
nation lines can only be used as an indicator of the flux of gt
with energies greater than this (jie. with wavelengtt228A). Con-
sequently this measure omits ionizing photons with wagtten
between 228A and 912A, and photons in this wavelength range
dominate the ionization of neutral hydrogen. However itiii-d
cult to envisage an emission process which could productopbo
selectively in this wavelength region without producingter-
energy photons also, and so whilst thetHecombination line may
not be ideal it should provide a reasonable indication offline
ionizing neutral hydrogen.

Secondly there is the issue of the kine itself, and whether
it arises from radiative recombination (RR) or collisiopatitation
(CE). This line has been observed in the solar corona, anddeas
explained both in terms of RR (Zirin 1975) and CE (Jordan 1975
Linsky et al. (1995, 1998) have studied theH&640A line in the
chromosphere of Capella and found evidence for both meshmesi
but used high-resolution spectroscopy to show that theplingles
are characteristic of RR being the dominant factor. Mordigua
tively, Zirin (1975) found that his RR model works extremalgl
in active regions of the solar chromosphere, but less weth@
quiet corona; given that T Tauri stars are characterisetidiy high
levels of chromospheric activity it seems that RR will plagig-
nificant role. Our synthetic spectra dramatically undeingste the
strength of the He 1640A line whilst reproducing the other lines
and the continuum well, and whilst this lends further suppmthe
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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 requirecbtiupe
significant CE emission from Heare such that we would expect
such a plasma to radiate significantly at wavelengths sHdheo
Lyman break through free-free and bound-free transitiéissa re-
sult, even if the emission is not RR, the presence of sigmifickeu
1640A emission should be a reliable indicator of a significan-
izing flux. The 1640A line is strong in almost all of the sosce
both young and old, classical and weak-lined, and so it deems
that a significant ionizing flux is produced by all of theseemit$.

One should also note the fact that the ionization energy for
Hen is 4 times greater than that foriHAs a result the strength
of the Heu 1640A line may be due to ionization by X-rays rather
than softer ultraviolet photons. Indeed, there is someesdd for
a correlation between the hel 640A flux and X-ray power (Costa
et al. 2000). However this may merely indicate that both aradg
tracers of magnetic activity, rather than suggesting that¢-rays
stimulate the Ha 1640A emission. We are not able to make any
distinction in this regard, but the conclusion thatiHE640A line
emission traces the production of energetic photons seecuses

5.3 Cu Line

There is also some uncertainty in the use of the C550A line
as a normalising factor, as the relationship between fltix and
total radiated power is purely an empirical one (Brooks & t@os
(2003)). As mentioned above, the total radiated power isueva
ated from an emission measure integral covering the UV analyX-
regimes. They find that the X-ray contribution to this flux iess
than 10%” of the total, but they do not state whether the iogiz
or non-ionizing UV flux dominates the total. However a prexso
paper (Costa et al. 2000) indicates that the contributioasianilar
and that, if anything, the non-ionizing UV flux is more sigoét.
Our emission measure analysis supports this, as the igriziris
not the dominant contribution to the total for any of the sasrwe
consider (see Table 1).

It should also be noted that Brooks & Costa (2003) assume
the Civ emission to be optically thin. If this is the case the rela-
tive intensities of the two components of thevdine should difer
by a factor of 2 (Ardila et al. 2002). We observe some evidence
for opacity in 3 of the 9 objects observed wiiilS (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 synthegtéc-
tra to the observed data (see Section 3), although this miageno
significant. Therefore there is an unquantifiable degreenctrn
tainty here, as the resolution of théE data does not permit such
analysis to be carried out. We also note that a fraction ofCthe
line flux may be due to accretion, and so the slightly highees hia-
tios observed in the WTTS may not indicate a higher ionizing.fl
However the Gv 15504 line is one of the main coolants in T Tauri
atmospheréstellar chromospheres and so it is at least qualitatively
reasonable to expect the relationship betweenflDix and total ra-
diated power to hold. Moreover, Brooks & Costa (2003) found a
strong correlation over nearly 2 orders of magnitude in ppaed
so we feel that the uncertainties due to ther Gne are less of a
concern than those due to the ikne discussed in Section 5.2.

5.4 Geometric issues

In addition to merely identifying the presence of a strongZzig
flux, there is also the problem of getting the photons to tee.d\s

© 2005 RAS, MNRASO0Q, 1-8

Photoionization ratesaround T Tauri Sars 7

we have previously noted, the accretion columns are extyeope
tically thick to Lyman continuum photons (Alexander et &02a),
and so it seems likely that any ionizing photons emitted leyctiro-
mosphere at low latitude will likely be absorbed by the cahsin
addition, any (bi-)polar outflow may also be optically thickion-
izing photons (Shang et al. 2002). However in order to infbgen
disc evolution it is only necessary to provide a strong img#lux
to the disc at late times, and it is not clear if any outflow wélsist
to this stage of the evolution. We also note that our diagnoslies
on a Har recombination line rather than artllecombination line,
so we may see Heemission 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/androm sig-
nificantly above the photospheric surface will likely be fieaeted
by the accretion columns and, as mentioned above, outflogvs ar
much less significant at late times. Also, whilst non-axisyetric
accretion columns (Mahdavi & Kenyon 1998) will still absadomn-
izing photons from the hotspot at their base they will pemmitch
of the (roughly symmetric) chromospheric emission to esaap
harmed. Thus whilst the TTS geometry is not entirely favblea
it seems likely that most reasonable geometries will allosica
nificant fraction of the chromospheric ionizing flux to eseamd
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 &mis
measure analysis using existing data has found rates dfingni
photons from the chromosphere in the rang&0*'-10* photons
st for 5 CTTS with ages of around 4. It should be noted, how-
ever, that these values are subject to large observatioealiain-
ties, in particular due to reddening. We also note that ouree
ionizing fluxes are intermediate between the solar valuethad
values typical of Herbig AfBe stars, and so seem qualitatively rea-
sonable.

We have proposed that the (€ 1v line ratio can be used as
a reddening-independent diagnostic of the ionizing flurffoTS,
essentially measuring the hardness of the spectrum. Wedneate
ysed the behaviour of this line ratio in a larger sample of DES
served bylUE, and find no evidence of any correlation with stellar
or disc evolution. Thus we conclude that the observed eamissi
is likely due to the central object, presumably the steltaomo-
sphere, and is not tied to disc accretion. This supports yheth-
esis that the chromospheres of TTS can provide a stronginoniz
flux. Our method is somewhat crude and the results are by nosnea
conclusive, but we have begun to place some constraints mba p
lem which was previously unbounded by observations.

These chromospheric Lyman continua appear to Ifiéscgnt
to drive models of disc photoevaporation (Hollenbach e1894;
Clarke et al. 2001; Font et al. 2004). However additionaleobs
vations in the UV are clearly still needed to resolve thisiessas
the current sample is small and the data are subject to lavgeru
tainties. In particular, studies of WTTS will be importantfurther
constraining this problem, as all of our derived values efitmiz-
ing flux are for CTTS. The presence of a strong Lyman continuum
around WTTS would provide further support for the hypothéisat
the evolution of TTS discs is stronglyfacted by photoevaporation.
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