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Abstract. We present the results of ISO SWS and LWS spets be a very unique young binary system. An infrared compan-
troscopy of the young binary system T Tau. The spectrum shoies, T Tau S, was discovered D south of the optically bright
absorption features due tg,8 ice, CG ice, gas-phase CO andKO-1e T Tauri star T Tau N (Dyck et al. 1982), corresponding
amorphous silicate dust, which we attribute to the envelope ofda projected separation of 100 AU at the 140 pc distance of the
Tau S. We derive an extinction df,, =174+ 0™6 towards this Taurus-Auriga complex (Kenyon et al. 1994; Wichmann et al.
source. Detected emission lines fromé&tise in the same region1998). Reports of a third stellar component in the T Tau system
which is also responsible for the opticaliHines of T Tau N. (Nisenson et al. 1985; Maihara & Kataza 1991) remain uncon-
These lines most likely arise in a partially ionized wind. Emidirmed (Gorham et al. 1992; Stapelfeldt et al. 1998). Whereas T
sion from the infrared fine-structure transitions of[JAr 1], Tau N dominates in the optical and at submm wavelengths, the
[Ne], [Fert], [Si1], [O1] and [C11] was also detected, whichbrightness of the system in the infrared is dominated by T Tau S
we explain as arising in & 100 km s! dissociative shock in (Hogerheijde et al. 1997). Both T Tau N and S display irregular
a fairly denseq x 10* cm~2) medium. Pure rotational and ro-photometric variability, possibly connected to variations in the
vibrational emission from molecular hydrogen was detected iate of accretion of material onto the stellar surface (Herbst et
well. We show the H emission lines to be due to two thermahl. 1986; Ghez etal. 1991). Recent HST imaging failed to detect
components, of 440 and 1500 K respectively, which we attributeTau S in thel” band down to a limiting magnitude of 18,
to emission from the dissociative shock also responsible for tiigowing thatA,, > 7™ towards this source (Stapelfeldt et al.
atomic fine-structure lines and a much slower3s km s ') 1998). T Tau N, on the other hand, only suffers little extinc-
non-dissociative shock. The 1500 K component shows cldéam (Ay = 1™39; Kenyon & Hartmann 1995). Proper-motion
evidence for fluorescent UV excitation. Additionally, we foundtudies (Ghez et al. 1995) as well as the discovery of a bridge
indications for the presence of a deeply embeddgd ¢ 40™) of radio emission connecting both components (Schwartz et al.
source of warm Kl emission. We suggest that this componer986) prove beyond doubt that both stars are physically con-
might be due to a shock, caused by either the outflow fromrEcted, demonstrating that a significant amount of dust must be
Tau S or by the infall of matter on the circumstellar disk of present within the binary system itself.
Tau S. In the last few years, millimeter interferometry has revealed
the presence of a circumstellar disk with atotal mass of M,
Key words: stars: circumstellar matter — stars: individual: T Taaround the optically bright component T Tau N. The presence of
— stars: pre-main sequence — ISM: jets and outflows — infraredcicumstellar disk around T Tau S is suggested by mid-infrared
stars emission, but the millimeter interferometric data show that its
mass is substantially less than that around T Tau N (Hogerheijde
etal. 1997; Akeson et al. 1998). Lunar occultation observations
1. Introduction of the T Tau system show that these disks must be smaller than
) ) ) 1 AU at 2.2um (Simon et al. 1996). In addition to this, an enve-
T Tauri (HD 284419) might well be the most studied young stelspe or circumbinary disk of similar mass as the T Tau N disk is
lar objectin the sky. Itwas initially thought of as the prototype g quired to fit the energy distribution and polarization proper-
aclass of low-mass pre-main sequence stars, but is now knqa of the system (Weintraub et al. 1992; Whitney & Hartmann

Send offprint requests t.E. van den Ancker (mario@astro.uva.nlyt993; Calvetetal. 1994; Hogerheijde etal. 1997). Onlarger spa-

* Based on observations with 1SO, an ESA project with instrumerligl scales, two nebulae are associated with the T Tau system. A
funded by ESA Member States (especially the PI countries: Frangg)all (&= 10”) cloud, Burnham’s nebula (HH 255), is centered
Germany, the Netherlands and the United Kingdom) and with the p@n the binary and shows a line spectrum typical of Herbig-Haro
ticipation of ISAS and NASA.
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spectra for T Tau with the most prominent

features identified. The apparent dips at 12

F-—le-_ -~ and 28:m as well as the bump around péh

T Tawu are artefacts of the data reduction process.

F 1 Also shown (dots) is ground-based photom-
: - ‘ ‘ — etry of T Tau N with a dust shell model fit
5 10 <0 50 100 to these points (dashed line). The grey curve

A [pm] shows the model-subtracted ISO spectra.

objects (Robberto et al. 1995). A spatially separated arc shapaealysis of these data shows that the physical picture outlined
cloud, Hind’s nebula (NGC 1555) is located’30 the west. Re- here is confirmed.

cent maps at 450 and 8%0n have detected a Class | protostar

in Hind’s nebula, suggesting that star formation in the vicinity

of T Tau is more active than previously thought (Weintraub @t Observations

l. 1999).
a ) TAn ISO Short Wavelength (2.4—48n) Spectrometer (SWS; de

The kinematics of molecular material in the vicinity of . ’ .
Tau have been found to be very complex. Submm observati&?auw etal. 1996) full grating scan (‘AOT 501", speed 4) of T

of CO and HCO' (Knapp et al. 1977; Edwards & Snell 1982: au was obtained in ISO revolution 680 (JD 2450717.411). In
Levreault 1988: van Langeve.lde et,al 1994a: Momose et ’gfiditiontothis,deeperSWS grating scans on selected molecular
1996; Schuster et al. 1997; Hogerheijde et al. 1998) sugg%@g fine structure lines ("AOT 5027) were obtained in revolu-

that both components of T Tau drive separate bipolar outhO\R'/gnS 681 and 861 (at JD 2450718.778 and 2450897.973)._Be—
and that at least one of these is directed close to the IinesbqeS the SWS results, we present here the results of a relatively

sight. On even larger scales, Reipurth et al. (1997) discovel1¢ 1150 Long Wavelength (43-13i#) Spectrometer (LWS;

iant Herbia-Haro fi HH ith iact t egg et al. 1996) full grating scan (“AOT LO1#= 776 s) ob-
a giant Herbig-Haro flow (HH 355) with a projected extent ained in revolution 672 (JD 2450709.675), while a deeper LWS

38 arcminutes (1.55 pc at 140 pc), aligned with the axis of tK . \ | ) .
outflow from T Tau S, which they explained as being due ectrum is presented in Spinoglio et al. (1999). In this latter
multiple eruptions of material while the flow axis is precessin ork, LWS off-source measurements on positions 8the

rth, South, East and West of T Tau were also made, whose

Ray et al. (1997) showed that T Tau S has recently ejected t 8 -
large lobes of mildly relativistic particles, demonstrating th FSUltS we anticipate here. They show that thef857.7 um

the emergent picture might be further complicated by significamesv"is the only(;)ne ge_tecte(tj mdthed(;ff-shqurce posmolr_lz. fi
time-variability in the outflow rate. ata were reduced in a standard fashion using calibration

In this paper we present netfrared Space Observatoryf'les corresponding to ISO off-line processing software (OLP)

(ISO; Kessler et al. 1996) spectroscopy of the T Tau system.YI‘T:‘\rSion 70 afterwhigh they were corregted for .remaining fring-
Sects. 3 and 4 we analyze solid-state and gas-phase absorb %ﬁe\nd glitches. To increase the S/N in the final spectra, the

features and show that these are fairly typical for the envelo tector:fs r‘]’vtehre allgnted and stak'gl_s t'Caclj ?Ut“?rs were retm(l)ved,
of an embedded low-mass young stellar object. In Sect.5 er which the spectra were rebinned 1o a lower spectral res-

briefly discuss the infrared Hines and argue that these have th lution. Fig. 1 shows the resulting ISO spectra. Accuracies of

same origin as the optical lines. In Sects. 6 and 7 we will discUS§ absolute flux calibration in the SWS spectra range from 7%

the observed K spectrum and the atomic fine-structure Iineér,' the short-wavelength{4.10.um) part to~ 30% in the long
bisp Melength & 29 um) part (Leech et al. 1997). The LWS ab-

and show that these are due to shocked gas. In the discusg‘fq el libration | edtob te at the 7% level
(Sect. 8) we will argue that the most likely candidate for a high ute U)t( C? '1;";'7% IIDSI etxpefc e” dot etagc?ra €a b'e (;’ teve
embedded molecular shocked gas component is an accreti fms et al )- Plots of all detected lines, rebinned 1o a

shock in a circumstellar disk. The presentation of the ISO d quUonA/AA of 2000 with an oversampling factor OT fOL.”
on the CO, HO and OH emission line spectrum of T Tau is lef}; S), or with the data averaged (LWS), are presented in Fig. 2.
t

h inodli 1 Wi L h ine fluxes for detected lines and upper limits (total flux for line
to another paper (Spinoglio et al. 1999). We anticipate that Wlé:h peak flux 3r) for the most significant undetected lines on
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Table 1.Observed and extinction-correctedy = 1™39) line fluxes and model predictions (in 1 W m~2) for T Tau.

Line A AOT Beam Observed Model

[um] [1078 sr] Measured Ext. corr. J-Shock C-Shock Total
H, 0-0 S(0) 28.2188 S02 1.64 < 4.67 < 4.74 0.06 0.01 0.07
H, 0-0 S(1) 17.0348 S02 1.15 18059  1.85:0.61 1.50 0.35 1.85
H, 0-0 S(2) 12.2786  S02 1.15 <9.68 < 9.99 1.10 0.76 1.86
H, 0-0 S(3) 9.6649  S02 0.85 68195  7.36:2.10 1.94 5.26 7.20
H, 0-0 S(4) 8.0251  S02 0.85 341.05  3.25:1.07 0.24 3.38 3.62
Hs 0-0 S(5) 6.9095 S02 0.85 1358.63 13.78:2.67 0.14 13.65 13.79
H, 0-0 S(6) 6.1086  S02 0.85 < 8.07 <8.21 0.01 4.55 4.56
H, 0-0 S(7) 55112 S02 0.85 1182.63 11.24-2.68 0.00 10.65  10.65
H, 0-0 S(8) 5.0531 S02 0.85 <452 < 4.62 0.00 2.22 2.22
H, 0-0 S(9) 4.6946  S02 0.85 28095  2.94-0.97 0.00 3.40 3.40
H, 0-0 S(10) 4.4099  S02 0.85 <3.13 <321 0.00 0.48 0.48
H, 0-0 S(11) 41813 S02 0.85 < 4.67 <481 0.00 0.51 0.51
H, 0-0 S(12) 3.9960 S02 0.85 < 2.84 <293 0.00 0.05 0.05
H, 1-0 Q(1) 2.4066  S01 0.85 584.97 6.46:2.13 0.00 10.14  10.14
Hs, 1-0 Q(2) 2.4134 S01 0.85 1.96.65 2.13:0.70 0.00 3.19 3.19
H, 1-0 Q(3) 2.4237 S01 0.85 45%2.20 4.96:1.30 0.00 8.86 8.86
Hs 1-0 Q(4) 2.4475  S01 0.85 059.21  0.64:0.22 0.00 2.34 2.34
Hs 1-0 Q(5) 2.4547  S01 0.85 140.48  1.56:0.51 0.00 4.77 4.77
H, 1-0 Q(6) 2.4755 S01 0.85 < 2.63 <2.84 0.00 0.94 0.94
Hs 1-0 O(2) 2.6269 S01 0.85 6.20.23  6.64:1.31 0.00 2.29 2.29
Hs 1-0 O(3) 2.8025 S02 0.85 93999 9.96-1.05 0.00 8.58 8.58
H, 1-0 O(4) 3.0039 S02 0.85 120.42  1.33:0.44 0.00 2.46 2.46
Hs, 1-0 O(5) 3.2350 S02 0.85 28D.73  3.08:0.77 0.00 4.99 4.99
Hs 1-0 O(6) 3.5008 S01 0.85 < 2.29 <2.39 0.00 0.92 0.92
H, 1-0 O(7) 3.8074 S01 0.85 139.43  1.36:£0.45 0.00 1.28 1.28
HI Hua 12.3719 S01 1.15 <6.23 < 6.42 0.01 - -
HIHug + H756 7.5083 S02 0.85 < 3.29 < 3.34 0.00 - -
H1 Pfa 7.4600 S02 0.85 < 3.63 < 3.69 0.03 - -
HIPfg 4.6539  S02 0.85 < 4.90 <5.03 0.02 - -
HIBro 4.0523 S02 0.85 10.973.00 11.313.09 0.10 - -
HIBr3 2.6259  S02 0.85 9.611.41 10.2%1.51 0.06 - -
[FeT] (° D4—"D3) 24.0424  S02 1.15 <1.83 <1.87 0.05 - -
[FeI] (° Ds=° D5) 34.7135 S02 2.01 <1.04 <1.05 0.02 - -
[Fell] (‘Fy/o—"Fy/5) 17.9363  SO02 1.15 0.520.17 0.53:0.18 0.97 0.00 0.97
[Fell] (°Dy/>-°D7 /) 25.9882  S02 1.15 1.890.61  1.88:0.62 3.37 0.00 3.37
[Fell] (°D7/2>-°D5,») 35.3491  S02 2.01 4.231.40 4.281.41 1.21 0.00 1.21
NiIl] (°*Ds/2—"D3;5)  6.6360  SO1 0.85 <8.15 < 8.27 5.86 0.00 5.86
[Ar 1] (°P3 /2= P /2) 6.9853 S01 0.85 9.381.72 9.5H1.75 - 0.00 -
[Nell] (*P3»—"P1;») 12.8135 S01 1.15 28.447.15 28.88-7.34 29.36 0.00 29.36
[ST] (P2 Py) 25.2490 S02 1.15 4.091.28  4.16:1.30 2.99 0.31 3.30
[Sill] (*P1/>—"P32)  34.8152  S02 2.01 12.991.16 12.72£4.20 11.69 0.00 11.69
[OI] (P-P) 63.1850 LO1 16.3 230:516.1 231.3-16.2 233.2 0.80 234.0
[O1] CP-*P) 145535 LO1 8.82 <14.9 <14.9 5.00 0.05 5.05
[CII] (PPy/2—"Ps5) 157.741 LO1 11.6 10.680.74 10.610.74 5.22 0.00 5.22
Model parameters:
Component n[ecm™3] wv,[kms™!] Q[107%sr]
J-shock 5 x 10* 100 0.03
C-shock ~ 10° 35 ~ 0.16
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Fig. 2. Detected lines in T Tau. The velocities are heliocentric. The grey lines indicate the instrumental profiles for a point source and an extended
source filling the entire aperture.

the on-source position are listed in Table 1. Detected linessmall compared to the smallest SWS beaddi’(x 20”). Note
the off-source LWS spectra are listed in Table 2. that the same does not have to apply to the line emission.

For each complete spectral scan, the SWS actually makesin the course of this paper we will compare our ISO data
twelve different grating scans, each covering a small wavelengthT Tau with measurements by previous authors. To do so
region (“SWS band"), and with its own optical path. They araccurately, we need to know the relative sizes and orientations
joinedto form one single spectrum (Fig. 1). Because of the variaf-the beams used. Therefore we created a plot of the ISO SWS
tion of the diffraction limit of the telescope with wavelength, difapertures and LWS average beam size overlaid ofalzaldd of
ferent SWS bands use apertures of different sizes. For a souhee T Tau region (Hodapp 1994), shown in Fig. 3. As can be
that is not point-like, one may therefore see a discontinuity geen from this figure, all SWS apertures include both T Tau N
flux at the wavelengths where such a change in aperture occarsl T Tau S. They do notinclude Hind’s nebula. The LWS beam
This effect is not seen in the spectra of T Tau, indicating thstcludes both the central objects of the T Tauri system as well
the bulk of the infrared continuum comes from a region that & Hind’s nebula. The fact that the fluxes measured by SWS
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Table 2. Line fluxes (in 10*® W m~2) for off-source measurements. o[
45 - T Tau K band

Pos. «(2000.0) §(2000.0) AOT A[um] Line  Flux

Off-N 042159.4 +193346.5 LO1 157.80Cn] 7.9+0.9
Off-S 0421593 +192026.5 L0l 157.79Cn] 8.8+1.3 o
OffW 042206.4 +193206.0 LO1 157.76Cn] 8.8+1.1 15T
OffE 0421524 +193207.0 LOl 157.74Cn] 9.1+0.9

30" - -

S 32'00" | :
(@] L
Table 3. Solid state absorption column densities for T Tau S. &2 |
© 45 | s
Species  Wavelength Am JT(w)dv N i ]
[pm] [cmmolec!] [cm™'] [cm™?] 30" L |
H-.0 3.0 2.0 x 107'¢ 109 5.4 x 10'7 i
H-0 6.0 1.2 x 10717 <10  <8x10'"  |ggyqs L 001 pe J
co 4.67 1.1 x107%7 <5 <5x 10" Eo ke e e P # T
—17 7
2822 ‘11522 I?X 18717 112-22 1(15>< 1817 04%22™02% 01° 22700° 59° 58° 57°  56°
: 1 x . dx
2000
CH, 7.67 7.3 x 10718 <4 <5x107 o (2000)
Silicate 9.7 1.2 x 107'° 218 1.8 x 10"®  Fig. 3.SWS (rectangles) and LWS (circle; beam FWHM) aperture po-

sitions for our measurements of T Tau superimposed orl hakd

. . . image of the region (Hodapp 1994). The orientation of the SWS aper-
agree well with those measured by LWS in the small region gfies is nearly identical for the different SWS observations. The rectan-

overlap, suggests that Hind's nebula remains much fainter thags indicate the apertures (in increasing size) for SWS bands 1A-2C
the central objects at wavelengths at least up tp#5 (2.4-12.0pm), 3A-3D (12.0-27.5:m), 3E (27.5-29.5um) and 4
(29.5-40.5um).

3. Solid-state features

The SWS spectrum of T Tau (Fig. 1) consists of a smooth contshow variations in brightness in the optical, all available litera-
uum with a number of strong absorption features superposedyire data suggest that the infrared variability is limited to T Tau
which we recognize the O—H bending mode of water ice arousd We therefore attempt to isolate the contribution from T Tau
3 um, the 4.27um C=0 stretch and the 15(8n O=C=0 bend S (plus the circumbinary envelope at the longer wavelengths)
of CO, and the familiar 9.7um absorption feature due to theby subtracting an empirical model for T Tau N, consisting of
Si—0O stretching mode in amorphous silicates. a sum of blackbodies + emission from amorphous silicate at
By convolving the SWS spectrum with dnband (3.5:m) 500 K (Dorschner et al. 1995) fitted to ground-based spatially
transmission curve, we derive a synthdtienagnitude of 34 resolved photometry of T Tau N (Ghez et al. 1991; Herbst et
for T Tau at the time of the observations. This value is withial. 1997), from the data. This model and the resulting spectrum
errors identical to thel.’ band measurement of Simon et alof T Tau S are also shown in Fig. 1. We note that it is possible
(1996) in December 1994. Thus the fading of the infrared bright reproduce all existing infrared photometry and spectroscopy
ness of the system after the 1990-1991 flare (Ghez et al. 198f1T Tau in the literature by the sum of our empirical model
Kobayashi et al. 1994) appears to have ceased before the 8§53 Tau N and a multiplicative factor times the spectrum of T
tem has returned to its pre-outburst magnitude. Synthetic 12, Z&y S. This means that the infrared variations of T Tau S are
60 and 10Qum fluxes from the 1SO spectra are 1.3-1.5 timasot caused by variable circumstellar extinction, but must reflect
those measured by IRAS in 1983. The IRAS LRS spectrumvariations in the intrinsic luminosity of the central source, e.g.
fainter and redder than the ISO SWS spectrum and does hptvariations in the accretion rate.
show a 9.7:m feature in emission or absorption. The ISO SWS From the integrated optical deptfi7(v)dv of a non-
fluxes are about 1.4 times less than those in the November 1888irated absorption feature we can compute a column density
ground-based 8-138m spectroscopy by Hanner et al. (1998)N using an intrinsic band strength,,,. For H,O, CO, CQ
in which the silicate feature also appears stronger. and CH, ices, values of4,,, were measured by Gerakines et
The spectrum obtained with ISO is the sum of the spectah (1995) and Boogert et al. (1997). For silicatds, is taken
of T Tau N and S. Although T Tau S is expected to dominafeom Tielens & Allamandola (1987). Measured integrated op-
the continuum flux in the thermal infrared, T Tau N might alstical depth and column densities for T Tau S of commonly ob-
contribute significantly to the spectrum. In particular, absorperved ices are listed in Table 3. The derived value of 3.4 for the
tion features from T Tau S might appear “filled in” with fluxsolid H,O/CG, ratio is at the lower range of values observed in
from T Tau N, especially in the 9.4m silicate feature, which the lines of sight towards low-mass YSOs (Whittet et al. 1996;
appears in emission in T Tau N, whereas it is in absorpti®@oogert 1999). Since the line of sight towards T Tau S might
in the southern component (Ghez et al. 1991; van Cleve etadtually pass through the outer edge of the T Tau N disk (Hoger-
1994; Herbst et al. 1997). While the northern component ddesijde et al. 1997), this result may imply that the soligdCO,
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sorption. Following the procedure outlined in van den Ancker et
al. (1999), we compared this spectrum with synthetic gas-phase
absorption spectra, computed using molecular constants from
the HITRAN 96 database (Rothmann et al. 1996). Assuming a
Doppler parametdrof 5 km s~! and excitation temperature of
300 K, typical for those observed towards YSOs (Helmich et
al. 1996; van Dishoeck & Helmich 1996; Dartois et al. 1998),
we derive a total column of CO gas of £8-10'? cm~2 for this

line of sight.
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Fig. 4. SWS AOT S02 spectrum of T Tau in the 4u region, with Eresent Zm: SttroggT(r']I'aEIe 1;'é\loll.mes fr?.:n the hlgh%r seges of
the continuum normalized to unity (top curve). The peak at 4,694 1were detected. The Brand Byj line profiles appear broader

is the 0—-0 S(9) transition of molecular hydrogen. Also shown (botto.ma.n those expected for a pOi?t _Source (Fig. 2). We d,educe an
curve) is a synthetic CO spectrum with, = 300 K,b=5kms ' and intrinsic FWHM of~ 300 km s™*, in good agreement with the

N(CO) = 3x 10'® cm~2, shifted for clarity. ground-based Br profile by Persson et al. (1984). TheBine
flux of 11.0 x 10716 W m~2 measured by SWS in20" x 14"
aperture is identical to that measured by Evans et al. (1987) in

ratio in the outer disk is similar to those typically found in the 3’5 diameter aperture, suggesting that the infraredriisi-
envelopes of low-mass YSOs. tions arise in a compact area. Based on the similarity of their

Since extinction in the continuum surrounding the At@  Bra line profile to Hy, Persson et al. (1984) suggested that the
feature is small compared to the extinction within this feanfrared hydrogen recombination lines from T Tau arise in the
ture, the extinctiomd, at wavelength\ across a non-saturatedoptically visible component, T Tau N, and that any khes
9.7 um feature can simply be obtained from the relatibn= from T Tau S are obscured by many magnitudes of extinction.
—2.5log(I/Ip). Using an average interstellar extinction lawrhis is in agreement with spatially resolved images of the T
which includes the silicate feature (Fluks et al. 1994), we cgau system, in which the Brflux is clearly seen to peak at the
then convert these values @4, to a visual extinction, resulting position of T Tau N (Herbst et al. 1996).
in a value ofAy = 174 £ (026 toward T Tau S. We observe a ratio of the BfBrg line flux of 1.1. Case
B recombination line theory can only produce a range of 1.4—
2.2 for this ratio (Storey & Hummer 1995). This means that
these lines are not optically thin, as assumed in Case B, and
Shiba et al. (1993) detected shallow absorption features in that optical depth effects play an importadle in the radiative
spectrum of T Tau at 1.4 and 1;8m, which they identified transfer. Therefore we can rule out a possible origin in an ex-
with warm (= 2000 K) water vapour. They argue against a phéended low-density region surrounding T Tau for theliHes. A
tospheric origin because this would be too hot (K type), arsiimilar conclusion was already reached from the/Br~y and
hence locate it in the inner disk. We inspected the ISO SVBBa/Pfy lines ratios by Evans et al. (1987). We note that the
spectrum for the presence of absorption from theéband of optical Balmer and Paschen lines follow a similar decrement
gas-phase water, readily seen towards other YSOs (Helmichvith increasing quantum numberas the infrared recombina-
al. 1996; van Dishoeck & Helmich 1996; van den Ancker et dion lines. This, together with the similarity of the 8and Hx
1999). Itis notdetected in our T Tau spectra. The resulting upgeofiles noted by Persson et al. (1984) brings us to the conclu-
limit for the H,O gas-phase column is f0cm~2, incompatible sion that the optical and infrarediHines have a similar origin;
with the strength of the features observed by Shiba et al. If theost likely a stellar wind with a mass loss rate of 3308
dips observed by these authors are indeed real and due to wiskgryr—! (Kuhi 1964; Kenyon & Hartmann 1995).
vapour, they must therefore either be strongly variable, or only For an optically thick ionized wind, Simon et al. (1983)
occur in the inner disk of T Tau N, which dominates at 1.4 arukrive a simple relation betweendline flux and free-free radio
1.9um. emission, which for T Tau predicts a flux of 0.17 mJy at 6 cm.

In the AOT S02 ISO SWS spectrum of T Tau, a humbebserved 6 cm radio fluxes of T Tau N are a factor of five higher
of weak absorption lines with maximum depth around 5% ¢Ray et al. 1997). One explanation for this discrepancy could be
the continuum level can be seen in the A region (Fig. 4). thatwe would have underestimated the extinction correction for
These could be due to ro-vibrational lines of gas-phase CO. &te B line. However, if the optical and infrareditines indeed
though weak, some of the lines (especially the 4.fvIine, come from the same region, this cannot be the case, since this
which is also present in the AOT S01 spectrum) appear cleanpuld render the optical lines invisible. We therefore conclude
stronger than the noise level. We therefore consider these #iat only part of the radio flux of T Tau N comes from the
sorption features as a tentative detection of gas-phase CO inwaind responsible for the IHlines. An additional source of radio

4. Gas-phase molecular absorption
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T Tan Table 4. Extinction determinations from Hine flux ratios.

Ea A, = 1.39 ]
r rot / 4 H H m m
SN v ok 101t e | Line ratio A [pm] Ao [pm] Ay, — Ay, M1 Av [™)

. IR M) = 4 x 107 Mg | 1-0Q(1)/1-00(3) 2.4066 2.8025  0.670.42 41+ 26

1-0 Q(2)/1-0 O(4) 2.4134 3.0039 —0.19+ 0.75 -9+ 34
1-0Q(3)/1-00(5) 2.4237 3.2350  0.430.57 5422
1-0 Q(4)/1-00(6) 2.4475 3.5008 < 3.0 <97

foun 1-0Q(5)/1-0 O(7) 2.4547 3.8074 1.340.75 394 22
|
£
©, ]
= 1 ‘ 1 ‘ 1 ‘ 1 ‘ — radiation required for the fluorescence mechanism remains un-
=N . o {1 clear.
A N I, = 520/1500 K ] Inthe SWS spectra of T Tau, we detected pure-rotational (0—
N N() = 28/08 x 10% em™ 1 transitions) emission from Hup to S(9) and ro-vibrational
o6l < g M ST 1 (1-0 transitions) lines up to Q(5) and O(7). They are listed in

Table 1 and shown in Fig. 2. All lines appear unbroadened at the
SWS resolution, showing that they have a smalPQ0 km s 1)
velocity dispersion and arise in a region much smaller than
the beam size. Interestingly, we have detected four pairs of ro-
+ vibrational lines which share the same upper energy level. The
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ . 1 ratios of the fluxes for these lines should only depend upon the
R000 4000 6000 8000 10000 ratio of the transition probabilities and on extinction. Using the

E())/k [K] . NPT

relation A(A\;) — A(A2) = 2.51og (m) with A(X) the

Fig. 5. H, excitation diagrams for T Tau, with the data corrected foéxtinction at wavelength, I the measuzl’]éd line flux and..
1 1]

extinction with Ay = 1.39 (top) anddy = 40”0 (bottom). For most {he Einstein A-coefficient, taken from Turner et al. (1977), we

measurements, formal errors are about the size of the plot symbol. 1€ determine the difference in extinction. We then use the ex-
dashed lines give the Boltzmann distribution fits to the two comp )

nents of thermal K emission. The solid line shows the sum of botﬁlnction law by Fluks et.al. (1994) to con\(ert these to a value
components. of Ay. The results of this procedure are listed in Table 4. The

1-0 Q(1)/1-0 O(3) and 1-0 Q(5)/1-0 O(7) line ratios give an
extinction of about 40 magnitudes, whereas the 1-0 Q(2)/1-0

. . L . O(4) and 1-0 Q(3)/1—-0 O(5) line ratios yield much lower values
emission must be present in the vicinity of T Tau N, possmyf Ay . Most likely this is because for these ratios the conver-

similar to the outflow shock model invoked to explain the norg . rom differential extinction to a value ofy is erroneous
thermal gyrosynchrotron radio emission from T Tau S (Sk'nnBEcause the 1-0 O(4) and 1-0 O(5) lines are located in the wa-
& Brown 1994; Ray et al. 1997). ter ice band around 3 microns, prominent in T Tau, which is
not included in the Fluks et al. extinction law. However, from
the 1-0 Q(3) line flux measured with SWS we compute that a
slab of H, emitting gas hidden behind thdy, = 40™ obtained
One property that distinguishes T Tau from other T Tauri star®em the 1-0 Q(1)/1-0 O(3) and 1-0 Q(5)/1-0 O(7) line ratios
is the presence of strong UV and near-IR molecular hydrogproduces a factor of five less intense 1-0 S(1) radiation than
emission in its vicinity (Beckwith et al. 1978; Brown et alwhat is observed from the ground. The only way to reconcile
1981). K, emission is present throughout Burnham’s nebulthese conflicting results is to infer that in fact we are observing
but is dominated by emission close to the central binary (vap-vibrational H emission from at least two distinct regions, of
Langevelde et al. 1994b). The source of the centgagidission which one is heavily embedded{, > 40™), whereas the other

is controversial: Whereas Herbst et al. (1996) claim that bathly suffers little extinction. In view of the complex morphol-

T Tau N and T Tau S contribute about equally to the 1-0 S(@yy seen in the ground-based 1-0 S(1) images, a scenario with
flux, the adaptive optics images by Quirrenbach & Zinneckerultiple components does not seem unreasonable.

(1997) seem to indicate that most of this bright &mission A useful representation of thesHlata is to plot the log of
arises in the vicinity of T Tau S. Hemission is also present inN(.J)/g, the apparent column density in a given energy level
a bright knot 2—3 northwest of the central stars (Herbst et alivided by its statistical weight, versus the energy of the up-
1996, 1997) and in less intense knots and filaments throughpat level. This plot, in which the data have been corrected for
the nebula. Previous authors argue that most of the observedgidtinction values ofd,, = 1™39 and 480 and in which high
emission must be collisionally excited, in shocks due to the aemperature equilibrium relative abundances of 3:1 for the ortho
cretion onto T Tau S and the interaction of a collimated outfloand para forms of kHlhave been assumed, is shown in Fig. 5. For
with the surrounding medium. However, a fluorescent emissiolarity the 1-0 O(4) and O(5) lines, which we were not able to
component seems also to be required. The source of the Lgorrect for extinction properly, are omitted from this figure. For
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6. Molecular hydrogen emission
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a purely thermal population of the energy levels, all appargeénd much orG. Once the mechanism of the,mission is
column densities should lie on a nearly straight line in Fig. 8stablished, it can therefore be used to constraiar n in a
The slope of this line is inversely proportional to the excitatiostraightforward way.
temperature, while the intercept is a measure of the total col- This means that the 1500 K component can only be caused
umn density of warm gas. A higher column of ki the lower by a C- (i.e. non-dissociative) shock. From the correlation be-
energy levels of a certain series than predicted by this straigiveen excitation temperature and shock speed by van den An-
line may be due to fluorescence byd.yphotons (e.g. Black cker etal. (1998), we derive a shock velocity:o85 km s! for
& van Dishoeck 1987; Draine & Bertoldi 1996). Although thighe C-shock. The density and the extent of the shocked gas are
effect might also be expected in T Tau, previous observatigosorly constrained. The total column of the 1500 K ¢bmpo-
failed to distinguish this unambiguously from the shocked coment is compatible with either a sma (6 square arcseconds)
ponent. Careful inspection of Fig. 5 shows that in T Tau we hawegion of high & 10° cm~3) density, or with a low-density~
detected two thermal sources of Emission; one responsible10* cm~2) region filling a significant fraction~ 100 square
for the lines with upper level energy higher than 3000 K andaacseconds) of the SWS beam. The 440 Kddmponent falls
much cooler component necessary to explain the strong 0—0 Siilthe parameter space allowed by either J-shock, C-shock and
emission. In addition to this, the third component necessarylip PDR models. However, the uncertainty in the 440 K tem-
explain the ground-based near-infrared emission will also cquerature is too large to be able to constrain these models any
tribute to the lines below 8m. From Fig. 5 it also becomes im-further. Comparison of the absolute line intensities with those
mediately evident that the 0-0 S(3) line, at a wavelength withimedicted by PDR models (Black & van Dishoeck 1987; Draine
the amorphous silicate band, cannot suffer from great amou&t8ertoldi 1996) show that the 440 K component can be ex-
of extinction, provided that the obscuring material contains sifdained by photon heating if the PDR is located close to the
cates. The deviation of the apparent column densities of the ky8tem. These same PDR models are then also able to repro-
0(2), O(3) and Q(1) lines from the straight line predicted by@uce the observed UV fluorescence in a natural way. However,
purely thermal gas is clear evidence for the presence of the ldock models can also produce the 440 K component, although
fluorescence mechanism. current shock models do not include the physics necessary to
Following the procedure outlined in van den Ancker et alake into account the UV fluorescence mechanism.
(1999) we have fitted a Boltzmann distribution to the two ther-
mal H, components, resulting in excitation temperatures of 440
and 1500 K and column densities of 1.5 and 2.20'° cm~2,
respectively. This correspondsto a totaliHass oft x 1075 M,

or 13 earth masses. The total molecular cloud mass, as derifgghe SWS and LWS spectra of T Tau we detected atomic fine-
from CO observations, is several orders of magnitude larggfucture lines due to [Re], [Ar 11], [Ne11], [S1], [Si11], [O 1]
(Momose et al. 1996; Schuster et al. 1997). Therefore we cejihd [Cr1]. All lines appear unbroadened at the SWS resolu-
clude that an additional {tsource must be present in the T Tagion, suggesting they have a velocity dispersion smaller than
system, whose emission we have failed to detect because@g km s'! and arise in a region that is compact compared to
temperature is much lower than the components we have gz beam size. The [@63 m line was previously detected in T
tected here. This component will also contain the bulk of theyy from KAO observations (Cohen et al. 1988). The LWS line
H2 mass. Note that this also implies that the bulk of the gasfiix agrees with that measured by these authors in’aaer-
the CO outflow must be very cool. This is consistent with th@re. In the LWS spectrum of T Tau, a line is present at the
40 K temperature of the outflow derived from ratios of CO lingosition of [O1] 146 m, but in view of the strength of other
wings by Hogerheijde et al. (1998). CO lines in the spectrum we attribute most of the line flux to CO
Warm molecular gas can either occur in a photo-dissociatige:18—17 and only report an upper limit to the 146 um line
region (PDR) or can be heated by shocks. A shock can eitifigik in Table 1. The deeper LWS spectrum of T Tau (Spinoglio

be a J-shock, sufficiently powerful to dissociate molecules, gfal. 1999) clearly separates therj@46 um line from the CO
be a C-shock, which cools mainly through molecular materiat=18—17 emission and a line flux of 852 10-16 W m~2 is

Van den Ancker et al. (1998) have employed predictions of Hierived.

emission from simple, plane parallel PDR, J-shock and C-shock The observed infrared spectrum of T Tau can either originate
models (Burton et al. 1992; Hollenbach & McKee 1989; Kaufn a PDR or in one or more shocks. The detection of stron [S
man & Neufeld 1996), to determine the excitation temperatupg 3 ;,m emission in T Tau is important, since it is predicted
from the low-lying pure rotational levels as a function of deno be weak in PDRs (e.g. Tielens & Hollenbach 1985). It can
sity n and either incident far-UV fluxz or shock velocityvs  only reach observable strengths in shock-excited gas. Also, the
in an identical way as was done for the observations preseni@ence of PAH emission in the SWS spectrum and the non-
here. They arrived at the conclusion that the PDR and J-sheftection of [Q] emission in the LWS off-source observations
models allow a fairly small (200-540 K) range of excitatio@rgue against a PDR origin of the emission lines. Therefore
temperatures, whereas for C-shocks this range is much larggf working hypothesis will be that the infrared fine structure
(100-1500 K). In the model predictions for shocks,. does |ines are dominated by shocked gas. lonized species like][Fe
not depend much on density, whereas for PDRs it does not fige 11], [Ar 11] and [Sit1] which we detected in T Tau cannot be

7. Atomic fine structure lines



M.E. van den Ancker et al.: ISO spectroscopy of shocked gas in the vicinity of T Tauri 885

produced in a C-shock, so we will explain those as arising inrecreases with wavelength. We have seen that the composition
J-shock. of the circumstellar material is by no means unusual: amorphous
We will try to determine the shock parameters by comparirgjicates, water and carbon-dioxide ice and gaseous CO in fairly
the line fluxes listed in Table 1 with the J-shock models Rypical proportions. We derive an extinction of 14+ 06 in
Hollenbach & McKee (1989). From their Fig. 7 it can readilyhis dust shell. This result resolves the discrepancy between ear-
be seen that the ratios of the [[33.2 um, [Fer1] 26.0um and lier determinations and thé,, > 7™ from the non-detection of
[S1] 25.3 um lines constrain the density well, whereas [iNe T Tau S in HST images (Stapelfeldt et al. 1998). We also found
12.8 um is particularly sensitive to shock velocity. ¥ fit of all infrared data to be consistent with a scenario in which T Tau
line fluxes ratios for T Tau to the Hollenbach & McKee J-shockl is constantand T Tau S shows strong wavelength-independent
models yielded a best fit shock velocity ~ 100 km s°!, and variations in brightness.
a densityn ~ 5 x 10* cm~3. We estimate the errors in these fit  The H1 data presented in Sect. 5 point to T Tau N as the
parameters to be smaller than 20 km n velocity and smaller sole contributing source to these lines. Because our data on
than 0.5dex in density. To reproduce the absolute line fluxésese recombination lines extend further to the infrared than
The J-shock needs to have an extent of 11 square arcsecopiasious studies, this does have implications for the mechanism
This J-shock will also produce Hemission with the strength responsible for the radio emission in T Tau S. A scenario in
observed for the 440 K component identified in the previowghich the continuum radio flux of T Tau S is due to an ionized
section. Therefore we infer that this, ldomponent is also duewind, of which the H lines are hidden by many magnitudes
to the J-shock. of extinction is now definitely ruled out by our non-detection
The line fluxes predicted by the Hollenbach & McKee Jf lines from the Pfund and Humphreys series. The outflow
shock models for the best fit parameters are also listed in Tablsliock model to produce non-thermal gyrosynchrotron radiation
The fit gives satisfactory results, except for thefld57.7um, (Skinner & Brown 1994; Ray et al. 1997) seems more likely and
[O1] 145.5um, and the [Fe1] lines. The background-correctedmay also be responsible for part of the T Tau N radio flux.
[Ci]fluxof2.0 x 10~ Wm~2is only half of that predicted by ~~ We have distinguished three sources gfétnission in our
the J-shock model. However, the emergenti[@ux is strongly 1SO spectra: A cooH 440 K) component suffering little extinc-
dependent on the shock velocity. A model with= 80 km s!  tion, and two warmer£ 1500 K) components, of which one suf-
would be able to reproduce the observed fine-structure spkwss little extinction and the other probably is heavily extincted
trum, with the exception of [N&], which would then appear (4 > 40™). The far-infrared CO, KO and OH emission from
too strong. Since these differences are within the error withTau discussed by Spinoglio et al. (1999) show evidence for
which we think we can determine the shock velocity, we do nsimilar cool and warm temperature components (although OH
consider them significant. The deconvolved[@45.5:m flux and H,O appear overabundant), supporting the picture outlined
0f8.2x 1016 W m~2is 1.6 times that predicted by the J-shockere. In Sects. 6 and 7 we showed that the cool component can
model. However, this line appears stronger than model predie identified with a dissociative shock or PDR, whereas the non-
tions in many regions where it is observed (e.g. Liseau et ambedded warm component could be due to a non-dissociative
1999), so the discrepancy might be caused by a poor knowledgeck. In studying the infrared images by Herbst et al. (1996)
of the atomic data and/or an inadequate understanding of the note that the dominant region of [Rg1.64 um emission
atomic processes of the oxygen atom. The mismatch of theslaround the H knot T Tau NW. The size of this region is
shock model to the [Fe] fluxes might be more worrisome. Theonly slightly smaller than the size of 11 square arcseconds re-
Hollenbach & McKee models predict the 26.61 line to be the quired by our J-shock. Therefore we identify T Tau NW as a
strongest of the three throughout the parameter space, whedeakock in the outflow from T Tau S. Most likely it is a knot in
we observe the 35.3m line to be significantly stronger. Ata non-steady outflow, similar to Herbig-Haro objects. The re-
present this result lacks a satisfactory explanation. mainder of the shocked ionized emission probably arises from
the fainter H/[Fen] knot T Tau SE, which could be a similar
knot in the other lobe of the same outflow. The low velocities
of these components measured in CO, as well as the morphol-

From the previous sections a Comp|ex picture of the T Tau €8Y and the kinematics of the optical forbidden emission lines
vironment emerges. The ISO spectra presented here show 8yggest thatis has an orientation nearly perpendicitar7®’;
dence for a dusty disk or envelope, an ionized stellar wind, threglf & Bohm 1999) to our line of sight. It could also drive the
distinct sources of Kemission, and warm atomic gas in disgiant Herbig-Haro outflow HH 355 (Reipurth et al. 1997).
sociative and non-dissociative shocks. What is the origin of all The location of the C-shock is less clear. Both the “diffuse”
these phenomena? Literature data show that both T Tau N ar@™ the “west jet” component distinguished by Herbst et al.
Tau S have a circumstellar disk or envelope containing dust 3@96) have an extent that could produce the required beam fill-
that a dusty circumbinary envelope is present as well. Cleaiii@ factor. By comparing the ground-based irhaging results

the continuum data presented here arise in the superposifidgrbst et al. 1996; van Langevelde et al. 1994b; Quirrenbach
of these phenomena, with T Tau N dominating at the shof&<Zinnecker 1997) with the CO maps of the region by Momose
est wavelengths studied here, T Tau S dominant in most of &feal. (1996), we note that the “diffuse” component can very
spectrum, and a contribution of the circumbinary envelope th4ell be due to the low-velocity outflow with smakiy(10°) in-

8. Discussion and conclusions
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T TauN

Jshock of LkHa 225. Interestingly, both LkH 225 and T Tau are young
binary systems consisting an optically visible and an embedded
component. It could therefore very well be that these properties
that make the T Tau system so unique are not so much related
to the central sources, but more to the interaction of the circum-

stellar disks and outflows with the accretion of matter through
a circumbinary disk or envelope.

shock
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