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Table 2.3 — CN Line Measurements.

Source | CN (23/2.3/215/25/2) CN (23/25/215/2,7/2) | CN (23/2,1/2~15/23/2) | Average Stats
ULSR Peak  [Tmpov ULSR Peak  [Tmpov ULsR Peak  [Tmpov FWHM  Oimns

[kms™] [mK] [mKkms™ | [kms™] [mK] [mKkms™] |[kms™?] [mK] [mKkms™1] |[kms™] [mK]

ClTau 7.33 230 52+ 19 6.51 76 1619 5.28 65 58+ 35 0.42 63
CW Tau - - <94 - - <94 - - <94 1.00 58
CY Tau - - <97 - - <97 - - <97 1.00 60
DG Tau 7.63 198 17194 6.45 279 414+ 124 5.03 294 76+ 30 0.82 63
DN Tau - - <104 - - <104 - - <104 1.00 64
DO Tau - - <90 - - <90 - - <90 1.00 56
DQ Tau - - <98 - - <98 - - <98 1.00 61
DR Tau 9.65 119 56t 26 11.06 297 8420 11.93 110 2416 0.31 55
FT Tau - - < 88 - - <88 - - <88 1.00 55
GO Tau 2.56 55 1041 4.07 103 3H19 5.24 116 129+ 32 1.03 42
IQ Tau - - <91 - - <91 - - <91 1.00 57
UZ Tau - - <79 - - <79 - - <79 1.00 49
V806 Tau - - <102 - - <102 - - <102 1.00 63

Spuall ‘f'Z uoNndas

Notes.The velocities reported here are fovgsg = 0 centered at the theoretical frequency for the stronggstitine component, at 226.8747450 GHz. All reported
peaks were determined from a Gaussian fit. All upper limiésgiven by 3x 1.20/ms VAV dv following Jargensen et a2004 whereAV is set to 1.0 kmst.
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Table 2.4 — Molecular line fluxes used to make the plots in Secf#atof this work.

(1) 2) k) @ 5) (6) (7) (8) 9 (10 (11) (12) (13)
Source Fisco BCO Ref. Fycor HCO" Ref. Fren HCN Ref. Fen CN Ref.
Name [Jykms?!] Trans. [Jykms1] Trans. [Jykmsi] Trans. [Jykms?1] Trans.
AATau 12.4 2-1 2 1.9 1-0 8 1.8 1-0 8 3.8 1-0 8
ClTau - - - 2.4+0.7 3-2 1 <1.6 3-2 1 2.6:1.5 2-1 1
CW Tau 8.3 2-1 2 <1.8 3-2 1 <1.6 3-2 1 <1.9 2-1 1
CY Tau - - - <1.9 3-2 1 <2.3 3-2 1 <2.0 2-1 1
DG Tau 40.0 1-0 3 13515 3-2 1 <0.8 3-2 1 13.£5.1 2-1 1
DL Tau <21 3-2 2 - - - - - - - - -
DM Tau 6.5 2-1 4 4.1+05 3-2 5 2.0:0.3 1-0 6 8404 2-1 6
DN Tau 14.5 2-1 2 1.204 3-2 1 <1.8 3-2 1 <2.2 2-1 1
DO Tau 31.0 2-1 2 2405 3-2 1 <14 3-2 1 <19 2-1 1
DQ Tau - - - <1.8 3-2 1 <1.7 3-2 1 <2.0 2-1 1
DR Tau 4.3+-1.2 3-2 5 3404 4-3 9 <19 3-2 1 3.51.3 2-1 1
FT Tau - - - <17 3-2 1 <1.8 3-2 1 <1.8 2-1 1
GG Tau 5.8-0.2 2-1 6 6.40.9 3-2 6 2.8:0.7 3-2 6 8.4-04 2-1 6
GM Aur 9.3+2.7 3-2 5 9.9+-1.2 4-3 9 - - - - - -
GO Tau 4.1%+1.2 3-2 5 7.9-0.8 3-2 1 <15 3-2 1 5519 2-1 1
IQ Tau - - - <25 3-2 1 <19 3-2 1 <19 2-1 1
RY Tau 4.3+1.2 3-2 5 1.40.7 4-3 9 1.6 1-0 8 0.8 1-0 8
T Tau 3.0+£0.2 2-1 7 3.10.1 1-0 7 1.9:-0.8 2-1 10 - - -
UZ Tau - - - <2.0 3-2 1 <1.7 3-2 1 <1.6 2-1 1
V806 Tau - - - 5.8:0.9 3-2 1 <21 3-2 1 <21 2-1 1
V892 Tau - - - - - - - - - - - -

References.1. This work; 2.Greaveg2005; 3. Kitamura et al.(19961; 4. Pant et al.(2008); 5. Thi et al.(200)); 6. Dutrey et al.(1997); 7. Hogerheijde et al.
(1998; 8. Kessler-Silacc{2004); 9. Greaveg2004); and 10.Yun et al.(1999.
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Figure 2.5 — A log plot of the integrated line intensities in Jy kmisversus several disk parameters that probe
the total dust mass$-( 3mm), the mid-infrared spectral slopArf), the 1Qum silicate emission feature strength (Si-
strength), and the total gas mass (inferred from@0 line flux). Blue squares represent our JCMT observations,
red circles represent data from the literature, and blackar are used to indicate all upper limits. A green star
symbol represents T Tau, whose line emission is contandrimata large remnant envelope in the single-dish data
plotted. The upper-right panel illustrates the dynamigeaof the available gas reservoirs.

a factor>10 in dynamic range.

We then considered the same HCM®CN, and CN line strengths versBszmm, An, 10um silicate
feature strength, an#CO line flux, but this time only after normalizing the line fescto the'*CO line
flux (not shown). This relation represents the line flux pet gas mass, if we assume that tH€O
line fluxes are reliable tracers of the total amount of mdecgas in each disk. No obvious trends
were visible there either. Finally, we explored the eq@wmélplots of line flux, but then normalizing to
F1.3mm, OF the line flux per unit dust emission. Again, no trends e@eér Together, the results show that
there is no clear correlation between the observed line$lok¢iCO", HCN, or CN, and the disk dust
mass, the degree of settling, the amount of small partioléisa disk, or the disk gas mass. Echoing our
earlier remarks, we emphasize that only detailed modelingeoemission lines can prove the presence
or absence of such a correlation; but judging from the figtinas plot general trends only, no strong
correlation is expected from this sample.

If the molecular line flux does not depend strongly on the progs of the disk, perhaps it depends
on the properties of the star. In Fig@t&we plot the line fluxes and upper limits against stellar miss,
equivalent width, bolometric luminosity, and X-ray lumsity. Similarly, we also explored the results
of normalizing the line fluxes with respect to thRt€0 line flux andFy3mm. While the UV flux could be
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Figure 2.6 — A plot of the integrated line intensities in Jy km'sversus several stellar parameters from the
literature, including: the stellar maddy), the Ha equivalent width (an accretion tracer), the bolometricihmsity
(Lpor), and the X-ray luminosityl(x). See Figur@.5for an explanation of the symbols.

expected to depend strongly on the mass accretion rate, modemneous set of mass accretion rates is
available in the literature for this sample, and these caexipected to be variable as well. Instead, we
use the Hr equivalent width as a tracer and find no correlation. Indeedrends are apparent in any of
the plots, suggesting that also such a simple connectiomeleet the stellar radiation and the emergent
HCO™, HCN, or CN line flux is absent.

In Figure2.7 we plot the specific relations that served as the primaryvatin for this study: the
ratio of CN over HCN line fluxes and the HG@3CO flux, respectively tracing the degree of photodis-
sociation and the degree of ionization, versus the gasiso-ctio (represented bYCO/Fy 3my) and
the changing mid-infrared slopn, representing dust settling. As was the case for our otlwgs,pho
significant correlations are apparent. We note that theedsarg line strength with a larger gas-to-dust
ratio in the upper-left panel of Figug?7, is the likely effect of the incorporation of tHé€CO factor into
each ratio.

In summary, we fincho correlation between the HCQ HCN, and CN line fluxes (or their ratios)
and any tracer of the disk properties or those of the stedldiation field. The line flux does not seem
to be affected by any of the investigated parameters. Welada¢hatthe details of the input radiation
field, such as UV and Ly strengths Bergin et al. 2008 may be the deciding factor in the resulting line
fluxes. Other contributing factors include the inner versuter disk contributions and the temperature
and density structure in the line-emitting region, both diah are discussed in Secti@rb.
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Figure 2.7 — Upper panels: The degree of ionization (traced by HEECO) versus the gas-to-dust ratio
(*3COFF1 3mm), the difference in the mid-infrared spectral slope betwgl10, and 2fEm (An), and the strength
of the 1Qum silicate emission feature. Lower panels: Similar plotstfe photodissociation effect (traced by
CN/HCN). See Figurg.5for an explanation of the symbols.

2.5 Modeling the Molecular Emission

2.5.1 Disk Models

The previous section investigates the observational ledioa between the measured HEGHCN, and
CN line intensities and upper limits, and the disk dust olaggles, such as millimeter continuum flux and
infrared slope. While the emergent line intensity depemdthe underlying molecular abundance, other
factors including the disk density and temperature streciifect the emerging lines through molecular
excitation and line radiative transfer. This section adses how the modeled abundances of HCO
HCN, and CN (that can explain the observed emission) ar¢erkla the disk dust properties. Rather
than developing aab initio description of the disk structure and associated moleailamistry, this
section employs two independent models obtained from theature Robitaille et al. 2006Isella et al.
2009 as starting points, and calculates the molecular aburedaf@assumed constant throughout the disk
except in regions of freeze-out) that are consistent witHioa observations.

In the first modeling approach, we make use of the online SEBditooF of Robitaille et al (2006,
the best-fit parameters &obitaille et al.(2007), and the visual extinction values froWrhite & Ghez
(2001).* The continuum radiative transfer codeWhitney et al.(2003 produced the two-dimensional
density and temperature structure for the best-fitting rhfmleeach source. In some cases (i.e. Cl Tau,
DO Tau, DR Tau, and FT Tau), the Robitaille models includerrant envelopes; these are not plotted
in the figures but are included in the line calculations. Hesvesince their H number densities are
<10 cm 3, the envelopes are not expected to contribute significaatthe HCO", HCN, or CN line
emission (e.gHogerheijde & Sandell 20Q0 This first method relies entirely on spatialliywresolved
continuum data, keeping all other stellar and disk pararsadtee, even in cases where these properties

30nline SED fitting tool, http://caravan.astro.wisc.edatpstars
4No visual extinction was included iRobitaille et al.(2007) and therefore our best-fit model may differ slightly froneth
one listed there.



Table 2.5 — Summary of the stellar and disk properties for the bestjttust models for our 13 disks.

Source Robitaille Model Isella Model
Av M* IVld Rd [ Fl.3 mm M* Md Rd [ I:1.3 mm

[mag] Me] [1072Mg] [AU] [°] [mdy] | [Mo] [1072Mg] [AU] [°]  [mJy]
ClTau 1.80(1.80) 0.4 1.9 91 57 105 - - - - -
CW Tau - - - - - - - - - - -
CY Tau 0.05(0.03) 0.9 1.4 97 32 23| 04 6.92 197 51 11%20
DGTau |1.60(1.41) 15 3.9 158 50 254 0.3 41.7 89 18 31%28
DNTau | 0.49(0.49) 0.6 1.0 92 32 39| 04 1.86 125 30 938
DOTau | 4.88(2.23) 0.8 3.2 104 57 103 - - - - -
DQ Tau - - - - - - - - - - -
DRTau | 0.51(0.51) 0.8 3.2 104 18 103 0.4 6.31 86 37 10911
FT Tau 0.00 (-) 0.2 0.8 62 50 36 - - - - -
GO Tau - - - - - - 0.6 7.10 670 25 5%8
IQ Tau 144 (1.44) 1.0 3.0 101 63 74 - - - - -
UZ Tau - - - - - - 0.3 4.79 260 43 12612
V806 Tau - - - - - - - - - -

Notes. For the Robitaille models, the visual interstellar extiontA, magnitudes are for the best model fit, only using the meastakes fromWhite & Ghez
(2001 as an input parameter to the SED fitting tool (in parenthedike M, values listed for both models are the derived values for eaethod. For the Isella
models, the outer dust radiRg is from Table 5 inlsella et al (2009, defined as where the disk becomes optically thin to théasteldiation. For UZ Tau, the Isella
model in fact concerns only the spectroscopic binary corapbdZ Tau E. The 1.3 mm continuum fluxés g nm) listed for our best-fitting Robitaille model are the
SED values of the fit; and for the Isella models we list the Inesb(interferometric) dust continuum measurement.
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may be well known.

Our second approach uses a modeldsila et al.(2009, which explicitely takes into account the
spatial distribution of the millimeter continuum emissiohserved with the CARMA interferometer.
These authors approximate the vertical temperature gteuof the disk with the two-layer description by
Chiang & Goldreich(1997), and fit the grain size and opacity to resolved 1.3 mm dataufradaptation
of their models, we omit the hot surface layer because itansinsignificant amounts of molecular gas,
and we extract the disk’s interior temperature from Figuoé [Bella et al.(2009. The surface density is
obtained from their Equation 9 and Table 5. We then calcuketdocal hydrodynamic equilibrium scale
height following Equations 3 and 4 froiughes et al(2008. We truncate the models at the transition
radius, defined bysella et al.(2009 as the location where the disk becomes optically thin tcstb#ar
radiation (Sectio.5.3discusses the effect of extending the disk further).

Figures2.8 and2.9 show the resulting temperature and density structuresuiosaurces. For some
sources, only one type of model is shown because of the bil@yjlaof models inRobitaille et al.(2007)
andlsella et al(2009. Table2.5summarizes the parameter fits for both models. As can be inateéd
seen for the four sources for which both a Robitaille and a&ldsnodel are available (i.e. CY Tau,
DG Tau, DN Tau, and DR Tau), widely different disk descripapparently provide equally good fits to
the continuum data.

The vertical height of the Robitaille models is often 4—6d8smallerthan the Isella models. The
radial extents of the disks are comparable for both appesath within a factor ok 2. The resulting
masses differ by factors of 2—-10, with the Isella models gévaroducing more massive disks. The
temperature profiles of the Robtaille models are more a@etglby definition) while the Isella models at
large radii are close to isothermal. In general, the temperdoetween the two models differs by a factor
of 3-5 in the midplane. In addition to these parameters,rddwtors that will affect the emergent lines
are the disk inclinations and stellar masses, both of whithence the widths of the lines.

To calculate the resulting molecular line emission, we feeueach model disk with gas using the
standard 100:1 gas-to-dust ratio, a mean molecular wefgh008x 10-2*g, and constant pirelative
abundances of £ 10~° for HCO*, 2 x 10~ for HCN, and 1x 10~° for CN, based on the fractional
values in the warm molecular layer for the theoretical medéAikawa et al.(2002 andvan Zadelhoff
et al.(2003. In regions where the dust temperature (assumed equa gathtemperature) drops below
the CO ice evaporation temperature of 20 K, these abundameesduced by a factor 4@ account for
CO freeze-out. When thedhumber density drops below 1®cm3, the molecular abundances are set
to zero, effectively defining the disk edge.

The gas kinematics follow a cylindrical Keplerian velodigid with stellar masses corresponding to
each model fit, as indicated in Tal®e5. A Doppler broadening factor of 0.15 kmsis also factored
into the line calculations. The statistical equilibrium leular excitation and line radiative transfer was
solved using the RATRAN codédpgerheijde & van der Tak 2000and the emerging line emission was
convolved with the appropriate Gaussian beams. The neguitie profiles are plotted alongside the disk
models in Figure2.8and2.9.

2.5.2 Comparison of Fixed-abundance Models

As is immediately obvious from Figur@s8and?2.9, the models have difficulty reproducing the detected
emission lines. In four cases (Cl Tau, DG Tau, DN Tau, and D@) Tee models predict lines that are
weaker than observed; in two cases (GO Tau and UZ Tau), thelmpredict lines that are stronger than
the detected line (for GO Tau) or the obtained upper limits (#3Z Tau). In the remaining four cases
(CY Tau, DR Tau, FT Tau, and IQ Tau), the predicted lines arsistent with the achieved upper limits,
although for CY Tau the Isella model produces an HQiDe that violates the upper limit.
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Figure 2.8 — See caption at the top of pagé.
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Figure 2.8 Caption. Results of the general analysis. From left to right: the Rolé disk structure; the line
predictions for HCG, HCN, and CN (in red for the Robitaille model, green for thelles model); and the Isella
disk structure. The sources shown from top to bottom area@G) TY Tau, DG Tau, DN Tau, and DO Tau. For the
disk structures, filled contours correspond to the tempegdin K) profile. The temperature levels are identical for
all disks, designated at: 10, 15, 20, 25, 30, 35, 40, 45, 5066575, 100, 150, and 250 K. A color bar is provided
in Figure2.9. The contour lines indicate the logumber density (in cr?), indicated at whole number integrals
from 3 (disk surface/edge) to 12 (typical midplane density)

Figure 2.9 Caption. Continued from Figur@.8. The sources shown (top to bottom) are: DR Tau, GO Tau, FT Tau,
GO Tau, and IQ Tau. A color bar is provided here for the filladperature contours and applies to all disks.

Where both a Robitaille model and an Isella model are availdbe Isella model always produces
lines that are stronger and narrower than those of the Ritdbitaodels. The larger stellar masses, by
factors 2-5, of the latter, and the larger disk masses ofdiedr, by factors 2—10, contribute to this
difference. Inclination also plays a significant role, witlore face-on orientations leading to stronger
lines (cf. DO Tau and DR Tau, which are fit with the same Roltétalisk structure, but have respective
inclinations ofi = 57° andi = 18; DR Tau has predicted lines stronger by a factor8). Interestingly,
of the six sources from our sample modeleddsila et al.(2009, the three withdetectedine emission
havei < 30° (DG Tau, DN Tau, and GO Tau), while the sources with 30° (CY Tau, DR Tau, and
UZ Tau) are undetected (all have simildr). Perhaps the narrower line profiles have helped to make
these sources detectable.

Given the general mismatch between the predicted linesittes and widths, and the observations,
it is not possible to draw conclusions about the HC®ICN, or CN abundances this way. Simply
scaling up or down the abundance will not result in a matchhgdine shape); only for GO Tau do the
abundances appear to lie within a factor of a few above tleeMalues. Furthermore, as illustrated by the
case of DR Tau, twdifferentdisk models (but with more comparabig, Ry, andF; 3mm values) produce
very similar lines. These degeneracies make it difficultedwe reliable conclusions about the HEO
HCN, and CN abundances. Instead, more detailed modelinglafidual sources may be required.

2.5.3 The Specific Case of DG Tau

Of all the sources in our sample, DG Tau offers the best cagbtain a detailed model. Its 1.3 mm
continuum is brighter by a facter 2.5 than any of the other sources and it emits the stronge§t'H@d
CN lines. An extensive literature also exists on DG Tau desag sub-millimeter single-dishSchuster
et al. 1993 Mitchell et al. 1994 and interferometer dat&i{tamura et al. 1996h; Dutrey et al. 1996
Testi et al. 2002Isella et al. 2009 Its millimeter continuum emission is compact witl80% originating
from within 95 AU (sella et al. 2009 The best-fit Robitaille model obtained in the previoudisadsee
Table 2.5 model number 3017659) matches other literature estinuitése DG Tau disk parameters
(Table2.6). Only the disk masa\g =0.042M.,) is significantly larger than the literature values (0.015—
0.025M,,); aside from the 1R greater Isella value of OM.. The Isella model, on the other hand,
overestimates the stellar madd,(=1.5M.), while literature values foM, range from 0.3 to 0.8,
and the Robitaille model yields ON3.,. To model DG Tau we settle on a central stellar mass oMQ,3
which is on the high end of the literature values for this obt provides the best fit to the line profiles,
as discussed below.

Figure 2.10 reproduces thé’CO (6-5),13C0O (1-0), and ¢%0 (2-1) line observations @chuster
et al.(1993 andKitamura et al(19964. The bright CO isotopologues suggest a significant gasvaise
Interferometric imaging of th&CO (1-0) and (2-1) lines in the literature reveal a gasealssiiucture
of 600 AU in extent Kitamura et al. 19968; Testi et al. 200p, about 4-6 times the size inferred from
dust emission. Accordingly, we adopt 600 AU for the outeriuadf the gas disk, extrapolating the
initial Robitaille model outwards. In addition, tA8CO (2—1) emission observed Bgsti et al (2002 is



Section 2.5. Modeling the Molecular Emission 51

T 1 7 T T ™4 T T T
C 5 1
0 [ CO n
‘-‘. .
F (1-0) ]
> o [ ]
e ‘_‘- ]
g r 1
B L i
0 7
of 1
|>.I PR 1 ..1
0 5 10
© © T T T © T T T
o o HCN 1 o
< w_(S*Z) ] =
—_ o o (@]
— C\l C\l_ . N
g o o (@]
g i |
o o (@]
o o - -1 (@]
I.I....I....I... I.I....I...I... I.I....I....I...
0 5 10 0 5 10 0 5 10
Vigg [km s Visg [km s Visg [km s

Figure 2.10 — Line predictions for our best-fitting model of DG Tau. TH&O (6-5) and &0 (2—1) data are
taken fromSchuster et al(1993 where theirTs scale is equivalent to oy, scale. Thet3CO (1-0) is from
Kitamura et al.(1996g, and since we were unable to establish a conversion froro 8y e compare théine
shapeonly. We have indicated with a thick blue line our fits for a @00disk at an inclination of 24 Indicated in
red is how the{?CO, HCO', and HCN) line profiles are affected by the absorption or sxeenission from a cold,
foreground cloud at a radial velocity of 6.1 km's No differences are visible for thH€CO or G20 lines. The
effect of the foreground cloud on the CN line is not availablé the expected hyperfine line-splitting is calculated.

consistent with Keplerian rotation around a star of 0t87.25M,,, oriented perpendicular (withit15°)

to the highly collimated jet system, which is inclined°38ith respect to the line of sigh&fsloffel &
Mundt 1998. Therefore, we adopt an inclination of 2%vhich also gives the best fit to the %D (2-1)
line profile. We already show in Figugel0—and we will discuss later in this section—the minimal
effect from intervening cloud or remnant envelope matenghis line.

With the stellar massM, =0.8M), inclination §=25"), and outer gas radius§=600 AU) now
fixed, we use a constant fractional CO abundance»flp~* and G20 abundance of 4 107 (except
whenT < 20K, where an abundance *Limes lower is used) to calculate the simulated line profiles
with RATRAN using the extended and modified Robitaille modb fit the lines, particularly €0,
we find that we need to increase the gas temperature by a fa@tosuggesting that the line emission
originates in layers whergyas> Tqust We adopt this same scaling for the gas temperature forediep,
but neglect its effect on the scale height.

For these model parameters, the HClihe can be very well reproduced for a disk-averaged abun-
dance of 2« 1011 with respect to H. This is lower than theoretical predictions for the warm £mi
sion layer in many T Tauri disksAfkawa et al. 2002 van Zadelhoff et al. 2003 but not unlike the
beam-averaged fractional abundanced@ **-101?) inferred from observations of disks around sev-
eral high-mass (Herbig Ae/Be) stars (SEei et al. 2004. A low mean abundace is also especially
surprising given DG Tau’s powerful jets emit significant &¢radiation Gudel et al. 2008 Apparently,
the disk is sufficiently shielded to retain a low ionizatioggdee. An upper limit for the HCN abundance
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of 5x 10 12 is found, while a value of & 101 is obtained for CN. This high CN/HCN ratio of 160
suggests efficient HCN dissociation in the bulk of the diskicl is more consistent with its mid-infrared
characterization indicating fewer small grains and sonst dettling. Here we note the importance of
using abundanceratios rather than linéntensityratios (which contain opacity and excitation effects):
the ratio of integrated intensities of CN/HCN used in Set#@is > 12, a factor of 13 smaller than the
underlying abundance ratio found here.

The disk abundances above have been derived using theydandittemperature structure of the
best-fitting Robitaille model, with noted modifications. €ltesults are summarized in Taldg. Sub-
stituting the description of Isella instead, but applyihg same values fdvl, andi, and the emergent
line intensities are lower by up to a factor #fL6 for HCO' for the same abundances, and by smaller
factors of~5 and~10 for HCN and CN, respectively. The large line intensityfetiénces result also
from the differences ifRgasfor each model. Whereas the Robitaille power-law model liertempera-
ture and density description (and sharp outer dust edgé$ keasily to extrapolation to larger radii, the
Isella model, with its exponentially tapered density dinoe, does not. Thus, to compare the two disk
structures in a uniform way, we plot the temperature anditepsofiles for each model for thener
160 AU onlyin Figure2.11 Then, in Figur&.12we plot the predicted lines. Unlike Figurd8and2.9,
we now assume identical gas kinematic propertMs, (, andRya9. The predicted lines for each model
in Figure2.12are now strikingly similar. The differences in the two emeggline intensities are lower
by up to a factor of 2 for HC® and much closer for HCN and CN. This suggests that the larg&iCN
ratio of > 160 found for the underlying abundances is independentedaktmperature and density details
of the adopted model (for the inner 160 AU); and leaves ongyrttissing details of the input radiation
field uninvestigated.

Table 2.6 — DG Tau star and disk properties from the literature to compath the two disk models.

Property Isella Robitaille Literature References
Model Model Range
Spectral Type MO - K1-K7 2,10,12, 23
M, [Mg] 0.3 1.48 0.3-0.8 4,5,17,20
Age [Myr] 0.1 1.89 0.3-2.0 5,11,13
Terr [K] 3890 4560 3890-4395 5,7,11,17
L. [Lo] 1.70 - 1.07-3.62 1,4,5,18
R, [Ro] 2.87 2.427 2.13-2.8 3,11, 17
M[Moyr 1 41e’ 45e7 1.2-20e’ 11,17,18
Mg[1072M.] 417 3.9 1.5-251 2,6,9,13
Raust [AU] 89 158 80-300 9,16,19
Rgas[AU] 160 600 600 16, 24
i [°] 18 25 18-90 3,9,14,16
Ay [mag] - 1.6 1.41-1.6 10, 22
Dist. [pc] 140 140 128-156 10, 21

References(1) Akeson et al(2009); (2) Andrews & Williams(2005); (3) Appenzeller et al(2005); (4) Basri et al.
(1999); (5) Beckwith et al(1990; (6) Beckwith & Sargen{1991); (7) Bouvier et al(1995; (8) Cieza et al(2005);
(9) Dutrey et al.(1996); (10) Furlan et al(2006); (11) Hartigan et al(1995; (12) Hessman & Guenthdi997);
(13)Honda et al(2008; (14) Isella et al.(2009; (15) Kenyon & Hartmanr(1999; (16) Kitamura et al(19968;
(17) Mohanty et al.(2005); (18) Muzerolle et al(2003; (19) Rodmann et al(2006); (20) Tamura et al(1999;
(21) Vinkovit & Jurki€ (2007); (22) White & Ghez(2002); (23) White & Hillenbrand(2004); and (24)Testi et al.
(2003.
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Table 2.7 — Determined abundances for our best-fit DG Tau model.

Molecule DG Tau Theoretical
Disk Fractional Abundances (w.r.t. 42
12co 2.0x 104 1.0x10°*
13co 3.3x10°6 1.7x10°°
c8o 4.0x 1077 2.0x 1077

HCO" 2.0x 10 1-100x 10711
HCN 5.0x 10712 1-100x 1011

CN 8.0x 1071 1-100x 10°*

Cloud Fractional Abundances (w.r.t. P

2co 2.0x10%  8.0x10°°

Bco 3.3x10° -

cto 4.0x 1077 -

HCO" 8.0x 1079 8.0x107°

HCN 8.0x10°°  4-20x107°

CN¢ - 3-30x10°°
Cloud Column Densities (cm)

2co 6.0x 106

Bco 1.0x 10%°

cto 1.2x 1044

HCO*" 2.4% 1012

HCN 2.4x 10*?

CN -

Notes. (a) The DG Tau abundances are constant throughout the diskstoaveraged), whereas the theoretical
disk abundances frorikawa et al.(2002 andvan Zadelhoff et al(2003 represent the ranges expected in the
warm molecular layers only; (b) The theoretical cloud valaee fromTerzieva & Herbs(1998; (c) The online
RADEX program does not yet include CN (to calculate the clootributions).

Finally, DG Tau is not an isolated source. The environmentrd the star is dominated by an
optical jet Eisloffel & Mundt 1998, a strong molecular outflonMitchell et al. 1994, an expanding
circumstellar envelopeKjtamura et al. 1996f and intervening cloud material (this work). The result
of this confused environment is most clearly evident whemparing the*?CO (3-2) line observations
presented irschuster et al1993 andMitchell et al.(1994, which exhibit equally bright line intensities
and significant wings at the on-source position and threaraép offset positions. We chose to omit the
12CO observations from the fits in FigurelQ since they distract from the disk emission. However, we
do determine that th&CO lines are about:3 stronger than predicted for our disk model, suggesting
contributions from a surrounding cloud with a CO column dignef Nco~ 6 x 1018cm=2 and line
width of 0.3km s for an adopted cloud temperature of 25K angliiimber density of 10cm—2 (or
Nco~ 1 x 10 cm~2 for an H, number density of 10cm~2). For these typical cloud densities, we do not
expect significant HCO(3-2), HCN (3-2), or CN (2-1) emission (or absorption); anthidFigure.4
and2.10confirm this.

To determine those line contributions from the cloud, pldtih Figure2.10 as well as the cloud frac-
tional abundances and column densities listed in Talllewe used the RADEXonline calculator. We

SRADEX is an online, one-dimensional, non-LTE radiative nster code developed byvdn der Tak et al.
2007 to calculate the molecular line intensity, opacity, andcigtion temperature. For more information, see
http://www.sron.rug.nk-vdtak/radex/radex.php
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Figure 2.11 — The radial and vertical structures for tiimer 160 AU of each disk model, for direct comparison.
The panels at left show the Robitaille model (without theeexied gas reservoir), and the panels at right show
the full Isella model (with exponential taper). The uppengla indicate the temperature structures, and the lower
panels compare the density structures for each model.

modeled the cloud as a cold intervening layer moving withdiatavelocity of 6.1 kmst. We note that

in many of the literature observations, strong absorptoseien near a velocity of 5.8—6.2 kntswith
several studies reporting these values as the sourcetyeMé& emphasize here that our observations of
HCO", with a critical density 3 orders of magnitudes larger thae €O observations in the literature,
are a much better tracer of the disk content, establishiagstiurce radial velocity at 6.47 km’s In
addition, we confirm that the emerging HCOne predicted for our intervening cloud fits the detections
observed at both DG Tau offset positions0(25 K peak centered at 6.1 km's see Figur@.4). The
effect of the intervening material on the obserté@0, HCO', and HCN lines is shown in Figug10
while 13CO and G80 exhibit no differences, and the CN cloud predictions areyeo available in the
RADEX program.

2.5.4 Notes on Individual Sources

V806 Tau, also called Haro 6-13, has the second strongest HIZ®@ after DG Tau, but is undetected
in HCN and CN. It is a single MO star. With &y, =11.2, its optical extinction is much larger than our
other sources, which might help explain its unique siliGatgssion feature and positive spectral slope.
Furlan et al.(200§ comment that the silicate features are reminsicent ofitianal disks, although it
also possesses a high mass accretion Yatgté & Hillenbrand 2003 Some extended HCOemission

is apparent in Figur2.4. However, our single-dish radial velocity of 5.40 kmmtds consistent with the
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Figure 2.12 — Similar to Figure2.8 and 2.9, the line predictions for the two models for tivner 160 AU,
assuming identical abundanc@égs, M., andi, in order to uniformly compare the predicted emission. Adblue

line represents the Robitaille solution, whilst a red lipéhie Isella prediction. The corresponding temperature and
density structures are given in Figrd 1 In addition, as a dashed red line, we plot the most extrerhgico

to the Isella model, based on the provided error bars anchtigedt possible fractional abundances predicted for
disks. For both models, the inner 160 AU structure emits angynall fraction of the total emission necessary to
recreate the observed lines, but the two predictions agesiarilar.

value of 5.10 kms! from CO interferometric observationS¢haefer et al. 2009V806 Tau’s low disk
mass of 0.0IM, (Andrews & Williams 2005 Honda et al. 2006and large 400 AU radiusRbitaille
et al. 2006 suggest that much of the disk of V806 Tau should be UV illletéal, in contrast to our
observed upper limit for CN.

GO Tau shows complex line profiles, with peaks atyar of 4.4, 5.1, 5.5, and 6.3 knT$. Thi et al.
(2001 report?CO emission peaks at 5.2, 5.5, 6.2, and 7.1 kh and'3CO emission at 4.3 and 7.0
km s™1. They attribute the 5.5 and 6.2 km'scomponents to surrounding cloud emission. However,
we assign the emission between 4-6 krh® the disk of GO Tau, as suggested by the interferometric
observations oSchaefer et a2009 and Andrews(2007). For GO Tau, the accretion rate is very low
(Hartmann et al. 1998and the amount of dust settling is small if we draw on its4midared spectral
slope, suggesting lower rates of UV photodissociation amization should be occurring. However,
it exhibits one of the brightest HCOlines, in stark contrast to the rest of the sample since itgefia
1.3 mm continuum flux just straddles our cutoff and yet the@®@also appears to be associated with a
large, and dense, gas reservoir.

DR Tau also has a complicated circumstellar environment, W80 emission lines at 6.8, 9.1, 10.0,
and 10.3 km st and*3CO emission at 6.9 km$ and near 11 km's (Thi et al. 200). SMA interfero-
metric observations bjndrews(2007) also show strong emission centered on 10.5 ki suggesting
that this is the correct source velocity. Our CN spectrumasha triple-peaked 5at feature centered
at 11.2 km st (Figure2.3). Our model results suggest that ‘standard’ HC&nhd HCN abundances are
consistent with the non-detections of the lines. The CNaliete in the absence of the other lines, on the
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other hand, indicates a significant CN enhancement.

CW Tau is clearly surrounded by dense cloud material, as witnebgeatie egaully strong HCO
emission on- and off-source. Our HC@bservations (see Figu?ed) illustrate how, in a crowded star-
forming region, measurements at offset positions can bl évant and useful even for molecular
species that preferentially trace much denser material.

CY Tau, DQ Tau, 1Q Tau, andUZ Tau do not show gas emission lines in our data. Interestingly,
they span the full dust classification and morphologicalisege of~urlan et al(2009 with CY Tau and
DQ Tau showing rather flat, decreasing mid-infrared SEDd, l@hTau and UZ Tau showing evidence
for a small grain population. The mass accretion rates —hwbantribute to the stellar UV excess —
range from very low (10° M, yr—1) for CY Tau to average (10 M. yr—1) for DQ Tau and UZ Tau
(Gudel et al. 200y However, both DQ Tau and UZ Tau E are spectroscopic bindhiat exhibit pulsed
accretion events on periods of weeBaéri et al. 199Y, and their higher reported accretion rates may
overestimate the average, quiescent values.

2.6 Discussion

To return to previous workastner et al(2008F showed plots of HCO, HCN, and CN line ratios for
several PMS stars, showing a tentative correlation betwlsehCO", HCN, CN, and3CO line ratios.

In Figure2.13we reproduce their plots and their data points (withoutrdbess), and add our own line
ratios. Overall, we find that the trends persist: CN is tyjpycstronger than HCN, CN is also stronger
than HCO', and the photodissociation rate (as probed by CN/HCN) ighityuconstant regardless of
the HCN relative line strength. Our contributed line ratassist largely of upper and lower limits and
therefore do not specifically challenge or confirm the trelmggrobing different regions in the plots.
While this complete PMS sample in Fig#dl3includes sources covering a range in age, mass, and
radiation field, the line strengths of HCOHCN, and CN relative to one another do reveal the importance
of the ongoing UV photodissociation and X-ray ionizationgesses in these disks. The results, however,
are still limited by small numbers statistics, numerousardpnits, and different rotational transitions
(that may trace different regions of the disk).

The motivation of this study was to determine whether diskb @ higher degree of dust settling, or
with a decreased dust content, have higher abundances ai€N@O" reflecting larger degrees of pho-
todissociation and photoionization. Our data are incagietu In Sectior2.4 we found that the HCO,
HCN, and CN line fluxes (or their ratios) do not depend on amgiotlisk or stellar parameter such as
millimeter flux, infrared slope, silicate feature strenggtellar spectral type, etc. Sectidrb shows that
detailed SED-based models have intrinsic degeneraciéptbelude straight-forward modeling. And
even a detailed model, tailored to the case of DG Tau, doeprogtde unambiguous estimates of the
HCO", HCN, and CN abundances.

This suggests two possible ways forward. In the first, sipatiasolved observations of both the
dust continuum and the line emission can be used to obtaiitu measurements of the molecular abun-
dances. ALMA will be a powerful instrument for an analysikelithis. By addressing localized disk
regions, rather than the emission integrated over theeefatge of the disk, more simplified modeling
approaches can be used (not unlike what is presently stabte-@rt analyses for photon dominated
regions, PDRs). In addition, spatially resolved obseovetiprovide many more constraints on the un-
derlying disk structure, such as the extent and surfaceitgeidis approach addresses the question of
how molecular line emission and underlying disk structueeiaterrelated.

The second approach does not focus on the details of thelyindedisk structure, but rather the de-
tails of the star’s radiation field, which irradiates thekdiccurate determination of the spectral type and
luminosity, the UV and X-ray emission characteristics, trair time dependences should lead to a better
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Figure 2.13 — Integrated intensity line ratios for HCQHCN, CN, and-3CO plotted alongside other disk systems
around PMS stars in the literature. Circles represent daiteapextracted from Figure 3 oKéstner et al. 2008b
squares represent data points from our complete Taurudegzamal black arrows represent upper/lower limits.

understanding of theesponseof the molecular gas reservoir to the incident radiationgh-iesolution,
high signal-to-noise observations are time-consumingibaessary for better stellar characterization of
PMS stars, while veiling and other circumstellar environtaéeffects provide challenges that have been
overcome lerin et al. 2004Herczeg & Hillenbrand 2008 Recent studies have even argued that the
continuum UV spectrum for T Tauri stars must be much weakeg, td the total fraction of the stellar
FUV flux that is emitted in the Lyt line alone. Since this fraction can range from 30% up to 85V
Hya), Lya provides an additional source of photodissociating powat varies from source-to-source
and is extremely difficult to measurBérgin et al. 2008 Which of these two approaches is most fruit-
ful will, of course, depend on which factor dominates the @calar line emission: the underlying disk
structure or the stellar irradiation. Since these may l@iietated, both approaches may prove necessary.

2.7 Summary

We surveyed 13 classical T Tauri stars in I[dwransitions of HCGO, HCN, and CN to compare the gas
structure and chemical abundances within planet-formisgsdthat possess similar dust masses. We
found, conversely, a wide variety of molecular gas propsrtFor this sample in the Taurus star-forming
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region, we report 6 new disk detections of HC(3-2), 0 new detections of HCN (3-2), and 4 new
detections of CNJ=2-1). These data double the pool of previously known detest bringing the
total detection statistics for the 21 brightest (at 1.3 miskslin Taurus to: 14 for HCO, 5 for HCN,
and 8 for CN.

Overall the HCO, HCN, and CN line ratios for our Taurus disk sample are comsisvith the trends
identified toward other disks around PMS stars found in ttezdture, as initially plotted biKastner
et al.(2008ab). In general, CN is more prevalent than HCN, which suggéststhe bulk of the detected
emission originates in a UV photodissociating region. Aiddally, the fractional molecular ionization
ratio, as traced in only slightly denser regions by the HQi@e, is also enhanced. Both trends agree
with the narrow emission lines observed in our sample, wirente the outermost regions where the disk
is optically thin toboththe stellar and interstellar radiation fields.

Despite this disk-to-disk agreement in the line ratios tameie general population of unresolved
disks, the gas-line properties reveal observed chemical photoprocessing effects due to the dojst p
erties or several stellar parameters, which was the maiivation for this research. We do not see CN
and HCO enhancements (via brighter lines) in sources whose midsied spectral slope and silicate
emission features indicate more grain growth and dusirsgitleading to a lack of UV shielding). In
addition, stellar parameters like X-ray luminosity do neéms to influence the observed line intensities
of ionization tracers such as HCO

The next step was to derive the underlying molecular abuetansing two dust models in the liter-
ature that are then populated with theoretical values ®frictional molecular abundances. Models for
the sample as a whole illustrate the importance oMhsini andRyssfactors in gas-line abundance stud-
ies; parameters that are poorly constrained by the dusegdiep, but critical to proper line fits. Along
these lines, we found during detailed modeling of the soldX@eTau that the underlying abundances
were less dependent of the temperature and density detdite iadopted dust models. We conclude
that better characterization of the stellar parametekg,(the radiation field itself (UV and Ly), and
spatially-resolved line observationBygsandi) are necessary to constrain the molecular gas content and
evolution.

Large sample statistics are still a challenge. It remainguaéd task for ALMA, with its the resolution
and sensitivity advancements, to resolve these disksu@iay inner and outer disk differences), their
gaseous surface density profiles, and the chemical siggsatdichanges in the inner dust structure. Only
then will we be able to examine how photodissociation, iatian, and freeze-out processes affect the
surface density of the gas by comparison to resolved dustedisons.
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