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ABSTRACT

ONE-MICRONSPECTROSCOPICSTUDIES OF
ACCRETIONANDOUTFLOWIN T TAURI STARS

SEPTEMBER2008

WILLIAM J. FISCHER

B.Sc, UNIVERSITY OF TOLEDO

M.Sc, UNIVERSITY OF MASSACHUSETTSAMHERST

Ph.D., UNIVERSITY OF MASSACHUSETTSAMHERST

Directed by: Professor Suzan Edwards and Professor John Kwan

High-resolution spectroscopy of classical T Tauri stars (CTTS) at one micron

yields new insight into the interaction of accretion disks, outflowing gas, and the

central stars. Eighty-one 0.95 —1.12 /iin spectra of 38 CTTS were obtained with

NIRSPEC on Keck II (R = 25, 000) between 2001 and 2007. They were reduced

with a modified version of Redspec that features an improved interface developed by

the author to remove intrinsic spectral features from atmospheric calibrator stars.

Profiles of the one-micron neutral helium line (A10830) are powerful probes of the

kinematics and geometry of infalling and outflowing gas within the innermost ~ 10 i?*

of the accreting systems. Subcontinuum blueshifted absorption components, tracing

outflow, are found in about 75% of the CTTS and indicate a dual origin for the winds

that power outflows observed farther from the star. Modeling of blue absorption and
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emission indicates that heavily accreting sources, with one-micron veilings ry > 0.5,

are dominated by stellar winds, while lightly accreting sources with lower ry show

evidence for a mixture of stellar winds and disk winds. Subcontinuum redshifted

absorption components, tracing infall, are found in about 50% of the CTTS, almost

never when ry > 0.5, and indicate accretion along magnetic field lines that connect

the star to the disk. Modeling of red absorption indicates that in about half of the

objects with such features, the absorption morphology is consistent with previously

modeled flows, but in the remaining half, consisting of stars with ry < 0.1, wider and

more dilute flows are required than have previously been proposed. Over the entire

sample, Pa7 morphologies are roughly consistent with their expected formation in

a funnel flow, but trends with veiling suggest that accretion shocks and winds can

also contribute to the profiles. Finally, ratios of ry to optical veilings are on average

higher than the expectations of existing models, indicating the possibility of additional

sources of excess emission at 1 /mi. The evidence for two types of inner wind and

an accretion flow geometry that depends on accretion rate suggests that the means

of mass and angular momentum transport in CTTS systems are more diverse than

previously realized.
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CHAPTER1

INTRODUCTION

The T Tauri stars (TTS) were first identified as a class of variable star by Joy

(1945), who identified eleven irregular emission-line variables that were associated

with nebulosity. Twenty years later (Herbig 1962), it was understood that these

stars are young, having emerged from their parent molecular clouds within the past

~ 10 6
yr. Today, T Tauri stars are defined as optically revealed pre-main-sequence

stars with masses < 2M0 :
analogs of the young sun that serve as laboratories to

better understand the origins of our own solar system.

T Tauri stars represent classes II and III in the scheme for classifying the in-

frared spectral energy distributions (SEDs) of low-mass pre-main-sequence objects,

established by Lada & Wilking (1984) and Lada (1987) and extended by Andre et al.

(1993). While class 0 sources are so heavily embedded that they are only detected

at far-infrared and longer wavelengths, the infrared flux of a class I source rises with

increasing wavelength, indicating the reprocessing of radiation from the central object

by extensive dust in an envelope and a thick disk. The class II objects, known as

classical T Tauri stars (CTTS), have flat or slightly decreasing flux with increasing

infrared wavelength, indicating that the envelope has largely dissipated but an opti-

cally thick disk remains. Class III objects, known as weak-linedT Tauri stars (WTTS)

in reference to their weak optical emission lines relative to the CTTS, have infrared

SEDs that resemble slightly reddened blackbodies with effective temperatures typical

of cool stars. The WTTSfall in the same locus of the HRdiagram as the CTTS, but

they lack the signs of active accretion and outflow exhibited by the CTTS. The time
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scales for the transitions from one class to the next are a topic of continuing research,

but the vast majority of stars lack optically thick disks, thus marking an end to the

main accretion phase, by 10 7 yr (Uchida et al. 2004; Cieza et al. 2007; Hillenbrand et

al. 2008).

Accretion of the circumstellar disk and ejection of a fraction of this matter in an

outflow are the two major processes in the evolution of a classical T Tauri system.

Accretion and outflow must be linked, since one is never present without the other,

and mass loss rates (typically 10~ 9 MQ yr
-1

;
Konigl &; Pudritz 2000) scale as ~

1/10 of mass accretion rates (typically 10
-8 MQ yr

-1
; Calvet et al. 2000). Through

their roles in transporting mass and angular momentum in the system, accretion and

outflow direct the evolution of the disk and central object, they influence conditions

for subsequent planet formation, and they alter the energy content and chemistry

of the surrounding interstellar medium. More broadly, understanding the details of

the accretion-outflow connection has a bearing on astrophysics beyond low-mass star

formation: Central objects ranging over ten orders of magnitude in mass, from brown

dwarfs to active galactic nuclei, are known to simultaneously accrete and eject matter.

It is challenging, however, to determine exactly how accretion leads to outflow in

TTS. Leading theories of the accretion-outflow connection, explained below, call for

the stellar magnetic field to truncate the accretion disk at a few stellar radii above

the surface of the star. An accretion flow from the inner edge of the disk to the stellar

surface lies inside this truncation radius, and the outflow must be launched from a

region of similar size. At the distance of Taurus-Auriga, the closest site of extensive

low-mass star formation, 10 R* corresponds to 1.3 milliarcseconds for a typical TTS

with a radius twice that of the sun, so spectroscopic techniques are required to reveal

the secrets of the accretion-outflow connection.

Some spectroscopic diagnostics have allowed progress on this front. Morpholo-

gies and intensity ratios of forbidden lines provide information on the geometry and
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physical conditions of outflows at distances of tens of AU (Hartigan et al. 1995, HEG

hereafter), and mass-loss rates derived from the luminosites of these lines are corre-

lated with disk accretion rates derived from simultaneous measurements of the optical

excess emission (HEG; Cabrit et al. 1990), confirming that protostellar outflows are a

byproduct of the disk accretion process. Forbidden lines, however, do not effectively

probe the densest regions within a few stellar radii of the stellar surface, where the

winds are launched. Permitted lines have yielded information about accretion and

outflow closer to the central star. H I and other lines have been modeled as arising in

magnetospheric accretion flows (Hartmann et al. 1994; Muzerolle et al. 1998a, 2001a),

but these lines often show blueshifted absorption superposed on broad emission, in-

dicating a contribution from a wind. Indeed, Alencar et al. (2005) and Kurosawa et

al. (2006) find that the observed range of H I emission and absorption morphologies

cannot be reproduced without contributions from both winds and accretion flows.

Thus, the major spectroscopic indicators explored to date in TTS either probe too

far from the central source to reveal the detailed interaction between accretion and

outflow, or they show contributions from both accretion and outflow that are not

easily disentangled.

Lacking the complications of previous diagnostics, the A10830 transition of He I

can yield a wealth of new information on the accretion-outflow connection. Helium

has a high first excitation potential (19.8 eV versus 10.2 eV for hydrogen), so it is

excited only in regions of high temperature or strong UV/X-ray flux, e.g, within a

few stellar radii of shocked gas at the sites where accretion flows impact a CTTS.

In particular, the A10830 transition (2p
3 P° —> 2s 3 S) has a metastable lower level;

i.e., there are no permitted transitions from 2s 3 5 to the ground state. Thus, its

line profile is expected to show strong absorption components under a wide range

of temperatures and densities. When this absorption extends into the one-micron

continuum ( "subcontinuum" absorption) , it is an unambiguous sign of the removal of
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continuum photons from the line of sight. When subcontinuum absorption appears

at wavelengths blueward of line center, it is a clear sign of outflow, with the potential

to determine the geometry of the region responsible for launching CTTS outflows.

When subcontinuum absorption appears red ward of line center, it is a clear sign of

an accretion flow, with the potential to discern the flow geometry. Thus, He I A10830

provides the ability to observe independent contributions from outflow and accretion

within a few stellar radii of the stellar surface in a single line profile.

1.1 The Angular Momentum Problem

One of the most significant problems to address by probing the accretion-outflow

connection with helium lines is to determine how angular momentum is removed

from the protostellar system. If the initial cloud from which a protostar collapses is

rotating, conservation of angular momentum requires that the angular velocity of the

central object increase by 15 orders of magnitude as it contracts from parsec-scale to

approximately the solar radius. Since a star of approximately solar mass and radius

cannot remain stable if its rotation rate is greater than a few hundred km s
-1

, the

existence of sunlike stars implies the removal of large quantities of angular momentum

from a cloud as it collapses. At the T Tauri phase, protostars are already rotating an

order of magnitude more slowly than breakup velocity (Vogel & Kuhi 1981; Hartmann

et al. 1986), so much of the angular momentum is removed in the earliest stages of

collapse. Even so, a means of angular momentum regulation continues to operate in

about half of T Tauri stars. Studies of solar-mass stars in clusters covering a range

of ages from 1 Myr to arrival on the main sequence show bimodal distributions in

rotation period, with the periods detected as sinusoidal variations in brightness as

stellar rotation carries starspots into and out of view. About half the stars evolve

at constant angular momentum, spinning up as they contract, while the other half
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evolve at constant angular velocity, implying that some external torque prevents them

from spinning up (Rebull et al. 2004; Herbst & Mundt 2005).

The leading model for the regulation of angular momentum in the stars that

evolve at constant angular velocity is disk locking, in which the stellar magnetic

field mediates a connection between the star and the inner disk (Ghosh & Lamb

1978; Konigl 1991). In this model, the accretion disk is truncated a few stellar radii

above the stellar surface, where the magnetic pressure from the stellar magnetic field

balances the accretion pressure from the disk. Disk material between this truncation

radius and the corotation radius, where the angular velocity of the Keplerian disk

equals the angular velocity of the star, accretes onto the star along stellar magnetic

field lines and provides a spin-up torque to the star. Stellar field lines that connect

to the disk beyond the corotation radius do not carry accreting material but provide

a spin-down torque that exactly balances the spin-up torque of accreting material

and the magnetic field inside corotation. If disk locking is responsible for the angular

momentum regulation of some TTS, then TTS with disks (CTTS) would be expected

to rotate slowly, while TTS without disks (WTTS) would be expected to have a

range of rotation rates, depending on the time elapsed since disk locking was last

effective. Plots of rotation rate versus infrared excess (indicating the presence of a

disk) generally support this prediction (Edwards et al. 1993; Rebull et al. 2006), but

the expected correlation is not always present (e.g., the Spitzer study of IC 348 by

Cieza & Baliber 2006).

On theoretical grounds, Matt & Pudritz (2005a) challenge the disk-locking model,

showing that differential rotation between the disk and star everywhere besides the

corotation radius will tend to open stellar field lines, reducing the ability of the field to

exert a spin-down torque on the star. (Shu et al. 1994 acknowledge this but propose a

unique magnetic field geometry in order to address the problem.) Matt and Pudritz

find that accreting stars can exist in one of two states, either a disk-locked state
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or one in which the stellar magnetic field provides no spin-down torque to balance

the spin-up torque of accreting matter, resulting in stellar spin-up unless another

mechanism removes angular momentum. Which state a star is in depends on stellar

and disk parameters, including the strength of the stellar magnetic field, but in all

cases, there is a critical mass accretion rate above which disk locking does not work.

1.2 Winds as a Means of Removing Angular Momentum
Whether or not disk locking is feasible in most CTTS, their slow rotation com-

pared to non-accreting sources demonstrates that angular momentum regulation must

be linked to accretion. Several models invoke magnetocentrifugally driven winds to

explain the angular momentum loss. In all cases, magnetic field lines anchored in a

rotating object carry away mass and angular momentum, and the angular momen-

tum removed per unit mass loss along a field line is fir A , where Q is the angular

velocity of the region where the field line is anchored, and r& is the Alfven radius,

which is effectively the lever arm of the flow (Pudritz et al. 2007; Matt Sz Pudritz

2008a). Thus, determination of r A is required to evaluate the ability of a given wind

to remove angular momentum.

The models differ in the region responsible for launching the wind. The disk-wind

model (Blandford & Payne 1982; Pudritz et al. 2007) calls for the outflows to originate

over a broad range of radii in the inner disk with an opening angle of less than 60°

from the disk plane. In a viscous disk, mass tends to accrete inward while angular

momentum drifts outward (Lynden-Bell k, Pringle 1974), but a disk wind can remove

angular momentum ^10 times more efficiently than outward drift in the disk plane

(Pudritz et al. 2007).

The X-wind model, developed in a series of papers beginning with Shu et al.

(1994) and most recently updated in Mohanty & Shu (2008), simultaneously addresses

accretion and outflow. In this model, the stellar magnetic field is pinched inward at
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the disk and thus threads the accretion disk only over a narrow ring between the disk

truncation radius and the corotation radius. The accretion flow to the star leaves

the disk only near the truncation radius, and open field lines in a narrow region just

beyond the corotation radius (the "X" region) carry away some of the mass and all

of the angular momentum. Since the field lines that carry mass loss are rooted in the

disk, this is a special case of a disk wind. The narrowness of the star-disk interaction

region avoids the problem of differential star-disk rotation discussed above.

Finally, accretion-powered stellar winds may provide a fraction of the mass in the

outflows (Matt &; Pudritz 2005b, 2008a, b). Unlike in disk- locking models, the star-

disk interaction is not responsible for spinning down the star in this case. Instead,

the stellar wind carries away angular momentum delivered to the star by accretion.

Cranmer (2008) has recently shown how energy released as accretion flows impact

the star can provide a driving mechanism for such a stellar wind, although this model

yields outflow rates of 0.01 times the mass accretion rate, an order of magnitude below

the observed value and the ratio needed for efficient angular momentum removal.

While more work needs to be done to ascertain the importance of stellar winds relative

to disk winds, stellar winds have the potential to provide a way to regulate stellar

angular momentum in the event that disk locking is untenable for CTTS with high

mass accretion rates, as suggested by Matt &; Pudritz (2005a).

Although studies of outflows far from the driving source have been extremely

productive in recent years, revealing microjets associated with many CTTS that are

scaled-down versions of the larger jets associated with earlier epochs of star formation

(Dougados et al. 2002), conclusive evidence for either stellar winds or disk winds has

been sparse. Blueshifted absorption at Ha is a sign of outflowing plasma near the

central star, but these absorptions rarely penetrate the local continuum (Reipurth et

al. 1996), making their interpretation challenging. Further, the overall Ha morphol-
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ogy is strongly influenced by accretion (Mnzerolle et al. 2001a), making this line a

poor discriminant among the various wind geometries.

Ferreira et al. (200G) introduce the relationship between jet poloidal speed and

specific angular momentum as a discriminant among wind-launching models. They

consider jet rotation signatures in four stars measured by Bacciotti et al. (2002),

Coffey et al. (2004), Woitas et al. (2005), and Davis et al. (2000), using radial velocities

and velocity shifts measured > 20 AU from the jet axis. Interpretation of the observed

velocity shifts as rotation is controversial, however, since the disk in one of the four

objects (RWAur A) rotates in the opposite sense of the reported jet rotation (Cabrit

et al. 2006). Ferreira et al. (2006) thus use the reported velocity shifts to calculate

upper limits to the rotation speed. These upper limits are consistent with a disk-wind

origin for material at tens of AU from the jet axis, but if the true rotation velocities

are well below the upper limits, they would be more consistent with stellar winds.

The conclusion is then that the upper limits are most consistent with extended disk

winds, and that a stellar wind may fill in the interior of a jet but is unlikely to be

responsible for most of the mass content of the outflow.

As a direct spectroscopic probe of the central 0.1 AU of CTTS systems, He I

A10830 profiles have the potential to strongly constrain models of angular momentum

and mass ejection. In a sample of CTTS covering a range of accretion rates, it can

further be seen whether the ejection mechanism depends on accretion rate. Chapters

3 and 4 of this dissertation contain analysis of He I A10830 as a wind diagnostic.

1.3 Accretion Geometry and Angular Momentum
Early evidence for accreting matter appeared in the form of high-velocity red-

shifted absorption in H I and Ca II profiles (Walker 1972). Absorption at hundreds

of km s
_1

,
comparable to typical escape velocities for CTTS, can be explained only

in terms of infall deep in the star's potential well, within a few stellar radii of the
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surface. Thus, studies of CTTS accretion benefit from observational techniques that

probe the regions closest to the central star.

While disk matter was initially believed to accrete directly onto CTTS in a viscous

equatorial boundary layer, Konigl (1991) instead proposed that accretion is guided

by the stellar magnetic field, applying to CTTS a model originally developed for

compact objects (Ghosh &; Lamb 1978). In this scenario, known as magnetospheric

accretion, a sufficiently strong stellar magnetic field disrupts the disk at several stel-

lar radii, and disk material flows along stellar field lines to impact the star near its

poles. As discussed in the previous section, this work also provided the genesis for

disk locking in CTTS, since a magnetic star-disk connection beyond the corotation

radius is required to counteract the spin-up torque deposited on the star by magnetic

accretion. Magnetospheric accretion provides a good match to the blue and ultravi-

olet excess continuum emission observed in CTTS and explains the morphologies of

their permitted emission lines, including central emission and redshifted absorption,

reasonably well (Bouvier et al. 2007a).

In the context of magnetospheric accretion, the excess emission is modeled as

arising in hot gas at the base of the flow from the disk to the star, which impacts

the star at speeds of several hundred km s
-1

after free-fall from a few stellar radii.

According to the pivotal models of Calvet &; Gullbring (1998, CG hereafter), the

excess at UV wavelengths can be explained by emission arising in optically thin pre-

and post-shock gas. At optical wavelengths up to about 0.5 /mi, the excess can be

explained by emission from the optically thick accretion-heated photosphere, with a

blackbody temperature of 6000 to 8000 K. Beyond 0.5 /im, the excess in many CTTS

does not decline as predicted, and there may be additional sources of emission (Basri

k Batalha 1990; White k Hillenbrand 2004).

Additional strong support for magnetospheric accretion has come in the form of

radiative transfer modeling of H I profiles (Hartmann et al. 1994; Muzerolle et al.
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1998a, 2001a). The models use an axisymmetric geometry, with accreting material

falling ballistically from the disk to the star along dipolar stellar magnetic field lines.

Although the temperature of the flow is not well understood theoretically, leading to

uncertainty in the model line fluxes, temperature laws with maxima that extend from

~ 6000 to 12,000 K and scale inversely with mass accretion rate can reproduce the

observed fluxes. The range of morphologies in the model hydrogen lines, including

centrally peaked emission with a blueward asymmetry in most cases and redshifted

absorption over a limited range of accretion rates and viewing angles, is consistent

with observed profiles.

Despite the relative success of these models, the accretion geometry for CTTS is

likely more complex than flow along axisymmetric dipolar field lines. Since a closed

field is required for disk locking to be effective, ascertaining the range of accretion

geometries present in CTTS speaks to the likelihood of disk locking as opposed to

other means of angular momentum regulation. The variability of CTTS, which is

partially explained by hotspots at the bases of magnetospheric accretion columns that

rotate with the star (e.g., Bouvier et al. 1993, 1995), is a straightforward indicator of

non-axisymmetry.

Recent work has focused on non-axisymmetric flow and its implications for hy-

drogen lines. MHDsimulations beginning with Romanova et al. (2003, 2004) predict

double accretion flows that impact the star on opposite hemispheres if the stellar

magnetic and rotational axes are misaligned. Motivated by this finding, Symington

et al. (2005) present a preliminary investigation of the effect of non-axisymmetry on

hydrogen line profiles. They reproduce some of the characteristics of the observed

profile variability, but they find a greater level of variability than observed. Kurosawa

et al. (2008) generate model hydrogen lines from the full density, velocity, and tem-

perature grids output by the Romanova et al. MHDmodels and find better agreement

with the observed variability, although their model Paschen and Brackett lines are
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much narrower than observed ones, suggesting that there may be a contribution to

the observed profiles from sources other than the accretion flow. The latest obser-

vational evidence for complicated flow geometries comes from Donati et al. (2007,

2008), who use Zeeman signatures to create tomographic maps of surface magnetic

fields for two CTTSand extrapolate from them the 3D structure of the magnetic field

and the accretion flow near the stellar surface. They find All these methods point to

nonaxisymmetry in the accretion flow, requiring a reassessment of the effectiveness

of disk locking for complicated flow geometries.

The interpretation of hydrogen lines has allowed much progress in understanding

accretion, but the ready excitation of H I means that regions with a wide range of

temperatures and densities may contribute to the observed line profiles, including

winds, accretion flows, and accretion shocks. Disentangling the contributions of these

regions is difficult. With the high likelihood of redshifted subcontinuum absorption

as described above, He I A10830 profiles have the potential to trace the accretion

geometry with more clarity than previous spectroscopic probes. Chapters 3 and 5 of

this dissertation contain analysis of He I A10830 as an accretion diagnostic.

1.4 Organization of the Dissertation

This dissertation contains results from a multi-epoch campaign to observe CTTS

spectroscopically in the one-micron region. Spectroscopy of He I A10830 and Pa7 cou-

pled with measurements of the 1 /im excess emission reveal a wealth of information

about the disk-star-outflow interaction in T Tauri stars. The rest of the dissertation is

organized as follows: Chapter 2 includes technical details of the observations, such as

sample selection, detector and telescope characteristics, data reduction, the measure-

ment of continuum excesses ("veilings"), and the extraction of line profiles. Chapter

3 provides an overview of the 1 /im spectra from 38 CTTS including He I A10830

profiles, Pa7 profiles, and 1 ^m veilings. It appeared in the Astrophysical Journal
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as Edwards et al. (2006, EFHK hereafter). Chapter 4 models blueshifted absorp-

tion components at He I A10830, which appear in about three quarters of the CTTS

sample, and finds that while some stars have winds best explained as arising from

the inner disk, others require an outflow moving radially away from the star in an

accretion-powered stellar wind. It appeared in the Astrophysical Journal as Kwan et

al. (2007, KEF hereafter). Chapter 5 models redshifted components at He I A10830,

which appear in about half the CTTS sample, and finds that while some are con-

sistent with previously modeled dipolar infall geometries, the remainder require very

wide flows where magnetic footpoints are distributed over 10 —20% of the stellar sur-

face but accretion shock filling factors are less than 1%. It is scheduled to appear in

the Astrophysical Journal as Fischer et al. (2008, FKEH hereafter). Finally, Chapter

6 contains an overall evaluation of the observing campaign, subsequent line profile

modeling, and their implications for the star-disk-outflow interaction in CTTS.
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CHAPTER2

DATAACQUISITION ANDREDUCTION

2.1 Observational Goals

Centered between the traditional optical and infrared parts of the spectrum, the

1 /im region has become accessible to ground-based instruments only in the past

decade. Hillenbrand et al. (2002) define a photometric bandpass in this region and call

it the Y band, with a central wavelength Ac = 1.035 fim and a width AA = 0.15 /mi.

Spectroscopic study of the Y band in classical T Tauri stars provides access to three

diagnostics of accretion and outflow that are outlined below and will be explored in

detail in subsequent chapters.

First, absorption lines that arise in the stellar photosphere exhibit a phenomenon

known as "veiling" in accreting sources. The line equivalent widths are reduced com-

pared to non-accreting stars of the same age and spectral type due to the presence

of an excess continuum that varies slowly with wavelength. The magnitude and

wavelength-dependence of the veiling provide insight into the locations and physical

conditions of the sources responsible for the excess continuum. At wavelengths short-

ward of 0.5 /.an, the excess is due to energy released in a shock that develops as disk

material collides with the star after it falls from several stellar radii (CG). At these

short wavelengths, the ultraviolet excess is best modeled with optically thin pre- and

postshock gas, while the blue optical excess is best explained as emission from the

stellar photosphere beneath the shock, which is heated to temperatures of 6000 to

10,000 K. At wavelengths longward of 2 /im, the excess is well described by black-

body emission from the puffed inner rim of the accretion disk, located at the dust
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sublimation radius and heated to a temperature of ~ 1400 K by radiation from the

star and accretion shocks (Muzerolle et al. 2003). F-band studies can reveal whether

the excess emission at intermediate wavelengths can be modeled simply as the sum

of known sources or whether additional ones are required.

Second, the He I A10830 line (2p
3 P° -> 2s 3 S, Avac - 1.0833 /mi) is an excellent

tracer of bulk motion. The lower level of this transition is metastable, leading to

frequent absorption of the 1 fim continuum on both the blueshifted and redshifted

sides of line center, and it is 20 eV above the true ground state of helium, requiring

high temperatures or proximity to a source of ionizing radiation for excitation. As

explained in subsequent chapters, the morphology of He I A10830 absorption and

emission provides the ability to distinguish among different models for wind launching

and to test the geometry of magnetospheric accretion.

Third, the Y band contains three lines from the Paschen series of hydrogen: Pa7

(n = 6 —> 3, Avac = 1.0941 /mi), Pa<5 (n = 7 —» 3, Avac = 1.0052 /mi), and Pae (n =

8 —> 3, Avac = 0.9549 /mi). Near-infrared hydrogen lines have been used extensively as

diagnostics of funnel flows in CTTS and lower-mass young stellar objects (Muzerolle

et al. 1998b, 2001a; Folha & Emerson 2001; Natta et al. 2004); for example, their

luminosities have been used to derive accretion luminosities and rates. Thus, the

comparison of simultaneously observed He I A10830 and Paschen lines, especially

Pa7, which is separated from the helium line by only ~ 100 A, allows a comparison

of F-band studies of high-resolution line profiles to previous work.

Our observing program, described in the following section, was designed (1) to

survey a broad range of classical T Tauri stars to determine how these three spec-

troscopic signatures vary with mass accretion rate and (2) to make a preliminary

investigation of time variability in individual sources.
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2.2 Sample Selection

The data for this work were acquired over a period of six years, extending from

November 2001 to December 2007. The primary targets of interest were classical T

Tauri stars in the Taurus- Auriga region with spectral types of late K to early M,

but additional CTTS in Aquila, Andromeda, Orion, and Hydra as well as CTTSwith

spectral types as early as G2 and as late as M5were also observed. Thirty-eight CTTS

were selected to span the range of observed mass accretion rates (from less than 10
-9

to ~ 10~ 6 MQ yr
_1

) as well as to overlap closely with samples from previous studies

in the optical. This allows an investigation into the dependence of our three spectral

diagnostics on mass accretion rate as well as a comparison of y-band diagnostics to

better-understood phenomena at optical wavelengths.

A log of all observations of the 38 CTTS appears in Table 2.1. The number of

observations of each star ranges from 1 to 6 for a total of 81 spectra, which allows

a preliminary investigation of variability. In addition to the CTTS, we observed 3

more heavily embedded (Class I) sources, addressed in § 6 of Chapter 3, as well as

grids of non-accreting pre-main-sequence stars (WTTS) and main-sequence stars for

comparison with the accreting sources (see § 2.5).

2.3 Keck/NIRSPEC

Spectra were acquired with NIRSPEC, a near-IR (1-5 fim) echelle spectrograph

on the 10-m Keck II telescope (McLean et al. 1998). The detector is a 1024 x 1024-

pixel InSb chip, cooled to 60 K. This work makes use of its high-resolution mode

(R = A/AA ~ 25,000; AV ~ 12 km s" 1
), in which each pixel corresponds to 0.144",

and the slit is 0.43" x 12". Coverage of the full wavelength range is provided by seven
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Table 2.1. Log of CTTS Observations

Sp Exp Atmospheric Photospheric AV Av sin i

Object Type HJD Time (s) Calibrator Template (km s- 1

)
(km s" 1

) r Y
(1) (2) (3) (4) (5) (6) (7) (8) (9)

AA Tau .

.

K7 605.0 300 x 4
TTT* -t OATHR 1397 V819 Tau 9.9 10 0.2

606.9 300 x 4
TTT* 1 OATHR 1397 t t a i a mV819 Tau 14.0 10 0.1

1718.0 300 x 4
T T T"l 1 OATHR 1307 V819 Tau 19.1 7 0.0

2069.0 300 x 4
T T I

-
* 1 o r* AHR4356 i 7 a -i a mV819 Tau 16.2/19.5 12 0.1

AO Of O AAS 353A . K5 605.7 300 x 4 HR 130 V819 Tau -2.5 0 2.0

606.7 400 x 4 HR 130 T 7 A "I A TlV819 Tau 9.9 0 1.8
n/ \/"' o T2068.7 300 x 2

T T Tpl TOO /IHR7384 V819 lau 1 A T / T ^10.7/7.4 1 A10 1 T
1.7

2069.7 150 x 4
TTrj TOO,1HR 7384 T 7 O1 A TiV819 Tau 11.4/0.4 10 1.4

BMAnd . G8 604.8 300 x 4 HR 130 T T T~\ TTAOrHD 75935 -6.9 13 0.4

2068.7 300 x 8 HR76 T T T~\ T F AOCHD 75935 A A / A A0.2/-2.9 1 o13 A C0.5

BP Tau .

.

K7 605.9 180 x 4 T T Tl 1 OATHR 1397 UOI A T*V819 lau 13.9 0 A O
0.3

a a A o o2068.8 300 x 4 T T T~> 1 AO 4HR 1234
"\ To A A T"iV819 lau 15.1/11.1 1 A12 A A

0.2
/~1T T*CI lau . .

.

TV TK7 605.9 180 x 4
T T T~> -i OATHR 1397 tempk5 1 1 A

11.9 36 A A0.2

CWlau .

TV OK3 604.8 300 x 4 T T T* 1 OATHR 1397 AA 1 A „GMAur 1 A O12.3 A 121 1 Al.U
a a t r\
607.0 180 x 4 TTH 1 OATHR 1397 LrM Aur A \ C24.5 21 l.O

AAA o o2068.8 300 x 4 TTT> 1 AO 4HR 1234 GMAur 1/1 O / 1 A O14.3/10.3 AO28 1 T1.7
a a /"• a a2069.8 300 x 4 T T T~> 1 OATHR 1307 GMAur "1 A T lO O16.7/8.3 AO28 A T0.7

/TV/ TVCY lau .

.

ATIMl a a a o606.8 OAA v , A300 X 4 TJD 1 OATHR 1397 Voiy lau lo.b
AU n 1U.l

1718.0 300 x 4 TTT> 1 OATHH 1307 \ TOA A TVV819 lau 1 A A19.6
A
0 A A0.0

a a a o o2068.8 300 x 4
TTTi 1 AOAHR 1234 A 7A1A T~T~\V819 lau 1 O 1 / 1 O A

18.1/13.6
1 A10 A A

0.2

DD lau .

.

\ .1 AM4 604.9
OAA . , A300 x 4

TTD 1 OATHR 1397
r P1 X T \ OA
1 WA3A A 19.1 15 A 10.1

DE Tau .

.

Ml.

5

606.0 180 x 4 T T Tl 1 OATHR 1397 \ TO 1 A HPV819 lau 13.2
A
0 A A0.2

DF Tau .

.

M2 605.0 180 x 4
T T 1 OATHR 1397

mTT7 A OA
1 WA3A A A

9.0
A A24 A O0.3

2068.9 180 x 4 HR 1590 TWA3A 1 T A / AO A

17.2/28.4 31 0.0

DGTau .

.

K5 235.9 75 x 4
T T "1 OATHR 1307

Tt 7 o i a TiV819 Tau -5.2 25 0.9

605.8 180 x 4
T T T~\ -i OATHR 1397

T 7 A -i A r i iV819 Tau 14.0 25 0.7

2068.9 180 x 8
T T T~\ -I r - AAHR 1590 V819 lau if r /at o

15.5/27.3
OA30 A C0.5

DK Tau A K7 604.9 180 x 8
T T T\ 1 OATHR 1397

\ roi A TlV819 Tau 5.0 12
A
0.5

606.9 180 x 4
T T T" h 1 OATHR 1397 T TO "I A T>V819 Tau 13.6 12 A C

0.5

1748.9 180 x 4
T T T~» A A f AHR2456

"1 TO 1 A TlV819 Tau 36.2
1 A12 A A

0.0

2068.9 300 x 4
Tin -i r* AAHR 1590

t roi A tiV819 Tau i A r /at a
14.5/25.2 15 A A

0.4

DL Tau .

.

MO 605.0 300 x 4
T T T~\ -1 OATHR 1397

T J o 1 A TlV819 Tau 7.5
1 A10 1.1

2069.0 300 x 8
T T T~l t f AAHR 1590

"l r o -1 A r i iV819 Tau 15.4/18.9 0 1 A
1.0

DNTau .

.

MO 606.0 180 x 4
T T 1—I -l OATHR 1397

~\ Ta t A fT~lV819 Tau 13.9 0 A A
0.0

1718.0 240 x 4 HR1307 V819 Tau 19.3 0 0.0

DOTau .

.

MO 604.8 300 x 4 HR 1397
TT T 7 A O ATWA3A 6.4 0 A O

0.3

20oy.o «>00 X 4 riK loU< Voiy lau 1/1 Q /O 114.0/Z.1 1 A u.o

DQTau .

.

K7 606.0 180 x 4 HR 1397 V827 Tau 18.8 22 0.0

2069.9 300 x 4 HR 1307 V819 Tau 22.0/20.3 20 0.1

DRTau .

.

K7 605.0 300 x 4 HR 1397 V819 Tau 11.4 11 2.0

606.0 180 x 4 HR 1397 V819 Tau 17.5 11 2.0

606.9 180 x 4 HR 1397 V819 Tau 19.4 11 2.0

2069.1 300 x 4 HR 1590 V819 Tau 22.0/18.7 11 3.5
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Table 2.1. (continued)

bp bxp Atmospheric Photospheric AV Av sin i

Ubject Type T T TT-xHJD lime (s) Calibrator Template (km s" 1

) (km s
_1

) Ty
(!) (

2
)

fo\
( 3

) (4) (5) (6) (7) (8) (9)

DS Tau . .

.

K5 605.9 300 x 4 HR 1397lilt 1 Ui7 < V81 Q TanV O1 vJ 1 fill 1U.O 1 9 U.4

FP Tau . .

.

M4 605.0 300 x 4 HR 13971 1 1 * 1UC7 1 TWA3 AJ. V V A Oil. 1 1 711.1 97 u. 1

GGTau A MO 605.0 300 x 4 HR 13971111 1UC1 V81 9 TanVOl .7 J_ CLU 10 71U . 1
nu n 3U.O

GI Tau . .

.

K6 606.0 180 x 4 HR 1397 V819 TauV U1 1/ 1 CX1.1 1 1 4lU.x q n 1

2069.8 300 x 4 HR 1 307nit 1 OL7 1 V81Q TanV 0 1 «7 J. all 1 ^ & /I 710.0/ 1 / .0 1

1

1

1

u.u

GKTau .

.

K7 606.0 180 x 4 HR 1397lilt IOC 1 V81 Q TanV OIC/ 1 CI 11 1 ^ ^i o .0 1 fi10 n 3U.O

2069.8 300 x 4 HR 1307lilt 1UU 1 V819 TanV UIJ X. CI LI 17 2/156 1 Q n 1u. 1

GWOri .

.

G5 606.1 180 x 4 HR1397iiit J. • j -_/ 1 GMAur 1 7 3X 1 .O n 3U.O

2069.1 180 x 4 HR 1590lilt iUi/U HR 996lilt *J %J\J 25 3 /24 Q£*KJ . O I _ -x . C7 36 n q

HK Tau A MO.

5

606.1 300 x 8 HR 1397lilt 1 UL/ 1 V819 TanV U1l/ X CL 11 1 3 3 99 fl 4U.H

HL Tau . .

.

K7: 235.9 150 x 4 HR 1307lilt 1 uu 1 V819 TanV U1l/ 1 (X LI -2 1 OU 1 01 .u

605.8 300 x 4 HR 1397iiit J.

'

j '.' 1 V819 Tau 1 9 6X ij .U 36OU 1 n1 .u

2069.0 300 x 8 HR 1590lilt -Ll_/c/\_/ V819 TauV L7 X C J- CI LI 1 6 1 /22 5X L7 . X / _ _ . ' ' 36OU 1 DX .u

HNTau A K7 604.8 300 x 8 HR 1397lilt -L • 7 :
'

i
t prn nk"Fi

I vr 1 1 1 I7i\.0 6 7•J* 1 49 U.O

2069.1 300 x 8 HR 1234lilt XiiiO^ V819 TanV Ul J _L CLU 14 7/18 3 49 1 Q

LkCa 8 . .

.

MO 604.9 300 x 4 HR1397lilt 1Ui7 1 V819 TauV U1C J- CXLX 9 3c7. O 1

1

X X u.uo

2068.9 300 x 8 HR 1234lilt 1 V819 TanV Ul J J. CXU 15 6/11 5X U . Uf X 1 .

0

1 %10 0 1U. X

RWAur A Kl 605.1 180 x 4 HR 2456lilt w lUU tpi ti 1 ilc"F^ 26 7 0 1 0 Q

RWAur B K5 605.1 300 x 4 HR2456lilt i—l A \J \J V819 Tau fi 7 1

1

X X fl 1u. 1

SU Aur . .

.

G2 607.0 40 x 4 HR 1397iiit J- ' > ' 1 GMAurNJ1V1 A 11

1

9 617 . L7 56OU n nu.u

TWHya.

.

K7 605.2 300 x 4 HR 2456lilt — X ' ' ' 1 V819 Tanv uic lau -8 5O . O nu 0 0u.u

606.1 300 x 4 HR 4494lilt XX «_7 I V819 TanV U1 J 1 CXU -8 6O . U nu 0 0u.u

1718.1 180 x 4 HR4494lilt i i »_/ X V819 TauV L7 1 tJ X CLU -15.5 0 0 1u . 1

2069.1 180 x 8 HR4494lilt A^1 t-J i V819 Tau -8.8/-9.6 7 0 1U . X

2452.1 180 x 4 HR4494lilt i i * / X V819 TauV L7 X U 1. 1 1 l 1 -10.7/-11.4 7 f) 0u . u

2453.1 180 x 4 HR4494lilt i a c/x V819 TauV U1 1.7 1 CLU -9.4/-27.4 7 n 1U . X

UX Tau A K2 607.0 180 x 4 HR 1397111 t 1UC 1 GMAur 12.6 94(Cite 0 0u.u

2069 8 300 x 4 HR 1 3071111 1 O\J X GMAnrVJIVX IX lil 1 Q Q/1 8 n 97 0 0u.u

UY Aur MO 605.0 180 x 4 HR 1397lilt X KJ \J \ V819 TanV U1C X CXU 3 3O

.

'

)

1

7

n 4

607.0 180 x 4 HR 1397lilt 1 iJi/ 1 V819 TanV (J X CJ X CX11 Q 7 1

7

1

1

0 4

1718.1 180 x 4 HR 1307lilt 1 uu 1 V819 TanV UlJ X CXLI 14 8X T . O 1

8

X O 0 9

2069 9 300 x 4 HR 1307lilt XOf 1 V819 TauV UU 1 CI LI 13 3/11 2X O. O / 11.— 20 0 3L7 . O

TI7, Tan F,\J Zj idll L Ml1V1 J. 1 8f) -x 4 HR T.Q7lilt lJi7l TWA'.Ai V V rx Oix Q 93zo 0 ^U.o

UZ Tau W M2 605.9 180 x 4 HR 1397 TWA3A 15.2 9 0.1

V836 Tau. K7 606.0 180 x 4 HR 1397 V819 Tau 12.3 0 0.0

1749.0 300 x 4 HR2456 V819 Tau 36.2 11 0.0

XZ Tau... M3 605.8 300 x 4 HR 1397 TWA3A 16.9 16 0.0

YY Ori . .

.

K7 607.1 600 x 4 HR 1397 V819 Tau 15.6 18 0.4

Note. —Col. 2: Spectral types from compilations of FKEH, EFHK in order of preference; a

colon indicates uncertainty; Col. 3: Heliocentric Julian Date (2,452,000 +); Col. 4: Exposure time

per coadd times number of coadds; Col. 6: 'tempk5' indicates the mean of GMAur and V819 Tau;

Col. 7: Velocity shift to center photospheric lines at their rest wavelengths; if there are two entries,

use the first for order 'c' and the second for other orders; Col. 8: Rotational velocity relative to

template; Col. 9: Veiling at 1 /xm.
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custom-designed niters for wavelengths shortward of 2.6 /mi, while standard K, L,

and M filters provide additional coverage to 5 //in. We use the NIRSPEC-1 (Nl)

filter, which transmits between 0.95 and 1.12 /mi, roughly coincident with the Y

band.

The high spectral resolution of NIRSPEC allows an unprecedented ability to ob-

serve detailed structure in the H I and He I lines of the 1 /mi region, permitting the

study of bulk motion on velocity scales down to tens of km s
_1

. Additionally, pho-

tospheric absorption lines are fully resolved in all but the most slowly rotating stars,

allowing a more precise determination of veiling than at lower resolutions. Combined

with the high sensitivity of the 10-m Keck II telescope, which makes it possible to

acquire high-resolution line profiles of up to two dozen CTTS in a single night, NIR-

SPECon Keck II enables the study of line profile morphologies at the level of detail

needed to effectively constrain the geometry and kinematics of accretion and outflow

in a sample large enough to yield firm conclusions about these processes over a range

of accretion rates.

2.4 Data Reduction

A raw NIRSPEC spectrum consists of 13 echelle orders stacked vertically on the

detector chip, with wavelength increasing from bottom to top. Within an order, the

wavelength increases from left to right. Figure 2.1 shows a sample raw frame. This is

a spectrum of DKTau A, which will be used in subsequent figures to demonstrate the

effects of the various data reduction steps. For each of the 13 orders, Table 2.2 gives

an informal label used in processing, the order of diffraction m, the approximate

wavelength coverage, and names of important spectral features. The starting and

ending wavelengths for each order are approximate, since changes in the spectrograph

settings during the six years of data acquisition resulted in shifts of < 5 A in the

wavelength coverage.
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Figure 2.1. Raw spectrum of the CTTS DK Tail A, obtained with NIRSPEC on

26 November 2002. Each order is labeled with its central wavelength in /mi; the top

and bottom orders are only partially useable due to strong atmospheric absorption.

The goal of data reduction is to extract wavelength-calibrated ID spectra of the

target object from the raw frames. This was initially done with Reduceit, an IRAF

script written by M. Takamiya for quick reduction of spectra obtained in the Gemini-

Keck queue observing of Fall 2001. Later reduction was performed with Redspec,

an IDL package by L. Prato, S. S. Kim, and I. S. McLean. 1 The main steps in data

reduction are to rectify the raw frames, yielding a simple relationship between detector

pixel and wavelength for straightforward extraction of ID spectra, and to remove

Redspec is available at http://www2.keck.hawaii.edu/inst/nirspec/redspec/.
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Table 2.2. NIRSPEC Orders with Nl Filter

V

'Main "max Notable

Label 771 ( um)VP111
/

Kpatiirps

(1)
V

x ) (2) \ u j (4) (5)

a 68 1.113 1.122 a

b 69 1.096 1.112

c 70 1.081 1.096 He I A10830, Pa7
d 71 1.065 1.081

e 72 1.051 1.066

f 73 1.036 1.051

g 74 1.023 1.037

h 75 1.009 1.024

i 76 0.996 1.010 Pa<5

j 77 0.983 0.997

k 78 0.971 0.984

1 79 0.958 0.972

m 80 0.950 a 0.960 Pae

a Wavelength coverage limited by strong atmospheric absorption.

unwanted additive components, variations in detector sensitivity, and attenuative

components from the flux.

2.4.1 Rectification

Each echelle order is reduced independently, so the order of interest is selected

before reduction begins. It is then rectified spatially and spectrally. As is clear from

Figure 2.1, the spectrum in each order follows a curved path across the chip. In spatial

rectification, a low-order polynomial is fit to the selected order, and this curvature

is removed. In spectral rectification, the spectrum of the target is compared to the

spectra of several arc lamps (containing neon, argon, krypton, and xenon for high-

resolution NIRSPEC data) that have numerous emission lines of known wavelength.

This comparison establishes the wavelength-to-pixel relationship, and the spectrum

is transformed so that the change in wavelength from one pixel to the next is uniform

across the order and is the same in each row. The top two panels of Figure 2.2 show

order 'c' of DKTau A before and after rectification. (This order contains He I A10830,
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Figure 2.2. Spectrum of order 'c' in DK Tau A. From top to bottom, the raw
('A'), rectified ('A'), and sky-subtracted ('B' — 'A') images appear.

visible here as narrow absorption near the left end of the image, and Pa7, visible as

broad emission near the right end of the image.) While the raw spectrum curves

across the chip, the rectified spectrum occupies the same few rows across all columns

of the chip, allowing for easy extraction of the ID spectrum.

2.4.2 Corrections for Additive Effects and Detector Sensitivity

Additive emission components consist of thermal and OHline emission in the sky,

which are more significant in the infrared than in the optical, and dark current, which

is generated by the detector even in the absence of incident flux. To remove these

components, each object is observed with at least two consecutive exposures, between

which the telescope is nodded such that the point source appears at a different location

along the spectrograph slit. The two nod positions are designated 'A' and 'B,' and

for the 12" NIRSPEC slit, they are separated by 5". From one exposure to the next,

the target spectrum shifts by an amount equal to the displacement of the telescope,

but if the exposures are sufficiently short and the sky background is uniform at the

angular scale of the nodding offset, the signatures of the sky background and dark

current do not change. Thus, subtraction of one image from the other results in

zero background, with two spectra, one positive and one negative. The effect of this

subtraction on the spectrum of DK Tau A is demonstrated in the bottom panel of
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Figure 2.2, where the vertical sky emission lines and background emission seen in the

preceding panels disappear, and positive and negative spectra are separated by the

5" offset.

Before proceeding, two more effects are removed from the observed spectrum

that are related to the sensitivity of the detector. Pixel-to-pixel variations in de-

tector sensitivity are corrected by dividing the sky-subtracted target image by a

dark-subtracted flat-field image, recorded under uniform illumination of the chip by

a continuum-emitting lamp. (While the target image is corrected for dark current

in the sky-subtraction step, the flat field must be corrected for dark current by sub-

tracting a separate image obtained under no illumination.) Bad pixels, on the other

hand, may vary on short time scales and cannot be reliably flat-fielded. These are

detected as significant deviations from the average value of neighboring pixels and

are replaced by this average value.

2.4.3 Corrections for Attenuative Effects

At this stage, the intrinsic spectrum of the science target is affected by two attenu-

ative (multiplicative) components: the absorption spectrum of the atmosphere, which

consists of many strong, narrow lines, and the instrumental throughput, which varies

slowly with wavelength. These effects can be removed by dividing by a calibrator

spectrum that contains the same attenuative components. Since atmospheric absorp-

tion varies strongly as a function of time (on scales as short as a few minutes) and

airmass X = 1/ cosC, where £ is the angular distance from the zenith, an appropriate

calibrator spectrum is that of a star observed at nearly the same time and airmass as

the science target. The calibrator spectrum will be subject to the same instrumental

throughput function as the science target, so division of the target by the calibrator

removes both atmospheric absorption and instrumental throughput effects. Bright
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calibrator stars (J < 6) are preferred so the division does not significantly increase

the noise in the target spectrum.

Two challenges in the selection of appropriate calibrator stars are the low likeli-

hood of sufficiently bright stars at the same airmass as an observation and the presence

of intrinsic features in their spectra. Mismatches in airmass are a fairly minor issue;

experience shows that the correction works well if the airmass difference is less than

0.1. About 60% of our NIRSPEC targets have calibrators with an airmass difference

within this range, while about 90% have calibrators with an airmass difference less

than 0.2. If the difference is large, division by a calibrator will leave small residuals

at the wavelengths of atmospheric absorption lines that can be interpolated over if

necessary.

Intrinsic calibrator features are a more challenging problem. When the science

target is divided by the calibrator, intrinsic absorption in the calibrator will manifest

as spurious emission in the target and vice versa, so such features must be removed.

To minimize the number of features to remove, stars with spectral types near AOVare

observed. Over the range of wavelengths observed in this study, the only significant

features in such stars are absorption lines at Pa7, Pa£, and Pae, which occur in the

echelle orders designated in Table 2.2 as 'c,' 'i,' and 'm.' Although the number of

features is small, they must be removed with care, since hydrogen lines are a focus of

this work.

As distributed, Redspec provides the user with an option to linearly interpolate

over intrinsic features, but AOV stars often have rotational velocities greater than

100 km s
_1

, so their intrinsic features are significantly rotationally broadened and

likely to overlap many atmospheric absorption lines. In this case, interpolation would

also remove the atmospheric lines, defeating the purpose of the atmospheric correc-

tion. To address this problem, I modified Redspec, providing the ability to fit a

function to an intrinsic feature. Division by this function then removes the intrinsic
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feature without affecting the atmospheric absorption spectrum. For AOVstars with

projected rotational velocities vsini > 150 km s
-1

, their rotationally broadened in-

trinsic Paschen features are well fit by a single broad Lorentzian profile. For smaller

v sin i, a superposition of two Lorentzian profiles, a narrow one to fit the line core and

a broad one to fit the wings, is more appropriate. In either case, the effectiveness of

the fit is judged by using the modified spectrum to correct a star known to lack broad

hydrogen emission or absorption, e.g., a cool main-sequence star. Since division by a

calibrator with uncorrected broad hydrogen absorption would yield broad emission in

the cool star spectrum, a lack of such residual features verifies that features intrinsic

to the calibrator have been properly removed.

Figure 2.3 shows the IDL widget I developed to fit and remove the intrinsic fea-

tures. Features can be fit either by selecting the region of interest and having the

fit determined automatically or by entering predetermined parameters in the boxes

above the plot. The first three boxes contain the depth, center, and width of the

Lorentzian profile, while the last two boxes indicate the continuum height at the left

and right edges of the order. These two parameters do not affect the fitting function

but allow the user to align it with the spectrum for visual confirmation of the fit.

While the full list of calibrators used in the reductions appears in Table 2.1,

Table 2.3 lists only those whose intrinsic features consist only of hydrogen (or, in

one case, helium) absorption, along with the association or individual object for

which each is used, an alternative designation for each star, their F-band magnitudes,

their spectral types, their projected rotational velocities v sin i, and the number of

Lorentzian components required to fit their Paschen lines. Names, magnitudes, and

spectral types are from the SIMBAD astronomical database, 2 while I'sinz are from

Glebocki k. Stawikowski (2000). Stars with spectral types of AOV and high vsini

2 http: // sinibad . u-strasbg. fr / simbad /
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flOO S REDSPEC- INTRINSIC CALIBRATORFEATURES

Calibrator spectrum: Click to specify ranges to fit and remove an intrinsic calibrator feature.

Pone
) |

Fit Calibrator Feature
j

Remove Calibrator Feature | Undo
[

Y-ftxls Range: Min [l 0.0 Max
Jj

U3

1.085 1.090 1.095

Wavelength (microns)

Figure 2.3. IDL widget developed by the author to remove features intrinsic to

a calibrator star. This shows the removal of Pa7 from the spectrum of HR 1307.

Dashed gray lines mark the regions to be fit (strong atmospheric absorption lines are

excluded), and gray curves show both the fitting function and the corrected spectrum.

Fit parameters appear in boxes above the plot.

are ideal, since they can be corrected with one-component fits to a small number of

hydrogen lines, but the table also contains somewhat hotter or more slowly rotating

stars that are also useful. By spectral type B6, helium lines also have to be removed,

as for HR 1397, which was repeatedly observed due to a typographical error in a

source list. Nonetheless, the process described here was suitable for use even with

this object.

After intrinsic features are removed from the calibrator spectrum, it is divided by

the Planck function for the effective temperature of the calibrator star. This removes

a slope in the calibrator spectrum (~ 2%) due to the slight change in the 1 /zm

SED of a hot star over an interval of 150 A. Then, the science target spectrum is

divided by the calibrator spectrum as shown in Figure 2.4. Atmospheric absorption
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Table 2.3. Recommended Atmospheric Calibrators

Spectral v sini

Calibrator Association / Object Other Name V Type (km s" 1

)
N a

(1) (2) (3) (4) (5) (6) (7)

rli\ (D
Dill A, i,|DMAUG un iIlD 10D1 O.D fin 4

rlil 114U id iau 0.4 D7 TAT"
Li 1 IV o inZ4U i

1

HR 1234 Taurus-Auriga HD 25152 6.4 AO V 130 2

HR 1307 Taurus- Auriga HD26676 6.2 B8 V 305 1

HR 1397 Taurus- Auriga VI 143 Tau 6.1 B6 IV 35 2 b

HR 1590 Taurus-Auriga k Tau 5.8 AOV 120 2

HR4494 TWHydrae o Hya 4.7 B9 V 245 1

HR 7384 AS 353A HD 182761 6.3 AOV 175 2

a Number of Lorentzian components required to fit a Paschen line.

b Also contains He I A10830 absorption.

0.0 I
I . i , , I , , i 1 1

1.085 1.090 1.095

Wavelength (/xm)

Figure 2.4. Division of order 'c' in DK Tau A, observed at an airmass of 1.11, by

the atmospheric calibrator HR1397, observed at an airmass of 1.07. The pre-division

spectra of the CTTS (black) and the calibrator (gray) are offset from the post-division

spectrum by 0.8 units. Pa7 and He I A10830 absorption have already been removed

from the calibrator. In Redspec, the CTTS would still contain fringing at this stage,

but here it has been removed for clarity.
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lines disappear from the spectrum of the science target, and the continuum height,

which initially varied slowly across the order due to varying instrumental throughput,

becomes constant.

One additional attenuative effect that is not generally removed in this step is a

sinusoidal fringing pattern that appears in the NIRSPEC spectra of bright sources.

When fringing is present, its amplitude increases nonlinear ly with increasing flux.

In general, then, division of a science target by a bright atmospheric calibrator will

induce or enhance fringing in the science target, even though other attenuative com-

ponents are removed. This fringing pattern is thus removed from the target and cali-

brator independently by identifying and filtering out a high-frequency (~ 100 order
-1

)

spike in the power spectrum of the spectral order. Redspec provides a particularly

convenient interface for this step, as illustrated in Figure 2.5.

2.4.4 Continuum Normalization and Production of the Final Spectrum

Since no attempt is made to absolutely flux-calibrate the spectra, a relative flux

calibration is performed instead, resulting in fluxes that are expressed in units of

the continuum strength. The final reduction step is thus to divide the ID spectrum

by the local continuum strength, assumed to be constant over the wavelength range

of an order (~ 150 A). If flat-fielding was successful for both the target and the

atmospheric calibrator, the target spectrum will already be flat after division by

the calibrator, requiring division only by a constant to set the continuum level to

unity. By default, Redspec divides the spectrum by the median flux in the order,

which is appropriate unless the majority of the wavelengths in the order are either in

emission or absorption. In this case, the default method can miss the true continuum

level by up to a few percent, and the continuum level must be selected manually.

Finally, if the chip was overexposed for either the science target or the atmospheric

calibrator, resulting in a nonlinear detector response, flat-fielding and division by the
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Figure 2.5. Redspec defringing process for order 'c' in DKTau A. In the top panel,

the power spectrum is shown, and dashed vertical lines surround the frequencies that

are filtered out of the extracted spectrum. In the bottom panel, both the original and

fringing-corrected spectra are shown, with the corrected spectrum offset for clarity.

atmospheric calibrator may not completely flatten the continuum. In this

nonlinear function can be fit to the continuum instead.

To illustrate the final products of NIRSPEC data reduction, Figure 2.6 shows

all 13 reduced orders available with the Nl filter for three stars chosen to show the

typical behavior of the spectra over the full range of mass accretion rates in the

sample. In each panel, the spectra from top to bottom are that of the high accretion-

rate CTTS DR Tau (Macc = 1(T 5 1 M0 yr" 1
;

HEG), the low accretion-rate CTTS

AA Tau (Macc = 10 -85 A/ Q yr" 1

;
Gullbring et al. 1998), and the non-accreting

WTTSV819 Tau. The analysis in the following section indicates that the three stars

have similar spectral types, radial velocities, and projected rotational velocities, so

differences in their photospheric absorption lines are mainly due to veiling, not to the
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properties of the underlying star. The veilings r Y range from zero for V819 Tau to 0.1

for AA Tau to 2.0 for DRTau. Previous optical studies have met with only limited

success in detecting photospheric features in the spectrum of DRTau and sources with

similarly high accretion rates, but this is clearly not the case at 1 ^m. Regarding

non-photospheric features, while the WTTS is free of strong and broad emission

or absorption lines, the spectrum of the low accretion-rate CTTS contains significant

He I A10830 absorption and notable helium and hydrogen emission, and the spectrum

of the high accretion-rate CTTS exhibits dramatic structure at He I A 10830, very

strong hydrogen features, and a number of relatively weak emission lines throughout.

2.5 Measurement of Veilings and Extraction of Line Profiles

After the spectra are reduced, the initial steps in analysis are to determine the

level of continuum veiling ry and to create He I A10830 and Pa7 profiles from which

(veiled) photospheric absorption lines have been removed. To proceed, we assume

that the spectrum of a CTTS is that of a stellar photosphere plus excess contributions

from accretion and outflow processes. The photospheric spectrum is assumed to be

the same as that of a non-accreting template star of the same surface gravity and

effective temperature, usually a WTTSof the same spectral type as the CTTS. The

photospheric absorption lines of a CTTS have the same relative strengths as those of

an appropriate template, but they are veiled; that is, they are filled in by an excess

continuum whose strength varies slowly with wavelength. The strength of the excess

continuum at a wavelength A is defined as r x = Fx> \/F*
t
\, known as the veiling,

where F*
}
\ is the flux from the CTTS photosphere at A and Fx ,\ is the flux from all

additional sources at A.

While veilings have previously been measured at optical (A < 0.9 fim) and near-

IR (A > 1.2 /im) wavelengths (e.g., Basri &; Batalha 1990; Folha & Emerson 1999;

Gullbring et al. 1998; Hartigan k Kenyon 2003; HEG; Johns-Krull & Valenti 2001;
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Figure 2.6. All 13 echelle orders observable with the Nl filter for (from top to

bottom in each panel) a high accretion-rate CTTS (DR Tau), a low accretion-rate

CTTS (AA Tau), and a WTTS(V819 Tau). The vertical scale is chosen to emphasize

photospheric features, resulting in the truncation of H I emission in DRTau and the

use of a dotted line for part of its He I A10830 absorption. Some of the structure

in partial orders 'a' and 'm' is due to the incomplete removal of strong atmospheric

features.
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Figure 2.6. (continued)
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Figure 2.6. (continued)

Muzerolle et al. 1998a, 2003; White k Hillenbrand 2004), we provide the first mea-

surements of y-band veilings (r Y ) in a broad survey of CTTS. The veilings and their

implications are discussed in subsequent chapters, while here we discuss the procedure

for determining them. In most cases, we measured the veiling in NIRSPEC order l

d'

(see Table 2.2), which is just shortward of the He I A10830 line and contains several

photospheric Si I and Ti I lines that are strong in stars with spectral types of late

G to early M. This order was a good choice in most stars, but in objects with high

accretion rates, there are often broad emission lines in order 'd', requiring the use of

an additional order ('k').

Weused a small grid of templates for determining veilings. For G-type stars, the

main-sequence dwarfs HR 996 (G5V) and HD 75935 (G8V) were used. For early K
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stars, the spectrum of GMAur was used. GMAur is usually listed as a CTTS (e.g.,

HEG), but it shows no evidence of accretion in our November 2002 spectrum, instead

showing a photosphere of type ~ K3. SEDmodeling of GMAur by Rice et al. (2003)

indicates a gap of several AU in its inner disk, so the photosphere-only spectrum

could be due to a pause in accretion through this inner gap. For late K and early M

stars, we used the WTTSV819 Tau (type K7; Kenyon & Hartmann 1995), and for

mid-M stars, we used the WTTSTWA3A (type M3; Webb et al. 1999). For a few

CTTS with spectral types between K3 and K7, we determined that the average of

the GMAur and V819 Tau spectra yielded a suitable template. Spectra of order 'd'

for all five stars in the template grid appear in Figure 2.7.

Before the veiling can be measured, differences in the radial and rotational veloci-

ties of the CTTS and template must be measured, since they affect the positions and

widths of photospheric lines, respectively. These velocities are both determined from

the cross-correlation function of the two spectra. Over a small range of wavelengths

such as a NIRSPECorder, a difference in radial velocity is observed as a constant off-

set in the central wavelengths of photospheric absorption lines in one object compared

to those of the other. The peak of the cross-correlation function is located at the value

of the offset. A difference in rotational velocities results in broader photospheric lines

for the more rapidly rotating object, and the width of the cross-correlation peak is

related to the difference in rotational velocities. These two velocities were determined

for each CTTS/template pair with an IDL script provided by R. White.

Once the radial and rotational velocity corrections were determined, the veiling

was measured with an IDL script written by the author. In the script, the template is

first Doppler-shifted and convolved with a rotational broadening profile (Gray 1992,

p. 374) to match the CTTS. The photospheric lines of the template are then aligned

with those of the CTTS, but stronger if the CTTS is veiled. To simulate a veiling of r Y

in the template, a continuum of constant height r Y is added to the template spectrum,
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Figure 2.7. NIRSPEC order 'd' of the five non-accreting stars used to determine

1 /im veilings in the CTTS. The spectra are plotted from top to bottom in order of

decreasing stellar effective temperature. To aid in comparing them, the spectra have

been shifted horizontally so that absorption lines appear at their rest wavelengths.

and the result is renormalized to set the continuum to unity. The modified template is

then subtracted from the CTTS to create a residual spectrum. The constant increases

from zero in steps of 0.1, and the constant that yields the most complete removal of

photospheric lines from the residual spectrum is adopted as the veiling. In general,

veilings less than 0.5 can be measured to within ±0.05, while higher veilings can be

measured to within ±0.1. Figure 2.8 shows this procedure for DK Tau A. Order

'c' is shown to illustrate the effect of deveiling on both the continuum and broad

emission/absorption features, although as mentioned above, the veiling measurement
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Figure 2.8. Subtraction of a photospheric template from order 'c' of DKTau A, a

CTTS with r Y = 0.5. The spectrum shown in gray is that of V819 Tau, a WTTSof

the same spectral type as DKTau A (K7), offset by 0.5 for clarity. The thick spectrum
is that of V819 Tau after it has been Doppler shifted, convolved with a rotational

broadening profile, and veiled to match the photospheric features of DKTau A, shown
at the same level with a thinner line. Subtraction of the altered template from the

CTTS spectrum yields the residual spectrum, shown at the zero-intensity level. The
morphologies of the He I A10830 and Pa7 features are clarified, while small deviations

from zero at intermediate wavelengths indicate a minor mismatch in spectral type.

is normally made with order 'd.' The template V819 Tau appears at the top of

the panel without any modification. The radial and rotational velocity corrections

are slight, but the measured veiling in this case is ry = 0.5. The velocity-corrected,

veiled template is plotted over the observed spectrum of DKTau A, and the difference

between DK Tau A and the modified template is plotted at the bottom of the panel.

This residual spectrum contains no photospheric contribution (except for deviations

due to an imperfect spectral type match), so the true He I A10830 and Pa7 profiles

are apparent.
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After the measurement of ry and the subtraction of modified photospheric tem-

plates, residual profiles of He I A10830 and Pa7 were created for each of the 81

observations of the 38 CTTS. Instead of wavelength, the profile fluxes are usually

plotted as a function of radial velocity, where the zero point denotes rest with respect

to the star. The radial velocity adopted for each CTTS and used to set the zero

point is the sum of the offset from its template star, measured in the cross-correlation

step described above, and the radial velocity of the template, determined from the

average Doppler shift of ~ 10 of its photospheric lines. The residual profiles appear

in Figures 2.9 and 2.10 along with the median ry observed for each star. The top

two rows of the figures contain 9 high-veiling sources, with median ry > 0.5, while

the remaining rows contain 29 low-veiling sources, with median ry < 0.5. Analysis

of these line profiles and veilings constitutes the remainder of this work.

36



-400 -200 0 200 400 -400 -200 0 200 400 -400 -200 0 200 400 -400 -200 0 200 400

-1
Velocity (km s )

Figure 2.9. Residual He I A10830 profiles for all 38 CTTS. Stars are ordered

by their median 1 veiling r Y , shown in the top right corner of each panel. If

there are multiple observations of a star, the number appears in parentheses. Since

the photospheric contributions have been subtracted, zero on the flux axis marks the

continuum level, and -1 indicates total absorption. Velocities are relative to the stellar

photosphere, and the spectra are plotted with three-pixel binning.
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Figure 2.10. Residual Pa7 profiles for all 38 CTTS. See the caption to Figure

for further details.
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CHAPTER3

PROBINGT TAURI ACCRETIONANDOUTFLOW
WITH ONE-MICRONSPECTROSCOPY

3.1 Overview

In a high-dispersion 1 /mi survey of 39 classical T Tauri stars, veiling is detected

in 80% and He I A10830 and Pa7 line emission in 97% of the stars. On average, the

1 /mi veiling exceeds the level expected from previously identified sources of excess

emission, suggesting the presence of an additional contributor to accretion luminosity

in the star-disk interface region. Strengths of both lines correlate with veiling, and at

Pa7 there is a systematic progression in profile morphology with veiling. He I A10830

has an unprecedented sensitivity to inner winds, showing blueshifted absorption below

the continuum in 71% of the CTTScompared to 0%at Pa7. This line is also sensitive

to magnetospheric accretion flows, with redshifted absorption below the continuum

found in 47% of the CTTS, compared to 24% at Pa7.

The blueshifted absorption at He I A10830 shows considerable diversity in its

breadth and penetration depth into the continuum, indicating that a range of inner

wind conditions exists in accreting stars. Weinterpret the broadest and deepest blue

absorptions as formed from scattering of the 1 /mi continuum by outflowing gas whose

full acceleration region envelops the star, suggesting radial outflow from the star. In

contrast, narrow blue absorption with a range of radial velocities more likely arises

via scattering of the 1 /mi continuum by a wind emerging from the inner disk. Both

stellar and disk winds are accretion powered, since neither is seen in non-accreting

WTTSand among the CTTS, helium strength correlates with veiling.
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3.2 Introduction

In the formation of a star and its attendant planetary system, the phase of disk

accretion is always accompanied by mass outflow. Outflow collimation perpendicular

to the disk plane and correlations between disk accretion rate and wind mass-loss

rate, with a rough proportion of A/ W/Macc ~ 0.1, certify the intimate relation between

these two phenomena (Richer et al. 2000; Cabrit et al. 1990). Although the coupling

of accretion and outflow is well documented, the means of launching the outflow

remains unknown and is one of the major unsolved mysteries of star formation. There

is a strong motivation to understand where and how energetic winds originate in

accretion disk systems, since they are strong contenders for a major role in mass and

angular momentum transport in the disk (Ferreira k Casse 2004), for stellar spin-

down (Konigl 1991; Shu et al. 1994; Matt k Pudritz 2005b), for heating the disk

atmosphere (Glassgold et al. 2004), for hastening disk dissipation (Hollenbach et al.

2000), and for disrupting infalling material from the collapsing molecular cloud core

(Terebey et al. 1984).

Most outflow models tap magnetocentrifugal ejection as the heart of the launching

mechanism, where rotating fields in the disk fling material along inclined field lines

and transport angular momentum away from the disk. A distinguishing characteristic

among disk wind models is the location in the system where mass-loading onto field

lines occurs. This takes place either from the inner disk over a range of radii (Konigl

k Pudritz 2000) or from the radius at which the stellar magnetosphere truncates the

disk, lifting most of the accreting material toward the star into magnetic funnel flows

and ejecting the rest along opened stellar field lines emerging from this point (Shu et

al. 1994). Others have explored the possibility that accretion-driven winds emerge via

magnetohydrodynamic acceleration from the star rather than, or in addition to, the

disk (Hirose et al. 1997; Kwan k Tademaru 1988; Matt k Pudritz 2005b; Romanova

et al. 2005; von Rekowski k Brandenburg 2006). Establishing the launch region for
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accretion powered winds is thus of considerable interest, since this can discriminate

among the various wind theories and elucidate how angular momentum is removed

from the star-disk environment.

Knowledge of accretion-driven winds comes primarily from spatially extended, col-

limated atomic and molecular jets composed of high- velocity (200 —400 km s
_1

) out-

flowing material undergoing internal shocks (HEG; Reipurth & Bally 2001; Hartigan

et al. 2004). These tracers yield basic wind energetics and establish the fundamen-

tal connection between Mwind and Macc but provide only indirect information on the

wind-launching region. An intriguing result comes from spectroscopy at high spatial

resolution of T Tauri "microjets," revealing velocity asymmetries that have been in-

terpreted as coherent rotation of the jet as would be imparted from an MHDdisk wind

launched from moderate disk radii of 0.5 —2 AU (Coffey et al. 2004). However, recent

three-dimensional simulations of line profiles formed in precessing jets with variable

ejection velocities demonstrate that these conditions can produce similar velocity gra-

dients, thereby calling into question the implied support for magnetocentrifugal wind

acceleration models (Cerqueira et al. 2006).

Direct probes of the launch region can, however, only be made via high-resolution

spectroscopy. Confoundingly, most spectral features from sub-AU regions have kine-

matic signatures deriving from rotation or accretion rather than outflow. Near in-

frared lines of CO and H2 0 are modeled as arising from inner accretion disks in

Keplerian rotation at radii from 0.1 to 2 AU, precisely the region where the rotating

jets are predicted to arise (Najita et al. 2003; Carr et al. 2004). Although model-

ing these features requires turbulent broadening and warm disk chromospheres, their

symmetry reveals no evidence for outflowing gas from the upper disk layers. A possi-

ble signature of a wind emerging from the disk over radii ranging to tens of AU, is seen

in the "low velocity component" (LVC) of CTTS forbidden lines, distinguished from

the "high velocity component" (HVC) by smaller blueshifts (~ 10 km s
_1

), smaller
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spatial extensions, and line ratios indicative of formation under conditions of higher

density, although its interpretation as the launch of an extended disk wind remains

unconfirmed (HEG; Kwan & Tademaru 1995).

However, outflow velocities of 200 to 500 km s
_1

characteristic of jets and HVC

forbidden line emission point to an origin deeper in the potential well of the accretion

disk system - either the very inner disk, the star-disk interface, or the star itself.

These regions, where the stellar magnetosphere controls the accretion flow onto the

star, are probed via permitted atomic emission lines from the infrared through to the

ultraviolet and include a wide range of ionization states. Their line profiles, typically

with strong and broad emission sometimes accompanied by redshifted absorption

below the continuum and/or narrow centered emission, are attributed to formation

in magnetospheric funnel flows and accretion shocks on the stellar surface (Edwards

et al. 1994; Muzerolle et al. 2001a; Herczeg et al. 2002, 2005). Until recently the only

clear evidence for inner winds was blueshifted absorption superposed on the broad

emission lines of Ha, Na D, Ca II H and K, and Mg II h and k
,

signifying the presence

of a high-velocity wind close to the star (Calvet 1997; Ardila et al. 2002) but yielding

little information on the nature or location of the wind-launching region.

Somewhat surprisingly, robust diagnostics of the inner wind in accretion disk

systems are turning out to be lines formed under conditions of high excitation - He I

and possibly also C III and O VI (Edwards et al. 2003; Dupree et al. 2005) - arising in

regions where temperatures exceed 15,000 K. The first indication of inner winds from

regions with high excitation came from a study of He I A5876 and A6678 in a sample

of 31 accreting CTTS (Beristain et al. 2001, BEK hereafter). The high excitation

of the helium lines restricts line formation to a region either of high temperature or

close proximity to a source of ionizing radiation. In spite of these restrictions, the

helium emission lines were found to have a composite origin, including contributions

from a wind, from the funnel flow, and from an accretion shock.
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Confirmation that broad helium emission traces inner winds in accreting stars

came from observations of another line in the He I triplet series, A10830, which is a

far more sensitive diagnostic of outflowing gas. This line, immediately following A5876

in a recombination-cascade sequence, has a highly metastable lower level, setting up

a favorable situation for tracing outflowing gas in absorption. An initial look at

6 high accretion rate stars (AS 353A, DG Tau, DL Tau, DR Tau, HL Tau and

SVS 13) focused on examples of He I A10830 profiles with exceptionally strong P

Cygni wind signatures (Edwards et al. 2003). More recently, He I A10830 profiles

for two additional CTTS (TW Hya and T Tau) were also shown to have P Cygni

profiles (Dupree et al. 2005). Both of these studies concluded that the winds tracked

by helium absorption likely arise as a wind expanding radially away from the star,

tracing the wind through its full acceleration from rest to several hundred km s
_1

.

In this manuscript we present results of a census of He I A10830 in 39 CTTS and

6 WTTSplus 3 Class I sources from spectra collected with Keck IPs NIRSPEC. We

find that this line is exceptionally sensitive not only to winds but also to infalling gas.

Our spectra also yield simultaneous Pa7 profiles and 1 /im continuum excess (veiling),

providing a good combination of features to probe the relation between inner winds

and accretion in young low mass stars. The remainder of the paper is organized

as follows: In § 3.3 we discuss observations and data reduction, including sample

selection and a description of the determination of the excess continuum emission

and residual emission profiles; in § 3.4 we give the accretion diagnostics: Pa7 and

1 /im. veiling; in § 3.5 the wind diagnostic: He I A10830; in § 3.6 the Class I sources;

in § 3.7 we discuss magnetospheric accretion contributions to Pa7 and He I A10830

and wind contributions to He I A10830; in § 3.8 the origin of the 1 fim veiling; and in

§ 3.9 we offer our conclusions.
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3.3 Observations and Data Reduction

Near-infrared echelle spectra of 39 classical T Tauri stars (CTTS), 6 weak T

Tauri stars (WTTS) and 3 Class I sources were acquired with NIRSPEC on Keck II

(McLean et al. 1998), using the Nl filter (Y band) with wavelength coverage from

0.95 to 1.12 /mi at R = 25,000 (AV = 12 km s" 1

). The detector is a 1024 x

1024-pixel InSb chip, and the spectrograph slit was 0.43" x 12". Spectra were taken

in nodded pairs in an ABBA pattern, with the target separated by 5" in each AB

pair. Typical exposure times were 300 seconds, integrated in each case to acquire

S/N ~ 70 —80 in the reduced ID spectra. All objects were observed on a three-night

run in November 2002 by L. Hillenbrand and S. Edwards. Three of our program stars

were also observed on 22 November 2001 for Edwards and A. Dupree by the Gemini-

Keck queue observers T. Geballe and M. Takamiya (see Edwards et al. 2003). In 2002

spectra were acquired without the image de-rotator, due to equipment malfunction.

Although this prevents study of spatially extended emission, as reported for DGTau

(Takami et al. 2002), it is not a problem for extraction of a spectrum from the central

point source, where most of the line emission and all of the line absorption arises.

Spectra were processed in IRAF using a modified version of a script originally pro-

vided by M. Takamiya. Data reduction steps included spatial rectification of the 2D

images, wavelength calibration with a Xe/Ar/Kr/Ne arc lamp spectrum, correction

for telluric emission, telluric absorption, and instrumental fringing, and extraction to

ID spectra using IRAF's apall package. Telluric emission was removed by subtrac-

tion of each AB pair of images, yielding two sky-subtracted spectra which were then

coadded after spatial rectification and wavelength calibration. Telluric absorption

features were removed by dividing the rectified, extracted, co-added, wavelength-

calibrated spectra by the spectrum of an early-type standard observed at a similar

airmass.
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Division by a telluric standard also corrected the sinusoidal fringing pattern char-

acterized by a spacing of ~ 1.5 A (10 pixels) and an amplitude ~ 3% of the con-

tinuum) for the 2002 data, where there was a good alignment (< 0.7 pixels) of the

fringing pattern between the target and telluric standard. For the few 2001 spectra

taken under queue observing, the fringe pattern was misaligned between target and

standard by 1.5 to 4.5 pixels (0.5 to 1.5 times the instrumental resolution). For these

spectra we determined the amount of fringe shift in wavelength by cross-correlating

the target and standard spectra in a region free of spectral features, and found that

the telluric absorption features shared the same misalignment. Consequently, after

shifting the standard by the requisite amount, division by the standard conveniently

removed both contaminating features. A final problem occasionally arose for stars

observed at high airmass, when weak residual telluric features in the vicinity of the

He I A10830 and Pa7 lines appeared in the reduced spectrum. These were readily

removed from the residual profile by determining their strength relative to stronger

telluric features in the rest of the spectral order.

Our telluric standards were of early spectral type (07 to B9), providing a nearly

featureless continuua over most of the orders yielding a good definition of telluric

features. However, they have strong photospheric lines of He I A10830 and Pa7, our

two primary spectral diagnostics. We thus took special care to define and remove

these broad photospheric features in the standards so that spurious emission would

not be induced in our T Tauri spectra. This was accomplished by first creating a

synthetic spectrum of each standard where the observed profiles were modeled with

a combination of Gaussian and Lorentzian functions, and then dividing the synthetic

spectrum into the actual standard spectrum. We judged the fit effective when the

final continuum-normalized spectra were flat in these spectral regions to within one

percent. An additional correction for helium emission had to be made for HR 130

using a similar technique. The absence of any broad helium or hydrogen emission
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in our WTTSspectra (discussed in the following section) verifies that this procedure

was effective. After removal of all of the above instrumental effects, the definition of

the final spectrum is limited only by the signal to noise of the target and standard.

Although 13 echelle orders appear on the chip with the Nl filter, the first and last

are severely contaminated by telluric absorption. Of the remaining eleven orders, the

number and location of arc lamp lines is such that reliable wavelength solutions can

be obtained for four full orders and five partial ones. The order extending from 1.081

to 1.096 fim contains both our prime spectroscopic diagnostics of He I A10830 and

Pa7 and also many photospheric features in late type stars. In addition to this order

we identified two additional orders with abundant photospheric lines that we used for

redundant estimates of the continuum veiling and determination of the stellar velocity.

One, immediately to the blue of our prime order, extends from 1.066 to 1.081 fim

and has numerous photospheric features and minimal contamination from telluric

absorption. A second, although its full extension is from 0.971 to 0.986 /im, only had

sufficient arc line coverage for wavelength calibration from 0.971 to 0.979 /im. Even

with only half the order usable we found it to be preferable to other orders because

its strong photospheric features were still detectable when photospheric lines in the

other orders were obscured by broad metallic emission features which were sometimes

found in stars with the highest continuum veiling.

3.3.1 Determination of Excess Continuum Emission and Residual Profiles

The 39 CTTS and 6 WTTSin our sample are identified in Table 3.1. All but two

have spectral types from K0 to M5, with K7/M0 stars comprising the majority (27

stars). The remaining two are of solar type, SU Aur (G2) and GWOri (G5). Most

(30) are in the Tau-Auriga star formation complex, the rest are well studied T Tauri

stars from associations including those in Orion and TWHydra. The sample covers

the full range of continuum emission excesses in the optical and ultraviolet found for
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Table 3.1. T Tauri Sample

Object Sp Type HJD Ty log Macc Ref log Mwind Ref Mwi n d /Macc

(1) (2) (3) (4) (5) (6) (7) (8) (9)

CTTS

AA Tau .

.

MO 605.0,606.9* 0.15-0.63 -8.5 1 -9.1 2 0.25

AS 353 A

.

K5 605.7,606.7* 5.10 -5.4 2 -7.6 2 6.3 x 10" 3

BMAnd.. K5 604.8 >-9 3

BP Tau... K7 605.9 0.41-0.63 -7.5 1 (-9.7) 2 (6.3 x lO- 3
)

CI Tau . .

.

K7 605.9 0.39-0.54 -6.8 2 -8.9 2 7.9 x lO" 3

CWTau .

.

K3 604.8,607.0* 1.70 -6.0 2 -7.1 2 7.9 x lO" 2

CY Tau .

.

K7 606.8 1.20 -8.1 1 -10.0 2 1.3 x 10" 2

DDTau .

.

M4 604.9 2.90 -6.3 2 -8.5 2 6.3 x lO" 3

DE Tau .

.

M1.5 606.0 0.57 -7.6 1 -9.2 2 2.5 x 10~ 2

DF Tau... M2 605.0 0.52-1.60 -6.8 1 -8.3 2 3.2 x 10~ 2

DGTau .

.

K5 235.9*,605.8 2.00-3.60 -5.7 2 -6.5 2 0.16

DK Tau .

.

K7 604.9,606.9* 0.49 -7.4 1 -8.5 2 7.9 x 10
-2

DL Tau . .

.

MO 605.0 1.10-2.40 -6.7 2 -8.9 2 6.3 x 10~ 3

DN Tau .

.

K7 606.0 0.08 -8.5 1 -9.4 2 0.13

DOTau .

.

MO 604.8 4.70 -6.8 1 -7.5 2 0.20

DQTau .

.

K7 606.0 0.17-0.18 -9.2 1 -8.7 2 3.2

DRTau .

.

K7 605.0*,606.0,606.9 6.40-10.0 -5.1 2 -8.6 2 3.1 x 10~ 4

DS Tau . .

.

K2 605.9 0.96 -7.9 1 (-9.3) 2 (4.0 x 10
-2

)

FP Tau... M5 605.0 0.08-0.18 -7.7 2 (-10.7) 2 (1.0 x 10
-3

)

GGTau .

.

MO 605.0 0.14-0.50 -7.8 1 -9.1 2 5.0 x 10
-2

GI Tau . .

.

MO 606.0 0.24 -8.0 1 -9.4 2 4.0 x 10~ 2

GKTau .

.

K7 606.0 0.23 -8.2 1 -9.2 2 0.10

GMAur .

.

K7 605.1 0.21-0.22 -8.0 1 (-10.0) 2 (1.0 x 10" 2
)

GWOri .

.

G5 606.1 -6.4 4

HK Tau .

.

K7 606.1 1.10 -6.5 2 -8.8 2 5.0 x 10~ 3

HL Tau... K7-M2 235.9,605.8* -5.4 5 -6.8 6 4.0 x 10~ 2

HN Tau .

.

K7 604.8 0.76 -8.9 1 -8.1 2 6.3

LkCa 8 . .

.

MO 604.9 0.05-0.24 -9.1 1 -9.6 2 0.32

RWAur A Kl 605.1 1.70-2.00 -5.8 2 -7.6 2 1.6 x lO" 2

RWAur B K3 605.1 -7.3 6 -8.0 6 0.20

SU Aur... G2 607.0 -8.0 4

TWHya.. K7 605.2*,606.1 -9.3 7

UX Tau .

.

K2 607.0

UY Aur .

.

MO 605.0,607.0* 0.20-1.30 -7.2 1 -8.2 2 0.10

UZ Tau E Ml.

5

605.9 0.73 -5.7 2 -7.6 2 1.3 x 10" 2

UZ Tau W M3 605.9 -8.0 8

V836 Tau. K7 606.0 0.00-0.06 -8.2 2 (-10.1) 2 (1.3 x 10" 2
)

XZ Tau... M3 605.8 -8.1 9

YY Ori . .

.

K7 607.1 1.80 -5.5 2 (-9.6) 2 (7.9 x lO" 5
)
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Table 3.1. (continued)

Object Sp Type HJD r v log Macc Ref log Mwind Ref A/wind/ Macc

(1) (2) (3) (4) (5) (6) (7) (8) (9)

WTTS
LkCa 4 .

.

K7 607.0 0.0 2

TWA3 .

.

M3 606.1 -10.3 7

TWA14

.

MO 606.2 -10.3 10

V819 Tau K7 235.9 0.0 2

V826 Tau K7 604.9 0.0 2

V827 Tau K7 606.0 0.0 2

Note. - Col. 2: Spectral types from HEG, Herbig & Bell (1988), Reid

(2003); Col. 3: Heliocentric Julian Date (2,452,000 +); for multiple observa-

tions an asterisk indicates membership in the reference sample; Col. 4: Veiling

at 5700 A from HEG; Col. 5: Mass accretion rate in M©yr
-1

; Col. 7: Mass-

loss rate in A/© yr -1
;

parentheses indicate an upper limit; Col. 9: Ratio of

the mass-loss rate to mass accretion rate.

References. (1) Gullbring et al. 1998; (2) HEG; (3) Guenther & Hessman
1993; (4) Gullbring et al. 2000; (5) Calvet et al. 1994; (6) White & Hillenbrand

2004; (7) Muzerolle et al. 2000; (8) Hartigan & Kenyon 2003; (9) Valenti et

al. 1993; (10) Muzerolle et al. 2001b.

CTTS and was selected to overlap extensively with an earlier optical echelle survey

of 31 CTTS appearing in HEGand BEK, thereby allowing a comparison of optical

and infrared outflow and accretion diagnostics (including profiles of [O I] A6300, Ha

and He I A5876) for stars common to both studies. The current sample thus includes

30 of the 31 CTTS in HEGand BEK, identified in Table 3.1 by an entry for veiling

at 5700 A (ry)- Also included in Table 3.1 are disk accretion rates determined from

veiling, spanning A/ acc ~ 10~ 6 to 10
-9 M©yr

-1
, mass outflow rates from forbidden

lines, spanning Af Wi nd ~ 10~ 7 to 10~ 10 A/© yr
-1

, and the corresponding ratio of

MvindM^acc-

We have determined both the 1 /mi veiling ry, defined as the ratio of excess to

photospheric flux in the Y band, and residual emission profiles at He I A10830 and

Pa7 for each of our objects. Our method for veiling determination follows Hartigan
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et al. (1989), matching an echelle order of an accreting star to that of a non-accreting

standard of comparable spectral type to which has been added a constant continuum

excess, i.e. the veiling, that reproduces the depth of the photospheric features in

the accreting star. Weused an interactive IDL routine kindly provided by R. White

to accomplish the requisite velocity shift of the standard via cross-correlation and

the requisite rotational broadening of the standard before determining the required

level of continuum excess. When a good match between the accreting star and the

veiled standard is found, subtraction of the template yields a zero-intensity residual

spectrum for the accreting star except in the vicinity of lines arising from accretion-

related activity. Integrated equivalent widths for spectral lines were determined with

an IDL routine kindly provided by C. Hamilton.

In Figure 3.1 continuum normalized spectra for each of the 6 WTTS(LkCa 4,

TWA3, TWA14, V819 Tau, V826 Tau, and V827 Tau) are shown along with the

CTTS GMAur. Spectra in ±500 km s
_1 windows are centered on the wavelengths

of the He I A10830 and Pa7 lines, at rest with respect to the star as determined from

the photospheric lines. In each region several photospheric features are marked with

vertical lines in the upper spectrum of Figure 3.1 (GM Aur). In the He I A10830

region, the 3 strongest photospheric features are Si I A10830.1, Na I A10837.8, and

Si I A10846.8. In the Pa7 region, the 3 marked lines correspond to H I A10941.1 (Pa7),

Fe I A10949. 8, and Mg I A10956. 3. The remaining numerous absorption features in

that region are part of a broad CN 0-0 band, not noise. V826 Tau is a spectroscopic

binary (Mundt et al. 1983), and in our data the photospheric lines are double with a

velocity separation of 21 km s
_1

.

None of the 6 WTTSor GMAur have any excess continuum emission (r Y < 0.05),

and only two of them have weak emission at He I A10830 or Pa7 above an upper limit

of W\ = 0.2 A. Both lines are weakly emitting in V826 Tau, with W\ = 0.8 A

for helium and W\ < 0.3 A for Pa7. TWA14 has only helium in emission, with
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Figure 3.1. Spectral regions of He I A10830 and Pa7 for 6 WTTSplus GM
Aur (see Table 3.1). Photospheric features marked with vertical lines are identified

in the text, except for the numerous features from CN 0-0 near Pa7. Ordering is

by apparent spectral type, given in parentheses when it differs from published values.

Fluxes are normalized to the continuum, velocities are measured relative to the stellar

photosphere, and spectra are unbinned (i.e., at the instrumental resolution).
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Wx = 0.6 A. The emission equivalent widths for these 2 stars are several times

weaker than the weakest emission found for the CTTS. Optical He I A5876 emission

was also found to be rare among WTTS, seen in only 3 out of 10 WTTSby BEK,

including V826 Tau. Both the optical and infrared helium emission may arise in an

active chromosphere or a very weak accretion flow.

In earlier studies GMAur has shown the hallmarks of an accreting CTTS - optical

veiling, O I emission, and strong Ha (HEG; Gullbring et al. 1998). However, in our

NIRSPEC data this is the only one of the 39 CTTS that shows no line emission in

He I A10830 or Pa7 (Wx < 0.2 A), which we interpret as a sign that accretion has

temporarily ceased. Its weak Pa7 absorption feature is similar in strength to that

from the photosphere of an early K star (Hinkle et al. 1995). The spectral energy

distribution for GMAur has been interpreted as indicative of a large (several AU)

inner gap in its disk (Rice et al. 2003), so the absence of CTTS characteristics at

1 /im in November 2002 might indicate a weakening or halt of accretion through the

inner gap. Because GMAur had no detectable line emission or continuum excess, we

treated it as a WTTSand adopted it as a spectral template for veiling. The spectral

type for this star in the literature ranges from K3 to K7. It is certainly warmer than

K7 in our spectra, with photospheric features similar to stars classified as K2-K3 (CW

Tau and UX Tau). We also note that two of other WTTS, TWA3 (Hen 3-600A)

and TWA14, have been modeled as possessing extremely small disk accretion rates

of Macc = 5 x 10
-11 MQ yr

_1 on the basis of their Ha lines (Muzerolle et al. 2000,

2001b). However, since the derived accretion rates are so small and neither shows

significant line or continuum emission in our 1 spectra, we have included them

with the WTTSand adopted TWA3 as a veiling template.

The final palette of WTTSspectral templates for determination of veiling and

residual emission profiles in the CTTS included only 5 stars, after eliminating V826

Tau and TWA14. Although 4 of these are identified as K7/M0 in the literature, the
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relative strengths of their Ti, Cr, and Si lines led us to sequence them as shown in

Figure 3.1. These correspond to effective spectral types of K2, K7, K7, K7/M0, and

M3 for veiling determination. With this sequencing, our modest number of WTTS

templates provided good veiling determinations for the CTTS with the possible ex-

ception of the 2 solar type stars, GWOri and SU Aur. For these stars we assigned

SU Aur ry = 0, since its line depths were comparable to our K2 template after the

appropriate rotational broadening, and from there we found that GWOri, which has

a comparable usinz to SU Aur, required ry = 0.3. In addition, there were 3 stars

with a middle- to late-K spectral type (CI Tau, HN Tau, and RWAur A) which

appeared to be intermediate between our K2 or K7 templates. In these cases, we

took the unorthodox step of creating a synthetic template by averaging the spectra

of the K2 and K7 templates. This provided an excellent match for the relative line

depths of these 3 stars, and we felt the veiling derived with the synthetic template

was reliable.

The y-band veiling ry for the 38 CTTSwith He I A10830 and Pa7 line emission is

listed in Table 3.2. Stars are ordered by veiling, which ranges from ry = 0 —2. Veiling

is first determined independently in each of the two photospheric orders, and then

the average value is adopted and applied to the order with the He I A10830 and Pa7

lines. Subtraction of the veiled standard from this order yields both residual emission

line profiles for these two lines and a third assessment of the veiling. We found an

excellent agreement for veilings determined from the 3 orders. The error for each

veiling measurement is the largest deviation from the adopted value that yields a fit

indistinguishable from the best fit, which is typically larger than the dispersion among

the orders. When ry is less than or equal to 0.5, the veiling error is approximately

±0.05. For larger veilings, the error is approximately ±0.1. Wenote that the veiling

measurements reported here for the 6 stars that also appear in Edwards et al. (2003)
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Figure 3.2. Demonstration of residual profile determination at Pa7 in AA Tau and

UZ Tau W. The top row shows fluxes relative to the continuum for the CTTS (solid

line) and for the veiled template (dashed line). The resultant residual profiles after

subtraction of the template from the star are shown in the lower row. Templates are

V819 Tau (K7) for AA Tau and TWA3 (M3) for UZ Tau W. Velocities are relative

to the stellar photosphere.

supercede the earlier estimates, which were not evaluated with the same degree of

thoroughness.

The process of creating residual profiles results in an improved definition of the

emission lines in stars with low veiling, particularly in the line wings. We illustrate

this in Figure 3.2 at Pa7 for two stars with ry =0.1, AA Tau and UZ Tau W. Note

the effect on the line shape, especially how the wings in the residual profiles are more

clearly defined when the photospheric features have been removed.

The residual profiles for Pa7 and He I A10830 for 38 CTTS are presented in

Figure 3.3 and Figure 3.4, respectively. The 39th CTTS, GMAur, is excluded since
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it was not detected in either line. Nine CTTS were observed more than once, and

we show the multiple profiles for Pa7 and He I A10830 in Figure 3.5 and Figure 3.6,

respectively. Most multiple observations are separated by days, except for DGTau

and HL Tau, which are separated by a year. Table 3.2 presents measurements of

the Pa7 and He I A10830 features in the CTTS including kinematic information and

emission and absorption equivalent widths. Among the 9 stars with more than one

observation, the profiles and their kinematic parameters do not change appreciably

with the exception of AA Tau. For these 9 stars, the spectrum included in the

reference sample is identified with an asterisk, representing one spectrum for each

star, and is used for all statistical analyses in figures and text.

In both the figures and Table 3.2, the spectra are arranged in order of decreasing

1 (im veiling. The table separates the stars into groups corresponding to 3 levels

of veiling: high (ry > 0.5; 9 stars), medium (0.3 < r Y < 0.5; 11 stars) and low

(ry < 0.2; 18 stars). The low- veiling stars are further divided into 2 subgroups of 9

stars each, according to the width of the Pa7 feature. Average values for kinematic

properties of the profiles in each group are identified. Discussion of the profiles and

their kinematic properties follows in subsequent sections.

3.4 Accretion Diagnostics: Paj and One-Micron Veiling

Our NIRSPECdata allow us to evaluate two quantities expected to be sensitive to

the disk accretion rate: Pa7 equivalent width and the 1 //m veiling, ry. The Pa7 line

emission is predicted to arise primarily in magnetospheric accretion columns (Muze-

rolle et al. 1998a, 2001a) and the continuum excess from accretion luminosity, e.g.,

from accretion shocks at the base of magnetic funnel flows (CG). These diagnostics

can be used to test magnetospheric accretion models and to establish the extent to

which our prime wind diagnostic, He I A10830, is influenced by accretion. Wedetect

Pa7 emission in 38 of the 39 CTTS and 1 ^m veiling in 31 of the 39 CTTS. The sole
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Figure 3.3. Residual Pa7 profiles from the reference sample for 38 CTTS (listed

in Table 3.1), ordered by decreasing 1 fim veiling r Y . Velocities are relative to the

stellar photosphere and spectra are plotted with 3-pixel binning.
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Figure 3.4. Residual He I A10830 profiles from the reference sample for 38 CTTS
ordered by decreasing 1 /im veiling r Y . Velocities are relative to the stellar photo-

sphere and spectra are plotted with 3-pixel binning.
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Figure 3.5. Multiple observations of Pa7 residual profiles for 9 CTTS. For each

object, the spectrum from the reference sample is denoted by a heavier line.

Figure 3.6. Multiple observations of He I A10830 residual profiles for 9 CTTS.
For each object, the spectrum from the reference sample is denoted by a heavier line.

60



Pa7 non-detection is GMAur, which as discussed in the previous section appears to

be in a quiescent non-accreting state, and we treat it as a WTTSfor the remainder

of this paper (see Fig. 3.1). In this section we focus on the properties of the Pa7

emission and its relation to veiling. We will discuss the implications of the profile

morphology for magnetospheric accretion models in § 3.7.1 and examine the spectral

energy distribution of the veiling and its relation to disk accretion rate in § 3.8. For

the intervening sections, we simply use ry as a quantity likely to be proportional to

the instantaneous disk accretion rate.

The Pa7 profiles for 38 CTTS are predominantly in emission; none show blue-

shifted absorption from a wind, while 24% (8 from the reference sample in Fig. 3.3:

BMAnd, DR Tau, DS Tau, GI Tau, RWAur, RWAur B, SU Aur, and YY Ori

plus AA Tau in Fig. 3.5) show redshifted absorption below the continuum, suggesting

infall of accreting material in a magnetospheric funnel flow. The Pa7 emission and

absorption equivalent widths are listed for each observation in Table 3.2. The emission

equivalent widths range from a high of 18 A (AS 353 A) to a low of 0.6 A (CI Tau

and V836 Tau) and the absorption equivalent widths from a high of 1.1 A (YY Ori)

to a low of 0.2 A (DS Tau and RWAur A).

We find a remarkably good correspondence between the Pa7 emission equivalent

width and ry, shown in the top panel of Figure 3.7. Following standard practice,

in the figure the measured equivalent width W\ is multiplied by the factor (1 +

ry), which renormalizes it to the photosphere, rather than the photosphere plus

veiling continuum (Basri & Batalha 1990; BEK). The figure shows a tight correlation

between Pa7 and ry for the 31 CTTSwith measurable veiling, with a linear correlation

coefficient of 0.97 between the logarithm of the veiling and the logarithm of the veiling-

corrected Pa7 emission. The figure exaggerates the separation in veiling between the

11 CTTSwith the lowest measured veiling, ry ~ 0.1, and the 7 CTTS non-detections,

ry < 0.05, which were not included in the determination of the correlation coefficient.
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However all but one of the non-detections have Pa7 strengths comparable to those

with the lowest veilings, so they effectively exhibit the same correlation between Pa7

emission and veiling. The sole exception to the correlation is TWHya, which has no

detected veiling but robust Pa7 emission comparable to CTTS with ry ~ 0.3. The

tight relation between W\ (Pa7) and ry is reminiscent of, although better defined

than, others reported between permitted emission lines and either veiling or disk

accretion rates determined from veiling (Basri Sz Batalha 1990 for Ha; Muzerolle et

al. 1998b for Ha and Pan ; Muzerolle et al. 1998c for Br7 and Pa/3; Doppmann et al.

2003 for Br7).

Similarly, the morphology of the Pa7 profiles shown in Figure 3.3 is reminiscent

of P&(3 and Br7 profiles (Folha & Emerson 2001; Muzerolle et al. 1998c), with broad

single peaks sometimes accompanied by redshifted absorption below the continuum.

The profiles cover a range of line widths and centroids, which we characterize by

measuring 3 kinematic properties: (1) emission centroids which range from Vc = —150

to +29 km s
-1

, (2) maximum blue wing velocities which range from Vowing = —400

to —100 km s
_1

, and (3) line widths measured from the stellar rest velocity to the

blueward half-intensity point which range from Vbhi = —250 to —26 km s
_1

. The

latter two focus on emission blueward of the stellar rest velocity in order to avoid

complications from redshifted absorption. Measurements of Vbwing? Vbhi> an d Vc are

plotted against veiling in Figure 3.8 for all but two stars in the reference sample and

listed in Table 3.2 for all observations. The 2 stars omitted in the figure (CI Tau and

UX Tau) have such weak and amorphous Pa7 emission that kinematic features could

not be reliably established.

The kinematic data for Pa7 suggest a relation that has not previously been re-

ported: a connection between Pa7 profile morphology and veiling. We illustrate it

more directly in Figure 3.9, where we superpose Pa7 profiles in groups segregated by

veiling. The top panel displays profiles for 9 CTTS with high veiling (ry > 0.5), the
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Veiling-corrected Pa7 emission equivalent width versus y-band veiling for 38 CTTS
from the reference sample. Bottom panel: Veiling-corrected He I A10830 activity

index (sum of absolute values of emission and absorption equivalent widths) versus

Y-band veiling for the same stars. In the He I A10830 panel a box around the name of

the star indicates the profile is primarily in emission (see text). Veiling non-detections

are shown at ry = 0.02 for clarity. The location of the 6 WTTSplus GMAur are

also indicated.
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Figure 3.9. Superposed Pa7 residual profiles from the reference sample grouped

by veiling, with the lowest veiling group subdivided into narrow and wide profiles

(panels 3 and 4). In the top 3 panels, profiles are normalized to their peak intensities.

In the lower panel, the residual profiles are not normalized in order not to distort the

very weak amorphous emission in 3 stars.
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second panel for 11 CTTS with medium veiling (0.3 < ry < 0.5), and the last two

panels for 18 CTTS with low or absent veiling (ry < 0.2). The low- veiling group is

divided into 2 subcategories according to the widths of their Pa7 profiles: 9 CTTS

in the third panel have narrow Pa7 lines with Vbhi < 60 km s
_1

, and 9 CTTS in the

fourth panel have Pa7 lines in excess of this width.

The trend in profile morphology with veiling is exhibited by the 29 stars in the

top 3 panels (i.e., excluding the 9 low- veiling stars with broad Pa7 profiles, which

will be discussed below). For these 29 stars, Pa7 profiles are normalized to their

peak intensities (given for each star in Table 3.2) to facilitate comparison of profile

morphology independent of line strength. Among these 29 stars, the mean linewidth

blueward of the stellar velocity Vbhi decreases from 135 km s
-1

to 40 km s
-1 among

the 3 veiling groups, while the mean centroid velocity decreases from Vc ~ 20 km s
-1

to ~ 0 km s
_1

. Remarkably, those in the low- veiling subgroup with narrow Pa7

(^bhi < 60 km s
-1

) all have rather similar profiles after normalization, showing central

peaks with an average Vbhi ——40 ± 10 km s
-1 and an average Vc = 2 ± 8 km s

-1
.

Most also have a two-component structure suggesting a strong narrow core and a

weak broad base. When we compute an average Pa7 profile for these 9 low-veiling

stars, it is well fit with two gaussians, one a narrow component centered at —2km s
-1

with a FWHMof 52 km s
_1 and the other a broad component centered at +6 km s

_1

with a FWHMof 176 km s
_1

.

Although the trend in Pa7 profile morphology to decrease in width and centroid

velocity with decreasing veiling is suggestive, it does not include 9 stars with low

veiling (24% of the sample). The separation of the low- veiling stars into two groups

based on their Pa7 line widths was effected in order to illustrate the remarkable

uniformity for half of the low-veiling profiles. The other 9 low- veiling stars with broad

Pa7, superposed in the bottom panel of Figure 3.9, show an unusual diversity in their

morphology. Three (BM And, CI Tau, and UXTau) have broad amorphous emission
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and low peak intensity (< 10% of the continuum flux). Two (BM And and SU Aur)

have exceptionally deep and broad redshifted subcontinuum absorption penetrating

to 50% of the 1 fim continuum with emission peaking considerably blueward of the

other stars (Vc < —120km s
_1

). Along with these 4 stars that are completely unlike

the rest of the sample, the additional 5 stars in this subgroup (DE Tau, DD Tau,

FP Tau, RWAur B, and UZ Tau W) are more typical but are included here because

their breadths and blueshifts are larger than those with uniform narrow Pa7 profiles.

(To avoid misrepresenting the amorphous profiles with very low peak intensities, the

9 stars in this subgroup are plotted in residual intensity units that reflect their true

height above the stellar continuum, rather than normalized to their peak intensities

like those in the rest of the figure.)

In summary, our key findings for Pa7 and veiling are (1) a robust correlation

between emission equivalent width and veiling; (2) a remarkably consistent profile

morphology among half of the stars with low veiling, which show a two-component

structure with narrow, centered cores and weak, broad bases; and (3) a progression

in profile morphology with veiling for most of the sample. Systematic variations

with veiling of line width and centroid velocity have not, to our knowledge, been

previously reported for hydrogen lines in CTTS. We discuss the implication of the

veiling dependence of Pa7 profiles for magnetospheric formation in § 3.7.1.

3.5 Wind Diagnostic: He I A10830

Our NIRSPECsurvey probes the innermost wind region in accreting stars with the

He I A10830 line. The uniqueness of this probe derives from the metastability of its

lower level (2s 3
5), which, although energetically far above (20 eV) the singlet ground

state, is radiatively isolated from it. Whether this metastable level is populated by

recombination and cascade or by collisional excitation from the ground state, it will

become significantly populated relative to other excited levels owing to its weak de-
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excitation rate via collisions to singlet states, making it an ideal candidate to form an

absorption line. This absorption is essentially a resonant scattering process, since the

A10830 transition (2p
3 P° —> 2s 3

S') is the only permitted radiative transition from

its upper state to a lower state, and the electron density is unlikely to be so high as to

cause collisional excitation or de-excitation. This sets up an ideal situation to probe

outflowing gas in absorption, provided the conditions are right to excite helium 20

eV above the ground state.

Wefind He I A10830 features in 38 of the 39 CTTS in our sample; the exception is

GMAur (see Fig. 3.1), suspected to be in a quiescent non-accreting state. Line pro-

Ties for each star, ordered by decreasing ry, are shown in Figure 3.4, and additional

observations of the 9 stars with multiple observations are in Figure 3.6. Equivalent

widths and kinematic properties are listed in Table 3.2, sorted by 4 groups correspond-

ing to high, medium and low veiling, with the 18 low-veiling objects additionally split

two kinematic subgroups based on Pa7 line widths, Vbhi-

The predicted sensitivity of He I A10830 to absorption is confirmed by our ob-

servations, where absorption below the 1 (im continuum is seen in 34 of the 38 stars

(89%). Although blueshifted subcontinuum absorption from outflowing gas is most

common (27 of 38 stars, 71%) redshifted subcontinuum absorption from infalling gas

is also frequent (18 out of 38 stars, 47%). In 2 stars (5%; GK Tau and UX Tau),

the subcontinuum absorption is centered on the stellar rest velocity and is flanked by

emission on both sides. Our identification of the presence of blue, red, or centered

subcontinuum absorption in each profile is listed in Column 14 of Table 3.2 by the

letters 6, r, and c. Of the 4 stars with no subcontinuum He I A10830 absorption (CW

Tau, RWAur A, HN Tau, and BP Tau), the profiles have asymmetries suggesting

either redward or blueward absorption that does not penetrate the 1 (im continuum.

Because subcontinuum absorption is often a major contributor to the He I A 10830

line, a comparison between emission equivalent width and veiling, which yielded a
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well-defined relationship for Pa7, is not meaningful for He I A10830. While the

emission equivalent width above the continuum ranges from W\ = 0 —30.1 A, the

absorption equivalent width below the continuum in turn ranges from W\ = 0—10.7 A,

so that a strong helium feature may have a large positive or negative equivalent width

or may have a net equivalent width close to zero. To examine the dependence of the

strength of He I A10830 with veiling, we define a helium activity index as the sum of

the absolute value of the equivalent width of the emission above the continuum (E)

and the absorption below the continuum (A). This activity index (E+A) ranges from

~ 1 —30 and is plotted against r Y in the lower panel of Figure 3.7. It shows a trend

of increasing with veiling, corresponding roughly to that seen for Pa7, although with

considerably more scatter. Wehave separately indicated the helium profiles that are

primarily in emission (E —Aj 1 E + A > 0.5), since the activity index for these stars

is dominated by the emission equivalent width, which is directly analogous with the

relation found for Pa7. The observed trend relating the helium activity index and

veiling indicates that helium excitation is correlated with disk accretion rate.

In order to appreciate the full diversity of helium profiles, we have arranged them

into a scheme based on a combination of both veiling level and profile structure. This

categorization is shown in Figure 3.10, where superposed He I A10830 profiles are first

grouped by the same 4 categories used for comparing Pa7 profiles in Figure 3.9 based

on veiling and the Pa7 line width (4 horizontal rows), and then further sorted into 3

morphological classes (3 vertical columns). All helium profiles are in the continuum-

normalized units of Figure 3.4, with the exception of TWHya, which was rescaled to

half its peak intensity in order to facilitate comparison with the other profiles in its

category.

The 3 morphological groups portrayed in Figure 3.10 are as follows: The left

column contains 14 stars with profiles that fall into the general category of "P Cygni-

like" , with subcontinuum absorption that is blueward of all or most of the emission
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Figure 3.10. Superposed He I A10830 residual profiles grouped by 1 /im veiling

(rows) and general morphology (columns). Veiling groups are identical to Figure 3.9,

with the low-veiling group subdivided by the width of Pa7. Morphology groups are:

left: "P Cygni-like" , middle: red absorption below the continuum, and light: other.
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and with no redshifted absorption below the continuum. The middle column contains

18 stars with profiles that do have redshifted absorption below the continuum, most

of which (13 stars) also show subcontinuum blueshifted absorption. The profiles in

the right column are from the 6 objects with either central absorption (2 stars), or

no subcontinuum absorption (4 stars).

The ensemble of He I A10830 profiles in Figure 3.10 illustrates that each of the

3 general profile types (blueshifted subcontinuum absorption, both blueshifted and

redshifted subcontinuum absorption, and central or no subcontinuum absorption)

can be found at all veiling levels. However there is a tendency for broad P Cygni-

like profiles to be more common among stars of high veiling (5 out of 9 stars) while

narrow emission coupled with both blueshifted and redshifted absorption is more

commonamong stars with low veiling (12 out of 18 stars). Although our time coverage

is limited, among the 9 stars with more than one observation, we do not see any

stars shifting among these profile categories (see Fig. 3.6), suggesting that the profile

categories we observe are not primarily due to time-variable behavior among the

CTTS but are intrinsic to each star.

Examination of the superposed profiles in Figure 3.10 also shows that the kine-

matic structure of the subcontinuum blueshifted absorption component is more di-

verse than that of the red absorption. Wediscuss the implications of this diversity for

wind formation in § 3.7.2, and present here the basic properties of the blueshifted ab-

sorption in Table 3.3. This includes the equivalent width of the blue absorption below

the continuum, the continuum penetration depth, the full velocity extent of the blue

absorption and the corresponding minimum and maximum velocity relative to the

stellar rest velocity. At one extreme is an object like DRTau, where the He I A10830

line is almost entirely in absorption, with a breadth of nearly 500 km s
_1

,
extending

from —400 to +70 km s
_1

relative to the star and absorbing 95% of the 1 /im con-

tinuum over most of that velocity interval. At another extreme, an object like V836
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Table 3.3. Blue He I A10830 Absorption in 27 CTTS

Wx % Vmin ax

Object (A) Abs (km s
-1

)
(km s" 1

)
(km s

)

(1) (2) (3) (4) (5) (6)

no OOOri .
9 8Z.o finuu 99nzzu -OU •^oo-OUU

PT Tan1^1 Idll . . .
1 9 4^ 1 40HI) fiO-uu 900-zuu

PY TanI ldll . . 1.0 fiSDO i ^ni ou 70- 1 u 900-zuu

DD ±dU . .
n 9u.z 1 ^ i fin a1DU 1 0- 1U 1 70- 1 1 U

F>P TonDili IdU . . U. 1
1 fiID 1 QOi yu 1 40- I^IU I^O

DP Tanvj r idu . . 1 .0 4Q 1 ^01 JU ^0-ou -900

Dd TanUV_T ldll . .
1 91 . Z GO 9on -9^0 -4^0

TlK TanDl\ -LdU . .
^ 7O. 1

so 41u 40 -4UU

DT TanDLj ldll . . .
n 4U.'l 98 fiOuu -1001UU X \J\J

PlN Tan u.o lu 1 9f) -910 -310

HOTan 9 ^z.u fiQ 1 fif)X uu -40 -200

DOTan n 3 13 90 -160 -250

DR Tan i n 71U. 1 Q5 470 70 -400

DS Tan u.o 23 60\J\J -80 -140

PP Tanr i idu . .

.

u.o OX 1 90 30 b -90

PP Tanvj vjt ldll . . u.z 1 ^ finuu -1 50 -210

GI Tdu . .

.

0.6 15 180 -140 -320

GWOri .

.

4.4 73 380 a -60 -440

HK Tdu .

.

0.5 13 270 -150 -420

HL Tdu... 3.8 55 380 -20 -400

SU Aur... 0.6 20 330 a -90 -420

TWHyd.. 5.3 98 230 -100 -330

UY Aur .

.

0.4 45 60 -90 -150

UZ Tdu W 0.3 10 190 -60 -250

V836 Tdu. 0.2 51 30 0 -30

XZ Tau... 1.2 46 220 -100 -320

YY Ori... 0.9 40 110 o b -110

Note. —Col. 3: Percentage of continuum absorbed at the deepest point of the pro-

file; Col. 4: Range of velocities for blue absorption; Col. 5: Minimum velocity of blue

absorption; Col. 6: Maximum velocity of blue absorption.

a Two distinct blueshifted absorption components.

b Blueshifted absorption component is blended with a redshifted absorption component;

Vmin is the local maximum in the blended region.
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Tau has helium primarily in emission, and the narrow blueshifted absorption extends

from only -30 to 0 km s
_1

relative to the star, cutting through the emission feature

and penetrating the continuum to a depth of 30%.

In summary, the prevalence in accreting T Tauri stars of blueshifted He I ab-

sorption below the continuum demonstrates the ubiquity of accretion-powered winds

arising in the immediate vicinity of the star. However, the diversity of profile mor-

phologies suggests that the nature of the winds is not identical in all of these accreting

stars, a topic we return to in § 3.7.2. We also find that He I A10830 is sensitive to

infalling gas in magnetospheric accretion flows, discussed further in § 3.7.1.

3.6 Class I Sources

In addition to the survey of 39 CTTS and 6 WTTSwhose accretion properties are

well documented from previous studies, we acquired NIRSPECdata for 3 young stellar

objects, identified in Table 3.4, whose spectral energy distributions place them as

Class I or borderline Class I/II objects. Two of them, SVS 13 and IRAS 04303+2240,

have disk accretion rates comparable to those of the most active Class II CTTS,

Mice ~ 10
-6 MQ yr

-1 and are the driving sources for HH Objects/jets and molecular

outflows (references given in Table 3.4). The third, IRAS 04248+2612, is considerably

less active with disk accretion and wind mass-loss rates several orders of magnitude

smaller, comparable to a typical CTTS (White & Hillenbrand 2004).

The faintness of these embedded sources resulted in lower S/N spectra than for

the CTTS, where integration times of 300 s for IRAS 04303+2240 and 1200 s for

SVS 13 and IRAS 04248+2612 yielded S/N of 60, 60, and 20, respectively. For IRAS

04248+2612, the M5.5 photospheric features showed no evidence of veiling. The other

two objects have strong emission lines at the location of all the photospheric features,

preventing a direct measure of the veiling. For them we estimated the veiling based

on the relation between Pa7 and ry that we found for the CTTS. If they follow the
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Table 3.4. Class I Objects

Object Sp Type Ref HJD log Mace log A/wind Ref Aiwind/ -A/acc

(1) (2) (3) (4) (5) (6) (7) (8)

SVS 13 . . .

.

K: 1 605.8,606.8 -5.2 a -6.2 3 0.10 a

04248+2612 M5.5 2 606.9 -9.0 -9.1 2 0.79

04303+2240 M0.5 2 605.9 -6.1 -6.8 2 0.20

J

Note. - Col. 4: Heliocentric Julian Date (2,452,000 +); Col. 5: Mass accretion rate in

Mq yr
_1

; Col. 6: Mass-loss rate in Af Q yr
_1

; Col. 8: Ratio of mass-loss rate to mass accretion

rate.

a Accretion rate assumed to be 10 times the mass- loss rate.

References. —(1) Goodrich 1986; (2) White & Hillenbrand 2004; (3) Davis et al. 2001.

same relation, their Pa7 equivalent widths indicate r Y ~ 1.8 for IRAS 04303+2240

and ry ~ 0.3 for SVS 13.

The residual He I A10830 and Pa7 profiles for these 3 stars are shown in Fig-

ure 3.11, and their line properties are given in Table 3.5. Overall the profile mor-

phologies for both Pa7 and He I A10830 are similar in character to those found among

the CTTS, with the exception of the Pa7 profile of the low accretion rate object

IRAS 04248+2612, which has a double- rather than single-peaked structure. All 3

He I A10830 lines show evidence of winds in the form of blueshifted absorption, pene-

trating the continuum in SVS 13 and IRAS 04248+2612 but not in IRAS 04303+2240.

The He I A10830 profile for SVS 13 is very similar to that of the high accretion rate

CTTS DRTau, in that both are almost entirely in absorption, which is very broad

and very deep, extending from the stellar rest velocity to almost 400 km s
-1

.

3.7 Discussion of Line Profiles

Our survey of He I A10830 and Pa7 lines in 38 CTTSand 3 Class I sources presents

a rich new array of kinematic diagnostics of the star-disk interface region in accreting
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Figure 3.11. Residual He I A10830 and Paj profiles for the Class I sources in order

of decreasing 1 fim veiling ry. The 2 spectra for SVS 13 were taken a day apart; the

reference spectrum (ry = 0.3) is shown with a heavier line than the other (ry = 0.4).

No photospheric features were seen for SVS 13 or 04303+2240, so the velocity scales

for these profiles are relative to the velocity of ambient molecular material.

stars. In this section we discuss how the profile morphology for each of these lines

gives insight into magnetospheric accretion flows and accretion-powered winds.

3.7.1 Magnetospheric Contributions to Pa7 and He I A10830

The presence of magnetospheric accretion flows in classical T Tauri stars is in-

ferred from general similarities between observed and model profiles, particularly for

hydrogen lines of modest opacity (Muzerolle et al. 2001a; Hartmann et al. 1994; Ed-

wards et al. 1994). In the radiative transfer models, line emission arises along the

full length of an accretion column characterized by a fairly uniform temperature,

connecting the truncated disk to the stellar photosphere. Hydrogen profile charac-

teristics reproduced in the models include broad single-peaked emission with a blue
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asymmetry and the appearance of redshifted inverse P Cygni absorption (IPC) when

the optical depth is not too high and the inclination is favorable (i.e., when the line

of sight passes through both the infalling gas and the hot accretion shock). In our

NIRSPEC data, the presence of redshifted IPC absorption in Pa7 (9/38 CTTS) and

He I A10830 (18/38 CTTS) profiles implies that each of these lines probes magne-

tospheric funnel flows. However, some unexpected profile characteristics pose new

challenges to our understanding of the magnetospheric accretion process.

A hydrogen line such as Pa7 is expected to be formed primarily in the accre-

tion flow, and taken in aggregate, our observations appear to support this expecta-

tion. The profiles are single peaked with a range of line widths (Vbhi from —250 to

—26km s
-1

), a tendency toward blueward centroids (Vc from —150 to +29 km s
_1

),

and an IPC absorption frequency of 24%. However, the extremes in linewidths and

centroid velocities and their progression with veiling are not predicted by existing

models.

To quantify the difference between observed and predicted profiles, we compare

distributions of their kinematic parameters Vbhi and Vc in Figure 3.12. The kinematic

parameters for the data are separately plotted for Pa7 profiles in the high-, middle-

and low- veiling groups described in § 3.4. Corresponding distributions for the theoret-

ical profiles from magnetospheric accretion models (Muzerolle et al. 2001a) are shown

in the bottom panel. The theoretical parameters are measured from their database

of Pa/3 profiles predicted to arise under a variety of mass accretion rates and disk

truncation radii. Weselected only those profiles considered by Muzerolle et al. to be

appropriate combinations of gas temperature and accretion rate, which are T = 6000

or 7000 K at M= 10" 6 M©yr
_1

, T = 7000 or 8000 K at M= 10~ 7 M0 yr" 1

,
T = 8000

or 10,000 K at M= 10" 8 M0 yr
-1

, or T = 10,000 or 12,000 K at M= 10" 9 M0 yr" 1
.

Following these constraints, we extracted 128 of the available 272 Stark-broadened

model Pa/? profiles, covering disk truncation radii from ~ 2 to 6 i?* seen from 4
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viewing angles, and evaluated their Vbhi and Vc . To facilitate comparison between

the theoretical and observed distributions, we rescaled the Vbhi and Vc distributions

measured from the models to correspond to the appropriate weighting for a random

selection of viewing angles.

Although the model and observed profiles span similar ranges of Vbhi and Vc for

many of the stars, some observed profiles show kinematic properties outside the range

of the models. At high veiling 2 of the 9 stars have Vbhi ~ 50 km s
-1

higher than

the models. More significantly, at low veiling many stars have Vbhi < 50 km s" 1

and Vc < 10 km s
_1

, narrower and more centered than predicted for magnetospheric

accretion flows. Moreover, as discussed in § 3.4, these low Vbhi and Vc are actually

due to the narrow component of profiles with a two-component (narrow and broad)

structure (third panel of Fig. 3.9).

The Pa7 narrow component is reminiscent of a similar feature in many metallic

emission lines in CTTS, usually attributed to formation in a stationary accretion

shock at the footpoint of the funnel flow (Batalha et al. 1996; Jolms-Krull & Basri

1997; Alencar & Basri 2000; Najita et al. 2000). For example, the average FWHMof

the narrow component at He I A5876 in the sample of BEK, which overlaps signifi-

cantly with the stars studied here, is 47 ± 7 km s
-1

, in comparison to the average for

Pa7, ~52 km s
_1

. In CTTSmetallic lines the proportional contribution of narrow and

broad component emission is sensitive to the accretion rate, where the narrow com-

ponent from the accretion shock dominates over the broad component predominantly

in stars with low accretion rates.

A comparison of f>7, He I A5876 (from BEK), and He I A10830 profiles for the 9

stars with low 1 /im veiling and narrow Pa7 lines is shown in Figure 3.13. (Two were

not in the BEKsample, but we include them in the figure for completeness.) Although

the He I A5876 lines predate the 1 /mi lines by almost a decade, it is apparent that all

3 lines in these stars have relatively narrow emission, and for 7 stars for which we have
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Figure 3.12. Histograms of kinematic parameters Vbhi (left column) and Vc (right

column) for observed and theoretical Paschen line profiles. Observed values from

Pa7 are separately shown in the first 3 rows for high, middle and low 1 fim veiling.

Theoretical values from model Pa/? profiles (Muzerolle et al. 2001a) are in the bottom

row. The distribution for the low-veiling group excludes 4 stars with Pa7 profiles that

bear no resemblance to the models (BM And, SU Aur, CI Tau, and UXTau), making
comparisons meaningless. We have not hatched the remaining 5 stars in the low-

veiling group with broad Pa7 profiles to emphasize the trend toward decreasing line

width and centroid velocity with veiling. The model histograms are normalized to

unity and weighted for a random distribution of viewing angles.
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both Pa'y and He I A5876, the presence of a narrow core near line center is apparent

in both lines. In contrast, He I A10830 lines are considerably more complex due to the

sensitivity of this transition to absorption by infalling and outflowing gas. However,

in most cases the velocity extent of the blue or red absorption at He I A10830 appears

to match that of broad-component emission at Pa7 or He I A5876.

If Pa7 narrow-component emission, which is only seen in low-veiling stars, arises

in an accretion shock, then the assumption that hydrogen lines in low accretion-rate

stars primarily trace magnetospheric columns is suspect. A related question is where

the accompanying Pa7 broad component is formed. In 3 of the low-veiling stars in

Figure 3.13, there is an asymmetric blue wing at Pa7 (AA Tau, GI Tau, TWHya)

with a similar velocity extent to the blue absorption at He I A10830, suggesting it may

arise in the wind. A similar inference was reached by Whelan et al. (2004), who found

blue wings of hydrogen lines in CTTS to be spatially extended, requiring formation in

a wind. The fact that the majority of the CTTS Pa7 profiles show a progression from

broad blueshifted emission at high veiling to narrow, centered emission cores with

broad bases at low veiling could be explained if there is an increasing contribution

from wind emission at Pa7 as the veiling increases. Or, if the lines are primarily

formed in magnetospheric accretion columns, this behavior needs to be explained. In

the models, inclination is the major influence on line width and asymmetry, while the

dominant effect of accretion rate is on line luminosity, although when combined with

high temperatures, line widths will also be enhanced (Muzerolle et al. 2001a). The

observed progression with veiling suggests that the paradigm of attributing hydrogen

line emission to magnetospheric accretion might need to be readdressed, despite the

considerable success of previous comparisons of models and observations.

There is, however, little doubt that magnetospheric accretion is present in CTTS,

attested to by the presence of redshifted IPC absorption in both hydrogen and metallic

lines. Yet our data pose challenges for IPC features as well, particularly at He I A10830
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Figure 3.13. Comparison of Pa7 (top), He I A5876 (middle, from BEK), and

He I A10830 (lower) profiles for 9 CTTS with low veiling and narrow Pa7 lines. Pa7
and He I A5876 are normalized to their peak intensities to facilitate comparison of

their kinematic structure. The He I A10830 profiles are in residual intensity units,

except for TWHya which has been rescaled to half its actual peak intensity. No
He I A5876 spectra are available for TWHya or XZ Tau.
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where the red absorption is often quite broad (several hundred km s
_1

) and deep

(penetrating up to 50% of the continuum; see § 3.5 and Figs. 3.4, 3.6, 3.10, and

3.13). This kinematic structure suggests that magnetospheric infall does not occur

in a simple dipole geometry, since the funnel flow has a cross-section perpendicular

to the line of sight that narrows toward the star and becomes much smaller than

the projected stellar surface. In the beginning of the funnel flow, the speed of the

gas also increases along a curved path that is more perpendicular to the line of sight

than along it, so it is difficult for a locus of points having the same line-of-sight

velocity component to project a large cross-section for a broad velocity range, as

required for the observed absorptions. Similar conclusions have also been reached by

other authors investigating the geometry of T Tauri magnetospheres via a variety of

techniques (Bouvier et al. 2007a; Daou et al. 2006; Jardine et al. 2006).

We infer that although magnetospheric accretion along field lines connecting the

disk and star is common in CTTS, current models of line formation in these flows,

while contributing greatly to our understanding of the star-disk interaction zone,

oversimplify the actual situation. Our data suggest that the accretion shock can

be a significant contributor to Paschen emission in low accretion-rate objects and

that a wind may contribute to the blue wings. Whether this calls into question a

magnetospheric accretion origin for Pa7 emission in the majority of CTTS is unclear.

Although many of the observed Pa7 profiles have kinematic parameters in line with

those predicted, the models do not account for the observed progression of Pa7 line

widths and centroid velocities with decreasing veiling shown in Figure 3.9. Thus,

caution is in order when deriving physical parameters of accretion flows on the sole

basis of hydrogen line profiles, since it is clear that even lines of modest optical

depth can have multiple sources of origin. In any case, even with multiple emission

components contributing to Pa7 emission, each must increase in proportion to the
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disk accretion rate in order to reproduce the correspondence between line strength

and r Y seen in Figure 3.7.

3.7.2 Wind Contributions to He I A10830

The He I A10830 line appears to be a promising means of studying the inner wind,

given the high frequency (71%) of CTTS with subcontinuum blueshifted absorption.

In comparison, the detection frequency of subcontinuum blueshifted absorption at

Ha, a traditional indicator of inner winds, is only 10% (3 of 31) among CTTS in a

sample that closely overlaps the present one (see profiles in BEK). The most striking

aspect of blueshifted absorption among CTTS He I A10830 profiles is their consider-

able diversity - in width, velocity, and penetration depth into the continuum. Blue

absorption widths have breadths as wide as 470 km s
-1

to as narrow as 30 km s
_1

.

The narrow absorption features can have blueshifts as high as 300 km s
_1

to as low

as tens of km s
-1

. Penetration depths can be as low as 10%, but they exceed 50%

in 9 stars, and they exceed 90% in two stars (DR Tau and TWHya). This diver-

sity indicates that the innermost winds in accreting stars do not all have the same

characteristics, and that a range of wind conditions exists in these stars. However,

in all cases the winds must be accretion powered, since there is no evidence for them

in non- accreting WTTS, and the He I A10830 line strength expressed as a sum of

the emission and absorption equivalent widths is sensitive to the 1 ^m veiling. In

this section we highlight properties of the He I A10830 blueshifted absorption that

speak directly to the wind launch region. Weare also undertaking a theoretical ex-

amination of profiles formed in winds arising both from the star and the inner disk,

using Monte Carlo simulations to explore profiles formed via resonance scattering

and in-situ emission (Kwan et al., in preparation). A comparison between observed

and theoretical profiles will elaborate on the points made here and demonstrate them

more rigorously.
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Among the stars with "P Cygni-like" profiles (left column in Fig. 3.10 plus SVS

13 in Fig. 3.11), five have blue absorption which is both very broad and very deep

(SVS 13, DR Tau, AS 353A, HL Tau, and GWOri). Weargue that these absorption

features require formation in a wind emerging from the star rather than the disk

(see also Edwards et al. 2003). In these cases the combination of the extreme line

breadth and depth reveals that all velocities in the wind, from rest to terminal velocity,

intercept the 1 /mi continuum and scatter a significant fraction of those photons.

These geometric constraints are satisfied when the source of the 1 /mi continuum

is the stellar surface, and diverging wind streamlines emerge radially away from the

star, thereby absorbing continuum radiation over the full acceleration region of the

wind. In contrast, for a disk wind geometry, continuum photons from the star will

encounter a much narrower range of velocities as they pass through the wind, which

will be confined to nearly parallel streamlines emerging at an angle to the disk surface.

Even in an X-wind (Shu et al. 1994), where wind streamlines open from a narrow

ring in the disk, the full range of velocities in an accelerating wind would not occult

the stellar surface. Central to this interpretation is the assumption that the 1 /.mi

continuum photons originate from the stellar surface.

This assumption for the location of the 1 /im continuum appears reasonable, as

the continuum likely arises from the photosphere itself or from accretion luminosity

on the stellar surface (see § 3.8). Even for the largest continuum excesses we observe,

ry = 2, a third of the continuum is contributed by the photosphere. The 5 stars

with the most broad and deep blue absorption of the 1 /im continuum, and thus the

strongest evidence for winds moving radially away from the star, have ry values of 2

(DR Tau), 1.8 (AS 353A), 1 (HL Tau) and 0.3 (SVS 13 and GWOri), demonstrating

that similar absorption features are seen in stars with a range of continuum excesses

and photospheric contributions. We refer to this wind geometry as a stellar wind,
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although these winds are clearly deriving their energy from processes related to disk

accretion.

The above argument for stellar winds is based on the structure of the blue absorp-

tion feature in 5 stars. This interpretation is also consistent with their full helium

profiles, which resemble line formation in a stellar wind under conditions of simple

resonance scattering. Such conditions would normally result in classic P Cygni pro-

files with comparable emission and absorption contributions, as seen for AS 353 A,

HL Tau, and GWOri. However, if the accretion disk extends close enough to the

star to occult the receding flow and suppress the red emission, then a stellar wind

can also account for the full profiles of DRTau and SVS 13, where He I A10830 is

predominantly in absorption. This would result if the stellar wind starts beyond the

disk truncation radius, which would be favored, for example, under conditions of high

disk accretion rate, resulting in smaller truncation radii (Konigl 1991).

For the remaining CTTS, interpretation of the He I A10830 profiles is less defini-

tive, although stellar winds are still good candidates for the profiles in the P Cygni

group, such as DGTau, DF Tau, DOTau, and TWHya. In these stars the blue ab-

sorption is narrow but very blueshifted, and emission is the dominant contributor to

the profile. Such profiles could be explained if resonance scattering plus an additional

source of in-situ emission is present in a stellar wind, such that prominent emission

would also partially fill in the absorption feature as observed.

The possibility raised in the previous section, that the wind may contribute to

broad component Pa7 emission, gains additional support when Pa7 profiles from stars

with high veiling are compared with helium lines. In Figure 3.14 we present a figure

analogous to that of Figure 3.13 showing Pa7, He I A5876, and He I A10830 profiles,

but in this case for 4 stars with large 1 fim veiling and P Cygni-like He I A10830

profiles. In contrast to the narrow emission seen at all 3 lines in the low-veiling stars,

here most of the lines show broad emission (or in some cases, absorption). Similarly
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broad, blueshifted emission is seen for both Pa7 and the non-simultaneous He I A5876

lines for 3 of these stars (DR Tau, DGTau and DL Tau). In BEK we argued that

the broad, blueshifted component of He I A5876 arose primarily in a wind, which

Figure 3.14 suggests may also be contributing to Pa7 emission. If so, this effect may

be an important contributor to the progression of Pa7 profile morphology described in

§§ 3.4 and 3.7.1. The fourth star, AS 353A, shows a more confusing relation between

Pa7 and the non-simultaneous He I A5876 line, where it appears as if the blue side of

Pa7 and the red side of He I A5876 may be influenced by absorption.

In addition to the P Cygni profiles with blueshifted absorption likely arising from

accretion-powered stellar winds, other CTTS He I A10830 profiles have blue absorp-

tion that is both narrow and less blueshifted, e.g., DS Tau, UY Aur, and V836 Tau.

Here disk winds provide a natural explanation for the blue absorption, where stel-

lar photons are intercepted over a narrower range of velocities as they cross parallel

wind streamlines emerging from the disk. The magnitude of the blueshift will depend

on the relative orientations of the disk and the line of sight, where blueshifts would

be smallest for more edge-on systems. There are also a number of stars where the

interpretation of the blueshifted absorption is ambiguous, and on the basis of the

He I A10830 profile alone, either a stellar or disk wind might be invoked. There are

also 4 CTTS with no subcontinuum blue absorption and 2 with deep, centered ab-

sorptions, reminding us that the star-disk interface region is complex and not uniform

among all accreting stars.

Weconsider it likely that both disk and stellar winds are present in most CTTS,

but that a combination of factors including inclination, disk geometry, accretion and

outflow rates, magnetospheres, and accretion shock properties will all contribute to

the formation of an observed profile. If both types of winds are present, then the

stellar winds probably emerge predominantly from high latitudes. If so, the signature

of stellar winds would be favored in stars seen more pole-on, while disk wind signatures
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Figure 3.14. Comparison of Pa7 (top), He I A5876 (middle, from BEK), and

He I A10830 (lower) profiles for 4 CTTS with high veiling and broad Pa7 lines. Pa7
and He I A5876 are normalized to their peak intensities to facilitate comparison of

their kinematic structure. The He I A10830 profiles are in residual intensity units.
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would be favored in stars seen more edge-on. Unfortunately, inclination estimates for

most CTTS are not well constrained, and accretion rates are variable, so we have

not tried to sort out these effects for our profiles at the present time. Although

He I A10830 profile morphologies do not have a one-to-one correspondence with the

1 /an veiling, the fact that good examples of stellar wind signatures are found for

stars thought to have high accretion rates and well-formed jets (e.g., SVS 13, DR

Tau, AS 353A, HL Tau, and DGTau) clarifies that the stellar wind component can

be important in stars with significant accretion activity.

3.8 Origin of One-Micron Veiling

Continuum emission excesses that veil photospheric features in CTTS spectra are

known to come from at least two different sources. One is an optical/ultraviolet ex-

cess shortward of 0.5 fim that is used to determine disk accretion rates. The spectral

energy distribution of the excess emission from 0.32 to 0.52 /im (Valenti et al. 1993;

Gullbring et al. 1998) is very well described by theoretical models of accretion shocks

formed as magnetically channeled material falls from the disk truncation radius to

the stellar surface along magnetospheric field lines (Calvet & Gullbring 1998). In

the models, the observed continuum emission is attributed to optically thick Paschen

continua arising in the heated photosphere (6000 —8000 K) below the shock plus

optically thin emission shortward of the Balmer limit from pre-shock and post-shock

gas. There are indications that the emission excess longward of 0.5 /im does not

steadily decline with wavelength as expected from the accretion shock models, but

this has not been systematically studied since it would require simultaneous obser-

vational coverage over a wide wavelength region. However, distributions of veiling

among similar ensembles of CTTS indicate that it appears to be relatively constant

from 0.5 fim to 0.8 /im (Bash k Batalha 1990; White & Hillenbrand 2004), suggest-

ing that there is an additional contribution to emission excess. This leads to large
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uncertainties in bolometric corrections and in corresponding accretion luminosities

and mass accretion rates from veilings measured in the red.

A second source of excess continuum emission recognized in accretion disk sys-

tems is found at near-infrared wavelengths from 2 to 5 /mi (Folha & Emerson 1999;

Johns-Krull & Valenti 2001). This emission excess is well characterized by a single

temperature blackbody with T ~ 1400 K and has been successfully modelled as aris-

ing in a raised dusty rim at the dust sublimation radius in the disk (Muzerolle et al.

2003). The amount of the excess is proportional to the accretion luminosity, as the

dust is heated by radiation from both the photosphere and the accretion shock. The

location of the dust sublimation radius is about 0.07 AU for a K7/M0 star but can

be expanded to 0.15 AU when accretion luminosities are high (Eisner et al. 2005).

Our NIRSPEC data provide the first reconnaissance of veiling at 1 /an. This

wavelength regime is ideally situated to provide additional insight into the behavior

of continuum excess in CTTS, since it lies between the regions where 6000 —8000 K

shocked gas and 1400 K warm dust are dominant contributors. However, this also

corresponds to the region where the photospheric emission peaks, which will result

in smaller veiling, defined as an excess relative to photospheric flux, for comparable

emission fluxes. This is in fact seen, as shown in Figure 3.15, which compares distri-

butions of TV, ry, and tk for CTTS, using veilings from the literature for the stars

in our NIRSPEC survey. The maximum values for ry are only ~ 2, compared to

maxima of 8 for ry and 4 for r#. Similarly, 20% of stars with optical excesses do not

have measurable veilings at 1 /mi. (Veiling values and their references are compiled

in Table 3.6.) However, as we show below, the 1 /mi veiling on average exceeds that

expected from either a 6000 —8000 K accretion shock or 1400 K dust, and this leads

us to confirm that an additional source of excess emission is present in CTTSsystems.

The magnitude of the discrepancy is shown in Figure 3.16, which uses veiling ratios

f\/fY to illustrate how, on average, veilings at 1 /mi exceed those predicted from
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Table 3.6. CTTS Mean 5, V, Y, and Veiling

Object

(1) (2)

ry

(3)

ry

(4)

r K
(5)

tb/ty
(6)

r v /r Y
(7)

r K /r Y
(8)

AA Tau .

.

nu 97Z 1
nu di u 1 ^ nU oo 1.80 2.07 2.53

AS 353 A

.

o c;o 1 0 11 Q0yu 1.82 2.68

BMAnd .

.

nu 1 0IU i
i 40-IU 14.00

BP Tau. .

.

nu ou nu 71 nu ^0ou nu 79
I z 2.67 2.37 2.40

CI lau . .

.

nu nu 90zu 2.35

CVV lau.. 11 9^zu 11 1 1.09
/~^\r rpCY lau .

.

n 89 11 90zu nu 10 8.20 12.00

DD lau .

.

9z QOyu nu 1 01U 29.00
p,n rpDE lau .

.

nu 88oo n ^7U 1
nu 90ZrU 1 0 1! 4.40 2.85 rj oc5.25

Dr lau. .

.

11 9^zu nu Q"} nu ^0ou nu 81 4.17 3.10 2.70

DG lau .

.

oZ 70 o 1 u nu 80ou 1 <±o 3.38 3.94 1 701.79

UK lau .

.

nu fiQ nu 4Q nu ^0uu ii fi9UZ 1.38 f\ AO0.98

DL lau. . .

oZ fidU-± i
J. U^ 11 1 01U 2.40 1 (O1.49

T\M rpDN lau .

.

nu 1 fi nu 07u /
nu 00uu nu 91Z 1 6.40 2.80 8.40

i—\ r \ rpDO lau .

.

A 70
/ u nu ^0ou i1 QOyu 15.67 6.33

DQTau .

.

nu 1 8 nu 00uu nu }0ou 7.20 12.00
i—\ pi rpDRTau .

.

A-± ^0 Qo 9z 00uu A<± 00uu 2.15 4.07 2.00

DS Tau . .

.

1 nouu nU 83oo nu 404U 1
1 1 0IU 2.50 2.07 2.75

FP Tau . .

.

nu 1 1 u i nIU nu AOIU 1.40 4.00

GGTau .

.

nU QO nU •inOU nu ^oou nU zu 3.00 1.00 0.87

GI Tau . .

.

nu fiOou u 9/1Z't
nu i nIU nu 79

i Z 6.00 2.40 7.20

GK Tau .

.

u 1 1
1

1

nu 1 7 u "}0ou i
i

1 1
1 1 "0.37 0.57 3.70

GMAur .

.

nU 1 Q u 99ZZ nu nnuu nu ^nOU 7.60 8.80 12.00

GWOri .

.

nU uu nu ^nOU 0.00

HK Tau .

.

i
i i n1U u /in4U 2.75

HL Tau . .

.

i
i nnuu

HNTau .

.

nU finDU Au 7fi nU ^nou 1.20 1.52

LkCa 8 . .

.

nu nu io u n^uo 3.00 3.00

RWAur A Qo onzu z CiAU4 u onyu 3.56 2.27

RWAur B 0 10 ...

SU Aur . .

.

0 00 0 60 24.00

TWHya .

.

0 29 0 00 0 09 11.60 3.60

UX Tau .

.

0 00

UY Aur .

.

0 75 0 53 0 40 1 65 1.88 1.32 4.12

UZ Tau E 0 73 0 30 2.43

UZ Tau W 0 10

V836 Tau

.

0 04 0 00 1.60

XZ Tau . .

.

0 00

YY Ori . .

.

1 80 0 40 4.50

Note. - Veilings are means from the following compilations: tb'- Basri &
Batalha (1990), Gullbring et al. (1998); r v : Alencar & Batalha (2002), HEG,
Muzerolle et al. (1998b); ry. this work; vk- Folha & Emerson (1999), Johns-

Krull k Valenti (2001), Muzerolle et al. (2003). In calculating ratios, objects

with ry non-detections are set to ry = 0.025.
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Figure 3.15. Comparison of veiling distributions at V, Y, and K. Only stars from

the current survey are included, but the non-simultaneous data for V and K from

the literature do not include all the stars in our survey.

either of the two suspected sources of continuum excess emission. The veiling ratios

are plotted as a function of Te ff in order to account for the differing proportions of

photospheric contributions to the measured veiling. Wealso include predicted veiling

ratios that would result either from 8000 K accretion shocks (r#/ry and ry/ry) or

1400 K warm dust (r^/Vy). Although the CTTS ratios are compiled from non-

simultaneous veiling measurements, the ensemble of veiling ratios from many stars

consistently shows ry to be larger than expected from either accretion shocks or warm

dust.

For example, the expected veiling ratio r^/ry is about 20 for warm 1400 K dust

around a K7/M0 star. Thus the observed maximum r# of 4 would only generate

a 1 fim veiling of ry = 0.2, considerably smaller than the observed maximum of 2.

Similarly, the observed distribution of r^/ry ratios indicates that on average, ry is

an order of magnitude larger than would arise from the dust.
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Figure 3.16. Ratios of V-, and A"-band veiling to y-band veiling plotted

as a function of effective temperature. Stars with measured veilings at each pair of

wavelengths are plotted as open squares using mean values given in Table 3.6. Two
stars in the ry/ry plot have ratios too high to fit in the figure (15.7 for DO Tau
and 29.0 for DD Tau) and are shown with triangles. To include objects with non-

detections at ry, we set their ry to an upper limit of iy —0.025. These are shown as

arrows, representing lower limits on the ratio. The solid line shows the predicted ratio

for a photospheric Teff with an excess blackbody source of 8000 K (top two panels)

or 1400 K (bottom panel). Note that the ratios are scaled linearly in the first two

panels and logarithmically in the lower one.
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The corresponding situation for an 8000 K accretion shock predicts a veiling ratio

Tb/^y of about 7 for a K7/M0 star. Thus the maximum r B of 5 would correspond

to an Ty of 0.7, in contrast to the observed maximum of 2. This is consistent among

the group of CTTS, where the observed ratios again suggest Ty is, on average, several

times larger than predicted. A similar conclusion can be drawn from the ratio Tv/ry,

although the average discrepancy here is not as large. This is because by 5700 A, the

excess emission is already higher than expected relative to the B band for an 8000 K

accretion shock.

In summary, there is persuasive evidence suggesting that an additional source of

continuum emission excess other than 6000 —8000 K accretion shocks and 1400 K

warm dust is present in accreting T Tauri stars. A simple possibility is that accretion

shocks are not uniform in temperature, but include cooler components than modeled

to date (White Ik Hillenbrand 2004). Another is radiation emerging from the region

where the rotational energy of the inner disk is dissipated, which would generate lower

temperatures than the accretion shocks. Determining the source of this emission and

its importance in accreting systems will require simultaneous measurements over a

very broad range of wavelengths.

3.9 Conclusions

Our key empirical findings from NIRSPEC 1 /mi spectra follow:

Veiling at 1 /mi ranges from ry = 0 —2 for a sample of 39 CTTS whose veiling at

5700 A (ry = 0.1 —8) corresponds to two orders of magnitude in disk accretion rates.

Approximately 20% of the CTTS (8/39) showed no detectable continuum excess at

1 /mi, with ry < 0.05. For the 3 Class I sources we observed, 2 have 1 /mi veiling.

In the CTTS the 1 /mi veiling is on average larger than expected from recognized

sources of continuum excess in accreting stars, either 6000 —8000 K accretion shocks
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on the stellar surface or 1400 K puffed rims at the dust sublimation radius in the

disk.

The Pa7 line is in emission in 38/39 CTTSwith equivalent widths ranging from 0.6

to 18 Aand in all 3 Class I sources. Profiles have central peaks, none show blueshifted

absorption, and 24% of the CTTS show redshifted absorption below the continuum.

There is good correlation between Pa7 equivalent width and veiling, and the majority

of stars also show a relation between Pa7 profile morphology and ry, with broader,

more blueshifted lines at high veiling. Among the 18 stars with ry < 0.2, half show

Pa7 profiles with a two-component structure comprised of narrow, centered cores

(FWHM~ 50 km s" 1

) and a broad base (FWHM~ 170 km s" 1

).

The He I A10830 line, found in 38/39 CTTS and all 3 class I sources, displays

a more complex profile morphology. Its resonance scattering properties make it ex-

traordinarily sensitive to outflowing and infalling gas in the vicinity of star, with

89% of the CTTS profiles showing absorption below the continuum. Blueshifted sub-

continuum absorption from a wind is found in 71% of the CTTS profiles, redshifted

subcontinuum absorption from magnetospheric infall in 47%, and centered subcon-

tinuum absorption in 5%. Blueshifted absorption is found at all veiling levels and

displays considerable diversity in its velocity structure, with widths ranging from

30 —470 km s
_1 and depths penetrating up to 95% of the continuum. Redshifted

absorption is more prevalent among stars with low veiling and when present can have

widths of several hundred km s
_1 and penetrate up to 50% of the continuum.

Our key interpretive findings from NIRSPEC 1 [im spectra follow:

We attribute the diversity of kinematic structure in He I A10830 subcontinuum

blueshifted absorption to the presence of two genres of winds being launched from

the star-disk interface region. Some CTTS have profiles requiring a wind moving

radially away from the star, while others are more readily explained as arising in winds

emanating from the inner disk. There are also stars where it is not obvious which genre
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of wind is dominant. Both winds must be accretion powered, since neither is seen in

non-accreting WTTS, and among the CTTS, helium strength correlates with veiling.

Stellar wind signatures are found for a range of disk accretion rates, including objects

with high accretion rates and well-developed jets and HH outflows. Weconsider it

likely that both disk and stellar winds are present in all CTTS, but that a combination

of factors, including inclination to the line of sight, disk geometry, accretion/outflow

rates, magnetospheres, and accretion shock properties, determines which genre of

wind is the primary contributor to the He I A10830 profile in a particular star.

The high frequency of redshifted subcontinuum absorption in half of the He I

A10830 profiles and a quarter of the Pa,j profiles attests to the presence of magneto-

spheric accretion flows. However, the breadth and depth of this feature at He I A10830

suggests that complex field topologies rather than simple dipole fields probably link

accretion columns from the disk to the star, an idea for which there is growing obser-

vational support (Bouvier et al. 2007a). Surprisingly, several aspects of Pa7 profile

morphology suggest this line may not be solely formed in magnetospheric infall but

may also have important contributions from accretion shocks and winds.

In sum, the combination of He I A10830 and Pa7 lines in the 1 fim. region offers rich

new probes of the relation between accretion and outflow in young stars. This paper

presents the first empirical overview of these profiles among CTTS and demonstrates

the unique power of the He I A10830 line to probe the wind launch region in accreting

stars. A companion paper will present theoretical profiles for lines formed via scat-

tering and in-situ emission in winds arising from stars and from disks. The finding

that at least some of the highest accretion-rate CTTS show signatures for accretion-

powered stellar winds clarifies that stellar winds must be an important component

in accreting systems. This allows for the possibility that magnetized stellar winds

rather than magnetospheric disk locking may be the means by which accreting stars
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spin down to rotational velocities well below break-up (Matt &; Pudritz 2005b; von

Rekowski Sz Brandenburg 2006; Romanova et al. 2005).

Establishing mass outflow rates from He I A10830 will require good determination

of physical conditions in the helium wind, which in turn will require simultaneous

spectra of both He I A10830 and He I A5876 to establish the conditions for helium

excitation and ionization. Until then the magnitude of the contribution of winds

traced by helium, either stellar or inner disk winds, to extended mass outflows and

jets and to angular momentum loss from the star or disk remains uncertain.
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CHAPTER4

MODELINGT TAURI WINDSFROMHE I A10830
PROFILES

4.1 Overview

The high opacity of He I A10830 makes it an exceptionally sensitive probe of the

inner wind geometry of accreting T Tauri stars. In this line, blueshifted absorption

below the continuum results from simple scattering of stellar photons, a situation

which is readily modeled without definite knowledge of the physical conditions and

recourse to multilevel radiative transfer. Wepresent theoretical line profiles for scat-

tering in two possible wind geometries, a disk wind and a wind emerging radially from

the star, and compare them to observed He I A10830 profiles from a survey of classical

T Tauri stars. The comparison indicates that subcontinuum blueshifted absorption

is characteristic of disk winds in ~ 30% of the stars and of stellar winds in ~ 40%.

We further conclude that for many stars the emission profile of helium likely arises

in stellar winds, increasing the fraction of accreting stars inferred to have accretion-

powered stellar winds to ~ 60%. Stars with the highest disk accretion rates are more

likely to have stellar wind than disk wind signatures and less likely to have redshifted

absorption from magnetospheric funnel flows. This suggests the possibility that when

accretion rates are high, disks can extend closer to the star, magnetospheric accretion

zones can be reduced in size, and conditions can arise that favor radially outflowing

stellar winds.
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4.2 Introduction

Young stars with accretion disks possess extended collimated mass outflows on

spatial scales as small as a few AU (Hartigan et al. 2004; Dougados et al. 2000) to

as large as a few parsecs (Bally et al. 2007). These ubiquitous outflows are almost

certainly accretion-powered, since there is a robust correlation between mass accretion

and outflow rates over many orders of magnitude (Hartigan et al. 1995; Richer et al.

2000). The flows are thought to be launched via magnetohydrodynamic processes,

where a large-scale open magnetic field is anchored to a rotating object, but whether

that object is the disk or star or both is still uncertain (Ferreira et al. 2006). Disk

winds may either emanate over a wide range of disk radii (Konigl &; Pudritz 2000) or

be restricted to a narrow (X) region near the disk truncation radius (Shu et al. 1994),

while stellar winds follow open field lines emerging radially from the star (Hartmann

et al. 1982; von Rekowski & Brandenburg 2006; Romanova et al. 2005). Disk winds

will aid in angular momentum transport in the disk and carry angular momentum

away from the system (Pudritz et al. 2007), thereby affecting the evolution of the

disk and any planets that may form there. Stellar winds in accreting systems are

often regarded to be of secondary importance, but recent work by Matt &; Pudritz

(2005b) suggests otherwise. After raising serious questions as to whether a magnetic

interaction between the disk and the star can provide the necessary spin-down for

accreting stars, they posit that it is accretion-powered stellar winds that counteract

the spin-up torque acquired by a star during disk accretion (Hartmann Sz Stauffer

1989) and are thus the primary agent for regulating stellar angular momentum in

forming stars.

Observational constraints on the wind launch region are thus crucial for clarifying

outflow origins and providing insight into the evolution of angular momentum in

accretion disks and accreting stars, yet direct empirical tracers have been surprisingly

elusive. No evidence for winds is seen in molecular lines of COand H2 0 that arise
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in the inner accretion disk at radii from 0.1 to 2 AU. Rather, these lines show disk

profiles that include turbulent broadening and warm disk chromospheres (Najita et

al. 2003; Carr et al. 2004), and their symmetry belies no trace of outflowing gas from

the upper disk layers. In contrast, atomic lines that form within 0.1 AU of the star,

in particular Ha, Na D, Ca II H and K, and Mg II h and k (Appenzeller & Mundt

1989; Najita et al. 2000; Ardila et al. 2002), show clear evidence for inner winds at

velocities of several hundred km s" 1
in many classical T Tauri stars (CTTS) in the

form of blueshifted absorption features superposed on broad emission. However, their

utility as a wind diagnostic is limited, since the dominant contributor to the profile

is the strong, broad, and centrally peaked emission that is generally interpreted as

arising in magnetospheric infall zones (Muzerolle et al. 2001a).

Recently, a new and quite robust diagnostic of the inner wind in accreting stars

has been recognized. In contrast to the hydrogen lines, He I A10830 profiles in CTTS

and Class I sources show P Cygni-like profiles with deep blueshifted absorption be-

low the continuum (Edwards et al. 2003; Dupree et al. 2005), reminiscent of those in

stellar wind models developed to account for CTTS Balmer lines over a decade ago

(Hartmann et al. 1990). It was in fact the inability of wind models to account for

the structure of CTTS Balmer lines that led to the re-interpretation of these lines as

arising in magnetospheric infall zones, which met with greater success in describing

hydrogen emission profiles (Hartmann et al. 1994; Edwards et al. 1994). The extraor-

dinary potential for He I A10830 to diagnose inner winds is revealed in a recent survey

of classical T Tauri stars, where profiles show subcontinuum blueshifted absorption in

~ 70% of the stars, in striking contrast to Ha, where only ~ 10% of CTTS have blue

absorption penetrating the continuum (EFHK). The breadth and penetration depth

of this subcontinuum blue absorption make He I A10830 an unprecedented probe of

the wind geometry and acceleration region, providing for the first time the potential

for good constraints on the launching region of the high-velocity inner wind.
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Iii this paper, we look more deeply into the conclusion put forward in EFHK,

that the diversity in the morphology of the subcontinuum blueshifted absorption at

He I A 10830 requires a range of inner wind geometries in accreting stars. Many CTTS

have P Cygni-like profiles, suggesting stellar winds, while others have narrow blue ab-

sorptions, suggesting disk winds. EFHKalso find that both kinds of winds are likely

accretion powered, as no evidence for winds is seen at A10830 in non- accreting weak T

Tauri stars (WTTS), while among accreting CTTS, the combined strength of helium

emission plus absorption is well correlated with the level of simultaneously measured

1 /an veiling fy, defined as the ratio of the continuum excess to the photospheric

flux. The existence of helium-emitting winds in CTTS was first suggested in a study

of optical He I A5876 profiles (BEK), which, in contrast to He I A10830, show several

emission components but no subcontinuum blueshifted absorption. Although these

two helium transitions are intimately connected - the A5876 transition lies immedi-

ately before A10830 in a recombination/cascade sequence - the difference in their line

profiles arises from the metastability of the lower level of He I A10830. While A10830

is optically thick, the absence of blue absorption at A5876 indicates it traces the wind

with optically thin emission. The contrast in optical depth for this pair of closely

coupled lines thus offers a particularly potent means of diagnosing T Tauri winds.

Here we examine the origin of He I A10830 profiles in accreting stars by calcu-

lating theoretical profiles produced individually by both disk and stellar winds and

comparing them to those from the EFHKsurvey. The frequent presence of absorption

features in this line is due to its high opacity, owing to the nature of the 2p 3 P° —

>

2s 3 S transition. The metastable lower level (2s 3 S), 20 eV above the singlet ground

state, will be significantly populated relative to other excited levels owing to its weak

de-excitation rate via collisions to singlet states. Since its upper level (2p
3 P°) has

only A10830 as a permitted transition, absorption of a stellar continuum photon by

this state will lead to re-emission of a A10830 photon, unless the electron density is
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sufficiently high that collisional de-excitation ensues. Wedo not consider the latter

regime here, and we model the A10830 line from the resonant scattering of continuum

photons. The resulting line profile depends on the line opacity but is insensitive to

its value once it exceeds unity, so an examination of the dependence of profile mor-

phology on the geometrical structure of the gas flow can be obtained quite readily by

considering the case in which the gas flow is opaque to the stellar continuum at each

velocity. These theoretical profiles for disk and stellar winds are presented for cases of

pure scattering and scattering plus in-situ emission in § 4.3. Their characteristics are

summarized and compared with observed profiles, including both He I A10830 and

He I A5876, in § 4.4. The discussion in § 4.5 addresses the relation between winds

and accretion flows and the likely simultaneous presence of disk and stellar winds. A

conclusion of our findings is given in § 4.6.

4.3 Theoretical Line Profiles

Wepresent theoretical line profiles for two possible wind geometries, a disk wind

and a wind emerging radially from the star. Both models predict profile morpholo-

gies (1) for pure scattering of stellar photons by the wind (absorption and subsequent

reradiation) and (2) for scattering plus an additional source of in-situ emission in the

wind. A full Monte Carlo approach is followed only for the stellar wind, since, as ex-

plained in the following sections, the effects of secondary scattering on the emergent

profile will be minor for the disk wind but significant for the stellar wind. Geometrical

effects explored for stellar winds are disk shadowing, restricting the wind to emerge

from stellar polar regions, and restricting the origin of incoming photons to an ax-

isymmetric ring on the stellar surface, as might be expected for radiation from a hot

magnetospheric accretion shock. The resultant profile morphologies are compared

with observed He I A10830 profiles for classical T Tauri stars in § 4.4.
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4.3.1 Disk Wind Line Profiles

An azimuthally symmetric disk wind is assumed to flow away from the disk along

streamlines tilted at an angle 0W from the normal to the disk plane. This wind opening

angle is always 9W > 30°, as required for magnetocentrifugal launching (Blandford

&; Payne 1982). The wind is launched between an inner radius pi, at which the

disk is truncated, and an outer radius pf, where p is the distance along the disk

plane from the star measured in units of i?*, the stellar radius. It is reasonable

to expect the terminal poloidal velocity of the gas launched from p to scale with

the escape velocity, which is oc p
-1 / 2

, and the distance to reach this terminal value

to scale with p. We thus assume a simple poloidal velocity law that encompasses

these relations with v p
= 540/9

-1 / 2
(l —p/r) 1 ^ 2 km s

-1
, where r is the radial distance

from the star, also in units of i?*, and the scaling factor establishes the maximum

terminal velocity (for pi = 2) as 382 km s
-1

, in line with observed values. The

exact details of the gas acceleration are not crucial as long as the poloidal velocity

increases monotonically from zero to the terminal value, because we also assume the

disk wind to be opaque in the scattering transition (representing He I A10830) at

each position. This assumption about the opacity ensures, for an optimal comparison

with the stellar wind models, the maximum breadth and depth of the continuum

absorption that can be produced by a disk wind scattering stellar photons. If the line

becomes optically thin at some distance away from the disk plane, which is possible

and likely, the resultant absorption from a disk wind will be weaker, particularly at

the high velocity end, than the model one.

The angular velocity of the disk where each streamline is anchored is specified

by Q = (300 km s
_1

/ 'R*)p~ d / 2
. Weexamine the effects of rotation in the disk wind

for two extreme cases. In one case, each individual streamline rotates at a rate that

conserves angular momentum. In the other case, each streamline rotates rigidly.
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These two extremes should encompass the realistic case of rigid rotation close to the

disk and rotation with conservation of angular momentum farther away.

With the assumption of a completely opaque scattering transition, the absorption

component of the profile simply reflects the contour area projected by the disk wind

against the star at each line-of-sight velocity. An absorbed stellar photon is assumed

to be re-emitted isotropically, and right away it either escapes to infinity or hits the

star or disk. In contrast to the stellar wind simulations in the following subsection,

we have not followed the detailed photon path of multiple scatterings, since in this

case the scattered photons will not appreciably alter the morphology of the narrow

absorption component. This is because in a disk wind more photons are scattered

out of a viewing angle intersecting the wind than into the same viewing angle, and

those that are scattered into the same viewing angle are very much broadened by the

large bulk velocity (rotational and poloidal motions) of the flow, so they are widely

distributed in velocity.

Predicted line profiles from disk winds are shown in Figures 4.1 and 4.2, with

model parameters listed in Table 4.1. The first figure is for pure scattering, and the

second figure includes additional contributions from in-situ emission (see below). In

both figures the wind opening angle is 9W —45°, and pi —2. In Figure 4.1 cases are

shown for both pf —4 and 6, but only for pf = 4 in Figure 4.2. Columns show 3

viewing angles: i = 30°, 60°, and 82°. The top two rows show the case of conservation

of angular momentum (Qc), and the bottom two, the case of rigid rotation (Qr). The

solid line is the resultant profile, which is a sum of the absorption of the continuum

(dashed line), the emission from scattered photons (dotted line), and in-situ emission

(shaded area), if present. Slight deviations from unity in the continuum level at

i = 30° and 60° are statistical fluctuations caused by the finite number of photons

used in the simulation. The much lower continuum level at i —82° is due to disk

occupation.

103



> o
- 2

L 1

1
1

1
'

1 ' l_

i=30*

nc p,=6

. i ..( ". '• ..i.i
Or P.=4

I ,
I

Or p,=6

cn

—

1—i——i

—

<—i——

r

i=60*

2 -

= 1

J , L
- 2

-400-200 0 200 400 -400-200 0 200 400

Velocity (km s~
1

)

!_ I

1

1
1 1

1
' l_

!=82*

-

—'"v

• V
1 • -1 '

• i

-

\ /

V
. 1 . . -r •

s -

1

•••••i . i

-

. 1 —J L... 1

-400-200 0 200 400

Figure 4.1. Disk Wind: Theoretical line profiles produced from scattering of the

stellar continuum by a disk wind emanating at 45° from the disk normal. Within

each window, the dashed line shows the profile of the absorbed stellar continuum,

the dotted line, the profile of the scattered photons, and the solid line, the summed
emergent profile. The three columns denote, from left to right, viewing angles i = 30°,

60°, and 82°. The top two rows illustrate the case in which the disk wind rotates

with conservation of angular momentum, Qc, and the bottom two rows, the case of

rigid rotation, Qr. In each rotation case, the upper row has the disk wind originating

from 2 to 4 Z?*, and the lower row, from 2 to 6 i?*.
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Figure 4.2. Disk Wind: Theoretical line profiles from a disk wind emanating at

9W = 45° with in-situ emission added to pure scattering. Shaded areas show the in-situ

contribution, scaled at 5 times the scattered emission (55) in rows 1 and 3 and at 10

times the scattered emission (105) in rows 2 and 4. The solid lines are the emergent

profiles. As in Figure 4.1, columns reflect viewing angles from i = 30° —82°, the top

2 rows are rotation with conservation of angular momentum flc, and the bottom two

rows are rigid rotation, Qr. All cases have pi = 2 and pf = 4.
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Table 4.1. Guide to Figures for Disk Wind Models (Single Scattering)

Figure 0W Pi Pf Rotation Emission i

(1) (2) (3) (4) (5) (6) (7)

4.1.... 45 2 4,6 5 30, 60, 82

4.2.... 45 2 4 &C, &R S + E, S + 2E 30, 60, 82

Note. —Col. 2: Wind opening angle, measured from disk normal (de-

grees); Col. 3, 4: Range of disk radii for wind launching (i?*); Col. 5: An-
gular momentum conservation flc, rigid rotation Col. 6: Emission

component is either pure scattering (5) or pure scattering plus in-situ

emission (E), where E —5S has a magnitude comparable to the wind
absorption; Col. 7: Viewing angle, measured from disk normal (degrees).

For the pure scattering case in Figure 4.1, at viewing angles less than the opening

angle of the wind, i < 45°, the resultant profiles are purely in emission and almost

entirely blueshifted, owing to disk occultation of the receding wind. They are also

quite broad (> 300 km s
_1

), more so for the case of rigid rotation because of the

larger rotational broadening. For viewing angles exceeding the opening angle of the

wind, i > 45°, the line of sight to the star crosses the wind streamlines and the profile

is prominently in absorption. The emission contributed from the scattered photons

is weak compared to the absorption, because there is no scattering into i > 6W from

continuum absorption at i < 9W and because of disk occultation.

The distinctive aspect of absorption features from a disk wind is that they are

narrow in comparison to the full range of velocities in the accelerating wind, never

extending over the whole possible range from rest to terminal velocity despite the as-

sumption of high opacity. This is because at a particular viewing angle, most lines

of sight toward the star will intercept only a small portion of the full range of wind

velocities; those toward the stellar polar region intersect the wind near its terminal

speed while those toward the stellar equatorial region intersect the wind at low veloc-

ities. Thus, in the summedemergent profile only a small range of projected velocities
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will be encountered by sufficient lines of sight to produce a significant absorption.

Similar reasoning also accounts for a shift in the centroid of the absorption feature

toward a smaller blueshift as i increases and the earlier part of the acceleration re-

gion is preferentially intercepted. The absorption does not bottom out because at no

observed velocity is the stellar continuum completely covered.

In addition to their dependence on viewing angle, the widths and centroids of

the absorption components will also be affected by the range of radii in the disk

over which the wind is launched. For our inner launch radius of pi = 2, we explore

outer launch radii from pf = 4 to pf — 6. Although these maximum launch radii

are smaller than the full range expected for an extended disk wind, this choice is

appropriate for the region of helium excitation, which will be restricted to the inner

disk, which is also where the high speed components of jets arise. By comparing the

first row (pf —4) with the second row (pf = 6) for each rotation case in Figure 4.1,

it can be seen that the blue absorption extends toward lower velocities when pj is

increased and more streamlines of comparatively lower velocities are seen through.

The effect of changing pi can be seen from difference profiles between the first and

second rows, where a narrower width and less blue centroid would arise from a wind

launched between pi = 4 and pf —6. Additionally, the line width will be affected by

rotation, as shown for the two extreme cases we have examined, where the absorption

has a slightly larger width when the disk wind rotates rigidly (0,r).

Changing 6 W will not appreciably alter the profile characteristics. A wider opening

angle at the same i shifts the centroid of the absorption blueward and makes it slightly

broader. This results because the streamline is then more closely aligned with the

viewing angle and because the gas speed is higher at the intersection point (a larger

value of r/ p in the expression for vp ). Wider opening angles also reduce the probability

of observing an absorption profile, which requires i > 9W. Narrower opening angles

will reverse these effects, but must always be 6W > 30°.
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The effect of including a contribution from in-situ emission in the disk wind is

shown in Figure 4.2. We simply assume that the in-situ emission line profile has

a kinematic structure identical to the profile of scattered photons, since its main

characteristics come from the large bulk velocity at each point of the wind from the

combined rotational and poloidal motions, and the line profile will depend only weakly

on the excitation details. To illustrate its effect on the profile, we adopt a value for the

in-situ contribution that is comparable to the magnitude of the absorption. In this

case the in-situ emission is 5 times the scattered emission (E = 55). Wealso include

a case where it is twice as strong as the absorption (E — 105). As in Figure 4.1,

the first 2 rows of Figure 4.2 are for the case of conservation of angular momentum,

and the last two are for rigid rotation, where now the first row in each case is the

smaller, and the second the larger, contribution from in-situ emission. It is seen that

this additional source of emission does not significantly alter the profile morphology.

Although the broad, flat emission is more prominent than before, the sharp blue dip

will still be visible because the large bulk motions distribute the emission broadly over

all velocities. At viewing angles inside the wind opening angle, where no absorption

is formed, the broad blueshifted emission is now quite prominent. As the viewing

angle increases, the blue absorption becomes apparent, still narrow compared with

the extent of the emission and decreasing in velocity as the viewing angle increases.

At the same time, the emission shifts to a more centered but very broad profile, clearly

showing the distinctive double-horned structure characteristic of rotation.

The above profile characteristics of disk winds are inherent to the location of the

wind relative to the star and the geometry of the streamline, with a strong depen-

dence on whether the viewing angle is interior or exterior to the wind opening angle.

Our assumption of a completely opaque scattering transition ensures that the model

profiles show the maximum possible blueshifted absorption from a disk wind. In the

next subsection, we examine the case of a stellar wind, in which radial acceleration
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away from the center of the star enables each line of sight toward the center of the

star to pass through the full velocity range from 0 to the terminal value.

4.3.2 Stellar Wind Line Profiles

We first examine the simple case of a spherical, radial stellar wind originating

from an inner radius and having a velocity law given by v —v t (l —r;/r) 1//2
, where

v t is the terminal velocity. This velocity law is analogous to the one used for the disk

wind, except that there is only one origination radius. Our models also allow for the

presence of a geometrically flat disk, with a truncation radius specified by pr-

The stellar wind calculation differs from that of the disk wind in several ways.

First, we relax the assumption of a completely opaque transition, and second, we em-

ploy a Monte Carlo, rather than single scattering, simulation of the radiative transfer.

The first change is made to accomodate the observed profiles in the EFHK survey

with a P Cygni-like character that show blue absorptions tapering toward the con-

tinuum at the highest velocities, indicating that the line is becoming optically thin.

Weassume a simple radial dependence for the density in the lower state of the scat-

tering transition representing He I A10830, i.e., n 2 3 5 oc {r.i/r)
a

vi/(v + u/), where a

is a parameter and vi, taken to be 30 km s
_1

, avoids divergence at v = 0. The line

opacity as a function of velocity is determined by a suitable choice of a, so that the

line opacity ranges from being much greater than 1 at low velocities, thereby pro-

ducing a troughlike absorption, to less than 1 at high velocities, thereby producing

a tapering towards the continuum. The outflow is also given a turbulence velocity

width Av t b = A^j(ri/r)^, with parameters Avi and ft. Two cases are considered, a

low turbulence one (Tl Av {
= 10 km s

_1 and P = 0) and a high turbulence one

(Th ' Ai>i = 100 km s
_1 and (3 —2). The extreme value for the high turbulence is

chosen because one observed CTTS profile (DR Tau) shows a broad blue absorption
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extending redward of the stellar veloeity by up to 100 km s
_1

. For the low- and

high-turbulence cases, a is taken to be 6 and 5, respectively.

The adoption of a full Monte Carlo approach is necessary here because, in contrast

to the disk wind case, the absorption of the stellar continuum by a stellar wind will be

substantially filled in by scattered photons. This requires that we obtain the profiles

with a Monte Carlo simulation so the full path can be traced for each photon until it

either escapes to infinity or hits the star or the disk.

As in the disk wind, we examine the effects of allowing the wind gas to produce

in-situ emission in addition to scattering of the stellar continuum, representing the

possibility of the additional production of He I A10830 photons via recombination and

cascade and/or collisional excitation. In this case, however, the in-situ emission profile

is derived from a Monte Carlo simulation, parameterized with a rate oc ft2 3 s( r i

•

The effect of changing 7 from 0 to 2, corresponding to successively smaller contri-

butions from the outer, higher-speed gas, has a small effect on the emitted profiles,

and the ones shown are for 7 = 1. As for the disk wind simulation, we choose the

magnitude of the in-situ emission (E) to be comparable to the absorption strength

of the stellar continuum, so that the summed line profile (S + E) will illustrate an

intermediate case between pure scattering and dominant in-situ emission.

Figures 4.3, 4.4, and 4.5 illustrate profiles for a spherical stellar wind originating

at Ti = 1.5/?*, with 3 different disk truncation radii and 4 different sets of wind

assumptions, as summarized in Table 4.2. This set of models shows clearly the effect

of disk shadowing, which depends on the relative sizes of the wind origination and

disk truncation radii. There will be no shadowing effect when the disk truncation

radius is large compared to the wind origination radius, p? > 5r*, while they will be

significant when pr < r». Thus, the ratio pr/ri determines the disk shadowing effects.

Profiles for a particular ratio would be the same were it not for the additional effects

of stellar occultation, which will be more important when rj is closer to R*.
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Figure 4.3. Stellar Wind: Theoretical profiles obtained by Monte Carlo simulation

of line formation in a radially expanding spherical wind originating at n = 1.5.R* in

the absence of disk occultation (p? > 5rj). The top two rows represent the low

turbulence case, Tl, and the lower two, the high turbulence case, Th- For each

turbulence case, the first row is for pure scattering of the stellar continuum (5), and

the second includes additional in-situ emission (5 + E). The shaded regions show the

in-situ contribution, scaled to be comparable in strength to the scattering absorption.

Although there is no viewing angle dependence in the absence of a disk, the figure

is formatted for ready comparison with the remaining figures, and vertical columns

denote 3 viewing angles, i = 17°, 60°, and 87°, measured from the disk normal.
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Figure 4.4. Stellar Wind: Same spherical wind as in Figure 4.3, but now including

the effects of disk shadowing (important when pT < r
t ). Here the disk reaches to

the stellar surface, with pT = IR* and r\ = 1.5i?*. For each turbulence case (T^,

7//), profiles without and with in-situ emission contributions (5, S + E) are shown.

Vertical columns denote 3 viewing angles, i = 17°, 60°, and 87°, measured from the

disk normal.
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Figure 4.5. Stellar Wind: Same as in Figure 4.3, but in the presence of a disk

truncated at pr —2.25/2*. For each turbulence case (Tl, T#), profiles without and

with in-situ emission contributions (5, S + E) are shown. Vertical columns denote 3

viewing angles, i = 17°, 60°, and 87°, measured from the disk normal.
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Table 4.2. Guide to Figures for Stellar Wind Models (Monte Carlo)

Figure r
t PT Turbulence Continuum Emission i

(1) (2) (3) (4) (5) (6) (7) (8)

4.3.... 1.5 > 7.5 TLt TH 90 Star S, S + E 17, 60, 87

4.4.... 1.5 1.0 TL ,T H 90 Star S, S + E 17, 60, 87

4.5.... 1.5 2.25 TL ,T H 90 Star S, S + E 17, 60, 87

4.6.... 3.0 3.0 TL ,
TH 60 Star S, S + 2E 17, 60, 87

4.7.... 3.0 3.0 Tl 60 Star S + 2E 17-87

4.8.... 1.5 1.0 TL 90 Rings S 17, 60, 87

Note. —Col. 2: Inner wind radius (i?*); Col. 3: Disk truncation radius (-R*);

Col. 4: Low turbulence Tl (Ai> t b — 10 km s
_1

) or high turbulence Th [Aw t b =
100(rj/r) 2 km s

-1
]; Col. 5: Wind emergence angle from the stellar pole in degrees

(either spherically symmetric or polar); Col. 6: Continuum photons emerge either

from the star or rings at 30°, 60°, 74°, or 82° from the stellar pole; Col. 7: Emission

is either pure scattering (S) or includes in-situ emission (E) scaled to be comparable

to the wind absorption; Col. 8: Viewing angle, measured from disk normal (degrees).

Figure 4.3 is for a spherical wind with no disk. Although accretion disks are

present in all the classical T Tauri stars whose helium profiles we are modeling, this

set of wind profiles would apply to those disks where disk shadowing is not important,

i.e., where the inner truncation radius is large compared to the starting point for the

wind, pr > 5rj. The case of extreme disk shadowing is shown in Figure 4.4 for a disk

reaching to the stellar surface (pr = 1)- However, similar profiles would result as long

as the wind origination radius much exceeds the disk truncation radius, pT < 0.5?v

Figure 4.5 illustrates an intermediate case where the disk is truncated at a distance

that is only 1.5 times the starting point for the wind, pr = 1.5r;. In each figure the 3

vertical columns represent views from more pole-on to more edge-on configurations,

i = 17°
5

60°, and 87°. In the diskless case of Figure 4.3 we present profiles for

the same 3 viewing angles to ensure similar proportions among all the figures and

facilitate comparison of profile morphology with the cases including disk shadowing.

As expected, in the absence of a disk there is no dependence on z, although small
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effects from the finite statistics in the Monte Carlo simulation can be seen on close

inspection.

The four horizontal rows in Figures 4.3, 4.4, and 4.5 correspond to four different

assumptions about the stellar wind. In all four cases the wind originates at the same

distance from the star, = 1.5, and has the same terminal velocity, v t
—375 km s

-1
,

chosen to be comparable to the maximum terminal velocity in the disk wind. Two

cases (top two horizontal rows) represent models with low turbulence (T L ) and the

other two cases (bottom two horizontal rows), models with high turbulence (T#) plus

a somewhat higher optical thickness of the gas (a = 5 rather than 6). For each

turbulence case, the profiles in the upper row are formed simply from scattering of

the 1 p,m stellar continuum photons, where the dashed line shows the absorption of

this continuum, the dotted one shows the profile of the photons scattered into the

line of sight, and the dark solid line is the summed emergent profile. The lower row

of each turbulence case includes the effects of additional in-situ emission in the wind,

where the shaded region shows the contribution from in-situ emission alone and the

solid line is the emergent profile resulting from summing this with the pure scattering

profile from the previous row.

The occupation effect of the disk on the line profiles is manifest in three ways.

One, theoretically significant but difficult to establish observationally, is that the

stellar continuum is dependent on viewing angle. In the pr —1 disk the continuum

level drops steadily from 1 to 0.5 as i increases from pole-on (0°) to edge-on (90°),

and in the pr — l-5rj disk it remains at 1 for i < 64° and then drops toward 0.5 at

i = 90°.

The other two effects directly impact the profile morphology, altering the net

equivalent width and the centroid of the emission component. In the diskless case

(Fig. 4.3) the intrinsic wind profile from pure scattering has a P Cygni character, with

prominent blue absorption and red emission components. Its net equivalent width
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is somewhat negative (i.e., absorption exceeds emission) rather than zero because of

stellar occultation, and this effect is more pronounced in the case of high turbulence

(row 3) owing to the preferential backscattering of the stellar photons. The presence

of a disk has a minimal occultation effect on the line profile for edge-on views, but

this becomes significant for more pole-on views. Although all 3 disk cases have similar

pure scattering profiles after normalization of the continuum level at i — 87°, as i

decreases the net equivalent width for the pr = 1 disk becomes more pronouncedly

negative, and by i = 17° there is hardly any. red emission, and the observed profile is

entirely in absorption. In the px = 1.5r$ disk the line profile at i —60° is intermediate

between those of the other two disks, while at i — 17° it becomes like that of the

diskless case. This is because, given the acceleration law, the gas reaches 0.58v t at

r = 1.5tv, so a large part of the photon absorption occurs within this radius, and

the hole in the disk allows most of the photons scattered by the receding stellar wind

to come through at small inclination angles. Hence, a large negative net equivalent

width requires the disk truncation radius pr be comparable to or smaller than the wind

origination radius r
t

.

The second observable effect of disk occultation is to alter the centroid of any

in-situ emission. This is most evident in the low-turbulence case (second row from

the top). In the pr = 1 disk (Fig. 4.4) at i = 87° the in-situ emission profile (shaded

area) is nearly symmetric about v = 0, the stellar velocity. (The slight depression

in the in-situ emission immediately to the red of v = 0 and the slightly weaker red

side is caused by stellar occultation.) But, as i decreases and more of the receding

stellar wind is occulted, the emission profile becomes progressively more blueshifted.

This characteristic for a line purely in emission is often indicative of the presence of

outflowing gas in the presence of an obscuring disk. When both scattering and in-

situ emission contributions are roughly comparable, the emergent profile also reveals a

blueshifted emission centroid. Thus, the emergent profiles with in-situ emission show
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that, when disk shadowing is not important, the emission component of the observed

profile has a red centroid, but the emission progresses from red to blue centroids as

disk shadowing becomes more effective.

We included calculations with extreme turbulence because the DR Tau profile

shows a broad blue absorption extending redward of the stellar velocity by up to

100 km s
-1

. The high-turbulence case we considered (row 3) does successfully repro-

duce this effect. It also leads to a preferential backscattering of the stellar photons,

thereby producing a redshifted centroid in the profile of the scattered photons, which

is clearly seen in the diskless case (Fig. 4.3, dotted line). In the pT —1 disk (Fig. 4.4)

it is most obvious at i = 87°, but it is still noticeable at i = 17°, despite disk occul-

tation of some of the red photons, in comparison with the low-turbulence case (row

1). The combination of these two effects of turbulence, namely, extending the blue

absorption redward of the stellar velocity and creating a redshifted scattering profile,

is a more distinct and well-displaced red emission centroid in the emergent profile

for pure scattering. The backscattering is much more important for the stellar pho-

tons, which propagate into the wind along r, than for the photons generated in the

wind, which are emitted with an initial isotropic distribution in direction (compare

the dotted line in row 3 with the shaded area in row 4). Instead, the effect of turbu-

lence on the in-situ emission components is to broaden them, while disk occultation

makes them more blue-shifted for more face-on orientations. The combined scattering

plus emission profile then shows an emission centroid whose position is dependent on

viewing angle. (Here the in-situ emission profiles are shown with 7 = 1; for 7 = 0

and 2, the corresponding profile will be similar, but slightly broader and narrower,

respectively.

)

All of the previous stellar wind models assume the wind is spherically symmetric.

However, a more likely scenario for an accretion-powered stellar wind is that it will

emerge primarily from polar latitudes on the star, above regions where stellar magnetic
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field lines couple to the disk. To assess the effects of a restricted range of latitudes for

the emergence of the wind in the presence of disk shadowing, we show in Figures 4.6

and 4.7 profiles for the case of a wind emerging only within 60° of the stellar poles.

In this simulation the wind origination radius is expanded to r; = 3i?*, and the disk

truncation pr is set equal to the wind origination radius r*. The strength of the in-situ

emission in this case is double that in previous ones to compensate for the smaller

volume in the polar wind.

As expected, in the pure scattering case for the polar wind model shown in Fig-

ure 4.6, the subcontinuum blue absorption in the emergent profile remains deep and

broad at i < 60°, becomes half as strong at i —60°, rapidly diminishes as i increases

further, and disappears at i > 71°. When the blue absorption is prominent, the over-

all profile morphology is still P Cygni-like in the low-turbulence case. However, in

the high-turbulence case, the profile is significantly modified at small viewing angles,

where the red emission above the continuum is much less conspicuous. This results

not from disk shadowing (pure scattering profiles calculated with pr = 1.5?*j —4.5.R*

are nearly the same) but from the absence of wind gas at 90° > 9 > 60°. While at low

viewing angles the absorption of the stellar continuum (e.g., at i = 17°) remains the

same as in the case of 9W = 90°, the absence of wind gas at 90° > 9 > 60° contributes

no scattered photons from that sector. This contribution would, at i = 17°, be cen-

tered about v = 100 km s
_1

(see Fig. 4.5 for 9W = 90°, — 1.5, and pr = 1.5rj).

This effect is less dramatic in the low-turbulence case where the emission part of the

emergent profile, though weaker in comparison with the case of 9W = 90°, is still

conspicuous. This i§ because the contribution by photons scattered into i = 17° after

absorption in the 90° > 9 > 60° sector is now centered about v —0 km s
-1

. Also,

when the turbulence is weak, the velocity gradient is the dominant factor in radia-

tive transfer, and the larger velocity gradient along f means that the probability of

a photon escaping along f or —f is higher than that along a direction perpendicular
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Figure 4.6. Polar Stellar Wind: Profiles for a polar stellar wind emerging within

60° of the pole, for the same two cases of turbulence (Tl, Th), with and without

in-situ emission (S, S + E), and including the effects of disk shadowing (pr < r*),

where ri = Pt —3-R*. As before, vertical columns denote 3 viewing angles, i = 17°,

60°, and 87°, measured from the disk normal.
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Figure 4.7. Polar Stellar Wind: Profiles for the same polar wind with disk shad-

owing as Figure 4.6, emerging within 60° of the pole with T{ = pr = 3i?*, except that

all profiles are for low turbulence (Tl), all include in-situ emission (E is the shaded

area), and a much finer grid of viewing angles is shown, stepping from i —17° —87°.
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to f, and thus a photon absorbed in the 90° > 0 > 60° sector is less likely to be

scattered into i = 17°. These characteristics can also be deduced from the in-situ

emission profiles. Comparing the shapes (not magnitudes, because of the different

normalization factors) of the shaded profiles at i = 17° between Figures 4.6 and 4.5

reveals the contribution from the 90° > 9 > 60° sector to the in-situ emission profiles.

Additional profiles for the same polar wind model with low turbulence and in-situ

emission are shown in Figure 4.7, but with a finer grid of viewing angles to illustrate

more clearly how the profile morphology changes with inclination. Looking first at

the in-situ emission profile by itself (shaded areas), it has a blue centroid except at

i —87°. With pr = the degree of blueshift is highest at i ~ 60° and decreases

as i moves toward 0° or 90°. Clearly, as pr decreases toward 1.0, the degree of

blueshift increases more rapidly with more pole-on views. For the same prh\-, the

in-situ emission profile for 9W —60° is more blue-shifted than the corresponding one

for 6W = 90°. When the in-situ emission and the scattering of the stellar continuum

are included together, the combined profile shows that the part above the continuum

changes from having a red centroid to having a blue centroid. This figure clarifies

how a polar wind generates a wide range of emergent profiles, including some with no

blueshifted absorption, and it illustrates how the presence of disk shadowing generates

emission with a blue centroid for most viewing angles.

Wealso explored one other situation for the stellar wind models, motivated by the

fact that several CTTSwith stellar wind signatures in their He I A10830 profiles have 1

pm. veilings exceeding 1.0. To assess whether scattering of photons from a continuum

source that is localized to rings on the star is significantly different from scattering

of a continuum originating from the entire stellar surface, we have examined the

case of photons originating solely from an isotropically radiating continuum located

in an axisymmetric ring at a polar angle 6V on the star and with an angular width

about 6V of Acos# = 0.1. This simulation was carried out for a disk reaching to the
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stellar surface, p? —1, in the low-turbulence case. Figure 4.8 shows the resulting line

profiles, ordered from top to bottom, for 0V —30°, 60°, 74°, and 82°, respectively.

The 9 V — 60° profiles are almost identical to the ones formed by scattering of a

continuum emerging over the whole star. The 9V = 30° profiles exhibit the most

noticeable difference, primarily because the observed level of this veiling continuum

is much more strongly dependent on viewing angle. When this level is normalized

to the observed stellar continuum level, the noticeable difference lies mostly in the

part of the emergent spectrum above the continuum. This difference is not large and,

with neither 6 V nor i being known in practice, it is reasonable to take scattering of

the stellar continuum alone as representative, even when the veiling continuum is

substantial.

In sum, the profile characteristics for stellar winds in the presence of disk shadow-

ing are considerably more varied than those from disk winds. Both stellar and disk

wind profiles are compared to observed ones in the next section.

4.4 Comparison of Model and Observed Profiles

Our profile simulations for a range of disk and stellar wind configurations were

motivated by the recent survey of He I A10830 in 38 CTTS (EFHK). They take ad-

vantage of the significant contribution from scattering in this feature, unlike previous

spectral diagnostics of inner winds in accreting systems. The comparisons necessar-

ily focus on profile morphology, not intensity, which would require knowledge of the

excitation conditions in the helium wind. This approach is helpful in determining

whether the dominant signature of the inner winds in accreting T Tauri stars points

to winds arising from the star or from the disk.

We highlight only general characteristics when comparing the data to our sche-

matic model profiles in the absence of other relevant factors, particularly the relative

contribution between scattering of continuum photons and in-situ emission. Among
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Figure 4.8. Stellar Wind: Pure scattering profiles of a stellar wind with the

incident photons arising from a continuum source restricted to an axisymmetric ring

at polar angle 6V on the star with width A cos 6 = 0.1. All cases are for low turbulence,

TL , and pT = IR*. The 4 rows represent 4 rings with 9V = 30°, 60°, 74°, and 82°.

Vertical columns denote viewing angles i = 17°, 60°, and 87°, measured from the

disk normal. The vertical scale illustrates how the observed veiling continuum level

depends on 0V and i. Its value relative to the stellar continuum (set to 1 at i = 0°) is

obtained by multiplying the plotted value by the factor 0.1(e L33/T
* - l)/(e L33/Tt; - 1),

where T* and Tv are the stellar and veiling continuum temperatures, respectively, in

units of 10 4 K.
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the ensemble of disk wind models, there is a strong dependence of the line profile on

viewing angle, ranging from a pure emission profile at i < 6W to a line with a prominent

absorption for i > 0 W. The absorption feature is blueshifted with a fairly sharp

red ward edge, always narrow in comparison with the full range of wind velocities,

and with a centroid becoming less blueshifted as i increases. For pure scattering,

the emission above the continuum is very weak, and it has a broad, flattened shape

from the combined rotational and poloidal motions. The aspect dependence of the

emission morphology is more clearly delineated when in-situ emission is included,

transitioning from mostly blueshifted in pole-on views to a more centered profile with

a central depression and double-horned structure in more edge-on views.

The stellar wind models show a greater variety of profile morphologies, arising

from the effects of disk occupation, turbulence, and wind opening angle, along with

the possibility of an in-situ emission contribution to the pure scattering profile. Key

predictions from the ensemble of stellar wind models are (1) a broad range, from highly

negative to highly positive values, of the net equivalent width; (2) blue absorptions at

all inclinations for spherical winds, but only for lines of sight inside or close to the wind

opening angle for polar winds; (3) for the part of the profile below the continuum,

absorption can occur over a broad range of possible depths and widths; (4) for the

part of the profile above the continuum, emission is single peaked, with centroids that

can range from blueward to redward of the stellar velocity. Another characteristic of

a stellar wind is that the blue absorption always reaches to the blueward edge of the

profile, as it is very difficult to produce emission blueward of the absorption, even in

the presence of strong in-situ emission. This is because the in-situ emission profile

declines with increasing blueward velocity faster than the corresponding shallowing

of the absorption profile, which is likely to be troughlike once the line opacity exceeds

unity.
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4.4.1 Assessment of Disk and Stellar Wind Candidates from Profiles with

Blue Absorption

Our initial comparison of model and observed profiles focuses on those He I A10830

profiles with blue absorption features, a clear signature of an inner wind. Figures 4.9

and 4.10 show the 26/38 He I A10830 profiles from EFHK with blue absorptions

strong enough to compare to our wind models, where the former are identified as

having blue absorptions resembling disk winds and the latter as having stellar winds.

Some of the observed profiles have a close resemblance to model profiles (e.g., DK

Tau and CI Tau for disk winds and HL Tau and DF Tau for stellar winds), making

the categorization straightforward. Others are less clear (e.g., DL Tau and DQTau),

and for these we use both (1) the presence of emission blueward of the blue absorption

and (2) the shape of the transition between the blue absorption and the emission to

its redward edge to guide our selection in ambiguous cases, as described below.

Figure 4.9 assembles helium profiles of 11 CTTS from the EFHK survey with

blueshifted absorption that we identify as disk wind candidates: DK Tau, CI Tau,

SU Aur, DS Tau, UZ Tau E, RWAur B, AA Tau, V836 Tau, DL Tau, UY Aur,

and GGTau (sorted by profile morphology). The majority (9) also show redshifted

absorption that presumably arises in a magnetospheric funnel flow, but these appear

to be separately formed, as it does not appear that either the blue or red absorption

is filled in by the scattered photons from the other flow. Directing attention to the

blue sides of the line profiles, there are three stars with profiles closely resembling

those of the disk wind models with no in-situ emission and i > 9W1 i.e., narrow

subcontinuum blue absorption and little or no emission. These are DK Tau, CI Tau,

and SU Aur, shown in the top row of Figure 4.9. The other 8 stars with blueshifted

absorption resembling predictions for a disk wind also have helium emission, but this

emission does not have the character expected from a disk wind, which would be

broad, flattened, and possessive of rotational peaks for viewing angles large enough
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Figure 4.9. Observed profiles of He I A10830 for 11 CTTS (from EFHK) with

blueshifted absorption resembling the disk wind models. Sorting is by profile mor-

phology.

to witness blue absorption (i > 8W). These 11 profiles thus suggest that the disk

wind is not an important source of helium emission, which must arise from another

source. In a couple of objects (V836 Tau and DL Tau) the depth of the absorption

indicates that not only the continuum but also a part of the line emission is absorbed,

suggesting the source of emission is interior to the absorbing disk wind. In § 4.4.2

we argue that the helium emission likely arises via in-situ emission in a stellar wind,

and the narrow blue absorptions we ascribe to the disk wind cut into this stellar

wind emission. For several stars the blue absorptions cutting into the emission are

narrower than those in our disk wind model profiles (e.g., V836 Tau and UY Aur),
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Figure 4.10. Observed profiles of He I A10830 for 15 CTTS (from EFHK) with

both blueshifted absorption and emission features resembling the stellar wind models.

Sorting is by profile morphology.
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but this could result by simply narrowing the range between p { and pj for the helium

disk wind.

Commonto all the profiles in the disk wind category is that, when helium emission

is present, it extends blueward of the narrow, shallow blue absorption feature. In

stellar wind models, which can also produce narrow and shallow blue absorption

when in-situ emission is strong, the blue absorption always reaches to the blueward

edge of the profile. In contrast, for a disk wind the narrow absorption may be located

anywhere blueward of line center; however, it is not likely to be strong near the wind

terminal velocity. This is because, although the wind poloidal velocity has a large

line-of-sight component for viewing angles near the wind opening angle 6W, the sight

lines toward the stellar surface intersect the disk wind at large distances from the disk

plane, where the gas density and excitation conditions are less likely to favor a high

opacity in the He I A10830 transition. Thus, if there is obvious emission extending

blueward of the blue absorption, we categorize the absorption as arising in a disk

wind, with the emission arising from a second source.

A second criterion guiding our selection of blue absorption from disk versus stellar

winds is the shape of the transition between the blue absorption and the emission

to its red ward edge, which is different in the two models. In a stellar wind with

pure scattering, the blue absorption gives way to the red emission smoothly, like

a slanted S written from left to right. Even with the addition of in-situ emission,

the emergent profile shows a smooth transition between the blue absorption and the

emission component. In contrast, for the disk wind the pure scattering profile has

a distinct absorption feature with little emission on either side, and when an in-

situ emission profile is added, there is a two-component appearance, as though the

absorption feature had a "bite" taken out of a separate emission feature.

With these additional criteria in mind, 15 stars from the EFHK He I A10830

survey, assembled in Figure 4.10, are identified as stellar wind candidates: DRTau,
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AS 353A, HL Tau, GWOri, TWHya, DOTau, DF Tau, CYTau, DGTau, XZ Tail,

HKTau, DETau, GI Tau, DNTau, and DQTau (sorted by profile morphology). Only

4 of these also show subcontinuum red absorption from a funnel flow, which again

we assume does not impact the blue absorption from the wind. The profiles among

the stellar wind candidates are quite varied. Their net equivalent widths range from

highly negative (DR Tau) to highly positive (DG Tau), and their emission centroids

range from redshifted (AS 353A, GWOri, and DF Tau) to blueshifted (HK Tau, XZ

Tau, and DN Tau). In all cases the blue absorption extends to the blue edge of the

profile, although it ranges from very broad and deep (DR Tau, AS 353A, HL Tau,

and GWOri) to rather narrow and shallow (DG Tau, HK Tau, GI Tau, and DN

Tau).

In contrast to the disk wind candidates, in which disk winds account only for the

absorption but not the emission component of the line, here the array of combined

absorption and emission components is well reproduced by the stellar wind models,

when the effects of disk shadowing, in-situ emission, and turbulence are considered.

Some profiles resemble those predicted from pure scattering, although they also re-

quire disk shadowing, with pr < in order to create large negative equivalent widths

(DR Tau) and/or turbulence in order to reproduce red emission peaks (DR Tau, AS

353 A, and HL Tau). The contribution of in-situ emission is required for stellar wind

candidates with a net positive equivalent width (e.g., DG Tau and TWHya), and

a combination of in-situ emission and disk shadowing is necessary to produce blue

emission centroids (e.g., DGTau, XZ Tau, HK Tau, and DN Tau).

We recognize that some of our categorizations are not clear-cut cases for disk or

stellar winds, especially objects like DQTau, in which emission blueward of the blue

absorption may or may not be present, or GGTau, in which absorptions from both

stellar and disk winds may be present. With this caveat, our comparison of blueshifted

absorptions in observed He I A10830 profiles from EFHKwith those predicted from
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disk and stellar wind models suggests a roughly comparable number of stars with disk

wind and with stellar wind signatures. Weanticipate that a more definitive assessment

will be possible when simultaneous He I A10830 and He I A5876 profiles are available,

as discussed in the following section. A summary of the profile assignments follows:

1. We find that 11/38 CTTS (29%) have blue absorptions at He I A10830 that

resemble those expected for disk winds. Of these, 8 also have helium emission, but

with a morphology inconsistent with formation in a disk wind viewed at an angle

exceeding the opening angle of the wind, as required for formation of their blue

absorptions (Fig. 4.9).

2. We find that 15/38 CTTS (39%) have blue absorptions at He I A10830 that

are consistent with formation in stellar winds (Fig. 4.10). Here, both the absorption

and emission components of the profiles can be explained by the stellar wind models

when disk shadowing and in-situ emission are included.

At least one other region besides disk and stellar winds is clearly contributing to

the formation of He I A10830 - the (presumably) magnetospheric accretion columns

channeling infalling material from the inner disk to the star, signified by redshifted

absorption. Redshifted subcontinuum absorption is seen in 47% (18/38) of the CTTS

in the EFHK survey, distributed such that 9 are seen among the 11 stars with disk

wind profiles, but only 4 are seen among the 15 stars with stellar wind profiles. The

additional 12/38 (31%) CTTS from EFHK that lack blue absorptions are shown in

Figure 4.11. Their characteristics are identified as follows:

1. In 4 stars (CW Tau, HN Tau, RWAur A, and BP Tau), helium is entirely in

emission, with a blue centroid but no subcontinuum absorption.

2. In 4 stars (FP Tau, GK Tau, UX Tau, and YY Ori), there is little helium

emission, but there is subcontinuum absorption at rest relative to the star, in two cases

penetrating up to 50% of the continuum. Two also have redshifted subcontinuum

absorption.
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Figure 4.11. Observed profiles of He I A10830 for 12 CTTS (from EFHK) lacking

denning subcontinuum blueshifted absorption to permit classification as disk or stellar

winds. Sorting is by profile morphology.

3. Two stars (BM And and LkCa 8) have simple reverse P Cygni profiles (and

thus redshifted subcontinuum absorption).

4. Two stars (DD Tau and UZ Tau W) have helium too weak to render an analysis.

While neither disk winds, stellar winds, nor funnel flows are good candidates for

the mysterious deep central absorption feature seen in 4 stars in Figure 4.11, we

consider it likely that the remaining features in the helium lines in the EFHKsurvey

can be explained with a combination of one or more of these three phenomena. In the

next subsection we further explore the He I A10830 profiles for clues to the presence

of disk winds, stellar winds or magnetospheres.
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4.4.2 In-Situ Emission and Blue Ceiitroids

In the previous subsection we compared observed He I A10830 profiles to those

predicted from disk or stellar wind models and concluded that disk wind signatures,

when present, were signified only by the properties of the blue absorption, but not by

the emission component of the helium profile. In contrast, for profiles attributed to

stellar winds, both their blueshifted absorption and their emission above the contin-

uum could be accounted for with varying degrees of disk shadowing, in-situ emission,

and turbulence. Weexamine in this section. the possibility that the helium emission

in most CTTS arises in a stellar wind, whether or not the profile also shows blue

absorption from this wind. The "emission component" of A10830 will be a combina-

tion of scattering plus true emission arising in situ. The relative proportion between

scattering and emission cannot be identified from profile morphology alone except in

extreme cases. If the net equivalent width is zero or negative, it implies scattering

is dominant with some occultation from disk or star, while if it is very positive, a

significant amount of in-situ emission must be present along with the scattering.

Of particular interest are the 4 stars in Figure 4.11 showing He I A10830 solely in

emission, with no blue- or redshifted subcontinuum absorption. For these, the helium

emission is single peaked, has a blueshifted centroid, and, in three of them, also

extends blueward in excess of 300 km s
-1

. Single-peaked emission with a blueshifted

centroid can arise in stellar winds with occultation from the disk and/or star (see

Figs. 4.4 and 4.6) or in magnetospheric funnel flows. In the case of the funnel flows,

such profiles will result if the line in question has similar excitation conditions along

the full arc of the magnetic accretion column, so the full range of infall velocities can

contribute to the profile (Muzerolle et al. 2001a; BEK).

In the case of stellar winds, one possibility for producing a pure emission profile is

for the in-situ emission to be so strong that it overwhelms the scattering contribution,

so no subcontinuum absorption will be seen. This does not appear to be the case for
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He I A 10830, however, since the observed peak flux density exceeds the continuum flux

density by an amount that is only comparable to the latter. In the spherical stellar

wind model profiles with in-situ emission (second rows of Figs. 4.3 and 4.4), even

if the in-situ emission contribution is doubled beyond what is shown, the emergent

profile will still show a blue absorption, albeit shallower and more displaced to the

blue, while the peak flux density will be enhanced up to 3.5 times the continuum

value. This difficulty in producing a pure emission profile via strong in-situ emission

arises because the in-situ emission profile declines with increasing blueward velocity

faster than the corresponding shallowing of the absorption profile, which is likely to

be troughlike once the line opacity exceeds unity.

A more likely means of generating He I A10830 entirely in emission in a stellar

wind is one where the wind emerges from latitudes towards the pole and is absent

at latitudes close to the equator. From our model profiles for a polar stellar wind in

Figure 4.7, it can be seen that as the viewing angle increases from i = 0° to 90°, the

combined profile of scattering plus in-situ emission progresses from P Cygni-like to

a profile with stronger emission and a more displaced, weaker blue absorption, and

then to a purely emission profile that is blueshifted in the presence of disk occultation,

except for the most extreme edge-on views. Another scenario might be an absence

of spherical symmetry in the gas properties and/or excitation conditions. Since the

absorption of the stellar continuum arises from the column of gas directly in front

of the stellar surface, while both the photons scattered into the line of sight and the

in-situ emission come from a much larger region, inhomogeneities or variations in the

physical conditions will likely affect the absorption part more and may produce a

weaker absorption, more critically at the higher velocities. Time monitoring of the

He I A10830 profile can test this possibility.

Given that single-peaked helium emission with a blueshifted centroid could signify

either stellar winds or magnetospheric funnel flows (with the caveats outlined above
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for each), in the following three points we argue in favor of a stellar wind over a

magnetospheric funnel flow for the origin of the helium emission.

1. Among the 15 stars in Figure 4.10 with blueshifted absorption resembling

stellar winds, there is a continual progression of He I A10830 profiles from absorption

dominant to emission dominant. As shown in the previous subsection, a radially

accelerating stellar wind readily produces the characteristics of the deep and broad

blue absorption shown by these stars. In-situ emission arising in the same wind,

with varying degrees of contribution relative to the scattering profile (dependent

on physical conditions), can explain the rest of the profile morphology. Invoking

a second source for the helium emission, i.e., a funnel flow, thus seems unnecessarily

complicated when the same wind producing the absorptions will suffice. Moreover,

a funnel flow origin for the helium emission in these 15 stars would be difficult to

reconcile with the observation that they are considerably less likely than the rest of

the sample to have simultaneous subcontinuum red absorption from funnel flows (27%

vs. 60%).

2. A wind origin most readily accounts for the broad component emission in a

closely related line in the helium triplet series, He I A5876, which is the immediate

precursor to He I A10830 in a recombination/cascade sequence. This line is one of

the strongest emission lines at optical wavelengths after the Balmer and Ca II lines

and has a kinematic structure that is comprised of distinct broad- (BC) and narrow-

component (NC) emission (BEK). The A5876 BC emission is optically thin and thus

directly probes the in-situ helium emission. Its kinematic properties usually suggest

an origin in outflowing gas, with centroids either blueshifted in excess of 30 km s
_1

or less blueshifted but with blue wing velocities exceeding that expected from an

accretion flow (in excess of —200km s
_1

). If the blue-centroid BC emission did arise

in the accretion flow, then one would expect a correlation between the He I A5876

NC formed in the accretion shock and the blue-centroid BC. In fact, BEK show that
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the opposite is true. When the blue-centroid BC is strong, the NC is absent or weak.

In contrast, while the NC is strong, the BC is absent or weak and sometimes shows

a redshift. A simple explanation for this is that when in-situ helium emission arises

from the funnel flow, it is weak, and its red centroid results from the fact that the

excitation of A5876 comes primarily from the terminus of the funnel flow, in close

proximity to the hot accretion shock. Correspondingly, the more prominent and

more frequent A5876 blue-centroid BC arises from a stellar wind, which will be the

same flow producing the He I A10830 profile. (The absence of NC emission from an

accretion shock at He I A10830 is discussed in § 4.5.)

3. The He I A10830 and A5876 transitions have upper states that are more than

20 eV above the ground state. Either a temperature exceeding 20,000 K or a strong

UV continuum flux is needed for excitation. These conditions, though seemingly

challenging, must be present, as the lower level of He I A10830 is excited in at least

3 different kinematic regions (namely, stellar wind, disk wind, and magnetospheric

infall), as evidenced by its unmistakable absorption features. While for a stellar wind

only a small fraction of the energy required to accelerate the wind to 300 km s
-1

or

more need be tapped to heat/ionize the gas (perhaps through magnetic field recon-

nection), for a magnetospheric funnel flow no energy is needed for the infalling gas

to free-fall to the star. Thus, there is a natural way for a wind to generate sufficient

heating, but there is no reason to expect this from the funnel flow beyond the modest

heating from adiabatic compression of the converging flow (Martin 1996). If the gas

excitation in the magnetospheric funnel flow is caused instead by photoionization,

either from the accretion shock at the terminus of the funnel flow, from the stellar

corona, or both, it is reasonable to expect that the funnel flow will be more strongly

excited near its terminus because of the proximity to the source of ionizing photons

and the possible attenuation of ionizing photons before they reach the beginning of

the funnel flow. The resulting spatial dependence of helium excitation would produce
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a redshifted BC from the funnel flow, rather than a blueshifted one (as sometimes

seen by BEK in He I A5876).

Based on the above arguments attributing in-situ He I A10830 emission with blue

centroids to stellar winds, we assess that in addition to the 15 objects with blueshifted

absorptions resembling stellar winds, at least an additional 9 objects may also have a

stellar wind contribution to A10830. These include the 4 stars where helium is entirely

in emission (CW Tau, HN Tau, RWAur A, and BP Tau in Fig. 4.11) and another

5 stars with blue absorption indicative of a disk wind but emission resembling that

expected from in-situ emission in a stellar wind (DS Tau, UZ Tau E, DL Tau, UY

Aur, and GGTau in Fig. 4.9). What these 9 stars with in-situ helium emission share,

in varying degrees of intensity, is single peaked and somewhat blueshifted emission

(assuming the full emission profiles of stars with blue absorptions from disk winds

can be reconstructed by interpolating over the narrow absorption). All but one also

have blueward wing velocities exceeding 300 km s
_1

, well in excess of model profiles

produced in a funnel flow (Muzerolle et al. 2001a). Adding these 9 to the previous 15

makes a total of 24/38 (63%) objects in the EFHKsurvey that are good candidates

for helium-emitting stellar winds.

This leaves 14 stars where we find no persuasive evidence for a stellar wind con-

tribution at helium. Among these, 5 have helium profiles with net helium equivalent

widths near zero, as expected for profiles formed by pure scattering. In each of these

5, a broad and deep redshifted absorption is offset by comparably strong blueshifted

"emission," so that the full reverse P Cygni-like profile could be explained by scat-

tering in the funnel flow (BM And and LkCa 8 in Fig. 4.11 and RWAur B, AA Tau,

and V836 Tau in Fig. 4.9). The remaining 9 stars have "emission" components too

weak to be interpreted, either because the emission is intrinsically weak or there is a

deep central absorption feature rendering the helium emission indecipherable.
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We conclude there is good consistency in the evidence for helium-emitting stel-

lar winds in accreting T Tauri stars between the He I A10830 and He I A5876 lines,

although, in the absence of simultaneous optical and near-infrared spectra, it is prob-

lematic to draw conclusions from individual stars. It is also clear that He I A 10830,

with its high frequency of subcontinuum blueshifted absorption, is the more defini-

tive diagnostic of a stellar wind. However, while the He I A10830 line is an excellent

probe of the kinematic behavior of gas in the vicinity of the star, by itself it is not a

strong diagnostic of physical conditions, since to scatter stellar photons it needs only

a line opacity of greater than or about unity. For example, if helium excitation is via

thermal collisions, then for a temperature between 20,000 and 40,000 K, the mass-loss

rate for a spherical stellar wind need only be greater than or about 10
-9 MQ yr

_1
to

reach an optical depth of unity (Kwan et al., in preparation). Good constraints on

the physical conditions in these kinematic regions await simultaneous observations of

He I A10830 and A5876.

4.5 Discussion

4.5.1 Winds and Magnetospheric Accretion

The high opacity of He I A10830 provides extraordinary sensitivity to both winds

(from the disk and star) and funnel flows via absorption of continuum photons. This

allows for a comparison of the prominence of each of these phenomena in relation to

each other. The He I A10830 profiles from the EFHKsurvey show a clear tendency for

magnetospheric accretion signatures to be more prevalent in stars with blue absorp-

tion from disk winds (82% of the stars in Fig. 4.9) than those with blue absorption

from stellar winds (27% of the stars in Fig. 4.10). A viable explanation for this could

be an inclination effect if both stellar and disk winds are simultaneously present along

with magnetic funnel flows, and the stellar winds emerge from polar latitudes. In that

case, polar viewing angles would favor the appearance of P Cygni profiles from the
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stellar wind, while equatorial viewing angles would favor the appearance of narrow

blue absorption from disk winds along with red absorption from funnel flows.

If the above scenario is correct, we would expect large viewing angles for stars

with blue absorption from a disk wind. Constraints on inclinations for stars with

stellar wind signatures are less clear, since the opening angle of the wind will also

be important in determining whether blue absorption is visible. A literature search

turns up inclination estimates for 23 of the 38 CTTS in the EFHKsurvey, estimated

from a variety of techniques, including those based on (1) measurements of rotation

period and vs'mi, coupled with an estimate for the stellar radius (Ardila et al. 2002;

Appenzeller et al. 2005), (2) axial ratios of resolved disks (Close et al. 1998; Simon et

al. 2000), and (3) measured and/or inferred radial velocities and proper motions of

resolved microjets (Lavalley-Fouquet et al. 2000; Lopez-Martm et al. 2003; Hartigan

et al. 2004). Often inclinations are not well constrained; different techniques applied

to the same star can yield estimates differing by 20° —40° degrees or more. With

these large uncertainties the value of matching profiles with published inclinations is

unclear. However, the published inclinations do not indicate any serious contradic-

tions to our basic scenario. Among the stars with blue absorptions attributed to disk

winds, the 7 published inclinations range from 40° —80°, consistent with viewing at

inclinations high enough for lines of sight to pass through the disk wind. Dupree et al.

(2005) looked at He I A 10830 profiles in 2 CTTS with low inclinations (< 20°), TW
Hya and T Tau, and found both had P Cygni profiles resembling stellar winds. The

4 stars with blueshifted helium emission and no blue absorptions, which we attribute

to viewing a polar stellar wind from inclinations exceeding the wind opening angle,

are RWAur at i = 46°, CWTau at i = 49°, HNTau at i = 60° - 70°, and BP Tau at

i = 30° —40° (see above references). Wehesitate to draw any firm conclusions from

published inclinations, however, not only because many have large uncertainties, but

also because the magnetic and rotation axes may be misaligned.
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Another effect may also contribute to the less frequent combination of stellar wind

and magnetospheric accretion signatures. Of the 7 stars in the EFHKsurvey with the

highest 1 /mi veilings (r Y on the order of unity or greater), all have helium profiles

attributed to stellar winds (blue absorption and/or blue centroid emission), only one

also has blue absorption resembling a disk wind, and none show redshifted subcontin-

uum absorption from a funnel flow (ry is identified for each profile in Figs. 4.9, 4.10,

and 4.11). Assuming that higher 1 /im veilings indicate higher disk accretion rates,

the absence of redshifted absorption and higher frequency of stellar wind signatures

with high veiling could arise if disks with high accretion rates had their truncation

radii squeezed, resulting in smaller funnel flows (less apparent redshifted absorption)

while allowing larger opening angles for stellar winds from polar latitudes. This is

consistent with the finding that the morphology for many of the stellar wind profiles

at He I A10830 (Fig. 4.10) seem to require shadowing from disks extending within the

wind origination radius. A similar scenario was also suggested by BEK, based on the

relation between He I A5876 profile components and veiling, where an anticorrelation

between the strength of the BC emission from a stellar wind and the strength of

the NC emission from the accretion shock suggested that in the presence of strong

stellar winds, accretion shock formation is inhibited. This effect is also coupled with

a different proportionality between the strength of the He I A5876 NCemission from

the accretion shock and the amount of optical veiling in these stars, suggesting that

optical veiling may not be dominated by the accretion shock in the presence of strong

stellar winds. This could signify a transformation in the magnetic field geometry in

stars of high veiling, allowing the disk to encroach well inside the corotation radius,

reducing the size of the accreting funnel flow and setting up conditions for a wind to

emerge radially from the star.

Unfortunately, the He I A10830 profiles do not provide the opportunity to trace

the presence of an accretion shock from magnetospheric funnel flows through narrow-
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component emission. This is, at first glance, surprising. In contrast to He I A5876

profiles, many of which show a prominent NC (BEK), this behavior is not conspicuous

at A10830, although NCemission may be present in 6 objects (DS Tau, UY Aur, GI

Tau, DN Tau, BP Tau, and LkCa 8), if the small emission spike near the stellar

velocity is a distinct and separate feature from the rest of the profile. Thus, since

the He I A10830 transition is more easily excited than the closely coupled He I A5876

transition, the paucity of NC emission at A10830 appears incongruous. We think

two reasons account for this apparent discrepancy. First, the NC is formed in the

post-shock region of a magnetospheric funnel flow, where the very high gas density

makes it likely that both transitions are optically thick and have nearly the same

excitation temperature. With a high excitation temperature for both transitions,

the He I A10830 intensity can be weaker than the He I A5876 intensity. When this

is coupled to the fact that the stellar continuum is stronger at 1.083 /mi than at

5876 A, the resultant emission at He I A10830 from this region will appear much

less prominent. As an example, for a stellar temperature of 3500 K and excitation

temperatures of 15,000 and 20,000 K, the He I A10830 peak amplitude relative to its

local continuum will be 1/8.7 and 1/10, respectively, of the He I A5876 peak amplitude

relative to its local continuum. If the veiling at 5876 A, r v , and that at 1.083 /im, ry,

are significant, the above factor has to be multiplied by (1 +7v)/(l +r Y )- Second, a

stellar wind, when present, will scatter the NC. Occupation by the star and the disk

will diminish its observed intensity, and turbulence in the initial acceleration of the

wind will broaden its profile. This effect is much more important for the He I A10830

NC than for the A5876 NC, as the A5876 transition in the stellar wind region has a

much smaller opacity. For these two reasons, it is understandable why the He I A10830

NC is absent in objects with strong wind signatures and much less conspicuous than

the A5876 NC in objects with weak or no wind signatures.
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4.5.2 Accretion-Powered Disk and Stellar Winds

The ensemble of helium lines in CTTS suggests that both stellar and disk winds

emerge from near stellar regions at velocities of several hundred km s
-1 and that the

prominence of one over the other at A10830 will depend in part on wind excitation

conditions and viewing angle. The simultaneous presence of a disk and a stellar wind

in an accreting young star is not surprising. Most theoretical treatments of disk

winds assume, tacitly or explicitly, that a wind will also emerge from polar regions

on the star. In most of these scenarios, stellar winds are assumed to be "ordinary"

(Shu et al. 1994), i.e., scaled- up analogs of the solar wind, where hot coronal gas

generates sufficient thermal pressure to accelerate material outward from the star.

The observed X-ray fluxes from T Tauri stars clarify that "ordinary" coronal winds

can at most generate mass-loss rates up to 10
" 9 MQ yr

-1
(de Campli 1981). Recent

observations show that, on average, WTTShave X-ray fluxes several times higher

than accreting CTTS (Feigelson et al. 2007), so any "ordinary" stellar wind would

actually be stronger in a WTTSthan a CTTS. The stellar (i.e., expanding radially

away from the star) wind traced by He I A10830 is clearly not an "ordinary" one,

since it is not detected in WTTS, and it predominates in CTTSwith the highest disk

accretion rates. Howsuch an accretion-powered, radially expanding wind is generated

remains to be seen. Options for MHD-driven stellar winds summarized in Ferreira

et al. (2006) include driving by turbulent Alfven waves (Hartmann et al. 1982) and

rotation (Hartmann h MacGregor 1980; Romanova et al. 2005), although CTTS are

not rotating fast enough for the latter to be a major factor at this stage in their

evolution. Conceivably, unsteady MHDphenomena that depend on the orientation

of the magnetic moments of the stellar and disk fields, such as coronal mass ejections

(e.g., Matt et al. 2002), could generate winds with the right geometry.

Disk winds have recently been put forward to explain Ha profiles in CTTS (Kuro-

sawa et al. 2006; Alencar et al. 2005). Although blue absorption with the character-
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istics of a stellar wind is rare at Ha:, blue absorption consistent with disk winds is

common. For example, CTTS Ha profiles from the BEK sample that closely overlaps

the EFHK He I A 10830 survey show only 10% with blue absorption penetrating the

continuum, while 40% of the objects have sharp blue absorptions superposed on the

broader line emission. In a more diverse sample of young stellar objects (Reipurth

et al. 1996), more than 50% have such narrow blue absorptions at Ha. As first sug-

gested by Calvet (1997), this type of narrow blue absorption at Ha is likely formed in

the disk wind. However, in a few CTTS, e.g., DRTau and AS 353 A (see profiles in

BEK), Ha has a distinct P Cygni character, with broad subcontinuum absorption on

the blue edge of the emission profile, resembling profiles formed in stellar winds. In

a larger number of stars, a stellar wind may be the source of at least some of the Ha

emission, as evidenced by the prevalence of blueward asymmetries in Ha wing emis-

sion at velocities in excess of 200 km s
-1 (BEK) and by resolved spatial extensions

in the blue wings of Pa/? in some CTTS (Whelan et al. 2004). The rarity of Ha or

H/3 profiles showing broad, blue subcontinuum absorption from a stellar wind is not

surprising, as the physical conditions for producing helium excitation (e.g., temper-

atures on the order of 20,000 K or higher for thermal collisions) will cause hydrogen

to be mostly ionized. Thus, Ha in the stellar wind would be more optically thin than

He I A10830 but would still produce strong in-situ emission via recombination and

cascade.

Additional reasons for suspecting that Ha emission may arise partly in the stellar

wind is the difficulty Kurosawa et al. (2006) had in reproducing both the emission

and absorption contributions to this line from a disk wind. Hybrid models that

include both magnetospheric and disk wind contributions were used to calculate Ha

profiles with full radiative transfer and to self-consistently determine contributions

from both infall and outflow regions for a specified ratio of disk accretion to mass

outflow rates. However, in order to reproduce the observed range of Ha profiles,
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including both emission and blue absorption, disk wind opening angles in violation

of the Blandford and Payne requirement for magnetocentrifugal launching had to be

adopted. Furthermore the tendency in CTTS for Ha equivalent widths to increase

with inclination (Appenzeller et al. 2005; White k, Hillenbrand 2004) could not be

explained. Instead, they found that an inclination-dependent equivalent width could

be explained by replacing the disk wind with a bipolar wind emerging from the stellar

polar regions. Within the context of the work presented here on He I A10830, these

results could be reconciled if the stellar wind seen at helium is a major contributor

to the Ha: emission, while the blue absorption at Ha arises in a disk wind.

Warm disk wind models were also explored to account for CTTS semiforbidden

lines in the ultraviolet, such as C III] and Si III], which are single peaked, broad, and

blueshifted (Gomez de Castro et al. 2005). The models required a very restricted

set of assumptions to approximate the observed profiles. The profile morphology of

the semiforbidden lines, however, is reminiscent of the helium emission seen in both

He I A10830 and He I A5876 which we attribute to stellar winds.

The relative importance of disk and stellar winds in accreting systems is not yet

clear. The new insight provided by He I A10830 and He I A5876 is that both are

present in regions close to the star, both are "accretion powered," and when disk

accretion rates are high, a higher proportion of CTTS have helium profiles deriving

from stellar winds. This suggests that the geometry of the star-disk interaction region

is affected by the disk accretion rate, which likely has consequences for the angular

momentum evolution of the star.

4.6 Conclusions

The He I A10830 line in CTTS, through its propensity to absorb continuum radi-

ation, provides a unique diagnostic of kinematic motions of the line formation regions

close to the star. In this paper we have concentrated on the blue absorptions and,
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with the aid of theoretical models, have determined that both stellar and disk winds

are traced by this line. While blue absorptions appear to arise in both disk and stellar

winds, helium emission appears to arise only in the stellar wind or in a few stars with

particularly deep red absorptions, possibly from scattering in magnetospheric funnel

flows. Some of the stellar wind profiles also require significant disk shadowing to ac-

count for emission with blue centroids, indicating that the disk must extend interior

to the radius where the wind is accelerated in these stars.

A larger fraction of the CTTS in the EFHK sample show stellar wind over disk

wind signatures at He I A10830. However, in view of the more prevalent signature

of disk wind absorptions at Ha, this probably indicates that excitation conditions

for He I A 10830 are more favorable in the stellar wind than in the disk wind. Both

are likely present in most accreting stars, each contributing some, as yet unknown,

fraction of the outflowing gas in the large-scale collimated outflows. The most likely

scenario is that stellar winds emerge from the stellar polar regions above the latitudes

where magnetospheric funnel flows intercept the star. Not only does this allow both

to co-exist, but it also seems to be required to explain some stars which appear to

have helium emission but not helium absorption from a stellar wind.

Evidence that the stellar winds traced by helium are accretion powered comes from

their absence in non-accreting WTTSand the fact that among stars with the highest

disk accretion rates, including some Class I sources (EFHK), the stellar wind signa-

tures are more frequent than disk wind signatures. This, coupled with the fact that

the high accretion-rate stars also rarely show redshifted absorption at He I A10830

from magnetospheric infall and have weaker NC emission at He I A5876 from mag-

netospheric accretion shocks, suggests the possibility that when disk accretion rates

are high, magnetic accretion zones are smaller and favorable conditions for stellar

winds are enhanced. This may be an important aspect of the angular momentum

regulation mechanism postulated by Matt & Pudritz (2005b), in which stellar winds
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act efficiently to carry away accreted angular momentum when accretion rates are

high.

It is not yet clear what role an accretion-powered stellar wind plays in the for-

mation of collimated jets or overall mass and angular momentum loss in accreting

systems. While the He I A10830 line is an excellent probe of the kinematic behavior

of gas in the vicinity of the star and thus speaks to the interaction of the stellar mag-

netosphere and the accretion disk, by itself it is not a strong diagnostic of physical

conditions. Good constraints on the physical conditions in these kinematic regions

await simultaneous observations of He I A10830 and A5876. The latter line is the

immediate precursor to the former in a recombination/cascade sequence, so the ex-

citation conditions of the two lines are intimately coupled, and they will make an

ideal pair for evaluating the relative contributions of continuum scattering and in-

situ emission. This will constrain the physical conditions, including line opacities,

electron densities, kinetic temperatures, and limits on the ionizing flux, which in turn

will enable identification of the wind contribution to the profile and provide estimates

of the wind mass-loss rate in the helium-emitting wind(s). The simultaneous data will

also help decompose the A10830 line profile into separate contributions from scatter-

ing and in-situ emission and may shed light on the wind opening angle and viewing

angle. With this information, the relative importance of disk and stellar winds in

accreting systems may be discernable.
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CHAPTER5

REDSHIFTEDABSORPTIONAT HE I A10830 AS A
PROBEOF THE ACCRETIONGEOMETRYOF T TAURI

STARS

5.1 Overview

Weprobe the geometry of magnetospheric accretion in classical T Tauri stars by

modeling red absorption at He I A10830 via scattering of the stellar and veiling con-

tinua. Under the assumptions that the accretion flow is an azimuthally symmetric

dipole and helium is sufficiently optically thick that all incident 1 /mi radiation is

scattered, we illustrate the sensitivity of He I A10830 red absorption to both the size

of the magnetosphere and the filling factor of the hot accretion shock. Wecompare

model profiles to those observed in 21 CTTS with subcontinuum redshifted absorp-

tion at He I A10830 and find that about half of the stars have red absorptions and

1 /mi veilings that are consistent with dipole flows of moderate width with accretion

shock filling factors matching the size of the magnetospheric footpoints. However,

the remaining 50% of the profiles, with a combination of broad, deep absorption and

low 1 /mi veiling, require very wide flows where magnetic footpoints are distributed

over 10 —20% of the stellar surface but accretion shock filling factors are < 1%. We

model these profiles by invoking large magnetospheres dilutely filled with accreting

gas, leaving the disk over a range of radii in many narrow "streamlets" that fill only

a small fraction of the entire infall region. In some cases accreting streamlets need

to originate in the disk between several and at least the corotation radius. A few

stars have such deep absorption at velocities > 0.5 that flows near the star with

less curvature than a dipole trajectory seem to be required.
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5.2 Introduction

The classical T Tauri stars (CTTS) are optically revealed, low-mass, pre-main-

sequence stars that accrete material from a circumstellar disk and have a well-defined

connection between accretion and outflow (HEG). Accretion from the disk to the

star is thought to be guided by the stellar magnetosphere, where a sufficiently strong

magnetic field truncates the disk at several stellar radii, and material follows field lines

that direct it to the stellar surface at high latitudes (Ghosh &; Lamb 1978; Konigl

1991; Collier Cameron &; Campbell 1993; Shu et al. 1994). Magnetospheric accretion

controls the star-disk interaction, and an improved understanding of this process will

shed light on outstanding issues in the innermost 10 R* of CTTS systems, such as

the regulation of stellar angular momentum and the launching of the inner wind.

Leading diagnostics of CTTS accretion include the optical/UV continuum excess

and the profiles of permitted emission lines (Bouvier et al. 2007a). Kinematic evidence

for infalling gas in CTTS began with the discovery that some CTTS show inverse

P Cygni structure in upper Balmer lines extending to velocities of several hundred

km s
_1 (Walker 1972). Later, more sensitive surveys found that redshifted absorption

components are relatively common in some lines, especially in the upper Balmer and

Paschen series (Edwards et al. 1994; Alencar k Basri 2000; Folha & Emerson 2001).

Although redshifted absorption extending to several hundred km s
_1

clarifies that

material accretes in free-fall from at least several stellar radii, it has been the success

of radiative transfer modeling of line formation in magnetospheric accretion flows in

a key series of papers culminating with Muzerolle et al. (2001a) that has provided the

strongest underpinning for this phenomenon. Under the assumption of an aligned,

axisymmetric dipole, the models have had reasonably good success in reproducing

the general morphology of hydrogen profiles and emission fluxes in some stars. The

complementary assessment of accretion rates follows from interpreting the SEDof the

optical/UV excess, which has been successfully modeled for wavelengths shortward
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of 0.5 fim as arising in a hot accretion shock, where accreting material impacts the

stellar surface after free-fall along funnel flows coupled to the disk ( Johns- Krull et

al. 2000; CG). To match the observations, the accretion shock filling factor is less

than 1% in most cases but can climb to 10% in a few of the most active accretors.

The derived accretion rates range from 10" 10 to 10~ 6 M0 yr
_1 with a median of

10" 8 M@yr- 1 (Calvet et al. 2000).

Additionally, Zeeman broadening of unpolarized CTTS photospheric lines indi-

cates mean surface field strengths in the range 1 —3 kG (Johns-Krull 2007), suffi-

ciently strong to induce disk truncation and drive funnel flows. However, these strong

surface fields are not predominantly dipolar, as photospheric lines show only weak

net circular polarization, implying dipole components an order of magnitude smaller

(Valenti Sz Johns-Krull 2004; Yang et al. 2007). Nevertheless, an extended dipole

component is inferred for the accretion flow, since the same authors find significant

circular polarization in the narrow component of the He I A5876 emission line, thought

to be formed in the accretion shock at the base of the funnel flow (BEK).

The evidence for magnetospheric accretion is thus compelling; however, the topol-

ogy of the magnetosphere, the geometry of the accretion flow, and the disk truncation

radius remain topics of considerable investigation, since their configuration impacts

processes for angular momentum regulation and wind launching. One form of an-

gular momentum regulation, known as disk locking, invokes a spin-up torque from

accreting material just inside the corotation radius balanced by a spin-down torque at

larger radii (Collier Cameron & Campbell 1993). This approach has been questioned

by Matt &: Pudritz (2005b, 2008a,b), who instead suggest accretion-powered stellar

winds as a more likely means for stellar spindown, which must occur simultaneously

with magnetospheric accretion from the disk (see also Sauty & Tsinganos 1994). Al-

ternatively, the X-wind model (Shu et al. 1994) originally featured a narrow annulus

of star-disk coupling close to the corotation radius, where closed field lines develop
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funnel flows and open field lines drive a centrifugal outflow that carries away angular

momentum from accreting material, thus inhibiting stellar spin-up. The flexibility

of this model to maintain its basic properties in the face of complex magnetospheric

accretion geometries has recently been demonstrated by Mohanty Sz Shu (2008). If

the stellar and disk fields are parallel, then an intermittent outflow can develop via a

reconnection X-wind, which removes angular momentum from the star as well as the

inner disk (Ferreira et al. 2006).

Evidence is mounting for non-aligned fields coupled with complex accretion geome-

tries, coming from a variety of recent studies. Using time-resolved spectropolarimetry

of the mildly accreting CTTS V2129 Oph, Donati et al. (2007) used Zeeman detec-

tions from both photospheric features and emission lines from the accretion shock

to construct a Doppler tomographic map of the magnetic topology on the stellar

surface. The dominant field on the star is a misaligned octupole, and accretion is

confined largely to a high-latitude spot, covering < 5% of the stellar surface. These

authors also attempt to reconstruct the 3D field geometry out to the disk interaction

region and suggest that the large-scale field funneling accreting material from the

disk is more complex than a simple dipole. However, such extrapolation techniques,

while tantalizing, must be applied with caution at present, since there are numer-

ous uncertainties in the reconstruction process (Mohanty & Shu 2008). Numerical

magnetohydrodynamic (MHD) simulations of star-disk interactions demonstrate that

non-axisymrnetric funnel flows arise if the stellar field is tipped by only a few degrees

relative to the rotation axis, breaking into two discrete streams under stable accretion

conditions (Romanova et al. 2003). If the accretion rate is sufficiently high, accre-

tion is predicted to proceed through equatorial "tongues" that can push apart field

lines (Romanova et al. 2008). Similarly, accretion spots can appear at a wide range

of latitudes, including equatorial belts. Such behavior has been observed in models

featuring accretion along quadrupolar as well as dipolar field lines (Long et al. 2007,
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2008), accretion along field lines extrapolated from surface magnetograms (Gregory

et al. 2006), and accretion mediated by a dynamo-generated disk magnetic field (von

Rekowski &; Brandenburg 2006).

Observational signatures for misaligned dipoles are being explored in radiative

transfer models for hydrogen line formation in funnel flows, with subsequent predic-

tions for rotationally modulated profile variations. Initially Symington et al. (2005)

presented radiative transfer models of hydrogen lines featuring curtains of accretion

covering a limited extent in azimuth in geometries consistent with aligned dipoles.

Their model profiles exhibit certain characteristics of the observed line profile vari-

ability, such as rotationally modulated line strengths and the appearance of red ab-

sorption components at certain phases and inclinations, but the predicted level of

variability is higher than observed. More recently, Kurosawa et al. (2008) applied a

radiative transfer code for H line formation to the 3D output from the MHDsimu-

lations of Romanova et al. (2003, 2004), which prescribe the geometry, density, and

velocity of two-armed accretion streams that result from dipoles misaligned with the

rotation axis by angles ranging from 10° to 90°. Applying temperatures similar to

those from the Muzerolle et al. (2001a) axisymmetric models, they were able to re-

produce some of the trends in continuum and profile variability from models. One of

the larger discrepancies in comparing the model profiles to observed ones is that the

model profiles for Paschen and Brackett lines are a factor of two narrower than the

mean value observed by Folha &; Emerson (2001). The problem is likely more complex

than simply finding another line broadening mechanism, since Paschen 7 has recently

been shown to have line widths that are correlated with the 1 fj,m continuum excess,

in the sense that the narrowest lines are found among objects with the lowest disk

accretion rates (EFHK). Evidence that some of the hydrogen emission is formed in

the accretion shock rather than the funnel flow is now clearly demonstrated from the

discovery of circular polarization in the core of Balmer lines (Donati et al. 2008). The
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implication is that hydrogren lines are not necessarily a definitive means for probing

the properties of funnel flows, so additional probes are desirable.

In this paper, we explore a different means of diagnosing the geometry of the

accretion flow, making use of the redshifted subcontinuum absorption in the 2p 3 P°

—> 2s 3 S transition of neutral helium (A10830), recently demonstrated to be a very

sensitive probe of both outflowing gas in the inner wind and infalling gas in the funnel

flow due to its frequent display of blue and red absorptions (EFHK). A subcontinuum

absorption feature is a more tell-tale diagnostic of a kinematic flow than an emission

profile, since its position (blue or red) indicates the direction of the flow, its width

indicates the range of line-of-sight velocities in the flow, and its depth at a particular

velocity indicates the fraction of the continuum (stellar plus veiling) occulted by

material moving at that velocity. In the case of a red absorption, the absorption

depth signals the fraction of the stellar surface covered by the funnel flow at each

velocity, making it an effective probe of the CTTS accretion geometry.

This is the third in a series of papers about 1 fim diagnostics of accretion and

outflow in CTTS. The first, EFHK, presented 1 fim spectra from 38 CTTS including

He I A10830 profiles, Pa7 profiles, and measurements of the continuum excess "veil-

ing" in the 1 ^m region. The second paper, Kwan et al. (2007, KEF hereafter), mod-

eled blueshifted absorption components at He I A10830, which appear in about three

quarters of the sample, and found that while some stars have winds best explained

as arising from the inner disk, others require an outflow moving radially away from

the star in an accretion-powered "stellar" wind. In this paper, we analyze redshifted

subcontinuum absorption at He I A10830 in 21 CTTS that present red absorption in

at least one observation. The following section describes the sample selection, data

acquisition, and data reduction. § 5.4 presents the data and discusses variability. In

§ 5.5, we present model scattering profiles that arise in a dipolar flow geometry, show

that they explain only a fraction of the red absorptions, and explore modifications
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to a dipolar flow that better explain the remaining observations. Discussion and

conclusions follow in §§ 5.6 and 5.7.

5.3 Sample and Data Reduction

In this paper we focus on the 21 of 38 CTTS included in EFHK that display

redshifted subcontinuum absorption at He I A10830 at least once in a multi-epoch

observing program with Keck NIRSPEC. It includes spectra presented in EFHK

acquired in November 2001 and November 2002, when 8 of the 38 CTTSwere observed

twice and 1 on three occasions. It also includes 33 additional spectra of 24 objects

from that study, taken in 2005, 2006, and 2007. In EFHK, 19 out of 38 CTTSshowed

red absorption at He I A10830. In the subsequent observing runs, He I A10830 red

absorption was seen in 2 additional stars. Thus, the 21 of 38 CTTS (55%) that have

shown subcontinuum red helium absorption in at least one spectrum of 81 acquired

between 2001 and 2007 form the sample for this paper. Among the 21 stars with

helium red absorption, 12 were observed more than once, with 6 observed twice, 1

observed three times, 4 observed four times, and 1 observed six times. The EFHK

sample was assembled to span the full range of mass accretion rates observed for

CTTS, from less than 10" 9 to ~ 10" 6 M0 yr~\ with a median rate of 10" 8 M0 yr
-1

.

Most of them are from the Taurus- Auriga star-forming region and have spectral types

of K7 to M0. The subset of 21 stars that are the focus of this paper are identified

in Table 5.1, along with their spectral types, masses, radii, rotation periods, median

veilings ry at 0.57 /im, and mass accretion rates from the literature. Wehave included

ry only for the 29 sources in commonwith HEG, obtained more than a decade earlier.

Wealso list the number of observations for each star.

As in the 2006 paper, the additional spectra were acquired with NIRSPEC on

Keck II (McLean et al. 1998) using the Nl filter (Y band), which covers the range

0.95 to 1.12 /mi at a resolution R = 25,000 (AV = 12 km s
_1

). The echelle order

152



Table 5.1. 21 of 38 CTTS with Subcontinuum Red Absorption at He I A10830

Object Sp Type Af„ v'esc prot //..,.* ^CO (r v ) log Marn Ref iV„h<s* * ODS

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

AA Tau .

.

K7 0.70 1.75 390 8.22 8.7 0.32 -8.5 12,9,5,9 4

BMAnd .

.

G8 2.03 3.02 510 >-9 15,15,7 2

CI Tau . .

.

K7 0.70 1.94 370 0.47 -6.8 12,12,10 1

CYTau .

.

Ml 0.43 1.70 310 7.5 7.2 1.20 -8.1 12,9,4,9 3

DK Tau .

.

K7 0.69 2.51 320 8.4 6.1 0.49 -7.4 12,9,3,9 4

DNTau .

.

MO 0.52 2.15 300 6.0 5.2 0.08 -8.5 12,9,2,9 2

DRTau .

.

K7 0.69 2.75 310 9.0 5.9 9.60 -5.1 12,10,4,10 4

DS Tau... K5 1.09 1.30 570 0.96 -7.9 12,9,9 1

FP Tau . .

.

M4 0.21 2.00 200 0.15 -7.7 12,12,10 1

GI Tau . .

.

K6 0.93 1.74 450 7.2 8.8 0.24 -8.0 12,9,17,9 2

GKTau .

.

K7 0.69 2.16 350 4.65 4.8 0.23 -8.2 12,9,3,9 2

HK Tau .

.

M0.5 0.45 1.65 320 1.10 -6.5 12,12,10 1

LkCa 8... MO 0.53 1.48 370 3.25 5.1 0.15 -9.1 12,9,3,9 2

RWAur B K5 0.96 1.09 580 -8.8 19,19,19 1

SU Aur... G2 2.02 3.27 490 1.7 2.3 -8.0 12,12,6,8 1

TWHya.. K7 0.75 1.04 520 2.80 7.3 -9.3 18,18,13,14 6

UY Aur .

.

MO 0.54 1.30 400 0.40 -7.6 11,11,11 4

UZ Tau E Ml 0.43 1.39 340 0.73 -8.7 19,19,19 1

UZ Tau W M2 0.33 1.88 260 -8.0 11,11,11 1

V836 Tau. K7 0.71 1.43 440 7.0 9.6 0.05 -8.2 12,12,16,10 2

YY Ori . .

.

K7 0.68 3.00 290 7.58 4.8 1.80 -5.5 10,10,1,10 . 1

Note. —Col. 2: Spectral type; Col. 3: Stellar mass in M& ; Col. 4: Stellar radius in RQ; Col. 5:

Stellar escape velocity in km s
_1

, calculated from columns 3, 4; Col. 6: Rotation period in days;

Col. 7: Corotation radius in Z?*, calculated from columns 3, 4, 6; Col. 8: Median veiling at 5700 A
from HEG; Col. 9: Logarithm of the mass accretion rate in M©yr

-1
; Col. 10: References for the

spectral type, stellar luminosity (to determine M* and /?*), rotation rate (where available), and
mass accretion rate; Col. 11: Number of spectra acquired with NIRSPEC.

References. - (1) Bertout et al. 1996; (2) Bouvier et al. 1986; (3) Bouvier et al. 1993; (4)

Bouvier et al. 1995; (5) Bouvier et al. 2007b; (6) DeWarf et al. 2003; (7) Guenther & Hessman
1993; (8) Gullbring et al. 2000; (9) Gullbring et al. 1998; (10) HEG; (11) Hartigan & Kenyon
2003; (12) Kenyon & Hartmann 1995; (13) Lawson & Crause 2005; (14) Muzerolle et al. 2000; (15)

Rostopchina 1999; (16) Rydgren et al. 1984; (17) Vrba et al. 1986; (18) Webb et al. 1999; (19)

White & Ghez 2001.
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of primary interest extends from 1.081 to 1.096 /mi and contains both He I A10830

and Pa7. Spectra from the 2005-06 season were acquired by G. Blake (13 December

2005) and D. Stark (13 January 2006). Those from November and December 2006

were obtained by L. Hillenbrand, W. Fischer, S. Edwards, and C. Sharon. Finally,

Hillenbrand obtained two additional spectra of TWHya in December 2007. Data

reduction, including wavelength calibration and spatial rectification, extraction of

one-dimensional spectra from the images, and removal of telluric emission and ab-

sorption features, is discussed in EFHK. While we used an IRAF script to reduce

the EFHK data, we used the IDL package REDSPECby S. S. Kim, L. Prato, and

I. McLean to reduce data acquired in Fall 2006 and later. EFHK also describes the

procedure for measuring photospheric lines to determine the 1 /mi veiling ry, defined

as the ratio of excess flux to photospheric flux near the He I A10830 line (see also Har-

tigan et al. 1989). After the veilings are determined, a non-accreting template that

has been artifically veiled to match the observed CTTS is subtracted from each target

spectrum. This removes photospheric absorption lines from the He I A10830 and Pa7

regions, which allows for a more accurate definition of the remaining structure in each

of these two lines.

Weaugmented the spectral templates from those of EFHK, resulting in a reassess-

ment of the 1 /im veiling for one object. Recent determinations of the spectral type

of BMAnd in the V band range from G8 (Guenther &; Hessman 1993) to K5 (Mora

et al. 2001). In EFHK we used an early K star to deveil the 2002 spectrum of BM

And. However, using our new grid of templates acquired in Fall 2006, we found that

the G8 dwarf HD 75935 provides a better match to the photosphere of BM And.

Deveiling the 2002 spectrum of BMAnd with this template yields a veiling of 0.4,

in contrast to the value of 0.1 reported in EFHK. We adopt the more appropriate

veilings for BMAnd in this work, r Y = 0.4 in 2002 and ry = 0.5 in 2006. The veiling
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determinations for all the other objects from EFHK are unaffected by our extended

grid of templates.

Weuse the stellar mass, radius, and rotation period to calculate the escape veloc-

ity and the star-disk corotation radius for each star, which are included in Table 5.1

and will be used in later analysis of the accretion geometry. We carefully surveyed

the literature to acquire the most up-to-date estimates of spectral types and stellar

luminosities, using Kenyon & Hartmann (1995) and Gullbring et al. (1998) in most

cases. The luminosity of YY Ori (HEG) was updated to reflect the latest estimate

of the distance to Orion (Menten et al. 2007), which is 10% less than the earlier

value. Spectral types were converted into effective temperatures using the scale from

Hillenbrand & White (2004), and stellar radii follow directly from application of the

Stefan- Boltzmann law to the effective temperatures and luminosities. Stellar masses

are then derived from the Siess et al. (2000) pre-main-sequence tracks, available on-

line. Since the escape velocity will be an important parameter in comparing observed

to model profiles, we have given some thought to its accuracy. With a dependency

on M/R, the largest source of uncertainty in calculating the escape velocity is the

uncertainty in Te ff, since temperature strongly affects both the mass and radius de-

termination, while luminosity only weakly influences the radius estimate. Weassess

that the typical error in the escape velocity is ~ 20%. For the 12 stars with rotation

periods in the literature, we calculate corotation radii with a typical error of 20%,

provided the photometric period is equivalent to the rotation period.

Three of the 21 objects are known members of binary pairs resolved in our spectra

where we have observed only the primary: DK Tau A, HK Tau A, and UY Aur A.

For another system, RWAur, we have resolved spectra of RWAur A and RWAur B,

but only the latter shows red absorption at He I A10830 and thus qualifies as part of

the sample for this study. There is conflicting evidence in the literature on whether

RWAur B has a close companion at an angular separation of 0.12" with a A'-band
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flux ratio of 0.024 (Ghez et al. 1993; Correia et al. 2006). In our spectra we see

the lines of only one object consistent with a K5 spectral type, and we call this RW

Aur B. An additional two objects are unresolved binaries: UZ Tau E and UZ Tau W.

For these, we also see lines from only one star and attribute the 1 mn continuum and

line profiles to the primary.

5.4 Empirical Results

In this study we concentrate on the red absorption seen at He I A10830 as a probe

of the accreting gas, ignoring the blue absorptions that arise from disk and stellar

winds (KEF). For each spectrum of the 21 stars that show subcontinuum redshifted

He I A10830 absorption at least once, Table 5.2 lists the HJD of observation, the 1 /im

veiling, and measurements of the red absorption. In this section we first compare

the veilings of the stars in this study to those from the ensemble of 38 CTTS in

EFHK, and then we present the profiles and kinematic data for the reference sample,

consisting of the single observation of each star with the deepest red absorption

(identified with an asterisk in Table 5.2). Next we demonstrate that the propensity

for He I A10830 to absorb all impinging 1 fim photons provides a means of estimating

the origination radius in the disk for infalling gas and the filling factor of accreting

material immediately before the accretion shock. We conclude the section with a

discussion of profile and veiling variability.

5.4.1 Veiling and Redshifted Absorption

Our additional observations beyond those in EFHK confirm the result reported

therein, that subcontinuum redshifted absorption is more prevalent in CTTSwith low

veiling. Weillustrate this in Figure 5.1, where the equivalent width of the redshifted

He I A10830 absorption below the continuum is plotted against both the simultaneous
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Table 5.2. Veilings and Measurements of He I A10830 Subcontinuum Red
Absorption

Wx ^max Vc FWQM Vblue Ked
Object HJD ry (A) (%) (km s

_1
) (km s- 1

)
(km s" 1

)
(km s~

(1) (2) (3) (4) (5) (6) (7) (8) (9)

AA Tau .

.

605.0 0.2 0.5 14 185 120 110 250

606.9 0.1 1.9 42 110 170 40 250
1718.0* 0.0 4.5 61 90 310 -40 310

2069.0 0.1 0.9 24 50 70 Qa 80

BMAnd.. 604.8 0.4 2.3 28 115 260 -20 290
2068.7* 0.5 2.9 40 90 270 -40 280

CI Tau . .

.

605.9 0.2 1.3 17 140 290 10 310

CY Tau .

.

606.8 0.1 1.0 27 140 120 80 230

1718.0* 0.0 1.1 37 140 100 80 240

2068.8 0.2 0.0

DK Tau .

.

604.9 0.5 2.1 28 145 290 20 330

606.9 0.5 1.9 37 80 240 0 a 280

1748.9* 0.0 3.1 40 150 320 -20 340

2068.9 0.4 1.9 34 95 290 0 a 310

DNTau .

.

606.0 0.0 1.3 30 145 170 60 250

1718.0* 0.0 1.2 33 150 140 70 260

DRTau .

.

605.0

606.0

2.0

2.0

0.0

0.0

606.9* 2.0 0.7 14 235 160 150 320

2069.1 3.5 0.0

DS Tau . .

.

605.9 0.4 1.1 18 205 240 90 340

FP Tau... 605.0 0.1 0.5 17 50 120 0 a 120

GI Tau . .

.

606.0 0.1 3.1 47 160 230 50 330

2069.8* 0.0 3.3 52 180 240 50 350

GKTau .

.

606.0 0.3 0.0

2069.8* 0.1 0.5 11 160 140 50 220

HK Tau .

.

606.1 0.4 0.5 17 75 100 30 140

LkCa 8 . .

.

604.9* 0.05 1.4 32 160 160 70 280

2068.9 0.1 1.2 24 125 190 40 250

RWAur B 605.1 0.1 2.8 43 160 230 50 330

SU Aur... 607.0 0.0 1.6 35 50 180 -50 150

TWHya.. 605.2

606.1

0.0

0.0

0.0

0.0

1718.1* 0.1 1.4 32 245 170 170 370

2069.1 0.1 0.9 17 255 170 170 350

2452.1 0.0 0.8 17 230 190 150 350

2453.1 0.1 0.7 14 240 190 160 330

UY Aur .

.

605.0 0.4 0.4 14 160 110 110 220

607.0 0.4 0.4 12 160 110 100 220

1718.1* 0.2 0.7 20 160 130 90 240

2069.9 0.3 0.5 13 160 120 90 230

UZ Tau E 605.9 0.3 0.2 8 185 60 150 210

UZ Tau W 605.9 0.1 0.6 18 75 140 20 170

157



Table 5.2. (continued)

wx Vc FWQM ^blue Ked
Object HJD r Y (A) (%)

/i 1 \(km s *) (km s )

/I 1 \(km s
)

(km s" 1

)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

V836 Tau 606.0* 0.0 1.7 35 160 170 80 300

1749.0 0.0 0.0

YY Ori .

.

607.1 0.4 2.1 37 225 210 110 390

Note. —Col. 2: Heliocentric Julian Date (2,452,000 +); for multiple observations an asterisk

indicates membership in the reference sample; Col. 3: Veiling at one micron; Col. 4: Equivalent

width of red absorption below the continuum; Col. 5: Percentage of the continuum absorbed

at the deepest point of the profile; Col. 6: Centroid of the red absorption; Col. 7: Width at

one quarter of red absorption minimum; Col. 8: Minimum velocity of red absorption; Col. 9:

Maximum velocity of red absorption.

a The true minimum velocity is obscured by central absorption; we assume Vbi ue = 0.

1 \im veiling ry and the non-simultaneous optical veiling ry for the 38 CTTS in

EFHK. The 21 CTTS that are the focus of this study, showing redshifted absorption

at least once among 46 spectra, are each identified by name. The remaining 17 CTTS

that have not yet been seen to show redshifted absorption among 35 spectra acquired

to date appear as symbols (but can be identified from EFHK). All points in the figure

are averages for objects with multiple observations taken between 2001 and 2007.

Wehave included the optical veiling measurements in Figure 5.1 because it is the

excess emission at optical and shorter wavelengths that is associated with luminosity

from accretion shocks and is the basis for deriving disk accretion rates. Note that

the range of veilings is different at each of the two wavelengths, with maxima of

ry —9.6 and ry = 2, and that although all CTTS show detectable veiling in the

optical (HEG), 7/38 have no detectable veiling at 1 fjtm. (All the CTTS with r Y = 0

do show He I A10830 and Pa7 in emission, differentiating them from WTTS.) Despite

these differences, objects with low r v have low ry, and objects with high ry have high

ry, clarifying that the 1 /mi veiling is a rough proxy for optical/UV veiling and disk

accretion rate, and that variations in the disk accretion rate are relatively modest
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Figure 5.1. Equivalent width of red absorption at He I A10830 versus veiling for

CTTS from EFHK. The top panel shows the relation for the simultaneously measured

1 /mi veiling ry for all 38 CTTS, using averages for stars with multiple observations.

The 21 stars featured here show helium red absorption in at least one observation and

are labeled with abbreviations of their names. The 17 that have not been observed to

show red absorption are identified with plus signs. The bottom panel plots the same
equivalent width data versus the average of optical veiling measurements (A = 5700 A)

from HEG, obtained a decade before the NIRSPEC campaign, which exist for 29 of

the EFHKstars. In this and future scatter plots, points that would otherwise overlap

are slightly offset for clarity.
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over timescales of a decade. The proportionality between ry and disk accretion rate

is further corroborated by the excellent correlation between ry and the equivalent

width of Pa7 emission (EFHK), assuming that the equivalent width of Pa7, like that

of Pa/3, is correlated with accretion rate (Muzerolle et al. 1998c; Folha & Emerson

2001; Natta et al. 2004).

The prime message from Figure 5.1 is that when the veiling is high, ry > 0.5 or

?y > 2, red absorption at He I A10830 is rare. Although the number of observations

of each of the 38 stars ranges from 1 to 6, we note that out of a total of 25 observations

of the 9 objects with ry > 0.5, only once, in one of four observations of the highest-

veiling object DRTau, did a weak redshifted absorption appear. In contrast, out of

the 56 total spectra of the 29 objects with ry < 0.5 or ry < 2, redshifted absorption is

detected in 37 spectra. Even with our non-uniform sampling of individual objects, it

is clear that the frequency of redshifted absorption in CTTSwith the highest veilings,

seen in only 4% (1/25) of the total spectra of 9 objects, is significantly lower than that

in CTTS with more modest veilings, where red absorption is seen in 66% (37/56) of

the total spectra of 29 objects. Spectral variability for these objects will be discussed

in § 5.4.4.

5.4.2 Line Profiles and Subcontinuum Absorption

He I A10830 profiles for the 21 CTTS that have shown subcontinuum redshifted

absorption at least once are presented in Figure 5.2. This set of profiles is for the

reference sample, and the profiles are ordered by their simultaneous 1 fim veiling.

The part of the profile we identify as the red absorption component is delineated in

Figure 5.2 by shading. As noted above, the reference sample contains the profile with

the deepest red absorption at He I A10830 for each star (in contrast to the reference

sample from EFHKthat emphasized blueshifted absorption from winds). The full set

of profiles observed for the 12 stars with multiple spectra appears in § 5.4.4 where
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we discuss variability. The reference sample will be used in all subsequent analysis

unless we are explicitly considering profile or veiling variations.

The uniqueness of the He I A10830 line in the study of accreting gas is immediately

seen by comparing it to the Paj profile found in the same NIRSPEC order. This

comparison is made in Figure 5.3, which zooms in on the red side of the profile for

each of the 21 objects in the reference sample, sorted now by the equivalent width of

the He I A10830 red absorption. (We have ignored the blue half of the line in order to

draw attention to the red absorption; full Paj profiles can be found in EFHK.) Only

5 of 21 (24%) stars show red absorption at both He I A10830 and Pa7, and when seen,

it is considerably weaker at Pa7. Specifically, the maximum depth of red absorption

seen at Pa7 is 21% of the continuum, compared to 61% for A10830, and the maximum

equivalent width is 1.1 A, versus 4.5 A at A10830. Surprisingly, the 3 stars with the

strongest helium absorption (AA Tau, GI Tau, and DK Tau) show no absorption

at Pa7, while the 3 stars with the strongest Pa7 absorption (TW Hya, BM And,

and YY Ori) have intermediate helium absorptions, although their Pa7 absorptions

do share similar velocity structures with their helium absorptions. In models for H

line formation in magnetospheric accretion scenarios, inverse P Cygni absorption is

seen only when the accretion rate is favorable and the line of sight is directed toward

the hot continuum in the accretion shock. In contrast, our data indicate a much

wider range of formation conditions for red absorption at He I A10830, which offers a

unique probe of the infalling gas projected in front of the stellar surface by absorbing

continuum photons from both the star and the accretion shock.

Measured parameters of the He I A10830 red absorption, i.e., the section of the

profile shaded in Figure 5.2, are listed for each observation in Table 5.2 with an asterisk

identifying the spectrum in the reference sample for stars with multiple observations.

Parameters include the equivalent width W\, the depth of maximum penetration into

the continuum Dmax , the centroid velocity Vc, and the width measured at one quarter
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Figure 5.2. The reference sample of residual He I A10830 profiles for the 21 CTTS
with subcontinuum redshifted absorption (shaded), ordered by decreasing 1 /mi veil-

ing ry. Since the veiled photospheric contribution has been subtracted, the continuum

corresponds to zero on the flux axis, and total absorption of the continuum corre-

sponds to —1. Velocities are relative to the stellar photosphere, and the spectra are

plotted with three-pixel binning.
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of the absorption minimum, FWQM.Wealso tabulate velocities at the blueward and

redward edges of the absorption, Vbiue and V^ed> In most cases, Vbi ue is easily identified

as the location where emission sharply transitions to red absorption. On the other

hand, the gradual return to the continuum at the high-velocity end makes Vre d less

straightforward to measure. In order to have a uniform definition for all stars, we

conservatively define Ked as the velocity where the absorption reaches 95% of the

continuum level, with the consequence that it is somewhat smaller than the extreme

infall velocity. Histograms illustrating the diversity of these parameters appear in

Figure 5.4. The equivalent widths range from 0.2 to 4.5 A, maximum penetrations

into the continuum range from 8% to 61%, centroids range from 50 to 255 km s
_1

, and

FWQMrange from 60 to 320 km s . In many stars the absorptions begin near the

stellar rest velocity, so the FWQMreflects the true width of the absorbing velocities.

In others Vbiue is weU redward of the rest velocity (e.g., DRTau and TWHya) due to

the presence of helium emission that is likely from another region, such as the wind,

that is filling in the red absorption and reducing its magnitude.

5.4.3 Maximum Infall Velocities

Without assuming any particular infall geometry, we can estimate the outer extent

of an accretion flow by comparing the most redward velocity in an absorption profile

with the stellar escape velocity. A particle undergoing ballistic infall from a distance

R toward a star of mass A/* and radius R* has a free-fall speed at a distance r of

where Vesc is the escape velocity from the surface of the star. The largest infall velocity

achieved in the funnel flow, immediately before impact, is thus set by the maximum

(5.1)
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165



distance where infalling gas leaves the disk, i? max ,
i.e., Vmax = Vesc (1 —R*l Rm&x)

1 ^ 2
.

We can then use the velocity of the red edge of the He I A10830 absorption, Vrec \,

as an indicator for Vm&x and hence determine Rnmx . The depth of the absorption

near V^ed will then indicate the filling factor of infalling gas immediately before it

impacts the photosphere. However, because of projection effects and the conservative

assumption for measuring Ked) this gives a lower limit to the actual Vmax , and thus

the corresponding inferred maximum distance for infall, -R re d, will be a lower limit to

the actual value of Rmax . Thus Vmax > K- ed an d with Rmax in units of i?*, we have

i? max > (1 - Ked/Ksc)
_1

= ^red- (5.2)

In Table 5.3 we list V^d, V^ sc , and their ratio, followed by the implied Rre d- Fig-

ure 5.5 shows the locations of the 21 observations of the reference sample in the (Ked?

Vesc )
space as well as dotted lines corresponding to Ked/Ksc of 0.94, 0.87, 0.71, and

0.30, or i? re d = 8, 4, 2, and 1.1 i?* respectively. The average value of i? re d is 2.9 i?*,

and the median is 1.9 i?*, where we adopt i? re d > 8i?* for the 3 stars with Vrec \ > Vesc .

Of these 3 outliers, YY Ori has VTec\/V esc = 1.4, which indicates an error in the stellar

parameters, while the other two, DRTau and DK Tau, have Ked slightly larger than

but within the estimated 20% uncertainty. If we used a less conservative estimate

for Vre d as the outermost redward velocity (see § 5.4.2), at a penetration depth of 2%

rather than 5% of the continuum, then the median Rrec \ increases to 2.9 R*.

In Figure 5.6 we compare Rie d to Rco for the 12 stars with published rotation

periods (listed in Table 5.1). For this group of stars, the median ratio of i? re d to

Rco is 0.4, which increases to 0.5 for the less conservative estimate of the maximum

redward velocity and can increase further when projection effects are considered. This

is well inside the corotation radius for most stars, but as will be apparent from model

profiles in § 5.5, for some viewing angles projection effects can result in a significant

underestimate of Rmax as determined from RTed- Three stars show Rre d/R co > 1.3
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Table 5.3. Maximum Infall Distances and Corotation Radii

Object Vre d Vesc Ked/Ksc Rred
a

^co
b

Rved/ Rco

(1) (2) (3) (4) (5) (6) (7)

AA Tau .

.

310 390 0.79 2.7 8.7 0.3

BMAnd .

.

280 510 0.55 1.4 [6.3] [0.2]

CI Tau . .

.

310 370 0.84 3.4 [6.3] [0.5]

CY Tau .

.

240 310 0.77 2.5 7.2 0.4

DK Tau .

.

340 320 1.06 [>8] 6.1 [>1.3]

DNTau .

.

260 300 0.87 4.0 5.2 0.8

DRTau .

.

320 310 1.03 [>8l
L — J

5.9 [>1.41

DS Tau... 340 570 0.60 1.6 [6.3] [0.3]

FP Tau . .

.

120 200 0.60 1.6 [6.3] [0.3]

GI Tau . .

.

350 450 0.78 2.5 8.8 0.3

GKTau .

.

220 350 0.63 1.7 4.8 0.4

HK Tau .

.

140 320 0.44 1.2 [6.3] [0.2]

LkCa 8 . .

.

280 370 0.76 2.3 5.1 0.5

RWAur B 330 580 0.57 1.5 [6.3] [0.2]

SU Aur... 150 490 0.31 1.1 2.3 0.5

TWHya.. 370 520 0.71 2.0 7.3 0.3

UYAur .

.

240 400 0.60 1.6 [6.3] [0.3]

UZ Tau E 210 340 0.62 1.6 [6.3] [0.3]

UZ Tau W 170 260 0.65 1.7 [6.3] [0.3]
'

V836 Tau. 300 440 0.68 1.9 9.6 0.2

YY Ori . .

.

390 290 1.34 [>8] 4.8 [>1.7]

Note. —For the reference sample only. Col. 2: Maximum velocity of He I A10830 red

absorption (km s
_1

); Col. 3: Escape velocity from the stellar surface (km s
_1

); Col. 5: Lower

limit to maximum distance of infalling material (i?*); Col. 6: Corotation radius (R*).

a Brackets indicate an assumed i? re d > 8 i?* since Vre d > Vesc .

b Brackets indicate that, since Prot and thus Rco are unknown, Rco is set to the mean of the

known values.

c Brackets indicate uncertainty due to one of the preceding conditions.
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Figure 5.5. Velocity at the red edge of the He I A10830 absorption (K-ed) versus

the stellar escape velocity (Vesc ) for the 21 profiles of the reference sample. The solid

line represents V^d = Ksc, while the dotted lines represent the ratios of Ked to Vesc

for ballistic infall from 8, 4, 2, and 1.1 i?*, assuming Vrec \
= Vmax .

(YY Ori, DRTau, and DK Tau), indicating that infall originates close to or possibly

outside corotation, unless the error in Rco is larger than the typical 20% uncertainty.

The projected area of the accretion flow immediately above the accretion shock

can be equated to the depth of the absorption at the highest velocity in the red

absorption profile. This estimate will be most reliable for objects where both (1)

Vre d is near V^c, indicating that projection effects are not significantly altering our

determination of the velocity just before impact, and (2) the 1 fim veiling is near

zero, indicating that the red absorption is solely due to scattering of stellar photons

so the absorption depth at each velocity is the minimum percentage of the stellar

surface that is obscured at that velocity. In the reference sample, three stars with

Ked > 0-8 Vesc and no 1 //m veiling have significant absorption depths at 0.9 Ked :
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AA Tau (14%), DK Tan (10%), and GI Tau (10%.). Their implied projected areas of

material moving close to the escape velocity are an order of magnitude larger than

the accretion shock filling factors estimated from their optical continuum excesses

(CG). Although accretion flows do "funnel" into narrow columns as they arrive at

magnetic footpoints on the stellar surface, the coverage fraction of the flow in typical

dipole flow geometries diminishes by less than 50% from ~ 1.2 to i?* as the speed

increases from ~ 0.9 Ked to V^d, not by an order of magnitude. This hints that in at

least several stars, a conventional dipolar accretion flow will have difficulty reconciling

small shock filling factors with deep, broad red absorptions.

5.4.4 Variability

The He I A10830 profiles for the 12 CTTS in this study with multiple spectra are

shown in Figure 5.7, where for each star the full set of observed profiles is superposed

and the range of simultaneous veilings is indicated. Since the time intervals are

randomly distributed, ranging from days to years, only very general statements about

variability can be made. Three categories of variability are seen: (1) five objects

always show redshifted absorption with little variation in the absorption morphology

(BM And, UY Aur, LkCa 8, DN Tau, and GI Tau); (2) two objects always show red

absorption, but the profile morphology changes dramatically (AA Tau and DK Tau);

and (3) five objects have no redshifted absorption at one epoch, but do show it at

another epoch (DR Tau, GKTau, TWHya, CY Tau, and V836 Tau).

The 5 stars observed at least four times (AA Tau, DK Tau, DR Tau, TWHya

and UY Aur) can be examined to see if there is a relation between veiling and the

He I A10830 red absorption. The red absorption equivalent width is plotted against ry

for each observation of these five stars in Figure 5.8. For the star with little change in

the morphology of its red absorption (UY Aur), the veiling varies by a factor of 2. For

the two stars where redshifted absorption is always present but changes dramatically
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Figure 5.7. Residual He I A10830 profiles of the twelve CTTS that were observed

more than once and that show subcontinuum redshifted absorption in at least one

observation. The reference sample spectra are shown with heavier lines, and the range

of observed 1 jivn veilings appears in each box.
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Figure 5.8. Equivalent width of red absorption at He I A10830 versus the 1 /mi

veiling for stars with at least four observations and at least one helium profile with

subcontinuum red absorption. Observations on contiguous days are represented by

open points for 2002 and asterisks for 2007.

(AA Tau and DK Tau), the absorption is strongest when the veiling is lowest (i.e.,

not detected). For the two stars where redshifted absorptions come and go (DR Tau

and TWHya), there is no relation between veiling and the strength of the absorption.

Each of the 5 stars with at least 4 observations was observed on at least two nights

of a three-night run in 2002, providing a look at short-term variability and the possible

role of rotation. Data points from this run appear in Figure 5.8 as open symbols,

and the pair of asterisks for TWHya are from a second set of two consecutive nights

5 years hence in 2007. The only objects to show much variation over a time scale

of days are DR Tau, which showed weak red absorption only on the last of three

consecutive nights in 2002, and AA Tau, which we now discuss further.
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The variability of AA Tau at optical wavelengths has been thoroughly examined

in the context of rotational modulation from a misaligned magnetosphere interacting

with the inner disk (Bouvier et al. 1999, 2003, 2007b). Briefly, the system is close

to edge-on, with an inclination angle of 75°, and the rotation period is 8.22 days.

Phase zero corresponds to the epoch of maximum F-band flux, while phase 0.5 is

characterized by a reduction in V-band flux due to occultation of the star by a warped

disk. Accretion diagnostics are strongest near phase 0.5, with redshifted absorption

appearing at Ha and H/3 between phase 0.39 and phase 0.52 accompanied by a rise

in the optical veiling (measured between 5400 and 6700 A) from 0.2 at phase zero to

between 0.4 and 0.7 during the occultation phase.

To see whether our 1 /.mi data of AA Tau are consistent with this picture, we

adopt the 8.22-day rotation period, assign phase 0.51 to HJD 2,453,308 (Bouvier et

al. 2007b), and convert our observation dates to rotation phases. Figure 5.9 shows the

He I A10830 and Pa7 profiles and veilings for each of our 4 observations, corresponding

to projected phases from ~ 0 to 0.4. The figure also plots the equivalent width of

He I A10830 red absorption against the derived phase, where each point is roughly

aligned with its corresponding profiles. While He I A10830 red absorption appears

at all phases, it is weakest near phase zero and increases steadily to phase 0.39. The

velocity at the red absorption edge (Ked) also varies, increasing from 250 km s
-1

near phase zero to 310 km s
_1

at phase 0.39. In contrast, Pa7 shows red absorption

only once, close to phase zero, when the 1 fim veiling is also highest. If the phasing

from the Bouvier epoch is accurate, then the deepest and widest red absorption

at He I A10830 occurs at the phase associated with maximum accretion effects in

the optical, when the line of sight pierces the disk warp and the accretion shock.

However, this would then mean that the 1 fim veiling and the Pa7 red absorption are

out of phase with respect to optical veilings and profiles. Whether or not this phase

projection is accurate, the profile sequence for He I A10830 and Pa7 provides another
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Figure 5.9. Relation between red absorption and rotational phase for 4 spectra

of AA Tau (phased from Bouvier et al. 2007b). The He I A10830 and Pa7 profiles of

AA Tau are shown above the corresponding equivalent width of the red absorption at

He I A10830 for each phase. Profiles are labeled with the simultaneous 1 fim veiling,

and their velocity axes run from —500 to 500 km s
-1

. For the helium line, the flux

axis runs from —1 to 1, while for Pa7, it runs from —0.5 to 0.5 to elucidate the

morphology of the weaker profiles.

illustration of the very different kinds of information about the accretion flow that

can be inferred from these two lines. Clearly, time-monitoring studies at 1 fim will

be revealing!
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5.5 Scattering Models and Comparison to Observations

Radiative transfer models of hydrogen lines arising in the accretion flow (Muzerolle

et al. 2001a; Symington et al. 2005; Kurosawa et al. 2006, 2008) have been success-

ful in reproducing general characteristics__of these lines in some stars. However, the

models assume all of the hydrogen emission arises in the funnel flow, they depend on

an assumed temperature in the flow that is not well understood, and they are limited

in their ability to constrain the accretion geometry. In this section, we take a new

approach to understanding CTTS accretion flows, modeling the scattering of contin-

uum photons by He I X10830 in the infalling gas. The lower level of the He I A10830

transition (2s 3 S) is 20 eV above the ground state, restricting its formation to regions

near the star where the ionizing photon flux is high. Further, since the only permitted

transition downward from the upper level (2p
3 P°) is emission of a A10830 photon,

we model this line as resonance scattering.

We first lay out the assumptions of our model, in which the accretion geometry

is the commonly adopted dipolar flow, a geometrically flat disk is truncated by the

innermost field lines, and all accreting field lines terminate in an accretion shock of

uniform temperature at the stellar photosphere that generates a continuum excess

observable as veiling. Wethen compare profiles generated from these models to the

observed He I A10830 red absorption profiles. The basic dipolar flow is found lacking

in a significant number of objects, so we then explore modifications to this geometry

that better explain these observations.

5.5.1 Basic Dipolar Flow

We first consider an axisymmetric dipolar field in which the stellar magnetic and

rotational axes are aligned and an opaque accretion disk extends from an initial radius

Ri to infinity in the equatorial plane. The outline of the overall structure of accretion

from the disk to the star is completely specified by two parameters, although there
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is some flexibility in which two parameters we choose. One pair is Ri and Rf, which

indicate the range in radial distance from the star, i.e., Ri < R < Rf, over which

the dipolar field lines that participate in accretion are distributed over the disk.

Alternatively, we can specify 0
t

and Of, which mark the range in polar angle, i.e.,

Of < 9 < 9i and (n —Oi) < 0 < (ir —Of), where the same field lines are distributed at

the stellar surface. The relation between the two pairs is apparent from the dipolar

field structure, which stipulates that

Rij = R*/ sin
2 Siif . (5.3)

A third pair of parameters is F and Ro, where F = cos Of —cos 0{ is the fraction

of the stellar surface outlined by the above field lines, and R0 = R*/ sin
2 #0 > with

cos Of —cos# 0 = cos# 0 —cos Oi, marks the approximate median radius of where the

accretion flow originates in the disk. The median field line originating at R0 will thus

correspond to a median polar angle on the star of 00 . Wefind this pair of parameters

to be instructive, since if the whole geometric structure is fully occupied by accreting

gas, then F will equal /, the filling factor of the accretion shock. In this subsection,

we consider F = f and thus use / to indicate both the fraction of the stellar surface

outlined by the overall flow structure and the filling factor of shocked gas at the

terminus of accreting field lines, as in previous work by others.

The modeled values of R0 and / are chosen to sample the full range of plausible

accretion flow sizes and filling factors. The values of R0 , taken to be 2, 4, and 8 R*,

are consistent with the understanding that the accretion flow arises near the star-

disk corotation radius (Ghosh &; Lamb 1978; Konigl 1991; Shu et al. 1994). The

values of /, taken to be 0.01, 0.05, and 0.1, cover the range found from the shock

models of CG. The upper section of Table 5.4 lists the 9 modeled combinations of

Ro (0q), f (= F), and the associated ranges (R{,Rf) over which material leaves the

disk. These configurations are visualized in Figure 5.10. (The lower half of the table
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Table 5.4. Model Magnetospheric Geometry Parameters

Ro Go F / r Y Rr Rf
(1) (2) (3) (4) (5) (6) (7)

Undiluted

2 45 0.01 0.01 0.06 1.97 2.03

0.05 0.05 0.33 1.87 2.16

0.10 0.10 0.70 1.76 2.34

4 30 0.01 0.01 0.06 3.87 4.14

0.05 0.05 0.33 3.42 4.85

0.10 0.10 0.70 2.99 6.22

8 20.7 0.01 0.01 0.06 7.44 8.65

0.05 0.05 0.33 5.84 12.9

0.10 0.10 0.70 4.63 34.5

Diluted

2 45 0.05 0.01 0.06 1.87 2.16

0.10 0.01 0.06 1.76 2.34

0.20 0.01 0.06 1.58 2.87

4 30 0.05 0.01 0.06 3.42 4.85

0.10 0.01 0.06 2.99 6.22

0.20 0.01 0.06 2.42 15.0

8 20.7 0.05 0.01 0.06 5.84 12.9

0.10 0.01 0.06 4.63 34.5

Note. —Col. 1: Fiducial disk coupling radius (i?*); Col. 2: Stellar impact angle in degrees

from the pole; Col. 3: Fraction of the star over which the full range of magnetospheric footpoints

is distributed; Col. 4: Filling factor of accretion shocks on the stellar surface; Col. 5: Approximate

1 frni veiling (eq. [5.4]); Col. 6: Innermost radius at which accreting material leaves the disk, also

the disk truncation radius (i?*); Col. 7: Outermost radius at which accreting material leaves the

disk (i?*). Ri and Rf follow directly from Rq and F.

lists cases with F ^ f ', which will be explored beginning in § 5.5.2.) Three cases

correspond closely to geometries used in previous models of magnetospheric accretion

(Muzerolle et al. 2001a). The case with R0 —4R* and / = 0.01 approximates their

SN (small/narrow) case, the case with R0 = 4R* and / = 0.05 approximates their

SW(small/wide) case, and the case with R0 = 8/2* and / = 0.01 approximates their

LW(large/ wide) case.

For each model the veiling r\ from the associated accretion shock, defined as the

ratio of the continuum excess flux Fv to the stellar flux F*, is determined by the
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Figure 5.10. Schematic representations of accretion geometries used in scattering

calculations for dipoles with F = f. The star is black, the accretion flows are gray,

and the disk is the solid line in the equatorial plane. Each column shows a different

R0 (#o), and each row shows a different / with a corresponding ry. Wenote that in

the extreme case of Ro = 8i?# and / = 0.1, the accreting field lines thread the disk

out to 35 i?*, so the shading in the lower right panel extends far beyond the figure

boundary.
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blackbody temperatures of the star and hot gas from the shock, the magnitude of /,

and the viewing angle. In all cases we assume a T* = 4000 K blackbody for the stellar

continuum and a Tv = 8000 K blackbody for the continuum from the accretion shock.

This is a typical value found by CG from continuum excesses shortward of 0.5 /im,

although values as high as 10,000 K or as low as 6000 K are sometimes indicated.

The veiling at wavelength A is

*-*-£§*(t^J. (5-4)

where the approximate equality arises from setting the ratio of the projected areas of

the two continua perpendicular to the line of sight, which depends on viewing angle,

to simply //(l —/). Over the full range of viewing angle, the observed r\ for the

same / can vary by a factor of a few (see § 5.5.1.1).

The approximate value for ry from equation (5.4), without including the effect

of viewing angle, is identified in Figure 5.10 for each of the 3 values of /. With

our assumed temperatures, the ratio of the blackbody intensities from the veiling

continuum and the photosphere I bb (T v )
/I bb {T*) is 24.5 at A = 5700 A and 6.3 at

A = 1.08 fim, so that for a typical observed / = 0.01, the approximate veilings at

these wavelengths are ry —0.25 and ry = 0.06. The corresponding ratio of ry/ry ~ 4

is preserved for all / and is independent of viewing angle.

The velocity of the flow has contributions from both free-fall and rotation. The

free-fall speed at a distance r from the star along a field line threading the disk at

R is given by equation (5.1). Since the gas follows the field lines, the velocity vector

takes the form

v // = ~ v ff

3^/2(i -
q
)V*p±

(2 -3q):
(5.5)

(4-3g) 1 /2

(Calvet & Hartmann 1992; Hartmann et al. 1994). Here q = sin
2

#, and (p, 0, z) are

unit vectors in the cylindrical coordinate system. Above the equatorial plane, the
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plus sign applies, while below the equatorial plane, the minus sign applies so that the

flow is always from the disk to the star.

For the rotational component of the flow, the magnetosphere is assumed to rotate

rigidly with velocity

v
<f>

= v * r
ft

fa (
5 - 6 )

where v* is the rotation speed of the star at its equator, assumed here to be 0.05 Vesc ,

or 15 km s" 1 when Vesc = 300 km s" 1
, a typical value for TTS (Rebull et al. 2004,

and references therein), and p is the cylindrical radial distance of a point from the

rotation axis. Since the rotational motion is for the most part transverse to the line

of sight for the absorbing gas seen projected in front of the star, it has a very small

effect on the absorption part of the line profile.

The flow scatters continuum photons, which arise from the star and the accretion-

heated photosphere. To maximize the red absorption, the A10830 transition in the

accreting flow is assumed to be optically thick. A rectangular line absorption profile

with a 10 km s
-1

half- width is adopted to account for thermal and turbulent broad-

ening. Thus, if a particular ray from a point on the stellar surface intersects the

accreting flow such that the projection of the gas velocity along the ray extends from

f mi n to v ma, x , then continuum photons from (v mi n —10 km s
-1

) to (v max + 10 km s
-1

)

are scattered. Because spontaneous emission is the dominant de-excitation route of

the A10830 upper state (2p
3 P°) in comparison with other decay, collisional, or ion-

ization processes, the photon absorption and subsequent re-emission is in effect a

resonant scattering process if the small fine-structure energy differences among the

three sub- levels are ignored. Rather than following the photon path in detail (e.g.,

with a Monte Carlo simulation), we simply assume a single scattering in which the

absorbed photon is re-emitted isotropically with the appropriate Doppler shift, and

it either hits the star; hits the opaque, flat disk; or escapes the system. While this is

inconsistent with the assumption of an opaque line, we find that the exact contribu-
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tion to the observed profile from the scattered photons has no significant bearing on

our conclusions (see subsequent sections), so the extra effort is unwarranted.

The emergent spectrum at a particular viewing angle i is made up of photons that,

either because they are not absorbed or they are scattered, escape into a solid angle

bin centered on i. For a random selection of i over 4tt steradians, cosz is uniformly

distributed. Considering five viewing angles, we choose cosz = 0.9, 0.7, 0.5, 0.3, and

0.1, or i = 26°, 46°, 60°, 73°, and 84°.

5.5.1.1 Basic Dipolar Flow: Results

Figure 5.11 shows an example of the components contributing to the emergent

model profile in the case of R0 = 4R* (9 0 = 30°), and / = 0.05 (3.4 < R/R* <

4.9), viewed at i = 60°. The final emergent spectrum, shown in black, is the sum

of contributions from the stellar and the veiling (accretion shock) continua, each

shown separately in solid gray. The stellar contribution is the one with a normalized

continuum level of 0.78, due to scattering of the 4000 K continuum, while the veiling

contribution is the one with a normalized continuum level of 0.22, due to scattering of

the 8000 K continuum. The ratio of these two continua, 0.22/0.78 = 0.3, is the 1 fim

veiling ry, also noted in the figure. Each solid gray component is further the sum of

two subcomponents. One, shown with a dashed line in each case, is the absorption

profile of the respective continuum. The other, shown with a dotted line in each case,

is the emission profile, produced by scattered photons that escape toward the specified

line of sight. The emission subcomponent is both broad and weak, since scattered

photons can be red- or blueshifted and because for each photon absorbed, the ensuing

emitted photon may hit the disk or star and not escape. Thus the filling-in of the red

absorption by its own associated scattered emission is generally slight.

Figure 5.11 also illustrates an important aspect of the models, that the redshifted

absorption in the emergent profile is affected differently by scattering of the stellar
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Figure 5.11. Example scattering profile for dipolar infall with 90 = 30° and F =
/ = 0.05 (equivalently, Rq = 4R* and 3.4 < R/R* < 4.9), viewed from an angle

i —60°. The emergent profile (black line) is the sum of two components: the profile

due to photons from the 4000 K stellar continuum (upper gray line) and the profile due

to photons from the 8000 K veiling continuum (lower gray line). The veiling, shown
in the lower left, is the ratio of the veiling continuum height to the stellar continuum
height. Each component is further made up of two subprofiles: the absorption profile

of the continuum (dashed) and the emission profile of scattered photons that escape

toward the line of sight (dotted).

and the veiling continua. In this model, with 90 — 30° and i = 60°, the line of

sight toward the veiling continuum intersects the portion of the accretion flow close

to the star where the gas velocity is high (see Fig. 5.10), and scattering of the veiling

continuum produces a red absorption that extends from 0.27 to 0.87 Vesc . In contrast,

the line of sight toward the stellar continuum intercepts portions of the accretion

column with smaller infall speeds and a smaller velocity component is projected onto

the line of sight. The red absorption thus produced ranges from ~ 0 to 0.74 Vesc and
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is also shallower than the one from the veiling continuum. The resultant absorption

profile is thus complex in shape and broader than either of the two individually, and

in this case it has a maximum depth of about 20% into the summed continuum.

Figures 5.12, 5.13, and 5.14 show the full range of model profiles for the three

chosen values of R0 : 2, 4, and 8 R* respectively (corresponding to 00 = 45°, 30°, and

20.7°). In each figure, the three rows show, from top to bottom, the three selections

of / = 0.01, 0.05, and 0.1. In each row, the five panels show the profiles for the

five viewing angles, from i = 26 —84°. Within each of the 15 panels representing a

unique combination of / and i, the final emergent profile is shown (solid black curve)

along with the separate contributions from scattering of the veiling continuum (dotted

curve) and the stellar continuum (solid gray curve), but not the subcomponents of

absorption and scattered emission from each continuum source.

Weemphasize the following points from these three figures:

1. When / = 0.01, the red absorption is dominated by scattering of the stellar

continuum, generally showing small absorption equivalent widths and velocity widths.

The profiles have a strong dependence on inclination, with shallow absorption at small

inclinations and narrow, deeper, low-velocity absorption at high inclinations.

2. The magnitude of the red absorption, measured by either the equivalent width

or the maximum depth of absorption, is sensitive to the parameter /. As / increases,

there is both an increase in the veiling continuum and an increase in the coverage of

accreting field lines projected in front of the stellar surface for a given R0 ,
enabling

the line of sight to each point on the star to intersect more accreting field lines and

hence yield a broader range in the projected velocity of the infalling gas.

3. For a given /, the red absorption is generally stronger at a larger Rq (smaller

#o) 5
since the accreting field lines then cover a greater range of solid angles, and the

larger span between Ri and Rj produces a broader range in the gas velocity. However,

inclination also plays a role, so that for a given / and Rq, the strongest absorption

183



-1.0-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0

Velocity / Vesc

Figure 5.12. Scattering profiles for dipolar infall with R0 = 2i?* (0 0 = 45°) and

F = f. Each row shows a different value of /. Within each row, each panel shows the

profile for a different viewing angle and the corresponding 1 /im veiling ry. Emergent

profiles (upper black lines) are the sum of the profiles from the stellar continuum

(T = 4000 K; gray lines) and the veiling continuum (T = 8000 K; dotted lines). The
optical veiling (at A = 5700 A) is approximately 4 times greater than ry.

occurs at a line of sight i that parallels the final part of the trajectory of the accretion

flow. From the schematic in Figure 5.10, it can be seen that for 00 = 45°, 30°, and

20.7°, the corresponding viewing angle to maximize the red absorption is roughly

i « 84°, 60°, and 46°, respectively. Thus, an increased 6q (smaller RQ)
requires a

higher i for a strong red absorption. This occurs because the contribution to the

absorption from scattering of the veiling continuum is broadest when viewed in a

direction parallel to the flow just before it impacts the star.

4. The observed emission, i.e., the part of the profile above the continuum, is

usually weaker than the absorption and is mostly blueshifted. Only in the extreme but
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Figure 5.13. Scattering profiles for dipolar infall with R0 = (0 0 = 30°) and

F = /, as in Figure 5.12.

unrealistic case when Rq = 8R* (9 0 = 20.7°) with high / (0.05 or 0.1) and excessive Rf

(13 and 35 i?* for / = 0.05 and 0.1 respectively) does a double-peaked profile result

when viewed close to edge-on. The resulting accretion flow has a large solid angle,

and since it is assumed to be in corotation with the star, the rotational broadening

is considerable. This situation was included to complete our chosen parameter space

and is not realistic.

5. The veiling (r\) from the 8000 K accretion zone depends on /, <90 and i. The

dependence on / is obvious, since r\ scales almost linearly with / (eq. [5.4]). The

dependences on #0 and i arise through their influences on the projected area of each

continuum source. The parameter 90 signifies the orientation of the veiling continuum,

hence its direct effect on the veiled area viewed. Although less sensitive to the viewing
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Figure 5.14. Scattering profiles for dipolar infall with R0 —8i?* (0o = 20.7°) and

F = /, as in Figure 5.12.

angle, the projected stellar continuum area changes because of the presence of the

disk extending from Ri (dependent on 0O and /) to infinity. For both 0O —20.7° and

30°, ry at a given / drops monotonically as i increases from pole-on to edge-on, by

a factor of 5 and 3 respectively. At 0O = 45°, ry varies less, dropping by a factor of

1.6 from i —26° to 73°, then increasing slightly toward i —84°. For example, when

R0 = 4i?* (0 O = 30°) and / = 0.1, r Y ranges from 0.4 to 1.15 and r v ranges from 1.5

to 4.5 with viewing angle.

In sum, a strong red absorption extending to high velocities, like those observed,

requires / (and thus r\) to be large so the contribution from scattering of the veiling

continuum is enhanced and the angular extent of the flow on the star is increased.

Strong, broad absorption is also more likely when R0 is large and the line of sight
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parallels the accretion flow close to the star. The relation between absorption mag-

nitude and r\ is a crucial test of the dipolar accretion model, as we will show in the

following subsection when we compare the observations to our model profiles.

5.5.1.2 Basic Dipolar Flow: Comparison to Observations

In comparing our models with observed profiles, we focus on the red absorptions,

since the small emission at blueward velocities expected from scattering in the funnel

flow will often be overwhelmed by additional sources of emission, such as scattering

and in-situ emission from a wind. The red absorptions are evaluated in context with

the observed veiling, which is the basis for evaluating /. It is immediately apparent

that there is a mismatch between the model profiles in Figures 5.12, 5.13, and 5.14

and the observed spectra in Figure 5.2, since the majority of CTTS are known to

have / ^5 0-01 (CG) while model sequences for / = 0.01 (implied r Y ~ 0.06 and

TV ~ 0.25) have shallow and/or narrow red absorptions bearing little resemblance to

the ensemble of broad and deep observed He I A10830 profiles.

A more explicit demonstration of the limitation of the models can be made from

a quantitative comparison between the equivalent width and veiling for model and

observed profiles. This comparison requires normalizing the observed profiles to their

respective escape velocities, since in the models all velocities are in units of the escape

velocity. The normalized equivalent width, W'x = Wa/Kso has an intuitive interpre-

tation: it is simply the fraction of the continuum absorbed between rest and the

escape velocity, with a value of 1 indicating total absorption over the entire range.

Figure 5.15 compares the normalized red absorption equivalent width W'x to ry and

TV for both models and observations of the reference sample. In the models we have

assumed that the excesses at both Y and V arise from an accretion shock that emits

an 8000 K blackbody continuum. This is known to be a valid assumption for op-

tical veilings, and while the r v data points are not simultaneous with the observed
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absorption profiles, the fact that all but one of the objects with ry = 0 also have

low ry indicates that this is a reasonable approach. Unless the r v values for these

objects were all a factor of 5 to 10 higher when the He I A10830 profiles were obtained

than when the HEGdata were obtained, the two panels together clearly indicate that

only a fraction of the observed data lie within the realm of the model results: those

with weak red absorption and small veiling or those with modest red absorption and

intermediate veiling. There is a glaring discrepancy between models and observations

for stars with large W'x and small ry.

The values for W'x and adopted escape velocities V^c* are listed in Table 5.5

along with two additional properties of the red absorption: the normalized width and

the depth. The normalized full- width at quarter-minimum, FWQM', is the width

measured at one quarter of the absorption minimum as a fraction of the escape

velocity. The depth of the absorption component at 0.75 Vesc normalized to 100%,

D0 . 75, was chosen since it is sensitive to the infall geometry close to the star. As

with W'x , a number of stars indicate a discrepancy with the basic dipole model, where

objects with small veiling frequently have both FWQM'and D0.75 much larger than

can be accounted for with the models. This is illustrated in Figure 5.16, which

compares the velocity-normalized equivalent width, velocity-normalized line width,

and high-velocity depth to 1 /mi veiling for observations and models.

This comparison demonstrates that a fraction of CTTS with subcontinuum red

absorption at He I A10830 have red absorptions too strong to be explained by mag-

netospheric accretion in a basic dipole, where the filling factor of the flow on the

stellar surface F is equivalent to the filling factor of shocked gas at the terminus of

accreting field lines /. The observations that present the greatest challenge to the

model are those in which the red absorption is strong {W'x > 0.1) but the veiling is

weak (ry < 0.1). This conclusion is robust, since the models have been constructed to

produce maximal red absorption for a given R0 and /, in that the A10830 transition is
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Figure 5.15. Comparison of the red absorption equivalent width (normalized to

the escape velocity) to the 1 /mi veiling (left) and the non-simultaneous average optical

veiling (right; from HEG) for basic dipolar models and the profiles from the reference

sample. The model properties appear as lines connected by symbols. Each symbol

type is for a different R0 / #o, with circles for R0 —2.R*, asterisks for R0 = 4i?*, and

diamonds for Rq = 8R*. Each line type is for a different viewing angle, with solid

black for 26°, solid gray for 46°, dotted for 60°, dashed gray for 73°, and dashed black

for 84°. Along a line, symbols indicate filling factors / = 0.01, 0.05, and 0.10, always

increasing toward increasing veiling. Since the veiling axes are logarithmic, stars with

no detected 1 /im veiling are placed at ry = 0.025.
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Figure 5.16. Comparison of 3 properties of the red absorption to the 1 fim veiling

for basic dipolar models and the 21 profiles from the reference sample. In each column,

the observed parameters are the same as in others, but model parameters appear only

for the indicated Ro / 90 combination. The model parameters for the three filling

factors / = 0.01, 0.05, and 0.10 at a particular viewing angle are connected by

lines, and the correspondence between line type and viewing angle is the same as in

Figure 5.15. As before, stars with no detected 1 /um veiling are placed at ry = 0.025.
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Table 5.5. Measurements of Red Absorption in Velocity-Normalized He I A10830

Profiles

Ubject xr a
'esc* w\

ttw r r\ \ iff

r W^lvl M).75

K
1 ) (3) \v

AA Tau .

.

390 0.32 0.79 10

BMAnd .

.

510 0.16 0.53 0

CI Tau . .

.

370 0.10 0.78 7

CY Tau .

.

310 0.10 0.32 4

DK Tau .

.

[380] 0.22 0.84 14

DNTau .

.

300 0.11 0.47 11

DRTau .

.

[360] 0.05 0.44 10

DS Tau . .

.

570 0.05 0.42 0

FP Tau . .

.

200 0.08 0.60 3

GI Tau . .

.

450 0.20 0.53 6

GKTau .

.

350 0.04 0.40 0

HK Tau .

.

320 0.05 0.31 0

LkCa 8 . .

.

370 0.11 0.43 5

RWAur B 580 0.14 0.40 0

SU Aur... 490 0.09 0.37 0

TWHya.. 520 0.07 0.33 1

UY Aur .

.

400 0.05 0.32 1

UZ Tau E 340 0.01 0.18 1

UZ Tau W 260 0.07 0.54 3

V836 Tau. 440 0.11 0.39 2

YY Ori . .

.

[430] 0.13 0.49 11

Note. —For the reference sample only. Col. 2: Adopted escape velocity (km s
_1

);

Col. 3: Equivalent width of velocity- normalized absorption (dimensionless); Col. 4:

Full-width at quarter-minimum of velocity-normalized absorption (dimensionless);

Col. 5: Depth at 75% of the escape velocity as a percentage of the continuum.

a Brackets indicate Ked/^esc > 1, so we assume Vesc* = Ked/0.9.

assumed to be optically thick, and the thermal/turbulent broadening has a generous

10 km s" 1
half- width.

This conclusion is not compromised by the choice of 8000 K for the tempera-

ture of the shock-heated photosphere. This value corresponds to the low end of the

temperature range derived from modeling the SEDs of observed continuum excesses

(Hartigan et al. 1991; Gullbring et al. 1998; Johns- Krull et al. 2000). If higher tem-

peratures were assumed, the veiling for a given / would be even larger, worsening the
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agreement between the models and the observations. If we adopted the lowest tem-

perature allowed by the SED models of the optical continuum excess, T ~ 6000 K,

the associated veiling for a given / would be reduced by factors of ~ 2 at Y and ~ 3

at V . Figure 5.15 demonstrates that shifting all the model results to the left by a

factor of 2 in ry or 3 in ry is still insufficient to account for the strong absorptions

and low veilings. We thus conclude that those profiles with strong absorptions and

small veilings lie outside the realm of model results for self-consistent dipole flows.

5.5.2 Dilution

A simple way to keep the veiling small and yet have the accretion flow project a

broad velocity range in front of the star is to let the flow arise over a large range of R

(thus impacting the star over a large range of 6) but to fill the whole enclosed volume

only dilutely with accreting gas. Wenow distinguish between F, the fractional surface

area on the star over which the magnetospheric footpoints are distributed, and /, the

fractional surface area on the star occupied by accretion shocks at the base of field

lines that carry accreting gas. Wedefine /' = f/F as the fraction of F occupied by

all the accretion shocks. With enough dilution, i.e., /' sufficiently small, F can be

large enough to provide the areal coverage over a large velocity range that is necessary

for a broad and deep red absorption, while / = Ff can remain small, as required

to produce a low veiling. One way to achieve this is to postulate a large number of

narrow accretion streamlets spatially separated from one another that together impact

only a fraction /' of the outlined area F. (We assume the many accretion shocks are

dispersed randomly throughout F.) Then, with an intrinsic thermal or turbulent line

broadening of ~ 10 km s
_1

associated with each streamlet, photons from the star can

intersect a sufficient number of streamlets such that the continuum (stellar or veiling)

will be absorbed over the full velocity range specified by the parameter F, as though

the whole volume were filled.
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The concept of many accretion streamlets dilutely rilling a volume has the addi-

tional advantage of offering a credible explanation for the population of the lower level

of A10830 (2s 3
5) over all streamlines. With the difficulty of maintaining a tempera-

ture high enough (>2x 10 4 K) for collisional excitation to the 2s 3 S level in a freely

falling gas, it is likely that photoionization is the excitation mechanism. Then, if the

source of ionizing photons is the accretion shock itself, the much smaller shocked area

of an individual streamlet within a diluted flow, as compared to the shocked area of

a single undiluted flow, will enable more ionizing photons to escape from the sides

and ionize the gas in other streamlets, even at positions far from the star. Or, if the

dominant source of ionizing radiation is located away from the streamlets (e.g., the

stellar corona), these photons will be able to penetrate into the volume and ionize

individual streamlets as opposed to ionizing just the skin of a single completely filled

accretion flow. Thus, many narrow streamlets that dilutely fill a large volume not

only yield a deep red absorption from the large coverage area over a broad velocity

range of infalling gas, but they also readily account for the ionization of gas at each

location in the flow to produce an optically thick A10830 transition over the whole

velocity range.

5.5.2.1 Profiles for Wide, Dilutely Filled Flows

Wecompute scattering profiles for diluted dipole flows for the same 3 geometries

shown earlier, with (R 0 ,
0O) pairs of (2 R*, 45°), (4 R*, 30°), and (8 R*, 20.7°). We

introduce a wider range in F, from 0.01 to 0.2, although now all models have / = 0.01,

corresponding to a range in /' from 1 to 0.05. The resulting profiles are shown in

Figure 5.17, and the model parameters are listed in the lower portion of Table 5.4.

In the figure, the three columns correspond to the three Ro values, and each row is

a common value of /'. The degree of dilution increases downward in the figure, with

the case for no dilution, shown in the top row (/' = 1 and / = F), repeated from
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Figures 5.12, 5.13, and 5.14. In subsequent rows the dilution grows as F increases to

0.05, 0.1, and finally 0.2. Each panel shows the superposed profiles for all 5 viewing

angles for each R0 , f (or F) combination and the corresponding inner and outer radii

of the accreting volume, Ri < R < Rf. Since the effect of the viewing angle on the

profile morphology is roughly independent of dilution, the individual viewing angles

can be identified by referring to the earlier figures. Wehighlight the i = 60° profile

with a darker line, since this is the most probable viewing angle.

Although all profiles in Figure 5.17 are for / = 0.01, the associated veilings differ

slightly because the accretion-heated area is distributed differently for different values

of F and 90 ,
leading to slightly different projected areas. Nonetheless, in all cases,

ry < 0.11. For these small veilings, the absorption, while quite strong when there

is significant dilution, is almost entirely due to scattering of the stellar continuum,

in contrast to the undiluted models where large veilings and scattering of the veiling

continuum were necessary to produce strong absorption. As dilution increases for

a given R0 , the red absorptions become increasingly strong and broad, due to the

increased areal coverage over a broader range of velocities as the interval between Ri

and Rf increases. For example, the maximum penetration depth of the red absorption

into the continuum, Dmax , increases from 10% to 30% for R0 = 2/?* between an

undiluted and a /' = 0.05 flow. As before, larger R0 also increases the areal coverage

and thus the depth and breadth of the absorption: For R0 —4i?* and F = 0.2, Dmax

reaches to 50% of the stellar continuum for all viewing angles. In the unrealistic case

of R0 = 8i?* and F —0.1, where Rf extends to 35 it**, Dm&x can be 70% of the stellar

continuum. However, for flows confined to maximum sizes on the order of corotation,

the deepest penetrations are about 50% of the stellar continuum.
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Figure 5.17. Red side of scattering profiles for a series of "diluted" dipoles all with

/ = 0.01 (ry < 0.11), but with F ranging from 0.01 (top row) to 0.2 (bottom row).

From left to right, columns correspond to RQ = 2, 4, and 8 R*, and the range of R for

each F is specified. The profile sequences for each panel correspond to viewing angles

of 26°, 46°, 60° (black), 73°, and 84°. The top row with F = / = 0.01 corresponds to

the models shown in the upper rows of Figures 5.12, 5.13, and 5.14. For comparison

with observations, dotted horizontal lines mark depths of 20% and 30% and crosses

mark a depth at V/Vesc = 0.75 (D0.75) of 10%.
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5.5.2.2 Further Comparison to Observations

By introducing the concept of a diluted dipole, where field lines carrying accreting

gas only dilutely fill the volume occupied by a wide niagnetosphere, we can simul-

taneously generate deep and broad red absorption features while maintaining small

filling factors for hot accretion shocks with / ~ 0.01. This is the empirical regime

in Figure 5.15 where dipolar models with f = F were unable to account for stars

with both strong absorption (large W'x ) and very low veiling (ry ~ 0). Wecompare

observed and model profiles for a few individual stars in Figure 5.18, in 4 cases for

undiluted, fairly narrow dipoles for stars with ry ranging from 0 to 0.4 and in 2 cases

for wide, diluted dipoles with ry ~ 0, where we have rescaled the model profiles to

the escape velocity of each star. Since we have not computed a large grid of models,

the magnetospheric properties listed for each fit are not intended to be predictions

for a particular star. However, this fitting procedure shows that weaker red absorp-

tions can be reasonably described by basic undiluted models with a small range of

origination radii in the disk, where veilings ry from 0 to 0.4 can be consistently mod-

eled with an appropriate choice of /, and the red absorption can include scattering

contributions from both the stellar and accretion shock continua. Similarly, strong

red absorptions in stars with low veilings can be well fit by dilutely filled flows with

small / but a wide span of origination radii in the disk, resulting in a large projected

area of accreting gas for the scattering of the stellar continuum.

The overall applicability of the diluted dipolar model can be appreciated by com-

paring the model profiles from Figure 5.17 to the ensemble of observed helium profiles

for those stars with ry < 0.1 and thus / ~ 0.01, in which the effect of scattering from

a hot accretion shock will be inconsequential, and the properties of the red absorption

will be shaped almost entirely by scattering of the stellar continuum. To effect this

comparison in a general way, rather than focusing on individual stars, in Figure 5.19

we plot superposed observed profiles for the redward side of He I A10830, each nor-
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Figure 5.18. Examples of least-squares fits of dipolar model profiles (gray) to se-

lected observations (black), with the stellar escape velocities marked by short vertical

lines. The top four panels use dipoles with F = /, and the corresponding /, ry, and

i are shown. The bottom two panels have strong red absorptions and no detected

veiling; they are well fit by extended dilute dipolar models (R 0 = 4i?*, F = 0.2 for

GI Tau; R0 —4i?*, F = 0.1 for V836 Tau). Since processes other than scattering by

the accretion flow can be important at low velocities, points with V/Vesc < 0.1 are

ignored in the fitting procedure.
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Figure 5.19. Superposed He I A10830 lines from the reference sample for the 13

stars with ry < 0.1, appropriate for modeling with dilute dipole flows with / =
0.01. Only the red halves of the profiles are shown, normalized to the individual

escape velocity of each star. Profiles are grouped by -Do.75? the penetration depth

into the continuum at V/Vesc = 0.75, and by Dmax, the maximum penetration into

the continuum. For comparison with models, the dotted cross in each panel marks

Do.75 —10%, and the dotted horizontal lines mark depths of 20% and 30%.

malized to their respective escape velocities and separated into 3 groups on the basis

of their depths both at 0.75 Ksc (Do.75) and at maximum absorption (D max ). To aid

in the comparison, both Figures 5.17 and 5.19 denote depths for A). 75 = 10% and

Dmax = 20% and 30%.

In Figure 5.19 the left panel contains the 3 shallowest profiles, with Dmax < 20%

and -Do.75 < 10%. Compared to the predicted profiles in Figure 5.17, the model flows

that most resemble such broad but shallow profiles have R0 ~ 2R* and F < 0.1,

although some viewing angles for larger flows with relatively small areal coverage of

magnetic footpoints, F < 0.05, could also apply. Our coverage of parameter space

is not exhaustive, but it is clear that for the broad but shallow red absorptions, the

range of radii over which the accretion flow leaves the disk is narrow, corresponding
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to an area on the star for the magnetospheric footpoints that is fairly small but still

larger than 1%. The central and right panels contain the 10 deeper profiles among the

stars with low veiling, where Dmax ranges from 30 to 60%. Model flows that produce

deeper profiles generally have significant areal coverage of magnetic footpoints F, as

seen in Figure 5.17 where the accretion flow leaves the disk over a wide range of radii,

impacting the star over a wide range of angles, in some cases with magnetic footpoint

coverage up to 20% of the stellar surface area. This is considerably larger than has

been modeled in previous work on magnetospheric infall.

Even with wide, diluted flows, the profiles of the 3 stars in the right panel of

Figure 5.19 (AA Tau, DK Tau, and DN Tau) are a challenge to explain under the

constraints of a dipolar geometry. These profiles not only have Dmax > 30%, but they

also have Do. 75 > 10%, with the caveat that errors in escape velocity may be up to

20%. From the models explored in Figure 5.17, flows with very wide extents, leaving

the disk over a range of radii from a few R* to beyond corotation and viewed fairly

close to pole-on, are required to produce profiles with D0.75 > 10%. Rather than

postulate an enormous dipolar flow with a polar viewing angle (which is clearly not

the case for, at least, the edge-on source AA Tau), in the next section we will explore

an example of a non-dipolar geometry to find a more plausible explanation for these

three observations.

Only 8 CTTS in the reference sample have ry > 0.1, such that the properties of

the He I A10830 red absorption may be affected by scattering of continuum photons

from the hot accretion shock. One of these is DRTau, where the high ry = 2 implies

/ « 0.24 (eq. [5.4]), which as shown in § 5.5.1 would yield a red absorption at least

an order of magnitude stronger than the observed W'x = 0.05. As will be addressed

in § 5.6, we suspect that in this case the red absorption has been filled in by a wind

exterior to the accretion flow.

199



5.5.3 Diluted Radial Flows

Wehave identified the 3 stars in the right panel of Figure 5.19, AA Tau, DK Tail,

and DNTau, as difficult to explain with scattering in a dipolar geometry due to their

absorption depths at velocities in excess of 0.5 Ksc- In a dipolar flow, the impact

velocity at the stellar surface depends on the polar angle 9, which is determined by

the initial distance of infall R (eq. [5.3]), such that the impact velocity is greatest

when 9 is near the pole (i.e., R is large) and diminishes as 9 approaches the equator

(i.e., R becomes small). Thus if 9 is small enough, high impact velocities will result,

although flows with small 9 become highly curved and pinched as they reach the star

(Fig. 5.10), resulting in small areal coverage and thus a shallow absorption profile at

the highest velocities.

We investigate radial infall trajectories as an alternative geometry that could

produce deep absorption at high velocities. In all aspects except the geometry, the

radial models have the same assumptions as our dipolar models except that we have

not included rotation. The axisymmetric flow begins at some distance from the star

-ftmax, and it falls radially toward the star, impacting the stellar surface between polar

angles 9\ and 9 2 in one hemisphere and between tt —9\ and tt —9 2 hi the other. The

fractional surface of the star spanned by the accretion flow, F, is cos#i —cos and

the shocks within this region together occupy a fraction /' of the area F, so that

/ = Ff. The disk truncation radius is a free parameter, but we set it equal to

Rmax, which is 8 i?* in all radial models. Figure 5.20 shows scattering profiles from

two radial geometries at 5 viewing angles. In the top row, the impact region extends

from 9\ = 66.4° to 9 2 —78.5°, while in the bottom row, the impact region extends

from 9\ —78.5° to the equator. In both cases, F = 0.2 and / = 0.01. As expected,

the absorption is strongest for a viewing angle within the confines of the flow (i.e.,

9\ < i < 62 ), and the profile becomes a nearly symmetric emission profile (assuming

axisymmetry and no rotation) for views close to pole-on. When the viewing angle is
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Figure 5.20. Scattering profiles for diluted radial infall in non-rotating, az-

imuthally symmetric flows that begin at 8 R* and impact the star over a range of

polar angles 9 that encompasses F = 20% of the stellar surface area. Accreting field

lines and their accretion shocks fill only 5% of F (i.e., / = 1%), with 1 /im veilings

?V as listed. In the top row, the flow impacts the star over the range 66° < 9 < 78°,

while in the bottom row, the flow impacts the star over the range 78° < 9 < 90°. The
same five viewing angles are used as in previous figures.

aligned or nearly aligned with the column of absorbing gas, each radial model can

produce the observed range of absorption depths at high velocities, with D0.75 > 10%

for profiles with i > 60° in the top row and i > 73° in the bottom row.

Weare not advocating radial infall starting from a large distance, and thus, the

profile sequences in Figure 5.20 are not expected to be realistic for the whole veloc-

ity range. However, the requisite deep absorption at high velocities, resulting from

material moving faster than ~ 2/3 Vesci all arises inside of about 2 Thus, the

message from these calculations is that the accretion stream only need move in a

radial trajectory, i.e., become less curved than a dipole, as it nears the star.

The effectiveness of radial infall trajectories for material near the star in account-

ing for the high-velocity absorption in AA Tau, DK Tau, and DN Tau is shown in

Figure 5.21. The figure shows model and observed profiles where (1) profiles are in-
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Figure 5.21. High- velocity tails of observed and model profiles for 3 stars with

the largest values of D0.75 and ry = 0, inverted to show the minimum fraction of the

star occulted by infalling material at each velocity. Dark shading indicates the regime

of diluted dipolar models with / = 0.01 and infall contained entirely within a typical

corotation radius, marked by the profile (dotted line) with F = 0.1, 3.0 < R/R* < 6.2,

and i = 46°. The hatched region indicates the extension when dipolar field lines out

to ~ twice the corotation radius participate in infall, marked by the profiles (dashed

lines) with F = 0.2, 2.4 < R/R* < 15, and i = 26° or 46°. Light shading shows the

regime for profiles formed in diluted radial infall with F = 0.2 and / = 0.01. For

both radial geometries in Figure 5.20, two profiles (solid lines) with i close to the

infall angle are shown.
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verted so the vertical axis is a measure of the minimum stellar coverage fraction at

each velocity and (2) only velocities in excess of 0.5 Vesc are plotted. The regime of

diluted dipolar models with the largest Ad.75 is shown with dark and hatched shad-

ing, while the regime of flows with radial trajectories for gas near the star is shown

with light shading. The dark shading is for the best case from our diluted dipolar

models for a flow contained entirely within the corotation radius: F = 0.1 originat-

ing between 3.0 and 6.2 R* in the disk and viewed from i —46°. Although 8 R* is

a more typical corotation radius, extending the flow out to this distance would not

produce much additional absorption. The hatched region is for a diluted dipole that

allows field lines extending out to nearly twice the corotation radius to participate

in the flow, where the dashed lines are for the case with R0 —4i?* and F = 0.20

(2.4 < R/R* < 15), seen from two viewing angles, i = 26° and i = 46°. Although

the latter two extreme dipolar models come close to producing sufficient absorption

at high velocities, significant accretion beyond corotation is likely not physical. In

contrast to the dipole trajectories, the regime of the four radial models from Fig-

ure 5.20 with viewing angles nearly aligned with the infalling gas easily contains the

observed stellar coverage fraction from 0.6 to 0.85 Vesc , with no requirement that the

flow originate at radii beyond corotation. The realistic situation is likely to involve

some complex magnetic field topologies with trajectories approaching radial as they

near the star.

5.6 Discussion

5.6.1 Implications of Diluted Funnel Flows

The high opacity and resonance scattering properties of He I A10830 enable the

geometry of magnetospheric accretion to be probed via absorption of gas seen in

projection against the star, in contrast to previous studies that rely on the morphology

of emission lines. Under the assumptions that the flow is an azimuthally symmetric
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dipole and helium is sufficiently optically thick that all incident 1 mn radiation is

scattered, we have illustrated the sensitivity of the red absorption to both the angular

extent of the niagnetosphere and the filling factor of hot gas from the accretion shock

/. If / exceeds a few percent, the hot spot will be an important contributor to

the scattering of the 1 /im continuum; however, since the strongest and broadest

He I A10830 absorptions are seen in stars with little or no 1 /im veiling, these red

absorptions must instead arise almost solely by scattering of photospheric radiation.

Achieving the observed breadth and depth of the absorption requires a large angular

coverage of the stellar continuum in the azimuthal direction over a wide range of

velocities for many stars, with areal coverage in footpoints on the star of F —10—20%.

Wesuggest that the required combination of wide flows and low filling factors of hot

gas is a result of accretion in many narrow streamlets, each of which may have a

dipolar configuration but which together only fill a small fraction of the enclosed

volume. We have explored the case where the streamlets are uniformly distributed

through the accreting volume, producing wide, dilutely filled flows that reconcile the

need for absorption over a broad range of velocities with filling factors of hot gas

/ < 1%, as observed (CG).

Earlier studies also imply a discrepancy between the areal coverage F of magne-

tospheric footpoints and the filling factor of hot accretion shocks /. For example,

magnetospheres with f — F = 8% were invoked to model hydrogen lines arising

from accretion flows in order to produce sufficient line fluxes and mass accretion

rates (Symington et al. 2005; Kurosawa et al. 2006). The seminal sequence of papers

modeling hydrogen line formation in funnel flows, from Hartmann et al. (1994) to

Muzerolle et al. (2001a), also required filling factors that were larger than predicted

by SED modeling of continuum excesses to account for observed emission line lumi-

nosities. The notion of accretion via streamlets that dilutely fill a large volume is a
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straightforward way to reconcile this discrepancy, simultaneously allowing large field

sizes and small shock filling factors.

Although our model invokes diluted accretion flows in widely distributed stream-

lets of gas, an alternate scenario for diluted accretion is the one suggested by the

MHDsimulations of Romanova et al. (2004), where internal structure within the ac-

cretion flow gives a mass accretion rate (and a corresponding blackbody continuum

temperature) that is highest at the interior and falls off toward the sides. Although

this scenario can also, for a large F, produce a smaller veiling from the area-weighted

blackbody continua than the undiluted / = F case, the advantage to widely dispersed

streamlets is that they provide a facile means for ionizing radiation to penetrate to

most of the infalling gas, since distributed accretion shocks with small individual areas

would allow ionizing photons produced in each shock to escape more easily from the

sides and ionize helium at other locations. Another consequence of such distributed

accretion shocks is that photons from the shocks emitted toward the star would be

incident on a larger area of the photosphere than for a single shock with the same

/. This may invalidate the usual assumption of a plane-parallel geometry for the ra-

diative transfer of photons with the effect that, independent of the internal structure

within an individual streamlet, the resultant veiling continuum would encompass a

range in blackbody temperatures. In a wide flow where dilution is somewhat uni-

form, there will be many separate shocks with a range of blackbody temperatures

surrounding them. There may be some observational support for this phenomenon,

in that the veiling continuum longward of 0.5 /im (Basri Sz Batalha 1990; White &

Hillenbrand 2004; EFHK) is broader than the single 8000 K blackbody that is a good

match to the excess at shorter wavelengths (CG).

Constraints on the angular extent of accreting gas and the location in the disk

where infall originates are relevant to models for disk locking and wind launching.

Although there are some cases where He I A10830 profiles resemble those expected
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from viewing an accretion funnel restricted to a narrow origination around the coro-

tation radius, the suite of profiles expected from viewing this magnetic topology from

all inclination angles is not consistent with the observations. The most extreme deep

and broad absorptions instead require infall spanning a wide extent of origination

radii, from a few R* out to at least typical corotation radii of 6 to 8 R* if the flows

are dipolar. For other magnetic field configurations, such as a tilted dipole or a mul-

tipole field, significant red absorption need not require such a wide range in initial

infall distances. In general, the depth of the red absorption is governed more by the

range of impact latitudes than by the range of initial radii; only for a dipolar flow

aligned with the rotational axis are the two ranges so closely linked. For example, in

an aligned dipolar flow with R0 —4R* and F —0.1, the range in impact latitude of

23.6° —35.3° corresponds to a range in initial radius of 3.0 —6.2 i?*. In a more complex

magnetic configuration, a comparably wide range of impact angles could produce a

strong red absorption without the need for such a large range of initial radii.

The necessity for a dilutely filled flow does imply that there is not a sharp delin-

eation on the disk for accretion onto the star. It likely indicates a very inhomogeneous

field structure at large distances, with many local pockets distributed over a broad

radial range on the disk giving rise to accretion streamlets. Since our analysis assumes

axial symmetry in a set of nested dipolar flows, the constraints that the breadth and

depth of the red absorption place on the angular extent of the accreting gas are even

more extreme if, as likely, accretion channels are in restricted azimuth zones. Fur-

thermore, there are some red absorptions that are so deep at velocities > 0.5 Vesc that

a dipole morphology is inadequate, even when arising from 2 R* to the corotation

radius. In these cases we find that radially directed infall can achieve the requisite

depth of absorption, although other topologies that result in a large covering factor

of the star at the highest velocities can likely be constructed.
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Recent Doppler tomographic maps of the CTTS V2129 Oph and BP Tau, based

on circular polarization of Ca II (Donati et al. 2007, 2008), reveal the locations of

accretion hot spots on the stars. The spots span quite a broad latitude range (extend-

ing roughly from the pole to 45°) but a very narrow azimuthal range. The narrow

azimuthal range implies that the detection of He I A10830 red absorption requires

an opportune time at which the accretion spots are directly in view. This situation

is consistent with the result that BP Tau, a mildly accreting CTTS included in our

He I A10830 survey, did not show any He I A10830 red absorption on the two oc-

casions we observed it. At present, there are not enough tomographic data to test

the consistency of this pattern among a range of accreting stars, although our de-

tection of subcontinuum red absorption in 21 of 38 CTTS, including 20 of 29 stars

(and 37 of 56 total spectra) with ry < 0.5 (ry < 2), would imply a large azimuthal

coverage by the accretion spots. However, we note that even in the two stars with

tomographic maps, there is a possibility that accretion impacts the stars over a wide

range of longitudes. Donati et al. attribute only 2/3 of the He I A5876 emission but

all of the He I A5876 circular polarization to accretion spots, based on the fraction

of the emission that shows rotational modulation compared to that which is time-

independent. The time-independent component, responsible for 1/3 of the He I A5876

emission, is attributed to a chromospheric component distributed uniformly over the

stellar surface. However, since non-accreting WTTSshow either very weak or, more

commonly, no He I A5876 emission (BEK), it would appear that TTS chromospheres

are not significant contributors to this line. Instead, the time-independent component

may be from more widely distributed accretion shocks that cover a broader range of

longitudes.
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5.6.2 Absence of He I A10830 Red Absorption

In this paper we have focused on the 21/38 CTTS that show redshifted absorp-

tion in He I A10830 at least once in an observational program with sporadic time

coverage. Clearly the absence of He I A10830 red absorption is also important in

constraining the topology of magnetospheric accretion. An important point is that

He I A10830 red absorption is rarely seen among CTTS with the highest 1 fim veiling

(1/25 observations; see § 5.4.1). Of the 9 stars in the EFHKsurvey in this category,

the only one that showed redshifted absorption, on 1 of 4 occasions, is DRTau. We

suspect that in all 9 of these stars, emission from a wind exterior to the accretion

flow, instead of from the flow itself, is filling in any redshifted absorption that may be

present. If in-situ emission from the funnel flow were significant, it would be difficult

for it to fill up the absorption at the red edge of the profile, since the geometry of the

funnel flow results in smaller volumes at higher velocities, producing centrally peaked

emission profiles that fall off rapidly toward both blue and red high velocities (e.g.,

the contribution to the emission from scattering of the stellar continuum in Fig. 5.11).

The near absence of red absorption among these stars instead calls for a situation in

which the redshifted absorption, if present, is filled in completely. In the case of DR

Tau, it is clear that weak red absorption, confined to high velocities, is visible when

the emission from the P Cygni wind profile is weakest (see Fig. 5.7). Among the

other stars in this high-veiling group, all have either broad blue helium absorptions

indicative of viewing through a stellar wind or strong helium emission interpreted

to arise in a conical stellar wind viewed obliquely (see KEF and EFHK). Either of

these contributions to redward emission would be sufficient to fill up even a strong

red absorption, provided the wind is optically thick and exterior to the accretion flow.

When profiles from both He I A10830 and He I A5876 are considered, the evidence

suggests that He I A 10830 red absorption is rare or absent in CTTS with large 1 ^m

veiling not primarily because the absorption is being filled in by wind emission, but
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more because the geometry of the funnel flows is altered compared to that of low-

veiling CTTS. This inference is drawn from a study of He I A5876 profiles and optical

veiling presented in BEK, which includes many stars in common with EFHK. They

found that CTTS whose He I A5876 profiles showed only a narrow component, con-

sistent with formation in post-shock gas from an accretion shock, show an excellent

correlation between the strength of narrow-component helium emission and optical

veiling. In contrast, CTTS whose He I A5876 profiles show a contribution from a

broad component have reduced or absent emission from a narrow component relative

to stars of similar optical veiling. While it might appear otherwise, this is not an

esoteric point! It suggests that CTTS with strong stellar winds and high optical and

1 /iin veilings may have crunched or otherwise-altered magnetospheres resulting in

weak narrow-component emission from a hot accretion shock, and there is a signifi-

cant contribution to the veiling continuum from another source. In contrast, CTTS

without strong stellar winds (many of which show disk wind profiles at He I A10830;

see KEF) have extensive magnetospheres carrying accreting gas to the star, and hot

accretion shocks are the dominant contributor to their optical veiling. We antici-

pate being able to test this suggestion shortly, following analysis of simultaneously

obtained spectra extending from 0.4 to 2.2 /mi.

A second point regarding the frequency of He I A10830 red absorption is that, in

contrast to CTTS with high 1 /mi veiling, red absorption is commonly seen in stars

with lower veiling (37 out of 56 spectra for ry < 0.5; see § 5.4.1). Among this group,

some objects (e.g., TWHya and CY Tau; see Fig. 5.7) clearly show reduction of

the red absorption as the emission, likely that of a stellar wind as indicated by the

strong P Cygni profile, increases. In such stars the appearance and disappearance of

the red absorption is likely due, at least in part, to filling in by an exterior stellar

wind, as in DR Tau. In others (e.g., V836 Tau and GK Tau; Fig. 5.7), the weaker

helium emission could arise simply from scattering in the funnel flow, and the absence
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of red absorption may indicate viewing at an azimuth with no funnel flow activity.

Azimuthal asymmetry in the funnel flow is also the likely explanation for the strongly

variable red absorption morphology in objects such as AA Tau and DKTau (Fig. 5.7).

The possibility that red absorption may be partially filled in, either by in-situ

emission from the accretion flow or by scattered or in-situ emission from a wind,

implies that the true magnitudes of some red absorptions are stronger and their

constraints on the flow structure stiffer than the observations indicate. Further, since

red absorption can be completely filled in by in-situ wind emission or, in some cases,

not be observed at all due to azimuthal inhomogeneities, He I A10830 red absorption

is likely more pervasive among CTTS than is already apparent.

5.6.3 Size and Structure of the Accretion Flow

Inferences to date on the physical extent of accretion flows have largely relied on

models positing that hydrogen and sodium lines are formed primarily in these flows

(Calvet et al. 2000). A correlation between the emitting area of the accretion flow

and the magnitude of the mass accretion rate has been suggested by Muzerolle et

al. (2001a) as the explanation for the well-established empirical correlation between

infrared hydrogen line luminosities and accretion luminosities (Muzerolle et al. 1998c;

Folha Sz Emerson 2001; Natta et al. 2004). The models of hydrogen line formation in

magnetospheric flows predict that hydrogen line luminosities are primarily determined

by the surface area of the accreting gas, not the density in the flow. The suggestion

is that objects with higher accretion rates require larger emitting areas for their

magnetospheres than objects with smaller accretion rates. Since more extended mag-

netospheres are expected on theoretical grounds in objects with lower disk accretion

rates, a further suggestion is that high accretion-rate objects have wider azimuthal

coverage of accreting columns. The red absorption profiles of He I A10830 give new

insight into this phenomenon, since we have a clear indication of very extended and
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wide flows in stars with low accretion rates. For example, our limited phase coverage

of the edge-on system AA Tau shows that at the same time exceptionally strong red

absorption at He I A10830 is observed, requiring extensive but dilutely filled accretion

flows, the hydrogen Pa7 profile is weak, narrow, and symmetric, suggesting a small

magnetospheric emitting area if it is formed in the accretion flow. Weanticipate that

time-monitoring campaigns combining profile monitoring of both He I A10830 and

the immediately adjacent Pa7 line of hydrogen will provide a definitive assessment of

the size and azimuthal coverage of the funnel flow and possibly also clarify the ori-

gin of the correlation between infrared hydrogen line luminosities and the accretion

luminosity.

5.7 Conclusions

We have probed the geometry of magnetospheric accretion in classical T Tauri

stars by modeling red absorption at He I A10830 via scattering of the stellar and

veiling continua. Between 2001 and 2007, we acquired 81 l-fim spectra of 38 CTTS

spanning the full observed range of mass accretion rates. Of the 38 stars, 1 of 9 with

r Y > 0.5 and 20 of 29 with r Y < 0.5 show red absorption at He I A10830 that extends

below the 1 /mi continuum in one or more spectra, demonstrating that red absorption

from magnetospheric accretion is rare in objects with high veiling but is found in

about two thirds of objects with moderate to low veiling. The red absorptions can be

strong, deep, and broad, with equivalent widths up to 4.5 A, maximum penetrations

into the 1 /im continuum up to 61%, and widths at one quarter of the absorption

minimum up to 320 km s
_1

;
furthermore, they tend to be strongest in stars with the

lowest veilings.

Wemodel the red absorption by assuming that an axisymmetric dipolar accretion

flow scatters photons from the star and from hot zones in the accretion-heated pho-

tosphere that produce the 1 fim veiling and have filling factor /. Testing a range of
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magnetosphere widths and / consistent with shock filling factors from the literature,

we find that about half of the absorption profiles can be explained by dipolar flows

in which the size of the flow is consistent with the size of the shock filling factor /.

Weak absorptions in stars with weak veiling and intermediate absorptions in stars

with intermediate veiling are explained by such flows, but strong absorptions in stars

with little to no veiling are not.

We introduce the concept of dilution as a means of producing a strong red ab-

sorption while keeping the filling factor and thus the veiling low. In a diluted flow,

the magnetosphere can extend over a wide range of radii, with a large covering factor

on the stellar surface, but this volume is incompletely filled by accreting gas. Instead

of a single thick flow, we posit multiple nested streamlets with a total filling factor

small enough for a low veiling, but each with an intrinsic thermal or turbulent width

sufficient to scatter photons as though the entire volume were filled, thereby yielding

a large red absorption. The multiple streamlets can also explain how helium is ion-

ized through the entire flow, rather than just the skin of a thick flow. Large, dilutely

filled accret ion flows are necessary for about half of the objects, some of which require

accreting streamlets to connect to the disk over a range from 2 out to or beyond

corotation. A few stars show such deep absorption at redward velocities exceeding

50% of the stellar escape velocity that flows near the star with less curvature than a

dipolar trajectory seem to be required.

The frequency of He I A10830 red absorption is also informative. Our limited

temporal coverage suggests that the frequency of helium absorption differs in stars

with high and low veiling. Red absorption at He I A10830 is far more common in

stars with low veiling. When it is absent from these stars, it is sometimes because

helium emission from another source such as a wind fills it in and sometimes because

of inhomogeneous azimuthal coverage of accreting magnetic columns. Among stars

with high veiling (ry > 0.5), red absorption at He I A10830 is rarely seen. If these
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stars had accretion geometries similar to those of the low-veiling stars, they would be

expected to have extremely strong red absorptions. Even if the absorption were filled

in by emission from the accretion flow, the stars would still be expected to show red

absorption at high velocities. In the high- veiling stars, the paucity of He I A10830 red

absorption, the presence of He I A10830 emission and blue absorption that suggest

formation in accretion-powered stellar winds, and the weakness or absence of narrow-

component He I A5876 emission from an accretion shock lead us to suggest that the

magnetospheric accretion structure may be crunched or otherwise reduced in CTTS

with the highest disk accretion rates.

We find the study of He I A10830 red absorption due to inf ailing gas projected in

front of the star to be complementary to studies of emission lines modeled as arising

over the full size of the accretion flow. The proximity of He I A10830 and Pa7 offers an

excellent pair of lines for deeper investigation of magnetospheric geometries through

intensive time-monitoring programs that can track non-aziumuthal structures as stars

rotate. Our limited phase coverage of AA Tau demonstrates that this approach will

be very effective, particularly when coupled with radiative transfer models that can

constrain formation conditions for both lines simultaneously.
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CHAPTER6

SUMMARYANDCONCLUSIONS

In a six-year NIRSPEC survey that acquired 81 one-micron spectra of 38 classical

T Tauri stars, we obtained profiles of He I A10830 and Pa7 as well as 1 yum veilings

ry. These new data provide an improved understanding of the disk-star-outflow

interaction in a large sample of CTTS. The exceptional diversity of the He I A10830

profiles, with their frequent blue and red absorption components that extend into the

1 /im continuum, allow independent but simultaneous constraints to be placed on the

geometries and kinematics of outflow (with blue absorption) and accretion (with red

absorption) within ~ 0.1 AU of the central star. .Roughly 75% of the CTTS show

blue absorption below the continuum in at least one profile, roughly half show red

absorption below the continuum in at least one profile, and only two never exhibited

He I A10830 absorption below the continuum. Thus, study of the He I A10830 line

complements previous studies of hydrogren, which have led to much progress but are

often constrained by the easy excitation of hydrogen and the resulting potential for

ambiguity in the interpretation of absorption and emission morphologies.

6.1 Final Assessment of Wind and Accretion Geometries

Figures 6.1 and 6.2 provide a final assessment of the wind and accretion geome-

tries, respectively, using the He I A10830 profiles obtained in this study. Each figure

divides the profiles into three veiling categories (columns) and four geometric cat-

egories (rows) based on our modeling of infall and outflow. Generally, the profiles

and veilings of Figure 6.1 are from the EFHK reference sample (Ch. 3), while those
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of Figure 6.2 are from the FKEH reference sample (Ch. 5) for the profiles with red

absorption and from EFHKotherwise. The two exceptions are HNTau and GWOri.

Their reference-sample observations from 2002 place them in the medium- veiling cat-

egory (0.2 < ry < 0.5), while spectra taken in 2006 have ry > 0.5 but qualitatively

similar profiles (see Fig. 2.9). Instead of the original reference-sample spectra, the

more heavily veiled spectra are used to partially alleviate the underrepresentation of

objects in the sample with ry > 0.5 (9 of 38 with this adjustment).

First, we discuss the overall prevalence of each type of infall and outflow geometry

in the sample without regard to the veiling categories. Figure 6.1 sorts the profiles by

the predicted presence of disk and stellar winds, based on an assessment of Figures 4.9,

4.10, and 4.11. The top row contains six profiles with evidence only for disk winds,

based on the morphologies of their blue absorptions. The emission portions of these

profiles do not resemble those expected from either type of wind: they either lack

substantial emission (three stars), or they have emission suggestive of scattering in

magnetospheric funnel flows (three stars). The second row contains five profiles with

evidence for both disk and stellar winds, based on the simultaneous presence of disk-

wind blue absorption and stellar-wind emission. The third row contains 19 profiles

with evidence only for stellar winds. They either have blue absorption and emission

signifying a stellar wind (15 stars), or they lack blue absorption but have stellar- wind

emission (four stars). Finally, the bottom row contains eight profiles that cannot be

interpreted to support either of the modeled wind geometries. Of these, two appear to

arise entirely in a funnel flow, four have absorption that is at rest relative to the star,

and two have He I A10830 signatures too weak to be interpreted. From He I A10830

profiles, we conclude that 11/38 CTTS (30%) show evidence for disk winds, 24/38

(63%) show evidence for stellar winds, and 8/38 (21%) show evidence for neither.

Figure 6.2 sorts the profiles by their predicted accretion geometries, based on an

assessment of Figures 5.15, 5.17, and 5.19. The top row contains twelve profiles whose
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Figure 6.1. Superposed He I A10830 residual profiles of the 38 CTTS grouped by

predicted inner wind geometry (rows) and 1 fim veiling (columns). 'D' refers to a

disk wind, and 'S' refers to an accretion-powered stellar wind.
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Figure 6.2. Superposed He I A10830 residual profiles of the 38 CTTS grouped by

predicted accretion geometry (rows) and 1 fxm veiling (columns). The top two rows

are for basic and diluted dipolar geometries, the third row is for diluted non-dipolar

geometries, and the bottom row is for profiles without red absorption.
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red absorptions and veilings indicate basic dipolar flows, i.e., dipolar flows completely

filled with infalling gas that can reproduce both the red absorption equivalent width

and the observed level of accretion-shock veiling. The second row contains six profiles

whose red absorptions and veilings indicate diluted dipolar flows. A diluted flow is

sufficiently wide to yield a strong red absorption, but instead of being completely

filled with infalling gas, it consists of many narrow streamlets which together yield a

small veiling. The third row contains three profiles whose red absorptions and veilings

indicate dilute flows but non-dipolar geometries. Finally, the bottom row contains

17 profiles that do not exhibit subcontinuum redshifted absorption, indicating either

that no funnel flows are visible in projection against the star or that existing funnel

flow absorption is filled in by wind emission. From He I A10830 profiles, we conclude

that of the 21/38 CTTS (55%) that show red absorption from funnel flows, 9/21

(43%) require dilution, and 3/21 (14%) require non-dipolar flow geometries.

6.2 Relationship of Wind and Accretion Geometries to One-

Micron Veiling

A key development from analysis of the NIRSPEC data is the recognition of

a distinct difference in the accretion and outflow geometries for those CTTS with

high mass accretion rates and those with low mass accretion rates. At one micron,

the typical ry for a star determines its membership in the high or low accretion-

rate category. A comparison to mass accretion rates derived in previous work (see

Table 3.1) shows that the nine stars with median ry > 0.5 (top two rows of Fig. 2.9)

usually have optically-determined mass accretion rates greater than ~ 10~ 7 M0 yr
-1

,

while the 29 stars with lower median veilings (bottom six rows of Fig. 2.9) usually

have mass accretion rates less than this fiducial value.

Weproceed through the columns in Figures 6.1 and 6.2 to examine the behavior

of the profiles with veiling and thus accretion rate. At ry < 0.1, the ten stars with
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blueshifted absorption are almost equally divided between disk winds (4) and stellar

winds (6). Features attributed to in-situ stellar wind emisson are relatively rare,

appearing in 6/15 (40%) of the stars. Thirteen of 17 stars (76%) have red absorption,

and nine of these 13 require wide, diluted flows. (The division of stars between this

veiling group and the next differs in the two figures because of the slightly different

samples.)

At medium veilings, 0.2 < ry < 0.5, the proportions of disk-wind and stellar-wind

absorption are roughly equal, as in the low-veiling case: Ten of the stars have blue

absorption, with six having a disk-wind morphology and four having a stellar-wind

morphology. However, at these veilings, stellar wind emission is more prominent

than at the lowest veilings, with 9/14 (64%) revealing it here, compared to 6/15

when ry < 0.1. On the red side of the line profile, 7/12 (58%) of the stars have red

absorption, and their red absorption features can all be modeled with basic dipolar

flow.

At the highest veilings, ry > 0.5, the picture is fairly simple: stellar wind signa-

tures dominate other features. All nine of the stars in this veiling group have in-situ

emission indicative of a stellar wind, and of the six stars with blue absorption, five

have stellar-wind morphologies and only one has a disk-wind morphology. Further,

only one of the nine stars (11%) has red absorption, and this star showed it only once

in a series of four observations.

In brief, stars with low ry have a mixture of disk and stellar wind signatures at

He I A 10830, and they have red absorption features indicative of large, often dilute

accretion flows. At medium ry, in-situ emission becomes more prominent, and red

absorption becomes less dramatic. Stars with high ry have He I A10830 profiles that

are dominated by in-situ emission, most likely from a stellar wind, and when they show

absorption, it is almost always blue stellar-wind absorption, with exceedingly rare

contributions from red funnel-flow absorption or blue disk-wind absorption. These
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observations are consistent with evidence from optical helium lines and veilings (BEK)

indicating that at high accretion rates, funnel flows are less significant and winds are

more important than at low accretion rates. They are also consistent with trends in

Pa7 morphology with veiling (EFHK; Ch. 3), in which the Pa7 profiles of CTTSwith

ry > 0.5 are broader and more blueshifted than can be explained by magnetospheric

accretion models alone.

6.3 Future Inquiry

This st udy of high-resolut ion Y band spectra in 38 CTTSmotivates further inquiry

into three issues: variability of wind and accretion geometries, physical conditions in

the inner wind and accretion flow, and the origin of the 1 /.mi veiling.

The six-year NIRSPEC campaign revealed a moderate level of variability in the

CTTS He I A10830 profiles, although the lack of systematic time coverage makes it

difficult to draw firm conclusions. The most interesting variability was observed in

the profiles of TWHya and AA Tau (see Fig. 5.7). In six profiles obtained over five

years, the strength of the emission peak in TWHya varied by a factor of three relative

to the local continuum, and when the emission was at its weakest, red absorption was

at its strongest. This is suggestive of a variable stellar wind that fills in a persistent

red absorption component most effectively when its in-situ emission is strongest. In

four profiles of AA Tau obtained over four years, the He I A10830 red absorption is

strongest at the rotational phase associated with maximum accretion effects in the

optical (Bouvier et al. 2007b). Despite these two cases, the profile variability of the

entire sample indicated little evidence for dramatic changes in geometry, between

disk- wind/accretion- flow dominance and stellar- wind dominance, in any individual

star. Systematic time monitoring in the Y band of a few CTTS with different ac-

cretion rates, even at medium spectral resolution, would help to clarify the relative
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importance of rotational modulation and global changes in the accretion and outflow

conditions.

Regarding physical conditions in the inner wind and accretion flow, He I A10830

alone is not an effective probe of physical conditions, as its prominent absorption

reveals only that the absorbing region is optically thick. However, comparisons of

He I A10830 to hydrogen and other helium lines can be used to constrain the temper-

ature and density of the emitting and absorbing regions. Existing estimates of the

temperatures in accretion flows are uncertain (Martin 1996; Muzerolle et al. 2001a;

Bary et al. 2008), and estimates of the wind temperature (in the same star, no less)

vary by more than an order of magnitude (Dupree et al. 2005; Johns- Krull & Herczeg

2007). Additionally, although mass- loss rates are fairly well constrained, the distribu-

tion of the mass-loss rate over different wind components needs to be determined. In

particular, the fraction of the mass lost through a stellar wind is important in iden-

tifying its driving mechanism and its effectiveness in removing angular momentum

from the system (Matt & Pudritz 2005b). Simultaneously obtained profiles across a

broad range of wavelengths are necessary to make progress on this problem. Broad-

band spectra from Keck/HIRES and IRTF/SpeX of about 20 CTTS were obtained

in late 2006, extending from 0.5 to 2.4 /mi. These data contain Ha, H/3, all of the

Paschen series, most of the Brackett series, and several He transitions in the optical

and at 2 /mi, yielding a wealth of potential constraints on physical conditions.

Finally, the analysis of non-simultaneous optical and 1 /mi data in EFHK (Ch. 3)

indicates that the veiling ratios ry/r^, ry/ry, and ry/r^ are often higher than ex-

pected. This implies that the 1 /mi veiling may be partially due to a source other than

the accretion-heated photosphere to which optical veilings are usually attributed or

the puffed inner dust disk rim to which 2 /mi veilings are usually attributed. Prelimi-

nary analysis of one moderately accreting CTTS in the broadband dataset mentioned
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iii the preceding paragraph indicates that the shape of the 1 /im excess in that star

is not consistent with the sum of two blackbodies from existing models.

6.4 Overall Implications of the NIRSPEC Data

The diverse morphologies of He I A10830 profiles among the 38 CTTS of the

NIRSPEC sample and the range of model geometries required to explain them imply

that there is no "typical" T Tauri star. At the very least, there are substantial

differences in the outflow and accretion geometries as a function of accretion rate.

Even a two-dimensional sorting of the profiles by 1 /im veiling and predicted geometry

is a simplification, since profiles within an individual panel of Figure 6.1 or 6.2 may

differ from one another dramatically. This dependence of the geometry on accretion

rate, which is confirmed only with high-resolution study of an optically thick line in

a large sample of CTTS, contrasts with the approach of many previous analyses of

CTTS line profiles and veilings, which tended to assume that accretion and outflow

in more heavily accreting CTTS were simply scaled-up versions of the processes at

work in weakly accreting CTTS.

In particular, the emergence of stellar wind signatures and the weakening of mag-

netospheric accretion signatures in CTTS with high accretion rates suggest that en-

tirely different processes may regulate stellar angular momentum at high and low

accretion rates. Matt Sz Pudritz (2005a) investigated the effect of differential rota-

tion between the disk and the star on the commonly invoked process of disk locking, in

which the magnetic connection between the star and the inner disk regulates the stel-

lar rotation rate, and found that for a given set of stellar and disk parameters, there

is a critical mass accretion rate above which disk locking is ineffective. He I A10830

profiles of CTTS in our sample with accretion rates > 10~ 7 MQ yr
_1

typically indicate

outflow centered on the star and less prominent disk winds and funnel flows, so at ac-

cretion rates where disk locking is theoretically expected to be less effective, a stellar
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wind may play a significant role in removing angular momentum from the system. If

this is the case, then it is a reminder of the complexity required to successfully ex-

plain accretion, outflow, and their relationship for all CTTS. As detector technologies

improve and theoretical investigations deepen, we will begin to fully appreciate the

rich diversity of low-mass star formation on the sub-AU scale.
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