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The inner 0.1 AU around accreting T Tauri stars hold clues &mynphysical processes
that characterize the early evolution of solar-type staf$ie accretion-ejection connection
takes place at least in part in this compact magnetized megiound the central star, with
the inner disk edge interacting with the star's magnetagphieus leading simultaneously to
magnetically channeled accretion flows and to high velaeityds and outflows. The magnetic
star-disk interaction is thought to have strong implicasgior the angular momentum evolution
of the central system, the inner structure of the disk, arssipty for halting the migration of
young planets close to the stellar surface. We review herethrent status of magnetic field
measurements in T Tauri stars, the recent modeling effdrtheo magnetospheric accretion
process, including both radiative transfer and multi-D edoal simulations, and summarize
current evidence supporting the concept of magneticdlnoeled accretion in young stars.
We also discuss the limits of the models and highlight olegt@mal results which suggest that
the star-disk interaction is a highly dynamical and timealasle process in young stars.

1. THEMAGNETIC ACCRETION PARADIGM onto pulsars (the pulsating X-ray sources , €ahpsh and
Lamh 1979a), and accretion onto black holes at the cen-
T Tauri stars are low-mass stars with an age of a feter of AGNs and_ mi_croquasarl{cﬁide et al, 1999). Strong _
- . _ . 4 urface magnetic fields have long been suspected to exist
million years, still contracting down their Hayashi trat¢és in TTSs based on their powerful X-ray and centrimetric ra-

wards the main sequence. Many of them, the so-called cIaCT,I-O emissionsNlontmerle et al. 1983;André, 1987). Sur-

s!cal T Tauri stars (CTTSs), §how signs of accretion from fhce fields of order of 1-3 kG have recently been derived
circumstellar disk (see, e.gMénard and Bertoyt1999 for from Zeeman broadening measurements of CTTS photo-

a review). Understanding the accretion process in T Taug heric lines Johns Krull et al, 1999a, 2001 Guenther

stars Is one of the major challenges in the study of pre-ma al, 1999) and from the detection of electron cyclotron

sequence ev_olution. Indeed, accr_etion has a significant aﬂ%ser emissiongmith et al. 2003). These strong stellar
Iong.(qustlr:)g tl;]npact on (tjhe eV(I)Iutlon of I(t)w m_?ﬁs Starlst.b¥nagnetic fields are believed to significantly alter the accre
providing both mass and anguiarmomentum. 1ne evolution, \ g\ in the circumstellar disk close to the central star.
and ultimate fate of circumstellar accretion disks have als Based on models originally developed for magnetized

become increasingly important issues since the discove&ﬁmpactobjects in X-ray pulsar§kosh and Lam1979a)
of extrasolar planets and planetary systems with unex¢ect§nd assumingthat T Tauri magnetospheres are predomi-

properties. Deriving the properties of young stellar syste v dipol he | | ind1
of their associated disks and outflows is therefore an impoE—anty dipolar on the large scal&amenzind1990) and

. . Konigl (1991) showed that the inner accretion disk is ex-
tant step towards the establishment of plausible scenanggcted to be truncated by the magnetosphere at a distance
for star and planet formation.

: . of a few stellar radii above the stellar surface for typical
The general paradigm of magnetically controlled accre-

. o _ mass accretion rates of 10to 10-7 My, yr—! in the disk
tion onto a co_mpact_ Objept IS useq to explaln_ many Of_th asri and Bertoyt1989;Hartigan et al, 1995;Gullbring
most fascinating objects in the Universe. This model is t al, 1998). Disk material is then channeled from the disk
seminal feature of low mass star formation, but it is also en ’

countered in theories explaining accretion onto white (liwarhner edge onto the star along the magnetic field lines, thus
. iving rise to magnetospheric accretion columns. As the
stars (the AM Her stars, e.gWarner, 2004), accretion gving 9 P



free falling material in the funnel flow eventually hits thelf we then assume a dipolar stellar magnetic field where

stellar surface, accretion shocks develop near the magnet = B.(R./r)® and set the velocity of the accreting ma-

poles. The basic concept of magnetospheric accretion intérial equal to the free-fall speed, the radius at which the

Tauri stars is illustrated in Figure 1. magnetic field pressure balances the ram pressure of the ac-
The successes and limits of current magnetospheric aareting material is

cretion models in accounting for the observed properties of

. . . . . 4/7 15/7
classical T Tauri systems are reviewed in the next sectiong?r _ BY"RY o BTN T RO
Sect. 2 summarizes the currentstatus of magnetic field meak, — A72/7(2GM,)Y/7 0 T8 08 TR
surements in young stars, Sect. 3 provides an account of (2.2)

current radiative transfer models developed to reprochee twhereBs is the stellar field strength in k@/_g is the mass

observed line profiles thought to form at least in part in acaccretion rate in units af0 =8 M, yr=1, My 5 is the stellar

cretion funnel flows, Sect. 4 reviews current observationahass in units of 0.5 M, andR;, is the stellar radius in units

evidence for a highly dynamical magnetospheric accretioof 2 R,. Then, forB, = 1 kG and typical CTTS properties

process in CTTSs, and Sect. 5 describes the most recent @I, = 0.5 Mg, R, = 2 Re, andM = 1078 Mg yr—1),

and 3D numerical simulations of time dependent star-disthe truncation radius is about 7 stellar radii.

magnetic interaction. In the case of disk accretion, the coefficient above is
changed, but the scaling with the stellar and accretion pa-
rameters remains the same. In accretion disks around young
stars, the radial motion due to accretion is relatively low
while the Keplerian velocity due to the orbital motion is

iomzaj__/::: only a factor of2!/2 lower than the free-fall velocity. The

wind _——— low radial velocity of the disk means that the disk densities

- are much higher than in the spherical case, so that the disk
|1 J0.7M0 ram pressure is higher than the ram pressure due to spheri-
N cal free-fall accretion. As a result, the truncation radiils

move closer to the star. In this regard, equation 2.2 gives
an upper limit for the truncation radius. As we will dis-
cuss below, this may be problematic when we consider the
current observations of stellar magnetic fields. In the case
of disk accretion, another important point in the disk is the
corotation radiusR¢co, where the Keplerian angular veloc-
ity is equal to the stellar angular velocity. Stellar fieldds
which couple to the disk outside @tco will act to slow
the rotation of the star down, while field lines which couple
to the disk insideRco will act to spin the star up. Thus,
the value of Rt relative to Rco is an important quantity
in determining whether the star speeds up or slows down
2. MAGNETIC FIELD MEASUREMENTS its rotation. For accretion onto the star to proceed, we have
the relationRr < Rco. This follows from the idea that at
2.1. Theoretical Expectations for T Tauri Magnetic th.e truncation radius and in.terio.r to that, the disk materia
Fields will be locked to the stellar field lines and will move at the
, ] , o , same angular velocity as the star. Outsitle, the stellar
While the interaction of a stellar magnetic field with any g4y velocity is greater than the Keplerian velocity, so
accretion disk is potentially very complicated (€@hosh 4t any material there which becomes locked to the stellar
and Lamb 1979a,b), we present here some results from the, g il experience a centrifugal force that tries to flifgt
leading treatm.ents- applied Fo young stars. . _material away from the star. Only insid&-¢ will the net
The theoretical idea behind magnetospheric accretion j§yce allow the material to accrete onto the star.
that the ram pressure of the accreting materfal.¢, = Traditional magnetospheric accretion theories as applied
0.5p0) will at some point be offset by the magnetic presyy gtars (young stellar objects, white dwarfs, and pulsars)
sure (°p = B?/8r) for a sufficiently strong stellar field. suggest that the rotation rate of the central star will be set
Where these two pressures are equal, if the accreting mg; ihe Keplerian rotation rate in the disk near the point
terial is sufficiently ionized, its motion will start to be e\ here the disk is truncated by the stellar magnetic field
trolled by the s_tellar fi_eId. This point is u_sually referred t when the system is in equilibrium. Hence these theories
as the truncation radiugi(). If we consider the case of 4re often referred to as disk locking theories. For CTTSs,
spherical accretion, the ram pressure becomes we have a unique opportunity to test these theories since
1, Muv all the variables of the problem (stellar mass, radius,-rota

Prom = PV =53 (2.1)  tion rate, magnetic field, and disk accretion rate) are mea-

| | |
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Fig. 1.— A sketch of the basic concept of magnetospher
accretion in T Tauri stars (frof@amenzind1990).



sureable in principle (seédohns—Krull and Gafford2002). 2.2. Measurement Techniques
Under the assumption that an equilibrium situation exists

Konigl (1991),Cameron and Campbe(L993), andShu et make use of the Zeeman effect. Typically, one of two gen-

al. (1994) hfive all analytically examined the interf"“:tiorls‘ral aspects of the Zeeman effect is utilized: (1) Zeeman
between a dipolar stellar magnetic field (aligned with the,,,yening of magnetically sensitive lines observed in in-

Ztellf_ilr [jo.tatmhn aX'E) a"nd thle fggr;t:mdlng accretllonfdmﬁ tensity spectra, or (2) circular polarization of magnetjca
etailed inJohns—Krull et al( ), one can solve for the o qitive lines. Due to the nature of the Zeeman effect, the

surface magnetic field strength on a CTTS implied by eac, litting due to a magnetic field is proportionalXd of the

of these theories given the stellar mass, radius, rota#n py,.. ncition. Compared with tha! dependence of Doppler
riod, and accretion r{ite. For the workiebnigl (1991), the ;¢ broadening mechanisms, this means that observations
resulting equation is: in the infrared (IR) are generally more sensitive to the pres
€ \7/6/ B \~7/4, M,\5/6 ence of magnetic fields than optical observations.
B, = 3-43( ,) (—) ( ) X The simplest model of the spectrum from a magnetic star
0.35 0.5 Mg . '
assumes that the observed line profile can be expressed as
M 1/2 /R .\-3, P, \7/6 F(X) = Fg(A\) = f + Fo(\) = (1 — f); whereFpg is the
X (W) (R@) (1 dy) kG, (2.3) spectrum formed in magnetic regionfs is the spectrum
. formed in non-magnetic (quiet) regions, afids the flux
In the work Of(?am_ef_on and Campbe[1993) the equation \eighted surface filling factor of magnetic regions. The
for the stellar field is: magnetic spectrumi’z, differs from the spectrum in the

' Virtually all measurements of stellar magnetic fields

VNS VRNTE M 23/40 quiet region not only due to Zeeman broadening of the line,
B, =1.10y (M—) (m) X but also because magnetic fields affect atmospheric struc-
© o ture, causing changes in both line strength and continuum
R.\—3/, P, \29/24 intensity at the surface. Most studi@ssumehat the mag-
X( ) (—) kG, (24) " netic atmosphere is in fact th the quiet atmosph
Ro 1dy netic atmosphere is in fact the same as the quiet atmosphere

because there is no theory to predict the structure of the
magnetic atmosphere. If the stellar magnetic field is very
strong, the splitting of ther components is a substantial

Finally, fromShu et al.(1994), the resulting equation is:

op \ /47 M, \5/6 M 1/2
B, = 3.38( ) (—) (—77 — ) x  fraction of the line width, and it is easy to see theompo-
0.923 My, 10-7 Mg yr—1 . ; . . o
nents sticking out on either side of a magnetically seresitiv
R.\-3/ P, \T7/6 line. In this case, it is relatively straightforward to meses
X (R@) (—1 dy) G, (2.5)  the magnetic field strength3. Differences in the atmo-

_ _ ) _ spheres of the magnetic and quiet regions primarily affect
All these equgnons contam_ uncertam_ _scalmg paramete{ﬁe value off. If the splitting is a small fraction of the in-
(€, 5,7, az) which characterize the efficiency with Which yinqic jine width, then the resulting observed profile igyon
the ste_llar f|elq couples to the disk or the level of yert|cagubt|y different from the profile produced by a star with no
shear in the disk. Each_ study presentg a best estlmate mﬁgnetic field and more complicated modelling is required
these parameters aI_Iowmg the stell_ar fleld to be estlmatqg be sure all possible non-magnetic sources (e.g., ratatio
(Table 1). Observations of magnetic fields on CTTSs cajy,y hressure broadening) have been properly constrained.
then serve as a test of these models. B In cases where the Zeeman broadening is too subtle to

To predict magnetic field strengths for specific CTTSSyga directly, it is still possible to diagnose the pressof

we need observatlongl estlmatesffor cer-taln syistem paramagnetic fields through their effect on the equivalent width
eters. We adopt rotation perlod§ raouvier et a '(19,93’ of magnetically sensitive lines. For strong lines, the Zee-
1995) and stellar masses, radii, and mass accretion rajgs, effect moves the components out of the partially sat-
from Gullbring et al. (_1998). Predictions for ea_ch analytic urated core into the line wings where they can effectively
study are presgnted in Table 1: Note, these f'el,d S”engtﬁéd opacity to the line and increase the equivalent width.
are the equatorial values. The field at the pole \_NlII be tWiC o exact amount of equivalent width increase is a compli-
these valu-es .and. the average over the star will depend @8ted function of the line strength and Zeeman splitting pat
t_he exact inclination _Of the dipole to the obs_erver_, but fofern Basri et al, 1992). This method is primarily sensitive

i = 45° the average field strength on the starid .4 imes w6 product o3 multiplied by the filling factorf (Basri

the values given in the Table. Because of differences Bt al., 1992 Guenther et a 1999). Since this method re-
underlying assumptions, these predictions are notid@intic e o relatively small changes in the line equivalent tjdt

but they do have the same general dependence on Systigg very important to be sure other atmospheric parameters

cr:laracr;[erls_tlcs. hc_?nj%quently, f'el? strengtuslpredrlikgd which affect equivalent width (particularly temperatuzaeg
the 3 theories, while different in scale, nonetheless etaccurately measured.

same pattern from star to star. Relatively weak fields are Measuring circular polarization in magnetically sensitiv

predictgd for some stars (DN Tau, IP Tau), but detectably,qq i perhaps the most direct means of detecting magnetic
strong fields are expected on stars such as BP Tau.



TABLE 1
PREDICTED MAGNETIC FIELD STRENGTHS

M, R, Mx10® P, B* BY B° Rco Bops
Star (Mg) (Ro) (Meyr™') (days) (G) (G) (G) R. (kG)

AA Tau 053 1.74 0.33 8.20 810 240 960 8.0 257
BP Tau 049 199 2.88 760 1370 490 1620 6.4 217
CY Tau 042 163 0.75 790 1170 390 1380 7.7

DE Tau 0.26 245 2.64 7.60 420 164 490 4.2 1.35
DF Tau 0.27  3.37 17.7 850 490 220 570 34 298
DK Tau 043 2.49 3.79 8.40 810 300 950 53 2.58
DN Tau 0.38 2.09 0.35 6.00 250 80 300 48 214
GGTauA 044 231 1.75 10.30 890 320 1050 6.6 1.57
Gl Tau 0.67 1.74 0.96 7.20 1450 450 1700 7.9 2.69
GK Tau 046 2.15 0.64 4.65 270 90 320 4.2 2.13
GM Aur 0.52 1.78 0.96 12.00 1990 660 2340 10.0

IP Tau 0.52 1.44 0.08 3.25 240 60 280 5.2

TW Hya 0.70 1.00 0.20 2.20 900 240 1060 6.3 261
T Tau 211 331 4.40 280 390 110 460 3.2 239

NoTe.—Magnetic field values come from applying the theory @f Konigl (1991), ¢) Cameron and
Campbell or (¢) Shu et al. (1994). These are the equatorial field strengths assumingodednagnetic
field.

fields on stellar surfaces, but is also subject to severd lim2.3. Mean Magnetic Field Strength
tations. When viewed along the axis of a magnetic field, the 11g typically havev sin i values of 10 km s, which
Zeemary components are circularly polarized, butwith 0p-,o41s that observations in the optical typically cannot de-
posite helicity; and ther component s abse_nt. The he_I|C|ty tect the actual Zeeman broadening of magnetically seasitiv
of theo components reverses as the polarity of the field rgg, ¢ e cause the rotational broadening is too strong. Neve
verses. Thus, on a star like the Sun that typically displayge|ess, optical observations can be used with the equivale
equal amounts 0% and— polarity fields on Its surfac.e, the igth technique to detect stellar fieldBasri et al. (1992)
net polarization is very small. If one magnetic polarity doewere the first to detect a magnetic field on the surface of a
dominate the visible surface of the star, net circular polarTTS’ inferring a value o3 f — 1.0 kG on the NTTS Tap
ization is present in Zeeman sensitive lines, resulting in 35 For the NTTS Tap 1@Basri et al. (1992) find only an
wavelength shift between the line observed through righb’pper limit of Bf < 0.7 kG. Guenther et al(1999) apply
and left-circular polarizers. The magnitude of the shift-re , ' o technique to spectra of 5 TTSs, claiming signif-
resents the surface averaged line of sight component of tn:‘?int field detections on two stars; however, these authors
magnetic f‘e"?' (V_VhiCh on the Sl_m is typically less than 4 Gomalyze their data using models off by several hundred K
even though individual m_agnetlc elements on _the solar SUrom the expected effective temperature of their targessta
face range from- 1.5 KG in plages to~ 3.0 kG in SPOts).  oyavs a concern when relying on equivalent widths.
Several polarimetric studies of cool stars have generally 5 e saw above, observations in the IR will help solve
fgiled to detect circular pglarization, placing limits dret the difficulty in detecting direct Zeeman broadening. For
disk-averaged magnetic field strength present(of- 100 this reason and given the temperature of most TTSs (K7 -
G (e.g.,Vogt 1980;Brown and ITan(_jstreetl981;I_30rra et_ M?2), Zeeman broadening measurements for these stars are
al., 1984). One notable exception is the detection of CirCUsast done using several Tiines found in the K band. Ro-
lar polarizati_on in segments of the line profile observed OR,st Zeeman broadening measurements require Zeeman in-
rapidly rotating dwarfs and RS CVn stars where DOppI,eéensitive lines to constrain nonmagnetic broadening mech-
broadening of the line “resolves” several independenstri ;.c\«  Numerous CO lines at 2.3in have negligible
on the ste!lar surface (e.goonati et al, 1997;Petit et al, Landéy factors, making them an ideal null reference.
2004;Jardine et al, 2002). It has now been shown that the Zeeman insensitive CO
lines are well fitted by models with the same level of rota-
tional broadening as that determined from optical line pro-



files (Johns—Krull and Valenti2001; Johns—Krull et al. 4fB=—4.0kG AA Tau

2004;Yang et al, 2005). In contrast, the 22m Ti 1 lines ~ __ 2f =% X‘L’Zgzl- a

cannot be fitted by models without a magnetic field. In- £ [ X720/~ ~\_...4 L. Z

stead, the observed spectrum is best fit by a model withy X*=65 =37

a superposition of synthetic spectra representing differe 2 : =38 ¢=48 1
B=2.1 kG BP Tau

regions on the star with different magnetic field strengths. —4
Typically, the field strengths in these regions are assumed t 4[B=23KkG DF Tau
have values of 0, 2, 4, and 6 kG and only the filling factor of _ 2}
each region is solved for. The resulting magnetic field dis- g oL
tribution is unique because the Zeeman splitting produced’
by a 2 kG field is comparable to the nonmagnetic width of
the Ti1 spectral lines. In other words, the Zeeman resolu-

tion of the Til lines is about 2 kG (seéohns—Krull et al, 0 °'§ot§;3na,°,sia52'8 Lo O'éotﬁignmopiasg's !
1999b, 2004).

The intensity-weighted mean magnetic field stren@th, Fig. 2.— Variations in the circular polarization of the He
over the entire surface of most TTSs analyzed to date &@mission line as a function of rotation phase for 4 CTTSs.
~ 2.5 kG, with field strengths reaching at least 4 kG andPolarization levels are translated inB values in the line
probably even 6 kG in some regions. Thus, magnetic fieldsrmation region. Vertical bars centered on each measure-
on TTSs are stronger than on the Sun, even though theent (<) give the Ir uncertainty in the field measurement.
surface gravity on these stars is lower by a factor of tersolid lines show predicted rotational modulationfy for
On the Sun and other main-sequence stars, magnetic fielsingle magnetic spot at latitudes) (ranging from 0 to
strength seems to be set by an equipartition of gas and ma® in 15° increments. The best fit latitude is shown in the
netic pressure. In contrast, the photospheres of TTSs dteck solid curve.
apparently dominated by magnetic pressure, rather than gas

pressure (see alsiohns—Krull et al, 2004). Strong mag- find no evidence for a strong dipolar field component in the

netic fields are ubiquitous on TTSs. By fitting IR spectra :
magnetic field distributions for several TTSs have now bee% TTSs they observediohns—Krull et al. (1999a) failed

to detect polarization in the photospheric lines of BP Tau;
hns—Krull I 1 2001, 2 . N
measuredJohns—Kull et al. 1999b, 2001, 2004yang et aa_ndVaIentl and Johns—Krul{2004) do not detect signifi-

g:; ?)05). Many of these field strengths are reported in T cant polarization in the photospheric lines of 4 CTTSs each
observed over a rotation perio&mirnov et al.(2003) re-

2.4. Magnetic Field Topology port a marginal detection of circular polarization in threek

f T Tau corresponding to a field ef 150 + 50 G; how-

di tZ_et;e nt1_an bfroademr:_g ][peléis?remi?ts k?rtetrs]ensr:tlve f_o § er,Smirnov et al(2004) andDaou et al.(2005) failed to
cistribution ot magnetic Tield strengths, but they nave Mz, 4, this detection, placing an upper limit on the field of
ited sensitivity to magnetic geometry. In contrast, ciecul _ 120 G for T Tau

polarization measurements for individual spectral lines a
sensitive to magnetic geometry, but they provide limited in

Fizaa =60 ]
-4 Models B=2.7 kG DK Tau

Magnetic Spot

However,Johns—Krull et al. (1999a) did discover cir-
cular polarization in CTTS emission line diagnostics that
form predominantly in the accretion shock at the surface of
ment each other well, as we demonsirate below. the star. This circular polarization signal is strongeghia

M.OSt. ex.isting magnetqspheric accrgtion model§ assUNe rrow component of the He&876A emission line, but it is
that intrinsic TTS magnetic fields are dipolar, but this webul also presentin the Qanfrared triplet lines. The peak value

be unprecedented for cool stars. The higher order compgs B. is 2.5 kG, which is comparable to our measured val-

nents of a realistic multi-polar field will fall off more ragtly ues of 3. Circular polarization in the He5876A emission
with distance than the dipole component, so at the inn(ﬁhe has now been observed in a number of CTT@sdnti
edge of the disk a few stellar radii from the surface, it is.et al, 2004:Symington et a).2005b). Note, since this po-
likely the dipolar component of the stellar field will dom- Iarizz;tion is, detected in a line associated \;vith the aazneti
inate. However, at the stellar surface the magnetic field S10ck on CTTSs. it forms over an area covering typically
!ikely to be more complicat_ed. I_n support (.)f this picture< 5% of the stelle{r surfacé/alenti et al, 1993;Calvet and

is the fact that spectropolarimetric observations do net d%ullbring, 1998). While the field in this 5% of the star ap-

tect polarization in photospheric absorption lindgrown : : ;
. R pears to be highly organized (and as discussed below may
and Landstree1981) failed to detect polarization in T Tau trace the dipole component of the field at the surface), the

and two FU Ori objectsjohnstone and Penst¢h986) ob- lack of polarization detected in photospheric lines forgnin

served 3 CTTSs and reported a marglnz_;ll field de_tectlo_n f%R/er the entire surface of the star strongly rule out a global
RU Lup, but they were not able to confirm the signal in ad(ij)ole geometry for the entire field

subsequent observation, perhaps because of rotational mo Figure 2 shows measurements/8f on 6 consecutive
ulation Johnstone and Penstph987);Donati et al.(1997) nights. These measurements were obtained at McDon-



ald Observatory, using the Zeeman analyzer described :
Johns—Krull et al. (1999a). The measured valuesBf 7 : ]
vary smoothly on rotational timescales, suggesting that ung 2 + 3
formly oriented magnetic field lines in accretion regionse | * + + ]
sweep out a cone in the sky, as the star rotates. Rotatior@l | +
modulation implies a lack of symmetry about the rotationd’ 2} * +
axis in the accretion or the magnetic field or both. For exz ¢
ample, the inner edge of the disk could have a concentré’— : ¢ ]
tion of gas that corotates with the star, preferentially-ill g 1t E
minating one sector of a symmetric magnetosphere. AE [ ]
ternatively, a single large scale magnetic loop could dra\é 0§ . . . ]
material from just one sector of a symmetric disk. 0.0 05 L0 15 20
Figure 2 shows one interpretation of the Hpolariza- Field Strength Predicted by Shu et al. 1994 (kG)
tion data. Predicted values &f, are shown for a simple
model consisting of a single magnetic spot at latitpdbat
rotates with the star. The magnetic field is assumed to be
radial with a strength equal to our measured value® of
Inclination of the rotation axis is constrained by measure
vsind and rotation period, except that inclinatiof) is al-
lowed to float when it exceedi®° because sin i measure-
ments cannot distinguish between these possibilities: P
dicted variations im3,, are plotted for spot latitudes ranging
from 0° to 90° in 15° increments. The best fitting model is
shown by the thick curve. The corresponding spot latitude

and reduced” are given on the right side of each panelaple 1). Clearly, the measured field strengths show no cor-
The null hypothesis (that no polarization signal is preentelation with the predicted field strengths. The field topol-
p_roduces very large values gf which are _givgn on the left ogy measurements give some indication to why there may
side of each panel. In all four cases, this simple magnetie 5 |ack of correlation: the magnetic field on TTSs are not
spot model reproduces the observéd time series. The ginolar, and the dipole component to the field is likely to
He 1 rotationally modulated polarization combined with thepe 5 factor of~ 10 or more lower than the values predicted
lack of detectable polarization in photospheric absorptioj, Taple 1. As discussed idlohns—Krull et al. (1999D),
lines as described above paints a picture in which the maghe 3 studies which produce the field predictions in Table 1
netic field on TTSs displays a complicated geometry at thgyolve uncertain constants which describe the efficiency
surface which gives way to a more ordered, dipole-like g&gith which stellar field lines couple to the accretion disk.
ometry a few stellar radii from the surface where the fielgf these factors are much different than estimated, it may be
intersects the disk. The complicated surface topology renat the required dipole components to the field are substan-
sults in no net polarization in photospheric absorptiogdin tja|ly |ess than the values given in the Table. On the other
but the dipole-like geometry of the field at the inner diskygng, equation 2.2 was derived assuming perfect coupling
edge means that accreting material follows these field lings the field and the matter, so it serves as a firm upper limit
down to the surface so that emission lines formed in thg, Ry as discussed i§2.1. Spectropolarimetry of TTSs in-
accretion shock preferentially illuminate the dipole c@mp gicates that the dipole component of the magnetic field is
nent of the field, producing substantial circular polaizat < 0.1 kG (Valenti and Johns—Krull2004; Smirnov et al.
in these emission lines. 2004;Daou et al, 2005). Putting this value into equation
2.2, we findRr < 1.9 R, for typical CTTS parameters.
Such a low value for the truncation radius is incompatible
At first glance, it might appear that magnetic field meawith rotation periods of 7-10 days as found for many CTTSs
surements on TTS are generally in good agreement wiifTable 1 and, e.gHerbst et al, 2002).
theoretical expectations. Indeed, the IR Zeeman broaden- Does this then mean that magnetospheric accretion does
ing measurements indicate mean fields on several TTSs @bt work? Independent of the coupling efficiency between
~ 2KG, similar in value to those predicted in Table 1 (recalthe stellar field and the disk, magnetospheric accretion-mod
the field values in the Table are the equatorial values for @s predict correlations between stellar and accretioarpar
dipolar field, and that the mean field is about 1.5 times thesgers. As shown if§2.3, the fields on TTS are found to all
equatorial values). However, in detail the field observetio be rather uniform in strength. Eliminating the stellar field
do not agree with the theory. This can be seen in Figure ghen, Johns—Krull and Gafforq2002) looked for correla-
where we plot the measured magnetic field strengths vefon among the stellar and accretion parameters, finding lit
sus the predicted field strengths fr@hu et al.(1994, see tle evidence for the predicted correlations. This absefice o

ﬁig. 3.— Observed mean magnetic field strength deter-
mined from IR Zeeman broadening measurements as a
function of the predicted field strength from Table 1 for the
rtgeory ofShu et al.(1994). No statistically significant cor-
relation is found between the observed and predicted field
strengths.

2.5. Confronting Theory with Observations



the expected correlations had been noted earlidvibge- the magnetosphere in terms of the photospheric radius of
rolle et al. (2001). On the other handphns—Krull and the star Hartmann et al. 1994).
Gafford(2002) showed how the models©ftriker and Shu A significant, but poorly constrained, input parameter for
(1995) could be extended to take into account non-dipokae models is the temperature structure of the accretion flow
field geometries. Once this is done, the current data do r&his is a potential pitfall, as the form of the temperature
veal the predicted correlations, suggesting magnetogphestructure may have a significant impact on the line source
accretion theory is basically correct as currently fornteda  functions, and therefore the line profiles themselves.-Self
So then, how do we reconcile the current field measurgonsistent radiative equilibrium modelglértin, 1996) in-
ments with this picture? While the dipole component oflicate that adiabatic heating and cooling via bremsstrahlu
the field is small on TTSs, it is clear the stars posses strompminate the thermal budget, whereas Hartmann and co-
fields over most, if not all, of their surface but with a com-workers adopt a simple volumetric heating rate combined
plicated surface topology. Perhaps this can lead to a stromgth a schematic radiative cooling rate which leads to a
enough field so thak; ~ 6 R, as generally suggested by temperature structure that goes as the reciprocal of the den
observations of CTTS phenomena. More complicated nity. Thus the temperature is low near the disc, and passes
merical modelling of the interaction of a complex geometryhrough a maximum (as the velocity increases and density
field with an accretion disk will be required to see if this isdecreases) before the stream cools again as it approaches
feasible. the stellar surface (and the density increases once more).
With the density, temperature and velocity structure of
the accreting material in place, the level populations ef th
3. SPECTRAL DIAGNOSTICS OF MAGNETO- particular atom under consideration must be calculated un-
SPHERIC ACCRETION der the constraint of statistical equilibrium. This cakeul
tion is usually performed using the Sobolev approximation,
Permitted emission line profiles from CTTSs, in partic-in Whi?h i-t.is assumed that the conditiqns in the gas do not
ular the Balmer series, show a wide variety of morpholo\-/ary significantly over a length scale given by
gies including symmetric, double-peaked, P Cygni, and in- _
verse P Cygni (IPC) typeEdwards et al. 1994): com- Is = Vtherm/(dv/dr) @)
mon to all shapes is a characteristic line width indicatie Qyherey,),.,., is the thermal velocity of the gas ard/dr is
bulk motion within the circumstellar material of hundredse velocity gradient. Such an approximation is only dyict
of kms™!. The lines themselves encode both geometricglyjiq in the fastest parts of the accretion flow. Once thelleve
and physical information on the accretion process and ifgopulations have converged, the line opacities and emissiv
rate, and the challenge is to use the profiles to test and fiias are then computed, allowing the line profile of any par-
fine the magnetospheric accretion model. ticular transition to be calculated.
Interpretation of the profiles requires a translationgdste  The first models computed using the method outlined
between the physical model and the observable spectra; thisove were presented byartmann et al. (1994), who
is the process of radiative-transfer (RT) modelling. Th@gopted a two-level atom approximation. It was demon-
magnetospheric accretion paradigm presents a formidakigated that the magnetospheric accretion model could re-
problem in RT, since the geometry is two or three dimenproduce the main characteristics of the profiles, including
sional, the material is moving, and the radiation-field angbc profiles and blue-shifted central emission peaks. The
the accreting gas are decoupled (i.e. the problem is nogriginal Hartmann et al. model was further improved by
LTE). However, the past decade has seen the developm@fiizerolle et al. (2001). Instead of using a two-level ap-
ofincreasingly sophisticated RT models that have been usgghximation, they solved statistical equilibrium (stilhu
to model line profiles (both equivalent width and shape) igjer Soholev) for a 20-level hydrogen atom. Their line
order to determine accretion rates. In this section we d@rqfiles were computed using a direct integration method,
scribe the development of these models, and characterigich, unlike the Sobolev approach, allows the inclusion
their successes and failures. of Stark broadening effects. It was found that the broad-
Current models are based on idealized axisymmetrighing was most significant fordd with the line reaching
geometry, in which the circumstellar density structure igyidths of ~ 500 kms~!, a width that significantly exceeds
calculated assuming free-fall along dipolar field linestthane doppler broadening due to infall alone, and in much
emerge from a geometrically thin disc at a range of radetter agreement with observation. Thg hhodel profiles
encompassing the corotation radius. It is assumed that there found to be in broad agreement with the observations,
kinetic energy of the accreting material is completely thefin terms of the velocity of the emission peadéncar and
malized, and that the accretion luminosity, combined withs 55y 2000), and in the asymmetry of the profil&sigvards
the area of the accretion footprints (rings) on the stellar s et 5], 1994). Figure 4 shows modelHprofiles as a func-
face, provide the temperature of the hot spots. The circunfipn of mass accretion rate and accretion flow temperature;
stellar density and velocity structure is then fully deised  one can see that for typical CTTS accretion rates the line
by the mass accretion rate, and the outer and inner radii gfofiles are broadly symmetric although slightly bluestdft
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Fig. 4.— Hx model profiles for a wide range of mass a
cretion rate and accretion flow maximum temperature (fr
Kurosawa et al.2006). The profiles are based on canonic
CTTS parametersi{ =2 Ry, M = 0.5 My, T = 4000 K)
viewed at an inclination 0§5°. The maximum temperature
of the accretion flow is indicated along the left of the figure
while the accretion rate (id/; yr—!) is shown along the
top.

Fig. 5.— Sample K model profiles Kurosawa et al.
2006) which characterize the morphological classification
(Types I-1V B/R) byReipurth et al.(1996). The combina-
tion of magnetospheric accretion, the accretion disc, had t
collimated disk wind can reproduce the wide range of H
profiles seen in observations. The horizontal axes are ve-
locities in kms ! and the vertical axes are continuum nor-

—the reduced optical depth for the lower accretion rate modPalized intensities.
els yields the IPC morphology.

Axisymmetric models are obviously incapable of r€Protospheric accretion alone could not simultaneously model
ducing the wide range of variability that is observed in the, HB and NaD profiles, and found that the wind contri-
emission lines of CTTSs (Sect. 4). Although the additiofyytion to the lines profiles is quite important in that case.
of further free parameters to models naturally renders them Hybrid models Kurosawa et al. 2006) combining a
more arbitrary, the observational evidence for introdgcinstandard dipolar accretion flow with an outflow (e.g., Fig. 6)
such parameters is compelling. Perhaps the simplest &e capable of reproducing the broad range of observed H
tension is to break the axisymmetry of the dipole, leavingofiles (Fig. 5). Obviously spectroscopy alone is insuffi-
curtains of accretion in azimuth — models such as these haygnt to uniquely identify a set of model parameters for an
been proposed by a number of observers attempting {0 &4gividual object, although by combining spectroscopywit
plain variability in CTTSs and are observed in MHD simu-gther probes of the circumstellar material, one should be
lations Romanova et al2003). Synthetic time-series for a gpje to reduce the allowable parameter space considerably.
CTTS magnetosphere structured along these lines were pggsr example linear spectropolarimetry provides a unigue in
sented bySymington et al(2005a). It was found that some gjgnt into the accretion process; scattering of the linesemi
gross characteristics of the observed line profiles were prgjgp, by circumstellar dust imprints a polarization sigmatu
duced using a ‘curtains’ model, although the general levg), the line which is geometry dependent. Aa pectropo-
of variability predicted is larger than that observed, 289  |arimetric survey byink et al. (2005a) revealed that 9 out
ing that the magnetosphere may be characterized by a high11 cTTSs showed a measurable change in polarization
degree of axisymmetry, broken by higher-density streamgoygh the line, while simple numerical models\éyk et
that produce the variability. al. (2005b) demonstrate that this polarization may be used

The emission line profiles of CTTSs often display thgg, gauge the size of the disk inner hole.
signatures of outflow as well as infall, and recent attempts The radiative-transfer models described above are now
have been made to account for this in RT modelliAten-  roytinely used to determine mass accretion rates across the
car et al. (2005) investigated a dipolar accretion geomep,55s spectrum from Herbig AeBBI@zerolle et al, 2004)
try combined with a disk wind in order to model the linegiars to brown dwarfsLawson et al. 2004; Muzerolle et
profile variability of RW Aur. They discovered that magne-z| 2005), and in the CTTS mass regime at least the ac-



current RT modelling is the reliance on fitting a single pro-

o file — current studies have almost always been limited to
o Ha — one that rarely shows an IPC profiledwards et al.
2 1994;Reipurth et al. 1996), is vulnerable to contamination

by outflows (e.g.Alencar et al, 2005) and may be signif-
] icantly spatially extendedT@kami et al. 2003). Even in
= - modelling a single line, it is fair to say that the statedoé-t
?o 7 art is some way short of line profile fitting; the best fits re-
S N ported in the literature may match the observation in terms
L] of peak intensity, equivalent width, or in the line wings,
8 ] H but are rarely convincing reproductions of the observation
< IS in detail. Only by simultaneously fitting several lines may
one have confidence in the models, particularly if those
B lines share a common upper/lower levek(ldnd P& for
P S example). Although such observations are in the Iiter_ature
' ' (e.g.,Edwards et al.1994;Folha and Emersor2001) their
usefulness is marginalized by the likely presence of signif
Fig. 6.— A simulated i image of an accreting CTTS with icant variability between the epochs of the observations at
an outflow {og Mace = —8, log Myina = —9) viewed the different wavelengths: simultaneous observations of a
at an inclination of80°. The wind emission is negligible wide range of spectral diagnostics are required. Despite
compared to the emission from the magnetosphere, and e caveats described above, line profile modelling remains
lower half of the wind is obscured by the circumstellar diska useful (and in the BD case the only) route to the mass
(Kurosawa et al.2006). accretion rate, and there is real hope that the current fac-
tor ~ 5 uncertainties in mass accretion rates derived from

. ) . RT modelling may be significantly reduced in the future.
cretion rates derived from RT modelling have been roughly

calibrated against other accretion-rate measures, subk as

UV continuum (e.g.Muzerolle et al, 2001). However, one 4. OBSERVATIONAL EVIDENCE FOR MAGNE-
must be aware of the simplifying assumptions which un- TOSPHERIC ACCRETION

derlie the models and that must necessarily impact on the

validity of any quantity derived from them, particularlyeth .

mass accretion rate. Magnetic field measurements (Sect. 2)OPservations seem to globally support the magneto-
and time-series spectroscopy (Sect. 4) clearly show us tHN€ric accretion concept in CTTSs, which includes the
the geometry of the magnetosphere is far from a pristifd€sence of strong stell_ar ma_gnetlc fields, the eX|s_t_ence of
axisymmetric dipole, but instead probably consists of mar§" inner magnetospheric cavity of a few stellar radii, mag-

azimuthally distributed funnels of accretion, curved by rofetic accretion columns filled with free falling plasma, and
tation and varying in position relative to the stellar suefa accretion shocks at the surface of the stars. While this sec-

on the timescale of a few stellar rotation periods. Furtheflon summarizes the observational signatures of magneto-

more, the temperature of the magnetosphere and the maBberic accretion @n T Tauri stars, there is some evidence
accretion rate are degenerate quantities in the modets, wiat the general picture applies to a much wider range of
a higher temperature magnetosphere producing more lif&Ss: from young brown dwarf$i(izerolle et al. 2005;

flux for the same accretion rate. This means that browifohanty et al. 2005) to Herbig Ae-Be starduzerolle et
dwarf models require a much higher accretion stream terfil-» 2004;Calvet et al, 2004;Sorelli et al, 1996).

perature than those of CTTSs in order to produce the ob- N récent years, the rapidly growing number of detec-

served line flux, and although the temperature is grossﬂpns of strong stellar magnetic fields at the surface of gyoun

constrained by the line broadening (which may preclud%tars seem to putthe magnetospheric accretion scenarioon a

lower temperature streams) the thermal structure of the aQPUSt ground (see Sect. 2). As expected from the models,

: : ) 5 o
cretion streams is still a problem. Despite these uncertaiff'Ven the typical mass accretion rat@§ (" to 107 Mg
ties, and in defense of the BD models, it should be note + Gullbring et al, 1998) and magnetic field strengths
that the low accretion rates derived are consistent with bof2 1 3 kG, Valenti and Johns-KruJl2004) obtained from
the lack of optical veilingluzerolle et al, 2003a) and the the observations, circumstellar disk inner holes of abeut 3

strength of the Ca \8662 line (Mohanty et al, 2005). 9 R, are required to explain the observed line widths of
Current models do not match the line core particulhe CO fundamental emission, that likely come from gas in

larly well, which is often attributed to a break down ofKeplerian rotation in the circumstellar disk of CTT 3¢

the Sobolev approximation; co-moving frame calculationit@ €t al, 2003). There has also been evidence for accre-

(which are many orders of magnitude more expensive corion columns through the common occurrence of inverse P
putationally) may be required. An additional problem withCyani profiles with redshifted absorptions reaching severa

x' (au)



hundred km s, which indicates that gas is accreted onto 043
the star from a distance of a few stellar radiidvards et

al., 1994). é
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Accretion shocks are inferred from the rotational mod- 353
ulation of light curves by bright surface spoBduvier et
al., 1995) and modelling of the light curves suggests hot 8 008
spots covering about one percent of the stellar surface. The

theoretical prediction of accretion shocks and its assedia
hot excess emission are also supported by accretion shoc&
models that successfully reproduce the observed spectraj
energy distributions of optical and UV excess€alfret and 8

5 0.17

Gullbring, 1998;Ardila and Basrj 2000;Gullbring et al, .
2000). In these models, the spectral energy distribution of?
the excess emission is explained as a combination of opti-* 028
cally thick emission from the heated photosphere below the:

shock and optically thin emission from the preshock and s

postshock regionsGullbring et al. (2000) also showed ™ “uwa” " s @ T ws

that the high mass accretion rate CTTSs have accretion

columns with similar values of energy flux as the modergjg. 7.— The rotational modulation of thecHine profile

ate to low mass accretion rate CTTSs, but their accretiast the CTTS AA Tau (8.2d period). Line profiles are or-
columns cover a larger fraction of the stellar surfaceifili dered by increasing rotational phase (top panel number) at
factors ranging from less than 1% for low accretors to morgifferent Julian dates (bottom panel number). Note the de-
than 10% for the high one). A similar trend was observegelopment of a high velocity redshifted absorption compo-
by Ardila and Basri(2000) who found, from the study of nent in the profile from phase 0.39 to 0.52, when the funnel

the variability of IUE spectra of BP Tau, that the higher théilow is seen against the hot accretion shock (flBauvier
mass accretion rate, the bigger the hot spot size. etal, in prep.).

Statistical correlations between line fluxes and mass ac-
cretion rates predicted by magnetospheric accretion mod-
els have also been reported for emission lines in a bro#&tined stellar magnetosphere (see Sect. 5). Inclined mag-
spectral range, from the UV to the near-lBlins-Krull et netospheres are also necessary to explain the observed pe-
al., 2000:Beristain et al, 2001;Alencar and Basti2000; riodic variations over a rotational timescale in the emis-
Muzerolle et al, 2001; Folha and Emerson2001). How- sion line and veiling fluxes of a few CTTSsohns and
ever, in recent years, a number of observational results ifasri, 1995;Petrov et al, 1996; 2001Bouvier et al, 1999;
dicate that the idealized steady-state axisymmetric dipolBatalha et al, 2002). These are expected to arise from the
magnetospheric accretion models cannot account for maMgriations of the projected funnel and shock geometry as the
observed characteristics of CTTSs. star rotates. An example can be seen in Fig. 7 that shows the

Recent studies showed that accreting systems pres@griodic modulation of the Hi line profile of the CTTS AA
strikingly large veiling variability in the near-IREfroa et  Tau as the system rotates, with the development of a high
al., 2002;Barsony et al. 2005), pointing to observational velocity redshifted absorption component when the funnel
evidence for time variable accretion in the inner disk. Moreflow is seen against the hot accretion shock. Sometimes,
over, the near-IR veiling measured in CTTSs is often largdtowever, multiple periods are observed in the line flux vari-
than predicted by standard disk modefsiha and Emer- ability and their relationship to stellar rotation is not al
son 1999; Johns-Krull and Valenti2001). This suggests ways clear (e.gAlencar and Batalha2002;Oliveira et al,
that the inner disk structure is significantly modified by its2000). The expected correlation between the line flux from
interaction with an inclined stellar magnetosphere ang thiihe accretion columns, and the continuum excess flux from
departs from a flat disk geometry. Alternatively, a “puffed’the accretion shock is not always present eitiedi(a and
inner disk rim could result from the irradiation of the in- Basri, 2000;Batalha et al, 2002), and the correlations pre-
ner disk by the central star and accretion shddtfa et al.  dicted by staticdipolar magnetospheric accretion models
2001;Muzerolle et al. 2003b). In mildly accreting T Tauri are generally not seedghns-Krull and Gafford2002).
stars, the dust sublimation radius computed from irraniiati ~ Winds are generally expected to be seen as forbidden
models is predicted to lie close to the corotation radiug (3-€mission lines or the blueshifted absorption components of
R, ~ 0.03-0.08 AU) though direct interferometric measurepermitted emission lines. Some permitted emission line
ments tend to indicate larger values (0.08-0.2 Alieson Profiles of high-mass accretion rate CTTSs, however, do not
et al, 2005). always look like the ones calculated with magnetospheric

Observational evidence for an inner disk warp has beettcretion models and this could be in part due to a strong
reported byBouvier et al. (1999, 2003) for AA Tau, as Wind contribution to the emission profiles, given the high
expected from the interaction between the disk anéhan optical depth of the wind in these caségugzerolle et al.
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2001;Alencar et al, 2005). Accretion powered hot winds inflation cycles due to differential rotation between ther st
originating at or close to the stellar surface have recentignd the inner disk, as observed in recent numerical simula-
been proposed to exist in CTTSs with high mass accréions (see Sect. 5). The periodicity of such instabilitEs,
tion rates Edwards et al.2003). These winds are inferred predicted by numerical models, is yet to be tested observa-
from the observations of P Cygni profiles of the He | linetionally and will require monitoring campaigns of chosen
(10780,&) that present blueshifted absorptions which exCTTSs lasting for several months.
tend up to -400 km/dMatt and Pudritz(2005) have argued
that such stellar winds can extract a significant amount of
the star’s angular momentum, thus helping regulate the sgplan NUMERICAL SIMULATIONS OF MAGNETO-
of CTTSs. Turbulence could also be important and help ex- SPHERIC ACCRETION
plain the very wide £ 500 km s'!) emission line profiles
commonly observed in Balmer and Mgll UV line&rdila
et al, 2002).

Synoptic studies of different CTTSs highlighted the dy
namical aspect of the accretion/ejection processes, whi
only recently has begun to be studied theoretically by n

Significant progress has been made in recent years in the
numerical modeling of magnetospheric accretion onto a ro-
tating star with a dipolar magnetic field. One of the main

%oblems is to find adequate initial conditions which do not
estroy the disk in first few rotations of the star and do not
fluence the simulations thereatter. In particular, onesimu
YBal with the initial discontinuity of the magnetic field be-
tween the disk and the corona, which usually leads to signif-
icant magnetic braking of the disk matter and artificiallgtfa

BSO U\.;fr tet al,192;)€()).3"]) LO WeeI;stor ! i)g;téo_galt modt:lalnon accretion onto the star on a dynamical time-scale. Specific
(Smith et al, ;JOTINS and basf , Etrov et al, guasi-equilibrium initial conditions were developed, wlii

2001), and from months for global instabilities of the mag; i i
netospheric structureBpuvier et al, 2003) to years for helped to overcome this difficultyRomanova et 812002).

. . . " In axisymmetric (2D) simulations, the matter of the disk
E')e(:)brignldggg)or eruptions (e.gReipurth and Aspin2004; accretes inward slowly, on a viscous time-scale as expected

I in actual stellar disks. The rate of accretion is regulated
One reason for such a variability could come from th

. . "M%y a viscous torque incorporated into the numerical code
interaction between the stellar magnetosphere and the mrﬁough the prescription, with typicallyv, = 0.01—0.03
1 v — . . .

accretion disk. In general, magnetospheric accretion mod- Simulations have shown that the accretion disk is dis-

els assume that the circumstellar disk is truncated close |18pted by the stellar magnetosphere at the magnetospheric

the corotation radius and that field lines threading the dis& truncation radiugiy, where the gas pressure in the disk

corotate with the star. However, many field lines should ineg comparable to the magnetic pressufe,,, = B2/8r

te;af[:t \(ij;fh thet.dllfk |r|1:)reg!(t))?s Wh(;ere thehstaLand the d'ts ee Sect. 2). In this region matter is lifted above the disk
rotate differentially. Possible evidence has been regor lane due to the pressure force and falls onto the stellar

for differential rotation between the star and the mnekdlsj:face supersonically along the field lines, forming fun-

appears to be time dependent on several timescales, fr
hours for non-steady accretioG(llbring et al, 1996;
Alencar and Batalha2002;Stempels and Piskuno2002;

,E.O“V?j"? et a:cl, 2f000?1throughtthe pr(tar?ence of an obsefrx_e el flows Romanova et al.2002). The location of the in-
Ime delay of a Tew hours between Ine appearance of NiQQy, . yiqk radius oscillates as a result of accumulation and

velocity.red.shifted ab;orption compone.nts in line prome.?econnection of the magnetic flux at this boundary, which
formed in different regions of the accretion columns. Th'%locks or “permits” accretion (see discussion of this issue

was mterprgted as res_ultmg from the crossing .Of an a%'elow), thus leading to non-steady accretion through the
imuthally twisted accretion column on the line of sight. AMtunnel flows. Nevertheless, simulations have shown that

other possible evidence for twisted magnetic field lines b}ﬁe funnel flow is a quasi-stationary feature during at least
differential rotation leading to reconnection events hesb 50 — 80 rotation periods of the disk at the truncation ra-

proposeﬁ bWontmirll_iveisal.b(ZO%O) forhthebembed.ded djus, Py, and recent simulations with improved numerical
protostellar source /15, based on the observations Qi o e indicate that this structure survives for more than
quasi-periodic X_—ray flaring. A third possible evidence Wasl,000 P, (Long et al, 2005). Axisymmetric simulations
reported byBouvier et al(2003) for the CTTS AA Tau. On thus confirmed the theoretical ideas regarding the strectur

timescales of the order of a month, they observed significag‘; the accretion flow around magnetized CTTSs. As a next
variations in the line and continuum excess flux, indicativgtep similar initial conditions were applied to full 3D sifm

of a smoothly varying mass accretion rate onto the star. '?‘étions of disk accretion onto a star with entlineddipole,

thzls?m(? time, ]Ehf]y fglundha_\fti%ht co;lrelationdbet\éveﬁ? th challenging problem which required the development of
radial velocity of the blueshifted (outflow) and redshifte ew numerical methods (e.g., the “inflated cube” grid, cf.

(inflow) absorption components in theaHemission line oldoba et al, 2002:Romanova et 812003, 2004a). Sim-

profile. This correlation provides support for a physicg lations have shown that the disk is disrupted at the trunca-

connection between time dependent inflow and outflow Non radiusRy, as in the axisymmetric case, but the mag-

C.TTSS' B_ouwer et al (2003) interpreted the flux and ra- netospheric flow to the star is more complex. Matter flows
dial velocity variations in the framework of magnetospberi

11



Fig. 8.— Aslice of the funnel stream obtained in 3D simulaidor an inclined dipoled = 15°). The contour lines show
density levels, from the minimum (dark) to the maximum (t}ghThe corona above the disk has a low-density but is not
shown. The thick lines depict magnetic field lines (frRomanova et al2004a).

around the magnetosphere and falls onto the stellar surfagaegion of closed field lines connecting the inner regions
supersonically. The magnetospheric structure varies def the disk with the magnetosphere, which provides angu-
pending on the misalignment angle of the dipole, but settldar momentum transport between the disk and the star (e.g.,
into a quasi-stationary state after a féy as demonstrated Pringle and Reesl972;Ghosh and Lambl979b). This is
by recent simulations run up #0 P, (Kulkarni and Ro- the region where matter accretes through funnel flows and
manova 2005). In both, 2D and 3D simulations the fluxesefficiently transports angular momentum to or from the star.
of matter and angular momentum to or from the star varyhis torque tends to bring a star in co-rotation with the in-
in time, however they are smooth on average. This averager regions of the disk. There is always, however, a smaller
value is determined by the properties of the accretion diskout noticeable negative torque either connected with the re
Numerical simulation studies have shown that a star mayionr > Rco (Ghosh and Lamhl978,1979b), if the field
either spin up, spin down or be in rotational equilibriumlines are closed in this region, or associated to a wind which
when the net torque on the star vanishes. Detailed invesarries angular momentum out along the open field lines
tigation of the rotational equilibrium state has shown thatonnecting the star to a low-density corona. Simulations
the rotation of the star is thdockedat an angular veloc- have shown that the wind is magnetically-dominatsahg
ity Q¢, which is smaller by a factor of- 0.67 — 0.83 than et al, 2005;Romanova et a/2005), though the possibility
the angular velocity at the truncation radiuo(g et al, of an accretion-drivestellar wind has also been discussed
2005). The corresponding “equilibrium” corotation radiugMatt and Pudritz 2005). The spin-down through magnetic
Reco =~ (1.3 — 1.5) Ry is close to that predicted theoret-winds was proposed earlier Biout and Pringle(1992).
ically (e.g.,Ghosh and Lamp1978,1979bKonigl, 1991). Both torques are negative so that in rotational equilibrium
Recently, the disk-locking paradigm was challenged by a star rotateslowerthan the inner disk. Thus, the result
number of authors (e.gAgapitou and Papaloizqu2000; is similar to the one predicted earlier theoretically, thou
Matt and Pudritz 2004, 2005). The skepticism was basedhe physics of the spin-down contribution may be different.
on the fact that the magnetic field lines connecting the st@xisymmetric simulations of théast rotatingCTTSs have
to the disk may inflate and open, (e.@ly and Kuijpers shown that they efficiently spin-down through both disk-
1990;Lovelace et al.1995;Bardoy 1999;Uzdensky et al. magnetosphere interaction and magnetic wifRisnjanova
2002), resulting in a significant decrease of angular momest al., 2005; Ustyugova et a).2006). For instance, it was
tum transport between the star and the disk. Such an opestiown that a CTTS with an initial perioB = 1 d spins
ing of field lines was observed in a number of simulationslown to the typically observed periods of about a week in
(e.g.,Miller and Stone1997;Romanova et al1998;Fendt less thatl0° yr.
and Elstney2000). Several factors, however, tend to restore Three-dimensional (3D) simulations of disk accretion
an efficient disk-star connection. One of them is that thento a star with a misaligned dipolar magnetic field have
inflated field lines have a tendency to reconnect and clostown that at the non-zero misalignment artglevhere©
again (Uzdensky et al2002). Furthermore, there is alwaysis an angle between the magnetic momengand the rota-
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pole. The density, velocity and pressure are the largest in
the central regions of the spots and decrease outward (see
Figure 10). The temperature also increases towards the cen-
ter of the spots because the kinetic energy flux is the largest
there. The rotation of the star with surface hot spots leads t
variability with one or two peaks per period dependingbn
andi. The two peaks are typical for largérand:. The po-
sition of the funnel streams on the star is determined by both
the angular velocity of the star and that of the inner radfus o
Fig. 9.— 3D simulations show that matter accretes onto tH&e disk. In the rotational equilibrium state, the funnehio

star through narrow, high density streams (right panel) sunsually settle in a particular “favorite” position. Howeyi
rounded by lower density funnel flows that blanket nearlyhe accretion rate changes slightly, say, increases, tien t
the whole magnetosphere (left panel). truncation radius decreases accordingly and the angular ve
locity at the foot-point of the funnel stream on the disk is
larger. As a result, the other end of the stream at the surface
of the star changes its position by a small amount. Thus,
the location of the spots “wobbles” around an equilibrium
position depending on the accretion raRpManova et al.
2004a). The variation of the accretion rate also changes the
size and the brightness of the spots.

The disk-magnetosphere interaction leads to the thicken-
ing of the inner regions of the disk which eases the lifting of
matter to the funnel flow. Matter typically accumulates near
the closed magnetosphere forming a denser Rugpfanova
et al,, 2002) which brakes into a spiral structure in case of
misaligned dipole Romanova et gl.2003, 2004a). Typi-
Fig. 10.— Top panels: matter flow close to the star at difea|ly, two trailing spiral arms are obtained (see Figure 10)
ferent misalignment anglés. Bottom panels: the shape of 3p simulations have also shown that when accretion occurs
the corresponding hot spots. Darker regions correspond §pito a tilted dipole, the inner regions of the disk are slight
larger density. (FronRomanova et 812004a). warped. This results from the tendency of disk material to

flow along the magnetic equator of the misaligned dipole
h (Romanova et al.2003). Such a warping is observed for
énedium misalignment angle3)° < © < 60°. Disk warp-
ing in the opposite direction (towards magnetic axis of the
ié:)ole) was predicted theoretically when the disk is stipng

tional axisQ. of the star (with the disk axis aligned wit
Q.), matter typically accretes in two and, in some case
in several streamd<pldoba et al, 2002;Romanova et al.

2003, 2004a). Fi h lice of th h ﬂ : . :
003, 2004a). Figure 8 shows a slice of the magnetosphe lamagnetic Aly, 1980;Lipunov and Shakural980; Lai,

stream at® = 15°. The density and pressure of the flow . . . .
increase towards the star as a result of the convergence ot 9). The warping of the m_nerdlsk and the fqrmaﬂon ofa
piral structure in the accretion flow may possibly be at the

the flow. They are also larger in the central regions of thaP

funnel streams. Thus, the structure of the magnetosphef;]tr:'gIn of the observed variability of some CTTSEe(quem

: . . - nd Papaloizou2000;Bouvier et al, 2003).
flow depends on the density. The high density part is chaft Progress has also been made in the modeling of outflows

neled in narrow funnel streams, while the low density part if the vicinity of th tized st Such outf
wider, with accreting matter blanketting the magnetosphe rom the vicinity ot the magnetized stars. Such outfiows
may occur from the disk-magnetosphere bound&hu(et

nearly completely Romanova et al.2003, see Figure 9). . ;

The spectral lines which form in the funnel streams are recg—lr'i'tzlizé)’,\{g?m atgig;ékﬁlc?vne?;%f ;n gl Pfgglel I?(?vzelll?(j:;a
hif lueshif i h I iew- ’ : ' "

shifted or blueshifted depending on the angland view et al, 1995; Casse and Ferreira2000; Pudritz et al,

ing anglei and their strength is modulated by the rotati0r12006) or from the stamatt and Pudritz 2005). Magneto-

of the star. ; . T . S
8entr|fugally driven outflows were first investigated in pi-

Matter in the funnel flows falls onto the star’s surface an ) hort-t imulati hi et al. (1996
formshot spots The shape of the spots and the distributior? '€€"!NY short-term simuiations blayashi et al. ( )

of different parameters (density, velocity, pressure)hia t andMiller and Stong(1997) and later in longer-term sim-

spots reflect those in the cross-section of the funnel stsl;ear\‘\l"’monS with a fixed diskQuyed and Pudritz1997; Ro-

(Romanova et al2004a). Figure 10 shows an example ofnanova et a].1997;Ustyugova et a].1999;Krasnopolsky

magnetospheric flows and hot spots at diffes@nit rela- et al, 1999;Fendt and Elstngr2000). Simulations includ-

tively small angles® < 30°, the spots have the shape of aing feedback on the inner disk have shown that the process

bow, while at very large angle§, > 60°, they have a shape of the disk-magnetosphere interaction is non-statiorthey:

of a bar crossing the surface of the star near the magnelrﬁper radius of the d'Sk.OSC'I.Iat?S’ and matter accreteisdo t
star and outflows quasi-periodicallgg6odson et a}.1997,

13



1999; Hirose et al, 1997; Matt et al, 2002; Kato et al, incorporate field geometries more complex than a tilted
2004;Romanova et al2004b;Von Rekowski and Branden- dipole, e.g., the superposition of a large-scale dipolar or
burg, 2004; Romanova et al.2005), as predicted bily  quadrupolar field with multipolar fields at smaller scales.
and Kuijpers(1990). The characteristic timescale of vari-The modeling of emission line profiles now starts to com-
ability is determined by a number of factors, including thebine radiative transfer computations in both accretion fun
time-scale of diffusive penetration of the inner disk miattenel flows and associated mass loss flows (disk winds, stellar
through the external regions of the magnetosph@eof- winds), which indeed appears necessary to account for the
son and Wingleel999). It was earlier suggested that redarge variety of line profiles exhibited by CTTSs. These
connection of the magnetic flux at the disk-magnetosphemodels also have to address the strong line profile vari-
boundary may lead to X-ray flares in CTTS4dafyashi et ability which occurs on a timescale ranging from hours to
al., 1996; Feigelson and MontmerJel999) and evidence weeks in accreting T Tauri stars. These foreseen devel-
for very large flaring structures has been recently reportegpments must be driven by intense monitoring of typical
by Favata et al.(2005). CTTSs on all timescales from hours to years, which com-
So far simulations were done for a dipolar magnetibines photometry, spectroscopy and polarimetry in various

field. Observations suggest a non-dipolar magnetic fieldavelength domains. This will provide strong constraints
near the stellar surface (see Sect. 2, and also, ®adier  on the origin of the variability of the various components of
1998;Kravtsova and Lamzir2003;Lamzin 2003;Smirnov the star-disk interaction process (e.g., inner disk in #en
et al, 2005). If the dipole component dominates on théR, funnel flows in emission lines, hot spots in the optical
large scale, many properties of magnetospheric accretion UV, magnetic reconnections in X-rays, etc.).
will be similar to those described above, including thestru ~ The implications of the dynamical nature of magneto-
ture of the funnel streams and their physical propertiespheric accretion in CTTSs are plentiful and remain to be
However, the multipolar component will probably controlfully explored. They range from the evolution of stellar
the flow near the stellar surface, possibly affecting thgpeha angular momentum during the pre-main sequence phase
and the number of hot spots. Simulations of accretion to @.g., Agapitou and Papaloizqu2000), the origin of in-
star with a multipolar magnetic field are more complicatedjow/ouflow short term variability (e.gWoitas et al. 2002;
and should be done in the future. Lopez-Martin et al. 2003), the modeling of the near in-

frared veiling of CTTSs and of its variations, both of which

will be affected by a non planar and time variable inner disk
6. CONCLUSIONS structure (e.g.Carpenter et al. 2001;Eiroa et al, 2002),

and possibly the halting of planet migration close to the sta

Recent magnetic field measurements in T Tauri starQ‘."n etal, 1996).
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