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Pre-main-sequence stars accrete
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Transitional Disks
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Holes are not empty

® Mild near-IR excesses in some sources

® Many accrete ® Inner molecular gas disks
M ~ 0.1 x median T Tauri Y(Hy) > 0.1gem ™ ?at ~ 0.2AU
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Puzzle: 1000 x smaller 7 but comparable M

Theories:

e Grain growth

e C(learing by companion

Not mutually exclusive



Clearing by companion (Transitional = Circumbinary)

Binary separation CoKu Tau/4
dbinary ~ 8 AU Ireland & Kraus 08 (Keck AO)
. Artymowicz & Lubow 94
~ Hole radius
drim ~ 1 O AU

T10pm < 0.002

No CO gas out to 2 AU

D’Alessio et al. 05 0
Najita et al. 07
Blake, Salyk, personal comm.




Clearing by companion (Transitional = Circumbinary)

Mass can still accrete onto star
(viscosity / pressure / eccentricity /
mass ratio)

Fast flow (up to radial free-fall)
implies low surface density
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Resolves the puzzle of
similar M but
1000x lower optical depth




Clearing by multiple planets

Simulation of 4-planet system 1n viscous disk
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Right sign, too small magnitude

— unless dust 1s also depleted




Planets inside the hole do not explain disk accretion

Optically thin atmosphere of
Optically thin disk, the wall
T=1400K X~ I/r

‘ \ v Outer disk must still

be viscous

Optically thick outer disk




Disk accretion

Magneto-rotational instability (MRI)
= linear instability
which drives turbulence
in weakly magnetized,
outwardly shearing flows

Requirements Hawley 2000
csh n
1. Magnetic flux freezing Rey = — ox —
(defeat Ohmic dissipation) U L
(Fleming, Stone, & Hawley 00) > ReK/I ~ 102 — 104
N; {OV);
2. Good neutral-ion coupling  Am = i O Jin > Am™ ~ 1-100

(defeat ambipolar diffusion)

(Blaes & Balbus 94;
Hawley & Stone 98; Bai & Stone 11)



Surface Layer Accretion by the MRI

Layered Accretion in a T Tauri Disk
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not to scale

F1G. 1.—Sketch showing the key features of a layered accretion disk, Inside
~0.1 AU, where T > 10* K, collisional ionization is sufficient to couple the
magnetic field 1o the gas. Qutside this cntical radius cosmic rays ionize a layer
of thickness = 100 g cm ~ ? on either side of the disk. Sandwiched between these
active layers i1s a dead zone where no accretion occurs.

Gammie 96

Sources of ionization

1. Cosmic rays
2. Stellar X-rays
3. Stellar UV

Glassgold et al. 97
Sano et al. 00

ligner & Nelson 06

Bai & Goodman 09
Turner et al. 10
Perez-Becker & EC 11a
Perez-Becker & EC 11b




Galactic cosmic rays
blocked by stellar wind

rrrrranyg | e e | rrvj

cosmic ray flux

" i %\f ?
AV .

NAVAVNAYA

1940 1950 1960 1897¢ 19B0 1890
Year

8

&
o
Coemic Ray dearease (%)

solar min_.\.......

8

Relative sunspol number
1
o
o

¥
:
g
v
g
E
5
E
8

! |
o &~
o (=)

Iren Co

Neulro

.2 » TITrr]

|
o
[~

FLUX (protons cm™2 s MeV™1)

FIG.2. Top curve is cosmic \ray flux from the neutron
monitor in Climax, Colorado (19%3-1996). Middle curve is
annual mean variation in cosmic\ray flux as measured by
ionization chambers (1937-1994). The neutron data have been
normalized to May 1965, and the ionjzation chamber data have
been normalized to 1965. Bottom curye is the relative sunspot

number. ENERGY (MeV)

Fig. 1. The omnidirectional fluxes as a function of kinetic energy
of solar protons with Ry = 100 MV (the dot-dashed line) and
of GCR protons in the solar system (using equation (1)), for no

Sunspot number modulation (M = 0) and for three levels of modulation: solar
maximum (M = 950 MeV), the 11-year average (M = 550 MeV),
and solar minimum (M = 375 MeV)

Svensmark 98
Reedy 87




Pre-main sequence stars are X-ray luminous
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Hf +H, - HI +H
Hi + CO —|HCO™|+ H,

free
metal _
M €
g
charge dissociative
transfer recombination
By ~ 107 % cm?s™! Baiss ~ 3 x 107 "em?> 71
Mg™ H+ CO
Oppenheimer &
Dalgarno 74
Umebayashi &
Nakano 83
Glassgold et al. 86 e — . —
‘ grain PAH
radiative L .
‘ocombination neutralization onto charged particles
—12 3 —1
Broe ~ 4 x 1072 cm? s Mg Mg

Mg



Formmula

Name

Strocihure

C,pH;» Benzo(j)fluoranthene

/ \_ .\

~
'S

Benzo(k)f) ' 2500
enzol S Nuorantiene Pk A s
\/
-
P A
Benzo{e)pyrene 0 G
\._l
LNl

L O-Duahydrobenzo{e ypyrens

|

— -~

| 4N

Perylene

= P

~
s
[ |

Benzo[ghilperylens -

Pentacene AL

Coronene ‘an

Flux (Jy)

93F T Cha (G8)

0.3F pai S
1.0}
0.8k % .

L — \_‘. Sec s e ﬁ—\.v\ A .
o ' LkHa 330 (G3) \\M;
0.4  pan L L L ) 3
, st SR 21 N (G2.5-K3)

o /f \__ e
1.5 pPal o A A L

FHD 135344 (F4)
l " |

S\
\\‘.

0.8 PAH i i

£ RR Tau (A0) \

3 S g <

[ l_'kl! ...............

I VV Ser (A0)

4 ! N :

. — w\., :

W oAl O
40 gyt e i e g M R g BT ol |

' HD 98922 (1

PAH

HD 101412 (B9.5)

6 H 10 12

Wavelength (pm)

Allamandola et al. 99

Geers et al. 06

O |

10 1<
Wavelength (um)

S

PAH abundance ~
0.01-10 ppb H>

(in diffuse ISM
~1 ppm H)




Normalized charge distribution

Normalized charge distribution

Charge distribution

grains

Charge
distribution
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ny, [cm™] X-ray ionization onl
10° 10° 10'° 10M 4 4

a=30AU
Ty = 107° Field may be frozen to plasma ¢/

But ions decoupled from neutrals X

region allowed
by PAHs

Ohmic dissipation

c
9
7
=
=
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C
o
o)
=
0
S
<

(0.01-10 ppb H»)

0.01 0.1 Perez-Becker & EC 11a

> [gem™?] see also Mohanty, Ercolano, and Turner 11, in prep.




MRI with ambipolar diffusion
__Bai & Stone 11 o ~1/(2B)

_ Kunz & Balbus 94
and Bmin(Am) Hawley et al. 95

10° ; Desch 04

Pessah 10

A —4 X max (Am) Bai & Stone | |
& 10°

10— . . .

Conventional Disk

MRI Prohibited

K max (Am) and Am(Z)
= M

M [Mg/yr]

X-rays + PAHs =
weak accretion




Far-Ultraviolet (FUV) lonization

N H

log F, (at 100AU) (erg cm™ s™' A7)
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Lruv ~ 10°9-10°2
erg/s

HST + FUSE

] (Bergin et al. 03; Herczeg et al. 02)



FUV lonization

e S

912 A 1109 A 1198 A

Stromgren slab

photoionizations  recombinations

Lruy E ~ N MNe X h
hvdra? a Lo

N; = Ne = fny, (cosmic abundance)

— ZMRI ~ TH, ,uh

Lpgy \'/? (1075 5
~ 0.1
! (1030 erg/s) o) elem

Perez-Becker & EC 11ab



Niot [cm_3]

107 10® 10° 10%0 101!

Nt=1=
b2 1024 cm?
[S/H] = -1
~ Ny =
10%2 ¢cm-?
[S/H =0

FUV ionization only

Field is frozen to plasma v/
Good ion-neutral coupling ¢/

robust against PAHs
(PAHs included at
maximum abundance)

sensitive to dust-to-gas ratio
(vertical settling of dust)

Perez-Becker & EC 11b



Hall effect not important

Wardle & Salmeron | |



Conventional
Disk
‘bﬂv@

Observed
Rates

a [AUJ

100

M ~ 2 X 3n3*v

kT
~ 6T —

11§

FUV-ionized

surface layers
can reproduce
accretion rates
at large radius
but not
small radius

Perez-Becker & EC 11b



lon recombination
time
VS.
dynamical time

Turbulent mixing
of plasma to
greater depths
can extend
MRI-active layer

llgner & Nelson 06b




FUV-driven MRI in el

Transitional Disks ®

10~° - -

Transitional

Mtrans [M@/YI']
e
-
&

Optically thin disk, *?
z~\lir

Rwall

Optically thin atmosphere of

the wall

Optically thick outer disk

Rim accretion rate
reproduces
observations

Transport problem

at small radii
could be solved by
companions

Murray-Clay & EC 07
Kim et al. 09
Perez-Becker & EC 11ab
Zhuetal. 11







Is the required field super-equipartition?

On the one hand, the field must be strong enough:

M ~ (B, By)h/Q

v\ e e
- minr > 16 ) (o)

10_8M@/y1‘ A—U

g = Pyos  8mnkT -1 > 108 M /yr ( r )
" Pupae B2 0.1g/ cm? M 1AU

On the other hand the field cannot be too strong: 5 > 1

Possible for r > | AU

e.g., Bai & Goodman 09
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Inside-Out Accretion of Transitional Disks




Measuring dust layer thicknesses

(e.g., occulting circumbinary disk
of KH 15D)

Binary plane

log(column density [em=2])

- Dust thickness h/r < Rg/r ~ 102

* Inclination I ~ 10"
Warp AI/1 <107 (self-gravity)
AI1/1 ~-10" (gas pressure)




log(dM/dt) (M, /yr)

[T X-ray driven MRI
T -8F
I o g =
> i ikcalts 1 M ~ SN Arim\BE ) T arlmf 5 )
© I sz[ 18 ] GM, put/
= e | DM Tau _
— : 0. 3
= [ .
= Rim controls - For constant «,
;80— 10 - - accretion rate E Ygas ~ 10 — 100 g cm ™2
e ol vl @1AU
10 100 1000
asim/ M, (AU®/Mo) e 10-100 x lower
7.0 ‘ density than MMSN
- E& e Satisfies CO lower
| % T A1 limits
9.0 e Type Il migration
e slower than usual
Kim et al. 09 .
s J 1 Spitzer Cha I But cannot explain
0 05 1 15 2 origin of hole

log(R .., AU
0g(R an) (AU) EC & Murray-Clay 07



Planet Clearing

_ Innler di slk flllsl in

its

[ Initial proflle set to
analytic steady state;
note robustness of
inner disk

B S

Lubow & D’Angelo 06 Lubow et al. 99

Mivor ~ 0.1M,uior ® But planetary migration reduces clearing efficiency
neglecting * Short-lived solution (tdiffusion ~ * / V ~ 10* orbits)
migration  Perhaps multiple planets can help



But deeper correlations
may exist ...

~Same
M, o« M?
holds for

non-transitional

disks

How to keep the
inner hole
clear of dust?

Leaked dust might
concentrate at a < Qyim ,
restoring T1oum > 1:
Gapped
(“pre-transitional”) disk
possible

P ! e}
| B L. -
g, -8 —
> 10 ¢ I,{ }
O] - .’ I -
2 _ - ”’, -
~ ]'O ° §_ ’I/I,' I _§
02 E . . 2 E
= jg-iof M, « M?
0.1 1
M* (MG))
Optically thin atmosphere of
Optically thin disk, th¢ wall
140K X~ 1/r

Rwall

Optically thick outer disk

Kim et al. 09




Inside-Out MRI

1023 cm™

MRI simulations give 104-10"

Mym  12raN*a?_ (k @ )3/2

M N rim
tdiff GM*H1/2
N 230 K
Lxoxe ™ 7% fheatT
~ Aco(T™
477&12,im co(T7)

photo-ionization heating ~ CO ro-vibrational cooling

Glassgold, Najita, & Igea 04

EC & Murray-Clay 07



Keeping inner hole clear of dust

Aerodynamic filter Radiation pressure
-V P >
® points in ® ®
. . 1 ( 1 )
Gas is super-Keplerian fhlow ~ —
. . Q Qtstop
Dust is Keplerian ... dragged out
Rice et al. 06 EC & Murray-Clay 07

e Filtering is inefficient

e Leaked dust might concentrate at a < arim ,
restoring Tioum > 1 :
Gapped (“pre-transitional”) disk possible
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“Pre-Transitional”
Gapped Disks

axzeal N

100 1000

Espaillat et al.

I

46 AU

0.12 AU < 0.15 AU

T T T L B B B T T T T 1 I LA . T

A A l | — — 1 IR T — l A A i — l I — A

1600 K blackbody fit to excess
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But deeper correlations may exist ...

1OO§ L. % Why?
/E-); : - : dd I
— ‘ . And does similar
10 a.. oc M? —=
: : . H N relation hold
© i ) i for debris disks?
- 1 ——+
| B - -
« 10-°L R
= 10 7¢ f} = Same
© — . . 5
\2./ 10—9 :_ I I,x" I _: M* X M*
= T , = holds for
o 10-10L ' M, oc ML - non-transitional
oy S , E disks
0.1 1



Sustaining MRI at a << arim

Scale to minimum temperature (blackbody)

T=50K a,/* MY T (T >1)

1025 pyn—2 ,—3/4 =1 ar3/4 -1

C (Igea & Glassgold 99)

5 AU !898883920 " .
"y, l quartic

10 AU %ﬁiﬁi?&gggg
e .
0.1¢ Py, Am~90Q1AU

Am ~ 120@0.1 AU

LU
¥y
Y

VS. Am™ ~ 100

.. Even midplane is MRI-active

19 20 22
Igea & Glassgold 99 log N, (em™®)



Outer disk
photoevaporation

starves inner disk

Tever| T T v yvver| T rrrrrreg

10~° 1078
YV"WT v VVT
.
P
\ ¢

dM/dt / Mgyr™"
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log,o (£ / g cm™%)
0

-11
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ey v
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10~12
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\

10~ 0.01 0.1
My / Mg Alexander 08




Estimating N*
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Theories for transitional disks are not mutually exclusive

Radiative /
HERISE + Grain growth + MRl + aerodynamic
blowout
smaller M . smaller 710,,m O.”gl 4 , smaller 710,,m
of viscosity
Multiple planets lmp.erfect
might explain clearing can
factor of 10 lead to
and prolong Type gapped disks

Il migration (e.g. LkCa 15)



X-ray ionized MRI-active surface layer

ny, [cm™3] ny, [cm™3]

10° 10 10! 10' 10%310° 109 10'' 10'2 10%3
" Lx = 103 ergs™! - Std. Model (a = 3 AU) 1

At 3 AU,

Am ~ 1 (& ~ 109

2 active ~ | 8 cm™

(xm+ + aCO+) Binni, /2

1 1
0.01 0.1 1
% [gem™]

Am

Perez-Becker & EC 10




Am = (xm+ + Taco+) Binnm,/2

X-ray ionized MRI-active surface layer

nu, [Cm_3]

ny, [cm™3]

- Std. Model (a = 30 AU) -

108 10° 10 10!t 108 10° 1010

" (cr=1/4 x 10717s™1

1011

10 0.01 0.1 1

% [gem™7]

At 30 AU,
Am ~ 1 (ot ~ 1079)

Zactive ~ 01 g Cm_z
if no cosmic rays

2 active ~ 10 g cm™
if cosmic rays




Far-UV (912-1100 A) ionized MRI-active surface layer

ngs [em ) ———

10° 107 10" 10% 10° 10 104 H) +hyv—H+H
H + H + grain = Hy + grain
C+hy 2Ct+e

XCO = 10'4

At 3-30 AU,
Am > 102 (& ~ 0.1)

Zactive ~ 0.01 8 CTTT2




Planet Clearing

lnltlal Zinner/Zouter — 001

Run duration = 100 orbits
| < Viscous time tgig ~ 10000 orbits

tdiﬂ: ™~ a?im /@
= @csh

0.004 (assumed)

- Hole in simulation reflects
assumed initial conditions



Z active a T |\/|
(g/cm?) (K) (Ma/yr)
3 AU
1 1073 80 101
X-ray
) AU 0.01 0.1 300 4 x 10
Far-UV ' ' X
30 AU . 1
X-ray+CR 0.1-10 10 30 10°11-10
30 AU
0.0 0.1 300 107

Far-UV




Protoplanetary Disks

disk mass ~ 0.001-0.1 stellar mass




