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Motivation

I How can we tell observationally whether accretion is driven by
winds or MRI ?

I Enhanced line widths ?
I Both winds and turbulence may broaden lines
I Difficult to separate from orbital broadening at r . few au

I What about the heat produced by accretion (outside the
boundary layer) ?

I MRI must dissipate in proportion to ∝ Ṁ
I Winds dissipate less—maybe much less
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Energetics of viscous-disk accretion
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Ṁ−8

)1/4

r
−3/4
au



Energetics of viscous-disk accretion

Lacc =
GM∗Ṁ

R∗
≈ 0.3L� ×

M∗/M�
R∗/R�

Ṁ
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Bai & Goodman (2009)



Critical density for Tgas > Tdust

I Viscous heating timescale: theat ∼ (αΩ)−1

I Cooling time & time for H2 molecule to encounter a grain:

tcool &
(
πa2dndvth

)−1
ad ≡ dust grain radius . 1µm

nd ≡ grains/volume = fdust−to−gas
ρgas

mgrain

vth ≡ thermal speed ≈ ΩHgas

ρcrit(tcool = theat) ∼ αf −1
ad
H
ρsolid ∼ 2× 10−14 g cm−3

nH,crit ∼ 1010 cm−3 ⇒ NH,crit ∼ nH,critH ∼ 1022 cm−2

. . .for α = 0.1, f = 10−3, ad = 1µm, H = 0.1au, ρs = 3 g cm−3
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Glassgold, Najita, & Igea (2004)



Hirose & Turner (2011)



CO rovibrational spectra of disks at 4− 5µm

Brown et al. (2013)



CO line shapes @ resolution ∆v ≈ 3 km s−1

Bast. et al (2011)

Brown et al (2011)



CO & its rovibrational spectrum

E (v , J) ≈ Evib(v) + Erot(J),

Evib(v) = 3122
(
v + 1

2

)
kbK, v ∈ {0, 1, 2, . . .}

Erot(v)k−1b = 2.779J(J + 1)kbK, J ∈ {0, 1, 2, . . .}

E (v , J)→ E (v − 1, J ± 1)

hc

3122kbK
≈ 4.61µm
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Protostellar Disk Modeling code: ProDiMo

I Principal authors: P. Woitke, W.-F. Thi, I. Kamp

I Physics:
I Non-LTE atomic & molecular level populations
I Non-LTE heating, cooling, & ionization
I Frequency-dependent continuuum radiation transfer

(axisymmetric)
I Lines via escape-probability approximation
I UV photochemistry
I X-rays
I Vertical hydrostatic equilibrium
I Iterates toward equilibrium
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Density and temperature structure: Ṁ = dex(−10)

Density Temperature



Our modifications: Accretion heating

I Radial profile T 4
eff ∝ Ṁr−3

I Vertical profile following Hirose & Turner (2011)

Q+ = Ṁr−3z−1actF (z/zact)

zact = 1.97r 0.25 ≤ rau ≤ 2
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Q+ = Ṁr−3z−1actF (z/zact)

zact = 1.97r 0.25 ≤ rau ≤ 2



Density and temperature structure: Ṁ = dex(−8)

Density Temperature



Model spectra



Spectral ratios

dex(−10) Ṁ� yr−1

dex(−8) Ṁ� yr−1



Line sums

log Ṁ 4-5 µm (CO) 0.35-1.0 µm (All) 0.13-0.3 µm (All)

-10 0.92× 10−3 1.14× 10−4 3.38× 10−5

-9 1.08× 10−3 3.84× 10−4 1.41× 10−4

-8 1.76× 10−3 2.97× 10−3 1.70× 10−3

Table : Line luminosities [L�] vs. accretion rate [ Ṁ� yr−1] in several
wavelength regions

M∗ = 0.7M�, L∗ = 1L�, fUV = 0.01, LX = 1030 erg s−1,
fdust−to−gas = 10−4



Summary

I Accretion via MRI or magnetocentrifugal winds would have
different implications for heating the upper layers of the disk

I The MRI heating is small bolometrically compared to
reprocessed star light, but potentially observable if effective at
high altitudes where Tgas � Tdust (nH . 1010 cm−3

I There is a wealth of data for resolved (∆v ≈ 3 km s−1)
mid-IR CO and H2O lines that have not been systematically
compared to dynamical (MRI/wind) models

I Line shapes are puzzling in most cases
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