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Talk Overview

1) Key Ingredients For 4) The Late Phase

Disk Deuterium Chemis’rry Redistribution Of lces

5) Not All Roads Lead

To Rome: Variations In

2) What Are The Disk
Initial Conditions?

Fractionation Pa’rhways

3) Effect Of Gas Viscous 6) Moving Towards A

Evolution, Turbulence, Comprehensive Picture
And Mixing Of Disk Deuterium
Chemistry
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1) Key ingredients for disk

deuterium chemis’rry



1) Key Ingredients for High Molecular D/H

lonization,

Ho, HD
 ———

P—
Ho, AE

\ electron, 9rqin'\ ._/ @
lce
H atoms H D atoms formation

Suppor’rs fractionation

up to I < 50K
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1) Key Ingredients for High Molecular D/H

lonization,

Ho, HD

Source of energetic
ionization, > 36 eV:

cosmic rays, X-rays,
radionuclides
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1) Key Ingredients for High Molecular D/H

Low temperatures such
that AE becomes

important.
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1) Key Ingredients for High Molecular D/H

Reactants available to form
deuterated molecules.
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1) Key Ingredients for High Molecular D/H

\ electron, 9rqin'\ ._/ @
lce
H atoms H D atoms formation

Carbon pa’rhwqys support
fractionation up to T < 100 K,
see Roueff et al. 2013

lonization,

Ho, HD
——

CO, CN,
CxHy, OH, etc.

P—
Ho, AE
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\ngredien’r I: lonizing Processes
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\ngredien’r 2: Disk Therma

Structure

Hy + HD = HoD' + Hy + AE;
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Tempe rature + lonization

g
\

\ Cool (<50 K)
~ regions of the

disk are also in
the region most
sensitive to CRs.
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\ng redient 3: Disk

Molecular Structure

' Need reactive
| species to

transfer D to,
CO, Ny, O, ...
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\ng redient 3: Disk

Molecular Structure
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HO'|'-PhC]S€ Deu’reriu m Chemis’rry Yang et al. 2013

" P=10"" bar — 1300 K|
--800K |

The hot inner disk also can

-
fractionate through neutral neutral Time (yean)

isotopic exchqnge. o 1999 Mousis
e.g, HoO + HD < HDO + Hq 2000, F t et al. 2001, Thi

D + OH <> H + OD (eq. Thi et al 2010) et al 2010
llse Cleeves, CfA




2) Disk Initial Conditions?



2) What are the initial disk chemical conditions?

SE NN\ 7 envdope it
— sk eEe— angular momentum?

////' ‘\\\\ X Thermadl his’rory of
b infq"ing material?

1 Evolves with time Shocks? Is it
\\\\ //// symmetric or
) / streamers?
a =k =
%- —% * Subsequent viscous
//// \\\\ +disk +stellar
C evolution?
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) What are the initial disk chemical conditions?

R (10° AU)

Visser, van Dishoeck, Doty

& Dullemond 2009

o0

40

30

20

10

R (AU)
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W hat are the initial disk chemical conditions?

Disk Hot core Collapsing envelope Precollapse
108 107 10° 10° 10¢
n(cm3) - % ! { i i
T(K) -= # % #
300 100 30 10 at
X : :"_ ‘ ; 4
C H,O evaporation ) ( CO evaporation ) ( CO freezeout ) ;‘_"’ Aond

\4

/" CO-rich ™/ CO-ich

'\I |",’ \" HzO‘ri d‘ ‘|
'I“l " |@ '
2 CHsoli J —_—
CH,OH 0
H,O-rich
Outflow [ Grain |
Radicals

cone
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2) What are the initial disk chemical COhdI"'IOnS?

Cloud Core

1 C

By mode|ing DoO/HDO, HDO/H,O

and using |qyered ice model the Furuya

—h
<

+2015 models can exp|ain water's ear|y

—h
C
N

evolution.

—h
C
w

Fractional composition, D/H
S

CO & CH OH rich
(layer II)

—h
Q
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f,<f, <107 !
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ﬁro

Furuya, Aikawa et al. 2015, and Furuya, van Dishoeck, & Aikawa 2015 |



2) What are the initial disk chemical conditions?

O My

L T>500 K T<500 K

Ref
~0.3 AU

Initial Cloud Angu‘dr Momentum is Key
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2) What are the initial disk chemical conditions?

/ 0.3 Myr

T>500 K T<500 K

Ref
“10 AU

Initial Cloud Angu‘dr Momentum is Key
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2) What are the initial disk chemical conditions?

O.] Mi/

T>500 K, T<500 K

Ref
"1 AU

Initial Cloud Angu‘dr Momentum is Key
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2) What are the initial disk chemical conditions?

/ 0.3 Myr

Ref
~40 AU

T>500 K T<500 K

Initial Cloud Angu‘dr Momentum is Key
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""" t=0.1 Myr

== t=0.2 Myr
—1=0.3 Myr :
---t=0.5 Myr|

0
0. 300
4»

1000-3000 K

Yang, Ciesla, Alexander 2013



2) What are the initial disk chemical conditions?

Violent disk processing Jrhrough young stellar outbursts?

10°

I O0=10"" -
I | | | | | | | | | | | | | | | | ]
2%x10° 4x10° 6x10° 8x10°
t(yrs) Zhu et al. 2010
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2) What are the initial disk chemical conditions?

Violent disk processing ’rhrough young stellar outbursts?
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3) Impact of Gas Disk

Evolution



Post pro’ros’re”ar gas kinematics

o Kep|erian Motion
+ Thermal

Pressure Support
e Turbulence?

e Viscous

Evolution/

Accretion?

= e Winds?
Pho’roevap. or

MHD?
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3) The role of mixing/turbulent evolution?

* Mixing: The jury is still out.

X Theory demonstrates mixing can both produce

significan’r D/H enhancements in water and decrease

D/H (Albertsson et al. 2015 and Furuya et al. 2013).

X May also operate on other deuterated species,

inc|uding organics.

Ise Cleeves, CfA



3) The role of mixing/turbulent evolution?

A
Q,
N

_
=
A
o
a0
=

Turbulent mixing .S|°YVIY transports "Still transport of oxygen affects water
SR of the yvq+er ice '”,+° wdarmer ofr and deuterated water chemis’rry; atomic
!rradl.q_’red re€|0n§ where it .desorbs and oxygen is Jrrcmspor’red from the surface to
1S q_wcHy defractionated by ion-molecule the deeper region and (re forms HoO and
and dissociative recombination processes HDO ices. - Euruya et al 2013

in the gas phase." - Albertsson et al. 2014
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olution?

oW
eratures,

Scenario I: Mixing atoms?

high D/H water up,

reducing D/H
(H.O)
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ovolution?
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3) The role of mixing/turbulent evolution?

* Need more constraints on disk turbulence, e.g. Hughes+20",
Guilloteau+2012, Teague+2015, Flaherty+2015 (6X<9x10-4).

4 3 2 1 0O -1 -2 -3 —-44 3 2 1 0O -1 -2 -3 —-44 3 2 1 0O -1 -2 -3 —4
Offset (”) Offset (7) Offset (”)

Amplitude

‘CO and CN disp|ayed a near constant vi, b ~
0.2 cs. However, the analysis of the possible

sources of errors shows that these numbers

Velocity (amisec) shouH“ most likely be interpreted as upper
CO 2-1, Flaherty+2015 imits, Teague+2016
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4) Differential Evolution of
Solids and lce



4) Differential Evolution of Solids

e Redistributes volatiles carried in the ices (Hogerheijde+2010, Bergin
+2016, Du+2015, 2016, sub.). Chdnges the C/O ratio (e.g., Piso+2015).

C.Opplng in vorﬁce) Vertical Se’[’[llng

5
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. . “’.
"
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4) Differential Evolution of Solids
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REDISTRIBUTED ICES

Vertical Settling




REDISTRIBUTED ICES

Vertical Settling



4) Differential Evolution of Solids

W Hya HL Tau

1.3 mm (B6)

©

1 - . . . 1

Perhqps halted by substructure, formation of rings?
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5) Baseline Models of Water and
Simple Organic Deuteration:

Variations in Deuteration Pa’rhways



1) Key Ingredients for High Molecular HDO/HoO

lonization,
Ho, HD HD >
—

Ho, AE

\ electron, 9rqin'\ ._/ @
lce
H atoms H D atoms formation

Suppor’rs fractionation

up to I < 50K
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Starting out with HDO/HoO = HD/Ho, how much
does cold water formation in the disk contribute to

elevated HDO/H,O?

Ise Cleeves, CfA



The Classical Picture of Disk lonization

G|ass§o|d 1997, 2000, 2001 (and more),

lgea & Glassgold 1999, Umebayashi+1989,
2009, llgner & Nelson 2006a/b, 2008.
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An Updated Picture of Disk lonization

Cleeves et al. 2015 measured a significanﬂy subinterstellar CR ionization rate

in TW Hya (> 100x reduced).

High densities + low ionization rates => very low ion fraction in the cold gas
where deuterium enrichment is otherwise facilitated..

llse Cleeves, CfA
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Chemical Model

* Mini-deuterium chemical network designed

to robustly predict HDO abundances.
X 6268 reactions, 600 species. C0/C0, CO/H0

* Ho/HD/Do se|1c-shie|ding
(Wolcott-Green+2011)

X Simp|e grain-surfcce chemis’rry

(Hasegawa, Herbst, Leung 1992),

()
-
©
S
c
o
-
O,
.
@)
)]
)]
T
o)
L
©
O
0P)]

* Thermal o/p ratios assumed for Ho and
HoD* (Lee & Bergin 2015)

* Warm fractionation reactions of Thi+2010. And updated lab data on CO

loinding energies for oxygen-
regu|a+ion.
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HD6/HQO Results (1 Myr)

H,O and HDO ice
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HD6/HQO Results (1 Myr) Ditferential

se|1c-s|1ie|ding of
H;and H,D™  H,O and HDO ice HD vs H2 leads

70_ 1 2——— 70 4o high HDO/
60} i 0.8 2e-5: HoO, but in a
| | 0.4f very tenuous
50 0 ]
| - O.OO 12345 64 upper |ayer.
— 1 3 =
55 30 , 30 >
N C
20‘ _2 20 ~
The ions have the 10__ - -0 10
highest D/H in the gl . . .. == — s 0
midp|qne but the 80 60 R (AU) U 20 R éA?U) 60 80
lowest volume Contour lines = D/H

densi’ry.

Filled contours = total densi’ry cm:3
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HD6/HQO Results (1 Myr)

H;and H,D®  H,0 and HDO ice
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HD6/HQO Results (1 Myr)
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Disk-Sourced Deuterium: Results

- Chemis’rry in a laminar disk is not a viable source
origin for HDO, HoO or D/H(H20) in the Solar
Sys’rem.

= These conditions require ISM heritage such that
interstellar ices would be incorpora’red info comets,

meteorites, and Earth's oceans (30-40%).

- But what else came q|ong for the ride?

Cleeves, Bergin, Alexander, Du, Graninger, Oberg, Harries, 2014, Sci, 345, 1590.
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D/H in Water vs. Organics

X G|oba||y higher organic D/H than

water. Perhqps due to: 10t | H Water Organics

% CHs* + HD = CHoD* + Ho + AE

D/H Ratio
—
=

* Operates in the forward direction
even at 80-100 K due to higher 10|

AE~483-660 K (Roueff+2013).
* Larger range in organic D/H = many

reaction pq’rhwoys?

Cleeves, Bergin, Alexander, Du, Graninger, Oberg, arries, 2016
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O rganic - ractionation Pd’rthys
CfP CH,"

™

H,"

H

C 4 Hz LN -
o H,D \ co
CHsD + HCO* C(ice/ &O(ice)
CH, + DCO*

CH,, CH:D, CHsOH, CH50D,
etc. (ice) etc. (ice)

1) Roueff+2013, 2) Hugo+2009, 3) Adams&Smith 1985
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O rganic - ractionation Pd’rthys

CH3D + HCO"
CH,; + DCO*

CH,, CH;D, CH;OH, (.:HgoD,
Radiative association efficient at etc. (ice) etc. (ice)
disk-like densities, 102-10'2 ¢m-3

1) Roueff+2013, 2) Hugo+2009, 3) Adams&Smith 1985
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D/H Range
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: N ith 15,
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Midp‘dne Organic Deuterium Fractionation

Ccr ~ 2x10°1 ¢

1071
CH;0H H,0

Ol Myr
— ]Myr

0 10 20 30 40 50 60 70 80
Radius (AU)
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Midp‘dne Orgomic Deuterium Fractionation

Ccr ~ 2x1019 -1

101
CH;0H H,O0

O. Myr
— ]Myr

0 10 20 30 40 50 60 70 80
Radius (AU)

Interesting predic’rions for cometary

D/H in CH;OH?
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6) So what's happening?



One Possible

Scheme. .

T>500 K, T<500 K

Ref
~0O.] Myr -1 AU

Dy
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One Possible

Scheme. .

T>500 K T<500 K .

Ref 40 AU
0.1-0.3 Myr

3 .o DO -caRHDO o8
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One Possible

Scheme. .

T>500 K T<500 K

Ref 40 AU
0.1-0.3 Myr 10 AU

3 o - .HDOo8
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One Possible

Scheme. .

T>100 K T< TOOK

0.5-1 Myr 10 AU
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Ingredients for Disk

Deuterium Fractation

\ electron, 9rqin'\ ._/ @
lce
H atoms H D atoms formation

lonization,

Ho, HD
 ———

P—
Ho, AE

llse Cleeves, CfA



Disk |ngredien’rs for Disk

Formation + cloud

angular momentum Deuterium Fractation

HD
—
Protoplanetary \ electron, 9r°'i”'\
Disk Mixing lce
H atoms = H, D atoms formation

Early | Differential
Outbursting Evolution of Ices

lonization,

Ho, HD

Different

Chemical Pathways
Accretion

llse Cleeves, CfA



Disk Constraints from recent

Formation + cloud

angular momentum ALMA observations

(e.g. Ohashi+2014)

. (Rosenfeld+| 3)
lonization,

Ho, HD s
(Cleeves+ 15 and in prep) (Bergin+16,Du+15)

Protoplanetary \ electron, grain- \
Disk Mixing lce
H atoms H D atoms formation

(Teague+15, Flaherty
+15)

Different
Chemical Pathways

| Differential
Outbursting Evolution of Ices

Accretion (Bergin+2016)
(Cieza+2016)

(Huang in prep)

llse Cleeves, CfA



But also many more puzz‘es!

H°COo* 3-2 x 0.7

C)loerg et al 2015

Ise Cleeves, CfA



Summdry

* The ionization, thermal and chemical structure of pro’rop|qne+c|ry disks
impacts the deuterium chemis’rry, especia”y in the observable |qyers.

* The assemb|y of the disk from the cloud can change the initial D/H

affected by to cloud angu|ar momentum and ear|y accretion outbursts.

* Mixing would be important for D/H (raising Tale |owering), but not clear

if mixing is active in pro’rop|qne’rary disks.
X Transpor’r of solids is observed and |il<e|y efficient carrier of volatile ices.

X Oraqnics more readi|y fractionated even in re|a’rive|y warm gas due to

high endothermicity of CHoD* + Ho compared to HoD* + Hg

Ise Cleeves, CfA



