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The Key Role of lonizing Processes

The ionization regulates the active chemistry (both gas and
-------------- icel) and environmental conditions (temperature, coupling to
B-fields) during planet formation.

"High energy” ionization: H, and He lonization sources
include X-rays, cosmic rays (CRs) and radionuclides (SLRs).

Large gradients in overall ionization rates and a high
degree of spatial variation.

(e.q., Carballido+2008, Johansen+2007, Matsumoro &
Pudritz 2005, 2007, Charnoz+2012, Gressel+2012)



IONIZATION STATE IS AKEY PHYSICAL PARAMETER OF THE DISK,
AND THERE AREBOTH INTERNAL AND EXTERNAL FACTORS
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Disks are d usty...



IONIZING PROCESSES

! Short-Lived
4 > Radionuclide
Decay

.. and |il<e|y contain
radioactive species (26Al) in the

refracto ry component.



IONIZING PROCESSES

Disks experience a diverse

lonization environment.
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IONIZING PROCESSES

Cosmic Ray

lonization in Disks:

Largely unconstrained

SLR-dominate
O

| HD 283572*-*""'; 1 Short-Lived
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But what is "typical?”  See also Jura & Young 2013.
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Short-Lived

Radionuclides
Excess of 26Mg points to
|0|rge quantities of 26A] in

the Solar Nebula.
But what is “fypicaI?

Cosmic Ray

lonization in Disks:

Largely unconstrained
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PREVIOUS OBSERVATIONAL STUDIES OF DISK IONIZATION
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{k. The ‘line” is in the Wrong

Guilloteau et al. 2006
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lons occupy o three |oyereo| structure: (1) a j
warm, upper |O|yer, HCO+ most abundant,

xi = 4x10-10; (2) a cooler molecular layer
with T = 16-20 K, NoH* and DCO+
abundant, with xi = 3x10-1: and (3) the colo
midplane (T<15 K) where Hs* abundant
and xi < 3x10-10.

Ceccarelli et al. 2004

The ionization rate found in TW |—|y0|
is 5x107 57, in rough agreement with

H.D*'l b o L5
-+ 2 - 10

11 0.5

T>20 K

16 K<T«<

P———

T<16 K

-

11 0.0

the canonical value ~3x10V 57 (e.q,

Webber et al. 1998), whereas it is
relatively low, 1xXIO® s in DM Tau.
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" :{-1.0
‘ ~1.5

Fast forward to 2017: HoD+ still not detected! (Cleeves, Qi et al. in prep)




Disk lonizing
Mechanisms

Cosmic Rays, Radionuclides, X-rays




WINDS AND THE COSMIC RAY IONIZATION RATE
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WINDS AND THE COSMIC RAY IONIZATION RATE

* The solar wind expels >99% of Cosmic Ray Spectra
CRs, especia”y with < 100
MeV.

* T Tauri stars have winds,

s’rrong stellar and perhqps disk
B-fields.

* Two sources of CR-deflection,
winds and disk magnetic fields.
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* Expected to substantially 101102103 104105106107 108 1091010
reduce the CR flux by OOM. Ecr eV

Cleeves, Adams & Bergin 2013a



WINDS AND THE COSMIC RAY IONIZATION RATE: RADIAL VARIATIONS
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Calculations courtesy Jeremy Drake, CfA



WINDS AND THE COSMIC RAY IONIZATION RATE

* The solar wind expels >99% of Cosmic Ray Spectra
CRs, especia”y with < 100
MeV.

* T Tauri stars have winds,

s’rrong stellar and perhqps disk
B-fields.

* Two sources of CR-deflection,
winds and disk magnetic fields.
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Particles @ 200 AU

* Expected to substantially 101102103 104105106107 108 1091010
reduce the CR flux by OOM. Ecr eV

Cleeves, Adams & Bergin 2013a



WINDS AND THE COSMIC RAY lIonization Rate

Diffuse & Dense ISM

Webber 1998 Burger 2000,
Moskalenko 2002

Solar Minimum to Maximum
Usoskin 2005

'Extrapolated’ Sun
Cleeves, Adams and Bergin 2013a

Cosmic Ray lonization Rate
log (u, s7°

40, 22 24 26
logN(H;) cm~2

Disk Surface =—————— Midplane

Cleeves, Adams & Bergin 2013a



WINDS AND THE COSMIC RAY lonization Rate

lonization/rate falls below:that due
to short-lived radionuclide decay

'FOF so|ar nebu|q QéAl obundances

(e.g, Umebayashi & Nakano 1981).

Cosmic Ray lonization Rate
log (u, s7°

40, 22 24 26
‘Og N(HQ) cm 2

Disk Surface =—————— Midplane

Cleeves, Adams & Bergin 2013a



ANALYTIC CALCULATIONS OF
RADIONUCLIDE RADIATIVE TRANSFER

High SLR lonization Low SLR lonization
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Previous work on SLR ionization treats energetics

FIhY meRrerh i 18140828 fto
sipte e amd prasiide estenglesfitseto ZESLR).

Stopping column ~0.1-13 g cm™.

Cleeves, Adams, Bergin & Visser 2013b
Cleeves, Bergin & Adams 2014b (Appendix A)



SHORT-LIVED" RADIONUCLIDES: THE OUTER DISK

LOSSGS from
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(Appendix A)



STELLAR RADIATION FIELD

40
10 - I I I I I I I ! 30 ]
S HR=-0.2, Lyz =1.5 x10"" erg/s !
HR=0.2, Ly, =2.0 x10°° erg/s |
HR=0.5, Lyz =2.8 x10%° erg/s._
HR=0.7, Ly =4.6 x10%° erg/s :
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- nergy-dependent Monte Carlo X-ray/UV
transport (Bethell & Bergin 2011a/b).

Spa’riq”y varying disk properties.

E (keV)

Herczeg+2002,2004
Using realistic templates or observed input 1200 1600 2000

Wavel th (A
stellar spectra. avelength (A)




DIVERSITY OF DISK
IONIZATION IN THE

MIDPLANE

Midplane

(lonizations per Ho per second)

- CR:MOZi Cosmic Rays
===ZZCRW98 = = = (+ winds)

X-rays
3 (variation is change in
X-ray spectral slope)
XR-0.4 ‘ Short-Lived

...... Radionuclides

50 100

R (AU)

150

200

Cleeves, Bergin, Qi, Adams, C)berg 2015



Chemical
Signatures

Submillimeter lonization Diagnostics




IONIZING PROCESSES
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IONIZATION CHEMISTRY

The chemical structure of the
disk provides a window into the

ionization properties of the disk.
Cleeves, Bergin and Adams 2014b



DISK MODELING TOOLS

Time-dependent chemical model:
pl‘\o’ro-chemis’rry, grain-surche

2.

chemisi'ry, ion-chemis’rry, self-

shielding... (Fogel et al. 2011).

Photons

-« Lo

uv (Ly-O( and
continuum) & X-ray

4,

monte carlo radiation

A physical model, transport (Bethell &

Compare to

Pg, Pd, Tgq, Td: Bergin 2011a). M.ode| re.su.|’rqn’r observations.
TORUS (T. Harries). ine emission,
+ CR SLR and (LIME, Brinch .

+2010).

external radiation

field.




CHEMICAL SIGNATURES

W98
| | : 4 -10

HCO™

NoHR™

12 Changes in the incident

by CR rate cause a significant

—— J—— ——
= = < — -

NoD™

e e
o1 O© O
o O O
[
)

amount of chemica

-

(== e ==

J

182 > structure in molecular ion

i
)

-
G\

Z (AU)

abundances.

|—|2DJr 100}

10 These are detectable
14 effects.

HD,™

CO

Cleeves, Bergin and Adams 2014b



A Targeted Case-study
of TW Hya

Cleeves, Bergin, Qi, Adams, and Oberg 2015
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IONIZATION CONSTRAINTS: THE CASE OF TW HYA

Nearest (61 pc, Gaia) young star (3-10
Myr-o|d, Webb+1999 Song+2003,
Weinberger+2013) with a gas rich
circumstellar disk, M4 ~0.02-0.06 Mg

(Bergin et al. 2013).




MAPPING IONIZATION IN THE TW HYA DISK: MODELS

HCO™" sensitive to the NLoH™T is sensitive to the CO

CO abundanceand ------ccvoeveeeeaes /N e aoundance, X_ray ionization

X-ray ionization rate. MOLECULAR rate, and CR ionization rate.

IONS
NoHT HCO*
CO well known to be - | |
dep‘eted by 1-200M. ccveveeeecs /N HCN calibrates nitrogen
(Favre et al. 2013) BULK NEUTRAL CHEMISTRY abundances.

CO and HCN

SED puts constraints

on disk density and ~H

PHYSICAL STRUCTURE

thermal structure. SED, HD observations

D t

INVIS

races the otherwise

ole H» reservoir

Cleeves, Bergin, Qi, Adams, and C)berg 2015



MAPPING IONIZATION IN THE TW HYA DISK:

OBSERVATIONS
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MAPPING IONIZATION IN THE TW HYA DISK: MODELS

X-FOYS CRS
10%0 .
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MAPPING IONIZATION IN THE TW HYA DISK: MODELS

HCO™

Data and Models
Agree Within:




Increasing CR lonization

W93
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POSSIBLE SCENARIOS FOR LOW IONIZATION Photoevap.

Heliosphere?

-

TW Hya .

A lab for CR exclusion mechanisms

CHZ <1019 ¢12

1. Stellar, disk, or photoevaporative winds block CRs across the entire disk.
Would have to extend well beyond R > 200 AU.
» Wind ram pressure > ambient interstellar pressure.
» Collimation?
2. Magnetic irregularities in the disk as a source of local “opacity” to CRs
(Dolginov & Stepinski).
» lrregularities are generated by turbulence (requiring ionization). Are they
the chicken or the egg?
3. Short-Lived Radionuclides have the right order of magnitude.
» Disk is too old (10 Myr) » no SLRs |eft.



Consequences of a Low
lonization Environment

Dead zones + dust growth




IONIZATION AND DEAD ZONES

dead zone
’ COSMIC
non-thermal lonization rays?
of full disk column )/-'

|

resistive quenching
of MRI, suppressed

angular momentum

transport MRI-active ambipolar diffusion

surface layer dominates

collssional ionzation at
T>100K ({r<1AU),
MRI turbulent

Credit: P. Armitage




IONIZATION AND DEAD ZONES

e
<

e.g., Gammie 1996, Balbus & Hawley 1998, Sano+2000, Fleming & Stone 2003, Bai & Goodman 2009



IONIZATION AND DEAD ZONES

*

lonizing processes set the size and
extent of the dead zone.

"\\f\
\‘w

e.g., Gammie 1996, Balbus & Hawley 1998, Sano+2000, Fleming & Stone 2003, Bai & Goodman 2009



IONIZATION AND DEAD ZONES

¥ 4

Higher X-rays = Flatter Dead Zone

“\\4"
\\

e.g., Gammie 1996, Balbus & Hawley 1998, Sano+2000, Fleming & Stone 2003, Bai & Goodman 2009



IONIZATION AND DEAD ZONES

Q>

Higher CRs = More Radially Compact Dead Zone

e.g., Gammie 1996, Balbus & Hawley 1998, Sano+2000, Fleming & Stone 2003, Bai 2009



IONIZATION AND DEAD ZONES

Can estimate where the disk is MRI “dead” (Perez-Becker and Chiang 2010, Turner et al. 2007).

Re = B-field to plasma Am = lon-neutral collision time

Re > 3300 (orange), Am > 0.1 (black). Hatched region = Active.

Without CRs, MRI unsustainable at midplane — large MRI “"dead zones.”

0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
R (AU) R (AU) R (AU)

Cleeves, Adams, and Bergin 2013a
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IONIZATION AND DEAD ZONES: TW HYA

» Low ionization regions of the disk are quiescent against MRI (low turbulence).
» Predicted TW Hya dead zone of R~50-65 AU.

SSX, HR:0.2 TTM, HR:0.2

el el
OCD|©
oo Ot Do
oS O O

bundance

10—11.0 = ¢
10140 ©

0/ 100 150 \
“ R(AU) =" R (AU)

Cleeves, Bergin, Qi, Adams, and C)berg 2015
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LOW IONIZATION IN THE TW HYA DISK:
DEAD ZONES

» Low ionization regions of the

disk are quiescent against
MRI (lOW turbu|ence). SSX, HR:0.2 TTM, HR:0.2

» Estimated TW Hya dead [ ' 1 ' l' 1050

zone out to R~50-65 AU.

oundance

» Coincides with region of mm-
dust concentration.

» Perhaps dust coaguation is
being facilitated by a dead

zone out to ~65 AU? (Wilner+2000, Andrews+2012, Andrews 2015, Menu+2014)

Cleeves, Bergin, Qi, Adams, and C)berg 2015



"3 On-going Work and
Future Directions



ATACAMA LARGE MILLIMETER/SUBMILLIMETER ARRAY
(ALMA)

Chajnantor plateau, Atacama Desert, Chile (5000 meters)

Credit: ESO/B. Tafreshi (twanight.org)


http://twanight.org/newTWAN/index.asp

FUTURE DIRECTIONS: MAPPING IONIZATION

ALMA Cycle 2, mapping ionization in IM Lup at
high resolution. ~25 beams across the diameter
combined with Swift X-ray and UV observations of
the star during the observations.




CO-EVOLVING DUST AND UV CHEMISTRY

IM Lup Protoplanetary Disk with ALMA, 161pc (Gaial)
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Cleeves et al. 2016c




CO-EVOLVING DUST AND UV CHEMISTRY

600 600 600

400} 400} 400}

200} 200} 200}
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Result: Full suite of CO and continuum data consistent

with UV exposed cold chemistry, with mild external UV,
Go < 4.

Cleeves et al. 2016c




CO-EVOLVING DUST AND UV CHEMISTRY

IM Lup Protoplanetary Disk with ALMA, 161pc (Gaia)

200

e O
100 .0'&;‘;%‘ @
pcq .

-100

By 1VY 5 S S — — %
-200 -100 O 100 20
pC
Result: External UV consistent with the local stellar population from

Hipparcos population.

Cleeves et al. 2016c



IONIZATION IN THE IM LUP PROTOPLANETARY DISK WITH ALMA AND SWIFT

Gas and dust constraints
plus:

N2H+ 3_21

DCO*4-3, 3-2,
HISCO*, 3-2,

HC180* 4-3,3-2 -+

NASA/Sonoma State U/
Aurore Simonne t
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IONIZATION IN THE IM LUP PROTOPLANETARY DISK WITH ALMA AND SWIFT

Variable lon chemistry in H13CO*!
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Cleeves et al. 2017, submitted



IONIZATION IN THE IM LUP PROTOPLANETARY DISK WITH ALMA AND SWIFT

7 I I I I I
® X-ray Luminosity
6 | H3CO"/ 1.3mm continuum -
HCO™*/ 1.3mm (> 35k)\)
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JD — 2456850 % \ash/sonoma state U/

Aurore Simonne t

Cleeves et al. 2017, submitted



IONIZATION AND DEAD ZONES




IONIZATION IN THE IM LUP PROTOPLANETARY DISK WITH ALMA AND SWIFT
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CONCLUSIONS
1 ? 3 4

External and X-rays, cosmic Detailed modeling of Preliminary modeling
internal ionizing rays, short-lived TW Hya's molecular of IM Lup suggests
processes, which radionuclides most ions already points to  similar low CR rates,

impact MRI important for low global CR rate but also variable, X-

efficiency, thermal setting the (Ccr<10"? 7). ray driven ion
~ struct daiey ) .'atiqn in the chemistry perhaps

"$ ) BRI '
- (O o & : - f. l.,
. . >

Thank ybu!



