Effects of Settling and Growth of
Dust Particles on the lonization by
Radionuclides

N. Katsuma, and T. Umebayashi
Yamagata University

and

H. Nomura
Kyoto University



JRIRERE RN A

1.

B(ZHITAEE

[FLHIC

IRRE

uuul

MRI (Magnetorotational Instability)
ILFEL — MEDOFEREE
SALDEEE, R = WMEEDORR
WEFETHRHON T GED > T-[ERE

FRALDLER, RE
AT TR £ 58 2D EHEK

UV, X(DELE

SRFOHRREIHT 25

ENRDE



Long—lived nuclides

Table. 1:

The Ionization Rates of a Hydrogen Molecules, gQ(X), by the Major Long-Lived Radionu-

clides X with the Abundance x(X) Relative to Hydrogen Nucleus by Number in the Primitive So-

lar Nebula.
Nuclide Decay Mode — t;/5(X)  Eew(X) Abundance (R
X (yrs) (keV) X(X) (s
K 1.28 x 10? 2.2x 1071 1.1 x 10722
B~ (89.3 %) 534 8.4 x 107
EC (10.7 %) 1461 2.8 x 10723
25U Ac series  7.04 x 10% 44584 24 x 10713 1.6x 10723
28y U series 447 x 10° 47969 7.7 x 10713 85 x 107

Note. The ionization rates of a helium atom are given by (f° ~ 0.84§§2.

Short—lived nuclides

Table. 2:

The Ionization Rates of a Hydrogen Molecules, CP}{IQ (Y : wo), by the Short-Lived Radionuclides Y with
the Abundance x(Y : yo) Relative to Hydrogen Nucleus by Number in the Primitive Solar Nebula.

Nuclided Decay Mode  t;/5(Y)  Eem(Y) Abundance CIEEQ(Y S Y0)
Y (yrs) (keV) X(Y : yo) (s7)
A1 7.4 x 10° (1.8-2.5) x 1010 (7.3-10) x 1071
BT (82 %) 3304 (6.5-9.1) x 10719
EC (1.8%) 1978 (8.5-12) x 10~
361 3.0 x 10° 6.4x 1071326 x 1071 6.4 x 10722-2.5 x 10%°
B~ (98.1 %) 272 5.9 x 1072224 x 1072
B+ (1.8 %) 1063 4.5 x 10723-1.8 x 10=2!
60Fe B~ 1.5x10% 2741 1.6 x 1071132 x 107! (3.0-5.9) x 10720

Note. The ionization rates of a helium atom are given by (F°(Y : yo) ~ ().84@“32 (Y : y0).
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“Growth and Sedimentation of Dust Grains
in the Primodial Solar Nebula”

Nakagawa, Nakazawa & Hayashi (1981)
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— @ lonization Rate for H, molecule

FEemn(X;m) w(X)x(X;m, Z)

CHQ (X;ma Z) —

Wu,  x(Hsz) + x(He)

(1) By increasing (decreasing) the number of radionuclides.




— @ [onization Rate for H, molecule
Eorn(Xsm)|w(X)x(X:m, Z n(X;m, Z)
Wi,  x(Hz2) + x(He) n(H)
@ by increasing the number of the dust particles.
Molecular

O —
The Emitted particles is absorbed by O O“O gas
the dust particles (Self Shielding). O @)
O Dust
O 1) particle
Pgas
Pgas T Pdust

(¥: absorption coefficient

P : mass density w(X) ‘ PeasW(X)

N gas

PDoas = : incident probability to gas

Qgas + Qldust

(only rough approximation)




— ® [onization Rate for H, molecule

Fom (X;m )| w(X)x(X;m, Z)
Wu,  x(Hz2) + x(He)

CHQ (X;mv Z) —

@ by growing dust particles.

The energy of the emitted particles from
the radionuclides is attenuated on passing
through the dust particles.

e B -—particle

rudius - Kinetic Energy
B
B (“‘5?0

0.8 B-
(“0K; 534 keV)

0.6 /

We refer to the data of the

stopping power and range tables
for electrons in the paper of
Berger et al (1993).

Kinetic Energy (MeV)

0.4 /3+/k

ﬁf—par’ucles are complgtely. N (AL 473 keV)
Shielded by the dust radius with '
more than 0.1cm. 5

Rate of emitted energy [MeV]
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— ® [onization Rate for H, molecule

Eerm (X;m | w(X)x(X;m, Z)

n(X;m, Z)

Ca,(Xsm, Z) = x(Xs;m, Z) =

Wu,  x(H2) + x(He) n(H)

@ Decreasing lonization rates by growing dust particles.

The energy of the emitted particles from
the radionuclides is attenuated on passing
through the dust particles.

. Y —particle

<xpath>
Ay

gamma particles is emitted from
the surface of the dust particles
with the radius 1cm.

75-90 % of energy of the
Eem (X~ m) — Eem (X) exXp (_ )

—1
<5E1)at11> : Mean Path of v — Iz
Y —particles 2

through Dust Grain

1 w\
e Z w; (‘) + photon mass (Hubble and Seltzer. 1995)
7: 7

P attenuation coefficient



B Results of Growth and Settling of the dust particles
(at R=1AU

Dust particles grow as time passes.

The most of emitted beta particles is shielded about 5000 years later.

354 ~3 P(m, Z) : mass density of the dust particles.
Pint = O. g Ccln

mo =418 x 1072 ¢ M : mass of the dust particle.

Z : height from the midplane

mass density m_om z) at1 AU at 1.0x 10° years mass density  m-p(m,z) at 1 AU at 5.0x 10° years

P(m:z)/Pint
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1000 yr Z=7,,/3.31 5000 vr | \Z=2,,/3.31

1.5 y Z-Z1 17 ‘ 1.5 y | \Z=zy a7

&
1.0 m N 1.0
£
=
. The beta partlccl)ess emitted
from 49K, or 46Al
e is completely shielded.
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B Results of lonization Rate (at R=1AU
® K (Long-Lived Radionuclide) Gint(PK) = 1.1 x 1072

. About 20% of the energy is used for ionization, taking into account
the effects of @), and ).

@ D+0+ O

Ionization Rate Ionization Rate
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® Effect of Growing and Settling of Dust Particles on lonization Rates
1) By increasing the number of radionuclides.

(2 By increasing the number of dust particles (Self Shielding).

@ By Growing dust particles.




o 26A| (Short—Lived Radionuclide)

Cint (P°Al) = (7.3-10) x 10717

About 70% of the energy is used for ionization, taking into account
the effects of 2), and ).

Ionization Rates by 26Al become more than 10 times by initial value;
which is comparable to that by cosmic ray.
D+ @ +3

Ionization R Ionization Rate
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® Effect of Growing and Settling of Dust Particles on lonization Rates

1) By increasing the number of radionuclides.
(2 By increasing the number of dust particles (Self Shielding).
@ By Growing dust particles.




B Summary of the Results

® About 20% of the energy used for lonization by 4%K is effective
at 1 AU.(Ionization by beta—particles is dominant.)

® About 70% of the energy used for lonization by 26A| is effective
at 1 AU. (Ionization by gamma—particles is dominant.)

® About 70% of the all energy used for lonization is effective

- at 1AU, taking into account the effect of 1), @), ).

® Ionization Rate by Radionuclides is comparable to that by
cosmic ray around the midplane at 1AU.

- Around midplane inner region
angular momentum transport by MRI is effective??

® Effect of Growing and Settling of Dust Particles on lonization Rates
1) By increasing the number of radionuclides.
(2 By increasing the number of dust particles (Self Shielding).
@ By Growing dust particles.




Ionization Rates, talking into account the other radionuclides?
More accurate incident probability to gas?
The other disk models?
The other sedimentation models?
. Sticking probability

The other dust models?

. paucity
Abundance of Sort—-Lived Radionuclides?
MRI region?

Layered Accretion in a T Tauri Disk

ACTIVE LAYER
<_ DEAD ZONE

thermal cosmic ray
ionization ionization

critical radius .
0.1 AU Gammie (1996)




® [Effect of Growing and Settling of Dust Particles on Ionization Rates

(1 Increasing the ionization rates by increasing the number of radionuclides.

2 Decreasing the lonization rates by increasing the number of dust particles.
@ Decreasing lonization rates by growing dust particles.

B Umebayashi and Nakano (2009)

They investigated the ionization rate
by radionuclides with newest data on
abundance of the nuclides for the
primitive solar nebula.

Not considering growth and
sedimentation of dust particles.

Abundances of various species
and ionization rate, as function

of the height |Z| at the Earth’ s
orbit ( R=1AU

log [N (X)/n ]

A

Abundance of the species

We investigate how ionization
rates change around midplane, taking into
account the effects of growth and
settling of the dust particles?
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B Growth and Sedimentation of Dust particle

“Growth and Sedimentation of Dust Grains in the Primodial Solar Nebula”

Nakagawa, Nakazawa & Hayashi (1981)

® Sedimentation of Dust Grains

d/U Z p oas Ct h G ]\[” :) -
—Z_ _I= 27 -
e =3 (at R=1AU

,Omat r G]\[O
= — Z
# v Pgas Cth R3

_ ,Omat r Z i -1
=—93x 1077 | 2= m sec” .
8 (3 g (3111—3> (1 um) <0.047 AU) e mee

® Growth Equation

0 0
ap(ma Z) + a_Z [ﬂ(ﬂl, Z)UZ(ma Z)]
00 1 “m
= —mp(m, Z)/ a(m,m’)p(m’, Z)dm’+§m/ alm—m',m")pm—m',Z)p(m’, Z)dm'.
0 0
1
Oé(m/’ m/) B mm/ <O—U>m,m’ <Uv>m,m’ — 7T(T‘ + T/)2<AUB + Avs)ps

Avp : relative thermal Brown velocity Avy : relative sedimentation velocity



B Results of Settling of the dust particles (at R=1AU

Dust particles settle to midplane as time passes.

Mass density around the midplane become dozens of times in some 1000 years.

int = 3.04 m >
Pint =394 8 € time-p at 1AU
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