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Introduction: Magnetic forces drive protoplanetary
disks’ accretion and evolution. Important mechanisms
for disk evolution such as the magnetorotational insta-
bility (MRI) and launching of magnetocentrifugal
winds, depend on the strength of the background mag-
netic field. Direct knowledge of the background mag-
netic field in the solar nebula is lacking, but recent
laboratory measurements [1,2] of the remanent mag-
netization of chondrules might be able to offer new
clues to the ancient magnetic fields in the chondrule-
forming region and, with modeling, in the solar nebula.

Chondrules are predominantly ferromagnesian sili-
cates that often contain small amounts of metallic Fe-
Ni (kamacite and tetrataenite), etc. The thermal histo-
ries of chondrules indicate that their precursors were
“flash heated” to above the liquidus, melted, became
free-floating droplets, and were cooled down slowly to
crystallize. The metallic minerals, if present in those
droplets, could be permanently magnetized while in
the solar nebula as chondrules cooled down to the Cu-
rie point of kamacite (around 1038 K). These remanent
magnetizations in chondrules have been found and
measured due to laboratory advances. [1] found that
around 10% of chondrules in the Semarkona L3.0
chondrite have olivine phenocrysts (dusty olivines)
which contain iron-nickel metal inclusions that retain
magnetizations. Within a chondrule the magnetizations
are unidirectional, but they vary in direction from one
chondrule to another, indicating that chondrules must
have acquired magnetizations before they were assem-
bled into the chondrite parent body. The study by [1]
shows the chondrules were magnetized by a magnetic
field 0.54+0.21 G. [2] indicates chondrules in CR
chondrite LAP02342 are magnetized by a background
field weaker than 0.15 G.

Whether these magnetizations reflect the solar neb-
ula background field or a magnetic field specific to the
chondrule-forming region requires modeling of chon-
drule formation and the diffusion of the magnetic field
during chondrule formation. In that sense, the meas-
urements of chondrule magnetizations can also serve
as a strong constraint on chondrule formation hypothe-
ses. Theorists have developed various chondrule for-
mation models. Experimental constraints favor the
hypothesis that the majority of chondrules appear to
have been melted by passage through shock waves in
the solar nebula [3]. Shock waves amplify the magnet-
ic field as they compress the gas. They could be 1D
nebula shocks [4, 5], in which the postshock magnetic

field strength is proportional to the gas density (assum-
ing the shock propagates perpendicular to the B field),
regardless of the details of magnetic diffusion. Chon-
drule precursors could also be melted by bow shocks
caused by large planetary embryos on eccentric orbits
[6, 7]. These shocks are decidedly not 1D. This small
scale bow shock geometry can result in complicated
distributions of physical properties, including the mag-
netic diffusivity. It is uncertain what the magnetic field
evolution timescale is, and therefore what magnetiza-
tion the chondrules can acquire.

In this work we explore how much the magnetic
field diffuses behind the bow shock around a planetary
embryo, and relate the magnetic field strength recorded
by chondrules to the background magnetic field
strength of the solar nebula.

The Bow Shock Model: We model the 3D bow shock
using Boxzy Hydro [7]. We assume a planet with radi-
us R = 3000 km moving at 7 km/s through nebular gas
with density p =107 g cm” and temperature 7 = 300 K.
An adiabatic equation of state is assumed. The simula-
tion is evolved for around 10° s until a steady state is
achieved. Major outputs include pressure, temperature,
gas density and velocity distribution. The temperature
ranges from 300 to 1200 K and is most enhanced in
front of and behind the embryo.

Gas Ionization State: The ionization state of gas de-
termines the magnetic diffusivity and diffusion rate.
Here we consider gas-phase collisional ionization of
potassium atoms. In regions with 7' < 800 K, the ther-
mionic emission of electrons and ions from solids be-
comes important [8]; the Saha equation is only valid at
high temperature. We calculate the ionization state
using the code and formulism in [9]. We construct a
lookup table for the densities of electrons and K" ions
as a function of gas density and temperature. In the
relevant regime, adsorption and emission of charges
from the surfaces of dust grains and chondrules will
dominate over gas phase reactions, and the ionization
state is insensitive to the surface area of particles. We
assume a solids/gas mass ratio of 0.01, a grain radius 1
pum, and a particle work function of 5 eV.

The Magnetic Diffusivities: Magnetic fields diffuse at
different rates in different directions due to different
processes. We calculate the rates of Ohmic dissipation
and ambipolar diffusion, and thus the rates of magnetic
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diffusion parallel (D;) and perpendicular (D)) to the
field. [9] indicates that the diffusion coefficient D is
associated only with Ohmic dissipation, while D, is
associated with the combined actions of Ohmic dissi-
pation and ambipolar diffusion. Dy, = D, — D, scales
as Bz, meaning that strong fields can enhance ambipo-
lar magnetic diffusion. We assume a background field
B=0.5 G. We calculate the perpendicular magnetic
diffusion rate using standard formulas in [9] to relate
electron and ion densities to electrical conductivities,
combining these with gyro-frequencies and collision
timescales of individual species. We use the momen-
tum transfer rates in [10].

Results: Figure 1 shows the calculated values of D
and D, around the bow shock. In general, because of
thermal ionizations, D decreases with rising tempera-
ture, being as low as 10" cm” s in the hottest gas in
front of the planet, remaining below 3 X 10" cm? s
within a cylinder with radius around 3000 km behind
the planet, attaining much higher values farther from
the planet. For this diffusion coefficient, the timescale

for the field to diffuse laterally significantly is
R? (3000 km)?

Lairy ND_H~ 3x1013 cm?s~1

ble to the dynamical timescale of the postshock gas
R (3000 km)

R (B000km) 3 .
tayn ~ Lkm/s) 3x103s. We conclude that with

Ohmic dissipation alone, the magnetic field is frozen
into the gas and can remain amplified only in the cyl-
inder with radius around 3000 km behind the planet.
Outside of this cylinder, the magnetic field quickly
drops to the background field strength ~ 0.5 G. We
also find that the diffusion of the field perpendicular to
the magnetic field, described by D,, is an order of
magnitude higher than D, at B =0.5 G, and would be
even higher at larger B. Due to ambipolar diffusion, the
radius of the low-diffusivity cylinder as defined above
shrinks to around 2000 km.

~3x103%s, which is compara-

Discussion: Simulated chondrule precursors’ tra-
jectories are compared with the above results (D) only)
in Fig. 2. For now, we simply draw the conclusion that
the majority of chondrules that pass through the bow
shock do not enter the low-diffusivity zone behind the
planetary embro. Including ambipolar diffusion, the
low-diffusivity zone is even smaller, and chondrules
are not likely to be magnetized by the enhanced mag-
netic field. Therefore, it is highly possible that the field
value inferred by the sample in Semarkona represents
the typical background nebula magnetic field (0.5 G),
which aligns with previous studies (e.g. [13]) indicat-
ing the background field strength should be 0.1 ~ 1 G.
The weak field recorded by LAP02342 may also be the

background field strength, probably in a different loca-
tion and time in the protoplanetary disk.
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Fig. 1 Magnetic diffusivity distribution: top (Dy), bottom (D, ).
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Fig. 2 Comparison of chondrule trajectories with low-diffusivity zone.



