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ABSTRACT

Aims. Photophoretic motion of dust agglomerates can play a role for the re-distribution and mixing of material in protoplanetary
disks. The dust agglomerates can consist of various materials and may possess a variety of morphologies and sizes. This experimental
study intends to investigate the influence of different dust materials and dust aggregate sizes on the photophoretic motion.

Methods. Dust agglomerates were subjected to different light intensities and their respective photophoretic motion was observed
under microgravity conditions and in a rarefied gas.

Results. The measured velocities for dust aggregates are on average proportional to the size of the dust aggregate, vary largely with
material, and for a given material the velocity distribution for a single dust aggregate size is very broad and can be described by
a Gaussian with a width comparable to its mean velocity. Remarkably, a fraction of a few 10 percent of all particles investigated
exhibit a motion in the opposite direction. The mean photophoretic velocity of dust aggregates can be explained by the model of
Beresnev et al. (1993, Phys. Fluids, 5, 2043) with a surprisingly high value for the ratio of heat conductivity to the asymetry factor
of 1/J; 0.1 W/m/K. Earlier work on photophoretic particle transport in protoplanetary disks assumed values of 1/J; 0.001 W/m/K so

that the real transport efficiency should me much lower and the corresponding timescale much longer.
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1. Introduction
1.1. Protoplanetary disks

Protoplanetary disks are gaseous disks around young stars
and are the places where planetesimals form through the ag-
glomeration of micrometre-sized dust grains to increasingly
larger agglomerates (Giittler et al. 2009; Zsom et al. 2010).
Protoplanetary disks evolve into debris disks over the timescale
of a few Myr (Wyatt 2008), and frequently the opening of an in-
ner gap within these disks is observed (e.g. Besla & Wu 2007;
Hughes et al. 2010). As a consequence, debris disks become op-
tically thin at their inner edge, which subsequently moves out-
ward. While the processes responsible for the broadening of the
gap and aging of the disk are not yet fully understood, one of
the processes proposed to be responsible for at least part of this
widening is photophoresis (Herrmann & Krivov 2007). Besides
the classical drift motions of grains in a protoplanetary disk due
to gas friction (Weidenschilling 1977a), Krauss et al. (2007) and
Mousis et al. (2007) recently proposed that photophoresis can
have an impact on the dust motion in the radial direction at the
inner, illuminated (i.e. low optical depth) edge of the protoplan-
etary disk. Infrared emission of the protoplanetary disk itself
might also lead to a photophoretic effect, which pushes particles
away from the midplane (Wurm et al. 2010). To evaluate the im-
portance of photophoresis for the above-mentioned systematic
motions of dust aggregates in protoplanetary and debris disks,
we performed microgravity experiments in which we measured
the photophoretic velocity of dust aggregates of various sizes
and compositions.

1.2. Photophoresis

Photophoresis is an effect, which is based on the interaction of
solid particles with light and gas (see Fig. 1 for a sketch).
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Fig. 1. Sketch of the principle of the photophoretic effect, showing the
interaction of a solid particle with irradiation and the ambient gas.
See text for details.

Due to the (partial) absorption of the incoming light, a tem-
perature gradient is established within the dust particle. Gas
molecules, when colliding with the dust grain, can accommo-
date on the particle and obtain the (local) surface tempera-
ture of the dust grain. When re-emitted, the gas molecules ex-
change a higher momentum with the dust particle on the warmer
than on the opposite, cooler side. This asymmetry results in
a motion of the dust grain with its cooler hemisphere lead-
ing and its warmer side trailing. For materials with a high ab-
sorption coefficient, the solid particles thus move away from
the light source. Photophoresis has already been described in
the 19th century by Reynolds (1879) and Maxwell (1878). In
the 1970s and 1980s, photophoresis was investigated in the
context of atmospheric transport of aerosol particles (see e.g.
Rohatschek 1985). Beresnev et al. (1993) derived an expression
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for the photophoretic force acting on a dust particle in the limit
of complete accomodation of the molecules (i.e. no specular re-
flection) and large Knudsen numbers (i.e. in a rarefied gas)
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Here, p,, I, Ji, 15, Ap, €, and m, are the ambient gas pres-
sure, the intensity of the illumination, the asymmetry factor
(see Beresnev et al. 1993, for more details), the radius of the
dust particle, its thermal conductivity, its emissivity (for which
we assume in the following analysis a value of € = 1), and the
mass of the gas molecules, respectively. The quantities o~ and k
are the Stefan-Boltzmann and the Boltzmann constant, respec-
tively. The asymmetry factor J; describes the non-uniformity of
the light absorption of the particle. Its value range is —0.5 <
J1 < 0.5, depending on the optical properties of the particle.
For a negative value of Jj, positive photophoresis dominates for
which the particle motion is in the direction of light (see above),
whereas for positive J; values, negative photophoresis is ob-
served. In the latter case, the particle will heat at its rear side
such that it moves towards the light source.

The terms in the denominator of Eq. (1) can be attributed
to three characteristic physical effects. The first term, A,7'/rp,
is intrinsic to the particle, relating its photophoretic motion to
the particle’s heat conductivity. The higher the heat conduc-
tivity, the lower the temperature difference across the particle
and, hence, the lower the photophoretic force. The second, ra-
diative term, 4ecT*, becomes important at elevated tempera-
tures when the (re-)radiation of energy by the particle becomes
more efficient. The third term, p, V2kT/(7m), is a momentum
diffusion term, which becomes important at low Knudsen num-
bers, i.e. at high gas pressures. The Knudsen number is given
by Kn = Apgp/7p, with Ay being the mean free path of the
gas molecules. For pressures around 100 Pa (1000 dyn/cm?,
equivalent to radial distances in a MMSN of 0.2 AU) and par-
ticles in the micrometre size regime (both values relevant for
protoplanetary disks), the first term dominates the denomina-
tor by one to two orders of magnitude; the diffusion term starts
to reach the same order of magnitude as the heat-conductivity
term for particles of a few hundred micrometres radius with low
thermal conductivities.

The frictional interaction between dust particles and the am-
bient gas is described by the response time of the dust particle to
a gas motion, 7. Solid particles with an initial relative velocity
with respect to the gas couple to the gas motion within a few re-
sponse times. In the free molecular flow limit, this friction time
can be calculated with the help of the Epstein drag law (Epstein
1924),
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Here, o, is the particle mass density, o, is the mass density of the

gas, and v, is the average molecular velocity. Using the relation
between force and velocity in the terminal case,
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and assuming an ideal gas, one gets an expression for the
photophoretic velocity of dust particles in the free molecular
flow regime
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While the heat conductivity for dust aggregates with complex
morphologies is not directly accessible to measurements on
a free particle, Eq. (4) allows to derive the heat conductiv-
ity by measuring the photophoretic velocity. Laboratory exper-
iments have recently shown that dust layers possess heat con-
ductivity values between A, = 103 W m™' K! and Ap =
10" W m~" K~!, depending on the packing density of the dust
particles in the layer (Krause et al. 2011), whereas solid dust
materials possess heat-conductivity values of typically 4, =~
1-10 Wm™ K"

Rohatschek (1995) arrived at two separate expressions for
the photophoretic force, depending on the Knudsen number. For
the Epstein gas drag regime, i.e. for Kn > 1, he gets
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with @y, being the thermal accommodation coefficient, whereas
for the continuum regime, i.e. for Kn < 1, the photophoretic
force is given by
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with the the constant D depending only on the ambient gas and

not the particle properties through
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with the 7, v, and « being the gas viscosity, the mean molecu-
lar velocity of the gas molecules, and the thermal creep coef-
ficient of the gas, respectively. While Eq. (5) from Rohatschek
(1995) corresponds to the photophoretic force of Beresnev et al.
(1993) (see Eq. (1)) with the first term in the denominator domi-
nating and ay, = 1, the expression for the photophoretic force of
Beresnev et al. (1993) and Rohatschek (1995) disagree for high
Knudsen numbers.

For the transition region between the Epstein and the Stokes
gas-drag regimes, Rohatschek (1995) uses the empirical interpo-
lation formula by Hettner (1928),

1 1 . 1 ®)
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Assuming for the protoplanetary disk a minimum mass solar
nebula model, as first suggested by Weidenschilling (1977b) and
Hayashi et al. (1985), the photophoretic velocity of the dust par-
ticles for a transparent nebula can be calculated as a function of
the radial distance from the central star. Here, we assume that
the light intensity from the central star reaches the dust parti-
cles un-attenuated; for protoplanetary disks, this is valid only
for the inner edge of the disk or for the optically thin regions
of the disk atmosphere (and for radiation with sufficiently long
wavelength so that the whole disk is optically thin, a case which
we do not treat here). For the central star, we assume a light
source identical to the present Sun. We apply the formula by
Beresnev et al. (1993) (Eq. (1)) for the photophoretic force and,
hence, Eq. (4) for the photophoretic velocity.

In Fig. 2 we show the results of these calculations for particle
radii between r, = 5x 107" mand r, = 1 x 107 m (see insets in
Figs. 2a—d), for four different heat conductivities of the dust par-
ticles, i.e. A, = 103 Wm™' K! (Fig. 2a), 4, = 102Wm™!' K-!
(Fig.2b), 2, = 107! Wm™ K~! (Fig. 2c),and 2, = | Wm™ ' K~!
(Fig. 2d), and for J; = —0.5. Mind that the velocities shown in
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Fig. 2. Photophoretic velocities of dust aggregates of various radii (la-
beled curves with radii given in metres) in the midplane of a trans-
parent minimum mass solar nebula as given by Eq. (4). Panels a)
to d) show the results for heat conductivities of the dust aggregates of
=107 Wm!'K" 4, =10"Wm'K"' 14 =10" Wm™ K,
and 4, = 1 Wm™' K™, respectively. The luminosity of the central star
is assumed to be equal to the solar luminosity, and J; = —0.5.

Fig. 2 assume a steady-state disk of the minimum mass solar
nebula with an optically thin inner gap in the disk according to
the distance given in the abscissa. Moudens et al. (2011) carried
out a detailed theoretical analysis of particle motion within an
evolving disk, taking into account gas density, opacity changes
and turbulence which result in different equilibrium radial posi-
tions of particles of different sizes. Thus, a the size dependence
of the velocities at a given radial position cannot be easily in-
ferred so that a comparison of their velocities to ours is not pos-
sible, albeit photophoretic velocities are in the expected range.

2. Previous work

Beresnev et al. (1993) carried out photophoretic experiments on
well-defined spherical particles by means of a torsion balance.
In the context of atmospheric aerosol properties, Rohatschek
(1995) conducted experiments on aluminium agglomerates
which show quite a variation of the photophoretic effect for
different agglomerate specimens, though this variation was not
characterized. Microgravity experiments with porous dust ag-
gregates consisting of black silica particles of the same type as
used in this work were carried out by Steinbach et al. (2004).
They found an increasing mean photophoretic velocity and a
broadening of the velocity distribution function with increas-
ing aggregate size. Photophoresis was proposed by Krauss &
Wurm (2005) and Wurm & Krauss (2006a) to possibly play a
role for the motion of dust agglomerates within the inner parts
of a protoplanetary disk. Photophoresis as a possible explanation
for the size-sorting of chondrules was also proposed (Wurm &
Krauss 2006b). Measurements of the photophoretic motion for
a few chondrules show that photophoresis can in principle work
as a source of velocity for chondrules, given a sufficiently intense
radiation field (Wurm et al. 2010).

3. Experimental approach and samples

As can be seen in Fig. 2, the expected photophoretic velocities
are quite small if the particle sizes are small (for Kn > 1) or
the heat conductivities are large. In order to be accessible to
experiments, an environment that guarantees sufficiently small
external velocities and a sufficiently long observation time is re-
quired. We therefore performed our experiments under micro-
gravity conditions in the Bremen drop tower, which allows ex-
periment durations of 4.7 s and residual accelerations smaller
than 10~ m s™2. A schematic overview of our experimental
setup is depicted in Fig. 3a.

A dust injection device is mounted on the top of a vacuum
chamber and allows for gravity-assisted injection of the dust par-
ticles or aggregates into the observational volume right before
the release of the drop capsule into free fall. Depending on the
desired dust-aggregate size, either a cogwheel-type dust injector
for experiments with single dust grains and small dust aggregates
(cf. Poppe et al. 1997) or an injector based upon the principle of
a vibrating sieve (large dust aggregates) was used (see Fig. 3a).
The microgravity phase of the experiment was started after a
sufficiently high dust density in the observational volume had
been achieved. Below the dust injector, the experimental vacuum
chamber is located. Two anti-parallel laser beams (misaligned
by an angle of 2 degrees in order to avoid mutual destruction),
which were alternately powered, penetrate through the experi-
ment chamber. Their light gives rise to the photophoretic force
acting upon the dust aggregates and their anti-parallel arrange-
ment allows for differential measurements of the photophoretic
effect for single dust particles and small dust aggregates. This
option was not used in the experiments with larger dust aggre-
gates, because the coupling time of the larger dust aggregates to
the gas, i.e. the time required to adopt the photophoretic velocity,
became comparable to the experiment duration. Two cameras
were mounted such that they could observe the motion of the
particles within the laser beams. The homogeneity of the laser
beams within the observational volume (35 x 17 x 10 mm?) was
better than +10% deviation from the mean intensity (see Fig. 3b
for the beam profile) throughout the observational volume. As
laser light sources, we chose two solid-state fibre-coupled diode
lasers, operating at a wavelength of 813 nm. Their irradiation
intensity could be varied within the observational volume of
the experiment in continuous-wave mode from 20 mW cm™>
to 1800 mW cm™2, equivalent to a range in the illumination
from 0.15 to 13.0 solar constants or, expressed in distance to
the Sun, ranging from 0.28 to 2.6 AU).

We performed two experimental campaigns in the Bremen
drop tower with this setup, the first campaign concentrating on
small dust aggregates (typical olivine and black-coloured SiO,
aggregate radii 1-20 ym) and the second campaign using dust
aggregates with aggregate radii of 25-200 um (olivine, black-
coloured Si0O,, and transparent (white) SiO;). Figure 4 shows
the cumulative size distributions of the dust aggregates for both
campaigns. Three different dust materials were used within the
scope of this study, two types of monodisperse spherical silica
particles (transparent SiO, spheres with 0.5 yum radius (Fig. 5c)
and black-coated SiO; spheres with 0.75 um radius (Fig. 5a)) as
well as irregular-shaped olivine grains with a radius distribution
of 0.5—15 um (see Fig. 5b). The transparent silica spheres are
physically well characterized; a summary of their properties can
be found in Blum et al. (2006). The black-coated silica spheres
are manufactured from the same material but were addition-
ally coated with a black organic colour (Steinbach 2004, Sudan
black). The olivine particles are of the well-studied San-Carlos
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Fig.3. Experimental setup for measuring the photophoretic motion
of small dust aggregates. a) Sketch of the overall experimental
setup. b) Intensity profile of the laser beam used in the experiments.
¢) Vibrating sieve as an injector of dust aggregates for the experiments
with large dust aggregates. Experiments with small dust particles used
a cogwheel-type dust injector, as shown in a).

type. Characterization of this olivine type can e.g. be found
in Kanamori et al. (1968), Ahrens (1995) or Abramson et al.
(1997).
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Fig. 4. Cumulative distributions of particle and aggregate radii for the
three different particle materials and the different experiment types per-
formed in the two microgravity drop-tower campaigns. a) Black SiO,
(monomer radii 0.5 um). b) Olivine (monomer radii 0.5—-15 um).
¢) Transparent SiO, particles (monomer radii 0.75 pum). The different
symbols and colours indicate the size distributions generated by the
cogwheel injection (around 1 um) and by the vibrating sieve injection
with different mesh sizes, respectively (units in um, see inset).

During the two drop-tower campaigns, dust aggregates in
various size ranges were used (see Fig. 4), which were in-
jected into rarefied air at different residual pressures and which
were exposed to laser-light illuminations of different intensities.
A summary of all experimental parameters is given in Table 1.
Experiments with small dust aggregates allowed measurements
with different light intensities during one free-fall flight, owing
to their short coupling times (=10 ms), whereas the longer cou-
pling times of the large dust aggregates (1 s) and the limited
number of free-fall experiments allowed the use of one light in-
tensity per experiment only. The gas pressure during an experi-
ment was kept constant within the measurement uncertainties.

3.1. Small dust aggregates

The experiments performed with small dust agglomerates
(<20 um radius) allowed to measure the photophoretic force dif-
ferentially (i.e. with alternating laser beams as described above),
due to the short coupling time of the particles to the gas. In each
experiment, the direction of the laser beam was reversed three
times, allowing for four independent measurements of the pho-
tophoretic velocity of one second duration each. The experi-
ment chamber was mounted on a slowly rotating centrifuge,
which allows to superimpose a slow but steady drift motion
of the particles with velocity vg such that this drift motion is
perpendicular to the photophoretic motion. Assuming terminal
velocity and free molecular flow (i.e. for Kn > 1), the drag

force Fp = 43—”ggvg . rﬁvd exactly balances the centrifugal force
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Table 1. Summary of the experimental parameters in the 19 drop-tower experiments.

Experiment Particle Radius range  Air pressure  Light intensity ~ Particle
number material [pum] [mbar] [mW cm™2] number
Drop08-01 SiO;black 1-20 1.17 950, 1090 66
Drop08-02 | SiO,black 1-20 0.67 810, 540 46
Drop08-03 | SiO,black 1-20 1.08 400, 540 57
Drop08-04 | SiO,black 1-20 1.03 500, 300 111
Drop08-05 Olivine 1-20 1.00 950, 1000, 750 165
Drop08-10 | SiO,black 1-20 0.75 300, 660, 150 6
Drop08-14 | SiO,black 1-20 1.09 40, 500, 200 20
Drop09-02 | SiO,black 25-200 1.03 1125 72
Drop09-04 | SiO,black 25-200 0.2 1120 352
Drop09-05 | SiO,black 25-200 0.2 1125 462
Drop09-06 Olivine 25-200 0.17 1125 52
Drop09-07 | SiO,white 25-200 0.18 1125 180
Drop09-08 | SiO,white 25-200 0.18 1475 482
Drop09-10 Olivine 25-200 0.17 1735 291
Drop09-13 | SiO,black 25-200 1.0 630 198
Drop09-14 | SiO,black 25-200 0.2 420 265
Drop09-15 Olivine 25-200 0.17 637 185

Notes. The last column shows the number of individual dust aggregates for which reliable photophoretic velocities could be measured (i.e. for

which the goodness of the fit was better than y> < 0.35; see Sect. 4).

Fig.5. Monomer-particle types used for the photophoresis experi-
ments. a) Monodisperse spherical black SiO, particles with radii of
0.5 um (silica spheres coated with a black organic colour, adopted from
Steinbach 2004). b) Irregular San-Carlos olivine particles with a ra-
dius distribution of 0.5—15 um. ¢) Monodisperse spherical transparent
Si0O, particles with radii of 0.75 um. A scale bar of 10 um length is
shown in each sub-figure.

F,, = mgw*r, and we can obtain the (aerodynamical) radius of
the particles by measuring the drift velocity perpendicular to the
photophoretic motion. Here, w, mq = %ﬂgdrg and r are the an-
gular velocity of the centrifuge, the mass of the dust particle,
and the radial distance of the experimental volume from the ro-
tational axis of the centrifuge.

3.2. Large dust aggregates

In the experiments with the larger (~100 um) dust aggregates,
a direct measurement of the particle sizes, and thus masses, was
possible, due to a sufficient magnification of the camera op-
tics, which allows to spatially resolve individual dust aggregates.
Thus, we did not use the centrifuge in the experiments with the
large dust aggregates.

4. Data analysis

The data obtained during the drop-tower experiments com-
prise image sequences of the dust-aggregate motion within the
intensity field of the photophoretic illumination and (for ex-
periments with small dust aggregates) due to the centrifugal
drift. In order to obtain the velocities of the dust aggregates,
the DaViS 7 particle shadowgraphy software as well as self-
written IDL routines were used. Images were background cor-
rected and particle detection was done by a three-step adap-
tive thresholding. Subsequently, the tracking software provided
particle matching, sizes and velocities on an image-pair basis
so that the whole trajectories could be constructed from the
image sequences.

The analysis for the small (radii < 20 um) and large dust
agglomerates (radii > 50 um) differs due to their coupling time
relative to the gas and the experiment observation time and will
be described in the following.

4.1. Small dust aggregates

In the case of small dust aggregates, whose coupling times to the
gas were much shorter than the duration of a steady laser-light
illumination, the particles can be assumed to be always perfectly
coupled to the gas and travel at terminal velocity. This allows
to fit particle positions with a constant velocity in both mutu-
ally perpendicular directions, owing to the photophoretic motion
and to the centrifugal drift motion, respectively. Furthermore,
the rapid coupling to the gas allows to carry out several mea-
surements during one drop-tower experiment, each lasting 1 s
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by reversing the light direction (and in some cases also the light
intensity) with respect to the preceding sequence.

4.2. Large dust aggregates

For large dust agglomerates, their visual cross-section was di-
rectly measured from the images and their mass was determined
based on the assumption that the dust aggregates possess a pack-
ing density of ¢ = 0.35 (cf. Weidling et al. 2012) and that
the two-dimensional radius r, as derived from the visual cross-
section is also representative for the third dimension. We then
obtain for the dust-aggregate mass

4
mp = 3773000 ©9)

with oy being the mass density of the bulk dust material.

For further analysis, only particles with a trajectory longer
than 20 data points were considered. As the coupling times to
the gas can be on the order of the duration of the free-fall time
of the experiment, the larger dust aggregates often do not reach
terminal velocity within the observation time. Thus, the observed
one-dimensional trajectories in the direction of light x(f) were
fitted with a 2nd order polynomial

x(t)=x0+vo-t+%-t2, (10)

which gives the measured acceleration a( acting on the parti-
cle and the momentary velocity vg. This acceleration was then
used to derive the terminal photophoretic velocity and the pho-
tophoretic acceleration from the balances of the photophoretic
force and the frictional force, given the known particle size and
ambient gas pressure (see below). In addition, each trajectory
was also fitted with a linear function

(1)

which directly yields the photophoretic velocity. For trajectories
longer than 50 data points, only the last 50 data points were used.
As long as at least 20 data points remained, the fits were itera-
tively improved by removing single outlier data points which
were off by more than 3 sigma from the fit to the trajectory.

From the resulting linear and polynomial fits, the one with
the better reduced chi square value was used for further analy-
sis to derive the photophoretic acceleration and velocity. Only
tracks with a goodness of fit given by y?> < 0.35 were consid-
ered. This was checked for validity by a randomly chosen subset
of particles (approximately 10% of the total amount of data),
which did not return any false result, due to, e.g., a close en-
counter between two particles and a subsequent misidentifica-
tion of a particle.

Two typical trajectories of a large dust aggregate are shown
in Fig. 6.

x(t) = xo + v - t,

4.2.1. Linear fit

A linear fit is the best fit when a dust aggregate moves at termi-
nal velocity and the acceleration of the photophoretic effect is
perfectly balanced by the Stokes friction with the ambient gas
for large particles. This means that the observed velocity equals
the photophoretic velocity and the photophoretic acceleration is
directly obtained via the force balance,

0= th + Fric (12)
6TNUL T
gy = 270phTp (13)
nyp
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Fig. 6. Typical trajectories of large dust aggregates. The measured po-
sition data and the linear (red) and 2nd order polynomial (blue) fits are
shown. In a), the linear fit is better when comparing the goodness of fit
by the reduced mean chi square value, in b) the 2nd order polynomial
fit is better, as shown by the residuals in the respective bottom graphs.

Thus, as the photophoretic velocity vp, was measured directly
and as the particles radius 7, and mass m,, were given, the parti-
cle’s photophoretic acceleration apy, can be directly derived using
the above equation.

4.2.2. Polynomial fit

The 2nd order polynomial fit is typically the better fit
when the particle has not yet reached constant photophoretic
velocity and still accelerates or decelerates. Then, the following
equations can be used:

F=th+Ffric (14)
my - ag = m - dpp + 671,00 (15)
aph = ag — 67Uty /my (16)

From the measured dust-aggregate trajectories, the momen-
tary velocities vy and accelerations ay were obtained by fitting
a 2nd order polynomial to the position data. Knowing the size
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and, thus, the friction force acting on the particle (again assum-
ing a Stokes drag law), the photophoretic acceleration ap, can
be calculated. From this, in turn, the terminal (photophoretic)
velocity can be calculated for the given ambient gas pressure.

4.3. Binning to allow statistical analysis

After the photophoretic properties of the individual particles
were obtained, the particles were binned into distinct size, gas
pressure and laser-light intensity intervals in order to allow in-
vestigation of the ensemble behaviour.

5. Results and interpretation

5.1. Intensity and pressure dependence of the photophoretic
velocity

From the work by Beresnev et al. (1993) and Rohatschek (1985),
we expect a linear dependence of the photophoretic velocity with
the irradiation intensity (see Eq. (4)). Our data are in agreement
with this, as can be seen in Fig. 7; it displays the photophoretic
velocity of the black SiO, particles as a function of the light in-
tensity for all dust aggregate sizes investigated. Figure 7a depicts
the median value of the measured photophoretic velocity for var-
ious particle size ranges, as indicated in the inset. Figure 7b
shows the intensity dependence of the width of the velocity dis-
tribution for the same particle size ranges (see Sect. 5.2 for the
definition of the width). Figure 7c compares the results from
Figs. 7a and b. The solid line in Figs. 7a and b shows the ex-
pected linear dependence between photophoretic velocity and
light intensity. Although the scatter is quite large, the linear trend
is visible for both velocities and the correlation between the me-
dian velocity and the width of the velocity distribution is good,
albeit the width is a factor of two higher.

We also tested the gas-pressure dependence of the pho-
tophoretic velocity at 20 Pa and 100 Pa gas pressure (200 and
1.000 dyn/cm?, respectively or (see Fig. 8a) and can confirm
that the photophoretic velocity is pressure-independent for low
gas pressures, i.e. if the denominator in Eq. (4) is dominated by
the first term. A linear fit between photophoretic velocity and gas
pressure yielded vpp = [(2.13+6.50)- p/100Pa+(1.27+2.78)] X
1072 m s~!, which shows that a pressure dependence cannot be
confirmed. Figure 8b compares the cumulative size distributions
of the subset of dust aggregates chosen for the two pressure
regimes in (a). It can be seen that the two size distributions are
almost identical.

5.2. Dust-aggregate size dependence of the photophoretic
velocity

In order to analyze the dependence of the photophoretic veloc-
ity on the dust-aggregate size, we binned our data into dust-
aggregate radius and light intensity intervals. Exemplary veloc-
ity distributions for these bins are shown in Figs. 9 (black SiO»),
10 (olivine) and 11 (white SiO;). For each of the velocity distri-
bution function, we determined the median value (for which half
of the particles are slower and faster) and the width of the distri-
bution. We defined the width as the velocity span of the central
68 percent of the velocity distribution (equivalent to one stan-
dard deviation in the case of a Gaussian distribution). The dust-
aggregate size dependence of the photophoretic velocity (median
and width) is shown in Fig. 12 for black SiO, and olivine. For
both materials and for both determination methods of the pho-
tophoretic velocity, we can clearly see a linear increase of the
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Fig.7. Dependence of the photophoretic velocity for different illumi-
nation intensities. a) Intensity dependence of the median of the pho-
tophoretic velocity distribution for the indicated size range for black-
coloured silica particles (all sizes in um). The solid black line indicates
the slope as expected by theory (arbitrary offset). b) Intensity depen-
dence of the width of the photophoretic velocity distribution for the
indicated size range for black-coloured silica particles (all sizes in um).
The solid black line indicates the slope as expected by theory (arbitrary
offset). ¢) Relation between the median velocity and the width of the
velocity distribution for the black-colored silica particles. The typical
error for the single data points is indicated in figure a).

photophoretic velocity with increasing dust-aggregate size, as
predicted by Eq. (4). For comparison, theoretical expectations,
following Eqgs. (5), (6) and (8) are also plotted as solid gray lines.
The three curves were calculated, using the general friction co-
efficient given in Friedlander (2000) (his Eq. (2.20)), for an il-
lumination intensity of 1 W cm™2, for a gas pressure of 100 Pa
(1000 dyn/cm?), and for [4,/J;| = 0.1,1 and 10 W m™" K™!.
Brownian motion can only contribute to velocities below the
blue line.
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Fig. 8. Test for the gas-pressure dependence of the photophoretic ve-
locity. a) Photophoretic velocities of individual black SiO, dust aggre-
gates for two different gas pressures. The solid line shows a linear fit
to the data, which, within the limits of the accuracy of the fit, shows
the pressure-independence of the photophoretic velocity. b) The cumu-
lative size distribution of the subset of dust aggregates from a) for the
two pressures.

5.3. Heat conductivity and comparison with models

As we have seen above, one of the primary factors influencing
the photophoretic velocity, which is not immediately accessible
to direct measurements, is the heat conductivity of the parti-
cles (1, Eq. (4)). In Fig. 12, we plotted theoretical photophoretic
velocity curves of constant |1,/J/;| and can derive no clear trend
of decreasing heat conductivity with increasing dust-aggregate
radius for both dust materials which is expected at least for the
transition between monomer grains (4, ~ 1 W m~' K!) and
large dust aggregates (4, ~ 1072 W m~! K™!; see Krause et al.
2011; and Gundlach et al. 2012). In the case of monomers or
small dust aggregates, all single constituents of the aggregate
are illuminated. Thus, the thermal gradient within a small dust
aggregate is mostly determined by the bulk properties of the ma-
terial. The larger the dust aggregates become, the more single
grains of it are shadowed. The heat transport within the dust ag-
gregate then has to pass through the small joints between the
single particles of the dust aggregates, reducing the effective
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Fig.9. Examples of cumulative photophoretic velocity distribu-
tion functions for black SiO, and for different dust-aggregate
radii and radiation intensities. a) Monomers at 0.2—0.3 W cm™2.
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Fig.10. Examples of cumulative photophoretic velocity distri-
bution functions for olivine and for different dust-aggregate
radii and radiation intensities. a) Small aggregates of 1.6 um =+
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at 1.0 W cm™2,

velocity

heat flow within the aggregates in comparison to a similarly-
sized bulk particle. Measurements of large porous dust samples
have shown that typical heat conductivities are on the order of
Ap ~ 102 W m™! K! (see Krause et al. 2011; and Gundlach
et al. 2012). Our derived heat conductivities for the largest dust
aggregates in our sample do not agree with these measurements,
whereas the heat conductivities found for the small dust agglom-
erates are close to the expected values for the bulk material.
One possible explanation for the deviation between expected
and measured photophoretic velocities in our large-aggregate
samples can be given by the solid-state greenhouse effect, which
leads to a heating of the dust agglomerates not on their surface,
but slightly below it. Experiments by Wurm et al. (2010) sug-
gest that the depth of the highest temperature is a few 10 um
below the illuminated surface. Thus, the internal heat gradient
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Fig.11. Examples of cumulative photophoretic velocity distribution
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Fig. 12. The photophoretic velocities of black SiO, and olivine dust ag-
gregates as a function the dust-aggregate radius. a) and ¢) show the re-
sults of black SiO; for the median velocity and the width of the velocity
distribution, respectively. b) and d) show the results of olivine for the
median velocity and the width of the velocity distribution, respectively.
Theoretical curves, following Eq. (4), are shown for an illumination in-
tensity of 1 W cm™2, for a gas pressure of 100 Pa (1000 dyn/cm?), and
[4,/J:] = 0.1,1,10 W m™! K~!. Brownian motion can only contribute
to velocities below the blue line. An error estimate for the single data
points is indicated in figure a).

responsible for the photophoretic effect within the larger dust ag-
glomerates is possibly smaller than for particles absorbing ide-
ally at their surface. A reduced photophoretic effect would be
the consequence.

5.4. The photophoretic velocity distribution in detail

One fact becomes vividly apparent when reviewing the results
presented above: a large scatter in the data is observed for all ve-
locity measurements. This means that for a given dust-aggregate
size, gas pressure and light intensity, the photophoretic velocity
does obviously not obtain a unique value, but follows some dis-
tribution curve (see also the qualitative description of that find-
ing in Rohatschek 1985, and the cumulative photophoretic ve-
locity distributions shown in Figs. 9—11). The position and, thus,
the velocity measurements of a single dust particle or aggregate
are much too accurate to account for this effect.

Figure 12 shows a comparison of the observed photophoretic
velocity and the expected values according to Eq. (4) as a func-
tion of dust-aggregate size. While the data points shown in the
figure are averaged over a certain size bin, the width of the size
bin (cf. Fig. 4) is much smaller than the width of the correspond-
ing velocity distribution so that the spread in dust-aggregate
sizes cannot explain the spread in photophoretic velocities.

Assuming a Gaussian velocity distribution within any given
bin, we can normalize the distributions to a uniform width in
order to be able to compare principle differences in the pho-
tophoretic velocity as a function of dust-aggregate size or light
intensity Fig. 13 shows such a normalization for which all ve-
locities curves were normalized such that the median value is
zero and the central 68 percent (corresponding to one standard
deviation for a Gaussian distribution) of the velocities are within
the normalized velocity range from —1 to 1. Individual curves
can deviate from a Gaussian as much as ~+10%. The mean nor-
malized velocity curve fit the Gaussian much better and deviate
from it by less than ~+5%.

If we consider the 2.3%, 15.9%, 84.1% and 97.7% quan-
tiles of the photophoretic velocity distributions, which indicate
the lower and upper boundaries of intervals containing 68%
(one standard deviation) and 95% (two standard deviations) of
the velocities around the median value, we find that these veloc-
ity values follow also the theoretically predicted photophoretic
velocity curves (Eq. (4)). However, the absolute velocities for
these quantiles differ considerably (see Fig. 14). As basically all
velocity values for the 2.3% and 15.9% quantiles are negative
(with the exception of two positive velocities for these quan-
tiles), their absolute value is shown in Fig. 14. This means that
about 16% of all measured photophoretic velocities are nega-
tive, independent of dust-agglomerate size or radiation inten-
sity. For a comparison between the different measurements, pho-
tophoretic velocities were converted to the corresponding value
of the light intensity of 1 W cm™2,

The velocity variations found in our experiments is compa-
rable to those found by Rohatschek (1985), albeit with different
materials. There are a few possible explanations for the observed
scatter of the individual velocity measurements. (i) The most ob-
vious cause for the velocity differences is a variation in the heat
conductivity of the observed dust aggregates. Monomers and
very small agglomerates are expected to exhibit photophoretic
velocities with the heat conductivity of the bulk material. In
bigger dust agglomerates, not all single monomers are illumi-
nated so that the effective heat conductivity of the agglomerate
is additionally influenced by the contact area between adjacent
monomers within the dust agglomerate, which will conduct heat
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Fig. 13. Normalized velocity distributions for the three dust materials.
a) Black SiO,. b) Olivine. ¢) White SiO,. Dotted curves indicate in-
dividual velocity distributions; the red solid curve is the mean of all
curves for a given material; for comparison, a Gaussian of the same
normalized width is shown as blue solid curves. Below the three panels,
the deviation of the mean distribution from the Gaussian is shown.
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Fig.14. The 2.1%, 15.9%, 50.0%, 84.1% and 97.7% quantiles of the
photophoretic velocity distributions for the three dust materials pre-
sented in this study. Note that all 2.1% and 15.9% values shown are
negative so that we display their absolute value here. Velocities are nor-
malized to an intensity of 1 W cm™2. The theoretical expectations for
the photophoretic velocity for the values of 4/J; = 1.0, 0.1 and 0.01 are
indicated by the solid gray lines, the solid blue line indicates the upper
boundary of the motion which could be attributed to Brownian motion.

worse than the bulk material alone. While we do not clearly see
such an effect with black silica particles, the olivine agglomer-
ates show a slight reduction in heat conductivity for the larger
agglomerates. However, if the width of the velocity distribution
is caused by variations in the heat conductivity of the dust aggre-
gates, then the prediction is that for monomers (and small dust
aggregates) the width of the velocity distribution should vanish.
Obviously, the width is proportional to the median photophoretic
velocity (see Fig. 7¢) so that this hypothesis is not supported by
our finding. (ii) Another explanation might be the occurrence
of spatial inhomogeneities of the accommodation coefficient J;
throughout the dust agglomerates so that the heat transfer from
the aggregate to the gas is not the same on all sides. The rea-
son for this might be found in differences of the surface prop-
erties of the single monomers which constitute the aggregates
on a nanometer scale, possibly due to different history. Due to
a much larger surface area of the dust aggregate with respect to
the single monomer grains, such variations should be relatively
less important for larger dust aggregates so that we can disregard
this hypothesis for the width of the velocity distribution function.
(iii) A third explanation for the observed scatter could in princi-
ple be a second order thermophoretic effect. In our experiments,
the overall dust-particle mass density is much higher than the gas
density in the initial part of the experiment. A second order ther-
mophoretic effect means that the large amount of solid particles
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heats the gas such that the gas temperature in the observation
volume is elevated with respect to the surrounding gas, due to
the heat transfer from the particles to the gas. As a result of this,
one would expect a movement of the dust particles away from
the center of the mass concentration of the dust cloud. Given the
injection methods used in our experiments, the dust concentra-
tion is highest in the center of the vacuum chamber. We tested
for asymmetries of the width of the velocity distribution with re-
spect to the position inside the vacuum chamber and could find
none. On top of that, the mass density gradient of the dust par-
ticles across the observational volume is very low so that we
also do not expect a second order thermophoretic effect respon-
sible for the observed velocity width. (iv) Aspects which are not
accessible to an individual analysis are related to the detailed
morphologies of the dust aggregates. Dust aggregates with the
same projected cross section can easily exhibit different internal
structures (mainly due to different porosities). These morpholog-
ical differences can have an impact on the heat conductivity as
well as on the coupling time of the particles to the gas and can,
thus, lead to the observed scatter in the photophoretic velocities —
a variation which can also be expected to be present for dust
aggregates in protoplanetary disks. Thus, we expect the pho-
tophoresis velocities of protoplanetary dust aggregates to also
scatter somewhat due to variations in particle morphology.

5.5. Material dependence

In order to compare the photophoretic behaviour of different dust
materials, we extracted sub-samples of the black SiO,, olivine,
and white SiO,, respectively and chose the dust-aggregate size
and light-intensity such that the resulting size distributions were
identical for all three materials, to avoid any influence of the
size. We thus chose dust aggregates of 55—80 um radii. The mea-
sured thermophoretic velocities were converted to an illumina-
tion intensity of 1 W cm™ for this comparisons, assuming a pro-
portionality between velocity and light intensity. In Fig. 15, we
plot the corresponding cumulative sizes and the resulting pho-
tophoretic velocity distributions.

In Table 2 we compile the results of the comparison, i.e. the
median photophoretic velocity, the width (measured between
the 16% and the 84% quantiles) of the velocity distribution func-
tion and the percentage of negative values in the photophoretic
motion (see also Sect. 5.6). We can see that both the olivine
and the black SiO, dust aggregates show a considerable pho-
tophoretic effect while photophoresis is almost negligible for the
white Si0, dust aggregates. The velocity distribution for olivine
shows a considerably larger negative fraction than the velocity
distribution of the black SiO, particles.

5.6. Negative photophoresis

All velocity distributions for all materials show a significant
amount of particles that exhibit negative photophoresis (see
Figs. 9—11, respectively). The fraction of dust agglomerates,
which exhibit a motion in the direction towards the light source,
varies from a few percent to ~50 percent of the total particle
number of a given sub-sample. A summary table for the velocity
distributions like those shown in Figs. 9—11 is given in Table 3.

Negative photophoresis is known to exist for transpar-
ent particles, for which the side facing away from the light
source can be warmer than the front side. However, as most
of the black SiO, and olivine particle show a clear positive
photophoretic effect, we can exclude the classical negative
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Fig. 15. Material dependence of the photophoretic effect. a) Size dis-
tributions of the sub-samples of black SiO, (diamonds), olivine (trian-
gles) and white SiO, (squares) dust aggregates, respectively. b) The cor-
responding distributions of the intensity-normalized velocities for the
three materials.

photophoresis as the cause for the particle behaviour found in
our study. However, a number of different effects or particle
properties can give rise to negative photophoresis. (i) If the
morphology of the dust aggregates varies considerably, a dif-
ferent absorption behaviour of the particles can result. Semi-
transparent dust aggregates absorb the light at an optical depth
of 7 =~ 1; this may be several particle monolayers inside the
aggregate so that for certain aggregate sizes also negative pho-
tophoresis can occur. (ii) The accommodation coefficient J;
might be anisotropic or vary between different monomers or
even monomer parts inside a dust aggregate. Accordingly, one
might find single particles which, although uniformly illumi-
nated and heated, will exhibit a photophoretic force in the di-
rection of the side where they have the highest accommodation
coefficient. (iii) Rotation of the dust aggregates may lead to a
deviation of the observed photophoretic velocity from the light
direction. However, it is hard to explain a motion in the anti-light
direction with random rotation only.
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Table 2. Median photophoretic velocity, width of the intensity-normalized velocity distribution function, and percentage of negative photophoresis
for equivalent sub-samples (see Fig. 15) of the three materials with 55—-80 um aggregate radius.

Material N Median photophoretic ~ Width of the velocity percentage of
velocity [mm s7!] distribution [mm s~']  negative photophoresis

SiO,black 72 19.2 44.1 16

Olivine 59 22.8 80.1 29

SiO,white 174 0.6 4.6 30

Notes. Velocities were converted to an intensity of 1 W cm™.

Table 3. Properties of all individual velocity distributions from all experiments which are presentend this work and individually analysed.

Size range Material r 1 V29, U16% U50% U849 V989 N % neg
[um] [um]  [Wcem™] [ms™] [ms™'] [ms™'] [ms™] [ms™']

0.5-1 SiO,black 0.5 0.32 —-1.5%x10% —-82x107° —-28x10°% 85x107? 3.6x10* 58 52
0.5-1 SiO,black 0.5 0.52 -25%x1004 -13x10"* -15x10° 12x10™ 3.8x10* 90 54
0.5-1 SiO,black 0.5 0.73 -34x10* —21x10° 15x107 1.3x 107 27x10* 25 40
0.5-1 SiO,black 0.5 0.93 -34x10* -32x10° 26x10™ 2.7x107* 7.6x107* 5 40
0.5-1 SiO,black 0.5 1.08 -31x10* —23x10* -29x10° 22x10™* 3.8x10* 25 56
0.5-1 Olivine 0.6 0.73 -51x10° -15x10° 32x107 22x%x107* 24%x107* 8 25
0.5-1 Olivine 0.6 0.93 -30x10* —6.1x10° 12x10™ 3.2x 107 57x107% 49 27
0.5-1 Olivine 0.6 1.08 -23x10* -1.6x10* 37x107 23x107* 50x107% 38 50
1-20 SiO,black 2.8 0.32 -19%x10* -7.6x107° 16x10™ 4.6x 107 51x107% 12 25
1-20 SiO,black 2.8 0.52 -9.0x10* -33x10* -39x10° 26x10™* 32x107* 32 56
1-20 SiO,black 2.8 0.73 —22x10*  9.0x107? 23x 107 53x107* 55%x107% 11 18
1-20 SiO,black 2.8 0.93 -6.1x107%  -14x107° 1.1x107 1.8x 1073 55x107° 14 29
1-20 SiO,black 2.8 1.08 -28%x107 —49x10° 1.1x107 3.0x 1073 51x103 22 23
1-20 Olivine 10.5 0.73 —21x10* -12x10° 50x107° 3.2x107* 56x107* 20 20
1-20 Olivine 10.5 0.93 -13x103 -74x10* 74x10™* 9.5%x 107* 1.9x 1073 8 38
1-20 Olivine 10.5 1.08 -13x107% -19x10* 50x107 5.8x107* 8.3x10™* 42 38
10-50 SiO,black  27.5 0.52 -63x1073 —-63x102% -37x10* -=37x10%* =37x10%* 2 100
50-70 SiO,black 60 0.32 45%x1073 45x%x1073 6.4x 1073 6.4%x 1073 6.4%x1073 2 0
50-70 SiO,black 60 0.73 -52x1073 -52x1072% 14x107? 1.8 x 1072 1.8 x 1072 4 25
50-70 SiO,black 60 1.08 -83x102 —-1.6x107° 20x107? 4.0x107? 7.8x1072 51 18
50-70 Olivine 60 0.73 1.2x1072 1.4 %1072 2.5x 1072 4.4 %1072 5.5x 1072 5 0
50-70 Olivine 60 1.08 -51x102 —21x102 —-45x10* 99x1073 20x10°" 11 55
50-70 Olivine 60 1.47 —26x102  74x1073 4.5%x1072 8.3x 1072 1.3x107" 30 10
50-70 SiO,white 60 1.08 -81x103 —-19x102% 92x10™ 3.8x 1073 75%x1073 81 37
50-70 SiO,white 60 1.47 -82x1073 —15x102% 48x10™ 2.1x1073 54x1073 93 30
70-125 SiO,black  97.5 0.32 -39x%x102 35x1073 5.9 x 1072 6.4 %1072 7.1 %1072 8 13
70-125 SiO,black  97.5 0.72 -7,5x103%  95x107° 2.0x 1072 2.5%x 1072 5.0x 1072 5 20
70-125 SiO,black  97.5 1.08 —-6.4x102 —15x102%2 1.6x107? 9.0x 1072 28x 107" 48 31
70-125 Olivine 97.5 0.73 -1.7x 107" —-45x107% 62x107? 6.8 x 1072 1.9x 107! 6 33
70-125 Olivine 97.5 1.08 -58x 102 —51x10% -25x102% 6.6x10™* 1.3x 1072 7 71
70-125 Olivine 97.5 1.47 -77%x102 —-19x1073% 7.1x107? 1.5%x 107! 3.6x 107" 63 18
70-125 SiO,white  97.5 1.08 -38x 1073 -26x102% 13x107° 4.1x%x1073 44%x1073 34 29
70-125 SiO,white  97.5 1.47 -31x102% -48x10* 7.8x10™* 49x1073 34x107% 53 19
125-500 SiO,black  212.5 0.32 -1.6x1073  6.7x107? 7.2 %1072 7.4 %1072 1.5%x 107! 5 20
125-500 SiO,black  212.5 0.73 —-47%x102 -15x102% 50x107? 43 %1072 59x%x 1072 6 50
125-500 SiO,black  212.5 1.08 -26x107"  —-1.1x1072% 3.6x107? 9.9 x 1072 42 %107 17 29
125-500 Olivine 212 1.47 9.7x107* 6.9 %1073 1.6 x 1072 2.0x 1072 2.6x 107! 5 0
125-500 SiO,white 212 1.08 —24x103 -70x10* 14x107° 2.6x 1073 1.6 x 1072 8 38
125-500 SiO,white 212 1.47 —41x107% —-41x103 -84x10* 29x1073 29x 1073 3 37

Notes. Size range indicates the range of agglomerate sizes in the bin, 7 the median radius of the particles, I the irradiation intensity,
V2%, V16% Uso%» Usa, and vogg, the velocities at the respective quantiles within the bin, N the number of particles within that bin and % neg the
percentage of particles within that bin which exhibit negative photophoresis.

6. Conclusion and astrophysical implications the light intensity and independent of the gas pressure, as pre-

dicted by the models of Beresnev et al. (1993) and Rohatschek
In this work, we experimentally investigated the strength of the  (1995). Also following these models, the mean photophoretic
photophoretic effect for three different dust materials and dust ~ drift velocity is increasing with increasing dust-aggregate size.
aggregates of various sizes. We found that the photophoretic However, the photophoretic motion of an individual dust aggre-
velocity in the free molecular flow regime is proportional to ~ gate can vary considerably with respect to the mean value. The
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velocity distribution function is roughly Gaussian, with a width
proportional to the mean value. For all three materials investi-
gated in our study (black SiO,, olivine, white SiO,), we found
a non-negligible fraction of the particles to exhibit a negative
photophoretic motion.

In an astrophysical environment, e.g. in a protoplanetary or
debris disk, the differences in the photophoretic response of dif-
ferent dust-aggregate materials (Sect. 3), the intrinsically large
variation of the photophoretic effect on dust aggregates of other-
wise identical properties (Sect. 5.4) as well as the dust-aggregate
size dependence of the photophoretic velocity (Sect. 5.3) are
all superimposed. Observational evidence as well as laboratory
studies suggest that the size distribution found at any given time
within a protoplanetary disk may be as small as about two or-
ders of magnitude (Zsom et al. 2010), but still wider than the
scatter of the photophoretic effect found in this study. As a re-
sult, the different efficiencies of the photophoretic effect for dust
aggregates of the same size are even amplified by the (local) size
distribution of the dust aggregates. In this light, we do not expect
to find anywhere a sharp inner edge in a protoplanetary disks nor
a steep density gradient caused by a photophoretic outward drift
of material.

It can be rather inferred that a very broad transition re-
gion from the optical thin to the optical thick parts of the disk
forms, which gradually moves outward, due to the mean posi-
tive photophoretic effect. However, caused by the width of the
photophoretic velocity distribution and the local size and ma-
terial distribution of dust aggregates, the width of this transi-
tion regime should also increase with time. As a consequence,
size sorting by photophoresis is expected to be rather limited.

This would still hold true in the presence of turbulence which
is e.g. discussed in Krauss et al. (2007) and found to slow
down an outward drift caused by photophoresis due to a reduced
net velocity. Especially for small particles (<100 um) the pho-
tophoretic velocities are small and the turbulent motion might
thus delay any disk clearing until particles grew to a size where
the photophoretic motion becomes strong enough in order to
start clearing the inner edge of the disk.

Following our Eq. (4) with the assumption that the first term
in the denominator dominates over the other two, one of our
results is that for dust aggregates in the sub-mm size regime,
the value 1/J; = 0.1 W/(mK). Comparing these values for the
ratio of the dust-aggregates’ heat conductivity and the asym-
metry factor with the assumptions of Moudens et al. (2011),
ie. 1/J1 = 0.001 W/(mK), we expect that their results will
change quantitatively but not qualitatively: particle transport will
be slower and less efficient by up to two orders of magnitude.
The calculated time-dependent equilibrium distances for dust
aggregates of a given size will be further inward than estimated
by Moudens et al. (2011)

The dependence of the strength of the photophoretic effect
on the material properties has nevertheless implications on the
visible chemical distribution of elements within the disk. This
is especially true for the photophoretic effect of dust aggregates

by the infrared radiation of the disk itself (Wurm et al. 2010),
which allows for particles to be levitated above the dust sub-disk,
due to the disk’s infrared emission. As a consequence, the ob-
served chemical composition of the dust as observed from
the outside will become biased by an over-abundance of pho-
tophoretically “active” materials; only these materials will re-
main in the outer layers of a dust disk. At the same time, dust
materials that are only weakly susceptible to photophoresis will
sediment to the central plane of the disk, giving rise to a chem-
ical and mineralogical separation in the vertical extent of the
protoplanetary disk.
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