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Abstract

The thermophysical properties of small Solar System bodies are essential to be determined, on which the thermal evolution
of small bodies largely depends. The carbonaceous asteroid Ryugu is one of the small undifferentiated bodies formed in
the early Solar System. Hayabusa2 explored the asteroid Ryugu and returned the surface samples in 2020 for detailed on-
ground investigation, including measurements of thermal properties. Because the available sample amount was limited,
this study developed a novel method to measure the thermal diffusivity of small and irregularly shaped samples of about 1
mm in diameter by combining lock-in thermography and periodic heating methods on the microscale. This method enables
us to measure the thermal diffusivity of both flat-plate and granular shape samples by selecting the suitable detecting
direction of the temperature response. Especially, when the sample has a flat-plate shape, the anisotropic distribution of the
in-plane thermal diffusivity can be evaluated. This method was applied to six Ryugu samples, and the detailed anisotropic
distribution of the thermal diffusivity was obtained. The measurement results showed that the samples show local thermal
anisotropy caused by cracks and voids. The average thermal diffusivity among all samples was (2.8—5.8) x 1077 m?/s. Based
on the density and specific heat of the samples obtained independently, the thermal effusivity was estimated to be 7911253
J/(s"?m’K), which is defined as the resistance of surface temperature to the change of thermal input. The determined thermal
effusivity, often called thermal inertia in planetary science, is larger than the observed value of 225 + 45 J/(s"”’m?K) of the
asteroid Ryugu's surface, obtained from the diurnal temperature change of the rotating asteroid by a thermal infrared camera
onboard Hayabuas2. This difference is likely to be attributed to the difference in the analytical scale between the sample
and the surface boulders compared with the thermal diffusion length. Consequently, it was found that the present result is

more representative of the thermal diffusivity and thermal inertia of local part of individual Ryugu particles.
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1 Introduction

The Solar System bodies formed and evolved over a long period of time through repeated collision, fragmentation, and
accretion of planetesimals formed in the early Solar System. However, their evolution mechanism of when and under what
conditions accretion and collisions will form today's planets and asteroids has not yet been clarified. Carbonaceous (C-
type) asteroids have been considered primitive bodies that record their formation history in the early Solar System.
Therefore, C-type asteroids are expected to provide important clues to elucidate the formation and evolution of the Solar
System's small bodies. Hayabusa2 explored the C-type near-Earth asteroid Ryugu and brought back a ~5 g sample in 2020.
The chemical analysis of the returned sample shows that Ryugu consists of materials similar to a primitive Ivuna-type
carbonaceous chondrite (CI chondrite) [1], which is the closest to the average composition of the Solar System among the
carbonaceous chondrites. Additionally, chemical analysis, which includes light element such as C, N, and O, of a large
amount Ryugu samples more than 100 mg using muon also revealed that Ryugu has a composition similar to CI chondrite
[2].

C-type asteroids are abundant in the outer asteroid main belt [3—5], and Ryugu, which has a rubble pile structure formed
by the reassembly of fragments of its parent asteroid [6], is thought to have originated there. It has been proposed that the
asteroid changed its orbit from the outer main belt to the orbits of the Eulalia or Polana C families in the inner asteroid
main belt, which are considered to be its direct origin [7-10], and then to the current Earth-crossing orbit. In order to
understand the size, formation timing, and thermal and collisional history of CI-like Ryugu’s planetesimal in the early Solar
System, the formation of the current Ryugu as a rubble pile body, and its orbital evolution to the near-Earth orbit, it is of
importance to determine thermophysical properties of Ryugu materials, such as thermal conductivity, to be included in
thermal, physical, and orbital evolution models.

For a long time, thermophysical properties used in models of the thermal evolution of hydrated asteroids and icy bodies
have been assumed to be those of serpentine, which is a hydrous mineral abundant in carbonaceous chondrites [11-13].
The thermal conductivity of serpentine is smaller than those of other rocky materials [10]. Opeil et al. [10] reported that
the thermal conductivity of Mighei-type carbonaceous chondrites (CM chondrites) is even smaller than that of serpentine,
less than one-fourth [11]. Although no thermal conductivity data have been reported for CI chondrites, which are
taxonomically closer to Ryugu, they are thought to have even lower thermal conductivity because of their smaller bulk
density and higher porosity than other carbonaceous chondrites [14]. Therefore, previous thermal evolution models may
have used higher thermal conductivities to apply the thermal evolution of CI planetesimals. Therefore, measuring the
thermal conductivity of returned samples is extremely important to determine the thermal conductivity to construct the
thermal evolution model for Ryugu.

Although several measurements of thermal conductivity or thermal diffusivity of chondrites have been reported [15,16],
the methods used for these measurements required contact with the sample and shape processing of the sample, these
methods are not acceptable for Ryugu samples because of their limited amounts and size. Furthermore, it has been known
that the thermal conductivity of chondrites differ among samples even if with the same taxonomic class, and these
differences are thought to be due to differences in density, porosity, crack distribution, and texture, which leads to an

anisotropic effect [17]. Therefore, to determine the thermal conductivity, it is desirable to evaluate its anisotropy through



statistical measurements rather than determining a representative sample value via measurement along only one direction.
To satisfy this requirement, in this work, a non-contact thermal diffusivity distribution measurement method for small
particles by a periodic heating method using lock-in thermography (LIT) was developed [16].

In the initial analysis of the Ryugu sample, seventeen individual particles were allocated for evaluation out of the returned
sample of more than 1,700 particles (total amount of 5.4 g). The thermal diffusivity measurement was one of the initial
analysis items. Thermal diffusivity distributions were evaluated for five of them using the developed measurement method.
the total number of samples used in this study is six because one of the particles was sliced into two pieces. Based on the
thermophysical property determined for one of the samples (C0002), a thermal evolution model calculation of Ryugu was
performed, which supports theoretical predictions of the formation period, location, size, water-rock mass ratio, and
temperature history of the Ryugu precursor [2]. In this paper, all thermal diffusivity measurements made in the initial
analysis are reported in detail. Additionally, the density and specific heat were converted to thermal effusivity. Since
effective thermal effusivity is called “thermal inertia” in the planetary science field, effective thermal effusivity will be

referred as thermal inertia in this paper.

2 Measurement Principle

In the periodic heating method, the sample surface is modulated by a laser spot, and the thermal diffusivity in the sample
cross-section direction is measured from the temperature response detected on the rear surface by lock-in thermography.
When there is a periodic point heat source of Qe!@™ on the surface of a continuous medium, the AC temperature

T,c(r, t) at a distance  and a time ¢ is expressed by Equation (1) [18],

Toe(r,t) = exp{(—kr +i(2rft — kr)}, (1)

AmAr

where Q is the heat input, A is the thermal conductivity, f is the heating frequency, and k is the wavenumber, which is

expressed as
13
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where D is the thermal diffusivity. From Equation (1), the phase delay 8 at distance r from the periodic point heat source

9=kr=\/§r (3)

and by differentiating Equation (3) by distance r; the thermal diffusivity D can be expressed by Equation (4),
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Equation (1) is based on infinite body despite sample’s complicated boundary. Then sample is approximated to infinite
media by selecting the appropriate heating frequency at which the reflected temperature wave from the sample boundary
does not affect to the result. As Equation (1) is the AC temperature component of the temperature response, it indicates that
the AC temperature is more attenuated when heating frequency becomes higher. In the actual measurement, the heating
frequency is selected to avoid the influence of the reflected temperature wave by trying measurements with some
frequencies [19,20]. Also, Equation (1) is based on isotropic thermophysical properties despite sample’s anisotropic ones.
The validity of this simplification is proven by Mendioroz et al. [21] that even if a material has anisotropic thermophysical
properties, the phase lag has a linear dependence on the distance with the slope defined by the thermal diffusivity of the

only its direction.

3 Measurement Apparatus

The schematic of the measurement apparatus is shown in Figure 1. This apparatus consisted of a function generator, lock-
in thermography device with an infrared microscope, diode laser, beam expander, objective lens, complementary metal-
oxide-semiconductor (CMOS) camera, sample, vacuum chamber, and computer. The function generator oscillated the
modulation signal to the diode laser and lock-in thermography. The diode laser then emitted the modulated beam according
to the modulation signal. The beam was focused onto the sample’s surface through the objective lens with monitoring by
a CMOS camera. The minimum laser spot diameter is estimated to be about 7 um. The wavelength of the diode laser was
638 + 5 nm, and the maximum output power of the continuous wave was 150 mW. Although the temperature resolution of
LIT is 30 mK, the detectable amplitude can be enhanced to less than 1 mK by lock-in analysis. The camera's spatial
resolution can be selected from 1.6, 2.5, and 5.1 pm depending on the apparatuses (three apparatuses are available).
However, the spatial resolution of temperature detection is limited to the diffraction limit of 1.7-3.6 pm because of
Rayleigh’s diffraction limit. The diffraction limit is decided by a numerical aperture and the detection wavelength range of
LIT is 2.5-5.1 um using InSb photodetectors. The measurement results have no dependence on apparatuses because the
analysis region is larger enough than the spatial resolution of LIT. The pressure in the vacuum chamber is on the order of
107 Pa.

The heating surface and the detecting surface are changed according to the sample shape by changing the sample holder,
as shown on the right side of Figure 2. When the sample has a thin-plate-like shape, the thermal response is measured from
the front side while the rear surface is periodically heated (Figure 2 (a)). This enables us to obtain the full-angle distribution
of the in-plane thermal diffusivity centered on the heating point. On the other hand, when the sample has a granular shape,
selecting a horizontal flat surface for detection and a vertical flat surface for heating by aligning the laser beam horizontally
(Figure 2 (b)). In this case, the heating point is placed to coincide with the edge of the sample. In this way, the semicircle
distribution of the thermal diffusivity around the heating point can be obtained.

The uncertainty £ of the measurement method was estimated by the following formula [19],
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where, AS is the standard error of the slope of the phase lag df/dr, and it is estimated by dividing the standard error of
phase lag by distance r. Here, the standard error of the phase lag was defined by the double standard deviation of the
detrended phase lag. In the measurements conducted here, AS was simultaneously analyzed with the thermal diffusivity in

each direction. Then, the error range of f- D was expressed as an error bar in the figure.
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Figure 1 Schematic of Measurement apparatus.



(a) Thin plate sample (b) Granular shape sample

Lock-in
Thermography

Lock-in
Thermography

Sensing

Sensing

Sample
Heating

. ' Microlens Heating %
Vacuum Chamber Mirror
Sample
Objectlve Lens

Objective Lens
cmos ‘ T
DIChI’OIC Mirror

Mirror LASER (638+5nm)

Stage

LASER (638+5nm)

Figure 2 Measurement sample configuration; (a) for thin plate sample, (b) for granular shape sample.

4 Samples and Measurement Condition

Six Ryugu samples were analyzed; C0002-plate 3 (C0002-p3), C0002-plate 4 (C0002-p4), C0025, A0026, C0033, and
A0064. A0026 and A0064 are the particles collected at the first touchdown site, and C0002, C0025, and C0033 from the
second touchdown site [22,23]. C0002-p3 and C0002-p4 were plate-shaped samples cut out from the grain C0002, which
is the third largest sample among all the returned particles. Optical microscopic images of samples are shown in Figure 3,
and the sample sizes, bulk densities [2] and the surfaces selected to be heated are summarized in Table 1. Only C0002-p3
and C0002-p4 were measured by the rear-heating method due to their thin plate shapes. In Figure 3, the red point indicates
the heated point, and the dashed line indicates the lock-in thermography's field of view (FOV). In the photo of C0002-p3,
areas of different compositions or defects can be identified as some dark region in the upper left of the heating point. Then,
C0025 has a partially cracked appearance, while A0026 has fewer cracks and a shiny appearance. C0033 is similar to
C0025 in appearance but has a larger bulk density. Therefore, C0033 possibly has fewer voids and cracks inside the body.

It was harder to select the heating and detection surface for A0064 due to its roundish shape with an aspect ratio of ~1.



(a) C0002-plate 3 (b) CO002-plate 4
Heating point

Heating point

‘ 4.8 mm N
(c) 00025 (d) A0026 (e) C0033 (f) A00B4
2.8 mm
N
o " FoVv
3 Heating
= point

Heating point

Figure 3 Optical microscopic images of measured samples; (a) C0002-plate 3, (b) C0002-plate 4, (c) C0025, (d) A0026,
(e) C0033, and (f) A0064.

Table 1 Sample specification and measurement method.

Sample C0002-p3 C0002-p4 C0025 A0026 C0033 A0064
Shape Thin plate Thin plate Granular Granular Granular Granular
Size, mm 3.4 x10.77 4.8 x10.93 2.8 2.0 2.1 2.8
Density [2],
1820 + 49 1820 £ 49 1790 + 20 1650 =78 1920+ 13 1860+ 15
kg/m?
Heating Rear Rear Side Side Side Side

Table 2 lists the measurement conditions of thermal diffusivity. The laser output power of the C0002-p3 and p4 samples
was set to be larger than other samples. This is because the farer detection surface from the heating point of these samples
affects the temperature attenuation within the samples. The heating frequency was selected according to the sample size so
that the temperature response of the sensing surface was not affected by temperature waves reflected at the sample boundary.
The higher the heating frequency, the smaller the effect of reflected waves, but the noise level of the detected signal also
increases. Because of its round shape, A0064 has a less flat area and is more susceptible to reflected waves, and
measurements were taken at the highest frequencies. C0002-p3 and A0064 were measured under vacuum pressure, and

C0025, A0026, and C0033 were measured under atmospheric pressure (“Ambient” in Table 2). C0002-p4 was measured



under both vacuum and atmospheric pressure to assess the influence of air. The differences in spatial resolution of the
measured samples are due to utilizing different measurement apparatuses, as discussed in section 3. All measurements were

conducted at room temperature (RT).

Table 2 Measurement conditions.

Sample C0002-p3 C0002-p4 C0025 A0026 C0033 A0064
Laser output 20 mW 20 mW 10 mW 10 mW 10 mW 10 mW

power

Iifzgng 2.0 Hz 1.0 Hz 4.0 Hz 4.0 Hz 4.0 Hz 20.0 Hz

Pressure Vacuum Vacuum and Ambient Ambient Ambient Vacuum

Ambient

Spatial
resolution 2.5 um 2.5 um 1.6 um 2.5 ym 1.6 um 5.1 pm
Temperature RT RT RT RT RT RT

5 Results and Discussion

5.1 Thermal diffusivity of Ryugu samples

Figures 4-9 show the optical microscope images, corresponding phase lag distribution maps, and thermal diffusivity
distribution analysis results for each sample. Analytical uncertainties indicated by error bars in the thermal diffusivity
distribution were calculated using Equation (5). The optical microscope image of Figure 4(a) shows that C0002-plate 3 has
a dark region that may have different physical and/or chemical properties from other regions on the upper-left of the heating
point, and the phase lag map shows that the phase lag in the corresponding region increases (Figure 4(b)). The increase of
the phase lag results in the decrease of the thermal diffusivity in the direction between 120 degrees and 180 degrees (Figure
4(c)). Such low thermal diffusivity indicates the presence of materials with low thermal diffusivity or structural defects
such as cracks. The maximum and minimum values of thermal diffusivity are 7.6 x 1077 and 2.0 x 10°® m?%s, and the
average value of (2.8 = 0.7) x 1077 m?/s was obtained. The Ryugu sample is not a homogeneous material consisting of a
single substance, but a composite of several minerals. And the size of some large mineral grains is about several tens of
microns, as can be seen in the microscope image. Since the laser spot size is about 7 um, the thermal diffusivity distributions
obtained by this method will differ depending on the positional relationship between heating point and mineral composition
on sample surface. In other words, the measurement results in this paper are not representative of the entire sample, but
they represent the thermal diffusivity of a radial area with its thermal diffusion length centered on the heating point.

C0002-plate 4 does not seem to have cracks in its appearance (Figure 5(a)), but the thermal diffusivity measured under
vacuum conditions showed that the thermal diffusivity varied greatly depending on the direction (Figure 5(c)). The
distribution of thermal diffusivity obtained in this method should reflect the heterogeneous distribution of materials and/or
structures preventing thermal conduction within the sample. Additionally, the anisotropy of thermal diffusivity is larger
and the thermal diffusivity is smaller under vacuum than in the air. The factor preventing thermal conduction, therefore,
should be voids or cracks. The maximum and minimum thermal diffusivities under vacuum conditions were 1.1 x 107¢
m?s and 7.0 x 1078 m?%/s, respectively, with an average value of (3.3 £ 0.8) x 10”7 m?%s. The maximum value under
atmospheric pressure was 6.0 x 1077 m?%s, the minimum value was 3.1 x 1077 m%/s, and the mean value was (4.5 £ 1.2) x

1077 m%/s. The thermal diffusivity of C0002 reported by Nakamura et al. of (3.2 + 0.3) x 10”7 m?/s [2] was obtained from
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the average of the diffusivities measured for C0002-plate 3 and C0002-plate 4 in this study and measured for C0002-plate

4 in National Institute of Advanced Industrial Science and Technology in Japan, which is consistent with our results within

a measurement uncertainty.
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Figure 4 (a) Optical microscopic image, (b) phase lag distribution and (c) thermal diffusivity distribution of C0002-plate 3
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Figure 5 (a) Optical microscopic image, (b) phase lag distribution under vacuum pressure, (c) thermal diffusivity

distribution under vacuum pressure, (d) phase lag distribution under atmospheric pressure, and (e) thermal diffusivity

distribution under atmospheric pressure of C0002-plate 4 sample. The maximum value of 1.05 mm?'s is round off to one

decimal place in the manuscript.

C0025 (Figure 6) seems to have many cracks from its microscopic image, and cracks are expected to exist parallel to the



sample edge in the vicinity of the heating point placed at the edge of the sample, which prevents thermal diffusion
perpendicular to the edge. That results in an anisotropic thermal diffusivity distribution spreading along the edge. The
maximum thermal diffusivity was 1.1 x 107 m?%s, the minimum was 3.6 x 10”7 m?%s, and the average was (5.6 + 1.0) x
1077 m%s. In contrast, the thermal diffusivity distribution of A0026 (Figure 7) is isotropic, as indicated by the appearance
showing few cracks. The maximum and minimum thermal diffusivities were 6.0 x 1077 and 3.5 x 10”7 m?%/s, respectively,
with an average of (5.1 £ 0.2) x 1077 m?/s. The variation of measured values and the uncertainty of the diffusivity along
one direction were the smallest, suggesting that cracks affect not only the anisotropy but also the variation of the thermal
diffusivity. The thermal diffusivity distribution of C0033 (Figure 8), which has a similar appearance to that of C0025,
shows a large scatter and a large anisotropy. The maximum value of the thermal diffusivity of C0033 is 8.2 x 1077 m%/s,
and the minimum value is 2.7 x 1077 m%s. The average value is (5.8 £ 1.1) x 1077 m?%/s. C0025, A0026, and C0033 were

only measured at atmospheric pressure because they were measured before the vacuum chamber was completed.
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Figure 6 (a) Optical microscopic image, (b) phase lag distribution, and (c) thermal diffusivity distribution of C0025 sample.

The maximum value of 1.12 mm?/s is round off to one decimal place in the manuscript.
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Figure 7 (a) Optical microscopic image, (b) phase lag distribution, and (c) thermal diffusivity distribution of A0026 sample.
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Figure 8 (a) Optical microscopic image, (b) phase lag distribution, and (c) thermal diffusivity distribution of C0033 sample.

The thermal diffusivity distribution of A0064 (Figure 9) is nearly isotropic with a small variation similar to that of A0026
(Figure 7). Therefore, A0064 is likely to have few cracks contributing to anisotropy at this measurement scale, like A0026.
The maximum and minimum thermal diffusivities of A0064 were 4.5 x 1077 and 2.5 x 1077 m?%/s, respectively, with an
average of (3.3 +0.3) x 1077 m¥s. The average thermal diffusivity of A0064 is about 35% smaller than that of A0026. This
difference may be attributed to the measurement condition; A0064 was measured under vacuum conditions, while A0026
was measured in air. The air filled in the micro or nano voids may have enhanced heat conduction of the sample, resulting
in a larger thermal diffusivity of A0026 than that of A0064 measured under vacuum conditions. If this is the case, A0026
and A0064 with a similar thermal isotropy due to fewer cracks may have difference in the measured thermal diffusivity
implying that voids are relatively homogeneously distributed in Ryugu samples on much smaller scale than the
measurement scale. In order to verify this possibility, future statistical work is necessary for more Ryugu particles with a
detailed investigation of internal structures. Non-destructive X-ray computed tomography would be the best way to be
combined with thermophysical measurements.

All the data from the six samples are summarized in Table 3. As described above, the maximum and minimum values of
thermal diffusivities show a large variation among the samples, and some grains show a large anisotropy. The averaged
diffusivity, however, shows a smaller variation. Considering that a larger value tends to be obtained in the air than under

vacuum, the averaged thermal diffusivity of six grains would be (3-4) x 1077 m%s.
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Figure 9 (a) phase lag distribution and (b) thermal diffusivity distribution of the A0064 sample.
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Table 3 Summary of thermal diffusivity measurements of Ryugu samples.

Sample C0002-p3 C0002-p4 C0025 A0026 C0033 A0064
Pressure Vacuum VacuL}m & Ambient Ambient Ambient Vacuum
Ambient
Max., 75 10.5 (vac) 112 6.0 8.2 45
x 107 m?/s 6.0 (Amb.)
Avg., 3.3+ 0.8 (Vac.)
1077 s 2.8+0.7 4.5+ 1.2 (Amb) 56+1.0 51+£0.2 58+1.1 33+0.3
M, 0.2 0.7 (vac) 36 34 27 25
x 107 m?/s 3.1 (Amb.)
Max./Min, 375 13.0 (vac) 3.11 1.76 3.04 1.80
1.94 (Amb.)

5.2 Thermal conductivity and thermal inertia of Ryugu samples

Figure 10 compares the thermal conductivities and thermal inertia of six Ryugu grains, converted from the measured
thermal diffusivities (Table 3) using grain densities (Table 1) and the specific heat of 865 + 16 J/(kg-K) (213—373 K for
C0002 and A0026) [2] with those of serpentinite. The thermal inertia of the Ryugu surface boulders obtained by the thermal
infrared camera onboard Hayabusa2 [5,24] is also compared. Error bars in the figure represent the range between maximum
and minimum values. The obtained thermal conductivity and thermal inertia for each sample are summarized in Table 4
and Table 5, respectively.

The results indicate that the thermal conductivity of Ryugu is on average about 73% smaller than that of serpentine (2.5
W/(m-K) [11]). As mentioned above, the thermal conductivity of serpentine has been used in calculations of thermal
evolution models for carbonaceous asteroids and comets, and thus may influence the predictions of celestial body sizes
and thermal history in small body formation models.

Comparison of the thermal inertia with that observed by Hayabusa2 revealed that the thermal inertia of the Ryugu sample
is on average about 3.5 times larger than that of the surface of the asteroid Ryugu (225 + 45 J/(s"?m?K) [5,24]) except for
the minimum value obtained for C0002-p3. Consistency with observed values at minimum value suggests that the value of
thermal effusivity varies depending on the measurement scale. In the present measurement, the thermal diffusivity was
evaluated in the region of several hundreds of micrometers as thermal diffusion length, whereas the Hayabusa2
observations were made at depths down to several centimeters (thermal skin depth) because the thermal inertia was
analyzed using the diurnal variation of the surface temperature due to the 7.6-hour rotation period of asteroid Ryugu.
Therefore, it is possible that large-scale cracks caused by meteor impacts and thermal stresses on a scale larger than several

hundreds of micrometers are widely developed in rocks and boulders on Ryugu.
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Figure 10 (a) Comparison of the average thermal conductivity of Ryugu samples and serpentine [11], and (b) Comparison
of the average thermal inertia of Ryugu samples and the thermal inertia of the asteroid surface of Ryugu observed using

the thermal infrared camera on Hayabusa2 [5,24].

Table 4 Summary of calculated thermal conductivity of Ryugu samples.

Sample C0002-p3 C0002-p4 C0025 A0026 C0033 A0064
Pressure Vacuum Vacugm & Ambient Ambient Ambient Vacuum
Ambient
Max. 1.20 165 (Vac) 1.74 0.86 1.36 0.72
W/m/K 0.95 (Amb.)
Avg. 0.44 0.52 (vac) 0.83 0.73 0.96 0.53
W/m/K 0.71 (Amb.)
Min., 0.03 0.1T (vac) 0.56 0.50 0.45 0.40
W/m/K 0.49 (Amb.)

Table 5 Summary of the calculated thermal inertia of Ryugu samples.

Sample C0002-p3 C0002-p4 C0025 A0026 C0033 A0064
Pressure Vacuum Vacugm & Ambient Ambient Ambient Vacuum
Ambient
Max., 1613 (Vac.)
oK 1371 1221 (Amby 1641 1103 1510 1085
Avg., 855 (Vac)
el 791 1052 (Amb.) 1145 1023 1253 926
Min,, 241 403 (Vac) 931 845 869 800
J/s"2/m*K 873 (Amb.)

6 Conclusion

The thermal diffusivity of the six Ryugu samples from five individual grains; C0002-plate 3, C0002-plate 4, C0025, A0026,
C0033, and A0064, were measured by the periodic heating method using lock-in thermography. The measurements showed
that there is local thermal anisotropy seemingly caused by cracks inside the sample. The average thermal diffusivity values
ranged from 2.8-5.8 x 1077 m?%s. Samples with a cracked appearance tended to show greater anisotropy in the thermal
diffusivity distribution and a greater scattering in the measured values. The thermal diffusivity tended to be larger under
atmospheric pressure when comparing the measurement results under atmospheric pressure and vacuum. This is considered
to be due to the mitigation of the reduction in heat conduction by the air filled in the cracks or voids. However, anisotropy
seems relatively unchanged between the measurements under vacuum and in the air, and the thermal diffusivity of A0064

measured under vacuum was isotropic and showed little scattering. The isotropy of A0064 suggests that micro or nanovoids
13



on a smaller scale than cracks seen in C0025 and C0033 may be distributed homogeneously in the interior of the Ryugu
sample. The thermal conductivity of the Ryugu sample, which was converted from the measured thermal diffusivity, was
about 23 % of that of serpentine, which is commonly used to calculate the thermal evolution of carbonaceous asteroids and
comets. On the other hand, the converted thermal inertia of the Ryugu sample is about 3.5 times larger than the observed
thermal inertia of the asteroid Ryugu's surface, implying that the value of thermal effusivity varies depending on the
measurement scale. This difference in thermal inertia between mm- to cm-sized returned samples and boulders could be
due to the presence of large-scale cracks caused by meteor impacts and thermal stresses on a scale larger than several

hundreds of micrometers in rocks and boulders on Ryugu.
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Appendix

Figure 11-Figure 17 show the thermal diffusivity distribution and experimental plots of phase lag vs radial distance with
a linear approximation line used in thermal diffusivity analysis at the angles of 0 and 90 degree as representative angles.
When analyzing the slope of the phase lag with respect to the radial distance, the range of phase lag used in the analysis in
each direction was fixed to be constant to eliminate arbitrariness in the selection of the analysis region and to maintain the
same quality of the scattering of the results. The upper and lower limits of the phase lag range used in the analysis are
indicated by the red plots in figures (b, c). The slope is calculated by a linear approximation for the phase lag in this range.
The linear approximation line of the A0026 sample shown in Figure 15 does not seem to fit to the whole experimental plots,
this is due to the following. Figure 15 (b) and (c) show that the change of the phase lag decreases around the distance of
0.2—0.4 mm, and this is possibly due to the effect of the reflected temperature wave at the sample edge (0 deg.) or on the
back surface on the sample (90 deg.). The fitting analysis was, therefore, performed for the phase lag plots only in the

region closer to the heating point.
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75°
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Figure 11 (a) thermal diffusivity distribution of the C0002-plate 3 sample and experimental plots of phase lag vs distance

and a linear approximation line used to obtain the thermal diffusivity at the angle of (b) 0 degree and (c) 90 degree.

C0002-plate 4 (Vacuum)
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Figure 12 (a) thermal diffusivity distribution of the CO0002-plate 4 sample measured under vacuum pressure and

experimental plots of phase lag vs distance and a linear approximation line used to obtain the thermal diffusivity at the
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angle of (b) 0 degree and (c) 90 degree.
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Figure 13 (a) thermal diffusivity distribution of the C0002-plate 4 sample measured under atmospheric pressure and
experimental plots of phase lag vs distance and a linear approximation line used to obtain the thermal diffusivity at the

angle of (b) 0 degree and (c) 90 degree.
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Figure 14 (a) thermal diffusivity distribution of the C0025 sample and experimental plots of phase lag vs distance and a

linear approximation line used to obtain the thermal diffusivity at the angle of (b) 0 degree and (c) 90 degree.
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Figure 15 (a) thermal diffusivity distribution of the A0026 sample and experimental plots of phase lag vs distance and a

linear approximation line used to obtain the thermal diffusivity at the angle of (b) 0 degree and (c) 90 degree.

(a) Thermal diffusivity (b) O deg. (c) -90 deg.
75°
A 00 ® Max=0.82 34 * Experiment .- o *  Experiment
Min =0.27 —— Linear approx. . —— Linear approx.
-0.5
2
\15° 5 1 5 10
o 8
0.0 Y o ®-15
8 8
0.2 7 45 £ -1 T
0.4 [EIE2 % . -2.0
06
-3 -25
0.8
mm?2/s 75° 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4
-90° Distance, mm Distance, mm

Figure 16 (a) thermal diffusivity distribution of the C0033 sample and experimental plots of phase lag vs distance and a

linear approximation line used to obtain the thermal diffusivity at the angle of (b) 0 degree and (c) 90 degree.
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Figure 17 (a) thermal diffusivity distribution of the C0002-plate 3 sample and experimental plots of phase lag vs distance

and a linear approximation line used to obtain the thermal diffusivity at the angle of (b) 0 degree and (c) 90 degree.
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