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A B S T R A C T

Lunar impact flashes have been observed at collisions of meteoroids against the non-sunlit lunar surface at speeds
exceeding 10 km s�1. We detected 13 flash candidates between 6.2 and 9.9 in R-magnitude on December 15, 2018
during the Geminids meteor activity. Two or three observatories confirmed eleven of them. We obtained their
spectra in the wavelength range between 400 and 870 nm. They are continuous and red, with best-fitted single
blackbody spectra indicating the temperatures of about 2000–4000 K. The temperatures for a few successive
movie frames at 16 ms or 25 ms intervals decrease with time. Incandescent ejecta, consisting of melt droplets or
dust, and the radiant floor of an impact crater could be the source of these flashes, except for the initial stages. At
the beginning of some flashes, we found an excess of fluxes at short wavelengths of less than about 600 nm. The
composites of two blackbody spectra may fit the spectra better where their temperatures are about 2000 K and
6000 K. The contribution of a high-temperature vapor plume, generated at the very beginnings of the impact
phenomena, could be important.
1. Introduction

At collisions in the solar system, there are many cases where the
collisions occur at speeds exceeding 10 km s�1, which almost cannot be
reproduced in laboratory experiments (e.g., Kurosawa et al., 2012a). In
such a collision, melting, evaporation, and ionization of silicates occur,
which do not occur at speed lower than this. Understanding of high-speed
collisions accompanying such processes is an essential issue in planetary
sciences. Not only numerical simulations (e.g., Nemtchinov et al., 1998a;
Nemtchinov et al., 1998; Artemieva et al., 2000) but also many labora-
tory experiments have been conducted to reveal the nature of impact
vaporizations (e.g., Schultz 1996; Sugita et al., 2003; Schultz and Eber-
hardy 2015). They use proxy target materials such as dolomite or calcite
that evaporate at lower impact velocities (Kurosawa et al., 2012b). The
ama-shi, Tokyo, 206-0034, Japa
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knowledge obtained through these experiments was successfully applied
to interpreting the phenomena at the spacecraft’s impact on Comet
9P/Tempel 1 at 10 km s�1 (Deep Impact). It was used to derive the
surface properties of the comet (Schultz et al., 2007; Ernst and Schultz
2007). However, our knowledge about the impact phenomena at much
higher velocities is still limited. We can approach this problem from the
observation of lunar impact flashes.

Spectral information is important to study the mechanism of lunar
impact flashes. Madiedo et al. (2018) observed a flash on March 25,
2015 at both near-infrared and visible wavelengths in their MIDAS
project (Madiedo et al., 2019a). Its V-band magnitude was about 7 at the
beginning, then the brightness decreased with time, and their cameras
recorded the flash for about 0.2 s. They assumed blackbody radiation and
estimated its temperature to be about 4000 K at the initial phase,
n.

October 2020

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:yanagi.uec@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pss.2020.105131&domain=pdf
www.sciencedirect.com/science/journal/00320633
http://www.elsevier.com/locate/pss
https://doi.org/10.1016/j.pss.2020.105131
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.pss.2020.105131


M. Yanagisawa et al. Planetary and Space Science 195 (2021) 105131
followed by temperatures of about 3200 K after the peak of its brightness.
Unfortunately, the exposure timings of their two cameras, one for the
visible and the other for the near-infrared wavelengths, were not syn-
chronized. Each frame is time-stamped with an accuracy of 0.01 s.
However, the difference of the exposure timings less than 0.01 s could
lead to a non-negligible error in their temperature derivation because the
time constant of the brightness variation of lunar flashes is generally not
so long, especially at their beginnings.

A lunar monitoring project NELIOTA (Xilouris et al., 2018), launched
by ESA, started observations in 2017. Two cameras attached to a telescope
of 1.2 m in aperture at the National Observatory of Athens observe the
flashes at the R- and I-bands almost simultaneously. Derivations of tem-
peratures assuming blackbody radiation are possible. As the first scientific
result from the project, Bonanos et al. (2018) obtained temperatures be-
tween 1600 and 3100 K for ten flashes. Avdellidou and Vaubaillon (2019)
then analyzed 55 flashes in the NELIOTA database. They found the tem-
perature ranging between approximately 1300 and 5800 Kwith the typical
value of about 2500–2600 K. Liakos et al. (2020) summarized results of the
first 30 months of the NELIOTA project and showed that the temperatures
distribute between 1700 and 5700 K and two-thirds of them were
2000–3500 K. These groups also reported a decrease in temperature with
time. The problem of synchronization of the cameras remains though they
describe that the synchronization is better than 6ms (Bonanos et al., 2018;
Liakos et al., 2019). For example, one of the flashes (ID 21 in Avdellidou
and Vaubaillon 2019, ID28 in Liakos et al., 2020) appears first only in the
I-band, then in both bands. The I-bandmagnitude is almost the same in the
successive two frames. The exposure of the R-band camera probably ended
before the I-band, then the flash appeared and raised to its peak, and the
I-band camera accumulated about half of that total light energy. After the
end of the exposure of the I-band camera, the I-band camera accumulated
another half of the total light energy in the next frame. The R-band camera
accumulated light energy only in the second frame. Typical lunar impact
flashes are characterized by sudden brightening and decay, and its time
constant is roughly the frame interval of the NELIOTA cameras (33 ms),
except for the bright ones such as about 6 in magnitude or brighter.
Therefore, even a small difference in exposure timing (e.g., 6 ms) could
result in a non-negligible error in the temperature estimation. The scatter
of the temperatures in a wide range may be due to the non-perfect
synchronization.

The analyses of frames recorded by a color digital camera that was set
to a movie mode at 50 frames s�1 also made the temperature estimation
possible (Madiedo et al., 2019b). For a bright flash of about 4 in
magnitude in visible wavelengths on January 21, 2019, they calculated
the B-, V-, and R-magnitude of the flash from the images in the red-,
green-, and blue-channel of the image data. Based on the assumption of
blackbody radiation and the effective wavelengths of these bands, they
obtained 5700 K for the temperature of the flash. There is no problem in
the synchronization in this observation. They do not report the temporal
evolution of its temperature, probably because of the small aperture (100
mm in diameter) of the telescope to which the camera was attached. At
the same time, the flash was recognized for 0.28 s by their other
observing system. The temperature is the same as the highest ones ob-
tained by NELIOTA. We will discuss the high temperature later.

Spectral observation of lunar impact flashes, however, has not been
conducted yet. As part of the Japan-France collaborative project, that is,
the joint observation of meteoroids’ impacts as lunar seismic sources
(Yamada et al. 2011, 2019), an observation campaign was conducted
during the December Geminids activities in 2018. In the campaign, we
detected 13 flashes by simple spectral cameras for visible and
near-infrared wavelengths (Yanagisawa and Kakinuma, in prep.).
Though the resolution of the spectra is quite low, we will examine
whether the single blackbody approximation adopted in the multi-band
observations is appropriate or not. Further, we will discuss what the
dominant source of the lunar impact flashes is.

As one of the major annual meteor showers, the characteristics of
Geminids have been well-studied. Their density, 2.9 � 103 kg m�3, is the
2

highest among the meteoroids associated with major showers and the
sporadic background (Babadzhanov 2002). Their tensile strength of
~105 Pa (Beech 2002) suggests that Geminids would not be fluffy ag-
gregates as expected for cometary materials. Spectral observations of
meteors show the depletion of sodium in Geminids, probably due to the
solar heating during their perihelion passage (Kasuga and Jewitt 2019,
Abe et al., 2020). The orbital similarity between Geminids and an
asteroid 3200 Phaethon indicates that the meteoroids result from debris
shed from the asteroid (reviewed in Vaubaillon et al., 2019). Its perihe-
lion distance is only 0.14 AU, and it is classified as one of the active as-
teroids (Jewitt et al., 2015). A project of a flyby mission to the asteroid is
also in progress for launch in 2022 (Arai etal., 2018). Many lunar impact
flashes during the Geminid meteor shower activities have been reported
(e.g., Cooke et al., 2007; Yanagisawa et al., 2008; Suggs et al., 2014; Ortiz
et al., 2015; Madiedo et al., 2019c; Liakos et al., 2020). The increase of
dust around the moon due to the Geminids’ lunar impacts was also found
by a dust detector onboard the LADEE lunar orbiter in 2013 (Szalay et al.,
2018). Spectral observation of Geminid lunar impact flashes would
contribute importantly to the studies in these fields.

We describe our observations in Chapter 2 and explain how to derive
spectra in Chapter 3. We show the spectra and brightness magnitudes of
the lunar impact flashes in Chapter 4. The temperatures of the flashes and
meteoroids’ masses are also shown in Chapter 4. We discuss the possible
problem in a single blackbody model and the source of the flashes in
Chapter 5. The conclusions are described in Chapter 6.

2. Observations

2.1. Observations by spectral cameras

At the University of Electro-Communications (UEC) in Tokyo, Japan
(35�3902800 N in latitude, 139�3203700 E in longitude, and 80 m in
elevation), observations were made with two spectral cameras. One was
attached to a Newtonian telescope of an aperture of 450 mm and a focal
length of 2025 mm. The other was attached to a Schmidt-Cassegrain
telescope with a focal reducer of an aperture of 280 mm and an effec-
tive focal length of 940 mm.

The camera attached to the 450 mm telescope is an ASI174MM
manufactured by the ZWO company. We removed the cover glass of the
camera and glued a blazed type grating on the cover glass of a CMOS
image sensor (SONY IMX174MM). The grating has 70 grooves per mm
and sold as “Transmission Grating Beamsplitters” by the Edmund Optics
company. The other one attached to the 280 mm telescope is a GS3-U3-
15S5M-C manufactured by the Point Grey company. We removed the
cover glass of the camera and glued the same type of gratings on the
cover glass of a CCD image sensor (SONY ICX825). We call the observing
system with the 450 mm telescope “System1” and the other “System2”
from now on.

We do not apply collimators that make the converging light from the
primary mirrors of the telescopes into parallel light rays before the
gratings. The converging light directly enters the gratings, passes through
them, and is focused on the image planes of the silicon sensor arrays. The
no-collimator is not a standard way to use gratings but makes spectral
images bright. Spectral resolutions are about 23.9 and 26.5 nm pixel�1

for the System1 and System2, respectively.
For Sytem1, the pixel size of the image sensor is 5.86 � 5.86 μm, and

its resolution, 1936 � 1216 pixels, makes its frame size 11.3 � 7.13 mm.
Its field of view is 19.2 � 12.1 arc-minutes when it is attached to the
telescope. The gain and exposure time of the camera were set to 40 dB
and 16 ms, respectively. Inter-frame durations are negligible, and the
frame interval was almost the same as the exposure time, that is, 16 ms.
The camera was connected to a personal computer with a USB3.0 cable,
and an application, “Fire Capture 2.4,” developed by Torsten Edelmann,
was used for capturing movies in the 16bit-SER format while the bit
depth of the camera signal is 12 bits. For the observations of the Flashes A
to F described below, movies were stored into a solid-state drive. Then



Table 1
Summary of observations.

Flash Time (UT) on December 15, 2018 latitudea longitudea Impact angleb number of framesc Observatoriesd

A 08 h 17 m 08s �21 �39 47 4 1, 2
B 08 h 29 m 35s 30 �57 67 10 1, 2, NU
C 08 h 58 m 50s 30 �40 56 2 1, NU
D 09 h 09 m 48s �5 �50 66 2 1, NU
E 09 h 44 m 05s �26 �49 50 2# 2, NU
F 09 h 46 m 16s 5 �70 85 2 1
G 10 h 23 m 07s �15 �35 48 2 1, NU, Lu
H 10 h 25 m 42s �60 �71 20 4# 2, NU, Lu
I 10 h 28 m 47s �12 �48 60 6 1, 2, NU, Lu
J 10 h 35 m 56s 30 �50 63 1 1, NU
K 10 h 54 m 34s 25 �55 70 2 1, NU
L 11 h 22 m 13s �3 �74 76 4 1, 2, NU, Lu
M 11 h 35 m 52s 23 �29 50 1 1, 2, NU

a Selenographic latitude and east longitude.
b Measured from local horizons.
c The number of frames, where each flash is recognized, observed by System1. Those observed by System2 are shown with #.
d Systems or observatories that detected each flash. 1: System1, 2: System2, NU: Nihon Univ, and Lu: Lulin observatory.
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the pixels were binned into 2 � 2, and movies were stored into a hard
disk drive for the other flashes. The binning makes the spectral resolution
about 47.8 nm pixel�1.

For Sytem2, the pixel size of the image sensor is 6.45 � 6.45 μm, and
its resolution, 1384 � 1032 pixels, makes its frame size 8.93 � 6.66 mm.
Its field of view is 32.7 � 24.2 arc-minutes when it is attached to the
telescope. The gain and exposure time of the camera were set to 24 dB
and 25 ms, respectively. The frame interval was 25 ms. The camera was
connected to a personal computer with a USB3.0 cable, and “Fire Capture
2.5” capturedmovies into a hard disk drive in the 16bit-SER format while
the bit depth of the camera signal is 14 bits. No binning was applied.

An observation campaign expecting lunar impact flashes due to
Geminids was conducted between 10th and December 16, 2018. The
weather was fine at UEC only in the night on the 15th. The age of the
moon was 8.0–8.2 (a waxing moon). System1 and System2 were oper-
ated for 08:04:08–13:08:56 UT and for 07:58:10–13:11:38 UT, respec-
tively. After the observations, an application, “ser_scan” developed by us,
scanned the SER movies and found 13 flash candidates in the movies
recorded by System1 and System2. We named them A to M flashes
(Table 1). Supplementary video (online version only) shows the movie of
Flash I. Madiedo et al., 2019c observed at least 11 lunar impact flashes on
13th and December 14, 2018 from two different sites in Spain. They
calculated the probability of these flashes being associated with Gem-
inids to be 90%. The flashes we observed on 15th December, therefore,
must be generated due to the impacts of the Geminids’ meteoroids onto
the lunar surface.

Fire Capture stamps the time of a computer clock on each frame in a
movie. The intervals of the stamped times should be constant and the same
as the exposure time if the stamped times are exact and there is no frame
drop. The frame drops occur when image data transferred through the
USB3.0 cable and stored into the disk exceeds the capability of the systems.
We examined the intervals of the stamped times in successive frames over
plus-minus 1 min around the times of the flashes. They fluctuate around
16 ms for System1, and 25 ms for System2. However, a longer interval is
followed by a shorter one. Therefore, the average of the intervals over
some frames is constant. We decided that the recording speed into the
drive is fast enough and there is no frame drop. The application seems to
stamp timewhen it stores a frame in a drive. It is slightly different from the
time of the start or the end of the exposure of the camera. The difference
would lead to the fluctuation of the intervals of stamped times.
1 Space-track: https://www.space-track.org/, last access on 4th March. 2020.
2.2. Observations at the other observatories

Observations with normal digital movie cameras were conducted at
Nihon University (NU) in Chiba-prefecture, Japan (35�4303100 N in lati-
tude, 140�0303200 E in longitude, and 28 m in elevation) by a telescope of
3

400 mm in aperture. At Lulin Astronomical Observatory, Taiwan
(23�2800700 N in latitude, 120�5202500 E in longitude, and 2862 m in
elevation), they observed by two telescopes of 152 mm and 200 mm in
apertures and normal digital movie cameras.

All the flashes, except A and F, were detected simultaneously at NU,
which was located 47 km east of UEC. They did not start observations at
the time of Flash A. Flash F was out of the field of view of their camera.
Lulin observatory, which was located 2300 km south-west of UEC along
the earth’s surface, started observations later at 10:16 UT due to the local
time difference between Japan and Taiwan. Flashes G to M were ex-
pected to be found, and we confirmed four of them (Flashes G, H, I, and
L). They paused observations at the times of Flashes J and M. Flash K was
not detected probably due to the frame drop described in the previous
section.

The most significant source of the false-positive detections of lunar
impact flashes is the reflection of sunlight by artificial satellites or space
debris. The best way to distinguish the lunar flashes from the satellite
glints is by examining the movies obtained at least two observatories
separated far enough. Most of the human-made objects are orbiting in
and below the geosynchronous orbit. The distance to them from obser-
vatories is at most about 40,000 km, while the moon is about ten times
far away. Their positions on the lunar disk are therefore different be-
tween the observatories, while a lunar flash appears at the same position.
Simultaneous detections of the G, H, I, and L flashes both in Japan and
Taiwan clearly show that they were the lunar phenomena. For the other
flashes, we calculated the parallax of a satellite located at 40,000 km in
the lunar direction between the observations at UEC and NU. It is about
one-tenth of the angular diameter of the moon. We examined the posi-
tions of the flash-images on the lunar disk on the frames obtained by the
two observatories. They agree with the accuracy of one-hundredth of the
lunar angular diameter despite the blurred images due to the spectral
dispersion of images obtained by the spectral cameras. The possibility of
satellite glints thus is discarded completely for the eleven flashes. For the
other two flashes, we examined whether cataloged satellites or space
debris passed in front of the lunar disk accidently. We examined the
positions of 17,754 satellites or space debris listed in the two-line
element orbital datasets downloaded from Space-Track1 on both 15th
and December 17, 2018 using an application “StellaNavigator 10” by the
Astro Arts company. We found no human-made object around the moon
that moved slowly enough to be misinterpreted as a lunar flash at the
times of Flash A. A geostationary satellite, Gorizont 23, was found at 0.5�

from the lunar disk center in the celestial south-east direction at the time
of Flash F. It was close to the south-eastern edge of the disk 1 min before

https://www.space-track.org/


Fig. 1. Locations of the lunar impact flashes observed on 15th December. 2018.
Geminids could hit the lunar surface to the left side of the orange broken line.
The sunlight illuminated the right side of the solid yellow line. The lunar image
was obtained by using the Virtual Moon Atlas2. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 2. The spectral image (a) and its count profile (b). The pixel values along
each vertical column are added and plotted in the count profile. We convert the
distance from the center of brightness of the zero-order image to a wavelength,
after some corrections described in the text. The image (a) is a portion of the 1st
frame of Flash B after the background subtraction (flipped horizontally).
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the flash. We do not know the accuracy of the orbital data and the cal-
culations in the application; however, the sudden brightening and an
afterglow of this event support it to be a lunar impact flash.

The selenographic latitudes and longitudes of the flashes (Table 1 and
Fig. 1) were determined on the images recorded at NU. For the flashes
that were not recorded there, the locations were determined on the im-
ages by System1 or System2. Despite no sunlight illumination, we can
recognize the bright Aristarchus region and the dark Grimaldi crater on
the night side images of the moon illuminated by the earth (earthshine).
Based on the positions of the flashes relative to them, we determined the
latitudes and longitudes on themaps generated by an application “Virtual
Moon Atlas”2. The impact angles measured from local lunar horizons in
the table were calculated assuming the Geminids impacts, the radiant of
which is 112� and 33�, respectively in right ascension and declination.

The flashes appear brightest in the 1st frames of frame sequences
where they are recognized. The times at the 1st frames are listed in
Table 1. The computer clock at NU was adjusted through an internet
signal, while those at UEC were adjusted manually. The stamped times of
System1 and System2 were therefore corrected to agree to those at NU,
and shown in the table.

3. Spectral analyses

The spectral flux densities FflashðλÞ at wavelength λ of a flash is
calculated as

FflashðλÞ¼NflashðλÞ
�

NstarðλÞ � k � πBT starðλÞ (1)

where NflashðλÞ and NstarðλÞ are count numbers as shown in Fig. 2b after
the corrections described below. Their subscripts represent a flash and a
comparison star. BT starðλÞ represents the Planck function at temperature
T_star, and k is a non-dimensional value related to the brightness of the
star. T_star is the effective temperature of the star derived from its color
2 Virtual moon Atlas: https://www.ap-i.net/avl/en/start/, last access on 4th
March. 2020.

4

index, B � V, and Table 3 in Flower (1996), where B and V denote
respectively the B- and V-magnitudes. We obtained B and V from the
SIMBAD3 database. It should be noted that FflashðλÞ is a temporal average
of the flux Fflashðλ; tÞ over an exposure time of the cameras Δt as

FflashðλÞ¼ 1
Δt

ZtþΔt

t

Fflashðλ; tÞ � dt (2)

Therefore, when the duration of the peak at the beginning of a flash is
shorter than the exposure time, FflashðλÞ underestimates its real flux. We
applied the following corrections to NflashðλÞ and NstarðλÞ before using Eq.
(1).

3.1. Dark frame correction

For every observation of flashes and stars, we recorded a hundred
frames of dark field (no light input) with the same gains and exposure
times just before or just after the observations. We averaged a hundred
frames and obtained the dark frame for each observation. We subtracted
the dark frame from each frame in raw SER movie files before any other
processing.

3.2. Background subtraction and counting of pixel values

We averaged about two hundred frames before and after a flash. The
averaged image was subtracted from a frame where the flash was
recognized. We thus obtained a background-subtracted-image (Fig. 2a).
In the averaging process, we also calculated the temporal standard de-
viation of count values for each pixel. The average of the standard de-
viations in a counting area of the background-subtracted-image was used
to calculate the error bars in Fig. 2b.

In both System1 and System2, the spectral dispersion direction is
3 SIMBAD: http://simbad.u-strasbg.fr/simbad/, last access on 4th March.
2020.

https://www.ap-i.net/avl/en/start/
http://simbad.u-strasbg.fr/simbad/


4 MODTRAN: http://modtran.spectral.com/, last access on 4th Mar. 2020.
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horizontal in images. We summed pixel values of the background-
subtracted-image over some pixels along a column. The vertical range
of the columns is determined visually. We thus obtained the summed
count as a function of horizontal position (Fig. 2b).

In the analyses of movie frames of a star, we averaged about a hun-
dred frames. Then, we summed pixel values of the averaged image over
some pixels along each column. We obtained a background count for
each column using pixel values in the upper and lower portion of the
column, where the pixel values were not affected by the star. After the
correction of the background, the summed counts as is shown in Fig. 2b
are obtained.

3.3. Corrections for the atmospheric dispersion

Light rays from a star bend due to the atmospheric refraction, and the
star appears higher above the horizon than it actually is. Wavelength
dependence of the refraction angle makes blue image up and red image
down relatively and leads to a vertically elongated image of the star. If it
were not for the atmosphere, spectral dispersion by the grating would
make a zero-order point image of a star and a 1st order line image
(spectral image). The wavelength dependence distorts both the zero-
order and the 1st order images. If the dispersion direction by the
grating is parallel to the local horizon, blue components of a stellar image
shift up and red components shift down due to the atmospheric disper-
sion. Then, the zero-order image slightly elongates vertically, and the
spectral image bends a little. The dependence is well formulated as a
function of wavelength and zenith angle (Schubert and Walterscheid
1999). We considered the atmospheric dispersion and converted the
x-coordinate in Fig. 2b to wavelengths for each of the flashes and com-
parison stars (see Yanagisawa and Kakinuma, in prep. for details).

3.4. Corrections for the 2nd order image

In the images of flashes and stars observed by our spectral cameras,
the 1st order image of, for example, 800 nm, is contaminated by the 2nd
order image of 400 nm. We must, therefore, remove the contribution
from the 2nd order image. We measured the ratios of the brightness in-
tensities between the 2nd and the 1st order images of a monochromatic
artificial star in laboratory experiments for wavelengths between 400 nm
and 800 nm. The relationship between the ratio and wavelengths was
expressed by a polynomial function of wavelengths and used for sub-
tracting the counts of the 2nd order images from the 1st order counts. The
function is obtained independently for System1 and System2. In the
laboratory experiments with the spectral camera in System2, we
substituted a commercial camera lens for the 280 mm telescope. The
substitution may lead to some errors in the coefficients of the polynomial
function.

3.5. Comparison stars

We approximated that the spectrum of a comparison star was
expressed by the Planck function at its effective temperature multiplied
by some value related to its brightness, that is, k � πBT starðλÞ in Eq. (1).
The value k was calculated from its V-magnitude. The spectral flux
density of a flash is then derived from the temperature, the magnitude,
and the count ratios between the flash and the star, according to Eq. (1).
We used Pollux (β Gem) observed on March 26, 2019 as the comparison
star for System1 because the stars observed on the night of the Geminids
flashes were faint or M in spectral type whose spectra were not approx-
imated well by the Planck function. The weather was fine on both nights
despite the three months difference in time. We derived the spectrum of a
faint G type main-sequence star, HD222799, observed on the night of the
Geminids flashes according to the procedures described in this Chapter
(Supplementary Fig. S in the online version), where the comparison star
was Pollux. The spectrum is well approximated by a blackbody spectrum
of 5400 K, and its V-magnitude, calculated by Eq. (3) in Section 4.2, is
5

8.4. On the other hand, the B- and V-magnitudes of the star in SIMBAD3

are respectively 9.59 and 8.82. Its effective temperature is 5359 K, ac-
cording to B � V ¼ 0.77 and Table 3 in Flower (1996). Despite the 0.4
difference in V-magnitude, the agreement of the temperatures validates
the use of Pollux as the comparison star for studying the spectral features
of the impact flashes. For System2, we used HD222465 observed on the
night of Geminids flashes. This star is an F6 type main-sequence star of
7.2 in V-magnitude (SIMBAD3). The spectrum of HD222799 mentioned
above observed on the same night by System2, obtained with the com-
parison star HD222465, shows 5600 K and 8.9 in V-magnitude. Both
values approximately agree to the temperature and the magnitude based
on SIMBAD3 and Flower (1996). The agreement validates the use of
HD222465 as a comparison star for System2.

3.6. Corrections for the atmospheric absorption

A flash and a comparison star are not necessarily recorded in the same
movie frames. They are usually observed independently at different times
and in different directions. We made corrections for the atmospheric
absorption with the assumption that there was no difference in atmo-
spheric conditions, such as water vapor and aerosol contents, among
observations. The atmospheric transmittance depends on zenith angles as
well as wavelengths. We obtained the zenithal atmospheric trans-
mittance as a function of wavelengths between 400 nm and 1000 nm
with the following three parameters using a free web application of
MODTRAN4; summer, mid-latitude, and urban. The temperature in
Tokyo, Japan in between December and March is not so cold as typical
mid-latitude countries. We adopted “summer” therefore instead of
“winter” as a parameter. The transmittance between 300 nm and 400 nm
was obtained from Table 11.25 in Schubert and Walterscheid (1999).

3.7. Spectral flat-field correction

Oneof thedrawbacksof our spectral cameras is that the count profiles as
shown in Fig. 2b depends onwhere the spectral image (Fig. 2a) appears in a
frame (Yanagisawa and Kakinuma, in prep.). For example, the profiles
derived from images observed in the left-side area in frames are different
from those in the right-side area. To avoid the problem, we recorded the
comparison star Pollux along twenty horizontal lines in movie frames by
System1.The frameswhere the star is locatednearest to theflashcoordinate
on a frame were used to obtain the count profile of the comparison star.

On the other hand, a star, HD166, was observed on November 15,
2018 at 25 points distributed uniformly in the field of view of System2.
We compared a profile obtained from a movie where HD166 appeared
nearest to the flash coordinate with the other profile obtained from a
movie where HD166 appeared nearest to the comparison star
(HD222465). The results of the comparisons were used in the spectral
flat-field corrections. HD166 is a variable star, so we did not use it as a
comparison star as we did for System1.

The correction is almost complete in System1 but not in System2. The
correction for the 2nd order image described in Section 3.4 is also more
accurate for System1 than for System2. Furthermore, the aperture of the
telescope is larger, and the framing rate of the camera is higher for
System1 than for System2. Therefore, in the following chapter, we show
the results obtained by System1 unless the observations were interrupted
in the system.

4. Results

4.1. Spectra

The spectral flux densities FflashðλÞ, observed outside the terrestrial
atmosphere, of bright flashes are shown in Figs. 3–7. These spectra are

http://modtran.spectral.com/


Fig. 4. Spectra of Flash G observed by System1.
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reliable between 400 nm and 870 nm in wavelengths except Flash H
(Fig. 5), which was observed by System2. Spectra of the other flashes are
shown in the Supplementary figures (online version only). The analyses
of the subsequent frames are possible for these bright flashes, and we also
show their spectra. Flash A is also bright, but a probable mechanical
twitch of the telescope in System1 blurred an image in the 1st frame
where the flash abruptly appeared. Therefore, the reliable spectrum was
not obtained for the frame. The twitch would also have occurred in
System1 at Flash M, and the blurred image prohibited the derivation of
the reliable spectrum.

Error bars in the figures are based on the temporal variation of the
background described in Section 3.2. They include photon shot noise and
electric noises. The same kinds of noise for the comparison stars are not
considered because the averages of about a hundred frames reduce the
noises. The effect of the atmospheric scintillation discussed later is not
included in the error bars. Error bars are not shown for the 2nd and the
3rd frames, but they are almost the same as for the 1st frame at the same
wavelength.

Spectral flux densities in the wavelength range between 300 nm and
400 nm might be overestimated because of the following reasons. There
could be some non-negligible absorptions in the stellar atmosphere in
this range. The blackbody approximations for the comparison stars,
Pollux and HD222465, could then overestimate the real flux. That is to
say, k � πBT starðλÞ in Eq. (1) could overestimate the real flux from the
stars, then FflashðλÞ could also be overestimated. Besides, terrestrial at-
mospheric absorptions are 55% at 400 nm and 100% at 300 nm in the
zenithal direction (Schubert and Walterscheid 1999) and more signifi-
cant in the non-zenithal directions. The absorption in this wavelength
range is more variable than in the longer wavelengths. It may have been
deeper on the nights of the comparison stars’ observations in Japanese
spring and autumn than on the night of the Geminids flashes in winter.
NstarðλÞ in Eq. (1) could be larger if we had observed the stars on 15th
December. These two possibilities could cause the overestimations at
these wavelengths.

The uncertainties, which are related to the correction for the 2nd
order image and not included in the error bars in the figures, should be
considered at long wavelengths. Corrections are relatively small for the
Fig. 3. Spectra of Flash B, observed outside the terrestrial atmosphere, at the 1st
(red solid polygonal line), the 2nd (blue broken polygonal line), and the 3rd
(black thin polygonal line) frames observed by System1. Error bars represent
one standard deviation of the background fluctuation. We do not show error
bars for the 2nd and the 3rd frames, but they are almost the same as for the 1st
frame at the same wavelength. The fluxes are reliable between 400 nm and 870
nm in wavelengths (the non-shaded area). Blackbody spectra were best-fitted to
the plots in the non-shaded area and are shown by smooth curves. We show the
blackbody temperatures in the plot area. Both the exposure time and the frame
interval of the camera were 16 ms. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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flashes but not negligible for the comparison stars because the stars are
bluer than the recorded flashes (dominated by latter stages of the pro-
cess) and the contribution of a 400 nm light to an 800 nm image is for
Fig. 5. Spectra of Flash H observed by System2. The observation was inter-
rupted in System1. Both the exposure time and the frame interval are 25 ms.

Fig. 6. Spectra of Flash I observed by System1.



Fig. 7. Spectra of Flash L observed by System1.

Fig. 8. Effect of the time lag between the beginnings of a flash and exposure of a
camera on observed fluxes. The exposure of the 1st frame started just before the
beginning of the flash in Case1; then, the averaged flux is relatively large. The
exposure started much before the beginning of the flash in Case2; then, the
averaged flux is relatively small.
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example more significant for the stars. For the comparison star, Pollux,
observed by System1, the contribution of λ/2 light exceeds 10% at about
λ ¼ 870 nm. The contribution exceeds 10% at about λ ¼ 750 nm in the
case of System2. The coefficients of the polynomials used for the
correction of the 2nd order light could be associated with non-negligible
errors, especially for System2. The errors in NstarðλÞ lead to the errors in
FflashðλÞ plotted in Figs. 3–7.

To examine the temporal variation of spectral features due to atmo-
spheric scintillations, we obtained count profiles as Fig. 2b for each of the
frames of a bright star, HD4128 (β Cet), observed at 54� in zenith angle
on November 9, 2017 by System1. The count profile fluctuates with time
with the amplitude (standard deviation) of about 15%. Though the
scintillation varies day by day, we expect it would not make the spectra
unreliable. However, detailed discussions on a single spectrum could lead
to incorrect conclusions. We should discuss with a broad view of all the
spectra. We did not examine the temporal variation in the same way by
using System2. The observed spectra may be affected more significantly
by the atmospheric scintillations in System2 than System1 because of the
smaller aperture of the telescope.

The amplitudes of the spectral flux densities and brightness magni-
tudes for the 1st frame described in the next section importantly depend
on the time lag between the beginnings of a flash and a camera exposure,
as illustrated in Fig. 8. The lightcurve of a typical lunar impact flash is
characterized by a sudden brightening and a decrease in brightness with
a time constant of about a few of the exposure time of the movie camera
(e.g., Yanagisawa and Kisaichi 2002). When the exposure starts around
the beginning of a flash, its image in the 1st frame appears bright. On the
other hand, when the exposure starts earlier, the flash appears less bright.
As Eq. (2) shows, the spectral flux densities FflashðλÞ in Figs. 3–7 show
averages over the camera exposure, and their amplitude at the 1st frame
depends on the time lag, which we do not know. Longer exposure
duration of System2 could statistically lead to lower flux densities and
darker magnitudes for the 1st frames than those derived from System1
observations. The blackbody temperatures described below would also
depend on the time lag and the exposure time to some extent if the
temperature changes quickly.

A blackbody spectrum was best-fitted to each spectrum. It is drawn as
a smooth line, and we show the blackbody temperature in each figure.
The plots in the reliable wavelength ranges were used in the best-fittings.
We tried to fit Planck functions of different temperatures to the observed
spectra and estimated the error in the temperatures to be about 300 K.
We show the temporal variations of the temperatures in Fig. 9. The
temperatures and their decreases with time roughly agree to the previous
results (Avdellidou and Vaubaillon 2019; Liakos et al., 2020).
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4.2. Magnitudes and meteoroid masses

The magnitudes mflash were calculated according to the following
formula for the V-, R-, and I-bands independently;

mflash �msun ¼ � 2:5 log10

� Z
FflashðλÞRðλÞdλ

� Z
FsunðλÞRðλÞdλ

�
(3)

where msun is the solar magnitude and RðλÞ is the response function for a
band (Bessell 2005). The integrals were calculated numerically, where
we used the plot intervals in the spectral figures as dλ. We truncated the
integration at 870 nm and 750 nm for the flashes observed by System1
and System2 respectively, while there was no truncation for the sun. For
the System2, this makes the R-magnitude a little dimmer and prohibits
the derivation of the I-magnitude because its effective wavelength is 800
nm (Bessell 2005). The magnitudes at the 1st frames are listed in Table 2.
It should be noted that there are uncertainties in these magnitudes due to
an unknown parameter, the time lag.

Luminous energy E flash, observed outside the terrestrial atmosphere,
were calculated as

E flash ¼
X�Z

FflashðλÞRvideoðλÞdλ
�
Δt (4)

where RvideoðλÞ is the response function of the video camera, WAT-100 N,
manufactured by WATEC company. We call this “video-band” from now
on. RvideoðλÞ is non-zero between 310 nm and 1000 nm in wavelength and
has a peak value of 1.0 at 615 nm. The integrals were calculated
numerically over the reliable wavelength ranges. We used the plot in-
tervals in the spectral figures as dλ.Δt is the exposure time for each frame
and the summation in Eq. (4) is calculated over the frames for which we
obtained spectra.

The luminous energy at the moon was obtained as



Fig. 9. Temporal variations of the blackbody temperatures of the bright flashes
observed by System1 (a) and System2 (b). The temperature for a frame in which
a flash appears first is plotted at zero in the horizontal axis. That for the 2nd
frame is plotted at 16 ms and 25 ms (frame intervals) for System1 and System2,
respectively. The abscissa does not necessarily represent the time after the
beginning of a flash. There is an uncertainty of 16 ms or 25 ms. The error of the
temperatures is estimated to be about 300 K.

Table 2
Summary of the magnitudes of the flashes at the 1st frames of their movie
sequences.

Flash magnitude by System1 magnitude by System2 mass/g

V R I V R

A 8.7 7.7 130a

B 7.5 6.2 5.1 8.4 7.4 600
C 11.4 8.7 7.6 35
D 9.4 8.5 8.8 48
E 9.8 9.6 -b

F 10.6 9.9 -b 11
G 9.3 7.9 6.6 130
H 7.9 6.2 660a

I 8.1 7.0 6.1 8.9 7.6 490
J 10.0 9.0 -b 26
K 9.4 8.3 6.9 82
L 8.0 6.8 5.8 8.5 7.3 290
M 8.8 9.1 100a

a The meteoroid masses were derived from the observations by System2. The
masses for the others were derived from the observations by System1.

b Integrals of fluxes over the I-band or the video-band wavelengths are
negative.
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Eflash ¼E flash � 4πr2 (5)
where r is the distance between the moon and the observatory (4.0� 105

km), and we assume the flashes were radiated uniformly into 4π
steradians.

The impact energy, that is, the kinetic energy of the meteoroid is
obtained as

Eimp ¼ ηEflash (6)

where η is the luminous efficiency. Some studies (Bellot Rubio et al.
2000a, 2000b; Moser et al., 2010) show its value to be between 0.1% and
0.2%. We adopted 0.2% in our calculations. The meteoroids that hit the
lunar surface must be Geminids; therefore, we calculated their masses in
Table 2 with their impact velocity of 35 km s�1. There is no problemwith
the time lag because of the multiplication by Δt and the summation in Eq.
(4). The real masses would be a little bit larger than the ones listed in the
table due to the truncations of the integration range in Eq. (4).
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5. Discussion

Before discussing the spectra of the lunar impact flashes, we examine
the brightness magnitudes at the 1st frames in Table 2. The magnitudes
were obtained by both System1 and System2 for the Flashes B, I, and L
(Table 2). Those by System2 is larger (dimmer) by about 0.7 on average
than those by System1 for both V- and R-magnitude. The most probable
cause of this disagreement could be the difference in the exposure time
between System1 (16 ms) and System2 (25 ms). If the duration of the
bright phase at the beginning of a flash is much shorter than the exposure
time, NflashðλÞ in Eq. (1) does not depend importantly on the exposure
time, while NstarðλÞ increases linearly with the exposure time. With the
increase of the exposure time, the spectral flux density FflashðλÞ reduces,
and the magnitude increases. The difference in the exposure time, 16 ms
vs. 25ms, leads to a difference of 0.5 in magnitude in this case. Because of
the dependence of the magnitudes on the exposure time, we must be
careful when we compare the magnitude distribution between, for
example, Suggs et al. (2014) and Liakos et al. (2020), where their
exposure times are 16 ms and 23 ms respectively.

The spectra of the bright flashes shown in Figs. 3–7 are continuous
and increase almost monotonically with wavelengths. Those of the other
flashes are much noisier but show the same tendency. Despite the un-
certainty of the magnitudes discussed above, the color indices that are
the differences in the magnitudes between the two wavelength bands do
not depend on the exposure time at all. The average and the standard
deviation of the color index, V - R, calculated from the magnitudes listed
in Table 2 for both System1 and System2 are 1.1 � 0.6, and those of R–I
are 0.9 � 0.6. Besides, the average and the standard deviation of R–I
calculated for the 1st frame in Table 1 in Bonanos et al. (2018) is 1.2 �
0.4 and almost agrees to our result. Our smaller value in R–I may be due
to the truncation of the integration at 870 nm in calculating the I-mag-
nitudes by Eq. (3). The truncation makes the I-magnitude a little bit
larger (dimmer), then makes R–I smaller. It is interesting to note that the
impact flashes by Geminids and other ones observed by Bonanos et al.
(2018) show similar R–I on average. Both V - R and R–I of the sun are 0.35
(Ramírez et al., 2012) and smaller than the indices of the flashes. One can
say that lunar impact flashes are redder than the sun in the visible and
near-infrared wavelengths, though they may appear bluer at the very
beginnings if we observe them with higher time resolution.

As a first approximation, the blackbody spectra of single temperatures
fit the observed spectra of the lunar impact flashes in the visible and near-
infrared wavelengths (Figs. 3–7). However, the fittings for the 1st frames
seem to be less satisfactory than for the 2nd and the 3rd frames. There
may be excess fluxes in the short wavelengths less than around 600 nm
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for the 1st frames. This is not unnatural because each part of a plume or
ejecta must radiate at different temperatures at a time, and the radiation
from some part could not necessarily dominate the total radiation.
Furthermore, the temperature distribution in the plume or ejecta must
vary with time during an exposure time for a movie frame, e.g., 16 ms.
The nonuniformity and the time variation have been observed in labo-
ratory experiments in the initial stages (within several tens of micro-
seconds) of impact phenomena (Schultz and Eberhardy 2015). As the
second approximation, we fitted the composite of two blackbody spectra
to the plots in each of the 1st frame spectra (Fig. 10). Wemade the fittings
visually while changing the two temperatures and the two intensities of
the blackbody radiations variously. The composites seem to approximate
each of the observed spectra much better than the single blackbody
spectra. The composites consist of blackbody radiations, one at about
6000 K and the other at about 2000 K.

The former temperature is close to the maximums observed in labo-
ratory impact experiments. Sugita et al. (1998) and Sugita and Schultz
(1999) observed the spectra for the first few microseconds of the flashes
at collisions of spherical quartz and copper projectiles of less than 1 cm in
diameter with dolomite blocks at about 5 km s�1. They analyzed the
ratios among line emission intensities of Ca and Cu and derived the
excitation temperatures around 6000 K. They supposed that they
observed jets that squirted out from the interface between the projectiles
and targets (e.g., Section 4.4 in Melosh 1989).

After the jetting, still in the initial stage of impact phenomena, self-
luminous plumes, which consist of gas and dust, and are sometimes
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called “vapor plume” or “vapor cloud,” are observed in laboratory ex-
periments (Section 5.3 in Melosh 1989, Fig. 19 in Schultz et al., 2007).
They are observed for more than several tens of microseconds. The
time-integrated light energy would be larger for the plumes than the jets.
Furthermore, thin layers of carbon, which would be contained in mete-
oroids, over dolomite powder targets increase the continuum radiation
from the plumes (Schultz et al., 2007; Schultz and Eberhardy 2015). The
plumes could be bright enough to appear as the high-temperature
components.

Ernst and Schultz (2004) conducted experiments with pumice dust
targets and subcentimeter Pyrex projectiles at about 5 km s�1. The
blackbody temperatures of the plumes were measured by multi-band
photometry. They are about 4000 K for the first 20 μs. Similar experi-
ments with 20 mm thick dolomite plates and polycarbonate projectiles at
less than 4.2 km s�1 also show about 4000 K (Tang et al., 2015). These
temperatures are lower than 6000 K of the high-temperature compo-
nents. However, the plume temperature could increase with impact ve-
locities as suggested by Ernst and Schultz (2002). Consequently, the
expanding, self-luminous vapor plume would be the major contributor to
the high-temperature component captured in the lunar impact flash.

We expected the low-temperature components to show the temper-
atures at the 2nd and the 3rd frames, but 2000 K is a little bit too low. The
disagreement may be due to the oversimplification of the two-component
model. Despite the possibility of oversimplification, the better fits of the
model indicate that the single blackbody model adopted in Figs. 3–7 and
previous works (e.g., Avdellidou and Vaubaillon 2019; Liakos et al.,
Fig. 10. Spectra at the 1st frames of bright flashes
(red solid polygonal lines) except Flash H. These were
observed by System1 with 16 ms in the exposure time
of the camera. Error bars represent one standard de-
viation of the background fluctuation. The fluxes are
reliable between 400 nm and 870 nm in wavelengths
(the non-shaded area). A composite of two blackbody
spectra (blue broken and black thin smooth lines) was
fitted visually to the plots in each of the spectra and is
shown by a smooth double curve. (For interpretation
of the references to color in this figure legend, the
reader is referred to the Web version of this article.)



Table 3
Radiating source area at the 2nd and the 3rd frames.

Flash 2nd frame 3rd frame Crater

T/K sizea/m T/K sizea/m diameter/m

A 2700 3.1 4.2
B 2400 4.4 2800 1.8 7.0
G 1800 9.4 4.2
Hb 2300 6.4 5.2
I 2600 5.0 2600 2.6 6.5
L 2400 2.6 5.8

a : The size (diameter) of a circle that has the same area as a radiating source.
b : Flash H was observed by System2, where the frame interval was 25 ms. The

interval for the other flashes is 16 ms.
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2020) may not be appropriate to derive the physically meaningful tem-
peratures for the 1st frames (at the beginning of flashes). It may be better
to refer to the 1st frame temperatures as “apparent temperatures.”

The apparent temperatures at the 1st frames obtained assuming a single
blackbodywoulddependon thewavelength rangeused toderive them.The
high- and low-temperature components respectively dominate visible and
near-infrared wavelengths in the spectra (Fig. 10). Therefore, the temper-
atures derived from visible wavelengths would tend to be higher than
temperatures mainly from near-infrared wavelengths. Temperatures at the
1st frames obtained in the NELIOTA project by Bonanos et al. (2018),
Avdellidou and Vaubaillon (2019), and Liakos et al. (2020) from the
brightness ratios between the R- and I-bands (red and near-infrared wave-
lengths) distribute over 1300–5800 K. Whereas, Madiedo et al. (2019b)
obtained almost the upper end of this distribution, 5700K, for a brightflash
from the ratios among B-, V-, and R-bands (visible wavelengths). They do
not report the temperature for the next frame, probably because the flash
becametoodark in the frametobeanalyzed.Thiswoulddeny thepossibility
that the exposureof thefirst frameended just after the very beginning of the
impactphenomenaandonly thebrief high-temperaturephasewas recorded
in the frame. They might have observed one of the rare
high-temperature-events by chance. However, it would be more probable
that the time-integrated spectrum of the flash approximately consisted of
the high- and low-temperature components and the observation without
near-infrared wavelengths led to the high temperature.

The spectrum at the 1st frame of Flash H does not show an apparent
excess in the wavelength range of less than 600 nm (Fig. 5). There are
four possibilities regarding the lack of excess. First, the impact angle
measured from the local horizon is smallest for the flash among the
others (Table 1). Schultz (1996) found that shear heating is important in
oblique impacts on particulate targets such as lunar regolith, and the
amount of impact-generated vapor increases with decreasing angle while
vapor temperature decreases. Radiation from a large amount of
low-temperature vapor plume, including melts and dust, could have
dominated this bright flash. Second, Flash H occurred near the limb of
the lunar disk. Pre-existing crater rims or hills might block the radiation
from the plume. Third, atmospheric scintillations could accidently
change the spectral feature. Fourth, the incomplete spectral flat-field
correction for System2 described in Section 3.7 might reduce the spec-
tral flux densities in this wavelength range.

Flash L observed by System2 does not show an apparent excess either
(Supplementary figures). The atmospheric scintillation or the incomplete
spectral flat-field correction could have hidden the excess. However, on
the other hand, all the excesses in the spectra in Fig. 10 might be due to
the atmospheric scintillations. Further spectral observations are needed
to verify the existence of the excesses.

The temperatures at the 2nd and the 3rd frames (Fig. 9) are below
3000 K that is below the evaporation temperature of all silicates in Table 2
in Ahrens and O’Keefe (1972). Those after the 1st frames obtained in the
NELIOTA project (Avdellidou and Vaubaillon 2019; Liakos et al., 2020) are
also below 3000 K. Incandescent ejecta consisting of melts and solid par-
ticles that follows a vapor plume in a cratering process, or a radiant crater
floor could be the sources of a lunar impact flash at the 2nd frame and
later. Radiation probably dominated by the thermal radiation from ejecta
in the latter stage was observed at the collision of the Centaur rocket with
the lunar surface at 2.5 km s�1 (Schultz et al., 2010; Hermalyn et al.,
2012). The incandescent ejecta and a crater floor observed in laboratory
experiments where polycarbonate projectiles of 4.76 mm in diameter hit
the quartz sand at about 6.5 km s�1 (Fig. 1 in Fuse et al., 2020) may
simulate lunar impact flashes after the vapor plume.

Madiedo et al. (2018) reported a flash of about 7 in V-magnitude
observed both at video wavelengths (no filter) and in the I-band. They
assumed single blackbody radiation and calculated temperature for each
set of the video- and I-band frames, and show that temperatures around
3200 K lasted for about 0.1 s after the 1st frame (frame interval of their
cameras is 20 ms). However, their two video cameras were not syn-
chronized, and probably the exposure of the no-filter camera would have
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preceded the exposure of the I-band camera. Because of the decrease of
brightness with time, the ratio of video wavelength brightness to I-band
brightness could be larger than the real ratio. The overestimated ratios
lead to higher temperatures than real temperatures. The temperatures of
this flash may have been less than 3000 K as with the other results
described in the previous paragraph.

Now, we consider areas radiated on the lunar surface inferred from
blackbody spectra fitted to the observed spectra. There is a following
relationship between the blackbody spectra ΦðλÞ and the Planck function
BTðλÞ of the flash temperature T,

FflashðλÞffiΦðλÞ ¼ A
�

r2 �BT ðλÞ (7)

where r is the distance to the moon and A is the cross-sectional area of a
radiating source perpendicular to the observers’ line of sight. We
substituted the fitted blackbody spectrum for ΦðλÞ and obtained A for the
2nd and the 3rd frames. They are listed in Table 3 as the diameters of

circles that have the same area as radiating sources, 2 �
ffiffiffiffiffiffiffiffiffi
A=π

q
(effective

diameter). We do not obtain the area for the 1st frames because the
temperatures could be “apparent” as discussed above, and brightness
would vary significantly during the exposure of the cameras. The tem-
poral variation would be more gentle in the 2nd and the 3rd frames.

To compare with the radiating source areas, we calculated the crater
diameters according to the formula for lunar craters up to roughly 100 m
in diameter in loose soil or regolith developed by Gault (1974) and
shown in Section 7.8 in a textbook (Melosh 1989). Impact energies, that
is, the kinetic energies of meteoroids, are calculated from the masses in
Table 2 and the Geminids’ impact velocity of 35 km s�1. The impact
angles in Table 1 are used. We used the density of meteoroids 2.9 � 103

kg m�3 (Babadzhanov 2002) and of lunar regolith 1.6 � 103 kg m�3

(McKay et al., 1991). These parameters result in crater diameters at the
level of the pre-existing lunar surface (apparent diameters) listed in
Table 3. The sizes at the 2nd frames in the table are comparable to the
crater diameters; that is, the radiating source areas are comparable to the
areas of crater floors. In a crater floor, only some parts would radiate.
Therefore, the crater floors do not necessarily dominantly contribute to
the radiation at the 2nd frames. The widespread incandescent ejecta
curtain, whose effective radiating area is comparable to a crater floor
area, would also be an important source. A thermally radiating spot
larger than the crater size produced by the collision of the Centaur rocket
with the lunar surface was observed for about 1 s after the impact before
the sun illuminates the ejecta (Schultz et al., 2010). This finding also
supports the idea that the coincidence of radiating sizes and crater sizes
does not necessarily mean the dominance of the crater floor radiation.

6. Conclusions

Two simple spectral cameras at UEC recorded 13 lunar impact flashes
between 6.2 and 9.9 in R-magnitude on December 15, 2018 during the
Geminids meteor activity. NU and Lulin observatories separated far
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enough from UEC to discriminate lunar flashes from satellites’ glints
confirmed 11 of them. We derived their spectra with a time resolution of
16 ms through sophisticated procedures, such as corrections for the at-
mospheric dispersions and the spectral flat field. Their spectra at wave-
lengths between 400 nm and 870 nm are continuous and red. Best-fitted
single blackbody spectra show the temperatures of about 2000–4000 K.
These temperatures are almost concordant with the results obtained from
multi-wavelength-band observations.

However, the composite of high (about 6000 K) and low (about 2000
K) temperature blackbody spectra could fit the observed spectra in the
initial stage of a flash much better. An impact-generated optically thick
vapor plume could contribute to the high-temperature component. Each
part of a plume must radiate at different temperatures at a time.
Furthermore, the temperature distribution in the plume must vary
quickly during an exposure time for a movie frame. Nevertheless, the
radiation from a part for a period may dominate the total radiation from
the plume, and appears as the high-temperature component. The radia-
tion from hot ejecta or crater floors may represent the low-temperature
components. Further spectral observations are necessary to confirm the
high-temperature component probably due to hot plumes.

The temperatures decrease with time, and those at the 2nd and the
3rd frames are less than 3000 K, certainly less than the evaporation
temperatures of silicates. The radiating source areas at the 2nd frames are
comparable to the areas of the crater floor generated by the Geminid
impacts. The rough agreement does not necessarily mean that the radiant
crater floors are the sources in the latter stage of the lunar impact flashes
because radiating areas would be only some parts of the floors. The
widespread incandescent ejecta curtain, whose effective radiating area is
comparable to a crater floor area, would also be an important source.
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