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菊池さん修士論文 (2016年)
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おとめ座銀河団領域で検出されたフラッシュ候補天体

• TMPM20522-79

(RA,DEC) = (12:21:48.519, +12:49:45.33)

視等級：16.1 mag

図 7.37: TMPM20522-79の検出フレームおよびその前後のフレームの画像。

図 7.38: TMPM20522-79の radial profileと contour。

2015 December:  
“Tomo-e flash” detected with Tomo-e PM 

Just on top of a galaxy

(at z ~ 0.04)

0 sec +0.5 sec-0.5 sec

Follow-up observations (e.g., Swift) => No detection…

Reflection of small body orbiting the Earth 
can cause short-timescale “glint”

2016-: Observations toward the Earth’s shadow Richmond+20, Arima+26

直川さんトーク /153

秒スケール突発天体：歴史



History repeats

“Perseus flasher” (PF)
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ABSTRACT 
Between 1984 July and 1985 July, 24 bright flashes were detected visually near the Aries-Perseus border by 

eight different observers at a total of 12 sites across Canada. One flash was photographed, and another was seen, 
by two observers at different locations. Their duration was usually less than 1 s. The estimated positions of 20 of 
the events and another seen in 1983 were close enough in the sky to suggest a common celestial origin. The 
photographed event, which was the brightest seen visually, reached mv~ -l and lasted about 0.25 s. It was 
located in Perseus at «(1950) = 03h10m34s ± 15s, 0(1950) = +32o03'27" ± 60". The brightest star at this 
position on the POSS O plate has mpg « 17. 
Subject heading: photometry 

I. INTRODUCTION 
Optical studies of short time constant phenomena (e.g. flare 

stars, gamma-ray bursters, X-ray bursters) are still in their 
infancy. To detect events which occur infrequently and which 
last for a period of seconds or shorter (i.e., flashes), it is 
necessary to use sensitive high-time-resolution detectors capa- 
ble of monitoring a large portion of the sky. Electronic 
detectors of this kind have only recently been developed, and 
surveys have just begun (Ricker et al 1984). In the mean 
time, a cheap, wide-field, high-time-resolution device which 
can be rapidly mobilized in great numbers is the human eye. 
This paper reports on the visual discovery of flashes in the 
vicinity of the Aries-Perseus border and the subsequent pho- 
tographic detection of one event. 

II. OBSERVATIONS 

a) Visual 
During the Perseid meteor shower on 1983 August 13 (UT), 

one of the authors (KM) saw a magnitude 0 flash lasting less 
than a second in the general direction of Aries. Although it 
was reported as a meteor seen head-on, it was noted that the 
short duration and the perceived light curve were unusual for 
such an event. Two more bright flashes were sighted in the 
same area of the sky on 1984 July 28 (BK) and 1984 August 
12 (BK,KM, BW). Again, both were initially dismissed as 
point meteors, but the coincidence in the positions of all three 
events was noted. Another 0 magnitude flash was seen while 
examining the Pleiades on 1984 September 1 (BK, BW). Con- 
sidering the distance of the Perseid radiant from the location 
(~ 30°—see Millman 1985) and the absence of meteors di- 

verging from this area, it was thought that the flashes might 
have a celestial origin. 

A systematic visual search for further flashes was begun on 
1984 October 19. Since then, most observations have been 
carried out under dark skies (limiting mv * 6) using standard 
meteor survey techniques. Generally, each observer was com- 
fortably seated in a chair, vision was allowed to adapt and 
remain adapted to the dark, and eyes were scanned repeatedly 
over a field approximately 40° across centered between the 
Pleiades and Algol. Once a flash was seen, the observer 
continued to scan the area for unusual phenomena for at least 
30 seconds in order to be sure that the event was not related 
to aircraft or satellites, and to identify the position relative to 
visible stars. All flashes in the survey area were recorded. For 
BK and MZ, who have logged the most hours, the average 
durations of the observing sessions were about 4 and 1 hr, 
respectively. 

Up to the end of the survey period (1985 August), a total of 
25 flashes (including the 1983 event) were seen in the area 
under survey (see Table 1). One event (1984 October 23) was 
seen by two independent observers 10 km apart. Another (the 
second of 1985 March 19) was detected both visually and 
photographically. Flashes were seen by a total of eight ob- 
servers at a total of 12 sites across Canada. Subsequent to the 
first reports of these findings (MacRoberts 1985a; Katz 
1985a), MacRoberts (1985&) received communications of ad- 
ditional sightings by individuals in the United States of 
America and the United Kingdom. 

Recent visual observations about which the authors have 
first-hand information (although often incomplete) are sum- 
marized in Table 2 (all dates and times are UT). Those 
observations lacking positions were reported to be within 

L33 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

19
87

A
pJ

. .
 .3

20
. .

39
83

 

The Astrophysical Journal, 320:398-404,1987 September 1 
© 1987. The American Astronomical Society. All rights reserved. Printed in U.S.A. 

THE PERSEUS FLASHER AND SATELLITE GLINTS 
Bradley E. Schaefer,1 Michael Barber,2 John J. Brooks,2 Allen DeForrest,2 Paul D. Maley,3 

Norman W. McLeod III,4 Russ McNiel,2 Andrew J. Noymer,5 A. K. Presnell,2 

Richard Schwartz,2 and Scott Whitney2 

Received 1987 February 9; accepted 1987 February 26 

ABSTRACT 
The Perseus Flasher (PF) is claimed to be an astrophysical source which frequently emits bright optical 

flashes (Katz et al 1986). These flashes have all been detected by the naked eye, with the exception of one 
photographed flash for which an accurate position is measured. Notable properties of the PF are its large 
amplitude (> 19 mag), short duration (~ 1 s), and frequent occurrence (a flash every 12 hr). These reports have 
caused much excitement, as well they should, for if true, they would represent an entirely new class of objects. 
Unfortunately, we have found that the PF is not an astrophysical source but is instead merely the observation 
of glints of reflected sunlight from artificial Earth satellites. This conclusion is supported by the following 
facts. (1) A total of 3400 hr of photographic, video, and CCD observations have detected no flashes in or near 
the small PF error box—despite the claim of one bright flash every 12 hr. (2) Thirteen of the 26 flashes are 
shown to be nonastrophysical in origin. (3) Both the observational and theoretical glint rates indicate that 
most, if not all, PF observations are caused by satellite glints. 
Subject headings: gamma rays: bursters — instruments — stars: variable 

I. INTRODUCTION 
The Perseus Flasher (also known as the Aries Flasher, a.k.a. 

the Optical Gamma-Ray Emitter, a.k.a. the Ogre, hereafter 
referred to as the PF) is claimed to be an astrophysical object 
which emits bright optical flashes every 12 hr on average (Katz 
et al 1986). This claim is based on roughly 160 hr of visual 
observations and one photograph for which many popular 
descriptions exist (Katz 1985a, 1985b, 1986a [but see the 
erratum in Berry 1986], 1986b; Thomsen 1986; MacRobert 
1985a, 1985b, 1986). If the PF is indeed an astrophysical object, 
the discovery would be highly exciting because it must rep- 
resent a new class of phenomenon. However, if the PF is 
merely some local background phenomenon, it is still inter- 
esting. This is because much effort has been spent in recent 
years to detect optical flashes from gamma-ray bursters 
(Grindlay, Wright, and McCrosky 1974; Schaefer 1981; Schae- 
fer et al 1983; Schaefer et al 1984; Schaefer 1985; Schaefer et 
al 1986; Pedersen et al 1984; Hudec et al 1984; Atteia et al 
1985; Ricker et al 1984; Teegarden et al 1984; Schwartz 1986; 
Schwartz et al 1987; Vanderspek 1985) which are rare com- 
pared to background events, so a thorough understanding of 
the background is vital. 

A number of severe difficulties exist in the interpretation of 
the PF as an astrophysical object. (1) Many groups have moni- 
tored the location of the PF with a wide variety of equipment 
and have not seen any flashes. In § II, we report on 482 hr of 
photographic and video monitoring. In addition, 2918 hr of 
observations have been reported by other observers. Neither of 
these facts is consistent with an astrophysical object which 
emits bright flashes every 12 hr. (2) In § III, we discuss several 
control experiments, in which we conclude that flashes are 

1 Laboratory for High Energy Astrophysics, NASA/Goddard Space Flight 
Center. 2 Santa Barbara Astronomy Group (SBAG). 3 Rockwell Shuttle Operations Company. 4 American Meteor Society. 5 The Amateur Telescope Makers of Boston. 

common, occur over all the sky, and have no preference for the 
PF position. Hence, the control experiments demonstrate that 
there is nothing special about the PF location. We also find 
observationally a high rate of flashes caused by glints of sun- 
light from satellites. (3) Many of the flashes reported in Katz et 
al (1986) can be shown to be unrelated to any astrophysical 
object at the PF position. One of us (B. E. S.) has identified a 
photograph (plate DNB 4385 which was exposed in Harvard, 
Massachusetts, and is now stored at Harvard College 
Observatory) showing the PF location on 1984 October 19 
3:45:49 to 4:20:51 UT which shows no flash images at the 
same time (1984 October 19 3:55 ± 5) that a PF event was 
reported. The event of 1984 November 2 was identified as a 
Taurid point meteor (Katz et al 1986). Four other events (1984 
September 29, 1985 February 7, March 19, and July 13) have 
positions inconsistent with the photographed position. The 
original position description (MacRobert 1985h) for the 1985 
February 21 event is also inconsistent, although the position 
description in Katz et al (1986) has been changed so as to be in 
agreement with the photographic position. Similarly, the pre- 
photograph description of the 1984 October 23 event position 
(Katz 1985a) has been changed by over 4° when compared to 
the report in Katz et al (1986). Also, the large error circle (6° in 
radius, the second largest of the values quoted) is hard to 
reconcile with the expected accuracy for an observer with the 
magnification and small field of view of binoculars as well as 
with the accuracy as described in Katz (1985a). (It is also worri- 
some that the 1984 October 21, November 4,11, and 16 events 
reported in MacRobert [1985a] are not mentioned in Katz et 
al [1986].) One of us (P. D. M.) has identified satellites which 
could account for the first two 1984 November 3 events (see 
§ IV). Maley (1987) has also identified the satellite which 
caused the photographed 1985 March 19 event as well as the 
satellites correlated with the 1985 June 21, July 13, and 
October 9 events. The observation of a second magnitude flash 
at 9:35 UT on 1985 July 27 is impossible because the Sun was 
only 4?6 below the horizon. Under such conditions (a sky 
brightness of 2.4 millilamberts [Koomen et al 1952]), a steady 
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 Fig. 1.—The photograph of 1985 March 19. East is toward the top left, and north is toward the upper right. The length of the star trails is 37'6. 
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New probe for space debris?

Rubin/LSST (6.5m, 9.6 deg2)

(C) Rubin Obs/NSF/AURA.

Impact to deep survey?

http://astria.tacc.utexas.edu/AstriaGraph/

Rapid increase of space debris

Systematic study of short-timescale “glint”  
with Tomo-e Gozen /155

スペースデブリの新しいプローブ？ Deep surveyへの影響は？



A search for second-timescale glint

• Data 

• 21 nights in 2023 Jan - Feb


• All sky survey (~ 3 hr after the sunset)


• 0.5 sec x 18 frames => 16.5 mag (5σ)


• “Areal exposure” = 173 deg2 hr 


• 87.4 TB in total


• Detection 

• Detection with “Single shot multibox detector (SSD)”


• Non detection => Point source => Non detection


• Matching with known satellites (SpaceTrack + Skyfield)

of the long-term survey), which is entirely stored for data
characterization.

For this purpose, we adopt the Single Shot MultiBox
Detector (SSD; W. Liu et al. 2015). SSD is a method that
performs object detection and classi!cation simultaneously
using a deep neural network. The inputs to SSD are two-
dimensional images, and the outputs are the positions of the
detected objects (bounding boxes) and their classi!cation
probabilities. We have developed dedicated software to

classify the objects into three classes: (1) stationary objects
(or “star”), (2) transients that appear only in one frame, and (3)
background (i.e., no object). The software runs on GPUs,
which enables real-time data processing.
For the input images, we use three consecutive frames

(2000× 1128 pixels× 3 frames). For each movie dataset
(18 frames), detection and classi!cation are repeated 16 times
by sequentially inputting three-frame sets. Note that our
method is not sensitive to transients that appear only in the !rst
or last frame. Thus, the effective time is 16× 0.5 s= 8 s per
18-frame data.
The SSD model consists of a base network (as a feature

extractor) and additional convolutional layers to predict the
bounding box and class. Each pixel in the additional
convolutional layers has prede!ned bounding boxes, providing
predictions of the position and class. Finally, the detections
with different spatial scales that yield high scores are merged
by nonmaximum suppression. The training data for the

Table 1
Summary of Second-timescale Glints

Telescope/Camera FOV Exp. Time Magnitude Magnitude Event Rate References
(deg2) (s) (0.5 s) (deg−2 hr−1)

Evryscope 16,512 120 14 8 +0.043 0.014
0.0067a H. Corbett et al. (2020)

W-FAST 7 0.04 9–11 10–12b +1.74 0.17
0.16c G. Nir et al. (2021a)

... ... ... ... +1.26 0.17
0.16d ...

ZTF 47 30 ... 13.8e 1.0–1.9a S. Karpov & J. Peloton (2023)f
Tomo-e Gozen 20 0.5 15.5 15.5 4.7 ± 0.2a This work

... ... ... ... 9.0 ± 0.4g ...

... ... ... ... 2.1 ± 0.1h ...

Notes. All the event rates are given in a detection-wise manner (not object-wise).
a Average.
b Converted to 0.5 s equivalent magnitude by assuming the intrinsic duration of Δt = 0.2 s.
c Decl. around −25°.
d Decl. around +5°.
e Converted to 0.5 s equivalent magnitude from the typical instantaneous magnitude of 12 mag in the duration of Δt = 0.1 s.
f The lower value counts only cataloged objects (including those at the LEO), while the upper value also counts uncataloged objects.
g Equator (−20° < decl. < +20°).
h |Decl.| > 20°.

Figure 1. (Top) Survey footprints of our observations in the equatorial
coordinate. The color represents the total exposure time for each part of the
sky. (Bottom) Distribution of the detected glints. The blue points show all the
glints, while the orange points show those associated with cataloged objects.
Note that the coordinates of the glints are given as viewed from the Kiso
observatory.

Figure 2. Cumulative areal exposure (deg2 hr) of our survey as a function of
5σ limiting magnitude.

3
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Single Shot Multibox detector (SSD) 
Liu et al. (arXiv:1512.02325)

SSD: Single Shot MultiBox Detector 13

Fig. 5: Detection examples on COCO test-dev with SSD512 model. We show
detections with scores higher than 0.6. Each color corresponds to an object category.

Method
VOC2007 test VOC2012 test COCO test-dev2015

07+12 07+12+COCO 07++12 07++12+COCO trainval35k
0.5 0.5 0.5 0.5 0.5:0.95 0.5 0.75

SSD300 74.3 79.6 72.4 77.5 23.2 41.2 23.4
SSD512 76.8 81.6 74.9 80.0 26.8 46.5 27.8

SSD300* 77.2 81.2 75.8 79.3 25.1 43.1 25.8
SSD512* 79.8 83.2 78.5 82.2 28.8 48.5 30.3

Table 6: Results on multiple datasets when we add the image expansion data aug-
mentation trick. SSD300* and SSD512* are the models that are trained with the new
data augmentation.

consistent with the objects in the GEO, suggesting that the
glints near the equator are mainly caused by objects in the
GEO. We also identify many glints at high latitudes. There is a
larger scatter in their apparent motions, and this population
may be caused by objects in the HEO with a high inclination.

The majority of glints with 14–16 mag do not match with
cataloged objects. The estimated size for these objects is
0.3–1 m. Such a population has already been recognized by a
past survey of objects at the GEO (T. Schildknecht 2007): they
are likely to have sheet-like shapes, such as insulation pieces
separated from spacecraft. Our results imply that on the order
of 100 such objects may be orbiting, and they can cause
signi!cant foreground contamination in searches for optical
transients with a second timescale.

The event rate of second-timescale glints is estimated to be
4.7 ± 0.2 deg−2 hr−1 (average) and 9.0 ± 0.4 deg−2 hr−1

(equator) at 15.5 mag, which is signi!cantly higher than that of
brighter glints (Figure 9). Faint second-timescale glints
detected in our survey can still appear as 20.5 mag sources
in 30 s exposure images. In addition, our results together with
past surveys for the smaller objects suggest that the event rate
for fainter objects can be even higher. Thus, the deep survey
with Rubin/LSST would detect many of these glints in single-
exposure images.
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Appendix
Detection Method Based on Single Shot MultiBox Detector

We have developed a dedicated detection method to identify
second-timescale glints based on SSD (W. Liu et al. 2015).
Our original movie data have dimensions of
2000× 1128 pixels× 18 time frames. For the input to the
SSD, we use three consecutive time frames (i.e.,
2000× 1128 pixels× 3 time frames). Each image is normal-
ized before being processed by the SSD. In addition, we use
three mask images at the corresponding time frames, which
highlight only the pixels with >5σ values. In total, images
with six channels are used as input. Since the SSD accepts a
patch of 300× 300 pixels for each channel, we subdivide the
original image into 7× 3 patches. Thus, the input dimension
for each patch is 300× 300× 6. Detection and classi!cation
are performed for each patch.

For the base network of the SSD, we adopt a
model structure similar to the so-called “VGG16” model
(K. Simonyan & A. Zisserman 2014). Each block consists of
1–3 convolutional layers with 3 × 3 kernels and 2 × 2 max
pooling. We set six blocks with dimensions of (150, 150, 18),
(75, 75, 32), (38, 38, 64), (19, 19, 64), (10, 10, 64), and
(5, 5, 32). Compared with the original structure of the SSD
(W. Liu et al. 2015), our model includes layers with 150 × 150

and 75 × 75 pixels to detect small-scale objects (i.e., stars). On
the other hand, we omit layers with 3 × 3 and 1 × 1 pixels
(which are sensitive to large objects) since our targets are point
sources.
For the SSD model prediction, each block has prede!ned

bounding boxes covering each pixel (i.e., default bounding
boxes). The SSD performs detection and classi!cation for all
the default bounding boxes. For the detection, each default
bounding box provides offsets to the true position, yielding a
bounding box enclosing the object (i.e., detection bounding
box). For each detection bounding box, a classi!cation
probability is also estimated. In this way, the SSD is able to
detect objects of various sizes and to classify them in a single
step. Finally, for each class, information from detection
bounding boxes with a high probability is gathered, and
duplicated bounding boxes are removed by non-maximum
suppression.
The training dataset, i.e., images with ground-truth bound-

ing boxes and classi!cation labels, was prepared from actual
data of Tomo-e Gozen (Figure 10). For the training data for the
background and stationary objects, we simply use the back-
ground region and object region, respectively. For transient
objects, we created the base of the training data by arti!cially
injecting point sources into 3490 movie datasets. During the
training procedure, data augmentation is dynamically per-
formed by clipping, "ipping, and rotating the images, so that
6400 samples are used in every epoch of the training. Training
is performed for 100 epochs. In each epoch, different
augmented data are used, which helps optimize the perfor-
mance by avoiding over!tting. For the loss function, the Huber
loss is adopted for the detection (i.e., localization loss) while
categorical cross-entropy is adopted for classi!cation (i.e.,
con!dence loss).
Figure 11 shows a precision–recall curve for our detection

algorithm. The F1 score (=2 (precision × recall)/(precision +
recall)) is 0.84 and 0.79 at threshold scores of 0.35 and 0.70,
respectively, demonstrating good performance of our detection
algorithm. It is noted that the performance is measured with

Figure 10. Example of training data for the SSD: stationary source (top),
transient (middle), and background (bottom). Three images for each category
show three consecutive time frames.
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Results

of the long-term survey), which is entirely stored for data
characterization.

For this purpose, we adopt the Single Shot MultiBox
Detector (SSD; W. Liu et al. 2015). SSD is a method that
performs object detection and classi!cation simultaneously
using a deep neural network. The inputs to SSD are two-
dimensional images, and the outputs are the positions of the
detected objects (bounding boxes) and their classi!cation
probabilities. We have developed dedicated software to

classify the objects into three classes: (1) stationary objects
(or “star”), (2) transients that appear only in one frame, and (3)
background (i.e., no object). The software runs on GPUs,
which enables real-time data processing.
For the input images, we use three consecutive frames

(2000× 1128 pixels× 3 frames). For each movie dataset
(18 frames), detection and classi!cation are repeated 16 times
by sequentially inputting three-frame sets. Note that our
method is not sensitive to transients that appear only in the !rst
or last frame. Thus, the effective time is 16× 0.5 s= 8 s per
18-frame data.
The SSD model consists of a base network (as a feature

extractor) and additional convolutional layers to predict the
bounding box and class. Each pixel in the additional
convolutional layers has prede!ned bounding boxes, providing
predictions of the position and class. Finally, the detections
with different spatial scales that yield high scores are merged
by nonmaximum suppression. The training data for the

Table 1
Summary of Second-timescale Glints

Telescope/Camera FOV Exp. Time Magnitude Magnitude Event Rate References
(deg2) (s) (0.5 s) (deg−2 hr−1)

Evryscope 16,512 120 14 8 +0.043 0.014
0.0067a H. Corbett et al. (2020)

W-FAST 7 0.04 9–11 10–12b +1.74 0.17
0.16c G. Nir et al. (2021a)

... ... ... ... +1.26 0.17
0.16d ...

ZTF 47 30 ... 13.8e 1.0–1.9a S. Karpov & J. Peloton (2023)f
Tomo-e Gozen 20 0.5 15.5 15.5 4.7 ± 0.2a This work

... ... ... ... 9.0 ± 0.4g ...

... ... ... ... 2.1 ± 0.1h ...

Notes. All the event rates are given in a detection-wise manner (not object-wise).
a Average.
b Converted to 0.5 s equivalent magnitude by assuming the intrinsic duration of Δt = 0.2 s.
c Decl. around −25°.
d Decl. around +5°.
e Converted to 0.5 s equivalent magnitude from the typical instantaneous magnitude of 12 mag in the duration of Δt = 0.1 s.
f The lower value counts only cataloged objects (including those at the LEO), while the upper value also counts uncataloged objects.
g Equator (−20° < decl. < +20°).
h |Decl.| > 20°.

Figure 1. (Top) Survey footprints of our observations in the equatorial
coordinate. The color represents the total exposure time for each part of the
sky. (Bottom) Distribution of the detected glints. The blue points show all the
glints, while the orange points show those associated with cataloged objects.
Note that the coordinates of the glints are given as viewed from the Kiso
observatory.

Figure 2. Cumulative areal exposure (deg2 hr) of our survey as a function of
5σ limiting magnitude.
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1554 glints
1088 multiple detection

466 single detection

462 catalogued

101 catalogued

Sky distribution Brightness distribution

larger scatter in their apparent velocities (blue points in
Figure 6). However, many of these objects show apparent
velocities lower than those expected for objects at the LEO.
Thus, these glints may be caused by objects in orbits with high
altitude (apogees) and high inclinations, such as a highly
elliptical orbit (HEO).

The brightness of the detected glints ranges from 11 to
16 mag. Figure 7 shows the distribution of magnitudes for the
detected glints as measured in 0.5 s images (blue lines). The
number of glints increases toward fainter magnitudes down to
about 16 mag. As shown in Figure 3, the detection ef!ciency
starts to drop around 1 magnitude brighter than the limiting
magnitude. Thus, the decrease in the number of glints on the
fainter side is due to the low detection ef!ciency (a typical
limiting magnitude is ∼16.5 mag). The glints associated with
known satellites and debris are found to be brighter

(<14 mag), as shown in the orange line in the top panel. In
contrast, many fainter glints are not associated with cataloged
objects. This is consistent with the results of the survey for
GEO objects in the past (T. Schildknecht 2007): most of the
objects at the GEO with >15 mag are not cataloged.
The number of uncataloged objects in the orbit is important

to understand the current space environment, although it is
dif!cult to give an accurate estimate from our observations. In
our observations, 70 cataloged objects produce 563 second-
timescale glints. By roughly assuming that the frequency of
producing second-timescale glints is the same for cataloged
and uncataloged objects, the detection of 991 glints that are not
associated with cataloged objects suggests that an order of 100
uncataloged objects were detected in our observations. As the

Figure 5. Distribution of solar separation angles for the detected glints (blue).
For comparison, the gray line shows the (normalized) angle distribution for
our survey footprints. The thin dashed line shows the uniform distribution.

Figure 6. Apparent motion in R.A. and decl. for the glints detected �three
times (blue). The orange dots show the motions of the objects associated with
cataloged objects. The gray dots show the motions of the objects at decl. >20°.

Figure 7. Magnitude distribution of the detected glints (blue). (Top) Gray line
shows the magnitudes of the glints detected in images deeper than 16.5 mag,
which is used for the event rate estimate. The magnitude distribution of the
glints associated with cataloged objects is shown with the orange line.
(Bottom) The distributions of the glints with single and multiple detections are
shown with the black and green lines, respectively. Note that magnitudes are
given as measured in the 0.5 s image.
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Closer look

velocities are clustered around an R.A. motion of 15″ s-1,
which is expected for objects at the GEO. In fact, among the
70 cataloged objects producing glints, 59 objects have an
apogee of the orbit greater than 30,000 km. Among these 59
objects, only 6 objects have an eccentric orbit with an apogee

>30,000 km and a perigee <5000 km. These results suggest
that the majority of the glints detected near the equator are
caused by objects at the GEO.
It is interesting that our observations also detect glints even

at high latitudes (Figure 1). The glints at high latitudes show a

Figure 4. Example of detected glints. For the glints matched with cataloged objects, their common names are also given. Each image section has a size of 100
pixels × 100 pixels (about 2′ × 2′). North is up and east is left. Note that some faint sources (i.e., those in SIRIUS 3 (!rst row), uncataloged source (fourth row), and
HIMAWARI 5 AKM (!fth row)) are not detected with SSD, and these are not included in the number of detections.
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ひまわり5号 (1995)

AKM: Apogee Kick Motor

右側画像：https://space.skyrocket.de/doc_lau_det/ariane-44l_h10-3.htm

https://www.jaxa.jp/press/2005/07/20050720_sac_gms5_j.html

Ariane 44L
よく見てみる
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Which orbit?

larger scatter in their apparent velocities (blue points in
Figure 6). However, many of these objects show apparent
velocities lower than those expected for objects at the LEO.
Thus, these glints may be caused by objects in orbits with high
altitude (apogees) and high inclinations, such as a highly
elliptical orbit (HEO).

The brightness of the detected glints ranges from 11 to
16 mag. Figure 7 shows the distribution of magnitudes for the
detected glints as measured in 0.5 s images (blue lines). The
number of glints increases toward fainter magnitudes down to
about 16 mag. As shown in Figure 3, the detection ef!ciency
starts to drop around 1 magnitude brighter than the limiting
magnitude. Thus, the decrease in the number of glints on the
fainter side is due to the low detection ef!ciency (a typical
limiting magnitude is ∼16.5 mag). The glints associated with
known satellites and debris are found to be brighter

(<14 mag), as shown in the orange line in the top panel. In
contrast, many fainter glints are not associated with cataloged
objects. This is consistent with the results of the survey for
GEO objects in the past (T. Schildknecht 2007): most of the
objects at the GEO with >15 mag are not cataloged.
The number of uncataloged objects in the orbit is important

to understand the current space environment, although it is
dif!cult to give an accurate estimate from our observations. In
our observations, 70 cataloged objects produce 563 second-
timescale glints. By roughly assuming that the frequency of
producing second-timescale glints is the same for cataloged
and uncataloged objects, the detection of 991 glints that are not
associated with cataloged objects suggests that an order of 100
uncataloged objects were detected in our observations. As the

Figure 5. Distribution of solar separation angles for the detected glints (blue).
For comparison, the gray line shows the (normalized) angle distribution for
our survey footprints. The thin dashed line shows the uniform distribution.

Figure 6. Apparent motion in R.A. and decl. for the glints detected �three
times (blue). The orange dots show the motions of the objects associated with
cataloged objects. The gray dots show the motions of the objects at decl. >20°.

Figure 7. Magnitude distribution of the detected glints (blue). (Top) Gray line
shows the magnitudes of the glints detected in images deeper than 16.5 mag,
which is used for the event rate estimate. The magnitude distribution of the
glints associated with cataloged objects is shown with the orange line.
(Bottom) The distributions of the glints with single and multiple detections are
shown with the black and green lines, respectively. Note that magnitudes are
given as measured in the 0.5 s image.
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Motion on the sky
15 arcsec / s => Geosynchronous orbit (GEO)

* Among 70 unique catalogued objects,

59 objects are on GEO

Collaboration et al. 2018), reducing the expected flash count
within the error radius to a likely acceptable ´ -3.8 10 5 hr−1

based on the all-sky averaged event rate. Wide-angle surveys
like Evryscope can be expected to have a false alarm rate
(FAR) of 1 per 3 yr for apparent FRB optical counterparts due
to orbital flashes. For FRBs localized to the equatorial region,
the expected event rate and FAR increase to 8.5×10−5 hr−1

and 1 per 1.3 yr, respectively.
In contrast, gamma-ray bursts (GRBs) from the Fermi

Gamma Burst Monitor have a median 90% localization area of
209 square degrees (Goldstein et al. 2020), leading to an
expected flash count of 9.1hr−1 based on the all-sky averaged
cumulative event rate. With simultaneous coverage and
physical constraints on the timescale of the optical component,
the expected flash count drops to 0.15minute−1. For GRB
localizations within the equatorial region, the rates increase to
20hr−1, or 0.33minute−1.

Events with larger localization regions or weakly constrained
early lightcurves, like gravitational wave events from LIGO/
Virgo, will be more heavily impacted. For a typical 1200 sq.
degree sky map, the expected flash is 53hr−1 assuming the all-
sky averaged event rate, or 120hr−1 within the equatorial
region. The resulting FAR will increase linearly with both
localization area and trigger rate.

4.4. Vera C. Rubin Observatory

We predict that point-like flashes will occur in images from
Vera C. Rubin Observatory at a rate of 6.4×10−4

flashes per
image (15 s of 3.5 square degrees), based on the all-sky
averaged event rate. Assuming O(1000) pointings, we expect
Rubin to observe on the order of 1.3 flashes per night from this
population. In the worst case scenario of all pointings being
confined to the equatorial region, this rate increases to
1.4×10−3

flashes per image, or 2.8 flashes per night. Due
to the 15 s exposure time of Rubin, the average observed
magnitude of the flash distribution will be shifted to mg∼10.7,
100×brighter than the g-band bright limit of mg=15.7 (LSST
Science Collaboration et al. 2009). Our observed magnitude
distribution drops off at the faint end, but there is the potential
for a second distribution to exist beyond the Evryscope depth

limit, as is seen for geosynchronous debris observed by the
DebrisWatch survey (Blake et al. 2020).
We estimate that a worst-case scenario 10 millisecond flash

from a geosynchronous satellite will produce a 0 15 streak,
likely indistinguishable in Rubin’s 0 2 pixels. Longer-duration
flashes, like the 0.4 s events we have assumed here, would
produce obvious 6″ streaks. However, fully constraining the
expected morphology of orbital flashes in Rubin data will
require modeling of their duration via orbital characteristics of
the population.

The Evryscope was constructed under National Science
Foundation ATI grant AST-1407589, with operating costs from
National Science Foundation CAREER grant 1555175. Current
operations are supported by AAG-2009645. H.C. was
supported by the National Science Foundation Graduate
Research Fellowship (grant No. DGE-1144081), AAG-
2009645, and the North Carolina Space Grant. O.F. acknowl-
edges the support by the Spanish Ministerio de Ciencia e
Innovación (MICINN) under grant PID2019-105510GB-C31
and through the “Center of Excellence María de Maeztu
2020–2023” award to the ICCUB (CEX2019-000918-M). This
research made use of Astropy,5 a community-developed core
Python package for Astronomy (Astropy Collaboration et al.
2013, 2018), and SciPy,6 a core Python package for general
scientific computing tasks.
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see also Nir+2021 (W-FAST)

Many of the detected glints seem to be at the GEO

* Selection bias (our method detect only point sources)

物体の軌道は？

静止軌道
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Size?frequency to produce short-timescale glints may be smaller for
the fainter objects (see Section 5.1), this number should be
regarded as a lower limit.

5. Discussion

5.1. Origin of the Glints

As shown in Section 4, most of the second-timescale glints
detected with our observations are likely to be caused by
arti!cial satellites or space debris at the high altitude orbits
(such as GEO or HEO), re"ecting the sunlight. Below, we
discuss properties and characteristics of the objects causing
second-timescale glints.

In this work, we selected glints that appear as point sources.
At the GEO, for example, a typical apparent motion is 15″ s-1.
Thus, for the objects to appear as point sources within a seeing
size (∼4″ in our observations), the intrinsic duration of the
glints should be Δt < 0.3 s, which is somewhat shorter than
our exposure time of 0.5 s. This is consistent with the results
obtained by time-resolved observations with W-FAST (G. Nir
et al. 2021a). Note that some glints also show faster apparent
motion (Figure 6). For glints with 150″ s-1, for example, the
intrinsic duration should be even shorter (Δt < 0.03 s) to be
detected as point sources.

We approximately estimate the size of the objects. The
observed "ux from an object re"ecting sunlight is expressed
by considering the solid angle of the object (e.g., J. Africano
et al. 2005; J. Šilha 2020):

( ) ( )=f l
r
A f , 1

2

2

where l is the diameter of the object, r is the distance from the
observer, A is an albedo, and f⊙ is the observed "ux from the
Sun. The equivalent equation for magnitude is

( ( )) ( ) ( )= +m Al r m2.5 log 5 log , 22

where m⊙ is the visual magnitude of the Sun. Here, ψ(f) is a
phase function, which de!nes the angular dependence of the
scattered light from the surface (f is a phase angle of the
re"ection).

Typically, diffuse re"ection is assumed to estimate the size
of satellites or space debris from optical observations (J. Afri-
cano et al. 2005; T. Schildknecht 2007; J. Šilha 2020), which is
known to be a sound approximation. In this case, the phase
function of a Lambertian sphere is often adopted:

( ) [( ) ] ( )= +2
3

cos sin . 3
2

The phase function has a peak of ψ = 0.2 when f = 0 (the
Sun and the observer are in the same direction from the
object). For f = 90°, the phase function is ψ = 0.07.

Figure 8 shows the relation between size and observed
magnitude for objects at the GEO distance. The albedo is
assumed to be A = 0.175, following the convention in optical
observations (J. Africano et al. 2005; T. Schildknecht 2007;
J. Šilha 2020). The purple line shows the expected relation
from scattered re"ection assuming a phase angle of f = 90°
(as most of the glints are detected at this angle; Figure 5).

Since we detect objects as short-timescale glints, the true
re"ection of the objects may have a stronger angular
dependence than that of a Lambertian sphere. In this case,
the phase function becomes larger, which gives a smaller size

estimate for a given brightness. An extreme case is a perfect
plane-mirror re"ection as assumed in some previous works
(e.g., B. E. Schaefer et al. 1987; G. Nir et al. 2021a;
A. Loeb 2024). Under this assumption, the phase function
corresponds to ψ = 1/Ω⊙ = 1.7 × 104 only when the observer
is located within the re"ected sunlight (Ω⊙ is the solid angle of
the Sun). Due to the very high ef!ciency of the re"ection, this
yields a substantially small size estimate for a given brightness
(black line in Figure 8).
The gray dots in Figure 8 show the brightness of glints

associated with known objects. For these objects, we plot the
size by assuming =l RCS , where RCS is the radar cross
section obtained from SATCAT data in CelesTrak.23 Although
it is not necessarily true that the size estimated by radar
corresponds to that estimated from optical observations, the
RCS sizes lie between 0.1 and 1 times the sizes estimated from
a Lambertian sphere.
It should be noted that, in the comparison above, we do not

correct the exposure time for the observed brightness, i.e., the
brightness of the glints is assumed to be constant over a 0.5 s
exposure. This is not necessarily true as the typical duration is
probably somewhat shorter—about 0.2–0.3 s as estimated by
G. Nir et al. (2021a) or inferred from the point-source shape
(see above). If the intrinsic duration is shorter than this, the
actual instantaneous brightness would be brighter, which
would lead to a larger size estimate.
Keeping this caveat in mind, the brightness of the faint

glints that are not associated with cataloged objects
(∼15–16 mag, the top panel of Figure 8) implies that they
are caused by objects with about 0.3–1 m in size. Interestingly,

Figure 8. (Top) Brightness distribution for the glints that are not matched with
cataloged objects. (Bottom) The relation between the magnitude and the size
of the objects. The purple solid line shows the expected size assuming an
albedo of A = 0.175 and scattered re"ection with the phase angle of f = 90° at
the GEO. The purple dashed line shows a smaller size by a factor of 10 to give
a possible range. The black line shows the expected size assuming a perfect
mirror re"ection with albedo of A = 0.175. The gray dots show the size
estimated from radar cross section ( =l RCS ) for the glints associated with
cataloged objects with an apogee of >30,000 km.

23 https://celestrak.org
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Estimated size by radar
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What are they?

Optical surveys for space debris 63

Detections (July - Sept. 1999)
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Fig. 15 Distribution of absolute magnitudes from the ESA 1999 GEO survey. The solid line
shows the instrument sensitivity as determined from independent calibration observations (from
Schildknecht et al. 2004)

includes a dedicated cryogenically cooled space debris camera consisting of a
mosaic of CCD detectors with a total of 4, 096 × 4, 096 pixels. The field of view
of this camera is 0.7◦ × 0.7◦ and a single pixel corresponds to 0.6 arcsec.

The Astronomical Institute of the University of Bern (AIUB) is very actively
involved in this program. The AIUB has been developing software systems for
the observation planning, the actual data acquisition at the telescope and the
on- and off-line data processing. The AIUB is also performing the operational
GEO survey for ESA.

Compared to the CDT, the MODEST and the TAROT systems the field of
view of this telescope is considerably smaller. But due to the larger aperture
the instrument can detect objects as faint as magnitude 20 corresponding to
diameters as small as 10–15 cm in the GEO.

Figure 15 shows the absolute magnitude diagram from a very limited ESA
GEO survey campaign in July and September 1999 (13 nights only). The solid
line shows the instrument sensitivity as determined from independent calibra-
tion observations. The indicated object sizes were derived by assuming Lamber-
tian spheres and an albedo of 0.1. The distribution is bimodal with the cataloged
(correlated) objects clustered around magnitude 12.5, and a large population
of uncataloged (uncorrelated) objects in the range from magnitude 15 to 21.
It is important to note that the decrease in the number of objects fainter than
magnitude 18 is entirely due to the limiting magnitude of the observation sys-
tem. The real number of objects fainter than magnitude 18 could therefore still
increase! These observations actually discovered a hitherto unknown significant
population of uncataloged small-size debris objects in the 10–100 cm size range
in the GEO.

GEO survey 
(long exposure without tracking)

Schildknecht+2004 積分時間が長いので

この図の方が「暗く」なる

Orbital evolution => “area to mass ratio”

Catalogued objects 
~0.01 m2 / kg (= 100 kg / m2)

Uncatalogued objects 
~10 m2 / kg (= 0.1 kg / m2)

(例) 紙切れ ~15 m2 / kg (= 0.07 kg / m2)

Sheets/filaments 
separated from satellites??

どういう物体？

暗い明るい



past surveys for GEO objects show that the brightness
distribution has two distinct populations: one peaks around
12 mag (mainly cataloged objects) and the other population
(mainly uncataloged objects) appears around 15 mag or fainter
(T. Schildknecht 2007). The fainter glints detected in our
survey may correspond to this fainter population.24

The origin of this fainter population is actively discussed. In
fact, the area-to-mass ratio of these faint objects is estimated to
be ∼1–10 m2 kg−1 from their orbital evolutions (through the
effects of solar radiation pressure). This is substantially higher
than that of cataloged objects (∼0.01 m2 kg−1; T. Schildkne-
cht 2007; I. Molotov & V. Agapov 2009). For comparison, a
piece of paper has about 15 m2 kg−1. The large area-to-mass
ratio implies that these faint populations have plane- or sheet-
like shapes, e.g., multilayer insulation pieces separated from
spacecraft (e.g., J. C. Liou & J. K. Weaver 2005). Interest-
ingly, in this brightness range (15–16 mag), the fraction of
single glints becomes larger (Figure 7). This may be partly due
to the dif!culty of detection: as it is close to the limiting
magnitude, it is more challenging to identify multiple glints.
Alternatively, the “light curve” of these faint objects may

differ from that of cataloged objects. For example, they may
show a larger-amplitude variability or rarer “"are” events due
to their sheet-like shapes. Although estimating the object shape
is beyond our scope in this paper, wide-!eld video-mode
observations may help to study the nature of this debris.

5.2. Event Rate

Based on our observations, we estimate the areal event rate
of the second-timescale glints that appear as point sources. The
areal event rate is de!ned as R = Ng/ηS, where Ng is the
number of glints, η is the TPR of glint detection, and S is the
areal exposure of the survey. To avoid a large ef!ciency
correction for the fainter objects close to the limiting
magnitude, we only use glints detected in images deeper than
16.5 mag (the areal exposure is 173 deg2 hr). In this case, the
detection ef!ciency falls below 0.5 around 15.5 mag. Thus, we
only count glints brighter than 15.5 mag. For the detection
ef!ciency, we simply adopt η = 0.9 from the TPR of the SSD
(score >0.70 in Figure 3). As our purpose is understanding the
foreground rate in transient surveys, the event rate is measured
in a detection-wise manner, i.e., multiple glints from the same
objects are included in Ng above.
Figure 9 shows the cumulative areal event rate of the

detected glints as a function of magnitude (blue). The
estimated cumulative areal event rate of the glints is
4.7 ± 0.2 deg−2 hr−1 at 15.5 mag. The red points show the

Figure 9. Cumulative areal event rate of second-timescale glints as a function of magnitude (0.5 s equivalent). For our survey with Tomo-e Gozen, the average rate
(blue) and the rate near the equator (red, −20° < decl. < +20°) are shown. Event rates estimated with Evryscope (H. Corbett et al. 2020), W-FAST (G. Nir
et al. 2021a), and ZTF (S. Karpov & J. Peloton 2023) are also shown for comparison (see Table 1). The magnitude range for Evryscope (120 s exposure time) and
ZTF (30 s exposure time) is converted to 0.5 s equivalent magnitude. The magnitude range for W-FAST (0.04 exposure time, resolving the glint light curves) is also
converted by assuming a typical intrinsic duration of the glints Δt = 0.2 s. The ZTF rate shown in this !gure is the rate for all the candidates, including uncataloged
sources. To estimate the foreground rate for the future surveys, all the event rates in this !gure are de!ned in a detection-wise way: multiple glints from the same
objects are counted multiple times.

24 Another caveat on this possible correspondence is the size estimates from
dedicated surveys of the GEO objects. Such surveys often detect the objects by
observing them as a static source, losing information about time variability.
Thus, if the objects show a large variability with a short timescale, as shown in
this paper, the size estimate may also be signi!cantly affected.
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Event rate

Limit from the Earth’s shadow 
R < 4 x 10-3 deg-2 h-1


(Arima+2026)


FRB 
R < 8 x 10-4 deg-2 h-1


(CHIME 2022)

Extremely high foreground rate  
for astronomical search

閃光の発生率 全天だと1000万回/day


