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Abstract
An unusual orbital element clustering of Kuiper belt objects (KBOs) has been observed. Themost promising dynamic solution is the presence
of a giant planet in the outer Solar system, Planet Nine. However, due to its extreme distance, intensive searches in optical have not been
successful. We aim to find Planet Nine in the far-infrared, where it has the peak of the black body radiation, using the most sensitive all-
sky far-infrared survey to date, AKARI. In contrast to optical searches, where the energy of reflected sunlight decreases by d4, thermal
radiation in the infrared decreases with the square of the heliocentric distance d2. We search for moving objects in the AKARI Single Scan
Detection List. We select sources from a promising region suggested by an N-body simulation from Millholland and Laughlin 2017: 30◦ <

R.A. < 50◦ and −20◦ < Dec. < 20◦. Known sources are excluded by cross-matching AKARI sources with 9 optical and infrared catalogues.
Furthermore, we select sources with small background strength to avoid sources in the cirrus. Since Planet Nine is stationary in a timescale of
hours but moves on a monthly scale, our primary strategy is to select slowly moving objects that are stationary in 24 h but not in six months,
using multiple single scans by AKARI. The selected slowly moving AKARI sources are scrutinised for potential contamination from cosmic
rays. Our analysis reveals two possible Planet Nine candidates whose positions and flux are within the theoretical prediction ranges. These
candidates warrant further investigation through follow-up observations to confirm the existence and properties of Planet Nine.
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1. Introduction

The unexpected clustering of a set of distant Kuiper Belt Objects
(KBOs) claimed by Batygin & Brown (2016) suggests the presence
of a massive object in the outer Solar system. This object could be
an unknown planet – called Planet Nine – or even a primordial
black hole (Scholtz & Unwin 2020). Numerous studies support
the hypothesis of Planet Nine to account for this phenomenon.
Batygin & Brown (2016) employed an n-body simulation to model
the impact of a perturber on the orbits of test particles. They
showed that the observed KBOs with such clustering of the argu-
ment of perihelion are only 0.007% likely to occur by chance, and
their simulations suggested that the existence of Planet Nine could
produce this clustering.

However, there are several studies arguing that the cluster-
ing of extreme trans-Neptune Objects (TNOs) arises from the
observational bias. Shankman et al. (2017) reported a uniform dis-
tribution of eight extreme TNOs discovered by the Outer Solar
System Origins Survey (OSSOS; Bannister et al. 2016) survey.
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Bernardinelli et al. (2020) found no significant clustering of seven
extreme TNOs from the Dark Energy Survey (DES; The Dark
Energy Survey Collaboration 2005). Napier et al. (2021) examined
14 extreme TNOs reported in the OSSOS, DES, and Sheppard &
Trujillo (2016) studies, concluding that the mean scaled longitude
of perihelion and orbital poles of the identified extreme TNOs
align with a uniformly distributed population at a range between
17% and 94%. Although Napier et al. (2021) showed no clustering
of TNOs, their work did not rule out the Planet Nine hypothesis
due to the limited observation area.

In light of these competing interpretations, a recent paper
Batygin et al. (2024) presented a new simulation on the orbits
of long-period TNOs. They correct for observational biases and
compare their N-body simulation result with the perihelion dis-
tribution of 17 long-period TNOs from the Minor Planet Center
database. Their result showed that the perihelion distribution
of these TNOs rejects the scenario without Planet Nine at the
∼ 5-σ confidence level. Several simulation papers have also pro-
vided predictions regarding the characteristics of Planet Nine.
Batygin & Brown (2016) estimated that Planet Nine is on a 700
au semimajor axis and 0.6 eccentricity orbit with 10 Earth masses
(M⊕). Their updated simulation with a more complete setup
(Brown & Batygin 2019) suggested Planet Nine is on an orbit with
semimajor axis 380+140

−80 au and perihelion distance 300+85
−60 au with
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6.2+2.2
−1.3 M⊕. Another simulation work (Millholland & Laughlin

2017, hereafter ML17) focused on the mean motion resonances
between knownKBOs and Planet Nine. They suggested that Planet
Nine is on an orbit with a semimajor axis of 654 au and eccentricity
of 0.45, separated 400–900 au from Earth and 6 to 12 M⊕.

There were various works that searched for Planet Nine. Some
previous studies expected to detect reflected Sunlight from Planet
Nine in optical wide-field surveys, e.g., Zwicky Transient Facility
(ZTF) (Brown & Batygin 2022), Dark Energy Survey (DES)
(Belyakov, Bernardinelli, & Brown 2022), and Pan-STARRS1
(Brown, Holman, & Batygin 2024). Other searches utilised near-
infrared all-sky surveys such as the Wide-field Infrared Survey
Explorer (WISE) (Fotney et al. 2016) and NEOWISE (Meisner et
al. 2017), but those searches were not successful. Naess et al. (2021)
analysed millimetre-wave data from the Atacama Cosmology
Telescope (ACT) and provided 10 possible Planet Nine candidates.

In this work, we try to find the thermal radiation of Planet
Nine from the AKARI far-infrared all-sky survey data. The ben-
efit of searching in far-infrared wavelengths is that the intensity
of radiation does not drop as quickly as reflected light. Reflected
Sunlight will decrease by d4 as the distance d increases, while ther-
mal radiation falls by d2. Cowan, Holder, & Kaib (2016) suggested
that current and plannedmicrowave detectors would detect Planet
Nine. Other pioneering works searched for thermal radiation
from Planet Nine in far-infrared all-sky surveys (e.g, Rowan-
Robinson 2021; Sedgwick & Serjeant 2022). Rowan-Robinson
(2021) searched in InfraRed Astronomical Satellite (IRAS) data
and found one candidate with estimated distance 225±15 au and
3–5 M⊕, which is not consistent with most of the predictions.
Sedgwick & Serjeant (2022) searched for moving objects that have
detections in the IRAS catalogues and AKARI-FIS Bright Source
Catalogue (FISBSC). They found 535 potential candidates after
spectral energy distribution (SED) fits. Since all of them are located
in the cirrus cloud, there is no good Planet Nine candidate.

Planet Nine was estimated to have a temperature range between
53 and 28 K (Cowan, Holder, &Kaib 2016), corresponding to black
body radiation peaks at 54.7 and 103.5 µm. AKARI Far Infrared
Surveyor (FIS) instrument was equipped with four filters span-
ning 50–180 µm (Kawada et al. 2007), which is ideal for searching
for thermal emission in this temperature range. In this study, we
use a dedicated source list “AKARI-FIS Single Scan Detection List
(hereafter FISSSDL; see Section 2). Fig. 1 shows the histogram of
the FISSSDL sources (logN – log S plot), where S in Jy is the source
flux, and N is the number of objects at the flux. The most sen-
sitive band, WIDE-S, has a peak at ∼0.2 Jy, lower than FISBSC
Version 2 (∼0.44 Jy) and IRAS Faint Source Catalogue (∼1.0 Jy
at 100 µm), and includes even fainter sources. Although most of
them are possibly fake sources caused by cosmic rays, there is a
chance of detecting Planet Nine candidates if we carefully exam-
ine the list. Rowan-Robinson (2021), Sedgwick & Serjeant (2022)
required detection in IRAS, which limited the survey to> 1.0 Jy in
100µm. Only requiringAKARI detection can expand the search to
five times fainter objects.

The paper is structured as follows. We describe the data in
Section 2. Selection details in Section 3. Results in Section 4.
Discussion and conclusion in Section 5.

2. AKARI-FIS single scan detection list

The infrared astronomical satellite AKARI (Murakami et al. 2007)
was equipped with a 68.5 cm aperture cooled telescope and two

Figure 1. Flux histograms of FISSSDL sources. Four histograms correspond to four
AKARI/FIS filters. The bin size is on a logarithmic scale, totalling 80 bins. Sources
detected in the N60 filter (centred at 65 µm) are represented in blue, those detected
by the WIDE-S filter (90 µm) are in green, the WIDE-L filter (140 µm) results are shown
in red, and the N160 filter (160 µm) sources are depicted in black. The green shaded
histogram shows the sources that were only detected once by the AKARI/WIDE-S.

science instruments: Far-Infrared Surveyor (FIS; Kawada et al.
2007) and Infrared Camera (IRC; Onaka et al. 2007). AKARI
was launched in 2006 and carried out the All-Sky Survey in four
far-infrared wavelength bands and two mid-infrared wavelength
bands as well as thousands of pointed observations of particular
targets or sky areas from May 2006 to August 2007. After cryo-
gen (liquid helium) depletion,AKARI continued observation until
February 2011, only in the near-infrared wavelengths.

Infrared point source catalogues were produced from the all-
sky survey data. The AKARI-FIS Bright Source Catalog (FISBSC;
Yamamura et al. 2010) includes 411 (Version 1) and 501 (Version
2) thousand sources observed in four wavelengths centred at 65,
90, 140 and 160 µm. FISBSC has already been used to search for
Planet Nine (Sedgwick & Serjeant 2022).

However, the FISBSC is not optimal for our search for Planet
Nine because moving objects can be removed from the catalogue.
AKARI scanned a position of the sky in a few to several successive
orbits, then revisited the position after half a year. The number of
scans depends on the Ecliptic latitude and the survey operation
program, ranging from zero to several hundred. In the construc-
tion of FISBSC, a condition is set to confirm whether a signal is
from a real, stationary source that it is detected in at least two
scans and at least 3/4 of the total number of scans observed at the
position. This condition rejectsmoving targets and includes Planet
Nine. Therefore, we created a dedicated source list, FISSSDL, for
the Planet Nine search, from the same intermediate data used for
FISBSC. FISSSDL relaxes the above confirmation condition and
includes any source that was detected at least once. This change of
the confirmation policy allows moving objects such as Planet Nine
to be included, with the risk of contamination by many fake sig-
nals, such as cosmic rays (CRs) hits and instrumental artefacts. We
carried out a careful investigation to find Planet Nine candidates,
as we explain in the following sections.

3. Methods

To select Planet Nine from AKARI FISSSDL, it is important
to make sure that Planet Nine is bright enough to be detected
by AKARI. Fig. 1 shows a histogram of all FISSSDL sources
detected in 4 filters. The AKARI/WIDE-S (90µm) filter has a lower
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peak value compared to AKARI/WIDE-L and AKARI/N160.
AKARI/WIDE-S detects more sources than the AKARI/N60 fil-
ter. We confirm that the WIDE-S filter is the most sensitive
AKARI/FIS filter.

Therefore, we focus on the 90 µm flux of the sources in this
work. Estimation of flux and motion of Planet Nine is described in
Sections 3.1 and 3.2. In Section 3.3, based on the simulation results
(ML17), we select candidates from the most promising area;
Section 3.4: exclude known sources by cross-match with known
catalogues; Section 3.5: exclude sources potentially contaminated
by cirrus; Section 3.6: exclude non-moving sources; Section 3.7:
exclude contamination from CRs and select candidates with clear
detection.

3.1 Flux estimation

To calculate the flux from Planet Nine, we need to know the radius
of Planet Nine. Previous simulation works (e.g, Batygin & Brown
2016; Brown & Batygin 2019; Brown & Batygin 2019; Millholland
& Laughlin 2017) predicted the mass of Planet Nine and its orbital
parameters, but there is no implication of Planet Nine’s average
density. Here, we assume that Planet Nine has an average density
of Neptune and Uranus ρ = (ρNeptune + ρUranus)/2= 1.454g/cm3.
The size of Planet Nine can then be derived from the mass and
average density. The estimated effective temperature of Planet
Nine ranges from 28 to 53 K, with energy mainly from internal
heat (Cowan, Holder, & Kaib 2016). The expected flux of black
body radiation from Planet Nine at 90 µm can be calculated as a
function of distance d and massM of Planet Nine:

F = SR
�λ2

c
(1)

� = πR2

d2
= π

d2

(
3M
4πρ

)2/3

(2)

F is flux in Jansky, SR is the spectral radiance in unit [W/m3/sr],�
is the solid angle in unit [sr], c is the speed of light and wavelength
λ is 90 µm. The radius of Planet Nine R can be calculated fromM
and density ρ. We adopt the mass range of 6–12 M⊕ predicted by
ML17. We derive the black body’s spectral radiance at 90 µm for
temperatures of 28 and 53 K suggested by Cowan, Holder, & Kaib
(2016); then, we plug in Eq. (1) to calculate the expected flux from
Planet Nine. We use the mass range from ML17 to maintain con-
sistency in this work. We adopt the promising area fromML17, so
we also use the mass range predicted by ML17. We use the Planet
Nine parameters estimated by ML17 rather than Brown & Batygin
(2019) because 78% of the parameter space predicted by Brown &
Batygin (2019) is ruled out by recent surveys (Brown & Batygin
2022; Belyakov, Bernardinelli, & Brown 2022; Brown, Holman,
& Batygin 2024). Brown, Holman, & Batygin (2024) combined
three surveys and excluded orbits with Planet Nine brighter than
21 V magnitude, which roughly corresponds to 500 au. However,
the constraints on larger distances remain weak. On the other
hand, ML17 predicted a Planet Nine orbit with a more significant
distance (∼800 au), which has not yet been fully investigated.

The expected flux of Planet Nine with different parameters is
plotted in the left panel of Fig. 2. The right panel of Fig. 2 shows
the histogram of 90 µm flux (FLUX90) of FISSSDL sources, and
those sources that passed through flux selection are comparable to
Planet Nine’s expected flux at 53 K. Brown & Batygin (2019) used
Wu & Lithwick (2013)’s mass-radius relation derived from the

Figure 2. Left: Estimated 90 µm flux of Planet Nine. We calculate the expected Planet
Nine’s 90 µm flux in Section 3.1 and plot it with 4 combinations of 2 parameters: mass
and temperature in the left panel. The x-axis is the heliocentric distance of Planet Nine.
The mass range of 6–12 M⊕ was predicted by ML17. Cowan, Holder, & Kaib (2016)
suggested a temperature range of 28–53 K. Right: A histogram of FLUX90. The dark
blue histogram shows the flux distribution of FISSSDL sources with the same y-axis
as the left panel. 393 candidates selected from FISSSDL after cross-matching with
known catalogues (Section 3.4), FLUX90/FERR90> 3 and BG90< 0.2 in catalogue unit
(Section 3.5), and no monthly confirmation (Section 3.5) is shown in the light blue his-
togram. The X-axis shows the number of sources in each bin. The bin size is the same
as Fig. 1.

Figure 3. Anticipated propermotion and parallax of Planet Ninewithin half a year. The
overall angular displacement is the vector sum of the proper motion and the parallax.
In the time scale of half a year, parallax dominates the angular motion, so we only
consider the parallax of Planet Nine in this work.

Kepler planets, M � 3M⊕(R/R⊕), to estimate the radius of Planet
Nine. If we adopt their mass-radius relation, the expected spectral
flux drops by 50% at 6 M⊕ and increases by 30% at the 12 M⊕ sit-
uation, which is comparable with a constant density assumption
within our interest mass range.

3.2 Expectedmotion

The angular motion of Planet Nine is composed of proper motion
and parallax, which can be calculated by equations 4 and 7 in
(Cowan, Holder, & Kaib 2016). Their value as a function of dis-
tance to Earth is shown in Fig. 3. Planet Nine’s parallax over six
months ranges from 10 to 25 arcmin, depending on its distance to
the Earth. The proper motion ranges from 0.6 to 3.2 arcmin, which
is much smaller than parallax. Therefore, we only consider the
parallax of Planet Nine in this work. The astrometric accuracy of
the AKARI FISBSC is 3.5′′, so the parallax is detectable by AKARI
with observations spaced six months apart, but not within a single
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Table 1. Catalogues used for cross-matching with AKARI FISSSDL. All data we used for cross-matching were accessed from the
CDS cross-matching service.

Catalog name Number of sources Filters Reference Cross-match radius (′′)
MASS 470 992 970 J, H, K Skrutskie et al. (2006) 7.1

NOMAD 1 117 612 732 B, V, R, J, H, and K Zacharias et al. (2004) 5.3

PS1 1 919 106 885 g, r, i, z, and y Chambers et al. (2016) 4.5

WISE 563 921 584 3.4, 4.6, 12, and 22µm Wright et al. (2010) 7.9

ALLWISE 747 634 026 3.4, 4.6, 12, and 22µm Mainzer et al. (2011) 8.0

unWISE 2 214 734 224 3.4, 4.6, 12, and 22µm Schlafly, Meisner, & Green (2019) 4.9

CatWISE2020 1 890 715 640 3.4, 4.6, 12, and 22µm Schlafly, Meisner, & Green (2021) 5.1

SIMBAD 17 959 486 B,V,R,J,H,K,u,g,r,i, and z Wenger et al. (2000) 3.7

SDSS DR16 1 231 051 050 u,g,r,i, and z Ahumada et al. (2020) 4.9

AKARI FISSSDL 5 274 338 65, 90, 140, and 160µm

day. The one-hour parallax of Planet Nine at 300 au is only 0.23′′.
Therefore, we look for stationary objects in hours time scale, but
moving in months time scale as good candidates for Planet Nine.

3.3 Position selection

The dynamical simulation from ML17 suggests that the proba-
bility of finding Planet Nine is higher in the region 30◦ < R.A.
< 50◦,−20◦ <Dec.< 20◦. This region also overlaps with the area
suggested by Brown & Batygin (2019). There are 50 033 sources in
this area out of 5 274 338 sources in FISSSDL.

3.4 Cross-match with 9 catalogues

Some stationary objects or known Solar-system objects can
be included in the FISSSDL. To exclude known sources,
we cross-match AKARI FISSSDL with 9 external catalogues:
2MASS, NOMAD, Pan-STARRS DR1(PS1), WISE, ALLWISE,
CatWISE2020, unWISE, SIMBAD, and SDSS DR16. Their proper-
ties are described in Table 1. Because these observations are carried
out in different years, if an object is found in multiple catalogues
at the same position, it is not a moving object and thus not Planet
Nine.

The cross-matching of AKARI FISSSDL with the other 9 cata-
logues listed in Table 1 aims to exclude stable sources. However,
due to spurious sources in the FISSSDL, there are randomly
matched pairs in the cross-matching result. To model the distri-
bution of random sources and avoid the effect from the galactic
plane, we generate 20 000 random sources with a uniform distribu-
tion across the region galactic latitude (b) b> 10◦ and cross-match
with 9 target catalogues.We cross-match b> 10◦ FISSSDL sources
with those 9 catalogues and find the separation distribution of real
and randomly matched sources. Sources that are at least 32′′ apart
are considered distinct by definition in the point source catalogue
processing (Yamamura et al. 2010). Thus, randomly matched pairs
should dominate the separation distribution larger than 32′′.We fit
the FISSSDL cross-match distribution at separations larger than
32′′ with the distribution of random pairs and find the portion
of randomly matched sources (see Fig. 4). After subtracting the
contribution from the randomly matched pairs, we are able to
fit the separation distribution of the real matched pairs with the
Gaussian distribution. The Gaussian fitting results are shown in
the last column of Table 1. The 1-σ radius from this Gaussian fit
is taken as the cross-match radius for the respective catalogue.

Suppose the distance between an AKARI source and its corre-
sponding source in a catalogue is less than the cross-match radius
specific to that catalogue; we consider them to be the same object
and remove this AKARI source. After this process, 29 901 sources
remain.

To exclude possible IRAS sources included in AKARI FISSSDL,
we try to apply a similar analysis to IRAS’s catalogues. However,
due to the small number of sources in IRAS catalogues (245 889
sources in the IRAS Point Source Catalog (PSC) and 173 044
sources in the IRAS Faint Source Catalog (FSC), which is 3 to
4 orders less than other catalogues listed in Table 1), we are not
able to fit the separation distribution of matched FISSSDL IRAS
sources with the random pairs at 32′′ < separation < 120′′. Thus,
despite the similarity of IRAS and AKARI, we do not cross-match
between FISSSDL and IRAS’s catalogues. We use the positional
uncertainty from IRAS PSC and IRAS FSC, and only 53 out of 29
901 sources are matched. The effect of not cross-matching with
IRAS is very minor, and those candidates are also excluded in the
flux selection step.

3.5 Flux selection

To ensure reliable flux measurements unaffected by the cirrus
effect, we utilise the index of background strength at 90 µm
(BG90, in arbitrary unit)a from the AKARI FISSSDL to iden-
tify candidates. In the FLUX90-BG90 plot Fig. 5, the number
of sources peaks at BG90 = 0.3, and we find that most of these
sources come from the cirrus region in our target area. To remove
sources contaminated by cirrus, we select sources with BG90< 0.2
(∼ 4MJy/SR).We also require flux over flux error (FERR90) larger
than 5 at 90 µm (FLUX90/FERR90 > 5) to select sources with
reliable flux. In this step, 1 726 sources out of 29 901 sources are
selected.

3.6. Detection selection

Based on the discussion in Section 3.2, AKARI should be able to
detect six months’ parallax motion of Planet Nine if it is located
from 300 to 900 au. The FISBSC, as well as FISSSDL, contain

aWe use the face values in the catalogue, where the unit is not specified yet because the
background values are not calibrated.
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Figure 4. Separation distribution of matched sources. There are 50 bins on a linear scale in each subplot. The stars show the separation of matched pairs of AKARI sources and
sources from catalogues in Table 1. Squares represent the scaled separation between matched random sources and sources from the corresponding catalogue. The vertical dash
line represents 32′′, beyond which two sources are treated as distinct. (see Section 3.4).
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Table 2. List of two Planet Nine candidates and their 90 µm fluxes of each detection. POSERRMJ and POSERRMI are major and minor axes of position error.
POSERRPA is the position angle. The epoch of the coordinate system is J2000.

Name Flux 1 (Jy) Flux 2 (Jy) R.A. (deg) Dec. (deg) POSERRMJ (arcsec) POSERRMI (arcsec) POSERRPA (deg) Detected Epoch

FISSSDL J0250422-150114 0.61 1.62 42.676 −15.021 3.5 2.3 340.3 2007/07/28

FISSSDL J0301112-164240 1.27 0.51 45.297 −16.711 3.5 2.3 340.7 2006/07/30

Figure 5. Candidates remained after each step on the 90 µm flux-background face
value plot. All sources from FISSSDL are marked with grey dots. Sources in the region
30◦ < R.A.< 50◦,−20◦ < Dec.< 20◦ are marked with yellow squares. Green circles are
sources left after removing known sources by cross-matching with 9 catalogues (See
Section 3.4). Light blue diamonds are FLUX90/FERR90 > 5, BG90 < 0.2 sources. The
dark blue rings are sourceswith nomonthly confirmation at 90µm(MCONF90=0). Two
Planet Nine candidates are shown in red triangles. The FLUX90 of these candidates are
catalogue fluxes, so it is different from the per scan flux.

information on whether the source is detected at periods sepa-
rated by six months (Monthly confirmation, MCONF90=0 when
the source does not have monthly confirmation at 90 µm). We
exclude sources confirmed over monthly intervals as they are not
moving sources. We also remove sources only detected once in the
90 µm (WIDE-S) band. 393 candidates passed these selection cri-
teria. All steps we performed before this section were based on the
data in FISSSDL. The distribution of sources in the FLUX90-BG90
plot is shown in Fig. 5.

3.7 Image inspection

We further examine the AKARI “detection probability maps” of
393 candidates. The detection probability map is an intermedi-
ate data for point source extraction, showing the likelihood of
the presence of a point source at the sky position. It is an arbi-
tral unit, but in the FIS, source extraction >15 (catalogue unit) is
adopted for the WIDE-S threshold for FISBSC. However, during
the image inspection, we noticed detections with< 21 are not reli-
able. Therefore, we only kept objects with >21 (catalogue unit) to
guarantee effective detections. 24 out of 393 sources have the sec-
ond detection with a likelihood between 15 and 21. We removed
them since their second detections were not clear, and 369 candi-
dates remained. Fig. 6 presents the detection probability map for
one of the Planet Nine candidates. By analysing the timing of each
scan, we can determine whether the candidate is a moving object.
Specifically, we identify sources detected at least twice within 24
h, with no detections at the same location (within AKARI/WIDE-
S’s beam size of 32′′, see Section 3.4) after six months. Out of 369

candidates, we selected 248 candidates that were clearly detected in
all scans within 24 h. Out of 248 candidates, 83 uncertain sources
without second detection images after a six-month separation
period were excluded, as their movement could not be confirmed.
Ultimately, we selected 165 candidates that were clearly detected in
all scans within 24 h. They are confirmed to have no appearances
before six months or disappear after six months.

During this process, we notice that around 50% of the
‘detections’ are CRs rather than true objects. Considerable CR
hits create a special feature (see Fig. 7) and result in false detec-
tion when AKARI passed the South Atlantic Anomaly (SAA).
These sources were rejected in the FISBSC confirmation process.
Still, they remained in the FISSSDL because of relaxed condi-
tions (FISBSC requires sources to be detected in at least 3/4 of
the total number of scans observed at the position, which is not
required for FISSSDL sources). After removing these sources,
only 67 candidates are left.

Out of 67 candidates, 54 candidates’ detections are on the edge
of the scan data, suggesting they might not be real detections. We
removed these 54 candidates, and there are 13 candidates left. It is
worth noting that there are 3 possibly fast-moving objects in our
13 Planet Nine candidates. They moved several arcminutes in a
few hours, which is too fast to be Planet Nine but could be newly
discovered asteroids. After removing these 3 fast-moving objects,
we have 10 candidates.

TheAKARI all-sky survey operation lasted about 16months, so
it is possible that AKARI scanned through the same position with
a one-year time separation. In that case, the parallax vanishes, and
the proper motion ranges from 1.2 to 6.4 arcmin. Only 8 out of 10
candidates have detection maps in the subsequent or the preced-
ing year. Four of them have no nearby (1.2′–6.4′) AKARI sources,
so they are removed from the candidate list. Three of them only
matched with monthly confirmed sources, so they were removed.
One source has a matched source without monthly confirmation.
However, that matched source was detected at the same epoch
as our candidate; they are not Planet Nine. Ultimately, we have
two Planet Nine candidates that were detected by AKARI in one
epoch. Hereafter, we identify the candidates with their coordinates
as FISSSDL Jxxxxxx±xxxxx and list them in Table 2.

A schematic selection process flow chart is shown in Fig. 8.

4. Final planet nine candidates

By identifying moving objects in AKARI FISSSDL and images, we
found two Planet Nine candidates.

To analyse the physical properties of Planet Nine candidates,
the fluxes of candidates are vital. However, the fluxes recorded
in FISSSDL were not always the correct fluxes for these moving
objects. In the standard procedure, the flux of a source is mea-
sured on the data constructed from all available scans. This process
is designed for stable sources but will underestimate the fluxes
of moving objects since they are not detected in all scans. We
measure each scan’s flux of two candidates. The flux values for
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Figure 6. Each scan of FISSSDL J0250422-150114, one of the Planet Nine candidates. The image size is 30′ × 30′, and the green circle is centred at the detection position with an
80” radius. The colour represents the likelihood of identifying a point source. The image value is in an arbitrary unit. In the point source extraction, pixels with≥21 are treated as
detections at the first step and sent to the confirmation process. FISSSDL J0250422-150114 was detected twice, which is labelled with Flux 1 and 2. The flux values are listed in
Table 2.

Figure 7. Fake detection caused by CRs when AKARI pass through SAA. These images are selected from different sources but with similar features. We reject the candidates
contaminated by the CRs.
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Figure 8. Work flow of this work. Orange blocks are steps we applied to select candidates. Blue blocks show the remaining sources after each step.

these candidates vary significantly in each scan, and we have only
two detections. Therefore, we present their fluxes for each scan in
Table 2.

During the AKARI’s all-sky survey, there is a chance that
AKARI detected Planet Nine twice at different positions and times.
These two detections might be included in our candidates as
two separate candidates. Therefore, we try to find if any pairs of
candidates fit the expected Planet Nine parallax among those 83
uncertain sources removed in Section 3.6 and the two final can-
didates. Unfortunately, the separations between each other were
all larger than 22.9 arcmin, which is too large for Planet Nine’s
predicted parallax (see Fig. 3).

5. Discussion and conclusion

Compared to the combined ZTF (Brown & Batygin 2022), DES
(Belyakov, Bernardinelli, & Brown 2022), and Pan-STARRS1
(Brown, Holman, & Batygin 2024) searches, we search for Planet
Nine at a larger distance. The combined ZTF, DES, and Pan-
STARRS1 survey exclude the situation V magnitude brighter than
21, which roughly corresponds to a distance of 500 au (see Figure
9 of Brown & Batygin 2019). Our search radius extended to ∼800
au if Planet Nine is 53 K. Sedgwick & Serjeant (2022) also searched
for Planet Nine in the AKARI catalogues. However, they required
detections in AKARI FISBSC and IRAS all-sky search and covered
the distance range from 700 to 8 000 au, which is very differ-
ent from this work. Phan et al. (2025) conducted a Planet Nine
search with a similar scheme to Sedgwick & Serjeant (2022), but
with more strict criteria on the flux quality and covering a shorter
distance range (500–700 au). The epochs of IRAS and AKARI are
separated by 23 yr, and those twoworks aim to detect Planet Nine’s
orbital motion. In contrast, this work is designed to find moving
objects that match Planet Nine’s half-year parallax.

It is possible that we found a transient event in the AKARI
image, rather than amoving object. Here, we estimate the expected
events of four types of transient events with a timescale of less
than 6 months. To pass our selection criteria and contaminate
Planet Nine candidates, the transients need to be brighter than
the AKARI/WIDE-S detection limit (0.2 Jy, Fig. 1) and be detected

twice within one day. The time window for detecting a transient in
one year will be (T − 1)/365, whereT is the typical timescale of the
transient. We adopt the Planck15 cosmology (Adam et al. 2016),
i.e., � cold dark matter cosmology with (�m, ��, �b, h)=(0.307,
0.693, 0.0486, 0.677) in the volume calculation. The survey volume
(V) is 4

3π�D3, where � is the solid angle and D is the maximum
luminosity distance to detect a transient.

• For core-collapse supernova (CCSN), the event rate is
1.06× 10−4Mpc−3yr−1 (Taylor et al. 2014). By scaling
from the assumed far-infrared flux of around 1 mJy at
z = 0.083 (377 Mpc) (Perley et al. 2022), CCSNe need to
be closer than D= 27.6 Mpc to have FLUX90≥ 0.2 Jy. The
volume to the 27.6 Mpc within the survey area is V =
1 708 Mpc3. After applying the time window with T = 30
days (Perley et al. 2022), we expect only 0.014 CCSNe will
be detected within the survey area by the AKARI.

• For Type Ia supernova (SN Ia), the event rate is 2.43×
10−5Mpc−3yr−1 (Frohmaier et al. 2019). We assume
the far-infrared flux is around 10 mJy at 20.23 Mpc
(Johansson, Amanullah, & Goobar 2013). The SNe Ia need
to be closer than D= 4.5 Mpc to have FLUX90≥ 0.2 Jy,
where the volume isV = 7.5 Mpc3. After applying the time
window with T = 20 days (Riess et al. 1999), the expected
number of SN Ia detected byAKARI within the survey area
is 1.5× 10−5.

• For Galactic nova, the Galactic nova rate is ∼ 30yr−1

(Kawash et al. 2021). We assume the nova distribution
follows the Milky Way stellar mass distribution (Kawash
et al. 2021). The thin disk, thick disk, and stellar halo
model are from Robin et al. (2003). The bulge/bar model
is from Simion et al. (2017). The scale length of the thin
and thick disks is 2.5 kpc. D= 15 kpc is set to be larger
than the radius of the Milky Way. The volume to 15 kpc
within the survey area is V = 650 kpc3. Using this model,
we scale the nova rate in the Milky Way to 30 novae per
year. After integrating the survey volume, we found that
there are only 0.001 novae per year in our survey volume.
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Since the IR flux of a nova is uncertain, we calculate the
expected number of novae in our survey volume. Even
assuming AKARI can detect every nova in the Milky Way,
the expected number of detected novae is 7.8× 10−5 with
a time window T = 30 days (Chomiuk, Metzger, & Shen
2021).

• For tidal disruption event (TDE), the event rate is 1.3×
10−7Mpc−3yr−1 (Masterson et al. 2024), much lower than
that of CCSN. Considering TDE is generally fainter than
CCSN, TDE events do not contribute to most transient
detection.

In conclusion, only ∼ 0.014 (mostly CCSNe) transient events
within one year are expected to be detected by AKARI in our
survey region.

The noise fluctuation could also contribute to fake sources.
We assume FISSSDL sources that were detected only once are
not real sources. Because Planet Nine selection criteria require at
least two hourly detections, we estimate the chance of two bright
(FLUX90/FERR90>5 and BG90<0.2) singly detected sources
overlapping. There are 486 singly detected FISSSDL sources with
FLUX90/FERR90>5 and BG90<0.2 in our survey area. The aver-
age number of AKARI scans of these singly detected sources
(Nscan) is 5.3. The mean number of fake sources per scan (N̄)
is 486/Nscan. The density of fake sources (ρf ) is N̄/AS, where
AS = 800 deg2 is the survey area. The cross-match radius is 32′′
(Section 3.4), so the area of overlapping (AO) is π(32/3 600)2 deg2.
The expected number of overlapping fake sources of two scans
will be N̄ρf AO = 0.0025. With Nscan scans, the expected fake is
N̄ρf AO

(Nscan
2

) = 0.029, where
(Nscan

2

) = Nscan!
Nscan!×(Nscan−2)! is the binomial

coefficient.
We cross-matched the 3 fast-moving objects (see Section 3.7)

with theMinor Planet Center databaseb to check if they are known
asteroids. All of these 3 fast-moving objects are not known aster-
oids. However, we found four fast-moving objects in the FISSSDL
that are known asteroids. They are Ceres, Patientia, Liguria, and
Antiope. They were not on the candidate list since their BG90 are
all larger than 0.2.

We select two Planet Nine candidates by identifying mov-
ing objects from the AKARI FISSSDL. These two objects were
detected twice within 24 h, and not detected after six months.
However, since the fluxes of candidates are degenerated with
many parameters, such as distance, mass, temperature, etc., the
physical properties of these Planet Nine candidates are hard to
constrain.

To confirm whether any of them is Planet Nine, we need to
determine their orbits. However, most of them have only two
AKARI detections, which are insufficient to decide on their orbit.
Therefore, follow-up observations are needed. For example, future
observations can be conducted using the Subaru telescope. Planet
Nine’s maximum expected angular motion from 2006 to 2024
is 117’ at 300 au. Many studies have given different predictions
by assuming different Planet Nine orbital parameters. Brown &
Batygin (2019) estimated Planet Nine has a 16± 5◦ inclination
angle while ML17 gave a 30◦ inclination angle. To be inclusive,
we assume a circular orbit with a minimum radius (300 au) and
calculate the maximum displacement. With an expected R-band
magnitude < 26 (Brown & Batygin 2019), the brightness and

bhttps://www.minorplanetcenter.net/cgi-bin/checkmp.cgi.

motion of Planet Nine are within the capabilities of the Subaru
Hyper Suprime-Cam (HSC, Miyazaki et al. 2018) with a few
pointings per target. The HSC on Subaru features a 1.5◦ diame-
ter field of view and only needs 503 s of exposure time to reach
5-σ S/N of a 26 mag point source in r2-band.

The follow-up observation will be essential to verify the Planet
Nine hypothesis. The confirmation of Planet Nine and its orbit
might be able to explain the orbital clustering of KBOs, which
helps us to have a deeper understanding of the solar system’s
history.
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