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Abstract

The outer solar system is theoretically predicted to harbour an undiscovered planet, often referred to as Planet Nine. Simulations suggest
that its gravitational influence could explain the unusual clustering of minor bodies in the Kuiper Belt. However, no observational evidence
for Planet Nine has been found so far, as its predicted orbit lies far beyond Neptune, where it reflects only a faint amount of Sunlight.
This work aims to find Planet Nine candidates by taking advantage of two far-infrared all-sky surveys, which are IRAS and AKARI. The
epochs of these two surveys were separated by 23 years, which is large enough to detect Planet Nine’s ~ 3’/year orbital motion. We use a
dedicated AKARI Far-Infrared point source list for the purpose of our Planet Nine search — AKARI-FIS Monthly Unconfirmed Source
List (AKARI-MUSL), which includes sources detected repeatedly only in hours timescale, but not after months. AKARI-MUSL is more
advantageous than the AKARI Bright Source Catalogue (AKARI-BSC) for detecting moving and faint objects like Planet Nine with a
twice-deeper flux detection limit. We search for objects that moved slowly between IRAS and AKARI detections given in the catalogues.
First, we estimated the expected flux and orbital motion of Planet Nine by assuming its mass, distance, and effective temperature to ensure
it can be detected by IRAS and AKARI, then applied the positional and flux selection criteria to narrow down the number of sources
from the catalogues. Next, we produced all possible candidate pairs including one IRAS source and one AKARI source whose angular
separations were limited between 42’ and 69.6, corresponding to the heliocentric distance range of 500 — 700 AU and the mass range of 7
— 17Mg. There are 13 candidate pairs obtained after the selection criteria. After image inspection, we found one good candidate, of which
the IRAS source is absent from the same coordinate in the AKARI image after 23 years and vice versa. However, AKARI and IRAS
detections are not enough to determine the full orbit of this candidate. This issue leads to the need for follow-up observations, which will

determine the Keplerian motion of our Planet Nine candidate.

1. Introduction

The discoveries of Sedna (Brown, Trujillo, and Rabinowitz
2004) and Sedna-like bodies (e.g., Trujillo and Sheppard 2014;
Sheppard et al. 2019) revealed their unusual orbital properties
such as high eccentricity and inclination. In addition, the sim-
ulation work of Batygin and Brown (2016a) showed that the
orbits of various distant Kuiper Belt Objects (KBOs) exhibited
strong clustering in both arguments of perihelion and physical
space. The probability that this peculiar clustering happens by
random processes is only 0.007%, which is almost impossible
unless it is related to another unknown dynamical process.
While Brown (2017) implied that the observational biases
might cause the observed clustering of distant KBOs, Brown
and Batygin (2019) developed a method to quantify the obser-
vational biases and concluded that the chance for the observed
random clustering is only 0.2%. Finding the elusive mecha-
nism behind the orbital clustering of KBOs has become an
attractive topic because it challenges the contemporary under-
standing of the outer solar system. Batygin and Brown (2016a)
proposed that a massive and distant planet, also known as Planet

Nine, can maintain the orbital alignment of those KBOs with
mass > 10Mg and semi-major axis of 700 AU. Since this is an
undiscovered planet, several names have been proposed to call
it. In 1906, Percival Lowell started to search for a hypothetical
planet beyond Neptune’s orbit and called it Planet X?. The
next name, Planet Nine or Planet 9, was proposed after the
demotion of Pluto from a planet to a dwarf planet in 2006
and has been widely used in recent studies. Lorenzo Iorio

(2017) proposed the name Telisto? because while the official
name of the object is supposed to be changed in the future
according to the classification issues, its great distance is an
unchanged feature. The speculation of Planet Nine’s orbit
and characteristics, such as mass and distance, was followed
by various simulation works (e.g., Brown and Batygin 2016;
Batygin and Brown 2016b; Millholland and Laughlin 2017;
Brown and Batygin 2021), in which the N-body simulations

a. The letter X represents the unknown status of the planet, not the Roman
numeral for 10.

b. The name Telisto should not be confused with Telesto, one of the natural
satellites of Saturn.



and Markov Chain Monte Carlo analysis were employed to
estimate parameters of Planet Nine. Furthermore, the pertur-
bations caused by a distant point-like body on a two-body
system like the Sun and Earth were analytically calculated
in Lorenzo lorio (2024). Attempts to constrain the possible
location of Planet Nine have been made recently through dif-
ferent released observational data (e.g., L. lorio 2013; Fienga
et al. 2016; Holman and Payne 2016; Fienga et al. 2020) and
its perturbations on other Solar System bodies (e.g., Lorenzo
lorio 2017; Nabiyev et al. 2022; Gomes et al. 2023). In addi-
tion, the Planet Nine-inclusive model was compared to the
Planet Nine-free model to assess the influence on the low-
inclination, Neptune-Crossing TNOs with and without the
presence of Planet Nine (Batygin et al. 2024), where the Planet
Nine-free scenario was rejected at a ~ 50 confidence-level.
An alternative explanation suggested that our solar system cap-
tured one of the primordial black holes (PBHs) with 5Mg <
Mgy < 10Mg (Scholtz and Unwin 2020), which can explain
why Trans-Neptunian Objects (TNOs) move perpendicularly
to the planetary plane and why the orbits of extreme TNOs
exhibit an unexpected clustering. Although the orbital clus-
tering of KBOs was statistically demonstrated not to occur by
chance, the existence of Planet Nine has been under debate
so far. One previous study using an observed sample of large
semi-major axis TNOs from the Outer Solar System Origins
Survey (Shankman et al. 2017) concluded that the evidence
for a super-Earth or larger planet causing the orbital cluster-
ing of those TNOs is in doubt. However, the scenario of a
larger-than-dwarf-scale planet is still possible. Another study
on 14 extreme TNOs discovered by the Dark Energy Survey,
the Outer Solar System Origins Survey, and the survey of
Sheppard and Trujillo (Napier et al. 2021) obtained a joint
probability between 17% and 94% for the uniform distribu-
tion of the extreme TNOs, which is different from the value
of 0.2% in Brown and Batygin 2019. While the results from
Napier et al. (2021) indicated that there is no evidence for the
angular clustering, they could not explicitly rule out Planet
Nine with current data.

Many efforts in searching for Planet Nine have been made
recently by utilising optical surveys such as Zwicky Transient
Facility (ZTF, Brown and Batygin 2022), Dark Energy Sur-
vey (DES, Belyakov, Bernardinelli, and Brown 2022), and
Pan-STARRS1 (PS1, Brown, Holman, and Batygin 2024).
However, they only ruled out percentages of the Planet Nine
parameters predicted by Brown and Batygin (2021) without
successfully constraining any Planet Nine candidates. One
possible explanation for this problem is that the predicted semi-
major axis of Planet Nine’s orbit is 700 AU (Batygin and
Brown 2016a), which is roughly 23 times larger than that
of Neptune’s orbit (~ 30 AU). Such a distant location makes
Planet Nine too dim to observe from Earth in optical wave-
lengths. When increasing the current heliocentric distance d
of Planet Nine, the Sunlight reflected by Planet Nine decreases
as a function of 4~*, while the thermal radiation in infrared
wavelengths of this planet only weakens as a function of d=2.
As a result, Planet Nine in infrared wavelengths is expected to
be much brighter than in optical wavelengths. On the other
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hand, when infrared light travels from the outer solar system to
the Earth, it is absorbed by the Earth’s atmosphere. In this case,
infrared surveys using space telescopes instead of ground-based
telescopes are able to improve signals from distant, faint sources.
The Backyard Worlds: Planet 9 Citizen Science Project® was
conducted by using data from Wide-field Infrared Survey Ex-
plorer (WISE) mission. Rowan-Robinson (2021) searched for
Planet Nine in Infrared Astronomical Satellite (IRAS) data and
found one Planet Nine candidate with a distance of 225 + 15
AU and a mass of 3 — 5Mg. Another far-infrared search was
implemented by Sedgwick and Serjeant (2022, hereafter SS22)
with a distance range of 700 — 8000 AU. Their idea was to
find giant planet candidate pairs, including one IRAS detection
and one AKARI detection. They found 535 potential candi-
date pairs after the Spectral Energy Distribution (SED) fitting.
However, all of their candidates are located in the galactic cir-
rus region, which affects the reliability of lux measurements.
Several recent studies proposed and evaluated the prospects of
future planetary and deep-space missions for the Planet Nine
search, including a dedicated mission to measure modifications
of gravity out to 100 AU (Buscaino et al. 2015), the Uranus
Orbiter and Probe mission (Bucko, Soyuer, and Zwick 2023),
and the Elliptical Uranian Relativity Orbiter mission (lorio,
Girija, and Durante 2023).

Similar to SS22, our objective in this study is to take ad-
vantage of the data of two far-infrared all-sky surveys, which
are IRAS and AKARI, and then find candidates for the myste-
rious planet. However, the key difference between our work
and SS22 is distinguished by the AKARI catalogues. Due to
Earth’s orbital motion around the Sun, Planet Nine’s parallax
is expected to shift ~ 10" — 15 every 6 months, corresponding
to the heliocentric distance range of 500 — 700 AU. Therefore,
it will not be observed at the same location after this period.
We use AKARI sources without monthly confirmation instead
of the co-added catalogue like AKARI-BSC Version 2, which
was used in SS22. In other words, since the position of Planet
Nine is affected by the parallax motion and the orbital motion,
we are only able to detect Planet Nine at the same location
over several successive scans in a day, but not after half a year.
This paper is organized as follows: Section 2 presents a brief
introduction to the prospect and the power of two surveys as
well as the data sets we use in this work, Section 3 includes our
method to estimate the expected orbital motion and flux of
Planet Nine, and a set of criteria for positional and flux selec-
tions. We show our results in Section 4, discussions in Section
5, and summarise the outcomes of this research in Section 6.

2. Far-Infrared All-Sky Surveys

Although there are various predictions for the possible sky
region or the orbital structure of Planet Nine in the outer solar
system (e.g., Brown and Batygin 2016; Batygin and Brown
2016b; Millholland and Laughlin 2017; Brown and Batygin
2021), its precise location remains unconfirmed. That is the
main reason we need all-sky surveys to conduct a large-area

c. https://www.zooniverse.org/projects/marckuchner/
backyard-worlds-planet-9
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search. On the other hand, since Planet Nine could be a few
hundred astronomical units away from Earth, the motion of
Planet Nine in a short time scale of several months or a year is
not significant enough to be detected. That means it requires
at least two all-sky surveys with a sufficient epoch separation.
Therefore, in this paper, we chose two all-sky surveys with
a 23-year epoch separation. The characteristics of these two
surveys are described below and summarised in Table 1.

2.1 IRAS

The Infrared Astronomical Satellite (IRAS, Neugebauer et
al. 1984) was launched in 1983 to carry out the all-sky survey.
This mission covers four infrared wavelength bands centred
at 12 um, 25 um, 60 um and 100 pum. There are two main
catalogues released by the IRAS team: the Point Source Cat-
alogue (IRAS-PSC) includes over 245,000 sources, and the
Faint Source Catalogue (IRAS-FSC) includes over 173,000
sources. The flux detection limit of the IRAS depends on the
catalogue type and the wavelength. To be specific, at 100 pm,
both IRAS-PSC and IRAS-FSC have a detection limit of 1.0
Jy. At 60 um, however, the detection limit of IRAS-PSC is
0.6 Jy, whereas that of IRAS-FSC can reach 0.2 Jy.

In addition, there are also two other catalogues, including
rejected sources of two main catalogues: the Point Source
Catalogue Rejects (IRAS-PSCR) and the Faint Source Cata-
logue Rejects (IRAS-FSCR). The reasons for rejection could
be the failure to achieve the minimum criterion of two-hour
confirmation, or sources located in confused regions of the sky
or were only detected in a single band. As a result, when we
look at the co-added images of sources in these two rejected
catalogues, they might not be shown as real physical sources.
Despite the rejection, there is still a possibility that Planet Nine
would be detected in one of these catalogues.

IRAS team matched their sources with other catalogues
to make a source identification, indicated by the number of
positional associations (nid). This parameter has integer values
ranging from 1 to 4. Each value of nid represents a type of
catalogue associated with an IRAS source, such as extragalactic
catalogues (nid = 1), stellar catalogues (nid = 2), other catalogues
(nid = 3), and multiple types of catalogues (nid = 4). If sources
are not found in any type of catalogue listed above, nid = 0.
The total numbers of identified and unidentified sources are
shown in Table 1.

2.2 AKARI

Another far-infrared all-sky survey was conducted by the
Japanese infrared astronomical satellite AKARI in 2006 — 2007
(Murakami et al. 2007). AKARI observed the whole sky
with four far-infrared bands centered at 65 um (N60), 90
pum (WIDE-S), 140 um (WIDE-L), and 160 pm (N160). The
AKARI-FIS Bright Source Catalogue (Version 1 and Version
2) has been published for general astronomical research. In
this work, however, one of the authors (IY) has created a
custom-made source list, "AKARI-FIS Monthly Unconfirmed
Source List" (AKARI-MUSL), to search for Planet Nine can-
didates. The AKARI-MUSL is based on the same internal

dataset of point-source-like signals detected in each scan dur-
ing the survey used for the AKARI-BSC, but with different
source-selection criteria. AKARI survey was carried out over
16 months from May 2006 to August 2007. A position of the
sky was observed in a few to several successive scans (the num-
ber of scans depends on the Ecliptic latitude), then repeated a
half year later.

In AKARI-BSC, a "real source" is defined as one that is
detected in > 75% of the total number of scans at the same
position (e.g., 10 detections over 12 scans). In AKARI-MUSL,
that condition is relaxed, and all sources detected twice or more
at the same position are included regardless of how many scans
pass by them (e.g., 3 detections over 12 scans). It is crucial for
the Planet Nine search that the object should not be observed at
the same position after half a year due to Planet Nine’s parallax
motion and orbital motion (see Section 3.1 for further details).
Therefore, we remove sources detected at the same position
in scans separated by 6 months from the list, as those sources
are probably celestial (not moving) objects. Figure 1 shows a
so-called log N —log S plot, where S in Jy is the source flux
and N is the number of objects at the flux of the most sensitive
band (WIDE-S; 90 um). AKARI-BSC’s detection limits are
estimated from this plot as 0.55 and 0.44 Jy for Version 1 and
2, respectively (Yamamura et al. 2018). Because sources in
AKARI-MUSL are selected with a different (more relaxed)
condition, it contains fainter sources down to ~ 0.21 Jy. The
total number of sources in MUSL, that are detected in WIDE-
S, is 956,094. However, the list possibly includes many false
detections caused by cosmic ray hits or instrumental artifacts.
So we must carefully select possible Planet Nine candidates as
we describe in the following sections.
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Figure 1. Comparison between log N — log S plots of three different AKARI
catalogues in 90 um: AKARI-BSC Version 1 (red), AKARI-BSC Version 2
(blue), and AKARI-MUSL (green).

3. Methods
3.1 Expected Orbital Motion

Since the epochs of IRAS and AKARI are separated by 23
years, it leads to the domination of orbital motion compared
to the parallax motion. We therefore need to calculate the
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Table 1. Basic information of four IRAS catalogues and AKARI-MUSL. Total numbers of sources are available in published catalogues. Identified and
unidentified sources of IRAS catalogues are classified by the number of positional associations (nid).

Catalogue Year Wavelengths (um)  Detection Limit (Jy) Total Sources Identified Sources  Unidentified Sources
IRAS-PSC 1983 12, 25, 60, 100 0.6 245,889 85,047 160,842
IRAS-FSC 1983 12, 25, 60, 100 0.2 173,044 115,273 57,771
IRAS-PSCR 1983 12, 25, 60, 100 0.6 372,753 51,000 321,753
IRAS-FSCR 1983 12, 25, 60, 100 0.2 593,516 211,144 382,372
AKARI-MUSL 2006 65, 90, 140, 160 0.21 996,342 - -
expected orbital motion of Planet Nine over 23 years in order
to constrain the possible position of an IRAS candidate in the — 250
AKARI source list. We adapted Equation (4) from Cowan, =
Holder, and Kaib (2016) and rewrote it for the case of a 23-year é
separation as shown in Equation (1). &5 2001
. A d \7? .g 1501
Worb = 42 arcmmm (m) (1) é
where pg;p, is the orbital motion of Planet Nine; AT is the © 1007
epoch separation between two surveys; d is the current helio- e
centric distance of Planet Nine, which can be approximately O 501
equal to the geocentric distance.

When choosing an arbitrary distance range to search for
Planet Nine, we can infer the angular separation between
the IRAS detection and the AKARI detection of Planet Nine
over 23 years. Note that with our assumptions, Planet Nine
is treated as a slow-moving object, which only moves a few
arcminutes per year. It means that Planet Nine is required to
have detections at different hours on the same date (hourly
confirmation), and no detection on the date of 6 months before
or 6 months after. In addition to the orbital motion, Planet
Nine’s parallax shifts every 6 months due to the Earth’s motion
around the Sun. As a result, we expect that Planet Nine is able
to be detected in the AKARI-MUSL without monthly con-
firmation over 23 years. The hourly confirmation is a crucial
criterion to differentiate between a slow-moving object and a
fast-moving object. If an object fails to have both hourly and
monthly confirmations, it is most likely a fast-moving object
and cannot be considered as a good Planet Nine candidate.

The expected orbital motion of Planet Nine as a function
of heliocentric distance is visualised in Figure 2. We see that
the orbital motion increases faster at shorter distances. Such
a large orbital motion raises difficulties in our candidate pair
selection, which are described in Section 3.3 and discussed in
Section 5. Therefore, in this work, we focus on the distance >
500 AU, while the search with the distance < 500 AU will be
conducted separately in our follow-up study.

3.2 Expected Flux

Estimating the expected flux of Planet Nine is an important
step to ensure that its flux must be above the detection limits of
both IRAS and AKARI. Due to our insufhicient understanding
of the characteristics of Planet Nine, such as mass, density,
distance, temperature, etc., we need to conduct the estimation
with assumptions based on simulation results from previous

200 300 400 500 600 700 800 900 1000
Heliocentric Distance [AU]

Figure 2. Expected orbital motion of Planet Nine over 23 years versus its
current heliocentric distance. The orbital motion decreases exponentially
as the heliocentric distance increases according to Equation (1).

works. The flux density at a certain wavelength is determined
by the product of two components, which are the black-body
spectral radiance at that wavelength and the solid angle as seen
from the Earth. Since Planet Nine was predicted to be located
distantly beyond Neptune’s orbit with an orbital eccentricity
of 0.6 and a semi-major axis of 700 AU (Batygin and Brown
2016a), we expect that it is an ice-giant planet like Uranus and
Neptune rather than a terrestrial planet like other inner-most
planets. As a result, we assume that the density of Planet Nine
is 1.46 g/cm3, which is approximately equal to the average
of the densities of Uranus (1.27 g/cm?®) and Neptune (1.64
g/cm3), then derive the radius of Planet Nine and the solid
angle observed from the Earth in steradian (sr). Combining
the predicted semi-major axis and orbital eccentricity, we can
derive the perihelion and aphelion distances of Planet Nine,
which are 280 AU and 1120 AU, respectively.

To calculate the spectral radiance, we assume the black-
body radiation for Planet Nine. Input parameters include fre-
quency range (THz), temperature (K), and emissivity. Note
that the sum of emissivity and Bond albedo is equal to 1.
Cowan, Holder, and Kaib (2016) assumed that Planet Nine has
a similar Bond albedo to Uranus and Neptune, which are 0.30
and 0.29, respectively. Therefore, we adapted the value of 0.3
for our calculation. The spectral radiance (W-m=2-sr1 - THz"")
with such input parameters reaches the maximum value at ~
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102 pum (~ 2.94 THz). The details of the calculation can be
mathematically described in Equation (2) and Equation (3).
Then we do the unit conversion from W - m™2 - Hz"! to Jy by
using the relation 1 Jy = 10726 W - m~2 - Hz"1.

Q= 27r[1 - #] ()
Sn =L xQ, (3)

where Q) is the solid angle of Planet Nine observed from the
Earth; d is the current heliocentric distance of Planet Nine,
which can be approximately equal to the geocentric distance;
R is the radius of Planet Nine; Sy is flux density at wavelength
A; Ly, is spectral radiance at wavelength A.

We are searching for Planet Nine candidates whose masses
are less than or equal to Neptune’s mass (~ 17Mg) since the
maximum predicted radius of Planet Nine is approximately
equal to the radius of Neptune (Batygin et al. 2019) and its
assumed density is also similar to Uranus and Neptune. To
determine the lower limit of the mass range, we gradually
reduce the value of Planet Nine’s mass to guarantee that the
expected flux of Planet Nine is above the detection limits of two
surveys. Figure 3 shows the comparison between the expected
flux of Planet Nine and the detection limits of IRAS-FSC and
AKARI-MUSL at their most sensitive bands. Here we choose
the detection limits of IRAS-FSC because it is three times
deeper than that of IRAS-PSC at 60 um. It is also reasonable to
determine the minimum condition for Planet Nine’s detection.
At the upper limit of the mass range, Planet Nine would be
well-detected within the heliocentric distance range of 500 —
700 AU. However, the detectability of Planet Nine would be
decreased when its mass is assumed to be lower. We notice
that Planet Nine with a mass of 7Mg is detectable in IRAS
within 500 — 520 AU.

3.3 Selection Process

We aim to search for possible Planet Nine candidate pairs,
including one IRAS detection and one AKARI detection. Cri-
teria in our selection process can be divided into two categories,
which are positional criteria and flux criteria. The order of
those criteria presented in this study can be managed to en-
sure we obtain the same finalist. If sources match one of the
following criteria, they are removed from the selection:

* IRAS or AKARI sources with low flux quality: Flux
quality of sources is indicated by an integer number rang-
ing from 1 to 3 (a value of 3 represents the highest flux
quality). Sources whose flux quality value equals 1 at one
of the following bands: 60, 65, 90, and 100 pm are referred
to as unreliable flux measurements or unconfirmed sources.
As a result, it is necessary to remove those sources before
comparing their fluxes.

* Below detection limits and identified sources: Detec-
tion limits corresponding to each catalogue are provided
in Table 1. Already known IRAS sources are defined by

the number of positional associations nid = 0.

* Too close to Galactic plane and Galactic bulge: Sources
located near the Galactic plane or the Galactic bulge could
have a potential problem. For example, the brightness of
the galactic cirrus may significantly affect the fluxes of
those sources. Consequently, the reliability of flux mea-
surements cannot be guaranteed. We excluded sources
with low galactic latitude (|b| < 10°) and within a radius of
27.5° from the Galactic centre. These positional criteria
come from Bernard et al. (1994), which showed the dom-
inance of dust emission near the low-latitude and inner
galactic regions. Similarly, Figure 3 in SS22 also indi-
cated that without the above filters, a large number of
their candidates concentrate near the Galactic plane and
the Galactic centre. If Planet Nine were located in these
regions, we would unfortunately fail to detect it in this
study. However, the most promising region predicted by
the simulation (Millholland and Laughlin 2017) is not in
this direction.

* IRAS or AKARI fluxes exceed the upper limit of the
expected Hux: This criterion helps to exclude sources
with inappropriate fluxes to be Planet Nine in our search
range. The upper limit was calculated by the flux esti-
mation in Section 3.2 and considered as the flux of Planet
Nine corresponding to the heliocentric distance of 500 AU.

* IRAS or AKARI flux ratios are too large: The expected
range of Planet Nine’s temperature is 28 — 53 K (Cowan,
Holder, and Kaib 2016). We exclude sources showing
high temperatures in far-infrared wavelengths if the flux
ratios of two bands in IRAS or AKARI are larger than 3,
corresponding to the temperature > 100 K. To be specific,
S]OO/SGO >3 or 560/81 00>31n IRAS; 890/865 >3 or 865/590
>3 in AKARI.

In the next step, our goal is to find candidate pairs based on
the expected orbital motion corresponding to the heliocentric
distance range of 500 — 700 AU. In other words, for each
IRAS source, we try to search for all possible AKARI sources
with angular separation between 42" and 69.6”. The angular
separation increases with closer heliocentric distances to Planet
Nine, which means one IRAS source could pair up with more
AKARI sources.

Although these IRAS — AKARI pairs meet the requirement
of angular separation, there might be inconsistencies in flux or
colour between IRAS and AKARI components (Sedgwick and
Serjeant 2022). We remove sources with flux inconsistency at
two close wavelengths by a factor of more than 44 i.e., sources
With 860/565 > 4; 865/560 > 4; 890/5100 > 4; or 5100/590 > 4
are removed. We further require the IRAS color (S100/Ss0)
and AKARI color (Sop/Sgs) to be consistent, i.e., when the
color values differ by a factor of more than 3¢, the sources are

d. See Section 4.4 (b) in SS22 for the criterion of the flux inconsistency.
e. See Section 4.4 (e) in SS22 for the criterion of the colour inconsistency.
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Figure 3. Expected flux of Planet Nine at 60 um and 90 um as a function of heliocentric distance (solid curves) compared to the flux detection limits of
IRAS-FSC and AKARI-MUSL (dash lines), which are 0.2 Jy and 0.21 Jy, respectively. The expected flux is calculated with the lower limit (left panel) and the

upper limit (right panel) of Planet Nine’s mass range.

removed. The flowchart of our selection process is summarised
in Figure 4.

4. Results
After excluding IRAS — AKARI pairs with strongly incon-

sistent colours or fluxes, we found 13 candidate pairs in total,
whose IRAS sources are all from IRAS-EFSC.

4.1 Image Inspection

To evaluate the quality of these pairs, we implement the image
inspection for both IRAS and AKARI sources. IRAS images
are downloaded from Improved Reprocessing of the IRAS
Survey (IRIS) Data Accessf, while AKARI images are down-
loaded from AKARI Far-Infrared All-Sky Survey Maps Data
Access8. The requirements for a good candidate pair include:

* The presence of the solid IRAS source at the given coordi-
nate in the IRAS image.

* The absence of that IRAS source at the same coordinate
in the AKARI image.

 The absence of the AKARI source at the same coordinate
in the IRAS image.

Both IRAS and AKARI images were not contaminated by
the cirrus.

If a pair fails to satisfy one of the above conditions, it is removed
from the candidate list. Only one candidate pair remains.
Figure 5 is our good candidate pair satisfying given con-
ditions. The comparison between IRAS and AKARI images
indicates that this object moved out of the IRAS coordinate
over 23 years. The IRAS source pairs up with only one possible

f. https://irsa.ipac.caltech.edu/data/IRIS/
g. https://irsa.ipac.caltech.edu/data/ AKARI/

source from AKARI-MUSL. The IRAS image (left panel) was
taken by co-adding multiple scans, which were carried out

from 26 June 1983 to 01 September 19830 This two-month
separation corresponds to Planet Nine’s orbital motion of ~
18”1, which is reasonable to be detected as a single source
rather than two different sources.

We note that the AKARI source in this pair is not visible
in the co-added AKARI image on the right panel in Figure
5. This is due to the characteristics of AKARI-MUSL, which
include moving sources without monthly confirmation. As
a result, they are sometimes not visible in the co-added im-
ages, which include scans where they are not detected. The
information regarding source names, coordinates, and flux
densities of our good candidate pair are summarised in Table 2.
Although our candidate pair passed all selection criteria listed
in Section 3.3, Sgs is significantly fainter than Sg and Sgg. The
reason for this situation is that there are still confirmed sources
with very low flux compared to the detection limits in the
AKARI source list). Therefore, the source is confirmed at 65
um, but the measured flux might be unreliable. It is essential
to conduct follow-up observations to measure the flux of the
target in other bands.

4.2 AKARI Detection Probability Map

We continue to determine if the good candidate is a slow-
moving or fast-moving object. This task is possible for the
AKARI component in each pair since we are able to check
the probability of each detection of the AKARI source by
using the AKARI detection probability map. Figure 6 shows

h. We checked the date of each scan by using IRAS Scan Processing and
Integration tool (SCANPI): https://irsa.ipac.caltech.edu/applications/Scanpi/

i. See the angular resolution of IRAS at https://lambda.gsfc.nasa.gov/
product/iras/

j- See Section 5.1 and 7.6 in AKARI/FIS BSC Release Note Version
1 (https://data.darts.isas.jaxa.jp/pub/akari/AKARI-FIS_Catalogue_AllSky_
BrightSource_] .O/AKARI-FIS_BSC_V1 _RN.pdf)


https://irsa.ipac.caltech.edu/data/IRIS/
https://irsa.ipac.caltech.edu/data/AKARI/
https://irsa.ipac.caltech.edu/applications/Scanpi/
https://lambda.gsfc.nasa.gov/product/iras/
https://lambda.gsfc.nasa.gov/product/iras/
https://data.darts.isas.jaxa.jp/pub/akari/AKARI-FIS_Catalogue_AllSky_BrightSource_1.0/AKARI-FIS_BSC_V1_RN.pdf
https://data.darts.isas.jaxa.jp/pub/akari/AKARI-FIS_Catalogue_AllSky_BrightSource_1.0/AKARI-FIS_BSC_V1_RN.pdf
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AKARI flux ratio too large Seo OF S1gp higher than upper
So0/Ses > 30r Sgs/Sqp> 3 limit of expected value
Sg0Or Sgs higher than upper IRAS flux ratio too large
limit of expected value Seo/S100> 301 S100/Se0 >3 | AKARI: 108 sources

IRAS: 2479 sources

Too close to galactic plane

|b| < 10° Produce candidate pairs
22 pairs
Too close to galactic bulge IRAS/AKARI inconsistent fluxes
(Distance to galactic center Seo/Ses > 4 0r Sgs/Sgo > 4 o1
< 27.5°) S100/S0 > 40T Sgo/S1g0 > 4
Low flux quality, below IRAS/AKARI inconsistent colors
detection limits (IRAS, AKARI) S100/S60VS- Seo/Ses > 3
and nid > 0 (IRAS) or vice versa
13 pairs

AKARI: 996,342 sources
IRAS: 1,385,202 sources

Figure 4. Flowchart of Planet Nine candidate selection process. The entire process consists of positional and flux selection criteria. Single sources or
candidate pairs are excluded if they match one of the criteria.

045 051 058 064 0.7 077 083 089 0.96 1.1 1.5 1.8 21 2.3 25 2.7 2.9 3

Figure 5. Comparison between IRAS (left) and AKARI (right) cutout images of our good candidate pair. The green circle indicates the location of IRAS
source, while the white circle indicates the location of AKARI source. The size of each circle is 25”. The yellow arrow with a number in arcminute shows the
angular separation between IRAS and AKARI sources. The colour bar represents the pixel intensity in each image in the unit of MJy/sr. The AKARI source in
the right panel is not visible as a real physical source due to the characteristics of AKARI-MUSL, which include moving sources without monthly confirmation.



Table 2. Basic information of the good candidate pair found in this work.

IRAS Name F02211-4844
RARAs 35.74075°
DECiras -48.5125°
AKARI Name AKARI-MUSL J0220440-491247

RAkar1 35.18379°
DECkari -49.2135°
Angular Separation 47.4586’

Seo 0.24 Jy

NE 0.09 Jy

Soo 0.27 Jy

S100 0.52 Jy

the detection probability map of the AKARI component in
our candidate pair. AKARI has scanned the position 5 times.
Three were detected on 26 June 2006, and the other two were
detected on 26 December 2006.

A slow-moving object requires detections for all successful
scans on one date and no detection on the other date, which
means that the AKARI source does not have monthly con-
firmation. To be specific, the expected angular separation of
Planet Nine over 6 months at 700 AU is roughly 55", which
is distinguishable and should be considered as two different
detections. On the date of detection, there must be at least two
detections at different times, which means that the AKARI
source has hourly confirmation. An additional criterion for
good detection is that the green circles are required not to
reach the edge of each scan. In other words, the green circles
are completely located in the blue region. In this case, there
is almost no detection in the three upper panels on the same
date, while we obviously see two detections after 6 months in
the two lower panels. Therefore, the AKARI source in our
candidate pair is most likely a slow-moving object.

5. Discussions

The finalist of our Planet Nine candidate pair strongly depends
on how the characteristics of Planet Nine are defined. Indeed,
if the actual mass of Planet Nine is larger than that of Neptune,
Planet Nine still has a possibility to be detected in IRAS and
AKARI due to its higher flux in far-infrared wavelengths. In
contrast, if the actual mass of Planet Nine is not sufficient to
make its flux above the detection limits of two surveys, there
is no chance of finding Planet Nine in this work. Similarly,
the heliocentric distance range of Planet Nine significantly
affects the total number of candidate pairs found by our algo-
rithm. For example, the angular separation between IRAS and
AKARI sources after 23 years becomes larger when the lower
limit of the heliocentric distance range is smaller. As a result,
the pair-searching radius and the total number of our candi-
date pairs will be increased. In addition, our understanding
of the effective temperature and the density of Planet Nine
has not been completed to date, therefore, the assumptions
for these parameters are inevitable and rely on the results of
previous simulation works.

Terry Long Phan et al.

2006/06/26 12:28:36.556 (UTC)  2006/06/26 14:07:41.262 (UTC)  2006/06/26 15:46:46.012 (UTC)

3 6 9 12 15 18 21 24 27 [ ]

Figure 6. Detection probability map of AKARI source in our good candidate
pair. Three scans in the upper row were taken on 26 June 2006, while the
other two scans in the lower row were taken on 26 December 2006. The
scanning time is shown on the top of each panel along with its scanning
date. The size of each panel is 30’ x 30’. The size of the green circles at the
centre of each panel is 80”". The colour bar represents the pixel intensity in
an arbitrary unit. In the point source extraction, pixels with intensity > 15 are
treated as detections at the first step and sent to the confirmation process.

Obvious evidence for the dependence of Planet Nine can-
didates on the assumed parameters is the results reported in
$S22. Their study covered the distance range from 700 AU to
8000 AU, which is further and wider than ours. Although they
also searched for Planet Nine candidate pairs using IRAS and
AKARI, the IRAS components in most of their candidate pairs
are from IRAS-PSCR, while in our study, the IRAS compo-
nents are all from IRAS-FSC. There are various explanations
for the difference between the two results. First, SS22 used
different assumptions and models from our work to estimate
the expected flux and orbital motion of Planet Nine. Table 4
in SS22 indicates that they searched for brighter giant planets
with smaller angular separation between IRAS and AKARI
sources. Second, SS22 did not exclude sources below the flux
detection limits of IRAS and AKARI. Again, according to
Table 4 in SS22, Uranus-mass planets with a distance further
than 2000 AU have Sgp < 0.07 Jy and Sgg < 0.09 Jy, which are
all below the flux detection limits of IRAS and AKARI-BSC
Version 2. Third, before comparing fluxes between different
wavelengths or to the flux detection limits, we excluded IRAS
and AKARI sources with low flux quality, while $S22 did
not. This was helpful in avoiding the unreliable sources in our
selection.

In comparison to the previous search for Planet Nine using
IRAS data (Rowan-Robinson 2021), there are some discrep-
ancies regarding the strategy and the outcome. First, Rowan-
Robinson (2021) also searched for unidentified slow-moving
objects without months confirmation, but only the IRAS sur-
vey was utilised for the Planet Nine search. Second, the out-
come of their study proposed one candidate, which is in IRAS-
PSCR with single hour confirmation. Interestingly, the fitted
orbit indicated that their candidate has a distance of 225 + 15
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AU, which is even closer than the distance range predicted in
Batygin and Brown (2016a). In addition, the mass range of
3 — 5Mg is also lower than that of this work. This could be
explained by the different expectations of the characteristics of
Planet Nine between Rowan-Robinson (2021) and this work.
To be specific, we expected that the flux ratio between 60 pm
and 100 um bands should be no more than 3, while that ratio
is approximately 5 as shown in Table 1 of Rowan-Robinson
(2021). They also concluded that their proposed candidate, if
real, may not cause the orbital clustering of minor KBOs due
to the difference in direction on the sky compared to Brown
and Batygin (2021).

Although we took advantage of the AKARI detection
probability map of the AKARI source to determine whether
it is a fast-moving or slow-moving object, two detections
from IRAS and AKARI are not sufficient to determine the
Keplerian motion of our candidate. In addition, the AKARI
source is confirmed at 65 pum, but its lux measurement might
be unreliable. It is essential to figure out solutions for these
issues. The follow-up observation using Dark Energy Camera
(DECam) Imager mounted on the Blanco telescope with 3

deg? field of viewK can offer a promising opportunity to exam-
ine the Keplerian motion of our good candidate pair. Figure
9 in Brown and Batygin (2021) indicates that the predicted
r-band magnitude of Planet Nine is less than 26. Such an
upper limit of 26 AB mag only needs roughly one hour to
reach a signal-to-noise ratio of 5 using the r-band filter of

DECam!. Brown, Holman, and Batygin (2024) pointed out
that 9 detections are required to evaluate a linked Keplerian
orbit with improved processing speed and reduce the number
of false positives. The method of the follow-up analysis should
be similar to this study. We can start to estimate the expected
orbital motion over 18 years (from 2006 to 2024), which varies
between 33’ and 54.7’, corresponding to the heliocentric dis-
tance range of 500 — 700 AU. If the existence of Planet Nine
can be confirmed by observations in the near future, it will
improve our understanding of the history and structure of the
entire solar system in early stages.

6. Summary

‘We searched for Planet Nine candidates in a heliocentric dis-
tance range of 500 — 700 AU and a mass range of 7 — 17Mg by
using two far-infrared all-sky surveys with a 23-year epoch
difference. Planet Nine is expected to move slowly on the
sky due to its great distance beyond Neptune’s orbit. There-
fore, we searched for slow-moving objects that moved from an
IRAS position to another AKARI position after 23 years. The
expected flux of Planet Nine was estimated by assuming the
black-body radiation in infrared wavelengths. The outcomes
of this research are summarised as follows:

k. See the detail of Blanco telescope’s horizon limits at heeps:
//noirlab.edu/science/programs/ctio/telescopes/victor-blanco-4m-telescope/
Horizon-Limits

1. The DECam Exposure Time Calculator Ver 7B is available to download
at https://noirlab.edu/science/documents/scidoc0493

* After the rigorous selection including the visual image in-
spection, we found one good candidate pair, in which the
IRAS source was not detected at the same position in the
AKARI image and vice versa, with the expected angular
separation of 42 — 69.6’.

* The AKARI detection probability map indicated that the
AKARI source of our candidate pair satisfied the require-
ments for a slow-moving object with two detections on
one date and no detection on the date of 6 months before.

However, the IRAS and AKARI detections alone are not
enough to decide a precise orbit. The DECam, with a large
field of view, is a prospective option for the follow-up observa-
tion. It enables the possibility of detecting faint moving objects
even in optical wavelengths and determining the full orbit of
our candidate, since the exposure time to observe targets as
faint as 26 AB mag at DECam is approximately one hour. The
verification of Planet Nine’s existence via future observational
studies will contribute to our understanding of the evolution
and structural dynamics of the solar system.
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