N. Chanover March 5, 2016
CUME EXAM # 405
with Suggested Solutions

This exam is worth 40 points. It is based on the accompanying preprint by Linder and

Mordasini (2016), “Evolution and Magnitudes of Candidate Planet Nine” arXiv:1602.07465.
A grade of 70% or higher is expected to be a passing grade. You may use a calculator,
but only for algebraic and trigonometric types of calculations — you may NOT
use a calculator to store formulae, constants, etc.

Things You Might Need to Know

1 AU = 1496 x 101" m G =6.674 x 107! N m? kg2
Lo = 3.8 x 10 W o =5670 x 107 Wm~? K~
M = 1.9891 x 10% kg R = 6.955 x 108 m
Mg = 5.972 x 10% kg Rg = 6,371 km
M, (mass of Jupiter) = 1.898 x 10 kg Rq , = 71,492 km
k = 1.3806 x 10~% m? kg s~2 K c=2.998 x 10°ms~!
lerg=10"7"1J 1Jy =107 Wm? Hz!
Filter | Central ) (um)
Johnson Filters
v 0.85
R 0.64
I 0.82
L 3.45
N 10.5
Q 21
WISE Filters
W1 34
W2 4.6
W3 -12
W4 22

Additional Instructions

e Start each question on a new page and then staple your packet of pages together at
the end. Put your name on every page.

o Write legibly! If I cannot read your writing, you likely will not receive as much credit
as you deserve because I won't understand what you are trying to convey.




1. Given the orbital semimajor axis value listed in the paper and assuming

an orbital eccentricity of e = 0.6, compute the perihelion and aphelion dis-
tances for Planet X. (2 points)

The orbital semimajor axis was given in the paper to be 700 AU. We can compute
Tperi and Iop USIDG '
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where 6=0° corresponds to r,.,; and 9=180° corresponds to r,,. Plugging in the above
values yields rpe,; = 280 AU and Tap = 1120 AU,

. The authors state on p. 2 that “the wavelength of maximum blackbody
emission at a temperature of 47 K follows from Wien’s law and is 62 ym...”
Based on the information in Figure 1, calculate the range of peak blackbody
wavelengths for Planet X from the time of its formation to 8 billion years
after its formation. (4 points)

Using Wien's Law, Apoz T = 2.898 x 10-3 m K, we can solve for Ap.,. We can
read off the temperatures of Planet X over the age of the solar system from the lower
left panel of Figure 1 (red curve). Plugging in T = 100 K at time t(0} and T = 40 K
at time t(8 by), we get Aoz (0) = 29 um and Ainaz(8 by) = 72.5 um. So the planet
continues to cool off over the age of the solar system, and its peak blackbody wave-
length moves to progressively longer wavelengths.

. Also on p. 2, the authors state that “the equilibrium temperature is slowly
rising due to the Sun’s evolution.” Based on the information shown in the
lower left panel of Fig. 1, calculate the change in the Sun’s luminosity
from the time of its formation to 8 billion years later, assuming that noth-
ing else had changed about Planet X over that same time period. (5 points)

From the lower left panel of Figure 1, we can see that the equilibrium temperature
of Planet X increased from 10 K to 12 K over the 8 billion year time period. Assuming
that nothing else about Planet X had changed, the change in equilibrium temperature
would be due to the increase in the Sun’s luminosity over that same time period. We
can use the equation for equilibrium temperature to get a ratio of the two solar umi-
nosities: We need to equate the incoming solar flux to the outgoing thermal radiation:
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and
Fow = 4nR’co T2, (3)




where a is Planet X’s orbital semi-major axis, R is its radius, A4, is the Bond albedo,
€ is its emissivity, and T, is the equilibrium temperature. Equating Fi, and Fi,; and
solving for Teq, we get '

(4)
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Assuming everything else remains the same over the time period in question, then
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So the Sun’s luminosity increased by about a factor of 2 over the 8 billion year time
period.

. Compute the change in the luminosity of Planet X (as shown in the upper
right panel of Fig. 1) from the time of solar system formation to the present
day by using information shown in the left panels of Fig. 1. If you detect
any discrepancies between the values you calculate and those shown in the
upper right panel Fig. 1, comment on their possible source(s). [Hint: you
do not need to compute absolute luminosity numbers to get a sense of how
it changed from one time to another.] (5 points)

Luminosity is given by L = 4xR%¢T%. We can again use ratios to get a sense of
 how Planet X’s luminosity changed from the time of solar system formation to the

present day.
Liow _ {RoouTin ( ) | |
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According to the upper right panel of Fig. 1, 2w — '60% = 0.020. This is pretty close

to what we got from our simple ratio. P0551b1e sources of the minor discrepancy could
be inadequate treatment of the planet’s opacity sources and/or internal composition
and interior structure, all of which can influence the flow of heat from the interior to
the surface of Planet X. '

. Based on the blackbody curves in the lower right panel of Fig. 1, calculate
the expected difference in the apparent magnitudes of Planet X between
the Q and V bands. Compare your result to what is shown in the left panel
of Fig. 2. (5 points)



We can use the magnitude-flux relationship: m; —my = —2.5l0g (%) The two bands
of interest are Q (21 um) and V (0.55 pm), where the intensities of Planet X are ~
107" and 5x107% Jy, respectively. [The value used for the Q band intensity depends
significantly on which time is considered; here I estimated it for 3x 10° years after solar
system formation.] Plugging in the above values gives my — mg = 8.25. If we compare
the magnitudes shown in Figure 2 (left panel), we see that my ranges from 23 to 18
and mg, ranges from 12 to 9.5. So the Am values vary from 11 to 8.5, which is about
on par with what we calculated. :

- Based on the right panel of Fig. 2, in which WISE filter(s) and at what
time(s) would we have the best chance of detecting Planet X? Explain your
answer. You may assume that the time range shown on the x-axis of that
graph represents one complete orbit of Planet X, (3 points)

In order to have a reasonable chance of detecting Planet X, we need the magnitude
curves to fall below (i.e. to a smaller magnitude value than) the respective S/N = 5
limits for the four WISE filters shown by the dashed lines. This only happens for the
W1 filter, and even then only when the ob ject is close to perihelion (time ~ 16,000
years). This is consistent with the conclusion made by the authors at the end of Section
4.2

. Imagine that Planet X is not a planet, but instead a remnant of a much
larger object that underwent a major collision, leaving behind great quan-
tities of debris with a typical post-impact size distribution (lots of smaller
particles, fewer larger particles). Assuming that the collision happened at
the location corresponding to Planet X’s perihelion, calculate the maximum
size of particle that will remain in orbit around the Sun rather than being
blown away by radiation pressure. [Hint: you must balance two forces!]
You may assume that the particles are perfectly absorbing. (6 points)

- We need to balance the gré,vité.tioﬁal force due to the Sun and the force of radia-

tion pressure on the particle to determine at which particle size the two balance out. .. - -

These two expressions are given by the following:
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where L is the Sun’s luminosity, R is the particle radius, r, is the particle’s distance
from the Sun, and Q. is a radiation pressure coefficient (and is = 1 for completely
absorbing particles). We can rewrite the mass of the particle, m, as p(37R?). Plugging
that into Eq. (8) and solving for R gives R ~ 0.2 p#m (depending on your choice for
P)- -

. The authors state in the last paragraph of the paper that Planet X is ex-
pected to have an astrometric motion of ~ 0.3” /br. Let’s compare that to



something closer to get a sense of how difficult it will be to detect a moving
target at the distance of Planet X. Compute the expected angular motion
(in arcseconds per hour) for an object located in the asteroid belt — stating
all your assumptions — and compare your result to that quoted above for
Planet X. (5 points)

The angular motion of something in the asteroid belt can be computed to first order by
estimating the angular projection of the object’s orbital motion. In other words, we are
neglecting the Earth’s parallactic motion. In that case, assume an orbital semimajor
axis of 3 AU for an object in the asteroid belt and determine the object’s orbital speed:

Vorp = 4 G—iJQ ~ 17 km/s (9)

If we assume that all of the object’s motion is tangential to us, then we can use the
small angle approximation:

, 17.2 km/s 6 _
sinf s 0 = AT X 15 x 10° kAU — 2.16 x 107" deg/s = 28 arcsec/hr. (10)

This is MUCH larger than the expected motion of Planet X - no wonder it is going to
be so difficult to detect!

. Give a qualitative explanation for how the rate of gravitational cooling de-
pends on an object’s internal composition. Hint: When formulating your
response, consider the gravitational potential energy associated with the
process of cooling and what its dependencies are. (5 points)

The process of gravitational cooling refers to the release of gravitational potential
energy as a planet (or star) contracts. The gravitational potential energy is given as
U= -G—M(-rw, where we are considering the object to be made of a series of concentric
shells. In that case M(r) is the amount of mass enclosed at some distance r from the
center, and dm is the mass of a shell of thickness dr. If we rewrite dm as 4wr®pdr
and integrate the expression for U from 0 to R, we get U = —8Gr?p?R® = —%’%‘
Finally, if we apply the virial theorem and consider that half of this potential energy

is radiated away during the collapse, the total energy radiated away is U, = 34C

Even if you did not know how to derive this expression, the point is that the gravita-
tional cooling is related to the density® and size (or alternatively, to the mass?) of the
planet. So the internal composition plays an important role in determining the rate of
cooling of a contracting planet or star.
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ABSTRACT

Context. The recently renewed interest in & possible additional major body in the outer solar system prompted us to study the ther-
modynamic evolution of such an object. We assumed that it is a smaller version of Urahus and Neptune.

Aims. We modeled the temporal evolution of the radius, temperature, intrinsic luminosity, and the blackbody spectrum of distant
ice giant planets. The ainm is also to provide estimates of the magmtudes in different bands to assess whether the object might be
detectable.

Methods. Simulations of the cooling and contraction were conducted for ice giants with masses of 5, 10, 20, and 50 M, that are
located at 280, 700, and 1120 AU from the Sun. The core composition, the fraction of H/He, the efficiency of energy transport, and
the initial haminosity were varied. The atmospheric opacity was set to 1, 50, and 100 times solar metallicity. -

Resulls. We find for a nominal 10 My, planet at 700 AU at the current age of the solar system an effective temperature of 47 K, much
higher than the equilibrium temperatmre of about 10 K, a radius of 3.7 R, and an intrinsic lJuminesity of 0.006 L. It has estimated
apparent magnitudes of Johnson V, R, I, L, N, Q of 21.7, 21.4, 21.0, 20.1, 19.9, and 10.7, and WISE W1-W4 magnimdes of 20.1,
20.1, 18,6, and 10.2. The Q and W4 band and other observations longward of about 13 pm pick up the intrinsic flux.

Conciusions. ¥ candidate Planet 9 has a significant H/He layer and an efficient energy transport in the interier, then its. lominosity is
dominated by the intrinsic contribution, making it a self-luminous planet. At a likely position on its orbit near aphelion, we estimate
for a mass of 5, 10, 20, and 50 M, a V magnitude from the reflected light of 24.3, 23.7, 23.3, and 22.6.and 2 Q magm[ude from the

© ESO 2016

intrinsic radiation of 14.6, 11.7, 9.2, and 5.8. The latter would probably have been detected by past surveys.

Key words. Planets and satellites: detection - Planets and satellites: physical evolution — Qort Cloud:+ Kuiper belt: general

1. Introduction

The presence of another major body in the solar system would
be of highest interest for planet formation and evolution the-
ory. Based on the observed peculiar clustering of the orbits
of trans-Neptunian objects (Rrown of . 2004; Trujillo &
Sheppard 2014) and afier analyzing several earlier hypotheses
(de Yo Tuenie Murcos & de la Tuonte Marcos 20145 lorio 20145
Madigan & McCourt 3016), Baty gin & Brown (2016) have re-
cently proposed that a ~10 M,, planet might be present in the
outer solar system at a distance of several hundred AU from the
Sun. Following the historical example of Nepiune, the next step
would be the observational discovery of the object. Depending
on its specific properties, because of faintness, slow motion on
the sky, and confusion with Galactic background stars, the ob-
ject might in principle have evaded detection np to now. In this
article we present predictions for the physical properties of a
planet such as the one proposed, which is important to determine
whether it might be detectable. Based on the most likely mass
and the extrasolar planetary mass-radius relation (e.g., Geitel

o ab 2Ui6), we assume that candidate Planet ¢ has the same

basic structure as Uranus and Neptune. As already speculated
by Latvein & Brown (2016), it might be an ejected failed giant
planet core. Planets of this type frequently from in planet for-
mation simulations that are based on the core accretion theory
(Mordasing o 204019 and may be scattered to large distances
by giant planets (Bromboy & Kopvon 208D,
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2. Evolution model

Our plimct evolution model (Mordasini ¢t al. 2012) calculates
the thermodynamic evolution of planetary parameters (such as
luminosity or planetary radius) over time for a wide range of ini-
tial conditions. The planet structure is simplified by assuming
that the central part consists of iron. This is wrapped in a sil-
icate mantel followed by a possible water ice layer and finally
a HfHe envelope. To derive the luminosity, the contributions of
the contraction and cooling of the gaseous envelope and of the
solid core can be included, as well as radiogenic heating. In the
default configuration of the model, the interior is assumed to be
adiabatic and to fully contribute to the planet luminosity, as is
probably the case for Neptune, but not for Uranus (Notelmann -~
gt al. 2013). Alternatively, the solid part {core) of the planet can
also be assnmed to be isothermal or to be at zero temperature. In
the Iatter case, it does not contribute to the gravothermal energy
release (Buaruiic et al. 2008). The atmospheric model is gray md
modeled with the condensate-free opacities of rocdiie
(2014). SteHar irradiation is included through the 1 i
(2013) tracks. The blmuiauons start at 10 Myl ata prebpecnﬁed
initial luminosity.

3. Simulations

Based on the nominal scenario in Bris pin S B (H50), we
started our study with a planet of 10 Mg ata s.emmm]or axis
of 700 AU. Given the typical c01e~to~envelope mass ratio found
in planet formation simmlations (Mevcod o 1 200 3), we as-
sumed the core and envelope masses to be 8.6 and 1.4 Mg,
respectively. This is compatible with the estimated H/He mass
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fractions of Uranuos (12-15%) and Neptune (16-19%, Guillot &
Gautier 2014), The initial luminosity was also taken from the
formation simnlations and set to 1.41 Ly, similar as in Forlney
et al. (2011). The core composition is 50% water ice (referred
10 as ,ice” in the following), 33.3% silicates, and 16.7% iron
(this mix of silicate and iron is referred to as ,,rock” in the fol-
lowing). The atmospheric opacity corresponds to an enrichment
of 50 times solar, This first simulation is called the ,,nominal
case” ia the following, To calculate magnitudes, we used a black-
body spectrums for the planet, the Vega spectrum from Bohlin
& Gilliland (2004), and tabulated filter transmissions (Mann &
von Braun 2015; Bessell & Brett 1984; Persson et al. 1998; De
Buizer & Fisher 2005; Jarrett ¢t al. 2011) . We calculated the
reflected flux from the object assuming it is at full phase. In
the nominal model, the Bond and geometric albedo were set
to 0.31 and 0.41. These are the values for Neptune (Traub &
Oppenheimer 2010).

For non-nominal simulations of the 10 My planet, the initial
luminosity was set to a value 10 times higher and lower. Such a
variation covers the spread of post-formation luminosities found
in our formation simulations (Mordasini ¢l al, 2014). We also
increased the H/He fraction to 50% to explore a very efficient gas
accretion during formation. The consequences of an isothermal
instead of an adiabatic temperature structure in the core were
studied as well. The core composition was also varied, assuming
a purely rocky and purely icy core. We also varied the opacity of
the atmosphere, corresponding to an enrichment of 1 and 100
times solar, which is approximately the enrichment of carbon
in Uranus and Neptune (Guillot & Gantier 2014). To account
for the high eccentricity of the object, the semimajor axis was
changed to 280 and 1120 AU.

We also studied Uranus-like cases where we set the Bond
and geometric albedo to 0.30 and 0.51 {Traubh & Oppenbeimer
2010; Guillot & Gantier 2014). Tt is well known that the current
intrinsic lnminosity of Uranus is much lower than predicted by
evolutionary models that asaume that the interior is fully adia-
batic {e.g., Fortaey ol al. 231 b Netielmann of «b 2033). As sug-
gested by Podolal o al. ¢ r?‘:J) this might be due to a statically
stable interior that is unable to convect because of compositional
gradients. If the heat is transported by conduction instead of con-
vection, a strongly reduced flux is expected (Netichnaun ol al.
2(313). A simple way to model this situation is to exclude a cen-
tral part of the planet interior from contributing to the Juminosity.
With this approach, Netichmani et al. (2017) found that the low
luminosity of Uranus can be matched if about half of its mass
does not contribute. To investigate this possibility, we ran mod-
els where the core does not contribute to the planet luminosity,
which means that we deprived the planet of its primary reservoir
of gravothermal energy. An alternative explanation for the low
intrinsic luminosity of Uranus might in principle be that it was
already very cool when it formed, atthough this appears rather
unlikely from formation models (Sinen-on 1982) To simulate
such a sitzation, we also ran a model where the initial luminos-
ity was chosen such that the present-day luminesity is a factor
10 lower than in the nominal case. This factor 10 approximately
corresponds to the ratio of Neptune's intrinsic luminmity and to
the uppm limit for the intrinsic luminosity of Uranus (Chdlon &
(i f;!i——:).

Finally, the planet mass was varied to 3, 20, and 50 Mg with
envelope mass fractions of 10, 21, and 37 % as representative
for the aforementioned formation simulations, from which we
also took the initial lnminosities of 0.32, 6.27, and 44.96 Lo,
respectively.

(5]

4. Results
4.1, Nominal sirmidation

Figure 1 shows the evolution of the radius, luminosity, tempera-
ture, and blackbody spectrum for the nominal case. The top left
panel shows that the 1 bar radius today is at 3.66 Ry equal to
237300 km. The top right panel shows the decrease of the total,
envelope, core, and radiogenic luminosity in time. The current
total intrinsic luminosity is 0.006 Lo, with a dominant contribu-
tion from the core thermal cooling. For comparison, Neptune has
an intrinsic luminosity of 0.01 Ly, (Guillot & Gautier 20104). The
bottom left panel shows that the current temperature at 7=2/3 is
47 K. The wavelength of the highest black body emission at a
temperature of 47 K follows from Wien’s law and is 62 pm in
the far-infrared (far-IR). This temperature is much higher than
the equilibrium temperature of about 10 K at 700 AU, The planet
energy budget is thus dominated by the intrinsic flux. For this,
the assumption of a fully convective interior is critical. Without
efficient energy transport, the planet intrinsic luminosity could
be much lower, as for Uranus (Nettelmann et al. 2013). Such
an Uranus-like situation is considered in Sect. 4.3. The temper-
ature at the 1 bar level is about 66 K, while at the envelope-core
boundary around 2100 K are reached. The equilibrium tempera-
ture also rises slowly as aresult of the solar evolution. The evolu-
tion of the blackbody spectra is shown in the bottom right panel.
The reflected contribution at wavelengths shorter than ~13 pm
remnains nearly constant, whereas the higher and varying intrin-
sic contribution in the mid- and far-IR follows the intrinsic lu-
minosity. Non-gray effects can significantly modulate the actual
spectrum {e.g., Traub & Oppenhetmer 2010).

4.2. Magnitudes in various bands during one orbif

For an age of 4.56 Gyr, when the luminosity is 0.006 L, , we
carried out a simulation with nominal parameters, for which we
varied the planet heliocentric distance in time, as found from
solving the Kepler equation. The thermal timescale of the at-
mosphere (onter radiative zone) is of about 100 years, as found
from dividing the atmospheric thermal energy content by the lu-
minosity. This is much shorter than the orbital timescale, which
means that the atmosphere is expected to adapt to the varying
stellar irtadiation without significant thermal inertia. Figure ?
shows the apparent magnitudes for various bands for the nomi-
nal case during one orbit around the Sun ai a semimajor axis of
700 AU and an eccentricity of 0.6, as proposed by Butvuin X
Drown (2016). At a distance of 700 AU, the planet has estimated
apparent magnitudes of Johnson V, R, I, L, N, Q of 21.7, 21.4,
21.0,20.1, 19.9, and 10.7. Tn the Q filter the inirinsic luminosity
of the planet is visible. The planet is thus much brighter in the
mid- and far-IR than in the visual or near-IR. The Wide-Field
Infrared Survey Explorer (WISE) magnitudes W1, W2, W3, and
W4 are shown in the right panel; they are 20.1, 20.1, 18.6, and
10.2 at 700 AU. The magnitudes at other heliocentric distances r
are 5imply found from the 1/+* dependency for the reflected flux,
meanting that at perihelion it is 4 mag brighter and 2 mag dlm—
mer at aphe];on while for the intrinsic Aux (Q and W4), Ihe 1/
dependency means that at perihelion it is 2 mag brighter and 1
mag dimmer at aphelion. The W3 band picks up both reflected
and intrinsic radiation. In the right panel the WISE §/N=5 Ilmm,
of W1=16.8, W2=15.6, W3=11.3, and W4=8.0 (v vz i
are also shown, indicating that it is only possible to see Lhe ob;ect
with WISE close to perihelion with the W1 filter. The actual de-
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Fig. 1: Temporal evolution of fundamental properties of a 10 M, planet at 700 AU with 2 1.4 Mg H/He envelope, a core consisting
of 50% ice and 50% rock, and an atmospheric opacity of 50 times solar. Top left: Radius. Top right: Intrinsic luminosity. Bottom
left: Temperature. Bottom right panel: Blackbody spectrum where the age in gigayears 1s given by the color code.

tection limit of the survey of Lubmuan (20114) 1s W2=14.5, given
by the ability of detecting an object in multiple epochs.

4.3. Long-term evolution of the magnitudes and non-nominal
simulations

To understand the effect of the assumptions made for the nomi-
nal model, we simulated evolutionary tracks nsing different ini-
tial conditions and model settings. In the first group of simula-
tions the planets all have a total mass of 10 My, while in the
second set of simulations we considered masses of 5, 20, and 50
M.

Effect of different initial conditions. Tn the top left panel of
Fig. 3 we show the change in luminosity over time for different
initial luminosities and also for a nominal planet but with a semi-
major axis of 5 AU. This latter simulation was made 1o study the
scenatio in which the planet first evolves closer 1o the Sun be-
fore 1t is ejected 10 its corrent position. It is evident that neither
the change in starting luminosity {at least for a variation by two
orders of magnitude, as indicated by the formation model) nor
the change in semimajor axis has a significant effect on the lu-
minosity of the planet today. From the current thermedynamic
properties of the planet it is therefore difficult to constrain the
moment in time when the planet underwent a possible scattering

outward from its potential formation region near the other giant
planets.

Effect of different internal structures. The top right panel in
Fig. 3 shows the temporal change in apparent Q and V mag-
nitude for different internal structures: for a planet that has an
envelope mass fraction of 50% instead of 14%, and for a planet
whose core is isothermal instead of adiabatic. In the former case,
the intrinsic Tuminosity increases slightly. At the same time, the
magnitude in the Q band increases from 10.7 10 12.0 mag, mean-
ing that the planet becomes dimmer in this band. This is a result
of the decrease of the planet effective temperature because the
increase in planet radius that is due to the higher H/He mass frac-
tion overcompensates for the higher luminosity. For an isother-
mal core, the planet heat reservoir in the core is reduced com-
pared to the adiabatic case because the core is entirely at the
temperature of the envelope-core boundary. This results in a lu-
minosity that is lower by about 15% than in the nominal case.
This is a much weaker change than occurs if the core contribu-
tion is entirely neglecled, as we show below. We therefore re-
cover the finding of Burafte o1 2l (F1H17%), who reported that the
nature of the heat transport in the core is not as important as is
including the core thermal contribution as such. In the V band,
where the magnitudes range from 21.0 to 21.8, the case with a
50% envelope mass fraction is the brightest because of its signif-
icantly larger radins of 5.22 Rg, whereas the magnitudes of the
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Fig. 2: Present-day apparent magnitudes for the nominal 10 Mg, planet during one orbit around the Sun at a=700 AU and e=0.6. Left
panel: Johnson V to Q. Right panel: WISE filiers, together with §/N=35 limits shown by dashed horizontal lines (Luluman 24111} .

nominal and isothermal case overlap because they nearly have
the same radius.

Core composition. The influence of a change in core compo-
sition on the magnitudes compared to the rominal case is weak.
For the V band, the planet with a rocky core is the faintest (21.9
mag), while the planet with a purely icy core is the brightest
{21.6 mag), owing to a radius that is 0.3 Ry smaller and larger
than in the nominal case. In the Q band the planet with the purely
icy core is also brighier (10.2 mag) than for a purely rocky core
{11.5 mag), now because of the higher heat capacity of water
(Baraife et al. 2008).

Atmospheric opacity. A variation of the opacities coire-
sponding to an enrichment of 1, 50, and 100 solar has a very
weak effect on the V- and Q-band magnitudes for the 10 M,
planet (differences smaller than 0.3 mag).

Orbital distance. We simulated the evolution of the 10 M,
planet at a fixed distance of 280 and 1120 AU (the estimated
perihelion and aphelion distances of candidate Planet 9) instead
of 700 AU. The resuliing present-day physical properties of the
planet are virtually unchanged, showing that the interior evolu-
tion proceeds as if the planet were in isolation, as already ob-
served for the evolution at 5 AU. This means that the change of
the planet magnitude during its orbit is simply due to the change
in its heliocentric distance. For example, the V- and Q-band mag-
nitudes at aphelion are then 2.04 and 1.02 mag fainter than at 700
AU

Uranus-like cases. In the bottom left panel of Fig. *~ two
simulations of 10 Mg planets with albedos like that of Uranus
are shown together with the nominal case. One simulation was
conducied without core contribution to the gravothermal heat
release, which mimics stabilizing compositional gradients (,,no
core cooling”). This planet has a present-day Iuminosity of
0.0013 Ly, about a quarter of the nominal case, R=3.48 Ry, and
T.7=33 K. In the second simulation the starting luminosity was
chosen such that the planet has a present-day luminosity that is
a tenth of the lnminosity in the nominal case (,Jow L today™),
mimicking a very ,,cold” formation. The planet has a present-day
radius of 3.42 R and an effective temperature of 27 K. The con-
sequences for the V-band magnitude for these two cases are im-
ited, with a variation of only 0.3 mag. Since the V band detects
the reflected flux, the difference in magnitude can be explained
by the small difference in radius between these cases of 0.2Rg.

In contrast, the effect on the Q magnitude is much stronger, as .
expected. Instead of 10.7 mag as in the nominal case, Q is 164
for the ,,no core cooling” and 19.6 for the ,Jow L today™ case.
The efficiency of heat transport in candidate Planet 9 therefore
strongly influences its brightness in the IR or at mm-wavelengths
{Cowwan et al. 2016), meaning that observations in this regime
might be able to constrain whether candidate Planet 9 has an in-
ternal structure like Neptune or rather like Uranus (Covwan ¢t al,
2016). The different temporal evolution of the Q magnitude for
the ,,Jow L today™ case is also quite clear. This can be explained
by the fact that the starting luminosity is already so low that the
planet barely evolves at all, and even the Q band now mirrors
mostly the evolation of the Sun.

Candidate Planet 9 as a super-Earth. As a last non-nominal
model with M=10 My, we also examined the possibility that
candidate Planet 9 might be a super-Earth without any significant
atmosphere and an Earth-like interior. We found that the planet
would have a radius of about 1.9 Ry. Assuming that the silicate
mantel has a chondritic abundance of radionuclides (Mordsni
cbab 2002), we found that its radiogenic luminosity is at the
current age of the solar system about 6.8 x 107*L,, , which is
remarkably only eight times lower than the total lurninosity in
the nominal case and about five times higher than the Earth’s in-
trinsic Iuminosity (Kamiand Collaboratton of al. 201 1). For the
Earth it is estimated that about half of the intrinsic luminosity
is radiogenic, and the other half originates from delayed secu-
lar cooling. The effective temperature is 38 K, only 9 K lower
than in the nominal case because of the smaller radius, and the
apparent magnitudes in V and Q are 23.2 and 15.2.

Effect of the mass. In the bottom right panel of Fig. . we
show apparent magnitudes in the V and @ band for the nominal
planet and planets where the mass relative to the nominal case
was varied. In general, the objects are brighter in the Q than in
the V band. Since in the V band the reflected light of the Sun
is visible, the objects become slightly brighter with time, cor-
responding 1o the evolution of the Sun. By contrast, the Q band
shows the intrinsic radiation of the planet, and the planets slowly
become faimter as a result of cooling. In addition to the normi-
nal 10 My case, the apparent magnitude evolution is shown in
the figure for planets of 5, 20, and 50 M. These planets have a
present-day radius of 2.92, 4,62, and 6.32 Ry, an intrinsic lumi-
nosity of 0.0018, 0.016, and 0.078 Ly, and an effective temper-
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Fig. 3: Top left: Intrinsic luminosity over time for different initial conditions. Top right: Apparent magnitudes over time for different
internal structures. Bottom left: Apparent magnitudes for Uranus-like cases. All these three panels are for a 10 My planet. Bottom
right: Evolution of the apparent magnitudes in V and Q for the nominal case (10 M) and planets with masses of 3, 20, and 50 M.
All apparent magnitudes are for a distance from the Sun of 700 AU.

ature of 40, 54, and 69 K, respectively. The V-band magnitudes
are 22.3, 21.3, and 20.6 mag, and the Q-band magnitudes are
14.6, 8.2, and 5.8 mag, respectively.

5. Discussion and conclusion

Motivated by the recent suggestion by Batyain & Brown (2016)
that there might be a possible additional planet in the solar sys-
tem, the evolution in radius, luminosity, temperature, and black-
body spectrum of a 10 Mg planet at 700 AU was studied. We as-
sumed it to be a smaller version of Uranus and Neptune. For an
adiabatic interior, we found that the radius of such an object to-
day would be about 3.66 Re. The present intrinsic luminesity of
the planet would be about 0.006 Ly, with the highest contribution
coming from the thermal cooling of the core. The effective tem-
perature of the object wonld be much higher with 47 K than its
equilibrivm temperature of 10 K, meaning that the planet emis-
sion would be dominated by its internal cooling and contraction.
hs intrinsic power would be about 1600 times higher than its
absorbed power, making # a self-luminous planet. For compari-
som, Jupltcr $ intrinsic powe1 is about half as high as its absorbed
power ({7l & i i+). This dominance would also be
visible in the evoiuuou of Lhe blackbody spectrum of the planet,
where the evolving intrinsic flux would be much higher than the

reflected flux. This also means that the planet would be much
brighter in the mid- and far-IR than in the visnal and near-IR.
The effect on the apparent magnitude of the planet in the
V and Q band was studied for different initial conditions, in-
ternal struclures, different model assumptions regarding the effi-
ciency of heat transport in the interior, and for a variation in the
planet core composition, atmospheric opacity, semimajor axis,
and mass. For an adiabatic interior {possibly as in Neptune,
Setielnatm ei al, 20135), the strongest influence on the Q band
comes from the planctary mass, whereas the strongest inflnence
on the V band comes from the planet semimajor axis. This is
expected becanse in the Q band, the intrinsic luminosity of the
Planet is visible, which is most sensitive to its mass. In contrast,
the reflected hight is detected in the V band, which is most sen-
sitive to the planet distance from the Sun. For an inefficient heat
transport in the interior, possibly as in Uranus, we found that the
object could be much dimmer in the Q band by 6 to 9 magni-
tudes, making # much harder 10 detect at long wavelengths. The
V magnitude, in contrast, is only very mildly increased by about
0.3 mag. This means that the ratio of the brighiness in the visuat
and in the mid- and far-IR constrains the nature of the object.
We found that the evolution of the planet interior is almost
identical for a semimajor axis of 5 10 1120 AU, meaning that the
moment when the planet arrived at i#s distant position from the
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Sumn is difficult to constrain from the current intrinsic Inminosity.
An early ejection during the nebular phase at ages of less than 10
Myr could be preferable from a dynarics point of view because
the gaseous nebula could ther enable the retention of the object
on a far bound orbit {Batygin & Brown 2016). On the other hand,
for such an early ejection, the planet might be lost due to stellar
encounters in the solar birth cluster (I.i & Adams 2016). Insights
into the planet origin and formation history might be obtained
from its chemical composition or spectrum.
Many surveys in various wavelength domains and with dif-

ferent sensitivities were performed in the past. For example,
Trujille & Brown (2003} observed 12% of the sky near the in-
variable plane in the R band with a sensitivity limit of 20.7 mag.
Candidate Planet 9 is most of the time fainter than 22 mag in the
R band (Fig. 2), however, and additionally, it is assumed to have
an inclination of i = 30° (Batygin & Brown 2016). This means
that Trujillo & Brown (2003) had only a very slight possibility of
detecting candidate Planet 9. Another study was done by Llliot
ctal. (2003), who observed the sky within 6° of the ecliptic with
a VR filer down 1o a limit of 22.5 mag. In this survey, the prob-
ability of detecting candidate Planet 9 was also low because the
planet orbit and the surveyed fields overlapped oniy slightly. The
same is the case for a study by Larsen ei al. (2007), who observed
the sky in the V filter down to a magnitude of 21 within 10° of
the ecliptic. For comparison, at aphelion at 1120 AU, we found
V magnitudes of 24.3, 23.7, 23.3, and 22.6 for masses of 3, 10,
20, and 50 Mg for candidate Planet 9. Schwamb et al. (2010)
studied the sky within 30° of the ecliptic, excluding fields lower
than 15° from the Galactic plane. They had a relatively good
coverage of the orbit of candidate Planet 9, except when it was
near 13 h RA or in front of the Milky Way, which corresponds io
the most likely aphelion position of candidate Planet 9 (Brown
& Batvgin 2016), The survey was made in the R band down
toa lumlnomty of 21.3 mag, whereas we found R magnitudes
exceeding 22 mag near aphelion even for a 50 My version of
Planet 9. Sheppard et al. (2011) surveyed the southern sky and
Galactic plane down to -25° in the R filter down to a depth of
21.6 mag. The observed fields show a relatively good coverage
of the orbit of candidate Planet 9 and alse came closest to the
requested brighmess but stifl did not reach it. Additionally, their
astrometric precision reaches 0.57/hr, whereas candidate Planet
9 instead has a movement of around 0.37/hr (Brown & Bang

2016} A search in the IR domain was performed by L. uhman
(2012, who inspected the WISE data for a distant companion
to the Sun (see also Schneider et al. 2016). The WISE satellite
mapped the whole sky twice and started mapping it a third time.
The detection limits of WISE together with our caleulated ap-
parent magnitndes for the nominal case were shown in Fig. 7.
The possibility for WISE to detect a 10 Mg Planet 9 is small be-
canse of the brightness limits. However, if the planet were more
massive, a detection becomes more probable, at least from the
brightness limit alone. Especially a 50 My mass planet would
have been visible in W4 during its entire orbit, which sets an in-
teresting upper mass limit for the planet. In surmary, the current
mull result seems compatible with the properties of the nominal
candidate Planet 9, especially if it is at apheHon. In contrast,
future telescopes such as the Large Synoptic Survey Telescope
with a sensitivity down to R=26 mag (1.1 i) or dedi-
cated surveys should be able to find or rule out candidate Planet
9. This is an exciting perspective.
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