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The prevailing assumption is that all exoplanets are made of ordinary matter. However, we propose an
unconventional possibility that some exoplanets could be made of dark matter, which we name “dark
exoplanets.” In this paper, we explore methods to search for dark exoplanets, including the mass-radius
relation, spectroscopy, missing transit, and transit light curve. Specifically, we focus on the transit light-
curve method and demonstrate how to distinguish partially transparent dark exoplanets from fully opaque
ordinary exoplanets using both observed exoplanet data and dark exoplanet mock data. Our analysis shows
that dark exoplanets with a large radius (above around 10% of the star radius) and a small optical depth
(below around one) can be identified with current telescope sensitivities.
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I. INTRODUCTION

In the last three decades, we have seen tremendous
progress on discovering new exoplanets using multiprong
detection methods [1]. With ongoing [2-5] and planned
future telescopes [6-9], we will not only discover more
exoplanets, but also study their properties in great detail.
For all existing searches and studies, the exoplanets are
assumed to be made of ordinary matter either explicitly or
implicitly. On the other hand, there exists another possibil-
ity that some exoplanets are made not of ordinary Standard
Model (SM) matter, but of dark matter (DM) particles. We
explore general search strategies for such “dark exoplanets”
in this work.

If DM forms composite states, their masses and/or
radii could reach planetary scales or even higher [10-17].
DM models that could form macroscopic states include
fermion solitons/Fermi balls [18-21], scalar nontopological
solitons/Q-balls [22-30], dark quark nuggets [31-34], dark
nuclei [35-39], and mirror sectors or any dark sector with an
analog of chemistry or nuclear physics [40,41] or degeneracy
pressure [42—45]. Macroscopic DM (MDM) is constrained
by microlensing [46-52], among other constraints [15],
to be less than O(1072) of the measured DM energy
density for masses greater than about 10> g, and there
are prospects to set bounds at still lower masses [53-55].
MDM thus need not make up all of DM, just as stars and
planets are only a small fraction of ordinary matter.
Interestingly, several excess microlensing events were
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observed by OGLE that could be interpreted as Earth-mass
MDM [56].

A MDM state with its mass and/or radius similar to those
of a planet will behave as a dark exoplanet if it is bounded
to a star system, even if the object’s underlying physics
resembles something else entirely. In this work, we remain
agnostic about the formation of stellar systems containing
dark exoplanets and concentrate on how to search for a dark
exoplanet (DEP) and distinguish it from an ordinary
exoplanet (OEP).

II. METHODS FOR DETECTING DARK
EXOPLANETS ORBITING STARS

We first identify several methods to detect and character-

ize a DEP orbiting an ordinary star.

(i) Mass-radius relation: The masses and radii of some
exoplanets can be measured independently, e.g.,
using radial velocity (RV) or transit timing variation
to measure the mass and transit photometry for the
radius. An outlier exoplanet with its mass and radius
not matching OEP behaviors [57,58] would indicate
the presence of a DEP. Some simpler cases of this
could happen for a DEP candidate; the inferred
planet energy density is even larger than one that is
made of only Fe [58], or, an exoplanet with density
less than about 0.03 g/cm’. At present, no such
outliers exist. If DEPs do exist, the lack of obser-
vational evidence could indicate that they have mass,
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radius, or weaker interactions with light outside the
ability to be probed by present methods, or it could
indicate they have size and density very similar to
OEPs. It could also indicate that the radius has been
mismeasured due to OEP model assumptions (as we
will discuss for the case of transits). Alternatively,
DEPs orbiting ordinary stars may be rare.

(i1) Spectroscopy: During a transit, the spectrum of the
sunlight can be measured and compared to the
spectrum when the planet is not transiting.
Differences may be indicative of absorption in the
planet’s atmosphere. An absorption spectrum that
doesn’t match any category of OEP may indicate
that the transiting planet is a DEP. In principle, this
type of analysis could also extend to the cases of
reflection and secondary eclipse. At present there are
not very many high-quality spectroscopic measure-
ments of exoplanets, but the James Webb Space
Telescope is promising to search for DEPs [59,60].

(iii) Missing transit: A combination of RV and astrometry
measurements can be used to completely determine
the orbital information of an exoplanet [61-70]. If a
transit is predicted based on these measurements but
not detected, it could indicate the presence of a
transparent DEP. In the references here, several
exoplanets have the potential for transits, but the
inclination angle measurement uncertainties are too
large to make definitive predictions.

(iv) Transit light curve: Given that transit searches are
the most prolific exoplanet finders, and that obser-
vations of spectroscopy or RV are currently imprac-
tical to perform on every candidate exoplanet, it is
interesting to consider whether DEP candidates
could be identified using transit searches alone.

Let us elaborate further on the transit light-curve method.

For DEPs to be distinctive, we assume they have a
suppressed but non-negligible electromagnetic interaction,
making the DEPs partially transparent. With the DM
particle density n constant and the DM-photon cross
section ¢ energy-independent within the telescope’s energy
acceptance, this partial transparency is characterized by a
transmittance function

T(x) =exp(—279y/1—(x/R,)?), forx<R,, (1)

where x is the distance from the planet’s center, R), is the
DEP radius, and 75 = R,nc denotes the characteristic
optical depth. Detailed discussion about MDM models
with electrically-charged constituents to have a nonzero 7,
in analogy to the degenerate Fermi and gravitational
pressure balance for the white dwarfs [24,44] is provided
in Sec. V.

As a proof of principle, we fit both ordinary and dark
exoplanet transit light curves to both real and simulated
phase-folded data of exoplanet transits, assuming a

one-star—one-planet system with a circular orbit. For sim-
plicity, we take the period T', as sufficiently well-measured
that we do not refit it (for real data, we use published
values, and for simulated data we use the known simulated
period). The host star’s mass M, and radius R, are also
assumed to be known from independent measurements and
modeling, see [1] for a review, and its normalized specific
surface intensity is modeled by the quadratic limb dark-

ening formula [71] I(r)/1(0)=1-u;(1—+/1-7r*/R?) -
ur(1—+/1—=r?/R%)?, where r is the distance from the
center of the star on the image plane. Hence the semimajor
axis of the exoplanet orbit @ can be determined. For an
OEP, the remaining parameters to fit are the planet radius
r, =R,/R,, orbital inclination angle i, quadratic limb
darkening coefficients u; and u,, and orbital angular
position of the first data point on the phase-folded light
curve 6;,;; necessary for aligning the transit centers in the
model and data (see Appendix A for the orbital geometry
including the definition of #). For a DEP, we must also fit 7
so that T'(x) in Eq. (1) can be determined. Altogether, we
have five and six model parameters for the OEP and DEP
models, respectively.

III. DEP SEARCH WITH A CONFIRMED
EXOPLANET LIGHT CURVE

Here, we analyze data from a transiting exoplanet, which
could serve as an example for examining more transit light
curve data. This particular planet was chosen to illustrate
how constraining real data can be on the DEP hypothesis,
rather than the exoplanet that would be “most likely” to be a
DEP, and a full analysis of all the transit data on all known/
candidate exoplanets is well beyond the scope of this work.
Unsurprisingly, the data analyzed in this section favors the
OEP hypothesis over the DEP hypothesis. However, the
transit data do not convincingly rule out the DEP hypoth-
esis when taken on their own.

The target exoplanet we use for analysis is K2-44 b [72],
which is chosen to demonstrate the Earth-radius planet case in
a one-star—one-planet system with a nearly circular orbit (see
Appendix B for another example with a Jupiter-radius planet
and a similar outcome). We use the pixel level decorrelated,
cotrending basis vector (CBV) corrected data provided by the
EVEREST 2.0 pipeline [73]. Similar to the treatment in [72], we
use the first 3072 epochs out of those with QUALITY = 0
flag to generate the light curve, and produce the normalized
folded light curve through EVEREST with parameters 7y =
1978.7248 (BJD-2454833), period = 5.6549 days, and
duration = 0.3 days (though see [72] for possible improve-
ments to the data processing).

For this exoplanet, the OEP and DEP best fit parameters
and y? values are nearly identical, with the DEP fit favoring
7o > 1 that is essentially indistinguishable from an OEP.
The corresponding light curves are displayed in Fig. 1
(upper panel), in which the best-fit light curves from the
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FIG. 1. Top: the measured (normalized and folded) transit light

curve of K2-44 b together with light curves from both ordinary
and dark exoplanet model fits. T;,; indicates the time of the
leftmost measurement after phase folding the light curves. The
solid green and dashed red curves represent the best-fit ordinary
and dark exoplanet models, and the dotted blue curve corre-
sponds to the blue dot in the bottom panel. Bottom: contours of
Ay? from the best-fit point of the DEP model for the K2-44 b
measurement. All parameters except 7, and 7, are fixed (instead
of marginalized) to be the same as the best-fit point. The yellow
and green contours differ from the best-fit point at 68% and 99%
confidential level for two degrees of freedom.

two models almost completely overlap with each other as
expected. The dotted blue curve in the upper panel
correspond to the blue dot in the lower panel, which serves
as an illustration of deviating from the best-fit region.
On the other hand, while the DEP hypothesis is not
favored, it cannot always be excluded. To demonstrate this
point, the lower panel of Fig. 1 displays a contour plot of
the chi-square goodness of fit on r, and 7,, keeping the
other parameters fixed to their best-fit values.' The two
parameters are inversely correlated. At smaller r, the
contours tend to be insensitive to 7y, as the OEP model

"The credible regions are calculated using a y? difference test
with two degrees of freedom. In principle, the other parameters
could be marginalized to their best-fitting value at each point on
this 2D plane, e.g., using a Markov Chain Monte Carlo to sample
the posterior distribution. However, the result would not differ
much because most of the parameters would still be very close to
their best-fit value. The credible regions may be slightly enlarged,
but their qualitative features would remain.

can be effectively viewed as a DEP model in the 7y — o
limit. At larger r,, the contours of fixed likelihood pinch off,
setting a lower bound on 7. The 68% confidence bound is
r, <0.044 and 7, > 0.1, while the best-fit values are r,, =
0.0163 and 7, = 59. Note that in the limit of small 7, and
large radius, the best-fit region follows the relationship
ne « ry,’ (or 7y « r,?), where two factors of r,,' come from
the cross sectional area of the dark exoplanet and one factor

of 7, comes from the opacity [where 1 — T(x) & 274(1 —

x*/R2)V2 + O(73) for small 7).

IV. MOCK LIGHT CURVES
OF DARK EXOPLANETS

In addition to reexamining the measured transit light
curves and searching for DEPs, it is also worthwhile to
check whether a mock DEP transit light curve can always
be well mimicked by an OEP. Parameter space where the
OERP fits fail to explain the data would be the natural target
region for DEP hunting.

Mock folded transit light curves are generated in a way
such that the host star properties follow the fitted mass-
radius relation for ZAMS models [74] and consistent with
the host stars of the current observed exoplanets with transit
methods. Each mock folded light curve may have 100-250
data points on it, whose error bars are assigned according to
the Gaussian distribution N (s,, As,). We choose 6, =
107* and Ao, = 107%, consistent with the current mea-
surements from Kepler and TESS [3]. More details on
mock data generation are provided in Appendix C. Each
mock light curve is fitted with both the DEP and the OEP
models, with the corresponding minimal y? denoted as y3,
and y3, respectively. In addition, we calculate the 42,
value corresponding to a constant relative flux =1 hypoth-
esis. Letting F,(y?) be the cumulative distribution function
for a chi-square distribution with n degrees of freedom, we
identify a mock light curve k with N, data points as a DEP
candidate if (i) Fy,_; (2,) > 0.99, (ii) Fy, ¢_1 (x3) < 0.95,
and (iil) Fy,_s_;(xp) > 1 —a with @ = 0.01 or 0.05. The
light curves that satisfy (i) but fail (iii) with @ = 5% are
identified as OEP candidates, regardless if they satisfy (ii).
The rest (not in DEP or OEP categories) are classified as
undetectable. Note that the criteria for OEP vs DEP
candidates is “conservative” in the sense that if an OEP
model provides a good fit, the transiting planet is not
classified as a DEP candidate even if the DEP model
significantly improves the goodness of fit compared to
the OEP.

A total of 1280 sets of mock light curves are generated
and examined as above, 120 of which are classified as
undetectable. Many of the undetectable light curves cor-
respond to grazing inclination angles 7 (near their minimum
for given a) or small r,, both of which are harder to detect.
The most important parameters distinguishing the DEP
from the OEP candidates are r,, and 7. As demonstrated in
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FIG. 2. Top: the scatter plot of all DEP and OEP candidates on
the true-value r,—7, plane. The red diamonds (and black star) are
the identified DEP candidates when the OEP model is rejected at
1 — a = 99% confidence level, and the blue squares are at 1 —
a = 95% confidence level. Both the small gray and big green
dots are OEP candidates. The green dots are highlighted as they
have r, > 0.1 and 7y < 1, a similar parameter region to most of
the DEP candidates. Mock light curves that are classified as
undetectable are not shown. Middle: the same mock data on the
true-value a—i plane, with point styles the same as the top panel.
Bottom: the best-fitted DEP (dashed red) and OEP (solid green)
light curves for the DEP candidate indicated by the black star in
the other two panels.

the upper panel of Fig. 2 (for a full corner plot, see Fig. 0),
DEPs with large r,, 2 O(0.1) and small 7, < O(1) are the
most easily distinguished. This result can be understood in
the following way. The DEP light curves distinguish
themselves from those of OEPs mainly through the shape
of the ingress/egress region, see the bottom panel of Fig. 2
for the fitted light curves in one of the DEP candidates. A
larger radius and more transparent (smaller z,) DEP has a
better chance to manifest such differences.

There are still OEP light curves indistinguishable from
DEPs in the region 75 < 1 and r, > 0.1, highlighted as

green dots in the top and middle panels of Fig. 2. Almost all
of them have inclination angles i near their a-dependent
minima as shown in the middle panel, meaning that these
mock exoplanets just graze the outer edge of their stellar
images. Thus, less information is present to distinguish
between the stellar limb darkening and DEP opacity effects.

The bottom panel of Fig. 2 shows one example light
curve from the mock data where the OEP hypothesis is
rejected with 1 —a =99% confidence level but the
DEP hypothesis is acceptable. This mock data point is
denoted by the black star in the other two panels. The light
curves from the best-fited DEP and OEP models are
shown in the dashed-red and green lines, respectively.
Note that the best-fit OEP light curve does not show
good agreement, particularly near the edges of the ingress
and egress regions. The mock data contains 201 data
points, and has a true value of (i, r,, uy, Uy, 7o, Gipi) =
(1.517,0.126, 0.007, 0.151, 0.274, 4.650). The OEP
model gives a best fit of (i,r,, up,uy, Opy) =
(1.521,0.073,0.869,0.131,4.650). In particular, the OEP
model best fit has a much smaller radius r, than the true
value to compensate for its opacity and a bit larger
inclination angle i to keep the transit duration fixed with
decreasing r,. The OEP model fit for this light curve also
prefers I(R,)/I1(0) =1 —u; —u, 0, whereas the true
value is closer to 0.84. This could be because this
particular transit has a somewhat grazing transit with i
near its a-dependent minimum (see the middle panel of
Fig. 2). Therefore, the small DEP opacity can be partially
mimicked by an OEP orbiting a star with dim limbs—
either results in a smaller fractional darkening. In fact, as
discussed in the Appendix C, it may be easier to
distinguish DEPs orbiting stars with larger true values
of I(Ry)/I(0), as is the case for this example mock
data point.

V. MODEL-DEPENDENT OPACITY
OF DARK EXOPLANETS

In the previous sections, the dark exoplanet is modeled to
be composed of dark particles with a constant number
density n and cross section to interact with light in the
wavelengths being observed o (which may in principle
depend on wavelength, especially if the dark sector is
complex and contains its own dark chemistry, but which we
take as constant here for visible wavelengths measured by
transit-hunting telescopes). For instance, dark quark nug-
gets [33] or nontopological solitons like Q-balls [23]
contain either fermion or complex scalar fields as their
constituents. Solitons can form from a cosmic phase
transition or solitosynthesis, and it has been shown that
they can form with radii comparable to planets [29].
Alternatively, a “mirror” dark sector may have particle
content approximately matching that of the SM and thus
have atomlike states as the building blocks of dark planets
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(or stars [40,41]). Because mirror particles would behave
similarly to SM particles, mirror planets and stars would
form from similar formation mechanisms to their SM
counterparts, resulting in similar radii and masses. Here,
we elaborate further on one DEP model inspired by mirror
sectors that can form composite states similar to degenerate
compact stars.

Similar to white dwarfs or neutron stars, where the
degenerate Fermi pressure balances the gravitational pres-
sure, the dark exoplanet could contain constituent particles
with neutral, positively charged, and negatively charged
particles with masses m, m ., m_ (see also [11,12,42-45]).
Note that m__ is not necessarily equal to m_, similar to the
unequal mass of electron and proton inside a hydrogen
atom. In principle, cosmologically stable and abundant
electromagnetically charged dark-sector particles are
severely constrained by astronomical and cosmological
observations, e.g., the cosmic microwave background [75]
and the heating of galactic clouds [76]. These constraints
can be relieved if the dark particles are bound into neutral
composites by dark interactions before the gravitational
interaction becomes important, or if these charged states are
only responsible for a fraction of the observed dark matter
abundance [77] (see Refs. [78,79] for models with strong
dynamics in the dark sector and a neutral composite dark
baryon state coupling to photon at higher moments).
Alternatively, the heavier charged states may decay into
lighter neutral states and charged SM particles in analogy to
the neutralino and chargino in supersymmetry (or the
neutron and proton if their masses were reversed), and
the charged states may only be populated inside of DEPs
where the degenerate Fermi energy is sufficiently high and/
or there is a deconfined vacuum state where the charged
states have smaller masses. Similar to the case of hydrogen
where the electron and proton carry individual global
symmetries resulting in stable atoms, the annihilations of
positively and negatively charged particles are forbidden by
some dark flavor symmetries. For simplicity, we assume
that the electrically charged particles are much heavier than
the neutral particle, m, ~ m_ > my, and an equal number
density for the three species. Similar to the white dwarf case
where the lighter fermion (electron) provides degenerate
Fermi pressures while the heavier fermion (proton) pro-
vides the main mass, the DEP has the following radius and
mass relation

N :))4/377:2/31‘451
8m0m§r/3M,l,/3

10 ki 1 5/3/M 1/3
—17Rg x < 0 eV)( 00 GeV) ( ea) |
my m, M,

R,

in the nonrelativistic limit with Fermi momentum
M pl - 1/ V -

1.22 x 10! GeV. For the nonrelativistic approximation

4 4/3 3 2/3 3 1—2
pFme0m+ Mp Mpl and

to be valid, m. <M, M{* =736 GeV x (Mg/M ).
Here, Mg is Earth’s mass.

The optical depth is determined by integrating the dark
exoplanet density along the line of sight of the light,

r—/df(n+—|—n_)6T~2n+aTRp

_ 1280{2m(2)m1+/3Mf,/3
38/3”4/3M31

me \2/ m 13 / M.\ 5/3
=12x107 0 s —2) (3
x X(lOkeV) (IOOGeV) (MQ;) 3)

where the “Thomson cross section” for photon scattering
off a heavy charged particle with oy = 8za?/(3m?)
is used.

For a dark exoplanet model different from a white dwarf,
one could have other pressures like the pressures from dark
particle self interactions [24] or thermal pressure [44], with
or without the vacuum pressure playing a role. The
relations of R, and M, with charged-particle masses could
depend on other model parameters. Therefore, one could
still treat R, and M, as independent parameters to discuss
the opacity of a DEP. If electrically charged particles
contribute a sizable fraction to the total DEP mass, the
charged-particle number density is O[M,/(2mR3)] and
the optical depth is

T= /df(mr +n_)or ~2n,orR,

- 20°M,,

- miR?
1 V\3 /M R;\?2

oo () () ) @
m, MJ Rp

where M; =19x 10" kg and R; =7.15x 10" m re-
present Jupiter’s mass and radius. Note that the charged
particle mass is subject to constraints from collider
searches, which require m_ 2 500 GeV [80] in the normal
vacuum. On the other hand, if charged particles inside the
DEP are not in a normal vacuum state, their masses could
be different. For instance, if the charged particles in the
normal vacuum are some dark baryon state from a dark
QCD-like confining gauge interaction, their charged con-
stituent (dark quark) masses could be smaller in the
deconfined vacuum state of the DEP, similar in spirit to
Refs. [15,44].

The fraction of star light blocked by a DEP fully
occulting its host star is estimated by accounting for the
ratio of the cross-sectional areas of the DEP and host star
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Here, we used the optical depth for the generalized model
in (4). We have checked that some other operators coupling
DEP particles to the photon—such as the scalar charge
radius operator, scalar Rayleigh operator, and fermion
magnetic dipole operator—give ®yceq/Po too small to
be detectable as discussed in Appendix D.

Another effect that could impact the opacity is the capture
of SM matter by the DEP. Captured SM matter may be
expected to quickly thermalize with the DEP and sink to the
planet’s core, in analogy with stellar capture of DM. This
may lead to a core that is more opaque than it would be if the
DEP is only made of DM, as has been assumed in the
calculations above. Thus, the planet may have an opaque
core surrounded by a semitransparent “mantle.” We neglect
this possibility in this work, but it may be worthy of future
study. The captured SM matter could also lead to optical
emission signals, as studied in [40,41,81] for the case of
dark stars.

VI. DISCUSSION

In this work, we discuss several approaches for the
discovery and identification of DEPs. In particular, the DEP
transit light curve may not be well-mimicked by an OEP
when the DEP is relatively transparent and has a large
radius. On the other hand, smaller-radius or larger-opacity
DEPs could be hiding in existing transit data masquerading
as OEPs.

There are several possible improvements to our work.
For simplicity we considered only circular orbits for both
the dark and ordinary exoplanets. Additionally, we do not
account for the secondary eclipse of the planet passing
behind the star, which may reveal more about the exoplanet
properties and help distinguish DEPs from OEPs. Other
properties we neglect include planetary rings, moons,
oblateness, atmospheric or topographic features, night-side
emission, star spots, stellar rotation, and gravitational
darkening, among others. It is possible that these effects
may be confused for opacity effects in a full data analysis.

To see a transiting DEP, it must become gravitationally
bound to an ordinary star. If stars tend to be born in regions of
enhanced dark matter density (in analogy to early stars [82],
though itis unclearif this is true for later-forming stars), then
the DEP may become bound in situ. Alternatively, the DEP
may be captured in a similar way to free-floating planets.
While it has been argued (including in the context of Planet
Nine [83,84], which could itself very speculatively be a
DEP) that capture of free-floating planets is rare [85-91], itis
no less likely for a free-floating DEP to be captured than a
free-floating OEP of a similar mass [92]. Another possibility

isif a free-floating DEP passes through a star, its interactions
with the star could slow it enough to allow it to become
bound. Further study on early DEP-stellar-system formation
and DEP capture would help in elucidating the possibility of
detecting DEPs and would be necessary for bounds to be set
on DEP abundance if they are not detected.
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APPENDIX A: TRANSIT LIGHT CURVE FOR
PARTIALLY TRANSPARENT EXOPLANETS

Because DM must have a suppressed interaction with the
photon, an exoplanet made of DM may not be completely
opaque. A DEP transit light curve will be affected as a
result, and in particularly the reduction in flux should be
smaller than that from a same-radius OEP. Here we present
the calculation of the transit light curve of a DEP in a
model-independent way.

We assume a quadratic stellar limb darkening as in the
main text. The unblocked total “flux” from the star is then
@y =27 [ rdrl(r)/1(0) = zR2(6 — 2u; — u,)/6, where
the unit mismatch comes from the normalization factor.

When the exoplanet blocks the star light—i.e., when the
distance d between the star and planet’s centers projected
on the image plane satisfies d < R; + R,—the blocked
flux is

Ry,
Dylocked = /0 xdx2[1 — T(x)]

¢ I(\/x* + d* — 2xd cos )
XA de 100) )

(A1)

where the definition of the quantities are given in Figs. 3
and 4. With the quadratic surface intensity from the main
text, for an OEP this integration has an analytic result [93]
due to the complete opaqueness of the exoplanet. For a
DEP, only the inner angular integration can be done
analytically, i.e.,
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apastron

Y
sky plane periastrony
lz (observer)

planet orbit plane

FIG. 3. An illustration for the geometry of an orbiting planet.
Here, a is the semimajor axis, i is the inclination angle, w; is the
argument of periapsis, and r,, is the distance between the planet
and star centers.

FIG. 4. Some possible relative relationships between the stellar
image and the DEP image. In panel (A), the two images are not in
contact with each other. In panel (B), the DEP image partially
enters the stellar image, corresponding to the ingress or egress
region of the light curve. In this situation, the upper limit of the
angular integral differs for different x, as shown in Eq. (A3). In
panel (C), the DEP image enters the stellar image completely.

do  I(\/x> + d* —2xdcos ¢)
[ a0 10)

— | )+ (1= = 2R

N

— 2uydx sin gy + 2(uy + 2uy)Rg\/ RZ — (d — x)?

(3 mmaw)) )

where E(p,m) = [ dp(1 — msin®¢)'/? is the elliptical
integral of the second kind.? Depending on the relative
location between the stellar image and the dark exoplanet
image, the angular integration upper limit is given by

2Numerically, it is more efficient to use Carlson elliptic
integrals [94] in place of the ordinary elliptic integral using
the identity E(p, m) = sin pRp(cos> @, 1 — msin® ¢, 1) —
%m sin® R (cos® ¢, 1 — msin® ¢, 1) with the two functions

Rr and Rp defined in Ref. [94].

x2+d2—R§) >R —d
¢0 _ { arccos (72xd , X s s (A3)

T, x<R,—d.

The normalized light curve is then calculated by
((I)O - q)blocked)/q)o'

APPENDIX B: MORE DETAILS ON THE
CONFIRMED EXOPLANET FITS

Here, we give details of the analysis of an additional
confirmed exoplanet CoRoT-1 b and show the best fit
results for both CoRoT-1 b and K2-44 b in the main text.
CoRoT-1 b was chosen because it has a larger Jupiter-sized
radius to compare to the Earth-radius of K2-44 b. For
CoRoT-1 b, we use the processed light curve data from the
VLT observatory in [95]. Otherwise, the methods are the
same as K2-44 b in the main text.

The best fit parameters for the OEP and DEP light curve
fits of CoRoT-1 b and K2-44 b are given in Table I. For
both, the OEP model is statistically favored over the DEP,
and the DEP model gives such a large 7 that it is practically
indistinguishable from the OEP model anyways.

In Fig. 5, we display the light curve and region of
preferred r,, and 7, in analogy with Fig. 1. The 68% con-
fidence bound for CoRoT-1 b is r, < 0.149 and 7, > 1.6.
The 7 bound is stronger for CoRoT-1 b than for K2-44 b,
which can be attributed to CoRoT-1 b’s larger radius.

It may be noted that while we have conservatively
allowed the values of the limb darkening parameters to
float to their best-fit points (subject to physical constraints

TABLE I. The best-fit parameters of CoRoT-1 b and K2-44 b
for both OEP and DEP models. The orbits are assumed to be
circular for simplicity. The orbital radii and periods are fixed to
be the same values as the accepted ordinary exoplanet measure-
ments [72,96], as the period is very well-measured. The orbital
inclination i, initial phase of the folded light curve 6, limb
darkening coefficients (u,, u,), and exoplanet radius r, = R,/ R,
are fitted in both cases, while the dark exoplanet case has an
additional fitted parameter of the optical depth 7.

CoRoT-1 b K2-44 b

a(Ry) 4910 8.760
T, (days) 1.509 5.655

OEP DEP OEP DEP
i (rad) 1.486 1.486 1.525 1.525
Opni¢ (rad) 4.433 4.433 4.041 4.041
u 0 0 0.618 0.619
uy 0.705 0.705 0.228 0.227
rp 0.136 0.137 0.0163  0.0163
7 81.46 59.23
7’ 127.97 12795  858.10  858.09
Degrees of freedom 97 96 659 658
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FIG. 5. Same as Fig. 1, but for CoRoT-1 b.

on the brightness being monotonically decreasing from the
center and nonnegative), there has been work on classifying
the limb darkening parameters based on other stellar
properties [97]. If we impose these empirical constraints
as priors on our fits, they may change the results on a case-
by-case basis.

APPENDIX C: MORE DETAILS
ON THE MOCK DATA ANALYSIS

In this section, we provide the details of mock data
generation and additional analysis of the mock data
presented in Fig. 2.

The mock data are generated in the following way. The
mass of the host star M is uniformly chosen from
0.5-5M, where . represents the Sun (note that Z90%
of the exoplanets confirmed with the transit method have
their host star heavier than 0.5M ). The stellar radius is
determined as R; = eR(M,), with

R(M,) _ {0.89(MX/MO)0-89, M <1.66M, e

R 1.01(M,/M)*S7, M, > 1.66M,

which is the fitted mass-radius relation for ZAMS
models [74], and g a random variable from a normal
distribution N (u = 0,6 =0.5) responsible for the
deviation from this relation.” The orbit of the DEP is
assumed to be circular, and the period is uniformly chosen
from 1-20 days, a region where ~75% of the current
measured transit events lie (due in part to observational
bias). The semimajor axis a is then determined with the
Kepler’s third law, and we require a/R, > 2. The limb
darkening coefficients u; and u, are uniformly chosen on
the region u; > 0,u; +u, <1 and u; + 2u, > 0, which
enforces that I(r) is monotonically decreasing and non-
negative. The radius of the DEP is uniformly chosen from
r, €10.01,0.15], and the orbital plane inclination angle i is
uniformly chosen between arccos[(R,, + R,)/a] (such that
there will be a transit event) and z/2. The optical depth
parameter is chosen uniformly from z,€[0.1,3]. Each
simulated light curve is chosen to cover an orbital angular
position 6 € [(1.5 — 0.01n,)x, (1.5 4 0.01n,)x], where n, is
the minimal integer such that @ = (1.5 — 0.01n,)x is earlier
than the corresponding DEP’s ingress (note that for a
circular orbit the transit is symmetric around 8 = 1.57).
This angular position region in @ is evenly divided into N
segments, where N is randomly uniformly chosen on [100,
250], and on each segment an angular position is chosen
randomly and uniformly, as the light curve used for fitting
is phase folded. The error bar size of data point j is set to be
ej=o0,+N(0,Ac,), where we choose 6, =107* and
Ac, = 107°, values comparable to the error bar sizes and
fluctuations of the current measurements from Kepler
and TESS [3]. The center value of this data point is then
set to be its model value plus a random number
from N(0, ¢;).

A full corner plot of the mock DEP data parameters, with
those points that can statistically distinguish between DEPs
and OEPs, is shown in Fig. 6. Note that the top and middle
panels of Fig. 2 are contained within this plot (except
the green circles of Fig. 2 are simply shown as gray
circles here).

In addition to the DEP candidate preferences on ), 7,
and i noted in the main text, there is also in Fig. 6 a
preference compared to the OEP candidates for the DEP

? Actually, the stellar radii for confirmed exoplanets are slightly
larger than the ZAMS model, likely due to selection bias [98,99],
but the effect is small enough that we neglect it here. We focus here
on main sequence stars because almost all exoplanets discovered
using the transit method orbit main sequence stars [1]. While only
a few exoplanets are known around white dwarfs [100], transits of
smaller objects like minor planets (radius S1000 km) are easier to
discern in white dwarf systems, which could make them interest-
ing candidates for future study of smaller DEPs.
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008 0.13 0.5
Tp uy Uy To

FIG. 6. The full corner plot for the DEP and OEP candidates based on DEP mock data, grouped with parameters among
(a.T,.i,r, uy,uy,70). The point styles and selection criteria are the same as those in Fig. 2, except with the green dots remaining gray
here. The top panel of Fig. 2 can be found in the bottom row, fourth column, and the middle panel of Fig. 2 is in the third row, first

column.

candidates to have u, not too close to its maximum or
minimum =+1. For such values, I(R;)/1(0) =1 —u; — u,
is close to zero, so it may be easier to confuse limb
darkening and DEP opacity effects for such stars. Indeed,
the histogram in Fig. 7 for the I(R,)/I(0) distribution
shows a preference for larger values of this parameter in
the DEP candidates compared to the OEP candidates,

indicating a preference for stars that are more uniformly
bright.

Figure 8 shows a plot of the fractional difference
between the fitted and generated DEP parameters for r),
and 7j. Note that the parameters r, and 7, are inversely
correlated in their errors. Intuitively, when 7z, is overesti-

mated, r, tends to be underestimated and vice versa
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FIG. 7. The probability distribution of I(R,)/I(0) =1 —u; —
u, for the DEP a = 0.01 (red) and OEP (gray) candidate mock
data. The DEP 0.01 < a < 0.05 candidates (blue points in
previous figures) are not plotted for easier readability.

AT()/T()
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Ary, /Ty

FIG. 8. Plot for the mock data presented in Fig. 6 showing the
fractional difference between the generated and fitted DEP
parameters. Positive (negative) values indicate the fitted value
is greater (smaller) than the generated “true” value.

because the fractional dimming of the star must be held
constant. Indeed, as explained in the main text, when
79 < 1, the best-fitting regions obey 7 r;z. For the gray
points, when 7, > 1 the points are essentially degenerate in
7y, SO some points can have large fractional differences for

0.100F °

0.050f

0010}

0.005}

To

0,001}

5.x104f

1.x107™*

P P SR SR RN N SR IS! G IS S S S B IO S U
0.02 0.04 0.06 0.08 0.10 0.12 0.14
T
4

FIG. 9. Similar to the top panel of Fig. 2, but with another set of
mock data focusing on small 7, < 107!, Light brown triangles
indicate mock DEPs that are classified as undetectable. The gray
circle points are selected as OEP candidates. All other point styles
are the same as Fig. 2. The blue line indicates r3zg = 3 x 107°.

their best-fit points (some of these are cut off by the
plot range).

APPENDIX D: SMALL OPACITY LIMIT

To investigate how transparent a DEP can be before it is
undetectable, we simulate another 1000 mock DEP light
curves sampling logarithmically in 7, €[107>,107!] but
with all other sampling criteria the same as before. The
fitted results are plotted in Fig. 9 in analogy to the top panel
of Fig. 2. All of the OEP candidate points are shown in gray
circle points here. The light brown triangles indicate those
where the DEP mock light curves are classified as unde-
tectable, i.e., indistinguishable from a flat light curve. We
expected that points with 737y < 6,/v/Ngu, ~ 107> would
be undetectable, and indeed the boundary between detect-
able and undetectable exoplanets are roughly described by
the blue curve of rﬁro = 3 x 107>, where the factor 3 is
chosen manually. However, a much larger rf,‘ro than this is
necessary to differentiate between OEPs and DEPs.
Specifically, the DEP candidates satisfy r, 2 0.1 (as
before) and 7y 2 0.05. This is because for too small
r%,ro, the reduction in flux in the transit light curve is
too shallow to distinguish the two models.
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