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Modeling of the spectral properties of the dwarf planet Makemake
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We present the results of spectral modeling for dwarf planet Makemake in the visible and near infrared ranges. The spectral
modeling of surface properties suggests the presence of both large and small (~1 um) grains of methane ice on the top surface, and

possible presence of ethane ice and other long-chain hydrocarbons.
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B pabote mpezncrTaBiaeHB! pe3ynbTaThl MOACIHPOBAHHS CIEKTpa KApIMKOBOHM IUTaHeThl MakeMake B BHIUMOH M ONMIDKHEH
nHppakpacHoit obmactsx. [Ipeanoxena Hanbonee BeposTHAS MOJEIb MOBEPXHOCTH MakeMake, KOTopast IPEAIonaraeT HaJndne KaKk
KPYTIHBIX, TaK U MENKUX (~] MHKpPOH) 4aCTUIl METAHOBOTO JIbla B TIOBEPXHOCTHOM CJIO€, @ TAK)KE BO3MO)KHOE HAJIMUHE JbJa 3TaHa U

GoJiee CIOKHBIX THAPOKAPOOHATOB B KAYeCTBE MPHMECEHi.

KuroueBble ciioBa: mainbie Tena ColTHEUHOM CUCTEMBI, IMIJIAaHETHBIC NOBEPXHOCTHU, MOJACIIMPOBAHUE CIIEKTPA.

VYV poboTi HaBeleHiI pe3yJbTaTH MOJETIOBAHHS CIEKTpa KapiMKoBOI IUIaHeTH MakeMmake y BHAUMOMY Ta OJIMKHBOMY
iH(ppayepBOHOMY JTiana3oHi. 3aNpOIIOHOBaHA HAWOIBII IMOBIpHA MOZETH MTOBEpXHI Makemake, sika mepedadae HasiBHICTB SIK BEIUKHUX,
TaK i Manux 3a po3mipamu (~1 MIKpOH) YaCTOK METaHOBOTO JIbOJY Ha MOBEPXHI, & TAKOXK MOXKJIMBY HasBHICTb JbOY €TaHy Ta OLIbII

CKJIaTHUX TiIPOKapOOHATIB Y SIKOCTI JIOMIIIIOK.

Korouosi ciioBa: mani tina COHSYHOT cCHCTEMH, TUIAHETHI TOBEPXHI, MOJICITIOBAHHS CIIEKTPA.

Introduction

The dwarf planet (136472) Makemake is one of the
largest and brightest trans-Neptunian objects (TNOs). The
first hints of its surface composition were obtained shortly
after the discovery in 2005; they were based on spectral
observations in the 0.3-2.5 pm spectral region by Brown
et al. [3] and Licandro et al. [13]. Spectral observations
have revealed the presence of methane absorption bands.
Moreover, Makemake’s spectra show the strongest
absorption bands of methane ice compared to other
methane-rich Solar system objects, namely (134340) Pluto,
(136199) Eris, and Neptune’s satellite Triton [3, 13].

Later Makemake was repeatedly observed in the
visible and near-IR spectral region in search for possible
surface heterogeneity [5, 14, 17]. Available for ground-
based observations, this spectral range is particularly useful
because it contains absorptions bands of silicate minerals,
ices and hydrocarbons [1]. All spectra of Makemake are
compatible with each other. Some discrepancies between
the continuum slope and the depth of absorption bands are
due rather to the use of different solar analog stars than due
to real changes over surface. However, as stated in [14],
the color variation over the surface of Makemake is also
not excluded.

Spectral modeling [3, 5, 13] suggests that the dominant
substance on the surface of Makemake is methane and not
nitrogen as it is for Pluto and Eris. No nitrogen absorption
lines were detected. But close examination of the methane

ice bands revealed that they are blue shifted by ~4 A [14, 17].
The authors argue that such shift is related to the presence
of a small (up to a few percents) amount of nitrogen on the
surface. As for methane ice, spectral modeling performed
by [3, 13, 17] in the visible and near-IR spectral ranges
using Hapke model [9] implies the presence of large grains
at least one centimeter in size. By applying both Hapke
and so-called slab model, the authors [7] suggested that
methane presented on Makemake’s surface in the form
of low-porosity ice slab formed by sintered micron-sized
grains.

The red spectral slope in the visible range measured
for Makemake is rather typical of outer Solar system
bodies. This is usually explained by the presence of tholins
that could be formed by solar irradiation of simple organic
compounds such as methane or ethane [3]. The presence of
ethane and more complex hydrocarbons as natural products
of methane irradiation on the Makemake’s surface was also
suggested [3, 5].

The presence of very large particles or slab on the
Makemake’s surface looks rather unrealistic, since the
typical estimate of the methane grain size on the other
dwarf planets is about 100 um or less (see., e. g, [19, 20]).
Furthermore, according to recent polarimetric observations
of Makemake [2], its surface should be covered by a thin
fluffy layer of submicron grains. In this paper we use
spectral modeling based on other approach to analyze
possible texture of the Makemake’s surface.
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Spectral modeling
We have analyzed spectral data published by Brown et
al. [3] and Licandro et al. [3 13], and kindly provided by the
authors. The spectra were normalized at the wavelength A =

0.55 um to the value of the visible albedo p, =0.8 [4,
15]. Both spectra are rather similar with only minor
differences in the absorption bands shape at 1.4 and 1.95
pm. For the modeling we used spectrum from [3] in the
1.0-2.5 um wavelength range which has the higher signal-
to-noise ratio.

In order to model the spectrum of Makemake we
used the model of Shkuratov et al. [21, 23]. One of the
advantages of this model is that it uses directly the optical
constants of the surface material (real and imaginary parts
of the complex refractive index). Another advantage is its
invertibility, i.e. possibility to calculate both the albedo
of the surface starting from its optical constants and the
absorption coefficient of the surface material starting from
the albedo, if the value of the real part of complex refractive
index is preliminary estimated. The mathematical concept
of the model is described in [21, 23].

In our modeling we used optical constants of methane,
ethane, tholins, acetylene, and other hydrocarbons [6, 8, 10,
11, 12, 18]. It should be noted that optical laboratory spectra
depend on conditions under which they were obtained,
in particular, on the temperature. Therefore, we used
optical constants that were obtained at the temperatures
corresponding to those on Makemake surface (~40 K).

We also used modification of the model [21, 23] for
submicron particles (~)A), because the presence of such
small grains results in change of both absorption and
refraction indices. The modification is also described in
[21, 23].

The best agreement between the observed reflection
spectrum and the model was achieved by minimizing the
chi-square value:

M,

= —M.)
p o3 O M)
i=1 i
where O, are the points of the measured spectrum, M,
are the points of model spectrum, n is the number of points.
For fitting procedure we used the astronomical software
“xIRIS Framework™ developed by V. V. Korokhin,
E. V. Shalygin., and Yu. I. Velikodsky (for more information
see http://www.astron.kharkov.ua/dslpp/iris/xiris.html).
Assuming that the Makemake’s surface is covered
mostly by methane ice [3, 13, 17], at the beginning we
used only laboratory spectrum of methane obtained at 40 K
[8]. Varying methane grain size from 10” to 1 cm we have
found the best fit for the grain size of 0.3-0.4 mm though
the coincidence is not perfect (Fig. 1).

Polarimetry results for Makemake [2] indicate
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Fig. 1. Comparison between the measured spectrum of
Makemake (dashed black line) and the spectral model
that uses large (~0.35 mm) methane ice grains (solid
gray line).
presence of micron-size particles on its surface. Taking this
into account, as the next step of our modeling we used a
two-component surface model, that includes large (d > A)
and small (d ~ A) methane ice particles.

The assumption about the presence of small methane
ice particles on the surface significantly improved the
agreement between the model and the observed spectra.
The minimum of ¥* value was achieved at 70:30 mix of
large (~ 0.3 cm) and small (~1 um) methane ice grains,
respectively (Fig. 2). Note that two free parameters of our
modeling (the concentration and grain size) cannot be varied
independently, so the determination of both free parameters
is difficult. Very similar model spectra can be obtained
either with very large grain size and high concentration of
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Fig. 2. Comparison between the measured spectrum of

Makemake (dashed black line) and model that uses large

(~0.3 mm) and small (~1 pm) methane ice in a 70:30
mix (solid gray line).
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micron-sized component or with smaller grain size and low
concentration of micron-sized component.

To improve the agreement between the measured and
calculated spectra we used different admixtures found by
spectral modeling on the surfaces of dwarf planets and
methane-rich Solar system bodies, and theoretically possible
on the surface of Makemake. We used reflectance spectra of
tholins, ethane, acetylene, and other hydrocarbons. Spectral
modeling of methane ice mixed with various inclusions
has shown that an addition of ~30 um ethane ice grains in
concentration of about 20% reduces the difference between
the observed and calculated spectra of Makemake at some
wavelengths. It also reduces total residual in comparison
with pure methane ice spectrum (Fig. 3). The presence of
tholins is also not ruled out. The influence of other organic
materials on the model is insignificant.
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Fig. 3. Comparison between the measured spectrum of
Makemake (dashed black line) and the model that uses
large methane ice grains (~0.3 mm), small methane ice
grains (~1 pm), and ethane ice (~30 pum) in a 60:20:20
mix (solid gray line).

Conclusion
We present the results of spectral modeling for dwarf
planet Makemake. We used a slightly different approach as
compared to other researchers in order to analyze surface
properties of Makemake and to check the plausibility of
very coarse methane ice grains on the surface of Makemake
suggested before [3, 13, 17]. According to our results, the
most likely model of the Makemake’s surface suggests the
presence of large methane ice particles of a size ~0.3 cm
(~60%) coated with fine particles of a size ~1 pm (~20%),
as well as the possible presence of ethane ice (~20%). The
assumption about the presence of small particles covering
large particles enables us to reconcile the results of spectral

and polarimetric observational data.
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