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ABSTRACT

The rotational states of the members in the dwarf planet-satellite systems in the trans-Neptunian region are determined by formation
conditions and the tidal interaction between the components. These rotational characteristics serve as prime tracers of their evolution.
A number of authors have claimed a very broad range of values for the rotation period for the dwarf planet Eris, ranging from a few
hours to a rotation that is (nearly) synchronous with the orbital period (15.8 d) of its satellite, Dysnomia. In this Letter, we present new
light curve data for Eris, taken with ~1-2 m-class ground based telescopes and with the TESS and Gaia space telescopes. The TESS
data did not provide a well-defined light curve period, but it could be used to constrain light curve variations to a maximum possible
light curve amplitude of Am <0.03 mag (1-0) for P < 24 h periods. Both the combined ground-based data and Gaia measurements
unambiguously point to a light curve period equal to the orbital period of Dysnomia, P = 15.8d, with a light curve amplitude of
Am ~ 0.03 mag, indicating that the rotation of Eris is tidally locked. Assuming that Dysnomia has a collisional origin, calculations
with a simple tidal evolution model show that Dysnomia must be relatively massive (mass ratio of ¢ = 0.01-0.03) and large (radius of
R > 300 km) to have the potential to slow Eris down to a synchronised rotation. These simulations also indicate that (assuming tidal
parameters usually considered for trans-Neptunian objects) the density of Dysnomia should be 1.8-2.4 g cm™3. This is an exceptionally

high value among similarly sized trans-Neptunian objects, setting important constraints on their formation conditions.
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1. Introduction

The largest (D 2 1000 km) Solar System objects, namely, dwarf
planets, represent a separate class among trans-Neptunian objects
with distinct surface characteristics and internal properties as
well as with a high incidence of satellites (Brown et al. 2006;
Kiss et al. 2017). The present rotational state of these large bodies
are assumed to be a combined outcome of formation conditions
and tidal interactions in the case of a massive satellite, therefore
their rotational light curves and the derived properties are impor-
tant clues to unraveling their histories. Among these objects, we
have the Pluto—Charon system on the one hand, which is known to
be tidally locked (Dobrovolskis et al. 1997), whereas Haumea is
an extremely fast rotator with a system of two satellites whereby

* Full Tables A.l., A2., A4 are only available at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
669/L3

the more massive satellite has not reached rotational synchro-
nisation with its orbital period (Hastings et al. 2016). The rota-
tion periods of other trans-Neptunian dwarf planets range from
a few hours to a few days (e.g., Quaoar, Gonggong and Make-
make; Ortiz et al. 2003; Pal et al. 2016; Hromakina et al. 2019),
indicating a wide range of formation conditions and tidal inter-
actions. For these objects with relatively long rotation periods,
the light curve is expected to be caused by albedo variegations
on the surface instead of being spin-shape driven. Eris is the most
massive currently known dwarf planet, with a satellite, Dysnomia
(Brown & Schaller 2007). Recently Holler et al. (2021) obtained
an updated orbit of Eris’ satellite, Dysnomia, with a corrected
orbital period of Py = 15.785899+0.000050 d. They suggested
various possible reasons for the observed non-Keplerian orbit
of the satellite, including the precession of Dysnomia’s orbit
due to the oblateness of Eris, an irregularly shaped Dysnomia,
an unseen interior satellite, or center-of-light vs. center-of-body
offsets.
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Several light curve studies can be found in the literature pro-
viding very different rotation periods. Lin et al. (2007) obtained
a light curve period of 3"55 with an amplitude of Am <0™05
using a 1m-class ground based telescope. A low amplitude
visual light curve of Eris was tentatively detected by Roe et al.
(2008), with a period of P=1908+0902, and with a peak-to-
valley amplitude upper limit of ~0"'1 based on Swift satellite
data. They also reported that the shape of the light curve is
likely not sinusoidal, indicating the presence of a dark patch
which is visible in part of the rotation period only. Duffard et al.
(2008) obtained a light curve period of 137 at a high confidence
level, also using a 1 m class telescope. Carraro et al. (2006) did
not obtain a definite rotation period, just a lower limit of ~5d,
and also Rabinowitz et al. (2007) and Sheppard (2007) could
not identify any period in their data. Rabinowitz & Owainati
(2014) reported on a possible synchronous rotation of the Eris—
Dysnomia system, with a dominant periodicity in the light curve
matching the orbital period of ~15.8 days. Holler et al. (2020)
suggested that the rotation of Eris is near-synchronous, with a
period of P = 14.56+0.01 d, indicating that the system is not yet
fully tidally evolved.

In this Letter, we present the analysis of long-term brightness
monitoring data collected from various instruments, including
the TESS and Gaia space telescopes, along with several ground-
based telescopes that cover a wide range of possible periods —
from a few hours to a rotation synchronised with the orbital
motion of the satellite. Due to its sampling rate and duration,
TESS data could be used to investigate periods from a few hours
to a few days. Ground-based data were typically measured in
blocks covering a few nights, with (very) long gaps between
the blocks; this allowed us to search for light curve periods in
the range between a few days up to that of a synchronised rota-
tion (15.8 d). The sparse sampling of the Gaia data allowed us
to search for rotation periods in this latter range as well. These
observations and the data reduction are described in detail in
Appendix A.l. A summary of the analysis of these data and
the description of curve period identification are presented in
Sect. 2. Using the currently known characteristics of the system
we applied a simple tidal evolution model to try to match the
rotation period that we obtained from our light curve measure-
ments (Sect. 3). Our conclusions are given in Sect. 4.

2. Periods identified across the various data sets
2.1. TESS

The TESS space telescope data can be used to search for pos-
sible light curve periods in the range of a few hours to a
few days (see Appendix A.l1.1) and we were able to iden-
tify a period with a residual minimum at a frequency of f =
0.411+0.018 cycle day~! (denoted as c d~!, hereafter) which cor-
responds to a period of P = 58.394+2.571 h, with a light curve
amplitude of Am = 0.132+0.037 mag (after correcting for instru-
mental effects). This frequency, however, is considered to be
tentative (1.807) due to the significantly increased noise at fre-
quencies below 1c¢ d-!. At frequencies above 1 cd!, however,
a 1o upper limit of 0.03 mag amplitude (peak-to-peak) could be
obtained, indicating that no light curve period above this ampli-
tude level is present at these shorter periods (P < 24 h).

2.2. Ground-based data

We used a large set of ground based data (Appendix A.3),
which is partly made up of new measurements using several
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Fig. 1. C(P, Am) contour map; The most prominent minima is identi-
fied at a period of ~16d, very close to the orbital period of Dysnomia,
15.78 d (see text for details).

1-2 m-class telescopes (see Table A.2), supplemented by mea-
surements taken from the literature, including ground-based
data from (Carraro et al. 2006; Rabinowitz et al. 2007; Sheppard
2007; Duffard et al. 2008), and the Swift satellite data from
Roe et al. (2008). We used a residual minimalisation method (see
Appendix A.5) to find the light curve amplitude and period best
matched by this large data set. The efficiency of the method was
tested using synthetic light curves, using a sampling similar to
the real Eris data. We assumed that (i) the light curve amplitude
is the same in any of the photometric bands used and (ii) the
light curve can be characterised by a simple sinusoidal variation.
With these assumptions, each model light curve can be described
by four parameters: light curve amplitude, period, phase-shift,
and an offset from the photometric zero point. We allowed
for a different zero-point offset for each measurement block
(with data consisting of measurements of consecutive nights),
even if the data were taken by the same instrument and filter
combination due to the occasional year-long gaps between the
measurement blocks. The best-fitting light curve period and
amplitude is characterised by the minimum in the C(P, Am) func-
tion, obtained by the residual minimalisation, where P and Am
are the period and amplitude of the light curve, respectively (see
Appendix A.5).

The possible light curve periods were chosen in the range
P € [1,17]d. The upper limit was set to sufficiently cover the
synchronised period (15.8 d), while the lower limit was setto 1d
as we used ‘nightly’ average values in many cases. We restricted
our amplitude search range to Am € [0,0.2] mag (peak-to-peak,
i.e. twice the sine amplitude), as the original Am €[0,0.6] mag
range was found to be too wide and did not provide minima
in the large amplitude domain. Our results are presented in
Fig. 1. While the C(P, Am) contour map shows several shallower
minima, there is one main minimum, at P = 16.2+0.5d, and
Am =0.027+0.005, very close to the orbital period of Dysnomia
(15.8 d). To check the robustness of this result, and obtain the
period and amplitude uncertainties, we repeated the process by
modifying the photometric data points by adding a random value
with normal distribution using the specific measurement errors
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Fig. 2. Results of the Gaia light curve analysis. Upper panel: normalised
residual spectrum of the Eris Gaia light curve. The red dashed line is
at P = 15.78d, the orbital period of Dysnomia; Lower panel: Gaia
light curve folded with f = 0.063cd™!. The solid curve is the best-fit
sinusoidal, with a peak-to-peak amplitude of Am =0.031+0.001.

as standard deviations, and then repeating the fitting process sev-
eral times for the whole data set.

2.3. Gaia

Gaia (Gaia Collaboration 2016, 2022) G-band photometry data
of Eris (see Appendix A.4) was analysed using a residual min-
imalisation algorithm to identify the possible frequencies in the
light curve (see Fig. 2, upper panel). There is one strong min-
imum identified at the long period part of the residual spec-
trum at 15.87+0.22d (5.507), very close to the 15.78 d orbital
period of Dysnomia. The Gaia light curve folded with this period
(Fig. 2, bottom panel) was fitted with a sinusoidal curve using
a Levenberg—Marquardt fitter which provided a peak-to-peak
amplitude of Am =0.031+0.001 mag.

Both the ground-based data (Appendix A.3) and Gaia
data strongly suggest that the light curve period of the Eris—
Dysnomia system is equal to the orbital period of Dysnomia.
As Dysnomia is significantly fainter than Eris in the visible
range (1:0.0021, see Brown & Schaller 2007), a light curve vari-
ation of ~0.03 mag must be associated with Eris — and not with
Dysnomia. The P = 15.78 d period rules out all shorter periods
in the range between a few hours and a few days (see a detailed
list in Sect. 1), as well as the semi-synchronised rotation period
of P = 14.56d obtained by Holler et al. (2020). However, we
cannot exclude that the rotation period is not exactly the orbital
period, but very close to it. In considering the ground-based and
Gaia data, the latter demonstrates a smaller uncertainty in the
period determination, providing an uncertainty of ~5h. As we
show below, the system must be extremely fine-tuned to exhibit
an actual rotation period that is so close, but still different from
the synchronised case when assuming a simple binary system.
Therefore, we argue that the rotation of Eris and Dysnomia is

double-synchronised, namely, that the Eris—Dysnomia system is
fully tidally locked.

As shown in Appendix A.2, Eris appears to have a consid-
erable variability in the near-infrared J — H colour, while all
measurements show rather similar colours in the visible. One
explanation for this behavior could be that the surface compo-
sition of Eris is not homogeneous and parts of the surface are
covered with ices which have characteristic bands in the near-
infrared, but have a reflectance similar to other materials in the
visible (Ferndndez-Valenzuela et al. 2021). For instance, Eris is
known to have strong methane features in its reflectance spec-
trum (Alvarez-Candal et al. 2020), especially between 1.5 and
1.8 um, close to the H-band. A variegation in surface composi-
tion may lead to a rotational variation in the near-infrared (/- H)
colour, while leaving the visible range colours unchanged.

3. Possible tidal evolution scenarios

We used a simple tidal evolution model (see Appendix A.6) to
find the possible initial conditions and physical characteristics
of Eris and Dysnomia that could have led to the tidally locked
rotation of Eris that is currently observed. Our main assump-
tion is that the Eris—Dysnomia system was formed in a giant
collision and begin tidal evolution from a much more com-
pact configuration, and with Eris spinning significantly faster
than today (Ragozzine & Brown 2009; Barr & Schwamb 2016;
Arakawa et al. 2019). Each model configuration is set by the
properties of Eris that are relevant for tidal interactions, namely,
the tidal dissipation factor Q,, the rigidity uy, and/or the second-
order tidal Love number, k,; and by the mass, M, and effec-
tive radius R (or, equivalently the density ps) of the satellite,
Dysnomia. Previously Greenberg & Barnes (2008) studied the
tidal evolution of the Eris—Dysnomia system, but they restricted
their calculations to a specific Dysnomia radius of Ry=75km
and mass of M, =2.3x10'® kg. In our model, we considered a
wide range of R, values that are compatible with the brightness
constraints and that allow for radius and mass values as large as
R, ~370km and M, ~ 5x10%° kg (see Appendix A.6)

We first ran our code for a large set of models which cov-
ered a wide range of possible parameter values as shown in
Fig. 3. For most of these cases, the final rotation periods of
Eris, Pp¢, remained below Py < 1d, but there is a well-defined
area in the Q,/kop—M; plane where P > 1d, or, where synchro-
nisation has been reached. This area is approximately defined
by the two dashed lines in Fig. 3, which roughly satisfy a
QPMZ [kap = constant relationship, as expected from the calcu-
lation of the spin rate change (Eq. (A.2)). As we are especially
interested in those cases where the rotation of Eris has slowed
down considerably, we selected starting parameters from the
area defined above on the Qp/ks, vs. M; plot (Fig. 3) to further
map the parameter space in a second set of runs. The results of
these runs are presented in Fig. A.7.

Even in our simple model, we have a rather wide range
of parameters that lead to synchronised or nearly-synchronised
rotation rates for Eris. However, there are some general conclu-
sions that can be drawn from our simulations. First, it is feasi-
ble that a massive Dysnomia can considerably slow down the
rotation of Eris, even forcing it to a synchronised rotation state.
For instance, the rotation periods for Eris of 10d < P <15.78d
can be reached for Dysnomia-to-Eris mass ratios of 1072 <
g < 3x1072. To reach such a large mass, Dysnomia has to be
dark, with pys <0.06, in contrast to the very bright surface of
Eris (pvp =0.96). While it is possible to generate (near) syn-
chronous rotation for pys <0.06, most of these runs require
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Fig. 3. Q,/k;, vs. the mass of Dysnomia M; in the first trial runs. Orange
symbols mark those cases which ended up in synchronised Eris rotation;
blue symbols represent the cases with P < 1 d final Eris rotation periods.
Dashed lines mark the region of M—Q,/k», values that lead to a slowed-
down rotation or tidal synchronisation of Eris (see text for details).

pvs $0.04. Such a dark surface, and a correspondingly large
size, is also suggested by the submm detection of Dysnomia with
ALMA (Brown & Butler 2018), implying R =350+58 km and
Py =0.041002.

Although our simulations were run for a wide range of
material and tidal parameters assumed for Eris, mainly Q, and
Hp, these parameters are canonically chosen in a much nar-
rower range. In Fig. 4 we show a selection of those simu-
lation runs for which the tidal quality parameter of Eris was
0 = 50, 100, or 200 (+10%) (Qp =100 is the canonical value
usually assumed in the TNO tidal evolution calculations) and
Eris’ rotation became tidally locked. For Qp = 100 (red symbols
in Fig. 4), synchronisation is reached for Dysnomia-to-Eris mass
ratios of g =0.02-0.03, depending on the Eris rigidity param-
eter, f,, which can be in the range 4-20x10° Nm™ for this
O, value,. These u, values correspond to the rigidity of ice
(~4x10°N~2), or a mixture of ‘ice and rock’, in the case of
the higher u, values (c.f. Grundy et al. 2011). To obtain mass
ratios of ¢ =0.02-0.03 Dysnomia has to be large (D > 600 km)
and its density has to be in the range p; = 1.8-2.4 gcm™>. These
cases are also associated with very low, py =0.02-0.03, geo-
metric albedos. In the case of a higher tidal quality parame-
ter value (e.g., Op =200), even higher mass ratios are required;
and, correspondingly, the Dysnomia densities are also higher,
ps = 2.0gcem™3. In these cases, the allowed rigidity of Eris
is 3x10° < Hp S 8x1°Nm™2. A lower 0Op, however, would
allow smaller Dysnomia masses from g ~ 0.01, with a sig-
nificant dependence on the rigidity as higher ¢ is required for
higher rigidity values, up to u, = 3x10'Nm=. Due to the
lower required mass, the density range allowed for Dysnomia
is also wider, p; = 1.2-2.4 gcm™. As indicated by the full range
of simulations (see Fig. A.7) progressively smaller values of Q,
will allow for smaller Dysnomia mass values to be compatible
with a synchronised Eris rotation. At O, = 10, our smallest value
chosen, a Dysnomia with a mass ratio of q ~ 0.006 and density of
ps~1.0gcm™ would be massive enough to lock the rotation of
Eris. Precise absolute astrometry of the primary and secondary,
which could be performed with ALMA (Brown & Butler 2019),
may be able to detect the barycentric wobble and obtain the
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The orange, red and blue colours mark Eris tidal parameters of Q, = 50,
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mass ratio, putting useful constraints on the tidal quality factor,

0,

4. Conclusions

In this Letter, we analyse long-term ground based photometric
observations of Eris, complemented by measurements with the
TESS and Gaia space telescopes. While the TESS data did not
provide a conclusive rotation period, both the combined ground-
based measurements and the Gaia data unambiguously point to
a light curve period that is equal to the orbital period of Dysno-
mia, namely, a tidally locked rotation for Eris. The synchronised
rotation of Eris, which is considered to be the consequence of a
tidal interaction with Eris’ moon Dysnomia, puts constraints on
the key physical properties of the satellite, as well as on those
of Eris (as discussed in Appendix A.6). While the light curve
or tidal evolution results do not directly constrain the shape,
the very low spin rate of Eris indicates that its shape has to
be very close to spherical. similarly to what has been observed
for Pluto and Charon (Nimmo et al. 2017). In the case of Eris,
both a homogeneous density interior model with a Maclaurin
shape, or the Darwin—Radau model (see e.g., Murray & Dermott
2000) with a two-component, rocky core and an ice mantle inte-
rior, provide flattening values of € < 0.0001. This also means
that the occultation shape and size solution (Sicardy et al. 2011)
has to be very close to the spherical one, with R = 1163+6 km;
this is an important constraint for thermal emission models, for
instance. In addition, (Holler et al. 2021) suggested an oblate
Eris as a possible cause behind the non-Keplerian orbit of Dys-
nomia; however, this now seems to be a less likely explanation.
Another proposal for explaining the non-Keplerian Dysno-
mia orbit asssumes a centre of light-centre of body (CoL-CoB)
offset that would be due to a large albedo pattern on the sur-
face or Eris. Considering our best-fitting Am = 0.031 mag ampli-
tude, we investigated this scenario by assuming a single spot on
the equator, coincident with the orbital plane of Dysnomia, and
a viewing geometry as defined by the ‘combined’ solution in
(Holler et al. 2021). In our simple model, the spot is visible in a
fraction of the rotational phases and completely invisible in oth-
ers; in these latter cases, Eris has a homogeneous, high-albedo
surface. We varied the size of the spot with the spot albedo in
a way that it always produces the required light curve ampli-
tude, and we considered both Lommel-Seeliger and Lambert
scattering laws. With this light curve amplitude, the maximum
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CoL-CoB offset that could be obtained is ~40 km both for the
Lommel-Seeliger and the Lambert scattering, and roughly sim-
ilar values are obtained for the whole range of albedos consid-
ered. This is much smaller than the 462 km offset obtained by
Holler et al. (2021). Considering the maximum possible size of
~600km for Dysnomia, it is not feasible for the dominant part
of the CoL-CoB offset to be due to features on the surface of
the satellite; that is to say that the CoL-CoB offset is not a likely
reason for the non-Keplerian orbit. The non-Keplerian orbit of
Dysnomia could also be caused by a non-spherical shape of
the satellite. A recent study of Kepler/K2 light curves of trans-
Neptunian objects (Kecskeméthy et al. 2022) shows that light
curve amplitudes of TNOs remain larger at large (D > 400 km)
sizes, where the asphericity of main belt asteroids drops sig-
nificantly (Vernazza et al. 2021). While this could be due to an
irregular-to-spherical transition at larger sizes for TNOs, their
general low densities and high porosities disfavour this scenario.
At the expected sizes of Dysnomia (D > 600 km), objects should
be fairly round, even with higher densities and a considerable
internal strength.

Assuming that the Eris—Dysnomia system formed in a giant
impact, the rotation period of the post-impact Eris was proba-
bly much shorter, that is, on the order of a few hours. This fast
rotation had to be slowed down by the tidal interaction with
Dysnomia. As we show above, to reach synchronised rotation
periods, Dysnomia has to be relatively massive (mass ratio of
g = 0.02-0.03), assuming canonical values for the Q, tidal
dissipation factor and u, rigidity of Eris. This mass ratio is
the second largest value in the trans-Neptunian region after the
~8:1 ratio in the Pluto—Charon system (see Barr & Schwamb
2016; Arakawa et al. 2019; Kiss et al. 2019, for earlier evalua-
tions). We also note that currently the mass ratio in the Orcus-
Vanth system is rather uncertain. The relatively high mass ratio
is also associated with high Dysnomia densities of ps=1.8—
2.4gcm™3, which are much greater than the typical densities
of trans-Neptunian objects in this size range, p =0.5-1.0 gcm™3
(see e.g., Bierson & Nimmo 2019). In our tidal evolution model,
unconventionally low Q, tidal dissipation factors would allow
for lower Dysnomia densities (down to p; ~ 1.2gcm™) and
support the scenario of Eris reaching synchronised rotation at the
same time. However, these values are still above the typical low
densities of R ~ 300km objects and would also require a low
level of porosity. Collisional simulations have generally shown
that intact moons with 10~ < ¢ < 107! could form in the trans-
Neptunian region, assuming a wide range of impact parameters
(Arakawa et al. 2019). More detailed impact and tidal evolution
simulations should be able to identify the conditions leading
to the present high-density Eris and high-density Dysnomia
system.
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Appendix A: Supporting materials
A.1. Observations and data reduction
A.1.1. TESS data

The Transiting Exoplanet Survey Satellite (TESS, Ricker et al.
2015) observed Eris in Sector 30 with its Camera 1 and CCD
3 (Fig. A.1). The reduction of the TESS data was performed in
the same way as described in Pal et al. (2020) which contains a
detailed description of the reduction steps, photometry, and the
derivation of the residual spectrum for frequency analysis. We
only mention those steps here that are different from those in
the Pdl et al. (2020) pipeline. TESS photometry data of Eris are
provided in Table A.1.

Right Ascension (J2000)

pos.eq.dec
(000¢() uoizeulda2q

145m30° 00°
pos.eq.ra

44mM30°

Fig. A.1. Eris’ path through the field-of-view of Sector 3, Camera 1, and
CCD 3 of the TESS space telescope between Julian dates 2459115.89
and 2459142.52. The red and green parts mark those points that were
excluded or considered for light curve analysis.

Table A.1. TESS photometry data of (136199) Eris (sample).

Julian Date m om
(mag) (mag)
2459119.81621 18.99754 0.46354
2459119.85788 18.65064 0.33787
2459119.89954 18.69310 0.31456

Note. We list the Julian date, brightness (m), and its uncertainty (6m) in
the TESS photometric band. The table is available in its entirety at the
CDS. All data points have 60 min integration time.

A significant portion of the light curve data had to be
excluded due to Eris’ encounter with nearby background sources
which left a dominant feature in the background-subtracted
image. As shown in Fig. A.1, the two ’green’ zones, where the
vicinity of Eris was relatively clean, covers two blocks with
lengths of 2.3d and 6.6d. In these blocks readout-to-readout
variation of the background was estimated to be ~3 mag lower
then the typical (~18.5 mag in the TESS bandpass) brightness
of Eris, in the same measuring aperture. The residual spectrum
obtained from the data of these two blocks merged is shown in
Fig. A.2.

residual

0.0 L L I

frequency (cycle day™)

amplitude (mag)

. L .
0.0 0.5 1.0 1.5 2.0
phase

Fig. A.2. TESS light curve results. Top: Normalised residual spectrum
of the TESS light curve of Eris. The insert shows the residual spectrum
of the pixel-wise x- (blue) and y-direction (green) subpixel centroid
positions. The most prominent characteristic frequency of f=0.411c/d
is marked by a red vertical dashed line both in the main figure and the
insert. Bottom: TESS light curve of Eris folded with f=0.411 c¢/d. The
red dots mark the binned light curve. These light curve data are pre-
sented in Table A.1) in an electronically readable format.

amplitude (mag)
o
o
o

0.04 ]
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Fig. A.3. Fourier spectrum of the Eris TESS light curve. The blue curve
is the rms amplitude, calculated using a running box and sigma clipping.

As TESS has large, (21”) pixels, the photometry of the
source is affected by the relative position of the source inside
the actual pixel and the projection of the total source flux
into the neighbouring pixels. This is expected to introduce a
periodic signal as the target moves through the field of view,
and the characteristic frequency depends on the actual appar-
ent speed of the target in the X and Y (pixel-wise) directions.
To look for this effect, we checked the spectrum of the X
and Y pixel fractions of centroid positions of Eris” TESS pho-
tometry. The results are presented in the insert in Fig. A.2.
These residual spectra show well defined minima at f, = 1.73 ¢/d
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(X-direction, blue curve in Fig. A.2) and f,=0.14c/d (Y-
direction, green curve). The residual spectrum of the TESS
photometry data (main figure, black curve) shows a well-
defined minimum at f=0.411+0.018 ¢/d (P =58.394+2.571h).
The uncertainty of the frequency is obtained as the FWHM
of Gaussian fitted to the main frequency minimum in the
residual spectrum. This frequency is different from the
f, and f, frequencies identified above and could not be
associated with any currently known instrumental effects.
The light curve folded with this frequency is shown in
Fig. A.2. The peak-to-peak amplitude of this folded light
curve is Am =0.132+0.037 mag, obtaining the maximum-minus-
minimum of the binned light curve as the amplitude and
using standard error propagation in the calculation of the
uncertainty.

We also derived the Fourier spectrum of the Eris TESS light
curve (Fig. A.3, noting the factor of two conversion between the
Fourier and peak-to-peak amplitudes). The rms Fourier ampli-
tude (blue) curve shows that the 10 noise is oy ~0.015mag
in the frequency range 1-12c¢/d, and it increases considerably
for lower frequencies, reaching ~0.065 mag at the lowest ones.
These rms amplitudes can be used to estimate light curve detec-
tion upper limits (Amy;,) for specific frequencies. Consider-
ing the detection limit as 30, we obtain Amy;, =0.045 mag
in the f=1-12 ¢/d (P =2-24 h) range, and Amy;,, =0.155 mag at
f~ 0.4 c¢/d, namely, at the frequency where a prominent peak was
identified in the residual spectrum, as discussed above. While a
peak in the Fourier spectrum can be identified at the same fre-
quency (f=0.411c/d) as in the residual spectrum, the signal-
to-noise ratio is significantly lower here, ~1.8 0. Due to this
limitation, we consider the f=0.411c/d (P=58.394h) peak as
tentative. Also given the limited length of the TESS light curve
blocks considered in the analysis (2.3 d and 6.6 d), it was not pos-
sible to detect light curve periods longer than ~3 d, and exclud-
ing the possibility to detect periods close to the orbital period
(15.78 d). However, the Fourier spectrum shows that we can
exclude rotation periods in the range of P =2-24 h, which would
be associated with peak-to-peak amplitudes of Am >0.09 mag,
with a 3 o confidence; more specifically, if Eris had a rotation
period in this range, it would have a very small amplitude that
would likely be on the order of 0.03 mag or below.

A.2. GROND observations

Observations of Eris with the GROND instrument (Greiner et al.
2008) on the MPG 2.2m telescope at La Silla were made over
three nights, with details given in Table A.3. Observations con-
sisted of 8m4td observation blocks, that is, individual 120s
(115s) exposures in JHK (g’'r’i’z’) at each of the four tele-
scope dither (td) positions, except for the first epoch with 2s
(205s) exposures each at 2 td-positions. Since the Eris motion
on the sky is below 072/10 min, the four different dither point-
ings were co-added. GROND data were reduced in the stan-
dard manner (Kriihler et al. 2008) using pyraf/IRAF (Tody et al.
1993; Kriihler et al. 2008). The optical imaging data (g'r'i’'z")
was calibrated against the Sloan Digital Sky Survey (SDSS)! cat-
alogue (Eisenstein et al. 2011) and the NIR data (JHK;) against
the 2MASS catalogue (Skrutskie et al. 2006). This results in typ-
ical absolute accuracies of +0.03 mag in ¢’7’i’z’ and £0.05 mag
in JHK;. Since the GROND dichroics were built after the Sloan
filter system (Greiner et al. 2008), the colour terms are very
small, below 0.01 mag, except for the i" band which is sub-

I http://www.sdss.org
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Table A.2. Ground-based photometry data of (136199) Eris (sample).

Telescope  Julian Date m om Filt. t., tror
(mag) (mag) (min) (min)

GROND 2455436.91528 19.031 0.031 ¢’ 8 8
GROND 2455438.69348 19.097 0.010 ¢ 8 8
GROND 2455438.75578 19.099 0.010 ¢’ 8 8
1.5m  2453647.53342 18.450 0.035 R 293.3 450.1
1.5m  2453648.55623 18.459 0.025 R 353.3 393.0
1.5m  2453649.56174 18.430 0.025 R 383.3 428.8

Note. This table is available in its entirety at the CDS. The columns of
the table are: Telescope name; mean Julian day of the measurement; tar-
get brightness (m) and its uncertainty (6m) in the respective filter band;
filter; t.y,: sum of the individual exposure times used for this photo-
metric point (as explained in the text); and t,,: difference between the
end of the last and the start of the first measurement used to obtain this
specific photometric point.

stantially narrower than the SDSS i’ band: i ¢ — iGroyp =
(—=0.023£0.010) + (0.216 £0.054) - (i§ ;g — Z5 pss) - In order to
minimize the impact of variability in the comparison stars, rela-
tive photometry was done against the same observation (2010-
08-31T08:51-09:03). Since Eris moved by about 1’ over the
3-day observing period, care was taken to select comparison
stars such that they were covered in all observations. GROND
photometry data are listed in Table A.2. The GROND J and H
colours in Table A.2 and the J-H colour index in Table A.5 are
given in the AB photometric system. To convert them to the Vega
system, we used the following conversions: Jy.gq = Jap — 0.91
and Hy,g, = Hyp — 1.38 from (Blanton & Roweis 2007).

We compared the colours from our GROND photometry
with values from the literature, as shown in Table A.5. We con-
verted the GROND g,r.i,z colours to Johnson/Cousins BVRI, as
described in Smith et al. (2002). Near-infrared colours were con-
verted from the respective systems used in the specific papers
to a common 2MASS system, as described in the table caption.
The colours from the new GROND measurements are in a rel-
atively good agreement with the values from other studies in
the visible bands. However, in the near-infrared, the J-H colours
show large variations. the J-H values range from -0.290+0.045 to
0.287+0.114, that is, a ~0.58 mag difference between the lowest
and highest colour values.

A.3. Other ground-based observations

We obtained ground-based photometry data for Eris from four
telescopes (see Table A.3). All the data were reduced using stan-
dard calibration steps with the FITSH (P4l 2012) software pack-
age, namely: bias, dark, and flat corrections were applied. We
then we performed aperture photometry on Eris and on selected
comparison stars. Using the comparison stars as the standard
stars in our sample, we obtained magnitudes from the Pan-
STARRS DR2 catalogue and used these magnitudes to do an
approximate standard calibration of Eris via a simple linear fit-
ting of the observed and the catalogue magnitudes. In most cases,
only one filter was used, so a more sophisticated standard cali-
bration was not possible. When required, the Pan-STARRS mag-
nitudes were converted to Johnsons R magnitude based on the

2 https://www.mpe.mpg.de/~jcg/GROND/calibration.html
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Table A.3. Summary table of ground-based observations.

Telescope Instrument Date range Number of nights Filter Reference
TESS Camera 1 2020.09.27.-2020.10.16. 19 TESS Bandpass (Ricker et al. 2015)
MPG 2.2m GROND 2010.08.28.-2010.08.31. 3 g'r'i'Z JH* (Greiner et al. 2008)
1.5m Roper, Andor 2005.10.03.-2020.10.16. 18 Johnson R, Clear (https://www.osn.iaa.csic.es/en/page/15-m-telescope)
CA2.2 CAFO0S2.2 2007.01.11.-2007.01.16. 6 Johnson R (http://www.caha.es/CAHA/Instruments/CAFO0S/)
LaHita SBIG STX-16803-3 2014.10.24.-2014.10.28. 5 Clear (https://fundacionastrohita.org/instrumental/)

Note. We are listing here the telescope, instrument (camera), date range, number of nights, and the filers used. *: GROND JH magnitudes are
in the AB system. These observations, taken between JD = 2453647.53342 and 2459139.5323, covered heliocentric and observer distances of

7, =95.9-96.9 au, A =95.0-96.6 au, and phase angles a =0.12-0.58 deg.

method described in Smith et al. (2002). Typical observations
consisted of a few individual integrations per night, covering an
inverval of a few hours. As our aim with these measurements was
to look for long-term variations, we produced an average ’per-
night’ photometric point from the individual integrations. These
have considerably improved the signal-to-noise ratio (S/N) val-
ues as well. These "per-night’ photometry data are presented in
Table A.2.

Data obtained with a specific telescope or instrument have
been divided into measurement blocks, each typically contain-
ing data obtained over a few consecutive nights and are sepa-
rated from the other blocks by a longer period (up to a year).
To avoid problems with absolute calibration we allowed a differ-
ent absolute brightness zero point offset for each of these blocks
in the subsequent light curve analysis. Due to the slow appar-
ent motion of Eris heliocentric and observer distance, and phase
angle corrections were applied only in those cases when the mea-
surements covered a longer period — this was the case for some
of the literature data (e.g. Rabinowitz et al. 2007) but not for our
own measurements, however, as they have a typical measure-
ment block length of a few days. In the case of the GROND and
Rabinowitz et al. (2007) data, the observations were performed
by alternating between the g’—r" and the V-B filters. For our
light curve period search, we converted the g’ data to the #* band
using a mean g’ — ' colour, and the B data to V data using a
mean B — V colour to increase the number of data points for
these measurement sequences. Assuming that the spin pole of
Eris is coincident with the orbital pole of Dysnomia, and using
the pole solution from (Holler et al. 2021), we estimated that the
aspect angle of Eris’ pole changes between ¢ ~ 129-133 deg, that
is, A% ~ 4 deg between the first and last date of the ground-based
measurement sequence (see Table A.3). As the aspect angle is
not at its extremes, this does not affect the light curve amplitudes
or the detectability of the light curves through different data sets
in any particular way.

A.4. Gaia data

The Eris Gaia data is available in the third Gaia Data Release
(Gaia Collaboration 2022), accessible in the Gaia Science
Archive? through the gaiadr3.sso_observation table. The table
contains data obtained during the transit of the source on a sin-
gle CCD, during a single transit. More details about the SSOs in
the Gaia DR3 are discussed in Tanga et al. (2022).

Gaia G-band data of Eris was corrected for heliocentric and
observer distance and phase angle, using spacecraft-centric data
obtained from the NASA Horizons system (Giorgini et al. 1996).
We applied a linear phase angle correction using the heliocen-
tric and observer distance-corrected brightness values. We used

3 https://gea.esac.esa.int/archive/

Table A.4. Gaia photometry data of (136199) Eris

Julian Date m om
(mag) (mag)
2456900.12065 -1.21999 0.01012
2456900.12071 -1.21999 0.01012
2456900.12076  -1.23254 0.01313

Note. This table lists the Julian date, brightness (m), and its uncertainty
(6m) in the TESS photometric band. Brightness has been corrected for
heliocentric and observer distance, and phase angle. The full table is
available at the CDS.

these reduced magnitudes (provided in Table A.4) for the period
search.

A.5. Period finding method

We used a residual minimalisation method to find the best-fitting
light curve period and amplitude in our long-term ground-based
photometry data (Sect. A.3). We chose an amplitude of Am and
period P, and determined the best fitting light curve phase using a
Levenberg—Marquardt minimisation algorithm. With these best-
fit phase models, we calculated the following C(P,Am) value for
each P-Am pair:

mod __

obs \ 2
cPam =), ﬁZ(#) :
7 i i

J

(A1)

where the index j denotes the individual, night-averaged values,
and i denotes the measurement blocks; m° and m™°? are the
measured and model photometry values, respectively, om is the
photometric uncertainty, while N; is the number of individual
data points in the measurement block; w; are the weights of the
individual measurements blocks which have been chosen to be
v/N;. We expect that the best-fitting period-amplitude values pro-
vide the lowest C(P,Am) values. We searched the period range
Pe[ld, 17d], where the upper limit is set to cover the 15.8d
is the orbital period of Dysnomia (and it would correspond to
a synchronised rotation). The 1d lower limit has to be set due
to the ’per night’ photometry points used in the case of most
ground-based measurements.

To check the efficiency of our period and amplitude finding
method, we generated a synthetic sinusoidal light curve with a
peak-to-peak amplitude of A =0.040 mag. We sampled this light
curve exactly at the same dates as our real data and divided these
photometry points into the same blocks as the original ones, as
described in Sect. A.3. We used the mean photometry error in
each measurement block, as assigned a photometric uncertainty
to each photometry point in this specific block by assuming a
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Fig. A.4. C(P,Am) map obtained with the period-amplitude finding algo-
rithm using a synthetic signal with P=15.78d (the orbital period of
Dysnomia), as described in detail in the main text.

random value with a normal distribution with a standard devi-
ation equal to the mean error. We generated a large sample of
synthetic light curves using random light curve phases and differ-
ent random error assignments, and we ran our period and ampli-
tude finding residual minimalisation method. The results show
that the period and amplitude can be well recovered with our
method, and the expected uncertainty is P ~ 0.5 d in the period
and om = 0.005 mag in the light curve amplitude. An example of
these y? results is shown in Fig. A 4.

While the true period and amplitude of the original signal is
correctly identified within the uncertainties (dark blue region in
Fig. A.4), there are other, shallower minima popping up at vari-
ous frequencies, caused by aliasing. For instance, one of these
periods is at P=1d due to the single, combined photometry
points per night in the case of a number of measurement blocks.
The match of measurements with the best-fit light curve obtained
by the residual minimalisation method is shown in Fig. A.5 for
several measurement blocks.

A.6. Tidal evolution model

The satellites of the largest Kuiper belt objects are thought to be
formed by large collisions (Barr & Schwamb 2016) and, remark-
ably, all large Kuiper belt objects with diameters D > 1000 km
have confirmed satellites (Kiss et al. 2017). The tidal evolu-
tion of these systems depends on the size, mass, formation dis-
tance, and material properties of the bodies. Tidal evolution
has certainly led into a double-synchronous state in the case
of the Pluto-Charon system (Dobrovolskis et al. 1997), but in
the Haumea system even the larger satellite Hi’iaka could not
reach synchronous rotation (Hastings et al. 2016). Although the
spin period of Eris seems to be rather well defined now by this
present work, it is an interesting question whether the possible
rotation periods of Eris — ranging from a few hours to the orbit-
synchronous state — are feasible in terms of tidal evolution, using
the current knowledge on the system components. This is espe-
cially interesting after the likely detection of Dysnomia in the
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Table A.5. Colours derived from GROND photometry.

SDSS g-r g-i - g-z J-H
photometry (mag) (mag) (mag) (mag) (mag)
this work 0.499+0.004 0.623+£0.006  0.124+0.004  0.594 +0.013 -0.479+0.089
Johnson/Cousins B-V V-R R-1I R-J J-H
photometry (mag) (mag) (mag) (mag) (mag)
this work 0.709+0.040  0.358+0.030  0.359+0.02 0.64+0.04 0.024 +0.028
Carraro et al. (2006) 0.823+0.023  0.391+0.023  0.386+0.012 - -
Fulchignoni et al. (2008) 0.71+0.02 0.45+0.02  0.33+0.03*** - -0.29+0.045%
DeMeo et al. (2009) - - - 0.054+0.070%***
Perna et al. (2010) 0.0224.070%***

0.78+0.01

0.45+0.03

0.33+0.02 0.52+0.02

Snodgrass et al. (2010) 0.287+0.114%**
Tegler et al. (2016) 0.75+0.02 0.43+0.02 - - -
Alvarez-Candal et al. (2020) 0.782+0.003  0.393+0.003 - - -
Fernandez-Valenzuela et al. (2021) 0.74+0.06 0.39+0.05 0.38+0.08*** - -

Verbiscer et al. (2022)

0.805+0.015  0.389+0.049 - - -

Note. First row shows the colours directly derived from GROND photometry using the g, r, i, z, J, and H bands in this work. We note that the
J, H magnitudes are int the AB system. The second raw lists the colours transformed to the B, V, R, I, J, H bands, as described in Smith et al.
(2002) and Blanton & Roweis (2007). The additional rows represent the values obtained earlier in other studies. *: From (Brown et al. 2005) **:
Snodgrass et al. (2010) converted to J-H from J — H ***: Calculated from V-R and V-1, ****: converted from UKIRT JH to 2MASS JH, using

(Cutri et al. 2003)

ALMA 870 um data, which suggests that Dysnomia could be a
massive satellite with a diameter of ~700km (Brown & Butler

2018).
We used the simple tidal evolution model from
(Murray & Dermott 2000), also used by Hastings et al.

(2016), to calculate the evolution of the satellite orbit (only the
semi-major axis in this approximation) and the spin evolution
of Eris and Dysnomia. In this model the satellite orbit and
the equator of Eris are assumed to be co-planar. Some of the
main characteristics of the system originate from the orbit
of Dysnomia (Holler et al. 2021), as it defines the current
semi-major axis of the satellite orbit, ay, the orbital period,
P,, and the system mass, M. Eris is expected to be nearly
spherical and the radius and V-band geometric albedo of Eris,
Ry, =1163+6km and py, =0.96 are quite precisely known from
a stellar occultation (Sicardy et al. 2011). The rate of change
of the spin frequency depends on the ratio of the second-order
tidal Love number and the tidal quality factor, k>, /Qp, the mass
and size of Eris, M, and R,, the actual semi major axis of the
satellite orbit, a, and the mass of Dysnomia, M:

15 k2p Mgz(Rp )3 G

(/.)p = —szgn(wp - Vl)zapﬁp

(A.2)

al a®

The Q, tidal quality factor was chosen to be in the range
of 10-1000 (Goldreich & Soter 1966; Murray & Dermott 2000),
allowing for a variation of one order of magnitude around the
canonical Q=100. The second-order tidal Love number k, is
calculated from the rigidity u following Hastings et al. (2016).
The p, rigidity of Eris was also allowed to vary in a wide
range from 10° to 10''Nm™2, which should be sufficiently
wide to cover the typical values from icy to rocky interiors
(Murray & Dermott 2000).

The evolution of the semimajor axis can be expressed by the

equation below, following (Hastings et al. 2016):
a(n) = (ag = ao)(t/T)*'" + aq, (A3)

where T is the age of the Solar System, ay is the initial semi-
major axis, and ay is the present semimajor axis.

The brightness ratio of Eris to Dysnomia in the F606W band
of the HST is 0.0021 (Brown & Schaller 2007), which defines
the size of Dysnomia, R, for a specific Dysnomia geomet-
ric albedo chosen. Among trans-Neptunian objects and satel-
lites, a very wide range of albedos are possible from extremely
dark surfaces to very bright ones. While Dysnomia is proba-
bly large and dark (Brown & Butler 2018), we chose a geo-
metric albedo in the range of py; =0.02-0.8 for Dysnomia for
our model calculations. Trans-Neptunian objects with diameters
below ~500km are expected to have a high porosity and low
bulk density (Grundy et al. 2019). As a reasonable range, we first
assumed p, = 0.5-2.4 gcm™3, which (together with R, obtained
above) defines the mass of Dysnomia, M;. The lower limit is the
typical density of objects in the few hundred km size in the Kuiper
belt (see e.g. Grundy et al. 2019). The upper limit in density of
2.4gcm™ is the bulk density of Eris, and, in extreme cases, Dys-
nomia might have a similar density (as argued e.g. in Holler et al.
2021). The mass of Eris is obtained as M, = My, — M, and we
use the mass ratio, ¢ = Ms/M,, to characterise the system in this
sense.

In addition to the system parameters described above, fol-
lowing (Canup 2005), the initial semi-major axis of the satellite
orbit is assumed to be as = 1.2-ag, and ag =2.456 - R, - (pp/ps)'/?
is the Roche limit. The initial spin period of Eris is set by
the breakup limit — w, = (GMp/Rg)l/2 = (471Gpp/3)1/2 —and we
allowed spin periods of [1-2] -w,.

We ran the tidal evolution model for a large number of
cases assuming independent, random values of k2,,, O, ps, and
pvs chosen in the intervals described above. We also assume
that once Eris has reached synchronous rotation in a sim-
ulation run, it remains in this state and the rotation period
just changes with the changing semi-major axis and orbital
period.

In Fig. A.6, we demonstrate the sensitivity of the model
to the Q, tidal parameter. The model runs presented in this
figure have led to very different final Eris rotation periods from
P,r~1d to synchronised rotation when all starting parameters
were kept the same, except Qp, which was varied across the
range 13.5< 0, <17.5. A very similar sensitivity is seen for the
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ko, parameter (see Eq. A.2), however, this parameters is calcu-
lated from the y or p, s values.

We also present in Fig. A.7 scatter plots of those key parame-
ter combinations (mass ratio of g, k»,,, and Q,, as the tidal param-
eters, 1, as the rigidity, and wy as the starting angular speed of
Eris, density of ps, albedo of py;, and radius, Ry, of Dysnomia)
for which our tidal evolution model resulted in P,;>1d final
rotation periods for Eris. The different colours correspond either
to ranges of different P,; values or a final synchronised state.
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Fig. A.6. Demonstration of the sensitivity of the model to the Q,, param-
eter. Top panel: The final rotation period vs. Q,, parameter. Each dot in
this plot corresponds to the Q,, and the final Eris rotation period, P, of
a specific run. All other model parameters were kept the same. Bottom
panel: Evolution of the rotation period of Eris, using the models pre-
sented in the upper panel. The colours of the curves correspond to the
colour of the symbols on the upper panel, the red curve is the evolution
of the orbital period.
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Fig. A.7. Scatter plots of model parameters for the selected Q,—M; range cases. The colours correspond to ranges of the final rotation period of
Eris (Py), as indicated in the legend boxes.
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