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Abstract The tidal response of Mars, due to the Sun and the Martian moons, Phobos and Deimos,
provides information about the interior structure of Mars. By using the Very Broad Band (VBB)
seismometer of Seismic Experiment for Interior Structure (SEIS) as a gravimeter on the surface of Mars,
the InSight mission will provide the long-period data suited to tidal analysis: most notably, the proximity
of Phobos implies that degree 2, 3, 4, and further tides will be detectable by the VBB and are expected

to provide information about the rheology at different depths within Mars. In order to expedite the
recovery of these tidal signals in the SEIS measurements, we model the tides raised by Phobos using a
tidal potential deduced from JPL Horizons ephemerides. From this potential, we calculate the expected
tidal acceleration at InSight's location and gravimetric factors using a set of plausible interior models of
Mars. To simulate the expected long period signal on the VBB seismometer, we use the InSight Auxiliary
Payload Sensor Suite data to model the noise seen at low frequency by SEIS mainly due to temperature
and pressure variations. Based on this synthetic signal, by applying filtering methods such as stacking and
matched filtering to these synthetic data, we show that by recovering the gravimetric factors, it should be
possible to constrain the state of the core and its size with an accuracy of 125 km after two Earth years.

Plain Language Summary On Mars since November 26, 2018, the NASA InSight mission
made weather measurements of the atmosphere's temperature, wind, and pressure. It has also put a
seismometer at the surface of Mars to see Mars quakes. However, the seismometer can also be used to
measure the tides due to the Martian moon Phobos: by deforming the surface of the planet, the Phobos
tides will create a change in the gravity at the surface of Mars, which can be recorded. As Phobos is closer
to Mars than the Moon is to Earth, the shape of the tides on Mars is more complicated, but can be used to
determine the interior structure of Mars. In particular, its deepest part, the core, is not well determined:

it is still unsure whether it is liquid or solid, and how big it is. We model the expected tides at InSight's
location and noises due to temperature and pressure variations based on the measurements made to guess
what the seismometer will record. This study shows that after two Earth years, we should be able to see
the Phobos tides accurately enough to know the core state and size with an accuracy of 125 km.

1. Introduction

The tides of Phobos raised on Mars can help constraining the internal structure of Mars (Bills et al., 2005;
Lognonné & Mosser, 1993). The tidal response of Mars contains information about its internal structure
(e.g., Van Hoolst et al., 2003), its thermophysical properties (e.g., Nimmo & Faul, 2013) and the temperature
and rheology governing it (e.g., Bagheri et al., 2019). While the Sun is the cause of the largest tides on Mars,
these solar tides have the same period as diurnal temperature and pressure variations (Spiga et al., 2018):
this makes measuring the Martian response to the solar tides from the Martian surface extremely challeng-
ing (Van Hoolst et al., 2003). However, tides raised by Phobos are in a different frequency range and for this
reason less affected by atmospheric signals of diurnal periods (e.g., Lognonné et al., 1996) and therefore
more suitable to be measured by an instrument on the surface, Additionally, due to the proximity of Phobos
to Mars, tides of higher harmonic degree might be detectable as well. Since the harmonic degree affects the
sounding depth of tides, measuring tides of higher harmonics is an effective way to deduce information
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about the planet interior (Lognonné et al., 2019). The Seismic Experiment for Interior Structure instrument
(SEIS) of the InSight mission, when being used as a gravimeter on the surface of Mars, has a resolution that
is good enough to be able to detect the gravitational signature induced by Phobos tides of degree 2, 3, and 4
(Lognonné et al., 2019). However, the accelerations measured by SEIS require advanced signal processing
in order to remove the environmental noise mainly due to surface pressure and temperature variations
(Mimoun et al., 2017; Pou et al., 2018).

In this paper, we construct a forward model of the Phobos tides up to a degree £ = 4, and update the
noise model experienced by SEIS (based on previous works from Mimoun et al., 2017 and Pou et al., 2018)
at low frequencies with the new environmental data measured with InSight's Auxiliary Payload Sensor
Suite (APSS) at the surface of Mars (Banerdt et al., 2020; Banfield et al., 2020). To characterize the tidal re-
sponse of Mars induced by Phobos, we compute Love numbers for a set of plausible interior models of Mars
(Rivoldini et al., 2011; Smrekar et al., 2018; G. J. Taylor, 2013; Yoshizaki & McDonough, 2020). From the tid-
al signature and from our noise model we generate a simulated SEIS output at low frequency as measured
by its broadband instrument, the Very Broad Band (VBB) seismometer. We then apply the recovery method
detailed in Pou et al. (2018) and show that from the measured amplitudes of the Phobos tides, the Martian
core size and state can be determined by accumulating two Earth years of data. Finally, we corroborate our
findings with the real SEIS data from the first Martian year recorded by InSight. While the decorrelation
process is currently less effective due to nonlinear effects, the current trend indicates that the real Phobos
tides should be detectable enough to constrain the core radius with two Earth years’ worth of the data.

2. Tidal Potential of Phobos

By orbiting Mars, Phobos causes a gravitational pull on the planet, which responds to this external forcing
by deforming in the form of a tidal bulge. The response of Mars is a function of its internal structure and
of the tidal potential of Phobos, which can be expressed as a sum of Legendre polynomials (Kaula, 1964):

V() = & i[L)/ P, (cos $) )

a* 2\ a

where G is the gravitational constant, m* and a* the mass and the semi-major axis of Phobos, and P, the
Legendre polynomial of degree €. r is the distance between the center of Mars and the point where the tidal
potential V is calculated, and S is the solid angle between the axis linking the center of Mars to the afore-
mentioned point and the sub-Phobos point on the Martian surface.

For a distant body such as the Moon to the Earth or the Sun to Mars, because of the L* term, only degree 2
a

is usually considered. For the Sun to Mars, its value is around 10~°; however, for Phobos this term is roughly
equal to 0.36 (using values from Jacobson & Lainey, 2014; Seidelmann et al., 2007). Given their large contri-
bution, the higher degree tides thus need to be considered (Bills et al., 2005).

In this work, we use the Phobos ephemerides mar097 from the JPL Horizons software over two full Earth
years (2019-2020) to retrieve the cartesian coordinates of Phobos in the Martian barycenter reference frame.
The time sampling has been chosen to be 1 s in order to fit the nominal sampling rate of SEIS at low
frequencies.

We convert these cartesian coordinates into spherical coordinates in order to retrieve the colatitude 6 and
longitude ¢ of the sub-Phobos point. The angles are used to calculate the ground-track of Phobos over the
2 years (see Figure 1). With the ground-track of Phobos and the position of the InSight lander (4.502°N,
135.623°E, from the HiRise images; Golombek et al., 2020), the solid angle S between InSight and Phobos is
calculated; the differences in position between the HiRise images and the RiSE measurements described in
Golombek et al. (2020) do not change the value of S significantly. Equation 1 is then used to obtain the tidal
potential of Phobos, assuming a semi-major axis of Phobos a* = 9,375 km from Jacobson and Lainey (2014),
a mean radius of Mars of r = 3389.5 km from Seidelmann et al. (2007) and Gm* = 0.7072 x 10> km>.s™>
for Phobos from Pitzold et al. (2014). From this tidal potential is thus derived the tidal acceleration due to
Phobos at the surface of Mars, shown in Figure 1.
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Figure 1. Phobos position over the Martian surface and forcing derived
from the Phobos ephemerides mar097. (a) Ground-track of Phobos on

the surface of Mars for the Earth years 2019 and 2020. The position of

the InSight lander is indicated with a green cross at the top right of the
figure. Due to changes in the Mars-Phobos distance and longer-period
variations (such as apsidal precession (e.g., Jacobson & Lainey, 2014), the
Phobos ground-track does not exactly repeat itself. To distinguish the trace
of Phobos on the Martian surface, each transit has been given a different
color. (b) Tidal acceleration due to the tidal potential of Phobos for degree
2, 3, and 4. Black line represents the total tidal acceleration. Degree 2 is the
greatest tide with a period of 5.55 h, followed by degree 3 with a period of
3.70 h and then degree 4 with a period of 2.78 h.

This tidal forcing from Phobos distorts the shape of Mars, creating dis-
placements, changes in gravitational potential, and variations of surface
gravity. The tidal response of Mars is quantified by the Love numbers h,
k, and I (Love, 1911; Shida, 1912), which depend on the internal structure
and rheology of the planet, and are function of frequency f (e.g., Efroim-
sky & Lainey, 2007). These numbers are used to compute the gravitational
factor &, characterizing the change in local gravity due to the direct attrac-
tion of Phobos and the changes caused by Phobos to Mars. Neglecting
small effects from non-sphericity, the gravimetric factor can be written
as a linear combination of the Love numbers k and h (e.g., Agnew, 2007;
Beuthe, 2015; Dehant et al., 1999):

0+

1 2
6,(f) =1—7k¢(f)+zh¢(f) @)

where ¢ is the degree of the tide considered. Hence, to compute the actual
values of these parameters and determine the tidal response of Mars to
the Phobos tides, it is necessary to model carefully the interior of Mars.

3. Mars Interior Modeling

While the various missions to Mars have arguably made it the best-known
planet after the Earth, its internal structure has yet to be well-constrained
(Smrekar et al., 2018). The bulk chemical composition of Mars has been
deduced from the composition of Martian meteorites (McSween, 1994)
and the data acquired by an orbiting spacecraft (e.g., Boynton et al., 2004),
and assumptions about how Mars formed from the solar nebula. The
gravitational response of Mars to the solar tides has been measured from
orbiters (Yoder et al., 2003) with its most recent value k> = 0.174 + 0.008
(Konopliv et al., 2020) having been used to argue for a liquid core. To-
gether with its bulk density and moment of inertia, these parameters
have been used to constrain the Martian interior structure (e.g., Bagheri
et al., 2019; Folkner et al., 1997, Rivoldini et al., 2011). The secular accel-
eration of Phobos can be used to infer the tidal dissipation within Mars by
constraining the dissipation factor or quality factor Q at the main Phobos
tide (degree ¢ = 2, or 19,980 s) (Bills et al., 2005; Khan et al., 2018; Lainey
et al., 2007; Nimmo & Faul, 2013), and can also constrain its thermal
evolution (Samuel et al., 2019).

Here, we will focus on determining the state and size of the Martian core through the measurement of the
tidal gravimetric factors by the SEIS instrument. The first set of models, labeled TAY, is based on the Mar-
tian composition of G. J. Taylor (2013), using a more extended Martian meteorite database than Dreibus and
Wanke (1985) and matching the composition with surface measurements, like the gamma ray spectrometer
of Mars Odyssey (Boynton et al., 2004). We combine it with a rheology model based on the experimental
data from Faul and Jackson (2007) for dry olivine and a mantle temperature structure based on the hot
end-member of Plesa et al. (2018), also used in Smrekar et al. (2018). The mantle grain size was adjusted
to fit the possible values of the dissipation factor Q5 from Smrekar et al. (2018) and Khan et al. (2018) with
extreme values of Q = 80 (TAY1) and Q = 105 (TAY2), giving grain sizes of 24 and 58 mm respectively, so
that the measured secular acceleration of Phobos is within our bounds. In order to roughly match the k;
measurements from Konopliv et al. (2011) (k; = 0.164 £ 0.009), Konopliv et al. (2016) (k; = 0.169 £ 0.006),
and Konopliv et al. (2020) (k; = 0.174 + 0.008), a liquid core was assumed with a radius between 1,600 and

1,850 km.
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Table 1

Summary of the Key Parameters and References for the Martian Models Used in This Work With Their Labels

Label

Composition Temperature k> range Core range Grain size

TAY1

TAY2

YOCold1l

YOCold2

YOHotl

YOHot2

Solid

G. J. Taylor (2013)

G. J. Taylor (2013)

Casel6 of Plesa et al. (2018) 0.139-0.184 1600-1850 km 24 mm
Liquid

Casel6 of Plesa et al. (2018) 0.139-0.184 1600-1850 km 58 mm
Liquid

Yoshizaki and McDonough (2020) Case 22 of Plesa et al. (2018) 0.134-0.183 1600-1850 km 5 mm

Liquid

Yoshizaki and McDonough (2020) Case 22 of Plesa et al. (2018) 0.134-0.183 1600-1850 km 10 mm

Liquid

Yoshizaki and McDonough (2020) Case 16 of Plesa et al. (2018) 0.134-0.183 1600-1850 km 24 mm

Liquid

Yoshizaki and McDonough (2020) Case 16 of Plesa et al. (2018) 0.134-0.183 1600-1850 km 58 mm

Liquid

Nimmo and Faul (2013) Nimmo and Faul (2013) <0.140 1600-1850 km 10 mm

Liquid

The second set of models is based on the Martian composition from Yoshizaki and McDonough (2020),
using the current knowledge of the composition of the solar nebula and meteorites at the time of Mars’ ac-
cretion. For this composition we use either the hot temperature end-member of Plesa et al. (2018) (labeled
YOHot, or Case 16 in the reference paper) or a profile intermediate between the hot and cold end-member
of Plesa et al. (2018) (labeled YOCold, or Case 22). The rheology model is also based on the experimental
data from Faul and Jackson (2007), and the grain size is set to respectively 5 and 10 mm for YOCold1 and
YOCold2 and 24 and 58 mm for YOHot1 and YOHot2. The core is also assumed to be liquid, with a radius
between 1,600 and 1,850 km.

Finally, a solid core model has also been developed, modified from the work of Nimmo and Faul (2013) with
a potential mantle temperature of 1650 K, an elastic thickness of 125 km and a grain size of 10 mm. We also
choose a solid core radius between 1,600 and 1,850 km to test whether measuring the Phobos tides would
also be able to distinguish between a Martian solid core and a Martian liquid core. This solid core model is
however not favored as its k; values are always smaller than the k5 measurements from the solar tides in
Konopliv et al. (2011, 2016, 2020).

The key parameters and references of our Martian models are summarized in Table 1.

4. Tidal Response of Mars to Phobos

Due to the tidal forcing of Phobos described in Section 2, the surface of Mars deforms, and the gravity meas-
ured at its surface also changes. The change in gravity is given by Stacey (1969):

0 (+1
Ag(r) = X 6,()| Lg m* (L*j Pg(cosS) (3)
=2 a

Mptars

where g, is the surface acceleration due to gravity and m,yq,, is the mass of Mars.

To correctly estimate the gravity changes at the surface of Mars, we must go back to the definition of the
tidal potential given in Equation 1. This equation can be rewritten in terms of colatitude and longitude of
the Martian point (6, ¢) and in Keplerian elements of the Phobos orbit with inclination i*, eccentricity e*,
argument of the periapsis w*, argument of the ascending node Q* and mean anomaly M* (Kaula, 1964):
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s

+sin m¢{ cos} ((Z -2p)o* + (L -2p+ qgM* + m(Q*))
(/—m odd

Here, ¢ is called the degree of the considered tide, and m is the order of the tide. F,,(i*), Gepq(€*) are
polynomial functions of respectively the inclination and eccentricity of Phobos. Because of the negligible
inclination and eccentricity of Phobos i = 0.046° and e = 0.0151 (Jacobson & Lainey, 2014), it is possible to
consider only the order 0 in inclination and eccentricity in Equation 4 for the polynomials Fe,,, and Gep,.

For degree 2, only the terms £mpq = 2200 and émpq = 2010 are not null at order 0, giving the following
tidal potentials:

% 2
Varoo = %Gm*; (1 - cos® 0)(cos(2w* + 2M* + 20Q* — 2¢)) ©)
a
Gm* r* 1 2
Vaoro = — ——(Bcos”0 - 1) (6)
a* 4

Adding them gives the resulting potential:

Vo (r) = Vaso + Vaoro

(7

a* \ a*

2
k
_Gm (Lj %(3(1700529)cos(2w* +2M* + 20% — 2¢) — 3cos>0 + 1)

_ Gm*

a*

2
I l in? 2% * % _ d) —
(a*} 4(3(2s1n Ocos”(0* + M* + Q o) 1)+1)

With our assumption of negligible inclination and eccentricity of Phobos, we can rewrite the colatitude and
longitude of InSight (6, ¢) and the longitude of Phobos (w* + M* + Q) as the solid angle S:

2
_Gm* ([ r 1 2
V=== (—j Z(3(2cos (S)—1)+1)

a*

a* \a

2
_ Gm* (aL*j PZ(COSS)

a*

* 2 1
_om (L*j Z(3cos(2S)+1) (®)

Which is Equation 1 for degree ¢ = 2. As such, the order m of the tide corresponds to the argument of the
cosine in the Legendre polynomial of degree ¢: ¢mpq = 2200 corresponds to the term with 3 cos(2S), while
¢mpq = 2010 corresponds to the constant term in Equation 8. The same correspondence can be made for
degree 3 and 4, with the respective Legendre polynomials:

Ps(cos(S)) = %(SCOS(SS) + 3cos(S))

P, (cos(S)) = 5(35 cos(45) + 20cos(2S) +9)

©)
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corresponding to tides #mpq = 3300, 3110, 4400, 4210, and 4020. This is in accordance with the footnote 9 in
P. A. Taylor and Margot (2010), where they investigated the effects of high degree tides for binary systems.
The degree 3 tide pattern has two components: one with a period equal Phobos synodic period of T; = 11 h
06 min from the cos(S) term and another with a periodicity of T5 = 3 h 42 min, with the latter being the one
with the greater amplitude. The degree 4 tide pattern also has two components, the largest amplitude being
at T, = 2 h 47 min, but also a term at T, = 5 h 33 min, which is the same period as the periodicity of the
¢ = 2 Phobos tides. This overlapping pattern will create interference and be an issue when trying to separate
the different degrees contributions in the data.

We can rewrite the gravimetric factor from Equation 2:

l+1 2
5%711/7({ =1- Tk(/mpq +—h (10)

/ {mpg
The frequency dependency of the Love numbers is indicated by the order m of each term for the tidal po-
tential of degree ¢. For degree ¢ = 2, only m = 2 corresponding to the period T is used. However, for degree
3, we have to consider m = 3 but also m = 1. This means that the Love numbers must be calculated at both
periods T; and T, written in our notations 6;(T;) and 85(T3) (or 83110 and s300)- The same can be said for
degree 4 with periods T, and T.

In an elastic case, the solid angle S between Phobos and InSight would be perfectly in phase. However, in
reality, Mars must be modeled as a viscoelastic body. Because of tidal dissipation from viscous effects, the
tidal bulge of Mars will be misaligned with Phobos by an angle called the lunar-tidal interval (Redmond
& Fish, 1964), or geometric lag angle (MacDonald, 1964). This is expressed as a phase lag ¢ to be added to
the solid angle S inside the Legendre polynomials in Equation 1 (Kaula, 1964). This angle depends on the
internal structure of Mars and more particularly on internal dissipation, characterized by the quality factor
Q (e.g., Efroimsky & Makarov, 2013; Murray & Dermott, 2000), also frequency dependent (Efroimsky &
Lainey, 2007; P. A. Taylor & Margot, 2010). The phase lag writes as:

1
€impg =~ = mj/l/mpq’ (11)
Q(:mpq
where y is the geometric lag angle between the tidal bulge of Mars raised by Phobos and Phobos’ actual
position on its orbit.

A possible way to represent the viscoelastic behavior of Mars is to treat the Love numbers and the gravimet-
ric factor as complex variables (e.g., Moore & Schubert, 2000): the ratio between their imaginary part and
their real part is then a function of the dissipation factor:

1 — 3(]( {mpq )
Qé’"l"] 9{(kfrnpq ) (12)

This highlights the frequency dependency for the geometric lag angle and the tidal amplitude. The dissipa-
tion factor Q is highly dependent of the frequency (Bagheri et al., 2019; Efroimsky & Lainey, 2007), while
the amplitude of gravimetric factors through the Love numbers is less dependent (Khan et al., 2018; Nimmo
& Faul, 2013). As the term ¢ = m has the greatest amplitude, when talking about amplitude, we will focus
on the main period T, corresponding to the degree ¢. Thus, we will use the simplified notation &, for the
gravimetric factor 8,, (equal to 5,(T,)).

To get the tidal response of Mars to Phobos, we computed the complex Love numbers k and & up to degree
4 for the three set of models described in Section 3. We derived their respective gravimetric factors, and
calculated the expected amplitude of the tidal response of Mars to the tidal potential of Phobos by taking
their absolute value, shown in Figure 2. Because most of the gravity changes at the surface of Mars from
Phobos is due to its direct attraction, the phase lag of the gravimetric factor is much smaller than the ge-
ometric lag angle. This means that the maximal gravity change from the Phobos tides will be only very
slightly off from the tidal potential of Phobos.
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Figure 2. Absolute (a) and relative ratio (b) of the gravimetric factor for degree 2, 3, and 4 Phobos tides for the three sets of models described in Section 3.
Solid core gravimetric factors are significantly smaller than liquid core ones. Cold mantle models also tend to have smaller gravimetric factors than hot mantle
models. Error bars are from accuracy given in Table 3.

Besides constraining the interior of Mars with the gravimetric factors for each separate degree, another
possibility described in Lognonné et al. (2019) is to study the ratio between the gravimetric factors. While
this requires a more complex measurement compared to only measuring the degree 2 (the signal with the
highest amplitude [Pou et al., 2018]) this method does not need an absolute calibration of the gravimeter,
hence may be more accurate. Figure 2 shows the ratio between the amplitudes of either degree 3 and degree
2, or degree 4 and degree 2 for the three sets of models. The values of the gravimetric factors in Figure 2 are
given in Table 2.

5. Noise Model and Expected SEIS Output

Prior to InSight's arrival on Mars, noise models had already been developed for SEIS, such as Pou et al. (2016),
Murdoch, Kenda, et al. (2017), Murdoch, Mimoun, et al. (2017), Mimoun et al. (2017). While these studies
were mainly focused on the seismic range between 0.01 and 100 Hz (Lognonné et al., 2019), low frequency
noises were the focus of Pou et al. (2018). Thermal noise has been identified as the dominant source of
noise, followed by pressure noise. Because of how large these noise contributions were expected to be, noise
decorrelation was assumed necessary to retrieve the Phobos tides from the SEIS VBB POS (position) data,
whose output is the most suitable one for long period analysis (Pou et al., 2018). As seen in Figure 1b, the
amplitude of the modeled Phobos tide signal is less than 2 X 10~% m.s™2, which is smaller than the resolu-
tion of the SP seismometer of 6.7 X 10™> m.s™* on its best output (MPOS) at tidal frequencies (Lognonné
et al., 2019). Therefore, we expect that only the VBB seismometer on InSight will be able to detect it on its

Table 2
Values of the Gravimetric Factors and Their Ratio Shown in Figure 2 Based on the Martian Models Described in
Section 3

Parameter for given core size TAY1 TAY2 YOCold1l YOCold2 YOHotl YOHot2 Solid
8, (1,600 km) 1.0508 1.0505 1.0494 1.0492 1.0515 1.0512 1.015
8, (1,850 km) 1.0654 1.0650 1.0651 1.0648 1.0673 1.0669 1.03
65 (1,600 km) 1.0214 1.0212 1.0209 1.0208 1.0218 1.0216 1.008
85 (1,850 km) 1.0275 1.0273 1.0274 1.0272 1.0283 1.0281 1.015
8,4 (1,600 km) 1.0117 1.0116 1.0116 1.0115 1.0120 1.0119 1.005
6, (1,850 km) 1.0139 1.0137 1.0138 1.0137 1.0143 1.0142 1.01
83/6, (1,600 km) 0.9720 0.9721 0.9729 0.9729 0.9718 0.9719 0.9931
85/8, (1,850 km) 0.9644 0.9646 0.9646 0.9647 0.9635 0.9637 0.9854
64/8, (1,600 km) 0.9628 0.9629 0.9639 0.9640 0.9625 0.9627 0.9901
04/8, (1,850 km) 0.9516 0.9518 0.9518 0.9520 0.9504 0.9506 0.9806
POU ET AL. 7 of 19
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scientific position output, as its resolution on high gain should be better than 3 x 107" m.s™> (Lognonné
et al., 2019).

The first results from InSight show the SEIS noise performance is even better than expected based on on-
Earth tests, with a noise level slightly above 107 m.s 2. Hz “/? at a period of a few seconds for the VBB seis-
mometer, measured in the early evening when the atmosphere is still (Banerdt et al., 2020). Atmospheric
data have also been recorded with unprecedented continuity and accuracy, and are in accordance with pre-
vious prediction and modeling (Banfield et al., 2020). This is of particular interest for this study, as environ-
mental noise from the atmosphere is the main noise source for the seismic sensors (Lognonné et al., 2020),
and has been postulated to be the same at low frequencies (Pou et al., 2018). Here, we wish to remodel the
environmental low frequency noises as measured by SEIS with the updated continuous atmospheric data
from InSight. For the instrument self-noise levels, given the better than expected performances of SEIS, we
will keep the noise data from Earth-based tests used from Mimoun et al. (2017), and used for instance in
Clinton et al. (2017) or Pou et al. (2018).

In previous studies, the preferred method to model the thermal noise was to use measurements from pre-
vious Martian missions (Lognonné et al., 2019; Van Hoolst et al., 2003), and to use global circulation mod-
els to estimate the pressure at the InSight landing site (Murdoch, Kenda, et al., 2017; Murdoch, Mimoun,
et al., 2017). While Mars Pathfinder was near the Martian equator like InSight (Schofield et al., 1997), both
the temperature and pressure data recorded lack continuity over a whole Martian year (roughly equal to 2
Earth years), thus the preference for the Viking Lander 2 data (Murphy et al., 1990). Now, with the arrival
of the InSight lander, we have access to the continuous temperature and pressure data of the Martian at-
mosphere with a better continuity and time sampling compared to previous missions (Banfield et al., 2020).
However, as InSight has only been on-site since November 2019, it has not recorded yet the data for a full
Martian year. The solution implemented here was to use the InSight measurements for the temperature and
pressure instead where both the data were continuous, interpolate them to have a time sampling of 1 s and
extrapolate them with a convolution with the Viking 2 data trend over 2 Earth years (one Martian year).
Examples of the data are accessible in (Banfield et al., 2020) or in Figure 4.

Thermal noise is modeled according to the previous works of Mimoun et al. (2017) and Pou et al. (2018), by
filtering the atmospheric temperature with two first-order low pass filters. The first one represents the WTS,
the Wind and Thermal Shield protecting the SEIS instrument, with a time constant of 7.2 h. The second
represents the sphere/Remote Warm Enclosure Box (RWEB), the part where the SEIS VBB seismometers
are, with a time constant of 3 h. To this filtered temperature, representing the most accurate temperature
sensor (the SCIT, scientific temperature), a phase lag r,?lg of 10 h is added to model the propagation delay
between the outside of the sphere (inside the RWEB) where the SCIT sensor is, and the inside of the sphere
where the SEIS VBB seismometers are. Finally, the thermal noise as seen by the seismometer is given by
multiplying the phase-lagged temperature to the thermal sensitivity of the VBB « assumed constant (Mi-
moun et al., 2017), as shown in Equation 13:

0
Mihermal = & TSCIT([ - Tlag) (13)

Following the works of Pou et al. (2018), three different effects are considered to model the pressure noise.
The first one is atmospheric loading: as the atmosphere causes a forcing on the Martian surface, the ground
moves and creates a surface tilt signal that can be seen by a seismometer (Murdoch, Kenda, et al., 2017; Sor-
rells, 1971). The second one is the free air anomaly effect: as mentioned in Lognonné and Clévédé (2002), an
accelerometer at the surface of a planetary body also sees acceleration on its vertical axis caused by a vertical
ground displacement of the planetary surface due to the atmosphere. This phenomenon grows stronger at
very low frequencies and therefore must be considered in our case; however, as modeled in Pou et al. (2018),
it is still smaller than the atmospheric loading at the diurnal frequency of 1.1 X 10> Hz and therefore also at
the main Phobos tide frequency (¢ = 2 for f = 50 uHz). Lastly, the atmosphere above the gravimeter exerts a
gravitational attraction on the instrument (Beauduin et al., 1996; Spiga et al., 2018; Ziirn & Widmer, 1995);
the sum of all these three effects were added as pressure noise in the model.

We add all the previous mentioned noise sources (thermal noise, pressure noise, and instrumental noises)
with the tidal response of Mars calculated in Section 4 to create a synthetic acceleration input that SEIS is

POU ET AL.
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Figure 3. Amplitude spectral density of the decomposition of the main contributions of the synthetic Seismic
Experiment for Interior Structure Output: thermal noise model, pressure noise model and Phobos tidal signals. Both
thermal noise and pressure noise must be corrected before being able to resolve the Phobos tides. The reference tidal
lines have a finite width due to windowing and instrument response. Vertical dotted lines denote tidal periods.

expected to see at the surface of Mars; we also add the main ¢ = 2 Solar tide, as the main Phobos tide is
only 8% of the Solar tide amplitude (Van Hoolst et al., 2003). The response of the VBB seismometer is taken
from the SEIS metadata available on the Geosciences node of the NASA PDS in order to simulate the SEIS
synthetic output that we will get from the insight mission over its nominal duration. The result is shown in
Figure 3, giving similar results compared to the previous works of Pou et al. (2018) and the gravity changes
calculated in Section 4 for each separate tidal degree. Both this work and those of Pou et al. (2018) yield
a similar amplitude spectrum which is to be expected as the InSight data are in good accordance with the
previous missions data and modeling (Banfield et al., 2020). It is also clear that the Phobos tidal signal will
be challenging to recover from the SEIS output, as the signal-to-noise ratio of its strongest component, the
degree-2 tide, is close to 107, This being the case, we will explain in the following section our proposed
methodology to extract the Phobos tides from this synthetic SEIS output.

6. Synthetic Data Inversion

The first step of the inversion is to convert the synthetic SEIS output into the acceleration at the surface of
Mars. This is done by using the VBB transfer function available as the metadata through IRIS or the NASA
PDS Geosciences node. Because we are focusing on long period signals, the VBB output of interest is the
VBB POS output, here assumed to be at High Gain. However, subtracting the instrument response from
the VBB output is not enough to get the tidal acceleration of Mars, since the seismometer is also sensitive
to various noise sources. Because of how strong they are compared to our tidal signals, these noise sources
have to be removed using noise decorrelation.

Similar to what was done in Pou et al. (2018), we will use the fact that we have a lot of information on the
noise seen by SEIS thanks to the temperature and pressure sensors, and that we also know the shape of
the Phobos tides signal from the Phobos ephemerides and the forward modeling done in Sections 2 and 4.
Therefore, the favored method here is to use matched filters (Turin, 1960). The first one is in order to correct
the phase lag 7;,; between the temperature sensor SCIT and the temperature of the VBB seismometer, which
is the direct cause of the modeled thermal noise seen. This is done by maximizing the correlation between
the synthetic SEIS output from Section 5 and the temperature from the SEIS temperature sensor:

+00
Tigg = Max, IOutputSE,S  Tgepp (t — 7)dt (14)

—00
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Figure 4. Illustration of the noise decorrelation process. (a) Application of the matched filter to correct the
temperature phase lag with the thermal noise seen by the Very Broad Band seismometer. Solid lines are temperatures,
while dotted line is our synthetic Seismic Experiment for Interior Structure (SEIS) output. While the plot only shows
data for about 2 Earth weeks, the filter is run over the 2 years to get the aforementioned accuracy of 0.02%. (b) Synthetic
SEIS output compared to the result of the thermal noise decorrelation using the filter described in Equation 15. (c)
Comparison between the result of the thermal noise decorrelation and the atmospheric pressure shows as expected a
high correlation between the two signals. (d) Residual after pressure decorrelation using an least mean square adaptive
filter.

where Outputsgs is our synthetic SEIS output and T is the temperature given by the SCIT sensor. The var-
ious signals and results are shown in Figure 4. With 2 years of data, the implemented phase lag of 10 h is
recovered with an accuracy of 0.02%.

Once the phase lag is corrected, thermal noise decorrelation is performed by trying to find the thermal sen-
sitivity o of the VBB seismometer. This is done by using another matched filter:

POU ET AL.

10 of 19



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science 10.1029/2021EA001669

ASD (m.s"?/sqrt(Hz))

+o0
= max _[ pressure(t) = diff (o, 1)dt (15)
o

—0

VBB

sensitivity

diff(a,t) = Outputgps(t) — aTge(t — z',ag) (16)

where « is the estimation of the VBB thermal sensitivity and 7,44 our esti-
mation of r,(f,g from Equation 13 with the matched filter from Equation 14.

The input of the matched filter is made of two components. The first one
is the pressure from the InSight pressure sensors, used as a reference to
what the output should look like. The second part is a differential signal
(called diff in Equation 15) equal to the synthetic SEIS Output (data noise
in Figure 4) minus our estimation of the VBB thermal noise. This noise

L 105 10‘-4 ] is assumed to be equal to a o parameter (representing the VBB thermal
Frequency (Hz) sensitivity) times the temperature corrected by the phase lag found from

the previous matched filter (temperature called “Temperature scaled and

Figure 5. Amplitude spectral density of the residual after temperature phased” in Figure 4). The value of « is determined as the value that cre-

and pressure decorrelation, and of the Phobos tides of degree 2, 3, and 4.
In order to reduce artifacts from windowing and interpolations in gaps, a

Thomson multitaper has been applied.

ates the output the most similar to the pressure measurements.

The main advantage of this technique is to guarantee that pressure noise

decorrelation will be possible after the thermal noise decorrelation. This

may not be the case when using other filtering techniques such as least
mean square (LMS) filtering since both pressure and temperature are highly correlated due to similar diur-
nal variations. Because only the pressure variations around the Phobos tidal frequency range are of interest
to us, the pressure has been high-pass filtered with a cut-off period of one month. The result of this second
matched filter is shown in Figure 4a. Since the matched filter is designed to maximize the correlation be-
tween the differential signal and the pressure, the residual is as expected very close to the pressure signal in
shape as seen in Figure 4b.

Pressure decorrelation at seismic frequencies has been studied before the InSight landing in Murdoch, Ken-
da, et al. (2017), where using an LMS adaptive filter yielded good results. The same method was also used
in Pou et al. (2018), with similar results. Therefore, we will use the same method for the pressure decorre-
lation. Since pressure noise is the last major noise to correct before seeing the Phobos tides (see Mimoun
et al., 2017; Pou et al., 2018, and Figure 3), the precautions used for the temperature decorrelation are not
required. The result of such filtering is shown in Figure 4c: as expected, the residual is very similar to a tidal
signal of degree 2. This is not the main Phobos tide, but the main Solar tide, as its amplitude is more than
10 times stronger than the main Phobos tides.

As the residual is dominated by the Solar tide, one might think that retrieving the solar gravimetric factor
of Mars is easier. This is not the case because the main Solar tide is highly correlated with the diurnal noise
sources and their harmonics. Although the noise decorrelations were effective, they were not perfect and
altered the Solar tides while reducing the noise levels. This is less the case for the Phobos tides, since their
frequency range is distinct from the diurnal harmonics (Lognonné et al., 1996; Van Hoolst et al., 2003), as
shown in Pou et al. (2018). The gravimetric factor recovery can be found by calculating the spectrum of
both the residual and the expected tidal potential of Phobos from Section 2, and calculating the ratio of the
respective spectra at the Phobos tidal frequencies (see Figure 5).

However, such a method has its limits. As the degree 2 Phobos tide has only a cosine term in cos(2S) (see
Equation 8), one might believe taking the Fourier transform of the output at the ¢ = 2 period of 5 h 33 min
will yield the gravimetric factor 6,. This is not the case, because the degree 4 of the Phobos tide also presents
aterm in cos(2S) (see Equation 9), and therefore the ratio of the spectra at the € = 2 period of 5 h 33 min will
be impacted by the ¢ = 4 tides and thus §, too. This is clearly visible in Figure 5, where the amplitude of Dg2
(degree 2 Phobos tide) is noticeably less than the amplitude of the residual at its main frequency. A solution
is to use once again a matched filter like the one used for the temperature decorrelation (see Equation 15),
but with the differential signal being the residual after all decorrelations minus the potential of the ¢ = 2
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Figure 6. Accuracy in the retrieval of the gravimetric factor &, for the Phobos tides of degree ¢ = 2, ¢ = 3 and ¢ = 4.
Top plot is over 2 Earth years, while bottom plot shows the second year's worth of data. This is the error due to the noise

remaining after the inversion process.

Phobos tide times the gravimetric factor ,, and maximizing its correlation with the Phobos tidal potential

at ¢ = 3 as this degree does not have a cosine with a period of 19,980 s.

The matched filter obtained is:

2

diff (6,1)

Il

Il

+00
[ V3 = diff (5.1)dt

Residual(t) — 5Ag, (1)

with Ag, being the terms of the change in gravity in Equation 3 separated by degree.

an

(18)

The same formula can be used for determining &, with V,, while for &;, the correlation can be maximized
when using V, times the differential function. The results over time of this method are given in Figure 6:
the accuracy of the absolute gravimetric factors after two Earth years is better than 0.3%, 0.6%, and 0.2%
respectively for 8,, §;, and &,, while the relative gravimetric ratios are better than 0.5% for 8/, and 0.3% for

84/8, (see Figure 6).
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7. Sensitivity Study

The results shown in Figure 6 assuming that everything is known with a perfect precision, and linear ef-
fects. But, besides the inversion errors due to the noises seen by SEIS, other errors have to be taken into
account in our inversion study, as they will also impede the recovery of the true gravimetric factors of Mars
at the Phobos tides periods.

In order to retrieve the gravimetric factors of Mars under the forcing of Phobos, we recovered the local
gravity variations as seen by SEIS based on Equation 3, which can be rewritten to make the tidal potential
of Phobos more explicit:

/+1
< m* (..
Ag(rmar,&') = z 6( ég() [Mj P/ (COSS)

=2 Mptars a*
z Gm* (r, ™
=2 6,0 ——| s R(cosS)
=) a*? \ a*
19
!
< d Gm;k rl" s
- Socg| G () rleos)
2 . ay
= /§2 5/ d_r((rmurs)

where 7,4 is the Martian radius at the InSight lander location. The local gravity variations seen by SEIS are
in a frequency range where the VBB POS transfer function can be considered as a single gain (Lognonné
et al., 2019). Therefore, the relation between the SEIS output and the actual gravity variations at the surface
of Mars can be written:

_ Outputggg

Ag(r) (20)

Gaingps

Gainggys is the absolute gain of SEIS. In Pou et al. (2018), the authors estimated a possible recovery of this
absolute quantity with a relative error of 0.4% for the calibration method they devised; we will take the same
value. The complete expression for the calculation of a degree ¢ gravimetric factor is:

Output g

i Gm* ! 1)
Gainggs * | ¢ m(’} P,(cosS)

a*? \ a*
Equation 21 is differentiated to determine the worst-case total error on the gravimetric factor:

AS,  AOutputgg N AGainggg

o, Output ggig Gainggg
A(Gm*) Ar, Aa
+ + (- (U +1)—
Gm* ( ) Trars ( ) a 22
AP, (cosS )
+ —_— L
P, (cosS)

The first term refers to our decorrelation process detailed in Section 6. The second term is the error deter-
mined in Pou et al. (2018), estimated to be possibly constrained around 0.4%. The four terms left are linked
to the ephemerides of Phobos and Mars, and to the actual position of SEIS and the InSight lander on Mars.
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7.1. Error Determination

While the error due to our decorrelation process depends on the time spent on accumulating the data (see
Section 6 and Figure 6), the other errors present in Equation 22 can be evaluated beforehand. First, the error
on the SEIS gain is assumed here to be at 0.4%, based on the estimations from Pou et al. (2018).

The position of SEIS has been accurately determined by a combination of remote imaging from orbiters and
Doppler-based radio science with the RiSE experiment aboard InSight (Golombek et al., 2020). Given the
HiRIiSE accuracy of about 25 cm per pixel, this translates into a latitude and longitude error of respectively
less than 0.0055% and 0.000025% (McEwen et al., 2010).

Recent flybys by Mars Express close to Phobos constrained its mass down to 1.5% error (Pitzold et al., 2014),
but distant flybys were also considered resulting in a conservative estimation. If only taking into account the
close flybys, the Phobos mass estimation can be as low as 0.3% error on the mass (Andert et al., 2010), and
secular evolution models of the orbit of Phobos can even reduce it to less than 0.1% (Konopliv et al., 2006;
Rosenblatt et al., 2008). As such, we will consider a middle ground of the estimation of the Phobos mass
from the close flybys around 0.5%. Using these mass estimations, the ephemerides of Phobos have been
refined, with errors on the distance between Phobos and Mars down to 2 km and 30 millidegrees for the
inclination and declination. This means relative errors of 0.03% on the distance and 0.04% on the angles
(Jacobson et al., 2018). These errors might also be further reduced with future planned missions to Phobos
such as MMX (Campagnola et al., 2018).

7.2. Gravimetric Factor Recovery

When estimating the gravimetric factors separately for each degree, all the errors in Equation 22 must be
taken into account. The main contributors are then the error due on the gain of SEIS, with an assumed
value here of 0.4% and the error in the mass of Phobos, evaluated at 0.5%. However, these two errors can be
canceled when estimating the gravimetric factor ratios, as they are the same for every gravimetric factor. In
that case, the dominant error is due to the inversion process. This error is smaller the more data are accu-
mulated, and is also smaller for degree 2 and degree 3 as they are the biggest tidal signals. Considering all
these errors, we can update Table 2 with our estimations of the recovery of the gravimetric factors of Mars
at the Phobos tides frequencies (Table 2).

The first column is derived from the maximal uncertainty still permitting differentiation between the 6
first models (liquid core) and the last one (solid core) in Figure 2 and Table 2. The second column is made
assuming a Martian liquid core (as favored by the k5 measurements) as the maximal uncertainty allowing
differentiation between the dotted lines (core size of 1,850 km) and the solid lines (core size of 1,600 km),
thus giving a possible core size estimation better than 1,725 + 125 km.

From these values, our conclusion is that a total data duration of two Earth years should be enough to deter-
mine J, and 6,/8, with sufficient accuracy to constrain both the state of the core and its size with a margin
of 125 km.

7.3. Phase Lag Recovery

As both the amplitude and the phase lag of the gravity variations induced by the Phobos tides are helpful
to constrain the Martian interior, we also tried to recover the phase lag with various noise decorrelation
methods. However, because of how small it is (0%, = 100 equals a time lag of about 32 s), we did not manage
to recover the phase lag and the quality factor Q with an accuracy better than the range of 80-105 that we
choose for this study.

Two main methods were tested: the first one was a similar matched filter as given in Equation 15 for the
recovery of the thermal phase lag, but applied to the residuals from Equation 17 after all noise decorrela-
tions for each tidal degree at their main frequencies. The second one was to use stacking over a Martian
sol of all the gravimetric signals, and try to do a Bayesian inversion based on a Random Walk Monte-Carlo
algorithm to try to recover both amplitude and phase lag of the tides, while using noise-free data from the
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Figure 7. Amplitude spectral density of the Seismic Experiment for Interior Structure output data and the residual
after thermal decorrelation compared to synthetic pressure noise from our model in Figure 3 and the Phobos main
tide (I = 2) spectrum. Data shown here are between June and December 2020. The pressure noise model is similar to
or lower than the residual spectrum because the current least mean square decorrelation partially correct pressure
effects too as they are highly correlated to temperature. Peaks at high frequencies in the residual are due to the solar
harmonics being amplified due to the temperature power of 2 and 3 used. DG data means data without glitches (for
deglitched), while raw data are data with glitches still present.

Phobos ephemerides as a priori constraints. But because of interference between the cosine frequencies
and the small phase lags, neither of these methods managed to get an accuracy on 0%, better than 50 with a
time sampling of 1 s on the data after 2 years, and was even worse for the other quality factors 0f; and O}),.
As a consequence, we do not expect to be able to get additional constraints on the Martian interior from the
phase lag of the Phobos tides induced gravity variations.

8. Discussion

The data processing described above has also been tested on the real SEIS data (available from the InSight
Mars SEIS Data Service, 2019). As we do not have yet a full Martian year of data, we did not expect the
inversion process on the real data to be currently able to see the Phobos tides precisely enough to actually
constrain the interior structure of Mars.

Processing of the actual data turned out to be much more challenging than theoretical models due to vari-
ous effects. Glitches (Scholz et al., 2020) are seen by SEIS as steps in acceleration and therefore adding noise
at all frequencies, so they must be corrected. Thermoelastic effects inside SEIS due to deformations of the
ring supporting the sphere where the VBB seismometer is located also made the thermal decorrelation more
complicated, as the scientific temperature is close to a sine wave, while all three VBB outputs are not. The
VBB thermal sensitivity is also itself a function of temperature (see Lognonné et al., 2019). Ground tempera-
ture modeling as a possible source of thermal noise creating a ground tilt has also been studied based on the
works of Siegler et al. (2017), but has been found to be much weaker than the signal observed. The heater
activation for the Martian winter in May 2019 also made it complicated to combine the data before and after
the activation, as the temperature range changed a lot and so did the thermal noise. Similarly, because of
increasing noise in the Martian atmosphere starting in February 2020, the VBB TCDM (Thermal Compen-
sation Device Mechanism) had to be modified causing major changes in the VBB response in May 2020. In
this study, we hence focused our efforts on the data between June 2019 and May 2020.

Current decorrelation efforts use the scientific temperature SCIT channel together with the VBB temperature
channels, in phase with the VBB POS outputs but their resolution is much worse. To retrieve the temperature
sensitivity of the VBB thermal sensitivity, the inversion uses a LMS fit between each separate VBB output
with the SCIT and the VBB temperature, with the last one being considered at the power one, squared, and
cubed. We did not go beyond the power 3, because the power 4 of the temperature would have a frequency
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Figure 8. Thermal decorrelation results of the Seismic Experiment for Interior Structure output data over time and
future prevision with linear fit. Data range is between June 2019 and May 2020. The expected accuracy for recovering &,
to the accuracy to get the core size was expected be reached after 2 Earth years’ worth of data based on the initial trend
(for data from June 2019 to January 2020), but stronger atmospheric noise likely due to the Martian dust storm season
have delayed it. The first data points look very good, but this is because the least mean square fit is too good when only
having a few days worth of data and deletes a lot of signal without making the Phobos tides apparent. While the current
thermal decorrelation results are worse than the synthetic data decorrelation results in Figure 6, they are currently
without pressure decorrelation which should greatly improve residuals.

close to the main Phobos tide (44 uHz compared to 50 pHz), and we wanted to avoid removing relevant signal
as much as possible. To model the changes in the VBB thermal response, fits were done on a Sol-to-Sol basis.
Because the thermal decorrelation is currently done by a LMS fit over each Sol separately, pressure decorrela-
tion is not yet feasible. As more data become available, temperature decorrelation should yield better results
over the whole range of the data, which would allow us to also decorrelate the pressure-related signals.

Results of the decorrelation for the data between June and December 2019 are shown in Figure 7, where
we can see that the residual of the temperature decorrelation reduced the noise level by around two orders
of magnitude at the main Phobos tide frequency, down to approximately the level of noise the atmospher-
ic pressure is expected to be at. Deglitched data, noted DG in the figure, have slightly less noise than the
raw data as expected, but on long durations do not appear to change the impact of the temperature decor-
relation as both spectra of the decorrelated deglitched data and decorrelated raw data are similar. Alter-
native methods in time domain such as stacking and only considering the evening and night data (as they
have a much lower noise level, Banerdt et al., 2020) are also being investigated but with no results so far.

The trend of noise reduction is shown in Figure 8. We expected to be able to distinguish between models
using the Phobos tides after at least after two Earth years based on the data between June 2019 and January
2020, but increasing atmospheric noise starting in February 2020 may delay it. However, the results here are

shown with only thermal noise decorrelation. While the current residual

Table 3 spectrum is below the expected pressure noise, this is because the LMS fit
Accuracy Needed to Constrain the State of the Size of the Core of Mars, on the temperature also corrects pressure effects due to the high correla-
From the Gravimetric Factors Shown in Figure 2 Based on the Models tion between temperature and pressure; however, pressure effects cannot
Described in Section 3, With Estimated Parameter Recovery Errors be corrected together with the temperature using a LMS fit as was shown
Accuracy needed  Accuracy needed Parameter in Pou et al. (2018) and verified with our updated synthetic noise model.
for the state of the  for the size of the  recoveryafter2 A time goes by, thermal noise decorrelation will improve and pressure
Parameter core (%) core £125 km (%)  Earth years (%) . . . . . . .
noise decorrelation should also be possible, likely improving our residual
[ 3.4 1.2 1.1 for an earlier detection of the Phobos tides. If this is confirmed and the
8, 1.2 0.5 1.4 theoretical results given in Table 3 are confirmed, then SEIS should be
5, 0.4 0.2 1.0 able to resolve the state of the core and its size with an accuracy better
5.6 o . 8 than +125 km when using either the absolute amplitude of &, for the
¢ = 2 tide, or the relative ratio between d, and &,.
04/6, 2.2 1.2 1.1
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More accurate Martian models may also be possible by combining these SEIS measurements with sub-
surface observations, as InSight has been doing with dust devils and probing the upper crust with crustal
reflected waves (Lognonné et al., 2020). Deeper constraints may be possible through analysis of the first
marsquakes (Giardini et al., 2020; Lognonné et al., 2020). The precession and nutation of Mars (Dehant
et al., 2012) and the Chandler Wobble (Konopliv et al., 2020) could also provide additional information on
the deep Martian structure.
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