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Abstract Understanding the internal structure of Venus promotesitipéoration of the evolutionary history

of this planet. However, the existing research concerrtiegrternal structure of Venus has not used any
inversion methods. In this work we employed an inversionhoétto determine the internal structure of
Venus using observational or hypothetical geodetic datsd data include mass, mean radius, mean mo-
ment of inertia and second degree tidal Love nunieiTo determine the core state of Venus, we created
two models of Venus, an isotropic 3-layer model with eniigeid core and an isotropic 4-layer model with
liquid outer core and a solid inner core, assuming that ttegior of Venus is spherically symmetric and in
hydrostatic equilibrium. A series of the sensitivity arsyof interior structure parameters to the geodetic
data considered in here shows that not all of the parameterbe constrained by the geodetic data from
Venus. On this basis, a Markov Chain Monte Carlo algorithns wsed to determine the posterior prob-
ability distribution and the optimal values of the interstducture parameters of Venus with the geodetic
data. We found that the 3-layer model is more credible tharittayer model via currently geodetic data.
For the assumption of the 3-layer model with the = 0.295 + 0.066, I/M R* = 0.33 + 0.0165, and

p = 5242.7+ 2.6 kgm~3, the liquid iron-rich core of Venus has a radius3ab4 35> km, which suggests a
larger core than previous research has indicated. Thegweemnsity of the mantle and liquid core of Venus
are41017322 and118857933, kg m~3, respectively.

Key words: planets and satellites: interiors — planets and satelltersestrial planets — planets and
satellites: physical evolution — planets and satellitesdiamental parameters

1 INTRODUCTION surface of VenusRlorensky et al. 1977 and changed our

_ . understanding of this planet. Carbon dioxide with a content
Venus was once considered to be Earth’s sister planet bgf ahout 96% dominates the atmosphere of Venus and the
cause of the similarity in mass and radius and their closgyrface temperature of Venus is about 730&y(or 1985,
proximity in the Solar system. Therefore, the initial knewl \yhich are significantly different from Earth. Moreover,
edge about the internal structure of Venus was based ofkenus lacks the plate tectonicSgohn et al. 2014found
the understanding of the interior of Earth. Early researclyn Earth. These observations indicate that the interiar the
assumed that Venus, like Earth, consisted of a solid inn&ha activity and evolution history of Venus is different
core, liquid outer core, viscoelastic solid mantle, and solfrom Earth. The understanding of its internal structure is

id crust. Tremendous differences between the surface ¢f crucial foundation to explore the origin and evolution of
Venus and Earth have been discovered since the beginningnus.

of Venus exploration missions, such as Venera 9 (which
was the first lander that returned images from the surface of  In the past few decades, many different methods have
Venus). Venera 9 also collected data about pressure, terbeen applied to study the internal structure of Venus.
perature, wind velocity and material composition on theGrimm & Solomon(1988 used radar altimetry data and
topography of impact craters from Venera 15/16 to infer
* Corresponding author Venus's crustal thickness and found that this value was in
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the range from 10 to 20 km with a density of 2900 kgtn  Using Doppler tracking from the Magellan and Pioneer
Geoid-to-topography ratios were used in recent researctenus Orbiter (PVO) spacecraft dat&nopliv & Yoder
to determine the crustal thickness of Venus. Applying thig1996 estimated that the value 6§ is 0.295 +0.066 (20).
method,James et al(2010 inferred the crustal thickness Dumoulin et al.(2017 also constructed six models based
as 30 km.Yang et al.(2016 estimated this value to be on different chemical composition to calculate the synthet
about 25 kmBuck (1992 determined the crustal viscosity ic tidal Love numberk,. In their study, ak. value larg-
of Venus to be at least 1®Pas by using geoid and topog- er than 0.27 indicated a partially or entirely liquid core.
raphy data; the crustal viscosity of Earth was considere@hus, Venus quite likely has a liquid core instead of an en-
to be10'? — 1026 Pas Bills et al. 1994, for comparison. tirely solid core. For the sake of simplicity, we call these
However, these methods and data are unable to constrafiorward modeling methods’, which use models whose pa-
the mantle and core of Venus. rameters are known to calculate the synthetic data, as op-
Among the various geophysical approaches, seismoPosed to inversipn methods. The forward modeling mthod
ogy may be the most suitable method for determining thdS N0t only applied to the studies of Venus but also wide-
internal structure of planets. Unlike the Passive Seismity USed in the studies of other planets. With the help of
Experiment (PSE) that was executed during the Apollothe tidal Love numbek, and tidal dissipation factor Q of

mission to the Moon, the seismic data collected by Venerf® Moon,Harada et al(2014, Harada et al(2019, and
13 and 14 Ksanfomaliti et al. 198pwhich received by Willlams & Boggs (2019 found the evidence of the exis-

only a single seismic station, were insufficient for infer- ence of a partially melting layer in the lunar lower mantle.
ring the internal structure of Venu&igapmeyer 2011 Padovan et al2014 studied the relationship between the

Thus, there were only hypothetical models of the inter-F2 @nd the size and composition of the core of Mercury
nal structure of Venus. In the Basaltic Volcanism Study2nd Provide evidence of the existence of a solid Fe-S layer
Project Basaltic Volcanism Study Project 198the den- at the top of the core of Mercury. Generally, the tidal Love
sity of the core of Venus was considered to be aboufumberk; responds to the internal structure of planets, es-
9800 kgnT?, and the core radius was determined to beP€cially the lower mantle and core.

3252 km. Steinberger et al(2010 used gravity anoma- A combination of planetary geodetic parameters —
lies and topography to estimate the density of the upincluding mass, mean radius, mean moment of inertia
per mantle to be 3378 kgni. They also inferred the (Mol), and tidal Love numbek, — have been employed
core radius to be about 3186 km with a mantle viscosto explore the mantle and core of the Moon and Mars
ity of 102° — 1023 Pas.Parmentier & Hes$1992 esti- (Matsumoto et al. 203%Khan et al. 2018 Since the cal-
mated the viscosity of a mantle of Venus @$ x 102!  culation of tidal Love numbek, from model parameter-
—1 x 10%! Pas using a geochemical methetliang et al. s, unlike calculating mass and mean Mol, is a non-linear
(2013 studied Venus’s mantle convection models by nu-process (see Appendix B), a Markov Chain Monte Carlo
merical simulation, and found that average mantle viscostMCMC) algorithm was introduced to address inversion
ity of 2 x 102! Pass is consistent with present observationgproblem. By using the MCMC algorithnivJatsumoto et al.

of Venus, including the volcanism, topography, and gravi{2015 inverted lunar interior structure to extract informa-
ty. Aitta (2012 used the empirical relation between densitytion about lunar core structure based onthemean Mol,
and pressure to build the mantle model, applying tricriti-mean density, and seismic travel timkhan et al.(2018

cal phenomena theoryitta 2010 to constrain the liquid also used the MCMC algorithm to invert the Martian in-
core. These results indicated that the average densities t#rior structure and composition based /onn mean Mol,
mantle and core of Venus to be 4600 and 10600 k§m mean density, global tidal dissipation factor Q, and prior
respectively, with a core radius of 3228 km, although, thegeochemical information. However, this method has not
core state of Venus was not well determined. been applied to Venus.

To determine the core state of Venus, the tidal response Most research in the past addressing the internal
was introduced into studies. Venus is deformed by the tidadtructure of Venus has used the forward modeling method
force of other celestial bodies, such as the Sun. This tidgle.g., Yoder 1995 Aitta 2012 Dumoulin et al. 201y, but
deformation reflects the rheological parameters of Venusone of the existing research is considered the inversion
expressed by three dimensionless Love numbetsand method. Only a limited number of internal structure mod-
h. Yoder (1995 used a series of models whose parametersls were studied with the help of the forward modeling
were fixed to calculate the theoretical second degree tidahethod. The inversion method is necessary to understand
Love numbetk, of Venus. Yoder found that if Venus has a the internal structure of Venus further. To fill this gap,
solid iron-rich core, the synthetig is about 0.17; and this this paper uses the MCMC algorithm to invert the internal
ko would range from 0.23 to 0.29 for a liquid iron core. structure of Venus with its geodetic data. The rest of this
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Table1l The Geodetic Data of Venus 2.2 Inversion Method

Parameter Symbol Value . . .
y g ;; SIS Lik To infer the internal structure model of Venus, we intro-

ean radius . m .
Standard gravitational GM  324858.592 & 0.006 x 109 m3s—2 duced a MCMC algorithmNlosegaard & Tarantola 1995
Mean Mol I/MR? ~0.33 an effective method to solve the nonlinear inverse problem.
Tidal Love number k2 0.295+0.066 The posterior probability distributions of the modelsn)
Mean density P 5242.7 £ 2.6kgm

are given as follows:

m(m) = C - 6(m)L(m), @)

paper is arranged as follows: in Secti@mve describe the
data and inversion methods; in Secti®mwe present re-
sults and analysis, including parameter sensitivity asialy
and inverted interior structure; in Sectighwe discuss
the effects of different hypothetical Mol and different
uncertainties of Mol ands on the estimation of internal
parameters; finally, we draw a conclusion in Secton

whereC' is a constant coefficient{m) is the a priori prob-
ability distribution ofm; L(m) is the likelihood function.

We assume that the models of Venus is spherically sym-
metric and in hydrostatic equilibrium. To study the status
of the Venus's core, the models are divided into three and
four isotropic layers respectively. The 3-layer model in-
cludes crust, mantle, and a liquid core. The 4-layer model
includes crust, mantle, liquid outer core, and a solid inner
core. The parameters of each layer of the models are the
radius, mean density, viscosity, P-wave velocity) and

2 DATA AND INVERSION METHODS S-wave velocity V;), which are based on the density and
the Poisson ratio. The methodology is schematically illus-
2.1 Geodetic Data trated in Figurel.

As shown in Figurd, the first step is to build an initial
In this study, we employed Venus's mean radi's model. The parameters of the initial model are used to cal-
(Seidelmann et al. 20Q7standard gravitational parame- cylate the synthetic geodetic dafa Mol, and k). From
ter GM (Konoplivetal. 1999, degree two tidal Love this, the likelihood functiord.(m), which measures the m-
numberk, with primary tidal flexing period 58.4 days isfit between synthetic data and observed data, is obtained.
(Konopliv & Yoder 199§ and normalized mean Mol e assume that the noise of the observations is Gaussian
I/MR? (Yoder 1995. These values are summarized in gistributed and consider that observational uncertairtie
Tablel. mong the data sets to be independent. Tkm) is given

In Table 1, due to the lack of observation data on by

Venus surface and the extremely slow rotation of Venus,

the mean Mol was not well determine&dula 1979 [doee — deg?' (m)]?
_ : : o L(m) exp{ — —0bs 5
In previous studies, the mean Mol was widely consid- 20\ o1 @)
ered to be around 0.33Y¢der 1995 Zhang & Zhang [k —df2(m)2 [dP,, — d7, (m)]?
1995 Lodders et al. 1998Mocquetetal. 2011 In our 20132 20% }’

study, we choose a hypothetical value of 0.33 as the

“observed” data of Mol and assume 5% of 0.33 aswhered.ys, dcal, o are observed data, synthetically com-
uncertainties (&), with further explanation on Appendix puted data of model, and the uncertainty on observed data,
A. In addition, we also considered different hypotheti-respectively. The tidal Love numbks and the normalized
cal value of Mol and different uncertainties of Mol to mean Mol are calculated using the approach outlined in
study the effect of varied hypothetical Mol on inver- Appendix B.

sion results, the results can be seen in the Supporting Second, these parameters are perturbed in a random
Information http://ww. raa-journal.org/ walk way to build a new modeh, ;. For the density and
docs/ Supp/ ns4565SI . pdf ). The mean density and the core radius, the transition function between two step-
uncertainty was calculated from standard gravitationas is p;11 = p; + N(0,0?), o is adjusted to make the
GM and Mean radius® with the gravitational constant acceptance rate near 0.25¢lman et al. 1996 the tran-

G = 6.674184(78) x 10"t m*kg=!'s~2 (Lietal. 201§.  sition probability of Poisson ratio is uniform. New syn-
The tidal Love numbek, was estimated from Doppler thetic values of each observed data and likelihood func-
tracking data of Pioneer Venus Orbiter (collected fromtion L(m,,;) is obtained. Comparing the two-likelihood
December 1978 to September 1982) and the Magellafunction, if L(m;;1)/L(m;) > 1, a new model is accept-
mission (collected from September 1992 to October 1994)d; if L(m;41)/L(m;) < 1, the new model is accepted


http://www.raa-journal.org/docs/Supp/ms4565SI.pdf
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4>| Initial Model mo | geodetic data cannot be well constrained. Thus, we con-
¢ ducted a series of sensitivity studies on the parameters of

each layer first. Detailed test results and analysis aregive
in Appendix C. In the previous studies, there are few dif-

| Parameters Perturbation |

¢ ferences in estimating the crustal thickness and density of
| Old Model m, |<7 Venus, based on different data and methods. However, the
¢ mass of Venus crust is only about 0.5% of the total mass

of Venus; therefore small changes in the parameter of crust

—>| Parameters Perturbation | ) ) ) )
¢ have little impact on final results of mean moment of iner-
N—— tia and tidal Love numbel,. These parameters cannot be
ew Model my;4, . .
Calculate L(my.p) well constrained by current geodetic data. Thus, we set the

parameters of crust as fixed values. Furthermore, to ensure
parameter consistency, the model adopts Yoder's assump-
tion for the Venus crustal structur&dder 1995. We set

the crustal parameters as follows: the density of crust is
2850 kg n13, the viscosity of crust i$02? Pa s, and Lame
coefficients are 56.4 and 35.8 GPa respectively.

In the mantle region, the sensitivity analysis indicates
that the density and seismic velocity are sensitive to cur-
rently geodetic data. The core radius also has a signifi-
Output Markov Chain cant impact on synthetie,. However, the rheology model
{mo my, .. m; My, } in our studies is adopted the Maxwell viscoelasticity, and
tidal Love numbelk, does not change with a viscosity of
mantle when the viscosity larger thag'® Pa s. This mean-

s the mantle viscosity is not sensitive#te under the cur-
rent understanding of Venus. Therefore, we set the viscos-

Is the New Model
Accepted?

T+ Aq pajeIo)] st [9POIAL PIO

Is Markov Chain
Converged?

Yes . .
: ity of mantle to10?! Pas Parmentier & Hess 1992nd
Decorrelate Sampling other parameters of mantle were regarded as free parame-
v ters.

Posterior Probability p| Estimate Interior The core region of the 3-layer and 4-layer models is

Distribution of Parameters Parameter . . _—

discussed separately. The shear modulus of ideally liquid
Fig.1 Flow chart of the calculation process. is considered to be zero, and we also assumed the viscosity

of liquid core is 0 Pa sde Wijs et al. 1998 The sensitive

with probability L(m; 1)/ L(m;), rejected with probabili-  analysis of liquid core indicates that the P-wave veloagity i
ty 1 — L(m;y1)/L(m;). If the new model is rejected, then not sensitive to tidal Love numbég. This is mainly due to
we do this step again to get an acceptable new model. Thsur method, in Equationd3(9) and B.10), y5 andy- are
old modelm,; is replaced by the acceptable new modelnot affected by\. Therefore, only the density of liquid core
m;;1 and does a new perturbation basedwn;. Tillthe  is regarded as free parameters in the 3-layer model. In the
maximum number of iteration reached, all acceptable mod4-layer model, the liquid core part is similar to the 3-layer
els are recorded to generate Markov Chains. model, and the sensitivity analysis of solid inner core-indi

Third, we sample from the models of the Markov cates that the density and radius of inner core are sensitive
Chain, to reduce the effects of autocorrelation among themo the geodetic data. The sensitivity of viscosity relies on
The posterior probability distributiomr(m) can be ob- the radius of inner core. With a small inner core, viscosity
tained by these sampled models. Thus, the parameters @fnot sensitive to tidal Love numbgs. However, it can be
internal structure can be estimated from the posteriorprolconstrained if there is a large inner core within Venus (e.g.
ability distributions and used to build the model of Venus. the radius of inner core is larger than 2500 km).

For a 3-layer model, the inverse problem is simplified
3 RESULTSAND ANALYSIS by reducing the number of parameters needed to be invert-
ed from 15 to 5. These five parameters are the mantle seis-
mic velocity of P-wave and S-wave, the core radius, and
Due to the limited quality of the currently geodetic datathe density of mantle and core. In addition, for a 4-layer
for Venus, some parameters that are not sensitive to th@odel, the inverse problem is simplified by reducing the

3.1 Parameters Sensitivity Analysis



C. Xiao et al: Inversion of Venus Internal Structure 127-5

number of parameters needed to be inverted from 20 to &igures2(d), (e) and (f) show that the posterior probability
These eight parameters are the mantle seismic velocity afistributions of mean moment of inertia, tidal Love num-
P-wave and S-wave, the radius of the inner and outer corber k; and mean density are similar to the geodetic da-
the density of mantle, inner core and outer core, and th&. This indicates that the sampled models fit the geode-
viscosity of inner core. tic data well. Figure2(g) shows the posterior probabili-

The a priori probabilities of parameters are based oY distribution of mantle density with the optimal value
the previous study (e.gBasaltic Volcanism Study Project ©f 4101 kgnt?, which is at the highest frequency. Based
1981 Lodders et al. 1998Steinberger et al. 201Qitta ~ ON the normal distribution hypothesis, the mantle densi-
2012. The a priori probability of mantle density is u- 1Y iS estimated ad076 + 350 kgm~? (10). Figure2(h)
niformly distributed between 3300-4600kg—f The shows the posterior probability distribution of the core ra
pressure in the center of Venus is about 275 GP4lius and the optimal value is 3294 km. The core radius,
(Steinberger et al. 20)0which is less than the pressure based on a normal distribution hypothesis, is estimated as
at the center of the Earth. Thus the average density of271 + 238 km (1). Figure2(i) shows the posterior prob-
Venus’s core must be smaller than the density of Earth'@bility distribution of core density. The optimal value of
core center (about 13000 kg ). Based on the under- Core density is 11885 kgnt, However, the normal dis-
standing of rocky type planets, the density increased byibution hypothesis is rejected by the distribution ofeor
depth. Therefore, we added a restriction to the core derflensity. Figure2(j) shows the posterior probability distri-
sity, which makes it less than 13000 kg fhand larger bution of S-wave velocity in mantle with the optimal value
than the density of mantle, and the a priori probability®f 6720 ms'*, whichis at the highest frequency. Based on
distribution is uniform. For the 4-layer model, the densi-the normal distribution hypothesis, the mantle S-wave ve-
ty of the iron-rich solid core is uniformly distributed be- lOCity is estimated a6690 & 701 ms™* (1o). Figure2(k)
tween 12000-13000 kg i, and the density of the liquid shows the posterior probability distribution of P-wave ve-
core is uniformly distributed between the solid core denJocity in mantle with the optimal value of 9707 m$,
sity and the mantle density. The viscosity of inner core igvhich is at the highest frequency. Based on the normal
log-uniform distributed betweet04 — 1027 Pas. The a distribution hypothesis, the mantle P-wave velocity is es-
priori probability of core radius is a uniform distribution timated a®833 + 776 ms™* (10).

The a priori probability of Poisson ratio is uniformly dis- As shown in the sensitivity analysis in Appendix C,
tributed between 0.25-0.3, which is a rough estimate fronthere are many trade-offs between pairs of interior param-
the PREM modelDziewonski & Anderson 1981 eters. We also give the joint probability density functidn o
pairs of interior parameters, which is shown in FigGre
3.2 Inversion Results Since the models should match the observations of mass
and radius, the core density and mantle density have a neg-
We employed an MCMC algorithm in our inversion pro- ative correlation, as shown in FiguB¢a). For the same
cess for the 3-layer model with an entirely liquid core.reason, the density of mantle and the core radius have a
In total, 10 Markov chains were generated, and length o$trong negative correlation, as shown in Fig8(e). The
each chain was one million. The first 30% of the chaincalculation ofk, is closely related to the shear modulus
was thrown away as a burn-in perioMigtsumoto etal. of the mantle ¢ = pV7?), thus there are negative correla-
2019 and seven million models are collected. Then, wetion between mantle density and S-wave velocity, and pos-
performed an autocorrelation analysis of each chain; thiive correlation between core radius and S-wave velocity,
autocorrelation coefficient can be neglected after 850 oras shown in Figure8(c) and (h). Other pairs of interior
ders. In that case, we sampled 8240 models from theggarameters seem to be weakly correlated or unrelated (cor-
seven million models, which reduce the autocorrelation ofelated coefficient less than 0.3).

models. The posterior probability distribution of the ob-  aAnother issue is that it was hard to give the tolerance
tained models and parameters is shown in Figure scope of core density based on one-dimensional posteri-
Figures2(a), (b) and (c) show the joint probability den- or probability distribution. To address this issue, we con-
sity functions of each pair of synthetic geodetic data. €hesstrained core density by using core radius as an auxiliary
functions were generated by the covariance matrices afondition. This condition was given by one-dimensional
each pair Mol k2, and mean density and their expectationsposterior probability distribution. For a one-dimensibna
rather than the spread of results data point. The correlatioGaussian distribution, there are about 68% of the model-
coefficient of Mol andk, is —0.357; the correlation coeffi- s within +1¢. To determine the tolerance scope of core
cient of Mol and mean density is840 x 10~3; the corre-  density, we want to find an area contains 68% of the mod-
lation coefficient o, and mean density is3.805x10~%.  els whose core radius range from 3033 to 3509 kgm
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Fig.2 The joint probability density function between (a) mean neainof inertia andks; (b) mean density and mean
moment of inertia; (c) mean density atgd; The posterior probability distribution of the synthetieagletic data and
parameters (d) mean moment of inertia; (e) tidal Love nunibeff) mean density; (g) density of mantle; (h) core radius
(CMB); (i) density of liquid core; (j) S-wave velocity of méae; (k) P-wave velocity of the mantle. Thed curvesin

(d) (e) and (f) indicate the geodetic data aad curvesn (g) (h) (j) and (k) are the normal distribution curves lthea
results.

and make this area as small as possible. As shown in Considering that the mean Mol of Venus cannot be
Figure 4, under the constraint of core radius, there areobtained by current observations and the parameter esti-
68% models located in the area with core density rangmations are strongly affected by the hypothetical value of
ing from 10643 to 12840 kg m’. By combining with the  Mol, we also performed inversion on different values of
optimal value of core density, the core density is estimated/lol to study its influence on the parameters estimation.
as11885™95%, kgm2. We choose 0.34 which is close to the upper limit of the es-
timated Venus Mol (i.e., 0.340Qumoulin et al. 201yand
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the total mass and radius consistent with the observations,
the core density also increased with the Mol. In addition,
the seismic velocity will also decrease as the mantle den-
sity increases to ensure the Lame coefficienéid 1) of

the mantle matches the observatiorkef

13000

11000 |

We also generated 10 Markov Chains for the 4-layer
model which contain both solid inner core and liquid outer
bk core, each chain with a length of one million. We throw

2000 e away 30% of the chain and sampled from the remaining
2500 3000 3500 4000 chain to reduce the autocorrelation, as we did in 3-layer
Core Radius (km) model. The posterior probability distribution of the ob-
Fig.4 Two-dimensional posterior probability distributions tained models is shown in Figuge
of core density and core radius, color indicate the possibil  |n Figures5(a), (b) and (c), the joint probability den-
ity: red means high probability density and thizemeans sity functions of each pair of synthetic geodetic data

low probability density; the tolerance scopes with are . gy :
present byblack line are shown. The correlation coefficient of Mol ahsl is

—0.426; the correlation coefficient of Mol and mean den-
sity is4.936 x 10~3; the correlation coefficient df, and
0.32 which is much low than current Mol estimations. Themean density i$.987 x 10~3. Figure5(f) shows that the
results are shown in the Supporting Information (Figs. Slposterior probability distribution of mean density is sim-
and S2). ilar to the observation, however, the posterior probabili-
With the hypothetical Mol increase, the density of ty distributions of mean moment of inertia and tidal Love
mantle increased and the core radius decreased. To ensumemberk, are slightly biased from the observations with-

9000

Core Density (kg m'3)
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Fig.5 The joint probability density function between (a) mean neainof inertia andks; (b) mean density and mean
moment of inertia; (c) mean density akgt The posterior probability distribution of the synthetieagletic data (d) mean
moment of inertia; (e) tidal Love numbes; (f) mean density. Theed curvesn (d), (e) and (f) indicate the geodetic data.

in 10. The synthetic data of Mol is slightly larger than the with depth. In the results of Aitta, the average densities
geodetic data and the valuefefis slightly smallerthanthe of core and mantle are 4600 and 10600 kg’mrespec-
observed data. Furthermore, both the posterior probgbilittively. For Aitta’s 1 km-layer model, the calculated Mol is
distribution of Mol andk, reject the normal distribution 0.338; based on the assumption of isotropic 3-layer model

hypothesis. with the mean density given by Aitta, the value of calcu-
lated Mol will be 0.347. On the one hand, the geodetic
4 DISCUSSION data of Mol we used((33 £ 0.0165) is slightly different

_ from Aitta. On the other hand, even if the observed data
By comparing the results of 3-layer model and 4-layeryre the same, the different assumption of model structure

model, we found that the 3-layer model, which only con-yij cause the different solution of interior parameters.
tain an entire liquid core, can better satisfy the geodetic

data. However, due to the limited quality of the observed ?_LQ]E;‘GSUHS mply that the core radlus_ of venus s
data, the posterior probability distribution ef did not ex- 3294 2361 km, andis larger than _the value estimated in pre-
ceed the range of currently observed data. Thus, we could®!s research. The value of tidal Love numligrused

not completely reject the hypothesis of the existence f sol™ previpus research is less than 0.29 (e¥gdler 1993
id inner core. If the uncertainties of the observed(and Xia & Xiao 2002 Zhang & Zhang 1995 However, our

also the Mol) are greatly reduced in future, like the accu_research useBonopliv & Yoder (199§'s observed data

racy of those of Marskonopliv et al. 201§and the Moon which is0.295 £+ 0.066 and contain the value larger than

(Williams & Boggs 2015%, the core state of Venus will be 0.29. As_§hown in Figuré:.; the tidal I__ove numbek,
better understood. was positively correlated with core radius. Therefore, we

Based on the assumption of 3-layer model, our inargue that Venus has a larger liquid core than in previous

version results of the mantle and core density of Venu?tUd'eS'

are41017322 and 11885115}, kgm~3, respectively. Our We performed a numerical simulation to test the ef-
results are close to the researchLofdders et al(1998, fect of more accurate Mol and Love humbgron the in-
who found an average density of the mantle and core dferior parameter estimations. We assume a “True Model”
Venus are 4000 and 12000 kgrhrespectively by using with ppanie = 4000 KgmM=3, peore = 12493 kgm=3,

a 3-layer model. However, our results are different fromr.,.. = 3200 km, V; =6400 ms!, andV,, =9500 mst.

Aitta (2012'’s study, which assumed that the density variesThus the synthetic value df,, Mol and mean density of
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Fig.6 The joint probability density function between (a) mean neatnof inertia andc,; (b) mean density and mean
moment of inertia; (c) mean density akd. The posterior probability distribution results of nunoati simulation-1.
(d) mean moment of inertia; (e) tidal Love numbegr (f) mean density; (g) density of mantle; (h) core radius @M
(i) density of liquid core; (j) S-wave velocity of mantle;)(R-wave velocity of the mantle. Thred curvesdn (d), (e) and
(f) indicate the assumed geodetic data geticurvesn (g) to (k) are normal distribution curves based on results

the True Model are 0.2928, 0.3304 and 5243 kglnre-  tion, we also studied the effect of different level of noise o
spectively. We keep the uncertainties of mean density agarameter estimations, the results are listed in T2laled
+2.6 kgm~3 which is consistent with the geodetic data the posterior probability distributions shown in Suppagti
listed in Tablel. We add a 1% noise @f, and Mol, respec- Information (Figs. S3—-S6).

tively. The inversion results are shown in Figéén addi-
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Fig.7 (a) The response of tidal Love numberto varying viscosity of mantle; (b) The response of dissgrafactor Q
to varying viscosity of mantle.

Table 2 Inversion Results of Numerical Simulations

No. ko Mol Pmantle [KIM™3]  reore [KM]  peore kgM~3] Ve [ms™'] V,[ms™!']  Figure
1 0.2928 +£0.0029 0.3304+0.0033 4006 %+ 78 3196 £56 12480 +£274 6416 & 159 9503 & 239 Figure6
2 0.2928 +0.0020 0.3304+0.0100 4071 +168 3171 4+89 12490 £490 6417 + 168 9513 + 249 Figure S3
3 0.2928+0.0100 0.330440.0100 4089 4197 3173+ 126 124507320 6453 + 279 9557 +£416 Figure S4
4 0.2928+0.0100 0.330440.0165 4160 279 3152+ 161 125107430 6527 + 324 9565 + 440 Figure S5
5 0.2928+0.0330 0.3304+0.0165 4127 +349  3192+268 124337357 6590 + 697 9724 + 802 Figure S6

As shown in Figures$(g)—(j), the mantle density is of mantle and core cannot be obtained directly. In this case,
4006 + 78 kg m~3; the core radius i8196 & 56 km; the  we want to find out whether other geodetic data can be used
core density i92480 4+ 274 kg m~3; the S-wave velocity is  to constrain viscosity. Furthermore, we found that theltida
6416+£159ms!; the P-wave velocity i8503+239ms~!.  dissipation factor Q is sensitive to the mantle viscositbe T
Comparing the results with Simulation-5, which has thesensitivity analysis of the viscosity of mantle and theltida
same level noise of the geodetic data listed in Tdblwe  dissipation factor Q is shown in Figure
found that the uncertainty of interior parameters reduced As shown in Figuré, the synthetic values of tidal dis-
significantly. In addition, the expectation of the posteri-sipation factor Q calculated by forward modeling method
or probability distribution is almost the same as the “Truerange from2 to 5 x 10° when the viscosity of mantle
Model”. Moreover, we found the mantle density and corevaries from10' to 102* Pas. In addition, the tidal dissi-
radius decreases significantly with the decreased noise pfation factor Q is sensitive to mantle viscosity larger than
Mol, while the seismic wave velocities are strongly related10'® Pas, which the tidal Love numbgjs is not sensitive.
to the noise level of,. Therefore, values with higher ac- Therefore, if there is observed data of Q in the future, then
curacy fork, and Mol are needed to constrain further thethe viscosity of Venus mantle can be constrained well.
interior parameters; however, given our 3-layer model as-
sumption, the inverted P-wave and S-wave velocity of thé CONCLUSIONS

mantle reflect the average velocity of seismic wave rather . _
L ag octty ¢ . . We used the MCMC algorithm to obtain the parameters of
than the seismic velocity profile, which varies with depth.

L - . ) .. 3-layer and 4-layer isotropic spherical symmetric model of
To obtain this seismic velocity profile, an array of seismic . : o
. : . Venus as constrained by current geodetic data and prior in-
stations on the surface of Venus is required.

formation. The 3-layer model fits the geodetic data; how-

The viscosity is one of the key parameters to buildever, the 4-layer model is slightly biased by the geodetic
Venus internal structure and used to calculate tidal Lovelata. Thus, based on our results, a liquid core inside Venus
numberk,. Unfortunately, the viscosity cannot be well is more credible than a solid inner core with a liquid out-
constrained by the currently available geodetic data. Ther core. However, the complete negation of the solid inner
crustal viscosity can be obtained by combining the minereore thesis requires data that are more accurate. In consid-
al composition obtained from surface sampling in the fu-eration of available geodetic data, we estimated the interi
ture and rheological results from laboratory rock experi-or parameters of Venus based on the assumption of 3-layer
ment Burgmann & Dresen 20Q08However, the viscosity model.
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Based on the sensitivity analysis of 3-layer model, thd_aboratory of Radio Astronomy and Data Processing
goal of this paper is to invert the average density of thgKF201813).
mantle and core, the seismic wave velocity of the man-
tle, and the core radius of Venus by using current geodeAppendix A: ANALYSISOF MOI

tic data. The following conclusions are drawn: based on )
currently geodetic data:§ = 0.295 + 0.066, I/ MR* = The mean Mol of Venus was not well determined, espe-

0.33 + 0.0165, andp = 5242 + 2.6 kgm~3), the core cially because of the slow spin rate of Ven#s(la 1979
radius of Venus i$294+21% km, the average mantle den- Mocquet et ?I. 201)31 H-owever,f WI'[I‘(;O[IJI thedcc;nstramt of )
sity of Venus is41017322 kgm~3, the average density of gﬁanSMoll,; eslyml e.t'(;.Mc"c(’j ";]O ehs ten g lto:\{)/proac
the liquid core of Venus i4188593%, kgm 3, and the 0-4 (See FigA.1). It indicated that the model of Venus
dkely to be a uniform sphere, which is far from the result-

P-wave and S-wave velocities of the mantle of Venus ar i ) 5 !
9707’:2% and 6720’:%% ms-!, respectively. Our results S of .preV|o-us stgdles. We performed the addlltlonal smu—
te inversion without the Mol, and the result is shown in

indicate that there is a larger core in Venus. Considering®
that Venus’s Mol cannot be obtained by any direct observa-'9ureA-.l.

tions at present, we also provide the other inverted results AS Shown in FigureA.1(a), the mean Mol of mod-
based on different hypothetical value of Mol. It suggest-&!S tends to be closer to 0.4. Besides, Figarg(b) and

ed that the internal structure of Venus cannot be uniquel§€) Show that the posterior probability distribution kf
determined by current tidal Love numbersolely. and mean density fit the observations well. As shown

Considering of future Venus missions and the possibili? Figure A.1(d), the mantle density tends to approach

ity to improve the accuracy of observations, we simulatedn® mean density, with the vaIu;lof 5242 kgtn The
a numerical calculation with the assumption of differen-€Stimate of core radius 18986 7¢; km, as 'shown in
t uncertainties in thé, and Mol to study the influence of FigureA.1(e), which is less than our results in Section 3.
the improved accuracy on inversion results. We found thaf oM FigureA.1(f), we see the core density is almost ran-

about 1% uncertainty of the geodetic data was sufficient tdOmIy distributed within the search space. The results in-
estimate the interior parameters. dicate that, without the constraint of Mol, the model would

Due to the limited quality of the observed data, the vis-become unrealistic and unsuitable for estimating some of
cosity of mantle cannot be only constrained by current tidain® Parameters. However, if we use Mol as a condition to
Love numberk.. However, the viscosity of the mantle is sample from the simulation results, we are able to estimate
sensitive to the tidal dissipation factor Q, and this reisult 1€ parameters. The results of sampled models are shown
consistent with other published resear€unoulinetal. N FigureA.2. _ o _
2017). Thus, if the tidal dissipation factor Q of Venus can ~ Compared with the results of our inversion in Section
be obtained, then it will boost internal structure research 3 the probability distributions obtained by these two meth

In future work, our understanding of Venus interior ods are almost the same. That is to say, our solution is

can be improved in terms of data and model assumptioHUdUded in the inversion results without the constraint of
s. Directly measured seismic data would boost our undefMO!- Therefore, we considered the Mol as constraints and
standing of the internal structure of Venus. A workshop or'S€d @ widely recognized Mol value of 0.38ger 1995

the feasibility and technical details of building a seismicZNang & Zhang 1995Dumoulin et al. 201y

station on the surface of VenuStévenson et al. 20) &as .

organized by the Keck Institute for Space Studies (KISSf\PPendix B: EQUATIONS

in 2015. I_f we cons-lde.r an |n\{er3|on mgdel that asSUMe® 1 model is in hydrostatic equilibrium and divided into
that density and seismic velocity vary with depth, then the[hree or four spherically symmetric layers. The total mass

rgsults will be closer.to the rgal situation. Slmultane}agsl and mean moment of inertia of three layer model are com-
higher accuracy orbital tracking and lander data will 'm'puted as:

prove the constraint of the seismic velocity profile.
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WHereperust, Pmantle, @aNdpy. are the density of Venusian ~ dyz _ 2 ()\% B y2)

crust, mantle, and liquid core, respectivedyis the mean dr r dr

density of Venus,R is the radius of Venus, and,antle, 1 /20 +p)

r. are the radius of mantle (Moho surface) and core Ty ( r _pg) [2y1 = n(n + 1)ys]

(CMB), respectively. The four layer model is similar to
Equations B.1) and B.2), that a term of solid core is

n+1 2g
Y1 —p | Ys — Ys +—uy1 ),
r r r

added. (B.4)
To solve the tidal Love numbér,, we basically fol- dys 1 1
low the formulation proposed blakeuchi & Saitq1972), ar ;y4 + ;(y?’ — ) (85
which originated fromAlterman et al(1959. In addition,
the calculation for a liquid part is simplified based on the dya _ Adyr  A+2p [2y1 — n(n + 1)ys]
dr r dr r2 (B.6)

formulation of Saito (1974, the differential formulations

for solid layer are written as:

dy1 1 A
E — \ n 2M {yQ . [2y1 TL(TL + 1)y3]} ) (Bs)

2u 3 p
+ 5 —ys) =~y =~ (ys — gy),

dy n+1
d_5 =ye +4rGpyr — Ys,
T T

(B.7)
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dys _n—1 (6 + A7Gpy1) Appendix C: SENSITIVITY ANALYSIS
dr r (B.8)
n dnGp 291 — n(n + 1)ys]. This section is focused on the response of tidal Love num-
berks, the mean Mol and the mean density to the changes
The liquid layer is written as: in the interior parameters of each layer. Whether the syn-
dys 47Gp n+1 thetic data obtained from the models are consistent with
. (T - ) Ys +yr, (B-9)  observed data is not the primary concern in this section.
We set an initial model, in which the radius, average den-
dyr _ 2(n—1) 4nGp ys sity, viscosity, and seismic velocity of each layer are fixed
dr " 9 (B.10) Vvalues. One or two parameters were changed and used to
+ (” —-1_ 47TGP) yr. calculate a series of forward models to determine the sensi-
r g tivity of tidal Love numberk,, the mean Mol and the mean
Here we consider Maxwell viscoelasticity as the rheologi-density to changes in the interior parameters.
cal law for tidal deformation (e.gReltier 1974. The com- From Equations§.1) and @.2), the mean density and
plex elastic moduli are derived as: mean Mol are calculated directly using the density and
- W thickness of each layer, as the mean density and mean Mol
= + £7 (B.11) are sensitive to interior parameters. However, the uncer-
. . tainty in the Mol is large for crustal parameters. In previ-
N = WA+ (B.12) Ous studies, the crustal thickness ranged from 10 to 30 km,
iw+ & crustal density ranged from 2800 to 2900 kginand the

wherev is viscosity and the real moduli are: synthetic Mol data had less than 0.5% difference. For syn-
thetick, data, the difference was about 0.3%. Considering

_ 2
w=rvs, (B.13) the quality of current observations, we set the parameters
A=pV) —2p. (B.14)  of the crust as fixed values.
Bulk modulusk is Mean density is calculated by the density and thick-
ness of each layer, as the quality of observed mean densi-
K=+ gH (B.15) ty data is accurate enough to constrain the mantle density

and thickness. We analyzed the sensitivity of mantle pa-
rameters to the tidal Love numbkey and mean moment of
(B.16)  inertia, the results are shown in FiguCel.

Tidal frequencyw is written as:
2w

= Z

T is solid tidal period andin EquationsB.11) and B.12)

w

From FigureC.1(a) we found that when core radius
, , . ; varies from 3100 to 3300 km and the density of mantle
IS an 'mag'”ary unlt: varies from 3700 to 4200 kgn#, the synthetick, cal-

By using Equationsi.3) to (B.10), y; to yr are cal- 14104 py forward model ranges from 0.244 to 0.307.
culated frpm core to surface layer by Iaygr. Finally, on theFrom FigureC.1(b) we found when core radius varies
surface, tidal Love numbers can be obtained: from 3100 to 3300 km and S-wave velocity of mantle

ha = gy, (B.17) varies from 6500 to 7500 n$, the synthetick, calcu-

lated by forward model ranges from 0.248 to 0.310. From

la = gys, (B.18) FiguresC.1(c) we found when core radius varies from
ko =ys5 — 1. (B.19) 3100 to 3300 km and P-wave velocity of mantle varies
from 9000 to 11000 ms', the synthetid:, calculated by
forward model ranges from 0.261 to 0.318. In addition, in
FigureC.1(d) we found that when core radius varies from
3100 to 3300 km and viscosity of mantle varies froo*
[ka| = V/[R(k2)]? + [S(k2)]2. (B.20) 0 1023 Pas, the synthetic tidal Love number changed
in a very large range. However when viscosity of mantle is
larger thanl0'® Pas, which is similar to Earth mantle,
Q== ) (B.21) has almost no change. From FiguZel(e) we found that
S(k2) when core radius varies from 3100 to 3300 km and density
Because the formulation is singular at the center of thef mantle varies from 3700 to 4200 kg, the synthet-
model, we set a 1 km radius uniform sphere in the centeic Mol calculated by forward model ranges from 0.312 to
of model as the initial condition. 0.342. Then we analyzed the sensitivity of core parameters

With the complex moduli, tidal Love numbés is a com-
plex number, but its modulus is needed in the final calcu
lation, expressed as:

Tidal dissipation facto€) is calculated as follows:
|2
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to tidal Love numbek> and mean moment of inertia. The  Science Letters, 362, 207

results are shown in Figut@.2 James, P. B., Zuber, M. T., & Phillips, R. J. 2010, in Lunar and
From FiguresC.2(a) and (b), we found that when the  Planetary Science Conference, 41, 2663

inner core radius varies from 500 to 2500 km and the denKaula, W. M. 1979, Geophys. Res. Lett., 6, 194

sity of the core varies from 8000 to 12000 kg the  Khan, A., Liebske, C., Rozel, A., et al. 2018, Journal of

synthetic data of, calculated by forward model ranges  Geophysical Research (Planets), 123, 575

from 0.281 to 0.328 and the value of Mol ranges from Knapmeyer, M. 2011, Planet. Space Sci., 59, 1062

0.326 to 0.371. From Figure8.2(c) and (d), we found Konopliv, A. S., Banerdt, W. B., & Sjogren, W. L. 1999, Icayus

that when the inner core radius varies from 500 to 2500 k- 139, 3

m and the density of the inner core varies from 11000 toKonopliv, A. S., Park, R. S., & Folkner, W. M. 2016, IcarusA27

13000 kg nT3, the synthetic data of, calculated by for- 253

ward model ranges from 0.282 to 0.302 and the value oKonopliv, A.'S., & Yoder, C. F. 1996, Geophys. Res. Lett,, 23,

Mol ranges from 0.325 to 0.337. We investigated a large 1857

range of viscosity fron10'4 to 10! Pass, which is shown Ksanfomaliti, L. V., Zubkova, V. M., Morozov, N. A., & Petray

in FigureC.2(e). From FigureC.2(e), we found that if the ~ E. V. 1982, Soviet Astronomy Letters, 8, 241

inner core radius is 2500 knt, changes with a viscosity Li: Q- Xue, C., Liu, J.-P., et al. 2018, Nature, 560, 582

of inner core: however, if the inner core radius is less thar-0dders. K., Fegley, B., Lodders, F., et al. 1998, The Ptanet

1500 km k- is insensitive to the viscosity of the inner core.  Scientist's Companion (Oxford University Press on Demand)
Matsumoto, K., Yamada, R., Kikuchi, F., et al. 2015,
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