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Abstract. The k2 potential l.ove number which scales the
tidal deformation of Venus by the Sun has beenestimat ccl
from Doppler tracking of Magellan and Pionecer Venus O 1-
bite1 (PVO) spacecraft data. The nominal range for k2 from
theoretical models is 0.23< k2 < 0.29 for a liquid jron core
and about 0.17 if theironcore has solidified. Out best esti-
mate of this parameter is k2= 0.2954. 0.066(2x formal o)
and supports the hypothesis that Venus core is liquid.

Introduction

Inferring internal structure of Venus using orbiting space-
craft data until now has been limited to mass, radius and
meandensit y, with increased accuracy but little additional
inforination than had already been obtained from ground-
based radar echo data. Themost relevant feature is that
Venus appears slightly under dense relative to Kart h, and
this can either be accounted for in terms of a 4% smaller
ironcoreor a 2% lower density mantle (Ringwoodand An-
derson 1977). Analysis of Veneralander X-1ay fluorescence
data suggests aneart h-like basaltic crust(Moroz 1983), The
abscnce of an internally genecrated maghetic field suggests
that citherthe core is entirely liquid (Stevensonetal. 1 983)
ot completely solidified (Arkani-Hamned and Toksoz 1984).
Venus’ slow rotation and meansolar tides raise a hydrostat ic
oblateness or J2 gravity cocflicient which is about 25 times
smallerthan the observed J2.4.42 x 10°% which is primar-
ily dueto a combination of topography and inteinallateral
density variations, the latter which drives mantle convection
(c. g. Kiefer et al. 1986). Hence the obser ved J; cannot be
employed to infer a1adial density structure constraint (i.e.
polarmoment of inertia) as is clone for Kai th, Marsandthe
giant planets and sonic planetary satellites.

The expected Magellan (MGN) Doppler signature fi om
solid tides on Venus is about 0.3mm s™1 and is t hesame
size as the prec ision as the line-of-sight Doppler measure-
ments averaged over 10 seconds. Forlong wavelength (on
thcorder of a clay) the mean of the Dopplerineasutements
shows scat teratthe 0,02 mm s'1 level. This measurcment
offers t he oppor tunity to probe such features as core lig-
uidity, core size, mantle density and mantlerigidity with
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consider able sensitivity part ly because the model 1 ange for
k2 is fairly broad compared to that for the polar moment.

The Love number and core radius for an earth-like core
and mantle composition aud thermal profile is 0.255 aud
3120kIn. respect ively (Yoder1995). The effect of varying
core r adios and mantlerigidity y# 00 k2 are nearly indepen-
dent. The predicted partials k2 for these two parameters
arc
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Mantle aud core density profiles are fixed for the rigidity
partial. For the core radius partial, mantle density profile
is also fixed except near the core mantle boundary. In ad-
dition, core mass and density are adjusted to maintainthe
tot alimass constraint. A more physical mantle parameter
is the molar fraction of magnesiumn to iron plus magnesiuin,
xm (Mg/{Mg - Fe). Iron is hot h less rigid and heavier than
Mg and both effects conspire to increase k2 with dec easing
xm. The partial (holding cot ¢ radius, but not composit ion
fixed) is
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ym Ok = 0.76 (2)
I f one linits the maximum variation in x»» = 4 5% and

core density change at core pressures and temper at ures to
4 0.5gm cm” ? t hen the maximumtange for the Love nuni-
ber ‘is 0.23 < k2 <0.29. (the predicted moment of iner tia
range is quite narrow: 0.334 < C/MRI? < 0.341) (Yoder
1995). Anelastic softening at the 58.4d tidal flexing period
mightincrease k2by a few per cent. On the other hand if the
core has solidified and has a core rigidity of about1Mbar,
thenks is reduced to >0.17.

Tidal potential model

The tidal potent ial act ing ona spacecraft at position st

. - g GMoR® 3~ o~ 2 "
relative to Venus is Lg(j;g:i?)—g(a(lg( “T)” - 5) where M,
is the mass of the Sun.r, is the vector from Venus to the
Suni,and It is the equatorialradius of Venus. T'he equivalent
t idal contiibutions to the normalized sccond degt ce gravity

cocflicients are (e.g. Fanes ef ol 1983)
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where respectively 0. aud «, are lat it ude and longitude of
the Sun relative to Venus' figure. The Legend: ¢ functions
Pow (sino. j = (Zsin® 0w - 3,3 sinde cos ¢, 3 cos? ¢ for

tesseralorderm = O. 1, 2, respectively. Sincet he Venusian



latitude of the Sunis <3°, the only significant time varying
terms occur for the 8C22and 6522 coefficients. The expect cd
amplitude for the normalized coeflicients for a nominal Love
number of 0.25 is 70 X 1010 for a near Venus orbitercom-
paredtoa ¢ andard deviation (forinale) for C22 and S22 of
9 x 10" '° for the combined data sets.

Jonsider the Doppler velocity signal v, from an o1 biting,
satellite near the planet and in a circular orbit. The radial
part which depends on solar longitude Ay, and can be sepa-
1 ated from Venusian gravity perturbations is (Yodec11995)
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and where Hey = (M /M)(R/a)*, M, R and a are planetary
mass, ladies and orbital semi-Itlajor axis, respcctively. .l is
the sat ellite inclination to the equator and Astand 2 are
satellite mean longitude and node, respect ively. Since Venus
rotates retrograde, the Venusian solar ‘day’ is 116.75 eart h
days, while the primary tidal flexing period is 58.4d.

The two data sets analyzed are oul lined by Konopliv
and Sjogren (1994) and incl ude the Pioneet Venus Or bit er
(PVO) Doppler i1 acking (orbital ¢ = 0.8 with periapse rang-
ing from a ‘high’ 1000km to a’low'150km) from beginning of
mission in December of 1978 to September, 1982 and Magcl-
lan Doppler tracking from beginning of the gravity cycles 4
(e= 04, periapse al it ude: ] 70kin)andd (c = .02, apoapse
alt it ude= 500kin) in September 1992 toend of missioninOc-
tober 1994 during cycle 6. T'he Venus t idal eflect must be
separ  ated fromother forces that ar ¢ dependentont helocal
solartime such as radiation pressure ducto Venus albedo
and atmospheric drag. In solutions for these for ces, the t ide
generally cor relates with o1 bit parameters describing space-
a1 aft state vect or and solar pressure and albedo cor 1 elat ¢
wit hdrag. The albedo is fairly well deternined for t he PVO
high altitude orbits but the tidal effcct is better determined
fort he low altitude o1 bits. Figures 1 a and 11, show typical
1 adial accelerat ion profiles for the Magellan pre- and post-
acrobraking o1 bits, respectively. The dirag force is substar -
t ially smaller for Magellan than ’low’ PVO due to the lower
spacecat aft velocit y through the 8t ymosphere. The tidal for ce
is about 4 thines greater than the albedo force. Separation of
the tidal signature can be achieved partly because the tidal
force remains the same on the nightside of Venus while the
albedo force vanishes and the drag force diminishes by an
order of magnit ude. The Magellan Doppler dat a at X-band
(8.435 GHvz) is an order of magnitude less noisy than PVQO
S-band (2,2 GHz) data.

The solution procedure (Konopliv et al. 1993) first in-
volves breaking t he Doppler t racking dat a (sever al million
obser vations) into dynamically continuous t iine spans ot
dat a arcs for processing (over 800 arcs). Arcs areup to 10




daysinlengt h for PVO data aod are generally oneday for
Magellan. Both ‘local’ and ‘global’ parameters are estiinated
foreach arc. Arc dependent dynamic local forces estimated
for Magellan inthe general order of theit importance arc
spacecraft state, atinospheric densitics (for spaceciaft drag),
velocity deltas from momentum wheel despinnings, solaria-
diation pressure coeflicients, small velocity increments for
star calibrat ions, acceleration vectors for spacecraft orien-
tation changes to heat or cool dowo the spacecraft, Venus
albedo and Doppler biases.

Nominally, the following global patameters are estimated:
the gravity field to degree and order 40, the gt avitat ional
constant times the mass of Venus (GM), the ephemer ides of
the Farthand Venus (12 parameters), aud the tidal k2l.ove
number. The global gravity mode] of Venus is determined to
about. degree and order 40 (Konopliv and Sjogren, 1994) and
is theationale for choosing this degree cutofl. However , to
investigate the sensitivity of the L.ove number solution, the
full gravity field is estimmated for various degree and orders
(with a maximum of 90 or 8278 parameters). The terms
of the gravity field bevond the degree and order being cst i-
mated are fixed to the nominal g1 avity solution(a 90th de-
gree field). All gravity solutions are constrained by au a pri-
ori of 1.2 x 10°/n?(Kaula,1966) except for onc90th degrec
solut ion with a spatially varying a priori condition as out-
lined by Konoplivand Sjogren (1995). Also Venus’ pole and
rot ation rat e are eit her estimnated or arc fixed by the 1 ada
imaging (SAR) (e. g.. Davicset al, 1992). Fixed pole solu-
tions will eventually be preferred once SAR-determined pole
orientatjon employs improved spacecraft ephemer is model-
ing.

T'he obser vat ions are processed using a square root infor-
mation weighted least squares filter (Bierman,1977) with
numerically stable orthogonal Houscholdertransformations
(o1 modified Givens transformations) used to triangularize
(i.e. pack) t he observations. The global par ameters are de-
termined with a technique (Kaula, 1966; ¥1lis 1980) that
merges only the global parameter portion of the square root
informationarrays from all the data arcs, but is equivalent
to solving for the global parameters plus local paiameters of
all arm.

l.ove Number Solution

Table la lists the Love number solutions for different, data
combinations and t he est imat ion of a 40th degrec and order
gravity field. The nominal &2 Love number solution with the
combined data sets (PVO and MGN cycles 4 and 5 plus 6)
anda redist icerror(twice t he for malstandard deviation) is

ko= 0.2954 0.066 0

The estimated pole solution is chosen since t he statistics in-
dicate t here is improved pole determination over the radar
imaging (SAR) values. Table 1b lists t he Love number so-
lutions for estimation of different degree and order g1 avit y




ficlds as at est of solution st ability. The MGN cycle 4 data
is from a highly elliptical o1 bit and the grav ity field is less
well determined near Venus' poles. The Love number so-
futions when estimating a low degree field (20, 30, 40) arc
st able. However, the discrepancy between t he fixed and es-
timated pole solutions progressively increases as degree in-
creases from 5010 90 cfuc to overestimation of the gravity
field.

Since the gravity field from MGN cycles b and 6 (a near
circular orbit) is better determined on a global scale, this
solut ion is mor ¢ stable as degrecincr cases. When all dat a
is included in the solution, the solutions are also stable as
a function of degree. Wc, however, as a precaution, provide
a realistic uncertainty for k2 of twice the! formalo since
solut.ions for theindividual gravity cocflicients can vary by
more than 2 3 x o for different data combinat ions.

Irom eqs. 1 and 2, a nominal k2= 0.29 implies that
cither the mantle is more iron rich than carth’s mantle with
X = 0.74 {comparedto an earth-like value of 0.89)ort hc
core is larger t han 31 20kin radius by about 200km and is
less ironrich thanecaith’s core (that is, the Venusian core
has a higher percent age of light alloy as compated t o earl h's
Cole).

The above result suppor ts t he hypot hesis t hat Venus’ core
is liquid counter Lo some Venusian therinal cooling models
which predict a solid core (Arkani-Hamed and Toksoz 1984).
The fluidity of thecorediscriminates between models devel-
oped t o explain Venus' fi ec obliquity (Yoder 1 995).

Future prospects

The Doppler residuals from Magellan cycles 5 and 6 data
sctstill show subst ant ial gravit y signatures due to its nea
circular o1 bit which definitely aflects t he orbit al par ameters
for Venus and may aflect k2. The Doppler bias solut ions
correlate wit hthe strong gravity signatuies of t he At la and
Bet aregions. Current plans are to solve for a 120 degt ee and
order field wit hlonger3 day dataarcsand bet t ermodeling
constraints and media calibrations. The first element should
improve modeling of cycles 5 and 6 gravity dat a and t he
sccond should improve spaceer aft o1 bitstat ¢ vect or stability.

No new missionto Venus which involves o1biting space-
aaftand/orsuface lander is pt esently contemplat cd. There-
for ¢ the only 1 easonable expect ation for improvementin t he
Lowve nunber determination must come from improved mod-
cling of the Magellan dat a. Alt bough t he above changes in
analysis may reduce the scatt er seen in Table 1, it is un -
likely to reduce the formal sigma, in fact it may slight ly
increase it. A more remot e modelling change which requii es
considerable effort t o implement is to consider a new da! a
type, integrated Doppler (i.e. different ial range). This tech-
nique might increase the low frequency 1 esolving power o f
the data. However, the solal plasina (red) noise char act e1
will limit its uscfulness (Woo 1975).

Table 2 lists the expected tidal Dopplersignat ure seen
by a spacecr aft o1 biting near t he sur face of the t errestrial
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plancts, Moon and other satellites. This list indicates that
this incasurement can be pursued in future space missions as
advocated by Wu etal. (1995) for Mercury and by Hilton
(1992) for Mars. Iinprovements in the radio tracking sys-
tems (both Doppler and range) and potential instrument
additions such as spacecraft accelerometers to direc tly inea-
surc the nongr av itational for ces should be pursued and t his
k2 parameter along with the permanent gravity field should
be apriority for consideration in nission design.

Acknowledgnients:

We thank thereviewers (including Bill Kaula) for helpful
comments. The Cray Super computer funding came from
the NASA Oflices of Missionto Planet Earth, Acronaut its,
and Space Science. The filtering software on the Cray was
wi itten by Chuck Lawsonand thanks to Fred Krogh for help
wit h the numerical integration. The research described in
this paper was carried out by the Jet Propulsion Liaborator y,

California Instit ute of Technology,under a contract with t he
Naj ional Acronautics and Space Administy ation.

References

Arkani-Hamed, J. and M. N. Toksoz 1984, Thermal evolu-
tion of Venus, Phys. FKarth Planet. Inter., 84, 232-250,
1984.

Bicrman, G. J., Factorization Methods for Discrete Sequen-
tial Estimation, Academic Press, New York, 1977.

Davies, M. ., T R. Colvin, P. G. Rogers. P. W. Chodas, W .
.. Sjogren, I 1.. Akim, V. A. Stepanyantz, 7. I>. Vlasova
and A. 1. Zakharov, The rotation period, direct ion of the
north pole, and geodetic control network, J. Geoph ys.
nes., 97, 13141-13152, 1992.

Fanes, R. J., B. Schutz and B. Tapley, Farth and ocecan tide
eflects on Lageos and Starlette. in Proceedings of the Ninth
International Symnposium on Earth Tides, ¥.. Schweizer -
bart 'sche Verlagsbuch handlung. Stuttgart, 1983.

¥ollis, J., Large scale state estimation algorithms for DSN
tracking station location determinat jon, J. Astronaut.
ser,28, 15-30, 1980.

Hilton, J. 1.., The motion of Mars' pole. II: The effect of an
clastic mantle and a liquid core. Astron. J., 103, 619-637,
1992,

Kaula, W. M., Theory o f Satellite Geodesy, Blaisdell,
Waltham, MA., 1966.

Kiefer, W.S., M. A. Richards. and B. 11. Hager, A dynamic
modecl of Venus' gravity field, Geophys. Res. Leti. 13, 14-
17, 1986.

Konopliv, A. S., N. J. Borderies, I>. W. Chodas, . J
Christiensen, W. L. Sjogren, B. G. Williamns, G. Balinino,
and B.G.Barriot, Venus gravity and topography: 60th
degree arid order model. Geophys. Res. Lett., 20, 2403-
2406, 1993.

Konopliv, A. S. and W. l. Sjogren, Venus Spherical har-
monic gravity field to degree and order 60, Icarus, 112,
42-54, 1994.




Konopliv, A, S. and W. L. Sjogt en, The JPL Mars Grav-
ity Field, Marsb0c, Based Upon Viking and Mariner 9
Doppler 11 acking Data, JPL Publication 95-5, Jet Propul-
sion Laboratory, Pasadena, CA, February, 1995.

Moroz, V. 1, Results of Veneras 13 and 14 inVenus (Hunten,
.M., Colin, 1,. Donohue, T. M. and Moroz, V. 1. eds.),
U. of Ariz.Press, 45-68, 1983.

Ringwood, A. 1. and D. 1. Anderson, Karth and Venus: a
comparative study, Icarus, 30, 243-253, 1977.

Woo, R., Multifrequency techniques for studying interplan-
ctary scintillations, Astrophys. J., 201, 238-248, 1975.
WO, X. 1'. L. Bender and G. W. Rosborough, Probing the
intro ior of Mercury froman orbiter plus single lander,

JGR Planets, 100, 1515-1525, 1995.

Yoder, C. F, Venus'Frec Obliquity, Icarus, 117, 250-286,

1995,

Alex Konopliv ms 301-125J, Jet Propulsion Lab, 4800
QOak Grove Drive, PasadenaCA 91109, ph 818-354-6105,
email:ask@krait.jpl.nasa.gov. Charles¥.Yoder (JII'1 /), 1115
183-501, pb: 818-354-2444; fax 818-354 -0966,cinail:
Charles I'. Yoder @cemail.jpl.nasa.gov.

(received October 23, 1995;
revised February 29, 1996;
accepted April 10, 1996. )

KONOPLIVAND YODER: VENUSIAN ‘I'll)Al, LOVENUMBER
KONOPLIVAND YODER: VENUSIANTT ) Al/ LOVENUMBER
KONOPLIV AND YODER: VENUSIAN TIDAL LOVE NUMBER
KONOPLIV AND YODER: VENUSIAN TIDAL LLOVE NUMBER
KONOPLIV AND YODER: VENUSIAN T1 1 AL LOVIE, NUMBER
KONOPLIV AND YODER: VENU SIAN TIDAT 1,OVE NUMBER

KONOPLIV ANI) YODER: VENUSIAN TIDAL LOVE NUMBER

Figure 1. Predicted spacceraft acceleration due to
tides (nominal &y = 0.25), drag and albedo for MGN
cycle 4 (1 a) and cycles Hand 6 (1 b) evaluated a noou,
local Venusian time.



Table la: Potential k2 I,ove number solut ions
with a40th degree and order gravity field

Fixed Pole Fstimated Pole
Davies et al. & Rotat ion Rate

Data (1992)

PVO 0.2114 0.244  0.2303 0.244
Cyclel 4 0.2493 0.134 0,2454 0.134
PVO4Cyc. 4 0.3224 0.093 0.279 + 0.093
Cycles 5&6  0.289 4 0.061 03014 0.062
MGN 0.311 4 0.034  0.3143 0.034

PVO4 MGN 0.2894 0.033 0.2953 0.033

Table (Ib): Variability ink2due (o gravity field

degrece and Venus pole and rotation modecl

1)ata
MGN
4

R

5&6
5&6
5&6
H&6
H&6
5&6

All
All
All
All
All
All

eg.

20
30
40
50
60
90

20
30
40
50
60
90

20
30
40
50
60
90

90

Davies et al.
(1992)

0.282+4 0.123
0.2764 0.132
0.249+4 0.134
0.2374 0.134
0.2283 0.135
0.2254 0.135

0.299 4 0.053
0.2923 0.038
0.2893 0.061
0.296 = 0.064
0.308 10.066
0.319 =0.069

0.2823 0.030
0.2874 0.031
0.2893 0.033
0.292+ 0.033
0.292- 0.034
0.301 -1 0.035
Spatial

0.3064 0.035

Fstimated

0.2793 0.123
0.268,1 0.132
0.245 4 0.134
0.2554 0.136
0.267 40.136
0309 40.138

0.3063 0.054
0.3034 0.059
0.301 :t 0.062
0.311 40.065
0,3234 0.067
0.337 - 0.070

0.2843 0.030
0.291:1 0.031
0.2954 0.033
0.2993 0.033
0.3004 0.035
0.3204 0.036
constiaint

Errors are 1 standard deviation (1a).




Table 2: Orbiting Spacccraft Sensitivity to k2

Body H Vg k2 kovs H

x10° 8 kin/scc mn/sec
Mercury 45.06 3.14 0.35 0.50
Venus 7.15 7.33 0.25 0.13
Earth 5.09 7.91 0.30 0.12
Moon 123 1.68 0.030 0.06
Mars 1.02 3.55 0.14 0.005
10 2.1x 10" 1.8 1 380
Furopa 1522 1,43 0.03 0.65
Titan 346 1.87 0.03 0.2

The planctary H = (Mo/M)(12/ae)” (see cq. 4) ex-
cept for Barth, for whit]] the Moon is dominant and / =
(M. /MR /a2 ). For synchronously rotating satellites,
this parameter depends on orbit eccentricity and for the ra-
dial tide is: I/ = 3e(M,/M)(2/a)®. Here v, = gR is the
su1r face orbiting velocit y. Fxcept for k arth and Moon, the
Love numbers are estimates.

A spacecraftflyby of a body causes anacross-track veloe.
ity change ~ 1 .5mka H (v0? Jug, ) (18 /16 (inin))? Fsp (mnin) vy,
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ionosphere and a representative neutral atmosphere. The four extremes of the diurnal and
solar cycles have been represented based upon the typical mid-latitude ionosphere electron
densities [Rich and Basu, 1985; Kelley, 1989]. Table 2 shows the residual bending angle
error at 60 km altitude left after calibration for each of the four cases.

Pressure and Temperature

The nighttime solar minimum error is very small and the nighttime solar maximum
and daytime solar minimum errors are sufficiently similar that only daytime solar maximum
and nighttime solar maximum errors will considered further. The impact of the daytime,
solar maximum ionosphere on derived refractivity, pressure and temperature is shown in
figures 15-17. Analogous results for nighttime solar maximum ionosphere conditions arc
shown in figures 18-20. The Abel and hydrostatic integrals in figures 15-20 were initiated
with occultation data at 60 km. Refractivity errors increase approximately as the square

root of Az and fractional refractivity error therefore grows approximately exponentially
with height. “I’he geopotential height error in figure 16 indicates that residual ionosphere
during daytime solar maximum conditions will limit accuracy above 25 km altitude. The
peak temperature error of 6.5 K for daytime, solar maximum conditions occurs one Fresnel
diameter below 60 km and a secondary peak of - 1.5K occurs near 43 km (Figure 17). The
temperature error for all cases goes through zero near 50 km, consistent with the square
root dependence of refractivity error on atitude (Section 3.2). The other three ionosphere
cases do not appear to limit accuracy.

Discussion

The fractional errors in density, pressure and temperature all decrease rapidly with
decreasing height because the density, pressure and temperature errors vary slowly relative
to the exponential dependence of pressure and density on height. The negative bias
apparent in the refractivity errors in Table 2 indicates that the calibration scheme defined by
eq. (3.7.2), overcorrects dlightly for the effects of the ionosphere and may be the one
source of error which leaves a systematic bias signature in the retrievals. The temperature
crror behavior will be somewhat more complicated as indicated in figures 17 and 20.

The residual ionosphere errors in figures 15-20 can be improved using a better
calibration scheme which leaves a residual zero-mean error. Higher order corrections to
upward-looking ground-based GPS receiver observations have been developed to reduce
errors by an order of magnitude [Bassiri and Hajj, 1993]. A similar higher order correction
scheme should reduce ionospheric residual errors by at least a factor of 3. Nighttime
observations at stratospheric attitudes should bc very accurate for climate studies using the
first order correction.

Caveats

The double Chapman layer representation of the ¥ and E regions of the ionosphere
used in the simulations presented here is redlistic in a first order climatological sense.
However, it contains neither horizontal nor small scale. variations in structure. In the
presence of horizontal variations, another source of error not considered here enters in the
inversion process because the total bending is derived based on the assumption of spherica
symmetry of the total index of refraction. This assumption is far less accurate in the
ionosphere than in the neutral atmosphere duc to the fact that the ray probes the ionosphere
with a much longer scale than the neutral atmosphere. However, the error introduced by
the non-spherical symmetry of the ionosphere is of order (1 /f yor higher (simply because

the total ionospheric bending is of order (I/~) or higher); therefore, the linear combination
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