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Quest for spatial measurement with microsecond accuracy.
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Simulation of GA

R0 = 8.2 kpc, Q0 = 29.5 km/s/kpc, A=5.02 uas/yr.
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A, = Asin aysin §, Hs = —Aicosa sind — A, sinasind + Az cosé§

As = Asin

Uy COSO = —A;sina + A, cosa

g, 0g: R.A.and Dec.of Galactic Center.

0.2 pwasc/yr Coupling to Precession and Nutation

(Malkin, 2008, Astronomy Report)
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EARTH ROTATION COMPONENTS

Polar motion
R3 (_Sf) Rz {xp)Rl (}’.ﬂ)

Precession-Nutation Diurnal Rotation

Q(X, V)R, (s) R, (-5)

1
celestial reference system terrestnial reference system
1Cr 2(:! 30 1T: 2T: 3"

IERS earth rotation representation:

R=56Q(6X, §Y)Qn (X, Y)R3(_W)Rg (-TP)R1 (J"F)

Separation by NRO conditions ¢ = —s(X,Y)+ 0+ s5'(xp, vp)
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Dermanis and Tsoulis, 2007, IERS Workshop on Conventions 20-21
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Flg. 4 Inertial core-mantle coupling and excitation of free core
nutation (FCN). Pressure at the core-mantle boundary (CMB) (red
arrows) does not exert a3 torque if the rotation axis of the mantle and
the core are coincident (a). Deviation from this state let the pressure
at CMB make opposite torques to the mantle (blue arrows) and to the
core (orange arrows) (b). This causes FCN, i.e, rotational movements
of the spin axes of the mantle and the core relative to stars in the

opposite directions

Y

Heki, 2020, EPS

The instantaneous axis of rotation of a solid body cannot remain rigorously fixed inside the body if it
oscillates in space, and vice—versa. The Poinsot movement consists in cones rolling on each other
without slipping, the contact line being the rotation axis, which describes one cone in space and another
inside the body. Usually, we call precession and nutation the motions of the Earth’s rotation axis in the
space reference frame. The polar motion (or “wobble”) is the associated movement related to the Earth,
modifying the latitude at a given place.

The nutations forced by the Moon, the Sun and the planets are generally much more important than the
free nutations. Among these free oscillations, there is the Free Core Nutation (FCN) and the “Free
Inner Core Nutation” (FICN).

The Free Core Nutation (FCN) is a mode related to non—alignment of the rotation axis of the core and
of the mantle. It has a long period (of 432 days) in the celestial frame and is a retrograde mode. The
physical parameters involved are the flattening of the Core Mantle Boundary (CMB) and the deformation
of the CMB induced by the dynamic pressure. This mode is also called the Nearly Diurnal Free Wobble
(NDFW, period of about 1 day), if observed in the terrestrial reference frame. (ZIEMD Z &)

The lunar—solar attraction is responsible not only for the orbital motion, but also for the nearly periodic
tidal motion of the Earth. The tidal force tends to deform the Earth to a prolate ellipsoid aligned with the
Earth—Moon and Earth—Sun axis. The most obvious phenomenon, which represents the Earth’s response
to the luni—solar tidal force, is the ocean tide, but also there are deformations of the solid Earth, simply
called Earth tides. There are additionally induced variations of the Earth’s orientation in space
(nutations). Observations of the Earth’s responses to tidal forces supply important constraints to
understand the Earth'’s interior. In particular, the variation of the observed response as a function of the
frequency in the tidal band tells us something about the interior of our planet that seismology cannot
provide. This variation with frequency is caused by resonant behavior of the Earth near 1 cycle per day,
due to a normal mode of the rotating Earth. This mode is the Nearly Diurnal Free Wobble (NDFW, period
of about 1 day, period =1/ [- (1 + (1 / 432))] day), if observed in the terrestrial reference frame, and
the Free Core Nutation (FCN, period = 432 days), if referenced in the space frame.

Observing the NDFW / FCN is thus very useful to measure the CMB flattening and to obtain information
about the dissipation effect at this interface. Fortunately, the eigenfrequency of the NDFW is located
within the tidal band and is thus sensitive to the tidal forcing for the diurnal tides. In the space frame,
the FCN is measured by the Very Long Baseline Interferometry (VLBI).

It is worthy to note that the observation of the NDFW / FCN is a non—seismic proof of the fluidity of
the outer core.

http://sbc.oma.be/freecornu.html
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FICN (Free Inner Core Nutation)

This motion is very similar to the FCN, but, concerns the
outer and inner core. It has never been observed and
theoretical calculations predict a very weak resonance
effect on Earth tides and nutations. The period is retrograde
diurnal in the terrestrial frame and prograde long—period in
the celestial frame (of about 470 days). (Dehant et al. (1993),
and others). The parameters involved are the flattening of
the inner core, the densities of the inner core and outer
core, and the deformation of the Inner Core Boundary (ICB)
due to the fluid dynamic pressure on the ICB. In a very
detailed analysis of VLBI data, Mathews et al. (JGR, 2001)
have determined a FICN period and damping from its

resonance in the nutations. They obtain a period of 1025
days.
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Table 5. Contnbutions (Re, Im) to Nutatons From Individual Effects®

Nutation componentsiZifd %, HiERAEEEE
EDINRDKE & -----
Semi annual component THCMB & ICBD %

Persod Anelasticity OT Load T Current CMB emc ICB emc
6798.38 (—0.351, —0.155) (—0.920, 0.986) (0.005, —0.020) (—0.328, 0.249) (~0.101,0278) DL 1£30:1~40:1< Ly,
6798.38 (0.047, 0.021) (0.117, —0.126) (—0.001, 0.003) (0,037, —0.029) (0,010, —0,049) _ g
365,26 (0.267, 0.094) (D.174, —0.216) (0.000, u.uu-;} ( u.J45u, 0.411) ~ooiz 007 FCNIZXS L TFICN DI %, FCN @1/30"\’
365.26 (~0.010, —0.004) (~0.021, 0.023) (0,000, —0.001) (~0.0003, 0.003) (~0.014, 0.003) N
182.62 (0.034, 0.015) (D.061, —0.069) (0.001, —0.002) (~0.016, 0.012) {0.000, 0.000) 1/40 CopWhwed5E, FCN D403 D1
182.62 (0.287, 0.126) (0.574, —0615) (~0.014, 0.050) (0.061, —0.047) (0.026, —0.013) o .
13.66 (0,002, 0.001) (0.006, —0.009) (0.000, —0.005) (0.000, 0.000) {0.000, 0.000) < BWORNE DY 2 ~2.5 micro asc?
13.66 {0.095, 0.041) (0.021, —0.019) (=0.056, 0.104) (0,002, —0.001) 0.000.0000)  HEHESERRANE (2 —F & ZES AL, L Yo
Ay — .

* Units are in mas.

Mathews et al., 2002, JGR
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Table 3. 95 per cent CI for the estimated resonance parameters and comparison with the results of Koot ef al. (2008) and Mathews ef al.

(2002).

Parameter

Nutation

Gravity

Koot ef al. (2008)

Mathews et al. (2002)

(0.0482, 0.0488)
(1.23,1.53) % 1072
(—430.1, —429.3)
(15392, 16 866)
(1.6,8.4) x 107*
(—2.0,3.6) x 107
(362, 414)
(2600, 6807)
(—0.804, —0.796)
(0.027, 0.037)
(425, 430)
(19, 40)

(4.5,7.3) x 107*
(—1.7,0.7) x 107*
(—515, —396)
(7763, 320 888)
(—7.2,9.1) x 107*
(—7.4,9.4) x 1074
(28, 725)

(75, 3083)

0.05129
—0.362 x 1073
—421.94
13 665
2.9584 % 1074
—9.577 x 1077
1000
271
—0.7755
—0.00358
393
108

0.0489108
1.62916 x 107
(—429.93, —430.48)
20000
2.95844 % 107*
—9.57707 % 1072
(930, 1140)
677
—0.791653
0.0414503
430.3
88.4

Rosat, et a/(2017), Geophys J. Int.

For the FICN, the most probable solutions do not agree with the previous estimates by
Koot et al. (2008) or Mathews et al (2002).

The FICN is poorly, if at all, constrained by the VLBI nutation data.

It emerges from these results that both gravity and nutation data are not precise enough
to put objective constraints on the FICN frequency and damping factor.
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Lambert, et a/., 2012, IV§“GI\/I Proceedings
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Figure 2. Wavelet spectra of four operational nutation series. The horizontal dotted lines show the FICN
frequency band around 1034 days following Mathews et al. (2002). Amplitude unit: pas.
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Figure 3. Nutational signature of the unstable radio sources (left), and prograde band of its wawelet
spectrum (right). The horzontal dotted lines show the FICN frequency band following Mathews et al.
(2002). Amplitude unit: pess.
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L T AN 2 The variations in correlation coefficients change
*E B‘ﬂ%ﬁ@,ﬁﬁ_'ﬂt He, 7k'RSOft*E Bg%g ) the solution of quadratic function peak search.

. > Delay Diff (IP90_FFT512 - IP25_FFT512)
High S/N Low S/N 1091« _50e-8 (L) and 5.0¢-8 (R) added
ot e -1.0e-7 (L) and 1.0e~7 (R) added
¢ =2.0e-7 (L) and 2.0e-7 (R) added
~ 087 ~3.0e~7 (L) and 3.0e~7 (R) added
5 k! ~4.0e-7 (L) and 4.0e-7 (R) added
L o, =
© -
R E’ 0.6
()
©
8 04-
5
(]
a
© 02-
* When searching for fringe peaks
uses the three points quadratic 00
function fit, an offset occurs in the A
delay according to the Change of the Theoretical white noise delay error (ps)
correlation coefficient at both ends. . . _ .
« Even with a constant correlation In the three points quadratic function fit of IP90_r10-1
coefficient offset, the lower the SNR, fringe peak, an offset 1s added to the correlation
the larger the delay offset (§7). coefficients at both ends.

When the offset to be added to both ends 1s +2 at the
7th decimal place (green), the slope fits well with the
top line of the scattered distribution.
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The correlation coefficients of the both ends used in quadratic curve fitting

Corr Coef -
3.86050E-03 - II?QO_HO—I_\I, Vm-Vr oft
4 sigma_tau=2.03 ps * right
g *
3.86045E-03 * A
$ s
. '3
3.86040E-03 i )
¢ *
3.86035E-03
*» o
3.86030E-03
3.86025E-03 -
3.86020E-03 -
T T
A c

« Actually, the value of the correlation amplitude
1s unstable at the seventh decimal place.
* This is due to the reproducibility of the raw

correlation data.

« GICO3 adds noise in FFT. It is considered that
the effect by adding this noise is visible.
 GPU Corr. engine kfxcom has eliminated this

noise addition.

The correlation coefficient varies at the fifth decimal place.The
scatter of the mean after integration is reduce 0.00988 times.

)

Diff of abs(cross corr. coef.)

Diff of abs(cross corr. coef

IP114 r10-N - IP114_r10-1 N

6.0E-05 Diff of Cross| Corr Coef
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2.0E-05
0.0E+00
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-6.0E-05
T T T T T T T T T T T T T T T T 1
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N
1.0E-07 [
GPU_r10-N - GPU_r10-1 2
Diff of Cross Corr Coef 4
—5
5.0E-08 - .
— 17
— 8
—9
0.0E+00 10
—5.0E-08 +
_1 OE_07 T T T T T T T T T T T T T T 1
0 128 256 384 512 640 768 896 1024

Freq ch (0.5MHz/1ch)



Fffectiveness of Hyper-Threading

IP90-IP114

40 - IP111-IP76

. IP90, IP114: core 6 « IP111-IP114
35 1 IP111: core 8 ‘

11P76: core 8 (hyper Threading)
7 ‘ : e « Both IP76 and IP111 are 8 core CPUs.
25 - ‘ . « |[P76 is made up of 16 cores by hyper-threading.
’0. Lok « However, the delay difference for IP111 falls

SRR S, within the range of variation due to additional

—_
(&]
1

>
>

noise.

 The delay difference seems to be different
depending on the number of cores, not
depending on hyperthreading.

abs(Delay Diff) (ps)

o
1

0 20 40 60 80 100 120
White Noise Delay Error (ps)
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It must be guaranteed that the calculation accuracy of the delay output by the correlator is less than 500 fs or 1 ps.
- Verification of calculation guarantee accuracy.

Performance inspection of delay / phase tracking, FFT, and integrator.
- Strict handling of reference time and linking to data.

= diy(2k-1k)

. . o dly(ak-1k)
= diy(2k-1k)

®  diy(k-1k)

- GPU-corr: IP61, Corr Engine Part: kfxcom?2.0.0
e s L. 2 ] . - Radio Source: 3C454.3, Integ Time: 32 sec, BW: 512MHz
. . - Number of FFTp: 1k, 2k, 4k

)
ec)

i
o

- As FFTp increases, the integral segment length increases, and
N the resolution for a priori is reduced.
- Consider the possibility that the phase tracking error of the
0 o5 10 houﬁrs(h) 20 25 30 T o5 0 s 20 25 s integration segment and its reference time will differ. The starting
point of a priori for phase tracking or the cumulative phase error
" @ of higher-order differential arguments within the integration
segment changes. This can cause a systematic difference in
delay depending on the FFT point.
- Why is the scatter-like delay difference caused by the
. P ' e/ 14T difference in FFT points? Insufficient calculation accuracy of
: IR correlator? What are the factors that cause noise to be mixed in
¥ et ot during phase shift?
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I RMS of postfit residual delay ratio
[ lavr(SNR/SNR_IP90_FFT512)

Ratio

(,3\‘1« %\‘L %\'1« S 8 ,\b\ & \)
Q/\% ¢ ¢ &

Comparison of Parameter Estimated

200

180
160
140 1

Est. Param.: Clock poly, Atm poly, WX, WY, UT1, Nutation Angle
All estimation parameters set in analysis are the same.

IP76-512: SD=35.46ps, kurt=3.84, skew=0.30
IP90-2k : SD=35.65ps, kurt=4.47, skew=0.06
GPU-1k : SD=35.14ps, kurt=3.81, skew=0.61

IP76-512
IP90-2k
GPU-1k

Dist of delay residual (ps)

150

m UTI-TAI

—37170.18—-
—37170.19—-
—37170.20—-
-37170.21 i
-37170. 22- s
-37170. 23-

UT1 —TA (msec)

—-37170.24

—-37170.25

—-37170.26

- 3 7 1 7 0 . 2 7 LN LA LA LA DR I DL DR L | T T
Q(o\"\/(3 (0\‘\/‘* <:;\"\/% %\‘\//\ \‘i“Cb A ;\‘}:\bq‘};z \‘2 f\‘}‘Q w7

There seems to be no relationship between
SNR and the magnitude of the post-fit
residuals.

In gico3, it seemed that the larger the number
of FF'T points, the kurtosis of the residual
distribution increases. If the FFT points are
512 or 1k on an 8-core CPU, there 1s likely to
be additional noise different from the others.
For UT1, the solution steps according to the
number of FFT points. kfxcom 1s also smaller
than gico3, but the steps are confirmed.
Investigation of the relationship between FFT
and time synchronization error is yet to begin.
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