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Abstract

Seismic waves radiated from an earthquake rupture induces density perturbations of the
medium, which in turn generates prompt gravity changes at all distances before the
arrival of seismic waves. Detection of the prompt gravity signal before the seismic one
would contribute to early warning of earthquakes and is a challenge in seismology.
Recent research have developed theoretical models of the transient gravity perturbations
for earthquake faulting and reported the detection of such gravity signals prior to the P
wave arrival from the 2011 Tohoku-Oki earthquake. In Chapter 2, we generalize the
model and present analytical expressions for theoretical waveforms of gravity changes
and its spatial gradients from a single force or a seismic moment tensor in an infinite
homogeneous elastic medium. These formulae can be used to synthesize template
waveforms and to find transient gravity changes in time-series data. In Chapter 3, we
searched gravimetric data for such prompt gravity changes induced by the 2011 Mw 9.0
event using a band-pass filtering method. However, significant changes predicted by the
theoretical model were not identified even though the data had sufficient signal-to-noise
ratios. We also analyzed stacked broadband seismograph and tiltmeter array data and
again could not detect the expected changes. To interpret the absence of signals in the
data, we investigated the self-gravity effect on the measurement of gravitational
acceleration, which has been ignored in the existing theory. For this purpose, we
calculated the displacement of the observation station before P wave arrival, and
showed that each point in the medium moves at an acceleration identical to the applied
gravity change. This means that the above gravity sensors do not have sensitivity in

principle to the prompt gravity change because of the opposite inertial force. Despite the



negative observability in acceleration, there remains possibility of detection in terms of
its spatial gradients. The analytical expression for the theoretical gravity gradients we

derived in Chapter 2 would contribute to future research.
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Chapter 1. General introduction
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Chapter 2
Theoretical waveforms of gravity and
gravity-gradient changes associated with

seismic sources

SUMMARY

Seismic waves radiated from diverse source processes accompany density perturbations,
which give rise to transient gravity perturbations. Here we present analytical expressions
for theoretical gravity and gravity-gradient changes associated with seismic radiations
from a single force or a seismic moment tensor in an infinite homogeneous elastic
medium. These formulae functionally give template waveforms for the use of finding
transient gravity changes in time-series data. As quantitative examples, we synthesize
gravity changes and gravity-gradient changes for the 2011 Tohoku-Oki earthquake and

the 1980 St. Helens volcano eruption.

1 Introduction

Seismic waves radiated from diverse source processes generally accompany density
perturbations, which give rise to transient gravity perturbations. Theoretical models of
such transient perturbations have been developed for earthquake faulting (Harms et al.,
2015; Harms, 2016, Figure 1). It is remarkable that the gravity perturbations arrive at
any observation station on the Earth prior to the P-wave arrival (i.e., density-perturbation

arrival) owing to the long-range and virtually instantaneous (speed-of-light) interaction
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of gravitational forces (Figure 2). Accordingly, they are referred to as prompt gravity
perturbations. Detecting their very small amplitude is a challenge for state-of-the-art
instruments such as gravitational gradiometers (e.g., torsion-bar antennas, Ando et al.,
2010). These signals, if practically measurable, would be the fastest method of detecting
earthquake occurrences and contribute to early warning of earthquakes and tsunamis
(Harms et al., 2015). Montangner et al. (2016) reported the search for this type of prompt
signals in data recorded by a superconducting gravimeter and broadband seismometers
from the 2011 Mw 9.0 Tohoku-Oki earthquake.

In this study, we extend the theoretical modeling of Harms et al. (2015) to (i) general
seismic sources described by a single force or a moment tensor and (ii) the entire process
from the origin time to the static state. Starting from the equivalence between a potential
giving rise to a seismic compressional field and the resultant gravity potential perturbation
(Harms et al., 2015), we derive analytical expressions for the theoretical gravity and
gravity-gradient changes associated with a single force or a moment tensor in an infinite
homogeneous elastic medium.

There is increasing interest in detecting prompt gravity signals associated with
seismic events (Harms et al., 2015; Harms, 2016; Montangner et al., 2016). Our
equations functionally give template waveforms for various seismic sources, which will
contribute to finding such changes in time-series data. We apply our formulae to
examples of theoretical signals from representative seismic sources and discuss their
characteristics. For the 2011 Tohoku-OKki event, the prompt signals of gravity perturbation
are in the possible detection ranges of superconducting gravimeters, whereas prompt
gravity-gradient perturbations will be measurable in future by state-of-the-art instruments

such as torsion-bar antennas (Ando et al., 2010; Shoda et al, 2014).
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Figure 1: The fault slip at the origin and the source-based coordinates (xyz). The
gravity change at a receiver outside the P wave front is induced by the distributed density
perturbations inside the front.

Gravimeter

L3
—

Seismometer

Gravity change
(speed of light)

Figure 2: Schematic illustration of prompt gravity changes. Seismic waves propagate at
the speed of P waves, and gravity changes propagate at the speed of light.
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2 Derivation of theoretical gravity and gravity-gradient
changes

We owe our model settings to Harms et al. (2015). They considered a shear-dislocation
(double-couple) point-source in an infinite homogeneous isotropic elastic medium (Figure
1). They assumed that the deformation is related only to the point source and neglected
coupling to the external static gravity field and self-gravity effects. Here we renew the
source from the shear dislocation to a general point source described by a single force
vector F, or a moment tensor M,, (p,q = 1,2,3) and obtain equations for the resultant

transient gravity and gravity-gradient perturbations.

2.1 Equivalence between seismic and gravity perturbation potentials

Our derivation starts from the equivalence between two potentials: one gives rise to a
seismic compressional field; the other generates gravity potential perturbation (Harms et
al., 2015). We briefly summarize the equivalence.

A seismic displacement field u(x, t) can be represented in term of its Lamé potentials

(Aki & Richards, 2002):
u(z,t) = Vol t) + V x Az, t)(= u® + u). (1)

The scalar potential ¢ gives rise to compressional waves (V¢(x,t) = u®), whereas the
vector potential A produces shear waves (V x A(x,t) = uA) obeying the condition
V- A = 0. In a homogeneous medium, the density perturbation field jp(x, t) is governed
by the displacement:

5p(w7 t) = _pOV ' ’LI,(ZE, t)a (2)

where py is the unperturbed mass density. Inserting eq. (1) into eq. (2) yields
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On the other hand, the perturbation of the Newtonian gravity potential di(x,t) is

determined by the density perturbations according to Poisson’s equation:

Viy(z,t) = 4nGop(a, t), )

where G is the gravitational constant. From eq. (3) and eq. (4), V20¢) = —4wGpyV2¢.

Thus, the equivalence

(W(%t) = _47TGpU¢(wat> (5)

is derived. Employing the well-known solution of seismic source potentials from a shear
dislocation in an infinite medium (Aki & Richards, 2002), Harms er al. (2015) obtained
an analytical expression for the prompt gravity perturbations dg(x,t). They used the
term “prompt” for the period from the event origin time ¢ = 0 to the P-wave arrival time
t = r/a, where « is the P-wave velocity and r is the distance between the source location

&(= 0) and receiver location x.

2.2 Linkage between seismogram and gravity and gravity-gradient

change via Lamé Potentials

Note that eq. (5) holds for any displacement field satisfying eq. (1). We thus apply eq.
(1) and eq. (5) to (i) general seismic sources described by a single force [, or a moment
tensor M,,,; and (ii) the entire process from the origin time to the static state. As a result,
we obtain a simple and direct linkage between the displacement u(x,t) and the gravity
perturbation 0g(x, t).

From eq. (5), the gravity perturbation vector is represented by ¢:

og(z,t) = —Voy(z,t) = 4nGpyVo(,t). (6)

Combining with eq. (1), we obtain the following relation

og(x,t) = 4nGpou®(z, ). )

18



This equation means that if we know the displacement described by Lamé potentials, we
can directly obtain the corresponding gravity change by (i) extracting the scalar potential
parts of the displacement field and by (ii) multiplying by a factor 47 G py.

The corresponding gravity-gradient tenor (or strain acceleration tensor) is given as

follows:
. gn ou?

This tensor is symmetric and has six different components. Equation (8) means that
the gravity-gradient change is proportional to the spatial gradient of (the scalar potential
parts of) the displacement, so we can obtain the gravity-gradient change by executing the
following third step: (iii) differentiating with respect to the receiver coordinates.

In sections 2.3 to 2.5, we consider a moment-tensor source, which is a direct extension
of a double couple of Harms ef al. (2015). In section 2.6, equations for a single force are

derived.

2.3 Expression of the gravity change associated with a moment

tensor

From eq. (7), we obtain an analytical expression of the gravity change associated with
a general moment tensor M,,(t). We employ the solution for the displacement vector

u, (2, t) in the source-based Cartesian coordinate system (z1, o, z3) with origin at the
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location of the point source (Aki & Richards, 2002):

up(x,t) = Mg * o€ :
q
_ 15’7n7p7q - 3'7/715]711 - 37135‘1" — 37‘167”) i /T/B TM (t - T) dr

6’7717;0’7(1 B ’Ynépq B 'Yp(;qn B 'qunp 1 r
— M, (t — —
+ ( 4w poar? 2= P o )

B 670 9p7Yg — YnOpg — VOqn — 2Yq0np lMp (t — Z)
Ampo5? r? B
YoV Vg \ 1y r YnVp Vg — 7q5np L. r
—L ) =M, (t — =) — -M,,(t—=) 9
+ (47rp0a3) r pal 04) ( 41 po 33 ) r pal B) ©)
= (u?: terms with o) + (u;4 : terms with )
9G? oGA
= Myx— " +M .

* —7
o, T o,

where * denotes the convolution integral in time, 0G,,,/0¢, is the spatial derivative of
the Green’s tensor with respect to the source coordinates &,, v;(= (x; — &;)/r) is the
directional cosine looking from the source, /3 is the S-wave velocity, d,, is the Kronecker
delta, and summation convention is applied. Terms with oo come from the scalar potential;
terms with 3 are obtained from the vector potential. In seismology, different decaying
terms with 1/r*1/72, and 1/r are referred to as near-field, intermediate, and far-field,
respectively (Aki & Richards, 2002). Note that contributions from two potentials are
combined in a single integral in the near-field term. They cancel out each other during the
prompt period 0 < ¢ < r/«, and thus the near-field term rises after the P-wave arrival.
Extracting the scalar potential contributions from eq. (9) and multiplying them by the

coefficient 47G py, we obtain an expression of the theoretical gravity change dg,(x, t):

s (9G,¢1’p
dgn(x,t) =  AnGpoul = AnGpy | My * e
q
G
= _(15’)%%7(1 — 3Vn0pg — 37pOgn — 3'Yq5np>ﬁl2 [Mqut)
G T
+ (67 Yg — YnOpg — VpOgn — 7q5np)WMpq(t - E)
G r
+('Yn7p7q>EMp (t — a)a (10)
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where 5[ M,,](t) is related to M,,(t) as

r/a
LM, (t) = /0 M, (¢ — 1) dr (11

For the prompt period, eq. (11) is identical to the second integral of the moment function
fot at’ fot/ dt" M,,(t") (Harms er al., 2015). The first term of eq. (10) is responsible for
the prompt response. The gravity change rises from ¢ = 0 owing to the absence of
the vector-potential contribution, as pointed out by Harms et al. (2015). The second
and third terms are retarded by (¢ — r/«) and are proportional to M,,(t — r/c) and
Mpq(t —r/a), respectively. In the gravity change, the transient dynamic response finishes
att = r/a + Tp, where 7p is the source duration time.The static gravity perturbation is
represented by the first and second terms of eq. (10). For a given static moment M7,

I5[ M) (t) has a static value (1/2)(r/a)? Mo for t > /o + 7p, and the first and second

terms of eq. (10) have factors GM,* /(2a%r*) and GM,? /(a*r?), respectively.

2.4 Expression of the gravity-gradient change associated with a

moment tensor

From eq. (8), we can gain an expression for the gravity-gradient change associated with

a moment tensor M,,. Using the equation

2 92G¢ 82GA
Mg * 0y = My x 2+ 2
0Em0E, 06m08, — 0Em08,
1 ¢ 1 r
= 47T/)0 R5 7,,_5]2 [MPQ](t) + R3 2,3 Mpq(t )
1) 1 T @ 1 r
+R2 32 Mpq(t _) + Rl at MPQ(t )
+47Tpo [ 5 _5[2[Mpq](t) + R3 WMp (75 - B)
A 1 r A 1 r
1 53T2Mp (t— B) + Ry @Mp (t— B)] ; (12)
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R = —1057%%YgYm + 150mnYp Ve + SmpYa¥n + OmgnYp + OpgYnYim + OqnVpYm + Onp Yo Vm)

_3(6pq5nm + 5qn5pm + 5np5qm>’

R? = F4590 7Y Ym — 6(SmnYpYq + OmpVaVn + OmgVnVp + OpgYnYm + OqnVpYm + Onp Vg Ym)

+(6P45”m + 5qn5pm + 5"P5qm)7

R? = 10 YpYgYm — (5mn7p7q + OmpYgYn + OmgVnVp + Opg¥nYm + dgnVpYm + 5”1’7‘1%”)’

Ry = %% YgYms

RA = —R, RA = —R? 4 36,7 %m — OnpOum,

R§4 = —R¢ + 36np’7qr7m - 5 5qm7 Rf4 = _R(lb + 5"177‘177”7 (14)

the expression of the gravity-gradient change is written as

. >’GY,
hnm = 47TG/00[ pg * or afq}
PGy,
- —47er0[ P agmagq}
G G r
= | RZLIM)( 5 + RS it~ )
G r G r
¢
+R2WMPQ(t a) +R1 . M, (t — a) (15)
Note that 0G,,,/0z,, = —0G,,/0&,. Similarly to the gravity change, the first term

contains the prompt response and the other terms are retarded by (¢t — r/«). The first two
terms have static values for ¢ > r/a+7p with factors GMS? /(20°r%) and GM9 /(a?1?),
respectively. Note that the distance decay rates of the prompt and static responses are one

degree higher than those of the gravity change.
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2.5 Density perturbation associated with a moment tensor

From eq. (2), the density perturbation field dp(x, t) is related to u, (x,t):

0*Gy,

Sp(x,t) = —poV-u(z,t) = —poV - u®(x,t) = —po [Mpq * 911, 0€,

Mkk(t) 1 T

1
= —0(@) 5 + | (3% — ) 5 Mt = ©)
r 1 . r

1 .
+(3Y — 5pq)WMpq(t - a) + ('Yp'Yq)EMpq(t - 5)} , (16)

where §(-) is Dirac’s delta function. All terms are retarded by (¢ — r/«a), and no prompt
response exists because of the P-wave causality. Note that the first term represents the
mass change at the origin. For ¢ > r/a + 7p, the static density field is represented by the

first and second terms.

2.6 Expressions for a single force

The expressions for a single-force source are quite simple. We employ the solution for

the displacement vector u,(x, t) excited by a single force F, (Aki & Richards, 2002):

up(x,t) = F,*x Gy

3 Yp — Onp \ 1 r/B
= <Tp0 = i TE(t —7) dr

«

Wl \ Ll oy (O \ L T
+(47TP0042) er(t &) <47TP0/32 )TFp(t 5)' (a7

Extracting the scalar potential contributions from eq. (17) and multiplying them by

47 (G pg, we obtain the expression for the theoretical gravity change:

Sgn(x,t) = ArGpoul, = 4nGpo [F, * G|

G
Fit-=). (8

G
= =B - 5np)ﬁfz[Fp] (t) + (%%)E

where [5[F,](t) is related to F,(t) as in eq. (11). The first term contains the prompt

response and the second term is retarded by (¢ — r/«). Both terms remain static for

23



t > r/a+Tp. For a given static force F;°, the two terms have static factors GF;° /(2a°r)
and G F° /(a’r), respectively.
Differentiating the gravity change with respect to the receiver coordinates, we obtain

the expression of the gravity-gradient change:

. ¢
hnm<w7 t) = 47TGPO% = 47erO

oGe,
0%,

F, *

G
= (15’7n7p’7m - 3’7n5pm - 3’7p5mn - S/Vm(snp)ﬁ]ﬂFp] (t)

G r
_(67n'7p7m - ’ynépm - 7p5mn - Vménp>mpp<t - a)
G . r
— (VYY) ——E (t — —). 19
(VY'Y )a5r n( a) (19)
Note that owing to the relation 0G,,/0¢,, = —0G,,/0x,,, this expression can be

obtained by replacing ¢ with m in eq. (10) and by reversing the sign. The first term
contains the prompt response and the last two are retarded by (f — r/a). The static
response for ¢ > r/a + 7p is given by the first two terms, which have static factors
GE3°/(20°r?) and GF3° /(o*r?), respectively.

The density perturbation field dp(x, t) resulting from eq. (17) is given as follows:

, oGy,
5p($,t) = _pOV U (:C,t) = —po Fp * axk
Yp 1 r 1 . r
= —F(t—— —F,(t——)]|. 2
4ra [TQ p(t a) * ar p(t a)} 20

Both terms are retarded by (¢t — r/«), and no prompt term exists because of the P-wave

causality. The first term gives the static factor F,°/(4mwa?r?) for t > r/a + 7p.

3 Examples

Assuming three types of seismic processes, we examine the characteristics of transient
gravity perturbations and their gradients. We employ spherical coordinates (r,0, ¢)
related to Cartesian coordinates via z; = rsinf cos @, ro = rsinfsinp, x3 = rcosb,

with0 < 6 <7mand 0 < p < 27.
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3.1 Earthquake gravity and gravity-gradient change

Most seismograms result from earthquakes. Following Harms et al. (2015), we consider
shear faulting with a slip vector Au = (Aw, 0, 0) on a fault I" on the x; — x5 plane with its
normal vector n = (0,0, 1) (Figure 1). This seismic source is represented by a moment
tensor with non-zero components M3 = M3z, = My(t), i.e., a double couple (Aki &
Richards, 2002). Mj(t) is a moment function that increases from zero to static seismic
moment M with a duration time 7p.

From eq. (10), the expression of the gravity change is

G
dgn(,t) = (=307173Yn + 67103, + 6735171)F12[M0] (1)
5 5 G r
+(1271’737n - 2'71 3n — 2'73 1N)WMO(t — a)
G . r
2 ) —— Mo (t — —). 21
H219m) - Mo(t — —) (21)

The first term includes a prompt response and agrees with the prompt term of Harms et al.
(2015). Aftert > r/a+Tp, the third term is equal to zero and the others have static factors
GM§° /(2a2r?) and GM§® /(ar?), respectively. The static values can be compared with
the static solution in a homogeneous half-space (Okubo, 1991). The equation written in a

vector form helps us gain physical insights:

G - r

G r G T
Mo(t — =) + AP —=My(t — —), (22)
a adr a

59((1,‘,25) = —ANT—4]2[M0](t, a) + AIP

a2r?

where
AN = 9sin 26 cos e, — 6(cos 20 cos peg — cos O sin pe,) = 9ATT — 6AF
A" = 45in 20 cos pe, — 2(cos 20 cos peg — cos O sin pe,,) = 4ATT — 2477
AP = sin 26 cos pe,
AT = cos 20 cos peg — cos 0 sin pe,,. (23)

In seismology, AY, A" AP and A’ denote the radiation patterns (particle
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displacement vectors) of the near-field, intermediate P-, and far-field P- and far-field
S-waves, respectively (Aki & Richards, 2002). A" and A’" are composed of A"” (=
radial component) and AP’ (= transverse component).

The radiation pattern of gravity perturbations can be understood in terms of the density

distribution
R,(0,¢) [ 3 T 3 - T . T
4] t) = PO My(t— =)+ —=My(t — =) + —My(t — — 24
pl@.1) dra? |13 ol oz) T ol a) T o a)  24)
where R,(0,¢)(= sin2fcosp = 2v;73) represents the P-wave radiation pattern.

Therefore, the density perturbation spreads with the well-known quadrant pattern. Owing
to this quadratic density distribution, attractive and compulsive forces from the source act
in the plane {0 = 7/4, —m /4} as shown in Figure 3a, whereas the symmetry in turn causes
rotational forces in the plane {¢ = 0,7/2}, as illustrated in Figure 3b. For intermediate
directions, combined forces act. The gravity perturbations vary with time depending on

IQ[MO](t), Mo(t — T/Oé) and M()(t — T/Oé).
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Figure 3: (a) Diagrams for the radiation pattern of the radial component of gravity
perturbation due to a double couple, i.e., — sin 26 cos pe,.. The diagram is for a plane
of constant ¢, and the pair of arrows at the center denotes the shear dislocation. Note
the alternating quadrants of inward and outward directions. (b) Diagram for the radiation
pattern of the transverse component of gravity perturbation due to a double couple, i.e.,
cos 20 cos peg —cos 0 sin e ,. This is the four-lobed pattern in the plane {¢ = 0, p = 7}.
The lobes are a locus of points at a distance from an origin that is proportional to cos 26.
Arrows imposed on each lobe show the direction of gravity perturbation.
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As a quantitative example, we synthesize gravity and gravity-gradient waveforms
for the 2011 Tohoku-Oki earthquake (Mw 9.0). The seismic source is represented by
a moment tensor located at the hypocenter. We employ a mechanism (strike= 201°,
dip= 10°, rake= 90°) and moment-rate function following Wei et al. (2012) and
hypocenter coordinates (38.19°N, 142.68°E, depth 21 km) following Chu ez al. (2011).
The moment-rate function has a duration 7, = 300 s, but the moment release almost
finishes at 150 s (Figure 4). We employ a constant P-wave velocity (a« = 7 km/s) in the
homogeneous model, and the model arrival time is given by ¢, = r/« for a source-receiver
distance 7, which approximates the observed arrival time.

Figures 5 and 6 show the gravity waveforms in three components and gravity-gradient
waveforms in six components for the Kamioka Observatory (r = 515 km, ¢, = 74 s),
respectively. During the prompt period, all waveforms increase/decrease monotonically.
The transient waveforms continue after P-wave arrival, and finally reach static values
at about t = 350 s (~ ¢, + 7p). The maximum amplitude in the prompt part of the
gravity changes is —3.5 x 107® m/s? in the g3 component, whereas the static change is
approximately —17 x 107® m/s? (107® m/s?> = 1 micro Galileo, about 10~ times the
surface gravity acceleration). In the gravity waveforms, the prompt changes are a fraction
of the static changes. For the gravity-gradient waveforms, the maximum in the prompt
parts is approximately —2 x 10~'3 s~2 in the /5 component, whereas the static change is
approximately —5 x 10713 s72,

From the viewpoint of instrumental measurements, the theoretical waveforms in the
post-prompt period may make no sense; the receiver sites start to shake, which disturbs

the calm situation required for high-precision measurements.
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Figure 4: Seismic moment (dashed line) and moment rate (solid line) time-functions of
the Tohoku-Oki earthquake (Wei et al., 2012).
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Figure 5: Theoretical three-component gravity waveforms of the 2011 Tohoku-Oki
earthquake synthesized for Kamioka Observatory (r = 515 km) where the prompt period
is from ¢ = 0 s (the origin time) to ¢, = 74 s (P-wave arrival time). (z;, x2, x3) coordinates
are taken in the directions (EW, N.S, U D) with ENU positive. (a) Whole gravity changes
for 0 <t < 400 s. (b) Enlarged view for 0 < t < 74 s(=t,).
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Figure 6: Theoretical six-component gravity-gradient waveforms of the 2011 Tohoku-Oki
earthquake synthesized for Kamioka Observatory. (a) Whole gravity-gradient changes for
0 <t < 400 s. (b) Enlarged view for 0 < t < 74 s(=t,,).
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Note that we have assumed a point-source approximation. For this 2011 event, the
whole seismograms recorded by the broadband nationwide network F-net have been well
explained by a point source between 0.02 and 0.06 Hz because the major moment release
has been estimated to occur in a narrow region with radius 70 km in a short duration of
40 s (Kumagai et al., 2012). This finding suggests that the signs and orders of the prompt
signals with monotonically increasing characteristics would hold even if we consider a
finite fault model.

We next examine the relationship between the receiver location and the prompt signal
amplitude expected at the location, which is crucial for prompt detection of earthquake
occurrence. As shown in eq. (22), the prompt term consists of I5[M](t), which
monotonically increases in time during the prompt period 0 < ¢ < r/a. Thus, the
prompt signals attained in the gravity and gravity-gradient changes are proportional to
G L[ My](r/a)/r* and GI,[My](r/a) /1, respectively (omitting radiation patterns).

Figure 7 shows GI[My]/r* and GI,[M,)/r® as a function of r. GIy[My]/r* has
a peak around » = 750 km: the gravity perturbation at P-wave arrival increases for
distances smaller than 750 km. This is because the moment function rises quickly during
the beginning of the event, as pointed out by Montagner et al. (2016). The peak time
t >~ 100 s corresponds to the time when inclination of the moment function becomes
lower (Figure 4). For the gravity-gradient changes, G'I;[M;)/r® monotonically decays
with 7 owing to the one-degree higher decay rate. In this case, GI,[My]/r® diverges
when 7 approaches to zero, which is caused by the point source approximation and would
never occur in a finite fault model. The behavior of the two functions suggests that if
we approximate the initial rise of the employed moment function by t", n is estimated as
2 < n < 3. If the initial rise in the moment function is n > 3, the gradient of the gravity
perturbation at P-wave arrival would have a spatial peak as for the gravity perturbation.

Combining the radiation coefficients with the above distance-dependent functions,
we obtain the distributions of the prompt signal amplitudes at P-wave arrival (Figure
8). For the gravity changes, there are quadratic patterns in the dg; and g, components

and an anti-symmetric pattern in the dg3 component (Figure 8a). The maximum signals
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Figure 7: Plots of G 15[ My]/r* (solid line) and G I5[M,]/r° (dashed line) associated with
the 2011 Tohoku-Oki earthquake. They show reference signal levels (without radiation
coefficients) at receiver distances (r) greater than 21 km.

(>~ +5 x 107® m/s?) take place in the g3 component at a distance 7 ~ 750 km. The
amplitude of 5x 107 m/s? is large enough to measure with superconducting gravimeters.
In fact, static gravity changes of less than 1078 m/s? due to earthquakes have been
identified with high-resolution gravity recordings (e.g., Tanaka et al., 2001; Imanishi et
al., 2004). Dynamic detection seems to be a realistic challenge, though difficulties would
arise in identifying waveforms: there is rich background microseism noise, which always
contaminates signals as short-period time-oscillating noise.

In the gravity-gradient changes, there are more complicated patterns in a narrower
range (Figure 8b). The maximums on the surface (r > 21 km) are on the order of
10~' s72 in each component. This value, 1073 s72, is about five orders below the
attained sensitivity of a prototype torsion-bar antenna between 0.01 and 0.1Hz (Shoda
et al., 2015). A next generation torsion-bar antenna will be developed to attain high

sensitivity below 10~*%s~2 (Ando, personal communication).
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Figure 8: (a) Distributions of prompt gravity changes immediately before the P-wave
arrival at each location (left: x; component, center: x5, right: x3). The star and
circle symbols indicate the hypocenter of the 2011 Tohoku-Oki earthquake and Kamioka
Observatory, respectively. Red and blue colors indicate positive and negative changes,
respectively. The contour lines are drawn at every 10~ m/s?. (b) Distributions of prompt
gravity-gradient changes immediately before the P-wave arrival at each location (upper
left: ﬁll component, upper center: fzgg, upper right: ﬁgg, lower left: ﬂlg, lower center:
h1s, lower right: hos). The contour lines are drawn at every 2 x 10713 72,
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3.2 Isotropic expansion

An interesting exception in seismic sources is isotropic expansion for which prompt
gravity perturbations disappear. The source process is represented by a moment tensor
with non-zero components My, = My = M3 = My(t). When a growing spherical
cavity with a static volume change AV (or a static overpressure A P) is considered, the
static moment is given as follows: M = (A + 2u)AV = (2 + \/u)7tR3AP, where A
and p 1s the Lame constant of the surrounding medium and R is the radius of the cavity
(e.g., Kumagai et al., 2014, Ichihara et al., 2016).

With the summation (p,q) = (1,1),(2,2),(3,3) in eq. (10), we obtain the gravity

perturbations:

G G .
dg(x,t) = 52 My(t —r/a)e, + EMO(t —r/a)e,. (25)

Because of the spherical symmetry, gravity perturbations depend only on 7, have only a
radial component, and the radiation coefficient of the I term is zero. Thus, the gravity
perturbations propagate only with the P-wave velocity, not with the speed of light.

We can gain physical insights from the density perturbation distribution. From eq.
(16),
MOP Ly AP (26)

Aoty o

op(z,t) = —i(x)

«

The first term shows time-varying mass deficient dm_(¢)(= —M,y(t)/a?) at the origin.
The second term shows the mass compensation dm (t)(= My(t)/a?) radiated from the
origin. The positive mass dm.(¢) can be calculated by integrating the second term of eq.
(26) in the region +-0 < r < at. Before P-waves arrive at a receiver, the spherically
distributed mass can be regarded as a concentrated mass at the origin. As a result, the
effective mass change is zero and no gravity change appears. For the post prompt period
r/a <t <r/a+Tp, the P-waves are passing the receiver and the effective mass becomes
negative because the spherically distributed positive mass outside the receiver induces no
gravity changes. For the static period t > r/«a + 7p, the gravity perturbations without

Mg e?)

the effect of the compensating positive mass become dg(x,c0) = -

€r,
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indicating Newton’s law of gravitation (1/r? decay) associated with the static mass
deficient 6m> = —M§°/a?. Note that the static gravity perturbations are a compulsive

force, not an attractive force, because of the negative mass change at the origin.

3.3 Volcanic eruption

A volcanic eruption is an example of a single-force seismic source (e.g., Kanamori &
Given, 1983). We consider a simple source model in which only a vertical force 3 acts
at the origin. The source-time function F3(t) = —f(t) = —(Fy/2)(1 — cos(27/71p)t)
is assumed, with a constant Fj, and a duration 7. f(¢) has a peak Fy at ¢ = 7p/2 and

returns to 0 at ¢ = 7p. From eq. (18) with p = 3, the expression of the gravity change is

, G G T
dg(x,t) = (—2cosbe, — sin Qeg)ﬁlg[Fg](t) + (cos HBT)EFg(t — a) (27)
The first term contains a prompt response and the second is retarded by (¢t — r/«). Both
terms have static factors GF5°/(2a2r?) and GF5°/(a?r?), respectively. The expression

of the density change is

cosf |1 T

r
7"_2F3(t -

1 .
Sp(x, t) = )+ —Fy(t— 1) (28)

dra? a
Parallel expression of the gravity-gradient change can be obtained from eq. (19), and
each tensor component has a prompt term with a factor GI,[F3]/r*. The tensor form is
cumbersome and omitted for brevity.

As a quantitative example, we consider the prompt signals from the 1980 St. Helens
eruptions. Of these events, that of 13 June was well modeled by a single pulse with
momentum and duration. The 18 May event was the largest, with momentum 1.4 X
10 N - s and duration 25 s (Kanamori & Given, 1983). The source-time function was not
well constrained by the observed seismograms, so herein we arbitrarily assume the above

simple function f(¢) with a peak at 1.1 x 10'3 N (Figure 9). We synthesize theoretical

records at a receiver location r = 67 km, § = 7/2 (on x; — x5 plain) and ¢ = 26° where
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Figure 9: Assumed time function f(¢) in the single force model with duration 25 s and
amplitude 1.1 x 103 N.

the seismogram for the events was recorded. We assume the P-wave velocity o = 5 km/s
andt, ~ 13.4s.

Figure 10a shows the gravity change in the component dg3 (note that dg; = dgy = 0
at that receiver). The signal attains —0.8 x 107** m/s? at ¢ = t,, approaches to
—2x 107" m/s? at t = 22 s, and returns to zero after ¢, + 7p. Figure 10b shows
the gravity-gradient changes in the components leg(t) and fbgg(t) (note that hy; = hoy =
hss = hiy = 0). The signal attains 3 x 107'% s72 at t = ¢, approaches to 5 x 105 =2
att = 18 s, and returns to zero. The gravity and gravity-gradient changes show different
peak times because at the receiver the gravity change depends only on I5[F3|, whereas the
gravity-gradient changes depend on both I5[F3] and F3(t — r/a).

Similarly to the double-couple case, we examine the relationship between the receiver
distance and the prompt signal amplitude using G15[f]/r*(= |G1;[F3]/r?|) for the gravity
change and G15[f]/r*(= |G 1| F3]/r*|) for the gravity-gradient changes (Figure 11). The
prompt gravity change shows a peak at » = 80 km and its gradient just decays with r
corresponding to the initial rise of f(¢). The order of prompt signals are 107*° m/s?
and 1071° s72. These theoretical prompt signals are too small to measure with existing
instruments, so conventional television monitoring (with the speed of light) would be
much more favorable for prompt detection of a volcanic eruption if it is visible on the

surface.
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Figure 10: Synthesized gravity change and gravity-gradient changes at a receiver location
r = 67 km,0 = 90°, ¢ = 26°, where t, = 13.4 s with the assumption @ = 5 km/s.
(a) gravity change for the component g3(¢). Note that g; = go = 0 for the receiver. (b)
gravity:gradient changes for the components ﬂlg (t) and ﬁ23(t). Note that fm = fm =
hss = hi2 = 0.
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Figure 11: Plots of GI5[f]/r? (solid line) and GI,[f]/r* (dashed line) associated with the

single force model of the 1980 St. Helens volcanic eruption. They show reference signal
levels (without radiation coefficients) at receiver distances (r).
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4 Discussion and Conclusions

We have presented analytical expressions for theoretical gravity and gravity-gradient
changes associated with seismic radiations from a single force or a seismic moment
tensor in an infinite homogeneous elastic medium. The formulae do not involve elastic
coupling to the external static gravity and self-gravitating effects. For diverse seismic
sources, except isotropic expansion, the equations functionally yield template waveforms
for use in finding prompt gravity changes in time-series data recorded by state-of-the-art
instruments.

As quantitative examples, we synthesized gravity and gravity-gradient changes for
the 2011 Tohoku-Oki earthquake and the 1980 St. Helens eruption. The prompt gravity
changes for the Mw 9.0 event were in the possible detection ranges, whereas the other
signals were out of the detection ranges of existing instruments.

Prompt signals in gravity and gravity-gradient changes reflect the source-time function
(moment function) and the source mechanism. Such signals, if practically measurable in
multiple components and at multiple points, would contribute to constrain the source
processes independently of widely used seismic-wave analyses. In addition, signal arrival
times may lead to direct measurement of the propagation speed of gravity changes. These
possibilities will be realistic challenges in future with the development of high-sensitivity

instruments.
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Chapter 3
Search for prompt gravity signals in data and its interpretation

based on the principle of gravimetry

SUMMARY

Dynamic earthquake rupture causes density changes of the medium and, in theory,
induces prompt gravity perturbations at all distances before the arrival of seismic waves.
Detection of the prompt gravity signal before the seismic one is a challenge in
seismology. In this study, we searched high sampling-rate gravimetric data for such
prompt gravity changes induced by the 2011 Tohoku-Oki earthquake using a band-pass
filtering method. However, no significant changes predicted by a theoretical model were
identified even though the data had sufficient signal-to-noise ratios. We also analyzed
stacked broadband seismograph and tiltmeter array data and again could not detect the
expected changes. To interpret the absence of signals in the data, we investigated the
self-gravity effect on the measurement of gravitational acceleration, which has been
ignored in the existing theory. For this purpose, we calculated the displacement of the
observation station before P wave arrival and showed that each point in the medium
moves at an acceleration identical to the applied gravity change. This means that the
above gravity sensors do not have sensitivity in principle to the prompt gravity change
because of the opposite inertial force. Despite the negative observability in acceleration,

there remains possibility of detection in terms of its spatial gradients. The analytical
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expression for the theoretical gravity gradients from a general seismic source we

derived in Chapter 2 is useful toward future research.

1 Introduction

Seismic waves radiated from an earthquake accompany density perturbations, which
give rise to the transient gravity perturbations everywhere, even outside the seismic
wave front. The possibility of earthquake-induced prompt gravity signals has been
studied by Harms et al. [2015] and Harms [2016]. Such signals, if practically
measurable, can be the fastest method to detect earthquake occurrences, which could
help issuing early warnings for large earthquakes and tsunamis [Harms et al., 2015].
After the P-wave arrival, the observation sites start to undergo seismic shaking, and a
small change of the gravity field cannot be measured because of the overwhelming

effect of the ground acceleration.

Recently, Montagner et al. [2016] searched for the signal induced by the 2011
Mw 9.0 Tohoku-Oki earthquake in data recorded by a superconducting gravimeter at
Kamioka and five nearby F-net broadband seismometers in Japan. They could not find
any signal with an amplitude that obviously stood above the background microseism
noise. Then, they defined a ‘reduced gravity signal A’ of the segment before P wave
arrival, which means the time-averaged noise level, and compared it with those of the
other background segments where no event occurred. As the result of a statistical
procedure, they found that the ‘reduced gravity signal A’ of the segment before P wave
arrival was bigger than those of the other segments with a statistical significance higher

than 99% and claimed the presence of a prompt gravity signal from the event. However,
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the synthetic gravity waveforms predicted by a theory were not used in their analysis, so

definite detection of the signal has not been done yet.

In section 2, we investigated high sampling-rate data from two superconducting
gravimeters operated at Kamioka and Matsushiro. We also examined data from the F-
net broadband seismometer and the Hi-net tiltmeter arrays. In contrast to the statistical
approach of Montagner et al. [2016], we took a deterministic approach, computing
expected waveforms based on the theory of Harms et al. [2015] (Figure 12) and
identifying them definitely in the observed time-series data. To reduce the noise level,
we adopted a conventional band-pass filtering method, and for the array data we also

applied a station-stacking method.

As a result, no significant prompt signals exceeding the noise amplitude were
identified in the recordings. We constrained the upper limits of recorded signals, which
were smaller than the theoretical predictions. This raises the inconsistency between the

observed data and the simplified theory currently used.

In section 3, we investigated the effect of self-gravity deformation of the Earth
on the measurements of gravitational acceleration to interpret this absence of gravity
signals. This effect has been neglected in the current simplified model. In the first step,
we solved the elastodynamic equation of motion loaded by the prompt gravity changes
and obtained the analytical solution of the resultant displacement accelerations in an
elastic full space. In the second step, we developed an observation model that

incorporated the motion of observation ground induced by self-gravity.

We verified that the inertial force arising from the ground motion induced by

self-gravity completely cancels out the prompt gravity force acting on a sensor mass in
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a gravimeter, which inevitably leads to a null signal in an accelerogram. Our theory
discloses the negative observability of earthquake-induced prompt gravity changes

using acceleration sensors.

In section 4, we argued the intrinsic nature of gravity-induced elastic
deformation. We showed that instantaneous gravity changes, not limited to those from
earthquakes, necessarily accompany temporary free fall of the medium until the seismic
waves arrive. A gravimeter acts as if it were installed in an Einstein’s elevator, and loses
its sensitivity to gravitational acceleration. However, detection in terms of the gravity
gradients remains possible. The analytical expression of theoretical gravity-gradient
changes from a general seismic point source represented by a moment tensor we derived

in Chapter 2 can be used as template waveforms in time-series analysis.

2 Data analysis

2.1 Theoretical accelerogram

We use the term ‘theoretical accelerograms’ to denote the theoretical gravity waveforms
we derived in Chapter 2: the expected time-varying perturbation of the gravitational
acceleration from an earthquake at a receiver location. It works as a template waveform
in time-series data analysis.

For the following data analyses, we use equation (21) in Chapter 2 and
synthesize theoretical accelerograms of the 2011 Tohoku-Oki earthquake. Figure 12a
shows the vertical component of the theoretical gravity change at Kamioka, where a

superconducting gravimeter had been deployed. We set the event origin time ¢,, and

45



>

(a)

S
tn

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

'
o

————————————————————————————————————

kA fatad

g
N

-

-

¥
n

Amplitude (m/s*/10°®
™

0 10 20 30 40 50 60  68.1

40°

357 ..

30" , '
125° 130° 135° 140° 145° 150° 155°
Figure 12. (a) The solid and dashed lines denote the theoretical accelerograms (vertical

component with upward positive) of the 2011 Tohoku-Oki earthquake synthesized for
the Kamioka Observatory predicted by Harms et al. [2015] and by our model
incorporated with the self-gravity effect (see section 3), respectively. Time 0 is set to
the event origin time ¢,,. The distance between the hypocenter and Kamioka is 515 km,
and the P wave arrival time on the gravimetric record is 05:47:32.4 UTC (68.1 s after
teq). (b) Distribution of prompt gravity changes (vertical component with upward
positive) immediately before P wave arrival at each location. The star, K, M, yellow
triangle, red triangle, and small dot symbols indicate the epicenter, the Kamioka
Observatory, the Matsushiro Observatory, the Onishi F-net station, 70 other F-net
stations, and 706 tiltmeter stations, respectively. The contour lines are drawn at every

108 m/s?.
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location to 05:46:24.3 UTC and 38.19N, 142.68E, 21km (depth), respectively,
following Chu et al. [2011]. The P wave arrival time t, is visually picked in each data
record. For example, on the gravimetric record, t, = 05:47:32.4 UTC (68.1 s after
teq) at Kamioka. During the prompt period t., <t < tp, the theoretical accelerogram

monotonically decreases and reaches —2.4 X 1078 m/s? at tp.

2.2 Searches for predicted waveforms in data

Based on the synthesized accelerograms, we searched for prompt gravity signals
induced by the 2011 Mw 9.0 event in data recorded in Japan. We analyzed three
different types of high sampling-rate data: gravity data from two superconducting
gravimeters (SG), ground velocity data from the F-net seismographic array (F-net), and
horizontal acceleration data from the Hi-net tiltmeter array (Hi-net). All 71 F-net
stations are equipped with an STS-1 or STS-2 type broadband seismometer. A two-
component borehole tiltmeter is installed at 706 Hi-net stations. These instruments are

listed in Table 1, and the locations of the stations are shown in Figure 12b.

Table 1. List of observation instruments.

Instrument Channels used Output used
2 (Kamioka and Vertical gravity acceleration
Superconducting gravimeter
Matsushiro) [m/s?]
Vertical ground velocity [m/s]
Broadband seismometer 70 out of 71 (F-net)
converted to acceleration
Ground tilt [rad] converted to
Tiltmeter 549 out of 1412 (Hi-net)

horizontal acceleration
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2.2.1 Superconducting gravimeters

We used the SG data recorded at a 40 Hz sampling (GWR5 channel) [Imanishi,
2001]. Figure 13 shows the comparison of the original data with the theoretical
accelerogram at Kamioka. The sensor response was included in the theoretical
accelerogram. Background microseism dominated, with an amplitude of 10 x 1078 m/
s2, which is a few times larger than the expected gravity change, so no signal was
identified.

To reduce the microseism noise, we applied frequency filtering. Figure 14 is the
noise power spectrum of a 40-min time window recorded between 05:00 and 05:40

UTC. In contrast to the 1 Hz sampling data (GGP1 channel) with a 0.061 Hz anti-
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Figure 13. The original superconducting gravimeter (SG) data at Kamioka with zero
direct current offset (40 Hz sampling rate) and the theoretical accelerograms convoluted

with the SG instrumental response (Solid: SG data, Thick solid: Harms et al. [2015],

Dashed: our model (see section 3)).
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aliasing filter used in the analysis of Montagner et al. [2016], our 40 Hz sampling data
contain signal power in the frequency range higher than 0.061 Hz. However, the
spectrum shows relatively large noise power higher than 0.05 Hz, and we applied a
band-pass filter between 0.001 Hz and 0.03 Hz (5"-order 0.001 Hz high-pass and 0.03
Hz low-pass causal Butterworth filters) for both the original data and the synthetic
accelerogram. The lower frequency of 0.001 Hz is set to remove the long period tidal

variation.
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Figure 14. Noise power spectrum of 40-min time window between 05:00 and 05:40
UTC from the Kamioka superconducting gravimeter data before the 2011 Tohoku-Oki

event.
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Figure 15. The 0.001-0.03 Hz band-pass-filtered superconducting gravimeter (SG) data
and the theoretical accelerograms (Solid: SG data, Thick solid: Harms et al. [2015],

Dashed: our model (see section 3)). (a) Plot for Kamioka. (b) Plot for Matsushiro.

Figure 15a shows the comparison between the data and the theoretical accelerogram
after the filtering. The noise in the data was significantly reduced, whereas the
amplitude of the theoretical signal was less reduced. It seems that no significant
earthquake-induced gravity signal prior to the P wave arrival exists in the data.

For quantitative evaluation, we define the theoretical signal level Ag and

microseism noise level Ay as follows:
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Ag = |6g(tp)l, (29)

[
Ay = J L [Pk - was, (30)

ty =ty Jg,
where §g(t) is the theoretical accelerogram, x(t) is the observed data, t; = 05:40
UTC, t, = 05:46.405 UTC (=t,,), and pu = %ffj x(t)dt. For the Kamioka data,
274

Ay was reduced from 7 x 1078 m/s? to 0.04 x 1078 m/s? after the filtering, whereas
the signal level Ag retained an amplitude as large as 0.5 x 1078 m/s2. The S/N ratio
(Ag/Ap) was greater than ten which is large enough to identify the signal.

Figure 15b shows a comparison between the data and the theoretical
accelerogram after the same filtering at Matsushiro (436 km from the hypocenter and
tp = toq +57.35). Ay was reduced from 8 x 107® m/s*t0 0.07 x 107® m/s* and A;
retained an amplitude of 0.3 x 1078 m/s? after the filtering. Again, we did not
recognize the predicted waveform even though the S/N ratio reached about four. We
conclude that the expected signals were not recorded in the SG data with significant

intensity.

2.2.2 F-net broadband seismometers

A seismometer is based on an inertial sensor and measures the mass position relative to
the ground. The prompt gravity change would move the mass, which is expected to be
recorded by the instrument. Note that vertical sensors output down signals for upward
gravity changes.

Frequency responses of the F-net seismometers to velocity are flat between

0.003 and 10 Hz. Consequently, we did not apply the sensor frequency responses to the
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theoretical accelerograms and converted the velocity data into acceleration through
single derivation.

In the vertical component of the F-net data, the typical value of Ay was 100 x
1078 m/s? (34 x 108 m/s? at the lowest). They were tens to a hundred times larger
than Ag, and we only saw microseismic ground oscillation before filtering. To reduce
the noise, we again applied the same filters. Figure 16 shows an example recorded at
Onishi. After the filtering, the microseism noise was successfully reduced to as low as
0.02 x 108 m/s?, whereas the theoretical signal stayed as large as 0.2 x 1078 m/s?,
thus the S/N ratio was greater than ten. We repeated the same analysis for all available
data from 70 out of the 71 stations, omitting one because of poor recording quality. The
S/N ratios after the filtering ranged from 0.1 to 60. At any station, we could not find any
signal comparable to the predicted one even though 43 stations indicated S/N ratios

larger than ten. We show all the 70 filtered waveforms in Supplement.
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Hz band-pass filtering (Solid: F-net data, Thick solid: Harms et al. [2015], Dashed: our

model (see section 3)).
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Next, a multi-station signal-stacking method was applied to enhance signals of
interest relative to noise. After the band-pass filtering, we stacked the time series
aligned with t, at each station (Figure 17) with polarity reversal correction, i.e.,
multiplying each time series by one or minus one based on the sign of the theoretical
gravity change. The stacked F-net trace for the 43 stations with S/N ratios larger than
ten was compared with the stacked theoretical accelerograms (Figure 18a). As expected,
the noise of the stacked trace decreased, and the S/N ratio increased to 100 (Ay
calculated for 10 min before the reference time (t; = —10 min, t, = 0) was 0.004 X
1078 m/s?, whereas Ag stayed at 0.5 x 1078 m/s?). Even though the stacked trace
showed a large S/N ratio, we did not see any significant signal as predicted by the
theoretical model. It is worth noticing that the stacked trace shows a very slight negative

trend beyond the noise level toward the P wave arrival, which is discussed in Section 4.

\

1 [ tpff

tEQ

Figure 17. How to stack the waveforms at the P-wave arrival time of each station.
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Figure 18. (a) Stacked waveform of the filtered F-net data and the theoretical
accelerograms (Solid: F-net data, Thick solid: Harms et al. [2015], Dashed: our model
(see section 3)). Time O is set to the stacking reference time tp. (b) Stacked waveform
of the filtered Hi-net tiltmeter data and the theoretical accelerograms (Solid: Hi-net
data, Thick solid: Harms et al. [2015], Dashed: our model (see section 3)). The
difference of stacked theoretical accelerograms between F-net and Hi-net is due to the

distribution of the stations used for stacking.
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2.2.3 Hi-net tiltmeters

We analyzed the data recorded by the Hi-net tiltmeters, which work as horizontal
seismometers. For our analysis, tilt data were converted into horizontal acceleration.
Because the sensor response is not open, we could not apply it to the theoretical
accelerograms; however, tiltmeter records have been used as seismic records by
comparing them with nearby broadband seismic records (e.g., within a bandwidth of
0.02-0.16 Hz) [Tonegawa et al., 2006]. Because tiltmeters are designed to respond to

static changes, recordings will also be reliable below 0.02 Hz.

Hi-net tiltmeter data were generally noisy compared to F-net data. The typical
value of Ay for the 40-min duration was 200 x 108 m/s2. After applying the same
filters, we picked up and stacked 549 traces of data out of 1412 traces (two horizontal
components from each station). These traces were chosen following the criterion of S/N
ratio larger than unity. We compared the stacked tiltmeter trace to the stacked
theoretical accelerograms (Figure 18b). The noise in the stacked trace was as low as
0.008 x 1078 m/s?, whereas Ag stayed at 0.25 X 1078 m/s?, which resulted in an
S/N ratio of 30. Again, the predicted signal cannot be identified, but the stacked trace
shows a positive trend beyond the noise level toward the P wave arrival, which is also

discussed in Section 4..

2.2.4 Upper limit of gravity signal

Our analyses of the SG, F-net, and Hi-net data yielded upper limits of the gravity
signals. The 95% confidence level upper limit is given by 2a, where ¢ is the standard

deviation of time-series data. In our analyses, 2o is equal to 24y, so the upper limits
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were 0.1 X 1078 m/s? at Kamioka and Matsushiro, and 0.04 x 1078 m/s? at Onishi.
After stacking, the reduced noise levels were 0.01 x 108 m/s? for the F-net data and
0.06 x 108 m/s? for the Hi-net data. They were all smaller than the predicted values.
Our analyses confirmed the absence of the predicted gravity signals in the observed

data, which raises inconsistency between the simplified theory and the data.

3 Interpretation of absence of prompt signals based on the principle of

gravimetry

Here, we investigate the self-gravity effect to interpret the absence of prompt gravity
signals in the data. This effect was neglected in the theoretical modeling of Harms et al.
[2015], but it may induce ground motion before P wave arrival and affect gravitational
acceleration measurements via an inertial force to the sensor mass [Heaton, 2017]. For
this purpose, we derive the analytical expression of the elastic deformation induced by
the prompt gravity changes in an elastic full space. Then, we develop an observation
model where we incorporate the effect of the ground motion.

Harms et al. [2015] employed simplified Earth structure and earthquake source
models and simplified laws of physics for brevity: (i) a point earthquake source, (ii) an
infinite homogeneous medium, (iii) no time-constant background gravity field that
would affect deformation under gravity, and (iv) no mutual interaction between the
induced gravity change and the medium mass. We suspect that these simplified
assumptions might have artificially enhanced the theoretical signals so that they
exceeded the noise level and would be easily detected as plotted in Figures 15, 16, and

18.
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3.1 Elastic deformation induced by prompt gravity changes

The simplified model of Harms et al. [2015] considered only the prompt gravity
changes induced by pure elastic deformation, and formulated in the time-domain an
explicit expression of the prompt gravity changes induced by an earthquake in a
homogeneous full space without assuming the self-gravity effect (Figure 19). Here by

extending Harms et al. [2015], we obtain the analytical expression of elastic

displacement displacement
u(x,t) §(x,t)
EQ (N (2) Harms et al.
Th f .
el;ﬁ%& gravity change (3) We solve
6g(x,t)

Figure 19. Flowchart of the interaction between the displacement of the medium and the

gravity change.

deformation in the time-domain induced by the prompt gravity changes in a
homogeneous full space. This solution represents the first order perturbation of elastic
deformation induced by the first order perturbation of gravity.

The formulation starts with the equation of motion of an infinite isotropic

homogeneous elastic medium [e.g., Aki and Richards, 2002]:

pé(x,t) = A+ 2wV (V- E(x,0)) —puV x (VX E(x, 1)) + f(x,1), (3D
where &(x, t) is the displacement field, & is the second derivative of & with respect to
time, A and u are the Lame constants and f(x, t) is the body force distribution. We seek
the solution &(x, t) for a given body force f(x,t) = pdg(x,t), which represents the

elastodynamic deformation induced by the prompt gravity changes. The mathematical
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procedure of deriving the solution is summarized in appendix A. Interestingly, the

solution for the prompt period 0 < t < tp = r/a is quite simple:

§(x,t) = 5g(x,1). (32)
This solution shows that the ground acceleration at a receiver is identical to the prompt

gravity change acting there.

3.2 Negative observability of earthquake-induced prompt gravity in

acceleration

We develop an observation model that includes the effect of self-gravity deformation on
the measurement of gravitational acceleration. Figure 20 shows the principle of
gravimetry. A gravimeter based on an inertial sensor is essentially a mass suspended by

a spring. What the instrument can measure is not the gravity Mg(t) acting on the sensor

fg:Mg

Figure 20. The principle of relative gravity measurement.
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mass M, but the relative motion of the mass to the instrument. Therefore, the output
s(t) is the difference between the gravity acceleration g(t) and the acceleration of the

attached ground £(t):

s(t) = g(@) — §(). (33)

This can be expressed as follows: both gravitational force Mg(t) and inertial force
—ME(t) act on the mass, and the sensor feels only the resultant force.

At any observation location, the ground acceleration §(x, t) during the prompt

period is equal to the gravity change 6g(x,t) (equation 32). From equation 33, the

predicted sensor output is

s@) = g(®) = () = (go + 5g(8)) — g(t) = go: const,, (34)
where g, is the reference gravity before the earthquake. The prompt gravity signal is
canceled out by the ground motion induced by the self-gravity effect: a gravimeter loses
its sensitivity during the prompt period. Our model shows the negative observability of
earthquake-induced prompt signals in the acceleration measurement. Absolute
gravimeters are not the exception because they also depend on the relative motion of the
test mass to the ground.

Theoretical accelerograms predicted by our model (i.e., zero amplitude) are
shown as dashed lines in Figures 12a, 13, 15, 16, and 18. Clearly, the observed data are
more consistent with our model, i.e., null signals in accelerograms, than with the model

proposed by Harms et al. [2015].
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4. Discussion

4.1 Inevitable free fall of a gravimeter in response to instantaneous
gravity change

We have shown the elastic response to the prompt gravity: the resultant ground
acceleration is parallel to the applied gravity change (equation 32). It gives us an insight
into the intrinsic nature of an elastic solid in response to an instantaneously applied
gravity change. Namely, each point of the medium falls freely as if it were an isolated
mass in space when inhomogeneous gravity change 6g(x,t) is instantaneously applied

att = 0.

a mass in a vacuum a mass in a continuum

ag(x.‘c)/. 5
9(""”/'( !
el /oo

Figure 21. Schematic illustration of the motion of a mass in a vacuum or a continuum.

In a continuum, such free-fall motion is counterintuitive; a volume of interest is
never able to move like an isolated mass because of the surrounding medium, i.e., a
mass buried in the ground never falls freely. The surrounding medium does affect the
volume via adjoining surfaces, i.e., traction, which should prevent the volume from free
falling (Figure 21).

To repel such erroneous intuition, we return to the equation of motion (equation
31). The first two terms on the right-hand side represent the local forces due to traction

and the last term represents the remote body force due to the gravity change. If a gravity
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Figure 22. The gravity field induced by a point mass.

change dg(x,t) instantaneously appears at t = 0, it is shown, as below, that the
displacement field &(x, t) = 8g(x, t) surely satisfies the equation of motion.

Suppose single mass M emerges at x = 0 and t = 0. The gravity field induced
by this mass is 6g(x,t) = —GM%3 (t > 0), where r = |x|, which decays with r?
(Figure 22). Its rotation is zero everywhere and its divergence is zero except x = 0
where the mass emerges. Here, we assume that the solution of displacement &(x,t)
satisfies &(x,t) = 5g(x,t) . In the framework of infinitesimal deformation, the
displacement ¢ and the gravity §g have a spatially identical distribution: & = %&qtz.
This equation leadsto V x & = 0and V- & = 0, except when x = 0, which means that
the traction terms of the equation of motion are equal to zero. Thus, the solution
E(x,t) = 8g(x, t) surely satisfies the equation of motion except where the mass

emerges. For the emergence of spatially distributed mass, i.e., density changes (Figure

23), the solution of displacement is a mere superposition of that for single mass, so

&(x,t) = 5g(x,t) also holds except for the region where the density changes occur. In

61



the case of earthquake-induced gravity, this condition corresponds to that the P waves
have not yet arrived.

This free-fall deformation of the ground is not limited to earthquake-induced
gravity change, but the intrinsic nature of the elastic response to arbitrary gravity
change. This is exactly an Einstein’s elevator temporarily appearing on Earth, in which
a person does not feel the gravitational acceleration because of the opposite inertial
force. This phenomenon has been unnoticed in the classical frequency-domain normal

mode theory.

4.2 Higher interactions of self-gravity

We have considered only the first order perturbation in gravity and deformation. Here,

§(x,t)

P-wave front

Figure 23. A seismically causal region where density perturbation occurs, and a
seismically non-causal region where prompt gravity change occurs without density

perturbation.
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we investigate the effect of higher interactions that may be also important in the
measurement of gravitational acceleration. We have shown that the first order
perturbation in deformation &(x,t) induced by the first order perturbation in gravity
5g(x,t) has the form &(x,t) = 5g(x,t) (0 <t < tp). Outside the P wave front,
because the divergence of the first order perturbation in deformation is zero, the
resultant density perturbation is also zero from equation 2. As a result, the density
perturbations occur only inside the P wave front, so in the acceleration measurement the
higher order perturbations in gravity are canceled out by the resultant higher order
perturbations in deformation as 6g(x, t) is canceled out by &(x, t). This is why the first
interaction is critical and the higher order interactions are negligible in the gravitational

acceleration measurement.

4.3 Two types of self-gravity effect

In the normal mode theory, there are two types of Newtonian interactions between
density and gravity: (i) between the background gravity field and the elastic
deformation, (ii) between the gravity perturbation and the initial elastic mass. Both
gravity forces are called self-gravity. We investigated the perturbation in deformation
&(x,t) induced by the prompt gravity perturbation 6g(x,t) in section 3.1, which
corresponds to the type (ii) self-gravity effect. The type (i) effect occurs only where the
deformation u(x, t) exists, i.e., where P waves have arrived. Before the arrival of P

waves, we can ignore the type (i) self-gravity effect on deformation.

4.4 The effect of a surface

In our model, an unbounded medium was considered, and the resultant motion gave rise

to the perfect cancelation in the measurement of prompt gravity changes. If a realistic

63



finite Earth model is considered, its free surface may alter the ground acceleration
because additional deformation could occur to satisfy the traction-free boundary
condition. As a result, the perfect cancelation might break. Modeling of the prompt
gravity change for a body with the free surface is discussed in the framework of the
normal mode theory, and much smaller signal levels than the prediction of Harms et al.
[2015] are expected [Heaton, 2017; Montagner, private communication]. Very recently,
Vallee et al. (2017) reported the identification of the prompt gravity waveforms from
the 2011 Tohoku-Oki earthquake. They employed an elastic wave propagation
simulation to synthesize the theoretical waveforms of both the prompt gravity change
and the ground acceleration in a half-space, and identified the simulated waveforms in
observed data recorded by ten broadband seismometers. In this context, the very slight

trends found in the F-net and Hi-net stacked traces may reflect the free surface effect.

4.5 Toward definite detection of earthquake-induced gravity signals

using a gravity-gradient sensor

We have shown that the prompt gravity signal is difficult to be recorded with
instruments measuring the relative motion between an inertial mass and the attached
ground, such as gravimeters, seismometers, and tiltmeters. However, the possibility
remains in terms of the gravity-gradient measurement. Spatially inhomogeneous gravity
field induces tidal deformation of an object or spatial strain (Figure 24), which are
observable even if the observer moves with acceleration of the gravity field. In this
sense, the general expression for the gravity changes we derived in Chapter 2 (egation

10, 18) may no longer useless for the signal detection, but the expression for the
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Figure 24. An example of tidal deformation of an object: the Earth tidally deformed by

gravity forces due to the Sun and Moon (Figure from the internet).

gravity-gradient changes (equation 15, 19) is still useful. Our formula relies on the
elastodynamic Green’s function that is familiar to seismologists.

Detecting very small perturbations of the gravity gradient has been a challenge
for detecting gravitational waves from space. Recently, Abbott et al. [2016] observed
the gravitational waves using laser interferometers in a high frequency range from tens
to hundreds of Hz. New state-of-the-art instruments, such as torsion bar antennas
(TOBA) [Ando et al., 2010; Shoda et al., 2014, Figure 25] are being developed. The
instrument intends to observe a spatial strain through the tidal deformation of the
crossing bars. The existing proto-type TOBA attained a 1078 s2 sensitivity within a
low frequency range of 0.01-1 Hz [Shoda et al., 2014]. The predicted signals are 10°
times smaller, but the next-generation TOBA will attain enough sensitivity to detect
prompt earthquake signals. Prompt earthquake detection is awaiting such ultra-sensitive

Sensors.
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Tidal force
from GWs
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o| '« festmass

Figure 25. Schematic illustration of torsion bar antennas (TOBA; Ando et al., 2010;
Shoda et al., 2014). This instrument aims to detect the spatial strain through tidal

deformation of the two suspended bars.
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5 Conclusions

We showed that the predicted prompt signals were identified in neither our band-pass
filtering nor our stacking analysis. Analyses of the three different types of sensors all
yielded the same negative detection, implying that these results are reliable. Our
analyses suggest that there is an obvious discrepancy between the theoretical prediction
and the data we have used. Our results conflict with the previous study of Montagner et
al. [2016] claiming the consistency of their statistical result with the theory of Harms et
al. [2015]. We speculated that the model signals were overestimated and that the actual
intensities were much smaller than those predicted. In this context, our results
confirmed that the upper limit of relevant signals recorded in the data was lower than
0.01 x 1078 m/s?,

To interpret the absence of prompt signals, we investigated the effect of self-
gravity deformation on measurements of gravitational acceleration. We solved the
elastodynamic equation of motion loaded by the prompt gravity changes and obtained
the resultant displacement accelerations. We then developed an observation model
incorporated with the motion of the observation ground induced by self-gravity. The
model showed that the inertial force originating from the resultant ground motion
cancels out the gravitational force acting on a sensor mass before the arrival of P waves,
leading to a null signal in the sensor output. Our theory verified the absence of
earthquake-induced prompt gravity changes using inertial sensors.

To close, we discussed the intrinsic nature of gravity-induced elastic
deformation. Instantaneous gravity changes necessarily accompany a temporary free fall
because the elastic traction is zero between the event onset and the P wave arrival. What

we call Einstein’s elevator inevitably appears on Earth, and it is the manifestation of
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intrinsic elasticity that has been unnoticed in classical normal mode theory. Although
our theory disclosed the negative observability of the prompt gravity changes in
acceleration, their gradients remain observable even in a moving system. For the future
detection, the analytical expressions of theoretical gravity-gradient changes from a
generalized source represented by a moment tensor can be used as template waveforms

in time-series analysis.

References

Abbott, B. P. et al. (2016), Observation of Gravitational Waves from a Binary Black
Hole Merger, Phys. Rev. Lett., 116(6), 61102,
doi:10.1103/PhysRevLett.116.061102.

Aki, K. and P.G., Richards (2002), Quantitative Seismology, 2nd. Ed., University
Science Books, Susalito, California.

Ando, M., K. Ishidoshiro, K. Yamamoto, K. Yagi, W. Kokuyama, K. Tsubono, and A.
Takamori (2010), Torsion-Bar Antenna for Low-Frequency Gravitational-Wave
Observations, Phys. Rev. Lett., 105(16), 161101,
doi:10.1103/PhysRevLett.105.161101.

Chu, R., S. Wei, D. V. Helmberger, Z. Zhan, L. Zhu, and H. Kanamori (2011),
Initiation of the great Mw 9.0 Tohoku-Oki earthquake, Earth Planet. Sci. Lett.,
308(3-4), 277-283, doi:10.1016/j.eps!.2011.06.031.

Han, S.-C., C.K. Shum, M. Bevis, C. Ji, and C. Kuo (2006), Crustal dilatation observed

by GRACE after the 2004 Sumatra-Andaman earthquake, Science, 313, 658-662

68



Han, S.-C., R. Riva, J. Sauber, and E. Okal (2013), Source parameter inversion for
recent great earthquakes from a decade-long observation of global gravity field, J.
Geophys. Res. Solid Earth, 118, 1240-1267, doi:10.1002/jgrb.50116.

Harms, J. (2016), Transient gravity perturbations from a double-couple in a
homogeneous half-space, Geophys. J. Int., 205(2), 1153-1164,
doi:10.1093/gji/ggw076.

Harms, J., J. P. Ampuero, M. Barsuglia, E. Chassande-Mottin, J. P. Montagner, S. N.
Somala, and B. F. Whiting (2015), Transient gravity perturbations induced by
earthquake rupture, Geophys. J. Int., 201(3), 1416-1425, doi:10.1093/gji/ggv090.

Heaton. T. H. (2017), Correspondence: Response of a gravimeter to an instantaneous
step in gravity, Nat. Commun., 8, 66, d0i:10.1038/s41467-017-01348-z.

Imanishi, Y. (2001), Development of a High-Rate and High-Resolution Data
Acquisition System Based on a Real-Time Operating System, J. Geod. Soc. Japan,
47(1), 52-57, doi:10.11366/sokuchil954.47.52.

Imanishi, Y., T. Sato, T. Higashi, W. Sun, and S. Okubo (2004), A network of
superconducting gravimeters detects submicrogal coseismic gravity changes.,
Science, 306(5695), 476-8, doi:10.1126/science.1101875.

Montagner, J.-P., K. Juhel, M. Barsuglia, J. P. Ampuero, E. Chassande-Mottin, J.
Harms, B. Whiting, P. Bernard, E. Clévedé, and P. Lognonné (2016), Prompt
gravity signal induced by the 2011 Tohoku-Oki earthquake, Nat. Commun., 7,
13349, doi:10.1038/ncomms13349.

Okubo, S. (1992), Gravity and potential changes due to shear and tensile faults in a half-

space, J. Geophys. Res., 97, 7137-7144,

69



Shoda, A., M. Ando, K. Ishidoshiro, K. Okada, W. Kokuyama, Y. Aso, and K. Tsubono
(2014), Search for a stochastic gravitational-wave background using a pair of
torsion-bar antennas, Phys. Rev. D, 89(2), 27101,
doi:10.1103/PhysRevD.89.027101.

Tanaka, Y., S. Okubo, M. Machida, I. Kimura, and T. Kosuge (2001), First detection of
absolute gravity change caused by earthquake, Geophys. Res. Lett., 28(15), 2979—
2981.

Tonegawa, T., K. Hirahara, T. Shibutani, and K. Shiomi (2006), Upper mantle imaging
beneath the Japan Islands by Hi-net tiltmeter recordings, Earth, Planets Space,
58(8), 1007-1012, doi:10.1186/BF03352605.

Vallee, M., J. P. Ampuero, K. Juhel, P. Bernard, J.-P. Montagner, and M. Barsuglia
(2017), Observations and modeling of the elastogravity signals preceding direct
seismic waves, Science, 358, 1164-1168, doi: 10.1126/science.aao0746.

Wei, S., R. Graves, D. Helmberger, J. P. Avouac, and J. Jiang (2012), Sources of
shaking and flooding during the Tohoku-OKki earthquake: A mixture of rupture

styles, Earth Planet. Sci. Lett., 333-334, 91-100, d0i:10.1016/j.epsl.2012.04.006.

Appendix A. Displacement acceleration induced by the prompt gravity
perturbation in an elastic full space

Harms et al. [2015] derived the expression for the prompt gravity perturbation &g
induced by the seismic displacement u. Here, we consider the displacement & induced

by the prompt gravity perturbation §g. As mentioned in section 3, we seek the unknown

solution of ¢ that satisfies the equation of motion with the given body force f = pég.
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»

P-wave front

X
X
Figure 26. The fault slip at the origin and the source-based coordinates (xyz). The
gravity change at the receiver location r, outside the P wave front is induced by the

distributed density perturbations inside the front. The XYZ-coordinates are based on the

direction of r.

We adopt a source-based Cartesian coordinate system (xyz) where we choose the origin
at the location of a shear dislocation, the x-axis is parallel to the slip direction, and the z-

axis is perpendicular to the fault plane (Figure 26).

The solution can be expressed using the representation theorem with the
elastodynamic Green’s function [Aki and Richards, 2002], where a displacement
response to an impulsive body force is convoluted with the distributed gravity force

pdg in both time and space:
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where ¢ is the n-th component of &,
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Our goal is to show that the solution of equation Al satisfies § = §g during the
prompt period 0 <t<R/a . For this purpose, we conduct the coordinate
transformation expressed below so that the volume integral of equation Al can be
solved. The moment tensor expression in equation A2 is useful for this analysis. We
adopt the Cartesian coordinates (XYZ) where the receiver locates on the Z-axis. When
the receiver location is expressed as (R, 8,, ¢,) in the spherical coordinates, XYZ-
coordinates are realized by applying the two steps of rotation to xyz-coordinates: (i) ¢,
rotation around the z-axis (ii) 8, rotation around the y -axis, which are expressed by

cos¢p, sing, 0 cosf, 0 —sinf,
()R, = (—sin ¢, COs Py 0) and (ii) Ry, = < 0 1 0 >
0 0 1 sinf, 0 cos6@,

In the XYZ-coordinates, the moment tensor M, (t) has its components as
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—sin26,cos¢, sinf,sing, cos 26, cos P,
( sin 6, sin ¢, 0 —cos 6, sin qbo) M,(t) (A4)

cos 20, cos¢p, —cosBysing, sin26,cos P,

=2 Ay Mo (D).

Inserting equation A4 into equation A2 and equation A2 into equation Al yields the

displacement Z((R, 0,0), t) in the XYZ-coordinates:

= 6A%3 G [t ¢ e e
52 = 6A23 Ff dt,f dt”f dtlllf dt””MO(t””). (AS)
=3 , 0 0 0 0

—94,,

One finds that the right-hand side includes the second integral of the prompt gravity

perturbation. equation A5 can be expressed in the original coordinates (xyz) as

$1
<stz> = Rz_lR;1< 2)
$3
t”’

—30yiYs+6Vs\ o ¢t e
_4] dt’J dt” dt”’ dt”I,Mo(t,I,I) .
R 0 0 0 0

[y

(] [ [x)

w

(A6)

= —30y172Y3
—30y,v5 + 614

Taking the second derivative with respect to time, the displacement acceleration is

found to be equal to the applied prompt gravity perturbation:

z G ‘ / ! " "
$m(To,t) = (=30y1V3¥m + 6V16m3 + 6V35m1)ﬁj; dt J;) dt" My (t") (A7)

=609m (ro' t).
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Chapter 4. General conclusion
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