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ESTIMATING A GREEN’S FUNCTION FROM “FIELD-FIELD”
CORRELATIONS IN A RANDOM MEDIUM*

MAARTEN V. DE HOOPT AND KNUT SOLNA?

Abstract. Traditional imaging methods use coherent signals as data. Here, we discuss recent
developments in imaging that aim at exploiting as data incoherent noisy signals that are not asso-
ciated with well-defined arrival times. Indeed, signal constituents that in a classical setting may be
regarded as noise may contain important information about the medium to be imaged. We show
how it is possible to use the statistics of such noisy signals, specifically, the second-order statistics,
for imaging. We consider two particular situations: first, the estimation of an (“empirical”) Green’s
function from noisy signals which can subsequently be used in imaging; second, the localization of a
cluster of random sources from noisy signals (passive imaging). The analysis presented here is based
on assuming a remote sensing scaling and the paraxial approximation, and it uses in part the results
set forth in Papanicolaou, Ryzhik, and Solna [STAM J. Appl. Math., 64 (2004), pp. 1133-1155] that
relate to time-reversal, statistical stability, and superresolution. Robustness with respect to model-
ing assumptions is illustrated by considering other scaling regimes also. We demonstrate how the
estimation problem and its robustness can be considered as a dual to that of time-reversal and stable
superresolution. We obtain a novel analysis and foundation for the use of ambient seismic noise in
body-wave (tomographic) imaging, motivated by the recent successes of surface-wave tomography
using ambient seismic noise.
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1. Introduction.

1.1. Time-reversal and cross-correlation—based imaging. Recent work on
time-reversal of waves in a random medium has shown that medium fluctuations
are not necessarily detrimental to, but may in fact enhance various operations with,
waves. This has been analyzed mathematically as well as demonstrated experimen-
tally [4, 20, 22, 25, 30, 31, 33]. In classical time-reversal, the wave received by an active
transducer (receiver-emitter) array is recorded and then re-emitted into the configu-
ration time-reversed; that is, the tails of the recorded signals are sent first. In the
absence of absorption, the re-emitted signal will propagate back toward the source
and focus, approximately, on it. This phenomenon has a large number of applica-
tions, in inverse problems, medical imaging, remote sensing, target identification, and
secure communication, for instance. Here, we discuss the notion of “field-field” cross-
correlations associated with noise observed at pairwise distinct receivers, to obtain
an “empirical” Green’s function. This notion is naturally related to the time-reversal
mentioned above [13, 14]. We will give a precise characterization of the “empiri-
cal” Green’s function, which can subsequently be used for imaging the interrogated
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910 MAARTEN V. DE HOOP AND KNUT SOLNA

medium. To this end, we consider a configuration consisting of a randomly hetero-
geneous halfspace, possibly containing a scatterer, which is exposed to random noisy
sources concentrated at the surface (that is, the top of the halfspace). The idea is
to use cross-correlations between a set of measurements of noise to infer information
about the medium in the halfspace as well as about the location of the scatterer.

With seismology as a key application in mind, the goal is to obtain an image
of Earth’s interior from all possible signals recorded at an array of receiver stations.
Robust imaging requires, essentially, a regular distribution of sources. Effectively
using receivers as sources through the mentioned “field-field” cross-correlations, this
requirement can be satisfied, even where deterministic sources (earthquakes) are nec-
essarily absent. The idea of using ambient noise for the retrieval of a body-wave
reflection response, in a planarly layered medium, dates back to Claerbout [8]. He
also conjectured that, in general media, cross-correlating ambient noise traces from
two locations recaptures the wavefield at one of the locations, excited by a point
source at the other location. An early example of a field application was reported by
Scherbaum [37], who analyzed auto-correlations of recordings of low-magnitude earth-
quakes and generated pseudorefiection seismograms. Moreover, the cross-correlation
method has been developed in helioseismology [16]. In recent years, the understanding
of how cross-correlating diffuse fields recaptures the Green’s function has been a topic
of research [46, 42]. Cross-correlating (diffuse) coda waves [7] and ambient seismic
noise [38, 39] resulted in the retrieval of surface waves observed at one station and
excited at the other station; for a detailed study, see Yao, van der Hilst, and deHoop
[43]. Furthermore, turning body waves have been observed in cross-correlating am-
bient noise [35]; in an exploration seismology setting, reflected body waves have also
been recovered by cross-correlations [15]. The exploitation of a scattering medium in
capturing the Green’s function by field-field cross-correlations was studied by Derode
et al. [14]. The mathematical analysis of field-field cross-correlations in the men-
tioned setting from the point of view of heterogeneous media has just begun. See [26]
for analysis of the case with a layered random medium and [3] for a recent analysis
based on the semiclassical approximation and that explicitly discusses stability of the
traveltime estimates associated with the correlations which requires a careful analysis
of the time scales involved. In [10], field-field cross-correlations from ambient noise,
which is not necessarily localized or directional, are analyzed in the high-frequency
limit, again making use of Egorov’s theorem of microlocal analysis. Here, motivated
by applications to propagation in the heterogeneous earth and the atmosphere, we
will consider the far field regime and consider a stochastic modeling approach. We
exploit the random fluctuations in the medium and consider a variety of (scaling)
regimes. In the above, noisy sources are passive sources, while the medium is sub-
jected to random fluctuations. Controlled sources can be used to retrieve the Green’s
function from cross-correlations of wavefields observed at pairwise distinct receivers
as well. Time-reversal and Rayleigh’s reciprocity relation can be combined to eas-
ily identify the cross-correlation as the Green’s function in the interior of a compact
domain with controlled sources (everywhere) on its boundary without knowledge of
the (deterministic) medium [12]; applications of this general result in borehole seismic
imaging can be found in [28, 47, 44]. Insights in extending this situation to the case
with decorrelating random sources (on the boundary) can be found, for example, in
[45].

A proper estimate of the Green’s function between a set of locations can be
used for robust imaging from ambient noise [27, 39, 43] and for encoding signals
also. The technique of cross-correlations is furthermore relevant in the context of
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Fic. 1.1. Top left: a map and the array of receivers. Top right: phase velocities at T' = 10s
(obtained from the Green’s function estimates between all pairs of receivers, and given in [43]);
these phase wvelocities play the role of co. Bottom: Green’s function estimates from 10 months of
data cross-correlations. The positive times correspond to the Green’s function from the “source”
station MCO04 (red) to receivers MCxx (blue), while the negative times correspond to the Green’s
function from the “source” stations MCxx (blue) to receiver station MCO04 (red). We observe an
asymmetry (in time) that will appear in the analysis presented here also. The dotted line indicates
the traveltimes computed from the top right figure.

communication in a waveguide [36] and synchronization of transducer array elements.
Detection based on cross-correlations in a noisy environment is discussed in [1] and
interferometric imaging in [6]. The theory for analysis of cross-correlations in layered
media is presented in [25] with applications presented in, for instance, [23, 24]. While
current studies relating to the heterogeneous earth mostly make use of surface-wave
contributions to the Green’s function estimate, we emphasize, here, the importance
of understanding the behavior of body waves for future applications. In Figure 1.1 we
illustrate surface-wave contributions to the Green’s function estimate over an array in
Southeastern Tibet (obtained from [43], upon cross-correlating noise between receiver
pairs over a 10 month period).

In this paper, we analyze estimation based on incoherent waves in the context of
the paraxial approximation and the associated Wigner distribution. We prove that,
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Fic. 1.2. The experimental setup: A slab of random medium is located in (0, zmax). In the
plane z = 0 a set of random sources probe the medium, and we record the signal transmitted to the
two points of observation ¥1 and Ta.

in principle, the Green’s function can be recovered from cross-correlations, up to a
filter that depends only mildly on the medium realization. Moreover, we show that
much better estimates (when the Green’s function is better resolved) may be obtained
in a randomly inhomogeneous medium than in a deterministic (quasi-)homogeneous
medium, as a consequence of the wider angular spread in the phase-space represen-
tation of a wave in the random medium; this is in agreement with the results of the
experiment described in [13]. The enhanced resolution occurs due to an exponential
damping factor that appears in the analysis of the cross-correlation and that involves
the structure function of the medium; thus, relatively strong disorder gives relatively
high resolution. The damping factor was also responsible for superresolution in the
time-reversal experiment elucidated in [33], revealing an intrinsic connection. It ap-
pears to be important that the signals generating the cross-correlations are subjected
to frequency-bandlimitation: The low frequencies must be removed to obtain accurate
estimates.

Furthermore, we discuss the localization of a cluster of random sources from noisy
signals, a problem which is closely related to the Green’s function estimation.

1.2. Configuration and procedure. We consider a configuration and an ex-
periment similar to the one described in [13], while motivated by the procedure and
study described in [43]; the configuration is illustrated in Figure 1.2. We use x € R?,
with d € {1,2} denoting the lateral spatial dimension, to represent the “lateral” co-
ordinate(s) and z € R>( to represent the “principal” or “depth” coordinate; we write
Z = (z,%x). The above-mentioned halfspace contains a heterogeneous slab, the ran-
dom medium, with a large extent in the lateral directions and supported in (0, zmax)
in the principal direction. The sources are concentrated in the plane z = 0 and are
independent of the random medium; they model the ambient noise field. The sources
are incoherent and statistically stationary. The aperture, or lateral extent, of the
source field is denoted A, and its correlation length Xy, while the correlation length
of the random medium is denoted [. We observe the signal, u say, that is due to the
noisy sources at the points, 1 and Zs, which may be inside or outside (z > Zzmaz)
the random medium, over the time interval (0,7). The key quantity considered is the
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cross-correlation function,

1 T
(1.1) C(r) = T/ u(t, Z1)u(t + 1, 2Z2) dt ,
0
for a large time window (0,7"). We will also consider the situation with more than
two points of observation: Z1,...,Zn, N > 3.

1.3. Outline. The outline of the paper is as follows. In section 1.2 we discussed
the configurational setup that we will consider. In section 2 we describe the modeling
of the sources, the medium, and the stochastic paraxial wave equation formulation.
Using this model, we analyze the estimation based on (1.1) in section 3. The main
result shows that the cross-correlations give the Green’s function blurred by a statis-
tically stable “filter”; cf. (3.19). A striking property of the filter is that its support
may be much smaller in a random medium than in a (quasi-)homogeneous medium,
which is the counterpart of superresolution in this context. In section 4 we develop
an approach to localizing a cluster of random sources from noisy signals. The main
aspects of the results we derive are general, and we demonstrate this by discussing
different scaling regimes in section 5. In subsection 5.4 we touch upon the scaling
regime anticipated in applying the analysis to Southeastern Tibet for the estimation
of body-wave constituents from ambient noise. We provide some numerical examples
in section 6, and concluding remarks in section 7.

2. High-frequency paraxial regime and modeling.

2.1. The random sources. We shall model the ambient or background far field
noise in terms of a random field. The impinging noise will be modeled as an initial
condition in the plane z = 0 supplementing the paraxial evolution equation to be
introduced in the next subsection; see Figure 1.2.

Let v be a random field in R x R?, and y be a smooth, deterministic, envelope
function. We assume that v has zero mean, is isotropic in x and stationary, and is
independent of the medium with spectrum,

(2.1) Elv(t',x")v(t' +7,x + Ax)] = Cp (1, Ax),

and with rapidly decaying correlations. The noisy sources are then collectively mod-
eled as

(2.2) Y (t,x) = o0 (Tio Xio) X (X _AXC) .

The envelope function y models the locality of the sources. We shall consider both
an extended source field, with y having a “large” support, and a concentrated source
field, with x having a “small” support. It is convenient to introduce a characteristic
wavelength scale, \g, associated with the noise source spectrum,

2wcy 2w
2.3 o = coTy = =
(2.3) 0 = Colo . ko

where T} is a characteristic time scale associated with the temporal noise correlations
(cf. (2.2)) and ¢y background or homogenized medium wavespeed. Note that the
central wavenumber is defined by
w
ko= — .
co
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914 MAARTEN V. DE HOOP AND KNUT SOLNA

2.2. The parabolic wave equation. In recent decades the parabolic or parax-
ial wave equation has emerged as the primary tool to describe small scale scattering
situations as they appear in radiowave propagation, radar, remote sensing, propa-
gation in urban environments, and in underwater acoustics [29, 32, 41], as well as
in propagation problems in the earth’s crust [9]. The paraxial equation models wave
propagation if the dominant scattering occurs in the direction(s) transverse to a princi-
pal propagation direction. Here, we take this model as our starting point and consider
propagation in a random medium in the regime of waves propagating over distances
that are large compared to the correlation length of the random inhomogeneities and
the characteristic wavelength. The relevant wavelength scale is determined by the
support of the noise auto-covariance function.

Fundamental to the problem at hand is the role of scales. Different scaling rela-
tions will give rise to different qualitative behavior of the estimation of the Green’s
function. The important scales are the following:

e 21, the characteristic depth (longitudinal distance) from noisy sources to the
recordings;
A, the characteristic size for the support of noisy sources collectively;
T, Xo, the temporal and lateral (spatial) extent of the noise spectrum;
o., the relative magnitude of medium fluctuations; see (2.5);

e [, the correlation length of the (isotropic) medium fluctuations; see (2.5).
The correlation length corresponds to the dominant spatial scale at which the medium
fluctuates, and it typically defines the microscale in the problem.

To introduce the paraxial wave approximation, we consider first the wave equation
governing the propagation of acoustic waves:

e
(%) ot?

(2.4) —Au=0, teR, FecRI.

Here, the slowness squared, ¢~2(z,x), is given by

(2.5) c(z,x) = ¢y [1+acu(§,?)} ,

in which g is a random field modeling the medium fluctuations; ¢g denotes the (de-
terministic) background wavespeed. In the regime of homogenization, with relatively
rapidly fluctuating medium variations, the effective wavespeed is ¢g. The regime of
homogenization corresponds to the case when the wavelength is large relative to the
correlation length of the medium fluctuations, and the propagation distance is on the
order of the wavelength. However, in a regime of large propagation distances the
effect of the randomness will build up, and this phenomenon will be captured by a
random potential, namely through p, in the paraxial wave equation. We shall here
assume that the background wavespeed is constant; see [40] for a discussion of the
case with a variable background.

Because “locally” the waves sense a homogeneous medium, it is common practice
to introduce the following Fourier transform incorporating the centering in a frame
moving with the effective wavespeed,

1 .
(2.6) u(t, %) = 5 [ LG/ dor
™
so that the complex amplitude ¥(z, x, k) satisfies the Helmholtz equation
e 2/, 2 Y
2. 2ik— + Ax — 1= ——=,
(2.7) ik P + Ay + k7 (n ) 522
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with k& = w/¢p being the wavenumber and n = n(z,x) = co/c(z,x) the random
index of refraction relative to the background wavespeed cy. The fluctuations in the
refraction index attain the form

Z X
(2.8) nQ(z,x)—lzacu(j,T) .
We assume that the fluctuations are modeled by an isotropic and smooth in x, zero
mean, stationary rapidly decorrelating random field u(-, -), which moreover is Marko-
vian in z. The normalized and dimensionless covariance is given by

(2.9) R(Az, Ax) = Elu(2',x")u(Az + 2/, Ax + x')],

with R(0,0) = 1. We, again, assume rapidly decaying correlations. Note that the di-
mensionless function R is supported on the O(1) scale. Thus, the correlation radius of
the medium fluctuations is [. We shall consider a specific scaling regime characterized
by a certain relation between the parameters that we have introduced in the problem;
this scaling regime essentially corresponds to the one introduced in [33]. The regime
will follow from the next step where we introduce dimensionless coordinates. To this
end, we introduce the characteristic length scales as
e [,, the characteristic length scale in the lateral direction,
e [., the characteristic length scale in the principal (depth) direction.
The following dimensionless parameters will be important in the further analysis:
2
(2.10) a:i, 5:1, ozkolf;
L. ls L.
0 is commonly referred to as the Rayleigh number, while £ and § are the medium
correlation length relative to, respectively, characteristic principal and lateral scales.
We remark that we specify in (3.5) below how the correlation scale of the ambient
noise field relates to these small parameters. The important scaling regime considered
here is the high-frequency parazial scaling as introduced in [33], with

1
(2.11) g <e<i<l

We hasten to add that there are other relevant scaling regimes [2, 5, 18, 34]; we discuss
some scaling alternatives in section 5. However, the regime set forth above is charac-
teristic for the estimation problem at hand and captures key aspects of the physical
phenomenon under discussion. Note that it follows from our scaling assumptions that
l; < 1., which corresponds to the characteristic propagation distance being much
larger than the characteristic aperture size and the classical paraxial or beam scaling.
This follows, since with &; = (2;,x;) denoting the recording points as before, we shall
assume a regime where

as well as

A/ _ é / o Zmax
la

max ~ l 9
z

are fixed, while considering the limits 1/0,£,0 — 0. The dimensionless coordinates
are

2.12 J=2 =X p=E =<
( ] l
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916 MAARTEN V. DE HOOP AND KNUT SOLNA

and we let
27t Co 1
2.13 =" =uwt, c= =
( ) TO wot , & wOlz kolz 5
so that

w(zfecg—t) =W (' Je—1).

Note that we have k' = w'.
In the further analysis, we shall drop the primes in the nondimensionalized coor-
dinates; in dimensionless variables (z,x,w), the paraxial wave equation then becomes

oY 0 99 z X\
a—FAx?ﬁ"'%(@ k )#(gag)¢—07

with ¢ = (2, %, k), upon the identification (cf. (2.7))
€ lz
Oc = \/g(g) = \/l/lz <E) .

This is the product of the white noise normalization factor /¢ and the paraxial scaling
parameter. These factors are small so that the modeling corresponds to relatively
small medium fluctuations. This is exactly the scaling of the fluctuations that gives
partly coherent propagation of the wavefield. The fluctuations are sufficiently strong
so that the wavefield is affected beyond the homogenization situation, but not so
strong that the field completely loses its coherence.

(2.14) 2 (0k)

In the scaling regime considered, 2272’ on the right-hand side of (2.7) can be
neglected. Equation (2.14) is an evolution equation, which is supplemented with the
initial conditions (cf. (2.2))

(2.15) —/ Dz = 0,%x,w) dw = Y (Tt, 1,X) .

Indeed, the paraxial field 1 satisfies an initial value problem rather than a boundary
value problem as in the case of the Helmholtz equation. This reflects the fact that
we consider a regime where lateral scattering is dominant over scattering along the
principal direction.

2.3. White noise model. We shall consider functionals of the field, v, in the
scaling regime in (2.11). Following [33], we introduce the Wigner distribution:

(2.16) Wa(z,x,p;w //

where we have used “*” to represent complex conjugation. It can then be shown
[17, 33] that in the high-frequency (8 — oo) and white noise (¢ — 0) limit, the
limiting Wigner transform that we denote as Wy is characterized weakly (in law) by
the Ito-Liouville stochastic partial differential equation, as follows.

PROPOSITION 2.1. The Wigner distribution Wy converges in the limit 1/0 — 0
followed by € — 0 weakly in law to the process Wy solving

‘pyz/J zx 2}’0 )w(zx—i—Z—o w) dy,

2

B P k=D k b'q
(2.17) AWs = | =2 - ValWs + == W5 | dz — SV W - dB (= 3) .
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Here, B(x, z) is a vector-valued Brownian field with covariance

0’R —
(2.18) E[B;(21,%1)Bj(22,%2)] = — (%ﬁ) 21N\ 22,

where 21 A zo = min{z1, 22}; in the assumed isotropic case, we have (cf. (2.9))

(2.19) D= =1 with Ro(x / R(¢,x)

We remark that the second derivative of the (isotropic) medium correlation function
is negative: R{(0) < 0 so that indeed (2.17) is well posed. It now follows directly
from (2.17) that the mean, W = E[Wj], is independent of § and solves the advection-
diffusion equation

2
(2.20) %—V:JFE VW_k—AW

The explicit expression for the Green’s function of (2.20) is

om0 = [ oo (o o @Ry )

D 2,2
(2.21) xexp(—TZ {rz—i—zr-w—i— wgz }) dw dr,

with » = ||r||2 and w = ||w||2. This expression will be useful in order to characterize
how the computed cross-correlations relate to the propagation Green’s function of
interest. That the computed cross-correlations give a stable and “low noise” estimate
of the Green’s function shall emerge as a consequence of assuming a stabilization
regime. Indeed, here we shall assume the stabilization regime corresponding to the
limit 6 — 0, as discussed in [33]. The robust estimation of the empirical Green’s
function will be a consequence of the following stabilization result.

PROPOSITION 2.2. Assume that the initial Wigner distribution, Wi(x,p), is
uniformly bounded and Lipschitz continuous. Define

(2.22) Is(z,x,y) / Ws(z,x,p)e”'PY dp.
Then
(2.23) }iH(lJE {I3(z,x,y)} = E* {Is(2,x,y)}.

where E{Is(z,x,y)} is independent of 0.
This result is a slight generalization of the stability result derived in [33]; see the
appendix.

3. Analysis of cross-correlations.

3.1. Time averaging. The quantity of interest is the cross-correlation function,

(31) C /H t $1 (t—f—’T,fg) dt,
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918 MAARTEN V. DE HOOP AND KNUT SOLNA

in which H is a time-window function; cf. (1.1). Here, u is modeled from the solution
of the paraxial wave equation (cf. (2.14)) subject to initial conditions (2.15). We
introduce the notation © for the partial Fourier transform of v with respect to time,
and ¥ for the complete transform:

1 . 1 .
v(t,x) = o /e*‘“’t{)(w,x) dw = @m)T // e WPy p)dp dw .

™

Let Gy be the Green’s function associated with the paraxial wave equation (2.14);
then we have in the standardized variables

(3.2) u(t, &) = / Go(t — 5,7 2,) Y (Tos, loxy) dxpds,
where #, = (0,%,) and
~ 1 iw(z/c—t)
(3.3) Gy(t,z,%;0,%,) = o € Gy(w, z,%x;0,x,) dw
7r

(cf. (2.6)). Substituting (3.2) into (3.1) yields

(34) Cn(r,71,T2) = / / H$)Go(t — 51,71 Fn))Y (Tos1, loxn,)
X Go(t +7 — 59, o3 Tny )Y (ToS2, laXn, ) dt dsy dsy dxp,, dXn, .

Note that by the result (2.20) the paraxial field decorrelates laterally on the scale 1/6.
We now assume that the ambient noise field decorrelates on this scale by choosing

(3.5) Xo==2.

When we substitute (2.2) into (3.4), we then obtain

(3.6) Cn(7,21,1) = // ol {/'H(t)l/(t—Ul,ﬁxnl)l/(t—vgﬁxw) dt}

=~ - — =~ — — Xn, — X¢ Xny — Xe
X Gg(’l}l,$1;$n1)G9(U2+T,$2;$n2)X( 1A )x( 2A ) dvy dvy dXp, dXp, -

We may choose for ‘H the indicator function

Zi_r ()
HT('):i( 5.5 ;

then
o0
Tlgr;o Hr(t)v(t — v1, 0%,,) v(t — va,0%,,) dt = Co(vy — v1,0(Xp, — Xn,y)) s

—0o0
the mean square with respect to the distribution of the impinging noise sources. Our
interest is in such a regime where the time average effectively removes the fluctuations
in the quantity of interest, exploiting the randomness of the sources. Substituting the
above average into (3.6) leads to the introduction of

(37) <C>9 (T, fl,fg) = // 0'500(1)2 - vl,ﬁ(xnz - an))

~ ~ X — X X — X
X GG(”l,£1§£n1)G9('U2+7'7£2§£n2)X( H1A C) X( n2A C) dvy dvg dxn1 dxnz'
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GREEN’S FUNCTION ESTIMATION 919

3.2. Green’s function filter and limits. We obtain the following representa-
tion for the quantity of interest.

PROPOSITION 3.1. Let (C), be as in (3.7), and assume the relative ordering
21 < z9.

Then

(3.8)
(C)y (1,71,72) = //60(7—_5;227)(2;21;}(1 - %) AG(ZlaSaxl —210,)’) dsdy,

in which
AO(Z77-3X7Y) :/6271_ {//Uiéo(wﬂ(xm _Xn1))
y Y. *
(3.9) X Gg(w,z,x—%,o,xm) Gg(w,z,x+29,0,xm)

X X (%) X <%> dx,, dx,, }Gd dw .

Here, Ay is referred to as the Green’s function filter.
Proof. We begin with substituting (3.3) into (3.7), and we obtain

(3.10)  (C), (7,71, &) = (27) 2 // 02 Co(v2 — 01, 8(%ny — X))

x Go(wi, 21,%1;0, %X, ) €1 1721/ G (W, 29, X230, X, e T 1w2((v2H+7)=22/2)

% <¥> X <¥) dUl dUQ dxnl an2 dUJ1 dw?v

where we made use of the fact that (~?9 is real-valued. We carry out the integration
over v; yielding a Fourier transform of Cy with respect to its time argument; the
integration over ve then gives a factor 6(ws — wq):

(B11) (©) (i) = 20) [ [ 2Colin, O, — x00)
X Gg(w1,21,%1;0, %, )" Go(wa, 22,%2;0, X,,) e~ ((w2—wi)vatwer) pi(wazo—wiz1) /e
X X <X"1; Xc) % <Xn2A_ Xc) dvg dxp, dXp,, dwy dws

= n) [ 720 (@000, —x0)) e

X G@(wa Zl,Xl;O,an)*GG(W, 22, X2, 07Xn2)

X X (X’“; XC) X (X”i XC) 0%, dXn, doo -
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We invoke the semigroup property of the solution operator to the paraxial wave equa-
tion, and, using that zo > z1, we get

L e—iw(T—(z2—z1)/E) ) =
(312) <C>9 (T,$1,$2) = // — or { // UyOO(w79(X7L2 _an))

X G@(wa217X1§07Xn1)*G9(wazlaY§07Xn2)X (%) X (%) dxn1 dxnz }

x Go(w, z2,X2; 21,y ) dw dy .

We then change variables of integration,

L e—iw(T—(z2—z1)/E) ) =
(3.13)  (C), (r, 1, ) ://T{//ayco(w,ﬂ(xnz —xn))

X G@(wazlaxl;oaxnl)*ae (w7217X1 - %707}{712)

X X <Xn114_. Xc) X <Xn214_ XC) dxnl dXTL2 }GG (W,ZQ,XQ;Zl,Xl - %) o_d dey

—iw(T—(22—21)/2) .
= // eTGe(W,ZQ,Xz;Zl,M - %) AG(Zlawaxl - %,Y) dwdy ,

which gives the result (3.8). o
We will now make the following assumption.
ASSUMPTION 1.

(3.14) op =0%.

The expression (3.9) then simplifies, and this assumption corresponds to letting
the correlation radius of the impinging noise field be 6 independent.

We remark that the paraxial Green’s function will decorrelate in the lateral di-
mensions on the 1/0 scale, and that this is the motivation for the choice of parame-
terization of the filter Ay.

It will prove natural to introduce the Wigner distribution

1Py y *
(3.15) Wy(z,x,p;w // Gg w Z,X — 0 xnz) Gg(w,z,x—i— —;O,an)

20

X OO(W, H(XTLQ - X7L1)) X <X"11; XC) X <XTL214_ XC) anl an2 dy7
so that
(3.16) Ag(z,w,%,y) / Wo(z,x,p;w)e PYdp.

This Wigner distribution coincides with the one given in (2.16) subject to initial
conditions that derive from (2.15), which follows from (2.6), (3.2), and (3.3). In the
high-frequency (6 — oo) and white noise (¢ — 0) limits, the Wigner distribution in
(3.15) is characterized weakly (in law) by (2.17), while its mean satisfies (2.20).
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The initial condition, at z = 0, for the Wigner distribution follows directly from
the corresponding initial condition for the Green’s function Gy:

19p 2(x— xn2)
(3.17) Wy(0,x,p;w // Co(w,0(2(xpn, —x)))

X X <2X _Xzz — Xc) X <Xn2; Xc) 04 dx,,

2 (X—Xc
=~ X
~ C'0 (wa p) %

=Wi(x,p;w) asf — oco.

We will apply this approximation below.
We now use the Green’s function (2.21), and initial condition (3.17), in (3.16)
and define the following Green’s function filter,

: QD Co (w, Po)

w-z

X exp(—T [7’ +2r-w 4

X () g
X WU) dw dr dp dXO de

— L // eiww~(x—xc) ex _@ 2 +oav-w4 w?z?
= n)d P 2 |V T 3

(3.18) x Co(w,y + 2w)Xa (ww) wdw ,

e G

The characterization of a statistically stable filter now follows from the representation
(3.16) and Propositions 2.1 and 2.2, as follows.

PRrOPOSITION 3.2. The deterministic Green’s function filter converges to a de-
terministic filter

in which

(3.19) lim lim lim Ag (z,w,x,y) = A(z,w,X,y)

6—0e—00—00
in L*(P).

3.3. Effective filter. In order to obtain qualitative and quantitative insight on
the Green’s function filtering behavior, we shall assume that the spectrum of the
envelope function and the spectrum of the noise covariance have Gaussian shapes.
That is, we shall assume

2
2 —lyl
1 |x] = .

(3.20) x(x) = WE_T , Co(w,y) = ﬁ)(w)e 203

We recall that the filter will be evaluated at z = z;, corresponding to the longitudinal
distance from the source plane to the first recording point. We find that then

< AN - oW (X—x w?Dz w?z?
A(z,w,x,y):<47r\/§> wdfo(w)//e“"w(x C)exp<— 5 {yz—kzy-w—l— 3 })

*\y+ZW\2 —w2|w|242
X e 2% e 4 dw
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922 MAARTEN V. DE HOOP AND KNUT SOLNA

We rewrite this expression as

(3.21)

A A d ( ) —w (a w?2a2y-wta )/2

A(Z,W,X,y) NG f() 1u.)w xXe ! 2y 3y dw

d/2 x—xc|? 2 2 2 :
<16m1) Fo(w)e ST g as-ad/any? 2 -iw(as/a)y-(x-x.)
with
A? 22 D23 z Dz? 1
M) =Gt g T @)= a5 a(W) = g ¥ D

Furthermore, we shall assume that the noise source field has a temporal frequency
spectrum of the form

N 1/~
(3.22) @) = 5 (FTuw —w)) + F(Tw +wo) -
We can now associate two characteristic length scales and one characteristic tem-
poral scale with the Green’s function filter in the narrow band situation so that T is
large:
e The refocusing length scale

Ac
lf(wc) - a3(we)
2/ az(we) — a?(u}z)
2 1/2

— )\C
— a_ 2 )

2m \ (42 + Dg*) 5+ (A; + D;s)

for
Ae = 27 /we

with w, a characteristic frequency of the noise source spectrum. This length
scale determines the smoothing scale in the spatial source coordinates of the
Green’s function estimate, since the Green’s function is blurred on the scale
l¢/0; see (3.19), (3.21). Note that in the low-frequency limit with A, — oo
the estimate of the Green’s function degrades since the refocusing length scale
becomes large in this limit.

e The effective aperture length scale

) A% X222 D28
alwe) 1(we) \/ 471'20'2 + 3
This corresponds to the lateral range, relative to the center x., of impinging
noise sources contributing to the Green’s function estimate through (C),. If
the lateral separation between x; and x. is large relative to this length, then
the filter will weaken the Green’s function significantly. In the limit A, — 0,
lq corresponds to the effective aperture in [33].

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



GREEN’S FUNCTION ESTIMATION 923

la
W%\ o /
\

Z2 Z1 z=20

Fi1G. 3.1. The effective aperture lo and the refocusing length scale ly.

e The Green’s function will be blurred in time, on the scale T, corresponding
to the support of the ambient noise correlations in time.
The characteristic length scales are illustrated in Figure 3.1.
We comment on how the characteristic length scales depend on some of the pa-
rameters. In the case of a homogeneous medium, with D = 0 and low frequencies, we

have
A.—00 ACZ 1
L (we)|poo Mo [ 2e2) |
(@)l pmo (A)m

which corresponds to the classical Rayleigh resolution. While in the high-frequency
limit and homogeneous medium case, with D = 0, we find

Ae—0
ly(we)|p=o "~ 0z,

that is, a length scale corresponding to that of the support of the ambient noise field
in the lateral spatial dimensions. Next, we consider the limit of (relatively) strong
medium fluctuations:

D—oo )\c
lwe) 7 /2D’

which leads to a small refocusing scale.

4. Source location estimation. Here, we consider the case of narrow noise
aperture, A, and discuss the problem of estimating the “source location” x.. We
assume that the points of observation lie in the plane z; = z; = z. From (3.8) we
then find that

<C>0 (T727X17Z7X2) = od/

For two points separated on the 1/6 scale, we write

¢ ]\9(2’,(4),%(){1 —|—X2),9(X1 —Xg))dw.

Yy Yy
4.1 + 2
(4.1) X1 =X+ o5 Xe=X-— g
In the case of source estimation, we replace assumption (3.14) by the following.

ASSUMPTION 2.
(4.2) o

< N
If
—
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924 MAARTEN V. DE HOOP AND KNUT SOLNA

F1c. 4.1. Estimation of source location: By computing the cross-correlations between the points
Z1,...,T4 on the mirror, one obtains differential traveltimes, corresponding to |%; — Zc| — |T; — Zel,
which can be used to estimate the source location Te.

Thus, the magnitude of the localized noise source field is now # independent. We
then have

<C>9(T,z,X+%,z,x 29 / /Wezxp,) “PYdp,

and it follows by Proposition 2.2 that (C), is statistically stable.
We consider, moreover, a tight lateral support for the noise field correlations:
0, < 1 in the model (3.20). Then, using Proposition 3.2 and (3.18), we obtain

0;d<C)9(sz+}0, X—X)

AQ d/2 —um- wzggz‘

16722

- {(Nj“—;)mﬂ)* ga<->} (T+y-x‘z"6) ,

where “x” denotes convolution, N, is the Gaussian distribution with standard devia-
tion o, and we define

A2 n Dz
Ta=\ oz T 3
. e—iw‘r .
fir) = [ S lelate) do.
v

We remark that in the paraxial regime we have

¥ %12 % %2 ~
(4.3) Ty (x—x.)/z = 2m {’tv_’_ <|X1 ~Xc| _ X2 ~Xc| >} ~ ;W(t—i—(TSl—ng)

To 2zco 2zco 0

with ¢, 2, X;, and X; denoting the original scaled coordinates and 7; being the trav-
eltime from the noise source at Z. to observation point &;. Thus, given observations
at array points 1, ..., T4, separated as in (4.1), one can estimate the location of the
source via differential traveltime estimates in the (d 4+ 1) = 3-dimensional case; see
Figure 4.1. The resolution of the estimate is limited by the support of the noise cor-
relation function, the strength of the medium fluctuations, and the aperture A. We
remark that in contrast to the situation where one aims at estimating the Green’s
function, here, a large value for o, leads to a poor resolution.
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5. White noise paraxial regimes and applications. In this section, we dis-
cuss alternative scaling scenarios that have been introduced in [34] and [20]. We
demonstrate the robustness of the results derived above by showing that their es-
sential features prevail under a wide range of scaling scenarios. Indeed, the general
analysis will be the same, but the Green’s function filter changes through replacing
the function U in (2.21) by the Green’s function associated with the relevant modifi-
cation of (2.20). In subsection 5.4 we conclude the discussion on scaling scenarios by
considering a particular application, namely, body-wave scattering in Southeastern
Tibet motivated in the introduction, and its characteristic scales.

We consider a scaling and a nondimensionalization as above. We shall here discuss
the situation with ¢ — 0 being the smallest parameter. This limit gives the It6 form
of (2.14):

i(03K3) 42

(51)  20(68) dath + Dtpdz + ——

Ro(0)y dz + (02k%)50d., B (z %) —0,

with the law of the Brownian flow VB coinciding with the law of the flow B in
(2.17). This It6 form of the Schrédinger equation is discussed in, for instance, [11].
Now different regimes lead to different Wigner distributions and equations that they
satisfy, and, hence, different Green’s functions, which shape the Green’s function filter.

5.1. Subsequent high-frequency scaling. First, we consider the situation
with a subsequent high-frequency or geometrical optics limit followed by the large
diversity scaling. That is, we have

1
(5.2) eI,

In this case, the Wigner distribution in (2.16) again satisfies (2.20)! Therefore, the
Green’s function estimation corresponds to the estimation discussed above.

5.2. The joint limit. We discuss next the joint limit with 6 and § going to zero
simultaneously, that is,
€ _
(5.3) e<z=0<1
for £ = O(1). As shown in [34], the Wigner distribution in (2.16) converges in the
limit § = €0 — 0 weakly (in S’(R?9)) and in probability to W, solving

ow P —~
(54) E(vaa p) + ; : va(Z,X, p)

- % //Z (zdgdﬁ()@ (Weexp+a) - Wiexp)

(cf. (2.19) for the definition of Ry). The Green’s function of (5.4) is explicitly given
by

_ o 1 0 0
Uz, x,p;x°,p%) ://_OOWGXP (iw-(x—x0)+ir~ (pwip)—izw- %)

202 pz
(5.5) X exp (_wf / Dpg (r +wws> ds) dw dr
0
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926 MAARTEN V. DE HOOP AND KNUT SOLNA

and replaces U in (2.21). Here, Dp is the medium structure function,
(5.6) Dpg(r) = Ro(0) — Ry(r);

cf. (2.19). The expression (3.18) for the Green’s function filter then becomes

(5.7) Alzw,%,¥501,0)

e Py , . e-p) . P
. —_— O —_— . — - —_—
// o) =57 © <1W (x —x") +ir " 2w - —
w262
X exp( 5 (r+sw) ds)
w
X

(x0 Xe

) ) 1!
(2m)d — | dwdrdpdxgdpg

1 iww-(x—X¢) A —ﬁj‘zDR(y+sw) ds &> d
_W e Co(w,y+zw)e 1 Jo 7R XA (ww) w” dw .

~

x Co (w,Po) =57

In the case where the correlation length associated with the structure function Dp is
large, we can expand this, assumed smooth, function Dg,

Dr(y) — 2D|y|*,

and recover (3.18). In the joint scaling limit, however, the whole spectrum of the
medium fluctuations is involved in the definition of the Green’s function filter.

5.3. Long-range media. We finally comment on the situation with rough and
long-range media as, for instance, in the turbulent atmosphere and heterogeneous
regions of the earth’s crust. Here we will consider a white noise limit, however, with
the Fresnel number and lateral diversity scales fixed. In this scaling, which is analyzed
in detail by Fannjiang and Solna [19, 20, 21], (2.14) becomes

oy

(5.8) 21 (0k) -

1 9,0\ ~ (% _
Dt (R (2 x) v =0,

where the power spectrum of the random field, x(-,-), is given by
(5.9) (k) ~ oy k|27 k|

for |E| in the inertial range, where Kk € R is the spectral variable and H the Hurst
exponent characterizing the roughness of the medium fluctuations. That is, we assume
that the medium fluctuations follow a power law form over a set of scales called the
intertial range, which corresponds to turbulent or long-range medium modeling. In
this case, the Wigner distribution solves, in the white noise limit, in the sense of
L?-weak solutions, a Wigner-Itd equation driven by an operator-valued Brownian
motion. In particular, the first moment in (2.20) now becomes

(5.10) %—IZJF Lo v = )i,

with

QW = 92:’2 /<I>(0,q) (-2WE)+W (p+5) + W (p—3)) da
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see [20] for details. The Green’s function of (5.10) is
~ oo 1 _ 0 0
Us(z,x,p;x°, p°) ://_OOW exp(iw S(x —x°) +1ir- (pwip) —izw - %)

w2e? [* r+ws
11 - D, :
(5.11) X exp ( 5 /0 ( 0 )) dw dr

corresponding to the form (5.5). The structure function can now be expressed as

(5.12) Dy (x) = /<I>(0,q) (1—e™9) dq.

The Green’s function filter is therefore again characterized by (5.7). For the power
law medium we have the short distance asymptotic

(5.13) D, (x) ~ C?|x|*~

where the effective Holder exponent H, is given by

(5.14) H - { H+1/2 for H e (0,1/2),

11 for H € (1/2,1],

in which H is the Holder exponent of the original medium and C? a structure param-
eter.

Note that the effective Holder exponent H., is always bigger than 1/2, correspond-
ing to a “persistent” or a long-range power law. Using this asymptotic and considering
a regime with relatively narrow support for the impinging noise field by setting

Co (oww,y) — J?O (W)d(y),

we find

(w202—2Hx 2|y 2Hx ) 02

]\H(vaa X, y) ~ (4‘;:2)d€7iwy'x/25€14 (_7“}}’> ﬁ) (w)* e~ S H, +1)

For the normalized noise field supported at the carrier frequency w,. as in (3.22) we
thus find that for a fixed Fresnel number the spatial support of the Green’s function
filter scales as we VH: That is, the resolution depends nonlinearly on the wavelength
associated with the characteristic temporal scale of the impinging noise field. In the
limit of rough media with H, — 0 the lateral spatial support of the Green’s function

filter scales like \2.

5.4. Applications. Here, we address the application of our analysis to passive
seismic tomography, making use of continuous recordings in an array of detectors or
receivers. We discuss which scaling regime would apply to the regional study in South-
eastern Tibet [43]. In the latter study, the focus was on the “generation” of surface
waves. Here, we seek insight into the behavior of body-wave contributions for future
applications in the same region. Our analysis incorporates what seismologists refer
to as “ambient noise” (our random source distribution) and “coda waves” (through
random medium fluctuations).

Concerning the Southeastern Tibet data set discussed in section 1, we obtain
the following characterization [43]. The characteristic distance between individual
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stations (receivers) is approximately O(100km), and, similarly, the characteristic
transversal distance between passive sources (magnitude Mw > 5) is O(100km). (For
smaller earthquakes—but with magnitude Mw > 4—the characteristic transversal dis-
tance reduces to O(10km).) The distance from the array to the sources is O(5000km);
most of the sources are likely to be located in the Western Pacific margins and Eastern
Indian Ocean margins. The dominant wavelength for shear (S) waves is O(20km),
while the dominant wavelength for compressional (P) waves is O(5km). (Under cer-
tain simplifying conditions, shear waves have been modeled by a scalar wave equa-
tion, whence the current analysis would still be applicable.) The correlation length
of medium fluctuations is, with the present knowledge, hard to estimate, but a value
of O(10km) is plausible, also, given the complexity in tectonics of the region. The
“asymmetry” observed in the cross-correlations in [43] is explained and inherent in
our setup based on the paraxial wave equation.

In our modeling, the characteristic transversal distance between stations or sources
roughly corresponds to [, the distance from the array to the sources roughly corre-
sponds to [, and the correlation length of medium fluctuations to /; the dominant
wavelength is \g. For compressional body waves this resultsin 6 ~ 107!, e &~ 2x 1073,
and 0! ~ 4 x 107!, thus, corresponding most closely to the scaling discussed in sec-
tion 5.2.

6. Numerical illustrations. In this section we present a numerical illustra-
tion where we show the effect of the Green’s function filter. We shall use the filter
corresponding to the scaling regime discussed in section 3.3.

We assume that the medium is homogeneous for z > z; and plot the quantity
I(’T,Xl;A,AD) = //G9 (T — §,%22,X2;22 — 21,X1 — %) A(Zl,S,Xl,y) deY7

using the approximation in (3.21) for the filter and where we introduce

We choose d = 2, and in the nondimensionalized coordinates we let

t2
(6.1) fo(t) = e cos(fet),
with D = 5, and moreover choose
zn1=1, Xe=x2=0, f.=30, o,=1.

In Figure 6.1, we plot Z in the case with a homogeneous medium. We use the
parameter values A = Ap = 20 in the left plot. The estimation then captures the
wavefield and wavefront for relatively large lateral offsets for the Green’s function.
The right plot corresponds to the situation with a small aperture, A = Ap = 1.5, in
which case the wavefield and corresponding “moveout” are not captured.

In Figure 6.2 we plot 7 in the case with a random medium. We use the parameter
values A = 1.5, Ap = 9.3. We then recapture a large part of the wavefield and
wavefront (following a hyperbolic “moveout”).
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LATERAL SEPARATION
LATERAL SEPARATION
o

-6 *f\/\/\/\/\ 4 -6
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Fic. 6.1. The normal moveout for a homogeneous medium and large (left) or small (right)
aperture.

LATERAL SEPARATION
o

TIME

F1G. 6.2. The normal moveout for a random medium with relatively large effective aperture.

7. Conclusions. Pairwise cross-correlations between receivers forming arrays
provide invaluable data sets where (deterministic) sources (earthquakes) are neces-
sarily absent. The data sets are used to carry out tomography, or inverse scattering,
to reveal the properties of the medium away from (below) the array. We tailored
a scaling regime to applications in global earth seismology, generating “empirical”
Green’s functions and “virtual” source experiments. Characterization and knowledge
about the structure of the incoherent waves and their correlations is crucial in this
context. We have presented a first analysis of this approach to data acquisition in the
framework of the paraxial wave approximation in a random medium. The analysis
exploits the connection between cross-correlations and time-reversal. The connection
is direct in the sense that the Green’s function estimation problem can be articulated
as the dual of time-reversal superresolution.

Important questions remain, for instance, how to design “optimal” filters, that
is, how to combine optimally data in space and frequency to obtain stable and high-
resolution estimates so that the filter A in (3.19) is near the identity, while enforcing
statistical stability.

Appendix. Elements of the proof of Proposition 2.2. Consider the quan-
tity

Ti(z%,y) = / Wi(z.x, p)e P dp.
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The initial condition in (3.17),
W§ (07 X, p) = WI (X7 p) B

is assumed to be uniformly bounded, Lipschitz continuous, and positive. As explained
in [33] we can then write

W5(Z7X7 P) = WI(X§(Z7X7 p)7P5(27X7p)) )

for the stochastic flow (X, P) satisfying
1 k
AX. =~ Pds, dP.=-dB(), Xg=x, Py=p.
Observe first that
//E {Ws(z,x,p)} e dp = //]E {Wi1(X5(2,%,p), Ps(z,%,p))} e PV dp

is finite and independent of ¢ by (2.21). Writing the complex exponential in terms
of its real and imaginary parts and decomposing the domain of integration for the
corresponding integrals into subsets where cos(p-y) (respectively, sin(p-y)) is positive
(respectively, negative), we can apply Tonelli’s theorem and interchange the order of
integration and expectation and get

(A1) E{T3(z,x,y)} = / / E {Ws(z,x,p)} ¢ P dp;

thus, I5(z,x,y) is finite with probability one, and its expectation given by (A.1).
By a corresponding application of Tonelli’s theorem we can write

B y)} = [ [ B0 xp0)Walexpa)) e PP iy dp
In [33] it is shown that E{WZ(z,x,p)} is integrable in p, and that
5113(131[‘3 {Ws(z,x,p1)Ws(z,x,p2)} = E{Ws(2,x,p1) } E{W;5(2,x,p2)}.
By the Lebesgue dominated convergence theorem we can therefore conclude that
lim B{Z3(2,%,y)} = E*{I;(2,x,¥)} .
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