<]
TUDelft

Delft University of Technology

Green'’s functions, propagation invariants, reciprocity theorems, wave-field
representations and propagator matrices in two-dimensional timedependent materials

Wapenaar, Kees

DOI
10.1098/rspa.2024.0479

Publication date
2025

Document Version
Final published version

Published in
Royal Society of London. Proceedings A. Mathematical, Physical and Engineering Sciences

Citation (APA)

Wapenaar, K. (2025). Green’s functions, propagation invariants, reciprocity theorems, wave-field
representations and propagator matrices in two-dimensional timedependent materials. Royal Society of
London. Proceedings A. Mathematical, Physical and Engineering Sciences, 481(2307), Article 20240479.
https://doi.org/10.1098/rspa.2024.0479

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1098/rspa.2024.0479
https://doi.org/10.1098/rspa.2024.0479

Downloaded from https://royal societypublishing.org/ on 05 February 2025

PROCEEDINGS A

royalsocietypublishing.org/journal/rspa

(@ |
Research Check for

Cite this articde: Wapenaar K. 2025 Green’s
functions, propagation invariants, reciprocity
theorems, wave-field representations and
propagator matrices in two-dimensional time-
dependent materials. Proc. R. Soc. A 481:
20240479.
https://doi.org/10.1098/rspa.2024.0479

Received: 27 June 2024
Accepted: 19 December 2024

Subject Category:
Physics

Subject Areas:
acoustics, electromagnetism, wave motion

Keywords:
time-dependent material, Green’s function,
representation, propagator matrix

Author for correspondence:
Kees Wapenaar
e-mail: c.p.a.wapenaar@tudelft.nl

THE ROYAL SOCIETY

PUBLISHING

Green’s functions, propagation
invariants, reciprocity
theorems, wave-field
representations and
propagator matrices

in two-dimensional time-
dependent materials

Kees Wapenaar

Department of Geoscience and Engineering, Delft University of Technology,
Stevinweg 1, 2628 CN Delft, The Netherlands

> KW, 0000-0002-1620-8282

The study of wave propagation and scattering
in time-dependent materials is a rapidly growing
field of research. Whereas for one-dimensional
applications, there is a simple relation between
the wave equations for space-dependent and
time-dependent materials, this relation is less
straightforward for multi-dimensional materials.
This article discusses fundamental aspects of
two-dimensional electromagnetic and acoustic wave
propagation and scattering in homogeneous,
time-dependent materials. This encompasses a
review of transmission and reflection at a single
time boundary, a discussion of the Green’s function
and its symmetry properties in a piecewise
continuous time-dependent material, a discussion
of propagation invariants (including the net field-
momentum density), general reciprocity theorems
and wave field representations. Analogous to the
well-known expression for Green’s function retrieval
by time-correlation of passive measurements in a
space-dependent material, an expression is derived
for Green’s function retrieval by space-correlation
of passive measurements in a time-dependent
material. This article concludes with the discussion
of the propagator matrix for a piecewise continuous
time-dependent material, its symmetry properties
and its relation with the Green’s function.
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1. Introduction

Temporal changes of material parameters have an effect on wave propagation and scattering,
comparable with, but not identical to, the effect of spatial changes. Since the initial work on
wave propagation and scattering in time-dependent materials [1,2], the research in this field has
recently gained significant momentum as a result of advances in the engineering of dynamic
metamaterials [3]. Most applications deal with electromagnetic waves [4-10], but mechanical
wave propagation and scattering in time-dependent materials is also a rapidly emerging
research area. It is proposed as an alternative way of doing ultrasonic time-reversal experiments
[11-15] and its potential use in seismic imaging and monitoring is being investigated [16,17].

Various authors discuss the analogy between the wave equations for time- and space-
dependent materials [18-24]. For one-dimensional applications, the roles of the time- and
space-coordinates are interchanged between the wave equations for both types of material
[21-24]. However, causality conditions apply to the time coordinate in both types of material
and hence they are not interchanged. As a consequence, solutions of the wave equation in
a time-dependent material are, in general, not one-to-one exchangeable with those in a space-
dependent material. In a recent paper [25], we systematically analyse the similarities and
differences of waves in one-dimensional space-dependent and time-dependent materials. In
multidimensional materials, the number of space dimensions (two or three) is different from the
number of time dimensions (one) and hence the analogy between the wave equations for both
types of material is less straightforward.

In the present article, we discuss fundamental aspects of wave propagation and scattering
in two-dimensional time-dependent materials. The discussion partly reviews work discussed in
the references mentioned above but also contains new results. Like in our paper on one-dimen-
sional materials [25], we use a unified notation which simultaneously captures electromagnetic,
acoustic and elastodynamic shear waves. We discuss transmission and reflection coefficients,
Green’s functions, propagation invariants, reciprocity theorems, wave field representations,
Green’s function retrieval, propagator matrices and the relation between the Green’s function
and the propagator matrix of a time-dependent material.

2. Unified wave equation

We consider two-dimensional wave propagation in the x,z-plane, assuming the material
parameters, the sources and the wave fields are independent of the y-coordinate. We denote
position in this plane by the Cartesian coordinate vector x = (x, z) and time by t. We capture
electromagnetic waves (transverse electric (TE) and transverse magnetic (TM)), acoustic waves
and horizontally polarized shear waves by the following unified equations [26-30]

QU+V-Q=aq, @.1)
OV+VP=b, 2.2)

where 0, stands for the partial differential operator % and V is the two-dimensional nabla
operator, defined as V = (0,, 9,). Furthermore, U(x, t), V(x,t), P(x,t) and Q(x,t) are space- and
time-dependent wave-field quantities and a(x,t) and b(x,t) are space- and time-dependent
source quantities. The boldface quantities V, Q and b denote vectors with two components,
hence V = (V,,V,), etc. All quantities are further specified in table 1 for the different wave
phenomena considered in this article. For electromagnetic waves, equations (2.1) and (2.2) are
Maxwell’s equations in the x, z-plane [27,31]. For example, for TE waves (row 1 in table 1),
we have Q = (H,,—H,), hence, V - Q = 0,H, - 0,H, =—(V x H),, which is minus the y-component
of the curl of the magnetic field vector H(x, t). Hence, equation (2.1) reads for this situation
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oD, - (V x H), = - J. With some reordering, equation (2.2) can be shown to be the two-dimen-
sional version of OB+ V xE=-J". In a similar way, it can be shown that for TM waves
(row 2 in table 1), equations (2.1) and (2.2) are again Maxwell’s equations in the X, z-plane,
but in reversed order. For acoustic waves (AC; row 3 in table 1), we have V - Q = 0,0, + 0,0,
which is the divergence of the particle velocity vector v(x,t). Hence, for this situation equa-
tion (2.1) stands for -9,0 + V - v = q, which is the acoustic deformation equation, and equation
(2.2) becomes om + Vp =f, which quantifies equilibrium of momentum [22,27]. Similarly, for
horizontally polarized shear waves (SH; row 4 in table 1), equation (2.1) stands for equilibrium
of momentum and equation (2.2) is the two-dimensional elastic deformation equation.

The wave-field quantities are mutually related through the constitutive equations, as
follows:

U=aP, (2.3)
V = BQ, (2.4)

where a and 8 are material parameters. They are also specified in table 1 for the different wave
phenomena. We can use these equations to eliminate two of the four wave field quantities from
equations (2.1) and (2.2). We consider three cases.

(i) Inhomogeneous, time-dependent material, with parameters a(x, t) and f(x, t). Substitut-
ing equations (2.3) and (2.4) straightforwardly into equations (2.1) and (2.2) yields

d(aP)+V -Q=aq, (2.5)
3(BQ)+ VP = b. (2.6)

For example, for the special situation of acoustic waves (row 3 in table 1) this gives
O(xp)+ V - v=gand 0pv) + Vp=1£[32].

(if) Inhomogeneous, time-independent material, with parameters a(x) and f(x). For this
situation, we have O,U = 0,(aP) = ad,P and 9,V =09,(Q) = $0,Q. Hence, we obtain from
equations (2.5) and (2.6)

adP+V-Q=aq, (2.7)
B83Q+ VP =b. (2.8)

As an example, for acoustic waves these expressions become xd;p+ V -v=q and
pov+ Vp=A{.

The well-known system of equations (2.7) and (2.8) for the wave field quantities P
and Q underlies wave propagation in inhomogeneous, time-independent materials with
parameters a(x) and B(x), which may vary continuously with space. When the material
contains space boundaries with normal n(x), equations (2.7) and (2.8) are supplemented
with boundary conditions. The boundary conditions state that P and Q - n are continuous
over those space boundaries.

(iii) Homogeneous, time-dependent material, with parameters «(t) and §(t). For this situation,
we cannot use equations (2.7) and (2.8). Instead, using equations (2.3) and (2.4), we now
have VP = V(éU) = %VU and V-Q=V_. (%V) = %V - V. Hence, elimination of P and Q
from equations (2.1) and (2.2) yields

btU+%V V=g (2.9)
6[V+%VU - b. (2.10)

For example, for acoustic waves these expressions read —a[@+lv -m=gq and
om-1veo-f. ?

The system of equations (2.9) and (2.10) for the wave field quantities U and V under-
lies wave propagation in homogeneous, time-dependent materials with parameters «(t)
and B(t), which may vary continuously with time. When the material contains time
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Table 1. Specification of the quantities in equations (2.1)—(2.4). For TE (transverse electric) and TM (transverse magnetic)
waves, the quantities are electric and magnetic flux densities D and B, electric and magnetic field strengths E and H,
permittivity &, permeability 1 and external electric and magnetic current densities J and J™. For AC (acoustic) waves, they
are dilatation ©, mechanical momentum density m, acoustic pressure p, particle velocity v, compressibility %, mass density
0, volume-injection rate density q and external force density f. For SH (horizontally polarised shear) waves, m2, v, p and f
are defined the same as for acoustic waves, and the additional quantities are strain e, stress 7, shear modulus 1 and external
deformation rate density /.

U Vi V. P Qi Q a B a by b,
T Dy By o] B, E H -He e u ) - T
2 B, -D, D, H, -E, E, u € -Jy T ~Js
3. -0 n, m, P U Uz k P q fx  f2
AW my Sl e by T <t p g fy e Oy

boundaries, equations (2.9) and (2.10) are supplemented with boundary conditions. The
boundary conditions state that U and V are continuous over those time boundaries [1,18-
20,23].

Although equations (2.5) and (2.6) hold for materials that are simultaneously space- and
time-dependent, we restrict the discussion in this article to homogeneous time-dependent
materials, governed by equations (2.9) and (2.10), supplemented with boundary conditions
for U and V. This allows the translation of several fundamental concepts known for waves in
inhomogeneous time-independent materials (case ii) to waves in homogeneous time-dependent
materials (case iii). For aspects of wave propagation in materials that are simultaneously space-
and time-dependent (case i), see references [8,23,24,33]. For non-reciprocal wave propagation in
metamaterials, we refer to [32,34-41].

Next to the first-order equations (2.9) and (2.10), it is also useful to consider a second-order
wave equation for the scalar field U(x, t). This equation is obtained by eliminating V(x, t) from
equations (2.9) and (2.10), which yields

d,(Bd,U) - B> V?U =, (2.11)

with ¢(t) being the time-dependent propagation velocity, defined as

1
c=—, 2.12
Vef 21
5(x, t) being the source function, defined as
s=0/Ba)-V -b, (2.13)

and V> =V - V =03;+0% Note that, unlike in the wave equation for an inhomogeneous time-
independent material, in which a material parameter appears between the space-derivatives, in
equation (2.11) a material parameter appears between the time-derivatives [22,42]. Finally, we
define a time-dependent quantity 7(t) as

[B_g_ 1
9= \E ~fpe=L. (2.14)

For TE and acoustic (AC) waves (rows 1 and 3 in table 1), 7 stands for impedance, whereas it
stands for admittance for TM and horizontally polarized shear (SH) waves (rows 2 and 4 in
table 1).
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3. Transmission and reflection of plane waves at a time boundary

(a) Transmission and reflection coefficients

We review transmission and reflection coefficients for a monochromatic plane wave that is
incident on a time boundary [1,18,19,23]. For convenience, we define the time boundary at ¢ = 0.
For this analysis, the medium parameters a(t) and 3(t) are step functions of time, with a finite
jump at t = 0. For ¢t <0, we have time-independent parameters «; and ;. Similarly, for t > 0, we
have time-independent parameters a, and (3,. For t < 0, the incident monochromatic plane wave
is described in complex notation by

Ui(x,t) = exp li(k; - x— wit)}, 3.1

where subscript I stands for incident, i is the imaginary unit, w; is the angular frequency of
the incident wave and k; is its wave vector, defined as kj = (ky 1, k;,1). For convenience, we
consider a unit amplitude and zero phase at x=0 and ¢t =0 (where 0 = (0,0)). The propagation
angle (relative to the z-axis) is equal to atan2(ky 1, k;1). According to equation (2.11) for the
source-free situation (i.e. for s=0), Uy(x,t) should obey U, = ¢ V2Uy, with ¢ = 1/\/?/5’1. This
implies w? = c%|k1|2 or, choosing positive square-roots on both sides, w; = ¢; k.

The boundary conditions state that U and V are continuous over the time boundary [1,18-
20,23], hence, we also need an expression for V. From equation (2.10) (with b =0) and (3.1) we
obtain

ki ;

Vi(x, t) = nlmexp {i(ky - x— ant)}, (3.2)
with 7; = 1/(ctic;). Unlike in the situation of scattering at a space boundary, where the reflec-
ted wave propagates in the same half-space as the incident wave, in the situation of a time
boundary, there is no reflected wave before the time boundary, since this would violate
causality. The reflected and transmitted waves both exist only after the time boundary. For
t > 0, the transmitted monochromatic plane wave is described by

Ur(x, t) = Tyexp li(kz - X — wyt)}, (3.3)
Vil ) = Taerexp il x=an), (3.4)

with T, denoting the transmission coefficient for the wave-field quantity U. Furthermore, w,
and k; = (ky, », k;,») are the angular frequency and wave vector of the transmitted wave. They are
related through w, = ¢|k,|, with ¢, = 1/\/@. Finally, n, = 1/(axc,). The reflected wave for ¢t >0 is
described by

Ugr(x, t) = Ryexp {i(ky - X + wyt)}, (3.5)
k
Vil 1) = ~Rapprexp itk - x + @), (3.6)

with R, denoting the reflection coefficient for the wave-field quantity U. Note the opposite signs
in front of the terms w,t for the transmitted and reflected waves, which implies these waves
propagate in opposite directions. Since U(x, t) and V(x, t) are continuous at t = 0, we have

Uy(x,0) = U(x, 0) + Ug(x, 0), (3.7)
Vi(%,0) = V(x,0) + Vg(x, 0). (3.8)

These equations should hold for all x, which implies k; =Kk,. From this, it follows that the
angular frequency of the transmitted and reflected waves is different from that of the incident
wave, according to w, = i—jwl [8,18,23]. In other words, frequency conversion occurs at a time
boundary. Substituting the appropriate expressions into equations (3.7) and (3.8) yields
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1=T,+R, (3.9)
= 7(Tu = Ry). (3.10)
From this, we obtain the following expressions for the transmission and reflection coefficients

_htm

T, o (3.11)
M
R, = T (3.12)

Note that, unlike for the situation of a space boundary, these coefficients are independent of the
wave vector and hence of the propagation angle.

By multiplying the left- and right-hand sides of equation (3.9) with those of equation (3.10),
we obtain the following relation between the transmission and reflection coefficients

m = na(Ta—Ra). (3.13)

Finally, we define transmission and reflection coefficients T, and R, for the wave-field quantity
P. Using equation (2.3), we obtain T, = %Tu and R, = AR, or
2 a

_1{an

T, = E(_ocz +c—1), (3.14)
_ e

Ro = 7(052 Cl). (19

These expressions are consistent with those given by reference [19].

(b) Conservation of net field-momentum density

For electromagnetic waves, we define the net power-flux density as j(x, t) = %ER(E* x H) - n, with
n = k/|k| being the normal vector in the direction of the wave vector k, the asterisk * denoting
complex conjugation and R denoting the real part. For transverse electric waves (row 1 in table
1), this reduces to j(x,t) = %W(E;Hznx—E;Hxnz), and for transverse magnetic waves (row 2 in
table 1) to j(x,t) = %ER(—H;Ean + H}E,n;). Both cases are captured by the compact definition

jx )= ZR(P°Q) - n. (3.16)

This equation also captures the net power-flux density for acoustic and horizontally polarized
shear waves (rows 3 and 4 in table 1).

Next to the net power-flux density, we define the net field-momentum density for elec-
tromagnetic waves as M(x,f) = %ER(D*XB)-n [30,43]. For transverse electric and transverse
magnetic waves this can be written as

M(x, 1) = %ER(U*V) ‘n. (3.17)

This equation also captures the net field-momentum density for acoustic and horizontally
polarized shear waves (which should not be confused with the mechanical momentum density
m mentioned in table 1).

We analyse the quantities j(x, t) and M(x, t) for monochromatic plane waves before and after
a time boundary (equations (3.1)—(3.6)). Substituting U = U, V=V for t <0 and U = Uy + Uy,
V =V + Vg for t >0 into equation (3.17) we find, using equation (3.13), that M(x, t) is constant
for all x and t. Hence, the net field-momentum density is conserved when passing a time
boundary. Using equations (2.3),(2.4) and (2.12) ig follows that j(x,t) and M(x, t) are mutually

related through j(x, t) = *(t)M(x, t). Hence, j,=2j;, where j; and j, are the net power-flux
1
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densities before and after the time boundary. Hence, the net power-flux density is not conserved
when passing a time boundary. This is the result of energy being added to or extracted from the
wave field by the mechanism that modulates the material parameters [1,18,23].

4. Green's function

We consider a homogeneous, time-dependent material, with arbitrary piecewise continuous
parameters «(t) and S(t) (case iii in §2). We introduce the Green’s function G(x, Xy, t, ty) as the
response to an impulsive point source at x =X, at time instant ¢ =t;, observed at position x
and time t. Hence, it obeys wave equation (2.11), with the source term on the right-hand side
replaced by an impulsive point source, according to

3,(BO,G) — B V2G = 8(x — x0)8(t - ty), (4.1)

where §(t) is the Dirac delta function. Furthermore, the Green’s function obeys the causality
condition

G(x,xo,t,t)) =0 for t<ty. 4.2)

Assuming that the material is time-independent beyond an arbitrary large but finite time,
this causality condition implies that G(x, X, t, to) is outward propagating for |x| — . Since the
material is homogeneous, the Green’s function is shift-invariant, hence

G(x, X, t, to) = G(X — X, 0, t, to). (4.3)

We discuss a numerical example of G(x, X, t, to) for a piecewise constant material with a single
time boundary at ¢ = 50 us, with propagation velocities ¢; = 1500 ms™ for ¢t <50 us and ¢, = 2500
ms™? for t>50us (the parameter f is constant). The transmission and reflection coefficients
at the time boundary, as defined in equations (3.11) and (3.12), are T,,=0.8 and R,=0.2,
respectively. We choose the source at Xy =0 and ¢, = 0. Figure 1 shows snapshots of G(x, 0, ¢, 0)
(convolved with a two-dimensional spatial wavelet with a central wavenumber ko/27t =100
m™). The first three frames show an expanding circular wave front, up to the time boundary
at t=50us. In the following frames, the wave field is split into a transmitted wave front,
which expands further, and a reflected wave front, which propagates back and collapses to a
focus at x=0 and t=79.75us. At exactly ¢t =80us the focused field is zero (not shown) and
changes its sign, after which it continues as an expanding circular wave front with opposite
amplitude, as shown in the last frame. Hence, the focus at x =0 and ¢ =80 us acts as a virtual
source for a wave field in a material with propagation velocity ¢, =2500 ms™. Figure 2(a)
shows cross-sections at x =0 of these snapshots in the form of a z, t-diagram (i.e. for x = (0, z),
as if receivers were placed along a vertical line in the middle of these snapshots, through
the source position). Left of the green line at ty =0 the field is zero, in accordance with the
causality condition of equation (4.2). Right of this green line, direct waves propagate away from
the source, in two directions (up and down), until they reach the time boundary at t =50 us,
indicated by the dashed blue line. Right of this blue line, transmitted and reflected waves can be
seen. Tracing the transmitted waves back in time along the purple dashed rays, they appear to
originate from a virtual source at z=0 and t, = 20 us. The reflected waves propagate back and
focus at the position of the original source at z=0 and ¢ =80 us. This focus acts as a virtual
source for the reflected waves beyond ¢ = 80 us. Figure 2(b) shows an amplitude cross-section
of figure 2(a), scaled such that the amplitude of the direct wave arriving at the time boundary at
t =50 us equals 1. The blue curve shows that the amplitudes of the direct and transmitted waves
gradually decay with time, and jump from 1 to T, = 0.8 across the time boundary. The red curve
shows that the reflected wave starts directly after the time boundary with an amplitude of
R, =0.2. Its amplitude initially increases during back propagation, changes sign at the focus and
decreases after the focus.

H
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t=500us  t=550ps
4 =600pus  t=700us  t=T79T5us  t=90.0us

Figure 1. Snapshots of the Green’s function G(x, 0, ¢, 0) (convolved with a spatial wavelet) for a piecewise constant
time-dependent material, with a time boundary at ¢ = 50.0 us (see also electronic supplementary material, movie
Green.mp4 in the online material).

(8) 200 Hw‘\ (b) !
| ‘ ‘ 20° 1
K‘a !
-100 | l&?T![{ ’ :
ot 7
; awec 5518 f/ec,/.o ! transmission
> ” I
it I f
et }ﬁ (Dt 1
T i
> direct
TR 20
direcy [[THH| | e
100 ; ’ y 7
T;$l ! fl ! til
.. reflection
z(mm) | P, | 7
\S‘/O !
| Ly . ' o w o
200 = —
0 10 20 30 40 50 70 80 90 100 0 ° 2 % “ % ® 7 80 TS
to ty tr (us) to tr He)

Figure 2. (a) Cross-sections at x = 0 of the Green's function of figure 1, i.e. G(x, 0, t,0)|, — o. (b) Scaled amplitude
cross-sections of (a), measured along the direct and transmitted waves (blue) and along the reflected wave (red).

Whereas the Green’s function G(x,Xo,t, tp) is the response to an impulsive point source
d(x —Xo)d(t — to) for arbitrary Xy and fy (equation (4.1)), the wave field U(x, t) is the response to
a source distribution s(x, t) (equation (2.11)). We obtain a simple representation for the wave
field U in terms of G, assuming they both reside in the same medium and both are outward
propagating for [x| — . Since both equations are linear, we obtain the representation for U(x, t)
by applying Huygens’ superposition principle, according to [44,45]

Ux,t) = f dtof 2g(X, X, t, to)s(Xo, to)dXo, (4.4)
—oo R

where X and tj are variables and where R is the set of real numbers. This is a special case of the
more general representation derived in §8. Using equation (4.3), we can rewrite equation (4.4) as

Ux,t) = f dty f 2g(x—xo, 0, t, to)s(Xo, to)dxo. (4.5)
e R

Note that the space integral represents a two-dimensional space-convolution. Since the material
is time-dependent, the time integral cannot be rewritten as a genuine time-convolution.
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Figure 3 is an illustration of equation (4.5) for a source distribution s(x, t) = sy(x)d(t), i.e. for
a distributed source sj as a function of x at ¢t = 0 (this time the two-dimensional spatial wavelet
has a central wavenumber ko/27t =200 m™). The first frame shows the response at ¢ = 0.25 us
to this distributed source in the same time-dependent material as in the previous example.
The next frames show the evolution of this response over time. After the time boundary at
t =50 us, the transmitted field continues expanding, whereas the reflected field propagates back
and collapses to a reproduction of the distributed source at t =79.75 us. After this, the focused
field changes its sign (at t = 80 us) and expands again. Results like this have been obtained with
physical experiments by references [11,12,14].

Finally, for the special case of a time-independent medium, the analytical solution of
equation (4.1), with causality condition (4.2), reads

H(t —to- —""C""')
—
27'(,60 \/(t o c20l

G(x, %0, t, tp) = (4.6)

where H(t) is the Heaviside step function. The direct waves in figure 2(a) can be seen as an
illustration of this expression for G(x, 0, t, 0)|, -, convolved with a spatial wavelet.

5. Unified wave equation and Green’s function in wave-vector time domain
(a) Unified wave equation in wave-vector time domain
We define the following two-dimensional Fourier transformation
Uk, f) = / U(x, £) exp (—ik - x)dx, (5.1)
RZ

with wave vector k defined as k = (k,, k). For the inverse two-dimensional Fourier transforma-
tion we obtain

U, 1) = # A Uk, tyexp ik - x)dk. (.2)

Equation (5.2) expresses U(X, t) as a superposition of ‘space-harmonic’ plane waves exp (ik - x)
with complex amplitudes lvl(k, t). Hence, equation (5.1) can be interpreted as a decomposition of
the field U(x, t) into space-harmonic plane waves.

Applying the nabla operator V to both sides of equation (5.2) yields

VU, 1) = - f kU (K, £) exp (ik - x)dk. .3)
41" J 2
Hence, the operation V in the space-time domain corresponds to multiplication by ik in

the wave-vector time domain. Using this property, we obtain for the Fourier transforms of
equations (2.9) and (2.10)

QU + %ik V=4, (.4)
OV + %ikf] -b, (5.5)

with time-dependent material parameters a(t) and G(t). When the material contains time
boundaries, the boundary conditions state that U(k t) and V(k t) are continuous over those
time boundaries. The second-order wave equation (2.11) transforms to

A(BO.U) + B k[T =5, (5.6)
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t =179.75 us
Figure 3. The wave field U(x, t) in response to a distributed source in the same piecewise constant time-dependent

material as in figure 1 (see also electronic supplementary material, movie TUD.mp4 in the online material).
with [k|* =k - k = k2 + k2, and the source function §(k, t) defined as

§=0,Bd)-ik - b. (5.7)

(b) Green's function in wave-vector time domain
The transformed Green’s function é(k, X, t, to) obeys
3(BAG) + BAKIG = exp (-ik - x0)3(t — to), (5.8)
with causality condition
G(k, X0 1,10) =0 for t<t. (5.9)
For the special case of a time-independent medium, we have

sin ([k|c(t - to))

nlk| '
In Appendix A, it is shown that the inverse Fourier transform of equation (5.10) is the space-
time domain Green’s function of equation (4.6).

G(k, X0, t, to) = exp (~ik - Xo)H(t - to) (5.10)

6. Propagation invariants for piecewise continuous materials

(a) Conservation of net field-momentum density

Analogous to equations (3.16) and (3.17), we define the net power-flux density and the net
field-momentum density in the k, t--domain as

j )= AR(FQ) -n (6.1)
and

Mk, t) = %m(ﬁ*(z) ‘n, 6.2)
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respectively, with n =k/|Kk| (but note that j(k, ¢) and M(k, t) are not the spatial Fourier trans-
forms of j(x,t) and M(x, t)).

Propagation invariants in a time-dependent material are wave-field-related quantities that
remain constant over time. We start by showing that for a source-free, time-dependent material,
the net field-momentum density defined in equation (6.2) is a propagation invariant. To this
end, we analyse OM(K, t) = %BI(LVT*\V/+\V/*I}) -n. Applying the product rule for differentiation,
using equations (5.4) and (5.5) for the source-free situation and the definition n =k/|k|, we
obtain

QMK 1) ((a,fj)*v LUV + Q)T + \V/*att}) K/|K]

NN

(i ¥°)¥ -0 (G0 + (310"} - Gike- V) - 1 1k =0
B « a B

This expression implies that M(k, t) is a propagation invariant, or in other words, the net
field-momentum density is a conserved quantity. The derivation above holds for continuously
varying material parameters. However, U and V - n are continuous over a time boundary and
s0 is M(K, ). Combining these results, it follows that M(k, 1) is a propagation invariant for a
time-dependent material with piecewise continuous parameters.

From equations (2.3),(2.4),(2.12),(6.1) and (6.2) we obtain

(6.3)

jk, t) = A(t)M(k, 1), (6.4)

which implies that for a time-dependent medium with piecewise continuous parameters the
net power-flux density is not a propagation invariant, similar as noted in §3(b) for j(x,t) over
a single time boundary. Reference [22] shows that amplitude amplification due to temporal
variations can be used to compensate for energy loss due to material dissipation.

(b) General propagation invariants

Next, we derive more general propagation invariants. We consider two mutually independent
states (i.e. two solutions of equations (5.4) and (5.5)), which we distinguish with subscripts A
and B. We analyse the quantities 6,(()A\VIB—\VIA03) - (ik) and at(lj:\V/B+\VIZUB) - (ik). The latter
can be seen as a generalization of 46t1\;1 k, t)= at(U*\V/ + \VI*U') - n, with subscripts A and B added
and n =k/|k| replaced by ik (the latter replacement facilitates the inverse Fourier transforma-
tions in later sections). Applying the product rule for differentiation, using equations (5.4) and
(5.5) for states A and B, yields

(UaVp—V,4Up) - (k) = |k* (a5 - &) UaUp+ (B5' — Ba)Va AV 5
+6A1}d,B - by, AﬁB - ‘>d, Adp+ I}Abd, B (6.5)

and

Q(UaVp+VaUp) - (k)= [k|* (' - i) UaUp+ (B5' = BV aVa 5

+d:‘>d,3 - BZ AUB - ‘;Z,AéB + Uj‘;l;d, Br (6.6)

respectively, with
Vi=ik-V, 6.7)
ba = ik - b, (6.8)

for states A and B. The subscript d in I;d and I;d refers to ‘divergence’ (since ik - Vand ik -b
are the Fourier transforms of V - V and V - b). Following similar arguments as below equations
(6.3), equations (6.5) and (6.6) hold for a time-dependent material with piecewise continuous
parameters.

6Lv0V707 181/ 205 3 204g edsy/jeuinof/io-Buysyqndaapos(efos



Downloaded from https://royal societypublishing.org/ on 05 February 2025

Note that in equations (6.5) and (6.6) not only are the wave fields labelled with subscripts A
and B, but also the source terms and the material parameters (which may be different in the two
states). In the next section, we continue with the general expressions of equations (6.5) and (6.6).
Here, we consider the special case that sources are absent and the material parameters are the
same in both states, which implies that the rlght -hand sides of equations (6 5) and (6 6) vanish.
Hence, for this situation, it follows that (UAVB VAUB) (ik) and (UAVB +VAUB) (ik) are
propagation invariants for a homogeneous time-dependent material. They are the counterparts
of propagation invariants for an inhomogeneous time-independent material [46-50], which are
useful for the analysis of symmetry properties of transmission and reflection responses and for
the design of efficient numerical modelling schemes.

7. Reciprocity theorems

(a) General reciprocity theorems

Reciprocity theorems interrelate wave fields in two different states [51-54]. Here, we use
equations (6.5) and (6.6) to derive reciprocity theorems for a homogeneous time-dependent
material with piecewise continuous parameters «a(t) and f(t). Integrating equations (6.5) and
(6.6) with respect to time, taking into account that U and V4=ik -V are continuous at time
instants where a(t) and f(t) are discontinuous, we obtain

v o vt
(UaVap=Va,aUs)|,

t, .. B . .
/ ( 1k *(a5' - aa ) UaUs+ (B5' - Ba)Va aVa s

Iy
+daV4p—ba aUp~ Va4 adp+ UAbd,B)df (7.1)

and
vy v | o ST 1 ol o
(UAVd,B_Vd,AUB)‘tb = /; (|k| (05" = o YUaUp+ (Bs' = Ba)Va, Va5
b

v Y Vi v Vi oy v
+a:k4Vd,B - bd,AUB - Vz,AaB + U:bd,B)dt, (72)

respectively, with subscripts b and e standing for ‘begin’ and ‘end’. Products like lV]AIjB
in the k, t-domain correspond to spatial convolutions in the X, t-domain. Therefore, we call
equation (7.1) the reciprocity theorem of the space-convolution type. It is the counterpart of
the reciprocity theorem of the time-convolution type for an inhomogeneous time-independent
medium [27,55]. On the other hand, products like LVIZIjB in the k, t-domain correspond to spatial
correlations in the X, t-domain. Therefore, we call equation (7.2) the reciprocity theorem of the
space-correlation type. It is the counterpart of the reciprocity theorem of the time-correlation
type for an inhomogeneous time-independent medium [27,56].

We use equation (7.1) in §8 to derive a general wave field representation and in §9 we use
equation (7.2) to derive an expression for Green’s function retrieval, both for time-dependent
materials. Here, we discuss two special cases.

(b) Source-receiver reciprocity

First, we derive from equation (7.1) a reciprocity relation for the Green’s function (V](k, Xu, b, ty).
Table 2 lists the quantities for states A and B that we use in this derivation. The material
parameters are chosen the same in both states. For the wave field ﬁA, we choose the acausal
Green’s function éa(k Xa, t, t4). It obeys the same wave equation as the causal Green’s function
(equation (5.8)), but with the condition g (K, x4, ,t4) =0 for t > 4. For the wave field Ug, we
choose the causal Green’s function g(k Xp, t, tg), with g(k Xp, t, tg) = 0 for t < tz. The expressions
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in table 2 for the wave fields I>d, 4 and I;d, p follow from equations (5.4) and (6.7) for states
A and B (using d4 = dg=0). The expressions for the source terms l;d, 4 and l;d,B follow from
comparing the source term for a Green’s function (equation (5.8)) with that for a general wave
field (equations (5.7) and (6.8), using a4 = dg=0). Note that the source term for the acausal
Green'’s function in state A actually represents a sink.

We substitute the quantities of table 2 into the reciprocity theorem of the space-convolution
type, formulated by equation (7.1). Let us assume that the time instants t4 and tz lie both
between t;, and t,. Then the acausal Green’s function is zero at t, and the causal Green’s function
is zero at tp. With this, the left-hand side of (7.1) vanishes. From the remaining terms on the
right-hand side of equation (7.1) we obtain

exp (ik - XA)éa(k, Xa, tg ta) =exp (k- xB)é(k, Xp, ta, tB). (7.3)

This is the sought reciprocity relation for the Green’s function in the k, t-domain. We use the
inverse Fourier transformation defined in equation (5.2) to transform this expression to the
%, t-domain. This yields

ga(x + X4, XA, tB/ tA) = g(x + Xp, Xp, tA/ tB)/ (74)

or, since in a homogeneous medium the Green'’s function is shift invariant,

ga(x, 0,tp, tA) = G(x, 0,t,, tB)~ (75)

This is the counterpart of the well-known source-receiver reciprocity relation
G(xp X4, t,0) = G(x4,Xp, t,0) for an inhomogeneous time-independent medium, which states that
the Green’s function between a source at xg and a receiver at x, is identical to the Green’s
function between a source at x4 and a receiver at xp [27,44]. Equation (7.5) states that for a
homogeneous time-dependent medium the causal Green’s function between a source at ¢z and
a receiver at t, is identical to the acausal Green’s function between a sink at t4 and a receiver at
tg. In the derivation, we assumed that t, and tz lie both between t;, and t,. If we take t, — —eo
and t, — oo, then equations (7.3)—-(7.5) hold for arbitrary t, and tg. Note that for t4 <tz these
expressions reduce to the trivial relation 0 = 0.

(c) Field-momentum density balance

The next special case we consider is the field-momentum density balance, which we derive
from equation (7.2). We take identical states A and B and drop the subscripts. We thus obtain
from equation (7.2)

le

(U'V4- Vi)

te . e v . v
= f (d*vd —byU-Vid+ U*bd)dt, (7.6)
L

ty b

or, using equation (6.2) and (6.7) and the definition n = k/|k|,

M(k, 1)

te
te el VR v

- Iy [ e~ +6"0| - nde. 7.7)
o 277 Jy,
This is the net field-momentum density balance for a homogeneous time-dependent material
for the situation that there are sources between t, and t,. It is the counterpart of the net
powerflux density balance for an inhomogeneous time-independent medium [27,55].
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Table 2. Quantities for deriving the reciprocity relation of equation (7.3).

state A state B

parameters

8. Wave field representations

(a) General wave field representation

A wave field representation is obtained by replacing one of the states in a reciprocity theorem
by a Green’s state [57-60]. We derive a general wave field representation for a homogeneous
time-dependent material with piecewise continuous parameters a(t) and S(t). To this end,
consider the quantities listed in table 3. Note that state A is the same as that in table 2, except
that x4 and t4 are for convenience replaced by 0 and t', respectively. State B is the actual field in
the actual medium, so the subscripts B are dropped.

Substitution of the quantities in table 3 into the reciprocity theorem of the space-convolution
type, formulated by equation (7.1), using reciprocity relation (7.3) for the Green’s function with
X4 =Xp=0, yields

XU, 1) = (600, 0, £, 0V a(k, 1) + Ba(DRG(K, 0, ¢, 0} T ),

tp

- f ( Ik ’G(k, 0,1, )Aa (U (K, t) - BA(DIOG(K, O, ¢, )} AR (6)V a(k, t))dt

- f te({até(k, 0,1, )}Bat)d(k, ) + G(k, O, £, )ba(k, r))dt,

th 8.1)
with the characteristic function y(t') defined as
1 for t<t'<t,
x(th = % for t'=t, or t'=t,
0 for t'<t, or t'>t, (8.2)
and with the material contrast parameters Aa’'(t) and AB\(t) defined as
A0ty = a () -l (), (8.3)
4870 = BB (8:4)

Equation (8.1) is the representation of the space-convolution type for a homogeneous time-
dependent medium in the k,t-domain. It is the counterpart of the representation of the
time-convolution type for an inhomogeneous time-independent medium [57-60]. The left-hand
side represents the wave field in the actual medium at time instant t'. The first term on the
right-hand side describes the contributions from the fields at t, and t, (when t' is between t,
and t, then only the field at t, contributes). This term is the counterpart of the spatial Kirchh-
off-Helmholtz integral [44,61-64], which is an integral along an enclosing boundary (since time
is one-dimensional, here the ‘enclosing boundary’ only consists of the time instants t, and
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Table 3. Quantities for deriving the representation of equation (8.1).

state A state B

parameters oy = oylt)

t,). If there were no contrasts of material parameters and no sources between t, and t,, then
this first term would give the complete solution (similar as to how the Kirchhoff-Helmholtz
integral would give the complete solution if there were no contrasts and no sources inside the
enclosing boundary). The second term on the right-hand side accounts for contrasts between
the material parameters of the actual medium and those of the medium in which the Green’s
function is defined. Hence, this integral describes wave scattering at parameter contrasts in
time-dependent materials. The third term on the right-hand side accounts for the contribution
of sources between ¢, and t,.

We transform equation (8.1) to the X, t-domain, using the inverse Fourier transformation
defined in equation (5.2). Using equation (6.7) and (6.8) and the shift-invariance of the Green’s
functions, we obtain

t=t,

xHUEX, t") = f ((](x’, x,t, 1)V - V(x, 1)+ B ()00, x,t', )}U(x, t))dx
RZ

t=ty

+ f : / (g(x’,x, t', A (HVAU(x, t) + Ba(D){0G(X, %, ), )IAB (V- V(x, t))dxdt
ty JR?

le

—f / ({btg(x’, x, t', )}Ba)ax, t) + G, x,t', t)V - b(x, t))dxdt.

th JR? (8.5)
Equation (8.5) is the representation of the space-convolution type for a homogeneous time-
dependent medium in the x,t-domain. Note that equation (4.4), with the source function s
defined in equation (2.13), is obtained as a special case of this representation if we choose the
same material parameters in both states, replace t, and t, by —e and <, respectively, and apply
integration by parts to replace - f(9,G)Badt by [fGo,(Ba)dt. In its general form, equation (8.5)
provides a basis for the analysis of wave scattering problems in homogeneous time-dependent
media. We discuss an example in the next subsection.

(b) Wave field representation for the case of a single time boundary

We use the representation of equation (8.5) to analyse the wave field after a time boundary
between two time-independent slabs, as illustrated in the numerical example in §4. To this end,
we take t, equal to the time boundary (i.e. t, =50us) and t, — . Hence, the boundary t=t,
in the first term on the right-hand side of equation (8.5) gives no contribution. The wave field
U(x, t) is the response to a spatial source distribution sp(x) at =0 in a medium with velocity
¢ =1500 ms™ for t < t, and velocity ¢, = 2500 m s for ¢ > tp,. The parameter 8 is constant in the
numerical example, but here we assume it has the values §; and 3, before and after the time
boundary, respectively (and consequently a; = 1/B:¢} and a, = 1/Bc3 before and after the time
boundary). We define the Green’s function in equation (8.5) in a time-independent medium
with velocity ¢4 = ¢, and parameter §, =, (and a, = 1/620%) and call this (X', x, t', t). Note that
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for all ¢ > t, we thus have Aa”\(t) = AB™\(t) = 0, hence, the second term on the right-hand side of
equation (8.5) vanishes. Since the source distribution for U(x, t) exists only at ¢t = 0 < t;,, the third
term on the right-hand side of equation (8.5) also vanishes. Hence, for t' > t, we are left with

Ut = _fz Go(X', %, t', )V - V(X, t) + Bo{0:Go(X, %, t, )}U (%, £)|  dx. (8.6)
R L=ty
In the Kk, t-domain this becomes
Uk, 1) = ~[Ga(k, 0, £, )V a(k, 1) + Bofd,Gak, O, £, )} UK, )], for 1>y, 8.7)
For t = t, and t' > t, we have, according to equation (5.10),
V , sin ([Klex(t' - b))
Gk, 0,1, ty) = ———=—, 8.8
2( b) 772|k| ( )
Ba0Ga(K, 0, )], -, = —cos (Klex(t' - 1)), 8.9)
with 7, = ,¢;. From equations (4.5) and (5.1), we further obtain for ¢t = t;,
Uk, 1) = SR ey (8.10)
LS
with 7; = Bi¢1 and, using equations (6.7) and (5.4) with da(k, ¢,) = 0,
Va(k, t) = —cos ([K|citp)So(K). (8.11)
Substituting these expressions into equation (8.7) yields
v sin y1cos ¥,  €os yisin Y5\,
UKk, t) = so(k), for t'>t, 8.12
with
71 = [Klaty, (8.13)
¥2 = [Klex(t' — tp). (8.14)
Equation (8.12) can be rewritten as
S sin (y1 +72) sin (y1 - 72) )v .
UKk, t)=|T, +R, so(K), for t'>t, 8.15

with T, and R, defined in equations (3.11) and (3.12), respectively (this is verified by substi-
tuting sin (y; +y,) = sin y3cos y, + cos y;sin y, into equation 8.15, and using equations (3.9) and
(3.10)). Let us write

Yty = Koot — 1), with £y = (1 —%)tb, (8.16)
2

V-7 = [Kleatp— 1), with tp= (1 + %)tb. (8.17)
2

First, consider equation (8.16). Since t'>t, and t,<t, we have t'>t, and, consequently,
71+ 72> 0. Hence, for the first term between the large brackets in equation (8.15) we find, using
equation (5.10),

Sin@+72) _ 1, sin(lkleo(t =) _ 7

27.6:(k, 0,t,t,), for t'>t, 8.18
TRt k] L2 V) b (8.18)

Next, consider equation (8.17). Since t' > t, and t > t;, the term y; -y, can take positive as well
as negative values. For the second term between the large brackets in equation (8.15) we find,
using equation (5.10) and equation (7.3),
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sin(y; — v») n sin(|k|cy(tr—t))
“ K| ™ 7| K|

- %Ru(ég(k,o,t',tF)—(_v}z(k,O,t’,tF)), for t'>t,.
1

Ru(H(tF -t +H(t' - tF))

(8.19)
Substituting equation (8.18) and (8.19) into equation (8.15) and applying an inverse spatial

Fourier transform yields

U, t)= %/D;{Z[Tugz(x', x, t' ty)+ Ru(gg(x', Xt tr) - Go(X', X, t/, tp)) so(x)dx, (8.20)

for t' > t,. The first Green’s function on the right-hand side describes the transmitted, outward
propagating wave in figures 1 and 2 for ' > t, = 50 us in a material with propagation velocity c,
and parameter §3,. It originates from a virtual source at time instant t,, defined in equation
(8.16), hence, at t, =20us. The amplitude of this transmitted wave is proportional to the
transmission coefficient T, = 0.8 and a factor 7,/7; to account for the fact that the actual source
is situated in a material with propagation velocity c¢; and parameter ;. The second Green’s
function is acausal and describes the reflected, inward propagating wave in figures 1 and 2
for t, <t'<tp. It focuses at time instant ¢z, defined in equation (8.17), hence, at tz = 80 us. The
amplitude of this reflected wave is proportional to the reflection coefficient R, =0.2 and the
factor 1,/m;. The third Green’s function is causal and describes the continuation of the reflected
wave in figures 1 and 2 for t' > tr = 80 us, i.e. after focusing. It originates from a virtual source
at the focal time tr = 80 us. The reflected wave undergoes a sign change at the focal time, hence,
its amplitude after focusing is proportional to —R, =-0.2 and the factor 7,/5;. The integration
over X in equation (8.20) describes the spatial convolution of the superposition of these three
Green’s functions with the spatial source distribution sp(x) at ¢t =0. This explains figure 3 for
t'>t,=50us, and in particular the recovery of the source distribution sy(x) around the focal
time ty = 80 us, where G5(x, X, t', t) focuses.

9. Green’s function retrieval

For inhomogeneous time-independent media, it has been shown that, under specific circum-
stances, the time-correlation of passive wave measurements at two receivers converges to the
response at one of these receivers as if there were an impulsive source at the position of
the other [65-72]. In other words, the Green’s function between two receivers is retrieved
by time-correlating passive responses at these receivers. Using a reciprocity theorem of the
time-correlation type [73], it has been shown that this holds for arbitrary inhomogeneous
time-independent media. Here, we use the reciprocity theorem of the space-correlation type
of equation (7.2) to derive an expression for Green’s function retrieval in a homogeneous
time-dependent material with piecewise continuous parameters a(t) and §(t). To this end, we
start with acausal Green’s functions in both states, with unit sinks at ¢4 and ¢z, both between ¢,
and t, (here t, and t, are again arbitrary and not related to a time boundary, such as ¢, in §8b).
Substituting the quantities of table 4 into the reciprocity theorem of the space-correlation type
(equation (7.2)), using the reciprocity relation of equation (7.3) for the Green’s functions with
X4 =Xp =0, yields

G(k,0, 15, 14) ~{G"(K, 0, 15, 1)) =
B(t5)[G (K, 0,14, 03,6 (K, 0, 15, 1)~ (3,6 (k, 0, £4, 1)G(k, 0, 15, 1) _, . ©.1)

Applying the inverse Fourier transform of equation (5.2) to both sides of this equation yields

605707 318 1 205y 20igedsy/jeunol 610 Buiysyqndizaposiefol E



Downloaded from https://royal societypublishing.org/ on 05 February 2025

Table 4. Quantities for deriving the expression of equation (9.1) for Green’s function retrieval.

state A state B

parameters

sources

G(x',0,t564) - G(—X,0,tpt,) =

e [

The right-hand side consists of space-correlations of responses to an impulsive source at t,
and its derivative, observed by receivers at t4 and tp. The left-hand side consists of a Green’s
function and its acausal version for a source or sink at t,, observed at tz. When tp is larger
than ¢, the causal Green’s function G(x/, 0, tg, t,) is retrieved (since the acausal Green’s function
vanishes for this situation). On the other hand, the acausal Green’s function —G%(-x', 0, tg, t4) is
retrieved when tp is smaller than t,. Note that equation (9.2) holds for any time instant t;, of
the original source, as long as t4 and tp are both larger than t,. Contrary to Green’s function
retrieval by time-correlation in space-dependent media, which requires sources on a boundary
enclosing the receivers, for Green’s function retrieval by space-correlation in time-dependent
media it suffices to have a single source at t, prior to the receivers at t4 and tp.

We confirm equation (9.1) for the situation of a time-independent medium. Assuming t4 > t;,
and tp > tp, the Green’s functions on the right-hand side for a time-independent medium read,
according to equation (5.10),

G(x,0,t4,1)0,G(x' +%,0,t51t)-{0,G(X,0,t4, 1)}GX'+X%,0,1t5t) dx.
t=tp 9.2)

sin(|k|cAt,)

Gk 0t t;) = Tk 9.3)
00K, 0, t5, 1)), = —%Cos( |k |cAty) (9.4)
and similar expressions for the other Green’s functions, with
Aty = ta—tp, 9.5)
Atg = tg—tp. 9.6)
Hence, for the right-hand side of equation (9.1) we obtain
_sin(|k|cAtq)cos(|k|cAtp) - cos(|k|cAt,)sin(| K| cAtp) _ sin(|k|c(tg—t4)) ' 9.7)

k| kK|
For tg>t,, this is equal to é(k, 0, tp, t4), which is the left-hand side of equation (9.1), since
G"(k, 0,15, t4) = 0 for this situation. On the other hand, for tz<t,, it is equal to ~G"(k, 0, tp, £1).
"ghis is again the left-hand side of equation (9.1), since éa(k, 0,tp t,) is real-valued and
Gk, 0, tp t,) = 0 for this situation.
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10. Matrix-vector wave equation

Many authors use a matrix-vector formalism to conveniently analyse wave propagation and
scattering in time-dependent media [3,21,22,25,74]. Here, we recast equations (2.9) and (2.10)
into a matrix-vector wave equation in the x, --domain. Unlike for the one-dimensional situation,
where equations similar to (2.9) and (2.10) govern the scalar wave fields U and V [25], here
these equations govern U and V, where V is a vectorial quantity. Analogous to equation (6.7),
we define a scalar wave field V4 as

Va=V-V, (10.1)

where subscript d refers to ‘divergence’. Using this in equation (2.9) and applying the diver-
gence operator to both sides of equation (2.10) yields

U + %Vd =q (10.2)
O Va+ %VZU = by, (10.3)

where, analogous to equation (6.8),
bg=V-b. (10.4)

Equations (10.2) and (10.3) for the scalar fields U and V4 can be combined into the following
matrix-vector wave equation

atqd = Adqd +dg, (105)
with wave field vector qq4(X, t), matrix Ag4(x, t) and source vector d4(x, t) defined as

— u A=
qq = Vd/ d =

0_1

B a
6, dd=(b)~
v: 0 d

The subscript d in q4, Ag and dq is used to distinguish these quantities from those in the
one-dimensional situation where, for example, wave field vector q contains the scalar wave
fields U and V [25]. Equation (10.5) holds for a homogeneous time-dependent medium with
continuous parameters a(t) and §(t). When the material contains time boundaries, the boundary
condition states that qu(x,t) is continuous over those time boundaries. Equation (10.5) is the
counterpart of a matrix-vector wave equation for an inhomogeneous time-independent material
[75-80].

Applying the two-dimensional Fourier transformation defined in equation (5.1) to equation
(10.5), we obtain the following matrix-vector wave equation in the k, t-domain

Q=

(10.6)

3l = Agdy +dg, (10.7)
with wave field vector qq(k, ), matrix Ad(k, t) and source vector &d(k, t) defined as

0_1

. Bl . a
, Agq= 1 '8, dd=(v)/
—|k|2 0 bd
a

with V4 and by defined in equations (6.7) and (6.8), respectively. Note that Ay obeys the
symmetry property

(10.8)

ALN =-NA,, (10.9)

where superscript ¢t denotes transposition and where
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(01
- (—1 0)' (10.10)

11. Propagator matrix

(a) Propagator matrix in space-time domain

We define the propagator matrix Wq(X, t, to) as the solution of equation (10.5) without the source
term, hence

O,Wq = AgWy, (11.1)
with initial condition
Wa(x, to, to) = I6(x), (11.2)

where I is the identity matrix [21,22,74]. We obtain a simple representation for q4(x, t) in terms
of Wy(x,t, tp), assuming they both reside in the same medium and assuming there are no
sources for qu(x, t) between t; and t. Whereas q4(X, t) can have any space-dependency at ¢ = t,,
Wi(x, t, tp) collapses to I5(x) at t = tp. Hence, we obtain the following representation for qq(x, t)
by applying Huygens’ superposition principle, according to

qq(x, t) = f 2Wd(x - X, t, to)qq(Xo, to)dxo, (11.3)
R

where X is a variable. According to this equation, Wq(x, t, ty) propagates the wave field vector
qq from t; to t (where t can be larger or smaller than fy). The subscript d in W4 denotes that this
propagator matrix acts on a wave field vector containing U and V4, which is different from the
one-dimensional version of the propagator matrix, which acts on a wave field vector containing
U and V [25]. The propagator matrix Wy(x, t, tp) for a homogeneous time-dependent material
is the counterpart of a propagator matrix for an inhomogeneous time-independent material
[81-86].
We partition Wy(x, t, t;) as follows:

wiv wiV
Wd(X, t, fo) = (X, t, to).
wy? wyY (11.4)

The first superscript refers to the wave field quantities in gq4(X,t) in equation (11.3) and the
second superscript to those in qq(Xo, to) (with superscript V referring to wave field quantity Vy).
By applying equation (11.3) recursively, we find the following recursive expression for Wy

Wd(xl tN/ t()) = Wd(xl tN/ tN* 1) Fy ot Ky Wd(xl tnl tn* 1) Ky oo Ky Wd(X/ tl/ tO)/ (115)

where #, denotes a two-dimensional spatial convolution, similar to that in equation (11.3),
and where t;---t,--ty_1 are time instants where the medium parameters a(t) and §(t) may be
discontinuous. Between these time instants, the parameters a(t) and S(t) can, in general, be
continuous functions of t. In Appendix B, we give an explicit expression for Wq(X, t,, t,-1),
assuming a time-independent slab between ¢, and t,,.

As an illustration, we consider a piecewise constant material consisting of five time-inde-
pendent slabs, with propagation velocities of 2000, 2000, 1200, 2500 and 1400 m s™, respectively.
The parameter § is taken constant. The duration of each time slab is 25 us. We choose t; between
the first and second time slab, i.e. ty = 25 us. Figure 4(a) shows a z, t-diagram of the propagator
element Wé] ’ I/(x, t, tp) (convolved with a spatial wavelet with a central wavenumber ko/27t = 100
m™) for x = 0 and ¢y = 25 us. The green line at ¢, = 25 us indicates the initial condition of equation
(11.2), which for the considered off-diagonal element implies Wé/ ’ V(x, to, tp) = 0. In the first time
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slab right of this green line, the propagator consists (for x =0) of upward and downward
propagating direct waves. At each time boundary (indicated by the dashed blue lines), these
waves split into upward and downward propagating transmitted and reflected waves. This is a
manifestation of the recursive character of the propagator, as formulated by equation (11.5).

(b) Propagator matrix in wave-vector time domain

Applying the two-dimensional Fourier transformation defined in equation (5.1) to equations
(11.1)—(11.3) we obtain

QW4 =AqWy, (11.6)
with initial condition
Wk, fo, o) = I (11.7)
and representation
da(k, 1) = Wa(k, £, 10)da(k, 1). (11.8)

Analogous to equation (11.4), we partition Wd(k, t, tp) as

. d
Wd(k/ L, tO) = VU Vv (k/ t, tO)
Wy Wy (11.9)

By applying equation (11.8) recursively, we find the following recursive expression for Wy
Wa(K, ty, to) = Wk, by, ty 1) Wa(k, ty tn-1)-Wa(k, t1,10), (11.10)

where t1--+t,--ty_1 are time instants where the medium parameters a(t) and B(t) may be
discontinuous. Between these time instants, the parameters a(t) and S(f) can, in general, be
continuous functions of t. In Appendix B, we give an explicit expression for WK, by tr-1),
assuming a time-independent slab between t,_; and ¢,,.

(c) Symmetry properties of the propagator matrix

To derive symmetry properties of the propagator matrix, we first show that the quantity
Wd(k t, t)NW(K, 1, t5) is a propagation invariant, i.e. that it is independent of t. Taking the
time derivative, applying the product rule for differentiation, using equation (11.6) and (10.9),
we obtain

Wik, £, t))NWy(K, ¢, £5)}
= O Wa(K, 1, £4)) NWy(K, ¢, t5) + Wa(k, t, £)N{OW (K, £, t))
= Wa(k, 1, tA){AGN + NAGW(K, £, t5) = O, (11.11)

where O is the null-matrix. This expression confirms that Wé(k, t, tA)NWd(k, t, tg) is independ-
ent of t. This derivation holds for continuously varying medium parameters. However, since
the components of the propagator matrix are continuous over a time-boundary, it follows that
\;Vil(k, t, tA)NW(K, 1, t5) is a propagation invariant for a time-dependent medium with piecewise
continuous parameters. Taking t = t4 and subsequently ¢ = t5, we obtain

Wk, t4, t)NWy(K, t4, t5) = Wa(K, t5, L )NWa(K, 5, t5), (11.12)

or, using equation (11.7),
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Figure 4. Cross-sections at x = 0 of (a) the propagator element WdU Vix,t, to) and (b) the Green's function G(x, 0, t, £,)
(both convolved with a spatial wavelet) for a piecewise constant time-dependent material (for (a), see also electronic
supplementary material, movie Wuv.mp4 in the online material).

NWig(k, 1, t5) = Wa(k, £, ta)N, (11.13)
or, applying the inverse two-dimensional Fourier transformation defined in equation (5.2),
NWq(X, 4, tp) = Wa(X, tp, to)N. (11.14)

Equations (11.13) and (11.14) formulate symmetry properties of the propagator matrix in the
k, t- and x, t-domain, respectively. Substituting equations (10.10) and (11.4) into equation (11.14)
we find the following symmetry properties for the components of the propagator matrix

Wcll// V(x/ tA/ tB) = _W(li], V(X/ tB/ tA)/ (1115)
WYV, ta ts) = -WEU(x, g ta), (11.16)
Wy V(% ta, tg) = W U (x, t, ). (11.17)

Next we show that three of the four components of the propagator matrix can be expressed
in terms of the upper-right component Wg ’ V(x, t, tp). From equations (10.6),(11.1) and (11.4) we
find

Wit t)) = —BOOW Y (%1, to), (11.18)
Wy Vx,t,to) = -BEOIWYT Y (%, 1, to). (11.19)
From equations (11.17),(11.18) and (11.15) we find
Wi U(x 1, to) = Bto)d, WS (x, 1, to). (11.20)
Substitution into equation (11.19) yields
Wi Vx,t, to) = -B(6)B(t0)dd, WS " (x, ¢, to). (11.21)

Hence, equations (11.18), (11.20) and (11.21) are the sought relations.

(d) Relations between the Green’s function and the propagator matrix

We show that the Green’s function G(x, 0, t, t), obeying wave equation (4.1) for xo = 0 with the
causality condition of equation (4.2), can be expressed in terms of the upper-right component of
the propagator matrix, according to
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G(x,0,t,to) = ~H(t ~ to)Wg" " (%, 1, to). (11.22)

Note that this relation is different from that for the one-dimensional situation (which includes a
spatial derivative on the left-hand side [25]) because of the deviating definition of the wave field
vector q, and consequently of the propagator matrix Wy, see §10 and §11(a).

Due to the Heaviside function in equation (11.22), the causality condition is fulfilled. In the
following, we show that H(t - tO)Wé] ’ I/(x, t, tp) obeys the same wave equation as —G(x, 0, t, to). For
the first time derivative we have

IH(t—to)W V(% t, to)} = 8(t — to) W3V (%, t, to) + H(t — to)dW " ¥ (%, 1, to). (11.23)
From equations (11.2) and (11.4) we have W (x, to, to) = 0. Using this and equation (11.18) in
equation (11.23), we obtain

OLH(t - to)) WYV (%, 1, t0)} = (t—to)Wy " (x, ¢, to). (11.24)

1
- H
B(t)
From equation (10.6),(11.1),(11.2) and (11.4) we have d,Wy " (x, t, to) = —% VWYV (x,t, to) and

wiV(x, to, to) = 8(X). Using this, we find for the second time derivative

X(BWDAH(E ~ t)Wg ¥ (x,t,10)}) = —ddH(t ~ t) Wy (%, 1, t0)}
1
FT0)
Comparing this with equation (4.1) for xp =0, with c(t) defined in equation (2.12), we con-
clude that H(t - to)Wg ’ V(x, t, tp) indeed obeys the same wave equation as -G(x,0,t,tp). This
completes the proof of equation (11.22). Figure 4(b) shows a z, t-diagram of the Green’s function
G(x,0,t,to) (convolved with a spatial wavelet) for x = 0 and ¢y = 25 us. It has been obtained from
Wg’ V(x, t,tp) in figure 4(a) through equation (11.22). The green line at ty =25 us indicates the

causality condition of equation (4.2).
In a similar way to above we can show that the acausal Green’s function G'(x, 0, t, ty), with
condition G%(x, 0, t, to) = 0 for t > ty, can be expressed as

VAH(t - to)W Y (%, 1, to)} .

= 8(t - tp)d(x) + (11.25)

G (x,0,1,t0) = H(to - HW5 " (%, 1, to). (11.26)

Vice versa, by combining equations (11.22) and (11.26), we can express W (%, 1, to) in terms of
the Green’s function and its acausal version, according to

W3V (1, tg) = G*(%,0, t, t) - G(x, 0, t, to). (11.27)

Using equations (11.18), (11.20) and (11.21), the other components of the propagator matrix
Wy(x, t, tp) can also be expressed in terms of the Green’s function and its acausal version.

Note that the simple relations between the Green’s function and the propagator matrix
derived here are specific for a homogeneous time-dependent medium. They cannot be
translated to the situation of an inhomogeneous time-independent medium by an exchange
of space- and time-coordinates because the causality conditions for the Green’s function are the
same for both types of medium [25].

12. Conclusions

We discussed fundamental aspects of wave propagation and scattering in two-dimensional
homogeneous time-dependent materials, using a unified notation which simultaneously
captures electromagnetic, acoustic and elastodynamic shear waves. We reviewed transmission
and reflection of a plane wave that is incident on a time boundary. Due to causality, the
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transmitted and reflected waves both exist only after the time boundary. The net field-momen-
tum density is conserved over a time boundary, but the net power-flux density is not.

We reviewed the Green’s function of a time-dependent material, being the causal response to
an impulsive point source. For the special case of a single time boundary, the reflected part of
the Green’s function after the time boundary propagates back and focuses at the position of the
original source. Subsequently, the focus acts as a virtual source for a wave field with opposite
amplitude.

We discussed propagation invariants (i.e. time-independent quantities) for homogeneous,
piecewise continuous time-dependent materials. The net field-momentum density is a special
case of a propagation invariant: it is conserved not only over time boundaries (as mentioned
above), but also in the continuously varying material between the time boundaries. More
general propagation invariants have been formulated for specific combinations of wave fields
in two mutually independent states. These propagation invariants form the basis for general
reciprocity theorems of the space-convolution type and of the space-correlation type for
homogeneous, piecewise continuous time-dependent materials.

We used the reciprocity theorem of the space-convolution type to derive a source-receiver
reciprocity relation for the Green’s function of a time-dependent material: the causal Green’s
function between a source at tz and a receiver at t4 is identical to the acausal Green’s function
between a sink at t4 and a receiver at tg. We also used the reciprocity theorem of the space-con-
volution type to derive a general wave-field representation for a homogeneous time-depend-
ent material. Similar to its counterpart for an inhomogeneous time-independent material, it
forms the basis for the analysis of wave scattering problems. As an example, we used this
representation to quantitatively explain the behaviour of the Green’s function after a single time
boundary. We used the reciprocity theorem of the space-correlation type to derive a representa-
tion for Green’s function retrieval from passive measurements in a homogeneous, piecewise
continuous time-dependent material. Finally, we formulated a matrix-vector wave equation
for time-dependent materials and used this as a basis for deriving a propagator matrix, its
symmetry properties and its relation with the causal and acausal Green'’s functions.

We restricted the analysis in this article to two-dimensional homogeneous time-dependent
materials. For acoustic waves (row 3 in table 1), almost all expressions in this article remain
valid for three-dimensional homogeneous time-dependent materials when the vectors V, Q,
b, x, k and V are extended with a y-component and all integrals over R® are replaced
by integrals over R®. Only the right-hand side of equation (4.6) needs to be replaced by
ad(t -ty — |x — Xo|/c)/4m|x — %o| (and similar replacements should be made in equation (B3)). For
electromagnetic and elastodynamic waves the extension to three dimensions is more involved
and should be derived from multicomponent equations, such as those given by references
[20,21]. This is left for future research.

The analysis of wave propagation and scattering in materials that are simultaneously space-
and time-dependent is not straightforward. Whereas effective medium theory can be used
for periodic small-scale space-time variations [32,37,39-41], the treatment of general piecewise
continuous materials with mixed space-time boundaries and arbitrary varying space-time
materials between these boundaries is more complex. One of the reasons is that P and Q are
the preferred wave field quantities to be analysed at space boundaries and in space-dependent
regions (case ii in §2), whereas U and V are the preferred quantities at time boundaries and in
time-dependent regions (case iii in §2). Many special situations are discussed in the literature.
For example, reference [23] discusses how to model scattering at a mixed space-time boundary,
reference [8] shows how multiple distinct space and time boundaries can be used to control
frequency conversion and reference [24] discusses the design of an acoustic space-time material
(with distinct space and time boundaries) which computes its own inverse. A fundamental
treatment of wave propagation and scattering in arbitrary space-time materials remains subject
to further research.
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Appendix A. Inverse Fourier transform of wave-vector time domain
Green’s function

We evaluate the inverse Fourier transform of (_v;’(k, Xo, t, tp), defined in equation (5.10). Using
equation (5.2), we write

L2 / Gk, %o, t, to)exp(ik - x)dk
41 JR2

_ H(Azt) sm(k,cAt)CXp (ik - Ax)dk,
4’y Jr2 ke (A1)

g(xr Xo, t, tO)

with At=t-ty, k.=|k| and Ax=x-x¢. Defining polar coordinates k = k,(cos 6,sin 8) and
Ax =r(cos ¢, sin @), with r = | Ax|, we have k - Ax = k,rcos(6 — ¢) and dk = k,dk,d6, hence

oo 27
G(x, %o, t, tp) = %Ant) A dkrsin(k,cAt)% A exp(ik,rcos(6 - ¢))do. (A2)

The integral over 6 is independent of ¢, so we may choose ¢ = 0. Furthermore, this integral
from 0 to 27 is twice the real part of the integral from 0 to 7t. Hence,

H(Ar) 7

g(X/ Xo, t/ tO) = 27_”7
0

dk,sin(k,cAt)% / cos(k,rcos 6)d6. (A3)
0

Using the definition of the Bessel function Jj in equation (9.1.18) of [88], we obtain

H(A [~

G(x,xp, t, ) = pres sin(k,cAt)Jo(k,r)dk, . (A4)
0

Finally, using equation (6.671-7) of [89] and the definitions of At and r given below equation (A
1) yields

1 H(t—t()—
2 2"
2mfc \/(t _ t0)2 _ |x—;0|

% = x|
Cc

G(x, X0, t, ty) = (A5)

Appendix B. Propagator matrix for a time-independent slab

For the special case of a time-independent slab between t,_; and t,, with parameters «, and §,,
the solution of equation (11.6), with initial condition (11.7) (with to replaced by t,_1 and t by t,),
reads

1 .
cos(|k|c,At,) _77 K] sin(| k| c,A4t,)
n ’

n| K |sin(| k|c,Aty) cos(|k|cyAty) (B1)

Wa(k, o, ty1) =

6.v07707 181/ 205 204g edsy/jeuinof/bio-Buysyqndaapos(efos



Downloaded from https://royal societypublishing.org/ on 05 February 2025

with ¢, =1/\/Ja,8, 1, =B, and At,=t,—t,_1. Note that the upper-right component can,
according to the Fourier transform of equation (11.27), be expressed as

W (Kt ta-1) = G°(K, 0, ty, tn-1) — G(K, 0, £, tn_1), (B2) (B2)

with é(k, 0, t,, t,-1) given in equation (5.10) for xo =0, ty =t,_1 and t = t,. Similarly, we obtain an
explicit expression for W¢'"(x, t,, t,-1) in the space-time domain by substituting equation (A 5)
for X = 0 into equation (11.27), using equation (7.5). This gives

WYV by ta1) = GX,0,tn-1,t,) ~ G(X, 0, Ly, tn_1)
_ 1 H(-At,~ |x|/c,) - H(At, - |x] /<)
27B, Vae - [xP /e (B3)

Explicit expressions for the other components of Wy(x, t,, t,-1) follow by substituting equation
(B 3) into equations (11.18), (11.20) and (11.21), with ¢y and ¢ replaced by t,-1 and t,, respec-
tively.
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