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SUMMARY

3-D electromagnetic (EM) studies of the Earth have advanced significantly over the past decade.
Despite a certain success of the 3-D EM inversions of real data sets, the quantitative assessment
of the recovered models is still a challenging problem. It is known that one can gain valuable
information about model uncertainties from the analysis of Hessian matrix. However, even with
modern computational capabilities the calculation of the Hessian matrix based on numerical
differentiation is extremely time consuming. Much more efficient way to compute the Hessian
matrix is provided by an ‘adjoint sources’ methodology. The computation of Hessian matrix
(and Hessian-vector products) using adjoint formulation is now well-established approach,
especially in seismic inverse modelling. As for EM inverse modelling we did not find in
the literature a description of the approach, which would allow EM researchers to apply
this methodology in a straightforward manner to their scenario of interest. In the paper,
we present formalism for the efficient calculation of the Hessian matrix using adjoint sources
approach. We also show how this technique can be implemented to calculate multiple Hessian-
vector products very efficiently. The formalism is general in the sense that it allows to work
with responses that arise in EM problem set-ups either with natural- or controlled-source
excitations. The formalism allows for various types of parametrization of the 3-D conductivity
distribution. Using this methodology one can readily obtain appropriate formulae for the
specific sounding methods. To illustrate the concept we provide such formulae for two EM
techniques: magnetotellurics and controlled-source sounding with vertical magnetic dipole as
a source.

Key words: Numerical solutions; Inverse theory; Electromagnetic theory; Geomagnetic
induction.

1 INTRODUCTION

A number of rigorous 3-D frequency-domain electromagnetic (EM) inverse solutions have been developed in the past two decades both in
Cartesian geometries (Mackie & Madden 1993; Newman & Alumbaugh 2000; Haber et al. 2004; Siripunvaraporn et al. 2005; Sasaki & Meju
2006; Avdeev & Avdeeva 2009; Egbert & Kelbert 2012; Zhang et al. 2012, among others) and spherical geometries (Koyama 2001; Kelbert
et al. 2008; Kuvshinov & Semenov 2012). Despite a certain success of the 3-D EM analysis of frequency-domain data of different types and
origin there are a number of open issues to be addressed. One of the most challenging problem is a quantification of the model uncertainty.

It is known that one can gain ample information about the inverse solution from the quadratic approximation of the penalty functional
in a vicinity of the minimum. To illustrate the concept let us assume for the moment that vector m = (o, 03, . . ., aNM)T defines the model
parametrization, where superscript 7 stands for transpose and 01, 03, ..., oy, are conductivities in N cells of the volume where we aim to
recover the conductivity distribution. By formulating the inverse problem (conductivity recovery) as a minimization problem with a penalty
functional, B8 (which is a sum of the data misfit, 8, and the regularization term, 18,), one can state that the local behaviour of S(m) in the
vicinity of a stationary point my is determined by the second-order terms of the Taylor series:

B (m) ~ B (my) + %AmT Hess(mg) Am, Am = m — m,, (1)
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agjéi, Lk, 1=1,2,..., Ny, at m = my. Analysis of eq. (1) suggests a way to specify
the bounds within which the optimal model m, can be perturbed without increasing S(m,) beyond a predefined value S(m,) + A, where
AP is somehow relates to the noise in the data and to an uncertainty associated with the model inadequacy. More exactly, for perturbation
Am we require that the following inequality

where Hess is the (Hessian) matrix, which elements are

B (mg £ Am) < g (mo) + AB, 2
holds. In the case when the Hessian matrix is diagonal, the formula for the perturbation Am reads (see Appendix D)

2AB
Ampy=Aoyy= | —, k=1,2,..., Nu. 3)
’ Hess(mo). ¢
It is seen from eq. (3) that the smaller Hess(m, )y, the larger admissible perturbations of m;, meaning that m; is poorly constrained (resolved).
Note, however, that usually non-diagonal elements of Hess(my) are not zero. This complicates resolution analysis, and now, instead of
eq. (3), a more sophisticated formula holds which is presented in Appendix D.

However, even with modern computational capabilities the calculation of the Hessian matrix of the misfit, Hessp,, based on numerical
differentiation is forbidden due to the tremendous computational loads (note, that the evaluation of the Hessian matrix of the regularization
term is usually straightforward and fast). A much more efficient way to calculate Hessg, is provided by adjoint sources approach. The
computation of Hessian matrix (and Hessian-vector products) using adjoint formulation is now rather well-established approach, especially
in seismic inverse modelling (Santosa & Symes 1988; Epanomeritakis et al. 2008; Fichtner & Trampert 2011; Metivier et al. 2013, among
others). As for EM inverse modelling we did not find in the literature a description of the approach, which would allow EM researchers to
apply this methodology in a straightforward manner to their scenario of interest. In fact, we found only one EM publication (Newman &
Hoversten 2000), where computation of Hessg, using adjoint sources approach is discussed. Note, however, that Newman & Hoversten (2000)
confined the discussion to the case when the data are controlled-source electric or magnetic fields.

In this paper, we present a general formalism for calculating second derivatives of the response functions and misfit. We also show
how this technique can be implemented to calculate multiple Hessian-vector products very efficiently. The latter can be used in truncated
Newton optimization methods (Nash 2000) for 3-D EM inversions, and more important, it opens an avenue for implementing a low-rank
approximation of the Hessian matrix as it was discussed in section 2.4 in the paper by Martin et al. (2012). Such approximation could make
a stochastic approach to 3-D EM inversion feasible. In addition, the approximation can be applied to quantify the uncertainty of a model that
has been acquired by some inversion technique.

This paper is written in a manner that follows the line of presentation adopted in our previous paper (Pankratov & Kuvshinov 2010) which
discusses efficient calculation of the gradient of the misfit, and which is also based on an adjoint sources approach. The paper is organized
as follows. Section 2 introduces Maxwell’s operators of the 3-D EM forward problem, gives definitions of polarizations, parametrizations,
observation sites, and response functions and discusses the inverse problem set-up. Section 3 describes a formalism for fast calculation of the
first derivatives of electric and magnetic fields, the response functions and the misfit. In many aspects the content of this section is similar
to that presented in Pankratov & Kuvshinov (2010), but in this work we use a rather different way to demonstrate the results. Section 4 is a
key section of the paper in which a methodology has been developed to calculate the second derivatives of the fields, responses, the Hessian
of the misfit, as well as a Hessian-vector products efficiently. Finally, Section 5 provides actual formulae for two methods that are based on
controlled and natural sources. In order to navigate the reader throughout the text the milestone formulae that are relevant for numerical
implementation are framed. Conclusions and discussion are summarized in Section 6. The paper also includes a number of appendices which
detail some results presented in the main body of the paper.

2 DEFINITIONS

2.1 Green’s operators
Let us define an operator G in the whole 3-D Euclidean (physical) space R?

) V x H=0oE + j™,
E - Jlmp : imy
ul= G imp & 1 VXE=iouH+ h™P, 4)

E(r), Hr) — 0 as |r| — oo,

where E and H are electric and magnetic fields, j™ and h'™ are impressed (extraneous) electric and magnetic sources, respectively, r € R>
is a position vector, i = «/—1, w = 27 /Period is an angular frequency, o (r) and j(r) are electric conductivity and magnetic permeability
distributions in an earth’s model, respectively. In this paper, we assume that o (r) is a real-valued function. All fields, E, H, j™ and hi™P,
are complex-valued functions of w and r. In addition the fields E and H depend on o and p. In this paper, we study the derivatives with
respect to o only. Green’s operator G~ depends on functional arguments j™ and h™. Hereinafter the dependence of Green’s operator
on o, r, and  is omitted but implied. Time dependence of fields is accounted for by e, which reads, for example, for electric field as
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E(r, 1) = JE(r, w)e™ dw. At this stage we do not specify the coordinate system in R?; this means that r can be, for example, a triplet of
Cartesian coordinates, (x, y, z), or a triplet of spherical coordinates, (r, 8, ¢). As far as the column in the left-hand side (LHS) of eq. (4)
contains two fields, E and H, operator G'* can be represented via operators G¢*, G" G, G, G and G as follows:

G = G* _ G* GEh G¢ = (Gee Geh) Gh- _ (Ghe th) (5)
o Gh- - Ghe th ’ o ’ ’ o ’ ’

where operators G¢* and G’ are electric and magnetic components of G, operator G is a restriction of G¢* to electric sources, etc.
Let us introduce an EM field, u, as

E(r, w)
u(r,w) = (H( )) , (6)
r,

which is a complex-valued 6-D vector. Let us denote the space of such vectors as I/ = C°. Note that once we have chosen coordinates in 3-D
space R? with the following basis:

€, €, €3, @
then we naturally and unambiguously have a coordinate system and basis e}, ... , e; in 6-D complex space U
6
u(r,w) =Y u,e,, (8)
a=1

saying that e}, €}, €} are ey, e, e; for electric fields whereas e, e, e; are e, e,, e; for magnetic fields, respectively.

2.2 Maxwell’s differential operator
Let us rewrite the system of Maxwell’s equations introduced by eq. (4) in a form
, L(o,u) = f", , jime
u=G (f™) & =) )
u(r) - 0 as r — oo, h
where 0 = {o(r)} and L(o, u) is defined as
—0cE+V xH

VXE—iouH '

L(o,u) = ( (10)

Expression L(a, u) can be symbolically written as L(o, u) = LL(0 )u, where differential operator IL(0') is given by

(—a V x )
L(o) = . (11)
Vx  —iwp

Thus the equation introduced in (9) now reads L(o)u = f™". From the latter equation it is seen that Green’s operator G~ is an inverse to
Maxwell’s operator L(o'). Moreover, the action of Green’s operator on the impressed current can be written as

G (f™)(r) = /R . G(r, ¥)f™ (') dv(r). (12)

Here G(r, r’) is a linear operator that vanishes as |[r| — 00, and dv(r’) is an elementary volume. Note that numerically Green’s operator can
be considered as a solution of Maxwell’s equations by finite differences, finite elements or by integral equations.

2.3 Polarizations/sources
Let
{gr) o P=1{12,..., Ny}, (13)

be a set of linearly independent distributions (in space and frequency) of the impressed sources, f;’“". For example, in magnetotelluric (MT)
studies, Np = 2, and f;"™" and f,"" correspond to the plane waves of different orientations. Each fip"lp produces electric, E,, and magnetic, H,,
fields that constitute EM field u, that can be written via G** operator (4) as

u, =G (£). (14)
In addition, we introduce vectors @ and E as

i=(u,...,uy,), E=(E,....Ey,). (15)
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2.4 Inversion domain and parametrization

As far as the inversion is usually done numerically, let the inversion domain, /™™, be represented as

Npm
Vin\" _ U Vk, (16)

k=1
where {Vi}rer, M ={1,..., Ny}, be aset of elementary volumes ¥, and within each volume V; the conductivity be a constant o (r) = 0.
We assemble this conductivity distribution in the following vector:

T

a:(al,...,aNM) s 17)
and introduce model parametrization as
m:(m],...,mNM)T, m=vi(o), [eM, (18)

where function m = v~!(o") can be implemented, for example, to preserve conductivity to be positive. Note that popular choice is m = Ino.
We also remark that some volumes ¥; might be cells (or combinations of cells) of 3-D part of the model. In addition, along with model vector
m we introduce two arbitrary variations of the model vector

sm=(my,....omy,) . dn=(Sny,....0nx,) . (19)
Note that the variations of conductivities, §o and &7, are connected with the variations of model parameters, dm and §n, as
80 = v'(m)dm, 8y = v'(m)dn. (20)
Final remark of the section is that conductivity distribution in the form of eq. (17) can be written in alternative form
Npm
o= oly), (21)
I=1
where 1,,(r) is an indicator function given by
I, reV,
1,(n) = (22)
0, re¢l.

Similar representations can be also written for m, §o, §», 6m and §n.

2.5 Observation sites, frequencies and response functions
Let
o, geG={L2,...,Ng}, (23)

be the experimental responses, and Ny is the number of all (at all available frequencies and sites) responses. Let r,, and w, be the spatial
location and the frequency, respectively, at which the response ®, has been obtained.
Let S be a set of observation sites

S={r,|geg}=1{s1.....sn}. (24)

where sy, ..., sy, are different observation sites, and N is the number of sites.
Let €2 be a set observation frequencies

Q={w, [geG}={fi. .. fra}. (25)

where f1, ..., fu, are different observation frequencies, and Ng, is the number of frequencies. The definitions (23)—(25) are introduced in
this specific way intentionally in order to stress the fact that in practice an actual set of experimental responses to be used for inversion varies
with frequency and site.

As the generalization for intersite and non-holomorphic responses is possible, in this paper—for clarity of the exposition—we will
consider only single-site and complex-differentiable (holomorphic) responses ,. For each g € G, the predicted response, 6,, can be written
in the following form

f,(m) = W, [u(m, g, @), Wa(m, 1y, @), ..., Uy (M, Ty, )] (26)

2.6 Inverse problem formulation

We formulate the inverse problem of conductivity recovery as an optimization problem such that

B (m, A) - min, 27)
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with a penalty functional

B (m, A) = B; (m) + A, (m), (28)
where AB,(m) is a regularization term, and B,(m) is the data misfit which in general form is given by

Ba(m) = (© — )" B(© — @), (29)

where @(m) = [f,(m), ..., Oy,(m)]" is the vector of the predicted responses for trial model m, ® = (®y,..., ®y,)" is the vector of
the experimental responses, * denotes a Hermitian conjugate, B is the inverse of the data covariance matrix, B = [Cov(®)]™!, where
Cov(®) = E[(® — E(®))(® — E(®))"], and E(-) stands for the expected value. Usually in EM studies the data covariance matrix B is assumed
to be diagonal, and thus expression (29) degenerates to the following form:

Ba(m) = 2

geg

2
0,(m) — P,

AD ’ (30)

g

where A®, is an uncertainty of the experimental response. In what follows, we present general formalism to efficiently calculate the Hessian
matrix of the data misfit in the form of eq. (30).

3 THE FIRST DERIVATIVES

3.1 The Gateaux differential and Frechet derivative

In this section, we discuss the definitions of the first differential (Gateaux differential) and the first derivative (Frechet derivative) of a function
whose argument is an infinite-dimensional vector. The Frechet derivative is a derivative that generalizes the conventional finite-dimensional
gradient vector of a scalar function (or a Jacobian matrix of a vector-valued function). The Gateaux differential is a more general concept
than the Frechet derivative and is more convenient object to work with.

First, the ‘Gateaux differential’ of a function L(u) with respect to argument u in direction of vector w is:

Dy L(u) = i

W L (u+ hw), (31

h=0

e(h)—¢(0
h

where 4 runs over complex numbers and ﬁlh:o is an ordinary derivative, ‘j—,f h—o = limy,_,¢ ) € C. One can write the Gateaux

differential in an alternative form

dL(u

Dy L = (502 ), (32)
ou

where % stands for a ‘Frechet derivative’, and (- | - ) denotes a contraction operation explained in Appendix A. Now, as far as vector w is

arbitrary and the operator in the right-hand side (RHS) of eq. (32) is linear with respect to vector w, the latter is referred to as a variation
w(r) = Su(r), so that eq. (32) takes the form of variation of L(u) with respect to variation of vector u

oL
5L (u, 5u) =< W 8u>, (33)
ou
that is an analogue of expression df = f” (x) dx. In a similar way we introduce a variation of u(a') with respect to variation of o
d
Su(o, 50) =< ‘;(") So > (34)

3.2 The first derivative of EM field

Using the linearity section 2.2 of Maxwell’s operator LL(0'), eq. (32) reads
dl(o)u d
W)= —

dh

du
Assuming the dependence u = u(o) we rewrite the first eq. in RHS of (9) as

[L(o)u+ AL(e)w] = L(o)w. (35)

h=0

L(o)u(o) = ™, (36)
We then differentiate eq. (36) as a composite function of ¢ and employ the chain rule as follows:

<8L(0)u 87u> dL(o)u

=0. 37
ou do oo 37
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RHS in eq. (37) is zero due to the fact that impressed source f™ does not depend on o. Contracting eq. (37) with an arbitrary vector §o
hereinafter referred to as a conductivity variation, and using eqs (A7), (35), (9), (B3), (5) and (34), we arrive at the first variation of EM
field u

Su(a,80)=G*“(Sd E). (38)
Applying eq. (38) to the pth source we have
3
bu, = < du,
g

Decomposing eq. (39) into electric and magnetic parts we obtain

50 > —G* (50 E,). (39)

8E,(0,806) =G (5 E,), §H,(0,80) =G" (80 E,). (40)

Note that the two latter expressions correspond to eqs (32) and (33) in paper Pankratov & Kuvshinov (2010). Remembering the form of our
parametrization we obtain the first derivatives of the EM field

OE, oH,,

G (1,E,).

=G"(1,E,). (41)

30'/ 30‘1

3.3 The first derivative of a response function

In this section, we discuss the first differential of response 6,(m). This differential can be written as

86,(5m) = < % (Sm> ) (42)

It is possible (see eq. C4) to rewrite eq. (42) in the following form:

80,(Sm) = <60 E ‘ G (a\pg ) >
& au g

where 8¢ = v'(m)8m (see eq. 20), @t and E are defined in eq. (15), and 8y, is the Dirac’s delta function. Remembering the form of our
parametrization we obtain the first derivative of a response function as:

i = 2 e ()

: (43)

“g

dv, V= —. (44)

wg

3.4 The gradient of a misfit

From eq. (30) we obtain the differential of the data misfit with respect to the model variation as

(Og(m) — D)

8B4(m, Sm) = 2R D Gm =) o m, Sm). 45
Butm. sm) = 2 Re 2 TR0 30, m. ) (45)
Now, substituting eq. (43) into the latter equation, then changing the order of the summation and integration, and remembering our

parametrization we obtain an expression for the gradient of the data misfit as

3B, e (7!
T =2 Rewezgfv, E (@) G (3(@)) dv, (46)
pe

where an ‘adjoint source’ J ,‘f is given by

(6 — @) B,
|AD,2 du,

I (w) = Z ©, — 47

Zwg=w

Te
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Table 1. The steps needed to calculate the gradient of the data misfit 84.

The term Indices range ~ Number of forward modellings
u,(@) = G* (™) peP,weq NpNg

E, (@), 04(m), ;:‘f I () 0

G* (J;’[(w)) peEP,we NpNg

The total number of forward modellings 2NpNg

Table 1 summarizes the steps needed to calculate the misfit gradient. From the eq. (46) it is seen that we need 2 Np Ng, forward modellings in
total to calculate the data misfit gradient.

4 THE SECOND DERIVATIVES

4.1 The second Gateaux differential

In the same line as we did in Section 3.1 for the first Gateaux differential (see eq. 34), we introduce the second Gateaux differential of a
function f(o') as the following contraction:

3’ f (o)
do?

8% f(o,80,8n) = <(Sa

an>. (48)

R . . )
d 8{7 ) js the desired Hessian matrix

Function f'could be either vector- or scalar-valued, and either complex- or real-valued. In the discrete case
if f'is the data misfit function.

4.2 The second derivative of EM field

Let us differentiate eq. (37) with respect to o

9’L(o)u | du 3%L(o)u | du dL(o)u | 3*u ou | 3*L(o)u 3%L(o)u
Plion|in) | Flion | o) (Lo | Pu) (00| PLiaw) | PLian )
ou ao Jude | do Ju g do | Judo do
Since expression IL(o )u depends linearly on u, 82];“:2’)“ = 0. Similarly, IL(¢) depends linearly on o, thus azaLS)" = 0. Then using eqs (9), (33),

(38) and (B7), and contracting with arbitrary variations §o (r) and 87(r) of the conductivity distribution, we rewrite eq. (49) as

2

8%u(da,8y) = (S0 | —
u(éo, &m) <6302

5y > =G"* (86 G*(SnE) + 9 G (30 E)).. (50)

Applying the result to the pth source we obtain the formula to calculate the second derivative of the EM field as
8%u,(0,80,8m) = G* (80 G“ (8E,) + 9 G* (0 E,)). (51)
Remembering the form of our parametrization we obtain the second derivatives of the EM field as

2
0°u,

30,&)0,

=G*¢ (IV,GM (leEp) +1, G” (IVIEP)) : -

Decomposing eq. (52) into electric and magnetic parts we have

"By G (1, G (1, E,) +1,, G (1, E,)),

80;8(7/ (53)
d°H he ee ee
8ak8§1 =G (le G (le EI’) +1, G (le EI’)) :

4.3 The second derivative of a response function

Using the chain rule, we can write the second differential of a response as

2 Ly 32\1”8 Ly a\pg 2480 ’ n "
8%0,(m, Sm, 8n) = ( Sa(v'Sm) T su(v'sm) ) + e 80(v'Sm, v'8n) + 86 (v"(m)Smén) ), (54)
it a
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where §%0(8a, 87) = (8*u;(80, 89), ..., 8%uy, (30, 81)). Substituting the observation site r, and frequency w, into eq. (54) and using
egs (38), (50), (C3), and evolving the polarlzatlon summation, we write the second differential of response 6, in a form

v'én Ep>

2
80,(5m, sm) = > < G| e e (v'émE,) &,

peP qeP

wg

v,
+Y < G <8 £ 5&) v'smG” (v'$nE,) +v'6n G (v'SmE,) + v"SmSnE, > (55)
peEP wg
Note that each term 5 is an EM method-dependent 6 x 6 matrix.
4.4 The Hessian of a misfit
Using the chain rule, the second differential of the data misfit can be written as follows:
2 Z 1 * * o2
8°B4(m, Sn) = 2Re ———— ((86,(5m))* 860,(8m) + (B — Dy)* 5°6,(5m, n)) . (56)
20 |AD, 2
Substituting eqs (43) and (55) into eq. (56) we have
52B4(8m, 8n) = Re < én|F(Sm) >, F (m) = F* (m) + F’ (5m), (57)
where
F4(5m) = 2v’ % E, G (J) (o, m)| .
peP
F’ (m) = 2 (; [ , - G (Y060, ) + (G (30 E,) + v'smE,) - G (1¥(w)) +VE, - G* (30 G (I¥(w)) ] ; (58)
peP 3}
Here the adjoint source J [",4 is defined in eq. (47), and new adjoint sources J g , J;’ are as follows:
av oV,
Peo,o)y= Y > —— < E, |G* (—g a>> £8e| s (59)
4 g sP |Ad> |2 ou, ° Bup w
(6; — P,
(0, w) = £ G (80 E,) 5 60
V(60 ) ZZ |A<D|2 Tu o, (80 E,) &, (60)
gwg=w qeP w

Note that the adjoint sources, J‘,‘j’ , JB and J;I)’, are corresponding dipoles at the observation sites, r,. Remembering the form of our

parametrization we obtain an expression for the Hessian matrix of the misfit

82,3({ — Re (HA +HL) (61)
dmam; kl k)
where
Hi =1, IF' 1)), Hf =1, |F1,)). (62)

Evolving the angle-brackets contraction into 3-D integral expressions, we obtain the final formulae for H;} and H%,

weR
PEP

=2 f WVE, - G (I, @) dv]_,
Vi

weQ
peP

HE = 2. / {UIV]\E -G (11, ) + (v, G (1, E,) + 84v/E,) - G (I (@) + v/viE, - G* (1, G* (I (w))) }dv
17
We make here four notes.

(i) Term [, v Ep G"'(J;f(lyk)) dv vanishes if the response W is a linear function of EM field u (e.g. for most of the CSEM methods).
(ii) Term fV] 8/ E,(@) - G“(I)(w)) dv vanishes if 0 = m
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Table 2. The steps needed to calculate the Hessian of data misfit 8.

The term Indices range Number of forward modellings
u,(@) = G* (™ () peP,we NpNg

E,(w), 0, 0

G (€,3s,)], a=1,...,6,5, €S, 0e N (< 6NsNg)
G (Jgu,,k, a))), 0

(M

G* (Jp (a))) 0

G (1, &), ¢=123ke MweQ 3NumNe
G (1, p(w)) 0

Gee (1 (J’”(w))) 0

G (I 1y ) 0
The total number of forward modellings NpNg + N + 3Ny Ng

(iii) One can readily generalize the concept for complex-valued conductivity. The corresponding formulas are provided in Appendix E.
(iv) In the context of optimization, by neglecting the second term in RHS of eq. (61), one arrives to approximation of Hessian which is
used, for example, in Gauss—Newton method.

Table 2 summarizes the steps needed to calculate the Hessian matrix. These steps are as follows:

(i) First, we make Np Nq forward runs to calculate EM fields for all the sources and frequencies.

(ii) Second, we make N forward runs to calculate G- (e/,8s,) for those @, a, w that are involved in eqs (64)—(66). Note that for many
applications N is significantly smaller than 6 NsNg, for example due to distribution of the responses over observation sites and frequencies
or due to the fact that only a few of EM field components are involved in the expressions for the responses. At any case, N < 6 NsNg.

(iii) Third, we calculate G*(1,, e,) fora =1,2,3, k e M, w € Q;

(iv) Fourth, we calculate G (I} (w)), G* (I (1), ), G“ (T} (1, ), G*“(1,, G* (I} (w))) for k € M, w € Q, p € P for none of forward
runs using the fields calculated at the previous steps and using the following formulae

(6, — g)*
Sr, 64
W)=Y ha, au,, . (64)
g wg=w w
v * o
Jta, G| —£s, G | —s, , 65
@)= 2, q;m |2< (8uq >> (8up )‘w )
(Ug =w
(CA —q>g) GRS
6" ()t @) = 2 > |AD, 2 du,du G (1, Ey) b, ' (66)
gwg=w qeP F q w

(v) Finally, we get the Hessian from eqs (59) to (63).

We see that we need totally NpNg + N + 3Ny Ng forward modellings to get the full Hessian matrix.

4.5 The Hessian-vector products

It is known that the inverse Hessian operator plays a crucial role in the parameter reconstruction. The truncated Newton methods allow one
to better account for this operator (Nash 2000). These methods are based on the computation of the Newton descent direction by solving the
corresponding linear system

Hess™ Am"™ = —V ", (67)

through an iterative procedure such as the conjugate gradient method. Here n is a number of iteration. The large-scale nature of 3-D EM
problems requires one, however, to carefully implement this method to avoid prohibitive computational costs. In particular, this requires the
capability of computing efficiently Hessian-vector products (here under Hessian-vector product we understand a product of the Hessian of
misfit, Hessg,, and an arbitrary vector). Table 3 provides a number of forward modellings and Fig. 1 shows a flowchart to calculate this
product for K times. As it is seen from the table, single Hessian-vector product can be calculated for a price of O[No(Np + Ns)] forward
problem runs. Moreover, if such a product is calculated multiple times, as in the case of the Krylov subspace iterations, the price drops down
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Table 3. The steps needed to calculate the Hessian-vector products Hessg, ax, k=1, ... , K.

The term Indices range Number of forward modellings
u, (@) = G* (£ () peP.we NpNg

E, (), 04(m), % 0

G~ (e,5s,)], a=1,...,6,8, €S, 0eQ N (< 6NsNg)

G (Jg (ar, w)) 0

G (Jy (w)) 0

G “(atEp), G (ak G (Jff)) pePhk=1,... Kweg 2K NpNg

G (J;‘,‘(ak, w)) 0

The total number of forward modellings NpNq + N + 2K NpNg

u, =G* f‘mp

/

]

G (a, Ep), Ep (I¥(ap)) G (JB(ap)) Ge (IM)
\ Gee (ak fels (Jé\l))
Hessg, ag
Figure 1. Flowchart of a calculation of the Hessian-vector products Hessg, a; for an arbitrary collection of vectors ai, k =1, ..., K. The framed terms are

those that require forward modellings. To calculate the terms u, = G (f;,mp), one needs Np N, forward runs; these terms arise from the polarizatons f;,mp of the
initial problem. To calculate the terms G “(a; E,), one needs K Np N forward runs, and to calculate the terms G*“(a;y G (J }A;’ )), one needs K Np Ng forward

runs; either terms arise from the vectors a; for which we calculate the Hessian-vector product. To calculate the terms G (e),ds, ), one needs N < 6NsNg
forward runs; these terms arise from the observation site locations s, where one has the responses. The computational sequence is summed up in Table 3. The
full Hessian matrix is obtained provided that ay = 1y, k € M.

to 2Np Nq per product. This is due to the fact that only the last step should be updated. Note that other application of multiple Hessian-vector
products is an uncertainty quantification of a given model (the model could have been acquired by some inversion technique), using a low-rank
approximation of the Hessian [see section 2.4 of Martin ef al. (2012)].

We also notice that computation of Hessian is nothing but calculation of Hessian-vector product for K = N, times with respective
vectorsa, =1, k=1,..., Nu.

J

5 EXAMPLES

5.1 A controlled-source (VMD) example

In this section, we show how the developed formalism works for the vertical magnetic dipole (VMD) sounding in the variant of a transmitter
moving synchronously with a receiver. We assume that the transmitter (source) is represented by a vertical magnetic dipole of unit moment
located at F),

h,(r,w)=ed8(r—t,), peP={l,...,Np}, e =es. (68)

We work in Cartesian coordinates x, y, z, and e, are unit vectors of these coordinates. The experimental response is the vertical magnetic
field H.(s,, f;) measured at all the observation sites s, and frequencies f;,a =1, ..., Ns,j =1, ... , No. As the transmitter and receiver move
synchronously, the number of polarizations is equal to the number of the observation sites, Np = Ng, and the total number of responses is
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Table 4. The steps needed to calculate the Hessian-vector products Hessg, a5, k=1, ... , K, in the VMD case.
The term Indices range Number of forward modellings
u,(w) = G*h (ez pr)‘ (transmitters) p=1... Ns,w e Q NsNgq (Np = Ns)
w

Ep(w)s "pg(ﬁp(“’)) 0

G (e 8s,)|,, (observation sites) p=1..Ns,0eQ NsNg (Np = Ns)

G (Jff (w)), G (Jg(ak, w)) 0
G “(at Ep), G (akG"' (J}f)) p=1,... Nsk=1,... KoeQ 2K NsNg
The total number of forward modellings 2(K + 1)NsNg

Ng = NsNg. We enumerate the responses using index g that runs from 1 to Ng as g(a, j) = a + Ns(j — 1). Next, we write the predicted
responses W, and the experimental responses @, as

0, = H™s,, f;), @, = H™(s,, f7). (69)
To calculate the adjoint sources we need all —£ and au au , so that using eq. (69), we have for all @, p, j
We(a.j) ¢ forp=a . r
= , =(0,0,0,0,0, 1), 70
du, 0 forp#a ¢ = ( ) (70)
and % = 0. Then using eqs (47), (59), (60), (61) and (63) we obtain for elements of the Hessian matrix
9*Ba
= Re (H}, + HL). 71
Omom e (Hti+ Al) 7
where
Ng
H) = ZZZf vivE, - G (J5(1,)) dv|
j=1 p=1
No Np
Hk, = ZZIZI/ vklea lV/ Ep) + (Sklvk ) .G® (J;Y) + VA/»VI/EP .G (le G¢ (J;”))} dv|f/ s (72)
j=1p
and where
e (1) (6, G . ;
G (I = |A<I> |§ (e, g=gp.j) p=1,...,Np, j=1,...,Ng, (73)
G (a0 1) = (56" (0 Fa B, ()16 (e8] 74)
E,(f;) =G (e:5:,) . (75)

Table 4 provides a number of forward modellings needed to calculate Hessian-vector product K times. As it is seen from the table, single
Hessian-vector product can be calculated for a price of 4NsNg forward problem runs. Moreover, if such a product is calculated multiple
times the price drops down to 2/Ns N per product.

5.2 An MT example

In this section, we show how the developed formalism works for the MT response functions. The number of polarizations is Np = 2, and the
responses are four elements of the impedance 2 x 2-matrix

Zxx ny A A A
U= =EH'=E.Q, (76)
Zy Zy,
where
i Exl Ex2 H\'l H‘cZ
E, =[E;,E,] = R H, =[H,,H;;] = s 77
[Eq1 Ero] ( ‘. Ez) M., H.o] ( H, Hﬂ) (77)

and

Q = (le Qly) — I’_‘I_| — iad_]I:I _ 1 ( Hy2 _Hr2> , D= detI:If — ' Hvl HXZ ) (78)

sz QZY Hyl HVZ
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Table 5. The steps needed calculate the Hessian-vector products Hessg, a5, k=1, ... , Kin the MT case.
The term Indices range Number of forward modellings
u,(@) = G* (£ () p=120eQ 2Ng
L opred . pred
pred 0ZE 07ZE,
Ep(w)’ Zén ’ iiu,n, ’ aupanix,, 0
G (€,3s,) a=1,2,45s,€S0eQ 4NsNg
G (Jﬁ(ak,an> 0
G (Jy (a))) 0
G%mEmG“<uG“@y» p=12k=1,... KoecQ 4KNg
G (Jg(ak,aﬂ) 0
The total number of forward modellings 2Ng +4NsNg + 4K Ng
For the MT impedance the formulae for ‘;ﬁ" looks as follows:
325'} ’ ’ PIUE IR
Ju = s (8501 Qqneu - Zézx Qqnea+3) B for %_’ n, € { X,y } ) D E {17 2} . (79)
» =1,

Here we imply equating the indices x, y with indices 1, 2 in the subscripts. Thus the adjoint field G¢"(J) from eq. (64) degenerates to

pred expy*
D DI ¢
G (1) (@)= s TIAZTE
n

: (80)

w

(‘Sfa QpnGee (eQSSH) - Zfa QpriGeh (ea‘SSa))

§n=x,y

that is equivalent to formulae (69), (70), (73) and (74) from Pankratov & Kuvshinov (2010). Next, the adjoint field G¢*(J?) from eq. (65) is

as follows:
Y/ 0z '
G (B, ) = 2 G| ——eps 8 1, E, |G (=25 : 81
Gt = g, <|AZ§2"|2 o, )] 2 B (G D
19 qell.2) w
where ;;Zui” is from eq. (79). The second derivatives of Z, are
8% Ze, 9% Ze,
02 Zs, H VEapdEpg H dEapdHpy HOH H =850 Opp Ogn 2
du,du, 2 2 - ’
N\ fz] Jeiziel ) nenen] Jruenonzionen
where || - || stands for a 2 x 2 matrix, £, n =°x", ‘)", @, B, p, ¢ = 1, 2. Thus, the adjoint field G*(J¥) from eq. (66) is
Zpred _ Zexp>* )
én &n 0°Z
G (I, 0) = 2 (7 G (—L.G°(v1, E,) S 83
( p(v Vie CU)) S.?yi{Z |AZ§):,p|2 aupauq (V Vi ‘1) Sa Y ( )

Sq,

Finally, the Hessian for MT data misfit can be found from eq. (61), (62) and (63) where G (J 24 ), G“(J g ) and G‘”(J;’) are from eqs (80), (81)
and (83).

Table 5 provides a number of forward modellings needed to calculate Hessian-vector product for K times. As it is seen from the table,
single Hessian-vector product can be calculated for a price of O(NqNs) forward problem runs. Moreover, if such a product is calculated
multiple times the price drops down to 4Ng per product. And again we notice that computation of Hessian is nothing but calculation of
Hessian-vector product for K = N, times with respective vectors a; =1,k =1,..., Ny.

6 CONCLUSIONS

We present a general formalism for the efficient calculation of the second derivatives of EM frequency-domain responses and the second
derivatives of the misfit (Hessian matrix) with respect to variations of 3-D conductivity. We consider this paper as a prelude to the development
of quantitative resolution schemes in EM problems.

We also show how this technique can be implemented to calculate multiple Hessian-vector products very efficiently. This opens an
avenue to implement truncated Newton optimization methods for 3-D EM inversions, and more important, a way to implement a low-rank
approximation of the Hessian matrix in the line as it was discussed in section 2.4 in the paper by Martin et al. (2012). As the further steps of
the algorithm a stochastic approach can be applied to 3-D EM inversion in order to study the domain of all models that have approximately
the same misfit (equivalence domain), or a local deterministic approach can be applied in order to quantify the uncertainty of a model that
has been acquired by some inversion technique.
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The formalism uses the adjoint sources approach and allows one to work with responses that arise in EM problem set-ups either with
natural- or controlled-source excitations. The formalism allows for various types of parametrization of the 3-D conductivity distribution.
Using this methodology one can readily obtain appropriate formulae for the specific sounding methods. To illustrate the concept we provide
such formulae for two EM techniques: magnetotellurics and controlled-source sounding with vertical magnetic dipole as a source.

Applying of the developed formalism to practical scenarios is intentionally beyond the scope of the paper but will be the subject of a
subsequent study.
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APPENDIX A: MULTILINEAR CONTRACTIONS

In this appendix, we define contraction operations used in the main body of the paper. Let us consider a set of functions u,(e), k=1, ... , K,

where o is determined by eq. (17). We also introduce do as
do = (doy, ..

.y dO'NM)T.

The first differential of u; with respect to ¢ is written as

AP 3 3 don
duy(o, do) = ﬂ-dam=<ﬂ,..., il ) c =
el aG’m 80’1 aCTNM :
ON
Quj Au

where we denote (aal N
MM

<

) as da% We call RHS of the latter equation a ‘bilinear scalar-valued contraction’. By introducing u as

(AT)

do > , (A2)

(A3)

(Ad)
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where g—; is a matrix with elements % k=1, ,K,m=1,..., Ny. We call RHS of the latter equation a ‘bilinear vector-valued

contraction’.
Let us now calculate the differential of a composite function F[u(o)]

aF IF
dFu(o)] = Zau duy = <a

du > (AS)

Substituting eq. (A4) in eq. (AS) we get the differential for the composite function

Num
oF  duy oF | du
dF(o,d -do,, = . A6
(@, do) = ;2 du oy <8u 30 "> (A6)
We call RHS of the latter equation a ‘trilinear scalar-valued contraction’. Note that for this contraction the following associativity rule holds
9F | 0 oF || d OF | du
TVdo )= ([ [ & 4o Yo ). (A7)
do odu |\ do u

Another example of trilinear scalar-valued contraction is the second differential d?u; (o, do, dyy) which can be presented as

8%u; /90,00, L. 0%u; /9o 0N, dn, 2
d
dPu(a . do. dn) = (do. ... doy,) ; ; ; =<da‘w”; dn>. (A8)
%uy/doy, 001 ... d*ux/doy,doy,, dny,,
Finally, vector second differential is a set of its scalar components
82
d*u(o, do, dp) = {d*ui(o.do, dp)},_, <da 297 dy > (A9)

We call the RHS in the latter equation a ‘trilinear vector-valued contraction’.
Note that all the above contractions are presented for the finite-dimensional case (17). One can readily obtain the corresponding formulas
(via integrals) for continuous case, ¢ = o (r). For example, eq. (A2) in the continuous case reads
du I

Su"(a, do) = < — |do
do

uk
> = /RS b0 () - 8o (r) du(r). (A10)

APPENDIX B: CALCULATING DERIVATIVES OF THE MAXWELL’s OPERATOR

Bl Calculating the term :0:2)

In this appendix, we calculate W It should be a tensor that is able to be contracted with an arbitrary variation of o. Using the following
equation:

o (-0 O 1 0
— = — S(r—r Bl
30( 0 0) (0 o) (r=r). (B1)
from eq. (11) we obtain

oL oL o [—1 O E
= e =22 =—8(r—r ) B2
b0 do aa(o 0)“ (r r)<0> (B2)
Here we used a projection of EM field, u = (E, H), onto its electric component, E. Contracting (B2) with an arbitrary conductivity variation
8o (r), we have

oL _ [ —8o(r)E(r)
<£ “">—( 0 ) (B3)

B2 Calculating the term o)

In this appendix we calculate M . It should be a tensor that can be contracted with an arbitrary variation of u and an arbitrary variation

of o

0’L 02 L dLdu 9 (-0  Vx \ du
= —Jlu=——=— —_

Judoe  Judo do du  do Ju

B4
Vx —iop (B4)
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The first cofactor of the latter expression is found from eq. (B1). The 2 x 2-matrix in the RHS denotes a tensor that can be multiplied by the
6-D EM field (E, H)” and produces the result (E, 0)7. The second co-factor in the RHS of eq. (B4) is

ou 1 0 Y
811:<0 ﬂ>8(r—r). (BS)

The 2 x 2 matrix in the RHS denotes an identical operator in the space of 6-D EM values C* x C3. Combining eqs (B4), (B1) and (B5) we
arrive at

9’L ~f1 O "
3u30=_5(r_r)<0 O)S(F_r)' (B6)

By contracting an arbitrary model variation §m(r) and an arbitrary EM field variation du(r) with the latter equation we have

3L [ —5m(r) SE(r)
<8m‘ o 8u> = ( 0 ) (B7)

APPENDIX C: THE FIRST DIFFERENTIAL FORMULA FOR A RESPONSE FUNCTION
Here we prove formula (43). We recall that 6, can be written as
0,(m) = W, (u;(m, ry, @), Uo(M, Iy, @), ..., Uy, (M, ¥y, @), (C1)

where u, is an EM field due to the pth polarization source from eq. (13). Assuming that response function W, is a complex-differentiable
function of all its arguments u,, p € P, and differentiating eq. (C1), we have

v oW
80,(m)=>Y" —£.5u,| =) <—garg aup>

peP du, rg.wg  peP du,
Here we converted substitution of a fixed argument to the form an integral with the Dirac’s delta function, F(r,) = fo F(r)é(r —ry)dv.
Next, we invoke formula (39) as well as the reciprocity property of Green’s function [cf. eqs (A1)—(A2) in Pankratov & Kuvshinov (2010)]

(€2

“g

(G"(@)|b) = (a|G*(b)) (C3)
and get
W, IV, y e (9%
> < W,,‘Srg su, > =y < T, 8, |G* (80 E,) > => <60 E, |G (Ra&) > (C4)
peP wg peP ©g peP wg
Deciphering the bilinear form ( - | - ) we finally obtain
, [0V,
86,(m) = Z So(M)E,(r)- G* | —=46,, )| dv(r)| , (€S
R3 Ju ¢
peP P r g
where the dot operation involves the C-bilinear product E(r) - g(r) = E(r)g.(r) + E,(1)g,(r) + E.(r)g-(r).
APPENDIX D: EXTREMAL BOUNDS IN THE MODEL SPACE
Let point m, be a stationary point of the penalty function S(m)
VB(mg) = 0. (D1)
Let AB be a perturbation of S(m,). We study the allowable extremal bounds in the model space that are permitted by the value of AS
m : f(m) < B(mg) + AB. (D2)
Let us define function f'as follows:
JS(Am) = B(m + Am) — S(my), (D3)
and introduce a quadratic approximation of function f'as
1 1
g(Am) = £(0) + V £(0)" Am + 5AmTHOAm = 5AmTHOAm, (D4)

where f(0) = 0 due to eq. (D3), and Vf(0) = 0 due to eq. (D1). Here for brevity we denote Hy, = Hess(my).
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e ™
pd ™~
g N
r < L — T
i T T T~ I
P = < /V
—1 T~ —1
LI s = —
ms, forl=1,..., L
Figure D1. A spatial domain V; and a set of variables my, , ..., my, that determine the conductivity distribution within domain ¥;. We choose the domain V4

as a volume where we expect certain behaviour of conductivity (e.g. an oil trap). We may expect this behaviour from either some a priori data or from some
previous inversion results as well, and we wish to estimate the limits of the average conductivity (or the parameter m) in the volume.

Let us choose a subdomain V; C V'™ (see Fig. D1) of the inversion domain pinv — U,]{Vz“f Vi (see eq. 16). The subdomain ¥, is an object
that we are interested in studying with respect to variability of the average (over V) of the conductivity (or, more generally, the average value
of the parameter m) given the responses fit the observed data within the perturbation AB. Let us define vector q as follows:

qQ=(q1..--.qn,)" s qi = Volume(V;NV;), fork=1,..., Ny. (D5)

Then the average value of parameter m over V, is

N
qu = qumk. (D6)
k=1

Next, we want to maximize the latter expression, given that the misfit satisfies eq. (D2). Solving this conditional extremum problem with the
Lagrangian method

Vellq O7)
g(Am) = A,
we obtain
HoAm = iq Am = AH,'q (D8)
Am"HyAm = 2AB W2qTHy'q =248
From the latter equation we determine A as
2A
A== 753] (D9)
q'H, q
Finally, for Am for which the desired inequality
B (my £ Am) < B (my) + AB, (D10)
holds, we have the extremal bounds as follows:
2A
Am = H;'q 75 (D11)
q'H, q

Here we assumed that matrix Hj is positively definite. In the case when the Hessian matrix is diagonal and the gridding is coarse enough so
that the volume ¥, is represented by a single mesh cell V, then the formula for the perturbation Am, reads

2AB

Am; =e; | ——
"7 "\ Hess(mo)y

k=1,2,... Ny, (D12)
where ey is a unit vector of dimension N, with a non-zero entry at kth position, and where Amy is such a model perturbation that delivers
a maximum deviation in the kth component provided that quadratic approximation (D4) of the misfit is within the perturbation AB (see
Fig. D2). In eq. (D12) we redenote Hess(m,) = Hy. If the Hessian matrix is not diagonal a more sophisticated formula holds

2AB

Am; = HeSS(m())_ ! € W .
00 kk

(D13)
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m, g

{Am

g(Am)< Aﬁ}

Am/;.k

—Am

The other m, (for s # k)

Figure D2. A schematic illustration of eq. (D13). Big red point is the model my that is a stationary point of the penalty function. Vectors £Amy (as shown
in red ink) deliver a maximum and a minimum to the parameter m; within the ellipsoid Am: g(Am) < ApB. The value of Amy ; delivers a majorant to the
uncertainty in my. One should not confuse the vectors ==Amy with the vectors (as shown in black ink) that deliver maximum and minimum to the parameter
my by only varying my. The latter deliver a minorant to the uncertainty in my. Green orthogonal axes are the eigenvectors of the Hessian of g(Am). The lengths
of the axes are determined by the eigenvalues of the Hessian and could deliver the most precise estimation to the model uncertainty.

APPENDIX E: HESSIAN OF THE MISFIT FOR COMPLEX-VALUED CONDUCTIVITIES

Using the results of Section 4.4 one can readily generalize the concept and get the misfit Hessian matrix for complex-valued conductivity,
o (r, ). In this case the entries of Hessian matrix look as follows:

By By A L 4 L

9RempoRem;  dRempolmm; Re(Hj; +Hy)  Im(Hj; —Hy) ED
9%pa 98y N 4 L 4 L ’

dmmpoRem;  dlmmydlmm; —Im(H}; +Hy) Re(Hj —Hy)

where H;; and H}, are determined in eq. (62).



