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Data-informed posterior approximation for
Bayesian linear inverse problems

Haibo Li *

Abstract

Computing posterior distributions in large-scale Bayesian linear inverse problems is chal-
lenging due to the high dimensionality of the parameter space. In this work, we develop a
data-informed framework that shifts the computational focus from the parameter space to
the data space. We rigorously characterize an intrinsically low-dimensional data space, estab-
lish its isometric embedding into the parameter space, and show that the prior-to-posterior
update is confined to a data-informed subspace. This perspective allows posterior inference
to be carried out in a reduced data-informed subspace. Based on this formulation, we pro-
pose a quotient-space Golub—Kahan bidiagonalization method to construct data-informed
Krylov subspaces, and integrate empirical Bayesian inference into the iterative framework,
enabling simultaneous hyperparameter estimation and posterior approximation in a matrix-
free manner. Numerical experiments on representative problems support the theoretical
framework and demonstrate the effectiveness of the resulting method.

Keywords. Bayesian inverse problem, data-informed subspace, posterior approximation,
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1 Introduction

Inverse problems arise across a diverse spectrum of scientific and engineering disciplines, including
image reconstruction, computed tomography, geoscience, data assimilation and so on [17, 20, 3, 23, 38].
The goal is to recover an unknown parameter or function from indirect measurements contaminated by
noise. For linear inverse problems, upon discretization of the underlying continuous forward operator,
these problems are typically formulated as a high-dimensional linear system:

where x € R™ represents the discretized unknown, y € R™ is the observation data, and G € R"™*"™ is
the forward matrix. The noise 7 is assumed to follow a Gaussian distribution with a symmetric positive
definite covariance I' € R™*™. A fundamental challenge in solving such systems is the ill-posed nature
of the inverse problem, which means that there may be multiple solutions that fit the observation data
equally well, or the solution is very sensitive with respect to the observation noise.

To address the ill-posedness, two predominant frameworks are widely employed: deterministic
Tikhonov regularization approach and probabilistic Bayesian inference approach. The former is based
on minimizing a loss function ¢(Gz,y) added by a regularizer R(z) that incorporates prior information
about x [46, 11, 16]. In contrast, the Bayesian framework treats 2 and y as random variables, providing
a complete characterization of the solution through the posterior distribution « |y via Bayes’ theorem
[20, 45]. This approach has gained significant traction due to its ability to provide a rigorous quantifi-
cation of the underlying uncertainty. The two methodologies are connected through the maximum a
posteriori (MAP) estimator, where the mean of the posterior distribution corresponds to the solution
of a specific Tikhonov regularization problem [20, 10, 18].

To reconstruct the unknown, assume that = has a Gaussian prior A'(0, \"13) independent of the
noise 77, where ¥ is a symmetric positive definite matrix, and A > 0 is a hyperparameter governing
the prior variance level. In some applications, A may be known. Quite often, however, it is unknown
and we assume that is the case here. According to Bayes’ rule, the prior density and the likelihood
function induced by the forward model together yield the posterior probability density:
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where ||2||g := (z " Bx)'/? is the B-norm of x for a positive definite matrix B. Since both the likelihood
and the prior are Gaussian, the posterior distribution is also Gaussian, x |y ~ N (x, Cy), with its mean
and covariance given by:

zy=C\G' Ty, =G T 'ag+ax" )L (1.3)

Specifically, the MAP estimator is the posterior mean, which can be obtained by minimizing the
negative log-density of the Bayesian posterior:

o2 = argmin{| G =yl + Al ), (1.4)
TER™

It is evident from (1.4) that the Tikhonov penalty term is explicitly determined by the prior covariance
structure, bridging the probabilistic and deterministic perspectives of the inverse problem.

In practical large-scale applications, the parameter dimension n is often extremely high, typically
with n > m, as considered in this paper. Combined with the inherent ill-posedness of the inverse
problem, this poses significant challenges for both stability and computational tractability. In partic-
ular, a major computational bottleneck is the inversion of the matrix G'T'"'G + AX~! to obtain the
posterior mean and covariance. A variety of approaches have been proposed for dimension reduction
of Bayesian inverse problems. Early work uses the Karhunen—Loeéve expansion [21, 31] to represent
the prior distribution in terms of its dominant eigenmodes and truncates the expansion to achieve
dimension reduction [27, 33]. However, this strategy relies entirely on the spectral properties of the
prior and does not account for the influence of the forward operator or the observation data, which



restricts the choice of prior models and may lead to significant truncation errors. An alternative ap-
proach [28] constructs reduced subspaces using model-constrained sampling and greedy strategy, but
it may fail to capture posterior variability in directions that are not informed by the data. Another
approach [12] approximates the posterior covariance via a low-rank approximation of the Hessian of
the log-likelihood. All of the above approaches aim at dimension reduction in the entire parameter
space, but do not fully exploit the interaction between the unknown parameter and observation data.

In the common setting of inverse problems, the prior distribution encodes smoothness of the un-
known parameter, and the observation data are linked to the parameter through a smoothing for-
ward operator. As a consequence, the prior-to-posterior update is often confined to a relatively low-
dimensional subspace of the parameter space. Exploiting this structure can enable efficient low-rank
approximations of the posterior mean and covariance, leading to substantial computational savings
[32, 1, 2]. In [9, 43], the terminology likelihood-informed subspace is proposed to identify such low-
dimensional subspaces, which contain the directions along which the posterior differs significantly from
the prior. All these methods approximate the posterior covariance through low-rank corrections of the
prior covariance, which can provide a more balanced treatment of prior and data information. However,
these approaches are still formulated in the parameter space and often rely on explicit factorizations
of the prior covariance or its inverse, which can be computationally prohibitive in large-scale settings.

In this paper, we shift the focus from the parameter space to the data space. Endowed with
the prior-induced geometry, the parameter space is given by the finite-dimensional Hilbert space
(R™, (-,)s;-1), which can be extremely high-dimensional if n is very large. In contrast, we intro-
duce the data space as the quotient Hilbert space (R™/N (M), {-,-)a), with its precise meaning and
motivation detailed in Section 2, where M = GXG' is symmetric positive semidefinite and may be
rank deficient with V(M) denoting its null space. The dimension of this space is rank(M) = rank(G),
and the smoothing nature of G typically leads to rapidly decaying singular values and hence a much
smaller effective dimension. We show that the data space admits an isometric embedding into the
parameter space, and that the prior-to-posterior update occurs entirely within the image of this em-
bedding, which has the same dimension as the data space. This structure reveals that the informative
directions of the posterior are entirely characterized by a low-dimensional, data-informed subspace that
is independent of the ambient parameter dimension. While the principle that the prior-to-posterior
change may concentrate on a low-dimensional subspace is well recognized in the literature, the present
work provides a rigorous and explicit mathematical characterization of this phenomenon through the
quotient-space geometry of the data space.

The data-space formulation offers a fundamentally different computational paradigm. In the pa-
rameter space, approximating the posterior mean and covariance requires dealing with G T'~1G as well
as manipulating the prior covariance X, which is often large, dense, and ill-conditioned when defined
through covariance kernels [47, 39]. Such operations typically demand matrix factorizations or inver-
sions that are computationally prohibitive in high dimensions. In contrast, the data-space formulation
allows the problem to be recast in a low-dimensional space that captures dominant data-informed
variations, while eliminating directions that are not identifiable from the data. As a consequence, both
the computational complexity and the representation of the posterior are governed by the intrinsic
low dimension of the data. To obtain efficient approximations of the posterior, we propose a new
Krylov subspace method [29] to iteratively capture dominant data-informed subspaces, as detailed
in Section 3. This leads naturally to matrix-free algorithms whose computational cost scales with
the dimension of the data rather than the ambient parameter dimension. In addition, we show that
the likelihood-informed subspace introduced in [43] arises naturally from the data-space formulation
and admits a geometric interpretation within this framework, providing a structural understanding of
data-informed subspaces and their connection to the proposed Krylov method.

An additional challenge in Bayesian inverse problems is the selection of the hyperparameter A. In
much of the existing literature, A is assumed to be known. In practice, however, it is typically deter-
mined either by repeated posterior evaluations over multiple candidates or by maximizing the marginal
likelihood within an empirical Bayesian inference framework [4, 36, 40]. Both approaches require re-
peated large-scale computations—either solving ill-posed linear systems or evaluating the marginal
likelihood in the high-dimensional parameter space. From the perspective of Tikhonov regulariza-
tion, the hyperparameter A can be iteratively estimated within the hybrid regularization framework



[6, 42, 25, 7], where the original problem is projected onto a sequence of low-dimensional Krylov sub-
spaces and the parameter is determined from the reduced problems using parameter-choice rules such
as the discrepancy principle or generalized cross-validation [22, 8]. While these approaches significantly
reduce computational cost, their convergence behavior remains not fully understood, and they may fail
to produce reliable estimates of A in practice [8, 37, 26]. These limitations motivate the development
of scalable methods that enable stable and efficient hyperparameter estimation while simultaneously
approximating the posterior, without requiring repeated computations in the parameter space.

Within the data-space formulation, the data-informed Krylov subspaces are constructed in the
quotient space (R™/N (M), {(-,-)pr). To apply the Krylov subspace method and handle the degener-
acy of M, one may work in the range space (R(M), (-,-)ar) that is isometrically isomorphic to the
quotient space, where R(M) denotes the range of M. However, this approach requires computing
the orthogonal projector MM, which is computationally expensive for large m. To overcome this
difficulty, we develop a Krylov subspace framework directly in the quotient space, without requiring
the computation of projections onto the range of M. Specifically, we propose a quotient-space for-
mulation of the Golub—Kahan bidiagonalization process, referred to as Q-GKB, which constructs a
sequence of data-informed Krylov subspaces of increasing dimension in a fully matrix-free manner.
Building on this construction, we integrate empirical Bayesian inference into the Q-GKB iteration,
enabling simultaneous hyperparameter estimation as well as posterior approximation by restricting
the prior-to-posterior update to the data-informed Krylov subspaces.

The contributions of this paper can be summarized as follows:

e We establish a data-space geometric framework for Bayesian linear inverse problems based on
the quotient space induced by the semidefinite matrix M = GXGT. This yields an isometric
correspondence between data-space and parameter-space representations and provides a rigorous
characterization of the low-dimensional nature of posterior update.

e We develop a quotient-space Krylov method via a novel formulation of the Golub—Kahan bidiag-
onalization process, which constructs a sequence of data-informed Krylov subspaces iteratively
in a fully matrix-free manner.

e We integrate empirical Bayesian inference into the proposed framework, enabling simultaneous
hyperparameter estimation and posterior approximation within low-dimensional Krylov sub-
spaces. We propose an efficient algorithm for computing low-rank posterior approximation with
theoretical accuracy guarantees.

To assess the proposed theory and the performance of the method, we present several representative
numerical examples of increasing scale and complexity. In particular, the large-scale examples highlight
the effectiveness of the matrix-free method within the data-space formulation, where direct access to
the posterior distribution is computationally prohibitive.

The remainder of this paper is organized as follows. In Section 2, we develop the data-space geo-
metric framework and establish a structural correspondence between the parameter and data spaces.
In Section 3, we present the Q-GKB method for constructing data-informed Krylov subspaces and
investigate its properties. In Section 4, we propose a Q-GKB-based empirical Bayesian method that
enables simultaneous estimation of the hyperparameter A and efficient low-rank posterior approxima-
tion in a matrix-free manner, and analyze its approximation accuracy. Numerical experiments are
presented in Section 5, and the conclusion is provided in Section 6.

2 Data-informed structure of the parameter space

We investigate the properties of the Bayesian posterior and the geometry of the parameter space, which
motivate the introduction of a quotient-space structure for the data space. In the remainder of the
paper, we use Im(-) to denote the image of a linear operator, and I to denote the identity matrix or
operator, with its order clear from the context. The symbol 0 is used to denote either the real number
zero or the zero vector of a linear space, with its intended meaning being clear in each instance.

The following result gives equivalent representations of the posterior mean and covariance. We
remark that the same expressions appear in the literature, e.g., [20, 45]. For completeness, we provide
the full proof.



Proposition 2.1 The posterior mean and covariance admit the equivalent representations
zy =SNG (GEGT 4+ A1y, (2.1)
Cr=A"'S-A22GT T+ 2 'GEGT) G, (2.2)
Proof. The covariance formula can be derived by applying the Woodbury identity, which is
(A+Ucv)t=At— Al U(Ct+vATlU)lvATY,
for any nonsingular A € R™*"™ C € R™*™ and U € R"*™_ V € R™*™, Therefore,
Cx=AS '+ o)y =21z - aT(r+ 2 e ") tea s
=2 AiReT(r+ a7 ieean) ey,

which proves the covariance formula. Substituting the above representation into zy = C\G Ty, we
have

o= [ATE-ATPEGT (M +ATIGEGT) TG Gy
=P N Veah TR ) AN § AP Rye) AR Y€ e Al NunyTh
Let M = GEGT € R™* ™. It holds that
zx=3SGT N = AT+ AT M) T My
=ATEGT [I- (AT +M)"'M]T 1y
=ATISGT[AMAT 4+ M) ' Ty = SGT(AT + M)y,

where we have used the identity I — (AI'+ M)~'M = A\(AI' + M)~'T". This proves the formula for the
posterior mean. O

From (2.1) and (2.2), it is natural to introduce the positive semidefinite matrix
M = G2GT e R™M*™, (2.3)

Define the data-space variable zy = (M + AI') "'y € R™. Then the posterior mean can be written as
zy = G ' zy. Consider the regularization problem

min {[[Mz = yllfs + Az "Mz} (2.4)

If M is not positive definite, this problem may admit multiple solutions. However, it can be shown
that any solution coincides with z) up to an element of N (M).

Proposition 2.2 Consider the reqularization problem (2.4) with A > 0. Then
(a) zx is a minimizer of (2.4), and the set of all minimizers is zy + N (M);

(b) if z € zx + N(M), it holds that Gz = x5. Hence, all minimizers of (2.4) yield the same
postertor mean.

Proof. (a) Define J(z) = |[Mz — y||2_, + A\z" Mz. Then J is a convex quadratic functional on R™.
Hence its minimizers are exactly the solutions of

VJ(z) =2MT Y (Mz —y) + 2AMz = 0.

Since z satisfies (M +AI')zy = y, or equivalently Mzy—y = —AI'zy, it can be verified that VJ(zy) = 0.
Next let z be vector such that VJ(z) = 0. Using y = (M + AI')zy, we have

Mz—y=Mz— (M+MD)zy = M(z—z)) — Al'z).



Substituting it into VJ(z) yields
%VJ(Z) =MD" (M(z— 20) = Alz)) + AMz = MT 7'M (2 — 2)) + AM (2 — 2)).
Taking the inner product with z — 2, we obtain
VJI(z)=0 = (2—20) MT 7'M (2 —2)) + Mz — 20) "M (2 — 2z,) = 0.

Since I'"! is positive definite and M is positive semidefinite, both terms in the left-hand-side are
nonnegative and must therefore vanish. In particular, (z — z)) " M(z — z)) = 0, which implies that
z— zy € N(M). Conversely, for any p € N'(M), we have $V.J(2\ 4+ p) = MT ' Mp + AMp = 0. This
proves (a).

(b) For any v € N'(M) we have 0 = v" Mv = (G "v) "S(GTv). This implies G "v = 0, and thereby
N (M) C N(GT). Conversely, it is obvious that GTv = 0 implies GXG "v = 0, and hence v € N (M).
Therefore, it holds V(M) = N(G"). Now for any p € (M), we have

NG T (zy+p) =2G 2\ + 2GTp =G 2y = 5.
This completes the proof. O

By Proposition 2.2, the posterior mean lies in the range space R(XG"). From (2.2), define
A=\ -C\ =222 T+ 'M)'GE

as the prior-to-posterior covariance update. Then R(A) C R(EG ") and R(XG ")+ C N(A). Hence,
the covariance update acts only on R(XG ") and vanishes on its orthogonal complement, reflecting the
principle that the data update the prior only along a subspace of dimension rank(G). In the parameter
space, this phenomenon is described by the terminology likelihood-informed subspace (LIS) introduced
in [9, 43]. Let H = G T 'G, and the generalized eigenpairs of (H, X~1) are {(u;, w;)}l_, satisfying
pr > g > >y >0, g = 0 for i > 1, and {w;}._, are mutually ¥~ !-orthonormal. It is shown in
[43] that the directions along which the posterior changes from the prior are entirely in span{w;}!_;.
For any 1 < r <[, the subspace span{w;}’_; is referred to as the r-dimensional LIS, which can be
used to construct low-rank approximation of the posterior.

Motivated by the above structure, it is natural to consider the action of the mapping ¥G'T on R™
and identify vectors that differ by elements of N'(M). Accordingly, we define the relation

u~v = u—veNM),

which is an equivalence relation on R™. Denote by [u] the equivalence class of u, which is an element
of the quotient linear space R™ /N (M) with dimension

dim(R™/N(M)) =m — dim(N (M)) = rank(M) = rank(G).
We refer to the finite-dimensional Hilbert space
(RW/N(M)7<'7'>M)7 ([u], [v])ar = u' My (2.5)

as the data space of the underlying Bayesian linear inverse problem. The bilinear form (-, -)ps is
well defined on R™ /N (M), since if u — v’ € N'(M) and v — v’ € N (M), then v Mv — v/ Mv' =
(u—u) Mo+ " Mw—1') = 0. Moreover, if ([u],[u])p; = 0, then u € N(M), implying that
[u] = 0. Therefore, (-, )y defines an inner product on R™ /AN (M). Notice that T' + A"1M € R™*™ is
the covariance of the marginal distribution of y. This suggests considering the generalized eigenvalue
decomposition of (M, T'), which characterizes the associated spectral structure of the data space. Since
I" is positive definite, there exists a set of M-orthonormal generalized eigenvectors corresponding to the
nonzero generalized eigenvalues of (M, T"). We refer to such eigenpairs as the nonzero M-orthonormal
generalized eigenpairs.

The following theorem establishes a precise geometric and spectral correspondence between the
data space and parameter space.



Theorem 2.1 (Correspondence between data and parameter spaces) Define the linear oper-
ator

v (R™/N(M), (o )m) — (R, () s-1) (2.6)
[u] — BG T u. .
Then the following statements hold.

(a) (Isometric embedding) The map ¢ is an isometric embedding, i.e.,

and ¢ is injective.

(b) (Parameter space decomposition) It holds that
(an <'7 '>E*1) = Im(l’) @N(G)a
where the two subspaces are X~ -orthogonal, and x5 € Im(1) = R(ZGT).

(c¢) (Spectral correspondence) Let {(ﬂl,wl)}izl be all nonzero M -orthonormal generalized eigenpairs
of (M, T). Thenl =1 = rank(G), and {j;,([Ww;])}._, are all nonzero X~'-orthonormal eigen-
pairs of (H, ¥71).

Proof. (a) If [u] = [v/], then u — v/ € N/(M). From part (a) of Proposition 2.2, N(M) = N(GT), so
GT(u—u') = 0 and thus ¥GTu = G Tu'. Hence ¢ is well defined. For the injectivity, suppose
Y[u]) = EGTu = 0. Then u'Mu = [|[EGTul|%_, = 0, so u € N(M), ie, [u] = 0. For any
[u], [v] € R™/N (M), it holds

([u]), t([v))s-1 = (EGTu) T2HEGCTv) = u'GEG v = u” Mv = ([u], [v]) ar-

Thus ¢ is an isometric embedding.
(b) For any [u] € R™/N (M) and v € N(G), it holds

W([u]),v)g1 = (2GTu) 'S =u"Gv = 0.
Hence Im(¢) and N (G) are ¥~! orthogonal. Since ¢ is injective, we have
dim(Im(c)) = dim(R™/N(M)) = rank(M) = rank(G) = dim(R(ZG")).

Therefore, it holds that Im(:) = R(XG") and dim(Im(:)) + dim(N(G)) = n. This also proves
(R™, {-,-y5-1) = Im(¢) ©@ N(G). Tt is obvious that z) € Im(:) since z) = G zy.
(c) Since ¥ and T" are symmetric positive definite, we have

rank(M) = rank(GEG ") = rank(G), rank(H) = rank(G ' T7'G) = rank(G).

Hence the pencils (M, T') and (H, ¥~!) have the same number of nonzero generalized eigenvalues,
equals to rank(G). Now let (ji, ) be a nonzero generalized eigenpair of (M,T), i.e., M = ' with
ft > 0. Since /i # 0, we must have @ ¢ N(M), and thus [w] # 0 in R™/N(M). Let w = «([w]) =
YG 1. Because ¢ is injective, we have w # 0. Using M = GXG'T, we have

Hw=G'T7'G(XGCT0) =G T *Mw = 4G b.
Combining with ¥~'w = G "1, we obtain Hw = X "!w. This shows that (fi,w) is a generalized
eigenpair of (H, ¥71). Conversely, let (1, w) be a generalized eigenpair of (H, X71) with u > 0, i.e.,
Hw=pYX 'w. Let u=p 'T"'Gw € R™. Then

([u]) =2GTu=p '2G T Gw = p 'S Hw = w,



and
Mu=GYG"u = Gw = pI'(p T 'Gw) = pl'u,

so (p,u) is a nonzero generalized eigenpair of (M, T') satisfying w = ¢([u]). We have therefore estab-
lished a one-to-one correspondence between the nonzero generalized eigenpairs of (M, I') and (H, X71).
Moreover, by part (a), ¢ maps M-orthonormal vectors to ¥ ~!-orthonormal vectors. This completes
the proof. o

Remark 2.1 Theorem 2.1 shows that the data-space formulation provides a complete geometric rep-
resentation of the data-informed structure of the posterior. In particular, the image ITm(c) identifies
the data-informed subspace in the parameter space, along which the posterior differs from the prior,
while its ¥~ -orthogonal complement N'(G) corresponds to directions that are not informed by the data.
Furthermore, the spectral correspondence shows that the eigenstructure in the data space induces the
corresponding LIS in the parameter space, thereby providing a geometric characterization of the LIS
in terms of the quotient data space.

In the parameter space, a common approach to approximate the posterior covariance C) is based
on LIS. We use the Loewner order “=<” for symmetric matrices, defined by A < B if B— A is symmetric
positive definite (SPD) [19]. It is shown in [43] that the optimal approximation to C within the set

M, ={ A8 -~ KK" = 0:rank(K) <7}

r i
i=1 X\t
{(pi,w;)}i_, are the leading r generalized eigenpairs of (H, ¥X~1). The resulting approximation can
be written as

wiw, , where

with respect to the Forstner distance is achieved by choosing KK T = >

e = (H, + x2H, (2.7)

where
Hr = Z_l (Z um}ﬂuj) E_l
i=1

is a rank-r approximation of H in the r-dimensional LIS.

By Theorem 2.1, the data-space geometry induced by M is often intrinsically low-dimensional
due to the smoothing nature of the forward operator G. This provides a geometric justification for
effective approximation of the posterior structure by identifying dominant subspaces of the data space.
In particular, since the nonzero spectral structure of (H, ¥7!) is completely determined by that of
(M, I'), it is natural to approximate H via the dominant generalized eigenpairs of (M, I'). Accordingly,
we equivalently can write

H, =y (EGT ( Z mmw])c:z) 2l = a7 <Z pww—r> G, (2.8)
=1 =1

where {(p;,w;)}7_, are the leading r generalized eigenpairs of (M, I'). This construction provides a
data-space geometric interpretation of LIS-based posterior approximation.

3 Quotient-space Krylov method in the data space

For large-scale problems, a direct eigenvalue decomposition of (M, I') is computationally expensive,
and forming M explicitly is typically infeasible. Nevertheless, matrix-vector products can be computed
efficiently as Mv = G(X(G Tv)). Moreover, the hyperparameter ) is often unknown in advance and its
estimation in the full parameter space is costly. In view of the connection between Bayesian inference
and Tikhonov regularization, it is natural to work with the regularization problem (2.4) in the data
space, which enables the estimation of A\ in an iterative framework. These considerations make the
Krylov subspace method particularly attractive, as they rely only on matrix-vector products and
naturally capture dominant low-dimensional data-informed subspaces.



3.1 Quotient-space Golub—Kahan bidiagonalization
In the data space, the regularization problem (2.4) can be equivalently formulated as

ot Mz =yl + AR (31)
To design practical Krylov subspace method for this problem, one possible approach is to represent
equivalence classes by elements in the range space R(M) and restrict the iteration accordingly. How-
ever, this requires explicit projections onto R(M), typically involving the projector MM, which is
computationally expensive. Instead, we work directly on the quotient space R™ /N (M), which removes
the degeneracy without requiring explicit projections.
Taking into account the geometry of the data-space and the observation model, we consider the
linear operator

T (R™/N(M), (- )a) — (R™, (- )r—1)

[u] — Mu, (3:2)
which is well defined, because [u] = [v] & v —v € N(M) implies Mu = Mv. Its adjoint
T (R () — (R™/N(M), ) )
is characterized by the relation
(Tlul,pr-+ = ([ul, T"p)a,  V[u] € R™/N(M), p € R™.

The following result provides an explicit expression for the action of 7 on a vector.
Lemma 3.1 For every p € R™, the adjoint of T is given by

Tp=[T""p. (3.3)

Proof. By the definition of 7*, for any [u] € R™/N (M) and p € R™,
([ul, T*p)ar = (Tlul,p)p-1 = (M) T~ 'p=u" ML "p.
By definition of the inner product on R™ /N (M), we have

u" M~ p = ([u], [P ™p)ar = ([u], TP,

which shows that 7*p = [[~!p]. In other words, I'"1p is a representative element of the equivalence
class T*p. O

We now apply the Golub-Kahan bidiagonalization (GKB) to the operator-vector pair {T,y}; see
[5] for the GKB process for general linear compact operators. This formulation allows the iteration
to be initialized directly from the vector y and carried out entirely within the data-space framework
without computing orthogonal projections. The abstract GKB recursions read

prur =y,
aw; =T u; — Biw; 1, (3.4)
ﬂi+1ui+1 =Tw; —aiug, =12,
where 1wy := 0, and «; and ; are positive scalars such that {u;}; are I ~!-orthonormal and {w;}; are
orthonormal in the data space (R™/N (M), {-,-)nr)-

To obtain a practical matrix-vector implementation, we represent each quotient vector w; by a
representative element v; € R™. Then ||w;||p = v/v;) Mv;. By Lemma 3.1, we have T*u; = [['"luy].
Using these relations, the abstract iterations reduce to the practical recursions:

Brur =y,
aiv; =T My = Bivia, (3.5)

ﬁi+1ui+1 :Mvi—aiui7 = 1,2,...,



where vy := 0, and the vectors {v;}; are M-orthonormal, that is, v;'—Mvj = 0;; with d;; being the
Kronecker symbol. The scalars a; and ;1 can be computed by evaluating the M- and I'"'-norms of
I''u; —Bivi—1 and Mv; —a;u,, respectively. This process can be carried out iteratively. We refer to this
process as the quotient-space Golub—Kahan bidiagonalization (Q-GKB). The pseudocode of Q-GKB is
given in Algorithm 1. Importantly, the Q-GKB iteration requires only matrix-vector products with
M and I'"! and does not require computing orthogonal projections onto R(M). While computations
with I'"! are unavoidable, in many practical settings where 7 is an uncorrelated Gaussian noise, I' is
diagonal, so I' ™! can be applied efficiently.

Algorithm 1 Quotient-space Golub-Kahan bidiagonalization (Q-GKB)
Input: Semidefinite M € R"™*™  positive definite I' € R"™*™ nonzero y € R™
1: Initialize: B; = (yT~'y)'/2, wy =y/pB

2: Compute s = ' luy, a; = (s" Ms)'/?,
3: if ;1 = 0 then terminate

4: else

5: vy = 8/

6: end if

7. fori=1,2,...,k do

8: r = Muv; — qu;, Bir1 = (1“1"’17”)1/2
9: if B;11 = 0 then terminate

10: else

11: Uit1 = 1/Bit1

12: end if

13: s = Fflqu — ﬁi+1vi» Qi1 = (ST]\IS)l/2
14: if a; 11 = 0 then terminate

15: else

16: Vit1 = S/Oéi_;,_l

17: end if
18: end for

k+1 k+1
Output: {ai,ﬂi 1;_1, {Uia'Uz' iil

The Q-GKB iteration terminates in at most rank(G) steps, since {v;}; are M-orthonormal and
therefore cannot have more than rank(G) linearly independent vectors. Define the breakdown step as

ky = I]}llell{k Q1 Pry1 = 0} (3.6)

Before the iteration breakdown, i.e., 1 < k < ky, let

Uk+1 :(ul,...,ukH) ERmX(k+1), Vk:(vl,...,vk) ERka7 (37)
and let
aq
Bz o
By = By - e RUFDXk, (3.8)
Qg
Br+1

If Br,+1 = 0 at step k = kp, then we let ug,+1 = 0 in Ug,4+1. Now each computed vector v; is a
representative element of @, that is mutually orthonormal in (R™ /N (M), (-,-)ar). By the property of
GKB of linear compact operator, it holds that VkTMVk = I. Moreover, if k = k;, and Bj,1+1 = 0, then
U,;';I‘_lUkb = I, otherwise it holds that U,IHI‘_lUkH =] forany 1 <k <k,.

The following result gives the basic properties of Q-GKB in the data space. We use e; and ej41
to denote the first and (k + 1)th column of the identity matrix of order k + 1.
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Proposition 3.1 Assume that Q-GKB runs for k steps with k < ky. Then the following properties
hold.

(a) The matriz-form relations hold:

ﬁlUkHel =Y,
MV, = Up41Bs, (3.9)

-1 T T
I'Uky1 = Vi By + Qpr1Vk+1€5 41 -

(b) The vectors {u;}¥_, form an T~-orthonormal basis of the Krylov subspace
Kr(MT ™, y) = span{(MT )"y},
and vectors {v;}¥_, form an M-orthonormal basis of the Krylov subspace
Ky(D7'M,T™y) = span{(I"""M)'T 'y}

Proof. Part (a) is directly obtained by stacking the recurrences in (3.5).
For part (b), from the theory of GKB, it produces two Krylov subspaces,

Kie(T*T, T*y) = span{(T*T)"T*y}; =y = span{[vi]}}_,

and

Ki(TT*,y) = span{(TT*)'y}i=) = span{u;}/_,,

such that {u;}*_; and {[v;]}¥_; are I'- and M-orthonormal, respectively. From the properties of 7 and
T*, we have
T*T[u] = [T~ Mu), TT*v=MI"tv

for any [u] € R™/N(M) and v € R™. Therefore, we have
Kn(T*T, T*y) = span{[(T " M) T y]}io),  Ki(TT*,y) = span{(MT )iy},
This proves the desired property for {u;}%_,. Moreover, from the recursions (3.5), we have
a1Bivr =Ty, a1 Bipivigr = T Mo — (0F + B711)v; — aiBivies.

Combining these relations with mathematical induction, it can be verified that v; € Kp(I'"1M, T~ 1y)
for 1 <4 < k. Since {v;}¥_, are M-orthonormal, it holds that

dim (span{v;}{_,) = k = dim (K,(I ' M, T 'y)) .
This implies that {v;}¥_; forms an M-orthonormal basis of Kj(I'"1M,T~1y). O

Proposition 3.1 shows that Q-GKB constructs mutually orthonormal bases of paired Krylov sub-
spaces in the data space, analogous to the classical GKB process. On the other hand, it is not merely
a formal modification of standard GKB, but is intrinsically adapted to the quotient-space geometry,
enabling the iteration to proceed without explicitly resolving the null space of M.

3.2 Data-informed Krylov subspace

At the kth step of Q-GKB, define Sy, = span{[v;]}%_;, which is a k-dimensional subspace of the data
space. We approximate the solution of (3.1) by restricting it to Sy, i.e.,

min {||Mz — yl2- + Ml[2]13,} (3.10)
[z]ESk

The following result shows that the Q-GKB iteration captures the exact posterior mean after finitely
many steps.

11



Theorem 3.1 Let ky be the breakdown step of Q-GKB defined in (3.6). Then for every A > 0, the
unique minimizer [z)] of (3.1) belongs to Sy, = span{[v;]}¥ .

Proof. Since the objective function of (3.1) can be equivalently written as ||7[z] — y||Z_. + All[2][|3;,
its unique minimizer is the equivalence class

[2a] = (T*T + A\~ Ty.

Since Sy, is the maximal Krylov subspace generated by 7*y under 7*7, which means that Si, =
Koo (T*T,T*y), it is invariant under 7*7 and contains all vectors of the form p(7*T)T*y, where p
is a polynomial. Note that 7, := T*7T + Al is a positive self-adjoint operator on R™/N(M). Let
q = dim(R™/N(M)) and let A € R7*? be a matrix representation of 7, with respect to a basis of
R™/N(M). By the Cayley-Hamilton theorem, it holds that p4(7,) = 0, where pa(p) = det(ul — A) =
7 o cipt is the characteristic polynomial of A, satisfying that ¢, = 1 and ¢o = (—1)9det(A) # 0 since

A is SPD. It follows that l

T (T T+ M) = —cl,

i=1

which implies that 7;\_1 can be represented by a polynomial of 7*7. Hence there exists a polynomial
px such that
(T*T + A" T*y = pA(T*T)T*y € S, -

This proves the claim. O

Theorem 3.1 implies that the posterior mean z, can be approximated within the subspace ¢(Sk)
as k increases. We refer to ¢(Si) as the k-dimensional data-informed Krylov subspace. Suppose there
are t distinct nonzero generalized eigenvalues of (M, T') with corresponding M-orthogonal eigenspaces
G1,...,G:. For any closed subspace G of R™, denote by Pg the M-orthogonal projector onto G, i.e.,
Pg satisfies P2 = Pg and M PgT = PgM. The following result shows that, as the iteration proceeds,
the subspace ¢(Sy) progressively captures the informative directions of the dominant data-informed
subspace.

Theorem 3.2 Assume that Q-GKB runs for k steps with k < ky, and the nonzero 2-orthonormal
k
eigenpairs of B;—Bk are {(Gl(k), sgk))} x Then the following statements hold.

(a) The pair (G,Ek),pgk)) = (05’0, L ([Vksgk)])> gradually approximates a nonzero generalized eigen-

pair of (H, ©71) as k increases, and the approzimation becomes exact at k = ky.

(b) At the breakdown step, {pgkb)}fil are Y~ 1-orthonormal generalized eigenvectors of (H, ¥71).

Moreover, each pik’” is the image under v of a generalized eigenvector in one of those G; for
which Pg, T~y # 0.

Proof. (a) Using the matrix form relations of Q-GKB, we have
I "MV, =T 'Up1 By = (Vi Bl + ags10kt1€f 1) B
A simple calculation leads to

MVis?® — 0P TVes™ = T(Vi B! + axp1visaef 1) Brs'™ — 08TV, 6F)
= I’Vk(B,;ersgk) - Hgk)sl(-k)) + akHBkHkaHek—'—sgk)

T (k)
= a1 Bk lvp e s

Therefore, the pair (Gik), Vksgk)> gradually approximates a nonzero generalized eigenpair of (M,I") as
(kv)

k increases, and at the breakdown step, (Ofk"), Vis; ) is an exact eigenpair since g, +108k,+1 = 0.

12



By Theorem 2.1, (02@), L ([Vksgk)o) gradually approximates a nonzero eigenpair of (H,¥ 1), which
becomes an exact one at the breakdown step.
(b) Without loss of generality, we suppose that only the first g elements in {Pg, T ~'y,..., Pg, T 1y}

are nonzero. Noticing that {kasgkb)}fil are mutually M-orthonormal, by Theorem 2.1 (a) and (c), we
(ko

i

)= Vi, sgk) belong separately to the M-orthogonal subspaces

Gi,...,Gq. Since Hgkb) > 0 have different values and G; are mutually M-orthogonal, these ﬁgkb) must

belong to different subspaces among {G;}!_,. Therefore, we only need to prove Pgﬁl(.kb) = ﬁz(.kb) for
each 1 <1i < g, where G =G, @--- @G, and Fy is the M-orthogonal projector onto G. Suppose W; is
an M-orthonormal matrix whose columns span G;. Then MW, = p,I'W; and Pg, = WiWiTM , which

leads to

only need to prove that the kj vectors p

I *MPg, =T 'MW, W, M = u;W,;W," M = p; Pg, .
Therefore, it holds that

t t
I 'Mz=T"'MY» Psz=>» pPgx, VxecR™
i=1 i=1
For any j > 0, it follows that
i=1

t @ t q
@; = (D' M)'T 7y = (Z uini> Ty =Y WP Ty = ulPeT My
=1 =1

By Proposition 3.1, we have ﬁ(kb) € Ky, (T7IM, T~ 1y) = span{@i}fial, and

%

1 M1 e Mibil
_ _ 1 opg oo s ~
(W0, - .- Why—1) = (Pg, Ty, ..., Pg, T 'y) - : =: GT,,
1 /’Lq e M’;b_l

where G = (Pg, Ty, ..., quI‘_ly). Since the g-by-q leading part of T}, is a Vandermonde matrix

with p; # @, the rank of Ty, is at most g. Thus the rank of W= (wo, ..., Wk, —1) is at most ¢, which
is achieved if k, = ¢. This implies that the expansion of Ki(I'"1M,T'~1y) ends at k = ¢, hence k; = q.
Since Ty, = T, is nonsingular, it holds that R(W) = R(é), and we can write ﬁgk") as ﬁgkb) =Gceg
with a nonzero ¢ € RY. Now we immediately obtain Pg]ﬁl(kb) = ﬁgkb), which is the desired result. O

By Theorem 3.2, the subspace ¢(Sy) progressively captures one component from each generalized
eigenspace G; for which ngF_ly # 0. Moreover, those components associated with larger generalized
eigenvalues are approximated more rapidly, due to the well-known extremal eigenvalue convergence
properties of Lanczos-type methods [41]. Since the observation data takes the form y = Gx 4+ n with
n ~ N(0,T), we have T =1y = T"'Gx + I'"'n where "' ~ N (0,T'~1). Thus, we have Pg,I'"ly # 0
almost surely for all ¢ = 1,... ¢, as the Gaussian distribution has full support. For ill-posed problems,
the matrix M = GXG is typically severely ill-conditioned, and the generalized eigenvalues of (M, T")
tend to decay gradually toward zero without noticeable gaps. In such cases, eigenvalue multiplicities
are typically small (often equal to one in practice). This indicates that, in typical settings, the Q-GKB
iteration progressively captures all directions of the dominant data-informed subspaces through ¢(Sy).
Since Vksgk) progressively approximates the dominant generalized eigenvectors of (M, T"), this mo-
tivates the following low-rank approximation of H, analogous to (2.8). After k steps of Q-GKB, define
the rank-k symmetric positive semidefinite matrix

k
H,=G7 (Z 9§’“>(Vks§’“>)(vks§’“>)T> G =GV, B! B,V G. (3.11)

i=1
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By Theorem 3.2 and its proof, if all nonzero generalized eigenvalues of (M, T) are simple and Pg,I'~'y #
0 for i = 1,...,1, while Pg, "'y = 0 for i > k, then the breakdown occurs at k, = [ and PAIZ = H,.
Replacing H = G'T~'G in (1.3) by ﬁk, we define the approximate Gaussian posterior with mean and
covariance given by

A =ceTrly, O = (H+ A (3.12)

In the next section, we show how to simultaneously estimate the hyperparameter A and compute the
approximate posterior mean and covariance efficiently within the Q-GKB iteration.

4 Iterative approximation of the Bayesian posterior

The goal of this section is to construct efficient approximations of the Bayesian posterior based on Q-
GKB interation, and to analyze the accuracy of these approximations. We integrate empirical Bayesian
inference into the Q-GKB iteration to obtain an efficient estimate of A\ within the data-informed Krylov

subspaces. Given A = )\, we then compute the approximations &:\g\k) and 6@ using byproducts of the
Q-GKB iteration.

4.1 Approximate the Bayesian posterior by Q-GKB

In the empirical Bayesian (EB) inference, the hyperparameter A is treated as a random variable and
correspondingly, the prior of x is conditioned on A. Suppose the prior of A is 7(A). Since x|\ ~
N(0,A7'%) and y | (z, ) ~ N(Gz,T), using Bayes’ formula, we have

m(ylz, Mm(e| M) (WA 2 exp (=3 lly — GallE-, = 3l|=]3-.)
() det(D)L/2 det (%) /2 '

m(z, Aly) =
Integrating out x, the marginal posterior of X is
7\ 9) = [ wlwAly)da
n/2 1 2 A2
o T(A)A exp | =5 lly — Gallp — Sllzllg- ) do
an 2 2
1
o m(A) det(T + A1GEGT) Y2 exp <—2yT(F + A—lazaT)—1y> :

see e.g., [14, 24]. Notice that m(\|y) = W x (A)7(y|A). In the EB method, the hyperparam-
eter A is typically estimated by maximizing the marginal likelihood 7(y | A), rather than the posterior
m(A|y). Ignoring constant terms, minimizing the negative log-marginal likelihood —logm(y|A) is
equivalent to solving the following optimization problem:
min £()) := log det(T" + AIM) +y T (T + XTIy
Although this problem is formulated in the data space, evaluating £(\) remains computationally
prohibitive for large m due to the cost of determinant and matrix inversion operations. To address
this, we integrate the EB approach into the Q-GKB iteration, enabling an efficient, adaptive estimation
of A within low-dimensional data-informed Krylov subspaces.
After k steps of Q-GKB, define the symmetric positive semidefinite matrix

My = MV, V' M, (4.1)
which has rank at most k. For the M-orthogonal projector
I : R™ /N (M) — Sk

(&) — () o,
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it holds that
T([2]) = T([ViV, M2]) = MV, V) Mz = Mjz.

This implies that Mj, is the compression of M onto the Krylov subspace Sy. Accordingly, M}, provides
a natural low-rank approximation of M. Using the relation MV} = Uj1 By, we obtain

My, = MV, V,) M = Uy 1 By B, U}, (4.2)

Thus My can be formed using only the small scale matrices By and Ugyi1 generated by Q-GKB.
Replacing M by My in £(\) yields the kth approximate negative log-marginal likelihood:

LB (N) =logdet(T + A M) +y " (T 4+ X"1M) "Ly (4.3)

The following result shows that the approximate marginal likelihood can be computed efficiently using
only the singular value decomposition (SVD) of By.

Proposition 4.1 Suppose that the compact form SVD of By is By = PSQT, where P € R(Fk+1)xk

has 2-orthonormal columns and S = diag(s1,...,si) with s; > 0. Then
(k) g 57 2 5 o
L") () = logdet(T") + glog (1 + A) +62(1- ; EEuv (4.4)

where (p11,...,p1k) is the first row of P.
Proof. For the determinant term in £*)()), we write
T+ AL M, =T/2 (1 + xlr*1/2Uk+1BkB,jU,j+1r*1/2)r1/2
_ /2 (I n A—1WBkB,jWT)F1/2,
where W =T~V 2Uk+1 is column 2-orthonormal. Therefore, it holds that
det(I' + A" Mj,) = det(I) det (I + A\ 'WBB, W) = det(I') det (I + \"' By By),

where we have used the determinant identity det(I + AB) = det(I + BA). Since the eigenvalues of
B, By, are s%,...,s2, we obtain

k 2
det(T' + A" My) = det(D) [ | (1 + ‘1) .
=1

For the quadratic term in E(k)()\)7 using I'~1/2y = T-Y28,Us41e1 = 1 We,, we have

yT(F + A—le)—ly _ yTF—1/2 (I+ )\_1WBkB,;rWT)_1 F_1/2y
=B W (T4 A WBBI W) Wey

= Be] [I — Bp(B) By + \XI)"'B] | ex
2

2
_ a2 Tp 1 51 Sk T
= f; {1elPdlag<S%+)\,...,8%+>\)P 61:|

where we have used the identity (I + A™'BBT)™! = I — B(B"B + AI)"!BT and the SVD of Bj.
Combining the above two terms leads to the desired result. O

At the kth iteration, we define \; = argmin,., £%)(\). By Proposition 4.1, the term log det(T')
does not affect the minimization of £*)()\) and can therefore be omitted. Hence, the dominant
computational cost for determining )y, is the SVD of By, which requires only O(k?) flops.
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By Theorem 3.1, we approximate zy in Sk by solving (3.10) with A = Ag. Since any [z] € S can
be written as [z] = [Vi€] for some ¢ € RF and Mz = M Vi€, using (3.9) and the I'"!-orthonormality
of Ug+1, we obtain

Mz —yllp-1 = [|[Us+1(Br§ — Brer)|p— = || Br€ — Brelz.
Moreover, using the M-orthonormality of Vi, we have
11137 = Va3 = €T VAT MVig = |l€]l3.
Therefore, (3.10) is equivalent to

min {|| Br€ — el + Mell€]13}, (4.5)
EERF

which has a unique minimizer fg\i) € R*. Consequently, the kth approximation to z, is [Z/(\IZ)] = [Vkﬁf\i)],

and corresponding iteratively regularized solution is
2V =26Vl € = (BI By + M) B fren. (4.6)

The following result provides an efficient computation of f&k) and 5§\k) defined in (3.12), and shows that

the approximate posterior mean in the data-informed Krylov subspace coincides with the iteratively
regularized solution. In what follows, we write A in place of Ax at the kth step to emphasize that the
results hold for any value of \.

Proposition 4.2 At the kth step, the approzimate posterior mean coincides with the iteratively regu-
larized solution, namely,

2 =2 = SGTVL(B] By + M) "' B/ Bie, (4.7)
and the approximate covariance admits the representation
CF = A1 — ATISGTVL(M + B By) "' B By, GX. (4.8)
Proof. Applying the Woodbury identity to the expression of @/(\k), we have

R —1
oM = A1y — A 2967V, ((B;Bk)—l n A‘lvaGZGTVk) Are

-1
Using VT GEGTVi = VI MV, = Land (T + A7) = XA+ Ty) 7T} with Ty = Bl By, we
immediately obtain (4.8).

(k) (k)
A

Now we show Z,”’ =« . Using (4.8), we have

2P = ARG Yy — ARG V(AL + Ty) T TV MT Ty

Since MVy, = Ug41Bg, we have VkTM = B,CTUJH. From $1Ui+1e1 = y, we have U,;FHF_ly = Biey.
Therefore, V,' MT'~'y = Bl U/ ,T~'y = B[ Bie1. On the other hand, from (3.9), we have I''y =

Bl U161 = VkB,;rﬁlel. It follows that A™'2G I~y = A‘lEGTVkB,jﬁleL Substituting these

into the expression for fg\k) gives

2 = ATISGTVB] rer — ATISGT V(M + Ti) M TR B Bre
=SG Vi N = ATV + T) T By Bren
= XGVi(M +Ty) "' B} Bre1,

where we used I — (M + Ty) " 'Tyx = MM + T})~!. This completes the proof. |

16



Algorithm 2 Q-GKB based posterior approximation
Input: Matrix G € R™*™ SPD matrices ¥ € R"*" T € R™*™_ vector y € R™
1: Compute 81, a1, u1, v1 by Q-GKB
2: for k=1,2,...,K do
3: Compute Bri1, Qk+1, Uk+1, Vk+1 by Q-GKB; form By, and Vj
4 (Terminate the iteration if 11 or agy1 is extremely small)
5 Compute the SVD of By; form £*)()\) as (4.4) > Discard log det(T")
6: Compute \;, = argminy. LF (X
7
8:

Compute 33&’1) and 6;’,? by (4.7) and (4.8)
end for
Output: if\[}i), CA'/(\I;)

By this result, the posterior mean can be approximated iteratively as the Q-GKB iteration proceeds,
while the approximate posterior covariance can be computed efficiently using only the inversion of
small-scale matrices. The resulting algorithm is summarized in Algorithm 2. As a stopping criterion,
we can choose a tolerance tol > 0 and terminate the iteration when the relative change in A satisfies
|)\k — )\k+1|/)\k < tol.

We remark that, for large-scale problems, the prior covariance matrix ¥ need not be formed ex-
plicitly in the algorithm. Instead, matrix-vector products of the form v can be computed efficiently.
In particular, when the prior is given by a stationary or translation invariant kernels, the product v
can be evaluated efficiently using the fast Fourier transform (FFT) [35, 47]. We will illustrate such a
case through a numerical example.

4.2 Accuracy of the approximate posterior

We quantify the accuracy of the approximate posterior distribution constructed via the Q-GKB iter-
ation. The exact posterior and its kth approximation are given by

=N Oy, m=NGEY, ). (4.9)

To measure the difference between the exact covariance and its approximation, we employ the Forstner
distance. Denote by Tr(-) the trace of a matrix. For two d-by-d SPD matrices A and B, the Forstner
distance is defined by

d
d2(A, B) = Tr [logQ(A_l/zBA_lﬂ)} =3 log¥(y),
i=1

where {0;}%_, are the positive generalized eigenvalues of (A4, B) [13]. It has been shown in [13, 43]
that the Forstner distance is particularly well suited for comparing covariance matrices. To measure
the difference between two probability distributions, we use the Kullback—Leibler (KL) divergence.
Let 1, = N(m1,%1) and m = N(ma, ¥s) be two Gaussian distributions on R? with positive definite
covariances. The KL divergence between them is defined as

1 _ _ _
Dy (mm2) = 5 | Te(S7"£1) — d — logdet(S3 1) + (mz —m1) "S5 (ma —ma) .
Before establishing error bounds for the posterior approximation, we introduce two auxiliary lemmas
that will be used in the subsequent analysis. We use || - || to denote the Frobenius norm of a matrix.
The proofs are postponed to Section A.
Lemma 4.1 Let A= XY/2H%1/?, A\k = 21/2ﬁk21/2 and ;1\0 =0, and define

CGro=Te(A—Ay), y=[A—Ar. (4.10)
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Then it hold that (i, vr > 0, and

{ckﬂ =G~ (0F 41 +Fh0). o= Tr(HE), (411)
’Y/%H =i - 20‘%+1513+1 - (O‘i+1 + 51%+2)27 7% = Tr(HZHY).

Lemma 4.2 Let Ay and Ay be two SPD matrice of the same order, then

_ — Al_AZHZ
T+ A = (T4 Ag) < AL = Azlle
I+ A)™ = (4 A7 < e

We are now ready to quantify the discrepancy between the exact posterior and its approximation.
For clarity, we again write A in place of Ay to emphasize that the result hold for any value of .

Theorem 4.1 Assume that Q-GKB runs for k steps with k < ky, then we have

dr(C,C) < 77’6 (4.12)
and 252 )
~ 1 «
Dy (7 ||m) < N (Ck + A(i—ilﬁi)) . (4.13)

Proof. We first give the upper bound for dg(C, 6@) Rewriting C\ and 6’§\k) as
Ch=SY2(A+AD7ISY2 OV = $V2(4, + AI)~'xV/2,
where A = XV2HYY? and Ay, = XY2H,%1/2, and using the property
dp(A,B) =dp(A™",B™") =dp(NANT,NBN ")
for any nonsingular matrix N [13], we get dp(Ch, é/(\k)) = dp(M + A, M + Ay). By definition of the
Forstner distance, we have

A3 (M + AN+ Ay) = log® (03(Dy))
1=1

where Dy, = (M +A) M +Ay) ™t = (T+ A A) I+ A" A,) "L, and {o;(Dy)}; are the cigenvalues of Dy,

~

that equal to the generalized eigenvalue of (A + A, A + Ay). Using the inequality (logt)? < t+t~1—2
for t > 0, we obtain R
da (N + A, M + Ag) < Tr(Dy) + Tr(D. ') — 2m.

Now let Ej, = A — Ay, Then it holds that
Dy —I=EyM+A4)"", D'—I=—E,\+A)""
It follows that
Tr(Dy) + Tr(Di ) — 2n = To( By (M + Ay) 1) — To(Ex (M + A) 1)
— Tr(Ek()\I AT E (M + A)*1>,
where we have used the identity
AL+ Ap) ™ = (M + A" = (M + Ay) "By (M + AL
Since ||(A + A)~Y2 < A~! and ||(AI + Az)~!|l2 < A~ using Lemma 4.1 we obtain

1 BellE _

Tr(Ek()\I“rA\k)_lEk()\I-i—A)_l) < | EnA + Ap) 7RI Ex(M + A) 7Y F < 2 e
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This is the desired bound for dp(Cj, C“i’“’).
The KL divergence between 7 and 7 is

=N 1 1A 1A |
D (illm) = 5| (05" O47) —n — logdet (€5 OFY) + lox =342, |.

| ———
1 11

In what follows, we bound the terms I and II separately. Noticing that C’;léik) =2"V2(A+ ) (A\k +
A)~12Y2 ) we have
I=Tr((A+M)(Ap + A" —n — log det((A + AI)(Ay + A1)
= Tr(Ek(ﬁk + A7) - (log det(A + M) — log det (A, + )\I)),

where Ej, = A—A\k. From the proof of Lemma 4.1, we have Ek = QkaQ;r and Ty, := B;Bk = Q;—AQk,
where Qj € R™ * have orthonormal columns. Combining these relations with the Woodbury identity,
we get

(A + M)~ = A = A QuTk (T + M) 1QY,

which leads to
Te(Ey (A + M) 7)) = A Tr(Ey) — A—lTr(Q;Eka Ty(Th + /\I)_1> — A\ ITe(E),

since Q;—Eka = Q;AQ;C — Q;—A\ka =Ty — T = 0. Therefore, we get

_G
e

Next, let 8; > --- > 60, > 0 be the eigenvalues of A, and él >0 > ék > 0 be the gigenvalues of T,.
Noticing that T}, = Q] AQg, the Cauchy interlacing theorem [19] implies that 0; > 6, for i = 1,..., k.

Since the eigenvalues of Ay = Q. TxQ, are {él, 0,0, ..., 0}, we have
k
det(Ay + AT) = A" F [N +6:) < JT(A+6:) = det(A + AT).

i=1

Tr((A+ M) (Ap + M)~ —n

3

i=1 %

Hence log det(A 4+ AI) — logdet(Ag + M) > 0. Therefore, we obtain I < %’“ For the term II, by the
formulas for the exact and approximate posterior means, we have

oy — 2 = n1/2 [(A FADT - (A + M)—l} $Y2GTrly,

Let F, = (A4+ AL — (A4, + AI)~! and §j = SY2GTTy. Using C5' = S Y2(A+ A)S V2, we
have
~(k ~ ~ ~
|l — 2 )Ilzc;l = F(A+ M) Fj < [|Fill2 (A + M) Fellz [113-

Using T~y = V. B} fre1 = a1 fiv1 and v] Mvy = 1, we get ||9]|3 = (T~ y) TM(T~1y) = 2%, Using
Lemma 4.2, we get

_ _ _ 17 \— 1 ||Ek||2 Vk
F AT+ 2T - T+ A e < = < ,
|| k?||2 H( ) ( k) H2 — )\2 1 )\,1” Ek”Q — A()\ ’}/k)

where the last “<” uses that |E|l2 < ||E|lF = 7% and
Noticing that

ﬁ is monotonically increasing for ¢t > 0.

(A+ M) Fy = (A+AD(A+ M) (A + M) — (A + AI)] (A + M)~ = —Ep (A, + A7,

we get [[(A+ A Fill2 < || Ekll2 H(ﬁk + M) 7o < 2 since Ay, is SPD. Therefore, we obtain

27322
= oy — 302, < AP0k 414
||x)\ x)\ ||C;’)\1 —_ )\2()\"’_’71@) ( )
Combining the upper bounds for I and II, we finally obtain the desired bound. o
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This result shows that the accuracy of the approximate posterior is bounded by the computable
quantities (x and v, which can be updated iteratively via the recurrences (4.11) at negligible cost.
In practice, these bounds can be more reliable than the directly computed true errors in some cases,
since the latter may be contaminated by numerical ill-conditioning of the covariance matrices. Hence,
the bounds can serve not only as theoretical guarantees, but also as practical and reliable indicators
of posterior approximation accuracy.

5 Numerical experiments

We present three representative numerical examples of increasing scale and complexity to illustrate the
proposed theory and demonstrate the performance of the method. From a one-dimensional integral
equation to large-scale CT reconstruction, we show how the method adapts to different problem set-
tings. In particular, the large-scale example highlights the effectiveness of the matrix-free formulation,
where direct access to the posterior distribution is computationally prohibitive.

All numerical experiments are implemented in MATLAB R2025b, and our methods can be exe-
cuted on a standard personal laptop. The source code is publicly available at https://github.com/
HaiboLi99/DS-Bayes.

5.1 One-dimensional Fredholm integral equation

In the first example, we consider the one-dimensional Fredholm integral equation of the first kind:

b
o(s) = / o(s,a(t)dt,  o(s,t) = exp (—|s — /1), (5.1)

where we set a = —7/2, b = /2, and set [ = 10 in the integeral kernel ¢. For the desretization,
we use n = 5000 uniform grids on [—m/2,7/2] and use m = 3000 uniform grids on [—n/2,7/2] for
the observation. This lead to the forward matrix G € R3000x5000 " The unknown x is modeled as a
Gaussian process on [—m/2,7/2] with covariance induced by the Gaussian kernel

2

K(ty,t3) = 02 exp (—M) , (5.2)
212

where | and 02 denote the correlation length and marginal variance, respectively. In the experiment,

we set [ = 0.4 and o = 0.2, and draw a random sample from this Gaussian process on the uniform grid

as the ground truth ... We generate noisy data y by adding a white Gaussian noise to Gxy,ye with

noise level ||n||2/]|GZtruel|2 = 0.005. The true solution and noisy observation are shown in Figure 5.4.

0.4 T T 0.3

——True sol

o Noisy data

-0.3 L - 0.23 L L L
-2 -Ttl4 0 nl4 ni2 -2 -ml4 0 nl4 2

Figure 5.1: Hlustration of the true solution and noisy observation data.

To reconstruct the unknown z, we construct the covariance matrix ¥ using the Gaussian kernel
with [ = 0.4. The exact value of ¢ is supposed to be unknown, hence we set ¢ = 1 to form 3. Given the
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Figure 5.2: Eigenvalue decay of (M, T'), reconstructed solution, and convergence behavior of the Q-
GKB method for the first example.

relationship 02 = 1/, the Q-GKB based empirical Bayesian inference (QGKB-EB) method iteratively

estimates the optimal hyperparameter A\, thereby obtaining an accurate estimate of o, which is then
be used to compute the posterior distribution.

In Figure 5.2, we illustrate the eigenvalue decay of (M, I') and the quantities Pg,I'"'y, which
support Theorem 3.2. The relative error of the iterated hyperparameter is computed as |0 — o|/0,
where o) = 1/y/Ar. All generalized eigenvalues fi; are simple and decay rapidly to zero without
significant gaps, and all projected quantities Pg.,I'"'y are nonzero. Consequently, the Q-GKB method
quickly capture all eigenspaces associated with nonzero generalized eigenvalues as k increases. This
behavior is due to the exponential decay of the eigenvalues of the forward operator induced by the
integral kernel ¢. From the top-left subfigure, if we regard i; as negligible whenever it is smaller than
10710, then by Theorem 2.1, the effective dimension of the data space is approximately 25, which is
much smaller than that of the parameter space. As a consequence, the bottom subfigures demonstrate
rapid convergence of the Q-GKB iteration: the relative errors of both the reconstructed solution and

the hyperparameter stabilize after approximately 15 iterations. The reconstructed solution at k = 25
is shown to closely match the true solution.

In Figure 5.3, we show the Forstner distance dF(C,\,éik)) and the KL divergence Dk, (g, )
together with their upper bounds established in Theorem 4.1, where at each iteration we set A = Ag.

As the Q-GKB iteration proceeds, both quantities and their upper bounds exhibit a clear decreasing

trend. In the late stage of the iteration, the computed values of dp(C), 6‘§’“>) and Dgr, (7, m) appear
to stagnate at a level around 107°.

This behavior is due to numerical instability in evaluating the
exact posterior covariance, which becomes increasingly ill-conditioned. As a result, the computed

Forstner distance and KL divergence reach a saturation level determined by numerical precision. This
saturation should be interpreted as a numerical precision barrier rather than a failure of the theoretical
bounds. In contrast, the upper bounds derived from (; and ~; continue to capture the true decay
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Figure 5.3: The Forstner distance and the KL divergence between the exact and approximate posterior,
and their upper bounds.

of the posterior approximation error, albeit at a very slow rate. In practice, these computable upper
bounds can serve as reliable stopping criteria for iterative posterior approximation.
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Figure 5.4: Contour plots of the marginal distributions of six randomly selected x;-z; pairs for both
the exact and approximate posteriors.

To further assess the quality of the posterior approximation at k = 25, we compare the exact and
approximate posteriors through their two-dimensional marginal distributions. In Figure 5.4, we depict
contour plots of six randomly selected x;-z; pairs. For the exact posterior, we set A = A25 and compute
its mean and covariance using (2.1) and (2.2). The contours of the exact and approximate marginals
are visually indistinguishable across all selected pairs, indicating an excellent agreement between the
two distributions. This observation is consistent with the small KL divergence Dgy, (T, 7) at k = 25.
Indeed, an error on the order of 10~° implies that the two distributions are nearly indistinguishable
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in practice. These results confirm that the Q-GKB approximation accurately captures the posterior
structure in a low-dimensional data-informed Krylov subspace.

5.2 Two-dimensional image deblurring

In the second example, we consider a two-dimensional image deblurring problem on the domain D =
[0,1]2. Let  : D — R denote the unknown image, and b : D — R denote the observed blurred data.
The forward model is given by the two-dimensional Fredholm integral equation of the first kind:

b(s) = / /D Foi(s.8)2(t)dt, s € D, (5.3)

where fpsr is a Gaussian point spread function (PSF) defined as

fpst(s,t) = exp (—M> ) (5.4)

lblur

with Iy > 0 controlling the size of the blur spreading. In the experiment we set Iy, = 0.01. We
discretize the domain D using n; uniform grids on each dimension such that the true image has ni xn;
pixels; the blurred observations are collected on a coarser my x my grid, where we take n; = 256 and
my = 128. This leads to a discrete forward matrix G € R16384x65536

The unknown image « is modeled as a two-dimensional Gaussian random field with a Matérn-type
covariance structure. We adopt a separable Matérn kernel of the form

COV(I‘(S),$(t)) = Kl(Sl,tl)Kl(SQ,tQ), S = (81,82), t= (tl,tg). (55)

Here, K1 denotes the one-dimensional Matérn kernel

_ o2 (Varls =1\ (vavls—t
o=t () (1) »

with smoothness parameter v > 0, correlation length p > 0, and marginal variance o2, where I is the
gamma function and B, is the modified Bessel function of the second kind [47]. In the experiment
we set v = 3, p = 0.1, and ¢ = 1, and a random sample drawn from this Gaussian random field on
the ny1 X ny grid is used as the ground truth. A white Gaussian noise with relative noise level 0.01
is then added to the exact observation Gxiue to generate the noisy data. The true image and the
corresponding noisy observation are shown in Figure 5.5.

True image Blurred image

1 1 0.04
- s - 003
: : 0.02
’ y ’ 001

0

0. 001

E -002

o -0.03

. 0.1 -‘ 004
’ 0 005

. . 0 0.2 0.4 0.6 08 1
I

Figure 5.5: Illustration of the true image and noisy blurred image.

Similar to the first example, the prior covariance matrix X is constructed using the separable
Matérn kernel with v = 3, p = 0.1, and ¢ = 1. This leads to Kronecker structure ¥ = ¥; ® ¥,
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Figure 5.6: Eigenvalue decay of (M, T") and convergence behavior of the Q-GKB method for the first
example.
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Figure 5.7: Illustration of the prior image, deblurred image at k = 250 and the image associated with
exact posterior mean, and the corresponding variance of each pixel.

Prior image Deblurred image

where 3; € R?56%256 jg the covariance matrix induced by K; on a uniform grid of 256 points in [0, 1].
While ¥ is initially formed with ¢ = 1, the marginal variance is treated as unknown and is iteratively
estimated via the QGKB-EB method.

In Figure 5.6, we present the eigenvalue decay of the matrix pair (M, I') and the projected quantities
Pg,T'~1y for the second example. We find that all generalized eigenvalues i; have a multiplicity of one
and decay gradually toward zero without significant spectral gaps. Furthermore, since all projected
quantities Pg,I' "'y are non-zero, the Q-GKB method is capable of capturing all eigenspaces associated
with nonzero generalized eigenvalues as k increases. With I, = 0.01, this example is a moderately
ill-posed problem, which has a relatively slower decaying rate of the eigenvalues of the forward operator
compared to the first example. Consequently, the generalized eigenvalues of (M, I') decay at a moderate
rate, resulting in an effective data-space dimension of several hundreds. Accordingly, the convergence
of the relative errors for the reconstructed solution stagnates after about 150 iterations, while the
hyperparameter continues to evolve before eventually stabilizing after about 250 iterations.

We use Figure 5.7 to illustrate the effectiveness of the QGKB-EB method for the image deblurring
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problem. For this large-scale case, computing the KL divergence to quantify approximation discrepancy
is computationally prohibitive; instead, we examine the pixel-wise variance, represented by the diagonal
elements of the posterior covariance matrix. The prior image shown is a random sample drawn from
the prior distribution. The deblurred image and its corresponding variance represent the approximate
posterior mean and covariance computed at k = 250. For comparison, the exact posterior mean and
variance are computed using A = Ag509 according to (2.1) and (2.2). Comparing the approximate
and exact posteriors, we observe that the reconstructed image progressively converges to an accurate
approximation of the posterior mean as the iteration proceeds. Furthermore, the approximate variance
aligns closely with the exact posterior variance, thereby demonstrating the effectiveness of the Q-GKB-
EB method for posterior approximation within the data-space formulation.

Error of iterated posterior mean Iterated mstd

——QGKB ——QGKB
——Ls | ——LIS

100 |
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Mstd
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. . . . a
0 50 100 150 200 250 0 50 100 150 200 250
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Figure 5.8: The relative error of the approximate posterior mean and the corresponding mean standard
variation computed by the Q-GKB method and LIS method.

To further evaluate approximation accuracy and computational efficiency, we compare the proposed
Q-GKB method with the direct LIS approach, which serves as a baseline. As shown in [43, 44], the
LIS method provides an optimal low-rank approximation of the posterior covariance when the prior-to-
posterior update is restricted to positive semidefinite matrices of rank at most k. For a fair comparison,
the LIS method uses the same hyperparameter Ay estimated by the QGKB-EB approach at iteration
k. To quantify the convergence behavior of the covariance approximation, we define the mean standard
deviation (mstd) as

(5.7)

where var; denotes the posterior variance at the ith pixel. To compute a k-dimensional LIS, we follow
[43]. Specifically, we first compute the Cholesky factorization > = SST, and then compute the leading
k eigenpairs of ST HS using the MATLAB built-in function eigs, which yields the dominant LIS
directions. From Figure 5.8, we have two important observations: first, in terms of the posterior mean,
the Q-GKB method converges significantly faster than the LIS approach; second, for the covariance
approximation measured by mstd, the LIS method exhibits slightly faster convergence. This difference
can be explained by the intrinsic mechanisms of the two approaches: the Q-GKB iteration, initialized
from the data vector y, prioritizes directions that are most relevant for reconstructing the posterior
mean; in contrast, the LIS method targets the globally dominant eigendirections of the data-informed
subspace, leading to a more efficient approximation of the posterior covariance. Nevertheless, as k
becomes sufficiently large to capture the dominant data-informed subspaces, both methods achieve
nearly identical accuracy in approximating the posterior distribution. This observation is consistent
with the theoretical characterization of data-informed Krylov subspaces and their relation to the LIS
method.

Before comparing the running time of the two methods, it is important to emphasize that for a
65536 x 65536 dense prior covariance ¥, the LIS method is computationally prohibitive on a standard
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Figure 5.9: Comparison of the running time for the Q-GKB method and LIS method as the iteration
number or LIS dimension increases.

personal laptop due to the memory requirements for storing X, let alone computing its Cholesky
factorization. Thus, for a fair comparison of the running time, we run both the LIS and Q-GKB
method in a high performance computing (HPC) cluster. As shown in Figure 5.9, the total wall-clock
time of Q-GKB remains significantly lower than that of LIS across all tested subspace dimensions
k, even when using MATLAB’s highly optimized eigs implementation. The dominant computational
cost of LIS arises from the Cholesky factorization of ¥, which scales as O(n?) and becomes prohibitively
expensive at this resolution.

5.3 X-ray computed tomography

In the third example, we consider a two-dimensional X-ray computed tomography (CT) problem,
where the goal is to reconstruct an unknown attenuation function f : 2 — R supported on a domain
2 C R? from a finite collection of line-integral measurements corrupted by noise. The mathematical
model of X-ray CT is described by the Beer-Lambert law: when a monochromatic X-ray beam of
initial intensity I traverses a medium along a line ¢, the transmitted intensity satisfies

I=1 exp(—/gf(:c)ds) , (5.8)

so that the measured log-attenuation along ¢ equals the line integral of f. The corresponding mea-
surement is thus —log(I/Iy). The forward operator can be described by the Radon transform

oo

R[f](qs,s):/ (0410 )ar,  oem), seR (5.9)

— 00

where 8 = (cos ¢,sin ¢) is the unit vector in the projection direction and 0+ = (—sin ¢, cos @) is its
orthogonal complement. The pair (¢, s) parametrizes all oriented lines in R?, where ¢ is the projection
angle and s is the signed distance from the origin to the line. We refer to [3, 34] for further details.
The discrete linear system is constructed by discretizing (5.9) on a uniform N x N pixel grid of Q =
[—1,1]%, yielding a vector z € R™ with n = N2, where the jth element z; represents the attenuation
coefficient in the jth pixel. Measurements are collected at ny equally spaced projection angles ¢; €
[0, 7) and ns the the number of rays per angle, giving m = ngn, measurements assembled into a vector
belonging to R™. The forward matrix G € R™*™ has entries G;; = length(rayi Opixelj), i.e., the
intersection length of the ¢th ray with the jth pixel, computed via the standard ray-driven projection
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Figure 5.10: Illustration of the true image and noisy observation data.
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model [34]. We set N = 256, and choose {¢;};%, = {0°,2°,4°...,178°} with n, = round(v/2 N),
where round(a) denotes the nearest integer to a. With this choice, we have G € R32580x65536  The
ground-truth x,e is taken from [15], and we generate noisy data y by adding a white Gaussian noise
to Gxyrye With noise level being 0.002. The true image and the corresponding noisy observation are
shown in Figure 5.10.

To reconstructed the true image, we place a Gaussian prior on the unknown f with covariance
induced by the Matérn kernel

K(z,y) = o> 21— <\/%||m - y||2)UBV (M) , (5.10)

NG p p

and we set v =5/2, p =2 and o = 1 to construct the matrix X. The value of o is iteratively updated
by the QGKB-HB method via the relation ¢* = 1/\. To ensure computational tractability for the
2562 x 2562 covariance matrix ¥, we implement the matrix-vector multiplication Yo in a matrix-free
way. Given the stationarity of the Matérn kernel, the covariance operator on a uniform grid can
be computed as a circular convolution via the Fast Fourier Transform (FFT). To mitigate periodic
wrap-around artifacts, we employ a circulant embedding strategy: the input N x N image is first
augmented to size 2N x 2N through zero-padding; then the covariance action is performed as point-
wise multiplication in the spectral domain; the final result is recovered by extracting the N x N block
corresponding to its original domain. This approach reduces the computational complexity of v from
O(N%) to O(N?log N), enabling efficient reconstruction on high-resolution grids without explicitly
forming the dense covariance matrix. For further implementation details, see, e.g., [48, 35, 30]

In this experiment, we assess the performance of the proposed Q-GKB posterior approximation
in a genuinely large-scale setting. In particular, we emphasize its computational scalability, stability,
and its ability to accurately capture both the posterior mean and uncertainty. In Figure 5.11, we
illustrate the evolution of the approximate posterior mean and covariance as the Q-GKB iteration
proceeds from k = 1 to kK = 300. Representative reconstructions and variance fields (i.e., pixel-wise
variance) are shown at k& = 40, 120, 200, and 280, with a consistent color scale as in Figure 5.12. The
corresponding mstd values are also computed following (5.7). From these results, we observe that the
posterior mean converges rapidly: already at k = 40, the reconstruction achieves high visual quality.
In contrast, the posterior covariance requires a larger subspace dimension to stabilize. For small k,
the covariance estimate remains relatively large, indicating that the dominant data-informed directions
have not yet been fully captured. As k increases, the covariance approximation gradually stabilizes, and
the mstd decreases accordingly, indicating that the essential directions of the data-informed subspace
are progressively captured. At k = 280, both the posterior mean and covariance have essentially
converged. This behavior is consistent with the theoretical characterization of data-informed Krylov
subspaces and their role in posterior approximation.

The prior image, the reconstructed image, and the corresponding variance field are shown in Fig-
ure 5.12, where the variance level is at the order of 1079, indicating very low uncertainty in the recon-
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Figure 5.11: Evolution of the approximate posterior mean and variance during the Q-GKB iteration.
The top and bottom images show the approximate mean and the corresponding pixel-wise variance,
respectively.
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Figure 5.12: Illustration of the prior image, reconstructed image, and corresponding pixel-wise variance
at k = 300.

)

struction. Importantly, for this large-scale CT problem, computing the exact posterior covariance, or
even its diagonal, is computationally prohibitive under the FFT-based Matérn prior. In contrast, the
proposed Q-GKB framework enables efficient matrix-free computation of both the posterior mean and
covariance approximation. These results demonstrate that the method remains numerically stable,
scalable, and capable of capturing meaningful posterior uncertainty in high-dimensional settings.

6 Conclusion

We have developed a data-informed framework for posterior approximation in large-scale Bayesian
linear inverse problems. By shifting the perspective from the high-dimensional parameter space to the
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data space, we establish an isometric embedding from the data space to the parameter space, revealing
an intrinsic low-dimensional geometric structure of the posterior update induced by the data. This
structure naturally leads to a quotient-space formulation of the prior-to-posterior update, in which the
informative directions are determined independently of the ambient parameter dimension. Building
on this geometric insight, we propose a quotient-space Golub—Kahan bidiagonalization method to con-
struct data-informed Krylov subspaces. By integrating empirical Bayesian inference into the iterative
framework, the method enables simultaneous hyperparameter estimation and posterior approximation
in a matrix-free manner. Numerical experiments on problems of increasing scale validate the proposed
framework and support the theoretical findings.

The data-space geometric perspective offers a foundation for understanding low-dimensional struc-
tures in high-dimensional Bayesian inverse problems and provides a new path for posterior inference.
It also opens several directions for future research. In particular, extending the quotient data space
framework to inverse problems with infinite-dimensional parameter spaces and to nonlinear inverse
problems, as well as integrating it with more general prior models and sampling-based inference meth-
ods, presents valuable directions.

A Proofs of technical lemmas

Proof of Lemma 4.1. Define Q;, = 2V2G ™V, T = B;—Bk and P, = QkQ;. Then the columns of
Q. are orthonormal and Py is the orthogonal projector onto R(Qy), and we have

AQy, = XPGTT MV, = £V2GTT Uk 11 By,
= 21/2GT(V;€B,;r + ak+1vk+1e£—&-1)Bk

= QiTy + i1 Brs1qrsey, (A.1)
where ¢; = £/2GTv;. This implies that Q,;'—AQ;C = T}, and hence
Ay = SV2HEY? = $12GTV, B! BV, GSY? = QuThQ) = Py AP;. (A.2)

Since ka and T} share the same nonzero eigenvalues, the Cauchy interlacing theorem implies that
Tr(A) > Tr(Ty) = Tr(Ag), leading to ¢ > 0. Using

Ty, Oék+1ﬂk+1€k>
b

_nT _
Ty+1 = Bpy1Bri1 = ( T 2 2
apr1Briiey Qg+ Biyo

a direct computation gives
A\kJrl — Ay = ak+15k+1(¢]kqg+1 + Qri1qs ) + (aiﬂ + 513+2)Qk+1q;+1~
Therefore, we have
Tr(Aprr — Ax) = af g + Byo, I Aksr — Aklld = 2071871 + (af gy + BRy0)%
This leads to that
Crp1 = Tr(A = A1) = G — Te(Apyr — A) = G — (0f 41 + BEya)s

where (o = Tr(A) = Tr(HY).
For the recurrence of ~y;, notice that

Yo = A= Axl% = (I = PO A+ PeAI — Po) 3 = [|(I = P A3 + [ PAT — P13,
since the two terms are orthogonal in the trace inner product. Using (A.1), we get

PeA(I — Py) = QuQL A(I — Pr) = i1 Be41Qrerdnin = k1 Brt1@ris 1
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hence ||PyA(I — Pi)||% = a2, B%,,. Using I — P, = (I — Piy1) + qrt1q4 4, and notice that the two
terms are orthogonal in the trace inner product, we have

I(I = P) A% = 1T = Py ) Al + lans1ai Al = 11 = Por) AllE + | Agria|3-
From the Q-GKB recurrence, we have
D' Mugg1 = apg1 Bes10 + (041 + Braa) Vst + Q2 Brt2Vit2,
multiplying by 212G gives
Aqey1 = aps1Bir1ar + (041 + Brio) @kt + Q2 Beto2@isa.
This leads to ||Ages1|3 = af 18541 + (@fq + Biis)? + of 267 . Therefore, we obtain
e = Yo = 1T = PAIE = (I = Poy) A% + afi1 By — 0f4aBi40

= | Agx11 H% + a%+151§+1 - ai+25§+2

= (Afs1 + Bia)? + 20511 841
A simple calculation leads to 73 = Tr(A?) = Tr(HXHY). This completes the proof. O
Proof of Lemma 4.2. Let § = ||A; — As||s. Then —6I < A; — Ay < 61, or equivalently,
Ay — 01 R Ay R Ay + 01, A —061 < Ay < Ay +61.

Let R; = (I + A;)"! for i = 1,2. Since f(t) = (1 +¢)~! is operator monotone decreasing on [0, c0),
using A; < Ay + 61 and Ay < Ay + 61 we obtain

Ri>=(I+Ay+61)7, Ry> I+ A +6I)"L
Hence Ry — Ry < Ry — (I + Ay + 0I)~!. Noticing that
Ri—(I+A +6D) P =0(I+A) YT+ A +60)71,

and using 0 < (I+A;) ' < Tand 0 < (I+A; +61)7 1 < 1—J1r5], we get Ry — Ry < %I. By symmetry,

exchanging A; and Aj yields Ry — Ry < %I . Therefore, we get
1) ) 1)
—— I <R —R<X——I = |[[Ri—Rala<——:.
Tyol SR =97 1By = Ballz < 1775
This completes the proof. O
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