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Over-parameterized linear regression has been widely studied over the
last decade. However, most existing works assume that the covariates are in-
dependent and that their covariance matrices are non-degenerate. In this pa-
per, we relax both assumptions and derive deterministic equivalents for the
prediction risk in a vanishing-ridge regime. We show that degeneracy of the
covariance matrices and dependence can lead to multiple descent, and char-
acterize where the corresponding peaks can occur. Our proofs use a novel
graph representation of the variance profile. We show that maximum match-
ings and the Dulmage—Mendelsohn decomposition of the associated bipartite
graph identify the configurations at which the variance becomes singular.

1. Introduction Over the last decade, our understanding of over-parameterized models
has been reshaped by a simple observation: they often predict well even when they interpo-
late the training data. Plotted against model size, the test error need not follow the classical
U-shape: it can fall, rise to a peak at the interpolation threshold, and fall again. This double
descent is well-understood for linear and kernel models. In the isotropic case it comes from
a single spectral event [7, 26]: at the threshold the design matrix loses rank, the minimum-
norm interpolator amplifies its smallest singular values, and the risk spikes. In these analyses
the data covariance is non-degenerate, either isotropic or positive definite, so the spectrum
reaches the hard edge at a single dimension-to-sample-size ratio and the curve has one peak.
More recent works observe several peaks, but usually place them by design through the ar-
chitecture, separate feature blocks or distinct scaling regimes [1, 16, 40]. We ask when, why,
and where multiple descent can arise from the structure of the data alone in the proportional
scaling regime.

This paper gives such a mechanism, together with an exact rule for its peaks. We study
ridge least squares with a vanishing penalty, which approximates the minimum ¢3-norm
(ridgeless) estimator. The covariates are Gaussian and either heterogeneous, with obser-
vations of differing covariances, or dependent, with correlation across observations. A single
design and a single estimator can already produce several risk peaks, and both the number of
peaks and their locations are fixed by a combinatorial invariant of the design, which reads off
the pattern of zeros in its covariance structure.

Setup. We observe (X;,y;)i<n generated by y; = XZ-T B+ €. Let X € R™"*P be the matrix
of covariates whose 7-th row is X, ZT ; X is known as the design matrix. We estimate the signal
B by ridge least squares with a vanishing penalty A = A, | 0,

A -1

Br = (% > icn XX + AIp) % D icn Xithi
a computable proxy for the minimum-/y-norm (ridgeless) interpolator. As A | O the ridge
estimator converges to that interpolator, and a small positive penalty is what numerical im-
plementations use. We work in the proportional regime p/n — 7 € (0, 00) and measure per-
formance by the out-of-sample prediction risk R*(X). Let W,, = %X T X be the sample co-
variance. Since the observations are heterogeneous, there is no single population covariance
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to compare against; we therefore use the averaged covariance

1
=~ Zz <n Var[ X
the mean of the n per-observation covariances. The risk splits into bias and variance (Propo-
sition 1): R (X) = R (X) + Ry (X) with

RY(X) = |SV2(Wo+AL) W= L)B|I°,  RH(X) = %gTr(Z_J Wi (W +AL,) %) .

Both are governed by the smallest eigenvalues of W,,, near zero — the hard edge of the
sample-covariance spectrum in the terminology of random-matrix theory; see, e.g. [22], and
the classical Bessel-kernel analysis of [51]. As the penalty vanishes, the variance diverges
when the smallest nonzero eigenvalues of W,, approach this edge, and the bias concentrates
on the directions outside the row space of X, with a zero bias if W,, is asymptotically full-
rank. In the isotropic model, the variance diverges at the single threshold v = 1, where the
bias also changes from zero to nonzero.

Gaussian designs and variance profile. We consider two Gaussian designs. In the het-

erogeneous design (Model 1) the observations are independent and X; = El/ 2Z ; with
Z;i ~N(0,1,), so each X; has its own covariance ¥;. In the dependent de81gn (Model 2)
the observations are correlated through a finite sum of separable parts,

X =30, (B0) Pzt (mom)

we call this finite-rank dependence, and data augmentation is a natural instance. In both
designs, we assume that the covariances share an eigenbasis but may be rank-deficient, so
some observations carry no variance along some directions. (Positive-definite covariances
without a shared eigenbasis are the subject of Section 5.) This is the regime of interacting
degeneracies: the design can lose rank in several places, so a single design with a single
estimator can show several risk peaks, contributing to triple descent or more.

Both the heterogeneous and the dependent designs can be completely characterized
through a single, simpler object. After rotating to the shared eigenbasis, each becomes a
Gaussian matrix with independent entries and a fixed variance matrix S € R™*P — what we
call the variance profile — with Var[X;;] = n.S;; (Lemmas A.2 and A.3 in Appendix A). A
zero entry .S;; = 0 marks a direction that observation 7 cannot see, so .S records the degen-
eracies as a pattern of zeros. The profile is explicit in every case. Write X; = U DWU for
the shared eigendecomposition of the heterogeneous covariances, and »(m) = gTpmy,
2(m) =T DU for the eigendecompositions in Model 2, with D™ € R"*" and D(™) ¢
RP*P as the diagonal matrix of eigenvalues. The reductions of Lemmas A.2 and A.3 in Ap-
pendix A give:

Design Induced variance profile S

Model 1 (heterogeneous) S;; = + Dz(; )
Model 2 (dependent) Z ) Dl(lm )

The zero pattern of .S, and how it characterizes the multiple-descent phenomenon, is detailed
in Sections 3.3 and 4.

The limiting risk. Fix the variance profile S. The risk then has one description, through a
vector 7(A) = (r()))i<p With one entry per coordinate, defined for A > 0 by the fixed-point

system St n(A)
L= +Zl 1/\+Z 2] j(/\)7

1<i<p.
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Write 7;(0) and Or;(0) for its value and A-derivative as A=\, | 0. Under a mild flatness and
connectivity condition on .S (Assumption 1), the bias and variance match explicit determin-
istic equivalents (Theorem 3). The variance equivalent is a weighted sum of the derivatives,

2 _
RY(X) = 2537 Sudn(A) =2 0.

The bias equivalent stays bounded and is an explicit function of 7(\) alone; in the vanishing-

ridge limit, its mass can only sit on the coordinates with r;(0) > 0 (Theorem 9). Two numbers
per coordinate enter the risk: the mass r;(0) that coordinate [ places at zero marks where
bias can persist, and the rate dr;(0) = limy o Or; (), which measures how fast small nonzero
eigenvalues pile up at zero, decides whether the variance stays bounded. Notably at different
coordinates of r, bias transition and variance divergence can happen at different values of ~.
This generalizes the bias—variance split of the isotropic theory [26], where all coordinates are
equivalent and the risk peaks at a single ratio -y, to a multiple-descent theory characterized
by S.

Main findings. (i) A single design and a single estimator can already produce several risk
peaks. This can arise from data heterogeneity, dependence, or both.

(ii) Multiple descents are driven by spectral degeneracy, which heterogeneity and dependence
can each create. By contrast, positive-definite covariances that share an eigenbasis are non-
degenerate, creating only the classical peak at v = 1 no matter how heterogeneous they are;
we conjecture that the same holds when they do not commute (Section 5).

(iii) The peak locations are completely determined by the zero pattern of the variance pro-
file S, through the maximum matchings of the bipartite graph induced by S. In particular,
non-zero biases are introduced by the coordinates that some maximum matching leaves un-
matched, and a variance peak occurs when the residual matching becomes rigid (see Section 4
for a precise definition).

Proof techniques. The key technical ingredient of our results is a novel combination of
techniques from random matrix theory and graph theory. First, we extend the local law of
Alt, Erd6s and Kriiger [4] for a sample covariance matrix under the variance profile model
by explicitly tracking the spectral parameter of the matrix resolvent. This enables the anal-
ysis of ridge least squares at a vanishing ridge level A = A, | 0 (Appendix C). Second, we
characterize both the bias and variance terms of the risk through the Dulmage—Mendelsohn
decomposition of the bipartite graph associated with the variance profile .S, yielding a precise
graph-theoretic description.

Motivating examples. Data augmentation, which enlarges a training set with random trans-
formations of each sample, is one of the most common heuristics in machine learning and a
natural source of dependence. The augmented copies of one sample are strongly dependent,
while copies of different samples are independent, so augmentation is a natural test of our
mechanism. As we show (Example 1), it is an instance of the dependent design (Model 2)
with M = 2 separable components; by our reduction, it carries the limiting risk of a hetero-
geneous variance profile. Figure 1 previews the consequence. The unaugmented design has
the single classical interpolation peak. A single augmented design, in contrast, already shows
multiple risk peaks: multiple descent produced by dependence alone, with the peaks where
the zero pattern of the induced profile predicts (Section 4). We return to this experiment in
Section 6.3.

A second example is when one uses not only real data but also synthetic observations
generated from a generative model [32]. It has been observed that synthetic data can be
significantly less diverse than real data, and in certain settings have a much lower-rank co-
variance structure than the real data [32]. Hence, the combined data is heterogeneous and can
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Figure 1: Multiple descent from data augmentation (Model 2). Held-out test error against v = p/n for an unaug-
mented design and for random within-block permutations of block size b = 2,3 (n = 100, k = 5 copies). The
unaugmented curve has a single interpolation peak; the augmented designs show additional peaks. Full setup in
Section 6.3.

have different degeneracy patterns. This is exactly what we observe in Section 6.4, where
we consider gene expression data pooled with samples from a generative adversarial network
(GAN), and what we observe is a triple descent phenomenon with two peaks.

Organization. Section 3 introduces the two designs with heterogeneity and dependence,
presents the variance profile as their common reduction, states the regularity assumption, and
gives the limiting risk. Section 4 introduces the bipartite graph induced by the variance pro-
file, and develops the graph-theoretic tools that locates the bias and the variance peaks. Sec-
tion 5 considers the positive-definite case with no shared eigenbases, where a single threshold
persists. Section 6 verifies our messages on synthetic experiments.

2. Related literature

Interpolation, benign overfitting, and double descent. Double descent was first identified by
[7]: the test risk can fall again in the over-parameterized regime, past the interpolation peak. It
was observed in deep models by [44] and made precise for ridgeless regression by [26]. The
over-parameterized regime has since been studied for ridge regression [17, 48, 52], for the
minimum-norm interpolator [5, 43], and for random-features regression, a solvable model
of a two-layer network, where [38] derived the exact double-descent curve; see [6] for a
survey. In the isotropic case, a single spectral degeneracy gives one peak: at the interpolation
threshold v = 1, the smallest singular values of the design approach zero and the pseudo-
inverse amplifies them, so the variance diverges. The bias comes from the signal directions
the data never sees, and becomes non-zero when v > 1.

Our theory builds on the baseline of ridge and ridgeless regression, which we now recall
in more detail. [17] gave the exact limiting prediction risk of ridge regression and classifica-
tion for a general population covariance, and [26] gave exact bias and variance formulas for
the ridgeless interpolator; both work in the proportional regime p/n — . [13] instead gave
dimension-free deterministic equivalents that bound the risk through the covariance spec-
trum rather than the ratio ~y, from finite-dimensional up to trace-class features; their bounds
are sharp while the smallest nonzero sample eigenvalue stays bounded away from zero, that
is, away from the hard edge we study. The optimal regularization has also been studied in
this regime: [54] find the optimal anisotropic ridge penalty, [31] show it can be zero or nega-
tive, and [45] show that optimal regularization removes the peak; see also [9]. These results
share the same setting: the observations are identically distributed under a single population
covariance, and that covariance is positive definite and well-conditioned (as [26] requires).
This homogeneity and non-degeneracy are what force a single interpolation threshold. We
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drop both. Keeping the bias-variance framework of [26] and its anisotropic local law [30],
we replace the isotropic input with variance-profile tools and let the ridge parameter vanish,
so that heterogeneous or dependent observations with rank-deficient covariances produce the
several thresholds the single-threshold theory does not reach.

From double to multiple descent. Another line of work shows that the risk curve can carry
more than one peak. [16] analysed a random-features regression model, and confirmed the
effect in neural networks, separating a peak tied to the input dimension from one tied to
the number of features. [1] gave exact asymptotics for kernel regression with the neural tan-
gent kernel and traced a further peak to a second, quadratic overparameterization scale. [34]
proved multiple-descent risk bounds for kernel interpolation across the scalings d = n®. [12]
showed, for linear regression, that appending coordinates drawn from suitably chosen distri-
butions can raise or lower the risk at each step, so the curve can be made to have any number
of peaks at prescribed locations. [39] derived multiple descent in ridge regression when the
input covariance has several well-separated eigenvalue scales aligned with the target, one
peak appearing as each scale becomes resolved. Closest to us, [40] gave a precise theory for
multi-component random-feature models, in which each component contributes its own in-
terpolation peak. In almost all of these works the extra peaks are put there by design, through
the architecture, extra feature blocks, several kernel scales, or a constructed covariance. Our
peaks instead come from the support, or equivalently the zero pattern, of a single heteroge-
neous or dependent design. Indeed, our contribution is not that several peaks can occur, but a
rule for how many there are and where they sit.

Heterogeneity and dependence. The closest comparators study ridge regression with a vari-
ance profile. [10] treat independent but non-identically distributed covariates given by a vari-
ance profile, and [15] extend this to random features. Both rely on a global deterministic
equivalent driven by the bulk of the limiting spectrum; [10] reach the ridgeless limit only
under a non-degeneracy condition that keeps the spectrum away from zero. We instead let
the ridge vanish, so that the bias and the variance singularities are governed by the zero pat-
tern of the profile, rather than by the bulk of the limiting spectrum. This regime is harder
to analyze: the constants in a bulk deterministic equivalent blow up as the penalty goes to
zero and the spectrum reaches the hard edge, so the resolvent must be controlled through
a local law whose dependence on the spectral parameter is explicit down to zero. Other
works consider heterogeneity and dependence in more specific setups: [49] studies pooled
minimum-norm interpolation under covariate shift, [41] treats linearly dependent covariates,
and [29] study the dependence induced by data augmentation. A parallel route uses Gaussian
universality and the convex Gaussian min-max theorem rather than the resolvent: universality
for empirical risk minimization [25, 42] and random features [28], the Gaussian comparison
inequalities of [21] in the modern form of [50], and extensions to dependent data [33, 37].

Random matrix analysis under the variance profile model. Our random-matrix tool comes
from the theory of Gram matrices with a variance profile; see [14] for random-matrix meth-
ods in machine learning. [23] gave deterministic equivalents for such matrices, and [4] proved
entrywise and averaged local laws for an arbitrary variance profile, covering both the rect-
angular soft edge and the hard edge at zero. The supporting quadratic-vector-equation ma-
chinery, including the stability and singularity analysis of the matrix Dyson equation, is due
to [2, 3]; see also [55]. Near interpolation the risk is controlled not by the bulk spectrum
but by the resolvent at a small spectral parameter. We therefore re-derive the local law while
tracking the spectral parameter explicitly, trading the sharp uniform bounds of [4] for bounds
that remain valid at a vanishing ridge level. This is where a small penalty still exposes the
degeneracies that a fixed ridge would smooth out, and where our analysis departs from the
anisotropic local law of [30] used in the single-threshold theory.
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Structural rank, matchings, and the Dulmage—Mendelsohn decomposition. 'The combinato-
rial half of our analysis links this random-matrix theory to classical structural-rank theory,
through the bipartite graph of the variance profile. Hall’s theorem [24] says when a bipartite
graph has a matching that saturates one side, and Berge’s theorem [8] describes maximum
matchings through alternating paths. The Dulmage-Mendelsohn decomposition [18] orga-
nizes all maximum matchings into a canonical block form, long used in sparse numerical
linear algebra to read off structural rank and the structure of pseudo-inverses [36, 46]. The
strong Hall property [11] is a form of non-singularity in these settings. Here these tools carry
a statistical meaning: a maximum matching identifies which coordinates the design can miss,
and the strong-Hall condition separates the nonsingular regimes from the boundaries where
the risk diverges. We use them to locate the bias support and the variance peaks.

3. Main results

3.1. The ridgeless prediction problem We work in the high-dimensional linear model.

Given n mean-zero observations X7,..., X, € RP, possibly dependent across observations
and heterogeneously distributed, we observe responses generated by
yi = X;'B4+e, ¢ iid with E[g]=0 and Var[e;] =02,

where 3 € RP is an unknown signal and the noise (¢;);<y, is independent of the design. We
estimate 3 by ridge least squares with a deterministic penalty A = A\, | 0,

5 1 -1
ﬁ/\ = (E ZiSnXiXiT-F)\Ip) Ezignxiyi .

As A 10, By converges to the minimum /-norm (ridgeless) estimator. Let (Xyew, Ynew) be
an independent test pair with Yy = X JCW B + €new, Where €y is an independent copy of

the noise and X, is drawn as in (1) below. Its test error splits into an irreducible noise
variance and a reducible component,

E[ (Yaew — XpewB)? | (Xi)icn] = 02 + RMX),
and we study the reducible prediction risk, the random scalar

RNX) = E| (X,

new

(B — ﬁ}))z ’ (Xi)z‘gn} ,  in the proportional regime % —v€(0,00).

Because the observations are heterogeneous, there is no single population covariance against
which to measure prediction error; instead, we generate the test point X, .y, from the uniform
mixture of the training marginals. Writing p; for the law of X;, we draw

€)) U ~ Uniform{1,...,n} and Xnew | U ~ pu,

independently of the training data (X;,y;)i<n. This is the natural generalization of the test
mechanism used in the homogeneous theory of ridgeless regression [26]: when the X; are
identically distributed, it reduces to drawing X ey from the common law.

All of the analysis is organized around the R™*P data matrix and the RP*P sample covari-
ance matrix

—X— 1 - 1ot

+ e <<—XET—>> 7 Wa = gZiSnXiXi - EX X.
The vanishing-ridge risk is controlled by the hard edge of W,,. Rank deficiency creates bias,
through directions outside the row space of X, while small nonzero singular values make the
variance blow up as the penalty vanishes. In the homogeneous, non-degenerate model this
mechanism has a single threshold at v = 1. In heterogeneous or dependent designs, differ-
ent parts of the design may become singular at different effective thresholds. The following
well-known bias—variance decomposition isolates these two effects in terms of W), and the
averaged covariance.



Proposition 1 (Bias—variance decomposition). Under the test mechanism (1), with
= 1
Y= EZiSnVar[Xi] ,
the prediction risk decomposes as R(X) = R%(X) + Ry (X), where
= _ 2
RE(X) = ||SY2((Wy, + ML) "' W, — 1) 8],

2 _
Ry (X) = ZETr(SWa(Wy + M) %) .

The bias R%(X) collects the signal in the directions where W, is small. Since (W), +
A,) " W, — I, = —X\(W,, + AI,) "}, the bias shrinks the signal component along each eigen-
vector of W, with eigenvalue s by the factor A\/(s + \): components on eigenvalues well
above \ are recovered, while components on eigenvalues of order A or below are not. As A
gets small, (W,, + AI,)~'W,, approaches the projection W, W,, onto the row space of X, so
in the limit the bias is carried by the directions outside the row space; we do not let A = A,
tend to zero faster than what Theorem 3 permits. The variance R‘/\/(X ) is a ¥-weighted trace
of W, (W,, + /\Ip)_2, the term through which the smallest nonzero eigenvalues of W,,, of
order \,, or below, drive the risk to diverge. The decomposition is standard; a derivation from
the test mechanism (1) is given in Appendix A.

3.2. Heterogeneous and dependent designs We study two families of Gaussian de-
signs. The first is a model of pure heterogeneity: the observations are independent but may
have different covariances.

MoDEL 1 (Heterogeneous data). X7,..., X, are independent RP Gaussian vectors, each
generated from a symmetric positive semi-definite covariance matrix 3; € RP*P as

X, = ¥z Zi K N0, 1)

i
We assume that the matrices (¥;);<y, are simultaneously diagonalizable.

Two features of Model 1 are important for our analysis. First, it permits rank deficiency,
at the cost of requiring a common eigenbasis: some coordinates may carry zero variance in
some observations. This is the regime of interacting degeneracies, and hence of multiple de-
scent. A natural example of this regime is highly collinear data, where a few common factors
carry almost all the variance in a shared basis and leave many coordinate directions degener-
ate. Second, the emphasis on positive semi-definiteness, rather than the positive definiteness
assumed throughout much of the literature, is what lets the zero pattern of the design govern
the risk. A zero eigenvalue of some 2J; means observation 7 does not see a coordinate direc-
tion, and which observations see which directions is what sets where the design loses rank
and where the peaks occur. Covariances that are positive definite but share no eigenbasis fall
outside this model; we consider them in Section 5, where we conjecture that they produce
only the familiar single-threshold behavior.

The second model keeps the coordinate structure but introduces dependence across obser-
vations, through finitely many separable components.

MODEL 2 (Dependent data: finite-rank dependence). Fix M € N, a sequence of posi-
tive semi-definite RP*P matrices (E(m))meN and another sequence of positive semi-definite
simultaneously diagonalizable R™*™ matrices (E(m))mEN. The data matrix is

X — an‘il (j(m))l/QZ(m)(g(m))l/{

where (Z(™),,,<ps are ii.d. R"*P matrices with i.i.d. A'(0,1) entries. We assume that the
matrices (E(m))mg M are simultaneously diagonalizable.



We call Model 2 finite-rank dependence because the full np x np covariance of vec(X) is

a sum of only M separable terms:
M ~

) Cov[Xy, Xpp] = S0 Szl
so the £(7) carry sample-to-sample dependence and the ¥("™) carry coordinate-to-coordinate
dependence. Taking each »(m) block-diagonal in a common partition of the observations
gives a separable subclass of block dependence: observations in the same block may be cor-
related, those in different blocks are independent. We keep this stronger finite-rank, separable
structure, with M fixed independent of n and p, because it is what keeps the model tractable;
as we show next, it is reducible to a heterogeneous variance profile.

REMARK 1. The restriction that M is fixed is not essential. Our results also allow M =
M, to vary with n, provided the induced variance profile satisfies Assumption 1.

EXAMPLE 1 (Data augmentation and finite-rank dependence). Data augmentation is a
natural source of Model 2. Let Vi,...,V,, be i.i.d. mean-zero base samples in RP, and let
{T}c}i<n,c<k be ii.d. random transformations of R?, independent of the data (for instance,
random within-block coordinate permutations, as in Section 6.3). Augmentation forms the
nk rows

X('L?c):ﬂ(‘/vz)? 1§ZSTL,1§C§I€,
which play the role of the sample in Model 2. Rows from different base samples are indepen-
dent, while the k rows sharing a base sample V; are dependent. Writing
Y11 = Var[T;.(Vi)], Yig = Cov[T;c(Vi), Tiw (Vi)] (c#(),
the row covariance is, for a = (i,¢) and b = (i, ),

COV[Xa,Xb} = ]I{Z = il} Y19 + ]I{CL = b} (211 — 212) s with Y11 — 212 = 0.
This is the finite-rank covariance (2) with M = 2: a shared component carrying the base
draw, >V = I, ® llilkT and X1 = %5, and an idiosyncratic component carrying the copy-
specific fluctuation, »@ = I, and »@ = 311 —X12. When X7 and X5 are simultaneously
diagonalizable, as for the within-block permutation design of Section 6.3, this is Model 2, so

Lemma A.2 in Appendix A reduces it to a heterogeneous variance profile, and the support of
that profile predicts the extra risk peaks. We return to this design empirically in Section 6.3.

3.3. The variance-profile model and the reduction Our results are proved for a Gaus-
sian design whose entries are independent but have unequal variances, known as a variance-
profile matrix [4, 23]. We then transfer these results to the two designs above through the
reduction of Section 3.6.

MODEL 3 (Variance profile). The R™*P matrix X has independent mean-zero Gaussian
entries with variance profile n.S € R"*P:

Var[i

T=Xi| = Sy

The normalization is chosen so that the rescaled design %X carries the profile S used in

[4]. Under Model 3 the row covariances are diagonal, Var[X;] = diag(n.S;1,...,nSsp), so the
averaged covariance is

S 1 . . S
(3) Y = " Zign Var[Xi] = Ziﬁn dlag(Sﬂ, .. >Sip) s 1.€. le = Zign Sil .
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Although Model 3 has independent entries, it is more general than the i.i.d. isotropic de-
sign, and it is the object to which both practical designs reduce. The zero pattern of S is what
produces several interacting degeneracies, and hence multiple descent.

The reduction is what makes S the right object. For Model 1 and Model 2, passing to the
common eigenbasis turns each design into a Gaussian matrix with independent entries — that
is, into Model 3 with an explicit profile .S built from the covariance eigenvalues (Lemmas A.2
and A.3 in Appendix A). It therefore suffices to analyze the variance-profile model, which
we do in Section 3.5 and in Section 4; the resulting limiting risk for Model 1 and Model 2 is
recorded in Corollary 4. The positive-definite designs of Section 5 do not reduce to a variance
profile; we discuss what can still be said about them there.

3.4. The variance-profile assumption Our limiting-risk theorem asks that the profile S
be uniformly small and sufficiently connected, which are the standing assumption of [4, 29].
Both are mild. When a profile violates the connectivity condition by decomposing into non-
interacting components, the risk also decomposes accordingly. And in that scenario, it is
enough that each component be uniformly small and connected (Remark 2).

ASSUMPTION 1 (Variance profile). There exist constants s,,1,%2 > 0 and integers
L1, Lo € N such that

Sx T\L, Y1 T o\ L2 V2
Sy < o (SO, = 2 [(8T9] = S

forall 1 <i,i <nand 1< j, j <p, where ()" denotes the L-th matrix power above.

The flatness bound S;; < s, /(p + n) ensures that no one coordinate’s variance is abnor-
mally large, so the limiting spectrum is shaped by the profile as a whole rather than by a few
dominant entries.

The lower bounds on powers of SS T and ST .S are connectivity conditions. Observe first

that SST “ Z SZ] SZ/]

So SST is the overlap matrix of the rows: its (i,i') entry is positive exactly when observa-
tions 4 and ¢’ place variance on a common coordinate. Higher powers record indirect overlap.
The entry [(SST)%]., is the total weight of all chains i =g, é1,...,ir, =i’ in which con-
secutive observations share a coordinate, and it is positive exactly when 7 and ¢’ are linked
by such a chain of length at most L. The bound [(SST)%] ., > 41/(n + p) for every pair
(i,4") asks for two things:

(i) any two observations are joined by such a chain of length at most L, so the profile is
connected with no two observations more than L; overlap-steps apart;

(ii) the weight along these chains is at least ¢); /(n + p), uniformly in n and p: the overlaps
stay bounded below rather than merely nonzero. The bound on (ST S)2 is the same with
observations and coordinates exchanged. Together with the flatness bound, these are exactly
assumptions (A) and (B) of [4].

The support of S alone fixes the smallest power L; for which every entry of (SS 1) is
positive. The next three patterns illustrate this; in each we take the nonzero entries equal, so
that (SST);; counts the coordinates shared by observations i and i/, and L; is the number of
steps needed to link every pair of rows.

* Diameter one (L1 = 1). For the pattern
/110 T /211
s=041) o S5 =(111),
r

every off-diagonal entry of SST is already positive: each pair of observations shares a
coordinate directly, so L1 = 1.
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* Diameter two (L1 = 2). For the chain pattern
1100 T 210
s=(8311) o S5T=(1)
we have (SST)13 = 0: observations 1 and 3 share no coordinate. They are linked only
through observation 2, and [(S’ST)Q] 13=1>0,80L; =2butnot L; = 1.
* Reducible (no finite L;). For the block pattern
1100 2200
s=(011). s ssT=(330).
0011 0022
SST is block diagonal, and so is every power; the cross-block entry [(SST)L] 13 18 O for
all L. No finite L; works: the design splits into two groups that never interact, and any
sequence of profiles built on this pattern falls outside Assumption 1. While this example
does not satisfy Assumption 1 itself, each of its two blocks satisfies the assumption. The
remark below discusses how our theory is still applicable in this case.

REMARK 2 (Decomposable profiles). Assumption 1 can hold for finite L1, Lo only if the
variance profile is sufficiently connected. In particular, a variance profile that splits into com-
ponents, like the reducible pattern above, fails Assumption 1 for every L; and L. Nonethe-
less, in this case, the risk decomposes into the same components as the variance profile, with
each component satisfying Assumption 1 and thereby addressable by our theory. To see this,
let I,...,Ix and Ji,..., Jix be the observations and the coordinates of the components of
the profile S, and let ny == ‘Ik‘, Pk = |Jk;|, Sk) = (Sij)ielk,jeJka X&) = (Xij)ie[,ﬁje]k
and 3, == (01)ies,. Components with nj; = 0 are coordinates no observation sees, and are
discarded. As S;; = 0 across components, permuting rows and columns makes .S, and hence
X, W, and &, block diagonal along .J1, ..., Jx, so both terms of Proposition 1 split into their
Ji. blocks W) and k).

RYX) = 32 e [EO V2B 4 21,) " W® — 1,) 8, ],

2 _
Ry(X) = 237, Tr(EW WO W® 421,)72).

Each summand is the risk of its component. X (k) follows Model 3 with nj, observations
and profile %S(k), and the Ji block of 3, is its ridge estimator at ridge level nik/\, o)

RMX;B) = Dok RNk (X ). 85 ). If each component satisfies Assumption 1 in its
own normalization, with py /nj converging in (0, c0) and ny/n bounded away from 0, then
our theory (Theorem 3) applies to each summand and the equivalents add, every component
keeping its own thresholds. We therefore assume Assumption 1 for all of .S, without any loss
of generality.

3.5. The limiting risk We can now give the limiting form of the prediction risk R*(X)
under the variance-profile model (Model 3). The deterministic equivalent is governed by a
vector 7(\) = (77()\));<p indexed by the coordinates. For a ridge level A > 0 it solves the
fixed-point system

Sitri(N)

Jj= 1

The system (4) is the coordinate-wise reduction, to the diagonal of the resolvent, of the
matrix Dyson equation for the variance profile. By the quadratic-vector-equation theory of
[2, 4], once A is allowed to range over C \ (—o0,0] the system has 7 as its unique solu-
tion, each r; admits the spectral representation of Lemma 2 below, and the ridgeless limit
r7(0) :==limy o 77 (A) exists in [0, 1] for every [; these facts are established in Appendix D.1

1<I<p.
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(Lemmas D.3 and D.4). The two objects we need are the value and the derivative of r at the
hard edge.

Lemma 2 (Spectral representation of ). For each 1 <1 < p there is a symmetric probability
measure v; on R such that, for all A > 0,

A
’I"l()\) = /le/l(dt) .
Consequently

n0) = u({0})  and  9n(0) = lman(y) = / !

R\{0} th I/l(dt) S [0, OO] .

This representation exposes the two mechanisms behind double descent: 7;(0) = 1;({0}) is
the mass that the [-th coordinate places exactly at the hard edge, and it fixes the coordinates on
which the bias is supported (Theorem 9); dr;(0) = fR\ (0} t~2v;(dt) measures how strongly
small but nonzero eigenvalues accumulate near the edge, and it drives the variance. The
latter is finite when 74 has no mass concentrating at zero from outside, and infinite when the
spectrum touches the edge.

Write R (X;8) and R{,(X;3) for the bias and variance term of Proposition 1, where
we make the dependence on signal 5 € RP explicit. Theorem 3 below evaluates it along the
vanishing sequence A = A,, and under Model 3.

Theorem 3 (Limiting vanishing-ridge risk under a variance profile). Suppose Model 3 and
Assumption 1 hold, and let p/n — v € (0,00). There is a constant o, > 0, depending
only on the constants s.,\1,%9, L1, Lo of Assumption 1, such that the following holds
for every fixed \g > 0 and § > 0, and every deterministic ridge sequence \ = X\, with
An € (7%, \o) for some fixed 0 < o < cvy.: for any deterministic signal 8 with sup,, || 3| < oo
and ||B|le, < ni~9 the bias and variance terms R)é"(X ; B) and R%‘," (X) of Proposition 1
admit deterministic equivalents, almost surely:

(5) Ry (X;B) =Y, Bl el An) ' Sr(A) 25 0,
where e; is the I-th standard basis vector of RP and
A(N) = diag{r(\)} ! —diag{r(\)} ST diag{\1,, + Sr(\)} 2S.

Moreover,

2 — a.s.
(6) Ry (X) = 25370 Sudn(h,) 22 0.

REMARK 3 (Beyond the Gaussian case). The proof of Theorem 3 relies on an adaptation
of the local law of [4], which holds also for independent non-Gaussian entries with matching
variance profile and uniformly bounded moments. The limiting risk (5)—(6) therefore contin-
ues to describe any such variance-profile design. Gaussianity is used only for reducing Model
1 and Model 2 to the variance profile model by an orthogonal-invariance argument; see Sec-
tion 3.6. For non-Gaussian heterogeneous data, the master theorem still applies whenever
the design is already entrywise independent. This is supported by numerical experiment; see
Figure 4.

The analogous result for the heterogeneous and dependent designs (Models 1 and 2) is
deferred to Section 3.6. As a sanity check, we first examine the isotropic cases.

EXAMPLE 2 (Isotropic i.i.d. design). When the observations are i.i.d. isotropic Gaus-
sians, S;; = 1/n, 3 = I, and all coordinates share a common scalar (). In the limit p/n —
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7 the system (4) becomes 1 = 7(A) +7r(A)/(A+7r(N)),ie.yr(A\)2+ (1 +A—)r(A) — A=
0; the root with (0) > 0 gives
1
r(0) = (1— l) and  9r(0) = {”’
Y/ + _1
1(v-1)’
Here 7(0) = v({0}) is exactly the atom of the Mar¢enko—Pastur law at the origin. Substituting
into (5)—(6) recovers the familiar ridgeless formulas of [26]: the bias is 0 for v < 1 and
1B8]|2(y — 1)/~ for > 1, while the variance is o2/(1 — 7) for v < 1 and 62 /(y — 1) for
~v > 1, both diverging as v — 1. There is a single spectral degeneracy, located at the single
aspect ratio v = 1, and hence a single peak.

v <1
v > 1.

EXAMPLE 3 (Isotropic design with unseen coordinates). Let every observation see only
the first p; coordinates, with p;/p — 6 € (0,1): that is, S;; = 1/n for [ < p; and S; =0
otherwise. This is Model 1 with the rank-deficient covariances >; = diag(1,...,1,0,...,0).
It is decomposable (Remark 2), so Assumption 1 is applied blockwise. The system (4) then
decouples. For an unseen coordinate [ > p; the sum on the right-hand side of (4) is empty,
so r;(A\) =1 for all A: the coordinate carries full hard-edge mass, 7;(0) = 1, and 9r;(0) = 0.
The seen coordinates share a common scalar 7(\) that satisfies the isotropic equation of
Example 2 with the smaller ratio y; := limp; /n = 6 in place of +; in particular r(0) =
(1 —1/41)+. In the language of Section 4, the unseen block belongs to the degenerate set J g
at every aspect ratio. The seen block enters J g only once 1 > 1, and the variance diverges
at the single shifted threshold v = 1/6, where the seen block becomes square. One rank-
deficient design thus already moves the peak away from v = 1 and adds an ever-present bias;
two such blocks with different ratios give two peaks (Example B.1).

We defer the proof of Theorem 3 to Appendix D.3 (bias term) and Appendix D.4 (vari-
ance term). The proof adapts the ridge-resolvent framework of [26] to the variance profile,
substituting the deterministic Dyson solution of [4] for the empirical resolvent. The one main
technical ingredient concerns the vanishing penalty. The local law of [4] is stated for spectral
parameters bounded away from 0, so to follow the resolvent as A, | 0 we re-derive it with the
dependence on the spectral parameter tracked explicitly. This gives a quantitative refinement
of [2, 4] (Appendix C), which may be of independent interest. Our result therefore lets A,
approach zero as fast as the resolution of the local law permits, which is what brings out the
structural degeneracies that a fixed ridge penalty would smooth over; we read them off the
support of .S in Section 4.

REMARK 4 (The exact ridgeless limit). Our results are stated for a vanishing penalty
An 4 0 rather than the exact ridgeless interpolator (A = 0). Reaching A = 0 would require
controlling the smallest nonzero singular value of X (the soft lower edge of the non-zero
bulk) uniformly down to zero, a sharper input than our local law provides. We expect the
limiting risk to be unchanged, and leave this refinement open.

3.6. Reduction to a variance profile The limiting risk for the two designs now follows
from Theorem 3 with no extra work. As explained in Section 3.3 and proved in Appendix A,
each Model 1 design becomes, in the common eigenbasis of its covariances, a variance profile
(Model 3) with an explicit S (Lemma A.3), and each Model 2 design reduces to this case
after regrouping, up to a rotation of the signal (Lemma A.2). Feeding the induced profile into
Theorem 3 gives the risk for both designs.
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Corollary 4 (Limiting risk for the two designs). Suppose Model 1 or Model 2 holds, and
let S be the variance profile it induces through Lemma A.3 (for Model 2, after the reduction
of Lemma A.2), with signal rotation U; both lemmas are in Appendix A. Assume S satisfies
Assumption 1, p/n — v € (0,00), and take a ridge sequence A\, € (n™%, A\o) with 0 < o < v
as in Theorem 3, and a signal B whose rotation U 8 meets the signal conditions of Theorem 3
(namely sup,, [|UB|| < oo and [|[UB||;, < ni=9; recall WUB| = ||BIl)- Then the vanishing-
ridge risk R (X; B) obeys the conclusion of Theorem 3 with the profile S and the rotated
signal U B: its bias and variance terms agree almost surely with the deterministic equivalents

(5)—(6).

4. The variance-profile regime: degeneracy and multiple descent The deter-
ministic equivalents in Theorem 3 are explicit functions of the fixed-point solution (4), and
their behavior along a vanishing ridge is captured by its value 7(0) and derivative 9r(0) at
the hard edge. We determine both from the support of .S by classical matching theory: the
bias support in Section 4.1 and the variance blow-up in Section 4.2. Together they locate the
descent peaks through the Dulmage—Mendelsohn structure of the variance graph. Through-
out, X obeys Model 3 with profile S satisfying Assumption 1, and v = limp/n. When the
variance profile is disconnected, Assumption 1 is imposed on each component and every
statement below is read componentwise (Remark 2).

We read both (0) and 0r(0) from a single bipartite graph attached to S. The variance
graph Gs (Definition 5) joins observation i to coordinate j whenever S;; > 0. The bias is car-
ried by the degenerate set J g (Definition 6), the coordinates that some maximum matching
leaves unmatched: we show that r;(0) > 0 if and only if [ € Jg (Theorem 9). The variance
is governed by a switching condition (Definition 11) on the design that remains once J g and
its adjacent rows are removed; the derivative 07 (0) is finite if and only if this condition fails,
so each design at which it holds is a point where the variance diverges, giving a descent peak
(Theorem 14).

4.1. The variance graph and the support of the bias The relevant object is the bipartite
graph of the profile S. Since permuting rows or columns with identical patterns leaves the
problem invariant, we quotient out such permutations by passing to the graph.

DEFINITION 5 (Variance graph). The variance graph Gg of S is the bipartite graph on
the vertex set Vs = Viow U Veol, With Viow = {1,...,n}, Veo = {1,...,p}, and an edge i ~ j
if and only if S;; > 0. We write g for its edge set.

A matching is a set of edges no two of which share a vertex; a maximum matching £g'**
is one of largest cardinality. The number |£g'**| is not realized by a unique matching but is
itself unique, and equals the structural rank of S—the maximal rank over all matrices with
the same support as S, equivalently the almost-sure rank of X. The combinatorial invariant
that governs the bias is the set of columns that can be left out.

DEFINITION 6 (Degenerate column set). The degenerate column set of S is
Jg = { 1<5<p | some maximum matching of Gg leaves j unmatched} C Veol -

The set J g is a classical object: it is the column part of the Dulmage-Mendelsohn (DM)
decomposition of the bipartite graph Gg [18, 46, 47], the canonical partition encoding the
structure of all maximum matchings, and it is computed in linear time by alternating-path
search from any single maximum matching. It is widely used in sparse numerical linear
algebra to read off structural rank and the support of pseudoinverses, and is available in
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standard routines (for instance dmpe rm in MATLAB). The following two examples illustrate
this concept.

EXAMPLE 4 (All-one variance profile). When the observations are i.i.d. isotropic Gaus-
sians, the variance profile S in Model 3 is the all-one n X p matrix. In this case, we can
compute the size of any maximum matching as

€5™| = min{n,p},

which is also the asymptotic rank of the sample covariance matrix X ' X. For any given
matching, the number of unmatched vertices in Vo1 is p — [£8%| = p — min{n, p}, which
captures the dimension of the null space of .S. On the other hand, notice that while the set
of unmatched vertices is matching-specific, our degenerate column set J g captures possible
degeneracies induced by all matchings. Indeed, since the columns of S are identical, the
columns of Gaussian data matrix X are exchangeable, and we do not expect the quantity that
characterizes degeneracies to be matching specific. Observe that in this case, J g is either the

s { 1 n 5

{1,...,p} ifp>n.
Using our result on the connection between J g and bias, the statistical intuition is the fol-
lowing: In the underparameterized regime, signals in all dimensions are fully described by
the data, the set of degenerate columns is empty and the bias term of the linear regression
is 0. In the overparameterized regime, the signal along any dimension has a non-negligible
probability to be missed out by the data, so the set of degenerate columns is the full set and a
bias is introduced along every dimension.

EXAMPLE 5 (Two-group profile with overlapping column sets). Consider the following
example of S, where the observations consist of two independent heterogeneous groups with
overlapping column sets:

_ ((Tnix1-p12) Ingx 0 0
S_( 11611’12 1XP12 )7

ngXpi2 1"2><(p27m2) 0
where 1,/ ., denotes the n’ x p’ matrix consisting of all ones. Let V1, Vs C Vo) := [p| denote
the column index sets of the two groups, where

Vi={1,...,p1}, Vo i={p1 —pi2+1,...,p1 +p2 — p12}.
Then
V1| =p1, [Va| = pa, Vi N Va| =pi12 >0.
We further write

Vo = {p1+p2—pi2+1,....,p} = Vea\ (V1 UV2).

The four groups of columns in S are indexed, from left to right, by V1 \ Vo, V1 N Vo, Vo \ Vi,
and V. In particular, the coordinates in V; N Vs are adjacent to both observation groups, while
those in V) have no incident edges. The degenerate column set is given by the following four
cases.
(@) If p1 —pi2 < na, p2 — pi2 < ng, and p1 + p2 — p12 < ni + ng, then Jg =V,
(i1) If p;1 — p12o > nq and ps < ng, then Jg=Vy U (Vl \VQ).
(iii) If po — p1o > ng and p; < nq,then Jg=VyU (VQ \ V1).
(iv) If p1 > n1, p2 > no, and p1 + p2 — p12 > ng +ng, then Jg=Vy UV U V.

The complete matching calculation is given in Appendix B.3.



15

Case 1
p1—p12<ni, p2—pi2<ng, Case 2

p1 —p12 > ni, p2 <ng
p1+p2—pr2<ni+ng

: /’}V1\V2 /o Vi \ Vs
group 1 group 1 { 1 e
2 }VlmVQ
/e}VlmVQ
—0 2 |
Vo \ V1 aroup 2
(< o - Jad
Js =V Js=VoU (V1 \)2)
Case 4
Case 3 p1>mn1, p2>ng,
P2 — P12 > n2, pr<m
p1+p2 —p12>n1+ng
@
! /’}VI\VQ
group 1 —/e }Vl Vs group 1 { 1
2 e}VIOVQ
groupZ{ 3 ° Vo \Vy groupZ{ 2 \O}VQ\VI

o o

JS:VOU(VQ\VI) Js=VoUViUVy

Figure 2: Four regimes for the degenerate column set of the two-group variance profile. Gray vertices represent
rows, black vertices represent columns, thin gray edges indicate nonzero entries of S, and red edges show one
maximum matching. The expression below each panel gives J g, the set of columns left unmatched by at least
one maximum matching.

To connect J g to the system (4) we use a Hall-type characterization. For a column set J C
{1,...,p} write 1;(S) = {i:.S;; > 0 for some j € J} for its neighboring rows and S(J) =
(Sij)ier,(s), je for the induced submatrix.

DEFINITION 7 (Row-side strong Hall property). A matrix A € R™*?" has the row-side
strong Hall property if, for every 1 < k < n/, each set of k rows of A has nonzero entries in
at least k 4 1 distinct columns.

Lemma 8 (Matching characterization of Jg). J g is the unique maximal column set J whose
induced submatrix S(J) has the row-side strong Hall property.

Lemma 8 shows that Jg does not depend on the choice of maximum matching, but is
determined by the Dulmage—Mendelsohn structure of the variance graph. Starting from any
maximum matching, Jg can be recovered as the set of columns reachable by alternating
paths from unmatched columns. We use the row-side strong Hall formulation to analyze the
fixed point equation for 7(0). The proof is deferred to Appendix B.1.

The next result connects the matching structure to the bias. The estimator is biased exactly
along the degenerate coordinates, in the vanishing-penalty limit.
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Theorem 9 (Bias support). For every n and p, the support of 7(0) is J g; that is,
Js ={1<1<p|nr(0)>0}.

Theorem 9 identifies the hard-edge atom in the deterministic equivalent with a structural-
rank defect of the support graph. In particular, the coordinates with r;(0) > 0 are those that
can be left unmatched by some maximum matching. Thus the hard-edge mass behind the
deterministic bias equivalent of Theorem 3 is confined to Jg: coordinates outside Jg are
matched in every maximum matching and carry no hard-edge mass, while coordinates in J g
are precisely the directions along which the vanishing-ridge estimator may retain bias. In
Example 5, this means that the bias lives on V) in all regimes, and, depending on the regime,
additionally on V; \ Vo, Vo \ V1, or all of V; U Vs. The proof is deferred to Appendix B.1.

4.2. The switching condition and the location of the peaks The bias support Jg
records which coordinates are degenerate; the variance records when the degeneracy is criti-
cal, i.e. when small eigenvalues pile up at the hard edge and 07 (0) diverges. After deleting
the degenerate coordinates and the rows that feed them, what remains is the residual design.
Write I g :=15,(S)={i:S;; >0forsome j € Jg} and JG, I for the complements.

DEFINITION 10 (Residual profile). The residual profile is the submatrix S :=
(Sij)igrs,j¢.Js> With variance graph Ggr defined as in Definition 5.

DEFINITION 11 (Switching condition). The switching condition holds if some row i ¢
Is is matched by every maximum matching of Ggres.

At the switching configuration there is an unavoidable square subdesign forcing the small-
est nonzero eigenvalues of X down to the edge so that J g is on the verge of growing and the
variance is about to blow up. As with the bias, the condition has a clean Hall-type reading.

DEFINITION 12 (Column-side strong Hall property). A matrix A € R"*P’ has the
column-side strong Hall property if, for every 1 < g < p/, each set of ¢ columns of A has
nonzero entries in at least ¢ + 1 distinct rows.

Lemma 13 (Hall form of switching). The switching condition is equivalent to the failure of
the column-side strong Hall property for S™.

The proof is deferred to Appendix B.2. The next theorem characterizes when or(0) is fi-
nite: this occurs exactly when the residual profile satisfies the column-side strong Hall prop-
erty.

Theorem 14 (Variance divergence and the residual fixed point). The vector Or(0) is finite, i.e.
or(0) € RP, ifand only if the switching condition fails. When it does, the residual coordinates
v) = Oyrg(0), k € J, are the unique positive solution of

S'k’UO
7 1= Lk ke Js
( ) ZZEIE 1+ Zk’EJ% Siklvg, ’ S0

9= 0,\rj(0), j € Js, solve the linear system obtained by

and the degenerate coordinates u;

linearizing (4) about r(0),

(®)

: 5i575(0)

-y, L
r5(0) s (e gg Sijrir(0))

0 0 .
(1 + Zj,er SZJ/’LL]/ + Zkng Sik?}k) , J€&€ JS .
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The proof is deferred to Appendix B.2. Combining Theorem 9, Lemma 13 and Theo-
rem 14 gives the structural rule announced above. The bias is supported on the columns left
unmatched by some maximum matching of Gg. Meanwhile variance blow-up occurs exactly
when the residual graph, obtained after deleting J g and its neighboring rows, loses column-
side strong Hall slack. Both are determined by the Dulmage—Mendelsohn structure of the
variance graph. Along a path of models, each switching configuration encountered by the
residual graph gives one candidate peak of the ridgeless risk.

EXAMPLE 6 (Multiple descent from two groups). Return to the two-group with overlap
profile of Example 5, with ny = ny =n/2.If Jg = V), the residual graph is the full graph on
V1 U Vs. The column-side strong Hall property fails when |V; \ Va| = |=n/2,
or Vi UVa|=n.If Jg=VyU (V1 \ Va), removing Jg and its neighboring rows leaves
the complete bipartite graph between the second group and Vs, which satisfies the switching
condition exactly when py = n/2. Similarly, if Jg =V, U (V2 \ V;), the switching condition
holds exactly when p; = n/2. If Jg =V, U V1 U Vs, the residual graph is empty, so the
switching condition does not hold.

Therefore, the switching condition holds in the following five cases:

@) p1—pi12=n/2, with p2 <n/2;
(ii) p2 —p12 =n/2, with p; <n/2;
(iii) p1+p2 —pr2=mn, with p; —p12 <n/2 and p2 — p12 <n/2;
@iv) p2=n/2, with py — p12 > n/2;
) p1=n/2, with py — p12 >n/2.

The complete matching calculation is given in Appendix B.3.

4.3. Risk peaks in the limit The results so far in this section hold for finite n and p.
We allow the variance profile to change with n as long as it satisfies Assumption 1. To study
when risk peaks occur asymptotically, we consider a sequence of variance profiles obtained
by replicating a fixed prototype: Let Se RTXk , where m and k are fixed. For ¢t € N, set

1~
(9) ng = tmv bt = tka S(t) = % S ® (1t12—5r) € R:L‘txpt'

Then p;/n; = k/m for every ¢, and the zero pattern of S (1) is determined by that of S.
For A > 0, let 7(\) = (75()\))F_, denote the fixed-point solution in (4) corresponding to
S. Also, we write 0x73(0) := limy o OxTp(N).

Corollary 15 (Variance along the prototype sequence). Suppose S satzsﬁes Assumption 1, let
S®) be defined by (9), and let X follow Model 3 with profile SU. If Ay | 0 is given as in
Theorem 3 with n = ny, then

2

k m
Ry (X % bz; (Z Sab> OTp(A) —

Consequently, if S satisfies the switching condition, then
Ry (X)) 2% 4o,

Otherwise,

m

i(z sab> (0) < oo

a.s.

M (x
RV

3 \m%
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The proof is deferred to Appendix B.4.

REMARK 5. For the sequence in (9), the asymptotic variance diverges if and only if
S satisfies the switching condition. We expect variance to diverge for more general se-
quences with n,p — oo and p/n — 7 € (0, c0) that approach a switching configuration, even
if switching never holds exactly at finite n,p. Proving this requires an additional stability
analysis of (4). We leave this for future work.

5. Perspectives on positive-definite designs The designs of Section 3 share an
eigenbasis, and their multiple descent comes from rank-deficient covariances. This section
instead considers positive-definite covariances that are full rank and need not share an eigen-
basis. We first set up the positive-definite variants of the two designs and explain why the
reduction to a variance profile fails. We then present a conjecture, supported by the simu-
lations of Section 6.2: no matter how different the covariances are, the risk curve keeps the
single classical peak at v = 1.

MODEL 1* (Heterogeneous data, positive definite). X1i,...,X,, are independent R”
Gaussian vectors with X; = 23/2&- and Z; b N(0, I,,) as in Model 1, except that each

¥, € RP*P is positive definite and no simultaneous diagonalizability is required of (X;);<p,.

MODEL 2* (Dependent data, positive definite). X = Z%zl (i(m))l/QZ(m) (E(m))1/2
as in Model 2, except that each (M) ig diagonal with at least one positive entry, each »(m)
is positive definite, and no simultaneous diagonalizability is required of (Z(m))mg M-

Model 1* is natural when data are pooled from heterogeneous sources — records from
several sites, each full rank but with its own correlation structure. It suffices to treat Model 1*:
the regrouping of Lemma A.2(ii) in Appendix A turns Model 2* into Model 1* with row
covariances YJ; = Z%Zl [)Z(Zm ) $3(m)_ which are positive definite.

Unlike Section 3.6, Model 1* cannot be reduced to a variance profile, due to the lack of
a shared eigenbasis. Meanwhile, positive definiteness prevents additional degeneracies from
being created from the structure of the data alone. To make this precise, since n and p are
growing, we first impose that all covariance matrices remain positive definite in the limit:

ASSUMPTION 2 (Positive-definite covariances). For the Y;’s given in Model 1*, there
exist some universal constants Qmin, max With 0 < min < unax such that

Qmin < inflgign )\min(zi) < SUP1<i<n )\max(zi) < Omax ,

where A\pin () and Apax () denote the smallest and largest eigenvalues.

Recall the risk components R%(X) and R{,(X) of Proposition 1. The bias term is
bounded uniformly in A, with R%(X) < ||Z[/op||3]|* (Lemma A.1 in Appendix A), so the
location of any risk peak is decided by the variance term. Our first lemma shows that we can
further ignore o2 and ¥ and focus on the quantity

RYX) = - Te(Wa(Wa+ ML) 2) . Wo = 23, SP7,27517.

i<n ?
Lemma 16. Under Model 1* and Assumption 2, for every A > 0, the following holds:
2 amin Ry (X) < RY(X) < 02amax Ry (X) almost surely .
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The proof is a one-line trace bound and is deferred to Appendix A.

Notice that we can re-express 7@{‘,(X ) through the resolvent of the sample covariance
W, =L1XTX, namely Gw, (z) := (W, — zI,) ! (distinct from the Hermitialized resolvent
G(z) used in the appendix), evaluated at the fixed negative point z = —\:

RY(X) = LTe(Wo (Wo+ ML) ™2) = 0. [ 2Te(Gw, (2) ||

Since this only concerns the trace of the resolvent and its derivative at z = — A\, the study of
the location of the risk-curve peaks is reduced to the analysis of the global law of the matrix
%X T X, which is substantially simpler than a local law analysis. Indeed, we expect that a full
characterization of R{;(X), and subsequently R{.(X), can be established by taking global
law results for Gaussian matrices with independent but non-identically distributed columns,
and tracking the dependence on the spectral parameter z explicitly as z = —A = —\, 10, as
we do for the local law in Appendix C. We do not pursue this in rigorous technical detail, but
remark that a recent work [35] establishes the approximation of Gy, () by a matrix I, that
solves the deterministic system of equations

1 1 1 -1 .
10 gy = — (S, S+ L) ) forl<i<n,
The stability of the system (10) of equations does not change, whether we take all X;’s to
be I, or we take general X;’s under Assumption 2. This leads us to conjecture that under
Model 1* (and, by the reduction above, under Model 2*), the location of the peak is exactly

the same as in the isotropic case, i.e. when
v = lim% equals 1.

We note that this is only a theoretical conjecture: because [35] does not make the dependence
on z explicit, it does not by itself yield a rigorous statement about R{\/" (X) as A\, 1 0. The
simulations in Section 6.2 are consistent with the conjecture: with positive-definite, non-
commuting covariances the risk still peaks only at v = 1.

6. Simulations We test our theory in three synthetic and one real designs. Section 6.1
affirms that a diagonalizable, low-rank heterogeneous design produces several risk peaks,
with locations exactly predicted by our theory. Section 6.2 checks the negative conjecture in
Section 5: for positive definite covariances, arbitrary heterogeneity and non-diagonalizability
leave only the classical threshold at p/n = 1. Section 6.3 verifies our theory for a dependent
design generated by a data augmentation. Section 6.4 concludes with multiple descent un-
der a real design, gene expression data pooled with samples from a generative adversarial
network. Throughout, p is the ambient dimension, the empirical aspect ratio is p/n, and we
estimate the prediction risk R*(X) of the (near-)ridgeless estimator B » by Monte Carlo over
independent draws of the design and an independent test point drawn from the training mix-
ture (1). The signal is taken flat in the relevant eigenbasis, # = 1,/,/p, so that no coordinate
direction is privileged.

6.1. Multiple descent from latent covariance support The first experiment is a dense,
latent-subspace realization of the two-group profile of Example 5. There are two groups of
observations, each of size n/2; conditional on the group, the rows are independent centered
Gaussian vectors in R”. Fix an orthogonal matrix U, € RP*P whose columns are the latent
factor directions, and choose mutually orthogonal latent subspaces A, B,C,0 C RP, where
A is specific to group 1, B is specific to group 2, C' is common to both, and O is inactive.
Group 1 draws X; ~ N(0,31) and group 2 draws X; ~ N (0, X5), with

range(¥) = By = A C, range(Xy) = Ey = Ba C,
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Figure 3: Multiple descent from latent covariance support (Model 1). Two groups of n/2 observations with low-
rank covariances sharing a common latent basis. Prediction risk against p/n; each colour is one value of the sweep
parameter p. Dashed vertical lines mark the switching thresholds predicted by Theorem 14.

and all nonzero eigenvalues of 1,5 set to 1. The signal is flat in the latent basis, 5 =
Up1p/\/D-

Because X1 and Yo share the eigenbasis U), and are only positive semi-definite, this is
exactly the simultaneously diagonalizable heterogeneous design of Model 1. By Corollary 4
its risk is that of a variance profile whose variance graph joins each group to the latent co-
ordinates it activates; the bias support is then given by Theorem 9 and the locations of the
variance peaks by the switching condition of Theorem 14. The inactive subspace O leaves its
coordinates isolated in that graph, so the profile is decomposable and Corollary 4 is applied
componentwise (Remark 2).

We fix

dimA = 0.45p, dimC = 0.10p, and sweep dimB = pp,

so that dim E; = 0.55p is held fixed while dim Fy = (p + 0.10) p grows. The theory then
predicts one stationary peak from the block A specific to group 1, at p/n =1/(2-0.45) =
10/9, together with a moving peak from the group-2 span at p/n = 1/(2(p + 0.10)). The
two coincide at p = 0.35 and, beyond it, merge into a single peak at p/n =1/(0.55 + p),
where the combined active span becomes square with all n samples. In Figure 3, the dashed
vertical lines mark these predicted switching locations; the empirical risk curves exhibit two
well-separated peaks that merge exactly as the rule dictates.

Beyond the Gaussian design. The reduction to a variance profile in Section 3.6 is Gaussian,
but Theorem 3 itself is not: as noted in Remark 3, it holds for any design with independent
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Figure 4: Non-Gaussian universality of multiple descent. The same sweep of Figure 3 (Model 1) run with i.i.d.
standardized Student-t3 entries in place of Gaussian ones; the variance profile, group sizes (n/2 each), latent
subspaces and signal are identical. Prediction risk against p/n, one colour per sweep value p; dashed vertical
lines mark the same switching thresholds of Theorem 14 as in Figure 3. Although ¢3 has infinite third moment
and hence violates the bounded-moment hypothesis of [4], the peak locations and merging behaviour match the
Gaussian case, consistent with Remark 3.

entries and a matching variance profile. To probe how far this reaches, we repeat the above
experiment of Figure 3 verbatim—identical latent subspaces, group sizes and signal—but
replace the Gaussian entries of the latent coordinates by i.i.d. draws from a standardized
Student-¢3 law (variance one, obtained as t3/ v/3). This law has finite variance, so the variance
profile is unchanged. However, its third and higher moments are infinite, so it falls strictly
outside the bounded-moment hypothesis of the local law of [4] on which Theorem 3 rests.
Figure 4 shows that the risk curves are essentially indistinguishable from the Gaussian ones.

6.2. Positive-definite heterogeneity has only the classical peak The second experi-
ment is the control predicted by Section 5: when every covariance is positive definite, het-
erogeneity does not add peaks. We use three groups of observations with a fixed total sample
size n = 150, split evenly as n; = ny = ng = 50. For an even ambient dimension p write
g = p/2 and set the anisotropic profile and the block rotation

I, 0 _ 61, —sinb1,
D = (0 0.11(,)’ Q) = (Ziojelq CCS)ISHGIq )
Group g has covariance ¥, = Q(,) DQ(0,)" with the three angles fixed at 6, = 0,

2 = /12 and 5 = 7/6. Each ¥, is positive definite, with eigenvalues 1 and 0.1 of com-
mon multiplicity g, so this is a full-rank instance of Model 1*. The three covariances are not
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Figure 5: Positive-definite heterogeneity has only the classical peak (Model 1*). Three full-rank groups whose
anisotropic covariances are rotated by distinct angles 0,7/12,7/6 and hence do not commute, with n = 150.
The prediction risk against p/n exhibits a single peak at p/n = 1, matching the isotropic threshold of Example 2
regardless of the covariance orientations.

simultaneously diagonalizable: since the eigenvalues of D are unequal, rotating D by angle
differences outside (7/2)Z produces covariances that do not commute. The design is there-
fore an instance of Model 1*, strictly outside the diagonalizable regime of Section 6.1, and
the bounded-spectrum condition of Assumption 2 holds with iy = 0.1 and apax = 1.

Figure 5 plots the empirical risk against p/n. As anticipated in Section 5, the curve shows
a single interpolation peak at p/n = 1 (dashed line), in the same location as the isotropic
baseline of Example 2. The rotations change the orientation of the covariance ellipsoids but
neither the number nor the location of the risk singularities: positive-definite heterogeneity
alone does not create additional descents.

6.3. Dependent designs generated by geometric augmentation The next experiment
leaves the independent-row setting: the design is made dependent across observations by a
data augmentation, in the spirit of [29]. We start from a base sample Y; = ViT B + € with
isotropic covariates V; ~ N(0, I,,), noise ¢; ~ N(0,02), and flat signal 3 =1,/,/p, and par-
tition the p coordinates into p/b consecutive blocks of size b. From each base sample we form
k augmented copies; copy j permutes the coordinates within each block by an independent
random permutation 7;;, and attaches a freshly drawn response,

(miVi, TYs) . mYi = (wVi) B+, & R N(0,02).
Because § is flat, permuting coordinates leaves the mean response unchanged, (7rijVi)T b=
ViT B, so the augmentation acts on the design alone and the fresh noise is its only effect on
the labels. We fit the (near-)ridgeless estimator BA on the nk augmented pairs and measure
its held-out test error—the mean squared empirical risk on an independent test set drawn
from the same distribution—as a function of v = p/n; here n = 100 training points, k = 5
augmented copies, and the error is averaged over 1000 held-out points.

The k copies of a sample share the same V;, so the nk rows are dependent: this is an
instance of the dependent Model 2, and by Lemma A.2 in Appendix A it has the limiting
risk of a heterogeneous variance profile. The same degeneracy mechanism therefore applies,
and the block-permutation structure produces several effective thresholds rather than one.
Figure 1 bears this out: the unaugmented baseline shows the single classical peak, whereas
the augmented designs with b = 2 and b = 3 each display additional peaks, so that a single
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augmented design already exhibits multiple descent. Refreshing the label with independent
noise on every copy—rather than reusing the response, as in the oracle relabeling of [29,
Figure 13]—is what brings out the extra peak.

6.4. Multiple descent from pooling real and generated data The previous experi-
ments used synthetic covariances; this one uses real data, pooled with generated samples.
The real observations are gene expression profiles from The Cancer Genome Atlas [53], as
preprocessed by [32]: 9920 deduplicated tumor and normal-tissue samples with expression
levels of 20531 genes. We train a WGAN-GP using the architecture and training setup of [32]
on these 9920 observations, and then generate 9920 synthetic observations. Since the final
hidden layer of the generator has dimension 1024 and the output layer is linear [32], the
covariance of the centered generated observations has rank at most 1024. This is consistent
with the more concentrated covariance spectrum of the generated samples, as reported in
[32]. Approximately all of the empirical variance of their WGAN-GP samples is explained
by the leading 500 principal components, whereas the leading 2000 principal components
explain only about 90% of the variance in the real data.

The two-group example (Examples 5 and 6) gives some guidance for choosing the number
of genes. Indeed, in the special case Vo C V7, so that po = p12, the two switching configu-
rations in Example 6 occur at p; — po = n/2 and p2 = n/2. Thus, if p; — ps is larger than
the number of observations available from the first group, the first of these configurations
cannot be reached. In a similar spirit, here the generated observations have covariance rank
at most 1024, while only 9920 real observations are available, which motivates restricting
the number of genes rather than using all 20531. We take p = 6144 and choose the genes
once, uniformly at random among those with nonzero empirical variance in the real data, and
then use the same genes for both the real and synthetic groups and for every value of n. This
avoids selecting genes according to differences between the real and generated covariance
structures or according to the resulting test-error curve.

We standardize the real and generated samples separately, subtracting the empirical mean
and dividing by the empirical standard deviation of each selected gene within each group. We
then combine the two groups into a pool of 19840 observations. With a flat signal 5 =1,/,/p,
we generate y = X 3 + €, and sweep v = p/n by drawing n training observations at random
from this pool. The reported test errors are averaged over B = 60 random draws for each n.

Figure 6 shows two distinct test-error peaks. Thus, after pooling the real observations
with the lower-dimensional generated observations, the test error exhibits the same multiple-
descent behavior suggested by the heterogeneous low-rank examples of Section 4, although
this experiment is not an exact instance of the models analyzed there.

Additional synthetic simulations are collected in Appendix E, including further diagonal-
support examples, approximate-degeneracy experiments, and full-rank non-commuting con-
trols.

7. Discussion We have shown that multiple descent can come from the structure of a
single design. In the simultaneously diagonalizable, possibly rank-deficient designs Model 1
and Model 2, both the heterogeneous and the finite-rank-dependent Gaussian designs re-
duce to a common variance-profile model, and the risk of the vanishing-ridge estimator ad-
mits the deterministic equivalents of Theorem 3. Their hard-edge behavior is summarized
by two coordinatewise quantities attached to the fixed-point solution r of (4): the value
r1(0) =11 ({0}), which fixes the coordinates on which the bias is supported, and the derivative
or(0) = fR\ 0 t=2y(dt) € [0, 00|, which determines whether the variance equivalent stays
bounded or diverges. Both are read off the support of S: through the Dulmage—Mendelsohn
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Multiple test error peaks in real data pooled with generated data

8
10° 4 —— mean test error (K = 60)
107 .

106 -

105 -

104 .

mean squared test error

103 -

0.35 0.5 0.6 0.8 1 1.5 2 3 4 5
pin

Figure 6: Multiple descent from pooling real and generated data. Test error against v = p/n, both axes loga-
rithmic. Training sets are drawn from a pool of 9920 TCGA gene expression samples and 9920 samples from
a generative adversarial network trained on them, with p = 6144 genes. Mean over 60 random training sets for
each n; the band covers the 5th to 95th percentiles.

structure of the variance graph, it fixes the bias support and the locations at which the
vanishing-ridge variance becomes singular (Theorems 9 and 14). The mechanism is spec-
tral degeneracy, the zeros of the covariance; by contrast, in the uniformly positive-definite
regimes we conjecture, and our simulations support, that no threshold appears beyond the
classical one at v = 1 (Section 5). Reaching the hard edge also required a random-matrix tool
of independent interest, an extension of the local law of [4] with explicit spectral-parameter
dependence, sufficient to handle the vanishing ridge levels A, | 0 (Appendix C).

Several questions remain open. Proving the positive-definite conjecture rigorously needs a
global law for non-i.i.d. columns tracked to the hard edge, which [35] does not provide. Our
rule also treats exact zeros; the theoretical behavior when these are replaced by eigenvalues
that are small, possibly vanishing with n, remains open. Finally, our results hold for a vanish-
ing ridge A, | O rather than the exact minimum-/o-norm interpolator at A = 0, which would
require controlling the smallest nonzero singular value uniformly.
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Appendices

The appendices are organized as follows:

» Appendix A restates the setup and proves the equivalence of the models;

» Appendix B proves properties of 7(0) and 9r(0), which appear in the deterministic ap-
proximation of the risk, together with the two-group and the asymptotic variance result
for the prototype sequence in Section 4;

* Appendix C states and proves the local law for the variance profile model with explicit
z-dependence;

* Appendix D proves the main results, which approximate the bias and the variance of the
risks;

* Appendix E includes additional simulations.

APPENDIX A: SETUP

Equivalence of Model 1 and Model 2. We use the notation and models introduced in Sec-
tions 3 and 5.

We first observe that Model 1 is a special case of Model 2. Indeed, by choosing M =n
and the R™*™ covariance matrices as

(E)iir = Tjicimmy for 1 <i,i <n,

i.e. all but one entries of (") are zero, the data matrix X in Model 1 has independent row
vectors each with covariance X("™). Then, the assumptions on X("™ in Model 2 and Model 2*
correspond exactly to those on 3; in Model 1 and Model 1* respectively.

Next we give the proof of the bias—variance decomposition.

PROOF OF PROPOSITION 1. By the test mechanism in (1),
1

RMX) = =37 E[(B =5\ VarlX,] (8 — B3 | (Xi)i<a]

=E[2((3 S, X7 4 A0) L, XT840 =) | (X

2
(1) = |[[SYV2((Wo + ML) Wy = 1) B]|* + S Te (S Wiy (W + AL) 2)

=R} (X) =R} (X)
]

We first note that, regardless of which model we choose, the bias term is always bounded

provided that the test data covariance 3 and the true signal 3 are both bounded in norm:

Lemma A.1. For every A >0, R} (X) < [|1Z]l0pl1 8]

PROOF OF LEMMA A.1. The result follows directly from observing that almost surely
[(Wo+ ML) W = Ll = AW+ AL) | < 1.
O

As we will see, the variance term R‘A/ (X)) will be the key quantity for characterizing the
location of the peak. We next prove the inequality in Lemma 16.



PROOF OF LEMMA 16. Under Assumption 2, all eigenvalues of % = %Zzgn >; lie in

[Qmins Omax]. Since Wy, (W, + An.fp)_2 is non-negative almost surely, the desired bound
holds. O]

Meanwhile, we also observe that Model 1 and Model 2 are in fact equivalent:

Lemma A.2. Let RN(X) = RN(X; B) be the test risk defined for Model 2 or Model 2*, where
we have made the dependence on the ground-truth signal 8 explicit. Then the following holds:
(1) Consider Model 2 and express, for every 1 <m < M,

(12) sm = gTpmg and ym =y Tpmy
for some orthogonal matrices U € R™ ™, U € RP*P and diagonal matrices D™ ¢ R"*",
D(™) ¢ RPXP. Then
RY(X;8) = RNX;UB)
where X, is generated as in Model 1 such that the covariance of its i-th row vector is

given by
5, = ZM D™ pm) .

m=1"_u
(ii) Consider Model 2*, in which case %™ = D(™) for some diagonal matrix for every
1<m< M. Then
RMNX;8) = RN (X B)
where X, is generated as in Model 1* such that the covariance of its i-th row vector is
given by

2 =M pimnem

m=1""14
PROOF OF LEMMA A.2. To prove (i), we first use (12) to express

7 M r(m m m
im(z (D0)Y1/2 Z(m) (D )W%)U’

m=1

=X,

where we have used the orthogonal invariance of the standard Gaussian matrix Z(™)_ In this
case
Wo=-XTX = UT<%X*TX*>U,
=W.

S @1 M &(m m
X = sz‘gn D e E’Ei zm)
1 M (™ m
:UT(EZiganzlzgi ‘D! )>U

=uT (L3 T(E) D = oT (L3 S DDt o

=%,

We can then express
Ry(X) = |UTSY2UOT (W, 4+ AL) WU - I,,)BH2

_ 2
_ Hzi/z((w* F L)W, — Ip)(Uﬁ)( ,




2 _ 2 _
RY(X) = ZTr(UTS,UUTWL(Wy+ ML) 72U = ZETe(S, Wi(Wi 4+ AL,) %)

We now analyze X,. Denote the row vectors of X, as (X,.;)i<,. They are independent mean-
zero Gaussians by construction, each with covariance

Var[X,;] = S0 pimpem

m=1
Then we see that R*(X) = R (X) + R{-(X) under Model 2 is exactly the same as the test
risk under Model 1 and the test data generation mechanism (1) by identifying

i =Y DY D
and replacing the ground-truth signal 5 by U S.
To prove (ii), we note that under Model 2*,

X = Z D(m V2 Zzm) (5 (m)y1/2

The row vectors of X are again mdependent, each with covariance
var(X;] = Y0 DY,

which is positive definite since each %(™) is positive definite and [)Z(Zm ) > 0 with at least one
Dl(lm )'> 0. This is exactly the setup of Model 1*. O

Reduction of Models 1 and 2 to the variance profile model in [4, 23].
We next give the reduction of Model 1 and Model 2 to Model 3.

Lemma A.3. The following statements hold:

(i) Let RM(X) =R X;p) be the test risk defined under Model 1, where we have made the
dependence on the ground-truth signal 5 explicit, and express

(13) % =U"' DYy
for some orthogonal matrix U € RP*P and diagonal matrices DY € RP*P. Then
RMNX;B) =RMXvp: UB),
where Xvp is generated as in Model 3 with the variance profile
S =(S1.....8.)7 = ~(DD,... . DT,

(i) Let R*(X) = RM(X; B) be the test risk defined under Model 2, where we have made the
dependence on the ground-truth signal 3 explicit, and inherit the notation D™ U and
D(m) from Lemma A.2(i). Then

RANX) =RMX{p; UB),
where X{;p is generated as in Model 3 with the variance profile

S = (818" = 250 (D{D™ . Dty T

m=1 nn
PROOF OF LEMMA A.3. Under Model 1, we use (13) to express
X = (X1,.., X)) =(0T(DNYV?Uz,,... .U (D) 2Uz,)"

L (DM 22y, (DY 2z,) U,
where we have used the orthogonal invariance of the standard Gaussian matrix (Z71,. .., Zy).
In this case

Wy =2 XTX = UT (13

DOV 2Z DOV,

ZZW#



=2y m=UT(2Y, D).

n
:Zi#

This allows us to express
_ _ 2
RY(X8) = [UTEL 20U (W +28) Wl — 1)
—1/2 ., 2
- HE# (Wy +AI) W#_Ip)(Uﬁ)H )

2
A Oe Ty T -2

Ry(X) = =Tr(U SpUU Wy(Wy + M) ""U)

2
O¢ < —2
= Tr(S4 Wu(Wy 4+ M) 7).
Consider the (rescaled) data matrix

1 1 n T
%XVP = %((D(l))l/zzba(D( ))1/22n) )

i.e. the data matrix generated under Model 3 with the variance profile S =
(S1,...,5,)". Then we have
= 1

_ 1T _1 A
W# = nXVPXVP and E# = Zlgn(nsz) s
which allows us to write
RMNX;8) = Ry(X;8) + Ry (X) = Ry(Xvei UB) + Ry (Xvp) = RN Xvp; UB).

Under Model 2, we first apply Lemma A.2 to obtain
RMNX;8) = RMXUB),
where X, is generated as in Model 1 such that the covariance of its i-th row vector is given
by
5 =M pimpm

Since D(™)’s are diagonal, so is ¥; and therefore X, is a Gaussian matrix with independent
entries. In particular X{,,, := X, can be viewed as being generated from Model 3 with the

variance profile

! T 1 M - M . -
' = 21507 = 20, DD 0L, Dl D)
1 M ~ 5 -
= > (DD, D D) T
A similar argument as the proof for (i) gives the desired statement. 0

APPENDIX B: PROPERTIES OF THE DETERMINISTIC APPROXIMATIONS

Our limiting expressions of the risk involve the quantities » and Or, which are defined
implicitly through a system of equations involving the variance profile .S and not obviously
tractable. We will see that for the purpose of tracking degeneracies and the effect of multiple
descents, it suffices to analyze directly the degeneracy structure of the n x p matrix S.

B.1. Analysis of (0) in the bias term We use the definitions and notation from Sec-
tion 4. We first prove the matching characterization of Jg in Lemma 8.

PROOF OF LEMMA 8. We will make use of ideas from the classical tool of alternat-
ing paths for handling maximum matchings: Given a matching £ for the graph Gg, an &-



5

alternating path is a path in Gg that alternates between edges outside and inside &; see
e.g. [36] for an introduction. We will also make use of following classical result:

Theorem B.1 (Berge’s theorem [8]). £ is a maximum matching of Ggs if and only if there is
no &-alternating path that starts and ends both on unmatched vertices of £.

Now fix a maximum matching £g** of Gg. We now create a directed graph # by orienting
every edge outside £ from V.o to Viow, and every edge inside £ from Vo t0 Vel

Let J(H) be the set of column vertices reachable by traversing along the directed graph H
starting from the set of column vertices unmatched by £5'**. We first observe that Jg =

J(H):

* If j € J(H), there is an £3'**-alternating path P starting from some unmatched column
vertex by £5'**. We can toggle the matching £™%* along P to create a maximum matching

~

that leaves j unmatched. This shows J(H) C Jg;

e If j € Jg, some maximum matching £’ leaves j € V., unmatched. If £ leaves j
unmatched, then automatically we have j € J (7:[) Otherwise, £5** leaves j matched
whereas &’ does not. In this case, the subgraph A of Gg formed by the symmetric differ-
ence EF**AE’ contains j. Let A; be the connected component of A containing j, which
is an £§'**-alternating path as well as an £'-alternating path. Moreover, the endpoints of
the path A; cannot be both in £ or £**: Otherwise it would create an alternating path
between unmatched vertices by one of the maximum matchings and violate Theorem B.1.
Now consider traversing the path .A; from a vertex unmatched by £2'** to j. Since it starts

from an edge outside £5'**, this way of traversing A; follows the same direction as H,

which proves that j € J(H).

We next show that the induced submatrix of S by Jg, S(Jg), satisfies the row-wise strong
Hall property. Observe first that since Jg = J (7:[), every row vertex i € [ y,(S) is reachable
in H from the column indices unmatched by £5'*, and has to be matched by £¢*** by The-
orem B.1. Moreover, the matched column vertex of every i € I5_(.S) is also reachable and

~

therefore belongs to J(H) = J(.S). In other words, 15, (.S) is matched to J g by £5'**. Now
for every non-empty I’ C I;.(S), let J' be the set of column indices matched to the row
indices in I’ by £2**, and denote the neighbors of I’ as

Jp = {j€J5|Sij>0f0rsomez'€I’}.
Then we have
I = |J'] < |Jr and  J C Jp.

To show the row-wise strong hall property of S(Jg), it suffices to show that the above in-
equality is strict. We seek to show the existence of some j, € J that is not in .J':

A~

* Consider any row index i’ € I' C I;,(S). The property Jg = J(H) implies that there
exists an £J'**-alternating path P, starting from a column index j’ unmatched by £3"**.
Let i, be the first row index along the path P, that lies in I’, and j, be the column index
right before 7, on the path P,. Then j. € Jy since it is a neighbor of ..

e Meanwhile, if j, € J' also, then there exists some i, € I’ that (i) is matched to j, by
£, (ii) is distinct from 4., and (iii) has the edge ¢4+« — j« in the alternating path P,.
This contradicts the assumption that 7, is the first row index in I’ encountered in the path
P..Hence j,. & J'.

This proves that S(J g) satisfies the row-side strong Hall property.



It remains to prove uniqueness and maximality. Let J C {1,...,p} be a column set whose
induced sub-matrix S(.J) satisfies the row-side strong Hall property. It suffices to show that
every such J has to be a subset of Jg. Suppose for contradiction that B := J \ Jg # 0.
Since J g is the set of column indices unmatched by some maximum matching, any column
index b € B needs to be matched by the maximum matching £5'** above, say to a row index
ip. Now take Ip = {i;|b € B}, and denote the neighbors of Ip as Jp = {j € J|S;; >
0 for some i € Ig}. Clearly B C Jp. Suppose that B C Jp. Then there exists some b € B
with 45 € Ip such that ¢, has a neighbor in Jg. But since Jg = J (f[ ) is the set of column
vertices reachable in H from the column vertices unmatched by £g*, this makes b also
reachable, which contradicts the starting assumption that B is disjoint from Jp. Therefore
we must have

B =Jp.
This implies
5| = |JB| = |Bl,
which violates the row-wise strong Hall property. Therefore J C Jg and Jg is the unique

maximal column set J whose induced sub-matrix S(J) satisfies the row-side strong Hall
property. O

REMARK B.1 (Computing Jg). Jg is computed in linear time from any single maxi-
mum matching, by the construction in the proof of Lemma 8: fix a maximum matching £g'**
of Gg, orient every unmatched edge from columns to rows and every matched edge from rows
to columns, and collect all column vertices reachable by directed alternating paths from the
columns left unmatched by £5'**. By that proof the reachable column set equals Jg. This is
the standard alternating-path form of the Dulmage—Mendelsohn decomposition [18, 46], and
is available in standard software (e.g. dmperm in MATLAB, scipy.sparse.csgraph
in PYTHON, and the Mat rix package in R).

We are ready to characterize the support of r(0) via Jg.

PROOF OF THEOREM 9. We seek to study the behavior of the solution (0) to the system
of equations

_ n Sitri(0) <1<
(14 1=n0)+> ST 537,00 and 1/(0) € [0,1]  forall1<I<p.

Denote the support of r(0) as
Jpos = {l€{1,....p}|r(0)>0}.
We first seek to show that J g C Jy,0, i.€. forevery [ € J g, r(0) > 0. Let z; :=logr;(0) €
[—00, 0], and rewrite (14) as
oz n Silezl
1=c¢ + Zi:l Z?:l S’ijexj .
This is the first-order optimality condition for minimizing the convex function

@) = Yy (" —w)+ 30 log (), Siye™)
i.e. x is a minimizer of ®(x). Now consider a modification of & with the coordinates at J g

set to zero,

—Js . —-J . —Js .
xS = (.fl S)lﬁp with z, s = xlﬂ{lg‘js},
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and recall the notation I;,(S) and S(Jg) from Section 4.1. Given some row index i €
I;(J ), we also denote its neighbors in S(Jg) as

Ni(Js) = {jeJs|Si >0},
and we fix

j(i) € argmax ;.
JEN:(Js)

Then
O(x) — d(x79)

P 8;e%
_ T _ n J=1"4
= ZZer(e tem) ) log (ng‘,s Sijef”j)

ZjEJs Sije$j
= 2ies (€ ma) + 2, iet,,(5) 18 (1 * 2jgrs Sije? )
S acz 1 <Sij(i) emaXJ'ENiUs)Ij)
- ZZEJS (6 - $l) + ZZEIJ () ZjQJS Sijezj
. ij(®) .
= 2es, 2 et (5)© g<Zj¢Js s.je%) 2ies, (=) Zieffs( )]E%I(r}s)( “)

ZC(Js)

= C(Ts)+ 2 ey, / o Weazndt =20 o) / o Tminjexs o) (—ap) >ty
—CJ /°° e Js| - >tdt—/°° {'e[ s in (= >t}dt.
(Ts)+ [ #lieds| —n=ndi- [ "#{iclr(8)] min (~)
Denoting the sets
At :{]EJS|—.I']Zt} and I; :{ZGIJS(S)’M(JS)gAt},
we can rewrite the above as

O(@) — ®(x7%) = C(Ts)+ [ (14— |L)dt.

If Ay =0, then I; = (. If A; # () and I = (), since |A;| and |I;| are both integers, |A;| — | I¢| >
1. Suppose I is non-empty. Recall that by Lemma 8, the induced sub-matrix S(Jg) satisfies
the row-side strong Hall property, which implies

|| +1 SHjGJg’Sij>0f0rsomei€]t}|
:}{j€J5|Sij>0f0rsomei€IJS(S) WithM(Js)gAt}| < A,

in which case |A;| — |I;| > 1 again. In summary, we have that |A;| — |I;] > 1 whenever
Ay # (). Therefore

O(@) ~ ®(a %) 2 C(JTs)+ [ Lia oy dt

o
=C(Js) +/ Limax; sy (—z;)>t) At
=C(J
(Js) — min z; .
Since « is a minimizer of ®, we get that

in logr;(0) = min z; > C(J O(x 7)) - > O(Jg) .
min logr;(0) = min #; > C(Js) + (B(@™) — B(x)) = C(Js)
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Forall i € Iy (S), since j) € N;(J%), S;jo > 0 and therefore C(Js) > —oo. This implies
inr;(0) > 0.
min 7;(0)
This proves that J g C Jpos.

We now show that Jj,os € Jg. By the proof of Lemma 8, it suffices to show that the
induced sub-matrix of S by Jpes, S (Jpos), satisfies the row-side strong Hall property. Take
any non-empty I’ C I; (.S), and denote its neighbors in S(J,0s) as

J = {jEJPOS’Sij>0f0rsomei€[’}.
Summing (14) over [ € J’, we have

>1cg Siri(0)
J| = 0 v _ele T
=2 e mO+ 2, > jedoos Si75(0)

>ieg Suri(0)
2D en 0+ 2 IEJ—SHT(O)

Zjeros (YA
- ZZGJ’ 7"[(0) + ’I/’ N

In the last line, we used that for every ¢ € I, all of its neighbors are in .J'. Since J' C Jp,05, the
inequality above is strict, and therefore |I’| < |.J|. This proves that S(.Jpes) has the row-side
strong Hall property and therefore Jy,os € J . This then implies J,os = J 5. ]

B.2. Analysis of 0r(0) in the variance term In the simple case of i.i.d. isotropic data
(Example 4), the location of the double-descent peak is p/n = 1, which is right before Jg
switches from () to the full set.

It turns out that this intuition generalizes for describing the behavior of 9r(0): dr(0) will
be finite precisely when r(0) is “away” from the boundary at which J g switches values.

Roughly speaking, the idea is that there is an unavoidable square sub-matrix that causes
the eigenvalues of X to accumulate near the soft edge of zero.

To formalize this, we use the residual profile S™, the switching condition, and the
column-side strong Hall property defined in Section 4.2. Recall that I = I5,(.S). We will
use as shorthands

¢ ={1,....p}\ Js and ¢ ={1,...,n}\Is.

PROOF OF LEMMA 13. We first show that S™ satisfies the column-side (weak) Hall
property, i.e. for each ¢ with 1 < ¢ < p’, every set of g columns of S™° contain non-zero
entries in at least ¢ different rows. Consider the maximum matching £5'** of Gg and the di-
rected graph H constructed in the proof of Lemma 8. By the proof of Lemma 8, Jg = J (ﬁ ),
the set of column vertices reachable in H from the column vertices unmatched by £g'%*.
Then the matched indices of J'G by £5'** must lie in I'5: Otherwise, some j € J is matched
to ¢ € I¢ and therefore would be reachable in H from the unmatched column vertices, which
contradicts the maximality of J 5. Moreover, by the definition of J g, every vertex in JG must
be matched by £5'**. Since the graph S§"* is a restriction of S to I'5 and J§, we can apply
Hall’s theorem [24] to S™° to obtain that S™ satisfies the column-side Hall property, i.e.

(15) || < |[1;(8™)] for every non-empty J' C JG,
where we recall that 15 (S§™) = {i € I |S}5® > 0 for some j € J'}.

To show the lemma statement, it now suffices to show that the switching condition is
equivalent to the existence of some non-empty J' C J§ such that the inequality in (15) is an
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equality. First assume that such an J’ exists. Then every row in I;/(S™) is used to match J’
by every maximum matching of Ggre. Taking any i € I;,(S™) gives the switching condi-
tion.

Conversely, suppose the switching condition holds, and let ¢ € I'G be the row vertex used
by every maximum matching of Ggr. Consider the leave-{i}-out residual graph Ggres \
{i}: Any maximum matching of the leave-{7}-out graph must not match all of J, because
otherwise it gives a maximum matching of the original Ggres that does not use {i}. Applying
Hall’s theorem [24] gives that, there exists some J' C J¢ such that

|J'| > Ly (S8™)\ {i}] .

Combining this with (15) shows that we must have i € 1;,(S*) and |.J'| = |1, (8™*)|. This
gives our desired J' and shows that the column-side strong Hall property fails for S™. [

REMARK B.2 (Checking the switching condition). The switching condition can be
checked in a single pass over one maximum matching of the residual graph Ggres, whose
rows are I'G and columns are J'G; no matching needs to be recomputed after deleting a row.
Call a residual row forced if every maximum matching of Ggr- matches it, so that the switch-
ing condition is exactly the existence of a forced row.

Step 1 (a column-saturating matching). Compute a maximum matching M of Ggres that
saturates every residual column j € JG; one exists by the weak column-side Hall inequal-
ity (15) in the proof of Lemma 13.

Step 2 (orientation). Direct each edge according to M: an edge not in M from its row end-
point to its column endpoint, and an edge in M from its column endpoint to its row endpoint.
(This is the orientation of Remark B.1 with rows and columns interchanged, because here we
start the search from rows rather than columns.)

Step 3 (reachability). Search the directed graph from the residual rows left unmatched by
M, and let R,); C IS be the residual rows it reaches. A directed path from an unmatched row
alternates non-matching and matching edges, so reaching a row ¢ exhibits an M -alternating
path from an unmatched row to ¢; toggling M along it yields another matching that still
saturates J'g but leaves ¢ unmatched. Conversely, if some column-saturating matching leaves
7 unmatched, the component of its symmetric difference with M through i is such a path.
Hence a residual row ¢ can be left unmatched by some column-saturating maximum matching
if and only if 7 € Ry.

Step 4 (read off the answer). The forced rows are therefore exactly IG \ Ray, and by
Lemma 13 the switching condition holds if and only if this set is non-empty. The procedure
is one maximum-matching computation plus one linear-time graph search, and is the standard
alternating-path form of the Dulmage—Mendelsohn decomposition [18, 46].

PROOF OF THEOREM 14. We prove the necessary and sufficient condition, and (7) and
(8) will emerge as a by-product of the proof. By Lemma 13, it suffices to show that 07 (0)
exists in R? if and only if S™ satisfies the column-side strong Hall property. The proof is
similar to that of Theorem 9: One direction proceeds by summing the fixed-point equations
corresponding to J,7(0) over suitable coordinates, whereas the other proceeds by identifying
a convex potential function whose minimum can be computed by the fixed point equations in
Oxr(0). To this end, we recall from (4) that »(\) is the solution to the system of equations

Sirr(N)
16) 1 = r(\ " 47l
( ) Tl( ) + Zz:l )‘JFZ?:l Sijrj(/\)
Also recall from Theorem 9 that J g is exactly the support of 7(0). This motivates us to define
two different sets of variables,

a(A) = L/(\)\) for k € JS and u;i(N) =

and 1(0) € [0,1] forall 1 <[ <p.

forjedg,
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both of which will approximate the corresponding coordinates of 9,7 (0) as A — 0™ provided
that they exist. It is also useful to note that

> ies. Simi(0) >0 ifandonlyif  i€lg,
where we have recalled the definition Ig = I5,(5).
Assume first that Or(0) exists in RP. Then g (0) = limy_,o+ g5 (A) and ©;(0) = limy_,o+ u;(X)
exist. We first rewrite (16) for | =k € J§ as
ASikar(N)
1 = Agi(A , i
“N+ 2ier, 3 Yjeds Sigri(N) + Xjeas Sijri(A)

+3 ASigar(A)
1€l N+ EjEJs Sijrj()‘) + Zjng Sijrj()‘)

B Sik k(N
1+Z]€Js Sz](uj()‘)+ >y )-I-ZJGJCS SszJ(A)

Sikk (M)
+ ZieIg 1+ ZjGJg Szjq]()\) ’
Taking A — 0™ and setting v,? = O)r(0) gives (7). Now fix any non-empty J' C J§ and sum
(7) over k € J’, which gives

=2

where the inequality follows because the summands vanish for ¢ ¢ I (S™) and are smaller
than 1 otherwise. This is exactly the statement that the residual graph S™° satisfies the
column-side strong Hall property.

0

2 jeg Sijv;
. e 0
1€l ] + Zj’EJg Sijlvj,

< |1;(8™)|,

Conversely, assume that S™ satisfies the column-side strong Hall property. Consider the
convex function in y = (yx )reJs:

U(y) = Zie]g log <1 + Zkng Sike%) B Zkng Yk -

Notice that (7) is exactly the first-order optimality condition of ¥ by identifying v,g =eY, so
if ¥ has a finite minimizer, (7) has a finite solution, which would show that 0r(0) exists for

k € JG. To show that the convex function ¥ has a finite minimizer, it suffices to prove the

Y(y)y
llyll

coercivity of W, i.e. for any y = (yx)reJs. as [|y|| — oo, diverges. This indeed holds:

* Sending any block J' C J§ of coordinates of y to +oo gives a leading slope of
|17, (8™°)| — |.J'|, which is positive due to column-side strong Hall property;

* Sending any block J” C J¢ of coordinates of y to —oo only asymptotically contributes
through the — > ey Yk term, which is also sent to +oo.

Therefore Or,(0) exists for k € JG.

It remains to show that dr;(0) exists for j € Jg. We first show that if 9r;(0) exists for
every j € J g, it has to satisfy (8). For [ = j € J g, we take a difference between the equation
(16) for a general )\ and the same equation with A = 0, followed by a division by A:

0 = N -0 L ( Sijri() Sigr5 (0) )

A =1 A\ )\ =+ Z?’:l Sij”"j/ ()\) Z?’:l Sij/rj/ (0)

B no 1 Sij (/\u] N+ T (0)) ?,:1 Sij/Tj/(O) - Sijrj (0) ()\ + E?:l S'j/?"j/()\)) )
= U]()\) + qu:l A ( ()\ + Z?’:l SU/T‘yl()\)) Z?’:l Sij’rj’(o)
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—u; N+ S -

=1 X ()\ + Z?’:l Sljlr_]'()\)) Zj/EJS Sij/’l“j/ (O)
X (sij (A (V) +75(0)) X, Sigrry(0)
= 8ij75(0) (/\ +2 e, S (g (M) +75:(0))

A S0
. 1
=u;(A)+ D> |
ui(A)+>2, A+ 20y Sijryr (V) Xjrea s Sijrrye (0)

% (SN X ey, Simi (0)

If u;(0) = limy_,o+ u; () = 9r;(0) exists for all j € Jg, we can take A — 07 to get

S. .
0 =u;(0)+>. :
=1 ( ?,:1 Sij/Tj/ (O))2

% (w5 (0) X, . iy (0)

=5 (0) (145, 0y S (0)+ X,y Siya(0)))
By noting that J g is the support of 7(0) (Theorem 9) and recalling the definition of Ig, the
above rearranges to

Sij
wO) (143, w>

_ Sij75(0) ( . > )
= e, (Xjreds Sijrjr(0)? L4 e, Siartgr )+ 2 e it (0)) -
This is exactly (8) with u? = u;(0) by noting that (16) with A = 0 implies, for j € J g,

Sij
(17) 1= rj(0)<1 - Zids Sess Sj A,r,,(o)) .

VA

It suffices to show that (8) has a solution. for all j € Jg, since 7;(0) > 0 for all j € Jg,
uj

we may consider the variables hg =0y and rewrite (8) into the linear system
J

> ey, Highy = b forjeJg,

where
1 SijTj(O) X S,L-j/Tj/(O)
Hjjr =Tg=jy = D ier 2
s (Zj”GJS Sij//rj//((]))

, Sijrj (0) 0
bj = Der, B (0)) (1 T 2 e S““”k) ‘

(Zj"EJs Sij”rj”

)

Now note that, for any vector 2 = (2;) ;e the operator H = (Hj); e, satisfies

2
z'Hz = Z‘eJ 2]2 _Ziel (Xjeds Sigri(0)z)) ;
7= S (Xjners Sijrin(0)
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(17

2

Sij (Ejers 8ij7i(0)%)
25 (0)( 1+ ) i )

jeds ] ( Z@GIS Zj’EJs Sz'j’Tj’(O) ZzEIs (Z e S; 1T (0))2

2
= deJ )% +Zzels( jeds % j Wi — ( jeds ijij) >’

=V;

where we have denoted the weights

SZ]TJ( )

Zj’EJS SZ_] TJ/(O) '
Observe that V; is the variance of a discrete random variable that takes the value z; with
probability w;;, and is therefore non-negative. This implies

T 2
z Hz > Zjerrj(O)zj >0

Wi; =

with equality if and only if z = 0 since J g is the support of 7(0) by Theorem 9. This proves
that H is a positive definite operator and therefore invertible. This in turn shows that, if S**
satisfies the column-side strong Hall property, then (8) has a solution, and therefore dr;(0)
exists for j € Jg, and therefore Or(0) exists in RP. This finishes the proof. O

B.3. Two-group profiles We first give the matching calculations for the profile with
overlapping column sets in Example 5. We also consider the case in which the two column
sets are disjoint.

The profile with overlapping column sets. The coordinates in ) are isolated and therefore
belong to Jg. It remains to determine which columns in V; U V, can be left unmatched by a
maximum matching. Note that after discarding V, Assumption 1 is straightforward to verify.
For any nonempty column set 7' C V; U Vs, its set of neighboring rows satisfies

ni, TCVi\ Vy,
(18) [ 17 (S)] = { na, T CVy\ V1,
ni +ng, otherwise.
We first verify the possible J g for different cases in Example 5.
Case (i). Suppose
p1—pi2 S ni, P2 — P12 < na, P1+ P2 — p12 < N1+ no.
Then (18) gives |T'| < |I7(S)| forevery T' C V; U V5. Hall’s theorem therefore gives a match-
ing that matches every column in V; U V5. Since the remaining columns are isolated, every
maximum matching matches every column in V; U Vs, and
Js=Vo.
Case (ii). Suppose

p1 — P12 > nq, p2 < .
The columns in V; \ Vs, are adjacent only to the first group and therefore cannot all be
matched. On the other hand, one can match n; columns in V; \ Vs to the first group and
all po columns in Vs to the second group. This matching has size n; + p2, which is maximal
since any matching uses at most n; columns from V; \ Vs, and at most py columns from Vs.
The columns in V; \ Vs, have the same neighborhood, so each can be left unmatched by a
maximum matching. Every maximum matching must match all columns in Vs, and hence

JS:VQU(Vl \VQ).
Case (iii). The same argument with the two groups exchanged shows that, if

P2 — P12 > n2, p1 < nq,
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then
Js=VoU (Vo \ Vy).
Case (iv). Suppose

p1 > ni, p2 > na, p1+p2 —pi12 >ny + no.

Hall’s condition on the row side holds: a set of rows contained in the first group has neigh-
borhood V), a set contained in the second group has neighborhood Vs, and a set meeting
both groups has neighborhood V; U Vs. Thus there is a matching that matches all 71 + no
rows. Moreover, after deleting any one column in V; U Vs, the remaining neighborhoods of
the first group, the second group, and both groups together still have sizes at least n;, no, and
n1 + no, respectively. Thus the resulting graph still has a matching that matches every row.
Consequently every column in V; UV, can be left unmatched by a maximum matching, and

Js=VoUVi UWs.

Note that these are all the possible cases. If p; — p12 > nq, then either ps < ng, giving case
(ii), or pa > ma, giving case (iv). The same argument applies with the two groups exchanged.
If neither private column set exceeds its corresponding row group, then either p; + ps —p12 <
n1 + ng, giving case (i), or the reverse inequality holds, which gives case (iv).

We next verify the switching classification in Example 6. Suppose n; = ng = n/2. By
Remark 2, the isolated coordinates V, can be discarded when considering the switching con-
dition.

If Jg =V, the residual graph is the full graph on V; U Vs. By (18), a nonempty column
set has n/2 neighboring rows if it is contained in V; \ V5 or Vs \ Vi, and n neighboring
rows otherwise. Since all columns in V; U V5 can be matched, the column-side strong Hall
property fails exactly when

|V1\V2|:n/2, or |V2\V1]:n/2, or |V1UV2’:TL.

In the first case, the inequalities defining J g =V imply p2 < n/2; in the second they imply
p1 < n/2; and in the third they imply p; — p12 <n/2 and p2 — p12 < n/2. These are cases
(1)—(iii) of Example 6.

If

JS:V()U(Vl\VQ),

removing J g and its neighboring rows removes the first group and leaves the complete bipar-
tite graph between the second group and Vs. In this regime p2 < n/2, so this residual graph
satisfies the switching condition exactly when po = n/2. This gives case (iv). Similarly, if

JS:V(]U(VQ \Vl),
the switching condition holds exactly when p; = n/2, which gives case (v). Finally, if
Js=Vo UV U Vs,

the residual graph is empty and the switching condition does not hold. This proves the five
cases in Example 6.

The profile with disjoint column sets. We next consider the case in which the two column
sets are disjoint.

EXAMPLE B.1 (Two-group profile with disjoint column sets). Consider
loysxp;, 0 O
S =("y ).

1"2 Xp2 0

Let
Vl = {1,...,])1},
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VQ = {pl + 17 B 41 +p2}7
Vo = Veol \ (Vl UVs).
The variance graph is the disjoint union of the complete bipartite graphs K, ,,, and K, ;,,
together with the isolated columns in V. Hence every maximum matching is the union of
maximum matchings in the two complete blocks, and
|E5™| = min{ni, p1} + min{ng,p2}.
Since the columns within each block have the same neighborhood,

Js=Vy U (Vl ]I{p1>n1}) U (VQ ]I{p2>n2}).
By Theorem 9, this is also the support of 7(0).

Now suppose n; = ng = n/2. By Remark 2, the two complete blocks are treated sepa-
rately. For the block K, /o, , the column-side strong Hall property holds when p, <n /2,
fails when p, = n/2, and the whole column block belongs to J g when p, > n/2. Therefore
the switching condition holds exactly when

p1=mn/2 or p2=n/2.

B.4. Asymptotic variance for replicated profiles We now prove Corollary 15. We first
prove two properties of the sequence S® defined in (9). We begin by showing that if As-
sumption 1 holds for .S, then it also holds for .S (t) with constants independent of ¢.

Lemma B.2. Suppose Se RTXI“ satisfies Assumption 1 with constants S.,v1,v9, L1, Lo.
Then S satisfies Assumption 1 with the same constants for every t € N.

PROOF. We verify the three conditions in Assumption 1. Since S satisfies Assumption 1,

~ Sy
Sup < ,
ab > Tk

a € [m], be [k].

Thus every entry of S() satisfies
(t) 1 s, S«
U= tm+k ni+p
For the lower bounds, the mixed-product property of the Kronecker product and
(1,1)f =tE11,1) give

(S(t)(s(t))T)L

1

_ Z(§§T)L ® (1,1]),

((S(t))TS(t))L — %(SVTSV)L ® (1t1;r)‘

Hence
1 (O3
SO(SOTY > = _ ,
(5767 }“’*tm—&-k nt + pt
O\Tay ey <1 Y2 ¥
[((57)75T) ]jj'_tm+k ne+pr
This proves the claim. O

We next show that the fixed-point solution for S® is obtained by replicating the fixed-
point solution for .S.
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Lemma B.3. For A >0, let 7(\) = (74(\) )pe|x) be the unique solution to

~ = S’Vab?b()‘)
(19) 1=7(\) + N pelR]
LA ey g

For every t € N, let r(t)()\) € RP* denote the unique solution to (4) corresponding to S®.
Then

TEZ),UH@(A) =7b(A), be k], velt.

PROOF. The existence and uniqueness of 7*(\) follow from Lemma D.3, applied to S. For
fixed ¢, define 7() (\) € RP* by

PN =), be k], velt).

Index the rows of S by (a — 1)t + u, with a € [m] and u € [t]. By (9),

®) _lg
S(a—l)t+u, (b=1)t+v — Zsab'

Hence

ZZS(a 1)t+u, (c—1)t+w (Z 1 t+w ZS(ICTC

c=1w=1

Therefore, for every b € [k] and v € [t],

(0 (1)
ZZ S(a- 1)t+u ( )t+vT(b—1)t+v()\)
b 1) e D)
a=1u=1 A+ Zc 1 Zw 1 1)t+u, (c— 1)t+wr(c—1)t+w()\)

m

- SapT( A\
a=1 A+ Zc:l SllCrC()‘)

Thus 7 (\) solves (4) for S*). The result follows from uniqueness in Lemma D.3. O

Next, we express the degenerate column set and the switching condition for S*) in terms
of those of the prototype S.

Corollary B.4. Let J g and J g« denote the degenerate column sets of S and SO, respec-
tively. Then
Jgon ={(b—1)t+v:beJg velt]}

Moreover, S satisfies the switching condition if and only if S does.

PROOF. By Lemma B.3,

rEl?—l)t-i—v()\) =7(N),  be[k],vet, A>0.

Taking A | 0 and by Theorem 9, (b — 1)t + v € J gy exactly when rg;)_
is exactly when 73,(0) > 0, or equivalently, when b € J 5. Therefore,
JS(t):{(b—l)t+U beds 3 [t]}

1+0(0) >0, which

Similarly,

Oy 1)040(0) = Oa7(0),
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s0 Or()(0) is finite if and only if 97 (0) is finite. The statement about switching follows from
Theorem 14. O

We can now combine these results with Theorem 3 to prove Corollary 15.

PROOF OF COROLLARY 15. By Lemma B.2, S satisfies Assumption 1 uniformly in ¢,
and

bt

k
Tt N E
Hence Theorem 3 gives

2 Pt

Ry (X Zz ot (M) 225 0.

Indexing the columns by (b — 1)t + v, w1th be [k] and v € [t],

(t)
2(b Dt+o, (b—1)t+v ZZS 1)t4u, (b—1)t+v

a=1u=1

m
:§ Sab

a=1

Together with Lemma B.3, this gives

1 Pt 1 k m
— t =~ ~
—Y San =3 <Z Sab) OnT(Mr).-
t m
=1 b=1 \a=1
If the switching condition fails, Theorem 14 gives 957 (0) € R”, so the right-hand side
converges to the finite limit in Corollary 15. If the switching condition holds, then 0)7,(0) =

+oo for some b € [k]. Since

m ~
Z Sab > O>
a=1
the right-hand side diverges. The result follows from Theorem 3. 0

APPENDIX C: LOCAL LAW FOR THE VARIANCE PROFILE MODEL WITH
EXPLICIT 2-DEPENDENCE

The main goal of this section is to adapt the local law results in [4] to

* have an explicit tracking of z-dependence, and
¢ derive a bound that allows for z to be taken close to zero.

We write as shorthand

S — (SOT 8‘) e R +p)x(ntp)

Denote the upper half-plane of the complex plane as H := {z € C|Im(z) > 0}. Under
Model 3 and Assumption D.1, [4] shows that the limiting spectrum of X//n can be com-
pletely described by a deterministic function 91 : H — H"'? that is the unique solution of
the quadratic vector equation (QVE),

(20) —diag{M(2)} ' = 21,4, +diag{&EM(2)}, zcH,

where, for any generic R? vector v = (v1)1<i<p» we denote the diagonal matrix

(21) diag{v} = (Ul g ) .

b
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The existence and uniqueness of 91 are guaranteed by Theorem 2.1 and (3.6) of [4], which
follows from applying Theorem 2.1 of [2] to quadratic vector equations of the form (20). We
also define the resolvent of the Hermitialized empirical data matrix as

22)  G(2) =(H —2Lh,)"",  where H = ( ° ﬁX> and z € H,

—=XT 0

Vv
and define g as the random H — (C \ {0})™"? function (where the stochasticity comes from
the data) as

9(z) = (GH(Z) s> Gntp)(ntp) (Z)) :

We seek to approximate the random resolvent matrix G(z) by the deterministic matrix
diag{9M(z)}. Our results rely on adapting the analyses of the QVE (20) in [4]. One main
difference is that most of their tools hold for z bounded away from 0, whereas our risk
analysis requires taking z to 0 as a suitable function of n and p to approximate the pseudo-
inverse (X " X)'. On the other hand, we are allowed to take 2 to 0 along any chosen trajectory
and at a much slower rate in n, which allows us to have looser bounds than those established
in [4].

To state our variant of their local law result, we follow the notation of [3] — whose tools
are heavily used in [4] — and consider the following definition of stochastic domination:

DEFINITION C.1 (Stochastic domination, Definition 1.6 of [3]). For two sequences of
n-indexed non-negative random variables ,, and 1,,, we say that ¢, is stochastically domi-
nated by 1),,, denoted as

Pn <¢n>

if for every § > 0 and x > 0, there exists n¢ ,, > 0 that depends only on the constants s, L1,
Ls, 1 and 12 in Assumption D.1, such that for all n > n¢ .,

P(‘Pn > ngwn) <n .
We also write ,, <, if the above holds also with £ = 0.

Note that the definition of stochastic domination in [3] additionally requires n¢ ,, to de-
pend on a small and fixed tolerance parameter 4 € (0,1) under the additional constraint

that Im (2) > W, and their result holds for any fixed 4. We do introduce a condition

Im(z) > % with v > 0, similar to [3], but we will make the dependence of v explicit in our
bounds. Specifically we focus on the domain

Dy x = {zGH‘Im(z) > niv, |z| < K}

Theorem C.2 (Local law for H). Under Model 3 and Assumption D.I, there exist some
cr, > 0 and some sufficiently large K > /s, both of which depend only on the constants s,

L1, Lo, Y1 and v in Assumption D.1, such that provided that v € (0, m), we have

() — . —(eL+v
1gzr22}7§+p‘Gl’J(Z) My(z)Ig_p| < n forzeD, k.

Moreover, the off-diagonal approximation error satisfies a sharper bound that

max |G (2)] < n3v s forzeDy, .
j

The rest of this section is devoted to the proof of Theorem C.2. To state the intermediate
results, we first note that [4] applies the technique of matrix Dyson equation and uses (20)
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to approximate the self-consistent equations satisfied by the resolvent of the empirical data
matrix. Specifically, (3.4a) and (3.4b) of [4] show that g satisfies a perturbed QVE

(23) —diag{g(2)} ™' = 21,4, + diag{& g(2)} +diag{o(z)}, z€H,
where we refer to [4] as well as our Appendix C.3 below for the definition of the random
H — C™*P perturbation function ? (where the stochasticity comes from the data). In the

analyses of both the QVE (20) and the perturbed QVE (23), one needs to study the stability
of the equations. Observe that (20) can be rearranged to the vector equation

-
(24) F(z) =0, where F'(z) = (#(z), cee m> +21,4p+BM(2) .

The stability of 91(z) under a perturbation of the equation F'(z) is measured by the vector
derivative
1

OF(z)

z z)\ L . — —
OM() (291:1((2)) = (—diag{"M(2)} *+ &)

= — diag{|M(2)|} B~ (2) diag{|M(2)},
where we have denoted

M(2)] = (1M ()], My (2)])
(M (2)? D 4p(2) 2 . .
(25 B(z) = dlag{ ‘Dﬁigzyz s W} — diag{|M(z)|} & (=) diag{|M(z)|} .

The analysis of the inverse 8! plays a crucial role in the proof of [4], and we will track the
z-dependence in this analysis explicitly. The results in the rest of this section are organized
as follows:

* The results in Appendix C.1 control the size of 9t(z) as well as the size 9,9%(z) through
B1(2);

* Appendix C.2 provides a result that controls B8~1(z), which in turn control stability of
M (z) under a perturbation of the QVE. As a corollary, this gives an explicit control of
0.M(z2);

» Appendix C.3 provides a result that approximate the diagonal of the resolvent, g(z), by
the QVE solution 9(z), with errors given in terms of the QVE perturbation d(z);

» Appendix C.4 provides results that bound the size of the QVE perturbation 0(z) as well
as the size of the off-diagonal entries of the resolvent G(z);

* Appendix C.5 combines the intermediate results and proves Theorem C.2.

Additional notation in this section. Given a vector v € C?, we denote its coordinate-wise
average and coordinate-wise inverse as

_ 1 -1 ._ (,—1 -1\ T
(v) ‘_Ezlgbvl and o= (L)
For u,v € CP, we also denote the coordinate-wise product as
uoOv = (uvr, ... uiv) !,

where * indicates complex conjugate. We also denote the averaged l5 inner product as

1 b
(u,v)9 = Ezl:1 u vy

For a matrix A € C?*?, we follow the convention of [4] to denote the operator norm induced
by the Euclidean vector norm as
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the operator norm induced by the co-norm as

and similarly

Al = sup L5212
oo Tll2

We also use < and 2 to indicate inequalities up to a multiplicative positive and bounded
constant, which only depends on v = lim% and the constants s, Ly, Ls, 11 and 9 in
Assumption D.1.

C.1. Controls on 9t(z) This subsection first provides controls on the entries of |91(z)]
and Im M(z) in Lemmas C.3 and C.4, which are analogous to Lemma 3.1 of [4] and Lemma
5.4 of [2], which will hold under Assumption D.1 on the variance profile S. The main dif-
ference is that we simplify the bounds to get rid of the dependency on the limiting spectral
measure p while seeking explicit z-dependence. We also provide a component-wise control
in Lemma C.5 on the derivative by bounding ||0.91(2)||~c, wWhich is needed for both the proof
of the local laws and the proof of our risk formula. This is in contrast to Lemma 3.8 of [4],
which only controls that of the averaged component 9, (9t(z)).

The first result concerns |0(2)|.

Lemma C.3 (Control on [M(z)). Suppose sup;<y, j<, Sij < 5% Then for any z € H,

=p
Im (z) 1

o My ( m .

Im (2) |2] + 8¢ = 1<l<n+p| 2)| < 1§?25+p| (=) < Im (z)

PROOF OF LEMMA C.3. We first rewrite (20) as a system n + p of equations: For every
1< <n,

1 x> Sij
(26) m(z) - Zj:l 24301 8My(2)
and that for every 1 <[ <p,
1 Szl

@7 eI S

n+]( ) ‘

We handle (27) first since the argument for (26) is s1m11ar. Taklng the norm on both sides of
(27) and applying the triangle inequality, we have that

1 Sl
z| + L
[90,41(2)] <2l Z’ 1 Z+Zp M1 5(2)

S
g +3 .

Si<nSi ©

(b) MNSx Sx
< [zl + Im (z) < lel+ (n+p)Im(z) < |z m(z)
In both (a) and (b), we have used that S;; > 0 and that both z and 91, (%) lie in H, the
complex upper-half plane; in (c), we used the condition that sup;<,, j<, Sij < pin . This
implies the lower bound
I
M, 10(2)] > 71111(;)[1@':5* forevery 1<I1<p.

By a similar argument applied to (26), we obtain that
inf |90 (2)| >

1<i<n+p

Im (z)
Im (2)|z| + sx



20

To provide the upper bound on the largest entry of 9t(z), we take a multiplicative inverse
of both sides of (27) to obtain
9. -1
Ma1i(2)| = ( —z+ > il ) ’
| TL-H( )| Zz:l Z+Z§:1 Sljanr](z)

S, ~1
—Im(z)+ Y Im< L >‘
(&) +2 2+ 30 Sij M j(2)
| ()3 Si(1+mmSy) ™! x Im (24 S8y i 5(2)
= |2+ X0y 81 5(2)]
1
< Im(2)’

where we have again noted that the imaginary parts of z and 91, ;(2) are all positive. Ap-
plying the same argument to (26) gives

IN

-1

1
su M(z)]| < ,
1§l§5+p | ! )| — Im(z)
which proves the required upper bound. O

Note that Lemma C.3 directly implies an upper bound on Im (99%;(z)). The next result
provides a lower bound on Im (90%;(2)).

Lemma C.4 (Control on Im (9%(2))). Under Assumption D.1, we have that for any z € H,
AL\ L, Ly Ly
inf  Tm (9M(2)) > (%) min {( ) ) , (&) } x (Im (M(2))) .

1<i<n+p Im (2)]2] + sx n+p n+p

PROOF OF LEMMA C.4. Taking the imaginary part of the QVE (20), we obtain that for
1<I<n+p,
Im (9 (2))
|20 (=)
where e; is the [-th standard basis vector in R"*?, and we have used that z € H has positive
imaginary parts. By the lower bound from Lemma C.3, we obtain that for 1 <! <n + p,
e/ Tm (M(2)) > ( inf |, (Z)P) (Jmm (zm(z)))

1<U'<ntp

= Im(z) + e?@lm(fm(z)) > el—r@Im (M(2)),

Im (2) 2 T
> (e ) o OIm ).

Since & has non-negative entries, we get that for any L € N, the coordinate-wise inequality
is preserved under a left-multiplication of &~

_ I 2
) &L m (M (2)) > (%) e &% Tm (M(2)) .
Therefore by an induction, forany L € Nand 1 <[ <n+p,
I 2L
(28) e/ T (M(2)) > (ﬁ) e/ 65 Tm (M(2)) .

Now let o; be the [-th standard basis vector in R™ and e; be the [-th standard basis vector in
RP, and recall that by Assumption D.1,

(SST) M) = W (ST 2 2
Let 1,, be the all-one vector in R™. Since S has non-negative entries, for any v’ € H",
. T(ggT\LiLla, /) > s T ogT\Li(La—1) . T(g§T L1y
llg; (o) (SST)M520) > ln§17fl (0 (SS) 1,) 11115; (op (SS 7)™ ")
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n /
s 58Ty, (B

I<n
> (nwl )Lz(Z?:wz)
— \n+p n+p )
Similarly for v/ € HP,

inf (¢ (STS) ) = (22)" (B2t

I<p — \n+p n+p

Since & = ( 0 g ) consider the matrix

1Ly T LyLs - SSTYL1)L2 0
®abe = (85T 0)77 = (9 (grgpiayn ) -

Then for any v = ((v/) ", (v/) ") T with v’ € H" and v’ € HP,
n—+p
. T 2L, Lo . nyy )L2 (pwz )Ll} 2i=1 Ul
zgllefrpel ® v me{(nw "\n+p % n+p
Substituting this into (28) with L = 2L, Lo, we obtain the desired bound

inf  Im (9MYy(z)) > (%)Mlh min {(:j’}p)h’ (ng )Ll} (Im (M(2))) .

1<I<n+p n+p
[
The last result concerns the control on ||0.90(2)||sc-
Lemma C.5. Suppose sup;<,, j<,Sij < p+ . Then for any z € H, provided that B1(z)
exists,
n—+p
[0, < G2 137 ) e

PROOF OF LEMMA C.5. Recall from the notation of (24) that the QVE can be rearranged
to
1 1

T
ml(z) y T mn+p(z)> +Zln+p+ ®m(z) 9

F(z) =0, where F'(z) = (

P g {I(=) B (=) dag M)}

By the implicit function theorem followed by the inverse function theorem,

B OF(2) \T1oF(z) _  oM(2)
0:M(z) = — (amt(z)) 9. OF(z )1"+P

= diag{|M(2)[} B~ (=) [M(2)] -

This implies that

[0:90(2)]|, < 1M o 157 ) o M) oo (m 4 ) < 2o B4 -

where we have applied Lemma C.3 in the second inequality.
O]

C.2. Stability control This subsection concerns the operator B8~!(z), which measures
the stability of 9%(z) under a perturbation of the QVE. The main result is the following, which
is essentially an adaptation of Lemma 3.5 of [4] with explicit tracking of the dependence of
z and our bounds from Lemmas C.3 and C.4 above.
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Lemma C.6 (z-explicit version of Lemma 3.5 of [4]). Under Assumption D.1, there is some
constant cy, € N that depends only on L1, Lo from Assumption D.I such that for all z € H,

29) 1B ()l S max {1, (P (m ),
(30) 1B ()l S 1+ max {1, (PEELE ) (1 ()12,

Plugging the bound (30) into Lemma C.5 gives the following immediate corollary:

Corollary C.7. Under Assumption D.1, there is some constant cy, € N that depends only on
L1, Lo from Assumption D.1 such that for all z € H,

[0l S s (1+max {1, (%)CL}(Im(z))u).

The rest of this subsection is devoted to the proof of Lemma C.6, where we heavily
reuse results already proved in [4]. We simplify one result with our Lemmas C.3 and C.4
(i.e. Lemma C.8 below) and quote three other essential tools (i.e. Lemmas C.9 to C.11). To
facilitate the presentation, we follow [4] to introduce

(1) $(2) = diag{|M(z)[} &(z) diag{|M ()},
such that by (25),
()2 D p ()|
B(2) —dlag{ TOF e }—3@).

We also recall that the spectral gap Gap(7T') of a compact self-adjoint operator 7" on a Hilbert
space is the difference between the two largest eigenvalues of |T'| (see Definition 3.2 of [4]).

Lemma C.8. We can compute

Im (2) (f(2) © [M(=)])
(32) B2 =1~ v
(i(z) ©ImM(2) © [M(2)|~)

where §(2) is the unique eigenvector of §(z) associated with ||§(z)||2. In particular, under
Assumption D. 1, for any z € H,

2
(33) 0< (1-[IF(x)]2) " < %

PROOF OF LEMMA C.8. (32) is verbatim from Lemma 3.4 of [4]. To obtain (33), we
apply our Lemmas C.3 and C.4 instead of Lemma 3.1 of [4], as well as the non-negativity
of f(z) by Lemma 3.3 of [4] (see Lemma C.9 below, where we identify §(z) = §(r) with
r = |9M(z)|). This yields a simpler bound without requiring |z| < 10. O

The next result of [4] concerns an additional quantity §(r); note that our §(z) = (r)
when = |M(2)].

Lemma C.9 (Properties of a perturbed §(z), Lemma 3.3 of [4]). Suppose Assumption D.I
holds. For a vector 1 € (0,00)" P which is bounded by constants r € (0,00) and r_ €
(0,1], i.e., r_<rp<ry
forall x =1,...,n+ p, we define the matrix @(7“) Lvith entrifs §(r)ij =181 for i,j =
1,...,n+ p. Then the eigenspace corresponding to \(r) := ||§(r)||2 is one-dimensional and

A~

(1) satisfies the estimates

(34) rt < X(T‘) <l
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There is a unique eigenvector ?:?(r) corresponding to X(r) satisfying T, > 0 and

\/anpH/f\H = 1. Its components satisfy that, for some constant L € N that depends only on
L1 and Lo from Assumption D. 1,
2L R A

(35) +m1n{)\ (r)” L+2} < fe S X(:)Q’ forallz=1,...,n+p.
Moreover, F(’I“)F(T)T has a spectral gap

P 8L
(36) Gap (F(T)F(T)T) 2 _6 min {)\ ( )~ 8L+10}

Jr

Lemma C.10 (Rotation-Inversion Lemma, Lemma 3.6 of [4]). There exists a positive con-
stant C' such that for all n,p € N, unitary matrices Uy € CP*P, Uy € C"*"™ and A € RP*"
with nonnegative entries such that A*A and AA* are irreducible and || A* Al|2 € (0,1], the
following bound holds:

C

-1
(52)
A" Us 2 Gap(AA*)[1 — [|A*A|l2(v1, Urv1)2 (va, Uavz)2| ’

where v1 € CP and vy € C" are the unique positive, normalized eigenvectors with AA* v, =
|A* All2v1 and A* Avy = || A* A||ava. The norm on the left hand side of (37) is infinite if and
only if the right hand side of (37) is infinite, i.e., in this case the inverse does not exist.

(37)

Lemma C.11 (Lemma 3.7 of [4]). Let R: C"™ — C"*P be a linear operator and
D: C"P — C"*P a diagonal operator. If R — D is invertible and D., # 0 for all
r=1,...,n+pthen

n—+p -1
(R~ D)Mo < (E1Dsal ) (L4 1Rl ncll(R = D)),

We also state a small lemma for controlling the norms of &.

Lemma C.12. Suppose sup,<,, j<p, Sij . Then

z] = p+
max {[|&]l2-00 5 |6l } < s

PROOF OF LEMMA C.12. Since & = (- 7 ), we can write

T
[Sv]lo0 max{||Svi oo, [[S valloo}
||6H2*>oo = Sup HU” = Sup T T
v#£0 2 (v ,v4 )#0 H(Ul 1 Vg )HQ
(a) max{ ¥ > i<, V1 prm 2i<n v2,i} (0
< sup p+n £=JsSp "LJ > ptn £asn “450 S .

(vf wd)#0 (n+p(zj<pvlj+Zz<nv21))1/2 B

In (a), we have applied the entrywise bound on S; (b) follows by noting that

1 1 9 \1/2 1 1 5 \1/2
p2j<pUli S (Ia 2 i< ”LJ’) and 0>, vei S (H D i<n ”271') '
The second bound follows from a similar calculation:
max{ %5 D ic), V155 o di<n V2,i}

¢o) < sup ]
Ol T @l wg)zo max{supjicp vy gyl suprcp o ply T T
where we now use that
1
- . V1,4 < and — (%)
§3 v < s PIPRSE
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We are now ready to present the proof of Lemma C.6.

PROOF OF LEMMA C.6. We first prove the || «||2 bound on (29). The application of
Lemma C.10 is identical to the proof of Lemma 3.5 in [4], and we record the argument
for completeness. For [ <3, we write

My, (2) = (M, (2),..., 90, (z))T c Hle—h+1
Recall from (31) that we can express

§(2) = diag{|M(2)[} &(z) diag{|M ()|}
_ (191 (2)] 0 S\ [Min(2)]
- ( (9 (41):(n49) (2))] ) (ST 0 ) ( [9 (41):(n49) (2))] )

0 F(z
=(por ) where F(2) = [MM1:0(2)] S M s1): () (2)]
We also use (25) to express
Ui(z) —F(z
B() = U:) -F) = (25 v

Ui(z) 0 ) . 2 (=) [P p(2)

e dlag{ M ()2 0 My p(2)? }
This allows us to apply Lemma C.10 by identifying A = —F(z) and U;, Us as above:
As with [4], by noting that §(z) equals §(r) in Lemma C.9 with r = |9(z)|, we write

f(2) = (f1(2), f2(2)) € CP*™ as the eigenvector of §(z) given in Lemma C.9, and take the
normalized vectors

where we denote  $l(z) = (

f1(2) fa(z)

38 = — d = ——
G8) = Ao an V2= e o
Then Lemma C.10 gives that
(39) |IB! -

@2 = Gap(F(2)F(2) 1) x [1— || F(2) T F(2)lla(v1, U1 (2)v1)2(v2, Ua(2)v2)al -
To compute the above further, we first note that since (v1,v1)2 = 1, 1 |v1|“? induces a prob-
ability distribution u; supported on {1,...,n}, and so does %"UQ’@Q with a distribution 1o
supported on {1,...,p}. We can then express

(v1,Ur(2)v1)2 (v, Ua(2)v2)2 —( >l |2|Eml(z)| )(%Z{ |(v2); |2;nt:+j(2)|2>

o (2)? i=1 ()

|07 (2) | |9ﬁn+J<z>2]
My(2)2 My g(2)? 17

Now follow the notation of [4] and let the C™*™ vector 1) be such that e = Iinggl for
1<I<n+p.Then

(v1,Ur(2)v1)2 (v2, Ua(2)va)s = Ermp, s [ €xD (= 2i(01 + Ynra))]
and we can control the following quantity that appears in the denominator of (39):

(%) = 1= [[F(z) T F(2)]l2(v1, Ur(2)v1)2(va, Ua(2)v2)o]

1—[|[F(2)TF(2)lla x Re ((v1,U1(2)v1)2 (v2,Us(2)v2)2)

1= F(2) T F(2)ll2 X Ermpy,gms [€08 (207 + 20047 ]

1= [|F(2)TF(2)lla+ 21 F(2) "F(2)ll2 X Bty goops [ 50 (1 + ¥nsg)] -

= EI"‘Hl,JN#fz [

v

(40)
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Now note that under Assumption D.1, by inverting the bound (33) in Lemma C.8, we have
Im (z)4
>1—||F(z)"F =1- > —=
() = 1= IF@) PG = 1= 3@ > G
Plugging this back into (39) gives

- (Im (2)[2] + 54)
B .
” ( )H2 ~ Gap(F(2)F(2)T) x Im(z)4

Now note that by (36) of Lemma C.9,

. 8L
Gap (F(2)F(2)") 2 % min {|F(2)TF()[5, |F ()T F(2)])75+10)

(

GD (inf 8L _

> (m”im—l)w min {(inf[iml(z)\)w, (inf\fml(z)\) 16L+20}
(supy [9(2)]) ! ¢

2 Gy i {1 (ﬁ>}

for some constant ¢; > 0 that only depends on Lj; in the last line, we have applied our
Lemma C.3 again. This implies

17 ()l S max {1, (ELLE) " (1 (21,
where we have taken cj, = c’L + 2. This proves the first desired bound (29).
To derive the second bound (30), we apply Lemma C.11 with
R =3(z) and D =3F(2) + B(2) = diag{M(z) "2 |M(2)|*} ,
which gives
1B (2)lloo = [[(R = D)oo
< (it ()2 P]) (14 1o |37 )]e)

I<n+p
=1+ 8(2) 2500 B~ (2)ll2-
Recall that §(z) = diag{|9(2)|} &(z) diag{|9(=)|| }, which allows us to control

(a) (b)
IF(2)ll2—00 < M) 2612500 S 193 < m

In (a), we have used that ||S ||+ < 1 by applying Lemma C.12 under Assumption D.1; in
(b), we have applied our Lemma C.3. Combining this with our bound on ||B~1(z)||2 above
gives

-1 1 -1 Im (2) [2] + sx ) “ 12
1B @)l S1+ e 1B @)le < 1+max {1, (FETE) ™} (m ()2,
]

C.3. Controlling the diagonal resolvent error by QVE perturbation We seek to ap-
proximate g(z), the diagonal of the resolvent G(z) of the data matrix, by the solution 2t(z)
to the QVE (20). As mentioned in (23), the random H — (C \ {0})""? function g satisfies a
perturbed QVE

—g(2)7' = 21,4, +Gg(2) +0(2), z € H,
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where the random perturbation vector 0(z) = (91(2), ..., 0p4p(2)) reads, for 1 <m <n and
L<r<p,
=\ P Xk ~(m) Xl p (Xl (m)
(=) = 30 g o Gt () 20 ( mkl® 5mk>Gnnlk,n+k(Z)
YT s Grtke,m(2) G vk (2)
k=1"mk am(2) )
Xjr A(nr), y X X2 N
Onr(2) = Z;l,tzl,j;ét \/j?: Gg? ") \/t?: +Z?:1 ( raie Sjr) Gg? e

n ) Gj,n—l—r(z) Gn-s—r,j(z)

s e,

and we have denoted the modification of GG after removal of the k-th row and k-th column of

H= () y") as,for 1 <k <n+p,
-1
G(k)(z) — (H(k) _ ZIn—i—p) , where Hl(f) = Hij sk, j2ry -

The formulas follow from Schur complement formula; see (3.4a) and (3.4b) of [4] for a
derivation, noting two notational differences that

* they handle a variance profile of dimension p x n whereas our variance profile S is of
dimension n X p, and

* our data matrix X have entries with unit variances, and therefore shows up in the formulas
with an explicit rescaling factor of 1//n.

The main result of this section is stated next: Roughly speaking, it says that provided that the
approximation error ||g(z) — 9M(2)||lo is bounded in some way, we can further sharpen the
bound on ||g(z) — M(z)|| to be a function of the size of the perturbation ||9(z)||~ (Which
is subsequently controlled in Appendix C.4). It also provides an additional result to control
the size of |(w,g(z) — M(2))2| for any fixed vector w € C"*P.

Lemma C.13 (z-explicit version of the || » ||, bound in Lemma 3.9 of [4]). Suppose Im (z) <
min{1, s, }. Let cf, > 0 be the constant from Lemma C.6. There exist some constants Cp > 1
and Cy > 0, depending only on the constants sy, L1, La, 11 and 1o in Assumption D. 1, such
that almost surely

Co (Im (2))°2
la(=) = M=) loo x K l8(z) =Moo < o2 oer |

3C Im (2) |z] + sx cr,
gﬂméﬂ( %gé )|W@Nm-

As with the proof of Lemma 3.9 of [4], we will employ the following tool developed by
[2], which enables a refined control on ||g(z) — 9%(2)||c Whenever a crude control is already
available:

\%

Lemma C.14 (|| || oo bound of Lemma 5.11 of [2]). Suppose g’,d’ € C"*? with inf;<,,1,|g)|
0 satisfy the perturbed QVE (23) at some z € H, and assume

(42) 19%(2)loo < Coes B7(2)]lo0 < i,
for some constants Cly, Cyy > 1. If
1

<
o = S {1, ST}

(43) lg" —M(2)

then we have
(44) lg" = DM(2) oo < 3C:(Con)?[10]| oo -
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PROOF OF LEMMA C.13. The goal is to apply Lemma C.14 with g’ = g(z) and ?' =
0(z). We first note that by our Lemma C.3 and the condition that Im (z) < min{1, s.}, we
can take the bound on ||9(z)||o in Lemma C.14 as

’o. 1
Cop = m() >
Meanwhile by (30) in our Lemma C.6, there is some constant C'z > 1 that depends only
on the constants s., L1, Lo, ¥1 and 12 in Assumption D.1 and some constant ¢y, > 0 that
depends only on L; and Lo such that

1) oo < 2 (1 max {1, (PEELES) ™ 1y (2))12)

Im (2)
(1 (255" tmie)
(45) < o (el e

In (a), we have used s, > Im(z); in (b) we have used Im (z) < 1 and that the quantity

(%)“ > 1. In other words, we can take the bound on ||B7!(2)||» in Lemma C.14

as
(&
cu = cn(ee)”
which is > 1 since Im (z) < s, and Cz > 1. We also note that by Lemma C.12,
[6]lcc < si
In this case, the threshold in (43) satisfies
1 Co (Im (2)) -

2 max{1, [Sfloc} ClhyCly = (m (2)[z] + sx)°L

for some constant Cy > 0 that depends only on the constants s, L1, Lo, %1 and 12 in As-
sumption D.1. This allows us to apply Lemma C.14 to give that, almost surely,

Co (Im ()2
l8(z) = M(lloe x Hlla(:) ~ M(oe < FeH 2o |

< 305 (Ci)* [0(2) 0

_30p  (Im(z)|l 4\
N (Im(z))2 < Im (z) ) ||D(Z)||OO .

O]

C.4. Bounding the QVE perturbation and the off-diagonal terms of the resolvent
Lemma C.14 allows us to control the error of approximating the diagonal of the resolvent,
|lg(2) —M(2)||0o, through the random perturbation d(z) (where the stochasticity comes from
the data). One of the goals in this section is to control ?(z), which is a H — C"™*? function,
as its output dimension

n+p— 00.

The other goal of this section is to control the off-diagonal terms of the resolvent G(z), i.e. to
provide a bound on

max |G (z)] .
nax Gy 2)

This term appears alongside the diagonal resolvent approximation term in the quantity we
ultimately seek to control:

(46) max |Gy (z) — My(2) Ly

1<l'<n+p

= max{la(z) = M=)l . max|Ciy(2)] }
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The main results of this section are the following stochastic bounds on the QVE pertur-
bation [[9(2) |l — which controls [|g(z) — 9(2)||cc — and the off-diagonal resolvent term
max;»; |Gy;(z)|. Here, not only do we need to track the dependence of z, we also need to
develop results that allow z to be taken small. This leads to bounds that are slightly different
from [3] and [4].

Lemma C.15 (Perturbation terms, variant of Lemma 2.1 of [3] / Lemma 4.6 of [4]). Under
Assumption D. 1,

1 1
PElee < Zotm® * nam@s

Lemma C.16 (Off-diagonal terms, variant of Lemma 2.1 of [3] / Lemma 4.6 of [4]). Under
Assumption D. 1,

1 1

max |G (2)] < v min{1,Im (z)}3

We present the proof of the two results one after another, since many of the calculations
are shared.

PROOF OF LEMMA C.15. We recall the definition of the resolvent matrix (22) that

G(z) = (H —zIy)" !, where H = (10XT “EX> and z € H.
Vo

Also recall that the definition (41) of the perturbation vector d(z) involves the following
matrix minor of GG after removal of the k-th row and k-th column of H,

—1 k
GW(z) = (H® —21y)™",  where HY = HyTgu ju -
Recall from (41) that the perturbation vector 9(z) = (91(%2), ..., 0n4p(2)) reads, for 1 <m <
nand 1 <r <p,

_ D Xk ~(m) Xl p |ka‘2 (m)
Z) - Zk,l:l,kz;ﬁl NG Gn+k,n+l(z)% +Zk:1( n —S5m )GnJrk n+k( )

. ZP Gn—l—kz,m(z) Gm,n—i—k(z)
k=1 mk Gmym(z) ’

Jp— Xjr i), Xor no (X o Amtn)e)
Dn_;_r(z) = Zj,tZl,j;ﬁt \/ﬁ Gjt (Z) \/ﬁ + Zj:l ( n - S]’I‘) G]J

. Zn ) Gj,nJrr(Z) Gn+r,j(z)
j=1"J" Gn+r,n+r(z) '

We focus on controlling 9,,(z2) for m < n, as the argument for 9,,4,-(z) is similar. Notice that
the random variables (X;;)kr<, are independent of the matrix minor G (m)(2). By applying
the same large deviation estimate as [3, 4] (see, e.g. Appendix C of [20]) to (X,x)k<p, We
can control the first term of 9,,,(2) as

m Xm
1) z)| ::‘Zz,lzl,k;él Jn G£L+)k,n+l(z) \/ﬁl‘
m 1/2
(Zz,z:m;&l Sk S ‘G£L+)k,n+l(z) \2)

m 1/2
= (Zk’l 1]g7él{G£L+kn+l ’ )

)1( p Im<Ga(v,+)ln+l( )>>1/2

n =1 Im (2)

A

—
S
N

—
=
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(Q 1
= ata()

In (a) above, we have recalled that ||.S]|s <

47

—3= by Assumption D.1, that limn/p € (0,00)

and that the Definition C.1 of stochastic domination allows us to absorb the factor of s*/ 2; in

(b), we have noted that by applying the Wald identity to the resolvent G™®) (see e.g. Lemma
2.3 of [27]),

(m)
m Im Gy (2)
(48) ngnﬂ,}Gil )(Z)|2 = W;

in (c), we have noted that since G(¥)(z) is the resolvent of a real Hermitian matrix, its diag-
onal entries are bounded by its largest eigenvalues in norm, and therefore

(k) 1
4 < .
(49) 1215]\[ ‘Gll (2)] < Im (2)

Note that the main difference of our proof from that of [3, 4] is the use of (48) to compute

|G£ﬁ)k s (2)[? directly, which allows us to bound |0,(711) (z)] directly without imposing an

additional indicator function. Now by a similar argument and using the Gaussianity of Xy,
the second term of 9,,,(z) can be bounded as

P (2)] = ’ZZ=1 (‘XZ’“P — S )Gﬁ)k k(2 )‘
) <ZZ:1 S }ng—)k ik (2))] )1/2
(S 16 al)
(:9) 1

— Vnim(z)
To handle the last term of 9,,(z),

(50)

I

B ‘ Zp Grtke,m(2) Gy gk (2)
T | k=1 Pk Gm,m(2)
we again deviate from the proof of [3, 4] to use the second resolvent identity in Lemma 4.5
of [20]: For [, j # k, we have that

k
le’(z) = _Gkk(z) Zlgrgn—i-p;r;ék G( )( ) rk

k
Giy(2) = = Gi(2) X1, oy, Hir(2) G

Note that since G(z) and H are both Hermitian, we can define

k k
Q™) = 32 it Gt () ok = 3 Hr G (2),
and obtain

}ag)(z)’ = ‘ ZZ:1 Sk Gm,m(z) (Qﬁ)k(z)ﬂ

1 2
=< Xy (G () (Qk(2))*
Now by a standard large deviation bound from Appendix C of [20] again,

m 1/2
QnJrk( = (Zlgrgn-i-p;r;ﬁm HSHOO {Gi n)+k( )’2)

1 m 2\ 1/2
vn (Zl§r§n+p;r7&m ‘an,nlk(z)l >

A
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— Vn Im()
@)
= ()
This implies
. 1 1 (d) 1
51) o ()] <5 2y [Gmm D S = wma

In (d) above, we have noted that the bound (49) applies also to |G, (z)| since G(z) is also
the resolvent of a real Hermitian matrix. Combining the three bounds (47), (50) and (51) by
the triangle inequality, we obtain that for 1 <m <n,
1 1
Pr@] < Ftms * wm@R

Also note that none of the bounds nor the large standard deviation bounds above depend on
the index m, and note that the exact same calculation applies to [0,,4,(z)| for 1 <r <p.
Therefore we obtain the desired control that

1 1

PROOF OF LEMMA C.16. For | # j, we start with the off-diagonal Schur formula (see
(2.3) of [3]) to obtain

Gu(z) = Gu(2) GV (= )<—H1j+ S Hy, G szj)’

1<k, ke <n+p

k17k2 g {17]}
where we have denoted the analogue of G'¥)(z) but with two indices k1, k2 removed as
1R2 — 1R2 -1 kiks) .
Gk () s= (HUR) —2Iy) ™ where B = Hy g, 1)y -

We first use the same argument as (2.20) of [3]: By noting that H;; in the first term is either
zero or zero-mean Gaussian with variance < s./(n + p), and applying the large deviation
bound of Appendix C of [20] to the sum in the second term, we obtain

1) 1 1 15) |2
Gy < [Gu(2)?1GS)( >\2(n+nz > |Géf£2|)-

1<k1,k2<n+p
kl 7k2 ¢{l,]}

We now control this by observing that the Wald identity (48) and the bound (49) both apply
to the resolvent G(¥1%2)  which gives that almost surely

(1)
. ImG (2)
() |2 k1ky n+p
> ekl = Y T S mor
1<k ,ka<n+p 1<k; <n+p
k1 ka{l,5} kig{l.j}

This implies

A2 W2 (o
1Gi; ()1 <|Gu(z ) |G (2l (n+n(1m(z))2)

“9) 1 1
- Emin{l,lm(z)}6 ’
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Again, the bounds above are independent of the indices / and j, which imply that

1 1
rggx\Glj(Z)’ = U min{L,Im (2)}3

O]

C.5. Proof for the local law under the variance profile model We now have most of
the key ingredients to prove the local laws in Theorem C.2:

e Lemma C.14 says that whenever the diagonal resolvent approximation error ||g(z) —
M(2)]|o satisfies some crude bound, we can improve the bound to depend on the per-
turbation ||9(2)]|s. It also provides an analogous bound for |(w,g(z) — 9M(2))2| for any
fixed vector w € C™*P;

* Lemma C.15 controls [|3(2)||co;

* Lemma C.16 controls the off-diagonal terms max;; |G;(2)|.

We adapt the proof strategy of [4] (see their proof of Theorem 4.2) to control the difference
A(2) = llg(z) = M(2)]loo -
The main difference from [4] is that, in their proof of Theorem 4.2, they focus on z with

|z| > & for some fixed § > 0, whereas we need to allow for values of z with vanishing |z|.
Specifically, recall that we focus on the domain of z given by

Dy x = {zeH(Im(z) > L < K}

n’U

Roughly speaking, our strategy is:

(i) We first use Lemma C.14 to identify some €,, = o(1) such that for all z € D,, g, whenever
A(z) < e, we can sharpen the bound to A(z) < 6,, with overwhelming probability (see
Definition C.17 below), where d,, < €,. This step will use the lower bound on Im (z) in
the definition of ID,, g, and restricts the choice of v;

(ii) Observe that (i) implies that, for every z € D, k', A(z) lies outside (6, €,) with over-
whelming probability;

(iii) We find some 29 € D, g with |z9| = ©(1) and A(zp) < %, such that
Lemma C.14 can be applied to sharpen the bound on A(zp) such that A(zp) < €, and,
by (i), gives A(zp) < 0n;

(iv) We use the continuity of the function A to note that, since A cannot cross the interval
(0n, €n), and we have found one zg € D, i such that A(zp) < 6, then necessarily A(z) <
0, for all values of z € D,, .

Step (iv) needs to be handled with care, so that the continuity argument survives under taking

the union bound of different events with overwhelming probability. To make this argument

formal, we use the same technical tool used in [4], i.e. Lemma A.2 of [3]. We first make
precise our notion of overwhelming probability:

DEFINITION C.17 (Overwhelming probability, Definition 1.9 of [3]). For a sequence of
n-indexed events A,,, we say that A,, holds asymptotically with overwhelming probability
(a.w.o.p) if for every x > 0, there exists n,, > 0 that depends only on the constants s., L1,
Ly, 11 and 12 in Assumption D.1, such that for all n > n,,

IP’(An) >1—-n"".

REMARK C.1. Note that, similar to Definition C.1, our definition here does not let n,
depend on the tolerance parameter v (as opposed to [3]). This is because we will make the
dependence of v explicit in the bounds.
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We restate Lemma A.2 of [3] in our notation:

Lemma C.18 (Bound propagation, Lemma A.2 of [3]). Suppose C1, D1, D2, D3 and €1 are
positive constants, depending only on the constants sy, L1, Lo, 11 and 1o in Assumption D. 1.
Let D) C C be a sequence of connected subsets of the complex upper half plane with only
polynomially growing diameter,

sup{|z1 — 22| : 21, 22 G]D)(")} < NP,

Let o = (o™ (2) : z € D), ey be a sequence of non-negative random functions and ®™ :
D™ — (NP3, 00) a sequence of deterministic functions on these sets. Suppose they satisfy
the following conditions:

e Uniformly for all zy, zo € D™,
52) "™ (21) =M (2)| 48 (21) = 8 (2)] < CrnP2|z — 2
« Uniformly for all z € D(™
(53) a.w.o.p. o™ ¢ [<I>(")(z) —n s, <I>(”)(z)] ;
* There is a sequence zén) e D™ such that
(54) awop. o™ (") < @™ (z");
Then the sequence  satisfies the bound
awop.  forall zeD™ : oM (z) < &M (z).
The next lemma provides the continuity required for step (iv) of the proof sketch above,
i.e. the continuity condition required for (52). Note that as with [4], the continuity argument

is not required to be uniform in n and p, and the Lipschitz constant is allowed to grow with
n and p.

Lemma C.19 (Continuity). Suppose Assumption D.1 holds and let c;, € N be given as in
Lemma C.6. Then for any z1,z2 € Dy, g with K > /sy, we have that almost surely

{A(Zl) _ A(ZQ)} S n1+2v+max{0,(cL—12)U} Ker |Z1 _ 22‘ )

REMARK C.2. Lemma C.19 provides a Lipschitz bound in contrast to the Holder conti-
nuity result used in the proof of Theorem 4.2 of Lemma 3.8 of [4]. This comes at the cost of
a looser dependence on n.

PROOF OF LEMMA C.19. By the first resolvent identity (see Lemma 6, p.578 of [19]),
G(Zl) — G(Zg) = (21 — ZQ) G(Zl) G(ZQ) .
Since ||G(2)|loo < ﬁ by (49), we have that almost surely

a(z1) —a(z2)||, = 1§I%%X+p(Gu(Z1) — Gu(z)|

|21 — 29|

) R A R
S GDImGy = 1712l

Meanwhile by Corollary C.7,

[, Gty (1 max {1, (L)) (i (2))12)

Denoting [z1, 23] as the linear path connecting z; and 29, we have
[992(z1) — M(20)|
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o (1 ma {1, (FEEEE) T} (m () )]

S |21 — 22| sup
2€[z1,22]

n+p 1

i (1 Gy (mG)™2)

a

S K zp — 29| sup
26[21722]

(¢)

SJ n1+2v+max{0,(cL—12)U} Ker |Zl _ 22|

In (a), we have used that for any z € [21,29], |2| < K in (b), we have used that Im (z) >
(n+p)~Y in (¢) we used that limn/p € (0,00). To obtain the desired bound, we use the
reverse triangle inequality to compute

(A1) = Az2)] = |[laC) = M) = [laz2) — M(z2)]| |

<|[(a(z1) = M(21)) — (9(z2) —M(22)) ||
<llg(z1) — 8(22) [l + IMM(21) — M(22) |00

14+2v+ 0,(cL—12
s n v+max{0,(cL v} Kecr ‘Zl - 22’ )

We are now ready to prove the local laws.

PROOF OF THEOREM C.2. The proof relies on applying Lemma C.18. We let K > /s,
be some sufficiently large constant that depends only on s, L1, La, 1 and )5 in Assump-
tion D.1, and whose lower bound is specified in the proof. To apply Lemma C.13, we first
note that for z € D, i, since K > s,, the RHS of the indicator function in Lemma C.13 can
be bounded from below as

Co (Im (2))°2+! Co__ ,—(er+)v
(55) () + 5% = (KT sn)eE " :
The first bound of Lemma C.13 together with the notation A(z) = ||g(z) — 9M(2)|| oo implies
Co —(er+l Co (Im () !

305 (Tm(2) 2] + 54 %
(Im(z))Q < Im (z) ) ”0(2)”00

IN

INE

K nlPHen? |fo(2) |

—_
NG

cr o, (24cr)v 1 1
K <\/ﬁlm(z)+n(1m(z))3)

—
A

KCL n(2+CL)U (nvfé + n3vfl)

— K¢ n(3+CL)’U*% (1 +n207%)

(d) Kecr n(S-‘rCL)’U—% )
In (a) and (c) above, we have used that z € D, x, and in (b) we have applied Lemma C.15;
1

in (d), we have used that v < 42 < i by assumption. We now define

__ G —(cr+1)v — qecr  (34cL)u—1
€n = (Kt se)E n and o = K"n 2

9
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and note that since v < , we have

1
4(CL +2)
(56) €n > Op .

This implies that we have that uniformly over all z € D, i, A(z) < €, implies A(z) < 6y,
and therefore asymptotically with overwhelming probability, we can identify for example a
forbidden set for A(z) as

A(z) ¢ (en — pBFe)v—; , en) .
This shows that (53) in Lemma C.18 is satisfied with

1
) = A=), () =€, Dy=@teu-y, DY =Dyk.

Meanwhile under the same choice of cp(”), ®(™) and ]D)(”), the continuity condition (52) is
satisfied because of Lemma C.19, with

Dy = 1+ 2v+ max{0, (¢, — 12)v}, e1 =1.

Finally to check (54), it suffices to find some zy € D,, x with A(2g) < €,. Consider the crude

bound
2

A(z) < ll9(2)lloc + 1M (A)lee < 1555
where we have combined the generic resolvent bound (49) and Lemma C.3 by the triangle
inequality. Then there exists some zy € H with a sufficiently large Im (zg) > 0 that depends
only on sy, Ly, La, 11 and 15 in Assumption D.1, such that
2 Co (Im (z0))°L 1
Mao) < Gl < Tinleola 307
We take K > |zg| such that 2y € D,, . Now applying Lemma C.13 again,

m (z crtl
Az0) = AGeo) x H{A(z0) < it ]

1 Im (2 zo| + s« \ €&
S e () G0

(a)

S [0(z0)[loc

®) 1

< % .
In (a), we have noted that Im (zp) can be absorbed into < by construction; in (b) we have
applied Lemma C.15 and absorbed the Im (z() terms again. In particular since v > 0,

L gy = Koot

which then implies (54) is fulfilled since
A(Zo) < 0y < €.
Applying Lemma C.18 gives that for all z € D, g,
cl _
57)  awop.  [[g(z) —M(2)]ee = Alz) < Che, = ﬁ p (v
for some constants Co, C?, > 0 that depends only on s, L1, Lo, ¢ and ¢)2 in Assumption D.1,
and therefore

1§I}1§arf(+p |Gl,z(z) — iml(2’)| = [lg(z) — M(2) |l

; —(er+1)v —(er+1)v
< (K £ 50)°L n <n ,
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where we have noted that K and ¢y, are both constants that depend only on s,, L1, La, ¥1
and o in Assumption D.1. Now note that the off-diagonal bound follows by Lemma C.16
and that Im (2) > L for z € Dy,
. L ! 3u—3
max |G (2)] < 77 minLIm ()} =n L 0y < €.
Therefore by the triangle inequality, we obtain the desired bound that

L [G1(2) = M) L—gy| = mas {lla(z) — M) oo max |Gy (2)] |

< p(etu,

APPENDIX D: RISK CONTROL FOR THE VARIANCE PROFILE MODEL

Recall from (11) that the risk of ridge regression at penalty A > 0 is given by RMNX) =
RY(X) + Ry (X), where, for W, = 2 XT X and £ = 1 > _i<n Var[X;], we have expressed

n

RY(X) = |[SY2(Wh + AL) "W, — L) 8|,

2 _
RY(X) = T Tr(SWo (Wi + ALp) %)
In this section, the data matrix X is given as in Model 3 with the variance profile S. We use

the standard Hermitization trick to form

0 =X
=0 ) and &= (&3).

We also consider the assumption on S used in [29] for Model 3.

ASSUMPTION D.1 (Variance profile). For .S given in Model 3, there exist sy, 11,192 > 0
and L1, Ly € N such that

* 1 1/) 2 w
Syt SSTe lL (STS), =

forall 1 <i,i' <nand1<j,j <p, where (o )L denotes the L-th matrix power above.

Recall from (22) the notation for the resolvent
G(2) = (H — zI,4p) " .
Notice that
G(z) =(H - an+p)*1 = (H+ ZIn+p)(H2 - Z2In+p)71

o #ln EX [ iXXT-22I, 0 -1
T\ X7 oz 0 LXTX 221,

_ AEXXT—221,)70 EX(EXTX-221)7}
LXTAXXT—22L)"" 2(AXTX—22L) )

n

which implies that we may compute the resolvent of W,, = %X TX that appears in the risk
above as

-1 Ga(vV—=A
(58) (Wi + ML) ™! = 2(? V_A) ,
where we have defined the p x p matrix G(z) by

(GQ(Z))U/ = Gn+l,n+l’(z) for 1 <1, I <p.
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Our results in Appendix C allow us to approximate G(z) by diag{9t(z)}, where the de-
terministic function 91 : H — H" P satisfies the quadratic vector equation (QVE)

(59) —diag{M(2)} " = 2Ly +diag{ (& 5)M(2)}, z€H,
and where, for any generic R vector v = (v1)1<i<p, we denote the diagonal matrix
V1
(60) diag{v} = ( ) .
Vy

The existence and uniqueness of 91 are guaranteed by Theorem 2.1 and (3.6) of [4]. Theorem
2.1 of [2] additionally guarantees that, for each 1 <[ < n + p, there exists a symmetric
probability measure p; on R such that

1) M) = [l

The results in the main text are given in terms of a function 7 : [0, c0) — CP that is explic-
itly defined as, for 1 </ <p,

(62) (A = =V =AM (V=N).
Part of the proof lies in showing that r is the unique solution to the system of equations that,
forevery 1 <[ <p,

B n Siry(A)
L=rN+> A B Sy

subject also to the constraint that
r1(0) = 1)}\%1 ri(A) € 10,1] forevery 1 <1 <p.

Our main theoretical results are Theorem D.1 and Theorem D.2 below, which provide the
limiting expressions on the bias and the variance respectively.

Theorem D.1 (Bias term). Consider Model 3 with Assumption D.1, where s., L1, Lo, 11
and vy as well as ||B||? are universal constants. Suppose in addition that ||B|;, <n1~% and
A € (n™%, \o) for some fixed 6,c, \g > 0. Then there exists some universal constant o > 0
such that, as long as o < «y,

RY(X) =Y el <diag{r()\)}_1 — diag{r(\)} ST diag{\1, + Sr(A)}_QS) _lEr()\)|
=1

a.s.

— 0.

ey is the l-th standard basis vector in RP and v(\) = (11(X))<p is the solution to the system
of equations that, for every 1 <[ <p,
Sirri(A)

(63) L=nN+> ST S
Jj= 7

defined on A > 0. Moreover for every 1 <1 <p, r1(0) := limy o r;(\) exists with
TZ(O) S [0,1],

and there exists a symmetric probability measure v; on R such that for every A > 0,

r(\) = /]R ﬁ vy(dt) and thus 7(0) =1 ({0}) .

Theorem D.2 (Variance term). Consider Model 3 with Assumption D.I, where s., Ly, Lo,
Y1 and 1y are universal constants. Suppose in addition that \ € (n™%, \o) for some fixed
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a, A\g > 0. Then there exists some universal constant oy > 0 such that, as long as o < a;,
2
A o S S
’Rv(X) — i Zl:l Ell 8T’I(A) a.s 0 )
Moreover, Ori(0) :=limy | Or(\) exists, with

9r,(0) = / (dt) € [0,00] .

R0y 2

The rest of this section is dedicated to the proofs of Theorem D.1 and Theorem D.2, and
is organized as follows:

* Appendix D.1 includes properties of r;

* Appendix D.2 controls the stability of the variance profile S and the matrix resolvent
M (z) under a small perturbation of the data matrix;

* Appendix D.3 proves the result on the bias term of the risk (Theorem D.1);

* Appendix D.4 proves the result on the variance term of the risk (Theorem D.2).

The proof strategy adapts some ideas from the i.i.d. case in [26], although the general variance
profile model introduces several technical difficulties not present in the i.i.d. model. These
are handled by the local laws for Model 3, which we derive in Theorem C.2 in Appendix C.

D.1. Properties of » In this section, we extend the definition (62) of 7()), i.e.
7"[()\) = =V —A f)ﬁn+l(\/ —)\) s
to all A € C\ (—o0,0]; note in particular that for this range of \, z =+ —\ € H.

Our first result shows that 7()) is the unique solution to the system of equations in Theo-
rem D.1 over the domain \ € C\ (—o0, 0], which implies that it is a solution to the system
of equations over the domain A > 0.

Lemma D.3. 7()\) is the unique solution to the system of equations (63) extended to the
domain A € C\ (—00,0], i.e. that for every 1 <1 <p,

B n Siri(A)
I =mr(\+ Zi:l X+ Z?:l Sijri(A) ‘

PROOF OF LEMMA D.3. Write M) (2) := (9M,,11(2))1<1<,. We first rewrite the QVE
(59) as

—diag{M® (2)}' = 21, — 8T (zln + diag{59ﬁ<2>(z)}) . zeH.

Since r(A) = —/ —)\93”(52) (v —A), the above is equivalent to
diag{r(\)} ' = I, + ST (AL, + diag{Sr(/\)})_1 ,
which is equivalent to the system of equations (63) that, for every 1 <! <p,

B n Siri(N)
L=n)+>, A+ X5y Sigr ()

Uniqueness follows from the uniqueness of 9(z) as a solution to the QVE over z e H. [

The next result concerns the range of values  and Or can take. We will denote

V= Pl

where p; is the symmetric probability measure in the Stieltjes transform representation (61)
of M;(z).
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Lemma D.4. For A € C\ (—o0,0] and for all 1 <1 < p, the following statements hold:
@) 1(N) = fp @z vildt);

(i) r7(0) :==1limy_,o rl()\) exists and r(0) = v ({0}) € [0,1];

(111) 8’/”1 )\) fR t2+/\ 3 I/l(dt)

(iv) Or(0) =limy_,0 Ory(\) exists and Ory (0 fR\{O} 7= v(dt) €0, 00].

PROOF OF LEMMA D.4. We first use the Stieltjes transform representation (61) to obtain

n) = VAL (V) = [ S ).
Since v; is symmetric, we may replace the 1ntegrand by its even part in t:

1 —V=A —V=A B A
N =3 ) eimva T ooy ) = / )
Meanwhile, 7;(0) = limy_,g 7;(\) exists by noting that
m(0) = 1 ({0}) € R{ .
Moreover by taking A — 0 in the equation in Lemma D.3, we get that 7;(0) must satisfy the
equation

0) n Si
@+, SO (s Sy
ZZ 1 Zp zg ]( ) l( ) Zzzl 2521 Sijrj(o)
Since Sj;’s and r;(0)’s are all non-negative, this implies ;(0) < 1 for all 1 <[ < p. This
gives
r(0) € [0,1] forall 1 <i<p.

For results concerning the derivative, we can differentiate under the integral sign to obtain

ary(\) :8(/Rﬁul(dt)) = /R(ﬂf)\)?W(dt)'

As A — 0, the integrand converges pointwise to ]I{t;,go}t_Q. Therefore dominated convergence
gives
or(0) == hi]% or(\) = /R\{O} 2 v(dt) € [0,00].

O]

D.2. Perturbation bounds on the variance profile .S and the matrix resolvent limit 9t
A key proof ingredient of Hastie et al. [26] in the i.i.d. case is to study the matrix resolvent
under a suitably perturbed data model. Our proof also uses this idea. As such, we need to
verify that the local law (Theorem C.2) applies also to the perturbed variance profile model,
and that the matrix resolvent limit, 91, is well-behaved under the perturbation. Specifically,
werecall ¥ =13 Var[X;] and, for a small ) > 0, we consider the perturbed data matrix

X, = X (L, +9%) "2,

The first result shows that X, is also a data matrix under Assumption D.1 that satisfies As-
sumption D.1, which makes the local law (Theorem C.2) applicable. In particular if 7 is
bounded from above, X, satisfies Assumption D.1 with its parameters independent of 7).

Lemma D.S. Suppose X under the variance profile model (Model 3) satisfies Assump-
tion D.1 with parameters s.,1,v%2, L1, La. Then X, is also a data matrix under Model 3,
whose variance profile satisfies Assumption D.l with parameters

Y1 )
s Li, L.
* 9 (1—|—778*)2L1 ) (1+’I78*)2L2 s L1y L2
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We will make use of the following result, where we inherit the notation of Appendix C to
write, for a matrix A € Cb*?,

1 All2 = sup L2
o Tl

and | 4]l = sup | Avloo
w0 [[Vlloo

Lemma D.6. Under Model 3 with Assumption D.1, max { 12]l2, ||§_]HOO} < 5.

PROOF OF LEMMA D.6. The || «||2 bound follows by computing

= 1 —n n Var[X;] (@) n
121 = |5 i vartxi |, < 0 |55, 2 L e s
< ptn Sx < Sy
In (a), we have noted that Var[X;] is a diagonal matrix under Model 3. The || « || bound is
identical by noting also that Var[.X;] is a diagonal matrix under Model 3. O

PROOF OF LEMMA D.5. We first note that under Model 3, each Var[X;] is a diagonal
matrix and so is 3. The variance profile S corresponding to X, is given entry-wise as

1 ] . Sij (i) Sk
(1"‘7723'3')1/2 o 1—|—7]ijj - 1+772jj
where we have used the first condition of Assumption D.1 in (a) above. To verify the sec-

ond and third condition, we first observe that for any d;,ds € N, if the d; X d2 matrices
A, B, A’, B satisfy that A > B > 0 entrywise and A’ > B’ > 0 entrywise, then

(AA/)ij = Zk Az’kAzj > (BB/)ij >0,
i.e. AA' > BB’ > 0 entrywise. Meanwhile by (64) and Lemma D.6,

1
ST >
— 1+ nsx

Under Assumption D.1, (SS 1)l > n¢T1p entrywise and (ST.S)%> > nd’—fp entrywise. As such

mn o _ ..
(64) Sl = Var [Xm

Ss*a

S >0 entrywise.

L1 1 Ll 1
(SU(Sn)T) > [ (SST) > o ns*;glLl s entrywise,
((bm)T(S’”))L2 > 1 (STS) La > L entrywise.
(1+nsx)2L2 (1 +ns«)2L2(n + p)
This concludes the proof. O

Lemma D.5 shows that X, falls under Model 3, which allows us to inherit the definition
of M1 for its perturbed counterpart. Specifically, we denote the corresponding deterministic
approximation from Theorem C.2 as

M (z) ,
which is the unique solution to the modified QVE (c.f. (20))
(65) —diag{M"(2)} ' = 2,4, +diag{&"M"(2)}, z€H,
where
— 0 S(I,4n)~! n+ n-+
&7 = ((Ip-l-ni)*lST 0 ) € RimpIx(ntr),

The next result controls the n-derivatives of 91", which quantify the stability of 91" (z) under
the perturbation 7. We use the notation < from Appendix C below, which indicates inequali-
ties up to a multiplicative positive and bounded constant that depends only on v = lim £ and
the constants s,, L1, Ls, 11 and 5 in Assumption D.1.
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Lemma D.7 (Derivatives of 9"7). Suppose n € (0,1/s). For z € Hwith |z| < 1, there exists
a constant ¢ > 0 that depends only on s, 1,12, L1, Lo from Assumption D.I such that

max { [ I7(2) oo [[0,207(2)]| - |20 (=) 390 (2)]  } S (I (2))7°.

Hoo’ Hoo’

PROOF OF LEMMA D.7. We first rewrite (65) as

1 1 T
0:(7, : 7) + 214+ B"M(2) = F"(2),
which is the perturbed version of F'(z) defined in (23). Following the notation of (25), we

can compute

2)\ L . _
(66) (2;77((2))) — (- diag{OM"(2)} 2 + &)

— — diag{|(2)[} B, (=) diag{]20"(=)]}

-1

where we have denoted

0 (- [ () .
B,(2) = ding{ SO SHEC L g 0]} 07(2) a0

In particular, since n € (O, 1/s4), the perturbed data matrix X" also satisfies Assumption D. 1
with some modified parameters that depend only on s, 1,2, L1, L» by Lemma D.5, and
therefore the bound on 5 from Lemma C.6 applies directly to 25, and yields that, for some
constant ¢ that depends only on s, 11,2, L1, Lo,

G 135" (oo 14+ max {1, (P (a2,

where we recall the notation from Appendix C that for a matrix A € Cb*?,

| Alloo = sup loulle
v#£0 [[v]loo

Also note that by Lemma C.3,
1

68 diag{|9M"(z = su Mi(2)| < .
( ) H g{| ( )|}Hoo 1§l§5+p| l( ) = Im(2)
This implies that
OF"(z 1 LIBIEESSE 10
< il S o Ll
© || (Gme) Hoo S G +max {1, (A (Im (2))10.
To use this to control the stability of 2", we observe that by the implicit function theorem,
OF" \~LoF"
N() — _ or’
(70) M=) = — (505) B
Moreover,
OF" S(I,4+nE) 2%

1 ‘ H H( S(1, +n2> 25T 0 )sm"(z)Hoo

< H( ) e

= (7, +n2) 28T 0 oo Im (2)

-2
®) HS —i—nZ ZH
Iy +1%) || 12l

(a) 942

(72) <
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In (a) above, we have used that ||3||» < s, by Lemma D.6, that since ¥ is diagonal,

-2
— <
1+ 7). TS T ns)? T b
and that since sup;<,, j<, Sij < 575
|S]lco = sup |Sv|lo = sup max Z?Zl Sijvj’
veR? , [[v] =1 VvERP, [[v]| =1 1SISR 1T
< sup o vl < P sup [Vl < Si .
veRr, ||v||m—1p+’”LZ"1 TP e o=t

Combining (69), (70) and (72), we obtain the first desired bound

om1(2) H(SJZZ N5

<. m(z)\zm*)%} 9
S (Im( 3 + max {1, < T (2) (Im(2))

()

S (Im(2))™,
where ¢ > 0 is some constant that depends only on s,,1, 92, L1, Lo. Note that (b) is the
only place where we have used |z| < 1. For the second derivative, we can apply the implicit
function theorem and use an analogous argument to note that there exist polynomial functions
¢2 : R? = R such that

ol < | () | (2 et onge)|

Ham"(z)anFn(z) (9,27(2)") H ’

o0

02F"(2)]|)
S (Im(z)) ™

for some constant co > 0 that depends only on sy, 11, %2, L1, Lo. A similar bound holds for
the third derivative:

Bz, < (1m (2)) 7

Taking ¢ = max{1,c1,co,c3} and applying the triangle inequality on the three derivative
bounds above as well as (68) yield the desired bound. ]

D.3. Proof of Theorem D.1 The objective is to approximate
RY(X) = [|SV4(Wa+ ML) "' W — 1) 8]

We will take \ € (n=2Y, )\0) for the majority of the proof, where v > 0 is chosen as in The-
orem C.2, and restrict the range of values of A later. The proof consists of the following
steps:

(i) Rewrite R%(X) as the n-derivative of some function F*(n), which is linear in the per-

turbed matrix resolvent
(W + A, + 772)_1 ,
and can therefore be approximated by the local law derived in Theorem C.2;
(ii) Extend the approximation of F*(n) to that of 9,F*(n) by applying a technical tool
developed in [26] (see Lemma D.8 below);
(iii) Rewriting the limiting quantity from the local law, which involves 901, in terms of 7 ().
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Step (i): Relate R (X) to F*(n), for which a deterministic approximation is available.
We follow the strategy of [26] to introduce a perturbation parameter

73) ne(0.5).
and consider the random function

FANn) = ABT (Wy 4+ AL, + M%)

B

= 8] (W, +AL,) B, = A8] (X7 X, + AL, ) 3,
where we have denoted
By =L +02)" 28, Wy = (I +0Z) WL, +02) 72,
X, =X (I, +n%)" V2.
Then we can express the bias term of the risk as
RY(X) = |EV2((Wh + ML) ' W, — 1) B

(74) =2 || SV (W, + ML) T BI]° = —0FN0).
To apply the local law, we first use a similar calculation as (58) to obtain
e
(Wn+)‘lp) ! = 2 /X )

where we have defined the n-perturbed matrix resolvents
(G3(2)),p =Gy (2) for L< LI <p,

L X
G"(z) = (H”—z[nﬂ?)’l, where H" = ( OX,T ﬁ’o n) .

This allows us to rewrite
FAn) = —V=2B, G§(V=X)5, .

Observe that our local law (Theorem C.2) can be applied to replace G (v/—\) by I (v/—\):
By Lemma D.5, X, is a data matrix under Model 3 that satisfies Assumption D.1, so The-
orem C.2 applies to G"(y/—\). In particular, the bounding constants in Theorem C.2 are
independent of 7 since we have chosen 7 to be bounded in (73) (see the discussion before
Lemma D.5). We denote the deterministic analogue of F* (1) as

(75) FAn) = —V=X Y (B)F M0 (V=X) .
We also note that since \ € (n*QU, o) for some universal constant Ao > 0,
Im (V=A) = A2 > p7v and V=N = A2 < A2,

and in particular v/—X € D, ,1/> defined in Theorem C.2. Then
[P = FA )] = N2 327, BB (GR/ =N = 32y (B0 (V=)
= N2[S20 BuBn)e (GR/=Nwr = (V=N Ty )|
< N2 B |(GHV=A )= L (V)|
+ A2 1B (B |GV =N |
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() -1
(76) e A e A (AT B

In (a) above, we have used both the generic bound in Theorem C.2 and the sharper off-
diagonal approximation.

Step (ii): Extend the approximation of F*(n) to 9F*(n). for which a deterministic
approximation is available. To turn this into a control on the derivative 9F (1), we fix
a sufficiently small constant 79 < 1/(2s,) and note that, first note that uniformly over
A€ (n72Y,)\g) and 1 € [0,70), the function 7 +— M7 (y/—N) is analytic (by e.g. applying
the implicit function theorem as in the proof of Lemma D.7). We will use the following
result:

Lemma D.8 (Lemma 5 of [26]). For any k € N, there exist absolute constants C1 j,Cy . <
oo, such that the following holds: Given any two functions f,q: [x — A,z + A] = R, that
are (2k + 1) times differentiable with bounded derivatives, and any §' € (0, A/k), we have

C
[£(@) = ()] £ ZEENS = glloo + Copll FEHD — gD (512

The goal is to apply Lemma D.8 with & = 1 and with f and g replaced by F* and F*
respectively. To this end, we need to control the third derivatives 9% F*(n) and 93 F (1) with

respect to 7). We inherit the notation of Appendix C to write || A||2 = sup, ””U”” First note
that for some universal constant ¢; > 0, almost surely

_\ 14 _
B FNm)] <X 81| (Wa + AL+ 2nS) | 1SS

(77) <alBIPIZIE < ellBll*s;
where we have used Lemma D.6 in the last inequality. On the other hand,

0P )| S A2 (7 (B7) (|95, (VN
A2 (S0 (0487 ) 02, (V)
A2 (S0 (0287 ) [0y M0 (V=) |
N2 (0 103 [0 (VD)o

o0

(78)

v (B0 + 10n(B)R] + 10287 + 10387 )

for some constant ¢ > 0 that depends only on s, 1,2, L1, L2 from Assumption D.1. In
(b) above, we have applied Lemma D.7 to control the 917 terms. Now note that since X is
diagonal,

1

1/2
(79) Bkt = ¢ (I +n%) 128 = sy
Therefore for k = 0,1, 2, 3, noting additionally that ||%||o < s. by Lemma D.6,

S 1ok 7 = 0, 87 |05 (s )| S 1812t

Substituting this to (78) gives
(80) [ FA ()| <A=118]1
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Combining Lemma D.8 with (76), (77) and (80) gives that, almost surely
RAX) ~ (-0 0)| = |(~0F(0) ~ (~0F(0)

inf {4# — PN0)] + (82|05 F(0) — °FA0)| }

6’>0

(7

ot %5
(. )\ 2 —(cr+1l)v 2 3u—21 N2 2 3 1—c
%t (57 (18 1817 n*75) + (092 (1181253 +

In (c) above, we have used (77) and (80). Choosing
)\1/6 (HB”Q/?) n*(CL+1)’U/3 + H/BHZQI/S n’ufl/6)

r\J

(11 =t v 1 ) + ()25 PO)] + [P O)) )

)}

!

181[2/3 55 + A(1=€)/6 | 3)12/3 7
we obtain
IRE(X) — (—0FX0))]
< A3 (||/3”2/38* + \(1-0)/6 Hm|2/3) (HBH4/3 n—2(cc+1)v/3 + ||B”;11/3 n2vfl/3) )

We now use the condition that s., L1, Lo, 11 and 1 from Assumption D.1 as well as || 3]|?
are universal constants, and so are ¢, cy, > 0. Then

[R5(X) = (= 9F(0)]

= \L/3 (1 Jr)\(l—c)/G) ( 2(cL+1)v/3 + ||/8||4/3 2v——) ‘
Now use the condition that ||3|;, <ni~? for some fixed § > 0. We choose v € (0, m)
from Theorem C.2 to be such that v < min{ 77— e 16}, which implies
[RE(X) = (= 0F*(0))]
~ )\1/3 (1 + )\(170)/6) (n72(cL+1)v/3 +n§*5n§5*§)
_ ()\1/3 4 )\1/2%/6) (n72(cL+1)v/3 +n’5/3) .

+27

Finally, provided that \ € (TL s )\0) with
+1 /3
(C[ ) / - / 1} .

c

6 2 6 2
we obtain the stochastic domination statement that for some universal constant ¢/ > 0,
A A -
IRB(X) — (= 0FN0))| < n™¢ .
By the Borel-Cantelli lemma, we obtain that

(81) B(X) = (= 0FN0))| = 0

Step (iii): Rewriting 07 (0) in terms of (). We first differentiate (75) to compute

OF M) = —V=A Yy, 0y (87 ML, (V=)
® _ oy 2 n —
Zl 151 0 (1""772[[ SInn—&—l( A)) :
To compute (89, M) ,(2)), ., <,» We denote the C" and C? vectors
SRk NS
L+ n%y 1<i<p’

a < max{Qv,

n

W) = (— VAN (VN) oy, and () = (
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which allows us to rewrite

(82) OF () =31 BloyrT(N) .
Observe that the modified QVE (65) at z = +/—\ reads
(dlag{ z M) } 1 )
diag{ TZ2L (1+75)}

= V-AI diag? (" G (" 5
= VX ey +ding | (7 (1,109) ) S (7 (9 ) on (s )

which rearranges to
I, B [ diag{u"(N)} I, w(\)
(" ) = ( () ) (Inﬂ) + dlag{( 1)) S () )}) :
This implies
I, =diag{u"(\)} + %diag{u”(A)}diag{Sr"()\)}
= ~diag{u’(\)} diag{AL, + S77(\)}
I, =diag{r"(\)} (I, + %) + 1 diag{r"(\)} diag{ S diag{u’(\)}1,}
(83) =diag{r"(\)} (I, + n¥) + diag{r"(\)} diag{STdiag{)\ln + S’r”()\)}_lln} ,
where 1,, € R" is the all one vector. Differentiating (83) with respect to n gives
0 =diag{9,r"(\)} (I, + nX) + diag{r"(\)} =
+ diag{0,r"(\)} diag{STdiag{)\ln + Sr”()\)}*lln}
— diag{r"()\)} diag{sTdiag{nn + Sr(\)}2S diag {8, (\) }1n}

® diag{a,r"(\)} diag{r"(\)} " + diag{r"(\)} &
— diag{r"(\)} diag{STdiag{)\ln +S7r7(\)} 28 8,,1“77()\)} .
Noting that ¥ is diagonal, we obtain
0 =diag{r"(A\)} ' 9,7"(\) + ()
- (diag{r”()\)} STdiag{\1,, + Sr"(A)}—2S) ayr(\)
which rearranges to give
(84)
0,7 (A) = — (diag{r(\)} " — diag{r/(\)} ST diag (AL, + 5r1(N)}2S) " £r1(N).
Now notice that by construction,
PN, = TV,

where we recall from (62) that r;(A\) = —v/ =AM, ;(v/—A\). Substituting the above two
expressions into (82) gives

—OF*0) = —Zl B o] )]

= " pe] (diag{r(3)} ! — diag{r(3)} S diag{AL, + Sr(1)}*S)  Er()).
=1
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Plugging this into (81) gives the desired statement that

() =3 prel (diag{r(\)} ! - diag{r(\)} $Tdiag{ 1, + Sr(\)}25) e

a.s.

— 0.
The properties of 7 () follow from Lemmas D.3 and D 4.

D.4. Proof of Theorem D.2 The objective is to approximate

2 _
RY(X) = =T (S W (Wi + ALp) %)
Similar to Theorem D.1, we first take A € (n72Y, \g) and define
2
>\ . g, = —
FPX) = SSTr(AS(Wa + ALp) ™)
such that

2 _
Ry (X) =TT (S W, (W + AL,) 77

2 _ 2 _
= ZETr (S (Wy + M) ') = ZSTe(AS (Wi, + AL) 72)
=0\ Fp(X).
Recall from (58) that Ga(vV—A)/vV—A = (W + AI,) "1, which implies
) o

Rx) = Zre(asf GlEN) @ 2 %S S VA Gttt (VN)

In (a), we have recalled that ¥ is diagonal under Model 3. Define the deterministic approxi-
mation

2 _
o= 22370 Su (= V=AM (V-X))
As with the proof of Theorem D.1, since A € (2", Xg), vV—A €D__ 12, and the local law
(Theorem C.2) applies to give
2 _
‘fé(X) - F‘N < % Zf:1 |2 A2 ’Gn-i-l,n—&-l( V=) =M, (V=A)
< 2NVt

In the last line, we have also used Lemma D.6 to note that \ill| < s4. Note in particular
that the local law holds uniformly over A € (n~2Y, \¢). Since both F(X) and F} are an-
alytic in A € (n72Y, \g), we can use the same argument as Appendix A.3 of [26] to apply a
differentiation and obtain

‘R%/( 8>\FV|’< 1/2 ety

As such, provided that A € (n™%, \g) with
o < max{2v, 2(cp + 1)v} = a1,
we obtain the stochastic domination statement that for some universal constant ¢’ > 0,

7"

IRY(X) —OnFp| < n™".
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By the Borel-Cantelli lemma, we obtain that
IRy (X) — O0Fp| =25 0.

To obtain the expression in terms of 7()), we recall from (62) that 7;(\) = —v/ =AM, (V—=N).
This implies
2 _ 2 _
Ny =237 Suoa(— V=AM (VX)) = 2300 Suan(h).
The properties of Or; follow from Lemma D.4.

APPENDIX E: ADDITIONAL SIMULATIONS

We collect further diagonal-support experiments that realise the degeneracy mechanism
of Section 4 coordinate-wise, together with approximate-degeneracy and full-rank controls.
Throughout, n is fixed and the risk is Monte-Carlo averaged over 100 independent draws of a
two- or three-group design with the flat signal 3 = 1,/,/p; the peak locations quoted below
are the specialisation of the switching rule Theorem 14 to the two-group design worked out
in Example 6.

E.1. Diagonal support: two and three groups Figures 7 and 8 vary the support overlap
of two groups and Figure 9 adds a third group; in each case the empirical peaks fall at the
thresholds of Example 6 (and its three-group analogue), with the number of peaks growing
as the supports are made to switch at distinct aspect ratios.

100

80 1

60 1

40

201

100

80 1

60 1

40 1

201

—— ratio=0.0
100 ratio=0.1
—— ratio=0.2
80 1 --- ratio=0.3
----- ratio=0.4
——- ratio=0.5
— ratio=0.6
—— ratio=0.7
20 / ratio=0.8
! ratio=0.9
B — ratio=1.0

60

40

T T T T T - T T T T T T T T T T T T
05 10 15 20 25 3.0 35 40 45 50 55 60 65 70 75 80 85 9.0 95 10.0

Figure 7: Two groups of n/2 observations, n = 200. Group 1 is N'(0,diag{1,...,1,0,...,0}) with the top p/2
coordinates active; group 2 is N'(0,diag{1,...,1,0,...,0}) with the top pp coordinates active. Test risk against
p/n; each curve is one value of p (ratio= p).
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100
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40 1
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— ratio=0.0
100 —— ratio=0.1
—— ratio=0.2
80 —-—-- ratio=0.3
----- ratio=0.4
60 1 --- ratio=0.5
40 - — ratio=0.6
—— ratio=0.7
20 —— ratio=0.8
ratio=0.9
0 —— ratio=1.0

05 1.0 15 2.0 25 3.0 35 40 45 50 55 60 65 7.0 7.5 80 85 9.0 9.5 10.0

Figure 8: As Figure 7, but group 2 activates its bottom pp coordinates, so the two supports overlap only partially.
Test risk against p/n, n = 200; each curve is one value of p (ratio= p).

100

80 1

60

———

—— pos=1/12
—— pos=2/12
—— pos=3/12
——=- pos=4/12
----- pos=5/12
—== pos=6/12
— pos=7/12

— Lt i i

Figure 9: Three groups of n/3 observations, n = 300. Group 1 activates the top p/3 coordinates, group 2 the
bottom p/2, and group 3 a middle band of width p/6 starting at coordinate pp. Test risk against p/n; each curve
is one value of p (pos= p).
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E.2. Approximate degeneracy: small in place of zero eigenvalues To probe robust-
ness to exact zeros, Figures 10 and 11 replace the vanishing eigenvalues by a small scale o
(and its reciprocal), and Figures 12 and 13 repeat this with overlapping supports. As ¢ — 0
the near-degenerate directions reproduce the exact-zero peaks of Figure 7; for moderate o
the peaks soften, quantifying the exact-zero idealisation.

—— eval_size=0.0
eval_size=0.0001
eval_size=0.001
eval_size=0.01
eval_size=1.0

2 4 6 8 10

Figure 10: Two groups of n/2, n = 200; test risk (logjqy scale) against p/n. Group 1 has covariance
diag{1,..., 1,02, .. .,02} (top p/2 equal to 1); group 2 has diag{aQ,...,UQ, 1,...,1} (bottom p/4 equal to
1). Each curve is one value of o (eval_size=o0).

E.3. Full-rank, non-commuting controls Finally, Figures 14 and 15 use full-rank, non-
simultaneously diagonalizable covariances (a rotation by ), and Figure 16 a full-rank sanity
check with varying scale. Consistent with Section 5, these show only the classical peak at
p/n = 1: without spectral degeneracy, heterogeneity adds no descents.



50

10
—— eval_size=1.0
—— eval_size=10.0
—— eval_size=100.0
—— eval_size=1000.0

84 —— eval_size=10000.0

6
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2

0

-2

2 4 6 8 10

Figure 11: As Figure 10 with the small scale inverted: group 1 covariance diag{a_Q, . ,0_2, 1,...,1} (top

2

p/2), group 2 diag{1,...,1,0” “,... ,0_2} (bottom p/4). Test risk (logy) against p/n, n = 200; each curve

isone o (eval_size= o).

10

eval_size=0.0
eval_size=0.0001
eval_size=0.001
eval_size=0.01
eval_size=1.0

Figure 12: Overlapping-support version of Figure 10: group 1 activates its top p/3 coordinates and group 2 its
bottom 3p/4, with the remaining directions carrying the small scale 2. Test risk (log1g) against p/n, n = 200;
each curve is one o (eval_size=o0).
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10

eval_size=1.0
eval_size=10.0
eval_size=100.0
eval_size=1000.0
84 eval_size=10000.0

2 4 6 8 10

Figure 13: As Figure 12 with the small scale inverted to o2 Test risk (log10) against p/n, n = 200; each curve
isone o (eval_size=o0).

40
—— angle=0.0
35 angle=0.0872664675116539
—— angle=0.1745329350233078
—— angle=0.2617993950843811
301 —— angle=0.3490658700466156
—— angle=0.4363323450088501
25 - — angle=0.5235987901687622
20 -
15 -
10 -
5 -
0 T T T T

Figure 14: Full-rank, non-commuting control. Two groups of n/2, n = 200. Group 1 has covariance
diag{1,...,1,4,...,4} (top p/2 equal to 1); group 2 has covariance (si11129 Sml2‘9) ® Ip/2,9 € [0,7/6]. Test

risk against p/n; each curve is one 6 (angle=6).
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20.0
—— angle=0.0
175 ] —— angle=0.0872664675116539
—— angle=0.1745329350233078
—— angle=0.2617993950843811
15.01 —— angle=0.3490658700466156
—— angle=0.4363323450088501
12.5 - —— angle=0.5235987901687622
10.0 -
7.5
5.0 4
2.5
0.0 . : : :

Figure 15: As Figure 14, but group 1 is isotropic, covariance Ip /2 Test risk against p/n, n = 200; each curve is
one 6 (angle=0).

20.0
— sSize=-2
17.5 - o size=-1
— size=0
— size=1
15.0 A — size=2
12.5 A
10.0
7.5 1
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2.5 4
0.0 T T T T

Figure 16: Full-rank sanity check with varying scale. Two groups of n/2, n = 200. Group 1 is isotropic, N (0, Ip);
group 2 has covariance diag{1,...,1, 02, 02}. Test risk against p/n; each curve is one o (size= o).
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