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Abstract

This paper studies the AdamW-style Shampoo
optimizer, an effective implementation of the
classical Shampoo that notably won the exter-
nal tuning track of the AlgoPerf neural net-
work training algorithm competition (Kasimbeg
et al., 2025). Our analysis unifies one-sided
and two-sided preconditioning and establishes
the convergence rate - Zszl E[IVf(Xg)]«] <

O~ ’l’gfﬁc) measured by nuclear norm, where K

represents the iteration number, (m,n) denotes
the size of matrix parameters, and C' matches
the constant in the optimal convergence rate
of SGD. Theoretically, we have ||V f(X)|r <
IVAX)[. < /min{m,n}|Vf(X)|r. sup-
porting that our convergence rate can be
considered to be analogous to the optimal
LY EIVIXDIF] < O(%s) con-
vergence rate of SGD in the ideal case of

IV (X)ll+ = ©(ymin{m, n})[|Vf(X)| r and

balanced m and n.

1. Introduction

Adaptive gradient methods have become the predominant
optimizer for training deep neural networks, especially in
large language models. The development of adaptive gradi-
ent algorithms has followed two distinct lineages: diagonal
preconditioning and non-diagonal preconditioning. The for-
mer has developed through the progression of AdaGrad
(Duchi et al., 2011; McMahan & Streeter, 2010), RMSProp
(Tieleman & Hinton, 2012), Adam (Kingma & Ba, 2015),
and finally AdamW (Loshchilov & Hutter, 2019), which
have served as the de facto optimizer for training deep net-
works over the past decade. The latter lineage, originating
from full-matrix AdaGrad (Duchi et al., 2011) and advanc-
ing to methods such as Shampoo (Gupta et al., 2018), SOAP
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(Vyas et al., 2025), and Muon (Jordan et al., 2024), now
demonstrates the potential to outperform its diagonal coun-
terparts.

Diagonally preconditioned methods typically employ
coordinate-wise scaling to the gradient. For instance, Ada-
Grad treats the network’s parameters as a single high-
dimensional vector and updates them according to the fol-
lowing procedure

k
X1 = xx — 1A, g, Ay = diag (Z diag(gtgtT)) ,

t=1

where Ay is a diagonal preconditioning matrix whose entries
are the element-wise sum of squared historical gradients.

In contrast, non-diagonally preconditioned methods exploit
the inherent matrix structure of parameters in deep networks.
For example, the Shampoo optimizer operates according to
the following formulation with two-sided preconditioning

Xps1 = Xp — Ly GRE

k k
Ly =Y GG/, Ry=) GG,
t=1 t=1

where the gradient G, € R™*" is a matrix and L €
R™>*™ and Ry, € R™*"™ are non-diagonal preconditioners
consisting of sum of historical gradient outer products. It
can be regarded as using the Kronecker product Ri/ ’®
L,lc/ %10 approximate the full-matrix AdaGrad preconditioner
Soi_1 &7, where g; = vec(G).

A key advantage of non-diagonally preconditioned methods
is their ability to capture the cross-parameter correlations
within the gradient, thereby yielding a more informed search
direction and potentially superior convergence compared to
diagonal approaches. Recently, an implementation based
on the distributed Shampoo (Anil et al., 2020; Shi et al.,
2023) won the external tuning track of the AlgoPerf neural
network training algorithm competition (Kasimbeg et al.,
2025), demonstrating that non-diagonally preconditioned
training algorithms can outperform currently popular diag-
onal preconditioning methods, such as Adam. The winner
implementation achieved significantly accelerated training,
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Algorithm 1 AdamW-style Shampoo

Hyper parameters: 7, 0, 3, \, €, positive p, ¢ with % +% =

p

LL ® =L, and Ry = = 1T,.
Initialize X1, My =0,L; =0, Ry = 0.
fork=1,2,--- ,Kdo

G| = GradOracle(X},)

M =60M_1 + (1 — G)Gk

Ly = fLy1 + (1 - B)GrG]

Ry, = BRy_1 + (1 — B)GE Gy,

Lk,s = Lk + €Ima Rk,e = Rk + €In

Xpp1 = (1= )Xy — 77Lk,§p MkRk,gq
end for

with an average speedup of 28% than the NAdamW (Dozat,
2016) baseline across eight deep learning workloads. Al-
gorithm 1 presents the core characteristics of the Shampoo
implemented in (Anil et al., 2020; Shi et al., 2023) in a
non-distributed manner, including the exponential moving
average of the first and second moments, two-sided precon-
ditioning with a tunable exponent, and decoupled weight
decay.

Theoretically, convergence of diagonally preconditioned
methods have been extensively studied (Défossez et al.,
2022; Shi et al., 2020; Li et al., 2025b; Zhang et al., 2022;
Hong & Lin, 2024; Li et al., 2023; 2025a). For non-diagonal
methods, Muon represents the first method to receive a rig-
orous convergence analysis for nonconvex optimization (Li
& Hong, 2025; Shen et al., 2025; Chen et al., 2025; Sato
et al., 2025). Analyses of other optimizers in this class,
such as Shampoo, have largely been confined to convex
settings. For example, Gupta et al. (2018) established the
regret bound of Shampoo within the online convex opti-
mization framework, Xie et al. (2025a) provided a unified
convergence analysis including full-matrix AdaGrad and
one-sided variant of Shampoo for convex problems, where
the update L,;l/ 4GkR;1/ % in the original Shampoo is re-
placed by L, '/>Gy, An et al. (2025) proposed ASGO, ef-
fectively equivalent to one-sided Shampoo, and studied its
convergence for convex programming.

To the best of our knowledge, (Xie et al., 2025b) appears
to be the only one to establish the convergence of Shampoo
in nonconvex setting. However, their study is limited to
the one-sided variant of Shampoo in the AdaGrad-style and
RMSProp-style, and does not address the more complex,
yet more commonly used, two-sided preconditioning. Fur-
thermore, their analysis does not incorporate momentum or
decoupled weight decay. While other works (Feinberg et al.,
2023; Morwani et al., 2025; Eschenhagen et al., 2025; Lin
et al., 2025) have explored Shampoo from different perspec-
tives, none have provided a convergence guarantee for the
nonconvex case.
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In this paper, we study the AdamW-style Shampoo pre-
sented in Algorithm 1, which provides a unified treatment
of two-sided (p, ¢ < 4+00) and one-sided (p = 1,qg = +o0
or p = +00,q = 1) preconditioning. This formulation
represents the most effective practical implementation of
Shampoo (Anil et al., 2020; Shi et al., 2023; Kasimbeg et al.,
2025).

1.1. Contributions

This paper establishes the following convergence rate of
Algorithm 1 for nonconvex programming

K
= Y EIVAX0)I] <O (Vin ) x
k=1

max{q/”% (F(X1) - f*)7\/L(f(X[1(> - f*)}

K
while ensuring || Xy o, < § forallk =1,2, -+, K, where
the notations can be found in Section 1.2. As a comparison,
the classical convergence rate of SGD is (Bottou et al., 2018)

K 2 I
;ZE[HVﬂxk)nF}scf)(V” ZE 0N )>,<1>
k=1

which matches the lower bound of nonconvex stochastic
optimization (Arjevani et al., 2023). Since Frobenius norm
and nuclear norm satisfies

IVIX)r < IV < vmin{m, n} [V f(X)]r,

our convergence rate also matches the same lower bound
with respect to all the coefficients in the ideal case of
(IVf(X)]l« = ©(y/min{m,n})||Vf(X)||r and balanced
m and n, which is verified empirically on real training of
GPT-2 in our experiment.

1.2. Problem Settings, Notations, and Assumptions

We study the following nonconvex problem with matrix
parameter in this paper

f(X), 2

min
XeRTnXﬂ,
where f(X) = Ecep[f(X; ()] and ¢ is the sample drawn
from the data distribution P.

We denote vectors by lowercase bold letters and matrices
by uppercase bold letters. We use I,,, for the identity matrix
in R™>™_ For vectors, denote || - || as the {5 Euclidean
norm. For matrices, denote || - ||z, || - |lop, and || - ||« as
the Frobenius norm, spectral norm (largest singular value),
and nuclear norm (sum of singular values), respectively.
The trace of a square matrix is written as tr(-). Denote the
singular values of A € R™*" by o1(A), -+ ,0,(A) with
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r = min{m, n}. Denote F, = 0((1,(a, - , () to be the
sigma field of the stochastic samples up to &, denote E £, []
as the expectation with respect to Fy, and Ey[-|Fr—1] the
conditional expectation with respect to (j given Fj_1. For
the sake of brevity, E£, [-] will be denoted as E[-]. Finally,
let f* denote the lower bound of f(X).

We make the following assumptions throughout this paper:

1. Smoothness:
IVFS(Y)-ViX)|r < LY = X]||p, VX, Y,

2. Unbiased estimator: Ej, [Gk‘}"k,l] =V (Xg),

3. Bounded noise variance:
Er {(Gk — V(X)) (G = Vf(Xi)" |~7:k—1} <3,

Ec (G VI (X)) (G~ VI (X)) [ Fica| <Zr
with symmetric positive semidefinite matrices ¥ 7, and
YR

The first two assumptions are identical to the standard as-
sumptions used in the analysis of SGD, while the third
assumption is more restrictive than that in SGD analysis. In
fact, from the third assumption, it readily follows that
tr (ZL) +tr (ZR) _ 0_2
2 - )
which is the standard bounded variance assumption in SGD
analysis.

Ep |G = VFXi) [ [ Fima ] <

2. Convergence Rate of the AdamW-Style
Shampoo

Based on Assumptions 1-3, we establish the convergence
rate of Algorithm 1 in the following theorem. Due to the
definitions of Ly, . and Ry, ., condition (3) always holds for
E=c.

Theorem 2.1. Suppose that Assumptions 1-3 and

Lk,e = éIm; Rk,e = éIn (3)

hold for some ¢ > €. Let 62 = max {0’ %ﬁ;“}

withanyy € (0,1], 1+1 =1,1-0 = y EEEUZIM g <

B<VO, e= T \ith any 7 < 1 being the hyperparam-

m—+n

eter to make € small in practice, 11 = % A<
1 L3352 K1)
=1\ T and || Xalop < J?

Then for Algorithm 1, we have |Xp|o, < + for all
k=1,2,--- K and

2
)

LSBT < sV 1)
K S N E )
max { </02L GX)—71) [LU) 1) }

K ’ K~ '
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In the worst case, when € = ¢, we have

K
& SB[V < 127 7
= 5)
. { </02L UXD) =) L) - f*)}
K ’ K~ '

Furthermore, when T = 1, we achieve the best theoretical
convergence rate

K
% S EIVAXp),] < 127v/m + nx
k=1

©)
o { </02L (XD — )

L(f(Xy)—f*)
K~y

=L, I
Discussions on ¢ and é. In practice, the parameter ¢ is typi-
cally set to a very small value, for example, 1012 as used
in (Shi et al., 2023). On the other hand, in modern large lan-
guage models, the dimensions of weight matrices optimized
by non-diagonally preconditioned methods such as Sham-
poo/SOAP/Muon are not exceptionally large. For instance,
in GPT-3 with 175 bililion parameters, the QKV projec-
tion matrices have dimensions m = n = 12288, while
the weight matrices in the feed-forward network layer have
dimensions (m,n) = (12288,49152) or (49152, 12288).
Consequently, the quantity m‘in is several orders of mag-
nitude larger than the € used in practice. To reconcile this
discrepancy, we introduce the scaling factor 7 into the set-
ting of €, aligning the analysis with practical configurations.
This adjustment, however, leads to a slower convergence
rate, as shown in (5), which depends explicitly on 7. The
unpractical setting 7 = 1 yields the best convergence rate
given in (6).

To bridge this gap between theory and practice, we further
introduce condition (3). Informally, the preconditioners Ly
and Ry, can be regarded as approximating E [GG”'| and
E [GTG], respectively. In the training of modern large lan-
guage models, empirical evidence indicates that the gradient
norm remains O(1) (Wen et al., 2025, Figure 6). Conse-
quently, Lemma 2.2 suggests that condition (3) is reasonable
with € = O(#ﬂ) As illustrated in Figure 3 in Appendix
D, this condition is empirically satisfied during GPT-2 train-
ing for a moderate value of £, which remains orders of
magnitude larger than e. With condition (3), our derived
convergence rate (4) depends only on £, rather than € or 7.
When é > &2 convergence rate (4) matches (6) , even

. .m+n’
for arbitrarily small 7.

Lemma 2.2. When each element of G € R™*" is gener-
ated from Gaussian distribution with y mean and &2 vari-
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ance independently, we have

T 2 o 52 2
E[GGT] 2 n&’Ln = B (1G] L,
T 21 _ L 2
E[GTG] = m’L =~ = E[IGIH] L.

Optimality of our convergence rate. Comparing the op-
timal convergence rate (1) of SGD with our convergence
rate (6), we observe that our result employs the nuclear
norm and introduces an additional factor of v/m + n. De-
noting o1, 09, - , o, to be the singular values of V f(X)
with 7 = min{m, n}, the Frobenius norm and nuclear norm
satisfies

IVFX)e =D 0? <D oi= VX
i=1 i=1

IVFX) =D oi < 1D o? = VFIVIX)F,
i=1 i=1

which means that our convergence rate also matches the
lower bound in nonconvex stochastic optimization (Ar-
jevani et al., 2023) in the ideal case of |V f(X)|l. =
O(y/min{m,n})||V f(X)||r and balanced m and n, which
is verified empirically on real training of GPT-2, as demon-
strated in Figure 2 in Appendix D.

Unifying two-sided and one-sided preconditioning. When
p,q < 400, Algorithm 1 employs two-sided precondition-
ing; for instance, setting p = q¢ = 2 recovers the original
Shampoo update proposed in (Gupta et al., 2018). If either
p or ¢ is infinite, the algorithm reduces to the one-sided
preconditioning analyzed in (Xie et al., 2025a; An et al.,
2025; Xie et al., 2025b). Our analysis framework permits
any positive values p, g (including infinite ones) satisfying
% + % = 1. Empirically, Anil et al. (2020); Shi et al. (2023)
observed that treating the exponents p and ¢ as tunable hy-
perparameters can lead to improved performance.

AdamW-style Shampoo v.s. AdamW itself. Li
et al. (2025a) established the convergence rate

BNV < O(E5) for Adamw

while ensuring [|xy|[oc < § forallk =1,2,---, K, where
C matches the constant in the optimal convergence rate of
SGD and d is the dimension of the variable. Comparing
with (6), we observe that AdamW-style Shampoo employs
the nuclear norm in its convergence rate and spectral norm
in its implicit bias, those correspond to the ¢; and /., norms
applied to the singular values, respectively. Consequently,
AdamW-style Shampoo can be interpreted as achieving
theoretical behavior analogous to AdamW, but in the space
of singular values.

4

107! g
o ﬁ 28| [a=10"
=} - E} 2
g — 3 A=10
= "\ 2 — -3
2. o ger| =10
210 \ 2 — =107
= A=0

gl) —\=10"" £4
=] - g _
g A=10 ] \\
£103F =107 g2
> —\_ 104 g \
< D e

= Zo o

10° 10°
Step Step

Figure 1. lustrations of + SF L IVFX) || F (eft) and || Xy, —
X*||F (right) over steps on the toy example (7).

Restricted weight decay parameter. Our theory requires
the weight decay parameter A to be sufficiently small. To
demonstrate that such an upper bound is necessary for con-
vergence, we follow (Li et al., 2025a) to consider a simple
stochastic convex problem

X = X*||%

FX) = 2 with X*:H’ j] )

)

The stochastic gradient is given by

with probability p = 0.1,
%A), with probability 1 — p.

-1, -2 1,1
2. 1]andsetA— {1, 1],

K=10%0=1- /= f=Vl.n= 7= c=10"",
My = 0, Ly = 0, Ry = O for Algorithm 1. We test
A = {1071,1072,1073,107%,0} such that || X*[|,, =
8 < % and |Xillop < 7.7 < %. Figure 1 demon-
strates that Algorithm 1 fails to converge to X* when
A = {1071,1072,1073}. This indicates that, even for a
simple convex problem, convergence to the minimum so-
lution is not guaranteed if A\ exceeds a certain threshold,
although it is unclear whether our upper bound is tight.

Comparison with (Xie et al., 2025b). While Xie et al.
(2025b) established convergence for adaptive optimizers
under a nonconvex, adaptive smoothness framework, our
work differs in several key aspects. Firstly, we provide
a unified treatment of two-sided and one-sided Shampoo,
addressing the more complex and widely used former vari-
ant, while Xie et al. (2025b) only studied the latter. Sec-
ondly, we incorporate practical components like momen-
tum and decoupled weight decay which Xie et al. (2025b)
omits. Thirdly, we utilize a stochastic expectation-based
assumption, which is weaker than the deterministic con-
dition —X; < GGT — VA(X)Vf(X)T < ¥ used in
(Xie et al., 2025b). Finally, while both analyses achieve the
O(ﬁ) convergence rate, our constant C' in (6) is simpler
and matches that in the optimal convergence rate of SGD
under the standard Euclidean smoothness assumption.

o0 [X5

T (X-X -

We initialize X; = X* + {
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3. Proof of the Theorem

We present our techniques to address the challenging two-
sided preconditioning in Sections 3.1 and 3.2, which consti-
tute the primary technical contribution of this paper relative
to existing literature. Section 3.3 then outlines the proof
sketch of Theorem 2.1.

3.1. Bounding the Nuclear Norm of Gradient by
Schatten-p Holder Inequality

In the analysis of AdamW, Li et al. (2025a) employs the
following inequality

(iE [IVf(Xk)I1]>2

9,76 ®)
E 2 ]

(e [t el
by Holder’s inequality for some V* to approximate the sec-
ond moment, where the superscript denotes the k-th itera-
tion, and the subscript indicates the i-th element of a vector.
To handle the more complex matrix case with two-sided
preconditioning, we instead utilize the Schatten-p Holder
inequality.
Definition 3.1. (Bhatia, 1997, (IV.31)) For any matrix A €
R™*™ with r = min{m, n}, the Schatten-p norm is defined

as
1A, = {

The following lemma extends Holder’s inequality to the
Schatten-p norm.

Lemma 3.2. (Bhatia, 1997, Corollary 1V.2.6, Exercise
IV.2.7,(IV.33)) Let A; € R™ "™ and p; be positive real
number (i = 1,2, --- ,t) such that 22:1 1% = 1. Then

1i=1

ez

(0 (A7,
0’1(A),

p <0,
p = 00.

[T A, < T [[Adlls,,

Note that we do not require A; to be symmetric positive
semidefinite. This lemma also holds for non-square ma-
trices, because we can always obtain a square matrix by
appending zero columns to the right and zero rows to the
bottom of the original matrix, and these appended zeros do
not affect the Schatten-p norm and matrix multiplication.

The following lemma is an analogue of (8).
Lemma 3.3. Let % + é = 1. Then for Algorithm 1, we have

s (el a) o))

gen )

K

DB

k=1

_ 1 _ 1
HL& VF(XR, B

5

Proof. From the definitions of the Schatten-p norm and
nuclear norm, we have

K

ZE IVFX)IL] =Y E IV X))

k=1 k=1

K
=>.E HL;peL IVXE)R, . : RM ]

k=1 S1
(1) K L
<) E HL:z L, PVIXOR, | |[RE

k=1 Sap Sa Saq
@) K N % 1/2p 1/2q
Spnd| > mi|

=1 S2p S2q

1 2

>1/2

1 and Lemma 3.2 of the
1
Schatten-p Holder inequality in <, and Holder’s inequality

(2)
PVF(XK)R, ] i € R™*™ with

K
(ZE ML "V f(Xi)R
k=1

Whereweuse%+@+§ =

Sa

in <. Denote A = L
r = min{m, n}. Then from Definition 3.1 of the Schatten-
p norm, we have
= (0:(A)* = tr(ATA) = | A7

i=1
When p, ¢ < 400, from Definition 3.1 and the fact that Ly, .
is symmetric and positive definite, we have

(5 :)")

where we use oi(B%) = (oi(B))% for any symmetric posi-
tive definite matrix B. The derivation for Ry, . follows a sim-
ilar approach. Using a2 b2 < (a + b)ﬁJri = (a+b)'/?
for positive a, b, we have the conclusion.

1AIZ,

1
35 2P

—r (L/2), ©

1 ||2P
4p
HLk,e

Sap

1 _L
When p = +oo and ¢ = 1, we have L,”. = L,,, L, *

= 1. So we have
Sap

é 17/ (X0)]L.] (ZE[tr( ”“‘)Dm

(Selpeteromsz[])

The case when ¢ = +o00 and p = 1 is similar. O

1
L
I,,,and Hka’s

L, I Vf(X0R,

_ L
The essence of Lemma 3.3 lies in transforming L, -7 and

R,C ;p into the more tractable L./ 52 and R / respectlvely,
which can be handled by the followmg lemma
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Lemma 3.4. Suppose that Assumptions 2-3 hold. Let § < 1.

Then for Algorithm 1, we have
Z B, [or (L42))
<Ktr (ElL/2> +Kmy/e+
Z B [or (7))

gKtr( 1/2) +Knye+

=
]w
™

N

Z Fa [IVFXDIL]-

Proof. From the recursion of Ly, we have
Eri. [tr ((5th—t + (183 + eIm)”Qﬂ
=Ex,_y [Exi[tr (8" Li o1+ 8" (1= 8)Gri T,
(1= 895+ 2L) ) [ oo

SE}—k—t—l [tI‘ ((ﬂt+1Lk7t71 + (1 - Bt)zL +elm
+6'(1 — B)Ex— [Gk—th_th—t—l])l/Qﬂ

(%)I[‘Ej:,c_t_1 [tr ((ﬁt+1Lk7t71 +(1- 5t)EL +el,,
+B (1= BV (Xim)) VF (Xp—) T +81-8)%1) )|
:E]:kft—l [tI‘ ((6t+1Lk—t—1 + (1 - ﬁt+1)ZL + 5I7n

+8(1 = Y FXo )V Xe)T) )]

©® t+1 t+1 1/2
<Er,_,_, {tr((ﬂ Li—t—1+(1—-8"HEL +¢L,) )

B B) o (VF(Xk) VI (Ke)T) )]
—Er, , . {tr ((ﬁtHLkﬂsq L(1- Ay, +EIm)1/2)
VB =B) V(XD -

where we use the concavity of X'/2 presented in Lemma
(1)
A5 in <, Assumptions 2-3 and the monotonicity of

(2)
X1/2 presented in Lemma A.4 in <, and the property
tr (X +Y)Y2) < tr(XY2) + tr(Y!/2) presented in

3
Lemma A.3 in <. Applying the above inequality recur-
sively fort =0,1,2,--- ,k — 1, we have

2 (117

<tr ((ﬁkLO +(1- 85T+ sIm)l/Z)

k—1
+V1=BY VBAEx_,, (IVF(Xk-o)ll,]
t=0

K
> Er L IVAXD)L],

4

k

< (S HHVEL) +V/ 1B >V E, IV A(X0)]L]
k

= tx(S)/ ) +mv/er V1= Y VBB, IV (X).],
t=1

where we use Lo = 0 and tr (X +Y)!/2) < tr(X1/2) +

4

tr(Y'/?)in <. Summing over k = 1,2, --- , K, we have

S B [ir (L12)] < K (27) + Ky

k=1
K k
FVIZBY S VIR IV
k=1 t=1

term (a)

and term (a) can be addressed as follows

K K
term (a) :mz Z \//W]E]:t—l V(X)L

t=1 k=t

Z]Eft VX)L

1
< S B, (197X
t=1
Similarly, we also have the inequality for R,lc/ 82 O

Combining Lemmas 3.3 and 3.4, we finally have

K 1/2
SE[IVAX),)< <K0+ ﬁZE IV, 1)

k=1
K N e 2 (10)
x(ZE[HLk;PVf(Xk)Rk,;“’ D ,
k=1 F

term (b)
where C' = tr (21/2) +tr <21/2) + (m 4+ n)y/e. So we
only need to bound term (b).

3.2. Bounding the Spectral Norm of Update by Matrix
Cauchy-Schwarz Inequality

In the analysis of AdamW (Li et al., 2025a), we can bound
[m |

the update . However, the matrix case is

not as simple, espec1ally with two-sided preconditioning. To
address this challenge, we use the following matrix Cauchy-
Schwarz inequality.

Lemma 3.5. (Bhatia, 1997, Corollary 1X.5.3) For M €
R™*"™ and symmetric positive definite matrices L € R™*™
and R € R"*", 0 < a < 1, we have

ILEMR™[lop < [LM|5, MR,

6
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Based on the above lemma, we can bound the update in
Algorithm 1 measured by spectral norm.

Lemma 3.6. Let 0 < 3 <0 < 1and%+ % = 1. Then
for Algorithm 1, we have

< 2.
op

1 1
T 2p T 2¢
b

Proof. From Lemma 3.5 and % + l =1, we have

1 1
T 2p T 2q
HLk’E MR,

1

_5

< HLk,E
op

'MkR (&

op

So we only need to prove

<2

1 1
Loiv <2 and |MuR, !
op " lop

The two inequalities are analogous, so we prove only the

1 2 1 1
first. Since || Ly, £ M = L MM L

, we
op
only need to prove

L 2 MM L 2 <41,
which is equivalent to
MM} <4Ly, . and y" MMy <dy' Ly .y, Vy € R™
From the recursions of M, and L, we have

k
Y M = (1-6)> 6" 'y"Gy,
t=1

k
YLy =(1-5)> B 'y"G,Gly

t=1
k

= (1-8) > By G

t=1

From Holder’s inequality, we have

Zek t TG
k 2
<(1-0)* <Z ot HyTGtH)

t=1

k ) T "
<(1-0)? <Zﬂ’” Iy" G| ) (Z (%) )

y'M My

k k—t

(1-0)? 0?
1w (27

(1-62 1 . O @A-6)7° ;
<=7 - < =77
<93 _(,T;y YOS oY Ly
2) (1 —vV0)2(1 + V0)?
S( (1)5/5)2 ) y' Ly <4y'Liy < 4y'Ly.y,

e)) e))
whereweuseegﬂmgandﬁgx/élng. O

By leveraging Lemma 3.6 and the distinct properties of
decoupled weight decay, we ultimately establish that

3Wv
A Xk llop < KA (1D

holds for some constant v and all k = 1,2,--- , K under
appropriate parameter choices. The complete derivation is
provided in Lemma C.1.

3.3. Proof Sketch of Theorem 2.1

Building upon the supporting lemmas in Sections 3.1 and
3.2, we can prove the main theorem following the frame-
work in (Li et al., 2025a). We briefly outline the proof
sketch in this section. From the Lipschitz smoothness and
the update of X1, we have

L
J(X gy 1) = f( X )S(Vf(xk)7Xk+1—Xk>+§||Xk+1—Xk||%
_ 1
< ) AX + Ly, MkRk7§q>
L 2
+T” X + Ly P MR, 2

_1
=—< SR, T ALY X R AL, MkRkj;>

term (c)
2 1112

1 1 1 1 1
Tap ap q “ap T g Tdq
Lk,e <>\Lk,5XkRk,s+Lk,s MkRk,e )Rk,e

term (d)
Decompose term (c) into
. 2
—g L, " Vf(X,)R, "
F
2
= DAL X, R 4+ L, P MR,
2 F
n |y % _ bk rb |
+§ L. (Vf(Xk)—Mk)R,m _ALk,anRk,s

term (e)

and relax term (e) to

2
-l—r]/\2
F

1 2

nHLk,:Wf(xk)—Mk)Rk i

yE

1 1
ip iq
L. XpRp%

F

term (f) term (g)

From condition (3), we can relax terms (f) and (d) as follow

term (f) < —= ||V £(Xx) — My 7,
\[ P
L — P
term (d) < ——= AL,?”EX Rk Lt L MkRk 2
2V/é T llE
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The handling of term (g) requires a high degree of skill:

1 1 1
term (¢) =tr [ L7 X, REXTLY | ¢

A

[Alls,

(2)

1
X, RyXE (12)

1
L‘“’

1
ap
’Lk,s

2p Sq Sap

oo ()

where we use Definition 3.1 of the Schatten-p norm and the

)

Sq

T
ksX

term (h)

. . . ..
fact that A is symmetric and positive definite in (:), Lemma

2 :
3.2 of the Schatten-p Holder inequality in <, and (9) in (3:)
For term (h), we have

term (h)

1 1
m L 1(a) AW

=<ZU¢ (urixt) ) < (Z(Xkllipm (R)))
i=1 i=1

1

o <|X 23 (R,z{g))q = e, (e (R2))

=1

where we use the properties o;(AB) < o;(A)||B||,p and

©;
oi(AB) < [|A]opoi(B) of singular values in < and

ai(B%) = (ai(B))% for any symmetric positive definite

matrix B in @ Plugging into (12), we have

term @ <IX3, (1 (LY2)) 7 (i (R12))
?nxknip (L) + o (RY2))

(i
<yorers (i (1) 1 (R;{:)),

(a + b) @ = a + b for positive

where we use aP bq

(6) (7)
a,bin <, and (11) in <. Combining the above results and

vz

57 » We have

letting n <

FXuin) = 10 < = LV AROR ]

F
= 1 _ 1 IERIL
— Z H)\L;pEXkRIj?E —+ Lkél’ MkRk,;lq (13)
F
9
 LARAOR0 Ml 2 o(12) ().

Employing standard techniques in the analysis of momen-
tum SGD, we can build a recursion (Lemma C.2) as follows

Ex, [IIV(Xk) — M)

, (14)
<Es,, [019F(Xim1) = M|} + (1 - 0)02
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PR WE >‘Lk 1,e Xk 1Rk et eMk R 4(1 .
(1-0)ve F

Multiplying both sides of (14) by ﬁ, adding it to (13),

2 2
letting 72 < Eﬁz? , and arranging the terms, we have

1

a
Ort1 < P — gEﬂ [Hka VIXyR, ;

|
r 5)

b o (1) e ()] + 2

where @4 1=Ez, |[f(Xe1)— 722V /(Xi) ~Ml3
2

)\L:‘?‘SkaEg + L;?MkR;f’ H ] Summing (15)
F

over k =1,2,--- , K and setting the parameters properly,

we have
K ) 2
ZEﬂ [HL;,:PVf(Xk)Rk - ]
F
<P 3e [i (12) o ()] < 0

where C' = 104/ w Plugging into (10) and

using Lemma 3.4, we have

K 4 K %
D E[IVAXa)l.]< (KC+M;E[IIW(XOII*]> x

k=1

2

18v 4
ZE IV £(X)]| ]+181/K1/2C+C’> ,
<K1/2 /1 t -

Under proper parameter settings such that % <
we finally have

K 2 K
(ZE [IVf(Xk)*]> <A E[IVfXW),]+B
k=1

k=1

1
27

for some constant A and B. Solving this inequality, we have
the conclusion. The derivation above is conducted for the
case of p,q < +o00. The conclusion remains valid when
either p or q is infinite.

4. Conclusion

This paper studies the convergence properties of AdamW-
style Shampoo with both one-sided and two-sided
preconditioning.  We establish the convergence rate

LESE BV € O(V2E2C) measured by nu-

clear norm. It can be considered to be analogous to
. K

the optimal K | E[|V/(Xi)|r] < O(35+) con-

vergence rate of SGD in the ideal case of ||V f(X)||. =

O(y/min{m,n})||V f(X)||r and balanced m and n.
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A. Basic Properties in Matrix Analysis

We first introduce some basic properties in matrix analysis. For matrices A, B € R™*™ it holds that

<A, B> = i i Ai,jBi’j = tr(ATB),

i=1 j=1

AL =3 3 A%, — (AT A),

i=1 j=1

tr(ATB) = tr(BAT).

For symmetric positive definite matrices X,Y € R™*™ with X <Y, it holds that
tr(X) <tr(Y), ATXA<ATYA, X'>Y L (16)

Fact A.1. For symmetric positive semidefinite matrix X € R™*"™ the singular values coincide with the eigenvalues and
thus tr(X) = > | 0:(X).

Definition A.2. For symmetric positive semidefinite matrix X € R™*™, Let UAU7 be its eigenvalue decomposition with
A = diag(A1, A2, -, Am), then X7 is defined to be U diag(\}/?, AY/?, -+, ALP)UT.

Lemma A.3. (An et al., 2025, Lemma 3) For symmetric positive definite matrices X,Y € R™*™ it holds that

tr ((X v Y)1/2) < tr (X1/2 n Y1/2) .

Since x! with ¢ € [0, 1] is operator monotonic and operator concave on [0, co), we have the following two properties (Bhatia,
1997, Theorem V.1.9, Theorem V.2.5):

Lemma A.4. For symmetric positive definite matrices X, Y € R™*™ with X <Y, it holds that X! <Y with t € [0, 1].
Lemma A.5. For symmetric positive definite matrix X € R™*™, it holds that E [X'] < (E[X])! with t € [0,1].

From Assumptions 2 and 3, we have

B [11Gk = VI (X0 5 [Fet | =Ex [t ((Gr = V(X)) (G = VX)) |Fi |

= [t (G — V(X)) (Gh = VI (X)) ) | Fes (17)
Str(EL) ;tr(ZR) =02,
and
Bi 2B [(Gr = V(X)) (Ge = VX)) |Fio
=Ey, [G1.GT + V(X)) VF(X)T — GrVF(X)T — V(Xi)GE | Fii] (18)
=Ey, [GrG[ | Fr-1] — VF(Xp)VF(Xp)".
B. Proof of Theorem 2.1

Proof. As the gradient is L-Lipschitz, we have
Er [f(Xpg1) | Froo1] — F(Xi)

[ L
<Ep, [(VF(Xk), X1 = X)) + 5 [ X1 = Xkll%!}'kl]

r 1 1 L 2 _ 1 L1 2
=E; |-n <Vf(Xk), X+ L, MR, 2 > + 777 Xy + L, P MR, 2 |fk—1]
F

[ _1 _ 1 ER 1 _ 1 _1 Ln? _ _a?
=Ex |—n <Lk’§” Vf(Xk)Rk;q , AL;TEXkR;?E + Lké” MkRkéq > + 7;] AX g + Lk;p MkRk;q ‘.7:1@_1]
F
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_ 1 _ 1 2 1 1 _ 1 _ 1 2
~E; | -3 HLk;p VIR | - 7 HAL,‘;;XkR,j; L MR
[ ~% _ptxmd | L L7 ~brr m-k |
o (L (VFXk) = M) Ry I = AL XGRT |+ == A+ Ly MR, 27 [ Fien
F F
0y o A N v (19
SEk _5 Lk,e vf(Xk)Rk,a » - 5 )\Lk,EXkRk,s +Lk,5 MkRk,E »
_ 1 _a|? ER 12 L772 _ _a|?
+n HLk’:p (Vf(Xk) —My) Rk;q ‘H’])\2 L]:JL:,DEX]CRI::ZE +7 AXp + Lk;p MkRk;q ‘]:k—l
F F F
term (a) term (b) term (c)
From condition (3) and property (16), we have
_ 1 _ 1
Lo = 2Tn, Ry =21,
For term (a), we have
*% 7% 2 741 T 2 z%
ue® w0 - MoRF | —or (R (97060 - ML (97000 - MR )
F
W1 44 T -=
STt R, 7 (VF(Xg) — M) (Vf(Xg) —Mp) R,
E2p
1 _1
o (97000 - MO R, F (97x0) - M)
g2p
(2) T
< — tr ((VF(X0) = M) (VF(X0) - M) )
£2p q
3 1
=/ IV £(X5) — My 7,

(1 (2
where we use Lemma A.4 and (16) in < and < and % + é =1in @ For term (b), from the analysis in Section 3.3, we

have

e (1) s (RY2)).

1 L
HLI:T)EX]“RI::IE P — )\2K1/2

For term (c), similar to the induction for term (a), we have

_ 1 _ 1 2 _ 1 1 1 _ 1 _ 1 _ 1
HAXHL,C;PM,CR,C;Q =L, <AL,§fEXkR,§fE+L,€73PM,€R,€7;(1>R,C)gq
F
A F
it (RIATL AR % ) < v (R, “ATAR. ¥ 2
- k,e ke k,e — éﬁ k,e k,e ( O)
L w (AR TAT) < 1 _w(aAT) = a2
=TT ke N NI r( )— -|| A%
g2 £2r " 2q \[6
Ul xr¥ o n b mr
:\Té )‘Lk,stRk,s+Lk,e MkRk,s
a
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Plugging into (19) and using n < *2€, we have

Er [f (Xis1)| Fre1] — F(Xi)

2 2

1

_ 1
—g Hkag"Vf(Xk)R 2

+ } IV £(Xx) — M2

2

r |f’“‘1] 1)

1
<E, HAL,;";X;CR +L;, MkRk,;‘q

F

1

1
417 4q T ip T 4q
)\Lk anRk , Lk,e MkRk,e

(o () o () - 2

2 2

<Eg

n 1 N _1 _1
2 H/\L,:f’EXkR,:fE + L, MRy, ;

- HL,C,:PVf(Xk)Rk 5

\/”g IV £(X5) — My || % + ;’Z/Z’Q (tr (12) + o (Ry2)) |fk1} .

Multiplying both sides of (25) by m, adding it to (21), and arranging the terms, we have

2
no _ 2
. + N IV f(Xk) = Myl |-7:k1‘|

R (o (1) o (RU)) 1 ]

L2773

e e (002) e () 1 ]
? nl—190) ,

no 2 M L i _1 1
+ VEL_0) IV (Xp—1) =Myl + 5 HAL,;‘il,EXk_lR,;‘Q_LE +L, 7 MR, i LRV

L L - L L
Ep | f(Xpg1) = 7+ Z ")\L,jf’gka,jfe +L, PMR,

<F(Xi) = "+ Bi | -3 HL; Vi (X5)

2
/\Lljplaxk 1Rl~c 1£+Lk laMk 1Rk l,e
F

0 1-6
g VIO - Mial+ 11 —9) ;2(22)

<f(Xg) = 7+ Ey

N\~
3 HLk,g V(Xk)

where we let n? < ’f(izﬁ ) in the last inequality. Taking expectation with respect to Fj,_; and summing (21) with k =1
and (22) over k = 2,--- , K, we have

Ery | F(Xicsn)— f*+ 2 HAL;‘&XKR L MR, i+ ﬁg‘)_@ IV £(Xk) MK}‘;]
-7 3 [ ewssoms ¢ 2 (e (042) vor (1))
+ (f(?e—e) + \2) Er, [IIVf(Xl) Ml”F} K \)ﬂ( ) g2 (23)
_f(Xy) - £ +ZEH HL,C,:IPW(X;C)R,C;” i+ o (o (T2) (Rl,”))]
+Jaa —ayEe IV~ Malle] + Mf;_o)o?

As the gradient is L-Lipschitz, we have

L 2

pr< (X LYI0) < FX) - L (V1009100 + 5 | 19| = 700 - 57 IV

F
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Using the recursion of M; and My = 0, we have

7 [IVF(X0) = MulF] =Bz [10V£(X0) + (1 - 0) (V1(X1) = Ga)7]
=02 [V (X0)I + (1= 0)°Ex, [IVF(X1) = Gall}]
<AL (F(X1) = £7) + (1= 0)%0>

Plugging into (23), we have

2 0
Ere | f(Xkg1) — "+ = H L?EXKR}?EwLLKEMKR FJF\@(Z—G)HVJE(XK)MK;]
K 2
. Ny~ o Inv 1/2 1/2
—f +;E}‘k Q‘Lka VIKORCT | + 7 (tr (1) + o (Rk))]
2L ey Kn(1-6) ,
+\/§(1—€)(f( )= ")+ NE o
and
K 1 0 2
> Ex, ]Lk,;““w(Xka i ]
k=1 F
180 & 2(f(Xy) — F* AL 9K (1—6
< 2B [ (1) +or (RUZ)] 4 LEI=D) Sk - 1)+ 20
18 2(f(Xy) — f* AL 2K (1 —0
fKJQZEa[ (L) 4o (RY2)] 4 2 37) f)+\@(10) (f(Xl)—f*)+(ﬁ)ef2,
C1

with any v € (0, 1]. From Lemma 3.4, we have

where we denote 52 = max {02’ W}

K K
L2 1/2 1/2 1/2
;E[u( e (RZ)] <K [0 (2?) + 1 (ZC )+ (m+n)ve > E[|VF(X)].]
From Lemma 3.3, we have
K
S E[IVAXp).]
k=1
us 1/2 R/2 us ?
< (Zlua tr )+tr( )}) (;]E ’ FYF(Xp)R FD
< ( i (1) (szﬂ) ( 18 ZEM V2 4o (R1)] +cl)
< 4 ZK:]EHVfX WL+ ke ) (24 iE[HV (X)) L] + 180CoK /2 4 C
> thI t 2 Kl/zthI J(X) . vl 1]
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So we have
K 2
(ZMW(M)IJ)
k=1
288y K ’ 4 K ey
S ) (;E [IIVf(Xk)II*}> =3 (36vCa 2 4 1) kZﬂE IV £ (Xi)ll] + 180 CIK?/2 + KC1Ca.

Next, we consider the constants. From Definition A.2 and Fact A.1, we have

o (S1) o (5H7) =3 Vo + Yo Ve < | 1) (iax&wim(%))

=/ (m+n) (tr (L) +tr (Zr)) = 0/2(m +n) < 6/2(m +n).
(m +n)y/e < 6v/m + n and
02 < 2.5&\/m+n.

Recall that we require the parameters satisfying the following relations in the above proof

VE o _E1-0)

Letting € =

< Y=
=50 T =Ty
and
N L N4
77/\§2K5/4> HX1||op§m, WSL 9§5§@<1

in Lemma C.1. Letting

1—-6= \/ X1 =4 [e(f(Xy) = f*) JL(f(X1) =
4LK02 1152 62

L3562 EK (f(X1) = f*)
/711525_[{3/4 ( ) f*7 ||X1||op S\/ L(3'2 )

the above requirements are satisfied by the definition of 2. We also have

1 1 2 K2 288v 1 K&2L (f(X4) = f*)
T e R [ 7o S o M e ) <0 : |
o 14.26 " vCOs K1/2 m "
s YE32L (F(X1) — f), =7 < s VE3G2L (f(X1) — f*),
\/14_7ﬁ <361/CQK1/2+01> < (\/ +n+ \[) VE3G2L(f(X1) — f*),

VIR < B RIL(FXD) — 1), KCiC < 250y | " RIGRL(FXa) — 1),
52

18VC2K3? 4 KC Cy < <m+n+25m/m€+”> VE3G2L(f(X1)—f*) < <227(m+n)+225> VE3G2L(f(X1)—f*).

So we have

(ZE[IVf(XwIIJ) (ﬁ +n+5\7;’) YRR~ ) Y E(IVAX0).]
25 62

+<227(m+n) 5 >\/K3 2L (f(X1) — f*).

N =
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Solving inequality 22 — ax — b < 0, we have x < 2tva~+4b V‘2’2+4b < a++vband

S E[IVFXp)IL] < (2\/m +n+ % + \/27(m +n) + 25‘?) VEK362L (f(X1) — f*)

k=1 VE
1196\ , n
S 8\/m—|—n+7 \/K?’UQL(f(Xl)—f*)
€
1196 KL(f(Xy) = f*
= (8\/m+n+ ”) max { v/ K302L (f(X1) — f*), (FX) =)L
VE gl
Dividing both sides by K, we have the conclusion. At last, Lemma C.1 guarantees
3V 3 L(f(X1)—f*
Kt /1152 Ko
by the setting of 52. O

C. Supporting Lemmas

The following lemma extends (Li et al., 2025a, Lemma 3) but replaces the infinite norm of vectors by spectral norm of
matrices.

Lemma C.1. Let n\ <

v <1L,0<pB< VO < 1, and % + é = 1. Then for Algorithm I, we
have

VO
K1/4)\’ K1/4

QKL;/@ Xl”op §

3Vr
M Xk llop < UL Vk=1,2,--- K.

Proof. From the update of Xy, we have

2
[ Xk+1llop — Y

2 _L -1
X = H(l - )\U)Xk - nLk;p MkRk;q

op

_a _L 2
<= ) Il 4 [T MR | -3

op
1 2
20— ) 1Kl + 20— 2
2
—1 ) (1%l - 2
& 2
S(]-*)‘n) ”XlHopi 2

—- 0= (2 257

TOK1/4

—~
—

9
where we use Lemma 3.6 in <. Sincelnz <z — 1 and e” > z + 1 for any > 0 and nA < 2}{;’/4 < %,
k < K that

we have for any

1 KnA N4
kln(1—n)\) = —k1 > K 1) =- > _
n(l=n) SR <1n>\ ) 1-gr = KU+
v N
(L=t > e w7 > 11— -2,

and

2 1 NG NG 2 3 v
IRKisillor = 3 == 3 (“w) (2‘W> Sy tamiA
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The following lemma is closely similar to (Li et al., 2025a, Lemma 4) and we list the proof here only for the sake of
completeness.

Lemma C.2. Suppose that Assumptions 1-3 and condition (3) hold and let % + % = 1. Then for Algorithm I, we have

Ep [|VF(Xe) = Ml |7 |

5 (25)
+ (1 —0)%0?.
F

L2 772

<OV S (Kimr) = Mialfe + 7=

1 1 1 1
ip 4q T dp T 4q
’/\Lkl,exk—lel,s + kal,sMk—lefl,s

Proof. Denoting 'y, = G, — Vf(X}), we have E, [Fk|.7-"k_1] =0,E; [||FkH?, |]-"k_1] < 2. From the update of My,
we have

M, — Vf(Xy) =0My_1 + (1 - )G — Vf(Xy)
=0 (My—1 = Vf(Xg-1)) + (1 = 0) (VF(Xy) + Tk) = VF(Xy) + 0V f(Xp-1)
=0 (Mp_1 = Vf(Xp-1)) +(1 =0 — 0 (Vf(Xg) = VF(Xp-1))

and
Eg [va(xk) — Myl !fkﬂ}

=10 (M1 = VF(Xi1)) = 0 (VF(Xe) = VS (Xe) 7+ (1 = 01 [Tkl [ Fa]
<0 (14257 M- 97 407 (14 125 ) 197000 = V1K)l +(1 = 0B [ITal |7 ]
<O Myt =V (Xp-1)l[7 + 1%9 IVf(Xi) = VX))l + (1= 0)0°

L2
<O |My—1 — Vf(Xp1)l[3 + T 1X&— Xy 1|3+ (1—6)%0

L2 2 1 _ 1 2
=0 | My = Vf(Xp—1) |7 + 17_779 ‘ AXj1 + L 2 MR 5|+ (1 0)%0"
F
9 L2772 1 i _1 _a1 2
<O Moy — VI (Kpm) [+ | AL X R+ L MR+ (- 0)%0%,
(1-0)Ve ’ ’ ’ i
where we use (20) in the last inequality. O

Lemma C.3. When each element of G € R™*" is generated from Gaussian distribution with 1 mean and &2 variance
independently, we have

£ ¢
E [GGT] = WE [HGH%] L., E [GTG} = WE [HG”%] L.

Proof. When G; j ~ N (p, &%), we have

E[(cGT), | =E Z Gy G| = ZE (GGl = ZE (G | EGy ] =ni® if p#aq
= = =
and
El(ca”), ] = iE [G2)] = il (B[(Gpy =] +42) =n(@+1®) if p=q.
So : :

E [GGT} = n,u21m121 + n§21m t n£2Im7
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Figure 2. The gradient norm ratio ||V £ (X)||./||V f(X)|| r during GPT-2 pretraining on OpenWebText for each class of Shampoo-handled
parameters. The dashed horizontal line indicates the value of y/min(m, n) for each matrix shape.

where 1,, € R™ is the vector with all ones. We also have

E[IGIE] =YD E[GE] = D3 (B [(Giy — 0] +12) = mn(e? + ).
i=1 j=1 i=1j=1
So we have
2
TY o 2] — § 2
Similarly, we also have
E[GTG] = —5  E[|G|2] L.
~ (€ +u?) "

D. Experiments

In this section, we conduct experiments on real-world deep learning tasks to examine whether the theoretical claims
developed in the main paper are reflected in practical training dynamics. While recent non-diagonal preconditioning
optimizers, such as SOAP (Vyas et al., 2025) and Muon (Jordan et al., 2024), have primarily demonstrated their effectiveness
through improved end-to-end performance on large language model (LLM) training, in light of this trend, we pretrain the
GPT-2 (Radford et al., 2019) model from scratch on OpenWebText (Gokaslan et al., 2019) dataset.

One of the claims that requires numerical verification in our analysis is the relationship between the nuclear norm ||V f (X) ||
and the Frobenius norm ||V f(X)||p of the gradient. Evaluating this relationship in practice involves computing the full
gradient with respect to the training objective over the entire dataset. However, the OpenWebText dataset contains
approximately 9 billion tokens, making exact full-gradient computation computationally intractable. As such, we adopt an
approximation strategy where the stochastic gradients are accumulated over 100 consecutive mini-batches while keeping the
model parameters frozen.

We apply this approximation to each Shampoo-handled 2D parameter in the GPT-2 model. These parameters fall into four
categories: (i) attention input projection matrices, (ii) attention output projection matrices, (iii) the first layer of feed-forward
network, and (iv) the second layer of feed-forward network. For clarity and brevity, we report the averaged results averaged
within each parameter category.

Figure 2 reports the evolution of the ratio ||V f(X)||../||Vf(X)||r for the four classes of Shampoo-handled matrices.
Across all parameter categories, we observe that this ratio remains close to the theoretical upper bound /min(m, n)
throughout training, as indicated by the dashed reference lines. This behavior suggests that the relationship ||V f(X)||. =
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Figure 3. Comparison of the minimum eigenvalues with respect to the noise level during GPT-2 pretraining on OpenWebText. The red
curve indicates the noise-dependent scale o2 /(m -+ n), while the blue and green curves correspond to the minimum eigenvalues of the
regularized left and right preconditioner matrices L . and Ry ., respectively. All quantities are plotted on a logarithmic scale.

O(y/min{m,n}) ||V f(X)||r indeed holds in practice, thereby supporting the claim in the main paper that nuclear-norm-
based measures are comparable to Frobenius-norm-based rates in realistic LLM training settings.

Next, we turn to the empirical estimation of the gradient noise level and compare the relative magnitudes of o2 /(m + n),
the parameter ¢, and the minimum eigenvalues of the preconditioners Ly, . and Ry, ., serving as estimates of €. Similarly, we
approximate o2 using the same large-batch gradient approximation described above, treating the accumulated gradient as a
proxy for the true gradient V f(X). The parameter ¢ is fixed to 10~12 which is consistent with the experimental settings in
(Shi et al., 2023). To estimate €, we record the minimum eigenvalues of the regularized left and right preconditioner matrices
Lj . and Ry ., respectively. These quantities are readily available during training, as they are produced as a byproduct of
the eigendecomposition used to compute the matrix inverse roots in Shampoo.

Figure 3 compares the empirical noise scale o2 /(m + n) with the minimum eigenvalues of the preconditioner matrices,
which serve as estimates of €. Across all four classes of Shampoo-handled parameters, we observe that the minimum
eigenvalues of both L . and Ry, . are consistently several orders of magnitude larger than the configured parameter
e = 107'2. Moreover, the value of £ remains comparable to the noise-dependent scale o /(m + n) throughout training.
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