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Abstract
In-context learning enables pretrained transformers to adapt from a prompt without parameter updates, but it
remains unclear when this behavior arises from retrieving memorized pretraining tasks (i.e., task retrieval)
versus learning a rule from in-context data (i.e., task learning). We study this distinction through a finite-
mixture Markov data model, where each latent Markov chain represents a pretraining task. We characterize
the finite-prior Bayes predictor induced by next-token pretraining and use it to explain when pretrained
transformers exhibit retrieval or learning. In low-diversity regimes, this predictor retrieves the pretraining
Markov chain most compatible with the prompt, with error decaying exponentially in the prompt length. This
mechanism is realizable by a two-layer single-head causal transformer. In high-diversity regimes, the finite-
prior Bayes predictor approaches the empirical Markov predictor inferred from the prompt, and architectural
constraints can bias globally trained transformers toward this capacity-efficient task-learning mechanism, with
error decreasing as the prompt length increases. Finally, we extend our analysis to multi-state higher-order
Markov chains.

1. Introduction
Over the past few years, transformers (Vaswani et al., 2017), powered by the attention mechanism, have become one
of the most widely used architectures in modern deep learning and achieved remarkable empirical success across a
wide range of domains, including computer vision (Bao et al., 2023; Chen et al., 2020), natural language processing
(Brown et al., 2020b; Devlin et al., 2019), and scientific machine learning (Geneva & Zabaras, 2022). A hallmark
emergent capability of transformers is in-context learning (ICL) (Brown et al., 2020a; Olsson et al., 2022), through
which pretrained transformers (PTs) adapt to new tasks without parameter updates by leveraging information provided
in the input context, for example in translation, question answering, and arithmetic or logical reasoning. In particular,
prior works (Lin & Lee, 2024; Pan et al., 2023) have identified two distinct modes of ICL behavior: task retrieval, where
the model identifies and invokes a relevant pretrained task, and task learning, where the model infers an underlying rule
from an in-context prompt and applies it to new queries.

Recently, a growing body of work has explored transformers using Markov data models to study their ICL behavior and
underlying mechanisms; see, e.g., (Edelman et al., 2024; Ekbote et al., 2025b; Lepage et al., 2025; Makkuva et al.,
2025; Rajaraman et al., 2024b). In these models, each token is generated according to a transition rule that depends
only on a finite number of preceding tokens, providing a simple yet expressive abstraction of autoregressive sequential
prediction (Li et al., 2024; Yüksel & Flammarion, 2025). This Markovian perspective also provides a natural testbed for
studying task retrieval and task learning in ICL. For example, Lepage et al. (Lepage et al., 2025) observed a transition
from memorizing a training chain to inferring from the in-context prompt as the number of Markov chains used to
generate pretraining sequences increases; see Figure 1. More specifically, when the number of Markov chains is small,
they found that transformers tend to generate new tokens according to a memorized training chain, regardless of the
in-context prompt. In contrast, when the number of Markov chains is large, transformers instead generate new tokens
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(a) Number of states S = 2 (b) Number of states S = 4

Figure 1. Transition from task retrieval to task learning in ICL. We report the next-token prediction loss on new test sequences
for the K-prior Bayes predictor (see Lemma 1), the uniform-prior Bayes predictor (see Lemma 2), and the pretrained transformer
(PT). When the number of pretraining matrices is small, the PT performs similarly to the K-prior Bayes predictor, suggesting that it
relies on memorized pretraining tasks. In contrast, when the number of pretraining matrices is large, its performance approaches
that of the uniform-prior Bayes predictor, indicating that it infers the transition rule from the in-context prompt. Please refer to
Section 5.1 for more details.

according to the transition rule inferred from the in-context prompt. Here, if each pretraining Markov chain is viewed as
a task, then memorizing a training chain can be interpreted as task retrieval in ICL, whereas inferring from the in-context
prompts corresponds to task learning. This observation is confirmed by recent work (Park et al., 2025) on competition
dynamics and algorithmic phases in ICL on a mixture of Markov chains, which identifies a similar transition between
retrieval and learning behaviors.

The above discussion naturally motivates the central question of this paper:
Can we characterize when and why PTs on Markov data exhibit

task retrieval versus task learning in ICL?
Although recent works (Lepage et al., 2025; Park et al., 2025) provide empirical evidence and mechanistic interpretations
of these phenomena, a precise theory remains lacking. We aim to develop a framework that characterizes when PTs
exhibit each behavior and how the two regimes depend on task diversity and prompt length.

1.1. Main Contributions

We develop a theoretical framework explaining when PTs exhibit task retrieval versus task learning in ICL under a
mixture of K Markov transition matrices. A central object is the finite-prior Bayes predictor induced by next-token
pretraining: for small K, it performs posterior retrieval over pretrained Markov tasks, whereas for large K, it approaches
prompt-based empirical transition estimation. Combining this Bayes characterization with architectural constraints, we
explain how PTs can realize retrieval in low-diversity regimes and are biased toward task learning in high-diversity
regimes. Our main contributions are summarized as follows:

• We explain task retrieval in the low-diversity regime. We derive the finite-prior Bayes predictor in closed form and
show that it concentrates on the pretrained task most compatible with the prompt, with retrieval error decaying
exponentially in the prompt length (see Theorem 1). Moreover, we show that this retrieval-based predictor is realizable
by a two-layer single-head causal transformer whose hidden dimension scales linearly with K (see Theorem 2).

• We explain task learning in the high-diversity regime. As K grows, the finite-prior Bayes predictor approaches the
uniform-prior Bayes predictor and hence the empirical Markov predictor inferred from the prompt, yielding the task-
learning guarantee (see Theorem 3). Under architectural constraints, explicit retrieval over all K pretrained kernels
becomes capacity-inefficient, biasing PTs trained to global optimality toward prompt-based transition estimation.

• We extend the framework beyond binary first-order chains to general multi-state, higher-order Markov data models,
demonstrating that the same perspective applies to task retrieval and learning in broader sequential prediction settings.

1.2. Related Work

Studies of transformers on Markov data. Extensive works have studied transformers on Markov data models as
tractable testbeds for understanding ICL. One line of work (Bietti et al., 2023; Chen et al., 2024; Ekbote et al., 2025a;
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Nichani et al., 2024; Rajaraman et al., 2024a) shows that two-layer single-head transformers can learn Markov chains
under suitable architectural constructions. They also provide a training-dynamics analysis, showing that gradient descent
can find such solutions under appropriate conditions. Another line of work (Edelman et al., 2024; Makkuva et al., 2025;
Varre et al., 2025) characterizes the loss landscape of transformers, showing how data distribution and architecture
influence global optima, bad local minima, and transitions from simple unigram predictors to context-dependent bigram
predictors. In addition, some works have studied other aspects of transformers on Markov data, including generalization
bounds (Yüksel & Flammarion, 2025; Zekri et al., 2024), induction heads (Chen et al., 2024; Edelman et al., 2024), and
Bayesian inference (Hao et al., 2025; Xie et al., 2022; Zhou et al., 2026).

Task retrieval and learning in ICL. (Min et al., 2022; Pan et al., 2023) demonstrate that the effectiveness of ICL
depends on two distinct mechanisms through which transformers exploit in-context information, namely task retrieval
and task learning. Later, (Lin & Lee, 2024) provides the first explanation of task retrieval and task learning in ICL
through a linear regression framework. Recently, (Nafar et al., 2024) studies ICL in real-world regression settings
and argues that its behavior ranges from retrieving pretrained task information to learning from in-context examples,
depending on task familiarity and the richness of the provided examples. More recently, (Yang et al., 2026) provides
a unified mechanistic framework for understanding how LLMs perform ICL by identifying two specialized types of
attention heads, namely task-recognition heads and task-learning heads. Moreover, our work is closely related to
(Lepage et al., 2025; Park et al., 2025), which study ICL in a finite mixture of Markov chains and demonstrate that
transformers exhibit retrieval and learning behaviors, with transitions governed by data diversity and prompt length.

Notation. Given a matrix A, we denote its spectral norm, i-th largest singular value, (i, j)-th entry, and Frobenius
norm by ∥A∥, σi(A), aij , and ∥A∥F , respectively. Given a vector a, we use ∥a∥ to denote its Euclidean norm and ai
to denote its i-th entry. We use [n] to denote the set {1, . . . , n}, and ei ∈ Rd to denote the i-th standard basis vector
in Rd. We use Unif(0, 1) to denote the uniform distribution on the interval (0, 1), and I{A} to denote the indicator
function of an event A, which equals 1 if A occurs and 0 otherwise. Moreover, δz denotes the Dirac measure at z.

2. Problem Setup
In this section, we focus on the simplest Markov data model, namely binary first-order Markov chains. We discuss
extensions of our analysis to general Markov chains in Section 4.

Markov chain model for token sequences. Let {0, 1} denote the binary alphabet, so that the number of states is
S = 2. We model the token sequence s1:T := (s1, . . . , sT ) as a Markov chain, so that each next token depends only
on the current token, i.e., P

(
sn+1 = j | s1:n

)
= P(sn+1 = j | sn) for any n ≥ 1 and j ∈ {0, 1}. The transition

dynamics are specified by a transition matrix P = (Pi,j), where Pi,j := P(sn+1 = j | sn = i). Let s1:T ∈ {0, 1}T be
a sequence generated by a Markov chain with transition matrix

P (p, q) =

[
1− p p
q 1− q

]
, p, q ∈ (0, 1). (1)

We assume that the initial token s1 is drawn from a fixed distribution µ = (µ0, µ1), independent of (p, q), where
µ0, µ1 ∈ (0, 1) and µ0 + µ1 = 1.

Transformer architecture. We consider a causal transformer that maps a binary sequence s1:T ∈ {0, 1}T to layer-
wise hidden representations {x(ℓ)

n }Tn=1 for ℓ = 0, . . . , L. The final representation x
(L)
n is passed through a readout map

to produce fθ(s1:n) ∈ (0, 1), interpreted as the predicted probability of the next token being 1. We defer the formal
setup of this L-layer transformer to Section A.

Pretraining and ICL. A standard training objective is the next-token prediction loss, namely, the binary cross-entropy
between the predicted probability fθ(s1:n) and the next token sn+1, as follows:

min
θ

L(θ) := 1

T − T̂
E(p,q)∼Πtrain, s1:T∼P (p,q)

T−1∑
n=T̂

ℓ (sn+1, fθ(s1:n))

 , (2)

where T̂ ∈ [T − 1] is a context warm-up length, Πtrain is the training prior over the transition parameters (p, q), and
ℓ(·, ·) denotes the binary cross-entropy loss defined by

ℓ(x, y) := −x log(y)− (1− x) log(1− y). (3)
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In our setting, each task is characterized by a latent Markov transition matrix. We therefore adopt the following Markov
data model for generating pretraining sequences.

Definition 1 (Markov Data Generative Model). The pretraining task family consists of K latent Markov chains with
transition matrices {P (p(k), q(k))}Kk=1, where {(p(k), q(k))}Kk=1

i.i.d.∼ Unif(0, 1)2. Conditioned on this task family, the
training prior is Πtrain :=

∑K
k=1 δ(p(k),q(k))/K.

We pretrain the transformer by solving Problem (2). At inference time, given an in-context prompt sICL
1:n ∈ {0, 1}n, the

model generates tokens autoregressively: for each t = n, n+ 1, . . ., it samples st+1 from the predictive distribution
induced by fθ(s1:t).

3. Main Results
Given a prefix s1:n ∈ {0, 1}n with n ≥ 2, we define the transition counts

Nij(s1:n) :=

n−1∑
t=1

I{st = i, st+1 = j}, ∀i, j ∈ {0, 1}. (4)

This counts how many times the transition i → j appears in the prefix s1:n. For simplicity, we write Nij(s1:n) as Nij

when the dependence on s1:n is clear from the context. Moreover, we define

N0 := N00 +N01, N1 := N10 +N11, ĉ0 :=
N0

n− 1
, ĉ1 :=

N1

n− 1
, p̂ :=

N01

N0
, q̂ :=

N10

N1
. (5)

Here, N0 and N1 respectively denote the total number of observed transitions out of state 0 and 1 along the prefix s1:n.
Accordingly, we define the empirical transition matrix

P̂ := P (p̂, q̂) =

[
1− p̂ p̂
q̂ 1− q̂

]
. (6)

Given P (p, q) and ℓ(·, ·) defined in (3), we define the weighted empirical cross-entropy as

D
(
P̂ ,P

)
:= ĉ0 ℓ

(
p̂, p
)
+ ĉ1 ℓ

(
q̂, q
)
. (7)

3.1. Analysis of ICL Task Retrieval

Analysis of the Bayes predictor. Armed with the setup in Section 2, we first characterize the Bayes predictor of the
pretraining next-token prediction loss (2) under the pretraining prior Πtrain =

∑K
k=1 δ(p(k),q(k))/K as follows:

Lemma 1. Consider the setup in Definition 1. For any prefix s1:n ∈ {0, 1}n, define

αk(s1:n) :=
Pk(s1:n)∑K
r=1 Pr(s1:n)

, (8)

where Pk(s1:n) denotes the probability of observing s1:n under the k-th Markov chain with transition matrix P (k) :=
P (p(k), q(k)), as defined in Definition 1. The Bayes predictor for Problem (2) is

f∗
K(s1:n) =

K∑
k=1

αk(s1:n)P
(k)
sn,1

, (9)

where P
(k)
sn,1

denotes the transition probability from state sn to 1 under the k-th Markov chain.

The proof is deferred to Section B.3. The predictor f∗
K(·) in (9) is the Bayes predictor, or equivalently, the optimal

solution of the pretraining objective (2) over all measurable predictors. Based on this characterization, we analyze how
the Bayes predictor (9) exhibits task-retrieval behavior in ICL.
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Theorem 1. Consider the setup in Definition 1. Let sICL
1:n be the observed in-context prompt with N0, N1 > 0 and

k∗ = arg min
k∈[K]

D(P̂ ,P (k)), ∆ := min
k ̸=k∗

(
D(P̂ ,P (k))−D(P̂ ,P (k∗))

)
, (10)

where P (k) for all k ∈ [K] are defined in Definition 1 and P̂ is defined in (6). It holds that∣∣∣f∗
K(sICL

1:n )− P
(k∗)
sICL
n ,1

∣∣∣ ≤ (K − 1) exp (−(n− 1)∆) . (11)

The proof is deferred to Section C.1. We make the following remarks on this theorem.

• This theorem shows that if the empirical gap ∆ is bounded away from zero, then the Bayes retrieval error decays
exponentially with the prompt length n, up to the factor K − 1. Hence, when K is moderate and the prompt is
sufficiently long, the Bayes predictor exhibits task-retrieval behavior by selecting the pretrained task most compatible
with the prompt and predicting according to its transition rule.

• In the above theorem, we assumed that the minimizer in (10) is unique. If the minimizer is not unique, the same
argument shows that the Bayes predictor concentrates on the set of minimizing tasks rather than on a single task. This
yields Corollary 1, which is deferred to Section C.2.

Analysis of pretrained transformers. Theorem 1 describes the Bayes predictor induced by the pretraining objective
independently of any architectural considerations. We next show that the Bayes predictor can in fact be realized by the
transformer architecture introduced in Section 2 with hidden dimension scaling linearly in the number of pretraining
tasks. The proof is deferred to Section C.3.
Theorem 2. The Bayes predictor f∗

K(s1:n) in (9) can be represented by a two-layer single-head causal transformer
defined in Section 2. In particular, there exists a choice of network parameters with hidden dimensions d = 13 +K,
d
(0)
h = 2, d(1)h = 13 +K, and dff = 4 such that in the hard-attention limit the resulting predictor recovers f∗

K(s1:n).

• f∗
K(s1:n) globally minimizes the next-token prediction objective (2) over all measurable predictors, while Theorem 2

shows that this predictor can be represented by a small transformer architecture, with hidden dimensions scaling
linearly in K. Thus, the Bayes predictor lies within the transformer hypothesis class considered here. Consequently, if
the transformer is optimized sufficiently with respect to Problem (2), the trained model can converge to a predictor that
realizes, or closely approximates, f∗

K(s1:n), thereby exhibiting the task-retrieval behavior characterized in Theorem 1.

• The bound in (11) also extends to a trained predictor that only approximately realizes the Bayes predictor. Specifically,
for any trained transformer fθ, define the prompt-wise optimization error εopt(sICL

1:n ) :=
∣∣fθ(sICL

1:n )− f∗
K(sICL

1:n )
∣∣ .

Then, by the triangle inequality and (11) in Theorem 1, we have∣∣∣fθ(sICL
1:n )− P

(k∗)
sICL
n ,1

∣∣∣ ≤ εopt(s
ICL
1:n ) + (K − 1) exp (−(n− 1)∆) . (12)

Takeaway: When pretraining task diversity is low, a well-trained transformer can behave like the Bayes
predictor in (9), which exhibits task-retrieval behavior: its retrieval error scales linearly with K and decays
exponentially with the prompt length n.

3.2. Analysis of ICL Task Learning

Analysis of the Bayes predictor. We now turn to analyze how the Bayes predictor (9) exhibits task-learning behavior
in ICL, where the predictor infers the transition rule directly from the in-context prompt. Given a prefix s1:n, we define
the marginal likelihood of the prefix s1:n under the continuous uniform prior as

ρunif(s1:n) := E(p,q)∼Unif(0,1)2 [P(s1:n | p, q)] . (13)

Theorem 3. Consider the setup in Definition 1. Let sICL
1:n be the observed in-context prompt with n ≥ 2 satisfying

ĉ0 ∈ [γ, 1− γ] for some constant γ ∈ (0, 1/2), where ĉ0 is defined in (5). For any δ ∈ (0, 1), if

K ≥ 8(n+ 1)22n−1

min{µ0, µ1}
log

(
4

δ

)
, (14)
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then, with probability at least 1− δ over the draw of the finite pretraining task family, it holds that∣∣∣f∗
K(sICL

1:n )− P̂sICL
n ,1

∣∣∣ ≤ 8

√
log(4/δ)

Kρunif(sICL
1:n )

+
1

γ(n− 1)
. (15)

The proof is deferred to Section D.1. We make the following remarks on this theorem.

• This theorem bounds the discrepancy between the Bayes predictor f∗
K(sICL

1:n ) and the empirical Markov predictor

P̂sICL
n ,1 estimated from the in-context prompt. The bound has two terms. The first term 8

√
log(4/δ)

Kρunif (sICL
1:n )

is the
finite-prior approximation error: it measures how well the K sampled pretraining tasks approximate the continuous
uniform-prior Bayes predictor. The second term 1

γ(n−1) is the smoothing bias between the uniform-prior Bayes
predictor and the empirical Markov predictor. Thus, when K is sufficiently large and the prompt is sufficiently long,
the finite-prior Bayes predictor approaches the empirical Markov predictor, exhibiting task-learning behavior.

• The high-probability statement is with respect to the random draw of the pretraining task family {(p(k), q(k))}Kk=1. In
particular, for any fixed prefix with ρunif(s

ICL
1:n ) > 0, taking δ = 1/K gives∣∣∣f∗

K(sICL
1:n )− P̂sICL

n ,1

∣∣∣ = OP

(√
logK

Kρunif(sICL
1:n )

+
1

n

)
.

Analysis of pretrained transformers. In the large-diversity regime, it is important to account for the constraints
imposed by the transformer hypothesis class. Although the finite-task Bayes predictor is globally optimal over all
measurable predictors, explicitly realizing it through retrieval over K pretrained transition kernels can require model
size growing with K (see Theorem 2). This motivates studying an alternative, capacity-efficient mechanism: estimating
the transition rule directly from the in-context prompt, i.e., task learning.

Motivated by this perspective, we consider the following constrained optimization problem:

θ∗ ∈ arg min
fθ∈F

L(θ), (16)

where L(θ) is defined in (2) and F denotes a transformer hypothesis class that contains the uniform-prior Bayes
predictor f∗

unif (see Lemma 3) and the empirical Markov predictor P̂sn,1, where P̂ is defined in (6). Notably, Ekbote
et al. (2025a, Theorem 1) shows that transformers with hidden dimension scaling as O(T ), where T denotes the
sequence length, can realize these predictors. We next show that, under sufficient task diversity, a global minimizer over
the constrained class F approximates the empirical Markov predictor over in-context prompts of length n.

Theorem 4. Consider the setup in Theorem 3. Suppose that

K ≳
T 22T

min{µ0, µ1}
log(2TK). (17)

Let Sn be the set of non-degenerate prefixes of length n, and let sICL
1:n be sampled uniformly from Sn. Suppose further

that sICL
1:n satisfies ĉ0 ∈ [γ, 1− γ] for some constant γ ∈ (0, 1/2), where ĉ0 is computed from sICL

1:n as in (5). It holds
with probability at least 1− 1/ logK − 1/K that∣∣∣fθ⋆(sICL

1:n )− P̂sICL
n ,1

∣∣∣ ≲ logK√
K

+
1

n
, (18)

where the hidden constant depends on the fixed sequence length T , as well as on γ and min{µ0, µ1}.

The proof is deferred to Section D.2. We make the following remarks on this theorem.

• This theorem shows that, in the large-diversity regime, a global minimizer over the constrained class F can ap-
proximate the empirical Markov predictor (see (6)) estimated from the in-context prompt. Thus, the PT exhibits
task-learning behavior: instead of explicitly retrieving one of the pretrained transition kernels, it predicts according to
transition statistics inferred from the prompt. In particular, the bound (18) quantifies how task diversity and prompt
length affect task learning: for fixed T , the approximation error decays as logK/

√
K, while the smoothing bias

scales as 1/n.
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• The exact global minimizer assumption can be relaxed. Specifically, suppose that a trained predictor fθ̂ ∈ F achieves
the constrained optimum up to an optimization error εopt, i.e., L(fθ̂) ≤ inff∈F L(f) + εopt. The same argument
shows that the task-learning error decomposes into the statistical approximation and smoothing errors in (18), plus an
additional optimization-error term:∣∣∣fθ̂(sICL

1:n )− P̂sICL
n ,1

∣∣∣ ≲ logK√
K

+
1

n
+
√
εopt. (19)

Takeaway: When pretraining task diversity is large, explicit retrieval becomes capacity-inefficient. Under
constrained optimization, the global optimum favors task learning: it predicts according to the empirical Markov
rule inferred from the prompt rather than retrieving a pretrained task, with error scaling as logK/

√
K + 1/n.

4. Extension to Multi-State Higher-Order Markov Chains
In this section, we extend the binary first-order Markov model in Section 2 to general finite-state and m-order Markov
chains, where m ≥ 1 denotes the Markov order.

4.1. Multi-State Higher-Order Markov Chains.

Let [S] := {1, . . . , S} be a finite alphabet with S states. An m-th order Markov chain is a stochastic process s1:T ∈ [S]T

such that the next token depends on the past only through the most recent m tokens. Specifically, for any n ≥ m and
j ∈ [S], P(sn+1 = j | s1:n) = P(sn+1 = j | sn−m+1:n). The transition law is specified by a transition tensor

P =
(
Pu,j

)
u∈[S]m, j∈[S]

, Pu,j := P(sn+1 = j | sn−m+1:n = u),

where u ∈ [S]m denotes a length-m context. For each context u, Pu,· is a probability vector over the next state, i.e.,
Pu,j ≥ 0,

∑
j∈[S] Pu,j = 1 for all u ∈ [S]m. We assume that the initial block s1:m is drawn from a fixed distribution

µ over [S]m, independent of the transition tensor.

Transition counts and empirical transition tensor. Given a prefix s1:n ∈ [S]n with n ≥ m+ 1, we define

Nu,j(s1:n) :=

n−1∑
t=m

I{st−m+1:t = u, st+1 = j}, ∀u ∈ [S]m, j ∈ [S].

For simplicity, we write Nu,j when the dependence on s1:n is clear from the context. We define

Nu :=
∑
j∈[S]

Nu,j , ĉu :=
Nu

n−m
, P̂u,j :=

Nu,j

Nu
, ∀j ∈ [S]. (20)

Here, P̂u,· is the empirical next-token distribution after observing context u. Throughout this extension, we restrict
attention to contexts with Nu > 0. Given a transition tensor P , define the weighted empirical cross-entropy

D(P̂ ,P ) :=
∑

u:Nu>0

ĉu
∑
j∈[S]

(
−P̂u,j logPu,j

)
. (21)

Up to terms depending only on P̂ , the quantity D(P̂ ,P ) is the negative normalized log-likelihood of the observed
transitions in the prefix under transition tensor P .

4.2. Analysis of Task Retrieval and Learning

As in the binary first-order case, we assume that pretraining sequences are generated from a finite family of latent
Markov tasks.

Definition 2. Suppose the pretraining task family consists of K latent m-th order Markov chains with transition
tensors {P (k)}Kk=1. For each k ∈ [K] and each context u ∈ [S]m, the transition probability vector P (k)

u,· is sampled
independently from the uniform distribution over the probability simplex.
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By the same argument as in Lemma 1, the Bayes predictor for the next-token distribution is

f∗
K(s1:n) =

K∑
k=1

αk(s1:n)P
(k)
un,· ∈ ∆S−1 :=

p ∈ RS
+ :

S∑
j=1

pj = 1


where un := sn−m+1:n is the current length-m context and αk(s1:n) is defined in (8). Here, unlike the binary
case where f∗

K(s1:n) is a scalar predicting the probability of the next token being 1, the predictor f∗
K(s1:n) is an

S-dimensional probability vector. The j-th coordinate f∗
K,j(s1:n) represents the Bayes predicted probability of the next

token being j, i.e., f∗
K,j(s1:n) = P(sn+1 = j | s1:n). With the above setup in place, we now extend our task-retrieval

and task-learning characterizations of the Bayes predictor to multi-state higher-order Markov chains.

Theorem 5. Consider the setup in Definition 2. Let sICL
1:n be the observed in-context prompt, where n ≥ m+ 1. The

following statements hold:
(i) Define

k∗ = arg min
k∈[K]

D(P̂ ,P (k)), ∆ := min
k ̸=k∗

(
D(P̂ ,P (k))−D(P̂ ,P (k∗))

)
.

It holds for all j ∈ [S] that∣∣∣f∗
K,j(s

ICL
1:n )− P

(k∗)
un,j

∣∣∣ ≤ (K − 1) exp
(
−(n−m)∆

)
, where un = sICL

n−m+1:n.

(ii) Suppose that the current context un = sICL
n−m+1:n satisfies Nun

≥ γ(n−m) for some γ ∈ (0, 1). Let ρunif(sICL
1:n ) :=

EP∼Πunif

[
P(sICL

1:n | P )
]
. Then, for any δ ∈ (0, 1), if K ≥ 32 log(2(S+1)/δ)

ρunif (sICL
1:n )

, it holds with probability at least 1− δ for
every j ∈ [S] that ∣∣∣f∗

K,j(s
ICL
1:n )− P̂un,j

∣∣∣ ≤ 8

√
log(2(S + 1)/δ)

Kρunif(sICL
1:n )

+
S − 1

γ(n−m) + S
.

The proof is deferred to Section E. Although we state the extension for the Bayes predictor, the analysis of PTs can be
extended in the same way as in the binary first-order case, covering both task retrieval and task learning.

5. Experimental Results
To empirically validate our theoretical findings on task retrieval and task learning in ICL, we conduct experiments on
Markov data. Our experiments are organized around the two theoretical regimes studied in this paper: a low-diversity
setting for task retrieval and a high-diversity setting for task learning.

Data Generation. We generate pretraining data following Definition 1. Specifically, the pretraining prior is a discrete
uniform mixture over K Markov chains, whose transition parameters are sampled independently from Unif(0.01, 0.99)2

for numerical stability unless otherwise specified. The initial distribution is fixed as µ = (0.5, 0.5), and the sequence
length is set to T = 128.

5.1. Transition from Task Retrieval to Task Learning

We train a 4-layer causal transformer with relative positional encoding, using dmodel = 128 and dff = 128. The
model is trained from scratch with AdamW, batch size 512, peak learning rate 10−3, and a linear warmup over 10
epochs. To ensure sufficiently long contexts, the next-token prediction loss is computed only at positions n ≥ 20.
To study the transition from task retrieval to task learning, we vary the number of pretraining Markov chains over
K ∈ {2, 4, 8, 16, 32, 64, 128, 256, 512, 1024}. For each K, we generate N = 200K binary sequences, keeping the
number of training sequences per task fixed.

After training, we evaluate on 50 unseen Markov tasks, for a total of 1,000 test sequences. We compute the ICL
next-token prediction loss for prefixes with n ≥ 50, and compare the PT with two theoretical baselines: the K-prior
Bayes predictor in (9), which corresponds to task retrieval, and the uniform-prior Bayes predictor in (30), which
corresponds to task learning. As shown in Figure 1(a), the PT closely follows the K-prior Bayes predictor in the
low-diversity regime, indicating task-retrieval behavior. As K increases, its performance shifts toward the uniform-prior
Bayes predictor, suggesting that the model increasingly infers the transition rule from the in-context prompt and exhibits
task-learning behavior. Figure 1(b) shows an analogous transition on four-state Markov data.
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Figure 2. Verification of the theory for task retrieval. We fix K = 2 with (p, q) ∈ {(0.3, 0.7), (0.6, 0.4)} during pretraining,
evaluate prompts generated from different (p, q), and plot the retrieval error defined by the LHS of (11) for the PT and the Bayes
estimator in (9). We also plot the theoretical upper bound given by the right-hand side of (11).

5.2. Empirical Validation of the Theory

We next empirically validate the quantitative predictions of our theory. In this set of experiments, we train an 8-layer
causal transformer with 8 attention heads, dmodel = 256, and dff = 512. The model is trained for 400 epochs using
AdamW with batch size 512, learning rate 10−3, and weight decay 10−4. The pretraining transition matrices are fixed,
while the training sequences are sampled online from the corresponding mixture of Markov chains.

Task retrieval. To validate the task-retrieval prediction in Theorem 1, we fix K = 2 during pretraining, with transition
parameters (0.3, 0.7) and (0.6, 0.4). We then evaluate on in-context prompts generated from a single test Markov chain
and plot the retrieval error |f∗

K(sICL
1:n )− P

(k∗)
sICL
n ,1

| (see (11)), as a function of the prompt length n, for both the PT and
the Bayes predictor in (9). We also plot the theoretical upper bound given by the right-hand side of (11).

We consider two evaluation settings with different likelihood gaps. In Case 1, the in-context prompts are generated
from the Markov chain with transition parameters (0.8, 0.2), yielding ∆ ≈ 0.45, as shown in Figure 2(a). In Case
2, the prompts are generated from (0.5, 0.2), yielding ∆ ≈ 0.33, as shown in Figure 2(b). The results show that the
retrieval error decays exponentially with the prompt length n, and that a larger likelihood gap ∆ leads to faster decay. In
particular, the Bayes predictor closely follows the theoretical upper bound in (11), consistent with Theorem 1. Notably,
the gap between the PT and the Bayes predictor reflects the prompt-wise training error in (12).

Task learning. To evaluate task-learning behavior, we use the pretrained models with K = 128 and K = 256. For
each K, we sample 50 unseen test Markov chains from Unif(0.01, 0.99)2, and generate 20 in-context sequences from
each test chain. For each prompt length n, we compute the empirical Markov predictor P̂sICL

n ,1 from the prefix sICL
1:n ,

and measure the learning error |f(sICL
1:n )− P̂sICL

n ,1| (see (18)), where f is either the PT or the finite-prior Bayes predictor
in (9). We then average this error over all test prompts and plot it as a function of n; see Figure 3. Both predictors
exhibit task-learning behavior in this large-diversity regime, with the error decreasing as the prompt length and task
diversity increase. Moreover, the decay with respect to n is consistent with the predicted finite-prompt rate, scaling on
the order of log(n)/n. This empirically supports Theorem 4.

6. Conclusions
We studied when PTs on Markov data exhibit task retrieval versus task learning in ICL. Under a finite-mixture Markov
model, we showed that the Bayes predictor transitions from retrieving a compatible pretrained chain to estimating
the transition rule from the prompt as task diversity and prompt length increase. We further connected this transition
to transformer architectures and extended the framework to multi-state higher-order Markov chains. A key future
direction is to analyze transformer training dynamics and prove that optimization algorithms can find the retrieval- and
learning-based solutions characterized (Nichani et al., 2024; D’Angelo et al., 2025). Another promising direction is to
extend our analysis to hidden Markov models (Dai et al., 2026; Hao et al., 2025), where the underlying Markov state is
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(a) K = 128
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Figure 3. Verification of the theory for task learning. We plot the task-learning errors, defined by the LHS of (18), for the PT and
the Bayes predictor with K = 128 and K = 256. We also include a scaled log(n)/n reference curve. The errors decrease with
prefix length and task diversity, and closely follow the predicted finite-prompt scaling, supporting Theorems 3 and 4.

only indirectly observed through emissions. This would allow us to study task retrieval and task learning under partial
observability and latent sequential structure.
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Appendices

A. Transformer Architecture
We consider a causal transformer that maps a binary sequence s1:T ∈ {0, 1}T to layer-wise hidden representations
{x(ℓ)

n }Tn=1 for ℓ = 0, . . . , L. The final representation x
(L)
n is used to predict the next token sn+1. The L-layer

transformer is defined as follows:

• Embedding layer: For each n ∈ [T ],

x(0)
n = Φesn ∈ Rd, (22)

where Φ ∈ Rd×S is the token embedding matrix.

• Causal self-attention and feedforward layers: For each layer ℓ = 0, . . . , L− 1 and position n ∈ [T ], we first compute
the attention update

x̃(ℓ+1)
n = x(ℓ)

n +W
(ℓ)
O

n∑
i=1

att
(ℓ)
n,iW

(ℓ)
V

(
x
(ℓ)
i + p

(ℓ),V
n−i

)
∈ Rd, (23)

where the attention weights are given by

att
(ℓ)
n,i =

exp
(〈

W
(ℓ)
K

(
x
(ℓ)
i + p

(ℓ),K
n−i

)
,W

(ℓ)
Q x

(ℓ)
n

〉)
∑n

j=1 exp
(〈

W
(ℓ)
K

(
x
(ℓ)
j + p

(ℓ),K
n−j

)
,W

(ℓ)
Q x

(ℓ)
n

〉) , ∀i ∈ [n]. (24)

Here, W (ℓ)
Q ,W

(ℓ)
K ,W

(ℓ)
V ∈ Rd

(ℓ)
h ×d are the query, key, and value matrices in layer ℓ, W (ℓ)

O ∈ Rd×d
(ℓ)
h is the

output projection matrix, and p
(ℓ),K
n−i ,p

(ℓ),V
n−i ∈ Rd

(ℓ)
h are the relative positional encodings for the key and value

representations, respectively. We then apply a position-wise feedforward update:

x(ℓ+1)
n = x̃(ℓ+1)

n +W
(ℓ)
2 ReLU

(
W

(ℓ)
1 x̃(ℓ+1)

n

)
, (25)

where W
(ℓ)
1 ∈ Rdff×d and W

(ℓ)
2 ∈ Rd×dff are learnable weight matrices, and dff is the hidden dimension of the

feedforward network.

• Output layer: The final representation at position n is mapped to a scalar prediction through a readout function

fθ(s1:n) := P (sn+1 = 1 | s1:n) = Ψθ

(
x(L)
n

)
∈ [0, 1], (26)

where Ψθ : Rd → [0, 1] is a parameterized readout map.

B. Characterization of the Bayes Predictor
Throughout this section, we consider the binary first-order Markov model and assume that

(p, q) ∼ Π, s1:T | (p, q) ∼ (µ,P (p, q)),

where Π is a prior distribution on (p, q) ∈ (0, 1)2, µ is an initial distribution independent of (p, q), and

P (p, q) :=

[
1− p p
q 1− q

]
.

B.1. Bayes Predictor with a General Prior

We first establish the following characterization of the Bayes predictor under a general prior distribution Π.
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Lemma 2. Let Π be a prior distribution on (p, q) ∈ (0, 1)2. For a given prefix s1:n ∈ {0, 1}n, consider the one-step
log-loss

ℓ
(
sn+1, f(s1:n)

)
= −sn+1 log f(s1:n)− (1− sn+1) log

(
1− f(s1:n)

)
,

where f(s1:n) ∈ (0, 1).
(i) The Bayes estimator of minimizing the posterior expected log-loss, i.e.,

f∗(s1:n) ∈ arg min
x∈(0,1)

E
[
ℓ
(
sn+1, x

)
| s1:n

]
, (27)

is

f∗(s1:n) = P(sn+1 = 1 | s1:n) =

{
E[p | s1:n], sn = 0,

E[1− q | s1:n], sn = 1.
(28)

(ii) It holds that

f∗(s1:n) =

∫
Psn,1(p, q)P(s1:n | p, q)Π(dp dq)∫

P(s1:n | p, q)Π(dp dq)

, (29)

where P(s1:n | p, q) denotes the likelihood of the observed prefix s1:n under the Markov chain with transition parameters
(p, q) and Π(dp dq) denotes integration with respect to the prior distribution of (p, q).

Proof. (i) Note that s1:n ∈ {0, 1}n is a prefix. For any predictor f(s1:n) ∈ (0, 1), it follows from the definition of the
log-loss and sn+1 ∈ {0, 1} that

E
[
ℓ
(
sn+1, f(s1:n)

) ∣∣ s1:n] = E
[
−sn+1 log f(s1:n)− (1− sn+1) log

(
1− f(s1:n)

) ∣∣ s1:n]
= −E[sn+1 | s1:n] log f(s1:n)−

(
1− E[sn+1 | s1:n]

)
log
(
1− f(s1:n)

)
.

Define β(s1:n) := P(sn+1 = 1 | s1:n) = E[sn+1 | s1:n]. This implies

E
[
ℓ
(
sn+1, f(s1:n)

) ∣∣ s1:n] = −β(s1:n) log f(s1:n)−
(
1− β(s1:n)

)
log
(
1− f(s1:n)

)
.

Now regard the right-hand side as a function of the scalar variable u := f(s1:n) ∈ (0, 1). Define

φ(u) := −β log u− (1− β) log(1− u),

where u ∈ (0, 1) and β := β(s1:n) ∈ [0, 1] is fixed. A direct differentiation gives

φ′(u) = −β

u
+

1− β

1− u
=

u− β

u(1− u)
.

Hence, the unique critical point is u = β. Moreover,

φ′′(u) =
β

u2
+

1− β

(1− u)2
> 0, ∀u ∈ (0, 1),

so φ is strictly convex on (0, 1). Therefore, the unique minimizer of Problem (27) is

f∗(s1:n) = β(s1:n) = P(sn+1 = 1 | s1:n).

Taking conditional expectation with respect to the posterior distribution of (p, q) given s1:n, we obtain

P(sn+1 = 1 | s1:n) = E[P(sn+1 = 1 | s1:n, p, q) | s1:n] = E[Psn,1(p, q) | s1:n] ,
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where the second equality use Markov property. This, together with (1), implies

f∗(s1:n) =

{
E[p | s1:n], sn = 0,

E[1− q | s1:n], sn = 1.

(ii) Conditional on the parameter pair (p, q), the chain is first-order Markov. Therefore,

P(sn+1 = 1 | s1:n, p, q) = P(sn+1 = 1 | sn, p, q) = Psn,1(p, q).

Hence, by the tower property,

f∗(s1:n) = P(sn+1 = 1 | s1:n) = E[P(sn+1 = 1 | s1:n, p, q) | s1:n] = E[Psn,1(p, q) | s1:n] .

Applying Bayes’ rule, the posterior distribution of (p, q) given s1:n is

Π(dp dq | s1:n) =
P(s1:n | p, q)Π(dp dq)∫
P(s1:n | p, q)Π(dp dq)

.

Substituting this posterior representation into the conditional expectation above yields

f∗(s1:n) =

∫
Psn,1(p, q)P(s1:n | p, q)Π(dp dq)∫

P(s1:n | p, q)Π(dp dq)

.

B.2. Bayes Predictor under the Uniform Prior

In this subsection, we consider the special case in which the prior distribution is uniform on (0, 1)2, i.e., Π =
Unif(0, 1)2.

Lemma 3. Suppose that the prior distribution Π = Unif(0, 1)2. For any prefix s1:n ∈ {0, 1}n, it holds that the Bayes
estimator

f∗
unif(s1:n) =


N01 + 1

N00 +N01 + 2
, if sn = 0,

N11 + 1

N10 +N11 + 2
, if sn = 1.

(30)

where Nij := Nij(s1:n) is defined in (4).

Proof. Since the initial distribution π is fixed and does not depend on (p, q), the likelihood of the observed prefix s1:n
is, up to a multiplicative constant independent of (p, q),

P(s1:n | p, q) ∝ (1− p)N00pN01qN10(1− q)N11 .

Because the prior is Π = Unif(0, 1)2, its density with respect to Lebesgue measure on (0, 1)2 is constant. Hence, by
Bayes’ rule, the posterior density of (p, q) given s1:n satisfies

π(p, q | s1:n) ∝ (1− p)N00pN01qN10(1− q)N11 , ∀(p, q) ∈ (0, 1)2.

This expression factorizes as π(p, q | s1:n) ∝
[
pN01(1− p)N00

][
qN10(1− q)N11

]
. Therefore, conditioned on s1:n, the

random variables p and q remain independent, with

p | s1:n ∼ Beta(N01 + 1, N00 + 1), q | s1:n ∼ Beta(N10 + 1, N11 + 1). (31)
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According to (28) in Lemma 2, we have

f∗
unif(s1:n) = P(sn+1 = 1 | s1:n) =

{
E[p | s1:n], sn = 0,

E[1− q | s1:n], sn = 1.

Using the mean of a Beta distribution E[Beta(a, b)] = a/(a+ b) and (31), we obtain

E[p | s1:n] =
N01 + 1

N01 +N00 + 2
, E[q | s1:n] =

N10 + 1

N10 +N11 + 2
.

Hence, we have

E[1− q | s1:n] = 1− E[q | s1:n] =
N11 + 1

N10 +N11 + 2
.

Combining the two cases yields (30).

B.3. Proof of Lemma 1

Proof. By (28) in Lemma 2, the Bayes predictor satisfies

f∗
K(s1:n) =

{
E[p | s1:n], sn = 0,

E[1− q | s1:n], sn = 1.
(32)

Since the prior distribution of (p, q) is Πtrain :=
∑K

k=1 δ(p(k),q(k))/K, Bayes’ rule gives

P
(
(p, q) = (p(k), q(k)) | s1:n

)
=

Pk(s1:n)P
(
(p, q) = (p(k), q(k))

)∑K
r=1 Pr(s1:n)P

(
(p, q) = (p(r), q(r))

) .
Using P

(
(p, q) = (p(k), q(k))

)
= 1/K for each k ∈ [K], we obtain

P
(
(p, q) = (p(k), q(k)) | s1:n

)
=

Pk(s1:n)∑K
r=1 Pr(s1:n)

= αk(s1:n).

Therefore,

E[p | s1:n] =
K∑

k=1

αk(s1:n) p
(k), E[1− q | s1:n] =

K∑
k=1

αk(s1:n) (1− q(k)).

This, together with (32) and

P
(k)
sn,1

=

{
p(k), sn = 0,

1− q(k), sn = 1,

yields

f∗
K(s1:n) =

K∑
k=1

αk(s1:n)P
(k)
sn,1

.

Remark 1. For any prefix s1:n ∈ {0, 1}n, because the initial distribution µ = (µ0, µ1) is fixed and independent of k,
the likelihood of observing s1:n under the k-th Markov chain is

Pk(s1:n) = µs1(1− p(k))N00(p(k))N01(q(k))N10(1− q(k))N11 ,

where Nij := Nij(s1:n) is defined in (4). Therefore, αk(s1:n) in (8) admits the explicit form

αk(s1:n) =
(1− p(k))N00(p(k))N01(q(k))N10(1− q(k))N11∑K
r=1(1− p(r))N00(p(r))N01(q(r))N10(1− q(r))N11

. (33)
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C. Proofs in Section 3.1
C.1. Proof of Theorem 1

Proof of Theorem 1. To simplify notation, we write sICL
1:n as s1:n. According to Lemma 1, we have

f∗
K(s1:n) =

K∑
k=1

αk(s1:n)P
(k)
sn,1

, (34)

where αk(s1:n) takes the form of (33). Note that

log(1− p(k))N00(p(k))N01(q(k))N10(1− q(k))N11

= N01 log p
(k) +N00 log

(
1− p(k)

)
+N10 log q

(k) +N11 log
(
1− q(k)

)
= N0

(
p̂ log p(k) + (1− p̂) log

(
1− p(k)

))
+N1

(
q̂ log q(k) + (1− q̂) log

(
1− q(k)

))
= −N0ℓ(p̂, p

(k))−N1ℓ(q̂, q
(k)) = −(n− 1)D

(
P̂ ,P (k)

)
,

where the second equality follows from (5), the third equality uses (3), and the last equality is due to (7). This implies

(1− p(k))N00(p(k))N01(q(k))N10(1− q(k))N11 = exp
(
−(n− 1)D

(
P̂ ,P (k)

))
. (35)

For simplicity, let wk := exp
(
−(n− 1)D(P̂ ,P (k))

)
for each k ∈ [K]. Using (33), (34), and (35), we have

f∗
K(s1:n) =

∑K
k=1 wkP

(k)
sn,1∑K

k=1 wk

. (36)

Using the definitions of k∗ and ∆ in (10), we have for any k ̸= k∗,

wk = exp
(
−(n− 1)D(P̂ ,P (k))

)
= exp

(
−(n− 1)D(P̂ ,P (k∗))

)
exp

(
−(n− 1)

(
D(P̂ ,P (k))−D(P̂ ,P (k∗))

))
≤ exp

(
−(n− 1)D(P̂ ,P (k∗))

)
exp (−(n− 1)∆) = wk∗ exp (−(n− 1)∆) . (37)

Using (36), we have

f∗
K(s1:n) =

wk∗P
(k∗)
sn,1

+
∑

k ̸=k∗ wkP
(k)
sn,1

wk∗ +
∑

k ̸=k∗ wk
. (38)

This, together with P
(k∗)
sn,1

≤ 1 for all k ∈ [K], implies

f∗
K(s1:n) ≤

wk∗P
(k∗)
sn,1

+
∑

k ̸=k∗ wk

wk∗
= P

(k∗)
sn,1

+

∑
k ̸=k∗ wk

wk∗

≤ P
(k∗)
sn,1

+ (K − 1) exp (−(n− 1)∆) , (39)

where the last inequality follows from (37). Using (38) again, we have

f∗
K(s1:n) ≥

wk∗P
(k∗)
sn,1

wk∗ +
∑

k ̸=k∗ wk
=

P
(k∗)
sn,1

1 +
∑

k ̸=k∗ wk/wk∗
≥

P
(k∗)
sn,1

1 + (K − 1) exp (−(n− 1)∆)
,

where the last inequality uses (37). This, together with (39), yields

P
(k∗)
sn,1

1 + (K − 1) exp (−(n− 1)∆)
≤ f∗

K(s1:n) ≤ P
(k∗)
sn,1

+ (K − 1) exp (−(n− 1)∆) ,

which implies (11).
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C.2. Proof of Corollary 1

Corollary 1. Consider the setup in Theorem 1. Let

Ω = arg min
k∈[K]

D(P̂ ,P (k)), ∆ := min
k/∈Ω,k∗∈Ω

(
D(P̂ ,P (k))−D(P̂ ,P (k∗))

)
. (40)

Then, it holds that ∣∣∣∣∣f∗
K(sICL

1:n )− 1

|Ω|
∑
k∗∈Ω

P
(k∗)
sICL
n ,1

∣∣∣∣∣ ≤ (K − |Ω|) exp (−(n− 1)∆) . (41)

Proof of Corollary 1. To simplify notation, write sICL
1:n as s1:n. By the same likelihood calculation as in the proof of

Theorem 1, the Bayes predictor can be written as

f∗
K(s1:n) =

∑K
k=1 wkP

(k)
sn,1∑K

k=1 wk

, wk := exp
(
−(n− 1)D(P̂ ,P (k))

)
. (42)

For all k∗ ∈ Ω, the weights wk∗ are equal and denote their common value by w∗, i.e., w∗ = wk∗ for each k∗ ∈ Ω.
Then (42) gives

f∗
K(s1:n)−

1

|Ω|
∑
k∗∈Ω

P
(k∗)
sn,1

. =

∑
k/∈Ω wk

(
P

(k)
sn,1

−
∑

k∗∈Ω P
(k∗)
sn,1

/|Ω|.
)

|Ω|w∗ +
∑

k/∈Ω wk
.

Since P
(k)
sn,1

,
∑

k∗∈Ω P
(k∗)
sn,1

/|Ω| ∈ [0, 1], we have∣∣∣∣∣P (k)
sn,1

− 1

|Ω|
∑
k∗∈Ω

P
(k∗)
sn,1

∣∣∣∣∣ ≤ 1.

Therefore, ∣∣∣∣∣f∗
K(s1:n)−

1

|Ω|
∑
k∗∈Ω

P
(k∗)
sn,1

∣∣∣∣∣ ≤
∑

k/∈Ω wk

|Ω|w∗ +
∑

k/∈Ω wk
≤
∑
k/∈Ω

wk

w∗
.

By the definition of ∆ in (40), we have wk/w∗ ≤ exp (−(n− 1)∆) for each k /∈ Ω. Therefore, we have∣∣∣∣∣f∗
K(s1:n)−

1

|Ω|
∑
k∗∈Ω

P
(k∗)
sn,1

∣∣∣∣∣ ≤ (K − |Ω|) exp (−(n− 1)∆) .

C.3. Proof of Theorem 2

Throughout this section, we use x
(ℓ)
t [j] to denote the j-th coordinate of the vector x(ℓ)

t ∈ Rd.

Proof of Theorem 2. We augment the input sequence with a fixed start-of-sequence symbol BOS /∈ {0, 1}, and consider
the sequence

s̄1:n+1 := (BOS, s1, . . . , sn).

We construct a two-layer causal masked transformer, as defined in Section 2, whose output at position n+ 1 equals the
Bayes predictor f∗

K(s1:n) in (9). To do so, we use hidden dimension

d = 13 +K.
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For each layer representation x
(ℓ)
t with ℓ ∈ {0, 1, 2}, the hidden coordinates are interpreted as follows:

x
(ℓ)
t [1] : current binary token value,

x
(ℓ)
t [2] : constant 1,

x
(ℓ)
t [3] : predecessor binary token value,

x
(ℓ)
t [4] : current-token validity flag,

x
(ℓ)
t [5] : predecessor-token validity flag,

x
(ℓ)
t [6 : 9] : local transition indicators (z00t , z01t , z10t , z11t ) (see (45)),

x
(ℓ)
t [10 : 13] : aggregated transition statistics,

x
(ℓ)
t [14 : 13 +K] : logits (g(1)t , . . . , g

(K)
t ).

Step 1: Embedding layer. We use token set {BOS, 0, 1}, so S = 3. Let

eBOS :=

10
0

 , e0 :=

01
0

 , e1 :=

00
1

 ∈ R3

denote the standard basis vectors corresponding to the tokens BOS, 0, and 1, respectively. We choose the embedding
matrix Φ ∈ Rd×3 as

Φ =


0 0 1
1 1 1
0 0 0
0 1 1

0(d−4)×1 0(d−4)×1 0(d−4)×1

 .

Hence, for t ∈ [n+ 1], the embedding x
(0)
t = Φes̄t satisfies

x
(0)
t [1] = I{s̄t = 1} =

{
0, s̄t ∈ {BOS, 0},
1, s̄t = 1,

x
(0)
t [2] = 1, x

(0)
t [4] = I{s̄t ∈ {0, 1}} =

{
0, s̄t = BOS,

1, s̄t ∈ {0, 1}.

All remaining coordinates are zero.

Step 2: The first attention layer copies predecessor token validity. The first layer uses one attention head with
head dimension d

(0)
h = 2. For each t ∈ [n+ 1], define

q
(0)
t := W

(0)
Q x

(0)
t , k

(0)
i := W

(0)
K x

(0)
i + p

(0),K
t−i , v

(0)
i := W

(0)
V x

(0)
i + p

(0),V
t−i , (43)

where

W
(0)
Q =

[
0 1 0 0 · · · 0
0 0 0 0 · · · 0

]
∈ R2×d, W

(0)
K = 0 ∈ R2×d,

W
(0)
V =

[
1 0 0 0 · · · 0
0 0 0 1 · · · 0

]
∈ R2×d, W

(0)
O =


0 0
0 0
1 0
0 0
0 1

0(d−5)×1 0(d−5)×1

 ∈ Rd×2,

and relative positional encodings

p(0),V
r = 0 ∈ R2, p(0),K

r =

{
(β, 0), r = 1,

(0, 0), r ̸= 1,
(44)
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where β > 0 is a large scalar. By construction, we have q
(0)
t = (1, 0). For every t ≥ 2, it follows from (43)

k
(0)
t−1 = (β, 0), k

(0)
i = (0, 0), ∀i ̸= t− 1.

Hence, by (24), as β → ∞

att
(0)
t,t−1 =

eβ

eβ + (t− 1)
→ 1, att

(0)
t,i =

1

eβ + (t− 1)
→ 0, ∀i ̸= t− 1.

Therefore, for every t ≥ 2, we have

t∑
i=1

att
(0)
t,i v

(0)
i → v

(0)
t−1 = W

(0)
V x

(0)
t−1 =

[
x
(0)
t−1[1]

x
(0)
t−1[4]

]
=

[
I{s̄t−1 = 1}

I{s̄t−1 ∈ {0, 1}}

]
.

At t = 1, the predecessor is irrelevant because s̄1 = BOS, so x
(0)
1 [4] = 0, and the local transition indicators defined

below vanish automatically. Using this and the definition of W (0)
O , in the hard-attention limit, the relevant coordinates

of x̃(1)
t satisfy

x̃
(1)
t [1] = I{s̄t = 1}, x̃

(1)
t [2] = 1, x̃

(1)
t [4] = I{s̄t ∈ {0, 1}},

and, for every t ≥ 2,
x̃
(1)
t [3] = I{s̄t−1 = 1}, x̃

(1)
t [5] = I{s̄t−1 ∈ {0, 1}}.

Moreover, at t = 1, we have x̃
(1)
1 [3] = x̃

(1)
1 [5] = 0.

Step 3: The first feedforward layer computes exact local transition indicators. We now define the four transition
indicators so that they are nonzero only when both the current token and its predecessor are genuine binary tokens.
Using the coordinates

s := x̃
(1)
t [1], u := x̃

(1)
t [4], r := x̃

(1)
t [3], v := x̃

(1)
t [5],

we define

z00t := ReLU(u+ v − s− r − 1), z01t := ReLU(u+ v + s− r − 2), (45)

z10t := ReLU(u+ v − s+ r − 2), z11t := ReLU(u+ v + s+ r − 3). (46)

A direct check shows that
zabt = I{(s̄t−1, s̄t) = (a, b)}, a, b ∈ {0, 1},

for all t ∈ [n+ 1]. In particular, since s̄1 = BOS and s̄2 = s1, we have

zab1 = zab2 = 0, ∀ a, b ∈ {0, 1}.

Choose W
(0)
1 and W

(0)
2 accordingly so that these quantities are written into coordinates 6 : 9, i.e.,

W
(0)
1 =


−1 −1 −1 1 1 0 0 0 · · · 0
1 −2 −1 1 1 0 0 0 · · · 0
−1 −2 1 1 1 0 0 0 · · · 0
1 −3 1 1 1 0 0 0 · · · 0

 ∈ R4×d, W
(0)
2 =

 05×4

I4
0(d−9)×4

 ∈ Rd×4.

Step 4: The second attention layer averages the local indicators. The second layer uses one attention head with
head dimension d

(1)
h = d. We choose

W
(1)
Q = 0, W

(1)
K = 0, p(1),K

r = 0, p(1),V
r = 0,

so that
att

(1)
t,i =

1

t
, ∀i ∈ [t].
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We choose W
(1)
V so that it reads the local indicators in coordinates 6 : 9 and places them into the first four coordinates

of the attention output, and choose W
(1)
O so that these are written into coordinates 10 : 13. Then, at t = n+ 1,

x̃
(2)
n+1[10 : 13] =

1

n+ 1

n+1∑
i=1

(z00i , z01i , z10i , z11i ).

Since zab1 = zab2 = 0 for all a, b ∈ {0, 1} and zabi = I{(si−2, si−1) = (a, b)} for i = 3, . . . , n+ 1, it follows that

n+1∑
i=1

(z00i , z01i , z10i , z11i ) = (N00, N01, N10, N11).

Therefore,

x̃
(2)
n+1[10 : 13] =

1

n+ 1
(N00, N01, N10, N11).

Step 5: The second feedforward layer computes the logits gk(s1:n). We define

x
(2)
n+1 = x̃

(2)
n+1 +W

(1)
2 ReLU

(
W

(1)
1 x̃

(2)
n+1

)
,

with dff = 4. We choose W
(1)
1 to read coordinates 10 : 13. Since these coordinates are nonnegative, the ReLU acts

trivially:

ReLU
(
W

(1)
1 x̃

(2)
n+1

)
=

1

n+ 1


N00

N01

N10

N11

 .

Now define W
(1)
2 ∈ Rd×4 so that, for k = 1, . . . ,K,

W
(1)
2 [13 + k, :] = (n+ 1) ·

[
log(1− p(k)) log p(k) log q(k) log(1− q(k))

]
,

and all other rows are zero. Then

x
(2)
n+1[13 + k] = N00 log(1− p(k)) +N01 log p

(k) +N10 log q
(k) +N11 log(1− q(k)) =: gk(s1:n),

for every k = 1, . . . ,K.

Step 6: The readout map computes the Bayes predictor. We define the readout map Ψθ : Rd → [0, 1] by

Ψθ(x) :=

K∑
k=1

exp(x13+k)∑K
r=1 exp(x13+r)

[
(1− x1)p

(k) + x1(1− q(k))
]
.

Since the first coordinate is preserved through the residual blocks, we have

x
(2)
n+1[1] = sn.

Therefore,

fθ(s1:n) = Ψθ(x
(2)
n+1) =

K∑
k=1

exp(gk(s1:n))∑K
r=1 exp(gr(s1:n))

[
(1− sn)p

(k) + sn(1− q(k))
]
.

By the definition of αk(s1:n), this equals

fθ(s1:n) =

K∑
k=1

αk(s1:n)
[
(1− sn)p

(k) + sn(1− q(k))
]
= f∗

K(s1:n).
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Remark 2. The only approximation in the above construction occurs in the first attention layer, where the relative
positional encoding p

(0),K
t−i is used to make the attention concentrate on the predecessor position i = t− 1. Hence the

construction is exact in the hard-attention limit β → ∞. Once the predecessor features are recovered, all subsequent
operations are exact, including the computation of the local transition indicators, the aggregation of transition counts,
the formation of the logits gk(s1:n), and the final readout. Furthermore, for any fixed ε > 0, one can choose β
sufficiently large so that the resulting transformer approximates the Bayes predictor f∗

K(s1:n) within ε, uniformly over
all binary sequences of length n.

D. Proofs in Section 3.2
D.1. Proof of Theorem 3

We first show that, for any fixed prefix, the finite-prior Bayes predictor converges to the uniform-prior Bayes predictor
as the number of pretraining tasks K increases.

Proposition 1. Fix a prefix s1:n ∈ {0, 1}n. For any δ ∈ (0, 1), if

K ≥ 32 log(4/δ)

ρunif(s1:n)
, (47)

then it holds with probability at least 1− δ over the draw of the finite pretraining task family that

|f∗
K(s1:n)− f∗

unif(s1:n)| ≤ 8

√
log(4/δ)

Kρunif(s1:n)
, (48)

where ρunif(s1:n) is defined in (13).

Proof. For simplicity, write P := P (p, q) and ρ := ρunif(s1:n). According to (9) and (29), we write

f∗
K(s1:n) =

AK

ρK
, f∗

unif(s1:n) =
A

ρ
,

where

AK :=
1

K

K∑
k=1

Pk(s1:n)P
(k)
sn,1

, ρK :=
1

K

K∑
k=1

Pk(s1:n),

and
A := E(p,q)∼Unif(0,1)2 [P(s1:n | p, q)Psn,1] , ρ := E(p,q)∼Unif(0,1)2 [P(s1:n | p, q)] .

Define Xk := Pk(s1:n) and Yk := Pk(s1:n)P
(k)
sn,1

. Then X1, . . . , XK are independent copies of P(s1:n | p, q),
and Y1, . . . , YK are independent copies of P(s1:n | p, q)Psn,1, where (p, q) ∼ Unif(0, 1)2. Hence, 0 ≤ Xk ≤ 1,
0 ≤ Yk ≤ 1, and E[Xk] = ρ, E[Yk] = A. Moreover, since 0 ≤ Xk ≤ 1 and 0 ≤ Yk ≤ Xk, we have

Var(Xk) ≤ E[X2
k ] ≤ E[Xk] = ρ, Var(Yk) ≤ E[Y 2

k ] ≤ E[Yk] = A ≤ ρ.

Applying the two-sided consequence of Corollary 2 with u := log(4/δ), bK :=
√

2ρu
K + 2u

3K , and σ2 = ρ gives

P (|ρK − ρ| > bK) ≤ 2e−u =
δ

2
, P (|AK −A| > bK) ≤ 2e−u =

δ

2
.

Therefore, by a union bound, with probability at least 1− δ,

|ρK − ρ| ≤ bK , |AK −A| ≤ bK . (49)

We now lower bound the denominator. Using (47), we have√
2ρu

K
≤ ρ

4
,

2u

3K
≤ ρ

48
.
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Thus bK ≤ ρ/4 + ρ/48 ≤ ρ/2. On the event (49), this yields

ρK ≥ ρ− bK ≥ ρ/2. (50)

Furthermore, since 0 ≤ Psn,1 ≤ 1, we have A = E(p,q)∼Unif(0,1)2 [P(s1:n | p, q)Psn,1] ≤ ρ. On the event (49), we
have

|f∗
K(s1:n)− f∗

unif(s1:n)| =
∣∣∣∣AK

ρK
− A

ρ

∣∣∣∣ = ∣∣∣∣ρ(AK −A)−A(ρK − ρ)

ρρK

∣∣∣∣
≤ |AK −A|

ρK
+

A|ρK − ρ|
ρρK

≤ bK
ρ/2

+
ρbK

ρ(ρ/2)
=

4bK
ρ

,

where the second inequality follows from (49) and (50). Substituting the definition of bK , we obtain

|f∗
K(s1:n)− f∗

unif(s1:n)| ≤ 4

√
2u

Kρ
+

8u

3Kρ
≤ 8

√
u

Kρ
,

where the last inequality follows from (47). Finally, using u = log(4/δ), we obtain (48).

The quantity ρunif(s1:n) is the marginal likelihood of the prefix s1:n under the continuous uniform prior:

ρunif(s1:n) := µs1

∫ 1

0

(1− p)N00pN01 dp

∫ 1

0

qN10(1− q)N11 dq, (51)

where Nij is defined in (4) for all i, j ∈ {0, 1}. It determines the number of sampled tasks needed for finite-prior Bayes
predictor to approximate uniform-prior Bayes predictor: smaller ρunif(s1:n) requires larger K. We also define the
finite-prior marginal likelihood

ρK(s1:n) :=
1

K

K∑
k=1

Pk(s1:n), (52)

where Pk(s1:n) denotes the probability of observing s1:n under the k-th Markov chain. Note that ρK(s1:n) is the
empirical Monte Carlo approximation of ρunif(s1:n) obtained from the K sampled pretraining tasks. We next provide
uniform lower bounds for both ρunif(s1:n) and ρK(s1:n) as follows:

Lemma 4. Consider the setup in Definition 1. The following statements hold:
(i) It holds that

inf
s1:n∈{0,1}n

ρunif(s1:n) ≥
4min{µ0, µ1}
(n+ 1)22n−1

. (53)

(ii) If

K ≥ 2(n+ 1)22n−1

min{µ0, µ1}
log

2n

δ
, (54)

it holds with probability at least 1− δ that

inf
s1:n∈{0,1}n

ρK(s1:n) ≥
2min{µ0, µ1}
(n+ 1)22n−1

. (55)

Proof. Let µmin := min{µ0, µ1} and fix any prefix s1:n ∈ {0, 1}n. Under the Markov chain with transition matrix
P (p, q), the probability of observing s1:n is

P(s1:n | p, q) = µs1(1− p)N00pN01qN10(1− q)N11 ,

where Nij := Nij(s1:n) is defined in (4).
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(i) Using (51) and the identity∫ 1

0

ta(1− t)b dt =
a! b!

(a+ b+ 1)!
=

1

(a+ b+ 1)
(
a+b
a

) , ∀a, b ∈ N ∪ {0},

we obtain
ρunif(s1:n) = µs1

1

(N0 + 1)
(
N0

N01

) 1

(N1 + 1)
(
N1

N10

) .
Since (

N0

N01

)
≤ 2N0 ,

(
N1

N10

)
≤ 2N1 ,

and µs1 ≥ µmin, we have
ρunif(s1:n) ≥

µmin

(N0 + 1)(N1 + 1)2N0+N1
.

Moreover, N0 +N1 = n− 1, and hence

(N0 + 1)(N1 + 1) ≤
(
N0 +N1 + 2

2

)2

=

(
n+ 1

2

)2

.

Combining the last two displays gives

ρunif(s1:n) ≥
µmin

((n+ 1)/2)
2
2n−1

=
4µmin

(n+ 1)22n−1
.

Since the prefix s1:n was arbitrary, we have (53).

(ii) Given s1:n ∈ {0, 1}n, we define Xk(s1:n) := Pk(s1:n) for all k ∈ [K]. Then X1, . . . , XK are independent random
variables in [0, 1]. According to (52), we have E[Xk(s1:n)] = ρunif(s1:n). Using (53), we have

ρunif(s1:n) ≥ Ln :=
4µmin

(n+ 1)22n−1
.

By the multiplicative Chernoff bound for independent random variables bounded in [0, 1],

P
(
ρK(s1:n) ≤

1

2
ρunif(s1:n)

)
≤ exp

(
−Kρunif(s1:n)

8

)
.

Using ρunif(s1:n) ≥ Ln, we get

P
(
ρK(s1:n) ≤

1

2
Ln

)
≤ exp

(
−KLn

8

)
.

Taking a union bound over all 2n possible prefixes gives

P
(
∃s1:n ∈ {0, 1}n : ρK(s1:n) ≤

1

2
Ln

)
≤ 2n exp

(
−KLn

8

)
.

Substituting the definition of Ln yields

2n exp

(
−KLn

8

)
= 2n exp

(
− Kµmin

2(n+ 1)22n−1

)
.

Therefore, with probability at least

1− 2n exp

(
− Kµmin

2(n+ 1)22n−1

)
,

we have
ρK(s1:n) ≥

1

2
Ln =

2µmin

(n+ 1)22n−1

simultaneously for all s1:n ∈ {0, 1}n. The equivalent sample-size condition (54) follows by requiring

2n exp

(
−KLn

8

)
≤ δ,

Under this condition, (55) holds with probability at least 1− δ.
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We next relate the uniform-prior Bayes predictor f∗
unif(s1:n) in Lemma 3 to the empirical Markov predictor P̂ defined

in (6). This step isolates the smoothing bias caused by the uniform prior.

Lemma 5. Fix a prefix s1:n ∈ {0, 1}n. Suppose that there exists a constant c1 ∈ (0, 1) such that

N0 ≥ c1(n− 1), N1 ≥ c1(n− 1), (56)

where N0, N1 are defined in (5). Then, we have∣∣∣f∗
unif(s1:n)− P̂sn,1

∣∣∣ ≤ 1

c1(n− 1) + 2
.

Proof. We consider two cases. First, suppose sn = 0. It follows from Lemma 3 that

f∗
unif(s1:n) =

N01 + 1

N00 +N01 + 2
, P̂sn,1 = P̂0,1 =

N01

N00 +N01
,

where Nij is defined in (4). It follows from (56) that N0 > 0. Then, we compute∣∣∣f∗
unif(s1:n)− P̂0,1

∣∣∣ = ∣∣∣∣N01 + 1

N0 + 2
− N01

N0

∣∣∣∣ = ∣∣∣∣N0(N01 + 1)−N01(N0 + 2)

N0(N0 + 2)

∣∣∣∣ = |N00 −N01|
N0(N0 + 2)

.

Since |N00 −N01| ≤ N00 +N01 = N0, we obtain∣∣∣f∗
unif(s1:n)− P̂0,1

∣∣∣ ≤ 1

N0 + 2
≤ 1

c1(n− 1) + 2
,

where the last inequality follows from (56). The case sn = 1 follows analogously, using

f∗
unif(s1:n) =

N11 + 1

N1 + 2
, P̂1,1 =

N11

N1
.

This completes the proof.

Proof of Theorem 3. For simplicity, write s1:n = sICL
1:n , ρ := ρunif(s1:n), and µmin := min{µ0, µ1}. By Lemma 4, we

have
ρ ≥ 4µmin

(n+ 1)22n−1
.

Therefore, the assumed lower bound in (14) on K implies K ≥ 32 log(4/δ)/ρ. This, together with Proposition 1,
yields that, with probability at least 1− δ,

|f∗
K(s1:n)− f∗

unif(s1:n)| ≤ 8

√
log(4/δ)

Kρ
. (57)

It remains to compare the uniform-prior Bayes predictor with the empirical Markov predictor. Since ĉ0 ∈ [γ, 1− γ], we
have

N0 = ĉ0(n− 1) ≥ γ(n− 1), N1 = ĉ1(n− 1) = (1− ĉ0)(n− 1) ≥ γ(n− 1).

Thus, applying Lemma 5 with c1 = γ gives∣∣∣f∗
unif(s1:n)− P̂sn,1

∣∣∣ ≤ 1

γ(n− 1) + 2
≤ 1

γ(n− 1)
. (58)

Finally, by the triangle inequality, on the same high-probability event,∣∣∣f∗
K(s1:n)− P̂sn,1

∣∣∣ ≤ |f∗
K(s1:n)− f∗

unif(s1:n)|+
∣∣∣f∗

unif(s1:n)− P̂sn,1

∣∣∣
≤ 8

√
log(4/δ)

Kρunif(s1:n)
+

1

γ(n− 1)
.

This completes the proof.
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Lemma 6. For 3 ≤ n ≤ T − 1, let

Sn := {s1:n ∈ {0, 1}n : N0 ≥ 1, N1 ≥ 1} , (59)

where N0 and N1 are defined in (5). Then, it holds that

|Sn| = 2n − 4 ≥ 2n−1. (60)

Moreover, for every s1:n ∈ Sn,

ĉ0, ĉ1 ∈
[

1

T + 1
, 1− 1

T + 1

]
. (61)

Proof. Recall that N0 and N1 count the number of occurrences of states 0 and 1, respectively, among the first n− 1
positions:

N0 +N1 = n− 1.

The condition N0, N1 ≥ 1 fails if and only if the first n− 1 symbols are all 0 or all 1. If s1 = · · · = sn−1 = 0, then
sn can be either 0 or 1, giving two bad prefixes. Similarly, if s1 = · · · = sn−1 = 1, this gives two more bad prefixes.
Hence there are exactly 4 bad prefixes, and therefore

|Sn| = 2n − 4 ≥ 2n−1,

where the last inequality uses n ≥ 3.

For any s1:n ∈ Sn, we have N0, N1 ≥ 1. Using (5), we have ĉ0, ĉ1 ≥ 1/(n− 1). Moreover, since N0 +N1 = n− 1
and both N0, N1 ≥ 1,

ĉ0, ĉ1 ≤ 1− 1

n− 1
.

This, together with n ≤ T − 1, implies (61).

D.2. Proof of Theorem 4

Proof of Theorem 4. For ease of notation, we write s1:n := sICL
1:n and µmin := min{µ0, µ1}. Let

S :=

T−1⋃
m=T̂

{0, 1}m, M := |S| ≤ 2T , ρT :=
4µmin

T 22T−2
, γ

T
:=

1

T + 1
.

For every non-degenerate prefix s1:m ∈ S, meaning N0, N1 ≥ 1, by Lemma 6,

ĉ0, ĉ1 ∈
[

1

T + 1
, 1− 1

T + 1

]
. (62)

(i) Uniform control of finite-prior Bayes approximation. By Lemma 4, for every s1:m ∈ S, since m ≤ T − 1,

ρunif(s1:m) ≥ 4µmin

(m+ 1)22m−1
≥ 4µmin

T 22T−2
= ρT .

Suppose that

K ≥ 32 log(4M/δ1)

ρT
.

Applying Proposition 1 with failure probability δ1/M , and then taking a union bound over all prefixes in S , we obtain
that, with probability at least 1− δ1, for every s1:m ∈ S,

|f∗
K(s1:m)− f∗

unif(s1:m)| ≤ 8

√
log(4M/δ1)

KρT
=: αK . (63)

In the rest of the proof, we work on this high-probability event.
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(ii) Controlling the trained predictor via finite-to-uniform excess loss. Next, we define the finite-to-uniform excess
loss

∆K := L(f∗
unif)− L(f∗

K). (64)

For any predictor g, it follows from (2) that

L(g)− L(f∗
K) =

1

T − T̂

T−1∑
m=T̂

∑
s1:m

ρK(s1:m)KL (Bern(f∗
K(s1:m)) ∥Bern(g(s1:m))) . (65)

Taking g = f∗
unif and using (64), we have

∆K =
1

T − T̂

T−1∑
m=T̂

∑
s1:m

ρK(s1:m)KL (Bern(f∗
K(s1:m)) ∥Bern(f∗

unif(s1:m))) . (66)

We now upper bound this KL term. According to Lemma 3, we have

f∗
unif(s1:m) ∈

[
1

T + 1
, 1− 1

T + 1

]
. (67)

One can verify that

KL (Bern(a) ∥Bern(b)) ≤ (a− b)2

b(1− b)
, ∀a ∈ [0, 1], b ∈ (0, 1).

This, together with a = f∗
K(s1:m) and b = f∗

unif(s1:m), yields for every s1:m ∈ S,

KL (Bern(f∗
K(s1:m)) ∥Bern(f∗

unif(s1:m))) ≤ (f∗
K(s1:m)− f∗

unif(s1:m))2

f∗
unif(s1:m)(1− f∗

unif(s1:m))
≤ (T + 1)2α2

K

T
,

where the last inequality follows from (63) and (67). This, together with (66), yields

∆K ≤ 1

T − T̂

T−1∑
m=T̂

∑
s1:m

(T + 1)2α2
KρK(s1:m)

T
≤ (T + 1)2α2

K

T
,

where the last inequality uses
∑

s1:m
ρK(s1:m) = 1 for each m. Substituting the definition of αK in (63) yields

∆K ≤ 64(T + 1)2

TρT

log(4M/δ1)

K
. (68)

We now compare the trained transformer with f∗
unif . Since f∗

unif ∈ F and fθ⋆ globally minimizes L over F , we have
L(fθ⋆) ≤ L(f∗

unif). Therefore,

L(fθ⋆)− L(f∗
K) ≤ L(f∗

unif)− L(f∗
K) = ∆K . (69)

Applying Pinsker’s inequality (see Lemma 8) to (65) with g = fθ⋆ , and keeping only the length-n terms, gives

∆K ≥ L(fθ⋆)− L(f∗
K) ≥ 2

T − T̂

∑
s1:n

ρK(s1:n) (fθ⋆(s1:n)− f∗
K(s1:n))

2
. (70)

Let Sn be the set of non-degenerate prefixes of length n. We additionally work on the high-probability event from
Lemma 4(ii). That is, suppose that

K ≥ 2(n+ 1)22n−1

µmin
log

(
2n

δ2

)
,

with probability at least 1− δ2,

ρK(s1:n) ≥
2µmin

(n+ 1)22n−1
, ∀s1:n ∈ {0, 1}n.



28 TASK RETRIEVAL AND LEARNING IN IN-CONTEXT LEARNING ON MARKOV DATA

Combining this event with the Bernstein finite-to-uniform event from part (i), it is sufficient to assume

K ≥ max

{
32 log(4M/δ1)

ρT
,
2(n+ 1)22n−1

µmin
log

2n

δ2

}
.

Since n ≤ T − 1, we have (n+ 1)2 ≤ T 2 and 2n−1 ≤ 2T−2. Therefore,

2(n+ 1)22n−1

µmin
≤ 2T 22T−2

µmin
=

8

ρT
.

Thus, it is enough to impose the simpler sufficient condition

K ≥ max

{
32 log(4M/δ1)

ρT
,

8

ρT
log

2n

δ2

}
. (71)

Restricting the sum in (70) to Sn and using the lower bound on ρK(s1:n), we obtain∑
s1:n∈Sn

(fθ⋆(s1:n)− f∗
K(s1:n))

2 ≤ (n+ 1)22n−1(T − T̂ )

4µmin
∆K .

By Lemma 6, |Sn| ≥ 2n−1. Hence,

1

|Sn|
∑

s1:n∈Sn

(fθ⋆(s1:n)− f∗
K(s1:n))

2 ≤ (n+ 1)2(T − T̂ )

4µmin
∆K . (72)

Similarly, applying the same KL decomposition and Pinsker’s inequality with g = f∗
unif , and again keeping only the

length-n terms, gives

∆K = L(f∗
unif)− L(f∗

K) ≥ 2

T − T̂

∑
s1:n

ρK(s1:n) (f
∗
unif(s1:n)− f∗

K(s1:n))
2
.

Repeating the same prefix-mass argument yields

1

|Sn|
∑

s1:n∈Sn

(f∗
unif(s1:n)− f∗

K(s1:n))
2 ≤ (n+ 1)2(T − T̂ )

4µmin
∆K . (73)

(iii) From average error to prompt-wise task learning. For s1:n ∈ Sn, we define

Z(s1:n) := |fθ⋆(s1:n)− f∗
unif(s1:n)|

2
.

By the triangle inequality and (a+ b)2 ≤ 2a2 + 2b2,

Z(s1:n) ≤ 2 (fθ⋆(s1:n)− f∗
K(s1:n))

2
+ 2 (f∗

K(s1:n)− f∗
unif(s1:n))

2
.

Averaging over s1:n ∈ Sn, and using (72) and (73), gives

1

|Sn|
∑

s1:n∈Sn

Z(s1:n) ≤
(n+ 1)2(T − T̂ )

µmin
∆K .

Therefore, if sICL
1:n is sampled uniformly from Sn, Markov’s inequality gives

P

(
Z(sICL

1:n ) >
(n+ 1)2(T − T̂ )

αµmin
∆K

)
≤ α.

Equivalently, with probability at least 1− α over the sampled prompt,

∣∣fθ⋆(sICL
1:n )− f∗

unif(s
ICL
1:n )

∣∣ ≤
√

(n+ 1)2(T − T̂ )

αµmin
∆K . (74)
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It remains to compare f∗
unif with the empirical Markov predictor. Since sICL

1:n ∈ Sn is non-degenerate and satisfies
ĉ0 ∈ [γ, 1− γ], Lemma 5 gives ∣∣∣f∗

unif(s
ICL
1:n )− P̂sICL

n ,1

∣∣∣ ≤ 1

γ(n− 1) + 2
. (75)

Combining (74) and (75) by the triangle inequality yields

∣∣∣fθ⋆(sICL
1:n )− P̂sICL

n ,1

∣∣∣ ≤
√

(n+ 1)2(T − T̂ )

αµmin
∆K +

1

γ(n− 1) + 2
.

Finally, substituting (68) gives, with probability at least 1− δ1 − δ2 − α,

∣∣∣fθ⋆(sICL
1:n )− P̂sICL

n ,1

∣∣∣ ≤
√

64(n+ 1)2(T − T̂ )(T + 1)2

αµminTρT

log(4M/δ1)

K
+

1

γ(n− 1) + 2
.

Using M ≤ 2T and ρT = 4µmin/(T
22T−2), this can be summarized as

∣∣∣fθ⋆(sICL
1:n )− P̂sICL

n ,1

∣∣∣ = OP

2T/2T 3/2(n+ 1)

√
(T − T̂ ) log(4M/δ1)

αK
+

1

n

 ,

where the hidden constant may depend on γ and µmin.

In particular, choosing

α =
1

logK
, δ1 = δ2 =

1

2K
,

gives probability at least 1− 1/ logK − 1/K and

∣∣∣fθ⋆(sICL
1:n )− P̂sICL

n ,1

∣∣∣ = O

2T/2T 3/2(n+ 1)

√
(T − T̂ ) logK (T + logK)

K
+

1

n

 .

For fixed T , this simplifies to (18).

E. Proofs in Section 4
Proof of Theorem 5. To simplify notation, we write sICL

1:n as s1:n. For each t = m, . . . , n − 1, denote the length-m
context by

ut := st−m+1:t.

(i) For the k-th m-th order Markov chain, the probability of observing the prefix s1:n is

Pk(s1:n) = µs1:m

n−1∏
t=m

P (k)
ut,st+1

,

where µs1:m is the probability of the initial m tokens. Using the transition counts Nu,j , this can be written as

Pk(s1:n) = µs1:m

∏
u∈[S]m

∏
j∈[S]

(
P

(k)
u,j

)Nu,j

.

Taking logarithms, we obtain

log
∏

u∈[S]m

∏
j∈[S]

(
P

(k)
u,j

)Nu,j

=
∑

u∈[S]m

∑
j∈[S]

Nu,j logP
(k)
u,j = (n−m)

∑
u:Nu>0

ĉu
∑
j∈[S]

P̂u,j logP
(k)
u,j

= −(n−m)D(P̂ ,P (k)),
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where P̂ is defined in (20) and D(·, ·) is defined in (21). Therefore,

Pk(s1:n) = µs1:m exp
(
−(n−m)D(P̂ ,P (k))

)
.

Since the initial distribution µ is shared across all tasks, the factor µs1:m cancels in the posterior weights. Hence,

αk(s1:n) =
exp

(
−(n−m)D(P̂ ,P (k))

)
∑K

r=1 exp
(
−(n−m)D(P̂ ,P (r))

) .
Let wk := exp

(
−(n−m)D(P̂ ,P (k))

)
. Then the Bayes predictor satisfies, for every j ∈ [S],

f∗
j (s1:n) =

∑K
k=1 wkP

(k)
un,j∑K

k=1 wk

, where un := sn−m+1:n.

By the definitions of k∗ and ∆, for every k ̸= k∗,

D(P̂ ,P (k))−D(P̂ ,P (k∗)) ≥ ∆.

Therefore, wk ≤ wk∗ exp
(
−(n−m)∆

)
for all k ̸= k∗. Using the representation of f∗

K,j(s1:n), we have

∣∣∣f∗
j (s1:n)− P

(k∗)
un,j

∣∣∣ =
∣∣∣∣∣∣
∑

k ̸=k∗ wk

(
P

(k)
un,j

− P
(k∗)
un,j

)
wk∗ +

∑
k ̸=k∗ wk

∣∣∣∣∣∣ ≤
∑

k ̸=k∗ wk

wk∗ +
∑

k ̸=k∗ wk
≤
∑
k ̸=k∗

wk

wk∗

≤ (K − 1) exp
(
−(n−m)∆

)
,

where we used P
(k)
un,j

∈ [0, 1]. This proves part (i).

(ii) For part (ii), we follow the same decomposition as in the proof of Theorem 3, with the binary empirical transition
matrix replaced by the empirical transition tensor. In the multi-state m-th order setting, the empirical Markov predictor
at the current context un = sn−m+1:n is the probability vector P̂un,· ∈ ∆S−1, whose j-th coordinate P̂un,j is the
empirical probability that token j follows the context un.

The finite-to-uniform step follows by applying the Bernstein argument in Proposition 1 to the S coordinates of the
next-token distribution and taking a union bound over these S numerators and the marginal-likelihood denominator.
Thus, under the stated lower bound on K, with probability at least 1− δ,

∣∣f∗
K,j(s1:n)− f∗

unif,j(s1:n)
∣∣ ≤ 8

√
log(2(S + 1)/δ)

Kρunif(s1:n)
, ∀j ∈ [S].

It remains to compare the uniform-prior Bayes predictor with the empirical Markov predictor. Under the uniform
Dirichlet prior on each transition vector,

f∗
unif,j(s1:n) =

Nun,j + 1

Nun + S
.

Hence, using Nun
≥ γ(n−m),∣∣∣f∗

unif,j(s1:n)− P̂un,j

∣∣∣ ≤ S − 1

Nun
+ S

≤ S − 1

γ(n−m) + S
.

Combining the two displays by the triangle inequality yields the desired bound.
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F. Auxiliary Results
Lemma 7 ( Bernstein inequality (Vershynin, 2018) ). Let Z1, . . . , ZK be independent mean-zero random variables
satisfying |Zk| ≤ M for all k ∈ [K]. Then, for any t > 0,

P

(∣∣∣∣∣
K∑

k=1

Zk

∣∣∣∣∣ ≥ t

)
≤ 2 exp

(
− t2/2

σ2 +Mt/3

)
,

where σ2 :=
∑K

k=1 E[Z2
k ].

Based on the above lemma, we have the following corollary:

Corollary 2. Let X1, . . . , XK be independent random variables satisfying 0 ≤ Xk ≤ 1, E[Xk] = m, and Var(Xk) ≤
σ2 for all k ∈ [K]. Define

m̂K :=
1

K

K∑
k=1

Xk.

Then, for any u > 0,

P

(
|m̂K −m| ≥

√
2σ2u

K
+

2u

3K

)
≤ 2e−u.

Proof. Let Zk := Xk −m. Then E[Zk] = 0. Since 0 ≤ Xk ≤ 1, we have m ∈ [0, 1], and hence −m ≤ Zk ≤ 1−m,
which implies |Zk| ≤ 1. Moreover,

K∑
k=1

E[Z2
k ] =

K∑
k=1

Var(Xk) ≤ Kσ2.

Applying Lemma 7 with t = Kϵ gives

P (|m̂K −m| ≥ ϵ) ≤ 2 exp

(
− K2ϵ2/2

Kσ2 +Kϵ/3

)
.

Equivalently, the Bernstein tail bound implies that, with probability at least 1− 2e−u,

|m̂K −m| ≤
√

2σ2u

K
+

2u

3K
.

This proves the result.

Lemma 8 (Pinsker’s inequality for Bernoulli distributions). For any x, y ∈ (0, 1), we have

KL(Bern(x) ∥Bern(y)) ≥ 2(x− y)2, (76)

where Bern(a) denotes the Bernoulli distribution with mean a and KL(·, ·) denotes the Kullback–Leibler divergence.

Proof. We compute

KL(Bern(x) ∥Bern(y)) = x log
x

y
+ (1− x) log

1− x

1− y
(77)

Fix x ∈ (0, 1) and define, for y ∈ (0, 1),

f(y) := x log
x

y
+ (1− x) log

1− x

1− y
− 2(x− y)2.

It suffices to show that f(y) ≥ 0 for all y ∈ (0, 1). Differentiating with respect to y, we obtain

f ′(y) = −x

y
+

1− x

1− y
+ 4(x− y).
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Since
−x

y
+

1− x

1− y
=

y − x

y(1− y)
,

we have

f ′(y) = (y − x)

(
1

y(1− y)
− 4

)
.

Because y(1− y) ≤ 1/4 for all y ∈ (0, 1), it follows that

1

y(1− y)
− 4 ≥ 0.

Hence,
f ′(y) ≤ 0 if y < x, f ′(y) ≥ 0 if y > x.

Therefore, f attains its global minimum at y = x. Since

f(x) = x log 1 + (1− x) log 1− 2(x− x)2 = 0,

we conclude that f(y) ≥ 0 for all y ∈ (0, 1). This, together with (77), yields (76).


