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ABSTRACT

Transformers have demonstrated impressive capability of in-context learning (ICL):
given a sequence of input-output pairs of an unseen task, a trained transformer can
make reasonable predictions on query inputs, without fine-tuning its parameters.
However, existing studies on ICL have mainly focused on linear regression tasks,
often with i.i.d. inputs within a prompt. This paper seeks to unveil the mechanism
of ICL for next-token prediction for Markov chains, focusing on the transformer
architecture with linear self-attention (LSA). More specifically, we derive and
interpret the global optimum of the ICL loss landscape: (1) We provide the closed-
form expression of the global minimizer for single-layer LSA trained over random
instances of length-2 in-context Markov chains, showing the Markovian data distri-
bution necessitates a denser global minimum structure compared to ICL for linear
tasks. (2) We establish tight bounds for the global minimum of single-layer LSA
trained on arbitrary-length Markov chains. (3) Finally, we prove that multilayer
LSA, with parameterization mirroring the global minimizer’s structure, performs
preconditioned gradient descent for a multi-objective optimization problem over
the in-context samples, balancing a squared loss with multiple linear objectives.
We numerically explore ICL for Markov chains using both simplified transformers
and GPT-2-based multilayer nonlinear transformers.

1 INTRODUCTION

Transformer-based large language models (LLM) have demonstrated advanced capability of in-
context learning (ICL): given a prompt, consisting of input-label pairs, a trained transformer can
predict the label for an unseen input without updating its parameters (Brown, 2020; Rae et al., 2021;
Garg et al., 2022; Liu et al., 2023; Team et al., 2023; Achiam et al., 2023; Touvron et al., 2023). This
ability to solve novel tasks solely from examples not only provide a potential alternative for expensive
fine-tuning (Li et al., 2024b), but also enhance reasoning tasks like chain-of-thought (Lampinen et al.,
2022), self-correction (Wang et al., 2024), with applications in mathematical problems and logical
deduction (Wei et al., 2022).

The ability of transformers to solve unseen tasks in-context has sparked a line of research investigating
the underlying mechanisms from various perspectives, including expressive power (Von Oswald
et al., 2023; Akyürek et al., 2023; Giannou et al., 2023; Li et al., 2023; Dai et al., 2023; Zhao et al.,
2023; Bai et al., 2024), convergence of transformer training dynamics (Zhang et al., 2024; Huang
et al., 2023), generalization ability (Duraisamy, 2024; Li et al., 2023; 2024a), and optimization theory
and global optimality (Ahn et al., 2023; Mahankali et al., 2024; Li et al., 2024b). In particular, (Ahn
et al., 2023) identified a distinctive sparse structure in the global optimal transformer parameters, by
setting some entries of the model parameters directly to zero, which simplifies the structure of the
solution. Building on this sparsity, they demonstrated that the forward pass of linear attention models
implements preconditioned gradient descent.

However, the tasks considered in prior studies are limited to linear regression or classification,
where both feature and task vectors are zero-mean Gaussian, which offers limited insight into how
transformers learn sequential data governed by specific dynamics in-context. For example, when
presented with examples of math word problems that include intermediate steps and answers, an
LLM can generate reasonable answers to new questions (Lampinen et al., 2022). Nevertheless,
the relationships among these examples cannot be directly modeled using linear functions with
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Gaussian-distributed data. Instead, they resemble sequences governed by dynamic processes over
a vocabulary, which can be conceptualized as a discrete state space. Therefore, investigating how
transformers learn such dynamics-based data in-context is essential to building a more systematic
understanding of ICL. In particular, we focus on the ICL for Markov chains, a classic model used to
represent language (Shannon, 1948; 1951; Makkuva et al., 2024).

Major challenges. The challenges posed by in-context Markovian dynamics learning are two-
fold: (i) The objective function is non-convex w.r.t. transformer parameters, due to their nonlinear
coupling, which complicates the identification of the global minimum. To mitigate this, we transform
the problem through reparameterization to a strictly convex optimization that produces either the
global minimum or a tight lower bound, inspired by Ahn et al. (2023). (ii) Since the next token
is stochastically dependent on the previous tokens, no analytic expression exists for the labels in
the ICL setting. This introduces an additional layer of randomness beyond the feature and task
vectors. Specifically, compared to the linear case, we also need to consider the randomness of the
label conditioned on the feature and task vectors.

Our contributions. To this end, we study how transformers learn to predict the next token for
Markov chains in context by analyzing the loss landscape of linear self-attention (LSA) models.
Given the challenges posed by non-convexity and stochasticity, we focus on binary Markov chains
with first-order memory as our first step. The major contributions of this work are highlighted as
follows.

▶ We establish a framework for handling ICL with Markovian dynamics by fully characterizing the
global minima of the loss landscape for the LSA model trained on length-2 binary Markov chains.
This analysis applies to both i.i.d. settings (see Proposition 1) and general initial-state distributions
(see Proposition 2). Our results show that the global optimum adapts to the Markovian dynamics,
exhibiting a denser structure compared to ICL for linear regression. In comparison to traditional
i.i.d. tasks, additional nonzero model parameters in the Transformer are necessarily included for
achieving the global minimum of the loss due to the temporal dependence within the in-context
samples.

▶ To the best of our knowledge, our theoretical result is the first to provide a closed-form expression
for the lower bounds of the expected global optimal value in next-token prediction using a one-
layer transformer structure for Markovian data of arbitrary length. Building on this result, we
further derive an upper bound by properly selecting the transformer parameters.

▶ We advance the understanding of multilayer transformer expressivity by exploring a parameter
subspace that mirrors the structure of the derived global minimum for Markovian dynamics.
Our results show that the forward pass of the multilayer linear transformers is equivalent to
solving a multi-objective optimization problem. This problem minimizes a squared loss while
simultaneously maximizing multiple linear objectives (see Proposition 3).

Related work. The capability of transformers to perform ICL (Brown, 2020; Rae et al., 2021; Liu
et al., 2023; Garg et al., 2022) has inspired an exploration of its underlying mechanism from various
aspects. A line of works have shown transformers trained on in-context prompts implicitly implement
optimization algorithms. Akyürek et al. (2023) constructed a set of weights in transformers such
that their forward pass is equivalent to a step of gradient descent over the mean squared loss on
in-context examples. Von Oswald et al. (2023) provided such a construction for LSA, further showing
actual optimization of transformers on in-context loss landscapes converge to such a construction. In
addition to standard learning algorithms such as least squares and ridge regression, Bai et al. (2024)
showed that transformers implement algorithm selection. Specifically, transformers first determine
the task type based on the data statistics in the prompt and then choose the most optimal standard
algorithm to make predictions for the query input.

From the perspective of optimization theory, Mahankali et al. (2024); Ahn et al. (2023) showed trained
LSA networks emulate preconditioned gradient descent via analyzing the loss landscape. Gatmiry
et al. (2024) proved that the global minimizer implements multi-step preconditioned gradient descent,
considering looped transformers (Giannou et al., 2023). While previous works mainly focused on
i.i.d. in-context examples, Li et al. (2024b) further analyzed the ICL loss landscape under correlated
designs, in addition to the consideration of state-space model and LoRA. There has also been studies
about the training dynamics of transformers in the ICL setting. Zhang et al. (2024) demonstrated that
LSA trained through gradient flow converges to the global minimum under mild distribution shifts,
achieving close performance to the best linear predictor. Huang et al. (2023) proved convergence
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of training dynamics to near-zero prediction error under both balanced and unbalanced in-context
samples. Another relevant area of our work is time-series prediction, which we discuss in section F.
The comparison between this work and existing research is summarized in Table 1.

A line of concurrent work has studied transformers for temporal data structures, including Markov
chains Makkuva et al. (2024); Sander et al. (2024); Rajaraman et al. (2024); Nichani et al. (2024).
These studies primarily focus on attention mechanisms operating within a single Markov chain.
In contrast, our work takes a complementary approach by examining a controlled setup where
transformers learn the similarities between entire sequences rather than within individual Markov
chains. This perspective enables us to explore how transformers manage complex dependencies
across sequences, particularly in settings with non-Gaussian input distributions and non-linear input-
output relationships. Notably, this work, to the best of our knowledge, represents the first step
toward understanding the attention mechanisms involved in extracting sentence-level relationships
between prompts and queries. This serves as a complementary contribution to characterizing the
expressiveness of Transformers for Markovian data.

Table 1: Comparison with existing works on transformers for Markov chains.

Work ICL Data Non-i.i.d. Optimum w/
In-Context Input Attention

Zhang et al. (2024) ✓ Gaussian
✓Mahankali et al. (2024) ✓ Gaussian

Ahn et al. (2023) ✓ Gaussian
Li et al. (2024b) ✓ Gaussian ✓ ✓
Makkuva et al. (2024) ✓ Markovian N/A
Nichani et al. (2024) Causal ✓
Rajaraman et al. (2024) ✓ Markovian ✓
Sander et al. (2024) ✓ Autoregressive ✓ ✓

Ours ✓ Markovian ✓ ✓

Organization of this paper. The paper is organized as follows. In section 2, we introduce the
preliminaries, including data distribution, architecture, and the training objective. Our main theoretical
findings regarding global optimality and expressivity are presented and validated in section 3. Finally,
we conduct experiments on multilayer GPT-2-based transformers trained on in-context Markovian data
in section 4, demonstrating improved accuracy compared to LSA and baseline learning algorithms,
such as logistic regression.

2 PRELIMINARIES

2.1 IN-CONTEXT LEARNING

ICL refers to the operation on a prompt consisting of n input-output pairs and a query input:

p = (x1, y1, . . . , xn, yn, xn+1) = ({(xi, yi)}ni=1, xn+1) (1)

where yi = h(xi), ∀i ∈ [n+ 1] for some unknown function h ∈ H, and xi, yi belong to some input
space X and output space Y , respectively. ICL aims to form an output ŷn+1 for the query input xn+1

that approximates its true label ŷn+1 ≈ h(xn+1). The function h : X → Y remains the same within
a single prompt yet varies across prompts.

Prior works have focused on linear function space H: h(x) = y = w⊤x for some w ∈ X . Under
such a construction, y is deterministic once x is provided. Despite being commonly encountered in
many real-world applications, the case where h is stochastic remains largely unexplored. For example,
h can represent a text generation mechanism that provides descriptions revolving a given topic. Then
the token generated in the next step is associated with a probability based on the previously generated
words Chorowski & Jaitly (2016). To approach the ICL for such scenarios, we consider a simplified
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setting of next token prediction for Markov chains. The state space resembles vocabulary and the
transition probability is akin to the conditional probability of the next word given the previous text.

2.2 MARKOV CHAINS

The evolution of a Markov chain s of order k on a state space S depends solely on the k most
recent states. For time step τ ∈ Z≥1, we let sτ denote τ th state in the sequence s, the probability of
observing state j ∈ S at time step τ + 1 is:

P(sτ+1 = j | s1:τ ) = P(sτ+1 = j | sτ−k+1:τ ) (2)

where sτ1:τ2 denotes the subsequence from time step τ1 to τ2. For first-order Markov chains, the
dynamics are determined by the transition probabilities pij := P(sτ+1 = j | sτ = i), which indicate
the probability of transitioning from state i ∈ S to state j ∈ S. These probabilities constitute
the Markov kernel P = (pij) ∈ [0, 1]|S|×|S|. For a binary state space S = {0, 1}, The transition
matrix for a binary Markov chain is represented as P(p01, p10) := [1− p01, p01 ; p10, 1− p10].
Let πτ ∈ [0, 1]|S| denote the marginal probability at the τ th time step. The relationship between
consecutive time steps is given by πτ+1 = πτP. A binary Markov chain s ∼ (π1,P(p01, p10)) can
be generated by starting with an initial distribution π1 and iteratively applying P(p01, p10) to update
the state probabilities at each time step.

2.3 DATA FORMALISM

We introduce the input embedding matrix formulation used for our theoretical results. For a Markov
chain s with length d+1, we take its first d states to be the input x = s1:d and the final state to be the
output y = st. The input and output space are X = Sd and Y = S . We use subscripts to denote the
indices of in-context samples, such that xi represents the first d time steps of the ith in-context Markov
chain, while yi denotes its final state. To form an input embedding matrix Z0 ∈ R(d+1)×(n+1), we
stack (xi, yi) ∈ Rd+1 as the first n columns and let the last column be (xn+1, 0), inspired by Zhang
et al. (2024).

Z0 = [z1 z2 · · · zn zn+1] =

[
x1 x2 · · · xn xn+1

y1 y2 · · · yn 0

]
(3)

where zi ∼ (π1,P(p01, p10)) for initial probability mass function π1 = [1 − p, p] with p ∈ (0, 1)
and transition probabilities p01, p10 ∼ U(0, 1). The Markov kernel varies for each prompt, while
the initial probability p remains constant across all prompts. Let TF denote a transformer-based
autoregressive model. The goal of ICL is to learn a model TF that can accurately predict the label of
the query input:

ŷn+1 := TF(Z0) ≈ yn+1 (4)

2.4 MODEL AND TRAINING OBJECTIVE.

We consider transformers with LSA layers (Von Oswald et al., 2023; Zhang et al., 2024; Ahn
et al., 2023; Schlag et al., 2021). We recall a single-head self-attention layer (Vaswani et al., 2017)
parameterized by key, queue, value weight matrices is defined as follows:

AttnWk,q,v
(Z) =WvZM · softmax

(
Z⊤W⊤

k WqZ
)
, M :=

[
In×n 0
0 0

]
∈ R(n+1)×(n+1) (5)

where Wk,Wq,Wv ∈ R(d+1)×(d+1) are the (key, queue, value) weight matrices and In×n denotes
the identity matrix. The attention scores are normalized by the softmax operator. The mask matrix
M reflects the asymmetric prompt due to the absence of the label for x(n+1). Motivated by Ahn et al.
(2023); Zhang et al. (2024), we simplify the architecture by (i) removing the softmax nonlinearity
and (ii) reorganizing the weights as P :=Wv and Q :=W⊤

k Wq , merging the query and key matrices
into a single matrix:

Attn
(lin)
P,Q (Z) = PZM(Z⊤QZ). (6)

Despite its simplicity, LSA demonstrates ICL capability for linear functions (Zhang et al., 2024) and
has been shown to implement gradient descent (Von Oswald et al., 2023) and preconditioned gradient
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descent (Ahn et al., 2023) to solve linear regression in-context. We will prove in section 3.2 that
certain parameter configuration implements preconditioned gradient descent for a multi-objective
optimization problem that includes linear regression. Finally, our architecture consists of L-layer
LSA modules. Let Zl denote the output of the lth layer attention, we have

Zl+1 = Zl +
1

n
PlZM(Z⊤QlZ) = Zl +

1

n
Attn

(lin)
Pl,Ql

(Zl) for l = 0, . . . , L− 1. (7)

The normalizing factor n averages the attention weights gathered from the in-context examples.
We consider the output of the transformer to be the bottom-right entry of the Lth layer, i.e.,
TFL(Z0; {Pl, Ql}l=0,...,L−1) = [ZL](d+1),(n+1). To train the in-context learner, we optimize the
following population loss in the limit of an infinite number of training prompts such that each prompt
corresponds to a distinct Markov kernel {pij}i,j∈S :

f({Pl, Ql}l=0,...,L−1) = EZ0,{pij}i,j∈S [ℓ(TFL(Z0; {Pl, Ql}), yn+1)] (8)

where ℓ(·, ·) is the point-wise error. In the following section, we primarily focus on the square loss
and provide a brief discussion of the global minimum in the case where ℓ is the cross-entropy loss.
Our data distribution, architecture, and main finding can be summarized in Fig. 1.

(a) Token-Level vs. Sequence-Level Attention
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<latexit sha1_base64="+nASOWLaWw1jYXJyWpAlWxLGSk0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEIiUj0WvHisYD+gDWWz2bRLN5tldyOW0B/hxYMiXv093vw3btsctPXBwOO9GWbmhZIzbTzv2ymtrW9sbpW3Kzu7e/sH1cOjtk4zRWiLpDxV3RBrypmgLcMMp12pKE5CTjvh+Hbmdx6p0iwVD2YiaZDgoWAxI9hYqfM0yKMLfzqo1jzXmwOtEr8gNSjQHFS/+lFKsoQKQzjWuud70gQ5VoYRTqeVfqapxGSMh7RnqcAJ1UE+P3eKzqwSoThVtoRBc/X3RI4TrSdJaDsTbEZ62ZuJ/3m9zMQ3Qc6EzAwVZLEozjgyKZr9jiKmKDF8YgkmitlbERlhhYmxCVVsCP7yy6ukfen6dbd+f1VruEUcZTiBUzgHH66hAXfQhBYQGMMzvMKbI50X5935WLSWnGLmGP7A+fwB9J+PRg==</latexit>xd+1

<latexit sha1_base64="qLTNxJKgK6WoOOrxNiVJYKTropo=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0hEqseCF48V7Ae0oWw2m3btZjfsTgol9D948aCIV/+PN/+N2zYHbX0w8Hhvhpl5YSq4Ac/7dkobm1vbO+Xdyt7+weFR9fikbVSmKWtRJZTuhsQwwSVrAQfBuqlmJAkF64Tju7nfmTBtuJKPME1ZkJCh5DGnBKzU7k8iBWZQrXmutwBeJ35BaqhAc1D96keKZgmTQAUxpud7KQQ50cCpYLNKPzMsJXRMhqxnqSQJM0G+uHaGL6wS4VhpWxLwQv09kZPEmGkS2s6EwMisenPxP6+XQXwb5FymGTBJl4viTGBQeP46jrhmFMTUEkI1t7diOiKaULABVWwI/urL66R95fp1t/5wXWu4RRxldIbO0SXy0Q1qoHvURC1E0RN6Rq/ozVHOi/PufCxbS04xc4r+wPn8Acj9jzk=</latexit>...

(c)

<latexit sha1_base64="h8AmfjLs4gvTxQTHEYpPI1RkwhQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg4REpHosePFYwX5AG8pmu22XbjZhdyKW0B/hxYMiXv093vw3btsctPXBwOO9GWbmhYkUBj3v2ymsrW9sbhW3Szu7e/sH5cOjpolTzXiDxTLW7ZAaLoXiDRQoeTvRnEah5K1wfDvzW49cGxGrB5wkPIjoUImBYBSt1HrqZeLCn/bKFc/15iCrxM9JBXLUe+Wvbj9macQVMkmN6fhegkFGNQom+bTUTQ1PKBvTIe9YqmjETZDNz52SM6v0ySDWthSSufp7IqORMZMotJ0RxZFZ9mbif14nxcFNkAmVpMgVWywapJJgTGa/k77QnKGcWEKZFvZWwkZUU4Y2oZINwV9+eZU0L12/6lbvryo1N4+jCCdwCufgwzXU4A7q0AAGY3iGV3hzEufFeXc+Fq0FJ585hj9wPn8A/ciPTA==</latexit>

xi,1
<latexit sha1_base64="IWQ3W4Jkj8Ru/izPOJfYbtlpY9I=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4kJAUqR4LXjxWsB/QhrLZTtulm03Y3Ygl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSK4Np737aytb2xubRd2irt7+weHpaPjpo5TxbDBYhGrdkg1Ci6xYbgR2E4U0igU2ArHtzO/9YhK81g+mEmCQUSHkg84o8ZKradexi8r016p7LneHGSV+DkpQ456r/TV7ccsjVAaJqjWHd9LTJBRZTgTOC12U40JZWM6xI6lkkaog2x+7pScW6VPBrGyJQ2Zq78nMhppPYlC2xlRM9LL3kz8z+ukZnATZFwmqUHJFosGqSAmJrPfSZ8rZEZMLKFMcXsrYSOqKDM2oaINwV9+eZU0K65fdav3V+Wam8dRgFM4gwvw4RpqcAd1aACDMTzDK7w5ifPivDsfi9Y1J585gT9wPn8A/02PTQ==</latexit>

xi,2
<latexit sha1_base64="K0BEgMhj6UP2MBqo7K09hlejnMg=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4kJCoVI8FLx4r2A9oQ9lst+3SzSbsTsQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJHCoOd9Oyura+sbm4Wt4vbO7t5+6eCwYeJUM15nsYx1K6SGS6F4HQVK3ko0p1EoeTMc3U795iPXRsTqAccJDyI6UKIvGEUrNZ+6mTi/nHRLZc/1ZiDLxM9JGXLUuqWvTi9macQVMkmNaftegkFGNQom+aTYSQ1PKBvRAW9bqmjETZDNzp2QU6v0SD/WthSSmfp7IqORMeMotJ0RxaFZ9Kbif147xf5NkAmVpMgVmy/qp5JgTKa/k57QnKEcW0KZFvZWwoZUU4Y2oaINwV98eZk0Lly/4lbur8pVN4+jAMdwAmfgwzVU4Q5qUAcGI3iGV3hzEufFeXc+5q0rTj5zBH/gfP4AAOGPTg==</latexit>

xi,3
<latexit sha1_base64="r38dsFvtSoeKX58ioAvhhLW/Oz0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg4REpHosePFYwX5AG8pms2mXbjbL7kYsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCyVn2njet1NaW9/Y3CpvV3Z29/YPqodHbZ1mitAWSXmquiHWlDNBW4YZTrtSUZyEnHbC8e3M7zxSpVkqHsxE0iDBQ8FiRrCxUudpkLOLaDqo1jzXmwOtEr8gNSjQHFS/+lFKsoQKQzjWuud70gQ5VoYRTqeVfqapxGSMh7RnqcAJ1UE+P3eKzqwSoThVtoRBc/X3RI4TrSdJaDsTbEZ62ZuJ/3m9zMQ3Qc6EzAwVZLEozjgyKZr9jiKmKDF8YgkmitlbERlhhYmxCVVsCP7yy6ukfen6dbd+f1VruEUcZTiBUzgHH66hAXfQhBYQGMMzvMKbI50X5935WLSWnGLmGP7A+fwBS1aPfw==</latexit>

xi,d

<latexit sha1_base64="9uDJcCYNv4Fs4g8dYpKd9xI3S3E=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBUJZdkeqx4MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYWV1b3yhulra2d3b3yvsHTR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC0c3Ubz1SpVks7804oYHAA8kiRrCx0sNTL5Nn/rk/6ZUrnuvNgJaJn5MK5Kj3yl/dfkxSQaUhHGvd8b3EBBlWhhFOJ6VuqmmCyQgPaMdSiQXVQTY7eIJOrNJHUaxsSYNm6u+JDAutxyK0nQKboV70puJ/Xic10XWQMZmkhkoyXxSlHJkYTb9HfaYoMXxsCSaK2VsRGWKFibEZlWwI/uLLy6R54fpVt3p3Wam5eRxFOIJjOAUfrqAGt1CHBhAQ8Ayv8OYo58V5dz7mrQUnnzmEP3A+fwDfi4/B</latexit>

xn+1,1
<latexit sha1_base64="J3oaRa89jGcF/nsDCYyzmkdIANs=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSIIyrJbpHosePFYwX5Iu5Rsmm1Dk+ySZMWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5YcKZNp737aysrq1vbBa2its7u3v7pYPDpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6Gbqtx6p0iyW92ac0EDggWQRI9hY6eGpl8lz/6Iy6ZXKnuvNgJaJn5My5Kj3Sl/dfkxSQaUhHGvd8b3EBBlWhhFOJ8VuqmmCyQgPaMdSiQXVQTY7eIJOrdJHUaxsSYNm6u+JDAutxyK0nQKboV70puJ/Xic10XWQMZmkhkoyXxSlHJkYTb9HfaYoMXxsCSaK2VsRGWKFibEZFW0I/uLLy6RZcf2qW727LNfcPI4CHMMJnIEPV1CDW6hDAwgIeIZXeHOU8+K8Ox/z1hUnnzmCP3A+fwDhEI/C</latexit>

xn+1,2
<latexit sha1_base64="IZAY2wdyrpWwXA/xHXe6wt1dDTo=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSIIyrKrUj0WvHisYD+kXUo2zbahSXZJsmJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8MOFMG8/7dpaWV1bX1gsbxc2t7Z3d0t5+Q8epIrROYh6rVog15UzSumGG01aiKBYhp81weDPxm49UaRbLezNKaCBwX7KIEWys9PDUzeSpf3Yx7pbKnutNgRaJn5My5Kh1S1+dXkxSQaUhHGvd9r3EBBlWhhFOx8VOqmmCyRD3adtSiQXVQTY9eIyOrdJDUaxsSYOm6u+JDAutRyK0nQKbgZ73JuJ/Xjs10XWQMZmkhkoyWxSlHJkYTb5HPaYoMXxkCSaK2VsRGWCFibEZFW0I/vzLi6Rx7voVt3J3Wa66eRwFOIQjOAEfrqAKt1CDOhAQ8Ayv8OYo58V5dz5mrUtOPnMAf+B8/gDilY/D</latexit>

xn+1,3
<latexit sha1_base64="2Zr5EkpBfYi2sfRN0c0nxLAzn9k=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBUMquSPVY8OKxgv2QdinZbLYNTbJLkhXL0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBQln2rjut1NYWV1b3yhulra2d3b3yvsHLR2nitAmiXmsOgHWlDNJm4YZTjuJolgEnLaD0c3Ubz9SpVks7804ob7AA8kiRrCx0sNTP5Nn3nk46ZcrbtWdAS0TLycVyNHol796YUxSQaUhHGvd9dzE+BlWhhFOJ6VeqmmCyQgPaNdSiQXVfjY7eIJOrBKiKFa2pEEz9fdEhoXWYxHYToHNUC96U/E/r5ua6NrPmExSQyWZL4pSjkyMpt+jkClKDB9bgoli9lZEhlhhYmxGJRuCt/jyMmldVL1atXZ3WalX8ziKcATHcAoeXEEdbqEBTSAg4Ble4c1Rzovz7nzMWwtOPnMIf+B8/gAtGY/0</latexit>

xn+1,d

Attention Logit
<latexit sha1_base64="0zr3rM3rfXfKrsAqrqUVcnuODvY="></latexit>

hW>
q emb(xd), W

>
k emb(xi)i

Attention Logit
<latexit sha1_base64="Cvxi+XuuY8dGJ9NeGAKLFca96YY="></latexit>⇥
x>

i yi

⇤
Q


xn+1

0

�

<latexit sha1_base64="5fAUeBpioji6qamGJa62PH+RmyQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg4REpHosePFYwX5AG8pmu22XbjZhdyKW0B/hxYMiXv093vw3btsctPXBwOO9GWbmhYkUBj3v2ymsrW9sbhW3Szu7e/sH5cOjpolTzXiDxTLW7ZAaLoXiDRQoeTvRnEah5K1wfDvzW49cGxGrB5wkPIjoUImBYBSt1HrqZf6FP+2VK57rzUFWiZ+TCuSo98pf3X7M0ogrZJIa0/G9BIOMahRM8mmpmxqeUDamQ96xVNGImyCbnzslZ1bpk0GsbSkkc/X3REYjYyZRaDsjiiOz7M3E/7xOioObIBMqSZErtlg0SCXBmMx+J32hOUM5sYQyLeythI2opgxtQiUbgr/88ippXrp+1a3eX1Vqbh5HEU7gFM7Bh2uowR3UoQEMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AqECPFA==</latexit>

x1,1
<latexit sha1_base64="MXRvdX36naGVOqrsWoLdfsdSIGs=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4kJAUqR4LXjxWsB/QhrLZbtulm03YnYgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSKFQc/7dtbWNza3tgs7xd29/YPD0tFx08SpZrzBYhnrdkgNl0LxBgqUvJ1oTqNQ8lY4vp35rUeujYjVA04SHkR0qMRAMIpWaj31Mv+yMu2Vyp7rzUFWiZ+TMuSo90pf3X7M0ogrZJIa0/G9BIOMahRM8mmxmxqeUDamQ96xVNGImyCbnzsl51bpk0GsbSkkc/X3REYjYyZRaDsjiiOz7M3E/7xOioObIBMqSZErtlg0SCXBmMx+J32hOUM5sYQyLeythI2opgxtQkUbgr/88ippVly/6lbvr8o1N4+jAKdwBhfgwzXU4A7q0AAGY3iGV3hzEufFeXc+Fq1rTj5zAn/gfP4AqcWPFQ==</latexit>

x1,2
<latexit sha1_base64="HEywZlb8Z3FgYE8h9VwyWgAawIU=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4kJCoVI8FLx4r2A9oQ9lst+3SzSbsTsQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJHCoOd9Oyura+sbm4Wt4vbO7t5+6eCwYeJUM15nsYx1K6SGS6F4HQVK3ko0p1EoeTMc3U795iPXRsTqAccJDyI6UKIvGEUrNZ+6mX9+OemWyp7rzUCWiZ+TMuSodUtfnV7M0ogrZJIa0/a9BIOMahRM8kmxkxqeUDaiA962VNGImyCbnTshp1bpkX6sbSkkM/X3REYjY8ZRaDsjikOz6E3F/7x2iv2bIBMqSZErNl/UTyXBmEx/Jz2hOUM5toQyLeythA2ppgxtQkUbgr/48jJpXLh+xa3cX5Wrbh5HAY7hBM7Ah2uowh3UoA4MRvAMr/DmJM6L8+58zFtXnHzmCP7A+fwBq0qPFg==</latexit>

x1,3
<latexit sha1_base64="U7tst+/K5Gy/cSWfGGT+q1sxrKI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBg4REpHosePFYwX5AG8pms2mXbjbL7kYsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCyVn2njet1NaW9/Y3CpvV3Z29/YPqodHbZ1mitAWSXmquiHWlDNBW4YZTrtSUZyEnHbC8e3M7zxSpVkqHsxE0iDBQ8FiRrCxUudpkPsX0XRQrXmuNwdaJX5BalCgOah+9aOUZAkVhnCsdc/3pAlyrAwjnE4r/UxTickYD2nPUoETqoN8fu4UnVklQnGqbAmD5urviRwnWk+S0HYm2Iz0sjcT//N6mYlvgpwJmRkqyGJRnHFkUjT7HUVMUWL4xBJMFLO3IjLCChNjE6rYEPzll1dJ+9L16279/qrWcIs4ynACp3AOPlxDA+6gCS0gMIZneIU3RzovzrvzsWgtOcXMMfyB8/kD9b+PRw==</latexit>

x1,d

<latexit sha1_base64="QmI975gCQGdGOIzkeSRNvJpkg+g=">AAAB6HicbVDLSsNAFL3xWeur6tLNYBFchUSkuiy4cdmCfUAbZDK9acdOJmFmIpTQL3DjQhG3fpI7/8Zpm4W2Hhg4nHMuc+8JU8G18bxvZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1Q6pRcIktw43AbqqQxqHATji+nfmdJ1SaJ/LeTFIMYjqUPOKMGis1Gw+Vqud6c5BV4hekCgVs/qs/SFgWozRMUK17vpeaIKfKcCZwWu5nGlPKxnSIPUsljVEH+XzRKTm3yoBEibJPGjJXf0/kNNZ6Eoc2GVMz0sveTPzP62UmuglyLtPMoGSLj6JMEJOQ2dVkwBUyIyaWUKa43ZWwEVWUGdtN2ZbgL5+8StqXrl9za82rat0t6ijBKZzBBfhwDXW4gwa0gAHCM7zCm/PovDjvzsciuuYUMyfwB87nD6cnjMs=</latexit>

P
<latexit sha1_base64="klxz3WjP9EdypsXDpmqkNZd3wuQ=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseCF48t2A9oQ9lsp+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBFcG8/7dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPJ3dxvP6HSPJYPZppgENGR5EPOqLFSo9EvVzzXW4CsEz8nFchR75e/eoOYpRFKwwTVuut7iQkyqgxnAmelXqoxoWxCR9i1VNIIdZAtDp2RC6sMyDBWtqQhC/X3REYjradRaDsjasZ61ZuL/3nd1Axvg4zLJDUo2XLRMBXExGT+NRlwhcyIqSWUKW5vJWxMFWXGZlOyIfirL6+T1pXrV91q47pSc/M4inAG53AJPtxADe6hDk1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDqKuMzA==</latexit>

Q
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Related Work: 
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Markovian Task

<latexit sha1_base64="Z+J7xyOwdHGn0p0JnIl6d0A0JmQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseCF48V7Qe0oWy2m3bpZhN2J0Io/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvTKUw6HlfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74STm7nfeeTaiEQ9YJ7yIKYjJSLBKFrpPh/4g2rNc70FyF/iF6QGBZqD6md/mLAs5gqZpMb0fC/FYEo1Cib5rNLPDE8pm9AR71mqaMxNMF2cOiNnVhmSKNG2FJKF+nNiSmNj8ji0nTHFsVn15uJ/Xi/D6DqYCpVmyBVbLooySTAh87/JUGjOUOaWUKaFvZWwMdWUoU2nYkPwV1/+S9oXrl9363eXtYZbxFGGEziFc/DhChpwC01oAYMRPMELvDrSeXbenPdla8kpZo7hF5yPbwrEjZg=</latexit>

y1

<latexit sha1_base64="t116pcDFd/ZRWoOR3WgydpMCaGI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseCF48V7Qe0oWy2m3bpZhN2J0Io/QlePCji1V/kzX/jts1Bqw8GHu/NMDMvTKUw6HlfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74STm7nfeeTaiEQ9YJ7yIKYjJSLBKFrpPh+IQbXmud4C5C/xC1KDAs1B9bM/TFgWc4VMUmN6vpdiMKUaBZN8VulnhqeUTeiI9yxVNOYmmC5OnZEzqwxJlGhbCslC/TkxpbExeRzazpji2Kx6c/E/r5dhdB1MhUoz5IotF0WZJJiQ+d9kKDRnKHNLKNPC3krYmGrK0KZTsSH4qy//Je0L16+79bvLWsMt4ijDCZzCOfhwBQ24hSa0gMEInuAFXh3pPDtvzvuyteQUM8fwC87HN1+kjdA=</latexit>

yi

<latexit sha1_base64="V65LAnIVMgAsd9YBL/QLKOtKwGo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSIIQkhEqseCF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemEph0PO+nbX1jc2t7dJOeXdv/+CwcnTcMkmmGW+yRCa6E1LDpVC8iQIl76Sa0ziUvB2O72Z++4lrIxL1iJOUBzEdKhEJRtFK7Uk/V5f+tF+peq43B1klfkGqUKDRr3z1BgnLYq6QSWpM1/dSDHKqUTDJp+VeZnhK2ZgOeddSRWNugnx+7pScW2VAokTbUkjm6u+JnMbGTOLQdsYUR2bZm4n/ed0Mo9sgFyrNkCu2WBRlkmBCZr+TgdCcoZxYQpkW9lbCRlRThjahsg3BX355lbSuXL/m1h6uq3W3iKMEp3AGF+DDDdThHhrQBAZjeIZXeHNS58V5dz4WrWtOMXMCf+B8/gAFfo9R</latexit>yn+1

<latexit sha1_base64="kHozzaLQX3P2B/p5B87b/ymjK58=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgKiQi1Y1QcOOygn1AG8NkOmmHTmbCzERbQn7FjQtF3Poj7vwbp20W2nrgwuGce7n3njBhVGnX/bZKa+sbm1vl7crO7t7+gX1YbSuRSkxaWDAhuyFShFFOWppqRrqJJCgOGemE45uZ33kkUlHB7/U0IX6MhpxGFCNtpMCuTgMKr+HTQ9bXIsnhJKCBXXMddw64SryC1ECBZmB/9QcCpzHhGjOkVM9zE+1nSGqKGckr/VSRBOExGpKeoRzFRPnZ/PYcnhplACMhTXEN5+rviQzFSk3j0HTGSI/UsjcT//N6qY6u/IzyJNWE48WiKGVQCzgLAg6oJFizqSEIS2puhXiEJMLaxFUxIXjLL6+S9rnj1Z363UWt4RRxlMExOAFnwAOXoAFuQRO0AAYT8AxewZuVWy/Wu/WxaC1ZxcwR+APr8wdSZpPw</latexit>

yi = w>xi

<latexit sha1_base64="TwZXZ1QPRT8ghg/Ea6wXBMESLEE=">AAACBHicbVDLSsNAFJ34rPUVddlNsAgVJCQi1WXBjQuRCvYBTSiTyaQdOjMJMxOlhC7c+CtuXCji1o9w5984abPQ1gMDh3PuYe49QUKJVI7zbSwtr6yurZc2yptb2zu75t5+W8apQLiFYhqLbgAlpoTjliKK4m4iMGQBxZ1gdJn7nXssJIn5nRon2GdwwElEEFRa6puVB08S5jGohgjS7GZSc068a50P4XHfrDq2M4W1SNyCVEGBZt/88sIYpQxzhSiUsuc6ifIzKBRBFE/KXipxAtEIDnBPUw4Zln42PWJiHWkltKJY6MeVNVV/JzLIpByzQE/m28p5Lxf/83qpii78jPAkVZij2UdRSi0VW3kjVkgERoqONYFIEL2rhYZQQKR0b2Vdgjt/8iJpn9pu3a7fnlUbdlFHCVTAIagBF5yDBrgCTdACCDyCZ/AK3own48V4Nz5mo0tGkTkAf2B8/gDtQpeS</latexit>
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i.i.d.⇠ N (0,⌃)

Figure 1: Comparison between the sequence-level in-context Markovian data based attention
structures and the existing works. (a) The key difference is that the exiting studies of the attention
mechanism (Makkuva et al., 2024; Sander et al., 2024; Rajaraman et al., 2024; Nichani et al., 2024)
is adopted on a token-level, whereas our study studies sequence-level attention. (b) While prior
work samples in-context input and task vectors independently from some given Gaussian distribution
(Ahn et al., 2023; Zhang et al., 2024), we consider input vectors generated through a Markovian
transition kernel with parameters p01, p10 from given initial distributions. (c) The global minimizer
of a linear self-attention model parameterzied by projection and attention weight matrices P,Q
exhibits a distinct structure compared to the ICL for linear task (Proposition 1, 2). The yellow region
indicates the nontrivial portion of the global minimum of the Tranformer model parameters for ICL
in linear tasks, whereas the green region becomes nontrivial in the global minimum when applied to
Markovian data.

3 IN-CONTEXT LEARNING OF FIRST-ORDER MARKOV CHAINS FOR LSA

In this section, we present our main results on ICL for first-order Markov chains. We theoretically
characterize the loss landscape of the in-context objective function f , where the point-wise error ℓ is
the square loss (i.e., ℓ(ŷ, y) = (ŷ − y)2). Though our objective function is the mean squared loss on
the query input, framing the task as a supervised regression problem, the inputs and outputs are related
through a Markov chain with temporal dependencies. We analyze length-2 and arbitrary-length
in-context Markov chains. For the length-2 case, we provide explicit expressions for the global
minimizers. For arbitrary-length Markov chains, we derive a tight bound for the global minimum.
Additionally, we provide an interpretation of the forward pass of TFL as an optimization algorithm.

5



270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323

3.1 GLOBAL MINIMUM FOR SINGLE-LAYER TRANSFORMER

For a single-layer transformer TF1, we construct (P0, Q0) to achieve a global minimum of the
population loss in equation 8. The key parameters influencing the output of TF1 are the last row of
P0 and the first d columns of Q0. The remaining entries are irrelevant, as the transformer output is
defined solely as the bottom-right entry of Z1, and the mask matrix zeros out the last column of Q0.
Thus, it suffices to optimize over the following subset of P0 and Q0:

P0 =

[
0d×(d+1)

b⊤

]
Q0 = [A 0d+1] (9)

where b ∈ Rd+1, A ∈ R(d+1)×d. Throughout this section, we assume that P0 and Q0 have the above
format and refer to them as P,Q for simplicity. The following result derives the analytic solution of a
global minimizer for f(P,Q) for length-2 Markov chains.
Proposition 1 (Global minima for i.i.d. in-context initial states). Consider the in-context learning
of length-2 Markov chains {(xi, yi)}ni=1 (xi, yi ∈ {0, 1}) with transition probabilities p01, p11 ∼
U(0, 1). Suppose the initial states xi are i.i.d. sampled from Bernoulli(p) for some constant
p ∈ (0, 1).

Let X∗ := H−1
[
p2/2 p2/3 p2/12 + p/4

]⊤
, where H is a symmetric matrix defined as follows

(repeating entries in the lower half triangle are omitted)

H := p



p/n+ (n− 1)p2/n p/2n+ (n− 1)p2/2n p/2

p/2n+ (n− 1)p2/3n p/2n+ (n− 1)
(
p/4 + p2/12

)
/n

1/2n+ (n− 1)
(
1/3− p/6 + p2/6

)
/n


 .

Then the following choice of parameters

P =

[
0 0

1
X∗

2±
√

X2
2
∗−4X∗

1X
∗
3

2

]
Q =

[
X∗

1 0

X∗
2 − X∗

1X
∗
2±X∗

1

√
X∗

2
2−4X∗

1X
∗
3

2 0

]
(10)

is a global minimizer of f(P,Q), where X∗
i is the ith element of X∗.

See section D.1 for the proof of Proposition 1. The Markovian data requires all key model parameters
to be nontrivial, unlike in-context linear tasks with zero-mean Gaussian feature and task vectors,
which result in a sparser structure where the first d entries of b and the last row of A is zero (Ahn
et al., 2023; Huang et al., 2023; Zhang et al., 2024).

The independence assumption on the initial states in Proposition 1 can be removed, and we reach the
following conclusion on the global minima of f(P,Q), which have the same structure as the i.i.d.
case.
Proposition 2 (Global minima for generalized in-context initial states distribution). Consider
the in-context learning of length-2 Markov chains {(xi, yi)}ni=1 (xi, yi ∈ {0, 1}) with transition
probabilities p01, p11 ∼ U(0, 1). Suppose the initial states xi are sampled from Bernoulli(p) for
some constant p ∈ (0, 1). Let c1 =

∑n
i=1 E[xixn+1], c2 =

∑n
i=1

∑n
j=1,j ̸=i E[xixjxn+1].

We define X∗ as X∗ := H−1 [c1/2n c1/3n p/4 + c1/12n] , where H is a symmetric matrix
defined as follows (repeating entries in the lower half triangle are omitted)

H :=



c1/n

2 + c2/n
2 c1/2n

2 + c2/2n
2 c1/2n

c1/2n
2 + c2/3n

2 (n+ 1)c1/4n
2 + c2/12n

2

(2n+ 1)p/6n− (n− 1)c1/6n
2 + c2/6n

2


 .

(repeating entries in the lower half triangle are omitted)

Then by substituting X∗ into equation 10 gives a global minimizer of f(P,Q).

The proof for Proposition 2 is deferred to section D.2. Moreover, by relaxing the restriction on
the length of the Markov chain, we obtain the following result that bounds the global minimum.
We introduce a reparameterization ϕ which maps from the model parameter space to Rdm, where
m = (d+2)(d+1)

2 :

ϕ(P,Q)r =Xr =

{
Ai,jbj′ +Aj′,jbi′ for i′ ∈ [d+ 1], j′ > i′

Ai′,jbj′ for i′ ∈ [d+ 1], j′ = i′
(11)
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Here ϕ(·)r is the rth entry of the resulting vector, with r = (j − 1)m + i′(d + 1) + j′ and Ai,j

denotes the (i, j)-th entry of A and bi denotes the ith element of b.

We verify in section D.3 that f can be expressed in terms of X . Let f̃ : Rdm → R denote the
reparameterized objective s.t. f̃(ϕ(P,Q)) = f(P,Q). In Lemma 3, we prove that the reparameterized
objective f̃(X) is strictly convex. Let X∗ denote the global minimizer of f̃ . Below, we present the
bounds for the global minimum values for arbitrary-length in-context Markov chains.
Theorem 1 (Bound for global minimum for arbitrary-length Markov chains). We define a mapping
ψ that projects X ∈ Rdm to the parameter space: ψ(X) = argminP,Q∥ϕ(P,Q) −X∥22. Here, ψ
finds a parameter set that maps to the closest point to X under ϕ. ψ(X) is the preimage of X under
ϕ, if such a preimage exists. Let f∗ be the global minimum of f . Then f̃(X∗) ≤ f∗ ≤ f(ψ(X∗)).

Please refer to section D.3 for the proof of Theorem 1 and an example of ICL for length-3 Markov
chains, where the optimal configuration of (P,Q) exhibits a similarly dense structure as in the
length-2 case.

3.2 TRANSFORMERS IMPLEMENT MULTI-OBJECTIVE OPTIMIZATION

Our goal is to find an objective function that involves the linear prediction w⊤xi for some w ∈ Rd

such that the preconditioned gradient descent over this objective is equivalent to the forward pass of a
multilayer LSA. To align the dimensions, we modify the sparsity condition on the attention weight
matrix Q by zeroing out its last row. This allows us to derive a function R : Rd → Rd+1 whose

Jacobian matrix is ZlZ
⊤
l

[
−Āl

0

]
. In particular, we study the subset of LSA configurations with the

following sparsity constraint:

P =

[
01×(d+1)

bl

]
Q =

[
−Āl 0d

01×(d+1) 0

]
(12)

The following result shows that to learn arbitrary-length Markov chains in-context, a multilayer
transformer implements gradient descent, preconditioned by bl, Āl, to optimize multiple objectives
simultaneously.
Proposition 3 (Forward pass as minimizing multiple objectives). Consider the L-layer transformer

parameterzed by bl, Al =

[
−Āl

01×d

]
where bl ∈ Rd+1, Āl ∈ Rd×d for l ∈ [L]. Let y(l)n+1 be the

bottom-right entry of the lth layer output. Then y(l)n+1 = ⟨wgd
l , xn+1⟩ where wgd

l is iteratively defined
as follows: wgd

0 = 0 and

wgd
l+1 = wgd

l − b⊤l ∇R(θ)Āl where R(w) =
1

n

n∑

i=1

[
−xi ⊗ ⟨w, xi⟩

(⟨w, xi⟩ − yn+1)
2

]

Proposition 3 does not involve taking the expectation of the objective; instead, it holds for an
arbitrary instance of the prompt, assuming that the global minimizer satisfies the sparsity constraint
specified in equation 12, which ensures dimensional alignment necessary for the derivation. The
multi-objective problem involves the square loss and d linear functions. The model parameters
balance the optimization among these objectives, seeking to minimize the square loss within the
subspace of w that maximizes xi,jw⊤

i xi (j ∈ [d]). Note that in ICL for linear tasks, the forward pass
is equivalent to optimizing a single objective (i.e., the square loss). However, in the Markovian case,
the first d entries of the optimal model parameter b is nonzero, preventing the linear objectives in R
from being canceled out.
Remark 1. When the point-wise loss ℓ(·, ·) in the ICL objective equation 8
is cross-entropy loss, the objective can be written as the sum of the expected
KL-divergence between the predicted probability and the transition probability
E{xi,yi}n+1

i=1 ,p01,p10
[DKL(P(yn+1 | xn+1)∥PP,Q(yn+1 | xn+1, {xi, yi}ni=1))] and entropy rate

Exn+1,p01,p10
[H(yn+1 |xn+1)], whereH(yn+1 |xn+1) = −∑s∈S P(yn+1 = s|xn+1) logP(yn+1 =

s | xn+1) (Makkuva et al., 2024). In this case, a global minimum equals the expected entropy rate,
since DKL(·∥·) ≥ 0 (Thomas & Joy, 2006). We empirically demonstrate the convergence of ICL
training to the entropy rate in section 4.
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3.3 EXPERIMENTAL VALIDATIONS
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(a) MSE training loss.

0 5000 10000 15000 20000 25000
Epoch

0.0

0.1

0.2

0.3

0.4

0.5

0.6

|a
1[

1]
b 1

|

gradient descent
expected global minimizer

(b) |A1,1b1|

0 5000 10000 15000 20000 25000
Epoch

0.1

0.2

0.3

0.4

0.5

0.6

|a
1[

2]
b 2

|

gradient descent
expected global minimizer

(c) |A2,1b2|

Figure 2: (a) Training loss with respect to epochs for length-2 Markov chains. The dashed line
represents the theoretical global minimum. (b-c) The norms of the product of two pairs of coupled
parameters. Dotted lines denote minimizer of the population loss in the limit of infinite in-context
examples.

In this section, we empirically validate the theoretical insights of our framework and analyze the
behavior of transformers in handling Markovian dynamics. We focus on training an LSA model on
length-2 binary Markov chains and examine its convergence to global minima, the impact of prompt
length and initial-state distribution on global optima.

Training and data generation. We optimize the following empirical objective with B = 10K
prompts, n = 100 in-context samples, and initial states sampled from Bernoulli(0.3):

f̂(P,Q) =
1

B

B∑

k=1

(ŷ
(k)
n+1 − y

(k)
n+1)

2 (13)

where ŷ(k)n+1, y
(k)
n+1 are the prediction and true labels for the query in the kth prompt. We apply

gradient descent with a fixed step size of 0.07 for 25K epochs, initializing parameters from U [0, 1],
and repeat this process 50 times.

Convergence analysis. To form a prompt, we first sample the initial states of each in-context
sequence independently from a Bernoulli distribution with parameter p = 0.3. Then, we sample the
transition probabilities p01 and p10 from a uniform distribution U(0, 1) and generate the subsequent
state for each sequence, constituting n+1 length-2 Markov chains. In this case, the model parameters
are A ∈ R2×1, b ∈ R2. Fig. 2a shows the convergence of loss to a critical point, which aligns with
the theoretical global minimum. From Fig. 2b, 2c, we observe that A1,1b1 and A2,1b2 converge
to nontrivial values, indicating that b1 and A2,1 (corresponding to the green region in Fig. 1d) are
nonzero. On the contrary, for ICL of linear tasks, the two terms tend to vanish, as shown by Ahn et al.
(2023); Zhang et al. (2024).
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Figure 3: Global minimum and optimizers versus the number of in-context samples.

Analysis on prompt length. We examine the structure of the global optima when varying the
in-context sample size n. As shown in Fig. 3a, the global minimum drops as we enlarge n, with
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an overall smaller error for greater initial probability of sampling 1, i.e., p. From Fig. 3b,3c,3d,
we observe the optimal A1,1b1 and A2,1b2 converge to a trivial number, approaching the optimal
structure for the linear tasks with zero-mean Gaussian in-context samples.

4 ADDITIONAL EXPERIMENTS

Focusing on first-order binary Markov chains, we analyze the behavior of more complex transformers
trained with mean squared error (MSE). Additionally, we investigate the in-context performance of
transformers trained with cross-entropy loss, as detailed in the Appendix C 1.

Data generation. Each data sample, or a prompt, consists of n sequences with length 4. To
generate a prompt, we first sample the initial states of each in-context sequence indepednently
from Bernoulli(0.5). Then, we sample transition probabilities p01, p10 from U(0, 1) and iteratively
generate the subsequent states for each sequence, assuming they are governed by the same Markov
kernel, i.e., {xi}ni=1 ∼ (π1 = [0.5, 0.5],P(p01, p10)). Both training and testing prompts are sampled
from the same distribution.

Model and training. We adopt architectures based on GPT-2-blocks. We consider three configu-
rations of (embedding dimension, number of transformer blocks, number of heads), inspired by Li
et al. (2024c): (i) tiny: (64, 3, 2), (ii) small: (128, 6, 4), (iii) standard: (256, 12, 8). The models
are optimized by Adam over 50K epochs with learning rate 0.0001. For each epoch, we randomly
generate 64 data samples to train the model parameters. To ensure high prediction performance given
any length-n′ prompt (n′ ∈ [n]), we train on the average of the error over different prompt lengths
from 1 through n and update n from 26 to 101 during training.

Evaluation metric. We report the accuracy of prediction. When the model is trained using MSE,
we assign an integer within {0, 1} that is closest to the transformer output to be the predicted state.
For binary states, if the prediction is greater than 0.5, we set the predicted state to be 1 and set to 0
otherwise. When trained using cross-entropy, we assign the index of the maximal normalized logit
returned by the transformer to be the predicted state.
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(a) Independent initial states.
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(b) Correlated initial states.

Figure 4: Testing accuracy for three model configurations, compared to baseline learning algorithms.

Transformers trained using MSE loss in-context learn next-token prediction for binary Markov
chains. We investigate the performance of trained transformer compared to baseline learning
algorithms, including logistic regression, linear regression, 3-Nearest Neighbors (3-NN), and Support
Vector Machine (SVM), when the number of in-context samples vary from 1 to 100. Fig. 4a,4b
demonstrate the test accuracy for independent and correlated initial states. The accuracy is averaged
over 1280 prompts, where the shaded region denotes 90% confidence intervals computed using

1Our code is available at https://anonymous.4open.science/r/Markov-ICL-8351
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1000 bootstraps. The result implies that the trained transformers with small or standard size have
comparable performance with SVM and logistic regression and better than the simple baseline 3-NN,
while the test performance for tiny is slightly worse than its larger counterparts. While model size
has a positive impact on the performance, once it reaches a threshold, the improvement is marginal.
The similarity between the performance of TF and linear regression is consistent with Proposition 3,
which states that the forward of trained TF optimizes a multi-objective problem including linear
regression.

0 20 40 60 80 100
# in-context samples

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

Te
st

 A
cc

ur
ac

y

balanced
more 1s
more 0s

(a) Independent initial states.
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(b) Correlated initial states.

Figure 5: Test accuracy with respect to the number of in-context samples, with balanced, more or less
1s.

Entropy rate affects performance. We explore how biased transition probabilities affect perfor-
mance. In Fig. 5, we train the tiny transformer on Markov chains containing either balanced, more,
or less 1s. This is controlled by drawing the transition probabilities p·1 from U(0, 1), U(0.7, 1), and
U(0, 0.3), respectively. Denote the query sequence of the kth prompt as s(k) ∈ Sd. We approximate
the expected entropy rate of s(k) as follows:

1

B

B∑

k=1

P(s(k)τ = 1 | s(k)τ−1) log
1

P(s(k)τ = 1 | s(k)τ−1)
+ P(s(k)τ = 0 | s(k)τ−1) log

1

P(s(k)τ = 0 | s(k)τ−1)
.

The empirical entropy rate for balanced, more and less 1s are 0.49, 0.39, and 0.39, respectively. The
results show that for both i.i.d. (Fig. 5a) and correlated initial states (Fig. 5b), the performance is
better when Markov chains are ‘biased’, since there is less entropy rate and therefore less uncertainty.

5 CONCLUSION

In this work, we investigate the in-context learning of next-token prediction tasks for dynamics-based
sequential data. Specifically, we analyze the loss landscape of LSA models trained on in-context
prompts consisting first-order binary Markov chains. Our findings demonstrate that the optimal
transformers do not exhibit the sparsity condition typically observed ICL for linear tasks, indicating
a unique adaptation of transformers to Markovian data. As the number of in-context examples
increases, we observe that the global minima for length-2 Markov chains gradually approximate the
sparse structure in the linear case. By introducing a special parameter construction with a sparsity
level between the linear and Markovian scenarios, we show that multilayer transformers implement
preconditioned gradient descent for a multi-objective optimization problem. This optimization aims
to minimize the mean squared loss while maximizing linear functions of the observed in-context
sequence. Furthermore, we empirically demonstrate that nonlinear transformers can successfully
predict the next token when trained using cross-entropy loss, with the training loss converging to
the expected entropy rate in this context. Potential extensions of our theoretical results include
higher-order memory Markov chains, larger state spaces, and multilayer transformers with nonlinear
attention mechanisms trained with cross-entropy loss.
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A COMPARATIVE ANALYSIS OF SETUPS

In this section, we further highlight the differences and significance of our proposed self-attention
mechanism compared to existing works, focusing on both the Transformer model structure and the
types of learning tasks and dynamics. This analysis sheds new light on the role of self-attention
mechanisms in predicting the correct labels for in-context, sequence-level samples.

A.1 SELF-ATTENTION MODELS

We train three variations of single-layer self-attention models with either linear (Ahn et al., 2023;
Zhang et al., 2024) or nonlinear attention mechanism Vaswani et al. (2017) to in-context learn length-2
Markov chains using gradient descent over 10K random prompts. We omit the layer index when
referencing the parameters since the model consists of only a single layer. The three versions of
self-attention are defined as follows:

1. Variant 1 (LSA(sparse)
P,Q ): LSA (equation 6) parameterized by sparse P,Q (equation 9)





Z1 = Z0 +
1
nPZM(Z⊤QZ)

P,Q ∈ {(
[
0 0

b1 b2

]
,

[
a1 0

a2 0

]
| ai, bi ∈ R}

2. Variant 2 (LSAP,Q): LSA (equation 6) parameterized by P,Q{
Z1 = Z0 +

1
nPZM(Z⊤QZ)

P,Q ∈ R2×2

3. Variant 3 (NSAWk,q,v
): Standard nonlinear self-attention (equation 5) parameterized by

Wk,Wq,Wv .



Z1 = Z0 +WvZM · softmax

(
Z⊤W⊤

k WqZ
)
, M :=

[
In×n 0

0 0

]

Wk,Wq,Wv ∈ R2×2
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Figure 6: Training loss w.r.t epochs for three variants of the self-attention models, evaluated on 100
random prompts, each containing 30 in-context samples and a query sequence.

A.1.1 LOSS CURVES

To justify the choice of the sparse parameter space, we plot the training loss curve of the above three
variants in Figure 6. The loss value is the square loss for the query sequence averaged over B random
prompts:

1

B

B∑

τ=1

(ŷ(τ) − y(τ))2.

We set B = 100 and use 30 in-context examples for each prompt. The in-context sequences are
Markov chains with initial probability 0.3 and transition probabilities p01, p10 sampled from U(0, 1).
The results demonstrate that the loss curves under variant 1 and 2 converge to nearly the same value,
indicating that the sparse and dense parameter matrices perform equivalently for LSA.

A.1.2 ATTENTION MAPS

We visualize the attention scores and weights at convergence for three variants of the self-attention
model in the plots below. We use B = 10K prompts to train the first two variants to approximate their
expected performance. Figure 7 displays the pairwise attention scores averaged across all random
prompts. In all cases, the scores are predominantly concentrated along the diagonal, highlighting a
strong emphasis on self-attention. Meanwhile, the off-diagonal entries show more evenly distributed
scores, indicating a broader allocation of attention across the sequence.
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Figure 7: Attention scores at convergence, averaged over 10K prompts in (a) and (b), and 100 prompts
in (c).

A.1.3 PROJECTION AND ATTENTION WEIGHTS

In Figure 8, we show the weight matrices P and Q in the single-layer LSA for both sparse and
nonsparse parameter space. When searching within the nonsparse parameter space, all entries are
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Figure 8: Projection and attention weight matrices trained using gradient descent for three variants of
the self-attention model.

nontrivial at convergence. The bottom-left entry of Q is dominant in both settings. This contrasts
with the findings of Ahn et al. (2023), where the bottom-left entry of Q converges to zero in the linear
case when searched within the sparse parameter space. Our results highlight the structural differences
in weight matrices under data with sequential dependence.

A.2 ICL TASKS

We particularly compare the attention maps from three ICL tasks:

1. ICL for Markov chain with sequence-level attention (this work). In this setting, the Markov chains
are generated from random Markov kernels with transition probabilities sampled from a given
distribution. The goal is to predict the next token of a query sequence drawn from the same
Markovian process as the in-context samples. Each sequence serves as an in-context example,
with the attention mechanism applied across the sequences.

2. ICL for Markov chains or other autoregressive structures with token-level attention (Sander et al.,
2024; Nichani et al., 2024; Makkuva et al., 2024). In this case, the same binary Markov chain is
generated as in the previous setup. Here, each prompt consists of a single sequence, with each
state in the sequence treated as an individual in-context example.

3. ICL for linear regression (Ahn et al., 2023; Zhang et al., 2024). The in-context input vectors and
task vectors in the linear or i.i.d. case are sampled from Gaussian distributions: x(τ)i ∼ N (0,Σ)

and w(τ) ∼ N (0,Λ). where τ represents the prompt index and i denotes the in-context index.
The labels are defined as y(τ)i = ⟨w(τ), x

(τ)
i ⟩. Let B denote the total number of prompts. The

population loss is then defined as the square loss evaluated on the query for each prompt.

For each task, we train a GPT-2 model with 3 layers, each containing 2 attention heads, using AdamW
optimization for 50K iterations. In the first two setups, we use both MSE and cross-entropy loss to
perform in-context learning on length-6 Markov chains. For the third linear setup, we apply only
MSE loss and set the in-context vector dimension to d = 5. During each iteration, we sample 64
random prompts, where each prompt consists of n in-context sequences and one query sequence. The
value of n varies from 26 to 101 throughout training, following Garg et al. (2022).

The averaged attention scores for both loss functions are presented in Figure 9. Similar to the
linear case (task 3), the attention map is mostly evenly distributed, with stronger intensity along
the diagonal compared to other regions. Additionally, for task 1 and 2, some transformer layers
exhibit columnwise sparsity. In the attention maps for task 2, the sub-diagonal entries are more
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Figure 9: Attention map between in-context sequences for GPT-2 model trained using MSE and
cross-entropy loss, averaged over 10K prompts. Yellow represents higher intensity and blue indicates
lower intensity.

prominent compared to the other setups, reflecting the causal structure of first-order Markov chains,
where each token directly influences the next. This behavior is absent in the other two setups. The
sequence-level attention mechanism introduces additional challenges, as it must infer relationships
between aggregated representations rather than individual tokens. This requires the model to abstract
finer-grained details instead of relying on simpler patterns, such as the similarity between in-context
samples and the query in the i.i.d. case, or the direct correlation between successive tokens in the
second case, where attention maps primarily capture local structures. Furthermore, when the prompt
construction is fixed, the attention maps trained using the two loss functions (MSE and cross entropy)
display similar patterns, as both losses are designed to align predictions with the true labels.

B LEARNING CURVES

In this section, we numerically verify the bounds for the expected global minimum of the population
loss derived in Theorem 1. We train an LSA model via gradient descent for 25K iterations on 10K
prompts, each containing 100 first-order binary Markov chains and one query sequence sampled from
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the same kernel. The optimization process is repeated 20 times, and the mean loss is shown as a blue
curve, with the shaded region representing the standard deviation in Figure 10. The dashed black
and red lines indicate the expected lower and upper bounds derived in Theorem 1, respectively, for
the global minimum of the population loss in equation 8. For length-2 Markov chains, the upper
and lower bounds are identical because the global minimizer X∗ of f̃ can be exactly mapped to the
transformer parameter space, ensuring the existence of P,Q such that ϕ(P,Q) = X∗ (equation 11).
In contrast, for length-3 Markov chains, no such P,Q exists that maps to X∗ via ϕ, resulting in a
looser bound compared to the length-2 case, with a difference of 0.12. These numerical results also
illustrate that the derived lower bound is quite tight in measuring the expected global minimum of the
trained Transformer.

Note that the global minimum of f̃ (denoted as f̃∗) is always less than or equal to that of f. If the
global minimum of f were smaller than that of f̃ , this would imply that for the global minimizers
P ∗, Q∗ of f , f̃(ϕ(P ∗, Q∗)) = f(P ∗, Q∗) < f̃∗, which leads to a contradiction.

100 101 102 103 104

Epoch

4 × 10 1

4.1 × 10 1

4.2 × 10 1

4.3 × 10 1

4.4 × 10 1

4.5 × 10 1

4.6 × 10 1

Tr
ai

ni
ng

 L
os

s

gradient descent
lower bound
upper bound

(a) Length-2

100 101 102 103 104

Epoch

100

Tr
ai

ni
ng

 L
os

s

gradient descent
lower bound
upper bound

(b) Length-3

Figure 10: Log-log plot of learning curve for LSA and the theoretical lower and upper bound for
global minimum for Markov chains with length 2 and 3.

C ADDITIONAL EXPERIMENTS

In this section, we investigate the in-context performance of transformers trained with cross-entropy
loss. We generate data and configure the transformer model using the same setup as in Section 4. We
assess transformers trained using cross-entropy loss on predicting the next state of the query chain
based on in-context sequences, with training loss and test accuracy shown in Figures 11a,11b. The
loss converges to the cross-entropy rate as training progresses, aligning with Remark 1. The test
accuracy of TF increases as the number of in-context examples raises, and the overall accuracy is
higher than standard learning algorithms and the TF trained by MSE loss.

D LOSS LANDSCAPE ANALYSIS

D.1 PROOF FOR INDEPENDENT IN-CONTEXT INITIAL STATES

In this section, we derive the characterization of global minima for the single layer case with binary
input (Proposition 1). We begin by rewriting the loss by keeping parameters that affect the output
prediction for the query xn+1.

The input prompt is formatted as a (d+ 1)× (n+ 1) matrix:

Z0 =

[
x1 · · · xn xn+1

y1 · · · yn 0

]
.
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Figure 11: Training and testing performance of three transformers trained using cross-entropy loss,
compared with baseline learning algorithms.

We assume xi
i.i.d.∼ Bernoulli(p) and let pij denote the transition probability from state i to j

(i, j ∈ X = {0, 1}). We define the label yi to be the next state. By definition of Markov chain, the
expected value of yi given xi is

E[yi | xi, p01, p11] = (1− xi)p01 + xip11 = p01 + (p11 − p01)xi (14)

Rewriting the objective function. The in-context objective function for the single layer case is
defined as:

f(P,Q) = E{xi}n+1
i=1 ,p01,p11



((

Z0 +
1

n
AttnP,Q(Z0)

)

d+1,n+1

− yn+1

)2

 (15)

By definition of attention (equation 6) (here M =

[
In 0
0 0

]
∈ R(n+1)×(n+1) is the mask matrix),

Z0 +
1

n
AttnP,Q(Z0) = Z0 +

1

n
PZ0M(Z⊤

0 QZ0) = Z0 +
1

n
P (Z0MZ⊤

0 )QZ0

= Z0 +
1

n
P



[
x1 · · · x(n) xn+1

y1 · · · yn 0

] [
In 0
0 0

]



x1 y1
...

...
xn yn
xn+1 0





QZ0

= Z0 +
1

n
P



[
x1 · · · xn 0
y1 · · · yn 0

]



x1 y1
...

...
xn yn
xn+1 0





QZ0

= Z0 + P

(
1

n

n∑

i=1

[
x2i xiyi
xiyi yi

2

])

︸ ︷︷ ︸
=:G

QZ0

The last column of the above matrix can be written as
[
xn+1

0

]
+

1

n
PGQ

[
xn+1

0

]
.

For the binary input case, d = 1 and P,Q ∈ R2×2. Let b = [b1; b2]
⊤ (b ∈ R2) be the last row of P

and a = [a1; a2] ∈ R2 be the first column of Q. The bottom-right entry of Z0 +
1
nAttnP,Q(Z0) can
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be expressed as b⊤Gaxn+1. Since f(P,Q) only depends on parameters b, a, we rewrite the objective
function as

f(P,Q) = E{xi}n+1
i=1 ,p01,p11

[(
b⊤Gaxn+1 − yn+1

)2]
(16)

Reparameterization. We further expand the term b⊤Ga as

[b1 b2]

(
1

n

∑

i

[
x2i xiyi
xiyi yi

2

])[
a1
a2

]

= a1b1
1

n

n∑

i=1

x2i + (a1b2 + a2b1)
1

n

n∑

i=1

xiyi + a2b2
1

n

n∑

i=1

yi
2.

Let Gxx,Gxy,Gyy denote the top-left, top-right, and bottom-right entry, respectively. For any vector
X = [X1;X2;X3] in R3, we consider the following loss function

f̃(X) = E{xi}n+1
i=1 ,p01,p11

[
((X1Gxx +X2Gxy +X3Gyy)xn+1 − yn+1)

2
]

(17)

We first derive the unique global minimum of the reparameterized loss function (equation 17) and
then find the set of global minima for the original loss function (equation 15) over the space of P,Q.
Lemma 1. Consider the in-context learning of length-2 Markov chains {(xi, yi)}ni=1 (xi, yi ∈ {0, 1})
with transition probabilities p01, p11 ∼ U(0, 1). Suppose the initial states xi are i.i.d. sampled from
Bernoulli(p) for some constant p ∈ (0, 1). Consider the reparameterized objective

f̃(X) = E{xi,yi}n+1
i=1 ,p01,p11

[
((X1Gxx +X2Gxy +X3Gyy)xn+1 − yn+1)

2
]

(18)

where X = [X1, X2, X3] ∈ R3 and yi = (1 − xn+1)p01 + xn+1p11 denotes the conditional
probability observing 1 at the next state given the current state.

(1) The objective function f̃ is strictly convex.
(2) The global minimum X∗ is given as X∗ = H−1

[
p2/2 p2/3 p2/12 + p/4

]⊤
, where H is a

symmetric matrix defined as follows

H := p



p/n+ (n− 1)p2/n p/2n+ (n− 1)p2/2n p/2

p/2n+ (n− 1)p2/3n p/2n+ (n− 1)
(
p/4 + p2/12

)
/n

1/2n+ (n− 1)
(
1/3− p/6 + p2/6

)
/n


 .

(omitting repeating entries in the lower half triangle).

Proof. We defer the proof of (1) to Lemma 3. Since f̃(X) is strictly convex, it has a unique global
minimum that sets the gradient ∇f̃(X) to zero. To show (2), we first set up the equation to evaluate
the minimizer.

Setting up equations to solve for minimizer. The gradient of f̃ w.r.t. X can be expressed as:

∇f̃(X) = 2



E
[
x2n+1

(
G2
xxX1 + GxyGxxX2 + GyyGxxX3

)
− xn+1yn+1Gxx

]

E
[
x2n+1

(
GxxGxyX1 + G2

xyX2 + GyyGxyX3

)
− xn+1yn+1Gxy

]

E
[
x2n+1

(
GxxGyyX1 + GxyGyyX2 + G2

yyX3

)
− xn+1yn+1Gyy

]


 . (19)

The global minimizer X∗ is the solution the following system:



E
[
x2n+1G

2
xx

]
E
[
x2n+1GxxGxy

]
E
[
x2n+1GxxGyy

]

E
[
x2n+1GxxGxy

]
E
[
x2n+1G

2
xy

]
E
[
x2n+1GxyGyy

]

E
[
x2n+1GxxGyy

]
E
[
x2n+1GxyGyy

]
E
[
x2n+1G

2
yy

]



[
X∗

1
X∗

2
X∗

3

]
=

[E [xn+1yn+1Gxx]
E [xn+1yn+1Gxy]
E [xn+1yn+1Gyy]

]
.

(20)

Next, we compute the expected values in the linear system.

20



1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133

Computing RHS of equation 20. We evaluate the three elements in RHS separately below.

1. For the first element, we have

E{xi,yi}
n+1
i=1 ,p01,p11

[xn+1yn+1Gxx]

=E{xi,yi}
n+1
i=1 ,p01,p11

[
xn+1yn+1

1

n

(
n∑

i=1

x2
i

)]

=
1

n

n∑
i=1

E{xi,yi}
n+1
i=1 ,p01,p11

[
xn+1yn+1x

2
i

]︸ ︷︷ ︸
independent of i

=Exi,xn+1,yn+1p01,p11

[
xn+1yn+1x

2
i

]
=Exi,xn+1,p01,p11

[
Eyn+1

[
xn+1yn+1x

2
i | xi, xn+1, p01, p11

]]
=Exi,xn+1,p01,p11

[
x2
i · xn+1Eyn+1 [yn+1 | xi, xn+1, p01, p11]

]
(i)
=Exi,xn+1,p01,p11

[
x2
i · xn+1Eyn+1 [yn+1 | xn+1, p01, p11]

]
=Exi,xn+1,p01,p11

[
x2
i · (p01xn+1 + (p11 − p01)x

2
n+1)

]
(ii)
= Exi,xn+1,p01,p11

[
x2
i · p11xn+1

]
(iii)
= Ep11 [p11] · Exi [x

2
i ] · Exn+1 [xn+1]

(iv)
=

1

2
p2.

2. Similarly, for the second element, we have

E{xi,yi}
n+1
i=1 ,p01,p11

[xn+1yn+1Gxy]

=Exi,yi,xn+1,yn+1,p01,p11 [xiyixn+1yn+1]

(i)
=Exi,xn+1,p01,p11

[
xiEyi [yi | xi, p01, p11] · xn+1Eyn+1 [yn+1 | xn+1, p01, p11]

]
=Exi,xn+1,p01,p11

[
(p01xi + (p11 − p01)x

2
i ) · (p01xn+1 + (p11 − p01)x

2
n+1)

]
(ii)
= Exi,xn+1,p01,p11 [p11xi · p11xn+1]

(iii)
= Ep11

[
p211
]
· Exi [xi] · Exn+1 [xn+1]

(iv)
=

1

3
p2.

3. The third element can be expanded as follows.

E{xi,yi}
n+1
i=1 ,p01,p11

[xn+1yn+1Gyy]

=Exi,yi,xn+1,yn+1,p01,p11

[
xn+1yn+1yi

2]
(i)
=Exi,xn+1,p01,p11

[
Eyi

[
y2
i | xi, p01, p11

]
· xn+1Eyn+1 [yn+1 | xn+1, p01, p11]

]
(ii)
= Exi,xn+1,p01,p11 [Eyi [yi | xi, p01, p11] · (p11xn+1)]

=Exi,xn+1,p01,p11 [(p01 + (p11 − p01)xi) · (p11xn+1)]

=Exi,xn+1,p01,p11

[
p01p11xn+1 + p211xixn+1 − p01p11xixn+1

]
(iii)
= Ep01 [p01]Ep11 [p11]Exn+1 [xn+1] +(

Ep11

[
p211
]
− Ep01 [p01]Ep11 [p11]

)
Exi [xi]Exn+1 [xn+1]

(iv)
=

1

4
p+

1

12
p2.

Computing LHS of equation 20. We evaluate the expectation of the covariance of in-context
examples: E[G2

· ].

1.

E{xi,yi}
n+1
i=1 ,p01,p11

[
G2

xx

]
= E{xi,yi}

n+1
i=1 ,p01,p11

[(
1

n

n∑
i=1

x2
i

)(
1

n

n∑
i=1

x2
i

)]
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=
1

n2

nExi

[
xi

4]+ n(n− 1)Exi,xj

[
x2
ix

2
j

]︸ ︷︷ ︸
j ̸=i


(i)
=

1

n2

(
np+ n(n− 1)Exi

[
x2
i

]
Exj

[
x2
j

])
(iv)
=

1

n2

(
np+ n(n− 1)p2

)
=

p

n
+

n− 1

n
p2,

2.

E{xi,yi}
n+1
i=1 ,p01,p11

[GxxGxy]

=E{xi}ni=1,{yi}
n
i=1,p01,p11

[(
1

n

n∑
i=1

x2
i

)(
1

n

n∑
i=1

xiyi

)]
(ii)
= E{xi}ni=1,p01,p11

[(
1

n

n∑
i=1

xi

)
E{yi}ni=1

[(
1

n

n∑
i=1

xiyi

)∣∣∣∣{xi}ni=1, p01, p11

]]

=E{xi}ni=1,p01,p11

[(
1

n

n∑
i=1

xi

)(
1

n

n∑
i=1

xi(p01 + (p11 − p01)xi)

)]

=E{xi}ni=1,p01,p11

[
p01

(
1

n

n∑
i=1

xi

)(
1

n

n∑
i=1

xi

)]

+ E{xi}ni=1,p01,p11

[
(p11 − p01)

(
1

n

n∑
i=1

xi

)(
1

n

n∑
i=1

xi
2

)]
(ii)
= E{xi}ni=1,p01,p11

[
p11

(
1

n

n∑
i=1

xi

)(
1

n

n∑
i=1

xi

)]
(iii,iv)
=

1

2
E{xi,yi}

n+1
i=1 ,p01,p11

[
G2

xx

]
=

p

2n
+

n− 1

2n
p2,

3.

E{xi,yi}
n+1
i=1 ,p01,p11

[GxxGyy]

=E{xi}ni=1,p01,p11

[
E{yi}ni=1

[(
1

n

n∑
i=1

x2
i

)(
1

n

n∑
i=1

y2
i

)∣∣∣∣{xi}ni=1, p01, p11

]]
(ii)
= E{xi}ni=1,p01,p11

[(
1

n

n∑
i=1

x2
i

)
E{yi}ni=1

[(
1

n

n∑
i=1

yi

)∣∣∣∣{xi}ni=1, p01, p11

]]

=E{xi}ni=1,p01,p11

[(
1

n

n∑
i=1

xi

)(
1

n

n∑
i=1

(p01 + (p11 − p01)xi)

)]

=E{xi}ni=1,p01,p11

[
p01

(
1

n

n∑
i=1

xi

)
+ (p11 − p01)

(
1

n

n∑
i=1

xi

)2]
(iii)
= Ep01 [p01] p+ Ep01 [(p11 − p01)] c

(iv)
=

p

2
,

4.

E{xi,yi}
n+1
i=1 ,p01,p11

[
G2

xy

]
=E{xi,yi}ni=1,p01,p11

[(
1

n

n∑
i=1

xiyi

)(
1

n

n∑
i=1

xiyi

)]

=
1

n2
E{xi,yi}

n+1
i=1 ,p01,p11

[
n∑

i=1

x2
i y

2
i

]
+

1

n2
E{xi,yi}

n+1
i=1 ,p01,p11

 n∑
i=1

n∑
j=1,j ̸=i

xiyixjyj


(ii)
=

1

n2
E{xi}ni=1,p01,p11

[
n∑

i=1

p11xi

]
+

1

n2
E{xi}ni=1,p01,p11

 n∑
i=1

n∑
j=1,j ̸=i

p211xixj
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1235
1236
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1240
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=
p

2n
+

(n− 1)p2

3n
,

5.

E{xi,yi}
n+1
i=1 ,p01,p11

[GxyGyy]

=E{xi,yi}ni=1,p01,p11

[(
1

n

n∑
i=1

xiyi

)(
1

n

n∑
i=1

y2
i

)]

=
1

n2
E{xi,yi}

n+1
i=1 ,p01,p11

[
n∑

i=1

xiy
3
i

]
+

1

n2
E{xi,yi}

n+1
i=1 ,p01,p11

 n∑
i=1

n∑
j=1,j ̸=i

xiyiy
2
j


(ii)
=

1

n2
E{xi}ni=1,p01,p11

[
n∑

i=1

p11xi

]
+

1

n2
E{xi}ni=1,p01,p11

 n∑
i=1

n∑
j=1,j ̸=i

p11xi(p01 + (p11 − p01)xj)


(iv)
=

p

2n
+

n− 1

n

(
p

4
+

p2

12

)
,

6.

E{xi,yi}
n+1
i=1 ,p01,p11

[
G2

yy

]
=E{xi,yi}ni=1,p01,p11

[(
1

n

n∑
i=1

y2
i

)(
1

n

n∑
i=1

y2
i

)]

=
1

n2
E{xi,yi}

n+1
i=1 ,p01,p11

[
n∑

i=1

y4
i

]
+

1

n2
E{xi,yi}

n+1
i=1 ,p01,p11

 n∑
i=1

n∑
j=1,j ̸=i

y2
i y

2
j


(ii)
=

1

n2
E{xi}ni=1,p01,p11

[
n∑

i=1

p01 + (p11 − p01)xi

]
+

1

n2
E{xi}ni=1,p01,p11

 n∑
i=1

n∑
j=1,j ̸=i

(p01 + (p11 − p01)xi)(p01 + (p11 − p01)xj)


(iv)
=

1

2n
+

n− 1

n

(
1

3
− 1

6
p+

1

6
p2
)
,

Throughout the derivation, (i) uses the fact that {xj , yj} and {xj′ , yj′} (j′ ̸= j) are conditionally
independent given p01, p11; (ii) holds since xi, yi are binary random variables and xki = xi, y

k
i = yi

for any integer k; (iii) follows from the fact that p01, p11 and xj (j ∈ [n+1]) are jointly independent;
(iv) holds because the kth moments of uniform distribution U(0, 1) and Bernoulli distribution
Bernoulli(p) are 1

k+1 and p, respectively.

Since xn+1 and xi (i ∈ [n]) are independent, we have E[x2n+1G
2
· ] = E[x2n+1]E[G2

· ] = pE[G2
· ].

Hence we have the expression for H .

Since f̃(X) is strictly convex, equation 20 has a unique solution X∗ =
H−1

[
p2 p2/3 p2/12 + p/4

]
.

Proposition 4 (Proposition 1 restated). Consider the in-context learning of length-2 Markov chains
{(xi, yi)}ni=1 (xi, yi ∈ {0, 1}) with transition probabilities p01, p11 ∼ U(0, 1). Suppose the initial
states xi are i.i.d. sampled from Bernoulli(p) for some constant p ∈ (0, 1).

Let X∗ := H−1
[
p2/2 p2/3 p2/12 + p/4

]⊤
, where H is a symmetric matrix defined as follows

H := p



p/n+ (n− 1)p2/n p/2n+ (n− 1)p2/2n p/2

p/2n+ (n− 1)p2/3n p/2n+ (n− 1)
(
p/4 + p2/12

)
/n

1/2n+ (n− 1)
(
1/3− p/6 + p2/6

)
/n


 .
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Then the following choice of parameters

P =

[
0 0

1
X∗

2±
√

X2
2
∗−4X∗

1X
∗
3

2

]
Q =

[
X∗

1 0

X∗
2 − X∗

1X
∗
2±X∗

1

√
X∗

2
2−4X∗

1X
∗
3

2 0

]
(21)

is a global minimizer of f(P,Q).

D.2 PROOF FOR GENERAL DISTRIBUTION OF IN-CONTEXT INITIAL STATES

Lemma 2. Consider the in-context learning of length-2 Markov chains {(xi, yi)}ni=1 (xi, yi ∈
{0, 1}) with transition probabilities p01, p11 ∼ U0, 1). Suppose the initial states xi are sam-
pled from Bernoulli(p) for some constant p ∈ (0, 1). Let c1 =

∑n
i=1 E[xixn+1], c2 =∑n

i=1

∑n
j=1,j ̸=i E[xixjxn+1].

Consider the reparameterized objective

f̃(X) = E{xi,yi}n+1
i=1 ,p01,p11

[
((X1Gxx +X2Gxy +X3Gyy)xn+1 − yn+1)

2
]

(22)

where X = [X1, X2, X3] ∈ R3 and yi = (1 − xn+1)p01 + xn+1p11 denotes the conditional
probability observing 1 at the next state given the current state.

Then a global minimum is given as

X∗ = H−1

[
c1/2n
c1/3n

p/4 + c1/12n

]
(23)

where

H =



c1/n

2 + c2/n
2 c1/2n

2 + c2/2n
2 c1/2n

c1/2n
2 + c2/3n

2 (n+ 1)c1/4n
2 + c2/12n

2

(2n+ 1)p/6n− (n− 1)c1/6n
2 + c2/6n

2




(omitting repeating entries in the lower half triangle).

Proof. Since the objective function remains the same, the derivation for the equations follows from
the independent in-context example case (equation 20).

Computing RHS of equation 20 w/o assuming independence of {xi}i∈[n+1].

1. For the first element, we have

E{xi,yi}
n+1
i=1 ,p01,p11

[xn+1yn+1Gxx]

=E{xi,yi}
n+1
i=1 ,p01,p11

[
xn+1yn+1

1

n

(
n∑

i=1

x2
i

)]

=
1

n

n∑
i=1

Exi,xn+1,yn+1,p01,p11

[
xn+1yn+1x

2
i

]
=
1

n

n∑
i=1

Exi,xn+1,p01,p11

[
xn+1xiEyn+1 [yn+1 | xn+1, p01, p11]

]
# remove square, yi, xj conditionally independent

=
1

n

n∑
i=1

Exi,xn+1,p11 [p11xixn+1]

# remove square

=
1

n

n∑
i=1

Ep11 [p11]Exi,xn+1 [xixn+1] =
1

2n

n∑
i=1

E[xixn+1] =
1

2n
c1

# indendence between xi and p01, p11.

24



1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349

2. Similarly, for the second element, we have

E{xi,yi}
n+1
i=1 ,p01,p11

[xn+1yn+1Gxy]

=E{xi,yi}
n+1
i=1 ,p01,p11

[
xn+1yn+1

1

n

(
n∑

i=1

xiyi

)]

=
1

n

n∑
i=1

Exi,yi,xn+1,yn+1,p01,p11 [xn+1yn+1xiyi]

=
1

n

n∑
i=1

Exi,xn+1,p01,p11

[
xn+1Eyn+1 [yn+1 | xn+1, p01, p11] · xiEyi [yi | xi, p01, p11]

]
# yi, yj conditionally independent

=
1

n

n∑
i=1

Exi,xn+1,p01,p11 [(xn+1p11)(xip11)]

# remove square

=
1

3n

n∑
i=1

E[xixn+1] =
1

3n
c1

# independence between xi and p01, p11; properties of uniform distribution and joint expectation .

3. The third element can be expanded as follows.

E{xi,yi}
n+1
i=1 ,p01,p11

[xn+1yn+1Gxy]

=E{xi,yi}
n+1
i=1 ,p01,p11

[
xn+1yn+1

1

n

(
n∑

i=1

y2
i

)]

=
1

n

n∑
i=1

Exi,yi,xn+1,yn+1,p01,p11 [xn+1yn+1yi]

# remove square

=
1

n

n∑
i=1

Exi,xn+1,p01,p11

[
xn+1Eyn+1 [yn+1 | xn+1, p01, p11] · Eyi [yi | xi, p01, p11]

]
# yi, yj conditionally independent

=
1

n

n∑
i=1

Exi,xn+1,p01,p11 [(xn+1p11)(p01 + (p11 − p01)xi))]

# remove square

=
1

n

n∑
i=1

Exi,xn+1,p01,p11

[
p11p01xn+1 + (p211 − p11p01)xn+1xi

]
=
1

4
p+

1

12n

n∑
i=1

E[xixn+1] =
1

4
p+

1

12n
c1.

Computing LHS of equation 20 w/o assuming independence of {xi}i∈[n+1]. We directly present
the results for the other terms, as their derivation is similar to that of the RHS in the independent case.

E
[
x2
n+1G

2
xx

]
=

1

n2

n∑
i=1

E[xixn+1] +
1

n2

n∑
i=1

n∑
j ̸=i
j=1

E[xixjxn+1] =
1

n2
c1 +

1

n2
c2,

E
[
x2
n+1GxxGxy

]
=

1

2n2

n∑
i=1

E[xixn+1] +
1

2n2

n∑
i=1

n∑
j ̸=i
j=1

E[xixjxn+1] =
1

2n2
c1 +

1

2n2
c2,

E
[
x2
n+1GxxGyy

]
=

1

2n

n∑
i=1

E[xixn+1] =
1

2n
c1,
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E
[
x2
n+1G

2
xy

]
=

1

2n2

n∑
i=1

E[xixn+1] +
1

3n2

n∑
i=1

n∑
j ̸=i
j=1

E[xixjxn+1] =
1

2n2
c1 +

1

3n2
c2,

E
[
x2
n+1GxyGyy

]
=

1

2n2

n∑
i=1

E[xixn+1] +
1

n2

n∑
i=1

n∑
j ̸=i
j=1

1

4
E[xixn+1] +

1

12
E[xixjxn+1] =

n+ 1

4n2
c1 +

1

12n2
c2.

E
[
x2
n+1G

2
yy

]
=

p

2n
+

(n− 1)p

3n
+

1

n2

n∑
i=1

n∑
j ̸=i
j=1

− 1

12
E[xixn+1]−

1

12
E[xjxn+1] +

1

6
E[xixjxn+1]

=
(2n+ 1)p

6n
− n− 1

6n2
c1 +

1

6n2
c2.

Proposition 5 (Proposition 2 restated). Consider the in-context learning of length-2 Markov
chains {(xi, yi)}ni=1 (xi, yi ∈ {0, 1}) with transition probabilities p01, p11 ∼ U(0, 1). Sup-
pose the initial states xi are sampled from Bernoulli(p) for some constant p ∈ (0, 1). Let
c1 =

∑n
i=1 E[xixn+1], c2 =

∑n
i=1

∑n
j=1,j ̸=i E[xixjxn+1].

We define X∗ as X∗ := H−1 [c1/2n c1/3n p/4 + c1/12n] , where H is a symmetric matrix
defined as follows (repeating entries in the lower half triangle are omitted)

H :=



c1/n

2 + c2/n
2 c1/2n

2 + c2/2n
2 c1/2n

c1/2n
2 + c2/3n

2 (n+ 1)c1/4n
2 + c2/12n

2

(2n+ 1)p/6n− (n− 1)c1/6n
2 + c2/6n

2


 .

(repeating entries in the lower half triangle are omitted)

Then by substituting X∗ into equation 10 gives a global minimizer of f(P,Q).
Example 1. Suppose xn+1∼Bernoulli(p) and xi |xn+1 ∼ Bernoulli(g(xn+1)) for some function
g : {0, 1} → [0, 1]. For example, when g(x) = (x − p)2, the expected values can be computed as
follows.

For i ∈ [n] , j = n+ 1,
E[xixn+1] =Exn+1

[xn+1Exi
[xi|xn+1]]

=Exn+1

[
x3n+1 − 2px2n+1 + p2xn+1

]

=p− 2p2 + p3.

Therefore c1 = n(p− 2p2 + p3).

c2
n(n− 1)

= E[xixjxn+1]

=Exn+1

[
xn+1Exi

[xi|xn+1]Exj
[xj |xn+1]

]

# xi, xj are conditionally ind. given xn+1

=Exn+1

[
xn+1(xn+1 − p)2(xn+1 − p)2

]

=Exn+1

[
xn+1(x

2
n+1 − 2pxn+1 + p2)(x2n+1 − 2pxn+1 + p2)

]

=Exn+1

[
xn+1((1− 2p)xn+1 + p2)2

]

# expected values of squares of xn+1 is equivalent to that of xn+1

=Exn+1

[
(1− 4p+ 4p2)x3n+1 + 2(1− 2p)p2x2n+1 + p4xn+1

]

=p− 4p2 + 4p3 + 2p3 − 4p4 + p5

=p5 − 4p4 + 6p3 − 4p2 + p.

D.3 ICL FOR ARBITRARY-LENGTH MARKOV CHAINS

We recall (xi, yi) form a binary Markov chain of length d+1. Assuming the initial states are sampled
from Bernoulli(p), the probability of xi,1 being 1 is p. For 1 < j ≤ d, the probability of xi,j
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being 1, given xi,j−1, is p11xi,j−1 + (1− xi,j−1)p01. The probability of yi being 1, given xi,d, is
p11xi,d + (1− xi,d)p01.

Reparameterization. For general d ≥ 1, the projection matrix P and attention weight matrix Q
are of size (d+ 1)× (d+ 1). We write

P =

[
0d×(d+1)

b⊤

]
Q = [A 0d+1] (24)

where b⊤ ∈ R1×(d+1) denote the last row of P and A ∈ R(d+1)×d (j ∈ [d]) represent the first d
columns of Q. The objective function can be rewritten as:

f (P,Q) = E{xi,yi}n+1
i=1 ,p01,p11







d∑

j=1

b⊤Gajxn+1,j − yn+1




2

 , (25)

where xn+1,j (j ∈ [d]) denotes the jth element of xn+1. The i-j entry of G (Gi,j ) has the following
expression:

Gi,j =





1/n
∑n

k=1 xk,ixk,j if i, j ∈ [d]

1/n
∑n

k=1 xk,jyk if i ∈ [d], j = d+ 1 or i = d+ 1, j ∈ [d]

1/n
∑n

k=1 y
2
k if i, j = d+ 1

. (26)

Since G is symmetric, to obtain an objective function with a unique global minimum, we collect
model parameters that share the same coefficients Gi,j = Gj,i. We introduce a reparameterization ϕ
which maps from the model parameter space to Rdm, where m = (d+2)(d+1)

2 :

ϕ(P,Q)r =Xr =

{
Ai,jbj′ +Aj′,jbi′ for i′ ∈ [d+ 1], j′ > i′

Ai′,jbj′ for i′ ∈ [d+ 1], j′ = i′
(27)

Here ϕ(·)r is the rth entry of the resulting vector, with r = (j − 1)m + i′(d + 1) + j′ and Ai,j

denotes the (i, j)-th entry of A and bi denotes the ith element of b.

To simplify notation, we collapse the unique elements in G into a vector:

g = [G1,1 G1,2 · · · G1,d+1 G2,2 · · · Gd,d Gd,d+1 Gd+1,d+1]
⊤
. (28)

We concatenate the parameters X(j) (j ∈ [d]) into a vector X = [X(1); . . . ;X(d)] ∈ Rdm and
consider the following reparameterized objective function

f̃(X) = E{xi,yi}n+1
i=1 ,p01,p11

[(
(xn+1 ⊗ g)⊤X − yn+1

)2]
. (29)

Lemma 3. Suppose the initial probability of the Markov chains is π1 = [1 − p, p] with p ∈
(0, 1) and the transition probabilities are sampled from U(0, 1). The reparameterized objective
function equation 29 is strictly convex w.r.t. X ∈ Rdm.

Proof. We show the Hessian of f̃ w.r.t. X , E[xn+1x
⊤
n+1 ⊗ gg⊤], is positive definite. Let w ̸= 0

be an arbitrary nontrivial vector in Rdm. Let z := xn+1 ⊗ g. Then for any xn+1 ∈ {0, 1}d
and g ∈ [0, 1]m, w⊤E[xn+1x

⊤
n+1 ⊗ gg⊤]w = w⊤E[(xn+1 ⊗ g)(xn+1 ⊗ g)⊤]w = w⊤zz⊤w =

|w⊤z|2 ≥ 0. Since w ̸= 0, at least one of its entry is nonzero and this entry is multiplied by one
of {xn+1,jGi′,j′ : j ∈ [d], i′, j′ ∈ [d + 1]} in the expression w⊤z. Take j = α, i′ = β, j′ = γ.
Then it suffices to find specific {xi, yi}ni=1 and xn+1 s.t. xn+1[α]Gβ,γ > 0 with positive probability,
i.e., P[xn+1,αGβ,γ ] > 0. Since the initial probability p ∈ (0, 1) and the transition probabilities pij
are nonzero, by definition of Markov chains, P[xn+1,αGβ,γ ] is the product of p (or 1− p) and pijs
and therefore is nonzero. Now because w⊤(zz⊤)w ≥ 0 for all z in its support and there exists at
least one z ∈ Rdm s.t. w⊤(zz⊤)w > 0 and P[z] > 0, we have w⊤E[zz⊤]w > 0. Hence the matrix
E[xn+1x

⊤
n+1 ⊗ gg] is positive definite and it follows that f̃ is strictly convex.
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Lemma 4. Consider the in-context learning of length-d+ 1 (d ≥ 1) Markov chains {(xi, yi)}ni=1

(xi, yi ∈ {0, 1}) with transition kernel P =

[
p00 p01
p10 p11

]
∈ (0, 1)2. Suppose the initial states xi

are i.i.d. sampled from Bernoulli(p) for some constant p ∈ (0, 1). Consider indices i, j ∈ [d],
i′, j′, k′, l′ ∈ [d + 1] with i′ ≤ j′, k′ ≤ l′. We denote t1 ≤ t2 ≤ t3 ≤ t4 as the sorted version of
(i′, j′, k′, l′). Define H ∈ Rdm×dm as

Hr,c =
1

n
E
[(
p(Pt1−1)11 + (1− p)(Pt1−1)01

)
(Pt2−t1)11(P

t3−t2)11(P
t4−t3)11

]
+

n− 1

n
E
[(
p(Pi′−1)11 + (1− p)(Pi′−1)01

)
(Pj′−i′)11

(
p(Pk′−1)11 + (1− p)(Pk′−1)01

)
(Pl′−k′

)11

]

where r = (i− 1)m+ j′ +
∑i′−2

τ=0 d+ 1− τ, c = (j − 1)m+ l′ +
∑k′−2

τ=0 d+ 1− τ .

Define b ∈ Rdm as

b
(j−1)m+j′+

∑i′−2
τ=0 d+1−τ

=E
[(
p(Pj−1)11 + (1− p)(Pj−1)01

)
(Pd+1−j)11

(
p(Pi′−1)11 + (1− p)(Pi′−1)01

)
(Pj′−i′)11

]
.

The global minimum X∗ ∈ Rdm of the objective function described in equation 29 equals X∗ =
H−1b.

Proof. Setting the gradient of equation 29 w.r.t. X to zero, we have

E
[
xn+1x

⊤
n+1 ⊗ gg⊤

]
X = E [yn+1 (xn+1 ⊗ g)] . (30)

where ⊗ denotes the Kronecker product.

Evaluating LHS of equation 30: E [xn+1,ixn+1,jGi′,j′Gk′,l′ ] with i, j ∈ [d], i ≤ j, i′, j′, k, l′ ∈
[d + 1], and i′ ≤ k′, j′ ≤ l′. Let P =

[
p00 p01
p10 p11

]
denote the transition probability matrix and

π = [1 − p, p] the initial marginal probability. Further, (Pk)ij (i, j ∈ {0, 1}) denotes the specific
entry of P raised to the power of k. Then

E [xn+1,ixn+1,jGi′,j′Gk′,l′ ] =E [xn+1,ixn+1,j ]E [Gi′,j′Gk′,l′ ] ,

due to the fact that xi (i ∈ [n]) and xn+1 are independent and G contains in-context samples only.
We then evaluate the two terms E [xn+1,ixn+1,j ] ,E [Gi′,j′Gk′,l′ ] separately.

▶ For i ≤ j, the probability of xn+1,i = xn+1,j = 1 is equivalent to that of xn+1,i = 1 conditioned
on xn+1,1 multiplied by the probability of xn+1,j = 1 conditioned on xn+1,i = 1. Therefore,

E [xn+1,ixn+1,j ] = E [P[xn+1,i = xn+1,j = 1]

= E
[(

p(Pi−1)11 + (1− p)(Pi−1)01
)
(Pj−i)11

]
.

▶ We temporarily let xk,d+1 = yk for k ∈ [n]. For i′, j′, k′, l′ ∈ [d + 1] and i′ ≤ j′, k′ ≤ l′, we
have

E [Gi′,j′Gk′,l′ ]

=E

[(
1

n

n∑
k=1

xk,i′xk,j′

)(
1

n

n∑
k=1

xκ,k′xκ,l′

)]

=
1

n2
E

[(
n∑

k=1

xk,i′xk,j′

)(
n∑

κ=1

xκ,k′xκ,l′

)]

=
1

n2
E

[
n∑

k=1

n∑
κ=1

xk,i′xk,j′xκ,k′xκ,l′

]
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=
1

n2
E

[
n∑

k=1

xk,i′xk,j′xκ,k′xκ,l′

]

+
1

n2
E

 n∑
k=1

n∑
κ=1,κ̸=k

xk,i′xk,j′xκ,k′xκ,l′

 .

The summands in the first term, in the case of j′ ≤ k′, has the following form. The remaining
orderings of i′, j′, k′, l′ can be computed in a similar manner.

E

[
n∑

k=1

xk,i′xk,j′xk,k′xk,l′

]

=E

[
n∑

k=1

P
[
xk,i′ = xk,j′ = xk,k′ = xk,l′ = 1

]]

=nE
[(
p(Pi′−1)11 + (1− p)(Pi′−1)01

)
(Pj′−i′)11(P

k′−j′)11(P
l′−k′

)11

]
.

The summands in the second term can be calculated as below.

E




n∑

k=1

n∑

κ=1,κ̸=k

xk,i′xk,j′xκ,k′xκ,l′




=E




n∑

k=1

n∑

κ=1,κ̸=k

P [xk,i′ = xk,j′ = 1]P [xκ,k′ = xκ,l′ = 1]




=n(n− 1)E
[(
p(Pi′−1)11 + (1− p)(Pi′−1)01

)
(Pj′−i′)11

(
p(Pk′−1)11 + (1− p)(Pk′−1)01

)
(Pl′−k′

)11

]
.

Evaluating RHS of equation 30: E[xn+1,jyn+1Gi′,j′ ] with i′ ≤ j′.

E[xn+1,jyn+1Gi′,j′ ] =
1

n

n∑

k=1

E [xn+1,jyn+1xk,i′xk,j′ ]

=
1

n

n∑

k=1

E [P [xn+1,j = yn+1 = 1]P [xk,i′ = xk,j′ = 1]]

=E
[(
p(Pj−1)11 + (1− p)(Pj−1)01

)
(Pd+1−j)11(

p(Pi′−1)11 + (1− p)(Pi′−1)01

)
(Pj′−i′)11

]
.

Theorem 2 ( Theorem 1 restated). We define a mapping ψ that projects X ∈ Rdm to the parameter
space: ψ(X) = argminP,Q∥ϕ(P,Q)−X∥22. Here, ψ finds a parameter set that maps to the closest
point to X under ϕ. ψ(X) is the preimage of X under ϕ, if such a preimage exists. Let f∗ be the
global minimum of f . Then f̃(X∗) ≤ f∗ ≤ f(ψ(X∗)).

Proof. (sketch) Let P ∗, Q∗ denote the global minimizer corresponding to f∗. Since f̃ is strictly
convex w.r.t X ∈ Rdm , it follows that f̃(X∗) is the lower bound for any f̃(ϕ(P,Q)), including
f∗ = f(P ∗, Q∗) = f̃(ϕ(P ∗, Q∗)). Therefore f̃(X∗) ≤ f∗. Similarly, since f∗ is smaller than any
f(P,Q), we have f∗ ≤ f(ψ(X∗)).
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Example 2. As an example, for d = 2, gg⊤ becomes



G2
11 G11G12 G11G13 G11G22 G11G23 G11G33

G2
12 G12G13 G12G22 G12G23 G12G33

G2
13 G13G22 G13G23 G13G33

G2
22 G22G23 G22G33

G2
23 G23G33

G2
33




(31)

(omitting the index-separating comma and the repeating entries in the lower half triangle).

After reparameterization, the objective function can be rewritten as

f̃(X) = E{xi,yi}n+1
i=1 ,p01,p11







2∑

j=1

g⊤X(j)xn+1,j − yn+1




2

 .

where X ∈ R12 denotes the concatenation of the two vectors X(1), X(2) ∈ R6. The gradient of f̃
w.r.t. X is

∇f̃(X) = E
[

(xn+1,1)
2gg⊤ xn+1,1xn+1,2gg

⊤

xn+1,2xn+1,2gg
⊤ (xn+1,2)

2gg⊤

]
X − E[yn+1(xn+1 ⊗ g)].

We obtain the global minimizer X∗ by solving ∇f̃(X∗) = 0.

X(1)∗ = [−0.15 0.39 0.15 0.12 2.40 −0.09]

X(2)∗ = [0.07 −0.19 −0.07 −0.06 −1.20 0.04]

We project X(1), X(2) into the model parameter space.

Since the entires of X(1) are nonzero, we have b1 ̸= b2

To verify the derivation, we plot the loss function w.r.t Xi, indicating the global optimizer X∗
i using

red dashed line in Fig. 12. The theoretical global minimizer aligns with the lowest error.
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Figure 12: Loss function w.r.t. the first six parameters after reparameterization.

E FORWARD PASS AS MULTI-OBJECTIVE OPTIMIZATION

To demonstrate the equivalence between the forward pass and preconditioned gradient descent, we
aim to express the iterative definition of LSA as an update of weight vectors, drawing inspiration
from Ahn et al. (2023). However, unlike their approach, our proof diverges because the update
formula for LSA cannot be simplified due to the presence of nonzero entries in bl.

Proposition 6 (Proposition 3 restated). Consider the L-layer transformer parameterzed by bl, Al =[
−Āl

01×d

]
where bl ∈ Rd+1, Āl ∈ Rd×d for l ∈ [L]. Let y(l)n+1 be the bottom-right entry of the lth layer

output. Then y(l)n+1 = ⟨wgd
l , xn+1⟩ where wgd

l is iteratively defined as follows: wgd
0 = 0 and

wgd
l+1 = wgd

l − b⊤l ∇R(θ)Āl where R(w) =
1

n

n∑

i=1

[
−xi ⊗ ⟨w, xi⟩

(⟨w, xi⟩ − yn+1)
2

]
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Proof. Let y(k)i denote the (d+1)-i entry of the embdding Zk and x(k)i is the first d entries of the ith
column in Zk. Since the first d rows of P is zero, the first d rows of Zk is the same as Z0. Therefore
x
(k)
i = x

(0)
i = xi, ∀i ∈ [n+ 1].

We define a mapping to represent applying k transformer layers to the bottom right entry of an
embedding matrix Z0 with [Z0]d+1,n+1 = y: g(x, y, k) : Rd × R× Z → R. When x = xn+1, y =

y
(0)
n+1 = 0, g(x, y, k) = g(x, 0, k) = y

(k)
n+1. We establish two claims for g(x, y, k) when x = xn+1.

Claim 1: g(x, y, k) = g(x, 0, k) + y. The equation implies that applying the transfomer k times on
Z0 with [Z0]d+1,n+1 = y is equivalent to applying the transformer k times on Z ′

0 with [Z ′
0]d+1,n+1 =

0 and then add the resulting bottom-right entry with y.

By definition of LSA, the iterative definition of y(k)i (i ∈ [n+ 1]) is given by:

y
(k+1)
i = y

(k)
i − b⊤k

1

n

n∑

j=1

[
xjx

⊤
j y

(k)
j xj

y
(k)
j x⊤j y

(k)
j

2

]

︸ ︷︷ ︸
:=G(k)

Akxi (32)

Since y(k)i is independent of y(k
′)

n+1 for any k′, and y(k)n+1 depends on y(k)n+1 additively, one can show
inductively that g(x, y, k) and g(x, 0, k) always differ by y, i.e., g(x, y, k) = g(x, 0, k) + y.

Claim 2: g(x, 0, k) is linear in x. We prove the claim inductively. When k = 0, g(x, 0, 0) =

y
(0)
n+1 − b⊤k G

(k)Akxn+1 is linear in x = xn+1. For k ≥ 0, suppose g(x, 0, k) is linear in x, then
g(x, 0, k + 1) = y

(k+1)
n+1 = y

(k)
n+1 − b⊤k G

(k)Akxn+1 = g(x, 0, k) − b⊤k G
(k)Akxn+1. The first

term g(x, 0, k) is linear in y. The term y
(k)
j with j ̸= n + 1 does not depend on xn+1 according

to equation 32. Hence b⊤k G
(k)Akxn+1 is also linear in xn+1.

Combining the two claims, we have

g(x, y, k) = g(x, 0, k) + y = ⟨θk, x⟩+ y (33)

for some θk ∈ Rd with θ0 = 0. One can copy the values in the ith column to the n + 1th
column and adopt the previous arguments to show that g(xi, yi, k) = ⟨θk, xi⟩+ yi. By substituting
yi = ⟨θk, xi⟩+ yi into equation 32, we have

y
(k+1)
n+1 = y

(k)
n+1 −

1

n

n∑

j=1

b⊤k

[
xjx

⊤
j (yj + θ⊤k xj)xj

(yj + θ⊤k xj)x
⊤
j (yj + θ⊤k xj)

2

]
Akxn+1

⇒ ⟨θk+1, xn+1⟩ = ⟨θk, xn+1⟩ −
1

n

n∑

j=1

b⊤k

[
xjx

⊤
j (yj + θ⊤k xj)xj

(yj + θ⊤k xj)x
⊤
j (yj + θ⊤k xj)

2

]
Akxn+1

Since the above equation holds for any xn+1, we obtain

θk+1 = θk − 1

n

n∑

j=1

b⊤k

[
xjx

⊤
j (yj + θ⊤k xj)xj

(yj + θ⊤k xj)x
⊤
j (yj + θ⊤k xj)

2

]
Ak. (34)

Here we interpret the RHS via the expectation over yj . This corresponds to having multiple training
prompts with the same xi, p01, p11 but distinct yj .

θk+1 =θk − 1

n

n∑

j=1

b⊤k

[
xjx

⊤
j (E[yj | p01, p11, xj ] + θ⊤k xj)xj

(E[yj | p01, p11, xj ] + θ⊤k xj)x
⊤
j (yj + θ⊤k xj)

2

]
Ak.

Since the last row of Ak is zero,

θk+1 = θk − b⊤k
1

n

n∑

j=1

[
xjx

⊤
j

(p01 + (p11 − p01)xj + θ⊤k xj)x
⊤
j

]

︸ ︷︷ ︸
Ḡ∈R(d+1)×d

Āk.
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We treat bk, Āk as the preconditioner. Let

R(θ) =
1

n

n∑

j=1




xj [1]θ
⊤xj

xj [2]θ
⊤xj

...
xj [d]θ

⊤xj
(θ⊤xj + yj)

2



=




θ⊤
(

1
n

∑n
j=1 xj [1]xj

)

θ⊤
(

1
n

∑n
j=1 xj [2]xj

)

...
θ⊤
(

1
n

∑n
j=1 xj [d]xj

)

1
n

∑n
j=1(θ

⊤xj + yj)
2




=
1

n

n∑

i=1

[
−xi ⊗ ⟨w, xi⟩

(⟨w, xi⟩ − yn+1)
2

]
.

Then ∇R(θ) = Ḡ and

θk+1 = θk − b⊤k ∇R(θ)Āk.

By letting wgd
k = −θk, we obtain the desired result.

F ADDITIONAL RELATED WORK

Time series prediction. Time series prediction problems can be categorized into transductive and
inductive setups. In the transductive case, a model (e.g., recurrent neural networks, neural ordinary
differential equations) is trained on the initial portion of a new sequence and then used to predict
future time steps for that same sequence. The next-token prediction for first-order binary Markov
chains has been addressed in this context (Makkuva et al., 2024), demonstrating that transformers
can effectively learn to output the transition probabilities of the input sequence. However, the global
minimum in their case has trivial attention parameters, indicating that the absence of attention can still
yield the desired performance. In contrast, our study requires that attention parameters be non-zero to
reach the global minimum.

On the other hand, in inductive scenarios (Kipf et al., 2018; Huang et al., 2021; Li et al., 2020), a
model is trained on multiple time series derived from the same dynamics. During inference, the
trained model uses partial observations from an unseen time series sharing the same dynamics to
predict future time steps without the need for fine-tuning. In this case, the learned model captures the
dynamics from the observational window and makes predictions accordingly. However, ICL extends
beyond this framework by addressing a higher-level problem that involves learning across various
dynamical systems with different parameter settings, such as transition probabilities in the case of
Markov chains. In this case, the trained transformer infers the unseen dynamical system from the
in-context samples and makes predictions for the query sequence.
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