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ABSTRACT

Stochastic approximations (SA)—algorithms which derive their power through the
use of random, incremental updates—are at the heart of reinforcement learning
(RL). Expanding the theory of SA has established rigorous results concerning
the most important algorithms in RL, including stochastic gradient descent and
temporal difference learning. In this work, we focus on two-timescale stochastic
approximations, a class which notably includes temporal difference learning with
gradient correction (TDC) and actor-critic methods. Prior work has developed
stability (boundedness) and convergence criteria for two-timescale SA under i.i.d.
noise, but analogous results for Markovian noise have remained elusive—a critical
issue since RL data are generated by a Markov chain, making i.i.d. assumptions
unrealistic. To address this gap, we present the first stability result and the first
asymptotic convergence result for two-timescale schemes with Markovian noise
under general, verifiable conditions—notably, without resorting to projected variants
of the schemes or requiring the noise to be in a compact space. As a key applica-
tion, we contribute the first asymptotic convergence proof of TDC, an off-policy
prediction algorithm with linear approximation and eligibility traces. Together, our
results extend SA theory, establishing the first theoretical foundation for analysis
of two-timescale algorithms with the realistic noise models inherent to RL.

1 INTRODUCTION

The theory of stochastic approximation (SA, Robbins & Monro (1951); Benveniste et al. (1990);
Kushner & Yin (2003); Borkar (2009)) concerns algorithms that recursively and randomly update
a vector of parameters. Prominent SA algorithms include stochastic gradient descent (Kiefer &
Wolfowitz, 1952) and temporal difference learning (Sutton, 1988). Many SA algorithms involve
computations in nested loops, a structure central in reinforcement learning (RL, Sutton & Barto
(2018)). For example, take actor-critic algorithms (Konda (2002)), where the inner loop (the critic)
estimates the value of the agent’s policy, and the outer loop (the actor) updates the policy. Such
algorithms fall under the wide umbrella of two-timescale SA (Borkar (1997)). We represent algorithms
with nested loops by updating two vectors of parameters: the fast timescale has large step sizes and
acts as the inner loop, while the slow timescale has small step sizes and serves as the outer loop.

The community has long been concerned with proving the asymptotic convergence of SA schemes to
ensure the practical reliability of many widely-used algorithms. A central challenge in establishing
convergence is proving stability, i.e., that the iterates remain bounded, guaranteeing the algorithm
will not diverge to infinity. Several works have addressed the convergence of two-timescale SA
under independent, identically distributed (i.i.d.) noise, beginning with the Borkar-Meyn Theorem
(Borkar, 1997; 2009; Tadic, 2004). All these works assume stability in their proofs of convergence.
The challenge of proving stability has been addressed for the i.i.d. case, where the i.i.d. noise
allows rewriting the terms as a Martingale difference sequence and the application of the Martingale
Convergence Theorem (Borkar (2009), Lakshminarayanan & Bhatnagar (2017), Deb & Bhatnagar
(2021)). Unfortunately, the applicability of such results to RL is quite limited, since RL algorithms are
run on Markov chains, where the noise is state-dependent, and a very different approach from using
the Martingale Convergence Theorem is required. Attempts have been made to establish stability and
convergence results in the Markovian case (Karmakar & Bhatnagar, 2018; 2021; Panda & Bhatnagar,
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2025), but they cannot be applied to many important RL algorithms—in particular, they are insufficient
for off-policy algorithms with eligibility traces. By contrast, our results are general enough to cover
this important class, including TDC with linear approximation and eligibility trace (Sutton et al., 2009;
Yu, 2017). TDC is a gradient-based, state-of-the-art temporal difference (TD) algorithm for policy
evaluation; it uses a gradient correction on a fast timescale to speed up convergence. It also converges
where traditional TD methods diverge (when combining bootstrapping, function approximation, and
off-policy learning—also known as the deadly triad (Baird, 1995; Sutton & Barto, 2018)).

Table 1 situates our work in the broader SA literature, highlighting the crucial missing piece: stability
and convergence guarantees for two-timescale algorithms under Markovian noise.

Table 1: Comparison of our work’s stability results to those of existing works

1.i.d. Noise Markovian Noise

Single-Timescale Borkar (2009) Liu et al. (2025)
Two-Timescale Lakshminarayanan & Bhatnagar (2017) This Work

We address this gap with three significant contributions:

1. We provide the first set of criteria required to show the stability of two-timescale stochastic
approximation schemes with Markovian noise, without the use of projections (Theorem 2).

2. We use the stability to provide the first proof of the convergence of two-timescale schemes
with Markovian noise in uncountable, unbounded spaces (Corollary 1).

3. We provide the first proof of TDC with eligibility trace, an important off-policy RL algorithm,
as an application of our results (Theorem 3).

Technical Innovation. We use the well-established ODE method, which has resulted in many
advances in SA (Borkar, 2009; Liu et al., 2025). The key technical innovation of our work is that we
connect the timescales by showing that the fast iterates are bounded by the maximal slow iterate seen
previously (see Theorem 1). Our methodology is a novel contribution to the literature, as no prior
work—focused either on stability (Kushner & Yin, 2003; Lakshminarayanan & Bhatnagar, 2017;
Yaji & Bhatnagar, 2016; Panda & Bhatnagar, 2025) or other two-timescale results (Mokkadem &
Pelletier, 2006; Dalal et al., 2018; Doan, 2021; Zeng et al., 2024)—has applied it to the ODE method
since its inception more than two decades ago. To connect the timescales, those prior works have
either taken stronger assumptions or have been forced to show that the iterates of one timescale bound
the other, while we are able to relax this to just being bound by the maximal slow iterate seen so far.
The Markovian two-timescale case itself necessitates this method as, unlike in the single-timescale
case addressed by Liu et al. (2025), we need a rescaling scheme that uses the maximal scaling factor
seen thus far, so Theorem 1 tracks the maximal slow iterate previously encountered. This necessarily
engenders many creative divergences in our approach when compared to prior work. These include the
necessity of showing that the discretization error diminishes along the entire sequence (unlike in Liu
et al. (2025) where it only diminishes along a subsequence), a unique definition of the scaling factor
in the slow timescale, and some creative approaches of analyzing the ODEs to link the timescales
(see Lemmas 12.8 to 12.10 and 6.1).

In totality, our results establish the first general and rigorous theoretical foundation for two-timescale
SA algorithms under realistic noise—closing a long-standing gap in RL theory, securing the conver-
gence of widely used RL methods, and contributing a methodological novelty back to the community.

2 RELATED WORK

We divide this section into two parts: the works focusing on stability—ensuring the boundedness of
the iterates—and those focusing on convergence—that the iterates converge in the limit almost surely.

Stability Results. Since stability is difficult to verify but necessary for convergence, many works
assume stability in their proofs (Borkar, 1997; 2009; 2024; Tadic, 2004; Karmakar & Bhatnagar,
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2018). However, it is possible to prove stability with verifiable criteria—see Chapter 3 of Borkar (2009)
for the single-timescale i.i.d. case, Lakshminarayanan & Bhatnagar (2017) for the two-timescale i.i.d.
case, and Liu et al. (2025) for the single-timescale Markovian case (visualized in Table 1). We extend
this to the two-timescale Markovian case, which has not been done before.

Another strategy is to project the SA iterates to ensure their boundedness, e.g., in Yu (2017), which
can prevent convergence to the true solution (see Section 5.4 of Borkar (2009) for details about
the problems inherent to projected schemes). Our work does not require the SA scheme to have
projections, ensuring that the algorithm in our application converges to the true optimum. In
Karmakar & Bhatnagar (2021), the authors generalize to a multi-timescale Markovian problem.
However, in their formulation, while the slower timescale affects the faster timescale, the faster
timescale does not impact the slower timescale. Our formulation is more general, as we maintain the
coupled dynamics key to two-timescale SA-both the slow and fast iterates impact each other.

Asymptotic Convergence Results. The convergence of two-timescale SA under i.i.d. noise is
well-established; see Chapter 6 of Borkar (2009). While attempts have been made to extend the theory
to Markovian noise, no prior work is general enough to be suitable for our purposes. Karmakar &
Bhatnagar (2018) establish convergence for Markovian noise, but requires the noise to be in a compact
space, limiting the applicability. In contrast, our results allow the noise to evolve in an uncountable,
non-compact space, a necessity for application to off-policy RL algorithms with eligibility traces.
Panda & Bhatnagar (2025) attempt to show stability and convergence, but they require a projection
on the fast timescale. In comparison, our work does not project the iterates.

Prior work covers i.i.d. or uncoupled cases, but no existing result establishes stability or convergence
for general two-timescale SA with coupled dynamics under Markovian noise. Our work fills this gap.

3 BACKGROUND

In this work, we study the general two-timescale stochastic approximation scheme: given an initial
zo € R% and yy € R?%, we recursively generate sequences of vectors {x,, } and {y, } by

Tpt1 = Tn + @(n)H(Tn, Yn, Wnt1) )
Yn+1 = Yn + B(H)G({En, Yn, Wn+1) (2)

We also define for convenience the concatenation z,, = (z,, y»). Each z, is an element of Rdr+dz

In this scheme, {a(n)},~, and {8(n)} ~, are sequences of deterministic learning rates and

{W,},°_, is a sequence of random noise in a general space ¥V (not necessarily compact), while
H : Rétd2 )y 5 R g a function that maps the current iterate z,, and noise W, to the actual
incremental update of z (the fast timescale iterate) and G : R+ x )/ — R maps z, and W,
to the incremental update of y (the slow timescale iterate).

This is a two-timescale scheme since the stepsizes satisty lim,, o % = 0, which is the mechanism
that produces the same effect as a nested loop. Thus, since we can consider y,, to remain almost
constant relative to z,, for large n in the fast timescale, the behavior of z,, can be studied by analyzing
the ordinary differential equation (ODE)

= h(z(),y) 3)

where y is a fixed constant and h(z,y) = E[H(z,y,w)] (with respect to a specific probability
distribution). In the slow timescale, we can consider z,, to have already converged to a value that
depends on y,,, so we also study the ODE

dy(t

WO e, 9(0) @
dt

where A(y) denotes the equilibrium of (3) (i.e., the « such that h(z,y) = 0 for fixed y) and

g(x,y) = E[G(z,y,w)]. The asymptotic behavior of the discrete, stochastic iterates {z, } can then

be characterized by the continuous, deterministic trajectories of the ODEs (3) and (4)-this is called
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the ODE method (see Borkar (2009) for a comprehensive background). For this ODE approximation
to be valid, the iterates must be bounded; this is known as stzability. One needs to show

sup ||z, || < o0 as.,
n

which is widely considered challenging (Borkar (2009)), but stability is a critical prerequisite for
convergence and many works in the realm of two-timescale stochastic approximation rely on it (Tadic,
2004; Borkar, 2009; Karmakar & Bhatnagar, 2018; Borkar, 2024; Hu et al., 2024; Borkar, 2025).

4 MAIN RESULTS

We begin by giving a structural overview of the rest of the paper. In this section, we will describe our
assumptions and present our main results on stability and convergence of two-timescale algorithms.
In Section 5, we give a detailed overview of the proof of Theorem 1, which states that the current fast
timescale iterate is bounded by the largest slow timescale iterate seen previously. This proof is a fast
timescale analysis. In Section 6, we give an overview of the proof of Theorem 2, which establishes
stability (boundedness) over all the iterates with probability one—this is a slow timescale analysis. We
then utilize the stability results to prove Corollary 1, which shows the convergence of two-timescale
SA algorithms under Markovian noise, in Section 7. Finally, in Section 8, we apply our results to
prove the convergence of the off-policy RL algorithm TDC with eligibility trace.

Assumptions. We now briefly discuss our assumptions (the full details are in Appendix 11). First,

we assume that our Markov chain {W,,} has a unique stationary distribution, a standard assumption

in RL. We also assume our learning rates follow standard SA conditions such as square-summability.
B(n) _

Importantly, since we are analyzing a two-timescale scheme, we have lim,,_, aln) = 0.

Now, we make assumptions about the functions H and G. For any ¢ € [1, 00), define

. H(cx,cy,w . G(ex,cy,w
Hc(xvva) = %7 Gc(xvva) = %

The functions H. and GG, are rescaled versions of the functions H and GG and will be used to construct
rescaled iterates, a key technique in the ODE method (see, e.g., Borkar & Meyn (2000); Borkar
(2009); Liu et al. (2025)). Just as in those works, we need the existence of some sort of limiting
functions H., and G, for H. and G, respectively, when ¢ — oco. We take H,., G, Hy, G to
be Lipschitz—so that their growth is well-characterized and to guarantee existence and uniqueness
of the ODEs of interest—and define their respective expectations h, gc, hoo, oo With respect to the
stationary distribution of the Markov chain.

We now define the limiting ODEs—these are central to the ODE method:

dx(t) dy(t) _

2 ha(a®),1), L = g Oaely(t), (1)
which have the unique globally asymptotically stable equilibria Ao (7)) (Where Ao : R92 — R% is a
homogeneous Lipschitz map with A, (0) = 0) and O respectively.

These assumptions are mild, minimal, and well-supported in literature that studies stability of SA
(Borkar, 2009; Lakshminarayanan & Bhatnagar, 2017; Liu et al., 2025). Most importantly, we can
easily verify that important RL algorithms like TDC satisfy them rather than simply assuming that
stability holds, so our results are widely applicable to general methods.

We present our first result, which is a key methodological innovation:

Theorem 1. Let the Assumptions in Appendix 11 hold. There exists a constant K such that for all n,
[on| < K+ [lyz“l)  a.s.

where y'* = y,,, such that m = arg max;<y, ||y;|-

We discuss its proof in Section 12. Intuitively, this result tells us that the size of the fast timescale
iterates is bounded by the largest slow timescale iterate seen thus far—in the long history of the ODE
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method, no previous work has attempted to establish and use a result bounding one timescale by the
maximum of the other to tie the timescales together (see the introduction for more detail). Note that
we can recover the main theorem of Liu et al. (2025) from Theorem 1 by setting all y,, to O (then
the scheme is identical to the single-timescale case). Having established the slow timescale iterates
control the fast timescale iterates, we prove stability:

Theorem 2. The iterates {z,} are stable, i.e.,

sup ||z, || < 00 a.s.
n

See Section 6 for a discussion of the proof. Once the boundedness of the iterates has been established,
convergence can be shown. We can now guarantee that the iterates converge to a bounded, nonempty
invariant set since the iterates evolve in a compact set, ensuring the existence of subsequential limits.

Corollary 1. Letr Assumptions 1 - 6 hold. Then the iterates {z, } generated by (1) converge almost
surely to a (sample path dependent) bounded invariant set of the ODE system

da(t) dy(t)

= b)), P =0 ©

and the iterates {yy, } generated by (1) converge almost surely to a (sample path dependent) bounded
invariant set of the ODE

WO g, v, ©

The discussion of the proof is in Section 7. As with stability, we first establish a convergence result
for the fast timescale and then the slow timescale separately. This type of result is the goal of the
ODE method—Corollary 1 shows convergence to bounded invariant sets, and the assumptions we
place on the ODE:s (in particular, the existence of unique globally asymptotically stable equilibria)
characterize the invariant set. In particular, since (6) has a unique globally asymptotically stable
equilibrium, its invariant set is the singleton set {y* }, ensuring convergence to the optimal value.

5 OVERVIEW OF PROOF OF THEOREM 1

In this section, we will give a discussion of the proof of Theorem 1-see Appendix 12 for the full
details. To prove Theorem 1, we conduct analysis in the fast timescale. This allows us to treat the
slow timescale iterates as almost constant relative to the fast iterates. Note that the lemmas are derived
on an arbitrary sample path {x¢, Yo, {W;};-, } such that the assumptions in Section 4 hold, so we
omit “a.s.” from the lemma statements for conciseness.

Setting up the Timeline. We begin by splitting the positive real axis [0, co) into chunks of length
{a(i)}i=o.1,..- We then collect these segments together into larger intervals {[7},, Tn+1) },—0.1..»

where the sequence {7}, } has the property that as n grows large, we have T,,1 — T;, =~ T. We define

n—1

For all T' > 0, define
m(T) = max {i|T > ¢(i)}
to be the maximal ¢ where ¢(7) is no greater than T'. We now define
To=0, Tpq1=t(m(T,+T)+1).

Intuitively, T}, 4 is a little to the right of T;, + T on the real axis. As n grows large, the interval
[Th, T+1) is able to contain more time steps as «(i) is decreasing to 0.
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Defining the Scaled Iterates. We start by fixing a sample path {z¢, yo, {W;};-, }. We take z(t) to
be the piecewise constant interpolation of z,, at points {¢(n)},_o, i€,

(z0,0) t € [0,£(1))
@) tet1).42)
20 = @050 = (201 gn) € 1(2),103))

Now we describe our rescaling of Z(t).
Definition 1. Vn € N, ¢t € [0,T + 1), define

= e (L [FTI - 20(0) = (00, 5a(0) = 220,

This implies
Yn € N, ||12,(0)] < 1.

Note that we depart from Liu et al. (2025) in our definition of the rescaling factor r,,. Through the
definition, we ensure that the sequence {r,, } is monotonic, which forces the (to be defined) ODE
discretization error to diminish over the entire sequence rather than just a subsequence, which is
necessary in the two-timescale case.

We can regard Z,(t) as the Euler discretization of z, (¢) defined below.

Definition 2. Vn € N;t € [0,T + 1), define z,(t) = (x,(t),yn(t)) as the solution to the ODE
system

dx,,(t)
dt

with initial condition z,(0) = Z,(0).

dyy (t)
dt

= hr, (20 (1), yn (1)), =0

We want to show that the error of the discretization diminishes asymptotically. Precisely speaking, the
discretization error is defined as f,,(t) = Z,,(t) — 2z, (t), and we want to show that f,,(¢) diminishes
to 0 uniformly in ¢ as n — oco. So, we need to analyze the following three sequences of functions:

{t = Za (O} 20, {2 (D} 20, { (D)} 20-

In particular, we show that they are all equicontinuous in the extended sense, as this is required to
apply the Arzela-Ascoli theorem (Appendix 10.4). We defer the relevant definitions, statements, and
proofs to the Appendix.

A Convergent Subsequence. To prove stability, we need to show that sup,, ||z, || < oo. Observe
the inequality ||z (7,)|| = [|Z2(T)|| < 7. Therefore, if we had sup,, r,, < oo, the result would
come instantly. So, we assume that sup,, 7, = 0o to show that Theorem 1 holds even in this
case. According to the Arzela-Ascoli theorem in the extended sense (Appendix 10.4), a sequence
of equicontinuous functions always has a subsequence of functions that uniformly converges to a
continuous limit. We use this to identify a subsequence of interest.

Note that in the following lemma, we mention taking an arbitrary subsequence as the first step—
this sets us up to be able to apply Lemma 10.1 (a standard result from real analysis) later to get
convergence along the entire sequence, which is something Liu et al. (2025) do not do.

Lemma 5.1. Suppose sup,, r, = co. Take an arbitrary subsequence {nyo};—, < {0,1,2,...}.
Then there is a subsequence {ny,},—_q C {10}, such that there exist some continuous functions
i (¢) and 21 (t) such that Wt € [0, T + 1),

klim for (@) = (1), lim 2, (t) =2"™(t),
—00 k—oo
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where both convergences are uniform in t on [0, T + 1). Furthermore, let 2™ (t) = (21"™ (), 4™ (¢))
denote the unique solution to the ODE system

d:rlim(t)
dt
with the initial condition 2" (0) = z1™(0). Then Vt € [0,T + 1), we have

n

= hoo (2™ (1), 5™ (1)),

lim z,, (t) = 2™ (1),
k— o0
where the convergence is uniform int on [0,T + 1).

Its proof is in Appendix 16.4. We will use the subsequence {ny } intensively.

Diminishing Discretization Error. We show that lim,,_, « || f(¢)|| = 0 forall ¢t € [0,T + 1). We
start by first proving that the discretization error diminishes along the sequence {ny}, i.e., that

dim [, Ol = 7@ = 0.

This means Z,, (t) is close to z,, (t) as k — oo. The details of the argument are quite techni-
cal and many borrow from Liu et al. (2025). At the end of it all, from Lemma 16.9, we obtain
limy 00 || fri (¢)|| = 0 uniformly in ¢ on [0, 7" + 1), so the discretization error goes to 0 along {ny}.

Now, since we had chosen an arbitrary subsequence { fn, , } and it has a subsequence { f, } that
converges to 0, by Lemma 10.1 we know that { f,,} also converges to 0. Thus, the discretization error
diminishes along the entire sequence. That is,

Tim | ,(5)] = 0
hde el
forallt € [0,T +1).

ODE:s with External Inputs. We present some notation concerning ODEs with external inputs—this
is useful since, in the limit, we can treat the slow iterates as constant external inputs.

Y

Definition 3. We use the notation ne © (t, ) to denote the solution to the ode

WO _ hefatr). o)

with the initial condition .

Note that under this notation, x,,(¢) can be written 77}2:(0) (t,2,(0)). This notation (borrowed
from Lakshminarayanan & Bhatnagar (2017)) is useful since it identifies a trajectory of an ODE
parameterized by the rescaling factor ¢ and the external input y(¢).

The following lemma shows that within a certain amount of time, the trajectory of the ODE will be
pulled close to the equilibrium determined by the external input.

Lemma 5.2 (Lemma 1 from Chapter 3.2 of Borkar (2009)). Let K C R% be compact and fix
y € R%. Given any € > 0, there exists a T, > 0 such that for all initial conditions = € K, we have
nY,(t,x) € B(Aoo(y),€)! forall t > T..

The next lemma shows that if the external input is close to some constant y, then the trajectory
remains close to the trajectory we would obtain if y were the external input.

Lemma 5.3 (Lemma 2 from Chapter 3.2 of Borkar (2009)). Let y € R, [0,T] be a given time
interval, and p be a small positive constant with y'(t) € B(y, p). Then,

Hﬁg/(t)(t,w) - ngo(t,:c)H <(Lp + e(¢))Te .

for any initial x € R™ and for all t € [0, T).

"The notation B(z, ) denotes the open ball centered at = with radius r.
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Completing the Proof. The most involved result left is Lemma 5.4, which tells us that if the x
component is too much larger than the ¥ component, the norm of the iterate at 7,,; cannot be larger
than that of the iterate at 7},,. We use the results about ODEs with external inputs to ensure that the =
component of the trajectory gets pulled to the equilibrium, which is close to 0.

Lemma 5.4. There exists a Cy > 1 such that if ||Z(T,,)|| > C1(1 + ||5(T7)

), then rp 41 = Tp.

Lemma 5.5 tells us that the iterate at each 7, is bounded by the largest y component seen so far in the
sequence of times 7,,. To do this, we use an inductive argument—intuitively, we combine the previous
lemma, which prevents z from growing if the = component is too much larger than the y component,
with Lemma 17.15 which prevents z from growing too much within one period 7', ensuring that =
can never get too much larger than y.

Lemma 5.5. There exists a constant Cs such that for all n,
12(T) | = CLCa(max [g(Tin )| +1)-

Finally, while we have ensured that for all T;,, Z(7},) is not too much larger than 3(7},), we need the
result to also hold for the iterates that lie in between T}, and 7,4 ;. Lemma 5.6 takes care of this.

Lemma 5.6. There exists a constant Cs such that for all n,
[zl < C1C2C5([|yn ™|

+1),

By setting K equal to C; CyC's, this concludes the proof of Theorem 1.

Bridging the Gap. We present the following result, showing that eventually, in the fast timescale,
the fast iterates will track the equilibria Ao (7, (¢)). In the fast timescale analysis, the slow iterates
were regulated by the fact that the slow step sizes are small. However, in the slow timescale analysis,
the fast step sizes will become very large. So, this result is necessary to provide a way to regulate the
behavior of the fast iterates.

Lemma 5.7. For any ¢ > 0, there is some T. and some N, such that for all n > N,
127 (t) — Ao (Gn(2))]| < eforallt € [0, T

6 OVERVIEW OF PROOF OF THEOREM 2

In this section, we discuss the proof of Theorem 2. We now conduct analysis in the slow timescale,
but the structure is very similar to the fast timescale analysis, so we only highlight the key differences.
Note that we are still working with the same sample path {0, yo, {W;};-, } from the last section.

We again split the positive real axis [0, co), but this time into chunks of length {3(i)},_ , _ instead
of {a(i)},_o, . We then redefine the scaled iterates for the slow timescale, except this time the
scaling factor is defined differently, so that it will be at least as large as the largest iterate seen so far:

i

where 2]"** = z,, such that m = argmax;<,, [|2;||. This way of defining the scaling factor in the
slow timescale is another innovation. It ensures that at each time 7,, the iterate, when scaled by
the slow timescale’s {r,, } values, is no larger when scaled by the appropriate fast timescale’s {r,, }
values. This will be critical for linking the timescales in Lemma 6.1.

max

7 = max {1, Zim(T)

We can regard 7, (¢) as the Euler’s discretization of y,,(¢) defined below.
Definition 4. Vn € N,t € [0,T + 1), define y,,(t) as the solution to the ODE

dy;t(t) =9, ()\oo (yn (t))a yn(t))

with initial condition y,,(0) = §,(0).

The discretization error is then defined as f, () = () —y, (t); just considering the slow component.
Again, we show equicontinuity and apply Arzela-Ascoli to obtain a convergent subsequence.

To show that the discretization error diminishes, we must prove an involved result, requiring us to
work in both timescales. We show that even in the slow timescale, the fast timescale iterates converge
to the equilibria dependent on the slow timescale iterates:
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Lemma 6.1. For all € > 0, there exists some N such that for alln > N,
Zn(t) — Ao (Fn ()] <€
forallt €[0,T).

With this result, we are able to deal with the error term (45) unique to the slow timescale, and show
the discretization error decreases to zero (46). We then obtain ODE results similar to single-timescale
stability results (Chapter 3 of Borkar (2009)). Since the limiting ODE is attracted to its globally
asymptotically stable equilibrium, 0, our iterates cannot grow without bound. Thus, the sequence r,
is bounded, creating a contradiction. We conclude that Theorem 2 holds true.

7 CONVERGENCE (PROOF OF COROLLARY 1)

In this section, we discuss the proof of Corollary 1. The proof mirrors the stability proof but is much
simpler. We first show a convergence result in the fast timescale—namely, that the fast iterates z,,
converge to A(yy, ). Then, we obtain the full convergence result through analysis in the slow timescale.
The difference is that we no longer need to use rescaling, since we know that the iterates are bounded
by Theorem 2, and we now prove results on ¢ € (—o0, 00) as this makes it easier to show convergence
to an invariant set.

Once we show that the discretization error diminishes, due to Theorem 2, we can argue that since
the set of limit points Z of {z, } is bounded and nonempty, it is invariant. We can then show that it
is not possible for any subsequence of {z, } to converge to a point not in Z, so we know that {z,,}
converges to Z. Since the invariant set of (5) is {(A\(y),y) : y € R}, we have

Jim [z, = Ayn) || = 0.

We then pursue the slow timescale argument and show that {y,, } converges to the invariant set of
(6), which is the singleton containing y*, the equilibrium of the map A. This, combined with the fast
timescale convergence result, yields our desired result:

Jim [z = (A(y"), y7) || = 0.

8 CONVERGENCE OF TDC WITH ELIGIBILITY TRACE

In this section, we prove the convergence of an important off-policy RL algorithm, TDC with
eligibility trace, using our main results (Section 4). Vanilla TDC was first proposed in Sutton et al.
(2008b) as a modification of gradient temporal difference learning (GTD) (Sutton et al., 2008a). GTD
was developed to break the deadly triad—divergence that can arise when combining off-policy learning,
function approximation, and bootstrapping, each of which are critical components in successful RL
algorithms. While GTD mitigates the deadly triad, it is slow. TDC, on the other hand, is nearly as fast
as regular TD learning and converges. It is also a two-timescale algorithm, as the gradient correction
runs on a faster timescale. Although vanilla TDC is known to converge, the best prior work was only
able to establish the convergence of projected variants of TDC with eligibility traces (Yu, 2017).

Eligibility traces are a powerful tool for credit assignment, a critical challenge in RL, and have been a
fundamental part of RL since the inception of the field (Barto & Sutton, 1981). Although eligibility
traces are useful, they introduce difficulties in analysis. Even if the state space of the Markov chain
{(St, A¢)} is finite, with eligibility traces, we must instead consider the chain {(S:, A¢, e;)}, which
now evolves in an uncountable space. In the case of off-policy learning, the importance sampling
ratio can cause the state space to be unbounded as well. Our results, therefore, are the first to be able
to handle the important case of off-policy RL algorithms with eligibility traces. We demonstrate this
with TDC, defined as follows:

Definition 5. (TDC with Eligibility Trace)
et =AVpt—1€t—1 + Pr,
6t =R + 79[ 10t — &/ 04,
Vi1 =V + o (pedeer — duop 1) |
Or41 =0, + Bipe(dr — Ydes1)e] 1.
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The eligibility trace e; is an exponential average of the linear features ¢; (weighted by importance
sampling ratio p;—necessary in off-policy learning), which represent the state S;. d; is the TD error.

Theorem 3. Take the assumptions in Appendix 15. Then, by applying Corollary 1, TDC with
eligibility trace converges.

The assumptions we take here are quite minimal. We assume the state space S and the action space
A are finite, the Markov chain {.S;} is irreducible, and that from any state, all possible actions have
some positive probability of being chosen (since this is an off-policy algorithm, this ensures coverage
of the target policy we are estimating the value of). These simple assumptions are well-established
in the literature (Yu, 2017; Liu et al., 2025). From these basic assumptions, it is very easy to verify
that TDC with eligibility trace satisfies all assumptions in Appendix 11, so Corollary 1 applies. By
applying Corollary 1, we confirm that TDC with eligibility trace converges (see Appendix 15).

9 CONCLUSION

Stochastic approximation methods constitute a broad set of algorithms that recursively and randomly
update a parameter vector. Of particular interest in reinforcement learning are two-timescale stochas-
tic approximation methods, referring to those algorithms which involve nested loops, including
actor-critic algorithms and TDC. Proving the asymptotic convergence of two-timescale stochastic ap-
proximation schemes provides rigorous guarantees of the reliability of deeply popular algorithms—for
this, we need stability, which refers to the boundedness of the iterates. We prove the first stability and
convergence results for general two-timescale stochastic approximation schemes under Markovian
noise—critical to RL since the uncertainty in RL is Markovian. Our assumptions are minimally
restrictive, allowing us to handle noise that evolved in an unbounded, uncountable space and the
standard, unprojected two-timescale scheme. Our results, therefore, are broadly applicable to RL, as
we enable analysis of critical off-policy RL algorithms with eligibility traces. We demonstrate this
applicability by supplying the first proof of convergence of TDC with eligibility trace.
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APPENDIX

10  MATHEMATICAL BACKGROUND

Theorem 10.1 (Gronwall Inequality). (Lemma 6 in Section 11.2 in Borkar (2009)) For a continuous
Sunction u(-) > 0 and scalars C, K, T > 0,

u(t) <C+ K/t u(s)ds Vt e [0,T]
0

implies
u(t) < Ce'™ vt € [0,T).

Theorem 10.2 (Gronwall Inequality in the Reverse Time). For a continuous function u(-) > 0
and scalars C, K, T > 0,

0
u(t) < C’JrK/ u(s)ds Vt e [-T,0]

implies

u(t) < Ce ™ vt € [-T,0].

For a proof, see Appendix A.2 of Liu et al. (2025).
Theorem 10.3 (Discrete Gronwall Inequality). (Lemma 8 in Section 11.2 in Borkar (2009)) For
nonnegative sequences {x,,,n > 0} and {a,,n > 0} and scalars C, L > 0,
Tpy1 < C+ LZaixi Vn
i=0
implies
Tnt1 < CelXiz0i yp,.

Theorem 10.4 (The Arzela-Ascoli Theorem in the Extended Sense on [0,7")). Let
{t €[0,T) — gn(t)} be equicontinuous in the extended sense. Then, there exists a subsequence
{gn, (1)} that converges to some continuous limit g"™(t), uniformly in t on [0, T).

For a proof, see Appendix A.4 of Liu et al. (2025).

Theorem 10.5 (Moore-Osgood Theorem for Interchanging Limits). Iflim,, o @y m = by, uniformly
inm and limy, o G m = Cy, for each large n, then both lim,, _, by, and lim,,_,« ¢, exists and
are equal to the double limit, i.e.,

lim lim a,,, = lim lim a,,, = nlggo Q-

m—0o0 Nn— 00 n—00 Mm—0o0
m—r o0

Lemma 10.1 (Sub-subsequence Lemma). Let x,, be a sequence in some metric space. If every

subsequence T, itself has a subsequence x,, that converges to the same limit x, then x.,, converges
J

to x.

Proof. Suppose we have a sequence z,, where every subsequence x,,, itself has a subsequence z,,,
"]

that converges to the same limit x. For contradiction, assume that z,, does not converges to x, so
there is a subsequence z, , that is always at least some distance € away from . By assumption,
Zn, , has a subsequence z,, , that converges to x, which contradicts that x,, , is always at least
some ¢ away from . So, it must be that x,, converges to x. ' O

11 MAIN ASSUMPTIONS

Assumption 1. The Markov chain {W,,} has a unique invariant probability measure (i.e., stationary
distribution), denoted by dyy.

13
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Although the uniqueness and even the existence of the invariant probability measure can be relaxed,
we use Assumption 1 for simplification. Additionally, due to the way updates are defined ((1) and
(2)), we start counting {W,,} fromn = 1.

Assumption 2. The learning rates {«(i)}, {8(i)} are positive, decreasing, and satisfy

Y oali)= Zﬁ(i) =
i=0 i

lim «(i) = hm B(i) =

11— 00 1—00

(i) =0 (a(i)) , )
B(i) — B(i + 1) .
Lgloi(g 0, (8)

These conditions on the learning rates are quite common in stochastic approximation. The last
condition is necessary for the two—timescale formulation we are using.

Remark 1. For any a(n) = (n+B2 yia ,B(n) = (n—i-BTi)m with Yo, ¥s € (0.5,1],v8 > Yo, and all
B; positive, one can verify that all the conditions in Assumption 2 are satisfied.

Now, we make assumptions about the functions H and G. For any ¢ € [1, c0), define

H(a,y,w) = TED) ©)
Gel,y,w) = M (10)

The functions H, and G.. are rescaled versions of the functions H and G and will be used to construct
rescaled iterates, a key technique in the ODE method (see, e.g., Borkar & Meyn (2000); Borkar
(2009); Liu et al. (2025)). Just as in those works, we need the existence of some sort of limiting
functions for H, and G, when ¢ — oo.

Assumption 3. There exist measurable functions Ho(x,y,w) and G (x,y,w), functions
ki (c),ka(c) : R = R, and measurable functions by (x,y, w), bg(x,y, w) such that for all x,y,w

Hc(xay7w) - Hoo(xay7w) = '%H(C)bH(xayaw) (11)
Gc(xa Y, w) - Goo('r7 y7w) = K/G(C)bG(xa:% w)

Jim (€)= Jim ncl) =0

There also exists a measurable function Ly(w) such that for all , 2’ y,y', w
[br (z, y, w) — b (2", y', w)|| < Ly(w)l|(z,y) — (", y),
||bG($7 Y, U}) - bg({L‘/, y/, w)” < Lb(w)”(x7 y) - (CU/, y/)H‘

Additionally, the expectation Ly = Ey,q,, [Lp(w)] is well-defined and finite.

Assumption 3 provides details on how H,. and G, converge to H., and G, when ¢ — o0.

We now assume that the functions H. and G are Lipschitz. This will guarantee that the corresponding
ODEs exist and are unique.

Assumption 4. There exists a measurable function L(w) such that for any z,z',y,y’, w,
[H (z,y, w) —H( o'y, w)|l < L(w)ll(z,y) — @,y (12)
[Hoo (2, y,w) — Hoo (2", 5, w)[| < L(w)||(z,y) — («",y)]], (13)
1G(2,y,w) — Gz, ¥, w)|| < L(w)]l(z,y) — (@, )],
[Gos(z,y, w) — Goo (2,9, w)|| < L(w)||(z,y) — (2", y)]].
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Moreover, the following expectations are well-defined and finite for any x,y:
h(x y) = Edew [H(:C Yy, w )]’

hOC( ) dew[ (I Yy, w )]’
g(x,y) deW[ (.’17 Y, w ]7
goo(l'vy) wwdw [G (l’ Y, w )]a
[

L = Eymgy, [L(w

I

)
The functions z,y — H.(x,y,w) and x,y — G.(z,y,w) share the same Lipschitz constant L(w)
as the functions z,y — H(x,y,w) and z,y — G(z,y,w). Similarly to (9) and (10), we define

)

hoe) = o),
ge(w) = M~

The following assumption is necessary to ensure that the the rescaled iterates can converge to the
trajectory of the limiting ODE.

Assumption 5. As ¢ — 00, h.(x,y) converges to hoo(x,y) uniformly in (x,y) on any compact
subsets of R“+92  The limiting ODE

da(t) _
M e (t).)

has a unique globally asymptotically stable equilibrium Ao (y) where Ao : R%2 — R is a Lipschitz
map. Ao is homogeneous, i.e., Moo (cy) = cAoo(y). And Ao (0) = 0.

As ¢ — o0, ge(,y) converges uniformly to goo(x,y) on compact subsets of R+ The limiting
ODE
dy(t)

P = g O (1)), 9(0)
has 0 as its unique globally asymptotically stable equilibrium.

The map A\ tells us, for a particular external input y, what = (the parameters of the inner loop)
should converge to. This idea and the notation for it come from Chapter 6 of Borkar (2009).

Assumption 6. Let v denote any of the following functions:
w—H(z,y,w) (Vz,y),
w—G(z,y,w) (Vz,y),
w +— Ly(w),

w —L(w).

We have, for any initial condition W,

n

lim a(n) Y (v(Wi) = Bunay [y(w))) =0 as.

n—oo —1
1=
Jm B3 (1) = Buman () =0 as (14)
Remark 2. Once more, consider B(n) = (71+BT12W as an example. For vg3 = 1, (14) is implied by
the following Law of Large Numbers (LLN)
1 n
lim — > " (y(W;) = Eweay Y(w)])) =0 a.s. (LLN)

n—oo N
i=1

For g € (0.5,1], (14) is implied by the following Law of the Iterated Logarithm (LIL)

Z (YWy) = Eymdyy [Y(W))D|| < C/nloglogn  a.s., (LIL)

i=1
where ( is a sample path dependent finite constant.
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12 PROOF OF THEOREM 1

This is a more detailed version of Section 5. In this section, we will prove Theorem 1. Section 12.1
sets up the notation and explains our fast timescale analysis. Section 12.2 defines the rescaled
iterates and some important functions. Section 12.3 assumes for contradiction that stability does
not hold and identifies a resulting subsequence of interest. Section 12.4 demonstrates convergence
along this subsequence and uses this to show that the convergence holds for the entire sequence.
Section 12.5 defines some notation and provides some results about ODEs with external inputs.
Finally, Section 12.6 uses results from the previous sections to complete the proof. Lemmas in
this section are derived on an arbitrary sample path {zo, yo, {W;};-,} such that the assumptions in
Section 4 hold. Thus, we omit “a.s.” from the lemma statements for conciseness.

12.1 SPLITTING UP THE TIMELINE

Here, we perform a fast timescale analysis. First, we split the positive real axis [0,00) into
chunks of length {a(i)};,_,, . We then collect these segments together into larger intervals
{[Tn, Tt1)},—0.1...» where the sequence {T),} has the property that as n grows large, we have
Thni1 — T, = T. We define

t(0) =0,
n—1
tn)=>» a(i) n=1,2,...
i=0
For all T' > 0, define
m(T) = max {i|T > t(i)} (15)

to be the maximal ¢ where ¢(4) is no greater than T". To visualize, t(m(T")) is a bit to the left of 7" on
the real axis. So, t(m(7")) satisfies the following:

t(m(T)) <T < t(m(T) 4+ 1) = t(m(T)) + a(m(T)),
t(m(T)) > T — a(m(T)).
Define
Ty =0,
Tni1 =t(m(T, +T)+1).
Intuitively, 77,1 is a little to the right of 7, + 7" on the real axis. We define
a(i) = B(i) =0 Vi< 0,
m(t) =0 Vvt <0, (16)

for simplifying notations. For any given function f with domain W, its asymptotic rate of change is
defined as
m(t(n)+ta)—1
limsup  sup Z a()[f(Wit1) — Ewmay [f(w)]]]]-

noTTSRSRST () +1)

This asymptotic rate of change helps us to describe the asymptotic regularity of { f(W,,)} and we
lean on its usefulness in studying stochastic approximation. We refer the reader to Sections 5.3.2
and 6.2 of Kushner & Yin (2003) for a detailed exposition of this tool. In this work, we have deferred
the contents concerning asymptotic rate of change to Appendices 16.1 and 16.2 since the statements
and proofs are very similar to results in Liu et al. (2025).

12.2 DEFINING THE SCALED ITERATES

We start by fixing a sample path {z¢, yo, {W;};—, }. We will take z(t) to be the piecewise constant
interpolation” of z,, at points {#(n)},_, . ie.,

21t also works if we consider a piecewise linear interpolation following Borkar (2009). The piecewise linear
interpolation, however, will significantly complicate the presentation. We, therefore, follow Kushner & Yin
(2003) and Liu et al. (2025) and use the piecewise constant interpolation.
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By (15), we also have
() = Zmy)-
By (1), Vn > 0, we have
Z(t(n+ 1)) = 2(t(n)) + (a(n)H(2(t(n)), Wn41), B(n)G(2(t(n)), Wn+1)).

Now we describe our rescaling of Z(t).
Definition 6. Vn € N,t € [0,T + 1), define

) = (@ (0), () = 220
where
rn = max{l,7m,_1,||Z2(T0)||}
This implies
YneN,|[z.00)] < 1.
Moreover®,

VneN,te0,T+1),

H(T) + S0 T ) H(Z(H0), Wisn), BE)G(Z()), Wiga))

Tn

m(T,+t)—1

a7

(18)

19)

= EH(O) + Z (O((Z.)H.,«”(Zn(t(i) - Tn)a Wi+1)7 ﬁ(z)Grn (2n(t(i) - Tn)v Wi+1))-

i:m(Tn)

Remark 3. Note that we depart from Liu et al. (2025) in our definition of the rescaling factor r,
(18). Through the definition, we ensure that the sequence {r,} is monotonic, which enables us to

obtain convergence over the entire sequence rather than just a subsequence.

We also depart from prior works by defining the sequence of rescaled functions {t — Z,(t)} which
share the domain [0, T + 1), as opposed to rescaling the function Z(t) directly (often denoted as %).
This consistent, larger domain greatly simplifies our arguments, while prior works must handle the

diminishing excess part [T, Tp,41 — Ty,), which can get messy.

We can regard Z,,(t) as the Euler’s discretization of z,,(t) defined below.

Definition 7. Vn € N,t € [0,T + 1), define z,(t) = (x,(t),yn(t)) as the solution to the ODE

system
dx, (T
w0 _ b, (a(0). 2 0)
dt
dyn (t) _0
dt
with initial condition
2, (0) = Z,(0).
*In this paper, we use the convention that 37_. au(k) = 37 _, (k) = 0 when j < i.

17
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We can also write z, (t) as

an(t) = 2,(0) + /0 (e (20(5)), 0)ds. 21

Ideally, we would like to see that the error of the discretization diminishes asymptotically. Precisely
speaking, the discretization error is defined as

fa(t) = Zn(t) — 2n(t)
and we want to show that f,, (¢) diminishes to 0 uniformly in ¢ as n — oo. To accomplish this, we
need to analyze the following three sequences of functions

{t— 2z, (t)}io:w {zn (t)}iozov {fn(t)}roy,c):O'

In particular, we show that they are all equicontinuous in the extended sense. We defer the relevant
definitions, statements, and proofs to Appendix 16.3 as they are quite similar to the analogous sections
in Liu et al. (2025).

12.3 A CONVERGENT SUBSEQUENCE

The ultimate goal would be to show that

sup ||z || < oco.
n

Observe the inequality

Vn, ||zm(Tn) = [Z2(T)|| < rp-
Therefore, if we had

sup r, < 0o,
n

then the result would come easily. So, we assume for contradiction that sup,, 7, = co. However, we
can’t obtain a contradiction in this section and must first show Theorem 1.

According to the Arzela-Ascoli theorem in the extended sense (Theorem 10.4), a sequence of
equicontinuous functions always has a subsequence of functions that uniformly converge to a
continuous limit. In the following, we use this to identify a particular subsequence of interest.

Lemma 12.1 (5.1 Restated). Suppose sup,, r, = oo. Take an arbitrary subsequence {ﬂk,o}iczo -
{0,1,2,...}. Then there is a subsequence {ny},—, C {nio}py such that there exist some
continuous functions f™(t) and 2™ (t) such that vt € [0, T + 1),
T f,, (1) =/ (1)
—00
lim z,,(t) =2"(), (22)
k—oo )

where both convergences are uniform int on [0, T + 1). Furthermore, let 2" (t) = (2™ (), y"™(¢))
denote the unique solution to the ODE system

dz'™(t) lim lim
T*hoo(x (t),y (t))
dyhm(t) _

dt 0

with the initial condition

in other words,

t
Slim(g) = ghm () 4 / (oo (21 (5)), 0)ds. (23)
0
Then ¥t € [0,T + 1), we have

lim z,, (t) = 2™ (t),

k—o0

where the convergence is uniformint on [0,T + 1).

Its proof is in Appendix 16.4. We use the subsequence {ny} intensively in the remaining proofs.
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12.4 DIMINISHING DISCRETIZATION ERROR

Recall that f,,(¢) denotes the discretization error between Z,(t) and z,(¢). In this section, we will
show that lim,, o || fn (¢)|| = O forall ¢ € [0,7 + 1). We start by first proving that the discretization
error diminishes along the sequence {ny}, i.e., that

i [ (0] = 70 =0
This means Z,, (¢) is close to z,,, (t) as k — oco. Forany ¢ € [0,T + 1), we have
Tim [ £, (1)
—00

m(Tnk +t)_1

= klingo Z (O‘(i)HT’nk (gnk (t(l) - Tnk)a Wi+1)7 B(Z)Grnk (2nk (t(Z) - Tnk)a Wi+1))
i:m(Tnk)
t
= [ o, G (51, 0)ds (by 21)
0
(T +1)-1
< i . s N hm
Sfm| X O (=T W) [ s
+ lim ‘ / () ds — / s (2 (5))ds 24)
g ) —1
+k1LI& 4 z(; : ﬁ(i)Grnk(’an(t(i)_Tnk)7Wi+1) :
i=m(Tp,,

Here, we will bound the last term. This term is a novelty of the two-timescale setting and so there is
no analogous result in Liu et al. (2025).

Lemma 12.2. V¢t € [0,T + 1),

m(Tnk +t)—
klglolo . % ) B(Z)Grnk (Zny (8(1) = Tny.), Wita)|| = 0.
i=m(Tn,,

Its proof is in Appendix 16.5. We defer the rest of the argument to Appendix 16.6 since it is quite
similar to the relevant section in Liu et al. (2025). At the end of it all, from Lemma 16.9, we obtain

Tim [[f, ()] =
ade ]
forall t € [0,T + 1) showing that the discretization error goes to 0 along {ny}.

Now, since we had chosen an arbitrary subsequence { fn, , } and it has a subsequence { f,, } that
converges to 0, by Lemma 10.1 we know that { f,,} also converges to 0. Thus, the discretization error
diminishes along the entire sequence. That is,

lim |[f.(t)[[ =0 (25)
k—oo

forallt € [0,7 +1).

12.5 ODES WITH EXTERNAL INPUTS

This section contains some notation and results concerning ODEs with external inputs, which we
need for the next section. First, we will define some new notation.

Definition 8. We use the notation ny( )( x) to denote the solution to the ode
da(t
M) b0 0)

with the initial condition .
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Note that under this notation, () (7) can be written ng;?(o)(t, Z,,(0)). This notation (borrowed

from Lakshminarayanan & Bhatnagar (2017)) is useful since it identifies a trajectory of an ODE
parameterized by the rescaling factor ¢ and the external input y(¢).

The following lemma shows that within a certain amount of time, the trajectory of the ODE will be
pulled close to the equilibrium determined by the external input.

Lemma 12.3 (Lemma 5.2 Restated). Let K C R be compact and fix y € R%. Given any € > 0,
there exists a T, > 0 such that for all initial conditions x € K, we have n’,(t,x) € B(Aso (), €)*
forallt > T..

Its proof is in Appendix 16.7. The next lemma shows that if the external input is close to some
constant y, then the trajectory will remain close to the trajectory we would obtain if y was the external
input.

Lemma 12.4 (Lemma 5.3 Restated). Lety € R%, [0, T] be a given time interval, and p be a small
positive constant with i’ (t) € B(y, p). Then,

n! Ot @) = (b o) | <(Lp+ ()T
for any initial x € R™ and for all t € [0, T)].

Its proof is in 16.8. Armed with these results, we are ready for the next section.

12.6 COMPLETING THE PROOF

We now proceed to complete the proof of Theorem 1. The most involved result in this section is
Lemma 12.5, which tells us that if the 2 component is too much larger than the y component, the norm
of the iterate at 7}, cannot be larger than that of the iterate at 7;,. We use the results about ODEs
with external inputs to ensure that the  component of the trajectory gets pulled to the equilibrium,
which is close to 0.

Lemma 12.5 (Lemma 5.4 Restated). There exists a constant Cy > 1 such that if |z(T,,)| >
Cr(L+ |[G(TW)]), then rpyy = 1.

Proof. Suppose that for some n, ||zZ(T,)|| > Ci(1 + ||y(Ty)||), which implies that ||Z,,(0)|| >
C1(= + 3 (0)]])- Since 1 > [, (0)| and 122 > 5, (0)], we have

- 1
15O}l < - (26)

We know from Lemma 5.2 that there exists some T% such that for all ¢t > T%,

Hngo(t’fn(o))H <

Soif weset T = Ti’ then (27) holds for all t € [T, T + 1).

. 27)

RNy

From Lemma 5.3 we know that there exist p1 and ¢1 such that if y(t) € B(0, p1)forallt [0,T+1)
1
MO (0 20(0)) = (1,20 (0)) | < 5 ©8)

andr, > c 1 then
| <3

forall ¢t € [0,T + 1). Since lim,,_,, 1, = 00, there is some finite n; such that if n > n;, we can
be sure that r,, > c1. By (25), we know that there exists no such that for n > no, the discretization

error will diminish enough so that

gn(t) € B (gjn(O),min (p;’ ;)) (29)

*In case the reader is unfamiliar, the notation B(x,r) denotes the open ball centered at - with radius .
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forallt € [0,7 4 1). So, if we choose C; large enough so that C; > 16 and C% < p%, then we have
Un(t) € B(0,p1) (by (26) and (29)) for all ¢ € [0,741). So, we know that for all n > max(nq, nz),
(28) holds.

From (25), we know that there is some finite ng such that for n > ns,

. 1
) = 2O 20 (0))] < 5 (30)
forallt € [0,7 +1).

By (27), (28), and (30, since &, (Ty41 — To) = Z22), we have || 222)

3
<%
For n > ny, since ¢, (Trn+1 — Tn) = M we also have M

(29)).

So we conclude H

| <10y @6), & < 5, and

@H < 1, telling us that 7,1 = 7, as desired. If we let ny = max(ng, ng, n3)

and ensure that C; > max; <y, ||Z(1})]|, then the result holds for all n. O

Lemma 12.6 tells us that the iterate at each T, is bounded by the largest y component seen so far
in the sequence of times 7;,. To do this, we use an inductive argument—intuitively, we combine the
previous lemma, which prevents z from growing if the x component is too much larger than the
y component, with Lemma 17.15 which prevents z from growing too much within one period 7',
ensuring that = can never get too much larger than y.

Lemma 12.6 (Lemma 5.5 Restated). There exists a constant Cs such that for all n,
12T < O Calmax [5(T) + ).

Proof. From Lemma 17.15, we know that there are some constants A, B such that for all n,

1Z2(Tny )|l < All2(To)l| + B.

Our argument is inductive in nature. Let C, Cs and ensure that C; > A+ Band Cy > 2A+ B 4 2.
To make sure the base case (n = 0), holds, we also ensure that C;Cy > ||zg||. From Lemma 12.5
we know that if ||Z(7T,)|| > C1(1 + ||5(T»)]|), then r,, 11 = 7. Thus, if the result holds for all 4
less than some n, i.e., we have ||2(T;)|| < C1C2(max,,<; ||§(Thm)| + 1) for all ¢ < n, then we can
conclude that ||Z2(Ty41)|| < C1Ca(maxm<y |§(Tm)]| + 1) also.

To address the other case, assume for some n that |Z(T5,)|| < C1(||§(T3)|| + 1). Then we have
1Z2(Tara) |l < AllZ(T0) | + B
< Al|z(To) |l + Ally(Tw)l| + B
< ACH[§(To)ll + ACy + Allg(Tw) || + B
< CiC([ly(Tn)) + 1)
< Ci1Go( max |[§(Tm)l| +1).

O

Finally, while we’ve ensured that for all the 7, that Z(7},) is not to much larger than §(7,), we need
the result to also hold for all the iterates that lie in between 7,, and 7;,;. Lemma 12.7 takes care of
this.

Lemma 12.7 (Lemma 5.6 Restated). There exists a constant Cs such that for all n,
s < CLC203([lyn™ || + 1),

Proof. From Lemma 17.15 we know that for all m such that 7;,, < m < T, 1, there exist constants
A, B such that

lzmll < A||Z(T,)| + B.
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Let C3 > A + B. This means that
)l < 1zl < ACHCalmas [5(T)] + 1) + B

< 010203(1}?3 lg(T)|l + 1)
< C1CoCs([lyn™ [ +1).

n

By setting K equal to C; C>C3, this concludes the proof of Theorem 1.

Lemma 12.8. Let K, C R where K, is compact. Given any € > 0, there exists a T, > 0 such that
for all constant external inputs y € K, we have n,(t,x) € B(Aso(y), €) for any initial condition
€ Ao (Ky) and for all t > T..

Proof. By Lyapunov stability, we know that there is some § with § > § > 0 such that if ¥ (¢,z) €
B(Aso(y),0), then for all t' > ¢, ¥ (t',x) € B(Ax(y), 5). By Lemma 5.2 we know that there
exists some time T such that for all z € Ao (K,) (image of a compact set under a continuous map
is compact) and t > T}y, we have

(6, 2) € BOo(y).,

By Lemma 5.3, we can select p,, small enough such that for all y; € B(y, p),
0
[n& (8 2) = nZ @t 2)| < 5 (32)

2
forall t € [0,T5], 2 € Moo (Ky).

We can split up the timeline into chunks of size Ts. The insight we will rely on is that if n¥_ (T5, z) =
x1, then n¥_(Ts 4+ t, ) = nY, (¢, 21) for all ¢ > 0. The way our logic proceeds is as follows: By (31)
and (32) we have that

ng (T571‘) € B()‘oo(y)7 5)

Let z1 = 1Y (T5,x). Forall t € [0, Ts], we know by Lyapunov stability that

n(tn) € Bhwo(w). ).

so by (32) we know (since we can reuse the p, selected earlier) that

g (t, 1) € B(Aso(y),
for all ¢ € [0, Ts], implying that
(33)
forall t € [T5, 2T5].
By (31) and (32) we know that

ﬂgé(T67$1) € BO‘OO(:U)WS)'

We can then define x5 = 1Y} (T, x1) and repeat the above arguments to see that (33) holds for all
t € [2T5,3T5). We can continue repeating this argument for all z,, to see that (33) holds for all
t>Ts.

Let L be the Lipschitz constant for Aw. Then for all y1 € B(y, ;1) we have

Ao () = Aol < 7. (34)
To summarize, by (33) and (34), we know that if y; € B(y, min(py, 77-)) then

1 (t,x) € B(Aso(y1), €)-
Each y gives us such a ball B(y, min(py, ;7)) along with a T and these balls cover K. By

compactness, we can obtain a finite subcover and a finite number of times 71, ..., T),,. Taking T to
be the maximum of these times completes the proof. O
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Lemma 12.9. Let K, C R?% where K, is compact. Given any € > 0, there exists a § such that
for all constant external inputs y € K, if the initial condition x € B(Ax(y),9), then n%, (¢, x) €
B(Aoo(y), €) forallt > 0.

Proof. Fix y and e. From Lemma 12.8 we know that the result holds for ¢ > T, so we just
need to show that it holds for 0 < ¢ < T.. By Lyapunov stability, there exists J, such that if
x € B(Aso(y),dy), then forall t > 0, n¥ (¢, ) € B(Aso(y), 5)-

By Lemma 5.3, there exists p small enough that for all ¢’ € B(y, p),
€
I (1, 2) — 2 (6] < 5
forall x € B(Aso(y), dy), t € [0, Ts]. Finally, since Ao is Lipschitz, if y’ € B(y, 55—),
€

3L
o) = Aol < &

Combining these facts, we know that if y; € B(y, min(p, 57-)), then n% (¢, z) € B(Ax(y), €) for
all t > 0. Each y comes with such a neighborhood and a distance §. By compactness, we can extract
a finite subcover and a finite number of distances d1, . . ., §,,, and taking § to be the smallest one gives

us our result. O

Lemma 12.10 (Lemma 5.7 Restated). For any € > 0, there is some T, and some N, such that for
alln > N, ||Zn(t) — Ao (Gn(t))]| < eforallt € [0, T¢].

Proof. By 12.9, we know that for all y € [—2,2]% there is some § with § > & > 0 such that
if Y, (t,z) € B(Ax(y),0), then for all ' > t, n¥ (t',2) € B(Ax(y), 5). By Lemma 12.8 we
know that there exists some time 7} such that for all z € A (K) (image of a compact set under a
continuous map is compact) and ¢ > T}, we have, for all y € [—2, 2]%,

T (t,2) € BOo(y).

7 35)

By Lemma 5.3, there exists n; such that for all n > n;,

] S

[, (8, ) = n¥(t,2)]| < (36)
forall ¢t € [0, Ts].
By (25), there exists no such that for all n > no,

2(t) = 0l Ot 30(0) | < (37)

e o

and

oo (Gn(5) = Ao (GO < L lln(t) — G (0)] < 2 (38)

4
forall t € [0, T5]. Combining (35), (36), (37), and (38), we have

20 (T5) = Aoo (G (T5)) Il < 0
for all n > max(ny,nz). This means that

||i'n+1(0) - Aoo(gn+1(0))” =

when n. > max(nq, ns), giving us

Tn

||i'n(T6) - /\oo(gn(Té))H <4
Tn+1

for all n > N, = max(ny,n2) + 1. So,
2Ot 20(0) = A (3 (0))| <
for all ¢ > 0. Combining this with (37) and (38) gives us

% () = Ao (T ()] < €
for all ¢t € [0, Ts], as desired. Taking T, = Ts completes the proof.

| ™
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13 PROOF OF THEOREM 2
In this section we will prove Theorem 2.

13.1 SLow TIMESCALE SETUP

Here we are working in the slow timescale. We reuse the notation from Section 12.1 but redefine
some things in terms of the slow timescale. We split the positive real axis [0, o) into chunks of length
{B(i)},_.1. - We then collect these segments together into larger intervals {[T},, Tr4+1)},,_0.1 >

where the sequence {7}, } has the property that as n grows large, we have T}, 1 — T;, = T. We define

£(0) =0,
t(n) iiﬁ(i) n=1,2,...
=0

For all T" > 0, define

m(T) = max {i|T > ¢(i)}
to be the maximal 7 where ¢(4) is no greater than 7T'.
Define

Ty =0,

Toi1 =t(m(T, +T)+1).

For any given function f with domain W, its asymptotic rate of change is defined as

m(t(n)+ta)—1

limsup  sup Z BE[f(Wit1) — Ewnay [f(w)]]||-

noTTShSRST G ) +4)

13.2 DEFINING THE SLOW ITERATES

Here, we take Z(t) to be the piecewise constant interpolation of z, at points {t(n)},_,, ,i.e.,

(z0,y0) t€[0,%(1))
@) te[t(),6(2)
2() = (@(0:9(1) = | (20, y0) ¢ € [t(2),1(3))

Now we describe our rescaling of Z(t).
Definition 9. Vn € N, t € [0,T + 1), define
L 2T, +1)

En(t) = (i'n(t)vgn(t)) = T

We will define r,, differently, such that it will be at least as large as the largest iterate seen so far:

i

We can regard 3, (¢) as the Euler’s discretization of y,,(¢) defined below.
Definition 10. Vn € N, ¢t € [0,T + 1), define y,,(t) as the solution to the ODE

dy;t(t) = gr. Qoo (Wn(t)), yn (1))

Ty = max{l,

max
Fm(Ty)
max

where z,

= Zm, such that m = arg max;<y, ||z|-

with initial condition



Under review as a conference paper at ICLR 2026

We can also write y,, (t) as

t
() = 50(0) % [ gn, O 0 (6), 30 (1) (39)
0
The discretization error is defined as

fn(t) = Gn(t) — yn(t)

and we want to show that f,, (¢) diminishes to O uniformly in ¢ as n — oo. To accomplish this, we
need to analyze the following three sequences of functions

{t = 9 ()} 0o {un () }nZos {fn ()} 20-

In particular, we show that they are all equicontinuous in the extended sense. We defer the relevant
definitions, statements, and proofs to Appendix 16.3 as they are quite similar to the analogous sections
in Liu et al. (2025).

Lemma 13.1. {g,,(t)},, is equicontinuous in the extended sense on [0,T + 1).

Proof. We know that

sup 7 (0)]] < L.

Without loss of generality, let £1 < to.

m(Tn+t2)71
limsup sup  ||gn(t1) — Gn(t2)|]| = limsup  sup Z B)Gy, (Zn(t(i) — Ty), Wit1)
n OStQ_tIS‘S n OStz—t1§5 i:m(Tnthl)
V¢ > 0, by (95), 3do, such that VO < § < §p,
m(Tn-‘rtQ)—l
suplimsup  sup Z B(1)Ge(0, Wipq1)|| <E. (40)
1 n 0St-hi<E ||,
By (101), 3671, such that VO < § < 4y,
m(T,L+t2)71
limsup ~ sup > BGHL(Wi) <& (41)

n o 0<ta—t:<6 i (Tott1)
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Without loss of generality, let t; < t5. Then V6 < min {do, §; }, we have

m(Tn+t2)71
limsup ~ sup > BH)Gr, (Za(t(i) = Tn), Wiga)
no0St—h<s ||
m(Tn+t2)71 m(TnthQ)*l
Stmswp s || S B0)Gn Galt@) T Wir)|[ = | S BGGr (0, Wisa)
n 0<tz—t1<6 i=m(Tp+t1) i=m(Tp+t1)
m(T,,L+t2)71
+limsup sup Z B(4)Gr,, (0, Wiy1)
no0St-n<S ||
m(Tn+t2)71 m(TnthQ)*l
<limsup sup Z /B(i)Grn(én(t(i)_Tn)7Wi+1) - Z /B(i)GTn(OvWi-‘rl)
n 0<tz—t1<6 i:m(Tn+t1) i:m(Tn*‘rtl)

m(Tn+t2)71

+suplimsup  sup Z B(1)G(0, W;t1)
21 n 0St-n<e|, T

m(Tp+t2)—1 m(Tn+t2)—1
Slimswp swp || ST B@G, Galt() ~ T, Wird) | || D BOG, (0, Wir)
no 0St—tSO T ) i=m(Th +1)
+¢ (by (40))
m(Tn+t2)71 m(TnthQ)*l
<tmswp swp || ST )G, Galt) — T Wist) = > A)Gr, (0, Wip)
no 0St—ta SO ) i=m(T,+t1)
+¢
m(Tn-I—tQ)—l
<limsup sup > BOGr, (Za(t(i) = Tn), Wit1) — G, (0, Wisy)|| + €
no0St—ni<s, L
m(Tn-‘rtQ)—l
Slmswp sup >0 BELWinn)lE(t0) — Tl +€
no0St-ni<s, T
m(Tn—‘—tQ)—l
<Flimsup sup Z B)L(Wit1) +& (by Lemma 13.11)
no0<t—ni<s, L
<E{+¢. (by (41))

O

Equicontinuity for the other two sequences of functions follows more similarly to the fast timescale
arguments.

13.3 A CONVERGENT SUBSEQUENCE

The ultimate goal is to show that

sup ||z || < o0.
n

Once again, observe the inequality
v, lzml| = 12T < 7.
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Therefore, if we had

sup ry, < oo,
n

then the result would come easily. So, we assume for contradiction from now on that sup,, r,, = 00.

According to the Arzela-Ascoli theorem in the extended sense (Theorem 10.4), a sequence of
equicontinuous functions always has a subsequence of functions that uniformly converge to a
continuous limit. In the following, we use this to identify a particular subsequence of interest.

Lemma 13.2. Suppose sup,, r,, = co. Take an arbitrary subsequence {njo},-, € {0,1,2,...}.
Then there is a subsequence {ny},—q C {10} such that there exist some continuous functions
i () and 1™ (t) such that vt € [0, T + 1),

lim g, (t) =5 (1), (42)
k— o0
where both convergences are uniform int on [0, T + 1). Furthermore, let y™ (t) denote the unique

solution to the ODE

dylim (t)

= g e 4™ (1)), (1)

with the initial condition

ylim (0) — glim (0) ,

n

in other words,

t
yhm(t) _ ghm(o) + / goo()\oo (yhm<s>)7 yhm(s))d&
0
Then vt € [0, T + 1), we have

lim Yny (t) = ylim(t)v

k—o0

where the convergence is uniformint on [0,T + 1).

Proof. Since sup,, , = oo and r, is monotonic, lim,,_, ., 7, = 00, and every subsequence also
converges to infinity.

Since { fn, , } is equicontinuous, by the Arzela-Ascoli theorem (see Appendix 10.4), there exists a
subsequence ny 1 C ny o such that { fnk,l} converges uniformly to a continuous limit f fim Similarly,
since {{n, , (t)} is equicontinuous, there is a subsequence ny, C ny,; such that {Z,, (t)} converges
uniformly in ¢ to a continuous limit 7™ (¢).

The proof that lim,,_, Y, (t) = ¥"™(¢) uniformly is by lemma 13.5. O

Lemma 13.3. sup,c(o 741 [|[v™(1)| < C.
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Proof. ¥t € [0,T + 1),
ly™ @)l

—\ P70+ [ O (). )
0

<[ly™ @] +

/O e oo (57(5)), 4 (5)) s

_ lim ! lim s lim s)) — s ! s
—lly <o>H+H/O 9 O (050 (5)) — 9 0)] s+ [ (01

t t
<[l (0)| + / 950 oo (4™ (5)), 4™ (5)) = 9o (0)|ds + / 1950 (0) | ds
t t
SHylim(O)H+/0 LH/\oo(yHm(S))H+L||yhm(5)||ds+/0 ll900 (0)]|ds (by Lemma 17.2)
t t
§1+/0 L‘LAHZUHm(S)H+L||ylim(3>’|d3+/0 1900 (0)[|ds

§1+/0 L(Lx+ D[y (s)[lds + (T + Dllgoo (0)]

¢
<1+ / L(Lx + 1)||y"™(s)||ds + Cu (by Assumption 5)
0
<[1+ Cy] eJo L(La+1)ds (by Gronwall inequality in Theorem 10.1)
< [1 + CH] eL(L>\+1)(T+1)
<C. (by (103))
O

Lemma 13.4. limy_, gy, (Moo (B (1)), Y1 (1)) = Goo (Moo (¥ (2)), y1 ™ (2)) uniformly in t €

0,7 +1).

Proof: By Assumption 5, limgec gr, (V) =  goo(v) uniformly in a compact set
{vjv e RTF42 |lv|| < C}. By Lemma 13.3, {y™(¢)|t € [0,T+ 1)} C {v|v € R, ||v| < C}.
Additionally, Ao is Lipschitz, so  {(Ac(y"™(2)),y"™ ()|t € [0, T +1)} -
{vjv e R+ o] < C}.

Therefore, limy o0 gr, (Ao (¥"™ (1)), 4™ (#)) = goo(Aoo(y™(t)),y"™(¢)) uniformly in
{y™(t)[t € [0,7+1)} andint € [0,T + 1). O

Lemma 13.5. Vt € [0,T + 1), we have
lim y,, (t) = y"™(1).

k—oc0

Moreover; the convergence is uniform int on [0, T 4 1).

Proof. By (42), ¥ > 0, there exists a k; such that Vk > ki, Vt € [0, T + 1),

(|G, (8) = 3™ (1) < 6. (43)
By Lemma 13.4, there exists a ko such that Vk > ko, Vt € [0, T + 1),
|9 Moo (1™ (£)), 4™ (£)) = goo (Ao (™™ (1)), "™ (1))|] < 6. (44)
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Vk > max {ki, ko }, Vt € [0,T + 1)
[y, (1) = 4™ (@) |

ng (0) + / Gr.. oo (U (5)), 4y (3))ds — 7(0) — / o0 (oo (87 (5)). 47 () s

<[l (0) — 7™ ()| + H [ s O ) 6 = [ Ol )5

t
< | [ 1 O (6090 (90) = e (5, ) (oy (43)
0
t
<6t [ gnn, e (610 (5)) = g0, O™ (). 9 s
0
t
[ oy o™ 9,57 = O 5,5 s
t
<64 L [ Ooe s (9):90 (5) = O™ (). s
t
[ g Qe 5™) = g O™ (). 9| (by Lemma 17.2)
0
t
<G48+ L(Ly + 1) / [ (5) — 4™ (s) || ds (by (44))
0
<(8 4 t8)el A+t (by Gronwall inequality in Theorem 10.1)
<(8+ To)eH AT,
which completes the proof. O

We use the subsequence {n;} intensively in the remaining proofs.

13.4 DIMINISHING DISCRETIZATION ERROR

Recall that f,,(¢) denotes the discretization error between ¢, (t) and y,,(¢). In this section, we will
show that lim,, ,« || f(¢)|| = O forall t € [0,T + 1). We start by first proving that the discretization
error diminishes along the sequence {ny}, i.e., that

T || £, (0] = [ 7(0)]| =0.
—00
This means gy, (t) is close to yy, (t) as k — oco. For any ¢ € [0, T + 1), we have

Jim [ £, (0)]
— 00

m (T, +1)—1

t
= k:ll)ngo 3 % : B(i)Gr”k (2nk (t(l> - Tnk)7 Wi+1) - /0 grnk ()\OO (ynk (S))7 Yny (S))dS
k’ (by (39))
m(Tp, +t)—1
< klijgc Z /B(i)[GTnk (Zni (8(8) = Tn), Wiga) — GTnk (Ao (Fn. (£() = Ti)) Gy, (£(0) = Ty, ), Wi
i=m(Tn,,)
(45)
m(Tnk +t)—1 ¢
+ Z ﬁ(i)Grnk (Aoo (Uny, (E(2) = Tiny)s Uy, (8(0) — Thny ), Wig1) — /O ra, (oo (Yny. (8))s Yny (8))ds||-
i:m(Tw,k)
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Lemma 13.6 (Lemma 6.1 Restated). For all ¢ > 0, there exists some N such that for alln > N,

[[Z0(t) = Ao (G ()| < €
forallt € [0,T)

Proof. For clarity, since we will work with both fast and slow timescale objects, we will use o and
[ in superscripts to indicate the fast and slow timescale variants respectively. We also define some
notation to help in converting between timescales:

T(t) =t (m (1)

7(t) = 17 (m° (1))
By the difference in how the rescaling is defined between the timescales, we know that Héﬁ (0) H <
|25 (r(T?) — T2)||, where m is the largest v such that T < 7%(T}?). Essentially, whenever the
slow timescale is rescaled, the iterate has a smaller norm than the fast timescale’s iterate at that index.
Now we need to show that for the rest of that period in the slow timescale (i.e. when 77 <t < Tf 1)

the slow timescale iterates, despite not being rescaled during this period, never get too much larger
than the fast timescale iterates which may be rescaled many times.

Thus, given ¢ € [0,77], we are interested in the ratio :i;, where [ is the largest v where T <
7%(T5 4 t). By Lemma 13.11 we know that

i < emsts o || S C\lamsirs|| + P =C i+ D
implying that
T D
B <C+ et
n n

There exists n; such that for all n > nq, T% < (C,soforall n > nq,
ﬁ“
g
By Lemma 12.10, there exist ny and T such that for all n > n., we have
€

2 (1) — Moo (TS (2 < —

|25 (t) GnOl < 55
forall ¢ € [0,T.]. Now, set N = max {ny,na}, where ny is the smallest v such that ) > 77(T¢ )

and T is set to T.. We then have, for all ¢ € [0, Tﬁ],
120, (t) = Moo (T (1))|| < 20|27 (7 (T + 1)) = Ao (G (T (T +1)))|| < €

for all n > N. Since we set T to 7. without modifying T2, the result holds for all €, regardless of
what value we set 7% to at the start. O

<2C.

Lemma 13.7. The first error term (45) converges to 0.

Proof.
m(Tp, +t)—1

lim Z B(i)[Grnk (gnk (t(z) - Tnk)7 Wi+1) - Grnk ()‘oo (gnk (t(l) - Tnk,))’ YUny, (t(l) - Tnk)7 Wi+1)]

k—o0
i:m(Tnk_ )

m(Tn,, +t)—1
< lim o BOLW &0, (4(5) = Tuy) = oo (fin (£(2) — To)) |
l:m(Tnk)
m(Tn, +t)—1
< lim e(k) Y B()L(W) (Lemma 13.6)

k—o0 .
l:m(Tnk )

<C lim e(k) (99)

k—o0
=0.
[
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The rest of the proof, including the verification that the other term diminishes is the same as liu et al
and the fast timescale’s analogous term.

Now, since we had chosen an arbitrary subsequence { fnm} and it has a subsequence { f,,, } that
converges to 0, by Lemma 10.1 we know that { f,,} also converges to 0. Thus, the discretization error
diminishes along the entire sequence. That is,

dim (@) =0 (46)
— 00
forallt € [0,7 +1).

13.5 COMPLETING THE PROOF

Definition 11. We use the notation x.(t,y) to denote the solution to the ode
(t

dy

F = gC(Aoo(y(t)), y(t))

with the initial condition y.

Note that under this notation, y, (¢) (10) can be written ., (¢, %, (0)).

Lemma 13.8. Let K C R% be compact. Given any € > 0, there exists a T, such that for all initial
conditions y € K, xoo(t,y) € B(0,€).

Proof. By Lyapunov stability, there is a 6 > 0 such that any trajectory beginning within B(0, §) stays
within 5 of the equilibrium 0.
For an initial condition y, let T, be a time at which the trajectory is within % of the equilibrium. Let
y1 be some other initial condition. By definition, Lipschitzness, and the Gronwall inequality, we have
t
[Xoo (t,y) = Xoo (B, y1)Il < lly — wall + L(Lx + 1)/ [Xoo (5, 4) = Xoo (s, 41)|ds
0
< lly = yaflet AT
forallt < T,,.

So there is a neighborhood V,, such that for all y; € V}, X0 (Ty, y1) is within ¢ of the equilibrium,
which by Lyapunov stability implies that it will always be within € of the equilibrium after T,.

By compactness, we can cover the set K by a finite number of such intervals and obtain a finite

number of times T}, , ..., T}, and then take the maximum time to be the value of 7. O

Lemma 13.9. Ler [0, T] be a given time interval. Then,
Ixe(t,y) = Xoo (8, )| e(e) - TeHEATIT.
for any initial y € R and for all t € [0, T).

Proof. We have

xelt:y) =y + / GeOroo (xe(5,9)): Xe(5:))ds,

t
Xoelt) =1+ [ 9o Ore (510, e 5.
0
Let us define the error term:
e(t) = lIxe(ty) = Xoo (& )|I-

We can bound e(t) by two terms:
t

e(t) < ; l9e(Aoo(Xe(5,9))s Xe(5,4)) = ge(Aoo(Xoo (5,4))s Xoo (5, 4))[|ds

+ 0 ||gc(/\oo(Xoo(8’y))vXoo(svy))_goo()‘oo(Xoo(Svy))’Xoo(say))Hds
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To bound the first term, we use Lipschitzness:

/0 196 Choo (e Xe (5 ) — (oo (oo (5 ) xoo (5, )| s

< L(Ir+1) / Ixe(t,4) — xoo (£, )l ds

= L/O75 e(s)ds.

To bound the second term, we use Lipschitzness and Assumption 3:

/0 196 (hoo (Xoe (5, 9)): Xoo (5:9)) — g0 (hoo (xoo (5, ), Xoo (5,9l ds
<

7/0 e(c)ds

<Te(c).
To conclude, we will use the Gronwall Inequality (Appendix 10.1):

e(t) <Te(c)+ L(Lx+1) / e(s)ds
0
<e(c) - Te A+,
O

Since in this section, 7, is defined as the largest iterate norm seen so far, if it is bounded, then the
iterate norms are bounded, verifying Theorem 2.

Lemma 13.10. The sequence r,, is bounded, creating a contradiction.

Proof. By Lyapunov stability there is some § with m > § > 0 such that if xo (t,y) € B(0,6)
at some time ¢, then for all times ¢’ > ¢, we have

/ -
Xoo(t,y)GB<07 4(LA+1)>' (47)

By Lemma 13.8 we know that there is a Ts such that when we set T' = T,
6
Xoo (Ta y) € B(Ov g) (48)

forall y € [—2,2]%.

By Lemma 13.9 we know that there is an n; such that for all n > nq,

5
Ixr, (£, 9) — Xoo (£, y)|| < 3 (49)

forall y € [—2,2]% and ¢ € [0, T}].
By (46), we know that there is an ny such that for all n > nq, we have

4]

”*gn(t) - ()‘oo (Xrn (ta gn(o)))a)(rn (ta gn(o)))” < g (50)

forall ¢t € [0, T5].
From (48), (49), and (50), we have
7n(0) € B(0,9)

32



Under review as a conference paper at ICLR 2026

for all n > max {ny,na} + 1. Thus, from (47), we have

Xoo(ta gn(o)) €B <0’ 4([1/\14—1))

for all ¢ € [0, Ts], which implies that

O (0O X 050 0)) € B (0.7 )

Combining this with (50) gives us

for all n > max {nji,n2} + 1 and t € [0, Ts], which, by definition, prevents the sequence r,, from
increasing, contradicting the assumption that r,, increases to infinity. O

Lemma 13.11. There are some constants A, B such that
I < Az, || + B
where m(T,,) <1 < m(Ty11). As a consequence, there are constants C and D such that

e < |z, | + - 51)

This implies that || Z,,(t)|| is bounded since for all n, ||Z,(0)]] < 1.

Proof. We know that

l
lvell = ||Ym(z.) + Z B()G (i, yi, Wig1)
i=m(T),)

A

l
<lup=l+ > BOIG(xi, i, Wit (52)

i:m(Tn)
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Since the second term of (52) is monotonically increasing in [, we know that the following holds:

l

™| < |lyme |+ D BOIG (s, yi, Wizl
i=m(T),)
l l
< |wmtr |+ 22 BOLWa) (il +lwl) + > BEGO,Wis)
i=m(Tyn) i=m(Ty)
l
< |vmtro|| + Do BOLWir)(l:l + lyil) + E (94)
= |Ym(Tn) i+1 i Yi
i=m(T,)
l
<yt |+ D0 BOLWir)(KQ+ ™) + ly™|) + £ (Theorem 1)
i=m(T,)
l
<llymten |+ D BOLWir)(K + (K + 1)ly™) + E
i=m(T),)
l l
<lymtry | + 5 D BOLWir) + (K +1) > BOLWir) g™ + B
i=m(T),) i=m(T,)
l
<y || + KC"+ (K +1) > BOLWird) g™ + B (106)
i=m(T,)
< (Hyﬁ‘w )H 4 Kc’) e EAD She iy BOLWisn) 4 p
(by discrete Grownwall inequality in Appendix 10.3)
< (Hy,‘?;‘(}”) ’ +KO’> HH L | (106)

Now we show (51):
1211 < g™ N + K1+ (g™ ) (Theorem 1)
<K+ (K + 1)(A||y | + B)

<K+ (K + )|z )| + B)

14 CONVERGENCE

14.1 FAST TIMESCALE CONVERGENCE

Returning to fast timescale definitions here.

Corollary 2. Let Assumptions 1 - 6 hold. Then the iterates {z, } generated by (1) converge almost
surely to a (sample path dependent) bounded invariant set of the ODE system

0 hatt), (o) 653
dy(t) _
o

Proof. To prove convergence results on ¢ € (—oo, 00) in Corollary 2, we fix an arbitrary sample path
{20, {W;};2,}. The stability results from Theorem 2 hold. To prove properties on ¢ € (—00,00), we
first fix an arbitrary 7 > 0 and show properties on Vt € [—7, 7].
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Definition 12. Vn € N, define z,,(t) as the solution to the ODE (53) in (—o0, 00) with an initial
condition

Z,(t) can also be written as

Za(t) = 2(t(n)) + /0 (h(Za(5)),0)ds, 'Vt € (—o00,00). (54)

We need to show that the error of Euler’s discretization diminishes asymptotically. With (16) and
(I7), VY7 > 0, ¥t € [T, 7],

Z(t(n) + 1) = Zm(e(n)+0) (55)

_ { (t(n)) + SO (i) HE(00)), Wi BOGE0). W) 20
H(H) = S oy @D H (D)), W), BOIGE(H)), Wig1) it < 0,
Notably, the property (16) that V¢t < 0, m(t) = 0 in (55) ensures Z(t(n) + t) is well-defined when
t(n) 4+t < 0. Precisely speaking, V7 > 0, V¢ € [—7, 7], the discretization error is defined as
Fu(t) = Z(t(n) + 1) — Za (). (56)

and we need f,,(¢) to diminish to 0 as n — co. To this end, we study the following three sequences
of functions

{2(( )+t)}n 0’{Zn n O’{f" }

Equicontinuity in the extended sense on the domain (—oo, 00) is deﬁned as following (Section 4.2.1
in Kushner & Yin (2003)).

Definition 13. A sequence of functions {’yn : (—00,0) — RE } is equicontinuous in the extended
sense on (—00,00) if sup,, || (0)]] < oo and ¥7 > 0, Ve > 0, 36 > 0 such that

lim sup sup [ (t1) — m(t2)l| < e

n 0<Z |t —t2| <4, [t <, |t |[<T

We show {Z(t(n) + t)}, {Z,(t)} and { f,,(¢)} are all equicontinuous in the extended sense.

Lemma 14.1. The three sequences of functions {Z(t(n) + t)}o"_ o, {Zn(t)}og. and { fu(t }n , are
all equicontinuous in the extended sense ont € (—o00, o).

To prove those lemmas, we need the Gronwall inequality in the reverse time in Appendix 10.2.
Compared to lemmas in the main text which have the domain ¢ € [0,T + 1), lemmas in this section
have similar proofs because we first fix an arbitrary 7 and prove properties on the domain t € [—7, 7].
We omit proofs for Lemma 14.1 because they are extremely similar to the proofs of equicontinuity in
the fast timescale. Similar to Lemma 5.1, we now construct a particular subsequence of interest.

Lemma 14.2. There exists a subsequence {ny,};- , C {0,1,2,...} and some continuous functions
i (t) and 2™ (t) such that ¥, Vt € [—T, 7],

lim fnk (t) :flim(t)a
k—o0
lim 2(T,, +t) =2"™(1),

where both convergences are uniform in t on [—7,7]. Furthermore, let 2™ (t) denote the unique
solution to the ODE (53) with the initial condition

Zlim(o) _ Elim(O),
in other words,
t
z“m(t) = th(O) +/ (h(Zlim(s)),O)ds.
0
Then V1, V't € [—7, 7], we have
lim Zz,, (t) = 2™ (t),
k—o00

where the convergence is uniform in t on [—T, 7).
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Its proof is very similar to the proof of Lemma 5.1 and is omitted. We use the subsequence {ny, }
intensively in the remaining proofs. Recall that f,(t) denotes the discretization error between
Z(t(n) + t) and Z,(t). We now proceed to prove that this discretization error diminishes along {ny}.
In particular, we aim to prove that V7, Vt € [—T, 7],

tim |7, ]| = [ 7)) = o

This means Z(t(ng) + t) is close to Zy, (t) as k — oco. For t € (0, 7], the proof for this part is the
same as the proof we have done in Section 12.4. Thus, we only discuss the proof for ¢ € [—7,0]. V7,
vt € [T, 0],

Jim 7,0
= lim_ z(t(nk))j > (ali)H(Z(t(0), Wisr), BHG(Z(H(), Wig1)) — Zny (£)
i (by (55) and (56))
= lim |- ) (a(Z)H(f(t(l)),Wm),ﬂ(Z)G(Z(t(i)),WiH))*/ (h(zn,(5)),0)ds
i=m(t(ny)+t) 0
(by (54))
< lim [/— > a(i)H(z(t(i)),WM)—/ h(Z™ (s))ds
i=m(t(ny)+1) 0
Flim =Y BOGED), W)
i=m(t(nx)+1)
: ! lim ! =
Jrkhﬁnolol/o h(z (s))dsf/o h(Zn, (s))ds||. (57)

The second term in the RHS of (57) is 0.

Lemma 14.3. V7, V¢t € [—7,0],

nkfl

lim ||— Z B(i)G(2((i), Wit1)|| = 0.

k—o0
i=m(t(n)+t)

The proof is very similar to the proof of Lemma 12.2 so is omitted.

The first term in the RHS of (57) is also 0.

Lemma 14.4. V7, Vt € [—7,0],

ni—1

lim ||— Z a(i)H(Z(t(i)),WiH)—/O h(z"™(s))ds|| = 0.

k—o0
i=m(t(ni)+t)

Its proof is very similar to the proof of Lemma 16.7 and is omitted. This convergence is also simpler
than (74) because here we have only a single (H, k). But in (74), we have a sequence {(H,,, hn, )},
for which we have to split it to a double limit (75) and then invoke the Moore-Osgood theorem to
reduce it to the single (H, h) case.
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Lemma 14.4 confirms that the first term in the RHS of (57) is 0. Moreover, it also enables us to

rewrite 2™ (¢) from a summation form to an integral form. V7, V¢ € [—, 0]
Elim(t)
nkfl
= Jim ()~ Y. (W) H (), Wis), BGG(((), W)
i=m(t(n)+t)
t
= lim (t(nx)) + / (h(z"™(s)),0)ds. (by Lemma 14.4)
—00 0

Thus, we can show the following diminishing discretization error.
Lemma 14.5. V7, Vt € [—7, 7],
Jm (| (0] =0,

Moreover; the convergence is uniform in t on [—, 7).

Its proof is very similar to the proof of Lemma 16.9 and is omitted. This immediately implies that for
any t € (—o0, 00)
lim Z(t(ng) +t) = 2"™(2). (58)

k—o0

Theorem 2 then yields that

sup Hz““‘(t)” < 00.
te(—o0,00)

Let Z be the set of limit points of {z,}. By Theorem 2, sup,, ||z,|| < o0, so Z is bounded and
nonempty. We now prove Z is an invariant set of the ODE (53). For any z € Z, there exists a
subsequence {zy,, } such that

lim z,, = =z.

k—o00
Since {Z(t(ny) 4+ t)} is equicontinuous in the extended sense, following the way we arrive at (58),
we can construct a subsequence {n}.} C {n} such that

lem Z(t(n}) +t) = 2™ (1), (59)

lies entirely in Z. For any ¢ € (—00, 00), by the piecewise constant nature of z in (55), the above limit
(59) implies that there exists a subsequence of {2, } that converges to 2™ (¢), indicating 1™ (t) € Z
by the definition of the limit set. We now have proved Vz € Z, there exists a solution 2™ () to the

ODE (53) such that zl™(0) = z and Vt € (—o0, 00), 2™ (¢) € Z. This means Z is an invariant set,
by definition. In particular, Z is a bounded invariant set.

where 2™ (¢) is a solution to the ODE (53) and 21™(0) = 2. The remaining is to show that z1™(¢)

We now prove that {z, } converges to Z. Let {z,, } be any convergent subsequence of {z,,} with its
limit denoted by z. We must have z € Z by the definition of the limit set. So we have proved that all
convergent subsequences of {z,} converge to a point in the bounded invariant set Z. If {z,} does

not converge to Z, there must exist a subsequence {ZnL } such that {ZnL } is always away from Z
by some small ¢y > 0, i.e., Vk,

inf
zeZ

oy — zH > co. (60)

But {zn; } is bounded, so by the Bolzano-Weierstrass Theorem, it must have a convergent subse-

quence, which, by the definition of the limit set, converges to some point in Z. This contradicts
(60). So we must have {z, } converge to Z, which is a bounded invariant set of the ODE (53). This
completes the proof. O

Since the invariant set of (53) is {(A(y),y) : y € R%2}, we have
lim ||z, — A(yn)|| = 0. (61)
n—roo

We will use this fact to now establish convergence to the unique equilibrium.
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14.2 SLow TIMESCALE CONVERGENCE

Returning to slow timescale definitions here.

Corollary 3. Let Assumptions 1 - 6 hold. Then the iterates {y,,} generated by (1) converge almost
surely to a (sample path dependent) bounded invariant set of the ODE

S CIRT) 6

Proof. To prove convergence results on ¢ € (—oo, 00) in Corollary 3, we fix an arbitrary sample path
{20, {W;}.,2,}. The stability results from Theorem 2 hold. To prove properties on ¢ € (—00, 00), we
first fix an arbitrary 7 > 0 and show properties on Vt € [—7, 7].

Definition 14. Vn € N, define y,,(t) as the solution to the ODE (62) in (—o0, 00) with an initial
condition

Jn(t) can also be written as

Gn(t) = G(t(n)) + / A (5)), Tn(s))ds, ¥t € (—00, 00). 63)

0

We need to show that the error of Euler’s discretization diminishes asymptotically. With (16) and
(17), VY7 > 0,Vt € [T, 7],

Z(t(n) +1) = 2mem)+1) (64)
_ JE(t(n ) + ST (@) H (2(t(0)), Wita), BG)G(E(t()), Wisn))  ift >0
() = X0y (G H(Z(4(0)), Wig1), B()G(2((i), Wisr))  ift < 0.
0i
[~

Notably, the property (16) that V¢ < 0, m(t) =
t(n) +t < 0. Precisely speaking, V7 > 0, Vt €

Fu(t) = 5(t(n )+t)—37n(t)- (65)

and we need f,(t) to diminish to 0 as n — oo. To this end, we study the following three sequences
of functions

in (64) ensures z(t(n) + t) is well-defined when
, T, the discretization error is defined as

{7(n) + O} GO 00 { (D)}

We show {g(t(n) + t)}, {gn(t)} and { f,,(¢)} are all equicontinuous in the extended sense on the
domain (—o0, ).

Lemma 14.6. The three sequences of functions {§j(t(n) + t)}o”_q, {Fn(t) Yo and { fu(t }n , are
all equicontinuous in the extended sense on t € (—00,0).

To prove those lemmas, we need the Gronwall inequality in the reverse time in Appendix 10.2.
Compared to lemmas in the main text which have the domain ¢ € [0, T + 1), lemmas in this section
have similar proofs because we first fix an arbitrary 7 and prove properties on the domain ¢ € [—7, 7].
We omit proofs for Lemma 14.6 because they are extremely similar to the proofs of equicontinuity in
the slow timescale. Similar to Lemma 13.2, we now construct a particular subsequence of interest.

Lemma 14.7. There exists a subsequence {ny.};- , C {0,1,2,...} and some continuous functions
i (t) and gH™ (t) such that V', Vt € [—, 7],

lim fo, (t) =f"(0),

k—o0
hm g(Tn, +1) 7hm(t),

where both convergences are uniform in t on [—7, 7. Furthermore, let 3™ (t) denote the unique
solution to the ODE (62) with the initial condition

ylim (O) — glim (0) ,
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in other words,

t
yhm(t) _ ghm(o) +/ g()\(ghm),ghm(s))ds'
0
Then N1, ¥t € [—T,T], we have

lim g, (1) = y“m(t),

k—oco

where the convergence is uniform int on [—1,7|.

Its proof is very similar to the proof of Lemma 13.2 and is omitted. We use the subsequence {ny, }
intensively in the remaining proofs. Recall that f, (¢) denotes the discretization error between
g(t(n) + t) and g, (t). We now proceed to prove that this discretization error diminishes along {ny}.
In particular, we aim to prove that V7, Vt € [—T, 7],

Jim [[F 0] = |77 0) =0
— 00

This means g(¢(nx) + t) is close to gy, (t) as k — oo. For t € (0, 7], the proof for this part is the
same as the proof we have done in Section 13.4. Thus, we only discuss the proof for ¢t € [—7,0]. V7,

vt € [—-T,0],

Jim (7,0

—tm )~ Y BOGEHD). W) ~ G, () (by (64) and (65))
i=m(t(nx)+1)
:khjgo - 2 ﬂ(l)G(f(t(Z)),WZ+1)—/ g()\(g’ﬂk)7gnk)ds (by (63))
i=m(t(ng)+t) 0
<hm |- Y BOCEED). W)+ Y BEOCAGEN). HU). Winr)
i=m(t(ni)+t) i=m(t(nk)+t)

i=m(t(n)+t)

The first term in the RHS of (66) is 0.

Lemma 14.8. V7, Vt € [—7,0],

Jim || Z B()G(Z(t(7)), Wiy1) + Z BEGA(Y(t(0))), (t(7)), Wita) | = 0.
i=m(t(ng)+t) i=m(t(ng)+t)

Its proof is very similar to the proof of Lemma 13.7 (except that we use (61) instead of Lemma 13.6)
and is omitted. This convergence is also simpler than (74) because here we have only a single (G, g).

Lemma 14.9. V7, Vt € [—7, 7],
Jim_ || £ (8)]] = 0.

Moreover, the convergence is uniform in t on [—T, 7).
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Its proof is very similar to the proof of the diminishing discretization error in the slow timescale. This
immediately implies that for any ¢ € (—o0, 00)

i Z(tng) + 1) = A" (6), 5™ (1), (67)
Theorem 2 then yields that

N GO OR R O Bl

Let Y be the set of limit points of {y,}. By Theorem 2, sup,, [|y»| < o0, so Y is bounded and
nonempty. We now prove Y is an invariant set of the ODE (62). For any y € Y, there exists a
subsequence {yy, } such that

lim y,, =yv.
k—o0

Since {7(t(nk) + t)} is equicontinuous in the extended sense, following the way we arrive at (67),
we can construct a subsequence {n},} C {n} such that

ler{:O g(t(n},) +t) = ylim(t), (68)

where 1™ (¢) is a solution to the ODE (62) and y!™(0) = y. The remaining is to show that y!™ (¢)
lies entirely in Y. For any ¢ € (—00, 00), by the piecewise constant nature of 3 in (64), the above limit
(68) implies that there exists a subsequence of {y,,} that converges to y™ (), indicating y!™ () € Y
by the definition of the limit set. We now have proved Yy € Y, there exists a solution ™ (¢) to the
ODE (62) such that 4™ (0) = y and Vt € (—o0, 00), y!™(¢) € Y. This means Y is an invariant set,

by definition. In particular, Y is a bounded invariant set.

We now prove that {y,, } converges to Y. Let {y,, } be any convergent subsequence of {y,, } with its
limit denoted by y. We must have y € Y by the definition of the limit set. So we have proved that all
convergent subsequences of {y,, } converge to a point in the bounded invariant set Y. If {y,, } does

not converge to Y, there must exist a subsequence {yn% } such that {yn;ﬂ } is always away from Y
by some small ¢ > 0, i.e., Vk,

inf
yey

yn;ﬂ - yH > €. (69)

But {yn;c } is bounded, so by the Bolzano-Weierstrass Theorem, it must have a convergent subse-
quence, which, by the definition of the limit set, converges to some point in Y. This contradicts

(69). So we must have {y,, } converge to Y, which is a bounded invariant set of the ODE (62). This
completes the proof. O

Since the invariant set of (62) is the singleton containing y*, the equilibrium of the map A, we have
lim ||y, —y*[| =0.
n—oo
Combined with the fast convergence, we have

lim [z, — (A(y"),y")| = 0.

n—oo

15 CONVERGENCE OF TDC WITH ELIGIBILITY TRACE

TDC was first proposed in Sutton et al. (2008b) as a modification of gradient temporal difference
learning (GTD) (Sutton et al., 2008a). GTD was developed to break the deadly triad, divergence that
can arise when combining off-policy learning, function approximation, and bootstrapping, each of
which are critical components in successful RL algorithms. While GTD mitigates the deadly triad, it
is slow. TDC, on the other hand, is nearly as fast as regular TD learning and converges. It is also a
two-timescale algorithm, as the gradient correction runs on a faster timescale. Although vanilla TDC
is known to converge, the best prior work was only able to establish the convergence of projected
variants of TDC with eligibility traces (Yu, 2017).
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We must also explain the important of eligibility traces: they are a powerful tool for credit assignation,
a critical challenge in RL, and have been a fundamental part of RL since the inception of the field
(Barto & Sutton, 1981). Although eligibility traces are useful, they introduce difficulties in analysis.
Even if the state space of the Markov chain {(S;, A;)} is finite, with eligibility traces, we have to
instead consider the chain {(S;, A¢, e)}, which now evolves in an uncountable space. And, in the
case of off-policy learning, the importance sampling ratio can cause the state space to be unbounded
as well. Our results, therefore, are the first to be able to handle the important case of off-policy RL
algorithms with eligibility traces. We demonstrate this with TDC.

Assumption 15.1. Both the state space S and the action space A are finite. The Markov chain { S}
induced by the behavior policy y is irreducible, and p(als) > 0 for all s, a.

TDC with eligibility trace is defined as follows:

et =Nypt—1€t-1 + ¢,

0y =Rit1 + ’Yff):+19t - ¢;I—6ta
Vipl =Ve + 0y (Pt5t€t - ¢t¢;th> )
01 =01 + Bupe(dr — Ydri1)el v

We can more compactly express the updates with the following equations:

Vipl =V + oy <[—¢t¢; pret(Ybir1 — ﬁbt)T} [Zj + [pth+1€t]>

Ory1 = 0y + By ([—(’Y¢t+1 - ¢t)PtetT O} {zj) :

Now we define the augmented Markov chain {W;} as
Wiy = (St,Am St1, et)7 t=0,1,....
We also define shorthands

iyaxtiyhyievyt iet

Then TDC can be expressed as

Tpp1 = Ty + o H (x4, 4, Wign),
Yir1 = Ye + BeG (e, Ye, Wigr),

which reduces to the form of (1) and (2).
Lemma 15.1. (Theorem 2.1 from Yu (2017)) If Assumption 15.1 holds, then

(i) {W:} has a unique invariant probability measure, dy.

(ii) The expectation with respect to the stationary distribution, Ey,.q,, [y(w)] < co when v(w) is
Lipschitz in the trace variable e. Additionally, (LLN) holds for .
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Yu (2017) also shows that
A ZEyay, [A(w)] = " Dyy(Pry — 1),
b =Eymdyy [B(w)] = @ Dyyrz »,
C =Eyma,, [C(w)] = @ Dyy®,
where we use D)y, to denote the diagonal matrix whose diagonal entry is dy.

Theorem 15.1 (Theorem 3 Restated). Assume A is nonsingular (without this assumption, there is
no solution so the algorithm itself would be ill-posed). Then, TDC with eligibility trace converges.

Proof. We show that all the assumptions are satisfied such that Corollary 1 applies.
Assumption 1 follows immediately from Lemma 15.1.
The assumption 2 follows immediately from the choice of appropriate learning rates.

For Assumption 3, define

Then we have

Hc(xava)_Hoo(xay,w): 9

Ge(z,y,w) = Goo(2,y,w) =0
After noticing
16((s, a8, €)) = b((s,a, 5", €))[| = p(s, a)lr(s, a)llle = €'ll, Vs,a,5" €€,
Assumption 3 follows immediately from Lemma 15.1.

For Assumption 4, it can be easily verified that H(x,y,w),G(z,y,w), Hx(z,y,w), and
G oo (2, y, w) are Lipschitz continuous in (z, y) for each w.

Since A(w), b(w), C'(w) are Lipschitz continuous in e for each (s, a, s’), Lemma 15.1 implies that
) =-C Ao
x

ole.9) = gle) =[-47 0]1].

L =max {|[-C A]|,

=47 olf]}-
Assumption 4 then follows.

For Assumption 5, we have

Ihel) ~ hoo()]| =~ o]

so the uniform convergence of h. to ho, follows immediately, and we already know g(z,y) =
oo (T, Y).

Since ® has full column rank and D,y is positive definite, C' = <I>TDW<I> is positive definite, so —C
is negative definite. This implies the global asymptotic stability of these two ODEs:
dz(t) dz(t)

= —Cux(t) + Ay.
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The unique globally asymptotically stable equilibrium of the first is C~!(Ay + b), and of the second
is C~1 Ay. This means that we can define A\(y) = C~!(Ay + b) and A\oo(y) = C~ 1 Ay. Note that
Aoo(€y) = Ao (y) as required.

Since A is nonsingular and C is positive definite, —A T C~! A is negative definite. This implies the
global asymptotic stability of the following two ODEs:

dy(t) dy(t)

dt

1= ~ATA0) = —ATCTH (Ay(1) +b),

= -A" o (y(t) = —ATC T Ay(t).

The unique globally asymptotically stable equilibrium of the first is —A~!b, and of the second is 0.
Assumption 5 then follows.

Assumption 6 follows immediately from Lemma 15.1 and Assumption 2.
Corollary 1 then implies that

lim z; =0 as.

t—o00

lim y, = —A"'b as.

t—o0

which completes the proof. O

16 TECHNICAL LEMMAS

16.1 ASYMPTOTIC RATE OF CHANGE OF FUNCTIONS IN ASSUMPTION 6
Lemma 16.1. Let Assumptions 1, 2, 4, and 6 hold. Then the asymptotic rate of change of the functions
that could be represented by ~y in Assumption 6 is 0, i.e., for any fixed T > 0 and x, it holds that

m(t(n)+ta)—1
lmsup  sup S al) [H g, Wis) — b )| =0 as.
no TTSUSRST L (t(n) )

m(t(n)+ta)—1

limsup  sup Z a(d) [G(z,y, Wiz1) — 9(z,9)]|| =0 a.s.,
mTTSISRET | (4 +4)
m(t(n)+ta)—1
limsup  sup Z a()[Ly(Wiz1) — Lpl|| =0 a.s.,
n —7<t1<t2<7

i=m(t(n)+t1)
m(t(n)+ta)—1

limsup  sup Z a(t)[L(Wiz1) = L]|| =0 a.s.
n —7<t1<t2<T i=m(t(n)+t1)

and we can replace «(i) with (i) in any of the above.

The proofs of these results are very similar to the proof of Lemma 9 in Liu et al. (2025) and so are
omitted due to their length.

16.2 A UNIFORM CONVERGENCE OF H.,G. TO Hy, Gs

Lemma 16.2. Let Assumptions 1, 2, 4, and 6 hold. It then holds that

m(Tn+t)—1

lim supsup sup Z (i) [He(z, Wit1) — Hoo(2, Wi11)]|| =0 a.s.,
€70 2eB n tel0,T] i=m(T)

m(Tn+t)—1

lim supsup sup Z a(i) [Ge(2, Wit1) — Goo (2, Wig1)]|| =0 a.s.,

€70 2eB n tel0,T] i=m(Ty)
- n

where B denotes an arbitrary compact set of R4+, Again, (i) can be replaced with 3(i).
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Proof. Fix an arbitrary sample path {0, yo, {W;};—, }. Use B to denote an arbitrary compact subset
of RAi+dz,

m(T,+t)—1
lim supsup sup Z (i) [He(z, Wit1) — Hoo(2, Wiy1)]
€70 zeB n tel0,T) i=m(T)
m(T,+t)—1
= lim supsup sup Z a(i)k(e)b(z, Wis1) (by (11))
€= 2eB n tel0,T) i=m(T)
m(T,+t)—1
= lim k(c)supsup sup a(i)b(z, W;
tim s supsup sup | D2 (b= Wisa)
i=m(T,)
m(T,,+t)—1
=0supsup sup Z a(i)b(z, Wiy1) (70)
z€B n t€[0,T) i=m(T)
‘We now show that the function
m(T,+t)—1
Z = sup sup Z a(i)b(z, Wit1) (71)
n te[0,T] o
i=m(T,)
is Lipschitz continuous. Vz, 2/,
m(T,+t)—1 m(T,+t)—1
sup sup Z a(i)b(z, Wit1)|| —sup sup Z a(i)b(z', Wit1)
n  t€[0,T] i=m(T) n t€[0,T] i=m(T)
m(Tp+t)—1 m(T,,+t)—1
<sup sup Z a(i)b(z, Wit1)|| — Z a(i)b(z', Wit1)
n €0 TN (T, i=m(T)
(by [sup,, f(2) —sup, g(z)| < sup, |f(2) —g(2)])
m(Ty+t)—1 m(Tp+t)—1
<sup sup Z a(i)b(z, Wit1) — Z a(i)b(z', Wit1)
n €T (T i=m(Ty)
m(Tp+t)—1
<sup sup Y a(i)|[b(z, Wiga) = b(z', Wita)|
n  tel0,T i=m(T)
m(T,+t)—1
<sup sup > a@Li(Wig) | 1z =2
n tel0,T] i=m(Th)
By Lemma 16.1 and (102),
m(T,+t)—1
sup sup Z (i) Ly(Wiy1) | < o0
n  tel0,T] i=m(T})

can be viewed as the Lipschitz constant. Thus, (71) is a continuous function. Since I3 is compact, the
extreme value theorems asserts that the supremum of (71) in B is attainable at some zp and is finite.
This means the RHS of (70) is 0, so

m(Tp+t)—1
lim supsup sup Z a(i) [He(z, Wit1) — Hoo(2, Wit1)]|| = 0.
¢ 2eB n te[0,T) i=m(Ty)

The proofs for the other statements follow similar arguments and so are omitted. O
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16.3 DEFINITIONS AND PROOFS RELATING TO EQUICONTINUITY

Definition 15. A sequence of functions {v,, : [0,T) — R¥ } is equicontinuous on [0,T) if
sup,, |7 (0)]] < oo and Ye > 0, 36 > 0 such that

sup sup [vn(t1) = (t2)|l < e
n 0< |t —t2|<0,0<t1 <ta<T

A standard example of a family of equicontinuous functions is a sequence of bounded Lipschitz
continuous functions with a common Lipschitz constant. Clearly, if {~,,} is equicontinuous, each
~» must be continuous. However, the functions of interest in this work, i.e., Z,(¢), f. (), are not
continuous, so equicontinuity cannot apply. We, therefore, define the following equicontinuity in the
extended sense.

Definition 16. A sequence of functions {’yn :[0,T) — RE } is equicontinuous in the extended sense
on [0,T) if sup,, ||7n(0)]] < oo and Ve > 0, 30 > 0 such that

lim sup sup 7 (t1) — ya(t2)] < e
n 0S‘t1—t2‘§5,0§t1§t2<T

The following lemmas establish the desired equicontinuity, where Lemma 16.1 plays a key role.

Lemma 16.3. {Z,,(t)} ", is equicontinuous in the extended sense on [0,T + 1).

Proof. By (19),

sup [|2, (0)[] < 1.

Without loss of generality, let ¢; < to.

limsup — sup |2 (t1) — Zn(t2)
n 0St2—t1§6
m(Tn—‘rtg)—l
=limsup  sup > (ali)Hy, Ga(t() = Tn), Wigr), B(i) G, (Zn(t(i) = Tn), Wit1))
no0Sta-hi<E ||,
m(Tn+t2)71
<limsup sup Z a(i)Hy, (Z,(t() — T0), Wit1)
n 0<ty—t1<d = (Th+11)
m(TnthQ)*l
+limsup  sup Z B)Gr, (2, (t(3) — T), Wit1)||-

n 0<ta—t1<6 = (Th+t1)

We bound each term individually. We start with the first term.

V& > 0, by (95), 36, such that VO < § < &,

m(Tn—‘rtg)—l
suplimsup  sup Z a(t)H.(0, W 1) <E&. (72)
21 n o 0St—ni<a ||,
By (101), 3671, such that VO < § < 4y,
m(T,L+t2)71
limsup  sup Z a(i)L(W;y1) <€. (73)

no 0SSO ()
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Without loss of generality, let t; < t5. Then V6 < min {do, §; }, we have

m(Ty+t2)—1
limsup ~ sup > a@)H,, (Za(t(i) = Tn), Wit1)
n 0<to—t1<6 i=m(Tp+t1)
m(Ty+t2)—1 m(Tp+t2)—1
<limsup sup Z a()H,, (Z,(t(1) = Tp), Wit1) Z a(i)H,, (0, W;y1)
no 0St =t SO ) i=m(Th+t1)
m(Tp+t2)—1
+ limsup sup Z a(t)H,, (0,W;41)
n 0<to—t1<8 i=m(Tn+t1)
m(T,+t2)—1 m(Tp+t2)—1
<limsup sup > a)H,, (Za(t(i) = Tn), Wit1) > a@)H, (0,Wip)
no 0St—tSO T ) i=m(Th +11)
m(Tn+ts)—1
+suplimsup  sup Z a(1)H.(0,W;41)
21 0St-n<e |, T
m(Tp+t2)—1 m(Tp+t2)—1
<limsup sup Z O‘(i)HTn (Zn(t(i) = Th), Wig1) Z O‘(i)Hrn (0, Wit1)
no 0St—hSO T ) i=m(Th +1)
+¢ (by (72))
m(Ty,+t2)—1 m(Ty+t2)—1
<limsup sup Yo a@Hn, (Ea(t() = To),Wip) — Y a(i)H,, (0, Wits)
no 0St—tiSO ) i=m(Th +11)
+¢
m(Tp+ta)—1
<limsup sup Z a()||Hy, (Zn(t(i) — Ty), Wit1) — Hy. (0, W;1)|| + &
no0Stahi<S
m(Tp+ta)—1
<lmswp swp S a()L(Wip)Ea(t6) — Tl + €
no0Sta—hi<s
m(Ty+t2)—1
<(C3 + Cy)limsup  sup a(i)L(Wiy1) + & (by Lemma 17.6)
no0Sta—h<E

<(Ca + Cy)E + €. (by (73))

A similar argument bounds the other term, implying that {Z,,(¢)} is equicontinuous in the extended

sense. O

Lemma 16.4. {z,(t)} is equicontinuous on [0,T + 1).

Proof. By (19) and (20),

sup | (0)]] < L.
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Without loss of generality, let t; < t5. Then V4§ > 0, we have

sup sup l[2n(t1) = zn(t2)]|
n 0§|t1—t2‘§5,0§t1§tz<T

=sup sup
n 0<|t1—t2|<48,0<t1 <to<T

/t t B, (2 (5))ds

/ B (2 (5)) — ho, (0)] ds + /t *hy (0)ds

=sup sup
n 0< |t —t2]<0,0<t1 <t2<T ||/ 1 1
to to
<sup sup / [hr, (2n(s)) = Ao, (0)[|ds + sup sup / A, (0)|ds
n 0L |t —t2|<0,0<t1 <ta<T J ity n 0Lty —t2]<6, 05t <ta<T Sty
t2 t2
<sup sup [ Llzn(o)lds + sup sup [ I, ©las
n 0< |t —t2|<0,0<t1 <ta<T J ity n 0< |t —t2]<0,0<t1 <ta<T J ity

(by Lemma 17.2)

2
<6LCy + sup sup / Iy, (0)]|ds (by Lemma 17.7)
n 0Lt —t2|<8, 0<t <to<T Jiy
<6(LC; + Ch), (by (104))
which implies that {z,,} is equicontinuous. O

Lemma 16.5. {f,(t)} is equicontinuous in the extended sense on [0, T + 1).

Proof.
sup f,(0) = sup 2,(0) — 2,(0) = sup 2, (0) — 2,(0) = 0 < o0.

By Lemma 16.3 and Lemma 16.4, Ve > 0, 36 such that

limsup sup ||Z.(t1) — Za(t2)|| <
n OStQ—t1§5

sup  sup|[zn(t1) — zn(t2)l| <
n 0<tx—t1<d

Without loss of generality let t; < ¢5. Then Ve, 3§ such that

limsup sup |[[fn(t1) = fu(t2)ll
n 0<to—t1<8

=limsup sup  [[Z,(t1) — Zn(t2) — (2n(t1) — 2n(t2))]
n 0<to—t1<d

<limsup —sup ||Zu(t1) = Za(to)|| +limsup sup  [|zn(t1) — zn(t2)]

n 0<to—t1<4 n 0<to—t1<8
Slmswp  swp Za(t) — Zalt2)| Fsup  sup[[za(tr) - zalto)]
no 0<to—t,<5 n 0<to—t,<8
<e,
which implies that { f,,} is equicontinuous in the extended sense. O

16.4 PROOF OF LEMMA 5.1

Proof. Since sup,, , = oo and r, is monotonic, lim,,_,., 7, = 00, and every subsequence also
converges to infinity.

Since { fn, , } is equicontinuous, by the Arzela-Ascoli theorem (see Appendix 10.4), there exists a
subsequence ny 1 C ny o such that { fnk’l} converges uniformly to a continuous limit flim, Similarly,
since {énm (t)} is equicontinuous, there is a subsequence n, C ny 1 such that {Z,, (¢)} converges
uniformly in ¢ to a continuous limit 2™ (¢).

The proof that lim,, , 2y, (t) = 2™ (¢) uniformly is by lemma 17.11. O
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16.5 PROOF OF LEMMA 12.2

Proof.
m(Tnkth)fl
kli_)ngo Z B(i)Grnk (Zn (8(8) — Ty ), Wig)
i=m(Tn,,)

m(Tp, +t)—1

<Jlim Y B6)|Gr,, (B (46) ~ T Win)|

k— o0
iZm(Tnk)
m(Tn, +t)—1
< lim > BO)LWiga)|Zn, (4G) — Tny) |
i=m(Tn,)
m(Tnk+t)71
<C; lim Y B()L(Wip) (by Lemma 17.6)
k—o0
i=m(Tn,,)
<0. (100)

O

16.6 BOUNDING THE DISCRETIZATION ERROR
We will now prove that the first term in the RHS of (24) is 0. We need to show that V¢ € [0,T + 1),

m(Tp,y, +t)—1

t
Jim | z(; | a(i)HTnk(énk(t(i)—Tnk),WiH)—/O hr, (3™ (s))ds| =0. (74)
i=m(Tn,

To evaluate the above, we first fix any ¢ € [0, 7 + 1) and then compute the following stronger double
limit, which implies that the above limit holds.

m(Tp, +t)—1

t
lim > a(i)Hy, (Zn, (t() = Tn,), Wig1) — / Ry, ('™(s))ds||. (75)
Jj—o0 ) ? ) 0 J
k‘)OO 1’:7n(T7‘Lk)

The Moore-Osgood theorem (Appendix 10.5) will help us compute this double limit by turning it
into iterated limits. To invoke the Moore-Osgood theorem, we first prove the uniform convergence in
k when j — .

Lemma 16.6. Vt € [0,T + 1),

m(Tn,, +t)—1

t
i || a(i)He, (Bay (1) — Toy), Wisn) — / e, (7(5))ds
TN () ’ 0 '

ng

m(Tn, +t)—1

= D a)He(Za () = To)s Wist) = | hoo(Z™(5))ds
0

i=m(Tp,)

uniformly in k.
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Proof. Vj,Vk,Vt € [0,T + 1),

m(Tn,, +t)—1 ¢
> W@, (a0 = Tu). W) = [ b (G (9)ds
7':m(Tnk) 0

m(Typ, +t)—1

Y G Ha G (1) — T, W) — / oo (27 (5)) ds

i=m(Ty, )

m(Tnk +t)_1

> Al (ot = Tu) Wer) = [ e (5

i:m(Tnk )

<

m (T, +t)—1

- Y AW (0). Wer) + | Bl

i=m(Tn,,)

oy [llall = o/l < lla — b))

m(Typ,, +t)—1
S Z a(i)(HTnj (27% (t(l) - Tnk)? Wi+1) - Hoo (an (t<7/) - Tnk)v WiJrl))
)

m(Tﬂk
t . .
hr,, (Z7(s)) = hoo (27 (5))ds
0 J

J

m(Tnk +t)—1
< Z a(i)(HTnj (an (t(l) - Tnk)’ Wi+1) - Hoo (gnk (t(l) - Tnk); Wi+1))

i:m(Tnk)

t

+ [
0

By Lemma 17.6, Z,,, (t(¢) — T}, ) is in a compact set B;. By Lemma 16.2, for the compact set ;,
Ve > 0, 371 such that Vj > ji, Vk,Vz € B,Vt € [0,T + 1),

i

B, (F(3)) = hoo (27 () | ds 76)

m(Tn +t)—1

> ali) [He, (2, Wis1) = Hoolz, W) | < e (77)
l:m(Tnk)

Similar to the proof of Lemma 17.10, we have

lim fy, (Zr(t) = hoo(Zu(t)) (78)

j—o0 J

uniformly in k and ¢ € [0,T + 1). By (78), Ve > 0, 3ja such that Vj > jo, V&, Vt € [0,T + 1),

hr,,, (u(0) = hoo(Z(1))|| < e 79

J
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Define jo = max {j1, jo}. Vj > jo, Vk, V¢ € [0, T + 1),

m(Tp, +t)—1

Yo al@H, (Za(t0) = Tap), Wiga) = [ he, (377 (s))ds
0 J

i
i=m(Ty,, )

m(Tny +t)—1

Y G G (1) — ), W) — / oo (20 (5)) s

i=m(Tn,,)

m(Tn, +t)—1
<[ DY e, Guy () = Tap)s Wir1) = Hoo (G, () = T ), W) || + (T + 1)e

J

i:m(Tnk)
(by (76), (79))
<e+ (T + 1)e (by (76), (77))
<(T 4+ 2)e.
This completes the proof of uniform convergence. O

Now, we prove, for each j, the convergence with k — co.
Lemma 16.7. Vt € [0,T + 1), V7,

’II'L(Tnk +t)—1

lim Z Oz(i)Hrnj (gnj (t(i) — Tnj), Wis1) — /0 thj (glim(s))ds —0.

k—o0 .
i=m(Tn,,)

The proof of Lemma 16.7 is very similar to the proof of Lemma 18 in Liu et al. (2025) and is omitted
here due to its length.
We are now ready to compute the limit in (74).

Lemma 16.8. Vt € [0,T + 1),

m(Tnkth)fl ¢
lim > ali)Hy,, (Zn, (t() = Tn,), Wig1) — / hr, (Z(s))ds|| = 0.
0

k—o0 .
Z:m(Tnk )

Proof. Tt follows immediately from Lemmas 16.6 & 16.7, the Moore-Osgood theorem, and
Lemma 17.12. O

Lemma 16.8 confirms that the first term in the RHS of (24) is 0. Moreover, it also enables us to
rewrite 7™ (¢) from a summation form to an integral form.

Zlim(t)
m(Tn, +t)—1
= klggo Zn,, (0) + Z O‘(i>Hrnk (2, (t(8) — Tny,)s Wi1)
)
= lim Z,,(0 / he,, (2" (s))ds. (by Lemma 16.8) (80)

This, together with a few Gronwall’s inequality arguments, confirms that the discretization error
indeed diminishes along {ny}.

Lemma 16.9. Vt € [0,T + 1),
klim | fri ()] = O.
—00
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Proof. ¥t € [0,T + 1),
Tim (£, ()]
—00

m(Tn, +t)—1

t
<tim |3 AWy, (Gut0) = To) Wisn) - /O e, (3 (5))ds
1:m(Tnk)
t . t
—I—klim Py (Ehm(s))ds—/ b, (20, (8))ds (by (24) and Lemma 12.2)
— 00 0
t t
=t | [, (s~ [, G (5))ds
k—o0 0 k 0 k

t t
= / oo (M (s5))ds — / hoo (2" (s))ds||. (by Lemma 17.13 and Lemma 17.14)  (81)
0 0
We now show the relationship between 2™ (¢) and 2™ (¢).
H ~11m llm H (82)
=|| Jim_ [znk / he,, ("™ (s))ds ] — {z“m / Poo (21 ( H (by (23) and (80))

= ||zt / Poo (2100 ( — [2lim(0)+ /0 hoo(zlim(s))ds}

(by Lemma 17.13)

t
|| [ et opas - / o (17 () )
0 0
/ LH th Zlim(s)HdS (by Lemma 17.2)
<0. (by Gronwall inequality in Theorem 10.1)
Thus,
lem fnk(t)H
t t
g‘ / hoo (1 (5))ds — / hoo (21 (5))ds (by (81))
0 0
:Hglim(t) _ th(t)H (by (83))
<0. (by (82))
O

16.7 PROOF OF LEMMA 5.2

The proof is similar to Lemma 1 from Chapter 3.2 of Borkar (2009).

Proof. By Lyapunov stability, there is a & > 0 such that any trajectory beginning within B (A (y), d)

stays within § of the equilibrium A (y).

For an initial condition z, let T}, be a time at which the trajectory is within 2 5 of the equilibrium. Let
x1 be some other initial condition. By definition, Lipschitzness, and the Gronwall inequality, we have

t
1% (8, ) = nd (8, x0) || < [l — 1| + L/ 118 (s, ) — né. (s, 1)l ds
0

<l =z fle""
forallt <T,.

So there is a neighborhood V. such that for all 21 € V., n¥_ (T}, x1) is within ¢ of the equilibrium,

which by Lyapunov stability implies that it will always be within e of the equilibrium after 7.
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By compactness, we can cover the set K by a finite number of such intervals and obtain a finite
number of times T, ...,T,, and then take the maximum time to be the value of 7. O

16.8 PROOF OF LEMMA 5.3

The proof is similar to Lemma 2 from chapter 3.2 of Borkar (2009).

Proof. We have
’ t 4
W Ot) =2+ [ e (s, (5))ds,
0

t
Melta) =+ [ ot (s.0).0)ds,
0
Let us define the error term:

e(t) = [ O (t.2) —nt ()|
We can bound e(t) by two terms:

(05 [ [t 6,2,/6) ~ el 5,20,/ s

A (0 (s, 2),/(5)) = hoo (N (5, ), y) | ds

To bound the first term, we use Lipschitzness:

/ e ) 5,20,/ 90) = el 20,7 (5D s < / O t.2) . s

= L/Ote(s)ds.

To bound the second term, we use Lipschitzness and Assumption 3:

[ e 5.5/ (6)) = ol (s,2), s < [ el 5.0,/ (5) = B (0 (5,25 5)) | ds
0 0
[ bl 52,/ (5) = b2 520, ) s
0

t t

< / e(c)ds + L / /() — yllds
0 0

<Te(c)+ TLp.

To conclude, we will use the Gronwall Inequality (Appendix 10.1):
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17 AUXILIARY LEMMAS

Lemma 17.1.
Vn, Tn+1 - Tn ZT,
lim T,y — T, =T.
n— oo
Moreover, V1 > 0,t1,ty such that —7 < t1 <ty < 7, we have

m(t(n)+ta)—1

lim Z ali) =ty — t1, (84)
i=m(t(n)+t1)
m(t(n)+tz)—1
lim > BGE)=o. (85)
i=m(t(n)+t1)
Proof. ¥n,
Tn+1 - Tn
=t(m(T,+T)+1) -1,
>T.
Thus,
lim T, —T, >T.
n—oo
With

hm Tn+1 — T’I’L
n—oo

= lim t(m(T, +T)+1) - T,
n— o0

= lim t((m(T, +T)) + a(m(T, +T)) — T,
n— o0

<lm T,+T+amT,+T))—T,
n— 00

=T,

by the squeeze theorem, we have lim,, o 15,41 — T, = T

To prove (84), Vr,V — 7 < t1 <ty < 7, it suffices to only consider large n such that ¢(n) — 7 > 0.
‘We have

m(t(n)+ta)—1
dm, 2 al)
i=m(t(n)+t1)
nl;ngo t(m(t(n) + t2)) — t(m(t(n) + t1))
nh_)ngot(n) +to — t(m(t(n) + 1))
nh_)rréot(n) +ta — (t(n) + t1 — a(m(t(n) +t1)))
=ty —t1 + nl;rrgo a(m(t(n) +t1))
=ty — 11 (by (7))

IN

IN
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and

m(t(n)+ta)—1
w2 al)
i=m(t(n)+t1)
Tim_ #m(t(n) +2)) — tm(t(n) + 1))
Tim #(n) + 2 — a(m{t(n) +2)) — Hm(t(n) + 1)
nh_{r;ot(n) +ty —a(m(t(n) +t2)) — (t(n) + t1)
= lim t2 — tl — a(m(t(n) + tg))

n—oo

AV

Y

=ty — 1.
By the squeeze theorem, we have
m(t(n)+ta)—1

nl;n;o Z i) =tg — ty.

i=m(t(n)+t1)

To prove (85), fix € > 0. By (8), there exists N1 € N such that for all n > m(t(N1) + 1),

B _,
a(n)<'

By (84), there exists Ny € N such that for all n > N»,

m(t(n)+tz)—1

Z Cl(i)<t27t1+6.

i=m(t(n)+t1)
Let N = max {Ny, Ny}. Then for alln > N,

m(t(n)+tz)—1
> BG)
i=m(t(n)+t1)
m(t(n)+tz)—1
<e Z a(7)
i=m(t(n)+t1)
<e(ta —t1 +e).
Since t2 — t; is a constant and e can be made arbitrarily small, we have
m(t(n)+ta)—1
lim > BGE)=o.

n—o00
i=m(t(n)+t1)

Lemma 17.2. Forany z,x',y,y’,w,c > 1, including ¢ = oo,

|He(z,y,w) — He(2',y', w)|| < L(w)|(z,y) — (=", )],
[he(z,y) = he(z',y")|| < Ll (z,y) — (2", 9)]I.

|Ge(2,y, w) = Ge(@', ', w)|| < L(w)||(z,y) — (', ),
lge(z,y) = ge(@',y)|| < Ll[(2,y) — (2", 9)].

54

(by (7))

(86)

87)

(by (86))

(by (87))

(88)
(89)
(90)
oD



Under review as a conference paper at ICLR 2026

Proof. To prove (88), we first consider 1 < ¢ < oo,

[He(,y,w) = He(2', ¢, w)|

H(cz, cy,w H(cx', cy,w
:H (cx,cy,w)  H( Cy )H (by (9))
I H (e, ey, w) — Hiea' ey’ w)]
B c
cx,cy) — (cr’,cy’
cruylenen) = e oy (1)
=L(w)|(z,y) - («',y)]].
By (13),
[Hoo(z,y,w) — Hoo(', ', w)|| < L(w)|l(z,y) — (&, ).
To prove (89), Vz, z’,y,v’, Ve > 1 including ¢ = co
1he(z,y) — he(2',y")||
=By [He(z,y,w) — He(x', ', w)]|
By [[[He(@, y,w) — He(2', 3, w)]]
<Eymw [L(w)[(z,y) — (=", )]
<L|(z,y) — (", ¥l
By similar arguments, (90) and (91) also follow. O]
Lemma 17.3. Vz,y,
sup || (0)[| < oo, sup [|gc(0)]] < o0, (92)
c>1 c>1
m(Tn—‘rtQ)—l
suplimsup  sup S () (Helw g, Wiss) = he(a,p)][ =0 aus., 93)
c>1 n 0<t1<t2<Tp4+1—Th i=m(To+t1)
m(Tn-‘rtQ)—l
sup sup sup Z a(t)H(0,Wis1)|| < oo a.s.,(94)
czl n 0<t1<t2<Tp41—Th i=m(To+t1)
m(Tn-‘rtQ)—l
lim suplimsup sup Z a(t)H(0,Wis1)|| =0 a.s. (95)
00T ¢>1 n o 0<ty—t1<6 imm (Tu4t1)

By the same arguments, we can show the last three results with the substitutions of G for H and (3()

Sor a(i).

Proof. Proof of (92):

]’“”H < sup [A(0)]] = [1(0)]] < oo, 96)
c c>1

o

sup ||he(0)|| = sup
c>1 c>1

sup [|ge(0)[] = sup H < sup[[g(0)[| = [lg(0)]] < oc.
c>1 c>1 c>1
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Proof of (93): Vz,

m(Tn-'rtQ)—l
sup lim sup sup > ali) [He(w,y, Wip1) — he(z,y)]
c>1 n 0<t1<to<Tp4+1—Th i=m(Tn+t1)
m(T"thg)fl
H W, h(cz,
= sup lim sup sup Z a() { (cz,cy, Wit1) ez, cy)
c>1 n 0<t1<to<Tp4+1—Th i=m(Tn+t1) c c
m(Tp+t2)—1
1. .
= sup — lim sup sup Z a(i) [H(cx, cy, Wiy1) — h(ex, cy)]
e>1C n 0<t1<ta<Tp41—Tn i=m (T +t1)
1 m(Tp+t2)—1
<sup — lim sup sup Z a(i) [H(cx, cy, Wiy1) — h(cx, cy)]
c>1C n 0<t1<t2<T+sup; a(j) i=m(Th +11)
(vn, Tn1 — T, < T +sup; a(j))
1
=sup—-0
c>1C
—0. 97)
Proof of (94):
m(Ty+ta)—1
lim sup sup Z a(i)H(0,Wit1)
n 0<t1<t2<Tp4+1—Th i=m(To+t1)
m(Ty+t2)—1
=lim sup sup Z a(i)[H(0, W, 1) — h(0) + h(0)]

n 0<t1<to<Tn41—Tn i=m(To+t1)
- n

m(Tp+t2)—1
< limsup sup Z (i) [H(0, Wit1) — h(0)]
n 0<t1<t2<Tp41—Tn i=m(To+t1)
m(Tp+ta)—1
+ lim sup sup Z a(2)h(0)
n o 0<t1<t2<Tn41—Th i=m (T +t1)
m(Ty+t2)—1
<limsup sup Z (i) [H (0, Wit1) — h(0)]
n 0<t1<t2<T'+sup; a(g) i=m (T +t1)
m(T,+t2)—1
+ lim sup sup Z a(i)h(0) (vn, Tp1 — Ty, < T +sup; a(j))
n 0<t1 <t2<T+sup; a(g) i=m (T +1)
m(Ty,+t2)—1
= lim sup sup Z a(i)h(0)
n 0<t1<t2<T'+sup; a(g) i=m(Tn+t1)
m(Tn+t2)71
=||~(0)|| lim sup sup Z a(i)
n 0<t1<ta<T+sup; a(j) i=m(To+t1)
=[[R(0)[|(T" + sup a(3)) (by Lemma 17.1)
J
<o0. 98)
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We now consider c in the above bounds. We first get

m(TnthQ)*l
sup sup sup Z a(i)H:(0, W;41)
czl n 0<t1<to<Th41—Th = (Th+11)
m(Tn—‘rtQ)—l
H(0,W;
= sup sup sup Z a(1) HO Wirt) (by (9)
czl n 0<t1<to<Th41—Tn = (Th+11) c
m(Tn—‘rtg)—l
=sup sup Z a(i)H(0,Wit1) (byc>1)
n 0§t1St2gT71+1_Tn i:m(Tn+t1)
<o0. (by (98))
Proof of (95):
m(Tn+t2)71
lim suplimsu su a(t)H.(0, W;
5—0+ c211) n pogtg—lt)lgé i_m%:“/l) () He( +1)
’I’n(Tn+t2)71
< lim suplimsup sup Z a(i) [He(0, W;t1) — he(0)]
d—=0F ¢>1 n  0<ty—t1<§ i=m(Tott1)
m(Tn+t2)71
+ lim suplimsup sup a(t)h.(0
§—0t c>1 n 0<ta—t1 <4 i_m(zT:+tl) () ( )
m(TnthQ)*l
<0+ lim suplimsup sup a(i)h.(0 (by (97))
g Suplimsup sup i_m(;m (i)he(0) y
m(TnthQ)*l
h(0
<0+ lim suplimsup sup Z a(i)(—)
3=0F ¢>1  n 0<ts—t1<5 imm(Tutt1) c
1 m(Tn-‘rtQ)—l
<0+ [|h(0)] lim sup —limsu su a1l
IR(O)] 50+ 0211) c  n pogtzflt)lga i_m(ZT;—i-tl) (@
1
<||R(0)]| L =4 by (84
<[[h( )||5i%1+i‘21§’c (by (84))
=[|A(0)|| lim ¢
()] Jim,
=0.
O
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Lemma 17.4.
m(Tn—+t2)—1
sup sup Z a(i) L(Wit1)
n 0<t1<ta<Tp41—Th i=m(Tp+t1)
m(Tn+t2)—1
lim sup Z B(i)L(Wit1)
n—00 <ty <to<Tpi1—Th i=m(Tn+t1)
m(Tn+t2)—1
lim limsup sup Z a(i) L(Wit1)
§—0+ n  0<ta—t1<8 i=m(T,+t1)
m(Tn+t2)—1
sup sup Z D)Ly (Wit)
n 0<t1<to<Tp41—T, i=m(Thp+t1)

< oo a.s.,

=0 a.s.,

=0 a.s.,

<00 a.S.

99)

(100)

(101)

(102)

These proofs are similar to the proofs of Lemma 17.3 and are thus omitted, except for the proof of
(100) (since this is a two-timescale novelty and we need it for Lemma 12.2). For the other statements,
we can also replace «(7) with 5(37).

Proof. Here we show 100:

lim sup

N 0<t1<to<Ty11—Tn

=lim sup

N 0<t1<to<Ty11—Tn

<lim sup

" 0<t1<to<Tni1—Tn

+ lim sup

" 0<t1<ta<Tp41—Th

<lim sup

n 0<t1<t2<T'+sup;, a(j)

+ lim sup

no0<ty <t2<T+sup; a(g)

=lim sup

n 0<t1<t2<T'+sup;, a(j)

=||L|| lim

=0.

>

>

>

i=m(Ty

m(Ty

> BGL

i=m(

m(Tp+t2)—1

i=m(Tp+t1)
m(Ty+t2)—1

B(i)[L(Wiy1) — L+ L]

i=m(Tp+t1)
m(Ty,+t2)—1

B()[L(Wiyr) — L]

i=m(Tp+t1)
m(Tn +t2)— 1

AL

+t1)

m(Tp+t2)—1

B()[L(Wiy1) — L]

i:m(Tn +t1)

+t2)—1

Trn+t1)

m(Tn+t2)71

2.

m(Ty

sup
™ 0<t1<ta<T-+sup; a(4)

i=m(

Bli)L

i=m(Tp+t1)

+t2)—1
B(i)

Trn+t1)

58

(vn, Ty1 — T, < T +sup; a(j))

(by Lemma 17.1)
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Lemma 17.5. Fix a sample path {xq, o, {W;}.=,}, there exist constants Cgr, Ce; such that

LT < Cy, LT < Cg (103)
C C
sup [|he(0)]| < =2, sup [g.(0)]| < = (104)
c>1 T o> T
m(Tn—‘rtQ)—l
Sup sup sup Z a(i)H.(0,W;11)|| < Cu, (105)
czl n 0<t1<t2<Tp41—Th i=m(Tot1)
m(Tn—‘rtQ)—l
sup sup sup Z B(i)G(0,Wiy1)|| < Ca,
c1l n 0<t1<t2<Tp41—Th i=m(To+t1)
m(T,L+t2)—1
sup sup > a(i)L(Wi1) < Ch. (106)
n 0<t1<ta<Tp41—Thn i=m(Tn+t1)

We can replace o(i) with (i) in the last statement. Moreover, for convenience of presentation, we
denote

Ci =14 CyleC",Cy =14 Cgle®e,C" = Cq + Cy,Cs = 1+ C']eC" (107)

Proof. Fix a sample path {zo, yo, {Wi;}.=,},

LT < o0, (L and T are constants)
sup [|he (0)[[T" < oo, (by (96))
m(TT,,—‘rtQ)—l
sup sup sup > a()He(0,Wigs)|| < o0, (by (94))
czl n 0<t1<to<Tp41—Tn i=m(Th+11)
m(T,L+t2)—1
sup sup > a(i)L(Wit) < oo. (by (99))
n 0<t1<to<Tpni1-Tn i=m(Tn+t1)

Thus, there exists a constant C'y; such that

LT <Cqg
CH
sup [ho(0)] < 2.
c>1
m(Th+t2)—1
sup sup sup Z a(i)H.(0,Wip1)|| < Ch,
c>1 n 0<t1<ta<Tp41—Tn i:m(Tn-'rtl)
m(Tn+t2)71
sup sup Z a(i)L(Wiy1) < Ch.
n 0<t1<ta<Tp41—Thn i=m (T +11)

Lemma 17.6. sup,, ;c(o,711) [|Zn ()] < C:.
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Proof. Yn e N,t € [0,T + 1),

1Zn (Bl
(T +t)
=Z0)+ Y (a(@)Hy, (Za(t(i) = Tn), Wirn), B(0)Gr, (Za(t(i) = Tn), Wit1))
i=m(T),)
m(Tn+t)—1 m(Tn+t)—1
<O+ | D> al) [H, Galt(i) = Tn), Witr) = Hy, (0, Wit1)] Y ali)H, (0, W)
i=m(Ty) i=m(Ty)
m(T,+t)—1 m(T,,+t)—
Y B G, Galt(i) = Tn), Wirt) = G, (0, Wisa)] + Z ﬁ( )G, (0, Wig1)
i=m(T),,) i=m(T,)
m(T,,+t)—1
<O+ > @@ Hr, Galt(i) = Tn), Wisr) = Hr, (0, Wirn)|| + Cr
i*m(T )
m(T,,+t)—
+ Y 5( NG, Zn(t(i) = Tn), Wisa) = Gr, (0, Wia) | + Ca
i=m(T),)
m(T,,+t)—1
<[ZO1+ D (@) + BE)LWirr) |20 (t0) = T)|l + C° (by (105))
i=m(T),)
m(T,+t)—1
<t+ Y (@) + B0 LWir)[|Za(8(6) = To)| +C (by (19))
i=m(T,)

m(Tp+t)—1

<[1L+ O eXimmirn  (@@O+BE)LWitr)
(by 2,(t) = Z,(t(m(T,, +t)) — T},) and discrete Gronwall inequality in Theorem 10.3)

<[1+Ce” (by (106))
—C:. (by (107))
O

Lemma 17.7. sup,, ;c(0,741) |22 ()| < Cs.
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Proof. ¥n,t € [0,T + 1),

[ERGI
Zn(0)+/0 (hr, (zn(s)),0)ds

<[|zn(0)]] + / B, (2 (5)) s

S\lzn(O)II+A e, (2n(5)) = hr,, (0)[|ds + ; [1r,, (0)[|ds

t

<[l (0)]] + / Lllzn(s)llds + / I, (0) s
<[z (0)] + / Lllzn(s)llds + (T + 1)[|hr, (0)]
<Ol + [ Llno)llds + (74 1) 7

t
<1+ / Lllzn(s)llds + Cir
0

(by Lemma 17.2)

(by (104))

(by (19), (20))

<[1+CxleX (T+1) (by Gronwall inequality in Theorem 10.1)

<[1+ Cy] eCH

Lemma 17.8. SUpPy, te[0,7+1) ||h7"n (Zn(t))” < 0.

Proof. ¥n,Vt € [0,T + 1),

[[Por,, (zn (D)) |

hr, (20 (8)) = Por, (O] + [P, (O]

<L|zn ()| + ||Por, (0)]]
<LCj; + ||hr, (0)]

Ch
<LC; + —.
< + T

(by (103))
(by (107))

(by Lemma 17.2)
(by Lemma 17.7)

(by (18) and (104))

Thus, because C;, Cy are independent of 1, ¢, sup,, ,co,741) | Ar, (20 (2)) ]| < 00.

Lemma 17.9. sup,c(o 741 [|2™ (1) < C.

61



Under review as a conference paper at ICLR 2026

Proof. ¥t € [0,T + 1),
1" @)l

th ! Zlim s s
<o>+/0<h (2 (5)), 0)d

/ e (2 (5))ds

0+ | [ o6 ~ h 0 s+ [0

Sthm(O)H +

<0+ [ e 5) ~ e s+ [ s
t
<@ + [ L) as + / Isc 0 (by Lemma 172)
0 0
t t
§1+/ L||z“m(s)||ds+/ |hoo(0)||ds (by (19), (20))
0 0

<1+ / L) (s)[|ds + (T + 1)||hoo (0]

t
<1+ / L||zlim(s)||ds +Cy (by Assumption 5 and (104))
0
<[1+ Cy] elo Lds (by Gronwall inequality in Theorem 10.1)
< [1 + CH] eL(T+1)
<Cj. (by (103), (107))
O

Lemma 17.10. limy, o0 by, (2(t)) = hoo (2" (1)) uniformly int € [0,T + 1).

Proof: By Assumption 5, limgochy, (V) = hoo(v) uniformly in a compact set
{vlv e R, |jv]| € Cp}. By Lemma 17.9, {Z"™(¢)[t € [0,T7+ 1)} C {v|v € R, |jv|| < C,}.
Therefore, limy—c0 b, ("™ (t)) = hoo(2"™(t)) uniformly in {th )|t €[0,T+1)} and in
tel0,T+1). O
Lemma 17.11. V¢t € [0,T + 1), we have

lim z,, (t) = 2™ (t).

k—o0

Moreover; the convergence is uniform int on [0, T + 1).

Proof. By (22), V6 > 0, there exists a ki such that Vk > k1, Vt € [0,T + 1),
~ ~11m
|20 () (1) < (108)

By Lemma 17.10, there exists a ko such that Yk > ko, Vt € [0, T + 1),

i, (2(8)) = oo (22(1))|| < 6. (109)
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Vk > max {ki, ko }, Vt € [0,T + 1)

Iz, () = 2" @]

t
=[z. ) + / (i oo (6000 = 2(0) = [ e (259 00
t
<||Zn, (0) — 25 |\+H/ v, (2 (8 ds—/ohoo 21 (s))ds

<5t H /O By (2o (5)) = oo (27 (5)) ds

<6+ /075 ’ hr"k (an (s)) — hr”k (Zlim(s))Hds * /075 ’

t ¢
§5+L/ Hznk(s) _Zlim(s)Hds—F/ ‘h
0 0

(by (108))

h

(21 (5)) = hog (21 (s) Hds

T‘nk

o (17 (s)) — hoo(z“m(s))Hds (by Lemma 17.2)

t

§5+t5+L/ |20, () = 2™ (s) ||ds (by (109))
0

<(6 +to)ert (by Gronwall inequality in Theorem 10.1)
<@+ (T +1)8)el T+

which completes the proof. O

Lemma 17.12. For any function f : R x R = R, if lim f(a,b) = L then ILm f(e,¢) = L where

b—oc0 eTroee

L is a constant.

Proof. By definition, Ye > 0,3ag,bp such that Ya > ag,b > by, ||f(a,b) — L|| < e. Thus,
Ve > 0,3co = max {ao, b} such that Ve > ¢, || f(c,c) — L|| < e. O
Lemma 17.13. V¢t € [0,T + 1),

t

i [ B, (3(s))ds = /0 hoo (317 (5) ) ds.

k—o0 Jo

Proof. From Lemma 17.6, it is easy to see that

sup Héhm(t)H < 00,
te[0,T+1)

which, similar to Lemma 17.8, implies that

h

sup ‘ (Elim(t)) H < 00.

T"k
k,te[0,T+1)

By the dominated convergence theorem, V¢ € [0,7 + 1),
t
lim h,ﬂn (Z'm(s))ds = / lim h,, ("™ (s))ds = / Boo (M (
k—oo Jq k g k—oo
which completes the proof. O
Lemma 17.14. Vt € [0,T + 1),

t

t
lim P, (20, (8))ds = / hoo (2™ (s))ds.
0

k—oo Jq

Proof. Ve > 0, by Lemma 17.10, 3kq such that Vk > ko, Vt € [0,T),

by, (277 (s)) - hoo(z“m(s))H <e (110)
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By Lemma 17.11, 3k, such that Vk > k1, Vt € [0, T + 1),
[ 2n, (1) — 2™ ()] < e. (111)
Thus, Vk > max {ko, k1}, V¢t € [0,T + 1),

H/ P, (20 (8 ds—/ Roo (21 (

hrn (2 (5))ds — / B, (29 (5))ds
/ o

o6 = o ) s+ [

<

H/ o (27 (5))ds — / (7 (5))ds

B, (27()) = hoo (21 (5))| s

< [ | G (90) = o, (3)) s 4+ (T + 1)e (by (110)
0
¢

§/ Lz, (s) — M (s)||ds + Te (by Lemma 17.2)
0

<L(T+1)e+ (T + 1)e. (by (111))

Thus, ¥t € [0,T + 1),

Lemma 17.15. Vn,Vt € [0, T, 1 — Thl,

I2(T0 + )l < (IZ(T)IC" + C') e + |2(T0)]),

and in particular,

12Tl < (IZTIC +C) e + [|2(T)|

where C' is a positive constant defined in Lemma 17.5.
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Proof. We first show the difference between z(7),11) and z(7},) by the following derivations. Vn,
Vit € [0, Thy1 — Tnl,

12(Tn + 1) — 2(T5)|

IN

<

<

<

<

12(t
AT+ >

m(

(m(T, +1))) —

m(Ty+t)—1

i=m(Ty)

T, +t)—1

2T

(a(i)H(

Y (@@HEE)), Wiga), BEG (), Witr))

IS
—~
~
—~
~
~
~—
=

+
=
~—
=
—~
BN
~—
@
IS
—~
~+
—
~
~
~—
=
+
—
~—
~—

i=m(Ty)
m(T,+t)—1
> ad)HEE)), Wir) = HZ(T,), Wa)ll + BOIG(2(t0), Wigr) — G(2(T), Wi |
i=m(T),)
m(T,+t)—1 m(Ty+t)—1
+ Z a(i)H(Z2(T,), Wig)|| + Z B()G(Z(Tn), Wit1)
i=m(T,) i=m(T,)
m(T,,+t)—
> ( (1) + B()) L(Wiy)[|2(2(5)) — 2(Tn)|
i=m(Ty)
m(T,+t)—1 m(Ty,+t)—1
S a@EEE) W ] S BOGET.), Wis)
i=m(Ty) i=m(T,)
m(Tn+t)— m(Tn+t)—1
> ( (i) + BE)LWir)12(40) = 2(T)l + Y (@) + BE)L(Wiga) | 2(T0)|
i=m(T,) i=m(T},,)
m(Tp+t)—1 m (T, +t)—1
+>D a@HO W) ||+ Y. BGG0, W) (by Assumption 4)
i=m(T,) i=m(Ty)
m(Tp+t)—1 m(Tp+t)—1
Yo @@+ BO)LWir)|2(t@) = 2Tl + 12T) D (i) + B(i) L(Wisa)
i=m(Ty) i=m(Ty)
m(T,+t)—1 m(T,+t)—1
+>D a@HO W)+ Y. BGG0,Wit)
i=m(T),) i=m(T,)
m(T,,+t)— m(T,+t)—1
> ( (&) + BO)LWira)I2(4(0) — 2Tl + 2TIC + || > a(i)H(07Wi+1)H
i=m(T,) i=m(Ty)
m(T,,+t)—
+ Z B() (0, Wis1) (by (106))
i=m(T),)
m(Ty+t)—
> ( () + B L(Wipn) [ 2(£(0) — 2(T)ll + [I12(Tw)IC" + €] (by (105))
i=m(T,)
S @@+ BN L(Wign)

<[IZT)|C"+ C) =

<[ll=(

i=m(Tp)

T)|C" 4 C'"]e“

(by discrete Gronwall inequality in Theorem 10.3)
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