
Convergence of an actor-critic gradient flow for entropy regularised
MDPs in general spaces

Denis Zorba, David Siska, Lukasz Szpruch

University of Edinburgh

ICLR 2026

Denis Zorba, David Siska, Lukasz Szpruch Actor-critic gradient flow ICLR 2026 1 / 10



Entropy regularised MDPs

For some regularisation parameter τ > 0, initial state distribution ρ ∈ P(S), the value function
is defined as

V π
τ (ρ) = Eπ

s0∼ρ

( ∞∑
n=0

γn (c(sn, an) + τ KL(π(·|sn)|µ))

)
.

The state-action value function is defined as

Qπ
τ (s, a) = c(s, a) + γ

∫
S
V π
τ (s

′)P(ds ′|s, a),

and satisfies Tπ
τ Q

π
τ = Qπ

τ with

Tπ
τ f (s, a) = c(s, a) + γ

∫
S×A

f (s ′, a′)π(da′|s ′)P(ds ′|s, a) + τγ

∫
S
KL(π(·|s ′)|µ)P(ds ′|s, a).

Goal: compute the minimiser π∗ ∈ P(A|S) such that π∗ = argminV π
τ (ρ).
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Temporal difference and Mirror descent

Let Q(s, a; θ) = ⟨θ, ϕ(s, a)⟩ for some ϕ : S × A → RN . Directly from this, we define the
approximate advantage function for a policy π as

A(s, a; θ) = Q(s, a; θ) + τ log
dπ

dµ
(s, a)− V (s; θ),

with V (s; θ) =
∫
A

(
Q(s, a; θ) + τ log dπ

dµ(s, a)
)
π(da|s).

How to update θ and π ?
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Temporal difference and Mirror descent

Given some θ0 ∈ RN and initial policy π0, consider the following algorithm

θn+1 = θn − hng(θ
n, πn)

πn+1 = argmin
π

{∫
S

(∫
A
A(s, a; θn+1)π(·|s) + 1

λn
KL(π(·|s)|πn(·|s))

)
dπ
ρ (ds)

}
,

where g : RN × P(A|S) is the semi gradient of the Mean Squared Bellman Error (MSBE),
defined as

g(θ, π) =

∫
S×A

(Q(s, a; θ)− Tπ
τQ(s, a; θ))ϕ(s, a)dπ

β (da, ds).
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Dynamics

We consider the continuous time dynamics of the updates:

d

dt
θt = −ηtg(θt , πt),

∂tπt(da|s) = −A(s, a; θt)πt(da|s),

where ηt : [0,∞) → [1,∞) be a non-decreasing, continuous function. [Zha+21] study a
similar flow in the unregularised case (τ = 0) however convergence was only established to a
neighbourhood of the optimal policy, and a restarting mechanism was required.
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Problems and Challenges

• Due to the KL regularisation and the fact that the state and action space is Polish, there
is no a priori upper bound on the value functions.

• Thus, before addressing the convergence of the coupled flow to the optimal policy π∗, we
must first address its stability.
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Assumptions

1 A1: For all (s, a) ∈ S × A it holds that |ϕ(s, a)|2 ≤ 1

2 A2: λβ = λmin

( ∫
S×A ϕ(s, a)ϕ(s, a)⊤β(da, ds)

)
> 0
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Stability

To ease notation, define Γ = λβ(1− γ)(1−√
γ), Kt = sups∈S KL(πt(·|s)|µ).

Theorem

Let A1, A2 hold and let η0 >
τ
Γ . Then there exists constants a1, a2 > 0 such that for all

γ ∈ (0, 1), s ∈ S and t ≥ 0 it holds that

K2
t ≤ a1 + a2

∫ t

0
e−τ(t−r)K2

r dr .

A direct corollary then shows that the coupled flow does not blow up in finite time. Uniform
boundedness under more restrictive conditions.
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Convergence

3 A3: For all t ≥ 0, there exists θπt ∈ RN such that Qπt
τ (s, a) = ⟨θπt , ϕ(s, a)⟩ for all s ∈ S

and a ∈ A.

Theorem

Let A1, A2 and A3 hold. Then there exists k1 > 0 with ηt = η0e
k1t and k2 > 0 such that for

all γ ∈ (0, 1) and t > 0 it holds that

min
r∈[0,t]

V πr
τ (ρ)− V π∗

τ (ρ)

≤ τe−
τ
2
t

2(1− γ)(1− e−
τ
2
t)

(∫
S
KL(π∗(·|s)|π0(·|s))dπ∗

ρ (ds) +
k2
2τ

)
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