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Abstract. We derive the optimal time-varying carbon-tax trajectory as the solution of
a finite-horizon Hamilton–Jacobi–Bellman problem for a planner who balances output cost
against quadratic climate damage on the cumulative-emissions state. For the linear-quadratic
specification the value function and the optimal tax admit a closed form expressible as a
Pigouvian steady-state term plus a finite-horizon correction that vanishes as the horizon
T grows. We give an explicit finite-difference algorithm for the realistic-damage extension,
calibrate the model to DICE-2018 parameters with T = 25 years, and show that the optimal
initial carbon tax is materially lower than the infinite-horizon Pigouvian level. We close with
contour plots of the value function and the optimal policy over the (t, E) plane.

Keywords: carbon tax, optimal control, HJB equation, finite horizon, climate policy, DICE
calibration

1. Introduction

How should a planner who knows the climate problem will be resolved — one way or
another — within a generation set the carbon tax today? The infinite-horizon Pigouvian
answer, in which the tax is permanently calibrated to the steady-state shadow price of the
climate stock, sits at the centre of integrated-assessment practice [1–3]. Yet most policy
timetables are short: nationally determined contributions are revised every five years,
central banks plan transition stress tests over a decade, and the major emitters’ net-zero
commitments cluster around 2050. Whether the finite-horizon optimal tax should differ
from its infinite-horizon counterpart — and by how much — is a quantitative question,
not a philosophical one. This paper answers it for a linear–quadratic model calibrated to
DICE-2018 [4].

We study a stochastic planner who balances the convex output cost of a carbon tax against
quadratic damage on the cumulative-emissions state, over a deterministic horizon 𝑇 . For
the linear–quadratic specification we characterise the value function and the optimal feed-
back law in closed form through a Riccati ODE system, prove the verification theorem, and
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verify the closed form against an explicit finite-difference scheme. Calibrated to DICE-2018
with 𝑇 = 25 years, the finite-horizon optimal initial tax is $43/tCO2, against an infinite-
horizon Pigouvian benchmark of $73/tCO2 — a horizon correction of ≈ 41% that is large
enough to matter for policy and cannot be reconstructed from the steady-state limit alone.

The paper makes three contributions.

1. Closed-form Riccati reduction with explicit horizon-decay rate. The

value function admits a quadratic ansatz 𝑉 (𝑡, 𝐸) = 𝑐2(𝑡) 𝐸2 + 𝑐1(𝑡) 𝐸 + 𝑐0(𝑡), reducing the
HJB partial differential equation to three coupled ODEs. The leading coefficient 𝑐2 has a
fully analytic solution governed by a single rate 𝜆 = √𝜌2 + 2𝜅𝛽𝐸, where 𝜅 = 2𝑏2/𝛼. At
our DICE-2018 calibration the half-life log 2/𝜆 ≈ 12 years, comparable to the horizon 𝑇
itself — which is why the horizon correction is large.

1. Quantitative horizon correction in dollars per tonne. We give a sharp

decomposition of the optimal initial tax into a Pigouvian steady-state component and a
horizon correction that decays at rate 𝜆. Under one-at-a-time sensitivity over the dis-
count rate, damage exponent, terminal damage coefficient, emissions volatility, and hori-
zon length, the dominant drivers of the initial tax are the horizon 𝑇 and the damage
coefficient 𝛽𝐸; the discount rate matters less than the integrated-assessment literature
would suggest, because the finite horizon already truncates long-dated damages.

1. Mechanical verification of the closed form. An explicit

finite-difference scheme with CFL substepping converges to the analytic value at the pre-
dicted 𝑂(Δ𝑡) + 𝑂(Δ𝐸2) rate; relative error at the reference state is below 3 × 10−4 at the
medium-resolution grid. The scheme is the natural numerical engine for model extensions
in which the closed form is unavailable.

The paper sits in a literature on integrated assessment that we read in three strands. The
first, exemplified by DICE [2, 4] and the climate-and-risk framework of [5, 6], focuses on
infinite-horizon calibration of the social cost of carbon. The second, descending from [3]
and [7], derives optimal taxes in general-equilibrium settings with rich structure but typi-
cally without analytic feedback laws. The third, anchored by [8, 9], emphasises uncertainty
in climate sensitivity. Our contribution is methodological and quantitative: a small, sharp
model that gives the horizon correction in closed form, calibrated to a standard parameter
set, and verified against an independent numerical scheme.

The remainder of the paper is organised as follows. Section 2 fixes the planner’s problem.
Section 3 derives the HJB equation and reduces it to a Riccati system. Section 4 states and
proves the verification theorem, with the proof relegated to Appendix A. Section 5 studies
the properties of the optimal feedback law. Section 6 presents the numerical algorithms:
closed-form integration of the Riccati system, an explicit finite-difference scheme, and
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forward Monte Carlo simulation under the optimal policy. Section 7 documents the DICE-
2018 calibration. Section 8 reports the numerical results. Section 9 conducts the sensitivity
analysis. Sections 10 and 11 contain the discussion and conclusion. Appendices give the
verification proof, the Riccati derivation, and full algorithm pseudocode.

2. The planner’s problem

This section fixes notation and states the planner’s problem. The state is cumulative
emissions; the control is the carbon tax; the planner minimises the expected discounted
sum of output cost and damage flow over a finite horizon 𝑇 , with a terminal damage on
the residual stock.

2.1 State and control

Fix a complete filtered probability space (Ω, ℱ, {ℱ𝑡}𝑡∈[0,𝑇 ],P) carrying a one-dimensional
standard Brownian motion {𝑊𝑡}. Let 𝐸𝑡 ∈ R denote the cumulative anthropogenic car-
bon emissions at time 𝑡, measured in gigatonnes of CO2 (GtCO2) cumulated since some
reference epoch. The control is the carbon tax 𝜏𝑡 ≥ 0, in $/tCO2, levied uniformly on the
marginal tonne of emissions.

Baseline emissions in the absence of any tax are denoted 𝑎 > 0 and expressed in GtCO2/yr.
Tax-induced abatement is linear in the tax at elasticity 𝑏 > 0, so that 𝑏𝜏𝑡 is the abatement
flow induced by the tax. Residual stochastic emissions enter through a diffusion of intensity
𝜎𝐸 > 0. The emissions stock therefore evolves as

𝑑𝐸𝑡 = (𝑎 − 𝑏 𝜏𝑡) 𝑑𝑡 + 𝜎𝐸 𝑑𝑊𝑡, 𝐸0 ∈ R given. (2.1)

The linearity in 𝜏𝑡 and the Gaussian diffusion are the two ingredients that, combined with
the quadratic cost structure below, produce the LQ structure exploited in Section 3. The
state is allowed to take negative values formally, which models net carbon removal at the
aggregate; physical non-negativity is not imposed because the policy-relevant region of
state space lies well above zero.

Definition 2.1 (Admissible control). A process 𝜏 = {𝜏𝑡}𝑡∈[0,𝑇 ] is admissible if it is {ℱ𝑡}-
progressively measurable, satisfies 𝜏𝑡 ≥ 0 almost surely, and obeys the integrability condi-
tion E∫𝑇

0 𝜏2
𝑡 𝑑𝑡 < ∞. We denote the set of admissible controls by 𝒜.

2.2 Damage-augmented cost flow

The flow cost combines the output cost of the tax and the damage cost of the stock. Fol-
lowing the convex-tax tradition in [1, 7], the per-instant output cost of a tax 𝜏 is quadratic
with coefficient 𝛼 > 0; the quadratic form captures both administrative deadweight loss
and the microeconomic distortion from the marginal abatement-cost schedule rising with
depth. The stock damage flow is quadratic in 𝐸 with coefficient 𝛽𝐸 > 0. The terminal
damage on the stock at 𝑇 is quadratic with coefficient 𝛾𝑇 > 0, absorbing the planner’s
valuation of post-horizon climate harms in a single closed-form penalty.
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Definition 2.2 (Cost functional). For an admissible control 𝜏 ∈ 𝒜 and initial state
𝐸0 = 𝐸, the planner’s cost functional is

𝐽(𝑡, 𝐸; 𝜏) = E[ ∫
𝑇

𝑡
𝑒−𝜌(𝑠−𝑡)(1

2𝛼 𝜏2
𝑠 + 1

2𝛽𝐸 𝐸2
𝑠 ) 𝑑𝑠 + 𝑒−𝜌(𝑇 −𝑡) 1

2𝛾𝑇 𝐸2
𝑇 ∣ 𝐸𝑡 = 𝐸 ] ,

where 𝜌 > 0 is the planner’s pure rate of time preference.

The quadratic structure should not be read as a claim that the true damage function is
quadratic; rather, it is a tractable local approximation around the calibration point 𝐸ref
chosen so that flow damage at the 2°C-equivalent stock matches the DICE-2018 calibration
of ∼ 0.95% of gross world product. Robustness to alternative damage specifications is
discussed in Section 10.

2.3 Admissibility and integrability

We collect the assumptions that ensure the value function below is well defined and finite.

Assumption 2.3 (Parameter regularity). 𝛼, 𝑏, 𝛽𝐸, 𝛾𝑇 , 𝜌, 𝜎𝐸 > 0; 𝑎 ≥ 0; 𝑇 ∈ (0, ∞).

Assumption 2.4 (Square integrability of state). For every admissible 𝜏 , Esup𝑡∈[0,𝑇 ] 𝐸2
𝑡 <

∞.

Assumption 2.4 is implied by Assumption 2.3, the integrability built into Definition 2.1,
and standard moment estimates for linear SDEs with bounded drift; see [10], Chapter 1.
We record it as a separate assumption because the verification theorem of Section 4 cites
it directly.

2.4 The value function

The planner solves

𝑉 (𝑡, 𝐸) = inf
𝜏∈𝒜

𝐽(𝑡, 𝐸; 𝜏), (𝑡, 𝐸) ∈ [0, 𝑇 ] × R. (2.2)

The value function is the central object of the rest of the paper. Section 3 characterises
it as the unique classical solution of an HJB equation with quadratic ansatz; Section 4
verifies that this characterisation implies the candidate optimal feedback law is in fact
optimal.

Proposition 2.5 (Well-posedness). Under Assumptions 2.3 and 2.4, for every 𝜏 ∈ 𝒜 and
every (𝑡, 𝐸) ∈ [0, 𝑇 ] × R, the SDE for {𝐸𝑠}𝑠∈[𝑡,𝑇 ] admits a unique strong solution with
Esup𝑠∈[𝑡,𝑇 ] 𝐸2

𝑠 < ∞, the cost functional 𝐽(𝑡, 𝐸; 𝜏) is finite, and the value function 𝑉 (𝑡, 𝐸)
is finite.

Proof. Existence and uniqueness of the strong solution follow from the standard Lipschitz-
and-linear-growth criterion: the drift (𝑎 − 𝑏𝜏𝑠) is progressively measurable with E∫𝑇

0 |𝑎 −
𝑏𝜏𝑠|2 𝑑𝑠 < ∞ by Definition 2.1, and the diffusion is constant 𝜎𝐸. See [10], Chapter 1,
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Theorem 6.3. The second-moment bound follows from Gronwall applied to the squared
SDE; 𝐽 is finite because each of its three integrands is non-negative and dominated by
a polynomial in the state with finite second moment; 𝑉 is finite as the infimum of a
non-empty set of finite quantities. �

Remark 2.6. The non-negativity constraint 𝜏 ≥ 0 in Definition 2.1 is the natural physical
constraint — the planner cannot subsidise emissions. The closed-form solution below
ignores this constraint in the unconstrained quadratic minimisation, then verifies ex post
that the optimal feedback is non-negative on the policy-relevant region of state space
(Section 5). Tax negativity would arise only at deep-negative 𝐸, which we exclude as
economically uninteresting.

3. HJB equation and Riccati reduction

We derive the HJB partial differential equation, eliminate the control by pointwise min-
imisation, and reduce the resulting nonlinear PDE to a system of three coupled ordinary
differential equations via a quadratic ansatz.

3.1 The HJB equation

Applying the dynamic programming principle to the value function defined in Section 2
yields the standard HJB equation; see [11], Chapter III.

Proposition 3.1 (HJB equation). If 𝑉 ∈ 𝐶1,2([0, 𝑇 ) × R) ∩ 𝐶([0, 𝑇 ] × R) is the value
function, then it satisfies

−𝜕𝑡𝑉 +𝜌 𝑉 = inf
𝜏≥0

{ 1
2𝛼 𝜏2 + (𝑎 − 𝑏𝜏) 𝜕𝐸𝑉 + 1

2𝜎2
𝐸 𝜕2

𝐸𝐸𝑉 + 1
2𝛽𝐸 𝐸2 } , (𝑡, 𝐸) ∈ [0, 𝑇 )×R,

with terminal condition 𝑉 (𝑇 , 𝐸) = 1
2𝛾𝑇 𝐸2.

The minimiser inside the brackets is found by setting the first-order condition to zero.
Differentiating with respect to 𝜏 ,

𝛼 𝜏 − 𝑏 𝜕𝐸𝑉 = 0 ⟹ 𝜏∗(𝑡, 𝐸) = 𝑏
𝛼 𝜕𝐸𝑉 (𝑡, 𝐸), (3.1)

provided the resulting expression is non-negative (we return to this in Section 5). Substi-
tuting 𝜏∗ back into the bracketed expression yields the reduced HJB equation

−𝜕𝑡𝑉 + 𝜌 𝑉 = 𝑎 𝜕𝐸𝑉 − 𝑏2
2𝛼 (𝜕𝐸𝑉 )2 + 1

2𝜎2
𝐸 𝜕2

𝐸𝐸𝑉 + 1
2𝛽𝐸 𝐸2, (3.2)

which is nonlinear in 𝜕𝐸𝑉 but quadratic in 𝐸 and 𝜕𝐸𝑉 jointly. This quadratic structure
is what allows the closed form.

3.2 Quadratic ansatz

The terminal condition is quadratic in 𝐸; the source term 1
2𝛽𝐸𝐸2 is quadratic in 𝐸; the

nonlinearity is quadratic in 𝜕𝐸𝑉 . We therefore seek a solution of the form
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𝑉 (𝑡, 𝐸) = 𝑐2(𝑡) 𝐸2 + 𝑐1(𝑡) 𝐸 + 𝑐0(𝑡), (3.3)

with coefficients 𝑐2, 𝑐1, 𝑐0 ∶ [0, 𝑇 ] → R to be determined. Computing the partial derivatives
gives 𝜕𝐸𝑉 = 2𝑐2𝐸 + 𝑐1 and 𝜕2

𝐸𝐸𝑉 = 2𝑐2, and 𝜕𝑡𝑉 = ̇𝑐2𝐸2 + ̇𝑐1𝐸 + ̇𝑐0. Substituting into
the reduced HJB and matching powers of 𝐸, we obtain a system of three coupled ODEs
in time.

Theorem 3.2 (Riccati system). Let 𝜅 ∶= 2𝑏2/𝛼. The coefficients (𝑐2, 𝑐1, 𝑐0) satisfy

̇𝑐2 = 𝜌 𝑐2 − 2𝜅 𝑐2
2 + 1

2𝛽𝐸 − (no, see below),

Following Appendix B for the term-by-term derivation, the canonical form (in time-to-
horizon 𝑠 = 𝑇 − 𝑡) is

𝑑𝑐2
𝑑𝑠 = −𝜌 𝑐2 + 2𝜅 𝑐2

2 − 1
2𝛽𝐸, 𝑐2(0) = 1

2𝛾𝑇 ,

𝑑𝑐1
𝑑𝑠 = −(𝜌 + 𝜅 𝑐2) 𝑐1 + 2𝑎 𝑐2, 𝑐1(0) = 0,

𝑑𝑐0
𝑑𝑠 = −𝜌 𝑐0 − 𝜅

2 𝑐2
1 + 𝑎 𝑐1 + 𝜎2

𝐸 𝑐2, 𝑐0(0) = 0.

The system is well-posed on [0, 𝑇 ]: the right-hand side is locally Lipschitz, and the explicit
closed form for 𝑐2 below confirms existence and uniqueness globally.

Proof. By Itô’s formula applied to 𝑒−𝜌𝑡𝑉 (𝑡, 𝐸𝑡) and matching coefficients of 𝐸2, 𝐸, and
𝐸0 in the reduced HJB. The term-by-term computation is in Appendix B. �

3.3 Closed form for 𝑐2

The equation for 𝑐2 is a scalar Riccati ODE with constant coefficients. Its right-hand side
is a quadratic in 𝑐2 with discriminant 𝜌2 + 2𝜅𝛽𝐸 > 0, so it has two real roots.

Proposition 3.3 (Riccati roots and decay rate). The two real roots of the Riccati right-
hand side are

𝑐∞
2 = −𝜌 + √𝜌2 + 2𝜅𝛽𝐸

2𝜅 > 0, 𝑐−
2 = −𝜌 − √𝜌2 + 2𝜅𝛽𝐸

2𝜅 < 0,

and the horizon-decay rate is
𝜆 ∶= √𝜌2 + 2𝜅𝛽𝐸.

The closed-form solution with terminal value 𝑐2(𝑇 ) = 1
2𝛾𝑇 is

𝑐2(𝑡) = 𝑐∞
2 (𝑐𝑇

2 − 𝑐−
2 ) − 𝑐−

2 (𝑐𝑇
2 − 𝑐∞

2 ) 𝑒−𝜆(𝑇 −𝑡)

(𝑐𝑇
2 − 𝑐−

2 ) − (𝑐𝑇
2 − 𝑐∞

2 ) 𝑒−𝜆(𝑇 −𝑡) , 𝑐𝑇
2 ∶= 1

2𝛾𝑇 .

Proof. Standard separation of variables for scalar Riccati ODEs; see [10], Section 6.1. The
two roots and the rate 𝜆 follow from solving the quadratic; the formula for 𝑐2(𝑡) follows
from the Möbius transform that maps the equation to a linear ODE in 𝑐2 − 𝑐∞

2 . The
terminal condition 𝑐2(𝑇 ) = 𝑐𝑇

2 is enforced at the right endpoint. �
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Remark 3.4 (Steady-state limit). As 𝑇 → ∞ with the terminal value held fixed, 𝑒−𝜆(𝑇 −𝑡) →
0 for every fixed 𝑡, and 𝑐2(𝑡) → 𝑐∞

2 — the infinite-horizon steady state. The half-life of
the horizon correction is log 2/𝜆; at the DICE-2018 calibration of Section 7 this equals 12
years, comparable to the horizon 𝑇 = 25 used here. The horizon correction is therefore
non-negligible at the chosen time scale.

The remaining coefficients 𝑐1 and 𝑐0 do not admit closed-form solutions in elementary
functions for general parameters, but they are linear ODEs with known forcing and are
computed by quadrature. We defer the numerical recipe to Section 6.

4. Verification theorem

The closed form of Section 3 produces a candidate value function and a candidate optimal
feedback law. The verification theorem confirms that the candidate value function coin-
cides with the true value function and that the candidate feedback law is in fact optimal
in the class of admissible controls. Without verification, all that has been shown is that
a smooth solution of the HJB equation exists; the link to the original control problem
requires an independent argument.

4.1 Statement

Theorem 4.1 (Verification). Let 𝑉 ∈ 𝐶1,2([0, 𝑇 ) ×R) ∩ 𝐶([0, 𝑇 ] ×R) satisfy the reduced
HJB equation of Section 3 with terminal condition 𝑉 (𝑇 , 𝐸) = 1

2𝛾𝑇 𝐸2. Define the candidate
feedback law

̂𝜏 (𝑡, 𝐸) ∶= 𝑏
𝛼 𝜕𝐸𝑉 (𝑡, 𝐸),

and assume the SDE

𝑑𝐸𝑡 = (𝑎 − 𝑏 ̂𝜏(𝑡, 𝐸𝑡)) 𝑑𝑡 + 𝜎𝐸 𝑑𝑊𝑡, 𝐸0 = 𝐸,

has a unique strong solution that satisfies Assumption 2.4. Assume further the polynomial-
growth bound

|𝑉 (𝑡, 𝐸)| + |𝜕𝐸𝑉 (𝑡, 𝐸)| ≤ 𝐾 (1 + 𝐸2) for some 𝐾 > 0, uniformly in 𝑡.

Then
𝑉 (𝑡, 𝐸) = 𝑉 (𝑡, 𝐸) for all (𝑡, 𝐸) ∈ [0, 𝑇 ] × R,

and ̂𝜏 is an optimal feedback control.

The proof, given in full in Appendix A, proceeds by Itô’s formula applied to 𝑒−𝜌𝑠𝑉 (𝑠, 𝐸𝑠)
under an arbitrary admissible control, followed by a martingale argument and a comparison
of the resulting integral inequality against the cost functional of Definition 2.2. The
polynomial-growth bound and the integrability of Definition 2.1 together ensure that the
stochastic integral is a true martingale rather than a local martingale.
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4.2 Application to the quadratic ansatz

The candidate 𝑉 constructed in Section 3 satisfies the hypotheses of Theorem 4.1. We
record this as a corollary.

Corollary 4.2 (Optimal value function and policy). Let (𝑐2, 𝑐1, 𝑐0) solve the Riccati system
of Theorem 3.2. Then

𝑉 (𝑡, 𝐸) = 𝑐2(𝑡) 𝐸2 + 𝑐1(𝑡) 𝐸 + 𝑐0(𝑡),

and the optimal carbon tax is the affine feedback law

𝜏∗(𝑡, 𝐸) = 𝑏
𝛼 (2 𝑐2(𝑡) 𝐸 + 𝑐1(𝑡)).

Proof. The polynomial-growth bound holds because 𝑐2, 𝑐1, 𝑐0 are bounded on [0, 𝑇 ] (The-
orem 3.2 plus Proposition 3.3). The closed-loop SDE under ̂𝜏 becomes 𝑑𝐸𝑡 = (𝑎 −
𝑏 ̂𝜏(𝑡, 𝐸𝑡)) 𝑑𝑡 + 𝜎𝐸 𝑑𝑊𝑡; the drift is affine in 𝐸 with bounded, time-continuous coefficient,
so a unique strong solution exists with E sup𝑡≤𝑇 𝐸2

𝑡 < ∞ by standard SDE theory [10],
Chapter 1. The hypotheses of Theorem 4.1 are satisfied, and the conclusion follows. �

Remark 4.3 (Why verification matters). One could in principle attempt to compute the
value function directly by simulating many candidate controls and taking the infimum of
their cost. For the LQ problem this is unnecessary because the closed form is available,
but the verification theorem is what licenses the substitution: it certifies that the smooth
solution of the HJB is the value function, rather than merely a solution of the equation.
This certification is independent of the closed-form structure and would carry over to
model extensions in which only a numerical solution is available, provided the regularity
hypotheses are satisfied.

Remark 4.4 (Non-negativity of the optimal tax). The candidate feedback ̂𝜏 (𝑡, 𝐸) = (𝑏/𝛼)(2𝑐2𝐸+
𝑐1) may in principle take negative values. At the DICE-2018 calibration of Section 7 with
𝐸 ≥ 0 we have 𝑐2(𝑡), 𝑐1(𝑡) ≥ 0 for all 𝑡 ∈ [0, 𝑇 ], so non-negativity holds on the policy-
relevant region. We confirm this numerically in Section 8. The closed form should be read
as the interior optimal policy; the boundary case in which the unconstrained optimum
dips below zero is not encountered in practice for plausible calibrations.

5. Properties of the optimal policy

Corollary 4.2 yields the optimal feedback in closed form, 𝜏∗(𝑡, 𝐸) = (𝑏/𝛼)(2𝑐2(𝑡) 𝐸 +𝑐1(𝑡)).
This section extracts the properties of 𝜏∗ that are policy-relevant: the affine structure, the
infinite-horizon limit, the sign and magnitude of the horizon correction, and the compar-
ative statics in the structural parameters.

8
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5.1 Affine feedback and steady-state limit

Proposition 5.1 (Affine structure). The optimal carbon tax is affine in the cumulative-
emissions state 𝐸, with time-varying slope and intercept:

𝜏∗(𝑡, 𝐸) = 𝑏
𝛼 𝑐1(𝑡) + 2𝑏

𝛼 𝑐2(𝑡) 𝐸.

Both the slope (2𝑏/𝛼)𝑐2(𝑡) and the intercept (𝑏/𝛼)𝑐1(𝑡) are positive for all 𝑡 ∈ [0, 𝑇 ] under
Assumption 2.3 with 𝑎 ≥ 0 and the DICE-2018 calibration.

Proof. Affinity is immediate from Corollary 4.2 and the linearity of the Riccati ansatz in 𝐸.
Positivity of 𝑐2 on [0, 𝑇 ] follows from the closed form of Proposition 3.3: 𝑐𝑇

2 = 1
2𝛾𝑇 > 0 and

𝑐∞
2 > 0, and the Möbius interpolation between the two stays strictly positive. Positivity

of 𝑐1 follows from the linear ODE of Theorem 3.2: with 𝑎 ≥ 0, 𝑐2 > 0, and 𝑐1(𝑇 ) = 0,
backward integration produces 𝑐1(𝑡) ≥ 0 for all 𝑡. �

Proposition 5.2 (Steady-state Pigouvian limit). Let 𝑐∞
1 = 2𝑎 𝑐∞

2 /(𝜌 + 𝜅 𝑐∞
2 ) be the

steady-state solution of the 𝑐1 ODE. Then

lim
𝑇 →∞

𝜏∗(0, 𝐸) = 𝜏Pig
∞ (𝐸) ∶= 𝑏

𝛼 (2𝑐∞
2 𝐸 + 𝑐∞

1 ),

uniformly on compact subsets of R.

Proof. As 𝑇 → ∞ with 𝑡 fixed, 𝑒−𝜆(𝑇 −𝑡) → 0, so the explicit formula in Proposition 3.3
yields 𝑐2(𝑡) → 𝑐∞

2 . The 𝑐1 ODE then becomes a linear, time-invariant ODE with constant
forcing 2𝑎 𝑐∞

2 , whose stable fixed point is exactly 𝑐∞
1 . Substituting into the formula of

Corollary 4.2 gives the claim. �

5.2 Sign and magnitude of the horizon correction

The horizon correction at state 𝐸 and time 𝑡 = 0 is

Δ(𝐸) ∶= 𝜏Pig
∞ (𝐸) − 𝜏∗(0, 𝐸) = 𝑏

𝛼 [2(𝑐∞
2 − 𝑐2(0)) 𝐸 + (𝑐∞

1 − 𝑐1(0))]. (5.1)

We show that Δ is strictly positive on 𝐸 ≥ 0 under the DICE-2018 calibration.

Lemma 5.3 (Positive horizon correction). Under Assumption 2.3 with 𝛾𝑇 ≤ 𝛽𝐸/𝜆 (which
holds at the DICE-2018 calibration), we have 𝑐2(0) < 𝑐∞

2 and 𝑐1(0) < 𝑐∞
1 , so Δ(𝐸) > 0

for all 𝐸 > 0.

Proof. The Riccati closed form of Proposition 3.3 implies 𝑐2(𝑡) < 𝑐∞
2 whenever 𝑐𝑇

2 < 𝑐∞
2 ,

since the Möbius interpolation is monotone in the boundary value. The condition 𝑐𝑇
2 =

1
2𝛾𝑇 ≤ 𝑐∞

2 is equivalent to 𝛾𝑇 ≤ 𝛽𝐸/𝜆 after substitution from Proposition 3.3, and the
DICE-2018 values 𝛾𝑇 = 9×10−5, 𝛽𝐸 = 3×10−5, 𝜆 ≈ 0.0574 satisfy it (𝛽𝐸/𝜆 ≈ 5.2×10−4 >
𝛾𝑇 ). Given 𝑐2(𝑡) < 𝑐∞

2 , the 𝑐1 ODE drives 𝑐1 toward a moving fixed point that is below
𝑐∞

1 , so 𝑐1(0) < 𝑐∞
1 . Combining yields Δ(𝐸) > 0. �
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Remark 5.4. The positivity of the horizon correction is the central economic fact of the pa-
per: the finite-horizon planner sets a lower carbon tax than the infinite-horizon Pigouvian
planner. The intuition is that the terminal damage 1

2𝛾𝑇 𝐸2 is in general smaller than the
integrated post-horizon damage that would otherwise be priced in; the finite-horizon tax
discounts the residual harm using the terminal proxy rather than the full integral. At our
calibration this correction is ≈ 41% of the Pigouvian benchmark at 𝐸ref = 1200 GtCO2.

5.3 Comparative statics

We collect the signed responses of 𝜏∗(0, 𝐸ref) to the structural parameters; sensitivity
magnitudes are reported in Section 9.

Proposition 5.5 (Comparative statics). Under Assumption 2.3 and at 𝐸ref > 0,

𝜕𝜏∗(0, 𝐸ref)
𝜕𝛽𝐸

> 0, 𝜕𝜏∗(0, 𝐸ref)
𝜕𝛾𝑇

> 0, 𝜕𝜏∗(0, 𝐸ref)
𝜕𝑇 > 0,

𝜕𝜏∗(0, 𝐸ref)
𝜕𝜌 < 0, 𝜕𝜏∗(0, 𝐸ref)

𝜕𝜎𝐸
≥ 0.

The volatility derivative vanishes for the slope component of 𝜏∗ and is non-negative for the
intercept, via the 𝜎2

𝐸𝑐2 forcing of 𝑐0 and the second-order envelope effect.

Proof. Differentiate the closed form of 𝑐2 (Proposition 3.3) in each parameter; the signs
follow from inspection of the roots 𝑐±

2 and the Möbius interpolant. The 𝑐1 component then
inherits the sign through its linear ODE. The horizon derivative is positive because the
Möbius interpolant moves monotonically from 𝑐𝑇

2 toward 𝑐∞
2 as 𝑇 grows, and 𝑐𝑇

2 < 𝑐∞
2 by

Lemma 5.3. The volatility appears only through the 𝜎2
𝐸𝑐2 source in the 𝑐0 ODE, which

does not affect 𝜕𝐸𝑉 and therefore does not affect 𝜏∗ directly; the envelope effect of volatility
on the chosen control under a non-quadratic damage extension would be strictly positive
(precautionary motive), and this contributes the non-strict sign in the statement. �

Remark 5.6 (Horizon vs. discount-rate tradeoff). Propositions 5.2 and 5.5 together expose
the central tradeoff: extending the horizon raises the optimal initial tax (positive horizon
derivative), while raising the discount rate lowers it (negative discount derivative). Under
the DICE-2018 base case both move 𝜏∗ by similar magnitudes, but the horizon dominates
because the discount rate enters the rate 𝜆 only through the square-root combination
√𝜌2 + 2𝜅𝛽𝐸, which is dominated by the damage term for small 𝜌.

6. Numerical algorithms

This section gives the three algorithms used in the paper: the closed-form Riccati integra-
tor that produces the analytic value function and feedback law, an explicit backward-time
finite-difference scheme for the reduced HJB PDE that provides an independent verifi-
cation, and a forward Monte Carlo simulator under the optimal feedback that produces
representative state trajectories.
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6.1 Closed-form Riccati integration

The Riccati coefficient 𝑐2 is computed analytically from Proposition 3.3. The coefficients
𝑐1 and 𝑐0 are computed by trapezoidal quadrature of their linear ODEs in time-to-horizon
𝑠 = 𝑇 − 𝑡. Algorithm 6.1 gives the complete recipe; the inputs are the parameter tuple
(𝛼, 𝑏, 𝛽𝐸, 𝛾𝑇 , 𝜌, 𝑎, 𝜎𝐸, 𝑇 ), the query times {𝑡𝑘}𝑁

𝑘=0, and the quadrature resolution 𝑁𝑞.

Algorithm 6.1 (Riccati closed-form integration). Closed-form analytic evaluation of 𝑐2
at every query time, followed by trapezoidal quadrature for 𝑐1 and 𝑐0 on a uniform sub-grid
of [0, 𝑇 − 𝑡𝑘].

1 kappa ← 2·b²�/
2 lambda ← sqrt�(² + 2�·kappa·_E)
3 c2_inf ← −�( + lambda) / (2·kappa)
4 c2_minus ← −�( − lambda) / (2·kappa)
5 c2_T ← 0.5�·_T
6 for each t in {t_k}:
7 s ← T − t
8 e ← exp−(lambda·s)
9 num ← c2_inf·(c2_T − c2_minus) − c2_minus·(c2_T − c2_inf)·e

10 den ← (c2_T − c2_minus) − (c2_T − c2_inf)·e
11 c2(t) ← num / den
12 for each t in {t_k}:
13 s_grid ← linspace(0, T − t, N_q)
14 ds ← s_grid[1] − s_grid[0]
15 c2v[k] ← c2(T − s_grid[k]) for k = 0..−N_q1
16 c1v[0] ← 0; c0v[0] ← 0
17 for k = 0..N_q − 2:
18 c1v[k+1] ← c1v[k] + ds·−�(( + kappa·c2v[k])·c1v[k] +

2·a·c2v[k])
19 c0v[k+1] ← c0v[k] + ds·−�(·c0v[k] − 0.5�··c1v[k]² + a·c1v[k]

+ �_E²·c2v[k])
20 c1(t), c0(t) ← c1v[N_q − 1], c0v[N_q − 1]
21 return {(c2(t_k), c1(t_k), c0(t_k))}

Proposition 6.2 (Convergence of Algorithm 6.1). For each fixed 𝑡𝑘, the trapezoidal
quadrature errors in 𝑐1(𝑡𝑘) and 𝑐0(𝑡𝑘) are 𝑂(𝑁−1

𝑞 ) under Assumption 2.3 (the explicit
Euler step is first-order; switching to RK4 would give 𝑂(𝑁−4

𝑞 ) at the cost of constant
factor only).

Proof. Standard convergence of explicit Euler for ODEs with locally Lipschitz right-hand
side; see for example [10], Section 6.1. The Lipschitz constant is bounded uniformly
on [0, 𝑇 ] by the boundedness of 𝑐2 (Proposition 3.3) and the parameter regularity in
Assumption 2.3. �

6.2 Explicit finite-difference scheme

The reduced HJB PDE is parabolic with quadratic nonlinearity in 𝜕𝐸𝑉 . An explicit
backward-time scheme is direct to implement and serves as an independent check on the
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closed form; it also generalises directly to non-quadratic damage specifications in which
the closed form is unavailable.

The scheme discretises 𝑉 on a tensor grid {(𝑡𝑘, 𝐸𝑗)}, with 𝑡𝑘 = 𝑘 Δ𝑡, 𝑘 = 0, 1, … , 𝐾 =
𝑇 /Δ𝑡, and 𝐸𝑗 = 𝐸min + 𝑗 Δ𝐸, 𝑗 = 0, 1, … , 𝐽 . The first and second spatial derivatives
are approximated by centred differences in the interior and one-sided differences at the
boundary. The time march is backward in 𝑡, starting from the terminal condition.

Two CFL conditions must be respected simultaneously. The parabolic CFL Δ𝑡 ≤ Δ𝐸2/𝜎2
𝐸

controls the explicit diffusion step; the advection CFL Δ𝑡 ≤ Δ𝐸/|𝑎| controls the drift step.
When a user-supplied outer time step violates either, the scheme substeps internally to
the smaller of the two CFL bounds.

Algorithm 6.3 (Explicit backward-time FDM with CFL substepping). Backward-time
march from the terminal condition 𝑉 (𝑇 , 𝐸) = 1

2𝛾𝑇 𝐸2 under an inner step satisfying both
the parabolic and the advection CFL bounds.

1 K ← round(T / Δt)
2 J ← round((E_max − E_min) / ΔE)
3 E[j] ← E_min + Δj·E for j = 0..J
4 cfl_diff ← ΔE² / �_E²
5 cfl_adv ← ΔE / |a|Δ
6 t_in ← 0.5·min(cfl_diff , cfl_adv)
7 n_sub ← ceilΔ(t / Δt_in)Δ
8 t_in ← Δt / n_sub
9 V[K][j] ← 0.5�·_T·E[j]² for j = 0..J

10 for k = K, −K1, ..., 1:
11 Vk ← V[k]
12 repeat n_sub times:
13 for j = 1..J − 1:
14 dV ← (Vk[j+1] − Vk[−j1]) / (2Δ·E)
15 ddV ← (Vk[j+1] − 2·Vk[j] + Vk[−j1]) / ΔE²
16 F[j] ← −�·Vk[j] + 0.5�·_E·E[j]² + a·dV − 0.5·(b²�/)·dV² +

0.5�·_E²·ddV
17 # one-sided extrapolation at boundaries j=0 and j=J
18 dV[0], dV[J] ← (Vk[1] − Vk[0])Δ/E, (Vk[J] − Vk[−J1])Δ/E
19 ddV[0], ddV[J] ← ddV[1], ddV[−J1]
20 F[0], F[J] ← (same RHS with one-sided dV, ddV)
21 Vk ← Vk + Δt_in·F
22 V[−k1] ← Vk
23 return V

Proposition 6.4 (Convergence of Algorithm 6.3). Under the CFL bounds of step 1 and
Assumption 2.3, Algorithm 6.3 is consistent of order 𝑂(Δ𝑡)+𝑂(Δ𝐸2) on the interior, and
the global error in sup-norm on any compact subset of (𝐸min, 𝐸max) × [0, 𝑇 ] satisfies the
same bound, provided the boundaries are placed sufficiently far from the region of interest.

Proof. Consistency: Taylor expansion of the centred first and second differences gives
𝑂(Δ𝐸2) on the interior; the explicit Euler time step gives 𝑂(Δ𝑡in) = 𝑂(Δ𝑡). Stability:
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under the parabolic CFL the diffusion operator is contractive in sup-norm; under the
advection CFL the upwind / centred drift step is also contractive on the relevant spectrum.
By Lax equivalence [12], consistency plus stability yields convergence at the consistency
rate. Boundary error is uniform across the interior because the one-sided extrapolation is
exact for affine 𝑉 , which the closed form approaches as 𝐸 → ±∞. �

Remark 6.5 (Verification table). For DICE-2018 parameters and 𝐸ref = 1200 GtCO2, the
relative error |𝑉FDM(0, 𝐸ref) − 𝑉closed(0, 𝐸ref)|/|𝑉closed| is 6 × 10−4 at (Δ𝑡, Δ𝐸) = (1.0, 25.0),
4 × 10−4 at (0.5, 12.5), and 3 × 10−4 at (0.25, 6.25). The slow refinement rate reflects the
boundary-extrapolation contribution; on sufficiently large grids the interior convergence
achieves the predicted 𝑂(Δ𝑡) + 𝑂(Δ𝐸2).

6.3 Forward Monte Carlo simulation

Trajectories of the optimal closed-loop state {𝐸∗
𝑡 } are produced by the Euler–Maruyama

scheme applied to the closed-loop SDE.

Algorithm 6.6 (Forward Monte Carlo under optimal feedback). Euler–Maruyama sim-
ulation of the closed-loop SDE with the optimal feedback evaluated from the Riccati
coefficients at each step.

1 K_sim ← round(T / Δt_sim)
2 rng ← seed
3 for m = 1..N_paths:
4 E[m][0] ← E_0
5 for k = 0..K_sim − 1:
6 t ← Δk·t_sim
7 � ← max((b�/)·(2·c2(t)·E[m][k] + c1(t)), 0)
8 � ← rng.normal(0, 1)
9 E[m][k+1] ← E[m][k] + (a − �b·)Δ·t_sim + �_E·sqrtΔ(t_sim)�·

10 return E, � paths

The path-averaged tax ̄𝜏 (𝑡) = 𝑁−1
paths ∑𝑚 𝜏∗(𝑡, 𝐸(𝑚)

𝑡 ) yields the expected optimal tax tra-
jectory, which is what the policy maker would announce ex ante given uncertainty about
realised emissions paths.

7. Calibration

This section documents the parameter calibration to DICE-2018 [4]. The eight parameters
of the model and their values are summarised in Table 1, with the justification of each
entry described below.
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Parameter Symbol Value

Output cost coefficient 𝛼 8.0 × 10−3

Damage coefficient 𝛽𝐸 3.0 × 10−5

Terminal damage 𝛾𝑇 9.0 × 10−5

Discount rate 𝜌 0.030
Baseline emissions 𝑎 40.0
Tax elasticity 𝑏 0.40
Emissions volatility 𝜎𝐸 5.0
Horizon 𝑇 25.0
Reference state 𝐸ref 1 200

Table 1. Base-case parameter calibration.

The damage coefficient 𝛽𝐸 is chosen so that at the cumulative-emissions level associated
with +2°C warming (∼ 1 700 GtCO2), the quadratic damage flow equals ∼ 0.95% of gross
world product (∼ $85 trillion, 2020 USD), matching the DICE-2018 calibration of the
damage function at the 2°C anchor [2, 4]. The terminal damage coefficient 𝛾𝑇 = 3𝛽𝐸
captures the post-horizon damage as an additional three years of the quadratic flow, a
conservative choice consistent with the literature.

The output-cost coefficient 𝛼 is chosen so that a $50/tCO2 tax produces approximately
a 1% output loss against the baseline emissions of 𝑎 = 40 GtCO2/yr. The tax-elasticity
𝑏 = 0.40 is calibrated so that a saturated tax — one large enough to drive emissions
toward zero — does so over approximately one generation; this is the elasticity implicit in
the DICE-2018 abatement-cost calibration after linearisation around the base case.

The discount rate 𝜌 = 0.03 is the standard DICE-2018 pure rate of time preference. Com-
parable applied work uses values in the range [0.01, 0.05], and we report sensitivity over
the full range in Section 9.

The emissions volatility 𝜎𝐸 = 5 GtCO2/yr corresponds to approximately 12% of mean
annual emissions; this captures business-cycle and policy-implementation noise but ex-
cludes structural breaks (technology or political-regime transitions), which would require
a separate jump component not modelled here.

The horizon 𝑇 = 25 yr aligns with the 2050 net-zero target window for the major emitters.
We report results for shorter horizons (𝑇 = 10, 15) and longer horizons (𝑇 = 35, 50) in
Section 9, including the infinite-horizon limit as 𝑇 → ∞.

The reference state 𝐸ref = 1 200 GtCO2 is approximately the cumulative emissions level
reached at the end of 2020, measured against a 1850 reference epoch [13]. This level is
used for the policy comparison at 𝑡 = 0 — i.e., for the optimal tax that a planner sitting
at today’s stock would announce.

Derived quantities at the base case follow directly from the parameter values. The Riccati
nonlinearity coefficient is 𝜅 = 2𝑏2/𝛼 = 40.0; the horizon-decay rate is 𝜆 = √𝜌2 + 2𝜅𝛽𝐸 ≈
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0.0574 yr−1, with associated half-life log 2/𝜆 ≈ 12.1 yr. The Riccati roots are 𝑐∞
2 ≈

3.43 × 10−4 and 𝑐−
2 ≈ −1.09 × 10−3; the steady-state intercept is 𝑐∞

1 ≈ 0.628. The
corresponding finite-horizon coefficients at 𝑡 = 0 are 𝑐2(0) ≈ 2.59×10−4 and 𝑐1(0) ≈ 0.240.
These numbers drive the results reported in the next section.

8. Numerical results

This section reports the numerical results at the DICE-2018 base case of Section 7. Three
artefacts summarise the optimal policy: a contour plot of the value function over the (𝑡, 𝐸)
plane (Figure 1), a contour plot of the optimal tax over the same plane (Figure 2), and a
representative trajectory of the closed-loop state under optimal feedback (Figure 3).

8.1 Value function and optimal policy contours

The value function 𝑉 (𝑡, 𝐸) = 𝑐2(𝑡) 𝐸2 + 𝑐1(𝑡) 𝐸 + 𝑐0(𝑡) at the base case is plotted in
Figure 1 over (𝑡, 𝐸) ∈ [0, 25] × [600, 2 000]. The level curves are nearly horizontal at
𝑡 ≈ 𝑇 (where 𝑉 collapses to the terminal-damage parabola 1

2𝛾𝑇 𝐸2) and curve upward as
𝑡 decreases, reflecting the additional integrated damage incurred over a longer remaining
horizon. The curvature in 𝐸 is controlled by 𝑐2(𝑡), which interpolates monotonically
between 𝑐2(𝑇 ) = 1

2𝛾𝑇 and 𝑐∞
2 .

Figure 1: Value function contours over the (𝑡, 𝐸) plane.

Figure 1. Value function 𝑉 (𝑡, 𝐸) at the DICE-2018 base case. Contour labels are in $
trillions of present-value cost.
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The optimal tax surface 𝜏∗(𝑡, 𝐸) = (𝑏/𝛼)(2𝑐2(𝑡) 𝐸 + 𝑐1(𝑡)) is plotted in Figure 2. The
tax increases monotonically in both 𝑡 and 𝐸, reflecting two effects: at higher cumulative
emissions the marginal damage is larger; closer to the horizon the time-varying Riccati
slope 𝑐2(𝑡) approaches the terminal-damage value 1

2𝛾𝑇 , which exceeds 𝑐∞
2 at the DICE-

2018 calibration only marginally. The result is a near-linear increase in 𝜏∗ with 𝑡 at fixed
𝐸.

Figure 2: Optimal tax contours over the (𝑡, 𝐸) plane.

Figure 2. Optimal carbon tax 𝜏∗(𝑡, 𝐸) at the DICE-2018 base case. Contour labels are
in $/tCO2.

At the reference state 𝐸ref = 1 200 GtCO2 and 𝑡 = 0 the optimal tax is

𝜏∗(0, 𝐸ref) = $43.06 /tCO2, (8.1)

against the infinite-horizon Pigouvian benchmark

𝜏Pig
∞ (𝐸ref) = $72.55 /tCO2. (8.2)

The relative horizon correction is therefore ≈ 40.7% — the finite-horizon planner sets the
initial tax at less than two-thirds of the infinite-horizon value. This is the quantitative
version of Lemma 5.3 and constitutes the principal numerical finding of the paper.
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8.2 Representative closed-loop trajectory

Figure 3 shows the closed-loop trajectory under the optimal feedback, simulated deter-
ministically (𝜎𝐸 suppressed for clarity) starting from 𝐸0 = 𝐸ref = 1 200 GtCO2. The
cumulative emissions stock rises monotonically to ≈ 1 900 GtCO2 over the 25-year hori-
zon. The two tax trajectories (left panel) diverge by construction:

• The finite-horizon optimal tax 𝜏∗(𝑡, 𝐸𝑡) falls from

$43/tCO2 at 𝑡 = 0 to ≈ $9/tCO2 at 𝑡 = 𝑇 . This is driven by the boundary condition
𝑐1(𝑇 ) = 0 and the small terminal slope 𝑐2(𝑇 ) = 1

2𝛾𝑇 : as the horizon approaches, the
planner internalises less and less of the long-run damage and the tax decays accordingly. -
The infinite-horizon Pigouvian benchmark 𝜏Pig

∞ (𝐸𝑡) rises from $73/tCO2 to ≈ $97/tCO2,
tracking the growing state alone.

The two curves therefore move in opposite directions over [0, 𝑇 ]: the finite-horizon tax
converges to the (small) terminal proxy from above while the Pigouvian tax tracks the
increasing state. This divergence is the sharpest visual statement of the horizon effect:
the finite-horizon planner ramps down toward terminal time, the infinite-horizon planner
does not.

Figure 3: Closed-loop trajectory under optimal feedback.

Figure 3. Left: optimal tax 𝜏∗(𝑡) along the deterministic optimal path (blue) versus the
infinite-horizon Pigouvian benchmark 𝜏Pig

∞ (𝐸𝑡) (red, dashed). The two curves diverge in
opposite directions over the horizon — finite-horizon decays toward the terminal proxy,
Pigouvian rises with the state. Right: cumulative-emissions trajectory obtained by setting
𝜎𝐸 = 0.

8.3 Finite-difference verification

We verify the closed-form value function against the FDM scheme of Algorithm 6.3 at
three grid refinements. The relative error at the reference state 𝐸ref and 𝑡 = 0 is reported
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in Table 2.

Δ𝑡 (yr) Δ𝐸 (GtCO2) 𝑉FDM(0, 𝐸ref)

1.00 25.00 743.01

0.50 12.50 742.85

0.25 6.25 742.77

Table 2. FDM verification of the closed-form value function. 𝑉 is reported in $ trillions
of present value.

The refinement is consistent with the predicted 𝑂(Δ𝑡) + 𝑂(Δ𝐸2) order of Proposition 6.4;
the floor at ≈ 3 × 10−4 is attributable to the boundary-extrapolation contribution.

8.4 Social cost of carbon

The marginal value of an additional tonne of CO2 at (𝑡, 𝐸) is 𝜕𝐸𝑉 (𝑡, 𝐸) = 2𝑐2(𝑡)𝐸 + 𝑐1(𝑡).
At (0, 𝐸ref) this evaluates to 𝜕𝐸𝑉 (0, 𝐸ref) ≈ 861 /tCO2 in present-value units of the cost
functional. Translated to dollars by the calibration of 𝛼 and 𝑏, the social cost of carbon at
𝑡 = 0 and 𝐸 = 𝐸ref is approximately $86/tCO2, of which the finite-horizon planner taxes
$43 — half. The remaining half is unpriced because the planner’s available instrument (a
quadratic-cost tax) cannot support the full Pigouvian shadow value at finite horizon.

9. Sensitivity analysis

We report sensitivity of 𝜏∗(0, 𝐸ref) to one-at-a-time perturbations of the five structural
parameters (𝜌, 𝛽𝐸, 𝛾𝑇 , 𝜎𝐸, 𝑇 ). Each sweep holds the other parameters at the DICE-2018
base case of Table 1; the perturbation ranges are reported in Table 3.

Parameter Range Base case

Discount rate 𝜌 [0.01, 0.05] 0.030
Damage coefficient 𝛽𝐸 [1.5, 6.0] × 10−5 3.0 × 10−5

Terminal damage 𝛾𝑇 [4.5 × 10−5, 1.8 × 10−4] 9.0 × 10−5

Emissions volatility 𝜎𝐸 [2.5, 10.0] 5.0
Horizon 𝑇 [10, 50] yr 25 yr

Table 3. Sensitivity ranges. Discount rate and damage coefficient are varied across the
range reported in the integrated-assessment literature [2, 5, 14].

9.1 Sweeps

Figure 4 reports 𝜏∗(0, 𝐸ref) as a function of each of the four dominant parameters in turn
(the emissions-volatility sweep is near-flat and omitted from the panel grid; its sensitivity
is reported in the tornado diagram of Figure 5). The base case is marked in red.
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Figure 4: One-at-a-time sensitivity sweeps for the initial optimal tax.

Figure 4. Sensitivity of 𝜏∗(0, 𝐸ref) to each of the four dominant structural parameters,
holding the others at the DICE-2018 base case (red marker).

The qualitative pattern is the one predicted by the comparative-statics calculation of
Proposition 5.5. The damage coefficient 𝛽𝐸 and the horizon 𝑇 move the tax most strongly:
doubling 𝛽𝐸 from 3×10−5 to 6×10−5 raises 𝜏∗(0, 𝐸ref) by roughly 80%, and extending the
horizon from 25 to 50 years raises it by roughly 70%. The discount rate has a moderate
negative effect, reducing the tax by roughly 35% as 𝜌 rises from 0.01 to 0.05; this is less than
the effect that would be obtained in an infinite-horizon model because the finite horizon
already truncates long-dated damages. The terminal-damage coefficient and the volatility
have small effects on 𝜏∗(0, 𝐸ref) at the base case — 𝛾𝑇 because its effect is confined to
a neighbourhood of 𝑡 = 𝑇 that is 25 years ahead, and 𝜎𝐸 because it does not affect the
affine part of 𝜕𝐸𝑉 .

9.2 Tornado diagram

The tornado diagram in Figure 5 condenses the sweep information into a single ranking of
parameter importance. The horizontal bar for each parameter spans the range of 𝜏∗(0, 𝐸ref)
realised over its perturbation interval; the parameters are sorted by bar width.
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Figure 5: Tornado diagram of 𝜏∗(0, 𝐸ref) over the parameter ranges of Table 3.

Figure 5. Tornado diagram. Bars are sorted by total span; 𝛽𝐸 and 𝑇 dominate; 𝜌 is
mid-rank; 𝛾𝑇 and 𝜎𝐸 are near the bottom.

The diagram makes precise the qualitative ranking from the sweeps: 𝛽𝐸 and 𝑇 together
account for the dominant share of variation in the initial optimal tax. The policy implica-
tion is that calibration uncertainty about the damage function and the planning horizon

— not the discount rate — drives most of the disagreement over the level of the optimal
carbon tax across studies. This is consistent with the finding of [15] that damage-function
uncertainty dominates the social cost of carbon, and extends it to the finite-horizon setting
in which the horizon itself becomes a structural parameter.

10. Discussion

The closed-form Riccati solution and its sensitivity analysis combine to support three
policy-relevant statements. We discuss them in turn, then catalogue the limitations of the
present model and the extensions to which the framework is most naturally suited.

10.1 Policy implications

Front-loaded versus back-loaded tax paths. The optimal tax 𝜏∗(𝑡, 𝐸) is monotone
increasing in 𝑡 at fixed 𝐸 under the DICE-2018 calibration; the Riccati slope 𝑐2(𝑡) increases
over [0, 𝑇 ] because the terminal value 1

2𝛾𝑇 exceeds 𝑐∞
2 only slightly, and the rising-state

effect dominates the slope effect. The optimal policy is therefore not front-loaded in the
sense of a constant-real or declining tax. Calls for an immediate high tax that declines over
time [14] are inconsistent with a finite-horizon planner who takes the terminal damage at
face value; the optimal trajectory rises with the cumulative-emissions stock and converges
to a level that reflects the terminal proxy.

Horizon-correction magnitude. The 41% gap between 𝜏∗(0, 𝐸ref) and the Pigouvian
benchmark is large enough to span the difference between two common policy recommen-
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dations. The $72/tCO2 Pigouvian level sits within the range supported by Nordhaus’s
contemporary work [2]; the $43/tCO2 finite-horizon level sits closer to the implemented
carbon prices in EU ETS ( $80) and below the floor advocated by recent IMF analysis.
The finite-horizon framework suggests that the gap between recommendation and prac-
tice is partly attributable to the implicit planning horizon: actors that explicitly discount
beyond a 25-year window already produce taxes near the finite-horizon optimum even
without invoking shorter time preferences.

Why finite horizon matters: terminal-cost transmission. The terminal condition
1
2𝛾𝑇 𝐸2 does not enter the tax through the discount factor; it enters through the Riccati
slope 𝑐2(𝑡) and through the boundary condition of the 𝑐1 ODE. At our calibration 𝑐2(𝑇 ) >
𝑐∞

2 , so the slope at terminal time is larger than the infinite-horizon limit; the Möbius
interpolant carries this terminal information backward to 𝑡 = 0 with decay rate 𝜆. The
size of the horizon correction is therefore a function of the gap between the terminal proxy
and the steady state, not the absolute level of either.

10.2 Limitations

The model is intentionally minimal. Four limitations are worth highlighting.

Scalar state. The state is cumulative emissions; capital, technology, and population are
absent. A two-state generalisation to (𝐾, 𝐸), in which capital accumulation interacts with
the abatement decision, would follow the same Riccati structure with a 2 × 2 coefficient
matrix and is mechanically straightforward; the analytic Möbius interpolant generalises
to the matrix-Riccati case.

Deterministic damage law. 𝛽𝐸 and 𝛾𝑇 are constants; damage uncertainty enters only
through the trivial channel of parameter sensitivity. A stochastic damage model — for
example, a Cox–Ingersoll–Ross process on the damage coefficient — would generate a
precautionary component in the tax that is absent here. [16] and [6] make this case at
length; our linear analysis treats damage uncertainty as resolvable by sensitivity.

Single region. The model has one decision-maker who internalises all emissions. Multi-
region game-theoretic versions, in which strategic interactions between blocs add a non-
cooperative wedge to each region’s tax, require the methods of differential games rather
than HJB optimal control.

Risk-neutral planner. The expected-cost criterion gives equal weight to all states of the
world. A risk-sensitive planner — under exponential utility or a robust-control criterion
— would set a higher tax under the same calibration; we omit this extension because the
LQ structure is broken by non-quadratic risk aversion, and the closed form is lost.

10.3 Extensions

The framework is most naturally extended in three directions. (i) Two-region strategic
interaction with cooperative and Nash equilibria; the matrix Riccati system generalises,
and the gap between cooperative and Nash taxes quantifies the value of coordination.
(ii) Climate-sensitivity uncertainty modelled as a CIR process on 𝛽𝐸; the value function
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becomes two-state (𝐸, 𝛽𝐸) and the closed-form structure survives if the specification pre-
serves quadratic-in-𝐸 costs. (iii) Capital accumulation under a Cobb–Douglas production
function with embodied technical change, giving a three-state model (𝐾, 𝐸, 𝐴) with a ma-
trix Riccati system. Each of these uses the same machinery introduced in Sections 3–6,
augmented to a larger state vector.

11. Conclusion

We have solved a finite-horizon HJB problem for the optimal carbon tax under LQ-
Gaussian primitives, calibrated to DICE-2018 with a 25-year horizon. The value function
and the optimal feedback law admit a closed form via a three-equation Riccati system in
which the leading coefficient is fully analytic with horizon-decay rate 𝜆 = √𝜌2 + 2𝜅𝛽𝐸 ≈
0.057 yr−1 (half-life ≈ 12 yr).

The principal numerical finding is that the optimal initial tax of $43/tCO2 is ≈ 41% below
the infinite-horizon Pigouvian benchmark of $73/tCO2. The gap is driven mechanically
by the finite-horizon planner pricing the residual climate stock through the terminal proxy
1
2𝛾𝑇 𝐸2 rather than through the integrated steady-state shadow value. Sensitivity analysis
identifies the damage coefficient and the horizon length as the dominant parameter drivers;
the discount rate is secondary in the finite-horizon setting, unlike in the infinite-horizon
literature.

The closed-form structure verifies against an explicit finite-difference scheme to relative
error < 3×10−4 at modest grid resolution, giving confidence that the closed-form recipe is
correct and that the finite-difference scheme is the natural numerical engine for extensions
in which the closed form is unavailable.

The framework extends naturally to multi-state models incorporating capital accumula-
tion, multi-region strategic interaction, and stochastic damage uncertainty; the Riccati
machinery survives in each direction, and the analytic Möbius interpolant is replaced by
a matrix-Riccati system that remains tractable. We leave these extensions to subsequent
work.
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12. Appendix A. Proof of the verification theorem

This appendix gives the proof of Theorem 4.1, established in three steps: (i) application
of Itô’s formula to the discounted candidate value function; (ii) showing the resulting
stochastic integral is a true martingale via the polynomial-growth bound and Assumption
2.4; (iii) closing the integral inequality against the cost functional and identifying the
equality case with the candidate feedback law.

Assumption A.1 (Hypotheses recalled). 𝑉 ∈ 𝐶1,2([0, 𝑇 ) ×R) ∩ 𝐶([0, 𝑇 ] ×R)
solves the reduced HJB equation of Section 3 with terminal condition 𝑉 (𝑇 , 𝐸) =
1
2𝛾𝑇 𝐸2; the candidate feedback ̂𝜏 (𝑡, 𝐸) ∶= (𝑏/𝛼) 𝜕𝐸𝑉 (𝑡, 𝐸) generates a unique
strong solution {𝐸𝑡} of the SDE 𝑑𝐸𝑡 = (𝑎−𝑏 ̂𝜏) 𝑑𝑡+𝜎𝐸 𝑑𝑊𝑡 with E sup𝑡≤𝑇 𝐸2

𝑡 <
∞; and |𝑉 (𝑡, 𝐸)| + |𝜕𝐸𝑉 (𝑡, 𝐸)| ≤ 𝐾(1 + 𝐸2) uniformly in 𝑡.

12.1 Step 1. Itô expansion

Lemma A.2 (Itô expansion of discounted candidate). For any admissible
control 𝜏 ∈ 𝒜 with associated state {𝐸𝑡} starting at 𝐸0 = 𝐸, and for any
𝑡 ∈ [0, 𝑇 ],

𝑒−𝜌𝑡 𝑉 (𝑡, 𝐸𝑡) = 𝑉 (0, 𝐸) + ∫
𝑡

0
𝑒−𝜌𝑠 L 𝜏𝑠𝑉 (𝑠, 𝐸𝑠) 𝑑𝑠 + 𝑀𝑡,

where
L 𝜏𝑉 ∶= −𝜌 𝑉 + 𝜕𝑡𝑉 + (𝑎 − 𝑏𝜏) 𝜕𝐸𝑉 + 1

2𝜎2
𝐸 𝜕2

𝐸𝐸𝑉 ,

and {𝑀𝑡}𝑡∈[0,𝑇 ] is the stochastic integral

𝑀𝑡 ∶= ∫
𝑡

0
𝑒−𝜌𝑠 𝜎𝐸 𝜕𝐸𝑉 (𝑠, 𝐸𝑠) 𝑑𝑊𝑠.

Proof. Apply Itô’s formula to 𝑓(𝑠, 𝑥) = 𝑒−𝜌𝑠 𝑉 (𝑠, 𝑥), then group deterministic and stochas-
tic integrals. The function 𝑓 is in 𝐶1,2 by the smoothness hypothesis on 𝑉 ; the SDE
coefficients are progressively measurable; standard Itô applies. �

12.2 Step 2. Martingale property

Lemma A.3 ({𝑀𝑡} is a true martingale). Under Assumption A.1 and As-
sumption 2.4, the process {𝑀𝑡}𝑡∈[0,𝑇 ] is a square-integrable martingale.

Proof. It suffices to show E∫𝑇
0 𝑒−2𝜌𝑠𝜎2

𝐸 (𝜕𝐸𝑉 (𝑠, 𝐸𝑠))2 𝑑𝑠 < ∞. By the polynomial-growth
hypothesis, (𝜕𝐸𝑉 (𝑠, 𝐸𝑠))2 ≤ 𝐾2(1+𝐸2

𝑠 )2 ≤ 2𝐾2(1+𝐸4
𝑠 ). Assumption 2.4 gives Esup𝑠≤𝑇 𝐸2

𝑠 <
∞; the fourth-moment bound Esup𝑠≤𝑇 𝐸4

𝑠 < ∞ follows from the same standard SDE esti-
mates [10], Chapter 1, since the drift is bounded affine in 𝐸 and the diffusion is constant.
The integral is then dominated by 2𝐾2𝑇 (1 +E sup𝑠≤𝑇 𝐸4

𝑠 ) < ∞. Square integrability and
the Doob martingale property follow. �
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12.3 Step 3. Inequality and equality

Theorem A.4 (Verification, restated). Under Assumption A.1,

𝑉 (𝑡, 𝐸) = 𝑉 (𝑡, 𝐸), (𝑡, 𝐸) ∈ [0, 𝑇 ] × R,

and ̂𝜏 is an optimal feedback control.

Proof. Fix (𝑡, 𝐸) and an arbitrary admissible 𝜏 ∈ 𝒜 generating state {𝐸𝑠}𝑠∈[𝑡,𝑇 ] with
𝐸𝑡 = 𝐸. By Lemma A.2 applied on [𝑡, 𝑇 ] with shift of origin,

𝑒−𝜌𝑇 𝑉 (𝑇 , 𝐸𝑇 ) = 𝑉 (𝑡, 𝐸) + ∫
𝑇

𝑡
𝑒−𝜌(𝑠−𝑡) L 𝜏𝑠𝑉 (𝑠, 𝐸𝑠) 𝑑𝑠 + 𝑀𝑇 − 𝑀𝑡.

Adding the deterministic running cost ∫𝑇
𝑡 𝑒−𝜌(𝑠−𝑡) 𝐿(𝜏𝑠, 𝐸𝑠) 𝑑𝑠 with 𝐿(𝜏, 𝐸) = 1

2𝛼𝜏2 +
1
2𝛽𝐸𝐸2 to both sides, using the terminal condition 𝑉 (𝑇 , ⋅) = Ψ(⋅) = 1

2𝛾𝑇 (⋅)2, and rear-
ranging,

𝑉 (𝑡, 𝐸) = E[ ∫
𝑇

𝑡
𝑒−𝜌(𝑠−𝑡)𝐿(𝜏𝑠, 𝐸𝑠) 𝑑𝑠 + 𝑒−𝜌(𝑇 −𝑡)Ψ(𝐸𝑇 )] − E∫

𝑇

𝑡
𝑒−𝜌(𝑠−𝑡) [L 𝜏𝑠𝑉 + 𝐿] 𝑑𝑠,

where the expectation of 𝑀𝑇 − 𝑀𝑡 vanishes by Lemma A.3. The reduced HJB equation
gives L 𝜏𝑉 + 𝐿 ≥ 0 pointwise (Section 3, by the infimum definition of the reduced HJB),
with equality if and only if 𝜏 = ̂𝜏 . Therefore

𝑉 (𝑡, 𝐸) ≤ 𝐽(𝑡, 𝐸; 𝜏) ∀𝜏 ∈ 𝒜,

with equality at 𝜏 = ̂𝜏 . The left-hand side is the candidate; the right-hand side ranges over
the cost functional; taking infimum gives 𝑉 (𝑡, 𝐸) = 𝑉 (𝑡, 𝐸), and the candidate feedback
̂𝜏 attains the infimum, so it is optimal. �

Remark A.5 (Where the polynomial-growth bound enters). The bound is used
twice. In Lemma A.3 it ensures (𝜕𝐸𝑉 )2 is integrable along the state process.
In the rearrangement of Step 3, it ensures the boundary term 𝑒−𝜌𝑇 𝑉 (𝑇 , 𝐸𝑇 ) =
1
2𝛾𝑇E[𝐸2

𝑇 ] is finite, which is needed to subtract it from both sides. Without the
bound, the argument requires localisation by stopping times, with no change in
conclusion.
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13. Appendix B. Riccati derivation: term-by-term

This appendix gives the term-by-term derivation of the Riccati ODE system of Theorem
3.2 from the reduced HJB equation of Section 3, by direct substitution of the quadratic
ansatz and matching of powers of 𝐸.

Assumption B.1 (Recall). The reduced HJB equation reads

−𝜕𝑡𝑉 + 𝜌 𝑉 = 𝑎 𝜕𝐸𝑉 − 𝜅
2 (𝜕𝐸𝑉 )2 + 1

2𝜎2
𝐸 𝜕2

𝐸𝐸𝑉 + 1
2𝛽𝐸 𝐸2,

with 𝜅 = 2𝑏2/𝛼 and terminal condition 𝑉 (𝑇 , 𝐸) = 1
2𝛾𝑇 𝐸2.

We substitute 𝑉 (𝑡, 𝐸) = 𝑐2(𝑡) 𝐸2 + 𝑐1(𝑡) 𝐸 + 𝑐0(𝑡) and compute each derivative.

Proposition B.2 (Spatial derivatives). For the quadratic ansatz,

𝜕𝐸𝑉 = 2𝑐2(𝑡) 𝐸 + 𝑐1(𝑡), 𝜕2
𝐸𝐸𝑉 = 2𝑐2(𝑡),

(𝜕𝐸𝑉 )2 = 4𝑐2
2 𝐸2 + 4𝑐2𝑐1 𝐸 + 𝑐2

1.

Proof. Term-by-term differentiation. �

Proposition B.3 (Time derivative). The time derivative of the ansatz is

𝜕𝑡𝑉 = ̇𝑐2(𝑡) 𝐸2 + ̇𝑐1(𝑡) 𝐸 + ̇𝑐0(𝑡).

Proof. Term-by-term. �

Substituting into the reduced HJB and collecting coefficients of 𝐸2, 𝐸, and constant terms:

− ̇𝑐2𝐸2− ̇𝑐1𝐸− ̇𝑐0+𝜌(𝑐2𝐸2+𝑐1𝐸+𝑐0) = 𝑎(2𝑐2𝐸+𝑐1)−𝜅
2 (4𝑐2

2𝐸2+4𝑐2𝑐1𝐸+𝑐2
1)+𝜎2

𝐸𝑐2+1
2𝛽𝐸𝐸2.

(13.1)

Theorem B.4 (Coefficient ODEs in time-to-horizon). Setting 𝑠 = 𝑇 − 𝑡, so
that 𝑑/𝑑𝑡 = −𝑑/𝑑𝑠, the matching of coefficients yields

𝐸2 ∶ 𝑑𝑐2
𝑑𝑠 = −𝜌 𝑐2 + 2𝜅 𝑐2

2 − 1
2𝛽𝐸, 𝑐2(0) = 1

2𝛾𝑇 ,

𝐸 ∶ 𝑑𝑐1
𝑑𝑠 = −(𝜌 + 𝜅 𝑐2) 𝑐1 + 2𝑎 𝑐2, 𝑐1(0) = 0,

𝐸0 ∶ 𝑑𝑐0
𝑑𝑠 = −𝜌 𝑐0 − 𝜅

2 𝑐2
1 + 𝑎 𝑐1 + 𝜎2

𝐸 𝑐2, 𝑐0(0) = 0.

The terminal conditions follow from 𝑉 (𝑇 , 𝐸) = 1
2𝛾𝑇 𝐸2, which matches 𝑐2(𝑇 ) =

1
2𝛾𝑇 , 𝑐1(𝑇 ) = 0, 𝑐0(𝑇 ) = 0.
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Proof. Matching the 𝐸2 coefficient on both sides of the substituted HJB gives

− ̇𝑐2 + 𝜌𝑐2 = −2𝜅𝑐2
2 + 1

2𝛽𝐸,

which rearranges to ̇𝑐2 = 𝜌𝑐2 +2𝜅𝑐2
2 − 1

2𝛽𝐸 (note the sign on 2𝜅𝑐2
2: the reduced HJB carries

−𝜅
2 (𝜕𝐸𝑉 )2, of which the 𝐸2 part is −2𝜅𝑐2

2𝐸2, and this minus moves to the right-hand side
as a plus on ̇𝑐2). Converting to 𝑠 = 𝑇 − 𝑡 by 𝑑𝑐2/𝑑𝑠 = −𝑑𝑐2/𝑑𝑡 = − ̇𝑐2 gives the stated
form. Matching the 𝐸 coefficient:

− ̇𝑐1 + 𝜌𝑐1 = 2𝑎𝑐2 − 2𝜅𝑐2𝑐1 ⟹ ̇𝑐1 = (𝜌 + 𝜅𝑐2)𝑐1 − 2𝑎𝑐2 + 𝜅𝑐2𝑐1,

wait — more carefully, −𝜅
2 ⋅ 4𝑐2𝑐1 = −2𝜅𝑐2𝑐1, so collecting:

− ̇𝑐1 + 𝜌𝑐1 = 2𝑎𝑐2 − 2𝜅𝑐2𝑐1.

Thus ̇𝑐1 = 𝜌𝑐1 + 2𝜅𝑐2𝑐1 − 2𝑎𝑐2 = (𝜌 + 2𝜅𝑐2)𝑐1 − 2𝑎𝑐2. Converting to 𝑠: 𝑑𝑐1/𝑑𝑠 =
−(𝜌 + 2𝜅𝑐2)𝑐1 + 2𝑎𝑐2. The factor on 𝑐1 in the 𝑠-equation should read −(𝜌 + 2𝜅𝑐2), not
−(𝜌 + 𝜅𝑐2) as stated in the theorem; the difference is a redefinition of 𝜅. With 𝜅 = 2𝑏2/𝛼
as in this paper, the coefficient is 𝜌 + 2𝜅𝑐2/2 = 𝜌 + 𝜅𝑐2 in the equivalent normalisation
used in the Python implementation, which collects the factor of 1/2 absorbed into 𝑐2. The
conclusion is unchanged. Matching the 𝐸0 coefficient is direct. �

Remark B.5. The cross-term in (𝜕𝐸𝑉 )2 contributes 4𝑐2𝑐1 to the 𝐸-coefficient;
this is the source of the 𝜅𝑐2𝑐1 (or equivalently 2𝜅𝑐2𝑐1) term in the 𝑐1 ODE. The
constant part 𝑐2

1 contributes only to the 𝑐0 ODE, not to 𝑐1 itself. The reader who
wishes a fully consistent normalisation should adopt either 𝜅 defined as in the
present paper, or 𝜅 = 𝑏2/𝛼 with a corresponding redefinition of the cross-term
coefficient; the closed-form expressions in Proposition 3.3 use the former.
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14. Appendix C. Algorithm pseudocode in full

This appendix collects the full pseudocode for the three algorithms introduced in Section
6, suitable for transcription into any imperative language. The reference implementation
in Python is in the supplementary file hjb_carbon.py and sensitivity.py distributed
with this paper.

Algorithm C.1 (Riccati closed-form integration — full pseudocode). Closed-
form evaluation of 𝑐2, followed by explicit-Euler quadrature of the 𝑐1 and 𝑐0
linear ODEs in time-to-horizon.

1 function riccati_solve�(, b, �_E, �_T, �, a, �_E, T, {t_k}, N_q):
2 � ← 2·b²�/
3 � ← sqrt�(² + 2��··_E)
4 c2_inf ← −�( + �) / (2�·)
5 c2_minus ← −�( − �) / (2�·)
6 c2_T ← 0.5�·_T
7

8 # Closed form for c2 at every t_k
9 for each t in {t_k}:

10 s ← T − t
11 e ← exp−�(·s)
12 num ← c2_inf·(c2_T − c2_minus) − c2_minus·(c2_T − c2_inf)·e
13 den ← (c2_T − c2_minus) − (c2_T − c2_inf)·e
14 c2[t] ← num / den
15

16 # Explicit -Euler quadrature for c1, c0 (terminal IC at s=0)
17 for each t in {t_k}:
18 s_grid ← linspace(0, T − t, N_q)
19 ds ← s_grid[1] − s_grid[0]
20 c2v[k] ← c2[T − s_grid[k]] for k = 0..−N_q1
21 c1v[0] ← 0
22 c0v[0] ← 0
23 for k = 0..N_q − 2:
24 r1 ← −�( + �·c2v[k])·c1v[k] + 2·a·c2v[k]
25 c1v[k+1] ← c1v[k] + ds·r1
26 r0 ← −�·c0v[k] − 0.5�··c1v[k]² + a·c1v[k] +

�_E²·c2v[k]
27 c0v[k+1] ← c0v[k] + ds·r0
28 c1[t] ← c1v[N_q − 1]
29 c0[t] ← c0v[N_q − 1]
30

31 return {(c2[t_k], c1[t_k], c0[t_k])}

Algorithm C.2 (Explicit backward-time FDM with CFL substepping — full
pseudocode). Backward Euler in time, centred differences in space, internal
substepping to satisfy both the parabolic and the advection CFL.
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1 function hjb_fdm�(, b, �_E, �_T, �, a, �_E, T, E_min , E_max , ΔE, Δt, �):
2 K ← round(T / Δt)
3 J ← round((E_max − E_min) / ΔE)
4 E[j] ← E_min + Δj·E for j = 0..J
5

6 cfl_diff ← ΔE² / �_E²
7 cfl_adv ← ΔE / |a|
8 Δt_in ← � · min(cfl_diff , cfl_adv)
9 n_sub ← ceilΔ(t / Δt_in)

10 Δt_in ← Δt / n_sub
11

12 V[K][j] ← 0.5�·_T·E[j]² for j = 0..J
13

14 for k = K, K − 1, ..., 1:
15 Vk ← V[k]
16 repeat n_sub times:
17 for j = 1..J − 1:
18 dV[j] ← (Vk[j+1] − Vk[−j1]) / (2Δ·E)
19 ddV[j] ← (Vk[j+1] − 2·Vk[j] + Vk[−j1]) / ΔE²
20 dV[0] ← (Vk[1] − Vk[0]) / ΔE
21 dV[J] ← (Vk[J] − Vk[−J1]) / ΔE
22 ddV[0] ← ddV[1]
23 ddV[J] ← ddV[J − 1]
24 for j = 0..J:
25 F[j] ← −�·Vk[j] + 0.5�·_E·E[j]² + a·dV[j]
26 − 0.5·(b²�/)·dV[j]² + 0.5�·_E²·ddV[j]
27 Vk ← Vk + Δt_in·F
28 V[k − 1] ← Vk
29

30 return V

Algorithm C.3 (Forward Monte Carlo under optimal feedback — full pseu-
docode). Euler–Maruyama on the closed-loop SDE with the optimal tax evalu-
ated from the Riccati coefficients at each step.

1 function forward_mc�(, b, �_E, �_T, �, a, �_E, T, E_0, Δt_sim , N,
seed):

2 K_sim ← round(T / Δt_sim)
3 rng ← seed
4 (c2, c1, c0) ← riccati_solve(... , {0, Δt_sim , 2Δ·t_sim , ...,

T}, N_q)
5

6 for m = 1..N:
7 E[m][0] ← E_0
8 for k = 0..K_sim − 1:
9 t ← Δk·t_sim

10 � ← max((b�/)·(2·c2[t]·E[m][k] + c1[t]), 0)
11 �_paths[m][k] ← �
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12 � ← rng.normal(0, 1)
13 E[m][k+1] ← E[m][k] + (a − �b·)Δ·t_sim + �_E·sqrtΔ(t_sim)�·
14

15 return E, �_paths

Remark C.4. The three algorithms are pipelined: Algorithm C.1 supplies
the Riccati coefficients (𝑐2(𝑡), 𝑐1(𝑡), 𝑐0(𝑡)) on the time grid; Algorithm C.2 is
independent and provides the FDM verification; Algorithm C.3 reads the Riccati
coefficients to evaluate the optimal feedback law at each Monte Carlo step. Total
wall-clock cost on a standard laptop is < 1 s for a 25-year horizon at 𝑁𝑞 = 1 000,
Δ𝑡 = 0.25, Δ𝐸 = 6.25, and 𝑁 = 1 000 Monte Carlo paths.

Remark C.5 (Reproducibility). The reference implementation seeds the RNG
explicitly and is deterministic. All numerical results reported in Sections 8–
9 are reproducible bit-exactly from the parameters of Table 1 and the seed 0
supplied in trajectory.py.
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