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Hamiltonian dynamics from pure dissipation

Zhong-Xia Shang! * and Daniel Stilck Francals

! Department of Mathematical Sciences, University of Copenhagen, Universitetsparken 5, 2100 Denmark

The fundamental difference between closed and open quantum dynamics lies in their environmental
interaction: closed systems are perfectly isolated and evolve reversibly under unitary Hamiltonian
dynamics, whereas open systems continuously couple to an external bath, resulting in irreversible
dissipation and information loss. In this work, we show internal Hamiltonian dynamics can be
”faked “ via external pure dissipation, i.e., Lindbladians without a coherent Hamiltonian part. More
concretely, we show that, in a GKSL representation with zero explicit Hamiltonian, bounded-norm
dissipative generators can approximate Hamiltonian dynamics within € error in diamond norm using
O(t?/€) evolution time. We further prove that for time-independent dynamics this O(t*/¢) scaling
is in the worst case, necessary and optimal from a geometric perspective, which captures the fun-
damental decoherence cost for catching up with the speed of Hamiltonian dynamics. For practical
considerations, we establish an autonomous QDRIFT protocol and show how to exponentially im-
prove the dependence on € for expectation value estimation via extrapolations. Our construction
leads to various implications, including the BQP-completeness of purely dissipative dynamics even
before reaching approximate equilibrium, a Zeno-adjacent state-independent freezing effect, the no
super-quadratic fast-forwarding theorem of a class of purely dissipative dynamics, and reducing
Lindbladian simulation cost via gauge changing.

Introduction.—The dynamics of any physical systems are governed by a combination of internal interactions and
external coupling to an environment. For a quantum system described by a d-dimensional Hilbert space H = C¢, the
most general trace-preserving and completely positive Markovian evolution is described by the Gorini—-Kossakowski—
Sudarshan-Lindblad master equation (Lindbladian) [1, 2]

b it + > (For - 3o FIFD ). 1)

Here, the first term captures the internal, coherent evolution driven by the system Hamiltonian H € C%*?  while
the second term captures the external interactions mediated by the jump operators {F;} C C%*¢. When external
interactions are completely absent, the system is closed; it evolves unitarily and reversibly, preserving all quantum
information. Conversely, the inclusion of the jump operators defines an open quantum system, where continuous
interaction with a bath drives irreversible dissipation and decoherence [3].

Understanding how to simulate quantum systems and the effect of dissipation or decoherence is a central theoretical
pursuit in quantum mechanics, with profound practical implications for quantum information and quantum computing.
Especially, a recent wave of dissipation-based quantum algorithms has emerged, spanning Gibbs state [4-6] and ground
state [7-9] preparation, solving differential equations [10], and optimization [11]. The performance, advantages, and
inherent limitations of these dissipative approaches, especially when compared to traditional coherent algorithms [12],
are deeply rooted in how open and closed dynamics interface and diverge [6].

To interrogate this boundary, we ask: can coherent Hamiltonian dynamics be approrimately reproduced by purely
dissipative interactions, and if so, at what cost? While Stinespring dilation [13] allows open systems to be modeled
via closed dynamics, it does so by artificially expanding the Hilbert space to encompass the entire bath, thereby
redefining the system-environment partition and converting external interactions into internal ones. However, if we
restrict our view to the system alone, the fundamentally distinct physical origins and time-reversal properties of
these two mechanisms suggest they cannot substitute for one another. Even though the gauge invariance [3] of the
Lindbladian allows a certain level of freedom of interconversions, finding F; such that

> <Fipr - %{p, FiTF¢}> = —i[H, p] (2)

%

holds exactly is impossible for any nonzero H [14].
In this work, we demonstrate that the internal, coherent Hamiltonian interactions can be well mimicked by strictly
external, dissipative ones. Specifically, we prove that purely dissipative Lindbladians (i.e. Lindbladians with only
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{F;} and no H in eq. (1)) can achieve approximate ideal ¢-time Hamiltonian evolution within an error e in diamond
norm using an evolution time of O(t?/¢). This scaling shows that this imitation is not only possible but also efficient
with no exponential overheads in time, system size or precision. Since the purely dissipative dynamics is fundamen-
tally irreversible, we further show that this O(t?/¢) Lindbladian evolution time is actually necessary and optimal to
simulate the reversible Hamiltonian dynamics in the worst case. We prove this via geometry: how to maximize the ro-
tational speed (Hamiltonian dynamics) while minimizing the radial one (decoherence). Later, we show an autonomous
QDRIFT [15] protocol and an extrapolation-based expectation value estimation method as practical applications. We
also give several implications of our results for various topics, including the complexity class of dissipative dynamics,
Zeno effect, fast-forwarding dissipative dynamics, and Lindbladian simulations.

FIG. 1. The physical meaning of theorem 1. Our construction essentially says that for any closed quantum system characterized
by the Hamiltonian H with zero external dissipation, we can always find a purely dissipative open quantum system with zero
internal Hamiltonian to efficiently mimic its dynamics.

Hamiltonian dynamics via dissipation.— Our construction is simple and direct. Consider a purely dissipative,
single-jump Lindbladian

o _

o = Llpl = FoF' — %{FTF, P}, (3)

i.e. in GKSL form with only one jump (albeit not necessarily traceless). If we set F' = I —i0H, then we will have

dp

= = —i0lH, p) + 6° <HpH - ;{Hz,p}) ; (4)

where the first term is a d-strength Hamiltonian dynamics and the second term is 62-strength dissipation when viewing

H as a jump operator, which has recently been found to have deep connections with quantum phase estimation [16].
Based on eq. (4), we obtain the following theorem.

Theorem 1. By setting § = €/t, the purely dissipative, single-jump Lindbladian eq. (3) can approzimate the Hamilto-
LHt[p] — efthpez‘H

€, by an evolution time

eﬁ%s o eﬁHs

nian dynamics e Y within € error in diamond distance [17] in the sense that SUPg<s<t

<

T=0(|H|Zt). ()

We give detailed proofs in App. A, which uses Duhamel’s Identity [18] to bound the distance between dynamics
via the distance between the Liouvillian operators. The theorem 1 is surprising in terms of the physical picture as
shown in fig. 1. Closed quantum systems have zero dissipation and non-zero internal Hamiltonians, while purely
dissipative open quantum systems have zero internal Hamiltonians but non-zero dissipation. Therefore, these two
types of systems are exactly the opposite of each other and should have fundamentally different dynamics. However,
our result here shows that in fact the purely dissipative one can efficiently mimic the other with only an overhead
that matches the first-order product formula-based Hamiltonian simulation method [19].

The design of the jump operator is not unique, and we show two generalizations. First, as long as F' = [ —§A+0O(6?)
and the anti-Hermitian part of A is H, then the Lindbladian evolution time to achieve the same goal in theorem 1
requires

T =0 (|All5t% ). (6)
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A direct example of such a jump is F' = e~*#9 which is unitary short-time Hamiltonian dynamics itself.

Second, one may argue F' = I — 0 H is not physical since H is a global operator, whereas physical jumps should be
local. But note that we can actually localize jumps by increasing their number. Suppose H has the decomposition
H = ), H;, with H; local, then for each term, we can assign a jump operator F; = I — i0H;, and the resulting

multi-jump purely dissipative Lindbladian can approximate the Hamiltonian dynamics by an evolution time

T=0 (Z ||Hi|iot26_1> . (7)

This version is especially relevant for platforms with local dissipative control [20], and it shows that coherent many-
body dynamics can be generated from local open-system primitives with only polynomial overhead. We later generalize
this idea to our autonomous QDRIFT

One may notice that in all the above constructions, the jumps have the form I+ 3O + O(62) with O some operator.
In fact, we can prove this is the only possible form for smooth, purely dissipative Lindbladians that mimic the
Hamiltonian dynamics.

Proposition 1 (Uniqueness up to O(6%)). Let {Lps}to<s<s, be a smooth family of purely dissipative Lindbladians
on a finite-dimensional system, and let

La(p) = —ilH, p]. (8)
Assume that there exists to > 0 such that
() := su esbps _estu| . 9
(@)= s | [ (9)
Then
Lps=06Ly+ 0(52) (10)

i diamond norm.

We refer to App. C for the detailed proof. But note that our proof boils down to showing that Eq. (9) implies
constraints on how the family of smooth Lindbladians £p s must behave at different orders of §. An interesting
remark here is that while shifting the Hamiltonian (adding identity) is trivial and only introduces a global phase,
shifting the jump operator can fundamentally change the dynamics.

We finish this section by introducing a corollary of theorem 1. Since Hamiltonian dynamics can be recast as
dissipation, therefore, we can actually convert any Lindbladian into a pure dissipation form. For the general form
eq. (1), we can construct a purely dissipative Lindbladian with jump operators F’ where we let Fjj = I —idH and let
F = V/0F;, then by setting § = €/t, to simulate the original Lindbladian for an evolution time ¢ within error €, the
required new Lindbladian evolution time is

T=0(|H ). (1)

Geometric Lower Bound.— Now, we want to show that since the dissipation is irreversible and fundamentally
different from the Hamiltonian dynamics after all, the O(t?/€) cost is what you have to pay in the worst case, as
illustrated in the theorem below:

Theorem 2. There exist families of Hamiltonians H € C?*2 such that if a purely dissipative Lindbladian of the form
Lo(p) =Y (FioFf = 3 Fj.0}) . IFlle G, (12)
j=1

can simulate the target Hamiltonian dynamics for an evolution time t within an diamond-distance error € uniformly
i time

Lys

<e
<&

sup

HeLD%S
0<s<t

— €

; (13)

then the total Lindbladian evolution time T must satisfy the lower bound

T=Q (”Hl?”t%*). (14)
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FIG. 2. Left: Hamiltonian dynamics via dissipation can be compared to driving a top via a whip. Since we want to rotate
the top (Hamiltonian dynamics) via an external whip (environment), the rotation of a J-strength is inevitably accompanied
by radial disturbance (dissipation) of §%-strength. Right: Under the uniform-in-time error restriction eq. (13), the dissipative
trajectory (blue) should be close to the Hamiltonian trajectory (red). As results, the radial distance between the ideal state
and the Lindbladian evolved state should be within €, and the trajectory length of the dissipative dynamics (Ip) should be
close to the trajectory length of the Hamiltonian dynamics (Iz).

We have two remarks for theorem 2. First, the mC? factor in eq. (14) matches the block encoding cost in the digital
Lindbladian simulation algorithms on quantum computers [21-29]. Second, the reason we ask the uniform-in-time
error assumption is to avoid the adversarial cheating where the Lindbladian doesn’t actually simulate the Hamiltonian
dynamics but only approximates the unitary map e“#* at the specific time t.

The proof idea of theorem 2 is from a geometric point of view. Since the lower bound cares about the worst case,
we can analyze the lower bound via a single-qubit system where we consider approximating H = vo,/2 via eq. (12).
By mapping the qubit’s density matrix to a Bloch vector r € R3, the purely dissipative Lindbladian eq. (12) can be
recast as an affine Bloch equation of the form 7 = Br + ¢ [13] with

B =S+ wx]. (15)

The matrix [wx] (representing cross product by w) is real and antisymmetric, representing the effective rotational
speed that attempts to mimic the target Hamiltonian dynamics. The matrix S is real, symmetric, and strictly
negative semi-definite (S < 0). This component drives the inevitable radial contraction, pulling the state away from
the boundary of the Bloch sphere and representing irreversible decoherence.

Since both [wx] and S emerge from eq. (12), we prove that they have the relation

|w|? < mC?(—TrS). (16)

This indicates that one cannot increasing the rotational speed without increasing the radial decoherence. The |w|?
versus —TrS have been seen in eq. (4) with the J-strength Hamiltonian part and the §?-strength dissipative part. We
can also understand this from fig. 2 left, where we can imagine the Hamiltonian dynamics via dissipation as rotating
a top via a whip. Since the internal Hamiltonian is zero, top cannot rotate by itself, and can only rely on the external
force of whip, therefore, it is impossible to rotate the top without radial disturbance.

Under the uniform-in-time requirement eq. (13), we want the dissipative trajectory on the Bloch sphere to be close
to the Hamiltonian trajectory as shown in fig. 2 right. This leads to two further consequences. First, S should be small
such that the decoherence won’t make the radial distance between the Bloch surface and the Lindbladian evolved
state from a pure initial state to go beyond e. We prove S must satisfy

6e

Tr(S) < T (17)

Second, |Tw| should be large such that the length of the dissipative trajectory Ip can catch the length of the

Hamiltonian trajectory ly = vt, which relates to the so-called quantum speed limit [30-32]. We prove that |w|
must satisfy

vt
> —. 1
wl 2 o (15)

By combining eq. (16), eq. (17), and eq. (18), we proof theorem 2. Detailed proofs can be found in App. B.
Autonomous QDRIFT and extrapolation.— Our construction also gives a measurement-native realization of
QDRIFT [15]. The details of the construction are discussed in App. D and we only give an overview here. Consider



a Pauli Hamiltonian
L
H=> hp, P=P, P =I (19)
(=1

and suppose that the Pauli products P, are available as dissipative readout or loss channels. Instead of implementing
the coherent Pauli rotations used in standard QDRIFT, we introduce displaced Pauli jump operators

h
nﬁ:¢%17w7%a, v > 0. (20)

Since FeTéFz’g = (v + 52h§/w)1, the click statistics are state-independent: the bath supplies the randomness, but no
outcome-conditioned feedback is required. The corresponding purely dissipative generator satisfies

h2
E:Dﬂﬁ:5£H+ﬁ2§:;fZ&7 Zplp] = PpP — p. (21)
4 4

Thus, after the same time rescaling as in theorem 1, the leading term is the target Hamiltonian evolution, while the
subleading term is precisely the sampling-induced Pauli dephasing. If the total available displaced-channel strength
is fixed as ' = 3,7 and A = ), |h¢|, the optimal allocation is

* |h€‘
Ve \ (22)

For this choice, the jump labels are sampled with probabilities p; = |h|/), exactly as in QDRIFT, and the rescaled
generator takes the Poissonized QDRIFT form

1 OA
EZDFLJ :EHJF?Z“LAZPZ' (23)
¢ ¢
Consequently,
, 20\
sup He(b/‘s) O (24)
0<s<t o I

Choosing § = O(el'/(t\?)) gives a dissipative evolution time

t 12)\2
T:§:O<Fe)’ (25)

with an expected number of autonomous jumps O(t?A2?/¢), matching the usual QDRIFT scaling.

The difference is operational: the random Pauli rotations are generated by continuously running dissipative channels
rather than by a classical randomized circuit scheduler. This makes the construction especially natural in architectures
where high-weight Pauli measurements are native but coherent high-weight Pauli rotations are expensive.

Finally, for observable estimation rather than channel simulation, one can vary § and classically Richardson-
extrapolate the measured expectation values to the 6 — 0 limit, in the spirit of qFLO [33]. More quantitatively,
for the rescaled dissipative flow

(H/D)Ls — HLH+R) (26)

the parameter § plays the role of a controllable step size, and expectation values are analytic in 6. An m-point
Richardson extrapolator cancels the first m—1 powers of this artificial dissipative bias, giving an intrinsic extrapolation

error of order
et R O(SHIELX "
ooy (IR L)), (27)
m

where ||b||1 is the ¢; norm of the extrapolation weights. Using the well-conditioned qFLO nodes [33], one has ||b||; =
O(logm), so choosing m = ©(log(1/¢)) reduces the largest required dissipative evolution time to

Thax = O(tQHR”o log(l/e)) ) (28)



instead of the physical-channel scaling O(#?||R||s/€). For autonomous QDRIFT with the optimal allocation, |R|, <
2A%/T, hence

Trnax = o(’trA log(l/e)) ,ENpax = O(t*A*log(1/e)) . (29)

This improvement applies to observable estimation via signed classical post-processing, not to implementing a single
CPTP channel, and therefore does not contradict the lower bound in theorem 2.
Implications.— We now show several direct implications of our results.

1. Purely dissipative dynamics is BQP-complete.—A direct implication of our result is that purely dissipative
dynamics is BQP-complete [34] beyond the fixed point. Since Hamiltonian dynamics is BQP-complete, theorem 1
indicates the purely dissipative Lindbladian is BQP-hard, which combining with the fact that Lindbladian can be
efficiently simulated by repeated short-time unitary transformations plus tracing out operations via Stinespring dila-
tion [13, 21, 23], leads to the BQP-complete result. An important remark here is that, previously, the BQP-complete
results [6, 35, 36] of dissipation are all about the fixed point where the universal quantum computation is embedded
into the steady states of the dissipative Lindbladian. Our result is different from the existing ones on BQP complete-
ness of Lindbladians in the literature [6, 35, 36] in the sense that we do not encode the computation into properties
of a (quasi)stationary state of the dynamics. Other results [37] achieve universality of Lindbladian dynamics by in-
troducing auxiliary ’timer gadgets’ to orchestrate sequential measurement-based operations. However, this typically
requires significant spatial overhead in the form of complex lattice geometries and auxiliary clock qubits, overheads
which are not present in our simple construction.

2. A novel Zeno-adjacent freezing mechanism. Quantum Zeno effect [38] states that strong and frequent
measurements (or jump operators with large norms in the language of Lindbladian) can sometimes freeze the
system’s evolution. The mechanism of the traditional Zeno effect is to construct strong dissipators Lp[p] =

> (Fiij — %{p7 F;Fi}), which is so strong, such that the system can ignore the internal Hamiltonian and is

forced to stay in the steady subspace where Lp[p] = 0, also known as the Zeno subspace [39]. Our theorem 1 also
leads to a fundamentally different mechanism of quantum Zeno effect. Suppose the system Hamiltonian is H, and we
know H, then to freeze the dynamics, we can simply introduce a jump operator F = §~/2(T + i6H). Then we have

% = —i[H,p| + FpF' - %{p, FTF} = 0(9). (30)
Thus, setting 6 = €/t can make sure ||p(0) — p(t)||1 = O(¢). The idea of this new mechanism is to actively generate
the reversal time evolution via dissipation to cancel out the system evolution. While both require large dissipation,
the biggest difference between these two mechanisms is that the traditional mechanism can only freeze states that are
inside the Zeno subspace, while ours can freeze any state.

8. No super-quadratic fast forwarding for a class of Lindbladians.—A central result in Hamiltonian simulation is
the no fast-forwarding theorem [40, 41], which states that there exist no universal (meaning for any H) Hamiltonian
simulation algorithms that can simulate ¢-time Hamiltonian dynamics within a constant precision € = 1/4 using
sublinear costs in ¢. For the class of purely dissipative Lindbladian we considered (F' = I — i§H), we can simply
let H be the sparse parity check Hamiltonian [40, 42] used in the Hamiltonian no-fast-forwarding proof and set
§ = €/t = 1/4T, then we have T = O(t?). If this Lindbladian can be super-quadratically fast-forwarded, i.e. o(v/T),
we will conflict with the query lower bound of the parity check problem, implying this class of Lindbladians cannot
be fast-forwarded beyond quadratic. On the other hand, this also indicates that this class of Lindbladians has the
possibility to be quadratically fast-forwarded in some cases, which, if true, will be another class of fast-forwardable
Lindbladians beyond the recent progress [16, 43, 44]. We want to emphasize that we cannot simply use the t-time
Hamiltonian dynamics to simulate the T-time Lindbladian evolution and claim achieving the quadratic fast-forwarding
since the §2-strength of the dissipation is fixed and prevents the simulation error to be arbitrarly small. This raises
the question of how to construct fast-forwarding algorithms for these Lindbladians.

4. Reducing Lindbladian simulation cost via gauge changing.—One way to understand theorem 1 is via the gauge
freedom of Lindbladians. For H and F; in eq. (1), we can do a gauge transform [3] while keeping the Liouvillian
operator and therefore, the dynamics unchanged

Jump: F; — F) =Y UyF; + el (31)
J

Hamiltonian: H — H' = —% Z (chZ/ — CiFi/T) ; (32)

%



where U is unitary, ¢; are arbitrary complex numbers. If we let H = 0 and F; = I — i¢0H, then by setting U = [
and ¢; = —1 we will have H' = §H and F’ = —id0H, which recovers eq. (4). In the context of simulating Lindbladian
on quantum computers, given the Hamiltonian H and jump operators F;, the algorithmic cost is then proportional
to |H|lew + >, IF5]|% [21-29]. For the Lindbladian we considered in theorem 1, we have ||F|s = O(1) while
|H |o + >, |F'||% = O(6). Therefore, while the gauge transform of the Lindbladian doesn’t change the actual
dynamics, it indeed can drastically change the simulation cost. This suggests that, if we want to simulate a Lindbladian
on a quantum computer, instead of directly putting the Hamiltonian and jumps into the simulation algorithms, we
can first find a better gauge with smaller norms and simulating the Lindbladian in that gauge will result in a lower
cost.

Discusstions.—In this work, we show the Hamiltonian dynamics can be efficiently simulated via pure dissipation via
explicit construction (theorem 1) and prove it matches the Q(t2/¢) lower bound (theorem 2). It is worth contrasting
our result with a line of work on emergent unitary dynamics from dissipation initiated by [45, 46] and extended
by [47]. These works consider a strongly dissipative Lindbladian £y admitting a non-trivial manifold of steady states,
perturbed by a weak Hamiltonian term AH. In the limit A — 0 with time rescaled as 7 = At, the effective dynamics
projected onto the steady-state manifold becomes unitary, generated by a projected Hamiltonian PHP. The setup
we consider here is fundamentally different in three respects. First, our Lindbladian has no Hamiltonian term at
all: the coherent dynamics is generated entirely by the dissipator. Second, our construction does not rely on the
existence of a non-trivial steady-state manifold: the target unitary evolution is approximated on the entire Hilbert
space, not on a projected subspace. Third, we provide a quantitative error bound with matching upper and lower
bounds of order t? /¢, whereas the dissipation-projected dynamics literature is primarily concerned with the qualitative
emergence of unitarity and its geometric structure. Our Q(¢?/¢) lower bound is also naturally dual to the O(t?/¢)
overhead identified by [23] for the reverse direction of simulating Lindblad evolution via Hamiltonian evolution on a
dilated system, with a similar scaling appearing in the repeated-interactions simulation of [28].

Several directions can be further explored. For example, whether and when it is possible and how to achieve the
quadratic fast-forwarding for our considered Lindbladians as explained in Implication 3. Also, while in Implication 4,
we explain the importance of choosing gauge in Lindbladian simulations, accurately estimating || H|loo + >, | F3]|% is
actually QMA-hard [48]. This raises the question of how to find a better gauge in a practical way.
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Appendix A: Proof of theorem 1 and related results

On F =1 —§A: To avoid ambiguity, in the following, we will use || - ||« to represent the spectral norm || -

main text. When we set the jump operator to be F' =1 — §A with A = G + iH, we have
FpFt = (I —6(G+iH))p(I —6(G —iH))
=p—0(G+iH)p—0p(G—iH)+6*(G+iH)p(G —iH)
=p—8{G, p} —i6[H,p] + 6*(G +iH)p(G — iH).
Also, because we have
FIF =(I-6(G—iH))I -G +iH))
=1-6(G—iH)—§(G+iH) +6*(G—iH)(G+iH)
=1-25G+6*(G —iH)(G+iH),

therefore, we have
1 1
5{FTF, pt={I —20G + 6%(G —iH)(G+iH), p}
1
= p = 0{G,p} + 50{(G —iH)(G +iH), p}.

Thus, the derivative of the density matrix has the form

dp 1
L =D =FtoF - —{F'F
o rlp] p 2{ P}

— p— 5{G, p} — i5[H, p + 6%(G + iH)p(G — iH) — p+ 6{G, p} — %52{(0 —iH)(G + iH), p}
= —id[H, p] + 6°Dalpl,

where we denote Do [p] = OpOT — {010, p}.
Now, to bound the error of simulating the Hamiltonian dynamics, we first introduce the following lemma

Lemma 1. Given two Lindbladians with the Liouvillian operators L1 and Lo respectively, the diamond
between the two Lindbladians for an evolution time t has the upper bound

let = e lo < t[Ly = Lalo.

Proof. Using the Duhamel Identity [18], we have

t

eFit — ehet = / eLQ(t_S)(LH — Loy)e 14 ds,
0

which leads to

t
efrt — efat], < / 1211 — Lallolle™* lods
0
t
< / 1£1 — Lallods = |£1 — La]lo,
0

where we use |le“t||, < 1.

| in the

(A1)

(A3)

distance

(A5)
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Now, using lemma 1, we have
[€Pr? — L[, < 5] Dallo, (A8)

where we use Ly to denote the Liouvillian operator of Hamiltonian dynamics under H. To have an approximation
with an error €, we can simply ask

€

to||D <e—6< . A9
H A||<> — — tHDAHo ( )
Since the Lindbladian evolution time T is T' = t/4, thus, we obtain
T > [Dallot?/e. (A10)
Since ||Dallo = O(||A||%,), we finish the proof
T = O(||A]|%t*/e)- (A1)
When A = iH, we recover theorem 1.
On F; = I —i0H;: Similarly, when H = ), H;, and set jump operators F; = I — i6H;, we have
dp 1
a ZDF,L- [p] = Z (FiTPFi - Q{F;Fi,p}>
i i
=—i [Z H;,p| + Z 52Dy, [p). (A12)
Using lemma 1, we have
(o) (A13)

S Pritls — eLut|, < 18]S Dig,llo < t6 S 1D

which leads to

r=0 (Z IIHillit2/6> : (A14)

On General Lindbladian via dissipation: To simulate the general Lindbladian

9 _ £lo) = —ilH. o) + > (Fior! - 5o F1EY) (A15)

via dissipation, we construct a purely dissipative Lindbladian £’ with jumps F} =1 —i0H and F] = VO F;. Since we
have

dp 1 1
b — L= R0k - S R} + X (Flo, - L]0}
1
= —i0[H,p]+6)_ (FJpFi - 2{Fm,p}) +8*Dpp]

= 6L[p] + 8*Dulp], (A16)
therefore, following the similar procedures as above, we obtain

T =0 (|H|2t%/e) . (A17)

Appendix B: Proof of theorem 2

In this note we prove a rigorous lower bound under the stronger simulation requirement that the dissipative evolution
must approximate the target Hamiltonian evolution for every intermediate time between 0 and ¢, not just at the final
time. The result is proved for a simple qubit family, which is enough to establish the desired Q(t?/e€) scaling in the
worst-case sense.
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a. Sitmulation notion. Let
m
Lo(0) =" (FioF] = 3F[Fi0}), 1Bl < C, (B1)

Jj=1

be a purely dissipative Lindbladian on a qubit, and let &, = e™*?. For a target Hamiltonian H, define the unitary
channel

us(p) _ e—iHspeiHs_ (B?)
We say that ®. simulates U up to time ¢ in total dissipative time T if

<e (B3)

<

sup
0<s<t

Or,—U,

t

This is the natural uniform-in-time strengthening of the endpoint condition and matches the linear time reparametriza-
tion used by the constructive upper bound.

Theorem 3 (Uniform-in-time lower bound for a hard qubit family). Let

H= gaz, 0 = |y|t. (B4)
Assume that (B3) holds and that
1
Then
Ch V22
T> = . B6
T 384mC?%e  384mC?%e (B6)
FEquivalently, since ||H |l = |v|/2,
1H 2.t
T> —= . B7
~96mC?%e (B7)

In particular, for any fized-norm hard family with | H||« = ©(1), uniform-in-time pure-dissipative simulation requires
T = Q(t?/e). (B8)
Proof. We write the qubit state as
1 3
p:§(I—|—I‘-a')7 r e R’ (B9)

and represent channels in Bloch form.
b. Step 1: Bloch form of a purely dissipative qubit generator. Write each jump operator as

Fj=a;l+u;- 0o, a; €C, u;eC? (B10)
A standard Pauli-basis calculation gives the affine Bloch equation [13]
r = Br +c, B =S5+ [wx], (B11)

where S = ST is real symmetric, [wx] is the real antisymmetric matrix for the cross product by w, and
m
S = QZ(Re(uju}) - \uj|213), (B12)
j=1

w=-2> TIm(ajuy). (B13)
j=1
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The translation vector ¢ will not be needed explicitly.
Two consequences are immediate. First, S < 0. Indeed, for every real x € R3,

x! Sx =2 Z(|x cuy)? — |uj|2|x|2) <0. (B14)
j=1
Hence
[S]lee < —Tx(S5). (B15)

Second, taking the trace in (B12) gives

~Te(S) =4 |uy. (B16)
j=1
Using |a;| < ||F}jlloe < C and Cauchy—Schwarz,
m m
w[ <23 JaylJuy] <2C | m Y |uy|? (B17)
j=1 j=1
= Cy/m(=TrS), (B18)
where the last equality uses (B16). Thus
lw|? < mO?(~TrS). (B19)

c. Step 2: Uniform channel closeness implies uniform Bloch-matriz closeness. Let A, = e78 denote the linear
part of @, in Bloch form, so that

r— A, r+b,. (B20)
The target channel generated by H = $o. acts on Bloch vectors by the rotation

vt ©

Since the trace distance between qubit states equals the Euclidean distance between their Bloch vectors, (B3) implies
that for every unit vector r € R? and every 7 € [0, T,

|ATr +b, — Rz(om-)r’ <e. (B22)
Applying (B22) to both r and —r and adding/subtracting the two inequalities yields
[Ar — R.(aT)|lco <€, [b,| <e, 0<7<T. (B23)

d. Step 8: Uniform closeness forces very small total contraction. Taking 7 = T in (B23), Weyl’s inequality [49]
for singular values implies that every singular value of Ar lies in [1 —¢, 1+ €], because all singular values of the rotation
R.(O) are equal to 1. Therefore

det(Ar) > (1 —€)®. (B24)
Since Ay = T8 and Tr([wx]) = 0,
det(Ap) = eTTr(B) = TTr(S), (B25)
Hence, for e < 1/2,
—Tr(S) < %log 1 i - < % (B26)
By (B15),
6e

< —.
1Sloe < = (B27)
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e. Step 4: Uniform closeness to the rotating orbit forces a macroscopic path length. Let
u(7) := R,(ar)es, v(T) == Arey, (B28)
where e, = (1,0,0)". By (B23),
v(r)—u(r)|<e,  0<7<T. (B29)

We claim that the Euclidean arc length L(v) of v(7) satisfies

L(v) > %. (B30)
Indeed:
Case 1: 0 < © < 1. Since length dominates endpoint distance,
L(v) Z [v(T) = v(0)] = [u(T") — u(0)| — 2¢ (B31)
=2sin(0/2) —2¢ > 0/2 —2¢ > 0/4, (B32)

where in the last step we used (B5).
Case 2: © > 1. Let N =|0],s0 N >0/2. For k =0,1,...,N, define 7, = k/a. Then consecutive target points
are separated by one radian, hence

[u(7i41) —u(m)| = 2sin(1/2) > 0.95. (B33)
Using (B29) and (B5),
[v(Te+1) — v(T)| > [u(r41) — u(7k)| — 2¢ > 0.93. (B34)
Therefore
N—1 o
L(v) > |[v(Tk11) — v(7%)| > 0.93N > 0.460 > = (B35)
k=0

This proves (B30).
f. Step 5: Convert path length into a lower bound on the effective rotation rate. Since v(7) = Bv(7), we have
T T
L(v) = /0 v(7)ldr < /0 [ Blloc [v(7)] d7 (B36)
< 1+ T (Jw| + [1S]loo) (B37)
where we used |[[wx]||ec = |w| and |v(7)| < |u(7)| + € = 1 + €. Combining (B30), (B37), and (B27), we obtain
S} 6e

> - =, B38
w2 sirar — T (B38)
Under (B5), the second term is at most 0.06 ©/T and the first term is at least 0.19 ©/T, so in particular
> —. B
wl = o (B39)
g. Step 6: Finish the lower bound. Combining (B39), (B19), and (B26), we find
ok 6mC2e
< |w|* <mC?(— < ,
iz < |w]® < mC*(=TrS) < T (B40)
Rearranging gives
@2
T> — B41
~ 384mC2¢€’ (B41)

which is exactly (B6). O
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Appendix C: Uniqueness of construction for smooth Lindbladians

In this section we discuss to what extent our construction is unique, showing that any smooth family of semigroups
that can approximate Hamiltonian dynamics to arbitrary precision (potentially at the cost of increased simulation
time), must have a form similar to our evolution up to second order.

Proposition 2 (Uniqueness up to O(62)). Let {Lps}to<s<s, be a smooth family of purely dissipative Lindbladians
on a finite-dimensional system, and let

Lu(p) i= —ilH, pl. (C1)
Assume that there exists tg > 0 such that
e(d) := su eskps _esku|l 0. C2
)= s | [ (©)
Then
Lps=06Ly+0(5?) (C3)

in diamond norm. In particular, the first-order term is uniquely fixed by H. FEquivalently, if ED75 s another smooth
purely dissipative family satisfying (C2) for the same Hamiltonian H, then

Lps—Lps=0(82). (C4)

Moreover, assume that for some fizred m one can choose jump operators smoothly so that
= 1
Losp) =) (Fj,éijT,a — S {FlsFis, p}> o Fis = Fio+0G; +0(5%). (C5)
j=1

Then F;o = c;1 for some scalars c;, and

CjG4 —C 4Gj
H = -1 _J -
Z 2i (C6)
j=1
Hence, modulo the usual Lindblad gauge freedom and up to O(62), every nontrivial first-order jump has the form
2 Aj - A;’
Fis = a(I—04) + 06, Y= =1, ()
J
while jumps with Fj o =0 contribute only at order O(5%).
Proof. Set
D55 1= estn.s, U, := 5. (C8)

We first show that Lp ¢ = 0. Fix any a > 0. For all sufficiently small §, we have ad < o, and therefore (C2) implies
He“ch“ — e¥0LH H<> < e(9). (C9)
Now let § — 0. Since Lp s is smooth at § = 0, we get
e®r0 =T, (C10)
Since this holds for every a > 0, differentiating at a = 0 yields
Lpo=0. (C11)
Because the family is smooth, there exists a bounded superoperator M such that

Lps=06M+ 0(52), M= 85£D’5]6:O. (C12)



Define
As = 571£D,6 =M+ 0(5)

By Duhamel’s formula,
esA(; o GSM _ / e(sfu)A(; (A5 o M)eu/\/l du.
0

Hence, for 0 < s < tg,

||eSA‘§ _ eSM||<> < ses(HA‘;”OHlMHO)HAa — M|
= 0(9),

uniformly on [0, #o]. Since e34% = €525 combining this with (C2) gives

sup [l — ¥ lo < [[eM — eFEP |, 4 [|eFEP s — e*Ei |, = O(3 + €(8)).

0<s<to
Letting § — 0 we conclude that:

sup ||esM — e%kn |l = 0.
0<s<to

Therefore
M = esfH for all 0 < s < tg.

Differentiating at s = 0 yields

This proves (C3).
We now prove the jump statement. Write

1
2

Dp(p) = FpF' = _{F'F,p},  Lps=)» Dr,,

Jj=1

Since Lp o = 0, we have

0=Lpo=)Y_ Dr,,.

j=1
Let p = |[¢){(¢| be pure. Then
0="Tr(pLp,olp))

== (@I Fyolt) — [1F0l0)2)
j=1

15

(C13)

(C14)

(C15)

(C16)

(C17)

(C18)

(C19)

(C20)

(C21)

(C22)

Each summand is nonnegative, so every summand must vanish for every |¢). Hence each F} has zero variance on

every pure state, which implies
Fj’o = CjI

for some scalar c;.
Now write

Fjs=c;I+ (5Gj + 0(52)

(C23)

(C24)
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A direct expansion gives

* 1 *
Dy, lpl =6 (chjp—i— cij;L- - §{ch;r_ + chj,p}) + 0(6%)

¢;Gl — @G,
=—i5 ]JT]J,p +0(82). (C25)
Summing (C25) over j and comparing with (C3) proves
m T *
CjG4 —C 4Gj
H = J J
Z 2i ’ (C26)
j=1
which is (C6).
Finally, if ¢; # 0, write
Gj = —cjd;, (C27)
so that
Fjs=c;j(I—654;)+ 0(8%). (C28)
The overall phase of ¢; is irrelevant because Do p = Dp. Thus, after removing the phase and defining v; := |¢; |2, we
may rewrite
Fjs = (I —84;) + 0(5%). (C29)
Then (C6) becomes
A;— Al
J

If ¢; = 0, then F; 5 = O(J) and hence
DF;‘,& = O<52)v (C31)

so such jumps do not contribute at first order. This proves (C7). O

Appendix D: Autonomous qDRIFT from displaced Pauli channels

We now transform the results of the last sections into a concrete measurement-native primitive. The relevant
situation is a platform in which Pauli products are available as readout or loss channels, but are costly to implement
as coherent many-body Hamiltonian interactions. In such a platform, a coherent displacement of the parity channel
produces precisely the nontraceless jump operators needed above. In particular, we will show how to obtain an
autonomous version of QDRIFT [15] in our framework.

gDRIFT seems a natural target for our technique, as it corresponds to a randomized approximate simulation of
Hamiltonian simulation. More precisely, QDRIFT performs randomized Hamiltonian simulation by sampling Pauli
terms with probabilities proportional to their coefficients [15]. The construction below realizes a continuous-time,
measurement-native analogue of gDRIFT. The random scheduler is not a classical compiler; it is the bath itself.
At the operating point used for Hamiltonian simulation, the click record is state-independent, so the unconditional
channel is generated without outcome-conditioned feedback. The price is the same sampling diffusion that appears
in Poissonized qDRIFT, here written as measurement shot noise.

Thus, our claim is that if a Pauli operator P is native as a displaced readout/backaction channel, then the uncon-
ditional backaction of that channel implements an approximate Hamiltonian term proportional to P.
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1. Displaced counting instruments and their Markovian limit

We first define precisely what is meant by a displaced Pauli channel. Let H be a finite-dimensional system Hilbert
space. Given system operators

Fi,...,FL GB(H),

define
L
M :=> F[F, (D1)
=1
For a small time step n > 0 satisfying
0<nM <1, (D2)

define the (L 4 1)-outcome weak counting instrument with Kraus operators
Ko(n):== (I —nM)Y2,  Kin):=nF, {=1,...,L (D3)

The outcome 0 is the no-click outcome, while outcome ¢ > 1 is a click in channel £. The instrument is trace preserving
because

L

Ko Ko(n) + > Ke(n) Ki(n) = 1. (D4)
=1

After discarding the classical record, the one-step channel is

L
,(p) = Ko(n)pKo(n) +n>_ FipF}. (D5)
/=1

Lemma 2 (Markovian limit of the counting instrument). Let

L
1
Ll =>" (ngFg - Q{FgFg,p}> . (D6)
=1
Then
@, = id+7L + O(p?) (D7)
in diamond norm. Consequently, for every fized T > 0,

lim ", =e™F (D8)

n—oo /

in diamond norm.

Proof. Since H is finite dimensional, the functional calculus expansion of the square root gives

(I—nM)V2 =1 - gM+O(n2) (DY)
in operator norm. Substituting this into eq. (D5) gives
(p) = (1= 3) p (1= 3M) + 0 FupF| + O?) (D10)
¢
1
— o0 (Feor] - 3UFI o)) +0GP), (D11)
¢

This proves eq. (D7). The product-formula limit eq. (D8) follows from the Chernoff theorem, or directly from the
finite-dimensional estimate

— 0.
<&

H (I + %/3 + O(n72)>n —et

O

Thus specifying a weak counting instrument with jump amplitudes F} is equivalent, in the continuous-time limit, to
specifying the Lindbladian ), Dp,. This is the mathematical sense in which the dissipators used below are constructed
from measurement channels.
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2. Displacing a Pauli-product channel

Let P = PT be a Pauli product, so P? = I. A displaced Pauli counting channel is a weak counting channel whose
jump amplitude is

F=al + P, a,p eC. (D12)
Let
I+P
my == —— (D13)
2
be the parity projectors. Then
F=(a+ /) + (a—B)II_. (D14)

Thus a click multiplies the two parity sectors by different complex amplitudes. The magnitudes of these amplitudes
determine information gain about P, while their relative phase determines coherent phase backaction.
The click effect is

F'F = (|a]® + |8)*)I + 2Re(a*B) P. (D15)
Hence, in a time step 7, the click probability is
peiie(p) = nTx(FTFp) = n (|af® + |B]* + 2Re(a”B) Tx(Pp)) - (D16)

The real part of a*f is the information-bearing quadrature. The imaginary part is the Hamiltonian-generating
quadrature.

Lemma 3 (Displaced Pauli dissipator). For P = P', P2 =1, and F = ol + 3P,
Datrsplp] = —il—Im(a*B)P,p] + |2(PpP — p). (D17)
Proof. Using P = PT and P? =1,

FpF' =a|?p + ap*pP + a*BPp + |B|*PpP, (D18)
F'F = (Ja]* + |8 + ("B + af")P. (D19)

Writing z = a3, the cross term in the dissipator is

1
zPp+ 2" pP — i(z +2")(Pp+ pP) = iIm(z)(Pp — pP) (D20)
= ¢ Im(a”*B)[P, p). (D21)
Combining this with the |3]? term gives eq. (D17). O

The phase-backaction operating point is obtained by choosing Re(a*3) = 0. Then the click probability is indepen-
dent of Tr(Pp), while the dissipator still contains a Hamiltonian commutator. This is the regime used for Hamiltonian
simulation.

For later use, it is convenient to introduce a weighted version. For a Pauli term hP, a channel-strength parameter
v > 0, a small parameter § > 0, and a sign o € {41, —1}, define

o o
Dy pi=Al - iod—=P (D22)

This is a displaced Pauli jump with
a=./7, B =—icd—. (D23)
Tts click effect is scalar:

g T g
(F(S(,'y),h,P) F(S(,'y),h,P = <’7 + 527) I (D24)
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Therefore the associated weak counting channel carries no information about the eigenvalue of P at this operating
point.
Equivalently, the same jump admits the polar decomposition

th(_’:),hyp = /v + 62h2 /vy exp [—ia arctan(?) P] . (D25)

Thus the corresponding quantum trajectory is a Poisson process of small Pauli rotations. The deterministic Hamil-
tonian drift is the mean phase backaction; the residual dephasing is the shot noise of the random jump times.

3. Weighted displaced channels for a Pauli Hamiltonian

Let
L
H=> hpP, heR,  P=P, P=I (D26)
=1

where the Pauli strings P, need not commute. For each nonzero coefficient hy, choose a positive channel strength
v¢ > 0. Define

- _
F%) = \/771—105\/—%13@, o€ {+1,—1}. (D27)

The sign o = +1 generates +H, while 0 = —1 generates —H. We write
Lalp] == —ilA,p],  Zp[p] == PpP —p. (D28)

Lemma 4 (Weighted displaced-Pauli identity). For Fe(:s) in eq. (D27),

h2
Dﬁy@ﬁiﬂ5ﬁmmhﬂ+5?izmbl (D29)

Moreover,

(Fe(,é)> Fe(,a) =resl, Te,s = Ye + 527? (D30)
Thus the click effect of every channel is proportional to the identity.
Proof. This is lemma 3 with
a = /v, B =—icd——.
v Va7

Then
Im(a*B8) = —odhy, |BI% = 6%h% /e,
which gives eq. (D29). The scalar-effect identity follows from P? = I. O

The full weak counting instrument for the Pauli Hamiltonian is obtained by taking the jump amplitudes in eq. (D27).
Its effect operator is

L

L
g T g h2
My = Z (FE(,E)) Fé(,é) =AsH1, Asqy = Z (’Yé + 527E> . (D31)
=1 =1

Consequently, for any time step

0<n<A;L,
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the no-click Kraus operator is simply

Ko(n) = /1 —nhs 1, (D32)

while

Ko(n) = Vi E5. (D33)

Thus neither the click probabilities nor the no-click evolution reveal information about the system state. The record
is a classical Poisson record of kick times and labels.
Define the purely dissipative generator

L
(@) ._
Ly = Z;DF((?. (D34)
By lemma 4,
L) =00l + 6°R,, (D35)
where
L p2
=23 fz (D36)
Since p — PypP; is a unitary channel,
1Z,llo = | Po() P —id o < 2. (D37)
Therefore
L op2
[RAlle < 25, = Z ,72 (D38)

Proposition 3 (Weighted displaced-Pauli simulation). For every t > 0,

sup H (s/9)L57) es£HH < 2t68,. (D39)
<&

0<s<t

Consequently, choosing

€
D40
ST (D40)
gives diamond-norm error at most €, with dissipative evolution time
L
2 = h?
T=-=0 . D41
o(rxt) o

Proof. By eq. (D35),

%ﬁgfj = Ly + 6R,. (D42)
Thus
o(s/OLE) _ s(LutoRy). (D43)
Duhamel’s identity gives
S(LHtRY) _ sLu _ /s W (Er R 5 il gy (D44)
0

Both semigroups in the integrand are completely positive and trace preserving, hence have diamond norm one.
Therefore

Bt — oot < SH|R . (D45)
< 2565, < 265, (D46)
O]
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4. Optimal rates and exact Poissonized qDRIFT

The weights ~y, are physical channel strengths. Fix the total available displaced-channel strength

L
o D)
=1
and define
L
=1
Terms with hy, = 0 are omitted. The optimal rate allocation is
« he
Y = F%. (D49)
Lemma 5 (Optimal channel allocation). Among all v, > 0 satisfying Y ,ve =T, the quantity
) (D50)
— e
is minimized by eq. (D49). The minimum is
)\2
== D51
Sy =T (D51)

Proof. By Cauchy—Schwarz,

J4

2
|hel
(2z) -
< (Z w) (Z ’”) _1s,. (D54)
7 7
Thus S, > A?/I'. Equality holds exactly when ~; o |he|, giving eq. (D49). O
At the optimal allocation the correspondence with gDRIFT becomes exact at the semigroup level. Let
s¢ := sgn(hy), x = 6?)\, f := arctan z. (D55)
Then
Fy 8 = \/p (I —ixsePy) = /75 Usgs, (D56)
where
res =7 (1+2%),  Ups=e 05, (D57)
The total jump rate is
A= 15 =T(1+2a%). (D58)
¢
Conditioned on a jump, the label distribution is
De = % = @ (D59)

Thus the bath samples the same Pauli labels as qDRIFT.
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Theorem 4 (Exact autonomous qDRIFT semigroup). With the optimal allocation v}, the rescaled dissipative gen-
erator has the exact mized-unitary form

~

1 A .
SLG0 =223 e (Ves (U5 ) (D60)
=1
where
Do = M7 Ups = e 05l 0 = arctan((”\) : (D61)
A ’ r
Equivalently,
1 A &
S'C((;’_Y)* :£H+?Z|hg|2p[ (D62)
=1

Thus the displaced-channel dephasing is exactly the Poissonized ¢DRIFT diffusion term.

Proof. Since

Fg(j;_) = 705 Uss, (D63)
we have
Dpolpl =725 (Ue,épUzT,s - P) . (D64)

Summing over ¢, dividing by ¢, and using 7 5/As = pe proves eq. (D60).
It remains to verify eq. (D62). For a Hermitian involution P,
e 0P peiP _ p — _isin@ cos 0[P, p| + sin® O(PpP — p). (D65)

Applying this with P = sy P, and using

sin @ cos 0 v sin? v’ (D66)
in = — n“f =——
1+ 22’ 1422’
gives
As . As =
7 Zpe (UE,(S(')UZ(S - ld) = *Z?m Zpésé[Pb ] (D67)
¢ ¢
A5 56'2
—_— Zp,. D68
+51+x2;m P, (D68)
Because
oA h
As =T(1+a?), T = Dese = l, (D69)
T A
the first term is
—i Z he[ Py, -] = L. (D70)
)
The second term is
L(1+2%) 22 S\2 oA
B > peZp, = T > piZp, = T > il Zp,. (D71)
¢ ¢ ¢

This proves the claim. O
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The usual gDRIFT step angle is A{/N, where N is the number of random Pauli rotations. In the Poissonized
process above, if N = ENp, then

% = sinf cosb. (D72)

For small §, sinf cos @ = 6 + O(6?), so the kick angle itself agrees with the qDRIFT angle to leading order. The exact
matching is at the generator level, through the coefficient sin 6 cos 6.

Corollary 1 (Autonomous qDRIFT scaling). Choose the optimal rates v;. Then
(/9L

simulates e5“1 uniformly for 0 < s < t with error at most e whenever

el’
< —. D
0<d< 502 (D73)
Equivalently, the required dissipative time is
t 222
T=-=0-2"-). D74
) < Ie > (D74)
If § saturates eq. (D73), then the expected number of jumps up to final time T is
2t2\2
ENp = AsT = + % (D75)
Proof. By eq. (D62),
1 oA
gzg;l =Li+ 5 > |hel Zr,. (D76)
¢
The diffusion term has diamond norm at most
A 2002
T 2 [hellZello < = (D77)
¢
Duhamel’s identity therefore gives error at most 2t6A2?/T', proving eq. (D73) and eq. (D74).
For the expected number of jumps, use
oA
As=T(1+2?), x= T (D78)
Thus
t Tt oN%
ENpr=As—= —+ —. D
T 55 5 + T (D79)
Substituting
el’
=5 (D80)
gives
21202
ENp = + < (D81)
€ 2
O

In essence, we see that the bath realizes an autonomous, Poissonized qDRIFT channel: the jump label distribution
is exactly |h¢|/), the kick angle is term-independent, and the expected number of kicks has the standard O(t2)\? /e)
scaling.



24

Appendix E: Dissipative FLO for observable estimation

The construction of Hamiltonian dynamics from dissipation also gives a post-processed simulation primitive in the
spirit of qFLO [33]. The key point is that, after rescaling time, the artificial dissipative error is a controlled step-size
error. By varying this step size and extrapolating expectation values to the zero-step-size limit, one can improve the
dependence on the target precision for observable estimation even exponentially.

We first describe the clean linear-flow setting. Let

Dy (t) i= lt/)Eps = M EntsR) 0 < 5 < 5, (E1)
where

and R is a bounded Lindbladian. For the single-jump construction Fy = I —isH, one has
1
R = Dp, DH[P]ZHPH—i{HQ,P} (E3)
For a decomposition H = )", H; with jumps Fy , = I —isHy, one has

R=Y Dy, (E4)
L

Thus the parameter s plays the role of an inverse depth or step size: smaller s gives a more accurate physical dissipative
channel, but requires a longer dissipative evolution time ¢/s.
Let O be an observable and define

fo(s;t; p) :==Tr[O D4(t)(p)] - (E5)
The ideal Hamiltonian value is
f0(0,t; p) = Tr[O e (p)] . (E6)

Since ®(t) = e!(£#+5R) is analytic in s, we may expand

fO(Sat;p) :fo((),t;p)—FZar(t,p,O)sr. (E7)

r>1

A Richardson extrapolator cancels the first several powers of s.
We use the same well-conditioned choice of Richardson nodes as in well-conditioned multiproduct formulas and
gFLO. For an integer m > 2, set

2

8m (2m) 102 7T(2-7 — 1) R’rn
= — - = _ = | — E

R, . J?J S Sm s Yj @m) s ( 8)

€T\

J

for 5 =1,...,m. Given a largest step size s,,, define
s = smy—m, j=1,...,m. (E9)
Yj

The Richardson weights are
1
bj =] +—F (E10)
They satisfy

ibj:l’ ibjsgzo, r:l,...,m—l. (Ell)
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Moreover, this choice is well-conditioned:
m .
bl == 3" b;l = O(logm),  max 22 = O(m?). (E12)
; J
Define the m-point dissipative-FLO estimator
=1
We then have:

Theorem 5 (qFLO-style dissipative extrapolation). Let ®,(t) = e!£1+5R) and define B := |R||s. Suppose ||O]s <
1. Then the Richardson estimator in eq. (E13) satisfies

~ etBsy, \™
Folomt,0) ~ [0 1 ()] < 2 (<22 )

(E14)

whenever tBs,, < m/2. Consequently, choosing

ECH

gives intrinsic extrapolation error at most €. With the well-conditioned nodes above, the maximum inverse step size is

1 logm ) /™
Npax :=max — =O|[ tBm . (E16)
J 85 €
Taking m = ©(log(1/e)) yields
Npax = O(tBlog(1/e)), (E17)

and hence the largest dissipative evolution time among the extrapolation runs is

Tonax = max — = O(£2Blog(1/e)) . (E18)

J S5

Proof. By iterating Duhamel’s identity, for s > 0 we have

HMLu+sR) _ ptlu + Z / elt—u)Lupo(ui—u)lu  pourlu duy - - - du, + Em(s, t), (Elg)

0<u,<---<u; <t

where the remainder satisfies

1Em (sl (E20)

Here we used that all semigroups in the integrand are completely positive and trace preserving and hence have diamond
norm at most one.

Taking expectation values against O gives a power series in s. The conditions ) y bjs; =0forr=1,....,m—1
cancel the first m — 1 terms. Therefore

Fn(smst5p,0) = fo (0,8 p ’ Zlb HOlloc[[Em (55 )l (E21)

< bllx Z 7(tB:’!m) , (E22)

r=m
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because s; < sp,. If tBs,, < m/2, then

> (tBsy,)" tBSy,)™ tBs,\"
Z( om)" o (Bsm)™ o (etBsm) " (E23)
= r! m! m

where the last inequality uses m! > (m/e)™. This proves eq. (E14). Solving the right-hand side for s, gives eq. (E15).
Finally,

1 1 ; 1
Npax = Max — = — max Yi _ O(mQ) . (E24)
J

S5 Sm I Ym Sm

Using ||b]; = O(logm) gives eq. (E16). Taking m = ©(log(1/¢)) gives (logm/e)'/™ = O(1), and hence eq. (E17) and
eq. (E18). O

Several comments are important. First, fm is a classical post-processed estimator, not the expectation value of a
physical CPTP channel: some Richardson weights are negative. Thus theorem 5 does not contradict the physical
lower bound in theorem 2. The lower bound concerns a genuine dissipative channel approximating the Hamiltonian
channel in diamond norm, whereas theorem 5 concerns observable estimation via a signed combination of data from
several physical dissipative experiments.

Second, the estimator is robust to measurement error. Suppose each value fo(sj,t; p) is estimated up to additive

€ITOT €qata. Lhen the induced error in fm is at most
Hb”ledata- (E25)

Thus it suffices to estimate each data point to precision

€
ata = O — . E26
Cdat <|b||1> (E:26)

Since ||b]l1 = O(logm) = O(loglog(1/¢)) for m = ©(log(1/¢)), the shot overhead remains essentially the usual
observable-estimation overhead. For bounded observables, Hoeffding’s inequality gives

Nghots = 6(1/62) (E27)

shots per extrapolation point.
For the single-jump construction, B = || Dglls < 2||H||%,. Therefore, dissipative FLO estimates observables with

intrinsic bias € using largest dissipative evolution time

Tnax = O (| H]|3, log(1/€)) , (E28)
rather than the physical-channel scaling
O(t*| Hl[3/€) - (E29)
For the autonomous gqDRIFT construction of App. D, one has
hg hi
Ry = Z —Zp; [Rylle <25, Sy = Z o (E30)
G e
With the optimal rate allocation
* _ T |hf| A\ = h E
Ve = Ta _Z‘ E|7 ( 31)
¢
we have
)\2
S’Y* == ?. (E32)

Hence the dissipative-FLO version of autonomous qDRIFT has largest dissipative time

212
T = o(trA log<1/e>> 7 (E33)
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and the corresponding expected number of Poisson kicks scales as
ENmax = O(t*A%log(1/€)) , (E34)

up to constants and logarithmic factors from the conditioning of the Richardson estimator. This is the direct dissipative
analogue of the qFLO improvement from gDRIFT’s 1/e depth dependence to logarithmic dependence in 1/e, for
observable estimation rather than state preparation.



