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Quantum ground and thermal state preparation

Given a Hamiltonian H and inverse temperature /3, prepare
exp(—itH)
exp(—pH)
Tr (exp(—ﬂH))

Thermal state

When ff — o0, 05 — ‘1//0> <l//0‘_ Ground state

e.g. Prepare the initial state for phase estimation using exp(—itH).



Open quantum system

Total System
(Hr,pr,Hr)

System
(H,p, H)

Environment
(HE, pe, HE)

e ps() = D(pg(0)) := Trg (exp(—iHTt)pS(O) Q pr exp(iHTt)) (interacting with bath+trace out)

.« ps(t) — 0p, 1 — 00 Nature thermalizes fast.



Open quantum system

Total System
(Hr,pr,Hr)

System
(H,p, H)

Environment
(HE, pe, HE)

e ps() = D(pg(0)) := Trg (exp(—iHTt)pS(O) Q pr exp(iHTt)) (interacting with bath+trace out)
.« ps(t) — 0p, 1 — 00 Nature thermalizes fast.

Q: How to design an algorithm working as a fridge?



First attempt: Lindblad dynamics

dp . 1
— = L[p| = —i[G, p] ‘|‘Z KaPKavJr —5 {K;Ka,p}
dt N—— 7 o~ 2 >
conerent ransition dissipation Total System
(HT) PT, HT)
System-bath interaction .
ystem
(H,p,H)
Weak interaction Born-Markov-Secular
between system and approximation T (T
bath
a (HEa PE, HE)
dp

1
= = ~iH.p®] + Kp(OK' — = (KK, p(0)}

Lindblad dynamics

(Lindblad, CMP 1976) (Gorini-Kossakowski-Sudarshan, JMP 1976)



First attempt: Lindblad dynamics

dp . 1
— = Llp] = —i[G, o] ‘|‘Z KapKL —— {K;Ka,p}
dt N—— —— 2 _
coherent a transition dissiE)rz:l fion
System-bath interaction [CKBG, arXiv:2303.18224] [CKG, arXiv:2311.09207]

[CKBG, Nature, 2025]

Weak interaction Bo cular
between system and approyfiati
bath

Lindblad dynamics

As an algorithm tool with provable guarantees



First attempt: Lindblad dynamics

dp . 1

— = L[p] = —I[G, p] ‘|‘Z KapK} —— {K;Ka,p}

dt —t 222l |

coherent 4 transition dissipva fion
System-bath interaction [CKBG, arXiv:2303.18224] [CKG, arXiv:2311.09207]
[CKBG, Nature, 2025]

Weak interaction Bo cular Numerous progress toward end-to-end complexity guarantee:
between system and approyffiatl
bath « Correct fixed point: [RWW, Quantum, 2023], [DCL, PRR, 2023], [GCDK,

arXiv:2405.20322], [JI, arXiv:2406.16023], [DLL, CMP, 2025], ......
 Efficient simulation: [CW, ICALP 2017], [LW, ICALP 2023], [DLL, PRX Quantum,

2024], [CLLY, Quantum, 2024], [KWIY, arXiv:2412.19453], [HSDS, arXiv:2506.04321] ...

_ _ « Mixing time guarantee: [BCGL, PRL, 2023], [KACR, CMP, 2024],[RFA,
Lindblad dynamics arXiv:2411.04885, 2024], [SMBB, arXiv:2501.01412], [RFA, STOC, 2025], [TZ, PRX
Quantum, 2025], [ZDHG et al, PRX, 2025], [BC, arXiv:2510.08533].....



Simulation of Lindblad dynamics

dp . 1
at = £l = ZiGpl+ 3 Kapkd =5 {KlKasp}
coherent 4 transition —

dissipation

. Provide oracles: exp(—iH7) and block encodings {%Aa}

a

a

{> Block encodings G, {Ka}a K :[ f(exp(—iHNA, exp(iHr)dt

{> Lindblad simulation: p(T") O(Tpolylog(1/€)) query complexity

[CW, ICALP 2017], [LW, ICALP 2023], [CKBG, arXiv:2303.18224], [DLL, CMP, 2024], ...



Block encoding of the jump operator:

. Provide oracles: exp(—iH7) and block encodings {%Aa}

o)
| @)
o)

|va)

dp

dit

1

Llp) = —ilG, o]+ KapK] —5 { KlKas }
coherent 4 transition m

. Prepj;f

Prepf

0y =

Ug

a
o™

. Block encodings

(0"
—> G.{K),

(DLL, CMP, 2024)

Prepf

— o)

[

)

[11
>
o

A

‘@) (CKBG, Nature, 2025)

Requires LCU, multi-control/
backward Hamiltonian simulation,

QFT, ..



Our thought:

dp . 1

— = L[p] = —I[G, p] ‘|‘Z KapK} —— {K;Ka,p}

dt N—— N—— 2 R )
coherent a transition dissiE)rz:l fion

System-bath interaction

Bo cular
approy

Lindblad dynamics

As an algorithm tool

Q: Can we find a simpler algorithm that is
more suitable for near-term devices while
preserves rigorous guarantees ?




Our thought:

at = £ = Z1G. A+ Kapkd —5 {KiKa.p}
coherent 4 transition g

dissipation

System-bath interaction

Q: Can we find a simpler algorithm that is
more suitable for near-term devices while

preserves rigorous guarantees ?
Bo cular
appr Yes, (Ding, Zhan, Preskill, Lin, arXiv:2508.05703)

Lindblad dynamics

As an algorithm tool



Interaction system: an algorithm

ps(t) = P(pg(0)) :=Tr (CXP(—iHTf)Ps(O) R PE exp(iHTt))

Total System
System-bath (73T, p;I*S, Hr)

interaction model as an algorithm tool

System
(H,p, H)

Environment
(HEe, pe,HE)

Lindblad dynamics dp

' 1
= = ~iHp®] + Kp(OK' — > (KK, p(0)}

(Ding, Zhan, Preskill, Lin, arXiv:2508.05703)
(Wang, Ding, arXiv/2512.03457) (Lindblad, CMP 1976) (Gorini-Kossakowski-Sudarshan, JMP 1976)
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Inte raCtiOn Sy3tem (Ding, Zhan, Preskill, Lin, arxiv:2508.05703)

Pn 7 exp(—iHD)[| [T et T exp(—iH1) —  Pnti
: Wiso (E) W0 (3) o0 e Wy M(T) W ar (%) :

PE — exp(intZ/2) |=— — —_— exp(iowtZ/2) |=— A :
: ' Discard and :
: ; Repeat resetto pp !

« lteration algorithm: p, .| = ®(p,) := Trg (exp(—thotT)pn  pr eXp(thotT))
« Single ancilla qubit (representing bath) with tracing out (no success prob. problem).

» No controlled Hamiltonian simulation exp(—iH?t).

» The simulation cost of @ is dominated by the Hamiltonian simulation exp(—iH?t).

(I)n(p()) _>n—>oo 6ﬁ9 VpO



Inte raCtiOn Sy3tem (Ding, Zhan, Preskill, Lin, arxiv:2508.05703)

]
Pn x| [eeciHEo[| [T  [QeeiEo[] [ P+l
I W"‘ <5) w‘-“ (E) o0 oe - (E) W""*’(E) :
] [}
PE —E —{ exp(iwtZ/2) |— — — L exp(iwrZ/2) |— E
1 ' Discard and
E Repeat resetto pp !
i P T Allows long range Ground
v energy transition
A ] Random selection: Thermal ——=
exp(inwtZ/2) ssum» @ ~ g(w) @
........ >
T energy diff.
W, (—) ......... > A~ {4 -A) /IJ‘I
S5, S " uni 0> i
2 Eq. (4) [ l II
4o 4
J

. System-bath interaction: p, .| = ®(p,) := Trg (exp(—thotT)pn Q pr exp(thotT))

Single ancilla bath e
. Time-dependent Hamiltonian: H, (f) = H +!

AS ® \0) <1\ +AT® \1)(0\

) Local_ ystem bath mteractlon

- Bath starts with inverse temperature : pp «x exp(wf/2Zy) Ao local coupling operator
S.



Inte raCtiOn Sy3tem (Ding, Zhan, Preskill, Lin, arxiv:2508.05703)

Pn |  [eeciEo | [T | [Qee=iE0[ ] [ Pasl
1 Wx.()<5) W\ (E) eeoe 58 (E) WA)-.M (5) :
] 1
pp — L exp(irez/2) |— — — L exp(iwrz/2) |[— :
' ' Discard and
E Repeat reset to pp :
i P T Allows long range Ground
v energy transition
A ] Random selection: Thermal =—=
exp(inwtZ/2) ssum> @ ~ g(w) ®
........ >
T energy diff.
W, <_) ......... > Ag ~ {4, - A) I I
S5, S " uni 0> i
2 Eq. (4) I | II
4o 4
J

. System-bath interaction: p, .| = ®(p,) := Trg (exp(—thotT)pn Q pr exp(thotT))
. Time-dependent Hamiltonian: H,(f) = H + (—%ZE> + I'f(¢) (AS ® ‘0) (1 ‘ +A§ ® ‘ 1) (O‘ )

« Bath starts with inverse temperature f: p. & exp(wf3/2Z;;) Bath initializes at temperature 5~



Choice of parameters

oo =1 Hewcmo] e p(—iHo) —  Purl
0] TG oG vee T () 1S R
° HtO'[(t) = H + <_EZE> + Ff(t) (AS ® |O> <1 | + A; ® | 1> <O| > PE —E —|exp(imZ/2)|— — R— —|exp(ia)rZ/2)— E
: ' epeat Dlscta:dzzd '
"""""""""""""""" Pl uovimgm  Ground —
Random selection: Thermal
exptionz/2) 225 )~ o) O
*PE X exp(@p/ ZZE) Wan (3 )| | oo (40-4) I /]P I o
PR %
« Gaussian interaction function:
) = — i !
= exp| —— ), o>
2n)le 462 |

Note: Gaussian f is a technical requirement. This is inspired by [CKBG, 2023], [CKG, 2023].

In practice, we can choose a constant interaction : (1) = ?1ng for simplicity.



Choice of parameters

pe = Hewcl] F =] HeocmoH F
0) TG e[ v T PG G
. Htot(t) = H+ <—EZE> -+ Ff(t) (AS ® |O> <1 | —|—A§ ® | 1> <O| > P — ] exptionzi2)|H — — ] explioez/2) |
L Repeat Oisargand
""""""""""""""""" Plucniogme s
Random selection: Thermal
exptionz/2) 225 )~ o) O
*PE X exp(a)ﬂ / 2ZE) L e I /]F I L
Ao 4;
« Gaussian interaction function:
) = — i !
= exp| —— |, o>
2n)le 462 |

- w uniformly chosen from [0,2||H||]. (Distribution is flexible)

Approximates the allowed energy transition in each step.



Choice of parameters
\ Higt) = H + (—%ZE> +Tf0) (45® [0) (1] +4] ® | 1) (0] )

» Pp &« exp(wfl2Zy)

 Gaussian interaction function:

J(0) =

(27) V4o CAP

Pn 0 p(=iH7)| ] B ] p(=iH7)[ "] — Pn+l
T () (3) (3) () ;
PE — —|exp(imZ/2) |— — — —|exp(ia)rZ/2) — '
: ' Discard and :
E Repeat reset to pg :
é P T Allows long range Ground
v energy transition
A 1 Random selection: Thermal
explionZ/2) [ )
o ~ g(w) i /f
T ergy diff.
Waem | = )[rrrereers PiAg ~umi (A — A
@l Y
4o 4j
, o> 1

- w uniformly chosen from [0,2||H||]. (Distribution is flexible)

« Ag randomly chosen from a proper set. (Ex. Single Pauli set, Single creation/annihilation set)



Pn :, — exp(—iHt)| ™| [ eee — |exp(—iH7) — — E Pn+1
e[ G ee T PG G
PE — L exp(iwtZ/2) |— — L exp(iotZ/2) |— E
: Repeat Discard and :

reset to pp :

P | Allows long range Ground
energy transition S
Thermal =—=

Random selection:
. Assum. 1
eXpP(IWTZ/2) |aunnnnnss i ~ g(w) ®
........ >
W T energy diff.
ol I PiA~ . JA —A.
Agm 2 Eq. (4) S unl{ i I} I I - I I.nl ‘

4o 4

- System-bath interaction: p, ., = ®(p,) := Trg (exp(—thotT)pn  pr exp(thotT))

Simulation is equivalent to Hamiltonian simulation + trace out

If we use second order Trotter for Hamiltonian simulation

Complexity: O(T>?/e1?) Single ancilla;
No need to construct jump operator;
No controlled/backward Hamiltonian evolution



Pn

exp(—iH7)

exp(iowtZ/2)

[ |exp(—iH7)

exp(iwtZ/2)

1
Discard and
reset to pp :

exp(iwtZ/2)

T
WA oM 5

Random selection:
w ~ g(w)

AS ~uni {Ai’ _Ai}

D 1 Allows long range

energy diff.

energy transition

aifany

Ground
Thermal /—/—

4o

4

- System-bath interaction: p, ., = ®(p,) := Trg (exp(—thotT)pn  pr exp(thotT))

Simulation is equivalent to Hamiltonian simulation + trace out

If we use second order Trotter for Hamiltonian simulation

End-to-end complexity: @(T3/2/€1/2) X T

Single simulation time and mixing time

| Integer mixing time

Tmix,»(€) = min {l‘ c N

sup |91(p) — pix(®) 1 < } |
p ¥



(Ding, Zhan, Preskill, Lin, arxiv:2508.05703)

T h e O reti Ca I g u a ra n tee : (Slezak, Sandi, Alhambra, Franca, Rouze, arxiv:2601.16154)

End-to-end complexity: Efficiency preparation of the target state
Pur1 = @(p,) 1= Trg (exp(—iH,T)p, ® ppexp(iHyT))

Theorem 1: Given finite 3, to prepare Og Up to e-trace distance, we need

after choosing

Total H-simulation time = poly (ﬂ, N,l/e) c=Q% ), T~o, T =0()
e.g. weak-interacting system, 1D local, high temp local

Theorem 2: We assume H has a spectral gap A. To prepare 6, up to e-trace
distance, we need

| _ _ 1 after choosing
Total H-simulation time = poly (A ,N,l/e) c=QA"), T~o, TI=0()

e.g. free fermion



(Ding, Zhan, Preskill, Lin, arxiv:2508.05703)

T h e o reti ca I g u a ra n tee : (Slezak, Sandi, Alhambra, Franca, Rouze, arxiv:2601.16154)

End-to-eng-eamalaxib.Elicienananaralion ol ina laraal slaltm e sy
ngh Jevel proof idea: :

j Weak coupling regime I' = O(e¢):

LREOEMAD(p) = p + T2 jyq(p) + T4+ ) = exp(LT?)p
',: Step 1: Demonstrate Z preserves the target state

1 ) i
Theorem 2° Tmix ~ Inin(DT $€
distance, W

Step 2: Calculate the m|xmg time of 3 (mdependent of o, F)
Total H-simulation time = poly A~ N 1/e
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Interaction system: an algorithm

. System-bath interaction: p, .| = ®(p,) := Trg (eXp(—thotT)pn Q pr eXp(thotT))

. Time-dependent Hamiltonian: H, (t) = H + (—%ZE> + I'f(?) (AS 0% ‘O) (1 ‘ +A§ 0% ‘ 1) (O‘ )

1 a
f(®) = (27[)1/46 exp (—4—0_2>, o> 1



Interaction system: an algorithm

. System-bath interaction: p, .| = ®(p,) := Trg (eXp(—thotT)pn Q pr eXp(thotT))

. Time-dependent Hamiltonian: H, (t) = H + <—%ZE> + I'f(?) <AS 0% ‘O) (1 ‘ +A§ 0% ‘ 1) (O‘ )

1 t |
(2r)le =P 42 | o>

J@) =

Weak interaction regime: Require ' < |

Pros: Theoretically simple

o 2
':{> D(p) ~ exp(ZLT7)p Cons: Slow mixing ~ F_z)

(Ding, Zhan, Preskill, Lin, arXiv:2508.05703)

(Tmix



Interaction system: an algorithm

. System-bath interaction: p, .| = ®(p,) := Trg (eXp(—thotT)pn Q pr eXp(thotT))

. Time-dependent Hamiltonian: H, (t) = H + <—%ZE> + I'f(?) <AS 0% ‘O) (1 ‘ +A§ 0% ‘ 1) (O‘ )

1 2
f(f) = (27[)1/46 cXp (—4—0_2>, o> 1
Beyond Lindblad dynamics: I" = ©O(1) Higher order termi/
:: Previoag works”
(I)(O-ﬁ) ~ O-’B Our a‘r:alysis

(Wang, Ding, arXiv/2512.03457) Pros: faster mixing



Interaction system: an algorithm

. System-bath interaction: p, .| = ®(p,) := Trg (eXp(—thotT)pn Q pr eXp(thotT))

. Time-dependent Hamiltonian: H, (t) = H + (—%ZE> + I'f(?) <AS 0% ‘O) (1 ‘ +A§ 0% ‘ 1) (O‘ )

1 a
f(®) = (27[)1/46 exp (—4—0_2>, o> 1

Beyond Lindblad dynamics: I" = ©(1)
I::> (D(U/g) ~ Op Optimal simulation cost ~ O(Tz,;,) = O(67,,:,)

-2
x ~177) Cost ~ 6%/e* — Cost ~ ¢?
e.g. weak-interacting system, 1D local, high temp local [SSAFR,2026] (Wang, Ding, arXiv/2512.03457)

- Large I reduces the cost (7,



Interaction system: an algorithm

Qp=p+ §2£Lind(}02 +14 () .

Non-decreasing Previ v K

Spectral Gap for Polynomial Mixing —_— -

Lindbladian [46] | Time Appendix E Our analySIS

['= 00t End to End
Perturbation Thermal State Efficient Thermal
TI;rameonrk2 Preservation State Preparation
eorem E.
@, by Dyson Theorem C.1
series expansion I'=001)

Theorem B.2 Structure of time- Ground State
Ordered Integrals: ; Preservation
Lem. C.3,C.4 Theorem D.1

I'=06(1)

Beyond Lindblad dynamics: I" = ©(1)

mix ~ T 7°)

I:{> (I)(O'ﬁ) ~ 0',3 « Open quantum system based state preparation
algorithm can theoretically go beyond Lindblad

dynamics

- Large I reduces the cost (7

(Wang, Ding, arXiv/2512.03457)



1-D Hubbard model (4 qubits) ['=ayo

H=—-1 Z (éz’géi%—l,a + é:;r+1,géi,0) -+ UZ ﬁ’iT’ﬁ’ii
1,0 (

10° 1 10—25 -@®=— Spectral =2
| — avo=1.00 : pectral gap (o0=2)
— avo =0.50 | == Spectral gap (c=4)
10-1{ —— avo =0.25 10—3.g iy Spectrjl gap (0= 38)
: ] === Fit: Ca®, C=1.582e - 02
] - avo =0.10 Q -
n _2‘ — avo =0.05 %10_4
£ — avo=o0.01 2
L ] ' o
| &
- ‘ / o
1041 10—6'§

1© 10t 102 10° 102 107
Step a



Might allow strong coupling?

H () =H+ (—%ZE>+F..., Theory: I' = ©(1), Numerical: I' = O(o) (6 > 1)

TFIM-8 model ['/o =al\/o Hubbard-4 model
10°-

~

1094

| — a/ o =5.00 | — aWa=5.00

1071 107

| — awe =250 _ | — awo=250
s | — aNo=125 s | — aNo=125
% 2] — NG =0.50 2107 — aNo=0.50

| — a0 =0.25
103y —— a/No=0.12
| —— a/Vo=0.05

| — aNG =025
| — aNG=0.12
103{ —— a/Vo =0.05

1© 10t 102 10° ¢ 10t 102 10°
Step Step



ANNNI model

J
HANNNT = Zl > ZiZi +

Adiabatic fails
Effective gap Ground manifold dimension
100 4 3.0 [
2.5 1
10—1.
2.0
10724 1.5
1.0 cnssmmmmmmm——
10—3.
0.5 -
1074, ; : ; ; — 00l . . . . .
00 02 04 06 08 1.0 00 02 04 06 08 1.0

s=t/T

Ground manifold overlap

0.06 0.4
0.9 P e e N
0.05 -
0.0 A A>T s vwvarasan
0.04 1 .
=02,
0.03
-0.4 1
—m
0.02 —06] == m
------ m; target
0.01 =081 —= m, target
0.00 = -1.0

0 250 500 750 1000
Time

[ZDHG et al, PRX, 2026]

s=t/T

Order parameter

0 250 500 750 1000
Time

J I
SR DIR

Our algorithm

2.5

2.0

1.5 1
a/No =1.00
—— a/N T =0.50
—— aNOT =0.25

007 — gwo=0.10
-0.51 =—— a/Vo =0.05
10l — awo=0.01

1.0 1

0.5 1

Energy

-1.5{

w10t 10



Low energy subspace characterization: (Ding, Lin, Yang, Zhang, arXiv:2510.07439)

Trial state: {p;}* 1z} ~ {Tr (1 exp(—iH1,)p; exp(—iHr)) }

Data collection
>

o) —H— w {Zi’j(tn, t, tr’l’)} ~ {Tr (pi exp(—it,H)O exp(—it,H)p; exp(—it,;’H)) }
mixed p = n

e it], n

n

1.Ground state energy or low excited state energy.

Tensor based

> 2.Multiplicity of ground/low energy subspace.

classical post-processing
3.Physical observables of low energy subspace.
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J\rspin_1 Nspin

H = X;X; Y,Y; ANZ,;7Z; h ;. . ) ;
2, (XiXi +Yi¥ia + AZiZia) +h ) (Ding, Lin, Yang, Zhang, arXiv:2510.07439)

1=1 =1
A = —1.00,h = 0.00 A = —1.00,h =1.00 A =0.00,h =0.00 A =1.00,h =0.00 A =2.00,h=0.00
50 1 ! I 1s] ]
— GO 204 ‘ L — IGO)II% — GO)IF 2.0 — lGOIF — 1GO)IIF
104 - Ey=-475 i By =-1475 -~ By =-6.19 - E;=-868 1.5 - By =-1197
- EBy=-A47T5 L5 f- Ey=-1375 - By=—6.12 s - By =—850 191 - By=-1191
304 - Ey=—475 : - Ey=—13.74 - By=—6.12 i - E3=—850 - By =—11.62
- Ey=-4.75 i Ey=-—12.72 - Ey=—6.04 - Ey=-850 101 - Ey=-1162
9201 -~ Esy=—4T5 1.0 i~ B5=-13.66 - Es=-597 101 - E5=-828 0.8 - Bs=-1150
| 0.5
104 0.5 3 0.5 1
1 0.24 i
0.0 0.0 ‘ L ‘ 0.0 ‘ ‘ 0.0 IR
—=5.0 —4.5 —4.0 -3.5 -3.0 —15.0 —14.5 —-14.0 —13.5 —-13.0 —5.0 —4.5 -9.0 —8.5 —-8.0 7.5 -7.0 -12.0 —11.5 —11.0 —-10.5 -10.0
0 [ [
1.0 L0 1.0
=== T
0.8 . (G0 | 0.8 081 0.81
06_ 0.6 1 0.6 1 06‘
0.4- 0.41 0.41 0.4
02+ M- ————mm 0.2+ - - -- - 0.2 8-~ - -~ o2+-rpm-----—-—-—————----
0.0- T T T T 0.0-
1 2 3 4 5 5
10{e® ° ° &
0.0 & 8 ‘ 0.6 1 | s
0.8 0.21
0.8 —0.1 0.44
0.0 1 0.24
p 00 0.6 _—0.21 X i
W R . wE ool WE 007
o 04 A S 0.3 o o
S B 0.4 ® [ Y —0.21
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FM, polarized

(c) Gapless, XY



(Ding, Zhan, Preskill, Lin, arXiv:2508.05703)

F u t u re (Wang, Ding, arXiv:2512.03457)

. EFTQC implementation
can be replaced with
Simulation is equivalent to Hamiltonian simulation + trace out repeated interaction

Noise robustness? Noise contraction in thermalization/cooling

<. Algorithm improvement:

> o = Q1) or log(1/€)?

In practice

Our result: 6 ~ f/€ (similar to [CKBG, 2023])

Variational implementation  Choice of parameters and A are flexible
Global spectral gap « local spectral gap

Combining with other quantum computing (Ding, Lin, Yang, Zhang, arXiv:2510.07439)
algorithms



