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Why quantum computer?
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« Phase transition plays a fundamental role to study many-body systems. [°¢€ talks by Elisa Ercolessi,
Simon Jonathan Williams,

e Classical algorithms often fail near the critical point. Zlatko Papic, Lena Funcke,

James Hancock, Max McGinley
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Why quantum computer?

Phase diagram of QCD
K Monte-Carlo algorithm: Critical slowing down problem.

T~&%

< Tensor network: critical states have larger entanglement (S).

x~e®

Mean-field method: critical states have larger fluctuation.
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« Phase transition plays a fundamental role to study many-body systems. [°¢€ talks by Elisa Ercolessi,
Simon Jonathan Williams,

e Classical algorithms often fail near the critical point. Zlatko Papic, Lena Funcke,
James Hancock, Max McGinley
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Why quantum computer?

Quantum computer:

* No configuration Monte-Carlo algorithm: Critical slowing down problem.
sampling, and no critical
slowing down. T~&%
* Large entanglement can Tensor network: critical states have larger entanglement (S).
be obtained. S
x~e

Mean-field method: critical states have larger fluctuation.

* Quantum fluctuation in
the exponential Hilbert ﬂ (s-s-) £ (s;)(s;)
9] 1/\°j
space. \

« Phase transition plays a fundamental role to study many-body systems. [°¢€ talks by Elisa Ercolessi,
Simon Jonathan Williams,

e Classical algorithms often fail near the critical point. Zlatko Papic, Lena Funcke,
James Hancock, Max McGinley
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Parametrized quantum circuits in VQE

. _ [Peruzzo et. al. (2014), and
Variational quantum eigensolver (VQE) ;s by Nico Dichter,

James Hancock...]
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Hamiltonian expectation
on quantum computers

Xiaoyang Wang-RIKEN [arXiv:2603.27532]

To prepare the ground state (thermal state)
of Hamiltonian

H = Z a;o; €g. Hlsing = Z ZiZj
i (L.J)

The energy (free energy) is minimized
variationally.

Eo = min ($(6)[H|$(6))
min ((¢(6)|H|$(8)) — TSp)
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Parametrized quantum circuits in VQE

Parametrized quantum circuit(PQC)

O~
la)-

2
20— <M
3o |
\B)
4o

Ha-

08~

N
> Quantum variational eigensolver ,
—— lLantum expectation estimation | i
7 \pu | cCPU
= Hy 5 i
@ ] : l
— (Ho) = ! :
Wal g | |
— LS} . !
~ é 5 :
— (&) ! '
s (H : :
I N : I
= il
al
2 for th

_ S8

__________________________________

R

=

' Il[lll'l%o"s.’::'
',0"0 *N

i, ‘lm‘o"ﬁ :g’ /[7//[//
W iz

classical optimization

To prepare the ground state (thermal state)
of Hamiltonian

H = zaal eg. Hising = ZZZ

(L,7)

The energy (free energy) is minimized
variationally.

Eo = min (¢(6)|H|(6))
min ((p(8)|H1$(8)) — TSp)

S
I

The success of VQE highly rely on
the choice of parametrized quantum
circuits (PQC).

$(8)) = U(8)]0)
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Challenges for Parametrized quantum circuits

* The accuracy of PQC is not high enough,

especially at the phase transition point.

* The classical simulability-trainability conjecture:

VQE might have no quantum advantage.

nature communications
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Does provable absence of barren plateaus imply
classical simulability?
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Challenges for Parametrized quantum circuits

* The accuracy of PQC is not high enough,

especially at the phase transition point.

* The classical simulability-trainability conjecture:

VQE might have no quantum advantage.
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Challenges for Parametrized quantum circuits
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» PQC without phase transition.

» PQC with phase transition.

v" Does the phase structure exist in principle in PQCs ?

Yes, only if the PQC is deep enough.

v Possible quantum advantage using PQCs?

More possible to be observed near the
phase transition point of PQC.

Xiaoyang Wang-RIKEN [arXiv:2603.27532]

Ry(8/N}") é

» Deep PQC with phase transition, and
is provably barren-plateau free.
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Emergence of singularity in PQC

Non-local Pauli path (1) Non-local Pauli path leads to divergent derivatives:
A
! A _ (p(0)|Z2Z|9(0)) = —sinbcosh + (—sind) !¢~ cosH
1+) ¢Z Z—7Z 3
‘/\ 21+)- X V7 l
a<ZZ>9 . Cl-
C® 39 X XX X X Z IC| = —|€C|(—sind)!¢1=2cos26 + O (1)
Lemxox Yz l 00
® S5H)X X XX X X"Z 5
d (ZZ>9 2 . Ic|-3 3
v 6|+) XX X "Z W: |C| (—st) COsS 6+0(|C|)
714 XX XXlXX X Z¢ Z, \ y J
81V X X X X' Z Z Z I Zg Y
, . leads to divergence at |C| — o
Pauli propagation
<

[UZY ZZ U}, = cos® ZZ — sinf IX]

» Each ZY-rotation transformation gives a
sinf /cos@ to the Pauli path.

Xiaoyang Wang-RIKEN [arXiv:2603.27532] 13/32



Emergence of singularity in PQC

(1) Non-local Pauli path leads to divergent derivatives:

o
o
(P(0)|Z2Z|p(0)) = —sinfcosh + (—sinB)!¢I"1cosh

1]+) ¢23 Z 7 Z
214)- X "7 l ZZ)
3|4)- X XlX X X" Z d = —|€C|(—sind)!¢1=2cos26 + O (1)
A e l 99
S+ X X XlX X X Z

0%(ZZ
N l 70 _ |ep2(~sing) €15 cos*0 + 0(IC)
74 XXX Xfl)Y X X 27¢ Z \ v )

___8|+> X X X X Z Z Z Z Zg

leads to divergence at |C| — o

*0 (|e|(silne)l(fl)

(2) The number of Pauli paths should be exponentially large
to the cycle length |C].

ICIZ(—sin9)|C|‘3xO( = oqc

1
IC| (sin9)|c|>
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Phase transition mechanism

9g0e(H)/[2(L-1T)L]

A large number of non-local Pauli paths
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Ising whip circuit

[ 2-d whip circuit ] * Ising whip circuit prepares the ground state of the

depth~L Ising model:

 The ground state is the GHZ-state:

—1 = N
|¢W(€ H e 02;Y; /N >®
(4,9)

1 N N
=ﬁ(|0>® + 1)®).

0=—m/4

Similar sequential circuits can be
designed for other models like
Z., gauge theory.

Ry(6/N})")

IVjY: The total number of arrows pointing to qubit j [XW, X. Feng, T. Hartung, K. Jansen, P. Stornati PRA (2023)]
[XW, Y. Chai, X. Feng, Y. Guo, K. Jansen, C. Tiiystiz PRA (2025)]

Xiaoyang Wang-RIKEN [arXiv:2603.27532] 17/32



Phase transition in Ising whip circuit

[ 2-d whip circuit } » Each oriented cycle
corresponds to a
non-local Pauli
path.

AN Z
=1 \!{f
: /f 1]+) ¢Z Z 7 Z
j m 34X XX X X' Z
A
S+ XX XlX X X 7
NjY: The total number of arrows pointing to qubit j 6|+)- X X X'7 l
74X X X XlX XX Z¢ Z
8|+> X X X X Z 7 VA VA Zg 18/32




Phase transition in Ising whip circuit

» Count the number of non-crossing cycles
within the length-I width-w rectangle by the
Lindstrom-Gessel-Viennot (LGV) lemma:

|

(

lw
(l+w-—1)1+ w)?

[+ w
[

Nc(l, W) =

with the scaling behavior:

21C|

lim Nq:(l,w) =

l:W—)OO

|C|?

oS

» Each oriented cycle
corresponds to a
non-local Pauli
path.

O(2|@|) ' v
fjﬂ iZ Z 7 7
2|1+ X "7 l
314X X lX X X" Z
N¢(2,2) = 3 non- 419 x xVz l
> crossing cycles 50+) X X Xlx X X Z
contributedto (ZZ)g |61y x x xY7 l
74 -X—X—X XlX XX Zi Z;
8|1 Y) XX X X Z Z 7 Z Zg |l 19/32
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Phase transition in Ising whip circuit

» Count the number of non-crossing cycles
within the length-I width-w rectangle by the
Lindstrom-Gessel-Viennot (LGV) lemma:

lw I 2
(Ul+w—1+ w)? l( -IEW)]

with the scaling behavior:

Nc(l, W) =

lim Nq(L,w) = 21€l

l=w—-o0

|C|?

e 2-dlIsing model:

» Collect cycles with the same length |C| into layers indexed
by L. Their contributions are summed over using Chu-

Vandermonde identity:
r

2 ()62 =)

k=0
» All layers are summed over as a series:
=, 4571r (£ —%) o
(ZiZj>9 = —L_l L (cosBsind)




Phase transition in Ising whip circuit

» Count the number of non-crossing cycles
within the length-I width-w rectangle by the
Lindstrom-Gessel-Viennot (LGV) lemma:

lw
(l+w-—1)1+ w)?

Nc(l, W) =

with the scaling behavior:

lim Nq(L,w) = 21€l

l=w—-o0

|C|?

* In the infinite volume limit N — oo, non-an
emerged from the analytic quantum gates:

1 — |cos20|
sin26

<¢W(9)|H|¢W(0)> —

» cos20 periodically change itssignat 8, = (—% + S) Jk € Z.

()]

e 2-dlIsing model:

alyticity is

as N — oo,

» Collect cycles with the same length |C| into layers indexed
by L. Their contributions are summed over using Chu-
r
Z (TI?) (r f k)
» All layers are summed over as a series:
=, 45711 (£ - 1)

Vandermonde identity:
_(m+n
B ( r )
k=0
2
V7 L!

(cosfsin@)?+~1

(Z:Z;), = —

L=1
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Phase transition in Ising whip circuit

» Count the number of non-crossing cycles
within the length-I width-w rectangle by the
Lindstrom-Gessel-Viennot (LGV) lemma:

()]

lw

Ne(l,w) = I+w—1(+w)?

with the scaling behavior:
e 2-dlIsing model:

lim Ne(l,w) = 21¢1

l:W—)OO

|C|?

* In the infinite volume limit N = oo, non-analyticity is
emerged from the analytic quantum gates:

1 — |cos20|
sin26

as N — oo,

<¢W(9)|H|¢W(0)> —

» cos20 periodically change itssignat 8, = (—i + S) Jk € Z.

0.0 GHYZ state
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301 —— 20%20
> —— 3030
L 90+
< -—- Extrapolate
T — Analytic
510
Q
0_ e PPN
05 —04 —03 —02  —0.1 0.0
0/m

» Non-analyticity in the Ising whip circuit at
0, =—-m/4.

22/32



Phase transition in Ising whip circuit

Area-law
entanglement

Phase diagram of the circuit-based “phase transition”.
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Phase transition in Ising whip circuit

Phase diagram of the circuit-based “phase transition”.

GHZ state

Clifford |01>®N/2 + |10>®N/2

State

Product state
|+ )&

GHZ state

Evidence 2:

The identified order parameter of the Ising whip circuit

which anti-commute with the
symmetry operator T

{0X,T} =0,

—7[/4 |00>®N/2 + |11>®N/2)

\

Are these two regions

> in different phases?

Yes, with two evidences.

(0X)o/(2L — 2)

Xiaoyang Wang-RIKEN [arXiv:2603.27532]
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» The grey and blank regions correspond

to the symmetry breaking and
preserving phase, respectively.

24/32



Phase transition in Z, weight-adjustable loop ansatz

* Lattice of Z, weight-adjustable loop ansatz (WALA)

*  WALA with phase transition:

0 4 : N
w/ PT e ddd
\" P )
X P )
_._._mT_Ry(e/Z)_T_g_i_

* WALA exactly prepares the Toric code state, i.e., the

ground state of the Z, gauge theory

Hre = — z x5

plaquette

R B

Toric code state

2x2x%x1
—-1.04_ 7% 4x4x1
—¥— 6x6x1

50 -  a 8)(8)(1

OTU Ujl 0?2 0f3 014 015
0/m
> Phase transition can be observed in the 3-

d WALA at = % 25/32
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Hardness of classical simulation at 0,

» Circuit-based phase transition has exponential to power-law transformation:

°°4£-1r(1:—%) © at0 =0, =m(;+5) kEL
(2:2), = - —== (cosfsing)**~* ~ z —577 (sin26)*~
~— Vm Ll 51 L Power-law decay at 8 = 6,
| L=]|C|/2 [Power-law decay has a heavy tail |~ [
L
1
- NLS/Z

T T
5 » r 50 o
o o o o —

contribution to (ZiZj>9 27/32
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Hardness of classical simulation at 0,

» Circuit-based phase transition has exponential to power-law transformation:

(0] —_ 1 (0.0)
45711 (£ - 5) 1 at0 =0, =m(;+5) kEL
(ZL-Z]-)(9 = — ' (cos@sinf)?£~1 ~ z 7z (sin20)?+1
£~ VT L =1 L Power-law decay at 8 = 0,
Classical simulation by
Pauli propagation. W= ol M
‘ [Power—law decay has a heavy tail] f
) L cut-off
LA
MR LC_ifcuit DLeBtQh b - L
[A. Angrisani, et. al. PRL (2025)] o
1

- NLS/Z

T T
5 » r 50 o
o o o o —

contribution to (ZiZj>9 28/32
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Hardness of classical simulation at 0,

» Circuit-based phase transition has exponential to power-law transformation:

(0 ¢] — 1 (0.0)
4511 (£ — 1 atd 0, =n(~+%) kez
2 . \2L-1 : 2L-1 4 2
(ZiZj)e = — ' (cos@sinf) ~ z —577 (sin26)
=i Vm Ll =i L Power-law decay at 6 = 6,
Classical simulation by , . .
Pauli propagation. W= 4 Pauli propagation evaluates (ZiZj>9 < |
" within an error e~1/poly(L): [
Thaive PP~0(4pOIY(L)) at Qc
X %)
L cut-off
M= [TT0)
) Circuit Depth L
[A. Angrisani, et. al. PRL (2025)] . . .
° o 1
® L=2 o ~
Y ° " - [3/2
*(0,0)
e ° L= T T T

contribution to (ZiZj>9 29/32
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Hardness of classical simulation at 0,

» Circuit-based phase transition has exponential to power-law transformation:

_ 1 7 !

oY 1F(L_7) 2L-1 S 2L-1 : |
Zili), = — cosfsinf)“~~ ~z— sin20)“~~ g
( l ])0 \/EL! ( ) L3/2( ) ;; Tensor :

L=1 L=1 £ network ! potential quantum

= 1 advantage?
Classical simulation by , : : z LY
Pauli propagation. w=1 Pauli propagation evaluates (ZiZj>9 -‘Paulipmpagaﬁon ]
e " within an error e~1/poly(L): Entanglement

Tnaive PP~O(4pOIY(L)) at Qc

) Matrix product state (MPS) fails

Cireuit Depth due to the area law entanglement
[A. Angrisani, et. al. PRL (2025)]

-

And more classical Quantum computer evaluates (ZiZj>9
simulation methods? within an error e~1/poly(L):
9 Toc~0O(poly(L)) )

Xiaoyang Wang-RIKEN [arXiv:2603.27532] 30/32



Conclusion and outlook

Conclusion

74 GHZ state

Clifford |01>®N/2 + |10>®N/2

state

* We propose a mechanism of circuit-based phase transition.

Product state

“" Phase transition can be studied directly on quantum circuits.

|+ )N
* We derive the phase diagram of the Ising whip circuit.
3/4 1 GHZ state
0 . . . — —7‘[
 PQC near the critical region can potentially demonstrate quantum " 100) @2 +111)®N>
advantage. N
qﬁ-j |
Outlook % Tensor :
g network: Potential quantum
g 1 advantage?
. . . . I
e State preparation accuracy of PQCs with phase transition ? i GER i S
* The effect of quantum noise to the singularity in PQC ? Eaitamg e

e Correspondence to the conventional phase transition ?

31/32
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Quantum Facilities at RIKEN

i

\ 4“{’ |
y e L I U
IBM Heron R2 “ibm_Kobe”* RIKEN & Fujitsu QC ** Quantinuum H2 “Z2HF” **x*
(156 gubits) (256 qubits) (20 qubits)
=== e
= = === FU]ITSU “ \ QUANTINUUM
*  https://www.riken.jp/pr/news/2025/20250624 _1/index.html E -E

**  https://www.riken.ip/en/news pubs/news/2025/20250422 1/index.html

*** https://www.quantinuum.com/press-releases/quantinuums-reimei-quantum-computer-now- . . 2
fully-operational-at-riken-ushering-in-a-new-era-of-hybrid-quantum-high-performance-computing VlSlt us ! —

Thanks for listening! E .



https://www.riken.jp/pr/news/2025/20250624_1/index.html
https://www.riken.jp/en/news_pubs/news/2025/20250422_1/index.html
https://www.quantinuum.com/press-releases/quantinuums-reimei-quantum-computer-now-fully-operational-at-riken-ushering-in-a-new-era-of-hybrid-quantum-high-performance-computing

Backup: Z, weight-adjustable loop ansatz

WALA exactly prepares the Toric code state, i.e., the
ground state of the Z, gauge theory

Hre = — z x5

plaquette
‘w/o PT]| Xy |z, (%» N

- |62 ()
[R Sun, T. Shirakawa, 0.0

* Use VQE to prepare the ground state of Hy,(x) using .
WALA w/ and w/o phase transition.

Hy, (x) = —(1— %) Z X, —xz 7, — z 7
plaquette links vertex

Vp eEA

\ Toric code state
[This work] and S. Yunoki PRB (2023)]| =
E<j/ 0.5
0.8 | 2%2x1
0.3 WALA-w/o PT ) ol axaxa
% Toric codet —v— WALA-w/PT 0.6 75 ‘;% —— 6x6x1
hﬁ 0.2 state = 0] — 8x8xl
0.4 =
2 5 <
i 0.1 -o.zg ?? 0-
0.0{_3 . | . . v 0.0 0.0 0.1 0.2 o/ 0.3 0.4 0.5
0 0.2 x. 04 0.6 0.8 1 el .
X > Phase transition can be observed in the 3-

» WALA with PT prepares the ground state with higher accuracy.
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Correlation length ¢ is given by
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Backup: Divergent correlation length in Ising whip circuit
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