)C)shlma K. Mochlzukl R. Hamazakl andY Fujl'f',;j_

Phys1ca1 Rev1ew Letters 134 240401 (2025) N




me!

(U. Tol.{yo) Hisanori Oshima
= (U. Tokyo)

-

Ken
Yohei Fuji » Maehizdi g! ] Ryusuke Hamazaki
(U. Tokyo) (RIKEN)



’

. Take-home message

B o

isolated quantum systems monitored quantum systems
governed by Hamiltonians  not governed by Hamiltonians

intriguing entanglement transitions
owing to measurements (discussed later)

spectrum,
ground state,
topology,

R

same concepts!
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O Summary



ansition in a spin chain
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the spectral gap A = e5 — 1, &; < &4
transition of the gap €9 ground-state phase transition

e.g. XXZ model
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gapless phase gapped phase
paramagnetic anti-ferromagnetic
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Entanglement entropy and phase transitions

the spectral gap A = e5 — 1, &; < é&i4q
transition of the gap €=Pp> ground-state phase transition

_ E 1D, e.g. XXZ model o, ﬁ

- -

gapless phase gapped phase
logarithmic-law area-law

Sa(T1) x log(|A]) Sa(¥1) o |A]”

large S4(v)
= Aand A are highly entangled
>10g A)) A€ 4 |y

system

parameter

Sa() = —tra(pa (¥)log[pa (¢
an 1ndlcator of how complex the state is| pa(¥)=trg(|v) W)




Topolqggical transition between gapped phases

A\
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gap closing =P topological phase transition

Kitaev chain: él

— (617”' yCr,,C1,° " )CL)
H = Dy Cai1Ca + Coy1Cy + hec. +pucle, =c'H

area-law area-law
topological phase trivial phase e
parameter
Majorana edge mode cf. A # 0= arealaw

in the topological phase M. B. Hasting and T. Koma,
Commun. Math. Phys. 265, 781 (2006).
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Bulk-edge correspondence
- LeR

Majorana edge mode under the open boundary condition (OBC)

non-zero topological number |}/ under PBC/APBC

H=Y,¢ 160+ ¢éri16s + hc + péle, =7 HY

Z5 topological number computed from the Hamiltonian:

(—1)" = sign (Pf [Hppc| Pf [Happc))

topological phase trivial phase
parameter m h

W =1 W =20
A.Y. Kitaev, Phys. Usp. 44, 131 (2001).
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Monitored many-body spin systems

: quantum gate |¢t> — 0;5-,334_1 |¢t>
competition = transition!

x measurement on Zm |77b ) . Mww |wt>
t 7

with probability p m

qt
~ 1+ 7,
\ measurement operator- ML%::{: = 9
/ f o — = :random measurement outcome
f 1/2 spin

Born probability: qt wg; lbtl M A wm |77bt>

Yol s %sawo
\xmmp, ;) volume-law phase | area-law phase »
|
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ment-induced entanglement transition
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N. Lang and H. P. Buchler, PRB 102, 094204 (2020).
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L entanglement scaling
L] spectrum
ﬁ] topological invariant

—‘ phase-A ‘ phase-B | gapped

HI|W,) =g, | ;) parameter

L entanglement scaling
? spectrum
? topological invariant

hase-A hase-B
me—uguparameter

M entanglement transition €= spectrum/topology ??

40) @ Conventional spectral analysis seems difficult
\; temporal randomness due to measurement ¢
jump! ™ [1);) » no static generator |v;) # e~ i1 1%0)




Phys. Rev. Lett. 134, 010410 (2025).

1€ ctlve results Phys. Rev. Lett. 134, 240401 (2025).

Measurement-induced entanglement transitions
Ei oe.
N\ analysis of the Lyapunov spectrum * V&S

1. interacting spin system 2. non-interacting fermionic system
apped gapless apped

< gapless gapped P g

. E § |A # 0 £ |A # 0

volume-law area- law topological trivial
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Ken Mochizuki

2| interacting hybrid circuit

random nonunitary dynamics: wi = (W1, W1, W)
many trajectories conditioned on measurement outcomes

Ve, (1)) o th (n)ﬁt T Mm (77)0—1 %0)

x generalized measurement

th,m:i(ﬁ) X f + 77293

1 @ strength of measurement

Born probability:

2
Py(wrlwr 1) = | Moy (mU: o, ()]

A

w = +: measurement outcomes
MW'[J:Q (n) t » L

d = =) | o ZH'V' ()
M(.U'[;:l(n) Wy = (Wt,:c—lv ' Wt,m—L)

1L 110 [ quantum gate
Y\-/ —\—/— »r=12---,L f 1/2 spin



Ken Mochizuki

—~ Lyapunov analy5|s

|¢wt (77)> X th( ) |71b0> th (77) — th ("7)Ut S Mwl (ﬁ)Ul

effective “Hamiltonian™ ﬁwt (n) = —zit log [th(n)ﬂit (77)}
tuitive |= ==~ === === == mmmmmm——————— — - o —m—
;I; c:;1111r1:e | imaginary-time evolution: 1V, (0)) ~ exp|—Hu, (n)t] |1o)

Hy, () [W5,, (n) = €L, (n) YL, (0), e, (n) <elt(n)

spectral gap : A (77) =
1
| \ijt (77)> analogy to ground-state transitions
in isolated quantum systems

VI Vi, (n) | DL, (n)) = exp [—2¢L, (n)t] |®L, (1))
Vo, (1) =~ Z exp [—e;(n)t] |TL,, () (e, ()] = [P, (1) (D, (1)]

absorption tZ) the ground state: t>1/A(n) — [P, (ﬁ)) = |\Ifi’t (77)>

ground state :




Ken Mochizuki

He, () WL, () = e, (n) [¥L,, (), €L, (n) < el (n)
spectral gap’ A\(1) = lim Ay, (1), Aw,(n) = €5, (n) — €4, (1)

t— 00 “t “t
1.8 . ——rrr
1.6l various symbols: -
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A(ﬂ) : independent of trajectories 1T+ ) -
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global quantity! -1 ' ' ' | |
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7) : measurement strength



Gpound-state entanglement entropy
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- 3 A UL and R. Hamazaki
Pt 4 | 103 I Phys. Rev. Lett. 134, 010410 (2025).
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small 7) : volume law S7, /5(n) o< L
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ncidence of the thresholds

FEP IR

gapless phase = volume-law phase

A(n) =0 Spy2(n) o< L

gapped phase = area-law phase

Am)#0  Spja(n) oc L7

analogous to isolated quantum systems

$

concepts established in isolated systems
can be extended to monitored systems??

, Ryusuke Hamazaki,
Physical Review Letters 134, 010410 (2025).
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Modeli:. measurement-only Majorana circuit

4 -
- Ly - w

Fp, N ROTREEROTAL. O A TR

—

measurement operators on Majorana pairs:

th Y (?7) ox [ — iwt,y’lﬁ/y’l)\/y_u Wty = + : measurement outcomes

Majorana operators:
Yox—1 = Cz + élv Y2r = Cx — éla {6$7 é:zr:’} — 6m,$’ = {ﬁ/yvﬁ/y’} — 25yy’

7 . strength of measurement

Mgt (77) — Hy:odd th,y (77)
Mf)t (1 o TI) — Hy:even M(JJt,y(]‘ o n)
Wy — (wt,yzla T ,wt,yZQL)

y = [1,2L]

H. Oshima, K. Mochizuki, R. Hamazaki, and Y. Fuji, Phys. Rev. Lett. 134, 240401 (2025).



: \|'ngle-part|cle Lyapunov analy5|s

transformation of Majorana operators: Y1 \
~ N —1 A~
S, )| 7 [N )] = M, () =1 7
single-particle time-evolution operator: \ VoL )
Voo () = Mg, (1 =) M, (n) - - M, (1 —n) M, (1)

single-particle effective “Hamiltonian”:

H,, (n) = —2% log [V, (M VL, ()]

single-particle Hamiltonian = topological invariant: a.y.«kitaev, Phys. Usp. 44, 131 (2001).

H. Oshima, K. Mochizuki, R. Hamazaki, and Y. Fuji, Phys. Rev. Lett. 134, 240401 (2025).



.. Topological invariant

025 0.50 0.75

H. Oshima, K. Mochizuki, R. Hamazaki, and Y. Fuji, Phys. Rev. Lett. 134, 240401 (2025).
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—aBulk-edge correspondence
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e x(n) = (—1) PBC/APBC
§ bulk topological number 1V (7))
>< 0 | 33— L=3
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H. Oshima, K. Mochizuki, R. Hamazaki, and Y. Fuji, Phys. Rev. Lett. 134, 240401 (2025).
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spectrum and topology of the effective Hamiltonians
& measurement-induced entanglement transitions



__Entanglement of quantum states

|¢> : entangled? to what extent?
two spins:  [¢) = |T1¢2> not entangled S1(¥) =0

f - |¢) = \/—(|T1¢2> +[{1T2)) : entangled Si(v) =log(2) #0
entanglement entropy: Sa(¢) = —tra (pa () log [pa (¥)])
) pa () =trz (|¥) (¥])
/ large S5 (1)) > A and A are highly entangled
system

low entanglement
-4 K .

many spins on 1D chain: f \ \ \ f S

highly entangled . <




Bulk-edge correspondence
- e

gap closing <= topological phase transition

flux-inserted
Kitaev chain

»=0:PBC, ¢ =7 : APBC

Fal

qu — Hpux + €' "TAL + e “béch + h.c.
parity conservation: [(—1)" ,H¢] =0

Z5 topological invariant based on the fermion parity

x = (=1)" =sign | (03] (~1)" [w9) (97| (~1)¥ |97)]

topological phase trivial phase N = Z gl »Ca
W =1 W =0

()]
& =0

parameter

W — the number of Majorana edge modes
~ under the open boundary condition




_Jransition of purification timescale

L] csie gy - Op 0

mixed-state dynamics : \ M., p tML
¥ measurement Pt — " 3
tr (Mw Ot Mw)
i at (o N
purification at 7 : S(p,) ~ 0 015 | ' |
S ( p) — —tr [p log( p)] Mixed phase . Pure phase
r=e0@) | 1 | T=0(L")
L . ] A :
purification transition in ~ 0.1
the mixed-state dynamics - . < (pc—p)”
I "
+ : L
= 005/ . P0= 1/2
N :
M. J. Gullans et.al., PRX 10, 041020 (2020). 0= ' : :
0.12 0.14 0.16 0.18 0.2

p : measurement probability



m. in systems with no randomness

—

" T~ - "<

systems described by time-independent generators

SI(0) = B 0(1), a0 = La(0),

the spectrum of K — —iI:I, L

.

essential information of the system




Spectral gap in open quantum systems
, e, RO | A PR

(aad gt

Markovian open quantum systems

d . . A A AN
Sh) =Lot)  p(t) =S p(0) = Y e,

| the spectral gap A = |Re(A2) — Re(A1)], Re(A;) > Re(\jq1)
' == the relaxation time to the stationary state 1 /A

environment
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Spectral gap

He, (1) [Ty, (0)) = ey () [Py, (n)), €5,/ () < e (n)
spectral gap: Ay (1) = lim Ay (n), Ay, (1) = eg, (n) — e, ()

Wt
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14 different symbols: o E ; ﬁw“nnnn 'E
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t
AL (77) - independent of trajectories

small?7: lim AL(n) =0

global quantity! L—s 00

77 ‘measurement strength large 1) : Llim Ar (?7) # 0
L : system size —
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spectral gap: Ay (n) = lim Af’,t (n), Aflt (n) = 5335(77) - 81’L(77)

t— 00 Wi
10° | |
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1
10! iiiiiii---l"""
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< 105 ;E*g.é exponentially L=1g S s | - gapped phases |
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fitting: L 3 |
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_Comparison of transitions

A . PNE v ," o T ;_' i

Monitored dynamics where Well-known equilibrium systems
Hamiltonians can be non-local| described by local Hamiltonians

Gapped SL/2 — O(LO) @ SL/2 — O(LO)
phase Ar = O(L%) Ar = O(LY)
Gapless 8L/2 = O(L) SL/2 — O[log(L)]
phase A = exp [—O(L)] Ay = O[l/pOly(L)]
’? *1D systems
M « e.g. )gXZ model
long-range interaction = volume law?

T. Udagawa and H. Katsura, B. Zeng, X. Chen, D.-L. Zhou, and X.-G. Wen,
J. Phys. A: Math. Theor. 50 (2017) 405002. Quantum information meets quantum matter (Springer, 2019).

, Ryusuke Hamazaki, Physical Review Letters 134, 010410 (2025).



.. Topological invariant

ground-state fermion parity:
Jim (W, (p0)| (=

per10d1c boundary cond1t1on (PBO):

th 21, (He) X [ it 2L HeY2L Y1
anti-periodic boundary condition (APBC):

th 2L (Me) X I+%Jt 2L e V2L Y1
other outcomes : same

—— L =16

DV W1, (o)) = lim sign (Pf [Ho, (1))

—4— L=232
Topological - L=o
—— L =128
0.25 0.50 0.75
Ho

H. Oshima, K. Mochizuki, R. Hamazaki, and Y. Fuji, Phys. Rev. Lett. 134, 240401 (2025).
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