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We introduce a continuous-time model of many-body quantum dynamics based on infinitesimal random
unitary operations, combined with projective measurements. We consider purification dynamics in this model,
where the system is initialized in a mixed state, which then purifies over time as a result of the measurements. By
mapping our model to a family of effective 1D quantum Hamiltonians, we are able to derive analytic expressions
that capture how the entropy of the system decays in time. Our results confirm the existence of two distinct
dynamical phases, where purification occurs over a timescale that is exponential versus constant in system size.
We compare our analytic expressions for this microscopic model to results derived from field theories that are
expected to capture such measurement-induced phase transitions and find quantitative agreement between the

two.
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I. INTRODUCTION

The continuing development of programmable quantum
devices with increasing numbers of degrees of freedom has
led to a great deal of interest in addressing fundamental
questions regarding the dynamics of information in many-
body quantum systems [I-12]. In recent years, there has
been a particular focus on the competition between unitary
operations, which generate entanglement, and local projective
measurements, which are nonunitary processes that break en-
tanglement. Models of dynamics that feature both of these
ingredients are often referred to as hybrid quantum circuits,
the study of which has led to the discovery of a sharp entan-
glement phase transition driven by the rate of measurements,
separating regimes where many-body entanglement is either
stable or fragile against these measurements [13-24]. Typi-
cally, the studied geometry is that of a 1D chain of qudits,
but similar transitions have also been found in more complex
geometries such as random tensor networks [25-28]. Inter-
esting behavior of entanglement measures under monitored
dynamics has also been recently shown in free fermionic sys-
tems, where a Berezinskii—Kosterlitz—Thouless (BKT) type
transition between extended criticality and area-law behavior
has been suggested [29-33]. The existence and nature of this
transition is, however, still the subject of active debate.

The existence of this transition was first understood in
terms of the entanglement structure of an ensemble of pure
many-body states at equilibrium. Subsequent studies also
revealed the existence of a simultaneous dynamical phase
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transition, which can be understood as the ability of the mea-
surement protocol to learn an initially mixed state [34-37].
The latter suggests a connection between the dynamics of
hybrid quantum circuits and quantum error correcting codes
[38], which by construction protect information against dele-
terious nonunitary processes. The transition was also shown
to play an important role in the context of simulating the
behavior of open quantum systems [39-42].

These considerations have led to the notion of purification
dynamics, where one studies how the entropy of an initially
mixed state decreases over time as a result of the measure-
ments. Away from the critical measurement rate there are
two phases where the state purifies over a timescale that
increases exponentially with system size (“mixed phase”) or
is independent of the system size (“purifying phase”) [34].
To understand the phenomenology of these phases in a fully
quantitative way, arguments based on capillary wave theory
have been put forward [43]. Using an effective field theory
which is expected to capture the universal features of the tran-
sition, one can obtain concrete predictions of how the purity
of the system will depend on time in each phase. However,
direct verification of these predictions by means of a direct
calculation from a microscopic model are as of yet lacking.

In this paper, we introduce and study a hybrid quantum
circuit model of dynamics that is defined in continuous time,
the properties of which we are able to calculate analytically.
In particular, by means of a mapping onto an effective Hamil-
tonian, we are able to compute the time dependence of a
particular family of operator-space entanglement measure-
ments, which can be related to the purity of the system at
a time ¢, starting from a maximally mixed initial state. For
the particular case of the second Rényi entropy and an infi-
nite local dimension of the spin chain, the effective quantum
Hamiltonian becomes the well-known transverse field Ising
model (TFIM) in imaginary time.
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FIG. 1. Schematic representation of the random circuit geometry
for open boundary conditions. The construction of the unit cells is
illustrated on the right. The Hamiltonian H and evolution time At are
kept fixed, but the random unitaries U, V are sampled independently
at each space-time location in the circuit.

We look in detail at both the mixed and purifying phases,
as well as at the transition between them. Our results agree
with those of capillary wave theory in both phases: the entropy
decays exponentially with time in the purifying phase and
decreases as — In¢ in the mixed phase over an exponentially
long time window [Egs. (64) and (71)]. In our calculations,
we consider both periodic and open boundary conditions, and
show that the two choices give rise to quantitatively different
behavior when in the mixed phase: in particular, a (1/2) In N
contribution to the entropy appears when we impose periodic
boundary conditions, but this is absent for open boundary con-
ditions. We also look at the dynamics at criticality, where there
exists a regime during which the entropy decays algebraically,
Eq. (77).

The structure of our paper is as follows. In Sec. II, we
introduce a continuous time model of dynamics based on
infinitesimal random unitary operations, and describe how one
can calculate various measures of entanglement and infor-
mation spreading in this model. We supplement the unitary
dynamics with projective measurements in Sec. III, and in
Sec. IV, we explain how the resultant unitary-projective dy-
namics can be mapped onto imaginary-time evolution under
an effective 1D Hamiltonian. We then present our main quan-
titative results in Sec. V, giving analytic expressions that
quantify how the purity of the system increases as a function
of time in the purifying/mixed phase and at criticality. Finally,
we discuss our results and conclude in Sec. VI.

II. CONTINUOUS-TIME RANDOM CIRCUIT MODEL

In this section, we introduce a random unitary circuit
(RUC) model of unitary dynamics, and describe how its entan-
glement properties can be analysed. We will later incorporate
measurements into this model, which will allow us to study
the dynamics of purification.

We consider a one-dimensional array of N qudits, each
with a local Hilbert space of dimension d. The evolution
is driven by a spatially local unitary circuit with a brick-
work structure, illustrated in Fig. 1. In a given timestep 7 =
1,2, ..., two-site unitaries are applied to each pair of qudits
on the odd bonds (2j — 1, 2j), followed by another layer of

unitaries on the even bonds (2j,2j + 1). These elementary
two-site unitaries each have the same structure, also depicted
in Fig. 1. First, single-site gates U ® V are applied, followed
by evolution under some two-qudit Hamiltonian H for a time
At, and finally the change of basis is undone by applying the
inverse single-site rotations U ® V. We denote the unitary
operator describing the evolution from time 0 to T as W(t).

Throughout this work, H will be treated as a free param-
eter of the model and it is kept fixed across both time and
space. To simplify calculations, we will assume it is real,
hermitian and symmetric under swapping the two qudits it acts
on. The single-qudit unitaries will be sampled randomly and
independently from the Haar ensemble for each unit cell. We
will generally be interested in the limit where At — 0, which
we refer to as the continuous-time limit. Note that the state
only evolves by an infinitesimal amount in each timestep, in
contrast to discrete-time RUC models of quantum dynamics
(e.g., Refs. [6,11]). A model of continuous-time dynamics was
studied numerically in Ref. [44]. Our method for constructing
the unit cell is more general and more easily amenable to
analytical treatment.

The model was chosen with two main principles in mind.
The first is that infinitesimal transformations commute up to
quadratically small error terms due to the Trotter formula.
This means we do not need to worry about the alternating
layers in the brickwork circuit and should expect the final
evolution to be uniform in time. The second is to introduce
Haar random rotations in a way that simplifies calculations
without affecting the first condition. The unit cell we propose
satisfies both criteria, while still allowing for a large degree of
generality through the free matrix parameter H. In this work
we keep it constant, but the discussion could be generalized
in a straightforward way to include dependence of H on both
time and space.

Our focus will be on the dynamics of entanglement and
quantum information in these continuous-time models. For
this purpose, it is useful to consider the Choi-Jamiolkowski
(CJ) state |W (1)) corresponding to the unitary W (t). This
state is defined on two copies of the system, which we can
associate with the inputs and outputs of the time evolution op-
erator. Formally, we have [W (7)) = [1 @ W(t)] |®™), where
|®F) = (8.1;/:1(d_1/2 > la) ® |a)) consists of maximally
entangled states between each input qudit and its correspond-
ing output [45]. Many important quantities that are used to
diagnose the spreading of quantum information can be ex-
pressed as simple functions of this operator state |W (7)) [5].

As is now common in studies of RUC dynamics, we use
the Rényi entropies to quantify the entanglement properties of
the state |[W (7))

$™(pa) =

1 _nlntr(,oj\’), (D
where n is some positive parameter. Here, p4 is the reduced
density matrix of |W(t)) corresponding to some subset A
of inputs and outputs. Compared to the usual von Neumann
entropy Syn, the Rényi entropies for n = 2, 3, ... are more
amenable to analytic studies, since they only involve integer
moments of the density matrix and hence can be computed us-
ing areplica method. The von Neumann entanglement entropy
Sy~ can be recovered by constructing an analytical continu-
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ation of the function and taking the limit » — 1 (see, e.g.,
Ref. [46]).

For the largest part of this work, we will only be con-
cerned with the second Rényi entropy S®(p4), which is the
simplest to evaluate. This is a lower bound on the von Neu-
mann entropy Syn > S@, which in certain cases is known
to be asymptotically tight [47]. Since the purity Tr[(p?)?] =
exp[—S@(p*)] is a quadratic function of |W (1)) (W(z)], it
can be expressed using a fourfold copy of the evolution oper-
ator, which we denote

W(1) == (W(r) ® W*(1))®2. 2)

Note here that the operator replicated in the expression
differs from |W (7)) (W(7)| by a reshuffling of the indices.
Henceforth, we will use this convention, but retain the essence
of the CJ isomorphism by noting that we treat inputs and
outputs on par when discussing Rényi entropies.

Define (unnormalized) states

d
D), = > (la) ® la) ® |b) ® b)), 3)
a,b=
- 1
1S); = > _(la) ® |b) ® b) ® |a)),. €
a,b=1

which live in the fourfold-replicated Hilbert space of each
physical site j. In terms of these, we have

e,g(z) _ Tl‘[(,OA)z] _ (\I,Am“|w(2)(r)|‘~I/Ain) s &)

where we denote the set of input (output) sites included in the
region A as A, (Ao ), and the states

Vi) = Q18 | e | QD] 6)

J€Ain J#Ain

and similar for [Wy,, ).

To make progress, we look at the average of the Rényi en-
tropy (5) over the random ensemble of unitary circuits. More
precisely, we will evaluate the average purity as opposed to the
average entropy, which is equivalent to performing averages
inside the logarithm of Eq. (1). This simplification is common
in analyses of RUCs [17], and still recovers the correctly-
averaged von Neumann entropy if one takes the replica limit
n — 1. Accordingly, averaging the purity amounts to replac-
ing W (1) with its ensemble average W®(7). As shown
in Appendix I in Ref. [48], W®)(7) maps states spanned by
tensor products of |I);, [S); to other such states, meaning we
can focus on the restriction of this averaged operator to the
subspace V (S,)®V, where V (S,) = span(|I), |S)).

Because the single-site Haar-random unitaries appearing
in each of the two-site elementary blocks of the circuit
(Fig. 1) are sampled independently, we can consider the en-
semble average of the evolution under a single one of these
blocks, which we denote 7 : V(5,)®? — V(5,)®2. Using the
Weingarten diagrammatic calculus as seen in Appendix I in
Ref. [48], we find that, for small At, this map can be expressed
as

T = 1= ACPQUEWE "W (1 — 0 Do) + O(ArY),
0

where i, j label the sites on which the unit cell acts, Q2(H) is
a measure of the entangling power of the Hamiltonian

Q(H) = d* tr(H?) — 2d te(tr (H)?) + tr(H )?, (8)

and Wg is the Weingarten matrix corresponding to the sym-
metric group S,

e
T d@—n|-1 a4 |T 221 d)

The induced evolution can be equivalently described using
the effective imaginary-time Hamiltonian

Hij = QEIWg" W (1 — 0Po ), (10)
in terms of which the unit cell map is
T = e i 4 O(Ar). (11)

It is interesting to note that there are no contributions from
odd powers of At in the expansion of Eq. (7). Looking at
the form of the Hamiltonian (10), we see that in the effective
Hilbert space spanned by the states (3) and (4), the only mo-
bile degrees of freedom are domain walls separating regions
of |I) from |S), consistent with discrete-time RUCs discussed
previously [6,11]. The initial Hamiltonian H only enters the
expression through its entangling rate €2(H). This sets the
overall timescale of quantum information transfer through the
system. In Appendix II in Ref. [48], we compute the transfer
matrix for a higher number of replicas and show that this
statement holds more generally. This result suggests that the
qualitative behavior of entanglement dynamics derived from
our model should be insensitive to most of the microscopic
details, and hence applicable to a wide range of physical
processes.

The propagator for the whole circuit 7 can be constructed
by concatenating the two-site maps (11) according to the
brickwork circuit structure illustrated in Fig. 1. We have

T
N-2 N—-1

29, CAPRH,
T(r) = l—[ e~ A Hiin l_[ e D Hiin

i=2 i=1
ieven iodd

+ Ot AH).

12)

We now define the effective time as t+ = T Ar* and take the
limit t — oo, At — 0 such that ¢ is kept constant. Using
the Suzuki-Trotter formula, we find the limit of the previous
equation

N—-1
T(t) = exp (—z > ’H,»,,-H). (13)

i=1
We reiterate here that this operator acts as the restriction
of W®(7) to its invariant subspace V(S,)®" and therefore
may replace it in average entropy calculations [e.g., averaging
Eq. 9)I.

In its current form, the effective Hamiltonian vaz_ll Hiit1
is not Hermitian, but can be made so through a local sim-
ilarity transformation, a technique commonly encountered
in the study of nonequilibrium dynamics [49]. If we de-
fine a new evolution operator by 7 = (Wg~2)®N T (Wg2 )@V,
each 2-local term in the effective Hamiltonian transforms as
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7:lij = (Wg’% )®2'H,'j(Wg% )®2, which gives us the Hermitian
interaction

. y d*—1 (G

i _Gme(]) _ E(G*@ + G;;)):|, (14)

where the overall strength is given by y = 2Q(H)/(d* — 1)°.
This type of local interaction is found in the literature both
as the quantum equivalent of the classical two-dimensional
axial next-nearest neighbor Ising model (ANNNI) [50,51] or
more recently as the Jordan-Wigner transform of the balanced
interacting Kitaev chain [52,53].

In the limit of d — oo, we are left with a simple ferro-
magnetic nearest-neighbor Hamiltonian, with each domain
wall incurring an energy penalty of y. The Hamiltonian is
symmetric under the global spin-flip operator C = [[, 0", as
can be seen through the commutation relation [C, H;;] = 0.

II1. INCLUDING MEASUREMENTS

In this section, we will introduce the formalism that can
be used to incorporate measurements into the random circuit
evolution. For the purpose of this work, we will consider pro-
jective measurements in the computational basis of each qudit
that occur stochastically. The same framework can accommo-
date for weak-measurement schemes as seen in Ref. [17]. Due
to the continuous nature of our circuits, the effective model
will be identical in the two cases.

A projective measurement is a nonunitary stochastic pro-
cess, where the wave function of the system |y/) collapses to a
postmeasurement state |m) with probability p,, = | (m|y) |°.
Here, the set of wave functions {|m)} is the computational
basis in which the measurement is performed and m =
1, 2,...d. For any fixed realization of the random unitary
circuit and positioning of the measurements, the final state of
the system will depend on all the measurement outcomes m =
(my, my, ...). Thus we can write the ensemble of final states
as {(pm, |[Wm))}, where pp, is the joint probability of the mea-
surement results, and |Wp,)) is the (normalized) conditional
state. As before, we will imagine the Choi-Jamiolkowski state,
so |Wpn)) is a state on a twofold copy of the system, and is
constructed by preparing a maximally entangled state between
the two copies in the computational basis, and evolving one of
the copies under the evolution in question.

As is typical in the study of hybrid quantum circuits,
our interest is on the statistics of the entanglement prop-
erties of individual conditional wave functions [Wy)); see,
e.g., Refs. [14,34]. The natural quantity to consider for this
purpose is the von Neumann entropy, Syx(of ), where pA is
the reduced density matrix of |Wy,) over a subset of inputs
and outputs A. Specifically, we would want to compute the
average of this quantity over all realizations of the random cir-
cuit, measurement locations and measurement results, which
we denote Syn(pd). However, this quantity is very difficult
to compute directly in random circuit models. We follow

Ref. [17] and introduce the series of related quantities

con_ L | Xy pud™ VY p el (o))
S = In i
Z{M} pud™M=D% P

1—n (1)

where M labels a particular configuration of measurement lo-
cations in space-time, which occurs with probability p,,, and
m runs over all measurement results for the given configura-
tion M. These quantities are related to measurement-averaged
Rényi entropies, with the main difference that each outcome
is weighted by pf . The additional factor of d™!"~") ensures
that the correct order of magnitude, in powers of d, of the
correct weight is preserved, and only deviations from it are
amplified by the number of replicas. The renormalization is
also performed on average, i.e., we compute the average of the
numerator and the denominator independently. Knowledge of
this quantity for all integers n > 2 can be used to recover the

average entanglement entropy S, of subsystem A using the
replica limit

Sw(pf) = lim 3, (16)

Each term in the sums over M appearing in the numerator
and the denominator in Eq. (15) is a scalar that depends
linearly on the tensor

<W(n)> — dlMl(n—l)Zpy:n(Wm ® W/]:)@VL’ (17)
m

which is analogous to the duplicated state in Eq. (2) defined
earlier. The angled brackets are a short-hand notation for the
weighted sum on the RHS. For simplicity, we once again
revert to the normal operator indices, but keep in mind that
the probabilities are obtained from expectation values of the
appropriate projectors in the CJ state |W,,).

To see how this tensor evolves as the circuit progresses, let
us consider how (W®) is updated when a new measurement
is performed on site i, the outcome of which we denote m.
Each of the n replicas transforms via the action of a projector
P which corresponds to the mth computational basis state
for qudit i. Since all measurement outcomes m are summed
over in Eq. (17), we find

(W) — " M((W)) = a3 (B0) " (W),
" (18)

The effect of postselection is included by assuming a
perfect correlation of the measurement results in all n
replicas.

Since adding an infinitesimal time evolution to the av-
eraged tensor only leads to linear transformations by left
multiplication due to both the chaotic dynamics and the mea-
surements, we can proceed again by mapping the evolution
of (W®) to a reduced system with an effective Hamiltonian.
If we focus again on the twofold replica n = 2, we see that
the action of the measurement operator on the reduced Hilbert
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space at each site is

M) =dY PN =d) |m)® :=|0),
MIS)=d ) P2*IS) =0),

MI0)=d )y PP Im® =10). (19)

m n

Therefore we find that the new vector space Va((S2) =
span(|I), |S), |O)) is closed under measurements. If we pro-
mote this to the reduced Hilbert space of the entire chain
VJ?;{V (S»), we find that this is also closed under the action of
the Haar averaged unit cell between any pair of sites. To show
this, we can consider the properties of the following linear
combination

d
0) — —— (D) +18)) € Vm(S2). (20)

X) =
%) | d+1

It is straightforward to show that this becomes null under
any contraction between a normal and a complex conjugate
leg. Due to the rules of the Weingarten calculus, this means
that such local states are preserved by averaged unit cells. This
is summarized in the following equation

TMIX) ®Va(S) € [X) @ Vau(S). @21

In Appendix III in Ref. [48] we give an explicit repre-
sentation of the new operator ’7:JM acting on V(S7)®2. We
find that evolution in subspaces that contain |X) states happen
at a different rate I', independent of the rate of information
propagation y. This is defined by

r= % tr(try (H)%), (22)
and can be qualitatively understood as an energy cost asso-
ciated with |X) states. In Appendix IV in Ref. [48] (see also
Ref. [54] therein) we derive a more explicit relation between
the rates I', y and the microscopic Hamiltonian H.

The new state |X), which appears after a measurement,
ensures that we obtain the correct correlations between mea-
surements performed consecutively at short time intervals on
the same qudit. The timescale 1/T" represents the time it takes
a qudit to relax before we can obtain new information by
measuring again in the same basis. For the rest of this work,
we set ' — oo, such that no measurement inertia can be
observed. In Appendix III in Ref. [48], we show that doing
so is effectively equivalent to projecting out the |X) state
and working in the previous two-dimensional reduced Hilbert
space V (S,). The action of the measurements is also projected
onto this subspace and can be expressed as

d
/\/l_d+1(1+ax). (23)
It can be shown that this same operator is obtained in the
reduced subspace if we consider instead measurements in
random bases.
In the following, the measurements are distributed through
the circuit according to an independent Poisson process for

each site, at some uniform rate f (in the natural time units
of the continuous model). The transfer matrix at time ¢ under
both random dynamics and measurements is then given by
an effective imaginary-time evolution e (1) = exp(—tHesr ),
with Hegr given by

N-1 N

Herr = Y Hiist —f Y (M;—1). (24)

i=1 i=1

From Egs. (5) and (15), we see that we can express the sec-
ond moment of the entanglement entropy of some subregion
A at time ¢ using matrix elements of the transfer matrix

(Wi | Terr@) |Wa,)
(%Y Tege (1) | Wa, )

5 = —n

. (25)

The denominator acts as a normalization factor, so using
the expression above allows us to safely drop constant terms
in the effective Hamiltonian.

We can perform a similar analysis for the case of multiple
replicas. Using the results in Appendix II in Ref. [48] and the
limits d, I’ — oo we show that the effective Hamiltonian of
the n'th replica theory is given by

N—-1 N
m_Y n
Hay =5 2 Diyj—f Y M?, (26)
i=1 i=1

where M is the generalization of the operator in Eq. (23)
that acts as

M®P |y =) o). @7)

o€Ss,

and D is a diagonal two-site operator with entries given by
DKE,U‘L’ = akaaerD(Ua T)s (28)

with D(o, 7) the bi-invariant metric on S, given by the Ham-
ming distance between ¢ and 7, i.e., the number of elements
that are not mapped onto themselves under T~'o. This form
is manifestly consistent with the expected symmetry group
S, x S,. Itis interesting to note that the d — oo limit does not
result in the fine tuned S,,;-symmetric Potts model observed in
circuits with fully Haar random unit cells [17].

IV. FERMIONIC MAPPING

If we take the limit of large local dimension d and keep
only the leading contributions, we obtain dynamics driven by

N-1 N
14 i) _(i+1 i
Heff=—5<;a;>o;“+g;o;)>, (29)

where g = 2f/y. This is easily recognized as the transverse
field Ising model (TFIM) in 1D, subject to open boundary
conditions. It is well-known that this can be mapped to a
system of noninteracting fermions using the Jordan-Wigner
transformation [55]. In this section, we will introduce the
general formalism used to compute quantities of the form
shown in Eq. (25).
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We start by constructing a set of nonlocal Majorana opera-
tors as

. 4 4
yi( ) = UZ(’) Ho;j), (30)
Jj>i
5 . . o A
= ayf’)l—[a)f-’) = —io® HGX(])’ (31)
j>i jZi

defined on all sites i = 1,2, ..., N [56]. These operators are
Hermitian (y*)" = y* and obey the standard anticommuta-
tion relations

{y* v} =28"", (32)

where the indices u, v are understood to run over all 2N
previously defined operators. From the definition, we get the
additional relation

yVy® = _jg®, (33)

such that the product of all Clifford operators is

N N
[ =N [[ol = (—i)c. (34)
i=1 i=1

This operator anticommutes with all the Majorana
fermions {C, y*} =0 and it is a conserved quantity, since
it commutes with the full Hamiltonian [C, H] = 0. We can
couple Majorana fermions living on adjacent sites into domain
wall creation and annihilation operators

al = 5(v" = iv), 35)
ai = %(Vi(l) + iyi(fi)’ (36)
fori=0,1,...,N — 1, where we assume periodic boundary

condition N = 0. These obey the typical anticommutation
relations

{ai,a}}=0, {a/.a}=0, {and}=8;. (37
A simple calculation shows that
ala; = 3(1 —aPoth), (38)

such that the number operator of the fermionic mode at some
site i # 0 is a projector onto configurations that have a do-
main wall between sites i and i + 1. With this convention, the
Hamiltonian becomes a quadratic form

N—1 N
Herr = % [Z ala;i— gy (a +a)ai1 —al_, )}. (39)
i=1 i=1

This can be more succinctly expressed using the
Bogoliubov-de Gennes notation

Herr = 2a'™Da, (40)

where a = (ag, a1, ..., ay_1, ag, af, e, a;\,_])T. The ma-
trix D is called the grand-dynamical matrix and it obeys the
particle-hole symmetry equation

nD'n=—D, where 5= [9 (I)} (41)

The exponentials of such Hamiltonians are most easily
treated using the algebra of fermionic Gaussian states, as
worked out in Ref. [57]. We will briefly outline some of the

results relevant to our calculation. It is convenient to define a
Gaussian state through its generating quadratic form as

p[W]

_ 1
= 700 exp (23 Wa), 42)

with a normalization constant Z(W) chosen such that
Trp[W] = 1. By Wick’s theorem, such many-body states are
fully characterized by their two-body correlation matrix, de-
fined as

T, = 2Tr(p[Wlala,) — 8. (43)

The correlation matrix is related to the generator of the
quadratic form through the useful relations

w 1
' = tanh (;), eV = L , 44)

where it is assumed that 1 — I" is invertible. Using a special
case of the Baker-Campbell-Hausdorff formula, it is shown
that fermionic Gaussian states are closed under multiplication
and we have

ZW)Z(W")

72 pW1p[W'], (45)

plR] =
with the new generating matrix €2 given by
Q = In(exp(W) exp(W")). (46)

If we denote the correlation matrix of Q by I' x I'’, with "
and IV the correlation matrices of W and W’ respectively, the
following formula is proven in Ref. [57]

IxV=1-(1-T1)

-0 @

Inner products can be easily computed using the following
trace formula

14+TIT

{T, T} = Tr(p[W]p[W']) = £ | |det . (48)

where the ambiguity of the sign is in general a complex issue,
but this will not be a problem for our purposes.

V. DYNAMICS OF PURIFICATION

In the preceding sections, we developed a formalism
that allows us to study entanglement dynamics in our
continuous-time random quantum circuit models. Here, we
focus specifically on purification dynamics in these mod-
els. Namely, starting from an initial mixed state, we are
interested in how fast the state of the system is purified by
measurements. We will be particularly interested in the pu-
rification transition that occurs as a function of measurement
frequency f [34], which is thought to be concomitant with
the measurement-induced entanglement transition separating
area- and volume-law phases [13—16,18]. Thanks to the exact
solvability of our model in the d — oo limit, we are able
to compute analytical expressions for the order parameters
of this dynamical phase transition, and infer the key critical
exponents.
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A. Setup and phase diagram

The setup we study is as in Ref. [34]: the system is ini-
tialized in a maximally mixed state, which is represented in
the above formalism by the input state [I)®V. After some
evolution time ¢, the purity of the state of the system will
have increased from its initial value due to the measurements.
As explained previously, we will use the quantity (15) as a
measure of the typical entropy of the ensemble of states. Since
we are looking at the purity of the entire state after a time ¢,
the set A that appears in Eq. (25) will contain all of the output
qubits. Accordingly, we can express the quantity in question
in terms of the transfer matrix 7Tog (¢)

(SI®Y Tegr () )Y

§@@) = -1
O == o T oY

. (49)

The purification transition that occurs in our model is
associated with a quantum phase transition in the effective
Hamiltonian H.¢, which generates the time evolution operator
Tete(t). Based on the phase diagram of the TFIM, we can
deduce that such a transition must occur at the critical mea-
surement rate g. = 1, i.e., f, = y /2. In the spin basis (29),
the two phases correspond to the Z, symmetric phase under
the symmetry C = ]_[7:1 o for g > 1, and a spontaneous
symmetry-broken phase for g < 1.

For the problem in hand, the relevant order parameter that
we use to distinguish the two phases is not a correlation func-
tion, as is usually the case, but rather the many-body overlap
appearing inside the logarithm in Eq. (49). We also note in
passing that the numerator and denominator inside the loga-
rithm in Eq. (49) are reminiscent of the many-body overlap
amplitudes that appear in dynamical quantum phase transi-
tions (DQPTs). DQPTs in the TFIM have been thoroughly
investigated [58,59], although we note that the quantities we
are interested in here differ in that the evolution is in imag-
inary time, and for the numerator the initial and final states
are not the same. For this reason, we cannot immediately lift
results from that context.

To provide intuition into how this quantity behaves either
side of the transition, we can reformulate our expression for
S@(t) as follows. Since |S)® = C [I)®", the above fraction
becomes equal to the expectation value of C in the state

(1)) = 7;%f IT)®Y, namely,
S®(@) = —In[(Cy, (50)
where |W(1)) = |W()) /A (¥(2)|¥(r)) is the wave function

after imaginary time evolution under Hcg/2, appropriately
normalized.

If the measurement rate is sufficiently high such that the
Hamiltonian (29) is in a symmetry-unbroken phase, then
the ground state is nondegenerate and thus |W(¢)) inherits
the symmetry of the Hamiltonian. Since the Hamiltonian is
also gapped, we see that the (accordingly normalized) state
[W(1)) = exp(—tHest/2) |I)®N converges to the ground state
exponentially quickly. The ground state must be an eigenstate
of C, whose eigenvalues are +1, so we can then conclude
that |(C)w()| — 1 exponentially quickly as ¢t — oo, and hence
§@ — 0 at a rate independent of the system size, as expected
in this regime. When g < 1 the symmetry is spontaneously

broken. In this case, the ground eigenspace is doubly de-
generate in the thermodynamic limit N — oo, and the effect
of the transfer matrix at long times is to project onto this
subspace. The projected state may no longer be an eigenstate
of C, so we can have a nonzero residual entropy. As we will
see, this residual entropy is extensive, with a In(N) correction
[Eq. (69)].

While this picture allows us to understand the transition
at a qualitative level, to obtain an analytic expression for the
residual entropy, we will instead use the fermionic mapping
detailed in the previous section. We will find it convenient
to work with states of definite fermion parity, and hence
we define the density matrices py+ = |£) (X|, where |%) =
(ID®N £ |S)®N)//2, which are eigenstates of C. We can then
write

~ 1+0
30 1|2 (51
1-0
where the parameter ® is defined by
Tr(e " Her
N 1(e p+) (52)

 Tr(eHerp_)’

We note that Eqgs. (51) and (52) are quite general, and could
be applied even if we didn’t take the d — oo limit.

Because the Hamiltonian (39) is a fermion bilinear, the
exponential e~'7%" can be written in the form of Eq. (42),
with the grand dynamical matrix D in place of W. Hence
we can define correlation matrices I'[—¢D] that correspond to
this fermionic state, according to Eq. (43). The states p4 are
also Gaussian fermionic states, and hence can be character-
ized through their correlation matrices. These have the simple
diagonal form I'gg = diag(—1, —1, ..., =1, 1,1, ..., 1)
and g = diag(l, -1, ..., =1, —1, 1, ..., 1), with =£1
each appearing N times. Then, using Eq. (48) we obtain

o - \{[=1D]. Ty} (53)
(C[—¢D], T}

This expression for ®, which determines the Rényi entropy
via Eq. (51), will help us study the purification transition at a
quantitative level.

The above considerations help us anticipate the existence
of two distinct dynamical phases, consistent with previous
work on purification dynamics in discrete time random circuit
models, which we refer to as “mixed” (g < 1) and “purify-
ing” phases (g > 1), following Ref. [34]. In the following,
we derive analytical expressions for the time dependence of
®, which in turn determines the Rényi entropy S@(¢) via
Eq. (51). We will use these expressions later to understand
the nature of the two phases and the transition between them
at a quantitative level.

B. Expressions for O(¢)

While we have so far left the boundary conditions un-
specified, in computing ®(¢#) we will consider open and
periodic boundary conditions separately in our calculations.
The conventional timescale y = 1 is employed throughout
this chapter.
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1. Periodic boundary conditions

We start by considering periodic boundary conditions,
which can be realized by introducing additional random uni-
tary gates that act between sites 1 and N in the original
circuit model. In this case, a standard calculation shows that
the Jordan-Wigner-transformed Hamiltonian (39) acquires an
additional term which imposes either periodic or antiperiodic
boundary conditions depending on the fermion parity sector
one works in (see, e.g., Ref. [55]). Taking N to be even
from hereon for simplicity, the even (odd) parity sector fea-
tures antiperiodic (periodic) boundary conditions. These are
sometimes referred to as Ramond and Neveu-Schwarz sectors,
respectively.

Thanks to the translation invariance of the system, the
single particle Hamiltonian D can be block diagonalized us-
ing momentum eigenstates, whose wavevector is quantized to
ki =Ix/N,withl € {1,..., N — 1}. In the even parity sector
! must be odd to be compatible with the boundary conditions,
and likewise vice versa. Recognizing that the states |+) are
the ground states of the Hamiltonian in the g — O limit in
each parity sector, we can express ® as a ratio of products
over k; modes, with even [ in the numerator and odd [/ in the
denominator. In Appendix V in Ref. [48], we show that

_ L0 )

, (54)
M2 6(kap1, 1)

where

| — gcosk
Ok, 1) = cosh(kkt)[l n tanh()»ﬂ)%] (55)
k

and the energy eigenvalues are given by

A=+ 1+ g —2gcosk. (56)

The factor ¢' in Eq. (54) accounts for the modes k = 0, k = 7,
which are only present in the odd parity sector.

2. Open boundary conditions

We can also consider open boundary conditions (OBCs),
where the Hamiltonian H.g no longer features the term con-
necting sites 1 and N. While the change of boundary condition
makes little difference in the purifying phase, we will find that
in the mixed phase, quantitative differences between OBCs
and PBCs can be seen in the behavior of the Rényi entropy.
As such, will focus mainly on mixed phase g < 1, although of
the following holds true throughout the phase diagram.

With OBCs, the JW-transformed does not contain a term
that manifestly depends on the fermion parity sector. This
leaves us with the problem of diagonalizing the single-
particle matrix D, which is now the same in both parity
sectors. Since the system is no longer translation invariant,
we cannot treat momentum eigenmodes separately as we
did before. Instead, we must explicitly compute the corre-
lation matrices I'[—¢D] and I'y, and use the more general
expression (53). To do so, we calculate the single-particle
eigenstates, which form the columns of a real orthogo-
nal eigenvector matrix . In terms of these, we obtain
a spectral decomposition of the grand dynamical matrix
D = OAO~!. The eigenvalues A come in pairs due to

- Nlog(d) o f<f
o f>f
S(2)
Logarithmic
entropy decay
Eq. (64)
NET N T T
T t
P -
t. ~ eN/Eny—1

FIG. 2. Qualitative plot showing the behavior of the system en-
tropy on different timescales in the mixed(red) and purifying(black)
phase. In the mixing phase, the entropy undergoes a period of very
slow logarithmic decay up to exponentially long times in the system
size.

the particle-hole symmetry (41), which we arrange as A =
diag(ko, )\.1, )Lz, .. .)LN_l, _)\.0, _)\.1, _)\.2, N —)LN_I) with
A; > 0 and in nondecreasing order. The corresponding pairs
of eigenvectors are also related through |—A;) = 1 [A;), with n
defined in Eq. (41). In terms of these eigenvalues, the correla-
tion matrix I'[—¢D] becomes

FPﬂN:Cth(%?)O”, (57)

which can be substituted directly into Eq. (53). In
Appendix VI in Ref. [48], we show that the single particle
eigenstates take the form of sinusoids, whose wavevectors k;
can be found as the solutions to the equation

gsink;

tan Nk; = (58)

1 —gcosk’
lying in the interval [0, ) and labeled in increasing order.
In terms of these wavevectors, the eigenvalues A; them-
selves again follow the well-known dispersion for the TFIM,
Eq. (56). In the mixed phase, there is also a single imaginary
solution to the above, which we label ky = iK, corresponding
to a Majorana edge mode localized at the two boundaries of
the chain. The energy of this edge mode X can be shown to
be exponentially small in the system size N, and this energy
is associated with a long timescale A, ! which we will show is
responsible for the slow decay of purity in this phase.

C. Behavior of the Rényi entropy

With the above expressions in place, we are now ready to
study the behavior of the Rényi entropy in the two phases, as
well as the critical point which separates them. A qualitative
representation of the findings was given in Fig. 2.

1. Mixed phase—periodic boundary conditions

In the mixed phase, the Rényi entropy shows quantitative
differences depending on the boundary conditions, and thus
we will consider both PBCs and OBCs in the regime g < 1,
starting with the former. Beginning with Eq. (54), we can
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use complex integration methods to transform the alternating
product over even and odd k£ modes into an infinite product

ad Nx,
© = | [tanh =<, 59
gm‘z (59)

with x;s found as the solutions of the equation

1v/2gcoshx — 1 —g2+¢>(x):71<q+l), (60)

2
hx —1
tan ¢(x) = §COL ) (61)
V2gcoshx — 1 — g2
in the interval (K, co), where K = —In g is the point in the

complex plane where the dispersion function A(iK) has a zero.
This form makes it manifestly clear that ® < 1. The details of
this calculation are given in Appendix V in Ref. [48]. Except
at criticality, for sufficiently large N, we can have NK > 1,
which in turn implies Nx, > 1 for all q. In this case, by virtue
of the approximation In tanh(y) &~ —2e¢~2" for y > 1, we can
approximate In ® by an integral

o0

d )

e~ -2 / 29 s, (62)
K dx

where dq/dx is the density of solutions and can be found by

differentiating Eq. (60). The result to highest order in powers

of N is

)
InO@) = —,/%g‘“(t n 1_2g2). (63)

To relate this expression to the Rényi entropy (15), we focus
on the regime where ¢ scales no faster than polynomial in N,
such that the small factor e"VX dominates, making — In ®(t)
itself small. Then, if we make the approximations 1 — ® =
—In® and 1 + ® = 2, we can deduce the following form for
the Rényi entropy, valid for a broad window of times VX >
t > 2/(1 — g*) (restoring the original units of time)

SO() = Nlnlgl — In —— + L1027
I R/ T R
where the term o(1) represents terms that tend to zero in the
limit of large t or N. We see that the entropy decreases very
slowly in time in this window, which is a defining feature of
the mixed phase.
Finally, for times ¢ that scale exponentially with system
size yt > €K, such that | In ®(¢)| > 1, we find that the en-
tropy decays as

+o(l)  (64)

1 —g?

N

S® ~20(r) ~ 2exp (—yt e_NK>. (65)

2. Mixed phase—open boundary conditions

We now wish to compute the same quantity with open
boundary conditions in the mixed phase g < 1. In particular,
we are interested in the regime during which the entropy
decays very slowly. As such, we can separate out the bulk
single-particle eigenstates, whose energies lie above the bulk
gap A = (1 — g), from the Majorana edge mode, which is ex-
ponentially small in N. In particular, as long as one is not too

close to criticality (1 — g) > 1/N, the Majorana eigenvalue
can be approximated as

Ao~ (1—ghe MK, (66)

This indicates that there is a regime of times A™! « ¢t « Ay !
during which the transient bulk modes have decayed away
exp(—tA;) ~ 0, while the Majorana mode has not decayed.
The approximate correlation matrix in this regime will then
take the form

['[—tD] = O tanh (—%)01

—tanh %2 0 0 0
- 0 —Iy-y 0 0 |
~O 0 0 tanh%e 0 o
0 0 0 Iy
(67)

In Appendix VI in Ref. [48], we show that the form of
the eigenvectors O can be found explicitly and the parameter
® can be expressed using Vandermonde determinants. The
factorization of the latter is known, leading to the exact final
expression

tanh % 1) oqq(cosh K — cos k;)

O(t) = e ,
® sinh K [, .yen(cosh K — cos k;)

(68)

where k; for 1 </ < N — 1 are the wavevectors of the bulk
modes, defined in Eq. (58), and K is the spatial decay rate of
the edge mode. As with the analogous expression for periodic
boundary conditions (54), this product can be evaluated with
the help of complex integration techniques, which we describe
in Appendix VII in Ref. [48]. We find that the large N asymp-
totic expression of ® takes the form

nO@) = 2{”(/?/1 —g—1- 1_g2t>. (69)

2

Again, we focus on the regime where ¢ scales polynomially
with NV, in which case the right hand side of the above is small.
Moreover, noting that ® should be no greater than unity, we
find that the above expression should only be trusted in the

regime
N
12t =2 | —5—. (70)
(1-gHm

We view the above constraint as a condition for validity of the
approximation (67) made earlier. Then, in this regime we can
make the same series of approximations as before to relate
©(t) to the Rényi entropy. Thus, for 7, <t « eV, we find

~

~ 2
§S@@)y=Nln|gl —Int +1n =7 o). (71
-8
At very long times, when ¢ scales exponentially with N such
that |In ©(¢)| > 1, we find that the entropy decays as

8@ ~ 2exp(—(1 — gHre ™). (72)

Together, Eqgs. (71) and (72) characterize the salient features
of purification dynamics in our model in the mixed phase
sufficiently far from criticality (e VX < 1).
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3. Purifying phase

The purifying case corresponds to the regime g > 1, where
measurements occur so often that they overcome the scram-
bling and an initially mixed state quickly becomes pure.
Looking at the spectrum of the single-particle matrix D, one
finds that all eigenvalues are at least as large as the bulk
gap A = (g — 1), which sets a timescale t > (g — 1)~! after
which the correlation matrix I'[—¢D] will have converged
close to its  — oo limit.

Using Eq. (59), we see that there is exactly one root xg
in the interval 0 < xp < In g. For large enough N we have that
Nlng > 1, so for the other roots tanh Nx, /2 ~ 1. This means
that for ¢ ~ poly(N), we can make the approximation

S@@t) ~ Nxo, (73)

S0 Xy is the entropy density in the chain at time ¢. The equa-
tion determining xy can be written as

1+ g —2gcoshx,

. (74
gcoshxy — 1 74

tanh(ty/1 + g2 — 2gcoshx) =
Taking ¢ >> 1 we see that the solution is approximately

S@@)/N ~ xo ~

2(g — l)e—l(g—l) (75)
8

and follows the expected decay rate set by the spectral gap
A. Since the system is disordered in this regime, the result is
expected to hold in the thermodynamic limit, irrespective of
the boundary conditions.

4. Critical point

We now address dynamics at the critical point g = 1. While
we are no longer able to reliably make an approximation of the
kind (67) in the open boundary condition case, we find that
the purification dynamics for periodic boundary conditions is
amenable to analytical treatment in this regime. In particular,
Eq. (59) continues to hold at g = 1, with the equation for the
roots x, now given as solutions to the equation

X X 1
2t sinh = tan sinh = = = . 76
sin 2+arc an sin 3 n(q+2> (76)

This equation is still transcendental, making it difficult to find
auniversal expression for its solutions. However, we can study
the three regimes t < 1, 1 <t < N, and ¢ > N separately.

Early times t < 1.—In the initial time frame ¢ < 1, it can
be shown that the entropy is approximately given by

~ t
§® ~ _Nln 7 (77)

The logarithmic divergence at the origin has a simple intuitive
explanation: since the averaging is performed over the purities
rather than the entropies and we work in ad — oo system, the
only scenarios that contribute to the average purity at early
times are those where the entire chain is measured. If this

happens, the system is immediately purified, since we can
neglect the unitary evolution at ¢ < 1. The entropy is then
simply the logarithm of the probability that all qudits are mea-
sured within the time ¢, which is p ~ (ft)V = (gt/2)V. This
intuitive picture matches the exact answer we found above at
criticality, and is expected to hold for all values of g in both
the periodic and open boundary conditions.

Intermediate times 1 < t < N.—In this regime, we can as-
sume Nx, > 1 but x, < 1 for all solutions x, that contribute
meaningfully to the value of ®. Using these approximations
we find that the x, are equally spaced and the formula for In ®
is calculated as a geometric sum. The final expression for the
entropy is

Nm

s~ T
2t + 1

(78)

The algebraic relationship §® oc #~! is an important fea-
ture and only occurs exactly at criticality.

Late times t > N.—Finally, in the long-time limit, we see
that we can approximate ® by

_Nz _ Nz
6 ~ (77 e oo

Nm Nm

(—e" 2, e 1 oo

2e i, (79)

where (a, ¢) is the g-Pochammer symbol. This leads to an
exponential decay of the entropy

8§~ 2/2e . (80)

D. Comparison to result from field theory

Having derived expressions for the time dependence of the
Rényi entropy of our model of hybrid quantum dynamics, it is
instructive to compare our findings to the approach introduced
in Ref. [43]. There, the authors invoke an effective field theory
known as capillary-wave theory, which was first developed to
model the dynamics of domain walls in the low-temperature
phase of the Ising model. The correspondence between the
two is rooted in the mapping between discrete-time hybrid
quantum circuits and two-dimensional ferromagnets, see e.g.,
Refs. [14,27]. The parameters of the theory are a phenomeno-
logical surface tension o and inverse temperature 8, and once
these are fixed, it is possible to find approximations for the
time dependence of the Rényi entropy starting from a mixed
initial state in the associated discrete-time monitored quantum
circuit model.

Upon comparing their expression to our results, we find
that the same universal features hold. In particular, for both
cases, there is a marked regime of times ¢ ~ poly(N) in the
mixed phase during which the entropy decays as an exten-
sive constant with a —In¢ contribution. The sensitivity to
boundary conditions we see [Eq. (64) versus (71)] can also be
understood in the capillary-wave picture as a consequence of
the difference in configurational entropies of the endpoints of
a domain wall for periodic versus open boundary conditions.
Moreover, by looking at the prefactor of the term proportional
to N, we can relate the microscopic parameters of our model
to the phenomenological parameters of the field theory; in
particular, we can fix the code rate fo = K = —In g, which
vanishes nonanalytically at the transition g = 1.
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VI. DISCUSSION

Our work introduces a class of random unitary circuits
following a brickwork geometry, where each unit cell per-
forms an infinitesimally small unitary transformation. We
show that the limiting case of the construction above leads
to a continuous stochastic process through the many-body
Hilbert space. We show that the nonequilibrium behavior
of statistical averages of a large class of operator-space
entanglement measures (the Rényi entropies) of this dy-
namical process can be obtained as equilibrium partition
functions in an effective quantum spin system, governed by
a universal, time-independent Hamiltonian. The construction
relies on an initial microscopic Hamiltonian describing local
interactions, but we prove that this only enters the effec-
tive quantum information dynamics by setting the overall
timescale.

We only perform a thorough investigation of the second
Rényi entropy, where the effective theory is the spin-1/2
ferromagnetic TFIM, with an integrability breaking term that
becomes quadratically small in the local dimension d. The
appearance of the Ising model in the 2-replica theory is not
unique to the continuous-time model studied here, but is also
found in discrete models. A central difference is that discrete
models lead to 2d classical Ising models on triangular lattices
[17,19]. This shares similar critical characteristics with the
TFIM found here, but makes properties away from criticality
more difficult to obtain.

The ground state of the effective theory becomes degen-
erate in the thermodynamic limit and it is ferromagnetically
ordered. Taking a phenomenological perspective, the two
types of stable ordering roughly correspond to the measuring
agent having full knowledge or no knowledge about the state
of the system. The lowest energy excitations are topological
domain walls, and roughly represent the geometric boundaries
of our knowledge. We show that local measurements can also
be studied within the same framework by adding an extra state
to the spins of the effective system. When the local tumbling
rate of the microscopic Hamiltonian is sufficiently strong, this
extra state is adiabatically eliminated, and the effect of mea-
surements is to introduce a transverse magnetic field whose
strength is proportional to the measurement frequency. When
this exceeds a critical threshold, the system undergoes an
Ising-type phase transition into a disordered phase. This is
recognized as the purification transition observed in numer-
ical studies of similar models [34,36]. The signature of the
transition is a logarithmically decaying residual uncertainty
in the state of the system after a purification procedure using

uncorrelated local measurements, which is present only if the
system is in the ordered phase.

We identify the order parameter corresponding to the resid-
ual second Rényi entropy in the effective model and prove
exact product expansion formulas that can be used to calculate
it in both open and closed boundary conditions. Complex
integration techniques are used to find thermodynamic limit
approximations on various timescales, and we see that their
scaling agrees with field theoretic arguments. The method
is not restricted to the residual entropy of the whole chain,
and could be adapted to calculations of other second Rényi
entropies. Universal characteristics of the transition such as
the critical exponents must be the same as for the effective
1D quantum Ising theory. The transition in the von Neumann
entropy requires higher replica analysis and may be of a dif-
ferent universality class, but we expect a qualitatively similar
behavior away from criticality. We begin the investigation
of higher replica calculations by proving a formula for the
matrix elements of the effective Hamiltonian in Appendix II
in Ref. [48]. In contrast with similar models based on discrete
evolution studied in literature, our circuits are not expected to
lead to a percolation transition of the von Neumann entropy,
even in the d — oo limit. This is because the small gate action
limit Az — 0 is taken first, making the Hartley entropy Sy
undefined for any d.

To simplify our calculations, we have set the local tumbling
rate I' to infinity, but it may be interesting to investigate
how it affects the transition. This introduces measurement
inertia, wherein less information is gained by consecutively
measuring the same qudit at intervals less than ~1/I". If the
measurement frequency grows beyond this, the qudits become
effectively Zeno-locked. To the best of our knowledge, the
growth of entanglement in this regime has not been previously
investigated.

From an experimental perspective, the large tumbling rate
limit of the model introduced here can be expected in physical
systems whenever the state of local spins is scrambled on
timescales much larger than those of interspin interactions.
Our theory predicts universal features of entanglement dy-
namics in this regime, irrespective of the nature of the local
interactions.

ACKNOWLEDGMENTS

This work was supported in part by EPSRC Grant
EP/S020527/1. S.L. acknowledges support from UCL’s
Graduate Research Scholarship and Overseas Research Schol-
arship. M.M. acknowledges support from Trinity College,
Cambridge.

[1] P. Calabrese and J. Cardy, Evolution of entanglement entropy
in one-dimensional systems, J. Stat. Mech. (2005) P04010.

[2] H. Kim and D. A. Huse, Ballistic spreading of entanglement in
a diffusive nonintegrable system, Phys. Rev. Lett. 111, 127205
(2013).

[3] W. W. Ho and D. A. Abanin, Entanglement dynamics in
quantum many-body systems, Phys. Rev. B 95, 094302
(2017).

[4] P. Calabrese and J. Cardy, Entanglement entropy and con-
formal field theory, J. Phys. A: Math. Theor. 42, 504005
(2009).

[5] P. Hosur, X.-L. Qi, D. A. Roberts, and B. Yoshida, Chaos in
quantum channels, J. High Energy Phys. 02 (2016) 004.

[6] A. Nahum, J. Ruhman, S. Vijay, and J. Haah, Quantum entan-
glement growth under random unitary dynamics, Phys. Rev. X
7,031016 (2017).

174308-11


https://doi.org/10.1088/1742-5468/2005/04/P04010
https://doi.org/10.1103/PhysRevLett.111.127205
https://doi.org/10.1103/PhysRevB.95.094302
https://doi.org/10.1088/1751-8113/42/50/504005
https://doi.org/10.1007/JHEP02(2016)004
https://doi.org/10.1103/PhysRevX.7.031016

SEBASTIAN LEONTICA AND MAX MCGINLEY

PHYSICAL REVIEW B 108, 174308 (2023)

[7] T. Zhou and A. Nahum, Emergent statistical mechanics of en-
tanglement in random unitary circuits, Phys. Rev. B 99, 174205
(2019).

[8] A. Chan, A. De Luca, and J. T. Chalker, Solution of a minimal
model for many-body quantum chaos, Phys. Rev. X 8, 041019
(2018).

[9] D. A. Roberts and B. Yoshida, Chaos and complexity by design,
J. High Energy Phys. 04 (2017) 121.

[10] A. Nahum, S. Vijay, and J. Haah, Operator spreading in random
unitary circuits, Phys. Rev. X 8, 021014 (2018).

[11] C. W. von Keyserlingk, T. Rakovszky, F. Pollmann, and S. L.
Sondhi, Operator hydrodynamics, otocs, and entanglement
growth in systems without conservation laws, Phys. Rev. X 8,
021013 (2018).

[12] T. Rakovszky, F. Pollmann, and C. W. von Keyserlingk, Dif-
fusive hydrodynamics of out-of-time-ordered correlators with
charge conservation, Phys. Rev. X 8, 031058 (2018).

[13] Y. Li, X. Chen, and M. P. A. Fisher, Quantum zeno effect
and the many-body entanglement transition, Phys. Rev. B 98,
205136 (2018).

[14] B. Skinner, J. Ruhman, and A. Nahum, Measurement-induced
phase transitions in the dynamics of entanglement, Phys. Rev.
X9,031009 (2019).

[15] A. Chan, R. M. Nandkishore, M. Pretko, and G. Smith, Unitary-
projective entanglement dynamics, Phys. Rev. B 99, 224307
(2019).

[16] Y. Li, X. Chen, and M. P. A. Fisher, Measurement-driven en-
tanglement transition in hybrid quantum circuits, Phys. Rev. B
100, 134306 (2019).

[17] Y. Bao, S. Choi, and E. Altman, Theory of the phase transition
in random unitary circuits with measurements, Phys. Rev. B
101, 104301 (2020).

[18] S. Choi, Y. Bao, X.-L. Qi, and E. Altman, Quantum error
correction in scrambling dynamics and measurement-induced
phase transition, Phys. Rev. Lett. 125, 030505 (2020).

[19] C.-M. Jian, Y.-Z. You, R. Vasseur, and A. W. W. Ludwig,
Measurement-induced criticality in random quantum circuits,
Phys. Rev. B 101, 104302 (2020).

[20] A.Zabalo, M. J. Gullans, J. H. Wilson, S. Gopalakrishnan, D. A.
Huse, and J. H. Pixley, Critical properties of the measurement-
induced transition in random quantum circuits, Phys. Rev. B
101, 060301(R) (2020).

[21] A. Nahum, S. Roy, B. Skinner, and J. Ruhman, Measurement
and entanglement phase transitions in all-to-all quantum cir-
cuits, on quantum trees, and in landau-ginsburg theory, PRX
Quantum 2, 010352 (2021).

[22] M. Ippoliti, M. J. Gullans, S. Gopalakrishnan, D. A. Huse, and
V. Khemani, Entanglement phase transitions in measurement-
only dynamics, Phys. Rev. X 11, 011030 (2021).

[23] A. Zabalo, M. J. Gullans, J. H. Wilson, R. Vasseur,
A. W. W. Ludwig, S. Gopalakrishnan, D. A. Huse, and J. H.
Pixley, Operator scaling dimensions and multifractality at
measurement-induced transitions, Phys. Rev. Lett. 128, 050602
(2022).

[24] A. J. Friedman, O. Hart, and R. Nandkishore, Measurement-
induced phases of matter require feedback, PRX Quantum 4,
040309 (2023).

[25] R. Vasseur, A. C. Potter, Y.-Z. You, and A. W. W. Ludwig,
Entanglement transitions from holographic random tensor net-
works, Phys. Rev. B 100, 134203 (2019).

[26] P. Hayden, S. Nezami, X.-L. Qi, N. Thomas, M. Walter, and
Z. Yang, Holographic duality from random tensor networks, J.
High Energy Phys. 11 (2016) 009.

[27] N. Bao, G. Penington, J. Sorce, and A. C. Wall, Beyond
toy models: Distilling tensor networks in full ads/cft, J. High
Energy Phys. 11 (2019) 069.

[28] Z.-C. Yang, Y. Li, M. P. A. Fisher, and X. Chen, Entanglement
phase transitions in random stabilizer tensor networks, Phys.
Rev. B 105, 104306 (2022).

[29] O. Alberton, M. Buchhold, and S. Diehl, Entanglement tran-
sition in a monitored free-fermion chain: From extended
criticality to area law, Phys. Rev. Lett. 126, 170602 (2021).

[30] H. Léio, A. De Luca, J. De Nardis, and X. Turkeshi, Purification
timescales in monitored fermions, Phys. Rev. B 108, L020306
(2023).

[31] X. Chen, Y. Li, M. P. A. Fisher, and A. Lucas, Emergent confor-
mal symmetry in nonunitary random dynamics of free fermions,
Phys. Rev. Res. 2, 033017 (2020).

[32] M. Szyniszewski, A. Romito, and H. Schomerus, Entanglement
transition from variable-strength weak measurements, Phys.
Rev. B 100, 064204 (2019).

[33] X. Cao, A. Tilloy, and A. D. Luca, Entanglement in a fermion
chain under continuous monitoring, SciPost Phys. 7, 024
(2019).

[34] M. J. Gullans and D. A. Huse, Dynamical purification phase
transition induced by quantum measurements, Phys. Rev. X 10,
041020 (2020).

[35] M.J. Gullans and D. A. Huse, Scalable probes of measurement-
induced criticality, Phys. Rev. Lett. 125, 070606 (2020).

[36] S. Gopalakrishnan and M. J. Gullans, Entanglement and purifi-
cation transitions in non-hermitian quantum mechanics, Phys.
Rev. Lett. 126, 170503 (2021).

[37] C. Noel, P. Niroula, D. Zhu, A. Risinger, L. Egan, D. Biswas,
M. Cetina, A. V. Gorshkov, M. J. Gullans, D. A. Huse, and C.
Monroe, Measurement-induced quantum phases realized in a
trapped-ion quantum computer, Nat. Phys. 18, 760 (2022).

[38] R. Fan, S. Vijay, A. Vishwanath, and Y.-Z. You, Self-organized
error correction in random unitary circuits with measurement,
Phys. Rev. B 103, 174309 (2021).

[39] T. Vovk and H. Pichler, Entanglement-optimal trajectories of
many-body quantum markov processes, Phys. Rev. Lett. 128,
243601 (2022).

[40] F. Azad, A. Hallam, J. Morley, and A. G. Green, Phase transi-
tions in the classical simulability of open quantum systems, Sci.
Rep. 13, 8866 (2023).

[41] Z. Chen, Y. Bao, and S. Choi, Optimized trajectory unrav-
eling for classical simulation of noisy quantum dynamics,
arXiv:2306.17161 [quant-ph].

[42] Z. Cheng and M. Ippoliti, Efficient sampling of noisy shallow
circuits via monitored unraveling, PRX Quantum 4, 040326
(2023).

[43] Y. Liand M. P. A. Fisher, Statistical mechanics of quantum error
correcting codes, Phys. Rev. B 103, 104306 (2021).

[44] M. Szyniszewski, A. Romito, and H. Schomerus, Universality
of entanglement transitions from stroboscopic to continuous
measurements, Phys. Rev. Lett. 125, 210602 (2020).

[45] M. Jiang, S. Luo, and S. Fu, Channel-state duality, Phys. Rev.
A 87, 022310 (2013).

[46] Y. Bao, M. Block, and E. Altman, Finite time teleportation
phase transition in random quantum circuits, arXiv:2110.06963.

174308-12


https://doi.org/10.1103/PhysRevB.99.174205
https://doi.org/10.1103/PhysRevX.8.041019
https://doi.org/10.1007/JHEP04(2017)121
https://doi.org/10.1103/PhysRevX.8.021014
https://doi.org/10.1103/PhysRevX.8.021013
https://doi.org/10.1103/PhysRevX.8.031058
https://doi.org/10.1103/PhysRevB.98.205136
https://doi.org/10.1103/PhysRevX.9.031009
https://doi.org/10.1103/PhysRevB.99.224307
https://doi.org/10.1103/PhysRevB.100.134306
https://doi.org/10.1103/PhysRevB.101.104301
https://doi.org/10.1103/PhysRevLett.125.030505
https://doi.org/10.1103/PhysRevB.101.104302
https://doi.org/10.1103/PhysRevB.101.060301
https://doi.org/10.1103/PRXQuantum.2.010352
https://doi.org/10.1103/PhysRevX.11.011030
https://doi.org/10.1103/PhysRevLett.128.050602
https://doi.org/10.1103/PRXQuantum.4.040309
https://doi.org/10.1103/PhysRevB.100.134203
https://doi.org/10.1007/JHEP11(2016)009
https://doi.org/10.1007/JHEP11(2019)069
https://doi.org/10.1103/PhysRevB.105.104306
https://doi.org/10.1103/PhysRevLett.126.170602
https://doi.org/10.1103/PhysRevB.108.L020306
https://doi.org/10.1103/PhysRevResearch.2.033017
https://doi.org/10.1103/PhysRevB.100.064204
https://doi.org/10.21468/SciPostPhys.7.2.024
https://doi.org/10.1103/PhysRevX.10.041020
https://doi.org/10.1103/PhysRevLett.125.070606
https://doi.org/10.1103/PhysRevLett.126.170503
https://doi.org/10.1038/s41567-022-01619-7
https://doi.org/10.1103/PhysRevB.103.174309
https://doi.org/10.1103/PhysRevLett.128.243601
https://doi.org/10.1038/s41598-023-35336-9
http://arxiv.org/abs/arXiv:2306.17161
https://doi.org/10.1103/PRXQuantum.4.040326
https://doi.org/10.1103/PhysRevB.103.104306
https://doi.org/10.1103/PhysRevLett.125.210602
https://doi.org/10.1103/PhysRevA.87.022310
http://arxiv.org/abs/arXiv:2110.06963

PURIFICATION DYNAMICS IN A CONTINUOUS-TIME ...

PHYSICAL REVIEW B 108, 174308 (2023)

[47] E. Bianchi, L. Hackl, and N. Yokomizo, Linear growth of the
entanglement entropy and the kolmogorov-sinai rate, J. High
Energy Phys. 03 (2018) 025.

[48] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.108.174308 for calculations of the effective
Hamiltonians, evolution of the X state, connection between the
effective and microscopic Hamiltonians and explicit calculation
of the entropy in open and closed boundary conditions.

[49] H. Hinrichsen, Non-equilibrium critical phenomena and
phase transitions into absorbing states, Adv. Phys. 49, 815
(2000).

[50] M. N. Barber and P. M. Duxbury, A quantum hamiltonian
approach to the two-dimensional axial next-nearest-neighbour
ising model, J. Phys. A: Math. Gen. 14, L251 (1981).

[51] W. Selke, The annni model-theoretical analysis and experimen-
tal application, Phys. Rep. 170, 213 (1988).

[52] I. Mahyaeh and E. Ardonne, Study of the phase diagram of the
kitaev-hubbard chain, Phys. Rev. B 101, 085125 (2020).

[53] A. Maiellaro, A. Marino, and F. Illuminati, Topological
squashed entanglement: Nonlocal order parameter for one-
dimensional topological superconductors, Phys. Rev. Res. 4,
033088 (2022).

[54] D. Gottesman, Fault-tolerant quantum computation with higher-
dimensional systems, Chaos, Solitons & Fractals 10, 1749
(1999).

[55] G. B. Mbeng, A. Russomanno, and G. E. Santoro, The quantum
ising chain for beginners, arXiv:2009.09208 [quant-ph].

[56] A. Y. Kitaev, Unpaired majorana fermions in quantum wires,
Phys. Usp. 44, 131 (2001).

[57] M. Fagotti and P. Calabrese, Entanglement entropy of two dis-
joint blocks in xy chains, J. Stat. Mech. (2010) P04016.

[58] M. Heyl, A. Polkovnikov, and S. Kehrein, Dynamical quantum
phase transitions in the transverse-field ising model, Phys. Rev.
Lett. 110, 135704 (2013).

[59] M. Heyl, Dynamical quantum phase transitions: A review, Rep.
Prog. Phys. 81, 054001 (2018).

174308-13


https://doi.org/10.1007/JHEP03(2018)025
http://link.aps.org/supplemental/10.1103/PhysRevB.108.174308
https://doi.org/10.1080/00018730050198152
https://doi.org/10.1088/0305-4470/14/7/006
https://doi.org/10.1016/0370-1573(88)90140-8
https://doi.org/10.1103/PhysRevB.101.085125
https://doi.org/10.1103/PhysRevResearch.4.033088
https://doi.org/10.1016/S0960-0779(98)00218-5
http://arxiv.org/abs/arXiv:2009.09208
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1088/1742-5468/2010/04/P04016
https://doi.org/10.1103/PhysRevLett.110.135704
https://doi.org/10.1088/1361-6633/aaaf9a

