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Adaptive quantum circuits, in which unitary operations, measurements, and feedback are used
to steer quantum many-body systems, provide an exciting opportunity to generate new dynamical

steady states.

We introduce an adaptive quantum dynamics with continuous symmetry where

unitary operations, measurements, and local unitary feedback are used to drive ordering. In this
setting, we find a pure steady state hosting symmetry-breaking order, which is the ground state of
a gapless, local Hamiltonian. We explore the dynamical properties of the approach to this steady
state. We find that this steady-state order is fragile to perturbations, even those that respect the

continuous symmetry.

I. INTRODUCTION

Characterizing the equilibrium phases and phase tran-
sitions of quantum many-body systems has been a highly
successful program for understanding the important fea-
tures of these systems [1]. However, the ensembles of
states available to quantum systems at thermal equilib-
rium are quite special. Out of equilibrium, the possi-
bilities are much broader and an organizing principle is
lacking.

Random quantum circuits composed of local unitary
operators have proved a valuable model for studying the
dynamics of entanglement and conserved quantities far
from equilibrium [2-6]. More recently, monitored quan-
tum circuits have emerged as a rich setting for exploring
non-equilibrium physics. These quantum circuits may
include projective measurements and classical processing
in addition to local unitary operators. They comprise
a broad family of models that can be as minimally con-
strained as random unitary evolution or as finely specified
as particular quantum algorithms.

Random unitary circuits generally produce a feature-
less ensemble of states. In contrast, monitored quan-
tum circuits can protect an area-law-entangled steady-
state phase from this infinite-temperature “thermalizing”
phase [7-9], or give rise to volume-law-entangled steady
states that do not arise in thermal equilibrium [10]. It
has been found that area-law phases arising in this con-
text can host steady states equivalent to ground states of
gapped Hamiltonians, such as those with broken discrete
symmetries [11] or with discrete topological order [12-
14].

However, these interesting steady-state features are
manifest only in quantities that are nonlinear in the den-
sity matrix. Therefore, unlike ordinary expectation val-
ues that are linear in the density matrix, they cannot
be observed without multiple copies of the same state,
which necessarily requires postselection. This fact, in
combination with the no-cloning theorem [15, 16] and the
generally uncontrollable random outcomes of projective
measurements, makes it exponentially difficult to access
these nonlinear features experimentally.

For special circuit architectures, aspects of this posts-

election problem can be avoided [17-22]. It is also possi-
ble to tackle this postselection with brute force for suffi-
ciently small system sizes [23], but this is not a scalable
solution. Another path — which we take up here — is to
use local unitary feedback conditioned on local measure-
ment results to target a pure state with desired proper-
ties. The resulting dynamics of physical observables thus
takes the form of a local quantum channel. More gener-
ally, feedback could be used to target mixed steady states
of interest. In all of these cases, one can further relax the
second locality constraint and utilize the power of classi-
cal communication to strengthen this approach [24].

Recent literature has explored the possibility of using
such local feedback to target states of interest, and has
studied dynamical absorbing phase transitions that arise
when the strength of the feedback is varied [25-35]. In
these works, the target states have been trivial product
states or area-law-entangled states; they either do not
break a symmetry or break a discrete symmetry. These
states can be related to ground states of gapped Hamilto-
nians with finite-depth unitary circuits. Another body of
work has focused on the preparation of gapped, topolog-
ically ordered states [36—43] and mixed states [44] with
long-range quantum entanglement.

In this work, we explore the possibility of using feed-
back to target a steady state that is the ground state of a
gapless Hamiltonian, with continuous symmetry break-
ing and/or long-range entanglement. We illustrate that
this is possible with a simple example in which a pure
steady state with ferromagnetic order and logarithmic
scaling of the entanglement entropy with subsystem size
can be achieved in the presence of U(1) symmetry." How-
ever, we find that the feedback in our model is insuffi-
cient to stabilize the ordered steady state in the pres-
ence of competing single-site Pauli channels, regardless
of whether the Kraus operators for the channel respect
the U(1) symmetry. In this case, we numerically ob-
serve the emergence of short-ranged ferromagnetic corre-
lations, with a correlation length that diverges as the

I Intriguingly, the manifold of steady states has a higher SU(2)
symmetry, as we discuss further in Sec. III B 1.



strength of the Pauli channel goes to zero. Viewing
the Pauli channel as “unrecorded” single-site projective
Pauli measurements provides a natural way to unravel
this mixed-state evolution into pure-state quantum tra-
jectories, which we numerically find to exhibit area-law
scaling of the entanglement entropy. Throughout this
work we discuss both the quantum channel dynamics, as
well as the evolution of pure-state trajectories which are
an unravelling of the channel.

The rest of this paper is organized as follows. In Sec. I1
we describe a baseline model of dynamics whose steady
state is our pure state of interest (Sec. IT A), we describe
a more general perturbed model of dynamics (Sec. I B),
and we explore the symmetries present in these mod-
els (Sec. ITC). We present our results in Sec. III, begin-
ning with a discussion of relevant observables (Sec. ITT A).
Then we explore the steady state properties and dynam-
ical features approaching steady state for each of three
cases: the baseline dynamics (Sec. IIIB), the perturbed
dynamics with U(1) symmetry (Sec. ITIC), and the per-
turbed dynamics without U(1) symmetry (Sec. IIID).
Finally, we close in Sec. IV by summarizing our results,
discussing their limitations, and posing questions regard-
ing the capabilities of monitored circuits with feedback
and what we can learn from the quantum channel super-
operator itself.

II. MODEL
A. Baseline dynamics

We consider a circuit architecture composed of SWAP
measurements and o* unitary operators applied to a one-
dimensional chain of L qubits.

The SWAP operator has two eigenspaces: the three
triplet states |[S = 1,5%* = m) (for m = —1,0,1) are
even under SWAP and the singlet state |S = 0,5% = 0)
is odd. Consequently, measuring SWAP on two sites is
equivalent to measuring the total spin on these sites. The
projectors corresponding to these eigenspaces are:

ITF = [1, 1(1, 1] + 1,01, 0] + |1, =1)1, —1 (1)
I~ = |0,0)0, 0] (2)

with II* = (1 + SWAP)/2.
Our model consists of two-site conditional processes
wherein:

1. The SWAP operator is measured across two sites.

2. If the result is —1, a o* gate is applied to the first
site. This pumps the local singlet into a triplet
state:

10,0) > |1,0). 3)

Otherwise, no feedback is applied.

One circuit time step in our model corresponds to L such
elementary steps. In each elementary step, one of these
measurements with feedback is applied to a randomly
selected bond. We assume open boundary conditions.
This circuit architecture is illustrated in Fig. 1a.

We consider both the quantum trajectory dynamics,
where the SWAP measurement results are recorded, and
the trajectory-averaged quantum channel dynamics. The
corresponding quantum channel is obtained by averaging
over the possible measurement outcomes, so that one el-
ementary time step is given by

L—1
1
Clp) = -1 Z [H;‘,—i-i-lpnj,—i-f-l (4)
i=1
+ U%‘ZH;HMH;HN;]

and CL(p) advances p by one circuit time step. Con-
versely, the circuit quantum trajectories define a partic-
ular unravelling of the channel.

The quantum channel perspective is natural for con-
sidering the dynamics of observables which are linear in
the density matrix of a state. Each quantum trajectory
depends both on the sequence of randomly selected mea-
surement locations (denoted x) and on the history of
measurement results (denoted m). Thus, when we av-
erage the expectation value of an observable O over all
possible trajectories |¢z m ), we find that:

(0) = ;pwpmww,mlol%,m (5)
=S pebn O W mtiaml]  (6)
_Tog), @
where
p= ;ﬂpmpm [Y,m X e,m| 8)

is a mixed state corresponding to the ensemble of tra-
jectories, and its dynamics is given by Eq. 4. Here p.,
is determined by the Born rule, and p, = (L — 1)7*F
for a circuit with ¢ time steps since each elementary step
selects randomly among L — 1 bonds.?

Since this quantum channel is linear, we can also view
it as a matrix acting on a doubled Hilbert space (see
Appendix A for more information) where

p—1p)) 9)
EpK' — (K @ K*)|p)). (10)

2 In the perturbed model introduced in Sec. II B, pg also depends
on which perturbing measurements occur in the circuit & and
the various probabilities of these perturbations.



Performing this transformation, we arrive at

L-1
1 o
C= -1 Z {(H:i-&-l)@z + (o7, )% (1)

This matrix determines two important properties of the
dynamics: the steady state order and the saturation time.
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FIG. 1: The baseline and perturbed circuit models we
consider. In both cases, orange blocks indicate circuit
time steps containing L elementary steps. (a) The base-
line model consists only of SWAP measurements and,
following —1 parity results, o* unitary feedback. The
SWAP measurements occur at random bonds with open
boundary conditions. (b) The perturbed model adds in
the possibility of Pauli measurements. These are applied
at random sites with probabilities p., p,, and p, respec-
tively (and SWAP measurements occur at random bonds
with probability ps =1 — (py + py + p2)).

B. Perturbed dynamics

We also study the impact of perturbing these dynam-
ics with single-site Pauli measurements. Now, in each
elementary time step, one of the following occurs:

1. A SWAP measurement with o* feedback is applied
to a random bond with probability ps.

2. A single-site Pauli measurement occurs at a random
site wherein

(a) o is measured with probability p,,

(b) 0¥ is measured with probability p,, and

(¢c) 0% is measured with probability p.,
with Ds + Dz +py + D= 1.

As in the unperturbed dynamics, a circuit time step com-
prises L of these elementary steps. This circuit architec-
ture is illustrated in Fig. 1b.

The corresponding perturbed quantum channel matrix
is given by

L-1

Ds [(Hj,_i+1)®2 + (Uz‘zni_,iﬂ)@ﬂ (12)
1

C'=—

.
Il

1
2

M=

(1=p)1®* 4+ > pu(ol)®?
i=1 H=T,Y,2

C. Symmetries of our models

Since both SWAP and ¢* commute with @ =), 57,
the baseline model has a strong U(1) symmetry where

.t 1s the corresponding conserved charge. We use the
notion of “strong symmetry” in the sense that all Kraus
operators of the channel commute with the symmetry
generator, following Refs. [45, 46]. Thus, this symmetry
remains when o* measurements are introduced. As a
result, the perturbed dynamics continues to have this
U(1) symmetry when p, = p, = 0. However, it is broken
when p, > 0 or p, > 0 since ¢ and oY do not commute
with Q.

III. RESULTS
A. Quantities of interest

Given our model’s U(1) symmetry when p, =p, =0,
quantities that diagnose spontaneous breaking of this
symmetry are of particular interest. For this purpose,
it is useful to consider the spin-spin correlation function
(1| S; - S;|¢). Then we can diagnose symmetry breaking
using the ferromagnetic susceptibility:

=7 WIS Sl (13)

We can also look for signatures of long-range order us-
ing the quantity (¥|S7 - Sp|¥). In both cases, we are
interested in the behaviour as L — co. Since both x and
(S - Sp) are linear in the density matrix, these quantities



are accessible both in the quantum trajectory dynamics
and in the quantum channel dynamics.

Additionally, we are interested in the entanglement dy-
namics of the baseline and perturbed models. Since en-
tanglement entropies are nonlinear in the density matrix,
their dynamics are visible only at the quantum trajectory
level. Here, we focus on the half-chain von Neumann en-

tropy:
S(pa) = —Tr[palog pa] (14)

where py = Trp[p] with A and B indicating the left and
right halves of the system, respectively.

When simulating quantum trajectories, it is necessary
to pick an initial state. Unless otherwise stated, we use
a half-filled Néel state:

|tho) = [T41L-- - TL). (15)

B. Baseline dynamics
1. Steady state properties

To study U(1) symmetry breaking and entanglement
dynamics in the baseline model, we first need to under-
stand what steady states are present in this model.

We recall that the baseline dynamics is composed en-
tirely of SWAP measurements with feedback. Conse-
quently, a state |¢) can be a steady state of the dynam-
ics only if SWAP; ;11]¢0) = |¢) for all i+ < L. In this
case, the state is unaffected by the SWAP measurement
and no feedback is applied to change the state. We can
actually make a stronger statement about |¢): since the
set of adjacent transpositions (operators like SWAP; ;1)
generate the entire space of permutations, it follows that
SWAP;;|¢) = |¢) for any ¢ and j.

Expressing the SWAP measurement in terms of total
spin provides helpful physical intuition. We can write the
SWAP operator on sites i and j as SWAP;; = 1(1,1; +
o; - 0j) where

o0 =0.0] +0lc] +aio; =4(8;-S)), (16)

with 2 = 1. Therefore, the state with even parity along
each bond (and, consequently, between any two sites)
will also maximize total spin. It follows that pure steady
states along quantum trajectories are those states with
maximal total spin. There are L + 1 such states, labeled
|L,m) with |m| < £. Because the space of states with
maximal total spin is invariant under SU(2) rotations,
the emergent symmetry of the manifold of steady states
is higher than the microscopic dynamical U(1) symmetry
of the model. Since there is one such steady state in each
charge sector, the U(1) symmetry dictates that there is
a unique steady state if the initial state has fixed charge.

One could worry that the quantum channel dynamics
has additional mixed steady states that prevent the states
|%, m) from being attractive fixed points of the dynamics.

However, we anticipate that these pure states are the
unique steady states of both the trajectory and channel
dynamics, and we find that this is consistent with our
numerics.

We can immediately calculate the ferromagnetic sus-
ceptibility and long-range order for these steady states.
Rewriting the susceptibility in Eq. 13 in terms of SWAP
operators, we find that

1 3
X:EZ<%7m|Si'Sj|%am>+i (17)
i

1 3
=1 E (%,m\(QSWAPij — 1)|%,m> + 1 (18)
i#]

in the steady states. Since any |§, m) is totally symmet-
ric, (£, m|SWAP;;|%£,m) =1 for all 4, j and

L(L—1) 3 L+2
X= ——— o= —

AL 4 4 (19)

We conclude that the ferromagnetic susceptibility di-
verges in the thermodynamic limit for these steady states.
Similarly, we find that (S;-S.) = 1 for these steady
states.

In Appendix D we show that, given an initial state with
fixed charge @, the steady-state bipartite entanglement
entropy grows as

S(pa) = %logL + %(log(?wabn(l —-n))+1) (20

log L
+0< 8 >
in the baseline model as L. — oo with ¢ = % held con-

stant, and with ¢ satisfying f% <q < % In Eq. 20,
a= % and b = 1 — a are the fraction of spins in the two

bipartitions respectively, and n = q + % is the number of
spins pointed up (in the z direction).® This result agrees
with our MPS simulations, as shown in Fig. 3.

2. Approach to steady state

Observables that are linear in the density matrix — like
the ferromagnetic susceptibility and long-range order —
are accessible in the quantum channel dynamics. Conse-
quently, no such quantity can saturate more slowly than
the rate at which the quantum channel reaches its steady
state. In this way, the lifetime of the channel’s longest-
lasting non-steady mode sets a fundamental time scale

3 The leading order contribution agrees with results for the ideal
Bose gas [47]. This is a sensible comparison since the spins in
our one-dimensional model, although hard-core bosons, have a
steady state which resembles that of a 1d ferromagnet, which has
long-ranged order like the ground state of an ideal Bose gas.



for linear observables in both the quantum trajectory and
quantum channel dynamics.

As described in Appendix B, the lifetime of the longest-
lasting non-steady mode of a channel £ is set by the
gap A in the corresponding non-Hermitian “Hamiltonian”
H = 1 - £* In particular, the channel’s saturation
time is proportional to A~!. For the case of our baseline
model, £ = CF. In Fig. 2a, we plot the scaling of A with
system size, calculated using exact diagonalization on the
baseline channel matrix. We find results consistent with
A(L) o< L2, meaning that O(L?) circuit time steps are
required for linear observables to saturate. This is con-
sistent with the intuition that conserved charges spread
diffusively under random dynamics.

We can check this diffusive behaviour for larger system
sizes by studying the saturation of (Sy - Sp) in quantum
trajectories using MPS simulations. These data are plot-
ted for a range of system sizes in Fig. 2b, and are consis-
tent with the scaling suggested by the channel gap.

Of course, the channel gap has no implications for the
dynamics of quantities like entanglement entropy that
are nonlinear in the density matrix. Nevertheless, we can
probe entanglement dynamics through MPS simulations
of quantum trajectories. As illustrated in Fig. 3, we find
that entanglement entropy saturates in O(L) time in our
baseline model.

C. Perturbed dynamics with U(1) symmetry

As discussed in Sec. 11 C, the perturbed model retains
U(1) symmetry when p, = p, = 0. We address this case
in this Sec. I1I C, before taking up the general perturbed
model in Sec. IIID.

1. Steady state properties

When any single-site Pauli measurements are present
in the perturbed model, the pure states \%, m) are gen-
erally no longer steady states. In particular, when p, =
py = 0, these states are only steady states for m = :I:%.
In other words, only |11---1) and |}]---{) are steady
states along trajectories. Since ) is conserved in this
case, quantum trajectories beginning with an initial state
in a non-extremal charge sector will have no pure steady
states.

Correspondingly, the quantum channel steady state is
mixed in non-extremal charge sectors when both ps and

4 There may be exceptional cases where this does not apply. Be-
cause the channel matrix is not generally Hermitian, its eigen-
vectors are generally not mutually orthogonal. This allows initial
states to have extensively large weight on non-steady modes that
therefore take longer to decay. This is discussed in the context
of Lindblad evolution in [48], for example. Having said all this,
our MPS simulations of quantum trajectories suggest that the
channel gap is representative of the time scales in our models.
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FIG. 2: (a) Channel gap in a single charge sector over
a range of system sizes for the baseline model (see
Sec. ITI B). We find that the gap shrinks with L~—* where
z = 2.02(1). (b) Growth of (S;-SL) over time for a
range of system sizes in the baseline model. For each
system size, the data are the average of 100 quantum
trajectories simulated using MPS tensor networks. We
find that (S - Sr) saturates in O(L?) time steps in the
quantum trajectory approach, which is consistent with
the gap scaling seen in the quantum channel approach.

p. are nonzero. In Fig. 4, we illustrate the decay of the
purity

P =Tr(p?) (21)

as p, is increased. In particular, when we plot P(L,p,)
against the scaling variable L'/*?p_ we find that the data
collapse to the scaling form

P(vaz) = FP(Ll/Vsz) (22)

when vp =~ 0.35. At this stage, we do not have an under-
standing of this scaling.
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FIG. 3: Half-chain entanglement growth with time over
a range of system sizes for the baseline model (see
Sec. I1IB) starting from an initially unentangled Néel
state. The data collapse that arises suggests that en-
tanglement saturates in O(L) time to a steady-state
value that is logarithmic in system size. This logarith-
mic growth is visualized in the inset plot, where the
steady-state entanglement is compared against the lead-
ing order analytical prediction given in Eq. 20 (with
a =b=mn = 3). For each system size in the main
plot, the data are the average of 100 quantum trajec-
tories. Each point in the inset is the average of 1200
samples, composed of 12 measurements between t = 5L
and t = 8L for each of the 100 trajectories.

Using exact diagonalization on the quantum channel
matrix we find that these mixed steady states are not
ordered. Using MPS simulations of quantum trajecto-
ries, we confirm this and also find that the trajectories
have area-law entanglement at late times. In contrast,
the mixture of all steady-state trajectories accessed in
the quantum channel approach has a volume-law en-
tropy, corresponding to the exponentially small purity
illustrated in the inset of Fig. 4.

Although the dynamics has an ordered steady state
only when no perturbation is actually applied (that is,
when p, = 0), we can look for a scaling form like that of
the purity. For this purpose, it is desirable to consider the
scaling of (STS7 4+ S7SY) instead of (S;-SL) because
the model’s U(1) symmetry protects (S7S%) correlations
that are unrelated to breaking of the symmetry and are
independent of p,. In particular, we show in Appendix C
that, for any i # j,

4Q% - L

(23)

where p(L, p.) denotes the mixed steady state in a given
charge sector. As L — oo, we can organize this as

<SfSJZ-> = (SF)(S%) + O(L™1).
Considering the ST S7 45757 correlations, we find that
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FIG. 4: Steady state purity P = Tr [p2] of the quantum

channel (at half-filling) as a function of L'/*Pp, in the
perturbed model with U(1) symmetry (see Sec. I11 C). We
find that the data collapse as P(L,p.) = Fp(LY"Pp,)
when vp ~ 0.35. When p, > 0, the purity decays expo-
nentially with system size, as illustrated for p, = 0.1 in
the inset.

the data collapse to the scaling form

Te[(STS7, + SYSE)p(L,p2)] = Fss(LV'p.)  (24)

with v ~ 0.5. This collapse is illustrated in Fig. 5. To
make the collapse manifest at small system sizes, we scale
(S§S% + SYSY) by a factor of L2, which approaches
unity in the thermodynamic limit. In the inset of this
figure we give an example of the exponential decay of

(STST 4+ S7SY) that arises when p, is nonzero.

2. Approach to steady state

As in the baseline model, we can study the channel ma-
trix gap to understand the saturation dynamics of linear
observables. As in Sec. I1I1 B 2, we find gap scaling consis-
tent with A oc L=2 and diffusive dynamics. These results
are plotted in Fig. 6.

Despite this, we observe constant-time saturation of
(S1 - SL) and entanglement entropy to their steady-state
values ((S7-Sr) = 0 and area-law entanglement in the
thermodynamic limit). The numerical results are not
shown here. But it is not surprising that the channel gap
indicates O(L?) saturation time even when the quantities
we have focused on saturate more quickly. The channel
gap needs to account for the slowest dynamics of linear
observables, and there are slower processes in these dy-
namics: for example, the diffusion of a localized charge
requires O(L?) time steps.
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FIG. 5: Steady state (STST +S7SY) of the quan-

tum channel (at half-filling) as a function of L'/p,
in the perturbed model with U(1) symmetry (see
Sec. TIIC). We find that the data collapse as
LT T[(STST + SYSY)p(L.p.)] = Fss(L'¥p.) when
v = 0.5. The factor of % corrects for the system-
size dependence of (S7S%) given in Eq. 23 when @ = 0,
and can be ignored in the thermodynamic limit. When
p. > 0, the value of (S{ST + SYSY) decays exponen-
tially with system size as illustrated for p, = 0.1 in
the inset. (STS7 4 S{SY) is a more suitable correla-
tion function than (S - Sp) for identifying a scaling form
and diagnosing exponential decay because the latter has
perturbation-independent (S7S}) correlations protected
by the U(1) symmetry.

L

FIG. 6: Channel gap scaling with system size for a range
of p, values in the perturbed model with U (1) symmetry
(see Sec. IITC). The data are arranged between guide
lines A(L) = ¢;L72 and A(L) = c2L=2 where ¢; = 0.4
and ¢y = 7.0. We consequently observe that gap scaling
for each value of p, is consistent with diffusive dynamics.

D. Perturbed dynamics without U(1) symmetry
1. Steady state properties

If one or both of p, and p,, is greater than zero, then the
U(1) symmetry is no longer present. In this case, we find
that the steady states lack order and have area-law en-
tanglement as long as multiple species of Pauli measure-
ments are present. As in Sec. [IIC 1, we can perform a
finite-size scaling analysis to understand how order arises
as we approach ps = 1 from a direction in theory-space
that does not have U(1) symmetry. The results of this
analysis are depicted in Fig. 7 where ps; = 1 is approached
along the line p = p, = p,. We find that the data collapse
to the scaling form

TY((S1 - S1)p(L,p)] = Fss(L'/7p) (25)
with 7 ~ 0.5.
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FIG. 7: Steady state (Sy-SL) of the quantum channel
(at half-filling) as a function of L'/”p in the perturbed
model without U(1) symmetry (see Sec. IIID). Here, p =
Pz = py controls the symmetry-violating perturbation.
We find that the data collapse as Tr[(S; - S1.)p(L,p)] =
Fss(L'/7p) when # ~ 0.5. When p > 0, the steady state
value of (S; - S1) decays exponentially with system size,
as illustrated for p = 0.05 in the inset. The linear fit in
the inset results from a linear regression on the four data
points with L > 7.

2. Approach to steady state

In the presence of symmetry-breaking perturbations,
we find that the channel gap is generally independent of
system size (data not shown). This is unsurprising: in
the absence of U(1) symmetry there are no longer con-
served charges to diffuse throughout the system. Also,
since the system only ever has area-law entanglement,
entanglement saturation can occur in constant time.



8. Ezxceptional cases

A special situation arises when only one type of Pauli
measurement is present. In Sec. IIIC, we found that
two pure steady states arose in the perturbed dynamics
with U(1) symmetry: the states |[11---71) and |} ---]).
However, charge conservation prevented these states from
being accessible to initial states in non-extremal charge
sectors, so most initial states led to mixed steady states.

When only ¢” perturbations are present, the product
state entirely pointed in 4+z and the product state en-
tirely pointed in —z are both pure steady states (and
likewise with states in +y when only ¢¥ perturbations
are present). But, since there is no symmetry to enforce
charge conservation of any kind, these pure steady states
are generally accessible to the dynamics regardless of ini-
tial state. Consequently, when only p, is nonzero or only
Dy is nonzero, the steady state is pure and ferromagneti-
cally ordered.

These steady states may correspond to channels with
exceptional gap scaling (in comparison to the system-
size-independent gap in Sec. ITID 2). Even though there
is no symmetry-breaking order being developed over
time, we observe gapless modes in the channel matrix and
slow saturation in the quantum trajectory data. Both in-
dicate that the approach to these ordered steady states
occurs on a time scale that grows with system size (data
not shown). This is in stark contrast with the generic
situation, when multiple species of Pauli measurements
are present and the gapped channel matrix ensures that
the steady state is quickly reached. We leave further ex-
ploration of these slow dynamics for future work.

IV. DISCUSSION
A. Experimental protocol

Our protocol is composed of single-site unitaries and
measurements, and of local two-site SWAP measure-
ments. These SWAP measurements can be implemented
in a straightforward way using an ancilla qubit for each
bond and Fredkin (CSWAP) gates controlled by these
ancillae.

Suppose that our system is in state |¢) and we wish
to measure SWAP between sites ¢ and i + 1. The pro-
jectors corresponding to the two possible outcomes are
denoted Hfiﬂ. We can always write |¢) = [¢F) + [¢7)
where [¢T) = Hi 41/¥) are unnormalized states and

SWAP; ;41|9%) = £|¢p%). It is convenient to denote the
x-basis states as |+) = %(\T) £ ).

Initially, the ancilla qubit for the ith bond is in the
state |+) so the system and this ancilla together are in
the state:

[+ ) = J5 (1) + D (™) +1v7). (26)

® |ci,=(S1-SL)

O physical qubits
® ancilla qubits for dynamics

® ancilla qubit for probe of long-range order

FIG. 8: Schematic diagram depicting a simple imple-
mentation of the dynamics studied in this paper. Physi-
cal qubits are marked with blue circles and grey ancilla
qubits lie along each bond. These ancillae enable local
SWAP measurements. The red ancilla qubit lies between
the first and last physical qubits. These physical qubits
do not interact directly in our models (which have open
boundary conditions) but a SWAP measurement between
them diagnoses long-range order.

Next, let U denote a CSWAP gate that is controlled by
the ancilla and that swaps the sites ¢ and ¢ + 1. When
we apply U to this system, we get:

Ul)1) = Z [N (0T + 7)) (27)
+ () = )]
= )ty + =), (28)

The SWAP measurement is performed on |¢) when we
measure the ancilla in the x basis. We get the even-
parity result with probability (¢t|yp+) = (QZJ\HLHWJ)
and the odd-parity result with probability (¢~ |¢~) =
(Y[IL; ;1 11¥). These are the same probabilities one would
find for a direct measurement of SWAP, so this process
precisely implements a SWAP measurement. The an-
cilla can be reset and used for subsequent measurements
across this bond.

Since the feedback in our baseline model produces
long-range order that is linear in the density matrix, a
decoherence-free quantum computer could observe this
order without a postselection problem. We found that
this order can be probed by (¢|S1-SL|¢). Since S1-Sp, =
1(2SWAP; — 1), this is equivalent to measuring SWAP
between the first and last sites of the system. If the L
qubits comprising our system are arranged in a loop, then
this long-range order is locally accessible experimentally
using an ancilla between the first and last sites. Such a
setup is depicted in Fig. 8.

B. Outlook

In this work, we explored how adaptive quantum dy-
namics can be used to target pure steady states that



break continuous symmetries and host long-range entan-
glement. In particular, we introduced a baseline model
where the steady state breaks a continuous U(1) sym-
metry and has logarithmic entanglement. But instead of
finding a stable phase with these properties, we deter-
mined that any nonzero density of Pauli measurements
leads to a mixed steady state without order and with
area-law entanglement in the quantum trajectories.

This prompts the question: is it possible to have a ro-
bust phase that spontaneously breaks a continuous sym-
metry in adaptive quantum circuits? This could arise
from a stable absorbing phase with a symmetry-breaking
pure steady state. Alternatively, perhaps a mixed steady
state could arise that breaks a continuous symmetry.
Whether such an absorbing phase or such a mixed state
are possible could be interesting future directions.

Also, it is notable that the symmetry-breaking steady
state of our baseline model is also a ground state of a
frustration-free Hamiltonian (the ferromagnetic Heisen-
berg model). And this is recapitulated in the dynam-
ics we consider: the steady state is simultaneously sta-
bilized by SWAP measurements with feedback at every
bond. This is an appealing feature of the dynamics be-
cause it ensures that, at least in the absence of perturba-
tions, there exist pure steady states. In contrast, there is
no non-trivial state that is stabilized by a measurement
like X;X;+1 + Y;Y;41 at all bonds (4,7 + 1). It would
be interesting to understand whether or not there is a
fundamental obstruction to stabilizing ground states of
quantum Hamiltonians for which the ground state does
not simultaneously minimize each term (like the quantum
XY model).

Lastly, we identified a non-Hermitian “Hamiltonian”

whose ground states encode the steady state proper-
ties of a quantum channel and whose gap determines
how quickly the steady state is reached. Since the
quantum channel has full information about linear ob-
servables, this amounts to the quantities that can be
generally observed experimentally. Consequently, it
could be interesting to explore whether properties of
these non-Hermitian operators can be used to organize
experimentally-accessible properties of quantum chan-
nels.
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Appendix A: The doubled Hilbert space

The key elements of translating expressions in the stan-
dard Hilbert space to a doubled Hilbert space are con-
tained in the following rearrangement. Given a basis

{1b:)}22,, we can write

p= Z pij |bi)b; (A1)
K= Z Ki; |bi)(b;| , and (A2)
KM= Z(KT)M |03 )bs1, (A3)
and notice that
= ((bibj|(K ® K7)|p)), (A6)
where
(A7)

) = puslbits))

But there is a noteworthy subtlety: in doing this trans-
formation, we took a fixed basis (the computational ba-
sis), so the process of vectorizing p and transposing K
is basis-dependent.

In the doubled Hilbert space, we notice that

Tr(ATB) = Z(AT)jiBij (A8)
=3 4;B (A9)
— (AIB)). (A10)
Also,
((bibslp") = (o) (Al1)
=l (A12)
({bstilo) (A13)
")) = (T|p)))" (Al4)

where T swaps bitstrings between the two copies of the
Hilbert space. When p is a physical Hermitian state,
Eq. A14 provides a condition on the vectorized form of
the state.
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Appendix B: Channel gaps

A monitored quantum circuit’s saturation time scal-
ing is particularly transparent in the quantum channel
picture. The entire spectrum of any quantum channel
£ is contained in the unit disk of C [49]. If {V}} is a
(generally non-orthonormal) eigenbasis for £ with corre-
sponding eigenvalues {\}, then any initial state pg can

be written as
po =Y arVi,
k

and after M time steps,

EM(po) =Y M arVi.
k

(B1)

(B2)

One or more )\, will satisfy |\g| = 1, so that as M — oo
the steady state is given by

5M (po)

Z /\k aka

E:|Ak|=1

(B3)

and the remaining unsteady contributions to the state
will shrink as

> AMapVi =AM

i Ak <1

> (&’“') N arVe  (B4)

ki Ak|<1

where ) is the largest eigenvalue satisfying |A\| < 1. Since
|A| < 1, there is a gap A between |A\| and the largest
eigenvalue 1. Generically, this gap could depend on sys-
tem size, so that the unsteady parts of the initial state
fall off with

MY = (1 - A@)™, (B5)
meaning that M = O(A(L)™!) time steps are required
to ensure that these unsteady parts become arbitrarily
small.

In other words, the saturation time for a channel &
scales with the inverse of the gap between 1 and the next
largest eigenvalue of £, or with the inverse of the gap in
the non-Hermitian “Hamiltonian”

H=1-¢. (B6)
As noted in Sec. II1B 2, there exist exceptions to this
analysis (like that explored in the context of Lindblad
evolution in [48]) that arise from the non-Hermiticity
of H.

Appendix C: Z;Z; correlations in perturbed
dynamics with U(1) symmetry

In this Appendix C, we calculate Tr [SfS;p(L,pz)} for
1 # j, where p(L,p.) is the steady state of the perturbed
dynamics with U(1) symmetry in a given charge sector.



We will first show that this expectation value is indepen-
dent of ¢ and j, and then we will use this to derive the
value for all i # j.

Using the doubled Hilbert space formalism of Ap-
pendix A, we can write

Te[S7S5p(L,p:)] = ((S7Sflp(L,p2)))  (C1)

where, taking {|b;)}?
basis states,

(87871 =" ((bmbnl(SF S (C2)

m,n

= (b (0|7 S bm) — (C3)

1 to be the set of computational

since 5757 is diagonal in the computational basis.
When we set p, = p, = 0, the perturbed channel is
given by

Z ps z+z+1 ( ZHZZ_H) ] (C4)

1 z
+ﬁ ;pz []1®2 + (o} )®2} .

Defining I7®%% = (1 £ (07)®2)/2, we can rewrite this
channel as

' E—Z [I797+ (19% + SWAPS? ) (C5)

2L
=l L I7®% (SWAP, 1, ® 1
+1® SWAPZ’Z+1)]

L
1 ZQZ+
“rz E_l Pzﬂi .

Given an initial state |pp)) with charge @, the repeated
application of C’ will yield the steady state of the channel
in that charge sector:

p(L,p))) = Jlim (C)7 |oo)). (Co)

Therefore,
(8783 1p(L,p.) = lim (S7S31C)Tlpo)). (CT)

To calculate this, we can consider the action of C' to
the left on ((S7S7|. This is vastly simplified by notic-
ing that ((b,,b1|(07)®% = ((bymbmm| for all computational
basis states |b,,), so

<<bmbm|HiZ®Z+ = <<bmbm| (CS)

and

((bynby, |TZ®Z~ = 0. (C9)
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Consequently,
{(bmbm|C" = (b |C” (C10)
for all b,,, where
5 l+p. 1—pz 1 X
C=—7F—"+— ZSWAP”+1 (C11)
Also, since <(bmbm\SV\/AP?;_,F1 = ((bpbn| for some n

(where b, is obtained from b,, by swapping its ith and
(i + 1)th bits), it follows that ({(by by | remains in the
subspace spanned by {((b;b; \} _, when multiplied by C’.
Therefore, the same simplification holds for repeated ap-
plication of C’, so

(bimbi| (€)= (Db |(C)T (C12)
and, consequently,
((S7s51C)™ = ((s7s51(C™. (C13)

The matrix C’ is Hermitian (even though the original
channel matrix C’ was not) so its left eigenvectors and
right eigenvectors are equal. Furthermore, it is the ma-
trix corresponding to a quantum channel,” so it must
have at least one steady state.

In fact, in the subspace spanned by {((b;b;|}2",, there
is exactly one steady state of C’ in each charge sector
This steady state should be an eigenvector of SWAPl i+1
with eigenvalue +1 for all ¢. Since (b,| SWAP;;|b, )
always 0 or 1, it follows that

{{brbn|SWAPE? |brby)) = (by| SWAP|by,)?
= (by| SWAP,;|by).

(C14)
(C15)

Therefore, SVVAP®2 has the same matrix elements in
the space spanned by {((bb; |} —, as SWAP;; does in
the original single-copy Hilbert space, of which the space
spanned by {((blbz|}fil is a repetition code. Consider-
ing the single-copy Hilbert space, we saw in Sec. III B 1
that only states with maximal total spin are even under
SWAP,; ;; for all ¢. It follows that in the repetition code,
the steady states are

(5,Qloc >

m:w(by,)=N

{(bmbm| (C16)

where N = @ + % is the total number of spins pointing
up (in the 4z direction) and w(b,,) counts the number of

5 More specifically, the channel matrix in Eq. C11 corresponds
to a model where SWAP is measured at a random bond with
probability 1 — p, and nothing occurs with probability p..



up spins in the computational basis state |by,). It follows
that

((S7S71p(L,p2))) = Tlggo<<Sfo|(C')T|po>> (C17)
= Tlgréo«SfSﬂ(é')ﬂpO» (C18)
o ((£,Qlpo))- (C19)

As a result, we conclude that this expectation value is
independent of ¢ and j.

Now we are ready to finish our calculation. Since
(Zle Sf) p(L,p.) = Qp(L,p,), it follows that
2
(Z 5Z> (L, p-) (C20)
L z z
=77 L(L = 1) Te[SFS5p(L,p-)] (C21)

using our result that Tr[Sijp(L pz)] is independent of
i and j. Rearranging this, we find that

4Q% —

TC-D ) (C22)

Tx[5753 plL.p-)] =

We notice that this result is independent of p..

Appendix D: Steady state entanglement

As stated in Sec. III B 1, we find that the steady state
of the baseline model has logarithmic entanglement when
the initial state lies in a single charge sector with QQ = qL
and ¢ satisfying —3 < ¢ < 3. When @ is held fixed
with respect to system size, the steady state has area-
law entanglement. In this Appendix D, we derive these
results for bipartitions of the system into regions A and
B, where A contains the first |A| spins and B contains

the remaining |B| spins with |A| + |B| =

1. Determining the reduced density matrix

Let N =Q+ % be the number of spins pointing up (in
the z direction). Then the steady state is

¥) = W Z (D1)

b:w(b)=

where the sum is over bitstrings denoting up and down
spins, with w(b) counting the number of up spins. There
are (f,) such bitstrings, so N = (ﬁ) Since the state’s
entanglement is unchanged if we flip each bit, we need

only consider N < % Focusing on the left part of the
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system, we have:

(balpalbla) = (bablplplbsbh) (D2)
b//
]. / /!
=¥ Z > (bablple) (¢ |babh)
b//
w(c)—w(c )=N
(D3)
1 | B -
D SR (S W [URIATA
w(ca)=w(cly)
(D4)
NG

= Buw(ba)w(by) 0
N

where K = w(ba). The final line follows since w(cq) =
w(cy) forces w(by) = w(b,) for nonzero terms. It follows
that

min(|A|,N) p
pPA = @ P(A ) (D6)
K=0
min(|A[,N) ( |B| ) 1...1
= D (D7)

L Do

K=0 (M) 1 1
RACORCY

The sum over sectors is from the minimum possible num-
ber of up spins in A (which is max(0, N — |B])) to the
maximum possible number (min(]A|, N)) But since we
can calculate the entanglement entropy equivalently from
pa or pg, we can pick |A] < £ and |B| > £ which, hav-
ing already chosen N < %, reduces the lower bound to 0
without loss of generality.

The n x n all-ones matrix has spectrum {n,0,...,0}
so the nonzero elements of the spectrum of p, are
A B
(D WER)
PK = (D8)
(v)

for K from 0 to min(|A|, N). It follows that

min(|A|,N)

> prlogpk.
K=0

S(pa) = — (D9)

2. Simplifying and bounding the entanglement

If we define intensive quantities such that |A| = aL,
|B| = bL, N = nL, and K = kL, and define Ak = %,

then we arrive at

L min(a,n)

S(pa)=-L Z (AEk) pi log pi. (D10)



where

(9 (%)

Pk = ) (D11)
nL

According to Stirling’s formula, the following asymptotic

relation holds:
z! ~ 21z (£> .
e

Applying this formula to the combinatorial factors in pj
yields, after a straightforward calculation:

(D12)
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then

IO B A1(5
pr log pi. 5T ¢ h(k). (D17)
We note that f(k) is always non-positive, which prevents
Eq. D17 from diverging exponentially with L. We verify
this below when we find (in Eq. D33) that the maximum
value of f(k) is 0.

In what follows, we seek to apply this approximation
to Eq. D10 and to approximate that sum as an integral,
in order to analytically extract leading order behaviour
in L. Doing this rigorously requires some care: we will
sandwich the entanglement between two Riemann sums
related to Stirling’s approximation, and show that each
converges to a well-behaved integral in the thermody-
namic limit.

1 1 -1
logpi ~ f(k)L — 3log2nL + 59(k) + O(L™") (D13) But it is not surprising that the integrals we en-
counter converge and are well-behaved. The entangle-
where ment density o(pa) = S(pa)/L must satisfy 0 < o(p4) <
alog 2 because the entanglement is non-negative and the
) — al blozb maximally-mixed reduced density matrix on |A| sites
f(k) = aloga +blog has entropy |A|log2. Furthermore, —plogp always lies
+nlogn + (1 —n)log(l—n) within [0,e~!] for p € [0,1], so when we view Eq. D10
—klogk — (a — k) log(a — k) as a Riemann sum, its integrand is always well-behaved.
(e 1N (h _ Values of this integrand are depicted in Fig. 9 for a range
(n = k)log(n — k) — (b—n + k)log(b —n + k) of fillings (or, as is explained in the caption, for a range
(D14) of partition sizes).
There is a statement related to Stirling’s approxima-
and tion which holds that
2rx (E)m eI < 1l < 271z (E)I e (D18)
g(k) = loga +logb + logn + log(1 — n) e ) e
—logk —log(a — k) —log(n — k) — log(b —n + k). is true for all z > 1 [50]. Consequently,
(D15)
R O A P OO N SR OV A OO
If we define the additional shorthand 2nL 2nL
(D19)
h(k) = e29®) (f(k)L — Llog2nL + 1g(k))  (D16)  yhere
J
1 1 1 1 1 1 1 1 1
k)= —— | = 1 D2
") = e T T T T 1+12(1—-n)L 12L <k+a—k+n—k+b—n+k+ ) (D20)
= — (Lt ity t L : + ! + ! b
e DY 7 L S 1+12kL  1+12(a—k)L  1+12(n—k)L 14+12(b—n+k)L 1+ 12L
(D21)
[
SO We further define
1 1 =
i log py, > \/ﬁe”(k)e”(m (h(k) + ea-q(k)rl(k)) 7 hi(k) = h(k) + e29®)r(k), (D24)
m
(D22) L Lmln(a,n)

1
pr log pi, < 4/ —ZﬂLeLf(k)e“(k) (h(k) + e%g(k)rg(k:» .

(D23)

)ef BILh, (k)er®) | (D25)

1\3
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FIG. 9: Values of —pg logpk (summands in Eq. D9) for
a system with L = 100, partitioned in two equal halves
(|A] = |B| = L/2), over arange of fillings. The maximum
value of this function, which is e™!, is plotted for refer-
ence. It turns out that pg is invariant under |A| <> N,
so this plot can also be viewed as depicting —px log px
for a system at half-filling over a range of partition sizes.

so that,
S1(pa) < S(pa) < S2(pa). (D26)

For fixed L, each S;(pa) is a Riemann sum, whose dis-
tance from the corresponding integral is given by:

min(a,n)
L -
’ A\ 5 / dk e P Lh,(k)em® — Si(pa)| (D27)
s
k=0
M; min(a,n)
< — 17 D2
- 2L (D28)
(D29)
where M; is the maximum value of
d (FRIL], (o) ore(k)
— (e (k)e™ ™) (D30)
dk
over the interval. If we can show that limj_, ., MT =0

then we will have proven that the sums for S;(pa) can
be replaced by integrals. To do this, we first note that

%(ef(k)llibi(k)em(k)) = SO (Lf (k)i (k)™ ™) (D31)

+ (ke ™ 4 by (k)ri(k)em ™). (D32)

Focusing on f(k), we find that it is maximized at k, =
an, which always lies in the interval because a,n < 1, so
an < min(a,n). At this maximum, we find that f(k.) =
0. Therefore, if k& # k, then M, will have a negative
exponential in L that will dominate, for large L, over
the subexponential orders in L coming from the other
factors. We conclude that M; must occur at k = k,. It
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will be useful for what follows to find the leading order
values of several functions at this point. First, we have:

f(ks) =0, (D33)
7(k) =0, (D34)
f"(ky) = —[abn(1 —n)] 7", (D35)
and
g(k«) = —log(abn(1 — n)), (D36)
, _(2n—=1)(b—a)

g (k‘*) - m, (D37)

" (I —=2ab)(1 —2n(1 —n)

Also, 7;(ky), ri(ks), and r/ (k) are all O(L~'). Building

» 1

the more complicated functions from these, we find that

1
h(k.) = m (=% log2nL — 1log(abn(1l — n)))
(D39)
_ log L _ log(2mabn(1l —n))

2y/abn(1l —n) 2y/abn(1 —n) ’ (D40)
W(k) = g’ (k) (h(k,) + e370)) (D41)
= (21@;28@};);2” +o() (D12)

h"(k*) _ e%g(k*) [f”(k*)L _ %g”(k*) _ igl(k*)ﬂ

+ 59" (k)h(ks) + 39" (k)R (k)

(D43)
L O(egL) (D)

(abn(1 —n))3/2

and that h;(k.), h}(k.), and h”(k,) match these values
at the orders given in Eqs. D40, D42, and D44.
Having laid this groundwork, we conclude that

M; = [B (k) + e39%) (3g/ (k. )ri(k.) + (k) (D45)
o+ (k) + €390 (k) ) ()
(2n—1)(2a —1)log L
- 1). D46
Han(i —mypz T O (D46)
It follows that
. M;min(a,n)
P VAR (D47)
SO
7 min(a,n)
Si(pa) ==\ 5= dkef®Ep (ke ® . (D48)
m
k=0

Using Laplace’s method, we will show that Si(pa) =
Sa(pa) to leading order and next-to-leading order, allow-
ing us to uniquely determine S(p,4) at these orders.



3. Laplace’s method: leading order

In the thermodynamic limit, the integral is dominated
by the neighbourhood of k = k., allowing us to approx-
imate the integral using Laplace’s method. We change
variables to x = k—k, and notice that the integral bounds
are irrelevant at leading order as L — co aslongas z =0
remains within them. Then, to leading order, Laplace’s
method yields:

Si(pa) ~ —y] BT (o, YereChe) /dx L(A 1" (k)a%)
T
(D49)
L ke el k.
f” FE) by (ke k), (D50)
Applying Egs. D33, D35, and D40, we find that:
Si(pa) = 3log L + O(1). (D51)

Consequently, at leading order S1(pa) = Sa(pa), so we
conclude that

S(pa) =

This demonstrates the logarithmic scaling of entangle-
ment entropy for fixed non-extremal charge density.
When N = nL is held fixed instead of n in the thermo-
dynamic limit, this does not apply. In this case, we can
return to the original sum form of the entanglement en-
tropy given in Eq. D9. Through our analysis in Sec. D 2,

el (k) is maxi-
mized at k, = an. There, it takes the value

slog L+ 0O(1). (D52)

we learned that pglogpr ~

log(2wabN)
2v2mabN

when N is held constant in the thermodynamic limit.
Since px and py describe the same quantity, just in terms
of a different variable, it follows that

prlogpg ~ — O(L™) (D53)

min(|A[,N)
S(pa)=— > pxlogpx (D54)
K=0
< —N max(pxk log px) (D55)
N log(2mabN
 VNlog(2rabN) o (D56)
2v2mab
once L is sufficiently large that min(JA|, N) = N. As

discussed in Sec. D 1, this same conclusion also applies
for charges L — N, so we conclude that the entanglement
grows as an area law for extremal charges.

4. Laplace’s method: next-to-leading order

To illustrate numerical agreement at computationally
accessible system sizes, we seek to determine S(p4) to
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next-to-leading order. There is already an O(1) contri-
bution in Eq. D40, but there is an additional O(1) contri-
bution that comes from working to next-to-leading-order
in Laplace’s approximation. We do so following [51]. In
general, Laplace’s method gives the following asymptotic
expansion for any integral bounds containing k,:

2]
LER)T, (pyeri(R) / LI NP
/dke hi(k)e Z Q%W

(D57)
where
$i(s) = hi(ky + sv(s))e" B0 (gy(s)) (D58)
with v(s) defined such that
flk + 50(s) +2‘9”(8) ) _ 1. (D59)

S

This machinery is set up to transform the exponential in
the integrand into a proper Gaussian so that arguments
in Egs. D49 and D50 are made precise. We can determine
v(s) order-by-order by expanding f (k. + sv(s)) about k..
Determining v(s) to zeroth order in s is straightforward:

[k +sv(s)) = %f”(k*)(sv)2 +0((sv)*),  (D60)
%f”(k*)v(sf = -1+ O(sv?) (D61)
v(0) 2 (D62)
f7 (k)
Therefore, we find
)y — Ty (. )eri (k) |2
¢; ' (0) = hy(k.) (ks (D63)

which matches our leading order term from Sec. D 3. For
our next-to-leading order calculation, we need to find
) (s). First, we note that

(bl(.l)(s) = hge"i (sv)" + (ﬁiem)/[(sv)/]Q’

where h; and r; are evaluated at k = k,+sv(s). It follows
that:

o) =

(D64)

(e (s0)"

+ 3(hie™)' (sv)' (sv)"

+ (hie”)"(sv)]*

(izie”)(3v" + sv")

+ 3(hie™) (v + sv) (20" + sv”)
+ (hie")"[v + sv']?

¢(0) = 3(hie™)|s=ov" (0)

+ 6(hie™)'s=ov' (0)*

+ (hie")" | s—ov(0)3.

(D65)

¢ (s) = (D66)

(D67)
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FIG. 10: Steady-state half-chain entanglement at half-
filling (a = b =n = 3) in the baseline model. Alongside
the numerical MPS data are two lines: the exact pre-
diction from Eq. D9 for the half-chain entanglement of
the state in Eq. D1, and the asymptotic scaling given
in Eq. D74. We observe that the exact prediction and
asymptotic scaling converge for large L and appear con-

sistent with the numerical MPS data.

The ¢(?)(0) contribution enters Eq. D57 suppressed by
a factor of L=!, so O(1) contributions will only come
from terms in ¢()(0) that are O(L). We have already
seen from Egs. D40 and D42 that h(k.) and h'(k.)
are O(log L), and since g™ (k,) is O(1) and r;(k.) and
7(k,) are O(L™1), it follows that (h;e”) and (hse™)’ are

O(log L) at k = k.. Also, since v(™(0) can be calculated
exclusively in terms of f(")(k,) which are independent of

system size, (™ (0) = O(1). Consequently, (hse"#)"v(0)?
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is the only O(L) contribution to ¢(?)(0). More explicitly,

(hie™)"|s=o = " *) (B (ky) + 2R} (k) (K )

%

+ hi(k) (1 (k)2 + 77 (k).

(D68)

Noting that r}'(k.) is also O(L~"), we conclude that
only e"®)p/(k,) can provide O(L) contributions, so
that

(hie™)" |x=r. = h! (k) + O(log L) (D69)
= —M +0(logL). (D70)
We find that
v(0)® = (2abn(1 — n))>/? (D71)
s0
¢ (0) = —232L + O(log L) (D72)
and
S(pa) = %(logL +log(2rabn(1 — n))) (D73)
1 2321 log L
o)
- %logL + %(log(Zﬂabn(l ) 41) (D7)

log L
+0( ¢ )

This asymptotic scaling is compared to the exact result
and to numerical data in Fig. 10, and the leading or-
der contribution agrees with results for the ideal Bose
gas [47].



