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Abstract
ThermalMarkovian dynamics is typically obtained by coupling a system to a sufficiently hot bathwith
a large heat capacity. Here we present a scheme for inducingMarkovian dynamics using an arbitrarily
small and cold heat bath. The scheme is based on injecting phase noise to the small bath.Markovianity
emerges when the dephasing rate is larger than the system-bath coupling. Several unique signatures of
small baths are studied.We discuss realizations in ion traps and superconducting qubits and show that
it is possible to create an ideal settingwhere the systemdynamics is indifferent to the internal bath
dynamics.

Thermodynamics of small systems have been intensively studied in recent years. Stochastic thermodynamics
explores the relations between different trajectories in the systemphase space [1, 2]. Quantum thermodynamics
[3–5] deals with the effects of non-classical dynamics and non-classical features such as coherence and
entanglement on thermodynamics. Apart from the practical importance of understanding and experimenting
with thermodynamics at the smallest scales, the study of quantum thermodynamics has also provided exciting
theoretical developments. As an example, it has been shown that there are additional second law-like constraints
on small systems interacting with a thermal bath [6–8]. In addition, there are thermodynamic effects in heat
machines that can be observed only in systems that are sufficiently ‘quantum’ [9–12]. Furthermore, some
quantumheatmachine setups can exceed classical/stochastic bounds [10, 11].

In a self-contained nanoscale setup (e.g. ion traps) that includes the baths, the heat capacities of the bathswill
be nanoscopic aswell. How small can an object be and still perform as a thermal bath?What are the features of a
large bath that amicroscopic heat bath (‘microbath’) canmimic? Themost pronounced feature of a large ideal
bath is its lack ofmemory. Given the state of the system and the bath temperature, the change in the state of the
system is fully determined.Moreover, the asymptotic state of the systemwill be a thermal state with the original
bath temperature. To achieve this, the bath has to have a short correlation timewith respect to the system-bath
coupling strength [13]. For this the bath has to be very large and often also sufficiently hot. In collision type baths
[14–21] the bath can be very cold since the short correlation time is achieved bymanyweak and fast collisions
with the system. The bath is assumed to be large so that each bath particle collides with the systemonly once. In
this paper, we suggest a scheme for a bath that generatesMarkovian dynamics for (1) arbitrary low temperature,
and (2) arbitrary small heat capacity (see appendix A for heat capacity of small baths).

Interactionwith a small environment will typically involve large oscillations and non-Markovian effects. To
obtain the desired result (e.g. thermalization), the interactionwith the bath has to be switched off at a specific
time. Although these oscillations can be exploited [9], it is often desirable to have protocols where the system
relaxesmonotonically (and quickly) to the desired state. InMarkovian dynamics, it is sufficient towait a few
relaxation times to ensure the system is prepared in the desired state, and there is no need to stop the dynamics at
a specific point in time.

Ourmicrobath consists of a small ensemble of two-level systems (spins) coupled to each other and to the
systemby either local interactions (nearest neighbor (NN) in a one-dimensional chain), or global interactions
(‘all to all’ (ATA) in this paper). Themicrobath spins are subjected to externally induced, uncorrelated
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dephasing. In the limit in which the dephasing rate ismuch larger than the coupling rate, we show that the
microbath induces aMarkovian dynamics on the system. This result is exact for global interactions, while for
local interactions it requires the additional assumption ofweak system-bath coupling. The smallness of the
microbathmanifests itself in two distinct features: a dependence of the equilibration state on the initial state of
the system, and an enhancement of the dephasing timewith respect to the population decay time.

General setup

The heat source (microbath) is an ensemble ofN spins. Excluding the external dephasing source, the
Hamiltonian that describes our setup is

å ås= + = +
+

>

+

( )H H V h V , 1
i

N

i
z

i j

N

ijtot 0 0

1 1

where si
z is the Pauli zmatrix of spin i. ThefirstN spins constitute themicrobath, and spinN+1 is the system.

Alternatively, the system can be larger but the bath interacts only with two levels in the system as often the case in
quantumheatmachines [10, 22, 23]. The spin–spin energy conserving interactions (between the system and the
bath or between the bath spins) are of the form

x s s s s= +- + + -( ) ( )V , 2ij ij i j i j

where s+ -( )
i is the creation (annihilation) operator of spin i. Thefirst configurationwe study is ATA coupling,

where all spins are equally coupled to each other x x=ij . The second configuration is a linear chainwithNN
coupling x x d= + .ij ij i j, 1 While theNN is themost simple and natural bathmodel, wefind that the ATAhas a
useful thermodynamic property that distinguishes it fromother configurations. These two configurations can be
implemented in ion traps and superconducting circuits as discussed at the end of the paper. See [24] for
experimental realizationwith one hundred spins.

WhenN is a small number and there is no dephasing, frequent quantum recurrences takes place and energy
oscillates back and forth between the system and themicrobath. In general, the systemwill not relax to a steady
state.

Dephased baths—adding an extra dephasing environment

In our setup, eachmicrobath spin (1 toN) is subjected to dephasing (phase damping) created by some larger
environment. Strong dephasing can be an intrinsic, possibly tunable, property of the spin system [25], or it can
be artificially induced by noise engineering (see experimental setup below). The spin decoherence dynamics is
described by a Lindblad equation as described in appendix B. The coherence relaxation rate is denoted byα.
Alternatively, the dephasing can be replaced by repeated projective energymeasurements (σ z) of the spins in the
bath. The typical time between subsequentmeasurements will determine the effective dephasing rateα. In
appendix C it is explainedwhy the dephasing environment is a free resource. In our scheme, themicrobath is
dephased but the system is not dephased.Hence, it is quite different fromother proposals [26–30].

In addition to coherence between energy eigenstates of each spin in the bath, dephasing also eliminates
coherence betweenmultiparticle states (e.g. ñ + ñf∣ ∣01 e 10i ).We show that when this inter-particle coherence
mitigation is larger than the coupling rates, recurrences are eliminated andMarkovian dynamics is observed. Let
zs denote the polarization of the system spin s r= +[ ]z trs N

z
1 . In appendix Bwe show that for the ATA andNN

configurations (NNalso requires weak system-bath coupling), strong dephasing leads to the following equation
ofmotion
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where zT is the initial average polarization of themicrobath spins, and is equal to = - [ ( )]z h Ttanh 2T 0 given
that themicrobath is prepared in a thermal state of temperatureT. In deriving (3), we have neglected terms of

order
x

a
SB
2

2 (see appendix B). For the ATA case x x= NSB
2 2, and for theNNconfiguration x x= +N NSB

2
, 1

2 . z∞ is the
polarization of the system after it fully equilibrates with themicrobath to a statewhere all theN+1 spins have
the same polarization. The dependence of z∞ on the system initial state is a direct consequence of having a heat
sourcewith initial energy that is not overwhelmingly larger than that of the system (i.e., small heat capacity, see
also [31]).
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For the system coherence, for example s r= +[ ]x trs N
x

1 , the situation is somewhat simpler since the bath has
no initial coherence andwe obtain

x a= - ( )
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x x
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d

d

d
. 5s s s

2

2 SB
2

General features of the reduced dynamics
We start by studying the different regimes of operation depending on the value ofα/ξSB. Equation (3) reveals
that the only solution consistent with strong dephasing a x  ¥SB is the Zeno freeze-out =( )z t 0

t s
d

d
. This

feature can be useful to decouple the system from the bathwithout changing ξSB. The next regime of interest is
that ofMarkovian dynamics. Asα gets smaller and closer inmagnitude to ξSB, the system starts to evolve in a
Markovianmanner. By neglecting the second derivative in (3)we get aMarkovian equation, and its solution is
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Thus,Markovian dynamics is observedwhen the dephasing is sufficiently larger than the system-bath coupling
strength (a x SB). In practice, when the dephasing rate is roughly an order ofmagnitude larger than the
coupling coefficient, the dynamics is already highlyMarkovian.

For amicrobath initially prepared at temperatureT, a system in a thermal state with temperatureT is a fixed
point of the setup. The asymptotic state is the state that a non-thermal state will reach after a very long timewith
respect to the thermalization time. In large baths, the asymptotic state and thefixed point are the same. The
situation is different in small baths.While the thermal state is still afixed point of thermalizationmaps, the
asymptotic state is given by z∞, and not by the polarization of a thermal state zT determined by the initial
temperature of the bath. From the definition of z∞ one can verify that in the large bath limitN?1, ¥z zT

and the asymptotic state becomes equal to the fixed point. As shown in appendix A, the heat capacity is

proportional to the number of spins in the bath = ( )C N sechv
h

T

h

T2

2
2

2
0 0 . Thus, when the heat capacity is very

largewith respect to ( ) sechh

T

h

T2

2
2

2
0 0 , then ¥z zT and thefixed point and the asymptotic state become the

same. Asymptotic states are of great interest in the context of dissipative quantum state engineering [32] and
entanglement creation by heatmachines [33, 34].

The largeα/ξSB limit of (5) leads toMarkovian dynamics for the coherence = -
x

a
( ) [ ]x x t0 exps s

Mark SB
2

.

Comparing the exponential decay rate of the coherence and polarizationwefind g g= +2z
N

N x
1 where g =

x

ax
SB
2

(see equation (5)). As shown in appendixD, the +N

N

1 enhancement of the decay rate with respect to twice the

dephasing rate, is an effect unique to small heat capacity baths. This enhancement is not in contradiction to the
known g g2z x ( T T22 1) relation, valid for completely positive time-independentMarkovianmaps [35, 36].
The +N

N

1 enhancement, is due to non-negligible changes in the average populations of the bath (forN=O(1)).
See appendixD for further details. This enhanced decay rate is an experimentallymeasurable signature of small
dephased baths. A largeMarkovian bathwith the same population decay timeT1=γz cannot generate
decoherence timeT2=1/γx as high as

+ T2 N

N

1
1.

Closed formnon-Markovian reduced dynamics

Starting at t=0without system-bath coherence implies =( )z 0 0
t

d

d
. Thus, at early times before the system

starts to followMarkovian dynamics [13, 37], the second derivative in (3) dominates. This second derivative is a
reminiscent of the unitary dynamics that takes place in the absence of dephasing. Unlikemore complicated
setupswith strongmemory effects, here all the non-Markovian effects are encapsulated in the second derivative
term. A numerical example is given below.

ATA configuration
In this configuration x x= NSB

2 2. TheN factor in xSB
2 is expected since the system is connected toN spins. In the

numerical example infigure 1we use a three-spinmicrobath that interacts with a system (another spin) via ATA
coupling. The parameters are ξ=1 andα=6. The dashed-black curve infigure 1(a) shows theMarkovian
approximation (6)with respect to the exact dynamics (red curve). Amost appealing feature of theATA
configuration is that the reduced dynamics of the systemdoes not depend on the internal polarization variation
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in the bath.Only the total polarization of the bath (total energy) affects the system (see SM formore
information). Thismeans that to get a thermalization dynamics there is no need to carefully prepare the bath in a
(global) thermal state. This feature is amajor simplification both from the practical (or experimental) point of
view and from the theoretical point of view. The green-dashed curves infigure 1(a) shows that a completely
different bath preparationwith the same initial total polarization, leads to the exact same systemdynamics
(analytically the same, so no deviations in the systemdynamics can be seen in the graph).Moreover, even strong
classical correlation in the bath (e.g. - ñá + ñá( )∣ ∣ ∣ ∣p p1 000 000 111 111 )will not affect the reduced dynamics of
the system. Infigure 1(b), free evolutionwithout external dephasing is plotted.Quantum recurrences dominate
the dynamics and equilibrium is not achieved.

Figure 1(c) shows that (3) accurately describes the short-time non-Markovian evolution. For short-time-
evolution the second derivative in (3) is highly important even ifα?ξSB.

In large baths without dephasing, weak system-bath coupling is crucial for observingMarkovian dynamics.
The coupling has to be smaller than the bath correlation time, which depends on the bath temperature [13] . As a
result, the Lindblad description fails for very cold baths (excluding collision bathswhich can be cold, but cannot
be small andMarkovian aswell). In contrast, in our setup there is no such limitation. The system-bath coupling
has to be small compared to the dephasing rate. Under sufficiently strong dephasing the systemwill follow
Markovian dynamics regardless of how cold is the initial temperature of the bath and how small themicrobath is.
The fact that the dephased bath can be highly out of equilibrium can be considered as strong system-
environment coupling effect (in the ATA configuration). Yet, this is very different fromother strong coupling
studies where the interaction dresses the systembut the bath is still large [38–41].

Weak versus strong coupling in dephased baths
When the coupling of the system to the bath ξSB ismuchweaker than the coupling between different spins in the
microbath xij

B (i, j<N+1) the dynamics greatly simplifies. In the presence of dephasing and x xij
B

SB, the

microbath spins equilibrate among themselves before the system changes significantly. Thus, (3) is valid also for
configurations such asNNwithweak system-bath coupling (see appendix B). In appendix Bwewrite an
equation similar to (3) for theNNconfigurationwhen x xij

B
SB does not hold.

System-bath correlation in small dephased baths
Next, we study the creation of system-bath correlation duringMarkovian and non-Markovian dynamics of the
system.When the system isweakly coupled to a large bath, the correlation between the system and the bath can
bemade negligible and be ignored. This is not the case for small baths. In the following, we discuss both theNN
and theATA configurations. As an illustrative example in theNN setupwe use a three-spinsmicrobathwith
α=6, ξB=1 and ξSB=1/20. For the ATA setupwe use the same setup butwith a x= = ( )6, 1 20 3 . As a
result, theMarkovian decay time for both configurations is the same, and is equal to t a x= =( )2 1200MARK SB

2 .
The top curves infigure 2(a) show that the systempolarization in theNNconfiguration (red curve), and the
polarizations in the ATA configuration (dashed-blue) have practically the same evolution. The tiny differences
(not visible in thefigure) arise from the fact that themicrobath spins (lower curves show z1, z2, z3) do not yet
perfectly equilibrate among themselves. Corrections toMarkovian dynamics are observed only on a timescale of

Figure 1. (a) Systempolarization (zs) and bath spin polarization (zi, i=1, 2, 3) versus time in the all to all configuration (inset)with
bath dephasing rate ofα=10ξSB. Remarkably, in this configuration the systemdynamics is the samewhether the bath is initially
prepared in a uniform thermal state (brown), or in any other state with the same total initial polarization (green). Thus, this scheme
performs as an ideal small heat source. TheMarkovian approximation (dashed-black) accurately describes the exact systemdynamics
(red). (b)Without external dephasing (α=0) the systemdoes not equilibrate at all. (c)Although theMarkovian approximation fails
at very short times, the dynamics is still accurately described by (3) (cyan).
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1/α=1/6.We study correlations using the standard statistical correlation function
=( ) ( ) [ ( ) ( )]i j z z z zcorr , cov , var vari j i i . The dashed-blue curve infigure 2(b) shows the correlation between any

of the bath spins and the system in the ATA configuration. Amore interesting dynamics takes place in theNN
setup. These correlations are classical since off diagonal elements are negligible in the presence of strong
dephasing. Remarkably, even though the bath spins in theNNcase have almost exactly the same polarizations
(figure 2(a)), their correlations with the systemdiffer significantly at a tt1 MARK as shownby the red
curves infigure 2(b) (see the inset for amagnification). This highly interesting correlation equilibration at a rate
much slower than the polarization equilibrationwarrants further study.

Another interesting feature in the correlation evolution is the asymptotic value obtained for t?τMARK.
While the transient correlation evolution depends on the coupling strength and on the coupling configuration,
the asymptotic value ¥corr depends only on the initial conditions. This can be understood from the fact that

s så á ñ¹
+

i j
N

i
z

j
z1 is a conserved quantity for any choice of ξij. Using this conserved quantity together with energy

conservation, and the fact that the final equilibrium state is completely uniform,we obtain the asymptotic
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and the bath starts in a uniformpolarization this expression simplifies to
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Note that regardless of the configuration, at  ¥t the system is equally correlated to all bath spins. ¥corr is
negative for anyM, zT, and zs(0).Moreover, since ¥z zT for largeN, we conclude from (7) that the asymptotic
correlation scales like +( )M1 1 2 when zT and zs(0) are kept fixed.Hence, ¥corr 0 for large bath. Thus, the
unavoidable asymptotic system-bath correlation is another unique feature that appears in small dephased baths,
evenwhen the dynamics is fullyMarkovian. In small non-dephased baths the correlationwill also be strong but
the correlationwill oscillate without reaching a steady state.

Experimental realization in ion traps
Quantum simulation of spinHamiltonians has been demonstrated using trapped atomic ions [42–44]. An
effective spin 1/2 system (pseudo-spin) is realized using two internal levels of the ionwhich can be separated by
radio-frequency,microwave, or optical transitions. By using spin-dependent forces that couple internal and
translational degrees of freedom, it is possible to generate various interactions between the ions. In appendix E

Figure 2. Strong system-bath correlation can form evenwhen the system followsMarkovian dynamics. (a) In theweak coupling limit
in theNNconfiguration (see inset), the polarization dynamics (red curves) is the same as that of the ATA configuration (blue dashed
curves)when the ATA configuration is set to have the same decay time a x( )2 SB

2. Yet, the system-bath correlation (b) in theNN setup
(red) is non-uniform evenwhen the bath polarization is highly uniform (see inset). The ATA correlation is shown in the dashed-blue
curve.While the peak correlation depends on the setup parameters, the unavoidable asymptotic correlation ¥corr (7) isfixed by the
initial conditions and cannot bemitigated byweak system-bath coupling.
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wediscussNNandATA realization in ion traps andfind that it should be possible to implement a dephased bath
schemewith the current experimental capabilities.

Experimental realization superconducting circuits
Dephased baths can also be readily implemented in superconducting circuits. By coupling transmon-type
superconducting qubits [45] to a common far detuned resonator, theNNand the ATA configurations can be
implemented. In appendix Fwe provide estimates andmention previously implemented building blocks. The
superconducting architecture also allows to experimentally explore possible extensions of this work, including
studies of system-bath correlations, continuously driven open system [46], etc.

Conclusions

Wehave introduced a paradigm for the implementation ofMarkovian heat sources with the smallest possible
heat capacity. In contrast to oscillatory non-Markovian dynamics that typically arises when interacting with a
small environment,Markovian dynamics have the advantage ofmonotonically converging to the desired
asymptotic state. Thus there is no need to stop the dynamics at particular times to obtain the desired result.
Despite theMarkovian dynamics we have identified features in our setup that are unique to small heat sources:
(1) an enhanced decay rate with respect to the decoherence rate (2) a significant, and unavoidable system-bath
correlation that cannot be eliminated by reducing the system-bath coupling. In addition, wefind a correlation
equilibration time that ismuch larger than the bath polarization equilibration time. Finally, our theoretical
approach also provides an accurate reduced description of the non-Markovian dynamics at short evolution
times.

We have studied realizations in ion traps and in superconducting qubits where the ATA coupling can be
implemented. In our dephased bath setup theATA coupling has the remarkable property that the system is
sensitive only to the total energy in the bath. Thismakes the ATAmicrobath an idealmicrobath: the internal
dynamics inside themicrobath does not affect the reduced dynamics of the system. This greatly simplifies the
preparation stage of themicrobath: any preparationwith the same energywill do.

Potentially, thesemicrobaths can serve as a practical element in experiments. Furthermore, this setup
motivates new questions about open quantum systems. For example, the study of accumulated system-bath
correlation is a complicated topic that is greatly simplified in the dephased bath setup proposed here. In
addition, it is intriguing to study dephasing in quantum systemswith largerHilbert space (qudits) and to include
system-bath particle exchange.
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AppendixA.Heat capacity of small baths

The heat capacity of a bath is defined as

d
= ( )C

Q

T
, 8

whereQ is the heat exchangedwith the bath upon a change of δT in the temperature of the bath.C is ameasure of
the bath size. This definition assumes that after takingQ amount of heat the bath returns to a thermal state that
commensurate to the new energy of the bath.However, in small baths (even in the dephased ones considered in
this paper) thefinal state is typically not a thermal state or even close to it. Nonetheless, the definition in (8) can
still be useful. To define the heat capacity of a small bathwe consider two additionalmacroscopic baths at
temperaturesT and d¢ = +T T T .We first thermalize the small bath by connecting it to the large bath at
temperatureT. This is repeated for bathT′. The heatflowQ (which is equal to the change in the energy of the
small bath) is recorded and the small bath heat capacity is given by (8). Note that this process is an isochore
(constant volume) sincewe did not change the energy levels of the small bath (nowork involved, only heat).
From this we get
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For a systemofNnon-interacting spinswith energy gap h0 the heat capacity (for very small δT) is
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See [47] for a generic bound on the heat capacity offinite-dimensionmicrobaths (Corollary 10 of theorem 8).

Since ( ) sech 1 2h

T

h

T2

2
2

2
0 0 the heat capacity ofNnon-interacting spins is smaller thanN/2. Similarly, the heat

capacity of the system can be defined aswell. The standardMarkovian limit for large bath requires
that C Csys bath.

The reason for considering the heat capacity of non-interacting spins is that in the presence of dephasing the
stationary thermal state is not the one given by the fullHamiltonianwith the interactions, but the thermal state
of the bare spins.

Appendix B.Derivation of the equation ofmotion

The system-bath setup dynamics ismodeled by a Lindblad equation

år r r r r= - + - -
=

[ ] ( )† † †d H A A A A A Ai , 2 , 11t
k

N

k k k k k k
1

whereAk describes the external dephasing environment, andH is given by equation (1) in themain text. By
moving to the interaction pictureH0 is eliminatedwhileV andAk remains unaffected since they commutewith
H0. To obtain a dephasing rateα for spin iwe set as=Ak i

z . Note that for two spinsA1 (orA2)will also lead to
dephasing at a rateα of coherences that involve both spins for example element ρ2,3 in the joint densitymatrix.

We start the derivation of the equation ofmotion bywriting the equation for the time derivative of
polarization of the system spin s= á ñzs s

z

ås r s r r r= - + - -
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Since s =[ ]A , 0k
z
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In contrast to othermethods for obtaining reduced dynamics that are based on integration (see themicroscopic
derivation [13]), we start with differentiation
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Let usfirst study the first term (quadratic inV )
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where

s s s= +- +A h.c.j k
z

s

Wewill show later on that the contribution form theA term is negligible. Next we study the second term in (14)
(Linear inα)

å å
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wherewe have used the relation s s s s= - z z 1

4
. Finally, we get
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Nextwewish to evaluate themagnitude of á ñA . SinceA is a coherence (off diagonal element of the density
matrix) the equation ofmotion of á ñA is

r aá ñ = á- ñ - á ñ[ ] ( )
t

A V A A
d

d
i , . 18

Using the fact that forα?ξ the dephasing dominates and the systemquickly relaxes to inhomogeneous
solution

a
r

a
rá ñ =

-
á ñ =

-
á ñ[ ] [ ] ( )A V A A V

i
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i
, . 19

After some algebrawe get

s s s s= - -- + - +[ ]A V, h.c.k s j k

and therefore

x
a

s s s sá ñ µ á - - ñ- + - + ( )A h.c. . 20k s j k

However s s s sá - - ñ- + - + h.c.k s j k is a sumof coherences and therefore from (19)
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Hence, from (20) and (21)we conclude that x aá ñ = ( )A O 2 2 . Comparing x á ñA2 to thefirst term in the right
hand side of (17)wefind that it is x a2 2 smaller. Thus, this term can be safely neglectedwhenα?ξ andwe
obtain
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Note that in general zk=zk(t) so this equation is not closed and cannot be solvedwithout prior knowledge of
zk(t). There are scenarios, though, inwhich this equation is closed, and can be solved. One is the ATA coupling,
and the other is weak coupling. In the ATA coupling ξsk=ξ sowe canwrite
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Finally, we get
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Another scenario where a closed solution can be obtained is weak system-bath coupling. In theweak coupling
limit = = = ¹z z z z... N s1 2 . As before the average polarization is a conserved quantity sowe canwrite

= + -¥( ) [( ) ( )]z t N z z t N1k s and get

å x a= -
+

- -
=

¥( ) ( ) ( )
t

z
N

N
z z

z

t

d

d
2

1 d

d
, 25s

k
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sk s
s

2

2
1

2

which has the same form as (24) just with different coupling strength.

AppendixC. External dephasing as a free resource

In ourmodel, the decoherence is generated by another external environment (not theN-spinmicrobath). Yet,
we consider it as a free resource for the following reasons. First, unlike thermalization, dephasing is often very
easy to engineer or to add to existing schemes (see the ion trap and superconducting circuit realization proposals
in this paper). Second, dephasing does not change the energy distribution so it cannot generate work or heat
flows. That is, the dephasing environment is energetically useless. In our setup, the energy exchangewith the
system comes only from themicrobath (spins 1 toN). Third, the dephasing environment can only increase the
entropy of the elements it interacts with—it cannot be used as a resource for entropy reduction. This is different
from the coherence fuel used in [48]which should be treated as a valuable consumed resource.

AppendixD. An extended dephasing time in dephasedmicrobaths £ +T T2 N

N2
1

1

Consider a completely positiveMarkovianmap (11)withH=0 for simplicity. z0 is the asymptotic polarization
of themap. The polarization of the system sá ñz can be changed by setting the Lindblad operators to

s s= =+
+

-
-A g A g,1 2 .We start by studying amapwith time-independent asymptotic polarization

= 0z

t

d

d
0 and get from (11)
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The coherence dynamics is obtained by looking on rsá ñ = [ ]x tr x that satisfies
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The solutions of (26) and (28) are
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Using these solutionwe compare the polarization decay rate γz and the coherence decay rate γx and get
g
g

= ( )2. 31z

x

Adding elements likeA3=σzwill increase x
t

d

d
butwill not affect z

t

d

d
and therefore we get the standard result for

completely positiveMarkovian dynamics [35, 36]

g g ( )2 . 32z x

Most importantly, we have used the fact that = 0z

t

d

d
0 . In our case themap is time-dependent. The rate (g++g−)

isfixed by the physical couplings, but z0 (related to g+−g−) changes in time since the bath isfinite. Using the
polarization conservation = + -¥( ) ( )z t N z z

N0
1 s wefind
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and therefore
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Thus, the polarization decay rate can be faster than theminimal value of g2 x allowed forMarkovianmapswith a
time-independent z0 (or alternatively the dephasing time is longer). Note that this dressing effect does not happen
for x since the dephasing constantly eliminates any bath coherence thatmay arise from interacting with the
system.

Appendix E. Experimental realization in ion traps

To synthesize significant pseudo-spin interactionHamiltonians between the ions in the trap, spin-dependent
forces are used. These forces can be realized, for example, by opticalfields acting on optically separated pseudo-
spin levels, or by Raman transitions onmicrowave-separated pseudo-spin levels. Spin-dependent forces induce
spin-dependentmotion of ions in the trap, leading to the acquisition of spin-dependent phases, and thus to an
effective spin–spin interaction. Tomimic the effect of spin interactionHamiltonians and not only their time-
evolution operator at specific times, quantum simulations are conducted using spin-dependent forces that are
tuned far off-resonance fromone, ormore, of the crystal normalmodes ofmotion. Thus, excitedmotion can be
adiabatically eliminated and the interaction between the spins becomes direct. Here, spin–spin interaction can
be thought of asmediated by the exchange of virtual crystal-phonons. A transverse field in the zdirection can be
introduced by detuning the pseudo-spin transition from theRaman or optical interaction. The dephasing of
microbath spins is straightforward to implement using individual-addressing of bath ionswith off-resonant
laser beams that will shift them from resonance in a quasi-random time sequence.

The implementation of different ξi,j, depends on the normalmodes ofmotion that are used. This can be
done by spectrally tuning the lasers ormicrowave fields that induce spin-dependent forces. ATA coupling can be
achieved in ion traps by tuning spin-dependent forces close to the center-of-massmode of an ion crystal in
which all ions oscillate in-phase, andwith equal amplitude along the trap axis [42]. Thus the ATA configuration
can be readily implemented. The use of spin-dependent forces that act on radial normalmodes in ions trapswas
shown to lead to relative flexibility in determining ξi,j. In particular it was shown that when radialmodes are
spectrally closely-spaced, the range of spin–spin interactions can be scanned between  d0 3where
x µ - d∣ ∣i j1i j, and i and j are the locations of the ions in the chain, by tuning the spin-dependent force
frequency close to or far from the radialmodes respectively [49].While the synthesis of arbitrary ξi,jwas shown
to be possible [50] it will be very difficult to experimentally implement. The implementation of theNN
configurationwill, therefore, be challenging using trapped-ion systems, although it could be fairly well
approximated using x µ -∣ ∣i j1i j,

3 where the next-to-nearest neighbor interaction is suppressed by a factor of
eight.

Appendix F. Experimental realization in superconducting circuits

For definiteness, we focus on superconducting qubits of the transmon-type [45]. These qubits have good
coherence properties, can be individually addressed,made to interact, and read outwith highfidelity. Hence,
they are currently being considered as building blocks for quantum computation [51]. In particular, theywere
recently used to study thermalization of an isolated quantum system [52]. The interaction between any pair (i, j)
of qubits can be realized using a common resonator as quantumbus [53, 54] and takes the form

s s s s= D + D +- -
+ - + -( )( )H g gI i j i j j i i j

1 1
, , , , , where gi are the qubit-resonator couplings,Δi=ωi−ωr is the

detuning between the qubit frequencyωi and the resonator frequencyωr, and the expression is valid in the
strong-detuning limit,Δi/gi?1. This interaction realizes a two-qubit iSWAP gate,mediated by virtual
interactionwith the resonator. The interaction is effectively switched off by ‘parking’ the qubits in a largely
detuned configuration, and switched on by non adiabatically tuning the qubits in resonancewith each other and
closer in frequency to the resonator (the qubit frequencies can be adjusted on a fast time scale by changing the
localmagnetic field at each qubit’s site). TheNN scheme can be realized by arranging the qubits in a one-
dimensional chain and coupling each neighboring pair by an individual bus resonator [55]. TheATA scheme
can be realized by coupling all qubits to a common resonator, as recently demonstrated for an ensemble of ten
qubits in [56]. Based on these experiments, we estimate that a tunable interaction strength ξ/2π=5MHz can
be reached in both configurations. Single-qubit dephasing of arbitrary strength can be engineered by injecting
classical noise into the system, causingfluctuations in the localmagnetic field and hence in the qubit frequency.
Due to spurious coupling to uncontrolled degrees of freedom, the superconducting qubits have an intrinsic
thermalization timeT1.We require that the thermalization rate of the system via the dephased bath bemuch
larger than its intrinsic relaxation rate, x a  T12

1, so that the composite system can be considered as isolated
during the initial thermalization time. At the same time, observing the full crossover between unitary dynamics
andZeno freezing requires ξ/α=1. Even assuming a conservativeT1≈10 μs, ratios as low as ξ/α≈1/20 can
be attainedwith intrinsic relaxation still playing a negligible role.
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