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Abstract The overdamped Brownian dynamics of a harmonic oscillator is a paradigmatic system in non-equilibrium statistical
mechanics, which reliably models relevant stochastic systems such as colloidal particles submitted to optical confinement. In
this work, optimal thermal protocols are tailored to minimise the connection time between equilibrium states of overdamped
d-dimensional oscillators. Application of control theory reveals that these optimal protocols are of bang-bang type, that is, the
temperature of the bath has to take alternatively the minimum and maximum values allowed. Minimum connection times increase with
the considered dimension d. Remarkably, this is the case even for symmetric oscillators, for example, with spherical symmetry—in
which the degeneracy of the elastic constant along the d possible directions seems to imply a minimum connection time equal to
that for the one-dimensional case. This surprising unavoidable price to pay when increasing dimension is thoroughly investigated
and understood on a physical basis. Moreover, information theory tools such as the thermodynamic length and its divergence are
analysed over the brachistochrone.

1 Introduction

Optimal shortcuts are a hot topic in physics. They were originally devised for quantum systems [1-3], with the aim of driving
the system of interest to the desired target state—beating its natural relaxation timescale, thus the name of shortcuts. Soon, these
appealing ideas born in the quantum framework were extended and expanded to other contexts, such as classical mechanics and
statistical mechanics [4—8]—see Ref. [9] for a recent review.

Shortcuts are based on the control of the time dependence of physical quantities that govern the dynamical evolution of the system
at hand. Most often, one assumes that control parameters modulate the potential—for instance, the stiffness or center of an optical
trap [10-13]. Also, one can consider the whole potential as the control, which leads to quite general problems like the minimisation
of irreversible work [12, 14—17] or the building of smooth connections that involve the manipulation of time’s arrow [18].

Only very recently have control problems in which the bath temperature is the control parameter been considered [19-23].
The interest in engineering the thermal environment stems from the design of novel experimental techniques that circumvent the
difficulties for directly controlling the bath temperature. These techniques have opened new possibilities for the manipulation of
Brownian objects and motivate the present work. For example, an effective increment of the temperature—up to thousands of
kelvins—can be generated by submitting a colloidal particle to an additional white noise forcing. In particular, this can be achieved
by applying a random electric field to charged particles [24].

Optimal control problems that involve the engineering of the temperature have been scarcely addressed in the literature. A wide
variety of physically relevant optimisation problems arise: minimisation of entropy production, irreversible work, thermodynamic
length, connection time, et cetera—just as in the usual case of controlling the potential. In this paper, we focus on working out
the thermal brachistochrone, that is, the temperature protocol that minimises the connection time between equilibrium states of the
system, corresponding to different values of the temperature, Ty and T'y. This problem can be in principle tackled with the tools of
optimal control theory, such as Pontryagin’s maximum principle [25, 26]. Typically, the temperature enters linearly in the evolution
equations of the relevant physical quantities, which entails that the Pontryagin’s Hamiltonian is linear in the control function—the
temperature. When this is the case, the optimal thermal protocols that minimise the connection time between equilibrium states are
of bang-bang type: they comprise several time intervals, where the control is constant and equals either its maximum or its minimum
value. Protocols of this type have been previously reported in time-optimisation problems in different contexts, such as quantum
systems [1, 27] or granular fluids [28, 29].
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The main goal of this work is to analyse in depth the thermal brachistochrone for a d-dimensional harmonic oscillator. Not only
does the harmonic oscillator have theoretical interest within the field of non-equilibrium statistical mechanics, but is also relevant
from an experimental point of view: it accurately describes realistic systems such as confined colloidal particles [30]. In fact, it is in
the harmonic oscillator indeed that the first optimal control ideas were introduced within statistical physics [10, 12, 13], and it has
also been employed to build irreversible heat engines [11, 20, 23, 31-33].

We consider that the temperature 7' of the thermal bath can be externally controlled at will within a certain interval, Tri, <
T < Tmax- This corresponds to a relevant experimental situation, as already stated above the temperature can only be increased
from “room” temperature to thousands of kelvins [24]. Since our focus is put on thermal control, the elastic constants of the
potential—there are d of them—are kept constant. In the context of heat engines, protocols like those considered in this paper, in
which the elastic constants are kept constant, correspond to isochoric branches.

In this work, we show that it is possible to explicitly work out the thermal brachistochrone for this paradigmatic case. We look into
the dependence of the optimal connection on the limit values of the temperature, and also on the elastic constants that characterise
the harmonic confinement.! A rich phenomenology emerges, including striking discontinuities of the minimum connection time
when two or more of the elastic constants become equal—what we call the degenerate case. This means, for instance, that a perfect
isotropic harmonic well and a slightly anisotropic one have very different minimum connection times: longer by a finite amount for
the anisotropic well—however small the anisotropy is. It must be stressed that anisotropy in the harmonic confinement has been
both experimentally observed and theoretically analysed for laser optical tweezers [34—38].

The application of metrics and tools stemming from information geometry to give insight into thermodynamic concepts is a
fertile field of research, which dates back to the 80’s of the past century [39, 40] and has exploded in the last years [41-46].
Specifically, in relation to optimal control, information geometry allows for the derivation of classical speed limits [43, 45, 47, 48].
These investigations prove that measures such as thermodynamic length and its divergence—sometimes also called thermodynamic
cost [43, 45]—are useful to improve our current understanding of non-equilibrium processes, including optimal shortcuts. Our work
also discusses these novel concepts for the optimal thermal shortcuts derived.

The rest of the work is organised as follows. In Sect. 2, the dynamics of the model system, the d-dimensional harmonic oscillator, is
introduced in detail within the framework of non-equilibrium statistical mechanics. Then, the problem of minimising the connection
time between equilibrium states is posed and solved in Sects. 3 and 4 for two situations, finite and infinite heating power, respectively.
In Sect. 5, we resort to information geometry concepts to shed some light on the unavoidable extra cost for connecting equilibrium
states of oscillators when the dimension d is increased. A brief recap of the main results in this work, along with the conclusions
that are extracted from them, is provided in Sect. 6. Finally, some technical details are relegated to the appendices.

2 The model

We consider an overdamped Brownian particle in d dimensions in contact with a thermal bath at temperature 7'(¢t) submitted to
harmonic confinement in each direction.” The origin is chosen to coincide with the center of the trap. Let x; be the projection of the
position of the particle x onto the i-th dimension, while k; stands for the stiffness of the confining potential, U(x) = Z?:l k,'xi2 /2,
in the corresponding direction. For the sake of concreteness, we order the dimensions in such a way that k; < kp < --- < ky. The
temperature of the bath is externally controlled at will in such a way that it is possible to devise any temperature program—for an
experimental implementation of a time-dependent bath temperature, see e.g. Ref. [24]. The stochastic dynamics can be cast either
in the Langevin equation

d
VEX(I) = —VUX®) +2ykpT ()n(1), ey
or the Fokker—Planck equation for the probability density function P(x, t)
d
y 5 P(x,1) = V- [VUX)P(X, )] +kgT(t)V>P(x, 1). 2)

Above, y is the friction coefficient between the Brownian particle and the bath, kp stands for the Boltzmann constant, and 7 is a
vector of white Gaussian noises, fully determined by the first two moments of its components

i) =0, (ni(t)m;(t") =8t —1d;j, VG, ). 3

These Gaussian noises are responsible for the diffusion term in the description of P(X, ¢). Note that our assumption of uncoupled
confinements in each dimension implies no loss of generality since, for general harmonic potentials, it is always possible to change
variables to normal modes where our description applies—see Appendix A for further details.

The linearity of the potential guarantees that Gaussian states remain Gaussian for the whole evolution of the system. Therefore,
provided a Gaussian initial condition centered at the origin, which ensures (x;(¢)) = O, it suffices to study the variance of the

1 In Ref. [28], the limiting case of a thermal bath with infinite heating power was briefly analysed.

2 The case d > 3 corresponds to several, noninteracting, confined Brownian particles.
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distribution in each dimension, z;(t) = (xl.z(t)), i = 1,...,d, to fully characterise the dynamics. Due to the uncoupling of the
harmonic confinements, the evolution equations for the z; are also uncoupled and we have that

2
e 24,(r)

P = H | =

For simplifying the future discussion, it comes in handy to introduce dimensionless variables as

k k T k;
=1, z}kzilz,', T = —, kf=-", ©)
1 kgTy Ty

d
yazi(t) = —2k;z;(t) +2kpT(t), Vi,Vt. “4)

with Tp the initial temperature. From now on, the asterisks are dropped to avoid cluttering notation. Hence, we have the evolution
equations

d
Ezl'(t) = —2k;izi(t) + 2T (1), (6)
withk; = 1 < kp < --- < k4. The system of equations (6) constitutes the fundamental law that governs the dynamics of the

Brownian particle.

In this work, we are interested in devising a temperature program that allows the connection between two equilibrium states
at different temperatures, T(0) = Tp = 1 and T(ty) = Ty, in the shortest amount of time. To the best of our knowledge, this
optimisation problem—finding the thermal brachistochrone—is first posed and addressed in this work. Since the control appears
linearly in the dynamical equations, the optimal control will be a bang-bang protocol, analogously to the optimal protocols in the
context of granular media [28, 29] already mentioned in the introduction. Therefore, it is useful to solve these equations for constant
T.

The general solution of (6), starting from the initial condition z; ¢ at fy, follows an exponential relaxation

T T\ _x
51£AtT)(Z’ 0) =z;(t) = o + (Zi,o — E)e 2ki At 7)

The evolution operator S,giAlT) , with At =t — 19, generates the time evolution for a time interval At of the i-th variance z; under
constant temperature 7.

3 Optimal thermal protocols for finite heating power

Our goal is to obtain the protocol that connects two equilibrium states in the shortest time. Specifically, in our dimensionless
variables, the initial temperature is 7o = 1, and thus final values 7'y higher (lower) than unity represent heating (cooling) processes.
The solution to this optimisation problem depends on the constraints considered for the external control, that is, on the constraints on
the temperature 7'(¢). A physical bound arises from below since temperature cannot be lower than zero. However, technical limitations
may produce the emergence of tighter bounds in such a way that the control cannot exceed certain minimum and maximum values,
thatis, 0 < Tiin < T < Tmax. In this section, we focus on cases with Ti,i, = 0 and finite T},,x, Whereas in Sect. 4 the latter condition
will be relaxed: therein, we assume an infinite heating power, that is, the limit as Tiyax — 00. Of course, one could consider a nonzero
value for Tinin, and we put forward indeed a general approach, although thereafter we take Ty, = O for the sake of simplicity in the
presentation of the results.

The linearity of the equations guarantees the existence of the solution for the optimisation problem [25]. The optimal protocol
connects the initial and target states in the shortest (finite) time. From a theoretical perspective, this is a qualitatively different from
the direct step process where at 1 = 0* the control is switched to the target value for the temperature, 7', which is followed by an
exponential relaxation of the variances with natural timescales given by (2k;)~!. From an applied perspective, the optimal protocol
is especially appealing when the optimal time beats the aforementioned characteristic timescales.

Pontryagin’s maximum principle provides us with a perfect tool to address optimal problems submitted to constraints, such as
the one we have posed [25, 26]. In our case, the object to minimise is the total time employed in the process, which can be thought
of as the simplest functional 15 = f(;f dt. This fact, together with the temperature appearing linearly in the evolution equations,
makes Pontryagin’s Hamiltonian linear in the control. Hence, optimal control has to be of the bang-bang type, meaning that 7'(¢)
equals either Ty or Tiyax—possibly with jumps in between—for all times 0 < ¢ < t7. Specifically, the number of jumps between
bounds is d — 1, entailing d stages in the interval 0 < ¢ < ¢y, and thus given by the dimensionality of the problem, as argued in
Ref. [28]. In this work, we explore in depth the physical implications of this general result in the relevant context of harmonically
trapped Brownian particles. In the following, we resort to our knowing the optimal control being of bang-bang type to obtain both
the protocol itself and the optimal connection time. A detailed derivation of the optimal bang-bang protocol in our system for d = 2,
using explicitly Pontryagin’s principle, can be found in Appendix B.
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As discussed above, the shortest connection implies d time windows, with d — 1 consecutive jumps between the limiting values
of the temperature. The value of the temperature along the first time window, either Tinax or Tmin, determines the type of process
performed: heating or cooling, respectively. For instance, let us consider a heating process, Ty > 1: the optimal protocol involves d
time windows, alternating heating (at Ti,x) and cooling (at Tiyin) stages, starting with heating at Tiy,x. Note that, since the system
is assumed to be at equilibrium both at the initial and final times, the boundary conditions z;(0) = 1/k; and z;(ty) = Ts/k; for
the evolution hold. Let 7. ; (75,;) be the duration of the i-th cooling (heating) stage. Therefore, the optimal bang-bang process is
obtained by solving the system of equations

L. T
(oets ogh 0513’,’%W)(g.) =L =i ®

composition of d operators

for heating processes, Ty > 1, or

1 T
(o0&t ot o) () =22 =1 ©)
i>4min >4 max i> 4 min ki ki

composition of d operators

for cooling processes, Ty < 1. Multiplying (8) and (9) by k;, we get
(P(khTmin’Tmax»T):Tfa i=1,....,d, (10)

where the function ¢ can be easily built using the definition of the evolution operator (7) and T is a vector of dimension d comprising
all durations of the elemental stages in the bang-bang protocol. Note that, denoting by T; (alternatively Tax or Tmin) and 7; the
temperature and the duration of the i-th elementary stage, respectively, of the bang-bang process, the function ¢(k, Trin, Tmax, T)
can be generally expressed as

d+1 d
@(k, Tmins Tmax, T) = Z(Tn—l - Tn) eXP(—Zk Z fm)v (11)
n=1 m=n

for arbitrary d. We have defined To = 1 and T 441 = O to give a compact formulation. For an illustration of the optimal control
protocol, and the notation employed for our general formulation in Eq. (11), see Fig. 1.

If all the elastic constants k; are different, the mathematical problem is completely closed: Eq. (10) is a system of d equations for d
unknowns, the components of the vector T of time spans. The optimal time for the connection is given by the sum of all components
of the solution for T. Despite the formulation of the mathematical problem being simple, the system of equations (10) is difficult to
solve for arbitrary dimension. Therefore, we discuss in the following physically meaningful situations within relevant limits.

Now, let us consider the case when some k;, say r of them, are exactly equal—which we refer to as the degenerate case. This
is relevant from a physical point of view, since it arises naturally when the harmonic confinement possesses some symmetry, for
example cylindrical or spherical in the three-dimensional case. In such a situation, the variances corresponding to dimensions with
the same elastic constant fulfill the same mathematical relationship. In such a situation, the problem can be solved by considering
that the dimension has been reduced to d* =d + 1 — r < d, i.e. d* is the number of different values of the elastic constant k;. The
optimal protocol would thus involve a smaller number d* of elementary stages or bangs.

Now, let us address the case in which the r k;’s are arbitrarily close, but not exactly equal. Therein, we need the d bangs to
achieve the optimal connection and the situation is quite subtle, as shown below. For the sake of concreteness, we study the almost
fully degenerate case r = d, defined as the limit where all confinements are almost identical: k; — k; = 1, Vi > 1. This describes
a harmonic trap with almost spherical symmetry in d dimensions. This is an experimentally relevant situation, since the elastic
constants along orthogonal directions would not be perfectly equal in a real experiment [34-38]. Our use of the word “almost”
stresses the fact that the k;’s are not exactly equal.

For the almost fully degenerate case, the system of equations Eq. (10) is no longer closed if we set all the k;’s equal to unity:
there are d unknowns but only one equation. Nevertheless, it is possible to resort to a perturbative approach that helps us find the
missing d — 1 equations required to close the problem.? By setting k; = 1 +¢;, with ¢; « 1 fori > 1, one gets

o1, Tiin, Timax, T) =Ty, (12a)

an
Ww(k’ Tins Timax, T) . =0, n=1,...,d—1. (12b)
The solution of (12a) and (12b) for the vector of time spans T provides us with the optimal bang-bang protocol in the almost
fully degenerate case. Below, we show that this problem does not converge to the solution of the fully degenerate case, that is,
to the one-dimensional solution. This is a remarkable property of the system under study: increasing the dimension comes at an

31f only some k;’s were almost equal, there would be d unknowns and d* < d equations. In that case, a similar perturbative approach would provide us
with the missing equations.
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Fig. 1 Sketch of the optimal bang-bang control able to connect two equilibrium states of a d-dimensional harmonic oscillator. The optimal control comprises
several bangs, that is, time windows with alternating maximum and minimum values of the bath temperature. The character of the first bang—the value of its
bath temperature 7' —is determined by the target temperature T being either lower (cooling process, top panel) or higher (heating process, bottom panel)
than the initial one Ty = 1. The different parameters involved in the protocol, namely temperatures and time duration of the bangs, along with the notation
used in Eq. (11) are displayed. The shortest connection time 7y = Z,d:1 7; stems from the solution of Eq. (10)

unavoidable price, in which the shortest connection time presents a jump when going from d to d + 1. This happens even when the
elastic constants are almost equal in all directions, and the confinement is arbitrarily close to be spherically symmetric.

Below, we look into the solution for optimal connections for d = 1 and the almost fully degenerate case ford = 2 and d = 3.
Not only is this done to be concrete, but also because it is an experimentally relevant situation for one colloidal particle trapped in
an almost isotropic harmonic trap. In each case, we mainly compute the function ¢(k, 0, Tiax, T) for both cooling, Ty < 1, and
heating, Ty > 1, and discuss the results that stem from the found solution. We keep a finite Tiy,x as a parameter but, as previously
introduced, we choose Tpin = O for the sake of simplicity.

3.1 One-dimensional case

Considering first a cooling process, T¢ < 1, it is simple to get
@k, 0, Trnax, T) = €211 (13)

for d = 1, where 7 is just the duration of the cooling process, ¢y = t.,1. Directly applying Eq. (10) and solving for #s, we obtain
the shortest cooling time

1
tf:_ilan (14)
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Fig. 2 Shortest connection time as a function of the final temperature for different heating powers Tmax and dimensions d. Different colours stand for the
different values of Tyyax considered, namely Tmax = 10 (blue), Tmax = 100 (red), Tmax = 1000 (purple), and Tyyax — oo (black). Different dimensions
are displayed with different patterns: d = 1 (solid), d = 2 (dashed) and d = 3 (dotted). At the scale of the plot, the results in the cooling region (T < 1)
are hardly distinguishable from the limit behaviour Tmax — 00 given by the black curve. For heating processes, the universal behaviour corresponding to
Tmax — o0 is approached in the regime Ty/Tmax < 1

associated to the final temperature 7 y—we recall that k; = 1. Since there is no heating stage for the fastest cooling protocol in
the one-dimensional case, Eq. (14) is independent of Tnax.* The protocol leading to the shortest time to cool down the particle is
reasonable from a physical point of view: put the system in contact with a thermal bath at zero temperature and wait until the target
state is reached. Consistently, the connection time diverges when Ty — 0, and monotonically decreases up to zero for Ty — 1; a
qualitative behaviour that is expected for all d.

For heating processes, Ty > 1, we obtain

¢k, 0, Trnax, T) = (1 = Tmax)e > + Tnax, (15)
for d = 1, where the only heating stage of duration ¢y represents the whole process, 1y = 15,1. Solving Eq. (10) for 7 in this case
yields

1 Thax — 1
tf:fln(L) (16)
’ 2 Thax — Tf

Once more, the qualitative behaviour can be intuitively justified. The shortest time is identically zero just for Ty = 1. It increases
with Ty until it diverges for Ty — Tpax. Furthermore, in the limit Tipax — 00 the optimal time vanishes for all Ty > 1. This
describes an instantaneous heating process, consequence of the infinite capacity to heat up. This limit will be further investigated in
Sect. 4.

The results obtained for d = 1 are shown in Fig. 2 with solid lines. Therein, also plotted are (i) the results obtained for the
two-dimensional (dashed lines) and three-dimensional (dotted lines) cases, which are obtained in Sects. 3.2 and 3.3, and (ii) the
results for the limit as Tpax — 00, which are derived in Sect. 4. A detailed comparison between these results is done later, in the
corresponding sections of the paper.

3.2 Two-dimensional case

Ford = 2, two bangs or elementary processes are needed. Therefore, the maximum (minimum) value of the temperature plays a role
even for cooling (heating). As shown in the following, the fact of tuning two variances to their corresponding target states implies an
increment of the cost of the optimal process, in terms of the minimum connection time to achieve the connection—even in the almost
degenerate case. Hence, the optimal connection time in a system with effective d = 2, for arbitrary k;, will be larger or equal than
the corresponding one for d = 1. On the one hand, for finite k>, equality only holds for the trivial value Ty = 1 which represents no
change in the system and it is of course instantaneous. On the other hand, the convergence to the results corresponding to d = 1 can
be also recovered when the limit ky — oo is considered. Therein, the trap along the second spatial direction is completely rigid and
thus always in equilibrium with vanishing variance. Such a limit will be further analysed in Sect. 4 for the case of infinite heating
power, Tax — 00.

Now we show that the convergence to the one-dimensional case discussed above for k; — o0 is not present for other physically
relevant limits, where one would naively expect it to hold: the almost degenerate case k; — k; = 1. Analytic solutions of T for

4 Therefore, it coincides with the result for the limit Tyax — 00 in Ref. [28].
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Fig. 3 Zoom of the cooling branch of the ¢ versus T curve. Different heating powers Tmax and dimensions d are considered with the following code:
Tmax = 10 (blue), Tmax = 1.1 (red), Tmax — oo (black), and the same code as in Fig. 2 for d. Blue and black curves are always indistinguishable. The
scale and the particular case Tmax = 1.1 shown here make it possible to discern the effect of Tmax on 7 ¢ over the cooling branch, which was imperceptible
in Fig. 2

the system of equations (12a)—(12b) are not possible for d > 1. For the sake of clarity, we provide in the following the function ¢
concerned in both situations, cooling and heating.” In the cooling case, Ty < 1, we get

@k, 0, Trax, T) = e KO T e™2K2 4 T, (17)
whereas for heating, the function is
@k, 0, Tnax, T) = (1 — Tmay)e X 4 e, (18)

The pair (71, 2) represents (¢, 1, Ts,1) for cooling and (74,1, 7¢,1) for heating.

In Fig. 2, the final optimal time fy = 71 + 12 is evaluated for the numerical solution of the system of Egs. (12a)—(12b) and
displayed with dashed lines. The vertical asymptotes at Tin = 0 (cooling branch of the ¢ vs. Ty curve) and T,y (heating branch)
are preserved. As briefly described in Sect. 3.1, going from d = 1 to d = 2 entails a finite increment in the minimum connection
time—even in the almost degenerate situation. This unexpected asymmetry is one of the main results of our work and entails an
unavoidable price when controlling higher-dimensional systems, even if they are almost isotropic.

In the heating branch, 7y monotonically increases with 7. Remarkably, in the intermediate regime 1 < Ty < Tyax, we find a
convergence to a universal behaviour. The asymptote ¢y = 0.5 arising in the limit as Tiyox — 00 is studied in detail in Sect. 4. In
the cooling branch, the shown results evidence that Tyn,x does not significantly influence the minimum connection time. This is a
reasonable property, given that—for the whole range of cooling—the ratio Tiax/ Ty is relatively big and the heating stage is thus
expected to be short. In Fig. 3, we present results for the cooling branch with a quite low value of Tiyax = 1.1, in order to show that
Tmax indeed affects the shortest connection time.

In the above, we have focused on the limit k&, — k; = 1, but the non-degenerate case can also be considered. In such a situation,
the minimum connection time monotonically decreases with k3, tending to that of the one-dimensional case in the limit as k, — oo.
The dependence on k; is investigated in more detail within the limit 7j,x — o0 in Sect. 4.

3.3 Three-dimensional case

For a three-dimensional system, three elementary stages or bangs are required. The discussion is similar to the one carried out for
the two-dimensional case, but with an additional jump. Herein, we study the effect of adding a new dimension, which involves an
extra cost in terms of the optimal connection time. The limit k3 — 0o recovers the results for the two-dimensional case. However,
this is not the case for k3 — k». For the sake of concreteness, we study in detail the almost fully degenerate case, where the limits
ki —> k1 = 1fori = 2,3 are introduced. Also analogously to the two-dimensional case, we numerically solve the system of
Egs. (12a)-(12b).

In the following, the functions ¢ are provided. For cooling, Ty < 1, one gets

o(k, 0, Tmax, T) = e—2k(r1+rz+r3) - Tmaxe_Qk(U-HS) + Tmaxe_zkr3- (19)

5 The derivatives involved in Eq. (12b) are easy to compute given the simple structure of ¢. Nevertheless, since the final system is not especially illuminating
and cannot be worked out much further analytically, we do not write it down explicitly.
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while for heating, it is

@k, 0, Tnax. T) = (1 = Tay)e MM 4 T o 72H(7)

- Tmaxe_ZkT3 + Tmax- (20)

The triplet (z1, 12, 73) stands for (. 1, 4,1, Tc,2) in the cooling case and for (7j.1, T 1, T,2) in the heating one.

The results of 1y = 71 + 12 + 73 for the solution of the system of equations (12a)—(12b) are shown in Fig. 2 with dotted lines.
A relevant part of the qualitative behaviour for d = 1 and d = 2 is preserved: presence of the same vertical asymptotes, same
monotonicity for cooling and heating. Also, going from d = 2 to d = 3 entails a finite increment of the minimum connection time,
as was the case when going from d = 1 tod = 2. The emergence of a universal minimum connection time in the limit as Tjp,x — 00
will be analysed in Sect. 4. As in the two-dimensional case, for observing the influence of the upper bound Typ,x on the minimum
time for the cooling branch it is necessary to consider low values of Ty, see Fig. 3.

4 Optimal thermal protocols for infinite heating power

In this section, we study the same time optimisation problem for the d-dimensional harmonically trapped Brownian particle, but
assuming that there is no upper bound for the temperature of the heat bath, that is, 7yax — 00. A priori, one could expect this limit
to be singular. Nonetheless, the infinite heating power entails a vanishing time for the heating bangs, 7, ; — 0. In turn, this entails
that Trnax Ts,; must tend to a certain finite constant, which becomes a new unknown that, in what follows, plays the role that 7;, ; had
earlier.

The limit Tihax — oo could be directly applied to Egs. (12a)—-(12b) but, for the sake of clarity, we choose to introduce it in the
evolution operator from the very beginning. To this end, the finite constants

on,i = 2TmaxTh,i 2
are defined. In this limit, the evolution operator in Eq. (7) is

& (zio0) = lim e Zi0) = Zi.0+ o, 22
ah( l’O) Tinax—> 002 Tmax Th—> ajy kiquax( l’O) i0 h ( )

which no longer depends on the elastic constants k;—as explicitly stated in our notation for E. The equivalent relations to those in
Egs. (8) and (9) are thus

& Te,1 ral 1 Ty .
(0B o0&t o)) =25 i=1..d 23)
>4 min ki ki

composition of d operators

for heating processes, Ty > 1, and

~ . 1 T
<~ - 0512_0:27}“ o &y, Og]:;:lein>(;> = %’ i=1,...,d (24)
i i

composition of d operators

for cooling processes, Ty < 1. Similarly to Eq. (10), it is possible to give a compact form for Egs. (23) and (24),
5(ki,Tmin,Tuah):Tfa i=1,...,d, (25)

where the vectors 7. and aj, contain the durations of the cooling stages and the intensity of the heating ones, respectively. The sum
of the dimension of both vectors is equal to d while the absolute value of their difference is zero (unity) for even (odd) d.
It is possible to give a general expression for g(k, Tiin, Tc, &), specifically

d+1

d
Pk, Toin, Teven) = » _(Tyo1 + @ — T) exp(—zk > r) vd, (26)
=n

n=1
where:

1. T, takes values either zero or Tp,;, depending on whether the i-th stage is of heating or of cooling, respectively.
To=1and Tyy) = @441 = 0.

3. @; takes values either sequentially from e, multiplied by & or zero depending on whether the i-th stage is of heating or of cooling,
respectively.

4. 1; takes values either zero or sequentially from 7. depending on whether the i-th stage is of heating or of cooling, respectively.
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Fig. 4 Sketch of the optimal bang-bang control connecting the initial and final states, for infinite heating power Timax — 0. The alternating elementary
bangs are either cooling stages of finite duration or instantaneous heating stages. The top (bottom) panel corresponds to cooling (heating), that is, Ty < 1
(T¢ > 1). The different parameters involved in the protocol, namely temperatures, heating jumps and time spans of the elementary bangs, along with the

notation used in Eq. (26), are displayed. The shortest connection time ¢ = ij: 1 Ti stems from the solution of Eq. (25). Note that tf = 7,1 + T2 + -+,
i.e. only the cooling bangs contribute to the minimum connection time

Thus, for the non-degenerate case, the problem of searching the optimal protocol minimising the connection time is reduced to
solving Eq. (25), with ¢ given by Eq. (26). A sketch for the optimal control protocol, and the notation employed in our general
formulation in Eq. (26) is presented in Fig. 4

For the almost fully degenerate case, one can proceed along similar lines to those for finite Tp.x—developed in Sect. 3. A
perturbative approach, again considering that k; = 1 + ¢;, €; < 1, makes it possible to close the mathematical problem for the d
unknowns in the @ and T vectors. Specifically, we obtain

@(1, Tnin, Tes o) =T, (27a)

G
o Pk Toin. e an)| =0, n=1....d—1 (27b)
k=1
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In the following, the specific forms of the function ¢ are worked out for 1 < d < 3.

4.1 One-dimensional case

For a cooling process, there is no difference with the case of finite T,ax. Specifically, it is straightforward to obtain
Gk, 0, Tc o) = e, (28)

where 71 = 1.| = t is the minimum connection time—the duration of the single cooling bang in the protocol. Hence, the minimum
time Eq. (14) is reobtained.
For a heating process, the limit 7Ti,ax — 0o indeed induces a change, since

@k, 0,7, 0) = 1 + kot (29)

In this occasion, Eq. (25) just gives the correct value of o1 = a1 to reach the target state. There is only one heating stage, which
is instantaneous fy = 75,1 = @/2Tmax = 0. Reasonably, the minimum time to perform a heating process vanishes since one has
infinite resources to heat up the system. As we are about to demonstrate, this is no longer the case for d > 1.

The results for the minimum connection time in the limit as Thax — 00 are shown in Figs. 2 and 3 with solid black lines.

4.2 Two-dimensional case

Here, the optimal protocol comprises two bangs or elementary stages, as in the case of finite Tjhax. The main difference stems from
the heating bangs being instantaneous. The role of the duration of the heating 7, ; is now played by its intensity o, 1 = 2T maxTh,1-
Using the general formula in Eq. (26), one gets

Pk, 0, ¢, o) = e + kot (30)
for a cooling process, Ty < 1, while
Pk, 0, Tc, o) = (1 + ke 21 €3]

for a heating process, Ty > 1. The pairs (@1, &) and (11, 12) stand for (0, kap,1 = ka) and (11,0 = tr, 0) in the cooling process and
for (kap,1 = ke, 0) (0, 7,1 = t7) in the heating process, respectively,.

Solving Egs. (25) for k» is possible up to reach the inverse relation between the optimal time and the final temperature, that is,
Ty may be expressed as an analytic function of #¢. These formulas are not particularly illuminating for our purposes.® Instead, we
discuss the dependence of the resulting 7 with the second elastic constant ;. On the one hand, as already discussed in Sect. 3, the
limit of infinite confinement, k; — 00, entails that the second spatial direction becomes irrelevant—its spatial variance identically
vanishes for all times—and the resulting ¢ s converges to that for d = 1. On the other hand, the almost degenerate limit, k; — 1, is
subtler. There is no possibility of dimensional reduction and solving the system of two unknowns given by Eqgs. (27a) and (27b) is
mandatory. One has that

Ty =e 21 (1+21t)), (32)
fog cooling, and
e—zt_f 33
Ty = ,
P Ty, 33)

for heating. The curves corresponding to Eqgs. (32) and (33) are displayed in Figs. 2 and 3 with dashed black lines. Note that Eq. (33)
predicts the emergence of the horizontal asymptote for s = 1/2 in Fig. 2. Moreover, we illustrate in Fig. 5 the dependence of 7 on
the second elastic constant k,. Therein, the behaviour found above for the physically relevant limits k&, — oo and k — 1 is manifest.
Moreover, it is clearly observed that, at fixed target temperature 77, the minimum connection time monotonically decreases with
ka.

As highlighted several times before, there appears a time cost associated with increasing the dimension of the system. This feature
is especially remarkable in the limit as Tyax — 00: the minimum time needed to achieve the connection for the two-dimensional
case is finite, even when having an infinite heating power—at variance with the one-dimensional case, for which ty = 0. In this
respect, it is convenient to recall that the fastest cooling rate is reached when the temperature of the thermal bath takes its minimum
value, which is physically bounded by zero. This forbids instantaneous cooling processes, that is, the cooling power is always
limited—which explains the observed asymmetry between cooling and heating processes. In Appendix C, this bound is disregarded
by assuming an unphysical scenario, where Tini, — —oo. Therein, we show that it is finite cooling power that finite minimum
connection times stem from.

6 They can be found in Ref. [28].
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Fig. 5 Shortest connection time as a function of the final temperature, for different elastic constants k> and dimensions d. Different colors stand for the
different values of k> considered, namely kp = 1.1 (blue), ko = 5 (red), ko = 10 (purple) and k; — 1 (black). Different dimensions follow the same code
as in previous figures, that is, results for d = 1 (d = 2) correspond to solid (dashed) lines

4.3 Three-dimensional case

Now, three bangs or elementary stages are involved in the optimal protocol. There are three unknowns, two «;,’s and one 7, for
heating processes, and vice versa for cooling processes. Using the general formula in Eq. (26), we get

Pk, 0, Te, ap) = e K Te14Te2) | fyem2Ke2, (34)
for a cooling process, whereas
Pk, 0, Te, ap) = (1 +kap, e M7 + ka5 (35)

for a heating process. The triplets (&1, @2, @3) and (71, 72, 73) stand, respectively, for (0, kaj,1 = ko, 0) and (1, 0, 72.¢) in the
cooling process and for (kay,1, 0, ko 2) and (0, 7.1 = £, 0) in the heating one.

Again, an implicit expression for ¢ in terms of 7' can be obtained, for arbitrary k and k3 for both heating and cooling—which,
once more, are not especially illuminating.” Below, we focus on the almost fully degenerate case, which is interesting from a physical
point of view: an imperfect spherical symmetry. Starting from Egs. (27a) and (27b) for d = 3, it is possible to derive that

Ty=e 2l [1 +2F +2tp,/(1+ t}%)], (36)

e M (1+1y)
1-— [f

fog cooling, and

Ty = 37
for heating. The curves corresponding to Egs. (36) and (37) have already been represented in Figs. 2 and 3 with dotted black lines.
The horizontal asymptote at zy = 1 predicted by (37) is evident in Fig. 2.

4.4 Higher dimensions

The approach introduced above can be carried out to address an almost fully degenerate case for arbitrary dimension d. This is not
an unphysical problem: for example, it corresponds to d colloidal particles, each one trapped in its own one-dimensional harmonic
potential—with all the harmonic wells being almost equal.

For heating processes, there always emerges an asymptotic value 7> = limg +—o0 Iy for the minimum connection time. This
value is an upper bound for the minimum connection time for a finite value of the target temperature 7y > 1 of a heated system,
tr(Ty) < t?sy . The bound %’ monotonically increases with the dimension, presenting finite jumps when going from d to d + 1—as
already discussed for the particular cases d = 1 — 2 and d = 2 — 3. In Table 1, the values for the optimal time for these
asymptotes are displayed. These values have been analytically computed solving Egs. (27a) and (27b), except for d = 6, which has
been numerically obtained. Note that, for 1 < d < 3, tf,sy follows the simple formula t;f-sy = (d — 1)/2: this simple expression is
broken for d = 4.

7 They can also be found in Ref. [28].
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Table 1 Values for the Dimension d asy
asymptotic value of the minimum /
heating time %> in the almost

~

fully degenerate case for a ! (I
d-dimensional oscillator 2 2

3 1
Finding the reported values 4 2+y/2
involve solving a polynomial 2
equation of degree d — 1: 5 3+£/§
therefore, for d > 5, the solution 6 3.14497

has been obtained numerically

5 Information geometry

We have shown the emergence of an unavoidable price when adding dimensions to the almost degenerate oscillator under consider-
ation, in terms of the time that has to be paid in order to make the shortest connection. In this section, we study this expense from the
point of view of information geometry, an enticing field with a great potential to assist non-equilibrium statistical mechanics [41-43,
45, 48, 49]. Specifically, the thermodynamic length £ and its divergence C—sometimes also called the thermodynamic cost [43,

45]—are thoroughly analysed for the optimal bang-bang protocols along this work.
A key quantity in the information geometry framework is the Fisher information

I(t) = /dx (0 In P(x,1))>P(x, ). (38)
From it, one can write down expressions for the so-called statistical or thermodynamic length
t
L) = / ds /1(s), 39)
0

which measures the length of the path swept by the system in probability space, and also the thermodynamic cost or Fisher divergence

1 t
C@i) = 7/ ds I(s). (40)

2 Jo

In the calculation of the Fisher information, the Gaussian nature of the distribution plays a remarkably simplifying role. In particular,
introducing Eq. (4) into Eq. (38) leads to

d . 2
1 Zi (t)]
I(t) = < , 41
® 2 I-Z]:[Zi(t) @D
where we have made use of f dx xizszP(x, 1) =1 +26; j)zi(t)z(@).
In the fully degenerate case, all terms in the sum in Eq. (41) are identical and thus the Fisher information simplifies to

AT
I(t) = 5[%} ) (42)

This expression is also valid for the almost fully degenerate case, for which k; = 1 + ¢;, with ¢; <« 1, since the difference with
Eq. (42) vanishes in the limit ¢; — 0, Vi. A subtlety should be remarked, though: when evaluating the Fisher information over
the optimal protocol, the path swept by the system in probability space—codified in the time evolution of z(¢)—is different for the
fully degenerate and the almost fully degenerate cases. For the former, the optimal path is identical to that for the one-dimensional
case, which comprises only one bang. For the latter, the optimal path comprises d bangs, with the upper and lower bounds of the
temperature alternating over it.

5.1 Thermodynamic length

Henceforth, we restrict ourselves to the almost fully degenerate case—consistently, our starting point is Eq. (42). First, let us note

that
o ja [ [d|. z(t)
L(t) = 5/0 ds > E‘lnm

z(s)

d
0 = L(tf) > \/glln Tyl, (43)
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which bounds L(7)/ Vd by its optimal value for d = 1. Now, we derive L(ty) for the optimal bang-bang protocol in arbitrary d
dimensions. For the sake of simplicity, and consistently with our approach in Sects. 3 and 4, we set Tipin = 0. Taking into account
the exponential relaxation in the cooling bangs, described by the evolution operator £ ]T ‘- as given by Eq. (7), one gets

d
L(ty) = \/; [In Ty +47.], (44)

where 7, is the total time employed in cooling stages. Equation (44) holds for arbitrary values of Tiax, being the assumptions Tiin = 0
and almost fully degeneration the only hypotheses necessary for deriving it. Notably, the limit 71, — oo further simplifies Eq. (44),
since the heating bangs are instantaneous and thus 7, = #y:

d
Lty) = \/; [InTf +41/]. (45)
Substituting Eq. (45) into the inequality in Eq. (43) yields the following bounds for the connection time:
1
> _Elan’ Tr<1; typ=0, Ty > 1. (46)

These bounds are precisely the values over the optimal connection for d = 1.

Apart from the expected multiplicative factor +/d in Eq. (45), the thermodynamic length has an additional increment when going
from d to d + 1 stemming from its dependence with t¢. This feature can be understood as a fingerprint of the aforementioned
unavoidable cost of increasing the spatial dimension of the system, even in the almost fully degenerate case.

5.2 Thermodynamic cost

When computing the thermodynamic cost, the linearity in the integrand allows us to integrate each dimension separately, making
it unnecessary the assumption of fully degenerate systems to derive an analytical expression for C. By introducing the general
formula (41) into Eq. (40), we obtain

d

t
Clty) = Z |:—k,- InTy + /0 ! ds zi(s) T(s) :| 47)

2
P z;i(s)

We have changed to z; as variable of integration, employed Eq. (6), and taken into account the initial and final values variances,
zi(0) = 1/k; and z;(0) = Ty / k;. The temperature T (s) alternatively takes the extreme values Tiyin (cooling bangs) and Tiyax (heating
bangs). For the case of our concern, the cost simplifies to

d
1
Cltp)==Y | kilnTs+Tax Y Apj (7) , (48)
i=1 j 4
where Ay, j(1/z;) refers to the change of the inverse of the i-th variance over the j-th heating bang—only the heating bang contributes

to the sum when Ty, = 0. On the one hand, the first term, — Z?: 1 ki In Ty increases linearly with d in the almost fully degenerate
case. On the other hand, the second term is expected to increase faster than linearly with d, due to the double sum over i and j.

5.3 Speed limit

Speed limits are bounds on the rate of evolution of dynamical systems. Although originally derived for quantum-mechanical
systems—see Ref. [50] for a recent review, lately they have been derived for classical systems with stochastic dynamics [22, 4345,
47, 48, 51, 52]. They involve trade-off relationships between the evolution speed, or the connection time between initial and final
states, and information geometry quantities, which account for the cost required for driving the system or the length of the followed
path—among others. For isothermal processes, these bounds can be related to physical quantities such as irreversible work or
entropy production [42, 53]. For processes with varying temperature, like those considered in this paper, this connection is not
straightforward and remains an open question, to the best of our knowledge.

Taking into account the definitions of thermodynamic length and cost in Eqgs. (39) and (40), direct application of the
Cauchy—-Schwarz inequality entails that the connection time between two states must verify the inequality [43, 45]

£2

tp>15 = —, 49

rz 2 (49)
where 8¢ is evaluated over the specific path swept by the system in the connection. The quantity #8¢° is thus an information
geometry lower bound for the connection time. The inequality (49) is saturated only over the geodesic, that is, t; = 15°° only for
the path connecting the initial and target points that minimises £. We remark that only both the heating and cooling procedures with
Tmax — 00 and Tin = 0 in the one-dimensional case correspond to such geodesics, being the geodesic and the brachistochrone
different in general.
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Fig. 6 Dimension dependence of both the optimal connection time # ¢ (filled squares) and the geometric lower bound 18¢° = 2 /(2C) in Eq. (49) (empty
diamonds) for a general, almost fully degenerate, harmonic oscillator. Two sets of data are shown for different values of Tiax: Tmax = 5 (blue) and Tax = 10
(red). Additional parameters employed are Ty = 2 and Tyyjp = 0

As discussed before, both £/+/d and C/d are expected to be increasing functions of d, due to the contribution thereto of the
terms that involve details of the optimal connection—specifically, the terms involving ¢ in Eq.(45) and > j Ap(1/z;) in Eq.(48),

respectively. Thus, the quantity 78¢° = (£/~/d)?/(2C/d) is expected to have a non-trivial dependence on the dimension in the almost
fully degenerate case we are considering. Therefore, it is worth investigating the dependence on d of the geometric bound 78¢°.
Figure 6 shows that #8¢° increases with d, which hints once more at the unavoidable cost of increasing the spatial dimension of the
system. We must also point out that #8¢° decreases with Tin,x, vanishing in the limit as Ti,x — 00, while the optimal connection
times 7 tend to the finite values derived in Sect. 4. For Tiyax — 00, £ remains finite and C diverges in such a limit, which implies
that 78 — 0 for all d. Interestingly, this limit behaviour is similar to that found for a uniformly heated granular system in Ref. [28].

6 Discussion

What is the fastest connection, that is, the brachistochrone, between two states of a mesoscopic physical system? This is a relevant
question from a theoretical perspective, bringing to the fore concepts from the theory of stochastic processes [54], stochastic
thermodynamics [55, 56], and optimal control theory [25, 26]. Also, it is a relevant question from an applied perspective: for
example, minimum time protocols have been shown to be the building blocks of the adiabatic—in the sense of zero average
heat—branches of a maximum power irreversible Carnot-like engine [23].

Our work gives an analytical solution to the above question for a paradigmatic model system, which is also significant for
actual experiments—since it describes an optically trapped colloidal particle. This is a d-dimensional harmonic oscillator, the elastic
constants of which are kept constant but the temperature of the bath in which it is immersed can be externally controlled. Specifically,
the system is initially at equilibrium at temperature 7 and we want to drive it to a final equilibrium state with temperature T'y. It is
important to stress that this is a relevant physical situation, which corresponds to isochoric (zero work) protocols.

A first key result of our work is showing that the thermal brachistochrone is a protocol of the bang-bang type, which comprises
alternating heating and cooling time windows with the maximum (7, ) and minimum (7, ) values available for the bath tempera-
ture. For the sake of simplicity, we have set Tipin = O for the lower bound of the temperature—from a physical standpoint, this means
that Tiyin < Ty. Itis worth stressing that our approach holds for both limited heating power, finite Tiax, thatis, Ty /Tnax = O(1),
and infinite heating power Tiyax — 00, that is, Tnax > Ty

The bang-bang protocols derived here are significant because they allow for a fast—in fact, the fastest—and precise way to drive
the system from its initial equilibrium state at the temperature Tj to its final equilibrium state at the desired target temperature 7's. This
is in contrast with the direct quench from T to T, which requires an infinite amount of time to exactly reach the final equilibrium
state. Moreover, we would like to highlight that the results for the brachistochrone obtained here are exact; no approximation has
been made, despite the problem being highly non-trivial. Also, the arguments leading to the emergence of the bang-bang protocols
as those minimising the connection time are quite general, which hints at the possibility of extending the results presented here to
more general systems—for example with non-harmonic confinement.

A second key result of our approach is the finite increment of the minimum connection time when moving from dimension d to
d + 1, even when all the elastic constants are (almost) equal—what we have called the almost fully degenerate case. For a particle
confined in a perfectly isotropic d-dimensional harmonic well—what we call the fully degenerate case, the minimum connection time
equals that of the one-dimensional case. The evolution equations for the variances in all directions are identical and the d degrees of
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freedom are effectively reduced to only one. However, in a real experiment, there appear differences in the elastic constants along the
different directions and isotropy (or spherical symmetry) is thus not perfect [34-38]. Intuitively, one expects these small differences
to have a small, infinitesimal, impact in the minimum connection time. But our work shows that there appears a finite increment of
the minimum connecting time, however small the anisotropy—i.e. the deviation from perfect spherical symmetry—is.

This intriguing and inescapable price for higher-dimensional slightly anisotropic, or almost fully degenerate, systems is unexpected
and constitutes an outstanding result of our work. The finite increment of the connection time when going from dimension d to d + 1
stems from the optimal bang-bang protocol comprising as many stages as the number of different elastic constants, independently of
the magnitude of the difference among them. To shed further light to this regard, we have resorted to information geometry concepts,
such as the thermodynamic length and its divergence—also called thermodynamic cost [45]. Not only do thermodynamic length
and cost share the remarkable feature of additional expenses when considering systems with increasing dimensionality, but also the
geometric time bound associated with them increases with dimension.

Our work opens several perspectives for future research, some of which we highlight in the following. First, it would be interesting
to extend the ideas developed here to the underdamped regime. The Gaussian behaviour persists in the underdamped regime, which
should allow for obtaining a simple dynamical system involving not only the variances of the position (xZ) but also the rest of second
moments, namely (v%) and (xv). Still, the possible existence of oscillatory modes—depending on the relative values of the natural
frequencies and the damping constant—makes the problem non-trivial from the point of view of control theory. Second, the current
technical development of optical trapping and the experimental techniques that make it possible to control the temperature of the bath
in an effective manner allow for the actual implementation of the optimal protocols derived here in the laboratory. The instantaneous
switchings of the temperature can be engineered by making the bath temperature vary over a time scale much shorter than that
characterising the dynamical behaviour of the Brownian particle. We recall that the bath temperature can be effectively varied by
applying a random electric field to a charged colloid [20]. Third, our results are remarkably relevant for devising optimal heat engines
made of Brownian objects. Since the emergence of stochastic thermodynamics [55, 56], the goal of building functional Brownian
heat engines has been a persistent aspiration that has been addressed from both theoretical and experimental perspectives [17, 20,
23, 31, 33, 57]. For a harmonic oscillator, infinitesimal work is given by Zi(xl.z)dki /2, where (xf) is the spatial variance and k; is the
elastic constant in the i-th direction. Therefore, protocols with constant stiffnesses, as those corresponding to thermal shortcuts, have
an identically vanishing work throughout the considered path and, in this sense, are analogous to isochoric processes in “traditional”
heat engines. Many classical thermodynamic cycles, such as Stirling’s [31, 58, 59] and Otto’s [60, 61], comprise isochoric branches,
which endows the results derived in this paper with extra significance for future applications. Finally, it is worth investigating from
a physical standpoint the consequences that the time-optimal paths designed here have on other relevant quantities of interest within
the framework of stochastic thermodynamics, such as entropy production [14, 62] or irreversible work [12, 16, 17].
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Appendix A: General harmonic potential and normal modes

In this appendix, our minimisation problem for a general harmonic potential is recast. We consider the same overdamped Brownian
particle in d-dimensions in contact with a thermal bath at temperature 7'(t). However, in this case, the particle is trapped inside a
general harmonic potential of the form U(q) = Zld j=1kij4iq; /2, with ¢; being the i-th spatial coordinate in a certain basis, and
k;j being the elements of a symmetric, positive-definite matrix K, which accounts for the stiffness of the trap. The corresponding
stochastic descriptions are given by

d n
y .40 =-VU(g@)+ V2ykpT (0)i(t), (Al)
and
0
v5, P@n=v-[VU@P@ D]+ kT (t)V>P(q, 1), (A2)
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with y, kg, i and P(q, t) having the same definitions as those at the beginning of Sect. 2. We introduce now the normal modes x,
d
g =Y _ Cijxj, (A3)

where C;; are the elements of an orthogonal matrix C that diagonalises K,

d d
> CukijCim =kidym. Y CitCim = im. (A4)
i,j=1 i=1

The harmonic potential may be thus expressed in terms of the normal modes,

d d d
U(x) = Z Kij (Z c,,x,> (Z cjmxm) = % > kixt, (AS)
1/ 1 m=1 =1

where we have employed the orthogonality relations from Eq.(A4). Thus, we notice that the potential becomes diagonal in the new
basis. On the one hand, we may recover the Fokker—Planck Eq. (2) by noticing that P(q, ) = P(X, t), since the absolute value of
the Jacobian for the coordinate transformation equals unity, and carrying out carefully the change of variables defined by Eq. (A3).
On the other hand, it is also trivial to proceed similarly for the Langevin Eqs. (1) and (A1), after identifying

d
ni(t) =Y Cijij(®), (A6)
j=1

as the noise associated to the normal mode x;. The latter corresponds also to a white Gaussian noise, as it satisfies the relations

(ni (1)) ch, 7)) = (A7)

d
(i (0m (1) = Z Z CitCjm (A1) = 8t — 1155 (A8)

Once again, the relations from Eq. (A4) have been employed.

Appendix B: Pontryagin’s maximum principle

In this section, we show how to apply Pontryagin’s principle to study the time-optimisation problem of a Brownian particle in a
general (d-dimensional) harmonic potential. In addition, we will also show the detailed derivation for the two dimensional case,
mainly due to its simplicity.

The control problem may be cast in the following way: Let us introduce the control system

zi = filz, ks T) = =2kiz; + 2T, i=1,..,d, (B9)

with z = (z1, 22, ..., 24) being the dynamic variables, k = (k1, k3, ..., kq) the stiffness in each dimension and 7 = T (¢) the control
parameter of the system. We want to minimise the functional

t t
J[T]E/fdt Jo(z, k; T):/fdt:tf, (B10)
0 ‘—:/l—’ 0

which corresponds to the final time of the process, given the constraints Tinin < 7(t) < Tmax—i.e. the control 7'(¢) belongs to the
control set defined by the interval [Tiin, Tmax ], and the boundary conditions

To 1 Ty
TO=To=1, TtpH=Tr, zi(0O)=-—=—, zi(ty) =, (B11)
ki k,’ k[
foralli =1, ..., d. Now, we define a new variable zo with z¢(0) = 0 such that
= fo(z,k; T). (B12)

We note that zo(# ) corresponds just to ¢, which is the magnitude we intend to optimise. Next, we introduce the conjugate variables
o, ¥) = (Yo, Y1, VY2, ..., ¥a), and the so-called Pontryagin’s Hamiltonian

Nz, Yo, ¥. K;T)=vofo+ ¥ - f, (B13)
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with f = (f1, f2, ..., fa)- In conjunction with Eq. (B13), the variables (z, ¥, ¥) satisfy Hamilton’s canonical equations

oIl 0Tl
0 =—— = s 7= —— — iy B14
20 a'/éon fo, i o, fi (B14)
Yo=—— =0 — i = constant, B15)
920
j oIl 2kit
wiZ—TZZZkilpi — Yi(t) = Yioe™". (B16)
1
Now, Pontryagin’s maximum principle states that the Hamiltonian must attain a maximum at the optimal control, implying that
d
oIl
87:221//,:0. (B17)
i=

However, as the latter expression does not depend on the control parameter 7', we conclude that the Hamiltonian attains its maximum
at the boundaries of the control set. This entails that the solution of the control problem corresponds to a bang-bang protocol, for
which there are time windows where T'(t) = Tiax Or T'(¢) = Twin. The choice between the maximum and minimum values of the
temperature depends on the sign of the derivative of the Hamiltonian. Let us note that, for d = 1, such derivative reduces to 2y, and
as Y1 corresponds to a purely exponential function, it keeps its sign throughout the entire time window. Thus, the optimal protocol
comprises in this case only one time window with either T'(¢#) = Tyax or T(¢t) = Tmin, depending on whether we intend to heat or
cool the system. Now, for the two dimensional case, we have that

aIl

i 2kt 2kpt
7 _z(wl,oe +ynoe ) (B18)

Thus, assuming that sign(v1,0) # sign(y2,0), there exists a time T € [0, ] for which the derivative of the Hamiltonian changes its
sign,

E:0 = T:éln(—m) (B19)
or 2k — k1) V2,0
We need to specify the initial values ¥ o and ¥ o of the conjugate variables. These depend on whether the optimal control corresponds
to the heating or the cooling cases. Let us focus on the heating one. According to Pontryagin’s principle, the Hamiltonian must be
zero at the optimal control, for all times. We assume that T(t = 0*) = Tjx and T(t = t}?) = Tmin- Thus, we may impose the
following equations:

M0 =0 = 2(Tmax — DW1,0 + ¥2,0) = o, (B20)
M) =0 = 2(Tmin — Tp)(W1,0 €1+ 0 €2) = —, (B21)
from which we obtain
1 2kt I
- — , B22
V10 2 e2katy _ S2kity |:1 — Thax Tf — Tmin ( )
1 1 o2ty
— - — . B23
WZ,O 2 62k2tf _ ezkltf Tf — Tmin 1— Tonax ( )
Thus, the switching time t is given by
1 1 — Thnax — (T — Tinin)e?¥117
= In max — ( f min)e . , (B24)
2ka —k1) | 1 = Tmax — (T — Tmin)e?*2'7

which is positive for Ty > 1. We must note that a negative value of T would have been obtained had we chosen the opposite order
of the bangs, i.e. T(t = 0%) = Ty and T(t;) = Tmax- This means that the assumed order of the bangs is indeed the right one for
Ty > 1.In order to fully determine the unknown parameters (t, f ), we would need to resort to one of the evolution equations given
by Eq. (18) (either with k = k; or k = k3), where we identify 7 = 71 and tf = 71 + 12.

Appendix C: unphysical scenario: negative temperatures
Let us consider the two-dimensional harmonic oscillator, for general values of the boundary temperatures Tiyax and T, and for the

heating control, Ty > 1, in the k; — k; = 1 limit. Direct resolution of the evolution Eq. (12a) over the whole time window leads
to the equations

Tf =(- Tmax)e_z(rﬁtz) + (Tmax — Tmin)e_ZI2 + Tiin, (C25)
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Fig. 7 Boundary temperature dependence of 7 (blue) and t (red) for the heating protocol in a two-dimensional unphysical harmonic oscillator, for which
Tmin = —Tmax = T¢. We consider the almost fully degenerate case ko — kj = 1, for Ty = 2. Full lines correspond to the numerical solution of Egs. (C27)

and (C28), while the black dashed line corresponds to the O(Tc_l/ 2) contribution for both time intervals, and the blue and red dashed lines, respectively, to
71 and 77 up to O(TC_1 ). All dashed curves are analytical and stem from Eq. (C39)

0 =(t1 + 12)(1 — Timax)e 2% 4 1 (Tinax — Tmin)e 7. (C26)

Now, for this unphysical scenario, we assume that T, = Tpax = —Tiin- This assumption implies that we can heat up the system
as much as we can cool it down. We would recover a sort of “temperature symmetry” that it is not actually present in the physical
case. Within this assumption, the evolution equations reduce to

Ty =(1 = T)e 2+ 4 2T, e7 %2 — T, (C27)
0=(t1 + )1 — T.)e XM 4 20, T, o272, (C28)

We are interested in the asymptotic behaviour of both 71 and 7, when 7, — +o00. Such infinite power to both heat and cool the
system entails vanishing times for both the heating and the cooling windows. However, as Fig. 7 shows, the asymptotic behaviour

of both 71 and 17 scales as Tc_l/ % in this case. Thus, it is appealing to introduce the constants
ap =27 T.11, a.=2JT.1. (C29)
For T, — +00, both 71 and 1, may be expanded in powers of 7, 12
0 1) 2 1 2
. ‘L'l() +i+ 1:1() SN (xh—ZT(O) 21:1() 2‘1.'1() . ©30)
LY TC TC Tc3/2 \,-‘ Tc TL‘
—® ‘V"
"= VT =T
(0) 1 2 (1 (2
7, T, 7, o, 27, 27,
f2= +7+7...:a:2‘[ Ey— E— (C31)
kY Tc TC TC3/2 ‘ \/—’ Tc TC
:a(o) — —
— Eagl)/«/ﬁ Eaéb/Tc
With these definitions, 7. — +o0 in the reduced evolution equations leads to
0 1
Tr =1+ Toa) — a®) + @ — o)
L 0.2 0 —1/2
— 5@ + 2000 — a0 + 01, (C32)
0=./ ((X(O) (0))+ (Ot(l) _ Ot(l))
— @2 42000 — ¢©2) 4 (172, (C33)

(©0)

On the one hand, the above system of equations is only consistent if e, ©

and «¢~ are equal, such that the O(4/T;) terms vanish. On

the other hand, we are left with an undetermined system of two equations for the variables (oz;lo), a,gl), E])),

Ty =1+a02, (C34)
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Fig. 8 Boundary temperature dependence of the constants «, (blue) and o (red) for the heating protocol in a two-dimensional unphysical harmonic oscillator.
AsinFig.7,ky — k; = 1 and Ty = 2. Full lines correspond to the numerical solution of the evolution equations Eqs. (C27) and (C28), plus the definitions
from Eq. (C29), while the black dashed line corresponds to the O(1) contribution for both constants, and the blue and red dashed lines, respectively, to ay,

1/2

and a¢ up to O(T, '7). All dashed curves are analytical predictions stemming from Egs. (C34) and (C38)

0=af) —al — 2002 (C35)
In order to close the system, we need to take into account the subdominant contributions in 7. Those of O(Tc_l/ 2) read
0= =201 + o) + (@ — o), (C36)
0=3a\"" —2a!7(1 +2a{") + (&} — ?), (C37)
from which we obtain
ay) = o2 oV = —af? (C38)

TC(I—n)/Z ;ln) _ 0lgn)

In general, the O( and a,g"_l). Finally, up to O(7,”!), the time intervals are

given by

) allows us to solve for the variables o

1 [Tr—1 Ty—1
T =3 fi"'fia
2 T, T

which clearly vanish in the 7, — +oo limit. In Figs. 7 and 8, the excellent agreement between our asymptotic analysis (dashed
lines) and the numerical solution (solid lines) is evident.

(C39)
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