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Energetic cost of information processing

• Our brain: ~20 W (vs ~100 W for our body)  
• Internet: 10% of electricity worldwide 
• Supercomputers: costs are driven by Flops/W
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Energetic cost of information processing

Physical Limit ? Rolf Landauer (IBM, 1961): 
1-bit erasure costs at least 
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Roadmap

Physical Limit ? Rolf Landauer (IBM, 1961): 
1-bit erasure costs at least 

Experimental demonstration ?

Distance to the bound ?


Fast operation ?

Energetics ?
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Experiment: requirements
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Stochastic thermodynamics
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@U

@x
=

p
2kBT�⌘

<latexit sha1_base64="foLobscBZxeiYHBIlBiSVyvlHgA="></latexit>

�K +�U = W �Q

<latexit sha1_base64="60PXx4XbG7Q4mrCFkLQcD5fdZJ4="></latexit>

Q = �
Z ⌧

0

@U

@x
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Figure 6. Examples of trajectories for the erasure procedure. t = 0 corresponds
to the time where the barrier starts to be lowered. The two possibilities of initial
state are shown. (a) 1 → 0. (b) 0 → 0.

with x the position of the particle4, ẋ = dx
dt its velocity, γ = 6πRη the friction coefficient

(η is the viscosity of water), U0(x, I) the double well potential created by the optical
tweezers, f(t) the external drag force exerted by displacing the cell, and ξ(t) the thermal
noise which verifies 〈ξ(t)〉 = 0 and 〈ξ(t)ξ(t′)〉 = 2γkBT δ(t − t′), where 〈.〉 stands for the
ensemble average.

Following the formalism of the stochastic energetics [17], the heat dissipated by the
system into the heat bath along the trajectory x(t) between time t = 0 and t is:

Q0,t =
∫ t

0
− (ξ(t′) − γẋ(t′)) ẋ(t′) dt′. (4)

Using equation (3), we get:

Q0,t =
∫ t

0

(
−∂U0

∂x
(x, I) + f(t′)

)
ẋ(t′) dt′. (5)

For the erasure procedure described in section 2.2 the dissipated heat can be decomposed
in three terms:

Qerasure = Qbarrier + Qoptical + Qdrag (6)

Where:

• Qbarrier is the heat dissipated when the central barrier is lowered and risen (f = 0
during these stages of the procedure):

Qbarrier =
∫ Tlow

0

(
−∂U0

∂x
(x, I)

)
ẋ dt′ +

∫ Tlow+τ+Thigh

Tlow+τ

(
−∂U0

∂x
(x, I)

)
ẋ dt′ (7)

• Qoptical is the heat dissipated due to the force of the potential U0 created by the optical
traps, during the time τ where the external drag force is applied (the laser intensity
is constant during this stage of the procedure):

Qoptical =
∫ Tlow+τ

Tlow

(
−∂U0

∂x
(x, I)

)
ẋ dt′ (8)

4 We take the reference x = 0 as the middle position between the two traps.

doi:10.1088/1742-5468/2015/06/P06015 8
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Figure 5. Schematical representation of the erasure procedure. The potential
felt by the trapped particle is represented at different stages of the procedure
(1–6). For 1 and 2 the potential U0(x, I) is measured. For 3–5 the potential is
constructed from U0(x, Ilow) knowing the value of the applied drag force. (a)
Laser intensity and external drag force. (b) Potential felt by the particle.

The total duration of the erasure procedure is Tlow + τ + Thigh. Since we kept
Tlow = Thigh = 1 s, a procedure is fully characterised by the duration τ and the maximum
value of the force applied fmax. Its efficiency is characterized by the ‘proportion of success’
PS, which is the proportion of trajectories where the bead ends in the chosen well (state 0),
independently of where it started.

Note that for the theoretical procedure, the system must be prepared in an equilibrium
state with same probability to be in state 1 than in state 0. However, it is more convenient
experimentally to have a procedure always starting in the same position. Therefore we
separate the procedure in two sub-procedures: one where the bead starts in state 1 and is
erased in state 0, and one where the bead starts in state 0 and is erased in state 0. The fact
that the position of the bead at the beginning of each procedure is actually known is not
a problem because this knowledge is not used by the erasure procedure. The important
points are that there is as many procedures starting in state 0 than in state 1, and that
the procedure is always the same regardless of the initial position of the bead. Examples
of trajectories for the two sub-procedures 1 → 0 and 0 → 0 are shown in figure 6.

3. Landauer’s bound for dissipated heat

3.1. Computing the dissipated heat

The system can be described by an over-damped Langevin equation:

γẋ = −∂U0

∂x
(x, I) + f(t) + ξ(t) (3)

doi:10.1088/1742-5468/2015/06/P06015 7
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Figure 5. Schematical representation of the erasure procedure. The potential
felt by the trapped particle is represented at different stages of the procedure
(1–6). For 1 and 2 the potential U0(x, I) is measured. For 3–5 the potential is
constructed from U0(x, Ilow) knowing the value of the applied drag force. (a)
Laser intensity and external drag force. (b) Potential felt by the particle.

The total duration of the erasure procedure is Tlow + τ + Thigh. Since we kept
Tlow = Thigh = 1 s, a procedure is fully characterised by the duration τ and the maximum
value of the force applied fmax. Its efficiency is characterized by the ‘proportion of success’
PS, which is the proportion of trajectories where the bead ends in the chosen well (state 0),
independently of where it started.

Note that for the theoretical procedure, the system must be prepared in an equilibrium
state with same probability to be in state 1 than in state 0. However, it is more convenient
experimentally to have a procedure always starting in the same position. Therefore we
separate the procedure in two sub-procedures: one where the bead starts in state 1 and is
erased in state 0, and one where the bead starts in state 0 and is erased in state 0. The fact
that the position of the bead at the beginning of each procedure is actually known is not
a problem because this knowledge is not used by the erasure procedure. The important
points are that there is as many procedures starting in state 0 than in state 1, and that
the procedure is always the same regardless of the initial position of the bead. Examples
of trajectories for the two sub-procedures 1 → 0 and 0 → 0 are shown in figure 6.

3. Landauer’s bound for dissipated heat

3.1. Computing the dissipated heat

The system can be described by an over-damped Langevin equation:

γẋ = −∂U0

∂x
(x, I) + f(t) + ξ(t) (3)
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Figure 5. Schematical representation of the erasure procedure. The potential
felt by the trapped particle is represented at different stages of the procedure
(1–6). For 1 and 2 the potential U0(x, I) is measured. For 3–5 the potential is
constructed from U0(x, Ilow) knowing the value of the applied drag force. (a)
Laser intensity and external drag force. (b) Potential felt by the particle.

The total duration of the erasure procedure is Tlow + τ + Thigh. Since we kept
Tlow = Thigh = 1 s, a procedure is fully characterised by the duration τ and the maximum
value of the force applied fmax. Its efficiency is characterized by the ‘proportion of success’
PS, which is the proportion of trajectories where the bead ends in the chosen well (state 0),
independently of where it started.

Note that for the theoretical procedure, the system must be prepared in an equilibrium
state with same probability to be in state 1 than in state 0. However, it is more convenient
experimentally to have a procedure always starting in the same position. Therefore we
separate the procedure in two sub-procedures: one where the bead starts in state 1 and is
erased in state 0, and one where the bead starts in state 0 and is erased in state 0. The fact
that the position of the bead at the beginning of each procedure is actually known is not
a problem because this knowledge is not used by the erasure procedure. The important
points are that there is as many procedures starting in state 0 than in state 1, and that
the procedure is always the same regardless of the initial position of the bead. Examples
of trajectories for the two sub-procedures 1 → 0 and 0 → 0 are shown in figure 6.

3. Landauer’s bound for dissipated heat

3.1. Computing the dissipated heat

The system can be described by an over-damped Langevin equation:

γẋ = −∂U0

∂x
(x, I) + f(t) + ξ(t) (3)
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Figure 5. Schematical representation of the erasure procedure. The potential
felt by the trapped particle is represented at different stages of the procedure
(1–6). For 1 and 2 the potential U0(x, I) is measured. For 3–5 the potential is
constructed from U0(x, Ilow) knowing the value of the applied drag force. (a)
Laser intensity and external drag force. (b) Potential felt by the particle.

The total duration of the erasure procedure is Tlow + τ + Thigh. Since we kept
Tlow = Thigh = 1 s, a procedure is fully characterised by the duration τ and the maximum
value of the force applied fmax. Its efficiency is characterized by the ‘proportion of success’
PS, which is the proportion of trajectories where the bead ends in the chosen well (state 0),
independently of where it started.

Note that for the theoretical procedure, the system must be prepared in an equilibrium
state with same probability to be in state 1 than in state 0. However, it is more convenient
experimentally to have a procedure always starting in the same position. Therefore we
separate the procedure in two sub-procedures: one where the bead starts in state 1 and is
erased in state 0, and one where the bead starts in state 0 and is erased in state 0. The fact
that the position of the bead at the beginning of each procedure is actually known is not
a problem because this knowledge is not used by the erasure procedure. The important
points are that there is as many procedures starting in state 0 than in state 1, and that
the procedure is always the same regardless of the initial position of the bead. Examples
of trajectories for the two sub-procedures 1 → 0 and 0 → 0 are shown in figure 6.

3. Landauer’s bound for dissipated heat

3.1. Computing the dissipated heat

The system can be described by an over-damped Langevin equation:

γẋ = −∂U0

∂x
(x, I) + f(t) + ξ(t) (3)
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Figure 5. Schematical representation of the erasure procedure. The potential
felt by the trapped particle is represented at different stages of the procedure
(1–6). For 1 and 2 the potential U0(x, I) is measured. For 3–5 the potential is
constructed from U0(x, Ilow) knowing the value of the applied drag force. (a)
Laser intensity and external drag force. (b) Potential felt by the particle.

The total duration of the erasure procedure is Tlow + τ + Thigh. Since we kept
Tlow = Thigh = 1 s, a procedure is fully characterised by the duration τ and the maximum
value of the force applied fmax. Its efficiency is characterized by the ‘proportion of success’
PS, which is the proportion of trajectories where the bead ends in the chosen well (state 0),
independently of where it started.

Note that for the theoretical procedure, the system must be prepared in an equilibrium
state with same probability to be in state 1 than in state 0. However, it is more convenient
experimentally to have a procedure always starting in the same position. Therefore we
separate the procedure in two sub-procedures: one where the bead starts in state 1 and is
erased in state 0, and one where the bead starts in state 0 and is erased in state 0. The fact
that the position of the bead at the beginning of each procedure is actually known is not
a problem because this knowledge is not used by the erasure procedure. The important
points are that there is as many procedures starting in state 0 than in state 1, and that
the procedure is always the same regardless of the initial position of the bead. Examples
of trajectories for the two sub-procedures 1 → 0 and 0 → 0 are shown in figure 6.

3. Landauer’s bound for dissipated heat

3.1. Computing the dissipated heat

The system can be described by an over-damped Langevin equation:

γẋ = −∂U0

∂x
(x, I) + f(t) + ξ(t) (3)
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Figure 5. Schematical representation of the erasure procedure. The potential
felt by the trapped particle is represented at different stages of the procedure
(1–6). For 1 and 2 the potential U0(x, I) is measured. For 3–5 the potential is
constructed from U0(x, Ilow) knowing the value of the applied drag force. (a)
Laser intensity and external drag force. (b) Potential felt by the particle.

The total duration of the erasure procedure is Tlow + τ + Thigh. Since we kept
Tlow = Thigh = 1 s, a procedure is fully characterised by the duration τ and the maximum
value of the force applied fmax. Its efficiency is characterized by the ‘proportion of success’
PS, which is the proportion of trajectories where the bead ends in the chosen well (state 0),
independently of where it started.

Note that for the theoretical procedure, the system must be prepared in an equilibrium
state with same probability to be in state 1 than in state 0. However, it is more convenient
experimentally to have a procedure always starting in the same position. Therefore we
separate the procedure in two sub-procedures: one where the bead starts in state 1 and is
erased in state 0, and one where the bead starts in state 0 and is erased in state 0. The fact
that the position of the bead at the beginning of each procedure is actually known is not
a problem because this knowledge is not used by the erasure procedure. The important
points are that there is as many procedures starting in state 0 than in state 1, and that
the procedure is always the same regardless of the initial position of the bead. Examples
of trajectories for the two sub-procedures 1 → 0 and 0 → 0 are shown in figure 6.

3. Landauer’s bound for dissipated heat

3.1. Computing the dissipated heat

The system can be described by an over-damped Langevin equation:

γẋ = −∂U0

∂x
(x, I) + f(t) + ξ(t) (3)
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Figure 6. Examples of trajectories for the erasure procedure. t = 0 corresponds
to the time where the barrier starts to be lowered. The two possibilities of initial
state are shown. (a) 1 → 0. (b) 0 → 0.

with x the position of the particle4, ẋ = dx
dt its velocity, γ = 6πRη the friction coefficient

(η is the viscosity of water), U0(x, I) the double well potential created by the optical
tweezers, f(t) the external drag force exerted by displacing the cell, and ξ(t) the thermal
noise which verifies 〈ξ(t)〉 = 0 and 〈ξ(t)ξ(t′)〉 = 2γkBT δ(t − t′), where 〈.〉 stands for the
ensemble average.

Following the formalism of the stochastic energetics [17], the heat dissipated by the
system into the heat bath along the trajectory x(t) between time t = 0 and t is:

Q0,t =
∫ t

0
− (ξ(t′) − γẋ(t′)) ẋ(t′) dt′. (4)

Using equation (3), we get:

Q0,t =
∫ t

0

(
−∂U0

∂x
(x, I) + f(t′)

)
ẋ(t′) dt′. (5)

For the erasure procedure described in section 2.2 the dissipated heat can be decomposed
in three terms:

Qerasure = Qbarrier + Qoptical + Qdrag (6)

Where:

• Qbarrier is the heat dissipated when the central barrier is lowered and risen (f = 0
during these stages of the procedure):

Qbarrier =
∫ Tlow

0

(
−∂U0

∂x
(x, I)

)
ẋ dt′ +

∫ Tlow+τ+Thigh

Tlow+τ

(
−∂U0

∂x
(x, I)

)
ẋ dt′ (7)

• Qoptical is the heat dissipated due to the force of the potential U0 created by the optical
traps, during the time τ where the external drag force is applied (the laser intensity
is constant during this stage of the procedure):

Qoptical =
∫ Tlow+τ

Tlow

(
−∂U0

∂x
(x, I)

)
ẋ dt′ (8)

4 We take the reference x = 0 as the middle position between the two traps.
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to the time where the barrier starts to be lowered. The two possibilities of initial
state are shown. (a) 1 → 0. (b) 0 → 0.

with x the position of the particle4, ẋ = dx
dt its velocity, γ = 6πRη the friction coefficient

(η is the viscosity of water), U0(x, I) the double well potential created by the optical
tweezers, f(t) the external drag force exerted by displacing the cell, and ξ(t) the thermal
noise which verifies 〈ξ(t)〉 = 0 and 〈ξ(t)ξ(t′)〉 = 2γkBT δ(t − t′), where 〈.〉 stands for the
ensemble average.

Following the formalism of the stochastic energetics [17], the heat dissipated by the
system into the heat bath along the trajectory x(t) between time t = 0 and t is:

Q0,t =
∫ t

0
− (ξ(t′) − γẋ(t′)) ẋ(t′) dt′. (4)

Using equation (3), we get:

Q0,t =
∫ t

0

(
−∂U0

∂x
(x, I) + f(t′)

)
ẋ(t′) dt′. (5)

For the erasure procedure described in section 2.2 the dissipated heat can be decomposed
in three terms:

Qerasure = Qbarrier + Qoptical + Qdrag (6)

Where:

• Qbarrier is the heat dissipated when the central barrier is lowered and risen (f = 0
during these stages of the procedure):

Qbarrier =
∫ Tlow

0

(
−∂U0

∂x
(x, I)

)
ẋ dt′ +

∫ Tlow+τ+Thigh

Tlow+τ

(
−∂U0

∂x
(x, I)

)
ẋ dt′ (7)

• Qoptical is the heat dissipated due to the force of the potential U0 created by the optical
traps, during the time τ where the external drag force is applied (the laser intensity
is constant during this stage of the procedure):

Qoptical =
∫ Tlow+τ

Tlow

(
−∂U0

∂x
(x, I)

)
ẋ dt′ (8)

4 We take the reference x = 0 as the middle position between the two traps.
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Figure 5. Schematical representation of the erasure procedure. The potential
felt by the trapped particle is represented at different stages of the procedure
(1–6). For 1 and 2 the potential U0(x, I) is measured. For 3–5 the potential is
constructed from U0(x, Ilow) knowing the value of the applied drag force. (a)
Laser intensity and external drag force. (b) Potential felt by the particle.

The total duration of the erasure procedure is Tlow + τ + Thigh. Since we kept
Tlow = Thigh = 1 s, a procedure is fully characterised by the duration τ and the maximum
value of the force applied fmax. Its efficiency is characterized by the ‘proportion of success’
PS, which is the proportion of trajectories where the bead ends in the chosen well (state 0),
independently of where it started.

Note that for the theoretical procedure, the system must be prepared in an equilibrium
state with same probability to be in state 1 than in state 0. However, it is more convenient
experimentally to have a procedure always starting in the same position. Therefore we
separate the procedure in two sub-procedures: one where the bead starts in state 1 and is
erased in state 0, and one where the bead starts in state 0 and is erased in state 0. The fact
that the position of the bead at the beginning of each procedure is actually known is not
a problem because this knowledge is not used by the erasure procedure. The important
points are that there is as many procedures starting in state 0 than in state 1, and that
the procedure is always the same regardless of the initial position of the bead. Examples
of trajectories for the two sub-procedures 1 → 0 and 0 → 0 are shown in figure 6.

3. Landauer’s bound for dissipated heat

3.1. Computing the dissipated heat

The system can be described by an over-damped Langevin equation:

γẋ = −∂U0

∂x
(x, I) + f(t) + ξ(t) (3)
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Figure 5. Schematical representation of the erasure procedure. The potential
felt by the trapped particle is represented at different stages of the procedure
(1–6). For 1 and 2 the potential U0(x, I) is measured. For 3–5 the potential is
constructed from U0(x, Ilow) knowing the value of the applied drag force. (a)
Laser intensity and external drag force. (b) Potential felt by the particle.

The total duration of the erasure procedure is Tlow + τ + Thigh. Since we kept
Tlow = Thigh = 1 s, a procedure is fully characterised by the duration τ and the maximum
value of the force applied fmax. Its efficiency is characterized by the ‘proportion of success’
PS, which is the proportion of trajectories where the bead ends in the chosen well (state 0),
independently of where it started.

Note that for the theoretical procedure, the system must be prepared in an equilibrium
state with same probability to be in state 1 than in state 0. However, it is more convenient
experimentally to have a procedure always starting in the same position. Therefore we
separate the procedure in two sub-procedures: one where the bead starts in state 1 and is
erased in state 0, and one where the bead starts in state 0 and is erased in state 0. The fact
that the position of the bead at the beginning of each procedure is actually known is not
a problem because this knowledge is not used by the erasure procedure. The important
points are that there is as many procedures starting in state 0 than in state 1, and that
the procedure is always the same regardless of the initial position of the bead. Examples
of trajectories for the two sub-procedures 1 → 0 and 0 → 0 are shown in figure 6.

3. Landauer’s bound for dissipated heat

3.1. Computing the dissipated heat

The system can be described by an over-damped Langevin equation:

γẋ = −∂U0

∂x
(x, I) + f(t) + ξ(t) (3)
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corresponding densities pðx; tÞ for τ ¼ 0.2. Once the
optimal ΓðxÞ is determined, the intermediate probability
distribution pðx; tÞ can be computed, which gives the
intermediate control protocol Vðx; tÞ by inverting the
Fokker-Planck equation [Eq. (1)]. See Ref. [27], Sec. II
for full details. The protocol has jump discontinuities when
passing from V0ðxÞ (black curve) at t ¼ 0− to Vðx; t ¼ 0þÞ
(red curve) and similarly in passing from Vðx; t ¼ 1−Þ to
V1ðxÞ ¼ V0ðxÞ. At t ¼ τ, we add a δð0Þ barrier that keeps
probability from leaking back into the right well for t > τ.
Notice that no work is done for t > τ. The probability that is
trapped in the left well then relaxes to local equilibrium,
after which the barrier may be removed. See the bottom
plots.
We then numerically calculate the upper and lower

bounds [Eqs. (7) and (8)] and Wmin and Wmin;leq for full
erasure. Figure 3 shows that the upper and lower bounds are
satisfied. We also note that Wmin ≈Wmin;leq in the slow-
driving limit and thatWmin saturates the lower bound in the
fast-driving limit. For Eb ≫ 1, the potential wells are quite
steep, and the Boltzmann distribution resembles quite well
the two-delta-function distribution [Eq. (11)], which
explains why Wmin;leq is close to the upper bound.

Comparison with experimental and numerical results.—
Over the past decade, several high-precision tests of the
Landauer principle have been performed [5,6,8,36,37]. In
general, those protocols satisfied W=kBT − ln 2 ∼ τ−1 in
the slow-driving limit. Therefore, for large τ, the measured
work in those experimental protocols has qualitatively the
same form as the optimal protocol, raising the question of
how close the experimental results are to the optimum.
From Table I, we can see that the measured amount of
entropy production exceeds the optimum by factors of 2–6
(see Supplemental Material [38]).
Furthermore, we can also compare our bound to numeri-

cal studies of bit erasure. Zulkowski and DeWeese [10]
calculate the amount of work to erase a bit in a potential
consisting of two flat wells of length l, separated by a thin
wall of arbitrary height. If one controls only the height of
the wells and uses slow driving, they showed that the
minimum amount of work to erase a bit is given by
Dτ=VarðxÞðW=kBT − ln 2Þ ¼ 3½ð

ffiffiffi
2

p
− 1Þ2 þ 1& ≈ 3.51.

By contrast, Boyd et al. [12] derived a general framework
to calculate the work to erase a bit via a protocol that keeps
the system always in local equilibrium. For the flat-well
potential used by Zulkowski and DeWeese, this protocol
actually performs better than the limited-control
protocol used in Ref. [10]: Dτ=VarðxÞðW=kBT − ln 2Þ ¼
π2ð2 −

ffiffiffi
2

p
Þ=2 ≈ 2.89. However, for a double-well potential

FIG. 2. Erasure protocol for τ ¼ 0.2 and Eb ¼ 4. The original
and final double-well potentials V0ðxÞ are shown in black at the
top and bottom of the left column. Red potentials Vðx; tÞ denote
the control. The control is carried out for 0þ < t=τ < 1−, and the
potential changes discontinuously at t ¼ 0 and t=τ ¼ 1. At
t=τ ¼ 1, the probability distribution is peaked near x ¼ 0. There-
fore, an infinitesimally narrow, extra barrier δð0Þ is added to
V0ðxÞ to prevent probability from leaking back into the right well.
It is removed at a later time t=τ ≫ 1, after the system has relaxed
to local equilibrium and the peak in the probability distribution
has disappeared. The right-hand column shows corresponding
probability distributions.

FIG. 3. Minimum entropy production in excess of the Landauer
bound. The shaded regions show upper (2τ−1) and lower (τ−1=2)
bounds. The inset shows a≡ τðWmin=kBT − ln 2Þ relative to its
lower bound. Red curves are plotted for Eb ¼ f0; 2; 4; 6; 8g.
Heavier lines denote the Eb ¼ f0; 8g cases.

TABLE I. Comparison between work measurements found in
the literature and Wmin in terms of VarðxÞ=Dτ [38].

Experiment/numerics W=kBT − ln 2 Wmin=kBT − ln 2 Ratio

Bérut et al. [5,36,37] 10.2 1.80 5.67
Gavrilov et al. [8] 7.20 1.82 3.96
Jun et al. [6] 5.67 1.82 3.11
Zulkowski et al. [10] 3.51 1 3.51
Boyd et al. [12] 2.89 1 2.89
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driving limit and thatWmin saturates the lower bound in the
fast-driving limit. For Eb ≫ 1, the potential wells are quite
steep, and the Boltzmann distribution resembles quite well
the two-delta-function distribution [Eq. (11)], which
explains why Wmin;leq is close to the upper bound.

Comparison with experimental and numerical results.—
Over the past decade, several high-precision tests of the
Landauer principle have been performed [5,6,8,36,37]. In
general, those protocols satisfied W=kBT − ln 2 ∼ τ−1 in
the slow-driving limit. Therefore, for large τ, the measured
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same form as the optimal protocol, raising the question of
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From Table I, we can see that the measured amount of
entropy production exceeds the optimum by factors of 2–6
(see Supplemental Material [38]).
Furthermore, we can also compare our bound to numeri-

cal studies of bit erasure. Zulkowski and DeWeese [10]
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the wells and uses slow driving, they showed that the
minimum amount of work to erase a bit is given by
Dτ=VarðxÞðW=kBT − ln 2Þ ¼ 3½ð

ffiffiffi
2

p
− 1Þ2 þ 1& ≈ 3.51.

By contrast, Boyd et al. [12] derived a general framework
to calculate the work to erase a bit via a protocol that keeps
the system always in local equilibrium. For the flat-well
potential used by Zulkowski and DeWeese, this protocol
actually performs better than the limited-control
protocol used in Ref. [10]: Dτ=VarðxÞðW=kBT − ln 2Þ ¼
π2ð2 −

ffiffiffi
2

p
Þ=2 ≈ 2.89. However, for a double-well potential

FIG. 2. Erasure protocol for τ ¼ 0.2 and Eb ¼ 4. The original
and final double-well potentials V0ðxÞ are shown in black at the
top and bottom of the left column. Red potentials Vðx; tÞ denote
the control. The control is carried out for 0þ < t=τ < 1−, and the
potential changes discontinuously at t ¼ 0 and t=τ ¼ 1. At
t=τ ¼ 1, the probability distribution is peaked near x ¼ 0. There-
fore, an infinitesimally narrow, extra barrier δð0Þ is added to
V0ðxÞ to prevent probability from leaking back into the right well.
It is removed at a later time t=τ ≫ 1, after the system has relaxed
to local equilibrium and the peak in the probability distribution
has disappeared. The right-hand column shows corresponding
probability distributions.

FIG. 3. Minimum entropy production in excess of the Landauer
bound. The shaded regions show upper (2τ−1) and lower (τ−1=2)
bounds. The inset shows a≡ τðWmin=kBT − ln 2Þ relative to its
lower bound. Red curves are plotted for Eb ¼ f0; 2; 4; 6; 8g.
Heavier lines denote the Eb ¼ f0; 8g cases.
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Bérut et al. [5,36,37] 10.2 1.80 5.67
Gavrilov et al. [8] 7.20 1.82 3.96
Jun et al. [6] 5.67 1.82 3.11
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Information and thermodynamics: experimental verification of Landauer’s Erasure principle

Figure 5. Schematical representation of the erasure procedure. The potential
felt by the trapped particle is represented at different stages of the procedure
(1–6). For 1 and 2 the potential U0(x, I) is measured. For 3–5 the potential is
constructed from U0(x, Ilow) knowing the value of the applied drag force. (a)
Laser intensity and external drag force. (b) Potential felt by the particle.

The total duration of the erasure procedure is Tlow + τ + Thigh. Since we kept
Tlow = Thigh = 1 s, a procedure is fully characterised by the duration τ and the maximum
value of the force applied fmax. Its efficiency is characterized by the ‘proportion of success’
PS, which is the proportion of trajectories where the bead ends in the chosen well (state 0),
independently of where it started.

Note that for the theoretical procedure, the system must be prepared in an equilibrium
state with same probability to be in state 1 than in state 0. However, it is more convenient
experimentally to have a procedure always starting in the same position. Therefore we
separate the procedure in two sub-procedures: one where the bead starts in state 1 and is
erased in state 0, and one where the bead starts in state 0 and is erased in state 0. The fact
that the position of the bead at the beginning of each procedure is actually known is not
a problem because this knowledge is not used by the erasure procedure. The important
points are that there is as many procedures starting in state 0 than in state 1, and that
the procedure is always the same regardless of the initial position of the bead. Examples
of trajectories for the two sub-procedures 1 → 0 and 0 → 0 are shown in figure 6.

3. Landauer’s bound for dissipated heat

3.1. Computing the dissipated heat

The system can be described by an over-damped Langevin equation:

γẋ = −∂U0

∂x
(x, I) + f(t) + ξ(t) (3)

doi:10.1088/1742-5468/2015/06/P06015 7
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points are that there is as many procedures starting in state 0 than in state 1, and that
the procedure is always the same regardless of the initial position of the bead. Examples
of trajectories for the two sub-procedures 1 → 0 and 0 → 0 are shown in figure 6.
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Fast is hot !
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Adiabatic limit
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Fast is hot, but not too hot !
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Underdamped stochastic thermodynamics

• Fast operation, high statistics

• Illustration of Landauer’s bound

•                comes from compression

• Fast is hot

• Full energetics description

• Adiabatic limit: 
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Thank you for your attention

Kiitos huomiostasi :-)
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