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A TALE OF TWO REALMS



THE REALM OF THERMODYNAMICS



See video lectures by Prof. George Porter on YouTube
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Flow of heat: 

Friction:

Free expansion of a gas:



Arrow of time 2nd law of 
thermodynamics

Imposes restrictions on what 
processes can happen in nature







HOW TO REVERSE THE ARROW OF TIME?

To reverse the arrow of time, one must consume resources. 

There is no such thing as a free lunch.



THE QUANTUM REALM



SPECTRAL LINES









DISCRETE IS WEIRRRRRD!

In the world around us, 
everything is continuous. 

Discrete quantities are unusual.
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Johann Balmer 1885



BOHR’S MODEL - 1912

The electron can live in a discrete 
set of stable orbits. 

Transition between orbits involve 
emitting or absorbing a photon.

Hydrogen atom





ERWIN SCHRÖDINGER - 1926













QUANTUM WEIRDNESS

Quantum mechanics is a very strange theory: very counterintuitive.

“If you think you understand quantum mechanics, you don't understand 
quantum mechanics.”, R. Feynman.

For 1 century we have used quantum mechanics to explain many problems 
in nature. 

But little attention was given to understand quantum mechanics itself. 



THE SUPERPOSITION PRINCIPLE
A classical bit can be either 0 or 1. 

A quantum bit (qubit) can be simultaneously in 0 and 1.

The qubit can really be at 2 states at  
the same time!

Parallel computing by design!

Measurement and realism
The qubit is neither in 0 nor 1. 
But it will collapse to 0 or 1 if a 
measurement is made.
The property (0 or 1) is only defined if 
we measure.



QUANTUM ENTANGLEMENT



Alice makes a measurement and finds either 0 or 1.

Before she makes the measurement, Bob’s qubit could be in either 0 or 1.

But if she measured and if she found 0, then the state of Bob is surely 0.

Can be true even if Alice is on Earth and Bob is on Mars!

SPOOKY!

But cannot be used for superluminal 
communication. :(



QUANTUM TECHNOLOGIES 2.0



QUANTUM TECHNOLOGIES 2.0

Quantum computing:

• Exponentially faster algorithms that can 
solve problems which are impossible 
with current generation computers.

Quantum communications:

• Communications with unbreakable 
encryption. 

Quantum sensors:

• High precision sensors for detecting 
gravitational and magnetic fields, &c.







A TALE OF TWO REALMS



To appear in Nature Communications.
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Figure 1. Schematic of the experimental setup. A Heat flows from the hot to the cold spin (at thermal contact) when
both are initially uncorrelated. This corresponds to standard thermodynamic. For initially quantum correlated spins, heat is
spontaneously transferred from the cold to the hot spin. The direction of heat flow is here reversed. B View of the magnetometer
used in our NMR experiment. A superconducting magnet, producing a high intensity magnetic field (B0) in the longitudinal
direction, is immersed in a thermally shielded vessel in liquid He, surrounded by liquid N in another vacuum separated chamber.
The sample is placed at the center of the magnet within the radio frequency coil of the probe head inside a 5mm glass tube. C

Experimental pulse sequence for the partial thermalization process. The blue (black) circle represents x (y) rotations by the
indicated angle. The orange connections represents a free evolution under the scalar coupling, HHC

J = (⇡~/2)J�H

z �
C

z , between
the 1H and 13C nuclear spins during the time indicated above the symbol. We have performed 22 samplings of the interaction
time ⌧ in the interval 0 to 2.32 ms.

where C is the set of all states classically correlated24,25.
The geometric discord has a simple closed form expres-
sion for two qubits that can be directly evaluated from
the measured QST data (Supplementary Information).
We find the nonzero value Dg = 0.14 ± 0.01 for the ini-
tially correlated state prepared in the experiment.

We experimentally reconstruct the global two-qubit
density operator using quantum state tomography21 and
evaluate the changes of internal energies of each qubit,
of mutual information, and of geometric quantum dis-
cord during thermal contact (Figs. 2 A to F). We observe
the standard second law in the absence of initial correla-
tions (↵ ' 0), i.e., the hot qubit A cools down, QA < 0,
while the cold qubit B heats up, QB > 0 (circles symbols
in Figs. 2 A and B). At the same time, the mutual in-
formation and the geometric quantum discord increase,
as correlations build up following the thermal interac-
tion (circles symbols in Figs. 2 C and D). The situation
changes dramatically in the presence of initial quantum
correlations (↵ 6= 0): the energy current is here reversed

in the time interval, 0 < ⌧ < 2.1 ms, as heat flows from
the cold to the hot spin, QA = �QB > 0 (squares sym-
bols in Figs. 2 A and B). This reversal is accompanied
by a decrease of mutual information and geometric quan-
tum discord (squares symbols in Fig. 2 C and D). In this
case, quantum correlations are converted into energy and
used to switch the direction of the heat flow, in an ap-
parent violation of the second law. Correlations reach
their minimum at around ⌧ ⇡ 1.05 ms, after which they
build up again. Once they have passed their initial value
at ⌧ ⇡ 2.1 ms, energy is transferred in the expected di-
rection, from hot to cold. In all cases, we obtain good
agreement between experimental data (symbols) and the-
oretical simulations (dashed lines). Small discrepancies
seen as time increases are mainly due to inhomogeneities
in the control fields.

The experimental investigation of Eq. (5) as a function
of the thermalization time is presented in Fig. 2 E and
F. While the relative entropies steadily grow in the ab-
sence of initial correlations, they exhibit an increase up
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Figure 2. Dynamics of heat, correlations, and entropic quantities. A Internal energy of qubit A along the partial
thermalization process. B Internal energy of qubit B. In the absence of initial correlations, the hot qubit A cools down and
the cold qubit B heats up (cyan circles in panel A and B). By contrast, in the presence of initial quantum correlations, the
heat current is reversed as the hot qubit A gains and the cold qubit B loses energy (orange squares in panel A and B). This
reversal is made possible by a decrease of the mutual information C and of the geometric quantum discord D. Different entropic
contributions to the heat current (5) in the uncorrelated E and uncorrelated F case. Reversal occurs when the negative variation
of the mutual information, �I(A:B), compensates the positive entropy productions, S(⇢⌧A||⇢A) and S(⇢⌧B||⇢B), of the respective
qubits. The symbols represent experimental data and the dashed lines are numerical simulations. Error bars were estimated
by a Monte Carlo sampling from the standard deviation of the measured data (Supplementary Information).

to 1.05 ms followed by a decrease in presence of initial
correlations. The latter behavior reflects the pattern of
the qubits already seen in Fig. 2 A and B, for the av-
erage energies. We note in addition a positive variation
of the mutual information in the uncorrelated case and a
large negative variation in the correlated case. The latter
offsets the increase of the relative entropies and enables
the reversal of the heat current. These findings provide
direct experimental evidence for the trading of quantum
mutual information and entropy production.

Discussion
We have observed the reversal of the energy flow be-
tween two quantum-correlated qubits with different ef-
fective temperatures, associated with the respective pop-
ulations of the two levels. Such effect has been predicted
to exist in general multidimensional systems9–11. By re-
vealing the fundamental influence of initial quantum cor-
relations on the direction of thermodynamic processes,
which Eddington has called the arrow of time37, our ex-
periment highlights the subtle interplay of quantum me-
chanics, thermodynamics and information theory. Initial
conditions thus not only break the time-reversal symme-
try of the otherwise reversible dynamics, they also de-
termine the direction of a process. Our findings further
emphasize the limitations of the standard local formu-
lation of the second law for initially correlated systems

and offers at the same time a novel mechanism to con-
trol heat on the microscale. They additionally establish
that the arrow of time is not an absolute but a relative
concept that depends on the choice of initial conditions.
We have observed the reversal of the energy current for
the case of two spins which never fully thermalize due to
their finite size. However, their dynamics is identical to
that of a thermalization map during the duration of the
experiment (Methods), a process we have labeled partial
thermalization for this reason. Furthermore, numerical
simulations show that reversals may also occur for a spin
interacting with larger spin environments which induce
thermalization (Supplementary Information). Hence, an
anomalous heat current does not seem to be restricted
to extremely microscopic systems. The precise scaling of
this effect with the system size is an interesting subject
for future experimental and theoretical investigations.
Our results on the reversal of the thermodynamic arrow
of time might also have stimulating consequences on the
cosmological arrow of time34.

Methods
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Figure 2. Dynamics of heat, correlations, and entropic quantities. A Internal energy of qubit A along the partial
thermalization process. B Internal energy of qubit B. In the absence of initial correlations, the hot qubit A cools down and
the cold qubit B heats up (cyan circles in panel A and B). By contrast, in the presence of initial quantum correlations, the
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by a Monte Carlo sampling from the standard deviation of the measured data (Supplementary Information).
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WHAT DOES THIS MEAN? 

The arrow of time and the 2nd law determine what kinds of 
thermodynamic processes are allowed. 

According to the 2nd law, resources have to be consumed to make heat 
flow from cold to hot (refrigerate).

This shows that entanglement is also a resource in thermodynamics.
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