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Flow of heat: 

Hot Cold Warm Warm

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.



Take home messages

1. We can reverse the arrow of time, but to do so we must consume resources. 

2.

3.

4.



FLUCTUATIONS OF HEAT AND WORK







Collin, et. al., Nature, 437 (2005)

Fluctuations of work in folding an RNA molecule



Batalhão, et. al., Phys. Rev. Lett. 113 (2014).

in quantum systems



Batalhão, et. al., Phys. Rev. Lett. 113 (2014).



Fluctuations of heat exchange

Jarzynski and Wójcik  Phys. Rev. Lett. 92, 230602 (2004)
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J. R. Gomes-Solano  Phys. Rev. Lett. 106, 200602 (2011)



Pal et. al., arXiv 1811.07291



Take home messages

1. We can reverse the arrow of time, but to do so we must consume resources. 

2. In microscopic systems, thermodynamic quantities fluctuate and 
statements must be probabilistic.   

3.

4.



THE QUANTUM REALM



REALISM AND QUANTUM CORRELATIONS



Quantum systems can exist in different states.

What appears inside |⟩ is just a 
label for whatever that state 
means.

Superposition principle: the system can simultaneously be in multiple 
quantum states at a time.

| i =
X

n

cn|ni

But if we measure it, we will find it only in one of the states, with prob.

|0i

|1i

|2i

|3i

...
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|cn|2 = prob. of finding the system in state|ni
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Realism
The idea that the properties of a system exist 
independent of observation. 

“The moon is still there even if we don’t look at 
it.” 

But then what does a superposition mean? 

Does it mean we don’t know?



Probabilistic outcomes are not due to our ignorance.  

The state of the system is not defined prior to the 
measurement.  

Quantum systems do not satisfy realism! 

Quantum measurements are always invasive. 

No!



Qubits
Consider a system with only two levels  

                         |0⟩       e       |1⟩

Any superposition of these states is also a possible 
state

then

If we measure and happen to find it in |0⟩ then after 
the measurement the state of the system will be |0⟩.

| i = c0|0i+ c1|1i
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Suppose now we have two qubits. A possible state is

We now send the qubits off to two distant labs where Alice and Bob make 
measurements.

ψ

Alice Bob

Bob’s state is updated. 

Even if he is in another galaxy.

Entanglement
| i = c0|0, 0i+ c1|1, 1i

<latexit sha1_base64="HwQar/ztCv7KszNjKXAcaQxPcjU=">AAACP3icbZDLSgMxFIYz9V5voy7dBIsgWEoigi4UBDcuFWwV7FAy6Zk2NJMZkoxQpr6GT+PGhb6DT+BOXOrOtB1BqwcCP9+55Jw/TKUwlpAXrzQ1PTM7N79QXlxaXln119YbJsk0hzpPZKKvQ2ZACgV1K6yE61QDi0MJV2HvdJi/ugVtRKIubT+FIGYdJSLBmXWo5ZNBMzWiqZnqSMDHmLcIHpAq+Sa7jlA8oFVakJZfITUyCvxX0EJUUBHnLf+j2U54FoOyXDJjbihJbZAzbQWXcFduZgZSxnusAzdOKhaDCfLRZXd425E2jhLtnrJ4RH925Cw2ph+HrjJmtmsmc0P4by6Mf/2cK8Eh0oxP7GOjwyAXKs0sKD5eJ8oktgkemonbQgO3su8E41q4izDvMjfGOsvLzio6acxf0dirUVKjF/uVk6PCtHm0ibbQDqLoAJ2gM3SO6oije/SAntCz9+i9em/e+7i05BU9G+hXeJ9fhtquIw==</latexit><latexit sha1_base64="HwQar/ztCv7KszNjKXAcaQxPcjU=">AAACP3icbZDLSgMxFIYz9V5voy7dBIsgWEoigi4UBDcuFWwV7FAy6Zk2NJMZkoxQpr6GT+PGhb6DT+BOXOrOtB1BqwcCP9+55Jw/TKUwlpAXrzQ1PTM7N79QXlxaXln119YbJsk0hzpPZKKvQ2ZACgV1K6yE61QDi0MJV2HvdJi/ugVtRKIubT+FIGYdJSLBmXWo5ZNBMzWiqZnqSMDHmLcIHpAq+Sa7jlA8oFVakJZfITUyCvxX0EJUUBHnLf+j2U54FoOyXDJjbihJbZAzbQWXcFduZgZSxnusAzdOKhaDCfLRZXd425E2jhLtnrJ4RH925Cw2ph+HrjJmtmsmc0P4by6Mf/2cK8Eh0oxP7GOjwyAXKs0sKD5eJ8oktgkemonbQgO3su8E41q4izDvMjfGOsvLzio6acxf0dirUVKjF/uVk6PCtHm0ibbQDqLoAJ2gM3SO6oije/SAntCz9+i9em/e+7i05BU9G+hXeJ9fhtquIw==</latexit><latexit sha1_base64="HwQar/ztCv7KszNjKXAcaQxPcjU=">AAACP3icbZDLSgMxFIYz9V5voy7dBIsgWEoigi4UBDcuFWwV7FAy6Zk2NJMZkoxQpr6GT+PGhb6DT+BOXOrOtB1BqwcCP9+55Jw/TKUwlpAXrzQ1PTM7N79QXlxaXln119YbJsk0hzpPZKKvQ2ZACgV1K6yE61QDi0MJV2HvdJi/ugVtRKIubT+FIGYdJSLBmXWo5ZNBMzWiqZnqSMDHmLcIHpAq+Sa7jlA8oFVakJZfITUyCvxX0EJUUBHnLf+j2U54FoOyXDJjbihJbZAzbQWXcFduZgZSxnusAzdOKhaDCfLRZXd425E2jhLtnrJ4RH925Cw2ph+HrjJmtmsmc0P4by6Mf/2cK8Eh0oxP7GOjwyAXKs0sKD5eJ8oktgkemonbQgO3su8E41q4izDvMjfGOsvLzio6acxf0dirUVKjF/uVk6PCtHm0ibbQDqLoAJ2gM3SO6oije/SAntCz9+i9em/e+7i05BU9G+hXeJ9fhtquIw==</latexit><latexit sha1_base64="HwQar/ztCv7KszNjKXAcaQxPcjU=">AAACP3icbZDLSgMxFIYz9V5voy7dBIsgWEoigi4UBDcuFWwV7FAy6Zk2NJMZkoxQpr6GT+PGhb6DT+BOXOrOtB1BqwcCP9+55Jw/TKUwlpAXrzQ1PTM7N79QXlxaXln119YbJsk0hzpPZKKvQ2ZACgV1K6yE61QDi0MJV2HvdJi/ugVtRKIubT+FIGYdJSLBmXWo5ZNBMzWiqZnqSMDHmLcIHpAq+Sa7jlA8oFVakJZfITUyCvxX0EJUUBHnLf+j2U54FoOyXDJjbihJbZAzbQWXcFduZgZSxnusAzdOKhaDCfLRZXd425E2jhLtnrJ4RH925Cw2ph+HrjJmtmsmc0P4by6Mf/2cK8Eh0oxP7GOjwyAXKs0sKD5eJ8oktgkemonbQgO3su8E41q4izDvMjfGOsvLzio6acxf0dirUVKjF/uVk6PCtHm0ibbQDqLoAJ2gM3SO6oije/SAntCz9+i9em/e+7i05BU9G+hXeJ9fhtquIw==</latexit>

| i ! |0, 0i
<latexit sha1_base64="nZyVQSUXQ7zohYsjP+s9CsS1JTo=">AAACLXicbVDLSgMxFM34rPU16lKQYBFcSJkRQRcuCm5cVrAP6Awlk95pQzOZIckIZdqdX+PGhf6KC0Hc+gsuTdsRbOuBwMk59yb3niDhTGnHebeWlldW19YLG8XNre2dXXtvv67iVFKo0ZjHshkQBZwJqGmmOTQTCSQKODSC/s3YbzyAVCwW93qQgB+RrmAho0QbqW0fDb1EMexJIrocsKdjPHTOnN972y45ZWcCvEjcnJRQjmrb/vY6MU0jEJpyolTLdRLtZ0RqRjmMil6qICG0T7rQMlSQCJSfTfYY4ROjdHAYS3OExhP1b0dGIqUGUWAqI6J7at4bi/96QTTzcyYYhVASOjePDq/8jIkk1SDodJww5dhkMo4Od5gEqvnAEEIlMxth2iPmGW0CLpqo3PlgFkn9vOw6ZffuolS5zkMroEN0jE6Riy5RBd2iKqohih7RE3pBr9az9WZ9WJ/T0iUr7zlAM7C+fgBo8ahC</latexit><latexit sha1_base64="nZyVQSUXQ7zohYsjP+s9CsS1JTo=">AAACLXicbVDLSgMxFM34rPU16lKQYBFcSJkRQRcuCm5cVrAP6Awlk95pQzOZIckIZdqdX+PGhf6KC0Hc+gsuTdsRbOuBwMk59yb3niDhTGnHebeWlldW19YLG8XNre2dXXtvv67iVFKo0ZjHshkQBZwJqGmmOTQTCSQKODSC/s3YbzyAVCwW93qQgB+RrmAho0QbqW0fDb1EMexJIrocsKdjPHTOnN972y45ZWcCvEjcnJRQjmrb/vY6MU0jEJpyolTLdRLtZ0RqRjmMil6qICG0T7rQMlSQCJSfTfYY4ROjdHAYS3OExhP1b0dGIqUGUWAqI6J7at4bi/96QTTzcyYYhVASOjePDq/8jIkk1SDodJww5dhkMo4Od5gEqvnAEEIlMxth2iPmGW0CLpqo3PlgFkn9vOw6ZffuolS5zkMroEN0jE6Riy5RBd2iKqohih7RE3pBr9az9WZ9WJ/T0iUr7zlAM7C+fgBo8ahC</latexit><latexit sha1_base64="nZyVQSUXQ7zohYsjP+s9CsS1JTo=">AAACLXicbVDLSgMxFM34rPU16lKQYBFcSJkRQRcuCm5cVrAP6Awlk95pQzOZIckIZdqdX+PGhf6KC0Hc+gsuTdsRbOuBwMk59yb3niDhTGnHebeWlldW19YLG8XNre2dXXtvv67iVFKo0ZjHshkQBZwJqGmmOTQTCSQKODSC/s3YbzyAVCwW93qQgB+RrmAho0QbqW0fDb1EMexJIrocsKdjPHTOnN972y45ZWcCvEjcnJRQjmrb/vY6MU0jEJpyolTLdRLtZ0RqRjmMil6qICG0T7rQMlSQCJSfTfYY4ROjdHAYS3OExhP1b0dGIqUGUWAqI6J7at4bi/96QTTzcyYYhVASOjePDq/8jIkk1SDodJww5dhkMo4Od5gEqvnAEEIlMxth2iPmGW0CLpqo3PlgFkn9vOw6ZffuolS5zkMroEN0jE6Riy5RBd2iKqohih7RE3pBr9az9WZ9WJ/T0iUr7zlAM7C+fgBo8ahC</latexit><latexit sha1_base64="nZyVQSUXQ7zohYsjP+s9CsS1JTo=">AAACLXicbVDLSgMxFM34rPU16lKQYBFcSJkRQRcuCm5cVrAP6Awlk95pQzOZIckIZdqdX+PGhf6KC0Hc+gsuTdsRbOuBwMk59yb3niDhTGnHebeWlldW19YLG8XNre2dXXtvv67iVFKo0ZjHshkQBZwJqGmmOTQTCSQKODSC/s3YbzyAVCwW93qQgB+RrmAho0QbqW0fDb1EMexJIrocsKdjPHTOnN972y45ZWcCvEjcnJRQjmrb/vY6MU0jEJpyolTLdRLtZ0RqRjmMil6qICG0T7rQMlSQCJSfTfYY4ROjdHAYS3OExhP1b0dGIqUGUWAqI6J7at4bi/96QTTzcyYYhVASOjePDq/8jIkk1SDodJww5dhkMo4Od5gEqvnAEEIlMxth2iPmGW0CLpqo3PlgFkn9vOw6ZffuolS5zkMroEN0jE6Riy5RBd2iKqohih7RE3pBr9az9WZ9WJ/T0iUr7zlAM7C+fgBo8ahC</latexit>

If Alice measures 
and finds her qubit 
in |0⟩ then the 
state is updated to



It is possible to have the same 
type of perfect correlation 
without any quantum physics. 

All you need is a common 
past factor.  

Correlation is then purely 
due our ignorance about 
this past factor. 

ψ
0 
0 
1 
0 
1 
1 
1 
0 
1

0 
0 
1 
0 
1 
1 
1 
0 
1

One can show experimentally, however, that this is 
not the case. 

Quantum entanglement is not due to our 
ignorance about past factors.  

It is a real property of Nature. 



Quantum discord
Correlations mean if you measure one system, you 
can learn something about the other.  

In quantum systems the information you extract 
depends on what kind of measurement you do. 

And, in general, by measuring one system we can 
only extract part of the information about the 
other. 

A B



|a0, b0i |a1, b1i |a2, b2i |a3, b3i

Global

Local

|s0i
<latexit sha1_base64="GZIEI5+71fyh4RrN5T3tX70PV8w=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjMi6MJFwY3LCvYB7VAy6Z02NI8hyQhl7Ge4caG/4k7cuvNPXJq2s7CtBwKHc+5NTk6UcGas7397hbX1jc2t4nZpZ3dv/6B8eNQ0KtUUGlRxpdsRMcCZhIZllkM70UBExKEVjW6nfusRtGFKPthxAqEgA8liRol1UufJ9PyuJnLAoVeu+FV/BrxKgpxUUI56r/zT7SuaCpCWcmJMJ/ATG2ZEW0Y5TErd1EBC6IgMoOOoJAJMmM0iT/CZU/o4VtodafFM/buREWHMWERuUhA7NMveVPzXi8TCy5lkFGJN6FIeG1+HGZNJakHSeZw45dgqPG0J95kGavnYEUI1cz/CdEjcNdZ1WXJVBcvFrJLmRTXwq8H9ZaV2k5dWRCfoFJ2jAF2hGrpDddRAFCn0jF7Rm/fivXsf3ud8tODlO8doAd7XLzNooRE=</latexit><latexit sha1_base64="GZIEI5+71fyh4RrN5T3tX70PV8w=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjMi6MJFwY3LCvYB7VAy6Z02NI8hyQhl7Ge4caG/4k7cuvNPXJq2s7CtBwKHc+5NTk6UcGas7397hbX1jc2t4nZpZ3dv/6B8eNQ0KtUUGlRxpdsRMcCZhIZllkM70UBExKEVjW6nfusRtGFKPthxAqEgA8liRol1UufJ9PyuJnLAoVeu+FV/BrxKgpxUUI56r/zT7SuaCpCWcmJMJ/ATG2ZEW0Y5TErd1EBC6IgMoOOoJAJMmM0iT/CZU/o4VtodafFM/buREWHMWERuUhA7NMveVPzXi8TCy5lkFGJN6FIeG1+HGZNJakHSeZw45dgqPG0J95kGavnYEUI1cz/CdEjcNdZ1WXJVBcvFrJLmRTXwq8H9ZaV2k5dWRCfoFJ2jAF2hGrpDddRAFCn0jF7Rm/fivXsf3ud8tODlO8doAd7XLzNooRE=</latexit><latexit sha1_base64="GZIEI5+71fyh4RrN5T3tX70PV8w=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjMi6MJFwY3LCvYB7VAy6Z02NI8hyQhl7Ge4caG/4k7cuvNPXJq2s7CtBwKHc+5NTk6UcGas7397hbX1jc2t4nZpZ3dv/6B8eNQ0KtUUGlRxpdsRMcCZhIZllkM70UBExKEVjW6nfusRtGFKPthxAqEgA8liRol1UufJ9PyuJnLAoVeu+FV/BrxKgpxUUI56r/zT7SuaCpCWcmJMJ/ATG2ZEW0Y5TErd1EBC6IgMoOOoJAJMmM0iT/CZU/o4VtodafFM/buREWHMWERuUhA7NMveVPzXi8TCy5lkFGJN6FIeG1+HGZNJakHSeZw45dgqPG0J95kGavnYEUI1cz/CdEjcNdZ1WXJVBcvFrJLmRTXwq8H9ZaV2k5dWRCfoFJ2jAF2hGrpDddRAFCn0jF7Rm/fivXsf3ud8tODlO8doAd7XLzNooRE=</latexit><latexit sha1_base64="GZIEI5+71fyh4RrN5T3tX70PV8w=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjMi6MJFwY3LCvYB7VAy6Z02NI8hyQhl7Ge4caG/4k7cuvNPXJq2s7CtBwKHc+5NTk6UcGas7397hbX1jc2t4nZpZ3dv/6B8eNQ0KtUUGlRxpdsRMcCZhIZllkM70UBExKEVjW6nfusRtGFKPthxAqEgA8liRol1UufJ9PyuJnLAoVeu+FV/BrxKgpxUUI56r/zT7SuaCpCWcmJMJ/ATG2ZEW0Y5TErd1EBC6IgMoOOoJAJMmM0iT/CZU/o4VtodafFM/buREWHMWERuUhA7NMveVPzXi8TCy5lkFGJN6FIeG1+HGZNJakHSeZw45dgqPG0J95kGavnYEUI1cz/CdEjcNdZ1WXJVBcvFrJLmRTXwq8H9ZaV2k5dWRCfoFJ2jAF2hGrpDddRAFCn0jF7Rm/fivXsf3ud8tODlO8doAd7XLzNooRE=</latexit>

|s1i
<latexit sha1_base64="HGqllzakJpfIrHfFDZQCavVW1/4=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjMi6MJFwY3LCvYB7VAy6Z02NI8hyQhl7Ge4caG/4k7cuvNPXJq2s7CtBwKHc+5NTk6UcGas7397hbX1jc2t4nZpZ3dv/6B8eNQ0KtUUGlRxpdsRMcCZhIZllkM70UBExKEVjW6nfusRtGFKPthxAqEgA8liRol1UufJ9IKuJnLAoVeu+FV/BrxKgpxUUI56r/zT7SuaCpCWcmJMJ/ATG2ZEW0Y5TErd1EBC6IgMoOOoJAJMmM0iT/CZU/o4VtodafFM/buREWHMWERuUhA7NMveVPzXi8TCy5lkFGJN6FIeG1+HGZNJakHSeZw45dgqPG0J95kGavnYEUI1cz/CdEjcNdZ1WXJVBcvFrJLmRTXwq8H9ZaV2k5dWRCfoFJ2jAF2hGrpDddRAFCn0jF7Rm/fivXsf3ud8tODlO8doAd7XLzUZoRI=</latexit><latexit sha1_base64="HGqllzakJpfIrHfFDZQCavVW1/4=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjMi6MJFwY3LCvYB7VAy6Z02NI8hyQhl7Ge4caG/4k7cuvNPXJq2s7CtBwKHc+5NTk6UcGas7397hbX1jc2t4nZpZ3dv/6B8eNQ0KtUUGlRxpdsRMcCZhIZllkM70UBExKEVjW6nfusRtGFKPthxAqEgA8liRol1UufJ9IKuJnLAoVeu+FV/BrxKgpxUUI56r/zT7SuaCpCWcmJMJ/ATG2ZEW0Y5TErd1EBC6IgMoOOoJAJMmM0iT/CZU/o4VtodafFM/buREWHMWERuUhA7NMveVPzXi8TCy5lkFGJN6FIeG1+HGZNJakHSeZw45dgqPG0J95kGavnYEUI1cz/CdEjcNdZ1WXJVBcvFrJLmRTXwq8H9ZaV2k5dWRCfoFJ2jAF2hGrpDddRAFCn0jF7Rm/fivXsf3ud8tODlO8doAd7XLzUZoRI=</latexit><latexit sha1_base64="HGqllzakJpfIrHfFDZQCavVW1/4=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjMi6MJFwY3LCvYB7VAy6Z02NI8hyQhl7Ge4caG/4k7cuvNPXJq2s7CtBwKHc+5NTk6UcGas7397hbX1jc2t4nZpZ3dv/6B8eNQ0KtUUGlRxpdsRMcCZhIZllkM70UBExKEVjW6nfusRtGFKPthxAqEgA8liRol1UufJ9IKuJnLAoVeu+FV/BrxKgpxUUI56r/zT7SuaCpCWcmJMJ/ATG2ZEW0Y5TErd1EBC6IgMoOOoJAJMmM0iT/CZU/o4VtodafFM/buREWHMWERuUhA7NMveVPzXi8TCy5lkFGJN6FIeG1+HGZNJakHSeZw45dgqPG0J95kGavnYEUI1cz/CdEjcNdZ1WXJVBcvFrJLmRTXwq8H9ZaV2k5dWRCfoFJ2jAF2hGrpDddRAFCn0jF7Rm/fivXsf3ud8tODlO8doAd7XLzUZoRI=</latexit><latexit sha1_base64="HGqllzakJpfIrHfFDZQCavVW1/4=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjMi6MJFwY3LCvYB7VAy6Z02NI8hyQhl7Ge4caG/4k7cuvNPXJq2s7CtBwKHc+5NTk6UcGas7397hbX1jc2t4nZpZ3dv/6B8eNQ0KtUUGlRxpdsRMcCZhIZllkM70UBExKEVjW6nfusRtGFKPthxAqEgA8liRol1UufJ9IKuJnLAoVeu+FV/BrxKgpxUUI56r/zT7SuaCpCWcmJMJ/ATG2ZEW0Y5TErd1EBC6IgMoOOoJAJMmM0iT/CZU/o4VtodafFM/buREWHMWERuUhA7NMveVPzXi8TCy5lkFGJN6FIeG1+HGZNJakHSeZw45dgqPG0J95kGavnYEUI1cz/CdEjcNdZ1WXJVBcvFrJLmRTXwq8H9ZaV2k5dWRCfoFJ2jAF2hGrpDddRAFCn0jF7Rm/fivXsf3ud8tODlO8doAd7XLzUZoRI=</latexit>

|s2i
<latexit sha1_base64="HT3ySu7w+vKbLCRSj2qv5/G4A20=">AAACGHicbVDLSgMxFM34rPVVdekmWARXZaYIunBRcOOygn1AO5RMeqcNzWNIMkIZ+xluXOivuBO37vwTl6btLGzrgcDhnHuTkxMlnBnr+9/e2vrG5tZ2Yae4u7d/cFg6Om4alWoKDaq40u2IGOBMQsMyy6GdaCAi4tCKRrdTv/UI2jAlH+w4gVCQgWQxo8Q6qfNketWuJnLAoVcq+xV/BrxKgpyUUY56r/TT7SuaCpCWcmJMJ/ATG2ZEW0Y5TIrd1EBC6IgMoOOoJAJMmM0iT/C5U/o4VtodafFM/buREWHMWERuUhA7NMveVPzXi8TCy5lkFGJN6FIeG1+HGZNJakHSeZw45dgqPG0J95kGavnYEUI1cz/CdEjcNdZ1WXRVBcvFrJJmtRL4leD+sly7yUsroFN0hi5QgK5QDd2hOmogihR6Rq/ozXvx3r0P73M+uublOydoAd7XLzbKoRM=</latexit><latexit sha1_base64="HT3ySu7w+vKbLCRSj2qv5/G4A20=">AAACGHicbVDLSgMxFM34rPVVdekmWARXZaYIunBRcOOygn1AO5RMeqcNzWNIMkIZ+xluXOivuBO37vwTl6btLGzrgcDhnHuTkxMlnBnr+9/e2vrG5tZ2Yae4u7d/cFg6Om4alWoKDaq40u2IGOBMQsMyy6GdaCAi4tCKRrdTv/UI2jAlH+w4gVCQgWQxo8Q6qfNketWuJnLAoVcq+xV/BrxKgpyUUY56r/TT7SuaCpCWcmJMJ/ATG2ZEW0Y5TIrd1EBC6IgMoOOoJAJMmM0iT/C5U/o4VtodafFM/buREWHMWERuUhA7NMveVPzXi8TCy5lkFGJN6FIeG1+HGZNJakHSeZw45dgqPG0J95kGavnYEUI1cz/CdEjcNdZ1WXRVBcvFrJJmtRL4leD+sly7yUsroFN0hi5QgK5QDd2hOmogihR6Rq/ozXvx3r0P73M+uublOydoAd7XLzbKoRM=</latexit><latexit sha1_base64="HT3ySu7w+vKbLCRSj2qv5/G4A20=">AAACGHicbVDLSgMxFM34rPVVdekmWARXZaYIunBRcOOygn1AO5RMeqcNzWNIMkIZ+xluXOivuBO37vwTl6btLGzrgcDhnHuTkxMlnBnr+9/e2vrG5tZ2Yae4u7d/cFg6Om4alWoKDaq40u2IGOBMQsMyy6GdaCAi4tCKRrdTv/UI2jAlH+w4gVCQgWQxo8Q6qfNketWuJnLAoVcq+xV/BrxKgpyUUY56r/TT7SuaCpCWcmJMJ/ATG2ZEW0Y5TIrd1EBC6IgMoOOoJAJMmM0iT/C5U/o4VtodafFM/buREWHMWERuUhA7NMveVPzXi8TCy5lkFGJN6FIeG1+HGZNJakHSeZw45dgqPG0J95kGavnYEUI1cz/CdEjcNdZ1WXRVBcvFrJJmtRL4leD+sly7yUsroFN0hi5QgK5QDd2hOmogihR6Rq/ozXvx3r0P73M+uublOydoAd7XLzbKoRM=</latexit><latexit sha1_base64="HT3ySu7w+vKbLCRSj2qv5/G4A20=">AAACGHicbVDLSgMxFM34rPVVdekmWARXZaYIunBRcOOygn1AO5RMeqcNzWNIMkIZ+xluXOivuBO37vwTl6btLGzrgcDhnHuTkxMlnBnr+9/e2vrG5tZ2Yae4u7d/cFg6Om4alWoKDaq40u2IGOBMQsMyy6GdaCAi4tCKRrdTv/UI2jAlH+w4gVCQgWQxo8Q6qfNketWuJnLAoVcq+xV/BrxKgpyUUY56r/TT7SuaCpCWcmJMJ/ATG2ZEW0Y5TIrd1EBC6IgMoOOoJAJMmM0iT/C5U/o4VtodafFM/buREWHMWERuUhA7NMveVPzXi8TCy5lkFGJN6FIeG1+HGZNJakHSeZw45dgqPG0J95kGavnYEUI1cz/CdEjcNdZ1WXRVBcvFrJJmtRL4leD+sly7yUsroFN0hi5QgK5QDd2hOmogihR6Rq/ozXvx3r0P73M+uublOydoAd7XLzbKoRM=</latexit>

|s3i
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Dynamic Bayesian Network  
(Hidden Markov model)



Take home messages

1. We can reverse the arrow of time, but to do so we must consume resources. 

2. In microscopic systems, thermodynamic quantities fluctuate and 
statements must be probabilistic.   

3. Quantum correlations (entanglement and discord) are fundamental 
properties of Nature and have experimentally observable consequences. 

4.
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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
Experimental setup. The liquid sample consist of 50 mg
of 99% 13C-labeled CHCl3 (Chloroform) diluted in 0.7 ml of
99.9% deutered Acetone-d6, in a flame sealed Wildmad Lab-
Glass 5 mm tube. Experiments were carried out in a Varian
500 MHz Spectrometer employing a double-resonance probe-
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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).

Quantum correlations are also a resource in thermodynamics!



Take home messages

1. We can reverse the arrow of time, but to do so we must consume resources. 

2. In microscopic systems, thermodynamic quantities fluctuate and 
statements must be probabilistic.   

3. Quantum correlations (entanglement and discord) are fundamental 
properties of Nature and have experimentally observable consequences. 

4. Quantum correlations are a resource that can be used to perform 
thermodynamic tasks.
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