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Introduction & Motivation
‣ Maxwell’s demon J. C. Maxwell, Theory of Heat. Appleton, London, 1871.

: Fast particle

: Slow particle

Demon performs following operations w/o work: 
‣ Measurement 
‣ Feedback based on the measurements 

Pictures are taken from https://www.irasutoya.com/

‣ These operations can leads Entropy reduction
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Power generator driven by Maxwell’s demon
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Maxwell’s demon is an imaginary entity that reduces the entropy of a system and generates

free energy in the system. About 150 years after its proposal, theoretical studies explained

the physical validity of Maxwell’s demon in the context of information thermodynamics, and

there have been successful experimental demonstrations of energy generation by the demon.

The demon’s next task is to convert the generated free energy to work that acts on the

surroundings. Here, we demonstrate that Maxwell’s demon can generate and output electric

current and power with individual randomly moving electrons in small transistors. Real-time

monitoring of electron motion shows that two transistors functioning as gates that control an

electron’s trajectory so that an electron moves directionally. A numerical calculation reveals

that power generation is increased by miniaturizing the room in which the electrons are

partitioned. These results suggest that evolving transistor-miniaturization technology can

increase the demon’s power output.
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Introduction & Motivation

undesirable work in the demon’s feedback and monitor pure
current generated by the demon.

Power generation by Maxwell’s demon. All measurements
were carried out at room temperature. The time interval Dtm of
each measurement was set to 60 ms, which is short enough to
monitor electron motion or k. More importantly, from the
viewpoint of the demon’s performance, Dtm was a bit shorter than
(or comparable to) the average time intervals for n to increase by
Dnthresh at state A and decrease by Dnthresh at state B, which leads
to high power generation and relatively high efficiency for
information-to-energy conversion as discussed later. Note that k
and Dnthresh are different: k is the deviation in n from the integer
part of the average of n (k¼ n" nave, where nave is the integer
part of the average of n) and Dnthresh is the deviation in n from
the initially observed n in the state and the threshold value to
perform feedback. In our experiment, Dnthresh is determined by
threshold value of Idet. We set the threshold as 1.5dIdet, where
dIdet is the change in Idet induced by the motion of an electron.
In this work, since Idet showed discrete steps (Fig. 1c), the change
in Idet became larger than 1.5dIdet when Dnthresh¼ 2.

With the feedback, even when VSD¼ 0 V, IMD of about 20 zA
flows from the drain to source (forward current) (Fig. 3). On the

other hand, no current is generated without the feedback
(Fig. 2c). Current in the opposite direction (backward current)
can also be generated when Dnthresh¼ " 2. In addition, even
when negative (positive) VSD is applied to the drain, forward
(backward) current counter flows from the drain (source) to
source (drain). These results indicate that the demon generates
current by rectifying randomly moving electrons. Also note-
worthy is that Monte-Carlo simulation with consideration of the
directionally asymmetric electron shuttling mentioned above
(Supplementary Note 2) can reproduce the experimental results
well, which means that the directionally asymmetric electron
shuttling actually takes place in our silicon chip.

Generated power is given by " IMD#VSD. When VSD is
changed from 0 V in a negative direction, the generated power
increases because of the increase in VSD and then decreases
because of the reduction in IMD (Fig. 4a). This behaviour can also
be reproduced by Monte-Carlo simulations. In our experiments,
maximum power of about 0.5 zW was generated. Such small
power and current can be evaluated thanks to real-time electron
counting by the high-sensitivity charge sensor, which leads to this
proof-of-concept demonstration of Maxwell’s demon. On the
other hand, the generated power can be increased, in principle, by
reducing Dtm and the gate-tunable transition time for electrons to
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Figure 1 | Device structure and operation schematics for Maxwell’s demon. (a) False-color scanning electron microscope image and (b) schematics of
the fabricated device. Above a silicon wire channel covered with a silicon dioxide, two gate terminals are formed to make field-effect transistors Gate(G)
G1 and G2. The single-electron box (SEB) is electrically formed between the source (S) and drain (D) because G1 and G2 form energy barriers between the
S and D as shown in d. Another channel functioning as a charge sensor is located close to the SEB. Above the whole area, there is an upper gate (UG), to
which positive voltage VUG is applied. The details are explained in Methods section. (c) Single-electron detection at room temperature. Current flowing
through the sensor is monitored and the abrupt reduction (increase) of current with the same step height means that a single-electron enters (leaves) the
SEB. k is the deviation from the average of the number of electrons n in the SEB. We applied VUG¼ 3.05 V, VED¼ 1 V, VG1¼ " 2.4 V, VG2¼ " 1.95 V and
VS¼VD¼ "0.6 V. (d) Schematics of current generation by rectifying randomly moving electrons. The four upper and lower illustrations are schematics
and energy-band diagrams along the S, SEB and D, respectively. For simplicity, they show how one electron is transferred, meaning Dn explained in the main
text is one. We define state A(B) as the case that G1 opens (closes) and G2 closes (opens). When G1 opens (closes), its energy barrier lowers (rises) and
an electron shuttles between the S and SEB faster (slower).
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Figure 1 | Device structure and operation schematics for Maxwell’s demon. (a) False-color scanning electron microscope image and (b) schematics of
the fabricated device. Above a silicon wire channel covered with a silicon dioxide, two gate terminals are formed to make field-effect transistors Gate(G)
G1 and G2. The single-electron box (SEB) is electrically formed between the source (S) and drain (D) because G1 and G2 form energy barriers between the
S and D as shown in d. Another channel functioning as a charge sensor is located close to the SEB. Above the whole area, there is an upper gate (UG), to
which positive voltage VUG is applied. The details are explained in Methods section. (c) Single-electron detection at room temperature. Current flowing
through the sensor is monitored and the abrupt reduction (increase) of current with the same step height means that a single-electron enters (leaves) the
SEB. k is the deviation from the average of the number of electrons n in the SEB. We applied VUG¼ 3.05 V, VED¼ 1 V, VG1¼ " 2.4 V, VG2¼ " 1.95 V and
VS¼VD¼ "0.6 V. (d) Schematics of current generation by rectifying randomly moving electrons. The four upper and lower illustrations are schematics
and energy-band diagrams along the S, SEB and D, respectively. For simplicity, they show how one electron is transferred, meaning Dn explained in the main
text is one. We define state A(B) as the case that G1 opens (closes) and G2 closes (opens). When G1 opens (closes), its energy barrier lowers (rises) and
an electron shuttles between the S and SEB faster (slower).
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‣ Maxwell’s demon

: Fast particle

: Slow particle

Demon performs following operations w/o work: 
‣ Measurement 
‣ Feedback based on the measurements 

Is there any similar object in HEP literature? 

‣  Some example of FOPT behaves similar.

Introduction & Motivation
J. C. Maxwell, Theory of Heat. Appleton, London, 1871.

‣ These operations can leads Entropy reduction

5



‣ Filtered DM scenario M. J. Baker, J. Kopp, and A. J. Long, Phys. Rev. Lett. 125, 151102 (2020) 
D. Chway, T. H. Jung, and C. S. Shin, Phys. Rev. D 101, 095019 (2020) 

<latexit sha1_base64="piH9ZZGVYfibmm/8gaaWOUBmWNM="></latexit>

h�i = 0

mout
DM ⇠ Tn

<latexit sha1_base64="sNhgKdSWEISR8L+2+A1tc6G2qF0="></latexit>

h�i 6= 0

min
DM ' M � Tn

: SM particle

: DM particle

<latexit sha1_base64="3nvXaeWKluUtIgLiI2sB4632Xvc="></latexit>

Lint → ↑yωωεε̄

Introduction & Motivation
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‣ Filtered DM scenario M. J. Baker, J. Kopp, and A. J. Long, Phys. Rev. Lett. 125, 151102 (2020) 
D. Chway, T. H. Jung, and C. S. Shin, Phys. Rev. D 101, 095019 (2020) 

: SM particle

: DM particle

Pictures are taken from https://www.irasutoya.com/

Introduction & Motivation

Any impact  
for Hydrodynamics?

‣ Measurement  
‣ Feedback

Motivation:
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Questions 

‣What kind of similarities exist? 

‣What is ``Entropy’’ in FOPT? & How it 
would be modified? 

‣How is hydrodynamics affected?

Introduction & Motivation
8



✓Introduction & Motivation 

‣Correspondence with Szilard engine 

‣Hydrodynamics & Entropy current for 
FOPT 

‣Analysis of hydrodynamics  

‣Summary

Outline
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Szilard engine
Thermal bath: T

L. Szilard, Z. Phys. 53, 840 (1929). 

<latexit sha1_base64="x1tyhO2Bc66h8kHf9GHg4tmh7Ww="></latexit>

Wext = T ln 2

For each cycle,

-> 2nd law violation
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Szilard engine

<latexit sha1_base64="G9aLgjRuc0j6Czh8RDnwICj3EGk="></latexit>

x = 0
<latexit sha1_base64="xIisT5M8PDjjKfQvLbP21p0Pm4Q="></latexit>

x = 1

Initial state (X) State after feedback (X’)

“0” (Left) P (X = 0) = 1/2 P (X → = 0) = 0

“1” (Right) P (X = 1) = 1/2 P (X → = 1) = 1

Table 2: Change in the probability distribution before and after measurement and feed-
back. X denotes the initial state before measurement, and X → represents the state im-
mediately after feedback. The two initial states, each with probability 1/2, are shifted
entirely to the right side by the feedback, resulting in a final distribution concentrated on
the right with probability 1.

Since a finite amount of work is extracted in each cycle, this result appears to violate
the second law of thermodynamics when considered within the framework of conventional
thermodynamics.

In this system, let X denote the random variable, whose probability distribution rep-
resents the state of the thermodynamic system, and let X → be the random variable rep-
resenting the state immediately after the feedback (i.e., before work extraction). The
corresponding probability distributions are summarized in Table 2.

A.2 Mutual information and entropy
We now consider the information that the demon obtains through measurement. Let X be
the random variable representing the state of the thermodynamic system to be measured,
and let Y denote the measurement outcome. In the case of an error-free measurement,
we have X = Y .

Let x and y denote the possible values of X and Y , respectively. The joint probability
distribution of X and Y is denoted by P (x, y), from which the marginal distributions are
given by

P (x) :=
∑

y

P (x, y), (133)

P (y) :=
∑

x

P (x, y). (134)

The corresponding Shannon information entropy is defined as

S(X, Y ) := →
∑

x,y

P (x, y) ln P (x, y), (135)

S(X) := →
∑

x

P (x) ln P (x), (136)

S(Y ) := →
∑

y

P (y) ln P (y). (137)

The conditional probability distribution of X given a measurement outcome Y = y is
defined as

P (x|y) = P (x, y)
P (y) . (138)

30

L. Szilard, Z. Phys. 53, 840 (1929). 

<latexit sha1_base64="u4Jmalgup7VHdCDl2gT6rg48gRQ="></latexit>

I(X : Y ) = ln 2
<latexit sha1_base64="WDBuRjLi0yHEzPjdamvQmZGATMc="></latexit>

I(X → : X) = 0
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Correspondence with Szilard engine

Outside the wall (X) Inside the wall (X’)

“0” (Dark sector) P (X = 0) = PD P (X → = 0) = QPD

“1” (Standard Model) P (X = 1) = PSM P (X → = 1) = PSM + (1 → Q)PD

Table 1: The change in the distribution of dark sector and Standard Model particles in
the plasma across the wall. Dark sector particles are labeled as “0”, and Standard Model
particles as “1”. The random variables X and X → represent the plasma state outside and
inside the wall, respectively. We denote the fractions of dark sector and Standard Model
particles outside the wall as PD = P (X = 0) and PSM = P (X = 1), as given in Eqs. (83),
and (84). Assuming a transmission probability of Q ↑ 1 for dark sector particles and
unity for Standard Model particles, the corresponding probabilities inside the wall are
given by P (X → = 0) = QPD and P (X → = 1) = PSM + (1 → Q)PD, as shown in the table.

where gD and gS are the degrees of freedom in the dark sector and the Standard Model,
respectively. For simplicity, we have ignored the di!erence in quantum statistics between
fermions and bosons.

Therefore, the probabilities that a particle measured by the wall belongs to the dark
sector, PD := P (X = 0), or to the Standard Model, PSM := P (X = 1), are given by

PD = gDT 3
D+

gDT 3
D+ + gST 3

S+
, (83)

PSM = gST 3
S+

gDT 3
D+ + gST 3

S+
. (84)

We note that typically, gD/gS ↓ O(0.01), which means that PD ↓ O(0.01) and PSM ↓ 1.
Depending on the measurement outcome, the wall can apply di!erent feedback to

each incoming particle. For example, if dark sector particles acquire a mass much larger
than the plasma temperature inside the wall, i.e., TD↑ ↑ mD↑, then most dark sector
particles are kinematically forbidden from entering the interior of the wall. In this case,
the transmission probability is given by

Q ↓

∫ ↓

mD→/TD→
dx

x2

2 e↑x
↑ 1. (85)

On the other hand, since Standard Model particles remain massless and do not interact
with the wall, they can freely enter the interior with unit transmission probability. Al-
though most dark sector particles are reflected by the wall, if they are e"ciently converted
into Standard Model particles, then the probabilities of finding dark sector and Standard
Model particles inside the wall, denoted by P →

D := P (X → = 0) and P →
SM := P (X → = 1)

respectively, are given by

P →
D = Q PD, (86)

P →
SM = PSM + (1 → Q) PD. (87)

Such a situation is physically justified when the wall velocity is much smaller than the
interaction rate for annihilation processes.

15

plasma flow

DM particle

SM particle
Asymmetric inflow

Correspondence becomes clear when…
<latexit sha1_base64="rjHCVEcJQa1hRXM36ShQDw5JEZ8="></latexit>

Q → 1

PS =
gS

gS + gD

PD =
gD

gS + gD

12
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where gD and gS are the degrees of freedom in the dark sector and the Standard Model,
respectively. For simplicity, we have ignored the di!erence in quantum statistics between
fermions and bosons.

Therefore, the probabilities that a particle measured by the wall belongs to the dark
sector, PD := P (X = 0), or to the Standard Model, PSM := P (X = 1), are given by

PD = gDT 3
D+

gDT 3
D+ + gST 3
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, (83)

PSM = gST 3
S+

gDT 3
D+ + gST 3

S+
. (84)

We note that typically, gD/gS ↓ O(0.01), which means that PD ↓ O(0.01) and PSM ↓ 1.
Depending on the measurement outcome, the wall can apply di!erent feedback to

each incoming particle. For example, if dark sector particles acquire a mass much larger
than the plasma temperature inside the wall, i.e., TD↑ ↑ mD↑, then most dark sector
particles are kinematically forbidden from entering the interior of the wall. In this case,
the transmission probability is given by

Q ↓

∫ ↓

mD→/TD→
dx

x2

2 e↑x
↑ 1. (85)

On the other hand, since Standard Model particles remain massless and do not interact
with the wall, they can freely enter the interior with unit transmission probability. Al-
though most dark sector particles are reflected by the wall, if they are e"ciently converted
into Standard Model particles, then the probabilities of finding dark sector and Standard
Model particles inside the wall, denoted by P →

D := P (X → = 0) and P →
SM := P (X → = 1)

respectively, are given by

P →
D = Q PD, (86)

P →
SM = PSM + (1 → Q) PD. (87)

Such a situation is physically justified when the wall velocity is much smaller than the
interaction rate for annihilation processes.

15

plasma flow

DM particle

SM particle

Correspondence becomes clear when…

Slow wall velocity 
 Weak FOPT
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✓Introduction & Motivation 

✓Correspondence with Szilard engine 

‣Hydrodynamics & Entropy current for 
FOPT 

‣Analysis of hydrodynamics 

‣Summary

Outline
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Hydrodynamics for FOPT

‣ Energy-momentum conservation (1st law)
<latexit sha1_base64="Nxh5J3p1VhyqKGPCDY7vI5mxkoE="></latexit>

→µ(T
µω
ε + Tµω

f ) ↑ ωµ(T
µω
ε + Tµω

f ) = 0

Conventional approach (Review)
See E.g. M. B. Hindmarsh et.al., SciPost Phys. Lect. Notes 24 (2021) 1 for review

<latexit sha1_base64="kg52CJ0FVR4WQq5yJVPQVQ5Cof8="></latexit>

Tµω
ε = (ωµε)(ωωϑ)→ gµω

(
1

2
(ωε)2 → V0(ε)

)where

<latexit sha1_base64="kjrGfmaQ6MmuNWnmOgqsp3GyoTU="></latexit>

Tµω
f = (ωf + pf )u

µuω → pfg
µω

15



Hydrodynamics for FOPT

‣ Entropy current conservation (2nd law)

Conventional approach (Review)
See E.g. M. B. Hindmarsh et.al., SciPost Phys. Lect. Notes 24 (2021) 1 for review

This equation is derived from the equation given below.

<latexit sha1_base64="t6IekcHygOe5UGDmUbCXZph4cJI="></latexit>

ωµS
µ = 0

<latexit sha1_base64="kjrGfmaQ6MmuNWnmOgqsp3GyoTU="></latexit>

Tµω
f = (ωf + pf )u

µuω → pfg
µω

w/
<latexit sha1_base64="j1ZuXHRYRc8dy6fQAKIuqmUSrkg="></latexit>

Sµ := suµ, s = (ω+ p)/T

<latexit sha1_base64="hIyjql7szSQOiUAm8jlF3o+SWKM="></latexit>

ωµT
µω
f = ωωε

dm2

dε

∫
d3p

(2ϑ)3
1

2E
f eq(x, p, t)

Local Thermal Equilibrium 
ApproximationSingle perfect fluid
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Hydrodynamics for FOPT

‣ Entropy current conservation (2nd law)

Conventional approach (Review)
See E.g. M. B. Hindmarsh et.al., SciPost Phys. Lect. Notes 24 (2021) 1 for review

This equation is derived from the equation given below.

<latexit sha1_base64="t6IekcHygOe5UGDmUbCXZph4cJI="></latexit>

ωµS
µ = 0

<latexit sha1_base64="kjrGfmaQ6MmuNWnmOgqsp3GyoTU="></latexit>

Tµω
f = (ωf + pf )u

µuω → pfg
µω

w/
<latexit sha1_base64="j1ZuXHRYRc8dy6fQAKIuqmUSrkg="></latexit>

Sµ := suµ, s = (ω+ p)/T

<latexit sha1_base64="hIyjql7szSQOiUAm8jlF3o+SWKM="></latexit>

ωµT
µω
f = ωωε

dm2

dε

∫
d3p

(2ϑ)3
1

2E
f eq(x, p, t)

Local Thermal Equilibrium 
Approximation

Entropy (Heat)  
current: Entropy:<latexit sha1_base64="gGThwPzUn8zFPFHsjvMXRUOB6d8="></latexit>

ωQ/T

<latexit sha1_base64="T3rBwbscLL5/Qwq7JfewvLtHSfU="></latexit>

S + ωQ/T → 0

<latexit sha1_base64="ZfCNjKEvWCfix/n/v8DQWkQiII8="></latexit>

S = sV

Single perfect fluid
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<latexit sha1_base64="Pkz5ffZ/VuiJASSmHGPsy813sKU="></latexit>

ωµT
µω
D = ωωε

dm2
D

dε

∫
d3p

(2ϑ)3
1

2E
feq
D +

∫
d3p

(2ϑ)3
pω

2ED
C[fD]

Hydrodynamics for FOPT

‣ Energy-momentum conservation (1st law)
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Hydrodynamics for FOPT

‣ Entropy current NON-conservation (2nd law)
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Hydrodynamics
Novel approach (This work)
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Hydrodynamics
Novel approach (This work)
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If entropy current & energy flux are conserved,

Under asymmetric energy flux inflow
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Impact of Hydrodynamics 
seems to be small at least 
@ NR limit.

<latexit sha1_base64="hYL/FLXc56u7G8T1C0bdT2sytqw="></latexit>

ωε ↭ →10→6
( vD+

10→2

)2
n+



Comments & Implication
In the whole system (scalar + plasma), the second law 
should be recovered;  
otherwise, the FOPT cannot proceed.

<latexit sha1_base64="R8k6/au2G3UfV/ElVItv5fiooyU="></latexit>

!(Ff + Fω) → 0

This is consistent with fundamental concept of 
information dynamical system when scalar field has 
“entropy”. (Future prospects)

<latexit sha1_base64="3JE2bgYKQAOM70d0jtkH1mJvmrc="></latexit>

Fω, Ff : Free energy

<latexit sha1_base64="UIvIMHhokwI2SmsY4qV5SAtllZg="></latexit>

ωSω → I(X : Y )n+vD+

29



Summary
30

‣We discuss the application of information 
thermodynamics to FOPT, & found that correspondence 
with Szilard engine in some specific situation. 

‣Through asymmetric energy-momentum inflow, novel 
negative contribution to entropy current appear, and its 
affect fluid hydrodynamics through matching conditions. 

‣Unfortunately, impact of hydrodynamics seems to be 
small at NR limit. Further analysis is future work.
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Szilard engine
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Szilard engine
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Szilard engine
Quasistatic expansion

<latexit sha1_base64="Id8sKGzTr/oTOKpY1r0eyCmXK/k="></latexit>

Wext =

Z V

V/2
pdV 0 =

Z V

V/2

kBT

V 0 dV 0

= kBT ln2

Through this process, we have

L. Szilard, Z. Phys. 53, 840 (1929). 



Hydrodynamics for FOPT

‣ Energy-momentum conservation (1st law)
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See E.g. M. B. Hindmarsh et.al., SciPost Phys. Lect. Notes 24 (2021) 1 for review
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This can be satisfies when 
‣Mean free path     is short 
‣ Gradients of mass profile is small
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Diagramatic calculation
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Fluid system has three independent parameters:
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Correspondence with Szilard engine

Outside the wall (X) Inside the wall (X’)

“0” (Dark sector) P (X = 0) = PD P (X → = 0) = QPD

“1” (Standard Model) P (X = 1) = PSM P (X → = 1) = PSM + (1 → Q)PD

Table 1: The change in the distribution of dark sector and Standard Model particles in
the plasma across the wall. Dark sector particles are labeled as “0”, and Standard Model
particles as “1”. The random variables X and X → represent the plasma state outside and
inside the wall, respectively. We denote the fractions of dark sector and Standard Model
particles outside the wall as PD = P (X = 0) and PSM = P (X = 1), as given in Eqs. (83),
and (84). Assuming a transmission probability of Q ↑ 1 for dark sector particles and
unity for Standard Model particles, the corresponding probabilities inside the wall are
given by P (X → = 0) = QPD and P (X → = 1) = PSM + (1 → Q)PD, as shown in the table.

where gD and gS are the degrees of freedom in the dark sector and the Standard Model,
respectively. For simplicity, we have ignored the di!erence in quantum statistics between
fermions and bosons.

Therefore, the probabilities that a particle measured by the wall belongs to the dark
sector, PD := P (X = 0), or to the Standard Model, PSM := P (X = 1), are given by

PD = gDT 3
D+

gDT 3
D+ + gST 3

S+
, (83)

PSM = gST 3
S+

gDT 3
D+ + gST 3

S+
. (84)

We note that typically, gD/gS ↓ O(0.01), which means that PD ↓ O(0.01) and PSM ↓ 1.
Depending on the measurement outcome, the wall can apply di!erent feedback to

each incoming particle. For example, if dark sector particles acquire a mass much larger
than the plasma temperature inside the wall, i.e., TD↑ ↑ mD↑, then most dark sector
particles are kinematically forbidden from entering the interior of the wall. In this case,
the transmission probability is given by

Q ↓

∫ ↓

mD→/TD→
dx

x2

2 e↑x
↑ 1. (85)

On the other hand, since Standard Model particles remain massless and do not interact
with the wall, they can freely enter the interior with unit transmission probability. Al-
though most dark sector particles are reflected by the wall, if they are e"ciently converted
into Standard Model particles, then the probabilities of finding dark sector and Standard
Model particles inside the wall, denoted by P →

D := P (X → = 0) and P →
SM := P (X → = 1)

respectively, are given by

P →
D = Q PD, (86)

P →
SM = PSM + (1 → Q) PD. (87)

Such a situation is physically justified when the wall velocity is much smaller than the
interaction rate for annihilation processes.

15

Symmetric phase Broken phase

plasma flow

DM particle

SM particle
Energy inflow
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Q → 1

PD =
gD

gS + gD

PS =
gS

gS + gD
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ωε ↭ → (I(X : Y )→ I(X → : Y ))↑ (Incoming # flux)
<latexit sha1_base64="oqDHxjL/zmgYzrjjxRVRo1PcHy4="></latexit>→ 0.1

<latexit sha1_base64="aC0vhC/4nROTSNU+dQXI1BMrfGg="></latexit>→ vwall
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ω = (S + εQ/T )/V

2nd law of information thermodynamics suggests



Hydrodynamics
Novel approach (This work)
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m(z) @Wall rest frame
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TD+, vD+
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TS+, vS+
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TD→, vD→
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TS→, vS→

plasma flow

Energy flux inflow

<latexit sha1_base64="o4Hk5fQMUgAYtNlQ6ZVLz9wGGRc="></latexit>

ωzT
zω
S = →

∫
d3p

(2ε)3
pω

2ED
C[fD]
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ωzT
zω
D = ωωε

dm2
D

dε

∫
d3p

(2ϑ)3
1

2ED
feq
D +

∫
d3p

(2ϑ)3
pω

2ED
C[fD]

Four independent Eqs

=
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<latexit sha1_base64="qz6HFaZfn2+GRok38ui0XR1h980="></latexit>

ωz(εSϑ
2
SvS) =

∑

a→S

∫
d3p

(2ϖ)3
p0

2Ea
C[fa],

ωz
(
εSϑ

2
Sv

2
S + pS

)
=

∑

a→S

∫
d3p

(2ϖ)3
pz

2Ea
C[fa],

ωz(εDϑ2
DvD) =

∫
d3p

(2ϖ)3
p0

2ED
C[fD],

ωz

(
εDϑ2

Dv2D +
1

2
(ωzϱ(z))

2 + pe!D

)
=

∫
d3p

(2ϖ)3
pz

2ED
C[fD],
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ωS := εS + pS , ωD := εe!D + pe!D ,

εe!D := εD + V (ϑ), pe!D := pD → V (ϑ).w/

Energy flux & Momentum exchange
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w/

Energy flux & Momentum exchange
<latexit sha1_base64="vc3Dv7W8pY877o6RELNtDdzhRxA="></latexit>

ωS+ε
2
S+vS+ = ωS→ε

2
S→vS→ + C0

D,

ωS+ε
2
S+v

2
S+ → ωS→ε

2
S→v

2
S→ = pS→ → pS+ + Cz

D,

ωD+ε
2
D+vD+ = ωD→ε

2
D→vD→ → C0

D,

ωD+ε
2
D+v

2
D+ → ωD→ε

2
D→v

2
D→ = pe!D→ → pe!D+ → Cz

D,
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C0
D :=

∫
dz

∫
d3p

(2ω)3
p0

2ED
C[fD],

Cz
D :=

∫
dz

∫
d3p

(2ω)3
pz

2ED
C[fD],
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Entropy production
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ωε → ϑD→
TD→

vD→ ↑ ϑD+

TD+
vD+ +

ϑS→
TS→

vS→ ↑ ϑS+

TS+
vS+.

<latexit sha1_base64="q3J0e1ZYF6pEaPeCdHFR+M6lQHg="></latexit>

ωε := ωεD + ωεS
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ωεD :=

∫
dzϑzS

z
D

ωεS :=

∫
dzϑzS

z
S

w/


