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SCOPE

Black-Body radiation is an ubiquitous phenomena in thermal equilib-
rium physics. Characterized by Planck spectral energy density, exam-
ples range from the sun to the human body.

Two-level atom is a simple model for matter, describing interaction with
radiation.

Einstein (1917): two-level atom interacting with black-body radiation
performs Brownian motion

𝑫𝒑

𝜸
= 𝒌𝑩𝑻

Diffusion
(fluctuations)

Friction
(dissipation)

This is at the basis of many physical phenomena. However, does ther-
mal equilibrium physics captures everything?

In this work, we address the out-equilibrium extension of Einsteins
problem. We consider a system connected to two black-body radiation
reservoirs at different temperatures.

We characterize the non-equilibrium steady-state of the radiation, the
energy flow U (t) throughout the system and its fluctuations, after a
very long time t, by means of the large-deviation function Φ (J) – free-
energy analog out of equilibrium

𝐏𝐫
𝑼 𝒕

𝒕
= 𝑱 ~ e−𝒕𝚽(𝑱)

Second law is not obeyed anymore

Gallavotti-Cohen symmetry – microscopic time reversal, is present

Φ (J)− Φ (−J) ∝ J
[

1
TR
− 1

TL

]
Future: is the Gallavotti-Cohen symmetry valid in the presence of quan-
tum entanglement?
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INTRODUCTION

Black-Body Radiation

• A Black-Body – is a cavity of volume V , its walls absorb and emit
electromagnetic radiation of all frequencies.

• Cavity walls at a constant temperature T , the radiation inside is
in thermal equilibrium at the temperature T . Its spectral energy
density is given by the Planck distribution

uν (T )
↑

isotropic

=

density of modes︷ ︸︸ ︷
8πν2

c3
hν︸︷︷︸

mode energy

mode average occupation︷ ︸︸ ︷
nν (T )

nν (T ) =
1

exp
(
hν
kBT

)
− 1

PLANCK

Atom-Light Interactions: The Einstein model

• Single atom placed inside a black-body cavity at temperature T .
The atom has two energy states εa < εb.

• The ground state population na ≡ Na/N evolves according to

ṅa =

emission rate︷ ︸︸ ︷[
uν (T )Bba︸ ︷︷ ︸

stimulated

+ A︸︷︷︸
spontaneous

]
nb −

absorption rate︷ ︸︸ ︷
Babuν (T ) na

Steady-state populations are

na =
e

ε
kBT

e
ε

kBT + 1
; nb =

1

e
ε

kBT + 1
, ε = εb − εa

• Momentum exchanges with the radiation are described by a
Langevin equation

ṗj = − γ
m
pj +

1

m
ηj (t)〈

dp

dt

〉
= −γ

↑
dissipation

p

m
,

〈
dp2

dt

〉
= Dp
↑

fluctuation

γ – friction coefficient the (inverse) time-scale of relaxation to
equilibrium.
Dp – momentum diffusion coefficient magnitude of equilibrium
fluctuations.

• Einstein relation (fluctuation-dissipation)

Dp

γ
= kBT

THE MODEL

NON-EQUILIBRIUM RADIATION: PHOTON LATTICE GAS

T
iT

j
T
i-1

T
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Configuration η = {n1, . . . , nL} ni – photon occupation number.

Bulk transitions: {ni + 1, ni+1}
p−⇀↽−
q
{ni, ni+1 + 1}

Creation/Annihilation: {ni}
ci−⇀↽−
ai
{ni + 1}

Left boundary: {n1, . . .}
α−⇀↽−
γ
{n1 + 1, . . .}

Right boundary: {. . . , nL}
δ−⇀↽−
β
{. . . , nL + 1}

Assumption: local equilibrium

ci
ai

= e
− hν
kBTi =

〈ni〉
1 + 〈ni〉

≡ zi

〈ni〉 – average occupation.

RESULTS 1: NON-EQUILIBRIUM RADIATION

STEADY-STATE

Steady-state probability for photonic configuration

Ps ({n1, . . . , nL}) =
L∏
k=1

πk (nk)

πk (nk) – single site probability: Bose-Einstein distribution

πk (nk) = (1− zk) znkk

In the continuum limit

zk → zν (x) =
x

L
(zR − zL) + zL

From 〈nk〉 = zk/ (1− zk) the spectral energy density is

nν (x) =
zL + x

L (zR − zL)

1− zL − x
L (zR − zL)

uν (x) = gν hν nν (x)

NOT PLANCK

RESULTS 2: NON-EQUILIBRIUM RADIATION

ENERGY FLOW

Fluctuating energy current density (Langevin)

j (x, t) = −
diffusion︷ ︸︸ ︷
D (uν) ∂xuν (x, t) +

√
σ (uν)︸ ︷︷ ︸

dissipation

noise︷ ︸︸ ︷
η (x, t)

〈η (x, t) η (x′, t′)〉 =
1

L
δ (x− x′) δ (t− t′)

D (uν) =
1

(1 + uν)
2 ; σ (uν) = 2

uν
1 + uν

Remark: The above results correspond to the zero-range process [2].The
total energy transferred throughout the system up to time t

U (t) = L2

∫ t/L2

0

dτ

∫ 1

0

dx j (x, τ)

Assume a large-deviation form: P
[
U(t)
t = J

]
∼ exp{−tΦ (J)}

(for t→∞); Φ (J) – large-deviation function. Its Legendre transform
µ (λ) = supJ [Jλ− Φ (J)]

µ (λ) = 1
L

(
1− e−λ

) [
eλe
− hν
kBTL − e

− hν
kBTR

]

Gallavotti-Cohen symmetry

µ (λ) = µ

(
−λ+

1

2

hν

kB

[
1

TR
− 1

TL

])

RESULTS 3: TWO-LEVEL ATOM

INTERACTING WITH NON-EQUILIBRIUM RADIATION

Ground-state population steady-state (for small ∆T = TR − TL),

na (x) = na (0, T )− h (T )
∆T

T

x

L

h (T ) and na (0, T ) are known functions of T . Average force acting on
the atom

f (x) =

(
hν

c

)
b (T )

hν

kBT

x

L

∆T

T

b (T ) known function of T . The diffusion tensor

Dij = δij

(
hν

c

)2 [
g1 (T )− g2 (T )

∆T

T

]
g1 (T ) , g2 (T ) – known functions of T .

NOT A BROWNIAN MOTION


