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» Introduction: Quantum fluctuations of heat flux; violation of the FDT for
thermal conductance.

» Quantum fluctuations of the internal energy.

» Modulation detection of the heat/energy quantum fluctuations.

> Conclusions.



Classical thermodynamic fluctuations of heat flow/internal energy

"Thermodynamic” equilibrium energy fluctuations due to
fluctuations of the level occupancy:

<E2>=CT2.

Natural relaxation dynamic of these fluctuations

G, E=-Elt+J, t=C/G,,

imply definite relation between the thermal conductance
J(t) and the spectral density of the energy flux:

<lr:f2>:L dor—>7 =8,7/2=CT".

27T w>+1/7°




Violation of the full (Quantum) thermal FDT
1. Microscopically, femperature is not a mechanical quantity

2. There is (was ?) a common view that FDT should work for thermal conductance
as well, e.g.
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Fluctuations of heat flux in mesoscopic transport

Transport through a shot

constriction: S(w) = [dre " (TT )+ T ()T )/ 2,
J=J-{J).
Phonons
Ty, 1y J — T, 1, B hv

)= (w,0,)" sgk)a, ~a) Xa), ~a,).

k,p

2L

S(w) = @ Z [(27ZT].)2 + (ha))z]ha) coth(ha)/2Tj )

In equilibrium, only the first part corresponds to the thermal FDT with
G,=xT/6h.



Electrons

Heisenberg equation of motion for the energy density

W)=l hy + Gy w2, h=—0 12m)e> 1 ox +7 (x)

gives the energy flux operator as
VF

g T gp [ —- —- = - ]

J = fz ; D(aja,—b/b))+~DR(a,b,+ba,)|,
k,p

where the energies are measured relative to the chemical potentials ;. With

this operator one obtains the spectrum of the energy flux noise which in

equilibrium reduces to

S(w) =(G/12¢*)|(22T)* + (ho)* |hwcoth(ha/ 2T).

Both quantitatively and qualitatively, this result is similar to that for phonons.



Equilibrium quantum fluctuations of energy - model

Use simple tunnel junction as a model:
.
H=H,+H,+H,, H,=)T, cc, +hc
k,p

The model is to a large extent exactly solvable [Genenko and Ivanchenko (1986)].

At zero temperature,
G \w—¢_ |-
rq ( p ) ; w—¢,

*

T
? 7—verrp — 5 *
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With the assumption of the random phases of the tunnel matrix elements

-
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Equilibrium quantum fluctuations of energy - result

The fluctuation spectrum of the energy of one electrode can be expressed as

S, (w) = iZefIdeG;(v)G;(viw)

Finally,
G, 0’ /3+y° /4 G
Sp (@) =—+ 2 7/2 V=
e " +y 2e"p,
Discussion:
(1) y=G,/C, G,=rn"G,TI3*, C=2x’p,T/3.
(2) S, (@=.013 8, (0)=..0/12 =92

Resolution of this contradiction: finite energy contained in thermal relaxation
J=(H,-H,)/2, H,#-H,, H,+H,=H,.



Modulation detection of the quantum fluctuations of heat flow

Make the tunnel part of the Hamiltonian time-dependent. Quantum noise is mixed
with this modulation of Hyand can be shifted to low frequency, where it behaves
classically

H,(t)=f@)H,, [f()=1+acost.

Simple consequences of this modulation, modulation of the average current,
and the frequency shift of the current noise:

I(t)=G, V() f ()

2
2 S](a)):S}O)(a))+%ZS§O)(a)iQ).

The same frequency shift happens for the noise of the heat current J. Then

2
S (0)= 272G, + ‘2’—4G—§m[(znT)2 + (1) | coth(nQ/27).
e



Quantum fluctuations of energy/temperature

Spectral density of noise at zero frequency can be treated classically

<5E2>=i dow *S;J(O)2:SJ(O)'
2 W~ +y 14

If the frequency is sufficiently large, €1 >10 GHz at T30 mK,
a’ G,
24 e’
The magnhitude of the "quantum fluctuations” of energy and temperature then is

2 hQ 3 2 hQ 3
<5E2>:812C( T) BRI A (CT) |

(hQY)° .

hQ >> 27T, S,(0) =




Conclusions

» Relaxation energy contributes directly to the finite frequency energy
hoise.

» Modulation of the tunneling strength can help detect quantum
fluctuations of heat flux/energy.



