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Statistics and fluctuation theorem for boson and fermion transport through mesoscopic junctions
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The statistical properties of quantum particles moving between two heat reservoirs at different temperatures
are studied by solving the quantum master equation using a generating function technique. Bosons and fermi-
ons satisfy the same fluctuation theorem: Logarithm of the ratio of the probabilities of forward and backward
transports reaches a constant value at long times, with an asymptotic ~1/¢ correction. Non-Poissonian transfer
statistics (bunching for bosons and antibunching for fermions) are examined using the Mandel parameter.
These come primarily from the tail of the distribution corresponding to transfer of large number of particles,

k> (k).
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I. INTRODUCTION

With the recent advances in technology, it is now possible
to construct submicron (mesoscopic) electronic devices with
fairly controlled physical parameters. Fluctuations play a
fundamental role in transport through such small devices.
Quantum effects and the statistical properties of the current
carrying particles dominate the transport properties. This has
led to several recent experimental'~® and theoretical’~!! stud-
ies devoted to quantum transport statistics of current carrying
particles (fermions and bosons) through mesoscopic junc-
tions. Most experimental studies employ the Hanbury,
Brown, and Twiss'? (HBT) configuration where an incoming
particle current (beam) is split into two beams and the cross-
covariance between the two output beams provides informa-
tion about the quantum nature of the source.

In Ref. 3, a HBT-type experiment was conducted on a
thermal source of two-dimensional electrons and a negative
cross-covariance (antibunching) was directly observed be-
tween the two electron beams. This was analyzed later theo-
retically by Texier and Biittiker.® They predicted that, within
certain parameter range, a positive cross-covariance (bunch-
ing) can also be observed due to inelastic scattering between
different current carrying states. This has recently been con-
firmed experimentally.?

Theoretical analysis of the photon counting statistics of a
laser-driven molecule has been done earlier.!*!7 HBT ex-
periments were also carried out on ultracold bosonic atoms.
Full counting statistics of a monoenergetic atom laser ob-
tained from the Bose-Einstein condensate of *’Rb atoms has
been carried out.'® Jeltes et al.'® have reported a comparison
of the fermionic and the bosonic HBT effect on thermal *He
(fermion) and “He (boson) atoms. Most HBT experimental
studies focus only on the second-order moment of the par-
ticle counting statistics which can be more easily sampled. In
order to have a full understanding of transport properties of a
quantum device, one needs to understand the full probability
distribution, which involves all moments. Ottl er al.'® have
reported the full counting statistics of the atom laser which
was found to be Poissonian. However, a systematic compara-
tive study (experimental or theoretical) of full counting sta-
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tistics of bosons and fermions is still lacking. This is the
motivation for the present work.

We shall use a quantum master equation’’?* (QME) to
compare the statistics of boson and fermion transfers through
a mesoscopic system attached to two baths with different
temperatures. We compare the full counting statistics of the
forward and the backward transfer processes in a nonequilib-
rium steady state. We observe super (sub)-Poissonian behav-
ior in the transport statistics of bosons (fermions) across the
junction. Deviations of the probability distribution functions
(PDFs) for the bosons and fermions from Poisson form arise
mainly from large (rare) fluctuations (k> (k), where k is the
number of particles transferred in a given time). We also
compared the steady-state fluctuation theorem?>?? for bosons
and fermions and found that bosons with a temperature driv-
ing force satisfy a fluctuation theorem very similar to fermi-
ons driven by a chemical-potential gradient.?* For finite
times, deviations from the fluctuation theorem (FT) decay
asymptotically as 1/¢, irrespective of particle statistics.

In the next section, we briefly discuss the QME for a
boson system attached to two harmonic baths and obtain the
PDF using a generating function technique. We compute the
Mandel parameter M (or the Fano factor, F=M + 1) which is
directly obtained from the HBT-type experiments. The fluc-
tuation theorem for fermions and bosons is also presented. In
Sec. IV, we numerically compare the two statistics. We con-
clude in Sec. V.

II. QME FOR BOSON TRANSPORT

We consider a model of noninteracting bosons which can
be transferred between two baths held at two different tem-
peratures, T, (left) and T, (right), through a single site (the
system) with energy w (2=1). The model can represent, for
example, phonons and the system could be a single harmonic
vibration. The total Hamiltonian of the system is

H=wyh'b+ 2 wiajai + 2 K}’(alTV+ a;,)(b"+b), (1)

iev iv
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where b7 (b) are the boson creation (annihilation) operators
at the site. The other two terms represent the free baths and
the bath-system coupling, respectively. «; is the coupling
between the system and the ith oscillator of the wth (v
=1,r) bath. a' (a) are the bath boson creation (annihilation)
operators. These operators satisfy commutation relation

Gl — =8y =

The two baths have different temperatures and the system
population dynamics will be described by a master equation.
We assume that the system-bath coupling is weak so that it
can be treated by second-order perturbation and the bath cor-
relation time scale is small compared to the time scale of
evolution of the system density matrix. The time dependence
of the system density matrix can be described by the QME of
the Lindblad form?>:26

b.aj,. 2)

d

—p"(t)=

p — iwo[b'b,p"(1)]+ [ie,b" 0" (Db + kybp™ (1)

—kyp"(0)b'b - k,bbTp"(¢) + H.c.], (3)

where p" represents the system density matrix with n number
of quanta on the system. Note that in Eq. (3), coherences
between system many-body states with different numbers of
quanta do not contribute.?” k, (k,) is the transfer rate of
quanta out of (into) the system and is given in terms of the
bath correlation functions

kq= 2 |k f dre™(B, B (7)), (4)
iv 0

k= E |/ f dre” 0B B, (7)), (5)

where B;,=a] +a;, and (---) represents trace over the bath
equlllbrlum den51ty matrix. The contributions of the two

baths to the rates are additive and we have k,=k.+k} and
k,=k +k.,.

By plugging the nth eigenstate |n) from the left and the
right to Eqg. (3) and usmg bln)=+\nln-1) and b'|n)
=yn+1|n+1), we obtain?

IPy
Y nkupn—l(t) - [nkd + (I’l + l)ku]Pn(t) +

ot (I’l + l)kdplﬁl(t),

(6)

where P, is the probability of having n(=0,1,...,%) quanta

in the system, with kd=/€d+12f, and ku=/€u+/€z. By calculating
the bath correlation functions, we obtain k,;=I"(w)[1
+i1(wg)] and k,=I"(w)it(w,), where 7,(()=(ePr@0—1)!
the Bose-Einstein distribution for the bath with g,
=1/kgT,,v=1,r and I'(w)) ==, «!|*(wo/ Q) Q) - wyy).
Note that for each bath the two rates are related as
ky=e®Pu  v=1r (7)

and therefore
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where AB=p,— ;. Equation (8) will be crucial for proving
the FT for boson transfer.

III. GENERATING FUNCTION FOR BOSON
COUNTING STATISTICS

The statistics of thermal fluctuations is related to the num-
ber (k) of quanta transferred between the baths and the sys-
tem. The probability P(k,7) that k quanta are transferred dur-
ing time 7 is

P(k,7) = (1|p"M (1)), (9)

where 1 is the identity matrix and p*)(r) is the system
density-matrix conditional that k quanta transferred between
the bath and the system (see Appendix A). In the following,

B, respectively. The generating (characteristic) function (GF)
for the probability P(k,?) is defined as

G\ 1) =2, P(k,1)ek. (10)
k

Since there are four possible elementary processes through
which the number of particles (heat quanta) in the system
can change (either “in” or “out” from left and right junc-
tions), \-k= 24 _ Nk, where k={k;}, i=1,4, and N={\;} are
four—component vectors with k, (k;) [k4 (k3)] representing
the number of quanta transferred from (to) the left (right)
bath to (from) the system at time 7.

All observables of interest can be calculated by taking the
derivative of the GF with respect to \,. For example, the
average number of quanta transferred through process i at
time t,

(k) (1) = EkP(kr) —<I|G(M)> .

A=0

The GF will be calculated for the model of Eq. (6) by
solving the equation of motion (see Appendix A for deriva-
tion)

IGOLD) = MOVIGOLD), (12)

where |(3’()\,t)) is an infinite dimensional vector and M is a
tridiagonal matrix
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—k, kLeM + kehs 0
KeMtkler  —[ky+2k,]  2(kie™ + k™) 0
M= 0 2(kheM + kieM) = [2kg+3k, ] 3(kieM+ke) 0 - e |, (13)
|
with |G(\,1=0))=|p(0)). The formal solution of Eq. (12) is F=lim l(k)(t) _ Lim liG()\ N _(IE 5.
A . . ! t—00 t ! t—00 t(?)\l ’ A=0 asi
GO ) =M M5(0)). (14) 20)
It can be expanded in the left and right eigenvectors (Iif()\)| Substituting Eq. (19) into Eq. (20), we obtain
and |R§()\)> of M(\) corresponding to the eigenvalue yg(\), -
v d™u
A A A A = —’ V = l’ r’
[GOL0) = 2 " MROINLMNAO).  (15) O =k,
m=0
Note that in order for the system to reach a steady state, the oo k,kq )1
real part of all the eigenvalues y(\=0), (£#0) must be 24~ ky—k, 1)

negative and 7,(A=0)=0. The standard method to solve
tridiagonal matrix equations, such as Eq. (12), is to use the
continued fraction method.'*?8 Instead, we shall solve Eq.
(15) numerically.

A. Average current and the Mandel parameter

We first consider the lowest two moments of the current.
The average number of bosons transferred between the sys-
tem and the baths through a process (i=1,2,3,4) during
time ¢ is given by the derivative of the GF with respect to the
corresponding parameter A; at A=0, as given in Eq. (11). The
average heat Q,, transferred between the system and the bath
is therefore ng(t) =w(k;)(t). The corresponding current I,(¢)
is given by the rate of change of the average number of
quanta transferred,

0= k)0 (16)

At steady state, (k;) grows linearly with time. By differ-
entiating Eq. (14) with respect to \;, we get

9 A IM(N
—|G\0))| =t )

eM()\)t

6(0)).  (17)
A=0
In the long-time limit, MO0 |p(0))=|p,). This vector cor-
responds to the stationary-state solution of Eq. (6). Equation
(17) with Eq. (11) then gives

(k1) = (AT pot,

where I';= M (N)/\|y—o is known as the resetting matrix®
for the ith process. The stationary solution of Eq. (6) is*°
n (kd - ku) (]&)n

Pst= k, k,

(18)

(19)

The steady-state current [ is

The total steady-state current from the left (right) bath to the
system is I'=15, ~ 17 3.

All other moments and cumulants of the probability dis-
tribution function can be obtained from the GF by taking
higher-order derivatives with respect to A. The second cumu-
lant for the ith transport process, C§2)=(ki2>—(ki>2, can be ob-
tained as

P
CP() = — In G(\,1)
(9)\1' A=0

(22)

The Mandel parameter®® for the ith process M; is defined as
_ P .
(k) (1)

For Poisson statistics, M(f)=0. M >0 and M <0 correspond
to super-Poissonian (bunching) and sub-Poissonian (anti-
bunching) statistics. The Mandel parameter has been widely
used®3! as a convenient measure of non-Poissonian statistics.
The Fano factor,*® F;=M;+1, is sometimes used>** in-
stead. Assuming that the initial state p(0) (when counting
starts) corresponds to the steady state, the Mandel parameter
can be expressed'#?* in terms of the eigenvalues (77¢) and the

left and right eigenvectors, <£§| and |I§§), of M(A=0).

M(1) (23)

o1 1 \(Lo|TRNLAT R
e +_>< Ol l| §>< §| 1| O>’ (24)

el Ye (Lo|T|Ro)

Mi(t)=22,<

&

where (i0| and |Ié0) are the eigenvectors corresponding to
zero eigenvalue (y,=0) and the prime indicates that the sum
over ¢ excludes the zero eigenvalue.

B. Steady-state fluctuation theorem for bosons

The net heat current flowing through the left and the right
system-bath interfaces can be calculated by substituting \;
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=—N =N\, and N,=—N3=M\; in the generating function
G(\,t). The average current through each junction is then
computed by taking the derivative of the current GF with
respect to A; or Ap. At steady state, the two currents are the
same and given by the sum of the currents defined in Eqgs.
(21).

The steady-state FT for currents quantifies the probability
of the forward and backward transfer processes. It follows
from Eq. (8), as shown in Appendix B, that

. P(k,1)
Iim ——

— ,@oABk 25
S P—kp) O 25)

where k is the net number of transfer events between the vth
(v=1,r) bath and the system over a time ¢. According to Eq.
(25), the probability of transferring bosons against the heat
gradient is exponentially small compared to that of the re-
verse process. The fraction of reverse processes is sup-
pressed exponentially as the system frequency, temperature
gradient, or the number of transfers k is increased.

C. Comparison with fluctuation theorem of fermions

Equation (3) has the same structure as for a Fermi
system.?” The difference arises from the commutation rules
(boson statistics) of the system and bath operators (see Ap-
pendix C).

We consider a system with a single orbital with energy ¢,
attached to two metal leads. We assume that the leads are at
equilibrium with their respective temperatures 7; and 7, and
chemical potential w,. The statistics of electron transport
through a system of coupled quantum dots has recently been
studied* using the QME. Here, we extend that model by
incorporating the temperature gradient between the two
leads. Following Ref. 24, the steady-state FT for this model
reads

PHYSICAL REVIEW B 76, 085408 (2007)

. P(k,t)
lim

2 _ pleommokAB.
t—0 P(— k,l)

(26)

Note that when €)=, the ratio of the two PDFs is unity and
the system is always at equilibrium irrespective of AS.

The fluctuation theorems (25) and (26) only hold for large
time. In Ref. 24, it was shown that for finite times and small
nonequilibrium constraints, when the PDF can be well ap-
proximated by a Gaussian function, the FT modifies to

P(k,t)
D (s-atok 26
Pk € ; (26a)
and the GF satisfies the symmetry
G\,t)=G(S-N-aln),1), (27)

where S=wyAB for bosons, S=(€,—wy)AB for fermions,
and «(z) is the finite time correction (FTC) which a(f) —0 as
t—oo. Since G(A=0,7)=1, Eq. (27) reduces to

G(S-alt),n=1. (28)

At sufficiently long times (after few tens of transfer events),
a(t)=ay/t and Eq. (28) can be solved®* to compute the FTC
for bosons (ay=a;) and fermions (ay=cy). For the transfer
statistics between the system and left bath, we obtained

1 k,—k KK,
ab=—slog{ ek ks ] 9)

I (k= k) (k k! — K kD)

1 r+ r 2 r+ 2.r
afz—slog[(vd ,v",)(vdvu l;”vd)}, (30)
Iy v, (Vg +v,)

where I* and I} are the net steady-state currents for the boson
[Egs. (20)] and fermion®’ systems, respectively. v,== v}
and v,=2 v} are the rates corresponding to in and out trans-
fers of fermions from the system.?*?” The FTC for the sta-
tistics between the right bath and the system is obtained by

G
0.3 X
0.08
0.25 I X A
0.2 0.06 A x4
E 0.15 it E 3 « s
A . A 0.04 1 .
0.1 . oA * FIG. 1. Probability distribution
x A .
0.05 X x 4 0.02 {AA x A function for boson (cross) and fer-
Dianxannr? X2 Ak ok k 0 uuunxuxtni"" xxxied mion (triangle) transfers between
-75 -5 =25 0 25 5 75 10 -15 =10 -5 0 5 10 15 20 left lead and the system at four
@) k (© k different binning times #: (a) 500,
(b) 1000, (c) 5000, and (d) 10 000.
02 x 2% wy=€y=2.0, temperature of two
) 0.06 oo baths is 7,=0.7 and T,=0.6, and
A .
0.15 J 0.05 x AA":“ A the coupling to the left and the
E * a E 0.04 x A ‘AA right baths is x=0.1 and «,
0.1 4 x 0.03 e X o a =0.05.
2y N A, 0. K N
x 0.02 X A x
o " . 0.01 B %, AAAA“
x
()xxxnt** R ()M )ss"%oo«
®) -75 =5 =25 0 25 5 75 10 @ -20 0 10 20 30
k k

085408-4



STATISTICS AND FLUCTUATION THEOREM FOR BOSON...

St ARSRTs
~ 04 p
)
< X
8
= 0.3
g AB=8.34
g i . mw o mom o= o= ® - ==
-
A 0.2 .
s | ]
=]
| a AB=7.50
= 01 e e e e e
* AB=5.00
0 . + . . . . . . . . . . .
0 25 50 75 100 125 150 175
(a) t
07‘ * * + + + + + + + + + +
AB=5.00
-0.02 |
% 004 [ |,
5 . AB=7.50
D -0.06 | * * s . P
=]
<
5 008} m
&
g -o1p | o= AB=8.34
% - - " = = = =
S -012} - -
-0.14 | . AB=8.75
0 25 50 75 100 125 150 175
(b) t
06 R Y
I~ R
S 05
- p
8
“é 04 AB=8.34
s A . s = = ® = = ® = L
53 0.3 .
— -
3
2 0.2 .
§ AB=7.50
ol . . R, . —
* AB=5.00
0 + + + + * * * +* + +* * + + +
0 25 50 75 100 125 150 175
(c) t
Old— . . T S —Y - -
AB=5.00
S -005 |
s .
i . AB=7.50
% or | * * T " -
2 .
<
=] n
& oast .
2 | AB=8.34
‘E% = = L R —— ™ = =
02t
. AB=8.75
-025 ¢ - . "
0 25 50 75 100 125 150 175
(d) t

PHYSICAL REVIEW B 76, 085408 (2007)

0.175 [EDEDas e e
e “ AB=8.715
015 .
o S
§0A125 «
e
2
g 0.1 . w = lAﬁI=8'24- s = = = n
< 4 -
— L ]
£ 0075 .
c
£ 0.05 3 AB=7.50
= 0,025 T
] AB=5.00
OFW ¢ ¢ ¢ v v v v e L e
0 25 50 75 100 125 150 175
(e) t
L e Y T
AB=5.00
g-o.oz .
& . AB=7.50
E * * * * * * * * * * * * * *
Q _
g 0.04
= L
<
[aW
5 006 " AB=8.34
- =0.
% N e = = o= om s
p=
-0.08 .
—~ AB=8.75
0 0 25 50 75 100 125 150 175
t
I e e
0.000035 Rt £ S S
-
3 000003 I S S S S
% S e e 500
5 0.000025 Pl
Q [ ]
£ 000002
= .
A~ 0.000015 ¥
g
§ 0.00001
5%x107°
0
0 25 50 75 100 125 150 175
(9) t
-0.000018 R
L)
= -0.00002 1
= I\
e A
8 -0.000022
Q ]
E N
« .
5 -0.000024 « a .,
A . . . AB=8.75
— . - e S,
o) * - . AB=8.34
270‘000026 ‘. .-.-IIIIIIII
= R Sl
~0.000028 . . ———s
e, , 848=5.00
M e e N
) 0 25 50 75 100 125 150 175
t

FIG. 2. (Color online) The time-dependent Mandel parameter corresponding to the statistics of (a,c,e,g) boson and (b,d,f,h) fermion
transfers. M and M5 correspond to the particle transfer from the system to the left and the right baths while M, and M, correspond to
transfer from the left and right baths to the system, respectivel. wy=¢€,=1.0, 7,=0.1.
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replacing {k/,k} e {k.,k}} and {v”,v5}{v!,v'} in Egs.
(29) and (30).

Closed expressions for the current and the Mandel param-
eter in a fermionic system were given in Ref. 24. For the
present model (with different bath temperatures), we only
need to replace B by B; and B, in the left and right rates [Egs.
(3) in Ref. 24]. The numerical results for fermion and boson
statistics are presented in the next section.

IV. NUMERICAL SIMULATIONS

We used the following parameters in our simulations. The
coupling of the system with the left and right baths is fixed at
x;=0.1 and «,=0.05. For the system energy, we consider two
different values, wy=1 and wy=2. The right bath has the
lower temperature (7,>T,). The current GF is obtained from
Eq. (15) for boson and fermion transfers, and the correspond-
ing PDFs are obtained using the inverse Fourier transform of
Eq. (10). The QME for bosons is an infinite hierarchy in
many-body space. In order to solve the QME for bosons [or
Eq. (12)], we therefore need to truncate it at some suitable
order (n). This is done by analyzing the exact, analytical
solution for the steady-state population, Eq. (19). The many-
body states with steady-state population less than 1077 have
been neglected. Note that the population falls off almost ex-
ponentially with the many-body states (). So, the contribu-
tion to statistics coming from many-body states with large n
can be safely ignored. In the numerical calculations, n was
varied between 5 and 15, depending on the parameter values
{wy,T;,T,}. In Fig. 1, we show the probability distribution
functions for boson and fermion transfers between the left
bath and the system, respectively. Positive (negative) k cor-
respond to a net transfer from (to) the left bath. The peak
position of the PDF moves to higher values as the observa-
tion (binning) time is increased. Equation (18) shows that the
average number of particles transferred between the left bath
and the system grows linearly in time. The slope that gives
the average current, which for the parameter values consid-
ered here, is always found to be larger for fermions than for
bosons. Therefore, the peak of PDF, which is roughly
equivalent to the average number of particles transferred (k)
for fermions, is always at larger k.

In Fig. 2, we compare the Mandel parameter for boson
and fermion transfer of different processes as function of
time and the inverse temperature difference of baths, AS.
The distribution is non-Poissonian in both cases, bunched
(M;>0) for bosons and antibunched (M;<<0) for fermions.
For bosons, all the transfer processes become more bunched
as A is increased. For fermions, however, the statistics of
the process related to particle transfer from the right lead to
the system becomes more Poissonian (see Mandel parameter
M,) as AB is increased. In Fig. 3, we show the PDFs for the
transfer from the left bath to the system (corresponding Man-
del parameter is M,) for bosons and fermions. The corre-
sponding Poisson distributions, f(k)=(k)e®/(k!), are shown
as well. The non-Poissonian features (M;# 0) mainly comes
from the rare events of transfer of a large number of particles
k> (k). Moreover, we notice that for k> (k), in the case of
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FIG. 3. PDFs corresponding to the (a) boson and (b) fermion
transfer processes from the left bath to the system at three different
times. Lines represent the Poisson fits (see text). Deviations respon-
sible for a nonzero Mandel parameter are more pronounced at large
k> (k).

bosons (fermions), the Poisson distribution underestimates
(overestimates) the actual probability. This is due to the fact
that in the case of fermions, due to Pauli exclusion, the sys-
tem cannot be occupied by more than one particle and the
transfer processes are therefore negatively correlated.® This
effect shows up more clearly as a large number of particles is
transferred. This is why we see a clear deviation from Pois-
son only for large k. For bosons, on the other hand, two or
more particles can occupy the same quantum state, enhanc-
ing successive transfer events.

By computing the full PDFs for particle transfer statistics,
we can compare the fluctuation theorem for bosons and fer-
mions which quantifies the rare events. In the present model,
these events correspond to the particle transfer processes
against the nonequilibrium constraints. In order to test the
fluctuation theorem, we have computed the logarithm of the
ratios of the PDF for boson transfer, Eq. (25). The straight
line in Fig. 4 represents lim,_. log[P(k,?)/P(=k,?)] as a
function of k. At finite times, this ratio deviates from the FT,
Eq. (26a), which is shown as dots at different times. The
deviation from the straight line decreases as the binning time
is increased. In Fig. 5, we plot [S—a()]/S as a function of
the binning time ¢. The horizontal line represents the FT. In
order to satisfy the FT, more bosons need to be transferred
than fermions, i.e., the required binning time for bosons is
larger than the fermions. Continuous curves show a fit to
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FIG. 4. Fluctuation theorem at finite times for boson statistics.
Straight line represents the steady-state FT (25) with slope wyAB
=0.476. Dots represent the deviations (slope different from 0.476)
for FT at finite times.

1-[ayy/S]r!, with a;,=8.34 and a;=3.97 for bosons and
fermions as obtained by Egs. (29) and (30), respectively.

A. Interplay of chemical potential and temperature gradient
for fermions

So far, we assumed that the chemical potential of the two
baths (leads) is equal. When a finite (dc) bias (V) is applied
across the junction such that the two baths are in equilibrium
at chemical potentials w,,v=[,r (u,= ), Eq. (26) is modi-
fied as

. Pk,
Iim ————=

(eg—H0)KAB ,eBiA uk 31
e e ,
t—00 P(— k,t) ( )

where Au=pu,—u, is the applied bias. Note that when AB
=0 or €,=p, Eq. (26) reduces to the result obtained in Ref.
24. The first exponential on the right-hand side of Eq. (26) is
due to the heat gradient while the second accounts for the
chemical-potential gradient.

According to Eq. (31), when the chemical-potential gra-
dient is opposite (u;<pu,) to the temperature gradient (83;
< 3,) between two leads, for each bias value, there exists a
temperature difference AT=T,-T,,

Log[P(K)/P(-K)]/(kwoAB)

o
o

0 1000 2000 3000 4000 5000 6000
t

FIG. 5. Time dependence of the finite time correction to FT:
log[ P(k)/ P(—k)]/ (kwoyAB) is shown at different times. The FT is
satisfied asymptotically. Continuous curve is the fit, 1—ay/St™!
with a;,=8.34 and a,=3.97 for bosons and fermions, respectively,
as predicted by Egs. (29) and (30).
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FIG. 6. (Color online) The PDFs for fermions are shown at ¢
=100 for three sets of parameters (upper: 7;=0.5, T,=0.4, and
Ap=0.5; middle: 7,=0.8, 7,=0.5, and Au=1.2; and lower: T}
=0.7, T,=0.6, and Au=0.34) when condition (32) is satisfied. Inset
shows the Mandel parameters at =100 as a function of the bias
with 7,=0.5, T,=0.4, and €,=2. Note that M,=M, and My=M,
when Eq. (32) holds.

AT ev

T, po-€

(32)

where the ratio of the probabilities in Eq. (26) is unity; the
ratio of the rates v)/v, for v=I,r becomes equal and the
system is at equilibrium. When condition (32) is satisfied, the
probability distribution for the current (steady state) is sym-
metric around k=0 and the Mandel parameters correspond-
ing to the transfer process related to the same bath are equal,
as shown in Fig. 6. This implies that the two currents 11’(3)

and I 4, become equal.

V. CONCLUSIONS

We have studied the thermal transport properties of
bosons and fermions through a mesoscopic junction. The
generating function approach was used to calculate the full
counting statistics of the transport. Numerical calculations
show that the Mandel parameter for bosons is positive
(bunching) while that for fermions, it is negative (antibunch-
ing). By computing the full PDFs, we notice that the non-
Poissonian character of the statistics mainly comes from the
transfer of the large number (>k) of particles. We showed
that both fermion and boson statistics satisfy a steady-state
fluctuation theorem. Irrespective of particle statistics, we
found that for finite times, the deviation from the FT, Egs.
(25) and (26), vanishes asymptotically as 1/¢. This is due to
the fact that the leading-order correction to the large devia-
tion function (LDF) defined in Eq. (B6) vanishes as 1/7. We
further observed that the mean number of particles trans-
ferred between the bath and the system grows linearly in
time with the value for fermions being larger than that for
bosons.
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APPENDIX A: DERIVATION OF EQUATION (12)

In Liouville space, the QME (3) can be written as

|5(1))y = WIp(1)),

where |p) is a vector comprising populations p,,, and coher-
ences p,,,,n#+ m. Since populations are decoupled from co-

(A1)

herences, the matrix Liouville operator W can be factorized

in two parts, VVC and W,,, describing the evolution of coher-
ences and the populations, respectively. The off-diagonal el-

ements, fp, in Wp represent the rate of transfer of particles
between the bath and the system and are responsible for the
population change due to the particle transfer.

In order to compute the system density-matrix condition /
on the transfer of a fixed number of electrons, we transform

Eq. (A1) into the interaction picture with respect to MO
-,

1B,0)) =T, (0] p(1)), (A2)

where [,(1))=U(0,1)|p(1)) and T (1 =U(0,0)[,U(z,0), with

U(0,1)=exp{—M,}, is the time evolution operator in the
absence of electron transfer.
The formal solution of Eq. (A1) can be written as

|ﬁ1(t)>=exr>+{f f(T)dT}lﬁz(O)% (A3)
0

Expanding the (time-ordered) exponential in Eq. (A3), we
can write |p,(1))=2] ;k)(t)) where

t Tk
|ﬁ§k)(f)>=J diJ dr_y -
0 0

« f CdnE (1) (r )+ T (m)|1(0))-
0

(A4)
In Eq. (A4), each interaction with f,, at times r=7, (n
=1,k) records the transfer of a particle between baths and the
system. Multiplying Eq. (A4) from the left by U(z,0), the

conditional density matrix for transferring k particles in the
Schrodinger picture is obtained as

t Tk
|I3(k)(f)>=f dif dmy -+
0 0

TZ R N R R
Xf dnUt,7)U ,U(m, 7)1, -+
0

X U(7y, )L, U0(0,7)|p(0)). (A5)
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According to Eq. (A5) the system (conditional) density ma-
trix evolves from time #=0 to t=7; without any particle

transfer. At r=7y, fp acts on the density matrix and a particle
is transferred. The density matrix again evolves without any
particle transfer until a second particle is transferred at ¢
=7,. This process is repeated until the k particle has been
transferred at r=7, and the density matrix finally evolves
from t=7, to r=t without additional particle transfer. Note
that all particle transfers are instantaneous so that the density
matrix does not evolve during particle transfer. There are
four different processes through which particles can be trans-
ferred between the bath and the system, we write k
=ky,ky, k3, ks, such that k=37 k.

The probability of transfemng k particles at time ¢ is then
obtained by tracing the conditional density matrix

P(i,1) = (1[p¥(1) = E f drI[T (o (7).
(A6)
where Ifi is a vector with 1 at the position i and the rest of the

elements zero. From Egs. (10) and (A6), the GF in the inter-
action picture is then obtained as

dTe 1kl<I|Fl T)|Ak_ (1)
0

t
=Ef d7'<f et
i Jo

_S f drIIANTL ()G 0 7).
i 0

é[()\’ t) = E
ki

i N(ki-1)
F[,(T)g e

ﬁ’;f-1<r)>

(A7)

Taking the time derivative and transforming back to the
Schrodinger picture, we get

GOLD) = (MO +3 e}‘if';,)|é()\,t)). (A8)

The matrices MO and f‘;) are defined by the QME (6). When
substituting into Eq. (A8), we obtain Eq. (12).
APPENDIX B: DERIVATION OF EQUATION (25)

Following Ref. 24, Eq. (25) can be derived by defining
the LDF for the particle number fluctuations as

R =- hm ln P(¢,1), (B1)
t—0
where {=k/t. Equation (B1) uses the ansatz
P(g.1) = C(¢ne ™, (B2)

with lim,_., C(¢,t)/t=0. Using Egs. (10) and (B2), the cur-
rent GF can be expressed as
G()\,t):Jdgc(g”t)e—D\GR(O]t (BS)

In long time, the main contribution to the integral in Eq. (B3)
comes from the {={" value where dR({)/d{=-\. Expanding
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R({) around ¢ and keeping up to second order and substi-
tuting into Eq. (B3), we get

G(\) = e N +RET f dLC(L1)e VPROE-EP - (By)

Now consider the generator M (\) of the current generat-
ing operator which is obtained by setting N\;=A=-\, and
N3=N\4=0 in Eq. (13). We notice that the N\-dependent terms
in the characteristic polynomial of the current generator ap-
pear only as a product, ANN)B(\)=(k\e* + k) (kL e™+k!). Us-
ing Eq. (8), we see that AN)B(N)=A(-\+wyAB)B(-\
+woAB). Therefore, the characteristic polynomial and hence
the eigenvalues g,(\), n=0,1,2,... of the current GF show
the symmetry property

gn()\)=gn(_)\+w0Aﬁ)' (BS)

We define a LDF, S(\), corresponding to the generating
function

1
S(\)=—=1im — In G(\, 7).

t—o

(B6)

Since the eigenvalues of the current GF satisfy the symmetry
property (B5), it follows that S(\) also satisfies the same

property,

SO\) =S(wpAB=N). (B7)
Using Egs. (B4) and (B6), we obtain
SN =N +R(E). (B8)

Equation (B8) shows that S(\) is the Legendre transform of
the LDF R({"). The inverse Legendre transform gives R({)
=S(\")=\"Z. Substituting \*=wyAB into the inverse Leg-
endre transform and using Eq. (B7), we obtain

R(0) =R(= {) - wp{AB. (B9)

Using Egs. (B1) and (B2), it is straightforward to verify
Eq. (25).
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APPENDIX C: QME FOR FERMIONS

Here, we present the QME for a fermionic system. The
model is a system site coupled to two fermionic (noninter-
acting) leads held at two different temperatures. The details
of the calculations are given in Ref. 27. The Hamiltonian for
the system is

H= Eocgco + e,,ch,,+ > (Kgcgc,,+ H.c), (C1)
v

Ov

where cg (co) are the Fermi creation (annihilation) operators
for the system site and satisfy the commutation relations
cgc0+cocg= 1. The first two terms in Eq. (C1) represent the
noninteracting system and leads; the last term is the coupling
between the system and two leads. Direct coupling between
the two leads is neglected.

When the coupling J is turned on, the system density
matrix evolves according to the QME analogous to Eq. (3).

J . . .
P10 == ielclen p O]+ [v,elp" (e +vacop™ (g

—vap"(t)cieo — vacochp"(t) + Heell, (C2)

where vd=vﬁl+ vl and vu=vlu+v; are the particle rates

UZ= an(EO)|K(1)/|2[1 _fV(GO)], UZ= an(60)|K(])/|2fV(60)a

(C3)

where f,(€)=[1+eP"€~#)] is the Fermi function for the vth
lead at chemical potential x, and inverse temperature S,.
When traced over two system states |0) (empty) and |1) (oc-
cupied) in Fock space, and using the relations

cl0)=0, cfoy=1),
C0|1>=|0>’ C+|l>=0’ (C4)
we obtain the coupled equations
Po(t) == 2v,p(7) + 2v4p; (1),
p1(1) = =2v,4p,(1) + 2v,p(1), (Cs)

where p,=(n|p|n), n=0,1. Equations (C2) and (C5) are
analogous to the boson [Egs. (3) and (6)], respectively.
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