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3.2 Microscopic derivation of counting fields

Sometimes, we are interested not only in the number of particles but also e.g. in the energy
transferred into the reservoir. Alternatively, one could be interested in other observables of the
reservoir, where at the level of the Hamiltonian it is not immediately apparent how these reservoir
observables are changed by individual terms. Therefore, we also consider another microscopic way
of deriving generalized master equations here.

3.2.1 Two-point measurement scheme

At this point, we only assume that the reservoir observable of interest O commutes with the
reservoir Hamiltonian [O, Hg] = 0. The observable in the reservoir can already initially take
infinite values — after all, a reservoir can contain an infinite amount of particles. To say by how
much the observable has changed during some time interval ¢, one formally introduces a two-
point measurement scheme [1]. The first measurement at time 0 defines the initial value of the
observable, and the second measurement at time ¢ its final value. The difference then tells us by
how much the observable has changed in between (e.g., how many particles have tunnelled into
the reservoir).

We will employ the spectral decomposition of the observable (mostly, one is concerned with
observables such as the Hamiltonian Hy or the particle number operator N of the reservoir)

O=> 0,01 . (3.1)
4

Upon the specific outcome /¢, the initial measurement projects the bath density matrix to
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where P, = Tr{|¢)({| pp} denotes the probability for the outcome ¢. Since we only measure
a reservoir observable and initially, system and reservoir are assumed to be in a product state
piot(0) = ps(0) ® pp, this does not affect the system density matrix. The initial value O, is
now our reference point with respect to which we define the change. Since we do not only want
a generating function specific to a certain initial value, we perform a weighted average over all
outcomes to define the moment-generating function

M(x.1) = > T { MO DU ) @ Ui} (3.3)
l

where we see that the probability P, has cancelled due to the weighted average. We note that
this equation has been written down in the interaction picture, where due to our assumption
[Hg, O] = 0, the reservoir observable did not pick up a time dependence. Clearly, computing
derivatives with respect to y pulls down powers of (O — Oy) in the usual way, such that the above
moment-generating function generates moments of the distribution of observable changes with

respect to the initial measurement.
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We now rewrite the moment-generating function as

M(x,t) = Z Tr {e“(O*O‘f)XU(t)pOS Q pg)UT(t)}
4
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14

O (t)e 0% . (3.4)

122

Here, we have used that O, is just a number (first line) and also that e 'O/ 2p(e)e_lof’d 2 =

e—i0x/ 2,055)6_10X/ 2 by construction, cf. Eq. (3.2). The quantity pp denotes the averaged initial
density matrix after the projection, depending on measurement and initial state, this may or may
not have any effect on the statistics. In the cases where pp is already diagonal in the system energy
eigenbasis and we measure an observable like energy, we simply get that pg = pg. One can easily
see that the generalized time evolution operator U, /2(t) (which respects the same initial condition
as the normal time evolution operator) obeys

d . X d ot ot X
dtU+x()——1HI<2,t) U_{_x(t), dtU_ () +1U_%(t)HI <_27t> )
H; <§,t) = e+iO§ 71OX Z S ® €+1O§Ba(t)€fi0§ (35)

with a generalized interaction Hamiltonian with counting field. To write the moment-
generating function approximately as M (x,t) =~ Tr{p(x,t)} with generalized system density ma-
trix p(x,t), we now follow — assuming [O,7p] = 0 — the same steps used in the derivation of
standard master equations, only using the generalized time evolution operator. Collecting the
terms in second order, we see that terms coming to the left of the density matrix are generated by
U, x(t), which lead to correlation functions like

Trg {€+iéx/gBa(tl)e_iéx/2€+iéx/2BB(tQ)e_iOxmﬁB} = 025(751, t2) = Cuplty, ta), (3.6)

such that the dependence on the counting field x drops out and the usual correlation function
applies. Analogously, terms coming to the right of the density matrix are generated by Ui x (1),
2

and also here the dependence on the counting field will drop out
Trg {5Be—i()x/23a(t1)e+iOAx/2€inAx/2Bﬁ<t2)6+i()x/2} — ng(t1, ty) = Caﬁ(tla ta) . (3.7)

In contrast, in the terms where the reservoir density matrix is sandwiched by two coupling op-
erators, the operator on the left is transformed with a different sign of the counting field than
the operator on the right. In these terms, a contribution can remain, and we therefore define the
generalized correlation function below.



Def. 1 (Generalized Correlation Function). The generalized reservoir correlation function is de-
fined as

O, (b, 1) = Tr {e-iO%Ba(tl)em%e+iO%Bﬂ(t2)e—iO% 53} . (3.8)

If in addition [Hg, pp] = 0, we can define the single-argument functions

Cly(r) = Te {e O Ba(r)e" O Bypp } . () = / CXy(r)et ™ dr (3.9)

So in effect, all derivations go through as before, the difference is that the generalized correlation
functions have to be used in terms where the system density matrix is sandwiched. Furthermore, if
O = Hp is the reservoir energy, we find simply that CxXs(1) = Cap(T—x) and 7)5(w) = e Xy45(w).

This definition can be used to complete the master equation to the counting-field dependent
case.

Def. 2 (Generalized BMS master equation). For an interaction Hamiltonian Hy =) S, ® By,
with reservoir observable O, the BMS master equation is generalized to

. f)/(l Ci
ps = —i|Hg+ Z OapLap, ps | + Z {Vfb,chastLZd ; d {LZdLab7pS}:| :
ab abed
Oab = —(=.— Ea?Eb Zaaa — <C|S |b><C| ST |CL>
Ve ed = OBy—BuBa—Be Y Vou(By — Ea){al Sz |b)(c| SL|d)*. (3.10)

ax

We see that the counting-field dependence only affects the terms with the density matrix in
the middle, which we would phenomenologically have identified as jump terms. The solution to
this master equation defines a generalized density matrix for the system pg(x,t), and the moment-
generating function is then obtained via M(x,t) = Tr{pg(x,t)} as usual. If we choose O = Hp
or O = Ng to count energy or particle number of the reservoir, the convention is such that
contributions transferred into the reservoir count positive.

3.2.2 Example: transient SRL energy current

Let us consider the energy current entering the single resonant level (SRL), i.e., a single quantum
dot coupled to a reservoir. The Hamiltonian reads (we implicitly use the mapping to tensor
products)

H=edld+d®» tich+d @Y tien+ > exchor. (3.11)
k k k

We define By = Zk tkck, By = BI, S1 =d, and Sy = d'. If we are interested in the energy entering
the reservoir O = Hp, the observable obviously commutes with the reservoir density matrix, when
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this is held at a thermal state. Then, since the bath density matrix is already diagonal in the
measurement basis, we also have pgp = pg. The generalized correlation functions then become

X 1 Ciwx diwr g - B iwx —iwr
Ch(r) = 5 [ T@@e e = oo [T(-wpf(-wperne i,
Ch(r) = 5 [T = Fetoe. (3.12)

From this, we can read off the Fourier transforms of the correlation functions
Mo(w) =T(=w) f(=w)e™ X, 3 (w) = D(Hw)[1 — f(+w)]e™™x. (3.13)

When we want to evaluate the BMS rate equation, we get for the transition rates

YVavas = D Tag(Es — Ea)(al S5 |b)(al S [b)", (3.14)
af

which in our case become dependent on the counting field

7361,01 =751 (+€) =T(e)[1 — f(e)]eJrieX ) ’Vi(o,lo = Y2(—¢€) = F(G)f(e)eiiex ) (3.15)

and our generalized rate matrix becomes

£(x) =T(e) ( ﬂj(f)(jiex + ; Ji(;:c)(]f;]x ) | (3.16)

These are precisely the differences we would have guessed from a rate equation representation.
The sign convention here has been chosen such that currents count positively when they enter the
reservoir. If we would count the number of particles instead, we just need to replace ¢ — 1 in the
above equation. However, for many examples, a full microscopic derivation is actually required to
obtain a consistent treatment, see below.

3.2.3 Example: SET monitored by a quantum point contact

The microscopic Hamiltonian for the SET was

HSET = Gde + Z [tk,,dc,tw + tzyckl,dq + Z Ek,,C;er]W . (317)
kv kv

It would be straightforward to derive the exchange of energy and particles with the two leads
v € {L,R} of the SET as demonstrated above for the SRL. However, we consider the SET
additionally coupled to a quantum point contact (QPC)

Hope =Y ) erhy v (3.18)
v k

as depicted in Fig. 3.1. The tunneling through the QPC circuit is modified by the presence of
electrons on the SET

Hy=(1- ade) ® Z [tkk"YkL'V};/R + t;;k/’)/k’R'V;LL : (3.19)
%S/_/ \kk’

~
B



QPC T((.U, (.U) QPC
L R
Figure 3.1: Sketch of an SET (bottom) with two
leads that is additionally coupled to a QPC (top)
consisting of two directly coupled leads. The tun-
neling through the QPC is modified by the pres- Q

ence of an electron on the SET dot in a way that
does not transfer energy nor particles from the
SET dot (dotted line). The microscopic deriva-
tion of counting fields allows to track the particles
transferred through the QPC with a generalized
master equation for the SET dot alone.

Here, the case a = 0 just represents the bare tunneling through the QPC with ¢z denoting
tunneling amplitudes and 7, annihilating electrons of mode £ in the QPC lead v. The parameter
0 < a < 1 models a modification of the QPC tunneling in presence of an electron on the SET dot.
We note that this QPC reservoir denotes a nonequilibrium reservoir and thereby does not fit the
standard setups considered so far.

For brevity we also only consider the coupling operators to the QPC (we have already discussed
the SET) and as reservoir observable, we are interested in the number of electrons transferred to
the right QPC reservoir

O = Z ’)/]];R”}/kR s (320)
k

provided the QPC reservoirs are at local thermal equilibrium states

e—BL S e(Ern—nL)v L e Br e (ERR—HR)V R R

(3.21)

i
oy
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Since [Hopc, pp] = 0, the generalized correlation function becomes
OE(T) — Ty {e—iO§e+iHQpCTBe—iHQche-l—iéprB}

=) Tr{ [tkk’VkL’YILRe—H(Sk/R_SM)Te_i£ +tl:k"Vk’R'YI];Le_i(Ek/R_EkL)Te—Hg] X
kk'qq’

X [tqq”YqL’Y;/R + t:;q/’)’q’R’Y;L} ﬁB}

= Z tkkftflq,e+i(€’f’R_€’“L)Te_i§Tr {7kL7]1/R7q’R7;LﬁB}

kk'qq'
+ Z thptgge R RTERLIT HETy {%’R%JQLVqLV;r’RﬁB}
kK qq’
_ efif Z ’tkk/‘2e+i(6k/R*€kL)T[1 _ fL(SkL)]fR(gk/R)
kk'
+ et Z |tkk/‘2€_i(EkIR_EkL)TfL(5kL)[1 — fr(ewr)]
kk'
o1 i(w’
— el [ [T = )
(2m)
| i(w’
+ 6+I£W /dw/dw/T(%w/)@l(w “7 (@)1 = fa(W)], (3.22)
™
where we have introduced the dimensionless transmission
T(w,w) = (2m)* Y |t [*6(w — ex0)0(w’ — exr) - (3.23)

kk'

The FT of the correlation function accordingly can be expressed by a convolution integral

74(Q) = /CE(T)e—HQTdT
i€ i

" on /dwT(w,w — 1 = fr(w)]frlw— Q) + 627T

/dwT(w,w + Q) fr(w)[1 = frlw+ Q).
(3.24)

These terms have the appealing interpretation of an electron transfer from right to left (first) or
from left to right (second term) while the energy €2 is absorbed from the system, and we see that
the sign of the counting field matches this interpretation.

Now, to compute the transition rates (for the SET quantum dot we do not have coherences),
we have to evaluate

2
7§b,ab =75 (E, — Ea)‘<a| (1 - O‘de) ‘b>| . (3.25)
Since the coupling operator is just diagonal, the only allowed transision rates are
’Ygo,oo = 75(0) ) 7%1,11 = 7£<0)‘1 - 04|2 ) (3.26)
Eventually, this leads to the QPC-induced rate matrix

Carc@ = (o 1y Lo ) Farc®),

eti€ — 1
27

e i€ 1

fare(€) = [ [ Tt = fatln(o) +

[ Tww) i)t = fa@)| , G20
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Figure 3.2: Integrand in Eq. (3.29). At zero tem-
perature at both contacts, we obtain a product of
two step functions and the area under the curve is
given by the difference p; — o as soon as pg > o
(and zero otherwise). m m

which has to be added to the dissipators of the SET leads. We note that Lqpc(0) = 0, such that in
ignorance of the QPC results the SET dynamics is unchanged. The function fqpc(§) denotes the
cumulant-generating function of the unperturbed (low-transparency) QPC, and that T'(w,w + Q)
is only evaluated at €2 = 0 reflects the fact that the SET and the QPC do not exchange energy,
this would be different if e.g. the QPC would monitor a double quantum dot. The fact that this
time, the counting fields occur on the diagonal is related to the fact that the QPC charge transfers
are not associated to jumps of the SET dot itself. If we assume that the SET dot is empty all the
time, the associated QPC current is just determined by the free generating function of the QPC

Io = (=i0¢) forc(©)emo = 5 [ T,@)f(w) = faw)lde, (3.23)

which is also known as Landauer formula. The isolated QPC can also be treated non-perturbatively,
such that its full generating function (i.e., nonperturbative ¢z ) can be derived (see e.g. [2]), such
that we have only derived a small T'(w,w) approximation to the full generating function. For a
filled SET dot all the time, one simply gets I; = |1 — o*I.

If we assume that T'(w,w’) = T is a flat function (at least in the region where the product of
the Fermi functions is finite), these integrals can actually be solved analytically: The structure
of the Fermi functions demonstrates that the shift 2 can be included in the chemical potentials.
Therefore, we consider integrals of the type

I= [ f@)1- pw)do. (3.29)

At zero temperature, these should behave as I ~ (3 — p2)O(p1 — p2), where O(z) denotes the
Heaviside-O function, which follows from the structure of the integrand, see Fig. 3.2. For finite
temperatures, the value of the integral can also be calculated, for simplicity we constrain ourselves
to the (experimentally relevant) case of equal temperatures (5, = 52 = (), for which we obtain

1
I= / (eBl2=w) 4 1) (e=Blm—w) 4 1)dw
1 52

= 6151010 (P 1) (e PGm—=) 1 1) 87 o dw, (3.30)

where we have introduced the Lorentzian-shaped regulator to enforce convergence. By identifying
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J [
@ o
>
[ > (]
@ [ Figure 3.3: Poles and integration contour for
e ® _ij ® Eq. (3.29) in the complex plane. The integral
) Y along the real axis (blue line) closed by an arc
: : (red curve) in the upper complex plane, along
which (due to the regulator) the integrand van-
ishes sufficiently fast.
the poles of the integrand
wi = £id,
* LT
wl,n =M + 15(2n + 1) )
T
Wy, = o + 15(271 +1), (3.31)
where n € {0,£1,+2,43,... we can solve the integral by using the residue theorem, see also

Fig. 3.3 for the integration contour. Finally, we obtain for the integral

+3 7 Res () L~ )] 50—

w=+id n=0 w:p1+i%(2n+1)

}

w=p2 —H% (2n+1)

52
I = 2ri 612]([)10 {Res filw) [1 = fa(w)] 521 o2

00 52
+ Res fi(w) [1 = fo(w)] 55—
g 0?4+ w

o K1 — M2
1 — e Blur—p2)

, (3.32)

which automatically obeys the simple zero-temperature (5 — oo) limit.
With the replacements p; — pugr + €2 and po — pp or gy — pp and ps — pgr — €2, respectively,
we can evaluate both terms in the reservoir correlation function, which becomes

T Q=V T Q+V
Q) =e " — +ett— i

21 — e FEOV) om 1 — o—BV) (3.33)

where V = p;, — pug is the QPC bias voltage. We see that for py > ug, only the term with e*i¢
remains, and 7¢(Q) ~ e €T (Q + V). In contrast, for puy < pr, we have v5(Q) ~ e €T (2 — V).
This just expresses the fact that for large QPC bias voltage, the current across the QPC becomes
unidirectional.

When we now consider the case {T';, g} < {T'V,|1 — a|*TV}, we approach a bistable system,
where for a nearly stationary SET the QPC transmits many charges. Then, the QPC current
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measured at finite times will be large when the SET dot is empty and reduced otherwise. In this
case, the counting statistics approaches the case of telegraph noise. When the dot is empty or
filled throughout respectively, the current can easily be determined as

T 1 1 T 2
[O:%V {1—6—5V_6+BV—11 :%V7 h=l-all. (3.34)

For finite time intervals At, the number of electrons tunneling through the QPC An is determined
by the probability distribution

—+m

Pan(At) = % / Tr {FOATAE (1)) de (3.35)

—T

where p(t) represents the initial density matrix. This quantity can e.g. be evaluated numerically.
When At is not too large (such that the stationary state is not really reached) and not too small
(such that there are sufficiently many particles tunneling through the QPC to meaningfully define a
current), a continuous measurement of the QPC current maps to a fixed-point iteration as follows:
Now we care about the change of the density matrix when we actually measure a particular change
of the particle number. Formally, it would be given by the corresponding propagator

+m
1 .
PM(At) = o / QAL ge (3.36)

—Tr

which has to be applied to the initial density matrix upon measuring a transfer of n particles into
the reservoir. Afterwards, we need to renormalize, such that, upon measurement of n particle
transfers

P (At)p

P PN (3.37)

For the generation of a realistic trajectory under continuous monitoring, it is now essential to use
the density matrix after the measurement as the initial state for the next iteration. This ensures
that e.g. after measuring a large current it is in the next step more likely to measure a large
current again than a low current and vice versa. Consequently, the ratio of measured particles
divided by measurement time gives a current estimate I(t) ~ 22 for the time interval. Such
current trajectories are used to track the full counting statistics through quantum point contacts,
see Fig. 3.4. In this way, the QPC acts as a detector for the counting statistics of the SET circuit.
Finally, we note that for an SET, a QPC only acts as a reliable detector for the occupation of the
SET dot. However, when the SET transport is unidirectional (large SET bias), we can infer from
this also the number of charges transferred throught the SET.
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Figure 3.4: Numerical simulation of the time-
resolved QPC current for infinite SET and high
QPC bias. The QPC current allows to recon-
struct the FCS of the SET, since each current
blip from low (red line) to high (green line)
current corresponds to an electron leaving the
SET to its right junction. Parameters: 'y At =
['rAt = 0.01, BV — 400, TV/(27) = 100.0,
11— a*TV/(27) = 50.0, f, = 1.0, fr = 0.0. The
right panel shows the corresponding probability
distribution P,(At) versus n = IAt, where the

| blue curve is sampled from the finite range of the

left panel and the black curve is the theoretical
limit for infinitely long times.
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