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We consider the electromagnetic field generated by a coherent conductor in which electron transport is
described quantum mechanically. We obtain an input-output relation linking the quantum current in the
conductor to the measured electromagnetic field. This allows us to compute the outcome of measurements
on the field in terms of the statistical properties of the current. We moreover show how under ac bias the
conductor acts as a tunable medium for the field, allowing for the generation of single- and two-mode
squeezing through fermionic reservoir engineering. These results explain the recently observed squeezing
using normal tunnel junctions [G. Gasse et al., Phys. Rev. Lett. 111, 136601 (2013); J.-C. Forgues et al.,

Phys. Rev. Lett. 114, 130403 (2015)].
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More than sixty years ago, Glauber showed that the
electromagnetic radiation produced by a classical electrical
current is itself classical [1,2]. The situation can however be
different in mesoscopic conductors at low temperature.
Indeed, in such conductors electron transport should no
longer be considered classical and current is represented by
an operator. Because this operator does not commute with
itself when evaluated at different times or frequencies,
Glauber’s results no longer apply. One may then wonder if
a “quantum current” may generate a nonclassical electro-
magnetic field. This is the central question addressed in this
Letter: how does the quantum properties of current in a
coherent conductor imprint on the properties of the electro-
magnetic field it radiates?

This question was partly addressed in Refs. [3—5] where it
was shown, for example, that the statistics of photons
emitted by a quantum conductor can deviate from the
Poissonian statistics of a coherent state. While the photon
statistics are most naturally revealed by power detection,
measurements on quantum conductors are more typically
realized with linear (i.e., voltage) detectors revealing quad-
ratures of the electromagnetic field radiated by the sample.
As a result, Refs. [3—5] only partly answer the question.

More recently it was predicted that, under ac bias, the
electromagnetic field radiated by a coherent conductor can
be squeezed [6]. The field is then characterized by
fluctuations along one of two quadratures being smaller
than the vacuum level. These quantum states of the
electromagnetic field are typically associated with the
presence of a nonlinear element, such as a Kerr medium
in the optical frequency range [7] or a Josephson junction at
microwave frequencies [8]. In contrast, squeezing was
experimentally observed using a tunnel junction with linear
current-voltage characteristics [9,10]. Here squeezing
results, not from a coherent nonlinear interaction, but
rather from the incoherent quantum shot noise of the
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junction under ac driving. The predictions of Ref. [6],
however, only consider correlation functions of the current
inside the conductor, not the properties of the emitted field
that is squeezed and ultimately measured.

In this Letter, instead of focusing on the current in the
coherent conductor, we determine the properties of the field
that it radiates. Given that currents and voltages in electrical
circuits are nothing more than another representation of
electromagnetic fields, the theoretical methods of quantum
optics are particularly well suited. By deriving an input-
output relation [11-13] directly connecting the radiated
electromagnetic field to the current, we can compute
measurable properties of the radiated field. We then go a
step further and consider the fermionic degrees of freedom
of the conductor as an environment for the electromagnetic
field of a microwave resonator. Tracing out the conductor’s
degrees of freedom leads to a Lindblad master equation for
the electromagnetic field in a squeezed bath, thus giving to
access to its squeezing and multimode entanglement
properties. Depending on the choice of ac bias for the
junction, one can induce both single- and two-mode
squeezing of the resonator modes. This shows how the
electrons in the coherent conductor act as an effective,
tunable medium for the field, and provides clear insight into
the mechanism responsible for squeezing of the field. In
contrast to conventional schemes based on coherent inter-
actions with nonlinearities, the fermionic degrees of free-
dom here provide a broadband squeezed bath for the
resonator, where dissipation can be used to cool modes
of the resonator into a squeezed state [14].

Our first step is to model the electromagnetic environ-
ment of the sample as a semi-infinite transmission line of
characteristic impedance Zy, = \/Ly/Cy, with Ly and C,
the inductance and capacitance per unit length, respec-
tively. The position-dependent flux ¢y(x,7) along the
transmission line is [11,12,15]
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where v = 1/4/LyC, is the speed of light in the trans-

mission line and a = \/hZ,/4x. The subscripts “in” and
“out” denote components moving towards and away from
the sample, respectively. The corresponding annihilation

operators satisfy [a;,[], & [@]] = 6(w — @') and similarly
for a,,. Finally, current at position x in the transmission
line is given in terms of the flux by I(x,7) =
L;'Oyepy(x, 1), while voltage is Vy(x, 1) = 8,dy(x, ).

With the sample located at x = 0, current conservation
imposes that

Ii(1) = Ty(x = 0.1), (2)

where I, is the sample’s electron current operator in the
presence of the transmission line and of classical voltage
bias. This equality links the bosonic operators of the line to
the fermionic degrees of freedom of the sample. In the
frequency domain, this takes the form [16]

doulo] = dfo] = | 21, o) 9

which relates the field travelling away from the conductor
doy to the incoming field a;, and the condutor’s current
operator I, [17]. This is akin to an input-output boundary
condition in quantum optics [11,12,18,19]. An expression
similar to Eq. (3) can be found in Ref. [3] for the case of a
quantum conductor coupled to the electromagnetic field
freely propagating in three dimensions.

Since I, [w] depends on the current evaluated at all times,
it does not commute with a;,[w]. Care must therefore be
taken when evaluating moments of @, [w|. In Ref. [3], this
problem was avoided by neglecting the influence of the
field’s vacuum fluctuations on the current 7,. This is
justified for a sample of impedance much larger than Z,
thus very poorly matched to the transmission line, and does
not correspond to usual experimental conditions where
impedance matching is preferable. Here, we address the
problem of noncommutativity by writing Eq. (3) in terms of
the quantum conductor’s bare current operator I in the
absence of the electromagnetic environment, rather than the
full current 7, containing the influence of the field. This is
done by going to the Heisenberg picture and solving for the
current operator perturbatively in the light-matter coupling
a. This linear response treatment is justified for typical low
impedance electromagnetic environments such that Z; <«
Rg with Rg = h/e* ~26 kQ the quantum of resistance.
For the common experimental value Z; = 50 Q, one

indeed has ea/h = +\/Zy/2Rg ~0.03 < 1. For the low
impedance transmission line and when the sample can be
treated in the lumped-element limit, we take the interaction
between the line’s and samples’s degrees of freedom to be

of the form Hy(t) = 1(t)¢hy(x = 0, 1) [16]. To first order in
the interaction we then find [16,20]

I[o] = I[w] + Vy[0]/Z[w], (4)
with Z[w] the impedance of the sample. In this expression,
I[w) is the Fourier transform of 1(¢), the electronic current
operator evolving according to the bare quantum conductor
Hamiltonian [16]. In principle, this free Hamiltonian can
contain disorder, interactions, etc., as well as the effect of
the classical dc and ac bias voltage, V4. + V. cos w1,
applied to the conductor.

Combining Egs. (3) and (4) directly leads to

To]
VarhoZ Vw]

with r = (Z —Zy/Z + Z;) the reflection coefficient and
t = (2\/ZZy/Z + Z,) the transmission coefficient with
|r|?> + |#|> = 1. In contrast to Eq. (3), the bare current
operator / entering Eq. (5) commutes at all times with the
incoming field &;, that has not yet interacted with the
conductor. Arbitrary correlation functions of the outgoing
field can thus easily be evaluated with this input-output
boundary condition.

As examples, we now discuss the results for different
types of common measurements. For simplicity we restrict
the discussion to the practically important case of an ideally
matched sample, Z[w] = R = Z,. Then r =0 and the

outgoing field takes the simple form a,,[w] =
—il[w]/ /478 (w) Where S,.(@) = hw/R is the current
noise spectral density of vacuum noise. Measurable proper-
ties of the output field are then fully determined by the
current. In particular, second order moments of the output
field are given in terms of current-current correlation
functions which under ac excitation obey [16,21,22]

itjw]

(5)

é\lout[w] = r[w]&in [w] -

{(lo'[Tw]) = 27[S(@') + Syac(@')]6(0 + @)

+21) X()8(a + @ — pwye).  (6)
p#0

In this expression,

~ = eV nhw,
S(w) = Zﬁ(hw >S<Vdc+ ; ,a)), (7)

n=—00 ac

is the photoassisted noise, S(V,w) = F[So(V + hw/e)+
So(V—hw/e)]/2+ (1 — F)Sy(hw/e) the noise spectral
density of current fluctuations in the conductor,
So(V) = R7'eV coth(eV/2kzT), and F the Fano factor
[23]. Moreover,

F /)
X(a)) = E Zjn‘anrp |:SO <Vdc + ; (w + nwac))

+ (=1)7S <Vdc - g (0 + "wac))] ; (8)
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characterizes the noise dynamics [24]. For brevity we have
here omitted the argument of the Bessel functions J,, that is
the same as in Eq. (7).

We first consider photodetection of the output field in the
experimentally relevant situation where the signal is band-
pass filtered before detection. This can be taken into
account by defining a filtered output field

R 1 . R
bs(t) = = / dwe=ioma (o], (9)

where B refers to a measurement bandwidth centered at the
observation frequency @ > 2zB. With this definition, the
filtered photocurrent is [16]

S(wO) B Svac(wO)

<I;Zut(t)l;0ut(t)> = 28 (CU()) P

(10)

where we have assumed a small filter bandwidth and
dropped fast rotating terms [16]. As expected, a photo-
detector is sensitive to the spectral density of the current
noise emitted by the conductor [25-27]. In practice, this can
be measured by separating the emission and absorption
noise [28,29]. A more common detection scheme is to
measure the time-averaged power of the emitted electro-
magnetic field. Again assuming a small measurement
bandwidth, we find from Eq. (1) that (Vy(1)*)/R =
BS(wo)R, with V; the filtered transmission-line voltage
and where we have omitted a contribution from the vacuum
noise of the in-field [16]. In contrast to photodetection,
measurement of the power of the electromagnetic field is
related to the symmetric current-current correlator contain-
ing both emission and absorption [27]. This is not in
contradiction with the fact that a passive detector cannot
detect vacuum fluctuations [26]. Power measurements are
indeed performed using active devices like amplifiers and
mixers.

Following the experiments of Refs. [9,10], we now
consider measurement of field quadratures as obtained
by homodyne detection [7]. Defining quadratures of the

output field in the frequency domain as X, [@] = al, o] +

~

é\lout[o‘)] and ?out[a)} = i(a(-tut[w] - &out[w])’ and using
Eq. (5), we immediately find for the variance of these
quantities [16]

({I[-o]. T[w]}) - 2([a]*)

Aj\(gut [CO] = 477.'S (CO) ’
1 —@ 1 9] 1 ] 2
Af;(z)m[w] _ <{1[ ];|.I7£S]}>(;—)2<I[ ] > . (11)

In practice, (I[w]?) is only nonzero in the presence of ac
bias on the sample. Indeed, as expressed by Eq. (6),
modulation of the bias voltage at frequency w,. induces
correlations between Fourier components of the current
separated by pw,, with p an integer [21,22]. For

pw,. = 2wy, and defining filtered output quadratures,

A

?out.f([) = i[b:)ut(t)_

A

{fout,f(t) = [;zut(l) + Bout(t) and
bou ()], we find [16]

AXZ (1) =2 <N(a)0) + % - M(coo)> ,

AP2u) =2(N(on) + 3+ Mlan) ). (12
where
N(w)zw, M(w):zsL“E)w). (13)

Clearly, the X quadrature of the output field is squeezed
when M(wy) > N(w,), equivalently X(wg) > S(wy)—
Svac(@g), with M(w) and N(w) bounded from the
Heisenberg inequality by N(w)[N(w) + 1] > M(w)?* [7].
The same condition for squeezing was found in Refs. [6,9]
by directly postulating the link between the field quad-
ratures and the current operator for a normal tunnel
junction. The squeezing generated by such a junction is,
however, moderate; Gasse et al.’s experiment reporting a
value of 1.3 dB is in excellent agreement with our
theoretical predictions, see Fig. 2 of Ref. [9]. The degree
of squeezing can be tuned through V. and V.. As shown
in Ref. [16], we find the squeezing to be maximal for
eVy. = hwy, w,. = 2wy, with a maximum squeezing of
~2 dB at zero temperature.

To better understand the mechanism responsible for
squeezing by the quantum conductor we now derive an
equation of motion for the state p(z) of the field. This is
done by following the standard quantum optics approach:
the bath is integrated out invoking the Born-Markov
approximation to obtain a Lindblad master equation
describing the dynamics of the field only [7]. The crucial
difference from the usual treatment is that here the
fermionic degrees of freedom of the sample play the role
of bath for the bosonic modes of the field. Moreover, it is
possible to engineer the system-bath interaction with the ac
modulation frequency, leading to different field steady
states.

To simplify the discussion and because it is experimen-
tally relevant [30-32], we consider the setup illustrated in
Fig. 1 where a normal tunnel junction is fabricated at the
end of a 1/4 transmission line resonator of characteristic
impedance Z. The case of a Josephson junction has been
considered in Refs. [15,33-35]. The effect of the junction
on the resonator is easily found by decomposing the
resonator flux in terms of normal modes ¢(x,1) =
> i@ ()1, (x), with u,,(x) the mode envelope [16,36].
The full line in Fig. 1 illustrates |u;(x)| for a junction
impedance R < Z;, while the dashed line corresponds to
Re[u;(x)] for R > Z,. As expected, in the former case the
junction acts as a short to ground and the mode envelope
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FIG. 1. Transmission line resonator (blue) terminated by a
normal tunnel junction. The first resonator mode envelopes are
illustrated for R/Zy, = 0.1 (full brown line) and R/Z, = 2000
(dashed brown line). The output field can be measured via the
capacitive coupling to the output port (dark blue).

approaches that of a /4 resonator, except for a small gap
luj(=L)| ~R/Z, at the location of the junction. On the
other hand, for large tunnel resistance the junction acts as
an open and the resonator’s bias on the junction is larger
with |u;(=L)| ~ 1+ (Zy/R)>.

Having characterized the resonator mode in the presence
of the junction, we now obtain the master equation
assuming Zjy < Rg. In this limit, the interaction
Sl (a0 + @,,), where a,, =
the effective impedance of the

Hamiltonian reads H, =

VAZyu,(~L) with Z,,

resonator’s mth mode and am) the annihilation (creation)
operator for the same mode [16]. As above, the current
operator | takes into account the presence of classical dc
and ac bias on the junction.

We first focus on the situation where the ac frequency is,
as above, pw,. = 2w,, where p is an integer and w,, now
the frequency of the mth resonator mode. In the rotating-
wave approximation we find [16]

p(1) = Ky(Nyy + 1)Dlaylp + <N, Détnlp
+ KM S[a|p + KM, Slah]p, (14)

with Dlalp = apa’ — {a'a,p}/2 and S[X]p = apa—
{a?,p}/2. Equation (14) is the standard master equation
of a bosonic mode in a squeezed bath [7] where k,, =
u,,(—L)*w,,Z,,/R is the cavity damping rate caused by the
tunnel junction resistance [37]. The thermal photon number
N,, = N(w,,) and the quantity M,, = M(w,,) responsible
for squeezing are the same as in Eq. (13). Evolution under
Eq. (14) leads to steady state variances of the intracavity
quadratures X —ah+ a,, and Y = l(al:1 —a,,) taking
the form AX%1 =2N,, +1-2M, and AY?2 =2N,+
1 4+ 2M,,. In other words, intracavity squeezing is identical
to what was found in Eq. (12) in the absence of the
resonator.

The form of the above master equation clearly illustrates
the dissipative nature of squeezing by a tunnel junction.
This type of squeezing by dissipation has been explored
theoretically in various systems and, in particular, in
Ref. [14] where it was shown that modulating the quality
factor of a linear cavity could lead to ideal and unbounded

squeezing. A similar mechanism is in action here with the
periodic modulation of the Fermi level of the tunnel
junction by the ac bias. The achievable squeezing is,
however, neither pure nor unbounded, with the purity

P = Svac/V 5% — X2 < 1. At zero temperature, the highest
expected purity is p ~ 0.91 corresponding to the 2 dB of
squeezing mentioned above. This conclusion also applies
to the cavity output field. Indeed, taking into account an
output port (illustrated by the capacitor on the right-hand
side of Fig. 1) reduces intracavity squeezing by adding
vacuum noise. This additional contribution is, however,
absent from the cavity output field if the decay rates at the
two ends of the resonator are matched [13], leaving the
degree of squeezing unchanged from the above input-
output theory without cavity [16].

Taking advantage of the multimode structure of the
resonator, other choices of ac drive can lead to entangled
steady states. In particular, taking pw,. = w,, + o, results
in [16]

pt) = Z {x:(N;+ 1)Dla)p+ ;N Dl ] p}

I=n,m
+ vV KnKmMnm(Anp&m +&mp&n - {& amvp})
anamvp}> (15)

AT A A A
+ Kk M (O plh, + & pa —

where x; and N; are the same as above and
M,,, = X(@,)/2\/Sysc(®,)Syac(®,,). This master equa-
tion leads to two-mode squeezing. Indeed, in steady state
the variance of the joint quadratures X, =X%X,+X, and

)A/i :f/nj:f’m are

AX2 = AY2 =2(N,+N,, +1-2M,,),
AX2 = AY2 =2(N,+N,, +1+2M,,), (16)

where we have assumed «, = k,,, for simplicity. Similarly
to the above single-mode case, the pairs of commuting
quadratures AX7 and AY? are squeezed for 2M,,, >
N,+N,,.

It is interesting to point out that these quadratures are
entangled when AX% + AY2 < 4 [39]. This type of two-
mode squeezing generated by a normal tunnel junction
under the above ac modulation frequency was already
experimentally reported in Ref. [10]. Equation (15) shows
how this entanglement generation can be understood as
resulting from correlated absorbtion (emission) of
entangled excitations from (into) the bath, without any
direct coupling between the modes.

Finally, it is interesting to also consider the situation
where the ac modulation is such that pw,. = |®, — ®,,|-
Rather than two-mode squeezing, this leads to correlated
decay where emission by mode n stimulates emission from
mode m, and vice versa. Details are given in the
Supplemental Material [16]. For this choice of ac bias,
the variance of the above joint quadratures keeps the same
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form, except for AX? and AX2 whose roles are exchanged.
Since [X_, ¥_] = 4i, the variance of these two quadratures
must respect AX_AY_ >2 implying that N, + N, >
2M,,,. In other words, these quadratures cannot be
squeezed below the vacuum level when the ac-bias fre-
quency is matched to the frequency difference of the two
modes, also implying that the two modes are not entangled.

In summary, we have shown how the electromagnetic field
radiated by a quantum conductor is related to its electronic
properties. This establishes a common language between
quantum optics and mesoscopic physics. In particular, recent
experimental observations of squeezing and entanglement
produced by a tunnel junction are well understood within our
framework. These results have been obtained assuming a
simple quantum conductor in a low impedance electromag-
netic environment. A next step is to go beyond the assump-
tions made here by considering conductors with internal
dynamics, such as quantum dots, or conductors placed in a
high impedance environment. By engineering such environ-
ments, for which the dynamical Coulomb blockade becomes
prominent, one can expect different mechanisms producing
squeezing, entanglement, and even the generation of non-
Gaussian electromagnetic fields.

We thank Julien Gabelli and Karl Thibault for useful
discussions. This work was supported by the Canada
Excellence Research Chairs program, NSERC, FRQNT
via INTRIQ and the Université de Sherbrooke via EPIQ.

Note added.—Recently, we became aware of an alternate
description of squeezing by tunnel junction in a resona-
tor [40].
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I. INPUT-OUTPUT THEORY FOR A TRANSMISSION LINE TERMINATED BY A TUNNEL
JUNCTION

This section details the derivation of to Egs. (3)—(5) of the Main Letter. We first write the position-dependent flux
¢u(x,t) along the transmission line in terms of annihilation and creation operators [1-3]

Pu(z,t) Za/ooojl/g(

where v = 1/4/LyCy is the speed of light in the transmission line and « = /hZy/4mw. The subscripts ‘in’ and ‘out’
denote components moving towards and away from the sample, respectively. The corresponding annihilation operators
satisfy [am[w], af, (0] = [Gou[w], 4l )] = 0w — w).

The current at position x in the transmission line is given in terms of the flux by

7 1 2 . h > ~ —iw(t+z /v o —iw(t—z /v
Iy(z,t) = L—O&C(étl(x,t) = —i4/ 7 / dwy/w (ain[w]e w(tHe/v) _ G [w]e T2/ 4 h.c.) (2)
0

din[w]e—iw(t+r/v) + Gout [w]e—iw(t—z/v) T h.C.) , (1)

The current of the sample, IAs(t)7 located at x = 0, we write in terms of its Fourier transform

7 1 > —iwt T 1 > —iwt T iwt T
L)=5 [ dwe ] = 5 /0 dw (&7 L] + e L[] 3)
Current conservation at x = 0, i.e.,
fs(t) = +jtl(x = Ovt)v (4)
then implies for the frequency components
. R .| Zy -
Gout[w] = @inlw] — 1 %Is[w]. (5)

This is Eq. (3) of the main letter.

Following [4], we next perform a linear response treatment for the sample assuming a lumped element coupling
Hamiltonian, Hy(t) = I(t)¢u(0,t), in the interaction picture. Here I(t) is the sample’s bare current operator in
the absence of the transmission line (but including any ac and dc-bias, if present). A detailed justification of this
Hamiltonian starting from a microscopic Hamiltonian of a normal tunnel junction is provided in Sect. II.

As shown in [4] the dynamics of I, (t), the sample’s current operator, in the Heisenber picture can be written to
first order in the interaction as

L) =1~ 1 [ Al0),60)I(0)] + O, )

ti
where ¢y (t) = ¢u(0, ) and

I(t) = et [ (t;)e ot (7)

is the bare current operator for the sample, evolving according to the bare Hamiltonian Hy. The initial time ¢; is here
some arbitrary time where the Heisenberg and Schrdinger picture operators coincide. We next assume that quantum



fluctuations in the current operator are small such that these can be neglected in the second term in Eq. (6) [4]. We
can thus approximate

N i [

fs(t)Zf(t)—;L ; dr([I(t), 1(t = T)])du(t — 7), (8)

where we have taken ¢; — —oo and changed integration variable to 7 =t — t. We next use that

A A 1 o 1 i(wtw ) t—iw' T /1T Y
(L), 1t —7)]) :W/_Oodewe( ) (Uw], 1w, (9)
(T[], T[w']) =27 X 2 Syac(w)d(w — ), (10)
> i(wtw)T " . 1
/0 dre!@t)T — 75" + w) +iP <w+w’>’ (11)

where Eq. (10) follows from Eq. (6) of the Letter, where Syac(w) = fiw/Z[w] is the current noise spectral density in
vacuum (see Sect. II for a derivation), and in Eq. (11), P(z) is a principal value that cancels in the final expression.
By writing the quantities in Eq. (8) in terms of their Fourier transforms, we can then arrive at

. . i hw -

Here, ¢y|w] is the Fourier transform of ¢y (¢):

) 1 [ .
ou(t) = %[ e “ogwl. (13)
By comparison with Eq. (1) we find that
Bl = 222 (@] + doue i) (14)

NG

where for w < 0 we define d;,[w] = fiditn[fw] and similarly for Goutw]. On the other hand, the voltage at x = 0 is
‘A/;:l(t) = - ’LOé/ dUJ\/(.; (&in[w]e_iwt + dout [w]e—iwt - hC) ’ (15)
0
which implies that we have for the Fourier transform
Valw] = — i2rav/w (din[w] + dout[w]) , (16)
== Wétl[“}}- (17)

We thus finally arrive at Eq. (4) of the Letter:

Valw] .

Eq. (5) of the main letter is found straight forwardly by using Eq. (18) in Eq. (5):

.  Zw -2y, 2/ Zw|Zy | Z[w]
ameng%%Mf%M+£ st CE (19)

II. NOISE PROPERTIES OF AN AC-BIASED TUNNEL JUNCTION

For concreteness we consider here a normal tunnel junction. The results of this section are however general and
have been obtained for an arbitrary quantum conductor using the Landauer-Biittiker formalism in Refs. [5, 6]. Our
starting point is therefore the Hamiltonian of a tunnel junction biased by a classical voltage Ve + Vac cos wact and by
the transmission line voltage at the position 2 = 0 of the junction, described by the operator Vi(t),

= i + i, (20)



where
Htj :ﬁtj,o + f{tj,ly (21)
ﬁtm = Z (er + €eVae) é,ﬂék + Z eqc:;cq, (22)
k q
A=Y [evac co8(wact) + evﬂ(t)] &l én, (23)
k
Hp = trgéféq + hec.. (24)
kq

ﬁtj,o is the junction Hamiltonian in the presence of the dc voltage, I;th’l is the contribution coming from the ac
voltage bias as well as the transmission line voltage, and Hr is the tunneling Hamiltonian. The operators ¢, and ¢,
are fermionic annihilation operators at the two different leads of the junction.

The voltage operator, V;1(t) = dy (t)/dt for the transmission line is the time-derivative of the transmission line flux,

evaluated at the posmon of the junction. Following the standard step, a unitary transformation is applied leading to
H— Hy =UHU" —iU LU, with

00) = exp i (§ Higo + 5 sintwuct)efen + 56u(t)) | (25)

This removes Hy; and leads to

) Va.C
Hz(t)zexp[ (eVac + e — )tJFZ;(

ac

sin(wact) + étl(t))] éléy + hec.
(26)

Z 3" Ju(A)tig exp { 7 (eVac + 6 — e+ hnwac)  + Z;g{sﬂ(t)} éléy+hee.,

n=—oo kq

where J,,(A) are Bessel functions of the first kind and A = eV,¢/fuw,.. Taking advantage of the fact that

6220 27TZO
V7on TV, S @7)

where Rg = h/e? ~ 25 k€2 is the quantum of resistance, we expand the exponential in (26) to first order in ey (t)/h

Z Z J tk eh (eVac+er—€eqg+hnwae)t <1 + Zgétl(t)) 6;26(1 + h.c.. (28)

n=—o0 kq

The first term in the parenthesis of the above equation can easily be transformed away with a further unitary
transformation, leaving us with

Hi () ~ I(t)du(t), (20)

where we have introduced the standard current operator of the junction in the presence of ac bias

A ze Z ZJ tk eh (eVac+er— eq+hnwdb)t TA +hC (30)

n=—oo kq

As discussed in the main paper, second order moments of the output field are determined by the current-current

correlation function (Iw']I[w]), where I[w] = [ dtexp(iwt)I(t) is the Fourier transformed junction current. From (30)
we find
(W) =21 3" XP (W)W +w — pwac), (31)

p=—00



where
1 Vac V&C
Xfrp) (w) == Z I Elac Jntp ¢ [SLR(w + nwae) + (=1)PSHE (w + nwac)] , (32)
2 n hc‘)ac hwac
with
2
e
SR () = 2— D ltrgl*2m(eVae + ex — €g + hw) fi|1 = f]
kq (33)
= So(hw/e + Vdc) + Svac(w + eVdC/h)
and

2
SRL (W) = 2% 3 Jtrgl22m8(eVae + e — €q — hw) fylL — fil
kq (34)

= So(hw/e — Vge) + Svac(w — eV /R).

In these expressions, f is the Fermi-Dirac distribution and we have assumed %, to be energy independent. Finally,
in the last step we have defined

eV eV
_hw

Syac(w) = (36)

R

with R™1 = 27(e?/h)|t|?drdRr the tunnel resistance and dz, and dg the density of modes on the left and the right
of the tunnel junction, respectively. Note that X_(f )(w) is a real function for energy-independent transmission. It is

straightforward to show that X_(f ) can also be written as

X (w) = 8(w) + Svac(w), (37)
X0 (w) = X (w), (38)
with
Sw) = S 4y [So (vdc o nwaa) + 5o (vdc et nwac>>} | (39)
X() = S (4) iy (4 5o (Vi + 2ot ) ) (1780 (Vae = 2o+ ) ) (10)

where A = eV /hwac. As already mentioned, while we have obtained these expressions taking a tunnel junction (Fano
factor F' = 1) as a specific example, they can be obtained for a general quantum conductor using the Landauer-Biittiker
formalism [5, 6].

III. MEASUREMENTS OF THE TRANSMISSION LINE OUTPUT FIELD
A. Power measurement
From Eq. (1) of the main paper, the voltage at = 0 is
A o0 . .
Va(t) = — ia/ dwv/w (Gin[w]e ™™ + Gous[w]e™™" — h.c.) . (41)
0

In an experiment, the voltage will be filtered by a bandpass filter before measurement and for this reason we define
the filtered voltage

ml’f(t) = —ja /B dwv/w (din [w]e*i‘“t + Qout [w]e*m - h.c.) , (42)



where the subscript B refers to the measurement bandwidth centred around the observation frequency wg > 27 B.
Squaring and taking the expectation value yields

<Vt1 £(t =« / dwdw’ <<&Out [w/]&lut [wDei(wfw/)t + <&met [w/]&out [W}>ei(w/7“")t
(43)
(o[ ouelial)e ™ " — (@] [Nl e Ot + 2ma? / dwwo(@in W], [w]),
where we have assumed an impedance matched junction for which aout[w] = —4 I /\/W We have also used

[&in,I ] =0, {Gin[w]) = 0 (vacuum input). The last term represents the 1nput field vacuum noise contribution and is
dropped in the Letter.
The time-averaged power is obtained using Eq. (31) and dropping fast-rotating terms to find

(Vo (02) = BS(wo)R? + 270 /B duwwo(im[wla! (W), (44)

where the overline denotes time-averaging.

B. Quadratures

We define the filtered output field [2]

~ 1 .
bou t) = 7l(w7w0)tAou ) 45
(0) = <= [ gl (45)
and quadratures
XOUt7f(t) = IA)OH‘B( ) + bout( ) (46)
Yout,f(t) =—1 (i)out (t) - Elut (t)) . (47)

Repeating a similar calculation as above, we find for the variances

A‘Xvout g =2 |:N(w0) + % - M(WO):| 5 (48)
AV, £=2 [N(wo) + % + M(wo)] ) (49)

where we have dropped all fast rotating terms. The X-quadrature is squeezed for M (wg) > N(wg), while the Y-
quadrature is anti-squeezed.

The squeezing of the output field quadratures can be tuned through the applied voltages, Vg, and V,.. From Eq. (39)
and (40), we can compute N and M as functions of the voltages. In Fig. 1 we show the behaviour as a function of
Vae for different values of A = eV,¢/hwac, at zero temperature and with w,. = 2wy (i.e. p = 1). When considered
as a function of Vj, the thermal population N has its minimum for |eVy./fuwg| < 1, while the squeezing strength,
as quantified by M, grows most rapidly in the same interval. It is clear from the behaviour of these functions, as
illustrated in Fig. 1, that the difference N — M is minimal at eVy. = fwy. This is thus where we will get the maximal
squeezing.

The dependence on the ac-bias is shown in Fig. 2 for eVy. = hwg. N grows quadratically, while M grows linearly
for small V,.. The squeezing, as quantified by AX?2 > thus has a minimum for some A = eV /hwae > 0, as shown in
the bottom panel of the figure. Numerically we find ‘this minimum to be around A ~ 0.7, with a degree of squeezing
~ —2.1 dB. The degree of squeezing for pw.. = 2wy with other choices of p # 1 is found to be smaller than that for
p=1.

IV. TRANSMISSION LINE RESONATOR TERMINATED BY A TUNNEL JUNCTION

In this section we compute the mode functions of a transmission line resonator terminated by a tunnel junction to
ground at one end (z = —L) and with open boundary conditions at the other end (z = 0). This system is illustrated
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FIG. 1. Thermal photon number N and squeezing parameter M as a function of eVye/Fuwg for different values of A = eVic/hwac,
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the output quadrature at zero temperature and eVie = fwo, as functions of A = eViac/fiwac. Maximal squeezing of around ~ 2

dB below the vacuum level is found for A ~ 0.7.
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FIG. 3. Real and imaginary part of the lowest frequency mode envelope function, us (x), for R/Zo = 1072 (solid) and R/Zo = 100
(dashed).

in Fig. 1 of the Letter. We model the junction as a resistor with impedance R assuming for simpicity that the junction
capacitance can be neglected.

The resonator has length L, capacitance per unit length ¢ and inductance per unit length I. Following Ref. [7], we
expand the flux at position z of the resonator over modes m as ¢(x,t) = >, dm(t)um () with u,,(t) oscillating at
the mode frequency @, = vk, with k,, the mode wavevector and v = 1 / V¢ the speed of light in the resonator.

The mode envelope u,,(z) is found from the ansatz

U () = cos(kmx + 0. (50)
The phase 6,, is fixed by setting the current to be zero at z =0
1 0¢(x,t)

T o |, =" (51)

This immediately leads to 6, = 0. On the other hand, at the junction location we have that

_ la(b(_Lvt)
e R Ot

(52)

which leads to

— i, - kTm - ~ R (53)

cos(kn, L) = sin(k,,L) = cot(k,L)= iZ—,
0

where Zy = \/ITC is the characteristic impedance of the transmission line. This transcendental equation can be solved
numerically to find the values of K. Since the impedance of the junction is real, the wavevectors are in general
complex, and the envelope functions are thus complex functions of x. Examples of mode envelope functions for
respectively large and small tunnel junction resistance R are shown in Fig. 3.

Approximate expressions for the value of the envelope functions at * = —L can be found in the limits of large
impedance mismatch between the junction and the transmission line. Focusing on the fundamental mode, i.e. the
smallest non-zero k,,, we find for Zy/R — 0

™ g v

051:0&)1_7::‘{/12?_7/?57 (54)

7\2
w(—L)~— |1+ (R0> : (55)

and for Zy/R — o0

- . mw R wo

wl—wl—ml_ﬁ—zz—oz, (56)
R

up(—L) ~i—. (57)



In the former limit, the boundary condition approaches that of a A/2 resonator, i.e. open boundary conditions at
both ends, and in the latter case that of a A/4 resonator, i.e. a resonator terminated to ground at x = —L and open
at x = 0. It is important to note that the coupling between the tunnel junction and the resonator modes can be
non-zero also for large Zy/R due to the non-zero imaginary part of the envelope function. The predictions for the
decay rates k,, made with this simplified model is verified by a master equation treatment in the next section.

V. MASTER EQUATION: JUNCTION IN A RESONATOR

We now derive a master equation for the resonator modes, assuming weak coupling between the tunnel junction
and the transmission line resonator, and invoking the usual Born-Markov approximations. Our starting point is the
same as in Sec. II, only that the semi-infinite transmission line is now replaced by a transmission-line resonator. We
denote the resonator’s voltage operator by V(¢) and write the total Hamiltonian as

H =" wnil,am + Hy + Hr, (58)
where
ﬁtj :Htj,O + I:[tj,h (59)
Hio = Z (er + €Vae) éléx + Z €qChcq, (60)
k q

Hij = Z [eVaC cos(waet) + eV(t)} ézék, (61)

k
I:IT = Z tkqéléq + h.c.. (62)

kq

I:[tjp is the junction Hamiltonian in the presence of the dc voltage, I;th,l is the contribution coming from the ac voltage
bias as well as the resonator voltage, while Hp is the junction’s tunnel Hamiltonian.

Following Sec. II, the voltage operator V(t) = d¢(t)/dt is related to the transmission line flux evaluated at the
position of the junction x = —L with

() =d(—L,t) = > /"t (—L) (ame™m" + afp ™), (63)

m

where, for simplicity, we have taken the mode envelope functions to be real at the position of the junction and have
introduced the effective mode impedance Z,,, = 1/w;, Lc [8].

Taking advantage of the fact that
e? 22,
%Um(—l/) =4/ Rr up (—L) < 1, (64)

and following the same steps as in Sec. II, we again find

Hi(t) ~ 1(8)o(t), (65)

where the junction current operator is unchanged.

The interaction picture Hamiltonian of Eq. (65) is the starting point to derive a Markovian master equation for the
resonator modes. Following the standard approach, this is done by going to second order in H; and tracing out the
junction degrees of freedom leading to [9]

) =55 [ dr g ) 7). p(0) 0 ) (66)

Here p(t) is the density matrix of the resonator modes and py; of the tunnel junction. Eq. (66) can be expressed in
terms of the one-sided Fourier transform

S(t,w) = /0 - dr(I(t)I(t — 7))e™T, (67)



where the brackets refer to an expectation value with respect to pyj. We find

50 = 3 = 1A, e, Db, p0)] + T s~ )Can, b (1)

— A~ D, o] + T, C[AT, ] (1) .
— A~ D, )] + T (s~ 0)Clam, (1)
A, Dy ()] + T, o, L 81,100},
where
Cle. o = dpi — 4 (i, p}. (69)
and where we have defined the Lamb shifts and rates
AW, wn, t) :%\/Mum(—L)un(—L)ei(”m+””)t [S(t, —wn) — S(t,wm)], (70)
Dm0 1) =3 v Zon Zatn (= L (Lm0 [S(1, ~t0) + (8, 0m) ] (71)
Using the Fourier transformed current I[w] = 7. dt exp(iwt)I(t), we can write
S(t,w) :i /_ O:o dw' (T I[-w])e~ =), (72)
where we have used
o 1
/0 dret@' )7 — 25w + w) +iP (M) : (73)

and we have dropped the principal part. Using Egs. (31) and (72), the above rates I and lamb shifts A can be taken
to be time-independent by using the rotating-wave approximation and dropping all fast-rotating terms (assuming
sufficiently high and well-separated mode frequencies). In the next three subsections, this will be done for particular
choices of wqe.

A. Single-mode squeezing

We first set pwac = 2wy,. After dropping all rotating terms in Eq. (68), we are left with the following master
equation for mode m

p(t) = K (Ny 4+ 1)Dlam]p + km N Dlal 1p + bm M Slam]p + km M, S[al 1p, (74)
where
(N + 1) =2 L 00 (7
Ko Non :%“gif(;wxﬁ”(—wm), (76)
o M :Z’”“";ifg‘wxf) (wm). (77)

This can be expressed in terms of noise spectral densities by using

X (i) =8 (wm) + Svac(wm), (78)
X (—wm) =S(wm) = Svac(wm), (79)
X P (W) =X (wm) (p>0), (80)
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with Syac(w), S(w) and X (w) defined in Egs. (36), (39) and (40), respectively. Note that Eq. (77) implies that M,,
is real. Using this, we obtain

Rm :%Zmum(_L)QSvac(wm), (81)
1 S(wm) — Svac(Wm)
N = Seom) (82)
1 X(wm)
M,, =—————.
" =2 Bnelim) (83)

The above expression for the cavity damping rate &, can be compared with the phenomenological model of Sec. IV.
Indeed, taking the large impedance mismatch limits of Eqgs. (55) and (57) in Eq. (81), we find that x,, can be written
as

Z Z,

K :EO% for fo — 0, (84)
R Z

K :?0% for f{) — Q. (85)

These expressions agree with the imaginary parts of Egs. (54) and (56) as expected.

From Eq. (74), the variance of the quadratures X = am + af and Y = —idm, + ial in steady-state are
1 ( — X(wm)
AX2 =2(N,, +-—M,, , 86
" ( - 2 ) Svac (wm) ( )
1 m) + X (wm
2 Vac(wm)

where AO? = <02> — (0)2 The quadrature X, is thus squeezed if S(wm) — X (wm) < Syac(wm). Note, however, that
the Heisenberg uncertainty principle implies that AX2 AY,2 > 1, or in other words

& Sac (Wm ) 2

S(wm) — X(wm) > ma (88)

which puts a bound on the degree of squeezing.

One can also consider the output field from the resonator when adding another decay channel, e.g. by considering a
capacitive coupling to an output at z = 0 as illustrated in Fig. 1 of the Letter. Weak coupling to this output port only
slightly modifies the mode envelopes and adds new dissipative terms to the master equation. For simplicity, taking
the incoming field in this new output channel to be in the vacuum state, and calling the damping rate associated to
this channel «’, we find that the squeezing of the X,, quadrature is modified to be

2K 1 K
AX2 = =" (N - — M, —n 89
= Nk g = M)+ (%)

As usual, the last term shows that the squeezing is degraded due to the vacuum noise from the new output port.
It is also interesting to compare the squeezing of the intracavity field to that of the output field emitted through
the output port. To do this it is convenient to compute the squeezing spectrum of the intracavity and output fields,
respectively. The squeezing spectra are defined as

1

Sunail =3 [ aw (XWX, (90)

/ Ao (Ko 0] Kous []). (91)

where Xou¢[w] is the Fourier transformed output field [9]. We find using standard methods [9] that

/

2K 1 il
Sin ra = Ui Nm 5 Mm - ’ 92
2K, Km 1 w? + (K, — km)?/4
Sou = m Nm 5 Mm a ’ 93
S e, T AL ) e+ P .
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An interesting case is when k!, = k,, where the squeezing spectra at w = 0 are Siptralw = 0] = 2(N,, + % - M,, + %)
and Sout[w = 0] = 2(NV,, + % — M,,). This shows that the squeezing of the intracavity field is degraded by the vacuum
noise of the new decay channel (AX2, cannot go below 1/2), while this is not the case for the output field. The
squeezing spectrum of the output field at w = 0 for &, = K, is equal to that of the intracavity field in the limit
Kl — 0 (with K, > 0).

B. Two-mode squeezing

We now consider a setup where the tunnel junction is ac biased such that pw,. = wy, + w,, for an integer p and two
modes m and n. We find after dropping all rotating terms

pt) = > {m(N+ )Dlalp + miNiDlaf]p}

l=mn

94
+ VEmbn M, Clén, am)p + /Embn MynClal , al]p (94)
+ VEmbn M, Clim, anlp + /Fmbin MpmClal , al 1p,
where x; and N; are defined as before in Eqgs. (81)—(82), for [ = m,n, while M,, , is
V' Zm, Zn i, (—L)un(—L
Vo bin My = - 4( ; Jn{ )X(f) (wn) (95)
77
N —L —L
\/mMnm _ m nuvz( . )un( )Xip)(wm). (96)
7r

Using again that XJ(rp) (w) is real, and the fact that (I[w,]lwm]) = [wm]I[wn]), which implies that M, = Mo,
(real) [6], we can then write for the two-mode master equation

pt) = Z {Hl(Nz + 1)Dla]p + /ilNl’D[d“p}

l=n,m

O SN A 97
+ vV /inlimMnm (anpam + A, Py, — {anamv p}) ( )
+ VEnkm Mnm (dlpdjn +af,pal, — {akal,, P}) )
where
1 X (wp
My = = (©n) . (98)
2 \/Svac(wn)svac(wm)
To consider two-mode squeezing we define the following two-mode quadratures
Xy =X, + X, (99)
Vi =Y, £ V. (100)
Assuming for simplicity that ,, = Kk,,, we find that the variances in steady state are
AX? = AY? =2(N,, + Ny, + 1 = 2M,,), (101)
AX2 = AY? =2(N, + Ny + 1+ 2M,,,,). (102)

The commuting two-mode quadratures X+ and Y_ are both squeezed for 2M,,, > Ny + Npy,.

C. Two-mode photon conversion

Finally, it is interesting to consider the influence of the noise emitted from the junction when the ac bias frequency
is matched to the frequency difference of two modes, i.e., pwac = Wy — Wiy, for p a positive integer (wy, > wy,). Once
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more dropping all rotating terms we find

pt) = > {m(N+ )Dlalp + miNiDlaf]p}

l=n,m
4 /FEmbin TmnClan, a5.]p + /Fmbn T Clam, al | p
+ VEmbnTymClam, al1p + /Embn L, Clan, al | p.

This master equation describes a dissipative process where photons can be converted from mode n to m and vice
versa. The parameter 7, is given by

(103)

V Zm Zptin (—L)un (—L)

Ton = Arh XJ(rp) (wn)7 (104)
L Lo (— L)y (—L
1 = VIt LD e, (105)

Again, we have that Ty, = Thm = Mpm, where M, is given by Eq. (98). This leads to

p(t) = > {m(Ni+1)Dlalp + rNDlaflo |

l=n,m
+ VEnmMpm (&npdjn + &jnpdn - {&ndjm P})

In steady-state under the above master equation, and for x,, = K, for simplicity, the variances of the two-mode
quadratures defined above are now

(106)

AX? = AY? = 2Ny, + Ny + 1+ 2My). (108)

Importantly, the two “squashed” quadratures, X_ and Y_ are non-commuting, with [X,,Y,} = 41, implying the
following uncertainty relation

1

AX_AY. > Z|[U_,V ]| =2, (109)

N

which leads to
2Mym < N, + Np. (110)

In other words, the quadrature variances cannot be squeezed below their vacuum value. The two modes become
correlated through the bath-induced photon conversion process ((a d,,) is non-zero in steady state), but they do not
become entangled through this process.
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