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We propose the use of a waveguidelike transmission line based on direct-current superconducting
quantum interference devices (dc-SQUID) and demonstrate that the node flux in this transmission line
behaves in the same way as quantum fields in an expanding (or contracting) universe. We show how to
detect the analog cosmological particle generation and analyze its feasibility with current circuit quantum
electrodynamics (cQED) technology. Our setup in principle paves a new way for the exploration of analog
quantum gravitational effects.
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I. INTRODUCTION

One of the most striking phenomena predicted by the
quantum field theory in curved spacetime is the cosmo-
logical particle creation; i.e., particles could be sponta-
neously created out of the (virtual) quantum vacuum
fluctuations as a consequence of the expansion of the
Universe [1]. This mechanism is responsible for the
generation of the seeds for cosmic structure formation,
and thus plays a very important role in the past and future
fate of our Universe. For this reason, recently there has been
growing interest in theoretical studies involving this non-
trivial quantum effect [2–12].
However, cosmology in the early Universe is far away

from everyday experience, because there has in fact “only
ever been one experiment, still running, and we are late-
comers watching from the back” [13]. Although there can be
no truly experimental cosmology, it would be desirable to
render the relevant phenomena accessible to an experimental
investigation. In order to achieve this goal, a promisingway is
to construct the “analogous gravity” system where the
relevant features of quantum fields in curved spacetime
can be reproduced analogously. Along this line of reasoning,
a lot of “analogous gravity” experiments involving many
nascent yet fast-growing fields, such as Bose-Einstein con-
densates [14–20] and ion traps [21–24], have been proposed
to observe the analog cosmological particle creation.
On the other hand, as a promising candidate for future

quantum information processing, circuit quantum electro-
dynamics (cQED) [25] could offer a natural arena for testing
fundamentals of quantum mechanics and implementing
quantum field theory (QFT) concepts [26] due to its fantastic

controllability and scalability. Based on this technology, a lot
of theoretical proposals for analog circuit realizations includ-
ingHawking radiation [27], traversablewormhole spacetime
[28], fermion-fermion scattering in quantum field theory
[29], and dynamical gauge fields [30,31], have been dem-
onstrated. Moreover, experimentally, the dynamic Casimir
effect—the generation of particles out of the quantum
vacuum fluctuation due to the motion of boundary con-
ditions—has been observed in a coplanar waveguide (CPW)
terminated by a superconducting quantum interference
device (SQUID) [32], or in a Josephson metamaterial
[33]. These theoretical and experimental studies open a
new avenue to construct the experimental platform for
research on the relativistic QFT [26,34–37] and relativistic
quantum information [38,39].
Here, based on the cQED technology, we propose using a

superconducting electrical circuit configuration based on
microfabricated waveguides and dc-SQUID. We demon-
strate the analogy between magnetic flux in this super-
conducting circuit and quantum fields in an expanding (or
contracting) universe. We also analyze how to detect the
analog cosmological particle creation and discuss its exper-
imental feasibility with current cQED technology. Our
technique provides a novel tool for quantum simulations
of relativistic QFTand in principle enables the exploration of
analog quantum gravitational effects.

II. PHYSICAL MODEL

As shown in Fig. 1, we consider a coplanar transmission
line which is similar to the CPW introduced in Refs. [40].
However, here each capacitor in the circuit is parallel with
an identical SQUID, which consists of two parallel iden-
tical Josephson junctions (JJs) with the critical current Ic
and capacitance 1

2
CJ. In this work, we assume that the
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geometric size of the SQUID loop is small enough such
that the SQUID’s self-inductance is negligible compared
to its kinetic inductance. Under this condition, each
SQUID behaves like a single JJ with effective junction

capacitance CJ and tunable Josephson energy EJðΦJ
extÞ ¼

2EJj cosðπ ΦJ
ext

Φ0
Þj [40]. Here Φ0 ¼ h=2e is the magnetic flux

quantum, EJ ¼ Φ0Ic
2π is the Josephson energy, and ΦJ

ext ¼
BAS is the flux dropping through the SQUID loop with
effective area AS, and the applied magnetic field B.
For the system under consideration, its corresponding

circuit Lagrangian reads

L ¼
XN

n¼1

�
1

2
C0ð _ΦnÞ2 −

ðΦnþ1 −ΦnÞ2
2L0

þ 1

2
CJð _ΦnÞ2

þ EJðΦJ
extÞ cos

�
2π

Φn

Φ0

��
; ð1Þ

where Φn is the node flux. We restrict ourselves to
frequencies in the circuit far below the plasma frequency
of the SQUID so that oscillations in the phase across the
SQUID could satisfy Φn

Φ0
≪ 1, and the SQUID is operated in

the phase regime where EJðΦJ
extÞ ≫ ð2eÞ2=2CJ. The small

amplitude condition, Φn
Φ0

≪ 1, allows us to study the
Lagrangian above by linearizing the Josephson terms,
i.e., expanding it up to the second order in Φ2

n. Also, we
assume that the wavelength λ for the flux is much longer
than the dimensions of a single unit cell of the chain, i.e.,
ða=λ ≪ 1Þ. Then we can use the continuum approximation
by replacing the discrete n by a continuous position x along
the line and replacing the finite differences in the
Lagrangian by their continuous counterparts to first order
in ða=λÞ, i.e., Φn −Φn−1 ≈ a ∂Φ

∂x þ oða2Þ. Finally, in the
linear and continuum limit, the Lagrangian in Eq. (1) can be
rewritten as

L ¼ C
2

Z
dx

��∂Φ
∂t

�
2

−
a2

L0C

�∂Φ
∂x

�
2

−
1

LJC
Φ2

�
; ð2Þ

where C¼C0þCJ, and LJ ¼ðΦ0

2πÞ2=EJðΦJ
extÞ is the kinetic

inductance of the equivalent single JJ. Through variation,
we can obtain the equation of motion of the flux Φ:

∂2Φ
∂t2 −

a2

L0C
∂2Φ
∂x2 þ 1

LJC
Φ ¼ 0: ð3Þ

The last term in Eq. (3) comes from the SQUID which in
fact provides a potential energy in Lagrangian (2) for the
oscillator system. It is controllable because we can control
the inductance LJ by adjusting the external magnetic flux
ΦJ

ext threading the SQUID loop. This property thus can
allow us to implement the requested potential energy that is
space or time dependent. Let us note that this term is very
important in our work, which is the key to simulating the
cosmological particle creation in the following analysis.

III. COSMOLOGICAL PARTICLE CREATION

Consider a real massive scalar field Φ in (1þ 1)-dimen-
sional spacetime; its corresponding action is of

A ¼ 1

2

Z
d2x

ffiffiffiffiffiffi
−g

p ½ð∂μΦÞgμνð∂νΦÞ −m2Φ2�; ð4Þ

where g ¼ detfgμνg and gμν are respectively the determi-
nant and inverse of the spacetime metric tensor gμν. To see
how, in practice, particle creation can occur in an expanding
(or contracting) universe, we will consider a two-dimen-
sional Friedmann-Robertson-Walker universe with line
element,

ds2 ¼ dη2 − a2ðηÞdr2; ð5Þ

where the time-dependent scale parameter aðηÞ corre-
sponds to the cosmic expansion/contraction. Introducing
the conformal time t associated with η via η ¼ R

η dη0 ¼R
t aðt0Þdt0, the FRW line element (5) may be recast as [1]

ds2 ¼ a2ðtÞðdt2 − dr2Þ: ð6Þ

This form of the line element is manifestly conformal to
Minkowski spacetime with the so-called conformal scale
factor a2ðtÞ. Using (4) and (6), we obtain the field equation:

∂2Φ
∂t2 −

∂2Φ
∂r2 þ a2ðtÞm2Φ ¼ 0: ð7Þ

After a normal-mode expansion, Eqs. (3) and (7) become
Φ̈k0 þða2k02L0C

þ 1
LJC

ÞΦk0 ¼0 and Φ̈kþðk2þa2ðtÞm2ÞΦk¼0,
respectively. Comparing them and identifying r with x,
we observe a strong similarity: the factor a2k02

L0C
acts as the

wave number of the field, corresponding to k2, and 1
LJC

directly corresponding to a2ðtÞm2 acts like the conformal

FIG. 1. Circuit diagram for a coplanar waveguidelike trans-
mission line. We assume that the inductance for each inductor and
the capacitance for each capacitor are L0 and C0, respectively.
Each SQUID element is formed from two identical tunnel
Josephson junctions with critical current Ic and capacitance
1
2
CJ . The lengths of all the cells are constant and equal to a.

The circuit is characterized by the dynamical fluxes Φn.
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scale factor. Let us note that by appropriately adjusting the
external magnetic fluxΦJ

ext through the SQUID loop, we can
control LJ to simulate the behavior of the conformal scale
factor a2ðtÞ. Thus, the analogous dynamic behavior of
quantum fields in an expanding/contracting universe in
principle could be implemented in our setup.
We assume that Φin

k and Φout
k are two particular solutions

to Eq. (7), corresponding to solutions which converge,
respectively, in the past ðt → −∞Þ and future ðt → ∞Þ to
plane waves. Physically, these two particular solutions
represent a description of two different vacuum states,
jini and jouti, in the two asymptotic regions where the
function aðtÞ becomes constant and the definition of the
particle state is unambiguous. In general, one has

Φin
k ¼ αkΦout

k þ βkΦout�
−k ; ð8Þ

with βk ≠ 0. If we choose a toy, a2ðtÞ ¼ Aþ B tanhðρtÞ,
which characterizes an asymptotically static universe that
undergoes a period of smooth expansion shown in Fig. 2,
then we can solve Eq. (7) analytically. In this model, the
inner products αk and βk (known as Bogoliubov coeffi-
cients) are given exactly by the simple expressions

αk ¼
�
ωout

ωin

�1
2 Γð1 − ðiωin=ρÞÞΓð−iωout=ρÞ
Γð−iωþ=ρÞΓð1 − ðiωþ=ρÞÞ

;

βk ¼
�
ωout

ωin

�1
2 Γð1 − ðiωin=ρÞÞΓðiωout=ρÞ
Γðiω−=ρÞΓð1þ ðiω−=ρÞÞ

; ð9Þ

where Γ is the Euler function, ωin ¼ ½k2 þm2ðA − BÞ�12,
ωout ¼ ½k2 þm2ðAþ BÞ�12, and ω� ¼ 1

2
ðωout � ωinÞ.

Obviously, the normalization condition jαkj2 − jβkj2 ¼ 1
follows immediately. Let us note that although the initial
vacuum state jini containing no particles is seen from all
the inertial observers in the remote past (t → −∞), it is not

the physical vacuum anymore when detected by the inertial
observer in the out region (t → ∞). The particle detectors
there will register the presence of quanta. In mode k, the
expected number of detected quanta is [1]

hn̂ki ¼ jβkj2 ¼
sinh2ðπω−=ρÞ

sinhðπωin=ρÞ sinhðπωout=ρÞ
: ð10Þ

This is the creation of particles into the mode k as a
consequence of the cosmic expansion/contraction.

IV. EXPERIMENTAL IMPLEMENTATION

To realize the proposed experiment, an additional con-
ducting line is needed to produce the time varying external
flux bias ΦJ

ext, which, as discussed above, is used to
modulate the SQUIDs for providing a time-dependent
potential energy. More specifically,

ΦJ
ext ¼

Φ0

π
arccos

�
Φ0Cm2a2ðtÞ

4πIc

�
: ð11Þ

This required magnetic flux can be achieved by a corre-
sponding current through the bias line. It is unavoidable
that the current pulse dispersion in the bias line will affect
the cosmological particle creation. However, such effects in
principle could be weakened by appropriate choices of
pulse shape and transmission line length. Additionally, to
observe the generated particles due to the cosmic expan-
sion/contraction, frequency-tunable, single-shot photon
detection at the end of the transmission line opposite that
of the bias pulse origin is required. Here we will assume a
superconducting phase qubit as our model detector and
detect the microwave photon based on the recently pro-
posed technologies [41–44]. If the current pulses are
repeatedly injected down the bias line, the predicted
particles will be created as a consequence of the cosmic
expansion/contraction. Correspondingly, its spectrum can
be detected by tuning the qubit resonant frequency.
We want to point out that the emitted photon pairs are in

fact entangled [4,5,7], and this entanglement, by coinci-
dence detection, could be demonstrated. Besides, such
entanglement is essential and nontrivial as a result of
cosmic expansion/contraction [45]. It is needed in the
outcome to establish that a photon is produced by the
cosmology expansion/contraction rather than other irrel-
evant processes, such as ambient emission or capacitive
coupling to the bias line. Let us note that properly
engineering the transmission line could effectively reduce
the background noise from the unwanted coupling.
We will choose the relevant parameters for each element

similar to Refs. [27,40,46] and estimate the cosmological
particle generation in our setup. For the JJ, we choose Ic ¼
1 μA and CJ ¼ 0.5 fF. Besides, the capacitance to ground
is chosen as C0 ¼ 0.1 pF, the inductance and the length of
the single unit cell of our setup are respectively assumed to

FIG. 2. The conformal scale factor a2ðtÞ ¼ Aþ B tanhðρtÞ
represents an asymptotically static universe that undergoes
a period of smooth expansion. The in region and out
region correspond to a2ð−∞Þ ¼ A − B and a2ð∞Þ ¼ Aþ B,
respectively.
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be L0 ¼ 0.25 nH and a ¼ 15 μm. In such a case, we can
have ωin ≈ 0.21 × 1012 Hz and ωout ≈ 0.25 × 1012 Hz by
properly assuming the external magnetic flux, ΦJ

ext, and the
wave vector, k0. In Fig. 3, we plot the number of created
particles as a function of ρ which is a positive real
parameter controlling the rapidity of the expansion of
the universe. It shows that as ρ is increased, more particles
would be created. Besides, there is an asymptotic regime
when ρ ≫ ωout.
Let us discuss the number of created particles in the

sudden approximation [18], i.e., ρ ≫ ωout. Mathematically
the “sudden limit” consists of taking a step function for the
scale factor, a2ðtÞ ¼ A − Bþ 2BΘðtÞ. Physically this
means that one is considering that the change in aðtÞ is
driven more rapidly than the frequency band one is
interested in. To implement the sudden approximation in
experiment, we need to suddenly change the external

magnetic fields from ΦJ
ext ¼ Φ0

π arccos½Φ0Cm2

4πIc
ðA − BÞ� to

ΦJ
ext ¼ Φ0

π arccos½Φ0Cm2

4πIc
ðAþ BÞ�. For such a case, we

can get the expected number of detected quanta,

hn̂ki ¼ ðωout−ωinÞ2
4ωinωout

, in mode k. With the above parameters
chosen, we find that in the sudden limit, this power per unit
bandwidth in wave vector, k, range could give an energy
comparable to a few mK, which can be a factor of 10 larger
than the ambient temperature set by a dilution refrigerator.
Therefore, this effect should be visible above the back-
ground noise.

V. DISCUSSIONS AND CONCLUSIONS

The parameters and pulse shapes above were chosen as
an example that our setup is feasible, which should not be
considered as the only available configuration. In fact, it is
possible to improve and optimize these values in terms of
both performance and fabrication of this proposal.
Besides, we can also choose the conformal scale factor
a2ðtÞ as different functions to characterize different
kinds of expansion/contraction of the Universe. It allows
us to find a better physical model which could make our
proposal more controllable and achievable in future
experiments.
In summary, we have provided a recipe to build up an

analog quantum simulator of a Friedmann-Robertson-
Walker universe by means of a suitable strongly inhomo-
geneous external magnetic flux bias along a waveguidelike
transmission line. The analog quantum dynamics between
the magnetic flux in this transmission line and the quantum
fields in an expanding/contracting universe has been
analyzed. Our results showed that the proposed device
works in the quantum region and allows us to observe the
analog cosmological particle generation.
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