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Electromagnetically induced transparency (EIT) and Autler-Townes splitting (ATS) share similar trans-
parent windows in the transmission spectrum, which causes confusion and difficulty in discriminating
between them. Essentially, EIT involves asymmetric profile interference, while ATS originates from a
strong coupling effect. The conventional method uses the Akaike information criterion (AIC) to calculate
the proportion of EIT and ATS, and then determines the dominant phenomenon by experimental data fit-
ting without considering fundamental differences in physics. We present two kinds of acoustic structures
by grafting two Helmholtz resonators to a cylindrical tube whose geometrical parameters are chosen by
individual mechanisms of acoustically induced transparency (AIT) and ATS. Our results explicitly show
AIT and ATS phenomena analytically, numerically, and experimentally, which are also supported by data-
fitting and AIC methods. This study contributes to the design of AIT and ATS in their specific applications,

avoiding any confusion.
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I. INTRODUCTION

A system with three energy levels can generate a vari-
ety of interesting phenomena, such as electromagnetically
induced transparency (EIT) and Autler-Townes splitting
(ATS), which have attracted much attention in the past
few decades since ATS and EIT were successively dis-
covered in 1955 [1] and 1990 [2]. EIT originates from
ideal phase-out interference between two different stimu-
lated transitions in three-level atomic systems, which leads
to a transparent window in the transmittance spectrum [3],
with great application prospects for light speed reduction
and reduction of group velocity [4—6], among other appli-
cations. In acoustics, AIT was also proposed in detuned
acoustic resonator and dangling-resonator systems [7—9].

Another phenomenon is ATS, with similar appearance
in the spectrum but a different intrinsic mechanism that
appears when the frequency of the applied field is tuned
to the transition frequency of a given spectral line split-
ting into several components [1]. ATS is widely studied for
three-level spin systems [10], dynamic control of light’s
frequency and phase [11], high-speed quantum memory
and manipulation [12], time-domain gratings [13], and
so on. Recently, EIT and ATS were studied in pillared
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structures extending to elastic waves for microscale and
nanoscale applications [14—17].

This kind of spectral similarity causes much confu-
sion in discerning between EIT and ATS, and much
effort has been made to distinguish between them in
coupled mechanical-oscillator systems [18], whispering-
gallery microcavities [19], three-level atomic systems [20],
plasmonic systems [21], metamaterials [22], and so on.
Since Anisimov et al. [23] first applied the Akaike infor-
mation criterion (AIC) in three-level atomic systems to
distinguish between EIT and ATS from experimental data
and determine which plays the main role after calculat-
ing their weights [23], the AIC method has been applied
to different systems [19,24,25]. However, the AIC is cho-
sen for numerical discernment from experimental data sets
without considering the physical principles.

We present a realization of acoustically induced trans-
parency (AIT) and ATS using a pair of Helmholtz res-
onators (HRs) in air based on their intrinsic mechanisms.
Similar acoustic resonators have been studied for Fano-like
acoustic transmission [26,27]. By grafting acoustic res-
onators onto a waveguide, it is feasible to manipulate the
transmission with rich physics and analytical expressions,
which can be easily fabricated in practice. AIT is designed
with Fabry-Perot interference, while ATS is constructed
with a strong coupling effect. The spectra of AIT and ATS
have one transparent window and two dips, where the
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two dips could be well explained by the surface-response
Green’s function [28-30]. We fit two models (ATS model
and AIT model) to experimental data and get fitting curves
intuitively to determine which model works better, and
then apply the AIC method to calculate the weight of the
two models in a numerical distribution, which proves the
effectiveness of our method and shows the complexity of
the conventional method. We finally suggest that the iso-
lated AIC method is not sufficient to analyze AIT and ATS,
and it needs to consider their fundamental principles to
avoid unphysical confusion.

II. ACOUSTICALLY INDUCED TRANSPARENCY

EIT is based on the destructive interference of the tran-
sition probability amplitude among three atomic states
where a narrow transparent window appears in an orig-
inally opaque region and was first observed in optics.
Analogously to acoustics, we consider an acoustic sys-
tem as shown in Figs. 1(a) and 1(c), which consists of
two HRs, each with width Ly = 12 mm, height (%1, 4))
asymmetrically adjusted from 12 mm, center distance L,
and two identical necks (radius » = 4.8 mm and height
hy = 3 mm) connected to a cylindrical tube with diameter
29 mm to match the inner diameter of the impedance tube.
The total length of this structure L; is 120 mm. Because of
the existence of two HRs, a Fabry-Perot resonant effect will
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FIG. 1.

occur for wavelength A =2L/n (n=1,2,3,...). There-
fore, the two HRs and Fabry-Perot resonance act as a
three-level system that is able to produce AIT.

We tune the distance L to be 47.9 mm to make the fre-
quency of the Fabry-Perot resonance superposed on that
of the HRs. Simulation and experimental methods are both
considered as seen in the model and corresponding sample
in Figs. 1(a) and 1(c), respectively. The COMSOL MULTI-
PHYSICS finite-element method is used for simulation. A
plane-wave radiation boundary condition is chosen for the
two ends of the tube in Fig. 1(a) and the plane wave is
excited at the left end with a frequency range from 2000
to 5000 Hz below the cutoff frequency. Thermal-viscous
loss is taken into account in the simulation. The experi-
mental samples made of photosensitive resin are fabricated
by three-dimensional printing as shown in Fig. 1(c). The
extra length (d; = 20 mm, d, = 16 mm) at the two ends
acts as a bayonet. The amplitude of the transmission coef-
ficient is measured in an impedance-tube apparatus by the
transfer-function method, comprising two Briiel & Kjar
type-4206T impedance tubes with the sample sandwiched
in between.

The experimental and simulated transmission curves for
different pairs of 4, and /4, are presented in Fig. 1(b). One
can observe that excellent agreement between experiments
and simulations is achieved, validating the methods used.
In the case of & = h,, one dip exists and no transparent
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(a) The HRs for AIT. The sample is hollow, consisting of two rectangular-section cavities of Ly x Ly x hy and Ly x Lo X hy,

respectively, and with a cylindrical neck of height 4y and diameter . The two HRs are connected to a cylindrical tube of 29-mm
diameter at the same side with a distance of L. (b) Experimental data (open circles) and simulation results (solid curves) for the
transmission coefficient for five cases. The curves are artificially shifted vertically for clear demonstration. The parameter values are
in millimeters. (c¢) Three-dimensional-printing model of the HRs on the same side. The necks are invisible here because of the model’s
thickness and their short height. Two additional pipes with lengths d; and d; are printed for a good seal between the samples and Briiel

& Kjeer type-4206T impedance tubes.
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window appears in the transmission curve because the fre-
quency of the Fabry-Perot resonance coincides with that
of the two identical HRs, resulting in a Fabry-Perot bound
state in the continuum [16,31]. When the height of the
two HRs is antisymmetriclly adjusted while the center
distance L is kept fixed, the resonant frequencies of two
HRs start to diverge and the effect of the Fabry-Perot
resonance becomes observable. Fabry-Perot resonance is
stronger with an increase in the difference of /; and 4,, so
the peak of the transparent window is consequently higher
with frequency unchanged after the interference effect. The
transmission dip is therefore divided into two individual
dips originating from destructive interference between the
incident wave and scattered wave by each HR; however,
the frequencies of the dips still follow their individual
resonant frequencies.

To explain the two dips in the transmission curves with
more fundamental insight, we apply a surface-response
Green’s function [28,29] to the HR system and choose the
case of #; = 13 mm and /#; = 11 mm as an example. The
Green’s function of a homogeneous one-dimensional sys-
tem (_;aﬂ is related to the heterogeneous surface response
Gup as

Gaﬂ = Eaﬂ (75 I_C), (1)
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where Z is the effective impedance and k is the effec-
tive wave number. Gy and G| represent monopolar and
dipolar modes, which stand for out-of-phase and in-phase
displacement of the two surfaces, respectively. Gy; is a
mixed state of monopolar and dipolar modes. Gy, G11, and
Gy can be expressed as

e @2 (pa(x0)) + (pa(—x0)))?
Goo = ; 2@ — o)/B, )
@? ((Pa(x0)) — (Pu(=x0)))?

Gll = Z 2(60(:,2 — 602)/3,, : ’ (2)

n

Gn= @ ({p; (o)) = (P (=x0)))

2(w,* — @) /B,

n

where xo and —x( are the boundary coordinates of the
cylindrical tube, the symbol () represents the average
value, (p,(x9)) and (p,(—xo)) are the surface average
boundary pressure, w, is the eigenfrequency of the nth
mode, and 1/B, = [, p;i(x)p,(x)/B(x) dx, with B(x) being
the bulk modulus at position x, x € (—xgp,xo). The three
heterogeneous surface responses suddenly transit to infin-
ity when the frequency w is in the vicinity of eigenfre-
quency wj,, as shown in Fig. 2(a). The Green’s function
of a one-dimensional homogeneous system consisting of a
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(a) Three surface responses of the HRs with the effective Green’s function with #; = 13 mm and /4, = 11 mm. (b) Transmis-

sion curves from the simulation (open circles) and the Green theorem (solid curve). (c)<e) Acoustic pressure fields at fi, fo, and f,

respectively. The color bar shows the amplitude of the pressure field.
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pair of HRs relates to two effective parameters as follows:

G — cot%xo
00 = w7

= tan %xo

1= =
wZ

b

3)

Substituting Egs. (2) and (3) into Eq. (1), we can obtain
the effective parameters k and Z and further deduce the
theoretical transmission coefficient T of the structure by
analogy to the sound wave passing through the middle

layer:
arccot ( —%)
G

k= ,
a
_ G
A
o cotka
T 4e_l%><20720
7+ 20)" — e ™47 — 20)" — W7 (e-Fx4a — 1)

“)

where Z; is the impedance of air and W is the asymmetry
coefficient, which is defined as W = —Gy, /[wZ(Gy; Goy —
G2)]. W is 0 when we are dealing with symmetric struc-
tures [32,33].

From Fig. 2(b), we can see the predicted transmis-
sion coefficient obtained with the effective parameters
matches well with the simulation results. Two transmission

(b) 5

dips appear at frequencies f; and f,, where Gyy = G| as
contributions of the monopolar mode and the dipolar mode
to the surface-response offset result in zero acoustic pres-
sure at the right end of the tube, as shown in the Figs. 2(c)
and 2(e). When Gyo = G, k is a pure imaginary value as
seen in Eq. (4) so the sound wave cannot propagate to the
right end of tube. Figure 2(d) shows the acoustic pressure
field at f;, where the two surface responses are in phase.
At fo, the absolute value of Gy is greater than that of Gy,
so the monopolar mode corresponding to Gy accounts for
the main contribution to the pressure field. For simplicity,
we do not consider the loss effect in Figs. 2 and 4, so the
induced transparent window reaches 1 in Fig. 2(b).

ITII. ACOUSTIC ANALOG OF AUTLER-TOWNES
SPLITTING

ATS also has a transparent window with two dips that
shows high similarity to the AIT profile in the transmission
spectrum but with a different intrinsic mechanism. Since
ATS originates from the strong coupling of the two iden-
tical HRs, the distance L is required to be much shorter
than in the AIT case [16] to avoid a Fabry-Perot effect in
the working frequency range. Figures 3(a) and 3(c) show
a schematic representation of the structure with two iden-
tical HRs at opposite sides of the tube. We change only
the center distance L, ranging from 0 to 15.5 mm, with
fixed HR height #; = h; = 12 mm; the remaining param-
eters are the same as in the last section. The extra length
(dy =20 mm and d, = 16 mm) at two ends acts as a
bayonet. Figure 3(b) shows experimental and simulated
transmission curves for different L values. For L = 0 mm,

FIG. 3.
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(a) As Fig. 1(a) but the HRs are placed at the opposite side. (b) Experimental data (open circles) and simulation results (solid

curves) for the transmission coefficient in five cases. The parameter values are in millimeters. (c) Three-dimensional-printing model

of the HRs on the opposite side.
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(a) Three surface responses of HRs for ATS for the case of L = 8 mm. (b) Transmission coefficient for simulation (open

circles) and the Green theorem (solid curve). (c)—(e) Acoustic pressure fields at three frequencies fi, fo, and f>. The color bar shows

the amplitude of the acoustic pressure field.

the two identical HRs are symmetrically grafted to the tube
and only one dip occurs in the transmission curve. For
L # 0, the two HRs will couple together and the transmis-
sion splits into two dips. In Fig. 3(b), as L increases from
8 to 15.5 mm in steps of 2.5 mm, the coupling between the
two HRs becomes weak, so the two dips get close to each
other. We choose the case of L = 8 mm to explain the ATS
mechanism. Similarly, using Eq. (2), we can obtain the het-
erogeneous surface-response functions Gy, G, and Gy
as shown in Fig. 4(a). The structure can be regarded as qua-
sisymmetric because the two HRs have identical geometric
parameters. Consequently, the off-diagonal term Gy, of the
surface response is much smaller than the diagonal terms
Gy and Gy even at an eigenfrequency that has a small
contribution to the surface response. Using Eqgs. (3) and
(4), we get the theoretical transmission curve without con-
sidering loss and compare it with the simulation results as
shown in Fig. 4(b), revealing quite good agreement. The
two transmission curves split into two dips at frequencies
f1 and f>, where Goo = Gy because of the contributions of
the monopolar mode and the dipolar mode to the surface
response at the right-end offset as shown in Figs. 4(c) and
4(e). k is a pure imaginary value at that time sosound waves
cannot propagate to the right end of the tube. Figure 4(d)
shows the acoustic pressure field at f;, where the surface
responses at the two ends are out of phase since the dipolar
mode plays the important role in the surface response. The
effect of G on the curve is greater than that of Gy with

the same sign. Consequently, G has a bigger contribution
than Gy to the pressure field.

IV. FITTING CURVES TO DISTINGUISH
BETWEEN ATS AND AIT

For a given transmission curve with two dips and one
transparent window, it is difficult to distinguish between
AIT and ATS. Numerical fitting methods [19,20,34] have
been proposed to distinguish between ATS and EIT. We
can select m points from the transmission curve, and the
corresponding coordinates are (xg, Vg ), - - - , (X, Vi), Where
x; 1s the abscissa and y; is the ordinate (i = 1,...,m). We
use the following fitting formulas, which require us to input

value (xo,...,x;) and compare m obtained values with
vertical coordinate values (yy, . . ., V»). The fitting formula
for AIT is
r\° r.\*
(3 el
Tarr=1-—

2 22
f —fo—e)+ (%) f —fo)? +<F2—‘)
)

where f; is the frequency corresponding to the peak, and
C,,C_,T'y, T'_, and ¢ are free parameters to fit with the
experimentally obtained transmission curve. Obviously,
the opposite signs of the second term and the third term
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cause destructive interference, resulting in a transparent
window shown as AIT. The fitting formula for ATS is

M\ m\2
oy = G =2
2 2

2 2°
o~/ + (%) f —h)+ (%)
©)

where f] and f, are the frequencies corresponding to the
two dips, and C;, Cy, ', and I, are free parameters to fit
with the experimental data. The signs of the second term
and the third term are both negative, which is different from
the EIT case.

Since the fitting degree is closely related to the selection
of the initial value of the free parameter, it is recommended
to consider the physical meaning of the free parameter
to set a reasonable initial value, where C;, C,, C,, and
C_ are the amplitudes of the Lorentzian curves, '}, [,
'y, and I"_ are their respective full width at half maxi-
mum, and ¢ is the shift from fy with a small value. We use
the least-squares method to fit the transmission-coefficient
equations (5) and (6) with the same experimental data in
two cases; the fitting results are shown in Figs. 5(a) and
5(b). As shown in Fig. 5(a), in the case of 4; = 12.5 mm
and 4, = 11.5 mm, where the AIT effect appears in Fig.
1(b), the fitting curve using AIT-model Eq. (5) matches
very well with the experimental data, the peaks and dips of
which are well represented, while the fitting curve obtained
with the ATS-model equation (6) absolutely fails to match
as expected. The agreement for the AIT model supports
the proposed physical mechanism to design acoustically
induced transparency with the help of Fabry-Perot reso-
nance. As shown in Fig. 5(b), in the case of L = 8 mm,
where the ATS effect appears in Fig. 3(b), the ATS model
provides a better fitting with the experimental data than the

Tars =1-—
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FIG. 5.

AIT model for the transparent window, which suggests that
the ATS effect originates from the strong coupling between
the two HRs without Fabry-Perot resonance.

AIT and ATS are designed with the fundamental physi-
cal insights and proved by numerical fitting methods. Here
we further apply the AIC to calculate their weights. The
AIC is a measure of the relative weight for a test model
with a given data set, and estimates the proportion of each
model. In the special case of least squares with normally
distributed errors, the AIC can be expressed as

%AIC = mlogé? + 2K;,

i=AlTor ATS, (7)

/\2 _ m /\2
where 6° = (Zj:l &

obtained, §]2 are the estimated residuals from the fitting
model, &; = y; — ¥, with y; being the real value and
being the fitting results [35], and X; is the total number
of free parameters in the corresponding model. Thus, the
AIC is easy to compute from the results of least-squares
estimation. We use the Akaike weight to treat the model as

probabilities:

) /m, m is the number of values

_exp(—1/2)
Y exp(—1i/2)

where I; = # A€ /m.

We plot the AIC weight versus the height difference
from Fig. 1(a) in Fig. 6(a) and that of the acoustic struc-
ture proposed in Fig. 3(a) as a function of center distance
L in Fig. 6(a). Figure 6(a) shows the calculated results for
two HRs with different heights (4, # h;) but fixed distance
L = 47.9 mm. The per-point weight of the AIT model is
greater than 0.5 for 0.4 mm < A/ < 2.6 mm, which means
AIT pertains. For Ak < 0.4 mm, Fabry-Perot interference
is weak, resulting in a minor peak. For A4 > 2.6 mm, the
frequencies of the two HRs are sufficiently separated and

i=AIT or ATS,  (8)

(b) 1.0
—— ATS model
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Comparison of the fitting curves obtained with the ATS model (red line) and with the AIT model (blue line) with experimental

results (open circles) (a) in the case of #; = 12.5 mm and 4, = 11.5 mm as in Fig. 1(b) and (b) in the case of L = 8 mm as in Fig. 3(b).
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FIG. 6. Per-point AIC weight as a function of (a) height difference (Ah = h; — h;) and (b) distance L for the acoustic structure
presented in Figs. 1(a) and 3(a), respectively, based on simulation data.

so the transmission spectrum behaves like two individ-
ual dips with a weak interference effect, as shown by the
decrease in Wurr. However, the transmission curve (e.g.,
Ah > 2.6 mm) is not induced by the ATS effect as the two
dips exactly coincide with their own resonances without
a coupling effect, not as Wur in Fig. 6(a). In Fig. 6(b),
the calculation is for two identical HRs, i = h, = 12 mm.
The per-point AIC weight of the ATS model is greater than
0.5 when L is tuned between 3 and 25 mm, so ATS per-
tains. When L < 3 mm, the coupling effect between the
two HRs becomes weaker. Although the weights of the
EIT model and the ATS model are both 50%, the weight
of AIT cannot support the contribution of AIT from the
essential physics. From the above, it is important to ana-
lyze the AIC weight of AIT and ATS together with their
physical principles to avoid any misunderstanding.

V. CONCLUSION

In conclusion, we design two kinds of acoustic struc-
tures that generate transparent windows in the transmission
spectrum that are shown as AIT and ATS. Each struc-
ture has two HRs connected to a cylindrical tube. In the
structure where AIT appears, we use two HRs with dif-
ferent heights to obtain different resonant frequencies and
select the appropriate value of L to make the Fabry-Perot
frequency fall between the resonant frequencies of the
two HRs. In the structure in the ATS case, we change L
only within small values, eliminating the effects of Fabry-
Perot resonance in the frequency range studied to create
strong coupling between the two identical HRs and explic-
itly show the process where an energy level splits in
two. Meanwhile, by applying the surface-response Green’s
function of these two kinds of acoustic structures, we can
explain the physical mechanism of the two dips.

Discerning AIT and ATS is complex and lengthy when
the AIC method is used. Our designed acoustic structures

depending on AIT and ATS intrinsic mechanisms are able
to distinguish them in a simple way while realizing both
AIT and ATS in experiments and simulations. The applica-
tion of the AIC also illustrates that our discerning from the
intrinsic mechanism is accurate. However, the AIC method
is limited to physically understanding AIT and ATS in a
specific parameter domain, which has to take their essential
principles into account. Our method can be used for differ-
entiating between AIT and ATS in other three-level sys-
tems, and can be designed for potential applications with
ensured AIT or ATS. AIT can be applied to design gradi-
ent acoustic index structures [36] due to the reduction in
sound group velocity; ATS is a good candidate for sensing
applications because of the coupling-strength dependence.
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