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ABSTRACT  

Induced transparency and absorption effects can be observed in the throughput of an optical microresonator that has two 
coresonant modes with very different quality factors.  There are several different methods for achieving these effects, 
which enable slow light and fast light, i.e., the delay or advancement of an incident resonant pulse.  For example, mode 
coupling can be employed.  This coupling can take place between modes of the same polarization or modes of 
orthogonal polarization.  Another method is based on superposition, when two orthogonally polarized modes are driven 
simultaneously by linearly polarized input light and throughput of the same polarization as the input is detected.  In 
general, induced transparency is accompanied by pulse delay, whereas induced absorption can be accompanied by pulse 
advancement or delay.  A number of different methods for producing induced transparency or absorption are compared 
here.  Several properties are considered for comparison.  One involves the widths of the induced transparency or 
absorption window and of the corresponding spectral region of steep dispersion.  Achievable pulse delays or 
advancements, along with pulse distortion and delay-bandwidth (or advancement-bandwidth) products, are also 
compared.  Different methods allow for different amounts of control over various system parameters, and these are 
compared as well.  The differences among the several methods are evaluated in consideration of suitability for 
employment in various applications.   
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1. INTRODUCTION  
The throughput of a single microresonator can exhibit induced transparency or induced absorption effects.  For example, 
these can be observed when tunable laser light is injected via a tapered-fiber coupler into a dielectric microresonator 
such as a fused-silica hollow bottle resonator (HBR) that has two coresonant (frequency-degenerate) whispering-gallery 
modes (WGMs) having very different quality factors (Qs).1  Induced transparency is generally accompanied by pulse 
delay (slow light), whereas induced absorption can show pulse delay or pulse advancement (fast light).  Three methods 
involving a pair of copropagating WGMs will be considered here.  Coresonance can happen by coincidence, but it can 
also be introduced in a controllable way by strain tuning (axial stretching of the HBR).  Whispering-gallery 
microresonators have two orthogonally polarized families of modes, TE (transverse electric) and TM (transverse 
magnetic).  Because the birefringence induced by strain tuning causes the two types of modes to tune at different rates, it 
can be used to impose frequency degeneracy between a TE mode and a TM mode.2-4  Strain tuning also causes WGMs of 
the same polarization but different radial orders to frequency-shift at different rates, and can be used to make them 
coresonant.5-7   

The first method for achieving induced transparency and absorption uses cross-polarization coupling (CPC).  Light of 
one polarization circulating in a WGM of the microresonator can be coupled into a coresonant WGM of the orthogonal 
polarization.  This CPC is likely a result of weak polarization rotation, but for our purposes it can be treated as weak 
scattering.  In this case, the input light and detected throughput is one polarization, say TE.  Because of CPC, the 
interaction with a coresonant TM WGM produces a throughput spectrum (as the driving laser is scanned in frequency) 
showing cross-polarization coupled-mode induced transparency and absorption (CMIT, CMIA).8,9  An input pulse whose 
center frequency is resonant will be delayed or advanced.  These effects are similar to the coupled-resonator-induced 
transparency and absorption (CRIT, CRIA) observed in coupled whispering-gallery microresonators,10,11 except that 
output from the non-driven WGM can also be detected here.   
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In the case of CMIT and CMIA, the light incident on the microresonator is linearly polarized so as to directly excite only 
one family of modes, say TE, and the mode coupling effects are observed as a splitting or modification of the shape of 
the resonant TE throughput dip.  The second method uses incident light linearly polarized at 45° (for example) in the TE-
TM basis to drive coresonant modes of the two polarizations and produce induced transparency or absorption in the 
throughput of the same linear polarization as the incident light.  This occurs even in the absence of cross-polarization 
mode coupling, demonstrating that mode superposition is sufficient to produce these effects, including pulse delay or 
advancement.  The effects induced in this manner are referred to as coresonant polarization induced transparency and 
absorption (CPIT, CPIA).8,9  

For the third method, linearly polarized light is input and excites only TE (or TM) modes; two modes, of like 
polarization but different radial order, are coresonant and coupled to each other.  In this case, the coupling between 
modes is mediated by the input/output coupling fiber – light circulating in one WGM couples out into the fiber and then 
immediately back into the other WGM.5,12,13  We use FMIT and FMIA to refer to the fiber-mediated induced 
transparency and absorption effects seen using this method. 

A simple ring-cavity model has been used to study the effects observed in the three methods.  Numerical application of 
the model can be used to produce plots that can be used for comparison with experimental results.1  In this work, 
however, the emphasis will be on analytical results that can be used to compare the three methods.  The main results to 
be presented here are for the width of the transparency window and for the group delay or advancement. 

 

2. MODEL 
Physical insight into IT and IA in a single microresonator can be gained by using a simplified model based on a ring 
cavity.  The model based on the cavity sketched in Fig. 1 is designed for CMIT/CMIA with cross-polarization mode 
coupling.  With minor modifications, it can be used for all three methods studied here; comments on how to do this in 
each case will be presented in the discussion below. 

 
Figure 1.  Ring cavity model.  Two input fields are injected into the resonator, where they couple to each other.  The net 
reflected fields are analogous to the throughput fields in a whispering-gallery microresonator system.  The labeled fields and 
system parameters are defined and discussed in the following text. 

 

For cross-polarization coupling (CPC), the Ej (j = 1,2) are orthogonal polarization components of the input field.  
Input/output coupling occurs at the partial reflector, which has reflection and transmission coefficients rj and itj; this 
partial reflector is assumed to be ideal, so that Rj+Tj = 1, where 22  and jjjj tTrR == .  Immediately after the fields enter 

the cavity, CPC (modeled here as cross-polarization scattering) takes place with an amplitude its.  Thus, 22 1 sss rtT −==  
is the CPC probability per round trip, and is the measure of intermodal coupling strength.  The intracavity fields of the 
two orthogonally polarized modes just before and just after the input/output coupler are 

jj cs EE  and , respectively.  In 
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propagating one intracavity round trip of length L, the fields undergo intrinsic losses Ljα  and accumulate phases jδ .  

The
jrE denote the throughput fields, which are given by 

  
2211 222111      and     srsr EitErEEitErE +=+= . (1) 

The intracavity fields satisfy these differential equations: 
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where the 
jrtτ are the round-trip times in the two modes.  WGMs of different orders or different polarizations can have 

different effective refractive indices, hence different propagation constants and different round-trip times, even when 
they have the same frequency.  Substituting Eqs. (2) into the time derivatives of Eqs. (1) then gives the differential 
equations for the throughput fields.  In Eqs. (2), the complex decay rates jγ  are given by 
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where jκ  is one-half the inverse cavity (photon) lifetime of mode j and jθ  is the detuning of the resonant frequency of 
mode j from the input frequency in units of half the mode linewidth.  Note that the quality factor of mode j can be 
written as ( )jjjjjQ κωτω 2== , where jω is mode j’s resonant frequency and jτ  its photon lifetime.  When the model 
is solved numerically, the possibility of a slight offset from coresonance between the two modes is allowed.  For CMIT 
and CMIA, only one input field is nonzero, and only the throughput corresponding to that polarization is observed.  The 
CPC strength Ts is treated as a free parameter determined by fitting to experimental results.  Examples of numerical 
results are shown in the following two figures. 

 
Figure 2.  CMIT (CPC).  Left to right:  steady-state throughput power spectrum, steady-state dispersion, pulse response – 
input Gaussian pulse in black and delayed throughput pulse in blue. 

 

 
Figure 3.  CMIA (CPC).  Left to right:  steady-state throughput power spectrum, steady-state dispersion, pulse response – 
input Gaussian pulse in black and advanced throughput pulse in blue. 
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analogy to the probe absorption spectrum in EIT,14 allows an expression for the IT spike width to be found.  The 
resonant dispersion slope is proportional to the group delay (or advancement, if negative) as will be discussed in the 
Results section below. 

To apply the model to CPIT and CPIA, the input field is 2/)( 21 EEEi +=  with E1 and E2 taken to be equal (45° 

linear polarization), Ts = 0, and the throughput field is 2/)(
21 rrr EEE += .  For FMIT and FMIA, there is only one 

input field (Ei) and one throughput field (Er), but two intracavity fields.  The input/output coupling loss coefficients itj 
describe coupling from the input field into each intracavity mode and from each intracavity mode into the throughput 
field.  In this case, the intermodal coupling amplitude its is replaced by –t1 t2/2.5,12,13 

 

3. RESULTS 
Some analytical results from the model are presented in this section.  Unless noted otherwise, it will be assumed that Q1 
<< Q2, and the most common limit to be considered will be the one in which both WGMs are strongly overcoupled.  The 
coupling regime is described in terms of the ratio of coupling loss to intrinsic loss, LTx jjj α/= ; a ratio < 1 denotes 
undercoupling, a ratio = 1 indicates critical coupling, and a ratio > 1 means overcoupling.  Strong overcoupling thus 
implies xj >> 1.  The quality factor Qj is inversely proportional to the total loss: 
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where n is the effective refractive index of the mode, a is the resonator radius, and λ and ν  are the wavelength and 
frequency of the light.  The WGM linewidth Δνj is thus proportional to the total loss. 

The model is solved in steady state to find the ratio of the (complex) throughput field to the (assumed real) input field.  
This ratio is then used as outlined in the previous section to find the throughput spectrum and dispersion as functions of 
the detuning of the input frequency from resonance.  Since the difference in the refractive indices of the two modes is 
small, we take them to have the same effective n, implying that the phase detunings can be taken to be equal, and so 
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gives the relation of δ to the frequency detuning ν – ν0.  Note from Eqs. (4) and (5) that the WGM linewidth in phase is 
simply equal to the total loss:  Δδj = Tj + αjL. 

3.1 Transparency window (throughput spike) width 

For the case of CMIT, the following result is obtained for the inverted throughput spectrum: 
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Note that it has not been necessary to assume strong overcoupling here.  By analogy with the similar expression for the 
probe absorption coefficient in EIT, the phase width of the transparency window is seen to be 
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For typical values of Ts, the frequency width of the transparency window will be the same order of magnitude as the 
width of the higher-Q WGM (Δν2).  It may be slightly smaller, but not orders of magnitude smaller. 

In the case of CPIT, Ts = 0; for both WGMs strongly overcoupled, we find 
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and 

  2TIT =Δδ . (9) 

This is exactly the width of the higher-Q WGM.  In comparison to CMIT with strong overcoupling, where the intrinsic 
loss in Eq. (7) becomes negligible, it is as if the intermodal coupling strength Ts has been replaced by T1T2/4.  
Interestingly, as noted at the end of Section 2, this is just what happens in FMIT. 

However, when FMIT is considered, for both WGMs strongly overcoupled and with equal throughput dip depths, so that 
x1 = x2, the result is 
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and 

  LIT 22αδ =Δ . (11) 

This width is now significantly less than the width of the higher-Q WGM (T2), because the mode is strongly 
overcoupled.  Thus FMIT has the potential to produce the narrowest transparency windows. 

3.2 Group delay 

The group delay is given in terms of the dispersion; specifically, it is proportional to the slope of the phase of the 
throughput with respect to the input, evaluated on resonance: 
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where φ(δ) is defined as in Section 2. 

For the case of CMIT/CMIA, the following expression is found for the slope in the limit where both WGMs are strongly 
overcoupled: 
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where the small-T2 limit corresponds to the case presented in Eqs. (6) and (7).  From the full expression, it can be seen 
that the group delay will be negative, and there will be pulse advancement, for the CPC strength within the range 
satisfying 
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For other values of Ts, there will be pulse delay. 

In the case of CPIT/CPIA with 45° linear polarization, but no assumptions as to the input/output coupling regimes or Q 
values of the two WGMs, the dispersion is 
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which goes to 2/T2 if both WGMs are strongly overcoupled and Q2 >> Q1, as in Eqs. (8) and (9).  Equation (15) shows 
that the condition for pulse advancement in this case is simply 

    121 <xx . (16) 

For FMIT/FMIA, with no assumptions as to the input/output coupling regimes or Q values of the two WGMs, the 
dispersion is 

    
( ) 1

4 2
21

2

2
2

1

2
1

0 −+

+
=

= xx
T
x

T
x

d
d

δδ
φ . (17) 

In the limit of both WGMs strongly overcoupled with equal throughput dip depths so that x1 = x2, and Q2 >> Q1, as in 
Eqs. (10) and (11), this goes to 1/T2.  In general, the condition for pulse advancement in this case is 

    ( ) 12
21 <+ xx . (18) 

For the three IT cases, if we take the pulse bandwidth to be equal to the transparency window width, the delay-
bandwidth products are given by 
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4. DISCUSSION 
First, let’s summarize the comparison of the three methods.  FMIT has the narrowest transparency window but the 
smallest delay-bandwidth product.  CMIT and CPIT are comparable in these two respects, but CMIT relies on having 
intermodal coupling as a result of CPC.  The strength of (or even existence of) CPC is not predictable for any given pair 
of coresonant orthogonal WGMs, as it likely depends on details of the spatial overlap (and perhaps phase matching) of 
the two modes.  It’s easy to find coresonance, however, so with no (or weak) CPC, CPIT can always be found.  Since 
CPIT also permits tuning of the pulse delay by changing the polarization angle of the input light,8 it seems to be the most 
versatile method for achieving and using induced transparency effects with a single resonator. 

The strong reduction of the delay-bandwidth product for FMIT, compared to the other two methods, is a distinctive 
feature.  It raises the question of whether a system could be designed to have a large factor such as x2 in the numerator 
rather than in the denominator.  An enhanced delay-bandwidth product would be very useful for applications. 

It is hoped that one or all of these three methods for using interacting (or at least superimposed) WGMs of a single 
resonator can contribute to enhanced techniques for sensing.  Chemical sensing can be done using frequency-shift or 
amplitude-change15 approaches, and fast light (pulse advancement) may be useful for enhancing the response of optical 
gyroscopes.16  Of the three methods, CMIA has the strongest constraint on achieving fast light; again, the advantage here 
goes to CPIA for induced absorption effects with a single resonator.  
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