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ABSTRACT
Plasma actuators provide an effective means of flow con-

trol without altering aerodynamic geometry, yet the ampli-
fication mechanisms underlying their optimal actuation in
compressible wakes remain insufficiently understood. In the
present work, resolvent analysis is employed to investigate
the linear input-output amplification between forcing and re-
sponse for subsonic compressible flow past a square cylin-
der. Plasma actuation is represented using both global forc-
ing and localized Gaussian body forcing, and the effects of
Reynolds number, Mach number, and forcing location are ex-
amined systematically. Using this framework, we show that
the square-cylinder wake is governed by a single dominant
frequency-selective amplification mechanism over the param-
eter range considered. At low Mach number, the optimal re-
solvent response closely matches the critical global instability
mode. Varying the Mach number preserves the same dominant
branch, but shifts the optimal frequency toward lower values
and changes the amplification level. For localized Gaussian
body forcing, the same underlying mechanism remains domi-
nant, and the top forcing configuration yields the strongest lo-
cal amplification. The present results show that input-output
analysis provides a physically interpretable framework for
identifying the dominant amplification mechanism and for as-
sessing the effectiveness of plasma-actuator forcing in com-
pressible wakes.

INTRODUCTION
Plasma actuators provide an attractive means of flow con-

trol because they can modify the flow without altering the aero-
dynamic geometry (Cattafesta & Sheplak, 2011). Owing to
this feature, they have been widely studied for applications
such as drag reduction, separation control, and noise mitiga-
tion (Abe et al., 2023; Zhu et al., 2026). Plasma actuators
have been successfully used to suppress laminar flow separa-
tion in supersonic flows by generating local heating and en-
training high-momentum fluid, yet the mechanisms that am-
plify actuator forcing into large-scale flow responses remain
unclear in compressible wakes (Chen et al., 2022). Lakshmi
Narasimha Prasad & Unnikrishnan (2024) numerically investi-
gates the noise reduction mechanism of a Mach 1.5 rectangular
jet using localized arc filament plasma actuators. The results
show that the azimuthal actuation pattern M2 achieves the best
noise reduction of up to 2.6 dB by suppressing high-energy
supersonic modes and enhancing low-radiation helical modes,
with negligible influence on the mean flow. For bluff-body

wakes, however, especially in compressible flows, the mecha-
nisms by which actuator forcing is amplified into large-scale
flow responses remain insufficiently understood. A clearer
physical description of these amplification processes is needed
in order to guide the design of effective actuation strategies.

Resolvent analysis provides a useful input-output frame-
work for this purpose. By linearizing the Navier–Stokes equa-
tions about a given base flow, it quantifies how external forc-
ing is amplified into flow response and identifies the most am-
plified forcing-response structures. Such a framework is par-
ticularly attractive for model-based flow control (Jovanović,
2021). Recent studies have combined global resolvent anal-
ysis with spectral proper orthogonal decomposition (SPOD)
and successfully applied them to the design of optimal forcing
height and frequency for plasma actuators on airfoil surfaces,
validating the effectiveness of this approach in model-based
active flow control (Shi et al., 2026). Nevertheless, its appli-
cation to plasma-actuator design in compressible bluff-body
wakes is still limited, especially regarding how the dominant
amplification mechanism depends on Reynolds number, Mach
number, and actuator placement. In addition, while previous
studies have often employed simplified actuator representa-
tions, the influence of localized forcing distribution on the op-
timal response structure has not been systematically clarified
for compressible wake flows.

In the present work, we apply resolvent analysis to sub-
sonic compressible flow past a square cylinder, with plasma
actuation modeled as both global forcing and localized Gaus-
sian body forcing. The effects of Reynolds number, Mach
number, and forcing location on the gain characteristics and
optimal forcing-response modes are examined systematically.
The results show that the wake is governed by a single domi-
nant amplification mechanism, while Mach number and forc-
ing location mainly modify the optimal frequency and ampli-
fication level rather than the underlying input-output structure.

METHODS
The current work focuses on compressible flow, whose

governing equations under external forcing can be expressed
as

∂qqq
∂ t

= L (qqq)+BBB fff , yyy =CCCqqq, (1)

where L denotes the linearized Navier-Stokes operator based
on steady or time-averaged base flow, q = (ρ,ρuuu,ρe) is the
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state vector, and fff represents the external forcing. A calor-
ically perfect gas is considered in the present study, and the
viscosity µ is calculated using Sutherland’s law. Within the
framework of input–output analysis (Jovanović, 2021), BBB is
the input operator that defines how the forcing is applied,
while CCC is the output operator that maps the state to the re-
sponse of interest for optimization. Resolvent analysis offers
an input–output framework well-suited for model-based flow
control, in which the Navier–Stokes equations are linearized
around a base flow, and the resulting linear operator quantifies
how external forcing inputs are amplified into flow response
outputs, offering direct guidance to the design of optimal actu-
ation strategies.

Specifically, consider harmonic forcing through a tem-
poral Fourier transform of forcing and response, such that
fff = f̂ff e−iωt , leading to an input-output relationship given by

q̂qq =CCC(−iωIII −L )−1BBB f̂ff = HHHω f̂ff , (2)

where HHHω is the resolvent operator which acts as a transfer
function between the forcing and the response at frequency ω ,
and III denotes the identity matrix. In practice, the frequency
of harmonic forcing can be regarded as analogous to that of
a plasma actuator, which is typically driven by alternating
current (AC) voltage (Suzen et al., 2005; Benard & Moreau,
2010).

Following a recent work of Kawai et al. (2018), the
plasma actuator is modeled using a simplified body-force rep-
resentation, which is incorporated through the input operator

BBB(x,y,kz) = Asz exp

[
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z k2
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]
, (3)

where A is the amplitude of the Gaussian distribution. A
Fourier transform is applied in the homogeneous z direction
in order to facilitate the bi-global resolvent analysis. The cen-
ter and the shape of the Gaussian distribution are controlled by
(x0,y0,kz) and (sx,sy,sz), respectively, where kz is the span-
wise wavenumber. Note that in the current work, no con-
straints are imposed on the response mode, i.e., CCC = III. The
optimal energy amplification strategy induced by the afore-
mentioned plasma actuators can be evaluated using singular
value decomposition (SVD) (Rolandi et al., 2024), where sin-
gular values give the gains, the left and right singular vectors
correspond to the response and forcing modes, and disturbance
energy is measured by Chu’s energy norm (Chu, 1965).

In practice, the numerical simulations and resolvent anal-
yses are computed based on an open-source finite-element
code FreeFem++ (Hecht, 2012). The primitive variables are
discretized on an unstructured mesh generated by a Delau-
nay triangulation procedure with the built-in mesh generator
Bamg. Quadratic P2 elements are used for the velocity com-
ponents, while linear P1 elements are adopted for pressure,
temperature, and density. The resulting nonlinear algebraic
system is solved by a Newton-Raphson procedure, and the lin-
ear systems arising at each iteration are handled with the multi-
frontal sparse LU solver MUMPS (Amestoy et al., 2001). The
two-dimensional square cylinder has a side length of D = 1
and is centered at the origin. The computational domain is
x∈ [−50,100], y∈ [−40,40], with a main region x∈ [−25,70],
y ∈ [−20,20], and the surrounding outer region is used as a
sponge layer to damp outgoing disturbances and suppress re-
flections near the inlet, outlet, and the upper and lower bound-

aries, following Fani et al. (2018). A thorough sensitivity anal-
ysis of the domain size, sponge layer, and grid resolution has
been performed for all cases considered in the present study.

RESULTS AND DISCUSSION
In the current work, resolvent analysis is performed for

subsonic compressible flow past a square cylinder under dif-
ferent Reynolds and Mach numbers. The computational setup
follows Kumar et al. (2021), with a uniform inflow at the
inlet and symmetry boundary conditions at the top and bot-
tom boundaries. The results below are organized to examine
the Reynolds-number effect on the dominant gain branch, the
Mach-number dependence of the optimal frequency and modal
structure, and the influence of localized Gaussian body forcing
on the input-output amplification mechanism.
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Figure 1: Resolvent gains at different Reynolds numbers
at Mach number Ma = 0.1.

The results for weakly compressible flow at Ma = 0.1 are
first examined, as shown in Figure 1. The gain–ω curves ex-
hibit a single pronounced resonant peak for all Reynolds num-
bers considered, indicating that the flow response is governed
by an unique dominant frequency. As the Reynolds number
increases, the maximum gain rises rapidly, whereas the peak
frequency remains confined to a narrow range with only lim-
ited variation. Nevertheless, despite little change in the char-
acteristic frequency of the dominant mode as Re increases, its
amplification becomes progressively stronger. In other words,
the main effect of increasing Re is a progressive strengthening
of the same dominant mode, rather than a shift in its domi-
nant frequency. In particular, the largest amplification occurs
at the critical Reynolds number Rec ≈ 45, consistent with the
onset of instability predicted by linear stability analysis. At
the weakly compressible condition, the critical frequency ob-
tained from the stability analysis is 0.653, while the optimal
frequency predicted by resolvent analysis under the same con-
dition is 0.676. The close agreement between these two val-
ues indicates that the most amplified resolvent response al-
ready captures the characteristic frequency of the critical in-
stability mode. Therefore, consistent with the incompress-
ible global stability results of Chiarini et al. (2021), the low-
Mach-number square-cylinder wake is governed by a single
frequency-selective structure whose amplification peaks near
the critical condition.

Additionally, the dominant resolvent modes at Ma = 0.1
are compared with the global eigenmodes in Figure 2. The
response and forcing modes nearly coincide with the global
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Figure 2: Comparison of stability modes (left) with resolvent modes (right) at Mach number Ma = 0.1 and the critical
Reynolds number Rec = 45: (a), (b) streamwise component of the direct and response modes, respectively; (c), (d)
streamwise component of the adjoint and forcing modes, respectively.
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Figure 3: Resolvent analysis at different Mach numbers: (a) optimal amplification (gain) as a function of frequency for
different Mach numbers; (b) contour map of the gain in the (ω , Ma) plane, where the peak frequencies identified from
panel (a) are marked by red circles.

direct and adjoint eigenmodes, respectively. Therefore, at
the transition threshold, the resolvent analysis and the linear
stability analysis provide a consistent physical description of
the same instability mechanism, namely a globally selected
wake mode that first becomes unstable through the supercriti-
cal Hopf bifurcation. Specifically, the response mode displays
an asymmetric structure that develops downstream, which is
typical of the primary instability of wake flows. The adjoint
mode and the forcing mode exhibit highly similar spatial distri-
butions and are both concentrated in the vicinity of the square

cylinder and the near-wake shear layers. The clear distinction
between forcing and response regions suggests that the near-
body region serves as the principal receptivity region, while
the downstream wake contains the most amplified flow struc-
tures.

The effect of compressibility is further investigated in
Figure 3. At Re = 45 ≈ Rec, the resolvent gain curves in panel
(a) exhibit a single dominant peak for all Mach numbers con-
sidered, indicating that the flow response remains governed by
a single dominant amplification mechanism at similar frequen-
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Figure 4: Comparison of streamwise components of resolvent modes at different Mach numbers: (a), (b) streamwise
components of response and forcing modes, respectively, at Ma = 0.3, and (c), (d) streamwise components of response
and forcing modes, respectively, at Ma = 0.5.
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Figure 5: Streamwise components of resolvent modes at Ma = 0.6: (a) response mode, (b) forcing mode.

cies over the range of Mach numbers considered. The corre-
sponding gain map in panel (b) further confirms that these peak
frequencies lie on a continuous high-σ region in the (ω , Ma)
plane, suggesting that the change of Ma mainly shifts the op-
timal frequency and modifies the amplification level along the
same dominant branch. In particular, the maximum gain at
Ma = 0.5 is almost twice that at Ma = 0.1, demonstrating that
compressibility strengthens the dominant amplification while
slightly shifting the optimal response toward lower frequen-
cies. The trend is also confirmed in the spatial modes in Fig-
ure 4. Although the gain level and optimal frequency vary with
Mach number, the response modes at Ma = 0.3 and Ma = 0.5

retain nearly the same downstream oscillatory wake structure,
while the forcing modes in both cases remain concentrated
around the square cylinder and the near-wake shear layers.
This indicates that the dominant input-output organization is
essentially unchanged with increasing Mach number. Specif-
ically, the near-body region continues to act as the principal
receptivity region, whereas the downstream wake remains the
principal response region. In other words, the Mach number
mainly affects the strength and selected frequency of the dom-
inant resolvent branch, rather than introducing a qualitatively
different amplification mechanism. In addition, at Ma = 0.6,
the streamwise components of the optimal response and forc-
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Figure 6: Results of 2-D input-output analysis with localized Gaussian body forcing: (a), (c) optimal amplification (gain)
for global and localized Gaussian forcing at Re = 45 and Re = 100, respectively, with solid lines for Ma = 0.1 and dashed
lines for Ma = 0.6; (b), (d) localized forcing modes at Ma = 0.6 for Re = 45 and Re = 100, respectively.

ing modes at Re = 45 are shown in Fig. 5(a,b). Similar to
the low-Ma counterparts, the response mode exhibits a down-
stream oscillatory wake structure, whereas the forcing mode
is localized in the vicinity of the square cylinder and the near-
wake shear layers, indicating a clear spatial separation between
the principal receptivity region and the principal response re-
gion.

Moreover, following the numerical study of Anzai et al.
(2017) on flow control of a square cylinder using plasma actu-
ators, three distinct forcing regions are considered on the left,
right, and top boundaries, while the bottom boundary is iden-
tical to the top by symmetry. The plasma actuators are mod-
eled according to equation (3) and incorporated into the input
matrix of the resolvent analysis, enabling identification of the
optimal forcing in the restricted regions from the viewpoint
of nonmodal stability analysis (Schmid & Brandt, 2014). The
corresponding input-output results are summarized in Figure
6. At the relatively low Reynolds number of Re = 45, the gain
curves at different forcing regions are presented in panel (a),
where solid lines denote Ma = 0.1 and dashed lines denote
Ma = 0.6. According to the peak frequencies marked by the
gray dashed lines, the dominant peak is located at ω = 0.651
for Ma = 0.1 and at ω = 0.557 for Ma = 0.6. Thus, at a fixed
Reynolds number, increasing the Mach number leads to a de-
crease in the optimal frequency. In all cases, the global forcing
yields the largest amplification. Among the localized Gaus-
sian forcings, the top forcing is the most effective, followed
by the right and left forcings. This indicates that the forcing
location affects the amplification level, although the dominant
response mechanism remains unchanged. The finding differs

from the structural sensitivity analysis indicated by the adjoint
modes (see, e.g., Figure 5(b)), which suggests that the wake
region is most sensitive to perturbations. Such differences are
expected, since the optimal gain obtained from resolvent anal-
ysis is determined from the perspective of energy amplifica-
tion and does not rely on the assumption of exponential growth
of infinitesimal perturbations. The result highlights that, even
for the supercritical Hopf bifurcation examined in the present
study, nonmodal stability analysis can offer fundamentally dif-
ferent predictions from eigenvalue-based modal analysis when
providing guidance for flow control. Moreover, similar trends
are also observed at Re = 100, as shown in panel (c). The
dominant peak is located at ω = 0.666 for Ma = 0.1 and at
ω = 0.573 for Ma = 0.6, while the overall gain level is sub-
stantially increased. The localized forcing modes shown in
panel (b,d) further confirm that the Gaussian body forces re-
main concentrated in the near-body sensitive region. Over-
all, the current results indicate that localized Gaussian forcing
preserves the same underlying input-output mechanism as the
global forcing, while increasing Mach number shifts the opti-
mal frequency toward lower values and modifies the amplifi-
cation level.

CONCLUSIONS
In the present work, we investigated the linear input-

output amplification characteristics of subsonic compressible
flow past a square cylinder using resolvent analysis. Over
the parameter range considered, the wake is governed by a
single dominant amplification mechanism. Near the critical
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condition, the optimal resolvent response is closely related to
the primary global instability mode, while the optimal forc-
ing remains concentrated in the near-body and shear-layer re-
gion, indicating a clear separation between the main receptiv-
ity region and the main downstream amplification region. In-
creasing Mach number preserves the same dominant branch,
but shifts the optimal frequency to lower values and modifies
the amplification level, while the overall forcing and response
structures remain qualitatively similar. The findings demon-
strate that resolvent analysis provides a physically meaningful
framework for identifying the dominant amplification process
in compressible square-cylinder wakes.

Furthermore, following Anzai et al. (2017), the control
performance of plasma actuators located at different edges of
the square cylinder is also analyzed from a theoretical per-
spective based on the input-output framework. The results
show that actuator placement mainly affects the achievable
amplification level rather than the dominant wake mechanism.
Among the localized Gaussian forcings, the top-edge actuator
is consistently the most effective, followed by the right- and
left-edge actuators, although the highest gain is still achieved
with global forcing. In all cases, the dominant response struc-
ture remains essentially unchanged, indicating that different
actuator locations do not alter the underlying amplification
process. The results indicate that the effectiveness of plasma
actuation depends strongly on actuator placement, with the top
edge emerging as the most favorable control location among
the configurations considered.

Overall, the present study demonstrates that resolvent
analysis provides a physically interpretable framework for
identifying the dominant amplification mechanism, the most
effective forcing-response structures, and the relative perfor-
mance of different localized actuation strategies in compress-
ible square-cylinder wakes. Future work will extend the
present analysis beyond the current linear and simplified forc-
ing framework by incorporating more realistic plasma-actuator
models, three-dimensional effects, spanwise-dependent forc-
ing, and nonlinear input-output analysis that accounts for
higher-order harmonic interactions (Rigas et al., 2021). It
would also be valuable to combine the present resolvent anal-
ysis with control-oriented optimization and high-fidelity simu-
lations to assess the performance of the predicted optimal forc-
ing strategies in practical flow-control configurations.
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