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Exciting the long-lived Higgs mode in superfluid Fermi gases with particle removal
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Experimental evidence of the Higgs mode in strongly interacting superfluid Fermi gases had not been observed
until recently [Behrle ef al., Nat. Phys. 14, 781 (2018).]. Due to the coupling with other collective modes and
quasiparticle excitations, generating stable Higgs-mode oscillations is challenging. We study how to excite long-
lived Higgs-mode oscillations in a homogeneous superfluid Fermi gas in the BCS-BEC crossover. We find that
the Higgs mode can be excited by time-periodically modulating the scattering length at an appropriate amplitude
and frequency. However, even for a modulation frequency below twice the pairing-gap energy, quasiparticles are
still excited through the generation of higher harmonics due to nonlinearity in the superfluid. More importantly,
we find that persistent Higgs-mode oscillations with almost constant amplitude can be produced by removing
particles at an appropriate momentum, and the oscillation amplitude can be controlled by the number of removed
particles. Finally, we propose two ways to experimentally realize particle removal.

DOI: 10.1103/PhysRevA.107.023321

I. INTRODUCTION

The Higgs mode is an amplitude oscillation of the Higgs
field which plays an important role in mass generation for el-
ementary particles via spontaneous symmetry breaking [1-3].
As an analogy, the Higgs mode in condensed-matter systems
refers to an amplitude oscillation of the order parameter re-
lated to the spontaneous breaking of a continuous symmetry
[4-6]. While the excitation and detection of the Higgs mode
in high-energy experiments require extremely large-scale fa-
cilities such as the Large Hadron Collider at CERN, they
are feasible with tabletop experiments for condensed-matter
systems [7—17]. Therefore, the latter is an important test bed
for studying the Higgs mode and has been drawing attention,
especially after the detection of the Higgs boson in high-
energy experiments in 2012 [18,19].

The first work on the Higgs mode in condensed matter was
done by Volkov and Kogan around a half century ago [20],
although it was not called the Higgs mode at that time. They
found that the frequency of the Higgs mode in the supercon-
ductor is >~ 2A¢ /i (Ao is the pairing gap in equilibrium) and
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the amplitude decays with time ¢ in a power law of ¢ ~'/2. How-
ever, in the context of the BCS-BEC crossover in superfluid
Fermi gases, it was predicted that the amplitude decay follows
a different power law of ~3/2 in the Bose-Einstein condensa-
tion (BEC) regime [21], unlike the 1~'/? behavior in the BCS
regime. The earliest evidence for the existence of the Higgs
mode was found in superconductors [7], where unexpected
peaks in Raman scattering were revealed to be the Higgs mode
[22,23]. Since the realization of degenerate atomic Fermi
gases [24], there have been many theoretical studies on the
Higgs mode in superfluid Fermi gases with various types of
external drives, such as a sudden quench [21,25-35], ramping
[36-38], time-periodic modulation of the interaction strength
[36,37,39—41], and so on [42,43]. The visibility of the Higgs
mode in fermionic superfluids has also been studied [44—46].
Regarding the small oscillations around the equilibrium state
after quench, a decay is inevitable in homogeneous three-
dimensional systems in the BCS-BEC crossover since the
Higgs mode is coupled with the Goldstone mode due to the
absence of particle-hole symmetry [47]. On the other hand,
when the initial perturbation is sufficiently large or for some
particular nonequilibrium initial states, persistent Higgs-mode
oscillations have been predicted to be possible [26,28-30].
Generating stable Higgs-mode oscillations is important for
future practical applications. For example, persistent Higgs-
mode oscillations enable us to probe the information about the
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material phase, such as the interband couplings in multiband
superconductors (see, e.g., Refs. [48-50]) and the supercon-
ductivity in photoinduced states (see, e.g., Refs. [51-54]).
A long-lived Higgs mode is also possible in trapped two-
dimensional Fermi gases, where the trapping confinement
can stabilize the Higgs mode by making its decay channels
discrete [55]. However, experimental evidence for the Higgs
mode in atomic superfluid Fermi gases was observed only re-
cently [17] because generating stable Higgs-mode oscillations
against decay has been challenging.

In the present paper, we propose a scheme for generating
long-lived Higgs-mode oscillations in a homogeneous super-
fluid Fermi gas in the BCS-BEC crossover. We approach
this problem by numerical simulations of the time-dependent
Bogoliubov—de Gennes (BdG) equations. First, we consider
time-periodic modulations of the scattering length in the BCS-
BEC crossover. A basic idea behind this scheme is to sustain
the Higgs-mode oscillations against decay by a continuous
drive. Although this scheme can generate Higgs-mode oscil-
lations, other unwanted excitations are also created due to the
nonlinearity of the BdG equations. As an alternative scheme
to excite the Higgs mode, we propose an unconventional type
of quench by removing particles around a certain momentum.
This scheme can generate stable and persistent Higgs-mode
oscillations whose lifetime and amplitude are much larger
than those observed in a recent experiment [17]. By tuning
the momentum of the removed particles at the peak of the
pair wave function Fi, the long-lived Higgs mode can be
excited. Furthermore, the amplitude of the oscillations can
be controlled by the number of removed particles. The long
lifetime and large amplitude are strong advantages for future
experimental detections and investigations. Particularly, the
amplitude of the oscillations excited by this scheme remains
almost constant for a long time instead of experiencing prompt
power-law decay.

This paper is organized as follows. In Sec. II, we present
the formulation of our simulations. In Sec. III, we discuss
the scheme using the time-periodic modulation of the scatter-
ing length and its resulting higher-harmonic excitations. The
scheme of removing particles will be discussed in Sec. IV. In
Sec. V, we summarize our work and discuss how to experi-
mentally realize the particle removal.

II. FORMULATION

We consider a homogeneous superfluid Fermi gas at zero
temperature in the BCS-BEC crossover. Our system con-
sists of attractively interacting unpolarized (pseudo)spin-1/2
fermionic atoms. The time evolution of the pairing gap
A(t) is studied by numerically solving the time-dependent
Bogoliubov—de Gennes (TD-BdG) equations [56-58]:

gl w@| _ [ H A0 | w0 0
defu@®) ] [A*@) —H ||u@®)]

where H' = Ii*k*/(2m) — . = €, — ju is the single-particle

Hamiltonian with wave number k = |k| and €, = h’k? /2m, m

is the mass of an atom, and p is the chemical potential of the

reference equilibrium state introduced for convenience to re-

move the fast rotation of the overall phase. (In our simulations,
the initial equilibrium state is taken as the reference state.)

The time-dependent quasiparticle amplitudes uy(t) and vg(¢)
satisfy the normalization condition: |ug(t)|> + vk (2)|* = 1.
The pairing gap reads

A0 ==L Y w0 =1 Y RO, @
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where g is the coupling constant of the contact interaction and
V is the volume of the system. Here,

Fie(t) = we (1) v (t) 3)
is the pair wave function. The number density n of atoms is
2 , 2
n= o ) lu@F =2 ) ), )
k k
with
me(t) = Jo(0)? )

being the momentum distribution of atoms (either spin up or
spin down). The energy density £ is given by

2 1
€= VZek|vk<r>|2+§|A<r>|2. 6)
k

All the summations here are restricted to the energy range
0 < & < E,, where E. = h?k?/2m is the cutoff energy (k.
is the cutoff wave number), and the coupling constant g is
renormalized as [59-61]
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k<k,

where a is the s-wave scattering length.

In our numerics, we first solve self-consistently the gap
equation (2) and the number equation (4) for the equilibrium
solution for {uy} and {vx} by tuning the chemical potential in
an iterative way. Then we treat the equilibrium solution as the
initial state and solve the TD-BdG equations (1) in momen-
tum space using the fifth-order Adams-Bashforth backward
predictor-corrector method. In each step of the time integra-
tion, the corrector step is iterated until the absolute error of all
g and vy is less than 1076, The step size 8k of the momentum
grid is taken to be 8k = 0.001kg. The time step &t is typically
taken to be 8t = 0.00057/Er but is allowed to be adjusted to
reach convergence.

III. HIGHER-HARMONIC EXCITATIONS FROM
TIME-PERIODIC MODULATION

First, we consider time-periodic modulation of the cou-
pling constant g, which can be experimentally achieved by
modulating the magnetic field near a Feshbach resonance
[62-64] (see also Ref. [65] and references therein). The cou-
pling constant g is periodically modulated around the initial
value g as

gt) = go(1 + Asinwt), (8

where A and w are the modulation amplitude and frequency,
respectively.

In the simulation, we initially prepare the equilibrium
state at zero temperature for a given value of the interac-
tion strength 1/kra, where kr = (3%n)'/3 is the Fermi wave
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FIG. 1. Threshold frequency wy, (in units of Er /#) as a function
of the modulation amplitude A for (a) 1/kra = —1 and (b) 0. The
horizontal dashed lines show 2|Ag|/%, where A is the pairing gap
in the equilibrium state for the same value of 1/kra.

number of a uniform ideal Fermi gas with the same density 7.
From Eq. (7), this given value of 1/kra and the corresponding
initial coupling constant g are related as

1 4rh® 1 2 |E,
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with Ep = }52192F /2m. Starting from this initial equilibrium
state, we solve the TD-BdG equations (1) under the time-
periodic modulation of the coupling constant given by Eq. (8).

By diagonalizing the matrix on the right-hand side of
Eq. (1) for the stationary state, one can readily obtain the
quasiparticle spectrum +E; in the equilibrium state given by

Er = V(e — 1) + [ Aol (10)

Here, Ay is the equilibrium value of the pairing gap, which
can be determined self-consistently from Egs. (2) and (4).

A. Threshold frequency in the small-amplitude limit

Let us first focus on the small modulation amplitude A <
1. When the modulation frequency w is sufficiently small such
that fiw < |A|, the system follows the modulation adiabati-
cally, and the energy density £ just shows a small amplitude
oscillation due to the time-periodic change in the coupling
constant g(¢). In this case, there are no excitations created.
However, above a threshold frequency wy, i.e., ® 2> wy, the
energy density £ shows a gradual increase in time in addition
to the small amplitude oscillation. Figure 1 shows wg, as a
function of A for 1/kra = —1 [Fig. 1(a)] and O [Fig. 1(b)].
Here, we see that, for nonzero modulation amplitude A, wy, is
slightly smaller than 2|Ag|/% (the dashed lines), correspond-
ing to the threshold energy of the pair-breaking excitation for
the equilibrium system (note that i > O for both 1/kra = —1
and 0). This is due to the reduction in the minimum value
of |A(t)| from Ag directly caused by the reduction in the
coupling constant g(¢) from gy to go(1 — A) for nonzero A.
Note that wy, approaches 2|Ag| /% in the limit of A — 0, as ex-
pected. On the other hand, in the sufficiently deep BEC regime
with u < 0 (e.g., at 1/kpa = 1), the threshold frequency wy,
is 24/ 12 + | Ap|? /1 in the limit of A — 0, as can be seen from
Eq. (10).

B. Resonance peaks and higher-harmonic generation

Now, we employ the time-periodic modulation of g to
excite the Higgs mode. By tuning the modulation frequency
w around 2|Ag|/h just above wy, [20], we can resonantly
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FIG. 2. Oscillation of the pairing gap |A(¢)| driven by the time-
periodic modulation of the coupling constant g(¢) given by Eq. (8).
Here, we take the modulation frequency w = 2|A¢|/7% and 1/kra =
—1. In (a) and (b), we take the modulation amplitude A = 0.001 and
0.01, respectively.

excite the oscillation of the magnitude of the pairing gap
A(t). Figure 2(a) shows an example of the resulting pairing
dynamics induced by the time-periodic modulation of g with
w = 2|Ag|/h and very small amplitude A = 0.001. Here, we
can see that, in addition to the oscillation with a constant fre-
quency at >~ 2|Ag|/h, which corresponds to the Higgs mode,
there is a clear signature of beating, and the amplitude of
its envelope decreases in time. Such a diminishing beat is
evidence that the time-periodic modulation of g excites not
only the Higgs mode but also other unwanted collective modes
and quasiparticles.

Furthermore, in addition to the collective modes, various
single-particle excitations are also created by the modulation
of g at a larger amplitude A and/or after a sufficiently long
time. One prominent phenomenon is the higher-harmonic
generation by the parametric up-conversion discussed below
(see also Ref. [40]). Due to these excitations, the oscilla-
tion of |A(¢)| becomes irregular, as shown in Fig. 2(b) for
A = 0.01. To see the mechanism of higher-harmonic genera-
tion, we first write the pairing gap A(t) as A(r) = g(t) A(z),
with A(t) = V=Y, uge(t) v (1). Suppose that A(t) initially
synchronizes with the modulation of the coupling constant
g(t), so that it oscillates at the modulation frequency w.
Since g(t) also oscillates at w, their product g(z) A(t) has
the second-harmonic component with doubled frequency 2w.
Once A(t) has the component of 2w, g(t) A(t) will have the
third-harmonic component with 3w. Likewise, further higher-
harmonic excitations are also generated. This phenomenon is
analogous to the parametric up-conversion in nonlinear optics
(see, e.g., [66]).

Due to the higher-harmonic generation, we can observe
growing peaks (and dips) in the momentum distribution 7y
and the pair wave function F; during the time evolution. Fur-
thermore, even if the modulation frequency is smaller than
the threshold frequency wg < 2|Agl/h for > 0 or wy <
2./ u? + |Ag|?/k for < 0, resonance peaks and dips can
appear by the higher harmonics. For example, Fig. 4 shows
snapshots of n; and F; att = 2000/(Er /i) from the BCS (top
panels) to BEC (bottom panels) regime. The positions of these
peaks (and dips) are consistent with the resonance condition
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FIG. 3. Quasiparticle spectra £E; and positions of the resonance
peaks for the fundamental and higher harmonics. This plot is shown
for 1/kra = —1 and w = 1Er/h as an example.

(see Fig. 3):
2E, =lhw (1=1,2,3,...), (11)

with the quasiparticle spectrum Ej, given by Eq. (10).
Note that, when p > 0 so that E; is not monotonically
increasing with k, modulation with w satisfying

21 A0| < ho < 2¢/ 1% + | Aol? (12)

yields two resonance peaks (and dips) with the same value of
l. See, e.g., the two vertical arrows for 2F; = fiw in Fig. 3. As
an example, Figs. 4(a) and 4(b) show the case of 1 /kra = —1
(BCS side, u > 0) with w = 1Ep /h, which satisfies Eq. (12)
for | =1 (u =~ 0.95EF and Ag ~ 0.21EFr at 1 /kra = —1 in
the mean-field theory). There are two peaks (and dips) in
n; and F; at k/krp ~ 0.7 and 1.2, and the positions of these
peaks and dips are consistent with the resonance condition
(11) (marked by the vertical dotted line) for / = 1. There
is another peak and dip at k/kr ~ 1.4, which corresponds
to the resonance condition (11) for [ = 2. Figures 4(c) and
4(d) show the case at unitarity (1/kra = 0) with v = 3Eg /h.
Although p > 0 at unitarity, this value of @ does not satisfy
Eq. (12) for any integer ! (1 =~ 0.59EF and Ay &~ 0.69EF at
1/kra = 0 in the mean-field theory), so there is only one peak
and dip for each value of /: there are two peaks in n; and Fj
at k/kr ~ 1.4 and 1.9, which correspond to the fundamental
harmonic (/ = 1) and the second harmonic (I = 2), respec-
tively. Figures 4(e) and 4(f) show the case for 1/kra =1 as
an example on the BEC side. Since . < 0 at 1/kra = 1, the
quasiparticle spectrum Ej is monotonically increasing with
k, so the resonance condition (11) for each value of / can
yield only a single peak and dip. As a representative exam-
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FIG. 4. Resonance peaks in n; and F; for 1/kra = —1 [(a) and
)], 1/kra =0 [(c) and (d)], and 1/kra = 1 [(e) and (f)]. The red
solid line shows the snapshot at t = 2000/(Er /), and the blue
dashed line shows the initial equilibrium state. Here, the modula-
tion amplitude A = 0.01. For (a) and (b), the modulation frequency
is w = 1Er/h, and the vertical dotted lines are obtained from the
conditions 2E;, = hw, hiw, and 2/iw, respectively (from left to right).
For (c) and (d), the modulation frequency is w = 3Er/h, and the
vertical dotted line is obtained from the conditions 2E; = hw and
2ho, respectively (from left to right). For (e) and (f), the modulation
frequency is w = 3Er /h, and the vertical dotted line is obtained from
the condition 2E;, = 2hw.

ple, we set w = 3Er /R smaller than the threshold frequency
wn S 2/ u?+ A2~ 3.11Ex/k for u ~ —0.80Er and Ag ~
1.33Ep at 1/kpa = 1. Note that, even though v < wy,, there
is a resonance peak around k/kr & 1.24 which is given by the
second harmonic / = 2.

For larger modulation amplitudes A, resonance peaks and
dips grow much faster. Figure 5 shows the result for A =
0.3 at r = 2000/(EF /h), where many resonance peaks in
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FIG. 5. Resonance peaks in (a) n; and (b) F; for large-amplitude
modulation with A = 0.3 for 1/kra = —1 and w = 3Er/h. The red
solid line shows the snapshot at t = 2000/(Er/h), and the blue
dashed line shows the initial equilibrium state. The vertical dotted
lines correspond to 2E; = hiw, 2hw, 3hw, 4hw, and She, respec-
tively (from left to right), in both panels.
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FIG. 6. Long-lived Higgs-mode oscillations excited by removing
particles in superfluid Fermi gases with different 1/kra. Five per-
cent of the particles are removed around the wave number khoe at
knote /kr = 0.989, 0.975, 0.93, and 0.79 in (a)—(d), respectively. Here,
we take E. = 100Ef.

and F; caused by the higher harmonics can clearly be seen.
In this example, we set w = 3Ep /A, so that the first reso-
nance peak of / =1 is located far above the Fermi wave
number, k & 1.57kr. Since many particles are excited to the
resonance peaks above the Fermi energy, the distribution ry
of the particles below the Fermi energy is largely depleted
from the initial equilibrium state shown by the blue dashed
line.

IV. LONG-LIVED HIGGS MODE EXCITED
BY PARTICLE REMOVAL

In this section, we propose an alternative scheme to excite
long-lived Higgs-mode oscillations. This scheme consists of
removing particles around a certain magnitude of the mo-
mentum (denoted by /ikpoe), Which can be realized by, e.g.,
shining red-detuned lasers, which will be discussed in detail
in the next section. Removing particles can be regarded as an
alternative to the conventional way of quenching through pa-
rameter change. As we shall demonstrate below, an advantage
of this scheme is that very long-lived Higgs-mode oscillations
with relatively large amplitude can be produced in a wide
region in the crossover from the BCS limit (1/kra < —1) to
the unitary regime (1/kg = 0).

Figure 6 shows the resulting long-lived Higgs-mode oscil-
lations excited using this scheme for several values of 1/kra.
In the simulation, we first prepare the equilibrium state for a
given value of 1/kra and then remove the particles around
the wave number k.. For the cases in Figs. 6(a)-6(d), we set
knotle/kr = 0.989, 0.975, 0.93, and 0.79, respectively, and the
number of removed particles §nV is 5% of the total number
of particles (i.e., dn/n = 5%). Specifically, in the simulations,
we remove the particles in a finite range of k around ko With

the width 26k, i.e., knole — 6k < k < knote + 8k. The width 26k
is determined by the number of removed particles based on the
following condition:

Sn = 2/ n dk (13)
|k—knole | <8k

with n; for the initial equilibrium state. The oscillation fre-
quency of |A(¢)| in each panel is around 2A(/%, which
agrees with the Higgs-mode frequency. It is noted that, after
the oscillation amplitude stabilizes, |A(¢)| does not show a
decaying oscillation [see, e.g., Figs. 6(b)-6(d)]. Rather, the
amplitude even gradually increases after the stabilization: in a
very long timescale, the amplitude of the oscillation gradually
increases to a maximum value and then decreases to a nonzero
minimum value repeatedly. The time #; corresponding to the
first maximum amplitude, which characterizes the duration
of the constant amplitude, serves as a reasonable measure
for the effective lifetime of the Higgs mode in the present
case.

We study the Higgs mode excitation by removing particles
at various values of kpoe for different 1/kra. The results are
summarized in Fig. 7: Figs. 7(a) and 7(b) show the case of
dn/n = 5%, and Figs. 7(c) and 7(d) show dn/n = 10%. Fig-
ure 7(a) shows the time #; as a function of k... We observe
that the long-lived Higgs mode is excited only in a certain
range of kyole, and the range of ko changes with 1/kpa. In
the unitary regime (1/kpa =~ 0), the range of kpe to excite
the long-lived Higgs mode is wider than that in the BCS
regime (1/kra < 0). The long-lived Higgs-mode oscillations
shown in Fig. 6 are realized for a particular value of kpgle
corresponding to the resonance peak in Fig. 7(a).

Figure 7(b) shows the maximum amplitude at #; relative
to Ay as a function of kpge. The maximum relative amplitude
becomes larger by going towards the deeper BCS regime. On
the other hand, it is hard to excite a Higgs-mode oscillation
with a larger amplitude in the BEC regime (1/kra > 0, not
shown) using the present scheme. Note that the relative am-
plitude shows a dip at the wave number ke, corresponding
to the resonance peak location in Fig. 7(a). This dip can be
understood as follows. When we have a long-lived Higgs-
mode oscillation with #; = 0o at kyee corresponding to the
resonance peak location, no other modes except for the Higgs
mode are excited. However, if kyoe slightly deviates from
the resonance, not only the Higgs mode but other modes
are also excited, so that the oscillation resulting from the
superposition of these different excited modes has a larger am-
plitude compared to the former case of only the Higgs-mode
excitation.

Next, we compare the cases with different fractions of
removed particles. Figures 7(c) and 7(d) are the same as
Figs. 7(a) and 7(b), respectively, except for én/n = 10%.
In comparison of Figs. 7(a) and 7(b) for én/n = 5% and
Figs. 7(c) and 7(d) for dn/n = 10%, the effective lifetime
t; is almost the same in the two cases, but the amplitude
of the oscillation for én/n = 10% is roughly double that for
én/n = 5% [see Figs. 7(b) and 7(d)]. This means that the
amplitude of the excited Higgs-mode oscillation can be con-
trolled by tuning the number of removed particles én/n in the
present scheme. It should also be noted that, even in the case
of 8n/n = 5%, the relative amplitude, which is of the order
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FIG. 7. Time 1, at which the oscillation amplitude takes the maximum value for the first time [(a) and (b)] and the relative amplitude at
t; [(b) and (d)] as a function of ke for different values of 1/kra. The number of removed particles is én/n = 5% in (a) and (b) and 10% in
(c) and (d). The cutoff energy E. is taken at 100E for all the cases in (a) and (b). In (c) and (d), we take E. = 16Ef for 1 /kpa = —1.5 and —1

and E, = 36Ef for 1 /kra = —0.5 and 0.

of 1% [see Fig. 7(b)], is much larger than that in a recent
experiment [17], which was only of the order of 0.1%.

Finally, we remark that the wave number k). of the res-
onance peak in Figs. 7(a) and 7(c) coincides with the wave
number kyea at the peak location of the pair wave function
Fy. in the equilibrium state [see, e.g., the blue dashed lines in
Figs. 4(b) and 4(d)]. Thus, one can deduce from the pair wave
function Fj, the appropriate value of ke for exciting the Higgs
mode. Since the peak of F; at nonzero k disappears in the BEC
regime of 1/kpa 2 0.5, our scheme is applicable for exciting
the long-lived Higgs-mode oscillation up to the shallow BEC
side of 1/kra < 0.5.

V. SUMMARY AND CONCLUDING REMARKS

Finally, we shall provide two possible methods for
experimental realization of particle removal. The first
method is to use resonant laser beams to transfer atoms
with certain momenta to an untrapped internal state. Taking
a quasi-one-dimensional Fermi gas, e.g., an elongated Fermi
gas along the x direction in a tight trap in the y and z
directions, we shine two counterpropagating red-detuned
lasers with wave number g and detuning § in the +x
directions to resonantly excite the atoms around certain
momenta +hk, = £md/q. Here, the excited state is supposed
to be an untrapped state of the external potential. Note that
the untrapped excited state should have a narrow natural
linewidth to make the momentum selection accurate enough
compared to the width Akpge of the peaks in Figs. 7(a)
and 7(c) [typically, Akpole = 0(1072) kr]. The clock states

[usually with a natural linewidth on the order of O(10) mHz]
can fulfill this requirement very well. For example, there is
a clock state with a linewidth of 38.5 mHz for '>Yb [67].
A degenerate Fermi gas of '"*Yb realized in Ref. [68] has a
Fermi temperature Tr ~ 2 x 10?> nK, corresponding to the
Fermi energy Er/h ~ 4 kHz. Therefore, the linewidth of
the clock state is negligible compared to the energy width
AEpye corresponding to the region within Akyoe around
Knote: AEpote ~ B (knote + Aknote)/2m — R ki), /2m ~
2Flzkhole Akhole/Zm ~ 0(102) Hz X h for khole ~ kp
and Akpole = O(107%) kp. Thus, the momentum can be
selected accurately provided the laser frequency is well
locked.

The second method is to make the g modulation (see
Sec. III B) with frequency @ >~ 2A,/k to make a resonance
at the wave number k. corresponding to the peak of the pair
wave function Fj. Here, we keep this g modulation for a while
to generate a deep dip at kpeax and then turn off the modulation.
The resulting F; with a deep dip at kpea can be used as an
initial state for the time evolution. To avoid other excitations,
we need to tune the amplitude and the duration of the g
modulation and reduce the amplitude slowly. In practice, the
duration of the modulation should be long enough to make a
deep dip at kpeax, and the amplitude of the modulation has to be
small enough to avoid exciting other modes. We find that this
method can also generate Higgs-mode oscillations with a rel-
atively long lifetime. However, because we cannot completely
avoid other excitations, the oscillation decays in time, unlike
in the first scheme of removing particles directly. Figure 8
shows an example of the result from this method. There, we
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FIG. 8. A Higgs-mode oscillation caused by removing particles
using g modulation. Here, we take 1/kra = —1 and modulation
frequency @ = 1.97 |A¢|/h. The modulation amplitude is constant
at A = 0.001 from ¢t = 0 to 1000 /i/Er and is then reduced to zero
linearly from ¢ = 10007/Er to 15007%/Efr. (a) shows F; at t =
1500 /i/Er with a dip around k. (b) shows the oscillation of the
magnitude of the order parameter A(z) during the whole process.
Here, we take E. = 100 Ef.

perform g modulation with a constant amplitude from ¢ = 0
to 1000 /i/Er and then reduce the modulation amplitude to
zero linearly from ¢ = 1000 2/Er to 1500 /i/Er. Then, the
system undergoes free evolution from ¢t = 150074 /Er. Att =
1500 i/ EF just after removing the modulation, F; has a rela-
tively deep dip around kjeax [Fig. 8(a)], and then |A(z)| shows
a quite stable oscillation from ¢ = 1500 #/Er [Fig. 8(b)].
However, it is clearly discernible from Fig. 8(b) that the ampli-
tude of the oscillation decreases, albeit slowly, in time (until it
becomes irregular after very long time, which is not shown),
unlike the results from direct removal of particles [see, e.g.,
Figs. 6(b)-6(d)].

In summary, we have proposed a scheme to generate long-
lived Higgs-mode oscillations in a homogeneous superfluid
Fermi gas at zero temperature. First, we discussed the exci-
tation of the Higgs mode by time-periodic modulation of the
scattering length. Although Higgs-mode oscillations can be
produced by this method, higher-harmonic excitations are also

inevitably generated by the “parametric up-conversion” due
to nonlinearity in the superfluid phase. Then, we proposed
an alternative scheme to excite the Higgs mode by remov-
ing particles around a certain absolute value of momentum
hikpote- The removal of particles can also be regarded as an
unconventional type of quench. This scheme can generate
very stable Higgs-mode oscillations with much longer lifetime
and larger amplitude compared with a recent experiment [17].
We have demonstrated that persistent Higgs-mode oscillations
with almost constant amplitude can be produced (see Fig. 6).
These persistent oscillations can be realized by tuning kpele
t0 Kpeak, Where kpeqx is the wave number corresponding to the
peak of the pair wave function F; in equilibrium. Furthermore,
the amplitude of the Higgs-mode oscillation can be controlled
by the number of removed particles. Finally, we proposed two
ways to realize particle removal in experiment. It should be
mentioned that our discussions are based on the uniform sys-
tem. Nevertheless, given that preparing a quasihomogeneous
system using a box potential is a fairly mature experimental
technique [69], our scheme can be readily implemented exper-
imentally. We leave the case of a harmonic trapping potential
to future work.
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