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(a) w=0.01;(b) w=10;(c) w=13;(d) w=14;(e) w=

15; (f) w=16; (g) w=233;(h) w=46; (i) w=>50; HMSEKE N I =3000, e =1.0, D, =0.01 Fl vo = 1.0. Hfr, Ak
FIHFEB O X A 7R R M B sh ), BAOAKIR vy > 0, ROKR vy <0, LAFTLERBFE M

Fig. 1. Particle snapshots of unbiased AC field-driven inertially active particles moving in the periodic boundary: (a) w = 0.01;
(b) w=10;(c) w=13;(d) w=14;(¢) w=15;(f) w=16; (g) w=33; (h) w=46; (i) w=50. Other parameters are set
to I =3000, e = 1.0, Dy =0.01, and vg = 1.0. Where the particle fill color is used to distinguish the particle motion direction in

the vertical direction, black means vy > 0, green means vy < 0, and the red arrow indicates the direction of particle motion.
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Fig. 2. Variation of the effective diffusion coefficient Degr
of inertially active particles with AC field frequency w.
Other parameters are set to [ = 3000, ¢ =1.0, D; =
0.01, and wg = 1.0. The states at points a, b, ¢, d, e and f
in the figure correspond to Fig. 1(a), Fig. 1(b), Fig. 1(d),
Fig. 1(f), Fig. 1(h) and Fig. 1(j), respectively.
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Fig. 3. (a) Variation of the system polarity order parameter P with AC field frequency w ; (b) variation of the vectorial order para-

meter @ with the AC field frequency w . Other parameters are set to I = 3000, € = 1.0, Dy = 0.01, and vg = 1.0. The states
at points a, b, ¢, d, e and f in the figure correspond to Fig. 1(a), Fig. 1(b), Fig. 1(d), Fig. 1(f), Fig. 1(h) and Fig. 1(j), respectively.
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parameter P with AC field strength I for different w; (c) variation of nematic order parameter Q with AC field strength I for dif-

ferent w . The other parameters are set as € = 1.0, Dy = 0.01, and vo = 1.0.
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Fig. 5. (a) Variation of effective diffusion coefficient Deg with particle self-propulsion velocity vo at different frequencies; (b) vari-
ation of the system polar order parameter P with the particle self-propulsion velocity wvo at different frequencies; (c) variation of
the system nematic order parameter @@ with the particle self-propulsion velocity vg at different frequencies. The other parameters
are set as € = 1.0, Dy = 0.01 and I = 3000 .

(a) (b) (c)

e rof g—b—————+ Lof ———F———4
10°F —=w=0.01 v w=15 — %
0.8 0.8F
3 ——w=1 ——- w=2>50 . .
100f —4w=10 < w=100 osl 1 ¥ — 06_3_77#
& E 0 ——— : \§ gigi
_ 4 A s A—a 3 a3 —a <
10-2F 0.4F 04F = w=001 —vw=15
[ o— ° ° i - w=001 —vw=15 ——w=1 e w=50
. s — 02F e w=1 - w=2>50 02F _a - w=10 =
_ ». w= —— w =100
10-4F ,/\‘/ —a-w=10 —< w=100 . N N N N
F 39— of -« «—— a4 ot
10-6 E— . . . A . . . . . . . . . . . . .
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
€ € 5

Bl 6 (a) Al w BT, REH MY BRI Degr FAAH T AEFIRE e 281k (b) A w (BT, REWMET S0 P HAHEAEHBRE
MRk (¢) A w(E T, REMFNT S0 Q MAHEAEHERE ¢ 9284k, HALSHR EH: T = 3000, Dy = 0.01 Flvo = 1.0

Fig. 6. (a) Variation of effective diffusion coefficient Dy with interaction strength e for different AC field frequencies w ; (b) vari-
ation of the system polar order parameter @ with interaction strength e for different AC field frequencies w; (c) variation of the
system nematic order parameter @ with interaction strength e for different AC field frequencies w . The other parameters are set

as I =3000, D; =0.01, and vg =1.0.
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Abstract

In active matter systems, external alternating fields, such as electric, magnetic, or optical fields, are widely
used to regulate the motion and collective states of self-propelled particles. The presence of inertia introduces a
delayed response to such fields, giving rise to complex collective dynamics. Nevertheless, how active particles
with rotational inertia behave collectively under an unbiased periodic alternating field remains unclear. In this
work, we conduct numerical simulations to study the collective behavior of such particles driven by a time-
varying external torque that alternates symmetrically in direction.

Our results show that the frequency of the alternating field plays a decisive role in shaping the collective
state of the system. As the frequency increases, the system undergoes a series of different phase transitions. At
low frequencies, the particles exhibit synchronized polar order. With frequency rising, inertial delay disrupts this
synchronization, driving the system into a disordered state. When the field period matches the intrinsic
rotational relaxation time of the particles, stable horizontal or vertical cross-flow bands emerge, within which
groups of particles travel in opposite directions. At very high frequencies, the system develops nematic order,
characterized by counter-propagating particle streams. The effective diffusion coefficient reaches its peak during
the formation of alternating flow bands, indicating enhanced collective transport. These structural transitions
are consistently captured by the evolution of global order parameters. In contrast, variations in the particle self-
propulsion speed and repulsive interaction strength exert only minor influences on the collective states,
highlighting the dominant role of the alternating field frequency. This study elucidates the fundamental
mechanism through which periodic alternating fields regulate the collective behavior of inertial active particles
via frequency tuning. The results offer new insights into the coupling between external driving fields and
particle dynamics in non-equilibrium systems, with potential applications in the design of micromachines and

active smart materials.
Keywords: unbiased directional AC field, rotational inertia, active particles, collective behavior
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