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KAW-slow-mode ponderomotive coupling = long-lived, ion-scale density holes.

1. Motivation 5. Cavity formation & mechanism

7. Observational comparison

e Kinetic Alfvén waves (KAWSs) carry electromagnetic A localized KAW packet self-focuses into a magnetic e Model <+ data: the model couples density to KAW intensity
energy in the collisionless, high-5 magnetotail enhancement with a co-located density depletion, a 6B, |*;in data this reads as density vs total |B] via a
p|asma Sheet, where COmpressive responses are magnetiC'hOle'Ilke CaVIty at ion scales (% 20 ps) Con;presswe KAW (‘5511’/‘5_BL| ~ 0.49) ar]d pressure l?alance
0(B=/2u0) = —dp: low density where |B| is high. The linear
strong. slope is the pressure response, not the quadratic coefficient.
e Question: can the nonlinear ponderomotive e Mirror discriminator: plasma-sheet holes are mirror-stable,
coupling of a dispersive KAW to a slow-mode " . | 52/56 below R,, = (T./T;)/(1+1/8.) = 1, so the mirror mode

bI?

cannot make most; our interval too (R,, ~ 0.35).

e MMS 2017-07-26 (independent crossing): 5; =~ 1.0 (5., = 1.7),
anti-correlation r = —0.18 (N = 3460), and 0E, /(0B va) ~ 1.8,
kinetic Alfven waves at p; ~ 420 km.

density perturbation generate the localized density
cavities / magnetic-hole-like structures seen in
the plasma sheet and its boundary layer (PSBL)?

e We model this with a reduced two-fluid

Zakharov-type system and compare with MMS data o b | ] e
and with published Cluster, Polar and Freja results. L I l __w )
2. Reduced two-fluid model (Zakharov-type) s o7 /\ i M i
g i P s e o R LR L 7
Dispersive KAW field b = §B, /By refractively coupled to . . T |
the slow density n = n/ng, the ion-acoustic response, Figure 7: MMS plasma sheet (2017-07-26): | B|—n; anti-correlation,
“slow” relative to the KAW oscillation (ion-sound Figure 2: 3-D field evolution. kinetic-Alfven polarization, and mirror stability.

gyroradius dispersion a = (ps/L )2, it = (Cs/Va)? = 3/2,
aspectratio A = L /L,):

MMS-1 plasma-sheet KAW interval 2017-07-26/06:58:13 - 07:06:52 UT

The density falls on the ponderomotive line
n = —|bl2/[2(1 + B)]: expulsion from high-wave

Lot (a) 6B PSD (field-aligned) (b) 6E wavelet PSD (field-aligned)
1 i r

Ot — 0241 — @ Oxx) b + 0(n 9:b) = 0, amplitude regions. I I D N Ik TN
2 2 2 i £
attn o ’LL ()\ 8XX _|_ aZZ) 77 — %()\ aXX _|_ aZZ) (b ). (a) Ponderomotive scaling (b) Cross-section at hole center (c) 2D cavity structure gloiz- E
Recovers the KAW dispersion w® = kfva(1 + k2 p3). (KAW oS AN !
equation: Hasegawa & Chen 1976; Shukla 1983. Forced acoustic . 1l . ’ | .
response: Zakharov 1972; Karpman 1982.) o) - J-oom = = T e e e e
The 1(b?) forcing is the ponderomotive drive (the wave’s - | . . . e
radia%[i(on) ressugre). |a§ma is expelled from re( ions of T e N TN OV VT ' Figure 8: Spectra (field-aligned): §B, dominates with kinetic-range
il pr NS P P 9 S e X slope —2.45, and 0E, > dE| across the KAW band: broadband
high intensity |b|<. kinetic Alfvénic turbulence rather than a single coherent wave.
Quasi-static (subsonic) closure: the strongly damped Figure 3: Ponderomotive mechanism. : : _ L
high-3 slow mode is slaved to the wave intensity Not just one window: the same plpellpe across the
’ available magnetotail KAW intervals (windows set by
n = 1 b|? burst-segment boundaries, not tuned); the 2017-05-31
2(1+ 5) set is a separate, previously reported PSBL crossing

Fully dynamic two-field run (density evolved, no
closure imposed): the same cavity forms and persists,

. S the independent test of the mechanism. interval Bi  6E./(6Biva) r(n,sB)
3. Numerical method & validation 2017-07-26 (independent) 101 1.8 ~0.18

(Mikhailovskii 1976; Stasiewicz 2000, Eq. 147) (Zhang+ 2022):

. .: 10,0100 20l 0.002 1.0f — 5 2017-05-31 PSBL (central) 0.54 5.1 —0.25

e 2-D Fourier pseudospectral, standard 2/3 o0 ooorsy < — 2017-05-31 approach (lobe-like) 0.16 8.7 —0.04

dealiasing; periodic domain. 200020 LI boosod S ©f 0.000 = g‘“’ 2017-05-31 PSBL (following)  0.43 4.8 —0.10
. . 0.001r i f TN 10,0025 = —0.002 0.

* Exact per'_”.mde Ilnear-osc?lllator prqpagator + - St i SUSEENEN! A~ The observed density—magnetic anti-correlation is consistent with
Strang splitting of the nonlinear forcing; gentle "‘ *lo] 7= e [od] the ponderomotive mechanism, but is not by itself a unique proof of
SpeCtraI fllte r. (a) Formation & persistence (b) Density ; & I (c) Cut through centre It

o |nitial state: a localized KAW packet (amplitude A,  Figure 4: Dynamic two-field cavity: depth grows and persists;
perpendicular width L), then evolved freely. density minimum co-located with the |b|? maximum. In (c), |b|? and . LONcCiusions

- Al 2 _ _ —n are each normalized to unit peak. _ _
° llflduomgl(.)(; 28 égqx 100 >|< :OO pss ] 2_ (ﬁl 1)’,[h . - ol Al M static hiah I' o KAW-slow-mode ponderomotive coupling
= 0-50 (,\_J1 ion-cyclotron periods); L lengths in e model also recovers the quasi-static high-/3 scaling generates long-lived, ion-scale density cavities
ps, ime inw_;". —1/(23) emergently (ratio ~ 1.1 for § > 2); at 5 = 1 the

with the observed density—magnetic anti-correlation.
e |In the fully dynamic two-field system (no closure

Converged (checked at 2562: slope identical, depth  slaving breaks down, bracketing the regime of validity.
within < 1%).

St pea g O Enei gl imposed) the cavity forms, stays co-located, and
o8 _(a) Time-step convergence (order 2.09) 035 (b) Linear KAW dispersion 3 oal ‘\‘ © dynamiosmulamon_ = 025} B 722 (hgns) /’:2 | perSiSts, and the depletion Scaling emerges
| T Catomnee oo B S | unimposed, the independent test of the mechanism.

) 025 | | covty deptnagreeto 0% g | | e Depth follows the quasi-static law
s 0 0.20- NS L. & | n = —|b|?/[2(1 + B)]; weakens with 3, explaining
: Soas- ) M TS 2 weak high-5 holes.
E B quasi-static prediction 1/(2p . . .

010 : e Consistent with plasma-sheet magnetic holes (Sun

Figure 5: 8-scaling (emergent, dynamic runs). 2012) and Alfvénic density cavities (Stasiewicz
1072 | — "%%%0 005 o010 015 020 025 030 035 2000) a viable mechanism for hole-like cavities in
time step At = + ak2 a) Cavity depth (long-live Localization (stays ion-scale . . .
p e =RV (0) ) 10 ygf)ne [%gyci%go{%pgggdgg 70 80 (l:)) 10 l tzigle [ief)(;l(_cyci(())ymn;;mdgg)l )70 80 hlgh-ﬁ magnetOtall enVIronmentS
Figure 1: Validation: 2nd-order (A#?) time stepping (order 2.09); e B
exact linear KAW dispersion (rel. error < 3 x 10~%); grid-converged. \P ﬂ w " 27 Selected references
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e Cavity size ~ 20 ps ~ 8500 km ~ 1.3 Earth radii. : ) <o) 1702. Astrophys. 24, 105009.
o Lifetime > 80 T, =~ 5 minutes (full run; nothing o« | d
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® Depth ~ 10_3 at ‘b‘ < 0.1 ; eXtrapOIa“ng to ~ 4% at Figure 6: Persistence & robustness: cavity depth and size vs time; MMS (FGM/FPI/EDP) via the MMS Science Data Center and CDAWeb, analyzed
|b| = 0.5; deep holes lie beyond this linear response. depth oc A%; localization across initial widths. with PySPEDAS. Contact: MK Chettri, Sikkim University (mkchettri8@gmail.com).
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