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Motivation: First observation of double-peaked fishbone-like*
Iow frequency modes in KSTAR plasmas with differential rotation
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jEdge ECH

Edge BES

e Quasi-periodic
electromagnetic
bursts in NB-
driven plasmas.

e Activity in both
core & edge;
but only noise
In between.

e Chirping at same
lab-frame freq.,
despite sheared

rotation.
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Motivation: First observation of double-peaked fishbone-like*
low-frequency modes in KSTAR plasmas with differential rotation
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e Important note about edge peak:
Much smaller than core peak, though may occupy larger volume.
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Motivation: First observation of double-peaked fishbone-like*

low-frequency modes in KSTAR plasmas with differential rotation
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Outline

Study of low-frequency core-edge coupling in KSTAR:
Double-peaked fishbone observations & numerical analyses

IV

Statistical analysis of experimental data
» Classification based on FB strength - Role of ELM control coil (ECC) config.
» Spatio-temporal structure, phasing between core and edge components

Possible explanations | contributing mechanisms
Numerical study of radial coupling via MHD waves

Summary & outlook
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Histograms of double-peaked FB strength

Includes ~3,000 fishbone events from 40 KSTAR discharges
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Recall:

ECEI signal is divided
by local background,

~ 0T, / T,
enhancing edge signal.
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can do numerical feasibility tests. .



Outline

Study of low-frequency core-edge coupling in KSTAR:
Double-peaked fishbone observations & numerical analyses
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Summary & outlook

Possible explanations / contributing mechanisms
2. Double-peaked

Pair of modes, coupled by ...

. MHD waves
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Numerical study of radial coupling via MHD waves &
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MHD antenna study
- Bierwage+ 2026, arxiv.

Proposed by Lee et al.

Phys. Plasmas 30, 022502 (2023)
https://doi.org/10.1063/5.0134354
- Numerical study underway.
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Outline

Study of low-frequency core-edge coupling in KSTAR:
Double-peaked fishbone observations & numerical analyses

Il Numerical study of radial coupling
via MHD waves

» Antenna-drive visco-resistive MHD
» Spatio channeling & focusing

IV Summary & outlook
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Visco-resistive full MHD:

ppoulot = —pyu - Vu — Vp, + (J —><ﬁ) X B+ S,

_ [V X (vp,V x u)+ %V(vpbv : u)] ;

OB/ot = -V x E,
E=—-uxB+nj+ Sk,
toJ =V XB,
Opy/0t = =V - (pyu) = (T = Dp, V - u + xVp,,

+vp,(I'=1) [(V x u)? + %(V - u)z]

+(I = 1)(j —.}@ (0 + S8) + 5.

3)

4

3)

(6)
(7

(8)

Source and diffusion terms:

Sﬁ - _szpb,eq’ (9)
Su — Vpb,eq T (jeq _M) X B » (10)
Se = —1eq (11)
Sp = —XVPPbeq> (12)
Antenna:
Bun = 0r0BoAunV X (6Eum(R, 2., 8),  (10a)
3 : m
5Eant = Cos(nanté’ — Wantt) X { SOS (X) /;(1; ’
(10b)

X = SR = R + G =2 9 (100

—» B(f) = Beq + 5B(t) +6Bal'1t(t) 14/23



Results
Early antenna response
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Drive at mld radius:
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Simulation results
Demonstration of sub-resonant response - Can facilitate down-chirping

Drive near edge, frequency scan:
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KSTAR “Model 2” (on- & off-axis continuum plateaus), scan ran
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In sim., antenna is primary, core 1/1 mode is secondaryl/parasitic. - Exp, too? .



Disable density & pressure fluctuations:

OpylOt = N IpmrEn 1S, — 0

p,Ouldt = —pu - Vu — Vp, + (j —><ﬁ) xB+S, )

_ [V X (vp,V X u)+ %V(r/pbv ~ u)], 4)
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poj =V x B, (7)
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Plasma compressibiliy contributes, but not essential.

Low-3 magnetoacoustic (fast) waves, geometrie and non-ideal effects suffice.
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Example: Co-vary S = Re =10°...

10 (i.e., Pr = 1)

ram/a =0.85
Vant = 10.5kHz

FFT:
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Results seem robust, but equilibration time becomes long for weak diffusion.
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For detalls, see
Hmode Lee+ 2026, arxiv.

150 | Bierwage+ 2026, arxiv. |

- Fund. Plasma Phys.

Summary

e Statistical analysis of many double-peaked fishbones in KSTAR

) “

e Surveyed several possible contributing physical factors

Al

. Hhindins...

0 20 40 60 80 100
Fishbone strength | By|uas [T/s]

w
o

e Found weak-evidence for edge-to-core drive
(phasing near outer midplane in exp. & sim.)

N
o

Frequency v [kHz|

e Confirmed action-at-a-distance & volumetric focusing effect ¢ 1 -
(proof-of-principle via antenna-driven simulations) o ERVERVAN |, FMORmS I
Minor radius r/a . . R [nﬂ .

Outlook

e Continue looking into compressible, non-ideal effects. Benchmark against kinetic models
underway to verify low-frequency response (MEGA-KTI, LIGKA, ORB5 / EUTERPE, ...)

e Examine EP resonances and eigenmodes in differentially rotating plasmas with free boundary.
(E. matters at low w! Preparations: Bierwage+ Comp. Phys. Comm. 317, 109823 (2025))

e Need better understanding of processes in plasma with flat g ~ 1 near center (r - 0).
(degenerate nonequilibrium, sensitive to sources, sinks, nonideal effects, higher-order 6B,?),, ..


https://doi.org/10.48550/arXiv.2603.24525
https://doi.org/10.48550/arXiv.2603.24463
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