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region

Full pressure profile measurement also allows AU, evaluation
-2 2 ~ 3MW/m?3 around X-point first and then in the outflow
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2D VDF extension
T T [ 7T 3 [TTrr[rrrr1 2D VDF f(v¢,vR,p) LOS [; =Y(X;)), Equilibriump=p(l,-)

! Mapping, VDF rotation, and integration

VDFonlLOS | f (vms, p(lj)) NB profile n,(1;), Magnetic field B(l;)

Cross section, Zeeman and fine-structure effects

E [arb. u.]

A 4

Local

emission spectrum SF (l,p U ))
) Line integration

Integrated

emission spectrum E\D Instrumental function 7(")

Instrumental broadening
Calibration factor €, Noise V' (E)
Optics and detector characteristics

0
528.5 529.0 = 529.5
A [nm]

.0
v [km/s] =
R E 70 B - FHENLARYT fIL
X:f(t,v,p) - = D:E(t, A, ch)
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« V7 A—F I RN IHETIC L B BN T. Kobayashi+, submitted to Nucl. Fusion (2025)
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Magnetorotational turbulence In accretion disks

e Accretion disks of black holes @ The most
powerful engines in the universe

e No accretion if angular momentum is conserved
e [urbulence can transport angular momentum

e Magnetorotational instability (MRI) drives turblence
(Balbus & Hawley '91)

e Dissipation of turbulence at small scales

— Plasma heating & EM wave emission = Observation




Hot accretion flows

Low luminosity accretion flows (M < Mgqq)

Free energy turns into internal energy of plasma, not radiation
Geometrically thick and optically thin disks

No collisional thermal relaxation between ions and electrons
lmfp> IOSVS — Tl# 1e

Only electrons can emit radiation

Relevant to EHT sources (M87 & Sgr A%)

Which is heated more strongly, ions or electrons?



Gyrokinetic simulations (vk+ PNAS ’19; YK+ PRX ’20)
107

More slow waves mean
more ion heating

Qi/Qe
2

€compr / EAW Fi Pe



What is ccompr & €aw INn the Inertial range
of MRI turbulence?

In the solar wind,
EAW > E€compr

-
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No observation of inertial range in MRI turbulence

. -4 ° )
Lesur & Longaretti 11 . ,x 10° Lesur & Longaretti 11
T " i " " T T v _T b(Q,K=20)
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No observation of inertial range in MRI turbulence

-4

Lesur & Longaretti '11
Tvb(Q, K=20)

________________




External driving

E() <————————————— > This work!

/, .
ne/'l‘/a/
'93,7 %6 <—— > (Conventional shearing box
Injection <——> Global simulations

[1(k)

MRI driven

T

Injection via MRI

E(k)

Injection range Inertial range




Research Question

What does the inertial range turbulence
look like when MRI is driving it?

o What is the scaling of spectra? (E,~ k?, Ep~ k)
e What is AWs vs SWs?

Ultra-high resolution simulations at E &



Setup

e |ncompressible MHD in a shearing box

ou A —

P F(up+u)-Vu=-VP+B-VB -2Qz X u-u-Vu \gl yz
o8 F(up+u)-VB=B:-V(uy +u) x
or " - ) ‘

V-u=0, V.B =0,
¢ PSGUdOSpeCtFBJ code CALLIOPE (YK Apd ’22; github.com/ykawazura/calliope)

e 8192x8192x4096 grid points (previously, 1024x1024x512 was the highest)

" . . _ (Walker+ ’16)
e |nitial condition = uniform Byz + random fluctuations

e Boxsize L, X L, X L, =44 X 81 X 24 (Where 1 = 27v/Q)

e ~112M CPU-hrs for 1 run @ & &







Result 1: Cross scale energy flux

e Cross scale energy flux T ()= > ) T,(0.K).

kl<Q [KI>K

e Constant energy flux is observed — T

e Proof of the resolved inertial range! 39
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Result 2: Energy transfer analysis

e [ransfer functions T T LI T e s e s
: ”” I :
Tul@.K) == [ &rlug-(u- Vup) ol 7
TBB(QaK):_fd3r[BK'(u'VBQ)] . | 1« |
10" =0 10'E
(0. K) = f dr [Bx - (B - Vug)] - & E :
10 g =5-10°  10%
T5(Q.K) = [ d'rlug - (B- VBo).
* |n the inertial range, : :
107 10°E
o Transfer is local < | < |
1015— 101§
* In the injection range, : -
1005— : 100% :
o Transfer is non local e G A T

o Some inverse cascade
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e Slow waves =~ 2xAlfvén waves

o |lons are (at least) twice more heated
than electrons

e Transition of spectra in the deep inertial
range

o E,~ Ep~ k372
o Never observed in MR

o Consistent with MHD turbulence
theories

Result 3: Slow waves vs Alfvéen waves

101:—

k32E (k)

(Euy+Esp)/(Eu, +Esp,)
2
| 1 7 I T T TT1T1
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, 10'E
e Slow waves = 2xAlfven waves :
o lons are (at least) twice more heated _

~2
than electrons e
% 10°

e Transition of spectra in the deep inertial
range

o F,~FEp~ J-3/2

Result 3: Slow waves vs Alfvéen waves

o Never observed in MRI

o Consistent with MHD turbulence
theories

.. .\

Walker+ 16 R

N ¥
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Summary

 \We resolved the inertial range of MRI turbulence via ultra-high resolution

shearing box simulation
e Slow waves ~ 2xAlfvén waves => Preferential ion heating

* The spectra is consistent with MHD theoretical predictions E, ~ Eg ~ k32

e The results are consistent with Reduced MHD (vk+ J. Plasma Phys. (2022))

YK & Kimura, Science Adv. (2024)
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