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�� `GDhAF_ |DG_TAOXIDM� �J @HVWPYJK hZJ @UWJ Hn U WqU@J qJKPHYP@ �HI PV U tD @NmP@ mH} Ω
Hn WPQJ L NVYJK PdqHWJY ZHdHFJVJHNW UVY WhJUYo dUFVJhP@ {JEY B = B0 · ez� jV hZJ nKUdJ Hn
hZJ EHI,Rm UqqKH}PdUhPHV! hZJ FH[JKVPVF JxNUhPHVW @UV mJ KJYN@JY hH U WPVFEJ HVJ PV[HE[PVF hZJ
[JEH@Pho u UVY qKJWWNKJ p HVEo AWJJ �5�B� sWPVF U KJnJKJV@J EJVFhZ Lref IJ WZUEE IKPhJ Ph PV U VHV
YPdJVWPHVUE nHKd UW

∂

∂t
u(x, t) + (u · ∇)u +∇p = ∇2u− �	2∇−2∂

2u
∂z2

+ +f(x, t),

∇ · u = 0,

A9B

IZJKJ nHEEHIPVF VHhUhPHVW UKJ NWJY Ha = LrefB0

√
σ
ρν PW hZJ _UKhdUVV VNdmJK UVY + = L

3/2
ref
ν2 ||f ||

PW hZJ `KUWZHn VNdmJK! u(x, t) PW hZJ [JEH@Pho,[J@hHK Hn hZJ �HI! f(x, t) PW hZJ J}hJKVUE nHK@PVF!
x = (x, y, x) PW hZJ WqUhPUE [UKPUmEJ! t PW hPdJ! ρ PW hZJ YJVWPho! p PW hZJ qKJWWNKJ! ν PW hZJ [PW@HWPho! σ
PW hZJ JEJ@hKP@UE @HVYN@hP[Pho! B0 PW hZJ PdqHWJY dUFVJhP@ {JEY� DYYPhPHVUEEo! IJ IPEE NWJ UVHhZJK
VHV,YPdJVWPHVUE qUKUdJhJK pJoVHEYW VNdmJK ,� = ULint

ν mUWJY HV PVhJFKUE EJVFhZ W@UEJ Lint

AWJJ �t�B UVY KJnJKJV@J [JEH@Pho U � eZJ UYYPhPHV Hn qJKPHYP@ mHNVYUKo @HVYPhPHVW UVY QJKH PVPhPUE
@HVYPhPHV u(x, 0) = 0 @HdqEJhJEo YJhJKdPVJ hZJ qKHmEJd�

�J qKJWJVh VNdJKP@UE WhNYo NWPVF qWJNYH,WqJ@hKUE dJhZHY mUWJY HV U YJ@HdqHWPhPHV Hn hZJ
[JEH@Pho u H[JK hZJ HKhZHVHKdUE mUWPW Hn hZJ JPFJVnNV@hPHVW vk Hn hZJ EPVJUK HqJKUhHK DHa =
∇2−Ha2∇−2 ∂2

∂z2 ! IZP@Z @HKKJWqHVYW hH hZJ EPVJUK qUKh Hn hZJ qKHmEJd A9B� eZJWJ JPFJVnNV@hPHVW
UKJ PV U WNmWJh Hn hZJ LHNKPJK WqU@J NWJY PV hZJ WhUVYUKY br] W@ZJdJW AWJJ �t�B� eZJ UPd PW hH
WZHI hZUh qKHqJKEo @ZHWJV WNmWJh Hn EJUWh YPWWPqUhP[J dHYJW KJYN@JW hZJ @HWhW Hn hZJ VNdJKP@UE
WPdNEUhPHVW IPhZHNh EHHWPVF qKJ@PWPHV� jh dUXJW WJVWJ hH @HVWPYJK JPFJV[UENJW λk IZP@Z KJqKJWJVhW
hZJ KUhJ Hn YPWWPqUhPHV Hn dHYJ k

λk = λ(kx,ky,kz) = −(k2
x + k2

y + k2
z)−Ha2 k2

z

k2
x + k2

y + k2
z

. A5B

]PV@J λk < 0! λk @UV mJ UKKUVFJY mo FKHIPVF YPWWPqUhPHV WH hZJ WqJ@hKUE YJ@HdqHWPhPHV Hn u
@UV mJ IKPhhJV UW u =

∑
|λk|<|λmax|

cλk
vλk

! IZJKJ λmax YJ{VJW hZJ dU}PdNd KJWHENhPHV KJxNPKJY hH

KJWHE[J hZJ �HI @HdqEJhJEo� eZPW oPJEYW U VUhNKUE WqJ@hKUE qUKUdJhJK λk hZUh UEKJUYo PV@HKqHKUhJW
UVPWHhKHqo� jV hZJ @UWJ Hn Ha = 0! |λk|1/2 KJYN@JW hH ||k|| IZP@Z PW hZJ NWNUE WqJ@hKUE qUKUdJhJK
PV VHV,T_b PWHhKHqP@ hNKmNEJV@J� DW dJVhPHVJY mo �9�! hZJ WJh Hn EJUWh YPWWPqUhP[J JPFJVdHYJW
Hn DHa KJxNPKJY hH YJW@KPmJ hZJ �HI J}ZPmPhW hZJ KUhJ Hn UVPWHhKHqo J}qJ@hJY nHK WN@Z �HI nKHd
qKJ[PHNW ZJNKPWhP@ @HVWPYJKUhPHV� jV WZHKh! HVJ @HNEY WJJ λk UW UV UVPWHhKHqP@ FJVJKUEPQUhPHV Hn
hZJ NWNUE k,WJxNJV@J�
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LPF� 9� fHFUKPhZdP@ JVJKFo YPWhKPmNhPHV PV hZJ (k⊥, kz),qEUVJ�


� 0T_FGIROA GFPTAXP� LHK hZJ WPdNEUhPHVW IJ WJh hZJ nHEEHIPVF @HVWhUVh [UENJW L = 0.1 d!
ν = 3.4 ·10−7 d2�W! ρ = 6.4 ·103 XF�d3! σ = 3.46 ·106 Ω−1d−1! B0 = 0.02 e� ]J[JKUE WPdNEUhPHVW
IJKJ YHVJ IPhZ YP|JKJVh VNdJKP@UE KJWHENhPHVW nx × ny × nz UVY `KUWZHn VNdmJKW + � LPFNKJ9
WZHIW hZJ hPdJ,U[JKUFJY JVJKFo YPWhKPmNhPHVW Hn hZJ tb UVPWHhKHqP@ T_b �HI PV hZJ (k⊥, kz),
qEUVJ AZJKJ k⊥ =

√
k2
x + k2

yB nHK {}JY + = 27193 A,� = 92B� eZJ {KWh qP@hNKJ @HKKJWqHVYW hH hZJ
Re = 92 UVY ZPFZJWh KJWHENhPHV 128×128×128 IZP@Z PW VJ@JWWUKo hH KJWHE[J hZJ �HI U@@HKYPVF hH
hZJ MHEdHFHKH[ EJVFhZ W@UEJ kmax = 1.5Re3/4 ≈ 45 AIJ IPEE NWJ WHEPY EPVJ hH PVYP@UhJ hZPW @UWJB�
eZJ WJ@HVY qP@hNKJ PW YHVJ IPhZ hZJ WUdJ 1283 KJWHENhPHV mNh UEE hZJ dHYJW vk IZP@Z @HKKJWqHVY
hH hZJ |λk|1/2 > 68 UKJ WJh hH mJ QJKH AYHhhJY EPVJB� DVY hZJ EUWh HVJ WZHIW hZJ JVJKFo Hn hZJ �HI
KJWHE[JY IPhZ 643 UVY @NhH| nHK |λk|1/2 ≤ 32 AYUWZJY EPVJB� eZNW! hZJ EUWh KNV NWJW UW dN@Z UW
7 hPdJW EJWW dHYJW UW hZJ {KWh @EUWWP@UE KNV� �VJ @UV WJJ hZUh λ,WqJ@hKU E(λ) HmhUPVJY PV hZJWJ
hZKJJ KNVW UKJ [JKo @EHWJ AWJJ LPFNKJ5B UVY HVEo hZJ @UWJ IPhZ EHIJWh KJWHENhPHV 323 UVY WhKHVFJWh
@Nh H| |λmax|1/2 = 16 oPJEYW hZJ IKHVF WHENhPHV AYUWZJY,YHhJY EPVJB� THKJH[JK! nKHd hZJ WJ@HVY
qP@hNKJ HV LPFNKJ5 VH @EJUK >WdUEEJWh W@UEJ> UqqJUKW PV hZJ hKUYPhPHVUE k−WqJ@hKU! WH IJ @UV VHh
WUo JPhZJK hZPW �HI KJWHE[JY HK VHh� jh @UV mJ UEKJUYo @HV@ENYJY VHI! hZUh MHEdHFHKH[ W@UEPVF
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LPF� 5� %���* JVJKFo WqJ@hKU PV λ,WZJEEW! ,
��� JVJKFo WqJ@hKU PV k,WZJEEW�

EUIW UKJ [JKo HnhJV qJWWPdPWhP@ UVY dN@Z ZPFZJK hZJV VJ@JWWUKo� eZJ UmH[J qKJWJVhJY λ,UqqKHU@Z
@UV mJ @HVWPYJKJY UW dHKJ KJUEPWhP@ nHK hZJ VNdmJK Hn dHYJW KJxNPKJY hH KJWHE[J T_b hNKmNEJV@J
@HdqEJhJEo� eZJ qKJWJVhJY @Nh H| Hn hZJ hoqJ |λk| < |λmax| U@ZPJ[JW U FHHY JVHNFZ qKJ@PWPHV!
J[JV hZHNFZ hZJ MHEdHFHKH[ W@UEJ PW VHh KJWHE[JY HK NV@JKhUPV�
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