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Overview
1. What are MHD waves and 

instabilities? 

2. MHD Waves 
Linearisation, Dispersion Relations, 
Waves in a Uniform Medium, Non-
Uniform Media, Resonances, Phase 
Mixing, Cylinders, Seismology  

3. MHD Instabilities 
What do we mean by instability? 
A few different types (tube instabilities, 
thermal instabilities, Rayleigh-Taylor 
and Kelvin-Helmholtz instabilities)  

4. Concluding Thoughts

Observations of 
Swaying 

Spicules - IRIS 
& SOT      

Antolin et al. 
2018 

CoMP Waves        

Tomczyk  

et al. 2007 



Waves and Instabilities - What are they?
We often begin with an initial equilibrium and ask:  

What happens if we give it a push?

Force Balance: <latexit sha1_base64="tvtWD6zeCBNoOLQ0B2P6E3Szq+Y=">AAACHXicbVDLSgMxFM3UV62vUZduLhZBEMuM1MdGKHXjsoJ9QKeUTJppYzOZIckIZZgfceOvuHGhiAs34t+YPhZaPRA4Oede7r3HjzlT2nG+rNzC4tLySn61sLa+sbllb+80VJRIQusk4pFs+VhRzgSta6Y5bcWS4tDntOkPr8Z+855KxSJxq0cx7YS4L1jACNZG6tplBy4h9fwA7jLwNAupmn6rGRyDJ7DPMdTgCDw5iKZOP+vaRafkTAB/iTsjRTRDrWt/eL2IJCEVmnCsVNt1Yt1JsdSMcJoVvETRGJMh7tO2oQKbNTrp5LoMDozSgyCS5gkNE/VnR4pDpUahbypDrAdq3huL/3ntRAcXnZSJONFUkOmgIOGgIxhHBT0mKdF8ZAgmkpldgQywxESbQAsmBHf+5L+kcVJyz0qnN+VipTqLI4/20D46RC46RxV0jWqojgh6QE/oBb1aj9az9Wa9T0tz1qxnF/2C9fkN3HmfVg==</latexit>

0 = j⇥B�rP + ⇢g

If the system is perturbed, the forces will change. Do they act to 
restore the equilibrium (waves) or not (instability).

Waves Instabilities



Waves and Instabilities
How can we describe MHD waves and instabilities 

mathematically?
1. Initial equilibrium 

2. Linearise MHD equations 

3. Small perturbation to the 
system e.g.   
 

4. See what happens! 

5. As perturbations can grow 
exponentially, non-linear 
analysis may be required 

<latexit sha1_base64="84YFFWRR0Lasdww2d6zfxnAiM1k=">AAACHHicbVDLSgNBEJz1bXxFPXoZDEI8GHZ9H31cPCoYDWRjmJ30JkNmd5aZXiEs+yFe/BUvHhTx4kHwb5zEHDSxoKGmqpvpriCRwqDrfjkTk1PTM7Nz84WFxaXlleLq2o1RqeZQ5UoqXQuYASliqKJACbVEA4sCCbdB97zv396DNkLF19hLoBGxdixCwRlaqVncO4W7TPgSQixnfhDSbk593lJIBy+d0x3qqwjajKKvRbuD23mzWHIr7gB0nHhDUiJDXDaLH35L8TSCGLlkxtQ9N8FGxjQKLiEv+KmBhPEua0Pd0phFYBrZ4LicblmlRUOlbcVIB+rviYxFxvSiwHZGDDtm1OuL/3n1FMPjRibiJEWI+c9HYSopKtpPiraEBo6yZwnjWthdKe8wzTjaPAs2BG/05HFys1vxDisHV/ulk7NhHHNkg2ySMvHIETkhF+SSVAknD+SJvJBX59F5dt6c95/WCWc4s07+wPn8BlaNoOs=</latexit>

Aei(k·r�!t)

<latexit sha1_base64="vUEGW415L9QV/wfDS/5SJ0p1eEo=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKewGXycJevEYwTwgu4bZyWwyZGZ2mZkVwpLf8OJBEa/+jDf/xkmyB00saCiquunuChPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2Ho9up336iSrNYPphxQgOBB5JFjGBjJd+PBR3gxxq6Rm6vXHGr7gxomXg5qUCORq/85fdjkgoqDeFY667nJibIsDKMcDop+ammCSYjPKBdSyUWVAfZ7OYJOrFKH0WxsiUNmqm/JzIstB6L0HYKbIZ60ZuK/3nd1ERXQcZkkhoqyXxRlHJkYjQNAPWZosTwsSWYKGZvRWSIFSbGxlSyIXiLLy+TVq3qXVTP788q9Zs8jiIcwTGcggeXUIc7aEATCCTwDK/w5qTOi/PufMxbC04+cwh/4Hz+AGVAkJ8=</latexit>

!2 > 0

<latexit sha1_base64="SPu3m55sY0mifFApEnXw3vd6gt0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKewGXwcPQS8eI5gHZNcwO5lNhszMLjOzQljyG148KOLVn/Hm3zhJ9qCJBQ1FVTfdXWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQ79dtPVGkWywczTmgg8ECyiBFsrOT7saAD/FhD18jtlStu1Z0BLRMvJxXI0eiVv/x+TFJBpSEca9313MQEGVaGEU4nJT/VNMFkhAe0a6nEguogm908QSdW6aMoVrakQTP190SGhdZjEdpOgc1QL3pT8T+vm5roKsiYTFJDJZkvilKOTIymAaA+U5QYPrYEE8XsrYgMscLE2JhKNgRv8eVl0qpVvYvq+f1ZpX6Tx1GEIziGU/DgEupwBw1oAoEEnuEV3pzUeXHenY95a8HJZw7hD5zPH2I0kJ0=</latexit>

!2 < 0

Want to find a relationship between the 
growth rate,     , and the wave number, k, of 
the perturbation. 

<latexit sha1_base64="VHrQ9eClRmAVgOrOT/oHjGRjlwM=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knNrhJ0gHvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPk3GPJQ==</latexit>!

Waves

Instabilities

Forces oppose any displacement from the 
equilibrium, creating oscillatory behaviour.

Forces enhance any displacement from the 
equilibrium, creating runaway, exponential 
growth.



Understanding MHD Waves - Linear Analysis
We can analyse MHD waves and instabilities mathematically by 
considering small perturbations to an initial equilibrium.  

<latexit sha1_base64="yD26w6UJSGJ5jO0+vk4z7Fd2Lh0="></latexit>

B = B0 +B1

v = v0 + v1

P = P0 + P1

⇢ = ⇢0 + ⇢1

Magnetic Field

Velocity

Gas Pressure

Density

Equilibrium 
Quantities

Small 
Perturbations

We can linearise the MHD 
equations by assuming that 
products of perturbed 
variables are negligible 
e.g.

<latexit sha1_base64="4snZZM7blRgo5hGe2xODY1fnIGI=">AAACE3icbZC7TsMwFIYdrqXcAowsFhUSYqgSxG2sysJYJHqRmqhyXKe16jiW7VRUUd6BhVdhYQAhVhY23gY3zQAtv2Tp13fO0fH5A8Go0o7zbS0tr6yurZc2yptb2zu79t5+S8WJxKSJYxbLToAUYZSTpqaakY6QBEUBI+1gdDOtt8dEKhrzez0RxI/QgNOQYqQN6tmnqReEcNxzM+hpGhEFc1DPARJCxg8z4mQ9u+JUnVxw0biFqYBCjZ795fVjnESEa8yQUl3XEdpPkdQUM5KVvUQRgfAIDUjXWI7Mej/Nb8rgsSF9GMbSPK5hTn9PpChSahIFpjNCeqjma1P4X62b6PDaTykXiSYczxaFCYM6htOAYJ9KgjWbGIOwpOavEA+RRFibGMsmBHf+5EXTOqu6l9WLu/NKrV7EUQKH4AicABdcgRq4BQ3QBBg8gmfwCt6sJ+vFerc+Zq1LVjFzAP7I+vwBEW+dCQ==</latexit>

v1 ⇥B1 ⇡ 0



Ideal MHD equations Linearised equations

<latexit sha1_base64="X7CJFghiq6crJB40y2BcFet17K4="></latexit>

@B

@t
= r⇥ (v ⇥B)

Assume a uniform plasma at rest (v = 0) and 
magnetic field aligned in the z direction.  

<latexit sha1_base64="BkXlQcvNxzrnUS3gUUW12XaXpl4=">AAACBXicdVDLSgMxFM3UV62vUZe6CBbB1ZBWZ2oXQqkblxVsK3SGkkkzbWjmQZIR6tCNG3/FjQtF3PoP7vwb04egogcSTs65l5t7/IQzqRD6MHILi0vLK/nVwtr6xuaWub3TknEqCG2SmMfi2seSchbRpmKK0+tEUBz6nLb94fnEb99QIVkcXalRQr0Q9yMWMIKVlrrmfub6AayPuwiewbq+p293gBW8HXfNIrKQU7ZtByLLtsvOMdKkWq1WEIIlC01RBHM0uua724tJGtJIEY6l7JRQorwMC8UIp+OCm0qaYDLEfdrRNMIhlV423WIMD7XSg0Es9IkUnKrfOzIcSjkKfV0ZYjWQv72J+JfXSVVw6mUsSlJFIzIbFKQcqhhOIoE9JihRfKQJJoLpv0IywAITpYMr6BC+NoX/k1bZKjmWfXlSrNXnceTBHjgAR6AEKqAGLkADNAEBd+ABPIFn4954NF6M11lpzpj37IIfMN4+Af42lwY=</latexit>

B0 = B0ẑ
<latexit sha1_base64="RZYlQ6To1lMOA9wWtGeOOGG9qpI=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFclUwd27oQim5cVrAPaEvJpJk2NJMZkkxhGOqvuHGhiFs/xJ1/Y6atoKIHLhzOuZd77/EizpRG6MNaWV1b39jMbeW3d3b39u2Dw5YKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vcl15renVCoWijudRLQf4JFgPiNYG2lgF9Ke58PpAM3gJZxzNBvYRVS6qFXKbgWiEkJVp+xkpFx1z1zoGCVDESzRGNjvvWFI4oAKTThWquugSPdTLDUjnM7yvVjRCJMJHtGuoQIHVPXT+fEzeGKUIfRDaUpoOFe/T6Q4UCoJPNMZYD1Wv71M/Mvrxtqv9VMmolhTQRaL/JhDHcIsCThkkhLNE0MwkczcCskYS0y0yStvQvj6FP5PWuWSUymd37rF+tUyjhw4AsfgFDigCurgBjRAExCQgAfwBJ6te+vRerFeF60r1nKmAH7AevsENz6T3w==</latexit>

v0 = 0
<latexit sha1_base64="rSAtkbVbreG+ax+DM9aea4SWMU0=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwISURX8uiG5cV7APSECbTSTt0MhNmboQS+hluXCji1q9x5984bbPQ1gMXDufcy733RKngBlz32ymtrK6tb5Q3K1vbO7t71f2DtlGZpqxFlVC6GxHDBJesBRwE66aakSQSrBON7qZ+54lpw5V8hHHKgoQMJI85JWAlvxm6Z7inhyp0w2rNrbsz4GXiFaSGCjTD6levr2iWMAlUEGN8z00hyIkGTgWbVHqZYSmhIzJgvqWSJMwE+ezkCT6xSh/HStuSgGfq74mcJMaMk8h2JgSGZtGbiv95fgbxTZBzmWbAJJ0vijOBQeHp/7jPNaMgxpYQqrm9FdMh0YSCTaliQ/AWX14m7fO6d1W/fLioNW6LOMroCB2jU+Sha9RA96iJWogihZ7RK3pzwHlx3p2PeWvJKWYO0R84nz/RJZBR</latexit>

P0, ⇢0

<latexit sha1_base64="aZpb3oZt8TGR3J9b3cWSMXjxRSI="></latexit>

⇢
@v

@t
= j⇥B�rP

<latexit sha1_base64="Az7K251stjBKiK2qwcd8Ion9B5c="></latexit>

@⇢

@t
+r · (⇢v) = 0

<latexit sha1_base64="BEY1NTJ40RIJ+th8JkNtrUfQ7BY=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiuCqJ+NoIpW5cVrAPaEKZTCft0MkkzEyEEurGX3HjQhG3/oU7/8Zpm4W2HrhwOOde7r0nSDhT2nG+rcLS8srqWnG9tLG5tb1j7+41VZxKQhsk5rFsB1hRzgRtaKY5bSeS4ijgtBUMbyZ+64FKxWJxr0cJ9SPcFyxkBGsjde0DT+CAY+SRXqxR5gUhqo3RNXK6dtmpOFOgReLmpAw56l37y+vFJI2o0IRjpTquk2g/w1Izwum45KWKJpgMcZ92DBU4osrPph+M0bFReiiMpSmh0VT9PZHhSKlRFJjOCOuBmvcm4n9eJ9XhlZ8xkaSaCjJbFKYc6RhN4kA9JinRfGQIJpKZWxEZYImJNqGVTAju/MuLpHlacS8q53dn5Wotj6MIh3AEJ+DCJVThFurQAAKP8Ayv8GY9WS/Wu/Uxay1Y+cw+/IH1+QMyFpVw</latexit>r ·B = 0

<latexit sha1_base64="oZl9O47MU2KJOZtNp3f8qqzdeBE="></latexit>

@

@t

✓
P

⇢�

◆
+ v ·r

✓
P

⇢�

◆
= 0

<latexit sha1_base64="FdIr3D8VLB/39d4hcNtv4C/zEuo="></latexit>

@

@t

⇢
P1 �

✓
�P0

⇢0

◆
⇢1

�
= 0

<latexit sha1_base64="Yg7TVrS9JhLl5DSGLD8KrtdFsd8="></latexit>

@⇢1
@t

+ ⇢0r · v1 = 0

<latexit sha1_base64="E1WijvbqG8xobJTcVfKVr1bEGHs="></latexit>

@B1

@t
= r⇥ (v1 ⇥B0) = 0

<latexit sha1_base64="rXFNc1Ys8tBHMAWMxcqvS7zn/0s="></latexit>

⇢0
@v1

@t
= j1 ⇥B0 �rP1

<latexit sha1_base64="XXxq6aaVRw4SHn+STfOYTe096Ng=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUnE10YodeOygn1AE8JkMmmHTmbCzEQooeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r0nTBlV2nG+rdLS8srqWnm9srG5tb1j7+61lcgkJi0smJDdECnCKCctTTUj3VQSlISMdMLhzcTvPBCpqOD3epQSP0F9TmOKkTZSYB94HIUMQQ9HQsPcC2PYGAcuvIZOYFedmjMFXCRuQaqgQDOwv7xI4CwhXGOGlOq5Tqr9HElNMSPjipcpkiI8RH3SM5SjhCg/n/4whsdGiWAspCmu4VT9PZGjRKlREprOBOmBmvcm4n9eL9PxlZ9TnmaacDxbFGcMagEngcCISoI1GxmCsKTmVogHSCKsTWwVE4I7//IiaZ/W3Iva+d1Ztd4o4iiDQ3AEToALLkEd3IImaAEMHsEzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AGeklhQ=</latexit>r ·B1 = 0

Waves in a Uniform Medium



Waves in a Uniform Medium
Assume Fourier components for the perturbations of the form:

<latexit sha1_base64="84YFFWRR0Lasdww2d6zfxnAiM1k=">AAACHHicbVDLSgNBEJz1bXxFPXoZDEI8GHZ9H31cPCoYDWRjmJ30JkNmd5aZXiEs+yFe/BUvHhTx4kHwb5zEHDSxoKGmqpvpriCRwqDrfjkTk1PTM7Nz84WFxaXlleLq2o1RqeZQ5UoqXQuYASliqKJACbVEA4sCCbdB97zv396DNkLF19hLoBGxdixCwRlaqVncO4W7TPgSQixnfhDSbk593lJIBy+d0x3qqwjajKKvRbuD23mzWHIr7gB0nHhDUiJDXDaLH35L8TSCGLlkxtQ9N8FGxjQKLiEv+KmBhPEua0Pd0phFYBrZ4LicblmlRUOlbcVIB+rviYxFxvSiwHZGDDtm1OuL/3n1FMPjRibiJEWI+c9HYSopKtpPiraEBo6yZwnjWthdKe8wzTjaPAs2BG/05HFys1vxDisHV/ulk7NhHHNkg2ySMvHIETkhF+SSVAknD+SJvJBX59F5dt6c95/WCWc4s07+wPn8BlaNoOs=</latexit>

Aei(k·r�!t)

and substitute into linearised equations.

<latexit sha1_base64="FdIr3D8VLB/39d4hcNtv4C/zEuo="></latexit>

@

@t

⇢
P1 �

✓
�P0

⇢0

◆
⇢1

�
= 0

<latexit sha1_base64="Yg7TVrS9JhLl5DSGLD8KrtdFsd8="></latexit>

@⇢1
@t

+ ⇢0r · v1 = 0

<latexit sha1_base64="E1WijvbqG8xobJTcVfKVr1bEGHs="></latexit>

@B1

@t
= r⇥ (v1 ⇥B0) = 0

<latexit sha1_base64="rXFNc1Ys8tBHMAWMxcqvS7zn/0s="></latexit>

⇢0
@v1

@t
= j1 ⇥B0 �rP1

<latexit sha1_base64="XXxq6aaVRw4SHn+STfOYTe096Ng=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUnE10YodeOygn1AE8JkMmmHTmbCzEQooeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r0nTBlV2nG+rdLS8srqWnm9srG5tb1j7+61lcgkJi0smJDdECnCKCctTTUj3VQSlISMdMLhzcTvPBCpqOD3epQSP0F9TmOKkTZSYB94HIUMQQ9HQsPcC2PYGAcuvIZOYFedmjMFXCRuQaqgQDOwv7xI4CwhXGOGlOq5Tqr9HElNMSPjipcpkiI8RH3SM5SjhCg/n/4whsdGiWAspCmu4VT9PZGjRKlREprOBOmBmvcm4n9eL9PxlZ9TnmaacDxbFGcMagEngcCISoI1GxmCsKTmVogHSCKsTWwVE4I7//IiaZ/W3Iva+d1Ztd4o4iiDQ3AEToALLkEd3IImaAEMHsEzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AGeklhQ=</latexit>r ·B1 = 0

<latexit sha1_base64="Je/sr3BPo4JzRahH9Q7UoRQaF7w="></latexit>

�!⇢0v1 =
(k⇥B1)⇥B0

µ0
� P1k

<latexit sha1_base64="+HcN52d8hIXg14RYnn74RaI4kl4=">AAACF3icbZBNS8MwGMfT+TbnW9Wjl+AQPJVWfLsIQy8eJ7gXWEtJ03QLS5uSpINR+i28+FW8eFDEq978NmZrDzr9Q+CX//M8JM8/SBmVyra/jNrS8srqWn29sbG5tb1j7u51Jc8EJh3MGRf9AEnCaEI6iipG+qkgKA4Y6QXjm1m9NyFCUp7cq2lKvBgNExpRjJS2fNNyeUyGCLpixH0HXpVgw9wNIjguoItDrsrbpPAd32zalj0X/AtOBU1Qqe2bn27IcRaTRGGGpBw4dqq8HAlFMSNFw80kSREeoyEZaExQTKSXz/cq4JF2QhhxoU+i4Nz9OZGjWMppHOjOGKmRXKzNzP9qg0xFl15OkzRTJMHlQ1HGoOJwFhIMqSBYsakGhAXVf4V4hATCSkfZ0CE4iyv/he6J5ZxbZ3enzdZ1FUcdHIBDcAwccAFa4Ba0QQdg8ACewAt4NR6NZ+PNeC9ba0Y1sw9+yfj4BmyJnjs=</latexit>

!⇢1 = ⇢0k · v1

<latexit sha1_base64="LV0H0d1zC4Vm2GJq0pMvknIBSos="></latexit>

�!B1 = k⇥ (v1 ⇥B0)

<latexit sha1_base64="PgYqa6Ut9M6oT7rQpNamzWJgToY=">AAACG3icbVDLSgMxFM34rPVVdekmWIS6KTPF10YounFZwT6gMwyZNDMNTWaG5I5Qhv6HG3/FjQtFXAku/BvTx0JbD4ScnHMvN/cEqeAabPvbWlpeWV1bL2wUN7e2d3ZLe/stnWSKsiZNRKI6AdFM8Jg1gYNgnVQxIgPB2sHgZuy3H5jSPInvYZgyT5Io5iGnBIzkl2oN38FX2BUshIobKkJzNyJSEtzw7VHuqn5iblfxqA8nk5fjl8p21Z4ALxJnRspohoZf+nR7Cc0ki4EKonXXsVPwcqKAU8FGRTfTLCV0QCLWNTQmkmkvn+w2wsdG6eEwUebEgCfq746cSK2HMjCVkkBfz3tj8T+vm0F46eU8TjNgMZ0OCjOBIcHjoHCPK0ZBDA0hVHHzV0z7xAQEJs6iCcGZX3mRtGpV57x6dndarl/P4iigQ3SEKshBF6iOblEDNRFFj+gZvaI368l6sd6tj2npkjXrOUB/YH39AIRhoIc=</latexit>

P1 =

✓
�P0

⇢0

◆
⇢1

<latexit sha1_base64="JZ9TV+yOTo0N7sWmVqc7GtKx1Fk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiTiayOUunFZwT6gCWEymbRDJ5MwMxFKyMKNv+LGhSJu/Qh3/o3TNAttPXDhzDn3MvceP2FUKsv6Niorq2vrG9XN2tb2zu6euX/Qk3EqMOnimMVi4CNJGOWkq6hiZJAIgiKfkb4/uZn5/QciJI35vZomxI3QiNOQYqS05Jn1zPFDOMmhg4NYweLVzj0bXkPLMxtW0yoAl4ldkgYo0fHMLyeIcRoRrjBDUg5tK1FuhoSimJG85qSSJAhP0IgMNeUoItLNiiNyeKyVAIax0MUVLNTfExmKpJxGvu6MkBrLRW8m/ucNUxVeuRnlSaoIx/OPwpRBFcNZIjCggmDFppogLKjeFeIxEggrnVtNh2AvnrxMeqdN+6J5fnfWaLXLOKqgDo7ACbDBJWiBW9ABXYDBI3gGr+DNeDJejHfjY95aMcqZQ/AHxucPCdyWaw==</latexit>

k ·B1 = 0

<latexit sha1_base64="j/2KuujGBsJ0PxwwQGTekd2jWaU=">AAACBHicbVDLSgMxFL3js9bXqMtugkVwVWbE17LoxmUF+4B2KJk004ZmMkOSEcowCzf+ihsXirj1I9z5N2baQbT1QOBwzr1JzvFjzpR2nC9raXlldW29tFHe3Nre2bX39lsqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9sfXud++p1KxSNzpSUy9EA8FCxjB2kh9u9ILJCZpL8ZSM8yzH4Z01rerTs2ZAi0StyBVKNDo25+9QUSSkApNOFaq6zqx9tL8QsJpVu4lisaYjPGQdg0VOKTKS6chMnRklAEKImmO0Giq/t5IcajUJPTNZIj1SM17ufif1010cOmlTMSJpoLMHgoSEzBCeSNowCQlmk8MwUQy81dERti0ok1vZVOCOx95kbROau557ez2tFq/KuooQQUO4RhcuIA63EADmkDgAZ7gBV6tR+vZerPeZ6NLVrFzAH9gfXwDwV6Y0Q==</latexit>

@

@t
1. Time derivatives:

Contribute:
<latexit sha1_base64="WDPYjEjNOV4P5Ur+6LvFfk21TJY=">AAAB8HicbVDJSgNBEK1xjXGLevTSGAQvhhlxOwa9eIxgFkmG0NPpSZr0MnT3CGHIV3jxoIhXP8ebf2MnmYMmPih4vFdFVb0o4cxY3//2lpZXVtfWCxvFza3tnd3S3n7DqFQTWieKK92KsKGcSVq3zHLaSjTFIuK0GQ1vJ37ziWrDlHywo4SGAvclixnB1kmPpwx1lKB93C2V/Yo/BVokQU7KkKPWLX11eoqkgkpLODamHfiJDTOsLSOcjoud1NAEkyHu07ajEgtqwmx68BgdO6WHYqVdSYum6u+JDAtjRiJynQLbgZn3JuJ/Xju18XWYMZmklkoyWxSnHFmFJt+jHtOUWD5yBBPN3K2IDLDGxLqMii6EYP7lRdI4qwSXlYv783L1Jo+jAIdwBCcQwBVU4Q5qUAcCAp7hFd487b14797HrHXJy2cO4A+8zx8bPo/5</latexit>�i!

2. Spatial derivatives:
<latexit sha1_base64="HfbQjEHyOu8zuaPcHbFJa4CTLv0=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmbE17LoxmUF+4DOUDKZTBuaSYbkjlBKP8CNv+LGhSJu/QB3/o1pO6C2Hgg5Ofdcbu4JU8ENuO6Xs7C4tLyyWlgrrm9sbm2XdnYbRmWasjpVQulWSAwTXLI6cBCslWpGklCwZti/Hteb90wbruQdDFIWJKQrecwpASt1SmVfklCQYzy9sU8jBT8v4Akz1uVW3AnwPPFyUkY5ap3Spx8pmiVMAhXEmLbnphAMiQZOBRsV/cywlNA+6bK2pZLYIcFwsswIH1olwrHS9kjAE/V3x5AkxgyS0DoTAj0zWxuL/9XaGcSXwZDLNAMm6XRQnAkMCo+TwRHXjIIYWEKo5vavmPaIJhRsfkUbgje78jxpnFS888rZ7Wm5epXHUUD76AAdIQ9doCq6QTVURxQ9oCf0gl6dR+fZeXPep9YFJ+/ZQ3/gfHwDOcqafQ==</latexit>r,r·,r⇥

Contribute:
<latexit sha1_base64="IZVHl9ZWrmX9Lqbzru2/vEQYyGM=">AAACFXicbZDLSsNAFIYnXmu9RV26GSyCi1IS8bYsunFZwV6gCWUynbRDJ5MwcyKU0Jdw46u4caGIW8Gdb+O0DUVbfxj4+c45nDl/kAiuwXG+raXlldW19cJGcXNre2fX3ttv6DhVlNVpLGLVCohmgktWBw6CtRLFSBQI1gwGN+N684EpzWN5D8OE+RHpSR5ySsCgjl3mOPOCEA9GZTyz2KPdGLAhMwA8Yrpjl5yKMxFeNG5uSihXrWN/ed2YphGTQAXRuu06CfgZUcCpYKOil2qWEDogPdY2VhKzxM8mV43wsSFdHMbKPAl4Qn9PZCTSehgFpjMi0NfztTH8r9ZOIbzyMy6TFJik00VhKjDEeBwR7nLFKIihMYQqbv6KaZ8oQsEEWTQhuPMnL5rGacW9qJzfnZWq13kcBXSIjtAJctElqqJbVEN1RNEjekav6M16sl6sd+tj2rpk5TMH6I+szx+/L51Z</latexit>

ik, ik·, ik⇥



Waves in a Uniform Medium
Assume Fourier components for the perturbations of the form:

<latexit sha1_base64="84YFFWRR0Lasdww2d6zfxnAiM1k=">AAACHHicbVDLSgNBEJz1bXxFPXoZDEI8GHZ9H31cPCoYDWRjmJ30JkNmd5aZXiEs+yFe/BUvHhTx4kHwb5zEHDSxoKGmqpvpriCRwqDrfjkTk1PTM7Nz84WFxaXlleLq2o1RqeZQ5UoqXQuYASliqKJACbVEA4sCCbdB97zv396DNkLF19hLoBGxdixCwRlaqVncO4W7TPgSQixnfhDSbk593lJIBy+d0x3qqwjajKKvRbuD23mzWHIr7gB0nHhDUiJDXDaLH35L8TSCGLlkxtQ9N8FGxjQKLiEv+KmBhPEua0Pd0phFYBrZ4LicblmlRUOlbcVIB+rviYxFxvSiwHZGDDtm1OuL/3n1FMPjRibiJEWI+c9HYSopKtpPiraEBo6yZwnjWthdKe8wzTjaPAs2BG/05HFys1vxDisHV/ulk7NhHHNkg2ySMvHIETkhF+SSVAknD+SJvJBX59F5dt6c95/WCWc4s07+wPn8BlaNoOs=</latexit>

Aei(k·r�!t)

and substitute into linearised equations.

<latexit sha1_base64="FdIr3D8VLB/39d4hcNtv4C/zEuo="></latexit>

@

@t

⇢
P1 �

✓
�P0

⇢0

◆
⇢1

�
= 0

<latexit sha1_base64="Yg7TVrS9JhLl5DSGLD8KrtdFsd8="></latexit>

@⇢1
@t

+ ⇢0r · v1 = 0

<latexit sha1_base64="E1WijvbqG8xobJTcVfKVr1bEGHs="></latexit>

@B1

@t
= r⇥ (v1 ⇥B0) = 0

<latexit sha1_base64="rXFNc1Ys8tBHMAWMxcqvS7zn/0s="></latexit>

⇢0
@v1

@t
= j1 ⇥B0 �rP1

<latexit sha1_base64="XXxq6aaVRw4SHn+STfOYTe096Ng=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUnE10YodeOygn1AE8JkMmmHTmbCzEQooeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r0nTBlV2nG+rdLS8srqWnm9srG5tb1j7+61lcgkJi0smJDdECnCKCctTTUj3VQSlISMdMLhzcTvPBCpqOD3epQSP0F9TmOKkTZSYB94HIUMQQ9HQsPcC2PYGAcuvIZOYFedmjMFXCRuQaqgQDOwv7xI4CwhXGOGlOq5Tqr9HElNMSPjipcpkiI8RH3SM5SjhCg/n/4whsdGiWAspCmu4VT9PZGjRKlREprOBOmBmvcm4n9eL9PxlZ9TnmaacDxbFGcMagEngcCISoI1GxmCsKTmVogHSCKsTWwVE4I7//IiaZ/W3Iva+d1Ztd4o4iiDQ3AEToALLkEd3IImaAEMHsEzeAVv1pP1Yr1bH7PWklXM7IM/sD5/AGeklhQ=</latexit>r ·B1 = 0

<latexit sha1_base64="Je/sr3BPo4JzRahH9Q7UoRQaF7w="></latexit>

�!⇢0v1 =
(k⇥B1)⇥B0

µ0
� P1k

<latexit sha1_base64="+HcN52d8hIXg14RYnn74RaI4kl4=">AAACF3icbZBNS8MwGMfT+TbnW9Wjl+AQPJVWfLsIQy8eJ7gXWEtJ03QLS5uSpINR+i28+FW8eFDEq978NmZrDzr9Q+CX//M8JM8/SBmVyra/jNrS8srqWn29sbG5tb1j7u51Jc8EJh3MGRf9AEnCaEI6iipG+qkgKA4Y6QXjm1m9NyFCUp7cq2lKvBgNExpRjJS2fNNyeUyGCLpixH0HXpVgw9wNIjguoItDrsrbpPAd32zalj0X/AtOBU1Qqe2bn27IcRaTRGGGpBw4dqq8HAlFMSNFw80kSREeoyEZaExQTKSXz/cq4JF2QhhxoU+i4Nz9OZGjWMppHOjOGKmRXKzNzP9qg0xFl15OkzRTJMHlQ1HGoOJwFhIMqSBYsakGhAXVf4V4hATCSkfZ0CE4iyv/he6J5ZxbZ3enzdZ1FUcdHIBDcAwccAFa4Ba0QQdg8ACewAt4NR6NZ+PNeC9ba0Y1sw9+yfj4BmyJnjs=</latexit>

!⇢1 = ⇢0k · v1

<latexit sha1_base64="LV0H0d1zC4Vm2GJq0pMvknIBSos="></latexit>

�!B1 = k⇥ (v1 ⇥B0)

<latexit sha1_base64="PgYqa6Ut9M6oT7rQpNamzWJgToY=">AAACG3icbVDLSgMxFM34rPVVdekmWIS6KTPF10YounFZwT6gMwyZNDMNTWaG5I5Qhv6HG3/FjQtFXAku/BvTx0JbD4ScnHMvN/cEqeAabPvbWlpeWV1bL2wUN7e2d3ZLe/stnWSKsiZNRKI6AdFM8Jg1gYNgnVQxIgPB2sHgZuy3H5jSPInvYZgyT5Io5iGnBIzkl2oN38FX2BUshIobKkJzNyJSEtzw7VHuqn5iblfxqA8nk5fjl8p21Z4ALxJnRspohoZf+nR7Cc0ki4EKonXXsVPwcqKAU8FGRTfTLCV0QCLWNTQmkmkvn+w2wsdG6eEwUebEgCfq746cSK2HMjCVkkBfz3tj8T+vm0F46eU8TjNgMZ0OCjOBIcHjoHCPK0ZBDA0hVHHzV0z7xAQEJs6iCcGZX3mRtGpV57x6dndarl/P4iigQ3SEKshBF6iOblEDNRFFj+gZvaI368l6sd6tj2npkjXrOUB/YH39AIRhoIc=</latexit>

P1 =

✓
�P0

⇢0

◆
⇢1

<latexit sha1_base64="JZ9TV+yOTo0N7sWmVqc7GtKx1Fk=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiTiayOUunFZwT6gCWEymbRDJ5MwMxFKyMKNv+LGhSJu/Qh3/o3TNAttPXDhzDn3MvceP2FUKsv6Niorq2vrG9XN2tb2zu6euX/Qk3EqMOnimMVi4CNJGOWkq6hiZJAIgiKfkb4/uZn5/QciJI35vZomxI3QiNOQYqS05Jn1zPFDOMmhg4NYweLVzj0bXkPLMxtW0yoAl4ldkgYo0fHMLyeIcRoRrjBDUg5tK1FuhoSimJG85qSSJAhP0IgMNeUoItLNiiNyeKyVAIax0MUVLNTfExmKpJxGvu6MkBrLRW8m/ucNUxVeuRnlSaoIx/OPwpRBFcNZIjCggmDFppogLKjeFeIxEggrnVtNh2AvnrxMeqdN+6J5fnfWaLXLOKqgDo7ACbDBJWiBW9ABXYDBI3gGr+DNeDJejHfjY95aMcqZQ/AHxucPCdyWaw==</latexit>

k ·B1 = 0

<latexit sha1_base64="j/2KuujGBsJ0PxwwQGTekd2jWaU=">AAACBHicbVDLSgMxFL3js9bXqMtugkVwVWbE17LoxmUF+4B2KJk004ZmMkOSEcowCzf+ihsXirj1I9z5N2baQbT1QOBwzr1JzvFjzpR2nC9raXlldW29tFHe3Nre2bX39lsqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9sfXud++p1KxSNzpSUy9EA8FCxjB2kh9u9ILJCZpL8ZSM8yzH4Z01rerTs2ZAi0StyBVKNDo25+9QUSSkApNOFaq6zqx9tL8QsJpVu4lisaYjPGQdg0VOKTKS6chMnRklAEKImmO0Giq/t5IcajUJPTNZIj1SM17ufif1010cOmlTMSJpoLMHgoSEzBCeSNowCQlmk8MwUQy81dERti0ok1vZVOCOx95kbROau557ez2tFq/KuooQQUO4RhcuIA63EADmkDgAZ7gBV6tR+vZerPeZ6NLVrFzAH9gfXwDwV6Y0Q==</latexit>

@

@t
1. Time derivatives:

Contribute:
<latexit sha1_base64="WDPYjEjNOV4P5Ur+6LvFfk21TJY=">AAAB8HicbVDJSgNBEK1xjXGLevTSGAQvhhlxOwa9eIxgFkmG0NPpSZr0MnT3CGHIV3jxoIhXP8ebf2MnmYMmPih4vFdFVb0o4cxY3//2lpZXVtfWCxvFza3tnd3S3n7DqFQTWieKK92KsKGcSVq3zHLaSjTFIuK0GQ1vJ37ziWrDlHywo4SGAvclixnB1kmPpwx1lKB93C2V/Yo/BVokQU7KkKPWLX11eoqkgkpLODamHfiJDTOsLSOcjoud1NAEkyHu07ajEgtqwmx68BgdO6WHYqVdSYum6u+JDAtjRiJynQLbgZn3JuJ/Xju18XWYMZmklkoyWxSnHFmFJt+jHtOUWD5yBBPN3K2IDLDGxLqMii6EYP7lRdI4qwSXlYv783L1Jo+jAIdwBCcQwBVU4Q5qUAcCAp7hFd487b14797HrHXJy2cO4A+8zx8bPo/5</latexit>�i!

2. Spatial derivatives:
<latexit sha1_base64="HfbQjEHyOu8zuaPcHbFJa4CTLv0=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmbE17LoxmUF+4DOUDKZTBuaSYbkjlBKP8CNv+LGhSJu/QB3/o1pO6C2Hgg5Ofdcbu4JU8ENuO6Xs7C4tLyyWlgrrm9sbm2XdnYbRmWasjpVQulWSAwTXLI6cBCslWpGklCwZti/Hteb90wbruQdDFIWJKQrecwpASt1SmVfklCQYzy9sU8jBT8v4Akz1uVW3AnwPPFyUkY5ap3Spx8pmiVMAhXEmLbnphAMiQZOBRsV/cywlNA+6bK2pZLYIcFwsswIH1olwrHS9kjAE/V3x5AkxgyS0DoTAj0zWxuL/9XaGcSXwZDLNAMm6XRQnAkMCo+TwRHXjIIYWEKo5vavmPaIJhRsfkUbgje78jxpnFS888rZ7Wm5epXHUUD76AAdIQ9doCq6QTVURxQ9oCf0gl6dR+fZeXPep9YFJ+/ZQ3/gfHwDOcqafQ==</latexit>r,r·,r⇥

Contribute:
<latexit sha1_base64="IZVHl9ZWrmX9Lqbzru2/vEQYyGM=">AAACFXicbZDLSsNAFIYnXmu9RV26GSyCi1IS8bYsunFZwV6gCWUynbRDJ5MwcyKU0Jdw46u4caGIW8Gdb+O0DUVbfxj4+c45nDl/kAiuwXG+raXlldW19cJGcXNre2fX3ttv6DhVlNVpLGLVCohmgktWBw6CtRLFSBQI1gwGN+N684EpzWN5D8OE+RHpSR5ySsCgjl3mOPOCEA9GZTyz2KPdGLAhMwA8Yrpjl5yKMxFeNG5uSihXrWN/ed2YphGTQAXRuu06CfgZUcCpYKOil2qWEDogPdY2VhKzxM8mV43wsSFdHMbKPAl4Qn9PZCTSehgFpjMi0NfztTH8r9ZOIbzyMy6TFJik00VhKjDEeBwR7nLFKIihMYQqbv6KaZ8oQsEEWTQhuPMnL5rGacW9qJzfnZWq13kcBXSIjtAJctElqqJbVEN1RNEjekav6M16sl6sd+tj2rpk5TMH6I+szx+/L51Z</latexit>

ik, ik·, ik⇥

Then, algebra and vector 
identities………



Dispersion Relations
This algebra allows us to eliminate the perturbed variables to find:

<latexit sha1_base64="hRlJe/utHdzJyonZv9cXwlx9veU="></latexit>�
!2 � k2c2A cos2 ✓

� �
!4 � !2k2

�
c2s + c2A

�
+ c2sc

2
Ak

4 cos2 ✓
�
= 0

<latexit sha1_base64="8NmINA7702N8JNxpXb4s+Hkew1w=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXEVCUVrwWplIWxSPQhNW3kuE5r1bEj20Gqou4s/AoLAwix8gNs/A1umwFajnSl43Pule89Qcyo0o7zbeVWVtfWN/Kbha3tnd09e/+gqUQiMWlgwYRsB0gRRjlpaKoZaceSoChgpBWMbqZ+64FIRQW/1+OYdCM04DSkGGkj+XYR+9e9CryCXigRTmu9iu9MUi9KfAd6cijMy7dLTtmZAS4TNyMlkKHu219eX+AkIlxjhpTquE6suymSmmJGJgUvUSRGeIQGpGMoRxFR3XR2ywQeG6UPQyFNcQ1n6u+JFEVKjaPAdEZID9WiNxX/8zqJDi+7KeVxognH84/ChEEt4DQY2KeSYM3GhiAsqdkV4iEyoWgTX8GE4C6evEyalbJ7Xj67Oy1Va1kceXAEiuAEuOACVMEtqIMGwOARPINX8GY9WS/Wu/Uxb81Z2cwh+APr8weOyJmD</latexit>

c2A =
B2

0

µ0⇢0

<latexit sha1_base64="jAkqoXNg4Y48VMx1GMbHSz+NIXs=">AAACCnicbVC7SgNBFJ31GeNr1dJmNAhWYTf4aoSgjWUE84BsXGYns8mQeSwzs0JYUtv4KzYWitj6BXb+jZNkC008cLmHc+5l5p4oYVQbz/t2FhaXlldWC2vF9Y3NrW13Z7ehZaowqWPJpGpFSBNGBakbahhpJYogHjHSjAbXY7/5QJSmUtyZYUI6HPUEjSlGxkqhe4BDfV+BlzCIFcJZ0EOcI1gLvVEWqL60PXRLXtmbAM4TPyclkKMWul9BV+KUE2EwQ1q3fS8xnQwpQzEjo2KQapIgPEA90rZUIE50J5ucMoJHVunCWCpbwsCJ+nsjQ1zrIY/sJEemr2e9sfif105NfNHJqEhSQwSePhSnDBoJx7nALlUEGza0BGFF7V8h7iObibHpFW0I/uzJ86RRKftn5dPbk1L1Ko+jAPbBITgGPjgHVXADaqAOMHgEz+AVvDlPzovz7nxMRxecfGcP/IHz+QPNNZm7</latexit>

c2s =
�P0

⇢0
Alfvén Speed Sound Speed Anisotropy due to

<latexit sha1_base64="RnyzIg4Iy64zhhoBANN9EcBOI5Y=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmY2Z1lplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6rF/fnldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKc3jzI=</latexit>

✓

The two brackets provide dispersion relations for Alfvén and 
magnetoacoustic waves, respectively.

Alfvén

Magnetoacoustic 
(fast and slow)

<latexit sha1_base64="OJhQHO7itG/4pAHQKnelYyxPu+E=">AAACE3icbVDLSgMxFM34tr6qLt0EiyAuykzxtRF8bFxWsK3QaUsmvdOGZiZDckcoQ//Bjb/ixoUibt24829MHwu1Hkju4Zx7Se4JEikMuu6XMzM7N7+wuLScW1ldW9/Ib25VjUo1hwpXUum7gBmQIoYKCpRwl2hgUSChFvSuhn7tHrQRKr7FfgKNiHViEQrO0Eqt/IEfasYzX0XQYc3SIOvZi55R3rpolqjPlRkW7AKyVr7gFt0R6DTxJqRAJii38p9+W/E0ghi5ZMbUPTfBRsY0Ci5hkPNTAwnjPdaBuqUxi8A0stFOA7pnlTYNlbYnRjpSf05kLDKmHwW2M2LYNX+9ofifV08xPG1kIk5ShJiPHwpTSVHRYUC0LTRwlH1LGNfC/pXyLrMhoY0xZ0Pw/q48TaqlondcPLo5LJxfTuJYIjtkl+wTj5yQc3JNyqRCOHkgT+SFvDqPzrPz5ryPW2ecycw2+QXn4xtEIZ0k</latexit>

!2

k2
= c2A cos2 ✓

<latexit sha1_base64="zeTKdUz/r8iQQA3lP4jN5Fhr2S0="></latexit>

!2

k2
=

1

2

�
c2s + c2A

�
± 1

2

q
(c2s + c2A)

2 � 4c2sc
2
A cos2 ✓



MHD wave modes
Alfvén

Behave like waves on a string.


Incompressible.


Restoring force is 
magnetic tension.


Group speed is the 
Alfvén speed.

B

v

Fast and Slow Magnetoacoustic
Compressive waves.

Important Limits
<latexit sha1_base64="1OWXKLlu/MUmc3uZyQaoJ7Ax4iA=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cK1haaUDbbTbt0swm7E6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjLdYIhPdCanhUijeQoGSd1LNaRxK3g5Ht1O//cS1EYl6wHHKg5gOlIgEo2gl38chR0p8TIjbq9bcujsDWSZeQWpQoNmrfvn9hGUxV8gkNabruSkGOdUomOSTip8ZnlI2ogPetVTRmJsgn908ISdW6ZMo0bYUkpn6eyKnsTHjOLSdMcWhWfSm4n9eN8PoOsiFSjPkis0XRZkk9sVpAKQvNGcox5ZQpoW9lbAh1ZShjaliQ/AWX14mj2d177J+cX9ea9wUcZThCI7hFDy4ggbcQRNawCCFZ3iFNydzXpx352PeWnKKmUP4A+fzByV3kR0=</latexit>

✓ ! 0
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Parallel Propagation Fast and slow waves propagate 
as pure Alfvén and slow waves.

Perpendicular Propagation Fastest propagation 
for fast wave. Slow wave phase speed goes to 0.

Cold Limit No gas pressure so sound speed vanishes. No slow 
wave and fast wave propagates isotropically with the Alfvén speed.

Low      Slow wave confined to propagate along magnetic field lines 
as an acoustic mode.
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For fast/slow wave, density and field strength are perturbed in/out 
of phase.



MHD wave modes
Alfvén Fast and Slow Magnetoacoustic

Behave like waves on a string.


Incompressible.


Restoring force is 
magnetic tension.


Group speed is the 
Alfvén speed.

B
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Compressive. Restoring force due to pressure (magnetic and gas).

Important Limits
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Parallel Propagation Fast and slow waves propagate 
as pure Alfvén and slow waves.

Perpendicular Propagation Fastest propagation 
for fast wave. Slow wave phase speed goes to 0.

Cold Limit No gas pressure so sound speed vanishes. No slow 
wave and fast wave propagates isotropically with the Alfvén speed.

Low      Slow wave confined to propagate along magnetic field lines 
as an acoustic mode.

<latexit sha1_base64="z3fSZhQd0ElA8KAp0OAq6CESVzc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6nfqtJ1SaJ/LBjFMMYjqQPOKMGiv53RAN7VVrbt2dgSwTryA1KNDsVb+6/YRlMUrDBNW647mpCXKqDGcCJ5VupjGlbEQH2LFU0hh1kM+OnZATq/RJlChb0pCZ+nsip7HW4zi0nTE1Q73oTcX/vE5mousg5zLNDEo2XxRlgpiETD8nfa6QGTG2hDLF7a2EDamizNh8KjYEb/HlZfJ4Vvcu6xf357XGTRFHGY7gGE7BgytowB00wQcGHJ7hFd4c6bw4787HvLXkFDOH8AfO5w/HFo6u</latexit>

�

For fast/slow wave, density and field strength are perturbed in/out 
of phase.

Thanks to E Enerhaug




Non-Uniform Medium - Phase Mixing
Short transverse length scales 

 Greater Energy Dissipation

Increasing Alfvén speed

v

B

In fully 3D plasmas, the MHD modes no longer decouple and waves 
have mixed properties. However, if there is an invariant direction, 
pure Alfvén waves can still exist.

Alfvén Speed Profile

Transverse gradient in the local Alfvén speed. Linear waves 
confined to individual field lines so out of phase waves on 
neighbouring field lines produce increasing small length scales.
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Waves - Resonances
Field lines with fixed ends will have natural frequencies. 
Oscillatory drivers with power at these frequencies will 
efficiently excite resonant standing waves.

The Sun-Earth System - NASA

Field line resonances in the Earth’s 
Magnetosphere - Wright & Elsden (2020) 
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Uniform field line - Alfvén Speed
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Period of fundamental mode for uniform string is twice travel time
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Fundamental frequency is:
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Can also excite higher harmonics:

Fundamental First overtone
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Kink Mode           Sausage Mode

Morton et al. 2012

Waves in Cylinders

Coronal Loops observed by TRACE

Often model loops as straight cylinders. 
These support many wave modes, including 
sausage, kink and higher order ballooning/
fluting modes. 


Magnetic tension dominant restoring force.


Weakly compressible kink modes widely 
observed in Sun’s atmosphere. They damp 
very rapidly despite weak dissipation - why?



Kink Mode           Sausage Mode

Morton et al. 2012

Waves in Cylinders

Coronal Loops observed by TRACE

Often model loops as straight cylinders. 
These support many wave modes, including 
sausage, kink and higher order ballooning/
fluting modes. 


Magnetic tension dominant restoring force.


Weakly compressible kink modes widely 
observed in Sun’s atmosphere. They damp 
very rapidly despite weak dissipation - why?

Time-distance 
maps for kink 

waves.  Pascoe et 
al. 2015, Goddard 

et al. 2016



Resonant Absorption Many observations of oscillating coronal 
loops. Interpreted as kink modes.


Kink speed: 
<latexit sha1_base64="lH1/XjJ/LMGLLeEFu7HFtyyoEBU="></latexit>

vk =

s
⇢iv2Ai

+ ⇢ev2Ae

⇢i + ⇢e
Matches local Alfvén speed in the boundary 
of loop -> resonance! 

Energy is efficiently transferred from the 
global kink mode to localised azimuthal 
Alfvén waves.

Kink wave damps very quickly but no 
direct energy dissipation. Can lead to 
instability as we shall see….!



Waves - Seismology
Waves can carry information about their source and the 

background medium. We can use waves to infer 
plasma properties that we cannot measure directly. 

Seismology of the Earth’s Interior  
IRIS/SAGE Inferring rotational profile of the solar 

interior using helioseismology  
HAO 

Coronal Seismology with 
kink oscillations  

(Pascoe et al. 2017) 



Waves - Seismology in Practice

Clamp

Mass
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Wave Speed on 
Stretched String

Can we used waves to estimate the unknown mass?

Tension Mass per unit length

Standing Mode 
Observation

Using Copper Wire: 

Standard Wire Gauge: 26

Mass per unit length:  0.00146 kg/m





Waves - Seismology in Practice Standing Mode Observation



Clamp

Mass
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Wave Speed on 
Stretched String

For a uniform string, standing mode period is twice the wave 
travel time along the wire. What else do you need to know?

Tension Mass per unit length

Standing Mode 
Observation

Using Copper Wire: 

Standard Wire Gauge: 26

Mass per unit length:  0.00146 kg/m



Instabilities
There are many ways a plasma can be 
unstable. This list shows a few of them:

In Solar System Science, we may be 
interested in (e.g.): 

Tearing mode instability for reconnection


Convective instability in the solar interior 

Kelvin-Helmholtz instability on the flanks 
of magnetospheres


Kink instability as the driver of impulsive 
events in the corona


Magnetic buoyancy instability for flux 
emergence in the Sun


Rayleigh-Taylor instability in prominences


Thermal instabilities for coronal rain

Coronal Mass Ejections can be triggered by instabilities - NASA

KHI in Jovian magnetosphere  
Zhang et al. 2017

The violent release of energy during solar flares 
can be initiated by instability - NASA



Waves and Instabilities
How can we describe MHD waves and instabilities 

mathematically?
1. Initial equilibrium 

2. Linearise MHD equations 

3. Small perturbation to the 
system e.g.   
 

4. See what happens! 

5. As perturbations can grow 
exponentially, non-linear 
analysis may be required 

<latexit sha1_base64="84YFFWRR0Lasdww2d6zfxnAiM1k=">AAACHHicbVDLSgNBEJz1bXxFPXoZDEI8GHZ9H31cPCoYDWRjmJ30JkNmd5aZXiEs+yFe/BUvHhTx4kHwb5zEHDSxoKGmqpvpriCRwqDrfjkTk1PTM7Nz84WFxaXlleLq2o1RqeZQ5UoqXQuYASliqKJACbVEA4sCCbdB97zv396DNkLF19hLoBGxdixCwRlaqVncO4W7TPgSQixnfhDSbk593lJIBy+d0x3qqwjajKKvRbuD23mzWHIr7gB0nHhDUiJDXDaLH35L8TSCGLlkxtQ9N8FGxjQKLiEv+KmBhPEua0Pd0phFYBrZ4LicblmlRUOlbcVIB+rviYxFxvSiwHZGDDtm1OuL/3n1FMPjRibiJEWI+c9HYSopKtpPiraEBo6yZwnjWthdKe8wzTjaPAs2BG/05HFys1vxDisHV/ulk7NhHHNkg2ySMvHIETkhF+SSVAknD+SJvJBX59F5dt6c95/WCWc4s07+wPn8BlaNoOs=</latexit>

Aei(k·r�!t)

<latexit sha1_base64="vUEGW415L9QV/wfDS/5SJ0p1eEo=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKewGXycJevEYwTwgu4bZyWwyZGZ2mZkVwpLf8OJBEa/+jDf/xkmyB00saCiquunuChPOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2Ho9up336iSrNYPphxQgOBB5JFjGBjJd+PBR3gxxq6Rm6vXHGr7gxomXg5qUCORq/85fdjkgoqDeFY667nJibIsDKMcDop+ammCSYjPKBdSyUWVAfZ7OYJOrFKH0WxsiUNmqm/JzIstB6L0HYKbIZ60ZuK/3nd1ERXQcZkkhoqyXxRlHJkYjQNAPWZosTwsSWYKGZvRWSIFSbGxlSyIXiLLy+TVq3qXVTP788q9Zs8jiIcwTGcggeXUIc7aEATCCTwDK/w5qTOi/PufMxbC04+cwh/4Hz+AGVAkJ8=</latexit>

!2 > 0

<latexit sha1_base64="SPu3m55sY0mifFApEnXw3vd6gt0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKewGXwcPQS8eI5gHZNcwO5lNhszMLjOzQljyG148KOLVn/Hm3zhJ9qCJBQ1FVTfdXWHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvHqSK0SWIeq06INeVM0qZhhtNOoigWIaftcHQ79dtPVGkWywczTmgg8ECyiBFsrOT7saAD/FhD18jtlStu1Z0BLRMvJxXI0eiVv/x+TFJBpSEca9313MQEGVaGEU4nJT/VNMFkhAe0a6nEguogm908QSdW6aMoVrakQTP190SGhdZjEdpOgc1QL3pT8T+vm5roKsiYTFJDJZkvilKOTIymAaA+U5QYPrYEE8XsrYgMscLE2JhKNgRv8eVl0qpVvYvq+f1ZpX6Tx1GEIziGU/DgEupwBw1oAoEEnuEV3pzUeXHenY95a8HJZw7hD5zPH2I0kJ0=</latexit>

!2 < 0

Want to find a relationship between the 
growth rate,     , and the wave number, k, of 
the perturbation. 

<latexit sha1_base64="VHrQ9eClRmAVgOrOT/oHjGRjlwM=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knNrhJ0gHvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPk3GPJQ==</latexit>!

Waves

Instabilities

Forces oppose any displacement from the 
equilibrium, creating oscillatory behaviour.

Forces enhance any displacement from the 
equilibrium, creating runaway, exponential 
growth.



Sausage Instability
Instabilities in a tube

Initial equilibrium (no gravity):

Consider azimuthal magnetic field:
<latexit sha1_base64="pzdAEKdyJBx/VxbtaQonMf0BO5U=">AAACEnicbVDLSsNAFJ34rPUVdelmsAjtpiTiayOUunFZxT6gCWEynbRDJ5MwMxFKyDe48VfcuFDErSt3/o3TNAttPXDhcM693HuPHzMqlWV9G0vLK6tr66WN8ubW9s6uubffkVEiMGnjiEWi5yNJGOWkrahipBcLgkKfka4/vp763QciJI34vZrExA3RkNOAYqS05Jm11PED2MzgFWx6qROPaAardzXojJDKLZIVsmdWrLqVAy4SuyAVUKDlmV/OIMJJSLjCDEnZt61YuSkSimJGsrKTSBIjPEZD0teUo5BIN81fyuCxVgYwiIQurmCu/p5IUSjlJPR1Z4jUSM57U/E/r5+o4NJNKY8TRTieLQoSBlUEp/nAARUEKzbRBGFB9a0Qj5BAWOkUyzoEe/7lRdI5qdvn9bPb00qjWcRRAofgCFSBDS5AA9yAFmgDDB7BM3gFb8aT8WK8Gx+z1iWjmDkAf2B8/gAj25yR</latexit>

B = B�(R)ê�

with axial current:
<latexit sha1_base64="v2/TC5D2rEJvwiVUrrZCuEIsttk=">AAACDHicbVC7TsMwFHXKq5RXgZHFokIqS5UgXgtSBQtjQfQhNVHluE7r1nEi20EqUT6AhV9hYQAhVj6Ajb/BSTNAy5EsHZ1zrq7vcUNGpTLNb6OwsLi0vFJcLa2tb2xulbd3WjKIBCZNHLBAdFwkCaOcNBVVjHRCQZDvMtJ2x1ep374nQtKA36lJSBwfDTj1KEZKS71yJbZdD44SeAFHvfghgdXbQ2gPkcp0kqSaTpk1MwOcJ1ZOKiBHo1f+svsBjnzCFWZIyq5lhsqJkVAUM5KU7EiSEOExGpCuphz5RDpxdkwCD7TSh14g9OMKZurviRj5Uk58Vyd9pIZy1kvF/7xupLxzJ6Y8jBTheLrIixhUAUybgX0qCFZsognCguq/QjxEAmGl+yvpEqzZk+dJ66hmndZObo4r9cu8jiLYA/ugCixwBurgGjRAE2DwCJ7BK3gznowX4934mEYLRj6zC/7A+PwBBNCaXw==</latexit>

j = jz(R)êz

<latexit sha1_base64="r1qRpWrwtzJXQMaXvMOfUNhUjCw=">AAACCnicbVC7TsMwFL0pr1JeBUYWQ4XEVCWI14JUlYWxSPQhNVHluE5r6jiR7SBVUWYWfoWFAYRY+QI2/gY37QCFI1k695x7dX2PH3OmtG1/WYWFxaXlleJqaW19Y3OrvL3TUlEiCW2SiEey42NFORO0qZnmtBNLikOf07Y/upr47XsqFYvErR7H1AvxQLCAEayN1Cvvp64foLsMuZqFVKG8rGfoErkC+xyjRq9csat2DvSXODNSgRlM/6fbj0gSUqEJx0p1HTvWXoqlZoTTrOQmisaYjPCAdg0V2Oz10vyUDB0apY+CSJonNMrVnxMpDpUah77pDLEeqnlvIv7ndRMdXHgpE3GiqSDTRUHCkY7QJBfUZ5ISzceGYCKZ+SsiQywx0Sa9kgnBmT/5L2kdV52z6unNSaVWn8VRhD04gCNw4BxqcA0NaAKBB3iCF3i1Hq1n6816n7YWrNnMLvyC9fEN82yZKA==</latexit>

j⇥B = rP

Magnetic tension balancing gas 
pressure force.

What happens if the tube is 
subject to a small pinch?

Initial Conditions

<latexit sha1_base64="P665BIvK8wL4AipTKne7MOAiyIg=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPw0zMJJlbiBePEcwCyRB6Oj1Jk57F7h4hDPkJLx4U8ervePNv7CyCij4oeLxXRVU9P+FMKsv6MNbWNza3tnM7+d29/YPDwtFxW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8ydXc79xTIVkc3appQr0QjyIWMIKVlrqNQdZPxmw2KBQt06qUq46DLLPsXrqOq0mt5pacCrJNa4EirNAcFN77w5ikIY0U4VjKnm0lysuwUIxwOsv3U0kTTCZ4RHuaRjik0ssW987QuVaGKIiFrkihhfp9IsOhlNPQ150hVmP525uLf3m9VAU1L2NRkioakeWiIOVIxWj+PBoyQYniU00wEUzfisgYC0yUjiivQ/j6FP1P2iXTrpjOTblYb6ziyMEpnMEF2FCFOlxDE1pAgMMDPMGzcWc8Gi/G67J1zVjNnMAPGG+ftLGQcg==</latexit>

B�

<latexit sha1_base64="diLq0Aoos5uH6sV31w4vp11bKR4=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadmNaxJvQS8eI5oHJEuYncwmY2YfzMwKccknePGgiFe/yJt/42wSQUULGoqqbrq7vJgzqSzrw8gtLa+sruXXCxubW9s7xd29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG1744vMb99RIVkU3qhJTN0AD0PmM4KVlq5v+/f9Yskyz2qVslNBlmlZVbtsZ6RcdU4cZGslQwkWaPSL771BRJKAhopwLGXXtmLlplgoRjidFnqJpDEmYzykXU1DHFDpprNTp+hIKwPkR0JXqNBM/T6R4kDKSeDpzgCrkfztZeJfXjdRfs1NWRgnioZkvshPOFIRyv5GAyYoUXyiCSaC6VsRGWGBidLpFHQIX5+i/0mrbNoV8/TKKdXPF3Hk4QAO4RhsqEIdLqEBTSAwhAd4gmeDG4/Gi/E6b80Zi5l9+AHj7RPIT44n</latexit>

jz

Sausage Instability

<latexit sha1_base64="diLq0Aoos5uH6sV31w4vp11bKR4=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadmNaxJvQS8eI5oHJEuYncwmY2YfzMwKccknePGgiFe/yJt/42wSQUULGoqqbrq7vJgzqSzrw8gtLa+sruXXCxubW9s7xd29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG1744vMb99RIVkU3qhJTN0AD0PmM4KVlq5v+/f9Yskyz2qVslNBlmlZVbtsZ6RcdU4cZGslQwkWaPSL771BRJKAhopwLGXXtmLlplgoRjidFnqJpDEmYzykXU1DHFDpprNTp+hIKwPkR0JXqNBM/T6R4kDKSeDpzgCrkfztZeJfXjdRfs1NWRgnioZkvshPOFIRyv5GAyYoUXyiCSaC6VsRGWGBidLpFHQIX5+i/0mrbNoV8/TKKdXPF3Hk4QAO4RhsqEIdLqEBTSAwhAd4gmeDG4/Gi/E6b80Zi5l9+AHj7RPIT44n</latexit>

jz

<latexit sha1_base64="VJH77QUT5socWJyDVGzRUpJtUeY=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchWk0qd2VunFZwT6gqWUynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HuPn3AmFUIfxsrq2vrGZmGruL2zu7dvHpTaMk4FoS0S81h0fSwpZxFtKaY47SaC4tDntONPLmd+544KyeLoRk0T2g/xKGIBI1hpaWCWvEBgkjVu7TyzvTAdoHxglpGFXNtxXIgsx7HdM6RJrVarIgQrFpqjDJZoDsx3bxiTNKSRIhxL2augRPUzLBQjnOZFL5U0wWSCR7SnaYRDKvvZ/PYcnmhlCINY6IoUnKvfJzIcSjkNfd0ZYjWWv72Z+JfXS1Vw0c9YlKSKRmSxKEg5VDGcBQGHTFCi+FQTTATTt0IyxjoMpeMq6hC+PoX/k7ZtVVzLuT4v1xvLOArgCByDU1ABVVAHV6AJWoCAe/AAnsCzkRuPxovxumhdMZYzh+AHjLdP/OqUcQ==</latexit>

B2

2µ0
Increases

<latexit sha1_base64="VJH77QUT5socWJyDVGzRUpJtUeY=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchWk0qd2VunFZwT6gqWUynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HuPn3AmFUIfxsrq2vrGZmGruL2zu7dvHpTaMk4FoS0S81h0fSwpZxFtKaY47SaC4tDntONPLmd+544KyeLoRk0T2g/xKGIBI1hpaWCWvEBgkjVu7TyzvTAdoHxglpGFXNtxXIgsx7HdM6RJrVarIgQrFpqjDJZoDsx3bxiTNKSRIhxL2augRPUzLBQjnOZFL5U0wWSCR7SnaYRDKvvZ/PYcnmhlCINY6IoUnKvfJzIcSjkNfd0ZYjWWv72Z+JfXS1Vw0c9YlKSKRmSxKEg5VDGcBQGHTFCi+FQTTATTt0IyxjoMpeMq6hC+PoX/k7ZtVVzLuT4v1xvLOArgCByDU1ABVVAHV6AJWoCAe/AAnsCzkRuPxovxumhdMZYzh+AHjLdP/OqUcQ==</latexit>

B2

2µ0
Decreases

<latexit sha1_base64="VJH77QUT5socWJyDVGzRUpJtUeY=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchWk0qd2VunFZwT6gqWUynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HuPn3AmFUIfxsrq2vrGZmGruL2zu7dvHpTaMk4FoS0S81h0fSwpZxFtKaY47SaC4tDntONPLmd+544KyeLoRk0T2g/xKGIBI1hpaWCWvEBgkjVu7TyzvTAdoHxglpGFXNtxXIgsx7HdM6RJrVarIgQrFpqjDJZoDsx3bxiTNKSRIhxL2augRPUzLBQjnOZFL5U0wWSCR7SnaYRDKvvZ/PYcnmhlCINY6IoUnKvfJzIcSjkNfd0ZYjWWv72Z+JfXS1Vw0c9YlKSKRmSxKEg5VDGcBQGHTFCi+FQTTATTt0IyxjoMpeMq6hC+PoX/k7ZtVVzLuT4v1xvLOArgCByDU1ABVVAHV6AJWoCAe/AAnsCzkRuPxovxumhdMZYzh+AHjLdP/OqUcQ==</latexit>

B2

2µ0
Decreases



Kink Instability
<latexit sha1_base64="P665BIvK8wL4AipTKne7MOAiyIg=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPw0zMJJlbiBePEcwCyRB6Oj1Jk57F7h4hDPkJLx4U8ervePNv7CyCij4oeLxXRVU9P+FMKsv6MNbWNza3tnM7+d29/YPDwtFxW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb8ydXc79xTIVkc3appQr0QjyIWMIKVlrqNQdZPxmw2KBQt06qUq46DLLPsXrqOq0mt5pacCrJNa4EirNAcFN77w5ikIY0U4VjKnm0lysuwUIxwOsv3U0kTTCZ4RHuaRjik0ssW987QuVaGKIiFrkihhfp9IsOhlNPQ150hVmP525uLf3m9VAU1L2NRkioakeWiIOVIxWj+PBoyQYniU00wEUzfisgYC0yUjiivQ/j6FP1P2iXTrpjOTblYb6ziyMEpnMEF2FCFOlxDE1pAgMMDPMGzcWc8Gi/G67J1zVjNnMAPGG+ftLGQcg==</latexit>

B�

<latexit sha1_base64="VJH77QUT5socWJyDVGzRUpJtUeY=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchWk0qd2VunFZwT6gqWUynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HuPn3AmFUIfxsrq2vrGZmGruL2zu7dvHpTaMk4FoS0S81h0fSwpZxFtKaY47SaC4tDntONPLmd+544KyeLoRk0T2g/xKGIBI1hpaWCWvEBgkjVu7TyzvTAdoHxglpGFXNtxXIgsx7HdM6RJrVarIgQrFpqjDJZoDsx3bxiTNKSRIhxL2augRPUzLBQjnOZFL5U0wWSCR7SnaYRDKvvZ/PYcnmhlCINY6IoUnKvfJzIcSjkNfd0ZYjWWv72Z+JfXS1Vw0c9YlKSKRmSxKEg5VDGcBQGHTFCi+FQTTATTt0IyxjoMpeMq6hC+PoX/k7ZtVVzLuT4v1xvLOArgCByDU1ABVVAHV6AJWoCAe/AAnsCzkRuPxovxumhdMZYzh+AHjLdP/OqUcQ==</latexit>

B2

2µ0
Increases

<latexit sha1_base64="VJH77QUT5socWJyDVGzRUpJtUeY=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchWk0qd2VunFZwT6gqWUynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HuPn3AmFUIfxsrq2vrGZmGruL2zu7dvHpTaMk4FoS0S81h0fSwpZxFtKaY47SaC4tDntONPLmd+544KyeLoRk0T2g/xKGIBI1hpaWCWvEBgkjVu7TyzvTAdoHxglpGFXNtxXIgsx7HdM6RJrVarIgQrFpqjDJZoDsx3bxiTNKSRIhxL2augRPUzLBQjnOZFL5U0wWSCR7SnaYRDKvvZ/PYcnmhlCINY6IoUnKvfJzIcSjkNfd0ZYjWWv72Z+JfXS1Vw0c9YlKSKRmSxKEg5VDGcBQGHTFCi+FQTTATTt0IyxjoMpeMq6hC+PoX/k7ZtVVzLuT4v1xvLOArgCByDU1ABVVAHV6AJWoCAe/AAnsCzkRuPxovxumhdMZYzh+AHjLdP/OqUcQ==</latexit>

B2

2µ0
Increases

<latexit sha1_base64="VJH77QUT5socWJyDVGzRUpJtUeY=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchWk0qd2VunFZwT6gqWUynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HuPn3AmFUIfxsrq2vrGZmGruL2zu7dvHpTaMk4FoS0S81h0fSwpZxFtKaY47SaC4tDntONPLmd+544KyeLoRk0T2g/xKGIBI1hpaWCWvEBgkjVu7TyzvTAdoHxglpGFXNtxXIgsx7HdM6RJrVarIgQrFpqjDJZoDsx3bxiTNKSRIhxL2augRPUzLBQjnOZFL5U0wWSCR7SnaYRDKvvZ/PYcnmhlCINY6IoUnKvfJzIcSjkNfd0ZYjWWv72Z+JfXS1Vw0c9YlKSKRmSxKEg5VDGcBQGHTFCi+FQTTATTt0IyxjoMpeMq6hC+PoX/k7ZtVVzLuT4v1xvLOArgCByDU1ABVVAHV6AJWoCAe/AAnsCzkRuPxovxumhdMZYzh+AHjLdP/OqUcQ==</latexit>

B2

2µ0
Increases

<latexit sha1_base64="VJH77QUT5socWJyDVGzRUpJtUeY=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchWk0qd2VunFZwT6gqWUynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HuPn3AmFUIfxsrq2vrGZmGruL2zu7dvHpTaMk4FoS0S81h0fSwpZxFtKaY47SaC4tDntONPLmd+544KyeLoRk0T2g/xKGIBI1hpaWCWvEBgkjVu7TyzvTAdoHxglpGFXNtxXIgsx7HdM6RJrVarIgQrFpqjDJZoDsx3bxiTNKSRIhxL2augRPUzLBQjnOZFL5U0wWSCR7SnaYRDKvvZ/PYcnmhlCINY6IoUnKvfJzIcSjkNfd0ZYjWWv72Z+JfXS1Vw0c9YlKSKRmSxKEg5VDGcBQGHTFCi+FQTTATTt0IyxjoMpeMq6hC+PoX/k7ZtVVzLuT4v1xvLOArgCByDU1ABVVAHV6AJWoCAe/AAnsCzkRuPxovxumhdMZYzh+AHjLdP/OqUcQ==</latexit>

B2

2µ0
Decreases

<latexit sha1_base64="VJH77QUT5socWJyDVGzRUpJtUeY=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchWk0qd2VunFZwT6gqWUynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HuPn3AmFUIfxsrq2vrGZmGruL2zu7dvHpTaMk4FoS0S81h0fSwpZxFtKaY47SaC4tDntONPLmd+544KyeLoRk0T2g/xKGIBI1hpaWCWvEBgkjVu7TyzvTAdoHxglpGFXNtxXIgsx7HdM6RJrVarIgQrFpqjDJZoDsx3bxiTNKSRIhxL2augRPUzLBQjnOZFL5U0wWSCR7SnaYRDKvvZ/PYcnmhlCINY6IoUnKvfJzIcSjkNfd0ZYjWWv72Z+JfXS1Vw0c9YlKSKRmSxKEg5VDGcBQGHTFCi+FQTTATTt0IyxjoMpeMq6hC+PoX/k7ZtVVzLuT4v1xvLOArgCByDU1ABVVAHV6AJWoCAe/AAnsCzkRuPxovxumhdMZYzh+AHjLdP/OqUcQ==</latexit>

B2

2µ0
Decreases

<latexit sha1_base64="VJH77QUT5socWJyDVGzRUpJtUeY=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchWk0qd2VunFZwT6gqWUynbRDJw9mJmIJ+RU3LhRx64+482+cPgQVPXDhcM693HuPn3AmFUIfxsrq2vrGZmGruL2zu7dvHpTaMk4FoS0S81h0fSwpZxFtKaY47SaC4tDntONPLmd+544KyeLoRk0T2g/xKGIBI1hpaWCWvEBgkjVu7TyzvTAdoHxglpGFXNtxXIgsx7HdM6RJrVarIgQrFpqjDJZoDsx3bxiTNKSRIhxL2augRPUzLBQjnOZFL5U0wWSCR7SnaYRDKvvZ/PYcnmhlCINY6IoUnKvfJzIcSjkNfd0ZYjWWv72Z+JfXS1Vw0c9YlKSKRmSxKEg5VDGcBQGHTFCi+FQTTATTt0IyxjoMpeMq6hC+PoX/k7ZtVVzLuT4v1xvLOArgCByDU1ABVVAHV6AJWoCAe/AAnsCzkRuPxovxumhdMZYzh+AHjLdP/OqUcQ==</latexit>

B2

2µ0
Decreases

Initial equilibrium (no gravity):

Consider azimuthal magnetic field:
<latexit sha1_base64="pzdAEKdyJBx/VxbtaQonMf0BO5U=">AAACEnicbVDLSsNAFJ34rPUVdelmsAjtpiTiayOUunFZxT6gCWEynbRDJ5MwMxFKyDe48VfcuFDErSt3/o3TNAttPXDhcM693HuPHzMqlWV9G0vLK6tr66WN8ubW9s6uubffkVEiMGnjiEWi5yNJGOWkrahipBcLgkKfka4/vp763QciJI34vZrExA3RkNOAYqS05Jm11PED2MzgFWx6qROPaAardzXojJDKLZIVsmdWrLqVAy4SuyAVUKDlmV/OIMJJSLjCDEnZt61YuSkSimJGsrKTSBIjPEZD0teUo5BIN81fyuCxVgYwiIQurmCu/p5IUSjlJPR1Z4jUSM57U/E/r5+o4NJNKY8TRTieLQoSBlUEp/nAARUEKzbRBGFB9a0Qj5BAWOkUyzoEe/7lRdI5qdvn9bPb00qjWcRRAofgCFSBDS5AA9yAFmgDDB7BM3gFb8aT8WK8Gx+z1iWjmDkAf2B8/gAj25yR</latexit>

B = B�(R)ê�

with axial current:
<latexit sha1_base64="v2/TC5D2rEJvwiVUrrZCuEIsttk=">AAACDHicbVC7TsMwFHXKq5RXgZHFokIqS5UgXgtSBQtjQfQhNVHluE7r1nEi20EqUT6AhV9hYQAhVj6Ajb/BSTNAy5EsHZ1zrq7vcUNGpTLNb6OwsLi0vFJcLa2tb2xulbd3WjKIBCZNHLBAdFwkCaOcNBVVjHRCQZDvMtJ2x1ep374nQtKA36lJSBwfDTj1KEZKS71yJbZdD44SeAFHvfghgdXbQ2gPkcp0kqSaTpk1MwOcJ1ZOKiBHo1f+svsBjnzCFWZIyq5lhsqJkVAUM5KU7EiSEOExGpCuphz5RDpxdkwCD7TSh14g9OMKZurviRj5Uk58Vyd9pIZy1kvF/7xupLxzJ6Y8jBTheLrIixhUAUybgX0qCFZsognCguq/QjxEAmGl+yvpEqzZk+dJ66hmndZObo4r9cu8jiLYA/ugCixwBurgGjRAE2DwCJ7BK3gznowX4934mEYLRj6zC/7A+PwBBNCaXw==</latexit>

j = jz(R)êz

<latexit sha1_base64="r1qRpWrwtzJXQMaXvMOfUNhUjCw=">AAACCnicbVC7TsMwFL0pr1JeBUYWQ4XEVCWI14JUlYWxSPQhNVHluE5r6jiR7SBVUWYWfoWFAYRY+QI2/gY37QCFI1k695x7dX2PH3OmtG1/WYWFxaXlleJqaW19Y3OrvL3TUlEiCW2SiEey42NFORO0qZnmtBNLikOf07Y/upr47XsqFYvErR7H1AvxQLCAEayN1Cvvp64foLsMuZqFVKG8rGfoErkC+xyjRq9csat2DvSXODNSgRlM/6fbj0gSUqEJx0p1HTvWXoqlZoTTrOQmisaYjPCAdg0V2Oz10vyUDB0apY+CSJonNMrVnxMpDpUah77pDLEeqnlvIv7ndRMdXHgpE3GiqSDTRUHCkY7QJBfUZ5ISzceGYCKZ+SsiQywx0Sa9kgnBmT/5L2kdV52z6unNSaVWn8VRhD04gCNw4BxqcA0NaAKBB3iCF3i1Hq1n6816n7YWrNnMLvyC9fEN82yZKA==</latexit>

j⇥B = rP

Magnetic tension balancing gas 
pressure force.

Initial Conditions Kink Instability

Same Initial Conditions:

What happens if a section of the 
tube axis is displaced?



Kink Instability - Numerical Model

Driving the Kink 
Instability in MHD 

simulations 

Reid et al. 2018

Impose 3 pairs of counter-rotational drivers at the foot points of magnetic field lines. 


These generate twisted magnetic flux tubes.  Twist central flux tube at faster rate. Keep rotating and 
trigger kink instability. What happens next? How can this drive energy release in the corona?



Kink Instability

Kink Instability and MHD avalanches 

Reid et al. 2018

Kink instability in central flux 
tube generates small scales 
throughout flux tube —> 
magnetic reconnection, energy 
release and heating.


Instability in the central flux tube 
destabilises neighbouring flux 
tubes.


This is an example of an MHD 
avalanche and can explain how 
one energy release event can 
trigger many more.



Thermal Instability

<latexit sha1_base64="/4zXs8KatvYAjeQU0IAWHfCk1K4=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQhJKIr4WLohsXLir0BU0ok8mkHTqZhJmJUEI+wo2/4saFIm5duPNvnLRZ1NYDA4dz7mHuPV7MqFSW9WOUlpZXVtfK65WNza3tHXN3ry2jRGDSwhGLRNdDkjDKSUtRxUg3FgSFHiMdb3Sb+51HIiSNeFONY+KGaMBpQDFSWuqbJ04gEE6dEKmhCFM/S517nfZRls2IzQxeQ6tvVq2aNQFcJHZBqqBAo29+O36Ek5BwhRmSsmdbsXJTJBTFjGQVJ5EkRniEBqSnKUchkW46OSqDR1rxYRAJ/biCE3U2kaJQynHo6cl8Tznv5eJ/Xi9RwZWbUh4ninA8/ShIGFQRzBuCPhUEKzbWBGFB9a4QD5FuSekeK7oEe/7kRdI+rdkXtfOHs2r9pqijDA7AITgGNrgEdXAHGqAFMHgCL+ANvBvPxqvxYXxOR0tGkdkHf2B8/QL8GZ9i</latexit>

d⇤

dT
< 0

<latexit sha1_base64="Hxc7AuMRSe0Nm9gpAiSyfMlF4Js=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQhJKIr5UU3bhwUaEvaEKZTCbt0MkkzEyEEvIRbvwVNy4UcevCnX/jpM2ith4YOJxzD3Pv8WJGpbKsH6O0tLyyulZer2xsbm3vmLt7bRklApMWjlgkuh6ShFFOWooqRrqxICj0GOl4o9vc7zwSIWnEm2ocEzdEA04DipHSUt88cQKBcOqESA1FmPpZ6tzrtI+ybEZsZvAaWn2zatWsCeAisQtSBQUaffPb8SOchIQrzJCUPduKlZsioShmJKs4iSQxwiM0ID1NOQqJdNPJURk80ooPg0joxxWcqLOJFIVSjkNPT+Z7ynkvF//zeokKrtyU8jhRhOPpR0HCoIpg3hD0qSBYsbEmCAuqd4V4iHRLSvdY0SXY8ycvkvZpzb6onT+cVes3RR1lcAAOwTGwwSWogzvQAC2AwRN4AW/g3Xg2Xo0P43M6WjKKzD74A+PrF/8ln2Q=</latexit>

d⇤

dT
> 0 Radiatively Stable

Radiatively Unstable

1. Thermal conduction typically dominant stabilising 
term in the corona.


2. If not, then thermal instability leads to cooling

3. Pressure decreases, so attracts more plasma due 

to pressure forces.

4. This leads to more cooling and process continues 

until gravity causes condensations to fall as rain.

Optically Thin Radiative Losses  
(Klimchuk et al. 2008)

<latexit sha1_base64="lo2FjjhZxmkfo1xpcGuo3+9l/xs=">AAAB8XicbVDLSsNAFL2pr1pfUZduBotQNyURX8uiGxcuKvSFbSiTyaQdOpmEmYlQQv/CjQtF3Po37vwbp20W2npg4HDOucy9x084U9pxvq3Cyura+kZxs7S1vbO7Z+8ftFScSkKbJOax7PhYUc4EbWqmOe0kkuLI57Ttj26nfvuJSsVi0dDjhHoRHggWMoK1kR579yYa4ErjtG+XnaozA1ombk7KkKPet796QUzSiApNOFaq6zqJ9jIsNSOcTkq9VNEEkxEe0K6hAkdUedls4wk6MUqAwliaJzSaqb8nMhwpNY58k4ywHqpFbyr+53VTHV57GRNJqqkg84/ClCMdo+n5KGCSEs3HhmAimdkVkSGWmGhTUsmU4C6evExaZ1X3snrxcF6u3eR1FOEIjqECLlxBDe6gDk0gIOAZXuHNUtaL9W59zKMFK585hD+wPn8AgFmQKg==</latexit> ⇤
(T

)

Coronal  
Temperatures



Rayleigh-Taylor and Kelvin-Helmholtz instabilities
MHD supports standard HD instabilities although the magnetic 

field can have a stabilising effect due to magnetic tension.

Initial Equilibrium
<latexit sha1_base64="4F2OJ+tRHTMxa+Y6UBZuA4calOU="></latexit>

⇢0(z) =

(
⇢� if z < 0,

⇢+ if z � 0.

<latexit sha1_base64="kv/GSnRe+7NTfhXEdPpqNS60Qe0="></latexit>

vx,0(z) =

(
vx,� if z < 0,

vx,+ if z � 0.

<latexit sha1_base64="PskhtCWX3ZnbF3wK80S7KWUfy9o="></latexit>

vy,0(z) =

(
vy,� if z < 0,

vy,+ if z � 0.

<latexit sha1_base64="Uw3rd5v/lKyWGtYxNFBd5N83Lgw=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxgnlAsoTZySQZMju7zPQG4pKP8OJBEa9+jzf/xkmyB00saCiquunuCmIpDLrut5NbWV1b38hvFra2d3b3ivsHdRMlmvEai2SkmwE1XArFayhQ8masOQ0DyRvB8G7qN0ZcGxGpRxzH3A9pX4meYBSt1Bh1nsgNcTvFklt2ZyDLxMtICTJUO8WvdjdiScgVMkmNaXlujH5KNQom+aTQTgyPKRvSPm9ZqmjIjZ/Ozp2QE6t0SS/SthSSmfp7IqWhMeMwsJ0hxYFZ9Kbif14rwd61nwoVJ8gVmy/qJZJgRKa/k67QnKEcW0KZFvZWwgZUU4Y2oYINwVt8eZnUz8reZfni4bxUuc3iyMMRHMMpeHAFFbiHKtSAwRCe4RXenNh5cd6dj3lrzslmDuEPnM8fGryOxg==</latexit>

vz = 0

<latexit sha1_base64="S5h+jQ56CWpw1kMiglXJSedkfF4=">AAACBXicbVDJSgNBEK2JW4zbqEc9NAYhgoQZcbsIIV48RjALJMPQ0+lJmvQsdPeIYZiLF3/FiwdFvPoP3vwbO8tBEx9d8Hiviup6XsyZVJb1beQWFpeWV/KrhbX1jc0tc3unIaNEEFonEY9Ey8OSchbSumKK01YsKA48Tpve4HrkN++pkCwK79Qwpk6AeyHzGcFKS665n3Y8H1Uz10JXqFR104djZGW69DtyzaJVtsZA88SekiJMUXPNr043IklAQ0U4lrJtW7FyUiwUI5xmhU4iaYzJAPdoW9MQB1Q66fiKDB1qpYv8SOgKFRqrvydSHEg5DDzdGWDVl7PeSPzPayfKv3RSFsaJoiGZLPITjlSERpGgLhOUKD7UBBPB9F8R6WOBidLBFXQI9uzJ86RxUrbPy2e3p8VKdRpHHvbgAEpgwwVU4AZqUAcCj/AMr/BmPBkvxrvxMWnNGdOZXfgD4/MHMnaVLQ==</latexit>

B0 = (Bx,0, 0, 0)

<latexit sha1_base64="08GCC3nT+TdaO3h43AyoxpGU2gY=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoS4sM+JtI1TduKxgL9AOQybNtKGZZEgyQjsUN76KGxeKuPUp3Pk2pu0stPpD4OM/53By/iBmVGnH+bJyc/MLi0v55cLK6tr6hr25VVcikZjUsGBCNgOkCKOc1DTVjDRjSVAUMNII+tfjeuOeSEUFv9ODmHgR6nIaUoy0sXx7p+o7peEBvICXvgMPYVv2hIEuHPp20Sk7E8G/4GZQBJmqvv3Z7gicRIRrzJBSLdeJtZciqSlmZFRoJ4rECPdRl7QMchQR5aWTE0Zw3zgdGAppHtdw4v6cSFGk1CAKTGeEdE/N1sbmf7VWosNzL6U8TjTheLooTBjUAo7zgB0qCdZsYABhSc1fIe4hibA2qRVMCO7syX+hflR2T8snt8fFylUWRx7sgj1QAi44AxVwA6qgBjB4AE/gBbxaj9az9Wa9T1tzVjazDX7J+vgGodqUaA==</latexit>

P0(z) = A0 � ⇢0gz

<latexit sha1_base64="u6AIVDy513W6tUQbxXxIMkxaLmw=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiAIQpgRt2PQi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo9EHB470qqupFCWfG+v6XV1haXlldK66XNja3tnfKu3tNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtR6oNU/LejhMaCjyQLGYEWyc1u3qoeie9csWv+jOgvyTISQVy1Hvlz25fkVRQaQnHxnQCP7FhhrVlhNNJqZsammAywgPacVRiQU2Yza6doCOn9FGstCtp0Uz9OZFhYcxYRK5TYDs0i95U/M/rpDa+CjMmk9RSSeaL4pQjq9D0ddRnmhLLx45gopm7FZEh1phYF1DJhRAsvvyXNE+rwUX1/O6sUrvO4yjCARzCMQRwCTW4hTo0gMADPMELvHrKe/bevPd5a8HLZ/bhF7yPb0Giju8=</latexit>⇢+

<latexit sha1_base64="cZ8NzeKkmbFMG5TmN3Lyx+ewX6M=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4McyI2zHoxWMEs0AyhJ5OT9Kml6G7RwhD/sGLB0W8+j/e/Bs7yRw0+qDg8V4VVfWihDNjff/LKywtr6yuFddLG5tb2zvl3b2mUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WI9WGKXlvxwkNBR5IFjOCrZOaXT1UvZNeueJX/RnQXxLkpAI56r3yZ7evSCqotIRjYzqBn9gww9oywumk1E0NTTAZ4QHtOCqxoCbMZtdO0JFT+ihW2pW0aKb+nMiwMGYsItcpsB2aRW8q/ud1UhtfhRmTSWqpJPNFccqRVWj6OuozTYnlY0cw0czdisgQa0ysC6jkQggWX/5LmqfV4KJ6fndWqV3ncRThAA7hGAK4hBrcQh0aQOABnuAFXj3lPXtv3vu8teDlM/vwC97HN0SqjvE=</latexit>⇢�

<latexit sha1_base64="VNrD4q7Pb40e3NjUCXItfP5siUg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr4tQ9OKxgmkLbSib7bZdutmE3YlQQ3+DFw+KePUHefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3yrt7DROnmnGfxTLWrZAaLoXiPgqUvJVoTqNQ8mY4upn6zQeujYjVPY4THkR0oERfMIpW8h/JFXG75YpbdWcgf4mXkwrkqHfLn51ezNKIK2SSGtP23ASDjGoUTPJJqZManlA2ogPetlTRiJsgmx07IUdW6ZF+rG0pJDP150RGI2PGUWg7I4pDs+hNxf+8dor9yyATKkmRKzZf1E8lwZhMPyc9oTlDObaEMi3srYQNqaYMbT4lG4K3+PJf0jipeufVs7vTSu06j6MIB3AIx+DBBdTgFurgAwMBT/ACr45ynp03533eWnDymX34BefjG4lRjd0=</latexit>

z = 0

<latexit sha1_base64="gFhMjN+jBhdemlblP28WzkEpcVY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildtYLQjKc9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2LqndVrT1cVuq3eRxFOIFTOAcPrqEO99CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QMYdY9t</latexit>g

<latexit sha1_base64="I6lx7kJ3J2ctPwbk+TFgr5/RVcU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZk1wwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOyBjQg=</latexit>z

<latexit sha1_base64="ZwKkaJcdU3hHlnhMyVD4tdz55QM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZo1kwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOl5jQY=</latexit>x

<latexit sha1_base64="hPjnQgEMdtdVjVDdw+amH3xkHPY=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4kCEz1trZlbpxWcE+oB1KJs20oZnMkGTEMvQj3LhQxK3f486/MX0IKnrgwuGce7n3niDhTGmEPqzcyura+kZ+s7C1vbO7V9w/aKk4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GF/N/PYdlYrF4lZPEupHeChYyAjWRmrX+9n9GZr2iyVkowo698oQ2WWvilxkSNXzXLcCHRvNUQJLNPrF994gJmlEhSYcK9V1UKL9DEvNCKfTQi9VNMFkjIe0a6jAEVV+Nj93Ck+MMoBhLE0JDefq94kMR0pNosB0RliP1G9vJv7ldVMdVv2MiSTVVJDFojDlUMdw9jscMEmJ5hNDMJHM3ArJCEtMtEmoYEL4+hT+T1qu7VTsi5tyqVZfxpEHR+AYnAIHXIIauAYN0AQEjMEDeALPVmI9Wi/W66I1Zy1nDsEPWG+fOqmPiA==</latexit>

Bx,0

<latexit sha1_base64="Ha4aHVHM7NviNEI5VIGNhydUIIQ=">AAAB8HicdVDLSgMxFM3UV62vqks3wSIIwjBTx7buim5cVrAPaYeSSTNtaJIZkkyhDP0KNy4UcevnuPNvzLQVVPTAhcM593LvPUHMqNKO82HlVlbX1jfym4Wt7Z3dveL+QUtFicSkiSMWyU6AFGFUkKammpFOLAniASPtYHyd+e0JkYpG4k5PY+JzNBQ0pBhpI92nvSCEk1n/rF8sOfZlrVL2KtCxHafqlt2MlKveuQddo2QogSUa/eJ7bxDhhBOhMUNKdV0n1n6KpKaYkVmhlygSIzxGQ9I1VCBOlJ/OD57BE6MMYBhJU0LDufp9IkVcqSkPTCdHeqR+e5n4l9dNdFjzUyriRBOBF4vChEEdwex7OKCSYM2mhiAsqbkV4hGSCGuTUcGE8PUp/J+0yrZbsS9uvVL9ahlHHhyBY3AKXFAFdXADGqAJMODgATyBZ0taj9aL9bpozVnLmUPwA9bbJ7ArkFw=</latexit>v+

<latexit sha1_base64="qgGpFQWz+AjZ/PlR7vToZPQMHls=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4cZipY1t3RTcuK9iHtEPJpJk2NMkMSaZQhn6FGxeKuPVz3Pk3ZtoKKnrgwuGce7n3niBmVGnH+bByK6tr6xv5zcLW9s7uXnH/oKWiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML7O/PaESEUjcaenMfE5GgoaUoy0ke7TXhDCyax/1i+WHPuyVil7FejYjlN1y25GylXv3IOuUTKUwBKNfvG9N4hwwonQmCGluq4Taz9FUlPMyKzQSxSJER6jIekaKhAnyk/nB8/giVEGMIykKaHhXP0+kSKu1JQHppMjPVK/vUz8y+smOqz5KRVxoonAi0VhwqCOYPY9HFBJsGZTQxCW1NwK8QhJhLXJqGBC+PoU/k9aZdut2Be3Xql+tYwjD47AMTgFLqiCOrgBDdAEGHDwAJ7AsyWtR+vFel205qzlzCH4AevtE7MzkF4=</latexit>v�



Rayleigh-Taylor and Kelvin-Helmholtz instabilities
MHD supports standard HD instabilities although the magnetic 

field can have a stabilising effect due to magnetic tension.

Initial Equilibrium
<latexit sha1_base64="4F2OJ+tRHTMxa+Y6UBZuA4calOU="></latexit>

⇢0(z) =

(
⇢� if z < 0,

⇢+ if z � 0.

<latexit sha1_base64="kv/GSnRe+7NTfhXEdPpqNS60Qe0="></latexit>

vx,0(z) =

(
vx,� if z < 0,

vx,+ if z � 0.

<latexit sha1_base64="PskhtCWX3ZnbF3wK80S7KWUfy9o="></latexit>

vy,0(z) =

(
vy,� if z < 0,

vy,+ if z � 0.

<latexit sha1_base64="Uw3rd5v/lKyWGtYxNFBd5N83Lgw=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxgnlAsoTZySQZMju7zPQG4pKP8OJBEa9+jzf/xkmyB00saCiquunuCmIpDLrut5NbWV1b38hvFra2d3b3ivsHdRMlmvEai2SkmwE1XArFayhQ8masOQ0DyRvB8G7qN0ZcGxGpRxzH3A9pX4meYBSt1Bh1nsgNcTvFklt2ZyDLxMtICTJUO8WvdjdiScgVMkmNaXlujH5KNQom+aTQTgyPKRvSPm9ZqmjIjZ/Ozp2QE6t0SS/SthSSmfp7IqWhMeMwsJ0hxYFZ9Kbif14rwd61nwoVJ8gVmy/qJZJgRKa/k67QnKEcW0KZFvZWwgZUU4Y2oYINwVt8eZnUz8reZfni4bxUuc3iyMMRHMMpeHAFFbiHKtSAwRCe4RXenNh5cd6dj3lrzslmDuEPnM8fGryOxg==</latexit>

vz = 0

<latexit sha1_base64="S5h+jQ56CWpw1kMiglXJSedkfF4=">AAACBXicbVDJSgNBEK2JW4zbqEc9NAYhgoQZcbsIIV48RjALJMPQ0+lJmvQsdPeIYZiLF3/FiwdFvPoP3vwbO8tBEx9d8Hiviup6XsyZVJb1beQWFpeWV/KrhbX1jc0tc3unIaNEEFonEY9Ey8OSchbSumKK01YsKA48Tpve4HrkN++pkCwK79Qwpk6AeyHzGcFKS665n3Y8H1Uz10JXqFR104djZGW69DtyzaJVtsZA88SekiJMUXPNr043IklAQ0U4lrJtW7FyUiwUI5xmhU4iaYzJAPdoW9MQB1Q66fiKDB1qpYv8SOgKFRqrvydSHEg5DDzdGWDVl7PeSPzPayfKv3RSFsaJoiGZLPITjlSERpGgLhOUKD7UBBPB9F8R6WOBidLBFXQI9uzJ86RxUrbPy2e3p8VKdRpHHvbgAEpgwwVU4AZqUAcCj/AMr/BmPBkvxrvxMWnNGdOZXfgD4/MHMnaVLQ==</latexit>

B0 = (Bx,0, 0, 0)

<latexit sha1_base64="08GCC3nT+TdaO3h43AyoxpGU2gY=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoS4sM+JtI1TduKxgL9AOQybNtKGZZEgyQjsUN76KGxeKuPUp3Pk2pu0stPpD4OM/53By/iBmVGnH+bJyc/MLi0v55cLK6tr6hr25VVcikZjUsGBCNgOkCKOc1DTVjDRjSVAUMNII+tfjeuOeSEUFv9ODmHgR6nIaUoy0sXx7p+o7peEBvICXvgMPYVv2hIEuHPp20Sk7E8G/4GZQBJmqvv3Z7gicRIRrzJBSLdeJtZciqSlmZFRoJ4rECPdRl7QMchQR5aWTE0Zw3zgdGAppHtdw4v6cSFGk1CAKTGeEdE/N1sbmf7VWosNzL6U8TjTheLooTBjUAo7zgB0qCdZsYABhSc1fIe4hibA2qRVMCO7syX+hflR2T8snt8fFylUWRx7sgj1QAi44AxVwA6qgBjB4AE/gBbxaj9az9Wa9T1tzVjazDX7J+vgGodqUaA==</latexit>

P0(z) = A0 � ⇢0gz

<latexit sha1_base64="u6AIVDy513W6tUQbxXxIMkxaLmw=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiAIQpgRt2PQi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo9EHB470qqupFCWfG+v6XV1haXlldK66XNja3tnfKu3tNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtR6oNU/LejhMaCjyQLGYEWyc1u3qoeie9csWv+jOgvyTISQVy1Hvlz25fkVRQaQnHxnQCP7FhhrVlhNNJqZsammAywgPacVRiQU2Yza6doCOn9FGstCtp0Uz9OZFhYcxYRK5TYDs0i95U/M/rpDa+CjMmk9RSSeaL4pQjq9D0ddRnmhLLx45gopm7FZEh1phYF1DJhRAsvvyXNE+rwUX1/O6sUrvO4yjCARzCMQRwCTW4hTo0gMADPMELvHrKe/bevPd5a8HLZ/bhF7yPb0Giju8=</latexit>⇢+

<latexit sha1_base64="cZ8NzeKkmbFMG5TmN3Lyx+ewX6M=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4McyI2zHoxWMEs0AyhJ5OT9Kml6G7RwhD/sGLB0W8+j/e/Bs7yRw0+qDg8V4VVfWihDNjff/LKywtr6yuFddLG5tb2zvl3b2mUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WI9WGKXlvxwkNBR5IFjOCrZOaXT1UvZNeueJX/RnQXxLkpAI56r3yZ7evSCqotIRjYzqBn9gww9oywumk1E0NTTAZ4QHtOCqxoCbMZtdO0JFT+ihW2pW0aKb+nMiwMGYsItcpsB2aRW8q/ud1UhtfhRmTSWqpJPNFccqRVWj6OuozTYnlY0cw0czdisgQa0ysC6jkQggWX/5LmqfV4KJ6fndWqV3ncRThAA7hGAK4hBrcQh0aQOABnuAFXj3lPXtv3vu8teDlM/vwC97HN0SqjvE=</latexit>⇢�

<latexit sha1_base64="VNrD4q7Pb40e3NjUCXItfP5siUg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr4tQ9OKxgmkLbSib7bZdutmE3YlQQ3+DFw+KePUHefPfuG1z0OqDgcd7M8zMCxMpDLrul1NYWl5ZXSuulzY2t7Z3yrt7DROnmnGfxTLWrZAaLoXiPgqUvJVoTqNQ8mY4upn6zQeujYjVPY4THkR0oERfMIpW8h/JFXG75YpbdWcgf4mXkwrkqHfLn51ezNKIK2SSGtP23ASDjGoUTPJJqZManlA2ogPetlTRiJsgmx07IUdW6ZF+rG0pJDP150RGI2PGUWg7I4pDs+hNxf+8dor9yyATKkmRKzZf1E8lwZhMPyc9oTlDObaEMi3srYQNqaYMbT4lG4K3+PJf0jipeufVs7vTSu06j6MIB3AIx+DBBdTgFurgAwMBT/ACr45ynp03533eWnDymX34BefjG4lRjd0=</latexit>

z = 0

<latexit sha1_base64="gFhMjN+jBhdemlblP28WzkEpcVY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildtYLQjKc9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2LqndVrT1cVuq3eRxFOIFTOAcPrqEO99CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QMYdY9t</latexit>g

<latexit sha1_base64="I6lx7kJ3J2ctPwbk+TFgr5/RVcU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZk1wwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOyBjQg=</latexit>z

<latexit sha1_base64="ZwKkaJcdU3hHlnhMyVD4tdz55QM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZo1kwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOl5jQY=</latexit>x

<latexit sha1_base64="hPjnQgEMdtdVjVDdw+amH3xkHPY=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4kCEz1trZlbpxWcE+oB1KJs20oZnMkGTEMvQj3LhQxK3f486/MX0IKnrgwuGce7n3niDhTGmEPqzcyura+kZ+s7C1vbO7V9w/aKk4lYQ2Scxj2QmwopwJ2tRMc9pJJMVRwGk7GF/N/PYdlYrF4lZPEupHeChYyAjWRmrX+9n9GZr2iyVkowo698oQ2WWvilxkSNXzXLcCHRvNUQJLNPrF994gJmlEhSYcK9V1UKL9DEvNCKfTQi9VNMFkjIe0a6jAEVV+Nj93Ck+MMoBhLE0JDefq94kMR0pNosB0RliP1G9vJv7ldVMdVv2MiSTVVJDFojDlUMdw9jscMEmJ5hNDMJHM3ArJCEtMtEmoYEL4+hT+T1qu7VTsi5tyqVZfxpEHR+AYnAIHXIIauAYN0AQEjMEDeALPVmI9Wi/W66I1Zy1nDsEPWG+fOqmPiA==</latexit>

Bx,0

<latexit sha1_base64="Ha4aHVHM7NviNEI5VIGNhydUIIQ=">AAAB8HicdVDLSgMxFM3UV62vqks3wSIIwjBTx7buim5cVrAPaYeSSTNtaJIZkkyhDP0KNy4UcevnuPNvzLQVVPTAhcM593LvPUHMqNKO82HlVlbX1jfym4Wt7Z3dveL+QUtFicSkiSMWyU6AFGFUkKammpFOLAniASPtYHyd+e0JkYpG4k5PY+JzNBQ0pBhpI92nvSCEk1n/rF8sOfZlrVL2KtCxHafqlt2MlKveuQddo2QogSUa/eJ7bxDhhBOhMUNKdV0n1n6KpKaYkVmhlygSIzxGQ9I1VCBOlJ/OD57BE6MMYBhJU0LDufp9IkVcqSkPTCdHeqR+e5n4l9dNdFjzUyriRBOBF4vChEEdwex7OKCSYM2mhiAsqbkV4hGSCGuTUcGE8PUp/J+0yrZbsS9uvVL9ahlHHhyBY3AKXFAFdXADGqAJMODgATyBZ0taj9aL9bpozVnLmUPwA9bbJ7ArkFw=</latexit>v+

<latexit sha1_base64="qgGpFQWz+AjZ/PlR7vToZPQMHls=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4cZipY1t3RTcuK9iHtEPJpJk2NMkMSaZQhn6FGxeKuPVz3Pk3ZtoKKnrgwuGce7n3niBmVGnH+bByK6tr6xv5zcLW9s7uXnH/oKWiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML7O/PaESEUjcaenMfE5GgoaUoy0ke7TXhDCyax/1i+WHPuyVil7FejYjlN1y25GylXv3IOuUTKUwBKNfvG9N4hwwonQmCGluq4Taz9FUlPMyKzQSxSJER6jIekaKhAnyk/nB8/giVEGMIykKaHhXP0+kSKu1JQHppMjPVK/vUz8y+smOqz5KRVxoonAi0VhwqCOYPY9HFBJsGZTQxCW1NwK8QhJhLXJqGBC+PoU/k9aZdut2Be3Xql+tYwjD47AMTgFLqiCOrgBDdAEGHDwAJ7AsyWtR+vFel205qzlzCH4AevtE7MzkF4=</latexit>v�

Linearise equations then some 
algebra to find dispersion relation!



Rayleigh-Taylor and Kelvin-Helmholtz instabilities
<latexit sha1_base64="2b/2iYX1XRTX/TQCrQf+IetCYAo=">AAACEnicbZBNS8MwGMfT+TbnW9Wjl+AQlOFoxbeLMPTicYJ7gbWUNEu3sLQpSSqM0s/gxa/ixYMiXj1589uYdT3o5gMhP/7/5yF5/n7MqFSW9W2UFhaXllfKq5W19Y3NLXN7py15IjBpYc646PpIEkYj0lJUMdKNBUGhz0jHH91M/M4DEZLy6F6NY+KGaBDRgGKktOSZRw5i8RB5NXgFnUAgnDpiyL1aVtywBnM4zjyzatWtvOA82AVUQVFNz/xy+hwnIYkUZkjKnm3Fyk2RUBQzklWcRJIY4REakJ7GCIVEumm+UgYPtNKHARf6RArm6u+JFIVSjkNfd4ZIDeWsNxH/83qJCi7dlEZxokiEpw8FCYOKw0k+sE8FwYqNNSAsqP4rxEOkg1E6xYoOwZ5deR7aJ3X7vH52d1ptXBdxlMEe2AeHwAYXoAFuQRO0AAaP4Bm8gjfjyXgx3o2PaWvJKGZ2wZ8yPn8AQ4Wcmg==</latexit>

↵+ =
⇢+

⇢+ + ⇢�

<latexit sha1_base64="sfp4UblaOVuu7jmY+F6P8uvvuvg=">AAACEnicbVDLSgMxFM34rPU16tJNsAhKaZkRXxuh6MZlBfuAzjBk0kwbmkmGJCOUod/gxl9x40IRt67c+Tem7Sy09cDlHs65l+SeMGFUacf5thYWl5ZXVgtrxfWNza1te2e3qUQqMWlgwYRsh0gRRjlpaKoZaSeSoDhkpBUObsZ+64FIRQW/18OE+DHqcRpRjLSRAvvYQyzpo6ACr6AXSYQzT/ZFUBlNexmWYS4EdsmpOhPAeeLmpARy1AP7y+sKnMaEa8yQUh3XSbSfIakpZmRU9FJFEoQHqEc6hnIUE+Vnk5NG8NAoXRgJaYprOFF/b2QoVmoYh2YyRrqvZr2x+J/XSXV06WeUJ6kmHE8filIGtYDjfGCXSoI1GxqCsKTmrxD3kQlGmxSLJgR39uR50jypuufVs7vTUu06j6MA9sEBOAIuuAA1cAvqoAEweATP4BW8WU/Wi/VufUxHF6x8Zw/8gfX5A0n7nJ4=</latexit>

↵� =
⇢�

⇢+ + ⇢�

<latexit sha1_base64="Uzor4vXZjytIx4PMmwHX7q48Wvw=">AAACD3icbZDLSsNAFIYnXmu9RV26GSyKIC2JeNsIRV24rGAv0IQwmU7aoZNJmJkUSsgbuPFV3LhQxK1bd76N07SCtv4w8PGfczhzfj9mVCrL+jLm5hcWl5YLK8XVtfWNTXNruyGjRGBSxxGLRMtHkjDKSV1RxUgrFgSFPiNNv389qjcHREga8Xs1jIkboi6nAcVIacszD1LHD6BzQ5hCcJDBS5gbA+8og+UfLmeeWbIqVi44C/YESmCimmd+Op0IJyHhCjMkZdu2YuWmSCiKGcmKTiJJjHAfdUlbI0chkW6a35PBfe10YBAJ/biCuft7IkWhlMPQ150hUj05XRuZ/9XaiQou3JTyOFGE4/GiIGFQRXAUDuxQQbBiQw0IC6r/CnEPCYSVjrCoQ7CnT56FxnHFPquc3p2UqleTOApgF+yBQ2CDc1AFt6AG6gCDB/AEXsCr8Wg8G2/G+7h1zpjM7IA/Mj6+AeFamq0=</latexit>

�v = v+ � v�

<latexit sha1_base64="PmLTlCYTJ9LhP3R4rGJinKdOQEQ="></latexit>

!⇤ = � (↵+ (k · v+) + ↵� (k · v�))±
q

2↵� (k ·B0)
2 � gk (↵+ � ↵�)� ↵+↵� (k ·�v)2

*Expression has been simplified by normalising density and Alfvén speed of lower region.

1. Advection of oscillatory solution through observer’s rest frame.

2. Positive term suppresses instability due to magnetic tension.
3. Negative term drives instability (Rayleigh-Taylor instability).

Term under the square root determines stability. Stable solutions if > 0, unstable 
solutions if < 0.

4. Negative term drives instability (Kelvin-Helmholtz instability).



Rayleigh-Taylor

MHD Simulation of Rayleigh-Taylor Instability in a Prominence 
Changmai et al. 2023  

 

Hydrodynamic instability which 
forms when a high density fluid 
lies above a lower density fluid 

Modified in MHD, in particular 
by magnetic tension force

Well-studied in solar 
prominences. 

As with many instabilities, 
growth rate reduced by non-
ideal effects such as viscosity.



Kelvin-Helmholtz instability
Hydrodynamic instability 
driven by a velocity shear 
across an interface.

Kelvin-Helmholtz Instability            
Philippi et al. 2015

Can develop with an 
oscillating velocity shear, 
e.g. due to out-of-phase 
Alfvén waves.

Growth rate reduced or 
suppressed by sheared 
magnetic field across 
interface.

Density Density and VelocityAgain, modified in MHD, in 
particular by magnetic 
tension force



KHI in Coronal Loops
1. Foot point driving excites kink mode.

2. Correct frequency -> fundamental standing 

wave.

3. Energy transferred to azimuthal Alfvén mode. 

4. Radial gradients are unstable to KHI. 

KHI in coronal loops 
Karampelas et al. 2017 

Instability growth rates are reduced in short 
flux tubes (due to magnetic tension), 
dissipative regimes (removes energy from 
the shear flow) and for twisted magnetic 
fields.

 



Concluding Remarks

Modelling oscillations in the solar wind 
Shoda et al. 2019

The inclusion of a magnetic field in MHD creates a wide 
range of new dynamics in comparison to HD systems. 


This includes the magnetic field introducing anisotropies.

Both the magnetic tension force and the magnetic 
pressure force are important for understanding waves 
and instabilities in magnetised plasmas. 

Linearisation is a powerful tool for understanding the 
stability of physical systems and describing the response 
to small perturbations.

However the Universe is non-linear and non-linear 
evolution can be important (e.g. instabilities can grow 
very quickly!). Can still make progress though with more 
sophisticated analytical techniques or numerical models! 


