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Helioseismology

Time-Distance Methods — local helioseismology

. . . . source
- Time-distance helioseismology

. Similar concept to geoseismologic methods
for probing the structure underground

« Remember:

« Probed depth depends on wavelength of
observed p-mode

Sound speed in the Sun increases with
depth!

« Deviations in the arrival times due to
inhomogeneities under the surface

= Mapping of sub-surface medium through
which the sound waves have traveled

Thermal structure
below a sunspot
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Asteroseismology

« (Most) stars cannot be resolved spatially - only low-l modes can be observed

. Frequency of the fundamental radial mode [ = 0, is proportional to a
star's dynamical time scale (tdyn)

1
1
= | arge frequency spacing Av (between adjacent radial modes in AV 1 x+/p (ﬂ)
oscillation spectrum) proportional to the dynamical time scale Layn
= Freq. spacing depends on stellar properties, changes as star evolves.
=|ndependent measure for stellar structure!
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Measuring magnetic fields

: s Zeeman splitting and circular polarization
Zeeman dlagn05tlcs of the infrared Fe | line at 1564.8 nm 2 g
m /eeman effect allows direct detection White liaht with slit Circular 5
and measurement of magnetic field - N - it
B=0 B>0 M, 15 « 15 ;
E ] '3
i b = 10: ¢ = 10
<1 5
3 O:""l""l'"'I""l""l"' 0
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= Often only measurement along the line
of sight I=1_.+It w»Totalintensity

= \Wanted: Measuring the full Stokes vector - Q=71 - It = Linear

to derive the 3D magnetic field topology
U=1,-1I~_ w»linear

V=1~ -1, w»Circular
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Magnetic fields on stars
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Measuring magnetic fields
Zeeman Doppler Imaging (ZDl)

« Derives magnetic field information from Zeeman splitting of spectral lines from spatial
unresolved observations

« Asfunction of time over stellar rotation period(s)
- Requires observations over a sufficient number of nights
- Data then used to reconstruct the stellar surface as it rotated

« Mapping the star’s surface

Rotational phase
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Measuring magnetic fields
Zeeman Doppler Imaging (ZDl)

« /DI observational constraints for dynamos in Sun-like stars

« Commonly used: Problem: Latitude degeneracy -

« /Dl cannot always distinguish the hemisphere in which the
starspots are located

« Uncertain north—south distribution of starspot active latitudes
e Limits constraints of dynamo theory !

 Alternative measurements via direct interferometric imaging

Example: Il Pegasi A (HD 224085)
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Measuring magnetic fields

Direct interferometricimaging

.« Works only for stars with significant angular extent in the sky (physical size vs. Distance)
m e examples so far (limited by achievable angular resolution)

« Observation with CHARA of { Andromedae (Roettenbacher et al 2016)
.« K-type cool giant star (15 times larger than Sun)

« Observationsin 2011 and 2013 over several consecutive days to cover the star’s
rotation period

Table 1 | Parameters of { And

Measured parameter Value

Angular polar diameter, 6, p (mas) 2.5024+0.008

Polar radius (Rg) 15.0+0.8

Oblateness (major to polar axis) 1.0604+0.011

Inclination, i (°) 70.0+2.8

Pole position angle (°, E of N) 126.0+1.9

4 Values from the literature

Distance, d (pc) 17.98+0.83 (ref. 29)

Effective temperature, T (K) 4600+ 100 (ref. 9)

Luminosity, log L/Lg 1.98+0.04 (ref. 9)

Py e Primary mass (Mg) 2.6+0.4 (ref.9)

] Secondary mass (M) ~0.75 (ref. 9)

CHARA, USA: array of 6 telescopes Iron metallicity [Fe/H]/[Fe/H]o —0.30+0.05 (ref. 9)
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Measuring magnetic fields

Direct interferometricimaging — { Andromedae

Time sequence of interferometric images = [ime-dependent model of the star’s surface
a imagin n Persistent polar starspot
(2,62::ff progjecgtig;)CA ‘ / NApRIEta

4,600

4,400

4,200

4,000

3,800

3,600
Transient starspots

b 0.000 ' $=0125 ' ¢ =0250 ¢ =0375

Milliarcseconds

- Dark polar spot seen in both observation
epochs but lower-latitude spot structures
S . S . in both hemispheres do not persist
1 0o -1 1 8 =i 1 0o - 1 0o -1 .
Miliarcseconds between observations

Roettenbacher et al 2016
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Measuring magnetic fields

Direct interferometricimaging — { Andromedae

Time sequence of interferometric images = [ime-dependent model of the star’s surface

2013 imaging of £ And Permstepolar starspot Tamperature (K

Aitoff projection
( proj ) 4,600

4,400

X S

4,200

4,000

3,800

3,600

Transient starspots

(Potential) problem:

- Conclusion: Inferred magnetic field configuration
difficult to produce with a global dynamo

- Is there enough data for this conclusion? | |
Dark polar spot seen in both observation

+ Interferometry is challenging but promising epochs but lower-latitude spot structures
in both hemispheres do not persist

« Can provide important constraints on stellar
dynamos and the resulting magnetic fields! between observations
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Magnetism



Many important questions ...

e How is the magnetic field of the Sun generated?
« Is the Sun generating "new” magnetic field? Is there a dynamo process at work?

« Orare those the remainders of a “primordial” magnetic field of the material from which the solar
system and the Sun formed?

- How is the magnetic field of other stars generated?

- How is the magnetic field structured SN
: , r?‘ i i )
in the atmosphere of the Sun? _;«fd‘ il /4 b

+  How does it affect the dynamics and % 3
energy balance of the atmosphere? W T

- And how does it affect the
interplanetary space and Earth’




Magnetic fields on the Sun — Introduction
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Captured through different scientific missions

« Ground-based instruments (on Earth)
« Begin with Galileo Galilei and the refracting telescope (1611)
« “Solar Tower”in Meudon (France)
« Swedish Solar Telescope (55T) and THEMIS spectro-palorimeter (Canary)

« Daniel K. Inouye Solar Telescope (DKIST) in Hawaii ...

ESA Solar Orbiter
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« Space missions
- "Remote sensing” observations, especially for UV, X and y-lights
« "In situ” measurement of the ambiant magnetised wind of particules
- Ex:SOHO, SDO, HINODE, Solar Orbiter, Parker Solar Probe. ..



On the Sun

Sunspots are clear
imprints at the surface
and in the atmosphere
above

Magnetism on the Sun
occurs on all scales.

Smallest features at or
below spatial resolution
limit of current
telescopes

Largest features on
global scales

Temporal scales
between many years
(activity cycle) to
extremely short scales
(<1s).

The Royal Swedish Academy of Sciences/
The Institute for Solar Physics
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[ J [ J 7
HOW to q ua ntlfy It ° Kitt Peak National Observatory, NSO/AURA/NSF

See also Reiners et al. (2012)

Through measurements :

Zemman effect on atomic rays
A\ =46.67 gL \o? |B|

15000

help from reconstruction/simulations:

here Panja et al. (2020)




Photospheric magnetograms

« Observation of the Sun with SDO/HMI, 2/2011
. Evolution of magnetic field in an Active Region
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Photospheric magnetograms

« Active regions, bi-polarity systematic east-west orientation opposite in the south
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Magnetism

So far — Radiative-Hydrodynamic Equations

- Hydrodynamic equations:

. Conservation of mass (density): (mass
continuity equation) 3:;0 - _V. (pv)
- ’
« Conservation of momentum: atpv - V. (pvv +7T) — vp + pg,
. Conservation of energy: 6,e - _V. (ev) . pv + 0 + Grad + Guiscs

. Coupling with the radiation field is give by the radiative cooling and heating term (as
derived from the radiative transfer equation)

- fl k1o =S da,

_ pkpT perfect gas approximation
UM usual in stellar interiors,
but more complex for atmospheres...

- Equation of state P = cg
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Magnetism

So far — Radiative-Hydrodynamic Equations

 Hydrodynamic equations:

. Conservation of mass (density): (mass
continuity equation) 5tp - _V. (pv)
- ’
« Conservation of momentum: atpv - V. (pvv +7T) — vp + pg,
. Conservation of energy: 6,e - _V. (ev) . pv + 0 + Grad + Guiscs

. Coupling with the radiation field is give by the radiative cooling and heating term (as
derived from the radiative transfer equation)

Grad = 4mp f ki (Ja—S,) da,
p

« Equation of state P = c2p . pkBT perfect gas approximation

Additional equations needed when dealing with charged particles (plasma) and magnetic and electric fields
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Magnetism
From particles to MHD \\ (17

Magnetic ‘J;
field \. ‘ .4/).

McCracken et al. (2013)

Maxwell-Boltzmann Molecular Speed Distribution for Noble Gases

lon

Continuous fluid
(Navier-stockes, Lorentz force

Probability density (s/m)

Electron

Statistical Physics 5 0 oo 10 o0 2500 Maxwell Egs.)
> Speed (m/s) © utexas.edu
Particules approach | Kinetic Hybrid Fluid
| — e— -
high frequencies low frequencies

o ——

wpe wpi W W, W,

electron 10n 1ion Alfvén electron-ion
plasma plasma  gyrofrequency collision

© 2014 Aalto University

>

Larger spatial/temporal scales
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Magnetism
Magnetohydrodynamics (MHD)

-  MHD equations describe how a magnetic field interacts with a continuous plasma (ionized gas).

 "Like hydrodynamics’, but with extra equations (Lorentz-force etc.)

e |ldeal MHD

. Simplifying assumption: infinite conductivity (no resistance), perfectly conducting
(and thus fully ionised) plasma, no dissipation of electro-magnetic energy

 Currents are present, but no charge densities

« Applicable in the solar interior and in good approximation in the solar atmosphere
(note that there will be deviations)

- Non-ideal MHD conditions:
« lons and neutrals slip past each other (ambipolar diffusion)
- Magnetic reconnection (localized events, flares)

« Turbulence induced reconnection
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Magnetism
Magnetohydrodynamics (MHD)

-  MHD equations describe how a magnetic field interacts with a continuous plasma (ionized gas).

- primary variablesv, B, p,pand T

. . d
Conservatpn Qf mMass (Qlensny) 6P & 5y =0
(mass continuity equation) dt
Conservation of momentum — dv . T
extra term Par =~ pE"JX } g T
. pr_d (P 2
- -V.q-L, F
Conservation of energy po—T (p,y) V-q- L. {{j°/of+ Fu
. k R
Equation of state p=-2pT <= TpT>
m i

Jj x B: Lorentz force per unit volume — describes the interaction
between the magnetic field and the plasma

j2/0: Ohmic dissipation
g: heat flux due to particle conduction

Lr: net radiation
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Magnetism
Magnetohydrodynamics (MHD)

-  MHD equations describe how a magnetic field interacts with a continuous plasma (ionized gas).

- primary variablesv, B, p,pand T

. . d
Conservatpn Qf mMass (Qlensny) 6P & o e =D
(mass continuity equation) dt
Conservation of momentum — dv :
extra term T —VPE-J A B)+ Fqs+F,
. Pl d (P _ o .2
Conservation of energy o7 (p,y) =-V-q-L-Hj°/o+ Fu
. k R
Equation of state p=-2pT <= TpT>
m i
Induction equation %_B —V x (vx B)+1V?B
t
Ohm's Law j=0c(E+v xB)

- Further reading: Solar Magnetohydrodynamics, E. Priest (2014), downloadable via UiO bib.



AST5770 - UiO - S. Wedemeyer

Magnetism
Magnetohydrodynamics (MHD)

-  MHD equations describe how a magnetic field interacts with a continuous plasma (ionized gas).

- primary variables:v, B, p, 0, T

- Numerical simulations need to account for
a lot physics — computationally very
challenging

. Certain terms can be neglected depending
on the simulated scenario in order to make
problem computationally feasible

- Validity of resulting model then limited
by these simplifying assumptions

- Numerical simulations have historically
developed from simplified cases to
increasingly more complex and realistic
cases

- Further reading: Solar Magnetohydrodynamics, E. Priest (2014), downloadable via UiO bib.
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Magnetism
Magnetohydrodynamics (MHD)

. Additional equation can be derived from the Maxwell Equations and the Lorentz force

pq
Gauss's law V.E=—
€ o
Gauss's law of magnetism V.B=0
Maxwell’s
Equations Maxwell-Faraday equation VxE=- E
(Faraday's law of induction) ot
e . 1 OE
Ampere's CIF'CUI’[a| .Ia.vv (with VxB=p_j+——
Maxwell's addition) ° 2 o
C
Lorentz force
(electromagnetic force) F =qgE + qg(vxB)
Charged particle moving in electric and magnetic fields.

- Further reading: Solar Magnetohydrodynamics, E. Priest (2014), downloadable via UiO bib.
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Magnetism

Fundamental plasma properties

* Electrical conductivity o

ne: number density of electrons

e: electric charge
For a fU”y iOﬂised, g = neezTei/me Me. electron mass
collision-dominated plasma

- T.i. electron-ion collision time
(see “Drude model”...)

- Magneticdiffusivity 7 w: magnetic permeability;

n = 1/(uo) magnetic field production due to
moving electric charge (current)

e Charge conservation: MHD “charge continuity equation”

v :Velocity
. 0 _ Qq : Charge density
pq +V-(p V)=0 => pq +V-j=() Qg =4qn q :Charge per particle
ot ! ot o vV=]j n :Number density
1 Jj :Current

e Ohm’s law:

(From Lorentz force of a large number of particules, moving at a non-relativistic velocity v in the
presence of a magnetic field)

m» [lectric field (v x B) in addition to the electric field (E) which would act on material at rest.

m Current density j=o(E+v xB)
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Magnetism

[ ]
G e n era I IZEd O h m S LaW (For a plasma that consists of a mix of electrons, protons and neutral atoms)

E+vxB=n]

— / N J
Y Y

Electric field Resistive
In @ moving term (cf
plasma V=IR; n =
resistivity

* IdealMHD: #n=0=FE+vxB=0
- A very good approximation for many applications (incl. solar interior)
 ‘frozen-in flux’approximation

 Simplifies computations!
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Magnetism

[ ]
G e n era I IZEd O h m S LaW (For a plasma that consists of a mix of electrons, protons and neutral atoms)

E+VXB=ﬂj+-i-0XB) — |V.P, + e ) )

ne ne ne” | ot
Electric field Resistive Hall Electron Electron
in @ moving term (cf term anisotropy inertia
plasma V=IR; n =
resistivity —— — —
These terms are small on long length and time scales
o and/or in regions of weak currents — often ignored

* IdealMHD: #n=0=FE+vxB=0
- A very good approximation for many applications (incl. solar interior)
 ‘frozen-in flux’approximation

 Simplifies computations!



AST5770 - UiO - S. Wedemeyer

Magnetism

Momentum Equation

.« Conservation of momentum — the MHD equation of motion

a [
0 (_ +v'V]|v= _V,B + pq E + J X B+ any other forces acting on the plasma (e.g. gravity)

dt
_ _ o - —
convective derivative sources and sinks of
of the momentum momentum (forces)

+ V.P:plasma pressure gradient

* 04 E: electric field force (can be neglected if no net charge density in plasma)

* jx B: Lorentz force
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Magnetism

Magnetic pressure

dv =
Py = —VPG'J X B)+ Fy+F,
-  (B-V)B =L
Lorentzforce @ JAB = EVE _ V(—)
2 2o
magnetic tension magnetic pressure
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Magnetism

Force-free fields

Magnetic field configuration for which Lorentz force is zero (j x B = 0) called force-free

61_7) > AN - - - =
plgHv—D¥) = pg—Vp+JAB

Static high in the atmosphere B<<1

AIA/SDO
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Magnetism

Force-free fields

*  Magnetic field configuration for which Lorentz force is zero (j x B = 0) called force-free

- Example 1: magnetic tension and pressure are in balance

- Example 2: potential magnetic field configuration with no electric current
J=0 - VXB=0- B=VVU Y. magnetic (scalar) potential

Potential magnetic field extrapolation See Alissandrakis (1981) ; Wiegelmann


https://en.wikipedia.org/wiki/Potential_magnetic_field

AST5770 - UiO - S. Wedemeyer

Magnetism

Magnetic pressure

dv =
P = —VpG-J x B)+ F,+F,
* Assume a static case, no net charge, ignore gravity and viscosity = jx B = Vp

- Magnetic field exerts a pressure force, for short: magnetic pressure.

BZ

* InSlunits: Prag = ~— Slunits: Pin Pa, Bin T, w,in H/m Mo - Magnetic
2 permeability
Ho in vacuum
* Incgs units: B2 Cgs units: Pin dyn/cmz?, B in G
Pmag — g

uniform field:

K non-uniform field:

magnetic pressures (P) \ /\/ % [ | | Y/ /;/7/ (N dB/dx > 0
%%/ e
U7 7 /4 P> P,

N
N
Priest (2014)
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Magnetism

Magnetic pressure

- Pressure balance between two different plasma domains (1 and 2):
o |If Bz =0:
« Extreme case: Component 1is evacuated: P; =0 = B;?2/8m=P;

« Sets a maximum field strength for region 1 to be in balance with the (surrounding)
region 2: equipartition field strength B., = (87 P> ) 12

* It B> B.,;: Notin pressure balance, overpressure in component 1, tends to expand
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Magnetism

Magnetic pressure

- Pressure balance between two different plasma domains (1 and 2)
« IfBo=0andT; =T, thenalso p1 < p2 (Equation of statel)

= Magnetic features (here 1) are buoyant compared to the surrounding gas.
 Inthe convection zone:

« Lower density inside magnetic flux bundles compared to surrounding plasma

«  Magnetic flux bundle becomes buoyant and rises towards the surface (down the
gradient) unless stopped by other forces
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Magnetism

Magnetic pressure

- Additional contributions from magnetic pressure inside magnetic flux concentration
 Pressure balance = lower gas pressure inside the flux concentration than outside

 Gas pressure of surrounding drops with height = Magnetic structure funnels out
(wine-glass shape)
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Magnetism
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Plasma-Beta
Plasma-3 describes the ratio of thermal to magnetic pressure
P, 81t Py
p= N e (cgs)

B < 1: Magnetic field dominates and
dictates the dynamics of the gas

B >1:Thermal gas dynamics dominate

and forces the field to follow (—> If ideal-

MHD, the magnetic field does not diffused and is
said “frozen-in" the plasma.)

Bis a local quantity but the typical range of
values changes with radius:

- Convection zone: 3 >1

« Lower atmosphere (outside strong
magnetic field concentrations): 3 >1

« Chromosphere: transition to 3 < 1
« Corona: B <«1

Solar Wind
Acceleration Region

ooooooooooooooooooooooooooooooo

Chromosphere

..................................................

102 Photosphere

10 | I !
10'_4._ 103 102 107! 10 10!

asma P = Gas Pressure/Magnetic Pressure

K.R. Lang, Tufts University; Adapted from G. Allen Gary, Solar Physics 203, 71-86 (2001).

10?




Plasma-Beta

« Magnetic field in chromosphere is highly dynamic
« Propagating shock waves compress magnetic field
« Fast moving filaments of enhanced field

vertical cross-section: absolute field strength log [B|

3
chromo-
sphere

2

= photosphere

N
. T
convection
Zzone
T - O
1000 200(|) 3000 4000 e optical depth unity
X [km] black: plasma 3 = |

|BO|: 10 G Schaffenberger, Wedemeyer, Steiner, Freytag (2005)



CO>BOLD

close-up)




Continuous reorganisation of structure

More complicated than individual “flux tubes”



