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helioseismology, n.

The study of the sun's interior by
the observation and analysis of
osclillations at its surface. z
Cf. asteroseismology n.
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[Oxford English Dictionary]
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helioseismology, n.

Now 60 years
and counting...
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Asteroseismology, n.

The study of the interior of stars by
the observation and analysis of
oscillations at their surface.

Cf. helioseismology n.

[Oxford English Dictionary]




Interior Structures of Stars
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Interior Structures of Stars
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The Unseen Solar Interior
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A. S. Eddington, ‘The Internal Constitution of the Stars’, 1926



Pulsations Open a Window
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A. S. Eddington, ‘Stars and Atoms’, 1927, Oxford Uni. Press, p. 89



Near-surface turbulence
generates acoustic noise...

10 Dec. 2019 19:24:31UT

DKIST data



Solar Oscillations

Standing acoustic waves trapped in interior

Chromosphere
Photosphere e

Convection zone

Radiative zone
Core g-modes

Fossat et al.



Solar Oscillations

Mode patterns correspond to spherical harmonics



Pulsation Timescale

Fundamental period of radial
pulsation:

[T o (p)~1/2

Ritter 1880; Shapley, 1914



Pulsation Timescale

Sun: fundamental
radial-mode period

IT;~ 1.8 hours
Vf ~ 160 HHZ




Oscillations of the Sun

Frequency spectrum of solar oscillations
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Birmingham

Solar-Oscillations
Network






Global and Local
Helioseismology

Global seismology:

Constituent waves live long enough to
travel round the Sun

Modes give longitudinal average of
properties (also cannot distinguish
asymmetry in properties above and
below equator)



Solar Oscillations

Probe structure and rotation throughout interior

Chromosphere
Photosphere e

Convection zone

Radiative zone
Core g-modes

Fossat et al.



Solar Oscillations

Mode patterns correspond to spherical harmonics



Helioseismic Magnetic
Imager (HMI) on SDO
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Global and Local
Helioseismology

Local seismology:
Do not walit for resonance to establish
globally

Observe effects of interference in local
volumes beneath surface
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Internal
Structure and
Rotation



Solar Abundance Problem

Inversions for solar sound speed

sound velocity versus radius




Solar Abundance Problem

Inversions for solar sound speed

MB22-phot
MB22-met
AAG21 Envelope
AGSS09-met

GS98

Convective

Magg et al. 2022



Internal Solar Rotation
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Torsional oscillations penetrating
the convective envelope
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January 2002

Vorontsov et al. Science, 296, 101, 2002 BIRMINGHAM



Solar sub-surface zonal flows
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The Tachocline (‘speed slope’)

Located just
beneath base of
convection zone

Key for dynamo
action!
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Solar internal rotation
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Garcia et al., 2010, Science, 316, 1591 BIRMINGHAM




robing activity and the
solar dynamo




Oscillations as probes of activity
and the solar cycle

Magnetic fields can change
mode frequencies & splittings:

= Directly, by action of Lorentz
force

= |ndirectly by changing
stratification




Flows and wave speed
variation beneath sunspot

Courtesy A. G. Kosovichev

Arrows show flows:
Larger —
Smaller —

Colours show
wave-speed:

Faster... in
Slower... in blue



Surface Weather
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Space weather predictions

Far-side imaging of active regions
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Sunspot record: solar cycles

International sunspot number S :
300 Yearly mean and 13-months smoothed number
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Sunspot number S,

Sunspot record: solar cycles
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Five seismic solar cycles with BISON
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Comparison of oscillation
frequencies at cycle minima

Systematic differences reveal structural changes
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Prediction: Seismic Sun back

to the Maunder Minimum

-t
o
|

o
I~
I | I T I

Average frequency shift (uHz)

é
=

QoE¥ - - = - L e m

|

Year

Chaplin et al., 2019, MNRAS, 489, L86

PR SR TR RN (N T TN TN SN NN SN TR SN TR I SR T S TR AN TN SR SR TR ST SR S T S
1700 1750 1800 1850 1900 1950 2000

UNIVERSITYOF
BIRMINGHAM



Asteroseismology, n.

The study of the interior of stars by
the observation and analysis of
oscillations at their surface.

Cf. helioseismology n.

[Oxford English Dictionary]




Seismic inference on
active latitudes

Credit: NASA/SDO/Goddard



Inference on active latitudes
Frequency shifts depend on (I, m)

(3,2) (3,3)

(3,1)
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Solar Oscillations

Mode patterns correspond to spherical harmonics



Inference on active latitudes
Frequency shifts depend on (I, m)
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Principles of the method
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Thomas, Chaplin et al. 2019, MNRAS, 485, 3857 BIRMINGHAM



Principles of the method

Thomas, Chaplin et al. 2019, MNRAS, 485, 3857 BIRMINGHAM



- Sun-as-a-star
BISON helioseismology
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Normalised counts

Results: Sun-as-a-star
BISON data
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NASA Kepler Mission




Results: solar analogue
HD173701

Amin =25.0° A =68.8°
0.030 - max '
0.020 1
0.025 -
i ]
c =
3 0.020 2 0.015
o [}
© e
s 0.015 3
= 0.0151 © |
: g 0.010
o (o]
Z 0.010 1 =
0.005 1
0.005
0.000 0.000 pmmm
70 80 90 0 10 20

Thomas, Chaplin et al. 2019, MNRAS, 485, 3857 BIRMINGHAM



Results: solar analogue
HD173701

Normalised counts
Normalised counts
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Sun with BISON
@ HD173701 with Kepler
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Spots and Faculae

faculae
spots

Credit: NASA/SDO/Goddard



Long-term brightness

Kepler lightcurves of solar-type stars

0.14 . T I I '
== Facula Dominated
v 0.12 -  Spot Dominated
O
{n 0.10
< 0.08
T -
O f" - S
c 0.06 ‘ e

10 15 20 25 30 35

Rotation Period (days)
UNIVERSITYOF

Montet et al., 2017, ApJ, 851, 116 BIRMINGHAM



1ISSION

NASA TESS M
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THE STORY OF HELIOSEISMOLOGY

ASTEROSEISMIC
DATA
ANALYSIS

FOUNDATIONS
AND TECHNIQUES

SARBANI BASU &
WILLIAM J. CHAPLIN
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