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Interior structure of the Sun

Convection zone

.- Convection
carries energy
outward
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Some parameters
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Solar spectrum

Spectral Irradiance (W/m?2/nm)
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Solar Radiation Spectrum
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Hertzsprung-Russell diagram

* Luminosity vs. surface temperature
Temperature (Kelvin)
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+5 - 1.0 * Source of energy is fusion, i.e.,
Main sequence ] )
g 4 lighter atoms fuse to form heavier
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Interior structure of the Sun
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Solar Dynamics Observatory

e Satellite carries a Michelson
Interferometer

* Doppler shift of one spectral
line is measured, giving the
line-of-sight velocity of the
Sun

* Blue represents motion
toward the observer, red away

* Strongest signal is rotation of
the Sun, but sun spots show
different dynamics
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Global helioseismology

, , e Spatial variations of Doppler
Single Dopplergram Minus 45 Images Average . .
(G0-MAR-95 19:64:00) shift in spectral lines reveals

radial motion of solar surface.

e Typical amplitude of a single
mode: <20 cm/s

* Total velocity of all 10’ modes:
a few 100 m/s

* Accuracy of current
instruments: better than 1
cm/s

* Spatio-temporal properties of
oscillations best revealed by
3-D Fourier transforms (2-D

-500. -400. -200. -200. -100. 0. 100, 200, 300, 400, 500,

Velocity (m/s) space + 1-D time)

S01/KDI Stanford Lockheed Institute for Space Rasearch
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Ray paths
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Local disturbance creates
perturbations that travel
through the Sun (p-modes).

Due to changes in background
density and temperature, the
wave paths are refracted.

Superposition of waves
creates interference pattern
which can be inverted to learn
something about the internal
structure of the Sun — or star.
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Some solar features
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1)
2)
3)
4)
5)
6)
7)
8)
9)

Core

Radiative zone
Convective zone
Phtotosphere
Chromosphere
Corona

Sunspot
Granulae

Prominence
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Chromosphere

* Region between photosphere
and corona

 Temperatures between
4,000K and 10,000K

e Consists mainly of neutral
hydrogen and is hence best
observed in the Lyman alpha
line in the UV.

9/6/2016 11



UiO ¢ Department of Physics

University of Oslo

Filaments

Filaments are regions which
appear darker than the
background.

* They appear darker because
the plasma is colder.

* They have chromospheric
densities.
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Chromosphere/photosphere

* Comparisson between the
chromosphere (left) and the
photosphere (right) of the
Sun.

* Chromosphere shows
prominences/filaments and
sunspots.

* Photosphere shows
granulation and sunspots.
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Granules

Chromosphere
y * Granules are about 1000km
Chlosphere. diameter and last for about 10

/ |€ ) (W)( ;F Side view .
/ ; ! minutes.
I~ o

/ 5000 km o

Between granules you have
the intergranular lanes which
are made out of colder
plasma, hence they appear
darker.

* Inside the granules the plasma
rises with about 1 km/s.

Top view fe— 8V AVAVAVAVAVATII
5000 km R I \' U X G

Copyright © 2005 Pearson Prentice Hall, Inc.
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Sunspots
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Sunspot

e Sunspots have two regions,
the dark, inner region called
umbra and the only slightly
darker region called the
penumbra.
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* The umbra is characterized by
relatively cold plasma of
about 4000K, and strong
magnetic fields (about 1000
times the normal
photospheric field)
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* Typical life times are several
days to weeks
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Convection associated with sunspot

* At the center of teh sunspot
(umbra), the magnetic field is
nearly vertical.

* The plasma is frozen to the
magnetic field, so it cannot
moves sideways at the surface
but just sits there and cools.

* The magnetic field is more
inclined in the penumbra,
allowing some convection
movement, hence it is a little
warmer than the umbra, but
colder than the surrounding.
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The inside of a sunspot

G s . Su.nspo.ts usually.appear in |
trap gas. , pairs with opposite magnetic
polarity.

sunspots
T = 4,500 K

* With the help of spectroscopy
T~ 5,800K
you can measure the
/ magnetic field inside the
sunspot.

T = 5,800 K

g, S
a0l

Magnetic fields of sunspots suppress
convection and prevent surrounding plasma

) from sliding sideways into sunspot.
dison Weslay
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Zeeman effect

Qutside the
suUnspot.

Fegionin
the sunspot.

Cutside the
sUNspot,
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The Zeeman effect; a strong magnetic field splits the
spectral lines into two or more components, The
strength of the magnetic field can be measured from the
amount of separation of the components, Sunspots are
regions of strong magnetic fields.
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Solar magneto

2001/05/05 12:48
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Differential rotation
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Formation of sunspots
N N

' * The velocity shear at the
radiative zone/convection
zone boundary creates the
solar magnetic field.

* The differential rotation of the
| convection zone «winds up»

, the magnetic field lines over

S

time.
N Nq * At some point, the magnetic
A=) field rises through the
\ = convection zone (it bubbles
: & up) and breaks through the
> > photosphere, creating a pair
of sunspots with opposite
/ SN 1S
= ﬁ% polarities.
=
S S
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First sunspot observations

* In 1610, shortly after viewing
the sun with his new
telescope, Galileo Galilei (or
was it Thomas Harriot?) made
the first European
observations of Sunspots.

'I\NNO IVBILE.O MDCXXV,
-~ In Domo Profella Romana Sociefatis

Curlis Macu{a.rvé ab 11, M.u}, ad 23, exusdem
{imilis Curfiby afiis a.(ior5 annor, fempore eods.

Qh? A Oricns e Christoph Scheiner (1573-

AB.EdiPﬁca,

el @ e — 1650), a Jesuit mathematician
| % o ® » .j; began his study of spots in
\4 “ 1611
\ MAII.
aE i1 e » Scheiner, wished to preserve
\ e Z o the perfection of the Sun and
e the heavens and therefore
i - a e argued that sunspots were

K*—zf Tl satellites of the Sun.
-

Lauf der Sonnenflecken vom xx. bis 23. Mai 162s.
sRosa Ursinac Seite 211
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Butterfly diagram

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS
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SUNSPOT AREA IN EQUAL AREA LATITUDE STRIPS (% OF STRIP AREA)
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http://science.msfc.nasa.gov/ssl’'pad/solar/images/bfly.gif

NASA/MSFC/HATHAWAY 02/2001
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Solar cycle variations

* Not only the number of
sunspots varies, but also other
solar parameters like

* The total irradiance
(«solar constant»)

—
w
»
~

e The number of flares

. * The amount of
electromagnetic
radiation emitted in the

UHF radio band (at 2800
- Irradiance ( fannual) Solar Flare Index | MHz)

Sunspot Observations 10.7 Radio Flux
1975 1980 1985 1990 1995 2000 2005

1366

Solar Irradiance (W/m?2)
o
2
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Leading sunspot polarity

2001 /05/05 12_48 SDO/HMI Quick—Look Magnetogram: 20130823_080000




Sunspot number

Solar latitude
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22-year cycle

Solar cycles - variation with solar latitude and time

| | | | I |
1880 1890 1900 1910 1920 1930 1940 1950

Year

| Iie—_

-0.062 -0.052 -0.042 -0.032 -0.022 -0.012 -0.002 0.008 0.018 0.028

Percent of sun's surface and polarity
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1960

1970

1980

1990 2000

2010

The leading polarity of
sunspot pairs changes
between solar cycles — known
as Hale’s Polarity Law.

The change occurs during
solar minimum.

The polar magnetic field of
the Sun changes at solar
maximum, is hence out of
phase with the sunspot
magnetic fields.
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Change of polar solar magnetic field

NORTH * The polar magnetic field of
the Sun changes at solar
maximum

e This change is hence out of
phase with the sunspot
magnetic fields.

CORONAL MAGHNETIC FIELD LINES AT COROHNAL MAGHETIC FIELD LINES AT
SOLAR MINIMUM ACTIVITY SOLAR MAXIMUM ACTIVITY

NUHIH

CORONAL MAGHNETIC FIELD LINES AT
HEXT SOLAR MINIMUMN

1995 2000
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Coronal holes

' ) Field lines loop back to
\\\ '\ /' Sun— particles trapped

/

‘,)\ /
- " Field lines extend
( g‘\ into interplanetary

L)) O\~ space—particles
// R \ escape
P / 'I.

Copyright © 2005 Pearson Prentice Hall, Inc.
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18 Aug 1980: White Light

10:04

Scurce: High Altitude Observatory/Solar Maximum Mission Archives
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Coronal mass ejections
(CMEs) are balloon-shaped
bursts of solar wind rising
above the solar corona

Solar plasma is heated to tens
of millions of degrees, and
electrons, protons, and heavy
nuclei are accelerated to near
the speed of light.

Each CME releases up to 100
billion kg of plasma, and the
speed of the ejection can
reach 1000 km/s in some
flares.

CMEs are currently the biggest
"explosions" in our solar

system
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Current solar cycle

Cycle 24 Sunspot Number (V2.0) Prediction (2016/08)

2000 2005
Hathaway NASA/ARC
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