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ASTRASTR 1120:  Stars & Galaxies1120:  Stars & Galaxies

Prof. Prof. JuriJuri ToomreToomre TA:  Ben BrownTA:  Ben Brown
Lecture 11      Fri 4 Feb 05Lecture 11      Fri 4 Feb 05
zeus.colorado.edu/astr1120zeus.colorado.edu/astr1120--toomretoomre

TodayToday
•• HelioseismologyHelioseismology –– probing inside the Sun with probing inside the Sun with 

sound wavessound waves
•• How the Sun builds (and destroys) its lovely How the Sun builds (and destroys) its lovely 

Magnetic FieldsMagnetic Fields: sunspots, flares, big loops: sunspots, flares, big loops
•• Homework # 3Homework # 3 due todaydue today
•• Observatory Night 3Observatory Night 3 on Monday Thurs, Feb 5 on Monday Thurs, Feb 5 ----

again by signagain by sign--upup
•• Review SheetReview Sheet available today for inavailable today for in--class class 

Midterm Exam 1Midterm Exam 1 on Fri 11 Feb (review session on Fri 11 Feb (review session 
Wed 9 Feb by Ben Brown)Wed 9 Feb by Ben Brown)

•• Register on Register on AstronomyPlaceAstronomyPlace by Monday, by Monday, or you or you 
are out of luck (no more dribbling in!)are out of luck (no more dribbling in!)

Reading Clicker Q Reading Clicker Q 

•• What are the solar “layers”, in going What are the solar “layers”, in going 
from deep inside to outside?from deep inside to outside?

•• A.A. core, radiation zone, convection zone, core, radiation zone, convection zone, 
photosphere, photosphere, chromospherechromosphere, corona, corona

•• B.B. core, radiation zone, convection zone, core, radiation zone, convection zone, 
corona, corona, chromospherechromosphere, photosphere, photosphere

•• C.C. core, corona, radiation zone, convection core, corona, radiation zone, convection 
zone, photosphere, zone, photosphere, chromospherechromosphere

A.A. Big Big System System 
ViewView of Sunof Sun

corecore
radiativeradiative zonezone
convection zoneconvection zone
-- -- -- -- --
photospherephotosphere
chromospherechromosphere
coronacorona
solar windsolar wind

SUN INSUN IN
PROFILEPROFILE

Vast rangeVast range
in temperaturein temperature
and densityand density

SURFACESURFACE

CORE CORE 

ATMOSPHEREATMOSPHERE

photospherephotosphere

chromospherechromosphere

corona corona 

ComplexComplex
SURFACESURFACE
FEATURESFEATURES

ROTATIONROTATION

SUNSPOTSSUNSPOTS

PROMINENCESPROMINENCES

ACTIVEACTIVE
REGIONSREGIONS
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SOLAR ROTATION as viewed with SOHOSOLAR ROTATION as viewed with SOHO

GRANULATIONGRANULATION
VISIBLE ATVISIBLE AT
SURFACESURFACE

``Roiling and boiling’’ ``Roiling and boiling’’ 
at the surface ! at the surface ! 

Smallest scale of Smallest scale of 
solar convectionsolar convection

Granulation:Granulation: turbulent convectionturbulent convection

Size: ~ 1 Mm acrossSize: ~ 1 Mm across

Complex Interplay of Convection and MagnetismComplex Interplay of Convection and Magnetism

SUNSPOTSSUNSPOTS
amid field ofamid field of
GRANULESGRANULES

1 Mm spacing1 Mm spacing
on tickson ticks

Field of GranulesField of Granules

Berger et al.Berger et al.
GG--band band SwSTSwST

Field of GranulesField of Granules

Berger et al.Berger et al.
GG--band band SwSTSwST
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Convection Zone and Convection Zone and RadiativeRadiative InteriorInterior

Deep shell (30%) Deep shell (30%) 
of very turbulent of very turbulent 

convectionconvection

Drives strong Drives strong 
differential rotationdifferential rotation

Just below theJust below the
photosphere:photosphere:

But how do But how do 
we know this?we know this?

HelioseismologyHelioseismology:: Millions of sound Millions of sound 
waves available to probe solar interiorwaves available to probe solar interior

ACOUSTIC WAVESACOUSTIC WAVES

Some waves noodleSome waves noodle
just below the surfacejust below the surface

Others almost make itOthers almost make it
to the centerto the center

All excited by turbulentAll excited by turbulent
granulation visible ingranulation visible in
photospherephotosphere

REMINDERREMINDER

Tools of Imaging Tools of Imaging HelioseismologyHelioseismology

SOHO Spacecraft  SOHO Spacecraft  
Michelson Doppler Imager ( MDI )Michelson Doppler Imager ( MDI )

Global Oscillation Network Group ( GONG )Global Oscillation Network Group ( GONG )

How Sound Makes A Surface BounceHow Sound Makes A Surface Bounce

•• Sound waves inside Sun cause the Sound waves inside Sun cause the 
photosphere to move up and down, with photosphere to move up and down, with 
“five“five--minute oscillations”minute oscillations”

•• Can detect these with Doppler imaging of Can detect these with Doppler imaging of 
gas at solar surface (“see” the sound)gas at solar surface (“see” the sound)

Doppler movie of solar surface from SOHODoppler movie of solar surface from SOHO
SOLARSOLAR
OSCILLATIONOSCILLATION
MODEMODE

One of millionsOne of millions
of modes, each with of modes, each with 
a different tone!a different tone!
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““Power Spectrum” of Solar OscillationsPower Spectrum” of Solar Oscillations

Each oscillationEach oscillation
mode has a mode has a 
distinctivedistinctive
(measurable) tone(measurable) tone

Sensitive to howSensitive to how
sound speed variessound speed varies
with depthwith depth

Tests models ofTests models of
inside temperature inside temperature 

Observed from Observed from 
SOHO and GONGSOHO and GONG

FREQUENCYFREQUENCY

Solar Interior ModelsSolar Interior Models
Theory Theory vsvs HelioseismologyHelioseismology

DensityDensityTemperatureTemperature

radiusradius

Interior Differential Rotation ProfileInterior Differential Rotation Profile

PolePole

EquatorEquator

TACHOCLINETACHOCLINE

NEARNEAR--SURFACESURFACE
SHEAR LAYERSHEAR LAYER

Big surprises:Big surprises:

Fast equator,Fast equator,
slow pole slow pole ----
over over most ofmost of
convection convection 
zonezone

TacholineTacholine ofof
strong shearstrong shear
at its baseat its base

RadiativeRadiative zonezone
rotates uniformlyrotates uniformly

RADIUS r/RRADIUS r/R

Solar Rotation Profiles Solar Rotation Profiles 

TACHOCLINETACHOCLINE

CZ BOTTOMCZ BOTTOM

Variation withVariation with
radius and radius and 
latitudelatitude

Two Two MAGNETICMAGNETIC
DYNAMOSDYNAMOS at work:at work:

Global magnetic Global magnetic 
fields built in fields built in 
tachoclinetachocline

SmallSmall--scale fields scale fields 
in nearin near--surface surface 
shear zoneshear zone

HelioseismicHelioseismic Probing of Flows Below SurfaceProbing of Flows Below Surface

Global Patterns of Global Patterns of SOLAR SUBSURFACE WEATHER SOLAR SUBSURFACE WEATHER 

MeaderingMeadering flows like jet streams, interact with active regionsflows like jet streams, interact with active regions

SSW in Global View, Apr 2002SSW in Global View, Apr 2002
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SSW Flows Changing as Cycle ProgressesSSW Flows Changing as Cycle Progresses

7 Mm7 Mm

19991999

CRCR
19481948

CRCR
19231923

19971997

FarFar--SideSide ImagingImaging
HelioseismologyHelioseismology

SURFACESURFACE
FEATURESFEATURES

Now on toNow on to
SOLAR SOLAR 
MAGNETISMMAGNETISM

Diverse Scales of Solar MagnetismDiverse Scales of Solar Magnetism

GRANULATION &  NETWORKGRANULATION &  NETWORK

SOFT XSOFT X--RAY GLOBAL VIEWRAY GLOBAL VIEW

Magnetic fields are built in convection zoneMagnetic fields are built in convection zone

Convection Zone:Convection Zone:
ROTATING SHELL ROTATING SHELL 
OF TURBULENT OF TURBULENT 
PLASMAPLASMA

Differential RotationDifferential Rotation
and and 
Magnetic DynamoMagnetic Dynamo
go HANDgo HAND--ININ--HANDHAND

Plasma demoPlasma demo

UV view ofUV view of
solarsolar
magnetismmagnetism

SOHO EITSOHO EIT
171 A171 A

chromospherechromosphere
& low corona& low corona
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AnotherAnother
UV view ofUV view of
solarsolar
magnetismmagnetism

SOHO EITSOHO EIT
195 A195 A

Sunspot in White LightSunspot in White Light

Finest closeFinest close--upup

ZoomZoom--in on evolving sunspotin on evolving sunspot Sunspots show “Sunspots show “ZeemanZeeman splitting”splitting”
1000+ Gauss magnetic1000+ Gauss magnetic
fields in sunspotsfields in sunspots

wavelength wavelength 

B demoB demo

Magnetic Solar Cycle 23Magnetic Solar Cycle 23 1111--year Cycles of Solar Activityyear Cycles of Solar Activity

Butterfly DiagramButterfly Diagram
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Clicker Clicker –– Energy is how “old” ?Energy is how “old” ?

•• Light radiated from Sun’s surface reaches Light radiated from Sun’s surface reaches 
us in about 8 minutes, but the energy of us in about 8 minutes, but the energy of 
that light was released by fusion in the that light was released by fusion in the 
solar core about …solar core about …

•• A.A. one year ago
•• B.B. ten years agoten years ago
•• C. C. a hundred years agoa hundred years ago
•• D.D. a thousand years agoa thousand years ago
•• E.E. a million years agoa million years ago

E.E. Meanderings of outbound photonsMeanderings of outbound photons
PP--P chain makes gammaP chain makes gamma--ray photons, which “random walk” ray photons, which “random walk” 
outwards (getting absorbed, reoutwards (getting absorbed, re--emitted), gradually cooling emitted), gradually cooling 

Takes aboutTakes about
million yearsmillion years
from creationfrom creation
to get outto get out

So if suddenly turn off So if suddenly turn off 
the fusion, what happens?the fusion, what happens?

REMINDERREMINDER

Reading Clicker Q Reading Clicker Q 

•• What is the composition (by mass) of What is the composition (by mass) of 
the Sun ?the Sun ?

•• A.A. 100% hydrogen (H) and helium (He)100% hydrogen (H) and helium (He)

•• B.B. 50% H,   25% He, 25% other elements50% H,   25% He, 25% other elements

•• C.C. 70% He, 28% H,   2% other70% He, 28% H,   2% other

•• D.D. 70% H,   28% He, 2% other70% H,   28% He, 2% other

•• E.E. 98% H,   2% He and other98% H,   2% He and other

D.D.


