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2.4 CAUSE OF MAGNETIC ACTIVITY

» Late type stars cannot have significant

fossil magnetic fields.

* +— Dynamo-model:

« Convective turbulence

» (Differential)rotation

« Stars with spectral class F2 or later have

convective envelopes.

 Activity increases with decreasing Rossby

number (Noyes et al. 1984):
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2.5 STELLAR CONVECTION

"Mixing
length”, A

PZ/ L2, TZ
Risen bubble

« Convection starts,
when displaced
"bubble” does not
return.

Original gas bubble
P1/ P1. T1
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2.5.1 DIFFERENT TEMPERATURE GRADIENTS

lgTA Fig.6.2. Temperature—pressure diagram with

4 v a schemaltic sketch of the different gradients

Ve W = dInT'/d1In P)in aconvective layer, Start-
Vg ing at a common point with P and Ty, the

different types of changes (adiabatic, in a ris-

ing element, in the surroundings, for radiative

stratification) lead to different temperatures at

a slightly higher point with Py + AP (< Py,

since P decreases outwards)
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2.6 STELLAR CONVECTION CONT.

: o : d log P /4
« Schwarzshcild criterion for convection: y R = -2 <
vrad < vad > d IogT i 7/_1
« Ledoux’s criterion: Viad < Vad + %Vp
where _ _ Olnp |
5 oln'l’
. __ Olnp
¥ = dlnp

« Usual reason for convective envelope

T decreases outwards — stronger absorption

« Solar convection — granulation

Solar granulation (Swed. Solar Telescope/ V. Henriques &

A. Drews)
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2./ CONVECTIVE TURNOVER TIME

Teonv IS the typical timescale for a
convective cell to rise in the
stellar plasma

. Estimated, e.g., through mixing 10g Tegays = 1.362 — 0.166x + 0.025 x* — 5.323 x°

length theory: for x > 0, and

A .
Teony = 7 ,Where A Is the 108 Tegays = 1.362 — 0.14 x

conv

mixing length and v, the
convective velocity.

«  T.ony Varies strongly in the x=1=(b-V).
convection zone

* At the base of the solar
convection zone T ony ~ 25d

for x < 0, with x being defined as

Empirical formula for .., (Noyes et al. 1984).

conv
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-=== S5L20 isochrone 0 NGC 83811 (Meibom et al. 2011)
@ M 57 (Barnes et al. 2018) @® NGC 6811 (Curtis et al. 2019)
@ Ruprecht 147 (this work) © Hyades (Douglas et al. 2019)
@® NGC 8818 (Meibom et al. 2015) ® Hyades (Radick et al. 1987)
40 t } } } 1 } t
2.8 STELLAR ROTATION .

35T

3071

« Star forming clouds rotate slowly

b
on

 Contraction — increased rotation

* > Young stars rotate fast: Strong activity

Rotation period [d]
(o]
L]

« Magnetic breaking — old late type stars rotate
slowly

15+

10+

* E.g., solar rotation period ~ 30 days

 Close binaries — tidal forces +— synchronised
rotation maintains fast rotation

0.4 0.6 0.8 1.0 1.2 1.4 1.6
(B —V)y [mag]

 Convection => differential rotation .
Different stellar clusters and the

HELSINGIN YLIOPISTO Sun (Gruner & Barnes, 2020)
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3. SUNSPOTS

« Structure
« Umbra ~ 4000 K
 Penumbra ~ 5500 K
* "Wilson depression” <= optical
depth)
e Sunspot groups:
« Leading and trailing spots
« Magnetic field:
* Radial in umbra

 Turns towards horisontal in

penumbra
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Sunspots in 430.5 nm by Swedish Solar
Telescope (Sharmer & Langhans / Royal
Swed. Acad. of Sciences)
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‘ 3.1 SUNSPOT EVOLUTION
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Spot eveolution ~ 2 h (30 April,
2007 Hinode SOT, G-band)
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3.2 SUNSPOTS AS A INDICATORS
OF SOLAR ACTIVITY

« Link with magnetic fields:

« Magnetic fields penetrate the solar
surface — convection is locally
iInhibited — cool spot

* Sunspots are easy to observe =>
cycle is clearly visible

* The Wolf (or Zurich) relative sunspot
number:

R, =k(10g +n),

k = "observer factor”
g = number of sunspot groups
n = number of sunspots

Zeeman effect in sunspot
(NSO/AURA/NSF)
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3.3 SUNSPOT CYCLES

Schwabe cycle ~ 11 years, Hale cycle: ~ 22 years:

* Rise 3-6 years, decline 5-8 years
« Cycle numbers: No 1 Starting 1755

400 Years of Sunspot Observations

* Magnetic polarity reversal each cycle
. Modern 350
* Gleissberg cycle: ~ 80-120 years 5 Maximum 300
« Suess cycle: ~ 210 years - < es
" . ¢ Maunder

< 4 Minimum i > 2
Xx X 53

|

1600 1650 17b0 1750 1800

i

1850 1900 1950 2000

« Hallstatt cycle: ~ 2100 years

Figure: Wikipedia
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3.4 LONG TERM VARIABILITY

_%4 Solar Activity Proxies
Los6

o

£0.8]

* Long-term cycles known S 1 \,[ o5
through abundances of Otz “mg
radioisotopes: S 14 1 H| oo 2

0 18] fl ' MT HI 0 5
o 1 I <
Be (ice) Figure: Wikipedia N Wﬁ Il ||H{3° B
° 14C (three I’IﬂgS) 1400 1500 1600 1700 1800 1900 2000
« HTi (meteorites)
Sunspot reconstruction from 4C data || o U
(Solanki et al. 2004, Nature 431, 1084) Al m
!
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3.5 GRAND MINIMA

* Long term periods of minimum activity:

e Dalton minimum ~ 1795 — 1823

« Maunder minimum ~1645 - 1715

« Sporer minimum ~ 1420 — 1530
 Wolf minimum ~ 1280 — 1340
e QOort minimum ~ 1010 — 1050

§“C (permille

Leland Mclnnes, Wikipedia
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http://upload.wikimedia.org/wikipedia/en/5/5c/Carbon14_with_activity_labels.svg

3.6 REGULARITIES OF SUNSPOT CYCLES

e Sporer ’s law:
* In the beginning of cycle spots appear at around solar
latitude ¢ ~ 30° , end the end at ¢ ~ 7°
* — butterfly diagram
« Waldmeier's rule:
« Duration of rise anticorrelated with amplitude
e Gnevyshev-Ohl —rule:

 The amplitude of an odd-numbered cycle usually exceeds
that of the proceeding even-numbered cycle: North — South

HELSINGIN YLIOPISTO aSym m etry
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3.7/ BUTTERFLY DIAGRAM
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Sunspot Area Coverage in 50 Equal Area Latitude Bands
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http://SolarCycleScience.com
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3.8 MORE SUNSPOT REGULARITIES

« Hale-Nicholson polarity rules:

* The polarities of "leading” and "trailing” spots:

— Opposite polarities of leading and trailing spots
— Reversed polarities at northern and southern hemispheres

— Polarity reverses after the sunspot minimum

* Joy's rule:

« AXis of bipolar sunspots tilted, the leading spot is nearer
to the solar equator

* Overlap of cycles:

 New cycle begins on higher latitudes before old cycle

HELSINGIN YLIOPISTO ends at lower latitudes
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3.9 JOY’s RULE

Joy’s rule (McClintock, 2016,
Univ. of South Queensland)
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Sin(Latitude)

3.10 MAGNETIC POLARITY CHANGES

Longitudinally Averaged Magnetic Field
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3.11 OVERLAPPING

Start of cycle 24 8.1.2008:
Spots of two cycles visible
simultaneously (NOAA)
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CYCLES
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http://upload.wikimedia.org/wikipedia/commons/d/dc/Sunspot_10981_Solar_Cycle_24.jpg

3.12 ACTIVE LONGITUDES

* Active longitudes: Active regions concentrated to certain
longitudes In a rotation frame

« Complication: Differential rotation

* Active regions certainly exist, but lifetime of active

longitudes is under dispute.

WEAK NESTING STRONG NESTING R(TWE LONGITUDES

Figure: MPS/Taylan Ayik
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3.13 IRREGULARITIES IN SUNSPOT CYCLES

: Cycle0 : ¢ cyel dycle 2 Cydle 3 Cyclela 2200 ( )
L il(a ]
50: §1so_ ‘—ﬁl £ -< “ x > #6 16 >
g [ .§1oo. “‘ 1 .le’ lh\ : ]
L
S’ ': 3 g \' | M I“H} .“\‘.* ) t'l"‘ || N 3
g = o L ',’ :r "'H‘J/.,g Jx{[“u I. ‘J\J‘.\Al r L‘J * ',1 | “\,")v.\._ll, f[ d

* E.g. reconstruction of R LA L
sunspot data from
18th century shows
Irregularities near T B T b
grand minima Jat | aln|

diagram” S E
» "Lost cycle” within 13 T o O T O T [ —
cycle 4 | A TUEL IR TR IE

Reconstructed butterfly diagrams S L R L
(Arlt, 2009: Usoskin et al. 2000) 3 A Al e | B ' | |

o 1775 1780 171 1 Years

&
S

1800 1810 1820

3
L
\,.‘
I

<
Group sunspot number
g B

G

- — =
. —Z
—- o ——

_55—‘

T —"

o

1800 1810 1820

"‘0
1

=]

0.1

Heliographic latitudi
o
e S
e
‘?"“\f =
ao;_
- : o
= ==
e
i
@
&
—
(2]
S
3
8
=
8

...
e
w
ved
|

T |
U i Bl N ]
l;x. ‘,;u !‘h‘ '.1‘|A :u\ I\%w#l WVYJ‘W&, -

[’d

g

3

3
Heliola itude

g
g
S
&3
3
E]
3
2
w
o
I :
- ‘m

mh
o
—
Q.
~——
-2 |
9] & o n
< ™
Q _—
R | SO ———
n
>

0.01

&
o

L

Heliographic latitude
o
ey B g
Alpaak
=
——

-
=
s
Cycdle length (Years)
S

{M

HELSINGIN YLIOPISTO
HELSINGFORS UNIVERSITET
UNIVERSITY OF HELSINKI Stellar magnetic activity, Spring 2024 21



3.14 NORTH - SOUTH ASYMMETRY IN

SUNSPSOTS AND AC
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3.15 SOLAR SURFACE DIFFERENTIAL
ROTATION

* Angular rotation vs.
latitude (36708 sunspot
groups, Howard 1994)

* Differential rotation
model:

SIDEREAL ROTATION RATE (DEG/DAY)

Q(P) =Q,, + Bsin®g+ysin’ ¢ =
Q(¢) = Qyq (L—asin® g)
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3.16 DIFFERENTIAL ROTATION IN DEPTH

480 -
460
. . . . 15"
 Differential rotation as function 440 .
of depth — new spots show ~ !
. . .
different rotation from old spots £ 420
5 45° %
« Torsional oscillations => S 400
Differential rotation not
. 380
constant, changes during the .
solar cycle 360
. See e.g., Covas, E. et al 050 0.60 0.70 0.80 0.90 1.00
g., , E. G g
2001, A&A 371, 718 Internal solar rotation profile from
helioseismology (Howe et al. 2000).
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