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11.3 O ciclo de atividade solar

Prof. Jorge Meléndez, AGA 0293, Astrofisica Estelar, IAG-USP
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Manchas
solares

observadas
por Galileu i

http://galiIeo.ri‘cg.ﬂéa’u/sci/observations/sunspot_drawings.html 4
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Numero de manchas solares

Variacao do numero de manchas

Diario

Meédia suavizada
mensal

1918 1919 1920 1921 1922 1923

dalnos

1915 = 1917

(c) Gabriela C. Silva, IF-USP (aluna de IC do grupo SAMPA, IAG-USP)
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Ciclo de manchas solares
quase periodico ~ 11 anos |

Média anual

M i Nnm _
L 11 WU\/\HJ\\[\WW_

1600 1650 1700 1750 1800 1850 1900 1950 2000 2050
Date

(c) David Hathaway/NASA o



(]U)) —— Hathaway function
— 13 months smoothed
O 250 -
@)
n
n
g 200
-
c
g 150 -
D 100 - : :
-g Falling time : 6.8 +1.3years :
. -
QO 50-
\D
Z 07

0 20 40 60 80 100 120 140 160

~4years ~7Yyears (months)

P — 11 anos i

(c) Gabriela C. Silva, IF-USP (aluna de IC do grupo SAMPA, IAG-USP)



Previsao do ciclo solar 25:
inicio em 12/2019, maximo 7/2025

Previsao do ciclo solar 25 de manchas solares
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Solar Cycle 25 will have a peak SSN of 115 (+ 10) in July 2025
Solar Cycle 24/25 minimum will occur in April, 2020 (+ 6 months)

https://www.swpc.noaa.gov/news/solar-cycle-25-forecast-update 11



Latitude no Sol
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Latitude no Sol
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Butterfly diagram

Diagrama da borboleta
Comeco ciclo: altas latitudes (£40°)
Maximo: latitudes intermediarias
Fim do ciclo: perto do equador

(c) Gabriela Silva, IF-USP (aluna de IC do grupo SAMPA, IAG-USP) A
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The vertical black line on the left indicates the location of the slit for
the spectrograph which took the spectrum (right). The division of 1
spectral line into 3 demonstrates the Zeeman effect. The splitting of

this iron line at 5250.2 A, indicates a field strength of 4130 Gauss.
© McMath-Pierce Solar Facility on Kitt Peak.
https://www.noao.edu/image_gallery/html/im0404.html




Ciclo de manchas solares
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Magnetic field
lines

Manchas solares
geralmente aparecem
aos pares, com
polaridades opostas
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3 y : A ordem das polaridades é
5 invertida nos hemisférios

N
s N Norte e Sul do Sol
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Ciclo magnético: 22 anos

Campo poloidal é invertido a cada 11 anos, e volta apds 22

anos s

FIGURE 11.32 The global magnetic field orientation of the Sun, along with the magnetic polarity
of sunspots during successive | 1-year periods.

18
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Magnetic field =
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Magnetic fields of sunspots suppress convection
and prevent surrounding plasma from sliding
sideways into sunspot

© The Cosmic Perspective



Sol no minimo de
atividade: sem manchas

Sol no maximo de
atividade: maior nimero
de manchas

http://www.sciencemag.org/news/2011/06/end-sunspot-cycle 20



Manchas solares: regides escuras Sol em Ha
Plages: regioes brilhantes

Atividade
Alta

Atividade Y tividade
baixa i moderada

Views of the Sun showing different levels of activity. The color table has been altered to enhance
faculae/plage (white regions) which are hotter than sunspots (red-black regions) and whose greater
total area contribute to increasing the solar flux reaching the Earth. https://svs.gsfc.nasa.gov/2644 21
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Minimo de Maunder: entre 1645 e 1715 as
manchas solares tornaram-se raras

Yearly Averaged Sunspot Numbers 1610-2010
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https://www.nasa.gov/mission_pages/sunearth/news/solarcycle-primer.html
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Sol em
raios-X
pelo

Yohkoh
em

1991




Ciclo de atividade solar em raios-X pelo Yohkoh
Ago 1991 - Set 2001
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Flare solar (erupcao solar)

- Energia liberada de 10" - 10% J entre milisegundos a
horas.

- Temperatura ~ 10’ K
- Grandes flares
podem alcancar
uma altura de
~ 100 000 km

Tohlkah ‘I{v ‘
bMar. 155

FIGURE 11.34 (a) A solar flare seen at the limb of the Sun, observed by the Yohkoh Soft X-ray
Telescope, March 18, 1999, 16:40 UT. (From the Yohkoh mission of ISAS, Japan. The X-ray telescope

27
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Magnetic mirror chromosphere |magem raios-X de
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flare (erupcao) solar

FIGURE 11.35 A model of the January 13, 1992, Masuda solar flare. Note the two hard X-ray
(HXR) footpoint sources associated with He flare ribbons [see Fig. 11.34(b)]. Electrons are accelerated
downward along the magnetic field lines until they collide with the chromosphere. The soft X-ray
(SXR) loop may be compared to Fig. 11.34(a). (Figure adapted from Aschwanden, et al., Ap. J., 464,
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()  reconnection region

31211) |1|2]3
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it

chromosphere

Fig. 3b, Solar flares and energetic particles ~ 1972: This image in H-alpha shows the two-
NICOLE VILMER, Phil. Trans. R. Soc. A (2012) 'ibbon structure late in the event, with
370, 3241 bright H-alpha loops connecting the ribbons.

http://www.bbso.njit.edu/images.html -

The great ‘Seahorse Flare' of August 7th,
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https://ase.tufts.edu/cosmos/print_images.asp?id=47

Radio: synchroton

Ho: recombinacao
do H (p+ e-)

Soft X-rays: altas
temperaturas

Hard X-ray:
Bremsstrahlung

Gamma rays:
reacoes nucleares
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H + 'S0 — 2C* + jHe + ;H,
where C* represents a carbon nucleus in an excited state, followed by the de-excitation
reaction 1 1
.
with £, = 4.438 MeV, or
l 20 16 4 1
followed by the de-excitation reaction
16 16
80* w—p 80 + y,

with £, = 6.129 MeV. Other examples of reactions produced by flares on the Sun’s surface
include electron—positron annihilation,

e +et > y+y
where E, = 0.511 MeV, and the production of deuterium by
H+n — {H* > tH + v,

where E, = 2.223 MeV.
31



Proeminéncia solar quiescente

Estruturas de gas ionizado que se estendem até a coroa e
podem durar semanas. Perto do limbo sao brilhantes em Ho

FigA. 11.36. A quiéscent hédgerow
prominence. (c) Big Bear Solar Observatory

18/6/2017
(c) Eukasz Sujka 2



Filamentos solares: sao proeminéncias vistas no disco
solar. Os filamentos aparecem escuros pois a temperatura

do proeminéncia € menor a do disco solar visto em Ho

Proeminéncia no disco = filamento escuro

Proeminéncia no limbo
— estrutura brilhante

(c) Big Bear Solar Observatory, 7/2000 (c)



SINERIGCCININIENEEN Gigantesca proeminéncia solar eruptiva
solar eruptiva

pode existir por
apenas algumas
horas, ejetando
gas do Sol.

Approx. size of Earth = @

Elas podem se
desenvolver a
partir de

proeminéncias
quiescentes.

An eruptive prominence

in extreme UV light on :
https://www.nasa.gov/content/goddard/what-is-a-solar-prominence
30/3/2010. © NASA/SDO y



Ejecao de massa coronal (CME)
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Ejecao de massa coronal (CME)

May 1, 2013

Besides the SDO images, the CME was also observed by SOHO using 2 coronagraphs

where the bright sun is blocked by a disk so it does not overpower the fainter corona. 3



Besides the SDO images, the CME was also observed by SOHO using 2 coronagraphs
where the bright sun is blocked by a disk so it does not overpower the fainter corona.  sg



Ejecao de massa coronal

May 1, 2013

Besides the SDO images, the CME was also observed by SOHO using 2 coronagraphs

where the bright sun is blocked by a disk so it does not overpower the fainter corona. 39



Maximo do
ciclo de
atividade:

~ 3,5 por dia
Minimo: aprox.
1 cada 5 dias.

5x10*? kg a
5x10% kg

v ~ 400 km/s a
1000 km/s

Com flares: 40%

Com proeminéncia
solar eruptiva: 70%

Ejecao de massa coronal (CME)

2000/02/27 07:42

h,ttp://www.esa.int/Our_Activitie‘s'/Space_Science/
" The_Sun_has_a_great_idea
40



Coroa solar durante eclipse

1994 (minimo de atividade) 1980 (maximo de atividade)
Mais estendida no equador, Coroa € mais complexa
consistente com campo dipolar

http://www.windows2universe.org/sun/images/eclipse/sun_eclipse_corona_max_vs_min_big_jpg_image.html

41



Eclipse solar, 2/jul/2019, Chile

(c) Jorge Meléndez




Near maximum of
the solar cycle

Near minimum of
the solar cycle

Lambaréné, Gabon, 3. 11. 2013
© Constantinos Emmanoulidis

Marshall Islands, 22.7.2009
© Miloslav Druckmuller




model of the solar cycle.

The magnetic dynamo p%)xjal field

(a) The solar magnetic field <
is initially poloidal (simple "\
dipole). (b) Differential b
rotation drags the magnetic
field lines around the Sun,
converting the poloidal field
into a toroidal field. (c) /
Turbulent convection twists
the field lines into magnetic
ropes, causing them to rise
as sunspots, the polarity of
the lead spots corresponds
to the original polarity of
the poloidal field. (d) As the
cycle progresses, successive
sunspot groups migrate
toward the equator where
magnetic field reconnection

reestablishes the poloidal / \

field, but with the original // Linhas de campo // \\

polarity reversed. (¢) magnético mais )
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Superflares on solar-type stars Nature 485, 478-481 (24 May 2012)

Hiroyuki Maehara, Takuya Shibayama, Shota Notsu, Yuta Notsu, Takashi Nagao, Satoshi
Kusaba, Satoshi Honda, Daisaku Nogami & Kazunari Shibata

14 flares on 10 Sun-like stars (T_.: 5600-6000; P>10days)

Amplitude: 0.1-10%; Duration: ~ 0.1 days
Total bolometric energy of superflares: 1033-10% ergs
10-10,000 tlmes Iarger than the largest solar flares (1032 ergs)
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Ciclo de atividade da estrela BD+26730

SAO 76659
96 Th; T ’{'} I [ H IhdH hl . -iﬂr‘ ’
) 9'8: Fotometrla s6 permite estudar ucloé de atividpde de
E o 1’ R est?helas muito ativas
?C‘P ) 9.2 f- T T[ T u"ql 7
> x"IHI’-I 73‘1L
9.4 IHI "J‘L” .I] [ ! - i
ok .|HH 'ITII e | II T 'Tl 1 1 ? =
K W r el ¥
osf o+ ! | IT{H L -, 1
10.0 L~ ! R e '
1900 1920 1940 Apg 1960 1980

FIGURE 11.39 The light curve of BD + 26°730, a BY Dra star. SAO 76659 is a nearby reference
star. (Figure from Hartmann et al., Ap. J., 249, 662, 1981.)
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Linhas de emissao H e K (Ca II)

Spectrum of ¢ Geminorum taken with the Zeiss triplet and U.V. objective-
prism, 1913, March 9. Enlarged and broadened about r2 times.

Two problems arise in this connection. It remains to be
shown whether the emission lines of the star have a possible varia-
tion in intensity analogous to the sun-spot period. It is known

Eberhard,G.; Schwarzschild, K. 1913, ApJ, 38, 292

48



Intensity

Linha de absorgao fotosferlca e emlssao cromosferlca (no plage) da linha K
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Estrelas ativas 006 [, | | [HD'18°Ir‘01I3‘_
apresentam § W i
emissao 5 004 1 K H ‘
cromosférica 5 |
no centro das g 002 1 .
linhasHeKdo ™ T
Call. — 03 " HDI131156-
E K H ]
Medida da z 0.2 3933,66 il v 3968 47 "
emissao nas s | |
linhasHeK 50} | |
-> indice SR L R R A
cromosférico S 2020 %gggelength"?g‘} s
Boisse et al. Fig.C.1. Two SOPHIE spectra of the region of the Call H and

/24(33;0 A&A 523, K lines between 3900 and 4000 A.. Bottom: Active star. Top: Non
active star. 50



4 . H, K: fluxo nas bandas das linhas
indiceS;: g_ @l+bK

= R, V: fluxo nas bandas de continuo
cR+dV a,b,c,d: constantes de calibracao
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Ciclo de atividade usando o indice cromosférico S
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Em estrelas como o Sol (18 Sco = HIP 79672), as variacoes do ciclo de
atividade podem ser estudadas usando o indice cromosférico S
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Diferentes escalas de atividade estelar
(dia - anos - bilhoes de anos)

* Flutuacoes rapidas (< 1 dia), explosoes (flares),
proeminéncia solar eruptiva, ejecao de massa
coronal (CME)

* Ciclo de atividade estelar (~ anos), como o ciclo
de 11 anos do Sol.

* Diminuicao da atividade durante a sequéncia
principal (escalas de milhoes a bilhoes de anos):
estrelas jovens sao muito ativas, estrelas velhas
sao mais calmas.
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