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Ba>kHM doakTh 30 CABHLLETO

» CAbHLLETO € 3Be3Ad — HOMN-OAM3KATA AO 3eMAaTa

®» CAbHYEBATA CBETAMHA AOCTMIA AO 3eMATA 30 8.3 MUHYTH

®» OT Cb3AOBAHETO HAO EAMH CbOTOH AO N3ABHBAHETO MY MMHABAT AO ~MMANOH
rOANHU

» POTOHMTE CEe CbAABAT C eHeprmmm ~ 27 MeV 1 CAeA MHOTOKPQATHO
MOrABbLLLAHE U MPEM3ABYBAHE HAMYCKAT GOOTOCOEepATA KATO BUAMMA
CBETAMHA (MAKCUMYM HA M3ABYEHATA EHEPTUS)

®» CrnOKOUHU M OKTMBHU doa3m — C LIMKAMYHOCT OT OKOAO 11 rOAMHM

®» HAOAIOAEHMSA B PA3AMYHU ABAXMHU (HECTOTU) MOKA3BAT PA3AMYHKM ODAQCTU U
CTPYKTYPU OT CAbHYEBATA ATMOCpepa

®» [|OBEYETO OT LIBETOBETE HA CAbHYEBMTE M306|OCI>K6HI/I$I HE CAd MCTHUHCKM




Ba>kHM doakTh 30 CABHLLETO

Corona ~ Chromosphere
. Age — 4.5 x 109 years /

—+__ Photosphere
e Mass, mg = 1.99 x 10%° kg (= 330 000 mp, mass of the Earth) .'

Convection
zone

—

Radiative

\
15x10 TK \

e Radius, 7., = 696 000 km (= 109 Rp, the Earth’s radius)
e Average density = 1408 kg/m?® = 1.408 g/cm?®

e Average distance from the Earth (1 AU) = 150 x 10°km (215 r.)

e Gravitational acceleration on surface = 274 m/s? 106 K

e Escape velocity on surface = 618 km/s
e Luminosity = 3.84 x 10%® W
e Rotation period at equator = 26 days

e Mass loss rate ~ 5 x 10° kg/s Koskinen & Vainio, Lectures 2011
~ radiation: 4 x 10? kg/s;
— solar wind: 1 x 10° kg/s

e Effective black body temperature = 5778 K




LLBeTbT HO CABHLETO — CMEKTbP HAO AbYEHME
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LBeTbT HO CABHLLETO — MPE3 KAOKBO HODAIOAOBOME

OIAAO (OT KOCMOCQA)

Aki Hoshide
https://spaceflight.nasa.gov/gallery/images/station/crew-
32/html/iss032e025258.html

KBATO (BUAMM LLBAT)

http://ws-sozopol.stil.bas.bg/

HYepBEHO (BMAMM LLBAT OAM3O AO XOPUM3OHTA)
https://astrobob.areavoices.com/2012/08/26/what-color-is-the-sun/




LBeTbT HO CABHLLETO — MPE3 KOKBO HADAIOAOBOME

[ToonycKkaHe HA 3eMHATA atMmocdoepa
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LIBeTbT HO CABHLETO — HAO KOKBA 4E€CTOTA/ABAXKMHO
HODAKOAOBOME

CABHLLETO M3ABYBA OT rAMA AO PAAMO BbAHM B NEPMOAN HA AKTMBHOCT

Corona

X-rays
Q 3-5 million K

' UV 28.4 nm
Randy Russell v ' 2,000,000 K (Fe XV)
www.windows2universe.org cese 2R
sun/images 1 5;0(;'?05)2 )c,’- i\)
UV 17.1 nm

(tran<ition reaion) ; § « N
(transition region) . (Fe IX & Fe X) § o
- 1,000,000 K &

lower Corona




McTopma HO CAbHUETO: G2V, M=4.5, m=-26.5
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Figure 1 - The Hertzsprung-Russell Diagram. Dim cool stars are at the lower-right, bright hot
stars are at the upper-left. The sizes shown for the stars are suggestive, not exact.

http://faculty. wcas.northwestern.edu/~infocom/The %20Welbsite/evolution.html



Kpatka nctopua Ha CAbHLETO: G2V, M=4.5, m=—26.5
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Post-Main-Sequence%20Evolutionary%20Track%20for%20a%20Sun-Like %20Star.htm




http:// j -SCi .org/biblioth / /
BbTpEeLLHA CTpYKTYPd nupdinsenergy-science org biblothequelcors

Convective zone
0.7<T/1g<1 Photosphere
= 2-10%K 1 < I'/Is < 1.001
p=0.15g/cm3 ~ 5800 K
Energy transport by convection p=2-107g/cm?
o Emission of continuous
Radiative zone s \
solar spectrum

<1rir. <
0.23 =T/Ig = 0.7

T=7-100K
p=4g/cm3
Absorption and Chromosphere
emission processes 1.001 < 1'/T¢ < 1.01
T = 4500 K
p=~5-10Yg/cm3
» SApO (core) Core
- 0 =<rI/rg< 0.2 3
» CAOM HO ABYMCT T . Corona
~15 0 1.01 < I'/Tg < 20
L . 01 =<T/rg <2
npeHoc (radiative zone) p =100 g/cm> T~107 K

Nuclear fusion

p=10"5g/cm3

» tachocline
» KOHBEKTMBEH CAOM (Convection zone)

https://sites.ualberta.ca/~pogosyan/teaching/ASTRO 122/lect8/lecture8.ntml

https://en.wikipedia.org/wiki/Standard solar model



https://sites.ualberta.ca/~pogosyan/teaching/ASTRO_122/lect8/lecture8.html
https://en.wikipedia.org/wiki/Standard_solar_model

TepMOIAPEH CHUHTES

Fusion of hydrogen into helium in different types of reactions:

(most important: proton-proton chain, less frequent: carbon-nitrogen-oxygen chain)

Summarized reaction equation:

Composition of the Sun 4 p+ — 4He2t + 2 et + 2 v + Amc?
hydrogen 75wt
helium 23 wt%
others 2 wit% Released energy per reaction: Amc?= 26.7 MeV

(e* ... positron, v ... neutrino, Am ... mass defect)

Solar mass defect per second: 4.3 -109 kg
= Power: P = Am/At - ¢> =4.3 - 102 kg/s - (3 - 10° m/s)>

=3.85 10 W

http://www.energy-science.org/bibliotheque/cours/1361469594Chapter%2002%20radiation.pdf



HOOAKOAEHUS

https://solarmonitor.org/

https://helioviewer.org/

http://www.Imsal.com/solarsoft/last events/

http://www.Imsal.com/hek/index.html

https://en.wikipedia.org/wiki/List of solar telescopes

https://www.nso.edu/
http://www.bbso.njit.edu/Research/FDHA/
http://cesar.kso.ac.at/

http://secchirh.obspm.fr/

http://www.e-callisto.org/



https://www.nso.edu/
https://www.nso.edu/
https://www.nso.edu/
https://www.nso.edu/
https://www.nso.edu/
https://www.nso.edu/
http://www.bbso.njit.edu/Research/FDHA/
http://cesar.kso.ac.at/
http://secchirh.obspm.fr/
http://www.e-callisto.org/

MN3BPAHM CABHYEBU MMUCUU

(camocTodareAHa paboTq)
http://www.scholarpedia.org/article/Solar_Satellites

GOES
(Yohkoh)
(TRACE)
SOHO

ACE

Wind
(RHESSI) - Fermi
Hinode
STEREO A&B
SDO
DSCOVR

Parker solar probe (12.08.2018); Solar Orbiter (2020%¢); Solar C(?)




CABHYEB AMCK — KOHBEHLMS 30 MOCOKUTE

Fanunen, 23-06-1613 S
http://galileo.rice.edu/sci/observations/sunspot_drawings.html




CTpoeX HAO CAbHYEBATA ATMOCdoepa

Granule
» Porocdpepa Sunspot ,
Penumbra — ok Solar wind
Umbra :

» Xpomocdoepa
®» [|[DEXOAEH CAOM
» KOpOHAO
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All features drawn to scale
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Core
https://en.wikipedia.org/wiki/Sun
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CTpoO€eX HO CABHYEBATA ATMOCAEPO
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CnekTpAAHM AMHUMA

In 1859 Kirchhoff formulated the general laws governing the production of
spectrum:

1. The ratio of emissivity to absorptivity is independent of the composi-
tion of the material and depends only on the temperature and wave-
length.

2. An opaque body radiates a continuous spectrum.

3. A transparent gas radiates an emission spectrum that is distinct for
each chemical element.

4. An opaque body surrounded by a gas of low emissivity shows a contin-
uous spectrum crossed by absorption lines corresponding the spectrum
of the gas.

5. If the gas has high emissivity, the continuous spectrum will be crossed
by bright lines

Koskinen & Vainio, Lectures 2011

- choTocchepa

- CTPYKTYPU HAA
AMMOBQ, KOpOHAa

- poTocchepa

- Xpomocdchepa



CnNeKTPAAHU AMHUU o

Source of
comtinuous
spectrum

.

)
Continuous spectrum with dark lines
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|
!
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|

Gas cloud

Light SOurce O SOuUrce

Stephen Ramsden




CnekTpAAHM AMHUMA
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POTOCPEPA: €

https://www.noao.edu/image
_gallery/html/im0600.html

PDAYHXOJDEPOBU AMHUM
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POTOCALEPA: PPAYHXODEPOBUN AMHUM

http://www.coseti.org/images/ospect_1.jpg
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Ca ll: K&H HPB: F Na: D Ha: C

OCHOBHM AMHUM
https://en.wikipedia.org/wiki/Fraunhofer_lines




POoTOCCPEepa

KANZELHOEHE OBSERVATORY

http://cesar.kso.ac.at/

Continuum 2017-09-06T08:24:10Z
N

Y V VY

>
>

,dootoc" — OT rp. 3a CBETAMHA

BUAMMATA MOBBPXHOCT HA CABHLLETO
HAn-HMCKMa atmocdepeH CAOM, KOMTO MOXE
AQ HOBAIOAGBOME

Ab4eHne BbB BUAMMA (O9AQ) CBETAMHA

TbHKO OOBMBKAO C A€OeAMHAO OKOAO 500-550 km
HOA KOHBEKTMBHATA 30HA:

- ABAXMHATA HO CBOOOAEH Npober HaO OTOHUTE =
HO CKOAQTA HA BUCOYMHAO HO ATMOCADEPATA
- ONTMYEeCKATA NABTHOCT Ha 5000 A e 1

>

[TOTbMHSIBOHE HO AMUMOA (HOBAIOACBAME
ABYEHME OT MO-BMCOK CAOM, KOUTO € C MO-HMCKA
TemnepaTypa)



POTOCAEPA: TPAHYAALMA

Sun’s diameter ~1,400,000 km

Hinode
http://global.jaxa.jp/press/2006/10/20061031_hinode_e.html

Swedish Solar Telescope
granulation, 2010
http://www.isf.astro.su.se/

[TOCTOAHHA KAETBYHA CTPYKTYPQA.:
106 Ha Bpon

pa3smep: 700-1500 km
BpemeTtpaeHe: 8-15 min
POQAMQAAHM MOTOLM OT ropeLLa
MNAQ3MQA OT KOHBEKTMBHATA 30HA B
LLEHTbPA (M3ABYBAHE HO EHEPTUY,
APKM B LLEHTBPA) M CMYCKAHE KbM
NepUPRUPHUITA HA TPAHYAATA (NO-
TbMHQ YACT, MNO-XAQAHQA MAQ3MA)



C.Jle

Solar astrophysics, Lectures 2005-2006 ?‘_'l‘l:l
University of Central Lancashire iz r‘?'_;r“‘,

magne

. granules
“~."" on surface

Solar
surface

-

, reﬁion faculae _
\\\ enhanced

\ \ faculae /

| v
\
\

- quiet network f

BRI S

P. Foukal, Heliophysics, Inc.

POTOCAEPA: ME3OTPAHYAALLMA, CBOBXIPAHYAQLMS,
AOOTOCAEPHA MPEXA, CAbHYEBM NETHA

Mesogranulation

EApOMALLLaBHM CTPYKTYPU: pasmepm 10000 km
AONAepoBU ABMXKEHMI C 60 Mm/s

[epumoa: 5 min

[0 CNEeKTPOKOMMYHM HABAIOAEHMA DAM3O AO LLEHTHPA
HQO CABHYEBMI AMCK

» He ca CBbp3aHM C TPAHYAQLMATA

YV VY

Supergranulation

» CrekTpOXeAMOrpaMM — B HIKOM dQOpAyHXODEPOBU
AVHUM (O HE B BAQ CBETAMHA): 20000-55000 km, BAM30
AO AMUMODQ

> [leproa: 1-2 AEHOHOLLIAS

» CBbpP3aHM CbC CAOEBE OT KOHBEKTMBHATA 30HA

> M 01km/s > 0.3-0.4 km/s J 0.1-0.2 km/s

PoTochepHa mpexa

» Ha rpaHuumte Ha dootocdrepHmTte QOOHOBM MATHUTHM
noAeta, B = 2000 G

» BAM3O AO AMMOBDQ — KATO GooTOCHEPHU ,,DAKEAN"

Faculae - apkn cbotocdepHm 0OAACTH
5-MUHYTHHM ocuMAQUUU
CABHYEBM NEeTHA (OTAEAHO AEKLMS)



KANZELHOEHE OBSERVATORY Ha 2017-09-06T08:24:15Z
N

XpoMocpepa

» ,XPOMOC" OT Ip. — LLBAT

» 500-2100 (10000) km Haa
doTtochepaTa

» Temneparypa:

4300-10000 K

» Flash spectrum: 4-8 sec

HaA AMMOQA: CAbHYEBO 30TbMHEHME 1999 Ha amncka:
wwWw.luchix.be http://cesar.kso.ac.at/

XpomocdepeH AMMD —
NO-TbMHM U1 MNO-APKN MECTA



Xpomocapepa: flash spectrum

600 nm | 500 ' 400

http://www.eurastro.de/pictures/sofi?9/mr/linspec.jpg

Moxe Aa ce HaBDAIOAOBO C TECHM COUATOM B LLEHTbPA HO EMMUCHUOHHM
AMHUM (AOKQ3ATEACTBO 30 MO-BMCOKA T TAM), HaMP.

60/\Mepo§mo cepms. ) ) )
Ha (6563 A) AaBa 4YepBeHus uBaTt, HP (4861A), Hy (4340A), H6 (4102A)

Ca Il K (3934 A)
Ca llH (3968 A)

He (5876 /&) — XEAUA € OTKPMUT 3a MbPBU MbT B CNEKTbPA HA CABHLLETO




Xpomocdoepa

https://solarmonitor.org/

» Nifps://www.nso.edu/

» Nhitps://www.kso.ac.at/index en.php
http://www.bbso.njit.edu/Research/FDHA/

G-band, 430.5 nm
doTochepa 0 km

Dutch Open Telescope
Aa lNaama (KaHapcku
OCTPOBM)

08-06-2005

C

DUTCH OPEN TELESCOPE

Ha, 656.3 nm
Xxpomocdbepa
+2000 Km

Call, 397 nm
HUCKQO
Xpomocddepa
+500 KM

il



https://solarmonitor.org/
https://www.nso.edu/
https://www.kso.ac.at/index_en.php
http://www.bbso.njit.edu/Research/FDHA/

XPOMOCAEPA: CTRPYKTYPOM

‘\l_-il;uncms

7
L/

Detached
prominence

Prominence \'Sunspots

Mullan, CRC Press, 2010, p. 228




Xpomocapepa: CTRYKTypK o

XpomochepHa mpexa

Apkn obaactm s Ca ll K

MACTO HO CUAHU BEPTUKAAHM MATHUTHU MOAETA
[lo-ropella NAA3MA C HU3XOAALLLO ABUMXKEHME
BpemeTtpaeHe — 28 yaca

O4yepTaBA IPAHMLLATA HAQ CBPBXIPAHYAUTE

1991 May 13

“Plages” (ot dop.)

Apkn 0BAACTM B HO, CbBNAAQLLM C MECTATA HA
CABbHYEBMTE NETHA M CUAHO MATHUTHO MOAE

https://solarscience.msfc.nasa.gov/feature2.shtml 1991 May 13



° Sol 1 hysics, Lect 2005-2006
Xpomocdoepa: CrimKyAn Sl asophysc, Lectues 200
Figure 4.2 Spicules ' « : 7
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Protuberance/
Prominence (ot cop.)
APKM - HOA AMMDQ

Filaments
TbMHM - HO AMCKQ

> [TO-XAQAHU U MO-NABTHM
OOAQCTM OT MAA3IMEHMU

CTPYKTYpH

> Tun: CTOOUAHU U
ePYNTUBHM

Xpomocdoepa: [NpotydbepaHcH

Figure 4.1
Prominences seen in
Hxand He IT
(chromospheric)
emuission at the imb
(P) and on the solarc
disk as a fillaments (F).
Image Credits:
NJIT/BBSO and
SOHO/EIT.

Solar astrophysics, Lectures 2005-2006
University of Central Lancashire
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H. NMNeTpoB, HAO-PoxeH
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UV cnektbp HO CABbHLLETO: EMUCHUMOHHU AMHUM
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Figure 1.4: Solar UV spectrum down to 100 nm.

Koskinen & Vainio, Lectures 2011
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» HOOAIOAEHME B EMUCUOHHU AMHUM
» TRACE mission

(Transition Region And Coronal Explorer)

https://apod.nasa.gov/apod/ap000928.html

http://www.lmsal.com/TRACE/




KoOpoHO — O9AQ CBETAMHAO

OT AQT. KOPOHA

Ctpumepu

XEAMOBMAHM CTRYKTYPU — 3ATBOPEHM, HOA
OOAQCTU HA AKTUBHOCT

KOpOHGAHM ADHYN U KOPOHAAHU AYTNKHA

https://science.nasa.gov/total-solar-eclipse-corona-hdr

https://scied.ucar.edu
/sun-corona-solar-min-
mMax

BuAQ HO KOPOHATA 30BUCK OT CbO3CITCI HA CAbHYEBA
QAQKTMBHOCT




KopoHa - UV

» K (kontinuierlich)

HenpekbCHAT CMeKTbP, OT PA3CEMBAHE HA
APOTOCHEPHO U3ABYBAHE OT CBODOAHM
EAEKTPOHM B KOPOHATA

» F (Fraunhofer)

PascenBaHe HO OTOCHOEPHA CBETAMHA OT
MPAXOBM YHOCTULM B PABHMHATA HA EKTMNTMKATA

(30AMOKAAHO CBETUAMHA)

MCUOHHU AMHUK, M3ABYBAHE OT MOHM

Elden (1945) NpaBMAHO ONPEAEAT EMUCUOHHUTE
AMHKM OT FeX, FeXIV (oTnaaa xmnoTte3aTa 3d
T.HAP. coronium): Hy>XHm ca T > TMK

[MoAdpumsaLmga — A0 50% — AOKQ3ATEACTBO 30
PA3CEMBAHE OT CBODOAHM EAEKTPOHM

https://eclipse2017.nasa.gov/origin-corona%E2%80%99s-light

e, Desert sky brightness
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YOHKOH
Hard X—Ray Telescope

KOpoHA — X-rays

Hard X—-ray Image
of a
White Light Flare

Apkun/6pumMku

AKTUBHM ODAQCTHM, MOKA3BAT YACT OT
MATHUTHUTE CUAOBU AMHUU

KOpOHOAHU AYNKH

[MAQ3 C MO-HUCKA MNABTHOCT

oft X-rays
B A, 1-2 MK 1991 November 15
OOLLMPHM OBAAQCTH, APKK, OPUMKM 22:38 U.T.
u Hard X-ray Flare
Hard X-rays

>20 MeV, >2 MK White Light Flare

AOKOAAU3ZUNPAHM, B OCHOBATA HA

MAOTHUTHUTE ODPUMKMU http://solar.physics.montana.edu/sxt/
http://soi.stanford.edu/results/SolPhys200/Kosugi/images/15nov?1/15nov?1.himl




POAMO AMAMNQA30OH

B 3aBMCMMOCT OT YyecTtoTata (0T GHz — M3AbYBAHE B
Xpomocdepa A0 kHz — B MEXAYNACGHETHATA CPEAQ)
PAAMO HABAIOAEHUATA CE M3MOA3BAT 30 AMATHOCTMKA
HQ PA3AMYHU CTPYKTYPU 1M TEOPETUYHM MOAEAMN.

Nancay m radiohliograph Nobeyama mm radio emission
https://www.obs-nancay.fr/?lang=en https://cdaw.gsfc.nasa.gov/

NoRH 17GHz 2014-02-25 01:30:01



KopoHa — (E)UV

Mar., 2011 ™\, e Sept., 2011
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EIT 171 EIT 195 EIT 284 EIT 304

SDO/HMI

SDO/HMI Continuum
Magnetogram

LASCO C2 LASCO C3

Credit: SOHO
(ESA/NASA)

12x512 [2.8M]




HMI Dopplergram

Surface movement

HMI Magnetogram
Magnetic field polarity

HMI| Continuum
Matches visible light

AlA 1700 A
4500 Kelvin

Photosphere Photosphere
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Photosphere Photosphere
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AlA 171 A
600,000 Kelvin

Upper transition
Region/quiet corona

AlA 193 A
1 million Kelvin
Corona/flare plasma

AlA 304 A
50,000 Kelvin
Transition region/
Chromosphere

AlA 1600 A
10,000 Kelvin

Upper photosphere/
Transition region

AlA 4500 A
6000 Kelvin
Photosphere
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AlA 094 A
6 million Kelvin
Flaring regions

AlA 131 A
10 million Kelvin
Flaring regions

AlA 335 A
2.5 million Kelvin
Active regions

AlA 211 A
2 million Kelvin
Active regions

Credit: SDO
(NASA)




EIT/171 A SECCHI EUVI/171 A AIA/171 A

[ )

S#HO

SOHO/EIT STEREQ/SECCHI

\
\ https://sdo.gsfc.nasa.gov/mission/instruments.php




Hinode XRT and Yohkoh SXT Images

| at a Same Solar Activity Phase
Spatial resolution 1 arcsec 5 arcsec

‘ . '

2

Hinode XRT Yohkoh SXT
2007/12/08-10 Hinode Workshop in China 13




CABHYEB BATHP (OTAEAHO AEKLLUA)

®» [JOOABAXKEHME HO CABHYEBATA KOPOHAO B MEXAYMAGHETHOTO MPOCTPAHCTBO

Termination ShOck
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https://en.wikipedia.org/wiki/Heliosphere




