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EARLY REPORTS 
ON SUNSPOTS

The two oldest record of a 
sunspot observation are found 
in the Book of Changes, 
probably the oldest extant 
Chinese book, compiled in 
China around or before 800 
BC. The text reads "A dou is 
seen in the Sun", and A mei is 
seen in the Sun". From the 
context, the words (i.e., 
chinese characters) "dou" and 
"mei" are taken to mean 
darkening or obscuration.

John of Worcester (1128)



SUNSPOT (WOLF) 
NUMBERS

Samuel Schwabe 
observed the Sun 
regularly in the 
1826-1843 period, 
discovering the 11-
year cycle. 

Rudolf Wolf 
redefined the 
counting method 
(1848) and extended 
the records back to 
1755. 

Public domain 
Wikimedia Commons



CYCLE IRREGULARITIES
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Figure 1
The solar magnetic field and its cycle. (a) A continuum image and (b) a line-of-sight magnetogram, both taken on March 30, 2001, by
the MDI instrument onboard SOHO (ESA/NASA). (c) A synoptic magnetogram (courtesy of D. Hathaway, NASA/MSFC),
constructed by zonally averaging full-disk magnetograms over successive solar rotations and stacking such averages into a time-latitude
diagram. (d ) The time series of the group sunspot number (SSN; in red; Hoyt & Schatten 1998) together with pseudoSSN time series
constructed from two cosmogenic radioisotopes (data courtesy of I. Usoskin, Sodankylä Obs.). These provide measures of the overall
activity levels at lower temporal resolution but over a much longer timespan than the sunspot record.

www.annualreviews.org • Solar Dynamo Theory 253

A
nn

u.
 R

ev
. A

st
ro

n.
 A

st
ro

ph
ys

. 2
01

4.
52

:2
51

-2
90

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 C
en

tru
m

 A
st

ro
no

m
ic

zn
e 

im
. M

ik
ol

aj
a 

K
op

er
m

ik
a 

on
 0

1/
31

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

Charbonneau (2014)



EQUATORIAL DRIFT

The sunspots drift along each cycle from the  
latitudes towards the equator. 

Discovered by Richard Carrington (1861), it has been 
refined by Gustav Spörer.

±30∘
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bination with the ancient measures, to a new computation by 
M. Oom, of the Royal Observatory of Lisbon, at present 
living at Pulkowa. 'fhe results of his computation have 
entirely confirmed my father's conclusions, that the changes ob-
served in the course of 2 8 years in the relative positions of the 
two stars find a complete explanation in the proper motion of 
the principal star, but the new formula does but very little 
diminish the discordance of the results obtained in I 823 by 
transit observations. 

Pulkowa, October, I 8 59· 

Description of a Singular Appearance seen in tlte Sun on 
September 1, I 859· By R. C. Carrington, Esq. 

While engaged in the forenoon of Thursday, Sept. I, in 
·taking my customary observation of the forms and positions 
of the solar spots, an appearance was witnessed which I believe 
to be exceedingly rare. The image of the sun's disk was, 
as usual '\Vith me, projected on to a plate of glass coated with 

of a pale straw colour, and at a distance and under a 
po\ver which presented a picture of about I I inches diameter. 
I bad secured diagrams of all the groups and detached spots, 
and was engaged at the time in counting from a chronometer 
and recording the contacts of the spots with the cross-wires 
used in the observation, when within the area of the great 
north group (the size of which had previously excited general 
remark), two patches of intensely bright and white light broke 
out, in the positions indicated in the appended diagram by the 
letters A' and B, and of the forms of the spaces left white. My 
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... 
• 

first impression was that by some chance a ray of light had 
·penetrated a hole in the screen attached to the object-glass, by 
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ZEEMAN EFFECT
Splitting of spectral 
lines due to magnetic 
field. 

Discovered by Pieter 
Zeeman in 1896 
(Nobel Prize 1902). 

Applied to interpret 
spectroscopic 
observations of 
sunspots by George 
Hale in 1908. 

The field strength 
estimated at 
2.6-2.9 kG.

5918.77 PLATE XXVI 5940.87 
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(1) Southern ípot, showing red components of doublets. Nicol 29o W. (2) One umbra of northern spot, showing violet components of doublets. Nicol 29o W. (3) Other 
umbra of northern spot, showing violet components of doublets. Nicol 29o W. (4.) Some umbra of northern spot, showing red components of doublets. Nicol 610 E. (5) Spot 
spectrum without rhomb or Nicol, showing both components of doublets. Scale : 1 Angström=6 mm. 

vanadiumtitanium



Hale et al. (1919) established that 
close sunspot pairs are oppositely 
polarized, the polarity of leading 
sunspot. 

Moreover, inclination of sunspot 
pairs decreases with latitude 
(Joy’s law).

19
19

Ap
J 

 4
9.

 . 
15

3H
 

168 G. E. HALE, F. ELLERMAN, S. B. NICHOLSON, A. H. JOY 

In general, the angle of inclination was found to depend entirely 
on the latitude of the group, without reference to the number of the 
cycle or the time within the cycle. A knowledge of the polarities 
of the spots would have aided greatly in determining the position 
of the axes of the groups. 

The most significant characteristic of these binary spot-groups^ 
lies in the fact that the two principal members, whether single or 

multiple, are almost in- 
variably of opposite 
magnetic polarity. A 
photograph made in the“" 
second - order spectrum 
of the 75-foot spectro- 
graph will serve to illus- 
trate this point, and at 
the same time to indi- 
cate how these polarity 
phenomena may be re- 
corded photographi- 
cally. The long Nicol 
prism and compound 
quarter-wave plate are 
used over the slit and the 
spectrograph is rotated 
in position angle until 
the slit passes through 
the two principal mem- 

bers of the group. A single exposure oñ a wide Zeeman triplet such 
as X 6173 or X6303 then gives the polarity of the two members, as 
shown in Plate VII. The spot-group reproduced in Plate VII¿ from 
a direct photograph made with the Snow telescope on June 19, 1914, 
consisted of a larger preceding spot and two smaller spots to the 
east of it, with various minor companions between them. Plate Vile, 
from a photograph of the spectrum made with the long Nicol and 
single quarter-wave plate, shows that the two smaller spots were 
of the same polarity, but opposite to that of the largest spot. 
Plate VII/, taken with the compound quarter-wave plate, not only 

0 5 10 15 20 25 50 35° 

Fig. 5.—Summary of a statistical study of the 
sun-spot drawings of Carrington and Spörer show- 
ing the variation with latitude (abscissae) in the 
preferential inclination (ordinates) of the axis of 

[ bipolar sun-spot groups. In low latitudes the axes 
I are nearly parallel to the sun’s equator, but with 

/ increasing latitude the mean inclination increases 
! to a maximum of about ii°. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

HALE’S POLARITY LAW



HALE’S POLARITY LAW
Feb 17th, 2022Feb 17th, 2011

SDO/HMI 
(NASA)



SUNSPOTS 
AS MAGNETIC FLUX TUBES

• sunspots: 
B ~ 3 kG 
T ~ 3000 - 
4500 K 

• standard 
photosphere: 
B ~ 1-2 G, 
T = 5800 K



22-YEAR 
MAGNETIC CYCLE
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Figure 1
The solar magnetic field and its cycle. (a) A continuum image and (b) a line-of-sight magnetogram, both taken on March 30, 2001, by
the MDI instrument onboard SOHO (ESA/NASA). (c) A synoptic magnetogram (courtesy of D. Hathaway, NASA/MSFC),
constructed by zonally averaging full-disk magnetograms over successive solar rotations and stacking such averages into a time-latitude
diagram. (d ) The time series of the group sunspot number (SSN; in red; Hoyt & Schatten 1998) together with pseudoSSN time series
constructed from two cosmogenic radioisotopes (data courtesy of I. Usoskin, Sodankylä Obs.). These provide measures of the overall
activity levels at lower temporal resolution but over a much longer timespan than the sunspot record.
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polar dipole



HEMISPHERIC MAGNETIC 
FLUXES

10 A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1–209

Fig. 2.4. Net magnetic flux through the solar surface at the northern hemisphere (left hand panel) and magnetic helicity flux
for northern and southern hemispheres (right hand panel, lower and upper curves, respectively). Adapted from Berger and
Ruzmaikin [43].

Fig. 2.5. X-ray image at 195 Å showing an N-shaped sigmoid (right-handed writhe) of the active region NOAAAR 8668 at the
northern hemisphere (1999 August 21 at 18:51 UT). Adapted from Gibson et al. [47].

[47]: an example is Fig. 2.5, which shows a TRACE image of an N-shaped sigmoid (right-handed writhe)
with left-handed twisted filaments of the active region NOAAAR 8668, which is typical of the northern
hemisphere. This observation is quite central to our new understanding of nonlinear dynamo theory
[48,49] and will be addressed in more detail below (Section 9.6.2).

2.1.3. Active longitudes
An important piece of information about the sun concerns the so-called active longitudes. These are

longitudes where magnetic activity re-occurs over long durations, exceeding even the length of the solar
cycle [50–53]. On shorter time scales of about half a year, the angular velocity of active longitudes depends
on the phase during the solar cycle, and hence on the latitude of their occurrence. At the beginning of
the cycle, when new flux appears at high latitudes (±30◦ latitude), the rotation rate of these active

Berger & Ruzmaikin (2000) 
Brandenburg & Subramanian (2005)

magnetic flux 

ΨB = ∮ B⊥ dS

magnetic helicity transfer 
d
dt ∫ ⃗A ⋅ ⃗B dV

N
N

S

Mx (maxwell) ≡ G cm2



visual extreme ultraviolet (EUV, 171A)

Solar Dynamics Observatory (NASA, since 2010)

https://www.nasa.gov/feature/goddard/2020/watch-a-10-year-time-lapse-of-sun-from-nasa-s-sdo

https://www.nasa.gov/feature/goddard/2020/watch-a-10-year-time-lapse-of-sun-from-nasa-s-sdo


Solar Dynamics Observatory (NASA), EUV (171A), 8 Jan 2014

solar active regions



Solar Dynamics Observatory (NASA), EUV (171A), 6-10 Jan 2014



Solar Dynamics Observatory (NASA), EUV (171A), 21-25 Jun 2015

multiple flares from the same active region



SOLAR ORBITER 
CAMPFIRES

Solar Orbiter, ESA mission 
launched in Feb 2020, closest 
approach 0.29 AU 

campfires are small EUV 
brightenings observed in the 
quiet regions of the solar 
chromosphere

F. Kahil et al.: The magnetic drivers of campfires seen by the Polarimetric and Helioseismic Imager (PHI) on Solar Orbiter

Fig. 1. Photospheric magnetic field and images from the chromosphere and corona. From left to right: Inverted BLOS map of SO/PHI in 6173 Å
at 16:59:08 UT saturated at ±40 G, the nearly co-temporal HRILya image in 1216 Å recorded at 16:58:55 UT, and the HRIEUV image in 174 Å
recorded at 17:13:25 UT. The data were taken during the cruise phase of SO on February 23, 2021. The maps shown here were calibrated, but the
SO/PHI magnetogram is not aligned to SO/EUI filtergrams. The three images have a FOV of 102400 ⇥102400, which corresponds to about 398⇥398
Mm2 on the Sun at a SO�Sun distance of 0.523 AU.

Fig. 2. SO/PHI�SO/EUI aligned FOVs. The SO/PHI LOS magnetogram of the first full dataset of 102400 ⇥ 102400 is overlaid on the co-aligned
HRILya (left) and HRIEUV (right). The SO/PHI magnetogram was made partially transparent to make the correlated features between the two
instruments more visible. The dashed box in the middle of the SO/PHI FOV is the observed region in the other seven SO/PHI datasets to which
the aligned HRIEUV images were cropped. Solar north is up and solar west is to the right.

distance to the Sun. Techniques to intercalibrate the FOVs be-
tween the various instruments are described in Auchère et al.
(2020). Cross-calibration between images from di↵erent instru-
ments with similar formation heights is one of their suggested
techniques. In this study, we follow this approach to align the
SO/PHI and SO/EUI data and revisit the relative orientation be-
tween their FOVs to update it with respect to the co-alignment
achieved on the ground. In this work, we are only using the HRT
data and so SO/PHI always refers to SO/PHI�HRT.

On February 23, 2021, the EUI/HRI acquired image se-
quences between 16:55:15 UT and 16:58:55 UT in Lya (121.6
nm, cadence of 5s) and between 17:13:25 UT and 17:20:59 UT
in EUV (17.4 nm, cadence 2s) (see also Chitta et al. 2021b, for

a discussion of small EUV brightenings observed using these
2 s cadence EUV data). SO/PHI acquired eight datasets between
16:59:08 UT and 17:16:45 UT, each consisting of 24 images
recorded in the Fe i line at 6173 Å (four polarisation states ⇥
six wavelengths). A full SO/PHI dataset needed 2.5 minutes
to be fully recorded. Only the first dataset has a full FOV of
2048 ⇥ 2048 pixels. The remaining seven datasets were cropped
to 1024⇥1024 pixels around the central region to reduce teleme-
try needs. The raw SO/PHI data were dark subtracted, flat-
fielded, and demodulated. The Stokes vector was then inverted
with the CMILOS code (Orozco Suárez & del Toro Iniesta 2007)

Article number, page 3 of 10

EUV image 
at the scale of  

(Kahil et al. 2022)
400 Mm ∼ 0.3R⊙



SOLAR GAMMA-RAY FLARES
Gamma-rays from a Behind-the-limb Solar Flare 3

Fig. 2.— STEREO-B (left) and SDO (right) images near the flare
peak. The white-dashed line in (a) and (c) represents the solar limb
as seen by SDO . The green line in (b) shows the 68% error circle
for the LAT source centroid. The cyan contour and plus sign in
(c) mark the STEREO flare ribbon and its centroid, respectively.
Their projected view as seen from the AIA perspective is shown in
(d), in which the centroid is located at 9◦.9 behind the limb. The
green and blue-dotted contours in (d) show RHESSI sources. The
rectangular brackets in (a) and (b) mark the field of view (FOV)
for (c) and (d), respectively.

The RHESSI and GBM NaI1 spectral data are inde-
pendently fitted with one or two thermal components
plus a broken power-law with index fixed to 2 (to avoid
energy divergence) below the break. Table 1 summarizes
the spectral analysis results. Data from BGO0 are ana-
lyzed using the procedure described in Fitzpatrick et al.
(2012) with an additional 5% systematic error on the
background estimation. Figure 3 shows the combined
spectra from RHESSI , GBM and LAT in four integra-
tion intervals. The discrepancy (up to a factor of 2.5)
between the RHESSI and GBM flux values is likely due
to pile-up in the RHESSI detector, and cannot be easily
corrected. As is evident from Figure 3, more energy is
radiated in HXRs than gamma rays.

3. DISCUSSION

We have analyzed the data of the 2013 October 11
solar flare from Fermi , RHESSI , SDO and STEREO .
STEREO -B images indicate that the flare occurred in
an AR 9◦.9 behind the limb. RHESSI and GBM NaI1
detected HXRs up to 50 keV from the flaring loop-top.
The most unusual aspect of this flare is the LAT de-
tection of photons of energies ε >100 MeV for about 30
minutes with some photons having energies up to 3 GeV.
Electrons or protons with energies E > ε can produce
these photons after traversing a column depth of mat-
ter N(E) > 1025 and 1026 cm−2, respectively, which is
much larger than the depth ∼ 1020 cm−2 penetrated by
HXR-producing electrons. For occulted flares the emit-
ted photons must traverse even larger depths where they
may be scattered and absorbed. We consider three sce-
narios for the emission site of the gamma rays; (i) deep
below the photosphere of the flare site (ii) in the corona
above the limb, suggestive of trapping of particles, e.g.,
by strongly converging magnetic fields and (iii) CME-
shock accelerated particles traveling back to the Sun.

3.1. Emission below the photosphere

For the first scenario we need continuous acceleration
of particles because they penetrate deep into the solar
atmosphere and lose energy in a fraction of a second.
Most of the radiation they produce also comes from deep
within the photosphere so we need to calculate the opti-
cal depth, τ(ε) = σ×Nγ(ε) from the emission site to the
Earth. For >100 MeV photons the main absorption is
via pair production with a cross section σPP ∼ 0.035×σ0,
where σ0 is the Thomson scattering cross section relevant
for <100 keV HXRs7. The column depth along the line
of sight to the observer,Nγ(ε), depends on both the posi-
tion of the flare and the column depth N(E) penetrated
by the emitting particles of energy E = ηε. This depth
is determined by the energy loss rates.
High-energy electrons spiraling down a magnetic field

line with a pitch angle cosine µ lose and radiate most of
their energy deep in the photosphere. For E ! 250 MeV
(Lorentz factor γ ! 500), the dominant energy losses are
due to Coulomb-ionization, whereas for E " 250 MeV,
the radiative losses are dominated by bremsstrahlung
(over synchrotron and inverse Compton). The total loss
rate can be approximated as

dE/dr = (1/µ)mec
2(n/N0)[1 + (γ/γ0)

δ] (1)

with N0 = (4πr20 lnΛ)
−1 = 5 × 1022 cm−2 (for Coulomb

logarithm lnΛ = 20) and n the total density. For extreme
relativistic electrons δ ∼ 1.1 and γ0 is the Lorentz factor
where the two losses are equal. From these, and ignoring
the small deviation of δ from unity, the column depth
penetrated by an electron of initial Lorentz factor γ is
then

N(E) =

∫ ∞

R
n(r)dr = µN0γ0 ln(1 + γ/γ0). (2)

For non-relativistic electrons and protons the Coulomb

7For intermediate energies we are in the Klein-Nishina
regime and the cross section varies smoothly between σ0 and
σPP(Petrosian et al. 1994).

Pesce-Rollins et al. (2015)

The Astrophysical Journal, 745:144 (11pp), 2012 February 1 Ackermann et al.
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Figure 6. Comparison of high-time resolution profiles of the 100–500 keV emission observed in the GBM BGO detector and of >30 MeV LLE data. A cross-correlation
analysis indicates that the high-energy γ -ray emission had an overall lag of 6 ± 3 s relative to the bremsstrahlung.
(A color version of this figure is available in the online journal.)

from cosmic-ray proton interactions in the solar atmosphere
and photosphere, and from Compton scattering of cosmic-ray
electrons on solar blackbody photons. The LAT is therefore a
sensitive monitor of temporally extended solar-flare emission
such as detected by CGRO EGRET experiment following the
1991 June 11 flare (Kanbach et al. 1993; Rank et al. 2001).
We therefore studied the emission within 15◦ of the Sun in
the hours preceding and following the flare. The standard LAT
data products were used in the analysis, which modeled the
region around the Sun including all sources in the Second Fermi
LAT Source Catalog (The Fermi-LAT Collaboration 2011),
isotropic and Galactic diffuse emissions, and spatially extended
Compton-scattered solar photons discussed above.

In Figure 7, we plot 95% confidence limits on the >100 MeV
flux from the solar disk in ∼30 minutes exposures every two
orbits from 6 hr before the flare to 22 hr after it. We note
that the Sun was outside the FOV for LAT standard-product
analysis during the flare, but its γ -ray emission could be studied
in the orbits just before and after the flare. During this time
period the Moon passed within 10◦ of the Sun and its flux of
∼1 × 10−6γ cm−2 s−1 made a significant contribution to the
measured solar fluxes because we did not include it in the
model of the source region. There is no evidence for an increase
in the solar emission following the time of the flare, which
is denoted by the peak flare flux >100 MeV. This peak flux
is about 1000 times higher than the plotted upper limits. We
wish to compare this to the time extended >100 MeV emission
observed by EGRET following the 1991 June 11 flare (Kanbach
et al. 1993; Rank et al. 2001). But EGRET was saturated at
the peak of the flare and therefore its time history cannot be
normalized to the >100 MeV LAT peak flux of the June 12 flare.
However, after the peak of the flare the ratio of the >100 MeV
EGRET flux to the 2.223 MeV neutron-capture line measured
by COMPTEL, which operated normally throughout the June 11
flare, was relatively constant. We therefore used the COMPTEL
time history as a proxy for the EGRET >100 MeV photon fluxes.
The time profile of the COMPTEL 2.223 MeV neutron-capture
line flux (Share et al. 1997), normalized to the peak >100 MeV
LAT June 12 flux, is shown in the Figure 7. We see that during
the first 30 minute exposure following the flare, the LAT upper
limit is a factor of ∼20 below the value expected if there had

been comparable extended emission similar to that found on
1991 June 11.

5. SUMMARY AND DISCUSSION

The 2010 June 12 flare was the first in Cycle 24 to be observed
to emit nuclear γ -rays. It was also the first flare detected by the
Fermi LAT at energies above 30 MeV. The hard X-ray and
nuclear line radiation was observed both by the Fermi GBM
and RHESSI spectrometers. In this paper, we only analyzed
GBM data because RHESSI was offset from the Sun to study
the Crab Nebula during the time period of the flare; this affected
knowledge of the instrument response.

The fact that the flare emitted detectable γ -rays at all is
surprising because its peak soft X-ray emission only reached
a GOES M2 level. However, Shih et al. (2009) and others have
shown that γ -ray line fluences are only weakly correlated with
GOES soft X-ray emission but are strongly correlated with
electron bremsstrahlung fluences >300 keV. This is true for
the June 12 flare as we find that the measured bremsstrahlung
and 2.223 MeV fluences are consistent with the established
correlation.

The flare originated from a compact region and its hard X-ray
emission only lasted 50 s. Figure 6 reveals striking information
about the processes that accelerate protons and/or electrons to
energies of hundreds of MeV. We find that although some of the
particles reach energies !100 MeV within about 3 s, the bulk
of these particles reach such high energies following a delay of
about 10 s. This is revealed in the delayed double-peaked time
structure >30 MeV that is similar to what is observed in hard
X-rays.

In Table 1, we list the best-fitting parameters from our fits
to the GBM and LAT spectra. These include the amplitudes (at
300 keV) and indices of two power-law continua observed by
the GBM between 300 keV and 8 MeV. The first is an extension
of the hard X-ray spectrum observed by the GBM NaI detectors.
The second appears to be a hard power law with an exponential
cutoff energy near 2.5 MeV. Although the GBM only has
moderate spectral resolution, it was able to measure the fluences
of the 0.511 MeV annihilation and 2.223 MeV neutron capture
lines, and the total nuclear de-excitation emission. There was no
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Fermi GBM/LAT



PROBLEM 4: 
MAGNETIC HELICITY

Magnetic helicity is defined for a system of volume  as 

the integral , where  is the 

magnetic vector potential. 

Calculate  in the regime of resistive MHD in terms 

of .  Assume that potentials  vanish at the system 
boundaries.

V

ℋ = ∫V
( ⃗A ⋅ ⃗B ) dV ⃗A

dℋ
dt

⃗B ⃗A , ϕ

This problem is worth 5 points. Solutions should be sent as 1-page PDF files to 
knalew@camk.edu.pl before the next lecture.

mailto:knalew@camk.edu.pl


Solar Dynamics Observatory (NASA), 171A+304A, 31 Aug 2012

a filament initiating a coronal mass ejection (CME)



a coronal mass ejection (CME) 
followed by solar energetic particles (SEP) 
observed by STEREO (NASA, since 2006)



SPACE WEATHERWSA-ENLIL Model: 1200 UT 24 July 
[Baker et al., 2013] 

(G. Millward, SWPC) 

WSA-ENLILsimulation of a dangerous July 2012 CME



SOLAR ERUPTION 
MECHANISM



SOLAR ERUPTION 
SIMULATIONSARTICLES NATURE ASTRONOMY

at least before the CME acceleration reaches its peak (that is, at 
t = 227 min). Furthermore, at the onset of eruption, the apex of the 
newly formed MFR is located much lower than the critical height 
of torus instability (Extended Data Fig. 2); that is, the height at 
which the decay index of the strapping field reaches the canonical 
threshold of 1.5 (ref. 10). Therefore, the role of torus instability is 
minor at the onset of the eruption.

Discussion
We have presented a fully 3D MHD simulation of a solar erup-
tion produced in a single bipolar magnetic field, encompassing 
the entire process from the gradual accumulation of magnetic free 
energy to its sudden release. The simulated initiation process of 
eruption bears the major characteristic features of eruptive flares 
that are associated with CMEs, such as the formation of a coronal 
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Fig. 4 | Evolution of different parameters during the eruption shown in the central vertical slice. a, Current density J normalized by magnetic field strength 
B at different times in the simulation. b, Magnitudes of velocity. The largest velocity and Aflvénic Mach number are also given. c, The vertical component of 
the Lorentz force Fz normalized by density ρ. Also see Supplementary Video 1 for a high-cadence evolution of the eruption process.
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SOLAR CORONA
First 
spectroscopic 
observations 
during eclipses 
led to 
the discoveries 
of helium 
(Janssen 1868) 
and coronium 
(Young, 
Harkness 1869). 

The 530nm 
coronium line 
has been 
identified only 
in 1939-40 as 
Fe XIV (Grotrian, 
Edlen), implying 
temperatures 
of  .T ∼ 106 K

coronal holes 
(polar regions, 
open field lines)

helmet streamers 
(mid-latitutes, 

closed field lines)

Coronal heating 
mechanism: 
waves (AC), 

reconnection (DC).
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heliospheric current sheet 
(Parker’s spiral, 1958)

Werner Heil, Public domain, Wikimedia Commons



solar wind 
at solar 
minimum

fast solar wind 
from coronal holes

slow solar wind 
from streamers

NASA – Marshall Space Flight Center, Public domain, Wikimedia Commons



PARKER SOLAR PROBE 
MAGNETIC SWITCHBACKS

Parker Solar Probe, NASA mission launched in Aug 2018, closest approach 0.046 AU ( ). 

Magnetic switchbacks are localized magnetic field reversals detected in slow solar wind at ~0.2 
AU, suggesting impulsive energization at equatorial coronal holes.

9.9R⊙

Bale et al. (2019)



SUN: SUMMARY
Dark sunspots on the surface of the Sun are magnetic flux tubes 
with   (quiet Sun: ), usually in pairs of opposite 
polarity. 

The sunspots statistics show an 11-year cycle, in fact a 22-year cycle 
of magnetic dynamo with alternating polarity. 

The Sun has an extended tenuous corona of  temperature 
with unknown heating mechanism, it is also a source of structured 
solar wind extending as the heliosphere far beyond the planets. 

Active Sun produces solar flares that may be associated with coronal 
mass ejections that may impact Earth’s magnetosphere 
(space weather), inducing potentially dangerous geomagnetic storms.

B ∼ 3 kG ∼ 1 G

∼ MK


