Flares as seen in the
Lower Solar Atmosphere
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Scope of the Hudson sessions

1) Basic principles, language familiarization

2) Flares as seen in the lower solar atmosphere

3) CMEs and space weather from a flare perspective
4) Practicum: EUV spectroscopy with EVE
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Why the lower solar atmosphere?

1) Itis where the energy of a flare appears
2) It is near where we think the energy is stored

3) It presents many challenging observational and
theoretical problems

Wim FOpoSed ATST facilty o he primary Viees sits on Haleskail, Iaul, Hawal by Tom kona, K C_ Enaronmentsl, Inc. Oniginal seal photo By Frark RIZZo.

ALMA (Chile) ATST (Hawai'i)



Outline of presentation

Flare morphology

White-light flares

Understanding the radiation

What happens in the impulsive phase



The Carrington flare of 1859

Fic. 36. Solar sketch, September 1, 1859, by R. C. Carrington

_)I |(7 ~5 min/35,000 miles
(50 Mm)



3 days

How X-ray astronomy began
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J The SFE* (= “crochet”) J

* The flare emits EUV and X-rays (Rontgen’s discovery
was yet to be made)

* The ionospheric electron density increases (Heaviside
hadn’t recognized the ionosphere yet)

* Induced currents flow, and deflect terrestrial compasses

(Maxwell’s equations didn’t appear until 1861, but Gauss
had already shown how to locate geomagnetic
disturbances)

* “Solar Flare Effect,” or SFE. | prefer “crochet.”



Why study solar flares?

1) Flare-like and jet phenomena occur plentifully elsewhere
around the Universe, and we can study them uniquely
well on the Sun

2) There are several important plasma-physics problems
that are not well understood

3) Flares lead to CMEs that lead to practical matters
(“space weather”)

4) A flare provides an impulse with which to study the
structure of the Sun
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What should be noticed?

This TRACE movie shows coronal emission
at 171 A, formed at a relatively low
temperature as the new coronal structures
cool and drain. The time span is about 10
hours (15 April 2001).

« The ribbons, heavily foreshortened because it's near the limb
* The saturation patterns, which show the most intense areas
and are quite interesting diagnostically

» The striking “dimming” signature, showing the release of
CME mass

« The “shrinking” preceding the main explosion

» The coupled oscillations within the arcade associated with a
second flare

* efc.



Flare morphology

 Ribbons and arcades
* The Neupert effect

« Soft-hard-soft and soft-hard-harder
spectral patterns



Ribbons and Arcades

An Ha loop prominence system
seen at the limb (Biatkow)
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About cartoons

In the absence of a comprehensive theory, people often
resort to sketches.

At best, these are like interpolation functions — how do
you link what you know, to what you observe?

At worst they represent incorrect preconceptions that do
a disservice to research

| maintain a Web archive on

http://solarmuri.ssl.berkeley.edu/~hhudson/cartoons/



The cartoon archive
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The Neupert Effect

The release of enerqy into a closed field structure will drive
chromospheric material up into the corona, and the cooling
time there is typically longer than the energy-release time

scale. This produces a roughly integral relationship
between the thermal and non-thermal signatures.
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The Neupert Effect

The release of enerqgy into a closed field structure will drive
chromospheric material up into the corona, and the cooling
time there is typically longer than the energy-release time

scale. This produces a roughly integral relationship
between the thermal and non-thermal signatures.
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Meaning of the Neupert Effect

* The Neupert effect just means that there is a
slow coronal reservoir for the fast flare
dissipation in the interface region

« Specifically, it does not imply anything about
the thick-target model, for example — almost
any model would be consistent

 Stellar flares show the same relationship
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Significance of morphology

The ribbons, Neupert effect, and soft-hard-soft spectral
evolution create a paradigm that describes much of the
behavior of solar flares

This paradigm also works for some stellar flares,
although observing ribbons is not so easy

Other paradigms exist (SHH and others, such as jets),
and these deserve particular interest

The SHH spectral hardening correlates with CME
eruption (Kiplinger, 1995) for reasons we don'’t
understand yet



White-light flares

« A white-light flare is one that can be observed in the
visible continuum, as in Carrington’s 1859 discovery

« Because the Sun is so bright, this means that the lower
solar atmosphere contains much of the flare energy

Carrington et al., 1859 Metcalf et al., 2003
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Is there a Balmer jump, implying recombination radiation?
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The “Masuda flare™ a A white-light flare observed
Yohkoh/SXT soft X-ray by TRACE, 5 s cadence,
image 0.5” pixels

The footpoint emission is broad-band, to high
temperatures; it consists of multiple unresolved
sources that vary rapidly with time




Cultural note

* Please note that the stellar spectra are a lot better than
the solar ones, even though the Sun is a much, much
brighter star

« This probably reflects the fact that the Sun requires
imaging spectroscopy, whereas stars don't; and also
because solar WL/UV spectroscopy has been slow to get
iInto space

 The EVE instrument (subject of our Thursday practicum)
IS an interesting hybrid: the Sun as a star



“Impulsive footpomts
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The “Masuda flare”: a A white-light flare observed

Yohkoh/SXT soft X-ray by TRACE, 5 s cadence,
image 0.5” pixels

The footpoint emission is broad-band, to high
temperatures; it consists of multiple unresolved
sources that vary rapidly with time




First bolometric observation of a solar flare
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Comparably bolometric observation
of a stellar flare
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Are there Solar Megaflares? No

Log (Events per year)

Log (Fluence > 10 MeV, protons/cm?)

Hudson, 2010



Summary of spectral information

* The solar spectra suggest, and the stellar data establish,
the presence of the Balmer jump — hence, optically-thin
recombination radiation

* The total energy in the spectrum is not well known
because of the lack of UV observations

 The TSI observations constrain the total radiated energy
to be about 100x the GOES level



Where is the continuum formed?

In principle, at the “photosphere” of the flaring region

But the signatures of recombination suggest a “cloud”
layer substantially above the true photosphere

Are the exotic alternatives, such as synchrotron emission
or plasma radiation?

Spectral and spatial clues now exist...



Flare observation at 1.56u

“opacity minimum region”
™~

N-S direction [arcsec]

E-W direction [arcsec]

Xu et al. 2004



Limb flare SOL2012-02-24
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Seismic waves

* Flares produce photospheric disturbances at the time of the impulsive phase
* Flare quakes first detected by Kosovichev & Zharkova (1996)

100

50

-50

n.b. enhanced!

Quake origin is approximately co-
spatial with hard X-ray sources,
and consumes about 0.01-0.1% of
flare energy.

Q. How do we get
energy down to such
deep layers of the
atmosphere, and
conserve momentum?



Photospheric field changes

In all large flares the line-of-sight B field at the photosphere changes suddenly by
~10% (0.01 — 0.02T, 100-200 G)

These changes occur are simultaneous with flare, roughly co-spatial with the flare
ribbons, and irreversible

«— | GOES flare
) times

>t

S LOS field Difference image >
before flare | | at flare maximum (Sudol & Harvey 2005)

* Does this reflect a “jerk” as the coronal magnetic field reconfigures?

» Note that the timing matches the impulsive phase, consistent with
magnetic energy release



Cartoon descriptions of the
footpoint sources
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Fisher et al., 2012
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Svestka, 1980



Cartoon descriptions of the
footpoint sources
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Physical descriptions of
footpoint sources

We don’t have any, really, except for the 1D radiation
hydrodynamic simulations

Are these adequate? They omit lots of key physics

The presence of 10 MK features in the “impulsive footpoint”
sources is a mystery

Probably the true plasma physics is far from our horizon at
present, and we must be guided by auroral physics

Note on nomenclature: Hudson et al (1994) used this term,
but De Jager et al. (1986) and Hoyng (1981) had called
them “flare kernels.” This latter is probably a better name.




A Quandary

 The IR emission and the direct imaging tell us that the
source is at the level of the pre-flare photosphere

* The spectrum tells us that the radiation is from a cloud
formed in an optically thin layer

* We need detailed observations of the lower atmosphere,
and they are arriving: IBIS now, IRIS and ALMA soon,
ATST under construction



CME initiation and
the impulsive phase

* There has been a widespread belief that CMEs (next
lecture) are somehow independent of, and more
energetic than, solar flares

« This belief is incorrect, even though it features in modern
literature (e.g., Webb & Howard, Living Reviews 2012)

Dere et al., 1997: the compact beginning of a (large-scale) CME

from a compact source in the chromosphere (cf. Yohkoh
observations of “dimmings”)
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a (large-scale) CME from a compact source, with an
acceleration profile matching the hard X-ray impulsive phase




Features of the impulsive phase

* Intense release of main flare energy

« Stepwise changes in the magnetic field

 CME acceleration

* Seismic waves in the interior

* Energetically significant particle
acceleration



What to remember

Solar flares have clearly defined simple paradigms

The impulsive phase dominates the energetics of a flare/
CME

The physics of the interface region has many interesting
and almost wholly un-studied problems

There are now, and will soon be, lots of highly relevant
new data



Resources

M. Stix, 1989 “The Sun, an Introduction” (basic material on quiet Sun)
D. Billings, 1966 “A Guide to the Solar Corona” (background on solar corona)

A. Hundhausen, 1972, “Coronal Expansion and the Solar Wind” (basic theory
of solar wind)

A.G. Emslie et al. 2012, “High-Energy Aspects of Solar Flares,” (overview of
flares): SSR vol. 159

F. Chen, 1984, “Introduction to Plasma Physics and Controlled
Fusion” (plasma physics text)

H. Hudson, 2011, “Global Properties of Solar Flares,” SSR 158, 5
Web resources
- Living Reviews http://solarphysics.livingreviews.org/

- Nugget collections
http://sprg.ssl.berkeley.edu/~tohban/wiki/index.php/
RHESSI| Science Nuggets et al.

- Stephanie’s plasma pages
http://sprg.ssl.berkeley.edu/~hhudson/plasma/webpage/plasma.html




