]
B

Solar and stellar physics

Unive& of Oslo, 2022

Sven Wedemeyer
i 1 4 “‘



Feedback on
first assignment



AST5770 - UiO - S. Wedemeyer

First assignment
Exercise 1.2.4-3

« Exercises 1.1 -1.2.2 all fine

« Exercise 1.2.3 (simulation) fine except for a little detail (sorry if that sounds pedantic but details matter):

- Computational grid: The provided models are computed with CO>BOLD (Freytag et al.
2012), which uses a Riemann-type solver (not finite differences)
m (rid consists of cells, most quantities defined in the cell centres

m For each dimension: Total extent of computational domain = Total extent of all grid cells

dXo dX1 anx-1
—o——eo ° o——o o—{ X = 1/2 dXo +(Xnx-1 - X0)+ /2 dXnx-1
X X » Xnx-
0 1 X nx-1
| ? L

- Ok, tojust take the difference between the firstand last cell X
centre but also think about the part of the first and last cell y
between their centre and the actual model boundary Z

4725 km +21/5 9km =4734 km
4725 km+21/5 9km =4734 km
1225km+21/5 7km=1232 km

« To befair ... cell sizes only given in vertical direction (dz)

 But grid is equidistant in all directions!
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m) Sufficient to have larger grid cell deeper in the model

m Fewer grid cells saves computation time
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First assignment

Exercise 1.2.4-3

obssun_sst3

Sunspot (AR12533), chromospheric spectral line Ho

29-Apr-2016 09:43:09 - 11:13:07 UT, (u = 0.75, [x,y] = [623”,8”])
Drews and L. Rouppe van der Voort (2020),

L. H. M. Rouppe van der Voort et al. (2021)

[x,y,4,1]

obssun_sst3 - time step 0, lambda=656.15
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First assignment
Exercise 1.2.4-3

. Ellipse: major axis = longest diameter; minor axis perpendicular to that

obssun_sst3 - time step 0, lambda=656.15
1000

Continuum — photosphere
9000
8000
7000

6000

y [arcsec]

5000

4000

3000

: semi-major axis
-m

3
2000 b: se inor axis

—-20 -10 0 10 20
x [arcsec]
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Exercise 1.2.4-3

. Exact measurement depends on choice of threshold etc.

- Also, perimeter of umbra varies!

- Just try to be as accurate as possible and describe any major
assumption / step that you made to derive the value so that
a reader can reproduce your result

5000

2000

5000

[ 3000

| 2000
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Exercise 1.2.4-4

« Three major components « Thresholds somewhat arbitrary
«  Umbra (counts < 4000) chosen by eye
« Penumbra (counts 4000 - 5700)
. Surrounding (counts > 5700)

[ i | T [ [ [ I
: 400
1x107 - -
8x10° : | 500
L
. - : . 7
= : :
L Bex10°F -
0 i : : 1 200
[}
O -
4x10° |- .
- Negative 100
. 2Zx10°F ; ; —
values only in |
time step 44 L :
(artefacts) O | | | i | | lEl | | 1 | | | | | | I | | | | | 1 O
g z 4 6 g 10 12 s 0 100 200 300 400

Intensity [1000 counts]
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First assignment

Exercise 2 — science questions and work plan

. All had good ideas!

. Please remember: You do not have to produce completely new scientific results!

. Focus on learning how to carry out a scientific analysis and how to present it in written
form similar to a scientific article

e Advice:

» Start realistically and modest with the aim to produce a solid basis.

. Start with a toned down version of your science question, produce results and figures
and describe it in your article (mandatory assignments, continuous writing)

. If all goes very well, (feel free to) expand the analysis.

QUESTIONS regarding
the choice of science

questions?
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First assignment

Exercise 2 — science questions and work plan
. All had good ideas!
. Please remember: You do not have to produce completely new scientific results!

. Focus on learning how to carry out a scientific analysis and how to present it in written
form similar to a scientific article

e Advice:
» Start realistically and modest with the aim to produce a solid basis.

. Start with a toned down version of your science question, produce results and figures
and describe it in your article (mandatory assignments, continuous writing)

. If all goes very well, feel free to expand the analysis.

2 |Introduction and background BEELY ET{d WA B S Taleld g [T ETS R/ 1d g
Mandatory — g ./
Il | Mar 25 3 |Description of data and me statistics course::
(not graded) :
V| Apri8 3 |Analysis and results = Most likely no lecture and no group
V| Mayb6 3  |Discussion and conclusion session in that week.

Final project
assignment | F | May 31 | 31/2 |Complete report

= |[nstead time to work on assignment ll|
(graded, 100%) and your data analysis
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Second assignment

Introduction and background — Aims

e Aim of a scientific publication:

« Present new scientific insights/results that contribute to advancing the state of
knowledge in the scientific field (in a way accessible and understandable to other scientists)

m Necessary to identify what of the results goes beyond
the current state of knowledge Accomplished with a good
introduction:
Background and review of
the current state of the art
with references to existing

literature

m» Requires literature research

- What are the relevance and implications of the results
in view of the current state of knowledge?

= [deally presented connected to existing literature

e For your 2nd assignment (and with the final project assignment:

« You are new to all that and writing a comprehensive introduction is a difficult task ...

. ... butthe best way to learn is to actually (ryto) just do it &
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Second assignment

Introduction and background — Aims

The purpose(s) of an introduction:

Introduce the topic (within the scientific field) of your work

Provides the context of your work

Clearly states the aim/addressed scientific question of the paper and motivates it with
respect to he current state in the field/literature

Clearly states what is new and thus goes beyond the current state of knowledge

Provide an overview of the structure and content of the paper

"If I have seen

By reading the introduction, a reader ke than
should be able to understand why the others, it is by
paper is relevant (and worth reading) and standing upon the

shoulders of
giants. &

- Sir Isaac Newton

how it will advance the reader’s
knowledge about the addressed topic.
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Second assignment

Introduction and background — Level

® . Current state of (advanced) knowledge

Fundamental (“common”) knowledge

Reliable research needs
systematic order and detail

“Shoulder of giants” = accomplishments of generations of scientists before you

= [0 be honoured in your introduction (at the appropriate level)

« But at which level to start?

Depends on your target audience! How would you explain the interior structure of a star to

school child? How to an adult? How to an astrophysicist?
Get a “feeling” for this

from reading
Specific scientific articles typically start off at a high level already:. scientific articles!

How “far down the conceptual ladder”do | have to go?
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Second assignment

Introduction and background — Level & balance

« The introduction provides a concise and balanced overview of the relevant literature
 The introduction should not be expanded into a complete review over many pages!

« Restrict to the aspects relevant for the new results you are presenting and do cite the
most relevant articles.

- Complete overviews are given in review paper (which are written for that purpose)

. Textbook knowledge and statements that are considered “‘common knowledge” should not
be explained in detailed and do not need a specific reference

- Example: In a scientific article, it is not needed to state the radiative transfer equation in its
form as presented in countless textbooks and thus no reference is needed. However, if the
equation is used in an uncommon form that was published by other authors, then that paper
must be cited (and the equation be given if necessary/usetful for explaining the new results).

- Be fair and balanced. Some topics are debated with papers stating opposing views. Make
sure to cite both cites and argue carefully and fair if you result supports rather one side than
the other. Also make sure not only cite papers by your “friends”

. Be nice and fair if you need to criticise / prove other people’s work wrong.



Introduction and background — How to do it?

Start reading literature and take notes

<
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b <
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« Try to noteimportant statements that are relevant for your science question and clearly connect
them to the source you got them from

- It might be difficult to separate the most relevant from less relevant in the beginning but not get
tempted to note all details.

« Look for references that are made in these papers that are most relevant for science question.
- Retrieve these new publications and read.

Make a mind map (or some other helpful way) to organise the retrieved information

Try to create a “red thread” that connects the most relevant information starting from the

general background to your specific science question
(You can start by ordering keywords in your latex doc).

Now fill'in the relevant information bits in more detail in your own words with references

- Do not care about language yet. Do not stop if you don't remember the English word, just use the
Norwegian one for now.

Order the content: First, work on the individual passages and move them around until
they match your wanted “red thread” Remove text that seems to be irrelevant/does not fit.

Language editing: Start from the beginning of the text and rewrite in a consistent way,
sentence by sentence. Repeat as often as needed.
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Second assignment

Introduction and background — style

o Scientific articles are written in a particular language/style
(very different from other types of literature/written media)

= IMPORTANT: Read scientific articles and pay attention to how they are written:
- How are things expressed in terms of language?
- How are the sentences and paragraph connected?

- Learn by writing yourself.
. Try to adopt the style you see in professional scientific articles.

. Just get started and work on a first draft. Iterate and improve the text again and again
until it is consistent and meets the/your style requirements.

- You will get feedback after delivery of the assignment,
which you can use to improve the introduction for the
final project assignment.
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Second assignment

Introduction and background — structure  common knowledge

(Don't bother)

e From general to specific — Tell a (logical) “story”.
. Start with the general topic and cite papers with general results Start at appropriate

(inding good review articles may help here) level

 Narrow down towards the specific topic/question of your paper
. . - Broader back-
and cite papers that are directly related to your work i

« Make sure to mention the following

« Motivation: What is new here and/or why was it necessary to do
this study?

- New method or observational opportunity/better data?

From general
to specific

« Shortcoming in previous research (knowledge gap) that is filled now?

 QOutline your methodology/approach including any important
("top level”) assumption that is made (but not all details)

« Possible restrictions/limitations of the results/conclusions

. Optionally, end with an overview of the different sections, describing  Specific
each with 1-2 sentences scientific
question



AST5770 - UiO - S. Wedemeyer

Second assignment

Introduction and background — your assignment

e Your assignments are not scientific journal articles.
= A bit more relaxed regarding the level.

 Any textbook material that you found extremely helpful for explaining the scientific
background?

= Ok to add a concise description.

- Thelevelis appropriate if any other student in this course can understand all of the
background of your science case from reading your introduction!

= |t is encouraged to let the others read and comment on your text.

« Anintroduction of a scientific article typically does not include figures.
. Foryour assignments: Ok to add figures under the condition ...
. ... thefigure is really helpful for introducing your science question.
« ... thefigure and all graphical elements are described in a figure caption.
. ... thesource is acknowledged (or reference given).
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Second assignment

Introduction and background — Examples

A&A 655, Al13 (2021)

A&A 655, A113 (2021)
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EMISSA (Exploring Millimeter Indicators of Solar-Stellar Activity)

I. The initial millimeter—centimeter main-sequence star sample
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ABSTRACT

Context. Due to their wide wavelength coverage across the millimeter to centimeter (mm-cm) range and their increased sensitivity,
modern interferometric arrays facilitate observations of the thermal and non-thermal radiation that is emitted from different layers in

the outer atmospheres of stars.

Aims. We study the spectral energy distribution (S q,(v)) of main-sequence stars based on archival observations in the mm-cm range
with the aim to study their atmospheric stratification as a function of stellar type.

Methods. The main-sequence stars with significant detection in mm bands were identified in the ALMA Science Archive. These
data were then complemented with spectral flux data in the extreme ultraviolet to cm range as compiled from various catalogues and
observatory archives. We compared the resultant S ., (v) of each star with a photospheric emission model (S ;,04(v)) calculated with the
PHOENIX code. The departures of S g,(v) from § ,,4(v) were quantified in terms of a spectral flux excess parameter (AS/S oq) and

studied as a function of stellar type.

Results. The initial sample consists of 12 main-sequence stars across a broad range of spectral types from Al to M3.5 and the Sun-as-
a-star as reference. The stars with Ty =3000-7000 K (F-M type) showed a systematically higher S ,(v) than S ;,.4(¥) in the mm—cm
range. Their AS/S 04 exhibits a monotonic rise with decreasing frequency. The steepness of this rise is higher for cooler stars in the
T = 3000-7000 K range, although the single fully convective star (T.q ~ 3000 K) in the sample deviates from this trend. Meanwhile,

S s (v) of the A-type stars agrees with S ;,4(v) within errors.

Conclusions. The systematically high AS/S 4.4 in F-M stars indicates hotter upper atmospheric layers, that is, a chromosphere and
corona in these stars, like for the Sun. The mm—cm AS /S ;.4 spectrum offers a way to estimate the efficiency of the heating mechanisms
across various outer atmospheric layers in main-sequence stars, and thereby to understand their structure and activity. We emphasise
the need for dedicated surveys of main-sequence stars in the mm-cm range.

Key words. stars: chromospheres — stars: atmospheres — stars: activity — stars: statistics — submillimeter: stars

1. Introduction

The millimeter to centimeter (mm-cm) waveband (x10-
1000 GHz) offers a unique but so far not systematically used way
to explore the atmospheric structure of main-sequence stars. As
the activity of a star is closely linked to the physical state and
dynamics of the plasma in its atmospheric layers (e.g. Noyes
et al. 1984; Pace 2013), the mm-cm waveband thus provides
complementary means of assessing stellar activity. Because it
is so far the only spatially resolved main-sequence star with a
large wealth of data and because it consequently is the star we
understand best theoretically, the Sun is a good template star that
provides insight into the most relevant emission mechanisms in
the mm-cm band. The results for the Sun may be transferred to
other Sun-like stars of spectral type (FGK type; White 2004)
with possible implications for a wider range along the main
sequence. In the Sun, the mm continuum (*30-1000 GHz) is
primarily produced by thermal free-free emission, whereas non-
thermal contributions are only expected to become significant
under extreme conditions like strong magnetic field enhance-
ments and flares. The height of the layer above the photosphere

from which the continuum emission originates increases with
decreasing observing frequency (see Wedemeyer et al. 2016, and
references therein for solar mm radiation). Like for the Sun, the
emission in the mm-cm waveband can be expected to origi-
nate primarily from different (optically thick) atmospheric layers
at different heights in the chromosphere to transition region in
Sun-like stars (FGK type). A recent study of @ Cen A&B (G2V
& K1V) across 17-600 GHz revealed a brightness temperature
Tg(v) for both stars that decreased with frequency and is thus
consistent with a chromospheric temperature rise as expected for
these spectral types (Trigilio et al. 2018).

For high-mass main-sequence stars (OBA type), the outer
atmospheric structure is expected to be quite different from that
of Sun-like stars. It is expected that the average temperature
rise as seen in the chromosphere and corona of Sun-like stars
is absent in high-mass stars. This is primarily because unlike
Sun-like stars, OBA stars are not expected to have an outer con-
vection zone that generates and drives dynamic phenomena that
play a vital role in generating the hot outer atmospheric lay-
ers in Sun-like stars (see e.g. Donati & Landstreet 2009, for
a review). Observations of @ CMa (A1V; White et al. 2019) and

Al13, page 1 of 15

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),

which permits icted use, distri and

ion in any medium, provided the original work is properly cited.

aPsA (A4V; Su et al. 2016) show indeed no significant chro-
mospheric emission. Rather, the mm flux as observed with the
Atacama Large Millimeter/submillimeter Array (ALMA) seems
to be consistent with purely photospheric emission (for @ CMa,
see White et al. 2019).

Using the Rayleigh-Jeans approximation, the spectral flux
density, S, can be converted into the brightness temperature g,
as described by

_2kTg¥?
e

where k is the Boltzmann constant and € is the solid angle sub-
tended by the star. The latter is given as Q =7R>/D?, where
R. is the radius of the star and D is the distance to it. Because
the emission primarily originates from optically thick layers in
the mm range, the brightness temperature spectrum, T'g(v), is
closely related to the temperature in the continuum-forming layer
at a height z(v) in the atmosphere. Consequently, the observ-
able brightness temperature spectrum (T (v)) is a proxy to
the atmospheric temperature stratification, T (z (v)) (see e.g. the
semi-empirical models for the Sun by Vernazza et al. 1981).
Systematic mm-cm observations of main-sequence stars of dif-
ferent spectral types and ages will therefore provide important
constraints for the evolution of stellar atmospheric structure and
activity. Comparing these observations with magnetic field prop-
erties will help to better understand the connection between
atmospheric structure, activity, and magnetic field as predicted
by various models (e.g. Kim & Demarque 1996; Garraffo et al.
2018) and inferred from multi-parameter studies of stars in differ-
ent surveys (e.g. Donati & Landstreet 2009; Vidotto et al. 2014;
Lund et al. 2020; Feinstein et al. 2020).

However, only a few main-sequence stars have been detected
in the mm—cm range so far compared to the wealth of detec-
tions in the IR to X-ray range. The low detection rate so far is a
direct consequence of the low expected flux densities of even the
nearest Sun-like stars, which are lower than ~100 Wy (1Jy =
107 Wm=2Hz') in mm bands and well below 100 pJy at cm
wavelengths (White 2004). A reliable detection at a single fre-
quency therefore requires an instrument capable of providing a
sensitivity of about a few tens of pJy within a reasonable inte-
gration time of a few hours at most and over a spectral bandwidth
of typically ~10 GHz. In addition, a significant fraction of main-
sequence stars belong to binary systems with separations that can
be as small as a few arcseconds and/or have debris disks with an
inner edge close to the star (see e.g. Gao et al. 2014; Moerchen
et al. 2007; Lisse et al. 2007). An example of the former case
is the @ Cen A&B system at a distance of 1.3 pc with an angu-
lar separation of just 4 (Liseau et al. 2016). €Eri at a distance
of 3.2 pc is an example of a star with a debris disk that has an
inner edge at ~10” from the star. Consequently, in order to mea-
sure the stellar flux without contamination from a companion or
a disk, the angular resolution of an observation must be high
enough to separate the star from these potential components.
The required angular resolution for observations in the mm—cm
bands warrants the use of interferometric arrays. Because it is
the most sensitive telescope with the largest number of baselines
and a large collecting area in mm bands, ALMA' is currently the
only telescope that meets the requirements in the mm range. In
the cm bands, the Australia Telescope Compact Array? (ATCA)

S, Q, (1)

! https://almascience.nrao.edu/about-alma/alma-basics
2 https://www.narrabri.atnf.csiro.au/observing/
users_guide/

Al13, page 2 of 15

and the Expanded Very Large Array (JVLA, Perley et al. 2011)
are examples of new-generation arrays that can provide such
data.

Most of the studies of main-sequence stars in radio wave-
bands used frequencies below 10 GHz so far, much of which
have been on active M dwarfs (see, Giidel 2002, for a review).
This is because the flares, especially in active M dwarfs and
Sun-like stars, cause coherent radio emissions brighter by sev-
eral orders of magnitude than the background free-free emission
at low radio frequencies (e.g. Bastian 1994; Lim et al. 1996;
Crosley & Osten 2018; Villadsen & Hallinan 2019; Davis et al.
2020; Zic et al. 2020). At high frequencies, the flaring rates are
low and the emission 7T’ is also much lower, requiring sensitiv-
ity limits that are hard to achieve with earlier-generation arrays
even for the nearby stars (Bastian 1990; White 2004). However,
a few M dwarfs were detected close to 10 GHz by the VLA,
namely UV Cet and EV Lac (Osten et al. 2005; Guedel 2006).
More recently, the quiescent and flare emission from the nearby
M dwarf Proxima Cen was studied with ALMA (e.g. Anglada-
Escudé & Butler 2012; MacGregor et al. 2018, 2021). Villadsen
et al. (2014) presented the first detection of thermal emission in
the cm band using JVLA from Sun-like stars, 7 Cet, n Cas A, and
40Eri A. 7Cet was also observed with ALMA by MacGregor
et al. (2016), but the emission was partly contaminated by the
edge-on disk emission. Using high-resolution ALMA observa-
tions, Booth et al. (2017) were able to distinguish the emission
from the K-dwarf €Eri from its debris disk unlike the IR-band
observations of the star (Lestrade & Thilliez 2015; Chavez-
Dagostino et al. 2016). Bastian et al. (2018), Rodriguez et al.
(2019), and Suresh et al. (2020) extended this up to 2 GHz using
the EVLA. The closest binary system aCen A&B is another
repeatedly observed pair of stars that has been observed across
all available bands of ALMA, except band 10. The observations
were carried out during two different observing cycles separated
by 2yr (Liseau et al. 2013, 2015, 2016; Liseau 2019). A recent
study by Akeson et al. (2021) at ~340 GHz reported similar flux
for the binary stars as Liseau et al. (2016). Trigilio et al. (2018)
modelled the mm-cm spectrum of @Cen A&B using various
scaled solar atmospheric models and demonstrated the existence
of a solar-like chromosphere that becomes hotter with increas-
ing distance from the surface. The authors also added 17 GHz
flux data points from ATCA to the existing spectra. Following
a similar modelling approach as White et al. (2020), they mod-
elled their observations of F-type stars, yLep and y VirA& B,
at ~233 and 344 GHz. Other F dwarfs that have reliable detec-
tion in the mm band are 61 Vir (Marino et al. 2017a) and nCrv
(Marino et al. 2017b). Of the more massive stars, the closest A-
type stars, @ CMa and @ PSa, are the most frequently studied. The
former was studied across the ~30-210 GHz range and the spec-
trum was modelled by White et al. (2019). The latter garnered
more interest primarily due to its circumstellar disk, which was
well resolved with ALMA (e.g. Su et al. 2016; White et al. 2017a;
MacGregor et al. 2017; Matra et al. 2017).

We present an initial version of a database of mm—cm fluxes
for main-sequence stars detected by ALMA supplemented with
other observations from the extreme ultraviolet (EUV) to the
radio band. The Sun is included as a fundamental reference.
The resulting observed spectral energy distribution (SED) for
each star is then compared to the SED calculated with the
PHOENIX model (Hauschildt & Baron 1999) to reveal possi-
ble chromospheric contributions. The method and initial data
set are described in Sect. 2. The resulting SEDs and Tg(v) are
presented in Sect. 3. Section 4 presents the inferences from
a comparison of the model and observed SEDs for stars of
different types, followed by our conclusions and outlook in
Sect. 5.
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Second assignment

Introduction and background — Examples
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© THE ASTROPHYSICAL JOURNAL, 330:474-479, 1988 July 1 : )
§ T SUC eI i S s NANOFLARES AND SOLAR X-RAY CORONA 475
: m 200 km (072) at photospheric levels] which precludes a precise
5 +~  determination of their motions.
2 2 The present writing is directed to observations of another
2 § aspect of the corona, dealing directly with the heat input. To be
- NANOFLARES AND THE SOLAR X-RAY CORONA! ~  precise, X-ray and UV observations of the active corona and

E. N. PARKER
Enrico Fermi Institute and Departments of Physics and Astronomy, University of Chicago

Received 1987 October 12;

pted 1987 December 29

ABSTRACT

Observations of the Sun with high time and spatial resolution in UV and X-rays show that the emission
from small isolated magnetic bipoles is intermittent and impulsive, while the steadier emission from larger
bipoles appears as the sum of many individual impulses. We refer to the basic unit of impulsive energy release
as a nanoflare. The observations suggest, then, that the active X-ray corona of the Sun is to be understood as

a swarm of nanoflares.

This interpretation suggests that the X-ray corona is created by the dissipation at the many tangential dis-
continuities arising spontaneously in the bipolar fields of the active regions of the Sun as a consequence of
random continuous motion of the footpoints of the field in the photospheric convection. The quantitative
characteristics of the process are inferred from the observed coronal heat input.

Subject headings: hydromagnetics — Sun: corona — Sun: flares

1. INTRODUCTION

The X-ray corona of the Sun is composed of tenuous wisps
of hot gas enclosed in strong (10?> G) bipolar magnetic fields.
The high temperature (2-3 x 10° K) of the gas is maintained
by a heat input of about 107 ergs cm~2 s~! (Withbroe and
Noyes 1977), most of which is lost by radiation as EUV and X-
rays. It is observed that the surface brightness of the active X-
ray corona is essentially independent of the dimensions of the
confining bipole (Rosner, Tucker, and Vaiana 1978) from the
normal active region with a scale of 10'® cm down to the X-ray
bright points at 10° cm, and in some cases even down to the
small bipoles of 2 x 10® cm at the limit of resolution of present
observational instruments. S

The heat source that causes the X-ray corona has proved
elusive. There is a direct equation between magnetic field
strength and heat input (Rosner, Tucker, and Vaiana 1978;
Golub et al. 1980), and given a source of heat of about 10 ergs
cm™2 57! the formation of the corona is straightforward: The
heated gas expands upward from the top of the chromosphere
with a pressure scale height of 1-1.5 x 10'° cm; the density of
the rising gas increases to about 10'° atoms cm ™3, at which
point radiative losses balance the heat input. The gas pressure
is then 6-9 dyn cm ~2, the speed of sound is 2-3 x 10" cm s~ !,
the magnetic pressure (102 G) is typically 4 x 102 dyn, and the
Alfvén speed is 2 x 10® cm s™!. The magnetic field is essen-
tially force-free.

The traditional view has been that the convection below the
visible surface of the Sun produces sound waves, gravitational
waves, and magnetohydrodynamic waves which propagate
upward into the overlying atmosphere where they dissipate
and deposit their energy as heat in the ambient gas (Bierman
1946, 1948; Alfvén 1947; Schwarzschild 1948; Parker 1958;
Whitaker 1963). More recently it has become clear that all but
Alfvén waves are dissipated and/or refracted before reaching
the corona (Osterbrock 1961; Stein and Leibacher 1974; Stur-
rock and Uchida 1981; Priest 1982). Presumably, then, it is
primarily Alfvén waves that reach the active X-ray corona. The
problem is that Alfvén waves are disinclined to dissipate in the

! This work was supported in part by the National Aeronautics and Space
Administration under NASA grant NGL 14-001-001.

474

corona. Indeed, it is just that disinclination that allows them to
penetrate the chromosphere and transition region to reach the
corona. Various ideas have been proposed to facilitate dissi-
pation (cf. Hayvaerts and Priest 1983; Hollweg 1984, 1986,
1987; Kuperus, Ionson, and Spicer 1981; Ionson 1984; Lee and
Roberts 1986; Davila 1987). The basic point is that in order to
provide the necessary heat input without violating the
observed upper limit of 25 km s™! on the wave amplitudes
(Cheng, Doschek, and Feldman 1979) the Alfvén wave must
dissipate within about one period, which is reminiscent of the
disintegration of a turbulent eddy (Hollweg 1984, 1986).

Alternatively it has been suggested (Parker 1979, 1983d,
1986¢, 1988) that the X-ray corona is heated by dissipation at
the many small current sheets forming in the bipolar magnetic
regions as a consequence of the continuous shuffling and inter-
mixing of the footpoints of the field in the photospheric con-
vection. Insofar as the field is concentrated into separate
individual magnetic fibrils at the photosphere, each individual
fibril moves independently of its neighbors, producing tangen-
tial discontinuities (current sheets) between neighboring fibrils
at higher levels where they expand against each other to fill the
entire space (Glencross 1975, 1980; Parker 1981a, b; Sturrock
and Uchida 1981). There is, however, a more basic effect, viz., a
continuous mapping of the footpoints spontaneously produces
tangential discontinuities (Syrovatsky 1971, 1981; Parker 1972,
1979, 1982, 1983a, b, c,d, 1986a, b, c, 1987a; Yu 1973;
Tsinganos 1982; Tsinganos, Distler, and Rosner 1984; Moffatt
1985, 1986; Vainstein and Parker 1986). The discontinuities
appear in the initially continuous field at the boundaries
between local regions of different winding patterns. The
tangential discontinuities (current sheets) become increasingly
severe with the continuing winding and interweaving, even-
tually producing intense magnetic dissipation in association
with magnetic reconnection (Parker 19834, 1986¢).

Now, fundamental to any theoretical idea on the energy
input to the corona is the mechanical work done on the mag-
netic field by the photospheric convection. Thus, far, observa-
tions have failed to detect either the expected wave motion or
the expected shuffling and intermixing of the footpoints. The
principal observational difficulty is the continuing inability to
resolve the individual magnetic fibrils [with diameters of about

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

transition region, employing high space and time resolution,
show a heat input composed of many localized impulsive
bursts of energy, which we refer to as nonoflares.
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continued
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| Line of sight (LOS)
Oscillations

Full—disk Dopplergram
9 July 1996, 9:00:00

e Oscillations at surface
observed as Doppler shifts
of photospheric lines

e What do you see in this
Dopplergram?

Velocity (km/s)

http://soi.stanford.edu/



Refraction & Reflection

* Recap:sound speed cs ~ T'?

= c; changes strongly as function of radius

= Sound waves get refracted in the solar
interior.

= Penetration depth of sound waves depends
on their wavelength.

. Different wavelengths probe different depths

. All wavelengths together probe the stratification
of the solar interior!

« Sound waves reflected at surface results in surface
(patch) to oscillate up and down accordingly

. Observation (Doppler shifts, intensity variation)
and interpretation of these oscillations at the
surface provides information about the interior
structure of the Sun!

;; AST5770 - UiO - S. Wedemeyer

| Line of sight (LOS)
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Description of solar eigenmodes

. Eigen-oscillations of a sphere are
described by spherical harmonics

. Each oscillation mode is identified
by a set of three parameters:

 n=number or radial nodes

 [=number of nodes on the solar
surface

* m=number of nodes passing
through the poles

NSO/GONG
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Helioseismology

k-w diag ram | from weak (blue) to strong (red)

Colour-coded: (Oscillation) power

* Observation v (x,y,t)

m "Spatiotemporal power spectrum”:
k-w diagram

« The p-modes show a distinctive
dispersion relation!

« Important: power only in distinct
ridges: for a given k2
only power at certain frequencies

m Discrete spectrum suggests the
oscillations are trapped,
eigenmodes of the Sun

m Set by the interior structure of the Sun

v [mHz] (o =2m v)

¢ =200 400 600 800 1000
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Helioseismology

Interpretation of k-w diagramw ;

« Power ridges belong to different orders n

(n = number of radial nodes)

« Power in ridge with increasing [
= [ncrease in frequency v (or w)

«  Most prominent power along ridges for
small n intermediate/large degree [

v, mHz

S SHoWnIherelpoweras function of
" degreeviandiirequency e

(Equivalent to'k=G0*diagran

¢ 200 400 600 800 1000
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Helioseismology

Refraction & reflection of p-modes

1.0

0.8F
r/ro

0.6F ¢

0.4F

0.2F

1 10 | 100 1000

Fig. 5.14. Depth of internal reflection, accord- Fig. 5.15. Acoustic ray paths
ing to (5.40), as a function of degree [, for p of two solar p modes with dif-
modes with oscillation frequencies 1.5, 2.25, 3, ferent depths of reflection in

3.75, and 4.5 mHz (from above). The curves  the solar interior. The dashed
are calculated for the standard solar model of  circle marks the base of the
Chap. 2 convection zone
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p-modes GOLF (Global Oscillations at Low Frequencies)

GOLF Fourier spectrum
I I I I I I I I I

0.0014

. Note the grouping of modes

. Large separations ovtE i
(n, l) A (n-], l) o010~ _
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p-modes

« Close-up: Power spectrum
formodesl=0and [ =2

« Noise due to random re-
excitation of the oscillation
mode by turbulence

GOLF (Global Oscillations at Low Frequencies)

GOLF Fourier spectrum
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p-modes GOLF (Global Oscillations at Low Frequencies)

GOLF Fourier spectrum
0.0010 T T T T [ T T T T [ T T T T [ T T T T

ool [=2 =0 -

« Close-up: Power spectrum - g
formodesl=0and [ =2

« Noise due to random re- R =
excitation of the oscillation = | i
mode by turbulence S : i
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Helioseismology

Oscillation modes

e Why discrete frequencies?

 Sun acts as a resonant cavity producing resonant oscillation modes set by the structure
of the Sun'’s interior

- p-modes are excited by turbulence, which excites all frequencies but eigenmodes
develop only at the Sun’s eigenfrequencies

e Detection — frequency vs amplitude
- Amplitudes depend on the excitation, while the frequencies do not.
 Frequencies carry the main information on the structure of the solar interior
« Frequencies can be measured more precisely .

e Detected modes:
« ~107 modes known, each oscillation mode samples different parts of the solar interior
« periods: ~1.5 min — ~20 min
- horizontal wavelengths: less than a few thousand kilometers — solar diameter
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Helioseismology

Observational limitations

« Only half of the Sun observed
m Decomposition of the sum of all oscillations into spherical harmonics not unique!

= Uncertainty in the derived [ and m

- Complexity: 107 modes are present on the surface of the Sun at any given time
(and interfering with each other).

- Amplitudes: single mode typically < 20 cm/s, all 107 modes combined a few 100 m/s
 Accuracy of current instruments better than 1 cm/s

- Highest detectable frequency ~ cadence of obs.

 Frequency resolution ~ length of time series ~ lowest detectable frequency
= | onger time series are better but technically more challenging

« Gaps in time series produce side lobes (i.e. spurious unwanted peaks in the power
spectrum)

m) Precise measurements require global long-term observational efforts!
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Helioseismology

Oscillation modes

- Remember: Stability of a vertically displaced gas element
against convection evaluated in terms of the
Brunt-Vaisala frequency N

. Oscillation with gravity as restoring force occurs when N2> 0
= internal gravity modes (g-modes)

. This type of oscillation requires a medium stable against
convection and is thus expected

« |n the radiative interior of the Sun

« Inthe solar atmosphere.

Standing Evanescent

» m

« Evanescentin the convection zone
(= amplitude drops exponentially
there)

-  Amplitudes of g-modes from the
interior radiative zone reduced to
very small values at the surface)

Dense Medium Rarer Medium
(ny) (ny)


https://en.wikipedia.org/wiki/Convection
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Helioseismology

Types of solar eigenmodes:

p-modes (sound waves) g-modes (buoyancy modes)
restoring force = pressure restoring force = gravity
. Excited by turbulence associated with « Buoyancy

convection, mainly by the more vigorous
motions at the surface (granulation)

- Propagate in the interior but evanescent |« Propagate in the radiative interior and in
in the solar atmosphere the atmosphere but evanescent in the

. So far only p-modes have been detected convection zone

on the Sun with certainty! - No definite observational proof for g-
modes on the Sun yet.

- p-modes propagate throughout the solar

interior at sound speed c;

- <oend | X ) » Current upper limit on solar interior g-
pend most time where ¢y is lowest modes lies below 1 cm/s.,

= Spend most time at the surface (as ¢ is . Would probe the centre of the Sun!

lowest there, remember ¢y ~ T1/2)
m) Detectable at the surface




