nature SUPPLEMENTARY INFORMATION
aStronomy https://doi.org/10.1038/5s41550-019-0945-2

In the format provided by the authors and unedited.

A chromospheric resonance cavity in a sunspot
mapped with seismology

David B. Jess ®"?*, Ben Snow?, Scott J. Houston',

Gert J. J. Botha®#4, Bernhard Fleck®5, S. Krishna Prasad’, Andrés Asensio Ramos®’,
Richard J. Morton ©4, Peter H. Keys®", Shahin Jafarzadeh ©&°, Marco Stangalini ©®",
Samuel D. T. Grant®' and Damian J. Christian®?2

'Astrophysics Research Centre, School of Mathematics and Physics, Queen’s University Belfast, Belfast, UK. 2Department of Physics and Astronomy,
California State University Northridge, Northridge, CA, USA. 3Centre for Geophysical and Astrophysical Fluid Dynamics, University of Exeter, Exeter,

UK. “Department of Mathematics, Physics and Electrical Engineering, Northumbria University, Newcastle upon Tyne, UK. SESA Directorate of Science,
Operations Department, Greenbelt, MD, USA. ¢Instituto de Astrofisica de Canarias, La Laguna, Tenerife, Spain. ‘Departamento de Astrofisica, Universidad
de La Laguna, La Laguna, Tenerife, Spain. éInstitute of Theoretical Astrophysics, University of Oslo, Oslo, Norway. °Rosseland Centre for Solar Physics,
University of Oslo, Oslo, Norway. °ltalian Space Agency (ASI), Rome, Italy. "INAF-OAR National Institute for Astrophysics, Rome, Italy.

*e-mail: d.jess@qub.ac.uk

NATURE ASTRONOMY | www.nature.com/natureastronomy


http://orcid.org/0000-0002-9155-8039
http://orcid.org/0000-0002-5915-697X
http://orcid.org/0000-0001-5777-9121
http://orcid.org/0000-0001-5678-9002
http://orcid.org/0000-0001-8556-470X
http://orcid.org/0000-0002-7711-5397
http://orcid.org/0000-0002-5365-7546
http://orcid.org/0000-0001-5170-9747
http://orcid.org/0000-0003-1746-3020
mailto:d.jess@qub.ac.uk
http://www.nature.com/natureastronomy

A chromospheric resonance cavity in a sunspot mapped with seismology
Supplementary Information

David B. Jess,"2[] Ben Snow,? Scott J. Houston,' Gert J. J. Botha,* Bernhard Fleck,’
S. Krishna Prasad,! Andrés Asensio Ramos,®” Richard J. Morton,* Peter H. Keys,'
Shahin Jafarzadeh,®® Marco Stangalini,lo’ I Samuel D. T. Grant,' and Damian J. Christian?

!Astrophysics Research Centre, School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 INN, U.K.
2Department of Physics and Astronomy, California State University Northridge, Northridge, CA 91330, U.S.A.
3Centre for Geophysical and Astrophysical Fluid Dynamics, University of Exeter, Exeter, EX4 4QF, U.K.
*Department of Mathematics, Physics and Electrical Engineering,

Northumbria University, Newcastle upon Tyne, NE1 8ST, U.K.

SESA Directorate of Science, Operations Department, c/o NASA/GSFC Code 671, Greenbelt, MD 20071, U.S.A.
S Instituto de Astrofisica de Canarias, C/Via Lactea s/n, E-38205 La Laguna, Tenerife, Spain
"Departamento de Astrofisica, Universidad de La Laguna, E-38206 La Laguna, Tenerife, Spain
8 Institute of Theoretical Astrophysics, University of Oslo, P.O. Box 1029 Blindern, NO-0315 Oslo, Norway
°Rosseland Centre for Solar Physics, University of Oslo, P.O. Box 1029 Blindern, N-0315 Oslo, Norway
Jtalian Space Agency (ASI), Via del Politecnico snc, 00133 Roma, Italy
UINAF-OAR National Institute for Astrophysics, Via Frascati 33, 00078 Monte Porzio Catone (RM), Italy
(Dated: October 10, 2019)

I. PRELUDE

The existence of wave motion is a ubiquitous phenomenon
within the confines of sunspot atmospheres'™, with pioneer-
ing observations dating back to the 1960s providing the first
evidence of oscillatory behavior?®. In addition to wave mo-
tion being able to act as an energy conduit linking the rel-
atively cool photosphere to the multi-million degree solar
corona, the embedded oscillations enable a wealth of impor-
tant physics to be studied and documented, including:

1. The sub-photospheric drivers responsible for the visible
wave motionZ;

2. The phase speed of propagating magneto-
hydrodynamic (MHD) waves along the magnetic
field lines of a sunspots;

3. Interactions between the magnetic field inclination an-
gles and the projected wave phase speeds”;

4. Seismological estimations of the magnetic field
strengths supporting the wave motion!?;

5. The linear and non-linear interactions of upwardly
propagating wave modes';

6. Estimating the formation height of imaging filters that
12l

capture propagating wave dynamics'<;
7. The superposition of multiple wave modes and
harmonics="#: and

8. The damping and dissipation of wave energy 2%,

Hence, for over half a century waves have been used to probe
and constrain the plasma characteristics of sunspot atmo-
spheres. However, while sunspot oscillations have been har-
nessed to provide insight into challenging solar physics ques-
tions, the underlying mechanisms describing their evolving
composition with atmospheric height has proved elusive.

An interesting characteristic of magnetoacoustic waves
manifesting in sunspot atmospheres is that their dominant
frequency changes depending upon what geometric height
is sampled by the associated observations. At photospheric
heights the dominant frequency is on the order of 3 mHz
(~5 min; ref. [17)), with the umbral wave power being signif-
icantly suppressed when compared to surrounding quiet Sun
locations'®. Many theories explaining the suppression of pho-
tospheric umbral wave power have been proposed, includ-
ing aspects of sub-surface absorption'?, lost energy to the so-
lar interior??, less efficient generation*!, and the presence of
smaller attenuation lengths??.

Once observations begin to sample increasing geometric
heights of the sunspot atmosphere, it is found that the most
significant wave power in the chromosphere comes from fre-
quencies around 5 mHz (~3 min; ref.[23). Due to the mostly
vertical nature of the magnetic field lines towards the center
of sunspot umbrae, this effect is normally attributed to wave
filtering via the acoustic cut-off frequency?*2%, which only
allows waves with frequencies higher than ~5 mHz to propa-
gate upwards. Furthermore, the enhancement of wave power
in the chromosphere is striking, with velocity amplitudes ris-
ing from a few hundreds of m/s in the photosphere to several
km/s in the chromosphere. It must be noted, however, that
an increase in velocity amplitude does not necessarily result
in an increase in the wave energy flux since the surrounding
atmosphere will be significantly less dense?’. Such a dra-
matic increase in the velocity amplitudes has been linked to
a number of theories. Linking back to the acoustic cut-off fre-
quency, theoretical work?® has claimed that the prevalence of
3 minute oscillations in the chromosphere was due to the fun-
damental Lamb effect?”, according to which any disturbance
in a stratified atmosphere excites free oscillations at its cut-
off frequency. In this scenario, oscillations at approximately
3 minutes already exist in the photosphere, but due to the rapid
spatial attenuation of the lower frequency (evanescent) wave
components, the 3 minute oscillations begin to dominate the



power spectra at chromospheric heights. The Lamb effect,
however, is not able to explain the secondary power enhance-
ments found at ~20 mHz in both our observational and nu-
merical time series (see Fig. 2 for more information).

An alternative explanation for the increased wave ampli-
tudes found in chromospheric umbral power spectra comes
from the manifestation of powerful shock fronts in the form
of umbral flashes**>. Here, magnetoacoustic shocks can
manifest across a wide range of atmospheric heights, span-
ning from the upper photosphere through to the lower tran-
sition regionm, and one-dimensional simulations have shown
that enhanced 3 minute chromospheric wave power may arise
from the wakes of developing shock fronts*“Z. Observations
of such phenomena are typically characterized by ‘sawtooth’
signatures of the associated spectral profiles as the shock front
develops and subsequently cools*“8, However, subsequent
work®?0 has revealed that one-dimensional simulations of
propagating shock waves lead to unrealistic shock mergers,
and as such, full three-dimensional simulations are required
to investigate this hypothesis further.

A final explanation for the enhanced umbral wave power
found at chromospheric heights comes from the existence of
an acoustic resonator*l, which is created due to the substantial
temperature gradients experienced at photospheric and tran-
sition region heights***3. Such temperature gradients create
the semi-permeable boundaries necessary for resonance to oc-
cur, whereby partial reflection and transmission takes place as
the magnetoacoustic waves encounter the boundary layers*.
Evidence for both upward and downward propagating MHD
waves has been identified in a variety of magnetic structures
embodied within the solar atmosphere*™Z. Ultimately, the
resonances produced cause oscillations that leak energy out
of the cavity, which should be detectable in observations orig-
inating at the base of the transition region and above*®. Ob-
servational studies of MHD wave power throughout the lower
solar atmosphere have been conducted*>", but were unable to
conclusively identify the presence of an embedded resonance
cavity. Recent theoretical work®! numerically investigated the
characteristics of a chromospheric resonator using a broad-
band pulse, which successfully produced the familiar 3 minute
chromospheric oscillations. Importantly, further work*" re-
vealed that the atmosphere (temperature, density, thickness)
of the chromospheric resonator itself is fundamentally impor-
tant to the spectral signatures that are emitted through the res-
onance cavity and, in particular, demonstrated that the gra-
dient (i.e., spectral slope) of the emitted power spectrum is
directly correlated with the chromospheric temperature con-
figuration.

In this work, we employ high resolution He 1 10830 A spec-
tropolarimetric observations, which are formed at the base
of the transition region, to undertake sunspot umbral seis-
mology. We propose to reverse previous theoretical work*’
and utilize measured spectral signatures to uncover phys-
ical information regarding the structure of the underlying
sunspot resonance cavity. Of particular note is the use of
He 1 10830 A observations, which are of paramount impor-

tance for upcoming next-generation solar telescopes, includ-
ing the Daniel K. Inouye Solar Telescope>>=* (DKIST, for-
merly the Advanced Technology Solar Telescope, ATST),
the European Solar Telescope® (EST) and the Indian Na-
tional Large Solar Telescope®® (NLST). He 1 10830 A obser-
vations are unique in the sense that they are magnetically sen-
sitive and the formation layer producing their spectroscopic
signatures is often considered optically thin®’, which makes
them suitable for very fast inversion routines, such as the
HAnle and Zeeman Light58 (HAZEL) and He-Line Infor-
mation Extractor>®® (HeLIx ') codes. Furthermore, being
formed in the infrared means that He 1 10830 A observations
are less prone to seeing fluctuations from ground-based obser-
vatories, as well as exhibiting increased magnetic field sensi-
tivities when compared to optical chromospheric spectropo-
larimetric signatures.

II. OVERVIEW

We have presented high resolution spectropolarimetric obser-
vations of a sunspot atmosphere captured in the Si 1 10827 A
and He 1 10830 A spectral lines. Fourier spectral energy
plots of the He 1 10830 A umbral Doppler-velocity time se-
ries revealed variable spectral slopes within the interval 18 —
27 mHz. Relatively shallow gradients (—5.4+£0.6) were found
close to the umbral core, while steeper slopes (—7.8 £ 0.6)
were linked to regions close to the umbra/penumbra bound-
ary.

To further investigate the underlying physical cause of this
phenomenon, Lare2D numerical models were employed that
made use of a scaled model®’ ‘M’ atmosphere. A vari-
ety of magnetoacoustic wave propagation distances, spanning
1700 — 2545 km, were utilized to create synthetic Doppler-
velocity time series. It was found that the spectral slope
of the numerically derived spectral energies (in the range of
18 — 27 mHz) was directly related to the stratification of the
embedded chromospheric resonance cavity. A comparison
between the observed spectral gradients and those calculated
from the Lare2D models, including consideration of the incli-
nation angles of the magnetic waveguides, revealed geometric
heights of the upper chromospheric boundary in the range of
2300 % 250 km and 1300 =+ 200 km for the umbral cores and
umbra/penumbra boundaries, respectively.

Such structuring has important implications for sunspot at-
mospheric seismology, since the umbral atmosphere can no
longer be considered as a homogeneous slab environment.
Instead, thicknesses of the chromospheric resonance layer
will need to be incorporated into seismological estimations
in order to improve the accuracy of such techniques. This
work also forms new science goals for high-resolution solar
physics, notably: (1) Do all sunspots show similar resonant
behavior? (2) Do the resonant frequencies/slopes vary in a
consistent manner depending on the position of the umbra
sampled (i.e., is the resonance cavity always thickest at the
core of the umbra)? (3) Does the McIntosh/Hale classifica-
tion and/or evolutionary stage of the sunspot effect the depth



of the chromospheric resonance cavity? and (4) Can spatially-
mapped (i.e., two-dimensional) power spectra provide accu-
rate three-dimensional models of sunspot atmospheres?

With regards to points (1-2) above, we find the cavity-
induced resonant peak at ~20 mHz. However, is this fre-
quency universal across all sunspot umbrae, or does it depend
on the atmospheric structuring of the sunspot itself? In the
present work the ~20 mHz frequency, at which the resonance
signatures peak, is independent of the cavity depth since varia-
tions in the embedded temperature stratification (i.e., the 80%,
90%, 110%, and 120% input profiles depicted in Extended
Data Fig. 4) do not yield well-defined shifts in the correspond-
ing resonant frequency spectrum. As such, the ~20 mHz res-
onant peak may be related to the pressure scale height found
in the umbral atmosphere. Previous attempts to estimate the
pressure scale height in different sunspot umbrae have pro-
duced incredibly contradictory values (e.g., ~100 — 1600 km;
ref. 62H64). As a result, the close agreement between our ob-
served and simulated spectral energies (including the resonant
peak at ~20 mHz) may be a consequence of embedding an
accurate atmospheric model derived through use of spectropo-
larimetric inversions. Furthermore, theoretical work has sug-
gested that varying umbral temperatures may lead to different
peaks in the corresponding energy spectrum of the resonating
chromospheric cavity>!. Hence, the absolute umbral temper-
atures, which correspond to the boundaries of the resonance
cavity, may have implications for the frequency correspond-
ing to the spectral peak. Presently, it is unknown what under-
lying physics produces the distinct spectral energy enhance-
ment at ~20 mHz, even though we have shown that it is a
consequence of a stable chromospheric resonance cavity (Ex-
tended Data Fig. 6). As such, future research (e.g., with the
upcoming DKIST facility) will need to employ high-precision
spectropolarimetry to ascertain whether different umbral at-
mospheric structuring (including the presence of potentially
different pressure scale heights) can shift the frequency asso-
ciated with the resonant peak.

In order to address the science objectives (1-4) listed above,
a multi-wavelength statistical study, which includes a vast as-
sortment of sunspot classifications, needs to be undertaken
to determine the general resonant properties of sunspot at-
mospheres. Of course, this is a challenging endeavor, since
a wealth of sunspot observations need to be acquired with
high spatial and temporal resolutions, complete with high-
precision polarimetry of a spectral line formed above the em-
bedded resonance cavity (e.g., He 1 10830A), all while cap-

tured during extended periods of good atmospheric seeing
conditions.

The He 1 10830 A spectral line is particularly well-suited
for this task, since the spectral energy slopes calculated will
be relatively insensitive to opacity effects. This means that
the spectral gradients are predominantly effected by the reso-
nance cavity size and the embedded thermal structure, hence
relatively independent of the precise formation height of the
line, which we find to vary from the center to the edge of
the umbra. The results documented here are also significant
for upcoming DKIST, EST and NLST operations. Simulta-
neous observations of the Si 1 10827 A and He 1 10830 A
spectral lines will be common for these upcoming facilities,
with encouragement coming from the fact that the upcom-
ing DKIST, EST and NLST facilities will have instrumenta-
tion capable of obtaining the high spatial, spectral and tem-
poral resolutions necessary to tackle this challenging task. In
particular, integral field units such as the Diffraction Limited
Near Infrared Spectropolarimeter (DL-NIRSP) instrument on
DKIST will allow the thicknesses of umbral resonance cav-
ities to be mapped from two-dimensional spectral image se-
quences, hence providing the unique ability to perform three-
dimensional sunspot atmosphere reconstructions from a rela-
tively simplistic two-dimensional spectral power map.

Importantly, wave interactions with resonance cavities are
not just limited to the field of solar physics. Other astrophys-
ical research areas, including those linked to energy transfer
in magnetars®, the search for dark-matter axions®, model-
ing of Alfvén resonances in the Earth’s ionosphere®”%”, the
study of quasi-periodicities arising from supermassive binary
black hole mergers’, the examination of strange quark mat-
ter associated with white dwarf stars”, and the quantification
of stellar mass loss rates’?, all rely heavily on an accurate
understanding of wave physics in a resonance cavity envi-
ronment. As a result, understanding the physics responsible
for the creation of resonance cavities, along with their impact
on the universe around us, is of paramount importance. Our
present work enhances the astrophysical community’s knowl-
edge on what atmospheric characteristics are required to form
a stable resonance cavity (e.g., specific temperature stratifica-
tions), what impact this has on waveforms interacting with the
cavity structure (e.g., power enhancements at well-defined fre-
quencies), and how cutting-edge numerical simulations can be
employed alongside high-precision spectropolarimetric data
products to deduce physical parameters corresponding to the
local plasma conditions (e.g., cavity depth).
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