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A Problem with Sunspot MHSE
Sunspots are stable and are considered to be in equilibrium on
dynamical timescales
For a circularly symmetric sunspot in equilibrium:
Pqs (z) = nqs (z)kTqs (z)

numerous other studies:
Gurman & House (1981), Kopp & Rabin
(1993), Balthasar & Schmidt (1993), Lites et
al. (1993), Matrinez Pillet & Vazquez (1993),
Solanki et al. (1993), Stanchfield et al.
(1997), Westendorp Plaza et al. (2001),
Livingston (2002), Penn et al. (2002, 2003a,
2003b), Mathew et al. (2004)
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Assuming:
(1) small curvature force, Fc
(2) small changes in (z) height of observation
due to RT effects
(3) constant density, n

We get a linear thermal-magnetic pressure
relation:
B 2 (r, z) ∝ Tqs (z) − Ts (r, z)
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A Possible Solution
•

In the umbra, Fc and effects of RT should
be small and cannot explain isothermal
increase in B

•

BUT the assumption that number density
is constant is not valid

•

Molecule formation

•

H₂

- decrease in number density
- release of dissociation energy
- increase in heat capacity
•

Detections in the UV
chromosphere

•

In the photosphere, from umbral
models 5%
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A Possible Solution
ABSTRACT

Context. Concentrations of H2 have been detected by SUMER in active region plage. The H2 is excited by O VI line emission at
1031.94 Å which, although not observed, must be brightening along with the observed transition region line, Si  1113.24 Å.
Aims. We investigate the excitation of H2 and demonstrate the association between the observed H2 emission and footpoints of X-ray
microflares.
Methods. We have made co-ordinated observations of active region plage with the spectrometer SUMER/SoHO in lines of H2
1119.10 Å and Si  1113.24 Å and with XRT/Hinode X-ray and SOT/Hinode Ca II filters.
Results. In six hours of observation, six of the seven H2 events seen occurred near a footpoint of a brightening X-ray loop. The
seventh is associated with an unusually strong Si  plasma outflow.
Conclusions. Microflare energy dissipation heats the chromosphere, reducing its opacity, so that O VI microflare emission is able to
reach the lower layers of the chromosphere and excite the H2 .

•

In the umbra, Fc and effects of RT should
be small and cannot explain isothermal
increase in Key
B words. molecular processes – Sun: activity – Sun: flares – Sun: UV radiation

•

BUT the1. Introduction
assumption that number density
Solar His
is strong in ultraviolet spectra of sunspots and
2 emission
is constant
not
valid
has also been seen in flares (Bartoe et al. 1979). In the quiet Sun
Molecule formation

- release of dissociation energy
- increase in heat capacity

decrease in number density
H2 (v"" = 1, X1 Σ+g ) + hν(O VI) −→ H2 (v" = 1, C1 Πu ) −→

sun-y (arcsec)

•

it is present but extremely weak (Sandlin et al. 1986). Here we
report the first observations of H2 concentrations in bright active
region plage. The observed H2 line at 1119.10 Å is the 1–3 transition in the Werner series, excited by O VI 1032 Å (Bartoe et al.
1979; Schühle et al. 1999):

Si III

CI

CI

Ca X

H2

sunspot

−→ H2 (v"" = 3, X1 Σ+g ).

•

H₂

•
•

The 1119.10 Å line is about 60 % as bright as the strongest
1–4 Werner line at 1164 Å. The H2 is believed to be formed just
above the temperature minimum at around 4200 K. Its strength
is expected to correlate with the O VI intensity, as well as with
the chromosphere structure in and above the H2 region (Jordan
et al. 1978).
In this letter, three types of H2 plage events are discussed.
The strongest coincided with ribbon-like Ca II chromospheric
brightening at a footpoint of an X-ray microflare. The second
occurred near the footpoint of a brightening X-ray loop with no
signature in Ca II, and the third had neither X-ray emission nor
a Ca II signature but very strong transition region outflow. All
three events highlighted here occurred in three hours on one of
the observing days. During the second day of observation, three
H events were detected in three hours, and all were associated

Detections in the UV
chromosphere

In the photosphere, from umbral
models 5%

wavelength (ang)

Fig. 1. SUMER spectrum
the region across
and around
the fig.1
sunspot,
SUMERofspectrum
from Innes
(2008)
taken on 29 Apr. 2007 at 02:25 UT.

2007. The region had produced several B and one C class flare
four days earlier. All events during the observing period discussed here were below B class. On each day, SUMER made six
rasters across the plage and sunspot. Each raster took 30 min.
The lines observed were H2 1119.10 Å (4.2 × 103 K), C  multiplet at 1114.39 Å and 1118.41 Å (104 K), Si  1113.24 Å
(6 × 104 K), and Ca X 2x557 Å (7 × 105 K), where the approx-
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•

In the umbra, Fc and effects of RT should
be small and cannot explain isothermal
increase in B

•

BUT the assumption that number density
is constant is not valid

•

•

Molecule formation

- decrease in number density
- release of dissociation energy
- increase in heat capacity

~5%

H₂

•

Detections in the UV
chromosphere

•

In the photosphere, from umbral
models 5%
Model M (Teff~4000 K) from Maltby et al. (1986) fig. 9

Sunspot Survey
Measure H₂

•
•

Direct detection is not easy

•
•

UV lines at chromospheric heights (and SUMER is no more)
Ro-vibrational lines in IR undetected

Must use proxy molecule

•

Hydroxide (OH)

•
•

Similar dissociation energy (OH: 4.39 eV, H₂: 4.48 eV)
Falls within 15650 Å band

Characterization of B and T

•

Spectropolarimetry of high B-sensitivity lines @ Fe I 15650 Å g=3, 1.7

Establish Evolutionary Effects

•
•

Survey
65 observations of 23 sunspots and pores over 1.5 years

Facility IR Spectropolarimeter
Telescope:
DST @ NSO/Sacramento Peak
Telescope Beam from HOAO

Features:
Diffraction limited with AO
Dual beam
4-slits for high cadence (20 min.)
High and low resolution modes

Motorized Field Steering Mirror

Slit-Jaw Return Beam

95/5 Beam Splitter
Hi-res/Lo-res Optics

Grating

Fold Mirror
Slit Unit

Fold Mirror

Wavelengths:
Fe I 6302 / Fe I 15650 Å
or
Fe I 6302 / Si I, He I 10830 Å

Cylindrical Lens

Visible Arm

IR Pick-off Mirror

Lens

Vis Pick-off
Mirror

LCVR 1
LCVR 0
FeI 6302 DWDM Filter

Lens

Lens

Runs concurrently with:
IBIS Ca II 8542 Å, Hα, G-band
camera

LCVR 1
LCVR 0
FeI15648 or HeI 10830 DWDM Filter

Wollaston Prism
Kodak 2k
CCD

Lens

Infrared Arm
Off-Axis Parabolic
Mirror

Now available for general use!
For more information see:
http:/kopiko.ifa.hawaii.edu/firs

Fold
Mirror

Wollaston Prism
Raytheon
Virgo 1k

Fe I, OH @ 15650 Å
FIRS Infrared channel

Fe I, OH @ 15650 Å
FIRS Infrared channel
OH

Fe I g=3

Fe I g=1.7

Inversion "2CMO"
Magnetic Component

2 Component Milne-Eddington
Inversion
Magnetic component
full accounting for
magneto-optical effect
and damping wings using
Voigt and Faraday-Voigt
to fit Fe I Stokes profiles
Non-magnetic component
averaged quiet sun
intensity profile

f

magnetic filling factor

B

magnetic field strength

γ

magnetic field inclination

χ

magnetic field azimuth

B₀

source function

B₁

source function gradient

λ

wavelength

Δλ doppler width
a

damping parameter

η₀ line to continuum absorption ration
Non-Magnetic Component
λs

wavelength of stray light component

1-f stray light filling factor
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Atmospheric Modeling
Atmospheres

•
•

Kurucz models 4000-7000 K
Phoenix models 2600-3900 K

Generate spectral diagnostics

•

Rybiki-Hummer (RH) radiative
transfer and chemical
equilibrium code

•

equilibrium molecular
abundances

•

spectral synthesis
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Survey Results

• Data inverted and model applied:
•B
• stray light corrected continuum T
• OH EqW(also stray light corrected) / H₂
fraction

• Results from 6 examples from the survey

NOAA 11049, 2010-02-19
Intensity

Magnetic Field

H₂ Fraction

NOAA 11046, 2010-02-13
Intensity

Magnetic Field

H₂ Fraction

NOAA 11130, 2010-12-02
Intensity

Magnetic Field

H₂ Fraction

NOAA 11101, 2010-09-02
Intensity

Magnetic Field

H₂ Fraction

NOAA 11035, 2009-12-17
Intensity

Magnetic Field

H₂ Fraction

NOAA 11131, 2010-12-06
Intensity

Magnetic Field

H₂ Fraction

Survey Results
OH, H₂ vs. T

•

good agreement of measured OH w/ synthetic spectra
from models

B² vs. T

•

•

Upturns

•
•
•

increase begins around 6000 K
spots with umbral fields > 2500 G, H₂ > 1%
steeper relations seen in mid-sized/strength spots

-

in quiescent/decay phase

No upturn

•

weak fields, little or no H₂ ( < 0.5%)

The Role of H₂
Formation of H₂
B increases

P decreases

T decreases

more rapid intensification
of B field
H₂ "runaway" formation

B²

T

The Role of H₂
Formation of H₂
B increases

P decreases

H₂ forms

more rapid intensification
of B field
H₂ "runaway" formation

B²

T

The Role of H₂
B decreases
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Destruction of H₂

H₂ is
destroyed

P increases

still some H₂

P maintained

T increases

co
ol
u

mb

B²

T

ra

compression of cool
umbra slows magnetic
field loss and decay

Conclusions

•
•

Formation of H₂ can explain the thermalmagnetic relation seen in larger sunspots

•

Upturns coincide with H₂ "turn-on"

Other implications for sunspot science

•
•

increased heat capacity in sunspots
models must include multi-component gas

Future Work

• Characterization of the non-linearity due to
RT effects and curvature force

• Using 6302/15650 Å sunspot survey
• In-depth comparison of observations and
sunspot MHD models
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