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Remote sensing of the coronal magnetic field.  

•  Measuring the hot coronal magnetic field is difficult!  
▫  Gyroresonance iso-Gauss maps from radio observations. 
▫  Forbidden M1 transitions (Fe Complicates XIII 1074.7 nm, 

etc.) 
▫  Coronal seismology (i.e. MHD wave dispersion relation) 

•  The “newly” quantified abundance of cool “chromospheric-like” 
material found in the corona offers an new opportunity.  
▫  Problem 1:  Chromospheric magnetic fields are hard too!  
▫  Problem 2: Rain is dynamic!  Large Doppler shifts on disk; fast 

translation on limb.  
▫  Problem 3: Weak signals!  

•  No silver bullet!  



Chromospheric Magnetic Field Diagnostics  

•  Longitudinal Zeeman Effect – proportional to g*lambda  
•  Transverse Zeeman Effect – 2nd order (generally weak) 
•  Hanle Effect – Atomic-level “pumping” + inclined fields; UV lines 

better due to saturation.   

•  Ca II IR Triplet (e.g. 854.2 nm)  
•  Mg h & k  
•  Na D 
•  He D3 (orthohelium)  
•  He I 1083  (orthohelium)  
•  Lyman Alpha (CLASP)  
•  H Alpha  
•  Others:  Paschen series.  Mid-IR lines?  

He I Triplet Advantages: 
1. Formation limited to narrow regions  
2. Atomic pol. radiatively controlled 
3. Spectrally flat triplet system  
4. He I 1083 nm brighter in prominence 
material than Ca II 854.2 and He D3   
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Figure 1. NOAA active region 11408 observed by FIRS and IBIS on 2012 January 29. (a) SPECKLE reconstructed broadband images from IBIS at 20:05 UT,
(b) IBIS Hα intensity image at 6562.46 Å acquired at 20:05:16 UT, (c) IBIS Ca ii intensity image at 8541.873 Å acquired at 20:04:53 UT, (d) FIRS map of the He i
relative intensity (i.e., I(λ) normalized to local continuum) at λ = 10829.995 Å. The slit, oriented parallel to the solar meridian, was scanned from solar east to west
at a rate of 0.′′64 minute−1, (e) He i Doppler velocity corrected for orbital motions and solar rotation. Solar north is up and the x- and y-axes give helioprojective
coordinates.

We address the magnetic field vector within resolved chro-
mospheric fibrils using high-resolution observations of the He i
infrared triplet. Although the utility of these three spectral lines
has been long emphasized as indicators of solar and stellar
activity (Zirin 1982; Kozlova & Somov 2003) and probes of
the chromospheric magnetic field (Harvey & Hall 1971; Rüedi
et al. 1995), only recently has the theoretical framework of its
polarized spectral line formation (Trujillo Bueno & Asensio
Ramos 2007; AR08) been met in maturity by instruments capa-
ble of measuring its weak polarization signals at spatial scales
of interest (see, e.g., Collados et al. 2007; Jaeggli et al. 2010).
Here, we discuss the polarization signatures of the He i triplet
observed within an active region (AR) superpenumbra observed
with multi-channel instrumentation at the Dunn Solar Telescope
(DST; Sections 2 and 3). A heuristic description of the mecha-
nisms inducing He i polarization is given in Section 4 to explain
the macroscopic structure seen in polarized maps of the AR.
Section 5 outlines our methods used to model the visible fibril
morphology as well as the inversion method used to infer the
magnetic field vector from the polarized spectra. A summary
and discussion of the results follow.

2. OBSERVATIONS AND DATA REDUCTION

On 2012 January 29, NOAA AR 11408 consisted of a
simple alpha-type sunspot in a bipolar configuration with
trailing plage. We targeted this region at the National Solar
Observatory’s (NSO) DST located on Sacramento Peak in
New Mexico, USA. The observations included multi-channel,
imaging and slit-type, spectroscopy and spectropolarimetry
using the Interferometric Bidimensional Spectrometer (IBIS;
Cavallini 2006; Reardon & Cavallini 2008) and the Facility
Infrared Spectropolarimeter (FIRS; Jaeggli et al. 2010). An
additional camera acquired broadband images within the 4300 Å
molecular spectral G band. All instruments were operated
simultaneously and benefited from the facility’s High Order
Adaptive Optics system (Rimmele et al. 2004) during a period
of good to excellent seeing.

Our focus here is on a single map of NOAA AR
11408 acquired in the He i triplet with the FIRS dual-beam
slit-spectropolarimeter when the AR was located at N8W35

(µ = cos Θ = 0.8). A single slit was oriented parallel to the so-
lar north–south axis and scanned across the region from east to
west with a projected step size and slit width of 0.′′3— the DST
angular resolution is limited to 0.′′36 at 10830 Å by the Rayleigh
criterion. Seventy-seven arcseconds were imaged along the slit.
A 200 step map commenced at 19:16 UT and required 94 min-
utes to complete. The common IBIS and FIRS field of view
(FOV) is illustrated in Figure 1. This deep FIRS scan mea-
sured the full Stokes state of the incoming light with a four-state
efficiency-balanced modulation scheme with 125 ms exposures.
At each step position 15 consecutive modulation sequences were
co-added for a total integration time of 7.5 s per slit position.
The final spatial sampling after reduction (described below) is
0.′′3 × 0.′′3. Spectral sampling is 38.6803 mÅ pixel−1 over a
35.74 Å spectral range. The mean noise level in the Stokes Q,
U, and V spectra is 4.0 × 10−4, 3.7 × 10−4, and 3.0 × 10−4,
respectively, in units of continuum intensity.

In congress with FIRS, high-resolution full Stokes polarime-
try was performed with IBIS, a dual Fabry–Perot interferometer,
over a 45′′ ×95′′ FOV. Full Stokes measurements were acquired
in the photospheric Fe i 6173 Å spectral line at Nλ = 16 dis-
tributed wavelength points across the line and continuum, as
well as in the chromospheric Ca ii 8542 Å line (Nλ = 20). In
addition, we performed imaging spectroscopy of the Hα 6563 Å
line (Nλ = 22). Normal reduction methods were used (see, e.g.,
Judge et al. 2010), and included full polarimetric calibration,
FOV-dependent spectral wavelength shift correction, and spatial
destretching using SPECKLE reconstructed broadband images
recorded simultaneously at 6360 Å (Wöger et al. 2008). The
entire observation cycle of the three channels lasted 50 s and
was repeated throughout all other observations.

To verify the observational geometry needed to specify the
scattering angle of the He i observations, we coaligned all
observations with continuum data from the Helioseismic and
Magnetic Imager (HMI; Scherrer et al. 2012) on board
NASA’s Solar Dynamics Observatory (SDO). We also employ
SDO/HMI magnetograms for potential field extrapolations
in Section 6.3. The standard preparation routines available
for SDO/HMI data, including aia_prep v4.13, were utilized.
All observations from the DST were coregistered and cor-
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Figure 2. Polarized maps of NOAA 11408 in the He i triplet at 10830 Å. The top
figures give Stokes Q and U for the He i blue component while the bottom plots
show the He i red component. Solar north is up and the reference direction for
Stokes Q is solar east/west. The color table is saturated as the levels given
in the color tables to show the polarization of the superpenumbral region.
The horizontal streaks in the blue component maps arise from residual small-
amplitude systematic measurement errors. The solid lines show the boundaries
of the sunspot penumbra (r = rspot) and superpenumbra (r = 2.3rspot). The
dashed lines correspond to r = 1.25rspot.

the He i triplet. The short-lived excited states of the 2p3P term
often map their “order” onto the metastable lower level.

Considering the distinctions between the blue and red He i
components, we compare and describe linearly polarized maps
of the observed region in each component (see Figure 2). To
facilitate this description, we define a cylindrical geometry
centered on the sunspot with a reference axis vertical in
the solar atmosphere and a reference plane tangent to the
solar surface. The reference direction of the polar axis points

toward the disk center in correspondence with the scattering
event geometry defined in AR08. Thus, the ray lying in the
reference plane pointing from the sunspot center toward the
disk center defines where θspot is equal to zero (see Figure 1).
The center of the sunspot is defined via a fit of a circle to
the heliographic coordinates of the external boundary of the
photospheric penumbra on the north and east sides of the
spot where the penumbra is most homogeneous in its radial
extension. This circle defines the sunspot radius (i.e., rspot).
The superpenumbral fibrils extend mostly radially outward and
have apparent endpoints within approximately 2.3 times the
sunspot radius as shown in Figure 1. A second set of fibrils then
extend in the same general direction from near this boundary
(see Figure 1).

4.1. The Zeeman-effect-dominated Region

Within the sunspot radius, the Q and U polarized maps for
the blue and red components of the He i triplet display the
familiar lobe structure that is commonly seen in such maps
of sunspots within photospheric normal Zeeman triplets. The
He i component profiles in this region (not shown) exhibit a
near symmetry about line center with the three nodes typical
of the normal transverse Zeeman effect. In the photosphere,
the four-lobe macroscopic structure found in Stokes Q and
U maps centered on a nearly circular sunspot and viewed
not too far from the disk center (µ > 0.6) is naturally ex-
plained by a simple model of a unipolar sunspot whose field
diverges symmetrically as a function of height. The four lobes
appear as a consequence of the change in the azimuthal an-
gle of the transverse component of the magnetic field rela-
tive to the LOS (see, e.g., Schlichenmaier & Collados 2002).
Such a model explains the global Q and U behavior exhibited
within the sunspot radius by the He i components in Figure 2.
As these maps are produced in the line center of each compo-
nent, they exhibit the polarization of the on-average unshifted
π -component. Assuming that the radiation absorbed origi-
nates as the unpolarized photospheric continuum, the linear
polarization of the π -component induced by the transverse
Zeeman effect is aligned perpendicular to the transverse com-
ponent of the magnetic field relative to the LOS. With the
simple model sunspot in mind, one would expect Stokes U
to be near zero and Stokes Q to be negative along the ob-
servational reference direction for Stokes Q in a Zeeman-
dominated region. This is consistent with the pattern shown
inside the sunspot radius in Figure 2 as here the refer-
ence direction for Q is in the solar east/west direction
(i.e., left/right in the figure). This region can be considered
to be Zeeman-dominated, and consequently the magnetic field
strengths are expected to be on the order of a kilogauss.

4.2. Atomic-level Polarization in the Superpenumbral Region

Just beyond the external boundary of the sunspot penumbra
(i.e., r = rspot), the global pattern of the linear polarization
markedly changes particularly in the red component. The sign
of Q and U in the red component changes sign with respect
to the lobe structure in the Zeeman-dominated region. This
is a consequence of the atomic-level polarization beginning
to dominate the polarization of the transverse Zeeman effect.
To better illustrate this, we extract the observed profiles at
a constant distance from sunspot center (r = 1.25rspot) and
display them in Figure 3 stacked according to their angular
position where θspot = 0 points toward disk center. For θspot
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Figure 2. Polarized maps of NOAA 11408 in the He i triplet at 10830 Å. The top
figures give Stokes Q and U for the He i blue component while the bottom plots
show the He i red component. Solar north is up and the reference direction for
Stokes Q is solar east/west. The color table is saturated as the levels given
in the color tables to show the polarization of the superpenumbral region.
The horizontal streaks in the blue component maps arise from residual small-
amplitude systematic measurement errors. The solid lines show the boundaries
of the sunspot penumbra (r = rspot) and superpenumbra (r = 2.3rspot). The
dashed lines correspond to r = 1.25rspot.

the He i triplet. The short-lived excited states of the 2p3P term
often map their “order” onto the metastable lower level.

Considering the distinctions between the blue and red He i
components, we compare and describe linearly polarized maps
of the observed region in each component (see Figure 2). To
facilitate this description, we define a cylindrical geometry
centered on the sunspot with a reference axis vertical in
the solar atmosphere and a reference plane tangent to the
solar surface. The reference direction of the polar axis points

toward the disk center in correspondence with the scattering
event geometry defined in AR08. Thus, the ray lying in the
reference plane pointing from the sunspot center toward the
disk center defines where θspot is equal to zero (see Figure 1).
The center of the sunspot is defined via a fit of a circle to
the heliographic coordinates of the external boundary of the
photospheric penumbra on the north and east sides of the
spot where the penumbra is most homogeneous in its radial
extension. This circle defines the sunspot radius (i.e., rspot).
The superpenumbral fibrils extend mostly radially outward and
have apparent endpoints within approximately 2.3 times the
sunspot radius as shown in Figure 1. A second set of fibrils then
extend in the same general direction from near this boundary
(see Figure 1).

4.1. The Zeeman-effect-dominated Region

Within the sunspot radius, the Q and U polarized maps for
the blue and red components of the He i triplet display the
familiar lobe structure that is commonly seen in such maps
of sunspots within photospheric normal Zeeman triplets. The
He i component profiles in this region (not shown) exhibit a
near symmetry about line center with the three nodes typical
of the normal transverse Zeeman effect. In the photosphere,
the four-lobe macroscopic structure found in Stokes Q and
U maps centered on a nearly circular sunspot and viewed
not too far from the disk center (µ > 0.6) is naturally ex-
plained by a simple model of a unipolar sunspot whose field
diverges symmetrically as a function of height. The four lobes
appear as a consequence of the change in the azimuthal an-
gle of the transverse component of the magnetic field rela-
tive to the LOS (see, e.g., Schlichenmaier & Collados 2002).
Such a model explains the global Q and U behavior exhibited
within the sunspot radius by the He i components in Figure 2.
As these maps are produced in the line center of each compo-
nent, they exhibit the polarization of the on-average unshifted
π -component. Assuming that the radiation absorbed origi-
nates as the unpolarized photospheric continuum, the linear
polarization of the π -component induced by the transverse
Zeeman effect is aligned perpendicular to the transverse com-
ponent of the magnetic field relative to the LOS. With the
simple model sunspot in mind, one would expect Stokes U
to be near zero and Stokes Q to be negative along the ob-
servational reference direction for Stokes Q in a Zeeman-
dominated region. This is consistent with the pattern shown
inside the sunspot radius in Figure 2 as here the refer-
ence direction for Q is in the solar east/west direction
(i.e., left/right in the figure). This region can be considered
to be Zeeman-dominated, and consequently the magnetic field
strengths are expected to be on the order of a kilogauss.

4.2. Atomic-level Polarization in the Superpenumbral Region

Just beyond the external boundary of the sunspot penumbra
(i.e., r = rspot), the global pattern of the linear polarization
markedly changes particularly in the red component. The sign
of Q and U in the red component changes sign with respect
to the lobe structure in the Zeeman-dominated region. This
is a consequence of the atomic-level polarization beginning
to dominate the polarization of the transverse Zeeman effect.
To better illustrate this, we extract the observed profiles at
a constant distance from sunspot center (r = 1.25rspot) and
display them in Figure 3 stacked according to their angular
position where θspot = 0 points toward disk center. For θspot
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Figure 3. Angular variation of the He i Stokes profiles around the sunspot at a constant radius of 1.25 times the sunspot radius. The vertical dashed lines indicate the
rest wavelengths of the three He i triplet transitions. Only weak traces of the transverse Zeeman effect are noticeable in the linearly polarized Q and U profiles. Rather,
the mostly single-peaked, nearly Gaussian, characteristics of the Q and U profiles along with the opposite signed polarization in the blue and red components offer
clear evidence for the prevalence of scattering polarization induced in the superpenumbra.

greater than 90◦ and less than 250◦, Stokes Q and U show
profiles clearly influenced by atomic-level polarization which
can be distinguished despite the high level of noise in Stokes Q.
The only traces of a Zeeman-induced π -component situated
between σ components of opposite sign are recognizable in
the He i red component for 140◦ > θspot > 90◦. Furthermore,
the red and blue components exhibit opposite signs indicating
that selective absorption and emission processes are at work as
discussed above. From an observer’s point of view, the opposite
signs of the two components gives a beneficial indication that
the level of intensity crosstalk in Stokes Q and U is negligible.

Since Q and U are atomic-level polarization dominated in
this region, the upper bound for magnetic field strengths is
in the range of a few hundred Gauss (B ! 500 G). The
amplitude of Stokes V sets the lower bound, indicating that
field strengths are in the saturated regime of the Hanle effect.
For the He i 10830 Å triplet, the onset of Hanle saturation is
near 8 G and 1 G for the upper level and lower level Hanle
effects, respectively (AR08). Consequently, the degree of linear
polarization is not sensitive to the magnetic field strength within
the superpenumbral region, but is only sensitive to the direction
of the magnetic field. To constrain the full magnetic field
vector of superpenumbral fibrils, we require the detection of
a significant level of circular polarization (i.e., Stokes V). For
this reason, an oblique observing geometry where the sunspot
is not too near the disk center is preferred over a disk-center
perspective since fibrils are likely to be horizontal to the solar
surface.

In the saturated Hanle regime, the population imbalances in-
duced by anisotropic radiative pumping lead to linear polariza-
tion oriented either parallel or perpendicular to the horizontal
component of the magnetic field (Trujillo Bueno & Asensio
Ramos 2007). Classical determinations of the scattering phase
matrix (see, e.g., Section 5.8 of Landi Degl’Innocenti &
Landolfi 2004) can be used to illustrate this principle for the

classical analog of an “unpolarized” lower level (i.e., Jl = 0)
and a polarizable upper level with Ju = 1, and further illumi-
nates the so-called Van Vleck effect. Upper level population
pumping favors either the π or the σ (∆M = ±1) transitions
for this transition according to the Van Vleck angle θV defined
when the angle between the radiation symmetry axis and the
magnetic field is 54.◦74. For the classical analog, one would ex-
pect selective emission processes to generate linear polarization
parallel to the magnetic field for inclinations θB (w.r.t. to the
solar vertical and the radiation symmetry axis) greater than θV

and less than (π − θV ), and linear polarization perpendicular to
the magnetic field otherwise. Multiterm calculations for the He i
red component indicate that these expectations also apply to the
collective behavior of the two red transitions. Consider once
again the simple model sunspot and make the common assump-
tion that superpenumbral fibrils are oriented mostly horizontal
to the solar surface (i.e., θB = 90◦) and extend radially from the
sunspot. The induced atomic-level polarization for the red tran-
sitions is then expected to be parallel to the magnetic field, in
fact the opposite of the polarization of the π -component for the
Zeeman-dominated profiles discussed in the previous section.
The sign change in Q and U for the red component as a function
of radius observed in Figure 2 can thus be explained by and
offers evidence for the near horizontal and radial orientation of
superpenumbral fibrils.

Lower level depopulation and repopulation processes com-
plicate the interpretation of the polarization of the blue He i
component (see Trujillo Bueno et al. (2002) for a complete
discussion of optical pumping within the He i triplet). As can
be seen in Figures 2 and 3, the observed linear polarization in
the blue component has the opposite orientation compared to
the red component and can be seen to agree in pattern with the
lobe structure of the Zeeman-dominated region. If one assumes
that the decay of the polarized, short-lived upper levels accounts
for the polarization of the lower level in a repopulation scenario,

6

Schad, Penn, & Lin (2013)  



He I Vector Field Maps (Schad et al. 2015, in press.) 

* He I inversions using pHAZEL (Asensio Ramos et al. 2008) 
* Simple AZAM-like disambiguation  



And now, on to coronal rain observations… 
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Figure 7. (left) Coronal drainage channels characterized by high Doppler shifts in the He I data cube obtained by FIRS. The paths are traced by examining the
full spectral cube using CRISPEX and overplotted here on a DST G-band image. (right) He I Stokes I and V spectra gleaned along channel #5 in the left image.
The y-axis gives the projected distance as measured along the path, referenced to the endpoint within the sunspot umbra. White dashed line denote the rest
positions for the He I triplet spectral lines, while the dark dashed lines indicate the Doppler shift of the He I red component for three LOS velocity values. We
bring additional attention to the presence of He I emission features both in the fast He I component, and also at rest near the bottom of the frame.

(see Figure 7) provides a useful velocity constraint. However,
the fits are not optimized for the polarized spectra; so we ig-
nore the returned magnetic field parameters. The polarized
spectra are analyzed more deeply in a forthcoming publica-
tion (Schad et al. 2013a).

Table 2 outlines the inversion scheme for a two component
(i.e. two independent slabs) model using HAZEL. The model
parameters fit for each slab are the slab optical thickness (∆τ ,
thermal (Doppler) width (vth), magnetic field vector param-
eters (B,θB,χB), and the macroscopic LOS velocity (vmac).
The profiles also contain a voigt damping parameter, which is
fixed according to thermal broadening effect only. Inversions
are performed only for spectra within 2" of the traced paths
(Figure 7), for which we extend our velocity constraints found
above in the direction perpendicular to the primary axis of the
loop. Note, however, that prior to the HAZEL inversions, we
fit the spectra with a two-component Milne-Eddington model
using HELIX+, since the efficiency of the DIRECT optimiza-
tion algorithm used by HAZEL degrades as the size of the pa-
rameter domain increases. A Milne-Eddington (ME) model,
as found in the HELIX+ code, requires significantly less com-
putational time to calculate, such that the velocities of a two-
component ME model are rapidly located. These values are
inputted into the HAZEL inversions at the start of the inver-
sion process, but then adjusted in the final stage of the inver-
sion utilizing the Levenburg-Marquardt (LM) minimization
algorithm.

6.2. He I Spectroscopy Results

6.2.1. Spatial Distribution of Fast Material

Figures 7 and 8 display a spatial distribution of fast He I ma-
terial consistent with the expansion of individually absorpting
channels of material within a larger construct of an expanding
coronal structure/loop. The optical depth of the fast He I spec-
tra varies greatly from channel to channel (see middle panel of
Fig. 8). Many of the channels contain such weak absorption
that the spectra cannot be fit well by HAZEL. The parame-
ters of these spectra are not shown in Figure 8. Meanwhile,
the FIRS channels associated with the darkest EUV features

in the SDO/AIA images (#4 and #5) are strongly absorping in
He I, with slab thicknesses between 0.3 and 0.5 (where∆τ = 1
refers to the optically thick boundary).

Despite the tracking issues experienced at the DST during
the FIRS scan, our corrective measures produces continuous
loop-like channels in Figure 8. These channels range in width
between 650 to 2100 km, substantially larger than the fine-
scaled coronal rain features (widths of 100 - 600 km) mea-
sured by Antolin & Rouppe van der Voort (2012). Although
we are able to constrain the heights along the most prominent
feature with stereoscopy, the height profiles of the other chan-
nels are difficult to establish, particularly at the presumably
low heights of these channels near the sunspot. Loops #5 thru
#13 are likely rooted along the penumbral filaments protrud-
ing into the umbra since their apparent endpoints all terminate
near this feature. Note that Loop #5 presents a gap in the maps
of Figure 8 directly within the umbrae. This is caused by the
profiles slipping into emission prior to their highest velocities
(see also the spectra within Figure 7).

One way to estimate the photospheric area from which this
loop system originates is by invoking flux conservation and
a number of assumptions. Modeling the system as a circular
tube of flux and assuming the loops traced in the He I data
represent the full extent of the feature, the tube has a radius of
approximately 25” near the upper left portion of the images
in Figures 7 and 8. For an assummed magnetic field strength
of 25 to 75 Gauss along this slice and a photospheric flux
of 2000 G (gleaned from the HMI magnetic field data), we
estimate the tube’s radius at the photosphere is between 2.8”
and 5.6”. This estimate likely overestimates the footpoint size
of the loop system.

6.2.2. Line-of-sight Velocities

A map of light-of-sight velocities (corrected for orbital mo-
tions) confirms the acceleration of material along the loops
towards the sunspot umbra, suggesting the drainage of mate-
rial from above (see top of Figure 8. Surprisingly, not much
variations is witnessed in the peak speeds near the sunspot;
rather, most of the material reaching the sunspot is traveling
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Figure 7. (left) Coronal drainage channels characterized by high Doppler shifts in the He I data cube obtained by FIRS. The paths are traced by examining the
full spectral cube using CRISPEX and overplotted here on a DST G-band image. (right) He I Stokes I and V spectra gleaned along channel #5 in the left image.
The y-axis gives the projected distance as measured along the path, referenced to the endpoint within the sunspot umbra. White dashed line denote the rest
positions for the He I triplet spectral lines, while the dark dashed lines indicate the Doppler shift of the He I red component for three LOS velocity values. We
bring additional attention to the presence of He I emission features both in the fast He I component, and also at rest near the bottom of the frame.

(see Figure 7) provides a useful velocity constraint. However,
the fits are not optimized for the polarized spectra; so we ig-
nore the returned magnetic field parameters. The polarized
spectra are analyzed more deeply in a forthcoming publica-
tion (Schad et al. 2013a).

Table 2 outlines the inversion scheme for a two component
(i.e. two independent slabs) model using HAZEL. The model
parameters fit for each slab are the slab optical thickness (∆τ ,
thermal (Doppler) width (vth), magnetic field vector param-
eters (B,θB,χB), and the macroscopic LOS velocity (vmac).
The profiles also contain a voigt damping parameter, which is
fixed according to thermal broadening effect only. Inversions
are performed only for spectra within 2" of the traced paths
(Figure 7), for which we extend our velocity constraints found
above in the direction perpendicular to the primary axis of the
loop. Note, however, that prior to the HAZEL inversions, we
fit the spectra with a two-component Milne-Eddington model
using HELIX+, since the efficiency of the DIRECT optimiza-
tion algorithm used by HAZEL degrades as the size of the pa-
rameter domain increases. A Milne-Eddington (ME) model,
as found in the HELIX+ code, requires significantly less com-
putational time to calculate, such that the velocities of a two-
component ME model are rapidly located. These values are
inputted into the HAZEL inversions at the start of the inver-
sion process, but then adjusted in the final stage of the inver-
sion utilizing the Levenburg-Marquardt (LM) minimization
algorithm.

6.2. He I Spectroscopy Results

6.2.1. Spatial Distribution of Fast Material

Figures 7 and 8 display a spatial distribution of fast He I ma-
terial consistent with the expansion of individually absorpting
channels of material within a larger construct of an expanding
coronal structure/loop. The optical depth of the fast He I spec-
tra varies greatly from channel to channel (see middle panel of
Fig. 8). Many of the channels contain such weak absorption
that the spectra cannot be fit well by HAZEL. The parame-
ters of these spectra are not shown in Figure 8. Meanwhile,
the FIRS channels associated with the darkest EUV features

in the SDO/AIA images (#4 and #5) are strongly absorping in
He I, with slab thicknesses between 0.3 and 0.5 (where∆τ = 1
refers to the optically thick boundary).

Despite the tracking issues experienced at the DST during
the FIRS scan, our corrective measures produces continuous
loop-like channels in Figure 8. These channels range in width
between 650 to 2100 km, substantially larger than the fine-
scaled coronal rain features (widths of 100 - 600 km) mea-
sured by Antolin & Rouppe van der Voort (2012). Although
we are able to constrain the heights along the most prominent
feature with stereoscopy, the height profiles of the other chan-
nels are difficult to establish, particularly at the presumably
low heights of these channels near the sunspot. Loops #5 thru
#13 are likely rooted along the penumbral filaments protrud-
ing into the umbra since their apparent endpoints all terminate
near this feature. Note that Loop #5 presents a gap in the maps
of Figure 8 directly within the umbrae. This is caused by the
profiles slipping into emission prior to their highest velocities
(see also the spectra within Figure 7).

One way to estimate the photospheric area from which this
loop system originates is by invoking flux conservation and
a number of assumptions. Modeling the system as a circular
tube of flux and assuming the loops traced in the He I data
represent the full extent of the feature, the tube has a radius of
approximately 25” near the upper left portion of the images
in Figures 7 and 8. For an assummed magnetic field strength
of 25 to 75 Gauss along this slice and a photospheric flux
of 2000 G (gleaned from the HMI magnetic field data), we
estimate the tube’s radius at the photosphere is between 2.8”
and 5.6”. This estimate likely overestimates the footpoint size
of the loop system.

6.2.2. Line-of-sight Velocities

A map of light-of-sight velocities (corrected for orbital mo-
tions) confirms the acceleration of material along the loops
towards the sunspot umbra, suggesting the drainage of mate-
rial from above (see top of Figure 8. Surprisingly, not much
variations is witnessed in the peak speeds near the sunspot;
rather, most of the material reaching the sunspot is traveling





CRISPEX illustration of FIRS data cube…. 



-  23 channels identified 
in the FIRS data set.  

-  Thanks CRISPEX!  

-  Now, what is this flow?  



Associated with the formation of a coronal cloud filament… 



Show SDO/AIA 171 and 211 movies… 





What about a 
stereoscopic view?  



Show SDO/AIA 171 and STEREO/A 171 movie… 





He I Polarimetry… 





Observation notes.. 

•  0.3’’ sampling by FIRS, 218 slit positions 
•  λ/δλ ~ 280000; δλ = 38.4 milliAngstrom 
•  1 sec total integration time 
•  Scan time of the full region ~ 32 minutes 
•  [Q,U,V] noise level à [1, 0.92, 1.3] x 10^-3 Ic 









Every He I spectra 
inverted 50 times by Helix
+ (Lagg et al. 2007; 
Trujillo Bueno & Asensio 
Ramos 2007) 



Impacting the lower atmosphere… 











Summary  

•  Cooled coronal material may be our best means to probe the fine-
scaling of the coronal magnetic field in the near future.  

•  He I 1083 is a good tool, but signal is going to be challenging for 
small scale coronal blobs.   

•  What diagnostics do we need?  Any prediction for the magnitude of 
electric fields?  


