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Abstract

The measurement of Doppler shift in solar emission
lines is essential for the determination of the bulk
flow velocity of the solar atmosphere. Measuring this
quantity over a 2D field-of-view with high spatial,
spectral and temporal resolution is important for
driving and testing models of the solar atmosphere,
but current instruments are incapable of achieving
this in EUV and FUV. Using a computed tomography
imaging spectrograph known as MOSES (Multi-Order
Solar EUV Spectrograph) and an inversion algorithm
utilizing convolutional neural networks, we develop a
technique to recover the Doppler shift over a wide

field-of-view with arcsecond resolution. We apply this
technique to the data from the MOSES I flight.

-
MOSES Instrument

The slit employed by traditional spectrographs allows
the spectrum of any given slice of the sun to be inter-
preted unambiguously. However, because of the slit,
two-dimensional views of the Sun can only be acquired
through the process of rastering , which confuses space
and time. While rastering is adequate for 2D charac-
terization of events with timescales much longer than
the exposure time of the instrument, events on smaller
timescales must be observed using a different method.

MOSES is an instrument that recovers spectral
information over a wide 2D field-of-view by removing
the slit employed by traditional spectrographs. This
design choice overlaps spatial and spectral informa-
tion onto an imaging sensor. Deprojection of space
and spectrum along the MOSES dispersion direction
1s a problem in computed tomography, which we make
easier by choosing a narrow passband dominated by
a single spectral line, He1r A304 A. Computational
inversion algorithms are applied to images at three
diffraction orders to separate the spatial/spectral
information and recover spectral information over a
large 2D area of the Sun.
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Figure 1: Visualization describing how MOSES
projects spectral and spatial information onto a
imaging sensor [1]. A dense object in x — A space
appears to have relative shifts as imaged from different
diffraction orders. This operation is generally non-
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In principle, information could be extracted from MOSES
observations by using a forward model of MOSES and
previous spectral observations to construct a dictionary
of spectral features and their corresponding MOSES
signature. Observations could then be matched to entries
in this dictionary to recover spectral information.

We can approximate the above brute-force approach
using a convolutional neural network. Tradtional neural
networks can approximate an arbitrary vector-valued
function, f(x), by using weighted combinations of
nonlinear, monotonic functions of the input x. The
weights form a set of free parameters and are found
through an optimization procedure known as training,
where the network is presented with enough example
points on f(x) as required for convergence. Neural
networks are often layered to increase the number of
free parameters and thus the quality of the approxima-
tion. If f(x) is translation invariant (as for the MOSES
inversion), it is appropriate to use convolutional neural
networks where a number of small neural networks (called
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filters) are convolved with the input vector to approxi-
mate f(x) while maintaining the property of translation
invariance.

We implemented a convolutional neural network to
estimate the Doppler shift as a function of two MOSES
images. Spectra from the Interface Region Imaging
Spectrograph (IRIS) were taken as an analogue to the
MOSES Hell line to train the network. Si1v was chosen
because of the abundantly available spectra for training.
While Si1v is formed differently from He11, both exhibit
complex line profiles typical of lower transition region
dynamics. The first moment in the spectral dimension
of the IRIS observations was defined as the true Doppler
shift and was used to direct training.

In Figure 2 we can see the operation of a simple version
of our network. Each row contains a flattened 3D filter
(weight matrix) and a 2D slice of an ‘activation cube’
(AC). Each slice of the AC is found by performing a 3D
convolution on the AC below. The colors associate slices
of the 3D kernel with the appropriate slice of the AC.
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Results
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Figure 5: Dopplergram of frame 21 of the 2005 MOSES
I observation generated by taking the average result of
our method applied to the zero-plus and the zero-minus
image combinations. The vertical scale on the legend

(Left) The walue of

the true Doppler velocity (orange) is
plotted against the recovered Doppler
velocity (blue) over the original IRIS
image, rebinned into MOSES pizxels
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Figure 4: (Above) Histogram plot-
ting the true welocity against the
recovered velocity for the 25% most
intense synthetic MOSES pizels in
the validation dataset.
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Figure 2: Demonstration of a simple Doppler inversion
convolutional neural network.

Layer 3

Discussion

The results appear to be reasonably smooth in both
time and space. There are a myriad of dynamic
events to watch over the 15 frames of the observation.
Possibly the most interesting is that this method high-
lights loops, which may provide a robust technique for
tracking and isolating loops.

The main source of error in this result is the non-
trivial MOSES point-spread-function (PSF). The PSF
introduces astigmatism into the outboard orders that
can be erroneously interpreted as a Doppler shift. For
this analysis, no attempt was made to mitigate the
effects of the PSF, so these results are only valid on
scales larger than the PSF (about 9 MOSES pixels).
Mitigating this source of error is an important goal for
future work.

The Doppler shifts yielded by our analysis are all
much slower than the sound speed. This is in contrast
to earlier results from 1] and [2| that recover velocities
comparable to the sound speed, especially for impul-
sive events such as the Fox event.

In future work we aim to find higher moments
of transition region spectra using MOSES and its

successor the EUV Snapshot Imaging Spectrograph
(ESIS), expected to fly in 2018.
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Figure 6: Magnified regions of frame 21 of the MOSES
I dataset. From left to right: the m = —1,0,4+1 MOSES
images, Doppler velocity map, intensity-velocity map.

indicates wvelocity wn units of km/s and the horizontal
scale indicates intensity in arbitrary units. Spatial units
are i arcsec. Solar north s directed upward.

wnvertible, and physical constraints must be used to
limit the possible interpretations of MOSES images




