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ABSTRACT

Context. Optical flow methods aim to infer horizontal (transverse, in the general case) velocities in the solar atmosphere from the
temporal changes in maps of physical quantities, such as intensity or magnetic field. So far, these methods have mostly been tested
and applied to the continuum intensity and line-of-sight (LOS) magnetic field in the low to mid-photosphere.

Aims. We tested whether simultaneous spectropolarimetric imaging in two magnetically sensitive optical spectral lines, which probe
two different layers of the solar atmosphere (the photosphere and the temperature minimum), can help constrain the depth variation
of horizontal flows.

Methods. We first tested the feasibility of our method using Fourier local correlation tracking (FLCT) to track physical quantities at
different optical depths (log 7500 = —1, -2, -3, —4) in an atmosphere simulated with the MURaM code. We then inferred the horizon-
tal distribution of the LOS magnetic field component from synthetic spectropolarimetric observations of Fe1525.0 nm and Mg1b2
spectral lines, applied FLCT to the time sequence of these synthetic magnetograms, and compared our findings with the original
height-dependent horizontal velocities.

Results. Tracking the LOS magnetic field component (which coincides with the vertical component at the disk center) yields horizon-
tal velocities that, after appropriate temporal and spatial averaging, agree excellently with the horizontal component of the simulated
velocities, both calculated at constant 7sgy surfaces, up to the temperature minimum (log 7500 = —3). When tracking the temperature at
constant Tsq surfaces, this agreement already breaks down completely at the mid photosphere (log 7500 = —2). Tracking the vertical
component of the magnetic field inferred from synthetic observations of the Fe1525.0 nm and the Mg Ib2 spectral lines yields a sat-
isfactory inference of the horizontal velocities in the mid-photosphere (log 7500 ~ —1) and the temperature minimum (log 7509 ~ —3),
respectively.

Conclusions. Our results indicate that high-spatial-resolution spectropolarimetric imaging in solar spectral lines can provide mean-
ingful information about the horizontal plasma velocities over a range of heights.

Key words. Sun: atmosphere — Sun: magnetic fields — Sun: photosphere

1. Introduction

The structure and dynamics of the solar lower atmosphere are
driven by interaction between plasma motions and the magnetic
field on various spatial scales. In the quiet Sun (QS), in weakly
magnetized regions where the magnetic field strength is often
below the equipartition value between the magnetic and dynamic
pressure (i.e., well below 1kG), the magnetic field structure
is largely determined by plasma motions. By probing plasma
dynamics, we can understand the transport and amplification of
the magnetic field, as described by the induction equation for an
ideal, infinitely conducting fluid:
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where v is the velocity vector and B is the magnetic field
vector. Therefore, the velocity field is a crucial parameter for
understanding solar magnetism on various scales, including,
but not limited to, mean-field theories of the solar dynamo
(e.g., Charbonneau 2010), small-scale dynamo processes (e.g.,
Rempel 2014), energy transport from the photosphere upward
(Welsch 2015; Tilipman et al. 2023), and magnetohydrodynamic
(MHD) wave studies (Skirvin et al. 2024). Estimating plasma
velocities also allows us to quantify the energy and mass trans-
port associated with various scales of solar convection (e.g.,
Nordlund et al. 2009), waves (e.g., Arregui 2015), or swirls
(Liu et al. 2019).

The line-of-sight (LOS) component of the plasma velocity
is typically estimated from the Doppler effect by using sim-
ple line core fitting, bisector techniques, or spectropolarimetric
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inversion techniques, which provide depth-dependent vari-
ations of velocity and other physical parameters (e.g.,
de la Cruz Rodriguez & van Noort 2017). The transverse veloc-
ity component (corresponding to horizontal motions at the disk
center) is often probed through optical flows. The term opti-
cal flow, originally coined for computer vision applications (see
the discussion in Schuck 2006), refers to the apparent motion
of a feature, inferred from images taken at different times
(Chae & Sakurai 2008). Hence, tracking optical flows involves
using one or more techniques to recover the transverse veloc-
ity field of the plasma. To derive horizontal velocities using
tracking methods, a time series of continuum intensity images
or LOS magnetograms (maps of the magnetic field By og at dif-
ferent times) is required (Welsch et al. 2007; Verma et al. 2013).
The choice between the two is often based on where the track-
ing is performed (e.g., quiet Sun versus active regions). Over
the years, various methods for tracking flows have been devel-
oped, but the most commonly used and well-known optical flow
method is local correlation tracking (LCT; November & Simon
1988). As the name suggests, it is a local method: the velocity
at a given pixel is based on image values within a small area
centered on that pixel (Chae & Sakurai 2008).

Fourier local correlation tracking (FLCT; Welsch et al. 2004;
Fisher & Welsch 2008), that is, the use of Fourier techniques to
calculate correlations, is a faster and more accurate variation of
LCT that has been widely applied in solar atmosphere diagnos-
tics. For example, Welsch et al. (2004) applied FLCT to measure
the rate of magnetic helicity injected into the corona through
the photosphere. Liu et al. (2019) applied FLCT to intensity
images obtained by the Solar Optical Telescope (SOT) aboard
the Hinode satellite to infer the average radius and rotation speed
of photospheric and chromospheric swirls. Moreover, Li et al.
(2021) used FLCT to estimate the velocities of supra-arcade
downflows (SADs), the plasma voids associated with flare loops.
Fisher et al. (2020) used the FLCT code to determine horizontal
velocities and their contribution to the noninductive electric field
as part of their PTD-Doppler-FLCT-Ideal (where PTD stands
for poloidal-toroidal decomposition) software library, PDFI_SS,
which computes the electric field at the Sun’s photosphere
(Kazachenko et al. 2014; Lumme et al. 2019).

Multiple studies have benchmarked the performance of
the LCT and FLCT techniques by applying them to syn-
thetic intensity maps and magnetograms produced by vari-
ous magnetohydrodynamic (MHD) simulations of the solar
photosphere (see, e.g., Rieutord et al. 2001; Verma et al. 2013;
Kazachenko et al. 2014; Tremblay et al. 2018; Afanasyev et al.
2021). These benchmarks aim to synthesize observables, apply
tracking techniques to them, and compare the results with the
original horizontal velocities. For example, Loptien et al. (2016)
explained some of the biases in LCT techniques by applying
FLCT to continuum images obtained with the Helioseismic and
Magnetic Imager (HMI) on board the Solar Dynamics Obser-
vatory (SDO; Schou et al. 2012) and to images generated from
STAGGER code simulations (Stein 2012), showing that both
exhibit a shrinking-Sun effect of comparable magnitude. The
term “Shrinking-Sun” refers to a systematic error that appears
as a flow converging towards the disk center, which is super-
imposed on real flows and can reach up to 1km/s. In general,
these benchmarks focus on applying FLCT either to continuum
images or to photospheric magnetograms.

In this work, we test the feasibility of recovering plasma
flows at multiple atmospheric heights, from the base of the pho-
tosphere to the temperature minimum. To this end, we applied
FLCT to the time series of the simulated continuum inten-
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sity, temperature, 7', and the vertical component of the mag-
netic field, B, at multiple optical depths, from log1sg9 = 0
to logtsoo0 = —4, and compared the resulting velocities with
the original simulation values. We then repeated the same test
by tracking magnetograms inferred from synthetic observations
of the neutral iron line at 525.02nm and the b2 line of neu-
tral magnesium at 517.2 nm, which probe the mid-photosphere
(logts00 ® —1) and the temperature minimum (log 7509 = —3),
respectively. The motivation for using spectral lines lies in their
sensitivity to different depths in the solar atmosphere. Specif-
ically, the monochromatic absorption coefficient of the solar
plasma increases rapidly with wavelength toward the line cen-
ter, with substantial changes occurring on picometer scales.
This leads to different formation heights for radiation observed
at the continuum and line wavelengths. Therefore, interpreting
time-dependent multi-line observations using spectropolarimet-
ric inversions (de la Cruz Rodriguez & van Noort 2017) should
allow tracking of flows across different layers of the solar atmo-
sphere (different values of optical depth 7sg9, i.e., height z).
Spectral lines also provide a means to infer the LOS velocity
through the Doppler effect, and thus probe all three components
of the velocity vector. This is especially important in the con-
text of existing and upcoming high-resolution observations of
the solar atmosphere obtained with imaging spectropolarimeters
such as SST/CRISP (Scharmer et al. 2008), SUNRISE/TuMag
(del Toro Iniesta et al. 2025), and DKIST/VTF (Schmidt et al.
2016), or with integral field units such as Microlensed Hyper-
spectral Imager (MiHI; van Noort et al. 2022) or Helium Spec-
tropolarimeter (HeSP, see Leenaarts et al. 2025). Both the cre-
ation and interpretation of spectropolarimetric data, and the
analysis of multi-height flows, distinguish this work from pre-
vious studies that used simulated data to characterize the
fidelity of flow reconstruction techniques (e.g., Verma et al.
2013; Tremblay et al. 2018).

This paper is organized as follows. In Sect. 2, we describe
the basics of the FLCT method, the simulations we used, and
the choice of quantities to track. Section 3 presents the verifica-
tion of the FLCT applied to continuum intensity and the vertical
component of the magnetic field at the base of the photosphere
for these specific simulations, followed by the results of tracking
applied to the time series of temperature and B, maps at differ-
ent optical depths (log7sgo = —1 to log 7599 = —4). Section 4
presents a proof-of-concept study performed on synthetic SUN-
RISE/TuMag data in two spectral lines. Finally, Sect. 5 summa-
rizes our conclusions and outlines future tests and applications.

2. Methods
2.1. FLCT

Fourier local correlation tracking (FLCT) is a variation of the
often used and well-known optical flow method in the solar
research community, LCT (Welsch et al. 2004; Fisher & Welsch
2008). The FLCT code uses Fourier cross-correlation of the
quantity X;(x,y,t;) with the quantity X,(x,y,t;) (where the
subscripts i and f refer to the initial and final time steps,
respectively) near a given centered pixel to determine the two-
component displacement As of the structure near that pixel.
Division by At results in a velocity estimate, v. The correlation
is localized by weighting each image with a Gaussian window
function,

F(r) = exp(—1* /™). 2)
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Here, r denotes the distance from the pixel at which the vector
v is estimated (Welsch et al. 2012). The full width at half max-
imum (FWHM) of the Gaussian weighting is equal to 1.665¢c,
and FWHM is used instead of o throughout this paper. In other
words, FLCT applies an apodization or windowing function,
with a user-defined FWHM, to the initial and final images (maps)
of the time series and determines the most likely displacement
for each pixel from the correlations. The size of the apodizing
window (i.e., the Gaussian-shaped weighting function) should
approximately match the spatial scale of the structure being
tracked.

It is important to note that optical flows do not always rep-
resent actual horizontal plasma motions. For example, as dis-
cussed by Demoulin & Berger (2003), optical tracking methods
applied to magnetograms may incorporate apparent motions that
do not correspond to true horizontal plasma motions, but instead
arise from the emergence of inclined magnetic structures. This
occurs because the methods in question consider only the verti-
cal component of the magnetic field and assume that its changes
are driven by horizontal plasma motion. However, the verti-
cal plasma velocity can also contribute because when a tilted
flux tube rises through the photosphere, its intersection with the
photosphere moves. The authors concluded that tracking meth-
ods that follow photospheric footpoints of flux tubes measure a
weighted sum of both vertical and horizontal velocities, rather
than only horizontal (see also Welsch et al. 2004, 2012). Nev-
ertheless, optical flows are found to be highly correlated with
plasma velocity fields at scales larger than 2.5 Mm, and the cor-
relation can be further improved by computing time averages of
the inferred instantaneous velocities (Rieutord et al. 2001).

The size of the apodizing window is crucial for the tracking
outcome. Firstly, it determines the spatial scales to be tracked
and the fineness of flow structures that can be recovered. Sec-
ondly, it strongly affects the computing time of the FLCT code.
Chae & Sakurai (2008) proposed selecting a smaller apodiz-
ing window to obtain more detailed velocity maps and reduce
computational demands. If high-cadence images are available,
smaller sampling windows track fast-moving, fine structures but
cannot measure the horizontal proper motions of larger, coherent
structures. At the other limit, larger sampling windows enable
plasma motion tracking on larger scales. It should be noted that
FLCT typically underestimates flow speeds and that this under-
estimation increases as the FWHM of the apodizing window
decreases (e.g., Verma et al. 2013, and also confirmed by our
results).

2.2. Simulations

We used a small-scale dynamo simulation of the solar pho-
tosphere performed with the Max-Planck-Institute for Aeron-
omy/University of Chicago radiation magnetohydrodynamics
(MURaM) code (Vogler et al. 2005; Rempel 2014). Specifically,
we restarted the simulation from case O16bM in Rempel (2014),
which used a bottom boundary condition (symmetric in B) that
accounts for magnetic field recirculation from the deeper con-
vection zone. This setup was shown to be consistent with quiet
Sun observations presented in Danilovic et al. (2016). The sim-
ulation domain was extended upward by approximately 500 km,
resulting in a spatial domain of 24.576 x 24.576 x 8.192 Mm>.
The upper boundary was located approximately 2 Mm above
the average layer 7sq0 = 1. The grid spacing was 16km in
all three dimensions, corresponding to a horizontal extent of
1536 x 1536 pixels. The simulation used a non-gray radiative
transfer treatment with four opacity bins (e.g. Nordlund 1982) to

allow a more accurate synthesis of photospheric spectral lines.
The simulation covered one hour of solar time, with 2D maps of
physical parameters output at a cadence of 10 seconds and 3D
cubes of physical parameters output at a cadence of 30 seconds.

For spectrum synthesis, we used 31 3D cubes (snapshots)
containing the spatial variations of physical parameters (tem-
perature, T, total gas pressure, pg, velocity vector, v, and mag-
netic field vector, B) output every 30s of solar time, equiv-
alent to a total of 15 solar minutes. These cubes are defined
on the same geometrical mesh as that used to solve the MHD
equations. Additionally, we used the emergent intensity, cal-
culated with MURaM, in the direction 6 = 0 at wavelength
A = 500nm, and the values of the velocity, temperature, and
magnetic field vectors at iso-optical-depth surfaces correspond-
ing to logtsgg = {0,—1,-2, -3, —4}. For this observing direc-
tion, the LOS magnetic fields coincide with the B, component.
The optical depth is defined as

Tsoo(Z)=f x(2)dz, 3)

where y(z) is the opacity at a reference wavelength, in this case,
500nm. These layers span heights from the base of the pho-
tosphere up to the temperature minimum. The spatial distribu-
tion of temperature, velocity, and the vertical magnetic field at
log 7509 = O for the first snapshot of the series is shown in Fig. 1.

2.3. Synthetic spectra and degradation

To create synthetic SUNRISE/TuMag observations, we calcu-
lated the emergent intensity of each pixel in the direction 8 = 0
(disk center) for a range of wavelengths containing the line
of neutral iron at 525.02nm and the line of neutral magne-
sium at 517.2 nm (hereafter Fe 1525.0 nm and Mg1b2). The Fel
line is a photospheric spectral line with a large Landé factor
(g = 3), which makes it a prime candidate for studies of pho-
tospheric magnetism. The Mg line is a strong line with mod-
erate sensitivity to the magnetic field (g = 1.75), which probes
the photosphere and the temperature minimum. The choice of
these lines was motivated by the observations performed with
the TuMag instrument (del Toro Iniesta et al. 2025) at the SUN-
RISE (Solanki et al. 2010; Barthol et al. 2011) balloon-borne
telescope, which completed its third successful flight in July
2024 (Korpi-Lagg et al. 2025).

For synthesis, we used spectropolarimetric non-local ther-
modynamic equilibrium (NLTE) analytically powered inver-
sion (SNAPI; Mili¢ & van Noort 2018), a 1D radiative trans-
fer and inversion code that synthesizes a large number of spec-
tra using message passing interface (MPI) parallelization. The
code accounts for continuum and spectral line opacity, polariza-
tion due to the Zeeman effect, and NLTE effects in the Mg b2
line. It accurately reproduces the observed shape of the Mg b2
line (Vukadinovi¢ et al. 2022). Neutral iron is overionized in the
solar photosphere due to UV radiation, and rigorous modeling
would require an NLTE approach (Smitha et al. 2020). Such a
calculation would be prohibitively expensive for the entire time
series. Furthermore, because our study is primarily methodolog-
ical, highly realistic, and precise modeling is beyond the scope
of this paper.

The spectra were synthesized using every second pixel along
x and y, increasing the spatial step to 32 km and making it com-
parable to the TuMag pixel scale (28 km; del Toro Iniesta et al.
2025). The spectra of the two lines were synthesized with 1 pm
sampling, using 121 wavelengths for the Fe 1525.0 nm line and
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Fig. 1. Temperature, vertical magnetic field, and the three components of the velocity at log7sop = O for the first considered timestep of the
simulation. The black square in the upper-right panel marks the region shown in the lower-right panel. Arrows in the lower-right panel indicate

horizontal velocities.

501 wavelengths for the MgIb2 line. The spectra were syn-
thesized for all 31 time steps. The total number of resulting
polarized spectra is therefore 768 x 768 x 31 ~ 18 x 10°.
We synthesized two neutral iron lines around 525.0nm, but
only considered the more magnetically sensitive one, 3d®4s> —
3d%(5D)4s*p(3PY), with the central wavelength of 525.0208 nm.
Figure 2 shows the synthetic intensity in the continuum, nom-
inal cores of the two lines, and the circular polarization in the
wings of the two lines. The map of the circular polarization in the
Mg Ib2 line was obtained by averaging Stokes V over a 50 mA
interval, centered at the wavelength point 70 mA to the blue of
the nominal line core. The map of the circular polarization in
the Fe 1 525.0 nm line was obtained similarly, but centered at the
wavelength point 50 mA to the blue of the nominal line core.
Section 4 presents the methods used to extract relevant physical
quantities from these synthetic observations.

3. Results
3.1. Tracking continuum intensity and magnetic field

To test the applicability of the FLCT technique for inferring hor-
izontal velocities, we first applied it to the continuum intensity
maps at 4 = 500 nm, which are the output of the simulation,
and to magnetograms, i.e., maps of the vertical component of
the magnetic field vector at constant-7syy corrugated surfaces,
calculated using the MURaM code. We applied FLCT to the
entire one-hour time series, which yielded a map of horizon-
tal velocities for each pair of consecutive intensitygrams and
magnetograms. We then compared the obtained velocities with
horizontal velocities from the simulation (calculated as the aver-
age between two consecutive snapshots) at constant-7spy sur-
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faces. Direct comparison of these quantities yields relatively
poor results (e.g. Verma et al. 2013; Tremblay et al. 2018). This
occurs because the apodizing window used in FLCT automat-
ically imposes a minimal spatial scale at which we can probe
horizontal flows. Therefore, to compare the inferred and origi-
nal velocities, the latter need to be convolved with a Gaussian
filter that corresponds to the apodizing window used by FLCT.
As shown by Verma et al. (2013) and Tremblay et al. (2018), the
best agreement between the inferred and original velocities is
achieved when both are averaged over a time interval that is
much longer than the cadence of the analyzed images. For this
dataset, we find that the best agreement occurs when both the
inferred and original velocities are averaged over 15 minutes.
Thus, each 15-minute interval yielded a single map of horizon-
tal velocities, which was then compared to a single map of spa-
tially convolved and temporally averaged simulated velocities.
All comparisons in this and the following subsections are based
on snapshots from the first 15 minutes of the simulated atmo-
sphere. For the analysis of the synthetic spectra, we focused
on the same 15-minute interval, sampled at a cadence of 30s
cadence, corresponding to 31 cubes in total. For comparison,
Verma et al. (2013) averaged over 15, 30, 60, 90, and 120-minute
intervals. This time averaging step implies that, when apply-
ing FLCT, a compromise must be made between spatial and
temporal resolution. This is a known limitation of FLCT tech-
niques, which can be mitigated using recent machine learning-
based tracking approaches (Asensio Ramos et al. 2017). Here-
after, we refer to the temporally averaged velocity inferred by
FLCT as vy = (vx,v,)s, with the subindex f indicating that vy
was obtained using FLCT from images of the quantity in paren-
theses. The temporally averaged and spatially filtered velocity
from the simulation is denoted as v, = (v, v, )o.
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Fig. 2. Synthetic observables calculated for the first snapshot in the series. Top left: Continuum image at 517.2 nm. Top middle: Nominal line core
of the Mg Ib2 line. Top right: Nominal line core of Fe I 525.0 nm line. Bottom left: Spatially averaged spectra of the considered spectral lines, Fe I
lines are shifted for clarity. Bottom middle: Circular polarization in the wing of the Mg line. Bottom right: Circular polarization in the wing of
the Fe I line. The upper-row panels are shown in units of the mean quiet-Sun continuum.

Figure 3 shows the comparison between the x component
of vs, inferred by tracking the continuum intensity, and the x
component of v,, for two different sizes of the apodizing win-
dows: 600 km and 300 km. Figure 4 presents the same compar-
ison for FLCT applied to B, maps at log 7509 = O (i.e., the base
of the photosphere). Because our motivation is the interpreta-
tion of high-resolution observations (while Verma et al. 2013,
have tested apodizing windows in range 400—1800km with a
step of 200 km in order to benchmark the limitations of FLCT),
we did not test apodizing windows larger than 600 km. Apodiz-
ing windows significantly below 300km did not yield satis-
factory agreement with the simulated velocities. This occurs
because the assumptions of FLCT and the time averaging used
in the comparison procedure do not resolve plasma motion on
scales significantly below the spatial scales of the granules (as
reported by Verma et al. 2013, for atmospheres simulated using
CO5BOLD).

Similar to previous studies, we find that, after spatial convo-
lution and temporal averaging, the inferred and original veloc-
ities show excellent correlation (exceeding 0.9 for both x and
y components and for both apodizing-window sizes), whether
derived from intensity or B, (see Table 1). However, FLCT
underestimates the plasma velocity. For the apodizing win-
dow of 600km, the inferred velocity is approximately three-
fourths of the original value (see the bottom-left panels of
Fig. 3), while for the 300km window, it decreases to two-
fifths (see the bottom-right panels of Fig. 3). Although this
effect has been reported previously (see Verma et al. 2013),
its origin is not fully understood. End-to-end studies of this
kind can help calibrate this relationship and enable a more

accurate interpretation of FCLT results applied to real-life
observations.

The continuum intensity carries information from the iso-
optical-depth surface at logrsqo = 0, corresponding to
the base of the photosphere. To track the horizontal veloc-
ity at higher layers of the atmosphere, we need to iden-
tify the observables that probe these layers. In principle,
spectroscopic or spectropolarimetric imaging (Iglesias & Feller
2019) in strong spectral lines enables the inference of
physical parameters, such as temperature and magnetic
field, at multiple atmospheric layers using spectropolarimet-
ric inversion techniques (del Toro Iniesta & Ruiz Cobo 2016;
de la Cruz Rodriguez & van Noort 2017). An important caveat
is that spectroscopic and spectropolarimetric observations carry
depth information on the optical depth scale. Thus, horizontal
information inferred at a given optical depth corresponds to a
corrugated surface in geometrical space. Accurate conversion
from optical depth to geometrical height therefore requires addi-
tional physical constraints (e.g., Borrero et al. 2019, 2024).

3.2. Tracking temperature and magnetic field at multiple
optical depths

To verify whether spectral line observation can probe horizontal
velocities at multiple heights, we applied FLCT to the temper-
ature and B, at four layers above the base of the photosphere,
log Tso0 = {—1,-2, -3, -4}, taken directly from the simulation.
We then compared the results with the corresponding veloci-
ties in the simulation. Temperature was chosen as the tracking
parameter because it is the closest possible quantity to intensity
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Fig. 3. Comparison between the x component of the horizontal velocity
retrieved by FLCT applied to intensity maps and the simulated velocity
at logtsoo = 0. Color maps indicate the magnitude of velocity. Bot-
tom row: Scatter plot showing the least-squares fit between v, and v;.
Results are shown for two different sizes of apodizing windows: left,
600 km; right, 300 km.

in a spectral line, formed at a specific depth, while B, was chosen
because polarization in different spectral lines is sensitive to the
magnetic field at different depths. Tracking these two parame-
ters provides a reference for what can be expected when tracking
multi-depth physical quantities inferred from observations.

Figures 5 and 6 compare vy, inferred by tracking tempera-
ture and B,, with v, at log7sgo = —1 and logtsgy = -3, for
apodizing windows of 600 and 300 km. We chose a cadence of
30 s to match that of synthetic spectropolarimetric observations.
Table 2 lists the Pearson correlation coefficients for all four opti-
cal depths and both velocity components. For temperature, the
correlation clearly decreases with height. It drops from » ~ 0.72
atlogtsoo = —1tor = 0 atlog 7590 = —3 and higher. By contrast,
B, is a suitable tracking parameter, as FLCT-inferred velocities
exhibit a relatively high correlation with the original velocities
at all optical depths analyzed. Closer inspection confirms that,
structurally, the FLCT velocities derived from B, closely match
the original velocities, unlike in the case of temperature. The
highest layer considered, at log 7509 = —4, may be affected by the
choice of the upper boundary of the computational box. Com-
parison with similar MURaM simulations, which include much
higher atmospheric layers (chromosphere and corona), reveal
only small differences at log 7509 = —4, prompting us to retain
this layer in our analysis.

The stark difference between horizontal velocities obtained
by tracking T and B, arises because temperature is related to
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Fig. 4. Same as Fig. 3, but for FLCT applied to B, at log 7500 = 0.

Table 1. Pearson’s correlation coefficients between simulated velocities
and FLCT-derived velocities at the base of the photosphere.

FWHM [km] O oT OTC
Ty Ty, Ty, Ty, Ty, Ty,
Intensity 600 056 055 082 0.81 094 0.93
300 0.51 051 0.83 0.83 092 091
B 600 0.61 058 083 083 094 094
‘ 300 068 064 090 090 093 0.93

Notes. The FLCT velocities are derived from the simulated intensity or
the magnetic field at log 7500 = 0. O: raw data; OT: velocities averaged
over a 15-minute interval; OTC: velocities averaged over a 15-minute
interval and convolved with Gaussian filter corresponding to the apodiz-
ing window used for FLCT.

internal energy and experiences strong contributions from radi-
ation transport, making its behavior far from advective. For B,
we suppose that the changes are largely due to advection gov-
erned by the induction Equation (1), providing more robust fea-
tures for tracking. Therefore, we conclude that FLCT-inferred
velocities obtained from B, serve as an excellent reference for
expected results when applying FLCT to Stokes parameters in
a spectral line. The following section examines tracking on B,
inferred from synthetic TuMag observations.

4. Application to synthetic polarized spectra

The previous section demonstrated that applying FLCT to B,
magnetograms extracted from simulation data yields a reliable
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Fig. 5. Comparison between the x component of the horizontal velocity
retrieved by FLCT using FWHM = 600 km, applied to temperature (top
panel), and B, (middle panel), and the simulated velocity (bottom panel)
atlog sp0 = {—1,-3}.

inference of horizontal velocities for atmospheric layers from
log tsgo = 0 to log 7599 = —4 (see Figs. 5 and 6, and Table 2).
Next, we applied FLCT to the magnetograms obtained from the
synthetic TuMag observations described in Sect. 2.3. By tracking
the magnetograms obtained from the Fe 1525.0 nm and MgIb2
lines, we aimed to track the horizontal velocity at the atmo-
spheric heights probed by these two lines.

4.1. Inference of B,

To infer B, from the Stokes spectra of the Fe1525.0 line, we
used pyMilne, an efficient, parallel, spatially coupled Milne-
Eddington inversion code (de la Cruz Rodriguez 2019). The
Milne-Eddington approximation assumes a linear variation of
the source function with optical depth, while the magnetic
field and LOS velocity remain constant with depth. We applied
pyMilne to each individual synthetic Stokes cube I(x,y, 1),
where I denotes the Stokes vector, I = (I, Q, U, V)T. Each inver-
sion yields a vector magnetogram B(x, y) for a given time step. It
is important to adopt a so-called “formation height” for the line,
to ascribe this inferred magnetic field to a specific atmospheric
layer. To this end, we compared the inferred B, to the original B,
at different iso-7soo surfaces (by calculating the cross-correlation
between the two, following, e.g. Vukadinovic et al. 2022). We
find the best agreement for log 7s090 = —1, which is consistent

log Tsp0 = —1
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Fig. 6. Same as Fig. 5, except that FWHM =300 km.

Table 2. Pearson’s correlation coefficients between simulated velocities
and FLCT velocities at the mid-photosphere and temperature minimum.

log‘r500:—l 10gT500:—2 IOgT500:—3 log‘r500:—4

FWHM [km]
Uy Ty, Ty, Ty, "o, Ty, vy Ty,
T 600 0.72 073 038 041 -0.05 -0.06 0.03 0.04
300 0.64 0.65 033 0.35 0.05 0.05 0.11 0.12
B 600 090 090 0.87 0.88 0.86 0.85 0.87 0.88
: 300 091 091 090 0.90 0.86 0.85 0.85 0.86

Notes. Here, FLCT velocities are recovered from either temperature or
B,, at logts0 = {—1,-2,—-3,—4}. Correlations are shown only for fil-
tered simulation velocities.

with the typical formation heights of moderately strong photo-
spheric lines (see, e.g., Borrero et al. 2014).

The Mg1b2 line is significantly stronger than Fe 1525.0 nm,
which makes the Milne-Eddington approximation invalid (but
see Dorantes-Monteagudo et al. 2022). We therefore used the
weak-field approximation (WFA) to infer the longitudinal
field, which coincides with B, under the disk-center assump-
tion and in the absence of magnetic substructures below the
pixel scale. The weak-field approximation assumes that the
magnetic field is constant with height and that the Zeeman
splitting it produces is much smaller than other sources of
line broadening. This leads to the following relationship (e.g.
Landi Degl’Innocenti & Landolfi 2004):

“
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where the wavelengths are in A, magnetic field is in G, and g,
is the effective Landé factor of the line, in this case g; = 1.75.
Given the large width of the Mgl line, the weak-field approx-
imation is valid and probes depths around log7sgy = -3.3
(Vukadinovi¢ et al. 2022). We confirmed this by applying the
weak-field approximation to the core of the Mgl line (0.2 A
around the intensity minimum) and comparing the inferred mag-
netic field with the original one in the simulation, again using
cross-correlation. The best agreement occurs between log 7509 =
-3 and log 7500 = —4.

Therefore, the two spectral lines probe different atmospheric
layers: the mid-photosphere for Fe1525.0nm and the upper-
photosphere or temperature-minimum region for MgIb2. This
is also evident in Fig. 2, where the Stokes V map in the Mgl
line shows significantly less structure and more diffuse circular-
polarization signals.

4.2. Tracking synthetic magnetograms

We applied FLCT to the synthetic magnetograms obtained from
the two spectral lines to infer vy and compared it with v, at
various optical depths. The synthetic spectra and magnetograms
have different spatial sampling compared to the original simula-
tion (32 km compared to 16 km). Figures 7 and 8 show the agree-
ment between the inferred and the original velocities for two spe-
cific heights: log 590 = —1 for the Fe line and logtso9 = -3
for the Mg line. Fig. 9 summarizes the comparison between the
inferred and the original velocities. The vy inferred from the
Fe1525.0 nm line shows good agreement with v,(log Tsop = —1)
and v,(logtso0 = —2), but the correlation decreases rapidly
toward the higher layers. This behavior is consistent with our
estimate of the depth where the Fel line probes the mag-
netic field. The velocities inferred from the MgIb2 line mag-
netograms agree best with v,(log 7500 = —3) and v,(log Ts0p =
—4), thereby probing regions near the temperature minimum
and agreeing closely with the estimates of Vukadinovic et al.
(2022). Our results suggest that these two lines complement
each other effectively in covering the whole vertical extent
from the base of the photosphere (continuum) through the mid-
photosphere (Fel line) up to the temperature-minimum region
(Mg line).

The lower panels of Figs. 7 and 8 show that velocities
inferred by tracking the synthetic magnetograms are also under-
estimated. This underestimation is larger for a smaller apodiz-
ing window, as already shown in Figs. 3 and 4. Furthermore,
tracking synthetic magnetograms in the MglIb2 line yields
velocity amplitudes closer to the simulated values than those
obtained from the Fel line. This likely occurs because this line
traces velocities higher in the atmosphere, where the flows are
more diffuse and less spatially structured. Consequently, the
FLCT algorithm can capture the properties of the flow more
accurately.

For the spectral lines considered, applying tracking to the
synthetic magnetograms yields somewhat poorer agreement than
direct tracking of the magnetic fields at fixed optical depths
(see Sect. 3.2). This outcome is not unexpected. The magnetic
field in the solar atmosphere is height-dependent, and thus both
the Milne-Eddington and WFA inversions introduce noticeable
discrepancies and systematic errors. Depth-dependent magnetic
field diagnostics using a more sophisticated inversion code could
yield improvement, but at a significant computational cost, par-
ticularly due to the NLTE treatment of the MgIb2 line (see the
recent results of Siu-Tapia et al. 2025a,b).
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Fig. 7. Comparison between the x component of the horizontal velocity
retrieved by FLCT applied to the synthetic magnetogram inferred from
the Fe I line and the simulated velocity at log Tsoo = —1.

4.3. Velocity divergence inferred from synthetic
magnetograms

To further assess the reliability of horizontal velocity diagnostics
using these spectral lines, we compared the divergence calcu-
lated from vy, inferred from synthetic magnetograms of the Fel
and Mg spectral lines, with the value calculated from v,,. In this
context, the horizontal divergence is defined as

T L
het= ox Oy

&)
For instance, granules are expected to exhibit positive diver-
gence, whereas intergranular lanes are dominated by negative
divergence, corresponding to regions where flows converge.
The agreement is significantly poorer than for the individ-
ual comparison of the v, and v, components. For the magne-
tograms inferred from the Fel line, the correlation coefficient is
0.29 for a 600 km FWHM and 0.20 for a 300 km FWHM. The
agreement is even poorer for the MgIb2 line, with correlation
coeflicients of 0.23 and 0.11 for the two apodizing windows,
respectively. The poor estimation of divergences may stem from
the fact that FLCT estimates velocities in neighboring pixels
independently and does not incorporate spatial variations in the
flow structure when estimating each pixel’s flow (cf. the DAVE,
which is short for differential affine velocity estimator, method
described by Schuck 2006). Consequently, no correlation is
enforced between the neighboring pixel velocities. However,
based on the nature of measurement uncertainties, the numeri-
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Fig. 8. Same as Fig. 7, but showing the synthetic magnetograms inferred
from the Mg line compared with the simulated velocity at log 7599 =
-3.

cal differentiation used to compute the flow divergence also con-
tributes to the discrepancy, as the uncertainty in the estimated
velocity differences exceeds that of the individual velocity esti-
mates. Consequently, we expect the derivatives of the estimated
flows to be noisier than the flows themselves. Another source
of disagreement arises because the simplified inversion meth-
ods effectively probe different depths at different pixels, which
results in a different corrugation of inferred magnetic field maps
between the original iso-7sgg slices and the obtained synthetic
magnetograms.

To improve the agreement, we smoothed both the original
and inferred divergence maps with a Gaussian filter of o =
200km, thereby further reducing the effective spatial resolu-
tion. This smoothing significantly improved the correlation coef-
ficients to ~0.6 for the Fel magnetograms and ~0.45 for the
Mg I magnetograms (see Table 3). The comparison between the
divergence inferred from the Fel line and that derived from v,
at log7spp = —1 is presented in Fig. 10, while Fig. 11 shows
the same comparison, but for the MgI line and v, at log 7509 =
—3. The pronounced difference between the ability of FLCT to
reproduce horizontal velocities and their divergence indicates
the presence of systematic discrepancies in the FLCT inference
of horizontal velocities, as previously reported by Gibson et al.
(2004) and Rempel et al. (2022). This limitation of the FLCT
technique is expected to be improved by recently developed
machine learning techniques (e.g. Asensio Ramos et al. 2017,
Lennard et al. 2025).

Correlation between V¢ and Vo

0.71

0.61

0.5

0.4

0.3

Pearson's correlation coefficient
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logt

Fig. 9. Pearson correlation coefficients between simulation velocities
and velocities recovered by FLCT from B, inferred either from Milne-
Eddington inversions of the Fel525.0nm line or from B, inferred
using the WFA approximation with the MglIb2 line at logtsyy =
{—1,-2,-3, -4}, respectively. Correlations are shown only for filtered
simulation velocities.

Table 3. Pearson correlation coefficient for divergence of FLCT and
simulated velocities.

Div. FWHM [km] ]0g T500 = -1 lOg T500 = -2 ]0g T500 = -3 lOg T500 = -4
r r r r
Fe 600 0.62 0.62 0.51 -0.05
300 0.64 0.65 0.48 —-0.08
M 600 0.29 0.34 0.46 0.21
300 0.27 0.33 0.47 0.20

Notes. The FLCT velocities are recovered from B, inferred either from
Milne-Eddington inversion of Fe 1525.0 nm or from the WFA approx-
imation using the MgIb2 line and simulation velocities at log 7509 =
{—1,-2,-3, -4}, after applying an additional Gaussian filter. Correla-
tion is shown only for filtered simulation velocities.

5. Conclusions

We have studied the diagnostic potential of the FLCT flow-
tracking technique to probe horizontal plasma flows at multiple
heights in the lower solar atmosphere. First, we applied FCLT to
a time series of intensitygrams, magnetograms, and temperature
maps at constant optical depth surfaces ranging from log 7509 = 0
to log tsg0 = —4, directly obtained from the simulation. After
spatial filtering and temporal averaging (which is a standard pro-
cedure for velocities obtained with optical flow methods), we
conclude that tracking LOS magnetograms yields satisfactory
agreement with the original velocities across all considered opti-
cal depths. In contrast, tracking the temperature is unreliable for
atmospheric layers above log 7500 = —1.

Next, we tracked synthetic magnetograms obtained through
a simple but robust inversion of synthetic spectropolarimetric
observables in two spectral lines: Fe1525.0nm and MgIb2.
These two lines probe the low-to-mid photosphere and the
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upper-photosphere or temperature-minimum regions, respec-
tively. We synthesized the polarized spectra of the two lines
using the SNAPI code (Mili¢ & van Noort 2018) and then
obtained synthetic magnetograms using the Milne-Eddington
inversion code pyMilne (de la Cruz Rodriguez 2019) for the Fe I
line and the weak-field approximation for the Mgl line. The
inferred velocities agree well with the suitably filtered origi-
nal ones, achieving correlation coefficients of r = 0.65-0.7.
This result holds for both apodizing windows considered:
300 km and 600km. The vertical magnetic field inferred from
the Fel525.0nm line accurately tracks horizontal velocities
between log7sp0 = —1 and log7sgy = —2, whereas the field
inferred from the Mg Ib2 line tracks the velocities in the higher
regions, from log 7sop = —3 to log 7599 = —4. Therefore, fast-
cadence imaging spectropolarimetry in these two spectral lines
enables a robust inference of the horizontal velocities from the
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base of the photosphere to the temperature minimum. The impor-
tant advantage of using spectral lines to track plasma flows is
the potential to infer the vertical velocity or its vertical gra-
dient (e.g., de la Cruz Rodriguez & van Noort 2017). However,
the FLCT technique performs significantly worse when calculat-
ing the horizontal divergence of the velocity, yielding correlation
coeflicients of 0.6 or less.

These findings are especially relevant for the observations
collected by the SUNRISE III/TuMag (del Toro Iniesta et al.
2025), the newly upgraded CRISP (Scharmer et al. 2008), and
the upcoming VTF (Schmidt et al. 2016) instruments. The robust
and simple magnetic field inference proposed here should be
suitable for the relatively coarse wavelength sampling offered
by these Fabry-Perot-based spectropolarimeters. The applica-
tion to data from integral field units (IFUs) such as MiHI
(van Noort et al. 2022) is more complex due to their spectral
resolution, which may require more comprehensive inversion
approaches. The limited range of spatial scales probed by FLCT
represents a significant limitation of this method. Our results
exhibit good agreement for apodizing windows of 600 km and
300 km, which are well above the diffraction limit of the instru-
ments considered (=80 km for SST and SUNRISE, and ~20km
for DKIST, at visible wavelengths).

Inference of horizontal velocities from high-resolution
observations requires further development and extensions of
FLCT techniques or the application of recently developed Al-
based methods, such as DeepVel (Asensio Ramos et al. 2017).
Given that DeepVel can, in principle, infer horizontal velocities
at multiple heights, training and applying it to spectral line data
is expected to significantly improve its performance. Finally,
the development of techniques that couple spectropolarimetric
diagnostics with MHD equations (Borrero et al. 2019, 2024),
possibly combined with physically informed neural networks
(Jarolim et al. 2023; Tremblay et al. 2023), is expected to pro-
vide the most robust and physically meaningful information on
plasma conditions, including horizontal velocities.
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