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ABSTRACT

Context. Images recorded with the Tunable Magnetograph (TuMag) instrument on board the SUNRISE III balloon observatory are
affected by temporal contrast fluctuations. These variations are related to high-frequency vibrations (jitter) of the platform that cannot
be entirely compensated by the image stabilization unit of the telescope. Jitter smooths out mid- to high-frequency details and degrades
the contrast of images that are integrated over hundreds of milliseconds to achieve the signal-to-noise levels required by the instrument.
The temporal variations of jitter hamper the reconstruction of the data and limit the accuracy of the instrument.
Aims. We present a technique that allows us to infer and compensate temporal changes of the amplitude and direction of jitter from
two images of the same scene, provided they are recorded close enough in time to prevent the scene from evolving significantly.
Methods. We assess the performance of our method through a dynamical magnetohydrodynamical simulation of the solar scene that
is degraded with diffraction effects, noise, and jitter. We evaluate the performance of the algorithm as a function of the jitter amplitude
and as a function of the time gap between the two images. We finally apply it to a time series recorded by TuMag to sense and restore
the temporal evolution of jitter on the images.
Results. Our numerical experiments show that the algorithm is able to sense jitter with an accuracy better than 0.′′005 (≲0.1 px) for
images recorded less than 10 s apart and assuming a worst-case scenario with a low signal-to-noise ratio of 100 and induced rms jitter
amplitudes as large as 0.′′15 in the X and Y directions. When increasing the time interval to 30 s, the errors found are still below
0.′′01. For the chosen TuMag series we find that the jitter rms amplitudes vary strongly within the range 0.′′05–0.′′15 (∼1–4 px) and are
anticorrelated to the contrast of the recorded images. Correction of jitter improves the contrast of wavefront-reconstructed images by
2.5% in some cases and reduces the rms variation of contrast along the series by half.

Key words. magnetohydrodynamics (MHD) – techniques: image processing – telescopes

1. Introduction

Vibrations in astronomical telescopes introduce differential
shifts between consecutive images recorded by the instruments
they carry, smearing out high-frequency details and reducing the
resolution and contrast of the data. These vibrations are often
referred to as “jitter”.

Jitter is particularly important in imaging spectropolarime-
ters. These instruments combine images with different intensity
modulations to produce maps of the incident Stokes vector at
selected wavelengths. Any vibrations of the focal plane that
occur during polarimetric measurements introduce spurious

⋆ Corresponding author: fbailen@iaa.es

signals in the inferred state of polarization. Therefore, accurate
pointing and image stabilization systems are often needed to
achieve the required polarimetric sensitivities.

If images are recorded quickly enough (with an integration
time of a few milliseconds), residual jitter mostly manifests as a
shift in the image, which can be corrected to a large extent using
post-alignment techniques (e.g., Guizar-Sicairos et al. 2008).
However, residual vibrations with kilohertz frequencies will still
influence the optical quality of the images and must be compen-
sated for using real-time image reconstruction algorithms (e.g.,
the Multi-Object Multi-Frame Blind Deconvolution, MOMFBD,
technique developed by van Noort et al. 2005). Exposure times
of a few milliseconds combined with real-time wavefront sensing
methods are difficult to achieve for spaceborne instruments due
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to the stringent data rate and volume requirements imposed by
the platform. Therefore, an alternative approach must be adopted
to correct for any residual jitter. This technique is presented here
and is tested on data obtained by the Tunable Magnetograph
(TuMag) instrument (Del Toro Iniesta et al. 2025) on board the
SUNRISE III mission (Korpi-Lagg et al. 2025).

TuMag is a tunable imaging spectropolarimeter capable of
mapping the full Stokes vector of the solar photosphere and the
low cromosphere over a field of view (FoV) of 63′′ × 63′′ and
along several spectral lines sensitive to the magnetic field. The
instrument allows quasi-simultaneous observations of the Stokes
vector for different combinations of two of the following lines:
Fe I 525.02 nm, Fe I 525.06 nm, and Mg I b2 517.3 nm. The mag-
netic field and the line-of-sight velocities of the plasma can be
inferred at different heights of the solar photosphere from these
observations to study its dynamic coupling.

SUNRISE III is a stratospheric balloon observatory launched
in the summer of 2024 from the Esrange Space Center of
the Swedish Space Corporation (SSC) in northern Sweden.
The mission flew for 6.5 days over the Arctic Circle, provid-
ing continuous observations of the solar atmosphere with three
instruments that operate in different bands: SUSI (Feller et al.
2025; Iglesias et al. 2025) in the near ultraviolet, TuMAG in the
visible, and SCIP (Katsukawa et al. 2025) in the near infrared.

SUNRISE III is equipped with a 1m-class telescope (Barthol
et al. 2011) that already flew twice successfully in 2009 and
2013 (Solanki et al. 2010, 2017). It provides diffraction-limited
spatial resolution in the ultraviolet (0.′′03), visible (0.′′05), and
infrared ranges (0.′′09). To reach these spatial resolutions and a
polarimetric sensitivity of 10−3, the telescope must provide an
image stability better than 0.′′005 rms at its focal plane. Differ-
ent dedicated subsystems are implemented for this purpose. The
gondola is equipped with a pointing system with an accuracy of
15′′ (Bernasconi et al. 2025). The residual vibrations of the plat-
form are then corrected by an image stabilization unit (ISU) that
detects shifts on the focal plane of the telescope with milliarc-
second accuracy through a correlating wavefront sensor (CWS)
and counteracts it by means of a fast tip-tilt mirror (Berkefeld
et al. 2025).

Fulfilling the tight requirements on image stability by the
ISU along the full mission is extremely challenging, especially
due to the hard environmental conditions to which the observa-
tory has been exposed. Residual high-frequency vibrations not
fully corrected by the ISU (jitter) rapidly shift the position of
the focal plane. The impact of these vibrations on the image
quality is negligible in the near infrared (SCIP) and can be over-
come at shorter wavelengths by reducing the exposure time of
the recorded images down to a few milliseconds (SUSI). Post
alignment of the individual short-exposure images with subpixel
accuracy eliminates any relative shifts between them.

The high data rate produced by TuMag and the restrictions on
the data volume imposed by the mission prevent this instrument
from following the same strategy. Instead, TuMag accumu-
lates several short-exposure (42 ms) images in most observation
modes to get an effective integration time of a few hundreds of
milliseconds in order to reach a signal-to-noise ratio (S/N) of
1700 at the continuum of Stokes I and therefore a polarimet-
ric sensitivity of 10−3 in Stokes Q, U, and V (Del Toro Iniesta
& Martínez Pillet 2012). When integrated over such long times,
the accumulated effect of the residual vibrations is a blurring of
mid- to high-frequency details in the images, with a subsequent
decrease of image contrast.

The amount of residual jitter not corrected by the ISU
changes over the mission and is often above the image stability

requirement. In some cases, the quiet-sun granulation contrast
of nonreconstructed data recorded by TuMag varies from ∼8%
to ∼10%, with occasional steep jumps between two consecutive
images. These fluctuations are much smaller than those observed
in ground instrumentation, and the mean contrast values are
comparable – and even better in some cases – than those obtained
in previous SUNRISE flights.

TuMag makes use of the Phase Diversity (PD) wavefront-
sensing technique (Gonsalves & Chidlaw 1979; Paxman et al.
1992; Löfdahl & Scharmer 1994) to compensate for the aber-
rations introduced by the telescope, the image stabilization and
light distribution unit (ISLiD), and the instrument itself. This
method usually employs a pair of focused-defocused images and
their corresponding optical transfer functions (OTFs) to con-
struct a merit function. The images differ only by a difference
of phase related to the amount of (known) defocus – the “phase
diversity”. Their OTFs are parameterized as a function of a finite
set of Zernike coefficients, which can be left as free parameters
and optimized through nonlinear optimization methods.

In TuMag, the images of a PD pair are recorded sequentially
thanks to a filter wheel that contains an empty hole to acquire the
focused image and a plane-parallel glass to produce the desired
defocus on the other one (Bailén et al. 2022a). The wavefront
error (WFE) is determined periodically during selected calibra-
tion windows along the mission and is used to restore the closest
images recorded by the instrument. Since aberrations and sci-
ence data are not recorded simultaneously, temporal changes in
the contrast caused by residual jitter cannot be sensed through
PD and therefore compensated by restoring the wavefront error.

To include the effect of residual vibrations on the recon-
structions, we have designed a tailored algorithm that senses the
rms amplitude of jitter and its correlation along the X and Y
directions at a given time from two sequential images. Our tech-
nique is inspired by the PD method and remains valid for any
instrument that shows contrast fluctuations along time as a result
of jitter. Unlike traditional PD, our algorithm uses two focused
images whose OTFs differ only by a jitter term that can be fit-
ted. This additional term is modeled as a Gaussian OTF that
contains information on the statistical distribution of shifts accu-
mulated over the integration time (e.g., Johnson 1993; Pittelkau
& McKinley 2016; Fiete & Paul 2014).

Our work is structured as follows. In Sect. 2, we introduce our
method. In Sect. 3, we study the performance of the algorithm
against synthetic data. In Sect. 4, we infer the amplitude and
direction of jitter with our method and we compensate it along a
selected time series recorded by TuMag. Finally, we summarize
our main conclusions in Section 5.

2. Method

The recorded image, f (x, y), of an extended object, o(x, y), in an
isoplanatic – invariant against translations – optical system for
spatially incoherent illumination can be modelled as (e.g., Born
& Wolf 1999)

f (x, y) = o(x, y) ∗ s(x, y) + n(x, y), (1)

where ∗ is the convolution operator, s(x, y) is the point spread
function (PSF) of the system, and n(x, y) is an additive noise
term. In the Fourier domain, this relation can be expressed
simply as

F(u, v) = O(u, v)S (u, v) + N(u, v), (2)
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where capital letters refer to the Fourier transform of the lower-
case variables of Eq. (1) and (u, v) are the frequency coordinates
in the Fourier domain. The Fourier transform of the PSF, S (u, v),
is known as the OTF of the system.

High-frequency vibrations of a telescope or its instruments
are usually known as jitter and produce translations of the image
on the focal plane that change over time. These shifts can be
modeled by introducing a phase constant on the OTF as in the
way

S shift(u, v,∆x,∆y) = S wave(u, v) exp
[
−i(u∆x + v∆y)

]
, (3)

where S wave(u, v) is the OTF of the system before the image is
displaced, including diffraction effects and aberrations, and ∆x
and ∆y are the shifts along the X and Y directions produced by
the jitter in a particular instant.

When the exposure time of the image is much longer than
the timescale associated with these vibrations, the net effect on
the image is equivalent to temporally averaging S shift over the
integration time of the instrument. Assuming that shifts vary fol-
lowing a normal bi-variate distribution with an rms deviation σx
and σy and a correlation factor ρxy along the X and Y directions,
the “effective” OTF, S eff , is given simply by

S eff(u, v) = S wave(u, v)S jitt(u, v), (4)

where S jitt is the time average of the shift term in Equation (3).
This jitter term can be approximated as an exponential function
of the type (Fiete & Paul 2014)

S jitt(u, v) = exp
[
−2π2

(
σ2

xu2 + σ2
yv

2 + 2ρxyσxσyuv
)]
. (5)

We now assume that two images of the same scene, f1 and
f2, are recorded by the instrument at different times, each of
them affected by a different rms jitter amplitude. The corre-
sponding OTFs are given by S eff,i = S waveS jitt,i, where S jitt,i ≡

S jitt(σx,i, σy,i, ρxy,i) and i = 1, 2. Following Paxman et al. (1992),
the maximum likelihood estimate of the object – assuming that
noise follows a Gaussian distribution – occurs when the merit
function

L =
∑
u,v

|F2(u, v)S jitt,1(u, v) − F1(u, v)S jitt,2(u, v)|2

|S jitt,1(u, v)|2 + |S jitt,2(u, v)|2
, (6)

is minimized. The amplitude and direction of the jitter can there-
fore be determined if the values of σx,i, σy,i, and ρxy,i that
minimize this equation are found. To deal with edge effects and
artifacts arising from the numerical computation of the Fourier
transforms, optimization can be carried out in much the same
way as the Phase Diversity algorithm of Löfdahl & Scharmer
(1994), except that in this case there is no phase difference
among the two images and the parameters describing the two
OTFs are fitted independently.

Note also that the OTF term S wave cancels out in Eq. (6)
because we have assumed optical aberrations to be the same
between the two images. This assumption generally holds for
space-based and stratospheric balloon-borne instruments, even
when images are not acquired simultaneously, because the wave-
front error remains approximately static over time. Under these
conditions, jitter and wavefront sensing can be treated as inde-
pendent problems. Once jitter and wavefront aberrations are
inferred, the images can be reconstructed using their effective
OTF and an appropriate noise filter to minimize its amplification
at certain frequencies.

3. Numerical experiments

We used a set of synthetic magnetohydrodynamical (MHD) sim-
ulations carried out with the MURaM code (Vögler et al. 2005)
that evolve over 40 s in 1 s steps to validate our method. The
simulations cover a 14′′ × 14′′ field of view with an angular
resolution of 0.′′055, equivalent to the plate scale of the IMaX
instrument (Martínez Pillet et al. 2011) on board the SUNRISE I
and II missions (Solanki et al. 2010, 2017).

To simulate jitter, we accumulate 1000 images affected by
shifts that follow a standard (uncorrelated) bi-variate normal
distribution with the same rms deviation along the X and Y
directions (σx,true = σy,true). The images are degraded by the
diffraction-limited PSF of a 1-m class telescope with a central
obscuration of 32.4% working at 525 nm to simulate SUNRISE
telescope (Barthol et al. 2011). We evaluate our method under
two scenarios: that the images are free from noise and that they
are affected by Gaussian noise distribution, producing a S/N of
100. We consider the latter a worst-case scenario for imaging
spectropolarimeters such as TuMag.

We adapted the PD algorithm presented in Bailén et al.
(2022b) to infer the amount of jitter following Section 2. In
this way we ensure that edge effects inherent to the use of fast
Fourier transforms (FFTs) and noise amplification are suitably
dealt with. We chose a Nelder–Mead algorithm to minimize
Eq. (6), as we found this method to be robust enough to sense
jitter while not requiring knowledge of the analytical derivatives
of the merit function. We used bounds σx > 0, σy > 0, and
0 < ρxy < 1 to guaranty that the solution has a physical meaning
and to help the algorithm find the global minimum. The codes
were developed in Python and are publicly available1.

Figure 1 shows the noiseless MHD simulation at the initial
time before and after being degraded by the diffraction-limited
PSF of the telescope, as well as after inducing jitter with rms
amplitudes σx,true = σy,true = 0.′′1 (≃1.8 px). The corresponding
contrasts computed as the ratio between the rms of the images
and their mean value over the whole FoV are displayed, also.
Note that the contrast decreases from 24.2% to 17.5% simply due
to the diffraction effects of the telescope. When including jitter,
the middle and high-frequency (small-scale) details are further
smoothed out, so the contrast is reduced even further to 15.5%.

We induced 1000 different realizations of jitter in the syn-
thetic data at the initial time of the simulations and varied
σx,true = σy,true from 0 to 0.′′15 (∼2.7 px) to study the accuracy
of our algorithm with the amount of jitter. We then minimized
Eq. (6) using a reference image unaffected by jitter and the jit-
tered image, for which S jitt is fitted. Figure 2 shows the norm of
the inferred jitter, σinferred ≡ (σ2

x,inferred +σ
2
y,inferred)1/2, against the

simulated (“true”) one, σtrue ≡ (σ2
x,true +σ

2
y,true)1/2. The noiseless

and S/N = 100 cases are shown in the top and bottom panels,
respectively. The density of points is represented with a gradi-
ent of colors: yellowish zones correspond to high-density areas,
whereas blueish zones represent low-density areas.

When simulations are free from noise, there is an almost
one-to-one correspondence between inferred and true jitter up
to ∼0.′′1 (≃1.8 px). The accuracy begins to worsen from there,
with errors that can be as large as ∼0.′′05 (∼0.9 px) in some
cases. Note that the inferred jitter is usually underestimated from
σtrue ≃ 0.′′15 on. The opposite happens when images are affected
by noise. In this case, the algorithm is more prone to errors when
σtrue is very small (below ∼0.′′01), but it proves to be very robust
above ∼0.′′01. Deviations from the true value are typically below

1 https://github.com/fjbailen/tumag_pd
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(a) 24.2 %

MHD simulation

(b) 17.5 %

Diffraction

(c) 15.5 %

Diffraction + jitter

Fig. 1. Noiseless quiet-sun region simulated for our numerical experiments. Panel (a) Original (noiseless, diffraction-free, and jitter-free) MHD
simulation. (b) Simulated scene after including diffraction effects of the SUNRISE telescope. Panel (c) Degraded scene after including both diffrac-
tion effects and jitter with rms amplitudes σx = σy = 0.′′1 (∼1.8 px). Ticks are placed every 2.′′75. Contrasts are labeled on the upper right corner
of each image. Note that both the diffraction effects and jitter significantly decrease the contrast of the simulation.
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Fig. 2. Norm of the inferred jitter amplitude against the simulated (true)
one. Top: noiseless case. Bottom: numerical experiment with S/N =
100. There is an almost perfect correlation between the sensed and true
jitter amplitudes up to ∼0.′′10 when the simulated images are free from
noise. The results begin to scatter from there on, with the algorithm
tending to underpredict the induced jitter. When noise is included, the
algorithm is more stable above 0.′′10, but shows more dispersion below
∼0.′′01.

0.′′003 in this scenario, except for a few isolated cases. This sug-
gests that noise somehow helps the algorithm to constrain the
solution towards the true one above a certain threshold.

The performance of the algorithm is also expected to be
affected by the time gap between the images as the solar scene
evolves on timescales of a few seconds. We computed the norm
of the residual jitter, ∆σ, as a function of the time interval
between images for a S/N = 100 and for different amounts of
induced jitter (σx,true = σy,true = 0′′, 0.′′05, 0.′′10, and 0.′′15),
where ∆σ is defined as

∆σ =
√

(σx,inferred − σx,true)2 + (σy,inferred − σy,true)2. (7)

We ran 100 realizations of noise and jitter per time unit
(1 s) for each choice of σtrue to assess the accuracy and robust-
ness of the algorithm. We then minimized Eq. (6) using the
jittered image and a jitter-free reference scene corresponding
to the initial simulation time. The values of the jitter rms
amplitude were fitted only for the image affected by it. Figure 3
shows the mean value of the norm of ∆σ and its standard
deviation as a function of cadence for each choice of σtrue. The
accuracy remains mostly insensitive to the temporal separation
between images when no jitter is present. In this scenario, the
algorithm tends to detect a small amount of artificial jitter, likely
due to noise overfitting, as observed in the bottom panel of
Figure 2. This spurious jitter rms amplitude typically remains
below ∼0.′′005 (∼0.1 px), although it fluctuates for different
realizations of noise.

When jitter is induced, the dispersion of ∆σ decreases sig-
nificantly and its mean value remains approximately constant,
although dependent on σtrue, for cadences up to ∼10 s, but
increases exponentially thereafter. Notably, the method exhibits
slightly better accuracy for an induced jitter of 0.′′015 compared
to 0.′′05 and 0.′′10 when the time gap exceeds 15 s. However,
∆σ is below ∼0.′′01 (∼0.2 px) in all cases for time gaps up to
30 s and below ∼0.′′0175 (∼0.3 px) up to 40 s. The similar trend
of ∆σ with cadence for all choices of σtrue > 0 suggests that
the absolute accuracy of the algorithm is mainly dominated by
the dynamical evolution of the scene rather than by the jitter
amplitude or noise, at least for the scenarios considered here.

Our algorithm is able to jointly optimize the amount of jitter
for the two images used in the merit function. In this case, the
performance closely resembles that in Fig. 2 for the jitter image,
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Fig. 3. Residual jitter against the time gap between simulated images
employed by the algorithm for S/N = 100 and for different levels of
induced jitter. The dots represent the mean value of the residual jitter
inferred for 100 realizations of the jitter. Errors, estimated as the stan-
dard deviation of the results over the 100 realizations, are shown also as
a filled area. When jitter is induced in the simulations, the mean values
of ∆σ display little sensitivity for time gaps up to ∼10 s, but increase
nonlinearly with the time interval above that threshold almost regard-
less of the jitter amplitude. When the data is free of jitter, the algorithm
senses an artificial fluctuating jitter with an amplitude below ∼0.′′005 no
matter the cadence time employed in the simulation.

provided the two images are assumed to be recorded simultane-
ously. However, the method fails more often to infer the correct
amount of jitter when including a time gap between the images.
Our hypothesis is that the algorithm tends to overfit the amount
of sensed jitter in the two images to compensate for the evolution
of the solar scene when the number of free parameters increases
from three to six. This limitation should be further investigated
in future work but does not critically affect the restoration of time
series affected by jitter, as long as one of the images shows little
or no jitter. In this case, the frame with highest contrast along
the series can be used as a reference for comparison with the
remaining images, as explained in detail in Section 4.

4. Applications to TuMag data

We applied our method to a 35-min time series of images
acquired by TuMag that is affected by temporal variations of jit-
ter. This series was recorded on July 14, 2024, from 13:51 to
14:26 UTC while tracking a sunspot. The analyzed images cor-
respond to one modulation state in the continuum of the 525.02
Fe I line, cover an active region of 63′′ × 63′′ with a 0.′′0378 pixel
resolution, and have a cadence of ∼30 s. This is the time interval
needed to fully complete TuMag’s observation mode #2, which
accumulates 16 images per modulation state and wavelength,
performs full Stokes vector polarimetry, and samples 8 wave-
lengths along the spectral line (Del Toro Iniesta et al. 2025).
The images were corrected for dark and flat fields and aligned
with subpixel accuracy following Guizar-Sicairos et al. (2008).

The selected time series provides a representative test case
for the method. It exhibits a wide range of contrast variations, is
one of the longest series we have analyzed thus far, and contains
diverse solar structures that enable a robust assessment of the
reconstruction. These properties make it ideal for demonstrat-
ing the expected performance of the algorithm under different
observational conditions.
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Fig. 4. Contrast values of the image (blue dots) and the norm of
the inferred jitter (red dots) – both in arcsec and pixel units – along
the selected TuMag series. In some cases, fluctuations as large as
∼0.6 percentage points arise from one image to the next. The algo-
rithm systematically compensates for lower contrast values by inferring
a larger jitter amplitude.

We adopted a sequential approach to sense and correct for
time-varying jitter while minimizing the impact of solar evolu-
tion. First, we identified the frame of the series with the highest
contrast, i, and assumed it to be free of jitter. Next, we used
this reference image together with the next frame, i + 1, to mini-
mize Equation (6) and infer the jitter amplitude for the latter. We
repeated this process for the previous frame, i − 1. Using these
two frames and their inferred OTFs, we determined the jitter
affecting the frames i ± 2. This procedure was iterated through-
out the series to estimate the jitter amplitude for every frame,
ensuring that the time gap between the pairs of images used in
the merit function remained ∼30 s.

The assumption that at least one image in the time series is
unaffected by jitter is not strictly true, but it represents a rea-
sonable approximation as long as the highest-contrast image is
restored well when corrected solely for the WFE sensed through
PD. Even if the highest-contrast image were affected by jitter,
differential variations could still be estimated and compensated
along the series using this method. Indeed, we found that this
approach produces a significantly better jitter correction than
when sensed jointly for every pair of sequential images along
the series, in agreement with the results found for our numerical
experiments.

Figure 4 shows the contrast of the images computed over
the full FoV and the norm of the sensed jitter, σ, along the
series. The contrast fluctuates in the range 14.0%−14.7% with
variations from one image to the next that can be as large as
∼0.6 percentage points. Although these fluctuations are not neg-
ligible, they are small compared to the contrast variations usually
observed in ground instrumentation due to seeing.

The sensed jitter falls in the range 0.′′05–0.′′15 (∼1–4 px) in
most cases and is therefore comparable to the spatial resolution
of the instrument (Arroyo Caballero et al. 2025). Based on the
results obtained in Section 3, the cadence time of the series,
and the amplitude of the inferred jitter, the estimated accuracy
of the method is of the order 0.′′01, several times better than the
observed amplitudes.

Smaller values of contrast are generally related to higher jit-
ter rms values. This is evident in Fig. 5, where the value of the
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Fig. 5. Value of the inferred jitter amplitude in arcsec units (left Y axis)
and in pixels units (right Y axis) against the contrast of the original
image. The two variables are negatively correlated, as the algorithm
tends to assign lower contrasts to data affected by larger jitter.

inferred jitter is plotted against the contrast of the original image.
The observed anticorrelation suggests that the algorithm tries to
compensate the loss of contrast in jittered images by inferring
higher values of the rms jitter amplitude, as expected.

We restored the time series from both jitter and the WFE
aberrations estimated from a PD calibration recorded very close
in time, at 13:07. The inferred WFE rms amplitude amounts to
∼λ/6 including the telescope, the image stabilization, and light
distribution system, and the instrument aberrations. We used the
modified Wiener filter presented in Martínez Pillet et al. (2011)
and tuned the regularization parameter k in its Eq. (15) to 0.05
in order to find a good compromise between noise amplification
and contrast of the reconstructed images.

Figure 6 shows the lowest-contrast (LC) and highest-contrast
(HC) images of the series before reconstruction (top panels),
after correcting for aberrations (middle panels), and after restor-
ing from both wavefront errors and jitter (bottom panels). The
temporal evolution of the whole time series before and after
WFE and jitter correction is available as an online movie.

The LC and HC images were recorded 5 min 30 s apart
(frames 47 and 58 along the series). Although the difference in
contrast between them is relatively small before any reconstruc-
tion is applied (14% and 14.7%), small-scale features such as
filaments or the intergranule network are clearly blurred in the
former. When correcting for the inferred WFE, the HC image
is much sharper and displays a significantly higher contrast than
the LC image (17.9% vs 16%). We ascribe this difference in the
restored images to the nonnegligible impact of jitter in the image
with lowest contrast, which cannot be corrected just by restor-
ing the wavefront error. After reconstructing both aberrations
and the jitter sensed by our method (σx ≃ 0.′′09 ≃ 2.4 pixels;
σy ≃ 0.′′16 ≃ 4.2 pixels), the contrast value for the LC image
increases up to 17.5%, very close to the contrast found for the
HC image. Filaments and granules also look much sharper. The
overall improvement suggests therefore that the inferred OTF
is able to correct the effects of jitter in our images, at least to
the extent that the contrast of the more strongly jitter-affected
images approaches that of the least affected. It is also impor-
tant to emphasize that this is a worst-case scenario. Most of

the images in the time series already exhibit better optical qual-
ity and improve significantly when restored solely for static
wavefront aberrations.

One limitation of including jitter in the restoration process is
that it reduces the amplitude of the modulation transfer function
(MTF) – the module of the OTF – at mid- to high-frequencies.
In fact, the larger the rms amplitude of the jitter, the narrower
the OTF becomes and the lower the effective cut-off frequency
of the restored image. Figure 7 shows the azimuthally averaged
MTF term of TuMag for different scenarios as a function of the
spatial frequency normalized by the critical frequency of the
telescope, νc ≡ λD−1, where λ is the operating wavelength of
the instrument (525.02 nm) and D is the diameter of the tele-
scope (1 m). We distinguished between the MTF term due to the
net effect of the WFE aberrations, as well as the jitter MTF term
obtained for the LC image. The “effective” MTF that combines
these two effects and an ideal scenario in which no aberrations
or jitter are present for a telescope with and without central
obscuration of 32.4% is also shown. The combined impact of
the central obscuration with the wavefront error and jitter dras-
tically reduces the MTF amplitude of the instrument, especially
at mid- to high-frequencies. The MTF for the LC image is vir-
tually zero above ∼0.3νc, thus limiting the reconstruction up to
this frequency. Meanwhile, the cut-off for the optimum noise fil-
ter for the HC image – unaffected by jitter – is about ∼0.6νc (not
shown). Lower cut-off frequencies of the noise filter unavoid-
ably limit the restoration of small-scale details. This is possibly
the main reason why the reconstruction of the LC image is still
not as good as that of the HC image. However, most of the lost
contrast and blurring are compensated for when jitter is taken
into account in the restoration.

Figure 8 shows the contrast for the series of restored images
over the full FoV. Two cases are shown: (1) where only wavefront
aberrations are compensated and (2) where both jitter and the
WFE are reconstructed. In the first case, the mean contrast over
the full FoV is 17.0%. Its standard deviation along the series is
0.4%. Steep changes in the contrast can be observed from time
to time in this case, for example, for frames 25, 32, or 44. Cor-
recting for jitter increases the mean contrast value to 17.7% and
decreases the standard deviation to 0.2%.

In other words, the contrast not only improves when cor-
recting for jitter but its fluctuations along the series are damped
considerably, even though they are not removed completely. We
attribute these residual variations of the contrast primarily to the
decrease in the effective cut-off frequency of the power spectrum
in restored images as the jitter amplitude increases. Since larger
jitter amplitudes limit the amount of detail that can be recovered,
contrast in reconstructed images cannot be uniformly restored
across the whole series. Indeed, the contrast for the reconstructed
data is somehow correlated with that of the original image.

5. Summary and conclusions

We present a method that infers the rms amplitude and direc-
tion of jitter in solar images whose exposure time is much longer
than the typical timescale of the vibrations produced by it. The
technique employs only two images of the same scene that are
recorded sequentially, under the condition that each of them is
affected by a different amount of jitter.

Our method allows for correction of the high-frequency
residual jitter left by the telescope image stabilization system.
This technique is particularly valuable for time series where the
contrast fluctuates between consecutive images due to variations
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Fig. 6. Top: lowest- (LC) and highest-contrast (HC) images along the series before restoration (top left and right panels, respectively). Ticks every
7.′′56. Middle: reconstruction after WFE compensation. Bottom: Restoration after WFE and jitter correction. The same color map limits were
applied to all images to better compare the enhancement after the different reconstructions. The temporal evolution is available as an online movie.
When the effect of jitter is considered, the reconstruction of the LC image improves substantially compared to that obtained with the standard
wavefront reconstruction. The contrast is also much closer to that of the nearly jitter-free HC image.

in temporal jitter. The inferred jitter can be employed to cor-
rect its impact on the images, thus improving their contrast and
reducing the blurring produced by it. The degree of reconstruc-
tion is, of course, limited. The higher the sensed jitter amplitude,
the lower the effective cut-off frequency of the reconstructed
image. This constraint prevents small-scale (high-frequency)

details from being recovered in images strongly affected by
jitter.

We performed a series of numerical experiments to assess
the performance of our method. To this purpose, we employed
a dynamical MHD simulation affected by jitter and degraded by
the diffraction effects of a critically-sampled 1-m telescope with

A85, page 7 of 9

https://www.aanda.org/10.1051/0004-6361/202558344/olm


Bailén, F. J., et al.: A&A, 708, A85 (2026)

0.0 0.2 0.4 0.6 0.8 1.0
ν/νc

0.0

0.2

0.4

0.6

0.8

1.0

M
TF

Ideal
Diffraction
Jitter
WFE
Effective

Fig. 7. Radial MTF for different scenarios as a function of the frequency
(normalized by the critical frequency of the telescope): an ideal 1-m
class critically-sampled and aberration-free telescope with no central
obscuration (blue), an aberration-free telescope with the 32.4% central
obscuration of SUNRISE III (orange), a telescope affected only by the
amount of jitter as the one sensed for the lowest-contrast image of Fig. 6
(green), a telescope affected only by the aberrations sensed through PD
(red), and a telescope affected both by jitter and aberrations (violet).
Compared to an ideal case, the MTF amplitude decreases when intro-
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a central obscuration, similar to SUNRISE III. We also consid-
ered two scenarios: that images are free from noise and that they
are affected by a noise level of 10−2 with respect to Stokes I
at the continuum. Our simulations indicate that the method is
extremely robust when neglecting the temporal evolution of the
solar scene between the two images, with errors typically below
0.′′003 for jitter rms amplitudes as large as 0.′′15 in both the X
and Y directions and a low signal-to-noise ratio of 100. We also
found that the inclusion of random noise in the images helps
the algorithm to converge towards the true solution when the
induced jitter amplitude along the X and Y directions is above
∼0.′′10.

When considering the effect of the temporal evolution of the
solar scene, the accuracy of our algorithm is still better than
0.′′005 (≲0.1 px) for images recorded less than 10 s apart, rms
jitter amplitudes as large as 0.′′15 in the X and Y directions, and
a worst-case S/N of 100. Even for long time gaps of 30 s between
images, the errors found are below 0.′′01.

We finally applied our technique to a 35-min time series
of modulated images recorded at the continuum of the Fe I
525.02 nm line. The selected images were acquired by the
TuMag instrument onboard SUNRISE III and are affected by
temporally-changing jitter. The cadence of the chosen datasets
is ∼30 s.

We found that the sensed jitter rms amplitudes vary widely
within the range 0.′′05–0.′′15 (∼1–4 px) along the series and
are anticorrelated to the contrast of the original (not-corrected)
images. Wavefront restoration significantly improves the mean
contrast (from 14.3% to 17%) and sharpness of the data. Com-
pensating for the inferred jitter increases the mean contrast in the
series of images by an additional 0.7%. In some cases, the con-
trast improves by as much as 1.5 percentage points – from 16%
to 17.5% for the image with the lowest contrast – and its fluctua-
tions are reduced from 0.4% to 0.2% along the time series. These
jitter variations represent a worst-case scenario for the TuMag
instrument and are much smaller than those usually observed in
ground-based solar telescopes.

Although designed for the specific characteristics and con-
straints of TuMag, the technique may be applied to other imaging
spectropolarimeters, provided that their data exhibit measurable
contrast variations along a time series. Such fluctuations typi-
cally arise when residual high-frequency jitter affects the images
differently from one exposure to the next. In instruments where
residual jitter is dominated by low-frequency components that
vary more slowly than exposure time, our method would offer
little or no advantage over standard image alignment techniques.
However, for systems in which high-frequency jitter contributes
noticeably to contrast degradation, the approach presented here
can provide a practical means to estimate and mitigate its impact.
Our algorithm is particularly relevant for spaceborne instruments
with spatial resolutions below one-tenth of an arcsecond. In these
instruments, stability requirements are very demanding and com-
putationally intensive methods, such as MOMFBD, cannot be
used to correct jitter-induced wavefront fluctuations in real time.

Under the conditions mentioned above, our algorithm can
be applied to any polarimetric modulation state and wavelength
along the spectral line of interest. Beyond improving polarization
signal amplitude – decreased by the blurring induced by jitter –
it can reduce spurious polarimetric signals (“crosstalk”) caused
by temporal variations of the jitter. The resulting enhancement
in polarimetric sensitivity directly impacts the ability of such
instruments to detect small-scale magnetic structures (Bellot
Rubio & Orozco Suárez 2019).

Data availability

Movie associated with Fig. 6 is available at
https://www.aanda.org
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