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Theinteraction between the magnetic field and turbulent convectionin the Sun’s
photosphere drives the dynamics, evolution and structuring of its magnetized
atmosphere. This interaction often takes place at or below the spatial resolution of

modern-day observations. Here we report on high-spatial-resolution observations of
the solar photosphere acquired using the world’s first 4-m class solar telescope, the
US National Science Foundation’s Daniel K. Inouye Solar Telescope. Time sequence
images reveal afar more complex and dynamic solar scene than previously observed.
Weidentify ubiquitous magnetized Kelvin-Helmholtz instabilities at the edges

of magnetic flux concentrations and provide experimental confirmation of a
long-standing theoretical prediction'? The discovery of small-scale magnetized
Kelvin-Helmholtz instabilities in the solar photosphere, which can be reproduced

by high-resolution numerical simulations, has far-reaching implications for our
understanding of the creation and dissipation of magnetic fields exhibiting vortex
motion, which canlead to flux braiding. Our results support the picture of disjoint
magnetic field concentrations in layers below the visible solar surface that connect
to monolithic flux regions visible as facular concentrations and pores in the solar
photosphere. Kelvin-Helmholtz instabilities are an efficient mechanism for
transporting mass, energy, momentum and magnetic flux in magnetohydrodynamic
systems, and they offer transformative insights into processes in magnetically active
regions such as the one observed here.

Since their original formulation by Lord Kelvin® and Hermann von Helm-
holtz*, Kelvin-Helmholtz instabilities (KHIs) have been observed and
investigated across many areas of physics, including fluid dynamics®,
oceanography?®, heliospheric environments such as planetary magne-
tospheres” ' (for example, Earth, Mars, Venus, Mercury, Jupiter and
Saturn) and other astrophysical systems" ™. In the solar atmosphere,
KHIs havelong been the subject of both theoretical and observational
studies**'*?°, Corrugated boundaries observed in coronal mass ejec-
tionsare ofteninterpreted as possible signatures of this instability™ 8,
Solar and stellar magneto-convection produce complex plasma
flows in the photosphere that evolve from coherent laminar motions
intosmall-scale, unstable structures. Theoretical studiesindicate that
these flowsin the solar photosphere can generate velocity shear layers
around magnetic flux concentrations (MFCs) and trigger the KHI%
The existence of KHIs in the Sun’s photospheric layers has not been
observedinthe past, probably because the characteristic spatial scale
isnot easily accessible by telescopes with aperture sizes below 2 m.
The observations made by the Daniel K. Inouye Solar Telescope
(DKIST)* at awavelength of 416 nm reported here are of a magneti-
cally active region in the vicinity of a sunspot (Fig. 1). At this wave-
length, the visible solar surface is dominated by convective motions

(granules) interlaced with small-scale MFCs (Fig. 1). This scene contains
several larger coherent structures (pores). The interfaces between
the magnetic features and the granulation in these images display
astructure very different from the relatively smooth, blurry inter-
faces typically seen in lower resolution images. DKIST reveals these
interfaces to be composed almost entirely of vortex-like structures
and striations, drastically changing the solar scene compared with
previous observations.

Theimage time sequence reveals the ubiquitous formation and evo-
lution of vortices at the interface of magnetic elements, with the small-
est vortices being near the theoretical diffraction limit of DKIST of
approximately 19 kmonthe Sun at this wavelength (Fig. 1c-f, Extended
DataFig.1and Supplementary Video1).In Extended Data Fig.2 we show
theresult of an analysis of 47 vortices in the observed field. The histo-
gram demonstrates that the characteristic spatial wavelength—the
spatial distance between vortices—was 65 km, with sizes ranging from
25kmto170 km. Thegrowthratey, , defined as the exponential factor
by which the deformation of the magnetic interface (boundary)
increases over time (Methods), has values between 0.014 s™ and
0.054 s™ for prominent examples in the field of view (FoV) (Extended
Data Table 1). We estimated these growth rates by tracking boundary
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Fig.1|Aview of thesolar photosphere at aspatial resolution of19 km.

a, Acontextual SDO/HMI continuum full-Sunimage from 14 April 2025. The
black box marks the part of the active region (NOAA 14060) observed with
DKIST/VBI.b,Zoomed-in view of the boxed areainaat 21:40:40 UT. A subfield
outlined by thered boxindicates the FastCam FoV. The dark areas are pores,
where—like the larger sunspots—the strong magnetic field inhibits convective
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energy transportoutwards towards the solar surface, thereby creatingacooler
plasmaenvironment. ¢, The photosphere captured with DKIST/ FastCam at
21:39:15uTintheblue continuum (416 nm) at aresolution of approximately

19 km.d-f, The zoomed-in subregions outlined with yellow boxes in ¢ show
prominent KHIexamples.
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Fig.2|Overview of the MURaM simulation. a, Vertical magnetic flux

density at the height where the average optical depth 75, is unity near the
interface between magnetic and non-magneticregions. b, Horizontal velocity
field at the same height. ¢, Syntheticemergent intensity at 500 nmat disk

perturbations of the unstable interface where vortices form (Extended
DataFig. 3). The measured apparent velocities (the horizontal propa-
gation speed of vortices around the magnetic elements) ranged
between 0.67 km s™and 3.0 km s (Extended Data Table 1).

We compared the observed structures with numerical radiation
magnetohydrodynamics (MHD) simulations of the solar atmosphere
carried out with the MURaM? code. The simulations model a plage
regionwithanet flux, starting from aninitially vertical field equivalent
tothat ofthe observed scene (Methods and Supplementary Fig.1) and
were computed for a spatial discretization size of 3.2 km, yielding a
resolution comparable with that of DKIST. With these spatial discre-
tization sizes and magnetic field strengths, the numerical simulations
show structures like those in the observations (Fig. 2 and Extended
Data Fig. 4). The prominent shape of the vortices seen in both the
observational and synthetic data matches the morphological struc-
ture of the KHI (Figs.1-3). Based on the evidence presented so far and
onthat presented below, we will refer to the vortices and striations as
KHI structures.

The simulations show an important ingredient not measured by
the observations, the horizontal plasma velocity. It runs parallel to
the sharp interface of the strong magnetic field and displays a strong
gradient there, thereby creating the optimal environment for the onset
of KHI (Fig. 2b-e).

centre computed from the MURaM cube. d-f,Zoomed-inimages of the regions
indicated by the yellow boxesin the top panels: vertical magnetic flux density (d),
horizontal velocity field (e) and synthetic emergentintensity (f). The arrowsine
indicate the direction of the plasma flows.

Magnetic fields can have a stabilizing influence on the KHI: the
component parallel to the shear flow tends to suppress the instabil-
ity, whereas the perpendicular component provides no stabilization®.
Strong fields dominating the observed and simulated plage regions are
nearly vertical at the solar surface and, hence, mainly perpendicular
to the horizontal shear flow. Linear theory predicts that instability
growthis maximized when the Kelvin-Helmholtz wavevectorisaligned
with the flow direction®, consistent with our observations and simu-
lations showing that the KHI develops ubiquitously along horizontal
shear layers surrounding vertically oriented MFCs. Figure 2 and Sup-
plementary Videos 2-4 illustrate how laminar granular flows, the fun-
damental convective pattern of the photosphere, converge towards
MFCs and form strong horizontal shear layers that trigger the KHI:
becausethe parallel components of the flow are weakly coupled across
the interface to magnetic regions, a strong shear can develop along
the interface.

Weinvestigated theinstability parametersin the MURaM simulations
by employing the same techniques used on the observed images. We
synthesized spectra covering the wavelength range 415.32 nm to
416.7 nm at a heliocentric angle of approximately 14°, corresponding
to aviewing angle u of it = cos(14°) = 0.97, to match that of the obser-
ved FoV onthe Sun (Extended Data Fig. 4). Synthetic filtergrams were
generated using the band-pass characteristics of the interferencefilter
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Fig.3|Observed versus synthetic KHI vortices. a-c, Evolution of KHI vortices
inthe observed (a) and synthetic (b) intensities and in the line-of-sight magnetic
field (c)inMURaM at the height where the average 75,,=1. The synthetic
intensities were computed at disk centre at awavelength of 500 nm. The four
leftmostimages are snapshots at four times (the simulations could follow the

employed during the observations (Extended DataFig. 4). The result-
ing syntheticimages were spatially low-pass filtered to match the DKIST
spatial resolution because theimage reconstruction algorithm for the
observed data already removes the optical transfer function of the
telescope as part of the reconstruction process. The results are pre-
sented in Extended Data Fig. 5 for 94 instability occurrences. The his-
togram peaked at a characteristic instability wavelength of 49 km. An
evaluation of the growth rate for several notable examplesin the syn-
theticimagesyielded valuesinthe range 0.027 s't0 0.059 s (Extended
Data Table 1). The instability wavelength and growth rate in the syn-
theticimages are comparable with those measured inthe observations,
as are the measured apparent vortex velocities, which ranged from
1.6 kms™t02.8 kms™(Extended Data Table1). The consistency between
the numerical simulations and observations demonstrates that the
numerical model sufficiently captures the physical processesleading
to the KHI.

The measured intensity in the filtergrams primarily originated from
atmospheric layers near the 755, =1 surface (hereafter, 7=1, unless
otherwise indicated), where 75y is the optical depth at 500 nm
(Methods). This layer defines the base of the photosphere, and vertical
heights are measured relative to it. Because the =1 surface corre-
spondsto a corrugated sheet that varies in geometrical height depend-
ingon, forexample, the level of magnetization of the emitting plasma,
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scene foralonger time). The rightmost panels are time-distance diagrams
produced along the cyan dotted lines, displaying the dynamics of the KHI
vortices.Inthese panels, the observed and synthetic data cover exactly the
same spatial and temporal ranges so that they can be compared one to one.
T-D diagram, time-distance diagram.

we use its mean height, averaged over the FoV of the simulation, as
our reference (z=0 km). The intensity signature of the vortices com-
pares well with that of the magnetic field morphology at 2= 0 km (Sup-
plementary Fig. 2).

For afinite-width shear layer, such as the hyperbolic tangent veloc-
ity profiles presented in our simulations, the KHI wavelength of the
fastest-growing mode scales with shear layer thickness®. In the linear
regime, the shear layer thickness is related to the expected KHI wave-
length through equation (2), which in turnis related to the instability
growth rate and phase speed®. Extended Data Fig. 6 shows the solutions
ofequation (2), computed using the parameters (shear layer thickness,
shear velocity and density contrast) derived from the simulation for the
five cases listed in Extended Data Table 1. The results demonstrate that
the growth ratesand phase speeds estimated directly fromthe dataare
consistent with the predictions of the linear KHI theory?, in which the
plasma flow becomes unstable perpendicular to the magnetic field.

Measurements of the velocity shear layer thickness from the numeri-
cal simulations yield values of approximately 12 km (Extended Data
Table 1, Extended Data Fig. 7 and Supplementary Figs. 3-6). Ignoring
the weak dependencies of the KHI spatial wavelength on density and
average shear velocity, linear theory? predicts that the most unstable
mode has spatial wavelengths between 60 km and 100 km (Extended
DataFig. 6), close to the measured observation values.




Fig.4 | Temporal evolution of the KHIin the MURaM simulation, rendered
withthe VAPOR code?. a, Three-dimensional structure of the vertical magnetic
fieldatt=0sandt=174s,demonstrating theimpact of the developing KHI on
the magnetized plasma. The height coordinate is relative to the 7=1surface.
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phases of KHI development. ¢, The same for the layer approximately 370 km
belowther=1surface. The signature of KHI vortices and their evolution within
the horizontal velocity field (black arrows) is clearly visible (Supplementary
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The KHI structures rapidly enter the nonlinear regime. They exhibit
fully developed vortices along with rapid vortex merging and the forma-
tion of secondary, smaller-scale KHIs on the larger vortices (Extended
DataFig. 8). This shows that the KHI makes a critical contributionto the
development of turbulencein these boundary layers. The KHIs analysed
inthis study can be considered as a source of turbulent diffusivity*, with
avalueof n,,, = 1/3ul, where uis the typical turbulent velocity and dis the
typical length scale of the flow. The scale A = 65 km of the KHI wavelength
and average shear velocity u = 3 km s yield an estimated turbulent
diffusivity 0.65 x 10" cm?*s ™ in strong magnetic field regions (stronger
than equipartition), where turbulence is normally suppressed. This
diffusivity leads to amixing between magnetized and mostly unmagnet-
ized plasmaand allows low-entropy material present at the edge of gran-
ulestoenter the magnetized plasma, thereby affecting the properties of
downflows and convective energy transport beneath the solar surface.

In the MURaM simulations, KHI vortices develop in the horizontal
planes over avertical depthrange z € - [100, - 400]km. They maintain
the same phase and wavelength across all heights, so that they are best
described by vertically extendingrolls (Fig. 4 and Extended Data Fig. 9).
Theamplitude and, hence, the growthrate of the perturbationsincrease
towards the deeper layers (below z < 0 km) (Extended DataFig.9). This
amplification occurs because magnetic stabilization is weaker in
the deeperlayers where the magnetic field is more vertically oriented.
The plasma beta (ratio of gas to magnetic pressure) is higher due to
the higher plasma density (Supplementary Fig. 7), which allows the
velocity shear to drive the instability more efficiently. Therefore, in
the deeper layers, the KHI at the magnetic boundaries leads to frag-
mentation, and it splits the monolithic magnetic elementsinto several
smaller structures (Fig. 4 and Supplementary Video 5). This magnetic
stratification (a single magnetic element at the visible solar surface
that connects to several strands below it) resembles the picture pro-
posed by Parker® for much larger magnetic features, sunspots, there
albeitin response to a fluting instability rather than a KHI»?,

Observed and synthetic photospheric maps show fine-scale dark
striations rooted in the KHI vortices and extending outwards (Figs.1-3).
Supplementary Videos 1-4 illustrate that the KHI vortices and their
associated striations exhibit coherent dynamics. The morphological
and dynamical properties of the striations in the observed and syn-
theticfiltergramsare innotable agreement (Fig. 3 and Supplementary
Fig.8).Photospheric striations at the boundaries of magnetic elements
havebeen detected previously using high-resolution observations?>°,
Striations seeninfiltergrams are associated with spatial and temporal
modulations of the photospheric magnetic field, which produce cor-
responding variations in density and opacity along the line of sight™".
Despite recent large advances®, the physical origin of the magnetic
field variations responsible for the formation of the striations has not
been established in either observations or simulations. Using DKIST
datatogether with numerical simulations, we demonstrate that these
variations arise from the KHI, which corrugates the boundaries of the
MFCs. Similar magnetically induced striations are observed in more
distant astrophysical environments, such as molecular clouds like
the Polaris flare® and Taurus clouds®, where the KHI may play a role
in creating striated structures.

Magnetic structures, such as spicules, prominences and coronal
loops, that create the fabric of the outer solar atmosphere are rooted in
photospheric MFCs. Changes inthe topology of the photospheric mag-
netic field should influence the structure of the entire solar atmosphere.
TheKHI, by continuously distorting and perturbing magnetic elements,
can excite MHD waves and dissipate energy through vortices that can
subsequently break down into turbulence. The nonlinear evolution
of the KHI at the boundaries of MFCs in the MURaM simulation shows
numerous examples of small-scale vortices forming on top of larger
vortices, which may represent a forward turbulent cascade (Extended
DataFig. 8).Inother cases, as the KHlamplitude grows, vortices merge
and evolveinto amoreturbulentstate, indicative of aninverse cascade.
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Footpoint motions of the magnetic structures in the solar photo-
sphere are the primary source of free magnetic energy, whichin turn
powers most solar activity, including energetic brightenings from
nano-flarestoflares, jets and coronal mass ejections. The same energy
reservoir is also thought to power the enigmatic heating of solar and
stellar coronae®. A central theoretical concept for generating free mag-
netic energy is magnetic flux braiding®, which creates non-equilibrium
magnetic configurations through the interlacing of field lines. Such
systems dissipate energy through electric current sheets and magnetic
reconnection while relaxing towards alower energy state®®. The physical
drivers of braiding motions remain poorly constrained observation-
ally. The observed vortices generated by KHI could provide an efficient
source of small-scale, omnipresent magnetic flux braiding.
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Methods

Observations and datareduction

Inthis work we present observations acquired on14 April 2025 between
21:38 uT and 21:41 uT using the world’s largest telescope for optical and
infrared observations of the Sun, DKIST?. During the dataacquisition,
the atmospheric conditions were variable, with Fried parameter values
during the best periods measured around ry =12 cm. The DKIST wave-
front correction system was operating in diffraction-limited mode at
the time of the observations, as it was measuring and correcting all
optical modes that itis capable of detecting. In this work, we focus on
the first target of the day, a region containing pores near an active
region (NOAA 14060) close to the disk centre with helioprojective
Cartesian coordinates (X =-162arcsec, Y =168 arcsec), corresponding
to u=0.97 (Fig.1).

Adataset was acquired with a diagnostic (FastCam) set-up at DKIST,
which was built as a collaborative effort between the National Solar
Observatory and the Max Planck Institute for Solar System Research.
Theset-upwasinstalledin front of the spectrograph entry slit of the vis-
ible spectro-polarimeter and removed at the end of the data acquisition
for the diagnostic test. The optical set-up enhanced the operation of the
feed telescope of the visible spectro-polarimeter, which did not have
any other powered optics, resulting—with the pixel cell size of 5.5 pm
for the Max Planck Institute camera—in a pixel size of As = 0.00825 arc-
sec px™, corresponding to approximately 6 km pxon the solar surface.
The wavelength chosen for the observation was 416 nm, and we used
anarrow band-pass with a full-width at half-maximum of 0.5 nm. The
region of interest read out by the camera was set to 2K x 1K px?, which
meant that the sensor could be read out at arate of 740 frames per sec-
ond while maintaining an exposure time of 100 ps. The camera was
equipped withaphase-diversity beam-splitter assembly, whichimaged
two fields, onein-focus and the other with a de-focus of approximately
0.4 waves root mean square. The two fields were imaged side-by-side
onto the sensor in a phase-diversity set-up®*?°, which allowed us to
determine theresidual wavefront aberrations that remained after the
correction by the adaptive optics system*’, The solar FoV visible in both
the focused and the de-focused images corresponds to approximately
5,800 x 4,350 km?on the Sun (8 x 6 arcsec?). The time span covered by
the dataset analysed in this work is about 3 min. The frames observed
with this camera were image-reconstructed using multi-frame blind
deconvolution®, atechnique that can be used to numerically model and
removeresidualatmospheric aberrations fromthe data. The algorithm
used 2,000 dark- and gain-calibrated camera frames to compute one
reconstructed science frame. Afterimage reconstruction, the effective
cadence of theimaging data was 2.7 s. We estimated that most frames
achieved aspatial resolution of 19 km, the Rayleigh diffraction limit at
416 nm, as inferred from the full-width at half-maximum of the finest
structures in the data.

Context imaging was provided by the visible broadband imager
(VBI)*, an imaging instrument capable of acquiring large-FoV
short-exposure data sequences at a single wavelength within 3 s.
In this experiment, the VBl was configured to acquire sequences of
80 frames alternating in wavelength between the red continuum
(668.4 nm) and the Ha line (656.3 nm; not shown), with sampling in
theimages corresponding to12.3 km px™(0.017 arcsec px ™). The frames
ofeach consecutive sequence wereimage-reconstructed using speckle
reconstruction algorithms* to remove residual seeing effects over the
large FoV of approximately 50 x 50 Mm? (69 x 69 arcsec?). Even though
the VBIred channel was started with a 3-min delay with respect to the
FastCam data that are presented here, the FoV clearly still contains
the (evolved) structure of the higher spatial resolution dataset (Fig. 1).

Full disk observations were provided by the helioseismic and
magnetic imager onboard the Solar Dynamics Observatory (SDO/
HMI)**. Figure 1a shows a photospheric continuum image from the
HMI at 21:40 uT. The HMI image was coaligned with DKIST/VBI/

FastCam data using the SolarSoft auto_align_images function through
across-correlation (Fig. 1).

Numerical simulations and spectral synthesis
Here we compare the observations with MHD simulations performed
with the MURaM code?. So that we could perform the simulations at
avery high spatial resolution, we focused on a small domain of extent
6.144 x 6.144 x 2.048 Mm? (with the third dimension, z, being vertical),
whichis comparable with the high-resolution FastCam FoV. Inthe ver-
tical direction, the domain extended approximately 1.367 Mm below
z=0Mm and 0.681 Mm into the overlying atmosphere. A solar-like
configuration with granulation driven by radiative losses could not be
achieved in the numerical simulation without the overlying stable
atmosphere. Arealistic photosphere was essential for making the con-
nection between numerical models and observations. We started from
arelaxed hydrodynamic simulation to which we added the vertical
magnetic field component extracted from the corresponding HMI
magnetogram for the observed region (Supplementary Fig. 1). We
initialized the domain with astrictly vertical magnetic field of the form
nB, - (n—1){B,), where B, was taken from an HMI magnetogram and
was enhanced to compensate for the field dispersal that occurred due
to granular motions whenthe simulation was further relaxed for about
1.8 h(nisthe enhancement factor). After the relaxation, the individual
flux concentrations were no longer impacted by the initial state. To
achieve a realistic simulation of magneto-convection, the critical
parameter is the net flux imbalance, which was unchanged by the
enhancement. Therefore, the enhanced HMI magnetogram was used
solely to create a set-up that looks more closely like the observed dis-
tribution, and it was not needed for the development and study of KHIs.
We found that a choice of n=2.5 led to a large-scale magnetic field
distribution comparable with the HMI magnetogram and the formation
of pores that resemble those observed (Supplementary Fig. 1). After
initialization with the enhanced magnetogram, the simulationran for
4,980 swith12.8-kmgrid spacing, followed by 1,200 s with 6.4 km and
then another 1,200 s with 3.2-km grid spacing. The sequence we ana-
lysed also covers 480-720 s in the 3.2-km sequence or 5,460-5,700 s
since theinitialization with the HMImagnetogram. The simulation was
computed with 12 opacity bins and used the Asplund 2009 opacities®.
The grid scale of 3.2 km was greater than the diffusive length scale
expectedinthe photosphere of approximately 1.4 km based onaSpitzer
diffusivity n =2 x10% cm?s™ (ref. 46) and a timescale T =100 s using
[= . /nT. The use of the numerical diffusivity®is, thus, justified for the
simulations presented here. However, a spatially dependent Spitzer
diffusivity would need to be used for higher resolution simulations.
Developed snapshots of the simulation were used to generate the
synthetic spectrum for awavelengthinterval between 415.32 nmand
416.7 nm, using 500 spectral points with the one-dimensional version
of the Rybicki-Hummer radiative transfer code* inlocal thermody-
namic equilibrium (Extended Data Fig. 4c). The syntheses included
molecular (CH and CN) and atomic lines and the continuum within
the band-pass. Intensities were also synthesized at a single continuum
wavelength of 500 nm. To save computational time, the vertical grid
space was reduced to 9.6 km by using only every third grid point along
the vertical axes. We synthesized spectra at disk centre and towards
thesolarlimbat g=1and p=0.97, respectively. To synthesize 416 nm
intensities at g = 0.97, the MURaM cube was modified by shifting each
horizontal layer relative to the layer below by Az tan(6), where Az
represents the vertical grid spacing and 8 is the heliocentric angle,
defined as the angle between the line of sight and the solar surface
normal. This adjustment aligned the slanted line-of-sight direction
vertically. Pixel sampling was foreshortened along the y direction by
afactor of gandincreased along the zdirection by a factor of 1/u for
the = 0.97 data. To closely replicate the DKIST 416-nm filtergrams,
the synthetic data were multiplied by the transmission profile of
the interference filter employed in the diagnostic set-up (Extended



Data Fig. 4c) and integrated over the wavelength range covered by
thefilter.

Extended Data Fig. 4a,b demonstrates that all common features
observed in the 416-nm filtergrams were reproduced in the synthetic
images, including KHI vortices and striations. Extended Data Fig. 4c
shows the synthetic spectrum averaged over the full FoV of the simula-
tion, overplotted with a solar atlas*® with the same wavelength range
as observed by a Fourier transform spectrometer. The two spectra
agreetoahighlevel of detail, demonstrating that the simulation accu-
rately reproduced the observed spectral features. The close agreement
between the synthetic and observed spectraand images confirms that
the simulated data serve as a powerful diagnostic tool forinterpreting
416-nm intensity observations.

From the MURaM snapshot, we calculated the height of the surface
where the optical depth reached unity at different wavelength positions
along the synthesized spectral interval (Extended Data Fig. 9k,I).
Extended Data Fig. 91 shows that the heights of 7=1and 7,;59;=1 (as
well as other 416-nm continuum wavelengths) are very similar with
only marginal differences, indicating that these two continuum wave-
bands formed at nearly the same geometrical heights. We used the
optical depthat 500 nmto select the heights at which KHI parameters
were directly studied in the MURaM cube and compared with the syn-
thetic 416-nm filtergrams.

Historically, striations have been observed and studied primarily at
inclined viewing angles”°. Our simulations show that they are also
present in the disk centre. Extended Data Fig. 9k confirms that the
structures seeninthe disk-centre filtergrams arose from opacity vari-
ations. Their appearanceinthe emergentintensity is closely correlated
with spatial variations in B, and anticorrelated with density in the lay-
ers above the KHI formation heights (Supplementary Fig. 9). These
variations shift the geometrical height at which the emergent intensity
forms, giving rise to the appearance of striations in the disk-centre
synthetic filtergrams. This is the same physical mechanism that pro-
duces striations at inclined viewing angles®™'. An inclined viewing
geometry makes these features appear longer and more extended
towards thelimb and, therefore, easier to detect. Our results, however,
indicate that they should also be observable at disk centre, given a
sufficiently high spatial resolution.

KHIgrowthrate inlinear MHD theory
Thelinear theory of the KHIin MHD systems shows that the instability
grows fastest when the shear flow is perpendicular to the magnetic
field and the wavevector is aligned with the shear velocity?. For finite
and continuous velocity profiles, the fastest-growing wavelengths are
determined by the thickness of the velocity shear layer.
Chandrasekhar? investigated the KHlinaslab geometry consisting
oftwo adjacentincompressible fluids with different densities separated
by afinite-width shearlayer of intermediate density in which the veloc-
ity varies linearly from —Uj, to +U, across the layer. Specifically, the
velocity and density profiles are given by equation (1) (Supplementary
Fig.10):

x<-dJ/2, p=p,(1+e), U=-U,
—-d/2<x<d/2, p=p,, U=2Uyx/d, (0]
x>d/2, p,=py(1-€), U=U,.

Here p, is the density in the shear layer, € is a factor that defines
the density contrast between two layers, x is the distance across the
KHI surface and d is the thickness of the velocity shear layer. The
continuity of the perturbation equations results in the dispersion
relation®:

k(v-1)?
(v-1)+1/2ex(v-1)* |

e |- k(v+1)? )
(v+1) +1/2ek(v +1)?

(2

wherev=y/kU, k= kd, andyis the frequency and k is the wavenumber
of the KHI. In this equation, the magnetic field contribution and
Richardson number are neglected because the shear flow is perpen-
dicular to the magnetic field and the wavevector is perpendicular to
the gravity vector.

The dispersion relation (equation (2)) is a transcendental equation
for the complex frequency y =y, - iy, , whose imaginary party, _indi-
catesaninstability processinthe system, in particular, the exponential
growthrate of unstable modes. Thereal party,is the frequency related
to the propagation speed v, (phase speed) of KHI modes through
¥, = kv, Extended DataFig. 6 shows the sensitivity of KHI wavelength,
growth rate and phase speed on the parameters U,, d and € for values
within the ranges found in our data (Extended Data Table 1).

Estimating the KHI parameters

To estimate the KHI growth rate and phase speed, we measured the
relevant parameters in the simulation and observation for several
prominent cases, which are summarized in Extended Data Table 1.

The simulation shows that the KHI occurred coherently across sev-
eral horizontal layers. Figure 4, Extended Data Fig. 9 and Supplemen-
tary Video 5 demonstrate that KHI vortices are three-dimensional
structures with different amplitudes at different heights. The KHI pat-
terns observed in the 416-nm filtergrams are primarily defined by the
layer where the continuum optical depth at 416 nm (or 500 nm)
approached unity. Owing to the Wilson depression, the 7=1 layer
formed at different geometrical heights inside and outside MFCs
(Extended DataFig. 9). We measured the KHI parameters at the height
where the average continuum optical depth at 500 nm reached unity.

First, we identified the KHI interface at this height, calculated the
componentof the two-dimensional velocity vector parallel to ity and
estimated its average one-dimensional profile perpendicular to the
interface (Extended Data Fig. 7f and Supplementary Figs. 3f-6f). The
average thickness of the velocity shear layer was defined as the spatial
extent over which the parallel velocity component v transitions
between the two layers. The shear velocity AU was estimated as the
difference in v across the shear layer, determined from a linear fit to
the velocity v, profile (Extended Data Fig. 7f and Supplementary
Figs. 3f-6f). Average densities on either side of the shear layer, along
cuts perpendicular to the KHIsurface, were also determined. The wave-
length A was measured as the spatial separation between adjacent
developing vortices during the initial (linear) growth phase of the
instability (Extended Data Figs. 2c and 5¢).

The growth rate was measured from the temporal change in KHI
amplitude. In the linear phase, the perturbation amplitude of KHI
increased exponentially, A(¢) = A(¢,) exp(¥; ) where A(¢,) and A(f)
are the amplitudes at ¢, and ¢, respectively, and y, _is the growth rate
of the instability, which corresponds to the imaginary part of the fre-
quency inthe theoretical dispersion relation presented and analysed
above (equation (2)). We measured the instability amplitude directly
from the corrugated boundary of the unstable interface. To do this,
we drew at different time steps two lines parallel to the mean orienta-
tion of the shear layer to mark the full transverse extent of the deformed
boundary (Extended Data Figs. 3b and 7d). The curve that follows the
separation (red curvesin Extended Data Figs. 3b and 7d) between these
two lines was taken as a proxy for the KHl amplitude as it captures the
degree of boundary corrugation and the transverse displacement of
the boundary. The temporal evolution of A(t) was then fitted with an
exponential function (Supplementary Fig. 11). The amplitudes and
growth rates were derived fromthe early linear phase of the instability,
before the onset of nonlinear saturation.

Todetermine the phase speed, we used time-distance diagrams and
calculated the average speed at which different vortices were displaced
along the KHI interface in the image plane. In equation (1), the refer-
ence frame is defined by the velocity at the centre of the shear layer
(x=0). For symmetric velocity profiles, this correspondstov=0kms™.
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The time-distance diagrams measure the apparent phase speed in
the image frame along the shear layer. To maintain consistency with
equations (1) and (2), the absolute phase speed was computed as
Uph=UVapp ~ Ue» Where v, and v, denote the apparent velocity and the
velocity at the centre of the shear layer, respectively. Extended Data
Table 1summarizes the derived parameters.

Analogous procedures were applied to the observational data
to determine the growth rate, average apparent phase speed and
wavelength of the KHI (Extended Data Figs. 1-3 and Supplementary
Fig. 11).

The theoretical growth rate was calculated by solving equation (2)
using the shear layer thickness, shear velocity and density contrast
derived from the simulations for the five caseslisted in Extended Data
Table1. Theresults, shownin Extended DataFig. 6, demonstrate good
agreement between Chandrasekhar’s theoretical predictions and our
measurements.

Statistics of KHI wavelengths

We manually identified KHI interfaces in the observed and syn-
thetic images (by visual inspection) and studied the distribution
of Kelvin-Helmholtz wavelengths. The selection criterion was the
presence of at least two KHI-like vortices at the interface between
the MFC and the granules. To quantify the Kelvin-Helmholtz wave-
length, we measured the median distance between the dips appear-
ingin theintensity profiles computed from cuts through the vortices
along the KHl interfaces. Extended Data Fig. 2 displays the locations
of KHI interfaces and an example of the intensity profile along one
selected case.

Similar analyses were carried out for synthetic DKIST filtergrams
generated from MURaM simulations and a spectral synthesis. The
results are presented in Extended Data Fig. 5. KHI wavelengths were
also measured directly from the MURaM B, map at the height corre-
spondingto the average 7=1(Supplementary Fig. 2).

Although the KHI wavelength histograms peak at values above the
spatial resolution limit of DKIST for both observations and numeri-
cal simulations, we refrain at this point from concluding that smaller
characteristic scales do not exist on the Sun, given the remaining dif-
ferences in the two distributions.

Data availability

The DKIST datausedin this study are openly available at https://dkist.
virtualsolar.org/vanNoortfastcam/.MURaM data s available at https://
share.nso.edu/shared/dkist/fwoeger/muram/.

Code availability

The Rybicki-Hummer code used to synthesize the DKIST observables
isopenly available at GitHub (https://github.com/han-uitenbroek/RH).
TheMURaM code used tocomputethethree-dimensionalradiation MHD

simulations is openly available at GitHub (https://github.com/NCAR/
MURaM_main). The Visualization and Analysis Platform for Ocean,
Atmosphere, and Solar Researchers (VAPOR v.3.8.0) used in this work
is publicly available at https://doi.org/10.3390/atmos10090488.
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Extended DataFig.1|Close-up view of KH instability patternsin DKIST The T-D diagrams are produced along the cyan dotted lines. The dashed blue
FastCam data. a-e) Examples of KH instability ina series of DKIST 416 nm lines highlight the fitted slopes used to calculate the apparent phase speeds.
filtergrams, correspondingto the caseslisted in Extended Data Table 1.
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Extended DataFig.2|Detected KHIsurfaces and wavelength statistics. The KHIwavelengths are determined as the median separations between
(a) DKIST image with KHI interfaces marked withlinesin cyan. (b) The zoomed intensity dips. Paneld shows the distribution of KHIwavelengths for 47 surfaces.
KHlinterface. (c) Example of anintensity profile along KHIlinterface #03.



Extended DataFig.3|Example analyses of KHI vortices developing

in the observation. (a-d) Evolution of the KHI vortices in the DKIST data.

The orange dashed linesin panel b mark the upper and lower edges of the
corrugatedinterface. Thered curvein panel b shows the measured boundary
perturbation (instability amplitudes, A(¢)) at this particular time step, defined
asthe transverse extent of the corrugation (see Methods). (e) T-D diagram

constructed along the blue lineshownin panel c. The dashed red line highlights
thefitted slope used to calculate the apparent phase speed. (f) The time
evolution of the amplitude and its exponential fit, whichis used to measure
thegrowthrate () of the instability. (g) The intensity profile along the blue
lineatt=40s.TheKHIwavelengthis determined as the median separation
betweenintensity dips. (h) Atablelisting the measured parameters.
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Extended DataFig. 4 | Comparison of synthetic and observed filtergrams. (c) Synthetic 416 nmspectrum (blue line) computed from the MURaM snapshot
(a-b) Synthetic and observed 416 nmfiltergramsat z=0.97. The syntheticimage = and RH code atdisk center and averaged over the full FoV. The orange line
ismultiplied by the DKIST transmission profile, integrated over the whole represents the Fourier transform spectrometer atlas profile** for comparison,

wavelengthrange covered by the filter and spatially low pass filtered toreplicate ~ whilethe greenline depicts the experimental transmission profile of the DKIST
the DKIST filtergram. The arrows pointin the direction of the disk center. 416 nmfilter.




Extended DataFig.5|Detected KHIsurfaces and wavelength statisticsin intensity profile along KHlinterface #94. The KHI wavelengthis determined
the synthetic data. Same as Extended Data Fig. 2, but this time with synthetic asthe median separation betweenintensity dips. (d) shows the distribution of
data. (a) Synthetic filtergramat 416 nm at u = 0.97 with KHl interfaces marked KHIwavelengths for 94 surfaces. The syntheticimages were spatially low pass
withlinesincyan. (b) An example of azoomed KHlinterface. (c) Example of an filtered to simulate the DKIST spatial resolution.
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Extended DataFig. 6 |Growthrates and phase speeds of KHI. (a-f) Growth one parameteris varied between its median and minimum/maximum values
rates (y,,)and phase speeds as afunction of KHI wavelength, calculated measured from the simulation (Extended Data Table 1), while the other two are
fromequation (2) for three key parameters:e= (p1 -p, )/(p2 +pl), halfofthe held fixed at their average values (Extended Data Table 1). The panelsillustrate

shear velocity (U,=4U /2)and the shear-layer thickness (d). In each panel, thesensitivity of the KHIgrowth rate and phase speed to these parameters.



Extended DataFig.7 | Example of KHI instability. (a-d) KHI developingina
MURaM simulationin the vertical magnetic flux density at the height where
theaverage 7 =1.Theorange dashed linesin panel d mark the upper and lower
edgesofthe corrugatedinterface. Thelength of thered curvein paneld
correspondstothe measured KHlamplitude A(¢) at this time step, defined
asthetransverse extent of the corrugation (see Methods). The T-D diagram
(panele)is produced alongthebluelineshownin panel c. Thedashedredlinein
panel e highlights the fitted slope used to calculate the apparent phase speed.

Panel fdisplays the shear velocity profile measured as the projection ofD’(x,y)
ontotheKHIinterface (i.e., the direction perpendicular to the green lineshown
in panelb). The dashed blackline in panel f shows linear fit of the shear velocity
profile across the shear layer. Panel g shows the intensity profile along the
bluelineatt=24s, fromwhich the wavelength of the KHIis determined as the
medianseparation betweenintensity dips. Panel hpresentsatablelisting the
measured parameters.
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Extended DataFig. 8| Multi-scale nature of KHI. (a-h) Example of evolution includingatthe edges of already evolved KHI vortices. This dynamic is consistent
ofthe KHIin the MURaM simulation, shownin the vertical magnetic field at withaturbulent cascade.
heights near 7=1.KHI vortices perpetually develop on multiple spatial scales,



Extended DataFig.9|Magneticfield at different heights and the together with the corresponding map of the geometrical height where 7,5 o=1.
corresponding emergentintensity, together withthe map ofther=1 () Vertical cut through the B, map along the red dotted line indicated in
geometrical height. (a-i) Vertical magnetic field (B,) at different heights. panels (a) and (j). Theblue and greenlines trace the 7,;5 g =1and 75y = 1 heights,
(j-k) Synthetic 415.9 nmdisc centre image computed from the same snapshot, respectively.
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Extended Data Table 1| KHI parameters

KHI parameters measured from the examples presented in Extended Data Fig. 1 (observations) and Extended Data Fig. 7 and Supplementary Figs. 3-6 (simulations and synthetic filtergrams).
Velocities in the simulations are measured as the projection of V(x,y) onto the KHI interface (i.e., the direction perpendicular to the green line shown in Extended Data Fig. 7b and Supplementary
Figs. 3b-6b).
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