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Abstract

Context. Radial differential rotation is an important physical ingredient in stellar dynamo theory. In the case of the Sun, heliosismology techniques have revealed the existence of a near-surface shear layer covering 15–20% of the upper convection zone. It was recently shown that the rotation velocity gradient is not uniform in this layer and that it displays a steep increase in a shallow layer near the surface.

Aims. We report the detection of a rotation velocity depth-gradient in the low photosphere that is not accessible to heliosismology techniques.

Methods. We applied differential interferometric methods to spectroscopic data obtained with the solar telescope THEMIS, which is equipped with an efficient adaptative optics system. The detection was based on the measurement of a systematic east-west shift between images of the solar granulation at different depths in the FeI 630.15 nm at the center of the solar disk. The same technique was applied to obtain the depth-difference between the images from their perspective shift when they are observed away from the disk center. Both THEMIS and HINODE/SOT data were used for the height-difference measurement, giving similar results.

Results. At the center of the solar disk, we measured a systematic retrograde shift of the photospheric granular structures on the east-west axis and with no shift in the north-south direction. The retrograde shift increases linearly with height. We interpret these findings as a signature of a steep decrease in the angular velocity in the low photosphere.

Conclusions. The rotational radial shear in the low solar photosphere is likely related to the dynamics of the subsurface shear layer. Its measurement yields a valuable constraint on the numerical simulations of the solar upper convection zone.
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1. Introduction
Rotational shear plays a major role in driving the stellar dynamo. In the Sun, helioseismic observations have revealed two regions that show a strong height-gradient of the rotation rate, namely, the tachocline at the base of the convective zone and the near surface shear layer (NSSL).
By using only observations of surface gravity modes (f-modes), observed by the Michelson Doppler Imager (MDI) onboard the Heliospheric Observatory (SoHO), Corbard & Thompson (2002) were able to obtained a clean measurement of the mean radial gradient of the angular velocity in the sub-surface layer, from about 4 Mm below the surface down to 9 Mm. More recent global and local helioseismology results (e.g., Zaatri & Corbard 2009; Reiter & Rhodes 2020; Komm 2022) covering longer periods and a full solar cycle have confirmed that the gradient of rotation is not uniform in the NSSL and that the rotation rate exhibits a steep decrease close to the surface (see Komm 2022, Fig. 5).
On the theoretical side, in a recent paper devoted to radiative hydrodynamic numerical simulations of the near-surface of the sun in the presence of rotation, Kitiashvili et al. (2023) derived a strong negative gradient in the angular velocity of ∂lnΩ/∂lnr ≃ −4 in a subsurface layer at depths smaller than 4 Mm.
In the present work, we are interested in the rotation profile of the photospheric layer. The photospheric rotational velocity derived from the measurement of the rotation of sunspot or via the Doppler velocity of spectral lines show systematic differences, which indicate that the photospheric plasma rotates at a slower rate than the sunspots. This effect has been explained as a result of a difference in rotational velocities between the surface and subsurface layers (see Foukal 1972). The active regions anchored below the photosphere would thereby rotate faster than the photospheric plasma. Depth variations in the rotational velocity have been investigated in Livingston & Milkey (1972) by spectroscopic methods, without yielding any evidence of a depth gradient. However, using a new analysis of 5 mn solar p-mode limb oscillations from 3.5 yr of the Helioseismic and Magnetic Imager (HMI) data, Cunnyngham et al. (2017) measured a steep radial decrease of the latitudinal average of the solar rotation rate in the upper photosphere. These authors argued that angular momentum loss could be driven by the torque due to the escape of photons from the photosphere. In this work, we report the detection of a steep rotational shear at the equator in the low photosphere.
The detection relies on the measurement of systematic shifts between simultaneous images of the granulation taken at different altitudes. The images are related to the temperature fluctuations of the granulation pattern. They form coherent structures that we have observed simultaneously at different altitudes. In the field of view (along the spectrograph slit and at many slit positions), we have observed a large number of structures. To extract statistical information on possible systematic shifts, we opted against tracking the evolution of the individual structures and instead we performed ensemble averages of the cross-spectra among simultaneous images at different levels. In this context, systematic refers to the fact that the ensemble average is different from zero. Such systematic shifts may arise from two different effects, namely, a perspective effect in the radial direction when the images are taken away from the center of the solar disk or horizontal shifts that are induced by a height-gradient of large scale horizontal velocities projected on the plane of the sky. Other kinds of turbulent motions would not lead to any measurable systematic shift. The horizontal shift of a structure is proportional to the duration of the dragging of the upper layer by the velocity gradient namely, to the correlation time of the granulation pattern. We discuss this issue in greater detail in the following.
We use x and y to denote the coordinates in the heliocentric west-east and south-north axis. The x-axis is oriented in the direction of the solar rotation, while the y-axis points toward the north. We started by considering the regions along the polar axis (x = 0) and the shift has two components that are given as:
[image: thumbnail](1)
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For regions located along the east-west axis (y = 0), we have:
[image: thumbnail](2)
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where θ denotes the heliocentric angle, z is the difference of the image formation heights, Δvφ and Δvθ are the difference of the azimuthal and meridional velocities at the two heights, respectively, and τ is the characteristic coherence time of the granulation pattern.
In this Letter, we report the detection at the center of the solar disk of systematic negative shifts along the equator, with no measurable shifts along the south-north axis. The equatorward shifts vary linearly with the altitude in the low photosphere. We interpret these findings as a signature of a decrease in the rotational velocity with height. In the next section (Sect. 2), we present our observations and methods. Section 3 is devoted to the measurement of the perspective shift from THEMIS and HINODE spectroscopic data. Section 4 describes the longitudinal shift observed at the center of the solar disk. In Sect. 5, we draw our conclusions and offer perspectives.
2. Observations and methods
We used spectroscopic observations obtained at the solar telescope THEMIS dating from July 18 to July 22, 2022, in the FeI 630.15 nm line. We performed a data reduction following Wöhl et al. (2002). We also used HINODE Solar Optical Telescope (SOT) spectropolarimetric (SP) data from the irradiance program, HOP79, performed on July 21, 2022. With THEMIS, we scanned 40″ × 108″ quiet solar regions at different positions along the west-east central axis with the spectrograph slit oriented along the west-east direction, and along the south-north polar axis with the slit oriented along the south-north direction. The slit width was 0.5″ and the scan step one arcsecond. The HOP79 irradiance program performs monthly systematic scans of 30″ × 130″ regions at 20 positions along the polar axis, covering the solar diameter from the north to the south limb with the spectrograph slit oriented along the south-north direction. The pixel size along the slit is 0.235″ at THEMIS and 0.32″ on SOT-SP, the spectral pixel is 1.35 pm at Themis and 2.1 pm on SOT-SP. A clear advantage of HINODE is the absence of seeing-induced image degradation. With respect to THEMIS, we were able to benefit from some good weather conditions and of the Adaptative Optic system (AO; Thiébaut et al. 2022; Gelly et al. 2016), we further selected the best spectrograms with a quality criteria based on the root mean square (rms) contrast of the granulation in the continuum along the slit.
To measure a very small displacement between images in the continuum and in the line-wings, we used the phase of their cross-spectrum. This method requires us to consider the power spectra of intensity fluctuations in images taken rigorously at the same time in the continuum and in the line. Actually, 2D images are not needed as far as the spectrograph slit is oriented in the direction of the displacement. In practice, we used 1D power spectra of the intensity variations along the spectrograph slit and we summed over all the slit positions. Using Ii(x) and Ic(x) to denote the 1D cuts of the line-wing and continuum images, respectively, and assuming that the line-wing image is similar to the continuum one, but slightly displaced at a distance δ, we can express the following:
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and subsequently,
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Shifts can then be derived from the phase of the cross-spectrum. We used a series of spectrograms to estimate the cross-spectrum [image: equation] between Ic(x) and Ii(x):
[image: thumbnail](5)
where [image: equation] represents the conjugate Fourier transform of Ii(x) and the brackets refer to the ensemble average. A linear fit of the phase variation with respect to the spatial frequency variable, u, allows us to measure δ. We note that a positive shift corresponds to a negative slope of the phase. We stress here that this method is not limited by the spatial resolution of the instrument. The main limitation is the signal-to-noise ratio (S/N) of the image spectrum and the domain of validity of Eq. (3), which is based on the assumption of similarity between the line-wing and continuum images.
To apply this method, we want to construct images formed on surfaces at a roughly constant continuum optical depth. Our reconstruction method relies on the relation between the line and continuum absorption coefficients in the Lorentzian damping wings of a line. This is presented in detail and applied to Hinode/SOT data in Faurobert et al. (2012). Here, we apply it to both the SOT-SP and THEMIS data.
As ground-based THEMIS spectra are affected by the presence of telluric lines in the far wings of the FeI 603.15 nm line, we implemented a procedure to restore the shape of the line intensity profile in the line wings. Because of the asymmetry introduced by the telluric line on the top of the red wing side (see Fig. 1), we decided to fit the two parts of the profile separately. First, the location of the line core, λ0, and the intensity value, I0, at the line core are obtained accurately from the whole profile using cubic convolution interpolation. Then both sides of the profile are symmetrized and fitted by two independent symmetric Voigt profiles. Finally, the whole profile is thus represented by a total of nine parameters: Gaussian (Doppler) and Lorentzian widths, integrated line strengths and wing intensity levels on the red and blue sides, plus the line core intensity value. The intensity level obtained on the blue wing is considered as a reliable estimate of the continuum level, Ic, because there is no contamination by telluric or other solar lines on that side. The red wing intensity level is always lower than Ic and we rejected data for which it is lower than 0.9 Ic.
	[image: thumbnail]	Fig. 1. Example of line fit by two half Voigt profiles. Crosses represent the data points. The horizontal line shows the full line width at intensity level 0.9 Ic, where Ic is the continuum level estimated from the blue wing.



As in the study by Faurobert et al. (2012), we obtained images at 25 line-cords of evenly distributed widths between the line center (line cord 1) and the line wing at 0.9Ic (line cord 25) that is taken as the reference image in the following.
3. Perspective-shift measurement from Hinode and Themis data
First, we applied the method described above to images taken along the y axis with the spectrograph-slit oriented in the y direction. Figure 2 shows the phase of the cross-spectrum of the reference image and the image at line cord 16 with both SOT/SP (red symbols) and THEMIS (blue symbols) at cosθ = 0.74. We note that the phase shows a linear behavior at spatial frequencies typically smaller than 0.6 arsec−1, corresponding to structures at scales larger than 1.7″. A linear fit of the phase in this spatial-frequency interval is shown in the figure. At larger frequencies, (i.e., on smaller scales), the cross-spectrum phase is noisy for two reasons: (1) the assumption of similarity between the images is no longer valid because small structures tend to evolve more quickly and to lose coherency between the two altitudes and (2) the S/N of the Fourier power spectrum of the images decreases at high spatial frequencies. As expected from the perspective shift, the sign of the phase-slope is negative for regions located in the northern hemisphere and positive for regions located in the southern hemisphere. The results obtained with HINODE and THEMIS data are in good agreement. Table 1 shows the heights z derived from the measurement of the phase-slope up to line-cord 14 from different observation sequences. The standard deviation on the measurement is derived from the standard deviation on the estimate of the slope of the linear fit. At line-cords deeper than 14, the assumption of similarity with the reference image is no longer valid and the cross-spectrum phase becomes too noisy for a reliable measurement. To take into account the quality of the different measurements, we considered the average of z weighted with the inverse of the variance of the individual measurements.
	[image: thumbnail]	Fig. 2. Phase of the cross-spectrum of the images at the reference level and at line cord 16 as function of the spatial frequency. The spectrograph slit is oriented along the north-south axis. Red symbols: results obtained with the Hinode data (in blue: Themis data). Upper panel: results for regions at cosθ = 0.74 in the southern hemisphere on the solar polar axis. Lower panel: results at cosθ = 0.74 in the northern hemisphere.



Table 1. 
Nortfhward shifts (in km) of the granulation images observed at cos(θ) = 0.74 in the northern hemisphere with the spectrograph slit oriented along the south-north axis.

Figure 3 shows the cross-spectrum phase obtained at the center of the solar disk, where the perspective shift vanishes. The spectrograph slit is oriented along the y direction. The phase remains close to zero and shows a noisy behavior, while the measured shift is close to 0. This shows that the measurements are not significantly affected by a possible gradient of the meridional velocity or by any depth-gradient of large scale supergranular flows that are not detectable here.
	[image: thumbnail]	Fig. 3. Same as Fig. 2, but for a region at the center of the solar disk.



4. Measurement of the height-gradient of the azimuthal velocity
The same method was then applied to images obtained at the center of the solar disk where the perspective shift vanishes. The slit in this case is oriented along the west-east axis. Figure 4 shows the cross-spectrum phase from three sequences of observations performed on July 19, 20, and 22, 2022, for line-wings images at line cords 16 and 18. We note a linear behavior of the phase at spatial frequencies smaller than 0.6 arsec−1 with a positive slope that remains approximately constant for the three sequences; this is the evidence of a systematic displacement of the structures seen above the continuum level. The shifts derived from the slope of the linear part are given in Table 2 for different line cords.
	[image: thumbnail]	Fig. 4. Phase of the cross-spectrum as function of the spatial frequency for three observing sequences. The observed regions are at the center of the solar disk and the spectrograph slit is oriented along the west-east axis. The straight lines show linear fits of the phase at spatial frequency smaller than 0.6 arcsec−1. Upper panel: cross-spectrum phase of the reference image and image at line cord 16. Lower panel: same for line cord 18.



Table 2. 
Longitudinal shifts (in km) of the images observed at the center of the solar disk at different line cords for three sequences of observations with the spectrograph slit oriented along the west-east axis.

Figure 5 shows that the longitudinal shift varies linearly with the altitude. Let us assume that the granular structures are dragged by a linearly decreasing angular velocity Ω(R + z) = Ω(R)(1 − αz), where R denotes the solar radius at the depth of our reference image. The rotational velocity at the altitude z is then given by vrot(R + z) = (R + z)Ω(R + z), at a first order in z/R we get vrot(R + z) = vrot(R)(1 + z/R)(1 − αz). Measurable shifts are obtained only if α ≫ 1/R. The shift Δx at the altitude z is then given by:
[image: thumbnail](6)
	[image: thumbnail]	Fig. 5. Relation between the longitudinal shift of the images and the image formation height. The straight line shows a linear fit.



The slope of the linear fit in Fig. 5 is −0.79. The rotational velocity at the solar surface is around 2 km s−1, which gives α = 0.79/(2τ) (km−1). The estimate of α depends on the coherence time of the structures that give rise to the signal. As the intensity variations along the spectrograph slit are dominated by the granulation, we may identify τ with the correlation time of the granulation pattern. A value of 440 s was estimated for this quantity in Title et al. (1988). This is close to the average lifetime of granular structures, which is on the order of 600 s (Roudier et al. 2012), this gives α ≃ 9 × 10−4 km−1. However, many solar observations have shown the existence of “trees of fragmenting granules” (TFG; Roudier et al. 2003, 2009; Malherbe et al. 2015) that cover a significant fraction of the solar surface and can live much longer than individual granules. The lifetime histogram of the TFG may be fitted by an exponentially decreasing law with a timescale of about one hour. We remark that the signal we observe is stationary on several days, indicating that in our field of view of 40″ by 108″ we have statistically stable TFG distributions. However, the identification of the TFGs would require us to obtain images of the field of view at a constant time-step for more than one hour. This could be done from space with SDO/HMI. One advantage of the method applied here is that we do not need to work with 2D images taken at constant time-step, which allows us to perform a selection of the best spectrograms based on a contrast criterion. However, we are not able to follow the evolution of the pattern that gives rise to the signal.
5. Discussion and conclusions
By using a differential interferometric technique, we were able to measure small systematic negative longitudinal shifts of granular structures taken at different heights in the low solar photosphere at the center of the solar disk. No shifts were detected along the south-north direction. The measurement of the formation heights of the images was obtained from the perspective shifts observed away from the center of the solar disk. We find that the longitudinal shift varies linearly with height. The measurements were performed in a thin layer of 30 km in the low photosphere. We interpret these observations as the signature of a negative height gradient of the angular velocity of the following form: Ω(R + z) = Ω(R)(1 − αz).
Estimating the value of α requires the knowledge of the coherence time of the pattern that gives rise to the observed signal. Identifying this time to the correlation time of the granulation we obtain α ≃ 9 × 10−4 km−1. However, longer lived features, such as TFGs, could be at the origin of the signal we detected, which would decrease our estimate of the rotational depth-gradient. We leave this point to further studies.
We may compare our results to the angular velocity measurements at the solar limb reported in Cunnyngham et al. (2017), Table 1. A linear fit of their measurements gives α ≃ 2 × 10−4 km−1. This is more than four times smaller than our estimated value, but we note that we measured the rotational shear at the equator – whereas they measured a latitudinal average over some effective depths. We agree with their own comments on their results, asserting that “depth and latitude smearing will spatially average the local rotation gradient” and we agree that studies at a higher resolution like ours may detect a larger rotation gradient.
As our observations were performed at the equator of the Sun, in future works, we intend to investigate possible latitudinal variations of the angular velocity gradient and to extend the measurement to higher layers of the photosphere.
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In the text



	[image: thumbnail]	Fig. 3. Same as Fig. 2, but for a region at the center of the solar disk.
In the text



	[image: thumbnail]	Fig. 4. Phase of the cross-spectrum as function of the spatial frequency for three observing sequences. The observed regions are at the center of the solar disk and the spectrograph slit is oriented along the west-east axis. The straight lines show linear fits of the phase at spatial frequency smaller than 0.6 arcsec−1. Upper panel: cross-spectrum phase of the reference image and image at line cord 16. Lower panel: same for line cord 18.
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	32.4 ± 1.4





      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Same as Fig. 2, but for a region at the center of the solar disk.
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        Phase of the cross-spectrum as function of the spatial frequency for three observing sequences. The observed regions are at the center of the solar disk and the spectrograph slit is oriented along the west-east axis. The straight lines show linear fits of the phase at spatial frequency smaller than 0.6 arcsec−1. Upper panel: cross-spectrum phase of the reference image and image at line cord 16. Lower panel: same for line cord 18.
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	2022/07/20
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	−5.0 ± 0.6
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        Relation between the longitudinal shift of the images and the image formation height. The straight line shows a linear fit.
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