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Abstract

It is well-known that the global acoustic oscillations of the Sun’s atmosphere can excite resonance modes within large-scale magnetic concentrations. These structures are conduits of energy between the different layers of the solar atmosphere, and understanding their dynamics can explain the processes behind coronal heating and solar wind acceleration. In this work, we studied the Doppler velocity spectrum of more than a thousand large-scale magnetic structures (i.e. sunspots) in the solar photosphere that crossed near the disk centre of the Sun. We exploited the excellent stability and seeing-free conditions of the Helioseismic and Magnetic Imager (HMI) instrument on board the Solar Dynamics Observatory (SDO) to cover nearly seven years of observations, providing the most comprehensive statistical analysis of its kind. Here, we show that the power spectra of the umbra of sunspots in the photosphere is remarkably different from the one of quiet-Sun regions, with both exhibiting a primary peak at 3.3 mHz, but the sunspot umbrae also displaying a closely packed series of secondary peaks in the 4–6 mHz band. Understanding the origin of such peaks is a challenging task. Here, we explore several possible explanations for the observed oscillations, all pointing towards a potential resonant interaction within these structures and an unknown driver. Our observational result provides further insight into the magnetic connectivity between the different layers of the dynamic atmosphere of the Sun.
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1. Introduction
The general understanding of oscillations in the Sun’s atmosphere is that the photosphere is dominated by the global resonant modes of the entire stellar structure at 5 min (i.e. 3 mHz), while, moving upwards to the chromosphere, the dominant period shifts to 3 min (5 mHz) (see earlier reviews by Cram & Thomas 1981; Lites 1992; Bogdan 2000 and more recent works by Khomenko & Collados 2015; Jess et al. 2023). This behaviour is considered to be the result of an acoustic cut-off caused by the stratification of the solar atmosphere (Wiśniewska et al. 2016; Felipe et al. 2018; Felipe & Sangeetha 2020). Large-scale magnetic concentrations, such as sunspots and pores, are embedded in this environment and serve as conduits between the layers of the solar atmosphere (Giovanelli et al. 1978; Lites & Thomas 1985). These structures are thus crucial to the dynamics of magnetically dominated solar atmospheres and are possible candidates to explain coronal heating (Goossens et al. 2013; Van Doorsselaere et al. 2014, 2020), solar wind acceleration (De Pontieu et al. 2007), and changes in plasma composition throughout the solar atmosphere (Baker et al. 2021; Stangalini et al. 2021a; Murabito et al. 2021, 2024).
Since their first observation in Beckers & Tallant (1969), oscillations within the umbra of sunspots have been thoroughly studied. In Edwin & Roberts (1983) the authors predicted the excitation of resonance modes inside these structures, and after that many authors reported observational evidence of a plethora of wave modes hosted by sunspots (Centeno et al. 2006; Dorotovič et al. 2008; Jess et al. 2009; Morton et al. 2011, 2013; Keys et al. 2018; Stangalini et al. 2018; Albidah et al. 2021, to name but a few). In this regard, in Albidah et al. (2022), the authors used proper orthogonal decomposition (POD; a similar approach to principal component analysis, PCA; Pearson 1901) and dynamic mode decomposition (DMD; Schmid 2010) techniques to study the wave modes in selected sunspots observed with the HARDcam instrument (Jess et al. 2012) at the National Solar Observatory’s Dunn Solar Telescope (DST; New Mexico, USA). POD and DMD are both model order reduction techniques that are used to reduce computational complexity by reducing the degrees of freedom, simplifying their state space without loss of information. The authors provided evidence of multiple high-order MHD modes inside the observed structures. Recently, in Jafarzadeh et al. (2024) the authors reported the concurrent excitation of multiple-order MHD modes in solar magnetic pores observed with the High Resolution Telescope (HRT, Gandorfer et al. 2018) of the Polarimetric and Helioseismic Imager (PHI; Solanki et al. 2020) on board Solar Orbiter (Müller et al. 2020).
Suggested by Thomas & Scheuer (1982), and following the findings by Moore (1973) and Mullan & Yun (1973), umbral oscillations are thought to be the resonant response to p-modes in subphotospheric convective layers of the Sun’s atmosphere. In Spruit & Bogdan (1992), the authors studied the interaction of acoustic oscillation and large-scale magnetic structures in a simple model atmosphere, described as a plane-parallel stratified adiabatic polytrope with an embedded vertical magnetic structure. They studied the conversion of p-modes to slow modes and found evidence of absorption of these modes by the magnetic structures. In D’Silva (1994), the author showed that sunspots, beyond p-mode absorption and conversion, are very efficient at mixing modes, with a high sensitivity to the morphological properties of the magnetic structure. This led to the idea that large magnetic structures absorb the p-modes from the nearby environment and convert purely acoustic oscillations to magneto-acoustic wave modes of similar frequency.
Although most of the studies have reported 5-minute (3 mHz) umbral oscillations in the photosphere, some authors also reported 3-minute oscillations (Beckers & Schultz 1972; Rice & Gaizauskas 1973; Soltau et al. 1976; Schroeter & Soltau 1976). In Abdelatif et al. (1986), the authors observed a distinct 3-minute oscillation in the line-of-sight (LOS) velocity of two sunspots concentrated in the darkest regions of the umbrae. Using spectral data from the Fast Imaging Solar Spectrograph (FISS; Chae et al. 2013), Chae et al. (2017) investigated the origin of these 3-minute oscillations in the photosphere. They concluded, despite the limitations on the resolution of the instrument, that magnetoconvection occurring in lightbridges and umbral dots can generate the observed periodicity. In Stangalini et al. (2021b) the authors studied a peculiar magnetic pore, observed with the Interferometric Bidimensional Spectropolarimeter (IBIS; Cavallini 2006) at the DST, showing Doppler velocity oscillations with a dominant frequency of 5 mHz (i.e. a period of 3 min) in the solar photosphere, and no sight of 5-minute oscillations typical of the photospheric driver. Using the same instrument, in Stangalini et al. (2022) the authors studied an unusually intense sunspot observed for three hours. They used the B − ω diagram (Stangalini et al. 2021b) to distinguish the spectra inside and outside the magnetic structure, POD to identify the MHD modes, and phase-lag analysis to infer the phase speed of the observed oscillations. Their results strengthened the idea that the power spectra of large-scale magnetic structures differ greatly from those of the environment in which they are embedded, with frequency peaks other than the usual dominant peak of the p-modes.
In this work, we analysed the LOS velocity spectrum of nearly two thousand large-scale magnetic concentrations that crossed near the disk centre of the Sun from April 2011 to December 2017. We used the excellent stability of the Helioseismic and Magnetic Imager (HMI; Schou et al. 2012), the magnetometer on board NASA’s Solar Dynamics Observatory (SDO; Pesnell et al. 2012), to provide the most comprehensive statistical analysis of the dynamics of sunspots in the photosphere. In particular, we find that for the majority of the sunspots included in this work, the spectrum of their umbra is significantly in contrast to that of the surrounding quiet-Sun regions, providing further insights into the magnetic connectivity of the solar atmosphere.
2. Dataset and analysis
The sunspots analysed in this work were observed with SDO/HMI in the Fe I 617.3 nm absorption line, with a cadence of 45 seconds in monthly observation windows of 45 minutes. We restricted our analysis to large-scale magnetic structures (i.e. sunspots and pores with an average umbral diameter of around 3000 km) that crossed within 0.4 solar radii of the disk centre. The images were co-registered to remove the contribution of the solar rotation. The dataset consists of nearly seven years of observations, including the LOS velocity and magnetic field of the selected sunspots from the Debrecen Photoheliographic Data catalogue (Baranyi et al. 2016; Győri et al. 2017). Each Dopplergram is constructed using six filtergrams for each of the six positions in the Fe I 617.3 nm spectral line, resulting in a formation height of approximately 100 Km (Fleck et al. 2011). In total, the dataset contains 612 active regions and a total of 1714 unique sunspots and pores.
In the leftmost panels of Fig. 1 (panels a–f), we show the magnetogram (left) and the corresponding Dopplergram (right) for three randomly selected sunspots in the dataset. The contours highlight the region of sunspots with magnetic field values above 1800 G, corresponding to just about the umbra-penumbra boundary, as reported by Jurčák et al. (2018). The regions of interest (RoI) were selected using the sunspots routine of the solar feature tracking code (SoFT; Berretti et al. 2025). In this case, SoFT acts as a simple threshold discriminator, assigning a label to clumps with magnetic fields greater than 1800 G, allowing one to distinguish between the different magnetic structures in an active region. Of the 1714 sunspots included in this work, 759 met the magnetic field threshold and were selected for our analysis.
	[image: thumbnail]	Fig. 1. Doppler velocity analysis of sunspots. a–c: Magnetograms of three randomly selected sunspots. The orange contours mark the region in which the magnetic field is above 1800 G, considered to be just about the umbra-penumbra boundary (Jurčák et al. 2018). All the magnetograms are saturated between –1800 G and 1800 G d–f: Corresponding Dopplergrams of the same sunspots. The violet contours indicate the umbral region, inherited by the magnetograms. g: Mean Doppler-velocity power spectrum for all sunspots (violet; solid line) and for quiet-Sun regions (grey; dashed line). h: Mean power spectrum of the sunspots classified by the positions of the frequency of their secondary peaks. Following the order in the legend, the classes are centred respectively at 4.3, 4.5, 4.7, 4.9, 5.1 mHz, with a width of 0.3 mHz. The number of sunspots per class is indicated in the legend. The black dashed line represents the mean power spectrum shown in violet in panel g, shifted upwards by 0.14 to aid visualisation.



To obtain the power spectra of the LOS velocity oscillation with the fast Fourier transform (FFT), we averaged the power spectra of all individual pixels within the umbra. Prior to computing these power spectra, to mitigate the effect of bad pixels hijacking the mean, we first applied a boxcar smoothing with a kernel of 3 × 3 pixels. Additionally, to ensure the reliability of the power spectral densities obtained, we followed the procedure described in Jess et al. (2023). First, we removed any linear trend potentially linked to slow evolutions or residual solar rotation contributions that survived after the coalignment, by subtracting a linear least-squares fit. To increase the display resolution of our spectra and mitigate the effects of the truncation of the time-series, respectively, we zero-padded the series to a length of 256 and applied a Tukey window function with an alpha parameter of 0.1 (apodising). Finally, each sunspot’s mean power spectrum was calculated and normalised to its maximum value, facilitating subsequent comparison across all sunspots.
3. Results
In Fig. 1g we show the mean spectra obtained by averaging the normalised power spectrum of the 759 sunspots included in this work as well as the mean spectrum of p-modes obtained by averaging the 300 spectra of the 50 × 50 pixels of the quiet Sun within the field of view. We can see a slight broadening of the peak at 3.3 mHz and a significant bump in the 4–6 mHz band of the sunspots’ power spectra.
We can now filter the power spectra of the sunspots based on the positions of their secondary peaks. To this end, we selected five different overlapping frequency bands, starting from 4.3 mHz (as the centre of the first window) with a distance of 0.2 mHz from each other and 0.3 mHz width. In Fig. 1h, we show the mean spectra of each of the sunspot classes. Each class comprises around 300 spectra, as shown in the coloured text at the bottom panel of Fig. 1, but a single spectrum can belong to multiple classes. It should be noted that only 88 out of 759 have no power in any of these bands and, on the other hand, exhibit only a peak at 3.3 mHz.
Finally, in Fig. 2 we show the statistical distributions of the magnetic field (top), the equivalent diameter (middle) and eccentricity (bottom) of the 5 selected classes, maintaining the same colour coding as in Fig. 1. In place of the histograms, we opted for the probability density curves (KDE). Indeed, histograms approximate the underlying probability distributions by binning the data and counting the occurrences in each bin, making them a distorted estimator of the actual probability distribution. In contrast, KDE tries to smooth the approximation performed by the histogram using a kernel function, producing a continuous density estimate. The choice of the kernel function and, mostly, its bandwidth becomes critical. Here, we used a normal kernel using Scott’s rule (Scott 1979) to infer the optimal value of the bandwidth. However, when working with datasets containing over-represented elements, the KDE can smooth and merge peaks visible in the histogram. Histograms, however, are reported in appendix A. Finally, the observed statistical distributions are compatible with those shown in Fig. 3 of Livingston et al. (2012), with a similar asymmetry between the left and right wings of the distribution.
	[image: thumbnail]	Fig. 2. Statistical distributions of the magnetic field (top) and equivalent diameter (middle) and eccentricity (bottom) of the different classes of sunspots. The colours are inherited from Fig. 1 for each class. The equivalent diameters were estimated considering the umbrae as perfectly round. The eccentricity is defined as the filling factor of the magnetic feature with respect to a circle with a radius corresponding to half of the equivalent diameter of the feature and centred in the barycentre of it.



4. Discussions
The enhancement in the average power spectrum seen in Fig. 1g is the result of the overlap of multiple classes of spectra with a frequency peak in small frequency intervals of 0.3 mHz, starting from 4.3 mHz to 5.1 mHz. Understanding the origin of these peaks in the Doppler velocity spectrum of the 759 sunspots is a challenging task. The existence of a frequency band centred at about 5 mHz in the photosphere is not, in itself, a new finding. The strength of this study lies in the unprecedented statistical consistency of our results, showing multiple peaks in the spectra of sunspots’ umbrae, proving that it is much different from that of the nearby quiet Sun. As a proper interpretation of the results presented in this work is, as of this date, impossible due to the lack of multi-height observations and simulations capable of coupling the dynamics of local plasma, magnetic structures and the global dynamo, we can only provide an interpretation of our results by revisiting the many theories, sometimes forgotten, that are already available in the past literature.

	
One could argue that the peaks in the 4–6 mHz band are the resonance frequencies given by the intrinsic response of the magnetic structures to subphotospheric convective flows. However, the lack of correlation between the position of the frequency peaks and key physical parameters such as the area, magnetic field, and shape of the umbra discourages this interpretation. In other words, one would expect that similar structures should have similar excited frequencies, but this is not the case given the heterogeneous sample. Therefore, we are prone to believe that the observed secondary peaks is the result of an underlying driver, acting on all the magnetic structures considered and forcing this secondary photospheric frequency centred at about 5 mHz. However, establishing the nature of the driver and how it interacts with the magnetic concentrations considered in this work would require simulations of the entire photosphere and convection zone coupled with the solar dynamo – an effort that, to date, is simply unachievable due to the computational resources required.



	
In the 1980s, a series of works by Thomas, Scheuer, and Zhugzhda attempted to explain the origin of the observed 3-minute oscillations in the umbra of sunspots in the photosphere. Scheuer & Thomas (1981) argued that such oscillations, following earlier work by Uchida & Sakurai (1975), are driven by subphotospheric overstable convection, exciting these nearly trapped fast magneto-acoustic waves (Thomas & Scheuer 1982). In Centeno et al. (2006) the authors studied the velocity oscillations of sunspots in the photosphere and chromosphere and argued that the observed dominant frequency of 5 mHz in the chromosphere is the result of the linear propagation of waves from the photosphere. On the other hand, the Zhugzhda model predicted the existence of a resonance cavity in the chromosphere driven by the acoustic noise of convection (Zhugzhda et al. 1983; Zhugzhda 1984). Indeed, in Hollweg (1979) the authors first suggested the possibility of the existence of chromospheric resonances by solving the equations of plasma motion in a model atmosphere and demonstrated the occurrence of resonances between the driving fast mode and the driven acoustic oscillations. Further advances in the existence of a chromospheric cavity were made by Botha et al. (2011), where the authors numerically showed that the dominant period of 3 min observed in the chromosphere can be supported by a resonance cavity without the need for a source in the photosphere. Finally, Jess et al. (2020) report strong observational evidence of a resonance cavity in the chromosphere. Ultimately, in Lites (1984), Thomas (1984) and Zhugzhda (1984), the authors suggested the existence of multiple resonance cavities in the solar atmosphere, finally explaining the presence of multiple closely packed peaks near the 3–6 mHz band. The two cavities are the photospheric one generated by the reflective layer below the photosphere owing to the increase in the sound speed and the one in the chromosphere due to the reflective layer arising from the increase in Alfvén velocity. Our results could very well fit this interpretation, although they cannot be intended as observational evidence for the existence of a photospheric cavity and further proof would be required.



	
Alternatively, it is well known that regions of intense magnetic field inhibit heat transfer, leading to a localised lowering of temperature and opacity. This process results in an optical depth difference between the umbrae of sunspots and the neighbouring quiet Sun, referred to as the Wilson depression (Wilson & Maskelyne 1774). In Löptien et al. (2020), the authors studied the relationship between the properties of magnetic structures and the depth of the Wilson depression using two methods: one based on the divergence of the magnetic field and the other on balancing the horizontal forces between the region inside and outside the sunspot. In their work, they found that the depth of the Wilson depression, for sunspots compatible with the ones in our work, can vary between 600 km for the former method and 200 km for the latter. The formation height of the Fe I 617.3 nm absorption line used by HMI was estimated to be around 100 km by Fleck et al. (2011). It is also worth mentioning that the mixing of different heights in the HMI pipeline (Scherrer et al. 2012) and the height dependence of the acoustic cutoff (Wiśniewska et al. 2016) might also contribute to bringing the height at which our signal originates further closer together.




Despite the possible interpretations of our results, the key aspect to underline is that the vast majority of sunspots that crossed near the centre disk show a secondary peak in the 4–6 band, a frequency that is usually seen to be dominant in the chromosphere. This is in fact observational evidence, with unprecedented statistical consistency, that the spectra of sunspots in the photosphere greatly differ from that of quiet-Sun regions, an effect observed in the past and predicted from the theory of the early 1980s but seemingly overlooked over the past two decades. The suggested explanations here are a tentative effort to provide different points of view on the challenging task of understanding the magnetic connection between the layers of the solar atmosphere. Lack of (I) multiheight observations, (II) full-disk simulations of the solar photosphere capable of describing the interaction at global scales within magnetic structures, the global dynamo, and the convective envelope of the Sun, and (III) high-resolution instrumentation to reduce the effects of stray light on the observed umbrae, we cannot provide a definitive answer to the observed frequency peaks.
Furthermore, in Berretti et al. (2024), the authors analysed horizontal oscillations of small-scale magnetic elements in the photosphere and found a consistent dominant frequency of approximately 5 mHz. In this study, we have examined oscillations in the LOS velocities within sunspot umbrae, which represent significantly larger magnetic structures. Despite the difference in scale and the nature of the observed oscillations (horizontal motions versus LOS velocities; transversal versus longitudinal waves), we also identify a frequency band centred around 5 mHz in these larger structures. However, this band is broader than the narrow peak found in the small-scale elements. Given the distinct characteristics of these two kinds of oscillations, we speculate that a global driver operating at around 5 mHz may be influencing both. Nevertheless, the findings of this work and those of Berretti et al. (2024) reveal a prevalent 5 mHz oscillation in distinct solar features, suggesting the influence of one or more drivers linked to this frequency. Further investigation (using, e.g. advanced numerical simulations) is needed to determine the nature and origin of these drivers and whether a single global mechanism or multiple independent sources are responsible.
5. Conclusions
In this work, we studied the spectra of Doppler velocity oscillations of the umbra of 759 sunspots in the photosphere observed with SDO/HMI. Our results show that the spectra of the selected structures differ greatly from those of quiet Sun regions, with a closely packed series of secondary peaks between 4 mHz and 6 mHz. Although a definitive answer on the origin of these peaks can be quite challenging to provide, in the Discussions section of this work, we have highlighted a few possible explanations that were extensively discussed in the past few decades. Future works will require tomographic observations of sunspots and high-resolution instrumentation to study the magnetic connections between the different layers of the solar atmosphere.
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Appendix A:  Statistical distributions of the sunspots
In Fig. A.1, we show the histograms of the statistical distributions shown in Fig. 2. The bin number and width were chosen according to the Scott rule (see e.g. Scott 1979). We wish to stress that these distributions are intended to characterise the population of sunspots considered in this work and are not intended to be representative of the sunspots in the Sun. The top row shows the statistical distribution of the mean magnetic field of the selected umbrae, and the middle row shows the statistical distributions of the equivalent diameter. Finally, the bottom one shows the distribution of the eccentricity of the umbrae. As mentioned in the main body of the manuscript, the observed statistical distributions for each group of sunspots are similar to each other, with no notable feature able to differentiate the umbrae in each group.
	[image: thumbnail]	Fig. A.1. Statistical distributions of the average magnetic field of the umbrae (top row), equivalent diameter (middle row) and eccentricity (bottom row). The colours are inherited from the groups in Fig. 1.
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	[image: thumbnail]	Fig. 1. Doppler velocity analysis of sunspots. a–c: Magnetograms of three randomly selected sunspots. The orange contours mark the region in which the magnetic field is above 1800 G, considered to be just about the umbra-penumbra boundary (Jurčák et al. 2018). All the magnetograms are saturated between –1800 G and 1800 G d–f: Corresponding Dopplergrams of the same sunspots. The violet contours indicate the umbral region, inherited by the magnetograms. g: Mean Doppler-velocity power spectrum for all sunspots (violet; solid line) and for quiet-Sun regions (grey; dashed line). h: Mean power spectrum of the sunspots classified by the positions of the frequency of their secondary peaks. Following the order in the legend, the classes are centred respectively at 4.3, 4.5, 4.7, 4.9, 5.1 mHz, with a width of 0.3 mHz. The number of sunspots per class is indicated in the legend. The black dashed line represents the mean power spectrum shown in violet in panel g, shifted upwards by 0.14 to aid visualisation.
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	[image: thumbnail]	Fig. 2. Statistical distributions of the magnetic field (top) and equivalent diameter (middle) and eccentricity (bottom) of the different classes of sunspots. The colours are inherited from Fig. 1 for each class. The equivalent diameters were estimated considering the umbrae as perfectly round. The eccentricity is defined as the filling factor of the magnetic feature with respect to a circle with a radius corresponding to half of the equivalent diameter of the feature and centred in the barycentre of it.
In the text



	[image: thumbnail]	Fig. A.1. Statistical distributions of the average magnetic field of the umbrae (top row), equivalent diameter (middle row) and eccentricity (bottom row). The colours are inherited from the groups in Fig. 1.
In the text





    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        Doppler velocity analysis of sunspots. a–c: Magnetograms of three randomly selected sunspots. The orange contours mark the region in which the magnetic field is above 1800 G, considered to be just about the umbra-penumbra boundary (Jurčák et al. 2018). All the magnetograms are saturated between –1800 G and 1800 G d–f: Corresponding Dopplergrams of the same sunspots. The violet contours indicate the umbral region, inherited by the magnetograms. g: Mean Doppler-velocity power spectrum for all sunspots (violet; solid line) and for quiet-Sun regions (grey; dashed line). h: Mean power spectrum of the sunspots classified by the positions of the frequency of their secondary peaks. Following the order in the legend, the classes are centred respectively at 4.3, 4.5, 4.7, 4.9, 5.1 mHz, with a width of 0.3 mHz. The number of sunspots per class is indicated in the legend. The black dashed line represents the mean power spectrum shown in violet in panel g, shifted upwards by 0.14 to aid visualisation.

      

    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Statistical distributions of the magnetic field (top) and equivalent diameter (middle) and eccentricity (bottom) of the different classes of sunspots. The colours are inherited from Fig. 1 for each class. The equivalent diameters were estimated considering the umbrae as perfectly round. The eccentricity is defined as the filling factor of the magnetic feature with respect to a circle with a radius corresponding to half of the equivalent diameter of the feature and centred in the barycentre of it.

      

    

  
    
      Fig. A.1. 

      
        [image: thumbnail]
      

      
        Statistical distributions of the average magnetic field of the umbrae (top row), equivalent diameter (middle row) and eccentricity (bottom row). The colours are inherited from the groups in Fig. 1.

      

    

  OEBPS/aa53176-24-fig3_small.jpg
A48
dd
P
44
A4





OEBPS/aa53176-24-fig1.jpg
a)
350
% 300
=
=
250
250 300 350
Xlpx]
b)
350
= 300
=
>
250
250 300 350
Xlpx]
<l
350
= 300
=
=
250
250 300 350

Xpx]

250 300 350
Xpx]

250 300 350
Xpx]

250 300 350
Xpx]

9)

Normalized Power

h]

Normalized Power

Frequency [mHz]





OEBPS/aa53176-24-fig2.jpg
Density

le-3

1750 1800 1850 1900 1950 2000 2050 2100 2150
|B| [G]

le—4

0 2000 4000 6000 8000
Diameter [km]

0.4 0.6 0.8
Eccentricity





OEBPS/aa53176-24-fig3.jpg
40

Density

60
40 4 40 4
2 z 2 z
g 40 ] ] ]
& 5 & 5
8 & 20 8 8 20
20
o 0+ 0
1900 2000 1800 1900 2000 1800 2000 1900 2000 2100 2000
1Bl (G) 1Bl (G) 1Bl (G) 18l (G) 1Bl (G)
80
2 60 2
2 2
g H
20
o
2500 5000 7500 2500 5000 7500 2500 5000 7500 2500 5000 7500 2500 5000 7500
Diameter [(km] Diameter [km] Diameter [km) Diameter (km] Diameter (km)
80 o 60
60 60 4
2 z 2 40 2z
G a0 | @ 8
H 8" H H
20 204 20
o 0- 0
06 08 10

06 08
Eccentricity

1.0

06 08
Eccentricity

1.0

050 075 1.00
Eccentricity

06 08 10
Eccentricity

Eccentricity








OEBPS/aa53176-24-fig1_small.jpg






OEBPS/aa53176-24-fig2_small.jpg





OEBPS/dash.png





