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The paper shows the recurrence plots of two time series, concerning data of the solar activity. Data ranging from 1947 to 2015 are about the sunspot number and the values of solar radio flux, which are known as highly correlated. Recurrence plots clearly display the oscillating behaviour of these quantities. The corresponding plots are also compared, evidencing some difference in the behaviour of the two time series.

Introduction Several physical processes and dynamical systems have recurrent behaviours that can be analysed using methods based on recurrence plots. It was in 1987 that Eckmann, Kamphorst and Ruelle proposed these plots, showing that they were able of visualising the recurrence of states of dynamical systems with arbitrary number of dimensions [START_REF] Eckmann | Recurrence plots of dynamical systems[END_REF][START_REF] Eckmann | Ergodic theory of chaos and strange attractors[END_REF]. In fact, a recurrence plot visualises the trajectory of a given system in its phase space through a twodimensional representation of its recurrences. At first, such recurrence of a state at time i at a different time j, was depicted within a two-dimensional squared matrix (i,j) with black and white dots, where black dots marked a recurrence. The matrix had a diagonal black line, called the line of identity, simply meaning that each point is recurrent with itself. Besides black and white plots, today software exists which gives coloured images [START_REF] Kononov | Visual Recurrence Analysis[END_REF], software which is easy to apply to any time series, as proposed in [START_REF] Sparavigna | Carbon dioxide concentration and emissions in atmosphere: Trends and recurrence plots[END_REF][START_REF] Sparavigna | Recurrence plots of geolocated time series from satellite maps of NOAA STAR Vegetation Health Index[END_REF][START_REF] Sparavigna | Recurrence plots from altimetry data of some lakes in Africa[END_REF]. Cross recurrence plots can also be used for comparing time series [START_REF] Marwan | Cross recurrence plots and their applications[END_REF][START_REF] Zbilut | Embeddings and delays as derived from quantification of recurrence plots[END_REF]. In a previous paper [START_REF] Sparavigna | Recurrence plots of sunspots, solar flux and irradiance[END_REF], we have discussed data concerning sunspots, solar flux and irradiance, between 1955 and 2007 using the recurrence plots with black and white images; here we will see the plots from 1947 to 2015, obtained from a software giving coloured images. Number of sunspots are from Ref.10 and data of radio flux are from the Ref.11. By a simple image processing we can compare the behaviours of sunspot and solar flux. The comparison allows evidencing a difference in the behaviour of the two time series.

Sunspots and solar radio data

As told in [START_REF] Vv | [END_REF], humans have observed sunspots for a very long time. The first written record of sunspots was made by Chinese astronomers around 800 B.C. In 1128, an English monk, John of Worcester, made the first drawing of sunspots. However, it was only in 1843 that Samuel Schwabe discovered the cycle of the average number of sunspots. The average duration of the sunspot cycle is 11.1 years. In this paper we will use data of sunspots from [START_REF]NASA's Marshall Space Flight Center[END_REF], but we can find them from other sources too. For instance, in [START_REF] Sparavigna | Recurrence plots of sunspots, solar flux and irradiance[END_REF], we used data on sunspots from the National Geophysical Data Center (NGDC), NOAA Satellite and Information Service [13]. Let us remember that a sunspot is a region on the photosphere with a lower temperature than its surroundings and having an intense magnetic activity. Data show that the number of sunspots oscillates; other data showing an oscillation are the solar radio emission and the irradiance data. The measurement of radio waves is used to monitor the structure of the solar corona, the outer most regions of the Sun's atmosphere. Solar radio emissions at different frequencies allow observing the radiation from different heights in the solar atmosphere. A lower frequency corresponds to a higher height of origin, because the frequency decreases uniformly outwards: 245 MHz originates high in the corona, while 15,400 MHz originates in the low corona. The 5 MHz emission corresponds to about 10 solar radii height [START_REF] Mclean | Solar radiophysics: studies of emission from the sun at metre wavelengths[END_REF]. The microwave wavelength 2800 MHz daily radio flux highly correlates with the daily sunspot number [START_REF]The numerical data for graphs and selected bibliography are given[END_REF]. The two databases are usually considered as interchangeably. Moreover, in 1995, Schmahl and Kundu found that the solar radio fluxes in the spectral range 1000-9400 MHz correlate well with the total solar irradiance [START_REF] Schmahl | Microwave proxies for sunspot blocking and total irradiance[END_REF]. Solar Radio 10.7 cm Daily Flux (2800 MHz) noon values had been obtained from the National Research Council of Canada since 1947. Until 1991 the observations were made at the Algonquin Radio Observatory, near Ottawa [START_REF]The data of the solar radio flux[END_REF]. Over 1990-1991 the research program was transferred to the Dominion Radio Astrophysical Observatory, near Penticton, British Columbia. The characteristics of the observations are surveyed in [START_REF] Covington | Solar Radio Emission at 10.7 cm[END_REF]. The accuracy of flux was discussed in Ref. [START_REF] Tapping | Limits to the Accuracy of the 10.7cm Flux[END_REF]. The sources and emission mechanisms contributing to the 10.7 cm flux are proposed in Ref. [START_REF] Tapping | Recent Solar Radio Astronomy at Centimeter Wavelengths: The Temporal Variability of the 10.7-cm Flux[END_REF]. In [START_REF] Sparavigna | Recurrence plots of sunspots, solar flux and irradiance[END_REF], because we had the data on sunspot number reported with monthly averaged values, we had to evaluate the same average for the 10.7 cm flux data. In this paper, we simply use data from Ref.11, which are already monthly averaged, to have the recurrence plot. So we will see the plots from data [START_REF]NASA's Marshall Space Flight Center[END_REF] and [START_REF]Government of Canada, Solar radio flux, Archive of measurements[END_REF] and compare them. Moreover, in [START_REF] Sparavigna | Recurrence plots of sunspots, solar flux and irradiance[END_REF], we simply used black and white recurrence plots RP for time-discrete variables, as given by: ( )

j i j , i x x RP - - ε Θ = (1)
where i,j are the discrete time variables, corresponding to months. i x is the variable (the sunspots number or the 10.7 cm flux). The Θ-function depends on the difference between the distance of the two points and on a predefined cut-off distance ε. We had two-dimensional squared matrices with black and white dots, where black dots marked the recurrence. The Figure 1 is giving the results from Ref.9, from 1955 to 2007. On the left, it is shown the recurrence plot (RP) for the sunspots, and on the right the RP for the radio flux. Image processing can be useful too. In the larger panel of Fig. 1, we show an image obtained combining the single RPs of sunspots and radio flux. In green, they are shown the points where the two RPs are coincident and in red, the points where they are different. Two marked regions, a and b, corresponds to periods where we find a high solar activity. In a (cycle 20), the recurrences are almost equal, but in b, (cycle 23) the red pixels evidence the difference in time when the maximum of activity is reached. This means that the 10.7 cm radio signal and the sunspot number are highly correlated but not interchangeable, especially near solar maximum, as reported in Ref. [START_REF] Wilson | 10.7 cm solar radio flux and magnetic complexity of active regions[END_REF]. The speculative possibility proposed in Ref. [START_REF] Wilson | 10.7 cm solar radio flux and magnetic complexity of active regions[END_REF], is that the radio-flux lag discriminates between long-period and short-period cycles, so it is an indicator of the presence of two solar cycle modes. Further analyses of sunspots and radio flux had been given in [START_REF] Johnson | Power law relating 10.7 cm flux to sunspot number[END_REF][START_REF] Ghosh | Multi-technique Analysis of the Solar 10.7 cm Radio Flux Time-Series in Relation to Predictability[END_REF][START_REF] Fragkou | Spatiotemporal time series analysis methods for the study of turbulent magnetohydrodynamic channel flows[END_REF].

Data from 1947 to 2014

As previously told, in the present paper we will use data ranging from 1947 (February) to 2015 (May). So we have a number of 819 discrete times. To have the recurrence plots we use software developed by E. Kononov.

In the Figure 2 we can see the images reproducing two layouts of the recurrence plot of the sunspot numbers. On the left, we have a two-dimensional square matrix with coloured pixels, on the right a greyscale images. Both axes of the images are the months from February 1947 to May 2015. In the colour image, the red pixels are marking a recurrence, whereas, in the greyscale image, are the white pixels to mark the recurrence. The Figure 3 is showing the same for the solar radio flux. To compare the recurrence plots of Figures 2 and3, we can use the following approach (used in [START_REF] Sparavigna | Cloud tracking in METEOSAT images using GIMP program[END_REF][START_REF] Sparavigna | The GNU Image Manipulation Program applied to study the sand dunes[END_REF]), the result of which is given in the Figure 4. Let us consider the greyscale image on the right of Figure 2. We can easily invert the grey tones by using GIMP software, for instance. Then, this image with inverted tones is added to the greyscale image on the right of Figure 3. The result is given in the Figure 4. In it, we can see that darker and brighter lines exist, which are the lines where we have a great difference of the two plots. The darkest line corresponds to year 2001 and then corresponds to region b in the Figure 1 [9]. We can do the same with the coloured images having the result in the Figure 5, which is in agreement with that of Figure 4. As concluded in [START_REF] Sparavigna | Recurrence plots of sunspots, solar flux and irradiance[END_REF], the data of sunspots and radio flux show clearly an oscillating behaviour, both in graphs and in recurrence plots. However, the recurrence plots are able to highlight some features, which are not easily seen in the graphs, because of their strong dispersion of values, dispersion which is present also in monthly averaged data. In [START_REF] Sparavigna | Recurrence plots of sunspots, solar flux and irradiance[END_REF], from the recurrence plots, we have seen that, for cycle number 23, there is a difference in time when the maximum of activity is reached by the sunspots and by the solar radio flux. This is in agreement with the observation of Ref.21: radio signal and sunspot number are highly correlated but not interchangeable, especially near solar maximum. Here again, in the Figures 4 and5 we can see this feature. Let us conclude remarking the speculative possibility, proposed in Ref. [START_REF] Wilson | 10.7 cm solar radio flux and magnetic complexity of active regions[END_REF], of a presence of two solar cycle modes. 2 and3, we can use the following approach. Let us consider the greyscale image on the right in Figure 2. We can invert the grey tones by using GIMP software for instance. Then, the image with inverted grey tones is added to the grey tone image on the right of Figure 3. The resulting image is given here on the left. In it, we can see some dark and bright lines: these lines mean that there, we have a great difference of the two plots. The darkest line corresponds to year 2001 (cycle number 23) and then corresponds to region b in the Figure 1. On the right we have the same image with adjusted contrast and brightness. 

Figure 1 :

 1 Figure 1: The image shows the two-dimensional square matrix with black and white dots, where black dots mark a recurrence for data of sunspot numbers (on the left) and solar flux (on the right). Both axes are time axes. The recurrence is within a threshold of 10 percent. Note the almost equal behaviour. Data are from the first of January 1955 till December 31, 2007, monthly averaged values of sunspot number and 10.7 cm flux data. In the larger panel, we show an image obtained combining the two single recurrence plots: in green, the points where the RPs are coincident and in red, the points where they are different. The regions a (cycle 20) and b (cycle 23) correspond to two maxima of the solar activity. In a, the recurrences are almost equal, but in b, the red pixels evidence a difference in time lag. Note that b is centred about 2001.
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 2 Figure 2:The image shows two layouts of the recurrence plot of SUNSPOT numbers we can obtain using the software by E. Kononov. We have two-dimensional squared matrices with coloured and grey-tone pixels. Both axes are the numbers of months from February 1947 to May 2015, which are 819. On the left, the red pixels are marking a recurrence, whereas, on the right, are the white pixels to mark the recurrence.
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 3 Figure 3:The image shows two layouts of the recurrence plot of SOLAR FLUX we can obtain using the software by E. Kononov. We have two-dimensional squared matrices with coloured and grey-tone pixels. As in the Figure2, time series are ranging from February 1947 to May 2015. On the left, the red pixels are marking a recurrence, whereas, on the right, are the white pixels to mark the recurrence.

Figure 4 :

 4 Figure 4: To compare the recurrence plots of Figures2 and 3, we can use the following approach. Let us consider the greyscale image on the right in Figure2. We can invert the grey tones by using GIMP software for instance. Then, the image with inverted grey tones is added to the grey tone image on the right of Figure3. The resulting image is given here on the left. In it, we can see some dark and bright lines: these lines mean that there, we have a great difference of the two plots. The darkest line corresponds to year 2001 (cycle number 23) and then corresponds to region b in the Figure1. On the right we have the same image with adjusted contrast and brightness.

Figure 5 :

 5 Figure 5: We can do the same as in the Figure4for the coloured images of Figures2 and 3. Let us consider the coloured image on the left in Figure2. We can invert the colour tones. Then, the image with inverted colour tones is added to the colour image on the right of Figure3. The resulting image is given here on the left. On the right we have the same image with adjusted contrast and brightness. The result is in agreement with that of Figure4.

Acknowledgements

Many thanks for data collections of solar activity. We acknowledge the receipt of the dataset (composite_d25_07_0310a.dat) from PMOD/WRC, Davos, Switzerland, unpublished data from the VIRGO Experiment on the cooperative ESA/NASA Mission SOHO. Many thanks to the site Natural Resources Canada, of the Government of Canada. Many thanks to the Solar Physics Group at NASA's Marshall Space Flight Center