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Abstract
The present work aims to develop a better understanding of wave and turbulence processes in the planetary magnetosheath region. We study the plasma conditions (temperature, flow velocity, and magnetic field), the low-frequency wave properties, and the energy spectra for magnetic field fluctuations in the Venus magnetosheath. We use the magnetic field data of 101 magnetosheath flank crossings from the Venus Express magnetometer experiment in the years 2006 and 2008. The statistical investigation of the plasma conditions shows that the mean magnetic field amplitude is about 10 nT, the average proton temperature of the order of MK, and the super-Alfvénic, subsonic bulk plasma flow. Below 0.07 Hz, the angle of propagation is about 80° for the most of the cases, and it varies from 10° to 90° above the frequency 0.07 Hz. The compressibility shows similar distribution at low (below 0.07 Hz) and high frequencies (above 0.07 Hz). The energy spectra in the spacecraft frequency frame reveal the power-law behaviors which give physical insight on the energy transfer from larger to smaller scales due to wave–wave interaction. A spectral break (sudden change in slope) is observed at 0.25 Hz, above which the spectral curve becomes steeper with spectral indices between −4 and −1.5 (close to the Kolmogorov slope, −5/3). The low-frequency part (below 0.07 Hz) having a spectral index close to −1 indicates the energy cascades due to mirror mode waves, and the steepen spectra at high frequencies (above 0.07 Hz) with spectral indices between −4 and −0.5 are interpreted as the energy accumulation due to mirror mode and proton cyclotron waves.

Keywords
TurbulenceWavesMagnetosheathPower spectral densityPower law
Background
The plasma environment around Venus serves as a natural laboratory to study wave activity and turbulence caused by the solar wind interaction with the non-magnetized planetary body. Venus does not have its own intrinsic magnetic field. The supersonic solar wind bears a magnetic field and electric field. This electric field plays a crucial role in the removal of the planetary atmosphere from an unmagnetized planet. The ultraviolet radiations coming from the sun ionizes the upper atmosphere of the planet creating an ionosphere. The ionosphere hinders the solar wind when the thermal pressure of the ionosphere exceeds the solar wind dynamic pressure. A magnetic barrier is being created in the form of magnetic cover on the ionosphere, which deflects the solar wind and form a detached bow shock. The ionosphere despite having strong thermal pressure deflects the solar wind, while some magnetic flux still manage to sink into the ionosphere and provides the environment to study in situ measurements and turbulence. When the solar wind dynamic pressure exceeds the thermal pressure of the ionosphere magnetic field, the plasma is convected downwards into the ionosphere and creates a global magnetic field. The magnetic field lines of the solar wind wrap around the ionospheric obstacle and construct an induced magnetosphere (Zhang et al. 2008). The induced magnetosphere is inherent of dayside magnetic obstacle to the solar wind which is defined by a surface called the ionopause, and the magnetotail. Even though Venus has some close resemblance with Earth such as the heliocentric distance approximately 0.72 AU which is 1 AU for Earth, and the planet radius approximately about R
                        V=6053 km which is R
                        E=6371 km for Earth, the induced magnetosphere of Venus has a different spatial scale size from the characteristic scales of the Earth magnetosphere.
The solar wind dynamic pressure and the thermal pressure of the ionospheric plasma balance each other at the ionopause surface. Bow shock formation occurs at upstream of the obstacle whose location changes with the solar cycle. The subsolar bow shock location is observed at about 1900 km from the surface of the planet; however, the terminator bow shock is detected at 12,953 km by Venus Express during the solar minimum. In the immediate post-shock flow, Venus has a magnetosheath region just like that of any other magnetized planet. In the early 1960s, Venus was the primary object to explore and more than 20 spacecraft missions were in operation. The most significant knowledge about the solar wind interaction with the Venusian environment was provided by the Pioneer Venus Orbiter (PVO) mission (Russell et al. 1980). A plasma mantle region forms between the magnetosheath and ionosphere, which is a mixture of the solar wind and ionospheric plasmas. One of the main results from the PVO mission is the detection of wave activity in the plasma mantle near the ionopause (Strangeway and Russel 1996). The hot magnetized plasma in the magnetosheath is separated from the thermal plasma of the ionosphere by the ionopause. Upstream waves are studied at Venus’ foreshock (Russell et al. 1982) and at Venus’ bow shock (Orlowski et al. 1994). Moreover, post-terminator waves are studied (Brace et al. 1982; Russell et al. 1982; Scarf et al. 1985) by using PVO data. The solar wind flow around Venus is discussed (Biernat et al. 2005) within the frame of magnetohydrodynamics, and linearly polarized transverse waves (Luhmann 1995) are studied in the quasi-parallel bow shock. Many aspects of the Venus plasma environment such as the bow shock location and the magnetosheath thickness are governed by the solar activity and vary with the phase of the solar cycle. The Venus Express spacecraft (Titov et al. 2006) was inserted into polar orbit in April 2006. The orbit of Venus Express makes it possible to study using in situ measurements the solar wind interaction with the ionosphere because of its low periapsis altitude. Venus Express also enhanced the measurement resolution and permits better exploration of the near-subsolar bow shock. Extensive exploration of the Venus day and night side magnetosheath now gives a new opportunity to study the nature of turbulent magnetic field fluctuations.
Proton cyclotron waves are observed for the first time at Venus (Delva et al. 2008a, b) which give the evidence of the escape of hydrogen from the exosphere of Venus by the pick up process. Delva et al. (2008a, b) further report that proton cyclotron waves are clearly observed up to about 5 R
                        
                  V
                 upstream of the bow shock. Volwerk et al. (2008a, b) perform case studies and statistical investigations to identify the compressive waves in the Venus magnetosheath using magnetometer data from Venus Express spacecraft (Zhang et al. 2006). Volwerk et al. (2008a, b) report that the compressive waves propagate perpendicular to the mean magnetic field and show similar properties to the mirror mode waves, which are often observed in various magnetospheric regions of the planetary objects, e.g., Earth’s magnetotail (Rae et al. 2007), Earth’s magnetosheath (Baumjohann et al. 1999; Constantinescu et al. 2003; Lucek et al. 1999; Tsurutani et al. 1982), the ion pick up region near Io (Huddleston et al. 1999), and the magnetosheath of Jupiter (Erdös and Balogh 1993) and Saturn (Bavassano Cattaneo et al. 1998). Volwerk et al. (2008a, b) also conclude that the mirror mode waves detected in the Venus magnetosheath have periods between 5 and 15 s, and the probability to observe the mirror mode waves is higher at the dayside magnetosheath and is lower in the nightside magnetosheath. Vörös et al. (2008) statistically examine the properties of the magnetic field fluctuations in Venus’ wake and magnetosheath regions. They exploit Venus Express spacecraft data for computing the energy spectra and implement the wavelet technique in order to identify the spectral scaling ranges and indices. Three distinct spectral indices are observed. The energy spectra in the dayside magnetosheath show [image: $\frac {1}{f}$] spectral scaling indicating the existence of multiple sources of fluctuations. The magnetic field fluctuations in the nightside wake exhibit power-law energy spectra with the spectral index approximately −2.5. This indicates the presence of turbulence in the wake region, which is strongly dissipative in nature. Vörös et al. (2008) also find the turbulence fluctuations and wavy structures near the terminator. Guicking et al. (2010) study the wave properties of low-frequency magnetic field fluctuations in the Venus magnetosheath and mid-magnetotail regions. They apply an analytical streamline model to examine the plasma flow around the Venus and the spatial distributions of wave intensity of the magnetic fluctuations. Guicking et al. (2010) find an enhancement of the wave intensity in the dayside magnetosheath and a decrease towards the terminator. Guicking et al. (2010) further perform a comparative study between Venus and Mars and conclude that the spatial distribution of wave properties detected in the Venus dayside and nightside magnetosheath, the tail and the mantle regions show similar characteristic behavior as observed at Mars. The observations also support the idea of convection of waves by plasma flow.
The present work emphasizes the statistical study of the plasma conditions, the characteristics of the low frequency waves, the energy spectra, and associated spectral indices in spirit of revealing the turbulence mechanism in the Venus magnetosheath. We use the data obtained by Venus Express magnetometer (VEXMAG) (Zhang et al. 2006) and plasma instrument Analyser of Space Plasma and Energetic Atoms (ASPERA) (Barabash et al. 2007) in the present investigation. The magnetosheath is composed of plasma, which is highly disturbed with large-amplitude variations in the velocity, magnetic field, temperature, and density. These disturbances in the plasma can contribute to particle acceleration and turbulence. The magnetosheath is a natural laboratory to study compressive and non-compressive turbulence. Temporal variations of the magnetic field in the magnetosheath may represent many wave modes. In the present work, we investigate the spectral features of the magnetic field fluctuations in magnetosheath and we find that the magnetic field fluctuations are about to evolve into turbulence. We also discuss the properties of low-frequency waves, e.g., compressibility and the angle of propagation. The present study is complementary to the previous investigations (Guicking et al. 2010) in the sense that the previous work is mainly focused on the wave properties, whereas the present investigation focuses on the scaling properties in the magnetosheath energy spectra.
The solar wind interaction with the ionosphere and magnetosphere of the planetary bodies is unique in many respect but also exhibits a continuum of possible interactions. During the solar wind interaction with the highly electrically conducting ionosphere, the magnetic field deflects the supersonic solar wind. In spite of dominance of the magnetic field in deflecting the solar wind flow, the ionosphere which is actively coupled with the outer magnetosphere by field aligned current plays a significant role in several magnetospheric processes. In case of Jupiter despite having strong magnetic field, the centrifugal force governs many aspects of the Jovian magnetosphere-solar wind interaction. Mercury has strong magnetic field and no ionosphere in contrast to the Earth. Venus has no intrinsic magnetic field and therefore solar wind directly interacts with the ionosphere. The dissimilarities between the terrestrial and Venus’ ionosphere and magnetosphere are crucial to understand the fundamental physical processes occurring within each of them. In many manners, the physical processes at Earth and Venus represent specific cases in which the fundamental concepts and models can be put on the examination. The induced magnetopause of Venus has altitude of 300 km at subsolar point and 1013 km at the terminator; however, the width of the Earth magnetosheath is about 30,000 km at subsolar point. Regardless of differences in the magnetosheath size, the waves and fluctuations appear equitably in the Venus and Earth magnetosheath (Luhmann et al. 1983, 1986). Venus, in spite of having limited magnetosheath width, does have presumably small Reynolds number featuring the turbulent flow in the magnetosheath. The understanding of the wave activities and turbulence processes in the Venus magnetosheath will also enable us to predict the possible conditions in the terrestrial magnetosphere when the magnetic field is weak. The study at Venus is also applicable to comets. The statistical investigation and analysis related to wave and turbulence in the Venus magnetosheath will allow us to make educated foresights to the observational test at Mars and comets, which would be helpful to deepen our understanding related to waves and turbulence globally.

Methods
We perform a statistical analysis of magnetic energy spectra in the frequency domain. The primary data set includes 1 Hz magnetic field data recorded by VEXMAG instrument on board Venus Express. The 1 Hz data are obtained by averaging over high-resolution sampling at 32 Hz to suppress the disturbance magnetic field of the instrumental and spacecraft origins. The energy spectra are evaluated from the magnetic field data. The secondary data set is the ion moment data (density, flow velocity, and temperature) obtained by the Analyser of Space Plasma and Energetic Atoms (ASPERA) instrument at a time resolution of 3-min sampling. The ion data are used to assist the scientific interpretation of the energy spectra including (1) conversion of the temporal scales into the spatial scales using Taylor’s frozen-in hypothesis and (2) estimation of the Alfvén speed (V
                        
                  A
                ), sound speed (c
                        
                  s
                ), and the gyrofrequency (Ω
                        
                  i
                ) and gyroradius (ρ
                        
                  i
                ) for thermal ions.
The data are used to investigate the turbulence properties in the Venus magnetosheath which are not addressed in detail in previous study (Guicking et al. 2010). One hundred one (101) data sets are selected out of 5 months from January to May in each year from 2006–2008. From every data set, a 10-min interval in the magnetosheath is selected. Ten minute is a typical time length for quasi-stationary fluctuations avoiding multiple boundary crossings. Instead of using an automatic procedure for the selection of magnetosheath events, we closely investigate each of the magnetic field time series data to select the 10-min magnetosheath intervals out of 101 magnetosheath crossings. In order to select the 10-min intervals in the magnetosheath, we first analyze the magnetic field time series data and we observe an abrupt change in the magnitude of the magnetic field as an indication of bow shock crossing. Just after the bow shock crossing, we find high-amplitude magnetic field fluctuations as a signature of magnetosheath crossing, and select the 10-min interval of quasi-stationary fluctuations in the magnetosheath. A typical example of a selection of 10-min data in the magnetosheath is illustrated in Fig. 1. The selected 10-min magnetosheath interval of the interest is shown (Fig. 1
                        a) by the horizontal black bar (02:40:06 to 02:48:38 UT). The zoom out of the selected event of 10 min is illustrated in the bottom panel (Fig. 1
                        b).
[image: A40623_2015_308_Fig1_HTML.gif]
Fig. 1Time series plot of the magnetic filed magnitude for the Venus magnetosheath crossing of Venus Express on 21 May, 2008 (a), the zoom out (b) of the selected event of 10 minute in the magnetosheath




                     
The magnetic field data are first represented in the Venus Solar Orbital (VSO) coordinate in which the x-axis is in the direction to the sun, the y-axis points in the opposite direction of reference frame of the planetary orbital motion, and the z-axis is pointing northward from the orbital plane (in the same sense as that of geocentric solar ecliptic coordinate system). The magnetic field data are then transformed into the mean-field-aligned (MFA) coordinate system with respect to the large-scale magnetic field direction in which the z-axis is defined as the direction (e
                        
                  z
                ) of the mean magnetic field, the cross product (e
                        
                  y
                ) of [image: $\hat {\mathbf {X}}_{\textbf {VSO}}$] with the new z-axis gives the y-axis, and the x-axis completes the right-handed coordinate system (e
                        
                  x
                ): 
[image:  $$\begin{array}{@{}rcl@{}} {\mathbf{e_{x}}}= {\mathbf{e_{y}}}\times{\mathbf{e_{z}}} \end{array} $$ ]

 (1)


                     

                [image:  $$\begin{array}{@{}rcl@{}} {\mathbf{e_{y}}}= \hat{\mathbf{X}}_{\textbf{VSO}}\times{\frac{\mathbf{B_{0}}}{B_{0}}} \end{array} $$ ]

 (2)


              

                [image:  $$\begin{array}{@{}rcl@{}} {\mathbf{e_{z}}}= {\frac{\mathbf{B_{0}}}{B_{0}}} \end{array} $$ ]

 (3)


              
where B
                        0 is the mean magnetic field.
The power spectral densities (PSDs) are evaluated using the Welch algorithm (Welch 1967) in the frequency range 0.008 to 0.5 Hz for 101 time intervals 
[image:  $$\begin{array}{@{}rcl@{}} {P_{ij}(f_{sc})}= \frac{1}{T}{\langle{\tilde{B}_{i}\left(f_{sc}\right)}{{\tilde{B}_{j}^{\dagger}\left(f_{sc}\right)}}\rangle} \end{array} $$ ]

 (4)


                     
where i and j are the magnetic field components, T denotes the time length, [image: $\tilde {B}$] the Fourier transform of the magnetic field vector (as a function of the frequencies), and the bracket 〈〉 is the operation of averaging over time subintervals of about 2-min sliding windows with 50 % overlap. The power spectral density is a 3 × 3 matrix in which the diagonal elements P
                        11 and P
                        22 are the perpendicular components P
                        ⊥x
                         and P
                        ⊥y
                         of the power spectra and P
                        33 is the parallel component P
                        
                  z
                 of the power spectra. Figure 2
                        a represents an typical example of the computed magnetic field spectra from the magnetosheath interval shown in Fig. 1.
[image: A40623_2015_308_Fig2_HTML.gif]
Fig. 2Typical example. Magnetic energy spectrum for the magnetic field fluctuations in the Venus magnetosheath on 21 May, 2008 (cf. Fig. 1) (a), the angle between the wave vector and the mean magnetic field in degrees (b), the ratio of the intermediate to the smallest eigenvalues obtained by minimum variance analysis (c), and the magnetic compressibility (d) as a function of the frequencies in the spacecraft frame




                     
To determine the wave properties like ellipticity, polarization, wave power, and propagation direction, the spectral analysis method (Arthur et al. 1976) with three different techniques is used. The power spectral density matrix is a complex number and therefore has real and imaginary parts. In the present investigation, we use the technique developed by McPherron et al. (1972) in which the diagonalization of the real part of the power spectral density matrix gives the three eigenvectors (ζ
                        1,ζ
                        2,ζ
                        3) and corresponding eigenvalues (λ
                        1,λ
                        2,λ
                        3) for maximum, intermediate, and minimum variance directions, respectively. The minimum variance direction provides the propagation direction of the wave. We point out that the propagation direction of the wave is only well determined if the intermediate eigenvalue is sufficiently large compared with the minimum eigenvalue. To determine the wave vector direction, we here apply the condition λ
                        2/λ
                        3≥5 at each frequency of the 101 events. We find 64 events which satisfy the condition λ
                        2/λ
                        3≥5 at least at one frequency and then calculate the angle (θ
                        
                  kB
                ) between the wave propagation and the mean field at each frequency. We define the compressibility as the ratio of the compressive power (P
                        ∥) to the total power P
                        total=P
                        ∥+P
                        ⊥ (where P
                        ⊥ is the transverse power), which are determined from the power spectral density matrix. Figure 2
                        b–d respectively shows the change in the calculated angle (θ
                        
                  kB
                ) between the wave propagation and the mean field, the variability in the eigenvalue ratio (λ
                        2 and λ
                        3) under a condition λ
                        2/λ
                        3≥5, and the variation in the compressibility with respect to frequency for the example case in Fig. 1.
In the terrestrial case, various regions of the magnetosheath exhibit different properties of the waves and turbulence, depending on the position in relation to the bow shock and magnetopause. The Venus Express remains mostly in the solar wind. The inbound and outbound bow shock crossings hardly appear in an interval of 1 to 2 h around the periapsis. In order to determine the spacecraft position in the Venus magnetosheath, we use the model developed by Zhang et al. (2008) and exploit the equation for the conic section to plot the bow shock and magnetopause positions: 
[image:  $$\begin{array}{@{}rcl@{}} R_{MS}= \frac{2.169505}{1+0.61733\, \text{cos}\theta}\, (0^{\circ}\le{\theta}\le 120^{\circ}) \end{array} $$ ]

 (5)


                     
where θ is the solar zenith angle. We identify and plot the spacecraft positions in the magnetosheath for the selected events. Figure 3 displays the locations of the selected events of interest in the magnetosheath.
[image: A40623_2015_308_Fig3_HTML.gif]
Fig. 3Event location in the magnetosheath. Spatial coordinates of 101 magnetosheath crossing events of Venus Express in 2006–2008 are represented in the coordinate system spanning the Venus-to-Sun direction on the x-axis (in the Venus-Solar-Orbital system) and the vertical distance from the x-axis assuming the axi-symmetry of the magnetosheath shape around the x-axis. The bow shock position is determined by Eq. 5 up to −1.5 R
                                    
                          v
                        . The bow shock location (with an abbreviation BS) is presented by the black solid line up to −1.5 R
                                    
                          v
                         and is further extended up to −4 R
                                    
                          v
                         and illustrated by dash line, and the magnetic pile up boundary is illustrated with an abbreviation MPB




                     
In order to investigate the spectral behavior of the magnetosheath turbulence, we construct the following automatic numerical procedure to determine the suitable frequency ranges and the power law indices for the magnetic energy spectra. We compute the mean of power spectral density (PSD) in sliding frequency bins of an equal logarithmic size (Δ(log(f))=0.05) as a function of the mean frequencies. Thus a new series of log(f) and log(P) datum pairs are generated where the independent variables equidistantly follow each other on the logarithmic scale. Then, linear relation is fitted to five-point sliding segments with 30 % overlapping of the new series and the obtained slope values are recorded in terms of the mid frequencies of the segments. Finally, the spectral ranges are selected between frequencies for which the variation of the slopes remain within a certain limit, L. In our case, the limit is given as L=0.4R, where R stands for the whole range of the obtained slope values.

Results and discussion
Figure 4 shows the basic plasma parameters and their variations in the present statistical investigation. Figure 4
                        a displays the histogram of the background magnetic field. In most of the cases, the background magnetic field has a value of about 10 nT. Figure 4
                        b, c shows the variation of the ion temperature and ion flow velocity, respectively.
[image: A40623_2015_308_Fig4_HTML.gif]
Fig. 4Basic plasma parameters. Histogram of the magnetic field magnitude measured by VEXMAG (a), histogram of the ion temperature measured by the ASPERA instrument (b), and histogram of the flow velocity measured by the ASPERA instrument (c) for the Venus magnetosheath crossings data. N represents the number of events, B
                                    0 the mean magnetic field, T
                                    
                          i
                         the ion temperature, and V
                                    
                          flow
                         the flow velocity




                     
Figure 5
                        a–d manifests the histogram of the ion cyclotron frequency, the thermal ion gyroradius, Alfvén Mach number (ratio between ion flow velocity V
                        
                  flow
                 and Alfvén speed V
                        
                  A
                ), and sonic Mach number (ratio between ion flow V
                        
                  flow
                 velocity and sound speed c
                        
                  s
                ) using the basic parameter values of the selected events, respectively. We find that the flow velocity in the magnetosheath is characterized as super-Alfvénic and subsonic. The sound speed and Alfvén speed is defined as: 
[image:  $$\begin{array}{@{}rcl@{}} {c_{s}}= \sqrt{\frac{\gamma p_{th}}{\rho}} \end{array} $$ ]

 (6)


                        [image: A40623_2015_308_Fig5_HTML.gif]
Fig. 5Estimated plasma parameters. Histogram of ion cyclotron frequency (a), histogram of ion gyroradius for thermal protons (b), histogram of Alfvén Mach number (c), and histogram of sonic Mach number in the Venus magnetosheath (d). N denotes the number of events, Ω
                                    
                          i
                         the ion cyclotron frequency, ρ
                                    
                          i
                         the ion gyroradius, V
                                    
                          A
                         Alfvén speed, and c
                                    
                          s
                         the sound speed




                     

                [image:  $$\begin{array}{@{}rcl@{}} {V_{A}}= \frac{B_{0}}{\sqrt{{\mu_{0}}n_{p}m_{p}}} \end{array} $$ ]

 (7)


              
where c
                        
                  s
                 denotes the sound speed, [image: $\gamma = \frac {5}{3}$] the polytropic index for N=3 (degree of freedom), p
                        
                  th
                 the thermal pressure, ρ the mass density, V
                        
                  A
                 Alfvén speed, B
                        0 the mean magnetic field, μ
                        0 the permeability of free space, n
                        
                  p
                 the proton density, and m
                        
                  p
                 the mass of the proton.
The fluctuation energy is evaluated as PSD and fitted with a scale-dependent power-law. To compute the PSD, the magnetic field components on each time interval are transformed into the MFA coordinate system. This transformation gives the transverse and compressive power of the fluctuations with respect to the mean magnetic field. The data in the MFA coordinate system are Fourier transformed into the frequency space with the help of Welch algorithm and we compute the cross spectral density matrix. The total magnetic field (B
                        
                  t
                ) power spectra is obtained by the trace of the cross spectral density matrix. Figure 6
                        a illustrates the superposed power spectral density for the 101 analyzed intervals in the frequency range from 0.008 to 0.5 Hz in the spacecraft frame, the total power spectra in black solid line. Figure 6
                        b represents the median of the power spectrum, which is shown by black thick line and the upper and lower quartiles of the 101 events (dotted lines). A slight hump in the energy spectra is obvious in the median of the total power spectra as an indication of the spectral break. It is clear from Fig. 6
                        b that there is a slight hump in the spectra between 0.25 and 0.4 Hz which leads to the steeper spectral slope in the latter part (high-frequency) of the PSD.
[image: A40623_2015_308_Fig6_HTML.gif]
Fig. 6Superposed power spectra. Superposed curve of power spectral density from 101 Venus magnetosheath crossings (a), the median of the power spectra (black solid line) with the upper and lower (dotted lines) confidence intervals (b)




                     
In order to study in detail about the difference in the power spectra between the low and high-frequency domains, we determine the scale-dependent spectral indices (power-law indices) of the evaluated total power spectra with the help of the automatic numerical procedure as presented in section “Methods”. Figure 7 shows the histogram of the estimated spectral indices (α) at low frequencies (0.008 to 0.07 Hz) and almost 90 % of the total spectral index variations show the most dominating peak of spectral indices between −3 and −0.5. At low frequencies, the most remarkable peak evidently appears at spectral index close to −1, the secondary population also appears with smaller spectral indices. Figure 8 illustrates the histogram of the spectral indices (α) at high frequencies (above 0.07 Hz), and the frequency-dependent spectral indices vary between −4 and −0.5 for about 90 % of the total slope occurrence. At high frequencies, once again the first prevailing peak of spectral index appears at about −1, in addition to this the second dominating peak of spectral index exist at −1.5 and the third peak appears at around −2.2.
[image: A40623_2015_308_Fig7_HTML.gif]
Fig. 7Spectral slopes at low frequencies. Histogram of the spectral indices (α) below 0.07 Hz




                        [image: A40623_2015_308_Fig8_HTML.gif]
Fig. 8Spectral slopes at high frequencies. Histogram of the spectral indices (α) above 0.07 Hz




                     
The color-coded representation of two-dimensional histogram of the spectral indices in the Venus magnetosheath is shown in Fig. 9. The figure has three panels, the top panel includes frequency on the x-axis, slope variation (α) is on the y-axis, and colors show the cumulative number of slope occurrences in logarithmically equal frequency ranges. The middle panel (Fig. 9) shows the number of occurrence of spectral slope values as a function of frequency, and the bottom panel (Fig. 9) represents the cumulative numbers of occurrence of power-laws as a function of power-law indices (α). We further classify the top panel into four blocks (A, B, C, D) to quantitatively study the changes in the spectral indices in the two-dimensional histogram in Fig. 9. The blocks A and B are limited to a frequency of 0.07 Hz (as indicated by an arrow on x-axis), and the blocks C and D start from that frequency. The blocks A and C are limited down to a power-law index of −2 (as indicated by an arrow ony-axis), and the blocks B and D have the indices smaller (steeper) than that index. We obtain the following results: 
	In the block A, the magnetic energy spectra have spectral indices between −2 and −0.5 for most of the cases.
[image: A40623_2015_308_Fig9_HTML.gif]
Fig. 92-D Histogram of spectral slope values. Two-dimensional histogram of the power-law indices (α) of the magnetic energy spectra in the Venus magnetosheath (top panel), the reduced histograms as a function of the frequencies (middle panel) and as a function of the spectral indices (bottom panel)




                              

	In the block B, there are few cases with the spectral indices smaller than −2 in the frequency range 0.008 to 0.07 Hz.

	In the block C, the spectral index varies from −2 to −0.5. The majority of the population is at the index around −1, and the second population with a spectral index close to −1.5 appears.

	In the block D, there is a prominent peak of the histogram at an index of about −2.2 at frequencies 0.15 Hz and higher, and the signature of smaller spectral indices also appears.

	There is no slope detected beyond 0.4 Hz and therefore 0.4 Hz is the upper frequency limit of Fig. 9.




                     
To summarize, the observed power-law is close to −1 at low frequencies (up to 0.07 Hz). Above 0.07 Hz, two additional steep power-laws appear, the first power-law exhibits a spectral index of −1.5 and the second power-law has the spectral index of −2.2 for the majority of the cases. However, as the analyzed frequencies are limited to 0.5 Hz, the existence of the secondary power-law indices at higher frequencies cannot clearly be concluded. The results indicate that the spectral indices vary between −4 and −0.5. A similar kind of spectral behavior and spectral indices are reported in the past study (Vörös et al. 2008) for several Venus magnetosheath events.
In addition, we study the presence of compressive or non-compressive waves. To determine the wave power and propagation direction, the spectral analysis method (Arthur et al. 1976) is widely used. Figure 10
                        a displays the variation in the angle (θ
                        
                  kB
                ) between wave propagation direction and the mean magnetic field at low frequencies (0.008 to 0.07 Hz). The propagation angle (θ
                        
                  kB
                ) distribution at low frequencies is mainly dominated by angle greater than 60°. We find more cases indicating the wave vector quasi-perpendicular to the mean magnetic field with the propagation angle (θ
                        
                  kB
                ) of about 90°, and there is no event with θ
                        
                  kB
                 smaller than 60°. It is also clear in Fig. 10
                        b that in 60 % of the cases, the propagation angle is almost 90°. Figure 11
                        a illustrates the histogram of the propagation angle (θ
                        
                  kB
                ) at high frequencies (0.07 to 0.5 Hz), and the value of θ
                        
                  kB
                 varies from 10° to 90°. Figure 11
                        a shows two distinct distributions of θ
                        
                  kB
                 with one population of angle at about 80°, and the second appears at about 30°. It is also obvious from Fig. 11
                        b that for 60 % of the cases, the propagation angle has the variation between 60° and 90°, however in 40 % of the cases, the propagation angle is smaller than 60°. Therefore, one can say that the histogram at low frequencies shows the occurrence of large angle (θ
                        
                  kB
                ≫60°); however, the histogram at high frequencies clearly shows a wider distribution of propagation angle with the occurrence smaller angles (θ
                        
                  kB
                ≪60°). We study the compressibility, [image: $R_{\|} = \frac {P_\|}{P_{\text {total}}}$], the ratio of the compressive power (P
                        ∥) to the total power (P
                        total=P
                        ∥+P
                        ⊥) where P
                        ⊥ is the transverse power which are determined from the cross spectral density matrix. Figure 12
                        a, b displays the histogram of compressibility at low frequencies, and it is evident that in more than 50 % of the cases the compressive component with more power is commanding over the non-compressive component. Figure 13
                        a, b presents the histogram of compressibility at high frequencies and about 60 % of the occurrence reveal the predominating nature of the non-compressive component. The compressibility (R
                        ∥) is accordingly higher at low frequencies and smaller at high frequencies.
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Fig. 10Wave analysis. Histogram of wave vector angle (θ
                                    
                          kb
                        ) from the mean magnetic field directions below 0.07 Hz (a) in which x-axis shows the variation in the propagation direction and y-axis includes the cumulative number (N) of wave vectors with the condition λ
                                    2/λ
                                    3≥5, and (b) histogram of variation in the angle of the wave vector direction with respect to the mean magnetic filed below 0.07 Hz in which x-axis represents the angle of propagation and y-axis shows the cumulative number (N) of wave vectors normalized by total number ([image: $\sum {N}$]) of wave vectors estimated at each frequencies with the condition λ
                                    2/λ
                                    3≥5
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Fig. 11Wave analysis. Histogram of wave vector angle (θ
                                    
                          kb
                        ) from the mean magnetic field directions above 0.07 Hz (a) in which x-axis shows the variation in the propagation direction and y-axis includes the cumulative number (N) of wave vectors with the condition λ
                                    2/λ
                                    3≥5, and (b) histogram of variation in the angle of the wave vector direction with respect to the mean magnetic filed above 0.07 Hz in which x-axis represents the angle of propagation and y-axis shows the cumulative number (N) of wave vectors normalized by total number ([image: $\sum {N}$]) of wave vectors estimated at each frequencies with the condition λ
                                    2/λ
                                    3≥5
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Fig. 12Wave analysis. Histogram of ratio of compressive power to the total power of the magnetic filed at low frequencies (below 0.07 Hz) (a), x-axis represents the variation in compressibility (R
                                    ∥), y-axis shows cumulative number N; and histogram of ratio of compressive power to the total power of the magnetic filed at low frequencies (b), x-axis represents the variation in compressibility (R
                                    ∥), y-axis shows cumulative number N normalized by the sum of the cumulative number [image: $\sum {N}$]
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Fig. 13Wave analysis. Histogram of ratio of compressive power to the total power of the magnetic filed at high frequencies (above 0.07 Hz) (a), x-axis represents the variation in compressibility (R
                                    ∥), y-axis shows cumulative number N; and histogram of ratio of compressive power to the total power of the magnetic filed at high frequencies (b), x-axis represents the variation in compressibility (R
                                    ∥), y-axis shows cumulative number N normalized by the sum of the cumulative number [image: $\sum {N}$]
                                 




                     

Conclusions
The findings of the present investigation are followings: 
	The resulting energy spectra of total magnetic field show distinct spectral indices at low and high frequencies.

	At low frequencies (below 0.07 Hz), the energy spectra have spectral index variations from −3 to −0.5. The prominent peak appears at a spectral index close to −1 for the majority of the cases, and the secondary peaks also exist with smaller spectral indices.

	Above 0.07 Hz, the resulting energy spectra show a power-law scaling with spectral indices between −4 and −0.5. In addition to obvious peak at spectral index −1, two additional population of smaller spectral indices emerge at −1.5 and −2.2.

	At about 0.3 Hz, a steepening in the spectra is observed.

	The propagation angle and compressibility show different distributions at low and high frequencies.

	The propagation angle (θ
                                 
                        kB
                      ) is about 90° for the majority of the cases, and more oblique to the mean magnetic field at low frequencies.

	The propagation angle (θ
                                 
                        kB
                      ) has wider distribution from 10° to 90° at high frequencies.

	There is more power in the compressive component at low frequencies, and less power in the compressive component at high frequencies.




                     
In majority of the cases at low frequencies (below 0.07 Hz), the energy spectra have spectral index close to −1. At low frequencies, the compressibility is higher and the propagation direction is almost perpendicular to the mean magnetic field. According to Volwerk et al. (2008a, b), mirror mode structures have a period of 4 s≤T≤15 s; therefore, the high value of compressibility and oblique propagation angle could possibly be a realization of accumulation of energy in the form of mirror mode structures at low frequencies. However, after 0.07 Hz, the resulting energy spectra show the power-law scalings with spectral indices between −4 and −0.5 for the majority of the cases. The high-frequency part (above 0.07 Hz) of the spectra is interpreted as turbulence and reveals the same behavior of power-law with break point frequency near 0.3 Hz in the spacecraft frame as observed in the solar wind (Bourouaine et al. 2012). A steepening in the spectra is observed with a spectral index variation from −4 to −1.5. However, this steepening in the spectra is only over a very short range of frequencies (0.3 to 0.4 Hz), but still it indicates similar characteristic behavior as observed in the magnetohydrodynamic (MHD) scale of the solar wind. At high frequencies (above 0.07 Hz), the variation in the propagation angle (θ
                        
                  kB
                 varies from 10° to 90°), and compressibility could possibly support the existence of both modes—mirror mode and proton cyclotron wave in the Venus magnetosheath. A number of studies are dedicated to the analysis of power spectra observed in the Earth magnetosheath, where not only the mirror mode waves but also Alfvén Ion Cyclotron (AIC) waves, Alfvén vortices (the cylindrical analogue of the nonlinear Alfvén wave) (Alexandrova 2008) are invoked to interpret the spectral break near the proton gyro-frequency.
We consider the break point to be caused by waves in the magnetosheath. One can convert the frequency domain into a wave vector domain using Taylor’s frozen-in hypothesis. We compute the streamline component of the break point wave vector using the averaged ion flow velocity (V
                        flow=270 km s
                        −1) obtained from ASPERA, ion gyroradius (ρ
                        
                  i
                =50 km rad
                        −1) and break point frequency (f
                        
                  sc
                =0.3 Hz): 
[image:  $$\begin{array}{@{}rcl@{}} {\omega}= {kV}_{\text{flow}} \end{array} $$ ]

 (8)


                     

                [image:  $$\begin{array}{@{}rcl@{}} k = {\frac{2{\pi}f_{sc}}{V_{\text{flow}}}} \end{array} $$ ]

 (9)


              

                [image:  $$\begin{array}{@{}rcl@{}} k{\rho_{i}} = 0.3 \end{array} $$ ]

 (10)


              
therefore, the observational model shows that the break point appears at a wavenumber k
                        ρ
                        
                  i
                ≈ 0.3 (k
                        ρ
                        
                  i
                ≪ 1). Figure 14 illustrates a schematic representation of the energy spectra of the magnetic field fluctuations, the spectral indices at larger and smaller scales in wavenumber domain, and the break point at k
                        ρ
                        
                  i
                ≈ 0.3 accompanied by steepening in the spectra. The energy spectra at larger scale are associated with the mirror mode cascades; however, the smaller scale energy spectra with significant variation in the spectral indices −4 to −0.5 is a realization of presence of turbulence, mirror mode, and proton cyclotron waves.
[image: A40623_2015_308_Fig14_HTML.gif]
Fig. 14Schematic diagram of the observational model. The median of the energy spectra of the total magnetic field (black solid line), the spectral index −1 before the spectral break (dotted vertical line at k
                                    ρ
                                    
                          i
                        =0.3), and the spectral indices (−1.5 to −4) after the spectral break at k
                                    ρ
                                    
                          i
                        =0.3




                     
The present study is mainly focused on the investigation of the turbulence properties inspirit of search for the power-law behavior in the magnetosheath region. The mirror mode caused by the temperature anisotropy is a likely candidate to explain the low-frequency spectra. We find that at high frequencies, the fluctuations present in the magnetosheath evolve to a turbulent state, in which the spectral index −1.5 can be understood as the slope of the turbulent spectrum in the MHD regime. The spectral index −1.5 found in the present study is also in support to the previous work (Guicking et al. 2010). Guicking et al. (2010) detected the average spectral index of −1.8 of the total power in the magnetosheath. Our investigation is a complementary addition to a previous work (Vörös et al. 2008) in which authors found noisy fluctuations in the magnetosheath as signature of the presence of independent driving sources. Furthermore, the current work is based only on the data sets from 5 months in each year at solar minimum (2006–2008), and a thorough study is required to analyze the data for a complete period of 36 months of solar minimum (2006–2008). In the present investigation, we perform the partial wave analysis in order to give some information about the possible wave modes existence in the magnetosheath. We find both compressive (mirror modes) and non-compressive (proton cyclotron waves) wave interpretations are possible for the magnetosheath waves, but an individual wave mode identification analysis is kept as future research work.
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