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ABSTRACT
We study Alfvénic turbulent fluctuations and their spectral properties from MHD to kinetic
scales and compare with recent measurements of the Spektr-R spacecraft. An apparent con-
tradiction is found between the temperature spectra derived from the Spektr-R data and the
temperature spectra predicted theoretically. To resolve this contradiction, we show that the
temperature fluctuations can be correctly estimated from the Spektr-R data only if the mean
temperature is isotropic. Since the mean temperature in the solar wind is usually anisotropic, the
derived fluctuations appear to be pseudo-temperature rather than temperature. These pseudo-
temperature fluctuations are driven by the high-amplitude magnetic fluctuations in Alfvén
waves rather than the fluctuations of temperature or thermal velocity. That is why their ampli-
tudes are usually significantly larger than the amplitudes of authentic temperature fluctuations.

Key words: turbulence – solar wind.

1 IN T RO D U C T I O N

From early observations of the solar wind, it is known that the
energy of plasma fluctuations is mainly concentrated in Alfvén
waves (Belcher & Davis 1971) and therefore is stored in perpen-
dicular (with respect to the mean magnetic field B0) components of
the fluctuating velocity and magnetic field. Although compressive
waves possess much lower energy, their associated perturbations of
density, temperature, and magnetic field strength are also observed
in the solar wind for a long time (Intriligator & Wolfe 1970; Gold-
sein & Siscoe 1972; Bavassano et al. 1982; Grappin, Mangeney &
Marsch 1990; Tu et al. 1991; Tu & Marsch 1995; Bruno & Carbone
2013).

Plasma ion moments (density, velocity, and temperature) in the
solar wind are usually derived using in situ data collected by means
of Faraday cups (Vasylinuas 1971) onboard spacecraft. Although
Faraday cups are quite simple devices, derivation of the plasma
moments based on the currents measured by the Faraday cups is
non-trivial and requires some kind of non-linear fitting technique
(Ogilvie 1995; Zastenker et al. 2000; Kasper, Lazarus & Gary 2002;
Safrankova et al. 2013b) and some assumptions about particle dis-
tribution functions (e.g. Maxwellian or be-Maxwellian distribution
function). Because of the complex fitting procedures, determination
of the measurement errors in the obtained plasma moments is also
non-trivial (Kasper et al. 2006; Gogoberidze et al. 2012).

Recently, Safrankova et al. (2013a, 2016) analysed spectra of
velocity, density, and thermal speed in the frequency range 0.001–

� E-mail: grigol gogoberidze@iliauni.edu.ge

2 Hz (therefore covering both MHD and kinetic ranges). These
spectra were obtained using measurements of the Bright Monitor of
the Solar Wind on board the Spektr-R spacecraft. The authors found
that the spectral indices and spectral breaks between MHD and
kinetic ranges were very similar for the bulk velocity and thermal
speed, whereas the spectral behaviour of the density fluctuations
was entirely different. We found these results surprising because
velocity perturbations are mostly due to the dominant Alfvénic
component of the turbulence, whereas the density and temperature
fluctuations belong to the sub-dominant compressible fraction. This
means it is natural to expect similar behaviour of the temperature
and density spectra rather than temperature and velocity.

In this paper, we attempt to understand this contradiction by
analysing dynamics of high-frequency perturbations in the solar
wind and methods of their measurements by Spektr-R. We show
that some plasma parameters derived from the Faraday cup data
can be strongly affected by the anisotropy of the proton distribu-
tion function. In particular, the derived thermal velocity is strongly
dominated by perturbations of the magnetic field (and not parallel
and/or perpendicular proton temperatures) and therefore the ob-
served high frequency spectrum of the thermal speed is mainly
produced by the incompressible part of the magnetic field per-
turbations, thus explaining its similarity with the proton velocity
spectrum.

The paper is organized as follows. Polarization relations for
Alfvén waves in general form applicable to both magnetohydro-
dynamic and kinetic scales are presented in Section 2. Spectrum
of satellite sampling velocity is derived in Section 3. Density and
temperature spectra are studied in Section 4. Methods used for
derivation of temperature from the Faraday cup current measure-
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ments are analysed in Section 5. Discussion and conclusions are
given in Section 6.

2 PLASMA MODEL AND POLARIZATION
R E L AT I O N S

We study Alfvénic turbulence in the quasi-neutral electron–ion
plasma using the two-fluid plasma model. For the waves, we in-
troduce a local reference system associated with every particular
wave vector k, where three orthogonal unit vectors are x = k⊥/k⊥;
y = k⊥ × ẑ/k⊥; and z is parallel to the background magnetic field
B0. We assume strong, i.e. critical-balanced turbulence (Goldreich
& Sridhar 1995), where the wave periods and characteristic time-
scales of non-linear interactions are similar. In such turbulence, the
Alfvén effect is still strong enough to support the linear wave dis-
persion and polarization properties, in which case all fluctuating
quantities at any wave vector k can be expressed in terms of the
dominant magnetic component Bky. Thus, the components of the
ion velocity vk and number density nk are Zhao et al. (2014)

vkx = isVA
VAkz

ωci

Bky

B0
, (1)

vky = −sVA
1

K

Bky

B0
, (2)

vkz = iVT
ρTk⊥
K2

Bky

B0
, (3)

nk = isn0
VAk⊥
ωciK

Bky

B0
. (4)

Here, K ≡
√

1 + ρ2
T k2

⊥, ρ2
T = (1 + Te/Ti) ρ2

i , ρ i is the ion gyro-
radius, n0 is the background number density, ωci is the ion gy-
rofrequency, VA = B0/

√
4πmpn0 is the Alfvén velocity, mp is the

proton mass, Te and Ti are electron and ion temperatures, and s =
kz/|kz| denotes the wave propagating along (s = 1) or against (s =
−1) background magnetic field B0.

2.1 Spectrum of the sampling velocity

The sampling frequency ωs = ksVSW is defined by the sampling
wave number

ks = k⊥ cos ϕ sin χ + kz cos χ, (5)

where χ is the sampling angle (angle between B0 and the solar wind
velocity VSW), and ϕ is the azimuthal wave number angle between
k⊥ and (B0–VSW) plane. It is obvious that many Fourier harmonics
k contribute to the same ks.

If k⊥ � kz, as is the case in critical-balanced Alfvénic turbulence,
and θ is not close to zero, then

ks ≈ k⊥ cos ϕ sin χ, (6)

and all harmonics with

k⊥ = ks

cos ϕ sin χ
. (7)

from ∞ to k⊥min = ks/sin θ contribute to the sampling wave number
ks. Furthermore, since the amplitudes of perturbations decrease with
increasing k⊥, it is usually assumed that the perturbations at ks are
dominated by the perturbations at minimal k⊥min achieved at ϕ =
0. However, we will see below that this is not the case for the
perturbations aligned with the sampling direction.

Projections of the ion velocity components vkx, vky, and vkz upon
the sampling direction are

vs1 = vkx cos ϕ sin χ ;

vs2 = vky sin ϕ sin χ ;

vs3 = vkz cos χ.

For Alfvénic fluctuations, the shear component vky is largest and
defines the sampling velocity fluctuations

vs ≈ vs2 = vky sin ϕ sin χ. (8)

It is obvious from this expression that the contribution of the dom-
inant Alfvénic component vky to vs is missed at ϕ = 0. Now, we
have to find k⊥ that makes vs largest. Assume a symmetric az-
imuthal distribution of fluctuations and the power-law scaling for
the amplitudes, vky = v0y(k⊥/k0)p, where k0 and v0y are the injection
scale and amplitude. Then, excluding cos ϕ from (8) by means of
(6), we obtain

vs = vky sin ϕ sin χ = vky

√
1 − cos2 ϕ sin χ

= v0y

(
ks

k0

)p

⎡
⎣(k⊥

ks

)p
√

1 − 1

sin2 χ

(
k⊥
ks

)−2
⎤
⎦ sin θ.

The maximum contribution to ks can be found by maximizing this
expression with respect to k⊥/ks. The corresponding maximum gives
the following level of the sampling velocity spectrum:

vs = v0y sin1−p χ
1√

(−p)p (1 − p)1−p

(
ks

k0

)p

. (9)

This maximum is dominated by the following wavenumber k⊥:

k⊥
ks

= 1

sin θ

√
p − 1

p
. (10)

2.2 Asymptotic MHD range

In the MHD range, p = −1/3, then

vs ≈ 0.7v0y sin4/3 θ

(
ks

k0

)−1/3

. (11)

The corresponding power spectrum Pvs has the standard Kol-
mogorov scaling

Pvs = v2
s

ks
∼ k−5/3

s . (12)

2.3 Asymptotic kinetic range

In the kinetic range, K ≈ ρTk⊥, and (2) yields the velocity amplitude
scaling

vky ∼ Bky

k⊥
∼ k

−2/3
⊥
k⊥

∼ k
−5/3
⊥ . (13)

The corresponding power spectrum

Pvs ∼ Pvy ∼ v2
ky

k⊥
∼ k

−13/3
⊥ . (14)

2.4 Density and temperature spectra

At large MHD scales, Alfvén waves themselves are virtually incom-
pressive, and the density perturbations are mainly due to the slow
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and/or entropy modes that are passively mixed by the Alfvénic cas-
cade (Lithwick & Goldreich 2003). Therefore, in the MHD range,
the density fluctuations nS

k associated with the slow and entropy
modes are expected to have the same anisotropic Kolmogorov spec-
trum as the magnetic fluctuations of the dominant Alfvénic turbu-
lence:

P S
n ∼ k

−5/3
⊥ . (15)

This density spectrum dominates in the asymptotic MHD range
ρ2

T k2
⊥ 	 1.

On the other hand, from the linear polarization relation of Alfvén
waves

nA
k

n0
= is

VAk⊥
ωciK

Bk

B0
, (16)

we obtain

P A
n ∼

(
nA

k

)2

k⊥
∼ k2

⊥
1 + ρ2

Tk2
⊥

B2
ky

k⊥
(17)

for the density spectrum associated with Alfvén waves. In the MHD
range ρ2

T k2
⊥ <1, the Alfvénic density spectrum (17) increases with

k⊥ as P A
n ∼ k

1/3
⊥ until it reaches a maximum at ρTk⊥ ≈ 0.45. When

approaching this wavenumber, the rising Alfvénic density spectrum
P A

n ∼ k
1/3
⊥ partially or fully compensate the MHD-like slope −5/3

of the slow/entropy density spectrum. Superposition of the sound
density spectrum ∼k

−5/3
⊥ and Alfvénic density spectrum (17) results

in the composite spectra that are significantly flatter than −5/3 and
can even have a positive slope.

In the strongly dispersive range ρTk⊥ � 1, we have the power-law
spectrum

P A
n ∼ k

−7/3
⊥ , (18)

that coincides with the magnetic spectrum

PB ∼ k
−7/3
⊥ . (19)

Therefore, if the slow and entropy modes are not entirely absent for
very low frequencies, then the density spectrum is expected to have
two break points and relatively flat plateau between them. A similar
interpretation has been proposed by Chandran et al. (2009).

MHD Alfvén waves do not perturb temperature whereas kinetic
Alfvén waves are compressible and can produce non-zero perturba-
tion of the ion temperature. In the adiabatic approximation for the
ions, the ion temperature spectrum PT produced by kinetic Alfvén
waves is expected to behave similarly to their density spectrum,

P A
T ∼ P A

n . (20)

This means that for derivation of the theoretical prediction for the
ion temperature spectrum, or equivalently the ion thermal speed
spectrum, it is possible to use the same reasoning as for the density
spectrum.

3 TH E R M A L S P E C T R A FRO M MH D TO
KINETIC SCALES

Recent high-frequency (up to 0.032 ms cadence) observations ob-
tained using measurements of the Bright Monitor of the Solar Wind
on board the Spektr-R spacecraft allowed to derive spectra of the
solar wind plasma moments not only in the inertial but also in the
kinetic range (Safrankova et al. 2013a, 2016). In the inertial range,
obtained spectra of the solar wind velocity and density perturbations
are in good agreement with the theoretical predictions presented in
the previous section. On the contrary, the spectrum of thermal speed

behaves very differently from the theoretical prediction and is much
more similar to the solar wind velocity spectrum rather than to the
density spectrum as suggested by equation (20). Namely, the ther-
mal speed spectrum has one break point and its spectral index in the
inertial interval and position of the spectral break are very close to
those of the bulk velocity spectrum. This coincidence seems even
more surprising in view of the fact that the velocity spectrum in the
asymptotic inertial range is strongly dominated by MHD Alfvén
waves which do not have temperature perturbations. Explanation of
the non-thermal nature of the ’thermal speed’ spectra observed by
Spektr-R and resolution of the above inconsistency between theory
and observations, which are presented in this section, constitute our
main results.

For the proton velocity distribution f (
v) the current dI measured
by the Faraday cup due to an elementary volume d3v in the velocity
space is (Kasper et al. 2002)

dI = eAf (
v)n̂ · 
vd3v. (21)

Here, A is the effective area of the faraday cup and n̂ is the direction
along the main axes of the cylinder. As it is long known [e.g. Kasper
et al. (2002) and references therein] particle distribution function
of protons in the solar wind is not isotropic and can be fitted by
bi-Maxwelian distribution with different temperatures along and
perpendicular to the mean magnetic field. The total Faraday cup
current 	I due to the bi-Maxwelian distribution can be calculated
by integrating equation (21) over all proton velocities perpendicular
to n̂ and within some speed window along the line of sight. As
showed by Kasper et al. (2002), the current 	I measured by the
Faraday cup depends not on the parallel (T�) and perpendicular
(T⊥) temperatures, but only on their linear combination

Tn = T‖
(
n̂ · b̂

)2 + T⊥
[
1 − (

n̂ · b̂
)2
]
. (22)

Here, b̂ is the unit vector in the direction of the magnetic field.
One can derive the the proton distribution function moments

(density, velocity, parallel, and perpendicular temperatures) using
a fitting procedure for the current measurements 	I either of dif-
ferent Faraday cups [as in the case of very high-resolution data
of Spektr-R (Zastenker et al. 2000; Safrankova et al. 2016)] or of
the same Faraday cups in different speed intervals (Kasper et al.
2002). From the above consideration, it is clear that if the proton
distribution function is assumed isotropic, then the corresponding
isotropic temperature in both fitting algorithms will be given by the
weighted sum of parallel and perpendicular temperatures (22). This
is exactly the case with the Spectr-R data. Indeed, the algorithm
of derivation of the solar wind plasma parameters with extremely
high resolution (32 ms) (Zastenker et al. 2000; Safrankova et al.
2016) implies using the simultaneous measurements of six Faraday
cups to fit five plasma parameters: three components of the particle
flux, flow speed and temperature. However, this method works fine
only in the case of isotropic temperature T� = T⊥. In the case of
anisotropic temperature, T� and T⊥ separately cannot by found, only
their linear combination Tn is accessible.

3.1 Thermal and pseudo-thermal spectra

Let us introduce the angle θ between the total magnetic field B and
n̂, such that the measured temperature Tn (22) can be presented as

Tn = (
T‖ − T⊥

)
cos2θ + T⊥. (23)
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Furthermore, we will distinguish the mean and fluctuating parts of
anisotropic temperatures T�, ⊥ and magnetic field B:

T‖ = T0‖ + δT‖; T⊥ = T0⊥ + δT⊥;

B = B0 + δB = B0 + δB‖ + δB⊥.

Then, cos θ can be expressed in terms of fluctuating magnetic fields
exactly,

cos θ =
√

1 −
(

δB⊥
B

)2

cos θ0 + δB⊥
B

cos φsin θ0, (24)

where θ0 is the angle between the mean magnetic field B0 and n̂, φ

is the angle between δB⊥ and (n̂, B0) plane, and B = |B|,

B =
√

B2
0 + 2B0δB‖ + (

δB‖
)2 + (δB⊥)2.

Note that cos θ does not depend on δB� if δB⊥ = 0.
In general, as follows from (23) and (24), fluctuations of Tn are

caused by the fluctuations of all involved parameters: δT�, δT⊥, δB�,
and δB⊥. Therefore, the measured spectrum of Tn, or thermal veloc-
ity ∼√

Tn used by Safrankova et al. (2016), contains contributions
of all these sources.

In what follows we show that, for the typical solar wind pa-
rameters, the dominant contribution to the spectra of Tn and

√
Tn

comes from the magnetic fluctuations rather than the fluctuations
of parallel and perpendicular temperatures. First, we present

cos2θ = cos2θ0 + δ
(
cos2θ

)
, (25)

where the δB-dependent fluctuating part

δ
(
cos2θ

) = (
(cosφsinθ0)2 − cos2θ0

)( δB⊥
B

)2

+ sin (2θ0) cosφ

√
1 −

(
δB⊥
B

)2
δB⊥
B

. (26)

All above expressions (23)–(26) are quite general, valid for any val-
ues of fluctuating parameters. To simplify further analysis, we con-
sider the limit of small perturbations, δB⊥/B, δT/T 	 1. Although
this condition is not always satisfied for low-frequency magnetic
field perturbations (Bruno & Carbone 2013) it is always valid for
the high-frequency perturbations close to the spectral break between
MHD and kinetic ranges. Then, using (26) in (23) and retaining only
leading terms with respect to the small parameters δB⊥/B, δT/T 	
1, the fluctuating part of (23) can be simplified to

δTn

T0⊥
= cos2θ0

δT‖
T0⊥

+ sin2θ0
δT⊥
T0⊥

+
(

T0‖
T0⊥

− 1

)
sin (2θ0) cosφ

δB⊥
B0

.

The dimensionless spectral power of Tn perturbations is thus〈
δT 2

n

〉
T 2

0⊥
=

〈
δT 2

n

〉
T

T 2
0⊥

+
〈
δT 2

n

〉
B

T 2
0⊥

, (27)

where we introduce the thermal contribution〈
δT 2

n

〉
T

T 2
0⊥

=
〈(

cos2θ0
δT‖
T0⊥

+ sin2θ0
δT⊥
T0⊥

)2
〉

(28)

and the pseudo-thermal contribution due to magnetic fluctuations〈
δT 2

n

〉
B

T 2
0⊥

= 1

2

(
T0‖
T0⊥

− 1

)2

sin2 (2θ0)

〈
δB2

⊥
〉

B2
0

. (29)

Here, 〈...〉 is the ensemble average and we assume that the turbulence
is symmetric with respect to φ: 〈cos φ〉 = 0; 〈cos2 φ〉 = 1/2.

The spectral power density of the ’thermal velocity’ VT n =√
V 2

T ‖cos2θ + V 2
T ⊥sin2θ can be found similarly. Again, it consists

of two parts, thermal〈|δVT n|2
〉

T

V 2
T 0⊥

= 1

4

cos2θ0δ
(
V 2

T ‖
) + sin2θ0δ

(
V 2

T ⊥
)

V 2
T 0⊥

(30)

and pseudo-thermal (due to magnetic fluctuations)〈|δVT n|2
〉

B

V 2
T 0⊥

= 1

8

(
T0‖/T0⊥ − 1

)2
sin2 (2θ0)(

T0‖/T0⊥ − 1
)

cos2θ0 + 1

〈
δB2

⊥
〉

B2
0

. (31)

It is long known that in the inertial interval of the solar wind tur-
bulence the dimensionless magnetic fluctuations δB⊥/B0 associated
with incompressible Alfvén waves are about 1 order of magnitude
higher than the amplitudes of compressional fluctuations associ-
ated with perturbations of density and/or temperature, ∼δT�, ⊥/T0⊥
(Goldsein & Siscoe 1972; Grappin et al. 1990; Tu et al. 1991; Tu &
Marsch 1995):

δB⊥
B0

� δT‖
T0⊥

,
δT⊥
T0⊥

.

Then from (29) it is seen that, excluding specific cases when sin2θ0

≤ 0.1 or |T0�/T0⊥ − 1| ≤ 0.1, the measured power spectra of Tn (as
well as the corresponding power spectra of VTn) are dominated by
the Alfvénic magnetic fluctuations rather than the fluctuations of
the temperature itself.

To estimate the maximum of the thermal contribution (the first
term in the rhs of equation 27), we assume that at any time-scale
τ the perturbations δT⊥(τ ) and δT�(τ ) are equal δT⊥ = δT� = δT
and perfectly correlated. In this case, after averaging the thermal
contribution in the dimensionless rms power of perturbations is〈
δT 2

n

〉
T

T 2
0⊥

≈
〈
δT 2

〉
T 2

0⊥
. (32)

Now, we estimate the magnetic contribution to the observed spec-
trum. As follows from equation (29), this contribution vanishes if
T0� = T0⊥ or sin 2θ0 = 0. Although in the slow solar wind there
are intervals with T0� ≈ T0⊥ (Hellinger et al. 2006), usually dif-
ference between parallel and perpendicular temperatures is quite

significant. Taking as the typical values sin22θ0 ∼
∣∣∣ T0‖

T0⊥ − 1
∣∣∣ ∼ 0.5

(Kasper et al. 2006), contribution of the Alfvén waves (29) reduces
to〈
δT 2

n

〉
B

T 2
0⊥

≈ 1

8

〈δB2
⊥〉

B2
0

. (33)

Estimations indicate that the ratio of dimensionless rms ampli-
tudes λ = (δT 2/T 2)/(δB2

⊥/B2
0 ) in the inertial range of stationary

solar wind sub-intervals is usually of the order 10−2 and almost
never exceeds 10 per cent even in the slow streams of the solar
wind, which are known to be much more compressible compared
to perturbations in the fast solar wind (Bruno & Carbone 2013).

An illustrative example for a stationary stream is given in Fig. 1.
Solid line shows dependence of the ratio of dimensionless rms am-
plitudes λ(τ ) = (δT (τ )2/T 2

0 )/(δB⊥(τ )2/B2
0 ) as a function of time-

scale τ for a stationary stream of the slow solar wind. We use data
obtained by the WIND spacecraft at 3 s resolution. Magnetic field
data is provided by the MFI instrument (Lepping et al. 1995) and
density and velocity data by the 3DP instrument (Lin et al. 1995)
measured during a stationary slow stream. The start time of the
interval is 12:00 2000 April 4 and stop time is 16:00 of 2000 April
6. During this interval the solar wind speed remained about 300 km
s−1. As it is seen from Fig. 1, λ < 0.03 except for very small τ .
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Figure 1. The ratio of dimensionless rms amplitudes λ(τ ) =
(δT (τ )2/T 2)/(δB⊥(τ )2/B2

0 ) (solid line) and λm = δ |B(τ )|2 /δB⊥(τ )2

(dashed line, see the text for details) as a function of time-scale τ for a
stationary stream of the slow solar wind.

We suggest that this enhancement at the small scales is probably
due to measurement uncertainties (which are known strongly af-
fecting plasma parameters at high frequencies Kasper et al. 2006;
Gogoberidze et al. 2012) rather than indicating a real enhance-
ment of compressible perturbations. To support this suggestion,
we present another important characteristic of compressible/non-
Alfvénic perturbations (Tu & Marsch 1995; Bruno & Carbone 2013)
λm = δ |B(τ )|2 /δB2

⊥(τ ) by dashed line in Fig. 1. As can be seen
λm is approximately constant and does not increase with decreasing
time-scale.

The above consideration suggests that the thermal-speed spectra
reported by Safrankova et al. (2016) are in fact the pseudo-thermal
spectra dominated by the magnetic fluctuations rather than the tem-
perature fluctuations. This conclusion is supported by the fact that
the level of spectra reported by Safrankova et al. (2016) cannot
be caused lonely by the temperature fluctuations. Indeed, the spec-
trum of the (pseudo-)thermal speed in their fig. 1(b) is only about
three times lower than the spectrum of the bulk speed driven by
Alfvén waves (their fig. 1a), whereas the authentic temperature
fluctuations should be at least one order less energetic (Goldsein &
Siscoe 1972; Tu et al. 1991; Tu & Marsch 1995).

To be more specific, let us utilize the straightforward expression〈
δV 2

Bn

〉
V 2

A

= 〈
cos2φ

〉
sin2θ0

〈
δV 2

⊥
〉

V 2
A

= 1

2
sin2θ0

〈
δB2

⊥
〉

B2
0

(34)

relating the bulk velocity fluctuations δVBn measured by Safrankova
et al. (2016) and magnetic fluctuations due to Alfvén waves. By
means of (34), we can eliminate

〈
δB2

⊥
〉

from (31) thus arriving to
the following estimation for the velocity spectra ratio:

〈|δVT n|2
〉

B〈
δV 2

Bn

〉 =
(
T0‖/T0⊥ − 1

)2
cos2θ0(

T0‖/T0⊥ − 1
)

cos2θ0 + 1

V 2
T⊥

V 2
A

. (35)

With reasonable values T0�/T0⊥ ∼ 0.5 or T0�/T0⊥ ∼ 1.8 and
V 2

T ⊥/V 2
A � 1, (35) easily explains the modest ratio � 1/3 between

〈|δVTn|2〉B and
〈
δV 2

Bn

〉
deduced from figs 1(a) and (b) by Safrankova

et al. (2016). With autentic temperature perturbations this ratio
would be at least one order less (Goldsein & Siscoe 1972; Tu et al.
1991; Tu & Marsch 1995).

4 D I S C U S S I O N A N D C O N C L U S I O N S

We have shown that the nature of ’temperature fluctuations’ derived
from the currents of Faraday cup(s) is strongly affected by the tem-
perature anisotropy. If the temperature anisotropy is close to zero,
then the derived ’temperature fluctuations’ are dominated by the
perturbations of real temperature (thermal speed). However, when
the temperature anisotropy is finite, as is typical for the solar wind,
the ’temperature fluctuations’ change their source and nature being
driven by the Alfvénic magnetic fluctuations rather than the fluctu-
ating parallel and/or perpendicular temperatures. Such ’temperature
fluctuations’, presented by (29) and (31), we call pseudo-thermal.
The pseudo-thermal fluctuations and the bulk speed fluctuations
have the common source, Alfvén waves, which explains a close
similarity of their spectra.

The pseudo-thermal spectra should be even more similar (but with
different amplitudes) to the magnetic spectra with which they share
the same source – Alfvénic magnetic fluctuations. Therefore, as
the magnetometer onboard Spektr-R is not operational (Safrankova
et al. 2013a) and in situ magnetic spectra are not available, a good
proxy for them can be provided by the pseudo-thermal spectra.
These spectra may be useful for testing some theoretical predictions
even in the absence of magnetic data. Below we summarise several
preliminary results in this direction.

(1) Apparent fluctuations of the proton thermal velocity and the
corresponding spectra deduced from the Spektr-R data are largely
due to the Alfvénic magnetic fluctuations rather than the tempera-
ture fluctuations. Fluctuations of the bulk velocity and their spectra,
observed simultaneously by Spektr-R, are produced by the Alfvénic
velocity fluctuations. These two facts, together with the Alfvénic
link (2) between velocity and magnetic fluctuations, probably ex-
plain why the pseudo-thermal velocity spectra are so similar to the
bulk velocity spectra.

(2) The relative power of the pseudo-thermal and bulk velocity
spectra is presented by (35). Using spectra measured by Spektr-R in
this relation, one can deduce two plasma parameters, temperature
anisotropy |T0�/T0⊥ − 1| and plasma β⊥ = (VT⊥/VA)2. By coinci-
dence, (35) can be re-written in the form proportional to the quantity
|β� − β⊥|, sufficient value of which is essential for development
of firehose instability at β� > β⊥, or mirror instability at β� < β⊥
(Hellinger et al. 2006).

(3) We argued that the authentic thermal spectrum in the solar-
wind turbulence (28) should closely resemble the density spectrum
shown in fig. 1(c) by Safrankova et al. (2016). However, this thermal
spectrum is usually obscured by the magnetic pseudo-thermal spec-
trum (the last term in 27), and can rarely rise above it. As follows
from equation (29), careful selection of the intervals with T0� = T0⊥
or sin 2θ0 ≈ 0 could help in extracting authentic thermal spectra
from the Spektr-R data and compare them with the density spectra.

(4) In view of above, several previous conclusions about simi-
larity between the thermal and bulk velocity spectra (Safrankova
et al. 2013a, 2016) appear to be incorrect. The reason behind these
mistakes is that the authors did not distinguish the proper thermal
spectrum from the pseudo-thermal spectrum established by mag-
netic fluctuations. Between these two, only the latter spectrum can
resemble the bulk velocity spectrum. On the contrary, the authentic
thermal spectrum should resemble the density spectrum, which is
still subject for future experimental verifications.

(5) The average across scales value of the mean spectral index of
the bulk speed is −3.1 in the kinetic range (Safrankova et al. 2016),
but the slope varies across kinetic scales reaching local values �
−4 in agreement with (14). The median pseudo-thermal (magnetic)
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spectrum is flatter, its −2.4 slope is in good correspondence to the
magnetic slope −7/3 (19) slightly steepened by the damping and
intermittency.
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