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Statistical classification of the Helios solar wind observations into several populations sorted by bulk speed has revealed an outward acceleration of the wind. The faster the wind is, the smaller is this acceleration in the 0.3 -1 au radial range (Maksimovic et al. 2020). In this article we show that recent measurements from the Parker Solar Probe (PSP) are compatible with an extension closer to the Sun of the latter Helios classification. For instance the well established bulk speed/proton temperature (u, T p ) correlation and bulk speed/electron temperature (u, T e ) anti-correlation, together with the acceleration of the slowest winds, are verified in PSP data. We also model the combined PSP & Helios data, using empirical Parker-like models for which the solar wind undergoes an "iso-poly" expansion: isothermal in the corona, then polytropic at distances larger than the sonic point radius. The polytropic indices are derived from the observed temperature and density gradients. Our modelling reveals that the electron thermal pressure has a major contribution in the acceleration process of slow and intermediate winds (in the range of 300-500 km/s at 1 au), over a broad range of distances and that the global (electron and proton) thermal energy, alone, is able to explain the acceleration profiles. Moreover, we show that the very slow solar wind requires in addition to the observed pressure gradients, another source of acceleration.

INTRODUCTION

In the hydrodynamic description, the solar wind comes from the thermal expansion of the million Kelvin solar corona which cannot remain in hydrostatic equilibrium around the Sun. Indeed, as firstly establish by Parker (1958), the solar wind is the result of the conversion of the coronal thermal energy into directed kinetic energy. This implies the generation of a flow which becomes supersonic at a distance (r c ) of a few solar radii from our star.

Many authors have studied the radial evolution of the thermodynamic properties of the solar wind, using the large coverage of heliocentric distances allowed by proton temperature gradients. Other authors as Štverák et al. (2015) have made similar analysis on the electrons, and have shown that the observed empirical radial profiles do not require any external heat source (heat flux and its divergence) to explain the observed electron temperature gradients, for both slow and fast representative solar wind streams.

More recently, Maksimovic et al. (2020), inspired by the work of Totten et al. (1995), have classified the different winds observed by Helios according to their velocity, imposing the same order between velocity populations at all distances. They have shown that the correlation bulk speed/proton temperature (u, T p ) and the anti-correlation bulk speed/electron temperature (u, T e ), first found around 0.7 au, extends until 0.3 au (the closest approach distance of Helios missions). In the present work we use the same wind classification technique as Maksimovic et al. (2020) and extend it to PSP data closer to the Sun. After Parker's seminal work, a great number of authors have proposed semi-empirical fluid models of the solar wind, imposing remote sensing observations as boundary conditions in the corona (Esser et al. 1997;Cranmer et al. 1999;Sanchez-Diaz et al. 2016). These authors have often used more or less ad'hoc sources of energy, in addition to the thermal one, allowing them to reproduce observations at 1 au. Another approach is to develop solar wind models including the observed polytropic indices as deduced from the temperature and density gradients. For instance Cranmer et al. (2009) empirically constrain fast wind modeling by the observed proton and electron temperature radial dependencies, using a turbulent hydrodynamic model.

Coronal observations in coronal holes and streamers can provide observational constraints to solar wind models. For a medium solar wind ( ∼ 350 -500 km/s at 1 au ) the proton coronal temperature is found in the range 1 -3 MK, and the electron coronal temperature within 0.5 -1 MK (Cranmer et al. 1999;Cranmer 2002;David et al. 1998). However concerning the fast wind, which has been well established to come from coronal holes, the hydrogen kinetic temperatures are possibly as large as 4 -6 MK (Kohl et al. 1996;Cranmer 2002). Then, with enough collision coupling in the low atmosphere, the proton temperature is also expected to be in this range. Regarding the temperature of electrons in coronal holes, it is well established to be lower than in the streamer belt.

In the present approach we also develop a semiempirical model. In contrast with previous works which start from the observed coronal constraints, we rather base our model on the interplanetary observations, then we derive the expected coronal values. To do this, we Parker Solar Probe (Fox et al. 2016).
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In Section 2, we first describe the data sets we use, and (from 1974 until 1977), in order to be able 150 to compare the same solar activity level with the PSP 151 observations.

152

We remove ICMEs from our Helios data set using the 153 criteria of Elliott et al. (2012). We discard the measure-154 ments for which at least one of the following criteria on 155 the β of the plasma, the proton temperature T p , and the 156 ratio of the alpha to proton density n α /n p , is satisfied: lished by Lopez & Freeman (1986) and rescaled with solar distance. In addition to these criteria, we remove for every detected ICME of at least 6 hours long, the 24 hours before and 15 hours after it. Finally, we assume that winds measurement faster than 800 km/s could be possible ICMEs, so that we also remove them. Our final Helios data set contains ∼ 686 000 proton measurements and ∼ 65 000 electron measurements.

157 (i) β < 0.1, (ii) n α /n p > 0.08, (iii) T p /T ex < 0.5,
With such data, a possible way to study the solar wind evolution with distance is to classify it into wind populations, determined by a statistical classification of protons speed measurements at different radial distances, as it was done by Maksimovic et al. (2020). Wind speed observations are first split in radial bins, then for each bin, the bulk velocity distribution is divided with quantiles to classify winds depending on their speed. The median of each speed population is kept. This defines a set of median velocities versus distance as shown in dashed colored lines in Figure 1a. This classification method assumes that the wind population order does not change with solar distance. We have made the same choice as Maksimovic et al. (2020) to set 5 wind populations, named from A for the slowest one, to E for the fastest one. This choice of the number of populations is somewhat arbitrary, but we have verified that the results of our study do not depend on this number. The Helios populations have wind speeds ranging between 250 km/s and 700 km/s (Figure 1a). The slower the wind is, the 187 more progressive is its acceleration with radial distance, which are close to these regions, the analysis might be taken with caution.

Regarding the spreading of the different populations on the temperature and density (Figure 2b, 2c and 2d), the populations overlap each others contrarily to the ones in speed (Figure 2a). the sum over these species when needed.
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The model incorporates in-situ observational constraints for both electrons and protons with a polytropic law:

T s (r) = T s0 n(r) n iso|s γs-1 = T s0 ñγs-1 s . (1) 
where γ s is constrained by in-situ observations to be uni- 
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The notation ñs = n(r)/n iso|s is introduced to simplify 465 the writing of the following equations.
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The conservation of momentum is written as:

n m p u du dr = - s={p,e} dP s dr -n m p G M r 2 . ( 2 
)
For a given thermal profile, e.g., Equation (1), the pressures P s are proportional to the plasma density. Indeed, all terms in Equation ( 2) are linear in n so multiplying the density by any factor (independent of r) has no Resulting the coronal temperatures Tp0, Te0, and the coronal and at 1 au velocities u0 and u1au (four bottom lines). The parameters are defined by least square fitting the model to temperatures and velocities derived from PSP and Helios measurements for the wind populations from A to D, and only from Helios measurements for the population E (see Figure 4).

effect on u. The pressures P s are written similarly to temperatures in Equation (1):

P s = P s,iso|s n n iso|s γs = P s,iso|s ñγs s . (3) 
Then, Equation ( 2) is rewritten as:

n m p u du dr = - s={p,e} P s,iso|s dñ γs s dr -n m p G M r 2 . (4)
Next, the computation of n(r) is deduced only from u(r) using the mass flux conservation:

n(r) = C n u r 2 , (5) 
where C n is a constant to be determined for each popula- rized in Table 1.
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The fitted power-law of T s (r) for each speed popula-496 tion implies that when r iso|s is defined, T s0 is also defined est wind A is lower than its corresponding measurement curve when going farther from the Sun (Figure 4a). This indicates that the observed proton and electron pressures are not efficient enough to accelerate the solar wind as observed. Therefore, the very slow solar wind has another source of acceleration which does not heat the plasma.

The iso-poly model of the fastest wind E incorporates only Helios data. The model fits well to all the observed variables (Figure 4); nevertheless, the modeled proton coronal temperature of 5.6 MK is much higher than the 1 -3 MK observed in the corona. Notice that it is still in the order of the 4 -6 MK hydrogen temperature observed by Kohl et al. (1996) in coronal holes (possible of the same order as the protons). Concerning the bulk speed close to the Sun, its amplitude is much higher than for other winds, reaching more than 100 km/s at 552 1 R ⊙ . This is high for an initial solar wind bulk speed 553 compared to its value at 1 au, however this is not in con- The median plasma densities are well ordered within PSP distance range. The density is anti-correlated with the wind speed as observed by Helios and Ulysses (Marsch et al. 1989;Gloeckler et al. 2003). At lower solar distances, the densities no longer follow a power law because of the acceleration of u(r) (Equation ( 5)).

The wind densities are predicted by the iso-poly model For the wind populations A to C, the coronal bulk speed is very low below 2 R ⊙ (Figure 4a). This implies large densities (larger than typical coronal densities of about 10 8 cm -3 ). However, the iso-poly model is not incorporating several key physical processes of the corona, like thermal conduction and radiative losses, so the region close to the Sun is out of the range modeled by the iso-poly model. However, in the range 2 < r < 25 In contrast, while a clear anti-correlation between the electron temperature and the bulk speed is present above 20 R ⊙ , it vanishes closer to the Sun in the iso-poly modeling (Figure 4d). Indeed, there is no clear trend, and the coronal temperature, T e0 , is similar for all wind populations (between 0.7 -1 MK). Thus, in the iso-poly The observed electron polytropic indexes, γ e , are lower 630 than the proton ones, γ p , as shown by Maksimovic et al.

R
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(2020) on Helios data, and in Table 1 coupling Helios The polytropic decrease of proton and electron temperatures, previously reported with Helios observations, is extended to the PSP radial range with almost the same polytropic indexes. We have modeled these regions with a fluid approach including separate polytrope behaviours for protons and electrons. We have no clear evidence that this behaviour changes closer to the Sun with the most recent PSP observations. In order to avoid excessively large coronal temperatures in the model, we impose the polytropic increase of both temperatures to stop at some radial distance, different for electrons and protons. At smaller distances, we simply impose constant temperatures.

The free parameters of the iso-poly model are describing both proton and electron temperature radial profiles. The observations of the slowest wind population show an acceleration over all the observed solar distances.

The iso-poly model, fitted to the data for r < 0.5 au, is only able to account for the observed acceleration in this radial range, but not at larger distances. This result indicates the presence of another source of acceleration which does not heat the plasma and operates on large 695 solar distances, mainly for the slowest solar wind.
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The observed fast wind profiles can be correctly re- Finally, a unique PSP proton data set is created, associating one time to a unique parameter measurement, so for time where both SPI and SPC measurements are available, the mean value between these two is kept.

B. ISO-POLY MODEL DETAILED EQUATIONS

In this appendix, we detail the calculation of the iso-poly model. We remind that in the iso-poly description, we limit the γ s to two regions with constant values. We start from the momentum equation (4):

n m p u du dr = - s={p,e} P s,iso|s dñ γs s dr -n m p G M r 2 , (B1) 
where ñs = n(r)/n iso|s .

We use the properties of the logarithmic derivative of a composite function to compute:

dñ γs s dr = ñγs s d(γ s ln(ñ s )) dr = γ s ñγs-1 s dñ s dr + ñγs s ln(ñ s ) dγ s dr (B2)
Since we set γ s constant in the isotherm and polytropic regions dγ s /dr = 0. The momentum Equation (B1) is rewritten as:

n u du dr = - s={p,e} P s,iso|s m p γ s ñγs-1 s dñ s dr -n G M r 2 (B3)
To further simplify the equation writing, we define c s for the species s as an equivalent sound speed:

c 2 s = γ s P s,iso|s m p n iso|s = γ s k B T s,iso|s m p (B4)
We also define the variable x s with x s = ñγs-1 s . With the above definitions, we obtain:

n u du dr = - s={p,e} n iso|s c 2 s x s dñ s dr -n G M r 2 (B5)
Next, the conservation of mass flux writes as n(r) = C n /(u r 2 ), where C n a constant. Developing the calculation of the derivative of ñs (r):

dñ s dr = - 1 n iso|s C n r 2 2 ur + 1 u 2 du dr (B6)
Finally, the momentum equation is written as: with c p and c e computed with Equation (B4) and γ s = 1. In the polytropic region, the critical radius r c is divided by the factor γ s > 1 compared to Equation (B9). When we fit the iso-poly model to observations (Section 3.3), the optimum r c value stays within the isothermal region. Moreover, if during the fitting iteration r c goes a bit in the polytropic region, its value is divided by γ s , which bring it back to the isothermal region. The temperatures T p (r c )

and T e (r c ) would need to be significantly lower than T s0 to keep r c in the polytropic region.

The optimal way to compute the transonic solution is to use an asymptotic development around r c of the equation (B8) to get the slope du/dr at the critical point. In fact, we proceed simpler using a tiny positive (resp. negative) shift from (r c , u c ) to integrate upward (resp. downward). With a tiny shift such solutions converge rapidly toward the transonic solution, thanks to the hyperbolic topology present around the critical point. Finally, with u(r) computed, the density expression is deduced from mass flux conservation, and the temperature radial profile of the species is defined by Equation (1).

C. DETERMINATION OF ISO-POLY PARAMETERS WITH THE CHI-SQUARED TEST

We outline below the determination of the free parameters for the iso-poly model. First the modeled temperature profile are least square fitted to each observed profile. This defines the polytropic indexes γ p and γ e . To be in accordance with the in-situ measured temperature, we constrain for each population of the model, the minimal coronal temperature T s0 to the closest radially observed temperature. Next, the model bulk speed is compared to observed velocities for different (r iso|p , r iso|e ) values, and for each wind population. The resulting χ 2 minimization map (r iso|p , r iso|e ) for the population A and E are plotted on Figure 7. With the supposed continuity of the temperature profiles, this also determines the coronal temperatures T p0 and T e0 (supposed to be uniform below r iso|p and r iso|e , respectively). The optimal set of parameters is not located in a spot minimum region of the map, but in a valley. For the wind A both r iso|e and r iso|p values have an influence, because the valley is diagonally oriented. The smaller r iso|p is, the bigger r iso|e is, so that they compensate each other to fit as best as possible to the observed speed profile. Indeed, Figure 5 shows that T p ≈ T e , so P p ≈ P e in the main acceleration region (r < 20R ⊙ ). In contrast, the wind E minimization maps shows a region of smaller values on a more vertically oriented valley, signifying that the value of r iso|p is well determined, and thus is more determinant in the modeling of fast wind than r iso|e . Indeed, Figure 5 shows that T p , then P p , is dominant for wind E in the main acceleration region.
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 a Parker polytropic model far from the Sun which 110 includes proton and electron pressure contributions sep-111 arately. In order to avoid excessive coronal tempera-112 ture, we include an isothermal solution closer to the Sun. 113 This defines our "iso-poly" fluid model. The polytropic 114 indices and temperatures for both the protons and elec-115 trons in the interplanetary medium are derived from ob-116 servations of the two missions Helios (Porsche 1981) and 117
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  how we define the different wind populations. Then, we 120 analyze how the new PSP data compare to the Helios 121 ones within the overlapping range of solar distances. Af-122 ter that, we classify the PSP data the same way as for 123 Helios, and we check whether the radial trends observed 124 for the bulk speed and the temperature gradients in the 125 0.3 -1 au range, could be extended closer to the Sun. 126 In Section 3, we describe our iso-poly fluid model, and 127 the way its free parameters are constrained by the ob-128 servations. Finally, we summarize our results in Section 129 4. More information and details on the iso-poly model 130 are provided in the appendixes B -C. , we revisit the analysis made by Mak-135 simovic et al. (2020) by removing from the datasets the 136 periods corresponding to interplanetary coronal mass 137 ejections (ICMEs). This was not done in the original 138 study. We use two of the Helios data sets used by Mak-139 simovic et al. (2020). They are derived from the ion 140 and electron electrostatic analyzers on board the Helios 141 1 and 2 spacecraft (Schwenn et al. 1975). The first data 142 set contains ∼ 1 877 000 measurements of proton den-143 sity n p , temperature T p and bulk speed u. The second 144 one, made by Štverák et al. (2009), contains ∼ 66 000 145 measurements of electron density n e and temperature 146 T e . One can find more details about the used Helios 147 data set in Maksimovic et al. (2020). We also choose to 148 only keep the Helios measurements during the minimal 149 solar activity

where 158 TFigure 1 .

 1581 Figure 1. (a) Median proton bulk speed, u(r), in colored dashed lines for 5 populations from Helios measurements of bulk speed between 0.3 and 1 au (where r0 the solar radius). The data are first regrouped within radial bins, then the wind populations are defined with quantiles (Maksimovic et al. 2020). The linear fits of the Helios speed populations, u(r), are shown with colored solid lines. The PSP measurements from SPAN-Ai and SPC instruments are plotted with grey points. The two orange vertical lines delimit the overlap interval of SPC and Helios data (0.28 -0.38 au). The mean errors on the estimation of the median values for the different quantities are : δu |Hel = 0.1 %, δT p|Hel = 0.6 %, δT e|Hel = 1.3 %, δn e|Hel = 1.5 %, with the error defined as: σ/ √ N with σ the standard deviation and N the number of data points per populations on each bin. (b) Probability distribution function of bulk speed of SPC on the overlap interval PSP -Helios. These data are classified using the Helios quantiles.
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  until the E wind for which the speed is approximately 189 constant in the studied range. Note that our slow wind 190 population is very similar to the "very slow solar wind" 191 studied by Sanchez-Diaz et al. (2016).

Figure 2 .Figure 3 .

 23 Figure 1a. It appears that PSP has mainly measured 294

  Indeed, the speed populations are directly separated by the quantiles, while the others quantities are derived from the associated time of measurement after classification. Then, to obtain a better view of the populations evolution for each quantity, we compute for each radial bin the median value for all the populations and for all quantities. These are displayed by dots connected with solid lines in Figure3. The mean errors on the deter-mination of the median profiles are quite low 364 either for PSP or Helios data : (δu |PSP , δu |Hel ) = 365 (0.8 %, 0.1 %), (δT p|Hel , δT p|PSP ) = (3.7 %, 0.6 %), 366 (δT e|Hel , δT e|PSP ) = (1.3 %, 1.3 %), (δn e|Hel , δn e|PSP ) = 367 (4.1 %, 1.5 %). Moreover, considering all quanti-368 ties, the errors do not exceed 4.1 %, which means 369 that the computed median values are well de-370 fined. As previously mentioned for Figure 2, the PSP 371 populations are globally the continuation of the Helios 372 ones. This is true for the amplitude of the bulk speed 373 following the definition of the populations in the overlap 374 interval. However, the speed trends are also comparable 375 between PSP and Helios, while constrained. 376 Next, proton temperatures from PSP are consistent 377 with a continuation of Helios data (with large fluctua-tions for the wind D in the overlap interval due to data gaps). Electron densities of PSP data extend the Helios power laws closer to the Sun. Finally, electron temperatures have large fluctuations in and around the overlap interval. Still outside this region, PSP data are in accordance with the extensions of the Helios power laws with distances. The higher variations for the farther radial point of the wind B, C and D for all PSP parameters are probably due to the regions empty of data in Figure 2 as mentioned above. Next, we notice that the proton temperature for the winds B, C and D, seems to stop increasing closer to the Sun. However, considering the lack of good statistical coverage for the radial bins closer to the Sun, no definitive interpretation can be made presently. Indeed, to have a more reliable analysis of the slope in the radial bins closer to the Sun, a longer observational time interval is necessary.All the observational results shown on the PSP radial range regarding the radial dependencies of the temperature populations and the acceleration of the slow solar wind, are also confirmed by a different radial analysis method of the solar winds evolution ofHalekas (2022, in press).

  Hydro-dynamic Model LimitationsIsothermal Parker's model solutions are convenient because they can provide both an analytical expression of the sonic point location and the dependence of the terminal bulk speed with coronal temperature. However, this description requires an infinite energy deposit to maintain the isothermal temperature at all distances.A more physical description implies taking into account that the observed solar wind temperature is decreasing with distance. As discussed in Section 1, solar wind fluid models using observed polytropic indices have already been proposed. However extrapolating temperature back to the corona, the deduced proton coronal temperature is too high compared to spectroscopic observations, especially for fast winds.Thus, it could be interesting to mix up isothermal and polytropic approaches. An isothermal expansion can produce a supersonic wind relatively close to the Sun. At larger distances, a polytropic expansion only mildly accelerates the wind, while it reproduces the observed decrease of temperature with distance. This iso-poly model takes the best of each approach while putting aside their respective major physical issues (infinite deposit of energy for the isothermal case, and too high coronal temperature for the polytropic one). Note that Parker (1960) has also proposed a two thermal 430 part model, with an isothermal evolution close to the 431 Sun, then adiabatic farther away. However, this descrip-432 tion disagree with in-situ measurements of temperature 433 (magnitude and radial evolution), and with the observed 434 acceleration of slow winds on large distance. 435 3.2. Iso-poly Solar Wind Model 436 The equations we develop in this article embed the 437 possibility of two consecutive thermal regime for the 438 solar wind. We set the following hypotheses: (i) We 439 consider a bi-fluid constituted of electrons and protons, 440 with u e = u p = u, n e = n p = n, T e ̸ = T p and γ e ̸ = γ p , 441 with no electric current. (ii) We take into account the 442 thermal pressure gradients and gravity as a source of 443 external force. (iii) The problem is studied in the hy-444 pothesis of spherical symmetry: ∂/∂θ = ∂/∂ϕ = 0. 445 (iv) A stationary flow is modeled. (v) The non-thermal 446 effects of the magnetic field on the plasma are neglected. 447 The transition between the two thermal regimes, 448 isothermal and polytropic, is set at the radius r iso|p and 449 r iso|e respectively for protons and electrons. These dis-450 tances are expected to be different for these two species 451 because different heating/cooling processes are present 452 and because a low collisional coupling occurs between 453 the two species in the considered radial range (Cranmer 454 2002). Next, in order to simplify the expressions below, 455 we only specify the species with s = {p, e}, and we write 456
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  form in the PSP and Helios radial range, while depen-459 dant of the wind population and specie. We introduce 460 the density at r = r iso|s , n iso|s , within Equation (1) in 461 order to have a formula valid both for r < r iso|s (γ s = 1, 462 isothermal, T s (r) = T s0 ) and for r > r iso|s (γ s > 1, for 463 constant value), and T s (r) is continuous at r = r iso|s .
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  tion with a fit to the in-situ data. This Equation allows 468 to eliminate n in Equation (4). After several steps of 469 calculation, Equation (4) is transformed to outline the 470 critical or sonic point located at r = r c (see Equation471(B8) in Appendix B). This allows to define the transonic solution for which the derivative du/dr is non-zero for 473 all r values. Finally, u(r) is numerically computed (see and r iso|e .481The polytropic indices can be determined from tem-482 perature and density gradient observations. Indeed, 483 considering power law evolution of the form T s (r) ∝ r α , 484 and n(r) ∝ r β , the polytropic relation between den-485 sity and temperature implies γ = (β + α)/β. From the 486 mass flux conservation, density for proton and electron 487 are weakly dependent of u(r) profile once the main ac-488 celeration region is overcome, thus β ≈ -2. We operate 489 a least square fit on T p (r) and T e (r). The radial de-490 pendence of T p and T e is not the same for all the wind 491 populations, so we fit the α p and α e using a linear re-492 gression in a log/log space independently for each wind 493 populations. The fitted values of γ p and γ e are summa-494

497Figure 4 .

 4 Figure 4. Median values of u(r), Tp(r), Te(r) and ne(r) for PSP data (continuous lines linking colored dots) and for Helios data (dashed lines linking colored dots). The iso-poly model curves associated to each family is added with colored continuous lines. They are obtained by least square fitting the radial data profiles.
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  tradiction with the speed observations made by Sheeley 555 et al. (1997) close to the Sun. Indeed, they have ob-556 served at 2 R ⊙ that wind bulk speed can reach 200 ∼ 557 250 km/s. It concerns mainly slow winds (< 400 km/s 558 at 1 au) but the order of magnitude indicates the possi-559 bility of large coronal bulk speeds. This means that the 560 acceleration provided by the observed proton and elec-561 tron pressure gradients could be not efficient enough to 562 accelerate the fastest wind (in the hypothesis of coronal 563 temperatures in order of 1 -3 MK). Consequently, the 564 fast wind implies close to the Sun, below 0.3 au (65 R ⊙ ), 565 a temperature higher that the typically observed one in 566 the low corona, and/or another source of energy which accelerates the plasma and does not heat it.

  to spread over a much larger range, up to 5 decades, when getting closer to the Sun. Next, we compare these densities to the ones derived during a solar cycle minima (1996) from LASCO coronagraph. Even if the studied in-situ data are taken close the ecliptic, we compare the fast wind density to the one observed around the solar poles, which are known to be the source of mostly fast solar wind. The densities derived from the iso-poly models are compatible with the measurements made above 2 R ⊙ (Quémerais & Lamy 2002, and also earlier ones, as summarized therein). The densities derived around the equatorial plane are expected to be more characteristic of the slow wind, and indeed the density of population B is close the densities derived from coronagraphic observations.

  ⊙ the results ofSheeley et al. (1997), obtained with LASCO coronagraph, are broadly compatible with the velocity profiles of wind populations A to D.The positive correlation bulk speed/proton temperature (u,T p ) was originally derived at 1 au(Lopez & Freeman 1986). The results of the iso-poly model fitted to the in-situ data show that this correlation is kept down to the solar corona (Figure4a,b). The results of the iso-poly model confirm and extend the results ofDémoulin (2009) on the physical origin of the correlation (u,T p ). This is the result of a dominant wind acceleration by the proton pressure close to the Sun (within r < 20 R ⊙ ), with a contribution of electron pressure for slower winds.

Figure 5 .

 5 Figure5. Ratio Te/Tp for PSP and Helios measurements for all wind populations (dashed lines) as defined in Figure1. The iso-poly numerical solutions, least square fitted to the data (see Figure4), are shown with solid curves.
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  632 and PSP data. Then, T e radially decreases slower than 633 T p , and they have the possibility to cross each other 634 (T e = T p ). This is indeed the case for the populations 635 B and C. It implies that electron pressure is more effi-636 cient farther away from the Sun than proton pressure.637However, this provides only a weak wind acceleration 638 (Figure4a).

  we have analysed proton and electron so-641 lar wind measurements from the instruments SPAN-Ai, 642 SPC and SPAN-E of PSP. We define five wind popula-643 tions with the same methodology than the one proposed 644 by Maksimovic et al. (2020) for the Helios data. We use 645 the overlap distance range of the missions to define the 646 percentage of PSP observations representative of each 647 Helios wind population.We find a good agreement between the Helios and PSP wind profiles for the speed, electron density, proton and electron temperature. The continuous acceleration of the slow solar wind, already shown with Helios data, is also present closer to the Sun in PSP observations. Moreover the correlation bulk speed/proton temperature (u, T p ) and the anti-correlation bulk speed/electron temperature (u, T e ), observed at 1 au, are maintained in the PSP observations at least as close as 20 R ⊙ (∼ 0.1 au).

  These parameters are determined by a least square fit of the model to the data for r < 0.5 au. This procedure is fully successful to define a model well representing the intermediate solar winds (from 350 -500 km/s at 1 au).Indeed, the closeness of the model to the data shows that the observed temperature gradients are sufficient to accelerate such winds with no extra energy required in the 0.1 au -1 au studied range. However, these results on iso-poly modeling of the moderate solar winds occur after the main acceleration region, i.e. the models are not constrained below 0.1 au. Our study thus brings a partial answer to the general problem of the solar wind acceleration, which must be completed by measurements closer to the Sun.

712Figure 6 .

 6 Figure 6. (a) : SPAN temperature anisotropy T p|r /T p|tot (r) over the operating SPAN radial range (red dots), and least square linear fit (solid line). (b) : SPC radial temperature previously adjusted by a factor 2 as mentioned in Section 2.2 (green), total SPAN temperature (red), and equivalent SPC total temperature using the anisotropy relation between the radial and total temperature from SPAN (purple).

  B8) summarizes the iso-poly model. The solar wind flow is described by the transonic solution with du/dr ̸ = 0 for all r values. Then, where b(r, u) = 0, a(r, u) should also vanishes. This defines the so called critical or sonic point. If it is located in the isothermal region x s = 1, and the critical point is defined by the isothermal Parker'

Figure 7 .

 7 Figure 7. χ 2 values expressing the distance between the iso-poly model and the solar wind data within the (r iso|p , r iso|e ) plane. (a) the slowest population A (Helios-PSP data), (b) the fastest population E (Helios data). The black crosses represents the location of the best set of parameters (main minimum of χ 2 (r iso|p , r iso|e )).

  

Table 1 .

 1 Parameters of the iso-poly model (four top lines).

	Wind type	A	B	C	D	E
	γ p	1.57 1.59 1.52 1.44 1.35
	γ e	1.29 1.24 1.23 1.23 1.21
	r iso|p (R ⊙ )	16.1 16.4 13.6	9.2	2.9
	r iso|e (R ⊙ )	15.0	9.8	10.3	8.0	3.1
	T p0 (MK)	0.65 1.10 1.63 2.51 5.61
	T e0 (MK)	0.79 0.81 0.71 0.75 0.88
	u 0 (km/s)	0.001 0.07	0.6	7	104
	u 1au (km/s)	292	354	406	488 634
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such as co-rotating interaction regions, Alfven waves,
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Appendix B), then n(r) and T s (r) are computed with 475 Equations ( 5) and (1).