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ABSTRACT7

The Steady Electron Runaway Model (SERM) develops the hypothesis that the solar wind’s observed8

ubiquitous non-thermal eVDF’s are caused by Dreicer’s (1959, 1960) velocity space bifurcation in the9

strong dimensionless E∥ required by quasi-neutrality. SERM’s predicted partitions for the pressure and10

density are contrasted with appropriately adapted eVDF properties from the Wind 3DP experiment11

(1995-1998), based on in situ observations of E∥. The observed number fraction of electrons in run-12

away, δ3DP, follows a thousand-fold decline of Dreicer’s predicted fraction, δ, across the observed ten13

fold reduction of E∥, satisfying δ3DP ≃ δ0.89. SERM’s predictions are shown to reproduce the observed14

variations with E∥ of the electron partial pressure and excess kurtosis, Ke. Ke and E∥ are positively cor-15

related across 4yr as expected by the SERM-Dreicer origin of the suprathermals. SERM quantitatively16

explains the observed 50 yr anti-correlation between δ3DP and the partition slope temperature ratios.17

This documentation quantitatively establishes coulomb runaway physics as the missing determinant of18

the ubiquitous non-thermal solar wind eVDF.19

Astrophysical plasmas, like stellar winds, are unavoidably inhomogeneous, requiring E∥ to enforce20

quasi-neutrality. Between the stars E∥ is expected to be sufficiently large that measurable runaway21

density fractions (0.1− 30%) will occur producing widespread leptokurtic eVDFs.22

Using inhomogeneous two fluid information, SERM predicts spatially dependent leptokurtic eVDF23

profiles consonant with coulomb collisions and the fluid’s E∥(r). SERM can also comment on its24

eVDF’s consistency with Maxwellians presumed in Spitzer-Härm closure. Solar wind profile shows the25

implied strong radial gradient of the plasma eVDF’s transformation from near thermal to strongly26

leptokurtic across 1.5− 6R⊙.27

Keywords: Solar wind (1534), Space plasmas (1544), Interplanetary particle acceleration (826), Col-28

lision processes (2065)29

1. INTRODUCTION30

Since 1968 solar wind electrons have been ubiquitously31

observed to be non-thermal between a few solar radii and32

10au. The observed even moments of density and pres-33

sure are essentially replicated by a superposition of one34

thermal and one non-thermal subcomponent in the mod-35

Corresponding author: J. D. Scudder

jscudder@spacescience.org

eling, usually modeled by a cooler but denser convected36

bi-Maxwellian and hotter and much sparser convecting37

bi-kappa distributions. The non-thermal eVDF across38

all kinetic energies has a remarkably reproducible veloc-39

ity space dependence as indicated by successful multi-40

year catalogues of their component properties based on41

such routine fits that agree with their model indepen-42

dent moments through the heat flux (e.g. Salem et al.43

2021). Further, these same velocity space modeled forms44
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have been in essentially constant use since their intro-45

duction for electrons by Montgomery et al (1968).46

Many espouse the suggestion by Parker (1958) that47

non-thermal effects in the solar plasma are surely the48

products of some form of turbulence. The author is49

unaware of any successful attempts that quantitatively50

explain (i) how waves and turbulence ubiquitously and51

quantitatively produce the observed, ”omnipresent”,52

non-thermal solar wind eVDF; nor (ii) the origin of its53

well documented shape properties.54

The present paper explores the ideas of SERM (Scud-55

der 2019c) by quantitatively documenting the predic-56

tion of nearly all the eVDF properties ubiquitously ob-57

served over the past 50 years in the solar wind without58

adopting Parker’s suggestion. The recent proponents of59

the turbulence interpretation are encouraged to develop60

ubiquitous and quantitative evidence that predicts the61

observed solar wind eVDF phenomena. Until then there62

appears no objective basis for the author to ’..reiterate63

the role played by wave fluctuations in the generation64

and maintenance of suprathermal populations.’ Despite65

the possible existence of such an unreported wave ex-66

planation, it is difficult to prefer presently unquantified67

wave explanations to quantified SERM explanations for68

the cause of the well catalogued ubiquitous non-thermal69

solar wind eVDF.70

This paper quantitatively tests that this ubiquitous71

suprathermal solar wind eVDF behavior should occur72

for any inhomogeneous plasma containing a steady E∥,73

where the speed dependence of coulomb collisions is re-74

spected and Dreicer’s dimensionless electric field E∥ is75

not too large.76

The SERM argument (Scudder 2019c) was motivated77

by (i) Dreicer’s (1959, 1960) work concerning plasma78

runaway in laboratory plasmas; (ii) initial kinetic cal-79

culations of the 1au eVDF by Scudder and Olbert80

(1979a,b); and (iii) earlier empirical studies using re-81

ported and inferred temperature gradients about the size82

of E∥ (Scudder 1996).83

SERM produces a model non-thermal eVDF compat-84

ible with assumed E∥, runaway signatures and quasi-85

neutrality; even moment controlling shape parameters86

of the eVDF were predicted to be organized by E∥, the87

local pressure Pe, and density ne. The runaway density88

fraction δ and ratio of subcomponent slope temperatures89

τ2, where argued to be monotonic functions solely of E∥.90

A new quantitative phase is now possible to test91

SERM predictions vs the observations for δ, τ and Ke92

for each eVDF acquired by the Wind 3DP investiga-93

tion (Lin et al. 1995) over a 4 yr period (1995-1998).94

Rather than estimating or inferring the size of E∥ asyn-95

chronously from other spacecraft spatial profiles, a direct96

method has been developed and validated that deter-97

mines E∥ ≃ O(10−10)V/m and E∥ for this purpose at98

the time resolution of each eVDF acquisition (Scudder99

2022a).100

These initial SERM-I shape predictions have been101

augmented in the updated SERM-II model by includ-102

ing a statistically determined break point energy in the103

SERM-II eVDF; it appears to allow for a transition zone104

between initial and assimilated runaways in the energy105

spectrum. These comparisons produce nearly perfect106

agreements with theoretical predictions, knowing only107

the size of E∥ for each eVDF.108

After this introduction this paper proceeds to (i) re-109

view Dreicer’s seminal insight about the velocity space110

bifurcation; (ii) illustrate the model independent ob-111

served positive correlation of the Wind 3DP excess kur-112

tosis Ke with the observed E∥; (iii) quantitatively docu-113

ment the positive correlation of model independent ob-114

servations of the runaway density fraction δ with so-115

lar wind speed; (iv) quantitatively demonstrate with116

observations the strong correlation of δ(E∥) predicted117

by Dreicer’s theoretical work (1959,1960); (v) quanti-118

tatively document SERM’s recovery of δ ∝ τ−2 seen119

in the data; (vi) use the predicted radial gradient of120

the SERM eVDF properties across a published 2-fluid121

solution with Spitzer closure to contradict the closure’s122

assumed Maxwellian eVDF; and (vii) show SERM’s pre-123

dicted strong evolution of excess kurtosis with increasing124

radial distance from the sun.125

2. DREICER’S INSIGHT126

The seminal insight of H. Dreicer (1959, 1960) was127

his theoretical demonstration of the peculiar response128

of a fully ionized plasma to its immersion in a finite129

E∥. In the presence of such an electric field Dreicer130

(1960) deduced the occurrence of a bifurcation of the131

topology of the electron integral curves (trajectories) in132

velocity space about the saddle point, SD, indicated in133

Fig 1 between the cyan and green integral curves. These134

curves have cylindrical symmetry out of the plane of Fig135

1 that contains E∥. The parameter involved in the two136

types of trajectories is an integration constant Dreicer137

called K. The integral curves of these two classes are138

based on the sign of K. The jumps in K are controlled139

by diffusion in energy that was not treated by Dreicer140

initial works. Jumps across the separatrix by diffusion141

were not retained by Dreicer and would involve change142

of sign of K, allowing slow migration from overdamped143

to underdamped populations.144

With this finding the speed dependence of coulomb145

collisions and finite E∥ locally induce a lowest order com-146

partmentalization in velocity space properties and thus147
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for eVDF. This identification differentiates the electrons148

in the two compartments as having intrinsically differ-149

ent antecedents and thus properties: one is essentially150

localized by coulomb collisions that favorably damp out151

the accelerating ability of E∥; the other compartment’s152

electrons gain more energy from E∥ than they lose by153

ion drag. Thus the electrons in the latter zone are pro-154

moted in energy, while the former component’s electrons155

are only weakly modified in kinetic energy by their in-156

teraction with E∥. These two zones are analogous to the157

local and global electron classes identified previously by158

Scudder and Olbert (1979a).159

SERM’s thesis is that Dreicer’s bifurcation is the cause160

of the non-thermal eVDF. In addition, this viewpoint161

suggests the fraction of electrons that should be found162

in the global population of the suprathermals, a relation163

unforeseen by Scudder and Olbert (1979a,b) that is now164

subject to experimental test. With the advent of local165

determinations of E∥ it is possible to test this hypothesis166

by asking the proper questions of the measured eVDF167

that this paper will discuss.168

Dreicer’s insight would appear to be important for all169

astrophysical plasmas since collisions and E∥ are virtu-170

ally assured to be present; further, sizable dimensionless171

E∥ = O(1) is almost a certainty between the stars.172

However, the profiles of these ingredients in fluid so-173

lar wind models are often deemphasized by adopting174

a single fluid momentum equation, bulk collision rates,175

ignoring the thermal force, and adopting questionable176

truncation closures. Although E∥(r) ̸= 0 occurs in pub-177

lished fluid solutions, its size is only determined by post178

processing the fluid solution to unpack E∥ from a colli-179

sionally and possibly incomplete electron or ion momen-180

tum equations.181

Although exospheric treatments ignore collisions, they182

solve for E∥(s) as the important unknown and consider183

other deterministic forces like gravity and centripetal184

accelerations. Competitive decelerations by collisions185

were not considered until recently when they were in-186

troduced by assuming non-thermal boundary conditions187

(Scudder, (1992b), (1992c), Maksimovic et al., (1997),188

Zouganelis et al. 2004). A property of the treatment189

of the wind problem as a Vlasov problem is that the190

assumed eVDF boundary conditions can stream along191

accessible orbits to the interior of the solution without192

being produced there.193

Dreicer’s modeling includes the more realistic consid-194

eration where (i) coulomb collisional drag resists (ii)195

E∥, while also pointing out (ii) that the speed depen-196

dence of coulomb collisions aways allows some of the197

electrons to be more nearly collisionless. This model198

also suggests there is a finite promotion in energy of199

electrons across the red separatrix in Fig 1 transform-200

ing initially overdamped collisional electrons into locally201

energizing underdamped ones. In astrophysical plasmas202

this competition is more important as r increases, since203

the other forces like gravity or neutral drags, weaken204

rapidly with increasing stellar radius. The winds that205

form around stars extend the plasma density to much206

larger radii than where neutral gases are usually found.207

Being plasmas these astrophysical competitions are es-208

sentially those Dreicer modeled, except the origin of E∥209

is internal rather than externally applied in his moti-210

vating laboratory plasma and invariably is attended by211

pressure gradients.212

Dreicer’s dimensionless electric field E∥ (Eq 1) scales213

the size of electron acceleration caused by E∥ by the214

size of the coulomb collisional deceleration experience215

by a fiducial thermal speed electron’s scattering off of216

all ions. His laboratory model problem did not consider217

forces beyond the electric and coulomb forces.218

In Dreicer’s model two topologically different classes219

of electron trajectories (integral curves) were identified.220221

These color coded curves in Fig 1 reveal Dreicer’s discov-222

ery: velocity space bifurcation of integral curves about223

the saddle point at SD, where vx = ϖ.224

This bifurcation is seen by the change in the topology225

of the differently colored integral curves of the two dif-226

ferent types approaching SD. Moving parallel to, but227

on opposite sides of, the (red) parabola these curves228

make strikingly different course adjustments around the229

saddle point: the cyan trajectories turn towards lower230

speeds, heading to the origin while the green trajectories231

turn to increase their speeds with increasing distance232

from the red parabolic separatrix. These two different233

topologies of integral curves reflect the bifurcation which234

creates two distinguishable groups of electrons with dif-235

ferent typical properties.236

For the cyan integral curves in Fig 1 the magnitude of237

the speed dependent ion coulomb drag overpowers the238

magnitude of the electric acceleration; electrons on these239

curves are referred to as overdamped (Scudder 2019c).240

Along the green integral curves, the magnitude of the241

electric acceleration overpowers the magnitude of the de-242

creasing speed dependent friction, leading to an increas-243

ing net electron acceleration with increasing speed. Dre-244

icer (1959, 1960) called this underdamped secular process245

electron runaway.246

The velocity space streamlines are topologically dif-247

ferent in these distinct volumes separated by the red248

parabolic separatrix in Fig 1 The overdamped stream249

lines have a bounded extent along the direction of the250

electric force, ultimately converging at zero speed (or-251

ange dot at the ion rest frame). The underdamped elec-252
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SD

Figure 1. Dreicer’s (1960) electron integral curves (electron
trajectories) moving in E∥ with ion drag. All velocities are
in thermal speed units. Red horizontal line (v⊥ = 0) and
curved red parabola give two separatrices that cross at the
blue saddle point SD, located at v∥ = ϖ. Pairs of cyan and
green integral curves on either side of the parabola bifurcate
about the saddle point diverging in opposite directions from
the red parabolic separatrix. Cyan integral curves converge
on the orange node at |v| = 0. Green integral curves proceed
from vx = −∞ at finite vo,y to vx = ∞ at generally lower
vy < v0,⊥. Integral curves shown are intersection of a cylin-
drically symmetric integral curves with a plane containing
the electric field direction. This projection effect produces
the mirror symmetry of the traces.

trons phase space trajectories are unbounded, connect-253

ing negative Vx and positive Vx at large speeds. The254

overdamped streamlines are further impacted at lower255

speeds by diffusive energy exchange with other electrons256

as their integral curves converge on the origin of veloc-257

ity space; these low speed effects and the weak diffusion258

across the red parabola have been neglected by Dreicer259

in deriving these integral curves.260

Dreicer’s runaway insight was used to explain early261

disruptions of lab fusion experiments, where large ap-262

plied E∥ led to a super electron thermal speed hydro-263

dynamic drift separation of nearly all electrons from the264

background ions. When this drift occurred, it was called265

bulk runaway and was accompanied by strong parallel266

dimensionless electric fields in the sense defined by Dre-267

icer (cf. Eq 1). Such bulk runaway generated a sizable268

J∥, whose divergence disrupted quasi-neutrality, led to269

loss of confinement and a short circuiting of the desired270

steady state energization in the limited laboratory ex-271

periment.272

In Appendix II a modern variant of Dreicer’s analysis273

by Fuchs et al. (1986) is shown to produce an analogous274

bifurcation of velocity space and supported Dreicer’s suf-275

ficient conditions for occurrence of underdamped run-276

aways. In Fig 17 the separatrices determined by Dreicer277

and Fuchs et al. are illustrated for the same parameters.278

This analysis also suggests the underdamped region is279

no longer open ended as in Dreicer’s less complete treat-280

ment. Important quantitative distinctions between the281

two treatments and boundary locations occur primarily282

for high Z lab plasma runaway are discussed there and283

in Scudder (2022a).284

2.1. Dimensionless E∥ is Key: E∥285

Dreicer organized his predictions in terms of his di-286

mensionless parallel electric field E∥:287

E∥ ≡|eE∥|λmfp

2kBTe

≡ |eE∥|
|e|ED

̸=|E∥|

(1)288

where λmfp is the coulomb mean free path for the ther-289

mal speed electron coulomb scattering off of all ions.290

This dimensionless quantity gauges the relative size of291

the electric force on any electron to the sum over all292

ion collisional drag forces, |e|ED = 2kBTe/(λmfp), felt293

by a fiducial thermal speed electron (cf Appendix III).294

Equation 1 shows that Dreicer’s dimensionless parallel295

electric field, E∥, is neither a vector nor the magnitude296

of the parallel electric field.297

2.2. Minimum Runaway Speed ϖ298

The minimum runaway speed in thermal speed units,299

ϖ, occurs at the apex of the parabolic red separatrix300

that is also the site of the saddle point of the bifurcation301

in Fig 1. Its speed is completely determined by E∥:302

ϖ2 ≡ 3

E∥
, (2)303

and is located along the direction of the electric force on304

an electron.305

2.3. eVDF Response to E∥ Changes306

(i) As E∥ increases the minimum runaway speed ϖ de-307

creases and the fraction of the electron density on green308

runaway integral curves increases.309

(ii) In thermodynamic equilibrium E∥ = 0 and ϖ ↑ ∞310

and there are no runaways, nor suprathermals.311
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(iii) When collisions are very frequent E∥ ↓ 0 and the un-312

derdamped regime, v∥ > ϖ recedes towards infinity and313

a Maxwellian can consistently be expected to dominate314

the eVDF in the overdamped electrons.315

(iv) The idealization of collisionless plasma with finite316

E∥ allows only the underdamped class. As is well known,317

the eVDF in this Vlasov circumstance is determined318

from the assumed boundary conditions for the eVDF319

and is a collisionless sheath problem.320

(v) At any finite collision frequency E∥ is finite and the321

eVDF will be bifurcated above vx > ϖ and observably322

non-thermal.323

For the common situation where E∥ ̸= 0 some elec-324

trons are always able to runaway, even when bulk run-325

away is not possible. This omnipresent runaway supplies326

the electron heat conduction skew to the eVDF, while327

simultaneously challenging the plasma to remain free of328

parallel currents. The steady state resolution of this po-329

tential for current flow is discussed in the sequel about330

odd moments and heat flow (Scudder 2023).331

2.4. SERM suitability for Solar Wind332

The SERM model is suitable for describing the so-333

lar wind since the observed charge number fluxes of334

electrons and ions are observationally well matched (cf335

Salem et al 2021, Fig 13), implying the electron solar336

wind moments in the ion rest frame suggest no large J∥.337

In Dreicer’s consideration his E∥ represented the only338

force parallel to the magnetic field competing with col-339

lisions. The electron momentum equation for the so-340

lar wind including pressure, inertial and thermal force341

effects implies that the net acceleration on the over-342

damped population that could drive bulk runaway is343

considerably (< 80%) smaller than E∥. A 4 yr survey344

of E∥ shown in Fig 7, Scudder (2022a) shows that this345

effective electric field E∥(sw) is typically insufficient to346

drive the solar wind into bulk runaway. This estimate347

is consistent with the well matched charge number flux348

of electrons and ions routinely reported.349

2.5. Runaway Density Fraction, δ350

Dreicer suggested that the runaway density fraction δ351

caused by all electrons on the green integral curves of352

the eVDF would be a strong increasing function of E∥.353

This expectation is tested empirically with solar wind354

observations below in Fig. 5.355

2.6. Runaways Suprathermals are Harder than356

Thermals357

The runaways were suggested to possess a harder en-358

ergy spectrum than the softer spectrum for the under-359

damped energy range. A 4 yr correlation of Wind halo360

spectral indices has shown the hardness of that spectra361

is positively correlated with the size of E∥ as would be362

expected from that population being seeded by runaway363

energization (cf Fig 22, Scudder (2022a)).364

2.7. Summary Dreicer Bifurcation365

By incorporating Dreicer’s seminal discovery, SERM366

has suggested a needed astrophysical scenario for367

explaining the ubiquitous occurrence of non-thermal368

eVDF’s. Validating SERM’s predictions with a 4 year369

data set using solar wind eVDF measurements would370

provide a strong in situ astrophysical foundation for this371

suggestion. To be sure, this is not a complete resolution372

of how the astrophysical system accommodates such dis-373

ruptions to local thermodynamic equilibrium in forming374

interstellar winds. In particular the competing pressure375

gradient profiles of these plasmas are not yet obviously376

set by these considerations; the determination of the377

pressure profiles that mesh with SERM’s suggestion re-378

quire consideration of the transport equations for the379

system, not simply testing local mechanism characteris-380

tics as provided by SERM alone.381

Early one fluid models of the the solar wind artfully382

avoided the explicit consideration of the role of collisions383

and E∥. Two fluid solutions struggled with the size of384

E∥ and suitable closures. The exospheric calculations385

modeled the wind as a collisionless sheath producing386

improved fidelity E∥, but ignored collisional effects al-387

together. The first suggestions of the cause of the non-388

thermal eVDF’s in the wind involved considerations that389

attempted joint descriptions of the speed dependence of390

the Rutherford cross section and E∥ (Scudder and Ol-391

bert (1979a), Olbert (1983), Scudder(1996), Landi and392

Pantellini (2001), Scudder(2019c)).393

3. EXCESS KURTOSIS394

Before detailing eVDF properties predicted by SERM395

and Dreicer, it is important to emphasize the expected396

production by E∥ of positive excess kurtosis, Ke. Excess397

kurtosis is the first place in the fluid moment hierarchy398

where the non Gaussian character of the eVDF may be399

quantitatively measured in a model independent way.400

Specifically, the excess kurtosis for electrons, Ke, is401

defined in the fluid’s comoving frame as the ratio of the402

4th moment per particle to the square of the 2nd moment403

per particle less a constant404

Ke =
< |v −U|4 >

< |v −U|2 >2
− 5

3
, (3)405

chosen so that Ke is identically zero for a Maxwellian406

eVDF. Ke is positive for a leptokurtic eVDF, and nega-407

tive for a platykurtic eVDF. At a given location Ke can408
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be determined from the model independent eVDF alone,409

without any knowledge of the size of E∥.410

A 2-D histogram of the 4 yr column normalized proba-411

bility of observed Wind 3DP pairs [Ke(t),E∥(t)] is shown412

in Fig 2. The set of blue dots within the bright yellow re-413

gion of the highest probability (in each column) suggests414

the variation of the most likely Ke(BBE) encountered415

with E∥. SERM’s expected positive correlation is recov-416

ered from input data values each spanning more than an417

order of magnitude.418

Figure 2. Excess electron kurtosis LogKe vs LogE∥. A
Maxwellian eVDF has Ke ≡ 0. The ordinate is determined
solely from 3DP moments; the abscissa is determined solely
from prior ambipolar electric field analysis using a cut of the
eVDF along the magnetic field line opposite to the heat flux
as discussed in Scudder (2022a). Positive log-log correlation
is clearly demonstrated.

419

420

The observed excess electron kurtosis ranges between421

0.1 < Ke < 10; it has a 4 year mode of Ke ≃ 1.8,422

exceeding the usual noteworthy dimensionless statistical423

measure (unity) for over populated suprathermal tails.424

The observed positive correlation of Ke > 0 and E∥425

presented in Fig 2 during 4 yr of Wind observations426

is consistent with SERM’s thesis that Dreicer runaway427

production is the cause of the ubiquitously non-thermal428

eVDF seen in the solar wind since Montgomery et al.429

(1968). More detailed quantitative tests will be pre-430

sented below to support this thesis.431

Examples of rarely occurring small excess electron432

kurtosis 0 < Ke ⪅ 0.1 (and the most nearly Maxwellian433

eVDF’s) do occur at 1au. Consistently, these spectra434

are observed to accompany the rarest, weakest observed435

extremes of E∥. Because E∥ and solar wind speed are436

statistically correlated over 4yr at 1au (Scudder 2022a),437

more nearly Maxwellian eVDF’s with smaller Ke are438

expected and seen in the more collisional slow wind439

(but not shown), where the mean free path for coulomb440

collisions is systematically smaller that in higher wind441

speeds.442

4. OBSERVATIONS: TH/TC VS E∥443

A frequently reported measure of the non-thermal444

state of solar wind electrons is the shallower logarithmic445

slope of the eVDF at suprathermal compared to ther-446

mal energies. This morphology implies that logarithmic447

derivative temperature, Th, at suprathermal energies is448

larger than the same measure, Tc, in the lowest core449

dominating energy range. Since these measures of tem-450

perature are related to derivatives in disjoint intervals of451

energy, they can reflect more directly the difference be-452

tween the eVDF shape in the suprathermal and thermal453

domains.454

As routinely reported at 1au the ratio of these two455

pseudo temperatures is slowly varying on several hour456

times scales in the data, with typical median values of457

5-6, and generally ranging between 4-10 at 1au. This458

morphology, known since 1968, remained unexplained459

until the SERM model’s calculation that reproduced it460

(Scudder, 2019c) and predicted its relationships with the461

density fraction of runaways, δ.462

The omnipresence of the spectral break implied by463

Th ̸= Tc effectively precluded characterizing the elec-464

trons as a single, near Maxwellian phase space. Since465

the observed ratio always exceeds unity the adjective466

leptokurtic is more precise than non-thermal for the rou-467

tinely observed solar wind eVDF. The initial explana-468

tion for its occurrence was made using a simplified ki-469

netic equation incorporating the speed dependence of470

the coulomb scattering cross section (Scudder & Olbert471

(1979a), (1979b)).472

The SERM model had predicted (Scudder 2019c) that473

the ratio474

τ ≡ Th
Tc

= g(E∥) (4)475

should be a 1 to 1 function of E∥. When the initial476

SERM predictions were made (Scudder 2019c) there477

were no in situ E∥ observations to test SERM’s pre-478

diction. Using the WIND 3DP data set and the newly479

available determinations of E∥ at the Wind 3DP cadence480

(Scudder 2022a), it is now possible to sustain SERM’s481

prediction.482

Fig 3 shows the first observations of a strong organiza-483

tion of Th/Tc by E∥; by their pattern the blue centroids484

are compatible with reflecting a 1 to 1 relationship be-485

tween the most probable values of Th/Tc(E∥) and E∥.486

487488

At first this anti-correlation may seem unreasonable489

until it is realized that smaller E∥ implies larger mini-490

mum runaway kinetic energy, Eϖ, and thus smaller al-491
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Figure 3. 1au column normalized probability of occurrence
of Wind 3DP observed Th/Tc vs observed E∥ synthesized
from over 279,000 data points measured at the forward La-
grange point during the interval 1995-1998.

lowed runaway density fractions, requiring higher effec-492

tive temperature ratios as seen in Fig 3.493

5. OBSERVATIONS: TH/TC VS NH/NC494

A 50 year old observed anti-correlation between Th/Tc495

and nh/nc was also explained by SERM (Scudder496

2019c). In terms of SERM shape parameters the ratio497

of slope temperatures is essentially τ−2:498

Th/Tc ≃ τ−2. (5)499

Estimates for 1au parameters in an Appendix of Scudder500

(2019c) showed that501

δ3DP ≃ δ∗ ≃ n∗
h/ne ≃ 0.59nh/ne (6)502

would be close to the theoretically expected runaway503

fraction, δ. Figure 4 illustrates the observed correlation504

with Wind 3DP data using 4 yr of data of Th/Tc with505

n∗
h/ne, showing their inverse correlation:506

Th/Tc
obs ∝ 1/δ∗. (7)507

The full 4yr data set illustrates the clear anti-508

correlation between the approximate runaway fraction509510

δ ≃ 0.59n∗
h/ne and Th/Tc ≃ τ−2:511

δobs ∝ τobs
−2

. (8)512

These correlations among the Wind observables in Eq513

8 & 7 suggests if E∥ were an observable that δ and E∥514

would be positively correlated:515

δ ∝ E∥ (9)516

This suggestion was suggested in SERM (Scudder517

2019c) as foreshadowing the signature of Dreicer’s bifur-518

cation insight in the available archival data presented.519

Figure 4. Probability of occurrence of observed Th/Tc vs
n∗
h/ne over 4yr data set acquired between (1995-1998) at 1au

forward Lagrange point.

Before documenting Eq 9 with model independent si-520

multaneous measurements of δ and E∥ in Fig 5 below, a521

brief review is presented of Dreicer’s insight.522

6. DREICER RUNAWAY DENSITY FRACTION, δ523

Dreicer estimated the density fraction, δMax, presum-524

ing a Maxwellian eVDF plasma was placed in a non-zero525

electric field. He found δ(E∥) to be a strongly increasing526

function of increasing E∥ (Dreicer 1960, Eq 8).527

Dreicer defined δ by computing the density fraction528

outside the red parabolic separatrix in Fig 1. The529

parabola’s location is parametric in the size of E∥; its530

shape is determined by the specific speed dependence of531

coulomb friction (cf Eq 10). The cylindrically symmetric532

separatrix boundary is implied by the joint conditions:533

|w|2 =vϖ
2sec2

θ

2

cosθ ≡−w · E∥b̂

|w||E∥|
w ≡|v −U|,

(10)534

where θ maps out a polar angle from the direction of E∥b̂535

and U is the velocity of the ion center of mass (Dreicer536

1959, 1960).537

This separatrix leads to Dreicer’s integral for the538

runaway density fraction from an assumed gyrotropic539

eVDF:540

δ =
2π

∫ π

0
dθsinθ

∫∞
vϖ sec θ/2

dww2fe(w)
∫
all

d3wfe(w)
. (11)541

Assuming a Maxwellian eVDF for fe this integral be-542

comes:543

δMax(ϖ) =
2ϖ√
π
exp(−ϖ2) + (1− 2ϖ2)erfc(ϖ). (12)544
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Dreicer’s reported estimate for Eq 12 retained only the545

initial product term assuming 2/
√
π ≃ 1, revealing an546

exponential sensitivity on ϖ2 = 3/E∥. In this way547

he suggested that the runaway density fraction grows548

strongly with increasing E∥. The full prediction of Eqtn549

12 is shown by the cyan curve labeled δMax in fig 5.550

Dreicer’s asymptotic approximation was only valid for551

large ϖ >> 1 (very small E∥) that is inadequate for our552

wider range of E∥. Maxwellian eVDF’s in a plasma with553

collisions are only naturally self consistent when E∥ = 0,554

an uninteresting assumption for estimating the fraction555

of runaways in astrophysics. The determination of δ556

using an observed eVDF will change the details of the557

predicted runaway density fraction, but not its overall558

strong dependence on E∥.559

Dreicer’s unapproximated single Maxwellian based es-560

timate for δ(E∥) is denoted as δMax when using Eq 12.561

The runaway density fraction determined from the Wind562

3DP measurements are denoted as δ3DP. For the same563

range of E∥ the variation of δ3DP from the observed564

eVDF, has a comparable dynamic range as found with565

Dreicer’s suggestion, δMax, using the complete integral566

shown in Eq 12 .567

6.1. Observed Runaway Density Fraction δ3DP (E∥)568

The probability of occurrence over 4 years in the569

2-D space of the simultaneously observed pairs of570

[E∥(t), δ3DP(t)] is shown in the Log-Log 2-D color coded,571

column normalized histogram of Fig 5. A thin, concen-572573

trated locus of column normalized probability for the574

observed data pairs [E∥, δ3DP] drops 3 orders of magni-575

tude from bright yellow to black background (moving576

transverse to the arc), implying a well defined, channel577

in the independent variables. Its yellow crown is the lo-578

cus of all points above a column normalized occurrence579

probability of e−1.580

This extent of the ordinate values implied by the yel-581

low arc extends over 3 orders of magnitude of runaway582

density fraction, δ. The blue diamonds and horizontal583

error flags are determined from < E∥o > within a x-axis584

column of the histogram and have ordinates and verti-585

cal error flags set by the mean value of < δ3DP(E∥o) >586

weighted by the column entries’ normalized probabilities587

of detection. A red curve connecting the blue diamonds588

indicates the cross column trend of blue column means589

as E∥ varies. Cyan flags at the blue diamonds denote the590

variance in the ordinate, again weighted by normalized591

probability.592

The continuous superposed smooth narrow cyan curve593

illustrates Dreicer’s δMax(E∥) using Eq 12. Over 3 orders594

of magnitude the trend of δ3DP(E∥) resembles Dreicer’s,595

cyan curve, δMax(E∥). Virtually all perceptible observed596

Figure 5. Cyan: Variation of Dreicer’s runaway fraction
δMax with E∥ presuming a Maxwellian eVDF. Colored con-
tour: Probability of detection over 4 years of the measured
runaway fraction, δ3DP, vs the self consistent measurement of
E∥ (Scudder 2022a). Blue diamonds are the column average
positions of observed probability of occurrence. The pattern
of Wind 3DP blue diamonds closely follows trend with E∥ of
Dreicer’s estimate in cyan, but are invariably slightly above
Dreicer’s estimate while tracking one another over 3 orders
of magnitude. Cf Figure 6 for further details.

3DP probabilities (colored regions) from four years of597

data are totally above Dreicer’s cyan curve. Certainly598

the average locus of blue diamonds connected by the599

red curve for δ3DP is above the predicted value from600

Dreicer’s cyan curve δMax(E∥).601

6.2. Calibrating Runaway Fraction vs E∥602

The coordinated variation of δ3DP(E∥) vs δMax(E∥)603

seen in Fig 5 is significantly simplified by the red dia-604

monds plotted on log-log paper in Fig 6.2 after suppress-605

ing their functional dependences on E∥. The vertical er-606607

ror flags for δ3DP(E∥o) in Fig 6.2 have been transferred608

from those for the blue diamonds in Fig 5, and the ab-609

scissa and its errors are implied by the bin average of610

E∥o and uncertainty as they propagate through Eq 12611

for the indicated value and uncertainty for δMax(E∥o)612

needed for this log-log format.613

Synthesizing over 279,000 separate observations over614

4 yr in the solar wind, the 38 bin averaged points in this615

picture are unexpectedly well fit by a simple power law616

calibration curve of the form617

Logδ3DP =(0.893± 0.016)Log δMax

δ3DP ≃
(
δMax

)0.893±0.016
.

(13)618

Since δMax <, the exponent in Eq 13 being less than619

unity reflects the observed 3DP runaway fraction at E∥620

always exceeding that of a Gaussian using δMax(E∥) for621

the same value of E∥ as shown by the red and cyan curves622

in Fig 7.623
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Figure 6. Ordered pairs from Fig 5 for [δMax(E∥), δ
3DP(E∥)]

(diamonds) together with best fit linear regression in red with
slope of the form δ∗{3DP

=δMax(ϖ2)0.893. For comparison the solid blue curve has
unit slope.

This calibration curve can be transformed into a pre-624

dictive formula for δ3DP(ϖ(E∥)) indicated by the aster-625

isk:626

δ*(ϖ) =

(
2ϖ√
π
exp(−ϖ2) + (1− 2ϖ2)erfcϖ

)0.893±0.016

(14)627

Arguably the trend of diamonds from δ3DP is a more628

accurate predictor of the observations than Dreicer’s es-629

timate. With care this calibration can explore the impli-630

cations of Eq 14 over a wider range of E∥ than available631

in the Wind 3DP data used to ascertain the calibration632

curve.633

The observed and Dreicer’s predicted runaway frac-634

tions are O(1) with respect to one another, even while635

their δ magnitudes track over 3 orders of magnitude:636

δ3DP

δMax
=

(
δMax

)−0.11
= O(1). (15)637

Tabulating this shallow exponent’s prediction over the638

observed range of δ in Fig 7 establishes the O(1) esti-639

mate. This and other relationships are shown in Fig640

7. The non-negative difference δ∗ − δMax generally de-641

creases with decreasing δMax, especially when δMax <642

0.35. Excess kurtosis Ke was previously shown to de-643

cline with decreasing E∥ (Fig 2), the regime where the644

eVDF becomes increasingly more Maxwellian. Thus,645

the model independent determinations of Ke predict, as646

seen in this trend, the convergence in weak E∥ regimes647

of δ3DP(E∥o) ↓ δMax(E∥o).648

These inter relationships and trends are compared in649

Fig 7, showing the log-log trends with E∥ of: (i) kur-650

tosis Ke (orange), (ii) δ3DP (red) (iii) δMax (cyan), (iv)651652

the difference δ3DP − δMax (green) and (v) δ3DP /δMax
653

Figure 7. Variations of observed δ3D and δMax with dimen-
sionless parallel electric field E∥. Noteworthy is the decrease
in excess kurtosis signifying more Maxwellian like eVDF ac-
companying the decreasing difference of δ3D − δMax .

(blue). These trends are digests of the average trends of654

probability extracted from blue diamonds in Figures 5655

and 2.656

Salient points are: (i) across the entire observed range657

of E∥ that δ3DP = O(1)δMax (blue dashed); thus Dre-658

icer’s estimate of δMax is the correct order of magni-659

tude as E∥ varies as shown in the red and blue curves660

on this figure. (ii) All other quantities are monoton-661

ically increasing with the ambipolar electric field, E∥.662

(iii) The dynamic range of the δ quantities span 3 or-663

ders of magnitude; (iv) The green curve illustrates the664

convergence between the Wind observed runaway frac-665

tion (red) and Dreicer (cyan) estimate as observed E∥666

decreases. (v) The solar wind eVDF is less kurtotic667

with more nearly Maxwellian properties when the Dre-668

icer’s δMax (cyan) curve approaches the red observations669

of δ3DP as E∥ decreases. (vi) The sweeping decrease670

(green) in the difference δ3DP − δMax tracks the inde-671

pendently determined decreasing kurtosis (orange). By672

documenting these properties, the observed convergence673

of the δ3DP → δMax at low E∥ may be understood as ob-674

serving circumstances more nearly consistent with those675

made in Dreicer’s Maxwellian estimate in Eq 12.676

6.3. Consistent Runaway δ3DP(U)677

The probability of occurrence of δ with solar wind678

speed, U, had been inferred from diverse literature that679

spanned 40 years of graphs in papers culled for the origi-680

nal discussion of SERM (Scudder 2019c); they provided681

anecdotal support for the SERM thesis. Fig 8 shows682

Wind 3DP measurements of internally consistent, time683

synchronized runaway fraction δ3DP using the measured684
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E∥ as a function of measured wind speed; this histogram685

shows the 4 yr probability of the relationship only hinted686

at by the motivational Fig 1 in the discussion of Scudder687

(2019c).688

Figure 8. Wind 3DP determination of the normalized prob-
ability of occurrence of the Dreicer runaway density fraction,
δ3DP, as function of solar wind speed, U . Data acquired in
1995-1995 on the Wind spacecraft at forward Lagrangian
point. The ridge of highest probability of occurence is indi-
cated by the bright yellow coloring.

689

690

Coming full circle, the previously shown correlation of691

E∥ with solar wind speed U (Scudder 2022a) reproduced692

here in Fig 9 can be viewed as the indirect corollary of693

Figure 9. Previously reported positive correlation of mea-
sured E∥ = |E∥|/ED and solar wind speed (Scudder 2022a).
Taken with Fig 8 this figure implies Dreicer’s positive corre-
lation between δ and E∥ exhibited in Fig 5.

694

695

the extremely tight correlation between δ3DP and E∥696

experimentally confirmed in Fig 5. Since above E∥ is697

observed to be positively, but less strongly correlated698

with |U|, Fig 8 follows from Fig 5.699

This is an interesting example of how the available so-700

lar wind speed may appear to be the relevant ordering701

parameter for δ, even though the more basic correlation702

explaining δ(U) is δ(U(E∥)). Until the recent measure-703

ments of E∥ (Scudder 2022a) the Dreicer bifurcation re-704

mained only diffusely implied by attempts to inventory705

δ(U) (Scudder, 2019c).706

7. THE NON-THERMAL SOLAR WIND EVDF707

From their earliest characterizations electrons have708

been modeled as the superposition of two different func-709

tions of speed (initially gaussians) as in Fig 10 in clear710

recognition of their bimodal parabolic trends on semi-log711

paper vs speed. The second component was mandated712

since when plotted vs energy the spectrum below 500eV-713

1keV clearly had at least two different slopes and thus714

energy scales.715

Operationally a hinge point is defined where the two716

subcomponents used to fit the model independent eVDF717

contribute equally to the eVDF. The speed of this hinge718

point in thermal speed units is denoted ν=, centered on719

the vertical blue line in this figure.720

The influential survey by Feldman et al (1975) tracked721

the variation with solar wind speed of the kinetic energy722

EB of the eVDF break point determined as a pitch an-723

gle average about the heat flow direction. A possible724

relation of this break energy with the exospheric poten-725

tial energy barrier to infinity was also explored, but a726

definitive conclusion was not drawn. This determination727

is clearly influenced by the skewness supporting the heat728

flux.729

A cut through a typical eVDF at 1au shown in Fig 10730

is indicated for electrons moving along the magnetic field731

opposite to the heat flow direction. In this direction the732

modeling of the strahl is not involved. The hinge point733

at ν= determines the associated dimensionless kinetic734

energy E= = ν2= identified in Scudder (2022a). Other735

labeled speeds correspond to the spectrum’s inflection736

point νI and the minimum speed ϖ for runaway identi-737

fied by Dreicer.738739

Electrons with speeds ν ≥ νϖ are underdamped run-740

aways; they correspond to contributors in the integrand741

of Eq 12 near θ = 0. As is emphasized in this graph the742

inflection point and hinge point have speeds in excess of743

the minimum at ϖ required for runaway. The ν= point744

on the eVDF has the opposite curvature of the negative745

curvature of eVDF at the runaway minimum speed νϖ746

needed for measuring E∥ (Scudder 2022a). Thus geo-747

metrically ν= ≥ νϖ.748

In the first exploration of the SERM-I premise impli-749

cations were explored assuming the building blocks of750

the eVDF were disjoint gaussian components assumed751

continuous at Dreicer’s Eϖ; that model was constructed752

without independent knowledge of E∥ Scudder (2019c)753
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Figure 10. Significant locations on the solar wind eVDF (in
red) cut along the magnetic field opposite from the heat flux
sense. Labels correspond to hinge ν=, inflection point νI and
minimum speed for runaway ϖ. Core and halo components
have parabolic form with narrower and wider widths. The
Wind 3DP intermediate characterization of the eVDF is per-
formed by a superposition of core and halo components. The
point where equal phase space densities are added together
is regarded as the hinge.

or of the hierarchical organization of the three important754

values of ν shown in Figure 10 identified when determin-755

ing E∥ from the eVDF (Scudder 2022a).756

For simplicity SERM-I modeled a leptokurtic eVDF757

without a hinge, since it had assumed E= = Eϖ. De-758

spite this model’s predictive characteristics it was not759

known when producing specific regimes of δ and τ by760

this early version of SERM whether specific values of761

E∥ supposed were quantitatively the correct, rather than762

approximate, local values involved!763

With the intervening work E∥ has been determined764

for the Wind data set by identifying ϖ based on proper-765

ties of the eVDF’s curvature. These new local measure-766

ments were quantitatively certified by comparing with767

independent pressure gradient information (Fig 20, 21768

Scudder 2022a). The detective work identifying E∥ also769

established that ν= > νϖ as shown in Fig 10.770

As a result, an improved version, SERM-II, is pre-771

sented in this paper consistent with the corroborated E∥772

that produces a more accurate leptokurtic model with a773

viable hinge point. This choice protects (i) consistency774

with externally corroborated, locally appropriate values775

of E∥; and (ii) produces better eVDF fidelity for infer-776

ring the ratio of partial pressures between thermal and777

suprathermal components.778

8. PROPERTIES OF THE ELECTRON HINGE779

While preparing SERM-II a survey of the 4 yr Wind780

3DP relationships between the lowest kinetic energy for781

runaway, Eϖ, and E= was undertaken. These data were782

Figure 11. Evidence for the observed strong linear corre-
lation between E= = Eϖ + 4.16 ± 0.48 and summarizing E∥
determinations (Scudder 2022a) and hinge point locations
from eVDF from over 279,000 spectra across 1995-1998, us-
ing the processed Wind data products (Salem et al, 2021)
from the 3DP investigation (Lin et al. 1995).

783

784

used in Fig 11 to statistically determine the relationship785

between Eϖ(E∥) (Scudder 2022a) and the mathemati-786

cal location of E= where equal contributions were ob-787

served from the primary thermal (core) and suprather-788

mal (halo) components.789

The column normalized quantities were analyzed to790

extract the functional dependence of the variation indi-791

cated by the red line, reflecting792

E= ≃ Eϖ(ϖ) + (4.16± 0.48). (16)793

This regression and the data clearly shows that the hinge794

energy E= depends on the size of Eϖ, that is determined795

by the size of E∥. At this level of modeling, the energy796

equivalent of this offset is constant in local thermal speed797

units across the Wind data set. At present the size of798

this offset is a 4yr empirical result used by SERM-II799

with a possible interpretation discussed next.800

9. INTERPRETATION OF Eϖ < E=801

As mentioned above Dreicer’s inference of bifurcation802

is the result of simplifying the electron-electric field in-803

teraction by ignoring velocity space diffusion that gen-804

erally grows for overdamped trajectories with increas-805

ing proximity to the separatrix identified and weakens806

with distance above the separatrix along underdamped807

trajectories. Thus the separatrix is permeable to the808

random walks allowed by the full coulomb treatment.809

Dreicer’s analysis made approximations when identi-810

fying the minimum kinetic energy Eϖ for runaway and811
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the patterns in Fig 1 above. Omitted from that analysis812

was the description of diffusive scattering that is pivotal813

to predicting the actual rate of electrons migrating be-814

tween the cyan and green integral curves identified by815

ignoring this process.816

The experimental results from Fig 11 suggest than an817

energy gain in the range of (3.68− 4.64)kTe is required818

to be transferred by the electric field to the fastest un-819

derdamped electrons before they are no longer distin-820

guishable from the more pervasive underdamped elec-821

trons that arrive staying on green integral curves from822

very large negative values of Vx. In this picture this cor-823

responds to an increment of speed ∆v ≃ (1.16− 1.37)ϖ824

that implies total speeds of ν= ≃ (2.16 − 2.37)ϖ. Af-825

ter achieving these speeds these emerging electrons at826

ν= experience only 7− 9% of the weak friction they had827

overpowered when arriving at the separatrix from below.828

It is likely that the spectral transition between f(Eϖ)829

and f(E=) in Fig 10 reflects the nearly complete dis-830

persal and assimilation of those emerging underdamped831

electrons onto the runaway trajectories.832

10. SERM-II ANALYSIS WITH HINGE833

In the wind’s rest frame the even part of the over-834

damped part of eVDF is assumed across all v to have835

the form836

fc(ν) =αe−ν2

ν2 =
mev

2

2kTc
=

E

kTc

kTc =−
(
dlnfc
dE

)−1

.

(17)837

The even part across all v of the underdamped compo-838

nent has the assumed form839

fh(ν) =βe−(ντ)2

τ2 ≡ Tc

Th

kTh =−
(
dlnfh
dE

)−1

.

(18)840

At a dimensionless speed ν= the cold and hot compo-841

nent have the same value842

fc(ν=) = fh(ν=) = αe−E= , (19)843

determining the hot contribution with one less free con-844

stant:845

fh(ν, τ) = αe−E=(1−τ2)−(ντ)2 . (20)846

Dreicer’s runaway density fraction δ involves847

δ =
nrunaway

ne
. (21)848

determined by Eq (12). Since the eVDF is a sum of849

two Gaussians, δMax(x) occurs twice in δ with different850

arguments x:851

δSERM =
τ3δMax(ϖ) + e−E=(1−τ2)δMax(ϖτ)

τ3 + e−E=(1−τ2)
. (22)852

The strahl does not participate in determining the run-853

away fraction δ3DP since it has been shown (Scudder854

2022a) to reside fully inside even the narrower separa-855

trix determined by Fuchs et al (1986).856

For computational precision the second term in the857

numerator of Eq (20) needs to be recast:858

e(−E=(1−τ2))δMax(ϖτ) =e(−E=(1−τ2)−ϖ2τ2)G(ϖτ)

G(Y ) ≡ 2Y√
π
+ (1− 2Y 2)erfcx(Y )

erfcx(u) ≡eu
2

erfc(u)

Ho ≡E= − Eϖ ≃ 4.16± 0.48,

(23)859

yielding860

e(−E=(1−τ2))δMax(ϖτ) = e(Hoτ
2−E=)G(ϖτ). (24)861

Given the calibration curve (Eq 14) for δ∗(ϖ) the862

SERM value for τ(ϖ) is determined implicitly by863

δSERM(ϖ, EModel
= (ϖ), τ(ϖ))) = δMax(ϖ)

0.893
, (25)864

provided Eq 16 replaces E= with the documented depen-865

dence on ϖ,viz:866

δSERM(ϖ, τ) =
τ3δMax(ϖ) + e(Hoτ

2−E=(ϖ))G(ϖτ)

τ3 + e−E=(1−τ2)
.

(26)867

11. INFERRING SERM-II EVDF FROM FLUID868

VARIABLES869

Upon solving Eq 26 (and showing uniqueness) a cor-870

respondence exists between the even electron fluid mo-871

ments and the local shape parameter characterizations872

of the SERM-II eVDF and finally the shape factors873

of the two gaussian subcomponents of the non-thermal874

eVDF:875

{ne, Ue,∥,Pe,E∥} →
{ϖ, δ, τ, E=,Ke} → {nc, nh, Tc, Th}.

(27)876

Typically solutions must be found for an allowable877

uncertainty spread of E= shown in Fig 11; when these878

solutions are averaged the cited best expectation, τ , is879

the defined average. The variance across these estimate880

are used to form the indicated error bars about τ trace881

indicated in Fig 13 below.882
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These newly found 1-1 SERM consituitive relations883

for δ, τ and Ke with E∥ are illustrated across a broad884

range of expected values in Fig 12 and at higher resolu-885

tion in Fig 13. These relationships will be referred to as886

SERM constituitive relationships. Clearly the SERM-I887

and SERM-II eVDF solutions are leptokurtic (τ ≤ 1)888

and by construction are compatible with coulomb col-889

lisions and Dreicer’s insight via the local size of E∥.890

SERM-II estimates include the refinement of a hinge891

point at its statistically observed location E(ϖ)=, above892

the minimum runaway boundary of Eϖ.893

By eliminating the E∥ dependence, correlations be-894

tween SERM-II shape variable pairs can be inferred.895

These correlated shape pairs imply correlations be-896

tween eVDF’s reported fit shape parameters that have897

long been known (cf Fig 4) in solar wind observations,898

but only provided their first explanation with SERM-I899

(Scudder 2019c).900

To solidify the quality of the SERM-II model’s pre-901

cision, a magnified portion of Fig 12 presented in Fig902

13 illustrates the nearly perfect correspondence between903

Figure 12. One to one functional dependence of {Ke, τ, δ}
on E∥. The SERM contributions to Ke shown here will be
modified further when SERM odd moment signatures are
included. A useful connection to other observables is the
relationship E∥ ≃ KP e/2 where KP e is the mean free path
for the thermal speed electron in units if the electron pressure
gradient scale, also known as the pressure Knudsen number.

904

905

(i) underlying red curves for SERM-II theoretical pa-906

rameters vs newly measured E∥ and the superposed (ii)907

statistical summaries of the same properties from Wind-908

3DP data indicated by (cyan dots) for Th/Tc and (green909

dots) for Dreicer’s runaway density fraction, δ3DP.910911

Because the reasons for E∥ ̸= 0 are as generic as the912

conditions of astrophysics, the in situ documentation of913

Fig 13 is a strong argument that such behavior is ex-914

Figure 13. Documentation of Dreicer bifurcation of the
observed solar wind eVDF in the measured solar wind E∥.
This SERM-II 4yr Wind-3DP data comparison conclusively
documents the detection of Dreicer’s bifurcation by plasma
runaway in the solar wind’s observed E∥.

pected to occur in virtually all fully ionized astrophysical915

plasmas.916

12. {ϖ, δ, τ, E=,KE , PE , NE} → (NC ,NH , TC , TH)917

Given an electron fluid characterization, the present918

SERM-II model allows one to suggest the even moments919

of the requisite eVDF in terms of two superposed gaus-920

sian distributions, thus completing the last stage in Eq921

27. This approach gives a likely non-thermal eVDF con-922

sistent with quasi-neutrality, the coulomb cross section923

and the modeled fluid’s moment behavior.924

SERM-II applications in this vein (i) could be de-925

termined from an empirical suggestions of remote fluid926

properties or the output of fluid solutions for the plasma927

at the two fluid level. Those of the second type would928

allow (ii) conducting a complete justification of closure929

(cf Scudder 2019b) that could validate or contradict the930

approximations made to produce closures used to trun-931

cate the infinite set of equations required to formally932

replicate the kinetic equation.933

Either focus requires estimating E∥ where the fluid934

moments are known. Knowing fluid spatial profiles this935

may be done using the electron momentum equation.936

If the moments are known only in isolated locations937

the little used, but well known, relationship between E∥938

and the pressure Knudsen number (cf. Eq. 2, Scudder,939

2019a) can provide the necessary estimate. In either in-940

stance estimating E∥ determines Eϖ that constrains E=941

using Eq 16. Together, all of these relations allow es-942

timates of δ and τ to be inferred by interpolating their943

traces as functions of E∥(r) shown in Fig 12.944
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12.1. SERM’s Non-thermal Subcomponents Shapes945

from Electron Fluid Variables946

With the knowledge of τ(E∥(r)) the free parameters947

of SERM-II’s two isotropic gaussian sub-components for948

the underlying eVDF can be determined using949

nc

ne
=

τ3

τ3 + exp(−E=(ϖ)(1− τ2))

nh

ne
≡ exp(−E=(ϖ)(1− τ2))

τ3 + exp(−E=(ϖ)(1− τ2))

(28)950

and Eq 29 below.951

When τ ↓ 0 the halo density fraction is 100%, but952

when τ ↑ 1 the core and halo fraction approach 0.5, since953

in this regime the superposed core and halo are identical,954

each contributing half the total density. This regime is955

hardly ever expected since it requires E∥ = 0 that is956

virtually impossible in the inhomogeneous plasmas of957

astrophysics.958

The runaway density fraction, δ, is not determined by959

knowing both nh, nc, but is available from the calibra-960

tion curve in Fig 12-13, once E∥ is available.961

The thermal and supra-thermal temperatures of the962

form (−dE/dlnf) are constrained by the total pressure,963

Pe, to be determined as964

kBTh =
Pe

nh + ncτ2

kBTc =
Peτ

2

nh + ncτ2

Tc

Th
= τ2

(29)965

The ratio of partial pressures of the two components966

is967

Ph

Pc
=

nh

ncτ2

=
exp(−E=(ϖ)(1− τ2))

τ5
.

(30)968

Equations 28,29 provide sufficient information to969

make an even two gaussian mathematical model of970

the suggested eVDF compatible with the input 2-fluid971

moments, coulomb cross section and quasi-neutrality.972

SERM-II does not yet support a heat flux, but it will973

soon (Scudder 2023).974

These equations represent SERM-II’s deconstruction975

of the two fluid moment profiles, producing a positive976

definite, non-thermal eVDF containing zeroth, second,977

fourth moments and all even moments. These leptokur-978

tic distributions have the same total density and electron979

pressure as implied by the fluid model.980

12.2. Inferring the eVDF for Two Fluid Solar Wind981

Model982

As an example of SERM’s application, the two fluid983

profiles of solar wind density, electron pressure and flow984

speed are reproduced in Fig 14 from digital files shared985

by Chandran et al. (2011). The solar wind solution986

Figure 14. Profiles of electron pressure Pe(r) density ne(r)
and flow speed U(r) from a two-fluid Alfvén wave driven
high speed solar wind model (Chandran et al. 2011). Alfvén
point reported at the location of the vertical cyan line.

987

988

incorporated a low-frequency treatment of reflection-989

driven, Alfvén wave turbulence, dual energy equations990

closed by a two zone heat flow closure for electrons, ion991

heat flux closure and ion anisotropy limiters based on992

collisionless kinetic theory.993

The solution’s inferred radial profiles for E∥(r)994

are shown using the electron momentum equa-995

tion and the SERM eVDF constituitive relations,996997

[δ(E∥(r)), τ−2(E∥(r))], obtained from Fig 12 by inter-998

polation.999

Near the coronal base at H ≃ 0.01R⊙ E∥ < 0.011000

is small, implying the ion collisional drag deceleration1001

there on a thermal speed electron was much larger than1002

the electron acceleration by E∥. In this locale SERM-1003

II predicts only a very weak, off scale, density fraction1004

of runaways, δ. In this regime the very small den-1005

sity of suprathermal electrons has a very high effective1006

slope temperature. The partial pressure in this sparse1007

hot component rises nine orders of magnitude between1008

1.08−5R⊙. E∥ increases rapidly with increasing radius,1009

surpassing E∥ = 0.1 by R = 2R⊙ and unity by 6R⊙.1010

This variation of E∥(r) signals the systematic role rever-1011

sal for the thermal speed electron between being heavily1012

overdamped at low altitudes, approaching underdamped1013

status. Across this same radial range the hinge point of1014

the leptokurtic eVDF moves down from 34kTe to 9kTe1015
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Figure 15. Inferred radial variation of E∥, (blue), KPe(red),
δ (black), τ−2 (green) using SERM-II model unpacking the
information of the two fluid variations of the published 2-fluid
solar wind model of Chandran et al. (2011). The height of
the point of observation above the nominal solar surface is
the abscissa, H = R − 1, where R is the radial distance to
the point.

and the runaway boundary lowers from 30kTe down to1016

5kTe. From Fig 10 the phase space diffusive transition1017

layer for the eVDF between Eϖ and E= raises the frac-1018

tion of the distribution available to support the skew1019

for the heat flux. These estimates suggest the fractional1020

population of non-thermal electrons just above the sep-1021

aratrix are being strongly enhanced across this transi-1022

tion. This is the radial zone where wind acceleration is1023

strongest, but is still below the solution’s Alfvén point.1024

Across this region Chandran et al (2011) are using the1025

Spitzer-Braginskii heat closure that assumes the eVDF1026

is perturbatively related to a Maxwellian.1027

Though finite at r = 1.01R⊙, the halo to core den-1028

sity fraction δ rises sharply by more than 10 orders of1029

magnitude across the narrow radial range 1.08 − 6R⊙1030

where E∥ increases from 0.1 to 1. The runaway frac-1031

tion δ rises to nearly 5% by R=6 smoothly continuing1032

to rise towards still higher values (30-40%) reported by1033

Wind 3DP at 1au. This strong increase in halo density1034

fraction occurs where the suprathermals are suggested1035

to have slope temperatures nearly 10x that of the over-1036

damped thermal electrons.1037

The enhanced density fraction in runaway, accom-1038

panied by coordinated suprathermal partial pressure1039

changes (cf Fig 13 &15) cause the fourth moment of ex-1040

cess electron kurtosis Ke to increase strongly across this1041

same region of the inner heliosphere shown as shown in1042

Fig 16.10431044

12.3. Inner Heliosphere’s Radial Gradient of Kurtosis1045

Figure 16. Radial profile of solar wind speed (green), den-
sity fraction in runaway,δ (cyan), and electron excess kurto-
sis, Ke (red). Broad development shown of radially increas-
ing E∥, δ and Ke. Strong onset of non-thermal signatures
seen when 0.1 ≤ E∥ ≤ 1, during the bulk speed U’s acceler-
ation, but well inside the indicated Alfvén point, RA.

Figure 16 provides an initial view of the rapidly vary-1046

ing kinetic changes SERM-II would imply for the in-1047

ner heliosphere. The input for the calculation are the1048

two fluid profiles for Pe, ne, U from a two fluid solar1049

wind solution (Chandran et al. 2011). These profiles1050

smoothly connect accepted coronal boundary condition1051

to 1au conditions typical for a 700+km/s solar wind.1052

The solar wind expansion above the coronal base is1053

typified by radially monotonic growth of (i) solar wind1054

speed; (ii) E∥; (iii) δ; (iv) excess kurtosis Ke and decay1055

of (v) suprathermal to thermal slope temperature ratio,1056

τ−2. Above r ≃ 4R⊙ Ke is surprisingly very nearly1057

the same size as E∥, with both already considered non-1058

perturbative and large. When directly measured near1059

1au these variables show this same strongly correlated1060

behavior and non-perturbative size as seen in the Wind1061

data (cf Fig 2).1062

Observations of the eVDF at 1au since 1968 have1063

shown omnipresent excess kurtosis Ke. The rapid statis-1064

tical physics transformation suggested by this fluid so-1065

lution from Gaussian forms below R≃ 2R⊙ to strongly1066

kurtotic eVDF well below the sonic or Alfvén point 6R⊙1067

is totally new. The rapid growth of excess kurtosis oc-1068

curs astride the dominant zone where the solution’s wind1069

vigorously accelerates inside the Alfvén point. This kur-1070

tosis has been reported by Parker Solar Probe down to1071

the lowest radius achieved. Unfortunately, the new sug-1072

gestions of this paper are for the domain below Parker1073

Solar Probe’s minimum perihelion of ≃ 9R⊙.1074

In situ model independent heat flow observations in1075

the solar wind are dominated by the pear shaped,1076
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skewed asymmetry of the phase space at suprathermal1077

energies; the magnitude of the heat flow varies directly1078

as the number of charge carriers available to transport1079

the energy asymmetry. The suggested strong variation1080

of the excess kurtosis below the Alfvén point appears to1081

suggest that the radial variation of this kurtosis could1082

impact the divergence of the heat flows that do occur.1083

The fluid equations solved to obtain this model’s pro-1084

files were totally unaware of the role of electron kurtosis1085

or the strong transformation of the kinetic character just1086

suggested by SERM. The modeled two fluid equations1087

were closed at the 3rd moment level involving the heat1088

flux; when formulated the heat flux model adopted was1089

known to be inappropriate. Its use provided a rationale1090

for closing the infinite set of equations, despite avoiding1091

a justification for their suitability. While the solution1092

emphasized the role of Alfvénic acceleration of the wind,1093

it had incorporated the Spitzer(1953)-Braginskii(1965)1094

heat flow closure to make this study at the fluid level.1095

As used this closure involved relying on the eVDF that1096

possessed negative phase space probabilities (eVDF< 0)1097

(cf. Scudder (2021)). The interval of this defect is shown1098

in Fig. 15. The modeled heat flux used to truncate the1099

fluid equations was not adequate either (i) to truncate1100

the moments of the kinetic equation or (ii) or evaluate1101

whether physically described heat flow could be impor-1102

tant for understanding the solar wind expansion. As1103

further support for this argument the strong onset of1104

kurtosis suggested by SERM occurs across the same ra-1105

dial domain where Spitzer’s Heat law was used beyond1106

its validity (cf Fig 15 & 16).1107

13. DISCUSSION AND CONCLUSION1108

The fidelity of SERM-II’s prediction of ambient Wind1109

properties over a 4yr data set has been demonstrated1110

in this paper. By virtue of passing these tests SERM’s1111

primary thesis of the role of Dreicer runaway physics in1112

the solar wind is strongly supported.1113

The suggestions of SERM as developed by the end1114

of this paper is that the lowest order eVDF for the1115

plasma supporting observed solar wind profiles must be1116

leptokurtic since E∥ is always required to make the solar1117

wind expansion quasi-neutral.1118

This paper has also documented 4 years of empiri-1119

cal support for the SERM model’s accuracy when parti-1120

tioning the electron fluid’s pressure and density between1121

thermal and suprathermal components.1122

Quantitative evidence has been supplied that a steady1123

variant of Dreicer’s runaway physics is the causal agent1124

of the ubiquitous leptokurtic eVDF that have now been1125

measured in the solar wind for 54yr and only recently1126

explained with SERM (Scudder 2019c).1127

These findings represent striking and promising depar-1128

tures from the traditional theoretical assumptions that1129

attempt to model the observed solar wind eVDF as a1130

perturbatively modified Maxwellian that alone has zero1131

excess kurtosis and transports no heat.1132

The heat flow moment depends on the skewness of the1133

eVDF; observationally the skewness depends directly1134

on the density of heat carriers and the distribution of1135

heat energy transported. Observed eVDF’s with model1136

independent assays of the heat flow demonstrate that1137

the density of heat carriers and heat energy moved are1138

predominantly supported by the non-perturbative, non-1139

thermal part of the leptokurtic eVDF.1140

The much needed and overdue improvement in the1141

heat laws used for modeling the solar plasmas must pro-1142

vide a non-perturbative recipe both for (i) the promotion1143

of part of the plasma to be non-thermal and (ii) for the1144

skewed energy support of the heat that flows.1145

This paper has shown the SERM-II model is fully ca-1146

pable of suggesting the rationale for this first improve-1147

ment. The sequel (Scudder 2023) will discuss surmount-1148

ing the second hurdle by producing a non-perturbative1149

formulation for the plasma heat law that incorporates1150

the work of Dreicer and SERM-II.1151

14. APPENDICES1152

14.1. Appendix-I: Wind 3DP Characterization of1153

Electron eVDF1154

The Wind 3DP electron data have been processed1155

both as a model independent 3-D eVDF and as a super-1156

position of three modeled sub-components: a low energy1157

range convected bi-Maxwellian, usually called the core,1158

a higher energy convected bi-kappa distribution called1159

the halo and a characterization of data not well fit by1160

these two best fits that is the basis for the strahl charac-1161

terization (cf Salem et al. 2021). These separate com-1162

ponents are modeled in superposition and given their1163

own velocity space moments described in the ion frame1164

of reference, having inertial velocity U. As the strahl is1165

a modest, but highly angular augmentation of the core1166

population along the heat flux direction of the magnetic1167

field, the core and halo eVDF’s are the principal deter-1168

minants of the non-thermal even moment properties of1169

the electrons.1170

Since the core and halo populations are rarely very1171

anisotropic, all temperature moments used when apply-1172
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ing SERM-II come from one third the trace of the gy-1173

rotropic quantities.1174

Although well known, much of the modeled halo in the1175

superposed eVDF resides in the core low energy range.1176

Thus integral properties like the halo fit density is higher1177

than the density of halo component electrons outside the1178

energies where the modeled core dominates the com-1179

posite eVDF. Further, neither of these quantities is the1180

density of electrons involved in Dreicer runaway that are1181

computed for this paper.1182

A similar issue pertains to the halo temperature; as1183

usually reported it is the mean proper frame energy av-1184

eraged over all speeds for the halo fit. It is not the mean1185

energy of those suprathermal electrons found outside the1186

domain dominated by the core fit. For the considera-1187

tions below the best fit observed kappa distribution is1188

sampled for this paper above the runaway threshold and1189

assigned a best fit Th from a fit of these phase space read-1190

ings to a Maxwellian across the suprathermal domain.1191

This characterization is for the purposes of comparison1192

with the SERM model, which at the present level of de-1193

velopment (SERM-II in this paper) assumes a superposi-1194

tion in the ion rest frame of two non-drifting Gaussian’s1195

support the non-thermal distribution that dominate the1196

eVDF density and partial pressures. This will be im-1197

proved in a subsequent development that addresses odd1198

moments.1199

14.2. Appendix-II: Fuchs et al. (1986) Updated1200

Description of Runaway1201

Several decades later Fuchs et al. (1986) made a more1202

complete investigation of the runaway bifurcation illus-1203

trated in Fig 17. For clarity the integral curves have1204

been omitted. This figure shows both the separatrices1205

(yellow with black dashes) according to Dreicer’s for-1206

mulation, and the richer separatrix structure found by1207

Fuchs et al. Dreicer’s formulation only tracked the im-1208

pact on the integral curves of ion energy loss and electric1209

acceleration.1210

Fuchs et al. (1986) incorporated energy loss for elec-1211

trons in a form that was faithful for this exchange when1212

it occurred in the nominally runaway regime. Their1213

analysis showed two important changes: (1) the tear1214

dropped blue separatrix that is the analogue of Dreicer’s1215

parabola is now totally bounded; (2) a second red sep-1216

aratrix occurs crossing the blue separatrix at a saddle1217

point SF . The integral curves have the same topology1218

as Dreicer.1219

The analogues of Dreicer’s cyan integral curves circu-1220

late within the blue separatrix; when starting to the left1221

of the red separatix the circulation peaks along the red1222

separatrix and is then guided towards the origin. The1223

integral curves starting to the right of the red separatrix1224

(but still within the blue separatrix) produce a counter-1225

clockwise circulation peaking along the red separatrix1226

below the saddle point SF and then converging back on1227

the origin.1228

The analogues of Dreicer’s green integral curves start1229

at large negative Vx outside the blue separatrix; when1230

approaching the red separatrix the integral curves are1231

deflected to flow along but outside of the red separatrix.1232

An apparently distinct group of integral curves start at1233

Vx > 0. For Vx < ϖ these curves initially decelerate in1234

Vx but have a growing Vy. These curves approach the1235

red separatrix from below and are then guided by the1236

red separatrix to large Vx. Stream lines with initial co-1237

ordinates Vx ≥ ϖ,Vy = 0 rise toward the red separatrix1238

without decelerating; approaching the red separatrix the1239

level curves are then guided to very large Vx. Sketches of1240

these integral curves can be found in Fuchs et al. (1986).1241

The topology of Fuchs et al and Dreicer are analogous.1242

The underdamped curves circulate through the origin.1243

They remain separated from those that start outside the1244

inner separatrix that now have two different Vx sites of1245

origin. The analogy is perhaps seen better, by realizing1246

that in Dreicer the red Vx > ϖ,Vy = 0 segment in Fig1247

1 is the analogue of the inclided red separatrix in Fuchs1248

et al. above the saddle point at SF . In both models the1249

runaway integral curves are guided to be asymptotically1250

parallel to this ray/curve.1251
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SD

Figure 17. Labeled boundaries in hydrogenic plasma with
the same E∥ for (i) Dreicer (1960) and (ii) Fuchs et al. (1986)
integral curves considering E∥ with (i) ion drag only and
(ii) ion drag and energy loss. Both show two intersecting
separatrices: (i) v⊥ = 0 and yellow- black dotted parabola;
(ii) blue pear shaped curve and red curve rising from |v| = 0.
Both models show: (a) node in integral curves at |v| = 0
and (b) saddle points where separatrices intersect: SD and
SF . Topologically the integral curves of both models are the
same, despite relocation of saddle point.

14.3. Appendix-III: Full Dreicer Formulae1252
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Dreicer’s variables and abbreviations used in the text1253

are fully defined here in terms of customary CGS vari-1254

ables. The variable ED used in this paper and Ec by1255

Dreicer (1959, 1960) are identical. The lnΛ expression1256

alone is written in terms of temperature Te in eV units,1257

rather that in CGS units that is indicated elsewhere by1258

Te.1259

we ≡
√
2kTe/me

lnΛe−i
c =

47

2
+ ln[T

5
4
e n

− 1
2

e ]−
1

2

√
(−1 + lnT

1
2
e )2 + 10−5

≡lnΛ

λmfp(we, i) ≡
(kTe)

2

π ne e4 lnΛ
≡ λmfp

νei(we) ≡we/λmfp ≡ νei

Ec ≡ED

|e|ED ≡meweνei =
2kTe

λmfp

=
2πnee

4lnΛ

kTe
∝ ne

Te

(31)1260

The form above for lnΛe−i
c ≡ lnΛ provides a contin-1261

uous formula across the quantum mechanical regime,1262

Te ≃ 10eV and represents an essentially equivalent form1263

to two separate equations (Fitzpatrick 2015, p.64 Eq1264

(3.124); also Spitzer, 1967, p 126) needed for solar wind1265

plasmas.1266
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