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EFFECTS OF NONLINEARITIES
IN PHYSICS AND DEMOGRAPHY

Nonlinearities appear in almost all systems. Farlier, we focused on those in plasmas, iono-
spheric scattering, and the world population. As turned out, the estimate of the population
growth made in 1974 is in astonishing agreement with the United Nations estimates and agrees
with our present data to within 2%. A particularly important role, both for the population evo-
lution and wave interaction in plasmas, is played by non-Markovian effects (effects depending
on the past time). For the population growth, this occurs due to a delay of one generation in
the set of population limiting actions, while, for plasmas, it is caused by nonlinear frequency

shifts.
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1. Introduction

We are here focusing on nonlinear effects in physics,
mainly plasmas, and demography, mainly popula-
tions. Such effects could be both of a periodic and
explosive nature [1]. In both contexts, it has turned
out that many authors leave out important nonlinear
effects, while we have looked at both general basic
equations fulfilling resonance conditions in both wave
vectors k1 = ko +k3 and frequency wy = wo +ws3 with
unspecified coupling factors. We also derived coupling
factors for special cases, mainly for plasmas. An im-
portant nonlinear effect here can be a nonlinear fre-
quency shift, which may detune the resonance in fre-
quency. In the case of nonlinear (explosive) instabil-
ity, we also had to include cubic nonlinearities, giving
nonlinear frequency shifts (energy conserving) or cu-
bic nonlinear damping (dissipative). Of course, three-
wave interactions would, in a more general case, cou-
ple further in k-space, leading to a turbulent state
with many excited waves. Initially, we focused on ho-
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mogeneous plasmas, where, in general, the wave with
the largest mode number (the pump wave) gave en-
ergy to two waves with smaller wave numbers. Ho-
wever, when our activity after 1976 became more di-
rected toward the nuclear fusion [2-29|, we started
to look at inhomogeneous systems, where, for drift
waves, the wave with an intermediate magnitude of
mode number became the pump wave [8]. This in-
troduces a problem for the wave dynamics, since we
are looking at a system which is finite in space, and
wave cascades toward larger wave lengths could cause
a pileup of the wave energy at wavelengths of the sys-
tem size. The transport, in the simplest case, could
be described by the formula:

X =/k2. (1)

Here, 7 is the growth rate of the wave, and k, is
the radial propagation vector. Thus, waves with long
wavelengths give very large transport. To stop this
pileup at very long wavelengths, which would give
much larger transport than observed, we need a mech-
anism that absorbs the cascade toward longer wave-
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lengths. As we have found, the strongest candidate
for this is flowshear, which tears apart the largest
eddies [17]. The generation of flowshear is a nonlin-
ear effect. Our present concern is nonlinear effects in
physics and demography. In both these fields, authors
seem to forget important nonlinearities. These ques-
tions turn out to vary with the degree of detail we
need. A very important observation was that of “pro-
file consistency” or “profile resilience”, first pointed
out in Ref. 2. This observation was for density and
temperature profiles in tokamaks and means that
such profiles are often surprisingly insensitive to the
exact location of sources.

For the population evolution, we used the equation:

on
ot
where n is the number of people, t is time, and 7 is
the time delay.

Since 3 is ignorable at the levels of interest, we start
by taking v = 0.1 corresponding to the saturation
level 10 billions (common estimate) in the absence of
time delay. The numerical values a = 0.0048 and § =
= —0.0003 were used to fit the evolution to the world
population up to the year 1974. This is the model
used in Ref. 3.

A way of interpreting the similarity between the
wave interaction in plasmas and the population
growth is in terms of profile resilience (or profile con-
sistency) [2]. This is a phenomenon seen in plasmas
[2] and shows that the density and temperature pro-
files are surprisingly insensitive to the exact location
of sources. Both the transport equations in plasmas
and the population growth are now described by first-
order differential equations. In plasmas, this is mainly
in space. But, for populations, it is rather in time.
However, of course, we generally have both space and
time variations in both cases. A discussion of this
was given in Ref. 9. An important point to observe
is that, in a typical fusion plasma, the particle ve-
locity is around 10® m/s, while the fluid velocity is
around 10 m/s. Thus, we need to include nonlin-
ear frequency shifts in kinetic theory [5, 12-15], but
we can safely use quasilinear theory to calculate the
transport in fluid theory [22-25, 27, 29]. We note that
particles and/or heat pinches can contribute to the
profile resilience in a plasma [18], while the fact that
the birth rates increase during wars may contribute
to the profile resilience in human populations.

=an’® 4 Bn —yan3(t — 1), (2)
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2. Basic Wave Interaction

Despite the fact that the population growth is de-
scribed by a single equation [3], its variation is eas-
ily described in terms of three-wave interactions. One
way to do this is to take a case where two waves are
equal. However, the three-wave interaction can also
be described as the dynamics of a nonlinear pendu-
lum [7].

In our work on the transport due to drift waves,
the basic equations for 7; modes are:

d

d—?+ve~Vn+nV-ve+V-(nv*)=O, (3)
where v, is the E x B drift, and v, is the diamagnetic
drift including the full pressure gradient and

3 (d

5n <dt + Ve - v) T, + PV -v; = —Vaq.i, (4a)
5 P

i = 2 mSy; (e x VT5). (4b)

A new and fundamental feature of system (3) and
(4) is that all curvature and magnetic drift effects are
kept. Because of this, the linear density perturbation
includes both adiabatic and isothermal limits. The
only nonlinear effect kept is the convective nonlin-
earity due to the E x B drift. It occurs in both (4a)
and (4b). There are several fundamental similarities
between the developments in Figs. 1 and 2. In both
cases, we have destabilizing quadratic nonlinearities
and stabilizing cubic nonlinearities. The periodicity
is in the case of population evolution due to a delay
of action, while that for the wave interaction is due to
the nonlinear phase dependence (nonlinear frequency
shift) of the wave interaction. Both of these are non-
Markovian effects. We also note that the delay of 25
years for the cubic nonlinear stabilization is instru-
mental in describing the actual population growth,
which was not known when this work was done. The
fact that the systems in Refs. 12 and 13 experience a
nonlinear growth at small amplitudes can be seen by
the fact that the growth rate in Ref. 12 gets larger,
when the nonlinear effects are added. The system in
Ref. 13 is actually the same as in Ref. 12, but with
damping due to the turbulent diffusion added. In par-
ticular, we note the strong similarity between Fig. 2
in Ref. 13 and our Fig. 2.
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3. Nonlinear Stabilization

There are many examples of similar nonlinear sys-
tems which we may discuss. An important point is
the level of stabilization of a simple stable three-wave
interaction with a linear growth. This has been dis-
cussed in several cases. The case that we are mainly
interested in for the drift wave transport is that which
occurs, when the instability is stabilized by the non-
linear E x B convection. The growth and damping

TOTAL
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WORLD POPULATION
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YEAR

Fig. 1. The evolution of the world population as predicted
in Ref. 3 in 1974 and the population according to the United
Nations up to now and the extrapolation to 2150 (circles). In
the calculated prediction, the full line corresponds to stabilizing
terms calculated at present time (Markovian), while the dotted
line includes a delay of one generation (25 years) before cubic
effects start (non-Markovian)

Pl

Fig. 2. Explosively unstable three-wave interaction stabilized
by periodic nonlinear frequency shifts and nonlinear dissipation
(From Ref. 1)
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can then be expressed as:

0

When we operate with Eq. (5) on the density or
temperature, replacing % with the growth rate v and
expressing the E x B drift (vg) in the potential ¢, we
obtain the saturation level:

o 1 7
T = Foups Fyts ©)

Here, e is the electronic charge, T is the tempera-
ture, k, is the poloidal wave propagation vector, p,
is the Larmor radius, and cs is the sound speed. It
is important to note that, due to the similarity of
the continuity and energy equations, Eq. (6) is valid
both in Refs. 16-19 (from the energy equation) and
in Ref. 23. The energy equation was first found in
Ref. 25. But, in Ref. 23, it was called the “improved
mixing-length level”.

Using the saturation level in Eq. (6), we arrive at
the improved mixing length transport:

3 /1.2
p= 1R (7)
wr

The result, Eq. (7), can also be obtained for the
temperature diffusion, where D is replaced by x. The
similarity between the temperature diffusion and the
particle diffusion is due to the similarity between the
continuity and energy equations [24]. Equation (4)
represents the “kernel” of the transport coefficient. In
a quasilinear treatment of transport, we obtain an ad-
ditional factor representing compressional effects like
pinch effects for the temperature or density [25].

We note that the real frequency (non-Markovian)
reduces the transport. Thus, we expect more trans-
port from low-frequency modes than from high-
frequency modes.

Of course, when nonlinear effects have a destabiliz-
ing influence at low amplitudes, such as in Ref. 21
for toroidal modes and in Refs. 12, 13 for slab
modes, we have to consider the total effect of linear,
quadratic, and cubic nonlinearities. However, since
nonlinear frequency shifts act as a part of the reso-
nance condition for frequencies, it will change the sign
of the quadratic nonlinearities, just like it changes
the sign of the wave energy [1|. This means that, at
higher amplitudes, the quadratic nonlinear terms will
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be stabilizing, thus making our saturation level in
Eq. (3) correct on the average in developments as
that seen in Fig. 2. This explains why the saturation
level has been so successful in comparisons with ex-
periments. However, this is true only when the E x B
drift is entirely stabilizing, i.e., we are looking at the
correlation length in the k-space, and we have effects
which absorb the inverse cascade, thus avoiding re-
flections at the system size. One effect that does this
is flowshear [28]. According to the Waltz rule [28], we
can subtract the flowshear rate from the growth rate
in Eq. (4). This is similar to a stabilizing effect of
the imaginary contribution from the cubic nonlieari-
ties [1]. The full model from this approach, which in-
cludes the electron trapping, electromagnetic effects
that give MHD, and kinetic ballooning modes and
peeling modes, was recently used to predict ITER
performance [29].

4. Analogy between Growth
of Population and Nonlinear
Wave Interaction

It is worth comparing the saturation mechanisms for
the population growth and nonlinearly unstable in-
teracting waves in some details. In both cases, it is
due to nonlinearities which cause the periodic behav-
ior. Although, for the population growth, this hap-
pens already in the first period. Nevertheless, we
can see that the agreement with the actual pop-
ulation is strongly improved by the time delay of
the cubic term. As it seems, one nonlinearity which
simplifies the population growth is that the birth
rate increases in times of a war. One can imagine
that a similar effect occurs at times of strong epi-
demies. The surprising insensitivity to the exact lo-
cation of sources for the wave interaction is partly
due to the strong sensitivity to growthrates on the
deviation of gradients in the temperature and den-
sity from linear thresholds. However also particle or
heat pinch effects can contribute here [18, 19]. An im-
portant aspect for wave interactions is that the non-
linear three-wave systems in Refs. 12 and 13 were
generalized to the turbulent case in Ref. 16. Here,
the use was made of Ref 15, where a Fokker—Planck
equation for turbulent collisions was derived. This
is applicable to a turbulent situation, where non-
Markovian effects were required for deriving the
transport coefficient in Eq. (7).
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5. Summary

We have here pointed out the importance of nonlin-
earities in both turbulent plasmas and in the popula-
tion explosion. Such nonlinearities often lead to non-
Markovian effects. In a plasma, we have looked at
both the coherence limit represented by Refs. 12 and
13 and the turbulence case considered in Refs. 10, 15,
and 16. For the turbulence kinetics, we need to go
beyond quasilinear theory (strongly nonlinear case);
while, for the fluids, it is sufficient to use a quasi-
linear approach. Although many other effects can oc-
cur both in the population growth and the nonlinear
wave interaction, we note that the agreement with
our predictions of the world population actually jus-
tifies the very simple model used here. For the wave
interactions, we refer to Ref 1 for a wider picture. Our
purpose was just to point out the most essential simi-
larities and to motivate researchers to take more non-
linear effects into account.

This work is partly supported by the U.S. Depar-
tment of Energy, Office of Science, under Award
No. DE-SC0013977. The authors are grateful to Aca-
demician A.G. Zagorodny for the fruitful discussions.
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Loic. Betinand, T. Pagix
HEJIIHIVHI EOEKTU Y ®I3ULI TA JTEMOTPA®IT

HeuniniitHocTi 3’aBistioThesd Maiixke B ycix cucremax. Panime mu
PpO3IJIsIaau HeJIiHIRHOCTI B I1a3Mi, poscitoBanHi B ioHOCKEDI,
cBiToOBi#l momyssamnii. 3’sicyBasocs, IO OIiHKa IPHPOCTY Hace-
JIeHHsI, sika Oysia 3pobsiena B 1974 poiii, 4y/10BO y3ro2Ky€E€ThCs
3 ominkamu OOH i cmiBnajsiae 3 HamMMu JaHUMU 3 TOYHICTIO
2%. OcobauBO BaKJIUBUMH JJIs €BOJIOINIl HACeJeHHs Ta B3ae-
MOZT XBIJIb y IJIa3Mi € HEeMapKOBCHKi edeKTH (BOHU 3aJ1eXKaTh
BiJ MuHysnux 4vacis). Jljisi NpHpPOCTy HACEJIEHHS LIe OB’ SI3aHO
i3 3aTPUMKOIO Ha OJHE MOKOJIIHHSI BILIMBY (PAKTOPIB, 1110 oOMe-
JKYIOTh IOIYJSIIO, TOAl fAK JJIsl IJIa3MU 1€ BUKJIMKAHO HeJIi-
HITHUMH 3CyBaMu 4aCTOTU.

Katrwwoei caosa: dyHmaMeHTANbHI HEJIHINHOCTI B IPUPO-
71, BUOYyXOBi HECTIMKOCTI, JOCJIiJpKEeHHs CUHTESY, JeMorpadidni
JTOCJTi IPKEHHS .
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