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Pareto [1897] observes power law tail i.e. f(w) being the PDF of individuals
with wealth/income w > 0, we have

/OO f(ws) dws ~w™H,

w
is the number of people having income greater or equal than w.

R. Gibrat [1930] proposes a lognormal law f(w) = exp(—(log w)?)/(y/7w) for
the middle income range.
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T he simplest microscopic market dynamic that originates a lognormal
behavior was proposed by R.Gibrat in Les inégalités économiques, Paris,

(PhD, 1930) through the multiplicative random process, or "law of
proportional effects"”

w— w = b(t)w

where b(t) is a nonnegative random variable. This yields log(w) normally
distributed and thus w lognormal.

This law also applies to distribution of cities, of firms, of river flows...
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Microscopic trade dynamics between agents with money (w, wx)

"= (1 -wtyws +nuw
(1 — Y)ws + yw + nrws«

S
|

Wy

where (w,ws) denotes the money of two arbitrary agents before the trade
and (w’,w)) the money after the trade.

The transaction coefficient v € (0,1) is constant and n and 7« are random
variables with the same distribution with variance 2 and zero mean.

The first term is related to the marginal saving propensity , the second
corresponds to the monetary transaction, and the last are the effects of

speculative trading
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The PDF f(w,t) obeys

of 00 1
o = S Sy Blwwa (a7 1w FC0) = By iy feddws i

where (‘w,/ws) are the pre-trading money that generates the couple (w, wx).
In the equation J is jacobian of the transformation of (w,ws) into (w’, w))
and g is related to the probability of the interactions.

*S.C., L.Pareschi, G.Toscani, Jal of Stat. Phys. (2005).
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For large number of small exchange of money (asymptotics related to
quasi-elastic limit for granular gases , A\ = 02/7) we obtain a linear
Fokker-Planck equation

dg _ X 82

5r = 25u2 (“° 9)+—((w m)g) -

*G. Toscani, M2AN (2000)
J.A. Carrillo, S.C., G. Toscani, DCDS-A (2009)

fJ.P.Bouchaud, M.Mézard, Physica A, (2000).
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goo(w) =

Thus, the obtained stationary distribution exhibits a Pareto power law tail
for large w.

Gool W = C’w_(H_'“), w — 00.
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For any time reversible interaction, it is proved = that the corresponding
stationary state of the money distribution function f(w,t) is characterized by
a Boltzmann-Gibbs (exponential) law

exp(—w/w)

flw) =

Kinetic theory in economy is a powerful tool and can help to derive
mathematical models of binary interactions which yields to for income
(wealth) distributions with Pareto or Boltzmann-Gibbs law.

One main limitation is that the probability of trading is , by construction,
"independant" of the agent/individual.

*L.Pareschi, G. Toscani, Jal of Stat. Phys. (2006).
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— We consider now a simple kinetic model that describes the behavior of
a financial market related to the Levy-Levy-Solomon (LLS) microscopic
model. We derive and analyze the model in the case of a single stock

— We consider a set of financial agents « = 1,..., N. We denote by w,; the
money (wealth) of agent ¢ and by n; the number of stocks of the agent.
Additionally we use the notations S for the price of the stock and n for the
total number of stocks.

Viw; = NS

— The essence of the dynamic is the choice of the agent’'s portfolio. More
precisely at each time step each agent selects which fraction of money to
invest in bonds and which fraction ~ in stocks. We indicate with » the
(constant) interest rate of bonds.

TH.Levy, M.Levy, S.Solomon, Academic Press, New York, (2000)
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If an agent has invested ~;w; money in stocks and (1 — v;)w; money in bonds
at the next time step he will achieve

w, = {(@—%)QA+7)+ %1 +3)]w,
where z’ is the rate of return of stocks given by
) S'— S+ D!
r = .
S
S’ is the new price of the stock and D’ is a stochastic variable taking into
account the dividends paid by the company at the end of the time period.
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— In practice for any hypothetical price Sh each investor find the optimal
proportion %-h which maximize his/her expected utility. Thus we have a
demand curve v2(S") as a function of the price. Typically this demand curve
is a non increasing function of S”.

— Note that, if we assume that all investors share the same informations and
have the same risk aversion then they will have the same proportion of
investment in stock regardless of their money, thus

Y (8" =" (S™).

— To make the model more realistic typically a source of stochastic noise,
which characterizes all factors causing the investor to deviate from his opti-
mal portfolio, is introduced in the optimal proportion of investments v*(S").
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Next, each agent formulates a demand curve
v (8™)wi(S™)
Sh
characterizing the desired number of stocks as a function of Sh and wzh. This

number of stocks demand is a monotonically non increasing function of the
hypothetical price S".

nlt = n?(Sh) =

g =

As the total number of stocks

n
1=1

is preserved the new price S’ is given by the market clearance condition
N

> n?(S/) = n.

i=1
ﬂwis will fix the value w’ and the model can be advanced in time.
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Let us define f = f(w,t), w € Ry, t > 0 the distribution of money w.

We assume that the percentage of wealth invested ~(&) = u(S(t)) 4+ &, where
£ is a random variable in [—z,z], z = min{—u(S(t)),1 — u(S(t))} distributed
accordingly to ®(u(S(t),€&) with zero mean and variance ¢2. Here u(S(t)) is
assumed to be a monotonically non increasing function of the price S(t) > 0
such that 0 < u(0) < 1.

Note that given f(w,t) the actual stock price S(t) is determined as the
unique solution of the demand-supply relation

S =Byl = [* [ @u(s®), 07 f (w, yw de, dw,

where for simplicity the total number of agents has been normalized
p=Jo° f(w,t)dw = 1. More precisely since v and w are independent we have

S(0) = BBl = _a(S@O)aW), ) = [ f(w,Hwdw,
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At the next round, the new wealth of the investor will depend on the future
price S’ and the percentage of money invested ~ accordingly with

w'(S'(#),7,m) = {1 = NA +7) + 71 +2(5'(t),n) } w,
where the expected rate of return of stocks is given by

/ _S'(t)=S@W)+D+n
x(S'(8),m) = =) .

where n is a symmetric random variable in distributed accordingly to ©(n)
with zero mean and variance o2 which takes into account the effects of the
dividends paid by the company. The above equation requires to estimate the
future price S’ which is unknown.
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The dynamic is then determined by the new fraction of money invested
~ (€N = n(S'(t)) + & where ¢ is a random variable in [—2/, 2], where
2= min{u(S'(t)),1 — n(S'(t))} distributed accordingly to ®(u(S'(t)),£").

We have the demand-supply relation

1
S'(t) = ~El/w],
n
which permits to write the following equation for the future price

§'(8) = Bl | Elwf] = (8 () Blw')
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Now

Elw] = Elw](1+r)+ Elyw](E[z(S',n)] - 1),

— {(1—|—r)—|—,u(5) (S +§_S—r>}u_}.

This gives the identity

5 = (s [(1+r>+u<5> (S +§_S—fr>]@.

Using the equation for the price, we can eliminate the dependence on the
mean wealth and write

D.

(= (NS (1 4 vg S

¥ = A aE)us) T — ()

Edinburgh - 29 july 2009 18




The equation for the future price deserves some remarks
— If u(-) = C, with C € (0,1) constant then

C
S'=1+rNS+—D
(1+7r)S+ ——
which corresponds to a dynamic of grow of the prices at rate r.
— In the general case if we set

_ 1 —u(S)
T

the future price is given by the implicit equation

g(8")=g(S)(1+r)+ D

for a given S. The function ¢(S) is monotonically increasing with respect
to S. This gives the existence of a unique fixed point. Moreover if r = 0 and
D = 0 the unique fixed point is S/ = S and the price is unchanged in time.
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evolution of the PDF of wealth is given by the linear Kinetic equation

oOf (w,t) / /Z / I / /
= 1) — ,t) | d€ dn.
ot = Jm ), (Blw = W) s f(w,8) = Blw — w)f(w, ) | de d
The value 'w is obtained simply by inverting the dynamics to get

w=jmnt) 'w, j(&nt)=14+r4+~E)(x(S®),n) —1),

where the value S’(t) is given as the unique fixed point of the future price
equation. The term j insurses conservation of the total number of agents.

B takes the form

B(w — w') = W(w > 0)P(u(S(t)),)O(n),
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The equation in weak form takes the simpler form

d roo 00 2
= [ fw,edw = [~ [ [" ©©)Om)f(w,)((w) = (w))dé dn dw.
tJO 0 RJ—z

From this follows the conservation of the total number of investors taking
o(w) = 1. The choice ¢(w) = w gives the time evolution of the average
wealth which characterizes the price behavior

d S'"(t)+D—S(t))\ _
w(t).

—o(t) = <(1 — SN + (SO

If we now set

. 1 [tS'(s)+ D — S(s)
m(t) = min {r,;/o 0

we have the bound

. 1 [*S'(s) + D — S(s)
ds}, M(t) = max{r,;/o 5(3) ds}

w(0)exp(m(t)t) < w(t) < w(0)exp(M(t)t).

Analogous bounds for moments of higher order can be obtained.
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d_ 1(S) B -~
5= e = @y (A~ O+ u(ESH) 5

For a constant u(-) = C, C € (0,1) we have the explicit expression for the
growth of the wealth (and consequently of the price)

nD

1-C

w(t) = w(0) exp(rt) + (exp(rt) — 1).
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As for binary trading models, it is difficult to study in details the asymptotic
behavior. Particular asymptotics result in simplified models of Fokker-Planck
type, for which it is easier to analyze their asymptotic behavior

We start from the weak form of the kinetic equation and consider a second
order Taylor expansion of ¢ around w

p(w') = p(w) = w(r+~(x(S'(t),n) —7r))¢' (w) + %wz(r-l-v(w(s’(t), n)—1))>¢" (@),

where @ = 0w’ + (1 — 0)w, for some 0 <9 < 1.
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Consider r — 0. In order for such limit to have a sense and preserve the
characteristics of the model, we must rescale the time = = rt, assume that

o

D
im —=v, |Iim—=¢ (Perpetuity).

r—0 r r—0 r

Note that the above limits imply that lim,_ S’ = S.
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Standard computations vields to Fokker-Planck equation

0, _9_ 1 9
2 f =2 [—AGS), s + SBSM), w4l
with
_ u(S)(K(S) —1) + 146
A(S,8) = 1+ u(S) (<m<s>_1>+ o §>
B(S,v) = (u(S)* + ¢*)v/S?,
and

p(S)(1 — p(S))

=S A - ) — i)

It can be checked that the mean wealth is increasing with time.
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In order to search for self-similar solutions we consider the scaling

flw,r) = "g00m),  x =10g(w).

Then g(x, ) satisfy the linear convection-diffusion equation

5, B B 92
Eg(x,f) = <§ — A) 8—9(X, T) + 292 590X 7)),
which admits the self-similar solution
_ 1 (x+ (B/Q—A)T)2>
I = (amyar + 1))172 P ( B(27 + 1) |

Reverting to the original variables we obtain the lognormal asymptotic
behavior of the model

w T 2
) = 1 p< (log(w) + (B/2 — A) >>

w((2m) (21 4+ 1))1/2 = B(2r 4+ 1)
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Performed using Monte Carlo simulations by L. Pareschi

— In all the numerical tests we use N = 103 agents, n = 104 shares, a riskless
interest rate »r = 0.01 and an average dividend growth rate D = 0.015.

— Initially each investor has a total wealth of 1000 composed of 10 shares, at
a value of 50 per share, and 500 in bonds.

— The random variables £ and n have been supposed distributed accordingly to
a truncated normal distribution so that negative wealth values are avoided

— We compare the results obtained with one single run of the simulation with
a direct solution of the price equation.
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We assume that the agents simply follow a constant investments rule
w(S(t)) = C, with 0 < C < 1 constant. As a consequence of our choice of
parameters we have C' = 0.5.

Investments (left) and price (right) in time
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1(S(t)) monotone decreasing function of the price S(t). More precisely we
take

u(S(t)) = Cp + (1 — Cp)e €25
with C7 = 0.2 and C> = 0.01.

““\ ”‘1

LTTR

IR ,H‘ I
i !M i

el W

Investments (left) and price (right) in time
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Compare Boltzmann model and Fokker-Planck model. To this end, we
consider the self-similar scaling and compute the solution for the values

r = 0.001, D = 0.0015 with &£ and n/S(0) distributed with standard deviation
0.05 and constant value of u = 0.5 at different times ¢t = 50,200, 500

Test 3. Distribution function at ¢t = 50,200, 500. The continuous line is the

Iﬁnormal Fokker-Planck solution.
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We compute the Lorentz curve L(F(w,t)) defined as

/Ow f(v,t)vdv

©.@)
/O f(v,t)vdv
Gini coefficient G € [0, 1] is defined by

L(F(w.t)) =  F(w,t) = /w i, 1) o,

o)

G=1— 2/01L(F(w,t))dw.

measures inequality in the wealth distribution. A value of O corresponds to
the line of perfect equality.

Edinburgh - 29 july 2009 31




Test 3. Lorentz curves. Gini coefficients are G = 0.1, G = 0.2 and G = 0.3
respectively.

Inequalities grow in time due to the speculative dynamics.
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— We have derived a linear kinetic model which describes a financial market
under the assumption that the strategy of investments is a function of price.

— The model is able to describe the exponential grow of the price of the stock
and of the wealth above the rate produced by simple investments in bonds.

— The long time behavior of the model has been studied in the Fokker-Planck
approximation. It leads to lognormal wealth distribution.

— Extensions : u(S,t), ui, several stocks (and prices).

S.C. , L. Pareschi, C. Piatecki, J. Stat. Phys. (2009)
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