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Abstract: Many cognitive phenomena of the sort studied by behavioral psychologists show evidence
of a threshold effect, where a certain minimum impulse is required in order to produce a change.
An example is the phenomenon of preference reversal, where a change in context affects a deci-
sion, but only if the effect on perceived utility is sufficiently large. Similar threshold effects play
a role in the endowment effect, where the change of context from owning to buying something
induces a step change in its perceived value, or the ultimatum game, where people demand a certain
minimum threshold amount before a deal can be accepted. The situation is similar to the photoelectric
experiment in physics, where a minimum threshold of energy from a photon is required in order to
dislodge an electron from an atom. In physics, this quantum of energy is written as the product of
Planck’s constant and frequency. This paper uses the concept of entropic force to derive a similar
expression for quantum economics. The theory is applied to a range of cognitive and economic
phenomena exhibiting a threshold effect.
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1. Introduction

Quantum physics was inspired by the observation that energy is transmitted in discrete
parcels which physicists called quanta, from the Latin for “how much”. The existence of
quanta was first proposed by Planck in 1901 as a kind of trick to explain why the so-called
ultraviolet catastrophe did not occur in practice (according to classical theory, the energy
carried by radiation would become unbounded at high frequencies) [1]. The fact that
quanta were more than a mathematical convenience was demonstrated by Einstein in 1905,
using the photoelectric effect, where an electron must receive a certain threshold of energy
in order to be dislodged from an atom [2]. As he wrote, “Energy, during the propagation of
a ray of light, is not continuously distributed over steadily increasing spaces, but it consists
of a finite number of energy quanta localized at points in space, moving without dividing
and capable of being absorbed or generated only as entities.”

Almost a century later, the field of quantum cognition [3] was inspired by the ob-
servation that many features of human cognition are amenable to a quantum approach,
which naturally accounts for effects such as interference between incompatible concepts, or
entanglements between parties. Researchers in quantum finance have similarly argued that
problems of the sort treated in quantitative finance are best expressed using the formalism
of quantum mechanics [4-7]. Quantum methods are also being adopted in other areas of
the social sciences such as international relations [8-10].

Many cognitive and financial phenomena show evidence of a threshold effect, where
a certain minimum impulse is required in order to produce a change, as in the photoelectric
effect. Examples are preference reversal, where a change in context affects a decision;
the endowment effect, where the change of context from owning to buying something
induces a step change in its perceived value; or the ultimatum game, where people demand
a certain minimum threshold amount before a deal can be accepted. These threshold
phenomena can be understood using methods based on quantum probability, as discussed
below, which leads inevitably to the notion of a quantum of action or of energy. However,
while Planck (1949) described the “elementary quantum of action” (which others called
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Planck’s constant) as the “absolute core” of quantum mechanics [11], the cognitive version
has remained only loosely defined, with the equivalent of Planck’s constant being treated
as an arbitrary scaling factor to specify things such as price change [12], the “mental energy”
of voters’ cognitive states [13], or “the energy of a social quantum of excitation” [14].

The latter work describes a “quantum social laser” where a threshold energy is given
by a version of the Planck-Einstein equation E = hv, where the frequency v refers to the
frequency of communications and again points out that “We definitely cannot expect that a
kind of ‘social Planck constant” exists” [14]. However, while it is certainly true that there
is no direct map between subatomic physics and the social world and there is no general
measure of something like mental or social energy, this paper argues that, in the specific
context of monetary exchange, it is possible to at least develop a reasonable and useful
definition for a quantum of value, which depends on a different kind of frequency that is
colloquially referred to as the color of someone’s money.

The outline is as follows: Section 2 explains the entropic force argument, uses it to
obtain an expression for the threshold energy and exploits a previously published model of
financial transactions in order to express this energy as a multiple of a frequency. Section 3
applies the method to a range of cognitive and economic phenomena exhibiting a threshold
effect. Section 4 derives an expression for the energy of a money object. Section 5 discusses
the economic interpretation of the formula and Section 6 summarizes the main conclusions.

2. The Entropic Force

As described in previous works [15,16], we first define the propensity function for
a buyer or seller to be the probability distribution P(x) which specifies the probability
of the person buying or selling at a particular price x, where x is usually chosen to be
a logarithmic variable. The resistance to changing to some nearby price x + Ax will depend
on the change in propensity conditional on (or relative to) the current propensity. This is
equal to the slope of the propensity, divided by the current propensity, or P'(x)/P(x). We
therefore define the associated force as F(x) = yP’(x)/P(x), where 7y is a scaling parameter
with units of energy.

In statistical physics, this force is known as an entropic force, because it acts to
minimize entropy [17,18]. In economics, the force represents the mental desire for a buyer
or seller to adjust the price to their own preferred level. The work done in a change of log

price from x; to x; is
2 P(xz)>
AE :/ F(x)dx = vlo
[ Pty = yiog (i

which depends only on the relative initial and final propensities (so it is not necessary to
normalize the propensity function).

The most basic application of the entropic force approach is to the question of supply
and demand, which underpins financial transactions in general. Reference [15] considered
the case where the joint propensity function, which gives the probability of a transaction
occurring between a buyer and a sellet, is a scaled normal curve with mean y and standard
deviation ¢. This is the case for example when the propensity curves for the buyer and
seller are each normal. The entropic force is then given by the linear equation

Pl = O H - ey

where k = /0?2 is a force constant, which is the equation for a harmonic oscillator.

While supply and demand can be modeled as a classical oscillator, the quantum
framework is well suited for studying such questions for a number of reasons. One is
that the price does not behave in a classical fashion: it is indeterminate until observed
through a transaction, so transactions act as a process of measurement [19] and it does
not oscillate in a deterministic way like a classical oscillator. The system is also naturally
quantized, in the sense that there can only be a discrete number of participants in the
process and a single transaction at a time. Finally, the decision to buy or sell is a cognitive
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act that involves effects such as interference which are best handled using a quantum
approach [20,21]. In particular, for this paper the results in the next section rely on the use
of quantum probability, which allows for negative probabilities and, therefore, interference,
so we require our model to be consistent with the quantum approach.

The quantized version of the supply/demand model [15] is a quantum harmonic

oscillator with a mass "

m=—-—=
2w0?
and force constant

huw
k= 2_ 7
mw 20_2

However, the entropic force equation gives k = 7/c? from which it follows that
v = hw/2. The Hamiltonian of the system then reflects the restoring force, while the
ground state correctly matches the joint propensity curve. Note that the propensity change
between the maximum at x; = 0 and x, = /20 satisfies P(xp)/P(x1) = 1/e where e
is Euler’s number, so the corresponding energy gap is AE = hw/2. This is the same as
the increase in energy attained by using the corresponding displacement operator on the
quantum harmonic oscillator.

To summarise, the entropic force approach allows us to express the energy gap be-
tween two states as the logarithm of the relative change in propensity, multiplied by
a scaling factor 7y which has units of energy. Comparison with a previously developed
quantum model of supply and demand, which applies to financial transactions in general,
leads to the expression y = fiw /2. The resulting quantum model reflects the non-classical
nature of the system; captures both its stochastic and dynamic properties; allows us to in-
terpret variables such as mass and frequency and is consistent with the quantum cognition
approach used below.

3. The Quantum Threshold Effect

The idea of an energy gap can also be applied to situations where a change in the
subjective appeal of a particular prospect, due to a change in context, leads to a decision
reversal. One approach is to model decisions as a sequence of projections, where a quan-
tum mental state is projected first onto a subjective context and next onto an objective
decision [3]. Another approach is quantum decision theory [20] which treats subjective
and objective factors in parallel through the use of entanglement, rather than sequentially,
but gives the same results (in fact, the two approaches are formally identical, since any
sequence of two projections can be expressed as a two-qubit circuit in which the qubits
are entangled [16]).

Quantum decision theory decomposes the relative appeal of a prospect 7 into two
components, an objective utility f(77) and a subjective attraction q(7). In the quantum
model, these two terms interfere with each other in a context-dependent manner. If
a gamble offers a choice of two prospects 71; and 7, then the utility function satisfies
f(m) + f(mp) = 1, as with a classical probability, while the attraction function satisfies
q(m1) +q(m2) = 0.

According to classical utility theory, the person is expected to choose prospect 7y if
f(m1) — f(mz) > 0. In quantum decision theory, however, the relevant test, in order for
the less subjectively attractive option to be selected, becomes f(711) — f(m2) > 2|q(m1)].
If in the lack of information about the attraction function we assume a uniform prior for
the various probabilities, it is easily seen that the utility (on a scale of 0 to 1) of the less
subjectively attractive option should typically exceed that of the other one by 0.5 in order
to be accepted [20].
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This condition is known as the preference reversal criterion. For the case that the less
attractive option has an associated cost x; and the more attractive option has a cost x,, we
can then write the two-valued utility function

__*
f(xl) B X1+ X2
X1
X =
f( 2) X1+ Xxo

which describes the normalized utilities and can be identified with the objective propensity
function for the two options [22]. The preference reversal condition above is then seen to
hold if xp /x1 > 3. Again, this ratio is close to e so the energy gap is close to AE = hw /2.
The preference reversal criterion can therefore be viewed as a general example of the
threshold effect, where the energy gap is provided by the switch in the subjective attraction
function due to a change in context (so in the classical model, the threshold effect would
be zero).

A related phenomenon is the endowment effect, where people assign a higher value
to an object that they own and are selling, than to one that they do not own and are buying.
This can be viewed as another example of preference reversal, since the context has changed
from selling to buying. The effect has been illustrated in a number of experiments, the
best-known being one in which subjects were given a mug and then offered the chance to
sell or exchange it [23]. The experimenters found that people demanded more than twice
as much in exchange for the mug (a median selling price of USD 7.12), as they were willing
to spend to purchase the mug themselves (median buying price of USD 2.87). The price
ratio is about 2.5, which is close to e.

Another example is the well-known psychological experiment called the ultimatum
game [24]. Two subjects are offered an award of say ten dollars, but are given an ultimatum:
one must decide how to split the money and the other has to decide whether to accept
the offer. If the offer is rejected, all the money is returned, so they both lose. Standard
theory, based on rational utility maximizing behavior, would imply that any offer would
be accepted, no matter how low, because it is better than nothing. However, the game has
been performed in many countries around the world and the results consistently show that
people reject an offer that is overly cheap, with about half of all responders rejecting offers
below three dollars [25]. Following the same procedure as above for this threshold gives
a utility ratio of 2.33. Again, this could be viewed as a variant of preference reversal, since
the context has changed from price setter to price taker.

While such cognitive effects are usually demonstrated under controlled conditions
using experimental subjects, a natural experiment for preference reversal was provided
by the observed rate of strategic default during the US housing crisis [26]. According to
objective utility maximization, default makes sense if the costs associated with staying in
a home exceed the costs associated with selling it; and surveys did indicate that homeown-
ers were ready to default on their mortgages if this were the case [27]. However, according
to a report from the Federal Reserve [28], the “median borrower walks away from his
home when he is 62 percent underwater” which surprised some observers [29]. Assuming
a small downpayment, the cost ratio of finding a replacement at the new lower price, to
the cost of staying in the home, is therefore about 2.63, which again is close to e.

To summarise, the threshold effect is explained in the quantum model by the context-
dependent interference between objective and subjective factors, which leads naturally
to the idea of an energy gap. The situation is reminiscent of the photoelectric effect in
physics, with the difference that, instead of computing the quantum of energy required
to dislodge an electron from an atom, we are computing the quantum of debt required to
dislodge a homeowner from their home. In addition, if the idea of a quantum was originally
introduced in physics to explain why the ultraviolet catastrophe did not occur in practice,
the threshold effect in economics explains the non-occurrence of a less dramatic but still
very expensive disaster of a different sort. If those borrowers left underwater by the US
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housing crisis had reacted like rational economic agents and engaged in mass default, then
according to an estimate from First American, it would have cost some USD 745 billion, or
slightly more than the size of the 2008 bank bailout, to restore the lost equity [30]. The fact
this did not happen can be put down to the quantum threshold effect.

4. The Money Power

We can therefore define this energy AE = hw/2 as the “mental energy” needed
to change a person’s mind in a financial context. It scales with the frequency w which
represents a resistance to change. For the supply/demand model discussed above, AE is
roughly the energy gap between a buyer and a seller, so adding this energy to the quantum
system is equivalent to bringing another party to the negotiating table.

While the above formula defines the social version of a quantum of energy, it still
leaves the question of what the individual terms /2 and w represent. In physics, # is
a constant with units of action, while w is a frequency with units of inverse time.
A quantum state with a spread in energy of AE takes a time of at least At = wh/(2AE) to
evolve to a distinguishably different state [31], so it follows that the relevant timescale for
a financial decision is At = 7/ w.

In order to shed more light on the meaning of these terms in a financial context, we
can also compare with another system, which is a debt-based money object (we use the
expression “money object” to highlight the fact that money is being treated as a quantum
entity [32-34]). Consider a Medieval tally stick which represented a tax obligation. The
debtor would be given a stub which recorded the amount owed, while the sovereign
retained the stock which recorded the right to collect payment. The stub was therefore an
involuntary loan that needed to be paid back, while the stock was valuable in itself and
served as a money object. Although stocks did not include an interest rate, they were often
sold at a discount, which amounted to an effective interest rate.

If the sovereign had no power, then a tally would be worthless because the debtor would
feel no need or desire to pay the debt. The value of the tally therefore reflected the power
of the sovereign to produce a preference shift on the part of the debtor. According to the
entropic force argument, the energy gap in changing from a default of probability near 1 (in
the absence of coercion) to a small probability of default p (high coercion) is E = /v /2 where

v=wlo 1
gP

is a boosted frequency parameter. It is reasonable to assume this frequency scales with
the face value of the tally, since a debt can be divided into smaller parts and the energy
associated with each part will depend on its size. It also depends on the probability of
default p, which reflects the soundness of the money supply.

5. Discussion

In the picture described above, a money object is therefore a quantum social entity
whose frequency or “color” is determined by both its face value and the probability of
default. According to one online dictionary [35], “the color of someone’s money” means
“proof that someone is going to pay you.” The quantum economics interpretation makes
this expression more exact.

In statistical physics, a frequency w is related to the inverse of the Boltzmann time
13 = h/(kgT) which is the theoretical order of time needed for an arbitrary nonstationary
state to reach thermal equilibrium [36]. In the social version, the timescale then describes
(as a first-order model) the characteristic time for which it takes a mental perturbation—or
the influence of subjective attractions—to relax or decay by a factor e. In other words, it
is the time for the threshold effect to reverse itself. If for example a person is resistant to
change (large w) then mental perturbations caused by new information will rapidly damp
out as the status quo is reasserted (for example the information may be forgotten). A large
energy v = fw/2 is then required in order to produce a real change. From a modeling
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perspective, since the model is of course just an approximation to the complexities of
human behaviour, it may suffice to assume that the financial version of % is constant in
a given simulation and allow the frequency w to play the role of an adjustable variable
which reflects resistance to change.

A common question in quantum economics, discussed also for the quantum oscillator
model in [15], is whether a quantum approach is necessary, or if a classical approach can
also be used to obtain the same results. As already mentioned, the quantum approach to
cognition has many advantages over classical models and in particular it allows preference
reversal and related threshold effects to be computed in terms of interference between
objective and subjective factors. Comparison with the quantum oscillator model of financial
transactions then leads to the expression v = hiw/2. The quantum approach is therefore
required in order to explain the threshold effect in the first place, but in the context of
economics it also allows us to find an expression for the quantum of energy in a consistent
set of units.

6. Conclusions

To recap, we start with a propensity function P(x) which gives the probability of
a financial instrument having a particular price x. This propensity function is used
to derive an entropic force F(x) and can be used to calculate the energy gap between
two states. For the case that the initial and final propensities differ by a factor e, this
becomes AE = fiw /2.

The formula can be applied to cases where a step shift in propensity is required,
as during preference reversal. In the supply/demand model it is the energy needed to
shift a potential buyer towards a purchase. For such problems, AE = fiw /2 can therefore
be interpreted as the threshold energy needed to produce a step change or reversal in
the system.

In this picture, a transaction or a money transfer is treated as a quantum system with
an energy that is determined by a frequency parameter. Applied to the case of a money
object such as a tally, the energy is seen to reflect the level of coercion (or more generally
persuasion or appeal) implicit in money and the formula implies that the frequency of
a money object should scale with both the log probability of default and the face value
of the money object. The frequency can therefore be interpreted as defining a kind of
resistance to change, as in quantum physics, where it determines how quickly a quantum
system equilibrates after a perturbation.

The theory is motivated by the observation that many systems in economics and
finance show a threshold effect, which can be modeled using a quantum formalism and
this leads inevitably to the idea of a quantum of energy. Of course, this is not the same
as saying that “mental energy” is quantized; however, financial transactions are naturally
quantized in the sense that there is a single transaction talking place and a payment is
a discrete event between two individuals.

Key to the approach is the switch from a framework based on classical logic and
expected utility, as in neoclassical economics, to one based on quantum logic and propensity.
Many scientists will argue that it is inappropriate to transport ideas such as position, force
and energy into the human domain [37]; however, economics is special in that the purpose
of the money system is exactly to ascribe a kind of position, known as price, to the fuzzy
concept of value and this feature allows us to derive a financial version of energy in terms
of an entropic force. The fact that price is just a number, as opposed to something real
and immutable, is what introduces the probabilistic uncertainty that makes the quantum
approach suitable.

In any case, mainstream economics is already explicitly based on the concept of
forces of supply and demand [38], without specifying these in terms of units, or exploring
properties such as mass or acceleration. This is possible only because the forces are assumed
to be at equilibrium. Applying the idea of entropic forces and quantizing the resulting
dynamics, allows us to define these terms more precisely based only on the concepts
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of prices and probabilities. A compelling reason why the quantum formalism can be
used in economics is, therefore, that it provides a unified and dimensionally consistent
framework for analyzing the dynamics of economic systems. In particular, as seen in this
paper, the approach leads to the idea of a quantum of monetary value whose energy exerts
a switch-like effect on the human mind, with very real economic consequences.
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