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Abstract. In this paper, we explore the short- and long-term stability
of backed stablecoins offering constant mint and redeem prices to all
agents. We refer to such designs as price window-based, since the mint and
redeem prices constrain the stablecoin’s market equilibrium. We show
that, without secondary stabilization mechanisms, price window designs
cannot achieve both short- and long-term stability unless they are backed
by already-stable reserves. In particular, the mechanism faces a tradeoff:
either risk eventual reserve depletion through persistent arbitrage by a
speculator, or widen the distance between mint and redeem prices enough
to disincentivize arbitrage. In the latter case, however, the market price of
the stablecoin inherits the volatility of its backing asset, with fluctuations
that can be proportional to the backing asset’s own volatility.
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1 Introduction

A stablecoin is a cryptocurrency whose price is “pegged” to some reference as-
set (typically the U.S. Dollar). Since their emergence in the mid-2010s, a wide
range of designs and stabilization mechanisms have been developed. But despite
strong incentives and many design attempts, no stablecoin has yet been shown
to be both provably stable and fully decentralized. Designs backed by USD, for
instance, have been shown to be stable when reserves are well-managed; but the
management of off-chain assets requires trust — the very thing cryptocurrencies
were created to circumvent. By contrast, cryptocurrency-backed designs — which
can be managed by smart contracts instead of human custodians — can avoid
this issue, but have struggled with market price volatility. Algorithmic stable-
coins seek to avoid a dependence on any external currency, instead controlling
market price through regulation of supply and demand, much like a central
bank. However, these designs have experienced some of the most catastrophic
stablecoin failures to date (e.g., [23]).

Two foundational questions in the field are therefore still open: Can a decen-
tralized, stable coin even exist? And what is the full space of possible stablecoin
designs? While our work in this paper represents only a very small part of the
complete stablecoin picture, we believe that our approach — in which we use
simple mathematical models and minimal assumptions to distinguish between
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different families of stablecoin designs by the emergent properties of those sys-
tems — could be built upon in future work. Our definitions and approaches were
crafted with this in mind.

1.1 Owur contributions

The scope of this paper is limited to what we call the “price window model,” in
which the stablecoin mechanism mints and redeems stablecoins at fixed dollar
prices, thereby constraining the market price equilibrium to lie between these
bounds. This captures familiar USD-backed designs like Tether and USDC, as
well as some crypto-backed designs like USDN and Cardano’s Djed. Interestingly,
these designs are by far the most common among stablecoins backed by USD,
but seem to be less preferred among crypto-backed designs. Our work offers a
possible explanation as to why.

In Section 2, we suggest that what mathematically distinguishes these de-
signs from other backed stablecoins is the information the mechanism can use
to determine the mint and redeem prices it offers. While other designs (such as
DAI) can use information about the particular transaction (e.g., the identity and
history of the agent initiating the request), price window mechanisms treat all
agents and stablecoins interchangeably. This property leaves the mechanism vul-
nerable to a speculator who exploits fluctuations in the price of the backing asset
(which we refer to throughout the paper as the “backing coin”) to accumulate
reserves.! Informally, our main result in Section 3 shows that if the stablecoin
mechanism is not allowed to use information about the specific transaction, then
it cannot effectively guard against such attacks.

Informal Theorem 1. In the absence of secondary stabilization mechanisms,
the long-term sustainability of a price window-based mechanism is only guar-
anteed when the size of the price window (that is, the difference between the
mechanism’s mint and redeem prices and, therefore, the rational price interval
in the market) scales with the asymptotic volatility of the underlying asset.

This suggests a fundamental tradeoff between short-term and long-term sta-
bility in price window designs over unstable assets. Moreover, our result shows
that the higher the volatility of the asset used to back the stablecoin, the higher
the potential volatility of the stablecoin. This implies that — at least, for designs
which adopt a price window as the primary stabilization mechanism — price
stability seems to be largely an inherited property.

We expect Sections 2 and 3 to be most relevant to theorists and researchers
looking to define relevant stablecoin design taxonomies and understand emergent
properties of different stablecoin designs; but it also has some practical relevance
to system designers. For instance, our result provides a theoretical value for

! By contrast, mechanisms like DAI with personalized redeem prices can guard against
this avenue of failure by blocking agents from redeeming stablecoins for more backing
coins than they paid to mint — but at the loss of the short-term stability afforded by
price windows.
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the size of transaction fees needed to prevent long-term depletion of a system’s
reserves. While this value might be overlarge for systems based on a highly
volatile backing coin, it might be more reasonable to implement for mechanisms
whose backing coin is close to stable.

Section 4 of this work is designed to answer some of the more practical
questions raised by the first part of this work. For instance, in Section 3 we
outline a theoretical mechanism by which some abstract speculator could deplete
a system’s reserves of backing coins, but it’s unclear how seriously this risk should
be taken. Our claim doesn’t address any real-world concerns about whether a
real speculator could successfully launch such an attack, and how powerful and
well-resourced the speculator would need to be to deplete a system’s reserves in
a reasonable amount of time. To this end, we move from a theoretical black-box
speculator to an explicit model of a speculator and compute a formula for the
expected time it would take for the speculator to deplete a system’s reserves,
given that the backing coin prices are drawn independently at random from some
known distribution. We explain how this formula relates the expected depletion
time to the volatility of the backing coin, and how the same pattern we noticed
in the first section — that the more volatile the backing coin, the less sustainable
the system — becomes even more explicit here. We then relax the assumption of
independent price draws and simulate the behavior of a speculator over historical
Ether and Bitcoin price data, showing that a sufficiently wealthy speculator
would have been able to drain the reserves of a stablecoin system backed by
each of these currencies within three years.

1.2 Related work

Understanding the source of stability in stablecoin design has been the focus of a
growing literature since 2019, e.g., see [25,22,24,15,9,17]. The field of stablecoin
literature is inherently interdisciplinary, with sources ranging from empirical and
financial analyses [12,16] to theory [6,21] to regulatory and legal reviews [9,3].
While each perspective offers an important layer to the stablecoin narrative,
our approach in this paper is theoretical, and so our contribution is best com-
pared against other theoretical papers. In general, the heterogeneity of stable-
coins makes it difficult to propose theoretical claims which apply broadly across
the design space, and many works respond to this challenge by either focusing
on a single type of stablecoin design, or by proposing broader frameworks and
taxonomies by which to better understand the options.

For these broader/taxonomic papers, on one end of the spectrum are papers
like [5,26,7,8], which offer meaningful qualitative and intuitive observations but
can lack mathematical formalism. The work of Bullmann et al. [5] is a paper
of this type which has been of particular inspiration to our work, especially the
authors’ distinction between primary and secondary stabilization mechanisms.
Papers which take a more mathematical approach include [17], which classifies
backed stablecoins according to the endo/exogeneity of the backing coins; [29],
a fascinating paper which uses automata theory to develop a modeling and ver-
ification framework which generalizes several types of algorithmic stablecoins;
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and a 2024 paper by Potter et al. [27] which, of the taxonomic papers, seems
closest to our own. In [27], the authors generalize many known stablecoin designs
by their redemption functions and then classify families of designs according to
the economic conditions under which they can maintain the $1 peg. However,
unlike us, the authors assume that all value is measured in dollars, rather than
backing coins. The only failure path for price-window based designs, according
to this paper, is through undercollateralization if the price of the backing coin
drops sufficiently — something which can only occur in “bad” economic states.
Meanwhile, our paper demonstrates how undercollateralization and reserve de-
pletion can occur even in good economic states through a speculator who values
backing coins more than dollars. This is a reasonable assumption to make for
strong backing coins with high average returns, like Bitcoin or Ether.

With respect to limited-scope theoretical papers, our work differs in its fo-
cus on price window-based models over potentially volatile reserves. Since these
designs are less commonly seen in practice, it is perhaps understandable that
fewer papers have studied them as opposed to, for instance, fiat-backed sta-
blecoins like Tether [24] or overcollateralized designs like DAT [19,18,4,20]. Some
notable papers include [19] and [18], which explore deleveraging spirals in stable-
coins with DAI-like designs under the influence of an opportunistic speculator.
[4] explores undercollateralization risks in BitShares, another overcollateralized,
crypto-backed stablecoin. Although this paper explores a different setting from
our work, the author’s focus on understanding how the mechanism should choose
its strategy to prevent some undesired behavior is similar to our own approach.
[11] is another notable theoretical paper, but its setup explores systems in which
redemption is not guaranteed — instead, investors must sell their stablecoins
through the competitive market. The platform defends the peg instead by con-
tracting and expanding the supply of stablecoins.

Several papers, like our own, note a link between the volatility of the backing
coin and that of the stablecoin. For instance, [20] shows how unstable backing
assets can distort a DAI-like system’s mechanism for arbitrage — in particular,
the stablecoin tends to trade above (below) its peg when ETH is in a bad (good)
state. [27] notes the same behavior as well, though their motivation is wholly
different from our own. While we argue that this “inherited (in)stability” occurs
through arbitrage incentives, [27] argues that it instead arises from backing coin
price discrepancies between agents’ expectations and prices offered by the mech-
anism (due, e.g., to price oracle delays). The more volatile the backing coin,
they argue, the more likely it is that these two values will be out-of-sync. In
contrast to these papers, in our work we not only show the relationship between
the volatility of the stablecoin and backing coin, but we also compute the size
of the transaction fees needed to prevent eventual failure.

2 The model

Let T = {1,2,...} 2 N be a discrete and infinite sequence of timesteps, which
we will refer to as time. In our setup, there are two types of coins: the tokens
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and the backing coins. Looking ahead, the former model the stablecoins, and the
latter model the (possibly volatile) assets that back the stablecoin system, e.g.,
Ether, BTC, or USD. The value (or price) of both tokens and backing coins
will be measured in terms of some fiat currency; without loss of generality, we
assume that this will be the U.S. dollar ($). We will use p; to denote the dollar
price of the backing coin at timestep ¢t € T (provided, e.g., by an oracle), and
assume that p, > 0 for all ¢ € T" and that p; is exogenous to the system.

We define a token-generating mechanism M with which some set of agents
interact by exchanging backing coins and tokens. The rules of this interaction
are governed by the functions « and 3, which capture, respectively, how the
mechanism mints and redeems tokens, and which we describe below. Agents are
also permitted to trade tokens and backing coins with each other in a market.
We let d; denote the equilibrium dollar market price of a token at time ¢.

In this work (and in the theory of stablecoins more generally), we are in-
terested in token-generating mechanisms which choose interaction functions «
and S with the aim of creating the conditions for a stable token with market
price d; = 1.2 We call such mechanisms “stablecoin systems” and the tokens they
generate “stablecoins,” even if they are not always stable in practice. To clarify
what we mean by stability, we introduce in this paper a notion which we refer
to as “weak e-stability™

Definition 1. Let p; be the price of the backing coin at time t. Given somee > 0,
we say that a stablecoin mechanism M is e-stable over a sequence (p%)teT if
diel—e, 1+¢] forallteT.

Definition 2. A mechanism M is weakly e-stable for € > 0 if there exists
some non-convergent sequence (p%)teT over which M is e-stable.

We can conceptualize (i)teT as the sequence of prices (in units of backing
coin) over time for a stablecoin sold at $1. This notion of “weak stability” has
two nice properties. For one, it seems clear that any mechanism which does
not satisfy this definition must be a fairly ineffective design. For if a design
can only achieve stability over a sequence of eventually-convergent (in other
words, eventually stable) prices, then the design does not offer any particular
long-term improvement; that is, it does not expand the set of price sequences
over which stability is achievable. The second nice property of the definition is
that it makes a claim about the long-term sustainability of a mechanism. It is
not sufficient for the mechanism to provide some short-term protection against
volatility; to be considered “weakly stable,” the mechanism must be able to offer
this protection indefinitely over at least one sequence of non-convergent prices.
(Note that a design can fail in catastrophic economic conditions (e.g., p; = 0)
and still be weakly e-stable. This is important because otherwise, no backed
stablecoin would ever be considered stable.)

2 This could be any positive constant; but according to convention and without loss
of generality, we set it to 1.
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2.1 Design taxonomy and price window

Now that we’ve introduced the primary goal of any stablecoin mechanism, we
turn to understanding the various ways these mechanisms try to achieve it. Sta-
blecoin designs are often categorized by the primary and secondary stabilization
mechanisms they use.®> The first major taxonomic distinction we (and many
others) make between families of stablecoins designs is whether the stablecoins
are backed or unbacked (also known as “algorithmic”). In this paper, we choose
to only focus on the former. For backed stablecoin mechanisms, the value of a
stablecoin is derived from agents’ ability to redeem their stablecoins to the mech-
anism for 8(-) = $1 of some currency or asset of value (e.g., USD, ETH, BTC
etc.). The currency of choice is what we refer to in this paper as the “backing
coin.” The mechanism stores its supply of backing coins in its reserves R. We
let R; denote the number of backing coins in R at timestep ¢t € T' (with initial
state Ry > 0), noting that the value can change at each timestep in response to
agents’ actions.

a()
Pt

We also assume that agents must pay some amount of backing coin

to the mechanism to purchase/mint a stablecoin at time t.* Mathematically, we
characterize backed stablecoins by these two operations, minting and redeeming.
The mechanism’s chosen functions « and [, along with the current backing
coin price p;, indicate how the mechanism maps a request to mint or redeem,
respectively, a single stablecoin to some quantity of backing coins received /given
in exchange. The information the mechanism uses to decide o and 8 for each
request (i.e., variables upon which « and § depend) gives the next branch in our
taxonomy.

Let 6; represent the state of the system at time ¢, and let 7 represent the
particular transaction request. (The state 6, for instance, might include the price
of the backing coin and the amount of reserves held in the system, while 7 might
represent information about the agent initiating the request, as well as infor-
mation about the stablecoin in question, such as when, by whom, and at what
price it was minted.) These two variables together capture all the information
upon which the stablecoin mechanism can determine its mint/redeem price func-
tions a and 3.5 From here, we make the following distinction: Any mechanism
in which a and 8 depend solely on the state of the system 6 — i.e.,

a(b, ) = a(b:, 75) and (0, 1) = B(6, 7;) for all 7;,7; and for any 6,

3 See [5] for a list of some primary and secondary stabilization mechanisms.

4 While this assumption is not strictly necessary theoretically, the burden of any
backed stablecoin design, as we shall see, is to maintain sufficient reserves to preserve
redeemability. Hence, a mechanism which does not charge users to mint but pays
users to redeem is essentially lost before it has even begun.

® We might later wish to consider some random variable X, to allow the possibility
that « and/or 8 are stochastic functions; but for now we assume our stablecoin
mechanism is deterministic.
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—is said to have agent and stablecoin interchangeability, since the same mint and
redeem prices at any time ¢ are offered to all agents and stablecoins, regardless
of their identity or history.

These designs include “tokenized” stablecoins like USDC and USDT, as well
as some crypto-backed designs like Cardano’s Djed and USDN. (Note: The only
difference between these two classes of designs, according to our model, is that
the backing coins of the former are stable relative to the fiat currency. That is,
for tokenized stablecoins, p% = 1 for all t € T.) By contrast, backed designs
which use information about the specific agent and transaction to determine the
redemption price of a stablecoin (like DAI), are considered non-interchangeable
under this taxonomy. We refer to the stabilization mechanism of interchangeable
backed stablecoin designs as a “price window” (for reasons we will explain
shortly), and say that mechanisms which use this approach are following the
“price window model” for stablecoin designs.

To understand how such mechanisms work, suppose at time ¢ the mechanism
offers some dollar mint/redeem prices 8(6;) < 1 < a(6;) to all agents. Agents’
ability to redeem stablecoins to the mechanism in exchange for $3(6;)-worth of
backing coin creates a price floor in the market (assuming no market frictions) —
for why would any rational agent sell their stablecoin to the market for less than
$6(0;), when they could obtain a higher value directly from the mechanism?
Similarly, the ability to mint for $a(6;) creates a price ceiling on the market.
Together, the price floor and ceiling create a $[3(0;), a(6;)] price window around
the equilibrium market price d; of a stablecoin, so long as the mechanism main-
tains its capacity to mint and redeem stablecoins at these prices.

2.2 Our scope

In what follows, we limit the scope of our analysis to stablecoins which follow a
price window design. For the sake of simplicity, we limit this scope even further
to price window designs where «() and () are constant with time, since these
are the most common designs in practice and can be explored using simpler no-
tation and proofs. We can think of these designs as charging fixed “transaction
fees” e, eg > 0 for every mint or redeem request. However, our results — espe-
cially in Section 3 — are generalizable to transaction fees €, and €3 which are
allowed to vary with time, although we do not include the proof in this paper.®
We formally define the stablecoin mechanism M studied in this paper by the
following minting and redeeming functions:

— Minting: We define a minting price function o : N — R>( which assigns to
each time ¢t € T'= N a mint price, with units in USD. We write a(t) = 1+¢,
for some constant €, > 0. i.e., M will always mint a stablecoin for (1 +&,)-
dollar’s-worth of backing coins. In units of backing coin, this corresponds to

a price of 1;5“ for each time ¢.

5 Essentially, when e, and ep are allowed to vary with time, Theorem 1 still applies,
but to limsupeq(t) and limsupeg(t) rather than €, and eg.
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— Redeeming: Similarly, for redeeming we define 3 : N — R>( as follows: for
some constant eg > 0, B(t) = 1—eg if Ry > ;EB and S(t) = Rept, otherwise.
In other words, M maintains a (1 —eg)-dollar stablecoin sale price whenever
it has sufficient reserves; otherwise M returns as many funds as it can, i.e.,
the entirety of its reserves. We say that the reserves of M are eventually
depleted if there exists some ¢t € T for which R; = 0.

In this way, and assuming no market frictions, M maintains a $[1—eg, 14+£4]
price window around the market equilibrium price d; whenever it has sufficient
reserves. The first timestep ¢ that M is unable to maintain the $[1 —eg, 1+ ¢4 ]
peg is the time of reserve depletion.

3 General results

Now that we’ve introduced our model, we explain the failure path to which
price-window stablecoin designs are susceptible and show that for small €, these
designs are not weakly e-stable. In fact, reserve depletion will eventually always
occur under the sustained effort of a so-called “sensitive speculator” unless the
sequence of backing coin prices converges, or the size of the transaction fees is
proportional to the volatility of the backing coin.

Failure pattern intuition. Consider the lifecycle of a single stablecoin. Mint-
ing at backing coin price p,, and redeeming at p,, through a mechanism with a
$[1—ep, 1+¢,] price window changes the system’s reserves by 1+8" — 1;6’3 units

of backing coin. If 1+€“ > L= 5’3 , this impact is positive for the System if not, it
is negative. Over many coms such effects average out if agents mint and redeem
non-strategically. But if a speculator deliberately times minting and redemption
to maximize these differences, the system can experience systematic reserve de-
pletion, assuming both that the price of the backing coin is sufficiently volatile
relative to the sizes of €, €3, and that the speculator is sufficiently skilled at rec-
ognizing and acting on backing coin price anomalies. And since any backing coin
the speculator gains must be taken from the mechanism’s reserves, eventually,
sustained arbitrage will exhaust those reserves.

Defining a “sensitive” speculator. Let M denote a backed stablecoin mech-
anism with mint and redeem functions «(t) and 8(¢). Define s; as the total profit
(in units of the backing coin) that could be attained by an optimal, omniscient
speculator who: 1) begins with a single unit of backing coin, 2) interacts exclu-
sively with M, and 3) knows the entire sequence of backing coin prices (p%)teT
in advance. Then s; represents the maximum profit achievable up to timestep ¢
over this fixed sequence of prices.

Definition 3. Suppose a speculator has some number of backing coins ng at

= 0. We say that a speculator’s strategy is %-approwimately optimal for
some k > 1 if the total profit 4 obtained by the speculator up to any time t is at
least + i th that of the optimal value; i.e., vy > 52s; for allt € T
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This definition essentially says that if the mechanism’s transaction fees and
the sequence of prices offer an opportunity to profit, then the speculator can gen-
erally recognize and act on this opportunity, albeit imperfectly. In this way, the
definition can be thought of as an assumption about the speculator’s “sensitivity”
to price fluctuations. We formalize this idea in our next definition.

Definition 4. A speculator is sensitive if there exists some number k > 1
such that the speculator’s strategy s %—approximately optimal over any sequence
of prices.

Conveniently, these definitions allow us to construct general results about the
asymptotic global dynamics of price window-based stablecoins while making very
few assumptions on the internal details of the speculator’s strategy or behavior.
This leads us to our first main result, the proof of which can be found in the
full-text version.

Theorem 1. A backed stablecoin mechanism M with finite reserves and con-
stant mint and redeem functions a(t) = 1+ ¢4, B(t) =1 —eg for eq,e5 > 0 is
weakly e-stable in the presence of any sensitive speculator if and only if €4, €3

satisfy (1 + e4) liminf p% — (1 —ep) limsup p% > 0.

Interpretation Recall that limsup p—lt = limy_ 0 SUp {p% it > N} and that
lim inf i = limpy_, o inf {p% it > N}. To interpret Theorem 1, we begin with
the simple case of ¢, = €g = 0. In this case, our claim implies that reserve deple-

tion occurs if and only if lim inf p% = lim sup p—lt, which, by the squeeze theorem,
implies the original sequence (p%)teT converges. Thus, no price window-based
stablecoin mechanism which mints and redeems at $1 can be weakly 0-stable.
The only designs of this type capable of both short- and long-term stability,
therefore, are those for which (p%)teT always converges — for instance, USDT
and USDC, where p% =1lforallteT.

In the more general case, we note that the total profit of sensitive speculators
can be scaled to be arbitrarily small. As a consequence, the only sequences over
which any such speculator is guaranteed to deplete the system’s reserves must
have infinite total profit. Since each discrete time interval only offers finite profit
(even for an optimal speculator), the only way profit can become infinite is in
the tail in the price sequence. This explains why our criteria for e, and g (and
the subsequent proofs) are only concerned with the behavior of the tail of the
price sequence.

To understand more specifically the role of liminf X and limsup -, we can
interpret these values as numbers which capture the range of values in the tail,
since lim sup is the tail’s least upper bound and lim inf is its greatest lower bound.
If lim inf % and lim sup p% are both finite, then the quantity lim sup p—lt —lim inf %
represents the range or spread of the tail of the price sequence. This value can }ge
thought of as a measure of the price sequence’s asymptotic volatility: the larger
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the difference between lim inf p% and lim sup p%, the more volatile the asymptotic
behavior of the price sequence.

In this way, charging “transaction fees” can be thought of as a way of flat-
tening the spread of mint and redeem prices (scaling lim sup pIT and lim inf p% by
(1—ep) and (1+4¢4), respectively) to decrease the range over which a speculator
can asymptotically profit. Our claim essentially says that a mechanism can be
weakly e-stable if and only if ¢, and €3 are large enough to make this “scaled”
spread asymptotically tend to zero.

If we set e, = €g = ¢, then, according to our result, ¢ must satisfy ¢ >
(lim sup p% — liminf p%) / (lim sup i + lim inf p%) in order to prevent reserve
depletion. Here, we can directly see the relationship between the threshold value
of € and the price sequence’s volatility: the two quantities are proportional to
one another. (Note that the denominator, lim sup i + lim inf p%, can be inter-
preted simply as a normalizing factor. It is unrelated to the volatility of the price
sequence.) As a result, the range of the price window offered by the mechanism
becomes proportional to the spread in the original price sequence (i)teT. Recall
that the key advantage of price windows is their ability to constrain (rational)
agents to only trade stablecoins on the market at prices within the offered price
window. This is the strategy by which such mechanisms maintain stability. How-
ever, our result shows that in order to be sustainable, the size of this price window
must essentially be as large as the volatility of the original price sequence. As
a result, the market price of stablecoins is allowed to be, proportionately, as
volatile as the backing coin against which the system aims to protect.

Of course, transaction fees do help delay a system’s time to depletion by
adding more reserves to the system as a buffer against arbitrage attacks. How-
ever, used in isolation, we conclude that price windows are insufficient to simul-
taneously ensure both short-term and long-term stability over a volatile backing
coin.

4 Case study: A speculator with i.i.d. price draws

The theoretical advantage of the previous section lay in its generality and its
ability to capture system-level dynamics with very few assumptions. However,
almost necessarily, this generality comes at the cost of overlooking some practical
questions that are useful to system designers and managers. In this section, we
explore how such specifics can be modeled within the broader framework outlined
in Section 3. For instance, how likely is this failure to occur in practice? How
powerful must a speculator be, and how long must they persist, to inflict real
damage on the system?

To address these questions, we forego our black-box treatment and implement
a concrete model of a speculator. Since our earlier claims relied on the existence of
a sensitive speculator, here we propose a possible implementation and compute
the expected time required for reserve depletion under the assumptions of no
transaction fees (i.e., ¢, = €g = 0) and independent, identically distributed
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(i.i.d.) backing coin prices drawn from a known distribution. Note that this
section is intended as a high-level summary rather than an in-depth technical
analysis. For a full breakdown of the definitions, equations, and results referenced
here, we direct the reader to the full-text version, where each concept is laid out
in detail.

4.1 Modeling the speculator

In this section, we consider a speculator who has intrinsic value for backing
coins but values stablecoins only as a means of obtaining more backing coins.
The speculator interacts with a price window-based mechanism M with «(t) =
B(t) =1 over a sequence of timesteps, and at each timestep, in response to the
revealed backing coin price p;, either chooses some number A; of stablecoins to
buy (A; > 0) or sell (A; < 0); or simply waits until the next timestep (4A; = 0).
The speculator has some expected utility function u over portfolios of stablecoins
and backing coins and chooses 4; as the number which maximizes their expected
utility.

In our model, we assume the speculator’s utility function depends on three
parameters: their level of (im)patience ¢, their beliefs about backing coin prices,
and their risk tolerance A. Specifically, § € [0,1) captures the rate at which the
speculator discounts future value, with low ¢ indicating a patient speculator,
and high § an impatient one. For speculator beliefs about backing coin prices,
we assume 1) that backing coin prices are drawn independently at random from
some distribution with probability density function f(x), and 2) that f(x) is
known to the speculator. Finally, we define the variable A € [0, 1] to indicate
the speculator’s risk tolerance, with A = 1 representing extreme risk aversion
and A = 0 representing risk neutrality. To simplify our analytic results, we also
assume that the mechanism M uses a price window design with € = 0.

Under this model, the speculator’s strategy can be seen as a tradeoff: on one
hand, they might use all their funds to capitalize on any opportunity for profit,
however small, but risk being unable to act when truly exceptional prices occur.
On the other hand, they can wait for rare opportunities with exceptional prices,
accepting delayed gratification in hopes of obtaining larger profits later.

4.2 Understanding the conditions for (in)stability

In the full-text version, we show how we can solve the speculator’s maximization
problem at each timestep ¢ and, assuming prices are drawn independently at
random from our known distribution, compute a general formula for the expected
number n; of backing coins the speculator owns at any time ¢ for ng > 0. From
here, we can find the expected time to depletion of a mechanism with an initial
number Rj of backing coins in its reserves, though it is not always possible to
solve for this time using analytic methods unless A = 0.

Ezxample 1. Suppose backing coin prices are drawn uniformly at random from
a normal distribution with y = ¢2 = 100, and suppose the speculator chooses
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A = 0 and 6 = 0.1. Then setting the ratio f—g to 100 and computing a; ac-
cording to the formulas in the full-text version gives a reserve depletion which is
expected to occur at approximately k(1) = log(lJrf—g)/ log(ay) ~ 15.78, which in
turn corresponds to approximately 227 timesteps.” We remark that a “timestep”
is designated by each time the speculator interacts with the stablecoin mecha-
nism. Assuming, for example, relatively frequent interactions of once every hour,
as well as the price updates instructed by our distributional assumptions, this
calculation shows that depletion of resources will take place in less than 10 days.

Our formula for the speculator’s expected portfolio also allows us to show the
analogous “convergence result” to Theorem 1. In the full-text version, we show
that the speculator’s optimal strategy is to buy stablecoins whenever the backing
coin price p; falls above some threshold price y3, and to sell whenever p; falls
below some price 1 < ys. From here, we prove that, assuming independent price
draws from a distribution with probability density function f(x) and cumulative
distribution function F'(x), a speculator with ng > 0 can never deplete a system’s
g o o @) do
Ty J o © f(@) do
averse that A; = 0 for all ¢ € T'). Moreover, the larger the value of Y, the more
rapidly the reserves are depleted. We can use a formula from the full-text version
to expand the functions f(x) and F(x) in the case of a normal distribution as

reserves if and only if Y = =1 (or if the speculator is so risk

2_ f(y2)

Y — 'LL +o 1—F(yz)
_ 2.f(y1)
A )

From this representation, the relationship between a distribution’s volatility
and Y is clear: Y = 1 if and only if 02 = 0, and the larger the volatility o2,
the larger the value of Y. This result corresponds nicely to the more general
result in Theorem 1, where we showed the relationship between the range of a
price sequence’s tail and the opportunity for a speculator to deplete the system’s
reserves. Here, we see that a large value for Y corresponds to a large interval
surrounding the tail of the price sequence.

We can see the same relationship in our numerical simulations. Consider, for
instance, Figure 1, where we note that the expected time to reserve depletion
increases dramatically for small values of o2 — note that the scale of the y-axis
is logarithmic. In the next section, we show that the same behavior arises even
when we relax the assumption of independent price draws.

4.3 Simulations

For our results in Section 4.2, we assumed that 1) the price of the backing
coin in each timestep is drawn independently at random from some distribution;
and 2) the speculator believes that this is the case. While this assumption of

" See the full-text version on how to convert from k(t) to the number of expected
timesteps.
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K#=100, A=0.5, m=0, n=10, R=1000

— 5=0.1
164 5=0.2
6=0.3
14 - 5=0.4
6=0.5

§6=0.6
6=0.7

log_10(k)

6 260 460 660 860 lDbO 12‘00
02
Fig. 1: The log of the expected time to depletion for prices drawn independently
at random from a normal distribution with © = 100 and various values of o2,

given a speculator with ¢ € [0.1,0.2,0.3,0.4,0.5,0.6,0.7], A = 0.5, ny = 10, and
initial reserves Rg = 1000.

independence allows us to produce exact, analytic solutions, in many cases it
might not always accurately reflect price fluctuations in reality. In this section,
we demonstrate through simulations that the risk of reserve depletion does not
depend on the assumption of price independence. Moreover, we find that, as
in the case of independent prices, the time it takes for reserves to be depleted
decreases as the volatility of the prices grows. Therefore, our simulations convey
essentially the same message, just in an environment where the price updates are
not independent. This is unsurprising, given the general result shown in Theorem
1.

To achieve this, we coded an adapted version of our speculator and designed
a simulator which, given a sequence of backing coin prices® and an initial reserve
value Ry, repeatedly updates the reserves R; according to the speculator’s re-
sponse to the revealed backing coin price p;. The simulation stops either when
the reserves have been depleted (R < 0), or the pre-fixed maximum number of
iterations (in our case, 100,000) has been reached. Note that, unlike in the case
of independent price draws, the speculator’s strategy no longer guarantees that
every stablecoin is sold at a higher price than it was bought, nor that reserves
are eventually depleted when o2 > 0.

4.4 Simulating with real-world data

To demonstrate that, without any interventions or contingency mechanisms, re-
serve depletion is nevertheless a very real possibility in real-world stablecoin sys-

8 This could be a fixed dataset; or could be constructed in real-time e.g., by repeatedly
querying some random process. We use both approaches in different simulations.



14 K. Molinet and A. Filos-Ratsikas

Initial endowment of ng| ETH BTC
100 854.82  879.59
250 637.04  698.96
500 274.08  397.93
750 0 96.89
1000 0 0

Table 1: The smallest value R,,;, of the reserves during each simulation using
three years’ worth of historical price data from each Ethereum (ETH) and Bit-
coin (BTC), for various speculator initial endowments no and initial reserves
Ry = 1000.

tems, we collected historical price data on Bitcoin (BTC) and Ethereum (ETH)
— the two most popular cryptocurrencies in the present day — from April 2022 to
April 2025. Each data point represents the hourly opening price of that currency
on the online trading platform Coinbase [1], giving us a sequence of roughly
26,000 prices for each currency. We then simulated the speculator’s response
against each sequence to see whether reserve depletion could occur during this
three-year time frame. We assumed that each of the reserves had an initial store
of Ry = 1000 coins, and we calculated the smallest value R,,;, the reserves hit
during the course of the simulation, given different initial values for ng. The
results are shown in Table 1, where each entry in the table represents R,,;, for
a particular currency, given an initial speculator endowment of ng coins.

Thus, we see that given a large enough initial endowment, reserve depletion
eventually occurred for both types of backing coins — even when the speculator
used a strategy that had not been optimized specifically for real-world prices. It is
also notable that reserves of Ether depleted more quickly in practice than reserves
of Bitcoin. This perhaps can be attributed to the fact that Ether historically has
had higher rates of volatility than Bitcoin. To explore this hypothesis further, we
examine the impact of different levels of price volatility on both the probability of
reserve depletion within a certain time frame, and the time to reserve depletion
for different sets of simulated prices.

In particular, the price fluctuations of stocks in financial markets are often
modeled as (Gaussian) random walks (e.g., see [14,13,10], and [28,2] for a dis-
cussion specifically related to cryptocurrencies), in which the change in prices
(rather than the prices themselves) are drawn independently at random from
some normal distribution with average step size pgep and standard deviation
Ostep- In our simulations, we compute the average value of jtstep and ogtep OVer our
three-year collection period for each BTC and ETH: The average values we com-
puted from our datasets and used in our simulations were pistep ~ —0.056, Ogtep ~
16.7, po = $3047.70 for Ethereum, and pisrep = 1.66, ostep ~ 302, pg = $40508.04
for Bitcoin. Then, we simulate random walks starting from the same price pg
and with the same value of jigep, but with different values of ogtep, to show how
both the probability of reserve depletion within 100,000 time steps, as well as
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the expected time-to-depletion of those simulations which do end in reserve de-
pletion, change with ogcp. For each value of ogcp, we run 100 different random
walks and aggregate the results. The outcome of these simulations is shown in
the full-text version.

For both currencies, we can see a clear trend: as the average step size ogtep
between prices increases, so too does either the probability of reserve depletion
(in the case of Bitcoin), as well as the rate of reserve depletion (for both curren-
cies; but for Ether especially). When o is very close to zero, the reserves are
practically never depleted.

5 Future Work

Throughout the paper, we made several simplifying assumptions to either make
our work tractable or to highlight what we believed to be the important features
of the model without adding too much complexity. In this section, we bring
attention to some of these assumptions, explaining why they were made and
what impact removing them would likely have.

No competitive market. As readers may have noticed, we do not directly model
a competitive market in this paper; instead, we simply argue that the price
window constrains the equilibrium market price of a stablecoin. This exclusion
stems from two motivations: First, we do not believe adding a market would
alter the system’s long-term behavior and emergent properties so long as mar-
ket funds are finite: a speculator might arbitrage against the market for a time,
effectively delaying reserve depletion, but once those funds are exhausted, the
system’s reserves face the same fate. Essentially, there is a conservation prin-
ciple at play here: finite market funds and system reserves cannot withstand
infinite arbitrage opportunities. The second reason we excluded a market from
this model is that, though the intuitive effect is simple, we were unable to find an
equally simple representation that captured the important information but did
not over-complicate our model. In future work, we would like to add a minimal
representation of a market, akin to our notion of a sensitive speculator.

A single speculator. In our model, we assume there are no other agents besides
a single speculator. This is done primarily for the sake of simplicity, and because
the underlying dynamics of a single speculator on the system are similar even in
the presence of other agents, if somewhat dampened and obfuscated beneath the
other signals. In particular, multiple non-strategic speculators have an additive
impact on reserve depletion, and simply decrease the expected time to reserve
depletion. The presence of other non-speculative agents (who wish to buy /sell
stablecoins only to use them, not to profit from arbitrage over price fluctua-
tions) can extend the time to reserve depletion by adding additional funds to
the stablecoin system’s reserves; but if the agents are non-speculative, then there
will not be a strong correlation between buy/sell times of these agents and the
price of the backing coin. Thus, the underlying impact of the speculator is still
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present, if somewhat obscured by other non-speculative trades. However, mod-
eling the interactions with multiple strategic speculators would be an interesting
extension of this work.

Secondary stabilization mechanisms. This paper showed that a mechanism which
depends on price windows as its only stabilization mechanism cannot be both
short- and long-term stable. In our opinion, the most interesting extension of this
work would be to understand how and whether secondary stabilization mecha-
nisms, such as governance or equity tokens, would change this behavior. Many
stablecoin designs include such “dual” tokens, the idea being to sell these tokens
cheaply when reserves are low to raise funds, and to allow agents to redeem
them at higher prices in the future. In the spirit of our stated goal of formalizing
a mathematical framework, we would like to understand not just how known
secondary mechanisms impact the probability and rate of reserve depletion, but
also whether the known designs represent the entirety of the possible design
space. For this, we suspect that a full or partial axiomatization of the stablecoin
design space could help us restrict the scope of these secondary mechanisms.
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