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ABSTRACT OF THE DISSERTATION

Systemic Risk in Financial Networks
by
Tathagata Banerjee
Doctor of Philosophy in Systems Science and Mathematics
Washington University in St. Louis, 2019

Professor Dr. Zachary Feinstein, Chair

In this dissertation, I have used the network model based approach to study systemic risk in
financial networks. In particular, I have worked on generalized extensions of the Eisenberg-
-Noe [2001] framework to account for realistic financial situations viz. pricing of corporate
debt while accounting for network effects, asset liquidation mechanisms during fire sale,
dynamic clearing, and impact of contingent payments such as insurance and credit default

swaps.

First, I present formulas for the valuation of debt and equity of firms in a financial network
under comonotonic endowments. I demonstrate that the comonotonic setting provides a
lower bound to the price of debt under Eisenberg--Noe financial networks with consistent
marginal endowments. Special consideration is given to the setting in which firms only invest

in a risk-free bond and a common risky asset following a geometric Brownian motion.

Next, I develop a framework for price-mediated contagion in financial systems wherein banks
are forced to liquidate assets to satisfy a risk-weight based capital ratio requirement. I

x1



consider the case of multiple illiquid assets and develop conditions for the existence and
uniqueness of equilibrium prices. I show that the sensitivity analysis of these prices with
respect to the system parameters can be written as a fixed point problem and prove the
existence and uniqueness of a solution to this problem. I also develop a methodology to
quantify the cost of regulation faced by different banks in this setting. Numerical case

studies are provided to study the application of this model to data.

Furthermore, I extend the network model of financial contagion to allow for time dynamics
in both discrete and continuous time. Emphasis is placed on the continuous-time framework
and its formulation as a differential equation driven by the operating cash flows. I provide
results on existence and uniqueness of firm wealths under the discrete and continuous-time
models and discuss the financial implications of time dynamics. In particular, I focus on

how the dynamic clearing solutions differ from those of the static Eisenberg--Noe model.

Finally, I study the implications of contingent payments on the clearing wealth in a network
model of financial contagion. I first consider the problem in a static framework and develop
conditions for existence and uniqueness of solutions as long as no firm is speculating on
the failure of other firms. In order to achieve existence and uniqueness under more general
conditions, I introduce a dynamic framework and demonstrate how this setting can be applied

to problems that are ill-defined in the static framework.

xii



Chapter 1

Introduction

1.1 Background

1.1.1 The interconnected financial system and the 2008 financial

crisis

The modern day financial system is a highly interconnected network. The connections that
exist within this network might be through direct channels such as interbank debt linkages
or through indirect channels such as overlapping portfolios. These shared connections open
up avenues for shared prosperity but also introduce potential channels for contagion. These
avenues of contagion become particularly significant when initial losses for one bank or a
particular asset class propagate through these linkages and affect other organizations, assets,

economic sectors and countries and result in a financial crisis, such as the 2008 financial crisis.

The 2008 financial crisis began with losses in the housing market in the United States. These
losses led to a rapid devaluation of financial instruments such as mortgage-backed securities
and precipitated a crisis in the subprime mortgage market. Banks with a large exposure to
such assets faced a liquidity crunch and the contagion spread to the financial sector with the
collapse of the investment bank Lehman Brothers on September 15, 2008. As a consequence,
AIG faced bankruptcy due to the large payouts it was required to make on its Credit Default
Swap(CDS) contracts referencing Lehman and mortgage backed securities. The sudden call
to pay out the CDS contracts put great pressure on AIG, which traditionally had a thin

capital base. The panic that ensued caused a severe liquidity crisis and a run on the money
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market funds. The U.S. Treasury was eventually required to provide a 700 billion dollar
bail-out to prevent a possible collapse of the world financial system. The 2008 financial
crisis was followed by the The Great Recession, a global economic downturn. This resulted
in tremendous losses across all sectors of the economy such as income, stock values, home

values and employment and caused massive hardships for people.

The 2008 financial crisis prompted action from the policymakers. The U.S. Congress passed
the Dodd-Frank Wall Street Reform and Consumer Protection Act to reorganize the financial
regulatory system. Some of the provisions in the act included creating agencies such as the
Financial Stability Oversight Council (to identify threats to the financial stability of the
United States) and the Office of Financial Research (to conduct research and standardize data
collection), providing the Federal Reserve with additional powers to regulate systemically
important institutions and restricting banks from certain kinds of speculative investments.
On a global scale, the Bank for International Settlements developed the Basel III Accords

to promote stability in the international financial system.

From an academic standpoint, the 2008 financial crisis has prompted the need to understand
the mechanisms and channels which propagate financial contagion, to construct indicators
which identify such contagion beforehand and to develop measures for the effective prevention
and mitigation of such contagion. It is hoped that such research will aid in the development
of prudent policy and regulations that will prevent financial crises from happening in the

future.

1.1.2 Systemic risk and channels of contagion

A major characteristic of the 2008 financial crisis was the amplification of losses through
interconnections within the financial system. The field of systemic risk studies these channels
and mechanisms within the financial system through which an initial shock to the system
gets greatly exacerbated and can ultimately threaten the stability of the entire system.
Thus systemic risk refers to the "risk or probability of breakdowns (losses) in an entire
system as opposed to breakdowns in individual parts or components and is evidenced by
comovements (correlation) among most or all the parts." ([76]). The researchers in this field

try to understand and model contagion channels and loss amplification mechanisms as have
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been observed in past crises. The goal of this is to develop policy and regulatory measures

to prevent such crises in the future.

In the systemic risk literature, researchers have identified different channels through which
financial contagion spreads across the network. In the remainder of this subsection, I describe
some of these interconnections and mechanisms which might act as loss-amplifying channels
in financial systems. This will provide the necessary context for the mathematical modeling
undertaken in this dissertation. I want to stress that this is by no means an exhaustive list;

rather, it is intended to provide a flavor of the myriad interconnections in a financial system.

The first of these channels is the direct linkages or local interactions among financial organi-
zations. For example, if we consider a network with bidirectional debt linkages, the failure of
a bank will result in losses for its counterparties which may now default on their obligations.
Thus the initial shock may propagate across the entire network through these direct linkages

and result in cascading failures.

A different form of linkages exist between banks and insurance companies and are formed
and resolved in a way that is different from normal debt contracts. A typical example of
such a linkage is a credit default swap [CDS|. A credit default swap is a contract in which
a buyer pays a premium to a seller in order to protect itself against a potential loss due to
the occurrence of a credit event that affects the value of the contract’s underlying reference
obligation, e.g., a corporate or sovereign bond. The contract specifies the credit events that
will trigger payment from the seller to the buyer. Whereas such instruments can be used to
hedge risks, they may also be used for speculative purposes to put a short position on the
credit markets. The important role that such contingent linkages plays is demonstrated by
the financial crisis of 2008. As that crisis unfolded, AIG faced bankruptcy after the failure
of Lehman Brothers due to the large payouts it was required to make on its CDS contracts
referencing Lehman and mortgage-backed securities. Eventually AIG had to be rescued by

the U.S. Department of Treasury so as to avoid jeopardizing the financial health of firms
that had bought CDSs from AIG.

The banks in a financial system are also connected through cross-holdings. Banks often own
the equity of other banks and these linkages can potentially trigger a financial vicious cycle.
For example if Bank A owns a part of Bank B, the deterioration of the financial health
of Bank B due to a default by Bank A will result in the damage of the financial health of

3



Bank A itself due to its ownership of Bank B. Such cyclical dependencies within the financial

network will result in amplification of losses due to feedback effects.

A different channel of contagion comes through fire sale spillovers. Those originate when a
firm is forced to liquidate its assets to meet some obligation or regulation. As firms hold
overlapping portfolios, this causes impacts globally to all other firms due to marked-to-
market accounting. These firms are now forced to liquidate their assets, exacerbating the
crisis. An important factor in the origin of fire sale is the unintended consequence of capital
regulations in the form of capital ratio or leverage ratio. Due to these regulatory constraints,
banks might be forced to deleverage, setting off a vicious cycle of contagion: the develeraging
results in the depreciation of prices, causing marked-to-market losses and further weakening
the position of banks, which are forced to sell more. Such deleveraging occured in a large

scale in the 2008 financial crisis, resulting in amplification of losses.

The loss amplification due to the cascading defaults during a financial crisis can be further
exacerbated through default mechanisms such as bankruptcy costs. When a bank defaults,
there are legal and administrative costs associated with such an event. Additionally, the
bankruptcy proceedings will result in delays in payment to the creditors. Thus the combi-
nation of these costs and delays will increase the likelihood of defaults in the system and

magnify the overall losses.

In a financial network, all of these channels may become active simultaneously, and hence a
minor initial shock may be severely amplified and potentially bring down the entire financial

system, thereby causing significant damage to the economy.

1.1.3 Network Models: Approach and Challenges

The 2008 financial crisis showed the severe impacts that systemic crises can have on the
financial sector and the economy as a whole. As the costs of such events is tremendous, the
modeling of such events is imperative. Post 2008, there has been a surge in the research in the
domain of systemic risk. A number of modeling frameworks and interdisciplinary approaches
have been proposed. One of the most significant modeling approaches in systemic risk is

the network model based framework. In the remainder of this subsection, I discuss this



particular approach. A more detailed discussion on individual papers is provided in Section
1.2

The network model of systemic risk has been pioneered by the seminal paper of [45]. [45]
proposes a weighted graph framework to model the spread of defaults in the financial system.
In this approach, banks’ liabilities are modeled through the edges. The banks use their liquid
assets to pay off these liabilities; unpaid liabilities may cause other banks to default as well.
Under simple conditions, [45] proves the existence and uniqueness of the clearing payments
and develops an algorithm for computing the same. [45] provides a simple foundational
model and boosts of attractive features from mathematical and financial standpoints. From
a mathematical standpoint, it provides results on existence and uniqueness of solutions under
a general network setting. It further provides an elegant algorithm for the computation of
the solution. From a financial viewpoint, the Eisenberg--Noe framework is able to capture
the heterogeneity of real world networks and encode an intuitive notion of the cascading
default process, which makes it suitable for the design of stress testing algorithms. Thus the
Eisenberg--Noe model provides financial intuition and is suitable for use in an operational

framework, without compromising on mathematical rigor.

Despite being elegant, the framework of [45] is undoubtedly simple and it only considers
local interactions among banks in the form of debt contracts. Hence there have been efforts
to use this baseline model and adopt it for the study of other channels of contagion and more
realistic financial mechanisms such as bankruptcy costs, cross-holdings, fire sale etc. These
extensions form the crux of the network model of systemic risk. In these extensions, the focus
is on deriving the clearing solution (payment/price) and to study which market participants
default during the clearing process. Thus, much emphasis is placed on developing conditions
for the existence and uniqueness of the clearing solution. The stress tests, designed using this
approach, typically consist of applying shocks to different parts of the financial network and
identifying contagion through a pre-defined measure such as the number of defaults or the
resultant wealth. These models typically inherit the benefits of [45]: they are able to capture
properties of real world financial networks, they are comparatively easier to operationalize,
and they can be used to develop stress tests based on rigorous mathematical results instead
of relying on heuristics. In fact, many central banks and regulatory bodies have incorporated
these network models into their stress tests of the financial system (see, e.g., [9} [73], 25, [50],
10T, [61]).



However, these models are not free from challenges. One such challenge is that in models
with more realistic financial mechanisms a consolidation of the desirable mathematical and
financial features is often difficult to achieve. In fact, in many of these works incorporat-
ing practical financial systems, results on uniqueness and, sometimes, existence can not be
obtained. Despite being challenging from a mathematical standpoint, this has provided us
additional insights into financial systems. First, it might be perfectly natural to expect mul-
tiple equilibria in several situations owing to the non-linearity of the financial system and
often, even though there is not a unique solution, a worst-case analysis can be performed
to bound the system behaviour. Secondly, it is often observed that restricting the system
parameters to certain domains can result in uniqueness of solutions. Hence, this can be seen

as a method to calibrate system parameters instead of using heuristics.

A second challenge stems from the fact that the results of the network models are very
much dependent on the system parameters, which are often not exactly known. Despite
the progress that has been made in recent years, the regulators still face significant legal
and logistical hurdles in the data collection process. A second factor which hinders this
process is the fact that most of the systemic risk models are very nascent and the discovery
of which data is actually required in this analysis is very much an ongoing process. In that
context, the stress testing results using network models are very much dependent upon how
these parameters are calibrated. Owing to this uncertainty, it is imperative that we have an
understanding of how a variation in these parameters might affect the results. Thus it is very
important to perform sensitivity analysis with respect to the system parameters. A different
way to look at this problem is that the models will inform the data collection process. Thus
regulators can look at these models and identify which data they are required to collect for

efficient oversight.

In this dissertation, I have employed the network model based approach for the study of
systemic risk in financial networks. In particular, I have extended the baseline model of [45]
to study corporate debt pricing and dynamic clearing as well as model contagion channels
such as contingent payments and fire sale. The main contributions of this dissertation are
discussed in Section [L.4]



1.2 Literature Review

In this section, I review the literature on systemic risk. In particular, my focus will be on the
network model of systemic risk that has been pioneered by the seminal paper of Eisenbeg--
Noe ([45]). The majority of this literature review will revolve around [45] and its extensions.
Other approaches such as mean-field models are not discussed separately but highlighted as

a comparison to the network models in particular situations.

1.2.1 [Eisenberg--Noe Model(2001)

Interbank networks were studied first in [45] to model the spread of defaults in the financial
system. This work considers debt linkages between different banks in a financial system and
models these linkages using a bidirectional graph. The failure of a bank will result in losses
for its counterparties, which may now default on their obligations. Thus the initial shock
may propagate across the entire network through these debt linkages and result in cascading
failures. This interdependency of realized (clearing) payments is modeled as a fixed point
problem. [45] proves the existence and uniqueness of the clearing payments and provides an
elegant algorithm for the computation of the same. The mathematical framework used in
this model is discussed in Section [I.3] The Eisenberg--Noe model provides a foundational
framework in the systemic risk literature. The simple but elegant baseline model has been

extended in many directions to capture complexities in the financial system.

1.2.2 Network Valuation Models

An important question in financial mathematics is the valuation of corporate debt and
determination of the market capitalization. Traditionally, two alternative approaches have
been followed. The first of these approaches is the structural approach, which was introduced
in the seminal paper of [86]. The second approach is the reduced form approach where the
modeling is done from a more statistical perspective, taking into account the historical default

intensities and the underlying stochastic factors (|44]).



The valuation in structural models is generally done from the perspective of an individual
bank. However, this does not take into account the myriad interconnections that exist within
a financial system and might result in gross misspecification in firm health. The Eisenberg--
Noe framework provides an elegant framework to incorporate these interconnections and has
been considered in multiple works. [99] considers the problem in a setting with cross-holdings
and [58| generalizes that setting to include multiple seniority classes and derivatives; these
works rely solely on Monte Carlo simulation for numerical computations. [69] considers a
model with random exogenous shocks on the assets of each bank. [70] gives an interpretation
of this problem as one with a “hidden” Collaterized Debt Obligations (CDO). [16] considers
the problem of network valuation and the effect of a random exogenous shock in the external
assets. A different approach is considered in [75] where a PDE method is used for the
case where the banks’ assets are driven by correlated multidimensional Brownian motions
with drift. A reduced form model for studying distress contagion and marked-to-market

write-downs of debt contagion has been studied by [103].

Network valuation adjustment mechanisms, using a SDE approach, have been studied in
21, 22).

1.2.3 Dynamic Contagion Models

[45] considers a static framework. Several works have considered the extension of this frame-
work to include multiple clearing dates. This has been studied directly in [27, [57]. Addition-
ally, [80] considers a similar approach to model financial networks with multiple maturities.
[52] provides another approach to financial networks with multiple maturities by considering
each clearing date as a different asset. All of these works, however, only consider clearing
at discrete times. [98] presents a continuous-time clearing model that exactly replicates the

static Eisenberg--Noe framework.

Dynamic contagion has been studied using mean field models, which represent an alternative
approach to the network models in the systemic risk literature. [60] provides a model of
agents who revert to the ensemble mean to provide understanding of “systemic risk events”
in which many firms fail. Similar mean field diffusion models without controls were studied

in, e.g., [59, 65 [66]. In contrast, mean field and stochastic games have been proposed for the
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study of systemic risk in, e.g., [30, 29]. In such models the firms are allowed to borrow from
(or lend to) a central bank, the amount of which is optimized to minimize a quadratic cost
function. Thus the choice of borrowing and lending provides an optimal control problem
beyond the simpler mean field model of [60]. [90] proposes a separate particle system model

with mean field interactions.

1.2.4 Contingent Payment Models

[45] considers interconnections through bilateral debt contracts. However, linkages formed
between banks and insurance companies can also act as potential channels of financial con-
tagion. These linkages are formed and resolved in a way that is different from normal
bank loans, e.g. Credit Default Swaps. The framework in [45] is not suitable to deal with
such contingent payments and several extensions have been proposed to incorporate such
interconnections in the Eisenberg--Noe framework. [19] 18] show that the clearing vector
in the presence of generalized CDS contracts is not well-defined and need not exist. They
further propose a static setting to model CDS payments and give sufficient conditions on
the network topology for existence of a clearing solution. [81] considers such a model in a
static framework and proposes a method to rewrite some classes of network topologies as
an Eisenberg--Noe system. [I7, [36] model CDS payments, but most of the reference entities
are required to be external to the financial system. [78] models reinsurance networks and
studies the implications of network topologies on existence and uniqueness of the liabilities
and clearing payments. A different approach has been taken in [74] in which a stochastic
setting is used to analyze contagion caused by credit default swaps. The role of credit default
swaps in causing financial contagion has been captured in several empirical studies, see e.g.
[92, [’4].

1.2.5 Models with bankruptcy cost

In [45], the defaulting banks can use the entire proceeds from other banks to pay off their

obligations. However, in reality this is not the case. The defaulting banks suffer additional

losses due to legal and administrative fees and there are often delays in payments to creditors.

This additional loss is termed as bankruptcy cost. [96] extends the framework of [45] by
9



incorporating bankruptcy costs in the default mechanism. It shows the existence of a greatest
and least fixed point and presents an algorithm for the efficient computation of the same.
[104] considers a joint framework to study the impact of cross-holdings, bankruptcy cost
and fire sale and concludes that bankruptcy costs are a main driver of systemic risk. [67]
finds that "bankruptcy costs must be quite large in order to have an appreciable impact
on expected losses as they propagate through the network". Other notable works which

consider bankruptcy costs in their models include [46, [47].

1.2.6 Models with cross-holding

Beyond debt linkages, banks are connected with each other via equity claims. [47] con-
siders an extension of [45] to accommodate cross-holdings and develops an algorithm for
the determination of clearing solutions. Furthermore, it discusses the impact of seniority
structure of debt on the clearing solutions. [46] considers a model with cross-holdings and
studies the impact of diversification and integration on the clearing solutions. [104] finds

that cross-holdings can stabilize the system against default contagion.

1.2.7 Fire sale models

An important channel of contagion in financial networks comes through indirect connections
or global interactions among organizations, e.g., fire sale spillovers. [33| considers the liqui-
dation problem in the context of a capital adequacy ratio. [6] studies the fire sale problem
in a single asset setting when banks are forced to liquidate assets to meet debt obligations
and shows the existence and uniqueness of a solution to the resultant fixed point problem.
[51] considers a multi-asset extension to [6] and shows the existence of a Nash equilibrium
to the the joint payment-pricing-liquidation problem. [54] develops an extension to [51]
where banks, in addition to meeting their debt obligations, must satisfy a leverage ratio.
[26] considers the fire sale problem in a single asset setting where banks are required to
satisfy a risk-weighted capital ratio. [53] considers the price-mediated contagion problem in
a continuous time setting and provides results on existence and uniqueness as well as ana-
lytical bounds under a random setting. [71] develops empirical measures of the vulnerability
and connectivity of banks and discusses intervention measures to reduce the vulnerability
10



to fire sale contagion. [38| develops an operational framework for quantifying the effects of
deleveraging and "shows that such indirect contagion effects may modify the outcome of
bank stress tests and lead to heterogeneous bank-level losses which cannot be replicated in a
stress test without deleveraging effects". [43] constructs an index of aggregate vulnerability
and discusses the connection of this index to SRISK, one of the most prominent systemic

risk measures.

1.2.8 Implications of network topology

The importance of the network topology in the Eisenberg--Noe framework has been explored
to identify structures that tend to propagate default or alternatively dampen it. [I] shows
the ’robust-yet-fragile’ tendency of financial networks. [28] considers the problem of net-
work topology using majorization-based tools. [46] studies the effect of diversification and

integration on financial contagion.

An alternative approach to study the effect of network topology is the random graph model.
[5] derives rigorous asymptotic results for the magnitude of contagion and gives an analytical
expression for the asymptotic fraction of defaults, in terms of network characteristics. [41]
derives conditions under which local shocks can propagate through the network. [8] gives

bounds on the size of the cascade and derives testable conditions for this cascade to be small.

1.2.9 Calibration of network models

The results on financial contagion in the network models is dependent upon the system
parameters. Unfortunately, these parameters might not be exactly known due to logistical
and legal issues. For example, in the Eisenberg--Noe framework ([45]), the nominal liabilities
matrix L is not often exactly known and thus needs to be estimated (|72}, 50, [10]). An entropy
maximizing approach has been proposed in [102] and has been used to estimate the liabilities
matrix from balance sheet data in [102, 49, 40]. However, empirical literature has shown that
the real world liabilities matrix L might be quite different in contrast to the homogeneous
network that is produced by that approach ([88,37]). A minimum density method, based on

minimizing the total number of edges consistent with the aggregated assets and liabilities,
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has been proposed in [I0]. [63] proposes a Bayesian method to estimate the liabilities matrix,
given the total liabilities. This method has been applied to reconstruct credit default swap
markets in [64].

1.2.10 Sensitivity analysis

As discussed in the previous subsection, the results on identifying contagion and designing
stress tests using network models is dependent upon system parameters that are often not
exactly known and need to be calibrated. Hence, sensitivity analysis with respect to the
system parameters becomes an important exercise. [82] performs sensitivity analysis of the
clearing vector with respect to the initial net worth of each bank in the framework of [45]. [55]
considers the sensitivity problem with respect to estimation errors in the relative liabilities
matrix in the Eisenberg--Noe framework and poses it as a fixed point problem. It further

studies worst case and probabilistic interpretations of the perturbation analysis.

1.2.11 Adoption of network models in stress tests

Central banks and regulatory bodies have incorporated these network models into their
stress tests of the financial system. [9] discusses the results of using MacroFinancial Risk
Assessment Framework (MFRAF), a stress testing framework, to the stress testing scenario
used in the 2013 Canada Financial Sector Assessment Program led by the International
Monetary Fund. [61] uses the network model for a study of the UK banks. [73] studies the
emergence of interbank networks using data of the European banks. Other notable works in
this domain include [25 [50, T0T]).

1.3 A Brief Review of the Eisenberg--Noe Model

In this section, I review the mathematical framework used in [45]. This will provide insights

into the type of mathematical modeling and arguments that are typically employed in the
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network model based approach. Additionally, I show that the Eisenberg--Noe problem can

be reformulated as a fixed point in the clearing wealth, rather than the clearing payment.

1.3.1 Notation

I begin with some simple notation that will be consistent for the entirety of this dissertation.

Let z,y € R™ for some positive integer n, then

A Y= (min(:r;l, y1)7 min(:c2, y2)7 s 7min(xn7 yn>)T )
= = —(x A0), and = (—z)~. Further, to ease notation, I will denote [x,y] := [z, y1] X
(T2, 2] X ... X [Ty,yn] € R” to be the n-dimensional compact interval for y — z € R’.

Similarly, I will consider x < y if and only if y — 2 € R}.

Throughout this dissertation I will consider a network of n financial institutions. I will
denote the set of all banks in the network by N := {1,2,...,n}.

1.3.2 Mathematical framework of Eisenberg--Noe Model (2001)

[45] considers linkages in the form of bilateral debt contracts. These are represented mathe-
matically by the nominal liability matriz L € RY*". Any bank ¢ € A" may have obligations
L;; > 0 to any other firm j € N. It is assumed that no firm has any obligations to itself,
e, Ly = 0 for all firms ¢ € N. Thus the total liabilities for bank ¢ € N is given by

Di =, jen Lij and relative liabilities m;; := I;;? if p; > 0 and arbitrary otherwise; for sim-

plicity, in the case that p; = 0, we will let m;; = ﬁ for all 7 € M\{i} and m; = 0 to retain
the property that > jen Tij = L. On the other side of the balance sheet, all firms are assumed
to begin with some amount of external assets x; > 0 for all firms i € A/. Thus the complete

financial system can be characterized by the pair (L, z) or equivalently by the triple (II, p, z).

The central question explored in this work is the determination of a clearing payment p. To

accomplish this, [45] considers the following stylized rules of bankruptcy:
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(i) Limited liabilities: the total payment made by any firm will never exceed the total

assets available to the bank.

(ii) Priority of debt claims: the shareholders of a firm receive no value unless all its debts

are paid in full.

(iii) All debts are of the same seniority: in case a bank defaults, debts are paid out in

proportion to the size of the nominal claims.

I will assume that these rules hold for the remainder of this dissertation. The resultant
clearing payments, is represented by the following mapping @ : [0, p|] — [0, p|, which is given
by

D(p) = pA (e +117p). (1)

That is, each bank pays the minimum of what it owes (p;) and what it has (z; -+ 7jip))-
A clearing payment is defined by a fixed point p* of Equation (L.1)) satisfying

p=®(p*). (1.2)

The existence of a clearing payment is proved in the following proposition which is taken
from Theorem 1 of [45].

Proposition 1.3.1. Consider a financial system given by (I1,p,x). There exists a greatest

and least clearing payment p' > p*.

Proof. ®(p) is monotonically non-decreasing in p and its domain is compact. So the Tarski

fixed point theorem can be used to get a greatest and least clearing payment p' > pt. O

The clearing payment, given by (|1.2) is not generally unique. However, [45] provides very
simple conditions under which uniqueness is guaranteed. For this, the following definitions

need to be considered which is given in [45].

Definition 1.3.2. A set S C N is a surplus set if no node in the set has any obligations
to any node outside the set and the set has positive operating cash flows, that is, for all
(Z,j) €5 x SC, Hij =0 and ZiES x; > 0.
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Definition 1.3.3. For each node i € N, define the risk orbit of node i, given by o(i), as
follows: o(i) = {j € Nlthere exists a directed path from i to j}.

The preceding definitions can now be used to define a regular financial system.

Definition 1.3.4. A financial system is regular if every risk orbit, o(i), is a surplus set.

An economic interpretation of regularity is the existence of some value somewhere in the
financial system that can reach all nodes in the system. A sufficient condition to ensure
regularity is to set x > 0. The uniqueness condition is now stated in the following proposition

which is replicated from Theorem 2 of [45].

Proposition 1.3.5. Consider a regular financial system. Then the clearing payment p is

unique.
Proof. The proof is given in Appendix 1 of [45]. ]

[45] gives an elegant algorithm, termed as the Fictitous Default Algorithm, for the deter-
mination of the clearing payment. This algorithm converges to the clearing solution in, at

most, n steps. It is replicated as follows:

Algorithm 1.3.6. Initialize k = 0, D = ), and p° = p.

(i) Increment k =k + 1,
(ii) Denote the set of insolvent banks by D* = {i € N | z; + 37, Tl < D}
(iii) If D* = D*! then terminate;

(iv) Define the matrix A € {0,1}™*" so that

1 ifi=j¢€DF
Nij = )
0 else

(v) pt = p is the solution of the following fixed point problem:

p=(I—Np+Ax+1"p)
15



(vi) Go back to step (i).

[45] gives results on the comparative statics of the clearing vector in Lemma 5 which is

restated in the following proposition.

Proposition 1.3.7. The clearing payment vector p* is a concave, increasing function of the

operating cash flow vector x and the level of nominal liabilities L.

Proof. The proof is given in Lemma 5 of [45]. O

1.3.3 Reformulation as a fixed point in clearing wealth

The resultant vector of wealths for all firms, in the Eisenberg--Noe setting, is given by
V=x+Ip-p (1.3)

Noting that payments can be written as a simple function of the wealths (p = p — V),
I provide the following proposition. I refer also to [103, [16] for similar notions of utilizing

clearing wealth instead of clearing payments.

Proposition 1.3.8. A vector p € [0,p] is a clearing payment in the Eisenberg--Noe setting
if and only if p = [p— V™|t for some V € R satisfying the following fived point
problem

V=x+I"p-V]"—p (1.4)

Vice versa, a vector V€ R is a clearing wealth (i.e., satisfying (1.4])) if and only if V is
defined as in (1.3) for some clearing payment p € [0,p] as defined in the fized point problem

D).

Proof. 1 will prove the first equivalence only, the second follows similarly.

Let p € [0,p] be a clearing payment vector. Define the wealth vector V' by (|1.3)), then it
is clear that V~ = p — p by definition as well, i.e., p = p—V~ > 0. Thus from (1.3)) I
immediately recover that the wealth vector V' must satisfy (|1.4)).
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Let p = [p— V~]T for some wealth vector V' € R™™! satisfying (1.4)). By construction I find
p=p-V ] =p—(z+0'p-V ]t —p) =p—(2+I'p—p) =pA(z+1Tp).

Note that p > (z +IIT[p — V7]T — p) can be shown trivially. ]

Due to the equivalence of the clearing payments and clearing wealths provided in Proposi-
tion [1.3.8, I am able to consider the Eisenberg--Noe system as a fixed point of equity and

losses rather than payments.

1.4 Main contributions

In this dissertation, I have used the network model based approach to study systemic risk
in financial networks. In particular, I have proposed extensions to the base model of [45]
to study channels of contagion such as fire sale and contingent payments and account for
realistic financial situations such as corporate debt pricing and dynamic clearing. These
models are presented under general settings without presupposing the nature of the network
or system parameters. Hence, these results can be used to augment stress tests, calibrate
system parameters and improve the data collection process. The main contributions of this

dissertation are summarized as follows:

(i) Valuation of debt and equity in a financial network with comonotonic endowments: 1
study the problem of valuation of corporate debt and the determination of market
capitalization. I follow the structural approach, introduced in the seminal paper of
Merton [86]. The valuation in structural models is generally done from the perspective
of an individual bank. However, this does not take into account the interconnections
that exist within a financial system. As evidenced by the 2008 financial crisis, con-
sidering the risk of a single firm alone can cause gross misspecification in firm health.
As such, valuing claims that take the full network effects into account is imperative
in ensuring that the true risk of the claims are taken into account. To account for
the network effects, I consider this valuation problem in the Eisenberg--Noe framework
[45]. A common thread of the existing literature in this domain ([99, 58| [69} [70, [16])
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is that explicit, analytical solutions are considered only for cases with either no di-
rect interconnection between firms or where the number of firms in the system is very
low. This is because the valuation problem, under a general endowment vector, will
require partitioning the endowment space into 2" possible default scenarios in a system
with n banks. Therefore, computing the expectation suffers from the curse of dimen-
sionality and is typically computationally intractable for realistic systems. Further
complications arise if bankruptcy costs are considered along the lines of [96]. Without
bankruptcy costs, the 2" default scenarios result in the partition of the bank endow-
ment space into 2" mutually exclusive and convex regions. However, in the presence
of bankruptcy costs, these partitioned regions are not, in general, convex. Providing
any analytical solution in this case becomes very challenging even in small systems.
In contrast, I focus on the setting wherein the banks have comonotonic endowments.
This setting follows from a portfolio optimization perspective. Under the assumption
of comonotonic endowments, the default regions can be characterized by at most n
intervals on R, and become tractable analytically. This tractability extends to the
case where bankruptcy costs are considered. Thus the comonotonic setting allows me
to explore the network effects from an analytical perspective. Furthermore, I show
that the comonotonic setting provides a lower bound for the price of debt under the
framework of [45]. This is particularly valuable in the context of systemic risk. I derive
the closed-form expressions for the price of debt, market capitalization and and the
survival probability in the case where the firms invest in a risk-free bond and a risky
asset following a geometric Brownian motion. This allows me to compare this setting to
the the one taken by Merton [86]. Using the 2011 European Banking Authority data, I
show that the price of debt should be significantly higher under the full network effects
compared to the scenario in which it is assumed that the banks will be able to pay in
full. Incorporating this risk properly in the valuation of assets will ensure that there

are no pricing shocks to the system at a future date.

Price-mediated contagion through capital ratio requirements: Fire sale is a critical
source of contagion in financial systems. An important factor in the origin of fire
sale is the unintended consequence of capital regulations in the form of capital ra-
tio or leverage ratio. Due to these regulatory constraints, banks might be forced to

deleverage, setting off a vicious cycle of contagion: the develeraging results in the
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depreciation of prices, causing marked-to-market losses and further weakening the po-
sition of banks, which are forced to sell more. Such deleveraging occured in a large
scale in the 2008 financial crisis, resulting in amplification of losses (|39} [77, 83]). I
develop a general mathematical and economic framework to study price-mediated con-
tagion in a multi-asset setting where the firms liquidate assets during a crisis due to
risk-weighted capital requirements. This multi-asset setting provides a suitable frame-
work to model cross-asset contagion, which was widely observed in the 2008 financial
crisis. One of the major challenges of the multi-asset setting is the effective modeling
of the strategic aspect, that presents itself while performing liquidation to satisfy the
capital requirements. Existing literature (e.g. [71], 143, 38|) considers proportional lig-
uidation for this analysis. In contrast, I consider a general liquidation function with
mild continuity and monotonicity requirements and am thus able to study liquida-
tion schemes beyond proportional liquidation ( e.g. utility maximizing liquidation)
and encode the strategic aspect in my framework. Hence this model can be used to
design stress tests beyond proportional liquidation and linear price impact. This is
particularly important as the modeling of the contagion is dependent upon the choice
of the liquidation function (as shown in this work). In contrast to the other static
models of fire sale (|26}, 54], (51, [7, 33} 38, [43] [71])), I consider two notions of pricing: the
current liquidation price and the volume weighted average liquidation price. The adop-
tion of these two separate notions of pricing, besides being realistic, significantly aides
the mathematical analysis, particularly in the development of conditions for unique-
ness. In fact, in contrast to existing literature on price-mediated contagion due to
leverage/capital requirements (|26}, [54]), T am able to prove the uniqueness of the pric-
ing equilibrium, conditional on certain properties of the inverse demand function. I
also provide an alternative characterization of the uniqueness condition in terms of a
monotonicity condition on the inverse demand function and a lower bound on the risk-
weights, which can be used in the calibration of the risk-weights. In contrast to other
works on fire sale, I develop a mathematical framework to perform sensitivity analysis
of the equilibrium prices with respect to the system parameters. This is particularly
important as the system parameters are often not exactly known and hence the results
are very much dependent on how the system parameters are calibrated. Using these
results on sensitivity analysis, I develop a method to study the cost of regulation in-

curred by each bank and highlight this through an empirical study with the six banks
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(iii)

participating in the 2015 Federal Reserve CCAR with the largest trading operations.
Through a numerical simulation with a two bank two asset system, I study the effect
of diversification of bank portfolio in our framework and find that diversification does
not uniformly lead to a more stable system. In fact, under certain liquidation regimes,

the cross-asset contagion might outweigh the benefits of diversification.

Dynamic clearing and contagion in financial networks: The Eisenberg--Noe model and
the majority of the literature in the network model based approach consider a static
framework. Hence, they fail to account for dynamic clearing in financial networks which
can give an incorrect assessment of the health of the financial system. I consider a gen-
eralized extension of the Eisenberg--Noe model to allow for cash flows and obligations
to be dynamic in time. I present this model in both discrete and continuous time, thus
extending the frameworks of [80, 27, 57|, which consider only discrete time clearing.
However, my emphasis is on the derivation and the characterization of the continuous-
time model as a differential equation driven by stochastic cash flows. In particular, I
consider existence and uniqueness of the clearing solutions, and a numerical algorithm
for finding sample paths of this clearing solution, under cash flows modeled by Ito6
processes. The proof of existence and uniqueness in the continuous time framework is
approached in an entirely different manner than the traditional fixed point approach
used in the network models. This is in contrast to the other works on multiple ma-
turity models such as [80, 27, 57]. The main benefit of my approach is that it no
longer requires strong monotonicity assumptions for existence and uniqueness which
are generally required for static and discrete-time systems (that typically employ the
Tarski fixed point theorem). This is also valuable for future works that may model
network formation and payments as a non-cooperative game; such games may not
satisfy the strong monotonicity assumptions usually considered in static and discrete-
time systems, but would likely satisfy the sufficient conditions for the continuous-time
framework. I provide a discussion of the financial implications of time dynamics in
interbank networks and show that the dynamical system for the Eisenberg--Noe conta-
gion model may include an inherent prioritization scheme. In particular, I find that the
static Eisenberg--Noe clearing solution can be recovered in the continuous-time setting
by choosing the network parameters precisely. This allows for a notion of determining
the true order of defaults as opposed to the fictitious default order discussed in the

static literature based on [45]. However, if the continuous-time network parameters
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(iv)

are determined to not follow the rules for recreating the static Eisenberg--Noe setting,
then the dynamic and static clearing solutions will generally not coincide. In fact, the
set of defaulting and solvent institutions can be altered by rearranging the timing of
obligations. As such, using the static Eisenberg--Noe framework for stress testing may

result in an incorrect assessment of the health of the financial system.

Impact of contingent payments on systemic risk in financial networks: Contingent
payments such as credit default swaps and insurance are an important part of the fi-
nancial system. These instruments introduce additional linkages in financial networks,
which played a vital role in the 2008 financial crisis. As that crisis unfolded, AIG
faced bankruptcy after the failure of Lehman Brothers due to the large payouts it was
required to make on its CDS contracts referencing Lehman and mortgage-backed secu-
rities and eventually had to be rescued by the U.S. Department of Treasury. However,
despite the importance of these linkages, current models are unable to account for the
conditional payment that an insurance or credit default swap contract would require.
I provide a generalized theoretical framework in which to study credit default swaps
and other contingent payments in the Eisenberg--Noe setting. I focus on existence and
uniqueness of the clearing vectors under contingent payments without presupposing
the nature of those payments or making strong assumptions on the network topology.
This is in contrast to the existing literature on CDS network models (|19} 18 81]) in
which there is no guarantee that the realized networks would obey the required condi-
tions. Hence it is paramount to develop results for a general network, irrespective of
the topology. I do this by first considering the problem in a static framework where
all claims are settled simultaneously and develop conditions to provide existence and
uniqueness of the clearing wealth. Further, sensitivity analysis and financial implica-
tions are considered in this setting. I find that the static framework is suitable only for
a certain class of networks and I cannot guarantee the existence of a clearing solution
beyond these systems. Indeed, the problem often becomes ill-defined from a financial
standpoint. Hence I introduce a dynamic framework. This setting ensures both exis-
tence and uniqueness of a clearing solution under the usual conditions from [45] and
makes the problem well-defined from a financial viewpoint. Further, I show that the
problems which could not be solved in the static framework can be studied with this
dynamic approach. This approach can be used to design stress tests that take into

account, the conditional nature of the payments under contingent claims.
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1.5 Organization

The remainder of this dissertation is organized as follows:

e Chapter 2 presents the problem of valuation of debt and equity in a financial network
with comonotonic endowments. I provide the expectation of the equilibrium payments,
equity, and wealth and prove that these expected values can provide lower bounds for
the general random endowment setting. I consider the special case where the firms
invest in a risk-free bond and a common risky asset following a geometric Brownian
motion and present the explicit solutions for the risk neutral price of debt, the market
capitalization, and the survival probability. Furthermore, I consider simple compara-

tive statics of the provided valuations with respect to the different system parameters.

e Chapter 3 discusses price-mediated contagion through capital ratio requirements. I
develop a framework for price-mediated contagion in financial systems where banks are
forced to liquidate assets to satisfy a risk-weight based capital ratio requirement and
derive conditions for the existence and uniqueness of equilibrium prices. I show that
the sensitivity analysis of these prices with respect to the system parameters can be
written as a fixed point problem and prove the existence and uniqueness of a solution
to this fixed point problem. Furthermore, I develop a methodology to quantify the
cost of regulation faced by different banks in this setting. Numerical case studies are

provided to study the application of this model to data.

e Chapter 4 considers dynamic clearing and contagion in financial networks. I propose
a discrete-time formulation for the Eisenberg--Noe model and provide results on exis-
tence and uniqueness, as well as a numerical algorithm based on the fictitious default
algorithm of [45]. I then extend our model to a continuous-time setting and consider
existence and uniqueness of the clearing solutions, and a numerical algorithm for find-
ing sample paths of this clearing solution, under cash flows modeled by [t6 processes.

Finally, I discuss the financial implications of time dynamics in interbank networks.

e Chapter 5 presents the impact of contingent payments on systemic risk in financial
networks. I develop the static framework for incorporating contingent payments such

as insurance and CDS and provide results on existence and develop conditions for
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uniqueness that are intimately related to considerations of insurance versus specula-
tion. Further I demonstrate some shortcomings inherent to the static framework with
contingent payments. Then I introduce a discrete time dynamic framework and discuss
existence and uniqueness results. Additionally I demonstrate how this framework can
be applied to problems that are ill-defined in the static framework through numerical

examples.

e Chapter 6 concludes and offers directions for future research.
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Chapter 2

Pricing of debt and equity in a
financial network with comonotonic

endowments

This chapter is based on [13]| which is joint work with Zachary Feinstein.

2.1 Introduction

In this chapter, I consider the problem of valuation of corporate debt and determination
of market capitalization. Traditionally, two alternative approaches have been followed. The
first of these approaches is the structural approach, which was introduced in the seminal paper
of Merton [86]. Merton considered the debt and equity of a firm to be derivatives on the
value of the assets of the firm where the strike price is given by the firm’s liabilities. Merton’s
model has been extended in many directions and forms the basis of modern structural credit
risk models, used in the Basel 2 framework and KMV. In these models, the value of the
firm’s assets is given by an underlying stochastic process and a credit event occurs when the
value of the assets fall below the liabilities of the firm. The second approach is the reduced
form approach where the modeling is done from a more statistical perspective, taking into
account the historical default intensities and the underlying stochastic factors ([44]). In this

chapter, I will focus exclusively on the structural approach.
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The valuation in structural models is generally done from the perspective of an individ-
ual bank. However, this does not take into account the myriad interconnections that exist
within a financial system. As evidenced by the 2008 financial crisis, considering the risk
of a single firm alone can cause gross misspecification in firm health. In this work, I will
focus on interconnections through correlated assets as well as interbank debt claims. These
interconnections effectively link the balance sheets of different banks and make the value
of a firm dependent on the performance of other firms. These shared connections might
open up avenues for shared prosperity but also introduce potential channels for contagion.
These avenues of contagion become particularly significant during a financial crisis where
the default of one firm might cause the failure in other firms. This effect is also referred
to as cascading defaults. As such, valuing claims that take the full network effects into
account is imperative so that the true risk of the claims are also taken into account. In the
Eisenberg--Noe framework for interbank payments, this valuation problem has been consid-
ered in multiple works by means of a structural approach. [09] considers the problem in
a setting with cross-holdings and [58] generalizes that setting to include multiple seniority
classes and derivatives; these works rely solely on Monte Carlo simulation for numerical com-
putations. [69] considers a model with random exogenous shocks on the assets of each bank.
[70] gives an interpretation of this problem as one with a “hidden” CDO. [16] considers the
problem of network valuation and the effect of a random exogenous shock in the external
assets. A different approach is considered in [75] where a PDE method is used for the case
where the banks’ assets are driven by correlated multidimensional Brownian motions with
drift. A reduced form model for studying distress contagion and mark-to-market write-downs
of debt contagion has been studied by [I03]. A common thread of the existing literature is
that explicit, analytical solutions are considered only for cases with either no direct inter-
connection between firms or where the number of firms in the system is very low. I wish to
note that the general methodology of [69] requires partitioning the endowment space into
2™ possible default scenarios in a system with n banks. Therefore computing the expec-
tation suffers from the curse of dimensionality and is typically computationally intractable
for realistic systems. Further complications arise if I consider bankruptcy costs along the
lines of [96]. Without bankruptcy costs, the 2" default scenarios result in the partition of
the bank endowment space into 2" mutually exclusive and convex regions. However, in the
presence of bankruptcy costs, these partitioned regions are not, in general, convex. I refer

the reader to Appendix [A] for elucidation of this point. Providing any analytical solution in
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this case becomes very challenging even in small systems. Hence a numerical approach has

been generally followed, i.e. via Monte Carlo simulations.

In light of the above, I focus on the setting where the banks have comonotonic endowments.
This setting follows from a portfolio optimization perspective. If all firms are portfolio
optimizers, then each will position their endowments to be countermonotonic to the pricing
kernel (|93]). Hence the endowments of the banks will be comonotonic to each other. Under
the assumption of comonotonic endowments, the default regions can be characterized by at
most n intervals on R, and the problem becomes tractable analytically. This tractability
extends to the case where bankruptcy costs are considered. Thus the comonotonic setting
allows me to explore the network effects from an analytical perspective. Furthermore, I am
able to provide a lower bound on the expectation of the system behavior under any general
random endowment with the comonotonic framework. This is particularly valuable from a
stress testing perspective. I highlight the closed-form expressions for the price of debt and
market capitalization in the case where the firms invest in a risk-free bond and a risky asset
following a geometric Brownian motion. I compare this setting to that taken by [86] using

numerical case studies.

The rest of the chapter is organized as follows. In Section [2.2] I provide a description of my
mathematical setting. Section considers network clearing when firms have comonotonic
endowments. I provide the expectation of the equilibrium payments, equity, and wealth.
Further, I prove that these expected values can provide lower bounds for the general random
endowment setting of, e.g., [69]. Section considers the special case where the firms
invest in a risk-free bond and a common risky asset following a geometric Brownian motion
as in [86]. I provide the explicit solutions for the risk neutral price of debt, the market
capitalization, and the survival probability. Section considers simple comparative statics

of the provided valuations with respect to the different system parameters.

2.2 Setting

Throughout this chapter, I will consider a network of n financial institutions. Often I will

consider an additional node n + 1, which encompasses the entirety of the financial system

outside of the n banks; this node n+ 1 will also be referred to as society or the societal node.
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I refer to [56] [67] for further discussion of the meaning and concepts behind the societal

node.

In this chapter, I consider obligations with a single maturity date, as considered in [45].
Any bank 7 € {1,2,...,n} may have obligations L;; > 0 to any other firm or society j €
{1,2,...,n+ 1}. T will assume that no firm has any obligations to itself, i.e., L; = 0 for
all firms ¢ € {1,2,...,n}, and the society node has no liabilities at all, i.e., L,4;; = 0 for
all firms j € {1,2,...,n+ 1}. Thus the total liabilities for bank i € {1,2,....,n} is given by
D 1= Z?:ll L;; > 0 and relative liabilities from bank ¢ € {1,2,....n} to bank j € {1,2,..., 5}

is given by m;; = Lﬁ” if p; > 0 and arbitrary otherwise; for simplicity, in the case that

pi = 0, I will let m;; = 0 for all j € {1,2,...,n}. Note that, for any firm ¢, I recover
the property that Z?:l mi; < 1. Throughout this work I will consider the square matrix
IT € [0, 1]™*™; the relative liabilities from firm ¢ to the societal node n 4+ 1 can be defined
as being 1 — Z?Zl mi; > 0. On the other side of the balance sheet, all firms are assumed to

begin with some endowments z; > 0 for all ¢ € {1,2,...,n}, with 2o > 0.

The central question explored in the network models is the determination of the firm wealths
after network clearing. Let the clearing wealths be given by V € R™. To determine the
clearing wealths, I assume the stylized rules of bankruptcy viz., limited liabilities, priority
of debt claims and same seniority as discussed in Chapter Throughout this work, I
consider a system with some exogenous recovery rate in case of default, i.e. a special case of
[96]. This means if bank 7 has negative wealth V; < 0 then it is defaulting and its assets are

reduced with recovery rate § € [0, 1].

With the rules set, I formalize the clearing process ¥ : R” — R" in wealths to describe this
system. I can define the payments and equity from the wealths V as p = (p — V)" and

E = V7 respectively. The clearing process is defined for all firms 7 as

W;(V) = Loy

T + Zﬁji(ﬁj -Vt - pz‘]

j=1
p (xz + i — Vj_)+> —E] :
j=1

As such, the clearing procedure ¥ implies: if bank ¢ has nonnegative wealth V; > 0 then it

+ Livi <o}

is solvent and its wealth is equal to its total assets minus its total liabilities; if bank ¢ has
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negative wealth V; < 0 then it is defaulting and its assets are reduced by the recovery rate

B. I note that with § =1 (i.e. under no bankruptcy costs) I recover the model of [45].

I will now consider existence and uniqueness results on the clearing wealth V. In general, I

can get existence by applying Tarski’s fixed point theorem.
Proposition 2.2.1. There exists a greatest and least clearing solution to V. .= W(V) for

V € R™ and any finite clearing solution falls within the lattice [—p,x + 11" p — p.

Proof. First note that W is nondecreasing in wealths V. Now I will prove that —p < V <
r+11Tp—pfor any V = ¥(V) € R

e For any bank i: V; > Iiy,>03[—0i] + Ljv,<0y[—Di] = —pi by construction.

e By monotonicity of the clearing procedure I recover V < W(V*) =z +1"p — p.

The proof is completed by an application of Tarski’s fixed point theorem on the lattice
[—p.x+ 175 — . -

In general, however, the clearing wealth V is not unique. In the special case without
bankruptcy costs (5 = 1), this reduces to the network described in [45]. In that setting

one can get uniqueness under very mild assumptions.

Corollary 2.2.2. Consider a setting with no bankruptcy costs (8 = 1) and all firms have
obligations to the societal node n + 1 (i.e. Z?:l mi; < 1 for all firms i), then there exists a

unique clearing solution V- = W (V).

Proof. The external node n + 1 implies the system is a regular network [45, Definition 5]|.

Thus by Theorem 2 of [45] I recover the uniqueness of the clearing solution. O

Assumption 2.2.3. For the remainder of this chapter, I will assume that all firms have

obligations to the societal node n+ 1 (i.e. Z?zl mi; < 1 for all firms i).
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Proposition 2.2.4. Let VT = U(VT) denote the greatest clearing solution from Proposi-
tion m Then VT = U*(V1) and is the greatest real-valued fized point of W* where:

z; + Zﬂji(ﬁj - V) —pi

=1

s (ffz + i%‘i(ﬁj - Vf)) —@] :

i (V) = Twizoy

+ Livi<oy

Proof. By Proposition VT > —p and thus VT = ¥*(V") as well. Similarly to the
proof of Proposition , I can apply Tarski’s fixed point theorem to (2.2)) on the lattice
[—o0,z + I1Tp — p]. Let V* = U*(V*) be the greatest real-valued fixed point of ¥* and
assume V* > VT with Ve > VZ-T for some bank i. Then it must follow that V* > VT > —p,
which implies V* = ¥(V*). However this is a contradiction to VT being the greatest clearing
solution to W. O

I can compute the maximal clearing solution, as discussed in the previous proposition,
through an application of the fictitious default algorithm as described in [96].
Corollary 2.2.5. The following algorithm converges to the mazimal clearing solution V1 =
U(VTh:

(i) Initialize VO =2 +1"p—p, 20 =0 € R, and k = 0.

(ii) Iterate k =k +1 and define 2™ =Ly 01 gy € {0,1}".

(iii) If 2% = 2= then VT = VE=D and terminate.

(iv) Define A = diag(z®) to be the diagonal matriz with main diagonal defined by z*) and

VE = (I —A) [z +TTp+TTAVHE — p]
+A[B(z+TTp+ITAV®) — p]
—1 _ _
=(I-I-1=BMNITA) " [I-1=BA) (z+11"p) —p].
(v) Go to step (i).
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Proof. The convergence of this algorithm to the greatest clearing wealth solution follows
from the logic of the fictitious default algorithm in [45]. The nonsingularity of the matrix
I—(I—(1—B)A)IITA follows from input-output results as detailed in [55, Theorem 2.6]. [

Throughout this work I will focus on the greatest clearing wealths solution V1. 1 choose
this equilibrium as all firms and regulators, if given the choice, would prefer these clearing
wealths to all others as no firm can improve on their performance beyond that given by V7.
I wish to note that if a different clearing solution were chosen, and in particular the least

clearing wealths, all subsequent results of this chapter would follow comparably.

Definition 2.2.6. Define the mapping V : R} — R" so that V(x) is the mazimal clearing
wealth solution under endowments x € R't. Further, define x — p(x) := p— V(z)~ and

x— E(x):=V(x)T to be the associated payments and equity.

Proposition 2.2.7. The greatest clearing wealth mapping V', and thus also the payment and

equity mappings p and E, is nondecreasing in the endowments x.

Proof. The monotonicity of the clearing wealths in the endowments follow from Theorem 3
of [87]. The results for the payments and equity follow directly from the definition of those

mappings from the clearing wealths. O

From Corollary 2.2.5]T am able to give a linear construction for the clearing vector provided
the defaulting set is known. This is given by the following construction. I compare this
linear structure to the directional derivative proposed in [82] and the “network multipliers”
from [32] when considering only the model of [45], i.e. with full recovery (8 = 1). For the

remainder of this chapter I will use the following definitions:

1

A(z) == (I — (I — (1 — B)diag(z)) 1" diag(z))
6(z) == (I — (I — (1 — B)diag(z)) I" diag(2))

(I — (1 = 3)diag(z)) (2.3)
[I—(I—(1-pB)diag(z))II"]p (2.4)

1

for z € {0,1}" denoting the set of defaulting institutions as in the fictitious default algorithm

above. Thus

V(z) = Al (z)<op)® — 0Ly (2)<oy)
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for any endowment x € R’ by construction.

2.3 Expectations and pricing of debt and equity

Consider now a probability space (€2, F,P). Denote by L° := L°(Q, F,P) all measurable
random variables. Further, denote by L' C L° those random variables that have finite
absolute expectation, i.e. X € L' if X is (Q, F,P) measurable and E[|X|] < oo. Further I

will denote by L% those random variables that are almost surely nonnegative.

I note, first, that the problem of finding the expectation of the clearing wealths and payments
under random endowments X € (L} )" was considered in [69] in the case of no bankruptcy
costs (8 = 1) but with cross-ownership. I replicate those results and extend them to consider
the case with bankruptcy costs in the Appendix [Al As finding the expectations in such a
general setting requires computing the measure of 2" regions in R", this would typically
require Monte Carlo simulation and suffer greatly from the curse of dimensionality. Fur-
thermore, if all firms are portfolio optimizers and do not take any other firm’s investments
into account, the chosen endowments will all be countermonotonic to the pricing kernel (see,
e.g., [93]). As such, a general endowment space is not necessary for understanding systemic
risk and financial contagion. This motivates me to consider comonotonic endowments as
these are often tractable analytically and require the consideration of at most n intervals.
In fact, T will demonstrate that, in the setting of [45], I am able to provide a bound on
the expectation of the system behavior under any random endowment using the comono-
tonic setting. I will present below, first, the expectations and probability distributions under
general comonotonic endowments and, second, a special case related to Merton’s model for
credit pricing (|86]). T wish to emphasize that in this chapter, I consider a single maturity
model along the lines of [45, 96|, i.e. the network is formed and fixed at time 0 and all claims

mature (and solvency is determined) at time 7' > 0.
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2.3.1 Expectations under comonotonic endowments

In this section I will consider the endowments to be random and comonotonic. As such, I wish

to recall a definition of comonotonicity of random variables which comes from Proposition

7.18 of [85].

Definition 2.3.1. X € (L')" is comonotonic if X @ f(q) (i.e. equal in distribution) for

some random variable ¢ € L° and f : R — R™ nondecreasing.

Assumption 2.3.2. Throughout this chapter, I will restrict my consideration to comono-
tonic nonnegative random vectors of endowments X € (LL)™ that are equal in distribution

to f(q) for some nonnegative random variable ¢ € LY. and nondecreasing map f: Ry — R

For any random endowment satisfying Assumption I can now consider the defaulting
regions, i.e. the regions in which different combinations of banks are deemed to be defaulting
on a portion of their liabilities. In fact, under the comonotonic setup considered herein, all
such regions in the g-space must be convex intervals in R, . This is in contrast to a general
endowment space in which the regions need not be convex if the recovery rate is strictly less
than 1 (8 < 1); I refer to [69] and Appendix [A] for more on this analysis. Thus, with the
comonotonicity assumption I can uniquely define the regions of ¢ under which different firms
default, which I will do so with the vector ¢* € RY}.

Definition 2.3.3. Fiz some random endowments satisfying Assumption[2.53.3. Define ¢* €

R% so that q; is the minimal value such that firm i is solvent, i.e.

q; =inf{q > 0[Vi(f(q)) = 0}.

With this comonotonic setting described in Assumption I can provide an iterative

representation for the lowest prices ¢* € R such that each firm is solvent.

Proposition 2.3.4. The lowest prices such that the various firms are solvent, defined by q*
in Definition [2.53.5, can be defined explicitly by the following iterative relation of decreasing
values. Initialize qpo) = ©© and 29 =0 € R™. Then for any k=1,2,...,n:

+

[1] € argmax sup {q > 0 | e/ A(=47Y) f(g) < 6:(=“7)}
=1 g

7. ZZ-
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k . * _ B +
iy = min {qsyy . sup {g 2 0| eyAG=E)f(g) < (=)} '}

20 = =1 + €]

As a convention, the supremum of the empty set is assumed to be —oo. If the set defi-
nition of [k] has cardinality greater than one, then only a single argument is chosen arbi-
trarily. In particular, if f is continuous and strictly increasing in the single factor then

Jr
qf‘l] = [maxi (s — Z?:l sz-)] and q[“k] can be found via bisection search between 0 and

*

qk—1)-

Proof. This follows directly from the monotonicity of the wealths as given in Proposition[2.2.7]
and the construction of A, ¢ in and (2.4). The level qpy 1 chosen exactly to be the
largest price ¢ so that the [k]"® bank would have 0 wealth (i.e. the lowest price so that it is
solvent) given that the prior [1] through [k — 1] banks have already been deemed insolvent.
The minimum taken with qfj,—q) Is necessary only in the case of contagious defaults, i.e. from
bankruptcy costs if the jump in payments from bank [k — 1] causes bank [k] to also become

insolvent at the same time. O

Assumption 2.3.5. Without loss of generality I will assume for the remainder of this chap-
ter (except where explicitly mentioned otherwise) that the banks are placed in descending

order of q*, i.e. so that qf > q5 > ... > q;,. Additionally, define q5 = oo and g, = 0.

Thus the value ¢ is, in some sense, indicative of the financial stability of bank ¢. Immediately
with this construction of minimal values ¢* for which each firm is solvent, I am able to deduce
formulations for the defaulting probabilities for each bank as well as the expectations of the
wealth, payments, and equity for each firm. In contrast to the general formulation in [69]
which requires a partition of the endowment space into 2" defaulting regions, the formulations
given in the below theorem require only a partition into n intervals. Further, as demonstrated
in Lemma below, in the setting of [45], this formulation provides a tractable bound on

the general expectations given in, e.g., [69] [16] for large networks.

Theorem 2.3.6. Let the endowments be defined by X € (LL)" satisfying Assumption .
The probability of default, the expected wealth, the expected payment, and the expected equity

for firm v are given, respectively, by:

P(Vi(X) <0) =P(g < q)
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n

EV(X)] = e Y | AEL (@Laetar, an) = 0P(a € 651 60))]

k=0

E[pi(X)] = pi +¢; Z [AkE H{qé[qu )} ] - Sk]P)(q € [CIZH»C]Z))}

i—1

e Z [AkE Oigelar, o) — WP € [qZH,QZ))]
=0

where I define Ay, and &, by:
k o C ek _—
A A(ijlej) fo=12en o 5(2].:1@]) ifk=1,...n
! ifk=0 (I-T)p  ifk=0

Proof. This follows directly from the construction of V' in the fictitious default algorithm of
Corollary and the construction of ¢*. O]

Remark 2.3.7. I will now compare the expectation results above to those from [69] with
cross-ownership of equity but no bankruptcy costs. In this setting the ownership of equity
is denoted by I' € [0, 1]™*"™ where bank j owns ~;; of bank i’s equity. Under the assumption
that no firm has sold off all of its equity, I consider only the case that 2?11 vi; < 1. 1 can

consider this setting in the same way by redefining A, § as:

-1

A(z) == (I — (I — (1 — B)diag(z)) [II" diag(z) + I'" (I — diag(z))])
x (I = (1 —p)diag(z))
6(z) == (I — (I — (1 — B)diag(z)) [II" diag(z) + I'" (1 — diag(z))])fl
x [I = (I (1~ p)diag(z))II" | p.
The comonotonic case that I consider would, as discussed previously, solve the curse of

dimensionality issue that exists in the work of [69].

I now wish to consider how the formulas above for the expectations of wealth and debt under
comonotonic endowments can provide a bound for the more general random endowments.
As previously mentioned, the expectations of debt and equity were studied in [69, 16], but
the formulations required suffer from the curse of dimensionality. More generally, if the
correlations between firm endowments is unknown, the following lemma is useful from a
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stress test viewpoint as I find that the comonotonic case is a lower bound on the health of

the system.

Lemma 2.3.8. Consider the setting of [45], i.e. = 1. Let X € (LL)" and Z = (F(U), ..., Fx (U))

for uniform random variable U on the support [0,1] and marginal distributions Fx,, ..., Fx

n

for X1, ..., X, respectively. Then

Vi(X)]
[pi(X)]

IA

VI(E[X])  and
pi(E[X])

)
T
N
IA
EH &
IA

for any bank i.

Proof. By construction X <,,, Z with respect to the supermodular order (see Section 9.A.4
and, in particular, Theorem 9.A.21 of [97]). I further note that, under the setting of [45],
I can consider this system as a fixed point in the payments p(z) = p A (z + II"p(z)) with
V(z) = 2 + II'p(z) — p. Thus if p : R} — [0, p] is submodular then the lower-bounding
result is proven. To prove this result I consider that the payment function is the pointwise

limit of the mappings p* : R% — [0, p] defined iteratively as:
P’(z):=p and p*"*z):=pA (v +11"p"(x)) Vk €N, Vo € R".

As p(x) = limy_,o, p*(z) by construction (where convergence follows from the monotonicity
and boundedness of the arguments 0 < p**1(z) < p*(z)), if p* is submodular for all k then
the same must be true for the clearing payments p. Trivially p° is submodular. Now by
induction assume that p*~! is submodular. Take z,y € R? and i € {1,2,...,n}; there are

three cases that must be considered:

(i) If pf () = pf(y) = Pi then pf(x) +pF(y) > pi(z Ay) + pi(z Vy) by construction.

(ii) If p¥(x) < pF(y) = p; then pF(x) > pF(z Ay) and pF(y) = p¥(x V y) by monotonicity
(Proposition [2.2.7); thus pj'(z) + p(y) > pi(z Ay) +pf(z V y).
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(iii) If pf(z) < pi and pf(y) < P then pf(x) = x; + Y0 mpl ' (x) and pf(y) = vi +

Z}Ll Wjip;?_l(y). Therefore I find

pi () + i (y) = +

T; + Z Wjip;?il (%)
j=1

yi + Z Wjipfl(y)]
j=1

j=1

2T NYi + 2 VY + Zﬂji [ @ Ay) + 0 (e v y)]
=1

_ [@M)i + Y mak e Ay

=1

+

(@ Vy)+ > mipt ! (z v y)]

=1

> pi(z Ay) +pf(z V).

Further, by p concave (see Lemma 5 of [45]), the upper bound follows by Jensen’s inequality.
]

In the below simple network, I demonstrate some counterexamples to extending the results
of Lemma [2.3.8] For instance, I first consider the setting with bankruptcy costs, i.e. with
recovery rate § < 1. Second I demonstrate that, even in the Eisenberg--Noe setting, no
consistent bounds for firm equity exists. Intriguingly, though the payments and wealth
attain their worst-case under comonotonic endowments, the equity of the different firms in
the financial system may actually be higher under the comonotonic endowments than other
correlation structures. However, I wish to note that the societal node would exhibit the
same lower bound property as given in Lemma [2.3.8| since its equity is equal to its wealth

by construction.

Example 2.3.9. I wish to consider the cases not proven to have bounds in Lemma [2.3.8
above. Specifically, I will demonstrate that the lower bounds do not hold when bankruptcy
costs exist ( < 1) and that the equity does not satisfy the bounding property with comono-
tonicity. For these counterexamples I will consider the 2 bank and societal node system
depicted in Figure 2.1} That is, firm 1 owes 1 to both firm 2 and the societal node and firm

2 owes 1 to firm 1 and 2 to the societal node.
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L12:1

Figure 2.1: Example [2.3.9t A sample network topology used to determine counterexamples
to expanding the results of Lemma [2.3.8]

e First, I wish to consider a counterexample to the bounds provided in Lemma
for a network with bankruptcy costs (8 < 1). Consider the countermonotonic and

comonotonic random endowments (including for the societal node 3)

X — (0,2,0) with P(X = (0,2,0)) = 1
(1,0,0) with P(X = (1,0,0)) = %
7 (0,0,0) with P(Z = (0,0,0)) = 3
(1,2,0) with P(Z = (1,2,0)) =1

With recovery rate 5 € [0,1] I find that the four possible payment vectors are:

p((o, 0, 0)) = (07 0, O)

432 12
p020) = (25 50 0)

6 332
000 = (205 525 o)

p((1,2,0)) = (2,3,0).

Thus I can conclude

E[p(X)] = (ﬁ(25+3) 38(8+4) O) < (1 3 O) _ E[p(2)].

6_B2 ) 2(6_B2>7 DX
In fact Elp;(X)] < E[p;(Z)], and thus also E[V;(X)] < E[V;(Z)], for both firms ¢ if
B€0,1).
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e Second, I wish to consider a counterexample to a bound for the equity. Again I will

consider two simple random endowments

14+¢€2,0) with P(X =(1+¢2,0))
21+4¢,0) with P(X = (2,1+¢,0))

NI= N

(

(
,_Jtelse0) withP(Z=(1+e1460) =
(

2,2,0) with P(Z = (2,2,0)) =

with € € (0, %) I find that the four possible payment and equity vectors are:
8 9
P1+e1+60) = (F1+e), 2(1+6), 0
p((1+¢2,0)) =(2,3,0)
p((2,1+¢€0)) =(2,2+¢,0)
p((2,2,0)) = (2,3,0).

Thus I can conclude from E(z) =z + I "p(x) — p(z) that

]E[E(X)]:(1+2€ 8+6)

3 3

Notably I find that I cannot compare E[E(X)] and E[E(Z)] since E[E}(X)] < E[E1(Z)]
but E[E5(X)] > E[E5(Z)].

2.3.2 Pricing under geometric Brownian motion with common

noise

In this section, I will consider a specific case of the comonotonic structure. Here I consider
a market with a risk-free bond and a single risky asset in which the different firms have
heterogeneous investments. The risky asset, which can be viewed as an investment in the

market portfolio, will be assumed to follow a geometric Brownian motion. This setting is
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chosen for the purposes of comparison to [86]. Due to the heterogeneity of portfolios, but
with a common risky asset, this system can be considered equivalent to a vector of geometric

Brownian motions with differing volatilities but a single common noise term.

Assumption 2.3.10. Let r > 0 be the risk-free rate. Let b,s € R, denote the investments
of the firms in the risk-free bond and in a risky asset. Consider a terminal time T > 0.
Define X = f(qr) := be™" + sqr almost surely where

d
Y _ it + odw,

qt

for Brownian motion W and with initial price of the risky asset qo > 0.

[ wish to compare this setting to the single firm setting proposed in [86] in which the assets of
a firm follow a geometric Brownian motion and the pricing of debt and equity is considered.
I note that the comonotonic construction from the prior section would allow me to consider
more complicated underlying market models, e.g. a jump diffusion model. But for simplicity
and due to its use in the seminal work by Merton, I will restrict myself to the geometric

Brownian motion setting herein.

With the setting proposed in Assumption [2.3.10] I can explicitly give an iterative repre-
sentation for the lowest prices ¢* € R such that each firm is solvent. I note that this

construction does not rely on Assumption [2.3.5

Proposition 2.3.11. The lowest prices such that the various firms are solvent, defined by q¢*
in Definition [2.3.3, can be defined explicitly by the following iterative relation of decreasing

values. Initialize qf*o] =00 and 20 =0 € R™. Then for any k =1,2,...,n:

k] € arg max [e] diag(A(z*Y)s)~! (5(2('“_1)) — A(,z(k_l))_lbeﬁ)rr

(k=1)_

12

q[*k] -— min {‘fk—l] ’ I(n&);; [62— diag(A(z(k_l))s)_l (g(z(k—l)) _ A(z(k—l))—lberTﬂ+}
I3 zik71 =0

2B = 1) 4 Elk]-

If the mazximizing argument in the definition of [k| is non-unique, then only a single argument

18 chosen arbitrarily.
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Proof. This follows directly from the monotonicity of the wealths as given in Proposition[2.2.7]
and the construction of A,¢ in and . The level qf‘k] is chosen exactly to be the
largest price ¢ so that the [£]"® bank would have 0 wealth (i.e. the lowest price so that it is
solvent) given that the prior [1] through [k — 1] banks have already been deemed insolvent.
The minimum taken with qfj,_q) 1s necessary only in the case of contagious defaults, i.e. from
bankruptecy costs if the jump in payments from bank [k — 1] causes bank [k] to also become
insolvent at the same time. I wish to note that, if e/ A(2)s = 0 for some z € {0,1}", I take
1/(e] A(z)s) = oo. This can only occur if firm ¢ holds no risky assets (s; = 0) and all firms
J with obligations to firm ¢ (L;; > 0) either are solvent (z; = 0) or hold no risky assets
(s; = 0), i.e. if firm 4’s solvency is independent from the behavior of the risky asset under
the default set z. O

For the remainder of this chapter I will consider Assumption to hold, i.e. gf > ... > q}.
This is for simplicity of notation and does not restrict the results of this work. With this
construction I now present a corollary to Theorem to provide the risk-neutral price
of debt and value of the market capitalization for the firms in the financial system in this

common investment scenario. These formulations are analytical expressions with respect to
the vector ¢* which was algorithmically provided in Proposition [2.3.11]

Corollary 2.3.12. Let Q be the risk-neutral measure in the market, i.e.

dQ 1 fp—r 2 w—r
P exp ( 3 ( - ) T ( . Wr | .
Under the risk-neutral measure Q, the probability of firm i’s default Q(V;(X) < 0), the dis-

counted price of firmi’s debt EQle T p;(X)/p;], and firmi’s market capitalization EQ[e~"T E;(X)]

are given by:

QUV(X) <0) =@ (~d?) .
Q G_TTM —e T le—r - _ e Ts o2y o
. [ i } * Di ' kz:; [(Axb o) [@ (=di) — @ (=diy)] (2.6)

+Aksqo [® (—dy) — @ (—dyy1)]]
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—

U TB (X)) = T S (b — 775,) [@ (—) — & (-
B B0 = e 3 [(84b = 7778 [@ () — @ ()] (2.7)

+Asqo (@ (—di) — @ (—diyy)]]
)i

d} = Vk=0,1,...,n+1 2.8
k O'ﬁ ( )

& =d —oVT (2.9)

e
I

where ® : R — [0, 1] is the standard normal cumulative distribution function.

Proof. This follows from Theorem [2.3.6] Particularly,

EC[e™ (be'™ + SqT)]I{qTe[q;Hg;)}] = bQ(qr € @11, 1) + 50Q(gr € [gi1, 1))

where % = %. In fact, I can explicitly provide these probabilities by, first, noting that

Wt@ = I/VtQ — ot is a Brownian motion under @ Therefore, letting Z and Z follow a normal

distribution under Q and @ respectively, for any g > 0:

VT
+ (r+ %0'2)T)
oVT '

Qar < ) = Qao exp(w Lors a\/Tz> Cos (_1og<qo/q> (- %az)T) |

~

Qlar < ¢) = Qlgo exp((r - %UQ)T + gﬁz) <g) =a (_bg(qo/q‘)

]

Remark 2.3.13. As an external investor may wish to hedge her counterparty risk, I wish
to consider the Greeks for debt for firm ¢. In particular, from a pricing and hedging perspec-
tive, I find the delta of the debt in a financial network as the most interesting. By direct
computation I find that, for the price process Pi(t) := EQ[e " T=p;(X)/p; | F], the delta at

time ¢ is given by:

n

aPZ(t) = L T —r(T-t)5 _ rt oy 2
% = e T ;[(e 5 — Agbe™) [p(—db) — ¢(=d2,,)]

1

T (Bs) [((=) — B(—d2,)) — a0 (G(~) — S(~,))] |
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. log<3—£) +(r+ Lo?)(T — 1)
F oI —t
&> =d' —oVT —t.

VE=0,1,...,n+1

In the above formulation I define ¢ = @’ as the standard normal probability density function.

In a similar way I can compute the other Greeks.

Under this geometric Brownian motion setting I am able to provide the explicit distribution
for the wealths (and therefore also payments and equity). These joint distributions would
be particularly useful for stress testing a financial system as it would allow the regulatory
authority to assign probabilities to the outcomes of the stress tests. This is more explicitly
considered in the numerous works on systemic risk measures, see e.g. [31], [79], 56|, 20| 1T],
in which some “aggregate” of the financial system needs to be deemed acceptable. This
acceptability criterion would commonly be constructed from a law-invariant framework, e.g.
value-at-risk or expected shortfall, which explicitly requires the distribution of the system

outcomes.

Lemma 2.3.14. Toke v* € —p+ R, p* € [0,p], and e* € R'}.:

QV(X)<v") = Z [min {(I)(—di),i:%in nq) (log(qi (v*)/((l;)z/% (r— 50 )T) }

log (7" (v*)/q0) — (r — 162)T
— min CID(—dzH), min ¢ Og(ql (v )/QO) (r 27 )
i=1.2,..n ovVT

. {(I)( dk+1)7l maan) (log(qgﬁ(v*)/ilji/% (r— %02)T> }
(2.11)
Q(p(X) <p*) = QV(X) < diag(lgp<pp)[p* — Pl + Lipr—py0) (2.12)
Q(p(X) = p") = QV(X) = p" —p) (2.13)
QE(X) <) =Q(V(X) <€) (2.14)
QE(X) 2 ¢) =Q(V(X) = ¢7) (2.15)
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where @F(v*) := e] diag(Ags)™ (v* + 0 — Agbe'™).

Proof. Consider first the probability distribution for the wealths V' given in (2.10). Take
v* € —p+ R} (if v* is taken otherwise then Q(V(X) < v*) = 0 by the bound given in
Proposition [2.2.1)).

QV(X) <v") => QV(X) <v*, qr € [gh41,a4))
k=0
= Z@(Ak[beﬁ + sqr] — o <v*, qr € [QZHa )
k=0

= Qlgr < ¢ diag(Aps)™" (v* + 6 — Apbe™) Vi, qr € g5y, q5))
k=0

=> Q (qT € [min {q;zﬂ, _min q‘i“(v*)} , min {q:;, _min qf(v*)}])
=0 32yeeny n 7 n

=1,4,...,

— Z [min {q’(—di),z%mn@ (108;(% (v*)/ioz/% (r — 50 )T) }

— min {@(—diﬂ) _Ilnin o <log(q_f(v*)/q003/% (r — %OQ)T> }

As before, I take 1/(e] Axs) = oo if ¢/ Aps = 0. This cannot occur if, by construction of
Ay, for any k, all firms are long the risky asset (s € R’ ). The construction of the explicit

form of the probabilities in the final equation come from the same logic as in the proof of

Corollary [2.3.12 above.

Now consider the survival distribution for the wealths V' given in (2.11)). Again take v* €
—p+R7 (if v* is taken otherwise then Q(V(X) > v*) = Q(V(X) > [—p] Av*) by the bound

given in Proposition [2.2.1). The logic for the representation in (2.11)) follows similarly to

that for the distribution function for wealths given above.

Finally, consider the distribution for the payments p and equity F given in (2.12))-(2.15).
Take p* € [0,p]. I note that p < p+ V with equality for any defaulting bank i. Thus I can

conclude:

Q(p(X) <p*) = Qpi(X) <pj Vi: pj <p;)
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(Vi(X) <p; —p; Vi: p; <pi)
(V(X) < diag(Liy-<py) [p" — D] + Liprpy00)
Q(p(X) = p") =Q(V(X) > p* —p).

e o

Take e* € R?. Then E < e* if and only if V' < e* and similarly for £ > e*. Thus the result

is proven. ]

L21:3

Societal 3

bz = 100
83:0

L12:7

Figure 2.2: A simple network topology for Examples |2.3.15L |2.3.16|, and |2.4.2|.

I wish to conclude this section by providing simple examples to demonstrate the results
considered so far in this chapter. Namely, I wish to show the analytical distribution for the
payments from the firms followed by an empirical example showing the bounding properties
first proposed in Lemma [2.3.8] In both of these examples I will focus on a simple 2 bank
network with societal node as depicted in Figure 2.2

Example 2.3.15. Consider the financial system depicted in Figure under geometric
Brownian motion assets with a common noise. This two bank system with an additional
societal node will be considered with bankruptcy costs described by the recovery rate 5 =
0.75 and is such that bank 1 owes 7 units to bank 2 and 3 to the societal node and bank
2 owes 3 units to both bank 1 and the societal node. Further, for simplicity, the risk-
free rate is assumed to be r = 0. Additionally, the maturity is set so that 7" = 1 and
volatility so that ¢ = 1. Finally, the initial price of the risky asset is set to ¢o = 1. With
this financial system, I will demonstrate the distributions of the clearing payments under
the risk-neutral measure. Figure displays the cumulative distribution function of the
clearing payments as a contour plot. Notably, the joint cumulative distribution function has

fairly stark right-angles in the individual contour lines. This structure follows from the use
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of minimums and maximums in the construction of the joint distribution for the clearing
payments. The marginal cumulative distribution function for the payments from bank 1
is displayed in Figure [2.3bl The sections over which no probability is assigned are due to
the bankruptcy costs in this setting. Notably, though piecewise similar to the cumulative
distribution function of the lognormal, the marginal distribution clearly exhibits behavior

that can only be found by accounting for the network effects.

Q(p(X) < p) .
6 ‘| i TU b Ma1rginal Cumulative Distribution Function for Payments from Bank 1
o
5L S 091
o
o o 0.8
4l 0.6 0.6 — 07k
=] —
o ‘S 06t
‘3 0.5 0.5 VI
g 0.4 0.4 8" >l
’ ’ £ 04t
2r i a
o 0.3 0.3 —
o 0.3
L 0.2 0.2 =
L2 | 02r
0.1 0.1 =
01r
0 L L L L L L L L L 0 L L L L L L L L L
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
P, P,

(a) The joint cumulative distribution function (b) Marginal cumulative distribution function
of payments. of payments from bank 1.

Figure 2.3: Example [2.3.15f The probability distribution of the clearing payments of the
financial network provided by Figure [2.2] under bankruptcy costs.

Finally, I wish to numerically consider the case in which firm assets are correlated lognormals,

but not comonotonic. I will use this numerical example to illustrate the bounding properties
found in Lemma [2.3.8

Example 2.3.16. Consider again the financial system with 2 banks and an additional so-
cietal node presented in Figure 2.2] and discussed in Example 2.3.15] Herein I wish to
demonstrate the accuracy of the bounds found in Lemma [2.3.8] compared with varying cor-
relations between the risky investments of the two firms. As such I will restrict myself to the
Eisenberg--Noe setting without bankruptcy costs (5 = 1). To construct the assets of the two
banks I consider separate pricing processes for each bank. These pricing processes follow the
correlated geometric Brownian motions with correlations p € [—1, 1] under the risk-neutral
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measure Q:

1 2

dif = rdt + ocdW}, di; =rdt + ocdW?, EC[dW}dW?] = pdt.

t 0

I will primarily focus on bank 2 in this example as it has a typical response. I first draw
attention to Figure 2.4a] In this figure I see that the price of debt is bounded from below
by the comonotonic case as proven in Lemma [2.3.8, However, as previously discussed in
Example [2.3.9] the market capitalization does not need to have its worst-case under the
comonotonic asset scenario. In fact, in this example, I find that under the comonotonic
scenario the price of debt is lowest but the market capitalization is at its maximum for
bank 2. In contrast, the societal node finds its equity worth the least when the firms have
comonotonic assets. Finally, in Figure 2.4D] I plot the (risk-neutral) probability of default
of bank 2 as a function of asset correlations. Notably, the comonotonic case provides the
greatest probability of default for bank 2, but the countermonotonic setting is not the lowest

probability of default.

. Impact of Asset Correlations on the Price of Debt for Bank 2 o 5I21pact of Asset Correlations on the Default Probability for bank 2

Monte Carlo approximation
= = Comonotonic solution

Price of Debt
Probability of Default

Monte Carlo approximation
= = Comonotonic solution

0.7 0.3

-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1 -1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
Correlation p Correlation p

(a) Clearing payments from bank 2 under (b) Risk-neutral probability of default for bank
changes in asset correlations (solid line) and 2 under changes in asset correlations (solid
comonotonic assets (dashed line). line) and comonotonic assets (dashed line).

Figure 2.4: Example [2.3.16; Demonstration of that clearing payments under comonotonic
assets provide a lower bound, but the probability of default is not monotonically increasing
in correlation of assets.
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2.4 Comparative statics

In this section I provide the comparative statics for the performance of the system with
respect to important system parameters through numerical examples. In these numerical

examples I will assume the geometric Brownian motion setting of Section [2.3.2]

Definition 2.4.1. Define the effective interest rate on firm i’s debt by:

R; = = [log(pi) — log(E%[e " pi(X)])] .

N =

For bank i, I can define R; — r as the risk premium along the lines of [86]. Please note that

the risk premium can be taken as an effective measure of the price of debt.

Example 2.4.2. Consider again the financial system with 2 banks and an additional societal
node as depicted in Figure and used in Examples [2.3.15] and [2.3.16] Additionally, for

simplicity and where otherwise I am not varying that parameter, I consider the risky asset

to have initial price ¢y = 1, volatility ¢ = 1, and the claims to have maturity at time 7" = 1.
Further, the risk-free rate is assumed to be r = 0. I consider this simple, illustrative, example
so as to demonstrate the effects of the financial network (in comparison to the same system
in two baseline systems without interbank debt as in [86]). For a clear comparison I will take
this system without bankruptcy costs (8 = 1) and with a common risky asset following a
geometric Brownian motion. Specifically, I will consider the same comparative statics on the
risk premium as undertaken by [86], i.e. by varying the debt-firm value ratios, the volatility
of the risky asset, and the maturity of the debt claims. Please note that since I have assumed

r = 0 I will use the terms risk premium and effective interest rate interchangeably.

(i) First, I will consider the impact of the debt-firm value ratios d = diag (b + sqo + HTﬁ) - D

on the risk premium and thus the price of debt for each firm. In [86] in which no firm
holds any risk-free assets (b; = 0) nor any interbank assets (Y 7_, m;p; = 0), it was
shown that an individual firm’s debt-firm value ratio can completely determine its own
risk premium R — r. However, herein I consider explicitly the effects of the interbank

assets. In my case, I can vary d by either:
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(a) altering the liabilities p and keeping endowments b and s constant, i.e.

-1
_ 1 —m1dy
b= —7T12d2 1

given the desired debt-firm value ratio d € Ri constrained by didymiame; < 1; or

(by + s2q0)ds

(b1 + s1q0)dy ]

(b) altering the assets s and keeping liabilities p constant, i.e.
s = diag(d)™" [p — diag(d)I" p]

given the desired debt-firm value ratio d € R | so that d < diag(Il"p)~'p.

The distinction between the two approaches to varying d is important because I find
that the manner in which the debt-firm value ratio is modified can greatly affect the
price of debt as measured by the risk premium. The contour plots of the risk premium
of bank 2 with respect to debt-firm 1 value ratio d; and debt-firm 2 value ratio d, are
shown in Figure and Figure for varying the debt-firm values by altering liabil-
ities and altering assets respectively. To provide further clarity on how the individual
debt-firm values affect each other, I consider three slices of this data, by fixing the level
of dy and varying dy through either altering the liabilities or the assets in Figure [2.5¢
and Figure respectively. Notably, if firm 1 has a lower debt-firm value ratio d;
constructed through the change in assets, then firm 2 consistently has a lower effective
interest rate for any debt-firm ratio chosen. However, there is no such monotonicity

when the debt-firm value ratios are constructed through changes in the liabilities.

Second I will consider the impact of the volatility o of the risky asset on the risk
premium (and thus the price of debt) and the market capitalization for each firm.
In this consideration I wish to compare the network effects with two baseline models
without a network. In order to consider the system without network effects I consider

two settings:

(a) with the assumption that all interbank assets are paid off in full in units of the

risk-free asset; and
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R-r Term Premium for Bank 2 when Changing Firm Liabilities

R-r Term Premium for Bank 2 when Changing Firm Assets
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(a) Contour plot of the effective interest rate
for firm 2 under different debt-firm value ratios
when determined by the total liabilities.

5 R-r Term Premium for Bank 2 when Changing Firm Liabilities
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= = Debt-Firm 1 Value Ratio d1 =0.83333
Debt-Firm 1 Value Ratio d1 =1.6667
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(b) Contour plot of the effective interest rate
for firm 2 under different debt-firm value ratios
when determined by the total endowments.
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(c) Cross-section of the effective interest rate
for firm 2 under changes in its own debt-firm
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(d) Cross-section of the effective interest rate
for firm 2 under changes in its own debt-firm
value ratio and with three levels of debt-firm

1 value ratio when changes are accomplished
through modifications in total assets.

interest rate of firm 2 versus changes in the

Figure 2.5: Example 2.4.2f]): The effective
debt-firm value ratios.

(b) with the assumption that all interbank assets are treated no differently than other
risky assets (i.e. following the market geometric Brownian motion and not capped

by the total obligations). 49



(iii)

Due to the risk of the interbank assets, and as verified numerically, it is clear that
the risk premium would be lower when neglecting counterparty risk and all interbank
assets are treated as if they are risk-free than in the full networked system. Further, the
market capitalization would be higher when neglecting the network effects and debts
are treated as being paid in full in the risk-free asset. However, when interbank assets
are treated as if they follow the market, the effective interest rates are comparable with
the network effects. In contrast, the equity is significantly higher in this setting as the
limited value that interbank assets can obtain is removed when treated as being an
investment in the market. I display the results for the risk premium and the market
capitalization for firm 1 and firm 2 under the networked system and the two baseline
models in Figure and Figure [2.6D] respectively. As depicted in Figure 2.6a], firm 1
has greater effective interest rate when including the network effects or risk; in fact, firm
1 has its highest interest rates (asymptoting to approximately a 7% higher interest rate)
when interbank assets are treated as risky assets. However, as shown in Figure [2.64]
firm 1 has equal market capitalization with network effects and when all interbank
assets are treated as being paid in full; the market capitalization is significantly higher
when interbank assets follow the market geometric Brownian motion. Firm 2, as
depicted in Figure [2.6D] has orders of magnitude higher effective interest rates under
the network effects than if they had no counterparty risk, and highest effective interest
rates (asymptoting to approximately an 8% higher interest rate) when full network
effects are taken into account. Here the market capitalization is distinct under all
three considerations with the networked effects having the lowest market capitalization.
This distinction makes clear that network effects can and should not be neglected when

considering the price of debt and market capitalization.

Finally I will consider the impact of the maturity 71" for the claims on the risk premium
(and thus the price of debt) and the market capitalization for each firm. As with
the consideration on volatility above, I wish to compare the network effects with two
baseline models without a network. I accomplish this in exactly the same way as
considered previously. Again, due to the risk of the interbank assets in a network, it is
clear that the effective interest rate would be higher and market capitalization lower
when including the network effects than when all interbank assets are treated as in
baseline model . As depicted in Figure , firm 1 has similar effective interest

rate in all three scenarios, though the market capitalization is nearly double when
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Figure 2.6: Example [2.4.2(fi): The effective interest rate and market capitalization versus
changes in the volatility of the risky asset.

interbank assets are treated as the market asset (baseline model (iib))). Firm 2, as
depicted in Figure 2.7D] has orders of magnitude higher effective interest rates under
the network effects than if they had no counterparty risk and noticeably higher effective
interest rate when full network effects are taken into account than if interbank assets
are treated no differently than other risky assets (i.e. following the market model).
As with all prior discussions on the market capitalization, the network effects greatly
reduce the market capitalization compared to the two single-firm scenarios considered
herein. I wish to conclude by considering the shapes of the interest rates as a function
of the maturity of the claims under network effects. In [86] the hyperbolic shape of firm
1’s effective interest rate would only occur if its debt-firm value ratio was greater than
or equal to 1; similarly the shape exhibited by firm 2’s effective interest rate would only
occur if its debt-firm value ratio was strictly less than 1. However, as discussed above,
the debt-firm value ratio does not have as unique a property under network effects as
it did in [86] without counterparty risk. Thus I find that the change in shape need not
(and in this numerical example, does not) change shape at the individual debt-firm

value ratios of 1.
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Figure 2.7: Example : The effective interest rate and market capitalization versus
changes in the maturity of the debt claims.

Example 2.4.3. 1T will now consider a larger financial network consisting of n = 87 banks.
This large network provides clear reasoning for considering the comonotonic approach taken
within this chapter. As previously discussed, with 87 banks, there are 287 > 10?6 potential
combinations of defaulting banks z € {0,1}*". As such, the general framework for con-
sidering expected payments from [69] would be computationally intractable. However, the
comonotonic framework presented herein (and which, under the setting of [45], provides a
worst-case for the general setting) is computationally tractable as only 87 defaulting regions

need to be considered.

For this example, I will consider these 87 banks to come from the 2011 European Banking
Authority EU-wide stress tests.ﬂ This dataset has been used in multiple prior empirical case
studies (e.g. [63], 32]) of financial contagion in interbank networks. To calibrate this system,
I will take the same approach from [52]. I note, however, that though I am calibrating the
financial network to a real dataset, the marginal distribution for bank endowments are not

calibrated and as such this example is for illustrative purposes only. 1 believe that there

'Due to complications with the calibration methodology, I only consider 87 of the 90 institutions. DE029,
LU45, and SI058 were not included in this analysis.
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would be significant value in a further, detailed, case study to empirically determine the
marginal distributions of the bank endowments and, with that result, consider yield rates
and bond prices to compare with the realized prices in the market. This is, however, beyond
the scope of the current example. In fact, the primary purpose of using this dataset in this
example, as opposed to a large fictional network, is to demonstrate the order of magnitude
that the price of debt and effective interest rates can achieve (in comparison to the values

presented in the prior case studies on the 2 bank system).

For this network calibration, I consider a stylized balance sheet for each bank. I consider
banks with only two types of assets: interbank assets Z?Zl Lj; and external (risky) assets
s;. Similarly, I consider three types of liabilities for each bank: interbank liabilities Z?Zl Lij,
external liabilities L; 11, and capital C;. In contrast, the EBA dataset provides the total
assets A;, capital C;, and interbank liabilities Z?:l L;; for each bank 1.

Therefore, to calibrate the interbank network, I will need to make a few simplifying assump-
tions and take advantage of techniques from prior literature. In particular, as in [52, 32 67],
the external (risky) assets are the difference between the total assets and interbank assets,
the external obligations (owed to the societal node L;, ) are equal to the total liabilities
less the interbank liabilities and capital, and the interbank assets will be assumed equal to
the interbank liabilities, i.e., Z?:l L;; = Z?:l Lj; for all banks ¢. Thus, I can construct the

remainder of my stylized balance sheet through the system of equations

n n n
Si:Ai_ZLija LiO:Ai_ZLij_Cia pi:Li0+ZLij-
j=1 j=1 j=1
To verify the consistency of this calibration, I note that firm ’s net worth is equal to its

capital, i.e., C; = A; — p;.

Finally, for my calibration, I need to consider the full nominal liabilities matrix L € fog?
and not just the total interbank assets and liabilities. In order to accomplish this task I
consider the methodology of [63]. That paper presents an MCMC methodology to construct
the nominal liabilities matrix consistent with the total interbank assets and liabilities and
which allows for a (randomized) sparsity structure. As noted previously, this example is for
illustrative purposes only and thus I will consider only a single calibration of the interbank

network.
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In order to complete my model, I need to consider the remaining parameters of the system.
First, as all economic data pulled from the EBA EU-wide stress test dataset are already
in a consistent unit (millions of euros), I will consider gy = 1 (million). Further, during
the period over which this data was collected, central banks were setting a low interest rate
environment. Therefore I estimate that the risk-free interest rate is » = 0. Additionally, as
this is data from a single year’s stress test, I will consider maturity on all debt claims to
be T'= 1 (year). Finally, the volatility of the risky asset is estimated to be o = 20% from

comparisons to annualized historical volatility of European markets in 2011.

First, I wish to consider the impact of the full network effects on the effective interest rates
and market capitalization in the setting without bankruptcy costs (5 = 1). For this analysis

I consider the same two baseline models as in Example above, i.e.

(i) with the assumption that all interbank assets are paid off in full in units of the risk-free

asset; and

(ii) with the assumption that all interbank assets are treated no differently than other
risky assets (i.e. following the market geometric Brownian motion and not capped by

the total obligations).

The data for these are provided in Figures [2.8 and [2.9) respectively. I note that, as in
Example above, the price of debt with full network effects is generally comparable
to the single firm effect case with all interbank assets treated as the risky asset. In fact,
the interest rate of debt with full network effects is lower than if all interbank assets are
treated as the risky asset, but significantly higher than when interbank assets are treated as
the risk-free asset. In contrast, and again comparable to that in Example above, the
market capitalization for firms is strikingly similar between the full network effects and the
single firm effects with interbank assets treated as the risk-free asset. The single firm effects
with interbank assets treated as the risky asset can differ by a large degree from the network

effects for the market capitalization of the individual firms.

Second, though above I consider the setting without bankruptcy costs, I now wish to consider
how the price of debt and equity are affected by the bankruptcy costs. Analytically, I can

conclude before any simulations, that the effective interest rates will decrease and the market
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Figure 2.8: Example [2.4.3; Comparison of the price of debt under network effects and under
single firm effects only without bankruptcy costs (8 = 1).
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Figure 2.9: Example 2.4.3; Comparison of market capitalization under network effects and
under single firm effects only without bankruptcy costs (5 = 1).

capitalization will increase with the recovery rate 8. Figure depicts the median price of

debt and market capitalization for the 87 banks under consideration; this demonstrates that
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the comparisons made at high values of § that appear accurate lose their predictive power
if § < 1. Thus, if bankruptcy costs exist, considering the interbank assets as either the
risk-free or risky asset can cause mispricing of risk. Given the simulated network below, the
full network effects cause higher risk in both debt and equity than if each firm were treated

individually.
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Chapter 3

Price-mediated contagion through

capital ratio requirements

This chapter is based on [15] which is joint work with Zachary Feinstein.

3.1 Introduction

An important channel of contagion in financial systems comes through indirect connections
or global interactions among organizations, e.g., fire sale spillovers. Those originate when
a firm is forced to liquidate its assets to meet some obligation or regulation. As firms
hold overlapping portfolios this causes impacts globally to all other firms due to marked-to-
market accounting. These firms are now forced to liquidate their assets, thus exacerbating
the crisis. An important factor in the origin of fire sale is the unintended consequence
of capital regulations in the form of capital ratio or leverage ratio. Due to these regulatory
constraints, banks might be forced to deleverage, setting off a vicious cycle of contagion. Such
deleveraging occured in a large scale in the 2008 financial crisis, resulting in amplification of

losses. For further discussion on such mechanisms see |26, [3§].

The literature in the study of fire sale may be broadly divided into two different bodies
depending on the focus of the study. The first among these two bodies places more emphasis
on the development of a general mathematical framework and exploring questions about
existence and uniqueness in this general setting. Such works maybe considered as extensions

of [45] in the setting of price-mediated contagion. Among these works, [33] considers the
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liquidation problem in the context of a capital adequacy ratio. [7, 5I] study the fire sale
problem when banks are forced to liquidate assets to meet debt obligations. [54] develops
an extension to [51] where banks, in addition to meeting their debt obligations, must satisfy
a leverage ratio. [20] considers the problem where banks are required to satisfy a risk-
weighted capital ratio. [53] considers the price-mediated contagion problem in a continuous
time setting and provides results on existence and uniqueness as well as analytical bounds
under a random setting. The second body of work in the domain of fire sale focuses more
on the development of an operational modeling framework and the design of stress tests
using this approach. Typically these results depend on a particular liquidation strategy (e.g.
proportional liquidation) and linear price impacts. Some of the notable works in this domain
include |71, 43, 38].

The primary goal of this chapter is to develop a general mathematical and economic frame-
work to study price-mediated contagion in the case in which firms liquidate assets during a
crisis due to risk-weighted capital requirements. The risk-weighted capital ratio is defined as
the ratio of the capital of a bank divided by the risk-weighted assets of that bank. Such type
of regulatory requirements have been considered in the Basel regulation to assess the health
of financial institutions. In particular, Basel III mandates that this risk- weighted capital
ratio be greater than 8% for any bank. In order to adhere to such regulation during a crisis,
banks will liquidate their assets thus setting off fire sale and causing widespread losses, as
documented in [39] [77, [83]. Hence it is imperative that we accurately model such contagion.

The main highlights and contributions of my analysis are summarized as follows:

(i) I consider a multi-asset setting to model the price-mediated contagion due to risk-
weighted capital requirement constraints. The multi-asset setting provides a suitable
framework to model cross-asset contagion, which was widely observed in the 2008
financial crisis. This consideration of multiple assets, though realistic, offers a much
more challenging setting in comparison to a single asset. One of the major challenges
is the strategic component that presents itself while performing liquidation to satisfy
the capital requirements. Existing literature (e.g. [71], 143} B38|) considers proportional
liquidation for this analysis. In contrast, I consider a general liquidation function with
mild continuity and monotonicity properties and am thus able to study liquidation
schemes beyond proportional liquidation and encode the strategic component in my
framework. An interesting example that I consider is utility maximizing liquidation
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(i)

(i)

(iv)

in which banks choose which assets to liquidate in order to maximize their utility. I
highlight the importance of the choice of the liquidation function through numerical

examples.

In contrast to other static models of fire sale (|26, 54, 51, [7, B3] 38, [43], [7T]), T consider
two notions of pricing: the current price, which gives the current valuation for the
unliquidated assets, and the volume weighted average liquidation price, which I use to
determine the proceeds for liquidation. The adoption of these two separate notions of
pricing is important from financial and mathematical standpoints. While liquidating,
the prices of the assets which have already been sold will be higher than the current
price of the assets. The average liquidation price enables me to encode this dynamic
aspect in my modeling. Beyond this financial motivation, the adoption of the aver-
age liquidation price significantly aides the mathematical analysis, particularly in the

development of conditions for uniqueness.

In the existing literature on price-mediated contagion due to leverage/capital require-
ments, results on the existence of the equilibrium prices have been explored in |26, [54].
However, results on uniqueness have not been explored in this setting. In contrast,
in this work I develop conditions for the uniqueness of the pricing equilibrium. This
condition is characterized by certain properties on the inverse demand function. I
also provide an alternative characterization of the uniqueness condition in terms of
a monotonicity condition on the inverse demand function and a lower bound on the
risk-weights which depends on the liquidity of the assets under consideration. Equiv-
alently, this result provides a way to calibrate the risk-weights properly depending on
the liquidity of the assets rather than using heuristics. I compare my result to the

analysis performed in [53] for a continuous time framework.

An important consideration in the study of fire sale is how prices vary as more assets are
liquidated. This is often modeled by an inverse demand function. Existing literature on
fire sale mostly consider a linear inverse demand function (|71} 26, 38, [43]). Although
such an inverse demand function will be easier to calibrate, this is a strong assumption.
In contrast, in my analysis I consider a general inverse demand function and develop

conditions on the inverse demand function to get uniqueness of solutions.

The equilibrium pricing is dependent upon a number of system parameters. In reality,
it is very difficult to have a complete and accurate knowledge of all these system
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(vii)

parameters. Despite the progress that has been made in recent years, the regulators
face significant legal and logistical hurdles in the data collection process. A second
factor which hinders this process is the fact that most of the systemic risk models are
very nascent and the discovery of which data is required in this analysis is very much
an ongoing process. In that context, the determination of the equilibrium prices and
hence the stress testing results is very much dependent upon how these parameters are
calibrated. Owing to this uncertainty, it is imperative that we have an understanding
of how a variation in these parameters might affect the equilibrium prices. I develop a
mathematical framework to perform sensitivity analysis of the equilibrium prices with
respect to the system parameters. In the systemic risk literature, sensitivity analysis
has been studied in the case where the banks have bilateral debt linkages in [82] [55].
As far as I am aware, this is the first work to perform sensitivity analysis in the fire

sale literature.

I develop a method to study the cost of regulation incurred by each bank. This is based
on the fact that tightening the regulatory threshold, that the banks have to satisfy,
will result in increased loss for the banks. Thus the marginal rate of change of this
loss with respect to the marginal change in the threshold gives a measure of the cost
of regulation. Based on my result in the sensitivity analysis, I can compute this loss.
In fact, I develop two notions of this cost depending on the type of loss that a bank
might suffer. The first one is based on the actual realized loss a bank may suffer and it
depends directly on the increased liquidation of that bank as a result of the increased
regulation. I develop a second notion of loss based on the marked-to-market impact.
This encodes the notion that even if a bank might not need to liquidate anything
as a result of the increased regulation, and hence do not have any realized loss, it
is still susceptible to contagion through global interactions brought about by price
depreciation and overlapping portfolios. I highlight these ideas through an empirical
study and focus on the six banks participating in the 2015 Federal Reserve CCAR with

the largest trading operations.

Through a numerical simulation with a two bank two asset system, I study the effect
of diversification of bank portfolio in this framework. I vary the portfolio of these

institutions as the system moves from fully diverse to fully diversified and study the
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price-mediated contagion under different liquidation schemes. I find that diversifica-
tion does not uniformly lead to a more stable system, measured in this case by the
total market capitalization. In fact, under certain liquidation regimes, the cross-asset

contagion might outweigh the benefits of diversification.

The remainder of this chapter is organized as follows: In Section I develop the mathe-
matical framework of my model and characterize the fire sale as a fixed point problem. In
Section [3.3] I develop conditions for the existence and uniqueness of the equilibrium prices.
In Section I formulate the sensitivity analysis of the equilibrium prices with respect to
the system parameters as a fixed point problem and prove the existence and uniqueness of a
solution to this problem. Further, I develop a methodology to evaluate the cost of regulation.
Numerical case studies highlighting the applications of this model are presented in Section
3.5

3.2 Mathematical framework

3.2.1 Balance sheet and risk-weighted Capital Ratio

Throughout this chapter I will consider a network of n financial institutions. I will denote
the set of all banks in the network by N := {1,2,... ,n}.

[ will consider two time points ¢t = {0,1}. At ¢ = 0, each firm ¢ = 1,...,n holds z; > 0 in
liquid assets (e.g. cash). I will assume without loss of generality that the price of this asset
stays constant at 1 at all times. In addition to this liquid asset, the bank portfolio comprises
of illquid assets. In line with [26] 53], T consider two classes of illiquid assets: marketable
(stocks or bonds issued by a non-financial corporation) or non-marketable (loans). The
distinction between these two classes of illiquid assets is that non-marketable assets are
difficult to sell in the short-run, and hence those cannot be liquidated. For further discussion
on non-marketable assets see [26, 42]. I will consider m € Z* marketable illquid assets.
Specifically I allow for the situation where banks hold multiple marketable illiquid assets.
This represents a more realistic setting in comparison to single asset models, such as [26].
A particularly significant aspect of the multi-asset setting is that this allows me to model
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cross-asset contagion. However, the multi-asset case is much more challenging to deal with
mathematically compared to the single asset case, as has been demonstrated in [51) 54].
I assume that each bank holds s; € R’ shares of marketable iilquid assets and [; > 0 of
non-marketable assets. Without loss of generality, I assume that the price of all the illiquid

assets are 1 at time 0.

On the other side of the balance-sheet each firm 7 has p; > 0 in liabilities. I assume that the
liabilities are long-term and these are not owed to any other bank within the system. Thus,
at time 0, bank ¢ has a capital of z; + [; + 1"s; — p;. This is depicted in Figure .

Banking Book t =0 Banking Book ¢t =1
Assets Liabilities Assets Liabilities
Liquid Liquid
ZT; Ty
. i et
.. Pi Nliquid Di
[liquid
(Mark(itable) (Marketable)
—_ > q' (si — %) TS
Z et i
Capital Nonmarketable i +Tli R
Tiquid T+l +17s / +q " [si — i
(Nonmarketable —Di Z S
1A

Figure 3.1: Stylized banking book for a firm before and after liquidation updates for bank ¢

In terms of vector notation, at time ¢ = 0, the banks are holding an amount x € R of
liquid assets, [ € R’} shares of non-marketable illiquid assets, S = (s;) € R*™ shares of

marketable illquid assets and an amount p € R, in liabilities.

The Basel Regulation mandates the use of a risk-weighted capital ratio to assess the solvency

of banks. The risk-weighted capital ratio is defined as

Total Capital
Risk-Weighted Assets

Risk-weighted capital ratio =

The determination of the risk-weights of different assets requires the consideration of a
number of complex factors. In this case, I make the assumption that these risk-weights are
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known to me and given by 0 for the liquid asset and a4, for k = 1, ...,m for the marketable
illiquid assets for all the banks. For the non-marketable asset I let the risk-weight to be
dependent on each bank and let «ay; be the risk-weight for bank i. Let me define A =

diag(ay, ..., o).
Thus at time t = 0, the risk-weighted capital ratio 6; of bank 7 is given by

zi+ 1+ 17s; — p;

0; =
1TASZ' + Oélili

(3.1)

According to banking regulations, banks are required to maintain a minimum capital ratio
Omin €.g. 8% in Basel III regulations. I assume that at ¢ = 0, all banks comply with this
regulatory constraint i.e. 0; > 0,,;,, for all i € N.

3.2.2 Leverage targeting and asset liquidation
At time ¢ = 07, the system is subject to an exogenous shock. This might be
(i) shock in prices, where the prices of any or all of the assets are hit as assumed in the
standard literature viz. [20] [71, [43].
(ii) shock in the risk-weight, where the risk-weight of an asset jumps due to a credit

downgrade.

Depending on the size of the shock and the state of the balance-sheet at t = 0, the capital
ratio of some banks may fall below the regulatory minimum @,,;,. In this situation, banks

typically have two options:

(i) issue new stocks
(ii) sell existing assets
At the time of a crisis, issuing new stocks might not be feasible. In this situation, banks will

be forced to liquidate assets to meet the regulatory constraint and might set off fire sale.
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Assumption 3.2.1. Banks will sell assets to restore their risk-weighted capital ratio to 0,,;,.

This practice, known as leverage-targeting, is in line with the existing literature [26, [71, [43],

53| as well as empirical evidence [3].

To effectively model the fire sale, I need to consider how prices vary with the amount of
assets that need to be liquidated. In line with the systemic risk literature I assume that
the current price of the marketable illiquid assets is given by the current inverse demand
function F : R — [0,1]™ C R

In a break with the existing literature on static fire sale models (|26} 54, 51, [7, 33, B8] [43],
71]), I consider a second notion of pricing: the volume weighted average price (VWAP) of
liquidation. This is the average over all liquidation prices where the average is taken over the
total volume sold. This average liquidation price is given by the volume weighted average
inverse demand function F' : R7 — [0,1]™ C R™. Intuitively, the average liquidation price
encodes the notion that the price of the assets that have already been sold will be higher
than the current price of the assets. Thus considering these two separate prices makes this

model more realistic and enables me to encode a dynamic notion which is absent in the
existing literature. This is further discussed in Remark |3.2.4]

Assumption 3.2.2. The current inverse demand function F' : R} +— [0,1]™ C R} and
the average inverse demand function F : RT +— [0,1]™ C R7 are continuous and non-

increasing. Further the components of the inverse-demand functions are independent i.e.

F(s) = [Fi(s1) Fo(s2) ... Fp(sm)]" and F(s) = [Fi(s1) Fa(s2) .. Fulsm)]T.

The assumption about continuity and monotonicity is standard and intuitive. The component-
wise assumption implies that there are no cross-impacts, i.e., the sale of one asset does not
directly affect the prices of other assets. I make this assumption for mathematical and
computational simplicity. It should be noted that I do not require an an explicit assump-
tion on the linearity of the inverse demand function, in contrast to existing literature such
as [26, 43, B8, [71]. Under this assumption, the current and the average inverse demand

functions are related by the following equation:
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Since I am dealing with multiple assets, the banks will often have a number of ways in which
they can liquidate the assets. I encode this strategic component in my model through the
liquidation function . Let me define D = {¢ x ¢ € [0,1]*™|g > ¢}. Then the liquidation
function is given by ~v;x : D — R, and defined as the number of units of asset k =1,2,....m
that firm ¢ = 1,2,...,n wishes to sell. For a further discussion on liquidation function see
[51]. In the standard literature on fire sale due to regulatory requirements, this strategic
component does not present itself in single asset models [26] or the banks are assumed to

follow a particular strategy, e.g., proportional liquidation [71], 43 [38].

Remark 3.2.3. It might be entirely possible that even when a bank liquidates all its assets
it cannot restore its capital ratio to 6,,;,. In this situation I will assume that such a bank is

insolvent and costlessly liquidated at ¢ = 1 along the lines of [20].

Given a marked-to-market average liquidation price ¢ € R and current liquidation price
q € RT, the liquidation is given by 7(q,q) and the capital of bank 4 is given by z; + [; +
q' i +q"[si — ] — Pi- The risk-weighted capital ratio for bank i is then given by

i+ li+q v+ q [si— v — Di
q" Alsi — v + ol

This situation is depicted in Figure[3.1] If bank i needs to perform liquidation but is solvent,
by Assumption(3.2.1)) it will perform liquidation ~; such that

i+ i+ 3 v+ q s — vl =D
q" Alsi — 7] + auili

Let me define shortfall of bank i as h; = p; — x; — (1 — O,pinay;)l; for i = 1,2, ..,n. Then (3.3))

can be reformulated as,
0%+ q = OpninAl(si —7) = hi Aq's; (3.4)
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[ refer to (3.4)) as the liquidation condition. It encodes the liquidation constraint for bank 4

when bank i is solvent but needs to perform some liquidation.

More generally, a bank ¢« € N can belong to any of the following three mutually exclusive

and exhaustive sets:

e Solvent and do not need to liquidate: Let me denote this set by S(g,q). In this case

e Solvent but needs to liquidate: Let me denote this set by L(q, q). This is characterized
by ¢ [I — OpinAls; < hy < q's;.

e Defaults: Let me denote this set by D(q, ). In this case v; = s; and h; > G ' s;.

To reflect these three possible states of a bank, I can rewrite (3.4) as the general liquidation

condition
0%+ q = OpninAl(si —7) = hi Aq's; (3.5)

Equation (3.5)) states that the number of units liquidated by a bank is either enough to meet
the risk-weighted capital requirement or all assets are liquidated. Additionally, it ensures
that the banks are adhering to the principle of leverage targeting i.e. no bank is selling more

than it is necessary to meet the threshold 6,,;,. This is similar to the liquidity constraint
used in [51], 54].

Remark 3.2.4. In Equation [3.3| while computing the capital of bank 7, the proceeds from
liquidation is given by ¢'~,;. This is in contrast to existing literature in fire sale (e.g [26],
54]) where no distinction is made between liquidation price and current price and thus the
proceeds would be computed as ¢'+;. This is a more realistic scenario and it offers more
favourable conditions to analyze the uniqueness of solutions (as discussed in the succeeding

section).

Assumption 3.2.5. a0, <1 for k=1,2,...m.

If abnin > 1 for any k, then the setting of this chapter implies that as price drops in that
asset, the bank will always satisfy the capital regulation which is opposite to the scenario
that I am modeling. For further discussion see Remark 2.2 of [53].

66



3.2.3 Fixed point formulation

Equation (3.5)) gives the liquidation that bank i performs under a given marked-to-market
price(q, g). However this liquidation might result in further price depreciation which neces-
sitates the consideration of a different ;. Thus this situation can be accurately modeled

using a fixed point equation, as is common in the systemic risk literature.

Let me define I'(¢, §) € R as the vector of total illiquid assets sold i.e 'y (q, ) = >, vix(q, 7)
for k = 1,2,..,m. Then the equilibrium price is defined by the function ® : [0, 1]™ x [0, 1]™ —
[0, 1]™ x [0, 1]™ where

®(q,q) = (F'(I(¢.9), F'(I'(¢q,2))" (3.6)

and 7;(q, ) must satisfy the liquidation condition (3.5)) for i = 1,2, .., n.

The value of the equilibrium liquidation price ¢* € [0, 1] and current price ¢* € [0, 1] is given
by the fixed point of ® defined in Equation (3.6)), i.e.

(¢, 7) = 2" 7)

3.3 Existence and uniqueness

In this section, I develop conditions for existence and uniqueness of the equilibrium prices
described by the fixed point equation (3.6). In the existing literature on price-mediated
contagion due to regulatory requirements, existence of solutions has been explored for the
one asset case in [26] and for the multi-asset case in [54]. However in these works, uniqueness

has not been explored.

3.3.1 Existence and uniqueness theorems

Theorem 3.3.1. Consider the general setting as described above. Let M > Y7 |'s; :

67



(i) If the liquidation function v is jointly continuous in (q,q), there exists an equilibrium
price (q*,q*).
(i) If the liquidation function v is non-increasing in (q,q), there exists a greatest and least

equilibrium price (¢, q") > (¢*, ).

(iii) If additionally, F(T)'T + F(D)T[I — 0pninA]J(M —T) is strictly increasing in T, then
there ezists a unique equilibrium price (q*, q%).

Proof. (i) This is a straight-forward application of Brouwer fixed point theorem.
(ii) This is a straight-forward application of Tarski fixed point theorem.

(iii) As discussed in the preceding section, a bank i can belong to any of the following three
mutually exclusive and exhaustive sets:
e S(¢,q) ={i e N|h; < QT[I — OminAlsi}.
o L(q;q) = {i € Ng"[I = OminAlsi < hi < 7" s:}.
* D(¢,;q) = {i € N|hi = q"s:}.

Then using the liquidation condition (3.5) and under (¢*, ¢*),

7 vi(q" 7))+ ¢ T = OminAl(si — vild", 7)) = { hy if i € L(q*, %)
T si if i € D(q*,7")

Using (ii), there exists a greatest and least clearing price (¢',q") > (¢%,¢*). Further
from (ii), I is non-increasing in (g, ), hence I'" = T'(¢", ¢")) < T'(¢*, ¢*)) = T'*.

Since, (¢',q") > (¢*, ¢*), Ik € {1,2,..,m} such that q,t > q,t or q’z > cji. Now (¢', q")
and (g%, %) are equilibrium solutions, so using (iii),

0> [T 4+ ¢ [T = Opin AJ(M —T1)] = [T 4 ¢4 T[T = Bpin A (M — TY)]
>[0T g0 [ = Oin ALY i = TN = @1 4+ ¢ [T = 0in A 5 — 1Y)

i=1 i=1
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= Z (@ —q")"si + Z (hi = q*Tsi) + Z (@' = OminA] = %) s

ieDTND+ ieLTNnD+ i€eSTND+

+ Y (hi—h)+ Y @ = OminAlsi —h)+ > (47— ¢TI = OinAlsy
i€eLTNL+ ieSTNLY ieSTns+

>0

This is a contradiction.

]

Remark 3.3.2. The adoption of the average liquidation price in this framework, besides
providing a more realistic financial framework, offers significant mathematical advantages,

particularly in the analysis of uniqueness as is evident from the preceding theorem.

Remark 3.3.3. I want to point out the similarity in the uniqueness condition presented in
this work to one of the very few uniqueness result in the fire sale literature as presented in
[7]. In that paper, the analysis was restricted to the sale of a single asset to satisfy short
term interbank liabilities. Considering the same setting, my uniqueness condition is exactly

similar to Assumption (iii) on the inverse demand function in [7].

Theorem provides a condition for the uniqueness of solution for an equilibrium price
(¢*,q") in terms of the inverse demand function F'. However this condition also depends on
the risk-weight . I can make this dependence explicit by stating the uniqueness condition
in terms of the inverse demand function F' and the risk-weight « along the lines of [53]. This

is described in the following corollary.

Corollary 3.3.4. Let the inverse demand function F' be such that W be non-

decreasing in L'y, ¥ I'y, € [0, My] for any assetk =1,2,..,m. If oy, € (—5 L lﬁ\]}fé,(,o()o), 7 LyVvk
man k main

then there exists a unique equilibrium price (¢*, 7).

Proof. The uniqueness condition in Theorem [3.3.1] requires that:
S DrFe(Tr) + 500 (Mg — T) (1 — agBmin) Fi (T is increasing in Ty, for k= 1,2,..,m.

Taking partial derivative of the above expression with respect to I'y, I have for k = 1,2, ..,m,

1 (M), — T'p)F(T'y)
Omin Fi(Ux) — (M), — Tg) FY(T'x)
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Then the condition that (Mk;rkw
& (Tk)

condition to ensure that the right-hand side of 1} ie. — 1 (M ~T) Fy (T') is non-

Omin Fi(Tk)—(Mg—T'5) Fy (Ty)
increasing in I'y V T’y € [0, My] for k =1,2,...,m.

is non-decreasing in I'yV [’y € [0, M| is a sufficient

Thus to ensure (3.7)), I require «y to satisfy the inequality at I'y, = 0. Using this fact and

Assumption [3.2.5] uniqueness is ensured if

1 MF0) 1

%e<— )Vk (3.8)

O

Remark 3.3.5. Proposition [3.3.4] is a sufficient condition for Theorem [3.3.1} and hence
represents a stronger condition than Theorem |[3.3.1 However, Proposition [3.3.4] is easier to
deal with in terms of the analysis of practical inverse demand functions and provides clearer

financial interpretations.

Remark 3.3.6. Proposition requires the exact same condition on the risk-weight «
and the inverse demand function F' for uniqueness as Lemma 3.11 of [53] which deals with

price-mediated contagion for multiple assets in a continuous time setting.

Remark 3.3.7. The assumed monotonicity property in Proposition implies that for
every illiquid asset, the firm need not increase the speed it is selling the asset solely to

counteract its own market impacts. For a further discussion on this see Remark 3.5 of [53].

Remark 3.3.8. The bound on « as given by (3.8]) can be viewed as a method to calibrate
the risk-weight properly in terms of the illiquidity of the asset (as measured by the derivative

of the inverse demand function). This is similar to the notion introduced in [53].

Example 3.3.9. The monotonicity condition on F' in Proposition [3.10] is readily satisfied

by the linear inverse demand function F(I') = 1 — ST with § € [0, 57) and the exponential
inverse demand function F(I') = exp(—pfI') with § > 0. The risk-weight « in these cases

can be readily calibrated using ({3.8]).

Remark 3.3.10. In the existing literature on fire sale, the linear price impact has been
mostly used (|71}, 26], 38, [43]). Although such inverse demand functions are relatively easier
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to calibrate, those represent very strong assumptions on the system behavior. However in

this work I can work with more general inverse demand functions that satisfy the conditions

of Theorem or Corollary

3.3.2 Examples

In this subsection, I consider several examples of liquidation functions and explore their

properties.

One Asset:

My first example is the case with one asset, i.e. m = 1. This has been explored in details in

[26]. The liquidation function v, for m = 1 is entirely decided by the liquidation condition
(3.5)). In this case, I have

hi — Q(l — a@mm)si>+

%‘(q’q> - ( (j— (1 — Oéemin)q

N 8 (3.9)
Proposition 3.3.11. v;(q, q) is continuous and non-increasing in (q,q).

Proof. The proof of continuity is trivial. v;(q, q) is clearly non-increasing in .
For the case where ~; = s; or v; = 0,

Jq 0

For the case where 0 < v; < s,

Mi(q,q)  (hi —@s:)(1 — abmin)

aq B (Cj - (1 - O-/emin)Q)Q
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Thus M > 0 is possible only if h; > ¢s;. In this case bank ¢ will default i.e. v; = s;.
q

. . 0vi q
Hence in this case, % = 0.

Hence, 7;(g, q) is non-increasing in q.

Proportional Liquidation:

My second example is Proportional Liquidation where the banks liquidate the assets in

proportion to the initial holding i.e. for each bank ¢, and 7 =1,2,..m, k=1,2,...,m.

Yik(a: @) ik

Proportional liquidation has been widely explored in the existing literature (e.g. [43, [T} [38])
for the analysis of fire sale. For each bank, if I consider the first asset to be the numeriare
I can express s; in terms of s;; and the ratios of the amount of shares in the other assets to
the first asset. In case some bank is holding none of asset 1, I can use the second asset as

my numeriare.
Then for i =1,2,..,n,
i = [rin Tio Tiz ... where 1y, = Sk for k=1,2,..,m.
Then using and the definition of r;, for i = 1,2, ..n,
Vi = Yalra i v o] (3.11)

Then the liquidation condition Equation ({3.5)) reduces to

(i —q"[I = OpinAlsi \*
1= (G = gmdiarn))

(3.12)
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From ~;; I can easily recover ~; using (3.11)).

Proposition 3.3.12. v;(q, q) is continuous and non-increasing in (q,q).

Proof. The proof of continuity is trivial. ;1(¢, ) and hence ~;(q, §) is clearly non-increasing
in q.

For the case where v; = s; or 7; = 0, for any asset k = 1,2,..,m I have

0vi1(q, q)

0
Oqy

For the case where 0 < v; < s;,

0vi1(q,q) _ (rinhi — SiquTz‘) + (Siqu[[ — Omin A7 — Tirg" [ — OrminAls;)

oq (@[ = OpminAlq) "r4)?

Now, s;p1; = 1:15;. Hence,

(@) ra(hi — @ s)(1 — agbpmin)

Oa (@I = OminAla) "7:)?

Thus 8%'81—(‘1’@ > 0 is possible only if h; > @'s;. In this case bank i will default i.e. v, = s;.
q

k

Hence in this case, %(Z’q_) = 0. This argument holds for £ = 1,2, ...,m.

Hence, 7;(g, ¢) is non-increasing in q.

Utility Maximizing:

My final example is the Utility Maximizing liquidation function. In this case each bank i

decides on its liquidation strategy ~; to maximize its utility w;. This represents a realistic

73



scenario as a bank can choose an appropriate utility representing its priorities as opposed to

a mechanically imposed condition. Thus ~; is decided by the following optimization problem:

argmax.,  u;(7;)
s.t. vi €10, 4] (3.13)
7" v+ q [ = bminAl(si — %) = hs
Assumption 3.3.13. wu;(y;) is strictly concave in ;.

Example 3.3.14. An example of a feasible utility function is the Cobb-Douglas utility.
Thus w;(7;) = [The; (Sik — Yir)™ where 0 < ¢, < 1.

Let me denote the constraint set in (3.13) as S(q,7) and let v}(q,q) to be the solution to
(3.13)).

Proposition 3.3.15. (i) admits a unique solution.

(i1) v*(q,q) is continuous in (q,q).

Proof. (i) wu;(7;) is strictly concave in 7;. Further the constraints are linear in ;. Hence

there is a unique solution to (3.13]).

(ii) This follows from Berge Maximum Principle.

3.4 Sensitivity analysis

In this section, I perform sensitivity analysis of the equilibrium prices with respect to the
system parameters. This is a critical exercise as the exact system parameters are often
unknown and the results depend on how these parameters are calibrated. I characterize
the sensitivity analysis as a fixed point problem and prove the existence and uniqueness of
the solution to this problem. Sensitivity analysis for systems with debt linkages has been
studied in [82] 55]. However, as far as I am aware, this work is the the first to attempt such

an analysis in the context of fire sale.
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3.4.1 Fixed point formulation

I want to start off by considering the sensitivity of the equilibrium prices with respect to the
risk-weights 4. Later, I show that the framework that I develop in this exercise is generally

applicable to sensitivity analysis with respect to the other parameters as well.
Considering (3.6) and using the chain rule of differentiation, at equilibrium I have,
9g;(a) _ OF;(Ty(q(e), g(@), @)

= Fj((VqFj)TV‘“’“J(a) + Fj(VT)) 'V q(a) + Fj(V°T;) " (V*a)

where F} = ar , VI, [g—l;,f % .]T and Vorg = [% % ..]T. In a similar way, at
equilibrium,
9gj(@) _ 9F;(T'(q(a), q(a), @)

— F(VT,) V™ g(a) + F(V'T,) 9% g(a) + F(VOT) T (Vha)

From (3.14]), I note that 8?7(3) is in both sides of the equation. A similar observation can
q] (o) -
O[

be made about

in (3.15)). Hence the sensitivity analysis may be characterized using a

fixed point equation in a similar way as [55]. In particular, considering the same argument

for j = 1,2,...,m, the sensitivity of ¢; and ¢; with respect to «a; can be considered as the

solution set of a system of joint fixed point equations in g{‘fj and Bq] ) for j = 1,2,.

Note that with some minor readjustment this set of 2m joint fixed pomt equations can be

described by the following set of 2m linear equations in 24 and aqﬂ ) for j=1,2,.

Doy,

_ pfort _p/ory _ o /ory _ory Réloil /Oy

1-R'% -R'%S RN RS — R

_F/o2 | O _ [ ors _ [ ory 0% /9Ty

RL 1-F'% . R/ -R'D s ' %L
ol _ ol 1 — F,/9% _F/ oL o | T 00 (3.16)

oq1 203 Loq L 9gm dau L day,

1 190, 10T 1 10T, 1— F /9lm 9gm 190

M oq mo9g T mo9qr T ™ Ogm day ™M day,



In (3.16)), I consider the sensitivity of the prices ¢ and g with respect to the risk-weight ay.
This can be similarly done for all the risk-weights k =1, 2, .., m.

More generally, I can consider the sensitivity of the prices with respect to other system

parameters viz. the shortfall of the banks h; for ¢ = 1,2,..,n as well as the regulatory

threshold #,,;,. In fact, the sensitivity analysis with respect to 6,,;, allows me to consider

an interesting application in evaluating the cost of regulation which is discussed later. In a

similar way as the sensitivity analysis with respect to the risk-weights, the sensitivity with

respect to other parameters can be characterized by a system of linear equations. I consider

the general case in the following equation.

1-F'% 'L

/1 o 1 ?qz

_ /o _ ol
F 9, 1— 5

_ oy _ oy

I oq Iy g2

19Ty 19Tn

Fin oq . 9ga

where # € {hl,hg,

Let me define

S ey Al S

) hna ‘gmina Qq, ..

/Ol _F/ o
9q1 1 Ogm
[/ 00y —F rory
29¢ 2 9qm
_ [ /ory
o F Do
18T, 10Ty,
F,, 9a 1—-F, .
o Qb
_ 1’% _ _1’@
oq: dq
1— Fy' oL o
0q2 2 Bgs
_ o — /91
2 9g 1—h Jq
_ [ 10l _ [ 10lm
M 0g2 m 9q
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9q2 /9T
O# F #
T 19Ty
O# 4 O#
B(Im /8Fm
o# F, o#

o

F]' 8qm

_ Alor

F2 8Qm

1 or

—I 8Q'n17,
10,
.. 1-F, v

(3.17)



From (3.17), I note that regardless of the parameter with respect to which I perform the
analysis, the matrix I — W will remain same. I have to only vary the right hand side of the
equation accordingly. The existence and uniqueness of a solution for the sensitivity of the

prices is thus entirely decided by the invertibility of the matrix I — W.

Proposition 3.4.1. Consider the setting of Theorem (i13). If additionally, -y is strictly
decreasing in (q,q) then I — W is invertible.

Proof. The proof is given in the Appendix. O]

Thus under the condition of the previous proposition, I — W is invertible and (3.17)) admits

a unique solution given by

ol kel
o F 5
- B .
o | (-W) F,/ 91
O# 1 9%
9qm 10,
i Fo B3

3.4.2 Cost of regulation

A particularly interesting application of the sensitivity analysis is in the development of a
scheme for computing the cost of regulation incurred by each bank. This is based on the
idea that a tightened regulatory threshold 6,,;, will result in an increased loss for a bank
and hence computing the loss incurred for a marginal increase in the regulatory threshold
gives a measure of the regulatory cost for a bank. The loss incurred, and hence the cost of

regulation, may be quantified in two different ways:

e Cost of requlation based on realized loss: Let me consider the situation where under
the current regulatory regime, a bank has to liquidate a part of its assets. Then as

the threshold 6,,;, increases, the bank has to liquidate more of its assets. Then I can
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use the marginal change in liquidation loss for a marginal change in 6,,;, to quantify
the cost of regulation. Let (¢*, ¢*) be the equilibrium pricing vectors and let v;* be the
liquidation strategy of bank ¢ under the current 0,,;,,. Mathematically, for bank i, I

represent cost of regulation based on realized loss (CRL;) as

O1—q);

CRL; = 3.18
_ AR\ T A% m _ * =%
For computation purposes, 25275 = S (1 - ) 5 — 7 )
8257; for £ = 1,2,..,m can be obtained from (3.17) and 307"*’? depends on the chosen

liquidation function. I note that for the situation where banks are not liquidating any
assets, increasing 6,,;, will not result in increased liquidation losses and indeed in such

instances C'RL; will be equal to 0.

Cost of requlation based on marked to market impact: As I noted in the earlier para-
graph, when banks are not liquidating any asset, increasing 6,,;, will not result in
increased liquidation losses. However, increasing 6,,;, might cause some other bank to
liquidate more and hence depreciate the price. As banks hold overlapping portfolios
this causes impacts globally to all other banks due to marked-to-market accounting,
even if they are not performing direct liquidation. Mathematically, for bank #, I repre-

sent cost of regulation based on marked-to-market impact (C'MI;) as

O + 1+ ¢ v +q s — 7] — bi)

CMI; = — (3.19)

Thus for bank i, C'MI; is the negative of the partial derivative of the equity of bank i
with respect to 6,,;,. Hence this will capture the losses that are not reflected in CRL;.
The computation can be done in a similar fashion as C' RL;. I note that in the situation,
where none of the banks need to liquidate any of their assets, increasing 6,,;, will not
result in further price depreciation and hence marked-to-market losses. Hence in that
case for all banks CMI; = 0.
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3.5 Case studies

In this section I consider three case studies to discuss the implications of my model. For
simplicity, each of the case studies is undertaken with a linear inverse demand function. I
restrict the risk-weight a to the bound discussed in (3.8). The three case studies are as

follows:

(i) First, I consider the case where all banks are symmetric, i.e., their assets and liabilities
are exactly similar. In this case, I am able to provide an analytical solution to the
equilibrium price problem. I use this framework to explore the effect of splitting up a

bank into smaller, symmetric components.

(ii) I consider a two asset two bank system and explore the implications of diversification

under different liquidation functions.

(iii) Finally, I consider a system of six large banks participating in the 2015 CCAR stress

test as considered in [26]. T use this data to study the cost of regulation (as discussed

in Section [3.4.2]).

3.5.1 Symmetrical system
Pricing Equilibrium:

The simplest example to consider is the case for symmetrical banks i.e. where the assets and
liabilities of the banks are exactly similar (e.g. [5 23]). In this case I am able to provide an

analytical solution to the pricing problem.

Here I consider a system of n symmetrical banks i.e. x; = x, p; =p, l; =l foralli=1,2,..n.
Then the shortfall h; = h = p— x — (1 — Oiny)l for all i. Also let me consider only one

marketable asset and let each bank has s shares of this asset. So M = ns.

If any bank has to sell its asset, then all bank will sell the same amount of assets by symmetry.
Let this amount be v € [0, s]. Then I' = n.
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I shall consider a linear inverse demand function F(I') = 1 — 24T for I € [0, M]. Hence
F() =1-8r for T' € [0, M]. In this example, I let 3 € (0, 5=-). Using (3.8)), I restrict the

» 2M
risk-weight to

1 28M 1
. 2
@€ (emm 1+ 26M° emm> (3:20)
Then at equilibrium I have,
g=1-20ny (3.21)
qg=1-— pny (3.22)
h—q(1 — abpin)s\+
= A 3.23
7 <q_<1—a9mm)q> ° (3:23)

There are three possible scenarios:

e The banks are solvent and do not need to liquidate. This happens if and only if
h—q(1—=abpnin)s <0ie. v=0if h < (1 — abym)s.

h—q(1—abmin)s
£ q( )

Gy — > sie v=sif

e The banks are insolvent. This happens if and only i
h>(1—p8M)s.

e The banks are solvent, but liquidate some of their assets. In this case, I have the

following quadratic equation in ~.

(1 = 20010) By + [, — 2(1 — AWy ) BMy — [h — (1 — abpin)s] =0 (3.24)

I make the observation that using (3.20)), [0 — 2(1 — ab,in)BM] > 0. Three cases
need to be considered:

2[h—(1—abmin)s]

In this case v = Y]
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Then the only root of the quadratic equation (3.24]) that gives a feasible solution

. [~ 00min+2(1=00min) M4/ [— 0Omin +2(1—=00pmin) BM12+4(1—200mi ) Br[h—(1—0min ) 5]
1S 2(1—2abmi ) B :

The other root of the quadratic equation is less than 0 and hence not feasible.

1
5.
Then the only root of the quadratic equation (3.24)) that gives a feasible solution

. [—aOmint+2(1—abmin) M| f\/[foszerQ(lfaOmm)ﬁM]2+4(172a0mm)Bn[hf(lfaémm)s}
18 2(1—2aBmin)Bn :

(iii) Bpmin >

The other root of the quadratic equation is greater than s and hence not feasible.

Let T' = [—alpmin +2(1 — @b ) SM]. Then, combining all the cases, the solution set is given
by:

(

0 if h < (1 — alpin)s
s ifth>(1—-p5M)s
o T—+/T?+4(1-200min ) Bnlh—(1—abpmin)s] .
= v 2(1—200,m:m) B0 if (1—pB8M)s>h>(1—abmmn)s, Abmin > %
T++/T?2+4(1—200min ) Bnlh—(1—abpmin)s] .
\/ 2(1—2abpmin)Bn lf (]‘ - ﬂM)S Z h 2 (1 — Oéemin)S, aemin < %
2[h—(1—abmin)s .
\ [ S—ZﬁM ) ] lf (1 - BM)S 2 h 2 (1 - aemin)sy Oéemin = %
(3.25)
Remark 3.5.1. Using 1) and the fact that 28M <1, 1 — afin < m <1-p8M,so

the partition of A where v = 0 and v = s are clearly disjoint.

Remark 3.5.2. From , it is evident the strong influence that regulatory requirements
have in the liquidation process. First, it influences when the liquidation starts. Secondly
in the case where banks are forced to liquidate a part of their assets, even under the same
shortfall the precise liquidation is affected by the condition whether af is greater, equal or
less than 0.5.

I highlight the results obtained in this setting through a numerical example. I consider a

system with 100 banks. I assume that s = 1 and the price is given by a linear inverse demand

function with g = 0.002. For simplicity, I assume that x = 0 and [ = 0. Thus the shortfall h

is only determined by the liabilities p. In this example I vary p, thus varying h. This enables

me to study the effect of the shortfall h on the price ¢q. To study the regulatory impact on the
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Effect of Shortfall on Price
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Figure 3.2: Case Study Effect of shortfall h on the price ¢ in a symmetrical system

liquidation process, I consider three settings: af = 0.3, afl = 0.5 and af = 0.7. This enables
me to contrast the setting of af < 0.5, af = 0.5 and af > 0.5 which becomes important
when the banks are liquidating but are not insolvent as I saw in ({3.25).

The results of this exercise is shown in Figure [3.2] I start from a scenario with no fire
sale. As h increases banks are forced to liquidate some of their assets until at h = 0.8, the
banks become insolvent and the price reaches its nadir. The effect of af becomes evident
if I compare across the three regulatory settings. First, as discussed in Remark , it
influences at which h liquidations start. Secondly, it strongly influences the manner in which
the liquidation occurs which is evident from the shape of the curves at different values of
af. For af = 0.5, the curve is linear, for af < 0.5 I get a strictly convex curve whereas for

af > 0.5, I get a strictly concave curve.

Splitting into symmetrical sub components:

An interesting application of the symmetrical system is to study the effect of splitting up a

bank into smaller symmetrical components. Initially consider n = 1 and this bank has cash
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2°, non-marketable assets [ and liabilities p°. Let the shortfall be given by h°. The bank
has s = M illiquid assets.

Now let me consider the situation where this large bank has been split into n symmetric
banks. I assume that the assets and liabilities have been split equally, i.e., each bank has
liquid assets z! = ’;—0, non-marketable assets [ = % and liabilities p' = %0. Thus the shortfall

h' = h°/n. Each bank has s' = % = % in illiquid assets.

I note that af and SM remains constant across both cases so the partitions of A in (3.25))
corresponds to exactly same condition in either case. Further examining (3.25)), I find that
= l: Then I' = ny! = A% = T'%. Thus under both conditions, the prices ¢ and § are

exactly same.

Thus under the regulatory condition described in this chapter and a linear inverse demand
function, splitting up a bank into symmetrical sub components does not alter the pricing

equilibrium.

Sensitivity Analysis:

I conclude this case study with a discussion of sensitivity analysis. Similar to the equilibrium
pricing, I am able to provide an analytical solution to the sensitivity problem. In this
particular case, I consider the sensitivity analyis of the prices with respect to the risk-weight
«. Sensitivity analysis with respect to the other system parameters will follow in the exact

Samme Imanner.

Let ¢*, ¢* be the solution to the pricing equilibrium. Under the symmetric setting, Equation

(3.16)) reduces to
v OT 1 0 g [ Or
(“F;?_q ‘F‘) - (‘) - (F_) (3.26)
/ / /
—FE - FE )\ Fror

In a similar manner to the pricing problem, three cases need to be considered.
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94 — () and

(i) ¢* = q* = 1. This corresponds to the case where v = 0. Then from (3.26)), 5%
0.

&=

Q

(07

(ii)) ¢* =1—28M, ¢ =1 — M. This corresponds to the case where v = s. Then from
(3.26), 22 =0 and 21 =

(i) 1 —28M < ¢* < @ < 1. This corresponds to the case where 0 < v < s.

F/:_2ﬂ7F/:_ﬁ

or _ ng* Omin (sG*—h) ar _ n(1—abmin)(h—sq*) ar _ —n(h—s(1—abmin)q*)
Oa [tf**(lfa@mm)Q*]Q’ aq [qi**(l*agmin)q*P’ 367 [q*f(lfagmin)q*]Q

Let me define

g — 26Mq+ Bhn

Solving (3.26)), I have

6@ _ ﬂnq*emm(h - (j*s)

-1 3.27
Oa D(q*, q*) ( )
dq  28nq Opin(h — q*s)
1 _ 3.28
Oa D(q*, q*) ( )

3.5.2 Diversity vs Diversification

In this case study, I consider a two bank (n = 2) and two asset (m = 2) system. I assume
that the banks do not hold any liquid or non-marketable asset i.e., x; =1[; = 0 for i = 1, 2.
I assume that both banks have liabilities p; = 1 and the total market capitalization of each
asset is 2, i.e., My = sy + s9p, = 2 for k =1, 2.

I study the impact of diversity vs diversification by varying the composition of the illquid
assets held by each bank. T use a similar setting as [53]. T use a parameter A € [0,2] and set

S11 — )\, S12 = M2 - )\, S91 — M1 — A and S99 — A. When \ = {0,2}, the banks are holdlng
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non-overlapping portfolios and this corresponds to a fully diverse system. When A = 1, the
portfolios of the banks are exactly same and this corresponds to a fully diversified system.
Due to symmetry, I will only consider A € [0, 1]. Thus as \ increases, the system moves from

fully diverse to fully diversified.

I will use the linear inverse demand function Fj, = 1 — 0.2y for £ = 1,2. The liquidation
will depend on the choice of the liquidation function. In this example, I will explore two

such liquidation functions:

e Proportional Liquidation as discussed in Section (3.3.2)).

e Utility Maximizing Liquidation as discussed in section (3.3.2)). In this example, I use
the Cobb-Douglas utility i.e. u;(7;) = (si1 — 7i1)%° (802 — Yi2)?? for i = 1,2.

Initially, the regulatory environment is set by # = 0.2 and a; = ay = 2. Under this setting,
there is no liquidation under both Proportional and Utility Maximizing liquidation. At this
point, I assume that asset 1 has been downgraded and its risk-weight has been doubled i.e.
a1 = 4. T will consider this setting for the remainder of this example. Under this condition,
significant liquidation happens and is shown in Figure [3.3 The fact that downgrading one

asset sets off significant fire sale reinforces the crucial role played by these system parameters.

Let me first examine the case of Proportional Liquidation. From Figure [3.3] I see that the
diversification of assets improves the market capitalization till a particular peak is reached
at around A = 0.4. Thereafter, the market capitalization decreases till it reaches its lowest
point at A = 1 i.e. the fully diversified system. This highlights the fact that, under certain
liquidation regimes, contagion effects from holding similar portfolios can surpass the benefits
of diversification. In fact, even though the risk-weight of asset 2 has not been downgraded,
it reaches its lowest point under the fully diversified system thus highlighting cross-asset
contagion. In contrast, in the fully diverse system, the fire sale is limited to Asset 1, even

though it can be extremely significant.

Next I examine the case of Utility Maximizing liquidation function. I see that the diver-

sification of assets does not uniformly improve market capitalization. In fact, the market

capitalization increases till A = 0.47, starts to decrease till A = 0.6 approximately and then

again continues to increase till it reaches its peak at A\ = 1 i.e. the fully diversified system. In
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this case, the fully diverse system corresponds to the worst case scenario in terms of market
capitalization with very significant fire sale in Asset 1. The fully diversified situation i.e.
A = 1 corresponds to the best case in terms of market capitalization as the fire sale remain
confined to Asset 1 but the banks enjoy the stabilizing effect of a more diversified portfolio
comprising of the less risky Asset 2 which reduces the detrimental effect of the fire sale in
Asset 1.

I conclude this Case Study by comparing the situations under Proportional and Utility
Maximizing liquidation functions. The market capitalization, under the Utility Maximizing
is uniformly better under the Proportional regime. The fully diverse system, i.e. A = 0
fares equally under both liquidation functions in terms of market capitalization with the fire
sale remaining confined to the downgraded Asset 1. In contrast, the fully diversified system
A = 1 corresponds to the best case for the Utility Maximizing liquidation and the worst case
for Proportional liquidation in terms of market capitalization. In the Proportional case, the
fire sale spreads to Asset 2 and hence outweighs the benefits of diversification whereas in the
Utility Maximizing case the fire sale remain confined to Asset 1 thus enabling the banks to
reap the dividends of diversification. This shows that price-mediated contagion is very much

dependent on the choice of the liquidation function.

3.5.3 Cost of regulation

In this case study, I explore the cost of regulation as developed in Section [3.5.2] For this, I
use the Comprehensive Capital Analysis and Review (CCAR) 2015 data. In their website
the Board of Governors of the Federal Reserve System reports that "The Federal Reserve
conducts the annual Comprehensive Capital Analysis and Review (CCAR) exercise to assess
capital positions and planning practices of large firms consistent with Regulation YY (12
CFR part 252) and the capital plan rule (12 CFR 225.8)". For a detailed discussion on
CCAR see [26]. For this case study, I consider the six Global Systemically Important Banks
(GSIBs) with large trading operations viz. Bank of America, Citigroup, The Goldman Sachs,
JP Morgan Chase Co., Morgan Stanley and Wells Fargo Company along the lines of [20].
The data for these organizations is shown in Table [3.1] which has been replicated from Table
7 and an unnumbered table titled "Calibrated quantities (in billion)" from Page 67 of [26].
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Banks Total Capital Total Assets V7Trad Y Bank — Ry ATrad — R} ABank
Bank of America 161.623 2104.534 565.20 1400.70 279.40 1185.60
Citigroup 165.454 1842.181 596.90 1213.17 203.50 1089.10
The Goldman Sachs 90.978 856.240 473.97  324.69 335.91 234.50
JP Morgan Chase & Co 206.594 2572.274 857.40 1687.90 313.40 1305.60
Morgan Stanley 74.972 801.510 430.72  349.40 204.04 251.98
Wells Fargo & Company 192.900 1687.155 355.95 1311.61 130.24 1115.26

Table 3.1: Assets (in billion of dollars) for the six banks under consideration in Case Study

B33

I calibrate the system parameters using the data in Table For each bank i, I set

p; = Total Assets — Total Capital

x; = Total Assets — VIrad _ y/Bank

l. = VBank

RwAB(mk
- VBank

o =

For calibrating s, I make use of the risk-weights for commonly traded assets. I assume that

there are m = 16 illiquid marketable asset and choose « for these 16 assets. This is shown in

Table 3.2} T choose assets with a wide array of risk-weights. I note that the purpose of this
Yy

calibration is to provide a demonstrative data set for the case study. An accurate calibration

of the financial system is an interesting problem in itself and beyond the scope of the current

work.

Asset 1 2 3 4 5

7 8

9 10

11

13 14

15 16

o) 0.07 0.08 0.1 012 015 0.18 0.2 025 035 05 06 075 1 25 425 6.5

Table 3.2: Risk-weight « for the assets in Case Study m

For each bank ¢, the individual portfolio s; is chosen by using the following optimization

problem

38



min ||s;|2

S.t. S; 2 0

m

Trad
E Sik =V

k=1

m
E AESik — RWAZTTM[
k=1

I consider 6,,;, = 0.08 in accordance with Basel III norms. Under the setting considered I
find that the banks do not need to liquidate and hence no fire sale occurs. For demonstrative
purposes, I consider a shock of 8% to the non-marketable illquid asset I; of each bank. Under
this stress regime, I find that four banks: Citigroup, The Goldman Sachs, Morgan Stanley
and Wells Fargo Company do not need to perform any liquidation. JP Morgan Chase and
Co needs to perform some liquidation and Bank of America is insolvent. Under this condition
I consider the cost of regulation. This is plotted in Figure [3.4] I note that while only Bank
of America and JP Morgan Chase and Co show a non-zero C'RL, all the 6 banks have a
non-zero C'M . This highlights that even though the four banks are not liquidating under

the current stress regime, they will incur marked-to-market losses if 6,,;, is increased.
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Chapter 4

Dynamic clearing and contagion in

financial networks

This chapter is based on [12] which is joint work with Alex Bernstein and Zachary Feinstein.

4.1 Introduction

The Eisenberg--Noe model [45] and the majority of the literature in the network model
based approach consider a static framework. Hence, they fail to account for liabilities with
different maturity periods as well as dynamic clearing in financial networks. Consequently;,
in the stress tests developed using the network models, only the aggregate liabilities are
taken into consideration. This can give an incorrect assessment of the health of the financial

system.

This chapter will focus on adding the time dynamics to the setting of [45]. In fact, the
conclusion of [45] provides a discussion of future extensions, one of which is the inclusion of
multiple clearing dates. This has been studied directly in [27, [57]. Additionally, [80] con-
siders a similar approach to model financial networks with multiple maturities. [52] further
provides another approach to financial networks with multiple maturities by considering each
clearing date as a different asset. All of these works, however, only consider clearing at dis-
crete times. [98] presents a continuous-time clearing model that exactly replicates the static
Eisenberg--Noe framework. In this chapter, I will present both discrete and continuous-time

clearing models. However, my emphasis is on the derivation and the characterization of
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the continuous-time model as a differential equation driven by stochastic cash flows. In
particular, I consider existence and uniqueness of the clearing solutions, and a numerical
algorithm for finding sample paths of this clearing solution, under cash flows modeled by
It6 processes. The proof of existence and uniqueness in the continuous time framework is
approached in an entirely different manner than the traditional fixed point approach used
in the network models. This is in contrast to the other works on multiple maturity mod-
els such as [80, 27, 57]. The main benefit of this approach is that it no longer requires
strong monotonicity assumptions for existence and uniqueness which are generally required
for static and discrete-time systems (that typically employ the Tarski fixed point theorem).
This is also valuable for future works that may model network formation and payments as
a non-cooperative game; such games may not satisfy the strong monotonicity assumptions
usually considered in static and discrete-time systems, but would likely satisfy the sufficient
conditions for the continuous-time framework. Further, I discuss the implications of the time
dynamics on the clearing process. In particular, I find that the static Eisenberg--Noe clearing
solution can be recovered in the continuous-time setting by choosing the network parameters
precisely. This allows for a notion of determining the true order of defaults as opposed to
the fictitious default order discussed in the static literature based on [45]. However, if the
continuous-time network parameters are determined to not follow the rules for recreating
the static Eisenberg--Noe setting, then the dynamic and static clearing solutions will gen-
erally not coincide. In fact, the set of defaulting and solvent institutions can be altered by
rearranging the timing of obligations. As such, using the static Eisenberg--Noe framework

for stress testing may result in an incorrect assessment of the health of the financial system.

The organization of this chapter is as follows. In Section [4.2] I will provide a review of the
static clearing systems; I consider the clearing to be in terms of the equity and losses of the
firms, as considered in, e.g., [L03] 16] rather than payments as originally studied in [45]. In
Section .3}, I propose a discrete-time formulation for the Eisenberg--Noe model. In discrete
time I provide results on existence and uniqueness, as well as a numerical algorithm based on
the fictitious default algorithm of [45]. I then extend my model to a continuous-time setting
in Section For continuous time I consider existence and uniqueness of the clearing
solutions, and a numerical algorithm for finding sample paths of this clearing solution, under
cash flows modeled by It6 processes. I additionally provide conditions for the discrete-time

setting to converge to the continuous-time solution as the time step limits to 0. Section
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provides discussion on the financial implications of time dynamics in interbank networks.

The proofs of the main results are provided in the Appendix.

4.2 Static clearing systems

I begin this chapter by reviewing some notation for static clearing systems. For a detailed
discussion of the mathematical framework for static systems, I refer the reader to Chapter

[I.3] The goal of this chapter is to extend this framework to include dynamic clearing.

Throughout this chapter, I will consider a network of n financial institutions. I will denote
the set of all banks in the network by N :={1,2,...,n}. I will consider an additional node
0, which encompasses the entirety of the financial system outside of the n banks; this node 0
will also be referred to as society or the societal node. The full set of institutions, including
the societal node, is denoted by Ny := N U {0}.

I will be extending the model from [45] in this chapter. In that work, any bank i € N' may
have obligations L;; > 0 to any other firm or society j € Npy. I will assume that no firm
has any obligations to itself, i.e., L;; = 0 for all firms ¢ € N, and the society node has no

liabilities at all, i.e., Lo; = 0 for all firms j € Ny. Thus the total liabilities for bank i € N
is given by p; 1= > i o Lij > 0 and relative liabilities m;; := Lﬁij if p; > 0 and arbitrary
otherwise; for simplicity, in the case that p; = 0, I will let m;; = 1 for all j € Ap\{i} and

7 = 0 to retain the property that > jeny Tij = 1. On the other side of the balance sheet, all
firms are assumed to begin with some amount of external assets z; > 0 for all firms i € Nj.
In particular, the societal node has xy > 0. The resultant clearing payments, under a no

priority of payments assumption, satisfy the fixed point problem in payments p € [0, p]
p=pA(z+1I"p). (4.1)

That is, each bank pays the minimum of what it owes (p;) and what it has (;+ .\ 75ip))-

The resultant vector of wealths for all firms is given by

V=x+Ip-p (4.2)
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Due to the equivalence of the clearing payments and clearing wealths as discussed in Chapter
[[.3.3] T am able to consider the Eisenberg--Noe system as a fixed point of clearing wealth,
as given by , rather than payments. For a detailed discussion on this point, I refer the
reader to Chapter [1.3.3]

V=a4+O[p-V]"-p (4.3)

In Chapter results for the existence and uniqueness of the clearing payments (and thus
for the clearing wealths as well) are provided. In fact, it can be shown that there exists a
unique clearing solution in the Eisenberg--Noe framework so long as L;y > 0 for all firms
i € N. I will take advantage of this result later in this paper. This is a reasonable assumption

(as discussed in, e.g., [67]) as obligations to society include, e.g., deposits to the banks.

4.3 Discrete-time clearing systems

Consider now a discrete set of clearing times T, e.g., T = {0,1,...,T} for some (finite)
terminal time 7' < co or T = N. Such a setting is presented in [27]. For processes I will use
the notation from [35] such that the process Z : T — R™ has value of Z(¢) at time ¢ € T and
history Z, := (Z(s))%_.

In this setting, I will consider the external (incoming) cash flow z : T — erfl and nominal
liabilities L : T — RTH)XWH) to be functions of the clearing time, i.e., as assets and
liabilities with different maturities. The external cash in-flows and nominal liabilities can
explicitly depend on the clearing results of the prior times (i.e., z(¢,V;—1) and L(t,V;_1))
without affecting the existence and uniqueness results I present, but for simplicity of notation
I will focus on the case where the external assets and nominal liabilities are independent of
the health and wealth of the firms. Throughout I am considering the discounted cash flows

and liabilities so as to simplify notation.

In contrast to the static Eisenberg--Noe framework, herein I need to consider the results of
the prior times. In particular, if firm ¢ has positive equity at time ¢t — 1 (i.e., Vi(t — 1) > 0)
then these additional assets are available to firm ¢ at time ¢ in order to satisfy its obligations.
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Cash-Flow @Q ¢t =0
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(a) Stylized actualized balance sheet for firm 7 with two time periods.

Balance Sheet @ t =0
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Figure 4.1: Comparison of the full balance sheet to the snapshot of maturities utilized for

A

(b) Stylized “snapshot” of actualized balance sheet for firm ¢ at times 0 and 1.

Section
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Similarly, if firm ¢ has negative wealth at time ¢ — 1 (i.e., Vi(t — 1) < 0) then the debts,
that the firm has not yet paid, will roll-forward in time and be due at the next period.
For example, consider a network in which obligations come due throughout the day at, e.g.,
opening, mid-day, and closing, but that all debts must be cleared by the end of the day.
In such a way, the current unpaid liabilities may be paid at a future time, but before the
terminal time. That is, a firm can be considered in distress at a time if it is unable to satisfy
its obligations at that time, but only defaults if it has negative wealth at the terminal time.
Thus in this chapter I primarily focus on the intra-day dynamics rather than the inter-day
dynamics. See Figure for a stylized (snapshot of the) balance sheet example for a firm
that has positive wealth at time 0 that rolls forward to time 1. The full (actualized) balance
sheet for this example with only those two time periods is displayed in Figure [4.1a} Note
that the full balance sheet as depicted considers actualized payments rather than the book

value of the obligations.

Remark 4.3.1. To incorporate the inter-day dynamics in this framework I can “zero out” a
firm before the terminal date if it is deemed to default in much the same as in [14]. A broader
framework for dealing with various default mechanisms is discussed in Remark [£.3.7] I can
further consider the Nash game in which firms decide if they will allow debts to be rolled
forward in time. In such a setting, if I include a delay for payment due to, e.g., bankruptcy
court so that defaulting firms do not pay any obligations until after the terminal time 7,
then the optimal strategy for all firms (up until the terminal time 7') would be to always

allow other firms to roll all debts forward so as to maximize payments.

Assumption 4.3.2. Before the time of interest, all firms are solvent and liquid. That is,
Vi(=1) > 0 for all firms i € Np.

I can now construct the total liabilities and relative liabilities at time t € T as

pi(t,Viy) == ZLU )+ Vit — 1)~
JENO

Lii(t)+m;ij(t—1,Vi—2)V;(t—1)" p o —

]( ) J;l‘(thil;) ( ) lf pz(ty ‘/;_1) > 0
% if ﬁl(ta ‘/t*l) = 07 J 7& i \V/Z,j € '/Vb
0 if ﬁl(t ‘/;5—1) = 07 .] =1

mii(t, Vieq) =
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In this way, coupled with the accumulation of positive equity over time, the clearing wealths

must satisfy the following fixed point problem in time ¢ wealths:
V() =V(t— 1" +x) + 10 Vi) [Bt Vi) = V()] =5t Vi), (44)

That is, all firms have a clearing wealth that is the summation of their positive equity at the
prior time, the new incoming external cash flow, and the payments made by all other firms
minus the total obligations of the firm (including the prior unpaid liabilities). In this way I
can construct the wealths of firms forward in time. This can be considered a discrete-time

extension of Equation [4.2

I now wish to consider a reformulation of (4.4]). To accomplish this, I consider a process of

cash flows ¢ and functional relative exposures A. These I define by

c(t) == z(t)+ L(t)"T — L(t)T
mii(t, Vie1) if pi(t, Vier) > Vi(t)

LalteuCC LGN i p (1 V) < Vi(1)

aij(t, ‘/;g) = B \V/Z,j S ./VZ) (45)

In the above, 1 := (1,1,...,1)T € R" is the vector of ones. Here I consider ¢(t) = z(t) +
L(t)TT — L(t)T € R™ to be the vector of book capital levels at time ¢, i.e., the new wealth
of each firm assuming all other firms pay in full. I wish to note that the new total liabilities
are given by L(t)1 and the new incoming interbank obligations are given by L(¢)T1. I can
also consider ¢;(t) to be the net cash flow for firm ¢ at time ¢. Further, I introduce the
functional matrix A : T x R"* — [0, 1]("*V*("+1) 6 be the relative exposure matrix. That
is, a;j(t,V;)V;(t)~ provides the (negative) impact that firm i’s losses have on firm j’s wealth
at time £ € T. This is in contrast to II, the relative liabilities, in that it endogenously imposes
the limited exposures concept. In this work the two notions will generally coincide, but for
mathematical simplicity I introduce this relative exposure matrix. For the equivalence I seek,

I define the relative exposures so that
Lt) T+ At —1,Vi) "V(E=1)" = A(t, Vo) TV (1)~ = T0(t, Via) " [p(t, Viea) = V(1) 7]

for any V (t) € R™". This formulation is such that if the positive part were removed from the

right hand side, the relative exposures A would be defined exactly as the relative liabilities II
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by construction. In particular, I will define the relative exposures element-wise and pointwise
so as to encompass the limited exposures as in (4.5)). If p;(¢,V;—1) > 0 then I can simplify

this further as a;;(t,V;) = Lij(I;);‘E;ff(t[é’fvj)‘;)i‘g)(f‘}l)f

Using the notation and terms above I can rewrite (4.4]) with respect to the cash flows ¢ and

relative exposures A as

V(t) =V (t—1)" +x(t) + 1(t,Via) " [p(t, Vier) = V()" = p(t, Vi)
—Vit-—D +a@t)+ L) T+ At -1,V V(E—1)"
— AL V)TV = LT -V (t—1)"
Vit—1)4+zt)+ L)' T+ At —1,Vie) V(-1 — At V) V()™ — L)1
=Vt —1)+ct)— AL V) V) +At-1,V) ' V(E—-1)". (4.6)

+
+

For the remainder of this chapter I will utilize the cash flow ¢ rather than the external
(incoming) cash flow x. That is, I will consider financial networks defined by the joint
parameters (¢, L) as given by the state equations (4.6) and (4.5) for wealths and relative

exposures.

With this setup I now wish to extend the existence and uniqueness results of [45] to discrete

time.

Theorem 4.3.3. Let (¢, L) : T — R" x ]RS:LH)X(nH) define a dynamic financial network
such that every bank has cash flow at least at the level dictated by nominal interbank liabilities,
i€, ¢i(t) 2 3 jen Lji(t) = D jen, Lij(t), and so that every bank owes to the societal node at
all timest € T, i.e., Lig(t) > 0 for all banks i € N and timest € T. Under Assumption|[{.5.9,
there exists a unique solution of clearing wealths V : T — R to .

Remark 4.3.4. The assumption that all firms have obligations to the societal node 0 at all
times t € T guarantees that the financial system is a “regular network” (see [45, Definition
5]) at all times.

The analysis of the discrete-time framework can be extended to a probabilistic setting over

the filtered probability space (2, F, (F(t))ier, P). That is, I can consider the clearing wealths

in the same manner assuming the cash flow ¢ : T x © — R""! and nominal liabilities

L:TxQ— Rfﬂ)x(nﬂ) be adapted processes. Let L?(R™) be the space of Fi-measurable
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random vectors in R™. Let LY(R™) C LY(R™) for p € (0,00] be the space of equivalence
classes of Fi-measurable functions X : @ — R™ such that [|X||, := (/, ]X(w)\pdlp(w))l/p <
oo for p < 0o and || X ||o 1= esssup,cq | X (w)| for p = co. The following corollary considers
the boundedness and measurability properties of the discrete-time clearing wealths. Though
I will not utilize this discrete-time result in this chapter, I consider it important to discuss
random events to more closely match reality. Further, this result will implicitly appear in
the construction and analysis of the continuous-time Eisenberg--Noe formulation of the next

section.

Corollary 4.3.5. Consider the setting of Theorem [[.3.5 where the random network param-
eters (c, L) adapted to the filtered probability space (2, F, (F(t))er, P). If c(s) € LP(R™1)
and L(s) € Eé’(RSfH)X(nH)) for all times s <t for some p € [0, 00|, then the unique clearing
solution at time t has finite p-norm, i.e., V(t) € LY(R"1).

With the construction of the existence and uniqueness of the solution I now want to em-
phasize the fictitious default algorithm from [45] to construct this clearing wealths vector
over time. This algorithm is presented for the deterministic setting; if a stochastic setting is
desired then Algorithm provides a method for computing a single sample path. I note
that at each time ¢ this algorithm takes at most n iterations. Thus with a terminal time 7T,

this algorithm will construct the full clearing solution over T in nT" iterations.

Algorithm 4.3.6. Under the assumptions of Theorem 4.3.3|in a deterministic setting the
clearing wealths process V : T — R"*! can be found by the following algorithm. Initialize

t=—1and V(—1) > 0 as a given. Repeat until ¢ = max T:

(i) Increment t =t + 1.
(ii) Initialize k =0, VY =V (¢t — 1) + ¢(t), and D° = ). Repeat until convergence:

(a) Increment k = k + 1;

(b) Denote the set of insolvent banks by D¥ := {i € {1,2,...,n} | V/"" <0}
(c) If D¥ = D*=! then terminate and set V (t) = V*~1.

1 ifi=je Dk

(d) Define the matrix A¥ € {0,1}"*" so that Afj =
0 else
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(e) Define V* = (I — TI(t, Vi_y) TAF) L (V(t = 1) + c(t) + A(t — 1, Viey) TV (t — 1)°).

Remark 4.3.7. Note that in the construction of V* in step of the fictitious default
algorithm I utilize the relative liabilities I1(¢, V;_1) in the matrix inverse rather than the
relative exposures A(t, (V;_1, V¥)). This has the added benefit that this definition of V* is
not a fixed point problem, which it would be if the relative exposures matrix at time ¢ were
considered. This change is possible since, as discussed in the proof of Theorem [4.3.3 any
clearing solution must be in the domain so that the relative liabilities and exposures coincide.
This additionally provides the invertibility of this matrix using standard input-output results
as discussed in [45], 55].

I wish to finish up my discussion of the discrete-time Eisenberg--Noe framework by consid-

ering some extensions involving loans.

Remark 4.3.8. The theoretical framework presented in this chapter can be easily extended
to incorporate the concepts of loans until some (deterministic) insolvency condition is hit.
In particular, I will consider loans made from a central bank or lender of last resort who I
will assume are part of the societal node 0. From this perspective I consider three cases that

a firm might be in:

e solvent and liquid in which case the firm has positive equity and pays off its obliga-

tions in full;

e solvent and distressed in which case the firm has negative equity, but receives an
overnight loan (with interest rate set at the risk-free rate for simplicity) to cover all

obligations due on that date; and

e insolvent in which the firm will not receive any loans and is sent to a bankruptcy

court.

The determination whether a firm is solvent can be done with an appropriate exogenous
solvency function. I will assume that once a firm is deemed insolvent it can never recover to

solvency again. Two possible systems for considering insolvent firms are:

(i) Receivership: In such a system, when a firm is deemed insolvent it is placed in
receivership so that obligations are payed out on a first-come first-serve basis.
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(ii) Auctions: In such a system, when a firm is deemed insolvent its future assets are
auctioned off in order to pay the future liabilities (in a proportional scheme) at the
next time point. This will then affect the cash flows ¢ and nominal liabilities L, as
such T would need to consider ¢(¢,V; 1) and L(¢,V;_1) to truly consider this case. I
refer to [27] for a detailed discussion of the auction model for insolvency. The auction
system can be interpreted as an internal mechanism for determining bankruptcy costs

in contrast to the exogenous parameter in, e.g., [96].

The existence and uniqueness of the clearing solutions in these scenarios require an additional
monotonicity property; I can use the notion of a speculative system from Chapter 5 to get
the desired results. This condition encodes the notion that a firm does not benefit from any

firm’s distress.

4.4 Continuous-time clearing systems

Consider now a continuous set of clearing times T, e.g., T = [0, 7] for some (finite) terminal
time 7' < oo or T = R,. As before, for processes I will use the notation from [35] such that
the process Z : T — R™ has value of Z(t) at time ¢ € T and history Z; := (Z(s))sejo,q- I will
now construct an extension of the continuous-time setting of [98] in that I allow for liabilities

to change over time and for firms to have stochastic cash flows.

In order to construct a continuous-time model I will begin by considering my network pa-
rameters of cash flows and nominal liabilities. Instead of considering c¢(t) to be the net cash
flow at time ¢ € T, I will consider the term dc(t) of marginal change in cash flow at time
t. Similarly I will consider dL(t) to be the marginal change in nominal liabilities matrix
at time ¢; I note that by assumption dL;;(t) > 0 for all firms 4,57 € Nj as, without any
payments made, total liabilities should accumulate over time. My main result in this section
(Theorem provides existence and uniqueness of the clearing wealths driven by (de, dL)
when ¢(t) = fot dc(s) is an It6 process and L(t) = fot dL(s) is deterministic and continuous
(e.g., dL does not include any Dirac delta functions). This setting, and the results on the
continuous-time Eisenberg--Noe model, can be extended to the case in which the cash flows

and liabilities are additionally functions of the wealths V. For simplicity, in this section I

101



will restrict myself so that the parameters are independent of the current wealths. In order
to construct a continuous-time differential system, I will consider again the discrete-time

setting with explicit time steps At.

Assumption 4.4.1. The cash flows ¢ are defined by the Ité stochastic differential equation
de(t) = p(t, c(t))dt + o(t, c(t))dW (t) for (n+ 1)-vector of Brownian motions W over some
filtered probability space (0, F, (Fi)er, P). Additionally, the drift and diffusion functions
p: Tx R 5 R™ gnd o« T x R — ROADXOHD gre jointly continuous and satisfy the
linear growth and Lipschitz continuous conditions, i.e., there exist constants C, D > 0 such
that for all times t € T and cash flows c,d € R"*!

it )l + Mot )7 < 1+ llelly)
lp(t, ) = p(t, )]s + [lo(t, ) — o(t, )" < Dlje =y

where || - ||y is the I-norm and || - |7 is the corresponding operator norm. The nominal
liabilities L : T — ]REL"H)X("H) are deterministic and twice differentiable; for notation I will
define dL(t) = L(t)dt and d?L(t) = L(t)dt*. Further, the relative liabilities to society is

bounded from below by a level § > 0, i.e., infyer % =0 >0 for all banks i € N.
eNg B

The assumption on the cash flows can be relaxed so long as the stochastic differential equation

has a unique strong solution on T and pu, o satisfy a local linear growth condition and are

locally Lipschitz. This relaxation will be applied in Examples |4.5.3] and [4.5.7}

In the prior section on a discrete-time model for clearing wealths, I implicitly assumed a
constant time-step between each clearing date of At = 1 throughout. In order to construct
a continuous-time clearing model I will begin by making a discrete-time model with an
explicit At > 0 term. In fact, this is immediate from the prior construction with a minor
alteration to the cash flow term. Herein I construct the net cash flow at time t to be given
by Ac(t, At) = ftt_ A; dc(s) and the nominal liabilities at time ¢ are similarly provided by
AL(t,At) := ftt_ A AL(s) where both dec and dL are discussed above (additionally, I set
de(—t) = 0 and dL(—t) = 0 for any times ¢ < 0). The choice of notation for Ac and AL are

to make explicit the “change” inherent in the construction.
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With these parameters I can construct the At-discrete-time clearing process V' (t, At) and
exposure matrix A(t, At, V;(At)) by:

V(t, At) = V(t — At, At) + Ac(t, At) — A(t, At, Vi(AL)) TV (t, At)™

(4.7)
+ At — At AL V_ad(AD) TV (E — At At
ALij(t, A) + ai;(t — At, AL, Vi a(AD))Vi(t — At, At)
(AL V(AL)) = A J ] ’ 1y
aj( , 9 t( )) maX{ZkGNo Ale(t, At) —F‘/;(t—At, At)f,‘/Z(t,At)f} {7’50} (4 8)

1 ..
+ ﬁl{izﬂ,#o} VZ,j & ./\/E)

Here I assume that V(t) = V(—1) > 0 for every time ¢t < 0 as in Assumption This
construction can be computed either in continuous time ¢ € T with sliding intervals of size
At or at the discrete times t € {0, At,...,T}. The existence and uniqueness of this system

follow exactly as in Theorem [4.3.3] under Assumption [4.4.1]

Corollary 4.4.2. Let (dc,dL) : T — R™ " x ]RSF"H)X("H) define a dynamic financial network
satisfying Assumption [{.4.1] such that every bank has cash flow at least at the level dictated
by nominal interbank liabilities, i.e., Ac;(t, At) > 3 i ALji(t, At) =i n, ALij(t, At) for
all banks i € Ny, times t € T, and step-sizes At > 0. Under Assumption there exists
a unique solution of clearing wealths V : T x R, — R to ([4.7). Further, the clearing

wealths are jointly continuous in time and step-size.

Now I want to consider the limiting behavior of this discrete-time system as At tends to 0.
To do so, first, I will consider the formulation of the relative exposures a;; from bank ¢ to
j. From Corollary and Assumption [4.4.1} T know that for any time ¢t € T and bank
i € N it must follow that 7, _\- AL, (t, At) +Vi(t — At, At)~ > Vi(t, At)~ for At > 0 small
enough due to the joint continuity of the wealths in time and step-size. Thus in the limiting
case, as At \, 0, I find that I can consider the relative liabilities rather than the relative

exposures, i.e., for At small enough

ALy (t, At) + ay(t — At, AL Vi s (AD)Vi(t — AL A
D okeny ALik(t, At) + Vi(t — At, At)~ {i0}

Qi (t, At, ‘/t(At)) =

4.9
) N (4.9)
+ Elﬁ:od#o} VZ,j € ./VE)
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Rearranging these terms I am able to deduce that, for any firm i € N,

la;(t, AL, Vi(AL)) — agj(t — At AL, Viea(A))|Vi(t — At, At)™

= ALij(t, At) — ai;(t, AL Vi(AL) > ALy (t, At).
kJENo

(4.10)

Coupled with the assumption that the societal node always has positive wealth, I am thus
able to consider the limiting behavior of (4.7) as the step-size At tends to 0. To do so,

consider

V(t,At) = V(t — At, At) + Ac(t, At) — A(t, At, Vi(AL)) TV (t, At)™
+ At — At AL Vi a) TV (= AL AL
= V(t — At, At) + Ac(t, At)
— A(t, At V,(A) TV (t, At)™ + A(t, At, V(A1) TV (t — At, At)~
— A(t, AL, V,(A)) TV (E — At AY)™ + At — At AL Vi a) TV (E— AL, AL) ™
= V(t — At AL) + Ac(t, At) — A(t, At, Vi(AD)) TV (5, A) ™ — V(¢ — At, At)7]
— AL(t, At) T+ A(t, At, Vi(At)) TAL(t, At)T.

Consider the notation for the matrix of distressed firms from the fictitious default algorithm
(Algorithm {4.3.6)), i.e., A(V) € {0, 1}(»TU*(+1) s the diagonal matrix of banks in distress

1 fi=7#0and V; <0
Ay (V) = ke Vi, j € No.
0 else

[ am able to set Ago(V) = 0 without loss of generality since, by assumption, the outside
node 0 has no obligations into the system. Thus, as with (4.9), by continuity of the clearing
wealths and At small enough, I can conclude that except at specific event times (to be

considered later, see Algorithm [4.4.8)) it follows that A(V (¢, At)) = A(V (t — At, At)). Thus,
with this added notation I can reformulate the clearing wealths equation (4.7)) as

V(t, At) = V(t — At, At) + A(t, At, Vi(AD) TA(V (1, AD)[V (¢, At) — V(t — At, At)] + Ac(t, At)
— AL(t, At) "1 + A(t, At, Vi(At)) TAL(t, At)1.
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For the construction of a differential form I can consider the equivalent formulation

V(t,At) = V(t — At, At) =

Ac(t, At) — AL(t, At)TT 4.11

- At AL VATAV A A AD S aLe AT
+A(t, At Vi(At)) TAL(t, At)1

Note that I —A(t, At, Vi(At))TA(V (t, At)) is invertible by standard input-output results and

as proven in Proposition [C.2.1]

Utilizing (4.11]) and (4.9) and taking the limit as At \, 0, I am thus able to construct the

joint differential system:

AV (1) = [T — A TAWV )] (dc(t) —dL(t)"T + A(t)TdL(t) I) (4.12)

d?L;;(t)—aij; o AL if 2
et e N, V(1) 2 0

da;(t) = dL”(t)*a”Si)(%feNo Pl e N V(1) <0 Yij €N (4.13)

0 ifi=0

with initial conditions V' (0) > 0 given and a;;(0) = %1{#0} + %l{i:Q j0} for all
eNg z

firms 4, j € No. Asin (4.11), I — A(t)"A(V/(?)) is invertible by standard input-output results
and as proven in Proposition . The first case in is constructed by noting that
a;;(t) = #ﬁim if V;(t) > 0 and ¢ € N and day;(t) = 0 for any firm j € N for all times
t; the second case in follows from and taking the limit as At \, 0. Note that
this differential system is discontinuous, with events at times when firms cross the 0 wealth
boundary, i.e., when A(V(t)) # A(V(¢7)). As such, I will consider the differential system on
the inter-event intervals, then update the differential system between these intervals. This
is made more explicit in the proof of Theorem and in Algorithm [4.4.8] As with the
discrete-time system , the relative exposures follow the incoming proportional obliga-
tions if a firm has a surplus wealth. When a firm is in distress, the relative exposures follow
a path that provides the average relative obligations between new liabilities and the prior

unpaid liabilities.

Remark 4.4.3. As in the discrete-time section I consider the debt to roll forward in this
case. In this way I encode the notion of either intra-day dynamics in this model or when

bankruptcy court would not settle debts before the terminal time 7' for the system. To allow
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for insolvencies, I can consider some (deterministic) mechanism to determine when a bank

becomes insolvent and restart the differential system with updated parameters from that

time point, e.g., using an instantaneous auction as in [27]; see also Remarks [4.3.7| and |4.4.9]

I will complete my discussion of the construction of this differential system by providing
some properties on the relative liabilities and exposures matrix A. Notably, these properties
are those that would be expected from the discrete-time setting for the relative exposures.
Namely, as a firm recovers from a distressed state its relative liabilities return to be only
the fraction of incoming liabilities, that the relative exposures are bounded from below by 0
(and to society by d as provided in Assumption , and the relative exposure matrix is

row stochastic at all times.

Proposition 4.4.4. Let (dc,dL) : T — R x RS:LH)X(TLH) define a dynamic financial
network satisfying Assumption|4.4.1. Let (V, A) : T — R" x ROFDX0HD) pe any solution of

the differential system (4.12)) and (4.13)) satisfying Assumption . The relative exposure
matriz A(t) satisfies the following properties:

(i) For any bank i € N, if Vi(t) /0 ast /7 then limy », a;;(t) = #&;m.
(ii) For all timest € T and for any bank i € N, the elements a;;(t) > 0 for all banks j € N
and a;o(t) > 0;

(i) For all timest € T and for any bank i € Ny, the row sums ),y ai(t) = 1;

With this differential construction (4.12)) and (4.13)), I seek to prove existence and uniqueness

of the clearing solutions. For notational simplicity, define the space of relative exposure

matrices

— — ]-
A = {AE [0, 1](n+1)><(n+1) |A1:1, CLZ'Z':O, a¢025W€N, aoj:—Vj EN}
n

From Proposition I have already proven that if (V, A) : T — R x ROFDx0+D) g 5

solution to the continuous-time Eisenberg--Noe system then A(t) € A for all times ¢ € T.

Theorem 4.4.5. Let T = [0,T] be a finite time period and let (dc,dL) : T — R™! x
RS:LH)X(HH) define a dynamic financial network satisfying Assumption . There exists a
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unique strong solution to the clearing wealths and relative exposures (V, A) satisfying (4.12)

and (413) if V(0) € RE.

Proof. The proof is presented in the appendix. m

Remark 4.4.6. The proof of existence and uniqueness, presented in the preceding theorem,
is approached in an entirely different manner than the traditional approach used in the
network models. In particular, I make use of the results on the uniqueness of differential
equations. This is in contrast to other works on multiple maturity models [80, 27, 57] which
employ the Tarski fixed point theorem. The main benefit of my approach is that it no longer

requires the strong monotonicity assumptions for Tarski fixed point theorem to hold.

Remark 4.4.7. The restrictions on the cash flows dc made in Assumption 4.4.1] can be

relaxed to depend explicitly on the wealths and relative exposures, i.e.,
delt) = pu(t, elt), V(t), A(#))dt + o{t,c(t), V(£), A(D)dW (2).

This would still guarantee a unique strong solution of the clearing wealths and relative
exposures as in Theorem [£.4.5] so long as p, o satisfy a local linear growth condition, local
Lipschitz condition, and ¢(¢) can be bounded above and below by elements of £Z(R"*1) for

all time t¢.

I now present an algorithm for numerically computing an approximation of a single sample
path for the continuous-time Eisenberg--Noe clearing system. To do so I consider Euler’s

method for differential equations with an event finding algorithm.

Algorithm 4.4.8. Under the assumptions of Theorem [£.4.5] for a fixed event w € Q the
clearing wealths process V : T — R™™! and relative exposures A : T — A can be found
by the following algorithm. Fix a step-size Aty > 0. Initialize ¢ = 0, V(0) > 0 given,

— dLi'(O) — n n 3 .
Q5 (0) - ml{@éo} + %1{1‘:07]'7&0}, and A = {O}( +H)x( +1). Repeat until ¢ Z T:

(i) Initialize A° # A and At = Aty.
(ii) Sample Z ~ N(0,1).

(iii) Repeat until A° = A:
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(a) Set A% =A.
(b) Compute

lt) = (1 = AW A) " (e, e(t) = L&) T+ A1) L0)T)
a(t)=(I—AL) "N o(t,c(t)Z.

(c) Loop through each bank i € N:
i IfVi(t) > 0, j1;(t) <0, and 7;(t)* — 4jz;(¢)V;(t) > 0 then

At = min < At , \/az — 4(t)Vi(t) .
Mz<t)

ii. If Vi(t) <0, f1;(t) # 0, and ;(t)? — 4j1;(t)V;(t) > 0 then

At = min { At , —oilt +\/gz —4mOVit) )
Mz(t>

iii. If g;(t) = 0 and V;(¢)5;(t) < 0 then At = min {At, V;(t)?/5:(t)?}.
iv. If f1;(t)7;(t) < 0 then At = min {At, 7;(t)*/f:(t)?}.

(d) Compute AV (t) = fi(t)At + &(t)VAL.

(e) Define the matrix A € {0,1}*+V>*(+1) guch that

0 ifi=j#0, Vi(t) >0or [Vi(t) =0, AVj(t) > 0]
Aij=1q1 ifi=7j#0, Vi(t) <0or [Vi(t) =0, AV;(t) < 0]

0 else

- [1oiti=g 40, Vit) <0
(iv) Define the matrix A € {0, 1}(+1)x("+1) 5o that A = { ke () :
0 else

(v) Set

c(t+ At) = c(t) + p(t, c(t)) At + o(t, c(t))VALZ
V(t+ At) = V(t) + AV (D)
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A(t + At) = A [A(t) + diag(V(#) ) YL(E) — A(t) * (L(t)]l)]At]

=,

+ (I = A) diag(L(t)T) " L(t).
where 1 = {1}(»*D*("*+1) and % denotes the element-wise multiplication operator.

(vi) Increment t =t + At.

If t > T then set

o(T) = et — Aty + LD = Z(i — A = g
V(D) = vt - a + LTI g
AT = At — An) + A= iit —A) - A,

In the above event-finding algorithm for the continuous-time Eisenberg--Noe system, the
main concern is that I do not increment time too far in any step so as to pass over an event
(e.g., a solvent bank becoming a distressed bank). This is accomplished in the loop described
in step (fiic). In particular, ({ii(c)i)-(Hi(c)il]) guarantee that Vi(t) + fii(t)At + 7;(t)V/At is
nonnegative if V;(¢) > 0 and nonpositive if V;(t) < 0. The additional condition in (fii(c)iv])
guarantees that the direction of fi;(t)At 4 ;(t)v/At is maintained as At shrinks, i.c., if At is
too large then the direction of the change in wealth could be impacted by choosing a smaller
(and thus more accurate) step-size. While not strictly necessary, I include step as

it improves the accuracy of the algorithm.

Remark 4.4.9. As with the discrete-time setting discussed in Remark [£.3.7] I can introduce
the concept of loans from a central bank to the continuous-time Eisenberg--Noe system.
To do so I would need to introduce stopping times associated with each bank becoming
insolvent. Notably, the receivership setting would act the same as the described continuous-
time Kisenberg--Noe system after insolvencies occur. In contrast, a pure auction model
would eliminate all need for continuous-time contagion. At the time of the auction a static
system would be considered, e.g., the static Eisenberg--Noe clearing, based on the results of
the auction; this would update the cash flow parameters for each firm going forward, but no

dynamic contagion would need to be modeled.
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4.5 Discussion

In this section, I will consider the implications of time on the clearing solutions in the
Eisenberg--Noe setting. Specifically, I will focus on the continuous-time formulation, though
all conclusions hold in the discrete-time setting as well. Notably, I deduce rules so as to recre-
ate the static Eisenberg--Noe clearing solution via the continuous-time differential system,
which (independently) replicates the results from [98]. Further, I consider the implications
of time dynamics on the health of the financial system by determining bounds on how dif-
ferent the static clearing solution and a dynamic solution might be. This demonstrates the
importance of time dynamics on accurately assessing the health and wealth of the financial

system.

4.5.1 The static model as a differential system

Herein I will consider the case in which the relative liabilities are constant through time.
That is, I consider the setting in which dLi;(s)/ > pcn, dLik(s) = dLij(t)/ Y pep, dLik(t) for
all times s,¢ € T and firms 7, j € Ny so long as ), . dLir(s), Y penr, dLik(t) > 0. The key
implication of this assumption is that the relative exposures matrix in (4.13) can be found

explicitly to equal the relative liabilities

dLij (SZ)

Sken Lin(s:) if s; <supT
a;j(t) = mij = § if s; =supT, j # i
O ifSizsupT’ j:Z

for all times ¢ and banks 4, j € Ny where s; € {t € T | 32, . dLix(t) > 0} chosen arbitrarily

strictly less than sup T (and s; = sup T if the supremum is taken over the empty set).

Further, expanding and solving the differential system (4.12)), I deduce that the continuous-

time clearing wealths must satisfy the fixed point problem

V(t) =V(0)+ / t de(s) —T1TV ()~ (4.14)
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at all time ¢ € T. Therefore, if [ de(s) > [} dL(s)TT — [ dL(s)1 at some time ¢, it follows
that V (t) are the static clearing wealths to the Eisenberg--Noe system with aggregated data
with nominal liabilities matrix defined by fot dL(s) and (incoming) external cash flow given by
[ de(s) — <fg dL(s)TT - [, dL(s)f). Importantly, this means that, if the relative liabilities
are kept constant over time, taking aggregated data and considering the static Eisenberg--
Noe framework will produce the same final clearing wealths as the dynamic Eisenberg--Noe
setting presented in this chapter. However, though the set of defaulting banks is the same
as in the static setting, the order of defaults need not strictly follow the order given in the
fictitious default algorithm of [45].

Definition 4.5.1. A bank is called a kth-order default in the static Fisenberg--Noe setting
if it is determined to be in default in the kth iteration of the fictitious default algorithm (see,

e.g., [49, Section 5.1] or the inner loop of Algorithm[4.3.6]).

I note that the first-order defaults are exactly those firms that have negative wealth even

if it has no negative exposure to other firms (i.e., all other firms satisfy their obligations in
full).

Proposition 4.5.2. Let (z,L) € R} XRS:LH)X("H) denote the static incoming external cash
flow and nominal liabilities. Define a dynamic system over the time period T = [0,T] such
that V(0) € [0,x], dL(t) = #Ldt, and dc(t) = 1 (m —~V(0)+ LT~ ET) dt. The clearing
wealths at the terminal time V(T') are equal to those given in the static setting. Additionally,
no firm will ever recover from distress in the dynamic setting. Finally, the first kth-order
default will occur only after the first (k — 1)th-order default in the static fictitious default
algorithm; in particular, the first firm to become distressed will be a first-order default in the

static fictitious default algorithm.

Proof. The fact that the clearing wealths V' (T") are equal to the static Eisenberg--Noe clearing
wealths follows from and the logic given in the proof of Lemma ?7. Additionally, since
de(t) is constant in time and firms are beginning in a solvent state, over time the unpaid
liabilities may accumulate as a negative factor on bank balance sheets, but there is no outlet
to allow for a firm to recover from distress. Finally, by definition, a kth-order default is only
driven into distress through the failure of the (k — 1)th-order defaults (and not solely by the
(k — 2)th-order defaults). Therefore, by way of contradiction, if a kth-order default were to
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occur before any (k — 1)th-order default then such a firm must default without regard to
what happens to the (k—1)th-order defaults, i.e., this firm must be a (k—1)th-order default.

By this same logic, the first firm to become distressed must be a first-order default. O

The notion of real defaulting times differing from the order introduced by the fictitious default
algorithm of [45] is unsurprising. Consider a financial system with two subgraphs that are
only connected through their obligations to the societal node. By construction, the default
of a firm in one subgraph will have no impact on the firms in the other subgraph. Thus I
can construct a network so that all defaults in one subgraph (including higher order defaults
as defined in Definition occur before any first-order defaults in the other subgraph.

Notably, Proposition m states that, provided the aggregate data (until the terminal time)
is kept constant, the clearing wealths at the terminal time will be path-independent in this
setting. I will demonstrate this with an illustrative example demonstrating this setting in
a small 4 bank (plus societal node) system. In particular, I will consider the cash flows ¢
to be defined as a Brownian bridge so as to provide the appropriate aggregate data at the

terminal time.

Example 4.5.3. Consider a financial system with four banks, each with an additional obli-
gation to an external societal node. Consider the time interval T = [0, 1] with aggregated
data such that the initial wealths are given by V(0) = (100,1,3,2,5)", cash flows dc are
such that fol de(s) = LT1— L1, and where the nominal liabilities matrix dL = Ldt is defined
by

00000

30711

33033

31101

31210

gl
I

The static Eisenberg--Noe clearing wealths, with nominal liabilities L and external assets
V(0), are found to be V(1) ~ (109.38, —6.81, —3.03, —0.32,1.62) . Further, from the static
fictitious default algorithm, I can determine that bank 1 is a first-order default, bank 2 is
a second-order default, and bank 3 is a third-order default. Consider now three dynamic

settings which are differentiated only by the choice of the cash flows dc:
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(i) Consider the deterministic setting introduced in Proposition 4.5.2} i.e., de(t) = [LTT —

1]dt for all times ¢ € T.

(ii) Consider a Brownian bridge with low volatility, i.e., de(t) = @dt + dW (t) for

vector of independent Brownian motions W and with ¢(0) = 0.

(iii) Consider a Brownian bridge with high volatility, i.e., dc(t) = @dt + 5dW (t)

for vector of independent Brownian motions W and with ¢(0) = 0.

A single sample path for each dynamic setting is provided. In each plot I reduce the equity
of the societal node by 100 so that it begins with an initial wealth of 0, but more importantly
so that it can easily be displayed on the same plot as the other 4 institutions. First, I point
out that, as indicated by the circles at the terminal time in each plot, the terminal wealths
of the continuous-time setting match up with the clearing wealths in the static model. 1
further note that in the deterministic setting (Figure and the low volatility setting
(Figure the order of defaults is maintained. However, in the high volatility setting
(Figure the order of defaults given by the fictitious default algorithm no longer holds.

4.5.2 The implications of time dynamics

Now I will consider the case in which the relative liabilities change over time. As in the
prior discussion, I will focus on the setting in which the aggregate cash flows and interbank
liabilities correspond to a static Eisenberg--Noe model. As the liabilities are now changing
over time there is an inherent prioritization in the obligations due to the rolling forward of
unpaid debts. Any earlier obligations are more likely to be paid, and accumulate to be paid
proportionally with any new obligations. As such, by altering only the rate at which the
liabilities are due, the terminal wealths and also the set of defaulting firms can be modified.
Proposition provides analysis on which banks will always be solvent and which will
always be in default at the terminal time. In particular, the results of Proposition [4.5.5 show
that the static Eisenberg--Noe model applied to aggregate data can produce a viewpoint on
the health of the financial system that is either incorrectly optimistic or pessimistic; without
explicitly knowing the dynamics of the cash flows and liabilities, only rough estimates can

be considered. This is in contrast to, e.g., [67] in which data from the European Banking
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Authority’s 2011 stress test was utilized to assess the health of the European financial system

without time dynamics.

Definition 4.5.4. In the static Eisenberg--Noe setting a bank is called a first-order sol-
vency if it has positive wealth even under the mazimum negative exposure (i.e., no other

firms pay at all).

Note that, by assumption, the societal node 0 will always be a first-order solvent institution.

Proposition 4.5.5. Let (z,L) € R x RTH)X(TLH) denote the static incoming external
cash flow and nominal liabilities. Define a dynamic system over the time period T = [0,T]
such that V(0) € [0, z], fOT dL(t) = L, and fOT de(t) = & — V(0)+ LTT — L1. At time T,
those banks that are first-order defaults in the static setting will be in default in the dynamic
setting. Similarly, those banks that are first-order solvencies in the static setting will be

solvent in the dynamic setting at the terminal time.

Proof. This result follows from the definition of a first-order default or solvency as such firms

allow me to disregard all interbank dynamics. m

To conclude this discussion, I will consider two examples with the same aggregate values as
given in Example [£.5.3] The first example considers the case in which the nominal liabilities
are shifted in time so as to have the maximum possible number of banks be solvent or,
vice versa, the maximum number of banks be in default at the terminal time. The second
example considers a fixed structure for the nominal liabilities in time (but non-constant
relative liabilities), thus demonstrating the path-dependence of the clearing wealths on the

cash flows.

Example 4.5.6. Consider the financial system described in Example [4.5.3| over the time
interval T = [0, 1] with aggregated data such that the initial wealths V' (0) = (100, 1,3,2,5)"
and where the aggregate nominal liabilities matrix is defined by L. Further, consider the
cash flows de(t) = dL(t)TT — dL(t)1 for all times t € T where dL is either:

(1) pI‘iOI‘itiZng the defaulting firms: dL(t) = 5E (E(]l{te(o.&l}} + ZiEN Eil{t€(0.2(i—1),0.2i]})>

or
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(11) pI'iOI'itiZiIlg SOCiQty: dL(t) = 5E (Eol{tE[O,O.Q)} + Zié/\/ Eil{tE(O.Qi,O.Q(i—&—l)}})

where the collection of matrices F; € {0,1}+D*(+1) are such that (E;); = 1 and all other
elements are set to 0. As in Figure [£.2] the circles at the terminal time in both plots denote
the clearing wealths under the static Eisenberg--Noe setting. It is clear in both examples that
the terminal dynamic clearing wealths now are not equal to the static wealths. Further, by
choosing the liabilities to be introduced in the order provided I provide the settings so that
only the first-order defaults, Bank 1, have negative terminal wealth (Figure or so that
only the first-order solvencies, the societal firm, have positive terminal wealth (Figure .
In Figure [£.3a], I notice that firms 2 and 3 have a terminal wealth of 0, so although they are
not defaulting, they do not have any positive equity either. Further, it is clear that though
all financial firms have improved their wealth given this ordering of the nominal liabilities,
the societal wealth is decreased (though to a lesser amount than the aggregate improvement
for the banks) in comparison to the static results. In contrast, in the second scenario in
which obligations to society are first (Figure , the societal wealths are greater than
those provided in the static setting but all banks have less wealth. Notice further that, even
after the obligations to society have “ended” at time 0.2 the societal wealth still increases.
This occurs as the banks in distress receive money as their incoming liabilities come due and
thus they have cash to immediately transfer to cover the prior unpaid obligations to, e.g.,
society. Finally, this numerically verifies the results of Proposition and demonstrates
the importance of understanding the order of obligations for an accurate measure of the

health of the financial system.

Example 4.5.7. Consider the financial system described in Example over the time
interval T = [0, 1] with aggregated data such that the initial wealths V' (0) = (100, 1,3,2,5)"
and where the aggregate nominal liabilities matrix is defined by L. Further, consider the

nominal liabilities determined by
dL(t) = T ( Eo + ﬁEll{te[o.ms,o.:sw]} + 0_1_178E21{t€[0.331,0.509]} >

+ 535 B3 eei0.301,0.740) + 510 Balieeiosrsoms))

where the collection of matrices E; € {0,1}+D*("+1) are such that (E;); = 1 and all other

elements are set to 0. Finally, consider the cash flows determined by a Brownian bridge
LT

with volatility of 2, i.e., dc(t) = #dt + 2dW (t) for vector of independent Brownian

motions W and with ¢(0) = 0. Figure depicts the empirical distribution of the terminal
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societal wealths under 10,000 samples of the Brownian bridge cash flows. The black curve
depicts the kernel density for this empirical distribution. The x illustrates the societal wealth
under the static Eisenberg--Noe framework considering the aggregated data (as provided in
Example . The key takeaway of this figure is the payments to society range from 8.12
to 10.20 out of an obligated 12, i.e., society can experience anywhere from 16% to 32%
shortfall in payments depending on the sample path. This also implies that society can
experience anywhere from a 13.4% decrease to an 8.8% increase over the payments found
under the static Eisenberg--Noe model. Similar results can be shown for the other firms in
the system as well. Notably, firms 2, 3, and 4 all have simulations in which they are solvent
at the terminal time and simulations in which they are defaulting on their obligations. Recall
none of these three firms are first-order defaults or first-order solvencies. Empirically, firm
2 (a second-order default) is found to default in approximately 98% of the simulations; firm
3 (a third-order default) is found to default in approximately 3.6% of simulations; firm 4
(which does not default in the static setting) is found to default in just 0.03% of the provided
simulations (i.e., 3 out of the 10,000 simulations). Therefore, if relative liabilities are not
constant over time, the order of the cash flows can have a significant impact on the health

of the system.
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Chapter 5

Impact of contingent payments on

systemic risk in financial networks

This chapter is based on [14] which is joint work with Zachary Feinstein.

5.1 Introduction

The 2008 financial crisis proved that linkages formed between banks and insurance companies
can act as potential channels of financial contagion. These linkages are formed and resolved
in a way that is different from normal bank loans. A typical example of such a linkage is
a credit default swap [CDS|. A credit default swap is a contract in which a buyer pays a
premium to a seller in order to protect itself against a potential loss due to the occurrence
of a credit event that affects the value of the contract’s underlying reference obligation, e.g.,
a corporate or sovereign bond. The contract specifies the credit events that will trigger
payment from the seller to the buyer. Whereas such instruments can be used to hedge risks,

they may also be used for speculative purposes to put a short position on the credit markets.

The important role that such contingent linkages play is demonstrated by the financial crisis
of 2007-2009. As that crisis unfolded, AIG faced bankruptcy after the failure of Lehman
Brothers due to the large payouts it was required to make on its CDS contracts referencing
Lehman and mortgage-backed securities. When the crisis hit, the sudden calls to pay out
the CDS contracts put great pressure on AIG, which traditionally had a thin capital base.
Consequently AIG had to be rescued by the U.S. Department of Treasury so as to avoid
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jeopardizing the financial health of firms which bought CDSs from AIG. However, despite
the importance of these linkages, current models are unable to account for the conditional
payments that an insurance or credit default swap contract would require. I refer to [24] for

a preliminary study of the insurance and reinsurance market.

As far as I am aware, theoretical work on contingent payments and CDS in relation to
systemic risk has not been explored much. [19, [I8] show that the clearing vector in the
presence of generalized CDS contracts is not well-defined and need not exist. They further
propose a static setting to model CDS payments and give sufficient conditions on the network
topology for existence of a clearing solution. [81] considers such a model in a static framework
and proposes a method to rewrite some classes of network topologies as an Eisenberg--Noe
system. [17, 36] modeled CDS payments, but most of the reference entities are required
to be external to the financial system. [78] modeled reinsurance networks and studied the
implications of network topologies on existence and uniqueness of the liabilities and clearing
payments. A different approach has been taken in [74] in which a stochastic setting is used
to analyze contagion caused by credit default swaps. The role of credit default swaps in

causing financial contagion has been captured in several empirical studies, see e.g. [92], [84].

This chapter aims to provide a generalized theoretical framework in which to study credit
default swaps and other contingent payments in the Eisenberg--Noe setting. 1 focus on
existence and uniqueness of the clearing payments under contingent payments without pre-
supposing the nature of those payments or strong assumptions on the network topology.
This is in contrast to the aforementioned literature on CDS network models in which there
is no guarantee that the realized networks would obey the required conditions. Hence it is
paramount to develop results for a general network, irrespective of the topology. I do this
by first considering the problem in a static framework where all claims are settled simulta-
neously. In such a setting I find that uniqueness of the clearing solution follows so long as
no firm is “speculating” on another firm’s failure. However, with speculation the problem in
a static setting no longer satisfies the sufficient mathematical properties for uniqueness. In
order to overcome this issue, I introduce a dynamic framework. This setting ensures both
existence and uniqueness of a clearing solution under the usual conditions from [45]. Addi-
tionally I demonstrate how this framework can be applied to problems that were ill-defined

in the static framework through numerical examples.
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This chapter is organized in the following way: First, in Section [5.2] I will introduce the
mathematical and financial setting. In Section [5.3] T develop the static framework for in-
corporating contingent payments such as insurance and CDS, provide results on existence
and develop conditions for uniqueness that are intimately related to considerations of insur-
ance versus speculation. Further I demonstrate some shortcomings inherent to the static
framework with contingent payments. In Section [5.4] I introduce a discrete time dynamic

framework and discuss existence and uniqueness results.

5.2 Background

I begin this chapter by reviewing notation for the clearing system used in [45]. For a detailed
discussion of this mathematical framework, I refer the reader to Chapter The goal of

this chapter is to extend this framework to include contingent payments.

Throughout this chapter, I will consider a network of n financial institutions. I will denote
the set of all banks in the network by N :={1,2,...,n}. I will consider an additional node
0, which encompasses the entirety of the financial system outside of the n banks; this node 0
will also be referred to as society or the societal node. The full set of institutions, including
the societal node, is denoted by Ny := N U {0}.

I will be extending the model from [45] in this chapter. In that work, any bank ¢ € A may
have obligations L;; > 0 to any other firm or society j € Np. I will assume that no firm
has any obligations to itself, i.e., L;; = 0 for all firms ¢ € A/, and the society node has no
liabilities at all, i.e., Lo; = 0 for all firms j € Ny. Thus the total liabilities for bank i € N

is given by p; = Zje N, Lij = 0 and relative liabilities m;; 1= Lﬁij if p; > 0 and arbitrary

otherwise; for simplicity, in the case that p; = 0, I will let 7;; = % for all j € Mp\{i} and
7 = 0 to retain the property that > jen, Mij = 1. On the other side of the balance sheet, all
firms are assumed to begin with some amount of external assets z; > 0 for all firms i € Nj.

In particular, the societal node has xy > 0. The resultant clearing payments, under a no

priority of payments assumption, satisfy the fixed point problem in payments p € [0, p|
p=pA (x+HTp). (5.1)
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That is, each bank pays the minimum of what it owes (p;) and what it has (z;+>_ .\ 7jip))-

The resultant vector of wealths for all firms is given by
V=x+II"p-p (5.2)

Due to the equivalence of the clearing payments and clearing wealths as discussed in Chapter
[[.3.3] T am able to consider the Eisenberg--Noe system as a fixed point of clearing wealth
rather than payments as given by the following equation. For a detailed discussion on this
point, I refer the reader to Chapter [1.3.3]

V=x+II"[p-V]" -5 (5.3)

In Chapter results for the existence and uniqueness of the clearing payments (and thus
for the clearing wealths as well) are provided. In fact, it can be shown that there exists a
unique clearing solution in the Eisenberg--Noe framework so long as L;y > 0 for all firms
1 € N. Twill take advantage of this result later in this paper. This is a reasonable assumption

(as discussed in, e.g., [67]) as obligations to society include, e.g., deposits to the banks.

5.3 Simultaneous network clearing with contingent pay-

ments

5.3.1 General setting

Let me now consider the case when the nominal liabilities between financial institutions
depend explicitly on the wealths of the firms. This is, for instance, the case with insur-
ance, credit default swaps, reserve requirements with a central bank, or the default waterfall
enacted by central counterparties; see Examples for more details of those cases.

As a general setting, this corresponds to the situation in which the nominal liabilities L;; :
R""1 — R, from bank i € N to j € Ny is a mapping from the vector of bank wealths

into the obligations; as mentioned above, I will assume that Ly, = 0 and L; = 0 for all
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firms i« € N. That is, dependent on the actualized wealths V' € R™"! of all institutions
in the system, the nominal liabilities will adjust to be L(V) € RTH)XWH) a nonnegative
matrix with 0 diagonal. In the case that the societal node is not desired, then this can be
incorporated by setting L;g = 0 for all # € N. Thus I consider a static setting for these
contingent payments, i.e., I assume all claims are resolved simultaneously and the nominal

liabilities L account for all layers of contingent claims.

Assumption 5.3.1. The nominal liabilities L;; : R™ — R are bounded with upper bound
Li; > 0 for all institutions i,7 € Np.

Example 5.3.2. Consider a static network model of external assets € R”™ and liabilities
L e RTH)XWH) (with corresponding total liabilities p° and relative liabilities T1°). Firm
j € Ny purchased an insurance contract from firm 7 € N on the event that firm k£ € N does

not pay its obligations in full to firm 7; this is encoded in the nominal liabilities function

V=10 k)
LU(V) - Lz] + %nw (V) Zle/\/o Lkl(v)

V.

In the above equation I set the parameter nfj : R™1 — [0, 1] to denote the level of insurance
offered by the contract. Logically I impose the condition that nfj = 0 for all firms i € N
and j € Ny so as a firm is not insuring against itself. I further impose a tree structure
on the insurance, that is insurers will not directly insure nonpayments from other insurers
in a cyclical manner. This is codified in the condition that nfjln,’jfj .. .n,imj = 0 for all
i, 7, k1, , km € Ny. This tree structure immediately implies the uniqueness of the nominal
liabilities matrix L : R**! — RS:LH)X("H). These conditions are related to the “green core”
system in [19]. In the case that nj5(V)) > 1, this is the situation of over-insurance which
no longer is considered “insurance” in the strict legal sense; see Example for this more
general setting. More generally, over-insurance is implied by the condition ), , nfj(V) >
1, i.e., the total amount of insurance on any payment should be bounded by 1. Though
explained as a single insurance contract, multiple such contracts may be layered so that
one financial institution may have insurance against the failures of multiple counterparties.
The simplest insurance contracts are such that n;; = f/zkj € [0, 1], though by considering the

functional I allow for situations in which insurance only pays losses exceeding a threshold
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Ly (V) 1 +
[ij(V) - ZZEJ\Z o) Ve T TZI;]

Li; (V) -1
|:Lk](v> - Zle/\/ko Ly (V) Vk ]

Also within this framework I allow for reinsurance contracts; that is, insurance contracts
that pay out once payments from an insurer reach a certain threshold so as to contain the

losses for the insurer itself.

Example 5.3.3. As in Example [5.3.2] consider an initial static network model with asset
and liability parameters (z, L°). Though similar to an insurance policy, a firm may purchase
credit default swaps. Firm j € Ny purchased a credit default swap [CDS] from firm i € N

on the failure of firm k& € N is encoded in the formula

Li(V) =Ly + > nfi(V)V .
keN

In this example I define nfj : R*™ — R, without restriction on the number of swaps
purchased or the existence of an insurable interest. In such a way I allow for so-called

“naked” CDSs where the payments to firm j are not based on any insurable interest in firm

k.

Example 5.3.4. As in Example [5.3.2) consider an initial static network model with asset
and liability parameters (z, L°). T will now consider a system in which all firms must pay
towards a centralized stability fund. That is, prior to the start some amount y € [0, z] of
the external assets are provided from each firm used in the stability fund. In the case of
failures this fund would support the defaulting firms. Consider this centralized fund to be
denoted as node B and let Ny = Ny U {B}. This system can be described in which the
bailout fund is capitalized prior to clearing or as part of clearing. If the bailout is collected
prior to clearing than this system is described by external assets of x; — y; > 0 for all firms
i€ N and >, i > 0 for the stability fund node B and liabilities of

Lz]<v) :L?] \V/Z,j e./\/’(y LBZ(V> I‘/Zi VZ EN, LzB(V) :OVZ EN
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The payments to this stability fund can also be made as a part of clearing. In this case the

external assets are x and liabilities are
Li;(V) = LY Vi, j € Ny, Lp;(V)=V, VieN, Lig(V)=y; Vie N.

This can be extended further by setting the payments to the stability fund y to itself be a
function of the wealth of each institution. This allows for concepts such as pooled reserve

requirements to be encoded into the general framework.

Example 5.3.5. The final general conceptual example I wish to present is the situation of
introducing a central counterparty [CCP]. In this setting, the network topology follows a star
shape, i.e., firms only have liabilities to and from some centralized CCP node. The true CCP
rules, however, also include what is called a default waterfall. The default waterfall kicks in
when the CCP is unable to pay out in full through the initial collected liabilities and margin
payments. In such a case the remaining solvent firms are forced to provide more liquidity to
the CCP node. In a broad sense, this fits within the general framework considered herein as
the obligations to the CCP are directly dependent on the wealths of all firms in the system.
CCPs are described in more detail in [2], 89 34] [36].

As in the construction of the Eisenberg--Noe setting [45], the total and relative liabilities

will implicitly be functions of the system wealths as well, i.e.,

pi(V) = Z Li(V) (5.4)

JENo
L) it pi(V) > 0
(VY=L M p(V)=0,i#] (5.5)
0 lfﬁZ(V):O, =]

for firms i,j € Ny and system equities V € R*1,

With this contingent setting I can define the extension of the Eisenberg--Noe framework as

the fixed point problem
V=x+II(V) (V)= V]" = p((V). (5.6)
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That is, the wealths are the sum of external assets and payments from other banks minus
the payments owed. This could equivalently be defined directly as the payments as is done
in [45], T choose to consider the wealths directly in this work as it is easier to consider the
examples, e.g., insurance payments. The realized payments can be defined (as discussed

previously without contingent payments) by p = [p(V) — V7| *.

Proposition 5.3.6. Under Assumption any fized point wealth V€ R of (5.6]) lies
within the compact set [T\ [vi — Lij, x; + D ien Lji).

Proof. The result is immediate by the boundedness properties of Assumption [5.3.1] O

Corollary 5.3.7. Under Assumption there exists an equilibrium wealth of (5.6)) if

Lij : R™™ — R is continuous as a function of wealths for all firms i,j € Np.

Proof. This follows from the compactness argument of Proposition [5.3.6] and the Brouwer

fixed point theorem. O

Though in Corollary I have proven the existence of an equilibrium solution to (5.6)),
this need not be a unique solution. The following example illustrates a simple network with
multiple equilibria. Further, Corollary and implicitly assume that there are no
bankruptcy costs. With such costs (as introduced in [96]), Corollary will no longer
apply. See also Remark for a discussion on sufficient conditions to guarantee existence

of a clearing wealths vector under bankruptcy costs.

Example 5.3.8. Consider the network with n = 3 banks, and without the societal node.
This network is depicted in Figure 5.1} Banks 1 and 3 have z; = z3 = 0 external assets and
bank 2 begins with x9 = 3/16 external assets. I consider the case in which Loy = Lz = 1
are fixed obligations whereas the first bank has purchased a credit default swap on the
third institution defaulting on its obligations from the second institution that pays out
Ly (V) = V4. No other exposures exist within this system. The system of wealths must

therefore satisfy

.
Vi= ——(1+Vy —V;)F
1 1+V3*(+3 5 )

3 vt -
Vo= 1ot (=Va)" = (1+15)
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It can be shown that the following are both equilibrium wealths of the contingent network:

e V=(0, 3/16, O)T, i.e., payments are given by p=p(V) -V~ =(0, 1, 1)T, and

o V=(3/16, —21/16 , —3/4)", i.e., payments are given by p = (V)=V~ = (0, 7/16 , 1/4)".
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—

L23 1

Figure 5.1: Example [5.3.8f A graphical representation of the network model with 3 banks
which accepts more than one clearing solution.

5.3.2 A nonspeculative financial network

I will now impose additional properties upon the financial system to have stronger existence
results, culminating in uniqueness of the clearing solutions. These results provide mono-
tonicity of the wealth of the banks in the financial system. The first of such properties,
defined as a nonspeculative property, is provided below in Definition [5.3.9]

Definition 5.3.9. Firm ¢ € Ny is called nonspeculative if

i+ Y m(V)p (V) = VT = pi(V)
JEN

is nondecreasing in V € R""L. The network Ny is called nonspeculative if all firms i € N

are nonspeculative.

I call the property in Definition “nonspeculative” as it provides conditions so that firm
i € Ny does not benefit from (i.e., speculate on) the failure of another firm. I do, however,
allow for firm i to hedge its exposure to other firms. This exposure can be either direct or
indirect.
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Remark 5.3.10. The nonspeculative framework considered herein is similar to, and can be
considered as an extension of the properties considered in [19]. In that work, the monotonicity
property, in the definition of nonspeculative systems that I consider, is specified for credit
default swaps. Properties on solutions, which I will derive from this nonspeculative property,
are considered as a function of the network topology in [19]; in fact, the topological features

required in [19] guarantee that the “green core” system is inherently nonspeculative.

Lemma 5.3.11. Under Assumption|5.3.1], any nonspeculative system has a greatest and least
equilibrium wealth V1 > V¥ satisfying existing within the compact space ], No [x; —
ZjeNo Lij, x; + Zje/\/ Lj;]. Additionally, under all clearing vectors the value of the equity
of each node of the financial system is the same, that is, if V and V are any two clearing
wealths then V* = V.

Proof. By the nonspeculative property I can apply the Tarski fixed point theorem to get the
existence of a maximal and minimal fixed point V1 > V*+. By Proposition I have that

such solutions must exist within the provided compact space.

Now I will show the uniqueness of the positive equities by proving that (V)" = (V+)*. By
definition I know that (VT)* > (V¥)*, so as in [45, Theorem 1] I will prove that the total
positive equity in the system remains constant. Let V' € R"*! be some equilibrium wealth

solution, then since py = 0 by definition I recover that

Yovir=>" (xz + ) ma(V) (V) = VIt - ﬁz‘(V)>

i€ENo i€No JEN

=) (9: + ) (V) = VT = [m(V) - Vf]*)
ieNp JEN

= @+ [p(V) =V ma(V) =) (V) = Vit
ieNo JEN ieNo i€No

=Y @+ ) (V) =Vt => (V) -Vt
i€No JEN i€END

=
i€Np

Therefore 3, . (V) = 3 cp (Vi) and thus (V)* = (VH)*. O
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Remark 5.3.12. The inclusion of bankruptcy costs to this setting, in much the same way
as accomplished in [96] 19], would guarantee the existence of a maximal and minimal clear-
ing wealths vector under the assumptions of Lemma [5.3.11 Much as in [19], without the

nonspeculative assumption, a solution may not exist since Corollary [5.3.7 will no longer

apply.

I will now give additional properties for the societal node 0 to satisfy.

Assumption 5.3.13. All firms i € N have strictly positive obligations to society, i.e.,
Ly : R — R_,. Additionally, the obligations to society depend only on the negative
wealths of all firms, i.e., Lio(V) = Lio(=V ™) for alli € N.

Definition 5.3.14. The societal node is called strictly nonspeculative if

> m(V)lp (V) = Vi)

JEN

is strictly increasing in V€ R™. The network Ny is called strictly nonspeculative if the

system 1s nonspeculative and the societal node is strictly nonspeculative.

I call this property strictly nonspeculative since it provides the condition that society does
strictly worse as any firm defaults by any additional amount. This requires that society can
never perfectly hedge its risk, and as a consequence is strictly not speculating on any firm’s
failure. This is a reasonable property as society should always be exposed to banking failures

to some degree through, e.g., deposits and the payments necessary for deposit insurance.

Corollary 5.3.15. Under Assumptions and any strictly nonspeculative sys-
tem has a unique equilibrium wealth of (5.6)) existing within the compact space [];cpq [2i —

Zje/\fo [_/ija ZT; + ZjEN [_/ﬂ]

Proof. Using Lemma [5.3.11| I have the existence of greatest and least fixed points V1 > V¥,
Assume there exists some firm ¢ € N such that 0 > Vf > V,L-l (otherwise uniqueness is
guaranteed by nonexistence of such a firm as well as the uniqueness of the positive equities).

By the definition of the equilibrium wealth of the society node

Vi = mo(Vhip (v — (V) T*
JEN
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> Y me(VIE (V) - (VT =V
JEN

However, immediately I know that the societal node has positive equity, therefore by Lemma
5.3.11] it must follow that V| = Vj}, which is a contradiction so uniqueness must follow. []

I will now provide a version of the fictitious default algorithm (as discussed in, e.g., [45],
96, 0, 51], 104]) for the contingent payments described in . Algorithm provides
the maximal fixed point VT under the conditions of Lemma , that is, for a network
of nonspeculative banks. It can easily be modified to provide the minimal fixed point V*
instead. Under the assumptions of Corollary this algorithm results in the unique

equilibrium wealths.
Algorithm 5.3.16. Consider the setting of Lemma |5.3.11| such that L(V) = L(—V ") for
every V € R"!. The greatest clearing wealths V' can be found in at most n iterations of
the following algorithm. Initialize k = 0, D° = (), and V° = 2 + I1(0) "p(0) — p(0).
(i) Increment k =k + 1;
(ii) Denote the set of insolvent banks by D* = {i €¢ N | VF™! < 0};
(iii) If D* = D*! then terminate;

(iv) Define the matrix A € {0, 1}(»FU*"+1) 5o that

1 ifi=j¢€ D¥
Ay = 3
0 else

(v) V¥ =V is the maximal solution of the following fixed point problem:
V =2+ I(AV) " [p(AV) + AV]T = p(AV)
in the domain [[;cx: [ — > ens Lij, z; + D ieN Ljl;

(vi) Go back to step [I
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In Algorithm [5.3.16)at most n iterations are needed, as opposed to n+1 as would generally be
stated for the fictitious default algorithm of [45]. This is due to the fact that, by definition,
the societal node 0 has no obligations and therefore cannot default. The additional condition
that L(V) = L(—=V ™) for Algorithm corresponds to the case in which the nominal
liabilities only depend on the set of solvent institutions and the shortfall of each insolvent

institution. This is satisfied for, e.g., CDS as described in Example [5.3.3|

I now consider a simple sensitivity analysis of the clearing wealths V' under uncertainty in
the initial endowments x € R’}fl. In so doing I am able to consider similar comparative

statics results as in Lemma 5 of [45].

Proposition 5.3.17. Consider the setting of Corollary such that the nominal liabil-
ities L;j : R™ — R are continuous for every pair of firms i,j € Ny. The unique clearing
wealths 'V R’ffl — R are continuous and nondecreasing as a function of the initial

endowments x € R’fl.

Proof. The proof is presented in the appendix. O

5.3.3 Shortcomings

I wish to conclude my discussion of the system with contingent obligations under simulta-
neous claims by considering shortfalls to this approach. In the subsequent section I will
consider a dynamic approach to overcome these shortcomings, as well the issues on existence

and uniqueness considered above and by [19] [1§].

Consider a setting in which a firm takes out an insurance contract on its own failure. This
setting is of particular interest as it is inherently the type of contingent payment owed to
a central counterparty as part of the default waterfall in the CCP framework considered
in Example [5.3.5| or the stability fund discussed in Example [5.3.4] To further simplify this
setting, and again to make it relevant with regards to the CCP framework, I will consider
the case in which the firm(s) offering insurance have enough assets to make all payments
in full. Allow the firm taking out the insurance contracts to be firm 1. If the sum total of
all contingent payments are exactly enough to make firm 1 whole again, i.e., all contingent
payments to firm 1 sum up to V;, then in principle firm 1 will never default. However,
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in equilibrium, this is not what the insurance payments will be; in fact, if the insurance
payments in a fixed point were to make firm 1 whole then no insurance payments would
be made and the initial shortfall would be realized once more. Therefore, in equilibrium, it
must be the case that firm 1 will default even if they are paid the insurance. As a simple
demonstrative example, if firm 1 only has obligations to the societal node (allowing to ignore
all feedback effects from firm 1 paying more and having a higher recovery rate through the
network) then the insurance will add up to exactly half of firm 1’s initial shortfall in the
fixed point as the new shortfall for firm 1 will be equal to the contingent payments that are

being made.

However, while this conceptual problem with a firm taking out an insurance contract on its
own losses is important, it can conceivably be overcome by providing a sufficiently compli-
cated structure to the contingent payments. A more subtle, but pernicious, flaw is that this
contingent payment system is speculative by construction. Namely, if the wealth of firm 1
is lowered, no other firm does better (firm 1 will pay out less and the insurance companies
will have higher claims to pay), but firm 1 itself improves its wealth. This is due to the
nonspeculative property being constructed in which firm 1 does not directly get hit by its
own lower wealth, but would only occur in network effects that would be on the second order,
not in evidence in the single iteration of the definition. Thus, even though the network is
constructed from the notion that no firm benefits in the case of defaults (and this would be
evidenced in any equilibrium), the monotonicity of the nonspeculative property is a stronger

construct that cannot be satisfied so easily from a conceptual standpoint.

The above described problems could, in specific circumstances (e.g., a single insurer and
only one contingent payment contract or a “green core” system from [19]), be overcome by
reformulating the payments appropriately. However, in the general case with each contract
incorporating no speculation from a financial perspective, this system would have the afore-
mentioned shortcomings. These challenges, along with the inability to deal with speculative
systems in general, stem from structural issues in such a static framework. Specifically, insur-
ance, and contingent payments more generally, are paid on specific claims, not simultaneous
to the claim being made. This necessitates a dynamic approach to this problem, which I will

discuss in the subsequent section.
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5.4 Dynamic framework

As detailed above, the static, simultaneous claims, model presented has both mathematical
and economic issues that I am not aware of any way to overcome in a general setting. These
problems are associated with the presence of, potentially, infinite cycles. Much as with [80)],
these cycles could alternate between two states, particularly for speculative systems. That is,
for instance, insurance is paid out because a bank is insolvent, but because of this insurance
payment the firm is no longer insolvent and no payment would be necessary. As in [80], T will
consider an algorithmic approach to this issue. I thus propose a simple dynamic framework.
Additionally, I consider this setting to be more realistic than the static setting considered
above and by [19] as the financial system does not include the payment of, e.g., a CDS on

the obligation inherent in that contract.

5.4.1 General setting

I adapt the framework introduced in Chapter 4 for the purposes of constructing a simple
dynamic framework for contingent payments. Consider a discrete set of clearing times T,
eg., T ={0,1,...,7} for some (finite) terminal time 7" < oo or T = N. For processes
[ will use the notation from [35] such that the process Z : T — R™ has value of Z(t)
at time ¢ € T and history Z; := (Z(s))!_,. As an explicit extension to Chapter [4.3] I
consider the external (incoming) cash flow z : T x RM+DXITI — R™! and nominal liabilities
L: T x RO+OXITI R(fﬂ)x("ﬂ) to be functions of the clearing time and prior wealths. For
simplicity, I will consider x(t,-) := z(t) to be independent of the prior wealths, though it
may still depend on time. The distinguishing feature of this model compared to the static
Eisenberg--Noe model (or the static contingent payment model above and in [19]) is that the
system parameters may depend on prior times. For example, if firm ¢ has positive equity at
time t — 1 (i.e., V;(t — 1) > 0) then these surplus assets are available to firm i at time ¢ in
order to satisfy its obligations. In the contingent setting, the wealths of all banks at time

t — 1 may affect the obligations due at time ¢ as well.

I note that in Chapter 4.3|all unpaid obligations from a prior time are assumed to roll forward
automatically. That is, if firm ¢ has negative wealth at time ¢ — 1 then the debts that the
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firm has not yet paid will roll forward in time and be due at the next time point. Under
such an assumption, no firm is deemed to default on its obligations until the terminal time
T. Herein, with the explicit consideration of the contingent payments, I may “zero out” a
firm before the terminal date if it is deemed to default in much the same as in, e.g., [27].
While I can incorporate the notion of loans from [27]| as well, I will restrict my analysis to

debts rolling forward in time so as to simplify the discussion.

As noted above, in addition to the structure from Chapter [£.3] the nominal liabilities will
explicitly depend on the clearing wealths of the prior time(s), i.e., L : T x RC+UxITI
RTH)X(HH). Often, to make this difference explicit especially in examples, I consider the full
nominal liabilities L to be a combination of two components: a non-contingent component
LO:T — RS?H)X("H) which is only a function of clearing times and a contingent component
L¢ . T x ROHDXITI R(EH)X("H) which is a function of both the clearing times and the
past history (but only encodes the contingent payments based on the past history). That is,

L=1L°+Le

As a descriptive consideration of the contingent obligations L¢, consider the insurance-based
(Example or credit default swap (Example scenarios of the previous section. For
instance, a bank j may purchase a credit default swap from bank 7 on the failure of firm &
as described in Example[5.3.3] As opposed to the simultaneous claims setting in Section [5.3]
in this dynamic setting I consider an order of operations. That is, first firm & must fail at
time t — 1, and only then would the credit default swap be paid at time ¢. This delay in
payments is a reflection of the real financial system in which there is a time between a claim
being made by bank j to ¢ and the payment on that claim. The payment due to this credit

default swap would be incorporated in Lg; but not L?j.

Even with this important distinction, I can use the same methodology as in Chapter [4.3
to prove existence and uniqueness of the clearing wealths in this setting. The following
assumption, with the concept taken from Chapter [1.3] guarantees that all firms are solvent

at the start of the system and that the system is a regular network as described by [45].

Assumption 5.4.1. Before the time of interest, all firms are solvent and liquid. That is,
Vi(=1) > 0 for all firms i € Ny. Additionally, all firms have positive external cash flow or
obligations to society at all times t € T, i.e., x;(t) + Lio(t) > 0 for all firms i € N and all
timest € T.
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To incorporate the possibility of firms defaulting before the terminal time, let V¢ (V;_1) C N
denote the firms that are paying obligations at time ¢t € T based on the history of wealths up
to time ¢ — 1. In particular, I will assume that NJ(V_1) := Ny and NZHH (V) € NE(Vi_y) for
any time ¢t and any wealths process V. That is, all firms are deemed solvent at time 0 as in
Assumption and no firm recovers from default. This notion allows for a consideration
in much the same manner as [27]. Mathematically this does not require further consideration
than in Chapter as N} only depends on the history up to time ¢ — 1. With this notation
I can define L;;(t,V;—1) = 0 for all firms j € Ny and i ¢ N{(V,—1). With the notion of an
auction from [27] it will also follow that L;;(¢, V;—1) = 0 for all firms j € Nj and i & N (V,_1).
I define the total liabilities and relative liabilities at time ¢ € T as

Dilt. Vi) = ) Lig(t, Vier) + Vit = 1)

JEND
Lij(t,vtfl)‘f‘gj]('g‘:tl_ylv)th)V%(L‘—l)7 if ﬁi(t, %_1> >0
mij (L, Vie1) i= % if pi(t, Vi) =0, j#i Vi, j e No.
0 1fﬁz(ta‘/t—1> :Ov j:Z

Then the clearing wealths must satisfy the following fixed point problem in time ¢ wealths:

V(t) = V({t=1)"4x(t)+11(t, Vioy) " diag(Ig, {i € Ng(Vi1)}) [p(t, Vier) = V(E) 7] bt Vi),
(5.7)

I proceed to reformulate the problem as in Chapter [4.3] T consider a process of cash flows ¢

and functional relative exposures A. These I define by
c(t, Vi) = ax(t) + L(t, Vi) "1 — L(t, V)T
mij(t, Vic1) if pi(t, Vie1) > Vi(t) ™, i € N§(Viea)

Li;j(t,Vi—1)+a;;(t—1,Vi_1)Vi(t—1)~
Vi(t)~

else

(5.8)

That is, I consider c(t, V;_1) € R™™ to be the vector of book capital levels at time ¢, i.e., the
new wealth of each firm assuming all other firms pay in full. I can also consider ¢;(¢, V;_1) to
be the net cash flow for firm i at time ¢. I define the functional matrix A : T x R(+DxITI
[0, 1) *+Dx(+D) 6 he the relative exposure matrix. That is, a;(¢, V;)Vi(t)~ provides the
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(negative) impact that firm ¢’s losses have on firm j’s wealth at time ¢ € T. This is in
contrast to II, the relative liabilities, in that it endogenously imposes the limited exposures

concept. This equivalent formulation provides mathematical simplicity to the analysis.

Thus the fixed point equation reduces to

V)=Vt -1 4ct, Vi) — AL V) V) + At —1, Vi) V(Et—1)". (5.9)

With this setup I now wish to extend the existence and uniqueness results of [45] to discrete

time.

Corollary 5.4.2. Let (¢, L) : TxRO+FDXITI _ Rr+1 XRS:LH)X("H) define a dynamic financial
network such that every bank has cash flow at least at the level dictated by nominal interbank
liabilities, i.e., c;(t,Vi_1) > Zje/\f L;i(t,Vi_q) — Zje/\/o L;j(t,Vi_1) for all timest € T and all
wealth processes V', and so that every bank owes to the societal node at all timest € T, 1.e.,
Lio(t,Vi_1) > 0 for all banks i € N, times t € T, and wealths V. Under Assumption m
there exists a unique solution of clearing wealths V : T — R to .

Proof. This follows directly from the proof of Theorem [4.3.3| O

With the construction of the existence and uniqueness of the solution, I now want to empha-
size the fictitious default algorithm from [45] to construct this clearing wealths vector over
time. I note that at each time ¢ this algorithm takes at most n iterations as is the case for
the fictitious default algorithm originally presented in [45]. Thus with a terminal time T,

this algorithm will construct the full clearing solution over T in nT iterations.

Algorithm 5.4.3. Under the assumptions of Theorem the clearing wealths process
V : T — R""! can be found by the following algorithm. Initialize ¢ = —1 and V(—1) > 0 as

a given. Repeat until ¢t = max T:
(i) Increment t = ¢+ 1.

(ii) Initialize k =0, VO =V (¢t — 1) + ¢(t, V;—1), and D° = ). Repeat until convergence:

(a) Increment k =k + 1;
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(b) Denote the set of illiquid banks by D¥ := {i € M¢(V,_1) | V' < 0}.

]

(c) If D¥ = D*=! then terminate and set V (t) = V=1

1 ifi=j€DF
(d) Define the matrix A* € {0,1}"*" so that A}, = / :
0 else

(e) Define VF = (I—TI(t, Vi) TAF)™L (V(t — 1) + c(t, Viy) + A(t — 1, Viey) TV (¢t — 1)7).

In step of the fictitious default algorithm I am able to replace A(t,V;) with I1(¢,V,_1).
This is beneficial as it allows to directly compute V* without requiring a fixed point problem.
I additionally note that the inclusion of defaulted banks only required the change that the
fictitious set of illiquid banks is a subset of M} (V,_1) at each time ¢.

Remark 5.4.4. The dynamic framework provides a flexible way to deal with contingent
payments. In particular, I can have as many time steps as the number of contingent payment
layers in the network. For example, to consider insurance I need to have two time points
to incorporate the nominal claims and the insurance claims triggered by the clearing of
these nominal claims. For reinsurance markets, I need three time steps, the third one to
incorporate the reinsurance claims triggered by the clearing of the insurance claims. I feel

this hierarchical resolution of the claims is widely observed in reality.

Remark 5.4.5. One of the advantages of the dynamic framework is that it provides a
natural way to include bankruptcy costs. This is a deviation from the static framework
where I might not have existence of solutions for bankruptcy costs. However in the dynamic
framework I can always determine the time point when the equity of a bank reaches zero
and include the bankruptcy costs for the successive time periods. Hence the solution will

exist and be unique.

Remark 5.4.6. I can provide much stronger sensitivity results in this case, as compared to
the static case. Since in this approach at every time step I get an Eisenberg--Noe system,
the sensitivity results are a sequential application of Section 4 of [45]. Directional derivatives

of the static Eisenberg--Noe approach have been considered in [82, [55].

I wish to finish this section by remarking on when the dynamic framework presented herein

will provide a clearing solution from the simultaneous claim setting in the prior section.
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Remark 5.4.7. In general, the clearing solutions of the simultaneous claims framework will
not coincide with the terminal clearing wealths of the dynamic framework. These notions
will, however, coincide if the relative liabilities are kept constant as a function of wealths
and time. Other settings, as evidenced by the examples provided in the next section, may
provide sufficient conditions for the dynamic framework to provide a clearing solution from
the simultaneous clearing setting. In particular, this will occur if the contingent payments
do not strongly feedback into the network itself, e.g. if insurance is owed to an already
solvent firm. However, I want to emphasize that the conditions under which the static and
dynamic solutions coincide are very restrictive and in general this will not be the case. This

is appropriate given the shortcomings of the static setting as expressed in Section [5.3.3]

5.4.2 Examples

I now wish to provide three illustrative examples to demonstrate the value of the discrete
time setting as a model over the static setting presented in Section 5.3} These three examples
correspond to simple networks in which the static setting has no clearing wealths, has multiple
clearing wealths, and has a poor interpretation of the clearing wealths respectively. I will
show that in all three situations the discrete time model presented above provides a unique

clearing wealth for which the interpretation of the results is as anticipated.

Example 5.4.8. I wish to consider a small network example in which the financial system
does not admit a clearing solution in the static setting, but a unique and financially mean-
ingful solution in the dynamic setting. In this case I will consider a digital CDS. That is, in
the case the CDS is triggered, the payment is a fixed strictly positive value (herein set to be
1), otherwise it pays out nothing. Immediately I can see that this is not a continuous payout
and therefore does not automatically provide a clearing solution in the static setting (see
Corollary [5.3.7)), however I will still need to prove that there does not exist any solution.

Consider the network with n = 3 banks, and without the societal node, depicted in Figure
.2l That is, bank 1 begins with x; = 1, bank 2 with 25 = 0, and bank 3 with z3 = 2 in
external assets. I consider the case in which Li; = 2 and Loz = 1.5 are fixed obligations
whereas the first bank has purchased a digital credit default swap on the second institution
defaulting on its obligations from the third institution, i.e. Lg; (V) = ]I{}{VQ < 0}. No other
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exposures exist within this system. The system of wealths must therefore satisfy

Vi=1+ I {Va<0}—Vy)" =2
Va=(2-V,)t =15
Vs =2+ (1.5 -V, )" =T {Va» < 0}.

To show that no clearing solution exists to this system, I will consider the two possible

settings: bank 2 is solvent or bank 2 has negative wealth.

(i) Assume bank 2 is solvent, i.e. [, {Vo < 0} = 0. I can compute a unique solution to the
clearing wealths V = (=1, —0.5,3)". However, since this violates my assumption that

V5 > 0, this cannot be a clearing solution to the full problem.

(ii) Assume bank 2 is insolvent, i.e. Iy, {Vo < 0} = 1. I can compute a unique solution to
the clearing wealths V = (0,0.5,2.5)T. However, since this violates my assumption

that V5 < 0, this cannot be a clearing solution to the full problem.

As no other possible clearing solutions can exist, it must be the case that there does not

exist a clearing solution to this static financial system.

Lgl(V) = ]I{}{‘/Q < 0}

---------
_________
- -~
- ~ -~
- -
- ~
- ~
- S e
- ~

Figure 5.2: Example [5.4.8f A graphical representation of the network model with 3 banks
which has no clearing in a static setting.

Now I wish to consider the same example but in the discrete time framework with T = {0, 1}.
Here 1 will consider all possible divisions of the external assets over the two time points.
Formally, define 2¢(0) = (¢,0,1)" and 2¢(1) = (1 — ¢,0,1)" for any € € [0,1]. Note that,
by the topology of this network, it is a regular network (as defined in [45]) for any choice
of € € [0,1] as required by Assumption In any scenario, define Li5(0) = 2 and

L53(0) = 1.5 with no other obligations at time 0. The only new obligation owed at time 1
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is the contingent payment from bank 3 to 1, i.e., L3i(1,Vp) = I, {V2(0) < 0} with no other
new obligations at time 1. Further, all scenarios will be assumed to start from zero wealths
(thus satisfying Assumption . I can easily compute the unique clearing wealths under
7¢ (assuming no firms are removed from the system) as V¢(0) = (e — 2,e — 1.5, + 1) and
(noting that Vi(0) < 0 for any € € [0,1]) V(1) = (0,0.5,2.5)". I note that this clearing
solution is identical to the proposed static wealths under the assumption that bank 2 is

insolvent. Additionally, the final wealths are independent of the choice of e.

Example 5.4.9. Consider again Example [5.3.8| with three banks. In the static solution this
was encoded by the parameters: external assets of x = (0,3/16,0)" and sparse liabilities
provided by Lo3 = L3z = 1 and Ly (V) = V5. Two clearing solutions existed, V* =
(0,3/16,0)" and V* = (3/16, —21/16,—3/4)".

Now I wish to consider the same example but in the discrete time framework with T = {0, 1}.
Here I will consider all possible divisions of the external assets over the two time points.
Formally, define 2¢(0) = (0,¢,0)" and 2¢(1) = (0,3/16 — ¢,0)" for any ¢ € (0,3/16] to
guarantee the uniqueness of the clearing solutions as a regular network from [45] (and as
required from Assumption and since no societal node is included in this example). In
any scenario, define Ly3(0) = L32(0) = 1 with no other obligations at time 0. The only new
obligation owed at time 1 is the contingent payment from bank 2 to 1, i.e., Loy (1, Vy) = V3(0)~
with no other new obligations at time 1. Further, all scenarios will be assumed to start
from zero wealths (thus satisfying Assumption . I can easily compute the unique
clearing wealths under x¢ as V<(0) = (0,¢,0)" and V(1) = (0,3/16,0)". I note that this
clearing solution is identical to the first clearing wealths solution of the static system and is

independent of the choice of e.

Example 5.4.10. Finally, I want to consider a simple financial system to demonstrate the
issues discussed in Section [5.3.3] surrounding the static framework. I will then use this same
network in the discrete time framework to find a unique, financially meaningful, clearing
solution. To do so, consider a bank who takes out an insurance payment on its own losses.
As discussed in Section [5.3.3] while the insured bank may, rightly, assume that their total
losses will be made whole, in a static setting this will not happen. However, in the dynamic

framework this does occur appropriately.

Consider the network with n = 3 banks, and without the societal node, depicted in Figure
5.3, That is, bank 1 begins with x; = 1, bank 2 with x5 = 0, and bank 3 with z3 = 2 in
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external assets. I consider the case in which Li; = 2 and Loz = 1.5 are fixed obligations
whereas the first bank has purchased insurance on their own losses from the third institution,
i.e. L31 (V) = V. No other exposures exist within this system. The system of wealths must

therefore satisfy

Vi=1+ (V7 —V5)" -2
Vo=(2-V)t =15
Vs=2+(1.5-Vy)t =V,

Without the insurance payment, the first bank will default with wealths of V' = (-1, —0.5,3) .
However, if the insurance is paid out in full then the first bank is made whole and the re-
sultant wealths are V' = (0,0.5,2.5). In this case, the first bank does not default, which
raises the question whether any insurance payment is to be made at all. Neither of these
are clearing solutions as the system would infinitely cycle between needing insurance or not.
The clearing wealths, instead, are given by V = (—0.5,0,3)". That is, bank 1 will have
a shortfall midway between its wealth with and without the insurance being paid. This,
though, is not the notion that a firm purchasing insurance would expect as it cannot make

them whole.

----------
_______
- -
- ~ -
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- ~
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~

1 =1 (2o =0 >

Figure 5.3: Example [5.4.10; A graphical representation of the network model with 3 banks
which has poor interpretation in a static setting.

Now I wish to consider the same example but in the discrete time framework with T = {0, 1}.
Here I will consider all possible divisions of the external assets over the two time points.
Formally, define 2¢(0) = (¢,0,1)" and 2¢(1) = (1 — ¢,0,1)" for any € € [0,1]. Note that,
by the topology of this network, it is a regular network (as defined in [45]) for any choice
of € € [0,1] as required by Assumption In any scenario, define L;3(0) = 2 and
L3(0) = 1.5 with no other obligations at time 0. The only new obligation owed at time

1 is the contingent payment from bank 3 to 1, i.e., L3 (1, V) = V1(0)~ with no other new
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obligations at time 1. Further, all scenarios will be assumed to start from zero wealths (thus
satisfying Assumption |5.4.1). I can easily compute the unique clearing wealths under x¢
(assuming no firms are removed from the system) as V¢(0) = (e — 2,¢ — 1.5,e + 1) and
(noting that V¢(0) < 0 for any € € [0,1]) V(1) = (1 —¢,0.5,1.5+¢)". I note that, in the
case that ¢ = 1, this clearing solution is identical to the proposed static wealths when the
insurance is paid in full. As opposed to the prior examples, here the final wealths are a

function of e.

142



Chapter 6

Conclusion

In this dissertation, I have extended the Eisenberg--Noe framework to study channels of
contagion such as fire sale and contingent payments and accounted for realistic financial
situations viz. corporate debt pricing and dynamic clearing. These models are presented
under general settings without presupposing the nature of the network or system parame-
ters. Hence, these results can be used to augment stress tests, calibrate system parameters,
improve data collection, and bolster current practices. Beyond their utility in systemic risk
assessment, I have found these problems extremely interesting from a mathematical stand-

point and have, in the process, opened up further avenues of research.

I have presented formulas for pricing of debt and equity of firms in a financial network un-
der comonotonic endowments. In doing so, I have considered a problem that is analytically
intractable under a general setting, developed conditions under which it can be solved an-
alytically, and have proved that it provides a lower bound for the price of debt under the
framework of [45]. This is particularly valuable as financial networks are of particular in-
terest in performing stress tests and studying systemic risk. In particular, when the firms
only invest in a risk-free bond and a risky asset following a geometric Brownian motion,
I have deduced closed-form expressions for the price of debt and market capitalization for
each firm in the system. Using empirical data, I have shown that the price of debt should
be significantly higher under full network effects compared to the scenario in which it is
assumed that the banks will be able to pay in full. Incorporating this risk properly in the
valuation of assets will ensure that there are no pricing shocks to the system at a future
date. An interesting extension of this work would be to consider the sensitivity analysis of

pricing under misspecification of the network.
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Next, I have developed a general mathematical and economic framework to study price-
mediated contagion in a multi-asset setting where the firms liquidate assets during a crisis
due to risk-weighted capital requirements. I have formulated the equilibrium pricing prob-
lem in a fixed point framework and developed conditions for existence and uniqueness of the
solution under general settings of liquidation and inverse demand function. I have performed
sensitivity analysis of the equilibrium prices with respect to the system parameters and used
these results to evaluate the cost of regulation. Using a numerical example, I have studied
the effect of diversification of bank portfolio in our framework and found that diversification
does not uniformly lead to a more stable system, measured in this case by the total market
capitalization. This model has several policy implications. First, it provides a framework
to design stress tests beyond proportional liquidation and linear price impact. This is par-
ticularly important as I show through an example that the equilibrium price is very much
dependent on the choice of the liquidation function. Secondly, the result on the bound of the
risk-weight provides a method to calibrate the risk-weight depending on the liquidity of the
asset. Thirdly, the sensitivity analysis can be used to give results on the robustness of the
solution. Finally, the analysis of the cost of regulation would aid in the study of regulatory
thresholds. An interesting extension would be the characterization of the joint pricing and

liquidation equilibrium for the entire system.

I have considered an extension of the network model of financial contagion to allow for
cash flows and obligations to be dynamic in time. I have presented this model in both
discrete and continuous time, thus extending the frameworks of [27], 57, [80] which consider
only discrete-time clearing. For the continuous time setting, I have determined conditions
for existence and uniqueness of the clearing solutions under deterministic and It settings
using an approach that does not require strong monotonicity properties as in the static or
the discrete time setting. Additionally, I have found that the dynamical system for the
Eisenberg--Noe contagion model may include an inherent prioritization scheme. Specifically,
I have determined that if the relative liabilities are constant over time, then the dynamic
Eisenberg--Noe model presented herein will reproduce the static system at the terminal time
in a path-independent manner. Notably, in such a setting, I have been able to determine the
true defaulting order rather than the fictitious order found in the fictitious default algorithm
that is widely used in computing static clearing models. If, however, the relative liabilities
are not constant over time, then the static Eisenberg--Noe model may report an incorrect

picture of the financial system. This finding has two-fold policy implications. First, instead
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of collecting only aggregate data, further details should be sought on the time component
of the cash flows and liabilities. Secondly, stress tests should be designed while taking the
time dynamics into consideration. A natural extension, for which I believe the proposed
dynamic model will be especially useful, is in considering strategic or dynamic actions by
the market participants, e.g., incorporating bankruptcy costs and strategic decisions on the
rolling forward of debt. I feel that the continuous-time framework will be particularly suitable
for these extensions, as it allows us to construct unique clearing solutions without requiring

strong monotonicity assumption.

Finally, T have proposed an extension of the network model of [45] to include contingent
payments viz. insurance and CDSs with endogenous reference entities. I have studied these
contingent payments in a static, simultaneous claims, framework, and developed conditions
to provide existence and uniqueness of the clearing wealths. Further, sensitivity analysis and
financial implications are considered in this setting. I have found that the static framework
is suitable only for a certain class of networks and cannot guarantee the existence of a
clearing solution beyond these systems. Indeed the problem often becomes ill-defined from a
financial standpoint. Hence I have introduced the dynamic framework and shown that I can
get existence and uniqueness under very mild assumptions. Lastly, I have shown that the
problems which could not be solved in the simultaneous claims framework can be studied
with this dynamic approach. This extension can be used to design stress tests that take into
account the conditional nature of the payments under contingent claims. A clear extension of
this model would be to include illiquid assets along with financial derivatives on these illiquid
assets, i.e., options. These derivatives fall under the general class of contingent payments
and can be used as a tool for either hedging (insurance) or speculation. Due to the possibility
of speculation, in such a setting, a firm may have incentives to attempt to precipitate a fire

sale and collect profit from the derivatives.
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Appendix A

Expectations under random

endowments

In this section I wish to consider a partition of the endowment space R’ into regions so that
the defaulting set is constant in the 2" subsets. This problem was considered in great detail
in [69] for the setting without bankruptcy costs, i.e. = 1, and with cross-ownership. Herein I
will present a quick extension that allows for bankruptcy costs, i.e. for any 8 € [0, 1]. Notably,
when # < 1 the partitions need not be convex sets, while they are convex polyhedrons in a
system without bankruptcy costs as given in [69]. In the below, if cross-ownership is desired
then I refer to Remark for the modifications necessary to the mappings A and 4.

To consider the partitions, fix z € {0,1}" to denote the defaulting banks. By construction,
the resulting wealths given endowments z € R" are provided by V(z) = A(z)z — §(z). For
an endowment vector to be consistent with the defaulting set z, it would need to be such that
Vi(z) > 0 if and only if z; = 0. That is, the set of endowments that generate the defaulting

set z is given by the system of inequalities:

However, except in the special case that there are no bankruptcy costs (5 = 1), these regions
need not be disjoint. If an endowment z has two clearing wealth vectors V' # V2, then it
must be that z' # 2? where 2% = I[;yiqy. If 2! = 22 then, by construction of A(z¥),d(z%),

it must follow that V! = V2. In particular, I am interested in the maximal clearing wealth,
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thus I can construct the partition from the least to greatest number of defaults by considering
the set of endowments that lead to z by X'(2) C R"} defined as:

X(z) = {x c R} TA()z < oT

el A(2)x > el 0(2)Vi:z; =0
! - e[ )X ()

z<z

That is, X (2) is constructed as the intersection of a finite number of closed and open halfs-
paces as well as an additional condition that « ¢ (J,_, X(2). This additional condition is the
one that guarantees that = € X' (z) does not provide a “better” (i.e. fewer defaulting banks)
clearing wealth vector than the maximal clearing solution V' (z). By the use of Tarski’s fixed
point theorem in the proof of Proposition [2.2.1], T am able to guarantee that this construction
of X(z) is now, in fact, disjoint. In Figure I provide an image of the partitioning of the
endowment space for a small network with 2 banks plus a societal node. I note that the
societal node in this image can never default, this is due to it having no liabilities and thus

always a nonnegative wealth.

10 Partition of Endowment Space into Default Regions

9
8
7 z=[1 0]
"qc: 6 z=[0 0]
1S
g
T 5
L
o\
E 4
=
3
2
z=[1 1]
1
z=[0 1]
0
0 1 2 3 4 5 6 7 8 9 10

Firm 1 Endowment

Figure A.1: Sample partition of the endowment space into default regions for 2 bank plus
societal node network with bankruptcy costs.
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Lastly, I wish to consider the particular case without bankruptcy costs (8 = 1) as provided
by [69]. Due to the uniqueness of the clearing wealths (Corollary in this case I obtain
only a single consistent default set z € {0,1}" for every endowment z € R’ and thus do
not need to take a secondary intersection as in the case with bankruptcy costs. Further,
in this case, those banks with 0 wealth can be considered equivalently both solvent and
defaulting; thus the set of endowments that produce z € {0,1}" can be considered as the

finite intersection of closed halfspaces only, i.e. the convex polyhedron:
X(z):={z e R} | (I —2diag(z))A(z)z > (I — 2diag(2))d(z)} .

I note that the partition (X'(2)).co,13» is no longer disjoint as boundaries would be shared
by the partitions. However, on this shared boundary the clearing wealths and payments will
be equivalent, and this intersection has Lebesgue measure 0, therefore I (and prior authors)

have discounted this situation for ease of constructing the sets X(z).
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Appendix B

Proofs for Chapter 3

B.1 Proof of Proposition [3.4.1]

Proof. A bank ¢ can belong to any of the following three mutually exclusive and exhaustive

sets:
o S(q,q) = {i € Nhi < q"[I — O A]si}.
° L(q,(j) = {Z € N|qT[I — emznA]Sz < hl < q:rSi}.
* D(g,q) ={i e Nhi > 7's:}.
With slight abuse in notation, I shall drop the dependence and refer to L(q, ¢) as L through-
out this proof. Let me define I' =Y., ;.
Fori € S(q,q) UD(q,q), k=1,2,..mand j =1,2,..m

ik
8%’

=0

Similarly, for i € S(¢,q) U D(q,q), k=1,2,..mand j =1,2,..m

ik

— =0
8qj
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Hence for k =1,2,..m and j = 1,2,...m,

ol'y, _ 0 e Yk  OTF

dg; dq; dq;

Similarly for £k =1,2,..m and 5 = 1,2, ...m,

e 0D cp vk OT)

0gq; 0q; 0q;
Thus, I — W can be rewritten as
= 10rE = 1ok = 1ok & 1oL
1 Flaa_ﬁ F1 8—g2L FlngL . Flgq_%
_Eo . ploty _ By _ B o
P 1-hgg - 2 9g2 2 5
1oTk york york 1oTk
L 9q: 2 0g2 1-h dq1 " I Ogm
o 1oTE o 19Tk . 19TL 1-F 19TL
m oq m o 0gz T m g1 T ™ Ogm

By the liquidation condition (3.5]),

T4+ ¢ =0 A _si =T =D by

1€L €L

Taking derivative of (B.1)) with respect to ¢ and rewriting, for £ = 1,2,...,m, I have

Ly = =G = I = OninAlg) (VIT)

Similarly, taking derivative with respect to g, for k = 1,2,...,m, I have

(1= ard) (s = T5) = —(q — [ = OninAlg) " (V*T)
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From (iii) of Theorem 3.3.1],

FIO)'TE+ F(D)T[I - QmmA](Z s; — ') is increasing in T.

€L

Since I assume = is strictly decreasing in (g, q),

FIO)'TE+ F()T[I - HmmA](Z s; — ') is decreasing in(q, ).

€L

Let 2z € {qx, G} for k =1,2,..m.

Taking derivative of the above expression with respect to z; and rearranging, for £ =

1,2,...,m, I have
(VD) 4 (VHF) T = brin A3 5~ )
< (VAP () = [ = bn ALF(T))

Then at equilibrium,

(V)T + (V) T = Orin A| (Y 5i = TF) < =(VATH) (G~ [ = minAla) (B4

icL
Now,

(T O si =TI = 0,30 A)] > 0

i€l

Then applying (B.2)),(B.3|) and (B.4]),

(T (3 80— DT — G AW < —[(%)L (%);ﬂ:m(a— (I~ BrinA)0)

1€L
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Then using Theorem 2.1 of [I00], (I — W)~ ! exists and is given by > W™
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Appendix C

Proofs for Chapter 4

C.1 Proof of results in Section 4.3

Proof of Theorem[4.3.3 1 will prove this result inductively. First consider time ¢ = 0. Recall
from Assumption that V(—1) > 0. The clearing wealths at time 0 follow the fixed point
equation

V(0) = ®(0,V(0)) := V(=1) 4 ¢(0) — A(0, Vp) "V (0)~.

Note that, by construction, A(0,Vy)TV(0)~ < L(0)T1. Therefore any clearing solution must
fall within the compact range [V(—1) + ¢(0) — L(0)TT,V(=1) + ¢(0)] € R*"'. It is clear
from the definition that ®(0,-) is a monotonic operator, and thus there exists a greatest
and least clearing solution V1(0) > V*+(0) by Tarski’s fixed point theorem, both of which
must fall within this domain. Further, a;;(0,Vy) = ﬁj)[/zk (for i € N and j € Np) for any
wealth V(0) in this domain since V(—1)4¢(0)— L(0)TT > —L(0)I = —p(0, V_;). I will prove
uniqueness as it is done in [45] by noting additionally that I can assume that the societal node
will always have positive equity (i.e., V+(0) > 0). First, [ will show that the positive equities
are the same for every firm no matter which clearing solution is chosen, i.e., V;'(0)* = V:*(0)*
for every firm i € Ny. By definition V1(0) > V+(0) and using > ien, @ij(0) = 1 for every

firm i € N I recover

S Vo= Vo) + V)]

i€No ieNo
= Vi(=1) +¢i(0) = > a;(0, VHV](0)~ + V' (0)
i€No JEN
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=Y Vi) +e0] =Y V)7 D> au(0,Vg) + Y Vi'(0)”

i€No JjEN i€No i€Np
= Vi) +a(0)] = > VH0)"
i€ENp i€END

Therefore it must be the case that V;'(0)* = V;*(0)* for all firms i € Ny. Since I assume that
the societal node will always have positive equity, it must be the case that VOT(O) = Voi(O).

Now since I assume that each node : € N owes to the societal node, if any firm i € N is
such that 0 > V;'(0) > V;*(0) then it must be that V; (0) > V;(0), which is a contraction.

Continuing with the inductive argument, assume that the history of clearing wealths V;_;
up to time ¢ — 1 is fixed and known. The clearing wealths at time t follow the fixed point

equation
V({t) =0t V(1) =Vt —1)+clt) = Alt, V) V(1) + At =1, Vi) 'V(E-1)".

Note that, by construction, A(t,V;)TV(t)~ < L(t)T1+ A(t —1,V,_1)TV(t — 1)~. Therefore
any clearing solution must fall within the compact range [V (t — 1) + ¢(t) — L(t) 1,V (t —
— n _ Lijj+ai;(t—1,Vi_1)Vi(t—1)~
D4ct)+ At —1,V,.q) TV (t —1)7] C R™"!. Further, a;;(t, Vi) = S, Lik+\2(t—1)* (for
i € N and j € Np) for any wealth V() in this domain since V(t — 1) + c(t) — L(t)1T >
—V(t—1)" — L(t)I = —p(t, Vs_y). Thus I can apply the same logic as in the time 0 case to

recover existence and uniqueness of the clearing wealths V' (¢) at time ¢. O

Proof of Corollary[{.3.5 This follows immediately from the proof of Theorem [.3.3] using
induction and noting that the lattice upper and lower bounds for the domain and range
spaces of ®(s, ) are subsets of LZ(R™*!). Therefore any clearing solution V'(¢) is bounded

above and below by an element of £7(R"*!) and the result is proven. O

C.2 Proof of results in Section 4.4

Proof of Corollary[{.4.7 Existence and uniqueness of the clearing solutions follows from
Theorem To prove continuity I will employ an induction argument. To do so, I will

consider the reduced domain V' : T X [¢,00) — R"™! for some € > 0. That is, I restrict the
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step-size At > €. As I will demonstrate that the continuity argument holds for any € > 0
then the desired result must hold as well. Before continuing, consider an expanded version
of the recursive formulation of (4.7)), i.e.,

V(t,At) =V (=1) + /t de(s) — A(t, At, Vi(AD) TV (t, At)™ (C.1)

for all times ¢ € T. Fix the minimal step-size ¢ > 0. Note that the relative exposures

satisfy a;;(t, At, Vi(At)) = S A1 R any time ¢ € [0,€) by the assumption that
Y ken Jo dLik(s)

V(—=1) > 0. Thus I can conclude V : [0,¢) X [¢,00) — R™"! is continuous by an application

of |56, Proposition A.2|. Now, by way of induction, assume that V : [0, s) x [¢,00) — R"™!

is continuous for some s > 0. Again, by [50, Proposition A.2], T am able to immediately

conclude that V' : [0, s+¢€)NT x [¢,00) — R™*! is continuous. As I am able to always extend

the continuity result by € > 0 in time, the result is proven. O

Proof of Proposition[{.4.4. (i) Consider firm i € N'. By assumption I have that a;;(t) for

t /1 solves the first order differential equation:

dag;(t) | Dpen, La(t)/dt = dLy;(t)/dt
i v 0T e

For sake of simplicity, let this differential equation start at time 0 with V;(0) < 0
and some initial value a;;(0). Then this differential equation can be solved via the

integrating factor v(t) := g w&; Thus for ¢ /7 it follow that

a;;(t) = e v {/Ot e”(s)%ﬁ + aij(O)] )

Therefore, utilizing L’Hospital’s rule,

! dL;;(s)
lim a;;(t) = lime*® / (&) T2 (0
52%() e [ 0 ‘ Vi(s)~ +aii(0)

eV(t) dL;; (i) ) e )
TR A Ly

t /T eu(t)%y(t) t /T Zke/\/o dle(t)/‘/Z@)_ - ZkENo dle(T) .
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(ii) First, if V;(¢) > 0 then by construction (and the above result) it follows that a;;(t) =
dLij(t)

2N, ALin(t)

the case for V;(t) < 0 and assume a;;(t) < 0. Let 7 = sup{s <t | Vi(s) = 0}. Since

a;;(T) € [0, 1] by construction and the relative exposures are continuous, this implies

> 0 for any 4,5 € Ny and a;(t) > by this construction. Consider now

there exists some time s € [7,t) such that a;;(s) = 0. By the definition of the relative
exposures, this must follow that da;;(s) > 0 for any time a;;(s) < 0 (with da;;(s) > 0
if a;;(s) < 0), thus a;;(t) < 0 can never be reached. Further, assume a;o(t) < 0. By
Assumption 4.4.1} if a;o(s) < #ng)ik(s) then da;o(s) > 0. In particular, if a;(s) < ¢
then da;(s) > 0 (with da;o(s) > 0 if a;o(s) < 0). Thus, by the same contradiction

found in the case for j € N, I am able to bound a;(t) > 4.

(iii) First, if ¢ = 0 then } . - ao;(t) = 1 by property that ag;(t) = L1{; 20y for all times ¢.
Now consider ¢ € N, if V;(¢) > 0 then by construction (and the above result) it follows
dLij (¢ :
that > icn, @ii(t) = D ens W;L)m(t) = 1. Consider now the case for V;(¢) < 0 and
let 7= sup{s <t | V(s) = 0}. Since >\, ai;(T) =1 by prior results, I will assume

that > .y, aij(t) =1 to deduce

dLij(t) — aij(t) Y pen, dLik(t)
Z daz‘j(t) = Z Vi(t)~ A

JE€END FEND

C jen, A1) <Zj€/\fo %’(t)) (> wens Lk ()

Vi(t)~ Vi(t)~

Therefore based on the initial conditions, a;;(¢) must evolve so that it maintains the

constant row sum of 1.

]

Proof of Theorem[{.4.J Recall that the initial values to the Eisenberg-Noe differential sys-

tem are V;(0) > 0 and a;;(0) = #ﬂzk(m

ease of notation, consider 7y := 0 and recursively define the stopping times

Liizoy + %1{1-:0,#0} for all banks i,j € Ny. For

Tt 1= f{t € (T, T] | Vi(r)Vi(t) < 0 01 [Vi(7) = 0, dVi(r)Vi(t) < 0]}
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That is, 7,, € T is the time of the mth change in A(V'). Without loss of generality, I will
assume that 7,,, = T if the infimum is taken over an empty set. I note that the times 7, are

all stopping times with respect to the natural filtration.

With these times, note that in particular, on the interval (7,,, 7,,11] I can consider the set of
distressed banks to be constant; to simplify, and slightly abuse, notation I can thus consider
a constant matrix of distressed firms A(7,,) in the interval (7, T;n41]. T will now construct
the unique strong solution forward in time over these time intervals, noting that I update A

and 7,1 once the next event is found.

First, by construction, on [0, 7] there exists a unique solution to the differential system

. -  dLy®)
provided by V(t) = V(0) + ¢(t) and a;;(t) = Wl{#o} + L1i—0, j0y for all banks
i,j € Np. Assume there exists a strong solution in the time interval [0, 7,,,] for 7,,, < T. Now I
want to prove the existence and uniqueness for the clearing wealths and relative exposures on

the interval (7,,, T;ne1]. Expanding de(t) based on its differential form allows me to consider

(1) as

dv (#)

[L— A(t) "A(n)] (it e(t)) = [L() T — A(t) " L(1)]T)dt
+ I — A@t) " A1) Yo(t, c(t)dW (t)
— [t c(t), A(t), V(£))dt + & (¢, c(t), A(t), V (£))dW ().

Let me first consider the linear growth condition for dV. Utilizing the 1-norm and where

| - ]|3¥ denotes the corresponding operator norm, let A € A and V € R"™!, then

Hﬂ<t7 ¢, A7 V) “1 + ||6-<t7 c, A7 V) ||(1)p
< (1 = ATA(7)) 1Y <||u(t, Ny + L&) = ATL@T[L + o (t, C)||?p>

< S UATAGHIE ()l + 120 T+ 1ATE@T + o, o)1)

k=0

< (1+Z (1-0 ) (et )l + 1@ T+ IATIZ LT + o))
1+

IN

> it )l + L) T+ LT + HO(h@II‘I”)

sup([luls )l + ()T + ()T + o (s, I )

5 SE[Tmmi-Q»l]
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<01+ lcllr)

The second line follows from the triangle inequality and definition of the operator norm.
The third line is a result of Proposition and further use of the triangle inequality. The
fourth line follows from Proposition [£.4.4] and noting that, by assumption, Agy = 0. The
upper bound # > 0 can be determined by Assumption and since all terms are continuous
and being evaluated on a compact interval of time (since 7,11 < T' by definition). Further, I
wish to prove fi : T x R" x A x R"*! — R™! and 7 : T x R™™! x A x R — R+Dx(n+1)
are jointly locally Lipschitz in (¢, A,V). First (¢, A, V) € R*™ x A x R"" — p(t,c) —
[L(t)T — ATL()]T and (¢, A, V) € R"! x A x R s o(t, ¢) are Lipschitz continuous by
their linear (or constant) forms with Lipschitz constants that can be taken independently
of time (via continuity and the compact time domain) as well as the definitions of p and
o. It remains to show that (c, A,V) € R" x A x R""! s (I — ATA(r,,))"! is Lipschitz
continuous. Let A, B € A, then by the same argument as above on the bounds of the norm

of the matrix inverse,

I(Z = ATA(7) ™ = (I = BT A7) I
=11 = A"A(7)) 7T = BT A7) = (I = ATA(7))](1 = BT A7) |17
= I(1 = A"A(7)) "' [A = BI"A(r) (I = B A7)~ 1
< T = ATAE) TP = BT AT) TP A (m) I IA = B

1+6\° ) .
< (52) 1aeiria - sz

1+ o 0
< (550) IAGIIA - Bl

Thus iz and ¢ are appropriately locally Lipschitz continuous on [7,,, Tpm1]-

Now I wish to consider the differential form for the relative exposures matrix (4.13). First,

if Aii(7,) = 0 (and in particular, Ago(7,,,) = 0 by assumption of the societal node) then
t . dLij(t)

aij( ) o Eke/\/o dL;i(t)

all times ¢ € (7, Tins1]. In particular, this is independent of the evolution of the wealths

Lgizoy + =1{i—o, j£0} is the unique solution for any firm j € N over

V', so I need only consider the joint differential equation between the wealths V' and the
relative exposures a;; where bank 4 is in distress between times 7, and 7,11, i.e., Aj(7,) =
1. Consider bank i € N with A;(7,) = 1. Therefore by construction V;(t) < 0 for all
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t € (TmyTmy1)- If Vi(Ti1) = 0 then from Proposition m it already follows that the

= —ulmit) st hold, otherwise I can extend V(t) < 0 for
2 ke ik (Tm1)

t € (Tm, Tm+1). The differential form for all relative exposures (4.13]) on the interval (7,,, Tp1]

dL;j(t)—aij dL;
is provided by da (f) = 2000 ke Toel?)
Lij(t)—as D keny Li(t)

Vi

constants bounded independent of time as above utilizing continuity of the parameters and

unique solution a;;(7m+1)

. By construction (a;;, V;) € [0,1] x =Ry

is locally Lipschitz and satisfies a local linear growth condition (with

the compact time domain).

Combining my results for the joint differential system for the cash flows ¢, clearing wealths
V from (4.12), and relative exposures A from , I find that this system satisfies a
joint local linear growth and local Lipschitz property on the interval (7,,, 7;,41]. Therefore,
there exists some ¢ € LF(R, ) (such that 7, + € is a stopping time) for which a strong
solution for (c,V, A) : [Ty, T + €] — R*"™ x R" x A exists and is unique. Using the
same logic with local properties, I can continue my unique strong solution sequentially. This
can be continued until the stopping time 7,,,; is reached (found along the path of (¢, V, A)
as a stopping time) or this process reaches some maximal time 7% < 7,41 for which a
unique strong solution exists on the time interval [7,,, T*). First, as ¢(t) can be calculated
separately from the clearing wealths and relative exposures, I can immediately determine
that ¢(17™) = limy; »p- c(t) exists. Further, I note that any solution V() must, almost surely,

exist in the (almost surely) compact space

{V(Tm) — (I + 1%5]1) (/; de(s)” + (L(t) — L(7n)) T) V(1) +c(t) — e(tm) | € LER™)

where 1 = {1}(»*)x(+1) " The lower bound is determined to be based on the bounding of

the Leontief inverse; the upper bound follows from the continuous-time version of (C.1J), i.e.,
V(t)=V(0)+ct) — A@®) TV (t)".

Additionally, a;;(t) almost surely exists in the compact neighborhood [0,1] by definition.
Therefore (V(T*), A(T*)) = limy ~r+(V(t), A(t)) exists by continuity of the solutions and
compactness of the range space. Thus I can continue the differential equation from time 7™
with values (¢(T%), V(T*), A(T*)) which contradicts the nature that 7* is the maximal time.
Notably, if V;(T*) = 0 for some bank ¢ then it is imperative to check if 7,41 = T* to update
the set of distressed banks A.
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Therefore, by induction, there exists a unique strong solution (V, A) to and on
the domain [0, 7,,,] for any index m € N by use of [91, Theorem 5.2.1|. In particular this
holds up to 7" = sup,,en Tm- If 7% > T' then the proof is complete. If 7* < T', then by
the same argument as above I can find (V(7*), A(7*)) as I can bound both the wealths and
relative exposures into an almost surely compact neighborhood (and a subset of £2, (R"1)).
Therefore, as before, I can start the process again at time 7%, which contradicts the terminal

nature of 7*. This concludes the proof. O

Proposition C.2.1. For any relative exposure matrix A € A and any distress matriz A €
{0, 1} DX+ guch that Agg = 0 and Ajj = 0 for i # j, the matriz I — ATA is invertible
with Leontief form, i.e., (I — ATA)™ = >"02 ((ATA).

Proof. By inspection, for any A € A, (I — ATA)(I+AT(I —AAT)7'A) = I, i.e., the form of
the inverse is provided by I + AT(I — AAT)7tA. T refer to [55, Theorem 2.6| for a detailed
proof that (I — AAT)~! is nonsingular and is provided by the Leontief inverse. Therefore,

by construction

(I—ATA) ' '=T+ATIT-AAYTA) =T+ AT (i(AAT)’f) A

k=0

=T+ ) ATAATAF =T+ (ATA)M! =

k=0 k=0

(ATA)-.

00
k=0
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Appendix D

Proofs for Chapter 5

D.1 Proof of Proposition |5.3.17

Proof. First, as in (5.6, the clearing wealths as a function of initial endowments are defined
by
V(z) =2+ 1(V(2)) " [p(V(x)) = V(2)7]* = p(V(x)).

I will prove continuity by utilizing the closed graph theorem (see, e.g., [4, Theorem 2.58])
noting that Proposition provides me with the condition that the clearing wealths map
into a compact set. Theorem 4 of [87] immediately provides the monotonicity of the clearing

wealths.

Fix z € R7™ and let X = 2 + [—1,1]""! be a closed compact neighborhood of z in the full
Euclidean space R"*. Then I can define V* : X — R""! as the restriction (and possible
expansion to negative terms) of the domain of V' to X'. The graph of V* is given by:

graph V* = {(:@, VyeX x [[lei—1=) Lijyai+ 14> Lyl | V=2+T(V)" [p(V) - V" —m/)]
1€ND JENO JEN J

To see that graph V7 is closed let (2*, Vk)keN C graph V¥ — (z, ‘A/)7 then immediately

V = lim V* = lim [a;k FI(VR TRV — (VR — p(Vk)} = a+II(V) T [p(V) =V T =p(V)

k—o0 k—o00
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by continuity of the nominal liabilities matrix L. Therefore by the closed graph theorem
I immediately recover that V* is continuous for any x € R’ffl, which implies that V is

continuous at any x as well and thus V : RTFI — R*™! is a continuous mapping. O
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