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Abstract

We develop a structural model for the analysis of systemic risk in financial markets based
on asset price contagion. Specifically, we describe a mechanism of contagion where exogenous
random shocks to individual agents in an economy force portfolio rebalancing and endogenously
impact asset prices. This, in turn, creates a chain reaction as downstream agents trade in
reaction to price changes. In our setting, this contagion is modulated through a bipartite
financial holding network, which describes the relationships between agents and a universe of
tradable assets through their portfolio holdings. Out approach quantifies the robustness of
different financial holding networks to shocks propagated by asset price contagion by measuring
the sensitivity of asset prices to exogenous shocks. We illustrate that leverage plays a critical
role in asset price contagion. In particular, in low-leverage economies, “mutual fund” networks
(where agents hold a common, diversified portfolio of risky assets) are desirable to mitigate
contagion. On the hand, in high-leverage economies, “isolated” networks (where agents hold
maximally diverse, unrelated portfolios) become beneficial.

1. Introduction

Traditional risk analysis takes the outcomes for an agent across possible states of nature as an
exogenous given. In a systemic setting, however, negative outcomes for one agent can have an
impact throughout the system. For example, they can cascade or spillover to other agents, this
is an endogenous phenomena commonly known as contagion. Contagion is often associated with
and results from an underlying network structure, which characterizes the structural mechanisms
through which outcomes propagate between agents.

We consider systemic risk and contagion in financial markets. Here, there has been a growing
literature on structural models for contagion. Much of this work, however, focuses on contagion
that arises through direct counterparty relationships between agents. Here, the underlying network

structure corresponds to bilateral trading relationships. Early work includes that of [Allen and Gale
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(2000), who consider contagion arising from interbank cross holdings of deposits. The pioneering
paper of Eisenberg and Noe (2001) provided a structural framework for contagion in interbank
lending. Their model illustrated how shocks to individual agents can be propagated through in-
terbank lending networks. Subsequently, there has been a substantial body of work analyzing and
generalizing the Eisenberg and Noe| (2001) framework. For example, |Acemoglu et al. (2013) focus
on the optimal structure for interbank lending networks. |Cifuentes et al.| (2005)); (Gai and Kapadia,
(2010); Rogers and Veraart| (2013); |Amini et al.| (2013)); Chen et al.| (2014)), among others, consider
extensions where endowment shocks get amplified both the through counterparty network and a
lack of asset liquidity. While all of this work emphasizes role of inter-institution borrowing and
lending networks, in some cases, there is a single illiquid asset that can be liquidated to cover debt
obligations.

However, there is reason to believe that interbank lending networks may not be significant
drivers of contagion. |Glasserman and Young (2014) demonstrate theoretically and empirically
that expected losses due to from network effects due to interbank lending are likely to be small,
unless they are magnified by mechanisms beyond simple spillover effects. If we extend the class
of counterparty relationships under consideration beyond interbank lending to include derivatives
(e.g., credit default swaps), it could be that counterparty network effects may be more important.
However, another important source of contagion in the 2008 financial crisis were commonly held
so-called “toxic assets”. Indeed, commenting on how the impact of the default of Lehman in 2008

propagated across the financial sector, one observer states that!

[T]here’s no evidence that any of the financial institutions that were rescued — AIG,
Citigroup, Wachovia, Washington Mutual, Merrill Lynch — were weakened by their
exposure to Lehman. Since they weren’t, the whole idea of interconnections ... is called
into question .. None of these firms was weakened by its exposure to Lehman or anyone
else. They were weakened by the fact that virtually all of them held — or were suspected

of holding — large amounts of what the media came to call “toxic assets.”

In this paper, we wish to understand the role of common asset holdings in the propagation of
shocks in the financial system. Here, the underlying network structure is not derived from bilateral
counterparty relationships, but instead takes the form of a bipartite financial holding network,
linking agents to assets by their underlying portfolio holdings. When an agent experiences a shock,
this forces portfolio rebalancing. This, in turn, affects asset prices. Subsequently, other agents
holding common assets are impacted by the price shifts, which causes further rebalancing and
downstream effects. The relationships between particular firms in our model is implicit since two
firms that hold the same asset in their portfolio are connected via the asset-firm network.

Our main contributions to analytical modeling of asset-firm interaction are as follows:

e We provide a structural model for contagion in financial network consisting of a

set of firms holding common assets.

'P. J. Wallison. Dodd-Frank and the Myth of ‘Interconnectedness’. The Wall Street Journal, February 9, 2012.



We allow the portfolio choice of the firms to be any function of the asset prices, the state of
the economy, and the mark-to-market wealth of firms. The asset prices are endogenously set

by a market clearing condition when the economy is in equilibrium.

e We provide analysis of how shocks are propagated by the financial network.

We allow a variety of exogenous shocks, including, for example, shocks to the endowments
of firms, shocks to their beliefs regarding asset returns, and regulatory shocks (e.g., changes
in leverage limits). Our analysis characterizes the contagion induced by the network. In
particular, we identify two key components of a financial network’s response to exogenous
shocks: the direct effect is immediate response of network to the shock, and network effect
refers to the subsequent amplification of that shocks that are mediated through changes in
the prices of assets. The net impact of the shocks can be viewed as the aggregate effect along
all paths through the bipartite network of firm holdings. The intensity of the effect of each

path is proportional to the amount of asset held in each firm’s portfolio.

e We characterize the key features of financial holding networks that minimize

systemic risk, as a function of overall leverage.

Given primitives, such as the asset prices, the wealth and the leverage of firms, we solve
the optimization problem of designing the optimal holding network that minimizes the shock
amplification amplifier under given shocks. We identify two distinct economic regimes as a
function of the overall systemic leverage of the financial system, where, surprisingly, desirable

asset-firm network topologies vary dramatically.

For a low-leverage economy, a “mutual fund” holding network, where every firm holds a
common market portfolio is desirable and mitigates contagion. On the other hand, for a high-
leverage economy, in order to mitigate contagion, “isolated” holding networks are desirable,
wherein each asset is held by a subset of firms, and each firm tends to invest all of its leveraged
wealth in a single asset. Consequently, the interaction between assets via the portfolio holdings

of the firms is kept at a minimum.

In other words, networks that minimize contagion in a low-leverage economy favors diversi-
fication of investment across assets; on the other hand, the such networks in a high-leverage
economy favors diversity of investment across firms. The systemic leverage becomes a defining

quantity that distinguishes these two economic regimes.

The trade-off between between diversification and diversity has been explored previously. [Wag-
ner| (2011) explores this trade-off in the context of an equilibrium model with an explicit model
for the joint liquidation cost in a very specific portfolio choice model. We accommodate general
portfolio choices; however, we focus on managing systemic risk from the perspective of a regulator.
Elliott et al. (2013) investigate the trade-off between diversification, i.e., more counterparties, and
integration, i.e., deeper relationship with each counterparty, in a credit default setting. A key
difference between the work of Elliott et al. (2013) and this work is that the their “assets” are



restricted to be claims on other firms in the network, whereas we allow for more general tradable
assets and explicitly model the portfolio holding relationship between firms and tradable assets.
The work of |Greenwood et al.| (2012) models asset-based contagion by assuming leverage targeting
and a reduced-form price impact; we model this as the endogenous outcome of portfolio rebalancing.
Capooni and Larsson| (2014)) also establish the procyclic characteristics of leverage targeting.

This paper is organized as follows. In Section [2| we describe our model. In Section [3| we intro-
duce the price sensitivity analysis that identifies the key components in the asset-based contagion.
In Section [ we discuss the mazimal network amplifier as a metric for risk contagion, and in Sec-
tion [5] we investigate how the network configuration affects the network amplifier. We define low
systemic leverage and high systemic leverage regimes, and identify the desirable network topologies

for the two regimes. We conclude in Section [6]

2. Model Formulation

In this section, we propose a model for a financial network of firms and their asset holdings, where
the assets prices are endogenously set through a market clearing condition. Let A denote the set
of assets, and F denote the set of financial firms. The initial endowments for all of the firms are
denoted by (0°,0), where §° € R’ are the endowments in the risk-free asset for all of the firms,
and © € RMIXIZT are the endowments in the risky assets, i.e., ©;, is the number of shares of asset i
initially held by firm h. For any posted asset prices ¢ € R/, the wealth of firms is given by
the vector w = 00+ 0Tq € R¥I. Let D = diag(d) € RMIXIAl denote a diagonal matrix where
d; = Y ner Oin is the total number of outstanding shares for asset 1.

The portfolio held by the firms is denoted by the matrix I € RMHXIF1. Specifically, II;, is the
percentage of the wealth of firm A that is invested in asset i. For each h € F, the h-th column of
the matrix IT is denoted by a vector IT, € RMI which represents the portfolio of firm k. In our

model, we allow the portfolio choice II;, to depend on:
e the vector of posted prices ¢,
e the wealth wy, of firm h, and
e an exogenous risk factor x.

In other words, I1j, takes the functional form Il (g, wp, x). Depending on the context, the exogenous
risk factor x can denote economic factors, beliefs of investors, regulatory parameters (e.g., leverage
limits), etc. Thus, the portfolio allocation rules II; (g, wyp, ) captures a wide variety of portfolio
choice mechanisms or preset re-balancing rules. In what follows, the exogenous variable x will be
subject to a shock, and whose downstream effects we wish to understand. We also allow for the
possibility that initial cash endowment 6y depends on z, i.e., 0 is a function of x. In the following

example, we present a concrete form of II as a function of asset prices g and other factors.



Example 1 (CRRA Investors). Suppose firm h has the belief that the random payoff p, € RAI of the
risky assets is distributed according to a jointly log-normal distribution, i.e., log(pin) ~ N (pn, Xp)-
Therefore, given current asset price q, the vector of log-returns r;; = log %’1 = log(pin) — log(q:);
thus, T, ~ N (fip, flh) where i, = pin — log(q;) and Xy = S

Suppose the firm h chooses its portfolio 11}, € RMI in the risky assets and m, € R in the risk-
free asset, to mazimize the expected utility E[U(w] of the random terminal wealth, and the utility
function Up, has a constant relative risk aversion (CRRA) characterized by Py, i.e., the vector

(ITp, 7p) s a solution of the optimization problem

wl—ﬁh
(1) maximize E |2 ,
1T, +n0=1 1— 06
where Wy, = w?L Yicalline’it is the random wealth of firm h. |Campbell and Viceira (2002) show
that an approximately optimal solution to s given by

1 1
(2) I, = @Eﬁl (Mh —log(q) —rs1+5 diag{Eh}) :

In this example, the portfolio rule 1l is a function of assets prices q, and erogenous parameters

x = (B, pn, Xn); however, it is not a function of the current wealth w.

The portfolio rule in Example[I]is one of many portfolio choice rules that are admissible in our
model. In the example, the portfolio rule IIj is the solution of a utility maximization problem. In
other cases, the rules Il can possibly be a set of predefined re-balancing rules. The model allows

for very general portfolio choices that depend on asset prices and other factors.

2.1. Market Equilibrium

In this section, we will introduce our concept of market equilibrium that implicitly defines the asset
prices ¢ as a function of the initial endowment (©,6"), the portfolio allocation rules IT and the
value of the exogenous risk factor . Later in the section, we show that our equilibrium concept is

equivalent to a simpler market clearing condition.

Definition 1 (Equilibrium). Suppose we are given initial endowments (©,0°) and the risk factor x.
An equilibrium is the tuple (q,é),éo), where ¢ € RN are posted asset prices, © € RFIXMI s the
portfolio of risky assets held by firms, and 0° € RHI js the vector for risk-free assets held by firms.
We require that (q, e, éo) satisfy:

e Budget Balance.

(3) Z(@ih—Gih)qi+(é2—62):o, VYV heF.
i€A



e Share Balance.

(4) Di=Y 0n=Y 6u VicA
heF heF

e Portfolio Consistency.

(5) éihQi = Hih(q, 6° + @Tq,x) (ég + Z éth]‘) , Vie A, he F.
jeEA

The budget balance condition requires that at the posted asset prices ¢, the portfolio re-
balancing from (0, %) to (6, #°) does not change the wealth of any firm. This condition immediately
implies that wealth is invariant under re-balancing, i.e., w = 0%+ ©T¢q = 00 + (:)Tq. The share
balance condition (4] requires that at posted asset prices ¢, the number of shares of each asset
is not changed by the portfolio re-balancing from (©,6°) to (0, 8°). Recall that II;; denotes the
percentage of wealth of firm A invested in asset i, but O, represents the portfolio in terms of the
number of shares that firm A holds in asset i. Thus, the portfolio consistency condition states
that the final position © is consistent with the portfolio allocation rule II.

In the following theorem, we introduce a simpler characterization of an equilibrium. The proof

of the theorem can be found in Appendix [A]

Theorem 1. Suppose we are given initial endowments (0,6°) and the risk factor x. For a vector of
posted asset prices q, there exists an equilibrium with prices q if and only if q satisfies the following

market clearing condition:
(6) Dq=11(q,6° + 0 q,2) (90 n @Tq> .

Interaction between firms and their portfolio selection rules II;, and the asset prices g is encapsu-
lated in the market clearing condition @ The left-side of @, Dagq, is the vector for market capital-
ization, i.e., the total dollar supply for each asset, and the right-side, II(¢,6° + ©Tq, ) (00 + @Tq>,
is a vector whose element is the total invested wealth for each asset, i.e., the total dollar demand
of investment in the market, while the market capitalization Dgq is the dollar supply for investment

in the market. In order to interpret Theorem [I] it is helpful to consider the following definition.

Definition 2. Suppose we are given initial endowments (©,0°) and the risk factor x. For a vector of

posted asset prices q, firms choose portfolio I1. The excess dollar demand is defined as follows:
(7) EDD(g) = TI(g,6° + 0" q,) (¢° + ©"q) - Dg.

EDD(q) is the difference between market capitalization and the total dollar demand for each
asset. It is clear that ¢ satisfies the market clearing condition in equation @ if and only if the
excess dollar demand EDD(q) = 0.



3. Asset Price Contagion

In this section, we wish to understand how various forms of exogenous shocks propagate through
the network to generate endogenous asset price changes. We define the vector of price sensitivity
with respect to changes in x as the total derivative % € RMI. We show that the price sensitivity
can be decomposed into a two components that contribute to price movement and characterize the
contagion effects.

Let © £ D71© e RHAIXIAI denote the number of shares © held by the firms normalized by the

total number of outstanding shares. For each asset i € A, define

Oll;; Ol MLy,
oq1 9¢1 " Oqu
81_[1'1 81_[1'2 8Him
(8) Gt &.12 8¢.12 T 8?2 c RIHAIXIZ
Oqn Oqn T Iqn
as the sensitivity of portfolio II;, to price vector ¢. Define H € RMIXIAl a5
Gl )T
(GPw) "
A
(G"w)T

where w € R’ denotes the vector of wealth of the firms. From the definition, it follows that

171

(G T = S Wi
(10) Hy = (@0 = 3 G

W, -

Thus, the matrix H can be interpreted as the wealth-weighted cross-asset portfolio sensitivity
matrix. Define Q € RHAXIZT a5

[ oll11 OIl12 8H1|}'| T
w1 w1 Ows w2 e 8w|}—| |F]
Ollay Ollao My 7|
w1 S W2 e w
d d d |7
(11) Q2 v w2 YIF|
Mya; OMjaj2 M) 7|
Owq w Ows w T 8w|}-| ‘ | ]

Then 2 is the wealth-weighted firm-asset portfolio sensitivity matrix, i.e., the component €2;;, is the
sensitivity of the portfolio II;, to the wealth w; weighted by the wealth. The main result of this

section is the following theorem, whose proof can be found in Appendix [A]

Theorem 2. Suppose (¢q,0,6°) is a given equilibrium, and the risk factor is xo. Assume that
(q(x),w(0°(x),q(x)),z) is a continuously differentiable function of q, w, and x, and 0°(x) is a
continuously differentiable function of x. Suppose the matriz {I —(MI+Q)e’ - HD_I} 1s invert-

7



ible at x = xo. Then there exists a neighborhood N(xg) of z¢ and a unique price function q(x) on

N (xg) such that for all x € N(xq), q(x) satisfies the market clearing condition,

(12) Doa) = T(qa)w(®(x).q(@)).2) (6%(x) + O g(a))
and we have that

i _

(13) dr

e’ o1l
dx ox

[I—(H+Q)(Z)T—HD—1]_1 [(H+Q)+w .

The main result of Theorem [2|is to characterize the price sensitivity dg/dz to the exogenous

risk factor x. A detailed interpretation of this price sensitivity is provided in the following section.

3.1. Direct Effects and Network Effects

In this section, we interpret Theorem [2| to better understand price changes. First, we define two

concepts.
Definition 3 (Direct Effects). The direct effects are defined as the vector

s dg° | om
(14) [DE| 2 (I+ Q) &= + T,

Definition 4 (Network Effects). The network effects are defined as the matriz
_ _ -1
(15) [INE] 2 [1-T16T -6 —HD!| .

Given these definitions, we can re-write the price sensitivity equation as follows:

(16) D;i—z = [NE]-[DE].
In what follows, we will see that the direct effects capture the immediate response from the financial
system when facing the external shocks, while the network effects characterize the follow-on effects
through the interactions within the financial network to eventually produce the endogenous price
changes.

Suppose we keep the posted price ¢ fixed when we shock the risk factor according to 2’ = x+Auw,

where Az is a small external shock on z. Suppose w = 0°(z) + © ¢ is the wealth vector. When



the conditions in Theorem [2] are satisfied, the excess dollar demand is given by

EDD(q,2') = T(q,w(#’(z")),x") (90(3:’) + @Tq) — Dyg

| de® om |, ] . -
= }H+Q%m+thxx—@+n@ﬂw(@p@@(@+@q)
—Dq + o(Ax)
[ de® oI |

— [DE|Az + o(Ax),

where the third equality follows from the fact that EDD(q,x) = 0 as market clears in equilibrium
corresponding to the original value x for the risk factor. Therefore, when the posted prices are
held constant, the excess dollar demand in the system proportional to the vector of direct effects.
Thus, the direct effects quantify the immediate change in the dollar supply and demand for the
assets across the market that results in an imbalance in the market clearing condition. If there
were an outside investor who could to absorb this excess dollar demand, the posted prices could
indeed remain unchanged.

Next, we describe the vector of direct effects [DE] for a variety of shocks.

Example 2 (Cash Shock). Suppose firm g has a shock on its initial cash position, i.e., the risk factor
takes the form x = 0Y). In this case, [DE] = 1l,. In other words, the direct effect [DE] of this shock
1s given by the portfolio of firms.

Example 3 (Changes in Beliefs). Suppose firm g has a belief that the mean future payoff of asset k

is gg. Suppose the risk factor x = pig. Then changes in the belief of firm g with the regards to
— ang

the mean payoff is equivalent to a shock on x. In this case, [DE] = I
g

Wy -

Example 4 (Changes in Regulation). Suppose regulatory restrictions limit the level of leverage for
firms to be below a fired parameter L € Ry.. We can model the impact of a change in requlation by
setting the risk factor x = L. Then a change in regulation is equivalent to a shock on x. In this
case, [DE] =3 e r %%wg.

The direct effects quantifies the excess dollar demand of immediately after a shock; the network
effects describe the way the excess demands subsequently propagate and the asset prices converge
to a new equilibrium. In other words, asset-firm interactions and contagion within the system are
characterized in the formula for [NE]. We identify three key components, IIOT, Q0T and
HD™ !,

o 1167 € RMIXIAI characterizes the holding-induced cross-asset interaction through IT and ©,
with IT been fixed. It indicates how the excess demand of asset i is affected by the excess

demand of asset j through the fixed portfolios of all firms. In particular,

MO 7)yj = > MinOjp.
heF



This component emphasizes the effect of portfolio re-balancing.

e 007 ¢ RMIXII characterizes how the excess demand of asset i is affected by the excess
demand of asset j through the portfolio sensitivity with respect to wealth. In particular,

0Ly, ~

(Q(:)T)ij = awh ®jhwh.

heF

This component emphasizes the impact of a change in wealth.

o HD ! e RMIXIl s the normalized wealth-weighted cross-asset portfolio elasticity. It charac-
terizes how the excess demand of asset 7 is affected by the excess demand of asset j through

the portfolio sensitivity with respect to price. In particular,

_1)” . Z aHih Wp,
= Wh
' 94 Dy

In the following sections, we further examine the network effects as flows in bipartite networks,

quantify the effect, and show how to design a network to minimize the network effects.

3.2. Bipartite Structure of Financial Networks

Firms often set portfolio targets II; and re-balance to the target portfolio when the proportions
of wealth invested in the assets changes because of changes in prices. Thus, when a firm targets
are certain portfolio the partial derivatives aanm and an%: are identically equal to zero. Therefore,
Q) =0 and H = 0, and the network effects matrix takes the form

[NE]=[I-T167]!

In the rest of this paper we will assume that all the firms in the economy employ portfolio tracking
strategies.
When the spectral radius p(IIO ") of the matrix IIO " is strictly less than 1, the network effects

[NE] can be expanded into a infinite power series.
(et AT 57>
(17) [NE]=) (II6') =I+16" + (II6") +....
t=0

This power series can be interpreted as follows.

Definition 5. The interaction between asset prices and the firms’ portfolios can be modeled by a
weighted directed bipartite graph with vertex set V = AU F and edge set £ = & U &y, where &
denotes set of asset-to-firm edges, and £y denotes the set of firm-to-asset edges. The edge weights

are given by

e wjp = @jh for edge (j,9) € &1 that links asset j to firm h,

10



o wp; = Iy, for edge (h,i) € E that links firm h to asset i,

We will call this graph the contagion graph for the network.

Assets Firms
1 ®

Figure 1: The Contagion Graph

A directed path from asset j to asset i in the contagion graph is a sequence of edges that
connect a sequence of nodes, with the starting node being asset j and the ending node being asset
1. The length of a directed path is the number edges in the path. A path between two assets in the
contagion graph represents a pathway of cascading flow, through which shocks can be propagated.
The contribution of a particular path to overall contagion is the product of the weights of all edges

along the path. The terms of the power series in equation can be interpreted as follows:
e [ is the identity matrix, which captures the direct effects of the shock.

o TIOT is the first-level cross-asset impact matrix. Each element (H@T)ij is the impact that
the excess demand of asset ¢ has on asset j via all firms whose initial endowments consist of
asset ¢ and who invest in asset j.

. (H@T)2 is the second-level cross-asset impact matrix. Each element (H@T)?. characterizes
the impact that the excess demand of asset ¢ has on asset j via all possibié intermediate
assets. Now the contagion has a second-level impact.

_ N\t N\t
. <H@T) is the t-th-level cross-asset impact matrix for any ¢ = 3,4, . ... Each element (HG)T> N
ij

characterizes the impact that the excess demand of asset ¢ has on asset j via all possible paths

with length 2¢. Now the contagion has a t-th-level impact.

To summarize, for any two assets in the financial network, the contagion effect from one to the
asset can be characterized by the aggregate impact of all possible paths with all possible lengths in
the network between these two assets. The intensity of the contagion is the sum of all the impact
matrices of all levels according to equation .

In the literature, there are many articles that investigate related financial networks. For exam-
ple, |[Eisenberg and Noe| (2001)) discuss the interbank lending networks. Elliott et al.| (2013)) provide

a model for cross-holdings among institutions. While most of the existing literature emphasizes

11



cross-firm interactions through debt obligation or institution-wise cross-holdings, the financial net-
works discussed in this paper characterize the bipartite connection between firms and tradable
assets via holding portfolios of assets by firms and portfolios re-balancing.

For the rest of this paper, we will continue to focus on the contagion graph introduced in this
section. Recall that this contagion graph is is consequence of the fact that all firms are assumed to

execute a portfolio tracking strategy.

4. Network Amplifier, Holding Network, and Leverage

In this section, we introduce the network amplifier to quantify the scale of the contagion effects.

Definition 6 (Maximal Network Amplifier). Suppose (q,©,8°) is a given equilibrium, and the risk
factor is xg. Assume that II(x) is a continuously differentiable function of x, and the matriz
[I — H(:)T} 1s invertible at x = xg. The network amplifier is defined by

(18) MNA 2 p([NE]) = p(l — 16| 1),

where p(-) denotes the spectral radius of a matriz.

In what follows, we will see that under mild technical conditions, [N E] has real eigenvalues.

From straightforward linear algebra, it follows that

A= NE|-DE,.
jomax_ [IVE]- [DE]|l;

Therefore, |[NE] - [DE]||2 < MNA||[DE]||2, i.e., the network amplifier MNA is a worst-case bound

on the extent to which the network amplifies the direct effects.

4.1. Holding Network and Leverage

In order to understand the key drivers of contagion, we will decompose the structure of an economy
into two components. One is the leverage of firms, and the other is the configuration of the inter-
actions of firms and assets. The goal is to separately describe the impact of network configuration
and leverage on the overall contagion effects.

Let by, denote proportion of net wealth invested by firm h in risky assets. Then

bp=> Iy, VheTF.
€A

We require that by > 0 so that firm h has a positive position in risky assets. When by > 1, firm
h is borrowing cash to invest in risky asset. Thus, firm A is leveraged with a bp-to-1 ratio. The

leverage vector across firms is denoted by b € RIV1.

12



Define X € RHAXIZ] by setting

I1; .
X, = bh, Vie A heF.
h

Each element Xj;, is the ratio of the wealth invested by firm h in asset ¢ to the wealth invested by
the firm in all risky assets. Therefore, ) ;. 4 X;; = 1 for any h, and

(19) IT = X diag(b).

We refer to X as the holding network. Thus, we have two ways to represent the portfolio choices
of firms: one is through II matrix, and the other is via the holding network X and the leverage
vector b. In this setting, we will simplify the expression for the maximal network amplifier MNA.
Specifically, we assume that the initial endowment (6, ©) is in equilibrium, i.e., we assume that
the firms have traded in the past, and are now holding portfolios that they do not wish to alter.

Since II and ©;;, describe the same portfolio at prices q, we have that
(20) @ihqi = Hihwh, ViV h,

where w £ §° + ©T¢. The proof of the following result is in Appendix

Theorem 3. Suppose (q,0,0%) is a given equilibrium, with the risk factor x = xo. Assume that
the conditions of Theorem [ hold, and H = 0 and Q = 0. Suppose the initial endowment is in
equilibrium and satisfies equation , then we have the following results.

(i)
110" = X diag(b) diag(w) diag(h)X "' M~! £ Y(X),

where M = D diag(q) is a diagonal matriz, where the diagonal entries are the total market

capitalization of each asset.
(i) The eigenvalues of Y (X) are real and non-negative.

(iii) The mazimal network amplifier is given by

21 MNA = 1= XN
(21) lg‘gm (Y(X),

where each \; is the i-th eigenvalue of the matriz.

Theorem [3] links the magnitude of the network effects to the eigenvalues of a matrix related to
the holding network X, the leverage b and the wealth w. In the following section, we will investigate
how these two components contribute to contagion through the analysis of the maximal network

amplifier.

13



5. Optimal Network Design

In this section we investigate the structure of the holding network that minimizes risk contagion
for a given economy consisting of a set of firms and a set of assets. Concretely, we characterize
the holding networks that minimize upper bounds on MNA, among all networks that are consistent
with some aggregate economic parameters of the network. There are two holding networks with
extreme structures that are of interest. One is the mutual fund economy where all firms invest in
the same market portfolio, and the firms benefit from diversification across the assets that provides
a buffer for shocks. The other extreme network is an isolated economy where firms hold diverse
portfolios. This structure limits contagion by isolating firms. In what follows, we show that when
the economy has low systemic leverage, the mutual fund economy is desirable holding network, and

for an economy with high systemic leverage, the isolated structure is desirable.

5.1. Economies and Feasible Holding Networks
In our model, an economy is characterized by the following four aggregate quantities:

Definition 7 (Economy). Suppose D € RAXA

is a diagonal matrix where diagonal entries are the
numbers of shares for assets, ¢ € RA denotes asset prices, w € R” denotes wealth of firms, and

b € R4 denotes leverage of firms. The quantity (D,q,w,b) defines an economy if
(22) 14Dg=w'b.

The condition (22)) equates the total market capitalization ILDq of risky assets with the total
leveraged wealth w b of all the firms that is invested in risky assets. Note that Deﬁnition does not
specify the holding network X between the assets and firms in the financial system. The following

definition characterizes the feasible holding networks for a given economy.

Definition 8 (Feasible Holding Networks). Suppose we are given an economy (D, q,w,b). We denote
the set of feasible holding networks by X, defined as

X = {X e RMXIFl. Dg = X diag(b)w, 13X =1}, X > 0}.

Note that the condition Dg = X diag(b)w is just a re-formulation of the market clearing
condition that ensures that dollar supply and demand for each of the assets is balanced. Also,
1I‘Dq = w'b if and only if X is non-empty. To see this, suppose X is n?n—empty, and let X € X.
Then lqu = II‘X diag(b)w = 1; diag(b)w = w'b. Conversely, define X = %ml; where m = Dgq
and v = II‘Dq = w'b. Then lleq = w'b, implies that X € X.

14



5.2. Optimal Holding Networks
Suppose we are given an economy. We are interested in a holding network that keeps a minimum

level of systemic risk and contagion. More concretely, we want to solve

. . oy 1
(23) min MNA(X) = min max |1 — \(Y(X))| ™",

XeXx icA

where the second formulation follows from Theorem |3l For the purpose of solving , we introduce

two quantities:

N

(24) Amaz = }(nel% Amaz (Y(X)),
A )

(25) Nonin 2 1083 iV (X)),

The following theorem relates these quantities:

Theorem 4.

(26> )\m’m S )\maz .

The proof can be found in the Appendix Based on A4z and Ay, we define two economic

regimes that we show present different features of contagion.

Definition 9 (Leverage Regimes). Suppose we are given an economy (D, q,w,b). We call the economy

a low-leverage economy if Apmaz < 1. We will call it a a high-leverage economy if Amin > 1.

Theorem [] guarantees that the set of low-leverage economies is disjoint from the set of high-
leverage economies. The reason why these two economic regimes are named low-leverage and
high-leverage respectively will become clear after we introduce a parameter that we call systemic

leverage. We show that the definitions are closely related to the scale of leverage of the economy.

Definition 10 (Systemic Leverage). Suppose we are given an economy (D,q,w,b). We define the

systemic leverage v of the economy as

= Lner wnbh
>_her Whbp
Define w;, = ﬁ Then w can be interpreted as a probability distribution, v can be
rewritten as e [ 2] ]
Ewlby, < Varg|by, )
- = Eglbn] 1+ @lPAl)
TR U B
Varg[bp]

where E[by] is the mean leverage, and Eulbr]? is the squared coefficient of variation of the leverage

under the probability mass function w. This relation implies that the systemic leverage ~ is larger
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than the average wealth-weighted leverage by a factor that depends on the variability of leverage
across firms. In other words, v is large if the average wealth-weighted leverage is high. And for a
fixed average leverage is fixed, v is larger when the coefficient of variation of the wealth-weighted

leverage is higher. The following result proved in Appendix |§| links A\jpaz With 7.

Theorem 5. In any economy,
(27) Amaz = -

Theorem [5| implies that an economy is low-leverage whenever the systemic leverage v < 1. In
what follows, we will demonstrate analytical results for low-leverage and high-leverage economies.
However, there exist economies that are neither low-leverage nor high-leverage. Establishing opti-
mal holding networks for economies with intermediate leverage requires one to overcome technical
challenges that our current model is not able to accommodate. The main purpose of the model in
this paper is not to provide analytical results that cover the entire spectrum of possible economic
states; rather to establish the counter-intuitive fact that the optimal structures of financial net-
works present completely different features for the low-leverage and high-leverage economies. In

the following sections, we solve for the low-leverage and the high-leverage economies.

5.3. Low-Leverage Economy

The following theorem establishes a bound for maximal network amplifier for low-leverage economy,

and characterizes the network that achieves the bound. The proof is in the Appendix [A]

Theorem 6. Suppose we are given a low-leverage economy. Then

. <1
(28) min MNA(X) < [ a

and the upper bound is achieved by the mutual-fund economy

Dq
x A T
X _l_ri]_-,
APd

Dq
I:ZDq

where each firm invests in the market portfolio where assets are held in proportion to the

market capitalization of assets.

Therefore, a desirable holding network for the low leverage economy is one where each firm
invests into a common market portfolio. In this case, the network drives all the firms to diversify
their investment across assets proportional to the market capitalization of assets.

Now we consider another special economy that presents interesting features. When firms have
uniform leverage levels, the following theorem provides an optimal holding network. The proof is
in the Appendix [A]
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Theorem 7. Suppose in a low-leverage economy, every firm has a constant leverage level 0 < b < 1,
and b = blr. Then the mazimal network amplifier MNA(X) does not depend on the configuration
of the holding network X.

Note that in Theorem [7] refers to the MNA(X) and not the bound established in Theorem [6]

5.4. High-Leverage Economy

The following result establishes a bound on the minimum achievable MNA for a high-leverage

economy. The proof can be found in the Appendix [A]

Theorem 8. Suppose we are given a high-leverage economy. The minimum value of the mazximal

network amplifier is bounded as follows

(29) min MNA(X) <

Xex )\mm -1

In the rest of this section, we characterize the networks that achieve the upper bound (App,—1)~*
in some special cases. In these special cases we show that the bound is achieved by holding networks

where firms are isolated in the sense that they invest in a diverse set of assets.

5.4.1. Completely Symmetric Case

In this section, we examine a special case where firms are symmetric and assets are also symmetric.
Again, our objective is to solve for the optimal network X that minimizes the upper bound in .
The following theorem solves the optimization problem. The proof can be found in the Appendix [A]

Theorem 9. Suppose the leverage is b = blr where b > 1, wealth is w = wlr, and the market
capitalization is m = ml 4. We also assume that |F| = n|A|, where n € N. Then the upper bound
on is achieved by the holding network

1 10 0
0 01 1 0 ... 0
(30) X* = ;
0 0 0 0
0 0 0 0o 1 ... 1
specifically,
. 1, if(t—1n+1<h<in,
(31) ih = .
0, otherwise.

The holding network X* in has a special structure.In X*, each firm only invests in one
asset. So the holding network is partitioned into separate components, where each component

corresponds to a group of firms that invest in a common asset. For high-leverage economy, this
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isolated holding network is desirable because it achieves the bound on the MNA. We refer to holding
networks of the form X* defined in as fully isolated holding networks.

5.4.2. General Case

In the symmetric case, we were able to show that the fully isolated holding network defined in
achieves the bound in . However, for general parameters D, ¢, w, and b, it is usually impossible
to construct a fully isolated holding network. In this section, we construct a network very similar
to a fully isolated network, and show that this network achieves the upper bound in in an
appropriately defined asymptotic regime.

We define our candidate network by suitably extending the construction for the symmetric
case. We first describe the extension and then an asymptotic regime where the construction is
asymptotically feasible and asymptotically optimal for the bound in . Let P = (UjeaFi) UR
denote any partition of the set of firms F. We assume that for all i = 1,...,|A|, all the firms in
the set F; invest in asset ¢, whereas the firms in the set R are allowed to invest in all assets. Let
m; = Dj;q; denote the market capitalization of asset ¢ for all i € A. Let mj = m; — > )¢ 7, Whbnp,
denote the gap between the market capitalization m; of asset ¢ and the part that is covered by firms
in F;. We assume that the firms in the set R hold a common portfolio that covers the mismatch

m/. Thus, we obtain the holding network

1 10 0 0 am] am] ... am)
(32) X (P) = 8 8 é (1; 0 ambh ambh ... amh ’
0 00 o 1 ... 1 ozmm amiAl amiAl
where o =1/ 1|T4|m/ . Specifically,
1, if h € F;,
(33) Xin (P) =< am!, ifheRr,
0, otherwise.

It can be easily verified that the construction of X (P) satisfies that Dg = X diag(b)w, and
1}, X (P) = 1%. But whether X (P) > 0 depends on the choice of the partition P. In general,
X (P) may not be a feasible holding network. In what follows, we show that there exists an
asymptotic regime in which asymptotically X (P) is a feasible and achieves the bound .
Consider a setting where the parameters that describe the economy are randomly drawn from
given distributions. Suppose for each firm h, the leverage and the wealth of the firm (bs,wy) is an

ii.d. random variable drawn from a fixed joint distribution for (b, wy) that has finite fourth order
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Blwpb]

moments, and 7 = Elwrbe]

> 1. The market capitalization

mi:mithbh, VieA,
heF

where m € RM is a given fixed vector with m > 0, and > icam; = 1. In the following theorem, we
will show that the construction of X (P) inspired by the isolated holding network is asymptotically
feasible and asymptotically achieves the upper bound in . The complete proof of Theorem
can be found in Appendix [A]

Theorem 10. Let A = |A| and F = |F|. Suppose A is fized and we let F — +o00. For each fized
F, we assume that the parameters (b, h,m) characterizing the economy are generated by the process
described above. Then there exists a sequence of partitions PUY) of F such that the sequence of
holding networks X(P(F)) defined by are asymptotically feasible, and achieve the bound
in the limit, i.e., X(PF) € X for all but finitely many F, almost surely, and Amin(Y (X (PF))) —
min y ¢ y(7) Amin (Y (X)) —=p 0.

Proof Sketch. To prove the theorem, we construct the sequence of partitions P¥ of F. This theo-
rem has two parts to prove. The first part is to prove that the sequence of X (PF ) is asymptotically
feasible. The second part is to prove that the sequence of X (PF) is asymptotically optimal for the
bound .

Let P = {F;}iea +R. denote the partition for F. IOnly the cardinality |F;| of F; matters for
the proof, therefore we first select the cardinality of F; for each i € A.

(34) || = max{[m;F] — 1 — [ (mF)2*],0}.

where € € (0,1) is a small number that is arbitrarily chosen and fixed. It is clear that |F;| < m;F,
S0 Y ;e |Fil < F. For each i € A, we define

Fi = {heF: S |FI+1<h <Y 1F

(35)
R = F\UicaFi

Now based on the partition P¥, we can construct X (PF) according to equation ([33). With this
particular construction, we show that |F;| — m;F, and |—7;| — 0. The rest of proof follows from
these two facts, and the finiteness of the moments of the joint distribution of (by,wp) technical

derivation, we can prove the theorem. More details can be found in the Appendix [A] |

Recall that all the firms in the set F; invest all their leveraged wealth into asset . The firms in
the set R spread their leveraged wealth across all assets according to . We show that @ — 0.
Therefore, the network constructed in becomes asymptotically a fully isolated holding network.
This indicates that an asymptotically isolated holding network achieves the bound for the

general case.
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6. Conclusion: Diversification versus Diversity

In this work we propose a model for asset based risk contagion. In this model, the risk contagion
occurs via endogenous price movements — firms trade in reaction to changes to exogenous risk
factors, these trades lead to an imbalance in the demand and supply that leads to change in prices,
that then feed back into the decisions of the firms. This process continues until prices converge to
a new equilibrium. We show that the change in price due to the external shocks to risk factors can
be decomposed into direct effects that capture the immediate impact of the shock, and network
effects that capture the subsequent amplification of due to network interactions. We define the
network amplifier as the worst case amplification of direct effects by the network. In the rest of the
paper is devoted to designing asset-firm network that attempt to minimize this network amplifier.
We identify two different economies based on the systemic leverage. We show that the desirable
asset-firm networks in the two cases demonstrate very different features. In low-leverage economies,
the desirable network is given by a mutual fund economy where every firm invests in a common
market portfolio. This structure of network agrees with the conventional diversification argument
in risk management. The common market portfolio leads to risk pooling. However, for the high-
leverage case, the desirable network is an isolated holding network where firms are partitioned into
groups, and each group invests all of their leveraged wealth into only asset. This network attempts
to reduce risk contagion by limiting the contagion to a given pool.

From the regulator’s perspective, it is critical to determine whether the current state of the
economy has high or low systemic leverage, since in the desirable holding networks from the per-
spective of managing systemic risk demonstrate completely different and even opposite features.
We show that the state of the economy is determined by the systemic leverage v that can be com-
puted by only monitoring wealth and leverage of all the firms — the detailed knowledge portfolio
positions of each firm are not needed for this computation. If the systemic leverage is high, the

regulator can then proceed to incentivize a diversity of assets or a reduction in systemic leverage.
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A. Proofs

Theorem (1} Suppose we are given initial endowments (0,6°) and the risk factor x. For a vector of
posted asset prices q, there exists an equilibrium with prices q if and only if q satisfies the following

market clearing condition:
(36) Dq =Ti(q,0° + ©7g,2) (6° + ©7q) .

Proof. Suppose ¢ satisfies the market clearing condition in equation @ We take

09 = <1 — > (g, 6° + @Tq,x)> (92 +> @ih%’> ;, VhelF,

€A €A

and

A 1
0, = ;Hih(q, °+0"qx)[0h+> O |, VieAVheF.
¢ jeA

Now, for any h € F,

Z (éz‘h - @ih) qi + (92 - 92)

icA
= > ILpf) + > Iin > Ong; — Y O
ieA iEA  jeA ieA
+ (1 - ZHih> 02 + (1 - ZH,‘}Z> Z Ojnqj — 92
€A €A jeA
= 0.
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So the budget balance in equation holds. According to the market clearing condition in equa-
tion (), for each i € A we have

1 ~
D = — Z (g, 0° + ©Tq,2) | 67 + Z Ojng; | = Z Oin.
Ui her jeA heF

So the share balance in equation holds. By using the proved result of budget balance in
equation , for each i € A and each h € F, we can show that

O = lHih(q, 0° +07q x) (92 +> @thj) = (g, 0°+0Tq,2) ((92 +> éthj) .
q; jeA jeA
So the portfolio match condition in equation holds. Therefore (g, e, éo) established an equilib-
rium.
Now we suppose that there exists an equilibrium with prices g. Namely there exists a matrix
6 € RMXIFT and a vector ° € R such that (q, é), éo) establishes an equilibrium. For each i € A,

Digi = Y. Ouna

heF

= > Mu(q,0°+07q,2) [0+ Ojng
heF JjeA

= > (g, + 0" q,z) [0+ Ojng;
heF jEA

The first equality is because of the share balance condition in equation . The second equality
is due to the portfolio match condition in equation . The last equality is because of the budget

balance condition in equation . Therefore, the market clearing condition is proved. [

Theorem Suppose (q,0,0°) is a given equilibrium, and the risk factor is xo. Assume that
(q(z),w(8°(x),q(x)),z) is a continuously differentiable function of q, w, and x, and 0°(x) is a
continuously differentiable function of x. If the matrix [I —(I+9)e' - HD*I} is invertible at
x = xq, then there exists a neighborhood N(xy) of xy and a unique price function q(x) on N(xg)

such that for all x € N(xg), q(x) satisfies the market clearing condition,

(37) Do(x) = T(g(@),w(®(x),q(x)).2) (6°(x) + OTq(x)).
and we have that

i _

(38) I

-6 — a7 ) O Tl

dx ox

dg® ol ]
Proof. Equation characterizes the relation between ¢ and z. Since II(g(x),w(8°(z), q(z)),z)
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is a continuously differentiable function of ¢, w, and x, and #°(x) is a continuously differentiable
function of x, we can apply implicit function theorem to equation (37)). By differentiating all the

terms w.r.t. x, we can investigate price sensitivity with respect to shocks on z.
Tdg d1l _
(39) M4 +07%) +fw-Dg = o

For each asset i, we can write out an element-wise equation for equation .
(40)

de° dq o1l; h, o1l dg; 8H-h dqg df°
j H@T— % th @45 4 @Ti av™ _ D dq
[ dx i+ dx z’+hez}-wh( Z dq; dw " Jwp, d | dz [ dzL”
where B—H e RMIXIFT is the portfolio sensitivity w.r.t. to z when asset prices ¢ and w are fixed.

aan’h € R characterizes portfolio sensitivity w.r.t. prices ¢, and Eml: € R characterizes portfolio

sensitivity w.r.t. wealth w.
By definition, the elements of H and €2 we identify that

81'[1;1

(41) Hi; = w ] = Z

heF

wh, VZ,jEA

Ol

(42) Qip, = By

wp, Vi€ AV heF.

Writing equation in a matrix form and re-arranging terms, we obtain the following equa-

tions.
nY yneTd My gd L geTd g - pu
(43) [D_(H+Q)@T— ]% = ([I+9Q) dx+8x
[[—(M+9)0T —HD DY = (+0) % + 5w

For the last equality, we let © = D710 e RMIXIAl denote the normalized initial portfolios.
When [I —(O+Q)e’ -H Dil} is invertible, we can solve for % in equation , the result of

the theorem follows. [ |

Theorem (3| Suppose (q,0,0%) is a given equilibrium, with the risk factor v = xo. Assume that
the conditions of Theorem [3 hold, and H = 0 and Q = 0. Suppose the initial endowment is in

equilibrium and satisfies equation , then we have the following results.

(i)
110" = X diag(b) diag(w) diag(b)X "M~ £ Y(X),

where M = D diag(q) is a diagonal matriz, where the diagonal entries are the total market

capitalization of each asset.

23



(i) The eigenvalues of Y (X) are real and non-negative.

(iii) The mazimal network amplifier is given by

44 MNA = 1— XY (X))t
(44) 132\}54\‘ Y (X)),

where each \; is the i-th eigenvalue of the matriz.

Proof. Each element of TIO T is

- EA T
(MO ")y =Y Hy—2" = I pwy. ViV h
! hz::l 9;Dj;  4;Djj hz::l ’
Now we can re-write IIOT as
(45) MO " = Idiag(w)II" M~ = X diag(b) diag(w) diag(b) X "M~ = Y (X).,

Since N = X diag(b) diag(w) diag(b)X " is a positive semidefinite matrix, so it has real non-
negative eigenvalues. We note that M~! = D~!diag(q)~! is a positive diagonal matrix, L =
M~"3NM~3 is also a positive semidefinite matrix, so it also has real non-negative eigenvalues.
Since IO = M2 LM% is similar to L, 10T = Y (X) has real non-negative eigenvalues.

Therefore, the maximal network amplifier is simplified to equation . |
Theorem [4L
(46) Amin < )\ma:r'
Proof. We define )
N = 2heF whbh.
> _heF Whbn

To prove this theorem, we need to establish several facts.

Ama,z =7

and

Amin < Y-

First, for A\pqz, we can show that the optimization program in equation has an optimal
solution X* = %Dql; for equation such that

Amaz = )\max(Y(X*)) =7

and
Y(X*)Dg = vDq.
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Namely, the corresponding eigenvector is Dq. To obtain this result, we re-write the original pro-

gram as

R t
subject to tI4 — X diag(b) diag(w) diag(b)X "M~ > 0,
(47) Dq = Xdiag(b)w,
1,X = 1,
X > 0.

This program is equivalent to the following semidefinite program by using Schur complement.

minimize t
XcRIAIX|F|
di 1 diag(®)X M2
subject to 1?g(w') iag(b) ’ = 0,
(48) M™2 X diag(b) tlg
Dq = X diag(b)w,
11X = 1,
X > 0.

Take X = %DquTE and t = . It is not hard to show that (X,t) is feasible in program . Now,
we want to prove that (X,t) = (1Dg,~) is indeed the optimal solution for program (48)). To prove
it, we notice that the constraint X > 0 is not binding at (X,t) = (1Dgq,~). We construct the
following program that modifies program by removing the constraint X > 0.

minimize t
XecRIAIXIF|
di 1 diag(h)X M2
(49) subject to 1?g(w) fag(b) i > 0,
M™2 X diag(b) tlxg

Dq = X diag(b)w,

T _ T
1,X = 1L

The optimal value of the new program is no greater than optimal value of the new pro-
gram . We want to prove that (X,¢) = (%Dq, «v) is the optimal solution for program . The
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dual program for the primal program (49)) is the following.

maximize —pyDq — ppb —tr(W ™ Zpp)

Z7 HA, UF
7 7
subject to Z:< iF FA) > 0,
Zpa ZaaA
(50) tT(ZAA) = 1,
QZFAM_% = wMZ+MF1£7

Z e RIFHMDx(FIHIAD

Take pa =0, up = —ﬁWb and Z = uu', where u' = (u}.,u}),
1
up = — waWb,
and .
1
Ug = diag(M?2).
A=y s )

Notice that Z is a symmetric rank-one matrix. So Z is positive-semidefinite. Also,
T T T
ZpF = UpUp, ZpFA=Upuy, ZAA=UAUL.

We can compute that

1
tT‘(ZAA) = md—rq = 1,

and
2

w'b
So (A, pup, Z) is a feasible solution for the dual program . The objective value is

2ZpaM ™% = Qupu M2 = Wbl) = wp) + ppl}.

p) 1
= Wb—b —

T T -1 T
—pusDqg— ppb—tr(W=—2Z =b

Wb = .

So far, we have demonstrated that there exists a dual feasible solution for the dual program ,
such that the dual objective value is also . (X,¢) = (1Dg,v) is indeed the optimal solution for
program . Therefore, it is also the optimal solution for program .

Now we prove the other fact, \nin < 7.

Let R = diag(b) diag(w)diag(b). Take T = M V2XRXTM~'/2. Since T is similar to
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XRXTM™! they have the same eigenvalues. We re-write the original program as

maximize Apin (1)

XcRIAIXIF|
(51) subject to Dq = Xdiag(b)w,
1,X = 1],
X > 0.

—-1/2 —-1/2
Recall v = 17Dg = w'b. Notice that T = (1M) / X (AR) X7 (1M) 2 et e =
1/2
diag((%M ) / ). According to the constraints on X in program (51)), we can show that T > 0,
T >0, and
1 1
e Te=1,X <R> X"1y=1F% <R> 1r=1.
v v

So we can construct the following program as a relaxed version of program .

maximize Apin (1)

XecRIAIXIF|
subject to e'Te = 7,
(52)
T > 0,
T > 0
Program is equivalent to the following.
maximize t
XcRIAIXIF|
subject to T —tI = 0,
(53) €TT€ = 7,
T > 0,
T > 0
The dual of the program is the following.
minimize
BER;S1,S2€RIAIXIA| IBV
(54) subject to  Tr(S;) = 1,
Sl + SQ < B6T67
S1, S2 = 0.

One observation is that 8 = 1, S; = ee', and Sy = 0 is dual feasible for program , since
Tr(ee’) = D icA Digi — 1. Then we know that the optimal value of program is no greater

(%

than ~. Since program is a relaxation of program , Amin < v. Now the result of this
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theorem follows immediately.

|
Theorem [5l In any economy,
(55) Amaz = -
Proof. This result follows immediately from the proof of Theorem |

Theorem [6} Suppose we are given a low-leverage economy. Then

1
56 in MNA(X) <
(56) RMNAR) = 73

)

and the upper bound is achieved by the mutual-fund economy

Dq

x+2a D147
ll—qu

where each firm invests in the market portfolio

5 where assets are held in proportion to the
Atq

market capitalization of assets.

Proof. First, for a low-leverage economy, Ay < 1 by definition. There exists a feasible holding
network X such that Apee(Y (X))<1. According to equation (23), we can establish the upper
bound in the inequality . The result that the upper bound is achieved by the mutual fund

economy follows immediately from the proof for Theorem |

Theorem [7L Suppose in a low-leverage economy, every firm has a constant leverage level 0 < b < 1,
and b= bly. Then the mazimal network amplifier MNA(X) does not depend on the configuration
of the holding network X.

Proof. When every firm has a constant leverage level 0 < b < 1,y = b < 1. So this is a low-leverage

case. We observe that for any feasible holding network X € X,

O"Dg = X diag(b)diag(w)diag(b)X " D~!diag(q)~*Dq
= X diag(b) diag(w) diag(h) X "1 4
X diag(b) diag(w) diag(b)1x
bX diag(b) diag(w)1x
bX diag(b)w
= bDg.

This proves that for any feasible holding network X € X, b is always an eigenvalue of the matrix
Y (X) = X diag(b) diag(w) diag(h)X " M ~!. The corresponding eigenvector is Dq.
Since X is a matrix with non-negative components, Y (X) is a matrix with non-negative com-

ponents. Also, Dq is an eigenvector with strictly positive components. By Corollary 8.1.30 in [Horn
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and Johnson| (2012)), the eigenvalue associated with Dg must be the spectral radius of Y (X). So we
can show that for any feasible holding network X € X, b is always the largest eigenvalue of Y (X).

Since b < 1, the maximal network amplifier is always

1
MNA(X) =~
m

Theorem [8l Suppose we are given a high-leverage economy. The minimum value of the mazimal

network amplifier is bounded as follows

(57) min MNA(X) <

XeXx )\m'm -1

Proof. For a high-leverage economy, A, > 1 by definition. There exists a feasible holding network
X such that Apin (Y (X))>1. According to equation (23), we can establish the upper bound in the

inequality . |

Theorem @. Suppose the leverage is b = blr where b > 1, wealth is w = wlr, and the market
capitalization is m = m1 4. We also assume that |F| = n|A|, where n € N. Then the upper bound
on is achieved by the holding network

1 10 o o0 ... 0

0 01 1 0 ... 0
(58) X =

0 0 0 0 s

0 0 0 0o 1 ... 1
Specifically,

. 1, if(i—n+1<h<in,
(59) ih = .
0, otherwise.

Proof. First, X* is a feasible solution for program . According to the definition of X™, we

obtain that
Y(X*) = X*diag(b)diag(w)diag(b)X*T M~!
bkl y

U JAA
= bly.
The last equality is because of the fact that the total market capitalization m|.A| equals the total
wealth invested in risky assets wb|F|. All eigenvalues of Y (X*) are b.
Amin (Y (X*)) = b.

In this case, MNA(X™) = ﬁ.
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We observe that Apin > Amin (Y (X™)) = b > 1, so this is a high-leverage economy. We notice
that v = b for this symmetric case. According to the proof of Theorem , we immediately obtain
that A < v = b. Therefore, \pin = I_), and the upper bound on is achieved by the holding

network X*. [ |

Theorem Let A = |A| and F = |F|. Suppose A is fized and we let F' — +o00. For each fized
F, we assume that the parameters (b, h, m) characterizing the economy are generated by the process
described above. Then there exists a sequence of partitions PY) of F such that the sequence of
holding networks X(P(F)) defined by are asymptotically feasible, and achieve the bound
in the limit, i.e., X(PF) € X, for all but finitely many F, almost surely, and Apin(Y (X (PF))) —
min y ¢ y (7 Amin (Y (X)) —=p 0.

Proof. To prove the theorem, we will construct the sequence of partitions P of F. This theorem
has two parts to prove. The first part is to prove that the sequence of X (P") asymptotically

(F). The second part is to prove that the sequence of X (PH)

belongs to feasible holding networks X
asymptotically produces the optimal solution for equation .

For a given F, we construct a partition P¥ of F. The partition consists of non-intersecting
subsets of F specified by PI' = {Fi}iea+R. Here F; C F denotes firms which invest in each asset
i, and R C F denotes the remaining firms. In this construction, only the cardinality |F;| of F;

matters for this proof. So we first decide the cardinality of F; for each ¢ € A.
(60) || = max{[m;F] — 1 — | (mF)2+],0}.

where € € (0,1) is a small number that is arbitrarily chosen and fixed. It is clear that |F;| < m;F,
SO > e |Fil < F. For each i € A, we define

i—1 7
Fi={heF: > |Fl+1<h<) |7}
j=1 Jj=1

R=F\{JF.
€A
Now based on the partition P¥, we can construct X (P according to equation . To prove the

asymptotic feasibility of X (PF), we introduce some notations. For a given F, let Er denotes the
event that X (PF) > 0.

Pr(Ep) =1—Pr(Uiea{m; <0}) >1-Y" Pr(mj<0).
i€A

In the above equation, the first equality is because the only possibility of X (Pf) has negative

elements is from events {m} < 0}. The inequality is because of the relaxation of the union of
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events. We can bound Pr (m] < 0). For each i € A, define

Zi = Z bhwh — ﬁli Z bhwh.

heF; heF

The mean of Z; is
pz, = (|Fil = miF) bw.

Since | F;| < miF, pz, < 0. The variance of Z; is
0y = (|]:1| + mfF) Th -

For Pr(m} < 0) we have

2

. oy
Pr(m}; <0)=Pr(Z;>0)=Pr(Z; —uz, > —uz,) < Pr (\ZZ — pz| > |ZZZ‘UZi> < %
Z; Z;

The first inequality is because pz, < 0 and we relax the one-side condition to a two-side condition.
The second inequality is due to Chebyshev’s inequality. As F' — 400,

_ |Fs|+m2F

U%i — (|fz| +m?F) qghwh — ( : r ) qghwh

Hz,  (|F| - mF)? b (‘E‘IZ”F)Q D22
F

— 0.

The above convergence is due to the following two observations.

52
(61) (Fl+7EE) oy
F
i — 7iF — \=+4e €
(62) [Fil = mif (1) 2T (F)¢ — +oo.

N

F

To show the above results, we first notice that in equation , the definition of |F;| provides the

following facts.

[miF'] —1 1
(63) iF el =y 1) =1
L(miF)EY)  [(mF)E)
(64) 7 P ) -0
(65) [miF] ;; —mik [—Flé,o) — 0.
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1

+€J 1
()27 (F)° — (m;)2 ¢ (F)¢ — +o0.

umq%ﬂ |(miF)
2 (i F)

D= o=

(66) +e

By equation and equation , we obtain that

[(maF] 1= [mF)Tt)

Then
(67) — = my,
and equation immediately follows. By equation and equation , we obtain that

[miF] — 1 —miF — | (m )2
F3

s ()2t (F)° = +o0.

Then equation follows. Now we have proved equation and equation .
Then Pr(m) <0) — 0, and hence Pr(Er) — 1. By using the second Borel-Cantelli lemma,

we obtain that
Pr (lim sup EF> =1.

F—o00

Namely, X (PF) > 0 for all but finitely many F, as F — +oc. Additionally, equation provides
that X (PF) always satisfy all other constraints apart from X (P¥) > 0 in the definition of
the feasible holding networks X(¥). Therefore X (P¥) asymptotically belongs to feasible holding
networks X&) almost surely.

Now we prove that the sequence of X (PF ) asymptotically produces the optimal solution for
equation almost surely. According to equation (32)), we can calculate Y (X (PF)).

Y (X(PF)) = X(PF) diag(b) diag(w) diag(b) X (PF) " M~! = A(X(PF)) + B(X(PF)),

where
i Lner, Whbi 0 0
1
AX(PT)) = 0 o Sher wnb} - 0
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2 / / 2 / / 2 / /
%1|R|m1m1 %—2|R\m1m2 e fr‘TQ|R|m1m|A|
a2 / / Oz2 ! / O¢2 / /
B(X(PF)) — m1| ‘ 2110 mz‘ ‘ 21102 m2| ‘ 27% A — a2|rR"m/mlTM71.
a2 N / / a2 o / / oz2 . / /
m [ RImyqmy - mo | RImygmy o ZoRImy qmyy)

In the above formulation, matrix A(X(PF)) characterizes the asset-to-asset impact generated by
UjeaF;. Meanwhile, matrix B(X(PF)) characterizes the asset-to-asset impact generated by the

remaining firms R. For each asset i € A,

Zhe]—'i wib,

h

> her, whbj, 7] | il

Aii X F — (S — i 2

(68) (X(P™)) oo S by
=7

As F — +o0, |F;| = +00. Recall equation (67),

Fil
m;F
In our construction, each by, and wy, are in fact indexed by F implicitly. For a given F, each by,
and wy, are drawn from the given distribution for h = 1...F. For different F, b, and wy are a
different set of realizations of the same i.i.d. random variables. So we identify a triangular array
of i.i.d. random quantities. We can apply the weak law of large numbers for triangular arrays. So
the other components of equation converge.

wpb?
Lner Wbl pro 2] in probability.

| Fil
b
w — Ewpby], in probability.
Therefore, as F' — +00,
(69) Aui(X(PF)) =7, in probability.
For every asset ¢ and j,
F 042 ro ’R’ . 1.

(70) Bij(X(P")) = H|R\mlm] < — 0, in probability.

J J

2

/

J

In the above expression, the inequality is due to the fact that as F© — 400, « m;m =
TLI,TL’, < 1 almost surely since m; > 0 almost surely for any 7. In addition, the state-
Liam |1u|\\m
R

ment m; TP 0 in equation can be proved by the weak law of large numbers for triangular
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arrays.

Rl _F—SpealZl 1 i 1 | N
= _ - —|1- mi | ——=——— — 0, in probability.
mj F m; Zhe]—‘ wpbp, k%;él b ij[whbh} P Y
F
Therefore

B(X(PF)) = 0, in probability.

We have obtained that
Y(X(PF)) = AX(PF)) + B(X(PF)) =4I, in probability.

We conclude that asymptotically the dominant term is A(X (PF)), i.e., the asset-to-asset impact
generated by Uje 4F;. The other contributing term B(X (P!)) that characterizes the asset-to-asset
impact generated by the remaining firms R vanishes as B(X (P¥)) — 0.

Since eigenvalues are continuous functions of matrix elements, according to the continuous

mapping theorem, it follows that

N(Y(X(PF))) =7, in probability, V.
We immediately know that
(71) Amin(Y(X(PT))) = 7, in probability.
Also, we notice when F' — 400,

2
2 Zhe]—‘whbh
F _ >her wnby, _ ___ F

B Zhef wpbp, B Zhe;whbh

(72) Y — 7, in probability.

We recall from the proof of Theorem [ that for any given F' and generated wealth w and leverage

b of firms, the following inequalities always hold.

(73) Amin(X(PO)) 1 xpryeatny < x| Amin(Y (X)) <77
The first inequality is because when X (PF) € X (F) | the feasible solution doesn’t exceed the optimal
solution, and the optimal solution is non-negative. The second inequality is from the proof of
Theorem [l

According to equation , the right hand side of inequality converges to 7 in probability.
For the first part of this theorem, we have proved that the sequence of X (P%") that we construct
satisfies that

X(PF)y e x¥) for all but finitely many F, almost surely.
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This implies that 1 (X (PF)ex(F)} converges to 1 almost surely. With the result in equation ,
we apply Slutsky’s theorem to obtain that )\mm(X(PF))l{X(PF)GX(F)} converges to v in distribu-
tion. Since 7 is a constant, the left hand side of inequality also converges to 7 in probability.

According to the sandwich theorem for convergence, we can conclude that

(74) max Amin(Y (X)) — 4, in probability.
Xex ()

Therefore, Amin (Y (X (PT))) — miny c v(r) Amin(Y (X)) —p 0.
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