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1 Introduction (preliminary)

The ongoing crisis has highlighted the importance of intermediary capital for the functioning of
financial markets. Indeed, the large losses banks incurred in the subprime market has led them to
cut their lending across the board, notably their financing of other intermediaries, causing liquidity
to dry up in many otherwise unrelated markets. Central banks the world around struggled to deal

with a combined banking liquidity and financial market liquidity crisis.

This paper develops a framework to examine the relation between intermediary capital, financial

market liquidity and asset prices. The framework itself has three main features.

First, we model arbitrageurs as specialized investors able to exploit profitable trades that other,
less sophisticated market participants cannot access directly as easily or quickly. Arbitrageurs are
to be understood here as individuals and institutions responsible for providing liquidity in different
financial markets. At the same time, arbitrage is assumed to require capital to which arbitrageurs
have only limited access, i.e., they face financial constraints. These financial constraints, be they
margin requirements, limited access to external capital or barriers to entry of new capital, affect

the arbitrageurs’ investment capacity.

Second, ours is a dynamic general equilibrium model. On the one hand, arbitrageurs’ capital
affects their ability to provide liquidity, which is ultimately reflected in asset prices. On the other
hand, asset price movements determine arbitrage profits and, therefore, arbitrageurs’ capital. This

dynamic interaction shapes arbitrageurs’ investment policies, asset prices and market liquidity.

Third, in our model, arbitrageurs face multiple arbitrage opportunities with different charac-
teristics, across which they must allocate their scarce capital. This aspect is important to study
the cross-sectional properties of arbitrageurs’ optimal investment policy, as well as those of market
liquidity and asset prices. In particular, it allows us to analyze phenomena of price contagion and

liquidity linkages across markets.

We aim to analyze a number of questions relative to arbitrageurs’ investment strategy. To
start with, what is the optimal investment strategy of an arbitrageur with financial constraints?
How is the need for risk management created by financial constraints resolved when there are
multiple arbitrage opportunities with different characteristics? How does an arbitrageur’s optimal

investment policy respond to shocks to their capital?

More importantly, we are interested in questions about asset prices and market liquidity. Fi-
nancial constraints lead to wealth effects creating price and liquidity linkages across markets. Which
asset or trade characteristics make them more sensitive to changes in arbitrageurs’ capital? How

much time-variation in convergence spreads is explained by contagion vs. fundamentals? Is diver-



sification of arbitrageurs effective despite contagion effects??
Our model’s building block is as follows.

We begin by modelling financial markets needing liquidity as in Gromb and Vayanos (2002,
2008). We consider two risky assets paying similar (possibly identical) dividends but traded in
segmented markets. The demand by investors on each market for the local risky asset is affected
by endowment shocks that covary with the asset’s payoff. Since the covariances differ across the
two markets, the assets’ prices can differ. Said differently, the investors in the segmented markets
would benefit from trading with each other to improve risk sharing. However, there is no liquidity

due to the assumed segmentation.

This unsatisfied demand for liquidity creates a role for arbitrageurs. We model arbitrageurs as
competitive specialists able to invest across markets and thus exploit price discrepancies between
the risky assets. Doing so, they facilitate trade between otherwise segmented investors, providing
liquidity to them. Arbitrageurs, however, face financial constraints in that their risky asset positions
must be collateralized separately with a position in the riskfree asset. Given these constraints, the
arbitrageurs’ ability to provide market liquidity depends on their wealth. The arbitrageurs’ wealth
is to be understood as the pool of capital they can access frictionlessly. In that case, there is no
distinction between arbitrageurs’ internal funds and the “smart capital” they raise externally. If

this total pool of capital is insufficient, arbitrageurs may be unable to provide perfect liquidity.

Based on that building block, we develop a continuous time general equilibrium model in
which competitive arbitrageurs face at each point in time several arbitrage opportunities, i.e.,
multiple asset pairs as above. These opportunities are heterogeneous along different dimensions
(e.g., volatility, market size, margin requirements). Due to their financial constraints, arbitrageurs
face a complex investment problem. On the one hand, they must allocate their scarce capital across
opportunities and over time. On the other hand, the performance of these investments affect their

investment capacity.

To begin with, we study the case of riskless arbitrage, in which two assets in a pair pay the
exact same dividends. In this case, we are able to derive all equilibrium variables in closed form.

This allows us to draw many implications. The following are but examples.

Some implications are cross-sectional in nature, i.e., comparing variables across opportunities
with different characteristics. For instance, we show that opportunities with higher margin require-
ments are more illiquid, offer higher excess returns and have higher risk premia. The intuition
is that investment opportunities requiring arbitrageurs to tie up more capital as collateral must

provide them with a greater reward, i.e., a higher excess return. Risk premia being the present

*We do not explicitly analyze the important welfare and policy issues raised by financially constrained arbitrage.
See however Gromb and Vayanos (2002, 2008) as well as Gala, Gromb and Vayanos (2008).



value of future excess returns they must be higher for such opportunities. In our model, risk premia
are a measure of the illiquidity arbitrageurs do not eliminate. Therefore, illiquidity is higher for

opportunities with higher margin requirements.

Other implications involve comparative statics, in particular with respect to arbitrageur wealth.
One way to interpret these results is as the effect of an unanticipated exogenous shock to arbitrageur
wealth. For instance, we show that illiquidity and risk premia are more sensitive to arbitrageur
wealth for opportunities with higher margin requirements. Intuitively, changes in arbitrageur wealth
affect the excess return (current or future) per unit of collateral, and therefore impact more oppor-

tunities with higher collateral requirements.

Next, we analyze the case of risky arbitrage. There are two sources of arbitrage risk: funda-
mental risk and supply risk. Fundamental risk means that the assets in a given pair may not pay
the exact same dividends. Fundamental shocks affect arbitrage profits, and therefore arbitrageur
wealth and ultimately assets prices and liquidity. Supply risk means that the demand for liquidity
may not be predictable. Shocks to the demand for liquidity affect risk premia both directly, i.e.,
holding arbitrageur wealth constant, and indirectly because changes in premia affect arbitrageur’s

profit and therefore arbitrageur wealth.

First, we show that the arbitrageurs’ financial constraints create a linkage across otherwise
independent assets, i.e., fundamental and supply shocks to one opportunity affect all opportunities’
risk premia. The linkage goes through arbitrageur wealth. Indeed, a fundamental shock to one
opportunity affects the dividend arbitrageurs derive from that opportunity, and hence arbitrageur’s
wealth. Similarly, a supply shock to one opportunity affects that opportunity’s risk premium and
hence the capital gains arbitrageurs realize from their investment in that opportunity. In both

cases, a change in arbitrageur wealth affects all other opportunities’ risk premia.

To derive further implications, we consider the effect of arbitrarily small shocks, i.e., we study
equilibrium variables around the riskfree arbitrage equilibrium. We characterize the effect of dif-
ferent shocks on arbitrageurs’ portfolios, market liquidity, the volatility of asset prices as well as

the correlation between the prices of different assets.

We show that liquidity, volatility and correlations are generally non-monotonic in arbitrageur
wealth. (Here an asset’s liquidity is defined as the inverse of the impact a supply shock would
have on the asset return.) If arbitrageur wealth is high, as arbitrageur wealth increases, liquidity
increases, while price volatility decreases for all assets. As for correlations, they decrease for assets
whose fundamentals are uncorrelated, and increase for assets whose fundamentals are correlated.
Maybe more surprisingly, these relationships are reversed when arbitrage wealth is low. In that
case, as arbitrageur wealth increases, liquidity decreases, while price volatility increases for all

assets. At the same time, correlations increase for assets whose fundamentals are uncorrelated, and



decrease for assets whose fundamentals are correlated.

The reason for this reversal is that for high levels of wealth, arbitrageurs are unlikely to be
constrained and therefore their positions are not very sensitive to wealth. In that case, a drop in
wealth does not reduce much the positions arbitrageurs take and therefore does not affect much
the amount of wealth arbitrageurs put at risk. The opposite holds for low levels of wealth. In that
case, a drop in wealth leads to a large reduction in arbitrageurs’ positions, reducing the amount of

wealth arbitrageurs put at risk.
Relation to the Literature (Incomplete)

We view our framework itself as a contribution. Indeed, we provide a model of limited arbitrage
capturing both intertemporal aspects of arbitrage and allowing for a cross-section of investment
opportunities with different characteristics: volatility, horizon, market size, etc. The model nests
both riskfree arbitrage as well as arbitrage involving fundamental risk and supply risk. Yet, the
model remains fairly tractable and flexible (e.g. closed for solutions), and has some standard

features including an infinite horizon and stationarity.

Our analysis builds on the recent literature on the limits to arbitrage and, more particularly, on
financially constrained arbitrage.®** Gromb and Vayanos (2002) introduce a model of arbitrageurs
providing liquidity across two segmented markets but facing collateral-based financial constraints.
Their setting is dynamic, i.e., they consider explicitly the link between arbitrageurs’ past perfor-
mance and their ability to provide market liquidity, and how arbitrageurs take this link into account
in their investment decision. They also conduct a welfare analysis. This paper extends the analysis

by considering multiple investment opportunities.®

The Gromb and Vayanos (2002) model is extended to multiple investment opportunities in a
static setting by Brunnermeier and Pedersen (2009) who show how financial constraints imply that
shocks propagate and liquidity co-moves across markets. In contrast, ours is a dynamic setting.
Kyle and Xiong (2001) obtain similar financial contagion effects driven by the wealth of arbitrageurs.
These arise not from financial constraints but from arbitrageurs’ logarithmic utility implying that

their demand for risky assets is increasing in wealth.

The paper proceeds as follows. Section 2 presents the model. Sections 3 and 4 study riskless

and risky arbitrage respectively. Section 5 concludes. The Appendix contains mathematical proofs.

3 Alternative theories of the limits to arbitrage are generally based on incentive problems in delegated portfolio
management or bounded rationality of investors.

4Here, we discuss the relation of our paper to only the closest literature. It is however connected to a broader set
of contributions which, given binding (time) constraints, we intend to discuss in future versions. Gromb and Vayanos
(2002, 2008) contain more detailed descriptions of the relevant literature.

% Also, the model is cast in an infinite horizon, rather than a finite horizon.



2 The Model

The universe of assets consists of a riskless asset and pairs of risky assets. The risky assets in a
pair pay correlated dividends (Section 2.1), and are traded on segmented markets by agents we call
outside investors (Section 2.2). Segmentation prevents gains from trade, thereby creating a role
for arbitrageurs who, unlike outside investors, can access all assets and thus provide liquidity to
outside investors. While arbitrageurs have better investment opportunities than outside investors,

they face financial constraints limiting their ability to exploit these opportunities (Section 2.3).

2.1 Assets

Time is continuous and indexed by ¢ € RT. The riskless asset has an exogenous continuously

compounded return 7. There is a set T of risky assets, all in zero net supply.! For t € R*, asset

t € I’s price is p;; and its cumulative dividend D;; evolves according to

dD;y = Didt + 0;dB;; + ol dB] (1)

2,t?

where D;, o;, and U{ are constants, and B;; and Bif , are independent Brownian motions. The
b

constant D; is asset ¢’s instantaneous expected dividend.

Assets come in pairs. We denote —i the other asset in asset ¢’s pair. Moreover, B;; and By y

as well as Bif , and Bgf o are independent Brownian motions unless ' = —i and ¢t = t'. Instead,

B_;; = B;; and B = Bif ;- Finally, we assume that the shock dB;; has identical effects on the

it T

two assets, while dBZ . has opposite effects, i.e.,

o_;=o0; and a{i = —a{. (2)

This specification nests the case in which the dividends paid by assets ¢ and —¢ in a pair are

correlated but different (0’{ # 0) and that in which they are identical (0’{ = 0). These cases will

correspond to arbitrage opportunities with and without fundamental risk respectively.

2.2 Outside Investors

Outside investors form overlapping generations that each live for an infinitesimal time period. For
them, the markets for all risky assets are segmented, i.e., each outside investor can form portfolios
of only two assets: the riskless asset and a single and specific risky asset. We refer to investors

born at time ¢ and who can invest in risky asset ¢ as (i, t)-investors.

!The assumptions of exogenous riskless return, and zero net supply assets are for simplicity. In particular, the
latter ensures that arbitrageurs hold opposite positions in risky assets in the same pair.



Market segmentation is taken as given, i.e., (¢,¢)-investors are assumed to face prohibitively
large transaction costs for investing in any risky asset other than asset i. These costs can be due to
unmodelled physical factors (e.g., distance), information asymmetries or institutional constraints.
Market segmentation is a realistic assumption in many contexts. In an international context, for

example, it is well known that investors mainly hold domestic assets.

At each time ¢, the (7, t)-investors are competitive, form a continuum of measure y;, and all have

the same constant absolute risk aversion coefficient a;. Denoting dw;; a change in an (7, ¢)-investor’s

wealth wj ¢, his preference over instantaneous mean and variance is thereforef

a;
Et(dwi’t) — EVart(dwi,t). (3)

At each time ¢, the (i,t)-investors receive non-tradeable endowments that are correlated with
asset ¢’s dividend. Specifically, the endowment consists of u;; shares of asset 7, where w;; evolves

according to the Ornstein-Uhlenbeck process

duiy = K (u; — ui)dt + oidB}, (4)
where s, u; and o} are constants and B}, is a Brownian motion independent of B;; and Bif t‘7

The coefficient u; ¢, which can be positive or negative, measures the extent to which the endow-
ment covaries with asset ¢’s dividend. If u;; is large and positive, the shock and dividend are highly
positively correlated, and thus the willingness of (7, t)-investors to hold asset ¢ at time ¢ is low. Con-
versely, if u;; is large and negative, the shock and dividend are highly negatively correlated, and
the (7,t)-investors keen to hold asset ¢ at time ¢ for hedging. We refer to u;+ as the (4, t)-investors’
supply parameter to emphasize that their asset demand decreases with u; ;. The model nests the
case in which u; ¢ is stochastic (0} # 0) and that in which u;; is deterministic (o} = 0). These

cases will correspond to arbitrage opportunities with and without supply risk respectively.

We assume that (i,t)- and (—i,t)-investors are identical but for their supply parameters, i.e.,®

W) € I, U—jt = —’LLZ‘J. (5)

Because their supply parameters differ, (¢,¢)- and (—i,t)-investors have different propensities to
hold assets i and —i. However, they cannot realize the potential gains from trade due to market

segmentation. This unsatisfied demand for liquidity creates a role for arbitrageurs.

5This property also arises under exponential utility or if initial wealth is the same across all generations. We
show below that the logarithmic preferences of arbitrageurs generate similar preferences over instantaneous mean and
variance, but with the weight on variance depending on wealth. We suppress wealth effects for the (i, t)-investors
because unlike those for arbitrageurs, they are not central to our analysis.

"For consistency with the zero net supply assumption, endowments can be interpreted as positions in a different
but correlated asset, e.g. labor income. This specification is standard in the market microstructure literature (O’Hara,
1995).

$That is, we assume p; = p_; and a; = a—;. The assumed preferences make assuming w; ¢ = w_;,+ useless for the
analysis.



Each (i, t)-investor’s problem, P;, is to choose a holding y; + of asset ¢ at time ¢ to maximize
(3) subject to a dynamic budget constraint, derived as follows. At time ¢, an (4, ¢)-investor invests
YitPi+ in asset ¢ and the rest of his wealth, (w;; — y;pi), in the riskless asset, from which he
receives a return r. His total exposure to asset ¢ is therefore (y;; + u;+), from which he receives a

dividend dD;; and a capital gain dp;;. Hence, his dynamic budget constraint is
dwit = 1(Wit — YitPit)dt + (Yip + uit) (dDig + dpig). (6)

Note that the evolution du;; of the endowment does not affect dw; ;: it only affects the endowment

of the generation of (i, + dt)-investors.

2.3 Arbitrageurs

We model arbitrageurs as specialists able to invest across markets to exploit price discrepancies
between similar risky assets. Arbitrageurs are infinitely lived, competitive and form a continuum
with measure 1.7 We denote their wealth at time ¢ as W;. They maximize intertemporal utility of

consumption (cs at time s € RT) under logarithmic preferences with discount factor 3, i.e.,

E; [/ log(cs)e P ds| . (7)
¢

Unlike other investors, arbitrageurs can invest in all risky assets and in the riskless asset. Doing

so, they facilitate trade between otherwise segmented investors, providing liquidity to them.

At time ¢, each arbitrageur invests z;p;; in asset 4, from which he receives a dividend dD;,
and a capital gain dp; ;, and the rest of his wealth, (Wt — Y ier xi,tpm), in the riskless asset, from

which he receives a return r. Therefore, an arbitrageur’s dynamic budget constraint is

AWy =r (Wt — Z ZL‘i,tth) dt + Z Tt (dDLt + dpi’t) — ¢idt. (8)

€L €T

Arbitrageurs, however, face financial constraints in that their positions in any risky asset must
be collateralized separately with a position in the riskfree asset. Specifically, we assume that to long
or short one share of asset ¢, they must post some exogenous amount m; > 0 of riskless collateral.

Therefore, their investment capacity is limited by their wealth:

Wy > Zmzmﬂ 9)

€T

9By fixing the measure of the arbitrageurs, we rule out entry into the arbitrage industry. This seems a reasonable
assumption at least for understanding short-run market behavior.



To keep the model symmetric, we assume that m; = m_;. Given these constraints, the arbitrageurs’
ability to provide market liquidity depends on their wealth. The arbitrageurs’ wealth is to be
understood as the pool of capital they can access frictionlessly. In that case, there is no distinction
between arbitrageurs’ internal funds and the “smart capital” they raise externally. If this total pool

of capital is insufficient, arbitrageurs may be unable to provide perfect liquidity to markets.

Each arbitrageur’s problem, P, is to choose holdings {z;} to maximize utility (7)

i€T, s>t

subject to the dynamic budget constraint (8) and the financial constraint (9).

2.4 Equilibrium

Definition 1 A competitive equilibrium consists of prices p;+, asset holdings of the (i,t)-investors,
Yit, and of the arbitrageurs, x; ¢, such that given the prices, y; ; solves problem P; ¢, and {xi,s}iez s>t

solve problem Py, and the markets clear for all risky assets i € T and all times t € R :

HiYit + Tit = 0. (10)

We define the risk premium ¢, , of asset i at time ¢ as the difference between the asset’s expected

payoff and its price, i.e.,

% r(s—t) D;
¢ = Ei e dDis| — pit = Dt (11)
t

Definition 2 A competitive equilibrium is symmetric if for any asset pair (i, —i) and time t, the
risk premia are opposites, i.e., ¢_;y = —¢,, the arbitrageurs’ positions in the two assets are

opposites, i.e., T_j; = —Ti¢, and so are the outside investors’ positions, i.e., Y_it = —Yi.

Due to our model’s symmetry, a symmetric competitive equilibrium can be shown to exist.
Intuitively, risk premia are opposites because assets are in zero net supply and the supply shocks
of (i,t)- and (—1,t)-investors are opposites. The arbitrageurs’ positions are opposites because the

risk premia are opposites, and the outside investors’ are opposites because markets must clear.

Note that by symmetry, the midpoint between prices p; ; and p_; ; is the value they would both

take absent dividend risk (0; = 07 =0), i.e.,
D—it + Dit too (s—t) D;
2Pt _p / e 6-Dap, | = 2L, (12)
2 t r

Therefore, asset i’s risk premium is also one-half of the price wedge between assets —¢ and ¢, i.e.,

P—it — Pit
bip =5

, 5 (13)



Note also that arbitrageurs act as intermediaries. Suppose, for instance, that (i,t¢)-investors
incur a positive supply shock, in which case (—i, t)-investors incur a negative one. Then arbitrageurs
buy asset i from (i,t)-investors and sell asset —i to (—i,t)-investors. Through this transaction

arbitrageurs make a profit, while at the same time providing liquidity to the other investors.

Define the instantaneous return per share of asset ¢ at time ¢ in excess of the riskfree rate as
dR;; = dD; 4 + dp; — rp;4dt,
i.e., dividends and capital gains net of the riskfree return. Using (1) and (11), we have

Ry = r¢;,dt + 0;dB + o] dBZ{ , — d, s (14)

3 Riskless Arbitrage

We start with the case in which there is no fundamental risk and no supply risk. No fundamental
risk means that assets ¢ and —i pay identical dividends, i.e., J{ = 0. No supply risk means that w;

is deterministic, i.e., oj' = 0. For simplicity, we assume u;; to be constant over time, i.e., u;; = u;.

We can show that a symmetric equilibrium exists in which the risk premia ¢;,, the outside
investors’ positions y; ¢, and the arbitrageurs’ positions x; ; and total wealth W; are all deterministic.

Indeed, absent fundamental risk, the arbitrageurs’ opposite positions in assets ¢ and —¢ ensures their

wealth does not depend on dividends. Hence ¢, , and z;; are also independent of dividends. Since

there is no other source of risk, ¢, ;, z;; and W; are deterministic.!”
b

3.1 Optimal Investment Policies

We first characterize outside investors’ and arbitrageurs’ optimal investment policies. As a first

step, we denote by V?t the drift of the premium ¢, 4, i.e.,

do,, = v7,dt, (15)
and by ®;; the instantaneous expected excess return of asset ¢ at time ¢, i.e.,

FE(dR;
Qi,t = % = T¢i,t — l/ft. <16)

Absent arbitrageurs, ®; ; is positive for any asset i € A={j € Z:u; > 0}.

0Note that the prices p;: are deterministic since they are ex dividend prices, but this property is not crucial.

10



3.1.1 Outside Investors

We study the (i, t)-investors’ problem P;; for i € A. The budget constraint (6) becomes
dw;; = [Twz',t + uiy (Di - Vf;) + yi,tq)i,t} dt + (yit + uit)oidBiy, (17)

and each (i,t)-investors’ objective is

2

2

H;ix |:yi,t(1)i,t - (yit + Uz)ﬂ .

The first term is the (4, ¢)-investor’s gain from their investment in asset i over and above the riskless
rate if dividends are certain. This term is certain. The second term is the cost of bearing risk due
to the uncertainty of dividends and of the supply shock. This inventory cost increases with the
position in the risky asset, y; ¢, the magnitude of the supply shock, u;, the volatility of dividends,
oi, and the investor’s risk aversion, a;. At the optimum, the marginal inventory cost must equal

the expected capital gain per unit of risky asset, i.e.,
iy = a;07 (Yip +wi)- (18)

This first-order condition determines the (7,?)-investors’ demand y; ;. By symmetry, problem P_; ;

yields the same first-order condition as P; ;.

3.1.2 Arbitrageurs

We study the arbitrageurs’ optimization problem P;. We characterize an arbitrageur’s optimal
consumption and investment policy under the restriction that the prices of assets in the same pair
are driven by symmetric processes, i.e., ¢_;; = —@; ;. Using (1), (11), (15), (16) and symmetry, we

can write the arbitrageurs’ dynamic budget constraint (8) as

th = (T‘Wt +2 Z xi,t(I)i,t — Ct) dt. (19)
icA

The first term is the arbitrageurs’ return if they invest all their wealth in the riskless asset. The

second term is the arbitrageurs’ total gains over and above the riskfree rate. The arbitrageurs’

positions in assets ¢ and —¢ being opposites, they eliminate all risk. Therefore, these gains are an

instantaneous riskfree excess return. The third term is arbitrageurs’ consumption.

Arbitrageurs reduce price wedges but do not change the sign of ®;;. Moreover, for all i € A,

u; > 0 implies that arbitrageurs long asset 4, i.e., x; > 0, and asset i yields a positive instantaneous

11



excess return, i.e., ®;; > 0. By symmetry, the arbitrageurs’ financial constraint (9) is

Wt Z 2 Z miZ¢- (20)
icA

Proposition 1 For symmetric price processes, each arbitrageur consumes a constant fraction 3 of

his wealth, i.e., ¢, = W3, and invests as follows.

o If®;; =0 for alli € I, the arbitrageur is indifferent between all investment policies satisfying

the financial constraint.

o Otherwise, he invests only in opportunities (i,—1i) yielding the mazimum excess return per
unit of collateral, i.e., such that i € argmaxjcq ®;:/m;, up until his financial constraint

binds.

The intuition is as follows. From expression (19), an arbitrageur’s optimization problem at all
times is to maximize the excess return 2 Zie 4 %it®i¢ under financial constraint (20). The solution
is simple. Given their logarithmic utility, arbitrageurs consume a fixed fraction /3 of their wealth.!!
If all arbitrage opportunities yield no excess return, the arbitrageur’s investment policy is a matter
of indifference. If however some opportunities yield a strictly positive excess return, the arbitrageur
should focus on those yielding the highest excess returns per unit of collateral, and invest up to
the financial constraint in any (subset) of them. Establishing the “excess return on collateral” per
each asset pair is also simple. Indeed, asset pair (i, —¢) yields an excess return 2®;; but requires
collateral of 2m;. Hence the excess return per dollar used as collateral is ®;/m;. Finally, since
some opportunities offer arbitrageurs a riskfree return that strictly exceeds the riskfree rate, the

arbitrageur should invest as much as possible, i.e., “max out” his financial constraint.

3.2 Equilibrium

Proposition 1 is a statement about optimal investment policies given asset prices, but can be

rephrased in terms of the asset prices implied by these investment policies.

Corollary 1 At any time t, there exists I, € [0,1) such that arbitrageurs invest only in opportu-

521
nities (i, —1) with %Z:L’ > II;. Moreover, all opportunities in which arbitrageurs invest offer the

same instantaneous excess return per unit of collateral, equal to Iy, i.e.,

A

Lt - Ht7 <21)

m;

' An alternative interpretation of 3 is therefore a proportional cost of running the arbitrage business.

12



while opportunities in which they do not invest offer lower returns.

The equalization of “excess return on collateral” across opportunities in which arbitrageurs
invest is a consequence of equilibrium: If returns differed, arbitrageurs would focus on those op-

portunities with the highest returns (Proposition 1), which would be a contradiction. Moreover if

arbitrageurs do not invest in opportunity (i, —i), the potential excess return ®;; it offers is aiafui

) P
(from Eq. (18) with y;; = 0). Hence arbitrageurs do not invest in opportunities with % <1II; as
this would push their return below II;. Instead, they invest in opportunities if the supply parameter
u;, volatility of dividends o;, and investor risk aversion a; are large, and the collateral required is

low

Lemma 1 At time t, arbitrageurs’ position in opportunity (i, —i) is

m-l__[t
i =max { (1~ 25 ) 0} (22)

7

We can now determine arbitrageur wealth dynamics, which depend on whether financial con-
straint (20) is binding. First, notice that optimal risk sharing (which would occur absent segmen-
tation) would require y;; = —y—;+ = p;u;. To provide this optimal level of liquidity to all outside

investors at time ¢, arbitrageurs would have to post total collateral of

W.=2 Z My L U -
€A

Lemma 2 Arbitrageur wealth evolves according to
AWy = (I — (8 — 7)) Wadt. (23)

The excess return 11y per unit of collateral depends on wealth as follows:

o If Wy > W,, the financial constraint is slack, and arbitrageurs earn no excess return, i.e.,

II; = 0.

o [f W, < W,, the financial constraint is binding and arbitrageurs earn positive excess returns,
i.e., Iy > 0. Moreover, the lower arbitrageur wealth, the higher the excess returns. In

particular, if arbitrageurs invest in all opportunities,

1
I, = B(W, — W,) with B= ———— . (24)

mi i
2 ieA a2

7

13



If Wy > W,., arbitrageurs have enough wealth to close all arbitrage opportunities, i.e., the
financial constraint is slack. Therefore, they earn no excess return (II; = 0), and their wealth
declines at rate (8 — r), i.e., the consumption rate /3 net of the riskfree rate r. If instead W; < W,
arbitrageurs do not close all opportunities, i.e., their financial constraint is binding. As a result,
they earn the positive excess return II; = B(W, — W}) per unit of wealth. Importantly, this return
is larger when arbitrageur wealth is lower. Indeed arbitrageurs can intermediate less trades between

outside investors and price discrepancies are larger.

To solve the dynamics in Lemma 2, we make the following assumptions.

Assumption 1 Arbitrageur wealth converges to a steady-state value W € (0,W,), i.e.,

0<pB—r<BW.. (25)

If r < B, arbitrageurs are net dissavers when earning the riskfree rate, which they do if W, > W..
Hence W < W,, where the financial constraint binds. If § < r + BW,, arbitrageurs are net savers

when facing the attractive returns the opportunities yield if W; is small. Hence W > 0.

Note that the steady state the excess return per unit of collateral IT must be such that dW; = 0.
From Eq. (23), we have II = 8 — r, which is larger if arbitrageurs are more impatient (large ().
Indeed, to maintain a constant wealth despite consuming at a higher rate, arbitrageurs must earn
a higher return on their investments. Said differently, if arbitrageurs consume more, they have less

wealth to use as collateral and therefore price wedges remain wide, ensuring higher excess returns.

Assumption 2 In the steady state, arbitrageurs invest in all arbitrage opportunities, i.e.,

2
a;oiu;
min —4—— > 3 — 7. (26)
iced  m;

Obviously, arbitrageurs also invest in all opportunities when their wealth exceeds the steady-

state value and by continuity, when it is not far below.

Under these assumptions, we can characterize all equilibrium variables in closed form.

Proposition 2 Define A = BW, — (8 —r) > 0. Arbitrageur wealth converges monotonically

towards its steady state value W = A/B. From time t onwards, arbitrageur wealth is as follows.

o [f W, < W,, arbitrageur wealth remains strictly below W, and is given by:

WteA(sft)

W =
B %Wt [eA(Sft) — 1] +1

< W, for s>t. (27)
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o [f Wy > W,, arbitrageur wealth decreases and eventually drops strictly below W, and follows
the above dynamics from then on, i.e.,
W, = Wie= B0 >y, for s et t], (28)

WCeA(sftC)
BW, [eAls—te) —1] +1

Wy = < W, for s>t (29)

where t. is the time when Wy = W, and is given by

We—(B=nte=t) — 7 (30)

We now turn to risk premia which, from Eq. (16), equal the present value of future instantaneous

expected excess returns:
o0

From ®; ; = m;ll; = m; B max {0, W, — Wy}, we can derive the risk premia dynamics from that of

arbitrageur wealth:

Giy = miB/ max {0, W, — W,} e "7 ds. (32)
¢

Proposition 3 The risk premium of asset i € A at time t is

° [f Wy < We,
0o W, As
Gip = miB/ We— 3 Ate e "ds. (33)
’ 0 FWi(eds —1) +1
b If Wt Z Wc;

e "ds. (34)

W\ 7= [ Wes
o =miB (=< W, —
¢z,t m <Wt) /0 [ %WC (eAs _ 1) +1

o Ast increases, the risk premium ¢;, converges monotonically towards its steady state value

e (252).
T

Finally, we can derive the arbitrageurs’ equilibrium positions (Lemma 1).

Proposition 4 The arbitrageurs’ position in asset i € A at time t is as follows:

Tit = 1 (u — 2 Bmax {W, — Wj; 0}> : (35)
a;0

(4
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3.3 Properties

Having derived all equilibrium variables in closed form, we can draw many implications. Some
of these are cross-sectional in nature, i.e., comparing variables across opportunities with different
characteristics. Others involve comparative statics with respect to arbitrageur wealth. These can
be considered in two ways. First, because arbitrageur wealth varies over time out of steady state,
the comparative statics results can be translated into time series predictions while the equilibrium
is off the steady state. Alternatively, they can be interpreted as the effect of an unanticipated

exogenous shock to arbitrageur wealth. These are also useful for the analysis of risky arbitrage.

Note that due to the model’s symmetry, optimal risk-sharing, which would result from uncon-

strained trading, would imply ¢, ; = 0.
Definition 3 The risk premium ¢;; is a measure of the illiquidity (i,t)- and (—i,t)-investors face.

Corollary 2 The risk premia are decreasing and convex in arbitrageur wealth, i.e., for all i € A

00, Py,
_ d _ .
T -

Consider a drop in arbitrageur wealth. Intuitively, the risk premia should increase because ar-
bitrageurs being poorer, they reduce their liquidity provision and allow prices to diverge. Moreover,
when arbitrageur wealth is smaller, the return on arbitrageurs’ wealth is larger and therefore a drop

in arbitrageur wealth has a larger impact on future arbitrage wealth and thus on risk premia.

Corollary 3 An asset’s risk premium is increasing in its supply, and more so the lower arbitrageur

wealth 1s, i.e., for alli € A

O 4 954
—— >0 and ——=— <0O.
ou; Ou; OW;y
Intuitively, ¢;; increases with u; since the discrepancy between the valuations of (i,t)- and

(—1,t)-investors is larger. There is a mitigating effect. Indeed, the higher w;, the higher the
arbitrageurs’ return and their future wealth. This tends to reduce future excess returns, and
therefore the current risk premium. For low levels of W, the mitigating effect is small, and therefore

u; has a large effect on ¢, ;.

Corollary 4 Illiquidity is higher for opportunities with higher margin requirements. These oppor-

tunities offer higher instantaneous excess returns and have higher risk premia, i.e., for all (i, j) € A?

m; > m; = Qir > P and Gy > D)y (36)
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Intuitively, investment opportunities requiring arbitrageurs to tie up more capital as collateral
must provide them with a greater reward, i.e., a higher excess return. Risk premia being the present

value of future excess returns, they must be higher for such opportunities.

Corollary 5 Illiquidity and risk premia are more sensitive to arbitrageur wealth for opportunities

with higher margin requirements, i.e., for all (i,j) € A?

3¢i,t ad’j,t
aw, aw, < 0. (37)

mi > My =

Intuitively, changes in arbitrageur wealth affect the excess return (current or future) per unit

of collateral, and therefore impact more strongly opportunities with higher collateral requirements.

Corollary 6 Illiquidity and risk premia are more sensitive to the supply of other assets for oppor-

tunities with higher margin requirements, i.e., for all (i,j,k) € A?

8¢i,t N 8¢j,t

0
ouy, ouy, -

mi > My =

Intuitively, changes in supply affect the excess return (current or future) per unit of collateral,

and therefore impact more strongly opportunities with higher collateral requirements.

Corollary 7 Suppose Wy < W,. Changes in arbitrageur wealth impact more strongly their position

in opportunity (i, —i) than in (j,—j) if fn’l—‘i < :jj—(z

When arbitrageurs are unconstrained (W; > W,), they invest z; ; = p,u; in opportunity (i, —),
independently of their wealth. Instead, when they are constrained (W; < W,), their wealth affect
their positions. For example, following a drop in wealth, arbitrageurs are more constrained and
reduce their investment in all opportunities. Investment is more wealth-sensitive for opportunities
with higher collateral requirements because the excess returns that arbitrageurs require to invest in
those opportunities are more affected by wealth changes (Corollary 4). Investment is less wealth-

sensitive for opportunities where outside investors are more risk-averse or assets are riskier because

outside investors for those opportunities have a more inelastic demand for insurance.

4 Risky Arbitrage

We now consider the possibility of arbitrage risk which in our model, stems from two sources:

fundamental risk and supply risk. Fundamental risk means that assets ¢ and —i in a pair need not
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pay identical dividends, i.e., O’{ # 0. We assume ozf > 0 for i € A. Supply risk means that asset

i’s supply w;+ is stochastic, i.e., o # 0. We assume o > 0 for i € A.'2

We derive equilibrium conditions in Section 4.1, derive general properties of the equilibrium in

Section 4.2, and characterize the equilibrium more fully for small arbitrage risk in Section 4.3.

4.1 Optimal Investment Policies

As we will see, an asset’s risk premium is affected by the fundamental shocks and the supply shocks

to all assets. Hence, for i € A, we denote the dynamics of the risk premium ¢, ; by

do;, =vidt+ > ol?,dBl +3 " o} dBY,. (38)
JjeEA jeA

Similarly, the instantaneous return of asset i is affected by all shocks to all assets because they

affect the asset’s risk premium. From Eqgs. (14), (16) and (38), we have

dRi,t = ¢i7tdt + O-’L'dBivt + O-{def Z 0.3, t Z Jz ]t (39)
JjEA JEA

4.1.1 Outside Investors

We first characterize the optimal investment policies of outside investors. Using (1), (11), (16) and

(38), we can write the (i, t)-investors’ dynamic budget constraint (6) as

dw;; = [Twz',t + uiy (Di - Vft) + yi,tq)i,t} dt

+ (yig +wig) |0idBiy +oldB, = > " 0l%,dBl, - > " 0% ,dBY, | . (40)

jeA jeA

The drift is the same as for riskfree arbitrage. The diffusion term captures the risky part of the

return of asset i (Eq. (39)). Given this, the (i, )-investors’ objective is

a; 2
ny1ax Vit Pit — 21 (Yt + ui,t)2 (Uft) } . (41)

The first term is the expected excess return (4, t)-investors derive from their holding in asset i. The

second term is a cost of bearing risk. It depends on asset i’s instantaneous volatility computed as

(oh)? = L) _ g2y (of —olo) 4 3 (of2) 4 30 (o12) 12)

jeA/{i} jeA

12 Assuming O’Zf > 0 and oj > 0 is without loss of generality as we can replace Bit and Bj'; with their opposites.
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At the optimum, the expected excess return of asset ¢ to the marginal cost of risk-bearing, i.e.,

2
®iy = a; (0%)" (Wir + uig) - (43)

Their first order condition determines the (4, t)-investors’ demand y; ;. By symmetry, problem P_; ¢

yields the same first-order condition as P; ;.

4.1.2 Arbitrageurs

We characterize an arbitrageur’s optimal consumption and investment policy under the restriction

that the prices of assets in the same pair are driven by symmetric processes, i.e., ¢_;; = —@; ;.

Using (1), (11), (16), (38) and symmetry, the arbitrageurs’ dynamic budget constraint (8) is

AW, = (rWt +23 P — )dt+22x” oldBf, =3 " ol%,aBl, - > " 0! dBy, | . (44)
€A €A jeA jeA

The drift is the same as for riskless arbitrage, i.e., arbitrageur wealth increases by the risk free return
plus the expected excess returns provided by all opportunities net of the arbitrageurs’ consumption.

Now however, there are also diffusion terms because arbitrage is risky. Denote the respective
diffusion coefficients for the fundamental shock dB]Ji . and the supply shock dB}-ft as

;;/V—ijta _Qletaut and UW_ 2233”01]7 (45)
€A €A

A fundamental shock to opportunity (j, —j) means that assets j and —j do not pay the exact same
dividend. The “net dividend” affects arbitrageurs’ profit and hence their wealth. This direct effect
is captured by 2xj7t0§ . At the same time, the shock affects all opportunities’ risk premia, and hence
the arbitrageurs’ capital gains from their investments in these opportunities. This effect is captured
by =23 ca xi,taiﬁt. A supply shock to opportunity (j, —j) means that (j,¢)- and (—7, t)-investors
are more eager to trade. Such a shock does not affect arbitrageur wealth directly but indirectly
through its effect on the risk premia of all opportunities, which in turn affects arbitrageurs’ capital

gains and ultimately their wealth. This effect is captured by -2, 4 xi,taﬁ?t.

For i € A, denote 2<i>i7t the arbitrageurs’ risk-adjusted return from opportunity (i, —¢). Indeed,
their expected excess return from opportunity (i, —i), 2®; ;, must be adjusted for the fundamental
and supply risk the opportunity entails. This is done by multiplying the arbitrageurs’ coefficient of
absolute risk aversion, equal to 1/W; due to logarithmic utility, with the covariance of the return
of opportunity (i, —7) and that of the arbitrageurs’ portfolio, i.e.,

CO’Ut(dRZ‘,t - dR_i,t, th)

Q(i)iﬂg = 2(131‘7,5 - Wtdt

(46)
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The covariance is obtained by summing over all fundamental and supply shocks the loading of

(i, —i)’s return on each shock times the arbitrageurs’ portfolio loading on that shock, i.e.,'

; ., o W
(I)i,t:(I)i,t_W (Uz Uzzt Z 04t Zgzgt Ojt
t jeA/{i} jeA

We can now derive the arbitrageurs’ optimal policy.

Proposition 5 Denote II; = max;c g ’@zt/mz .

FEach arbitrageurs consumes a fraction B of his

wealth, i.e., ¢ = Wy, and his investment policy satisfies one of the following conditions.

e The financial constraint (9) is slack and <i>z-7t =0 for all i.

e The financial constraint (9) is binding and for alli € A,

@,
UL II; and Tig < 0=

Tit > 0=
m; my

= —II,. (47)

Proposition 5 is Proposition 1’s counterpart for risky arbitrage. When the financial constraint
is slack, arbitrageurs close all opportunities. When the financial constraint is binding, arbitrageurs
invest only in opportunities yielding the maximum return on collateral. There are however two
differences with Proposition 1. First, the relevant return from opportunity (i,—i) is the risk-
adjusted return ‘in,t, which depends both on prices and arbitrageur positions. Second, arbitrageurs
can “short” some opportunities, i.e., long the pricier asset and short the cheaper one (z;; < 0 for

i € A). This can be optimal for arbitrageurs for hedging their long positions in other opportunities.

4.2 Amplification and Contagion: Direct and Indirect Effects

Equilibrium prices and positions solve the first-order condition of outside investors (Eq. (43)) and
arbitrageurs (Proposition 5). This system of equations is complex. Here we derive general properties

of equilibrium. We assume that the conditions in Assumptions 1 and 2 hold for the values w; .

Assumption 3 Define Wy =23,y mip;uie. We assume

2
. Qioiu;
0<fB—r<BW.; and  min —— > B,
’ €A m;

13The arbitrageurs’ logarithmic utility simplifies the analysis because risk is measured by the covariance with the
arbitrageurs’ portfolio and not with other state variables.
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In equilibrium, the risk premium ¢;, is a function of arbitrageur wealth W; and the supply

parameters {u;j}jca. Eq. (44) and Ito’s Lemma imply

Oob;
fo ¢z,t0_fW

ugp 8¢i,t uW a¢i,t m
o, = . = o
3,J,t oW, Jit

o, = o ’.
1,0t W, J,t auj’t J

and

(48)

As for riskfree arbitrage, arbitrageur wealth creates a linkage between the different opportunities

even though their fundamentals are independent.

Lemma 3 Fundamental and supply shocks to one opportunity affect arbitrageur wealth and the risk
premia of all opportunities. More precisely, for (i,j) € A2, the effect of a fundamental shock dBJf,t

to opportunity (j, —j) on arbitrageur wealth and on asset i’s the risk premium ¢;, are respectively

2$-taf
w _ |
Tt = EIW (49)
1 + 2 ZICE.A xk’t 8VV;§
0. 207
a_f(;s - ¢z,t Jit% (50)
6,Jt T Oy, 4 °
W1+ 2 e g ongit
The effect of the supply shock dBj, on the same variables are respectively
Oy,
w2 2 keA wk,t'aul;,: oy ]
9t =~ Or 1’ (51)
L4223 eaThtomw
Ot _u
ud a‘bi,t ot 8¢i,t QZkeA Lh,t Ouj ¢ gj <52)

0%, = - .
’lJ,t . J 6¢>
ujt L > ke A Tk DT

To develop an intuition, assume that (as for riskless arbitrage) arbitrageurs long all opportu-

nities (z;+ > 0 for all ¢ € A), and risk premia decrease with arbitrageur wealth.

After a positive fundamental shock dB]J: , to opportunity (j,—j), asset j’s dividend exceeds
asset —j’s, and arbitrageurs receive the “net dividend” Z:ENU;.C dB]f’ ;- This direct effect on wealth
corresponds to the numerator in (49). Moreover, arbitrageurs being richer, risk premia decrease and

the arbitrageurs realize capital gains 23, 4 xk,t;—{;}:- This indirect effect on wealth corresponds

to the denominator in (49). Since z;; > 0 and %%: < 0, this indirect effect amplifies the direct

effect. The indirect effect on the risk premium ¢, ; is (50).

A positive supply shock dB}, to opportunity (j, —j) means that (j,¢)- and (—j,t)-investors

are more eager to trade. Holding wealth constant, such a shock has the direct effect of increasing
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asset ¢’s risk premium by d)l’tU}-‘dB“ the first term in (52). Due to the increase in risk premia,

an,t jvt’

a¢k,t U

arbitrageurs realize a capital loss 2, 4 tFa 05 Moreover, arbitrageurs being poorer, risk
’ Js

premia increase and the arbitrageurs’ loss is amplified. The indirect effect on wealth is (51) and on

the risk premium ¢, , is the second term in Eq. (52).

4.3 Small Arbitrage Risk

In this section, we characterize the solution more fully when arbitrage risk is small (sz ~ (0 and
o >~ 0), and supply parameters are slowly mean-reverting (x{ =~ 0). Specifically, we study how an
asset’s liquidity, volatility and correlation with other assets depend on arbitrageur wealth. We also

study arbitrageurs’ positions.

4.3.1 Liquidity

Eq. (39) implies that the impact of a supply shock dBj; to asset ¢ at time ¢ on the asset return
dR;; is |a;‘?t| Hence we define asset i’s liquidity as
1
)\it =

) ’u¢

it

(53)

All markets are less liquid than absent constraints. Indeed, arbitrageurs cannot absorb as much
of the supply shocks as they otherwise would. Since the extent to which financial constraints bind
depends on arbitrageur wealth, it is clear that liquidity should depend on arbitrageur wealth. We

show that while it does indeed, more arbitrageur wealth does not always yield more liquid markets.
Proposition 6 There exists € > 0 going to zero when {af, oy, ’Q}L}jGA go to zero such that

o If Wy > W, +e€, asset i’s liquidity \;; increases with arbitrageur wealth Wi.

o IfW < Wi < Wey —e€, asset i’s liquidity \;; decreases with arbitrageur wealth W;.

The intuition is as follows. Supply shocks affect risk premia directly but also indirectly through
arbitrageur wealth (Lemma 3). The direct effect is weaker when arbitrageur wealth is high (Corol-
lary 3).!* The indirect effect, however, is a hump-shaped function of wealth. Indeed, at low levels

of wealth, the financial constraint is binding and an increase in wealth triggers a sharp increase in

Y Corollary 3 is for the case o = o0j = xj = 0, but by continuity, the result extends to small values of (0‘;, oY, KY).
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arbitrageurs’ positions. When positions are larger, arbitrageur wealth is more sensitive to changes
in risk premia, and therefore the indirect effect is stronger. Instead, at high values of wealth,
arbitrageurs’ positions are less sensitive to wealth. The main effect of an increase in wealth is to
render risk premia less sensitive to wealth (Corollary 2), implying a weaker indirect effect. The

hump-shaped indirect effect drives the U-shaped pattern of liquidity.

4.3.2 Volatility

We next examine how arbitrageur wealth affects the volatility of assets. The volatility of asset @
is given by Eq. (42). All assets are more volatile than absent financial constraints. And again, it

is intuitive that volatility should depend on arbitrageur wealth. Indeed asset i’s volatility depends

on factors affecting the asset’s dividend, o; and O'{ , but also on factors affecting the supply of and

fe ud

demand for the asset, o; 7 it Unlike the former, the latter do depend on arbitrageur wealth,

,and o

so that asset volatilities do too. We show however that they do so in a non-trivial and generally

non-monotonic way.
Proposition 7 There exists € > 0 going to zero when {aj-c, oy, H,;-L}jeA go to zero such that:

o If Wy > W, +e€, asset i’s volatility af“t decreases with arbitrageur wealth Wr.

o IfW < Wy < Wy — €, the component of asset i’s volatility th due to supply shocks dB;-ft

increases in arbitrageur wealth W;, and that due to the fundamental shock dBJJ: . J €A,

increases if

2
4954t D ke A MUk Hgs Ukt
= 2 .
my M bk
J ZkeA aRos

(54)

The intuition is as follows. A supply shock to asset j # i has no direct effect on asset i’s
risk premium. However, as for a supply shock to asset i itself, its indirect effect is a hump-shaped

function of wealth. Therefore, absent fundamental shocks, volatility would be hump-shaped.

The fundamental shock dB;i , also generates hump-shaped volatility if j satisfies condition (54).
This condition is satisfied by a non-empty subset of A, and by all assets in A if they are homogenous
(and in particular if there is only one opportunity). It is not satisfied when ajajzuj7t /m; is large
relative to a weighted average of this variable across assets, and in that case the volatility due

to dBJf , decreases with arbitrageur wealth. The intuition is that an increase in wealth leads to
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an increase in arbitrageur positions (implying larger volatility), but to a reduction in the wealth-
sensitivity of risk premia (implying smaller volatility). When u;, is large, arbitrageurs are invested
heavily in opportunity (j, —j), and the second effect dominates because the shock dBj; has a large

impact on wealth.!®

4.3.3 Correlations

We now turn to asset correlations which again differ from the unconstrained case. First, some assets
have uncorrelated fundamentals, i.e., dividends and supply. In our model, these are assets not in the
same pair. Absent constraints or segmentation, these assets’ returns would be uncorrelated. With
constraints however they are correlated because arbitrageur wealth is a common factor affecting
all asset returns. Second, assets in the same pair have correlated fundamentals but their returns’
correlation is below that absent constraints. We show that correlations depend on arbitrageur

wealth in a non-trivial way.

Proposition 8 Consider (i,i') € A2, i #i'. There exists ¢ > 0 going to zero when {U{, o, /ﬂ?}jeA

go to zero such that

o IfW; > W, +e, the correlation between assets i and i decreases with arbitrageur wealth W;.

o IfW <W; < W, — ¢, the component of the correlation between assets i and i’ due to supply

shocks dB]f , increases with arbitrageur wealth Wy, and that due to the fundamental shock

dB!

10 J € A, increases if (54) is satisfied.

o The opposite holds for the correlation between assets i and —i, and for that between assets i

and —1i'.

The intuition is as follows. Assume that (as for riskless arbitrage) arbitrageurs long all oppor-

tunities (x;; > 0 for all ¢ € A), and risk premia decrease with arbitrageur wealth.

Consider first two assets i # ¢/ that arbitrageurs long. For such assets, correlation is positive
despite their fundamentals’ independence. For high levels of wealth, as wealth increases, their cor-
relation converges to that absent constraint, i.e., zero. Things are different for low levels of wealth.
Indeed, a given increase in arbitrageur wealth translates into a larger increase in arbitrageurs’ po-
sitions, and hence in their exposure to supply shocks. Since arbitrageur wealth is a factor common
to all assets, this increases the correlation between 7 and /. Hence, the correlation between ¢ and

7/ tends to be hump-shaped or decreasing in wealth.

' Condition (54) is not needed for supply shocks because the direct effect of dBit is through arbitrageurs’ position
in opportunity (j, —j), while that of dB}; concerns all opportunities.
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Consider now assets 7 and —¢’. For such assets, correlation is negative despite their fundamen-
tals’ independence. Because fundamental and supply shocks have opposite effects on assets i’ and

—1', the correlation between assets ¢ and —¢’ tends to be inverse U-shaped or increasing.

Finally, consider assets ¢ and —i. These assets tend to be less correlated than absent constraints.
Because fundamental and supply shocks have opposite effects on assets ¢ and —i, the correlation

between assets ¢ and —i tends to be inverse hump-shaped or increasing.

One interesting aspect of these results is that the effect of a change in arbitrageur wealth on
correlations is not uniform across asset pairs or across wealth levels. For instance, a reduction
in arbitrage capital (e.g., as during a financial crisis) does not necessary lead to an increase in
correlations across all assets, a phenomenon often viewed as contagion, and this for two distinct
reasons. First, arbitrageurs’ activity tends to bring the prices of assets with correlated fundamentals
(e.g., i and —i) in line with each other. When they are poorer, they may be able to perform that
role, and the correlation between such assets decreases. Second, for low levels of arbitrage wealth,
arbitrageurs hold small positions and this weakens the transmission of shocks through arbitrageur

wealth, reducing the correlation between assets with uncorrelated fundamentals.

4.3.4 Arbitrage Positions

We next examine how arbitrageur positions depend on their wealth and on the risk of investment
opportunities. When arbitrageurs long all opportunities (i.e., z;; > 0 for i € A), Eq. (46) and

Proposition 5 imply that for all ¢ € A, the expected excess return from opportunity (i, —i) is

CO’Ut(dRi,t - dR_i,t, th)

D, =myll
1,0 m;lly + QWtdt

(55)

The first term is a compensation for tying up capital as collateral. The risk-adjusted return on
collateral Il; is positive when the financial constraint binds and zero when it is slack. The second
term is a compensation for risk. It is positive because both fundamental and supply shocks induce
positive correlation between the return on opportunity (i, —i) and arbitrageur wealth. Indeed, a
positive fundamental shock dBJJ: , to j € A raises arbitrageur wealth, leading to lower risk premia
and higher returns from all opportunities. A positive supply shock dBj, to j € A raises premia,

leading to lower arbitrageur wealth and lower returns from all opportunities.

Lemma 4 The financial constraint becomes slack at a lower level of wealth than under riskless
arbitrage. More precisely, if {af, o, ﬁy}jeA are small, financial constraint (9) holds as an equality

if and only if Wy < W,y — €, where e > 0.
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The intuition is as follows. Contrary to the riskfree arbitrage case, aggregate risk is not zero.
Hence optimal risk sharing does not involve full insurance for outside investors. Said differently,
because arbitrageurs require positive compensation for risk from each opportunity, they do not

drive expected excess returns down to zero even when they have enough wealth to do so.
Proposition 9 For {O‘;,U;, /“J?}jeA small, consider (i,i') € A% such that (04, @i, p;, wit) = (Gir, Qir,y fyr, Uit 1)
f

e If m; > my and alf = 0}, changes in arbitrageur wealth impact more strongly their position

in opportunity (i,—i) than (i, —i").

o If m; = my and alf > azf,, changes in arbitrageur wealth impact more strongly their position

in opportunity (i,—1i) than (', —i") when Wy > Wey + € for € > 0 that converges to zero when

fu .
{O'j,Uj,K,j }iea go to zero.

When arbitrageurs are unconstrained, their positions are limited only by risk aversion. If arbi-
trageur wealth decreases within that region, risk-aversion increases (the coefficient of absolute risk
aversion is 1/W;) and returns become more volatile (Proposition 7). These mutually-reinforcing
effects induce arbitrageurs to scale down their positions, especially in opportunities that involve

more risk. These are the opportunities with high collateral requirements (high m;) and high funda-

mental risk (high sz ). Note that opportunities with high collateral requirements are more affected

not because the opportunity cost of collateral increases, but because their returns are more volatile.

Consider next the region where the financial constraint binds. Under riskless arbitrage, arbi-
trageurs scale down more their positions in opportunities with high collateral requirements (Corol-
lary 7). Under risky arbitrage, arbitrageurs are also concerned about the risk of each opportunity,
but the variation of this effect with wealth is ambiguous. On the one hand, when wealth decreases,
arbitrageurs become more risk-averse. On the other hand, return volatility can decrease (Proposi-
tion 7). As a consequence, arbitrageurs can scale down their positions less in riskier opportunities.

For small arbitrage risk, the effect of m; is unambiguous (same as under riskless arbitrage), but the

effect of azf is ambiguous.

5 Conclusion (to be written)

This paper develops a framework to examine the relation between intermediary capital, financial
market liquidity and asset prices. Its main features are as follows. First, arbitrageurs are sophisti-

cated investors with better investment opportunities than other investors, but they face financial
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constraints. Second, ours is a dynamic general equilibrium model capturing the dynamic interaction
between arbitrage and arbitrage capital. Third, arbitrageurs face multiple arbitrage opportunities

with different characteristics, across which they must allocate their scarce capital.

Our main results are...

Our analysis has left aside a number of important questions which we intend to address in

future research.

Modelling: Endogenous constraints/segmentation.

Economics: Imperfect competition; Entry; Integration/Segmentation.
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Appendix

A Riskless Arbitrage

Proof of Proposition 1 and Corollary 1: We solve a given arbitrageur A’s problem P; using
dynamic programming. We distinguish between arbitrageur A’s wealth W, and the arbitrageurs’
total wealth W;. In equilibrium Wt = W;, but distinguishing Wt from W; is important as W;
influences prices while arbitrageur A can affect only W;. We denote {Zi+}ica arbitrageur A’s
positions and ¢ his consumption to distinguish them from the arbitrageurs’ total positions {z; + }ic 4

and consumption ¢;. We conjecture the value function

V(W Wy) = log(ﬁm) (). (A1)

For riskless arbitrage, (Wt, W;) are deterministic, and the Bellman equation is

max [log(ét) + VW (T‘Wt + 2 Z ii,t(I)i,t - ét) + VW,U}//V - BV = O, (A2)

Zi,¢,Ct Py

where /LXV denotes the drift of W;. The first-order condition with respect to é yields ¢ = 6Wt.
Optimizing over {Z;}ic4 amounts to maximizing ) .. 1 &P subject to financial constraint (20).

Since ®;; > 0 for i € A, the first-order condition yields the policy in the proposition. The maximum

value of 2 . 4 &Py is W, max;c 4 <2Lt> Substituting into (A.2), the terms in W, cancel out.

mj

Setting the remaining terms to zero determines the function v(W;). |

Proof of Lemma 1: Egs. (10) and (18) imply that
(I)i,t B aiUi2 (uz — %> . (A3)
i

For ®;;/m; =1I; and x;; > 0, (A.3) implies am?ui/mi > II;. Solving (A.3) for x;; yields (22). W
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Proof of Lemma 2: From Corollary 1, Vi € 7, x;; = 0 or ®;; = m;1l;, which implies z; ;®;; =

x;m;lly. Substituting together with ¢; = SW; into (19) and yields

AWy = |(r — B)Wi + 211, Y mymiy | dt. (A.4)
icA

Eq. (23) follows from (20) and (A.4) by noting that when (20) is slack, II; = 0.
For (20) to be slack, arbitrageurs must be able to hold x;; = p,u; for all ¢ € Z, which requires

Wi > 2% e gmipiu; = We. This also implies y; s = —u; for all 7 € Z, and therefore ®;; = 0 from
(19). z;+ > 0 for all i € A and ®;; = 0 implies II; = 0 (Corollary 1).

If Wy < We, 3i € A such that z;+ < p;u;, which implies y;¢+ > u; and ®;; > 0 (from Eq.
(19)). This implies II; > 0 (Corollary 1). Moreover if arbitrageurs invest in all opportunities, their

position x;; in each of them is given by (22). Substituting into (20) (which holds as an equality)

yields
mth Ht
Wy = ZZmi,ul- <uZ T ao? ) =W, — 5 (A.5)
i€A v
which implies (24). [ |

Proof of Proposition 2: We first determine Wy for s > ¢ such that W; < W,. Using (24), we can
write (23) as

AW, = (A — BW,)Wydt. (A.6)

To integrate (A.6), we note that

d [ Wie 4t Ae= 4t TdW,
— = — (A — BW)Wy| =
dt <A — BWt> (A— BW,)? | dt ( We)Wi| =0,
where the second step follows from (A.6). Therefore, for s > ¢,

WSE_AS B Wte—At
A—BW, A—-BW,

Solving for W, we find (27).

We next determine W for s > t such that W; > W,.. If for s > t, W is in the unconstrained
region, then it is given by (28), obtained by integrating (23). The boundary Wy = W, is reached
for s = t.. For s > t., W is given by (27) by setting t = t., and W; = W,.. This is (28). |
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Proof of Proposition 3: Eq. (33) stems from (27) and (32), and Eq. (34) from (28)-(30) and

(32). |
Proof of Proposition 4: From Lemma 1 and Lemma 2. |
Proof of Corollary 2: Eq. (33) implies that in the constrained region is
00
Gis _ mlB/ s ds. (A.7)
aWt Wt GAS — 1) + 1]
Eq. (34) implies that in the unconstrained region is
0 % zB c +T o c As
P ___m <K> / We— 3 Wee e "ds. (A.8)
oWy (B—r)Wi \ Wy 0 SWe(eds—1)+1

In both cases, 0¢; ,/OW; is negative and increases as W; increases. To show strict convexity, we

also need to show that d¢, ;/0W; is continuous at W; = W.. Integrating (A.7) by parts, we find

0by m; e "’ / ds
oWy Wi BW, (eds — 1) + 1 Wt Wt —1)+
ms; oo 7.6—7"8
= —w (1= ds |, A9
Wi ( /0 BW, (e4s —1) + 1 ) (A.9)
and therefore,
99; m;  my; [ re="s
Tt = —2 4 2 ds. A.10
Wil We W Jo BWo(ev—1)+1 (4.10)

Moreover, (A.8) implies that

a¢i,t rmiB o eAs —rs
=— 1—3 = e "ds
6Wt Wt:Wj /B -7 Jo i ZWC (6 - ].) + 1
rm; B [ [ A 1- ﬁ
= —— 1— - < e "ds. A1l
5—7"/0 BW. Bw,(eds—1)+1 (A.11)
Using the definition of A (Eq. (25)), we find that (A.11) coincides with (A.10). |

Proof of Corollary 3: The variable u; affects ¢;; through W, and A = r — 8+ BW,. Since

OW,/0u; is a positive constant, it suffices to show the corollary for W, rather than u,;.

To determine the sign of the cross-effect, we examine how the effect of W; on ¢, ; depends on

We. Consider first the constrained region. Since A is increasing in W, (A.9) implies that d¢, ,/OW;
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is decreasing in W, i.e., 9*¢; /OW.0W; < 0. Consider next the unconstrained region. Eq. (A.8)
implies that 02¢; ,/OW.0W; < 0 if
0 W.eAs

W, — > 0. A2
oW, %WC (GAS — 1) +1 ( )

For a general value of Wy,

Wyes A Wt_% B Wt—%

W, — =W,—=— = -
BWy (eds —1) + 1 B BW(eds —1)+1 B Bw(ers—1)+1

Therefore, for Wy = W,

W.eAs _5—7“ 8—r 1
BW, (ets —1)+1 B B Bw,(eAs—1)+1

This expression is increasing in W, since A is increasing in W,.. Thus, in both the constrained and
unconstrained regions, 0¢; ;/OW.0W; = 8¢, ,/OW,0W. < 0. To conclude that the effect of W,
on ¢;, is more negative the larger W; is, we also need to show that d¢,,/0W. is continuous at

Wi = We. Eq. (33) implies that in the constrained region

95 ¢ > 9 Wyes
= mi

W, —
3Wc 0 3WC [ %Wt (GAS — ].) + 1

e "ds. (A.14)

Eq. (34) implies that in the unconstrained region

d¢iy  rmiB <W> o /°° W, eAs s
it _ e W, — 3 e "ds
a‘/Vc (B - T)Wc Wy 0 EWC (6‘48 — 1) +1

W\ 77 [ 9 W,es
+mB | — W, — - ~"5ds. A.15
" (Wt> 0 oW, [ %Wc(e*“s—l)—i—l ¢ y ( )
Egs. (A.14) and (A.15) imply that
09; _ 99; 4
Welw—we  OWelw,—ws
1B 00 As 0o As
0= rm / -5 j e "ds — miB/ ¢ se ds
,8—7" 0 ZWC(€S—1)+1 0 [%WC(6A3_1)+1]
99; 4 _ 99, 4
Wilw=we Wi lw—wy 7

which holds.
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We next show that d¢, ;,/OW. > 0. Eq. (A.13) implies that d¢,,;/0W. > 0 in the constrained

region if the function

is decreasing in A. Since the denominator is increasing in A, G(A) is decreasing if Wy > A/B.
Since 8¢, ,/OW,0W, < 0, inequality d¢; ;/OW, > 0 holds also if W; < A/B. Finally, (A.12) and
(A.15) imply 0¢,,/0W, > 0 in the unconstrained region. |

Proof of Corollaries 4, 5 and 6: The first result follows from (33) and (34) by observing that
the only asset-specific term in each equation is m;. Using the same observation, we can derive the

second result from (A.7) and (A.8), and the third result from (A.14) and (A.15). |

Proof of Corollary 7: Follows from Proposition 4. |

B Risky Arbitrage

Proof of Proposition 5: We proceed as in the proof of Proposition 1, conjecturing the value

function (A.1). The Bellman equation is

max {log(ét) + Vi (rWt +2 Z T Piy — ét>

Xi,t,Ct ieA

2 2
3 |3 (o] - S selts) + 3 (St )

jeA €A jeA \ieA

1 2
+Vw,ul/v + §VWW Z <Uﬂv) + Z (U%V)Q BV =0, (B.1)
jeA JEA

where 1}" denotes the drift of W;. The first-order condition with respect to ¢ yields ¢ = BW,.

Optimization over {Z;}ic.4 amounts to maximizing
. 2 2
St g |3 (ss00] - ol ) + 3 (ot w2
icA t]jeA i€ A jeA \icA

subject to the financial constraint (9). The first-order condition yields the policy in the proposition.
The policy {#;+}ic4 and the maximum value of (B.2) are linear in W;. Substituting into (B.1), the

terms in W, cancel. Setting the remaining terms to zero, determines the function v(W;). [ |
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Proof of Lemma 3: Substituting o/%, from (48) into (45) and solving for o', we find (49).

%,9,t gt
Substituting J?jt from (48) into (45) and solving for a;”{v, we find (52). [ |
Proof of Proposition 6: When {a], ¥, K} }jea are small, the highest-order term in (52) is
0 2% af 09}, St gy
w0 __ _8¢i,t ke A"kt Ouj ~ J aézt u

(B.3)

i,5,t — U] )

ow, o, ou
P1423 e “72 i "t

where (qb%t,x%t) denote the functions (¢, zy¢) evaluated under riskless arbitrage at the point

(Wi, {urt}rea). The proposition will follow if we show that 03?2 is positive, decreasing in W; for

Wi > Wy, and increasing in Wy for A/B < W < W,.

When Wy > Wey, ZL‘%t = pug ¢, and the denominator in (B.3) is equal to

8¢2t 2> e A Mg Uk ¢ o re "8
1+2 L=1 A E 1 / d
+ ]gﬂkuk,t W, + W, + ; %Wt (eAs D11 S

Wee  Wey /oo re= "8
=1-—4+ = ds > 0, B4
Wy Wi BWt (eAS — 1) +1 ( )

where the first step follows from (A.9), and the second from A = BW,;— (5 —r) > 0. The variable

340
ug0 . .. . . . .. 0dy 4 . .. . .
0, ¢ 18 positive and decreasing in W} because (B.4) is positive, Duyy 1S positive and decreasing in

0
Wy (Corollary 3), and %f/f/f is negative and increasing in W; (Corollary 2).

When Wy < Wey, (A.9) implies that

de3,
ot ds, B.5
oW, Wt/ Wt D1 (B5)

and (A.13) and (A.14) imply that

e "ds. (B.6)

aqu / Wt — B
—m;m
8th 7 OWer | BWy (eds — 1) +1

Moreover, since {29 ,}rc 4 satisfy the financial constraint (20), (A.9) implies that

¢kt 23 ke A KT, o re"?
1+2 =
+ Z ktaWt 1+ W, +/0 %Wt(eAS—l)—l—lds

ke A
o0 ,re—TS
= ds, B.7
/0 Bw (eAs —1) +1 (B.7)
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and (A.13) and (A.14) imply that

8¢2 t WteAS
2) 2, =2 mkmkt mjfL / Wer — e "ds.
1;4 POuy ,%;4 ! OWey BW, (eAs — 1) + 1
Wt -5
=-—-Wm / e "ds. B.8
t ]lu’] 8W0t [ Wt( )+1 ( )
Substituting (B.5)-(B.8) into (B.3), we find
S W,—4 —
0 OWey [EWt(eAsBl)Jrl] e~ TSds
ug0 1 Bo A
A [ —
0 Bwi(eds—1)+1
foo (Wtfg)%wt(AseA57§As+l) e~ TSds
N [ZWi(eAs—1)+1]
= mimjﬂjBUj ; + foo ro—15 d 3 (BQ)
0 BW,(eds—1)+1 5
where the second step follows from A =r — 3+ BW,;. Since the function
Wy — ) W, (Ases — e+ 1
VVt—>(t BB)A2 t (Ase e2+)
[EW; (eAs — 1) + 1]
is positive for Wy > A/B and increasing in W; for W; > A/(2B), and the function
[o.¢] —Ts
Wt —>/ B Tj ds
0 ZWt (6 s — 1) +1
is positive and decreasing in W, 02?2 is positive and increasing in W; for A/B < W; < W.. [ |

Proof of Proposition 7: The loading /%, for (i, ;) € A is given by (50). When {UJ, 4K e

'th

are small, the highest-order term in (50) is

0 0o . f
o0 _ 004 2z5,07;

4,4t = E}
oW 1+23 ca fcit d(zl)/?/;

(B.10)

The proposition will follow from (42) and the properties of a t ¥ shown in the proof of Proposition

f¢

6, if we show that o it is negative, increasing in W; for Wy > W,;, and decreasing in W; for

Wy < We, and j satisfying (54).

When W; > Wy, l‘%t = ppug ¢ and the denominator in (B.10) is equal to (B.4). Since U?, x%t,

¢° . . o . . .
k L is negative and increasing in W, Zf ‘ft is negative and increasing

and (B.4) are positive, and
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in Wy. When Wy < Wey,

0
_ myILy m; B(Weyr — Wh)
Tit = Hj (uj,t - ajU? ) = Ky [uj,t - ajO'? ) (B.11)

where the first step follows from (22) and the second from (24). Substituting (B.5), (B.7) and
(B.11) into (B.10), we find

. 1
ol%% = —2mqpo] ELER L ~1/. (B.12)
) W/ a;0% —d
¢ 77 Jo W, (A1) 1

The first square bracket is positive since ZL‘ , > 0, and increases with W; for j satisfying (54). Since

[0

the second square bracket is positive and increasing in W, o ;¢ is negative and decreasing in W;.
J

Proof of Proposition 8: The correlation between assets (i,7') € A2 is

fé I\ /¢ I fé I ugp _ug
( z,z,t_ai> Oy zt+azz’t(0 it 9 >+Z]€A/{“/}Uzjta ,jt+ZJEAU,jt i gt

Piirt = . (B.13)
o g 5to- ﬁ,t
When {J], ¥, K} }jea are small, the highest-order term in (B.13) is

f¢0 I\ S0 f¢0 f¢0 ¢0 up0 _ug0
( Ot Uz) ¢¢t+am’t<ai’,i’,t_ >+ZJGA/{1Z’}J,jt zgt+ZJ€AO,JtU$,jt

B.14

p (B.14)
The properties of p; ;s , follow from (B.14) and the properties of (a???, azf ?2) shown in the proofs of
Propositions 6 and 7. The properties of p; _; ; follow from p; _; , = —p; ;s 4, which is implied from

symmetry. To show the properties of p; _;,, we note that symmetry implies that

2 2
f i 1o ¢
o} - (" - %t) — Yjeats) ("z‘@t) ~ 2jea (Uﬁﬁ)

2
(<1)

Kj}jea are small, p; _;, is close to one. Using (42), we find that the highest-order

Pi—it =

When {a], 4K

termin 1 —p; ;418

2 [(o‘f - U{?t) + 2 jea/tiy < ff?) +> jealo < ujg) }

2
i

~ (B.15)
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The comparative statics of (B.15) are the same as for (B.14). Therefore, the properties of p; _; ;

are opposite to those of p; ;4. |

Proof of Lemma 4: When {a 505 K kY}jea are small, arbitrageurs long all opportunities and their

first-order condition is (55). Combining with (43) and using (46), we find

\I/i,t + my1l;

2 Y
R

it = M | Wit — (B.16)

where

_ 1 f o fe N W fo W ¢ _uW
\2X" ==ii§ (03 _‘0£¢¢)Ugt - 2{: 0:5t95¢t — UZ$tUﬁt

jeA/{i} jeA

Multiplying (B.16) by m; and summing over i € A, we find that the financial constraint (9) holds

as an equality if and only if

it (Y i1l
Wt:WC,t—2Zm“’( ptm 23 (B.17)
icA a; (th)

For small {o* '}j€A> the highest-order term in W¥;; is

J’ J’

1
0 _ 0y _fWO 0 _fWo 0 _uWo
V=g [0 —olfali? = 37 olfieli =D aifieit| (B.18)
! JEA/i} jeA
where
A
220 0! 2> 29 ot
wo _ Jt wo _ EAVEktOu ;7
O';‘it = : ]0 8¢k ) and U;'L,t 0 = - 0 ]t&;ﬁk ) (Blg)
1+22ieA$kt oWy 1+22k€Axkt6Wt

are the highest-order terms in (ai I;V,J}-L’ZV), respectively. Since of ¢t <0, a?fg > 0, af W0 S 0 and

a}f‘{vo <0, ‘If?’t > 0. Lemma 4 follows from (B.17), II; > 0 and \11?775 > 0. [ |

Proof of Proposition 9: In the region where arbitrageurs are unconstrained, IT; = 0. Eq. (B.16)

implies that when {J '}je A are small, the two highest-order terms in x;; are

J’ ]’

o

1 7,0

e = | v = —>5 | (B.20)
(A}
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790 and J”I;VO

$0 fWo -
o 3 ; and oj¢  are positive and

Since o are negative and increasing in Wy, and U%
decreasing in W, (B.18) implies that \Ilgt is decreasing in W;, and therefore, 331171: is increasing. Eq.
(B.20) implies that

1
xz‘l,t - le’,t = 202 (‘I’?',t - ‘I’?,t) ) (B.21)

where (0, a, u,ur) = (04, @i, pij; i) = (03, @i, piyr, wi ). Noting that ¢?7t/mi = qﬁg’t/mi/ and xgt =

piuie, and using (B.3), (B.10), (B.18), (B.19) and (B.21), we find

1 1 _
Tit—Lj g =

2 2
2 (1) = (1)
a (-
8¢k t my

O_fq)OO_fWO + UI.L(?OO.QWO
ac?W, Z 6,5t gt Z bt gst
L4235 4 gt 7

jEA jeEA
(B.22)

If m; > m; and alf = O'Zf,, the first term in the curly bracket is zero. Since the second term is
negative and increasing in Wy, x}, — wll, ; is increasing in Wy. If m; = my and O‘Zf > sz,, the second
term in the curly bracket is zero. Since the first term is negative and increasing in Wy, x}, — :L‘il, ;

is increasing in W;. In both cases, Bxl{t JOW, > Oz, ,/OW, > 0, i.e., changes in arbitrageur wealth

impact more strongly their position in opportunity (i, —¢) than (i’, —i’).

In the region where arbitrageurs are constrained, II; > 0. Eq. (B.16) implies that when

{O’;-c , oY, ff”;} jea are small, the two highest-order terms in z;; are

J
2 2
U, . +m,Il <Jz,t) —0;
Thp = g | i = = [ Sy (B.23)
1V )

The comparative statics with respect to m; follow by considering the highest-order term

0o _ m;II;
Tip = M | Uit — ——5 | »

a;0;

f

i.e., as in the case of riskless arbitrage. (The ambiguous comparative statics with respect to o

follow by considering the term in the next order.) |
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