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Abstract

We model the demand-pressure effect on prices when options cannot be per-
fectly hedged. The model shows that demand pressure in one option contract
increases its price by an amount proportional to the variance of the unhedgeable
part of the option. Similarly, the demand pressure increases the price of any
other option by an amount proportional to the covariance of their unhedgeable
parts. Empirically, we identify aggregate positions of dealers and end users using
a unique dataset, and show that demand-pressure effects help explain well-known
option-pricing puzzles. First, end users are net long index options, especially out-
of-money puts, which helps explain their apparent expensiveness and the smirk.
Second, demand patterns help explain the prices of single-stock options.
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1 Introduction

“[Option implied volatility] skew is heavily influenced by supply and de-
mand factors.”
— Gray, director of global equity derivatives, Dresdner Kleinwort Benson

“The number of players in the skew market is limited. ... there’s a huge
imbalance between what clients want and what professionals can provide.”
— Belhadj-Soulami, head of equity derivatives trading for Furope, Paribas

“To blithely attribute divergences between objective and risk-neutral prob-
ability measures to the free ‘risk premium’ parameters within an affine
model is to abdicate one’s responsibilities as a financial economist. ... a re-
newed focus on the explicit financial intermediation of the underlying risks
by option market makers is needed.”

— Bates (2003)

We take on this challenge by providing a model of option intermediation, and by
showing empirically using a unique dataset that demand pressure can help explain the
main option-pricing puzzles.

The starting point of our analysis is that options are traded because they are useful
and, therefore, options cannot be redundant for all investors (Hakansson (1979)). We
denote the agents who have a fundamental need for option exposure as “end users.”

Intermediaries such as market makers and proprietary traders provide liquidity to
end users by taking the other side of the end-user net demand. If intermediaries can
hedge perfectly — as in a Black and Scholes (1973) and Merton (1973) economy —
then option prices are determined by no-arbitrage and demand pressure has no effect.
In reality, however, even intermediaries cannot hedge options perfectly because of the
impossibility of trading continuously, stochastic volatility, jumps in the underlying, and
transaction costs (Figlewski (1989)).!

To capture this effect, we depart from the standard no-arbitrage literature that
follows Black-Scholes-Merton by considering explicitly how options are priced by com-
petitive risk-averse dealers who cannot hedge perfectly. In our model, dealers trade an
arbitrary number of option contracts on the same underlying at discrete times. Since
the dealers trade many option contracts, certain risks net out, while others do not. The
dealers can hedge part of the remaining risk of their derivative positions by trading the
underlying security and risk-free bonds. We consider a general class of distributions
for the underlying, which can accommodate stochastic volatility and jumps. Dealers
trade with end users. The model is agnostic about the end users’ reasons for trade.

We compute equilibrium prices as functions of demand pressure, that is, the prices
that make dealers optimally choose to supply the options that the end users demand.

1 Also, traders have capital constraints as emphasized, e.g., by Shleifer and Vishny (1997).



We show explicitly how demand pressure enters into the pricing kernel. Intuitively,
a positive demand pressure in an option increases the pricing kernel in the states of
nature in which an optimally hedged position has a positive payoff. This pricing-kernel
effect increases the price of the option, which entices the dealers to sell it. Specifically,
a marginal change in the demand pressure in an option contract increases its price by
an amount proportional to the variance of the unhedgeable part of the option, where
the variance is computed under a certain probability measure. Similarly, the demand
pressure increases the price of any other option by an amount proportional to the
covariance of their unhedgeable parts. Hence, while demand pressure in a particular
option raises its price, it also raises the price of other options on the same underlying,
especially similar contracts.

Empirically, we use a unique dataset to identify aggregate daily positions of dealers
and end users. In particular, we define dealers as market makers and end users as
proprietary traders and customers of brokers.? We find that end users have a net long
position in S&P500 index options with large net positions in out-of-the-money puts.
Hence, since options are in zero net supply, dealers are short index options. While it
is conventional wisdom among option traders that Wall Street is short index volatility,
this paper is the first to demonstrate this fact using data on option holdings. This
can help explain the puzzle that index options appear to be expensive, and that low-
moneyness options seem to be especially expensive (Longstaff (1995), Bates (2000),
Coval and Shumway (2001), Amin, Coval, and Seyhun (2004), Bondarenko (2003)). In
the time series, demand for index options is related to their expensiveness, measured
by the difference between their implied volatility and the volatility measure of Bates
(2005). Further, the steepness of the smirk, measured by the difference between the
implied volatility of low-moneyness options and at-the-money options, is positively
related to the skew of option demand, measured by the demand for low-moneyness
options minus the demand for high-moneyness options.

Jackwerth (2000) finds that a representative investor’s option-implied utility func-
tion is inconsistent with standard assumptions in economic theory.® Since options are
in zero net supply, a representative investor holds no options. We reconcile this finding
for dealers who have significant short index option positions. Intuitively, an investor
will short index options, but only a finite number of options. Hence, while a standard-
utility investor may not be marginal on options given a zero position, he is marginal
given a certain negative position. We do not address why end users buy these op-
tions; their motives might be related to portfolio insurance and agency problems (e.g.
between investors and fund managers) that are not well captured by standard utility
theory.

Another option-pricing puzzle is that index option prices are so different from the
prices of single-stock options despite the fact that the distributions of the underlying

2The empirical results are robust to classifying proprietary traders as either dealers or end users.
3See also Driessen and Maenhout (2003).



appear relatively similar (e.g., Bakshi, Kapadia, and Madan (2003) and Bollen and
Whaley (2004)). In particular, single-stock options appear cheaper and their smile is
flatter. Consistently, we find that the demand pattern for single-stock options is very
different from that of index options. For instance, end users are net short single-stock
options — not long, as in the case of index options.

Demand patterns further help explain the time-series and cross-sectional pricing of
single-stock options. Indeed, individual stock options are cheaper at times when end
users sell more options, and, in the cross section, stocks with more negative demand
for options, aggregated across contracts, tend to have relatively cheaper options.

The paper is related to several strands of literature. First, the literature on option
pricing in the context of trading frictions and incomplete markets derives bounds on
option prices. Arbitrage bounds are trivial with any transaction costs; for instance,
the price of a call option can be as high as the price of the underlying stock (Soner,
Shreve, and Cvitanic (1995)). This serious limitation of no-arbitrage pricing has led
Cochrane and Saa-Requejo (2000) and Bernardo and Ledoit (2000) to derive tighter
option-pricing bounds by restricting the Sharpe ratio or gain/loss ratio to be below an
arbitrary level, and stochastic dominance bounds for small option positions are derived
by Constantinides and Perrakis (2002) and extended and implemented empirically
by Constantinides, Jackwerth, and Perrakis (2005). Rather than deriving bounds,
we compute explicit prices based on the demand pressure by end users. We further
complement this literature by taking portfolio considerations into account, that is, the
effect of demand for one option on the prices of other options.

Second, the literature on utility-based option pricing (“indifference pricing”) derives
the option price that would make an agent (e.g., the representative agent) indifferent
between buying the option and not buying it. See Rubinstein (1976), Brennan (1979),
Stapleton and Subrahmanyam (1984), Hugonnier, Kramkov, and Schachermayer (2005)
and references therein. While this literature computes the price of the first “marginal”
option demanded, we show how option prices change when demand is non-trivial.

Third, Stein (1989) and Poteshman (2001) provide evidence that option investors
misproject changes in the instantaneous volatility of underlying assets by examining
the price changes of shorter and longer maturity options. Our paper shows how the
cognitive biases of option end users can translate (via their option demands) into op-
tion prices even if market makers are not subject to any behavioral biases. By contrast,
under standard models like Black-Scholes-Merton, market makers who can hedge their
positions perfectly will correct the mistakes of other option market participants be-
fore they affect option prices. As a result, this paper provides a foundation for the
application of behavioral finance to the option market.

Fourth, the general idea of demand-pressure effects goes back, at least, to Keynes
(1923) and Hicks (1939) who considered futures markets. Our model is the first to apply
this idea to option pricing and to incorporate the important features of option markets,
namely dynamic trading of many assets, hedging using the underlying and bonds,



stochastic volatility, and jumps. The generality of our model also makes it applicable
to other markets. Consistent with our model’s predictions, Wurgler and Zhuravskaya
(2002) find that stocks that are hard to hedge experience larger price jumps when
included into the S&P 500 index. Greenwood (2005) considers a major redefinition of
the Nikkei 225 index in Japan and finds that stocks that are not affected by demand
shocks, but that are correlated with securities facing demand shocks, experience price
changes. Similarly in the fixed income market, Newman and Rierson (2004) find that
non-informative issues of telecom bonds depress the price of the issued bond as well
as correlated telecom bonds, and Gabaix, Krishnamurthy, and Vigneron (2004) find
related evidence for mortgage-backed securities. Further, de Roon, Nijman, and Veld
(2000) find futures-market evidence consistent with the model’s predictions.

The most closely related paper is Bollen and Whaley (2004), which demonstrates
that changes in implied volatility are correlated with signed option volume. These
empirical results set the stage for our analysis by showing that changes in option
demand lead to changes in option prices while leaving open the question of whether
the level of option demand impacts the overall level (i.e., expensiveness) of option
prices or the overall shape of implied-volatility curves.* We complement Bollen and
Whaley (2004) by providing a theoretical model and by investigating empirically the
relationship between the level of end user demand for options and the level and overall
shape of implied volatility curves. In particular, we document that end users tend to
have a net long SPX option position and a short equity-option position, thus helping
to explain the relative expensiveness of index options. We also show that there is a
strong downward skew in the net demand of index but not equity options which helps
to explain the difference in the shapes of their overall implied volatility curves.

The rest of the paper is organized as follows. Section 2 describes the model, and
Section 3 derives its pricing implications. Section 4 provides descriptive statistics on
demand patterns for options, Section 5 tests the effect of demand pressure on option
prices, and Section 6 concludes. The appendix contains proofs.

2 A Model of Demand Pressure

We consider a discrete-time infinite-horizon economy. There exists a risk-free asset
paying interest at the rate of Ry —1 per period, and a risky security that we refer to as
the “underlying” security. At time ¢, the underlying has an exogenous strictly positive
price® of S;, dividend D;, and an excess return of R = (S; + D;)/S;—1 — R; and the
distribution of future prices and returns is characterized by a stationary Markov state

4Indeed, Bollen and Whaley (2004) find that a nontrivial part of the option price impact from day
t signed option volume dissipates by day ¢ + 1.

5All random variables are defined on a probability space (€2, F, Pr) with an associated filtration
{F; : t > 0} of sub-o-algebras representing the resolution over time of information commonly available
to agents.



variable X; € X C R", with X compact.® (The state variable could include the current
level of volatility, the current jump intensity, etc.) The only condition we impose on
the transition function 7 : X x X — R, of X is that it have the Feller property.

The economy further has a number of “derivative” securities, whose prices are to
be determined endogenously. A derivative security is characterized by its index 7 € I,
where ¢ collects the information that identifies the derivative and its payoffs. For a
European option, for instance, the strike price, maturity date, and whether the option
is a “call” or “put” suffice. The set of derivatives traded at time ¢ is denoted by I,
and the vector of prices of traded securities is p; = (pi)ier,-

We assume that the payoffs of the derivatives depend on S; and X;. We note that
the theory is completely general and does not require that the “derivatives” have payoffs
that depend on the underlying. In principle, the derivatives could be any securities
whose prices are affected be demand pressure.

The economy is populated by two kinds of agents: “dealers” and “end users.” Deal-
ers are competitive and there exists a representative dealer who has constant absolute
risk aversion, that is, his utility for remaining life-time consumption is:

Y

U(Ct, Ct+1, .. ) = Et [Z pv_tU(CU)
v=t

where u(c) = —%e‘”c and p < 1 is a discount factor. At any time ¢, the dealer
must choose the consumption C}, the dollar investment in the underlying 6;, and the
number of derivatives held ¢; = (¢}):cr,, while satisfying the transversality condition
lim; . E [p*te*kwt} = 0, where the dealer’s wealth evolves as

Wiri = v + (We = Co) Ry + qe(pe1r — Rype) + O Ry,

k = v(Ry — 1)/Ry, and y; is the dealer’s time-t endowment. We assume that the
distribution of future endowments is characterized by X,.”

In the real world, end users trade options for a variety of reasons such as portfolio
insurance, agency reasons, behavioral reasons, institutional reasons etc. Rather than
trying to capture these various trading motives endogenously, we assume that end
users have an exogenous aggregate demand for derivatives of d; = (d!);c;, at time t.
We assume that R, D;/S;, and y; are continuous functions of X;. The distribution of
future demand is characterized by X;. Furthermore, for technical reasons, we assume
that, after some time 7', demand pressure is zero, that is, d;, = 0 for t > T..

Derivative prices are set through the interaction between dealers and end users in
a competitive equilibrium.

6This condition can be relaxed at the expense of further technical complexity.
"More precisely, the distribution of (y;41,%¢12,...) conditional on F; is the same as the distribution
conditional on Xy, i.e., L(Ytt1, Yrt2s--- | Ft) = L(Ytt1, Ytr2, - | Xt).



Definition 1 A price process py = pi(dy, Xi) is a (competitive Markov) equilibrium if,
given p, the representative dealer optimally chooses a derivative holding q such that
deriwvative markets clear, 1.e., ¢+ d = 0.

Our asset-pricing approach relies on the insight that, by observing the aggregate
quantities held by dealers, we can determine the derivative prices consistent with the
dealers’ utility maximization. Our goal is to determine how derivative prices depend on
the demand pressure d coming from end users. We note that it is not crucial that end
users have inelastic demand. All that matters is that end users have demand curves
that result in dealers holding a position of ¢ = —d.

To determine the representative dealer’s optimal behavior, we consider his value
function J(W;t, X), which depends on his wealth W, the state of nature X, and time
t. Then, the dealer solves the following maximization problem:

1
max  ——e 7 4 pBy[J(Whsr;t 4+ 1, Xp4q))] (1)
Ct,qt,0¢ y
s.t. Wi = Y1 + Wy — C) Ry + qi(prr — Rype) + 0. RE, . (2)

The value function is characterized in the following proposition.

Lemma 1 If p; = pi(dy, Xy) is the equilibrium price process and k = M then the
dealer’s value function and optimal consumption are given by

J(Wist, X)) — _%ek(Wt+Gt(dt,Xt)) (3)
Co = (Wit Guldh, X)) (@)
and the stock and derivative holdings are characterized by the first-order conditions
0 = E [e—k(ytﬂwmgwqt(ptﬂ—prt>+Gt+1<dt+1,Xt+1)) R;;l} (5)
0 = E [e—k(yz+1+9tR§+1+qt(pt+1—prt)+Gt+1(dt+17Xt+1)) (Pesr — prt)] : (6)

where, fort < T, the function Gy(dy, X3) is derived recursively using (5), (6), and
o~ hrGelde,Xe) RypE, e [ k(yer1+ae(pep1— prt)+9th+1+Gt+1(dt+1,Xt+1))] (7)
and for t > T, the function Gy(dy, X;) = G(X;) where (G(X;),0(X;)) solves
oGO RypE, e [ yt+1+§tRf+1+é(Xt+1))i| (8)
0 — [ 7k(yt+1+0th+1+G(Xt+1))RH_I} ‘ 9)

The optimal consumption is unique and the optimal security holdings are unique pro-
vided their payoffs are linearly independent.
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While dealers compute optimal positions given prices, we are interested in inverting
this mapping and compute the prices that make a given position optimal. The following
proposition ensures that this inversion is possible.

Proposition 1 Given any demand pressure process d for end users, there exists a
unique equilibrium p.

Before considering explicitly the effect of demand pressure, we make a couple of
simple “parity” observations that show how to treat derivatives that are linearly de-
pendent such as puts and calls with the same strike and maturity. For simplicity, we
do this only in the case of a non-dividend paying underlying, but the results can eas-
ily be extended. We consider two derivatives, ¢ and j such that a non-trivial linear
combination of their payoffs lies in the span of exogenously-priced securities, i.e., the
underlying and the bond. In other words, suppose that at the common maturity date
T’ .

Pr = A+ + 8Sr

for some constants «, 3, and A. Then it is easily seen that, if positions (qfé, qf , by, Qt) in
the two derivatives, the bond,® and the underlying, respectively, are optimal given the

prices, then so are positions (qg + a,qg — Aa, by — aaR;(Tft),Ht — aﬁSt_l) . This has

the following implications for equilibrium prices:

Proposition 2 Suppose that D; = 0 and p% = /\pjf +a+ BSp. Then:
(i) For any demand pressure, d, the equilibrium prices of the two derivatives are related
by

P = \p] + aR;(Tft) + 3S;.

(i) Changing the end user demand from (di,d{) to (d; + a,d,{ — )\a), for any a € R,
has no effect on equilibrium prices.

The first part of the proposition is a general version of the well-known put-call parity.
It shows that if payoffs are linearly dependent then so are prices.

The second part of the proposition shows that linearly dependent derivatives have
the same demand-pressure effects on prices. Hence, in our empirical exercise, we can
aggregate the demand of calls and puts with the same strike and maturity. That is, a
demand pressure of d’ calls and d&/ puts is the same as a demand pressure of d* 4+ &/
calls and 0 puts (or vice versa).

8This is a dollar amount; equivalently, we may assume that the price of the bond is always 1.



3 Price Effects of Demand Pressure

We now consider the main implication of the theory, namely the impact of demand
pressure on prices. Our goal is to compute security prices p! as functions of the current
demand pressure d/ and the state variable X, (which incorporates beliefs about future
demand pressure).

We think of the price p, the hedge position #; in the underlying, and the consumption
function G as functions of d{ and X;. Alternatively, we can think of the dependent
variables as functions of the dealer holding q{ and X;, keeping in mind the equilibrium
relation that ¢ = —d. For now we use this latter notation.

At maturity date 7', an option has a known price pr. At any prior date ¢, the price
pe can be found recursively by “inverting” (6) to get

E [e—k(yt+1 +HORY taipe +Gt+1)pt+1}

- 10
2 R,E, [e—k(yt+1+9tRf+l+qtpt+1+Gt+1)] (10)

where the hedge position in the underlying, 6, solves

0 = E, [G*k(yz+1+9tRf+1+Qtpt+1+Gt+1) f—i-l] (11)

and where G is computed recursively as described in Lemma 1. Equations (10) and
(11) can be written in terms of a demand-based pricing kernel:

Theorem 1 Prices p and the hedge position 0 satisfy

1
pe = E(mpu) = R_fE[ti(pt—f—l) (12)
€ 1 €
0 = Et<m§l+1Rt+1> = R_ng(RtH) (13)

where the pricing kernel m? is a function of demand pressure d:

d e—k(yt+1+9tR§+1+Qtpt+1—‘,—G’t+1)
My = — (14
RfEt |:€*k(yt+1+ th+1+Qtpt+1+Gt+1)i|

e—k(yt+1 +0:R{ | —dipet1+Geta )

RfEt [e—k(yt+1+9tR§+1—dtpt+1+Gt+1)] )

and E¢ is expected value with respect to the corresponding risk-neutral measure, i.e.
the measure with a Radon-Nykodim derivative of Rym{, ;.



To understand this pricing kernel, suppose for instance that end users want to sell
derivative i such that d: < 0, and that this is the only demand pressure. In equilibrium,
dealers take the other side of the trade, buying ¢! = —d! > 0 units of this derivative,
while hedging their position using a position of #;, in the underlying. The pricing
kernel is small whenever the “unhedgeable” part ¢;p,11 + 0,7, is large. Hence, the
pricing kernel assigns a low value to states of nature in which a hedged position in the
derivative pays off profitably, and it assigns a high value to states in which a hedged
position in the derivative has a negative payoff. This pricing kernel-effect decreases the
price of this derivative, which is what entices the dealers to buy it.

It is interesting to consider the first-order effect of demand pressure on prices.
Hence, we calculate explicitly the sensitivity of the prices of a derivative pi with respect
to the demand pressure of another derivative d. We can initially differentiate with
respect to g rather than d since ¢' = —d..

For this, we first differentiate the pricing kernel®

omi,, d ( ' 00, )
— = —km ) . — Repl + —R¢ 16
5’q§ t+1 \ P Pt 8q§ t+1 ( )

using the facts that %ff”m =0 and ag;q;’-l = 0. With this result, it is straightfor-
t t

ward to differentiate (13) to get

) ) 06 . .
0 = E <m§l+1 (Pgﬂ — Ryp + _j t+1> t+1> (17)
dqy
which implies that the marginal hedge position is
96, _ B (mi (ngrl - pr{) Ri,y) _ _COVf(nga f1) (18)
dq} Ey (mg—&-l(Rf—&—l)Z) Varf( f1)
Similarly, we derive the price sensitivity by differentiating (12)
apl j j 00 e 7
(e R (19)
Jqy Jqy
k ; - Covi(pl,,,Re,)) . :
= _R_ng (ngrl — Rypi — \;arft(Jrl§+1t)+l t+1 | Pe1 (20)
= —’Y(Rf - 1)E§l [ﬁg—l—lﬁi-i-l] (21)
= (R — 1)Cov{ [B41, D] (22)

where p;_, and 7 41 are the unhedgeable parts of the price changes as defined in:

9We suppress the arguments of functions. We note that p;, 0y, and G; are functions of (d¢, X¢,1),
and mf_H is a function of (d¢, Xy, dit1, Xiq1, Y1, Rf 11, 1).

10





