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A Theory of Supply Function Choice
and Aggregate Supply’

By JOEL P. FLYNN, GEORGE NIKOLAKOUDIS, AND KARTHIK A. SASTRY*

Modern theories of aggregate supply are built on the foundation
that firms set prices and commit to producing whatever the market
demands. We remove this strategic restriction and allow firms to
choose supply functions, mappings that describe the prices charged
at each quantity of production. Theoretically, we characterize firms’
optimal supply function choices in general equilibrium and study the
resulting implications for aggregate supply. Aggregate supply flat-
tens under lower inflation uncertainty, higher idiosyncratic demand
uncertainty, and less elastic demand. Quantitatively, our theory
can rationalize the flattening of aggregate supply during the Great
Moderation and steepening during the 1970s and 2020s. (JEL D21,
D43, E13, E23, E31, E32)

At the heart of modern macroeconomic models are monopolistic firms that make
decisions under uncertainty. It is common to restrict these firms’ decisions to a spe-
cific class: setting a price and committing to produce whatever the market demands.
For example, price setting is assumed in classic models of aggregate supply based on
exogenous, infrequent adjustment (Taylor 1980; Calvo 1983), menu costs (Caplin
and Spulber 1987; Golosov and Lucas, 2007), and limited information (Mankiw and
Reis 2002; Woodford 2003a). Price-setting firms are also at the core of the ubiqui-
tous New Keynesian framework (Woodford 2003b).

However, as has long been recognized (e.g., Grossman 1981), price setting is not
typically an optimal way for a firm to behave and is, at some level, an ad hoc mod-
eling assumption. Why should firms not be able to raise their prices when goods are
flying off the shelves? In practice, they can and do: firms use policies like temporary
sales and surge pricing to navigate changing demand conditions (Den Boer 2015).
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In this paper, we remove external restrictions on firms’ pricing strategies and
instead allow firms to choose any supply function: a mapping that describes the
price charged at each quantity of production. Supply function choice is a standard
approach in microeconomic theory to model firms’ ability to adjust decisions to real-
ized demand without imposing ad hoc strategic restrictions (e.g., Grossman 1981;
Klemperer and Meyer 1989). However, supply function choice has not previously
been studied in general equilibrium, macroeconomic models. Our goal is to under-
stand how this enriched model of pricing and production at the microeconomic level
affects our understanding of the macroeconomy.

Introducing supply functions in an otherwise standard business-cycle model
yields an aggregate supply curve with an endogenous slope. That is, the relative
response of inflation and output to an aggregate demand shock depends on the inter-
action between uncertainty and market structure, precisely because these forces
affect firms’ optimal supply functions. Aggregate supply flattens, or aggregate
demand shocks have bigger real and smaller nominal effects, under lower infla-
tion uncertainty, higher idiosyncratic demand uncertainty, and less elastic demand.
Quantitatively, the model’s predictions for the slope of aggregate supply are consis-
tent with time-series and cross-sectional evidence. Thus, supply functions provide
a realistic and tractable foundation for a state-dependent aggregate supply curve.

Supply Function Choice of a Single Firm.—We begin our analysis in partial equi-
librium. We study a firm that faces a constant-price-elasticity demand curve and oper-
ates a constant-returns-to-scale production function. It has lognormal uncertainty
about its competitors’ prices, demand, productivity, input prices, and the stochastic
discount factor. Given its beliefs, the firm chooses a supply function f: R%, — R that
defines the firm’s supply curve as the locus of prices (p) and quantities (g) that solves
f(p, q) = (. Because the market clears, the firm produces and prices where the mar-
ket demand curve intersects its supply curve. Internalizing this, the firm chooses its
optimal, nonparametric supply function to maximize its expected real profits under the
stochastic discount factor. The ex ante interpretation of the firm’s choice is in line with
the ECON 101 notion of a supply curve: a systematic plan relating the price that a firm
charges and the quantity that it produces. We show that the model has a complemen-
tary interpretation in terms of the firm’s information set for price and quantity choices:
Allowing firms to choose supply functions is isomorphic to allowing firms to con-
dition prices and quantities on realized demand. This interpretation links our model
theoretically to the notion of rational expectations equilibrium (Lucas 1972) and prac-
tically to the aforementioned examples of firms adjusting prices in response to current
demand conditions. We finally note that the model nests the polar cases of price and
quantity setting studied in previous literature. By relaxing strategic restrictions, we
allow firms to choose strategies that are potentially preferable to these extremes.

We solve for the optimal supply function and show that it is endogenously
log-linear: logp = « + «;logg. Thus, the firm’s behavior in response to changes
in market demand is described by its optimally chosen inverse supply elasticity
«y, the percentage by which the firm increases prices in response to a one percent
increase in production. In turn, this elasticity depends on the firm’s price elasticity of
demand (i.e., its market power) and its relative uncertainty about demand, compet-
itors’ prices, and real marginal costs. These relationships arise because uncertainty
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and market power shape firms’ relative desires to hedge against different types of
shocks.

Three comparative statics are particularly important for our macroeconomic
analysis. First, higher uncertainty about firm-level demand pushes toward a lower
a, or firms behaving more like price-setters. The limit case of price setting perfectly
insulates firms against demand shocks, as the optimal response of a firm to changing
demand conditions is to set its relative price equal to a constant markup on its real
marginal cost. Second, higher uncertainty about competitors’ prices pushes toward
a higher o, or firms’ behaving more like quantity-setters. The limit case of quantity
setting perfectly insulates firms against shocks to competitors’ prices as it allows
the firm’s relative price to adjust perfectly in response to such changes. Third, a
lower elasticity of demand pushes toward a lower «;, or firms behaving more like
price-setters. More market power, thus defined, reduces the cost to the firm of setting
the “wrong” price.

General Equilibrium: From Supply Functions to Aggregate Supply.—We next
embed supply-function choice in a business-cycle model with incomplete informa-
tion (Woodford 2003a; Hellwig and Venkateswaran 2009). The model features a
representative household that demands differentiated consumption goods, demands
money balances, and supplies labor; macroeconomic shocks to the money supply
and productivity; microeconomic shocks to firm-specific wages, productivity, and
demand; time-varying volatility for these shocks; and intermediate goods firms
that choose supply functions in the face of endogenous uncertainty. Because of
this uncertainty, shocks to the money supply can affect real aggregate output, as in
Lucas (1972).

We first characterize aggregate outcomes given fixed firm-level supply functions.
The unique log-linear equilibrium has an aggregate supply and aggregate demand
representation. That is, real GDP and the price level can be determined as the inter-
section of two curves: an aggregate supply curve that is affected by productivity
shocks but not monetary shocks and an aggregate demand curve that is affected
by monetary shocks but not technology shocks. The “slope of aggregate supply”
determines the relative within-period responses of the price level and real output to
an aggregate demand shock.

The slope of aggregate supply depends critically on the slope of firms’ micro-
economic supply functions. Aggregate supply is inelastic—or, money is neutral—if
and only if firms are quantity-setters. Aggregate supply is maximally elastic—or,
money is as nonneutral as possible—if and only if firms are price setters. These
results are disquieting in light of the standard approach of assuming that firms set
either prices or quantities. A key benefit of the supply function approach is that the
analyst does not inadvertently impose restrictions on firms’ supply function choices,
but allows these choices to be made optimally. Between those extremes, the slope of
aggregate supply is increasing in the slope of firm-level supply.

We next characterize how the slope of aggregate supply is endogenously deter-
mined via a fixed point relating macroeconomic uncertainty to firms’ supply-function
choice. This reveals feedback loops: Uncertainty affects supply functions, which
affects the slope of aggregate supply, and in turn shapes macroeconomic uncertainty.
For a closed-form illustration, we first study a special case that balances strategic
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complementarity (from aggregate demand externalities) with substitutability (from
wage pressure). In this case, the slope of aggregate supply decreases in a sufficient
statistic for firms’ uncertainty: their relative uncertainty about idiosyncratic demand
shocks versus aggregate demand shocks. Away from the special case of balanced
strategic interaction, the model makes richer predictions in which the elasticity of
demand and the volatility of productivity shocks also affect the slope of aggregate
supply.

We finally observe that microeconomic and macroeconomic supply depend on
relative rather than absolute uncertainties. Strikingly, even a vanishing amount of
uncertainty can be consistent with any level of monetary nonneutrality, depending
on the exact composition of uncertainty across different microeconomic and mac-
roeconomic factors.

Our model predicts that the transmission of aggregate demand shocks is
state-dependent because of firms’ endogenous supply-function choices. This has
several implications. First, more volatility in aggregate demand steepens aggregate
supply. In our model, firms desire prices to respond more to demand in environments
with more nominal uncertainty, and therefore endogenously lead demand shocks to
have larger nominal effects and smaller real effects. Second, more volatility in idio-
syncratic demand conditions has the opposite effect, flattening aggregate supply.
Thus, countercyclical “risk shocks” at the microeconomic level (Bloom et al. 2018)
increase the real effect of aggregate demand shocks. Third, a lower elasticity of
demand (i.e., more market power) flattens aggregate supply, due to forces missing
only in the knife-edge case of exogenously assumed price setting.

Quantification.—To illustrate the plausibility and macroeconomic relevance of
these predictions, we quantify their implications in two simple calculations. We
first study the model’s predictions across time in the United States. We calculate
a time-varying slope of aggregate supply using a standard calibration for mac-
roeconomic parameters plus estimates of time-varying volatility from a simple
statistical model. Our quantification implies that the slope of aggregate supply
is relatively flat in normal times but spikes dramatically during the inflationary
episodes of the 1970s and 2020s, consistent with empirical findings (e.g., Ball
and Mazumder 2011; Cerrato and Gitti 2022). The key mechanism is that a spike
in inflation uncertainty triggers firms to choose different supply functions, more
aggressively varying prices with realized demand. In a second exercise, we study
our model’s implications for inflation-output trade-offs across countries in the
spirit of Lucas (1973). Our model predicts vastly heterogeneous slopes of aggre-
gate supply that correlate positively with simple empirical proxies, but not with
realized inflation or inflation volatility. Thus, our model’s predictions based on
relative uncertainties account for variation in the slope of aggregate supply beyond
what is explained by models that tie the slope solely to the level of inflation and
absolute inflation uncertainty.

Related Literature.—Our methodological contribution is to derive aggregate
supply in a business-cycle model from a foundation of supply function competi-
tion. Supply function competition has been extensively studied in microeconomic
theory, industrial organization, and finance (e.g., Grossman 1981; Klemperer and
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Meyer 1989; Vives 2017). We contribute to this literature by analytically charac-
terizing equilibrium supply functions with several new features: nonquadratic pref-
erences; imperfect substitutability; multiple, correlated sources of uncertainty; and
general equilibrium interactions in both input and product markets.

The closest analysis in the macroeconomics literature is performed by Reis (2006),
who compares the extremes of price setting and quantity setting for a rationally inat-
tentive firm in partial equilibrium. Our analysis goes beyond Reis’ by studying com-
pletely flexible supply schedule choice, removing all ad hoc strategic restrictions on
firms’ choices, and studying general equilibrium.” The latter feature allows us to
study the equilibrium relationship between supply function choice, macroeconomic
dynamics, and the slope of aggregate supply.

Our finding that uncertainty shapes the slope of aggregate supply is shared with
the classic “islands model” analysis of Lucas (1972). A shared methodological prem-
ise is that economic agents act on what they learn from endogenous objects. Our
results for the slope of the aggregate supply curve differ substantially for two rea-
sons. First, we study producers with market power, consistent with modern mac-
roeconomic theory and evidence, instead of price-taking producers in competitive
markets. Second, the inference problem that links uncertainty to supply decisions in
our model arises for a different reason, without reference to migration or physically
separated markets. Rather, firms use the demand for their product as a noisy signal
to infer their optimal price.

Our work is also distinguished from a literature that has pursued other avenues to
reconcile Lucas’ insights with noncompetitive markets. Unlike Woodford (2003a),
which restricts firms to price setting, we allow firms to choose flexible schedules.
This restores the spirit of Lucas’ insight that firms can learn from market conditions
in rational expectations equilibrium. Our analysis also suggests that existing conclu-
sions about the link between information frictions and monetary nonneutrality are
sensitive to strategic restrictions on firms: for example, if firms were restricted to
set quantities in our model, money would be neutral despite information frictions.
Hellwig and Venkateswaran (2009) share our premise of allowing firms to learn
from demand conditions, but do not study the static fixed point that supply functions
generate between firms’ decisions and market information. This two-way feedback
is at the core of our mechanism and our predictions.”

Outline—Section I solves for the firm’s optimal supply function in partial equi-
librium. Section II introduces a monetary business cycle model with supply func-
tions. Section III characterizes equilibrium with supply function choice and shows
how supply function choices affect aggregate supply. Section IV quantifies the mod-
el’s predictions. Section V concludes.

In Flynn, Nikolakoudis and Sastry (2024), we study the problem of prices versus quantities choice in general
equilibrium and draw out implications for monetary policy.

2Lucas and Woodford (1993) and Eden (1994) study markets with ex ante capacity investment and sequen-
tial transactions as a way to model learning from demand conditions. These authors also do not study the static
fixed-point between uncertainty and market information.
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L. Supply Function Choice in Partial Equilibrium

In this section, we introduce our model of supply function choice for a single firm
making decisions under uncertainty. We show that supply function choice is for-
mally equivalent to allowing firms to learn from their demand and update their pric-
ing strategies accordingly. Our main result in this section shows that optimal supply
functions are log-linear and characterizes their slope in terms of firms’ uncertainty
and the elasticity of demand.

A. The Firm’s Problem

Environment—A firm produces output ¢ € R, via a constant-returns-to-scale
production technology using a single inputx € R,:

(1) q = Ox

where © € R, is the firm’s Hicks-neutral productivity. The firm can purchase
the input at price p, € R, . The firm faces a constant-elasticity-of-demand curve
given by

@) p=(w)

where p € R is the market price, ¥ € R, is a demand shifter, P € R, is
the aggregate price level, and n > 1 is the price elasticity of demand. We interpret
the elasticity of demand as an (inverse) measure of market power: when 7 is high,
the quantity demanded is more sensitive to the price. The firm’s profits are priced
according to a real stochastic discount factor A € R, .. For simplicity, we define
the firm’s real marginal costas M = P~ '@ 1p,.

At the beginning of the decision period, the firm is uncertain about demand, costs,
others’ prices, and the stochastic discount factor (SDF). Specifically, they believe
that the state (\I/,M,P,A) follows a lognormal distribution with mean p and vari-
ance Y. The firm’s payoff is given by its expected real profits (revenue minus costs),
as priced by the real SDF:

(3) E[A(5 - M)d|.
where E [] is the firm’s expectation given some joint beliefs about (A, P, M, ¥,p.q).

Supply-Function Choice.—The firm implements price-quantity pairs described
by the implicit equation f (p,q) = 0 where f: ]R%Hr — R. We will refer to f as the
supply function. Price setting is nested as a case in which f(p,q) = i (p). Quantity
setting is nested as a case in which f(p,q) = f Q(q). More generally, we allow plans
to be given by any nonparametric function f, allowing for possible nonmonotonicity
and discontinuities.
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After choosing a supply function f, and following the realization of ¥ and P, the
firm produces at a point where f intersects the demand curve. That is, the market
clears. To formalize this, we define the nominal demand state 7 = W P and rewrite
the demand curve as ¢ = zp~". Thus, having set f and following the realization
of z, the firm’s price is given by some solution p to the equation f(p,zp~") = 0
with the realized quantity being ¢ = zp~". We assume that the firm chooses the
profit-maximizing selection from the set of solutions if there are many and does not
produce if there is no solution. Given a supply function f; we let H(f) be the induced
joint distribution over (A,P, M, V,p,q) given the firm’s prior beliefs. The firm’s
problem of choosing an optimal supply function is therefore equivalently stated as
either of the following maximization problems:

(4) sup Epp [A(% - /\/l)q] & §upIE[A(i)(PZ) - M)Zf) (Z)"|Z]

£ R R P(z)
foralmostallz € R, .

While mathematically equivalent, these two formulations of the problem provide
two different economic intuitions for how the firm behaves. Under the first formu-
lation, the interpretation is that the firm chooses its supply curve ex ante, knowing
that it will price and produce where its supply curve meets the demand curve. This
is like the ECON 101 notion of a supply curve as the firm’s plan linking production
and prices. Under the second formulation, the interpretation is that the firm prices
in the interim: it is as if the firm sees the state of its demand, updates its beliefs, and
then sets its optimal price. That is, supply functions allow the firm to condition its
price and quantity on the strength of demand.

In Figure 1, we illustrate how different supply functions translate into
price-quantity outcomes. The first row illustrates market clearing by showing dif-
ferent supply functions intersected with two demand curves, corresponding to
“high” and “low” realizations. The second row illustrates the induced joint distri-
bution of prices and quantities. Panel A shows a “price-setting” supply function,
f(p, g) = 1 — p.Inthis case, a firm responds to low demand by producing less and
responds to high demand by producing more in order to maintain a fixed price. The
“quantity-setting” policy (panel B), f(p,q) = 1 — g, does the opposite: in this case,
the firm aggressively decreases the price of low-demand goods and increases the
price of high-demand goods to fix the quantity sold. The supply function in panel C,
f(p,q) =1- g, allows both prices and quantities to increase with demand. This
describes a firm with less extreme dynamic pricing: high-demand states have higher
prices and volumes, and low-demand states have lower prices and volumes. In our
model, the firm picks the optimal supply function given its uncertainty about eco-
nomic conditions.

Interpreting Supply Functions.—We argue that there are strong theoretical and
empirical grounds to study supply function choice as a benchmark model of firm
choice under uncertainty.

First, the supply function model is consistent with firms’ using all valuable infor-
mation revealed by market clearing. This premise is central to the modern paradigm
of rational expectations equilibrium (REE, Lucas 1972). It is of course possible
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FIGURE 1. AN ILLUSTRATION OF SUPPLY-FUNCTION CHOICE

Notes: The columns correspond to different supply functions. The top row illustrates ex post market clearing for
two realizations of the demand curve. The bottom curve illustrates the induced joint distribution of quantities and
prices given lognormal uncertainty about z.

that firms are hindered in incorporating this information by ex post costs to adjust
quantities and prices, for example due to technological constraints or nominal rigid-
ities. But, as we further clarify in Section IC, any frictions that induce finite adjust-
ment costs are conceptually straightforward to incorporate into the supply-function
model—whereas only infinite adjustment costs on specific margins can justify the
standard models of price setting and quantity setting. From this perspective, the only
tenable arguments against allowing for supply functions are that firms do not learn
in the manner required by REE or that adjustments are infinitely costly.

Second, supply function choice does not require that firms commit to plans that
are revealed to be suboptimal by demand conditions. For example, in the typical
model of price setting, a firm could lose money (to an arbitrary extent) to honor its
fixed-price commitment in a state of the world in which goods are “flying off the
shelves.” Our supply function model can be thought of as formalizing the scenario
in which a firm can reconsider its plans after every realization of demand.

Third, the supply function model decouples “price inertia” from “price sticki-
ness,” but is not incompatible with the latter. As in other models of aggregate sup-
ply based on incomplete information (e.g., Lucas 1972; Mankiw and Reis 2002;
Woodford 2003a), our model predicts that the prices charged by an individual firm
change in every period. We adopt this intentionally extreme view to highlight how
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the novel mechanisms of our model can translate “flexible” prices into sluggish
responses of the aggregate price level to shocks (see Section IIT). Nonetheless, it is
conceptually straightforward to extend the model to allow for microeconomic price
rigidity (see Section IC). In this case, the supply functions model still has appealing
theoretical properties relative to the benchmarks of price and quantity setting—no
firm regrets its price after observing market clearing—as well as materially different
predictions, upon which we later elaborate.

Fourth, as a practical matter, there are many pricing strategies that could be well
described as supply functions that incorporate information from contemporane-
ous demand conditions into prices. This is common for many goods and services
that feature “dynamic pricing,” for example in markets for electricity, gasoline,
e-commerce, ride-sharing, and entertainment (e.g., Den Boer 2015). Klemperer
and Meyer (1989) provide two concrete examples of firms that de facto implement
supply schedules: management consultants who do not post prices, but instead
vary them as a function of the quantity of services provided, and airlines that use
computer software to put seats on discount depending on how many are currently
sold. Crucially, in these examples, firms’ choices do not seem completely con-
strained by technological necessity: they could in principle vary prices more or less
aggressively depending on what is more profitable. Finally, varying prices with
demand is not a new innovation: negotiated rather than posted prices were the norm
throughout human history until the invention of the price tag in the mid-19th cen-
tury (Phillips 2012).

B. The Optimal Supply Function
We now study the optimal supply function. The following result characterizes the
firm’s optimal policy in closed form and allows us to illustrate comparative statics

in the extent of uncertainty and the price elasticity of demand.

THEOREM 1 (The Optimal Supply Function): Any optimal supply function is
almost everywhere given by

(5) f(p.q) = logp — ap — aylogg,

where the slope of the optimal price-quantity locus, oy € R, is given by

2
N0p+ Opmuy + Opy + NOpMp

(6) ayp = .
0% — NOpmw + NPy — NP Op

PROOF:
See Supplemental Appendix A.1.

Understanding the Result.—To provide intuition for this result, it is helpful to first
sketch its proof. As observed above (equation (4)), the problem of choosing an opti-
mal supply function ex ante can be recast as a problem of choosing price-quantity
pairs (p (z),q(z)) that are indexed by the realization of the nominal demand state
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= WP" and are such that the market clears: p(z),q(z)) = (p(z),2 (2)7").
Intuitively, when setting a supply schedule, the firm anticipates that it will pro-
duce where the demand curve intersects the supply function. Thus, as the demand
curve is indexed by z, it is as if the firm chooses a z-contingent price-quantity plan.
Importantly, it does so without additional constraints. We emphasize that this dif-
fers from the standard case of price and quantity setting due to the lack of con-
straints and not the contingency of choices on demand. Under price setting, firms
implement z-contingent price-quantity pairs of the constrained form (p(z),q(z))
= (p,zp "), where p is a fixed price and zpp " is the quantity that clears the market;
and similarly, under quantity settlng, ﬁrms im lement z-contingent price-quantity
pairs of the constrained form (p ()

When choosing flexible supply schedules ﬁrms can therefore freely incorporate
information from the nominal demand state z into their optimal choices. To see this,
we note that a necessary condition for optimality is that, for any given realization
z = t, there is no local benefit to changing the price p(t). Taking a first-order con-
dition at each z = ¢, we find that the firm equates the marginal revenue and cost
effects of raising the price:

(7) ]E[(n — 1)zAP 'p(2) |z = t] E[nzAMp (2) "z = t].

Expected revenue effect Expected cost effect .

This principle of equating expected benefits and costs would apply in a broader
class of models with different production technologies and demand curves (see
Section IC), although the specific expressions for these terms in equation (7) rely on
our exact assumptions. Rearranging terms, we observe that, for almostallr € R, ,,
the optimal price must satisfy

(8) p(t) = 772 IE[[/?;\/lllfz :: tl] and q(f) = ()"

This resembles the standard optimality condition for monopolistic price setting
(“markup over marginal cost”), with the key difference that it conditions on nomi-
nal demand z. Outcomes under optimal rules therefore differ from outcomes under
optimal price setting due to the firm’s ability to make inferences about the stochastic
discount factor, real marginal costs, and the price level. Finally, we exploit the joint
lognormality of the variables in the firm’s problem to solve equation (8) for an exact
log-linear relationship between prices and quantities. Without lognormality, equa-
tion (8) could be solved using numerical techniques.

It remains to explain why the optimal inverse supply elasticity takes the form
given in equation (6). This specific form arises because « is the relative rate at
which the firm wants log prices and log quantities to increase with the nominal
demand state logz:

dlogp /dlogq ~ Covllogz,logp™]

9 frg = .
©) N dlogz/ dlogz — Cov|logz,logg™|
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where p™* and g™ are the optimal ex post prices and quantities that the firm would
set with full information:

—n

Wk n ok n <
(10) p = Iy ME and g (n—1> L

An econometric metaphor illustrates why this is the optimal way to set «. By
equation (9), the firm’s optimal policy is equivalent to running the following
two-stage least squares (2SLS) regression: the firm estimates how its optimal
price should change with its optimal quantity, using the nominal demand state
z as an instrument for the optimal quantity. The supply function is steep (|oy]| is
large) if nominal demand predicts large movements in the ex post optimal price.
In the 2SLS metaphor, this corresponds to a large coefficient in the “reduced
form” regression of p** on z. The supply function is flat (|| is small) if nominal
demand predicts large movements in the ex post optimal quantity. In the 2SLS
metaphor, this corresponds to a large coefficient in the “first stage” regression of
g™ onz.

The Effects of Uncertainty.—A critical determinant of the firm’s optimal
responsiveness of prices to quantities is their relative uncertainty about the price
level, real marginal costs, and demand. To build intuition for this, we first focus
on the case in which the firm’s supply schedule is upward-sloping. This occurs
if 0 < Cov [log Z, log(MP)] < %Var [logz|: High demand predicts that nomi-
nal costs are higher, but not too much higher. In this case, greater price-level
uncertainty (a% increases) steepens the optimal supply schedule. Intuitively, not
knowing the prices of your competitors makes more aggressive dynamic pric-
ing (i.e., a strategy closer to quantity setting) attractive because this allows one’s
relative price to adjust ex post. On the other hand, greater demand uncertainty
(0% increases) flattens the optimal supply schedule. Intuitively, demand uncer-
tainty favors a strategy closer to a fixed price as it allows production to adjust to
accommodate greater demand. Finally, greater covariances between real marginal
costs and demand and real marginal costs and the price level increase the firm’s
inverse supply elasticity. Intuitively, when these covariances increase, the firm
expects to produce more exactly when it is more costly. Thus, the firm optimally
sets a steeper supply schedule to avoid overproducing in response to changes in
demand.

We finally observe that a positively sloped supply function is not guaranteed:
if nominal costs move sufficiently with nominal demand, then a firm may pre-
fer a downward sloping supply function in order to hedge against high costs in
high-demand states.

The Effect of Market Power.—The elasticity of demand plays two roles in deter-
mining the optimal (inverse) elasticity of supply. The first relates to payoffs: When n
is high, ex post optimal quantities are more sensitive to changes in nominal marginal
costs (holding fixed nominal demand). Intuitively, when goods are more substitut-
able, the firm’s optimal policy depends dramatically on whether its marginal costs
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are above or below others’ prices. The second role relates to information: when 7 is
high, nominal demand contains relatively more information about the price level P
and less about real demand V.

In general, the interaction of these two forces can make the optimal supply func-
tion steepen or flatten when 7 increases. Below, we describe an intuitive sufficient
condition under which a greater elasticity of demand induces steeper supply.

COROLLARY 1 (The Elasticity of Demand and Optimal Supply): A sufficient con-
dition for greater market power to lower the inverse supply elasticity, or 0o /On
> 0, is that each of the following four inequalities holds:

(11) a; > 0, nop+ oy + Tpy + Noamp > 0,

omp = 0, 2nopmp + opmu = opy-

PROOF:
See Supplemental Appendix A.2.

The force of these conditions is to restrict the extent to which high nominal
demand predicts low marginal costs. In this case, the dominant logic is the follow-
ing: when demand is highly sensitive to relative prices, an upward-sloping aggregate
supply function better allows a firm to index its prices relative to its nominal costs.
As discussed earlier, this allows the firm to better hedge its risks from setting the
“wrong” price. Later, in our quantitative analysis (Section IV), we find that the con-
dition of Corollary 1 always holds in US data since 1960 as long as > 2.5. Thus,
the empirically relevant case appears to be that a lower elasticity of demand flattens
firms’ optimal supply function.

Pure Price and Quantity setting Obtain in Extreme Limits.—The previous result
makes clear that pure price setting and quantity setting are two isolated points in
the larger space of supply functions. Moreover, they are almost never optimal. We
observe below that they are obtained in the limiting cases of extreme demand or
price-level uncertainty.

COROLLARY 2 (A Foundation for Price Setting and Quantity Setting): The follow-
ing statements are true.

(i) Asop — o0, |oy| — oo and the optimal plan converges to quantity setting.
(ii) Aso¥ — o0,y — 0 and the optimal plan converges to price setting.

Thus, focusing on price and quantity setting is justified when and only when one
source of risk is dominant. In a macroeconomic environment, however, we may
expect all sources of risk to be present in comparable orders of magnitude. In such
a scenario, the extreme policies may perform poorly, for both the firm and the eco-
nomic analyst.
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C. Supply Functions in Other Environments

We have made many specific assumptions on technology and demand for exposi-
tion simplicity. As we will show in the remainder of the paper, these same assump-
tions will also allow us to tractably study a general-equilibrium environment with
an endogenous feedback loop between supply-function choice and endogenous
uncertainty.

Nonetheless, the basic economic logic of supply-function choice extends to a
much broader class of models. The unifying theme is the observation that choosing
supply functions is tantamount to incorporating information regarding the desired
price and quantity from market clearing. This basic observation did not rely on our
specific description of technology and demand. As such, firms’ optimal supply func-
tions in other environments inherit the following fundamental logic of Theorem 1:
firms want prices to increase steeply in quantities when high demand predicts a high
desired price but not a high desired quantity. Moreover, taking the perspective of
supply functions versus the traditional view of price or quantity setting introduces
novel channels through which firms’ uncertainty shapes their choices.

In Supplemental Appendix B, we illustrate this point by characterizing optimal
supply functions in four extensions that explore different assumptions about real and
nominal rigidities. We briefly summarize all four extensions below.

Multiple Inputs, Decreasing Returns-to-Scale, and Monopsony.—First, we allow
for a Cobb-Douglas production technology with multiple inputs, decreasing returns
to scale, and convex costs of hiring additional inputs (capturing monopsony). These
forces change the analysis solely by introducing a single composite parameter that
aggregates the decreasing returns and monopsony forces across inputs. We show
in Proposition 4 that the optimal supply function remains optimally log-linear and
uncertainty enters in a similar way. Decreasing returns to scale and monopsony
power (that may arise because of adjustment costs in production, for instance) both
reduce the optimal supply elasticity of the firm and push the firm toward more rigid
quantities.

Endogenous Markups.—Second, we allow for demand that is not iso-elastic
in a class that separates the firm’s own-price elasticity of demand from the firm’s
cross-price elasticity of demand. We solve for the optimal supply curve in this case
in Proposition 5. We show that uncertainty enters in a similar way but the optimal
supply curve ceases to be log-linear as the optimal markup is endogenous to the
scale of production. Intuitively, this allows the model to capture the possibility that
“goods flying off the shelves” is informative about the desired markup.

Additional Choice Variables.—Third, we allow for the firm to choose additional
variables beyond prices and quantities that may affect the joint distribution of all
variables relevant to the firm, such as marginal costs and demand. One example is a
firm that can invest in improving the quality of its product. We show in Proposition 6
that the firm’s supply function remains optimally log-linear but with a slope that
depends on the uncertainty that is induced by their choice of additional variables.
Using this, we characterize the value of any choice of additional variables and show
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in an example how such a firm would optimally choose the quality of its product at
a cost.

Sticky Prices.—Fourth, we enrich the firm’s problem with price stickiness as in
Calvo (1983) to capture the empirically relevant possibility that the firm’s prices
may be fixed for multiple periods. We show in Proposition 7 that the firm’s supply
function remains optimally log-linear but with a slope that depends on how the firm
learns from its demand today about the full future sequence of its nominal marginal
costs. This demonstrates the simplicity with which the supply function approach
could be integrated into macroeconomic models with sticky prices, like the textbook
New Keynesian model (Woodford 2003a).

I1. Supply Functions in a Macroeconomic Model

We now embed supply-function choice in a monetary macroeconomic model.
We otherwise use intentionally standard microfoundations (e.g., Woodford 2003b;
Hellwig and Venkateswaran 2009). These microfoundations will allow for a
closed-form analysis and highlight the core economics of supply functions without
any approximations. In this context, we will be interested in understanding three
things: (i) how the microeconomic inverse supply elasticity maps into the elastic-
ity of aggregate supply, (ii) how equilibrium macroeconomic dynamics endoge-
nously influence the optimal microeconomic supply elasticity, and (iii) how these
two channels interact to determine equilibrium macroeconomic dynamics.

A. Households

Time is discrete and infinite € N. There is a continuum of differentiated goods
indexed by i € [0,1], each of which is produced by a different firm.

A representative household has standard (Hellwig and Venkateswaran 2009;
Golosov and Lucas 2007) expected discounted utility preferences with discount
factor 8 € (0,1) and per-period utility defined over consumption of each variety,

C,; holdings of real money balances and labor effort supplied to each firm, N;;:

t.
s Pt’

= f C77 M ,
(12) Ey ;)5(1 . 5 + 10g?: - f[o,1] ¢izNizdl>],

where v > 0 indexes income effects in both money demand and labor supply and
¢;; > 0 is the marginal disutility of labor supplied to firm i at time ¢, which is an
IID lognormal variable with time-dependent variance, or log ¢;, ~ N ( s Ji,t). The
consumption aggregate C; is a constant-elasticity-of-substitution aggregate of the
individual consumption varieties with elasticity of substitution > 1:

Loy 1
(13) C = (fm 19;.;(;;7'011')”*‘,
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where ¥, is an IID preference shock that is also lognormal with time-dependent vari-
ance, or log ¥;, ~ N ( b a%y,). We also define the corresponding ideal price index:

(14) P, = (f[o,l]ﬁitpilt_ndi>l+”-

Households can save in either money or risk-free one-period bonds B, (in zero net
supply) that pay an interest rate of (1 + i,). The household owns the firms in the
economy, each of which has profits of II,,. Thus, the household faces the following
budget constraint at each time #:

(15) M, + B, + j‘[o,l]pitcitdi =M+ (1 + it—l)Bt—l + f[o,l] Wi N, di
+ f[OJ] I, di + T,

where p;, is the price of variety i, w;, is a variety-specific nominal wage, and 7 are
transfers of money from the government.

The aggregate money supply follows an exogenous random walk with drift 1,
and time-dependent volatility o:

(16) log M, = log M,y + puy + oy'e},

where the monetary innovation is an IID random variable that follows £/ ~ N (0, 1).
So that interest rates remain strictly positive, we assume that % (Jﬁw ) 2 < iy for all

t € N.

B. Firms

The production side of the model follows closely the model from Section I. Each
consumption variety is produced by a separate monopolistic firm, also indexed by
i € [O, 1]. Each firm operates a production technology that is linear in labor:

(17) g = CuAiLy,

where L;, is the amount of labor employed, ¢, is IID lognormal with time-dependent
volatility o, orlog (;; ~ N ( Hes a%,t), and log A, follows an AR(1) with time-varying

el A,
volatility o7

(18) logA, = plogA,_; + of'ef,

where the productivity innovations are IID and follow /! ~ N (0,1). For our main
analysis, we assume that innovations to aggregate productivity and the money sup-
ply are independent. In Supplemental Appendix C, we generalize our results to
allow for arbitrary correlation between these shocks. When the firm sells output at
price p;; and hires labor at wage w;;, its nominal profits are given by II;, = p;;q;; —
w;; L. Since firms are owned by the representative household, their objective is to
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maximize expectations of real profits, discounted by a real stochastic discount factor
. A
A,. Thus, the firm’s payoff is F:Hi,.
At the beginning of time period ¢, firms first observe A, ; and M, ;. Firms also
receive private signals about aggregate productivity s and the money supply s2/:

(19) S?t = logA, + UA,s,tng't’A

M M
sip = log M, + ops,€5 s

where the signal noise is IID and follows 5, e5Y ~ N (0, 1). Firms are uncertain

about the idiosyncratic productivity shock (;,, demand shock ¥;,, and labor supply
shock ¢;,.

C. Markets and Equilibrium

In each period, conditional on the aforementioned information set, firms choose
a supply function. As in Section I, firms make this decision under uncertainty
about demand, costs, and the stochastic discount factor. But, as will become clear,
this uncertainty is now partially about endogenous objects. After firms make their
choices, the money supply, idiosyncratic demand shocks, and both aggregate and
idiosyncratic productivity are realized. Finally, the household makes its consump-
tion and savings decisions and any prices that were not fixed adjust to clear the
market. Formally, we define an equilibrium as follows.

DEFINITION 1 (Supply-Function General Equilibrium): An equilibrium is a col-
lection of variables

{ {pit’ 9ir» Cits Nits Lits Wis Hit}ie [0.1] C.P.M, A, B, N,, At}tEN

and a sequence of supply functions {ﬁ,: R%r+ — R}ie[o,l],te,\, such that, in all
periods:

(i) All firms choose their supply function f;, to maximize expected real profits
under the household’s stochastic discount factor.

(ii) The household chooses consumption C;, labor supply N;, money holdings
M,, and bond holdings B, to maximize their expected utility subject to their
lifetime budget constraint, while A, is the household’s marginal utility of
consumption.

(iii) Money supply M, and productivity A, evolve exogenously via equations (16)
and (18).

31t is not important that firms are fully uninformed about these quantities. The model’s predictions would be
identical if firms also received noisy signals about their idiosyncratic shocks.
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(iv) Firms’ and consumers’ expectations are consistent with the equilibrium law
of motion.

(v) The markets for the intermediate goods, final good, labor varieties, bonds,
and money balances all clear.

We will also often be interested in describing equilibrium dynamics conditional
on a (potentially suboptimal) supply function for firms. Formally, these temporary
equilibria are equilibria in which we do not require statement (1) of Definition 1.

III. Supply Function Choice and Aggregate Supply

We now study the model’s equilibrium predictions, focusing on the equilibrium
determination of the aggregate supply curve. We proceed in three steps. First, we
solve for all equilibrium conditions except for the firm’s supply-function decision.
Second, we show that, fixing any log-linear supply schedule, the economy admits
a unique log-linear equilibrium that has a simple aggregate supply and aggregate
demand representation. The slope of aggregate supply depends on the slope of
firm-level supply, in conjunction with other parameters. Third, we combine this with
our solution for optimal supply schedules from Theorem 1 and fully characterize
equilibrium in terms of a single, scalar fixed-point equation for the firm-level sup-
ply elasticity. We study how strategic interactions, the elasticity of demand, and the
combination of microeconomic demand uncertainty alongside aggregate produc-
tivity and monetary uncertainty affect the equilibrium aggregate supply elasticity.
Finally, we show how supply function choice can be tractably incorporated in a
larger class of dynamic general equilibrium (GE) models.

A. Firms’ Uncertainty in Equilibrium

We begin by deriving the general-equilibrium analogs of the four objects that were
central to the firm’s problem in Section I: firm-specific demand shocks, firm-specific
marginal costs, the price level, and the stochastic discount factor. We do so by deriv-
ing the household’s Euler equations for bonds, money, and labor supply. We sum-
marize the results of this below.

PROPOSITION 1 (Firm-Level Shocks in General Equilibrium): In any temporary
equilibrium, demand shocks, aggregate price shocks, stochastic discount factor
shocks, and marginal cost shocks follow.

I

T+ 4

.Y
C;"M, A, = C;7, M,;, = 0 C:

20 \Ili - 19iC,P - ir = ,
( ) t T~ t t CitA[

where i, is a deterministic function of only exogenous parameters that we provide in

the Appendix.

PROOF:
See Supplemental Appendix A.3.
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Each of these expressions is intuitive given the general equilibrium structure of
the model. First, the firm’s demand shock is the product between its idiosyncratic
demand shock and aggregate demand. Second, the demand for real money balances
is decreasing in the interest rate as this determines the opportunity cost of holding
money (which itself depends on the future path of monetary volatility, the drift of
the money supply, and the household’s discount factor). Moreover, this demand is
increasing in the household’s level of consumption because of an income effect, which
is governed by the curvature of consumption utility ~. Intuitively, when consumption
utility has greater curvature, income effects in money demand are larger and money
demand is more responsive to changes in consumption. Thus, consumption responds
less to real money balances when + is large. Third, the SDF is the marginal utility
of consumption. Finally, the real marginal cost of firms is increasing in the level of
consumption because of the same income effect, and decreasing in their productivity.

The uncertainty the firm faces in light of Proposition 1 concerns endogenous
objects. This introduces strategic uncertainty (i.e., payoff-relevant uncertainty about
other firms’ choices).4 Moreover, firms’ uncertainty is correlated across variables
due to macroeconomic linkages in the product, money, and labor markets.

An important technical implication of Proposition 1 is that, if C; is lognormal,
then so too is (\Il i Py Ny M it). This follows from the fact that all four expressions
are log-linear and all other fundamentals (A,, M,, 9,,, ¢;;, (;,) are lognormal by assump-
tion. Therefore, if we can find that C, is lognormal in equilibrium, our Theorem 1
can be directly applied to determine the optimal supply function in general equilib-
rium in our fully nonlinear setting. We will call an equilibrium in which log C; is
linear in (logA,, logM,) a log-linear equilibrium.

B. From Supply to Aggregate Supply with Fixed Functions

We start by assuming that firms’ exogenously set log-linear supply functions:

(21) logp; = ag(ar,) + ap,logg,

where a;, € Ris a fixed parameter and ag, () is the profit-maximizing “inter-
cept” conditional on this slope.” This optimal intercept depends on the slope «; ,, the
firm’s beliefs, and realized demand, but not (independently) on the realized quantity.
This has two purposes. First, this assumption allows us to explore what happens in
temporary equilibrium when firms use a given supply function. This is useful for
understanding what strategic restrictions on firms’ pricing strategies (e.g., exoge-
nously imposing price setting) imply for macroeconomic dynamics. Second, this
assumption is our guess about what firms’ supply function will be in equilibrium,
which we will later verify as correct. This allows us to understand the ultimate mac-
roeconomic implications of optimal supply function choice.

4One interesting implication of Proposition 1 is that nominal wages, w;, = #’i’@,M” provide information
only about exogenous objects. A stronger implication is that a model in which firms draw inferences from both
output-market prices and input-market prices has identical predictions to our studied model.

3We will later verify that all firms use a common slope in equilibrium. In light of Theorem 1, this is because all
firms are exposed to uncertainty in the same way.
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Conditional on these supply functions, we guess and verify that there exists an
equilibrium in which aggregate consumption and the price level are log-linear in
aggregate shocks:

(22) logP, = XO,t(al,t) + XA,z(al,t)logAt + XM,l(al,t)loth
logC, = S(O,t(al,t) + XA,[(al,t)logAt + XM,t(al,t)long

To this end, we define the posterior weight on firms’ signals of productivity and

. A A2\ !
the aggregate money supply as, respectively, k; = (1 + (UA’SJ/ a,) ) and

2\ -1
kM = (1 + (UM’S’,/ aﬁ"’) ) . Moreover, define the slope of supply functions in

terms of logz;, = nlogP, + logW¥; as’
(&3]

(23) Wi = Tnau-

We now characterize equilibrium macroeconomic dynamics with fixed supply
functions. We show that macroeconomic dynamics in log-linear general equilibrium
are equivalent to those that would be generated by an aggregate demand and aggre-
gate supply (AD/AS) model, in which productivity shocks shift the AS curve and
money shocks shift the AD curve. Critically, the slope of aggregate supply depends
on the slope of firms’ supply schedules.

THEOREM 2 (Equilibrium and AD/AS Representation): There is a unique
log-linear temporary equilibrium. The behavior of aggregate prices and output in
this temporary equilibrium is equivalent to that generated by the following “aggre-
gate demand/aggregate supply” model:

(AD) logP, = log<#til) — ePlogY, + logM,
(AS) logP, = logP, + e;logY, + 6,logA,,

where the inverse supply and demand elasticities are given by

M Wit M
(24) € = et T(l _ ) and P =
t ’7 1 - 1 _ M t ’Y’
( uJl,tﬁ)( Rt )

and the interest rate i,, the intercept for the price level log P,, and the partial equilib
rium effect of productivity shocks 6, do not depend on (log P,logY,logM,, logA,).7

PROOF:
See Supplemental Appendix A.4.

©So everything remains well defined, we will impose that w,, # (n — 1/7)(1 — ;) forx € {A,M}. Our
analysis verifies that these values of w, , cannot occur in log-linear equilibrium (see the proof of Theorem 3).
7 See Supplemental Appendix A.4 for explicit formulae for these terms.
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log ﬁ + log M,
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FIGURE 2. AN AGGREGATE SUPPLY AND DEMAND REPRESENTATION

Note: An aggregate supply and demand illustration of dynamics after a shock of size AlogM to the money supply
(see Theorem 2).

In this representation, the aggregate demand curve combines the Euler equations
for money and bonds with the transversality condition and implies that (i) the inter-
est rate is a function of exogenous parameters and (ii) aggregate consumption has an
elasticity of 1/ to changes in real money balances. The slope (or inverse elasticity)
of aggregate demand in our model is . The AS curve describes the equilibrium
relationship between aggregate output and aggregate prices by aggregating firms’
microeconomic pricing and production decisions conditional on a fixed inverse sup-
ply elasticity.

We illustrate this representation in Figure 2. An “aggregate demand shock,” an
increase of the money supply by logM| — logM, = AlogM > 0, shifts up the AD

AlogM AlogM
5 28~ on real output and 5=°%

curve. This has an effect of 5 s
+ € €’ +e€

on the price level.
€

The price effect is larger and the quantity effect is smaller if ¢ is large. This calcu-
lation also makes clear that € is the relative effect of an aggregate demand shock on
the price level versus real output.

The Propagation of Demand Shocks.—To obtain more intuition for the propaga-
tion of shocks via firms’ supply schedules, we expand the response of the price level
to a money shock into a partial equilibrium effect (PE) and a series of higher-order
general equilibrium (GE) effects:®

AlogP s o ~ ;
29) Sioght = e = (10 30w e - 5)00 - ).

Partial equilibrium General equilibrium

8This expression is derived by multiplying the numerator and denominator of €5/(e¢? + €§) by
(1 — w1 — xM) and expanding it into a geometric summation. The summation only converges when
|wi(n — 1/9)(1 — &M)| < 1. Our fixed point arguments establish that the claimed formulae hold more
generally whenever |w;,(n — 1/7)(1 — &M)| # 1. The proof of Theorem 3 shows the final case of
lwi(n — 1/9)(1 — kM)| = 1 cannot happen in equilibrium.
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It is first helpful to understand the case of pure price setting (w;, = 0). In this
case, an increase in M by 1 percent raises real money balances by 1 percent, which
increases consumption demand by 1/+%. From the households’ labor supply con-
dition, this increases real marginal costs by v x 1/ = 1%. As the firm wishes to
set its relative price equal to a constant markup over real marginal costs, the direct
partial equilibrium effect of the shock is for the firms to increase prices by 1 per-
cent. Next, in general equilibrium (i.e., accounting for the effect of the shock on the
aggregate price level), the 1 percent increase in the price level induces a given firm
to increase prices by 1 percent. However, higher prices also reduce real consumption
demand, which lowers marginal costs by v x 1/~%. Thus, the general equilibrium
effects net out, and an increase in M increases prices one-for-one. Finally, when
firms are imperfectly informed of the money supply, they perceive that real marginal
costs increase by only xM% on average. Thus, the price level increases by %,
which is obtained in equation (25) by setting w;, = 0.

Consider now the case with general supply functions. A 1 percent increase in the
money supply induces the firm to experience a 1 /7% demand shock. As the firm has
an inverse supply elasticity of w, ,, this leads to an additional effect in which the firm
increases prices by w;,/v%. In order to keep its markup over real marginal costs
fixed, firms reduce prices by k) x w;,/7% on average (via their intercept), which
is their perceived increase in their demand following an increase in the money sup-
ply. Thus, the PE effect involves an addition term relative to the case of pure price
setting, given by wl,t(l — mﬁ”)/'y.

With supply functions, there are also general equilibrium effects: a 1 percent in
the aggregate price level leads all firms to experience a demand shock of 1 percent
(as the prices of their competitors have increased). But it also reduces real consump-
tion demand by 1/~%, since real money balances fall. Together, these effects lead
firms to increase their prices by w;, X (77 -1/ 7) %. To keep the markup over their
nominal marginal cost constant, firms reduce prices by ¥ x Wy X (77 -1/ fy)%
on average, which is their perceived increase in their demand. In total, out of a mon-
etarily induced 1 percent increase in the aggregate price level, the average increase
in firms’ prices is therefore w;, x (n — 1/7) X (1 - /a'[,w)%. Iterating this to all

subsequent price increases in general equilibrium GE yields equation (25).

A novel implication of our model is that the extent of general-equilibrium strate-
gic complementarity hinges critically on the slope of the supply function. Starkly,
general-equilibrium interactions would be entirely absent (i.e., pricing decisions
would be neither complements nor substitutes) if price setting (w;, = 0) were
exogenously assumed: The PE effect would be % and the GE effect would be
0 percent. Through this lens, predictions for complementarity in benchmark price
setting (Woodford 2003a) and quantity setting (Angeletos and La’O 2010) models
are joint predictions of the economic environment and an exogenous restriction on
firms’ strategy space.

The Propagation of Supply Shocks.—WHhile our study is primarily focused on
predictions for the aggregate supply curve and transmission of demand shocks, our
model also makes predictions for the transmission of supply shocks. In the AD/AS
representation, a positive shock to logA, corresponds to an outward shift of the AS
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curve, which raises real output and lowers the price level. While the relative effect
on the price level and on real output is €” = ~, the level of these responses varies
with the slope of supply functions, w ;.

To understand the reason for this, we can, just as above, decompose the effect into
partial and general equilibrium components:

AlogP e J
0 A xS (- - )

GE

The PE effect is immediate: firms perceive a k2% decrease in their real marginal
costs and adjust their prices by an equal percentage. The GE effects of the change in
the price level are identical to those under monetary shocks, other than that produc-
tivity uncertainty may differ from monetary uncertainty. Thus, strategic interactions
are attenuated by a factor of 1 — ' rather than 1 — x¥. In sum, a key takeaway
from our analysis is that the general equilibrium transmission of shocks crucially
depends on the slopes of microeconomic supply curves in the economy.

C. The Slope of Aggregate Supply in Temporary Equilibrium

We now study how various microeconomic forces affect the slope of aggregate
supply.

COROLLARY 3 (How Microeconomic Forces Affect Aggregate Supply): If firms’
supply curves are upward-sloping (i.e., w;; € 0,1/ 77)), then the following state-
ments are true: d

(i) Steeper microeconomic supply steepens the AS curve: det |Ow;, > 0.

(ii) Precision of private information about money steepens the AS curve:

D€y /oM > 0.
(iii) Income effects steepen the AS curve: O¢d /oy > 0.
(iv) A higher elasticity of demand steepens the AS curve: O¢5 /On > 0.

PROOF:
Follows immediately from differentiation of equation (24).

To understand the first statement, observe that a steeper microeconomic supply
function makes prices more responsive to realized quantities ex post. At the aggre-
gate level, this implies that the price level is also more responsive to changes in
output. Second, more precise private information about the money supply steep-
ens the AS curve because firms respond to the perceived increase in the money
supply by increasing average prices (as modulated through the intercept ay,;).
This reduces variation in real money balances, thereby attenuating the effect of
demand shocks on aggregate output. Third, output responds less to money balances
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the higher is = (see Proposition 1). Consequently, a higher v steepens the AS
curve.

Finally, a lower elasticity of demand flattens the AS curve. Crucially, this effect
is nonzero if and only if w;, # 0, i.e., firms do not undertake pure price setting.
This flattening operates through the general equilibrium transmission mechanisms
of the model. When other firms raise their prices in response to a money sup-
ply shock, firm-level demand increases because the firm’s relative price is now
lower. The magnitude of this demand change is exactly parameterized by the elas-
ticity of substitution 7). If the responsiveness of prices to quantities at the firm
level is nonzero, this demand increase generates an additional price level response.
Consequently, higher market power flattens the AS curve by lowering the respon-
siveness of firm-level prices to relative price changes. This prediction is opposite
to the prediction that Woodford (2003b) obtains: in a New Keynesian model with
decreasing returns to scale, the slope of the Phillips curve is lower when demand
is more elastic.”

Aggregate Supply under Price Setting and Quantity Setting.—We can illustrate
some of these effects even more sharply by describing the slope of aggregate supply
under the common assumptions of pure price setting and quantity setting. We find
that the aggregate supply curve is vertical under quantity setting and maximally flat
under price setting:

COROLLARY 4 (Aggregate Supply under Price Setting and Quantity Setting): If
firms engage in price setting (wl’t = 0), then

(27) €& = 1"

If firms engage in quantity setting (wl,t = %), then

(28) € = oo.

We illustrate these two “extreme” predictions for aggregate supply and demand in
Figure 3. Since ¢’ is increasing in w ,, the price setting case provides a lower bound
on the inverse elasticity of the aggregate supply curve (among all upward slop-
ing supply functions) and therefore maximizes the real effects of demand shocks.
Moreover, as mentioned above, the slope is invariant to the elasticity of demand
only in this case. The case of price setting recovers the aggregate supply elasticity of
Lucas (1972) with the same insight that more precise information about the money

supply leads to a steeper aggregate supply curve.

9Moreover, the interaction between market power and the slope of aggregate supply arises for completely dif-
ferent reasons. In the New Keynesian model, the logic is that: when demand is very elastic, higher prices translate
to much lower quantities and, under decreasing returns, much lower marginal costs. This dampens the desired price
change in response to a nominal cost shock.
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Panel A. Price setting (w;, = 0) Panel B. Quantity setting (w;, = 1/7)
log P, log P,
AS
AD, AD

log Yy, log Py, + Alog M

log Y, + %(1 — M) Alog M, ADy
log Py + M Alog M
log Yy, log P,

log Y,

log Yy, log P,

log Y,

FIGURE 3. AGGREGATE SUPPLY UNDER PRICE SETTING AND QUANTITY SETTING

Note: An aggregate supply and demand illustration of dynamics after a shock of size AlogM to the money supply
(see Theorem 2) under price setting (panel A) and quantity setting (panel B).

In sharp contrast, the AS curve is vertical under quantity setting and money has
no real effects. This is not a foregone conclusion, but an equilibrium result. Indeed,
quantity-setting firms could condition their production on their monetary signal
and money would have real effects if they did so. As a simple example, setting
logg;, = s is feasible for firms and this would imply that money has real effects:
C, < M,. The second part of Corollary 4 follows from the fact that if firms set quan-
tities, then there is no equilibrium in which firms’ quantities depend on the monetary
signal.

These results emphasize that the kinds of strategies firms use have large mac-
roeconomic consequences. It may be unappealing that the choice of the economic
analyst about what kinds of strategies firms use has such large macroeconomic
implications. A key benefit of the supply functions approach is that it allows the
analyst to avoid imposing such restrictions and the potentially unintended conse-
quences for macroeconomic predictions that follow.

D. The Equilibrium Slope of Aggregate Supply

We now endogenize the firm-level inverse supply elasticity as a best response to
equilibrium macroeconomic dynamics. We have verified that if firms use log-linear
supply functions, then aggregate dynamics are endogenously log-linear (by
Theorem 2). Moreover, we have verified that if aggregate dynamics are log-linear,
then firms’ uncertainty is endogenously lognormal (by Proposition 1). Thus, we
have shown that firms’ supply curves are endogenously log-linear in a log-linear
equilibrium (by Theorem 1). By combining these results, we reduce the determina-
tion of log-linear equilibrium in the full dynamic economy with functional supply
decisions by firms to a single, scalar fixed-point equation for the slopes of supply
functions:



734 THE AMERICAN ECONOMIC REVIEW FEBRUARY 2026

THEOREM 3 (Equilibrium Supply Elasticity Characterization): All (and only all)
solutions w,, € R of the following equation correspond to transformed inverse
supply elasticities in log-linear equilibrium:

(29) Wi = Tz(wl,z)

1 Ly, M
w*(” 17)“’ . (0%)2
]_wl,r(n_?/')@_“t)

) st ’ M 2
( M)) (O-"S)

1— Ky

(777%)”? A
7l

)+
(=) (1—r) 1

1|
1) ,.A 2 1 1
2 ("77) ki A2 Ft (77*5
Uﬂ’l—i_ <1_Wl,t(77_"i/)(l_’<'f)> (O—I‘S) * <1_Wl,t(77_%)

where (aﬁs)z = (1 — /@?) (U’f)zand (O’%)z = (1 — K?/[) (Jﬁ”)z.

PROOF:
See Supplemental Appendix A.5.

This fixed-point equation incorporates the variances and covariances that enter
the optimal supply function as a function of equilibrium macroeconomic dynamics
when firms use supply functions with transformed inverse supply elasticities w; .
This depends on the responsiveness of aggregate prices and output to aggregate
productivity and monetary shocks as well as the conditional uncertainty about these
shocks when firms set their supply functions. Firms’ idiosyncratic uncertainty about
demand matters, but firms’ uncertainty about idiosyncratic productivity and factor
prices does not, as the variance of marginal costs per se does not matter for the
choice of an optimal supply function.

This result makes clear that our model has different implications than those that
study monetary nonneutrality with endogenous information acquisition. In our
model, firms learn via the endogenous signals produced by the market mechanism.
This differs from the premise of rational inattention models, wherein firms have
unrestricted access to information but can only process it at a cost. This difference
in information structures drives significant differences in results. In the rational inat-
tention model of Mackowiak and Wiederholt (2009), for example, any increase in
idiosyncratic uncertainty lowers the responsiveness of prices to aggregate shocks.
In our model, idiosyncratic productivity and cost uncertainty are not directly rele-
vant for the slope of aggregate supply, whereas idiosyncratic demand uncertainty
is directly relevant. Moreover, in our framework, the slope of aggregate supply
depends on whether aggregate uncertainty is driven by real or nominal shocks. Thus,
the information that arises endogenously through the market mechanism (firms’
observation of their demand) is fundamentally different from the information that
firms are restricted to obtain under existing models of costly information acquisition
with price-setting firms.

In the remainder of this section, we will study this equation to understand equilib-
rium dynamics. First, we can use this result to establish log-linear equilibrium exis-
tence and provide a bound on the number of equilibria by rewriting the fixed-point
equation as a quintic polynomial in w; ,:
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PROPOSITION 2 (Existence and Number of Equilibria): There exists a log-linear
equilibrium. There exist at most five log-linear equilibria.

PROOF:
See Supplemental Appendix A.6.

To understand why there are possibly multiple equilibria, let us compare two
situations: one where firms set flat supply functions and one where firms set steep
supply functions. If firms set steep supply functions, then prices are highly sen-
sitive to demand, and so the aggregate supply curve is steep (recall Theorem 2).
Conversely, if firms set flat supply functions, then the aggregate supply curve is flat.
When the economy is hit by larger monetary shocks than productivity shocks, an
economy with a steeper aggregate supply curve will generate greater variability in
the aggregate price level. Moreover, greater variability in the aggregate price level
leads to large losses from price-setting behavior and thus leads to firms wanting to
set steeper supply functions (recall Theorem 1). Because of this, there can exist a
feedback mechanism whereby steeper supply functions can generate greater equi-
librium price volatility, which in turn reinforces the benefits of setting a steeper sup-
ply function. If this feedback mechanism is sufficiently strong, then there may exist
multiple equilibria. Supplemental Appendix D.4 provides a quantitative illustration
of the potential multiplicity of equilibria.

We now study how uncertainty, strategic interactions, and market power shape
the aggregate supply elasticity in equilibrium.

A Simple Characterization under Balanced Strategic Interactions.—We
first characterize the slope of aggregate supply under the parametric condition
n~y = 1. Recall from our discussion in Section IIIB that n parameterizes the
strength of strategic complementarities: the additional increase in demand that a
firm faces from an increase in the aggregate price level due to a change in relative
prices. In contrast, 1/~ parameterizes the strength of strategic substitutabilities:
the reduction in demand a that firm faces from an increase in the aggregate price
level due to a reduction in aggregate consumption (that results from the reduction
in real money balances). Hence, ny = 1 corresponds to the case in which these
forces exactly balance. This allows us to simplify the fixed point in equation (29)
considerably.

COROLLARY 5 (Idiosyncratic versus Aggregate Demand Uncertainty): When
nvy = 1, the unique inverse elasticity of aggregate supply is

K |
(30) g =t (i )
' 1 —r! Vo7l

g . . .
where p, = % is the relative uncertainty about demand versus the money supply.

tls

PROOF:
See Supplemental Appendix A.7.
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First, observe that uncertainty about aggregate productivity does not enter the
slope of aggregate supply when ny = 1. This is because a perceived increase in
aggregate productivity induces all firms to decrease their prices. In the absence of
additional strategic interactions, firms will not respond to other firms’ price reduc-
tions. Hence, the demand state z (equation (8)) is not useful for conducting infer-
ence about productivity and so x7 does not enter the fixed point. The same is not
true for uncertainty about the money supply, as it induces direct variation in the
demand state z by changing aggregate consumption through real money balances.
Consequently, firms can condition on the demand state z to learn about their nominal
marginal costs when the money supply is uncertain.

Second, as p, — oo, the inverse elasticity of aggregate supply approaches

kil

T This is the AS curve slope under price setting (w;, = 0). Intuitively, idio-
A

syncratic demand conditions do not affect a given firm’s marginal cost. Hence, as
idiosyncratic demand becomes relatively more volatile, the firm optimally sets a
constant price to keep its markup over marginal cost constant. Had the firm chosen
wy,; # 0, the firm would induce unprofitable variation in its price by responding to
idiosyncratic demand conditions.

Third, as p, — 0, the inverse elasticity approaches infinity. Consequently, aggre-
gate supply is perfectly inelastic and money has no real effects on output. This is
the AS curve that arises from quantity setting (w;, = %) Intuitively, as uncertainty
about the money supply—and therefore the aggregate price level—increases, firms
find it optimal to keep their quantities constant and let their relative price adjust to
demand.

This discussion highlights that relative uncertainty about idiosyncratic versus
aggregate demand shocks is a crucial determinant of the slope of aggregate supply.
Moreover, this feature only becomes relevant once firms are allowed to optimally
choose their supply functions. As Corollary 4 demonstrates, if one were to exog-
enously impose price setting or quantity setting, the slope of aggregate supply is
independent of any feature of idiosyncratic or aggregate uncertainty other than the
signal-to-noise ratio for the money supply.

Thus, supply function choice implies, as a positive matter, a thorny trade-off for
monetary policymakers. If the central bank wishes to maintain the discretion to
surprise private agents via its policy actions, this will increase uncertainty about the
money supply. In turn, this will steepen the equilibrium aggregate supply curve and
make money less effective in guiding real economic outcomes. Therefore, maintain-
ing monetary policy discretion may be, at least partially, self-defeating.

Equilibrium under Dominant-Uncertainty Limits.—To better understand how
each source of uncertainty matters, we next characterize how equilibria behave as
each source of uncertainty becomes dominant.'” These results hold for any values
of » > 1 and v > 0, in contrast to the analysis above under balanced strategic
interactions.

19Formally, we take these limits for ojsand x € {M ,A} by scaling o, ;, and o by a common factor.
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COROLLARY 6 (Dominant-Shock Limits): The following statements are true:
(i) As oy, — o0, in any equilibrium wy, — 0 (price setting)

(ii) As a% — 00, in any equilibrium wy, — % (quantity setting)

1

(iii) As U}TS — ooandny # 1, inany equilibrium w;, — ——
Y
PROOF:
See Supplemental Appendix A.8.

The intuition for this result mirrors that of Corollary 5. As idiosyncratic uncer-
tainty about demand becomes dominant, firms find it optimal to set prices to keep
their markup over nominal marginal costs constant. As prior uncertainty about the
money supply becomes dominant, firms become more uncertain about the aggregate
price level. Consequently, firms find it optimal to set quantities and let their relative
prices adjust to meet demand. Finally, as uncertainty about aggregate productivity
becomes dominant, firms use the demand state z to make inferences solely about the
realization of aggregate productivity. Under perfect information, a 1 percent decrease

in productivity would imply that firms raise their prices by 1 percent. This translates
to an (17 — %)% increase in demand for a given firm. Since firms believe that all
fluctuations in demand are driven by productivity shocks, they set their optimal sup-
ply function slope to w;, = [1 / (77 — %)] . This ensures that a 1 percent increase in
productivity will reduce prices by 1 percent, thus keeping their markup over nominal
marginal costs constant. Observe that this force implies a downward-sloping supply

curve whenever ny < 1. Intuitively, if ny < 1, income effects in labor supply are
weak and the firm expects a lower real marginal cost after a positive demand shock.

The (Absent) Role of Total Uncertainty.—We have so far seen that the nature
of uncertainty (idiosyncratic versus aggregate and demand versus productivity)
matters. Thus, the presence of uncertainty is of central importance to our analysis.
However, a distinguishing feature of the theory that we have developed is that the
total level of uncertainty does not matter. To make this claim formal, fix a scalar
A > 0 and scale all uncertainty in the economy according to

(31) (019,1’ 060004, 0A,5. OM 1> UM,s,z) = (>\ 09,15 A Ozt A Opps A OAp A OAs,t5 A OM.1» A UM,.\',t) .

In this sense, A is a measure of the total level of uncertainty faced by firms. Define
the correspondence £:R, = R, where £ ()\) is the set of equilibrium inverse sup-
ply elasticities for the level of uncertainty A\. We observe the following.

PROPOSITION 3 (Invariance to Uncertainty and Discontinuity in the Limit): For
A > 0,8 ()\) is constant and the equilibrium supply elasticity is invariant to the
level of uncertainty. Moreover, £ (0) = {oo} Therefore, the equilibrium supply
elasticity is discontinuous in the zero uncertainty limit:

(32) lim £/(X) # £(0).
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PROOF:
See Supplemental Appendix A.9.

There are two important implications of this result. First, the total level of uncer-
tainty does not matter for the slope of the aggregate supply curve. This constitutes a
significant difference between our model and models with menu costs. Concretely,
in menu cost models, any increase in uncertainty regarding the optimal reset price
raises firms’ private benefits of price flexibility without affecting the private costs,
which are assumed to be fixed. Thus, increases in uncertainty lead to more variable
prices at the micro level and more monetary neutrality at the macro level. By con-
trast, in our model, the level of uncertainty does not matter—only the relative mag-
nitudes of uncertainty matter. One important implication of this difference is that
idiosyncratic productivity uncertainty has no effect on the slope of aggregate supply
in our model, while it would steepen aggregate supply in menu cost models that
share our primitive economic assumptions on preferences and technology (such as
Golosov and Lucas 2007). Another important implication is that while idiosyncratic
demand variation flattens aggregate supply in our model, it would have no effect in
these menu cost models.

Second, the slope of the aggregate supply curve is discontinuous in the zero uncer-
tainty limit. Indeed, & (/\) is typically neither upper hemi-continuous nor lower
hemi-continuous at A = 0. Thus, even a vanishingly small level of uncertainty can
have significant effects on firm and aggregate behavior. This again represents a sub-
stantial difference to menu cost models, in which a small level of uncertainty has
small effects on aggregate behavior and not the discontinuity that our model gener-
ates.! Importantly, this means that even in environments with low levels of uncer-
tainty, the economic mechanisms that underlie our analysis are unchanged.

E. A General Framework for Macroeconomic Analysis

Our preceding analysis tractably illustrated the effect of supply functions in a
fully nonlinear fashion. To do so, we made a number of simplifying assumptions
regarding preferences and production functions. However, our analysis can readily
be extended to general linearized macroeconomic environments of the kind that are
commonly studied in both state-of-the-art theoretical and quantitative work (e.g.,
McKay and Wolf 2023). We now describe a general class of models in which the
study of supply functions is tractable. We note that this is not meant as being exhaus-
tive of the set of models in which supply functions are tractable or the set of reason-
able macroeconomic models.

Consider a model which generates a demand function for products given by
qis = d(pit, 757 ), where the random variable z2 can depend on other, potentially
endogenous variables of the model as well as exogenous stochastic processes.
Assume further, in this dynamic setting, that the forward-looking value function
V that the firm derives from setting a price p;, and selling a quantity g, is given by
V(pit, qit,z}f), where z}, is an ny-sized vector of (potentially endogenous) variables

"'Similarly, models with information acquisition and nominal rigidities (Afrouzi, Flynn, and Yang 2024) are
also different from our model in that they do not feature this discontinuity in the limit.
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that affect firm’s value at time ¢. Candidate modifications to our framework that
could be incorporated in this fashion include decreasing returns-to-scale, monop-
sony, endogenous markups, price stickiness, investments, and endogenous quality
choice (see Supplemental Appendix B).

As in our model from Section I, the firm’s optimal supply function problem is
to choose a price that is contingent on demand ¢;,.. As we have shown, this is fur-
ther equivalent to choosing a price contingent on the demand state z%,. That is, for
each state realization z%, the firm chooses a price p;, that maximizes the conditional
expected value

(33) pu(zh) = argpmaint[V(pn,d(pit,z,‘?),Zivz) 122].

where we have substituted firms’ demand into the value function. We now consider a
log-linear approximation around a deterministic steady state of this model, using hats
to denote log deviations. The approximated policy function must evidently satisfy

(34) P = @1, Eal2l25]

for some ny-sized vector w ;. Under the assumption that the shocks 2} and 22 are
normally distributed, optimal prices can further be written as

(35) Pie = wl,itzft)

for some scalar w ;. The coefficients w ;, the slopes of firms’ supply functions in
their demand states, then determine the motion for the economy’s log-linearized

ideal price index when averaged across firms, that is, P, = fo Didi. This concludes
the “firm block” of the model.

Following McKay and Wolf (2023), we assume that the aggregate dynamics of
our economy can be summarized as

(36) H.x, + H.e, = 0,

where x, is an n,-dimensional vector of endogenous variables (such as the ideal price
index f’t), g, 1s an n.-dimensienal vector of Gaussian structural shocks, and H_ and
H,. are conforming matrices.'? Equation (36), for example, contains the relevant
first-order conditions and market-clearing conditions that determine the dynamics
of an economy. Of course, the matrices H,X, and H_g, are dependent on firms’ sup-
ply functions through the scalars w; ;.

Given w4, we can solve for the equilibrium dynamics of the system sum-
marized by equation (36). Our additional rational-expectations restriction then
imposes that the value of w ; is consistent with the equilibrium law of motion for
prices given by equation (34). As argued by McKay and Wolf (2023), many of the

12Following McKay and Wolf (2023), we use boldface notation to stack the time paths for all variables (e.g.,
X = (x{ ..... x;,x)/). The matrices H,xt and H_.; are conformable matrices that map bounded sequences to the
space of bounded sequences.
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parametric structural models commonly used for counterfactual analysis fit into the
general framework of equation (36). Our supply function approach simply asserts
that the coefficients H, and H, are consistent with the information underlying firm
decision-making. We thus argue that supply functions can be embedded and studied
within a general class of commonly used macroeconomic models. Validating the
utility of this approach, Nikolakoudis (2025) incorporates supply functions along
the input margin in a production network economy using these methods.

IV. Quantification

In this final phase, we quantify our model’s implications for inflation-output trade-
offs. In particular, we compute the model’s predictions for the slope of aggregate
supply as a function of state-dependent uncertainty. In the United States, aggregate
supply dramatically steepens during the 1970s and post-COVID crisis, consistent
with empirical evidence (Ball and Mazumder 2011; Hazell et al. 2022; Cerrato and
Gitti 2022). Across countries, relative uncertainty can help account for the vast and
well-documented differences in the relationship between inflation and real outcomes
(Lucas 1973; Ball, Mankiw, and Romer 1988).

A. Methods

Our goal is to calculate the model-implied elasticity of aggregate supply and
compare this to empirical evidence. To do this, we use Theorems 1 and 2 to write the
slope of aggregate supply in terms of three parameters as well as sufficient statistics
summarizing uncertainty about endogenous variables. That is,

HM + m(l — /{M)

(37) & =y - ,
1 — e ) (1 — kM)
1 + ndl,t
where
) ~ ~ ~
P N0ps + OMmuws + Orws + NOMps
1t —

2 A ~ 7 A )
OUsr — NOMmu,;s T N0pws — N Opmpy

where the 6., denote period-by-period uncertainty about demand shifters ¥, the
price level P, and real marginal costs M.

Our approach is to calibrate (fy, 7, ﬁM) and directly measure the uncertainties.
Compared to the alternative of structurally estimating all of the model’s deep
parameters and the stochastic processes for all exogenous shocks, this approach has
two main benefits. First, there is a relatively simple mapping from data to theory.
In particular, our estimation of firms’ supply function slopes is independent of the
general equilibrium “block” of the economy and relies only on firms’ beliefs about
payoff-relevant variables. Second, we bypass the theoretically possible issue of mul-
tiple equilibria: our calculations are valid in the model regardless of whether mea-
sured uncertainty is due to variation in fundamentals or due to equilibrium selection.
A limitation is that the method precludes us from studying counterfactuals in which,
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for example, firms’ uncertainty endogenously responds to policy changes. We leave
this kind of counterfactual analysis to future work. Nevertheless, in Supplemental
Appendix D.4, we outline a method for counterfactual analysis and provide further
intuition for when the fixed point of Theorem 3 may feature multiple equilibria.

Structural Parameters.—The period length controls the decision horizon of the
firm. We set this to one quarter to be consistent with findings in US micro-data that
the duration of the median posted price is four months (Bils and Klenow 2004). The
elasticity of substitution between goods, 7, controls the elasticity of demand faced by
firms and, therefore, the relative importance of nominal and real shocks for the firm
(see Corollary 1). We calibrate n = 8 to match the own-price elasticities of demand
estimated by Hottman, Redding, and Weinstein (2016) using retail scanner data in
the United States. The parameter y controls the elasticity of real marginal costs to
real output. We set v = 0.11 to match the estimates of Gagliardone et al. (2025),
who use micro-data from Belgian firms to estimate the elasticity of real marginal
costs to output. The precision of firms’ signals about the money supply, summarized
by the signal-to-noise ratio ", shifts the average slope of aggregate supply. We cal-
ibrate this to match an average aggregate supply slope of 0.11 as estimated by Hazell
et al. (2022), yielding ™ = 0.29. This allows us to isolate all time variation in the
slope of aggregate supply as a consequence of time-varying uncertainty.

Uncertainty.—The crucial remaining ingredient is firms’ uncertainty about
demand, aggregate prices, and real marginal costs. To our knowledge, there are
no datasets that directly measure firms’ multidimensional uncertainty about these
objects over a long period of time. Therefore, we proxy for firms’ subjective
uncertainty using a simple statistical model. Specifically, we use quarterly data
on real GDP, inflation (GDP deflator), and capacity-utilization-adjusted TFP from
1960:1 to 2024:1V."" Using the model’s structure, we construct the aggregate com-
ponent of real marginal costs as M, = Y] /A,, where ¥, is real GDP, v = 0.11
controls wealth effects in labor supply, and A, is TFP. We model real GDP growth,
inflation, and real marginal cost growth via a GARCH model (see Supplemental
Appendix D.1 for details). This gives us a quarterly measure of one-step-ahead
uncertainty regarding macroeconomic variables. This corresponds to the uncer-
tainty an economic agent would have about current-quarter macroeconomic vari-
ables if they observed past economic history and interpreted it using the statistical
model. Our methods are also compatible with other measures of uncertainty, such as
regime-specific covariances from a vector autoregression (VAR) model.

To map our estimated uncertainties to equation (37), we take two additional steps.
First, we observe that real marginal cost uncertainty enters firms’ supply-function
choice only via the covariances of real marginal costs with demand and the price
level (see Theorem 1). These covariances, in turn, depend only on uncertainty about
the aggregate component of real marginal costs. This allows us to directly apply
the GARCH estimates. Second, we observe that the firm-level demand shock is ¥,
= Y,9,, where ¥, is an idiosyncratic demand shock. Since we lack direct estimates

13 The original data are from US Bureau of Economic Analysis (2025a, 2025b) and Federal Reserve Bank of
San Francisco (2025).
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of firms’ uncertainty about idiosyncratic demand shocks, we assume that idiosyn-
cratic demand uncertainty is directly proportional to aggregate TFP uncertainty.
We justify this based on the finding of Bloom et al. (2018) that the time-varying
volatility of revenue-based TFP (TFPR) among manufacturing firms can be accu-
rately modeled as directly proportional to time-varying volatility in aggregate
conditions.'? That is, we set 631,,, = 6%,1 + R? &3\4,1, where the &, are the esti-
mated GARCH variances and R = 6.5 from the quantitative estimates of Bloom
etal. (2018)."3

B. The Slope of Aggregate Supply in the United States

Our estimates imply that the slope of aggregate supply has varied significantly
in the United States since 1960. Panel A of Figure 4 reports an annual time-series
of our estimated slope, and Panel B reports average values over macroeconomic
regimes. Aggregate supply significantly steepens in two episodes: the 1970s, coin-
cident with the Oil Crisis, and the 2020s, coincident with the post-COVID inflation.
Aggregate supply is flatter and roughly constant in the 1960s, the Great Moderation,
the Great Recession, and the recovery from the Great Recession.

Comparison to Empirical Estimates.—The slope of aggregate supply €’ is defined
as the relative response of the price level and real GDP to a monetary expansion
in the same quarter. In other words, €5 measures how inflationary are aggregate
demand shocks in the short-run or the inverse “sacrifice ratio” for monetary poli-
cymakers. Therefore, the object of comparison in the data is the relative elasticity
of inflation and real outcomes to an identified aggregate demand shock or, equiva-
lently, the elasticity of inflation to real outcomes when the latter is instrumented with
an identified aggregate demand shock.

A typical observation in research on US business cycles is that aggregate demand
shocks in the data induce puzzlingly little short-run inflation: that is, in our language,
short-run aggregate supply is relatively flat. For example, Ramey (2016) summa-
rizes a large literature documenting relatively small responses of inflation to exter-
nally identified monetary policy shocks and Hazell et al. (2022) use panel data from
US states to show that there is limited pass-through from unemployment to price
inflation. Two particularly important observations in these studies of US economic
history are the lack of deflation in response to the crash of aggregate demand in the
Great Recession and the lack of inflation after the large subsequent monetary expan-
sion (see also Coibion and Gorodnichenko 2015; Bobeica and Jarocifiski 2019). Our
calculations are consistent with a low average slope of aggregate supply as well as a
low slope during the Great Recession and recovery.

Nonetheless, studies that have estimated a time-varying slope of aggregate supply
in the United States have found larger values in two periods, the 1970s and 2020s.
Our model generates these dynamics as an endogenous consequence of abrupt

4 Foster, Haltiwanger and Syverson (2008) show that cross-firm variation in revenue total factor productivity
(TFPR) derives almost exclusively from demand differences rather than marginal cost differences within specific
industries, justifying our assumption that most “micro-volatility” is demand volatility.

!5Figure Al in the Supplemental Appendix plots each component of estimated uncertainty over time.
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FIGURE 4. THE SLOPE OF AGGREGATE SUPPLY IN THE UNITED STATES OVER TIME

Notes: This figure shows the model implied slope of aggregate supply in the United States. The slope ¢} is defined
by equation (37). As described in Section IVA, we set n = 8 and v = 0.11 based on the literature, calibrate
kM = 0.29 to match an average slope of 0.11 (Hazell et al. 2022), and estimate time-varying uncertainties from a
GARCH model of quarterly frequency GDP growth, inflation, and real marginal cost growth. Panel A displays the
estimated slope averaged to the annual level. Panel B shows average values of the estimated slope in different mac-
roeconomic regimes, defined on the horizontal axis and labeled inside the bars.

changes in the composition of uncertainty. We make this comparison quantita-
tively in Table 1, which compares our predicted dynamics in the slope of aggre-
gate supply to external estimates. The first panel is based on the study of Ball and
Mazumder (2011), who estimate a time-varying relationship between inflation and
the output gap.'® Our model qualitatively matches a steepening of aggregate supply
during the oil crisis and Volcker disinflation (1973—-1984), while aggregate supply is
relatively flat before and after. The second panel is based on the estimates of Hazell
et al. (2022) who, as mentioned above, use state-level data in the United States to
isolate demand-driven variation in real conditions. Our model can account for about
one-half of the authors’ estimated flattening of the Phillips curve from 1978-1990
to 1991-2018.

The third panel shows the consistency of our results with the behavior of aggre-
gate supply before and after the COVID-19 crisis based on the estimates of Cerrato
and Gitti (2022), who use data from US metropolitan statistical areas (MSAs) to
isolate demand shocks. Quantitatively, our model accounts for almost all of the
steepening of aggregate supply between the pre-COVID and post-COVID periods.
Both the model predictions and empirical evidence imply that aggregate demand
shocks were relatively inflationary during this period—consistent with both a large
inflationary effect (and small real effect) of fiscal expansion and a large disinflation-
ary effect (and small real effect) of monetary tightening.

16 These authors construct the output gap using the Congressional Budget Office’s estimate of potential real
GDP. This corresponds to variation in real GDP induced by aggregate demand shocks if aggregate supply shocks
move output together with potential output.
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TABLE 1—COMPARING THE MODEL’S PREDICTION TO EXTERNAL ESTIMATES

Change in slope of aggregate supply relative to base period, compared to estimates from

A. Ball and Mazumder (2011) B. Hazell et al. (2022) C. Cerrato and Gitti (2022)

1960-1972  1973-1984  1985-2007 1978-1990  1991-2018 1991-2019  2021-2023
Data - +175% —32% = —51% - +145%
Model — +53% —27% — —27% - +138%

Notes: This table compares the model’s estimates for the slope of aggregate supply with external empirical estimates.
The values are percent changes in the slope of aggregate supply, relative to the base period (i.e., the first period in each
panel). The three panels correspond to comparisons with different studies: in Ball and Mazumder (2011), column 4 of
Table 3; in Hazell et al. (2022), panel B, columns 3 and 4 of Table I; in Cerrato and Gitti (2022), column 2 of Table 2.

These results suggest that our model’s qualitative predictions for variation in the
slope of aggregate supply are consistent with US empirical evidence. Of course, our
baseline model is lacking several features required to make the model fully consis-
tent with price stickiness at the microeconomic level and realistically sluggish infla-
tion dynamics at the macroeconomic level. Theoretically, we have shown that such
features can be integrated into the supply-function approach, while maintaining the
essential properties of the latter (Section IC).!” We leave a more complete quantita-
tive exploration in a richer model to further research.

Rising Markups and Flattening Supply.—While our analysis thus far has focused
on time variation in only uncertainty, in principle time variation in other structural
parameters could affect the slope of aggregate supply in our model. In Supplemental
Appendix D.2, we show that a version of our quantification that feeds in a secular
decline of the elasticity of substitution, or a secular increase in average markups,
predicts an even more pronounced flattening of the aggregate supply curve over time
(Supplemental Figure A3). We leave a fuller empirical investigation of the model’s
joint predictions for aggregate supply and markups to future work.

C. The Slope of Aggregate Supply around the World

A cursory glance at Figure 4 suggests that aggregate supply is relatively steep in
times during “inflationary crises” in the United States and relatively flat otherwise.
Our quarterly time-series for ¢; has a correlation of 0.93 with one-quarter-ahead
uncertainty regarding inflation and a correlation of 0.62 with the quarterly level of
inflation (Supplemental Appendix Figure A2). The deviation between the level of
inflation and inflation uncertainty primarily occurs near “turning points” of the infla-
tion time series: for example, uncertainty is high despite relatively tame inflation in
2021:1, on the heels of the COVID-19 lock-down, while uncertainty is only mod-
erate despite very high inflation in 1981:11, near the peak of the Volcker tightening
cycle. Nonetheless, the high correlation between these variables presents a chal-
lenge for differentiating the qualitative predictions of our model from alternatives in

17 The extension to sticky prices (Supplemental Appendix B.4) would assist on both fronts. Another possibility,
which is conceptually straightforward to integrate into the model, is to assume that firms do not observe the history
of macroeconomic aggregates and therefore form beliefs using a latent-state (Kalman filtering) model. As shown by
Woodford (2003a) in a model of price setting, the combination of incomplete information with strategic interaction
can generate realistically slow responses of inflation to shocks.
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which price rigidity depends on the baseline rate of inflation or a one-dimensional
summary of inflation volatility (e.g., Ball, Mankiw, and Romer 1988). These include
models of endogenous price reset probabilities and models of menu costs.

To help distinguish between the roles of the level of inflation and uncertainty about
inflation, we conduct a cross-country analysis in the spirit of Lucas (1973) and Ball,
Mankiw, and Romer (1988). We compile annual data on real GDP growth, GDP
deflator inflation, and TFP growth from 19602019 for countries in the OECD.'® In
each country, we model these variables as a one-lag VAR in first differences. Using
the same structural parameters and mapping to the model described above, we con-
struct country-level measures of uncertainty regarding demand, inflation, and real
marginal costs and a model-implied slope of aggregate supply.'”

Our first finding is that our cross-country estimates of the slope of aggregate sup-
ply are not positively predicted by average inflation (panel A of Figure 5). This is in
sharp contrast to our within-country estimates for the United States. Internationally,
the slope of aggregate supply is predicted to be negative for the countries with the
highest rate of inflation—a consequence of the fact that the same countries have
very highly correlated uncertainty about the price level and real marginal costs.

We next show that our model’s predictions for cross-country relationships between
inflation and output growth line up with the data. Panel B of Figure 5 shows a positive
relationship between our predicted slope and the year-on-year regression coefficient
Cov[AlogY,, Alog P,

Var[Alog Y|
Thus, in the raw data, output growth is more inflationary in countries for which we

S
of inflation on real output growth: for each country ¢, 3, =

predict a steep slope of aggregate supply. Of course, the classic conceptual issue
with interpreting inflation-output “correlations” as the slope of aggregate supply is
that macroeconomic outcomes are determined by both demand and supply shocks.
In Supplemental Appendix D.3, we construct a model-derived instrument which
isolates exogenous variation in the money supply. Our IV estimate of the slope of
aggregate supply is also positively correlated with our predicted slope.

While these findings on a small set of countries are merely suggestive, they imply
that our model and its emphasis on relative uncertainties might help account for the
enormous heterogeneity in inflation-output dynamics across countries. Moreover,
the model has predictive power over and above models in which the slope of aggre-

gate supply depends positively on only the mean or volatility of inflation (e.g., Ball,
Mankiw, and Romer 1988).%°

18 We construct TFP as a Solow residual with elasticities 1/3 and 2/3 on the real capital stock and total labor
hours, respectively. We drop three outliers from our calculation, Greece, Iceland, and Sweden, for which we
calculate a slope of aggregate supply and/or inflation-output relationship more than 3 standard deviations away
from the median All raw data are from the most recent edition of the Penn World Tables (Groningen Growth and
Development Centre 2025); see also Feenstra, Inklaar, and Timmer (2015a, b).

19While our calculation embodies numerous assumptions, we argue that the main ingredients capture intuitive
differences across countries. For example, uncertainty about inflation is the lowest among OECD countries in the
United States, Germany, and Canada, and the highest in Chile, Israel, and Mexico.

20Tn Supplemental Appendix Table A2, we more formally demonstrate this in a cross-country regression
analysis.
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FIGURE 5. INTERNATIONAL EVIDENCE ON THE SLOPE OF AGGREGATE SUPPLY

Notes: This figure summarizes our international estimates of the slope of aggregate supply. In each panel, an obser-
vation is an OECD country and the country-level slopes of aggregate supply are calculated using the methods
described in Section IVC. Panel A plots the relationship of the model-implied slopes versus mean levels of inflation
(GDP deflator) from 1960-2019. Panel B plots the relationship between the model-implied slope of aggregate sup-

S
ply and the “reduced-form” slope estimate, §. = Cov [Alog Y., Alog P(.,] /Var [A]og Yn]. Dashed lines are from
linear regressions and the labels identify selected countries by three-letter codes.

V. Conclusion

In this paper, we enrich firms’ supply decisions by allowing them to choose sup-
ply functions that describe the price charged at each quantity of production. We
show how to model supply functions in a macroeconomic setting and character-
ize how the optimal supply function depends on the elasticity of demand and the
nature of uncertainty that firms face. Our framework yields rich implications when
embedded in an otherwise standard monetary business cycle model. We find that a
higher elasticity of demand and increased uncertainty about the price level relative
to demand endogenously steepen aggregate supply. When mapped to the data, our
model generates variation in the slope of aggregate supply that is consistent with
empirical evidence within the United States and across countries.

On the basis of our analysis, we argue that supply schedules warrant serious
consideration as an alternative model of firm conduct in macroeconomics for three
core reasons. First, most existing work assumes that firms set a price in advance and
commit to supply at the market-clearing quantity. Our results emphasize that this is
not generally an optimal way for a firm to behave and that the macroeconomic con-
clusions that one draws about the effects of uncertainty, the propagation of monetary
and productivity shocks, and the role of market power are highly sensitive to this
choice. For example, the price setting assumption maximizes the degree of mone-
tary nonneutrality and leaves no role for market power. Second, we have shown that
working with supply schedules is analytically tractable under the standard assump-
tions in the literature and can be done in a large class of linearized macroeconomic
models of the kind studied by, for example, McKay and Wolf (2023). Finally, taking
the supply-schedule perspective yields economic predictions that are consistent with
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broad trends in US aggregate supply over the last 60 years and cross-sectional pat-
terns in aggregate supply around the world.

Within the context of supply schedules and the macroeconomy, our study is only
a first exploration; there remains much to examine. Recent work has expanded
upon our analysis of the macroeconomic implications of supply function equi-
librium to consider learning from input markets. Of particular note, Hellwig and
Venkateswaran (2025) study a dispersed information model in which firms none-
theless have enough information to implement their full-information pricing policy.
Their analysis also shows how our model of supply function competition in general
equilibrium can be fruitfully integrated into other dynamic macroeconomic mod-
els. Moreover, Nikolakoudis (2025) considers a framework in which firms learn
from input prices in a production network. Further exploration of how different mar-
ket structures affect firms’ supply decisions appears a promising avenue for future
research.
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