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ABSTRACT
We write a New Keynesian model as an aggregate demand curve and an aggregate supply
curve, relating inflation to output growth. The graphical representation shows how struc-
tural shocks move aggregate demand and supply simultaneously. We estimate the curves
on US data from 1948 to 2010 and study two recessions: the 2001 recession and the Great
Recession of 2008–2009. The Great Recession is explained by a collapse of aggregate
demand driven by adverse preference and permanent technology shocks, and expectations
of low inflation.
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I. Introduction

From month to month, discussions of monetary
policy focus on understanding recent fluctuations
in the data. Formal models contribute to this under-
standing to varying degrees across central banks. But
as put by Alvarez-Lois et al. (2008), while there is a
large literature that discusses the theory and estima-
tion of dynamic stochastic general equilibrium
(DSGE) models, there is relatively little that exam-
ines the communication of model results to policy-
makers. This issue is important and here we contri-
bute to it by developing, for estimated DSGE mod-
els, a graphical representation that, because of its
simplicity, helps formal models contribute even
more to policy deliberations. The key innovation of
our analysis is to obtain a graphical representation in
the space of observable variables, the space of infla-
tion and output growth. Because the data are given,
the graphical analysis reveals how a given parame-
trized model decomposes the underlying sources of
movements from one quarter to the next into what
can be labelled as aggregate demand and aggregate
supply fluctuations.

In particular, we represent the New Keynesian
model of Ireland (2004) graphically, characterizing
it in terms of an aggregate demand curve and

aggregate supply curve. Each curve links inflation
to output growth and a structural shift factor. This
is not the first graphical representation of a dynamic
macroeconomic model, but is, to the best of our
knowledge, the first graphical representation of an
estimated DSGE model for which aggregate demand
and supply curves live in the observable space of
output growth and inflation.1 In recent work – that
is independent to our own – Benigno (2009) devel-
ops a graphical representation of a two-period New
Keynesian framework to illustrate, among other
things, the impact of productivity and mark-up
shocks and the role of fiscal multipliers.2 Although
these graphical representations yield valuable
insights, they cannot be taken to the data, either
because they rely on unobservable quantities, like
the output gap, or because they make strong simpli-
fying assumptions, like a two-period economy.

The graphical analysis of the structural model
yields insights that are likely to be novel to many.
For example, the graphical representation makes it
clear that with forward-looking agents any shock,
be it a ‘supply’ shock or a ‘demand’ shock, shifts
both the aggregate demand and aggregate supply
curves through its impact on expectations. It also
shows how increases in inflation expectations
simultaneously expand aggregate demand but

Supplemental data for this article can be accessed here.

CONTACT Mariano Kulish m.kulish@unsw.edu.au
1Carlin and Soskice (2005) and King (2000) analyse different aspects of the New Keynesian model.
2Mankiw (2009) develops a graphical analysis of an ad-hoc model of aggregate demand and supply.
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contract aggregate supply. The degree to which
inflation expectations exercise this joint influence
depends crucially on the parameters that govern the
slope of the curves: the degree of nominal rigidities,
which governs the slope of the aggregate supply
curve, and the parameters of the monetary policy
rule, which, in turn, govern the slope of the aggre-
gate demand curve.

As an application of the graphical representation,
we show how the aggregate demand and aggregate
supply curves behaved over two recessions in the
United States: the 2001 recession and the Great
Recession of 2007 through 2009.

The article proceeds as follows.3 Section II
describes the specific model we illustrate the method
with, showing how to relate the equations of the
model to aggregate demand and aggregate supply
curves. Section III then uses the graphical represen-
tation to analyse two recessions, the 2001 recession
and the Great Recession of 2008–2009. Section IV
discusses the feasibility of graphical representations
in larger DSGE models and concludes.

II. The graphical representation

The model

The details of the New Keynesian model we use can
be found in Ireland (2004). The eight linearized
equations which characterize the economy’s equili-
brium are4

x̂t ¼ Etx̂tþ1 # ðr̂t # Etπ̂tþ1Þ
þ ð1# ωÞð1# ρaÞât (1)

πt ¼ π þ βEtπ̂tþ1 þ ψx̂t # êt (2)

r̂t ¼ r̂t#1þρπðπt#πÞþρgðgt# gÞþρxx̂tþ εr;t (3)

x̂t ¼ ŷt # ω ât (4)

gt ¼ g þ ŷt # ŷt#1 þ ẑt (5)

ât ¼ ρaât#1 þ εa;t (6)

êt ¼ ρeêt#1 þ εe;t (7)

ẑt ¼ εz;t (8)

where hat-variables represent deviations from steady
state values with ŷt denoting the deviation of
detrended output from its steady-state, x̂t the devia-
tion of the output gap from its steady-state and r̂t is
the deviation of the one-period interest rate from its
steady-state, πt the one-period inflation rate and
π̂t ¼ πt # π, at a preference shock, et a negative
cost-push shock and zt a total factor productivity
shock which follows a random walk with drift.
Note that output growth gt and inflation πt are
expressed in levels.

Equation 1 is derived from the representative house-
hold’s Euler equation, relating the output gap negative
to the real interest rate. Equation 2 represents the
economy’s Phillip’s curve, positively relating inflation
to the output gap. The parameter ψ is decreasing in the
output cost that intermediate goods producing firms
face when changing prices. The monetary policy
Taylor rule is given by Equation 3 with the central
bank adjusting nominal rates in response to inflation,
output growth and the output gap. Equation 4 defines
the output gap, and reflects that only preference shocks
move the detrended level of efficient output relative to
detrended actual output. Equation 5 defines output
growth, while Equations 6–8 define the exogenous
processes.

Graphical representation

The equations of the model can be manipulated to
form aggregate supply and aggregate demand sche-
dules relating inflation to output growth. To find the
aggregate supply schedule, substitute Equations 4
and 5 in Equation 2 to get

πt ¼ ψ gt þ ŝt þ ðπ # ψ gÞ (9)

where ŝt ¼ βEt π̂tþ1 þ ψ ŷt#1 # ψ ẑt # ωψ ât # êt. In
the space of output growth and inflation ðgt; πtÞ,
Equation 9 expresses inflation as a linear function
of output growth, with slope ψ and intercept
ŝt þ ðπ # ψ gÞ. Note that the time-varying intercept
ŝt is zero when the economy is on its balanced growth
path. Also note that the slope of the curve depends on
the degree of nominal price rigidities. That is, as
ψ ! 1, prices become fully flexible, which implies
a vertical aggregate supply curve. Conversely as the

3MATLAB files for this article are provided with the Supplementary material.
4Detailed notes and MATLAB code accompanies Ireland’s paper at http://www2.bc.edu/irelandp/programs.html.
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cost of price adjustment rises, ψ ! 0, implying that
the aggregate supply curve flattens.

To obtain the aggregate demand schedule, substi-
tute Equations 3–5 in 1 to get

πt ¼ #
1þ ρg þ ρx

ρπ

! "
gt þ d̂t

þ π þ
1þ ρg þ ρx

ρπ
g

! "
(10)

where

d̂t ¼ # 1
ρπ

r̂t#1 þ
1
ρπ

Etx̂tþ1 þ
1
ρπ

Etπ̂tþ1

#
1þ ρx
ρπ

! "
ŷt#1 þ

1þ ρx
ρπ

! "
ẑt

þ
ωð1þ ρxÞ þ ð1# ωÞð1# ρaÞ

ρπ
ât #

1
ρπ

εr;t:

Note that, as for the time-varying intercept in the
aggregate supply curve, when the economy is on its
balanced growth path, d̂t is zero. The slope of the
curve (Equation 10) depends on the parameters of
the policy rule. A greater response to deviations of
inflation from target, ρπ, flattens the curve. Vice versa,
stronger responses to output growth, ρg , and the out-
put gap, ρx, steepen the aggregate demand curve.

With the values of ŝt and d̂t in hand, the aggregate
supply curve (Equation 9) and the aggregate demand
curve (Equation 10) can be written as a system of
two equations in two variables gt and πt. In matrix
notation:

1 #ψ

1
1þρgþρx

ρπ

" #
πt
gt

# $
¼

ŝt þ π # ψ g

d̂t þ π þ 1þρgþρx
ρπ

% &
g

" #

The square matrix must be nonsingular because
the condition ψ þ 1

ρπ
þ ρg

ρπ
þ ρx

ρπ
!0 is always satisfied

for reasonable values of the policy parameters and
ψ > 0. Inverting the matrix, πt and gt can be
solved by

πt
gt

# $
¼ 1

1þ ρg þ ψ ρπ þ ρx

π ð1þ ρx þ ρg þ ψ ρπÞ þ ψ ρπd̂t þ ð1þ ρg þ ρxÞ̂st
g ð1þ ρx þ ρg þ ψ ρπÞ þ ρπd̂t # ρπ ŝt

2

4

3

5:

(11)

At any point in time, the economy can be
described in the output growth-inflation space, by

the intersection of the aggregate supply curve
(Equation 9), and the aggregate demand curve
(Equation 10). Figure 1 shows the ðgt; πtÞ space
populated by quarterly US observations from
1948Q1 to 2010Q3. If drawn, the linear curves
(Equations 9 and 10) would meet on these observa-
tions. But importantly, these observations are the
same for every model.

We need estimates of the model parameters to
generate the estimated aggregate demand and
aggregate supply curves. We follow Ireland
(2004) with updated data. We calibrate β to
0.99, ψ to 0.1 and ω to 0.06. The remaining para-
meter estimates and SEs are given in Table 1.
They are much the same as Ireland’s. Because of
the strong estimated response of the short rate to
output growth and the output gap relative to the
response to inflation, the slope of the aggregate

demand curve is estimated to be steep: # 1þρgþρx
ρπ

¼
#4:4. The aggregate supply curve is, owing to the
low value of ψ ¼ 0:1, relatively flat. This explains
why the model attributes an important role to aggre-
gate demand shocks.

As noted, the evolution of the economy, in out-
put growth-inflation space, can be described by the
intersection of the aggregate supply and demand
schedules at each point in time. A shock will shift
the time-varying intercepts of the curves, ŝt and d̂t.
Over time, these curves move back toward the
steady state. So, for example, on the impact of a 1

SD shock to εr;t, ŝt ¼ #0:001 and d̂t ¼ #0:026.
Simultaneously, both curves move. To see this,

−0.04 −0.03 −0.02 −0.01 0 0.01 0.02 0.03 0.04 0.05
−0.02

−0.01

0

0.01

0.02

0.03

0.04

gt

π t

Figure 1. United States, 1948Q1–2010Q3.
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return to the expression of the system in matrix
notation (Equation 11) and substitute in the esti-
mated parameter values to get

πt
gt

# $
¼ 0:766 1:317þ 0:029 d̂t þ 1:277 ŝt

1:312þ 0:289 d̂t # 0:289 ŝt

# $

This illustrates an important feature of the analy-
sis, that in general equilibrium, shocks simulta-
neously act on the shifting components of
aggregate demand and aggregate supply, d̂t and ŝt,
through the expectations channel. In the case of the
monetary policy shock, in the period of the shock,
the increase in r̂t directly leads to a contraction in
aggregate demand as agents adjust consumption.
Simultaneously, agents expect the output gap to be
negative in the next period and inflation to be below
steady state which, through the Euler condition,
contracts aggregate demand further. For the supply
side, a fall in inflation expectations acts to expand
supply: because it is costly for firms to adjust prices,
they have an incentive, for any given level of output,
to reduce prices today.

We illustrate the curves and their dynamics fol-
lowing a monetary policy shock in output growth-
inflation space. Figure 2 draws the aggregate demand
and aggregate supply curves at steady state, the per-
iod of the monetary policy shock t ¼ 1, and four
periods later at t ¼ 5. It shows the contraction in
aggregate demand and the expansion in aggregate
supply from steady state following the shock, and the
movements in the curves as the economy returns to
steady state.

The zero lower bound

In regions of inflation and output growth where the
zero lower bound binds, the shape of the aggregate

demand curve changes in an economically interest-
ing way. To see this, first rewrite the Taylor rule
under the zero lower bound constraint as

r̂t ¼ max ð#r; r̂t#1 þ ρπðπt # πÞ þ ρgðgt # gÞ
þ ρxx̂t þ !r;tÞ

so that r̂t ¼ rt # r ¼ #r or rt ¼ 0 at the zero lower
bound, where r is the steady-state level of the nom-
inal interest rate. Substitute r̂t ¼ #r, Equations 4
and 5 to 1 to get an aggregate demand schedule:

gt ¼ ~dt þ g; (12)

where ~dt ¼ r þ Etx̂tþ1 þ Etπ̂tþ1 # ŷt#1 þ ẑt þ ðωþ
ð1# ωÞρaÞât. Equation 12 says that, in the space of
output growth and inflation, the aggregate demand
curve becomes vertical in regions where the zero
lower bound binds. Intuitively, a vertical aggregate
demand curve says that the central bank cannot
engineer an expansion of output by lowering the
nominal interest rate, so that time t growth is deter-
mined solely by structural shocks and expectations.
The derivation of the aggregate supply curve is
unchanged when the nominal interest rate is zero,
so the shape of the aggregate supply curve is the
same in the region where the zero lower bound
binds. Taken together, we can use the graphical
representation with the zero lower bound to see,
for example, how a given shock affects inflation
and output growth differently depending on whether
the equilibrium lies on the sloped (nonzero lower
bound) or vertical (binding zero lower bound) seg-
ment of the aggregate demand curve. For a

Table 1. Maximum likelihood estimates.
Parameter Estimate SE

ρa 0.9489 0.0224
ρe 0.9470 0.0393
ρπ 0.2885 0.0404
ρg 0.2090 0.0451
ρx 0.0679 0.0177
σa 0.0365 0.0122
σe 0.0008 0.0002
σz 0.0120 0.0015
σr 0.0026 0.0003

−0.002 0 0.002 0.004 0.006 0.008 0.01
0.006

0.007

0.008

0.009

0.01

gt

π t

Steady State aggregate supply

t = 1

t = 5

aggregate demand

g

π

Figure 2. Aggregate demand and aggregate supply curves: εr
shock.
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discussion of the effects of shocks which hit the
economy at the zero lower bound and the role for-
ward guidance has in response to those shocks, see
Jones (2015).

III. Two recessions

We estimated the model on US data from 1948Q1
to 2010Q3. This allows us to analyse the beha-
viour of aggregate demand and aggregate supply
over the period of the Great Recession (Ireland
2011). As per Ireland (2004), the observed quar-
terly series were the growth rate in US GDP per
person, inflation of the US GDP deflator and the
3-month Treasury bill rate. The advantage of
drawing the curves in output growth-inflation
space is that the analysis is done relative to fixed
and observable points and that through estimation
we can understand the forces moving the aggre-
gate demand and aggregate supply curves from
the observed points.

We focus on the more recent period of estima-
tion. Figure 3 gives the position of the US economy
for each quarter from 1990Q1 to 2010Q3, with the
quarters from 2007Q1 highlighted in black. The
aggregate demand and supply curves are drawn for
2007Q2 and for 2008Q4 when the curves were farth-
est from the steady state. The dashed lines can be
followed to give the path of the economy over this
period.

The figure makes it clear the extent of the reces-
sionary forces on the US economy in late 2008, with
both inflation and output growth falling well below
steady state. At the estimated parameter values, the
shift of the economy from early 2007 to late 2008
reflected a large decline in aggregate demand and a
significant increase in aggregate supply, as illustrated
by the relative positions of the curves. Following the
trough in 2008Q4, aggregate demand was estimated
to recover to above its steady-state position by
2009Q4, while aggregate supply remained away
from steady state.

To understand why these curves moved, Table 2
shows the components of aggregate demand and
aggregate supply as per Equations 9 and 10. A few
observations are notable. Over the period, expected
inflation below steady-state inflation held back
demand which, according to the model, led house-
holds to hold back consumption. Further, a sequence

of relatively large negative preference shocks and
negative permanent technology shocks also
restrained aggregate demand. On the aggregate sup-
ply curve, expected inflation below steady state in
2008Q4 accounts for much of the movement in the
supply curve from 2008Q3. A series of estimated
positive cost push shocks also pushed the aggregate
supply curve down: a positive cost push shock tem-
porarily increases the elasticity of demand for firms’
output and reduces their markup over marginal
costs, decreasing prices.

The graphical analysis highlights the impor-
tance of ψ, the degree of nominal rigidities, in
interpreting the data. If we were to set this para-
meter differently and re-estimate the model, we
would find, not surprisingly, different shocks that
match the data. This seems clear enough, but is

(a)

−0.03 −0.02 −0.01 0 0.01 0.02 0.03 0.04
−0.005

0

0.005

0.01

0.015

0.02

gt

π t

g

π

2008Q3

2007Q2

2008Q4

(b)

−0.03 −0.02 −0.01 0 0.01 0.02 0.03 0.04
−0.005

0

0.005

0.01

0.015

0.02

gt

π t

g

π

2007Q2

2008Q4

2008Q3

Figure 3. United States, 1990Q1–2010Q3. (a) ψ = 0.1; (b)
ψ = 0.9.
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emphasized by observing that in Fig. 3, the data
points are fixed. Different parameter values would
change the slopes of the two curves. As such,
different shocks will be needed to move those
curves from observation to observation, that is,
the contents of Table 2 will change. For example,
if we instead calibrate a steep aggregate supply
curve, the interpretation of the movement in
aggregate supply in moving from 2007Q1 to
2008Q4 is different. In Fig. 3(b), ψ is calibrated
to be equal to 0.9, which steepens the aggregate
supply curve. With this calibration, the interpre-
tation of the movement in aggregate supply from
2007Q2 to 2008Q4 is reversed: aggregate supply
contracted. Much of difference is due to the mag-
nitude of the estimated technology and preference
shocks outweighing the expansionary effect of
falling inflation expectations.

As a point of comparison to the Great Recession,
Fig. 4 draws the aggregate demand and aggregate
supply curves for 2001Q2 and 2001Q3, estimated
using the original calibration of Ireland (2004).
Also highlighted are the inflation and output growth
observations between 2001Q1 and 2002Q1. The
movement of the aggregate demand and supply
curves between 2001Q2 and 2001Q3 mirror those
of the Great Recession: aggregate demand con-
tracted, while aggregate supply increased. Aggregate
demand then gradually rebounded in the subsequent
quarters.

IV. Conclusion

In this article, we develop a graphical representation
of an estimated DSGE model. We use the version of
the New Keynesian model of Ireland (2004) esti-
mated on US aggregate data to illustrate aggregate
demand and aggregate supply fluctuations. The gra-
phical analysis is useful because it makes it easier for
formal models to contribute to regular policy delib-
erations. Because the representation is achieved in
the space of observable data, inflation and output
growth, the analysis reveals how a given parame-
trized model decomposes the underlying sources of
movements from one quarter to the next. We apply
the graphical analysis to two recessions: the

Table 2. Decomposition of US aggregate demand and aggregate supply, 2008Q1–2009Q4.
Component 2008Q1 2008Q2 2008Q3 2008Q4 2009Q1 2009Q2 2009Q3 2009Q4

Aggregate demand

d̂t −0.0295 −0.0258 −0.0761 −0.1228 −0.0827 −0.0460 −0.0212 0.0127
1
ρπ
Et x̂tþ1 0.0818 0.0981 0.1008 0.0863 0.0889 0.0807 0.0796 0.0802

1
ρπ
Et π̂tþ1 −0.0115 −0.0042 0.0040 −0.0317 −0.0164 −0.0214 −0.0186 – 0.0250

# ð1þρx
ρπ

Þŷt#1 −0.0500 −0.0854 −0.1119 −0.1211 −0.0510 −0.0667 −0.0487 −0.0491

# 1
ρπ
r̂t#1 0.0105 0.0221 0.0257 0.0269 0.0372 0.0379 0.0383 0.0384

ð1þρx
ρπ

Þẑt −0.0572 −0.0477 −0.0751 −0.0232 −0.0804 −0.0142 −0.0129 0.0239

ωð1þρxÞþð1#ωÞð1#ρaÞ
ρπ

ât −0.0130 −0.0154 −0.0190 −0.0458 −0.0499 −0.0540 −0.0554 −0.0560

# 1
ρπ
εr;t 0.0098 0.0066 −0.0006 −0.0143 −0.0112 −0.0083 −0.0036 0.0004

Aggregate supply

ŝt −0.0028 0.0001 0.0045 −0.0088 −0.0036 −0.0065 −0.0060 −0.0093
βEt π̂tþ1 −0.0033 −0.0012 0.0011 −0.0091 −0.0047 −0.0061 −0.0053 −0.0071
ψŷt#1 0.0014 0.0023 0.0030 0.0033 0.0014 0.0018 0.0013 0.0013
# ψ ẑt 0.0015 0.0013 0.0020 0.0006 0.0022 0.0004 0.0003 −0.0006
# ωψ ât 0.0002 0.0002 0.0003 0.0007 0.0008 0.0008 0.0009 0.0009
# êt −0.0027 −0.0025 −0.0020 −0.0043 −0.0033 −0.0035 −0.0033 – 0.0037

−0.03 −0.02 −0.01 0 0.01 0.02 0.03 0.04
−0.005

0.000

0.005

0.010

0.015

gt

π t
2001Q2

2001Q3

Figure 4. United States, 2001 recession.
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recession of the early 2000s and the Great Recession
of 2008–2009.

One may wonder, however, if the graphical repre-
sentation is possible in larger models, like that of Smets
and Wouters (2007), or in different circumstances, as
that which arises when monetary policy reaches the
zero lower bound on nominal interest rates.

As we discussed earlier, the aggregate supply
curve is implied by the Phillips curve which relates
the output gap to inflation. A relation between out-
put growth and inflation can then be easily obtained.
The aggregate demand curve, however, is derived by
substituting out the nominal interest rate from the
investment/saving (IS) equation by using the mone-
tary policy rule. In this case, the specification of the
monetary policy rule matters. In particular, the exis-
tence of an aggregate demand curve in the space of
inflation and output growth relies on a contempora-
neous response of the nominal interest rate to infla-
tion. But since macroeconomic models are estimated
at a quarterly frequency and inflation data are typi-
cally available at a monthly frequency, the
assumption that monetary policy responds contem-
poraneously to inflation seems reasonable. So, pro-
vided monetary policy responds with the interest rate
to current inflation and the interest rate enters con-
temporaneously into the IS equation, larger models
could also be represented graphically. The difference
would then lie on the ‘shift factors’ of aggregate
demand and aggregate supply, what we labelled d̂t
and ŝt. At the zero lower bound, the aggregate
demand curve would become vertical as we discussed
earlier and the model may be solved and estimated
following the methods outlined in Cagliarini and
Kulish (2013), Kulish et al. (2014) and Jones (2015).
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